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Abbreviations

Ac acetyl

acac acetylacetonate

aqg. aqueous

ATR attenuated total reflection

Boc tert-butyloxycarbonyl

Bu butyl

Bz benzoyl

calc. calculated

Cbz carboxybenzyl

dba transtrans-dibenzylideneacetone
DCE 1,2-dichloroethane

diglyme diglycoldimethylether

DMF N,N-dimethylformamide

e.g. exemgdi gratia, for example

El electron ionization (MS)

equiv equivalent(s)

Et ethyl

EX electrophile

FG functional group

GC gaschromatography

Hal halogen

Het undefined heteroaryl substituent
HRMS high resolution mass spectrometry
[ iSO

i.e. id est that is

IR infrared spectroscopy

J coupling constant (NMR)

M mol L*

MD molecular dynamics

MDCK madindarby canin&kidney cells assay
Me methyl

Met metal

mol% equi?vA1o0

m.p. melting point

MS mass spectrometry

NCE new chemical entity



NMP N-Metyl-2-pyrrolidone

NMR nuclear magnetic resonance

PAMPA parallelartificial membrangermeabilityassay
pc precursor

PG protecting group

Ph phenyl

Piv pivaloyl

PMDTA N,N,N (N 6Nd&pientamethyldiethylenetriamine
ppm parts per million

Pr propyl

Py/Pyr pyridyl

R undefined organic substituent
SAPSA solventaccessible polar surface area
sat. saturated

SFC supercritical fluid chromatography

t tert

THF tetrahydrofuran

tfp tri (2-furanyl)phosphine

TLC thin layer chromatography

TMEDA N,N,N (N &etramethylethylenediamine
TMP 2,2,6,6tetramethylpiperidine

TP typical procedure

vol volume

WHO World Health Oganization
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A. INTRODUCTION 1

1 General Introduction

In 2018, overl8 million new cancer casesd almost 10 milliorwancerrelateddeaths were recorded
according to the world health organizati®yHO).! With a steadily rising world population (2019:
approx. 7.million)? and he increase of life expectat®, the number of people suffering frothe
various kinds otancer is likely to further increase. For this reasorefficient and fast way tevelop
new pharmaceutical drugs becomes even more impdnduture In generalthe processof drug
discovery from the very beginning tthe drug approvatakesl12 up to 15 years and cost®re than
onebillion dollar.* In the beginning of the drug development processj¢iseggn and prepation of new
chemical entities (NCE) is importanitisually, a lot of NCEsmustbe synthesizednd tested to find
only a few(2-5) suitable candidates for the clinical trial phas@® enhance this step, efficient and
broady applicable method$or the sythesis of organic molecules are necess@mganometallic
chemistry has found broad application in the development and production of pharmaceutical
compound$.Some of the 200 tepeling drugs aresmalkmoleculepharmaceuticals prepared with at
leastone step using organometaliE@agentsExamples for those compoun@sgurel) are aneprazolé
(protonrpump inhibitor), scitalopram (selective serotonin reuptake inhibitorze¢imibe® (cholesterol

absorption inhibitor) andtagliptin*! (diabetes treatment)

MeO

F OH F
F

N O O

A 4 S NN
N g NMe, N
H pN

F .
F

CF3
OMe
omeprazole escitalopram ezetimibe sitagliptin

Figure 1: Exampledor top-sellingdrugssynthesized bysing organmetallic reagents.

Besides smallmolecules and proteins, drugs basedbioactive peptides are gaining importance for

pharmaceutical applicatiof.

LF. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre, A. J&aaCancer J. Clin2018 68, 394.

2 United Nations, Department of Economic and Social Affairs, Population Division (20t@)d Population
Prospects 2019, Online Edition

3V. Kontis, J. E. Bennett, C. D. Mathers, G. Li, K. Foreman, M. Ezzaticet2017, 389 1323.

4J. P. Hughes, S. Rees, S. B. Kalindjian, K. L. Phil@ttJ. Pharmacol2011, 162, 1239.

SA. A Ciociola, L. B. Cohen, P. Kulkarrhm. J. Gastroentero2014 109, 620.

5 M. L. Crawley, B. M. TrostApplications of transition metal catalysis in drug discovery and development: an
industrial perspectiveJohn Wiley & SonsNew JerseylUSA, 2012

”N. A. McGrath, M. Brichacek, J. T. Njardarsah,Chem. Edu01Q 87, 1348.

8 U. K. Junggren, S. E. Sjostrand 48554311981

9K. K. Vipin, K. M. Umar,R. B.NarsimhaK. S.Ranjith D. RameshM. SivakumararEP-2017271A12009

10C. H. V. A.Sasikala, P. Reddy Padi, V. Sunkara, P. Ramayya, P. K. Dubey, V. Bhaskar Rao Uppala, C. Praveen,
Org. Process Res. De2009 13, 907.

1D, Kim, L. Wang, M. Beconi, G. J. Eiermann, M. H. Fisher, H. He, G. J. Hickey, J. E. Kowalchick, B. Leiting,
K. Lyons et al.J. Med.Chem.2005 48, 141.

2], L. Lau, M. K. DunnBioorg. Med. Chem2018§ 26, 2700.
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Two examples for peptides used for cancer therapy are carfilzhmgelective proteasome inhibitor
andleuprorelif®, a gonadotropirreleasing hormonmhibitor (Figure?2).

Furthermore,cyclopeptides have found useful applicatioas peptidomimetigssince they show
increased stability towargsoteolysis®. One example is the cyclic peptidelosporint’, which is used

asimmunosuppressantonsisting of eleven amino aci(fsigure2).

e
SU NSNS S F Yi T,

e o\j/\
ﬂ¢$¢%¢xo *fif

leuprorelin ciclosporin
HN NH,

Figure 2: Selectedcexampledor top-selling drugsased on lineaand cyclic peptides

To accelerate the drug development processfabiepreparation of a broad range of NCEsof
importance. Therefore, negfficient methods for the formation of carb@arbonbondsare needed to
further extend the chemical sp&t®©rganometallic chemistrgndtransitionmetal catalysis proved to

be powerfultools for the preparation of complex and functionalized molecles.

bond polarization

_ reactivity
Met Li La Sm Mg Al Zn Sn B
(CA-IIf/I’:t) 1.57 1.45 1.38 1.24 0.94 0.90 0.59 0.51
stability -

functional group tolerance

Figure 3: Electronegativiy differences of selected metal relative to carbon, calculated with the Pauling§cale.

Depending on the purpose, different organonietaégentsmustbe used foorganicsynthesisThe

reagent readivities and thereforefunctional group t@rance are varying dependent on the metal

BD. L. HughesQrg. Process Res. De2016, 20, 2028.

¥ A. N. Balaev, V. N. Osipov, K. A. Okhmanovich, V. E. FedorBliarm.Chem. J2014 48, 217.

151, Gentilucci, R. de Marco, L. CerisofGurr. Pharm. Des201Q 16, 3185.

16 a) K-i. Harada, K. Fuijii, T. Shimada, M. Suzuki, H. Sano, K. Adachi, W. W. Carmichiaghhedron Lett.
1995 36, 1511 b) A. Napolitano, I. Bruno, P. Rovero, R. Lucas, M. P. Peris, L. GdPaéama, R. Riccio,
Tetrahedror2001], 57, 6249; c) A. AneirosA. Garateix,J. Chromatogr. 2004 803, 41; d) V. Arumugam, M.
Venkatesan, S. Ramachandran, U. Sundarésiad, Pept. Res. The2018 24, 13.

7 X. Wu, J. L. Stockdill, P. Wang, S. J. DanishefskyAm.Chem. So201Q 132, 4098.

8 J-L. Reymond, M. AwaleACS ChemiNeurosci2012, 3, 649.

19 M. SchlosserQrganometallics in Synthesis Third Manudohn Wiley & Sons, New Jersey, USZ13

201, Pauling,J. Am.Chem. Socl932 54, 3570.
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Origin of thediversity of reactivity ighe divergent polarization of the carbometal bond anavhich

can be rankd by the electronegativitgifferences between carbon aihé chose metal Figure3).?
Therefore,polar organolithium reagents show a very high reactivity and have to be handled at low
temperatures, wheresessspolar organobororcompounds tends to be maoi@eranttoward functional
groups butre in contradess reactiveOrganozinaeagents are located in the middle of this scale and
areareasonable compromifetween reactivity and functional grotglerance

2 Preparation of Organozinc Reagents

2.1 Overview

The origin of organozinc chemistrgan be traced back the middle of the 19 century. Frankland
discovered diethylzinc as the first organozinc reageh848 by heating ethyl iodide with zinc metal.
Until Grignard discovered the convenient synthesis of angagnesium reagents in 198®rganozinc
compounds were the only knowsrganometallicfor the formation of new carbecarbon bonds.
Although magnesim reagents were more reactive towardsous electrophiles and provided higher
yields organozinc compounds stillhave been used in reactions such as SiAsonigh
cyclopropanatiorfé or Reformatskyeactiort®. Sinceits discovery organozinchemistry evolved and
many versatile applications have been develdp&tganozinccompoundseasily undergo a broad
range of transmetalatioeactionsdue to the presence of empty lying p-orbitals which can readily
interact withd-orbitals ofdifferert transition metal salts. Thegac/transitioametalintermediates are
highly reactive and can undergo vasaeactions with electrophileshile retainimg the high functional
group tokeranceAn important application is the transmetalatieactionto copperor palladium, which
allows their use irvery efficient crossoupling reactiond’ The crosscoupling reaction is a very
powerful method in organic chemistry which was awarded with the cherhetyglprizein 2010 to
Negishi, Heck and Suzuki for tih@esearch on this type ofiC bond formatiort® Especially the work

of Negishiinvolving organozinc reagents provides a versadéhwayto obtain highly functionalized

21 A, Boudier, L. O. Bromm, M. Lotz, P. Knochéingew. Chem. Int. EQ00Q 39, 4414.

22 E. FranklandLiebigs AnnChem.1849 71, 171

22a) V. Grignard,Compt. Rend. Acad. S&laris 190Q 130, 1322 b) V. Grignard,Ann. Chim1901, 24, 433.

24 a) H. E. Simmons, R. D. Smitld, Am.Chem. Soc1958§ 80, 5323; b) H. E. Simmons, R. D. Smith, Am.
Chem. Socl1959 81, 4256; c) M. Nakamura, A. Hirai, E. NakamulaAm.Chem. Soc2003 125 2341.

25 a) S. ReformatskyBer. Dtsch. Chem. Ge$887, 20, 1210; b) R. Moumne, S. Lavielle, P. KaroydnQOrg.
Chem 2006 71, 3332.

26 p. Knochel, N. Millot, A. L. Rodriguez, C. E. Tucker@rganic reactionsWiley Online Library, Hoboken,
N.J, 2003 pp. 417759.

27a)P. Knochel, H. Leuser, +Z. Cong, S. Peone, F. F. Kneiséh Handbook of Functionalized Organometallics
Wiley-VCH, Weinheim, Germany,008 pp. 251; bJ. H. Lutter, M. S. Hofmayer, J. M. Hammann, V. Malakhov,
P. Knocheljn Organic Reactionsvol. 100 (Ed.: S. E. Denmark), John Wiley & SoHspokenUSA, 2019

28 X.-F. Wu, P. Anbarasan, H. Neumann, M. Bellemgew.Chem. Int. Ed201Q 49, 9047.
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organic compound$.In the following chapters, the preparation and application will be described in

detail.

2.2 Oxidative Insertion

The oxidative insertion of zinc into alkyl iodideeportedby Franklan& was the first method used to
prepare organozinc reagents. Due to the low reactivity of this metakabgon scope was limited to

a few alkyl iodidesAs a base metahe surface of elemental zirccovered withan oxide layer, which
reduces the reactivity for metal insertion reactioBeveral methods have been developed for the
activation of the zinc surface, including HCI washfRgtreatment withultrasonicwaves®, orthe
addition of 1,2dibromoethan€® or chlorotrimethylsilan&. Another approach to obtahighly active
zinc particles is to reduce zinchloride with sodium or lithium in the presence of naphthalese,
reported by Rieké' With this activated zinc, functionalized alkyromides as well as aryl bromides
can be converted into the corresponding organozinc reagentsexhébusrapping reaction with e.g.

acyl chlorides $chemet).??

Li
20 mol% naphthalene

ZnCl, . 25h Zn*  (Rieke zinc)
o} Br Zn* O  ZnBr PhCOCI Q Me
AL By A e e
75%Oyield
Br ZnBr COPh
Zn* PhCOCI
THF, 68 °C, 3 h CuCN-2LiBr
CN CN CN 73% yield

Schemel: Insertion of Rieke zinc into alkyl and aryl bromides and subsequent transmetalation to copper for
acylation reactionshding to functionalized ketones.

However, the highlwactivatedRieke zinc is not needed for the oxidative insertion into the more reactive
carbonriodide bondScheme?).

29 a) E. Negishi, L. F. Valente, M. Kobayashi, Am. Chem. So&98Q 102 3298 b) E. Negishiicc. Chem. Res.
1982 15, 340; c) CValente M. E. Belowich, N. Hadei, M. G. Orgag&ur. J. Org.Chem.201Q 201Q 4343; d)
D. Haas, J. M. Hammann, R. Greiner, P. Knoch€S Catal2016 6, 1540.

30 a) M. S. Newman, F. J. Evan3, Am.Chem. Socl1955 77, 946;b) B. H. Han, P. Boudjouk]. Org.Chem.
1982 47, 5030.c) P. Knochel, M. C. P. Yeh, S. C. Berk, J. TalbértOrg. Chem1988 53, 2390;d) J. K.
Ga wr o Tesrdheédron Lettl984 25, 2605;

31a) R. D. RiekeSciencel989 246, 1260; b)L. Zhu, R. M. Wehmeyer, R. D. Riek&, Org.Chem.1991, 56,
1445.

32.a) M. V. Hanson, J. D. Brown, R. D. Rieke, Q.J. Niefrahedron Lett1994 35, 7205; b) A. Furstner, R.
Singer, P. KnochelTetrahedron Lett1994 35, 1047.
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CF3
|

: p
MeO

Zn (2 equiv) CFy
THF, 70 °C, 24 h
70% yield
Zn (2 equiv)
3 mol% TMSCI Znl
diglyme, 130 °C, 24 h /©/
MeO
87% yield

5

CF,
allyl chloride _
—_—
5 mol% Pd(dba),

92% vyield
methallyl bromide
_—
5 mol% Pd(dba), m

MeO
98% yield

Scheme2; Direct insertion of zinc into aryl iodides at elevated temperatures providing organozinc reagents
suitable for allylation reaction33

Whereas the insertion of zinc dust into alkyl iodides proceeds fagit, the insertion into aryl iodides

is slow andrequireselevatedreactiontemperaturest-or theexamplesshownin Scheme2, zinc dust

was activated by chlorotrimethylsilan@nd reaad with aryl iodides atemperatures of 70 °C up

130°C in high boilingethers to slowly form the corresponding organozeagentsvithin 24 h*

The group of Knochel reported a more efficient protofanl the preparation of functionalized

organozinc reagentShus, peviously activatedinc dustandequimolaramountdithium chloridewere

used to perform oxidative insertion into arghd heteroaryl iodides as well as bromideésheme3).

Using this method, corresponding organozinc retgean be obtained in excellent yield using mild

reaction temperatures of 25 °C up to 50 °C witinificantly reducedeaction time**

CF3
|

EtOzc/@\Br

O

e

Zn (1.5 equiv) CF,4
LiCl (1.5 equiv) ZnlsLiCl
THF, 25 °C, 24 h
94% yield
Zn (1.5 equiv)
LiCl (1.5 equiv) /@\
S —
THF, 25°C,12h  EtOC7 >Ng7 = Znl-LiCl
92% vyield
Zn (1.5 equiv) )
LiCl (1.5 equiv) Znl-LiCl
T —
THF, 50 °C, 24 h
96% vyield

S

rvlezNJj\s‘s\n/N'V'ez CF3
S S.__NMe,
(1.1 equiv) \[S]/
91% yield
) B
—— > Et0,C7 N
1 mol% Pd(PPh3), CN
89% yield
(0]
PhCOCI
_—
0.1 mol% Pd(dba),
0.2 moL% SPhos
94% yield

Scheme3: Preparation of functionalized organozinc reagéstexidative insertion of zinc dust the presence
of LiCl and trapping reactions with various electrophif@s.

The role of lithium chloride during the oxidative zinc insertion has been further investigaaged

on these investigationBthium chloride significantly increases the solubility of the formed organozinc

compoundn THF. Consequentlyit promotesthe solvation of the formezinc speciesrom the zine

metal surface and thus accelesdt#lowing surface reactions.

33R. Ikegami, A. Koresawa, T. Shibata, K. TakagiQrg.Chem.2003 68, 2195.
34 a) A. Krasovskiy, V. Malakhov, A. Gavryushin, P. Knoch&hgew. Chem. Int. EQ006 45, 6040; b) N.
Boudet, S. Sase, PinBa, C:Y. Liu, A. Krasovskiy,P. Knochel,J. Am.Chem. Soc2007, 129 12358; c) A.

Metzger, M. A. Schade, P. Knoch@lrg. Lett.2008 10, 1107.

35C. Feng, D. W. Cunningham, Q. T. Easter, S. A. Blimdm.Chem. So2016 138 11156.
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2.3 Transmetalation

Another approach for the preparation of organozinc reagents, is the transmetéiatoe polar metal
reagentswith zinc salts The driving force of this reaction is the formation of the thermodynamically
more stable organometallic reagent with a moretsmt carbormetal bondFigure4).

R—Metal' * X—Metal? R—Metal? * X—Metal

for AEN (C-Metal') > AEN (C-Metal?)
Figure 4: General principle of a transmetalation reaction forming tiermodynamicallymore stable

organometallicompouncbased on electronegativity.

Many reagents suitable for the transmetalation to zinc are readily available, e.g. organolithium or
organomagnesim compound This allowsthe preparation adrganozinc reagents which might not be
accessiblevia oxidative insertion.The dwnside of this method is the restricted functional group
tolerance due to the increased reactivityhefmore polar organometatts 3

An elegant way to use baqtthe advantage of the fast magnesium insertion as well as the tolerance
towards functional groups of zinwas reported by the Knochel grotipMagnesium turnings were
inserted in the presence of lithium chloride as wetlias chloride into aryl bromides or alkyl bromgle
Duringthereactionthein-situgenerated magnesium species is directly transmetdigtind zinc salts

to the corresponding organozinc compound. This method therefore provides an easy access to various

reagents whose preparation woulddx@gthyvia zinc insertion.

Mg (1.6 equiv)
CN LiCI (1.5 equiv) CN CN CN CFs
ZnCl, (1.0 equiv) : - Br CFs
Br 2(1.Ueq MgBr-LiCl ZnClI-LiCl
THF, 25 °C, 35 min 1 mol% Pd(dba), O
0,
2 mol% SPhos 68% yield
Mg (1.6 equiv)
LiCl (1.5 equiv) O
@ ZnCl, (1.0 equiv) @ @ Me_@"COC' CO,Et
— _ >
EtO,C\5Br THF, 25 °C, 35 min EtO,C 5'\’L'9gf EtO,CT15 2nCl cucN-2Licl 5
. | .
Me 70% yield

Schemed4: Oxidaive insertion of magnesiumtim aryl and alkytbromidesin the presence of lithium chloride

andin-situ transmetalation tthe correspondingrganainc compounds’

An additional way for the preparation of organozinc reagents is the use of haletmEnexchange

reagents and subsequent transmetalation with zinc $alt2004, Knochel reported the lithium

complexed exchange reagé®r Mg Cl ALis©l k@ own as ,whichremables@e i gnar

preparation of a broad range afyl- and heteroaryhagnesium reagents from the corresponding aryl

36 P, KnochelHandbook of functionalizedrganometallicsApplications in synthesisViley-VCH, Weinheim,
Germany 2005 261.

37a) F. M. Piller, A. Metzger, M. A. Schade, B. A. Haag, A. Gavryushin, P. KnoGheim. Eur. J2009 15,
7192; b) T. D. Blimke, F. M. Piller, P. Knoch&€hem.Commun201Q 46, 4082.
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iodides or bromide® Due the highreactivity ofthesereagents, the exchange reaction can be performed
at low temperatures tolerating various functional grotips.

In Schemeb, an examm for the iodinemagnesium exchange of ethyigbdobenzoate is displayed,
which was performed at20 °C in 30 min. After subsequent transmetalation with zinc chloride, the
resulting organozinc reagent was successfully usegdbadiumcatalyzedcrosscouling reaction
with 5-bromoindole in 94% yield®

[ MgCI-LiCl ZnCI-LiCl N H
PrMgCl-LiCl ZnCl, Br/©r\/) O /
—_— _—
THF, —20 °C, 30 min 1 mol% Pd(OAc), O
2 mol% SPhos
CO,Et CO,Et CO,Et ° EtO,C 94% yield
Scheme5: lodinemagnesium exchange usiiggr Mg CI AL i CI and subsequent transm

providing organozinc reagents for crassuplingchemistry*®

2.4 Halogen-Metal Exchange

In principle, the halogemetal exchangé driven by the formation of a more stable organometallic
compound Figure5).** In contrast to magnesium, te&change reactioof organozinc compounds

more complicatedsince the reactivity of mororganozinaeagentss too low. *?
R-X *+ R2?Metal — —=— — R-Metal * R2%X

Figure 5: Schematic representatiaf the halogemmetal exchange reaction.

However, using dialkylzinceagents, the ziniodine exchange can be performed. The solvent free
treatment of ethyl 3odobutanoate wittdiisopropylzinc at room temperature provides the mixed
organozinc species with can be used after transmetalation to ctgrpatylation reactions§cheme

6).** Since the mixed organozinc reagent is formed, both alkyl moieties react witle¢t@phile For

this reason, the electrophiteustbe used in excess and thus the separation of both products can be quite
difficult.**

; allyl bromide
I iPr,Zn neat ZniPr CuCN-2LiCI /@
—_—— s
Me)\/COZEt r1,30 min Me)\/C02Et THF, —78 to 25 °C . COEL 220, yield

Schemeb: lodine-zinc exchange using diisopropylzinc leading to a mixed zinc spediésh readily reacts with
copper(l)cyanide and allyl bromidé.

38 A, Krasovskiy, P. KnochelAngew. Chem. Int. E@004 43, 3333.

39D, S. Ziegler, B. Wei, P. Knochagbhem. Eur. J2019 25, 2695.

40 a) G. Manolikakes, M. A. Schade, C. M. Hernandez, H. Mayr, P. Kno€hgl, Lett.2008 10, 2765; b)P.
Knochel, M. A. Schade, S. Bernhardt, G. Manolikakes, A. Metzger, F. M. Piller, C. J. Rohbogner, M. Mosrin,
Beilstein J. OrgChem.2011, 7, 1261.

41D. Hauk, S. Lang, A. Murs@rg. Process Res. Def2006 10, 733.

42 M. Balkenhohl, P. KnocheGChem. Eu J.2019

43 L. Micouin, P. KnochelSynlett1997, 1997, 327.

44 P, KnochelHandbook of functionalized organometalliégpplications in synthesisViley-VCH, Weinheim,
Germany2005 271.
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An improved exchange reaction was described by Knaathel.in 2004using diisopropylzinc in the
presence of catalytic amounts of lithiuatetylacetonatas a promoter for an intermediatée-a
complex* Using this procedure, the exchange efo8obenzonitrile can be performed at room
temperature within 10 h using a dietlgther/NMP solvent mixture. The formed {ais/lzinc reagent
can beused for ssubsequent palladivcatalyzed Negishi crescoupling with 2iodonitrobenzene in
84% yield (Schemey).

' _ 1" NO,
NC | iPryZn (1.1_eqU|v) NC Zn 2.5 mol% Pd(dba),
\@/ 10 mol% Li(acac) i, @2 5.0 mol% tfp NC
2
Et,O/NMP (1:10) THF, 25°C,6h O NO,
25°C, 10 h 84% yield

Schemer: Preparation of a diarylzinc reagent by a Li(agar@moted iodinezinc exchange usingjisopropylzinc
and subsequent palladium catalyzed camspling reactiorf®

Recently the group oKnochel reported a bimetallltalogenzinc exchange reagent consistingosf
secbutylzinc compleed with two lithium alkoxides in toluerfé. With this reagent, iodinginc
exchange reacti@rare possible, even on electrdoh areneswithin minutes at room temperature in
almost quantitative yields. Additionallgyenbrominezinc exchange reactisiould be performedn
aryl- as well as hetearyl bromides with reaction times 80 minto 5 h The resulting bisrylzinc
reagents were successfully applied in transitiwtal catalyzed allylation, acylation and crassipling

reactions $chemes).

[0}

o] O
sBu,Zn<2LiOR _ cl MeO
Me0\©/l (0.6 equiv) MeOOZn-2L|0R 60 mol% Cul €
1/2 2 B —
toluene, 25 °C, 1 min 0-25°C,25h Cl
99% vyield 86% yield
I\I/Ie
= Me. N
R e N/\/ \/?5\
Me
SBUQZn'ZLiOR - all :
‘ . yl bromide
Br\(ﬁ/Br (0.6 equiv) 1 Brﬁzzn-ZUOR 20 mol% Cul BI"W
Vs _——
N7 toluene, 0 °C, 30 min N7 0-25°C,12h NT  61% yield

Scheme8: lodine-zinc exchange of-Bdoanisole and bromirginc exchange of 3;8ibromopyriding using a
bimetallic-alkoxide reagent in toluerfé.

4. F. Kneisel, M. Dochnahl, P. Knoch@ingew. Chem. Int. E@004 43, 1017.
46 M. Balkenhohl, D. S. Ziegler, A. Desaintjean, L. J. Bole, A. R. Kennedy, E. Hevia, P. Knaogely.Chem.
Int. Ed.2019 58, 12898.
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2.5 Directed Metalation

Besides oxidative insertion or halogemetal exchangef halogenated substrajemnotherapproach
towards organozinc reagents is possible using metal besesereagentsallow for the deprotonation

of arenes and heteroarsrand thusconverts theninto the coresponding organometallic compoutid.
The group of Knochel reported the preparation of two different sterically hindered TMP*bases.
Applicati on o%basedseel ashHe ZMBELNiCC IAM § EBasecan providemild
chemoselectivedeprotonation of various aryl and heteroaryl substrates leadirfgntiionalized
organozinc reagent$S¢heme9). These reagents can besddor a variety of reaction with different

electrophiles.

ZnCl, (1.0 equiv)
TMPLI N-ZneLiCl
THF, —10t0 25 °C, 1 h

TMPZnCI-LiClI

ZnCl, (0.5 equiv)
TMPMgCI-LiCl N%Zn+2MgCl,-2LiCl
THF, 25°C, 15 h

(TMP),ZnClMgCl,:2LiClI

NO2  mpznciLic NO2 f)cucN-ztici Oz
F' (1.1 equiv) F (1.1 equiv) F
—_—
. i Ph
THF, 25 °C, 45 min snciLicl 2) (F;hggc;liv)
F 0eq F O  84% yield
cHo  (TMP),ZnCl-MgCly-2LiCl CHO CHO
(0.55 equiv) '_O_COZB
_ >
D THF, 25 °C, 15 min Vs M-Zn 5 mol% Pd(dba), O D O CO,Et
S S 10 mol% tfp S

67% yield

Scheme9: Preparation of mort$ and bi§®TMP-zinc bases and their application in arene metalation.

2.6 Zinc Pivalates

The main disadvantage of organozinc reagents is sleasitivity towards moisturavhich lead to
hydrolysis of the organometallic compourid overcome this weakness, Knockehl. investigated
different salts for complexation. It was found, thia¢ use of readily available zinc pivafitéor
transmetalation oGrignard reagents leade solid organozinc compoundafter evaporation of the

solvents> These solid organometallics exhibit iamproved stability towardmoisturefrom air. Since

47J. M. Mallan, R. L. BebbChem. Rev1969 69, 693.

48 B, Haag, M. Mosrin, H. lla, V. Malakhov, P. Knochahgew. Chem. Int. EQ011, 50, 9794.

49a)S. H. Wunderlich, P. Knochehngew. Chem. Int. E@007, 46, 7685; b)S. H. Wunderlich, P. Knocherg.
Lett.2008 10, 4705;c) S. H. Wundsdich, C. J. Rohbogner, A. Unsinn, P. Knoct@lg. Process Res. De201Q

14, 339;

50 2) M. Mosrin, P. KnochelQDrg. Lett.2009 11, 1837;b) T. Bresser, G. Monzon, M. Mosrin, P. Knoch@lg.
Process Res. De201Q 14,1299.

51 M. Ellwart, Y.-H. Chen, C. P. Tullmann, V. Malakhov, P. Knocl@ig. Synth2018 95, 127.

52a)S. Bernhardt, G. Manolikakes, T. Kunz, P. KnocAglgew. Chem. Int. E&011, 50, 9205; b) C. I. Stathakis,
S. Bernhardt, V. Quint, P. Knochéingew. Chemint. Ed 2012 51, 9428; c) J. R. Colombe, S. Bernhardt, C.
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thesecompoundwere very stable under argon, yreould ke stored for future application, while losing
only asmallpercentage of activity over time.

The preparation could be performeading magnesiunfior the insertioninto the aryl bromide or
iodides whilein the presence of zinc pivalate. Various functionalized, solid organozinc reagetlat

be prepared and used for subsequent reactions with a broad range of elect/®pides0).>

L

1) Mg, Zn(OPiv),*2LiCl NC™ 'N” "Br | =
FsC Br THF, 25°C, 2 h FsC ZnOPVE! 2 mol% PEPPSI-iPr FsC N e

\©/ 2) solvent evaporation \©/ THF, 25°C,2h

grey solid, 84% yield 78% yield

NO,
- A
OMe 1) Mg, Zn(OPiv),*2LiCl OMe r OMe
THF, 25°C,2h lal 2 mol% PEPPSI-iPr
N)j/Br NTX ZnOPiv )N\/ |
| 2) solvent evaporation | THF, 25°C,2h
P P ’ ’ NS
Meo)\N Meo)\N MeO™ N
yellow solid, 65% yield 71% yield

Schemel0: Preparation of solid arylind heteroarylzinc pivalates and their application in Negishi-cmgsling

reactions$? [a] complexed, Mg(OPiv)X and LiCl are omitted for clarity

Due to the presence of different salts in the reactiotiure, theexactstructure ofthe resulting zinc

pivalates washardto determineFurther structual studies performed by Mulvey and Heviahowed

that the reagesth ave t he general fAnmulCaonREXn XAMFGORI,v)CI
clarity, the abbreviation RZnOPiv is used in tthigsisfor thissophisticatedtructurelt was suggested,

that the complexed magnesium pivalate acts as a moisture scavenger which might explain the improved
stability.

Besides oxidative insertion, halogemagnesiumexchangevia A Tur bo Gr i gsobsegqukdt wi t h
transmetalatiorby zinc pivalate can be used for the preparation. Various functionalized aangy!
heteroarylzinc pivalates can be obtained using this metietating all king of functional groups.
Furthermore the application in trapping reactions like allylatiacrosscoupling or addition to

aldehydes usintrimethylalumnium can be performedSchemel 1).°

Stathakis, S. L. Buchwald, P. Knoch@rg. Lett.2013 15, 5754; d) C. |. Stathakis, S. M. Manolikakes, P.
Knochel,Org. Lett.2013 15, 1302;e) S. M. Manolikakes, M. Ellwart, C. |. Stathakis, P. Knoctiélem. Eur. J.

2014 20, 12289; f) T. J. Greshock, K. P. Moore, R. T. McClain, A. Bellomo, C. K. Chung, S. D. Dreher, P. S.
Kutchukian, Z. Peng, I. W. Davies, P. Vachal, M. Ellwart, S. M. M&adéles, P. Knochel, P. G. Nantermet,
Angew. Chem. Int. EQ016 55, 13714.

533, Bernhardt, G. Manolikakes, T. Kunz, P. KnocAglgew. Chem. Int. E@011, 50, 9205.

54 A, HernanGomez, E. Herd, E. Hevia, A. R. Kennedy, P. KnocheK#szinowski, S. M. Manolikakes, R. E.
Mulvey, C. Schnegelsbergngew. Chem. Int. EQ014 53, 2706

%5a)J. R. Colombe, S. Bernhardt, C. Stathakis, S. L. Buchwald, P. Kn@tellett.2013 15, 5754 b) S. M.
Manolikakes, M. Ellwart, C. |I. Stathakis, P. Knoch@&hem. Eur. J2014 20, 12289.
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(o]
o~
Ph
Me 1) iPrMgCI-LiCl, THF Me N 2 mol% Pd(OAc), _ o
| 2) Zn(OPiv), | 4 mol% XPhos Me N/
Br  3)solvent evaporation N” >znopivil  THF, 50 °C, 3 h N Ph
greenish solid, 99% yield 78% yield

1) iPrMgCleLiCI, THF OH

N
Br ZnOPiveal 1) AlMe;
Q/ 2) Zn(OPiv), /©/ 2) PhCHO
NC 3) solvent evaporation NC THF/toluene, 25 °C, 2 h NG O O

yellow solid, 72% yield 57% yield

Schemell: Preparatiorof organozinc pivalategia halogenmetal exchange followed Ryansnetalation with

Zn(OPiv) andreactions withvariouselectrophile$® [a] complexed, Mg(OPiv)X and LiCl are omitted for clarity

I n addition, a TwiRi&oiesitvakltiitGlg bfascen readily avai
With this new sterically hindered base, sensitive heterocycles and ,drengagvariousfunctional
groups couldselectivelybe metalated providing solid zinc pivalates in high yields. These reagents

could henbeapplied intransitionmetatcatalyzed reactionsith various electrophilesSchemel 2).%¢

Zn(OPiv), (1.05 equiv)
N THF, 0 °C, 30 min N

MgCI-LiClI ZnOPiv-LiCl®!
(o]
O
- cl
/N cl TMPZnOPiv L|C|[a] /N Cl \ / /N Cl
[~ | (1.1 equiv) [~ | CUCN<2LICI (1.1 equiv) [~ | B
N N _ N
N THF, 25 °C, 30 min Y znoPVEl THE _20t00°C, 3 h N 0
cl Cl' 78% yield ¢ o 96% yield
Me
|
NO, TMPZnOPiv-LiCI?! NO, 3 mol% Pd?geba) F
F - F o 2
(1.1 equiv) 6 mol% tfp ‘ Me
THF, 25 °C, 30 min soopiial  THF. 25°C, 2h I
F F  83%yield 91% vyield

Me
Schemel2: Preparatiorof TMPZnOPiMMg(OPiv)CIALICI and metalation of arylnd heteroaryl compounds for

subsequent acylation or cressupling reactioa®[a] complexed, Mg(OPiv)X and LiCl are omitted for clarity

2.7 Chiral Organozinc Reagents

As discussed above, organozinc reagents tolerate a variety of functional grougispdenga mild
reactivty. They arethereforewell suited for the preparation of functionalized alkylzinc reagents

containinga chiral center. Jackson has demonstrated the utility of amingacigrecursors for the

56 C. I. Stathakis, S. M. Manolikakes, P. Knocl@tg. Lett.2013 15, 1302.
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preparation of chiral seringerived organozinc reagents ahds shown their application fdhe

synthesiof novel amino acidsusing Negishi crossouplings 8chemel3).%’

L
NH,

| oz o oy :
N. activate n N. .50 mol% oS NS
I”™>"Boc — 1zn" > Boc Boc
CO,Me DMF co,Me DMF, r.t. , overnight

N" o _

H 85% yield

Schemel3: Preparation of a chiral seritmased alkylzinc reagent and Negishi crosapling reaction leading to
a chiral lactant™®

The preparation of alkylzinc reagents from secona@dkyl iodides bearing gorotectedchiral amino

group was described by Knochel. Due to thesumedradical nature of the zinc insertion,the
stereoinformatiois usuallylost duringthereaction However, inthestrained system shown 8cheme

14, the conversion of the iodide to the corresponding alkylzinc iodide as well as the following copper
mediated stannylatioproceedsvith full retention of configuratiomo theexoproduct®®

| 1Zn . MezSn
zn CuCN-2LiClI
—_— .
NHAC  THE/DMSO (1:4) NHAC | \e,sncl NHAC 729 yield
32°C exo:endo = 98:2

Schemel4: Preparation of malkylzinciodide by oxidative insertion of zingith retention of configuratioand
subsequent stannylatideads selectively to thexotin derivative®®

Another strategyo obtain alkylzinc reageatvith defined stereocentersdaaoxygenzinc chelatizatin
during the insertion reaction. For example, an ésteroximity to the iodidecoordinates ttheinserting

zinc and therefore specifies its configuration Schemel5, two examples for this kind of reaction are

displayed.
(o]
Bn [e)
2zl N~ Bn
| S cocl ,
O/ Zn/Cu O . % —N
. "'///O wa(
"CO,Et CgHe, DMF d [(PPh3),PdCl,)] _ \o J
OEt -
CO,Et 27% yield
o | ) O----Znl PhCOCI 0 Me
Pre )S/L activated Zn Pre /H\‘/‘.,, [Pd(P(o-tol)3)4] Pre h '
N Me  gioxane, r.t., 14 h N Me | gioxane, r.t., 15 h N 90% yield
iPr Me iPr Me iPr Me O dr99:1

Schemel5: Preparation of chiral organozinc compounds with defgiereocenters due to oxygeimc chelation
and following palladium catalyzed reaction with acyl chloritfé%.

57 a) J. Ross, F. Dreiocker, M. Schéfer, J. Oomens, A. J. H. M. Meijer, B. T. PickBpWR.Jackson]. Org.
Chem.2011, 76, 1727;b) A. J. Ross, H. L. Lang, R. F. W. JacksdnQrg.Chem.201Q 75, 245; ¢ T. Carrillo-
Marquez, L. Caggiano, R. F. W. Jackson, U. Grabowska, A. Rae, M. J. DogeBiomol. Chem2005 3, 4117;
d) H. J. C. Deboves, U. Grabowska, A. Rizzo, R. F. W. Jackis@hem. SocPerkinTrans 1200Q 4284;e) R.
F. W. Jackson, K. Jags, M. J. Wythes, A. Wood, Chem. Soc., Chem. Commi889 644.

%8 R. Duddu, M. Eckhardt, M. Furlong, H.P. Knoess, S. Berger, P. Knobsiebhedrornl 994 50, 2415.
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For the cyclopentyl derivative, insertion of tttansiodide leads to theis-complexed zinc reagents
whichafter palladiurrcatalyzed acylatioalsoprovidesthecis-ketone®® The reactia of the alkyliodide
bearing an diisopropyl amide in@sition also leasl to acoordination during the insertipmvhich
causes a diastereoselective acylation wittih methyl groups inis-configuration witha diastereomeric
ratio of 99:1%°

Besideschelatization, thermodynamic and steric effects @lanbe used t@chievestereoselectivity.
In Scheméel6, the stereocenter of the iodide of the mehtterivative ecemizes during the oxidative
zinc insertion. After transmetalation to a bulky palladicatalyst, the crossoupling with

5-bromopyrimidinediastereoselectiveljgadsto the equatorial coupling produdtieto steric effect§?

—N M
Me Me Br4<\: /> €
Zn N
LiCl 5 mol% Pd(PPhs),
—_—
| THF, 25°C, 6 h < MznlLicl THF, 10 vol% NEP, ; \J\l
: H 25°C,24h = 76% yield
PN “ R
N < 78% yield N dros2

Scheme 16: Highly diastereoselective 9p¥i Csp? Negishi crossoupling reaction © a 1,2,4substituted

cyclohexyzinc reagent with a heteroaryl bromjgeomoted by a bulky palladium catal§st.

The steric effect was also usedthggroup of Wang. A norephedrine derivative protected with a bulky
amino protecting group Schemel?) was treated with activated zinc tdtain the corresponding
alkylzinc iodide. Following malladiumcatalyzed crossoupling reactionwith 4-bromobenzonitrile

selectivelyleads to thérans-productwith adiastereomeric ratio 0f95:5%
CN

Cl ZnCl

Me Me ©
@*r wevted 2 @*r o)
_— > : i
HN. 0 THF/DMSO (2:1), HN. 20 3 mol% Pd(OAc), Me  82%yield
50 °C, 24 h 6 mol% SPhos HN. .o 955dr
oTBS oTBS

THF, rt., 24 h
OTBS

Schemel7: Preparation of a norephedrine based organozinc reagent with aNsphogectng groupleading to

highly diastereoselective Negishi crassuplingproducts??

59 Mitsuya Sakurai, Tadashi Hata, Yuichiro Yalletrahedron Lett1993 34, 5939.

60a) S. Sakami, T. Houkawa, M. Asaoka, H. TallelChem. Soc., Perkifrans 11995 285;b) T. Houkawa, T.

Ueda, S. Sakami, M. Asaoka, H. Takegtrahedron Lett1996 37, 1045.

51T. Thaler, B. Haag, A. Gavryushin, K. Schober, E. Hartmann, R. M. Gschwind, H. Zipse, P. Mayer, P. Knochel,
Nat.Chem.201Q 2, 125.

625, Tang, S. Li, D. Zhou, H. Zeng, N. Wargg,i. China Chen013 56, 1293.
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3 Objectives

The ltestage functionalization of peptides and cyclopeptides is an imparégrb adjustiophysical
properties during the drug discovery process. By attaching various moieties e.g. laeyeroary!
groups to thepeptide side chain, biophysibalrelevant propertiesuch assolubility or membrane
permeabilitycan be altered and furtheptimized.For this purpose;-H activations or Suzukiliyaura
crosscoupling reactions have already been described. Neverthiesapplication of those methods
is oftenlimited to a few targesidesandthe functionalizatiorscopeis restricted. For this reasomnew
versatile method for peptide modificatiaith a broad functional group toleransleould bedeveloped
Previous aplications of organozinc pivalates in Negishi crassipling reactios displayedgreat
tolerance towards functional graagnd should therefore livestigatedor the latestage modification
of peptidesTo use peptides in crossupling reactions suiible sidechain moiety has be converted
into the corresponding halide. Since iodides have shown very fast regatsin crosscouling
reactions a straightforwardanduniversally applicablg@rocedure for the conversion afpeptide into
an iodinate peptidenvas envisione@Schemel 8). Finally, a fast crossoupling protocol has to be found
to make the reaction feasible in the presafqeeptides containingcidic protons.

ZnOPiv &NH
@\NH &\NH o
H H | ——Fc
o N\”& iodination o) \ﬂ& [Pd]
o procedure : N 0
D = Peptide | cross-coupling
X procedure

Schemel8: Schematic representation of theptide iodination and following lattage functionalizationia

Negishi crossoupling

Furthermorenew chiral alkylzinc reagents containing an aoagnoup inb-positionwould be of major
interestPr ot e i n -@mirmdidecontdin a predefined stereenter and are easily reduced to the
corresponding aminralcohol without loss of optical purity. Therefore, those compswhtuld be
excellent starting matergtowards chiral alkylzinc compourdSince alkylzinc compounds émost

of the crosscoupling catalyss are sensitive to free amines, a suitable protecting gioopcessary
There are several gairements for an ideal protectirggoup It must be inert, insensitive towards
nucleophilic organozinc reagents aftuld rot contain acidic protons which might hydrolyze #iec
reagent. Furthemnore it should not promote other unintended reactigvisereas an electrophilic amino
protecting group destabilizes thesulting organozinc reageand lead to elimination, a donatg
amino protectig group on the other hand destabiizee starting iodidelerivativesby formation of
aziridine, seeSchemel9. Additionally, the removal of the protent group at the end of the sequence

must be feasible while the introduced functional groups as well as the stereocenters remain unchanged.
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donating PG R H PG electrophilic
/A N. N. R&FA
R PG aziridine formation | PG elimination

Schemel9: Possiblesidereactiors during the zindnsertion usingnappropriatgprotecting groups.

Starting from the chiral aminalcohol, straightforward protectioand iodination reaction should
provide chiral alkyl iodides which then can be used for oxidative insertion of zinc dust to obtain the
corresponding alkylzinc reagents.valuable addition would be the application of these reagents in
following crosscoupling and acylation reactions, which shbueliver 1,2substituted amino
derivatives §cheme20).

NH,

NH PG. .PG PG. PG zp PG. PG
/'\H/OH reduction /kz/OH protection Y iodination Y insertion Y
R
---------- - R protecion R/'\/OH ‘odination R)\/l fnserton R)\/zm
amino acids commercially
available Ar-Hal
PG. .P
[Pd] G-Fe
e E—
Negishi cross-couplin Ar
° and Pind PG.-PC R/'\/
acylation reaction Zn R'COCI PG, PG
R [Pd] N O
B — e
R R'

Scheme20: Schematic representatidor the preparation ob-amino alkylzinc reagent starting from chiral

amingalcohols and theubsequenapplication inNegishi crosscoupling and acylation reactions.
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1 Late-Stage Functionalization of Peptides and CyclopeptidesdJsing

Organozinc Reagents

1.1 Introduction

Thelate-stagefunctionalization of peptides usingi€ activatiori® or SuzukiMiyauracrosscoupling$*

is already know and hasfound useful applicatiofiScheme21). For this purposeyarioustranstion
metak, such apalladium, nickelgold, rutheniunand manganeshave been uséd However, there is

still a strongneed to extend the toolbox of pegtichodification and to broaden the scope of targets as
well asintroducible moieties.Therefore, the development af newuniversal methodising a non
specialized target side anekhibiting a diverse functional group tolerance is necess&ince
organozinachemistry is knowrfor the high functional group tolerance and mild reaction conditions, it

should be well suited for this purpoBe.

C-H activation described by Ackermann

‘3 H
NH
H 7(Q Pd(OAc), 5 mol% o) NT(Q
0 R
o + [PRAIOTs — acoM, 23°C, 17h O I ©
S | D = Peptide HN
. g

Suzuki-Miyaura cross-couplings described by Davis

NaO HO,C.__NHBoc

HO,C.__NHBoc N
\ /—NH | *Pd(OAc), O

N

PhB(OH
+ (OH), Nao , HO
HO
| H20, K2HF)<)4Y HCOzH O
37 °C, open air

Scheme21: Palladium catalyzed peptiageodificatiors using GH arylatiors with diaryliodoniumsalt$” or

SuzukiMiyauracrosscoupling reactiogf®.

83a) J. Ruiz Rodr 2 gue hem.fEur. J2010016, 1124 b) @.,RuaR,.N. Sawesmiarin,|Ea ,
Manoni, L. AckermannAngew.Chem. Int. Ed2017, 56, 3172 c¢) A. Schischko, H. Ren, N. Kaplaneris, L.
Ackermann Angew. Chem. Int. E@017, 56, 1576; d) H. G. Lee, G. Lautrette, B. L. Pentelute, S. L. Buchwald,
Angew.Chem. Int. Ed2017, 56, 3177.

84 G. Espuiia, G. Arsequell, G. Valencia, J. Barluenga, J. M. AM@teiZrrez, A. Ballesteros, J. M. Gonzélez,
Angew. Chem. Int. EQ003 43, 325.

65a)W. Wang, M. M. Lorion, J. Shah, A. R. Kapdi, L. AckermaAngew. Chem. Int. EQ018 57, 14700; b)S.

E. Hooshmand, B. Heidari, R. Sedghi, R. S. Var@geen Chem2019 21, 381; ¢) T. Willemse, W. Schepens,
H. Vlijmen, B. Maes, S. BalleCatalysts2017, 7, 74.

66 a) E. Negishi, L. F. Valente, M. Kobayashi,Am. Chem. So&98Q 102 3298 b) E. NegishiAcc. Chem. Res.
1982 15, 340. c) N. Hadei, E. A. B. Kantchev, C. J. O'Brie, M. G. Or@ag, Lett.2005 7, 3805. d) C. Valente,
M. E. Belowich, N. Hadei, M. G. Organ, Euk.Org.Chem.201Q 201Q 4343. e) D. Haas, J. M. Hammann, R.
Greiner, P. KnocheACS Catal2016 6, 1540.

67Y. Zhu, M. Bauer, L. AckermanChem. Eur. J2015 21, 9980.

68 J. M. Chalker, C. S. C. Wood, B. G. DavisAm. Chem. So2009 131, 16346.
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Recently the group of Knochaleported organozinc reagents using pivalate salts as coustehdarh
display an enhancedir- and moisture stabilit{’. They have found broad application in a variety of
reactiors with all kinds of electrophile&

Previously, a method for palladiurand nicketcailyzed crossoupling reactions tsbeen reported
using organozinc halides and electrophiles bearing acidic protdine fast crosgoupling reaction
combined with a slow addition of the zinc reagents aléww the tolerance ofsensitive ad acidic
functional groups.

Herein, a convenient latgage functionalizatiorof various highly functionalized polypeptides is
reported. The procedummnsists of a regioselective iodination ofyeosine containingeptide and a
subsequent highly selectiyalladiumcatalyzed cross coupling reactienabled by the slow addition

of various polyfunctionabrganozinc pivalate€&Scheme?2).

This work

(e}
H H ) H
RHTN éJLX,Rz RH(NQLX,RZ ArZnOPiv R1TN\)LX,R2

lodination slow addition
—_— = " .
(e} \@\ (0] \©:I Pd-catalyst (0] \©:Ar
X=0, NH OH OH OH

Scheme22: A generalized pathway for the ladtage functionalization of peptides using organozinc pivalates.

1.2 Method Development forlodination and NegishiCrossCoupling Based onTyrosine

A Boc protected.-tyrosyl methyl ester was chosen as a model substrate since it contains most of the
sensitive functional groups, such as phenolic hydroxyl groups, amddsacidic estersTo convert
protected aminacid (2a) into an eligible crosscoupling electrophilea selective monadination
procedurehad to be foundExperimentsshowedthat the use of the oxidation agent Ghinine T
combined with sodium iodidéproved to besuccessfuto mainly obtainthe moneiodinated tyrosine
derivative.To achieve the besgesults, the oxidant had to be added very slovdya syringe pump at

low temperaturegScheme23). A screening showed that 1.2 equivalents of the iodination mixture
provided the best result in terms of reaction conversion and yield of the-iomdmayrosine3a. The

major byproduct was the bido derivative which had to be separated first by column chromatography

®a) A. Hern&n G-mez, E. Herd, E. Hevia, A. R. Kenned:
E. Mulvey, C. Schnegelsbergngew. Chem. Int. E@014 53, 2706; b) Y-H. Chen, M. Ellwart, V. Malakhov,

P. Knochel Synthesi2017, 49, 3215.

0a) S.Bernhardt, G. Manolikakes, T. Kunz, P. Knochaigew. Chem. Int. E@011, 50, 9205. b) C. I. Stathakis,

S. Bernhardt, V. Quint, P. Knochéingew. Chem. Int. E@012 51, 9428. c) S. M. Manolikakes, M. Ellwart, C.

I. Stathakis, P. KnocheGChem. Eur. J2014 20, 12289. d) M. Ellwart, P. Knochehngew. Chem. Int. E@015

54, 10662.

"t G. Manolikakes, C. Mufioz Hernandez, M. A. Schade, A. Metzger, P. Kndclazlg. Chem2008 73, 8422.

72T. Kometani, D. S. Watt, T. JierahedronLett 1985 26, 2043.
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andsubsequenRP-HPLC purification. Tha, thusobtained iodotyrosyl methyl est8a was useds

screening substrate to develbge procedure for the cressupling reaction.

o o
N OtBu Chloramine T (1.2 equiv) N OtBu
MeO T 2 h syringe pump addition MeO T
¢} Nal (1.2 equiv) I o
HO DMF, -10°Ct0o 25°C,5h HO
2a 3a: 69% yield

Scheme23: Regioselective monmdination of protectetl-tyrosine usig sodium iodide and Chlorame.

The first attempts for the Negisbross coupling reactiowere performed usingryl- and heteroaryl
zinc pivalatesaccording to standariiterature procedureS. A catalytic systenof Pd(OAc) combined
with Buchwal doés p’hshavedhthe hest rebuit ip preliminaty Bipariments and was
used for the crossoupling reactionsSince nitrogen cacompetitivelybind asa ligand to palladiunas
well”, aslightly increasedatalyst loathg wasnecessaryTo a prestirred mixture of the palladium salt
and the ligand in THF, the iodgrosine was addedhe corresponding arylzinc pivalategreadded
dropwise over a period oftivia syringe pump and the reaction mixture was stirred tuiticonversion

of the electrophilavas observedAn electronrich (1a) as well as an electrguoor (Lb) organozinc
pivalatewas usedfor the test crossoupling reactions ofhe protected ioddyrosine,affording the
desired crossoupling productgla and4b in 74% and 50% vyield. Nexthe scope with respect to the
arylzinc reagent was examineflince pyridine residues are interesting moieties for thestatge
functionalization, three differerisomericpyridylzinc pivalates 1ci €) have been used.o ensure full
reaction conversion, the amount of pyridylzinc pivalate was increased to 2.0 equivalents. The three

corresponding pyridytyrosine derivativedci e could be obtaineth high yields of 7887%(Tablel).

73a) S. Bernhardt, G. Manolikakes, T. Kunz, P. Knochegew. Chem. Int. EQ011, 50, 9205; b) J. R. Colombe,
S. Bernhardt, C. Stathakis, S. L. Buchwald, P. Knodbay, Lett.2013 15, 5754; ¢) S. M. Manolikakes, M.
Ellwart, C. I. Stathakis, i{nochel,Chem. Eur. J2014 20, 12289; d) S. Otsuka, D. Fujino, K. Murakami, H.
Yorimitsu, A. OsukaChem. Eur. J2014 20, 13146; e) M. Ellwart, P. Knoché\ngew. Chem. Int. EQ015 54,
10662.

74T. E. Barder, S. D. Walker, J. R. Martinelli, S. L. BuchwdldAm. Chem. So2005 127, 4685.

ST. E. Barder, S. L. Buchwald, Am.Chem. So2007, 129, 12003.
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Table 1: Negshi crosscouplings of tyrosine derivativ8awith aryl- and heteroarylzinc pivalatdsi e.

o} o}
H H
N OtBu (Het)ArZnOPiv (1a—e) (1.5 — 2.0 equiv) N OtBu
MeO hig 4 mol% Pd(OAC), MeO hig
I o] 8 mol% SPhos Ar o
HO . THF, 25°C, 4 h HO dace
Entry Zinc Pivalate Product Yield (%) @

o]

H
Et0,C EtO,C MeO NTOtBu
ZnOPiv O
HO

la 4a

H
M N B
MeO eO MeO T(Ot u
2 o 50
ZnOPiv

1b 4b
z 7)) Meo g Y
3 | q o 87
N~ ~ZnOPiv N
HO
1c 4c
@ 7 Meo Yoo
4 N 0 80
NS> Znopiv X
HO
1d 4d
N7 N7 Meo g !
5 $ “ o 73
ZnOPiv
HO
le 4e

[a] Yield of the isolatedanalytically pureproduct. [b]1.5 equivof ArZnOPiv were used[c] 2.0 equiv of
HetArZnOPiv were used

1.3lodination of Tyrosine-basedPeptides

After the successful moriodination of the protected tyrosine procedurevas extendetb various
small peptiles Table2)’®. First,a dipeptide consisting &f-Cbzprotectedoroline anda tyrosyl methyl
ester(peptide2b) was testedUsing the previously developed reaction conditions, the rindioated

dipeptide3b was obtained in 79%ield. Furthermore, dipeptid2c containing a tryptophan unit was

¢ peptides were provided by Novartis Pharma AG, Basel, Switzerland. Special thBnk&tido Koch and Dr.
Thomas Vorherr.
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iodinated using the same protocol. However, the desired {ooloopeptide was obtaingd only
30%yield, although 24% of the starting material were recovdteskemedhat the indole moiety of

the tryptophan is too sensitive towards the oxidation re&dgehich caused many minor side products

and an overall unclean reactidn. addition increasing the amount of the iodtion reagent did not
improvethe reaction outcome. Further optimization attempts to increase the yield were not successful.
A tetrapeptide containg proline glutamine, tyrosine and valine was also successfully itelina
followed the developed procedure leading to 52% vyield of the rahinated peptid&d.

Table 2: Mono-iodination of the tyrosine moiety on small peptides using @hime T and sodium iodide.

o) o)
H H
R"._N _R? Chloramine T (1.2 equiv R' N _R?
Y o Y

Nal (1.2 equiv)
(o) o |
\©\ DMF, -10 °C to 25 °C, 6-12 h \©:
OH X=0,NH OH

Entry Peptide lodinated peptide Yield (%) @&

(6] 0
H H
/N\JYN%OMe %N%OMG
1 07N © 7 07N © \©i' 79
o o
b

2b 3
\TNH ] o ) ~ NH
(@] < B
2 o H E oM o] N\:)LN' OMe 30!
T ™ TYLHY
Q! L,
OH i
2c 3c

. /©/ZH OH
3 O%H%Hj{k}/\i%k O%Hiﬁ/ﬁ?\;ﬂ(’k 5

(o] © (0]
j/\ o PN
07 NH, @)
07 "NH,

2d 3d

[a] Yield of the isolatedanalytically purgoroduct.[b] 24% of the starting material were recovered.

In addition to linear peptidesyclopeptides were investigated because of their high potential for late
stage functionalizatiodueto possible medical applicatioffs Unfortunately, the iodination using the

standard proceda did not provide any morodinatedproduct. Since optimizan attemptsncluding

7 G. Mourier, L. Moroder, A. Previerd. NaturforschB 1984 39, 101.

®a) N. K. Gulavita, S. P. Gunasekera, S. A. Pomponi, E. V. Robids@®rg. Chem1992 57, 1767; b) M.
Cebrat, Z. Wieczorek, |. Z. SiemidReptidesl 996 17, 191; c) B. Vera, J. Vicente, A. D. Rodrigu&zNat.Prod.
2009 72, 1555; d) W-Y. Fang, R. Dahiya, HL. Qin, R. Mourya, S. Maharajlar. Drugs2016 14, 194.
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varyingthetemperatureamountof the reagerandthereaction time were not successthle use of an
alternativemethod was necessaty was found that theig(pyridine)iodoniunreagent oBarluengd’
was perfectly suited for thicyclic peptideThe reaction othe cyclopeptidewith 1.3 equivalents of

Barluenga's reageimt DCM led to theodinated cyclopeptidBein 95% yieldwithin 5 h (Scheme24).

Chloramine T (1.2 equiv)
Nal (1.2 equiv)

DMF, —-10 °C to 25 °C, 24 h
Ipy2BF, (1.3 equiv)
OMe >

DCM, 25°C,5h

OMe

3e 95% yield

Scheme24: lodination of the tyrosindased cyclopeptid2e usingBarluengé seagent

1.4 Negishi CrossCoupling of Tyrosine based Peptidetlsing Organozinc Pivalates

With these four iodinated peptides in hand, further investigations on thstdgie functionalizationia
Negishi crossoupling reactionhave been madeusing the reaction coribins developed in the
preliminary experiments on the protected tyrosine. Therefore, the p8ptwiascoupledwith various

aryl and heteroaryl organozinc pivalate in the presence of palladium acetate and &Pi®S).
Crucial for this method was again the slow addition of the zinc reagent soligtisyringe pump over

a period of In. The first experiments using 1.5 ecplentsof the corresponding organozinc pivalate
revealed that the yields were comparable to the ones of the previousauptings. The modified
peptide7ausing an electron defiai zinc pivalatela wasobtained in 67% yield (tyrosine derivative:
74% vyield) andrb using an electron rich zinc species in 48% vyield (tyrosine derivative: 50% vyield).
Applying 1.5 equivalentsof the pyridyl zinc pivalatd g provided the corresponding e 7gin 61%
yield. The experiments showed that no full conversion of the-efatides was achieved during the
reaction. Therefore, to obtairhigher yield for the following reaction, the amount of zinc reagent used
was increased to 2.5 equiv. Thus #rylatedpeptide7f using the zinc pivalatéf was obtained in a
high yield of 80%. To extahthe reaction scope to benzdnsed heterocycles, the benzothiepilzinc

1h as well as benzofurgizinc 1i derivative have been useddbtainthe modified pefides7eand 7f

in 47% and 87% yield. In conclusion, it was possible to use eledtiorandi poor arylzinc pivalates

as well as heteroarylzinc pivalates to prepare the modified pefdifien 471 87% vyield. It washown

that the method developed on the tyrosine test substrate was also suitable for dipeptides.

7 G. Espuiia, G. ArsequelG. Valencia, J. Barluenga, J. M. Alvar€uitiérrez, A. Ballesteros, J. M. Gonzalez,
Angew.Chem. Int. EJ2003 43, 325.
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Table 3: Negishi crossoupling ofthe dipeptide8b with aryl- and heteroarylzinc pivalaterﬁ typel.

1L ﬂ
OMe (Het)ArZnOPiv (1) (1.5 — 2.5 equiv) OMe
4 mol% Pd(OAc),

8 mol% SPhos

b THF, 25°C,4 h b
Ta—f

Entry Zinc Pivalate Product Yield (%) @

Ar

CO,Et
1 o)
PivOZn
la Ta
OMe
z o
PivOZn
1b 7b
CF3
; o
PivOZn
1f
X
4 P 610!
PivOZn N OMe
19
S
5 | 471
PivOZn
1h 7c
6 | 87l
PivOZn o
Li 7f

[a] Yield of the isolated analytically pure produ@b] 1.5 equiv of ArZnOPiv were usedc] 2.5 equiv of
ArZnOPiv were used
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Table 4: Negishi crossouplingreactionsof the dipeptid8c with aryl- and heteroarylzinc pivalates type 1.

<N (Het)arznoPiv (1) (2.5 equiv) < NH

o H\)Ok oM o ot EatOA) o) H\)Ok i __om

€ 8 mol% SPhos e
SOty Y SOty oYY
0 0 THF, 25°C, 4 h o o
OH OH

3c | 8a-d Ar
Entry Zinc Pivalate Product Yield (%) @

é\ NH
(0]

H H
ZnOPiv (0] N - OM
>f If \)L”W ) 92

1 @ o]
ZSoMe E io"'
Z >N
X ‘ OMe
8a

<~ NH
ZnOPi Ho§ i
n v :
2 5 iH & 72
Me’ Me O
OH
Me l Me
1j 8b
<~ NH
ZnOPi Ho§of
n v B
3 N‘ A o B H o) 76
MeO)\N/ OMe
OH
N/‘
Meo)\\N OMe
1k 8c
<~ NH
0L,
ZnOPiv Oo__N ‘_OMe
Y N
4 \ TUYNY 38

0 0
: J
OH

1h 8d

[a] Yield of the isolated analytically pure product.
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The experiments were continued with the tryptophan containing p&gtiliecontrast taheiodination,
the presence of tryptophan did not pose a problem for-crmgdingreactiors. Variousaryl- as well
as heteroarylzinc pivalates were successfajiyied to the crosscoupling reaction leading to the
modified peptideBai d in 38 92% isolated yieldTable4).

Table 5: Negishi cosscoupling of theetrgpeptide3d with aryl- and heteroarylzinc pivalates type 1.

OH OH
(Het)ArZnOPiv (1) (2.5 equiv)
0 = 0 4 mol% Pd(OAc), o = 0
H :oH 2 H foH
QYN\)kNWN\)kOk 8 mol% SPhos N NJNWN\)&Ok
/& H H z R /& B H B
U 07 NH, U 07 NH,
3d 9a-c
Entry Zinc Pivalate Product Yield (%) @
MeO N
N~
OH
MeO._~
1 N H jk 7N o )< 50
N “_N
ZnOPiv /z ; H/ﬁ( 7o
07Xy 0 l 0~
U 07 NH,
19 9a
CF4

CFs OH
2 R )< 80
ZnOPiv (Nj}(N\)kN/}(N o
/& : H :
07Xy % 1\ 0 _~
< A,
1f 9b
NC !
NC O OH
3
ZnOPiv N

Ty © /k 89
~ N
O
Y
Ha

1l

[a] Yield of the isolated analytically pure product.

After the successful Negishi cressuplings on the previous dipeptides, this method was further

extended to a tetrapeptide containing a primary amide from glutamine. The firstoupdisig using
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the pyridylzinc derivativelg furnishedthe desired prodi®ain a moderate yield of 50%. In contrast,
using the arylzinc pivalatesf and 1l led tothe product®b and9c in high yields between 80%nd
89% respectivelyTableb). Thus,in conclusion, the increased size of the peptide and the presence of

the primary amide did not compromise the crosgpling reaction.

Table 6: Negishi crosscoupling of the cyclopeptidgewith heteroarylzinc pivalatesf type 1.

HetArZnOPiv (1) (2.5 equiv)
4 mol% Pd(OAc),
8 mol% SPhos

THF, 25°C, 4 h

OMe OMe

Entry Zinc Pivalate Yield (%) @
7 N\
1 N OMe 82
PivOZH
1g
7\
2 — 53
PivOZn
1d
N
7\
3 — 67
PivOZn
le 10c

[a] Yield of the isolated analytically pure product.

Additionally, crosscoupling experiments were conducted on the rAodmated tyrosindased
cyclopeptide3e As a preliminary test for the following experiments (ské), pyridyizinc pivalates
wereexclusivelyused to investigate the feasibility for the tatage introduction of pyridyl moieties.
Three differensubstitutedpyridylzinc reagents were used to check if it is possible to achieddied
cyclopeptides withihe pyridyl nitrogenatomin ortho-, meta andpara-position Therefore, peptidée
was used for Negishi crog®upling reactions with the corresponding zinc reagégisldor 1e and
the modified cyclopeptide$0a ¢ were obtained in 582% vyield Table 6). It wasfound that the
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performance of the crogoupling is dependent on the position of the pyridyl nitrogemwhich is

displayed in the deviated yields for the 2 and 4position products.

1.5 Negishi CrossCoupling Reactions of Alkyizinc Halides with Tyrosine Derivatives

In addition to the aryl and heteroaryl Negishi croespling reactions discussitthe previous chapter

a new method for the coupling of alkylzinc reagents was also investigated.

Attempts to extendthe crosscoupling to alkylzinc pivalateproved to bedifficult and a new
optimization study was required. It was found, that zinc organometallics prepared by the direct oxidative
insertion of zinc powder in the presence of LiCl werest suitable for a subsequent crossipling®

The previously used catalgtsystem(palladium acetate and SPhos) was not suitable for this reaction
type and did not provide the desired products. It was found that the calegsoped by F with

4 mol% palladiumdibenzylideneaceton@d(dba)) and 8mol% tri-tert-butylphosphme (PtBus) gave

the best resultsThus, the coupling ofarious functionalized primary and secondary alkylzinc halides
(5ai e) bearing a chlorg an ester or anitrile-functionwith the iodinated tyrosineda and3b led to the
modified tyrosines@ai €) including the dipeptidéf (Table7) in 48/ 82% isolated yieldRemarkably,

the use of theFu-catalyst led to relatively fast cressupling reactions. Combined with the slow
addition of the organozinc reagent, an excellent compatibility with the acidic amides and phenolic

protons was achieved.

80 a)l. Kalvet, T. Sperger, T. Scattolin, G. Magnin, F. Schoeneb®aew.Chem. Int. Ed2017, 56, 7078;b) C.
Feng, D. W. Cunningham, Q. T. Easter, S. A. BldmAm. Chem. So2016 138 11156 c) T. D. Bliumke, F. M.
Piller, P. KnochelChem. Commur201Q 46, 4082;d) A. Krasovskiy, V. Malakhov, A. Gavryushin, P. Knochel,
Angew. Chem. Int. E@006 45, 6040.

81C. Dai, G. C. FuJ. Am.Chem. Soc2001, 123 2719.
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Table 7: Negishi crosscoupling of tyrosine derivativBa and3b with alkylzinc halidebai e.

b0
R/N\i)kOMe

AlkZnX-LiCl (5a-e) (2.0 equiv)

4% Pd(dba),

b0
R/N\i)kOMe

| 8% PtBu; Alk
\©: THF, 25°C, 8 h \©:
OH OH
R = Boc (3a), Cbz-L-Pro (3b) 6a—f
Entry Tyrosine Alkylzinc reagent Product Yield (%) @&
MeO o
1 3a "znerLicl o 82
HO
5a 6a
MeO o
2 3a sz-ua o 71
HO
5b 6b
2 H
. Voo NTOtBu
3 3a SN znikicl cl o 72
HO
5c 6C
Q
" MeO NYOtBU
4 3a " znBreLicl NC o 58
HO
5d 6d
MeO W !
5 3a EtO,C7 > " znBrLiCl o) 48
EtO,C
HO
5e 6e
b0
%r\i N\;)kOMe
b
6 3b /\/\ch|.|_ic| 0 6] \©\/\/\ 61
b OH
5a 6f

[@] Yield of the isolatedanalytically pureproduct.
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1.6 Negishi CrossCouplings of lodo-Phenylalaninebased Cyclopeptides with

Pyridyl zinc Pivalates

The previous experiments have shdhai theate-stage functionalization using Negishi crassipling

in combination with arylzinc pivalatés well suitable for the modification of linear and cyclic tyrosine
based peptides. With this tool in hands, il be possible to functionalize even large peptides based
on similar amino acidasedbefore.

For the following experiments, hexaritecyclopeptides consisting of three valingone proline and

one iodephenylalanineblocks provided byNovartis? wereused. The position dhe iodo moietyin

the phenylalanine sidehain was varying so three different cyclopeptidesriho-11, metal2 and
para-13) were used as electrophilehe am of this study was to introduce a 3 and 4pyridyl moiety

into each of the three cyclopeptide to get a set of nine different peptiddications.Then, the
biophysical propertiesf these products were investigafsde the end of this chapter).

The first experiments were performed on tbgho-iodophenylalaninecyclohexapeptide using
pyridylzinc pivalateslci e and the same reaction conditions as goevious crossouplings Table
8).Whereas the-3and 4 pyridylzinc reagents provided the desired modified peptiddsand14cin
reasonable yield of 62% and 67 respectively, tpgridyl did not providehe coupling product using
those conditions. Furtheptimization experimentshowedhat increasing the catalyst loadif@gmol%
palladium acetate and 16 mol% SPhos) as well as increasing the amount of zinc reagent
(3.0equivalents) and raising the reaction temperature to 60 °C led wetfiedproductl4ain a
moderate yield of 38% after 24(thable8, Entry 1) As thedeiodinated cyclopeptideras detected as
the main sidgroduct theproblemmight be theeductive émination during the crossoupling cyclé&.

A reason for this phenomenevasnot determined, but steric hindranckthe ortheiodide with the
2-pyridyl residuemight play a significant rold=urtherincreasing the amount of catalyst and reagent or
a different catalytic systeutid not provide higher amounts of product but more undesiréaditeation

product.

82 peptides were provided by Novartis Pharma AG, Basel, Switzerland. Special thankStaDrKoch and Dr.
Thomas Vorherr.
83 Q. Liu, Y. Lan, J. Liu, G. Li, Y-D. Wu, A. Lei,J. Am.Chem. So2009 131, 10201.
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Table 8: Negishi crossoupling of the cyclopeptidil with pyridylzinc pivalated d e.

= (o]

., ? o | —~znoPiv 3 o
N HN (2.5 equiv)
/& p/ 4 mol% Pd(OAc), ﬁ
8 mol% SPhos
NH oo N7 0 NH yveN"So
N, THF, 25°C, 6 h N,
o] o]
o} )\ 0 /k

Entry Zinc Pivalate Product Yield (%) @

1 | 3glh]
N” > ZnOPiv
1c
L
2 62
N-F>znopiv
1d
L
3 | 67
Z > 7n0Piv

le 1l4c

[a] Yield of the isolated analytically pure produft] Different reaction conditions were usedpyridylzinc
pivalate (3.0 equiv), 8 mol% Pd(OA¢)L6 mol% SPhos, THF, 6, 24 h.

Experiments were continued with tmeetaiodo cyclopeptidel2. Applying the standard reaction
conditions using the three different substituted pyridylzieagentsprovided the modifiedneta

cyclohexapeptideg5a c in 62/ 77% yield Table 9). For thismetaiodo peptide the 2pyridylzinc
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pivalate couplinded toan even better yield as for the other crosaplings, which indicates that the

zinc reagent was ndthe reasotfior the low yields ofL4abut theortho-substituted peptide.

Table 9: Negishi crossoupling of the cyclopeptid& with pyridylzinc pivalated.d e.

shE ¢

(2.5 equiv)

4 mol% Pd(OAc), ©
8 mol% SPhos
NH Me NH v

THF, 25°C,6 h N
k :

Entry Zinc Pivalate Product Yield (%) @

PivOZn O~_N HN
: . Islivat "
N\
NH MyeN o)
N iy
O
ij SN
1c 15a
X

1d 15b

PivOZn o) N HN
=
: g JOISas "

NH ye® N0

N

o jrj’
o /k

le 1l4c

[a] Yield of the isolated analytically pure product.

The last set of crossoupling reactionwas performed using theparaiodophenylalanine
cyclopeptidel3 and the 23- and 4pyridylzinc pivalates 1ci€). After Negishi crossoupling
reactions, th@ara-pyridyl modifiedcyclopeptided 6& c were obtained 82 84% yield(Table10).
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Table 10: Negishi crossoupling of the cyclopeptide3 with pyridylzinc pivalated.ci e.
7 N\

|
—N
O N .
\ ~ ZnOpiv o
N N
H (2.5 equiv)

<
4 mol% Pd(OAc),
8 mol% SPhos

NH Ve N NH Me
N THF, 25 °C, 6 h
5 x x
13 16a—c
Entry Zinc Pivalate Product Yield (%) @

=
SN
0
//"—_Hj\ o}
N N
1 | OUN HN 84
PivOZn™ "N /Li p/
NH e o}

M
Me N

e
NP,
(0]
j;r 0 /k
16a

2 N O N HN 62
PivOZn )\i p/
Me 0

1d 16b

(o]
S
3 @ ok M u 80
PivOZn” /@ p/

le 16¢c

[a] Yield of the isolated analytically pure product.
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This set of nine modified cyclopeptislas well as the three starting iodophenylalastpeopeptides
were used for biophysical studies to investigate the influence of the pgtidgtituents on properties
like solubility underphysiological conditionscellmembrane permeability anthngort rate through
membranesAll measurements and calculat®of the biophysical properties were conducted and
evaluated byNovartisPharma AG*

The membrane permeabikltgnd solubilityparameters of the cyclopeptided 16 were compared to

the results ofn-silico calculations Therefore, thenine crosscoupling products 1(4i 16) have been
submitted for MD (molecular dynamics) simulations followed by calculation of the sedeertsible
polar surface area (abbreviated SAPSA) to result in-gilico assessment regarding their permeability
properties in the first instancaterestingly, different SAPSA values were observed and as expected in
the cases, in which the pyridyl moiety is more exposedtd and para substituted phenylalanine
residues) morgolar surface area is accessible. Next, solubility and permeability parameters were
assessed. The low solubility measured for the starting matekils3) was improved by the pyridyl
corein most of the casgseeTale 11, Entries 49 and 12), and on the basis of the PAMPA (Parallel
Artificial Membrane Permeability Assay) results, all cyclic peptides display high permeability.
However, in the cellularssessment (MDCK; Madin Darby canine kidney cells assay), the position of
the pyridyl linkage seemed to be sensitive regarttaggport across. As for thia-silico analyses, the

para-phenylalanine substituted analogues showed reduvaesgbort rates.

Table 11: Biophysical properties of the ioeryclopeptides and the modified cyclopeptiftes
Entry Peptide SAPSA (A?)  Solubility ® (uM) PAMPA  MDCK (10%cm/s)  SFC (min)

1 11 62 <4 -4.2b] n.d. [ 3.15
2 12 74 3 -4.30! n.d. @ 3.14
3 13 75 <4 -5.401 n.d. @ 3.23
4 l4a 76 24 -4.70 n.d. [ 3.37
5 14b 84 46 -4.301 15.7 3.31
6 l4c 83 52 -4.501 19.3 3.39
7 15a 74 21 -4.501 3.3 3.51
8 15b 101 26 -4.70] 3.2 3.60
9 15c 94 31 -4.80! 13.6 3.76
10 16a 84 9 -4.501 14 3.61
11 16b 99 <4 -4.6[°! 2.1 3.72
12 16¢c 106 22 -4.6! 2.9 3.89

[a] not determined due to QC or recovery problems. [b] at pH 6.8, [c] at pH 8.0.

84 Experiments and calculatiomgere performed bpr. Thomas Vorherr, Dr. lan Lewis, Dr. Michael Schaefer of
theNovartis Pharma &, Basel.
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However, this assay reflects the sum of active and passingort properties, whereas the SFC

(supercritical fluid chromatography) method ramklers only for passive permeability. Nevertheless,
the crosscoupling products resulting fromrtho-phenylalanine substitutions clearly showed a higher
passive permeabilitythis finding was in line with the MD simulations followed by SAPSA calculation

of the preferred conformational clusté?s.

8 M. Leroux, T. Vorherr, I. Lewis, M. Schaefer, G. Koch, K. Karaghiosoff, P. Knog&mgew.Chem. Int.
Ed.2019 58, 8231.
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2 Pyrrole Protected 2Aminoalkylzinc Reagents for the Enantioselective

Synthesis of Amino Derivatives

2.1 Introduction

Thepr eparation of or ganozi npositionnayle systemsvascalieadyn g a
described in the literature. UsingNeBoc protected azetidine, the zinc compound can be easily produced

from the corresponding iodidmdusedin crosscoupling as wellasallylation reactiongScheme2b).

2-Br-Py
Pd(P(2-furyl)s), N=
——————— Boc—N N\ /
activated Zn 63% yield
Boc—Ni>—| _ Boc—N:>—Zn| " |CuCNe2LiCI
THF, r.t., 45 min i
Allyl bromide Boc—N
58% yield

Scheme25: Preparatiorof (N-Boc-azetidin3-yl)zinc(ll) iodide and application in crosoupling and allylation

reactions®

In general, thepreparation of chiral aminderivatives is of great synthetic importance in the
development of new pharmaceuticals and agrochenficalstraightforward and fast way to obtain

chiral aminederivatives is the use of enantiopure amino acids as precursors. Since they can be produced
industrially by fermentation in big scale withotlite use of expensive catalgsthey are cheap and

therefore exellent suited for this applicatidii.

Recently the group of Knochel already utilized chiral amadoohols obtained from amino acids to

prepare mixed zircopper reagentshich were used for various allylation reactioSslfeme26).8°

1) Zn [TMSCI / DBE] Boc.
B THF, 25 °C, 45 mi B COEt NH
oC< X , min ocC< A
NH NH A _Br o
Ph_~_-!  2)CuCN-2LiCl Ph._~._-Cu(CN)znl
THF, 0 °C, 5 min THF,-30to 25 °C, 6 h 90% yield CO,Et
(]

Scheme26: Preparation of a chiral amiredcohol basedzinc-copperreagentand following reaction with a

functionalized allyl bromidé&®

86 S, Billotte, Synlett1998 1998 379.

87a) T. C. Nugent, M. EBhazly, Adv. Synth. Catal. 2010, 352, 753Th)C. NugentChiral Amine Synthesis
Wiley-VCH Verlag GmbH & CoKGaA, Weinheim, Germany201Q c) M. Breuer, K. Ditrich, T. Habicher, B.
Hauer, M. Kesseler, R. Stirmer, T. Zelingkigew.Chem. Int. Ed2004 43, 788.

88 a)M. D'Este, M. AlvaradeMorales, |. AngelidakiBiotechnol. Adv2018 36, 14; b) N. Tonouchi, H. [t&mino
Acid FermentatiofEds.: A. Yokota, M. lkeda), Springer Japan, Tokyo, Japahy, 3i 14.

89 R. Duddu, M. Eckhalt, M. Furlong, H.P. Knoess, S. Berger, P. Knochietrahedrornl 994 50, 2415.
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In the approach of Jackson, chiraldhd Nprotected amino acids have been converted to alkyl iodides
and after oxidative zinc insertipnsed for crossoupling reactiong? Especially, starting from ser

sidechain modified aminacid derivaves can be produced, as disgdin Scheme27.

)

H
2.5 mol% Pdy(dba), N.
H . H : Boc
N. activated Zn N. 5.0 mol% SPhos /©/\_/
I >""Boc —— > 1zn” Y “Boc - E COzMe
co,Me  DMF Co,Me  DMF. rt, overnight 80% yield

Scheme27: Preparation of ghiral amineacid alkylzinc reagent and its applicationa Negishi crossoupling

reaction®?

In addition to thesapproachesa new method was envisioned to prefabeoad range of chiral amino
organozinc reagent starting framadily accessiblaminoaalcohols to obtain a powerful andiversally
applicabletool for the synthesis of functionalized armiderivatives

Herein, aconvenient and quite general preparation of chiralgbgiprotected organozinc reagents and
their application irtranstion-metal catalyzed reactions with electrophiles, bearing various functional

groups, is reporte(Scheme28).

This work

tecti
wi, | Dotedton ) w0 ex  UY

OH > N _— B N

R R/'\/I R)N\/an R/'\/E

Scheme28: A new approach towards chiral amingganozinc reagents using pyrrole as a pratgcfioup.

%0 a) J. Ross, F. Dreiocker, M. Schéfer, J. Oomens, A. J. H. M. Meijer, B. T. Pickup, R. F. W. Jdcl&an,
Chem.2011, 76, 1727; b) T. CarrilleMarquez, L. Caggiano, R. F. W. Jackson, U. Grabowska, A. Rae, M. J.
Tozer,Org. Biomol. Chem2005 3, 4117; ¢) H. J. C. Deboves, U. Grabowska, A. Rizzo, R. F. W. Jackson,
Chem. Soc., Perkifirans 1200Q 4284; d) R. F. W. JackspK. James, M. J. Wythes, A. Woal,Chem. Soc.,
Chem. Commuri989 644.

91 A. J. Ross, H. L. Lang, R. F. W. JacksdnQrg.Chem.201Q 75, 245.
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2.2 Proof of Principle for b-Amino Alkylzinc ReagentsStarting from Glycinol

Preliminary experiments were performed using glycinglaminoethangl as test substratet was
found, that achiral glycinol offers a promising opportunity to obtain the sinfpiesio-alkyl amine by
treatirg glycinol with hydroiodic acid at higtemperaturegpcl, Scheme?9). Therefore, this substrate
was used forthe determination of rmamino protecting grougompatible with a zinc insertion
Experimens revealed that benzylalkyl-, allyl-, Boc-, phthaloy} or silyl-protecting groupsvere not
suited for this purposé.was found thatH-pyrroleis an excellent protecting group for tetsidywhich

met all requirementsProtection of the amingroup was easily performed by refluxing the
b-iodo-alkylamine in 2,5dimethoxy tetrahydrofuran with sodium acetate and acetic acid in a
1,2-dichloroethanevater mixture for 1 h and provided the desired pyrmiatected alkyl iodidd9a in

71% vyield(Scheme29). Zinc powder was suspended in dry THF together with lithium chiSrated
activated with 1,libromoethane and chlorotrimethylsildhgor the oxidative insertiariThe previous
prepared alkyl iodide was addtthis mixtureat room temperature and the corresponding organozinc
reagent20awas obtained in a good yield of 93% after 10 n8ohHeme29). This reagent showed no
tendency to undergo elimination reactions and was stable at 25 °C for several days without

decomposition.

(o}

MOy OMe LiCl (1.0 equiv)
; Zn (1.5 equiv)
1.0 equiv)

HI (57%) ( ; = [DBE/TMSCI] ==

. NaOAc (5.0 equiv)

H2N\/\OH - . HIHzN\/\I N\ N~ > N\ N~ )
170°C,4 h DCE/H,O/HOAc | THF, 25°C Znl-LiCl
- 90°C,1h 10 min
glycinol Dean-Stark pci . 19a 20? .
70 % yield 71% yield 93% vyield

Scheme29: Preparation of a pyrrole protected organozinc reagent starting from glycinol.

In the next step, this new organozinc reagentwgaslin a broad range of palladium catalyzed cross
coupling reaction taletermire the functional group tolerance. Experimenggealedthat the us of

2 mol% Pd(OAc) and 4% SPhd8 provided the best result¥hus electronrich as well as electron
poor crosscoupling productsla €) were obtained in yields between 85% and 98%. Additionally, it
was possible taseheteroaryl halide this crosscoupling protocoprovidingthemodified heteroaryl
compound=21fi h in 83i95% yield(Table 12). The pyrrolecontaining organozinc reagent was also
successfulhapplied in palladium catalyzed acylation reactions. Therefbesreaction of various acyl
chlorides with reagenf0a in the presence of 4 mol% Pd(Pfhat 50 °C provided aryland
heteroarylketone21lii k as well as a cycloppyl-ketone21l in 73i 87% yield Table12).

92 A, Krasovskiy, V. Malakhov, A. Gavryushin, P. Knoch&hgew.Chem. Int. EJ2006 45, 6040.

9 P, Knochel, M. J. Rozema, C. E. Tucké@rtganocopper reagent€d.: R. J. K. Taylor), Oxford University
press, Oxford1994 85.

%Y. Yang, N. J. Oldenhuis, S. L. Buchwaklhgew. Chem. Int. E@013 52, 615
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Table 12: Palladium catalyzed cros®upling and acylation reaction$the glycinotbased\-alkylpyrrolezinc
reagenf0awith (hetere)aryl halides and acid chlorides.

@ pd(OAc), (2 mol%), SPhos (4 mol%)

@ THF, 25°C, 16 h =
E-Hal + QN CN
~znkLiCl b1 Pd(PPha), (4 mol%) ~E
1.0 equiv 1.2 equiv THF, 50 °C, 16 h
Hal = 1, Br, CI 20a 21a-1
Entry Electrophile Product Yield (%) [c]

1 s o -
HoN

H,oN
2la
: LSt L
OMe OMe
21b
s I\©:Me Gl \/\C[Me g3l
F F
21c
| &
4 \©\ \_N \/\©\ g7lal
CO,Et CO,Et
21d

\/\©/CN 85[a]

21e

| C
5 )
Br N

N
6 | S 831l
CF; Z

CF3
21f
CO,Et C\ CO,Et
7 Cl \'%j NN \/\’/\‘j g5lal
N N __~
21g
Br: N <jl
8 \©Er\> \/\©[\> Qolal
H N
21h
OMe - OMe
9 O\Wji:j/ <;L\/»\WJ::1/ g7Ib]
o o

21i
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Entry Electrophile Product Yield (%) [c]
10 C|Y©\CI @WQCI g2l
0 o)
21]
\ - \
11 o A s G‘ | s 730!
0 o)
21k
12 C'% CN\/}(A 830!
o o]

21l

[a 2 mol% Pd(OAc), 4 mol%SPhos, 25 °C, 1B. [b] 4 mol% Pd(PP¥)4, 50 °C, 16n. [c] Yield of analytically
pure isolated product.

2.3 Preparation of Pyrrole-protected 2Amino Alcohols

With the proof-of-principle establishedor glycinol, this method should be extended to commercially
available chiral Zamino alcohols obtained from amino acids (naturak unnaturalD-enantiomer).
Since the iodiation conditions using hydroiodic acieretoo harsh fomostof the aminealcohols
and due to possible raceration ofthe chiral aminegroup,anotherapproach hato be found.

In a newly developed pathway, the optical pure apa@icohols were firsttrandormed into the
correspondingN-pyrrolyl-alkyl alcohol using the samerocedureas previously for the glycinol
derivative andtheniodinatedafterwardqsee chapte?.4). Thus, thechiralamincalcoholsl17hbi f were
treated with 2,5imethoxyetrahydrofuranand sodium acetate in the presence of acetic acid in a
1,2-dichlorethane/watemeaulsionat 90 °C for 16 hproviding the pyrrolederivativesl 8bi f in 711 92%
yield (Table13). Additional to these aminacidsbased precursaorsptical pure cyclidrans2-amino
alcohols were usedApplying the same conditions, the-2mninocyclohexanokS,S)-17h and the
2-aminocyclopentandR,R)-17iwere converted to theorrespondingyrrole derivative$S,S)-18hand
(R,R)-18iin 83% and 77% yielavith full retention ofstereochemistr{Table13).
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Table 13: Preparation of chiralyprole-protected 2amino alcoholsof type18.
(0]

MeO OMe
) @ (1.0 equiv) R2
R _ ;
R%)\OH NaOAc (1.0 — 2.4 equiv) R E)\OH
DCE/H,0O/HOAc, 90 °C, 16 h N

NH, €

17b—i 18b—i
Entry 2-Aminoalcohol Pyrrole Derivative Yield (%) @
H3C\/\
HaC -~ Y OH
1 Y Tod N 790
NH, (\ 7/
(R)-17b (R)-18b
CH,4 FHs
2 H,C” Y OH HaC & OH 84
NH, <\ /7
(R)-17c (R)-18¢
oH ©/\‘/\OH
N
(S)-17d (S)-18d
4 ©\‘/\OH ©\I\AI/\OH 92
NH, )
(S)-17e (S)-18e
5 QE/\/\OH %/\N/\OH 71
HN NH, Y\ /7
(R)-17f (R)-18f
OH WOH
6 Q 83
. NTN
NHz-HCl Q dr.99:1
(S,8)-17h (S,S)-18h
OH
OH 77
7
.'/NHZ'HCI ’\E\> d.r. 99:1
(R,R)-17i (R,R)-18i

[a] Yield of the isolated analytically pure produjtf] Reactionwasfinished after 5 h.

Besides theseN-pyrrolyl-alcohols a tyrosinebasedprecursomwasalsoof interest. Since the phenolic
hydroxyl group might destabilize the desired organozinc reagethylation wamecessaryror the
reduction with mild reducing agents, tfiee acidwasconverted to the methyl est&tarting fromL-
tyrosing an easy anstraightforward synthesis pathwaeludingpyrroleformation phenolprotection
and methyl esterificatio((S)-pc3) wasperformedn 58% yield over twestepswithout purification in

betweenInitially, the pyrrole group was formed using the default netflotiowed by treatment with
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methyl iodide and potassium hydroxide to achieve the methoxy group as well as the methyl ester. The
methyl ester was then reduced with sodium borohydride to obtain the dégisedolyl-alkyl alcohol
(S)-18gin 69% yield(Scheme30).

1) MeO v O OMe
o m.Oequiv) (0}

NaOAc (1.0 equiv) NaBH, (1.5 equiv) OH

OH  DCE/H,0/HOAC OMe Ve N

o o e

- NH, 90 °C, 16 h MeO N EtOH, 0-25 °C, 4 h W
2) Mel (3.0 equiv) \/_7\ /

L-Tyrosine KOH (3.0 equiv) (S)-pc3 (S)-18g
DMF, 0-25 °C, 24 h 58% yield over 2 steps 69% vyield

Scheme30: Preparation of a pyrrole protecteehéhinoalcohol based datyrosine.

2.4 Preparation of N-Pyrrolyl Alkyl lodides

In the last step of theynthesisthe N-pyrrolylalkyl alcoholwasconvertednto the corresponding alkyl
iodide.

Table 14: Appeltyped iodinatiorof thechiral aminealcohols18 providingin the alkyl iodidesl 9.

R? PPh; (1.05 — 1.20 equiv) R2
R1§)\ imidazole (1.05 — 1.20 equiv) R%)\
OH I, (1.05 — 1.20 equiv) '
N N
W DCM, 0 °C to 25 °C, 2-4 h W
18b-i 19b-i
Entry Pyrrole Derivative lodide Equiv Reagents Yield (%) @
H3C\£/\OH H3C\£/\I 79
1 N N 1.20
\ 7 \ 7 ee = 99%
(R)-18b (R)-19b
CHj CH3
84
2 HyC : OH HC™ Y 110 -
ee = 99%
\ / \ /
(R)-18¢c (R)-19¢c

3 N N 1.10

@ w ee = 99%

(S)-18d (S)-19d
92
4 ©\"\‘/\OH ©T\I 1.10 oo
ee = 0
(W (W
(S)-18e (S)-19e

71
W W ST

(R)-18f (R)-19f
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Entry Pyrrole Derivative lodide Equiv Reagents Yield (%) @

/©/Y\OH /@/Y\I 95
6 MeO N MeO N 1.05

w w ee = 92%

(S)-18g (S)-19¢

~OH |
X X
7 1.20
N@ N@ ee = 99%

(S,S)-18h (S,R)-19h
OH |

o a
8 1.10
N@ D ee = 98%

(R,R)-18i (R,S)-19i

[a] Yield of theisolated analytically pure produghb] Reaction wagarried out at 50 °C for 16 fc] d.r. > 99:1.

For this purposethe N-pyrrolyl-alcohols18bi g were iodinate® by treatmentof the alcoholwith
triphenylphosphine, iodine andHiimidazolein DCM startingfrom 0 °C to 25 °C within 24 h. After
purification theresulting alkyl iodidesl9bi g were obtained in 705% yield (Table 14). For these
compound, the optical purity was determined using chiral HRif@lysis Alkyl iodides19bi f display

a very high purity with an enantiomeric excess of 99%. This finding proved that the protextibe
iodination procedur@roceededvithout racemizationNotably, for the yrosine derivativgS)-19g a
decreaseptical purity down to92% ee was found which might be caused by the harsh reaction
conditions duringprecursoisynthesis.

The cyclic N-pyrralyl alcohols(S,S)-18h and (R,R)-18i could notbe iodinated using these reaction
conditions.For seeinga conversion of the alcohol, the reaction temperature had to be raised to 50 °C
and the reaction time drastically increased to 16 h. Using these modified conditions, the iodinated
products(S,R)-19h and (R,S)-19i could be obtained in 76% and 43% yielith inversion of the
stereocenterDue to the elevated temperaturbg elimination reaction was more favordthn usual

and was observed as main side product for both reactidh® cis-conformationof (S,R)-19h was
verified by comparing the coupling coasts in the'H-NMR spectrum For the fivemembered alkyl
iodide (R,9)-19i, a single crystal could be obtained and followingay crystallography analysis

confirmedthecis-configuration, as displayed Figure®6.

% a)V. Morozova, J. Skotnitzki, K. Moriya, K. Kaghiosoff, P. KnocheAngew.Chem. Int. Ed2018 57, 5516;
b) G. L. Lange, C. Gottard&ynth.Commun199Q 20, 1473; c)P. J. Garegg, B. Samuelssdn,Chem. Soc.,
PerkinTrans 1 198Q 2866; d) R. AppelAngew. Chem. Int. EA975 14, 801.
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Figure 6: Crystalstructure ofiodide (R,5)-19i is showing thecis-configuration of pyrrole ahiodide. Thermal
ellipsoidsare drawn at 5% probability level.

2.5 Oxidative Zinc Insertion of 1,2substituted N-Pyrrolyl -Alkyl Iodides

With the previously prepare-pyrrolyl-alkyl iodides in hand, the preparation of the organozinc

reagentsvasinvestigated.

Table 15: Preparation ob-amino alkykinc iodidesvia oxidative insertion of activated zinc dust in the presence
of lithium chloride.
R? LiCI (1.0 equiv) R?

R! Zn (1.5 equiv) R!
I [DBE / TMSCI] Znl
N N
w THF, 25 °C, 10-90 min U
19b-i 20b—i
Entry lodide Alkylzinc Compound Time (min) Yield (%) &
HC o~ HiC o™ znieLic
1 N N 20 76
W W
(R)-19b (R)-20b
Me Me
5 Me/‘\é/\l Me/‘\é/\an-LiCl 10 80
\ /) W
(R)-19¢ (R)-20c

| ©/Y\ZnI-LiCI
3 N N 10 82

W \J

(S)-20d

(S)-19d
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Entry lodide Alkylzinc Compound Time (min) Yield (%) @
(W W
(R)-19f (R)-20f
[ /©/Y\ZnI-LiCI
6 MeO @ MeO @ 15 95
(S)-19g (S)-20g
| Znl-LiCl
X X o
7 0 0 ’
(S,R)-19h (S)-20h
N Znl-LiCl
8 O-,, ", 10 96
(R,S)-19i (R)-20i

[a] Yield of the zinc speciewas determined by titration against iodine in THF.

Using activated zinc dust with lithium chiide in THF a25 °Caffordedtheiodides19bii (Tablel15).

For most of the alldyiodides the reaction proceeded smoothiith slight heat generatiomithin 10 min

to 20 min. For the phenylglycino{(S)-19€ and the tryptophanalerivative (R)-19f) longer reaction

times of 90 min and 30 min respectively were necessary to achieve full conversion of the alkyl iodides.

Yield determinationfor the zinc reagentsn THF was performedby titration against iodir?é and

measuring the volumevhich resultedin 71i196% yield of the corresponding reagerg8aii.

Interestingly, the secondary amine of the indole-siikin of the tryptophanddased iodid¢R)-19f did

not lead to hydrolysis or decreased output during the zinc insertion and the resulting reagent did not

show tendenesfor fast decomposition.

2.6 Negishi CrossCoupling and Acylation Reactions ofPyrrole-protected Organozinc

Reagents

With these eight different chiral pyrrefgotectedalkylzinc halidesin hand,varioustranstion-metal

catalyzed crossoupling reactions as well as acylation reactionsvperformed.

Based on Alan

inol

Starting with the alanindbased reagent, four different crassupling reaction were carried out using

different electrorrich andi poor electrophiles. The produg¢®)-22&a d were oltained in 8899% vyield

% A. Krasovskiy, P. KnocheBynthesif006 5, 890.
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with a high optical purityof >95% eeg(Table16). Thus the method developed for the achiral glycinol

derivative is als@pplicablefor chiral aminealcohol derivativesvithout racemization.

Table 16: Crosscoupling reactions using an alaninol based organozinc reagent.

[ Mo ™ZniLicl 2mol% Pd(OAC), Mo~
\© + N 4 mol% SPhos N
FG \/—\/\ / THF, 25 °C, 16 h \_/ FG
(1.0 equiv) (1.2 equiv)
(R)-20b (R)-22a—d
Entry Electrophile Product ee (%) Yield (%) &
| HaC
1 \CL NV\CL >95 83
OMe % i OMe
(R)-22a
| HaC
2 \Q \N/\©\ 98 86
F W F

(R)-22b

H3C\/\©\
N COMe 99 91

(R)-22¢

COMe

G

H3C

COLE € CO,Et

(R)-22d

99 99

:

&
S O\

[a] Yield of analytically pure isolated product.

Furthermoreacylation reactions were investigated usihg organozinc reager(R)-20b. Pd(PPh)4
catalyzed acylation reactisnwere successfulfor the glycinol derivative However, using the
brominated acid chloride, unintended crassiplingsidereactiors with the aryl bromide occurred. For
this reasorand to @aluate a cheaper alternative to palladiwwapper(l) iodid&’ was used for the
reactionof the alaninclbased zinc reagemiith acid chlorideslIt was found, that using 10 mol% of
catalyst at O °C provided the argind heteroaryketoneqR)-224 h in aceptable yields between 59%
and 79%with high optical puritie®f 99%ee(Tablel17).

97 H.-S. Jung, SH. Kim, Tetrahedron Lett2015 56, 1004.
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Table 17: Copper(l) iodide catalyzedcglation reactionsf theorganozinc reagerR)-20b with acid chlorides

Me Me R
o) " znkLicl .
R)km + N " 10 moio cu m
@ THF, 0-25°C, 16 h @
(1.0 equiv) (1.2 equiv)
(R)-20b (R)-22e-h
Entry Electrophile Product ee (%) Yield (%) &

Cl

229
c [ Ha : s\
4 ! s I 99 59
° W
(R)-22h

[a Yield of analytically pure isolated product.

Based onVvalinol

The samaype of experimentvasconducted for the valoi-based organozinc reagefi®-20c For the
crosscoupling reaction, different electrophiles bearsgnsitive functionabroupssuch asamines,
aldehydes or nitriles were tested. The reactions provideddbhgapupling product$S)-23a ein yields
between 86% and 93% dble 18) while maintaining the high enantiomeric excess of 99% preljious
measured for the iodid&)-19c.
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Table 18: Crosscouding reactions usinghevalinol-based organozinc reagéR)-20c

CHj3 CHj;

Hal 2 mol% Pd(OAc),
\Q HsC)\i/\Zn"'-iU 4 mal% SPhos Hsc)\/\@
+ N o N
FG THF, 25 °C, 16 h

N
W

(1.0 equiv) (1.2 equiv)
Hal = Br, | (R)-20c (S)-23a—e
Entry Electrophile Product ee (%) Yield (%) &
. CHs
HsC™
1 \© )\/\Q 99 93
NH, \\ // NH,

(S)-23a

CHs
|
2 \©\ HaC)\N/\Q\ 99 89
OMe OMe

W

(S)-23b

CH,
Br.
3 \©\ HC™ % 99 86
CHO N CHO

W

(S)-23c

CHs
I
COEt CO,Et

(W

(S)-23d

CH,
|
5 \CL H3C)\N/\©\ 99 93
CN (\ /7 CN

(S)-23e

[a] Yield of analytically pure isolated product.

Additionally, acylation reaction usin@d(PPB). or copper(l) iodide (for halogetontaining acid
chlorides) as catalyst were performed providing-aapld heterearyl ketonegS)-23fi i as well as the
alkyl ketoneg(S)-23) in 66/ 85% yield [Table19). All prepared ketones exhibit a high optical purity with
99%ee
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Table 19: Palladium and copper catalyzegytionreactions usinghevalinol-basedzinc reagen{R)-20a

GHa Method A GHa Method B M
etho! etho
H3C)WR 4 mol% Pd(PPhg), i . H3C)\£/\Zn|.uc| 10 mol% Cul H3C)WR
N. O R” >Cl N > N_. O
(\ 7/ THF, 50 °C, 16 h <\ 7/ THF, 0-25 °C, 16 h <\ 7/
(1.0 equiv) (1.2 equiv)
23 (R)-20c 23
Entry Electrophile Product Method ee (%) Yield (%) @
oM
OMe W e
1 Cl HC™ A 99 85
N_ O
° N7
(S)-23f
cl
2 CIY©/ HC™ Y B 99 80
N_ O
© \ 7
(S)-23¢
F CH, F
3 C'Y@ HC™ B 99 70
N_ O
© W
(S)-23h
CHs o)
0\ 9
4 o] ~ HsC™ Y A 99 72
o
© W
(S)-23i
CH,
cl CO,Et WCOZEt
5 D G HaC™ A 99 66
o} N_ O
\ /
(S)-23j

[a] Yield of analytically pure isolated product.

Based on Phenylalaninol

With the organozinc reage()-20d, derived fromL-phenylalaninol, the first organometallic tbfis
studycontaininga benzyl instead of an alkyg¢sidue palladium catalyzed reactions were investigated.
For this purposeselected electrophiles containidgnating as well as withdrawing functional groups
were employed for Negishi cressupling reactionThe corresponding coupliqgoducts(S)-24& d

were successfully obtained in high yields of 88%andhigh optical purity Table20).
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Table 20: Crosscoupling reactions usinpe phenylalanincbased organozinc reagd)-20d.

ZnlsLiCl 2 mol% Pd(OAC)2
4 mol% SPhos N

THF, 25°C, 16 h \_/ FG

Hal

=

FG
(1.0 equiv) (1.2 equiv)
Hal = Br, | (S)-20d (S)-24a-d
Entry Electrophile Product ee (%) Yield (%) (@
' ® i 9
1 \©\0Me % oMe 99 84
(S)-24a
" SN
2 \QCHO @ cHo 99 o1
(S)-24b
| @ £ O
3 QCOZE N coet 99 96
(S)-24c
' X0
4 \©\CN @ N 99 94
(S)-24d

[a] Yield of analytically pure isolated product.

Next, the reaction scope tiis reagent was extended to acylation reactions using Pg{BBtatalyst.
The reaction ofdifferent aryl- and alkytacid chlorides providedhe products(S)-246 h with an
enantiomeric excess of 99% and yields between 70% and B&bte21). It wasnecessaryo obtain
the oppositenantiomers of keton&)-24f for further experiments. Therefore, the zinc reagj20d
derived fromD-phenylalaninol was reactedth 3-chlorobenzoyl chloride providing the keto(f)-24f
in 82% yield and 99%e(Table21, Entry 3)
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Table 21: Palladium catalyzed acylatioractions using thehenylalanincbased organozinc reagétid.

A R
o) Znl-LiCl 4 mol% Pd(PPhg),
M, N N, O
R”ClI W THF, 50 °C, 16 h i\ /7

(1.0 equiv) E;)Zo(er(l(%\)/-)ZOd (S) or (R)-22e-h

Entry Electrophile Product ee (%) Yield (%) (@

! OMe
N o

)

(S)-24e

.
@o

(S)-24f

I Cl

O ; 99 g2l
N (@]
\ /)

(R)-24f

\
B Io
o [ 99 84
° W

(S)-249

cl CO,Et CO-Et
5 N W 99 70
© \ /7

(S)-24h

99 85

OMe
Cl
3t Cl

N
o1
e

O
o
(6]

Cl

[a] Yield of the isolated analytically pure produg] (R)-20d was used instead dB5)-20d to obtain the
corresponding enantiomer for further experiments.

Based onPhenylglycinol

Due to the positive resultkor the benzyl sidechain containing reagen0d the scope for the
nucleophilic reagent was extended towards a reagent with a phenythsitde Therefore, the
organozinc reagen(S)-20e derived from the unnatural amino adifphenylglycinewas prepared
Because of the benzylic position of the chirairple center, this reagent was most liable to undergo
racemization reaction and showed special behavior during the zinc insertion dueptolahged
reaction time. On the other hand, thedladiumcatalyzed crossouplings revealed that a broad range
of functionalized electrophiles can be applied and the prodR}t25a e were obtained in & to

95%yield (Table 22). Remarkably, evebearingthe pyrrole in the sensitvbenzylic position, the
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optical purity did not decrease during the zinc insertion or the-cangsling reaction and all products

showedan enantiomeric excess of 99%.

Table 22: Crosscouplings usinga phenylglycinotbasedrganozinc reager(g)-20ewith different

electrophiles
Hal 2 mol% Pd(OAc), O
\© + ZnlsLicl 4 mol% SPhos G

FG ) THF, 25°C, 16 h W G

z
pd

(1.0 equiv) (1.2 equiv)
Hal =Br, | (S)-20e (R)-25a-e
Entry Electrophile Product ee (%) Yield (%) @

NH, O NH,
O 99 75

<

N
oY)
=

pd

99 75

OMe @ OMe

(R)-25b

' g
3 \©\ I O 99 84
CHO
Y\ /7 CHO

(R)-25¢

I
z
(e}
©

92
CO,Et \z /; COE
(R)-25d
' g
5 \CL I O 99 95

CcN @ CN

(R)-25e

[a] Yield of analytically pure isolated product.

To complete this set, one copperiddide acylation was performed usingb®mobenzoyl chloride

combined with(S)-20eand the ketonéR)-25f was obtained in 80% vyield with 99&&(Scheme31).
Br

Br
©\‘/\ 10 mol% Cul
+ Znl-LiCl
CI\H/© N THF, 0-25 °C, 16 h
5 W

N_ O
\_/
(1.0 equiv) (1.2 equiv) 80% vyield, 99% ee
(S)-20e (R)-25f

Scheme31: Copper catalyzedcylation ofN-alkylzinc pyrrole(S)-20e with 3-bromobenzolychloride.
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Based on Typtophanol

After successfullytesting variousN-pyrrolyl-alkylzinc reagents bearing alkyl, benzyl, or phenyl
residuesa more sensitive substrate wiested Starting from tryptophanol the corresponding iodide
was successfully convertedto the organozinc reagent while tolerating tiNH group of the indole
moiety. Then, thisreagent wa®valuatedor the application in crossoupling reactions to check its
tolerance towards the catalytic system and the electropliil@s.these experiments, even more
demanding and sensitive coupliogmpounds were chosen containing e.g. ketones, nitriles or nitro

groupsanda pyrazinescaffold.

Table 23: Crosscoupling reactions usindpe tryptophanolbased organozinc reagéf)-20f.

Hal 2 mol% Pd(OAc), O
\© . Y zZaRlCI 4 mol% SPhos 7 0
HN N HN

FG w THF, 25°C, 16 h w G

(1.0 equiv) (1.2 equiv)
Hal = Br, | (R)-20f 26a-f
Entry Electrophile Product ee (%) Yield (%) [
Br. O
1 \©\ r Z O 99 68
(S)-26a
| ()
2 \©\ r O 99 98
COMe HN U COMe
(S)-26b
| »
3 \©\ I O 99 97
CO,Et HN w CO,Et
(S)-26¢
4 Qj/\/\, 99 92
HN N
&
(S)-26d

99 91

CN

|
: Q
NO,

6 I\[Nj G \Nj 99 98

N

(R)-26f

[a Yield of analytically pure isolated product.



B. RESULTS AND DISCUSSION 53

The experimenteevealedhattheindole-containingreagent was fully tolerating the reaction conditions

and the product®6a f weresuccessfullyobtained in 6B98% yieldwith high enantiomeriexcess.

Based onTyrosinol

In this set of organozinc reageritetlast compaond derived from natural aminacids was the protected
tyrosinol derivative(S)-20g. Application in Negishi crossoupling reactioa using palladium acetate
and SPhos as catalyst provided the eleeticdm andi deficient product$S)-27ai ¢ in excellent yields
between 93% and 96% vyieltigble24). Due to the decreased optical purity of the alkyl iod®)el9g

(92%e# the crosscoupling productslsoexhibit a lower enantiomeric excess of 92%

Table 24: Crosscoupling reactions using tigrosinotbased organozinc reagé€®)-20g

| ZnlsLiCl 2 mol% Pd(OAC)z
. N 4 mol% SPhos N
MeO > MeO FG
FG \ THF, 25°C, 16 h \_/

(1.0 equiv) (1.2 equiv)
(S)-209 (S)-27a-c

Entry Electrophile Product ee (%) Yield (%) @

| Me Me

. O oot . .
MeO

Me @ Me

(S)-27a

CO,Me
MeO \

(S)-27b

|
3 Q MeO O N O 92 93
WL

(S)-27¢

CO,Me

CN

[a] Yield of analytically pure isolated product.

Conducting acylation reactisrwith the tyrosinolbased reagent using the previously applied copper
and palladium catalyzed methga®vided the three different halogenated ketd®p27di f in 75% to
84% vyield(Table 25). As show for the crosscoupling products, the acylatiaso displayed lower
optical purities of 9% ee which was caused by the reduced optical purity of the starfig

pyrrolylalkyl-iodide.
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Table 25: Cooper and palladiuncglationreactions usinghetyrosinotbased organozinc reagd®-20g

WR Method A o

4 mol% Pd(PPhj),
N +
MeO © XCI MeO

@ THF, 50 °C R

o

ZnlsLiCl Method B

R
10 mol% Cul m
MeO

THF, 0-25 °C @

16 h (1.0 equiv) (1.2 equiv) 16 h
(S)-26d (S)-20g (S)-26e—f
) Yield
Entry  Electrophile Product Method ee (%)
(%)

(S)-27d

.

4

2 Cl B 92 84
MeO <\ /7
(S)-27e
3 cl B 92 75

O N_ O Br
O Br MeO ‘\ /7

(S)-27f

[a] Yield of analytically pure isolated product.

Based on2-Aminocyclohexanol

In additionto the amino acid based organozinc reagghts2-aminocycloheylzinc derivative was
further investigated for crosupling reactions. During the zinc insertion(8fR)-19h, the steree
information is lost dudo the radical insertion mechanism. Usingadladium catalyst with bulky
ligands, the selectivity for the following bond formation can be driven to the sterically less hindered
product as already described in the literatfiiReaction ofthe organozinc reage(f)-20h usingthe
sameprocedureas Dr the previous experiments with differentbstitutecelectronrich and-deficient
electrophiles provided the cressupling product®8ai d in high yields between 84% and 97%able

26). Remarkably, the reactions using the palladibihos catalyst led selectively to thens-product
with a diastereomeric ratio of 99The alignment of the pyrrole to the introduced arylssifbent was
determined by evaluating the couplingnstants of the involved protons in tileNMR spectrum. The
optical purity was determineda chiral HPLC and showed an enantiomeric excess of 99% for all

products.

9%T. Thaler, B. Haag, A. Gavryushin, K. Schober, E. Hartmann, R. M. Gschwind, H. Zipse, P. Mayer, P. Knochel,
Nat. Chem.201Q 2, 125.
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Table 26 Sekctive crosscouplingreactions usinghereagen(S)-20h leading to thérans-producs 28ai d.

ZnlsLiCl 2 mol% Pd(OAc), \@
4 mol% SPhos o
Hal ’ N\ Fe
@ FG Q THF, 25 °C, 16 h N@

(1.0 equiv) (1.2 equiv)
Hal = Br, | (S)-20h 28a—d
Entry Electrophile Product ee (%) / dr Yield (%) @

99/99:1 92

0

Br

(X
(R

OMe
OMe ‘\\\©/
2 Q Q 99/99:1 84
s

3 /©\ Q CFs 99/99:1 97
| CF,

CN
. or
4 /©/ Q 99/99:1 96
| N@

(R,S)-28d

[a] Yield of analytically pure isolated product.

For the acylation reactiothe choice of the catalyst @sucial for the success of the reacti®eaction
of the organozinc reagel$)-20h with 4-fluorobenzoyl chloride andsubstoichiometri@amounts of
cooper(l) iodideesulted in the desired prodi8e but with a ratio of 83%rans to 17%cis-isomer.
Usingcatalytic amounts of the bulky Pd(Pfplcatalyst at room temperature, the reaction provided only

thetransisomer with a diastereomeric ratio of 99:1 and a yielddét @Scheme32).

F
F
. 10 mol% Cul
cl + ZnlsLiCl
N
° \ 7

THF, 0-25°C, 16 h N. O
\
(1.0 equiv) (1.2 equiv) dr=83:17
(S)-20h
F
F 4 mol% Pd(PPh
mol| .
CIYQ/ R zokLict Mo Pd(PPhal K
N THF, 25°C, 16 h N. O
0 \ 7 \ /] (s.5)-28e
(1.0 equiv) (1.2 equiv) dr=99:1,
(S)-20h 99% ee, 94% yield

L J

Scheme32: Copperandpalladium catalyzedcylationreactionof (S)-20h with 4-fluorobenzoylchloride
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Based on2-Aminocyclopentanol

Furthermorethe application of a-aminocycl@entanolderived reagent for Negishi cressupling
reactionswasinvestigatedAs for the sixmembered reagent, the zinc insertion induced a loss of the
stereaconfiguration of the iodindearing carbonTherefore the palladium catalyst should predefine

the position of the introduced aryl moiety.

Table 27: Crosscoupling reactions using adminocyclgentanolbased organozinc reagéR)-20i.

Znl-LiCl 5 o1% Pd(OAC),
/@ . . 4 mol% SPhos FG
! FG D THF, 25°C, 16 h I\E\>
(1.0 equiv) (1.2 equiv) =
(R)-20i 20a—f
Entry Electrophile Product ee (%) / dr Yield (%) @

OMe
OMe
1 Q 99/99:1 79
| K
O
N

(R,S)-29a

2 Q “ 99/99:1 93
I Cl “

N

=

(R,S)-29b
MeO,C

MeOZC
3 :@ 99/98:2 85
I “

N

=

(S,R)-29c

CO,Et
CO,Et
4 Q 99/99:1 84
| .

N

p=4

=

(S,R)-29d

CN
5 /©\ O/G\ 99/99:1 85
| CN N
O
NO
GQ\ 2 99/99:1 75
N
L

[a] Yield of analytically pure isolateproduct.
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Experiments showed th#tte reaction othe organozinc reagefiR)-20i with different electrophiles
bearing electromonating as well a$withdrawing functional groups using the standard method
successfully provided the couplipgoducts29af in 75% to 93% vyield. Interestingly, only one
diastereomer was selectively formed and all prodexisbit highdr andeeof 99% Determiningthe
configuration of the aryl ringia NMR analysis was difficult due to the low differences of the coupling
constantsin five-membered rings. Fortunately, a singhystal X-ray structure analysis of product
(S,R-29ccould be performed. The structure displayeéigure7 shows aransrelation between the
pyrrole and the aryl residue. Conclusively, thens-configurationin the cyclopentane derivatives is

also induced by the catalyst and favored as alreayrdimed for the cyclohexane products.

Figure 7: Molecularcrystalstructure othe crosscouplingproduct(S,R)-29cis showing théransconfiguration
of pyrroleto thearyl residue Themal ellipsoids are drawn at Bprobability level.

2.7 Selective CBSReduction of Chiral Pyrrole -containing Acylation Products

In order to demonstratie versatility of the methodologgther optiondo further functionalize and
utilize the chiral pyrrolecontaining producta/ere investigatedifter acylatian reaction, chiral ketones
in 3-position were obtained which are interesting for selective temudo generatechiral
1,3-substitutedN-pyrrolyl-alcohols, whictthen carbe converted to the corresponding amino alcohol.
For the asymmetric reduction, t@®reyBakshiShibatd® protocol was applied. Both enantiomers of
the phenylalaninol derived ketoiiR)-24f and(S)-24f were used witha (R)- and §-CBS catalyst in
order to exploit a pathway tdl éour possible sterecisomers.

For the experiments, the corresponding CBS catalyes mixed with reducing agentofane

dimethylsulfideat 0 °C and the selected ketone was added sla\itgr conducting the four desired

9 a)E. J. Corey, C. J. HelaAngew.Chem. Int. Ed199§ 37, 1986; b)E. J. Corey, S. Shibata, R. K. Bakshi,
Org.Chem.1988 53, 2861.
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reactions, the chiral alcohd®a d were obtained in excellent yields ofi®8% with a diastereomeric

ratio of 99:1and high enantiomeric excess of 9¢8theme33).

(R)-2-Methyl-CBS-oxazaborolidine
(15 mol%)
BH3-SMe, (1.1 equiv)

H I Y
U THF, 0°Cto 25°C,6 h w
(R)-24f (S,R)-30a: 95% yield

(S)-2-Methyl-CBS-oxazaborolidine
(15 mol%)
BH3-SMe, (1.1 equiv)

99% ee, dr =99:1

B N_. O N
|
- '\CAES U THF, 0°Cto 25°C,6 h @
(R)- (S)-24f (R,S)-30b: 94% yield

99% ee, dr = 99:1

(S)-2-Methyl-CBS-oxazaborolidine
O (15 mol%) O
Cl Cl

l?/ O H I BH3-SMe, (1.1 equiv) O H 6H
Me
(S)-cBS L7 THF, 0 °C to 25 °C, 6 h w,
(R)-24f (R,R)-30¢c: 92% yield

99% ee, dr =99:1

(R)-2-Methyl-CBS-oxazaborolidine
O (15 mol%) O
Cl ; Cl
BHj3-SMe; (1.1 equiv)
N OH

@ THF, 0°Ct0o25°C,6 h @

(S)-24f (S,S)-30d: 98% yield
99% ee, dr =99:1

z
o

Scheme33: Selective CBS reduction of the acylation prod&)-24f and(R)-24f provide a pathway to obtain

all four configurational isomers.

The absolute configuration of the alcohols was predicted with ther@®&#! in first instance. To
confirm this assumption, the alcoh@R,S)-30d which waspreparedusing the R)-CBS catalystwas
esterificated The (R)- as well as the§)-Mosheracid (MTPA) were usedo obtain two diastereoers
for NMR analysisWith both NMRspectra of thesterdiastereomeris hand thechemical shifts were
compared and evaluated as reported in the liter8fusee Appendix). The analysi®nfirmed the
absolute configuratiorfhe onclusion for this systeis that(R)-CBS catalysprovides the $-alcohol
andvice versgS)-CBS catalysprovidesthe R)-alcohol

2.8 Deprotection of the Pyrrole Group Using Ozonolysis

To complete this reaction sequenitayas desired to develop a deprotection procedurthéopyrrole
group in the last step. An important aspect for the deprotection reaction wareskevatiorof the
stereocenters. Harsh reaction conditim®lving e.g. strong bases or high temperatures might lead to
racemization andnustbe avoided. It was found, that ozonolysias suitable for the removal of the

pyrrole ring.Subsequentaductive workup of theozonideshould providehe diformylamideproduct.

100a)T. R. Hoye, C. S. Jeffrey, F. Shatat. Protoc.2007, 2, 2451; b)J. M. Seco, E. Quifioa, R. Rigue@hem.
Rev.2004 104, 17.
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Experiments revealed that the reaction capdréormed quickhby treating the pyrrole derivative with
ozonegas afi 78 °C in a DCM/methanol mixturr a few minutesAfter reductive treatment with
methyl sulfide, a mixture of thiermamideand the diformylamidevas obtainedior obtainingsolely

the formamide, the mixture was stirred in a diluted potassium hydroxide solution in ethanol for 1 h.

Table 28: Pyrrole deprotection reactions of selected produietezonolysis to the corresponding formamide.
H

E))Ccli/?/MYeSOf(fr)“n >:O 3) solvent evaporation i
NG : R-N R.
R N@ 2) My (10 equiv) X 4) KOH in EtOH (0.1 M) N
10250 mixture 25°C, 1h H
' X = H and CHO 31a_g
Entry Functionalized Pyrrole Deprotection Product Yield (%) (@
. w N
N
1 \/\©\ TO( \/\©\ 71
CO,Et CO,Et
21c 3la
H.__NH
2 <\N7/ CO,Et il CO,Et 74
o]
(S)-24c, 99% ee (S)-31b, 99% ee
H__NH
3 N CN g CN 65
\ 7 o
(S)-24d, 99% ee (S)-31c, 99% ee
Speeh SpaeH
4 MeO K\N/7 MeO WNH 84
Me O Me
(S)-27a, 92% ee (S)-31d, 92% ee
L L,
G o .
N NH
= Oéj\H
(S,R)-28c, dr 99:1, 99% ee (S,R)-31e, dr 99:1, 99% ee
GQNOQ
6 3 71
;/TH
0™y
(R,S)-31f, dr 99:1, 99% ee
7 76

(S,R)-30a, dr 99:1, 99% ee

(R,S)-31g, dr 99:1, 99% ee

[a] Yield of analytically pure isolated product.
Selectedcrosscoupling products as well as a ClB&luced alcohol have been examined for this

deprotection strategy and the formamide derivatBks g were obtained in yields between 65% and
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84% (Table28). Remarkably, the stereocenters wereaifgctedby this method and all diastereomeric
ratios as well as the enantiomeric excesses were pres@ilve@mamide products were stabdelids
and easy to handle.

Two crystal structures could be obtained from sirayiestals of the deprotesd products. InFigure8,
the molecular structure ¢§,R)-31eis displayed It confirms therans-configuration of the formamide
group to the aryl moiety which was previously determined by NdtRliesfor the pyrrole derivative
(S,R-28c.

Figure 8: Molecular structure of the deprotected formam{@R)-31ein the crystalis showing thetrans
configuration ofthe formamide and aryl residud@hermal ellipsoids are drawn at @probability level. The
fluorine atoms of both GFgroups are disordered.

Figure 9: Molecular structure of the deprotected formden(R,S)-31g in the crystalis showing the ani
configuration otheformamide and alcohol’hermal ellipsoids are drawn at 50% probability level.

Figure 9 shows the molecular structure of the deprotected-@8uct(R,S-31g The assumptions
made by the Mosher 0s-spectdsempy foathheadrrglationof the CBSalgst N MR
to the configuration of the alcohol was also confirmed by this structure, sina@nthgroduct was

predicted.
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3 Summary

In this thesistwo majorsubjectsvereinvestigated andiscussed.

First, the latestage functionalization of peptides and cyclopeptigasinvestigated. For this purpose,
tyrosinebased peptides were selectively iodinated and subsequentlynublegjishi crosscoupling
experiments. The use of functionalized amthd heterogizinc pivalate in presence of a palladium
catalystfurnishedsidechain arylated peptides tolerating various sensitive and &amtitonalgroups.
Furthermore, iodophenylalanim®ntaining cyclopeptides were modifieda crosscouplings of
isomericpyridylzinc pivalates to obtaiayclopeptidesvith differently linkedpyridyl-moieties.
Secondly, anewmethod was developed for the preparationtofal b-aminoalkylzinc reagents for the
synthesis ofunctionalizedamino-derivatives Starting from chiral ammio alcoholsthe amino functios
wereconverted into H-pyrroles as protectinggroups and subsequelgtthe alcohad wereconverted to
the correspondingdides After oxidative insertion of zinc poser into theseyrrole-protectedalkyl
iodides, the resuihg organozinc reagents were appliedranstion-metal catalyzed Negishi cress
couplings as well as acylation reactions.

3.1Late-Stage Functionalization of Peptides and Cyclopeptides using Organozinc
Pivalates

A range of tyrosineontainingoligopeptidesvasselectively iodinated inrtho-position to the phenid

hydroxyl groupof the tyrosine sidechainsing Chloramine Bnd Nal. Crosgoupling reactions were
successfully performed witklectronrich as well aglectronpooraryl- andheteroarylzinc pivalates in
the presence o catalytic system consisting of Pd(OA&nd SPhaosDespitea slight excess of
organozinc reagent, this protocol showed a high tolerance towards fahgtionps and provided the

functionalized peptides in good yieldSdheme34).

(0] (0] (0]
H . H . . H
Chloramine T, Nal -
N s N (Het)ArZnOPiv (1.5-2.5 equiv) N
AN G £ R A
(0] B [¢] B

4 mol% Pd(OAc), 8 mol% SPhos

0 or I slow addition (Het)Ar
IPy,BF4 DCM, 25 °C THF, 25°C,4h
OH OH OH

X =0, NH 5 examples 21 examples
30-95% 38-92%

Selected Examples:

o} b o
EtO,C l MeO NHBoc QWNQKOMe

cbz 0O

- C
74% yield HO O O 87% yield

O OH P
H H H ’
QYN%NWNVCOZtBu o NH oH
/ B H z
cbz 0 0 AN j/ N._OMe
:L BocHN™ ™ | X
O™ 'NHy  89% yield 92% yield F

Scheme34: Summary of the latstage functionalization dfrosinebasedpeptides

67% yield
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Additionally, the high practicalityof this latestage functionalization was demonstralbgdapplying it

to cyclic hexameipeptides Threeisomericcyclopeptids containingortho-, met- andpara-iodinated
phenylalanine sidechaingere employedin crosscoupling reactions witt2-, 3- and 4pyridylzinc
pivalates andnine different pyridylsubstituted peptidesere successfully obtaing8cheme35). As a
part of a cooperation witiNovartis Pharma AG the biophysical properties of these modified
compounds were investigated and evalueggdrdingsolubility as well azell-membrane permeability.

\ .
| —r—2nOPiv /‘

N NS

(] (2.5 equiv) o N
O)L o 4 mol% Pd(OAG), O)L 0
: H 8 mol% SPhos - H
‘ HN \ HN
0 THF, 25°C,6 h O  9examples
-’ e 38-84%
Selected Examples:
N7 =
g g

(0] /c__ o) l pZ (0]
/’c__ o) ' H N /,1" o
N O N T HN N
OUN HNp//LjL 0N
Me
NH e NS0 /Ki
/Lj[NH Mg"eN o) N NH Mg"eN o
N, o N,
o o} o
(0] )\ o /L

67% yield 62% yield 84% yield

Scheme35: Summary of the latstage functionalization of iodophenylalanioentaining cyclopeptides.

3.2Pyrrole Protected 2-Aminoalkylzinc Reagents for the Enantioselective Synthesis of

Amino Derivatives

Chiral aminealcohols mostly derived from natural andnnatural amino acids, were uskm the
synthess of chiral organozinc reagents. After pyrrgdeotection of the amingroups andconversion

of the alcohd into the corresponding alkyl iodidevarious organozinc reagents containing different
alkyl, aryl and heteroaryinoietieswere preparesia oxidative zinc insertioriThe application of these
reagents in Negishi cresouplings wasinvestigated Differently substitutecelectronpoor and-rich
electrophiles bearing sensitive groups were successfully degfogedpling reactions using Pd(OAc)
and SPhos as catalysihd a broad range of functionalized chiral pyrrolevdgives were obtained.
Furthermore, palladium and copper catalyaegation experiments were conducted providing various
chiral ary}, heteroary and alkytketones in good yield§. h e a p p | FNepgriolyl oyclopemtiyt b
and cyclohexyinc reagents exclusivelyrovided thetranssubstitutedproductsin an excellent
diastereoselectivity. All crossoupling and acylation products were obtained with full retention of the

stereocenters and thus exhibited high optical pg&theme36).
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R? protection R?

iodination R *
RH*)\OH — |
NH N
2 \ /

9 iodides

B

2 (Het)Ar—X
Zn (1.5 equiv) R

LiCl (1.0 equi s
iC1 (1.0 equiv) Rj)\zm-um

THF, 25 °C N o) R2
10-60 min \ /
(W oA

9 zinc reagents

46 examples
68-99% yield

43-95% yield 71-96% yield 22 examples

59-94% yield

Selected Examples:

S CO,Et HsC
G\l N R HaC” Y
o v

91% vyield, 99% ee 72% yield, 99% ee

Nj M o ) O:QCFS ' "
N~ ¢ W Vo N@ D

75% yield
99% ee, dr 99:1

94% yield, 99% ee

95% yield 82% yield, 99% ee

97% vyield
99% ee, dr 99:1

98% vyield, 99% ee

95% vyield, 92% ee

Scheme36: Summaryfor the preparatioof the 2aminoalkyzinc reagents and theipplication.

Additionally, apostfunctionalization of acylation productsing the asymmetric CB®ductionwas
performedo achieve the synthesis of chiral Ja8ino alcohol derivative3 hus, twoenantiomerically
pureketoneswverereduced irpresence of either thR)- or (§-CBS catalyst resulting in all four possible

configurational isomerm excellent yield and high optical purif$gcheme37a).

a) post functionalization
selected example

(R)-2-Methyl-CBS-

oxazaborolidine (15 mol%)
BH3-SMe, (1.1 equiv)

THF, 0°Cto25°C,6 h

Cl

OH  95% yield
99% ee, dr99:1

W

b) pvrrole deprotection

. H
1) O3, -78 °C, 5 min, >: .
. o 3) solvent evaporation (0]
R7N<j DCM/MeOH (4:1) RN R )k
= 2) Me,S (10 equiv) X 4) KOH in EtOH (0.1 M) N H
78 °Czto 25°C. 4 h mixture 25°C, 1h H
’ X =Hand CHO

selected examples

H
"yt L L
CO,Et
T \/\@\ i
CO,Et I NH

O~ 'H

71% yield 74% yield 74% vyield 76% vyield
99% ee dr 99:1, 99% ee dr99:1, 99% ee

Scheme37: Summaryof thepostfunctionalization angbyrroledeprotection

Finally, a suitable deprotection method vaeveloped to convert the pyrrole irdaiable formamide.
Therefore, selected cressupling and posfunctionalized products were treated with ozone at low
temperatures. After reductive and subsequent mild basic-wmrkhe formamide products were
obtaired without decay of functional groups acemization ofstereocenters imoderateyields
(Scheme37b).
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1 General Considerations

All reactionsincluding organometallicompound have been carried out using stand&chlenk
techniques in flaméried glasswarequipped with rubber septum and magnetic stirring bader
argon. Syringes$or tranderring anhydrous solvestor reagents were purged with argon prior to use.
Yields are referredo isolated yields otompound with a purity>95% as determined byl-NMR
(25°C) or capillary GC.

1.1 Solvents

For the preparation of anhydroush\ents the crude solvents were first ified by distillation and then

dried according to standard methods by distillation from drying agents as stated below and were stored
under argonNonantydrous solventsere obtained from commercial sources and used without further
purification.

THF wascontinuously refluxed and freshly distilled from sodium benzophenone ketyl under nitrogen
and stored over molecular sieves.

DCM was continuously refluxed and freshly distilled from GaHder nitrogen.

Solvents for column chromatography welistilled prior to use.
1.2 Reagents

All reagentsand starting materialwere obtained from commercial sources and used without further
purification unless otherwise stated.

iPrMgCIALiCI was prepared by careful additioni®fCl (78.5g, 91.3mL, 1.00mol, 1.00 equiV) to a
suspension of Mg (26.7¢, 1.10 mol, 1.10 equiV) and LiCl (46.633, 1.10 mol, 1.10 equiV) in dry THF
(900mL). The reaction mixture was stirred for A2nd afterwards the floating particlesre filtered

The solution was cannulated intolamhe-dried and argon flushe8ichlenkflask andthe concentration

of the active speciesas determined by titration againstd THF 1%

Zn(OPiv), was prepared by successive addition of zinc oxide (4.07 g, 50 mmol) to a solution of pivalic
acid (11.39,110 mmol) in toluene (250 mL) and refluxing in a Dé&tark apparatus for 16 h. The
solvent was removed by rotary evaporatiod the zinpivalates then dried under high vacutfh.

nBuLi solution in hexanevas purchased from Albemarle arlde concentration was determined by
titration againsN-b enzy | benzami de®in THF at 120 AC.

nBuMgCI solution in THRwas purchased fromlbemarle(Frankfurt,Germany) and the concentration

was determined by titrationith iodinein the presence of LiGh THF at0 °C.}%*

101 A, Krasovskiy, P. KnocheBynthesif006 5, 890.
102 M. Ellwart, Y.H. Chen, C.P. Tullmann, V. Malakov, P. Knocl@ig. Synth.2018§ 95, 127.
103 A, F. Burchat, J. M. Chong, N. Nielseh,OrganometChem.1997, 542, 281.
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ZnCl; solution (1.00vm in THF) was prepared by drying Znd68.15g, 500mmol, 1.0 equiy in a
Schlenkflask under vacuum for B at 150°C. After cooling to 25C, dry THF (480mL) was added
and stirred until all salts were dissolved. Thdny THF was addedntil a previously set 506L mark

was matched.
1.3 Chromatography

Flash column chromatography (FCC) was performed using &1@0.0400.063 mm, 230400 mesh
ASTM) from Merck Thin layer chromatography (TLC) was performed using aluminum plates covered
with SiO, (Merck 60, F 254). Spots were visualized by UV light irradiation and/or by staining of the
TLC plate with one of the solutions below, followed by heating with a heat gun.

KMnO4 (0.3g), K:COs (20g) and KOH (0.3)) in water (300nL).

Ce(SQ)2 (5.09), (NH4)sMo-02A 4,8 (25g) and conc. BBQy (50mL) in water (450 mL).

Ninhydrin (1.5 g) and acetic acid (3.0 mL) in ethanol (100 mL).

1.4 Preparative RP-HPLC

For purification, amigilent Technologie$260 Infinity HPLGSystem was used, consisting of two prep
pumps (acetonitrile/water, no additives), a M\Adetector (210 nm wavelength, 4t bandwidth, ref
wavelength 400 nm, rddandwidth 100 nm) and a fraction collector. Three different columns were
used: 1)KinetixEVO C18 5 um column (length: 156m, diameter: 10 mm), Kinetix EVO C18 5um
column (length: 150nm, diameter: 21.2 mm) and ®jatersXBridge Prep C8 5 um column (length:

150mm, diameter: 30 mm).
1.5 Analytical data

NMR spectra were recordedn Bruker ARX 200, AC300, WH400 or AMX 600 instruments.
Chemi cal shi f tvaluesinpatspereniflianipprd reblatimesto thresidualsolvent peak:
CDCl; ( wi 7 .c278.16)oilids-D MS O : ( U2 .c:530.%). Hor theobservation of the observed
signal multiplicities, the following abbreviations and combinations thereof were used: s (singlet),
d (doublet), t (triplet), g (quartet), quint (quintet), sext (sextet), sept (septet), m (multiplet) and br
(broad). If not othewise noted, the coupling constants given are either ¢t H-F coupling constants

for proton signals and-€ coupling constants for carbon signdls. overcome the rotation barrier of
peptiderotamers, spectra were measuredldgfDMSO at 80 °C to receivehe oneaveragedset of
signalst®

Melting points are uncorrected and were measured BiaehiB.540 apparatus.

Infrared spectra were recorded from 400850cm’! on a Perkin Elmer Spectrum B39343
instrument. For detection a Smiths Detection Duna®dR Il Diamond ATR sensor was used. The

main absorption peaks are reported in‘tm

104D, X. Hu, P. Grice, S. V. Leyl. Org.Chem.2012 77, 5198.
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Gas chromatography(GC) was performed with instruments of the type HewRettkard 680 Series

II, using a column of the pe HP 5 (HewletPackard, 5% phenylmethylpolysiloxgnlength: 10m,
diameter: 0.2%nm, film thickness 0.25 m) . T h e d e tnmglshed uwsing aWeans iorazationo
detector.

High resolution mass spectrgHRMS) were recorded on a Finnigan MAT 95Q or Finnigan MAT
90 instrument for electrompactionization (El).Electron spray ionization (ESI) high resolution mass
spectrawere measured on Ehermo FinnigarLTQ FT Ultra High Performance Mass Spectrometer
with a resolution of 100.000 at m/z 400. The sprapillary voltage of the lonMax E&init is set to

4 kV while the heatingcapillarytemperatures set to 250 °C.

For the combination afas chromatography with mass spectroscopitetection, a GOMS of the type
HewlettPackard 6890/MSD 5793 networking was used (column: HPRMS, Hewleti Packard
5% phenylmethylpolysiloxane; length: 1B, diameter: 0.2%nm, film thickness0.25¢ m) .

LCMS. For reaction/product control and purity determinatanpolar molecules and peptidesn
analyticalAgilent Technologies260 Infinity LC with a binarpump(acetoriitrile/water, additive: TFA)

and aKinetix EVO C18 5 pum column (length: 150m, diameter: 4.6 mm) was used. -LC
chromatograms were recorded with a DAD detector (210 nm wavelength, 40 nm bandwidth, ref
wavelength 400 nm, rdfandwidth 100hm) combined with dow-massAgilent Technologie$120
Quadrupole Mass Spectrometer.

Enantiomeric Excesge€ of chiral products were determinei chiral HPLC analysis on &himadzu
Prominence2 0 A HPLC system. For developing a chiral r
phasecolumns Daicel Chemical IndustrieShiralcel ODH, OJ, OBH or Chiralpak ASH, ADH) were

tested witn-heptane and’rOH as mobile phase (isocratic) using a racenitumre of thecompound

If racemic resolution via chiral hplc was not successful, a chiral vi&S used for analysis.
Measurements were made onAsgilent HP6890 Series gas chromatograph usingagon capillary
column (CRChiralsil DexCB 25 m, 0.25 m0.25 um) with an average velocity of 4B1/s.
Thediastereomeric ratio dr) was determined either by NMR, GC or HPLC analysis.

SpecificRotation »  valuesof chiral products were measured in CEl&120°C using a wavelength

&= 589nm and a 1 dneuvetteon aAntonPaar MCP 200instrument. Thesampleconcentration was

0.01 g/mL and the values are reportedtmLtdn g .
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1.6 Single Crystal X-Ray Diffraction Studies

Single crystals suitable fot-ray diffraction, were obtained by slow solvent. The crystals were
introduced into perfluorinated oil and a suitable single crystal was carefully mounted on the top of a
thin glass wire. Data collection was performed with an Oxford Xcalibur 3 diffracerreqtipped

with a Spellman generator (50 kV, 40 mA) and a Kappa CCD detector, operating wiKly Mo
radiation (& = 0.71071 U).

Data collection and data reduction were performed with the CrysAlisPro sotfvAkesorption
correction using the multiscan rhetf% was applied. The structures were solved with SHELXS
97 % refined with SHELXL-97*°" and finally checked using PLATON® The single crystal

structures are shown in DIAMONYS representation.

105 program package CrysAlisPro 1.171.39.46e (Rigaku OD, 2018).

106 Sheldrick, G. M. SHELXS7: Program for Crystal Structure Solutioh997 University of Gottingen,
Germany.

107gheldrick, G. MSHELXL-97: Program for the Refinement of Crystal Structuk®87University of Gottingen,
Germany.

108 Spek, A. L. PLATON: A Multipurpose Crystallographic Toal999 Utrecht University, Utrecht, The
Nethefands.

109DIAMOND, Crystal Impact GbR., Version 3.2i.
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2 Late-Stage Functionalization of Peptides and Cyclopeptides using

Organozinc Reagents
2.1 Typical Procedures (TFLi 8)

Typical procedure for the iodination of tyrosine-basedpeptides (TPL):

o}
H

R'. N .R? Chloramine T (1.2 equiv R N _R?

N e ea) o

Nal (1.2 equiv) hif
o) o) I
X=0. NH\©\ DMF, —10 °C to 25 °C, 6-12 h \©i
OH OH

A 100 mL round bottom flask, equipped with a magnetic stirring bar and rubber septum, was charged

with the corresponding tyrosirmntainingpeptide of type2 (2.00 mmol, 1.00 equiv), sadn iodide

(360 mg, 2.40 mmol, 1.20 equiv) and DMF (10 mL). Chloraniirntéhydraté'® (676 mg, 2.40 mmol,
1.20mmol) was dissolved in DMF (4.8 mL) and then added dropwigeayringe pumpover 2 h at

110°C. Afterwards, the reaction mixture was stirred additional 3 h at 0 °C before slowly warming up

to 25 °Cwithin 1i 7 h. The yellow reaction mixture was quenched with water (50 mL) and extracted
with EtOAc (3x 150 mL). The combined organic layers were diriever MgSQ, filtered and
concentrated under reduced pressure. The crude product was purified by flash column chromatography
(Si0O;, DCM/MeOH) and following reverseghase HPL&hromatography (MeCN/AD).

Typical procedure for the iodination of tyrosine-based peptides (TP2):

o} o
H H

R1 N /RZ R1 N /RZ

i \5)1\0 Ipy2BF, (1.3 equiv) hd \E)J\O

0 o) I
\©\ DCM, 25 °C, 5 h \©i
OH OH

A 100 mL round bottom flask equipped with a magnetic stirring bar and rubber septum, was charged

with the corresponding tyrosideased peptidee (2.00 mmol, 1.00 equiv) and freshly distilled
dichloromehane (16 mL). Bis(pyridine)iodonium tetrafluoroboratélpy.BFs; 967 mg, 2.6Gnmol,
1.30equiv) was dissolved in freshly distilled DCM (7.8 mL) and added to the flask over 1 h via syringe
pumpAfter additional 4 hof stirring, water (50 mL) was added and the reaction mixture was extracted
with EtOAc (3 x 150 mL). Thecombined organic layers were dried over MgS€@itered and
concentrated under reduced pressure. The crude product was purified by flash column chromatography
(SiO,, ihexanes/ethyl acetate or DCM/MeOH) and following revepgease HPL&hromatography
(MeCN/H:0).

10T, Kometani, D. S. Watt, T. JerahedronLett 1985 26, 2043.
111G, Espuiia, G. Arsequell, G. Valencia, J. Barluenga, J. M. Ah@ra#rrez, A. Ballesteros, J. M. Gonzélez,
Angew.Chem. Int. EJ2003 43, 325.
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Typical procedure for the preparation of arylzinc pivalates using halogemmetal exchange (TP3)

A dry and argofflushedSchlenktube, equipped with a magnetic stirring bar and a rubber septum, was
charged with the corresponding aryl halide (1.008Wqand freshly distilled THF. The reaction mixture
was cooled down t620 °C beforaPrMgCI-LiCl (solution in THF, 1.1@quiv) was added dropwise.
The solution was stirred at thismperaturdor a given time until full conversion of the starting material
was observed by G&nalysis of hydrolyzed and iodolyzed aliquots. Afterwgiits magnesium species
wastransnetalated with Zn(OPiy)1.20 equiv) and the resulting arylzinc pivalate soluti@stitrated

with iodine in THF!?

Typical procedure for the preparation of arylzinc pivalates usingoxidative insertion and

transmetalation (TP4)

To a dry and argeflushedSchlenktube, fitted with a magnetic stirring bar and a rubber septum, LiCl
(1.20 equiv) was added and dried at ca. 450 °C5forin under high vacuum using a heat gun.
Afterwards, magnesium turnings (1.20 equiv) were added and the welidsuspended with freshly
distilled THF. The magnesium turnings were activated by adding trimethylsilyl chlor&CI;

5 mol%) and 1,2dibromoethane@BE; 5 mol%) and heating for a short period until the gas evolution
stopped. The corresponding aryl halide (1g0iv) was added dropwise 26 °C. and the reaction
progress was monitored by Gialysis of hydrolyzed and iodolyzed aliquots.eAfiull conversion of

the starting material, the suspension was filtered with a syfilbgeandtrangerred in another dry and
argon flushedschlenktube. Zn(OPiw) (1.20 equiv) was added at 0 °C and the suspension was stirred

until a clear solution warmed. The concentration was determined by titratidh iodine in THF.

Typical procedure for the Negishi crosscoupling reaction of iodotyrosinecontaining peptides
(TP5):

Rl[rkl'\.)J\x,RZ ArZnOPiv 1 (1.5-2.5 equiv) Rl[rn\)J\szz

4% Pd(OAc), ;
) _\©il 8% SPhos o = Ar

X =0, NH OH  THF 25°C,4h \C[
A flamedried and argoflushed 10 mLSchlenkiube, equipped with a magnetic stirring bar and a

rubber septum, was charged with Pd(QA®.69 mg, 12.0 pmol, 4.00 mol%), SPAYY9.85 mg,
24.0pumol, 8.00 mol%) and freshly distilled THF (O0h&L). After 10 min of stirring, the corresponding

iodotyrosinepeptide of type3 (0.30 mmol, 1.0 equiv) was added. The arylzinc pivalate solaofitype
1lin THF (1.50 2.50 equiv) was added gradualia syringepumpover a period of 1 h. Afteromplete

addition, the reaction mixture was stirred for further 3 h. Afterwards, the reaction mixture was quenched

112 A, Krasovskiy, P. KnocheBynthesif006 5, 890.
1137 E. Barder, S. D. Walker, J. R. Martinelli, S. L. BuchwdldAm. Chem. So2005 127, 4685.
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with asat. agNH4Cl solution(3 mL). The reaction mixture extracted with ethyl acetate (3 x 100 mL)
and the combined organic layers were dried dvgSQ, filtered and concentrated under reduced
pressure. The crude product was purified by flash column chromatography (8&anes/ethyl

acetate), followed by preparative reverggthise HPL&hromatography (MeCN/AD).

Typical procedure for the preparation of alkylzinc halides using an oxidative insertion of zinc
dust (TP6)

To a dry and argeflushedSchlenktube, fitted with a magnetic stirring bar and a rubber septum, LiCl
(1.00'1.50 equiv) was added and dried at ca. 450 °C foirbunder high vacuurasing a heat gun.
Afterwards, zinc dust (1.4@.50 equiv) was added and the solids were suspended in freshly distilled
THF. Zinc dust was activated by adding trimethylsilyl chloridEMECI; 0.05 equiv) and
1,2dibromoethanedBE; 0.05 equiv) and heatingif a short period until the gas evolution stopped.
The corresponding alkyl halide (1.00 equiv) was added dropwi2® &€ and reaction progress was
monitored by GEanalysis of hydrolyzed and iodolyzed aliquots. After full conversion of the starting
materal, the suspension was filtered with a syrififer and tranderred in another dry and argon

flushedSchlenktube. The concentration was determined by titratigh iodine in THF.

Typical procedure for Negishicross-coupling reactions of iodotyrosine containing peptideswith
alkylzinc halides (TP7):

o) 0
H AIZnX 5 (2.0 equiv) H
1 2 1 2
R\"/N\:)J\X,R 4% Pa(dbays R\H/N\:)J\X,R

: 8% P(tBu)s :

0 | o} Alk
X =0, NH\©iOH THF, 25°C, 8 h \C[OH

A flame-dried and argoifilushed 10 mLSchlenktube, equipped with a magnetic stirring bar and a
rubber septum, was charged with Pd(d@00 mg, 12.0 pmol, 4.00 mol%)tBus'**(0.03 mL, 1.0aM
in toluene, 24.0 umol, 8.00 mol%and freshly distilled THF (0.6nL). After 10min stirring, the
corresponding iodotyrosingeptideof type 3 (0.30 mmol, 1.0 equiv) was added. The corresponding

alkylzinc halide solutiorof type5 in THF (2.00 equiv) was added gradually via syripgenpover a

period of 1 h. Aftecompleteaddition, the reaction mixture was stirred for further 7 h. Afterwards, the
reactionmixture was quenched witkat. ag.NH.CI solution (3mL). The reaction mixture extracted

with ethyl acetate (3 x 100 mL) and the combined organic layers were dried ovenMigg@d and
concentrated under reduced pressure. The crude product was purified by flash column chromatography
(SIO,, ihexanes/ethyl acetatgndfollowing reverseebhase HPL&hromatography (MeCN/AD).

114C. Dai, G. C. FuJ. Am.Chem. Soc2001, 123 2719.
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Typical procedure for the Negishicross-coupling reaction of macrocycliciodophenylalanine
containing peptides (TP8):

I Py
o) o]
<')J\N © PyZnOPiv 1c—e (2.5 equiv.) <’)kN °
oON T oHN 4% Pd(OAc), o N 1 HN
/d 8% SPhos /a
Me. Me
NH pme N 7O THF, 25°C, 6 h NH pe N 7O

A flame-dried and argofflushed 10 mLSchlenkiube, equipped with a magnetic stirring bar and a
rubber septum, was charged with Pd(QA©.72 mg, 3.20 umol, 4.000l%), SPhoS® (2.63 mg,
6.40umol, 8.00mol%) and freshly distilled THF (0.8 o). After 10 min stirring, the corresponding
macrocyclic iodepeptide (68.1 mg, 0.08 mmol, 1.0 eduivas added. The pyridylzimvalate solution

of typelin THF (2.5 equiv) was added gradualhg syringepumpover a period of 1 h. Aftasomplete
addition, the reaatn mixture was stirred further for 5 h. Afterwards, the reaction was quenched with a
sat. aqgNH.CI solution (1ImL). The reaction mixturevasextracted with ethyl acetate (3 x 50 mL) and

the combined organic layers were dried over Mg3ilered and conagrated under reduced pressure.

The residue was flushed through a short silica column (10 cm) with MeCN and the crude product was

purified via reverseebhase HPL&hromatography.

2.2 Characterization of the Tyrosine containing Peptides

Cbz-L-Pro-L-Tyr-OMe (2b)

i\Nj\”/H\;)CJ)\OMe
o
0 ()k@ RO

Compoundb was obtained from the Novartis archié.

IH-NMR (400 MHz, 80 °C, DMSQds, ppm): U = 8.93 (s, 1H), 7.93 (d} = 7.7 Hz, 1H), 7.40i 7.25
(m, 5H), 7.01i 6.93 (M, 2H), 6.69 6.63 (M, 2H), 5.10 4.95 (m, 2H), 4.46 (td] =7.9, 6.1Hz, 1H),
4.297 4.23 (m, 1H), 3.57 (s, 3H), 3.41 (dt= 10.2, 6.9Hz, 2H), 2.87 (qd,) = 14.0, 7.1Hz, 2H), 2.16
i 2.01 (m, 1H), 1.85 1.72(m, 3H).

15T, E. Barder, S. D. Walker, J. R. Martinelli, S. L. BuchwadldAm.Chem. So2005 127, 4685.
116 M. CortesClerget, LY. Berthon, I. KrolikiewiczRenimel, L. Chaisemartin, B. H. Lipshut@reen Chem.
2017, 19, 4263.
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13C-NMR (101 MHz, 80 °C, DMSOds, ppm): U= 171.5, 171.4, 155.7, 153.7, 136.7, 129.4, 127.8,
127.2,126.8, 126.8, 114.7, 65.6, 59.2, 53.3, 51.2, 46.4, 35.7, 29.9, 22.8.|

HRMS (ESI): m/z calc. for [M+Na; GsH2sN2NaGs']: 449.1689; found: 449.1683n/z calc. for
[M+H; Cz3H27/N2O6"]: 427.1864; found427.1867; calc. for [WMH; CxH2sN2Os]: 425.1718; found:
425.1730.

IR (Diamond-ATR, neat): ' = 3311 (w), 2952 (w), 2360 (w), 2340 (w), 1742 (m), 1693 (s), 1647 (vs),
1614 (m), 1515 (vs), 1411 (s), 1354 (s), 1262 (s), 1210 (s), 1173 (s), 1113 (s), 1L,02B5(¢)), 826
(m), 766 (m), 744 (m), 697 (m).

M.p. 74.7 °C.

Boc-L-Tyr-D-Trp-OMe (2¢)

é\ NH
(0]

\)J\N/\"/OMe

N

Compound2c was obtained from the Novartis archivé.

H
N

H-NMR (400 MHz, 80 °C, DMSO-dg, ppm): U= 10.67 (s, 1H), 8.84 (s, 1H), 7.99 (d; 7.8Hz, 1H),
7.50 (d,J=7.8Hz, 1H), 7.34 (dtJ=8.1, 0.9Hz, 1H), 7.11 (dJ = 2.4Hz, 1H), 7.07 (dddJ =8.2, 7.0,
1.3Hz, 1H), 7.00 (dddJ =8.0, 7.0, 1.Hz, 1H), 6.91 (dJ =8.4Hz, 2H), 6.64i 6.56 (m, 2H), 6.27 (s,
1H), 4.59 (tdJ=7.7, 6.0Hz, 1H), 4.16 (tdJ = 8.8, 4.8Hz, 1H), 3.61 (s, 2H), 3.17 (dd,=14.6, 5.9

Hz, 1H), 3.07 (ddJ = 14.7, 7.7Hz, 1H), 2.77 (dd,) = 13.9, 4.8Hz, 1H), 2.58 (ddJ = 14.0, 9.0Hz,
1H), 1.32(s, 9H).

13C-NMR (101 MHz, 80 °C, DMSOds, ppm): U= 171.6, 171.1, 155.4, 154.5, 135.9, 129.6, 127.5,
126.8, 123.3, 120.6, 118.1, 117.6, 114.5, 111.0, 109.0, 77.8, 55.5, 52.7, 51.2, 36.6, 27.7, 27.0.
HRMS (ESI): m/z calc. for [M+Na; GsHz:NsNaGs']: 504.2111; found: 504.2106n/z calc. for
[M+H; C26H3:N3O6']: 482.2286; found: 482.2286; calc. for {Ml, CeH3oN3Oes]: 480.2140; found:
480.2149.

IR (Diamond-ATR, neat): ' = 3340 (w), 2964 (vw), 2359 (w), 2332 (w), 1733 (w), 1684 (m), 1655
(vs), 1539 (m)1517 (s), 1457 (w), 1437 (m), 1366 (w), 1307 (w), 1270 (m), 1242 (m), 1226 (m), 1174
(m), 1166 (s), 1049 (w), 1026 (w), 1012 (w), 825 (w), 811 (w), 745 (m).

M.p. 131.4 °C.

117C. J. Chapman, A. Matsuno, C. G. Frost, M. C. Willsem Commun2007, 3903.
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Cbz-L-Pro-L-Glu-D-Tyr -L-Val-OtBu (2d)

N
O

IREE RS

o
0 l
U 07 > NH,

Compoundd was obtained from the Novartis archié.

!H-NMR (400 MHz, 80 °C, DMSO-ds, ppm): Ui=8.86 (s, 1H), 7.92 (s, 1H), 7.72 (did; 25.3, 8.3Hz,

2H), 7.417 7.24 (m, 5H), 7.01 (d] = 8.4Hz, 2H), 6.94i 6.33 (m, 2H), 6.68 6.60 (m, 2H), 5.18

4.98 (m, 2H), 4.56 (q]1 =8.6Hz, 1H), 4.23 (dddJ = 22.4, 10.9, 5.6z, 2H), 4.05 (ddJ =8.3, 5.9Hz,

1H), 3.44 (hJ =10.7, 10.1Hz, 3H), 2.93 (dd,) = 13.9, 5.3Hz, 1H), 2.73 (ddJ = 13.9,8.9Hz, 1H),

2.187 1.93 (m, 3H), 1.92 1.75 (m, 4H), 1.68 (dg)=14.6, 7.6Hz, 1H), 1.42 (s, 9H), 0.84 (dd= 6.8,
4.5Hz, 6H).

13C-NMR (101 MHz, 80 °C, DMSOds, ppm): U= 173.4, 171.5, 170.7, 170.6, 169.8, 155.5, 153.8,
136.7, 129.6, 127.9, 127.3271.2, 127.1, 126.9, 126.8, 114.6, 80.3, 65.6, 59.3, 57.7, 53.9, 52.3, 46.4,
36.8,31.1, 29.7, 27.4, 23.1, 18.4, 17.6.

HRMS (ESI): m/z calc. for [M+Na; GesHaoNsNaQy']: 718.34B; found: 718.3422;m/z calc. for
[M+H; CseHs0NsO9°]: 696.3603; found: 696.3607.

IR (Diamond-ATR, neat): ' = 3287 (w), 2963 (w), 2360 (w), 2334 (w), 1732 (w), 1638 (vs), 1540
(m), 1517 (m), 1448 (m), 1436 (m), 1358 (m), 1274 (m), 1226 (m), 1211 (w), 1171 (m), 1140 (m), 695
(w).

M.p. 160.4 °C.

Methyl (85,115)-15-hydroxy-8-methyl-6,9-dioxo-4-oxa-7,10-diaza-1(1,3),3(1,2)
dibenzenacyclododecaphané1-carboxylate (2e)

OMe

Compound?2ewas obtained from the Novartis archive.

IH-NMR (599 MHz, DMSO-ds, ppm): U= 9.31 (s, 1H), 8.07 (d,= 8.4Hz, 1H), 7.34 (ddJ = 7.4Hz,
1.8, 1H), 7.23 7.17 (m, 2H), 7.00 (ddl = 8.4, 1.1Hz, 1H), 6.94 (d,) = 2.2Hz, 1H), 6.91 (td,) = 7.4,
1.1Hz, 1H), 6.82 (ddJ = 8.3, 2.2Hz, 1H), 6.70 (d,) = 8.2Hz, 1H), 4.68 (d,) = 14.3Hz, 1H), 4.52 (d,

118 M. Amblard, J-A. Fehrentz, J. Martinez, G. Subhol. Biotechnol2006 33, 239.
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J = 14.2Hz, 1H), 4.45 (dgJ = 8.6, 6.9Hz, 1H), 4.37 (dddJ = 11.4, 8.3, 3.2Hz, 1H), 3.97 (d,
J=14.4Hz, 1H), 3.77 (dJ = 14.4Hz, 1H), 3.66 (s, 3H), 2.89 (dd,= 13.7, 3.2Hz, 1H), 2.69 (dd,
J=13.7, 11.1Hz, 1H), 1.03 (d,J = 7.0 Hz, 3H).

3C-NMR (151 MHz, DMSO-ds, ppm): U = 172.0, 170.8, 167.6, 155.5, 153.8, 132.0, 131.0, 128.1,
1275, 127.4,127.3, 126.3, 120.9, 115.0, 111.2, 66.6, 53.8, 52.0, 46.9, 35.8, 30.3, 16.4.

HRMS (ESI): m/z calc. for [M+Na; GH2aN.NaGs"): 435.1532; found: 435.1529n/z calc. for
[M+H; CzH2sN206']: 413.1707; found: 413.1710; calc. for {M; CzeHzoN3Os]: 411.1562; found:
411.1556.

IR (Diamond-ATR, neat): ' = 3416 (w), 3393 (w), 3209 (WB055 (w), 2355 (vw), 1724 (s), 1655
(s), 1566 (m), 1524 (m), 1489 (m), 1438 (s), 1356 (m), 1259 (s), 1230 (s), 1216 (m), 1143 (m), 1114
(s), 1042 (m), 819 (w), 800 (w), 759 (vs), 698 (w), 686 (w).

M.p. 214.7 °C.

2.3 Preparation of lodotyrosine containing Pepides

Boc-L-(ortho-iodo)Tyr-OMe (3a)

According to TP1, commercially available Bet-tyrosine methyl esteRa (591 mg, 2.00nmol,
1.00equiv) and sodium iodide (360 mg, 2.40nol, 1.20equiv) were dissolved in DMF (1iL) and
cooled to110 °C. Chloramindl trihydrate (676 mg, 2.4mol, 1.20mmol) as solution in DMF
(4.8mL) was added dropwise over 2 h and the suspension was stirrel.faft8rwards, the reaction
mixture was warmed t®5 °C and stirred for additicad 2 h. The crude product was extracted and
purified by flash column chromatography. After final ptéPLC purification, the titlecompound3a
was obtained as white solid (581 mg, 1m3&ol, 69%yield).

!H-NMR (400 MHz, CDCls, ppm): U= 7.42 (d,J = 2.0Hz, 1H), 6.99 (dd, = 8.3, 2.1Hz, 1H), 6.88
(d,J=8.3Hz, 1H), 5.39 (s, 1H), 5.00 (d,= 8.2Hz, 1H), 4.51 (dJ=7.4Hz, 1H), 3.72 (s, 3H), 3.03
(dd,J=13.9, 5.MHz, 1H), 2.93 (ddJ =13.9, 6.0Hz, 1H), 1.43 (s, 9H).

13C-NMR (101 MHz, CDCls, ppm): = 172.3, 155.2, 154.2, 139.0, 131.2, 130.3, 115.2, 85.7, 80.3,
54.6, 52.5, 37.1, 28.5.

HRMS (ESI): m/z calc. for [M+H; GsH21INOs']: 422.0459; found: 422.0470; calc. for {Mt
Ci1sH21INOs]: 420.0313; found: 420.0320.
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IR (Diamond-ATR, neat): ' = 3386 (W, 3334 (w), 1713 (m), 1686 (vs), 1605 (w), 1576 (w), 1523 (s),
1508 (s), 1444 (m), 1419 (m), 1395 (w), 1349 (w), 1304 (m), 1289 (m), 1272 (m), 1254 (s), 1219 (m),
1156 (s), 1067 (m), 1027 (m), 993 (m), 828 (m), 810 (m), 759 (w).

M.p. 135.7 °C.

Cbz-L-Pro-L-(ortho-iodo)Tyr-OMe (3b)

i\Nj\”/H\;)CJ)\OMe
o = [

According toTP1, tyrosinepeptide2b (852 mg, 2.00 mmol, 1.00 equiv) and sodium iodide (360 mg,
2.40 mmol, 1.20 equiv) were dissolved in DI mL) and cooled t©10 °C.ChloramineT trihydrate
(676 mg, 2.4Gmmol, 1.20mmol) assolution in DMF (4.8 mL)was added dropwise over 2 h and the
suspension was stirred foh3at thistemperaturebefore warming t@5 °Cand stirring additional 6 h.
The crude product was extracted and purified by flash column chromatography. After fiRdIRL€p
purification, the tittecompound3b was obtained as white solid (873 mg, 1m@ol, 79%yield).

IH-NMR (400 MHz, 80 °C, DMSQds, ppm): Ui =9.82 (d,J = 8.2Hz, 1H), 7.98 (d,) = 7.9Hz, 1H),
7.49 (d,J=2.1Hz, 1H), 7.38 7.25 (m, 5H), 7.00 (d] = 8.9Hz, 1H), 6.77 (d,) = 8.2Hz, 1H), 5.12

4.94 (m, 2H), 4.45 (q] = 7.6 Hz, 1H), 4.24 (ddJ = 8.5, 2.8Hz, 1H), 3.58 (s, 3H), 3.503.35 (m, 2H),
2.86 (qdJ=14.1, 7.1Hz, 2H), 2.15 2.00 (m, 1H), 1.77 (q] = 7.1, 6.4Hz, 3H).

13C-NMR (101 MHz, 80 °C DMSOdg, ppm): U= 171.5, 171.2, 154.9, 153.7, 138.8, 136.7, 129.7,
129.4,127.8,127.2, 126.9, 114.5, 83.7, 65.6, 59.3, 53.1, 51.2, 46.4, 34.9, 22.8.

HRMS (ESI): m/z calc. for [M+Na; GsH2sIN2NaGs']: 575.0650; found: 553.0653; m/z calc. for [M+H;
Ca3H26IN206']:553.0830;found: 553.0833; calc. for [NH; Co3H24IN2O6]: 551.0685; found: 551.0681.
IR (Diamond-ATR, neat): ' = 3314 (w), 3226 (w), 1746 (m), 1691 (s), 1644 (vs), 1603 (m), 1536 (m),
1502 (m), 1446 (m), 1413 (s), 1351 (s), 1282 (m), 1262 (m), 1210 (s),(A7/&124 (m), 1088 (w),
1034 (m), 983 (w), 823 (w), 804 (w), 766 (m), 737 (m), 693 (m), 665 (m).

M.p. 165.4 °C.
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Boc-L-(ortho-iodo)Tyr-D-Trp -OMe (3c)

é\ NH
O

o NI~ ome
ey
OH

According toTP1, tyrosinepeptide2c (963 mg, 2.00 mmol, 1.00 equiv) and sodium iodide (360 mg,
2.40 mmol, 1.20 equiv) were dissolved in DMF (D) and cooled t®10 °C. Chloramin€l trihydrate

(676 mg, 2.4Gmmol, 1.20mmol) assolution in DMF (4.8 mL)was added dropwise over 2 h and the
suspension was stirred fort3at thistemperaturgbefore warming t@5 °Cand stirring additionafor

7 h. The crude product was extracted and purified by flash column chromatography. During final prep
HPLC purification, the tittecompound3c was obtainedas reddish solid (365 mg, 0.6@mol,

30%yield) and remaining starting material was recovered (231 mg, 0.48 mmoli2ifo

H-NMR (400 MHz, 80 °C, DMSOds, ppm): U= 10.67 (s, 1H), 9.74 (s, 1H), 8.06 (d5 7.9Hz, 1H),

7.53 (d,J =2.1Hz, 1H), 7.54i 7.47 (m, 2H), 7.34 (diJ =8.1, 0.9Hz, 1H), 7.11 (dJ = 2.4 Hz, 1H),

7.07 (dddJ=8.1, 7.0, 1.3z, 1H), 6.99 (dddJ =8.0, 7.0, 1.Hz, 1H), 6.94 (ddJ = 8.3, 2.1Hz, 1H),

6.73 (d,J=8.2Hz, 1H), 6.39 (s, 1H), 4.60 (td,= 7.7, 6.0Hz, 1H), 4.15 (td,) = 9.2, 4.5Hz, 1H), 3.61

(s, 3H), 3.18 (ddd) =14.6, 6.1, 0.8z, 1H), 3.08 (ddJ = 15.8, 6.4Hz, 1H), 2.73 (ddJ =13.9, 4.5Hz,

1H), 1.31 (s, 9H).

13C-NMR (101 MHz, 80 °C, DMSOds, ppm): U= 171.6, 170.9, 154.6, 154.5, 138.8, 135.9, 130.3,
129.9, 126.8, 123.3, 120.6, 118.1, 117.6, 114.3, 111.0, 109.0, 83.6, 77.8, 55.3, 52.7, 51.3, 36.0, 27.7,
27.1.

HRMS (ESI): m/z calc. for [GeHsolN3Og): 607.1179; found: 607.1153; calc. for [M+B36H31IN306°]:
608.1252; found: 608.1261; calc. for {M CH29IN3Og]: 606.1107; found: 606.1118.

IR (Diamond-ATR, neat): ' = 3414 (m), 3398 (w), 3344 (w), 3310 (w), 1716 (m), 1682 (m), 1659
(vs), 1605 (w), 1519 (s), 1504 (s), 1456 (m), 1438 (m), 1414 (m), BP1365 (m), 1318 (m), 1291

(m), 1253 (m), 1238 (m), 1221 (m), 1193 (m), 1169 (s), 1038 (m), 1011 (m), 825 (w), 743 (s), 691 (w),
664 (w).

M.p. 160.7 °C.
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Cbz-L-Pro-L-Glu-D-(ortho-iodo)Tyr-L-Val-OtBu (3d)

o)

Ay A

O
o j/\

According toTP1, tyrosinepeptide2d (1.39 g, 2.00 mmol, 1.00 equiv) and sodium iodide (360

2.40 mmol, 1.20 equiv) were dissolved in DMF (10 mL) and cooléd®3C. Chloramin€T trihydrate

(676 mg, 2.4Gmmol, 1.20mmol) assolution in DMF (4.8 mL)was added dropwise over 2 h and the
suspension was stirred fohlat thistemperaturgbefore warming t@5 °Cand stirringadditionalfor

2 h. The crude product was extracted and purified by flash column chromatography. After final prep

HPLC purification the tittecompoundd was obtained as white solid (855 mg, 1nddhol, 52%yield).

'H-NMR (400 MHz, 80 °C, DMSGOds, ppm): U= 9.75 (s, 1H), 7.92 (d] = 7.7 Hz, 1H), 7.78 (t,
J=9.9Hz, 2H), 7.55 (d,J=2.1Hz, 1H), 7.42 7.25 (m, 5H), 7.03 (dd] = 8.3, 2.1Hz, 1H), 6.76 (d,
J=8.2Hz, 1H), 6.92i 6.33 (m, 2H), 5.07 (s, 2H), 4.58 (t#il= 8.5, 5.4Hz, 1H), 4.291 4.17 (m, 2H),
4.06 (ddJ=8.3, 5.8Hz, 1H), 3.42 (tJ=8.2Hz, 2H), 2.90 (ddJ=13.9, 5.8Hz, 1H), 2.70 (ddJ = 13.8,
8.8Hz, 1H), 2.10 (dg, = 8.1, 4.1Hz, 1H), 2.07i 1.94 (m, 3H), 1.90 1.75 (m, 4H), 1.70 (p] = 7.6,
7.1Hz, 1H), 1.42 (s, 9H), 0.84 (§,= 7.0Hz, 6H).

13C-NMR (101 MHz, 80 °C, DMSOds, ppm): Ui = 173.4, 171.5, 170.6, 170.4, 169.8, 154.7, 153.8,
138.8, 136.7, 129.9, 129.8, 127.9, 127.2, 126.9, 114.4, 83.7, 80.3, 65.6, 59.3, 57.6, 53.6, 52.3, 46.4,
36.4,31.2,29.7, 27.4, 23.2, 18.4, 17.6.

HRMS (ESI): m/z calc. for [M+H;CseHaolNsOo']: 822.2569; dund: 822.2593; calc. for [MA;
CseHa7INsOg]: 820.2424; found: 820.2426.

IR (Diamond-ATR, neat):’ = 3285 (m), 3199 (w), 2963 (w), 2358 (w), 1737 (w), 1680 (s), 1665 (s),
1631 (vs), 1543 (m), 1508 (m), 1467 (w), 1437 (m), 1418 (m), 1358 (m), 1295 {#&)(12, 1232 (m),
1211 (w), 1164 (m), 1133 (m), 1038 (w), 825 (w), 766 (w), 734 (w), 696 (w), 661 (w).

M.p. 174.5 °C.
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Methyl (8S,11S)-1°-hydroxy-1°-iodo-8-methyl-6,9-dioxo-4-oxa-7,10-diaza-1(1,3),3(1,2)

dibenzenacyclododecaphanél-carboxylate (3e)

OMe

According toTP2, tyrosinecyclopeptide2e (825 mg, 2.00 mmol, 1.00 equiv) was dissolved in freshly
distilled DCM (16 mL). Bis(pyridine)iodonium tetrafluoroborate (967 mg, 20600l, 1.30 equiv) was
dissolved in freshly distilled DCM (8 mL) and added to the reaction mixtithén 1 h. After stiring

for 4 h, water (B mL) was added and the crude product was extracted and purified by flash column
chromatography. After final preldPLC purification, the titteompoundde was obtained as beige solid
(1.02 g, 1.90mmol, 95%yield).

!H-NMR (400 MHz, DMSO-ds, ppm): U= 8.93 (s, 1H), 8.09 (d,=8.4Hz, 1H), 7.41 (dJ = 2.1Hz,

1H), 7.35i 7.28 (m, 2H), 7.23 (ddd)} = 8.3, 7.4, 1.8z, 1H), 7.04 (dd,) = 8.4, 1.1Hz, 1H), 6.92 (td,
J=17.6, 1.2Hz, 1H), 6.89 (dJ = 2.1Hz, 1H), 4.67 (dJ = 14.2Hz, 1H), 4.51 (dJ = 14.2, 1H), 4.44
(dd, J = 8.8, 7.0Hz, 1H), 4.36 (ddd) = 11.4, 8.3, 3.Hz, 1H), 4.11 (dJ = 14.9Hz, 1H), 3.84 (d,
J=14.9Hz, 1H), 3.66 (s, 3H), 2.90 (dd,= 13.7, 3.2, 1H), 2.65 (dd,= 13.7, 11.3Hz, 1H), 1.06 (d,
J=6.9Hz, 3H).

13C-NMR (101 MHz, DMSO-ds, ppm): U= 171.8, 170.9, 167.5, 155.5, 152.5, 136.6, 131.8, 131.3,
131.2,128.9,127.8, 127.3, 121.0, 111.5, 88.6, 66.7, 53.7, 52.0, 46.9, 34.9, 31.0, 16.4.

HRMS (ESI): m/z calc. for [M; GaHzIN2Og]: 538.0601; found: 538.0565; calc. for
[M+H; [C22H24IN2O6']: 539.0674; found: 539.0682; calc. for {NL CoH22IN2Og]: 537.0528; found:
537.0529.

IR (Diamond-ATR, neat): ' = 3272 (w), 2359 (w), 1751 (s), 1641 (vs), 1552 (m), 1492 (w), 1468 (m),
1448 (m), 1432 (m), 1367 (M), 1286 (w), 1244 (m), 1217 (s), 1146 (rhY, (m), 1052 (w), 1042 (W),
994 (w), 938 (w), 915 (w), 807 (w), 749 (s), 719 (m), 706 (m).

M.p. decanposition at 280 °C.
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2.4 Preparation of Arylzinc Pivalates

(4-(Ethoxycarbonyl)phenyl)zinc pivalate (1a)

PivOZn@cozEt

According toTP3, ethyl 4iodobenzoate (4.14 g, 15.0 mmbl00 equiv) was dissolved in 30L freshly
distilled THF and cooled 620 °C.iPrMgCILICI (15.5 mL, 17.0 mmol, 1.18quiv, 1.10M in THF)
was added dropwise and the solution stirred for 2 h. Zn(@Rhg2 g, B.0 mmol, 1.20 equiv) was
added and the mixture stirred 26 °C until a clear solutiorwas obtainedThe concentration was
determined by titratiowith iodine (0.39M, 83%yield).**

(4-Methoxyphenyl)zinc pivalate (1b)

PivOZn@OMe

According toTP3, 4-iodoansiole (3.51 g, 15.0 mmol, 1.00 equiv) was dissolved im2@reshly
distilled THF and cooled t620 °C.iPrMgCKLiCl (15.5 mL, 17.0 mmol, 1.1@quiv, 1.10M in THF)
was added dropwise and the solution stirred for 2 h. Zn(@Rh§2 g, 18.0 mmol, 1.28quiv) was
added and the mixture stirred 26 °C until a clear solutiorwas obtainedThe concentration was
determined by titratiowith iodine (0.5, 73%yield). %

(Pyridin -2-yl)zinc pivalate (1c)

@ZnOPiv
=N

According to a modified version dfP3, iPrMgCILIiCl (3.64 mL, 4.40 mmol, 1.10 equiv, 1.M in
THF) was cooled to 0 °C arfdbromopyridine (632 mg, 4.00 mmol, 1.00 equiv) was added dropwise
over 15min. After completeaddition, the mixture was stirreidr 1 h and again cooled to 0 °C.
Zn(OPiv} (1.29 g, 4.80 mmol, 1.20 equiv) was added and the mixture stir28l & until a clear
solution was obtained The concentration was determined by titratiosith iodine (0.52 M,
67%yield).*?°

(Pyridin -3-yl)zinc pivalate (1d)

@Znopiv
N=

According toTP3, 3-bromopyridine (632 mg, 4.00 mmol, 1.00 equiv) was dissolved in 4 mL freshly
distilled THF and cooled to 0 °@PrMgCELiCl (3.64 mL, 4.40 mmol, 1.10 equit.21M in THF) was

1195, M. Manolikakes, M. Ellwart, C. I. Stathakis, P. Knocl@em. Eur. J2014 20, 1229.
1203, R. Colombe, S. Bernhardt, C. Stathakis, S. L. Buchwald, P. Kn@igell_ett.2013 15, 5754.
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added dropwise and the solution stirred for 2 h. Zn(QR1v29 g, 4.80 mmoI1.20 equiv) was added
and the mixture stirred @b °Cuntil a clear solutionvas obtainedThe concentration was determined
by titrationwith iodine (0.42M, 93%yield).?*

(Pyridin -4-yl)zinc pivalate (1e)

74
NC\>72nOPiv

According toTP3, 4-iodopyridine (410 mg, 2.00 mmol, 1.00 equiv) was dissolved imL4freshly
distilled THF and cooled t620 °C.iPrMgCELiCl (1.81 mL, 2.2 mmol, 1.10 equil.21M in THF)
was added dropwise and the solution stirred for 30 min. Zn(@@#B3 mg, 2.40nmol, 1.20 equiv)
was added and the mixture stirred2&t°Cuntil a clear solutionwas obtainedThe concentration was
determined by titratiowith iodine (0.23V1, 76% yield).?3

(4-(Trifluoromethyl)phenyl)zinc pivalate (1f)

PivOZnOCF3

According toTP4, LiCl (509 mg, 12.0 mmol, 1.20 equiv) amdhgnesiunturnings (292 mg, 12 mmol,

1.20 equiv) were mixed with 10 mL freshly distilled THF aadled to 0 °C. Bromobenzotrifluoride

(509 mg, 10.0 mmol, 1.00 equiv) was added dropwise and the suspension stirred for 4 h. The solution
was tranderred with a syringdilter to a freshSchlenkflask, andZn(OPiv) (3.21 g, 12.Gnmol,
1.20equiv) was adedat 0 °C. After stirring at 25 °@r 15 min, the concentration was determined by
titration with iodine (0.69M, 75%yield).**!

(6-methoxypyridin-2-yl)zinc pivalate (19)

L

MeO” N | ZnOPiv

UnderSchlenkconditions, 2bromo6-methoxypyridine (2.82 g, 15.0 mmol, 1.00 equiv) was dissolved
in 24 mL freshly distilled THF and cooled {&8 °C.nBuLi (5.80 mL, 15.0 mmol, 2.6 in nhexane)
was added dropwise and the mixture was stirred additional 30 min BEef@eiv) (4.82 g, 18.0 mmol,
1.20 equiv) was added\fter stirring at25 °Cfor 1 h, the concentration waketermined by titration

with iodine (0.24M, 50%yield).'??

1215 M. Manolikakes, M. Ellwart, C. |. Stathakis, P. Knoci@&Hem. Eur. J2014 20, 12289.
1223, R. Colombe, S. Bernhardt, C. Stathakis, S. L. Buchwald, P. Kn@fgel.ett. 2013 15, 5754.
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(Benzop]thiophen-3-yl)zinc pivalate (1h)

S
Y/

ZnOPiv

According toTP3, 3-bromobenzdj]thiophene (2.13 g, 10.0 mmol, 1.00 equiv) was dissolved in 10 mL
freshly distilled THF and cooled i®0 °C.iPrMgCKLiCl (11.0 mL, 11.0 mmol, 1.18quiv, 1.00M in
THF) was added dropwise and the solution stirred for 1 h. Zn(©@\1g, 12.0mmol, 1.20 equiv)
was added and the mixture stirred®2&t°Cuntil a clear solutionwas obtainedThe concentration was
determined by titratiowith iodine (0.46M, 96%yield).

(Benzofuran-2-yl)zinc pivalate (1i)

O
/ ZnOPiv

Under Schlenkconditions, 2,8Benzofuran (355 mg, 3.00 mmol, 1.00 equiv) was dissolvednrL 6
freshly distilled THF and cooled to 0 °@BuLi (1.09 mL, 3.00 mmol, 2.75 M inhexane) was added
dropwise and the mixture was stirred additional 5 @i{OPiv) (964 mg, 3.60mmol, 1.20 equiv) and
4.00 mL freshly distilled THF were added. After stirrireg 25 °C for 1 h, the concentration was
determined by titratiowith iodine (0.12M, 40%yield).*?3

(3,5-dimethylphenyl)zinc pivalate (1j)

Me

Me i ZnOPiv

According toTP3, 1-iodo-3,5-dimethylbenzene (1.16 g, 5.00 mmblQ0 equiv) was @dsolved in GmL
freshly distilled THF.iPrMgCELiCl (5.00 mL, 5.50 mmol, 1.10 equiv, 1.1 in THF) was added
dropwise and the solution stirred for 1 h. Zn(OPRP{®¥3 mg, 2.40nmol, 1.20 equiv) was added and
the mixture stirred until a clear solutievas obtainedThe concentration was determined by titration
with iodine (0.48M, 99%yield).'

(2,6-dimethoxypyrimidin -4-yl)zinc pivalate (1k)

MeO N OMe
S

N~

ZnOPiv

1233, Otsuka, D. Fujino, K. Murakami, H. Yorimitsu, A. Osuiem. Eur. J2014 20, 13146.
1243, M. Manolikakes, M. Ellwart, C. I. Stathakis, P. KnockdEem. Eur. J2014 20, 12289.
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According toTP4, LiCl (255 mg, 6.00 mmol, 1.20 equiv) and Mg turnings (146 mg, 6.00 mmol,
1.20equiv) were mixed with 10nL freshly distilled THF. Sromeo2,4-dimethoxypyrimidine (1.10 g,
5.00 mmol, 1.00 equiv) was added dropwise and the sagpestirred for 2 h &5 °C. The solution
was tranderred with a syringdilter to a freshSchlenkflask and Zn(OPiv) (1.61g, 6.00mmol,
1.20equiv) was added at 0 °C. After stirring2&t °Cfor 15 min, the concentration was determined by
titration with iodine (0.64M, 65%yield).?

(3-cyanophenyl)zinc pivalate (1)

NC : ZnOPiv

According toTP3, 3-iodobenzonitrile (458 mg, 2.00 mmdl,00 equiv) was dissolved inrdL freshly
distilled THF and cooled t630 °C.iPrMgCKLiCl (2.00 mL, 2.20 mmol, 1.10 equiv, 1.\ in THF)
was added dropwise and the solution stirred for 30 min. Zn(@@#B3 mg, 2.4Gnmol, 1.20 equiv)
was added and the mixture stirred®2&t°Cuntil a clear solutiowas obtainedThe concentration was
determined by titratiowith iodine (0.44V1, 96%yield).?*

2.5 NegishiCross-Coupling reactions of lodotyrosine with Arylzinc Pivalates

Ethyl (S)-5'-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)-2'-hydroxy-[1,1'-
biphenyl]-4-carboxylate (4a)

OH

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0.61L) were mixed and stirred for 10 min, before tyrosine
derivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. @hgdzinc pivalate solutioria in THF
(1.15mL, 0.39 M, 0.45 mmol, 1.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting and evaporation, the crude product wasifiesl

by flash column chromatography. After final pregiare reverseghhase HPLGhromatography
(MeCN/H0), the modified tyrosinelerivate4dawas obtained as colorless solid (99.0 mg, 0.22 mmol,
74%yield).

IH-NMR (599 MHz, CDCk, ppm) i = 8 J98&2H¢, 8H), 7.57 (dJ = 8.3 Hz, 2H), 7.01 (d,
J=2.3Hz, 1H), 6.98 (dd,) = 8.3, 2.2Hz, 1H), 6.86 (d,) = 8.2Hz, 1H), 5.08 (d,) = 8.4Hz, 1H), 4.56
(dt, J = 8.6, 6.0Hz, 1H), 4.39 (qJ = 7.1Hz, 2H), 3.70 (s, 3H), 3.09 (dd,= 14.0, 5.7Hz, 1H), 3.00
(dd,J = 14.1, 6.1Hz, 1H), 1437 1.35 (m, 12H).
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BBC-NMR (101 MHz, CDCk, ppm)li = 172.6, 166.7, 155.3, 152. 1,
129.2,128.2,127.4, 116.6, 80.3, 61.2, 54.7, 52.4, 37.6, 28.4, 14.4.

HRMS (ESI): m/z calc. for [M;CoH20NO7]: 443.1944; found: 443916; m/z calc. for

[M+H; Co4H3zoNO7']: 444.2017; found:444.2021; calc. for [MH; CaH2eNO7]: 442.1871; found:
442.1881.

IR (Diamond-ATR, neat): ' = 3357 (w), 2978 (w), 2359 (w), 2340 (w), 1712 (s), 1691 (s), 1608 (m),
1502 (m), 1435 (m), 1399 (m), 1367 (s), 1278 (vs), 1216 (m), 1166 (s), 1103 (m), 10501¥)m),

859 (w), 757 (m), 705 (w), 668 (w).

M.p. 67.8 °C.

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(6-hydroxy-4'-methoxy-[1,1'-biphenyl]-3-
yl)propanoate (4b)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0.61L) were mixed and stirred for 10 min, before tyrosine
derivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. @hdzinc pivalate solutiorib in THF
(0.82mL, 0.55 M, 0.45 mmol, 1.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdhporatingthe crude product was pparrified

by flash column chromatography. After purificatiovia preparative reversgthase HPLE
chromatography (MeCNA®), the modified tyrosinelerivate 4b was oltained as colorless solid
(60.0mg, 0.15 mmol, 50%ield).

!H-NMR (599 MHz, CDCls, ppm) i = 177.3&8(®, 2H), 7.02 6.98 (m, 2H), 6.96 (d] = 7.6 Hz,

2H), 6.87 (dJ=8.5Hz, 1H), 5.01 (dJ =8.3Hz, 1H), 4.56 (dt,) = 8.6, 5.9Hz, 1H), 3.85 (s, 3H), 3.71

(s, 3H), 3.08 (dd) = 14.0, 5.8Hz, 1H), 3.01 (ddJ = 14.0, 6.0Hz, 1H), 1.41 (s, 9H).

1BC-NMR (101 MHz, CDClz, ppm)li = 172.6, 159.4, 155.3, 151. 8,
128.0, 116.0, 114.7, 80.1, 55.5, 54.7, 52.3, 37.6, 28.4.

HRMS (ESI): m/z calc. for [M;CxH2/NOg]: 401.1838; found: 401.1801m/z calc. for
[M+H; C2H2sNO6™]: 402.1911; found:402.1915; calc. for [IMH; CxH26NOs]: 400.1766; found:
400.1768.

IR (Diamond-ATR, neat): ' = 3371 (w), 2975 (w), 2359 (vw), 1742 (m), 1689 (s), 1609 (m), 1516
(s), 1504 (vs), 1437 (m), 1392 (m), 1366 (M), 1277 (s), 1245 (vs), 1176 (s), 1045 (m), 10884m)
(m), 797 (w), 757 (m).

M.p. 58.3 °C.



C. EXPERIMENTAL PART 85

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-hydroxy-3-(pyridin -2-yl)phenyl) propanoate
(4c)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 pumol,
8.00mol%) and freshly distilled THF (0.61L) were mixed and stirred for 10 min, before tyrosine
derivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. Zdpgridylzinc pivalate solutiodcin THF

(2.15 mL, 0.52 M, 0.60 mmol, 2.00 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdhporatingthe crude product was pparrified

by flash column chromatography. After rfication via preparative reversgthase HPLE
chromatography (MeCN/HD), the modified tyrosinelerivate 4c was oltained as colorless solid
(97.0mg, 0.26 mmol, 87%ield).

'H-NMR (400 MHz, CDCls, ppm)i = 13. 85 ( §55.111#4Hz, 1HR 7.% @, J € &3

Hz, 1H), 7.85 (tdJ = 8.3, 7.8, 1.8Hz, 1H), 7.56 (dJ = 2.1 Hz, 1H), 7.29 7.24 (m, 1H), 7.06 (dd,
J=8.4, 2.1Hz, 1H), 6.97 (d,J=8.4Hz, 1H), 5.02 (d,J=8.4Hz, 1H), 4.59 (ddJ = 13.2, 5.™Hz, 1H),

3.71 (s, 3H), 3.11 (dd,= 14.0, 5.9Hz, 1H), 3.04 (ddJ = 14.1, 6.1Hz, 1H), 1.41 (s, 9H).

13C-NMR (101 MHz, CDClg, ppmtd = 172.6, 159.1, 157.6, 155. 2,
121.8,119.4,118.9, 118.7, 80.1, 54.7, 52.4, 37.9, 28.5.

HRMS (ESI): m/z calc. for [M;CyoH24N20Os): 372.1685; found: 372.1648m/z calc. for

[M+H; CzoH2sN2Os"]: 373.1758; found: 373.17560; calc. for {M{ CxoH23N.Os]: 371.1612; found:
371.1613.

IR (Diamond-ATR, neat): * = 3352 (w), 2976 (w), 2359 (w), 234v), 1742 (m), 1705 (s), 1594 (s),

1564 (m), 1493 (s), 1485 (s), 1456 (m), 1435 (m), 1391 (m), 1365 (s), 1299 (m), 1270 (s), 1245 (s),
1216 (s), 1160 (vs), 1099 (w), 1057 (m), 1018 (m), 826 (m), 789 (m), 754 (s), 666 (W).

M.p. 164.2 °C.

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-hydroxy-3-(pyridin -3-yl)phenyl) propanoate
(4d)

According to TP5, Pd(OAc» (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 pumol,
8.00mol%) and freshly distilled THF (0.61L) were mixed and stirred for 10 min, before tyrosine
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derivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. FHpyridylzinc pivalate solutiodd in THF

(1.43 mL, 0.42 M, 0.60 mmol, 2.00 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amhporatinghe crude product was ppairified

by flash column chromatographyAfter purification via preparative reversgithase HPLE
chromatography (MeCN/D), the modified tyrosinelerivate 4d was obtained as colorless solid
(88.0mg, 0.24 mmol, 80%ield).

'H-NMR (400 MHz, CDCk, ppm)d = 8. 88 ( sJ=51,H)Hz 18), 8500 (dt( =80,

1.9Hz, 1H), 7.45 (ddJ = 8.0, 5.0Hz, 1H), 7.03 (s, 1H), 7.00 (d,= 2.1Hz, 1H), 6.99 (s, 1H), 5.07 (d,
J=8.3Hz, 1H), 4.56 (qJ=5.7Hz, 1H), 3.71 (s, 3H), 3.09 (dd=13.9, 5.8z, 1H), 3.00 (ddJ = 14.0,

6.1Hz, 1H), 1.39 (s9H).

13C.NMR (101 MHz, CDCk,ppm)ti = 172.6, 155.3, 153.3, 148.5,
128.2,124.2, 124.0, 117.0, 80.2, 54.7, 52.5, 37.7, 28.4.

HRMS (ESI): m/z calc. for [M;CaH24N20Os]: 372.1685; found: 372.1647m/z calc. for

[M+H; C20H2sN20s']: 373.1758; found: 373.175%alc. for [MH; CyH23N20s]: 371.1612; found:
371.1611.

IR (Diamond-ATR, neat): * = 3326 (vw), 2976 (w), 2359 (w), 1741 (m), 1696 (m), 1612 (w), 1573
(w), 1509 (m), 1436 (m), 1405 (m), 1392 (m), 1365 (m), 1287 (m), 1249 (m), 1215 (m), 1161 (s), 1059
(m), 1027 (m), 853 (vw), 823 (w), 749 (vs), 710 (m), 667 (w).

M.p. 132.9 °C.

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-hydroxy-3-(pyridin -4-yl)phenyl) propanoate
(4e)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0.61L) were mixed and stirred for 10 min, before tyrosine
derivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. Zpgridylzinc pivalate solutiodein THF

(2.61 mL, 0.23 M, 0.60 mmol, 2.00 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdaporatingthe crude product was ppairified

by flash column chromatography. After purdion via preparative revers@thase HPLE
chromatography (MeCNA®), the modified tyrosinelerivate 4e was obtained as yellow solid
(82.0mg, 0.22 mmol, 73%ield).

IH-NMR (599 MHz, CDChL, ppm) i = 8 J$B2H%, #H), 7.63 (dJ = 5.2 Hz, 2H), 7.08 (d,
J=2.2Hz, 1H), 7.01 (ddJ = 8.3, 2.2Hz, 1H), 6.92 (d,) = 8.3Hz, 1H), 5.09 (d,) = 8.4 Hz, 1H), 4.57
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(g,J=6.6Hz, 1H), 3.72 (s, 3H), 3.10 (dd,= 14.0, 5.8Hz, 1H), 3.00 (dd, = 14.0, 6.2Hz, 1H), 1.40

(s, 9H).

BBC-NMR (101 MHz, CDClz,ppm)li = 172.5, 155.3, 153.7, 148. 6,
124.6, 117.0, 80.3, 54.7, 52.4, 37.7, 28.4.

HRMS (ESI): m/z calc. for [M;CaoH24N20Os]: 372.1685; found: 372.1649m/z calc. for
[M+H; CzoH2sN20s"]: 373.1758; found373.1753; calc. for [WMH; CxoH2aN20s]: 371.1612; found:
371.1613.

IR (Diamond-ATR, neat): * = 3344 (w), 2976 (w), 2359 (w), 2341 (w), 1741 (m), 1696 (m), 1601
(m), 1542 (w), 1509 (m), 1435 (m), 1410 (m), 1391 (m), 1365 (m), 1289 (m), 1251 (m), 120565¢),
(s), 1058 (m), 1007 (m), 832 (m), 806 (w), 751 (vs), 667 (w).

M.p. 129.4 °C.

2.6 Preparation of Alkylzinc Halides

nButylzinc(Il) chloride (5a)
~N"znol
Under Schlenkconditions,nBuMgCl (3.23 mL, 5.00 mmol, 1.00 equi¥,55M in THF) was cooled

down to 0 °C and Zngk5.00 mL, 5.00 mmol, 1.00 M in THF, 1.00 equiv) was added. The mixture
was stirred at2°C for 30 min and then titrated with iodine (0.59 M, 97% vyiéfd).

Cyclohexylzinc(ll) iodide (5b)

According toTP6, LiCl (382 mg, 9.00 mmol. 1.50 equiv) and zinc dust (1.18 g, 18.0 mmole1H0)
were suspended in 6 mL freshly distilled THF and activated with TMSCI and DBE. lodcylcohexan
(1.26 g, 6.00 mmol, 1.00 equiv) was added drgpvand the reaction mixture was stirred for 2 h. After

filtration, the concentration was determined by titration with iodine (0.79 M, 76% yféld).

(4-Chlorobutyl)zinc(ll) iodide (5c¢)
C|/\/\/zn|

According toTP6, LiCl (305 mg, 7.20 mnol. 1.20 equiv) and zinc dust (785 mg, 12.0 mmol, 2.00
equiv) were suspended in 6 mL freshly distilled THF and activated with TMSCI| and DBE.

1-Chloro-4-iodobutane (1.31 g, 6.00 mmol, 1.00 equiv) was added dropwise and the reaction mixture

125] Kalvet, T. Sperger, T. Scattolin, G. Magnin, F. Schoeneb&ugew.Chem. Int. Ed2017, 56, 7078.
126 A, Krasovskiy, V. Malakhov, A. Gavryushin, P. Knoch&hgew. Chem. Int. E@006 45, 6040.
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was stirred forl h. After filtration, the concentration was determined by titration with iodine (0.84 M,
84% yield).

(4-Cyanobutyl)zinc(ll) bromide (5d)
NC/\/\/ ZnBr

According to TP6, LiCl (424 mg, 10.0 mmol. 1.00 equiv) and zinc dust (915 mg, 141blmn
1.40equiv) were suspended in 10 mL freshly distilled THF and activated with TMSCI and DBE.
4-Bromobutyronitrile (1.48 g, 10.0 mmol, 1.00 equiv) was added dropwise and the reaction mixture
was stirred for 16 h at 50 °C. After filtration, the concerdgrawas determined by titration with iodine
(0.86 M, 86% vyield).

(6-Ethoxy-6-oxohexyl)zinc(ll) bromide (5e)

Et0,C7 > " znBr

According to TP6, LiCl (255 mg, 6.00 mmol. 1.00 equiv) and zinc dust (550 mg, 8.40 mmol,
1.40equiv) weresuspended in 6 mL freshly distilled THF and activated with TMSCI and DBE. Ethyl
6-bromohexanoate (1.34 g, 6.00 mmol, 1.00 equiv) was added dropwise and the reaction mixture was
stirred for 50 h at 50 °C. After filtration, the concentration was determigetitration with iodine

(0.81M, 81% vyield).

2.7 NegishiCross-Coupling reactions of lodotyrosine with Alkylzinc Halides

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(3-butyl -4-hydroxyphenyl)propanoate (6a)

e

XO\H/N\)J\OMe

OH

According toTP7, Pd(dba} (6.90 mg, 12.0 pumol, 4.00 mol%){Bu; (0.03 mL, 1.00M in toluene,
24.0pmol, 8.00 mol%) and freshly distilled THF (On6L) were mixed and stirred for 10 min, before
tyrosinederivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. Binylzinc chloridesolution5ain

THF (1.02 mL, 0.59 M, 0.60 mmol, 2.00 equiv) was added dropwise over 1 h and the reaction mixture
stirred at25 °Cfor further 7 h. After quenching, extracting aedaporatingthe crude product was
purified by flash column clematography. Final purification via preparative reveigbdse HPLE
chromatography (MeCNA®D) yielded the modified alkyltyrosingerivate 6a as colorless solid
(88.0mg, 0.25 mmol, 82%ield).
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!H-NMR (599 MHz, CDCk, ppm) U 684 (d,J = 2.2Hz, 1H), 6.79(dd, J = 8.1, 2.3Hz, 1H), 6.65
(d,J=8.0Hz, 1H), 5.11 (s, 1H), 4.97 (d,=8.4Hz, 1H), 4.53 (qJ = 6.5Hz, 1H), 3.71 (s, 3H), 2.99
(gd,J=14.0, 5.Hz, 2H), 2.56 (tJ=7.8Hz, 2H), 1.61i 1.54 (m, 2H), 1.43 (s, 9H), 1.37 (dbx 14.7,
7.4Hz, 2H), 0.93 (tJ=7.4Hz, 3H).

1BC-NMR (151 MHz, CDCk, ppm) i 172.7, 155.3, 152.8, 131.2, 128.9, 127.8, 127.7, 115.4, 80.1,
54.7,52.3, 37.6, 32.0, 29.8, 28.5, 22.7, 14.1.

HRMS (ESI): m/z calc. for [M+NaCisH20NNaGs']: 374.1943; found: 374.1940; calc. for {M:
Ci9H2sNOs]: 350.1973; found: 350.1979.

IR (Diamond-ATR, neat): * = 3467 (m), 3371 (w), 2954 (w), 2922 (w), 2854 (w), 2359 (vw), 1739
(s), 1690 (vs), 1526 (s)507 (m), 1436 (m), 1361 (s), 1264 (s), 1243 (m), 1218 (s), 1167 (s), 1124 (m),
1052 (s), 1010 (m), 999 (m), 817 (m), 810 (m), 775 (w), 716 (w).

M.p. 87.2 °C.

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(3-cyclohexyt4-hydroxyphenyl) propanoate (6b)

According toTP7, Pd(dbaj (6.90 mg, 12.0 umol, 4.00 mol%)tBus (0.03 mL, 1.00M in toluene,
24.0pmol, 8.00 mol%) and freshly distilled THF (On6L) were mixed and stirred for 10 min, before
tyrosinederivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. ¢yaohexykinc iodide solution

5bin THF (0.76 mL, 0.79 M, 0.60 mmol, 2.00 equiv) was added dropwise over 1 h and the reaction
mixture stirred 825 °Cfor further 7 h. After quenching, extracting aedhporatingthe crude product

was purified by flash column chromatography. Final purification via preparative rexgrasd HPLE
chromatography (MeCN/HD) yielded the modified alkyltyrosirgerivae 6b as colorless solid
(79.0mg, 0.21 mmol, 71%ield).

!H-NMR (599 MHz, CDCkL, ppm) i = 6 J=828H4Z, 1H), 6.78 (ddJ = 8.1, 2.2Hz, 1H), 6.65
(d,J=8.1Hz, 1H), 5.01 4.89 (m, 2H), 4.54 (dt]=8.2, 5.6Hz, 1H), 3.71 (s, 3H), 3.00 (d,=5.8Hz,

2H), 2.78 (tt,J = 11.5, 2.9Hz, 1H), 1.88i 1.80 (m, 4H), 1.80 1.72 (m, 1H), 1.46 1.37 (m, 14H),

1.351 1.19 (m, 1H).

1BC-NMR (101 MHz, CDCk, ppm)&4 = 172.7, 155.2, 152.0, 133. 8,
54.6, 52.4, 37.8, 37.2, 33.3, 33.2, 28.5, 27.1, 26.4.Z

HRMS (ESI): m/z calc. for [M+NaCz:Hs:NNaGs']: 400.2100; found: 400.2098; calc. for {M:
C21H30NOsT: 376.2129; found: 376.2139.
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IR (Diamond-ATR, neat): ' = 3378 (w), 2977 (w), 2925 (m), 2851 (m), 2359 (w), 1688 (vs), 1610
(w), 1506 (s), 1436 (m), 1392 (m), 1366 (s), 1273 (m), 1250 (s), 1223 (m), 1164 (vs), 1100 (w), 1060
(m), 1022 (w), 910 (w), 823 (w), 733 (m).

M.p. 67.1 °C.

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(3-(4-chlorobutyl) -4-hydroxyphenyl) propanoate
(6¢)

0

st K

O \©\/\/\/CI
OH

According toTP7, Pd(dba) (6.90 mg, 12.0 umol, 4.00 mol%)iBu; (0.03 mL, 1.00M in toluene,
24.0pmol, 8.00 mol%) and freshly dibeéd THF (0.6mL) were mixed and stirred for 10 min, before
tyrosinederivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. ZHelorobutykinciodidesolution

5cin THF (0.72 mL, 0.84 M, 0.60 mmol, 2.00 equiv) was added dropwise over 1 h and the reaction
mixture stirred a5 °Cfor further 7 h. After quenching, extracting aexbporatingthe crude product

was purified by flash column chromatography. Final peation via preparative reversptiase HPLE
chromatography (MeCN/¥D) yielded the modified alkyltyrosirgerivate 6¢ as colorless solid
(85.0mg, 0.22 mmol, 72%ield).

'H-NMR (599 MHz, CDCL, ppm) i 684 (d,J = 2.2Hz, 1H), 6.80 (dd,) = 8.2, 2.2Hz, 1H), 6.64
(d,J=8.1, 1H), 5.18 (s, 1H), 4.98 (d,= 8.3Hz, 1H), 4.53 (qJ = 6.7 Hz, 1H), 3.71 (s, 3H), 3.56 (t,
J=6.6, 2H), 2.99 (qdJ = 13.9, 5.8Hz, 2H), 2.60 (tJ = 7.4 Hz, 2H), 1.86i 1.78 (m, 2H), 1.74 (p,
J=7.2Hz, 2H), 1.42 (s, 9H).

13C-NMR (151 MHz, CDCk, ppm) U 172.7, 155.3, 152.9, 131.3, 128.2, 128.0, 115.5, 80.2, 54.7,
52.4,45.1, 45.1, 37.7, 32.3, 29.3, 28.5, 27.1.

HRMS (ESI): m/z calc. for [M+NaCisH2sCINNaGs*]: 408.1554; found: 408.1550; calc. for {M:;
C19H27CINOs]: 384.1583; found: 384.1588.

IR (Diamond-ATR, neat):’ = 3417 (m), 3376 (m), 2976 (w), 1725 (s), 1687 (vs), 1609 (w), 1503 (s),
1437 (m), 1367 (m), 1306 (m), 1298 (m), 1267 (s), 1225 (s), 1163 (s), 1110 (m), 1017 (m), 986 (m),
851 (w), 821 (s), 721 (s).

M.p. 103.3 °C.
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Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(3-(3-cyanopropyl)-4-hydroxyphenyl) propanoate
(6d)

0]

ot K

OH

According toTP7, Pd(dba (6.90 mg, 12.0 pumol, 4.00 mol%){Bu; (0.03 mL, 1.00M in toluene,
24.0pmol, 8.00 mol%) and freshly distilled THF (On6L) were mixed and stirred for 10 min, before
tyrosinederivate3a (126 mg, 0.30 mmol, 1.00 equiv) was added. Bhgyanobutytinc bromide
solution5d in THF (0.70 mL, 0.86 M, 0.60 mmol, 2.00 equiv) was addexpwise over 1 h and the
reaction mixture stirred &5 °Cfor further 7 h. After quenching, extracting aahporatingthe crude
product was purified by flash column chromatography. Final purification via preparative rephesed
HPLC-chromatographyMeCN/H,O) yielded the modified alkyltyrosirgerivate6d as colorless solid
(62.0 mg, 0.17 mmol, 58%eld).

!H-NMR (400 MHz, CDCk, ppm) i = i@.7838, 2H), 6.64 (d]=8.7Hz, 1H), 5.74 (s, 1H), 5.00
(d,J=8.5Hz, 1H), 4.53 (qJ = 6.1Hz, 1H), 3.73 (s, 3H), 2.98 (qd,= 14.0, 6.0Hz, 2H), 2.80i 2.65

(m, 2H), 2.32 (t)=7.2Hz, 2H), 1.96 (pJ = 7.3Hz, 2H), 1.42 (s, 9H).

13C-NMR (101 MHz, CDCk, ppm)t = 172. 7, 155.3, 153.2, 131. 6,
80.3, 54.7, 52.537.6, 29.2, 28.4, 25.5, 16.6.

HRMS (ESI): m/z calc. for [M+NaCioH26N2NaGs']: 385.1739; found: 385.1737; calc. for {M:;
CigH25N2057]: 361.1769; found: 361.1776.

IR (Diamond-ATR, neat): ' = 3366 (m), 2977 (m), 2933 (m), 2360 (M), 2339 (w), 1743 (MLl

(s), 1686 (s), 1612 (m), 1510 (s), 1437 (m), 1393 (m), 1366 (s), 1259 (s), 1212 (m), 1164 (vs), 1114
(m), 1060 (m), 1022 (m).

M.p. 94.9 °C.

Ethyl (S)-6-(5-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)-2-
hydroxyphenyl)hexanoate (6€e)

e

XO\H/N\E)J\OMe

(0]
\©\/\/\/\002Et
OH

According toTP7, Pd(dba (6.90 mg, 12.0 pumol, 4.00 mol%){Bu; (0.03 mL, 1.00M in toluene,
24.0pmol, 8.00 mol%) and freshly distilled THF (OnL) were mixed and stirred for 10 min, before
tyrosinederivate3a (126 mg,0.30 mmol, 1.00 equiv) was added. Tdikylzinc halide solutiorbein

THF (0.74 mL, 0.81 M, 0.60 mmol, 2.00 equiv) was added dropwise over 1 h and the reaction mixture
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stirred at25 °Cfor further 7 h. After quenching, extracting aedaporatingthe cru@ product was
purified by flash column chromatography. Final purification via preparative revpleest HPLE
chromatography (MeCN/AD) yielded the modified alkyltyrosingerivate6e as colorless, viscous oil
(61.0 mg, 0.14 mmol, 48%4eld).

'H-NMR (800MHz, CDCls, ppm) i = 6 J=8221HZ, 1H), 6.80 (dd,) = 8.0, 2.3Hz, 1H), 6.66

(d, J=8.0Hz, 1H), 5.31 (s, 1H), 4.98 (d, = 8.4 Hz, 1H), 4.52 (dtJ = 8.4, 5.8Hz, 1H), 4.12 (q,
J=7.1Hz, 2H), 3.70 (s, 3H), 3.04 2.91 (m, 2H), 2.56 (dd] = 8.9, 6.6Hz, 2H), 2.30 (tJ = 7.5Hz,

2H), 1.67 (ddJ=9.0, 6.2Hz, 2H), 1.63/ 1.55 (m, 2H), 1.44 1.34 (m, 11H), 1.24 (1= 7.1Hz, 3H).
13C-NMR (201 MHz, CDCL, ppm) U 174.2, 172.7, 155.3, 152.9, 131.2, 128.7, 127.8, 127.8, 115.5,
80.1, 60.4, 54.7, 52.3, 37.6, 34.4, 29.9, 29.5, 29.1, 28.5, 24.8, 14.4.

HRMS (ESI): m/z calc. for [M+NaCzH3sNNaO;']: 460.2311; found: 460.2308; calc. for {M
Ca3H3aNO7]: 436.234; found: 436.2357.

IR (Diamond-ATR, neat): ' = 3383 (w), 2978 (w), 2934 (m), 2859 (w), 2358 (w), 1732 (s), 1715 (vs),
1611 (w), 1508 (s), 1437 (m), 1392 (m), 1367 (s), 1259 (s), 1205 (s), 1166 (vs), 1114 (w), 1060 (m),
1023 (m), 856 (vw), 822 (w).

Benzyl (S)-2-(((S)-3-(3-butyl -4-hydroxyphenyl)-1-methoxy-1-oxopropan-2-
yl)carbamoyl)pyrrolidine -1-carboxylate (6f)

i\Nj\”/H\é/?J\OMe

According toTP7, Pd(dba) (6.90 mg, 12.0 umol, 4.00 mol%)iBu; (0.03 mL, 1.00M in toluene,
24.0pmol, 8.00 mol%) and freshly distilled THF (On6L) were mixed and stirred for 10 min, before
iodotyrosinepeptide3b (166 mg, 0.30 mmol, 1.00 equiv) was added. Bagylzinc chloride solution
5ain THF (1.02 mL, 0.59 M, 0.60 mmol, 2.0Quwv) was added dropwise over 1 h and the reaction
mixture stirred a5 °Cfor further 7 h. After quenching, extracting aedhporatingthe crude product
was purified by flash column chromatography. Final purification via preparative rexgrasd HPLE
chromatography (MeCN/®) yielded the modified alkyltyrosirgeptide 6f as colorless solid
(87.0mg, 0.18 mmol, 61%ield).

IH-NMR (400 MHz,80 °C, DMSO-ds, ppm)ii = 8. 6 9 ( 3=7.7HzHLH), 7.28 (q.B=67.6,( d ,
6.6 Hz, 5H), 6.81 (dJ = 2.2Hz, 1H), 6.75 (dd)) = 8.2, 2.3Hz, 1H), 6.63 (dJ = 8.1Hz, 1H), 5.01 (d,
J=11.3Hz, 2H), 4.42 (td) = 7.7, 6.3Hz, 1H), 4.23 (ddJ = 8.7, 3.1Hz, 1H), 3.53 (s, 3H), 3.443.30

(m, 2H), 2.88 2.74 (m, 2H), 2.46 2.42 (m, 28, 2.12i 1.98 (m, 1H), 1.81 1.67 (m, 3H), 1.48 (i,
J=7.8, 6.3Hz, 2H), 1.33i 1.22 (m, 2H), 0.86 (1) = 7.3Hz, 3H).
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13C-NMR (101 MHz,80 °C, DMSO-ds, ppm) =171.5, 171.4, 153.7, 153.4, 136.7, 129.9, 128.0, 127.8,
127.1, 126.8, 126.7, 126.6, 114.5, 65.5, 59.3, 53.4, 51.1, 46.4, 35.9, 31.1, 29.9, 28.8, 22.8, 21.5, 13.3.
HRMS (ESI): m/z calc. for [M+NaC,H3N2NaGs']: 505.2315; found: 505.2312; m/z calc. for
[M+H; Cz7H3sN2O6"]: 483.2490; found: 483.2492; calc. for {M; Cy7H3aN2Os]: 481.2344; found:
481.2348.

IR (Diamond-ATR, neat):’ = 3347 (w), 2951 (w), 1745 (m), 1696 (s), 1648 (vs), 1609 (w), 1538 (m),
1509 (w), 1449 (m), 1409 (s), 1357 (s), 1260 (mpaL), 1176 (m), 1122 (m), 985 (w), 956 (w), 825

(w), 802 (w), 766 (m), 743 (m), 697 (m).

M.p. 106.7 °C.

2.8 Negishi Cross-Coupling Reactions of Tyrosine containing Peptides with Arylzinc

Pivalates

Benzyl (5)-2-(((S)-3-(4'-(ethoxycarbonyl)-6-hydroxy-[1,1'-biphenyl]-3-yl)-1-methoxy-1-

oxopropan-2-yl)carbamoyl)pyrrolidine -1-carboxylate (7a)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0.61L) were mixed and stirred for 10 min, before iodotyrosine
peptide3b (166 mg, 0.30 mmol, 1.00 equiv) was added. ahdzinc pivalate solutiorla in THF
(2.15mL, 0.39 M, 0.45 mmol, 1.50 equiv) was added dropwise ovemntl lthe reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdhporatingthe crude product was pparified

by flash column chromatography. After final preparative revepdese HPL&hromatography
(MeCN/H0), the modified tyosinepeptide7a was obtained as colorless solid (116 mg, 0.20 mmaol,
67%yield).

IH-NMR (400 MHz, 80 °C, DMSO-dg, ppm) i = 9. 28 { %93 (m] 3H), 7.69 &) =082

Hz, 2H), 7.30 (dJ = 7.3 Hz, 5H), 7.15 (dJ = 2.3 Hz, 1H), 7.02 (dd,) = 8.2, 2.3Hz, 1H), 6.87 (d,
J=8.2Hz, 1H), 4.99 (s, 2H), 4.54 (td,= 8.1, 5.8Hz, 1H), 4.35 (q,) = 7.1Hz, 2H), 4.26 (dd,) = 8.6,

3.3Hz, 1H), 3.60 (s, 3H), 3.4%43.31 (m, 2H), 3.04 2.86 (m, 2H), 2.06 (p] = 8.1, 7.5Hz, 1H), 1.83

i 1.65 (m, 3H), 1.35 (tJ = 7.1Hz, 3H).

13C-NMR (101 MHz, 80 °C, DMSO-dg, ppm) Ui = 171.5, 171.3, 165.3, 153.7, 152.7, 143.1, 136.6,
130.5, 129.4, 128.7, 82, 127.8, 127.7, 127.6, 127.1, 126.8, 125.9, 115.9, 65.5, 60.0, 59.3, 53.1, 51.2,
46.4,35.6,29.9, 22.8, 13.7
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HRMS (ESI): m/z calc. for [M;CsH3aN2Og): 574.2315; found: 574.2278m/z calc. for

[M+H; CsH3sN2Os']: 575.2388; found: 575.2399; calc. fiivl-H; CsH3aN2Og]: 573.2242; found:
573.2242.

IR (Diamond-ATR, neat): ' = 3334 (w), 2951 (w), 2359 (w), 2341 (w), 1744 (m), 1709 (s), 1697 (s),
1607 (m), 1514 (m), 1432 (m), 1401 (m), 1356 (m), 1312 (m), 1275 (vs), 1231 (m), 1211 (s), 1180 (m),
1110 (m),21103 (m), 1018 (w), 754 (m), 699 (w).

M.p. 89.6 °C.

Benzyl (S)-2-(((S)-3-(6-hydroxy-4'-methoxy-[1,1'-biphenyl]-3-yl)-1-methoxy-1-oxopropan-2-
yl)carbamoyl)pyrrolidine -1-carboxylate (7b)

According to TP5, Pd(OAc} (2.69 mg, 12.0 umol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0/L) were mixed and stirred for 10 min, before iodotyrosine
peptide3b (166 mg, 0.30 mmol, 1.00 equiv) was added. &hgdzinc pivalate solutiorlb in THF
(0.82mL, 0.55 M, 0.45 mmol, 1.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdhporatingthe crude product was pparrified

by flash columnchromatography. After final preparative revergddise HPLGhromatography
(MeCN/H0), the modified tyrosingeptide7b was obtained as colorless solid (75.0 mg, 0.14 mmol,
48%yield).

'H-NMR (400 MHz, 80 °C, DMSO-dg, ppm) i = 8. 96 ( sJ,=7.8Hz) 1H), 7479d4 ( d,
J=8.8Hz, 2H), 7.37 7.24 (m, 5H), 7.05 (d] = 2.3Hz, 1H), 6.96/ 6.89 (m, 3H), 6.81 (d] =8.2Hz,

1H), 5.061 4.95 (m, 2H), 4.52 (td]) = 8.0, 6.0Hz, 1H), 4.26 (ddJ = 8.6, 3.3Hz, 1H), 3.79 (s, 3H),

3.59 (s, 3H), 3.44 3.32 (m, 2H), 2.93 (qdl = 13.9, 7.0Hz, 2H), 2.15 1.99 (m, 1H), 1.84 1.66 (m,

3H).

13C-NMR (101 MHz, 80 °C, DMSO-ds, ppm) U = 171.5, 171.4, 157.8, 153.7, 152.5, 136.6, 130.6,
130.3, 129.6, 127.9, 127.8, 127.3, 127.1, 126.9, 126.8, 115.7, 113.1, 65.5, 59.3, 54.8, 53.2, 51.1, 46.4,
35.7, 29.9, 22.8.

HRMS (ESI): m/z calc. for [M;CsoHszN20O7]: 532.2210; found: 532.2175m/z calc. for

[M+H; 30H33N207']: 533.2282; found: 533.2287; calc. for {M; CsoHsiN2O7]: 531.2137; found:
531.2140.
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IR (Diamond-ATR, neat): ' = 3311 (w), 2951 (w), 2359 (w), 1742 (m), 1694 (s), 1667 (s), 1608 (m),
1517 (s), 1504 (s), 1433 (s), 1417 (s), 13551@&J7 (s), 1244 (vs), 1210 (s), 1177 (vs), 1116 (m), 1027
(m), 987 (w), 834 (m), 797 (w), 751 (m), 697 (m).

M.p. 90.9 °C.

Benzyl (S)-2-(((S)-3-(6-hydroxy-4'-(trifluoromethyl) -[1,1'-biphenyl]-3-yl)-1-methoxy-1-

oxopropan-2-yl)carbamoyl)pyrrolidine -1-carboxylate (7c)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (01&L) were mixed and stirred for 10 min, before iodotyrosine
peptide3b (166 mg, 0.30 mmol, 1.00 equiv) was added. @hgzinc pivalate solutiorif in THF
(2.09mL, 0.69 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdaporatingthe crude product was ppairified

by flash column chromatography. After final pesative reverseghase HPL&hromatography
(MeCN/H0), the modified tyrosing@eptide7c was obtained as colorless solid (137 mg, 0.24 mmaol,
80%yield).

!H-NMR (400 MHz, 80 °C, DMSO-dg, ppm): 4 = 9. 35 ( sJ=7.@H¥)1H), 77758 ( d,
J=8.2Hz, 2H), 7.69 (dJ = 8.3Hz, 2H), 7.37 7.22 (m, 5H), 7.14 (d]=2.3Hz, 1H), 7.03 (ddJ = 8.3,

2.3Hz, 1H), 6.88 (dJ = 8.3Hz, 1H), 5.05i 4.91 (m, 2H), 4.54 (td) = 8.1, 5.8Hz, 1H), 4.25 (dd,

J=8.6, 3.3Hz, 1H), 3.59 (s3H), 3.43i 3.31 (m, 2H), 3.05 2.87 (m, 2H), 2.13 1.99 (m, 1H),

1.821 1.64 (m, 3H).

13C-NMR (101 MHz, 80 °C, DMSO-dg, ppm): &4 = 171.7, 171.5, 153.8, 15:
129.6, 129.4, 127.9, 127.8, 127.2, 126.8)(g,31.5Hz), 126.3, 125.7, 124.3 (4,= 3.9 Hz), 116.0,

65.6, 59.4, 53.2, 51.3, 46.5, 35.7, 30.0, 22.8.

1F-NMR (377 MHz, 80 °C, DMSO-ds, ppm): U 180.9.

HRMS (ESI): m/z calc. for [M;CsH29FsN2QOg]: 570.1978; found: 570.1951m/z calc. for

[M+H; CsoHz0F3sN206']: 571.2050; found: 571.2059; calc. for {Ml, CsoH2sFsN2O¢]: 569.1905; found:
569.1912.

IR (Diamond-ATR, neat): * = 3298 (w), 1742 (w), 16881), 1658 (m), 1611 (w), 1524 (w), 1502

(w), 1414 (m), 1401 (m), 1355 (m), 1323 (vs), 1278 (m), 1210 (m), 1162 (m), 1108 (vs), 1067 (s), 1016
(m), 986 (w), 845 (m), 769 (w), 736 (w), 697 (m).

M.p. 84.8 °C.
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Benzyl (S)-2-(((S)-3-(4-hydroxy-3-(6-methoxypyridin -2-yl)phenyl)- 1-methoxy-1-oxopropan-2-
yl)carbamoyl)pyrrolidine -1-carboxylate (7d)

According to TP5, Pd(OAc} (2.69 mg, 12.0 umol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0/L) were mixed and stirred for 10 min, before iodotyrosine
peptide3b (166 mg, 0.30 mmol, 1.00 equiv) was added. Plgadylzinc pivalate solutiorilg in
THF/nhexane (1.88 mL, 0.24 M, 0.45 mmol, 1.50 equiv) was added dropwise over 1 h and the reaction
mixture stirred a5 °Cfor further 3 h. After quenching, extracting aedhporatingthe crude product

was prepurified by flash column chromatography. Afténal preparative reversgethase HPLE
chromatography (MeCNA®), the modified tyrosin@eptide 7d was oltained as colorless solid
(96.0mg, 0.18 mmol, 61%ield).

H-NMR (400 MHz, 80 °C, DMSO-ds, ppm) Ui = 12.52 (s, 1H), 8.01 (d,= 7.9Hz, 1H), 7.89 7.83

(m, 1H), 7.76 (dJ = 2.2 Hz, 1H), 7.68 (dJ = 7.7 Hz, 1H), 7.36i 7.21 (m, 5H), 7.11 (dd] = 8.3,
2.2Hz, 1H), 6.84i 6.79 (m, 2H), 5.04 4.89 (m, 2H), 4.58 (td] = 8.3, 5.8Hz, 1H), 4.26 (dd,) =8.7,
3.2Hz, 1H), 3.94 (s, 3H), 3B(s, 3H), 3.47 3.32 (m, 2H), 3.06 2.90 (m, 2H), 2.08 (q] = 8.4 Hz,

1H), 1.84i 1.64 (m, 3H).

13C-NMR (101 MHz, 80 °C, DMSO-ds, ppm) U = 171.5, 171.3, 161.5, 156.3, 154.0, 153.7, 140.4,
136.6, 131.3, 127.7, 127.6, 127.2, 127.1, 126.7, 119.1, 117.0, 112.7, 107.8, 65.5, 59.2, 53.2, 53.1, 51.2,
46.4, 35.7, 30.0, 22.7.

HRMS (ESI): m/z calc. for [M;CaH3iN3O7]: 533.2162; found: 533.2112m/z calc. for
[M+H; CoH3:N3O7"]: 534.2235; found: 534.2237; calc. for {M; CyoHzoN3O7]: 532.2089; found:
532.2077.

IR (Diamond-ATR, neat):’ = 3322 (w), 2951 (w), 2879 (w), 2359 (w), 2340 (w), 1742 (m), 1685 (s),
1597 (s), 1573 (s), 1461 (s), 1415 (s)p3.8s), 1288 (m), 1264 (vs), 1208 (s), 1178 (m), 1117 (m), 1087
(m), 1026 (m), 807 (m), 751 (s), 697 (m), 668 (w).

M.p. 94.8 °C.



C. EXPERIMENTAL PART 97

Benzyl (5)-2-(((S)-3-(3-(benzo[b]thiophen3-yl)-4-hydroxyphenyl)-1-methoxy-1-oxopropan-2-

yl)carbamoyl)pyrrolidine -1-carboxylate (7€)

H 0}
S

According to TP5, Pd(OAc} (2.69 mg, 12.0 umol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0/L) were mixed and stirred for 10 min, before iodotyrosine
peptide3b (166 mg, 0.30 mmol, 1.00 equiv) was added. Adteroarytinc pivalate solutiodhin THF

(1.63 mL, 0.46 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdiporatingthe crude product was pparrified

by flash column chromatography. After dinpreparative reversgzhase HPL&hromatography
(MeCN/H0), the modified tyrosing@eptide7ewas obtained as colorless solid (78.0 mg, 0.14 mmol,
47%yield).

H-NMR (400 MHz, 80 °C, DMSO-ds, ppm)G = 9. 07 1 %&95 (ml 2H), 7.64&.5D(1h,

1H), 7.57 (s, 1H), 7.37 7.33 (m, 2H), 7.33 7.23 (m, 6H), 7.12 (d] = 2.3Hz, 1H), 7.06 (dd, = 8.2,
2.3Hz, 1H), 6.91 (dJ = 8.2 Hz, 1H), 4.99 (s, 2H), 4.54 (td,= 8.0, 6.0Hz, 1H), 4.26 (dd,) = 8.6,
3.4Hz, 1H), 3.59 (s, 3H), 3.4B 3.30 (m, 2H), 2.96 (qd] = 14.1, 7.1Hz, 2H), 2.13i 1.99 (m, 1H),
1.827 1.65 (m, 2H).

13C-NMR (101 MHz, 80 °C, DMSO-ds, ppm) U = 171.5, 171.4, 153.7, 153.2, 138.9, 138.1, 136.6,
134.0, 131.2, 129.0, 127.8, 127.1, 127.1, 126.8, 124.2, 123.6, 123.4, 123.1, 122.1, 121.7, 115.6, 65.5,
59.3,53.2,51.2, 46.4, 35.6, 30.1, 22.8.

HRMS (ESI): m/z calc. for [M+NaCsiHzoN2NaGsS']: 581.1722 found: 581.1722; m/z calc. for
[M+H; Cs1H31N206S']: 559.1903; found: 559.1897; calc. for {Mi; CsiH29N,06S]: 557.1752; found:
557.1752.

IR (Diamond-ATR, neat): ' = 3325 (m), 2952 (w), 2359 (w), 2339 (w), 1742 (s), 1695 (vs), 1682
(vs), 1668 (vs), 1600w), 1523 (m), 1498 (m), 1418 (vs), 1355 (s), 1243 (m), 1212 (s), 1177 (m), 1115
(m), 986 (w), 819 (w), 759 (vs), 697 (M), 667 (w).

M.p. 96.0 °C.
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Benzyl (8)-2-(((S)-3-(3-(benzofuran-2-yl)-4-hydroxyphenyl)-1-methoxy-1-oxopropan-2-
yl)carbamoyl)pyrrolidine -1-carboxylate (7f)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (01&L) were mixed and stirred for 10 min, before iodotyrosine
peptide3b (166 mg, 0.30 mmol, 1.00 equiv) was added. Tkteroarytinc pivalate solutiorii in
THF/nhexane (6.25 mL, 0.12 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction
mixture stirred a5 °Cfor further 3 h. After quenching, extracting aexbporatingthe crude product

was prepurified by flash column chromatographyftéx final preparative reversgzthase HPLE
chromatography (MeCNA®), the modified tyrosin@eptide 7f was dtained as colorless solid
(141mg, 0.26 mmol, 87%ield).

'H-NMR (400 MHz, 80°C, DMSO-dg, ppm)i. = 10. 00 ( 8§57.8HH]}H),78L (@O0 ( d,
J=2.2Hz, 1H), 7.64 (dd)) = 7.5, 1.5Hz, 1H), 7.56 (dJ = 8.0Hz, 1H), 7.42i 7.37 (m, 1H), 7.35

7.20 (m, 7H), 7.04 (ddl = 8.3, 2.3Hz, 1H), 6.93 (dJ = 8.3Hz, 1H), 5.01 (s, 2H), 4.53 (td,= 8.0, 6.1

Hz, 1H), 4.26 (dd,) = 8.6,3.2Hz, 1H), 3.61 (s, 3H), 3.483.32 (m, 2H), 3.0% 2.92 (m, 2H), 2.14

1.99 (m, 1H), 1.87 1.67 (m, 3H).

13C-NMR (101 MHz, 80°C, DMSO-ds, ppm) U = 171.5, 171.3, 153.7, 153.1, 152.9, 152.1, 136.6,
129.6, 129.0, 127.7, 127.5, 127.1, 126.8, 126.4, 123.6, 122.3, 120.5, 116.2, 115.9, 110.1, 105.0, 65.5,
59.3,53.3,51.2, 46.4, 35.7, 30.1, 22.8.

HRMS (ESI): m/z calc. for [M;CsiHsoN20O7]: 542.2053; found 542.2024; m/z calc. for

[M+H; C31H31N2O7']: 543.2126; found: 543.2132; calc. for {Ml, CsiH2oN.O7]: 541.1980; found:
541.1988.

IR (Diamond-ATR, neat): ' = 3278 (w), 2951 (w), 2359 (w), 1741 (m), 1658 (vs), 1650 (s), 1612 (m),
1529 (m), 1511 (s), 1453), 1414 (vs), 1354 (vs), 1300 (m), 1258 (vs), 1208 (s), 1179 (s), 1123 (s),
1088 (m), 1029 (m), 821 (m), 743 (vs), 696 (s).

M.p. 94.4 °C
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Methyl ((S)-2-((tert-butoxycarbonyl)amino)-3-(4-hydroxy-3-(6-methoxypyridin -2-
yl)phenyl)propanoyl)-D-tryptophanate (8a)
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According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly ditilled THF (0.6mL) were mixed and stirred for 10 min, before iodotyrosine
peptide3c (182 mg, 0.30 mmol, 1.00 equiv) was added. Pplgeadylzinc pivalate solutiorilg in
THF/nhexane (3.13 mL, 0.24 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1he aeddtion
mixture stirred a5 °Cfor further 3 h. After quenching, extracting aexbporatingthe crude product
was prepurified by flash column chromatography. After final preparative revepbede HPLE
chromatography (MeCNA®), the modified tyrosiepeptide 8a was obtained as colorless solid
(165mg, 0.28 mmol, 92%ield).

'H-NMR (599 MHz, 80 °C, DMSQds, ppm)li = 12.50 (s, 1H)J=7BBz 66 (s,
1H), 7.87 (ddJ =8.3, 7.7Hz, 1H), 7.73 (d,J = 2.2Hz, 1H), 7.66i 7.59 (m, 1H), 7.50 (d] = 7.9 Hz,

1H), 7.34 (dtJ = 8.0, 0.9Hz, 1H), 7.12 (dJ = 2.4 Hz, 1H), 7.11i 7.02 (m, 2H), 6.98 (ddd] = 8.0,

7.0, 1.1Hz, 1H), 6.82 (ddJ = 8.3, 0.6Hz, 1H), 6.77 (d,) = 8.3Hz, 1H), 6.43 (s, 1H), 4.62 (td,=7.7,

6.0Hz, 1H), 4.25 (dd) = 13.1, 8.4Hz, 1H), 3.94 (s, 3H), 3.61 (s, 3H), 3.19 (dd; 14.6, 6.0Hz, 1H),

3.08 (ddJ=14.2, 7.4z, 1H), 2.86 (ddJ =13.9, 4.7Hz, 1H), 2.66 (ddJ =13.9, 9.58Hz, 1H), 1.28 (s,

9H).

13C-NMR (101 MHz, 80°C, DMSO-ds, ppm) U = 171.6, 171.1, 161.6, 156.1, 154.6, 154.3, 140.4,
135.9, 131.6, 128.0, 127.7, 126.8, 123.2, 120.6, 118.9, 118.0, 117.6, 116.8, 112.6, 111.0, 109.0, 107.7,
77.8,55.4,53.3,52.7,51.3, 36.7, 27.7, 27.1.

HRMS (ESI): m/z calc. for [M+NaCs:H3eNsNaOy]: 611.2482; found: 611.2475; calc. for [M;
Cs2H3sN4O7]: 587.2511; found: 5877.2517.

IR (Diamond-ATR, neat):’ = 3326 (m), 2976 (w), 2359 (m), 2340 (m), 1734 (m), 1697 (s), 1660 (s),
1598 (s), 1573 (s), 1494 (s), 1460 (vs), 1435 (s), 1391 (m), 1366 (m)(rh337288 (M), 1264 (vs),

1210 (s), 1165 (s), 1066 (w), 1024 (m), 809 (m), 746 (s), 668 (W).

M.p. 209.6 °C.
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Methyl ((S)-2-((tert-butoxycarbonyl)amino)-3-(6-hydroxy-3',5'-dimethyl-[1,1'-biphenyl]-3-
yl)propanoyl)-D-tryptophanate (8b)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (08L) were mixed and stirred for 10 min, before iodotyrosine
peptide3c (182 mg, 0.30 mmol, 1.00 equiv) was added. @hgzinc pivalate solutiorlj in THF
(1.67mL, 0.45 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdhporatingthe crude product was pparrified

by flash column chromatography. After final preparative revepbmse HPLGhromatography
(MeCN/H0), the modified tyrosin@eptide8b was obtained agellowish solid (129 mg, 0.22 mmol,
72%yield).

H-NMR (400 MHz, 80°C, DMSO-dg, ppm): U= 10.67 (s, 1H), 8.84 (s, 1H), 8.02 (d5 7.8Hz, 1H),

7.49 (d,J = 7.8 Hz, 1H), 7.33 (dtJ = 8.2, 0.9Hz, 1H), 7.13 (dJ = 1.6 Hz, 2H), 7.09 (dd,J = 6.9,

2.1Hz, 2H), 7.05 (ddJ =8.3, 1.0Hz, 1H), 6.98 (dddJ=8.0, 7.0, 1.Hz, 1H), 6.91 (dtJ=1.8, 0.9Hz,

1H), 6.88 (dd,)=8.3, 2.2Hz, 1H), 6.76 (dJ =8.2Hz, 1H), 6.40 (s, 1H), 4.60 (d,= 7.5Hz, 1H), 4.26

i 4.16 (m, H), 3.59 (s, 3H), 3.17 (dd,= 14.6, 6.1Hz, 1H), 3.07 (ddJ = 14.6, 7.6Hz, 1H), 2.81 (dd,
J=13.9, 4.6Hz, 1H), 2.61 (ddJ = 13.9, 9.5Hz, 1H), 2.30 (s, 6H), 1.30 (s, 9H).

13C-NMR (101 MHz, 80°C, DMSO-ds, ppm): U= 171.6, 171.2, 154.5, 152.3, 138.4, 136.1, 135.9,
130.8, 128.5, 128.1, 127.3, 127.3, 126.8, 126.5, 123.2, 120.6, 118.0, 117.6, 115.4, 111.0, 109.0, 77.8,
55.4,52.7,51.2, 36.7, 27.7, 27.1, 20.6.

HRMS (ESI): m/z calc. for [M+Na; GH3zoNsNaGs]: 608.2731found: 608.2730; m/z calc. for [;
CsaH3sN3O6]: 584.2766; found: 584.2790.

IR (Diamond-ATR, neat): ' = 3406 (w), 3318 (w), 1691 (m), 1659 (s), 1602 (m), 1509 (s), 1499 (s),
1455 (m), 1439 (m), 1366 (s), 1232 (s), 1161 (vs), 1077 (w), 1048 (m), 1011 (m), 851 (m), 807 (w),
740 (s), 701 (w).

M.p. 111.3 °C.
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Methyl ((S)-2-((tert-butoxycarbonyl)amino)-3-(3-(2,6-dimethoxypyrimidin -4-yl)-4-
hydroxyphenyl)propanoyl)-D-tryptophanate (8c)
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According to TP5, Pd(OAc} (2.69 mg, 12.0 umol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0/L) were mixed and stirred for 10 min, before iodotyrosine
peptide3c (182 mg, 0.30 mmol, 1.00 equiv) was added. pyrmidylzinc pivalate solutiodk in THF

(2.17 mL, 0.64 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdaporatingthe crude product was pparrified

by flash column chromatography. After flnpreparative reversephase HPL&hromatography
(MeCN/H0), the modified tyrosingeptide8c was obtained as beige solid (143 mg, 0.23 mmol,
76%yield).

H-NMR (400 MHz, 80 °C, DMSO-ds, ppm): U= 10.66 (s, 1H), 8.88 (s, 1H), 8.12 (s, 1H), 8.01 (d,
J=7.8Hz, 1H), 7.49 (dJ = 7.9Hz, 1H), 7.33 (dt,) = 8.1, 0.8Hz, 1H), 7.10 (d,) = 2.4Hz, 1H), 7.06
(ddd,J=8.2, 7.0, 1.Hz, 1H), 7.00i 6.95 (m, 2H), 6.93 (ddl = 8.2, 2.3Hz, 1H), 6.74 (d,J = 8.2 Hz,

1H), 6.35 (s, 1H), 4.65 4.54 (m, 1H), 4.25 4.15 (m, 1H), 3.95 (s, 3H), 3.88 (s, 3H), 3.59 (s, 3H),
3.16 (ddJ=14.6, 6.0Hz, 1H), 3.1Gi 3.01 (m, 1H), 2.80 (ddl=14.0, 4.z, 1H), 2.61 (ddJ = 14.0,
9.3Hz, 1H), 1.30 (s, 9H).

13C-NMR (101 MHz, 80 °C, DMSO-ds, ppm): U= 171.6, 171.1, 167.8, 163.8, 158.1, 154.6, 153.1,
135.9, 131.5, 129.4, 127.7, 126.8, 123.2, 120.6, 119.4, 118.0, 117.6, 115.0, 113.0, 111.0, 109.0, 77.8,
55.4,53.9, 53.1, 52.7, 51.2, 36.5, 27.7, 27.1.

HRMS (ESI): m/z calc. for [M+Na; G:Hs/NsNaGs']: 6422534, found: 642.2534; m/z calc. for [M+H;
Cs2H3sNsOg']: 620.2715; found: 620.2718; calc. for {M; Cs-H3sNsOs]: 618.2569; found: 618.2588.

IR (Diamond-ATR, neat): ' = 3324 (w), 2359 (w), 1737 (m), 1690 (m), 1659 (m), 1594 (m), 1560
(m), 1501 (m), 1469s), 1392 (s), 1381 (s), 1235 (m), 1163 (s), 1079 (m), 1059 (m), 1014 (s), 801 (m),
742 (m).

M.p. 151.7 °C.
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Methyl ((S)-3-(3-(benzo[b]thiophen3-yl)-4-hydroxyphenyl)-2-((tert-
butoxycarbonyl)amino)propanoyl)-D-tryptophanate (8d)

According to TP5, Pd(OAc} (2.69 mg, 12.0 umol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0/L) were mixed and stirred for 10 min, before iodotyrosine
peptide3c (182 mg, 0.30 mmol, 1.08quiv) was added. THeeteroarytinc pivalate solutiodhin THF

(2.53 mL, 0.49 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdaporatingthe crude produetas prepurified

by flash column chromatography. After final preparative revepdmse HPLGhromatography
(MeCN/H0), the modified tyrosingeptide8d was obtained as colorless solid (68.0 mg, 0.11 mmol,
38%yield).

H-NMR (400 MHz,80 °C, DMSO-ds,ppm)li = 10. 64 (s, 1HJ)=7.88z 148 ( s,
7.997 7.96 (m, 1H), 7.70 7.62 (m, 1H), 7.55 (s, 1H), 7.48 @ = 7.9 Hz, 1H), 7.40i 7.30 (m, 3H),

7.17 (dJ = 2.2Hz, 1H), 7.09 (d,J = 2.4Hz, 1H), 7.05 (dddJ = 8.1, 7.0, 1.Hz, 1H), 7.1 6.94 (m,

2H), 6.86 (dJ =8.2Hz, 1H), 6.38 (s, 1H), 4.60 (td,= 7.6, 6.0Hz, 1H), 4.29 4.19 (m, 1H), 3.58 (s,

3H), 3.17 (ddJ = 14.6, 6.1Hz, 1H), 3.06 (dd,J = 14.7, 7.5Hz, 1H), 2.85 (dd,) = 13.9, 4.6Hz, 1H),

2.63 (dd,J=14.0, 9.5Hz, 1H), 1.28 (s, 9H).

13C-NMR (101 MHz, 80 °C, DMSOds, ppm) U = 171.6, 171.1, 154.6, 153.0, 138.9, 138.2, 135.9,
134.2,131.4,129.2, 127.9, 126.8, 124.0, 123.5, 123.4, 123.2, 123.2, 122.1, 121.5, 120.5, 118.0, 117.6,
115.4,111.0, 109.0, 77.8, 55.5, 52.6,% 36.6, 27.7, 27.1.

HRMS (ESI): m/z calc. for [M+NaCssHssNsNaGsS]: 636.2144; found: 363.2144m/z calc. for

[M+H; CssH3eN306S']: 614.2319; found: 614.2322; calc. for {M; CssH34N306S]: 612.2174; found:
612.2177.

IR (Diamond-ATR, neat): ' = 3327 (w), 3007 (w), 2977 (w), 2359 (w), 1731 (m), 1694 (m), 1660 (s),
1610 (w), 1496 (s), 1456 (m), 1434 (m), 1366 (m), 1246 (m), 1215 (m), 1162 (s), 1111 (w), 1059 (w),
1020 (w), 818 (w), 753 (vs), 706 (vw), 667 (w).

M.p. 1296 °C.
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Benzyl (8)-2-(((S)-5-amino-1-(((R)-1-(((S)-1-(tert-butoxy)-3-methyl-1-oxobutan-2-yl)amino)-3-(4-
hydroxy-3-(6-methoxypyridin-2-yl)phenyl)-1-oxoproparn-2-yl)amino)-1,5-dioxopentan-2-

yl)carbamoyl)pyrrolidine -1-carboxylate (9a)
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According to TP5, Pd(OAc} (2.69 mg, 12.0 umol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0/L) were mixed and stirred for 10 min, before iodotyrosine
peptide3d (247 mg, 0.30 mmol, 1.00 equiv) was added. Plgadylzinc pivalate solutiorig in
THF/nhexane (3.13 mL, 0.24 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction
mixture stirred a5 °Cfor further 3 h. After quenching, extracting aexbporatingthe crude product

was prepurified by flash column chromatography. After final preparative revepgaabe HPLE
chromatography (MeCNA®), the modified tyrosingeptide 9a was obtained as colorless solid
(120mg, 0.15 mmol, 50%ield).

H-NMR (400 MHz, 80 °C, DMSO-dg, ppm): Ui = 12.55 (s, 1H), 7.94 7.86 (m, 2H), 7.83 (d,
J=8.2Hz, 1H), 7.78 7.72 (m, 2H), 7.67 (d] = 7.7Hz, 1H), 7.33 (d,) = 4.9Hz, 4H), 7.29 (tJ = 4.2

Hz, 1H), 7.16 (ddJ = 8.3, 2.1Hz, 1H), 6.81 (tJ = 8.1Hz, 2H), 6.59 (s, 2H), 5.184.99 (m, 2H), 4.72

i 4.63 (m, 1H), 4.27 4.18 (m, 2H), 4.07 (dd] = 8.3, 5.8Hz, 1H), 3.95 (s, 3H), 3.4D 3.36 (m, 2H),

3.071 2.99 (m, 2H), 2.84 (ddl = 14.0, 9.0Hz, 1H), 2.14i 1.92 (m, 4H), 1.88 1.61 (m, 4H), 1.41 (s,

9H), 0.87i 0.78 (m, 6H).

13C-NMR (101 MHz, 80 °C, DMSO-ds, ppm): U= 173.3, 171.5, 170.6, 170.6, 169.8, 161.5, 156.2,
154.2, 153.8, 140.4, 136.6, 131.6, 127.9, 127.7, 127.6, 127.2, 126.9, 119.0, 117.0, 112.7, 107.7, 80.3,
65.7,59.4, 57.7, 53.7, 53.3, 8246 .4, 37.0, 37.0, 31.1, 29.7, 27.4, 27.3, 23.0, 18.3, 17.6.

HRMS (ESI): m/z calc. for m/z calc. for [M+HC4:HssNsO10']: 803.3974; found: 803.3971; calc. for
[M+2H; Ca2HseNeO1¢?*]: 804.4047; found: 804.4010.

IR (Diamond-ATR, neat):’ = 3285 (w),2973 (w), 2359 (m), 2340 (m), 1732 (w), 1699 (m), 1652 (s),
1638 (vs), 1540 (m), 1464 (m), 1419 (m), 1392 (w), 1358 (w), 1337 (w), 1286 (w), 1266 (m), 1210 (w),
1160 (w), 668 (w).

M.p. 175.7 °C.
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Benzyl (8)-2-(((S)5-amino-1-(((R)-1-(((S)-1-(tert-butoxy)-3-methyl-1-oxobutan-2-yl)amino)-3-(6-
hydroxy-4'-(trifluoromethyl) -[1,1'-biphenyl]-3-yl)-1-oxopropan-2-yl)amino)-1,5-dioxopentan2-
yl)carbamoyl)pyrrolidine -1-carboxylate (9b)
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According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0OL) were mixed and stirred for 10 min, before iodotyrosine
peptide3d (247 mg, 0.30 mmol, 1.00 equiv) was added. @hgzinc pivalate solutiorif in THF
(2.09mL, 0.69 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdhporatingthe crude product was pparrified

by flash column chromatography. After final pegative reverseghase HPL&hromatography
(MeCN/H0), the modified tyrosing@eptide9b was obtained as colorless solid (202 mg, 0.24 mmaol,
80%).

H-NMR (400 MHz, 80 °C, DMSO-ds, ppm): U= 9.24 (s, 1H), 7.91 (d}= 7.8 Hz, 1H), 7.82i 7.71

(m, 4H), 7.74 7.67 (m, 2H), 7.40 7.24 (m, 5H), 7.19 (d] = 2.2Hz, 1H), 7.07 (dd, = 8.3, 2.2Hz,
1H), 6.86 (dJ =8.2Hz, 1H), 6.62 (s, 2H), 5.185.01 (m, 2H), 4.67 (q] = 7.9Hz, 1H), 4.29 4.18

(m, 2H), 4.06 (ddJ = 8.4, 58 Hz, 1H), 3.50i 3.37 (m, 2H), 2.99 (dd]l = 13.9, 5.6Hz, 1H), 2.81 (dd,
J=13.9, 8.7Hz, 1H), 2.14i 2.04 (m, 1H), 2.04 1.94 (m, 3H), 1.89 1.74 (m, 4H), 1.74 1.63 (m,
1H), 1.41 (s, 9H), 0.81 (dd,= 6.8, 5.8Hz, 6H).

13C-NMR (101 MHz, 80 °C, DMSO-ds, ppm): U= 173.4, 171.5, 170.6, 170.6, 169.8, 153.8, 152.6,
142.7, 136.7, 130.6, 129.7, 129.3, 128.1, 127.8, 127.2, 126.9, 1266 34,9), 126.3 (q) = 271.8),
126.3, 125.5, 124.4,124.3, 124.1 J& 3.9), 115.8, 80.365.6, 59.4, 57.6, 53.7, 52.3, 46.4, 36.9, 31.1,
29.7,27.5, 27.4,23.2, 18.3, 17.6.

F-NMR (377 MHz, 80 °C, DMSO-ds): =1i60.9.

HRMS (ESI): m/z calc. for [M+Na; GsHs.FsNsNaQy']: 862.3615; found: 862.3614; calc. for {M:;
Cas3Hs1F3Ns0q7]: 838.3644; found: 838.3667.

IR (Diamond-ATR, neat): ' = 3294 (w), 2969 (w), 1657 (s), 1650 (s), 1618 (m), 1523 (m), 1’5083
1424 (m), 1401 (m), 1358 (m), 1325 (vs), 1278 (m), 1215 (m), 1163 (s), 1122 (s), 1068 (m), 1017 (w),
985 (vw), 845 (w), 755 (697 (w).

M.p. 180.2 °C.
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Benzyl (8)-2-(((S)-5-amino-1-(((R)-1-(((S)-1-(tert-butoxy)-3-methyl-1-oxobutan-2-yl)amino)-3-
(3'-cyano-6-hydroxy-[1,1'-biphenyl]-3-yl)-1-oxopropan-2-yl)amino)-1,5-dioxopentan2-
yl)carbamoyl)pyrrolidine -1-carboxylate (9¢)
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According to TP5, Pd(OAc} (2.69 mg, 12.0 umol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0/L) were mixed and stirred for 10 min, before iodotyrosine
peptide3d (247 mg, 0.30 mmol, 1.00 equiwas added. Tharylzinc pivalate solutiorll in THF
(1.70mL, 0.44 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction mixture stirred
at25 °Cfor further 3 h. After quenching, extracting amdaporatingthe crude product was ppairified

by flash column chromatography. After final preparative revepdmse HPLGhromatography
(MeCN/H0), the modified tyrosingeptide9c was obtained as colorless solid (215 mg, 0.27 mmol,
89%yield).

IH-NMR (400 MHz, 80 °C, DMSO-ds, ppm): Ui = 9.31 (s, 1H), 7.96 (] = 1.8 Hz, 1H), 7.95/ 7.88

(m, 2H), 7.78 (dJ = 8.3Hz, 2H), 7.70 (dtJ = 7.7, 1.4Hz, 1H), 7.59 (tdJ = 7.8, 0.6Hz, 1H), 7.38i

7.24 (m, 5H), 7.20 (d] = 2.2Hz, 1H), 7.06 (dd,) = 8.3, 2.2Hz, 1H), 6.86 (d,J=8.2Hz, 1H), 6.81i

6.30 (m, 2H), 5.07 (s, 2H), 4.69 (&= 7.7Hz, 1H), 4.23 (tJ=7.3, 2H), 4.06 (dd] = 8.4, 5.8Hz, 1H),

3.517 3.35 (m, 2H), 2.98 (dd] = 13.9, 5.7Hz, 1H), 2.81 (dd, = 13.9, 8.7Hz, 1H), 2.15i 2.05 (m,

1H), 2.047 1.92 (m, 3H), 1.89 1.74 (m, 4H), 1.70 (d] = 8.1Hz, 1H), 1.41 (s, 9H), 0.81 (dd,= 7.7,

6.8Hz, 6H).

13C-NMR (101 MHz, 80 °C, DMSO-ds, ppm): i = 173.4, 171.5, 170.6, 170.6, 169.8, 153.8, 152.5,
139.6, 136.7, 133.5, 132.0, 130.6, 129.8, 129.5, 128.7, 128.2, 127.9, 127.2, 126.9, 124.8, 118.5, 115.8,
110.8, 80.3, 65.7, 59.4, 57.6, 53.6, 52.3, 46.4, 37.0, 36.9, 31.1, 29.7, 27.5, 27.4, 23.0,6.8.3, 17
HRMS (ESI): m/z calc. for [M+Na; GsHs2NsNaQy']: 819.3688; found: 819.3701; m/z calc. for [M+H;
Ca3Hs3NeOo']: 797.3869; found 797.3880; m/z calc. for ¥ CisHsiFsNeOg]: 795.3723; found:
795.3743.

IR (Diamond-ATR, neat): ' = 3288 (w), 2968 (w), 23b(w), 2228 (w), 1652 (vs), 1538 (m), 1511 (s),
1447 (m), 1418 (m), 1395 (m), 1358 (m), 1310 (m), 1272 (m), 1258 (m), 1213 (m), 1145 (m), 693 (m).
M.p. 129.0 °C.
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Methyl (8S,115)-16-hydroxy-15-(6-methoxypyridin -2-yl)-8-methyl-6,9-dioxo-4-oxa-7,10-diaza-
1(13),3(1,2}dibenzenacyclododecaphanél-carboxylate (10a)

According to TP5, Pd(OAc» (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 pumol,
8.00mol%) and freshly distilled THF (08L) were mixed and stirred for 10 min, before iodotyrosine
peptide 3e (162 mg, 0.30 mmol, 1.00 equiv) was added. Plgedylzinc pivalate solutionlg in
THF/nhexane (3.13 mL, 0.24 M, 0.75 mmol, 2.50 equiv) was added dropwise over 1 h and the reaction
mixture stirred a5 °Cfor further 3 h. After quenching, extracting aedhporatingthe crude product

was prepurified by flash column chromatography. Afténal preparative reversgshase HPLE
chromatography (MeCN/HD), the modified tyrosingeptide 10a was obtained as coleds solid
(130mg, 0.25 mmol, 82%ield).

H-NMR (400 MHz, DMSO-dg, ppm): U= 13.69 (s, 1H), 8.17 (d,= 8.4 Hz, 1H), 7.92 (1 = 8.0 Hz,

1H), 7.77 (dJ=7.8 Hz, 1H), 7.72 (d1= 2.1 Hz, 1H), 7.39 (dd,= 7.5, 1.8 Hz, 1H), 7.26 (d,= 8.8 Hz,

1H), 7.22 (tdJ=7.9, 7.4, 1.8 Hz, 1H), 7.06 (d@= 2.0 Hz, 1H), 7.03 (d]=8.1 Hz, 1H),6.93 (=74

Hz, 1H), 6.88 (dJ = 8.3 Hz, 1H), 4.70 (d] = 14.3 Hz, 1H), 4.53 (dl = 14.4 Hz, 1H), 4.51 4.46 (m,

1H), 4.461 4.41 (m, 1H), 4.08 (d] = 14.6 Hz, 1H), 3.97 (s, 3H), 3.89 @@= 14.7 Hz, 1H), 3.69 (s,

3H), 3.04 (ddJJ = 13.7, 3.3 Hz, 1H), 2.74 (dd = 13.6, 11.4 Hz, 1H), 1.02 (d,= 6.9 Hz, 3H).

13C-NMR (101 MHz, DMSO-ds, ppm): 0 = 172. 0, 171. 0, 167. 6, 161.
132.8,132.0,128.4,127.8,127.7,127.5,125.4,121.0,118.1, 112.8, 111.4,108.2, 66.7, 54.0, 53.9, 52.0,
470, 35.7, 29.9, 16.4.

HRMS (ESI): m/z calc. for [M+H, GgH30N3O;']: 520.2078. found: 520.2083

IR (Diamond-ATR, neat): ' = 3295 (w), 3276 (w), 1730 (m), 1668 (m), 1650 (vs), 1594 (m), 1545

(s), 1493 (m), 1465 (m), 1451 (s), 1433 (m), 1355 (w), 1B 1263 (s), 1243 (m), 1198 (s), 1176

(m), 1121 (m), 1103 (m), 1054 (m), 1045 (w), 1034 (m), 999 (m), 923 (w), 828 (m), 810 (m), 745 (s),
736 (s), 692 (m).

M.p. 284.6 °C.
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Methyl (8S,115)-16-hydroxy-8-methyl-6,9-dioxo-15-(pyridin -3-yl)-4-oxa-7,10-diaza-1(1,3),3(1,2)

dibenzenacyclododecaphanél-carboxylate (10b)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0.81L) were mixed and stirred for 10 min, before iodotyrosine
peptide3e (162 mg, 0.30 mmol, 1.00 equiv) was added. The zinc pivalate soldtionTHF (1.79 mL,
0.42 M, 0.75 mmol, 2.50 equiv) was added dropwise overridtire reaction mixture stirred 26 °C

for further 3 h. After quenching, extracting aahporatingthe crude product was ppeirrified by flash
column chromatography. After final preparative reveigldse HPL&hromatography (MeCN/AD),

the modified tyosinepeptidelObwas obtained as colorless solid (78 mg, 0.16 mmol, %igtd).

'H-NMR (400 MHz, DMSO-ds, ppm): U =8.67 (dd,J = 2.3, 0.9 Hz, 1H), 8.50 (dd,= 4.8, 1.7 Hz,

1H), 8.06 (dJ = 8.7 Hz, 1H), 7.87 (dddl = 7.9, 2.3, 1.7 Hz, 1H), 7.43 (dddi= 7.9, 4.8, 0.9 Hz, 1H),

7.34 (ddJ=7.4, 1.8 Hz, 1H), 7.26 (ddd,= 8.2, 7.4, 1.8 Hz, 1H), 7.09 (ddi= 8.4, 1.1 Hz, 1H), 7.03
(d,J=9.0 Hz, 1H), 6.98 (d] = 2.2 Hz, 1H), 6.95 (td) = 7.4, 1.1 Hz, 1H), 6.8(J = 2.2 Hz, 1H),

4.75 (d,J = 14.2 Hz, 1H), 4.60 4.41 (m, 3H), 4.15 (d] = 15.3 Hz, 1H), 3.86 (d] = 15.3 Hz, 1H),

3.66 (s, 3H), 3.01 (dd,= 13.6, 3.6 Hz, 1H), 2.69 (dd~=13.6, 11.5 Hz, 1H), 1.01 (d= 7.0 Hz, 3H).

13C-NMR (101 MHz, DMSO-dg, ppm): &4 = 171 . 9, 171. 0, 167.5, 155. 6,
134.6,131.8,130.4,129.1, 128.9, 128.7, 127.8, 127.3, 126.5, 123.2, 121.0, 111.4, 66.5, 53.5, 52.0, 46.8,
35.8,30.6, 16.6.

HRMS (ESI): m/z calc. for [M+H, G7H2sN30s']: 490.1973found: 490.1977.

IR (Diamond-ATR, neat): ’ = 3370 (m), 3008 (w), 2930 (w), 1733 (m), 1668 (vs), 1537 (s), 1533 (s),
1492 (m), 1454 (m), 1234 (s), 1217 (s), 1165 (m), 1117 (m), 752 (s).

M.p. 145.0 °C.
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Methyl (8S,115)-16-hydroxy-8-methyl-6,9-dioxo-15-(pyridin -4-yl)-4-oxa-7,10-diaza-1(1,3),3(1,2)

dibenzenacyclododecaphanél-carboxylate (10c)

According to TP5, Pd(OAc) (2.69 mg, 12.0 pmol, 4.00 mol%), SPhos (9.85 mg, 24.0 umol,
8.00mol%) and freshly distilled THF (0.81L) were mixed and stirred for 10 min, before iodotyrosine
peptide3e(162 mg, 0.30 mmol, 1.00 equiv) was added. The zinc pivalate solgiormTHF (3.26 mL,
0.23 M, 0.75 mmol, 2.50 equiv) was added dropwise overridhtee reaction mixture stirred 2% °C

for further 3 h. After quenching, extracting aahporatingthe crude product was ppeirrified by flash
column chromatography. After final preparative reveigldse HPLE&hromatography (MeCN/AD),

the modified tyosine peptidelOcwas obtained as colorless solid (98 mg, 0.20 mmol, giétd).

IH-NMR (400 MHz, DMSO-ds, ppm): U = 8.66 (s, 1H), 8.59 (dd] = 4.4, 1.6 Hz, 2H), 8.07 (d,
J=8.6Hz, 1H), 7.51 (ddJ = 4.4, 1.6 Hz, 2H), 7.34 (dd,= 7.5, 1.8 Hz, 1H), 7.26 (ddd = 8.2, 7.4,

1.8 Hz, 1H), 7.11 7.05 (m, 2H), 7.02 (d] = 2.2 Hz, 1H), 6.95 (td] = 7.4, 1.1 Hz, 1H), 6.86 (d,=

2.2 Hz, 1H), 4.74 (d] = 14.2 Hz, 1H), 4.57 4.40 (m, 3H), 4.15 (d] = 15.3 Hz, 1H), 3.86 (d] = 15.3

Hz, 1H), f 3.01 (ddJ = 13.7, 3.5 Hz, 1H), 2.69 (dd= 13.6, 11.5 Hz, 1H), 1.01 (d,= 6.9 Hz, 3H).
13C-NMR (101 MHz, DMSO-ds, ppm): U = 171.9, 171.0, 167.5, 155.6, 150.2, 149.3, 146.4, 131.8,
131.1, 129.3, 129.1, 128.5, 127.8, 127.3, 127.1, 124.1, 121.0, 111.5, 66.6, 53.5, 52.0, 46.8, 35.7, 30.5,
16.5.

HRMS (ESI): m/z calc. for [M+H, G/H.N:O¢']: 490.1973; found: 490.1976.

IR (Diamond-ATR, neat): * = 3280 (m), 3075 (w), 2950 (W), 2358 (w), 2340 (w), 1741 (m), 1644
(vs), 1603 (M), 1544 (s), 1493 (m), 1471 (m), 1450 (m), 1410 (w), 1372 (w), 1326 (w), 1281 (m), 1243
(s), 1213 (s), 1116 (m), 1054 (m), 1002 (w), 919 (W), 832 (W), 747AS)(W), 667 (W).

M.p. 254.8 °C.
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2.9 Negishi CrossCoupling reactions of lodophenylalanine containing Cyclopeptides

with Pyridylzinc Pivalates

(3S,6S,9R,12S,15S,20aR)-3-(2-iodobenzyl}6,9,12,15tetraisobutyl-8,11-
dimethyltetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadeciig4,7,10,13,16

hexaone (11)

Cyclopeptidel1 was prepared by standard meth&ds.

'H-NMR (599 MHz, CDCls, ppm): U= 7.80 (ddJ= 8.0, 1.3Hz, 1H), 7.58 (dJ =9.3Hz, 1H), 7.29
(dd,J=7.7, 1.8Hz, 1H), 7.24 (tdJ = 7.5, 1.3Hz, 1H), 7.04 (dJ = 9.3 Hz, 1H), 6.90 (tdJ = 7.6,
1.7Hz, 1H), 6.23 (dJ = 9.7Hz, 1H), 5.29 (dd,J = 11.7, 4.1Hz, 1H), 5.13 (dtJ = 9.3, 7.2Hz, 1H),
4.927 4.88 (m, 1H), 4.88 4.83 (m, 2H), 4.05 (ddl=7.8, 4.8Hz, 1H), 3.68 (ddd)=10.2, 7.5, 5. Hz,

1H), 3.54 (dtJ = 10.3, 6.9Hz, 1H), 3.48 (ddJ = 14.4, 4.8Hz, 1H), 3.30 (dd,) = 14.4, 8.1Hz, 1H),
3.23(s, 3H), 3.01 (s, 3H), 2.20 2.12 (m, 1H), 1.99 1.89 (m, 3H), 1.89 1.82 (m, 2H), 1.79 (dt,
J=13.2,6.Mz, 1H), 1.71 (dtJ=14.0, 7.1, 1H), 1.64 1.60 (m, 1H), 1.58 1.44 (m, 5H), 1.44 1.32

(m, 2H), 1.00 (dJ = 6.6 Hz, 3H), 0.97 (dJ = 6.6 Hz, 3H), 0.95/ 0.90 (m, 15H), 0.87 (d] = 6.5 Hz,

3H).

13C-NMR (151 MHz, CDCls, ppm): ti= 174.1, 174.0, 171.3, 170.6, 170.0, 16940.4, 139.8, 130.7,
128.9,128.7,101.9, 61.2, 55.0, 53.8, 52.8, 48.6, 47.9, 47.8, 42.3, 41.6, 40.7, 37.6, 36.3, 31.5, 30.8, 28.1,
25.4,25.4, 25.3, 25.0, 24.8, 23.7, 23.4, 23.0, 22.9, 22.9, 22.0, 21.3.

HRMS (ESI): m/z calc. for [M+Na; GoHsslNeNaGs']: 873.3751; found: 873.375%n/z calc. for
[M+H; CaoHealN6Os']: 851.3927; found: 851.3943.

IR (Diamond-ATR, neat): ’ = 3302 (w), 2956 (m), 2933 (w), 2871 (w), 1626 (vs), 1516 (m), 1466
(m), 1444 (m), 1386 (w), 1368 (w), 1340 (w), 1322 (w), 1294 (w), 1281188 (w), 1205 (w), 1171
(w), 1128 (w), 1099 (w), 1011 (w), 921 (w), 730 (s).

M.p. 190.4 °C.

27T, Vorherr, I. Lewis, J. Berghausen, S. Desrayaud, M. Schamffed, Pept. Res. The2018 24, 35.
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(3S,6S,9R,12S,15S,20aR)-3-(3-iodobenzyl}6,9,12,15tetraisobutyl-8,11-
dimethyltetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechig4,7,10,13,6-

hexaone (12)

Cyclopeptidel2 was prepared by standard meth&ds.

H-NMR (599 MHz, CDCls, ppm): U= 7.56 (dJ=8.0Hz, 1H), 7.54 (s, 1H), 7.51 (d,=9.3Hz, 1H),

7.15 (d,J=7.6Hz, 1H), 7.07 (dJ = 9.4 Hz, 1H), 7.00 (tJ = 7.7 Hz, 1H), 6.14 (dJ = 9.7 Hz, 1H),

5.28 (ddJ=11.7, 4.1Hz, 1H), 5.12 (dtJ =9.4, 7.2Hz, 1H), 4.90 (dt)=9.6, 7.1Hz, 1H), 4.86i 4.77

(m, 2H), 4.03 (ddJ = 8.0, 4.6Hz, 1H), 3.69 (dddJ =10.4, 7.5, 5. Hz, 1H), 3.56 (dtJ=10.4, 7.0Hz,

1H), 3.29 (ddJ=14.1, 6. Mz, 1H), 3.22 (s, 3H), 3.063.00 (m, 1H), 3.00 (s, 3H), 2.19 (dbs 12.1,
7.2Hz, 1H), 2.11i 2.03 (m, 1H), 2.00 1.92 (m, 2H), 1.91 1.82 (m, 2H), 1.79 (dt] = 13.4, 6.9Hz,

1H), 1.69 (dtJ=13.9, 7.2Hz, 1H), 1.62 1.46 (m, 5H), 1.46 1.33 (m, 3H), 1.00 (d] = 6.6 Hz, 3H),

0.97 (d,J=6.6Hz, 3H), 0.93 (tdJ = 6.8, 3.5Hz, 15H), 0.87 (dJ = 6.5Hz, 3H).

13C-NMR (151 MHz, CDCls, ppm): U= 174.2,174.1, 171.4, 170.7, 170.0, 169.2, 139.4, 138.5, 136.3,
130.4,128.9,94.8, 61.1, 55.1, 53.3, 52.9, 48.6, 47.9, 47.8, 42.4, 41.4, 38.7, 37.6, 36.5, 36.3, 31.5, 30.8,
28.3, 25.5, 25.4, 25.3, 24.% .8, 23.7, 23.4, 23.0, 23.0, 22.9, 22.0, 21.3.

HRMS (ESI): m/z calc. for [M+Na; GoHsslNsNaGs']: 873.3751; found: 873.3755n/z calc. for
[M+H; CaoHealN6Os']: 851.3927; found: 851.3942.

IR (Diamond-ATR, neat): ' = 3298 (w), 2953 (m), 2868 (w), 2359 (W)339 (w), 1625 (vs), 1508

(m), 1466 (m), 1445 (m), 1419 (m), 1385 (m), 1366 (w), 1282 (w), 1202 (w), 1170 (w), 1127 (w), 1098
(w), 1065 (w), 772 (w).

M.p. 112.4 °C.

28T Vorherr, I. Lewis, J. Berghausen, S. Desrayaud, M. Schamffed, Pept. Res. The2018 24, 35.
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(3S,6S,9R,12S,15S,20aR)-3-(4-iodobenzyl}6,9,12,15tetraisobutyl-8,11-
dimethyltetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadeckig4,7,10,13,16
hexaone (13)

|
0}
<’—H’L O
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Cyclopeptidel3was prepared by standard meth&ds.

!H-NMR (599 MHz, CDCls, ppm): U = 7.617 7.57 (m, 2H), 7.50 (dJ = 9.4 Hz, 1H), 7.07 (d,
J=9.5Hz, 1H), 6.96i 6.92 (m, 2H), 6.16 (dJ = 9.7 Hz, 1H), 5.28 (dd,) = 11.7, 4.1Hz, 1H), 5.09
(ddd,J=9.4, 7.8, 6. Hz, 1H), 4.91 (dt)=9.6, 7.1Hz, 1H), 4.85( 4.78 (m, 2H), 4.02 (dd]=7.9, 4.6

Hz, 1H), 3.70 (ddd) = 10.4, 7.5, 5.6Hz, 1H), 3.56 (dt,J = 10.4, 7.0Hz, 1H), 3.28 (dd,) = 14.2, 6.7

Hz, 1H), 3.23 (s, 3H), 3.02 (dd,= 9.3, 5.1Hz, 1H), 3.00 (s, 3H), 2.21 (dp,= 12.3, 7.0Hz, 1H), 2.09

i 2.02 (m, 3H), 1.99 1.91 (m, 2H), 1.91 1.76 (m, 3H), 1.64 1.46 (m, 5H), 1.45 1.31 (m, 2H),

1.01 (d,J=6.6Hz, 3H), 0.95 0.91 (m, 15H), 0.89 (dl = 6.7 Hz, 3H), 0.87 (d,J = 6.5Hz, 3H).

13C-NMR (151 MHz, CDCls, ppm): U= 174.3, 174.1, 171.4, 170.9, 169.9, 169.3, 137.8, 136.5, 131.6,
925, 61.1, 55.1, 53.3, 53.1, 48.5, 47.8, 47.8, 42.2, 41.3, 37.6, 36.6, 36.2, 31.5, 30.8, 28.3, 25.5, 25.4,
25.3, 25.0, 24.6, 23.7, 23.3, 23.0, 23.0, 22.9, 22.8, 22.1, 21.2.

HRMS (ESI): m/z calc. for [M+Na; GoHs3slNeNaGs']: 873.3751; found: 873.3752n/z calc. for
[M+H; CaoHealN6Os']: 851.3927; found: 851.4205.

IR (Diamond-ATR, neat): ' = 3521 (vw), 3316 (w), 2953 (w), 2869 (w), 2360 (w), 2339 (w), 1667
(m), 1632 (vs)1556 (w), 1516 (m), 1447 (m), 1402 (w), 1386 (w), 1367 (w), 1296 (w), 1263 (w), 1235
(w), 1098 (w), 1006 (w), 806 (w), 761 (w).

M.p. 134.5 °C.

29T Vorherr, I. Lewis, J. Berghausen, S. Desrayaud, M. Schamffed, Pept. ResTher.2018 24, 35.
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(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(2-(pyridin -2-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkie4,7,10,13,16

hexaone (14a)

According to a modified version @8, Pd(OAc) (1.42 mg, 6.40 pmol, 8.00 mol%) and SPhos (5.26
mg, 12.8 umol, 16.0éol%) were dissolved in freshlygtilled THF (0.8mL) and the catalyst mixture

was stirred for 10 min. Thertho-iodophenylalanine cyclopeptidel (68.1 mg, 80.0 umol, 1.0 equiv)

was added and the mixture heated to 60 °C. Afterward&-glyeidylzinc pivalate solutioicin THF

(0.46 mL, 0.52 M, 0.24 mmol, 3.00 equiv) was added dropwise over 1 h and the reaction stirred for
further 23 h at thisemperatureAfter quenching, extracting ar@vaporatingthe crude product was
flushed through asilica-plug with acetonitrile. Purification via preparative reverpbdse HPLE
chromatography (MeCN/AD) yielded the modified cyclopeptidbda as colorless solid (24.4 mg,
30.4umol, 38%yield).

!H-NMR (400 MHz, CDCls,ppm)i = 10. 64 ( sJ=5.0, H9, 0.HB 1HY, 7.88 (sdlti)d ,

7.76 (d,J=9.5Hz, 1H), 7.51 (d,)=7.8Hz, 1H), 7.48 (dJ = 7.5Hz, 1H), 7.42 7.34 (m, 1H), 7.3%

7.27 (m, 2H), 7.04 (d] = 9.3Hz, 1H), 5.33 (ddyJ =11.7, 4.1Hz, 1H), 5.04 (dddJ = 9.6, 8.1, 6.3Hz,

1H), 4.86 (dtJ=9.2, 6.8Hz, 2H), 4.57 (s, 1H), 4.05 (§,= 6.2Hz, 1H), 3.56 (ddtJ=22.1, 10.6, 5.5

Hz, 2H), 3.33 (ddJ = 13.8, 4.7Hz, 1H), 3.27 (s, 3H), 3.05 (s, 3H), 2.86Jt 13.0Hz, 1H), 2.36 (s,

2H), 2.08 (pJ = 6.6, 5.8Hz, 1H), 1.98(ddd,J = 14.6, 10.5, 4.Hz, 1H), 1.85 (ddd) = 14.8, 9.6, 5.5

Hz, 2H), 1.79 1.50 (m, 9H), 1.49 1.32 (m, 2H), 1.00 (dd] = 6.5, 5.7Hz, 6H), 0.97i 0.93 (m, 6H),

0.93 (d,J=2.1Hz, 3H), 0.91i 0.83 (m, 9H).

13C.NMR (101 MHz, CDClg, ppm)ti = 174.1, 174.1, 172.2, 170.9,
136.6, 130.7, 130.0, 129.5, 126.9, 125.2, 122.4,61.0, 56.0, 55.1, 52.7, 48.8,47.8,47.7,42.1, 41.4, 37.8,
36.2, 33.9, 31.3, 30.9, 29.8, 28.5, 25.4, 25.3, 25.3, 25.1, 24.7, 23.8,22,221, 23.0, 22.7, 22.2,

21.3.

HRMS (ESI): calcd. [M+H, GsHessOsN7]: 802.5226, found: 802.5212; calcd. {M| CasHssOsN7]:
800.5080, found: 800.5086: calcd. [MysBs706N7]: 801.5153, found: 801.5121.

IR (ATR, cm™) ' = 3494 (vw), 3304 (w), 2954 (m), 2869 (w), 236@v), 1664 (m), 1627 (vs),
1519(m), 1470 (m), 1443 (m), 1386 (w), 1367 (w), 1265 (w), 1098 (w), 1024 (vw), 999 (vw), 758 (w).
M.p. 115.4 °C



C. EXPERIMENTAL PART 113

(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(2-(pyridin -3-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkie4,7,10,13,16
hexaone (14b)

According toTP8, Pd(OAc) (0.72 mg, 3.20 pmol, 4.00 mol%nd SPhos (2.63 mg, 6.40 umol,
8.00mol%) were dissolved in freshly distilled THF (0r@.) and the catalyst mixture was stirred for

10 min, beforeortho-iodophenylalanine cyclopeptidd (68.1 mg, 80.0 umol, 1.0 equiv) was inserted.
Afterwards, the3-pyridylzinc pivalate solutiorid in THF (0.48 mL, 0.42 M, 0.26hmol, 2.50 equiv)

was added dropwise over 1 h and the reaction mixture stirred for further 5 h. After quenching, extracting
andevaporatingthe crude product was flushed through a sitikay with aetonitrile. Purification via
preparative reverseghase HPL&hromatography (MeCN/A®) yielded the modified cyclopeptide
14bas colorless solid (39.8 mg, 49.6 umol, 62d).

IH-NMR (400 MHz, CDCls, ppm) i = 8 J=64@Hz( 181), 8.55 (s, 1H), 7.65 (dl,= 7.8, 1.8Hz,
1H), 7.45 (d,J = 9.4 Hz, 1H), 7.44i 7.37 (m, 1H), 7.40 7.32 (m, 1H), 7.35 7.28 (m, 2H), 7.23
7.17 (m, 1H), 7.04 (d] = 9.5Hz, 1H), 5.90 (d,J = 9.6 Hz, 1H), 5.27 (dd,) = 11.6, 4.0Hz, 1H), 5.08
(dt, J=8.9, 7.2Hz, 1H), 4.88 (dtJ) = 9.3, 7.0Hz, 1H), 4.79 (ddJ = 9.9, 5.5Hz, 1H), 4.69 (s, 1H), 3.88
i 3.83 (m, 1H), 3.66 (ddd,= 11.4, 7.6, 5.Hz, 1H), 3.52 (dt,J = 11.2, 6.6Hz, 1H), 3.38 (dd, = 14.5,
4.7Hz, 1H), 3.19 (s, 3H), 3.14 (dd= 14.5, 7.6Hz, 1H), 2.99 (s, 3H), 2.221.74 (m, 7H), 1.71 1.30
(m, 9H), 1.00 (d,] = 6.6 Hz, 3H), 0.95( 0.88 (m, 18H), 0.86 (dl = 6.5Hz, 3H).

13C-NMR (101 MHz, CDCls,ppm)i = 174.0, 174. 0, .3,1498,148,4,138770 . 5,
137.2, 136.9, 134.8, 130.5, 130.4, 128.6, 127.1, 123.2, 60.9, 54.9, 53.5, 52.8, 48.3, 47.7 (2 C), 42.2,
41.3, 37.5, 36.1, 33.3, 31.3, 30.6, 28.0, 25.3, 25.3, 25.2, 24.8, 24.6, 23.6, 23.2, 22.9, 22.8, 22.7, 22.7,
21.9, 21.1.

HRMS (ESI): calcd. [M+H, GsHessOsN7]: 802.5226, found: 802.5212; calcd. {M| CasHssOsN7]:
800.5080, found: 800.5098.

IR (ATR, cm™)’ = 3511 (w), 3303 (w), 2955 (m), 2870 (w), 1629 (vs), 1517 (m), 1468 (m), 1448 (m),
1386 (w), 1367 (w), 1100 (w), 10Z8w), 1003 (vw), 760 (w), 718 (vw).

M.p. 119.0 °C



C. EXPERIMENTAL PART 114

(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(2-(pyridin -4-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkie4,7,10,13,16
hexaone (14c)

According toTP8, Pd(OAc) (0.72 mg, 3.20 pmol, 4.00 mol%) and SPhos (2.63 mg, 6.40 umol,
8.00mol%) were dissolved in freshly distilled THF (0r@.) and the catalyst mixture was stirred for

10 min, beforeortho-iodophenylalanine cyclopeptidd (68.1 mg, 80.0 umol, 1.0 equiv) wasserted.
Afterwards, thed-pyridylzinc pivalate solutioriein THF (0.87 mL, 0.23 M, 0.26hmol, 2.50 equiv)

was added dropwise over 1 h and the reaction mixture stirred for further 5 h. After quenching, extracting
andevaporatingthe crude product wasuhed through a silieplug with acetonitrile. Purification via
preparative reverseghase HPL&hromatography (MeCN/A®) yielded the modified cyclopeptide
14cas colorless solid (43.0 mg, 53.6 umol, 6yR4ld).

'H-NMR (599 MHz, CDCk, ppm)tU = 8 . B 740 (d§=59.2R411H), 7.39 7.37 (m, 1H), 7.34

1 7.27 (m, 4H), 7.19 7.16 (m, 1H), 7.06 (d1=9.4Hz, 1H), 5.97 (dJ=9.7, 1H), 5.27 (dd] = 11.7Hz,

4.1, 1H), 5.07 (dt) =9.2, 7.1Hz, 1H), 4.88 (dtJ = 9.5, 7.0Hz, 1H), 4.79 (dd) = 10.0, 5.4Hz, 1H),

4.68 (ddd,J = 9.9, 8.2, 4.6Hz, 1H), 3.85 (ddJ = 7.7, 4.2Hz, 1H), 3.68i 3.63 (m, 1H), 3.52 (dt,
J=10.6, 7.0Hz, 1H), 3.46 (ddJ =14.6, 4.6Hz, 1H), 3.18 (s, 3H), 3.06 (dd=14.7, 8.2Hz, 1H), 2.98

(s, 3H) 2.201 2.11 (m, 1H), 1.94 (dddl = 14.7, 10.5, 4.Hz, 1H), 1.88i 1.75 (m, 5H), 1.70 1.64

(m, 1H), 1.61i 1.46 (m, 5H), 1.45 1.31 (m, 3H), 1.00 (d) = 6.6 Hz, 3H), 0.93 (ddd,) = 6.3, 4.8,

2.8Hz, 15H), 0.89 (dJ =6.6Hz, 3H), 0.87 (d,J=6.5Hz, 3H).

BC-NMR (101 MHz, CDCk, ppm)t = 174.2, 171.3, 170.5, 170.0,
130.6, 130.0, 128.8, 127.3, 124.8, 124.7, 60.9, 55.1, 53.6, 53.0, 48.5, 47.8, 47.8, 42.3, 41.4, 37.6, 36.3,
33.7,31.5, 30.729.8, 28.1, 25.4, 25.3, 25.0, 24.8, 23.7, 23.4, 23.0, 23.0, 22.9, 22.8, 22.0, 21.3.

HRMS (ESI): calcd. [M+H, GsHessOsN7]: 802.5226, found: 802.5216; calcd. {M CasHssOsN7]:
800.5080, found: 800.5093.zzz

IR (ATR, cm™)’ = 3502 (w), 3296 (w), 2955 (m)927 (m), 2869 (w), 2360 (vw), 1631 (vs), 1516

(m), 1448 (m), 1386 (w), 1367 (w), 1261 (w), 1098 (w), 802 (w), 763 (w).

M.p. 137.9 °C



C. EXPERIMENTAL PART 115

(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(3-(pyridin -2-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkie4,7,10,13,16
hexaone (15a)
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According toTP8, Pd(OAc) (0.72 mg, 3.20 pmol, 4.00 mol%nd SPhos (2.63 mg, 6.40 umol,
8.00mol%) were dissolved in freshly distilled THF (0r@.) and the catalyst mixture was stirred for

10 min, beforanetaiodophenylalanine cyclopeptid® (68.1 mg, 80.0 umol, 1.0 equiv) was inserted.
Afterwards, the2-pyridylzinc pivalate solutioricin THF (0.39 mL, 0.52 M, 0.2thmol, 2.50 equiv)

was added dropwise over 1 h and the reaction mixture stirred for further 5 h. After quenching, extracting
andevaporatingthe crude product was flushed through a sitikay with a@tonitrile. Purification via
preparative reverseghase HPL&hromatography (MeCN/A®) yielded the modified cyclopeptide
15aas colorless solid (46.2 mg, 57.6 umol, 72kd).

IH-NMR (400 MHz, CDCls, ppm) i = 8 J=64BHz( 1tl), 7.87 (d,J = 7.9Hz, 1H), 7.81 (s, 1H),

7.781 7.70 (m, 2H), 7.54 (d) = 9.4 Hz, 1H), 7.39 (tJ = 7.7 Hz, 1H), 7.26( 7.21 (m, 2H), 7.04 (d,
J=9.4Hz, 1H), 6.21 (dJ=9.5Hz, 1H), 5.29 (ddJ=11.7, 4.1Hz, 1H), 5.11 (dtJ=9.4, 7.2Hz, 1H),

4.931 4.79 (m, 3H), 4.00 (dd] = 7.9, 4.6Hz, 1H), 3.68 (ddd,J = 10.4, 7.5, 5.Hz, 1H), 3.53 (dt,
J=10.3, 6.8z, 1H), 3.43 (ddJ =14.1, 6.Hz, 1H), 3.24 (s, 3H), 3.20 (dd=14.3, 5.1Hz, 1H), 3.01

(s, 3H), 2.16 (dt)=11.9, 6.9Hz, 1H), 2.071 1.72 (m, 6H), 1.68 1.31 (m, 9H), 1.01 (d] = 6.6 Hz,

3H), 0.92 (ddJ = 11.0, 6.3Hz, 12H), 0.87 (dJ = 6.5 Hz, 3H), 0.84 (dJ = 6.5 Hz, 3H), 0.80 (d,
J=6.6Hz, 3H).

BBC-NMR (101 MHz, CDClz,ppm)ti = 174.2, 174.1, 171.2, 171.0,
137.4, 136.9, 130.2, 129.2, 128.1, 125.8, 122.3, 120.8, 61.1, 55.1, 53.5, 52.9, 48.6, 47.8, 47.8, 42.3,
41.4, 37.7, 37.0, 36.3, 31.5, 30.8, 28.4, 25.4, 25.4, 25.3, 24.9, 24.7, 23.233,£2.9, 22.9, 22.8,
22.1,21.3.

HRMS (ESI): calcd. [M+H, GsHgssOsN7]: 802.5226, found: 802.5214; calcd. {M CasHssOsN7]:
800.5080, found: 800.5089.

IR (ATR, cm™)’ = 3509 (vw), 3303 (w), 2955 (m), 2930 (w), 2870 (w), 2359 (vw), 2341 (vw), 1629
(vs), 1585 (w), 1518 (m), 1463 (m), 1446 (m), 1386 (w), 1099 (w), 769 (w), 753 (w)ve6H8

M.p. 114.9 °C



C. EXPERIMENTAL PART 116

(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(3-(pyridin -3-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkie4,7,10,13,16
hexaone (15b)

According toTP8, Pd(OAc) (0.72 mg, 3.20 pmol, 4.00 mol%) and SPhos (2.63 mg, 6.40 umol,
8.00mol%) were dissolved in freshly distilled THF (0r@.) and the catalyst mixture was stirred for

10 min, beforanetaiodophenylalanine cyclopeptid® (68.1 mg, 80.0 umol, 1.0 equiv) wasserted.
Afterwards, the3-pyridylzinc pivalate solutioidd in THF (0.48 mL, 0.42 M, 0.26hmol, 2.50 equiv)

was added dropwise over 1 h and the reaction mixture stirred for further 5 h. After quenching, extracting
andevaporatingthe crude product was fined through a silieplug with acetonitrile. Purification via
preparative reverseghase HPL&hromatography (MeCN/A®) yielded the modified cyclopeptide
15bas colorless solid (39.8 mg, 49.6 umol, 62d).

'H-NMR (400 MHz, CDClz, ppm)i. = 8. 90 (s, 1H)J=78z6H), 76%7441H) ,
(m, 4H), 7.41 (tJ=7.7Hz, 1H), 7.26 (d,)=7.4Hz, 1H), 7.07 (dJ =9.3Hz, 1H), 6.39 (d,J = 9.6 Hz,

1H), 5.28 (ddJ =11.6, 4.1Hz, 1H), 5.10 (q) = 7.7Hz, 1H), 4.90 (dJ = 9.2Hz, 2H), 4.82 (ddJ = 9.8,

5.5Hz, 1H), 4.05 (s, 1H), 3.69 (d,=5.9Hz, 1H), 3.55 (tJ = 8.5Hz, 1H), 3.42 (dd,) = 14.1, 6.8Hz,

1H), 3.23 (s, 3H), 3.2 3.16 (m, 1H), 3.00 (s, 3H), 2.232.11 (m, 1H), 2.06 1.71 (m, 6H), 1.68

1.29 (m, 9H), 1.00 (d] = 6.5Hz, 3H), 0.92 (td,) = 6.3, 2.7Hz, 12H), 0.87 (dJ =6.5Hz, 3H), 0.82 (d,
J=6.5Hz, 3H), 0.79 (d,J = 6.6 Hz, 3H).

BC-NMR (101 MHz, CDClz, ppm)li = 174.2, 174.1, 171.4, 170. 9,
137.3,136.4,130.0, 129.6, 128.4, 125.9, 124.5, 61.1, 55.1, 53.4, 53.0, 48.6, 47.8 (2 C), 42.3, 41.4, 37.6,
37.0, 36.3, 31.5, 30.8, 29.8, 28.3, 25.4, 25.4, 25.3, 24.9, 24.7, 23.7,28.4229, 22.9, 22.8, 22.0,

21.3.

HRMS (ESI): calcd. [M+H, GsHessOsN7]: 802.5226, found: 802.5213; calcd. {M CasHssOsN7]:
800.5080, found: 800.5094.

IR (ATR, cm™) " = 3502 (w), 3301 (w), 2955 (m), 2870 (w), 2359 (vw), 1629 (vs), 1519 (m), 1467
(m), 1447 (m), 1386 (w), 1367 (w), 1099 (w), 783 (vw), 712 (vw).

M.p. 127.7 °C



C. EXPERIMENTAL PART 117

(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(3-(pyridin -4-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkie4,7,10,13,16

hexaone (15c)
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According toTP8, Pd(OAc) (0.72 mg, 3.20 umol, 4.00 mol%nd SPhos (2.63 mg, 6.40 umol,
8.00mol%) were dissolved in freshly distilled THF (Gr@.) and the catalyst mixture was stirred for

10 min, beforametaiodophenylalanine cyclopeptide (68.1 mg, 80.0 umol, 1.0 equiv) was inserted.
Afterwards, thed-pyridylzinc pivalate solutioriein THF (0.87 mL, 0.23 M, 0.2hmol, 2.50 equiv)

was added dropwise over 1 h and the reaction mixture stirred for further 5 h. After quenching, extracting
andevaporatingthe crude product was flushed through a sitikay with a@tonitrile. Purification via
preparative reverseghase HPL&hromatography (MeCN/A®) yielded the modified cyclopeptide
15cas colorless solid (49.4 mg, 61.6 pmol, 7yd).

IH-NMR (400 MHz, CDCls, ppm)i = 8. 71 (s, 2H), 7.789=18Hz 2H),
1H), 7.49 (d,J = 9.8 Hz, 1H), 7.45 (tJ = 7.8 Hz, 1H), 7.34 (dJ = 7.6 Hz, 1H), 7.10 (dJ = 9.4 Hz,

1H), 6.46 (d,) = 9.8Hz, 1H), 5.28 (ddJ = 11.7, 4.1Hz, 1H), 5.15i 5.06 (m, 1H)4.98i 4.87 (m, 2H),

4.81 (dd,J = 10.0, 5.4Hz, 1H), 4.101 4.02 (m, 1H), 3.73 3.64 (m, 1H), 3.60 3.50 (m, 1H), 3.39 (dd,
J=14.2, 7.1Hz, 1H), 3.26 (d,) = 5.3Hz, 1H), 3.23 (s, 3H), 3.00 (s, 3H), 2.22.11 (m, 1H), 2.06

1.72 (m, 6H), 1.69 1.31 (m, 9H), 1.01 (dJ = 6.5Hz, 3H), 0.96( 0.90 (m, 12H), 0.87 (d] = 6.5Hz,

3H), 0.82 (d,J = 6.7Hz, 3H), 0.80 (d,) = 7.9Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm) Ui = 174.2, 174.1, 171.6, 170.7, 170.0, 169.3, 146.3 (2 C), 138.8,
136.9, 131.8, 129.8, 128.6, 126.0, 122.9 (2 C), 61.1, 55.1, 53.4, 53.1, 48.6, 47.9, 47.8, 42.5, 41.4, 37.6,
37.2, 36.3, 31.6, 30.8, 29.8, 28.1, 25.5 (2 C), 25.3, 25.0, 24.7, 23.7, 23.42 £3,@20.9 (2 C), 22.0,

21.3.

HRMS (ESI): calcd. [M+H, GsHesOsN7]: 802.5226, found: 802.5213; calcd. {M| CasHesOsN-]:
800.5080, found: 800.5087.

IR (ATR, cm-%)’ =3302 (m), 2955 (m), 2930 (m), 2870 (w), 1688 (W), 1665 (m), 1657 (m), 1631 (vs),
1513(m), 1468 (m), 1461 (m), 1451 (m), 1445 (m), 1099 (w), 790 (V).

M.p. 135.3 °C



C. EXPERIMENTAL PART 118

(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(4-(pyridin -2-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkie4,7,10,13,16

hexaone(16a)

According toTP8, Pd(OAc) (0.72 mg, 3.20 umol, 4.00 mol%) and SPhos (2.63 mg, 6.40 umol,
8.00mol%) were dissolved in freshly distilled THF (Qr@.) and the catalyst mixture was stirred for

10 min, beforgpara-iodophenylalanine cyclopeptide3 (68.1 mg, 80.0 umol, 1.0 equiv) was inserted.
Afterwards, the2-pyridylzinc pivalate solutioricin THF (0.39 mL, 0.52 M, 0.2éhmol, 2.50 equiv)

was added drapise over 1 h and the reaction mixture stirred for further 5 h. After quenching, extracting
andevaporatingthe crude product was flushed through a stlitay with acetonitrile. Purification via
preparative reverseghase HPL&hromatography (MeCN/A®) yielded the modified cyclopeptide
16aas colorless solid (53.9 mg, 67.2 umol, 8¥i&d).

H-NMR (400 MHz, CDCls, ppm) i = 8. $=84.8(1B,dldHz, 1H), 7.91 (dJ =8.2Hz, 2H),

7.75 (dddJ = 8.0, 7.2, 1.8z, 1H), 7.70 (dtJ = 8.0, 1.2Hz, 1H), 7.57 (dJ = 9.3Hz, 1H), 7.30 (d,
J=8.3Hz, 2H), 7.22 (dddJ =7.2, 4.8, 1.3Hz, 1H), 7.06 (dJ =9.4Hz, 1H), 6.14 (dJ =9.5Hz, 1H),

5.30 (ddJ=11.7, 4.1Hz, 1H), 5.17 5.08 (m, 1H), 4.94 4.85 (m, 2H), 4.82 (dd,=9.7, 5.7Hz, 1H),

4.00 (ddJ=7.8, 4.7Hz, 1H), 3.73 3.65 (m, 1H), 3.59 3.52 (m, 1H), 3.41 (ddl=14.1, 6.z, 1H),

3.25 (s, 3H), 3.15 (ddl = 14.1, 5.0Hz, 1H), 3.01 (s, 3H), 2.2b 2.15 (m, 1H), 2.09 1.75 (m, 6H),

1.657 1.33 (m, 9H), 1.01 (d] = 6.6 Hz, 3H),0.987 0.90 (m, 15H), 0.88 (dl = 2.4 Hz, 3H), 0.86 (d,
J=2.5Hz, 3H).

BC-NMR (101 MHz, CDClz, ppm)li = 174.2, 174.1, 171.2, 170. 9,
137.8, 136.9, 130.0 (2 C), 127.3 (2 C), 122.2, 120.5, 61.1, 55.1, 53.4, 53.0, 48.6, 47.8, 47.8, 42.2, 41 .4,
37.7, 36.8, 36.3, 31.5, 30.8, 28.4, 25.5, 25.4, 25.3, 25.0, 24.6, 23.7, 23,2228, 22.9, 22.8, 22.1,

21.3.

HRMS (ESI): calcd. [M+H, GsHessOsN7]: 802.5226, found: 802.5216; calcd. {M CasHssOsN7]:
800.5080, found: 800.5091.

IR (ATR,cm™)’ = 3498 (vw), 3303 (w), 2955 (m), 2930 (w), 2870 (w), 2359 (w), 1630 (vs), (MB9

1518 (m), 1467 (m), 1446 (m), 1386 (w), 1367 (w), 1098 (w), 776 (w), 668 (vw).

M.p. 130.6°C



C. EXPERIMENTAL PART 119

(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(4-(pyridin -3-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkig4,7,10,13,16
hexaone (16hb)

According toTP8, Pd(OAc) (0.72 mg, 3.20 pmol, 4.00 mol%) and SPhos (2.63 mg, 6.40 umol,
8.00mol%) were dissolved in freshly distilled THF (0r@.) and the catalyst mixture was stirred for

10 min, beforgara-iodophenylalanine cyclopeptide3 (68.1 mg, 80.0 pmol, 1.0 equiv) wasserted.
Afterwards, the3-pyridylzinc pivalate solutioidd in THF (0.48 mL, 0.42 M, 0.2hmol, 2.50 equiv)

was added dropwise over 1 h and the reaction mixture stirred for further 5 h. After quenching, extracting
andevaporatingthe crude product was aed through a silieplug with acetonitrile. Purification via
preparative reverseghase HPL&hromatography (MeCN/AD) yielded the modified cyclopeptide
16bas colorless solid (39.8 mg, 49.6 pumol, 628id).

'H-NMR (400 MHz, CDCls, ppm) i = 8 .J& 3.4, 0.2Hd, 1H), 8.59 (dd,]) = 4.8, 1.6Hz, 1H),

7.85 (ddd,J = 7.9, 2.4, 1.6Hz, 1H), 7.52 (dJ = 10.0Hz, 1H), 7.49 (dJ = 8.2 Hz, 2H), 7.37 (ddd,

J=7.9, 4.8, 0.Hz, 1H), 7.31 (d,) = 8.2Hz, 2H), 7.09 (dJ = 9.5Hz, 1H), 6.23 (dJ = 9.6 Hz, 1H),

5.30 (ddJ=11.6, 4.1Hz, 1H), 5.2Gi 5.09 (m, 1H), 4.95 4.87 (m, 2H), 4.82 (dd}=9.8, 5.5Hz, 1H),

4.05 (ddJ=7.8, 4.6Hz, 1H), 3.751 3.67 (m, 1H), 3.57 (dt] = 10.4, 6.9Hz, 1H), 3.42 (dd) =14.1,

6.6Hz, 1H), 3.25 (s, 3H), 3.13 (dd,= 14.1, 4.9Hz, 1H), 3.01 (s, 3H), 2.22 (di,= 11.8, 7.0Hz, 1H),

2.08 (dgJ=11.0, 5.4Hz, 1H), 2.01i 1.75 (m, 6H), 1.6% 1.33 (m, 8H), 1.01 (d] = 6.6 Hz, 3H), 0.98

i 0.92 (m, 12H), 0.92 (d] = 3.1Hz, 3H), 0.89 ¢, J= 3.5Hz, 3H), 0.88 (d,J = 3.4Hz, 3H).

13C.NMR (101 MHz, CDCls,ppm)i = 174.2, 174.2, 171.4, 170. 8,
136.7, 136.4, 134.4, 130.4 (2 C), 127.5 (2 C), 123.7,61.1, 55.1, 53.5, 53.1, 48.6, 47.9, 42.2, 41.4, 37.7,
36.8, 36.3, 31.5, 30.8, 29.8, 28.3, 25.5, 25.4, 25.3, 25.0, 24.6, 23.7, 23,2228, 22.9, 22.9, 22.1,

21.3.

HRMS (ESI): calcd. [M+H, GsHessOsN7]: 802.5226, found: 802.5215; calcd. {M| CasHssOsN7]:
800.5080, found: 802.5090.

IR (ATR, cm™)’ = 3509 (w), 3303 (w), 2955 (m), 2930 (w), 2870 (w), 2361 (w), 2339 (w), 1630 (vs),
1519 (m), 1469 (m), 1447 (m), 1367 (w), 1100 (w), 799 (w), 712 (vw).

M.p. 140.6 °C
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(3S,6S,9R,12S,155,20aR)-6,9,12,15tetraisobutyl-8,11-dimethyl-3-(4-(pyridin -4-
yl)benzyl)tetradecahydropyrrolo[1,2-a][1,4,7,10,13,16]hexaazacyclooctadechkie4,7,10,13,16

hexaone (16c¢)

According toTP8, Pd(OAc) (0.72 mg, 3.20 pmol, 4.00 mol%nd SPhos (2.63 mg, 6.40 umol,
8.00mol%) were dissolved in freshly distilled THF (0r@.) and the catalyst mixture was stirred for

10 min, beforgara-iodophenylalanine cyclopeptide3 (68.1 mg, 80.0 pmol, 1.0 equiv) was inserted.
Afterwards, thed-pyridylzinc pivalate solutioriein THF (0.87 mL, 0.23 M, 0.2thmol, 2.50 equiv)

was added dropwise over 1 h and the reaction mixture stirred for further 5 h. After quenching, extracting
andevaporatingthe crude product was flushed through a sitikay with a@tonitrile. Purification via
preparative reverseghase HPL&hromatography (MeCN/A®) yielded the modified cyclopeptide
16cas colorless solid (51.3 mg, 64.0 pmol, 89rd).

IH-NMR (400 MHz, CDCls, ppm) i = 8 J=65%Hz H), 7.55 (dJ = 8.1Hz, 2H), 7.54i 7.47

(m, 3H), 7.32 (dJ = 7.9Hz, 2H), 7.09 (d,] = 9.5Hz, 1H), 6.27 (dJ = 9.7Hz, 1H), 5.30 (ddJ = 11.7,

4.1Hz, 1H), 5.13 (q,) = 7.8 Hz, 1H), 4.96i 4.86 (m, 2H), 4.82 (dd] = 9.9, 5.5Hz, 1H), 4.05 (dd,

J=7.0, 3.7Hz, 1H), 3.69 (q,) = 8.2, 6.8Hz, 1H), 3.56 (dtJ = 9.9, 6.6Hz, 1H), 3.39 (dd,) = 14.1,

6.7Hz, 1H), 3.24 (s, 3H), 3.15 (dd,= 14.1, 4.9Hz, 1H), 3.00 (s, 3H), 2.16 (s, 6H), 2.13L.74 (m,

4H), 1.68i 1.32 (m, 7H), 1.01 (d] = 6.5Hz, 3H), 0.94 (qdJ = 6.6, 4.1Hz, 15H), 0.89 (d,] = 2.7 Hz,

3H), 0.87 (d,J = 2.5Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm)i = 174.1, 174.1, 171.3, 170.6,
136.7, 130.4, 127.2, 121.6, 60.9, 54.9, 53.3, 52.9, 48.4, 47.7, 42.1, 41.2, 37.5, 36.7, 36.1, 31.4, 30.6,
29.7,28.1, 25.3, 25.3, 25.2, 24.8, 24.5, 23.6, 23.2, 22.9, 22.8, 22.8, 22,2121.9

HRMS (ESI): calcd. [M+H, GsHgssOsN7]: 802.5226, found: 802.5211; calcd. {M CasHssOsN7]:
800.5080, found: 802.5089.

IR (ATR, cm™)’ = 3510 (w), 3297 (w), 3028 (vw), 2955 (m), 2870 (w), 2360 (w), 1630 (vs), 1600
(w), 1519 (m), 1466 (w), 144(m), 1386 (w), 1367 (w), 1099 (w), 997 (vw), 804 (w).

M.p. 141.5 °C
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3 Pyrrole Protected 2Aminoalkylzinc Reagents for the Enantioselective

Synthesis of Amino Derivatives

3.1 Typical Procedures(TP9i 15)

Typical procedur e f or -amimoalcohols(TPR e protection of

MeOn, O~ ~OMe
R2 @ (1.0 equiv) R2
: 1
RH)\ NaOAc (1.0 — 2.4 equiv) RW)\OH
OH

DCE/H,0/HOAC, 90 °C, 1- 16 h N
\ 7

In a roundbottom flask equipped with a magnetic stirring bar, theresponding aminalcohol
(1.00equiv) and NaOAISH,O (1.00' 2.40 equiy were dissolved in a 1;@ichloroethane/water mixture

(1:1) and acidified with glacial acetic aci@,5Dimethoxytetrahydrofuran c{g/trans mixture,
1.00equiv)was added and the twahase mixture was refluxed at 90 °C under vigorous stirring ffior 1

up to16 h The reaction was cooled to rocemperatureand the organic phase was separated. The
agueous phase was extracted three times with EtOAc and the combined organic phases were neutralized
with sat. aq. NaHC®solution, washed with brine and dried owgSQu. After evaporation of the

solvent, the residue was purifidey flash column chromatographfhexanes/EtOAc, addition of

1% Et;N) and the corresponding-pyrrolyl-alkyl alcohol was obtained.
Typical procedure for the preparation of N-pyrrolyl -alkyl iodides (TP10): 3!
R2 PPh; (1.05 — 1.20 equiv) R2

R! imidazole (1.05 — 1.20 equiv) R!
OH I, (1.05 — 1.20 equiv) '

N N

w DCM, 0 °C to 25 °C, 2-4 h @

In a drySchlenklask or tube, PPH(1.05 1.20 equiv) and imidazole (1.05.20 equiv) were dissolved

in dry DCM and cooled to 0 °C. lodine (110520 equiv) was added in three portiongmoa period of

10 min. The correspondinyg-pyrrolyl-alkylalcohol (1.00 equiv) dissolved in dry DCM was added
dropwise to the reaction mixture at 0 °C over a period of 30 nhiemixture wasstirred for 30min at
this temperatureand was themllowed to varm to roontemperatureand stirredadditionally for 1.5h

up to3 h. The reaction was quenched with sat. ageIN@; solution, the organic phase was separated

and the agueous phase extracted three times with DCM. The combined organic phases were dried over

10a)B. S. Gourlay, P. P. Molesworth, J. H. RydnA. SmithTetrahedron Lett2006 47, 799; b)C. W. Jefford,
de Villedon de Naide, Fabienne, K. Sienkiewitetrahedron: Asymmetr996 7, 1069.

131a)V. Morozova, J. Skotnitzki, K. Moriya, K. Karaghiosoff, P. Knocigigew. Chem. Int. E@018 57, 5516;
b) G. L. Lange, C. Gottard&ynth.Commun199Q 20, 1473; c)P. J. Garegg, B. Samuelssdn,Chem. Soc.,
PerkinTrans 1 198Q 2866; d) R. AppelAngew. Chem. Int. EA975 14, 801.
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CaCk and the solvestevaporated. The crude product was purifiedflash column chromatography

(hexanes/EtOAc, darless) and the correspondiNgpyrrolyl-alkyl iodide was obtained.
Typical procedure for LiCl promoted oxidative zinc insertions(TP11):.
R? LiCl (1.0 equiv) R2

R! Zn (1.5 equiv) R _
W)\' [DBE / TMSCI] Znl-LiCl

N N

w THF, 25 °C, 10-90 min w

Two Schlenkubes, equipped with a magnetic stirring bagredried using a heat gut @30°C under

high vacuum and flushed with argon three timesne tube, LiC[(1.0equiv) was added and drigd
vacuo at 470°C. Zinc dust (1.5equiv) was added and driad vacuo at 350°C. Under argon
atmosphere,freshly distilled dry THF was added and the zinadust was activated using
1,2-dibromoethane (DBES mol%) and chlorotrimethylsilane (TMSC5 mol%) and the solutionvas
slightly heateduntil a gas formation started. The tube was placed in a water bath aatkyh®sdide
was added dmwiseor in small portionsAfter completeaddition of thestarting materialthe water bath
was removedThereactionprogress was monitordry quenching smaklliquots with sat. agsolution
NH.CI and gas chromatograplgnalysis After full conversion ofthe N-pyrrolyl-alkyliodide, the
solution was passed through a syringe fidted the solution wasanderred tothe second dryschlenk
tube. The concentratioof the correspondingyl-pyrrolyl-alkylzinc iodidewas determined by titration

againstodine*®? (approx.30-40 mg) in dry THF (1.5mL) under argon atmosphere.

Typical procedure for palladium catalyzed crosscouplings(TP12):

R'" R?
Pd(OAc), (2 mol%) N Znl-LiCl R2
Ar—Hal SPhos (4 mol%) Y/ (12 equiv) R’H)\Ar

Hal = I, Br, (CI)

THF, 25 °C, 4-16 h
\ /

A Schlenktube, equipped with a magnetic stigibar,wasdried using a heat gun at 630 under high
vacuum and flushed with argon three timBd(OAc) (2.25mg, 10.0umol, 2mol%) and SPhd#
(8.21mg, 20.0 pmol, 4nol%) were dissolved in freshly distilledydTHF (1 mL) and stirred for 1Gnin.

The corresponding aryl halig@.50 mmol, 1.00 equiv) was added and to this mixture, the corresponding
N-pyrrolyl-alkylzinc iodide in THF (0.60 mmol, 1.20 equiv) was added dropwise. The reaction was
stirred upon full conversion of the electrophile and thheanched with sat. ag. N@lI solution (1mL).

The crosscoupling mixture was extracted three times with EtOAc, the combined organic phases dried

132 A, Krasovskiy, P. KnocheBynthesif006 5, 890.
1337 E. Barder, S. D. Walker, J. R. Martinelli, S. L. BuchwdldAm. Chem. So2005 127, 4685.
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over MgSQ and the solvent evaporated. After purificatiora flash column chromatography

(hexanes/EtOAc) theorresponding crossoupling product was obtained.

Typical procedure for palladium catalyzed acylation reactiongTP13a). 134
R1 R?

ZnI sLiClI R2
0 Pd(PPh3), (4 mol%) Q 1.2 equiv) RH)\H/RB

CI” "R®  THF, 25°C or 50 °C, 16 h N_ O

W

A Schlenkube equipped, with a magnetic stirring baasdried using a heat gun at 630 under high

vacuum and flushed with argon three timfed(PPh)4 (23.1mg, 20.0 umol, 4 mol%) was dissolved in
freshly distilled dry THF (1 mL) and thessociate@cid chloride (0.50 mmol, 1.00 equiv) was added.
The correspondindl-pyrrolyl-alkylzinc iodide in THF (0.60 mmol, 1.20 equiv) was added dropwise
and the mixture was stirred at rovemperaturer 50 °C16 h The reaction mixture was quenched with
sat. ag. NHCI solution (1 mL) and extracted three times with EtOAc. The combined organic phases
dried over MgSQ and the solvent evaporated. Purificativra flash column chromatography
(hexanes/EtOAc) yielded the corresponding acylation product.

Typical procedure for copper(l) iodide catalyzed acylation reaction§TP13b): 13°

1 R2
R2
o ZnI LiCl R R3
)J\ Cul (10 mol%) (1.2 equiv)
clI” °R3 N_ O
THF, 0 °C to 25 °C, 16 h &\ /7

A Schlenktube, equipped with a magnetic stirring baasdried using a heat gun at 630 under high
vacuum and flushed with argon three tim@sl (9.52 mg, 0.05 mmol, 10 mol%)asadded ta freshly
prepared solution dhe correspondinty-pyrrolyl-alkylzinc iodide(0.60 mmol, 1.2Gquiv)at 0 °C and

the mixture stirred for 10 min. Thassociatedacid chloride (0.50 mmol, 1.00 equiv) was added
dropwise and the reaction was mixture stirred for 1 h at 0 °C. Cooling was removed and stirring was
continued at roomemperaturgor 16 h The reaction mixture was quenched with sat. agsQH
extracted three times with EtOAc and the combined organic layers dried overs,Mg&poration of

the solvent anflash column chromatograptpurification (hexanes/EXAc) yielded the corresponding

acylation product.

1343)D. Haas, D. SustaBoman, S. Schwarz, P. Knoch@lig. Lett.2016 18, 6380; b)R. D. Rieke, SH. Kim,
Tetrahedron Lett2011, 52, 3094; c) ENegishi,V. Bagheri, S. Chatterjee,-F. Luo, J. A. Miller, A.T. Stoll,
Tetrahedron Lett1983 24, 5181.

1352)H.-S. Jung, SH. Kim, Tetrahedron Lett2015 56, 1004 b) E. Nakamura, I. Kuwajimal. Am.Chem. Soc.
1984 106, 3368.
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Typical procedure for stereoselective CBSeduction (TP14); 136

(R) or (S)-2-Methyl-CBS-

R? R?  oxazaborolidine (15 mol%) R RZ R R2
Y BH,-SMe, (1.1 equiv) Y Y'Y
N_ O N_ OH or N_ OH

@ THF, 0°Ct025°C,6 h @ @

A Schlenkube, equipped with a magnetic stirring baasdried using a heat gun at 630 under high

vacuum and flushed with argon three tiniHse enantiopur€BS-catalyst (R)- or (§-2-methylCBS
oxazaborolidingl5 mot%) was dissolvedh freshly distilled dryTHF andBHstSMe; (1.10 equiv)was
added slowly at 0 °QAfter 10 min of stirring at thisemperaturga solution othe correspondinigetone
(1.00 equiv) indry THF was added dropwise to the reaction mixt@eoling was removed and the
reaction mixture was stirred at rodemperatureintil full conversion of the keton&he reaction was
guenched by thslowaddition of methanol and the solventereremoved under reduced pressure. The
resulting residue was purified using flash column chromatogrdpeyane/EtOA¢ addition of
1% Et;N) to yield the desireanantioenrichedlcohol

Typical procedure for the pyrrole deprotection reactionvia ozonolysis(TP15). 137

1) O3, -78 °C, 5 min, H 0
S DCM/MeOH (4:1) >=O 3) solvent evaporation R )J\
R—N<;| R-N ‘l}l H
2) Me,S (10 equiv) X 4) KOH in EtOH (0.1 M), H
-78°Cto25°C,6h mixture 25°C, 1h
X =Hand CHO

In a twoneck round bottom flaskhe corresponding pyrrole derivative (1.0 equiv) wWi&solved in a
mixture of DCM and methanol (4:1) and cooled 7@ °C. Ozone was passed through the solution (flow
approx. 2 L/min) until a blueish color was observed. Excess of ozone was removed by flushing with
nitrogen for 10 min. Dimethyl sulfide (1@equiv) was added, cooling wesmoved,and the reaction
mixture stirred for additional 6 h. After evaporation of all solvents, the residue was dissolved in KOH
in EtOH (0.1 M) and stirred for 1 h. Ethanol was removed under reduced pressure and following
purification of the crude productia flash column chromatography purification (hexanes/EtOAc

addition of 1% EfN, KMnO, stair) yielded the correspondingonoformamide containingroduct.

36 a) E. J. Corey, C. J. HelaAngew.Chem. Int. EJ1998 37, 1986; b)E. J. Corey, S. Shibata, R. K. Bakshi,
Org.Chem.1988 53, 2861.

137a) E. Tokumaru, A. Tengeiji, T. Nakahara, |. Shil@hgem Lett.2015 44, 1768; b) C. Kashima, T. Maruyama,
Y. Fujioka, K. Harada). Chem. Soc., Perkifrans 11989 1041.
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3.2 Precursor Syntheses

2-lodoethanl-amine hydroiodide (pcl)

HIHN o~

The desired 20doethanrl-amine hydroiodide was prepared as reported in the litet#ftufe around
bottle flask with 57% hydroiodic acid(44.89 g, 200 mmol, 2.00 eig) 2-aminoethanol (6.11 g,
100mmol, 1.00 equivvas addedit O °C. The reaction mixture was heated 70 AC for 4h. During
the reaction, 24 mL ofiaterwere removed witla DeanStarkapparatus and a black solid was formed.
The reactiormixturewas cooled down to rootemperaturand the residue wasthevith EO several
times. After recrystallization with ED/EtOH the pure producti@doethanl-amine hydroiodidgcl
was obtained as colorless salt (20.8 g, ®ngol, 70% yield).

H-NMR (400 MHz, DMSO-de, ppm): i = 7 . 8 6 (325 (M32H)3.241 3.173m, 2H).
13C-NMR (101 MHz, DMSO-dg, ppm): . = ©.1.. 4,
IR (Diamond-ATR, neat, cm?): * = 2995 (s), 1567 (m), 1552 (s), 1§s), 1468 (s), 1436 (s),

1380(m), 1315 (m), 1225 (m), 1207 (s), 1074 (m), 1058 (s), 1015 (s), 910 (SNH6TS5 (S).

Methyl (S)-3-(4-methoxyphenyl}2-(1H-pyrrol -1-yl)propanoate ((S)-pc3)

o}

OMe
N

MeO w

According to a modified version a9, L-tyrosine (9.06 g, 50 mmol, 100 equiv)andNaOAd3H,O
(6.80 g, 50.0 mmol, 1.8quiv)were dissolvedn 1,2dichloroethane (37.5 mL), water (37.5 mL) and
glacial acetic acid (12.81L). 2,5dimethoxytetrahydrofuran (6.60 g, 5Gvinol, 1.® equiv) wasadded

and the resulting suspension was refluxed under viggostirringfor 16 h at 90 °C The organic phase
was separated and the aqueous phese extracted with ethyl acetate (3x150 mL). The combined
organic layers were dried over Mg&ahd the solvent was removiedvacuoto obtain the crudés)-3-

(4-hydroxyphenyl)-2-(1H-pyrrol -1-yl)propanoic acid ((S)-pc2).

Without further purification, the crude produ@)-pc2 was dissolved in DMKE100mL) and cooled

with an icebath, beforeKOH (3.9 g, 550 mmol, 1.® equiv) was addedlodomethane467 mL,
75.0mmol, 1.50 equiv) wasadded dropwisat 0 °C and the reaction mixture was then stirred foatl h
ambient temperatur&his step was repeated: After cooling down to 0 °C, another portion of KOH
(3.09¢g, 55.0 mmol, 1.50 equingnd bdomethane (4.67 miz5.0 mmol, 1.5&quiv)were added. The
resulting mixture was stirred for 24 h at room temperature. After aqueous workup and extraction with

ethyl acetate (3x 150 mL), tkembined organic layswerewashedsuccessivelyith a saturated LiCl

138 Katchalski, E.; Ishai, D. Bl. Org.Chem.195Q 15, 1067.
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solution (100mL) and brine (100 mL)The solvent was removeu vacuoand the crud@roduct was
purified by flash column chromatography obtain (S)-pc3 as a colorless oil (7.5, 292 mmol,
58%yield).

!H-NMR (400 MHz, CDCls, ppm): ti = 6.95i 6.89 (m, 2H), 6.79 6.75 (m, 2H), 6.72 (t) = 2.2 Hz,

2H), 6.15 (t,J=2.2Hz, 2H), 4.70 (ddJ=8.8, 6.5HZ, 1H), 3.76 (s, 3H), 3.70 (s, 3H), 3.36 (dd,
J=13.9, 6.5Hz, 1H), 3.20 (ddJ = 13.9, 8.8Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 170.8, 158.7, 130.0,28.4, 120.2, 114.1, 108.8, 63.9, 55.3,
52.7, 38.8

MS (El, 70 eV,%): m/z= 259 (10), 192 (6); 122 (9), 121 (100), 91 (4), 77 (3).

HRMS (El, 70 eV): m/zcalcd. for [GsH17NOg]: 259.1208; found 259.1200 ([N)]

FT-IR (Diamond-ATR, neat, cntl): * = 2954 (w), 1741 (s), 1612 (m), 1513 (s), 1488 (m), 1464 (w),
1439 (m), 1300 (m), 1283 (m), 1273 (m), 1245 (vs), 1198 (m), 1177 (s), 1164 (s), 1111 (m), 1091 (m),
1072 (m), 1032 (s), 823 (m), 722 (vs).

3.3 Preparation of b-N-Pyrrolyl -Alkyl Alcohols

(R)-2-(1H-Pyrrol -1-yl)propan-1-ol ((R)-18b)

N

W
Following TP9, the product was synthesized by refluxing a solutioD-@laninol (R)-17b (1.889,
25.0mmol, 1.00 equiy), NaOAd3H,O (3.40 g, 250 mmol, 1.00 equiv) and
2,5-dimethoxytetrahydrofurarcig/trans mixture,3.30 g, 25.0 mmol, 1.00 equiv) in igkchloroethane
(37.5 mL), water (37.5 mL) and glacial acetic acid (12.5 mL) for 5 h. The crude product was purified
by flash columrto afford(R)-18b (2.47 g, 19.7 mmol, 79% vyield) as a colorless solid.

H-NMR (400 MHz, CDCls, ppm): G = 6.75 (t,J = 2.1 Hz, 2H), 6.19 (t} = 2.1 Hz, 2H), 4.17 (quint,
J=7.0,4.6 Hz, 1H), 3.763.63 (m, 2H), 1.68 (br, 1H), 1.45 (@= 6.9 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): ti= 118.9, 108.4, 67.7, 57.2, 17.5.

MS (El, 70 eV,%): m/z= 125 (52), 94 (100), 93 (13), 78 (22), 68 (12).

HRMS (El, 70 eV): m/zcalcd. for [GH11NO]: 125.0841; found: 125.0836 ([N)]

FT-IR (Diamond-ATR, neat, cnt?): * = 3392 (w), 2974 (w), 2936 (w), 2877 (w), 2360 (vw), 1548
(vw), 1490 (m), 1454 (w), 1413 (w), 1387 (w), 1319 (w), 1275 (m), 1089 (m), 1049 (s), 984 (w), 953
(w), 724 (vs).

M.p. 50.3 °C
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(R)-3-Methyl-2-(1H-pyrrol -1-yl)butan-1-ol ((R)-18¢)

CHj

H3C)\./\OH

)
Following TP9, the product was synthesized by refluxing a solutio-efalinol (R)-17c (2.589,
25.0mmol, 1.00equiv), NaOAd3H,0O (3.40q, 25.0mmol, 1.00equiv) and
2,5-dimethoxytetrahydrofurarcis/transmixture,3.30g, 25.0mmol, 1.00equiv) in 1,2dichloroethane
(37.5mL), water (37.5mL) and glacial acetic acid (12rBL) for 16h. The crude product was purified
by flash column chromatography to affdiR)-18c(3.21g, 20.9mmol, 84% vyield) as a yellow liquid.

IH-NMR (599 MHz, CDCls, ppm): Ui = 6.68 (t,J = 2.1 Hz, 2H), 6.17 (tJ = 2.2 Hz, 2H), 3.89 (dd,
J=119,3.8Hz, 1H), 3.81 (ddJ= 117, 8.7 Hz, 1H), 3.58 (tdJ = 9.0, 3.8 Hz, 1H), 2.02 (dhept] = 9.3,

6.7 Hz, 1H), 1.58 (br, 1H), 1.01 (d,= 6.8 Hz, 3H), 0.74 (dJ = 6.7 Hz, 3H).

13C-NMR (151 MHz, CDCls, ppm): Gi= 119.8, 108.3, 68.8, 64.3, 30.8, 20.1, 19.6.

MS (EI, 70 eV,%): m/z= 153 (37), 122 (100), 120 (10), 107 (12), 106 (12), 94 (18), 82 (31),830 (3
68 (18), 67 (14), 44 (17).

HRMS (El, 70 eV): m/zcalcd. for [GH1sNOJ: 153.1154: found: 153.1147 ([N)]

FT-IR (Diamond-ATR, neat, cnl): * = 2961 (w), 2874 (w), 1489 (m), 1470 (w), 1413 (w), 1387 (w),
1369 (W), 1275 (m), 1088 (m), 1062 (m), 1q®9), 970 (w), 931 (W), 856 (vw), 824 (vw), 720 (vs).

b p (CHCI3, EmLidm'%g'?): +21.1

(S)-3-Phenyl-2-(1H-pyrrol -1-yl)propan-1-ol ((S)-18d)

OH
N

W
Following TP9, a solution of_-phenylalaninokS)-17d (3.78g, 25.0mmol, 1.00equiv), NaOA§3H,O
(3.40g, 25.0mmol, 1.00equiv) and 2,5imethoxytetrahydrofuran ci{g/trans mixture, 3.30g,
25.0mmol, 1.00equiv) in 1,2dichloroethane (37.B1L), distilled water (37.85nL) and glacial acetic
acid (12.5mL) was heated under reflux for 16 h. Purification of the crude product by flash column

chromatographwfforded(S)18d (4.27g, 21.2mmol, 85% vyield) as a yellow oil.

IH-NMR (400 MHz, CDCls, ppm): ti= 7.33i 7.19 (m, 3H), 7.09 7.05 (m, 2H), 6.73 (} = 2.1 Hz,

2H), 6.20 (t,J = 2.1 Hz, 2H), 4.22 (itJ = 7.3, 5.9 Hz, 1H), 3.83 (d,] = 6.0 Hz, 2H), 3.14i 3.04 (m,

2H), 1.69 (br1H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 137.7, 129.0, 128.6, 126.8, 119.3, 108.6, 65.4, 63.6, 38.7.
MS (EI, 70 eV, %): m/z= 202 (14), 201 (90), 170 (39), 168 (16), 111 (11), 110 (100), 99 (12), 97 (21),
91 (43), 85 (32), 83 (23), 82 (41), 77 (11),(#D), 70 (13), 67 (10), 65 (13), 56 (12), 57 (61), 55 (34),
44 (17), 43 (43), 40 (28).
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HRMS (El, 70 eV): m/zcalcd. for [GsH1sNOJ: 201.1154; found: 201.1150 ([M)]

FT-IR (Diamond-ATR, neat, cn®): * = 3456 (w), 3027 (w), 2939 (w), 2874 (vw), 17@&v), 1603

(vw), 1547 (vw), 1489 (m), 1454 (w), 1412 (w), 1330 (w), 1272 (m), 1091 (m), 1063 (m), 1040 (m),
1000 (w), 939 (w), 819 (vw), 722 (vs), 697 (vs).

M.p.: 52.6°C.

(9)-2-Phenyl-2-(1H-pyrrol -1-yl)ethan-1-ol ((S)-18e)

Following TP9, a solution of §-2-phenylglycinol (S)-17e (4.11g, 30.0mmol, 1.00equiv),
NaOAd3H;0 (4.08g, 30.0mmol, 1.00equiv) and 2,&limethoxytetrahydrofurancigtrans mixture,

3.97 g, 30.ammol, 1.00equiv) in 1,2dichloroethane (4&L), distilled water (45nL) and glacial acetic

acid (15mL) was heated under reflux for 16 h. Purification of the crude product by flash column

chromatography afforde)-18e(5.17g, 27.6mmol, 924 yield) as a yellowish oil.

H-NMR (400 MHz, CDCls, ppm): ti= 7.387 7.27 (m, 3H), 7.18 7.14 (m, 2H), 6.82 (t) = 2.2 Hz,

2H), 6.24 (tJ = 21 Hz, 2H), 5.26 (ddJ = 8.3, 5.1 Hz, 1H), 4.27 4.12 (m, 3H), 1.87 (br, 1H).

13C-NMR (101 MHz, CDCls, ppm): G = 138.6, 129.0, 128.2, 126.7, 120.1, 108.9, 65.4, 65.0.

MS (El, 70 eV,%): m/z= 187 (14), 157 (12), 156 (100), 154 (11), 129 (14), 128 (12).

HRMS (El, 70 eV): m/zcalcd. for [G2H13NO]: 187.0997; found: 187.0990 ([N)]

FT-IR (Diamond-ATR, neat, cn?):’ = 3275 (m), 2953 (w), 2894 (w), 1491 (m), 1449 (s), 1408 (M),
1326 (m), 1272 (s), 1201 (m), 1095 (m), 1081 (s), 1056 (s), 1029 (vs), 999 (s), 939 (m), 852 (w), 829
(w), 748 (m), 722 (vs), 697 (vs).

(R)-3-(1H-Indol-3-yl)-2-(1H-pyrrol -1-yl)propan-1-ol ((R)-18f)

HN N

W

Following TP9, a solution of D-tryptophanol (R)-17f (3.81 mmol, 20.0 mmol, 1.00 equjv)
NaOAd3H;0 (3.90g, 28.7mmol, 1.44equiv) and2,5-dimethoxytetrahydrofurancigtrans mixture,
2.649,20.0mmol, 1.00equiv) in 1,2dichloroethane (4enL), distilled water (40nL) and glacial acetic

acid (4.1mL) was heated under reflux for 16 h. Purification of the crude product by flash column

chromatography afforde(R)-18f (3.43 g 14.3 mmol, 71% yield) as a yellowish oil.

IH-NMR (400 MHz, CDCls, ppm): U= 7.94 (s, 1H), 7.57 (dfl = 7.7, 1.0 Hz, 1H), 7.34 (df,= 8.1,
0.9 Hz, 1H), 7.22 (ddd}= 8.2, 7.0, 1.3 Hz, 1H), 7.15 (ddi 8.0, 7.0, 1.1 Hz, 1H), 6.76 = 20 Hz,
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2H), 6.66 (dJ = 2.4 Hz, 1H), 6.21 (t) = 2.1 Hz, 2H), 4.31 (dtd] = 7.8, 6.6, 5.3 Hz, 1H), 3.85 (t,
J=5.9 Hz, 2H), 3.33 3.25 (m, 1H), 3.19 (ddd,= 14.8, 7.8, @ Hz, 1H), 1.66 (tJ = 6.3 Hz, 1H).
13C-NMR (101 MHz, CDCls, ppm): t=136.1, 127.3, 122.6, 122.2, 119.6, 119.4, 118.5, 111.6, 111.3,
108.5, 65.9, 62.5, 28.0.

MS (El, 70 eV, %): m/z= 241 (5), 240 (32), 173 (14), 131 (10), 130 (100).

HRMS (El, 70 eV): m/zcalcd. for [GsH16N20]: 240.1263; found: 240.1257 ([NM]

FT-IR (Diamond-ATR, neat, cnt®): ' = 3402 (m), 2942 (w), 1489 (m), 1456 (m), 1420 (m), 1336
(m), 1271 (m), 1229 (m), 1091 (s), 1065 (m), 1011 (m), 938 (w), 821 (w), 724 (vs).

(9)-3-(4-M ethoxyphenyl)-2-(1H-pyrrol -1-yl)propan-1-ol ((S)-18g)

e
N
MeO

(W

(9)-pc3(5.78 g, 25.0 mmol, 1.00 equiv) was dissolved in ethanof(b)) the resulting solutionooled

to 0 °Cand NaBH (1.42g, 37.5mmol, 1.50equiv) was added in smadlortions The mixture was
warmed to roomtemperature and stirred forté before all solventvere evaporated. The residue was
suspended in EtOAc (150 mL), the remaining NaRids quenched with sat. aq. MH and the organic
phaseseparated. After washing with sat. aq. NaH&@ution and brine, the organic phase was dried
over MgSQ, filtered and the solvents removiedvacua Purificationby flash column chromatography

yielded thealcohol(S)-18g asa viscous colorless liquid @1 g, 17.26 mmol, 69% yield§®

IH-NMR (400 MHz, CDCls, ppm): ti= 6.97i 6.91 (m, 2H), 6.81 6.75 (m, 2H), 6.70 () = 2.1Hz,

2H), 6.17 (tJ = 2.1Hz, 2H), 4.15 (ttJ= 7.2, 5.9Hz, 1H), 3.82 (dJ = 5.9Hz, 2H), 3.77 (s, 3H), 3.02

(s, 1H), 3.00 (dJ = 1.6 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): U = 158.5, 130.0, 129.7, 119.3, 114.0, 108.6, 65.5, 63.8, 55.3,
37.8.

MS (EI, 70 eV,%): m/z= 231 (32), 200 (11), 198 (13), 164 (53), 121 (100), 110 (30{18) 82 (59).
HRMS (El, 70 eV): m/zcalcd. for [C14H170:N4]: 231.1259 found: 231.1253 ([MY)).

FT-IR (Diamond-ATR, neat, cm1): ' = 2836 (w), 1612 (m), 1584 (w), 1511 (s), 1490 (m), 1463 (m),
1328 (w), 1300 (m), 1273 (m), 1243 (vs), 1178 (s), 1091 (066Lm), 1031 (s), 940 (w), 874 (w),
831(m), 816 (M), 766 (w)722 (vs).

19 J-E. Joo, K:Y. Lee, V:-T. Pham, Y-S. Tian, W-H. Ham,Org. Lett. 2007, 9, 3627.
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(1S,25)-2-(1H-Pyrrol -1-yl)cyclohexan1-ol (S,S-18h)

o
0
According to a modified versioof TP9, (1S 29-2-aminocyclohexaii-ol hydrochloride(S,S)-17h
(6.07g, 40.0 mmol, 1.00 equiv) and NaCi&e,0 (10.9 g, 80 mmol, 2.00 equiv) were dissolved in a
mixture of 1,2dichloroethane (65 mL), water (65 mL) and glacial acetic acidml Then,
2,5dimethoxytetraydrofuran €is/trans mixture, 529 g, 40.0 mmol, 100 equiv) was added and the
two-phase mixture was stirred vigorously at 90f6€16 h After aqueous workup and purificatioia
flash column(S,S)-18h was obtained as yellowish solifl.45 g, 33.0nmol, 83% vyieldd.r. > 99.7).

IH-NMR (400 MHz, CDCls, ppm): ii = 6.74 (t,J = 2.2 Hz, 2H), 6.17 (tJ = 2.2Hz, 2H), 3.65 3.54

(m, 2H), 2.15 1.98 (m, 3H), 1.88 1.79 (m, 2H), 1.77 1.64 (m, 1H), 1.46 1.30 (m, 3H).

13C-NMR (101 MHz, CDCls, ppm): ti = 119.2, 108.4, 74.3, 65.8, 33.3, 32.4, 25.4, 24.4.

MS (El, 70 eV,%): m/z= 166 (10), 165 (100), 106 (22), 94 (21), 93 (10), 81 (15), 80 (20), 79 (11), 68
(48), 67 (12).

HRMS (El, 70 eV): m/zcalcd. for [GoH1sNO]: 165.1154; found: 165.1148 ([N)]

FT-IR (Diamond-ATR, neat, cn®): ’ = 3466 (w), 2933 (m), 2858 (w), 1668 (vw), 1490 (m), 1450
(m), 1414 (w), 1360 (w), 1274 (s), 1232 (w), 1134 (w), 1088 (s), 1062 (s), 1047 (m), 985 (w), 941 (m),
867 (w), 848 (w), 718 (vs).

) p (CHCls, tmLidm'%g'?): 71 2.7.

M.p. 36.4 °C

(1R,2R)-2-(1H-Pyrrol -1-yl)cyclopentan-1-ol ((R,R)-18i)

According to a modified versioaf TP9, (1R,2R)-2-aminocyclopentari-ol hydrochloride(R,R)-17i
(2.75mmol, 20.0mmol, 1.® equiv)and NaOA&H,O (6.53g, 48.0mmol, 240 equiv) were dissolved
in a mixture of 1,Aichloroethane40 mL), water 40 mL) and glacial acetic aci®{nL). Then, 2,5
dimethoxytetrahydrofurarcig/trans mixture, 2.64 g, 20.0mmol, 1L00equiv) was added and th&o-

phase mixture was stirred vigorously at 90fF6C16 h After aqueous workup and purificatigia flash
column (R,R)-18 was obtained asolorlesdiquid (2.33g, 15.4mmol, 77%yield, d.r. >99:1).

IH-NMR (400 MHz, CDCl, ppm): Ui = 6.76 (t,J = 2.1Hz, 2H), 6.18 (tJ = 2.2Hz, 2H), 4.17i 4.03
(m, 2H), 2.43 (dJ = 2.4Hz, 1H), 2.32i 2.19 (m, 1H), 2.13 2.00 (m, 1H), 2.03 1.76 (m, 3H), 1.73
i 1.57 (m, 1H).

13C-NMR (101 MHz, CDCls, ppm): ti= 119.1, 108, 78.7, 67.5, 31.6, 29.9, 20.0.
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MS (El, 70 eV,%): m/z= 151 (100), 106 (56), 94 (74), 80 (58), 68 (100).

HRMS (El, 70 eV): m/zcalcd. for [GH1sNO]: 151.0997; found: 151.0990 ([N)]

FT-IR (Diamond-ATR, neat, cntl): * = 3361 (w), 2962 (w), 2878~), 1666 (vw), 1491 (m), 1451
(w), 1418 (w), 1280 (m), 1091 (m), 1064 (m), 1051 (m), 977 (w), 719 (vs).

3.4 Preparation of b-N-Pyrrol yl-Alkyl 1odides

1-(2-1odoethyl)}-1H-pyrrole (193

@N\/\I

According to a modified version a@iP9, 2-iodoethanl-amine hydroiodidépcl, 5.98g, 20.0mmol,
1.00 equiviandNaOAd3H,0 (13.6 g, 100 mmol, 5.00 equiwere dissolved i10mL glacial acetic
acid. To the reaction mixture 2ddmethoxytetrahydrofurancigtrans mixture, 2.91 g, 2.0 mmol|,
1.00equiV) was added and the mixture was refluxed at 90 °C forThe reaction was quenched with
waterand neutralized with saturated NaH{ ©xtracted with ethyl acetasand the combined organic
layerswerewashed with brine and dried over Mg&®@he crudgoroductwas purified by flasktolumn

chromatography tgield the alkyliodide 19aas a yellowish liquid (3.12 g, 14mmol, 71% yield)\*°

'H-NMR (400 MHz, CDCls, ppm): Ui=6.69 (tJ=2.1, 2H), 6.19 (t)=2.1Hz, 2H), 4.25 (t) = 7.5Hz,

2H), 3.40 (tJ =7.5Hz, 2H).

13C-NMR (101 MHz, CDCls, ppm): ti= 120.5, 108.9, 52.0, 3.4.

MS (El, 70 eV, %): m/z= 221 (100), 193 (35), 155 (18), 127 (14), 94 (44), 80 (20).

HRMS (ESI): m/z calc. for [GHsIN]: 220.9701; found: 220.969%M] *).

IR (Diamond-ATR, neat, cm™): * = 3098 (vw), 2963 (vw), 2363 (vw), 1556 (w), 1495 (m), 1445 (w),
1418 (w), 1350 (w), 1290 (m), 1276 (s), 1238 (m), 1172 (m), 1087 (s), 1064 (m), 964 (m), 834 (w), 717

(vs).

(R)-1-(1-lodopropan-2-yl)-1H-pyrrole ((R)-19hb)

H3C\./\I

(W

According toTP10, a solutionof (R)-18b (2.47 g, 19.7 mmol, 1.00 equiv) in dry DCM (30 mL) was
added dropwise to a 0 °C solution of RR6.20 g, 23.6 mmol, 1.20 equiv), imidde (1.61g,
23.6mmol, 1.20 equiv) and iodine (6.00 g, 23.6 mmol, 1.20 equiv) in dry DCM (33 mL) over a period
of 30 min. The mixture was then allowed to warm to rdaemperatureand stirred for an additional

90 min. After quenching with N&,Os, extracton with DCM and purification via flash column

M0 Gracia, S.; Cazorla, C.; Métay, E.; PelRastaing, S.; Lemaire, M. Org. Chem2009 74, 3160.
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chromatography{R)-19%b (4.23 g, 18.0 mmol, 91% vyield, 99.7% ee) was obtained as a faint yellow
liquid.

H-NMR (400 MHz, CDCls, ppm): U= 6.66 (t,J = 2.1 Hz, 2H), 6.18 (t) = 2.1 Hz, 2H), 3.71 3.62
(m, 2H), 3.51i 3.43 (m, 1H), 2.18 2.04 (m, 1H), 1.03 (d] = 6.7 Hz, 3H), 0.81 (d] = 6.7 Hz, 3H).
13C-NMR (101 MHz, CDCls, ppm): Gi= 119.5, 108.0, 67.8, 34.4, 20.3, 19.4, 8.9.

MS (El, 70 eV,%): m/z= 263 (24), 220 (33), 3(14), 122 (47), 94 (28), 93 (100).

HRMS (El, 70 eV): m/zcalcd. for [GH14NI]: 263.0171; found: 263.0164 ([M)

FT-IR (Diamond-ATR, neat, cni®): ' = 2961 (w), 2872 (w), 1545 (vw), 1487 (m), 1469 (w), 1419
(w), 1387 (w), 1369 (w), 1293 (w), 1276n), 1190 (m), 1156 (w), 1087 (m), 1067 (m), 970 (w), 923
(w), 856 (w), 717 (vs).

) p (CHClIs, tmLidm'%g'?): 749.6.

(R)-1-(1-1odo-3-methylbutan-2-yl)-1H-pyrrole ((R)-190

CHj

H3C)\./\I

@
According toTP10, a solution of(R)-18c (2.30g, 15.0mmol, 1.00equiv) in dry dichloromethane
(30mL) was added dropwise to aQ solution of PPh(4.33g, 16.5mmol, 110 equiv), imidazole
(1.129g, 16.5mmol, 1.10equiv) and iodine (4.1, 16.5mmol, 1.10equiv) in dy DCM (33mL) over
a period of 30nin. The mixture was then allowed to warm to roteamperatureand stirred for an
additional 90min. After quenching with sat. aq. B#Os solution, extraction with DCM and
purification by flash column chromatograp(i)-19c (3.469g, 13.1mmol, 88% vyield, 99.5%¢€ was

obtainedas a yellow oil.

H-NMR (400 MHz, CDCls, ppm): U= 6.66 (t,J = 21 Hz, 2H), 6.18 (tJ = 2.1 Hz, 2H), 3.71i 3.62
(m, 2H), 3.511 3.43 (m, 1H), 2.18 2.04 (m, 1H), 1.03 (d] = 6.7 Hz, 3H), 0.81 (dJ = 6.7 Hz, 3H).
13C-NMR (101 MHz, CDCls, ppm): ti= 119.5, 108.0, 67.8, 34.4, 20.3, 19.4, 8.9.

MS (El, 70 eV,%): m/z= 263 (24), 220 (33), 19Q4), 122 (47), 94 (28), 93 (100).

HRMS (El, 70 eV): m/zcalcd. for [GH1aNI]: 263.0171; found: 263.0164 ([M)

FT-IR (Diamond-ATR, neat, cnt?): ' = 2961 (w), 2872 (w), 1545 (vw), 1487 (m), 1469 (w), 1419
(w), 1387 (w), 1369 (w), 1293 (w), 1272 (m), 11@0), 1156 (w), 1087 (m), 1067 (m), 970 (w), 923
(w), 856 (w), 717 (vs).

) p (CHCls, EmLtdm'%g'Y): 134.0
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(9)-1-(1-1odo-3-phenylpropan-2-yl)-1H-pyrrole ((S)-19d)

|
N
W
Following TP10, (S)}-18d (4.23g, 21.0mmol, 1.00equiv) in dry DCM (40mL) was added dropwise to
a solution of triphenylphosphine (6.8 23.2mmol, 1.10equiV), iodine (5.87g, 23.1mmol,
1.10equiv) and imidazole (1.58, 23.1mmol, 1.10equiv) in dry DCM (44mL) at 0°C overa period
of 45min. The mixture was stirred for anotherr®, allowed to warm to rootemperaturand stirred

for an additional 9@nin. Quenching with Nz50s;, extraction with DCM andgurification by flash
column chromatography afford¢®)19d (5.52g, 17.7mmol, 84% vyield, 99.9%¢6 as a yellow oil.

H-NMR (400 MHz, CDCls, ppm): G = 7.267 7.16 (m, 3H), 7.02 6.97 (m, 2H), 6.61 (t} = 2.1 Hz,
2H), 6.14 (tJ = 22 Hz, 2H), 4.19 (ttJ = 7.7, 5.9 Hz, 1H), 3.51 (ddJ = 105, 5.5 Hz, 1H), 3.42 (dd,
J=105, 7.6 Hz, 1H), 3.22 (ddJ = 138, 6.3 Hz, 1H), 3.11 (ddJ = 137, 7.9 Hz, 1H).

1BC-NMR (101 MHz, CDCls, ppm): G = 137.2, 129.0, 128.7, 127.1, 118.9, 108.5, 62.9, 42.1, 9.5.
MS (El, 70 eV,%): m/z= 311 (24), 220 (84), 11(@4), 115 (16), 93 (100), 91 (26).

HRMS (El, 70 eV): m/zcalcd. for [GaH1aNI]: 311.0171; found: 311.0163 ([M)

FT-IR (Diamond-ATR, neat, cni'): * = 3061 (vw), 3025 (w), 2946 (vw), 1603 (vw), 1545 (vw), 1486
(m), 1453 (w), 1414 (w), 1328 (w), 1273 (M1.75 (m), 1089 (m), 1069 (m), 1030 (w), 964 (w), 917
(w), 867 (vw), 821 (vw), 719 (vs), 697 (vs).

) p (CHCls, EmLtdm'%g'Y): 11.5

(9)-1-(2-1odo-1-phenylethyl)-1H-pyrrole ((S)-19)

U

N
W,

Following TP10, (S)-18e(4.68g, 25.0mmol, 1.00equiv) in dry DCM (40mL) was added dropwise to
a solution of triphenylphosphine (7.81 27.5mmol, 1.10equiv), iodine (6.98, 27.5mmoal,
1.10equiv) and imidazole (1.83, 27.5mmol, 1.10equiv) in dry DCM (44mL) at 0°C overa period
of 30 min. The mixture was stirred for anotherr@in, allowed to warm to rootemperaturend stirred
for anadditional 3 h. Quenching with M&Os, extraction with DCM and purification by flash column
chromatography afforde(®)-19e (5.28g, 17.8 mmol, 71% yield, 99.8% 6 as a yellow oil.

IH-NMR (400 MHz, CDCls, ppm): ti= 7.40i 7.32 (m, 3H), 7.23 7.17 (m, 2H), 6.78 () = 2.1 Hz,
2H), 6.25 (tJ = 2.1 Hz, 2H), 5.33 (ddJ = 9.5, 6.0 Hz, 1H), 3.86 (ddJ = 108, 6.1 Hz, 1H), 3.77 (dd,
J=108, 9.5 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 139.6, 129.1, 128.5, 126.5, 119.6, 108.9, 65.2, 6.9.
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MS (El, 70 eV,%): m/z= 297 (45), 231 (31), 193 (59), 170 (39), 168 (31), 167 (14), 156 (25), 104
(100), 103 (22), 7822), 77 (14).

HRMS (El, 70 eV): m/zcalcd. for [G.H12NI]: 297.0014; found: 297.0005 ([M)

FT-IR (Diamond-ATR, neat, cn®): * = 3059 (vw), 3028 (vw), 1485 (m), 1450 (m), 1423 (w), 1311
(w), 1277 (m), 1175 (m), 1128 (w), 1089 (m), 1068 (m), 1022 (W), @9, 913 (vw), 859 (w), 752
(w), 718 (vs), 695 (vs).

) p (CHCls, tmLidm'%g'?): +31.2

(R)-3-(3-1odo-2-(1H-pyrrol -1-yl)propyl) -1H-indole ((R)-19f)

HN N

Following TP10, (R)-18f (2.40g, 10.0mmol, 1.00equiv) in dry DCM (20mL) was added dropwise to
a solution of PPH(2.75 g, 10.5 mmol, 1.05 equiv), imidazole (#h§, 10.5 mmol, 1.05 equiv) and
iodine (2.67 g, 10.5nmol, 1.05 equiv) in dry DCM (2fnL) at 0°C over a period of Bmin. The
mixture was stirred for another 3@in, allowed to warm to roontemperatureand stirred for an
additional 2h.Quenching with Nz5,0s, extraction with DCM andpurification by flash column
chromatography afforde@R)-19f as ayellowishoil (2.96 g 8.45 mmol, 84% vyield, 99.5%¢

H-NMR (400 MHz, CDCls, ppm): U = 7.91 (s, 1H), 7.59 (ddJ=7.8, 1.1Hz, 1H), 7.37 (dt,
J=8.1Hz, 0.9, 1H), 7.29 7.20 (m, 1H), 7.18 (ddd,=8.1, 7.0, 1.Hz, 1H), 6.72 (tJ =2.1Hz, 2H),
6.69 (d,J =2.4Hz, 1H), 6.21 (tJ=2.2Hz, 2H), 4.37i 4.28 (m, 1H), 3.59 (dd] = 10.4, 5.4Hz, 1H),
3.49 (ddJ=10.4, 7.4Hz, 1H), 3.47 (ddJ = 14.7, 6.5Hz, 1H), 3.28 (dddJ = 14.7, 7.7, 0.Hz, 1H).
13C-NMR (101 MHz, CDCls, ppm): Gi=136.0, 127.1, 122.922.3, 119.8, 119.0, 118.4, 111.4, 111.1,
108.3, 61.5, 31.6, 10.4.

MS (El, 70 eV,%): m/z= 350 (5), 156 (2), 131 (10), 130 (100), 128 (3), 93 (3), 77 (2).

HRMS (El, 70 eV): m/zcalcd. for [GsH1sIN2]: 350.0280; found: 350.0267 ([M)]

FT-IR (Diamond-ATR, neat, cnt?): ' = 3409 (m), 1487 (m), 1456 (m), 1419 (m), 1336 (m), 1272
(m), 1228 (m), 1177 (m), 1090 (s), 1066 (m), 1010 (m), 918 (w), 809 (w), 721 (vs).

) p (CHCls, EmLtdm'%g'): +5.7.
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(9)-1-(1-1odo-3-(4-methoxyphenyl)propan2-yl)-1H-pyrrole ((S)-199

ep e
N
MeO

W

Following TP10, (S)-189(3.479, 15.0 mmol, 1.00equiv) in dry DCM 80 mL) was added dropwise to
a solution of PPh(4.72g, 18.0 mmol, 1.05 equiv), imidazolel(23g, 18.0 mmol, 1.05 equiv) and
iodine @.57 g, 18.0 mmol, 1.05 equiv) in dry DCM36mL) at 0°C over a period of 3fin. The
mixture was stirred for another 3in, allowed to warm to roontemperatureand stirred for an
additional 2h. Quenching with Ng5,0s;, extraction with DCM andourification by flash column
chromatography afforde)-19g as acolorless 0il(4.86g, 14.3mmol, 95% yield, 2.0% e

!H-NMR (400 MHz, CDCls, ppm): G = 6.947 6.89 (m, 2H), 6.82 6.76 (m, 2H), 6.63 () = 2.1Hz,

2H), 6.16 (tJ=2.1Hz, 2H), 4.16 (ttJ=7.7Hz, 6.1, 1H), 3.78 (s, 3H), 3.53 (d#iz 10.5, 5.5Hz, 1H),

3.43 (dd,J=10.5, 7.Mz, 1H), 3.17 (ddJ = 13.9, 6.3Hz, 1H), 3.07 (ddJ = 139, 7.8Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): Ui=158.6, 130.0, 129.1, 118.9, 114.1, 108.4, 63.0, 55.3, 41.2, 9.6.
MS (El, 70 eV, %): m/z= 341 Q0), 147 (9),121 (100) 93 (16), 77 (10).

HRMS (El, 70 eV): m/zcalcd. for[C14H16INOJ: 341.0277 found: 341.0271 ([M).

FT-IR (Diamond-ATR, neat, cn?): * = 1611 (m), 1511 (s), 1487 (m), 1463 (m), 1440 (t301 (M),
1273 (m), 1244 (vs)177 (s), 1090 (m), 1069 (m), 1032 (s), 963 (834 (w), 817 (m), 810 (m),
719(vs).

) p (CHCls, EmLtdm'%g'Y): 14.4.

1-((1S,2R)-2-1 odocyclohexyl}1H-pyrrole (S,R-19h)

|
SO
Based on a modified versioof TP10, PPh (4.93 g, 18.8 mmol, 1.20 equiv), iddzole (1.2,
18.8mmol, 1.20 equiv) and iodind.77 g, 18.8 g, 1.20 equiv) were dissolved in DCM (30 mL) at 0 °C
and stirred for 15 min. A solution ¢§,5)-18h (2.60 g, 15.7 mmol, 1.00 equiv) in DCM (38 mL) was
added dropwise to the reaction mixture over 30 min. Afterwards, cooling was removed ezattion
heated up to 50 °C for 30 h. After quenching with M&Ssolution, aqueous workup and purification
via flash column chromatographyS,R)-19h was obtained as eolorless 0il(3.30 g, 12.0 mmol,
76% yield, 99.8% ek

IH-NMR (400 MHz, CDCls, ppm): Ui = 6.74 (t,J = 2.2 Hz, 2H), 6.18 (tJ = 2.1 Hz, 2H), 4.90 (iq,
J=3.1, 1.5Hz, 1H), 3.26 (dtJ = 11.7, 3.3Hz, 1H), 2.30i 2.21 (m, 1H), 2.21 2.09 (m, 1H), 2.04
1.87 (m, 2H), 1.82 (tt) = 12.7, 3.4Hz, 1H), 1.70i 1.61 (m, 1H), 1.58 1.43 (m, 1H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 118.5, 108.0, 60.5, 44.4, 35.2, 28.1, 25.4, 21.8.
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MS (El, 70 eV, %): m/z= 275 (49), 193 (129), 148 (100), 127 (12), 118 (24), 106 (16), 81 (76), 80
(38), 79 (66), 77 (15), 68 (63), 67 (29).

HRMS (EI, 70 eV): m/zcalcd. for [GoHIN]: 275.0171; found: 275.0164 ([M}

FT-IR (Diamond-ATR, neat, cml): ' = 2936 (m), 2860 (w), 1488 (m), 1445 (w), 1297 (m), 1279
(m), 1256 (m), 1162 (m), 1093 (m), 1055 (w), 998 (M), 956 (M), 834 (W)(VE)4

) p (CHCls, EmLidm'ig'Y): 159.4.

1-((1R,25)-2-1 odocyclopentyl}1H-pyrrole ((R,S)-19i)

O"\I

According to a modified versioof TP10, PPh (4.32g, 16.5mmol, 1.10equiv) and imidazole (1.1,
16.5mmol, 1.10equiv) were dissolved in dry DCM (26L). lodine (4.19y, 16.5mmol, 1.10equiv)
was added in small portions at°O, followed by the addition ofR,R)-18 (2.27g, 15.0mmol,
1.00equv) in dry DCM (20mL) over a period of 3tnhin. The resulting reaction mixture further stirred
for 30 min at room temperature and refluxed af&Gor 16 h The reaction mixture was quenched with
sat. agq. Ng5,0s (75 mL) and diluted with water (781L). After extraction with DCM3x150mL), the
combined organic phases were dried over Mg8Ql the solvent evaporated. Purification by flash
column chromatography afforded the tit(®,S)-19 compoundas white solid (1.67g, 6.64mmaol,
43% yield, 98.1%ee d.r. >99:).

H-NMR (400 MHz, CDCls, ppm): U= 6.75 (t,J = 2.2 Hz, 2H), 6.19 (1) = 2.2 Hz, 2H), 4.63 (td,
J=5.0,3.5Hz, 1H), 3.83 (ddd=9.4, 7.4, 4.9 Hz, 1H), 2.552.44 (m, 1H), 2.44 2.28 (m, 2H), 2.25
i 2.06 (m, 2H), 1.89 1.75 (m, 1H).
13C-NMR (101 MHz, CDCls, ppm): ti= 119.8, 108.1, 63.7, 37.4, 36.0, 27.9, 21.1.
MS (El, 70 eV,%): m/z= 261 (100), 192 (51), 134 (92), 127 (81061(51), 68 (76).
HRMS (El, 70 eV): m/zcalcd. for [GH12IN]: 261.0014; found: 261.0010 ([M)
FT-IR (Diamond-ATR, neat, cn): * = 2959 (m), 2915 (w), 2855 (w), 1492 (m), 1443 (w), 1362 (w),
1337 (m), 1296 (w), 1280 (m), 1261 (s), 1199 (w), 1174 (m)0X%), 1063 (s), 1018 (s), 976 (m), 922
(w), 870 (w), 796 (vs), 727 (vs).
) p (CHCls, tmLidm'%g'?): +97.5
M.p. 77.4 °C
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3.5 Preparation of Organozinc Reagentsfrom Ch i r d&N4Pyrrb lyl-Alkyl lodides

(2-(1H-Pyrrol -1-yl)ethyl)zinc(ll) iodide (20a)

G
N zniLici

According toTP11, LiCl (424 mg, 10.0 mmol, 1.00 equiv) and @idust (981 mg, 15.0 mmol,
1.50equiv) were dried and suspended in freshly distillgdTHF (15 mL). After activation with DBE

and TMSCI, the suspension was cooled with a wiaétih andl9a (2.21 g, 10.0 mmol, 1.00 equiwas

added dropwise. After 10 min, the reaction mixture was passed through a syringe filter and a 0.58 M

yellow solution @ the titlecompound20a was obtained (16.0 mL, 9.28mol, 93% vyield).

(R)-(2-(1H-Pyrrol -1-yl)propyl)zinc(ll) iodide ( (R)-20Db)

H4C
NS znleLicl
N

W
According toTP11, LiCl (255 mg, 6.00 mmol, 1.00 equiv) and zinc powder (588 m@) 9nmol,
1.50equiv) were dried. Dry THF (9.0 mL) was added and the zinc powder was activated using DBE
and TMSCI(R)-19b(1.41 g, 6.00 mmol, 1.00 equiv) was added dropwise and the reatktume was
stirred for 20 min. After syringéltration (R)-20b was obtained as a 503 mM yellow solution in THF
(9.10 mL, 4.58 mmol, 76% yield).

(R)-(3-Methyl-2-(1H-pyrrol -1-yl)butyl)zinc(ll) iodide ((R)-200)

CHj;

H C)\/\ZnI-LiCI

3

©
According toTP11, LiCl (170 mg, 4.00 mmol, 1.00 equiv) and zipowder (392 mg, 6.00 mmol,
1.50equiv) were dried. Freshly distilled THF (6.0 mL) was added and the zinc powder was activated
using DBE and TMSCI(R)-19c (1.05 g,4.00 mmol, 1.00 equiv) was added dropwise and the reaction
mixture was stirred for 10 min. After syrindidtration, (R)-20c was obtained as @.52M yellow
solution in THF (6.10 mL, 3.18 mmol, 80% vyield).

(9)-(3-Phenyl-2-(1H-pyrrol -1-yl)propyl)zinc(l 1) iodide ((S)-20d)

Znl-LiCl
N

(W

Following TP11, LiCl (340mg, 8.02mmol, 1.00equiv) and zinc dust (78%8g, 12.0mmol, 1.50equiv)
were dried, suspended in dry THF (h2) and activated with DBE and TMSQIS)19d (2.49¢,
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8.00mmol, 1.00equiv) was added dropwise. After frin, the suspension wastéfed with a syringe
filter and a 0.50 M yellow solution ¢&5)-20d in THF (13.0mL, 6.52mmol, 82% yield) was obtained.

(9)-(2-Phenyl-2-(1H-pyrrol -1-yhethyl)zinc(ll) iodid e (S)-20e)

©Y\zm-u0|

N

W

Following TP11, LiCl (255 mg, 6.00 mmwl, 1.00 equiy and zinc dust (58fhg, 9.00mmol,
1.50equiv) were dried, suspended in dry THRR) and activated with DBE and TMSQF5)-1%
(1.78g, 6.00mmol, 1.00equiv) was added dropwise. After 80n, the suspension was filtered with a
syringe filter and a 0.45 M yellow solution ($)-20e in THF (9.50mL, 4.28mmol, 71% vyield) was
obtained.

(R)-(3-(1H-Indol-3-yl)-2-(1H-pyrrol -1-yl)propy )zinc(ll) iodide ((R)-20f)

Qj/\;/\zm-um
HN N

W

Following TP11, LiCl (314 mg, 7.40 mmol, 1.00 eqdinand zinc dust (726hg, 11.1mmol,
1.50equiv) were dried, suspended in dry THF (db) and activated with DBE and TMSCR)-19f
(2.60g, 7.40mmol, 1.00equiv) was added dropwise. After B0n, the suspension was filtered with a
syringe filter and a 0.42 M solution (R)-20f in THF (16.0mL, 6.78mmol, 91%yield) was obtained.

(9)-(3-(4-M ethoxyphenyl}2-(1H-pyrrol -1-yl)propyl)zin c(Il) iodide ((S)-209)

Znl-LiCl
N

MeO @

Following TP11, LiCl (254 mg, 6.00 mmol, 1.00 eqyinand zinc dust (58B1g, 9.00mmol,
1.50equiv) were dried, suspended in dry THF (AR) and activated with DBE and TMSCE)-199
(2.449, 6.00mmol, 1.00equiv) was added dropwise. After frbn, the suspension was filtered with a
syringe filter and a 0.47 M solution ($)-20g in THF (12.0mL, 5.64mmol, 95%yield) was obtained.
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(9)-(2-(1H-Pyrrol -1-yl)cyclohexyl)zinc(ll) iodide ((S)-20h)

O:zm-um
O

According toTP11, LiCl (140 mg, 3.30 mmol, 1.00 equiv) and zinc powder (324 mg, #u9BI,

1.50equiv) were dried. Freshly distilled THF (6.6 mL) was added and the zinc powder was activated

using DBE and TMSCI(S,R)-1% (908 mg, 3.30 mmol, 1.00 equiv) was added dropwise and the

reaction mixture was stirred for 10 min. After syrirfjeration, (S)-20h was obtained as a 0.39 M

yellow solution (6.6 mL, 2.60 mmol, 79% yield).

(R)-(2-(1H-Pyrrol -1-yl)cyclopentyl)zinc(ll) iodid e (R-20i)

,: ~Znl-LiCl
=

According toTP11, LiCl (212 mg, 5.00 mmol, 1.00 equiv) and zinc powdef90 mg, 7.50 mmol,
1.50equiv) were dried. Freshly distilled THEQ mL) was added and the zinc powder was activated
using DBE and TMSCIR,S)-19i (1.31g, 5.00mmol, 100 equiV) was added dropwise and the reaction
mixture was stirred for 10 min. After syrindiération, (R)-20i was obtained as a4B M clearsolution
(10.0mL, 4.78 mmol, 96% yield).

3.6 Transition-Metal-Cat al y z ed R e a\ePyriolgl fAKylzincsReagents b

2-(2-(1H-Pyrrol -1-yl)ethyl)aniline (21a)

jee

2

According toTP12 a freshly prepared solution @fa (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equiv) was
added dropwise to a solution ebPomoaniline (88 mg, 0.50 mmol, 1.00 equivipd(OAc) (2.25mg,
10.0umol, 2mol%) and SPho8(21mg, 2.0 umol, 4mol%)in dry THF (1 mL)and stirredor 16 h
The reaction mixture was quenched with sat. ags@dolution and extracted with EtOAEhe crude
product was purified by flash column chromatography to a2ded(91 mg, 0.49 mmol, 98% vyield) as

a brownish liquid.
!H-NMR (400 MHz, CDClgs, ppm): U= 7.12 (t,J = 8.0 Hz, 1H), 6.65 (t) = 2.0 Hz, 2H), 6.62 (dd,

J=8.0, 0.8 Hz, 1H), 6.09 (d,= 7.6 Hz, 2H), 6.47 () = 2.0 Hz,1H), 6.16 (tJ = 2.0 Hz,1H), 4.11 (t,
J=7.6 Hz, 2H), 3.55 (br, 2H), 2.99 &= 7.6 Hz, 2H).
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13C-NMR (101 MHz, CDCl, ppm): Ui = 145.9, 139.7, 129.5, 120.5, 119.2, 115.7, 113.7, 107.9, 51.0,
38.3.

MS (EI, 70 eV,%): m/z= 186 (100), 185 (26), 184 (13), 119 (49), 106 (9), 80 (61).

HRMS (El, 70 eV): m/zcalcd. for [GzHwN,]: 186.1157; found: 186.1145 ([N}

FT-IR (Diamond-ATR, neat, cnt?): = 3436 (w), 3356 (w), 2925 (w), 2870 (w), 1618 (s), 1604 (s),
1589 (m), 1495 (s), 1459 (m), 1279 (s), 1168 (m), 1088 (s), 1066868)(w), 780 (M), 722 (Vs),
691(s).

1-(4-M ethoxyphenethyl}1H-pyrrole (21b)

CN“@
OMe

According toTP12, a freshly prepared solution 80a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equiv) was
added dropwise to a solution ofi@gdoanisole (117 mg, 0.50 mmol, 1.00 equiRd(OAc) (2.25mg,
10.0umol, 2mol%) andSPhos §.21mg, 2.0 umol, 4mol%) in dry THF (1 mL) The resulting
reaction mixture wastirredfor 16 hand quenched with sat. ag. MH solution. Extraction with EtOAc
andpurificationby flash column chromatography affedi21b (96.0 mg, 0.48 mmol, 95%ield) as a

colorless solid.

In a largescaleattempt the same procedure was carried out using ¢.(6/00mmol, 1.00equiv) of
ethyl 4iodoanisole and a freshly prepared solutior2@d (10.3mL, 0.58M, 6.00mmol, 1.20equiv)
with catalytic amounts dPd(OAc) (23.0mg, 0.10mmol, 2mol%) and SPhos (82.0 mg, 0.20 mmol,
4 mol%), yielding 908ng (4.51mmol, 90% yield) oR1b.

'H-NMR (400 MHz, CDCls, ppm): U= 7.05i 6.98 (m, 2H), 6.87 6.81 (m, 2H), 6.61 ({J = 2.1Hz,
2H), 6.14 (tJ=1.9, 2H), 4.08 (dd) = 8.0, 6.8Hz, 2H), 3.81 (s, 3H), 3.01 (8,= 7.4Hz, 2H).
13C-NMR (101 MHz, CDCls, ppm): Ui = 158.4, 130.6, 129.8, 120.6, 114.0, 108.0, 55.4, 51.6, 37
MS (El, 70 eV,%): m/z= 201 (13), 134 (33), 122 (10), 121 (100), 91 (12), 80 (23).

HRMS (El, 70 eV): m/zcalcd. for [GsH1sNO]: 201.1154; found: 201.1143 ().

FT-IR (Diamond-ATR, neat, cnt?): ' = 2929 (w), 2360 (w), 1704 (w), 1613 (m), 1503), 1500
(m), 1458 (w), 1282 (m), 1247 (s), 1179 (m), 1089 (w), 1035 (m), 824 (w), 724 (s).

M.p. 40.6 °C
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Ethyl 4-(2-(1H-pyrrol -1-yl)ethyl)benzoate @1c)

QN“Q
CO,Et

Following TP12, ethyl 4iodobenzoate (138 mg, 0.50 mmol, 1.00 equi®¥(OAcy (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) were dissolved in dry THF (thL). A
freshly prepared solution @0a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equiv) was added dispwand
the reaction mixturevasstirredfor 16 h After quenching and extractiome crude product was purified

by flash column chromatography to aff@tic (118 mg, 0.49 mmol, 97% vyield) as a yellow oil.

IH-NMR (400 MHz, CDCls, ppm): ti= 7.991 7.92 (m,2H), 7.16i 7.11 (m, 2H), 6.57 (t) = 2.1Hz,

2H), 6.12 (tJ = 2.1 Hz, 2H), 4.37 (q) = 7.1 Hz, 2H), 4.13 () = 7.2Hz, 2H), 3.10 (t) = 7.2 Hz, 2H),

1.40 (t,J=7.2 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 166.6, 143.8, 129.9, 129.028.8, 120.6, 108.3, 61.0, 50.8,
38.5, 14.5.

MS (El, 70 eV,%): m/z= 243 (46), 198 (10), 131 (13), 80 (100).

HRMS (El, 70 eV): m/zcalcd. for [GsH1/NO,): 243.1259; found: 243.1245 ([N}

FT-IR (Diamond-ATR, neat, cnt): ' = 2981 (w), 2930 (w), 1718), 1612 (w), 1500 (w), 1416 (w),
1366 (w), 1310 (w), 1276 (vs), 1180 (w), 1105 (m), 1070 (w), 1022 (w), 852 (vw), 767 (w), 726 (m),
706 (W).

1-(4-Fluoro-3-methylphenethyl}1H-pyrrole (21d)

T
According toTP12, a freshly pepared solution d?0a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equiv) was
added dropwise to a solution offlRoro-5-iodotoulene (118 mg, 0.50 mmol, 1.00 equiPl(OAc)
(2.25mg, 10.0pmol, 2mol%) and SPhos8(21mg, 2.0 umol, 4mol%) in dry THF (1 mL) The
reaction mixture was stirrddr 16 hand afterwards quenched with sat. aq4@Holution and extracted

with EtOAc. The crude product was purified by flash column chromatography to @tor(B4.0 mg,

0.41 mmol, 83% yield) as a colorless liquid.

IH-NMR (400 MHz, CDCls, ppm): Ui = 6.98i 6.87 (m, 3H), 6.64 () = 1.6 Hz, 2H), 6.19 (J = 1.6
Hz, 2H), 4.12 (tJ = 7.2 Hz, 2H), 3.03 () = 7.2 Hz, 2H), 2.30 (s, 3H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 160.2 (d,J = 244.4 Hz), 133.7 (d = 4.0 Hz), 131.6 (d] =
5.1 Hz), 127.2 (d) = 7.1 Hz), 124.7 (d] = 17.2 Hz), 120.4, 114.9 (d,= 232 Hz), 108.0, 51.2 (dl =
1.0 Hz), 37.5, 14.4 (d = 4.0 Hz).

1SF-NMR (377 MHz, CDCls, ppm): ti =i 120.8.
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MS (El, 70 eV,%): m/z= 203 (10), 136 (16), 123 (23), 80 (100), 78 (14).

HRMS (El, 70 eV): m/zcalcd. for [GsH14FN]: 203.1110; found203.1097 ([M]).

FT-IR (Diamond-ATR, neat, cntl): * = 2926 (w), 2871 (vw), 1498 (s), 1440 (w), 1359 (w), 1283
(m), 1248 (m), 1210 (m), 1119 (m), 1088 (m), 1069 (w), 969 (w), 817 (m), 758 (w), 718 (vs).

3-(2-(1H-Pyrrol -1-yl)ethyl)benzonitrile (21€)

G\/\©/CN

According to TP12, 3-iodobenzonitrile (115 mg, 0.50 mmol, 1.00 equitdd(OAc) (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) were dissolved in dry THF (1L). A
freshly prepared solution &0a (1.03mL, 0.58 M, 0.60 mmol, 1.20 equiv) was added dropwise and
the reaction mixture stirrefdr 16 h The reaction mixture was quenched with sat. ags@dolution

and extracted with EtOAdhe crude product was purified by flash column chromatography talaffor

2le as a brownish liquid (83 mg, 0.43 mmol, 85% vyield).

H-NMR (400 MHz, CDClg, ppm): U= 7.54 (dtJ= 7.6, 1.2 Hz, 1H), 7.38 (§,= 7.6 Hz, 1H), 7.33 (t,
J=1.6 Hz, 1H), 7.54 (di]= 7.6, 1.6 Hz, 1H), 6.55 (§,= 2.0 Hz, 2H), 6.14 (1) = 2.0 Hz, 2H), 4.13 (t,
J=7.0 Hz, 2H), 3.09 (1) = 7.0 Hz, 2H).

13C-NMR (101 MHz, CDCls, ppm): U= 139.8, 133.2, 132.2, 130.4, 129.3, 120.4, 118.7, 112.5, 108.4,
50.5, 37.7.

MS (El, 70 eV,%): m/z= 196 (9), 116 (15), 89 (1630 (100), 78 (15).

HRMS (El, 70 eV): m/zcalcd. for [GsH12N2]: 196.1000; found: 196.0990 ([M)]

FT-IR (Diamond-ATR, neat, cnt?):’ = 2923 (m), 2853 (w), 2228 (w), 1498 (m), 1460 (w), 1441 (w),
1361 (w), 1281 (m), 1088 (m), 1068 (m), 1023 (w), &6 916 (w), 796 (m), 722 (vs), 687 (S).

2-(2-(1H-Pyrrol -1-yl)ethyl)-5-(trifluoromethyl)pyridine ( 21f)

Chon

According toTP12, a freshly prepared solution 20a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equiv) was
added dropwise to solution of 2chloro-5-trifluoromethylpyridine (91.0 mg, 0.50 mmol, 1.00 equiv),
Pd(OAc) (2.25mg, 10.0umol, 2mol%) and SPhos3(21mg, 2.0 pmol, 4mol%)in dry THF (1 mL).
The reaction mixture was stirrédr 16 hand afterwards quenched with sat. ag..@Hsolution and
extracted with EtOAcThe crude product was purified by flash column chromatography to &férd
(99.0 mg, 0.41 mmol, 82% vyield) as a colorless solid.
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H-NMR (400 MHz, CDCls, ppm): U= 8.87 (s, 1H)7.80 (ddJ= 8.0, 2.0 Hz, 1H), 7.07 (d,= 8.0Hz,
1H), 6.59 (tJ = 2.0 Hz, 2H), 6.12 () = 2.0 Hz, 2H), 4.37 () = 7.0 Hz, 2H), 3.32 (1) = 7.0 Hz, 2H).
1BC-NMR (101 MHz, CDCls, ppm): U = 162.3 (g,J = 1.0 Hz), 146.3 (gJ) = 4.0 Hz), 133.6 (q,
J=4.0Hz), 124.8 (qJ = 33.0 Hz), 123.5 (q] = 273.7 Hz), 123.3, 120.4, 108.3, 48.6, 40.3.

19--NMR (377 MHz, CDCls, ppm): U=1i62.3

MS (El, 70 eV,%): m/z= 240 (6), 174 (35), 161 (22), 147 (13), 80 (100), 78 (16), 67 (8).

HRMS (El, 70 eV): m/zcalcd. br [Ci2H11F3N2]: 240.0874; found: 240.0862 ([M]

FT-IR (Diamond-ATR, neat, cn?): * = 2931 (w), 1605 (m), 1573 (m), 1498 (w), 1395 (w), 1326 (s),
1282 (m), 1167 (m), 1119 (vs), 1079 (s), 1067 (s), 1031 (w), 1015 (m), 968 (w), 944 (w), 863 (m), 843
(m), 722 (vs).

M.p. 38.5°C

Ethyl 2-(2-(1H-pyrrol -1-yl)ethyl)nicotinate (21g)

CN \/j/\Nj
|
Et0,C~

According toTP12, a freshly prepared solution 20a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equiv) was
added dropwise to a solution @fchloronicotinate(93.0 mg, 0.50 mmol, 1.00 equivipd(OAC)Y
(2.25mg, 10.0umol, 2mol%) and SPhos8(21mg, 2.0 umol, 4mol%) in dry THF (1 mL) The
reaction mixture wastirredfor 16 hand afterwards quenched with sat. ag48kolution and extracted
with EtOAc. The crude product was purified by flash column chromatography to &fgr{l16 mg,
0.48 mmol, 95% yield) asyellowishsolid.

In a largescale attept, the same procedure was carried out using #y(2.30mmol, 1.00equiv) of
ethyl 2chloronicotinate and a freshly prepared solution26f (4.76mL, 0.58M, 2.76mmol,
1.20equiv) with catalytic amounts of Pd(OAq)L1.0mg, 46.0umol, 2mol%) and SPhos (38.0gn
92.0 pumol, 4mol%), affording 512ng (2.10mmol, 90% vyield) oR1g.

IH-NMR (400 MHz, CDCls, ppm): ti = 8.68 (ddJ = 4.8, 1.8Hz, 1H), 8.21 (dd)) = 7.9, 1.8Hz, 1H),

7.26 (dd,J = 8.0, 4.8Hz, 1H), 6.70 (tJ=2.1Hz, 2H), 6.11 (tJ=2.1Hz, 2H), 4.38 (qJ = 7.1 Hz,

2H), 4.35i 4.29 (m, 2H), 3.69 3.63 (m, 2H), 1.40 (1 = 7.1Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 166.2, 159.4, 151.9, 138.8, 126.3, 121.6, 120.7, 108.0, 61.7,
49.1,39.2, 14.4.

MS (El, 70 eV, %): miz= 245 (15), 244100), 215 (61), 199 (21), 197 (27), 178 (77), 171 (57), 170
(10, 169 (26), 165 (11), 150 (46), 148 (11), 132 (16), 104 (10), 93 (20), 80 (49), 78 (10).

HRMS (EI, 70 eV): m/zcalcd. for [GaH16N.02]: 244.1212; found: 244.1204 ([).
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FT-IR (Diamond-ATR, neat, cnil): * = 3092 (w), 2988 (w), 1715 (vs), 1572 (m), 1501 (w), 1444
(m), 1361 (w), 1282 (m), 1262 (s), 1245 (s), 1235 (s), 1137 (s), 1085 (vs), 1057 (s), 1020 (m), 967 (m),
866 (w), 829 (w), 780 (m), 734 (vs), 707 (s).

M.p.57.1°C

5-(2-(1H-Pyrrol -1-yl)ethyl)-1H-indole (21h)

C
\/\@E\>

N

H
According toTP12, a freshly prepared solution 20a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equiv) was
added dropwise to a solution ®bromoindole(98.0 mg, 0.50 mmol, 1.00 equivPd(OAc) (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%)in dry THF (1 mL) The reaction mixture
was stirredfor 16 hand afterwards quenched with sat. agq..8Hsolution and extracted with EtOAc.

The crude product was purified by flash column chromatography to afibrd95 mg, 0.4 mmol,
90% yield) as arownishsolid.

'H-NMR (400 MHz, CDCls, ppm): U = 8.00 (s, 1H), 7.49 (s, 1H), 7.34 @s 8.3Hz, 1H), 7.19 {(t,
J=2.8Hz, 1H), 7.02 (dgJ =8.3, 1.7Hz, 1H), 6.80i 6.70 (m, 2H), 6.58 (qJ = 2.7 Hz, 1H), 6.33i

6.13 (m, 2H), 4.25 4.17 (m, 1H), 3.4% 2.87 (m, 2H).

13C-NMR (101 MHz, CDCls, ppm): U= 134.7, 129.8, 128.2, 124.7, 123.0, 120.7, 120.4, 111.1, 107.9,
102.3, 52.0, 38.6.

MS (EI, 70 eV,%): m/z= 210 (5), 143 (14), 131 (10), 130 (100), 128 (9), 115 (8), 103 (8), 80 (16).
HRMS (El, 70 eV): m/zcalcd. for [GaH1aN2]: 210.1157; found210.1146 ([M]).

FT-IR (Diamond-ATR, neat, cnt): * = 3423 (w), 3096 (vw), 2924 (w), 1498 (w), 1472 (w), 1457
(w), 1412 (w), 1336 (w), 1279 (m), 1085 (m), 1063 (m), 965 (w), 892 (w), 819 (w), 800 (m), 762 (m),
720 (vs), 698 (m).

M.p. 88.6 °C

1-(4-M ethoxyphenyl)-3-(1H-pyrrol -1-yl)propan-1-one @1i)

OMe
(0]

According toTP13a, 4-methoxybenzoyl chlorid¢85.3 mg, 0.50 nmol, 1.00equivy) and a freshly
prepared solution df0a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equivjth catalytic amount of Pd(PBh
(23.0 mg, 20. 0 e mol ,readtionmigturedias streed & S0u°®reld hand h e
afterwards quenched with sat. ag. JOHsolution. The crude product was extractethviitOAc and
purified by flash column chromatograp4i (113 mg, 0.4 mmol, 8% yield) was obtained ama

orange oil
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!H-NMR (400 MHz, CDCls, ppm): G = 7.92 (d,J = 9.2 Hz, 2H), 6.95 (d] = 9.2 Hz, 2H), 6.73 {(t,
J=2.2 Hz, 2H), 6.16 (1) = 2.2 Hz, 2H), 4.38 (1) = 7.2 Hz, 2H), 3.89 (s, 3H), 3.41 {t= 7.2 Hz, 2H).
13C-NMR (101 MHz, CDCls, ppm): U = 195.9, 163.7, 130.3, 129.6, 120.7, 113.8, 108.3, 55.5, 44.4,
40.2.

MS (El, 70 eV,%): m/z= 229 (24), 212 (15), 21@00), 210 (25), 196 (72), 180 (21), 168 (26), 167
(49), 135 (71), 94 (84), 77 (18).

HRMS (El, 70 eV): m/zcalcd. for [GaH1sNO]: 229.1103; found: 229.1098 ([M)]

FT-IR (Diamond-ATR, neat, cni?): * = 2933 (w), 2839 (vw), 1671 (s), 1598 (vs), 15m), 1509

(m), 1419 (m), 1371 (m), 1313 (m), 1255 (s), 1213 (s), 1167 (vs), 1089 (m), 1025 (s), 982 (m), 834 (s),
722 (vs).

1-(3-Chlorophenyl)-3-(1H-pyrrol -1-yl)propan-1-one 1))

According toTP13a, 3-chlorobenzoyl chlode 87.5mg,0.50 mmol, 1.00equiv) and a freshly prepared

solution of20a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equivith catalytic amount of Pd(PBh(23.0 mg,

20. 0 emol, 4 mol %) wer e us 6 hafddhfterwards guenchrecdwitiva s st
sat. ag. NHCI solution. The crude product was extracted with EtOAc mumified by flash column

chromatography2lj (96 mg, 0.4 mmol, &% yield) was obtained asarange oil

In a largescaleattemp according to a modified vaomn of TP13b, thereaction wasarried out using
1.75g (10.0mmol, 1.00equiv) of 3-chlorobenzoyl chlorideand a freshly prepared solution 28a
(19.0mL, 0.58M, 11.0mmol, 110 equiv) with catalytic amounts o€ul (190mg, 1.00 mmaol,
10mol%) at 0 °C p to 25 °C. After quenching, extraction and flash column chromatography
purification, 1.76 g (7.53 mmol, 75% yield) 1j was obtained.

H-NMR (400 MHz, CDCls, ppm): Ui = 7.91 (t,J = 2.0 Hz, 1H), 7.80 (dt} = 7.6, 1.2 Hz, 1H), 7.57
(ddd,J = 8.0, 2.0, 1.2 Hz, 1H), 7.42 @,= 8.0 Hz, 1H), 6.73 (t) = 2.0 Hz, 2H), 6.17 (tJ = 2.0 Hz,

2H), 4.39 (tJ = 6.8 Hz, 2H), 3.43 (1) = 6.8 Hz, 2H).

13C-NMR (101 MHz, CDCls, ppm): U= 196.4, 138.0, 135.2, 133.5, 130128.3, 126.2, 120.8, 108.7,
44.2, 40.8.

MS (El, 70 eV,%): m/z= 233 (11), 180 (3), 139 (16), 111 (27), 94 (100), 80 (32), 67 (12), 53 (11).
HRMS (El, 70 eV): m/zcalcd. for [GsH12CINO]: 233.0607; found: 233.0602 ([N)]

FT-IR (Diamond-ATR, neat, cn®): * = 3098 (vw), 3065 (vw), 2919 (w), 2850 (vw), 1684 (s), 1570
(m), 1498 (m), 1423 (m), 1370 (m), 1282 (m), 1203 (s), 1088 (m), 1071 (m), 997 (w), 896 (w), 776 (m),
722 (vs), 695 (m), 677 (s).
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3-(1H-Pyrrol -1-yl)-1-(thiophen-2-yl)propan-1-one @1Kk)
@N\/\H/Q
o}

According toTP13a, 2-thiophenecarbony! chloridé3.3 mg, 0.50 nmol, 1.00equiy) and a freshly
prepared solution df0a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equivjth catalytic amount of Pd(PBh
(23.0 mg, 20. Orewasebd The mi¥turemad stished av=s0fOC 16 handafterwards
guenched with sat. aq. N@I solution. The crude product was extracted with EtOAcaurified by

flash column chromatograph®1k (75mg, 037 mmol, 73% yield) was obtained as colorless solid

!H-NMR (400 MHz, CDCls, ppm): U= 7.66 (s, 1H), 7.65 (¢l=1.1 Hz, 1H), 7.14 7.09 (m, 1H),

6.70 (t,J=2.1Hz, 2H), 6.14 (tJ = 2.1 Hz, 2H), 4.36 () =6.9Hz, 2H), 3.37 (tJ =6.9Hz, 2H).

13C-NMR (101 MHz, CDCl3, ppm): G = 190.4, 143.8, 134.3, 132.3, 128.4, 120.8, 108.6, 44.4, 41.4.
MS (El, 70 eV,%): m/z= 205 (37), 186 (56), 154 (16), 111 (55), 94 (100), 80 (16).

HRMS (El, 70 eV): m/zcalcd. for [GiH1:NOS]: 205.0561; found: 205.0556 ([M]

FT-IR (Diamond-ATR, neat, cnt): * = 3104 (vw), 3075 (w), 2954 (w), 2905 (w), 1661 (s), 1498
(m), 1438 (w), 1414 (s), 1395 (m), 1364 (m), 1278 (m), 1238 (s), 1219 (m), 1088 (m), 1059 (m), 1040
(m), 961 (w), 928 (m), 894 (m), 841 (m), 825 (m), 732 (s), (V8%

M.p. 60.1 °C

1-Cyclopropyl-3-(1H-pyrrol -1-yl)propan-1-one 1)

According toTP13a, cyclopropanecarbonyl chlorid®2.3mg, 0.50 mmol, 1.00equiv) and a freshly

prepared solution d¢t0a (1.03 mL, 0.58 M, 0.60 mmol, 1.20 equiv)th catalytic amount of Pd(PBh

(23.0 mg, 20. 0 emol , 4 mol %) we forl6 hamdafierwardsh e mi x
guenched with sat. aq. N@I solution. Thecrude product was extracted with EtOAc gndified by

flash column chromatograph#1l (69 mg, 0.2 mmol, 8% yield) was obtained asarange liquid

'H-NMR (400 MHz, CDCl3, ppm): U = 6.65 (t,J = 2.1 Hz, 2H), 6.13 (t,J = 2.1Hz, 2H), 4.20 (t,
J=6.8Hz, 2H), 3.02 (tJ=6.8Hz, 2H), 1.87 (ttJ=7.8Hz, 4.6, 1H), 1.09 1.00 (m, 2H), 0.89 (dt,
J=17.9, 3.4Hz, 2H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 208.3, 120.7, 108.4, 45.0, 44.1, 21.1, 11.2.

MS (El, 70 eV,%): m/z= 163 (39), 145 (15), 130 (12), 117 (10), 106 (28), 94 (100), 93 (13), 80 (34).
HRMS (El, 70 eV): m/zcalcd. for [GoH13NO]: 163.0997; found: 163.0991 ([N)]

FT-IR (Diamond-ATR, neat, cntl): * = 3098 (vw), 3008 (vw), 2932 (vw), 1694 (s), 1552 (vw), 1499
(m), 1444 (w), 1389 (m), 1282 (m), 1194 (w), 1085 (s), 1067 (m), 1014 (m), 903 (w), 875 (w), 818 (w),
721 (vs).
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(R)-1-(1-(4-M ethoxyphenyl)propan-2-yl)-1H-pyrrole ((R)-22a)

H;C

Following TP12, a freshly prepared solution @®)-20b (1.52 mL, 394 mMQ.60mol, 1.20 equiv) was
added dropwise to a solution ofi@gdoanisole (117 md).50 nmol, 1.00 equiy, Pd(OAc)} (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%)in dry THF (1 nL). The reaction mixture
wasstirredfor 16 hand afterwards quenched with sat. agq..8Hsolution and extracted with EtOAc.
The crude product was purified by flash column chromatography to off®i2a (89.0 mg,
0.41mmol, 83% yield, >95% 6 as a brown liquid.

IH-NMR (400 MHz, CDCls, ppm): ti= 6.91i 6.88 (m, 2H), 6.82 6.78 (m, 2H), 6.66 (1) = 2.0Hz,

2H), 6.14 (tJ = 2.0 Hz, 2H), 4.22 (sexted,= 6.8 Hz, 1H), 3.80 (s, 3H), 3.01 (dil= 13.6, 7.2 Hz, 1H),

2.89 (dd,J = 13.6, 6.8 Hz, 1H), 1.48 (d,= 6.8 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): U = 158.2, 130.3, 130.0, 118.5, 113.7, 107.5, 57.1, 55.2, 44.2,

21.2.

MS (EI, 70 eV, %): m/z= 215 (17), 148 (11), 121 (19), 94 (100), 78 (9).

HRMS (El, 70 eV): m/zcalcd. for [G4H7NO]: 215.1310; found: 215.1306 ([K)]

FT-IR (Diamond-ATR, neat, cnt): * = 2971 (w), 2933 (w), 2834 (w), 1611 (m), 1511 (s), 1489 (m),
1454(w), 1301 (m), 1269 (m), 1244 (vs), 1178 (m), 1090 (m), 1034 (m), 955 (w), 815 (m), 721 (vs).
b p (CHCIs, EmLtdm'%g'?): -94.6

(R)-1-(1-(4-Fluorophenyl)propan-2-yl)-1H-pyrrole ((R)-22b)

Following TP12, a freshly prepared solution @R)-20b (1.52 mL, 394 mM, 0.60 mmol, 1.20 equiv)
was added dropwise to a solution efldoroiodobenzene (111 mg, 0.50 mmol, 1.00 equd(OAC)
(2.25mg, 10.0umol, 2mol%) and SPhos (8.21g, 20.0umol, 4mol%) in dry THF (1 mL). The
reaction mixture was stirrddr 16 hand afterwards quenched with sat. aq4@Holution and extracted
with EtOAc. The crude product was purified by flash column chromatography to ofR®iB2b
(87.0 mg, 0.43mmol, 86% yield, 98.5%¢ as a brown liquid.

IH-NMR (400 MHz, CDCls, ppm): ti= 6.96i 6.88 (m, 4H), 6.63 (f]= 2.0 Hz, 2H), 6.13 (] = 2.0Hz,
2H), 4.22 (sextet] = 6.8 Hz, 1H), 3.01 (dd] = 13.6, 7.6 Hz, 1H), 2.93 (dd= 13.6, 6.4 Hz, 1H), 1.51
(d, J = 6.8 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): & = 161.7 (d,J = 245.4 Hz), 133.8 (d] = 3.0 Hz), 130.4 (d,
J=8.1Hz), 118.5, 115.1 (d] = 21.2 Hz), 107.7, 56.9, 44.2, 21.2.
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MS (El, 70 eV,%): m/z= 203 (13), 109 (10), 94 (100), 78 (11).

HRMS (EI, 70 eV): m/zcalcd. for [GsH14FN]: 203.1110; found: 203.1104 ([K)]

FT-IR (Diamond-ATR, neat, cnil): * = 2975 (w), 2933 (w), 1603 (w), 1509 (vs), 1489 (m), 1452
(W), 1414 (w), 1378 (W), 1320 (W), 12681), 1221 (s), 1158 (W), 1092 (m), 955 (W), 821 (m), 722 (vs).
) p (CHCls, EmLidm'ig'Y): 196.5

(R)-1-(4-(2-(1H-Pyrrol -1-yl)propyl)phenyl)ethan-1-one ((R)-22c)

H3;C

Following TP12, a freshly prepared solution @R)-20b (1.52 mL, 394 mM, 0.60 mmol, 1.20 equiv)
was added dropwise to a solution eibdloacetophenone (123 mg, 0.50 mmol, 1.00 eq&gjOAc)
(2.25mg, 10.0umol, 2mol%) and SPhos (8.21g, 20.0umol, 4mol%) in dry THF (1 mb. The
reaction mixture was stirrddr 16 hand afterwards quenched with sat. aq4@Holution and extracted
with EtOAc. The crude product was purified by flash column chromatography to ofR®iR2c
(103mg, 0.45 mmol, 91% vyield, 99.0&@ as abrown liquid.

!H-NMR (400 MHz, CDCls, ppm): ti = 7.84 (d,J = 5.2 Hz, 2H), 7.04 (d) = 5.2 Hz, 2H), 6.62 (t,
J=1.2 Hz, 2H), 6.13 (t) = 1.2 Hz, 2H), 4.29 (sextel,= 4.4 Hz, 1H), 3.10 (dd] = 9.2, 5.2Hz, 1H),

3.02 (ddJ=9.2, 4.4 Hz, 1H), 2.59 (s, 3H), 1.53 (&5 4.4 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): i = 197.8, 143.8, 135.6, 129.2, 128.4, 118.5, 107.8, 56.6, 45.0,
26.5, 21.5.

MS (El, 70 eV,%): m/z= 227 (5), 94 (100), 78 (8).

HRMS (El, 70 eV): m/zcalcd. for [GsH17NO]: 227.1310; found: 227.1306 ([M)]

FT-IR (Diamond-ATR, neat, cnl): ' = 2974 (w), 2932 (w), 1679 (vs), 1606 (m), 1489 (m), 1413
(m), 1358 (m), 1267 (vs), 1183 (w), 1091 (w), 1018 (w), 956 (m), 847 (w), 814 (w), 724 (s), 695 (W).
b p (CHCIs, EmLtdm'%g'Y): 1137.2
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Ethyl (R)-4-(2-(1H-pyrrol -1-yl)propyl)benzoate ((R)-22d)

H;C

&\Q\coza

Following TP12, a freshly prepared solution @)-20b (1.38 mL, 0.44 M, 0.60 mmpl.20 equiv) was
added dropwise to a solution of ethyiotlobenzoate (138 mg, 0.50 mmol, 1.00 equRg(OAc)
(2.25mg, 10.0umol, 2mol%) and SPhos (8.2hg, 20.0umol, 4mol%) in dry THF (1 mL) The
reaction mixture wastirredfor 16 hand afterwardgquenched with sat. aq. N@lI solution and extracted
with EtOAc. Flaslcolumn chromatographyurification of the crude produafforded(R)-22d (128 mg,
0.49 mmol, 99% yield, 99.0%6 as an orange liquid.

'H-NMR (400 MHz, CDCls, ppm): Ui=7.971 7.86 (m, 2H), 7.07 6.95 (m, 2H), 6.61 (] = 2.2, 2H),

6.11 (t,J=2.1, 2H), 4.36 (gJ = 7.1, 2H), 4.26 (hJ = 6.8, 1H), 3.08 (dd) = 13.4, 7.7, 1H), 3.00 (dd,
J=13.5, 6.2, 1H), 1.50 (d,= 6.8, 3H), 1.39 (tJ = 7.1, 3H).

13C-NMR (101 MHz, CDCls3, ppm): U = 166.6, 143.5, 129.7, 129.1, 128.9, 118.6, 107.9, 61.0, 56.7,
45.2,21.5,14.4.

MS (El, 70 eV,%): m/z= 257 (6), 94 (100), 78 (7).

HRMS (El, 70 eV): m/zcalcd. for [GeH1oNO2]: 257.1416; found: 257.1412 ([N}

FT-IR (Diamond-ATR, neat, cni): ' = 2977 (w), 2934 (w), 1711 (s), 1611 (w), 1489 (w), 1415 (w),
1367 (w), 1310 (w), 1271 (vs), 1178 (m), 1102 (s), 1021 (m), 954 (w), 761 (m), 719 (s), 706 (S).

) p (CHClIs, EmLtdm'%g'Y): 1104.9

(R)-1-(4-Fluorophenyl)-3-(1H-pyrrol -1-yl)butan-1-one ((R)-22e)

F
N_ o
W
According toTP13b, catalytic amounts dEul (9.52mg, 0.05 mmoJ 10 mol%) were added at 0 °C to
a freshly prepared solution @R)-20b (1.38 mL, 0.44 M, 0.60 mmol, 1.28quiv). After dropwise
addition of 4fluorobenzoyl chloride (79 mg, 0.50 mmol, 1.00 equiv) rix@ctionmixture was stirred
for 1 h at 0 °C, warmed to rootamperatur@and stirredor 16 h The reaction mixture was quenched

with sat. ag. NHCI solution and extracted with EtOAc. Flasblumn chromatographgurification of
the crude producifforded (R)-22e (84 mg, 0.36 mmol, 73%ield, 99.7%ed as a yellow liquid.

H-NMR (400 MHz, CDCls, ppm): ti= 7.96i 7.90 (m, 2H), 7.16 7.10 (m, 2H), 6.78t(J = 2.0 Hz,
2H), 6.16 (t,J = 2.0 Hz, 2H), 4.85 (sextel,= 6.8 Hz, 1H), 3.46 (dd] = 16.8, 6.0 Hz, 1H), 3,28 (dd,
J=16.8, 7.2 Hz, 1H), 1.60 (d,= 6.8 Hz, 3H).
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13C-NMR (101 MHz, CDCls, ppm): ti = 195.7, 165.9 (d] = 256.5 Hz), 133.1 (d] = 3.0 Hz), 130.6
(d,J=9.1Hz), 1185, 115.8 (d,= 22.2 Hz), 108.1, 51.2, 47.0, 21.9.

19F-NMR (376 MHz, CDCls, ppm): U= -104.6.

MS (EI, 70 eV,%): m/z= 231 (12), 211 (20), 198 (16), 123 (100), 108 (77), 94 (32), 75 (12).
HRMS (El, 70 eV): m/zcalcd. for [G4H14FNO]: 231.1059; found: 231.1053 ([N)]

FT-IR (Diamond-ATR, neat, cmb): * = 3101 (vw), 3066 (vw), 2977 (w), 2935 (vw), 1684 (vs), 1597
(vs), 1506 (m), 1411 (m), 1361 (m), 1322 (w), 1275 (m), 1228 (s), 120315}, (s), 1089 (m), 996
(W), 955 (W), 835 (s), 726 (VS).

) p (CHCls, tmLidm'%g'): 122.3

(R)-1-(4-Chlorophenyl)-3-(1H-pyrrol -1-yl)butan-1-one ((R)-22f)

cl
N_ O
W
According toTP13b, catalytic amounts dEul (9.52mg, 0.05 mmo] 10 mol% were added at 0 °C to
a freshly prepared solutioof (R)-20b (1.38 mL, 0.44 M, 0.60 mmol, 1.28quiv). After dropwise
addition of 4chlorobenzoyl chloride (88 mg, 0.50 mmol, 1.00 equiv) the mixture was stirred for 1 h at
0 °C, warmed to roortemperaturend then stirrefor 16 h The reaction mixture was quenched with

sat. aq. NHCI solution and exacted with EtOAc. Flasholumn chromatographpurification of the
crude producafforded (R)-22f (83 mg, 0.34 mmol, 67% yield, 99.586) as a yellow liquid.

IH-NMR (400 MHz, CDCls, ppm): Ui = 7.85i 7.82 (m, 2H), 7.45 7.42 (m, 2H), 6.77 (tJ = 2.0Hz,

2H), 6.16 (t,J = 2.0 Hz, 2H), 4.85 (sextel,= 6.8 Hz, 1H), 3.46 (dd] = 16.8, 56 Hz, 1H), 3,28 (dd,
J=16.8, 7.2 Hz, 1H), 1.60 (d,= 6.8 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 196.1, 139.9, 135.0, 129.4, 129.0, 118.5, 108.1, 51.1, 47.0,
21.9.

MS (El, 70 eV,%): m/z= 247 (9), 231 (19), 229 (62), 227 (100), 214 (63), 191 (64), 139 (59), 108
(55), 94 (22).

HRMS (El, 70 eV): m/zcalcd. for [G4H14CINO]: 247.0764; found: 247.0759 ([N)]

FT-IR (Diamond-ATR, neat, cnil):* = 2976 (w), 2934vw), 1685(vs), 1588 (s), 1489 (m), 14@M),

1361 (m), 1321 (w), 1289 (m), 1274 (m), 1212 (m), 1203 (HY01(vs), 995 (m), 955 (w), 81®n),

725 (vs).

) p (CHCls, tmLtdm'%g'Y): 19.5.
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(R)-1-(2-Bromophenyl)-3-(1H-pyrrol -1-yl)butan-1-one ((R)-229)

g

N. O Br

W

According toTP13b, catalytic amountsf Cul (9.52mg, 0.05 mmo] 10 mol%) were added at fC to
a freshly prepared solution ¢R)-20b (1.38 mL, 0.44 M, 0.60 mmol, 1.20 equiv). After dropwise
addition of 2bromobenzoyl chloride (110 mg, 0.50 mmol, 1.00 equivydéaetionmixture was stirred
for 1 h at 0 °C, warmed to rootemperatureand then stirredor 16 h The reaction mixture was
guenched with sat. ag. N8I solution and extracted with EtOAc. Flasblumn chromatography
purification of the crude produetfforded (R)-22g (115 mg, 0.39nmol, 79% yield, 99.6% 6 as a
yellow liquid.

H-NMR (400 MHz, CDCls, ppm): ti = 7.57 (ddJ = 7.2, 2.0 Hz, 1H), 7.3 7.24 (m, 2H), 7.11 (dd,
J=7.2,2.0Hz, 1H), 6.70 (f = 2.0 Hz, 2H), 6.11 (tJ = 2.0 Hz, 2H), 4.78 (sextel,= 6.8 Hz, 1H),
3.41 (ddJ=17.2, 6.8 Hz, 1H), 3,27 (dd= 17.2, 6.8 Hz, 1H), 1.56 (d,= 6.8Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): U= 201.4, 141.3, 133.6, 131.8, 128.4, 127.5, 118.6, 118.4, 108.1,
51.3,51.0, 21.9.

MS (El, 70 eV, %): m/z= 291 (1), 212 (66), 191 (100), 182 (92), 170 (27), 165 (59), 145 {(88)
(42), 94 (36).

HRMS (El, 70 eV): m/zcalcd. for [G4H14BrNO]: 291.0259; found: 291.0258 ([N)]

FT-IR (Diamond-ATR, neat, cnil): * = 3097 (vw), 3064 (vw), 2975 (w), 2934 (vw), 1696 (m), 1586
(w), 1489 (m), 1427 (m), 1357 (w), 1315 (w), 1290 (&®74 (m), 1200 (w), 1088 (m), 1056 (m), 1025
(m), 994 (m), 954 (m), 756 (M), 719 (vs).

) p (CHCls, tmLidm'%g'Y): 1 21.5

(R)-3-(1H-Pyrrol -1-yl)-1-(thiophen-2-yl)butan-1-one ((R)-22h)

N
W
According toTP13b, catalytic amounts dEul (9.52mg, 0.05 mmoj 10 mol%) were added at OC to

a freshly prepared solution @R)-20b (1.38 mL, 0.44 M, 0.60 mmol, 1.20 equiv). After dropwise
addition of 2thiophenecarbonyl chloride (73.0 mg, 0.5 mmol, 1.00 equiv), theureixvas stirred for

(0]

1 hat0 °C, warmed to rootamperaturend then stirrefbr 16 h The reaction mixture was quenched
with sat. aq. NHCI solution and extracted with EtOAc. Flasblumn chromatographgurification of
the crude produdfforded (R)-22h (65 mg, 0.30nmol, 59% yield, 99.5% 6 as a yellowish solid.
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H-NMR (400 MHz, CDCls, ppm): = 7.66 (ddJ = 4.8, 1.2 Hz, 1H), 7.65 (dd,= 3.8, 1.2 Hz, 1H),
7.12 (ddJ=4.8, 3.8 Hz, 1H), 6.78 (8,= 2.0 Hz, 2H), 6.15 (1] = 2.0 Hz, 2H), 4.83 (sextel,= 6.8 Hz,
1H), 3.41 (ddJ = 16.0, 6.0 Hz, 1H), 3,25 (dd= 16.0, 7.2 Hz, 1H), 1.60 (d,= 6.8 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 190.2, 144.2, 134.3, 132.328.3, 118.7, 108.2, 51.5, 48.0,
21.9.

MS (El, 70 eV,%): m/z= 219 (26), 210 (100), 199 (89), 186 (92), 111 (86), 108 (78), 94 (29).
HRMS (El, 70 eV): m/zcalcd. for [G2H13NOS]: 219.0718; found: 219.0712 ([M]

FT-IR (Diamond-ATR, neat, cni®): * = 3097 (vw), 2976 (w), 2933 (vw), 1656 (s), 1517 (w), 1489
(w), 1414 (s), 1360 (w), 1318 (w), 1274 (m), 1234 (w), 1222 (w), 1089 (m), 1060 (m), 946 (w), 857
(w), 721 (vs).

M.p.: 44.5 °C.

) p (CHCls, tmLidm'%g'?): 1 34.0

(9)-3-(3-M ethyl-2-(1H-pyrrol -1-yl)butyl) aniline ((S)-23a)

According toTP12, a freshly prepared solution (R)-20c (1.15mL, 052 M, 0.60 mol, 1.2@quiv)
was added dropwise to a solution &bromoaniline (8 mg, 0.50 mol, 1.0@quiv), Pd(OAQ)
(2.25mg, 10.0pmol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and he
resulting mixture was stirredfor 16 h After aqueous workup, extraction arfthsh column
chromatographypurification, (S)-23a (106 mg, 0.46mmol, 93% yield, 99.8%6 was obtaineds a
yellow oil.

IH-NMR (400 MHz, CDCls, ppm): &i = 6.99 (t,J = 7.7 Hz, 1H), 6.57 (t,) = 2.1 Hz, 2H), 6.49 (ddd,
J=79, 2.4, 1.0Hz, 1H), 6.38 (dt] = 7.5, 1.3 Hz, 1H), 6.19 (tJ = 20 Hz, 1H), 6.08 (tJ = 2.1 Hz,
2H), 3.66 (dddJ = 9.7, 7.7, 45Hz, 1H), 3.51 (br, 2H), 3.06 (dd,= 138, 4.5Hz, 1H), 2.89 (dd,
J=138, 9.7 Hz, 1H), 2.03 (dhept] = 134, 6.8 Hz, 1H), 1.04 (dJ = 6.7 Hz, 3H), 0.79 (d,) = 6.8 Hz,
3H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 146.4, 140.3, 129.2, 119.9, 119.2, 115.7, 113.2, 107.2, 68.5,
40.0, 33.6, 20.7, 18.9.

MS (EI, 70 eV, %): m/z= 228 (32), 183 (12), 122 (100), 107 (10), 106 (11), 80 (20).

HRMS (El, 70 eV): m/zcalcd. for [GsHzoN2]: 228.1626; found: 228.1620 ([N}

FT-IR (Diamond-ATR, neat, cntl):* = 3362 (w), 2958 (w), 2925 (w), 2871 (w), 1604 (m), 1590 (m),
1489 (m), 1461 (m), 1411 (w), 1386 (w), 1368 (w), 1290 (m), 1272 (m), 1168 (w), 1086 (m)1)067
995 (w), 929 (W), 867 (w), 779 (m), 720 (vs), 696 (S).
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) p (CHCl;, tmLidm'%g'Y): 1101.2

(9)-1-(1-(4-M ethoxyphenyl)}3-methylbutan-2-yl)-1H-pyrrole ((S)-23b)

CHj

H3C

@ OMe
According toTP12, a freshly prepared solution (R)-20c (1.15mL, 052 M, 0.60 mol, 1.2G:quiv)
was added dropwise to a solutiordeibdoanisolg117mg, 0.50 mol, 1.0@quiv), Pd(OAc) (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and he resulting
mixture was stirredor 16 h After aqueous workup, extraction afldsh column chromatography
purification, (S)-23b (109 mg, 0.6 mmol, 8% yield, 994% eé was obtaine@scolorlessoil.

!H-NMR (400 MHz, CDCls, ppm): U= 6.841 6.79 (m, 2H), 6.76 6.70 (m, 2H), 6.55 (1 = 2.1 Hz,
2H), 6.08 (t,J = 21 Hz, 2H), 3.75 (s, 3H), 3.62 (ddd,= 101, 7.9, 42 Hz, 1H), 3.11 (ddJ = 140,

4.2 Hz, 1H), 2.92 (ddJ = 14.0, 10.1 Hz, 1H), 2.04 (dhept) = 133, 6.8 Hz, 1H), 1.07 (d] = 6.7 Hz,
3H), 0.80 (dJ = 6.7 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): U = 158.1, 131.1, 129.7, 119.8, 113.7, 107.3, 68.9, 55.2, 39.1,
33.7,20.7, 19.1.

MS (El, 70 eV,%): m/z= 243 (10), 122 (100), 121 (18), 80 (20).

HRMS (El, 70 eV): m/zcalcd. for [GeH21NO]: 243.1623; found: 243.1617 ([N)]

FT-IR (Diamond-ATR, neat, cnt): * = 2957 (w), 1612 (w), 1511 (s), 1488 (m), 1465 (m), 1412 (w),
1386 (w), 1368 (w), 1300 (m), 1274 (m), 1243 (s), 1177 (m), 1086 (m), 1068q&84,(m), 912 (w),
820 (m), 718 (vs).

) p (CHCls, EmLtdm'%g'Y): 1124.1

(S)-4-(3-Methyl-2-(1H-pyrrol -1-yl)butyl)benzaldehyde ((S)-23c)

CHj

H3C

@ CHO
According toTP12, a freshly prepared solution (R)-20c (1.15mL, 052 M, 0.60 mol, 1.2@&quiv)
was added dropwise to a solutiondebromobenzaldehy(®2.5mg, 0.50 mol, 1.0@quiv), Pd(OAQ)
(2.25mg, 10.0pmol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF(1 mL) and he
resulting mixture was stirredfor 16 h After aqueous workup, extraction arfthsh column
chromatographyurification, (S)-23b (112 mg, 0.46mmol, 2% yield, 996% e€ was obtaineds a

orangeoil.
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H-NMR (599 MHz, CDCl3, ppm): 4=9.92 (s, 1H), 7.78 7.61 (m, 2H), 7.11 6.98 (m, 2H), 6.50

(t, J=2.1, 2H), 6.05 (1) = 2.2, 2H), 3.65 (ddd] = 10.9, 8.3, 3.8, 1H), 3.24 (dd=13.8, 3.7, 1H), 3.02
(dd,J=13.8,10.8, 1H), 2.1B2.03 (m, 1H), 1.11 (s, 2H), 0.80 (@= 6.7, 3H).

1BC-NMR (151 MHz, CDCls, ppm): U= 192.1, 146.4, 134.9, 129.9, 129.4, 119.6, 107.7, 68.5, 40.4,
34.2,20.6, 19.3.

MS (El, 70 eV,%): m/z= 241 (8), 122 (100), 91 (17), 80 (19).

HRMS (El, 70 eV): m/zcalcd. for [GeH1oNO]: 241.1467; found241.1458 ([M]).

FT-IR (Diamond-ATR, neat, cnt?): * = 2961 (w), 2925 (w), 1698 (s), 1605 (s), 1576 (w), 1488 (m),
1469 (w), 1386 (w), 1306 (w), 1274 (m), 1259 (m), 1214 (m), 1168 (m), 1086 (m), 1068 (m), 928 (w),
845 (w), 816 (m), 779 (m), 719 (vs).

) p (CHClI;, tmLtdm'%g'Y): 1180.5

Ethyl (5)-4-(3-methyl-2-(1H-pyrrol -1-yl)butyl)benzoate ((S)-23d)

CHj;

HaC

@ CO,Et
According toTP12, a freshly prepared solution (R)-20c (1.15mL, 052 M, 0.60 mol, 1.2G:quiv)
was added dropwise to a solutionathyl 4iodobenzoat€138 mg, 0.50 mol, 1.0@quiv), Pd(OAQ)
(2.25mg, 10.0pmol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and he
resulting mixture was stirredfor 16 h After aqueous workup, extraction arfthsh column
chromatographypurification, (S)-23d (126 mg, 0.4 mmol, 88% vyield, 997% eg was obtainedas

colorlessoil.

IH-NMR (599 MHz, CDCls, ppm): ti= 7.87i 7.84 (m, 2H), 6.98 6.92 (m, 2H), 6.51 (t) = 2.1 Hz,
2H), 6.05 (tJ = 2.1 Hz, 2H), 4.33 (g9J = 7.1 Hz, 2H), 3.64 (dddJ = 106, 8.2, 3.9 Hz, 1H), 3.21 (dd,

J = 138, 3.9Hz, 1H), 3.00 (ddJ = 138, 10.6 Hz, 1H), 2.06 (dhept)=8.2, 6.7 Hz, 1H), 1.36 (t,
J=7.1Hz, 3H), 1.09 (dJ = 6.7 Hz, 3H), 0.80 (dJ = 6.7 Hz, 3H).

13C-NMR (151 MHz, CDCls, ppm): i = 166.7, 144.4, 129.6, 128.8, 128.7, 119.7, 107.6, 68.5, 60.9,
40.2, 34.1, 20.6, 19.2, 14.4.

MS (El, 70 eV,%): m/z= 285 (4), 1224100), 80 (16).

HRMS (El, 70 eV): m/zcalcd. for [GeH23NO2]: 285.1729; found: 285.1721 ([M)]

FT-IR (Diamond-ATR, neat, cn1l): ’ = 2960 (w), 2873 (w), 1711 (s), 1611 (w), 1488 (w), 1469 (w),
1444 (w), 1416 (w), 1388 (w), 1367 (m), 1271 (vs), 1179 (mdO1(s), 1088 (m), 1069 (m), 1021 (m),
929 (w), 873 (w), 764 (m), 720 (s), 704 (S).

) p (CHCls, tmLidm'%g'Y): 1136.1
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(9)-4-(3-M ethyl-2-(1H-pyrrol -1-yl)butyl) benzonitrile ((S)-23e)

According toTP12, a freshly prepared solution (R)-20c (1.15mL, 052 M, 0.60 mol, 1.2G:quiv)
was added dropwise to a solution &4fodobenzonitrile (115ng, 0.50 mol, 1.0@quiv), Pd(OAc)
(2.25mg, 10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF(1 mL) and he
resulting mixture was stirredfor 16 h After aqueous workup, extraction arfthsh column
chromatographyurification, (S)-23e (111 mg, 0.4 mmol, B% yield, 996% eg was obtaineds a
yellowishoil.

H-NMR (599MHz, CDCl3, ppm): U= 7.461 7.41 (m, 2H), 6.98 6.93 (m, 2H), 6.48 (1) = 2.1 Hz,
2H), 6.05 (tJ= 22 Hz, 2H), 3.59 (ddd) =110, 8.4, 3.6 Hz, 1H), 3.20 (ddJ = 13.9, 3.6 Hz, 1H), 2.99
(dd, J = 139, 109 Hz, 1H), 2.08 (dhept) = 85, 6.7 Hz, 1H), 1.10 (dJ=6.7 Hz, 3H), 0.79 (d,
J=6.8 Hz, 3H).

13C-NMR (151 MHz, CDCls, ppm): U = 144.6, 132.1, 129.5, 119.5, 119.0, 110.4, 107.9, 68.4, 40.4,
34.2, 20.5, 19.3.

MS (El, 70 eV,%): m/z= 238 (10), 195 (17), 193 (13), 122 (100), 128), 80 (21).

HRMS (El, 70 eV): m/zcalcd. for [GeH1sN2]: 238.1470; found: 238.1463 ([M)]

FT-IR (Diamond-ATR, neat, cm1): * = 2961 (w), 2226 (m), 1607 (w), 1505 (w), 1488 (m), 1470
(w), 1414 (w), 1387 (w), 1369 (w), 1300 (w), 1274 (m), 1259 (m), XW§71087 (m), 1068 (m), 1022
(w), 928 (w), 821 (m), 721 (vs).

) p (CHCls, tmLidm'%g'?): 1185.4

(5)-1-(4-M ethoxyphenyl}4-methyl-3-(1H-pyrrol -1-yl)pentan-1-one ((S)-23f)

oM
CHs €

HaC

N_ O

W,
According toTP13a, 3-methoxyenzoylchloride (&.3 mg, 0.50 mnol, 1.00equivy) and a freshly
prepared solution ofR)-20c (1.15mL, 052 M, 0.60 mol, 1.2@&quiv) with catalytic amount of
Pd(PPhs( 23 . 0 mg, 20. 0 & mol reactbnmirtare Wa stinned at 80 *fordéehd . T h e
andquenched with sat. ag. N8I solution. The cruderoduct wasextracted with EtOAc angdurified
by flash column chromatograph)-23f (116 mg, 0.43 mmol, 85%ield, 998% e was obtained as

ayellowish solid.
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'H-NMR (400 MHz, CDCls, ppm): U= 7.891 7.84 (m, 2H), 6.93 6.87 (m, 2H), 6.68 (1) = 2.1Hz,
2H), 6.07 (t,J = 2.1 Hz, 2H), 4.39 (tdJ = 8.0, 5.0Hz, 1H), 3.86 (s, 3H), 3.47 (dd,= 16.7, 7.9Hz,
1H), 3.33 (ddJ =16.7, 5.1Hz, 1H), 2.13i 1.98 (m, 1H), 1.00 (d] =6.7Hz, 3H), 0.8 (d,J =6.7Hz,
3H).

13C-NMR (101 MHz, CDCls, ppm): ti=195.8, 163.6, 119.7, 113.7, 107.5, 77.3, 77.0, 76.7, 61.7, 55.4,
42.2,34.1, 20.2, 19.0.

MS (El, 70 eV,%): m/z= 271 (5), 253 (27), 238 (25), 210 (100), 167 (21), 135 (93), 77 (9).

HRMS (El, 70 eV): m/zcalcd. for [G/H2:NO;]: 271.1572; found: 271.1564 ([V)]

FT-IR (Diamond-ATR, neat, cn®): * = 2963 (m), 2937 (w), 2360 (w), 2340 (w), 1675 (m), 1600
(vs), 1575 (m), 1510 (m), 1489 (m), 1465 (w), 1419 (m), 1359 (w), 1304269 (vs), 1218 (w), 1170
(s), 1088 (w), 1029 (m), 834 (m), 725 (m).

) p (CHCls, EmLidm'%g'Y): +1.1

M.p. 50.5 °C

(S)-1-(4-Chlorophenyl)-4-methyl-3-(1H-pyrrol -1-yl)pentan-1-one ((S)-23g)

Cl

According toTP13b, a freshly prepared solution (R)-20c (1.15mL, 052 M, 0.60 mol, 1.2@quiv)
was mixed with catalytic amounts 6l (9.52mg, 0.05 mmo] 10 mol%) at 0 °C. 3Chlordbenzoyl
chloride 87.5mg, 0.50 mmol, 1.00 equiv) was added and the mixture stirretl foat O °C before
warming to roonmtemperature The reactiomrmixture was stirredfor 16 handquenched with sat. aqg.
NH.CI solution. The crudeproduct wasextracted with EtOAc andpurified by flash column
chromatographyo obtain(S)-23g (110 mg, 0.40 mmol, 80% vyield, 98% e€ asan orange oil.

!H-NMR (400 MHz, CDCls, ppm): ti = 7.841 7.76 (m, 2H), 7.49 7.34 (m, 2H), 6.66 (t) = 2.1 Hz,

2H), 6.07 (tJ = 2.1Hz, 2H), 4.35 (td,) = 8.3, 4.7Hz, 1H), 3.49 (dd,) = 16.8, 8.2Hz, 1H), 3.33 (dd,
J=16.8, 4.7Hz, 1H), 2.18 1.99 (m, 1H), 1.01 (d]=6.7Hz, 3H), 0.78 (dJ = 6.7 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): i = 196.5, 139.9, 135.3, 129.5, 129.1, 119.8, 107.8, 61.9, 42.7,
34.3,20.3, 19.2.

MS (El, 70 eV,%): m/z= 275 (6), 257 (27), 242 (35), 214 (73), 141 (35), 139 (100), 111 (7), 94 (8).
HRMS (El, 70 eV): m/zcalcd. for [GeH1sCINO]: 275.1077; found: 275.1067 ([N)]

FT-IR (Diamond-ATR, neat, cnt?): ’ = 2963 (w), 2874 (w), 1686 (s), 1589 (m), 1488 (m), 1400 (m),
1358 (w), 1274 (m), 1212 (m), 1176 (w), 1089 (s), 1012 (w), 930 (w), 828 (m), 783 (w), 723 (vs).

) p (CHCls, EmLidm'%g'Y): 16.7.
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(S)-1-(4-Fluorophenyl)-4-methyl-3-(1H-pyrrol -1-yl)pentan-1-one ((S)-23h)

F
CH,

H4C

N (6]

W
According toTP13b, a freshly prepared solution (R)-20c (1.15mL, 052 M, 0.60 mol, 1.2@&quiv)
was mixed with catalytic amounts 6l (9.52mg, 0.05 mmoJ 10 mol% at 0 °C.4-Fluoradbenzoyl
chloride 79.3mg, 0.50 mmol1.00 equiv) was added and the mixture stirred for 1 h at 0 °C before
warming to roomtemperatureThe reactiommixture was stirredfor 16 handquenched with sat. aq.
NH4Cl solution. The crudeproduct wasextracted with EtOAc andpurified by flash column
chromatographyo obtain(S)-23h (91 mg, 035 mmol, 70% yield, 994% eé asa colorless liquid.

IH-NMR (400 MHz, CDCls, ppm): ti = 7.977 7.77 (m, 2H), 7.16 7.05 (m, 2H), 6.67 () = 2.1Hz,

2H), 6.07 (tJ = 2.1Hz, 2H), 4.36 (tdJ = 8.3, 4.8Hz, 1H), 3.50 (dd,J = 16.8, 8.2Hz, 1H), 3.33 (dd,
J=16.8, 4.8Hz, 1H), 2.16i 2.00 (m, 1H), 1.01 (d] = 6.7 Hz, 3H), 0.79 (d,) = 6.7 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): U = 196.0, 165.9d, J = 255.1), 133.4d, J = 3.0), 130.8 (d,
J=9.4),1198, 115.8 (dJ=21.9), 1078, 619, 42.6, 343, 20.3, 1R.

19--NMR (377 MHz, CDCls, ppm): ti=1104.9

MS (El, 70 eV,%): m/z= 259 (6), 241 (38), 239 (12), 226 (47), 199 (14), 198 (100), 170 (13), 136
(15), 123 (66).

HRMS (El, 70 eV): m/zcalcd. for [GeH1sFNQ]: 259.1372; found: 259.1363 ([V)]

FT-IR (Diamond-ATR, neat, cnt): * = 2963 (m), 2874 (w), 1684 (s), 1596 (s), 1506 (m), 1489 (m),
1471 (w), 1411 (m), 1388 (w), 1359 (m), 1298 (m), 1274 (s), 1235 (s), 1158088 (m), 1069 (w),
994 (w), 930 (w), 838 (s), 818 (w), 724 (vs).

) p (CHCls, EmLtdm'%g'Y): 122.3

(9)-1-(Furan-2-yl)-4-methyl-3-(1H-pyrrol -1-yl)pentan-1-one ((S)-23i)

CHj 0\
=
H,C
N. O
W

According toTP13a, 2-furoyl chloride(65.3mg,0.50 mnol, 1.00equiV) and a freshly prepared solution
of (R)-20c (1.15mL, 052 M, 0.60 mol, 1.2@quiv) with catalytic amount of Pd(PBja (23.0 mg,
200e mol , 4 mol %) reastmnmeture was stirred at B0=°for 16 handquenched with
sat. ag. NHCI solution. The crudg@roduct wasextracted with EtOAc angurified by flash column

chromatographyo obtain(S)-23i (83 mg, 036 mmol, 72% yield, 999% e as gpale yellow solid.
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'H-NMR (400 MHz, CDCls, ppm): U= 7.55 (dd,J=1.7, 0.8Hz, 1H), 7.12 (dd,) = 3.6, 0.8Hz, 1H),
6.66 (t,J = 2.1 Hz, 2H), 6.49 (dd)J = 3.6, 1.7Hz, 1H), 6.06 (tJ = 2.1 Hz, 2H), 4.33 (tdJ = 8.5Hz,
4.9, 1H), 3.40 (dd) =16.3, 8.7Hz, 1H), 3.22 (ddy) = 16.3, 4.9Hz, 1H), 2.18/ 1.95 (m, 1H), 1.00 (d,
J=6.7Hz, 3H), 0.78 (d,J = 6.7Hz, 3H).

13C-NMR (101 MHz, CDCl;, ppm): U = 186.6, 152.8, 146.6, 119.8, 117.4, 112.5, 107.7, 61.7, 42.5,
34.3,20.2, 19.1.

MS (El, 70 eV, %): m/z= 231 (11), 213 (54), 198 (51), 17000), 167 (15), 136 (11), 115 (11), 95
(43).

HRMS (El, 70 eV): m/zcalcd. for [G4H1/NO]: 231.1259; found: 231.1252 ([V)]

FT-IR (Diamond-ATR, neat, cnil): * = 3123 (w), 3094 (w), 2965 (w), 2880 (w), 1645 (vs), 1490
(w), 1465 (s), 1416 (w), 1397 (m)220 (w), 1274 (w), 1164 (w), 1098 (w), 1063 (w), 998 (w), 914
(w), 775 (m), 733 (m).

) p (CHCls, EmLtdm'%g'Y): 14.9.

M.p. 90.5 °C

Ethyl (S)-7-methyl-4-oxo0-6-(1H-pyrrol -1-yl)octanoate((S)-23))

CH3

Hsc)\:/ﬁfvcoza

@ o}
According toTP13a, ethyl 4chloro-4-oxobutyrate(82.3 mg, 0.50 mnol, 1.00equiV) and a freshly

prepared solution ofR)-20c (1.15mL, 052 M, 0.60 mol, 1.2@quiv) with catalytic amount of
Pd(PPhs( 23. 0 mg, 20. 0 ¢ mol reactbnmimtore Wap stiied at 80 °fordehd . Th e
andquenched with sat. aq. NEI solution. The cruderoduct wasextracted with EtOAc angdurified

by flash column chromatography obtain(S)-23j (88 mg, 033 mmol, 66% yield, 995% eg as an
orangdiquid.

IH-NMR (400 MHz, CDCk, ppm): Ui = 6.62 (t,J = 2.2 Hz, 2H), 6.09 (tJ = 2.1Hz, 2H), 4.15( 4.05

(m, 3H), 2.98 (ddJ = 16.1, 9.1Hz, 1H), 2.88 (dd,) = 16.1, 4.7Hz, 1H), 2.73i 2.62 (m, 1H), 2.58
2.48 (m, 1H), 2.45 2.30 (m, 2H), 2.04 1.89 (m, 1H), 1.22 (t) = 7.1Hz, 3H), 0.95 (dJ = 6.7 Hz,
3H), 0.73 (d,J = 6.7 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 206.9, 172.8, 119.7, 107.9, 62.1, 60.8, 46.8, 342, 28.0,
20.1, 19.1, 14.206.7, 172.6, 119.5, 107.7, 61.9, 60.6, 46.7, 37.8, 34.0, 27.9, 20.0, 19.0, 14.1.

MS (El, 70 eV, %): m/z= 265 (1), 247 (32), 186 (22), 174 (88), 159 (43), 144 (42), 130 (100), 101
(53).

HRMS (El, 70 eV): m/zcalcd. for [GsH2sNO3]: 265.1678; found: 265.1670 ([N}

FT-IR (Diamond-ATR, neat, cnt): * = 2964 (m), 2934 (w), 2875 (w), 1731 (vs), 1719 (vs), 1489
(m), 1470 (w), 1413 (m), 1371 (m), 1349 (w), 1275 (m), 1195 (m), 1089 (m), 1035 (W), 726 (S).
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) p (CHCl3, EmLidm'g'Y): 171.1

(9)-1-(1-(4-M ethoxyphenyl)3-phenylpropan-2-yl)-1H-pyrrole ((S)-24a)

According toTP12, a freshly prepared solution ¢8)-20d (1.30mL, 0.47 M, 0.60 mol, 1.26quiv)
was added dropwise to a solution eibdioanisole (118ng, 0.50 mol, 1.0@quiv), Pd(OAc) (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL). The mixture was
stirredfor 16 handquenched with sat. ag. N&lI solution. The crudproduct wagxtracted with EtOAc
and purified by flash column chromatography afford (S)-24a (123mg, 0.42mmol, 84% vyield,

98.8%e¢€ as a yellow oil.

'H-NMR (400 MHz, CDCls, ppm): ti=7.27i 7.16 (m, 3H), 6.99 6.94 (m, 2H), 6.88 6.83 (m, 2H),
6.8071 6.75 (m, 2H), 6.55 (§ = 21 Hz, 2H), 6.08 (tJ = 21 Hz, 2H), 4.18 (ttJ = 7.8, 6.3 Hz, 1H), 3.77

(s, 3H), 3.13 2.98 (m, 4H).

13C-NMR (101 MHz, CDCls, ppm): U= 158.4,138.4, 130.4, 130.0, 129.0, 128.5, 126.6, 119.1, 113.9,
107.8, 64.0, 55.3, 42.6, 41.8.

MS (El, 70 eV,%): m/z= 291 (9), 200 (42), 198 (18), 171 (13), 170 (100), 168 (64), 153 (11), 121
(18), 91 (41).

HRMS (El, 70 eV): m/zcalcd. for [GoH2:NO]: 291.1623; found: 291.1617 ([V)]

FT-IR (Diamond-ATR, neat, cnt): * = 3027 (w), 2929 (w), 1611 (w), 1583 (w), 1511 (s), 1488 (m),
1454 (m), 1441 (w), 1411 (w), 1301 (m), 1243 (vs), 1177 (m), 1109 (w), 1089 (m), 1070 (m), 1032 (s),
910 (w), 823 (M), 719v6), 698 (vs).

) p (CHCls, EmLtdm'%g'Y): +7.8

(9)-4-(3-Phenyl-2-(1H-pyrrol -1-yl)propyl)benzaldehyde((S)-24b)

According toTP12, a solution of(S)20d (1.30mL, 0.47 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution @bromo benzaldehyd®&2.5mg, 0.50mmol, 1.00equiv), Pd(OAc)(2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (1ImL) andthe resulting
reaction mixturestirredfor 16 h After quenching with sat. aq. NBI solution and extraction with
EtOAc, he crude product was purified by flash column chromatography to aff2ib (133 mg,
0.46 mmol, 91% vyield,99.8% e@ as adark-orangeoil.

IH-NMR (400 MHz, CDCls, ppm): ti = 9.89 (s, 1H), 7.69 7.64 (m, 2H), 7.24 7.13 (m, 3H), 7.00
(d,J = 81Hz, 2H), 6.98i 6.94 (M, 2H), 6.47 (t) = 2.1 Hz, 2H), 6.01 (tJ = 2.1 Hz, 2H), 4.19 (it,
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J=7.8,6.6 Hz, 1H), 3.13 (ddJ = 138, 8.0 Hz, 1H), 3.09 (dJ = 7.1 Hz, 2H), 3.03 (ddJ = 137, 6.4 Hz,

1H).

13C-NMR (101 MHz, CDCls, ppm): U= 192.1, 145.6, 137.9, 135.1, 130.0, 129.6, 129.0, 128.7, 126.9,
119.0, 108.2, 63.5, 43.42.7.

MS (El, 70 eV, %): m/z= 289 (10), 198 (68), 196 (20), 171 (13), 170 (100), 168 (57), 167 (12), 153
(12), 119 (10), 91 (40).

HRMS (El, 70 eV): m/zcalcd. for [GoH1oNO]: 289.1467; found: 289.1462 ([N)]

FT-IR (Diamond-ATR, neat, cni?): ' = 3027 (w), 2922 (w), 2850 (vw), 2736 (vw), 1694 (s), 1605
(s), 1576 (m), 1488 (m), 1454 (w), 1306 (m), 1267 (m), 1213 (m), 1169 (m), 1089 (m), 1070 (m), 930
(w), 853 (w), 821 (m), 775 (m), 720 (vs), 698 (vs).

) p (CHCls, tmLidm'%g'?): +49.9

Ethyl (5)-4-(3-phenyl-2-(1H-pyrrol -1-yl)propyl)benzoate ((S)-24c)

spasil

According toTP12, a solution of(S)20d (1.30mL, 0.47 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution of ethytiddobenzoate (14thg, 0.50mmol, 1.00equiv), Pd(OAc) (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL) andthe resulting
reaction mxture stirredfor 16 h After quenching with sat. aq. NBI solution and extraction with
EtOAc, he crude product was purified by flash column chromatography to gfp2ic (162mg,
0.49mmol, 96% vyield, 99% ed as a yellow oil.

In a largescale attmpt, the same procedure was carried out usingrd$Z2.00mmol, 1.00equiv) of
ethyl 4iodobenzoate and a freshly prepared solutdn(S)-20d (4.80mL, 0.50M, 2.40mmol,
1.20equiv) with catalytic amounts of Pd(OAdP.00 mg, 40.0umol, 2mol%) and SPh® (330 mg,
80.3umol, 4mol%), resulting in a yield of 63&g (S)-24c (1.90mmol, 95% yield).

H-NMR (400 MHz, CDCls, ppm): U= 7.94 (d,J = 83 Hz, 2H), 7.33 7.22 (m, 3H), 7.06 7.00 (m,

4H), 6.57 (tJ= 21Hz, 2H), 6.11 (t) = 21 Hz, 2H), 4.39 (gJ = 7.1 Hz, 2H), 4.28 (quih J= 7.1 Hz,

1H), 3.23i 3.07 (m, 4H), 1.42 (1) = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): U= 166.6,143.5, 138.0, 129.7, 128.9, 128.9, 128.9, 128.5, 126.7,
119.0, 108.0, 63.4, 60.9, 42.8, 42.5, 14.4.

MS (El, 70 eV,%): m/z= 333 (6), 242 (40), 171 (13), 170 (100), 168 (61), 167 (14), 163 (12), 91 (30).
HRMS (El, 70 eV): m/zcalcd. for [G:H23NO2]: 333.17229; found: 333.1721 ([M).

FT-IR (Diamond-ATR, neat, cni'): * = 2979 (w), 2928 (w), 1710 (s), 1610 (w), 1575 (vw), 1488
(m), 1454 (w), 1415 (w), 1366 (w), 1311 (w), 1271 (vs), 1178 (m), 1101 (s), 1070 (m), 1021 (m), 932
(w), 850 (w), 752 (m), 720s), 698 (vs).
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) p (CHCls, tmLidm'%g'?): +32.4

(9)-4-(3-Phenyl-2-(1H-pyrrol -1-yl)propyl)benzonitrile ((S)24d)

T
QCN

According to TP12, the product was synthesized fromiodlobenzonitrile (458ng, 2.00mmol,

1.00equiv) and a freshly prepared solutio$§20d (4.80mL, 0.50 M, 2.40mmol, 1.20equiv) in the
presence of Pd(OAg)2.25mg, 10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4 mol%). The
mixture was stirred at roomemperaturdor 16 h andquenched sat. aq. N@I solution. Extraction of
crude productvith EtOAc and flaskcolumn chromatographpurification afforded(S)-24d (540mg,

1.89mmol, 94% vyield, 98.8%¢€ as a brown oil.

IH-NMR (400 MHz, CDCls, ppm): U= 7.52i 7.46 (m, 2H), 7.32 7.22 (m, 4H), 7.07 7.02 (m, 2H),
7.007 6.95 (m, 2H), 6.53 (] = 2.1 Hz, 2H), 6.09 (tJ = 2.1 Hz, 2H), 4.22 (tt) = 7.8, 6.5 Hz, 1H), 3.22
(dd,J = 137, 7.9 Hz, 1H), 3.15 3.06 (m, 3H).

13C-NMR (101 MHz, CDCls, ppm): U= 143.8, 137.8, 132.2, 129.7, 129.0, 128.7, 126.9, 119.0, 119.0,
110.6, 108.3, 63.4, 43.0, 42.6.

MS (EI, 70 eV, %): m/z= 286 (11), 196 (14), 195 (100), 16&), 171 (11), 170 (84), 168 (43), 167
(10), 116 (44), 91 (24).

HRMS (El, 70 eV): m/zcalcd. for [GoH1sN2]: 286.1470; found: 286.1465 ([M)]

FT-IR (Diamond-ATR, neat, cm1):’ = 3062 (vw), 3028 (vw), 2924 (w), 2226 (m), 1733 (vw), 1606
(W), 1488 (m), 254 (w), 1414 (w), 1267 (m), 1178 (w), 1089 (m), 1070 (m), 931 (w), 846 (w), 826
(m), 755 (m), 721 (vs), 698 (vs).

) p (CHCls, tmLidm'%g'?): +44.3

(9)-1-(4-M ethoxyphenyl}4-phenyl-3-(1H-pyrrol -1-yl)butan-1-one ((S)-24e)

OMe

Following TP13a, the product was synthesized fromm&thoxybenzoyl chloride (85 m@,50mmol,
1.00 equiv) and freshly prepared solution($§20d (1.40 mL, 0.42 M, 0.60 mmol, 1.20 equiv) with
catalytic amount of Pd(PE( 2 3 mg, 20. 0 ¢ mactionmixdire was btifed at 50I°Q e
for 16 handquenched sat. aq. N&I solution.Extraction ofthe crudeproductwith EtOAc andflash
column chromatographyurification afforded (S)-24e (154 mg, 0.48 mmol, 86% yield, 99.9%@ as a

white solid.
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!H-NMR (400 MHz, CDCls, ppm): i = 7.95 (d,J = 8.8 Hz, 2H), 7.31 7.26 (m, 3H), 7.08 (d,
J=7.2Hz, 2H), 6.98 (dJ = 8.8 Hz, 2H), 6.73 (td, 3 2.0, 1.2 Hz, 2H), 6.16 (td,= 2.0, 1.6 Hz, 2H),
4.95(quint,J = 6.8 Hz, 1H), 3.92 (s, 3H), 3.55 (dilz 16.8, 6.4 Hz, 1H), 3.43 (dd,= 16.8, 7.0 Hz,
1H), 3.22 (ddJ = 13.6, 5.6 Hz, 1H), 3.15 (dd,= 13.6, 8.4 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): U = 195.5, 163.6, 137.8, 126.6, 119.0, 11377.8, 77.3, 77.0,
76.7,57.3,55.4, 43.8, 42.8.

MS (El, 70 eV,%): m/z= 319 (1), 298 (15), 210 (50), 184 (8), 167 (9), 135 (100), 91 (5), 77 (8).
HRMS (El, 70 eV): m/zcalcd. for [GiH21NO2]: 319.1572; found: 319.1565 ([M)]

FT-IR (Diamond-ATR, neat, cnil): ’ = 3027 (w), 2934 (w), 1674 (s), 1600 (vs), 1575 (m), 1510 (m),
1490 (m), 1419 (m), 1360 (w), 1259 (s), 1218 (m), 1171 (s), 1090 (m), 1029 (m), 990 (w), 834 (w), 725
(m), 701 (m).

) p (CHCls, EmLtdm'%g'Y): 131.2

M.p.: 90.1 °C.

(S)-1-(3-Chlorophenyl)-4-phenyl-3-(1H-pyrrol -1-yl)butan-1-one ((S)-24f)

J =
N_ O
v

According toTP13a, 3-chlorobenzoyl chloride (88 m@,50 mmol, 1.00equiv) and a freshly prepared
solution of (S)}-20d (1.40 mL, 0.42 M, 0.60 mmoll.20 equiv) with catalytic amount of Pd(RRh
(23.0mg , 20. 0 emol , 4  rmeactiofmixtune evasestirredsae 50 .°@r Tehheand
guenched sat. ag. NBI solution. Extraction ofthe crude productwith EtOAc andflash column
chromatographyurification afforded (S)-24f (138 mg, 0.43 mmol, 85%eld, 99.9%eé6 as a white

solid.

IH-NMR (400 MHz, CDCls, ppm): i= 7.86 (s, 1H), 7.76 (d,= 7.6 Hz, 1H), 7.56 (d] = 8.0Hz, 1H),
7.41 (t,J = 8.0 Hz, 1H), 7.29 7.23 (m, 3H),7.05 (d,J = 7.6 Hz, 2H), 6.69 (td] = 2.0, 1.6 Hz, 2H),
6.12 (td,J = 2.0, 1.6 Hz, 2H), 4.90 (quind,= 6.8 Hz, 1H), 3.53 (dd] = 17.2, 6.4Hz, 1H), 3.43 (dd,
J=17.2, 6.4 Hz, 1H), 3.15 (d,= 7.2 Hz, 2H).

13C-NMR (101 MHz, CDCls, ppm): ti=196.0, 18.3, 137.7, 135.1, 133.4, 130.1, 129.1, 128.6, 128.2,
126.9, 126.2, 119.2, 108.3, 57.3, 44.4, 42.9.

MS (EI, 70 eV, %): m/z= 323 (1), 302 (16), 267 (18), 214 (100), 139 (83), 111 (9), 91 (6).

HRMS (El, 70 eV): m/zcalcd. for [GoH1CINO]: 323.1077; found: 323.1071 ([K)]

FT-IR (Diamond-ATR, neat, cnm®): * = 3063 (w), 3028 (w), 2918 (w), 2360 (s), 2340 (m), 1688 (vs),
1571 (m), 1489 (m), 1420 (m), 1360 (M), 1276 (m), 1256 (m), 1212 (m), 1090 (M), 724 (vs), 700 (s).
) p (CHCls, EmLidm'%g'Y): 122.5

M.p.: 66.5°C.
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(R)-1-(3-Chlorophenyl)-4-phenyl-3-(1H-pyrrol -1-yl)butan-1-one ((R)-24f)

To obtain the R)-enantiomerthe reaction was repeated using ReZinc species starting from tie
phenylalaninol. The procedure for preparation of the starting materials was done in the same way as for
the L-phenylalaninol 18di 20d).

Accordingto TP13a, 3-chlorobenzoyl chloride (88 m@,50 mmol, 1.00equiv) and a frekly prepared
solution of (R)-20d (1.53 mL, 039 M, 0.60 mmol, 1.20 equiv) with catalytic amount of Pd(BPh
(23.0mg , 20. 0 emol , 4  reactiofmixtune evasestirredsae 50 .°@r Tehheand
guenched sat. aq. N@I solution.Extraction ofthe crudeproductandflash column chromatography
purification afforded (R)-24f (133 mg, 0.4. mmol, 8% vyield, 99.9%eé as a white solid.

) p (CHCls, tmLidm'%g'?): +20.9.
(S9)-1-(Furan-2-yl)-4-phenyl-3-(1H-pyrrol -1-yl)butan-1-one ((S)-24g)

[
o)
N. O

(W
Following TP13a, 2-furoyl chloride (65.0 mg, 0.50 mmol, 1.00 equiv), a freshly prepared solution of
(S)20d (1.40 mL, 0.42 M, 0.60 mmol, 1.20 equiv) and catalytic amount of Pd{PE8.0mg,
200e mol , 4 mol %) reagtommexture was dtirred &ttb@ °for 16 handquenched sat.
ag. NHCI solution. Extraction ofthe crudeproductwith EtOAc andflash column chromatography
purification afforded (S)-24g (118 mg, 0.42 mmol, 8% yield, 99.8%e¢6 as a white solid.

!H-NMR (400 MHz, CDCls, ppm): i = 7.56 (dd,J = 1.6, 0.7Hz, 1H), 7.26i 7.19 (m, 3H), 7.14 (d,
J=3.6Hz, 1H), 7.04i 6.99 (m, 2H), 6.65 (tJ = 2.1Hz, 2H), 6.51 (dd,) = 3.6, 1.7Hz, 1H), 6.08 (t,
J=2.1Hz, 2H), 4.85 (ent J = 7.0Hz, 1H), 3.42 (ddJ = 16.5, 7.1Hz, 1H), 3.25 (dd,) = 16.5, 6.6Hz,

1H), 3.12 (dJ=7.1Hz, 2H).

13C-NMR (101 MHz, CDCls, ppm): Gi=186.1, 152.6, 146.7, 137.7, 129.1, 128.5, 126.8, 119.2, 117.5,
112.5,108.1, 57.2, 44.42.9.

MS (El, 70 eV,%): m/z= 279 (4), 188 (23), 170 (29), 115 (9), 95 (100), 91 (8).

HRMS (El, 70 eV): m/zcalcd. for [GsH17NOy]: 279.1259; found: 279.1253 ([V)}

FT-IR (Diamond-ATR, neat, cn): ' = 3124 (w), 3095 (w), 3024 (vw), 1650 (vs), 1561), 1492

(w), 1465 (m), 1397 (m), 1288 (w), 1279 (m), 1162 (w), 1057 (w), 1031 (w), 1002 (w), 917 (w), 774
(m), 737 (m), 697 (M).
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) p (CHCls, EmLidm'%g'Y): 137.5
M.p.: 120.5 °C.

Ethyl (S)-4-oxo-7-phenyl-6-(1H-pyrrol -1-yl)heptanoate((S)-24h)

CO,Et
oy

(W

Following TP13a, ethyl 4chloro-4-oxobutyrate (82 mg, 0.50 mmol, 1.00 equiv), a freshly prepared
solution of (S}20d (1.40 mL, 0.42 M, 0.60 mmol, 1.20 equiv) and catalytic amount of Pd{PPh
(23.0mg , 20. 0 emol , 4 mactiofiixture evasestirredsae 50 .°@r Téhheand
guenched sat. ag. NEI solution. Extraction ofthe crude productwith EtOAc andflash column
chromatographypurificationafforded(S)-24h (110 mg, 035 mmol, 70% yield, 99.9% ¢ as a brownish
liquid.

'H-NMR (400 MHz, CDCls, ppm): ti=7.21 (dddtJ=6.9, 5.2, 3.5, 1.81z, 3H), 7.01i 6.90 (m, 3H),
6.59 (t,J=2.1Hz, 2H), 6.08 (tJ = 2.1Hz, 2H), 4.66 (p,) =7.1Hz, 1H), 4.11 (g = 7.1Hz, 2H), 3.03

(d, J=7.1Hz, 2H), 3.02 (ddJ = 16.5, 7.4Hz, 1H), 2.89 (dd,) = 16.6, 6.3Hz, 1H), 2.71i 2.39 (m,
4H).

13C-NMR (101 MHz, CDCls, ppm): ti = 206.3, 172.7, 137.6, 129.1, 128.5, 126.8, 119.1, 108.2, 60.8,
57.3,48.3, 42.9, 37.9, 27.9, 14.3.

MS (El, 70 eV,%): m/z= 311 (1), 295 (15), 222 (18), 2029), 176 (20), 130 (100), 101 (54), 91 (20).
HRMS (El, 70 eV): m/zcalcd. for [GoH23NOg): 313.1678; found: 313.1622 ([V)]

FT-IR (Diamond-ATR, neat, cnt?): * = 2980 (w), 2926 (w), 1718 (vs), 1490 (m), 1412 (m), 1371
(m), 1350 (m), 1270 (m), 1196 (m)92 (m), 1030 (w), 749 (w), 726 (s), 701 (m).

) p (CHCls, EmLtdm'%g'Y): 116.3

(R)-3-(2-Phenyl-2-(1H-pyrrol -1-yl)ethyl)aniline ((R)-25a)

‘ O NH,
N
(W

According toTP12, 3-Bromoaniline (86mg, 0.50mmol, 1.00equiv),Pd(OAc} (2.25mg, 10.0pmol,
2mol%), SPhos (8.2fng, 20.0umol, 4mol%) and a freshly prepared solution(8§-20e (1.33mL,
0.45M, 0.60 mmol, 1.2@quiv) were used. The mixture was stirred at reemperaturdor 16 hand
guenched sat. ag. NEI solution. Extraction of the crude product with EtOAc and flash column
chromatography purification affordedPurification of the crude produ by flash column
chromatography affordeR)-25a (98 mg, 0.38 mmol, 75% yield, 99.8%¢ as a light orange solid.



C. EXPERIMENTAL PART 165

'H-NMR (400 MHz, CDCls, ppm): U= 7.351 7.24 (m, 3H), 7.20 7.15 (m, 2H), 7.02 (1 = 7.7 Hz,

1H), 6.75 (t,J = 21 Hz, 2H), 6.53 (dddJ = 7.9, 2.4, 1.0 Hz, 1H), 6.45 (dJ = 6.9 Hz, 1H), 6.30 (t,
J=2.0Hz, 1H), 6.16 (tJ= 2.1 Hz, 2H), 5.28 (ddJ) = 85, 6.5 Hz, 1H), 3.55 (br, 2H), 3.47 (dd= 138,

8.6 Hz, 1H), 3.34 (ddJ = 138, 6.5 Hz, 1H).

13C-NMR (101 MHz, CDCl3, ppm): U= 146.5, 141.8, 139.2, 129.4, 128.7, 127.7, 126.7, 119.9, 119.4,
115.9, 113.5, 108.1, 64.8, 42.3.

MS (El, 70 eV,%): m/z= 262 (3), 157 (12), 156 (100), 129 (13), 128 (10).

HRMS (El, 70 eV): m/zcalcd. for [GgH1gN2]: 262.1470; found: @2.1464 ([M]).

FT-IR (Diamond-ATR, neat, cnt): * = 3396 (w), 3313 (w), 3214 (w), 3126 (w), 3023 (w), 1630 (m),
1586 (m), 1486 (m), 1454 (m), 1407 (m), 1322 (w), 1283 (m), 1268 (s), 1164 (w), 1090 (s), 1039 (w),
1025 (w), 981 (w), 949 (w), 906 (w), 87@), 775 (m), 727 (s), 693 (vs).

) p (CHCls, EmLtdm'%g'Y): 124.2

M.p.: 81.3°C.

(R)-1-(2-(4-M ethoxyphenyl)1-phenylethyl)-1H-pyrrole ((R)-25b)

@ OMe

Following TP12, 4-iodoanisole (118ng, 0.50mmol, 1.00equiv) and a freshly prepared solutioh
(9)-20e (1.33mL, 0.45 M, 0.60 mmol, 1.28quiv) were used as starting materials with catalytic
amounts of Pd(OAg)2.25mg, 10.0umol, 2mol%) and SPhos (8.21g, 20.0umad, 4 mol%). Stirring
the reactionmixture for 16 hfollowed by quenchinggextraction and purification of the crude product
by flash column chromatography affordéR))-25b (105mg, 0.38mmol, 75% yield,99.7%eé as a

faint yellow liquid.

!H-NMR (400 MHz, CDCl3, ppm): U= 7.32i 7.22 (m, 4H), 7.18 7.13 (m, 2H), 6.92 6.86 (m, 2H),
6.777 6.73 (m, 2H), 6.72 (t) =2.1Hz, 2H), 6.14 (tJ=2.1Hz, 2H), 5.21 (dd,) = 8.6, 6.6Hz, 1H),

3.76 (s, 3H), 3.48 (dd,=13.9, 8.6Hz, 1H), 3.35 (ddJ = 13.8,6.6 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): ti= 158.4, 141.7, 130.1, 130.0, 128.7, 127.8, 126.8, 119.8, 113.9,
108.2, 65.3, 55.3, 41.4.

MS (El, 70 eV,%): m/z= 277 (2), 157 (12), 156 (100), 129 (12), 121 (9).

HRMS (El, 70 eV): m/zcalcd. for [GoH19NO]: 277.1467; found: 277.1460 ([M)]

FT-IR (Diamond-ATR, neat, cn®): ' = 3029 (vw), 2930 (w), 2834 (vw), 1611 (w), 1584 (w), 1511
(s), 1487 (m), 1451 (m), 1408 (w), 1301 (w), 1244 (s), 1178 (m), 1088 (m), 1031 (m), 972 (w), 910 (w),
820 (m), 756 (m), 720 (vs), 697 (vs).

) p (CHCl3, EmLidm'g'Y): 117.3
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(R)-4-(2-Phenyl-2-(1H-pyrrol -1-yl)ethyl)benzaldehyde((R)-25c)

@ CHO

According toTP12, 4-bromobenzaldehyde (93g, 0.50mmol, 1.00equiv) and a freshly prepared
solution of (§)-20e (1.33mL, 0.45 M, 0.60 mmol, 1.28quiv) were used as starting materials with
catalytic amounts of Pd(OAg)2.25mg, 10.0umol, 2mol%) and SPhos (8.2hg, 2.0 umol, 4 mol%)
present. The reaction mixture was stirred at reaemperaturdor 16 handquenched sat. aq. N@l
solution. Extraction of the crude product with EtOAc and flash column chromatography purification
afforded(R)-25¢c (116 mg, 0.42mmol, 84%yield, 99.4%e¢6 as a yellow solid.

IH-NMR (400 MHz, CDCls, ppm): ti = 9.95 (s, 1H), 7.74 (dl = 8.2 Hz, 2H), 7.36( 7.27 (m, 3H),
7.211 7.12 (m, 4H), 6.70 () = 21 Hz, 2H), 6.14 (tJ = 2.1 Hz, 2H), 5.29 (ddJ = 9.0, 6.4 Hz, 1H),
3.62 (ddJ =137, 9.0 Hz, 1H), 3.51 (ddJ = 137, 6.3 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): ii = 192.0, 145.2, 141.0, 135.1, 130.0, 129.7, 128.9, 128.1, 126.6,
119.7, 108.5, 64.5, 42.4.

MS (El, 70 eV,%): m/z= 275 (1), 157 (12), 15@.00), 129 (11).

HRMS (El, 70 eV): m/zcalcd. for [GgH17NO]: 275.1310; found: 275.1305 ([N)]

FT-IR (Diamond-ATR, neat, cnt): * = 2923 (w), 1686 (s), 1602 (s), 1576 (m), 1488 (m), 1451 (m),
1398 (w), 1345 (w), 1308 (m), 1266 (m), 1216 (m), 1201 (m§51(in), 1093 (m), 1078 (m), 1026 (w),
977 (m), 863 (m), 832 (m), 808 (m), 747 (m), 725 (vs), 696 (vs).

) p (CHCls, EmLidm'%g'Y): +1.0

M.p.: 67.0°C.

Ethyl (R)-4-(2-phenyl-2-(1H-pyrrol -1-yl)ethyl)benzoate((R)-25d)

@ O CO,Et

Following TP12, ethyl 4iodobenzoate (146hg, 0.50 mmol, 1.0@quiv), a freshly preparemblution of
(S)-20e (1.33mL, 0.45 M, 0.60 mmol, 1.28quiv) as well as Pd(OA€}§2.25mg, 10.0umol, 2mol%)
and SPhos (8.2hg, 20.0umol, 4mol%). The reaction mixture was stirred at romperaturdor
16h and quenched sat. aq. NEI solution. Extraction of the cruderquuct with EtOAc and flash
column chromatography purification affordé®)-25d (149mg, 0.47mmol, 92% vyield, 99.9%¢ as a

yellow oil.
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H-NMR (400 MHz, CDCls, ppm): U= 7.931 7.86 (m, 2H), 7.3% 7.22 (m, 3H), 7.20 7.13 (m, 2H),
7.06 (d,J = 86 Hz, 1H), 6.70 (tJ = 22 Hz, 2H), 6.13 (tJ = 21 Hz, 2H), 5.27 (dd,) = 8.9, 6.4 Hz,
1H), 4.35 (gJ = 7.1 Hz, 2H), 3.58 (ddJ = 137, 8.9 Hz, 1H), 3.47 (ddJ =137, 6.4 Hz, 1H), 1.37 (t,
J=7.1Hz, 3H).

13C-NMR (101 MHz, CDCl3, ppm): li= 166.6, 143.2, 141.1, 129.8, 129.1, 129.1, 128.8, 128.0, 126.7,
119.7, 108.4, 64.6, 61.0, 42.2, 14.4.

MS (EI, 70 eV, %): m/z= 319 (1), 178 (8), 157 (12), 156 (100), 129 (9).

HRMS (El, 70 eV): m/zcalcd. for [GiH21NO2]: 319.1572; found: 319.1564 ([M)]

FT-IR (Diamond-ATR, neat, cni®): * = 3030 (vw), 2980 (w), 2931 (vw), 1709 (s), 1611 (w), 1487
(m), 1451 (w), 1416 (w), 1366 (w), 1311 (w), 1272 (vs), 1179 (m), 1102 (s), (ORDB74 (w), 926
(w), 872 (w), 841 (w), 754 (m), 722 (vs), 697 (vs).

) p (CHCls, EmLtdm'%g'Y): 17.7.

(R)-4-(2-Phenyl-2-(1H-pyrrol -1-yl)ethyl)benzonitrile ((R)-25e)

a0
w CN

According toTP12, 4-iodobenzonitrile (11%ng, 0.50 mmol, 1.0@quiv), a freshly preparesblution
of (S)-20e (1.33mL, 0.45 M, 0.60 mmol, 1.286quiv) as well as Pd(OA£)2.25mg, 10.0umol,
2mol%) and SPhos (8.2tg, 20.0umol, 4mol%). The reaction mixture was stirrext room
temperaturéor 16 handquenched sat. ag. NEIl solution. Extraction of the crude product with EtOAc
and flash column chromatography purification afford&)-25e (130mg, 0.48mmol, 95%yield,

99.7%e8 as a yellow oil.

!H-NMR (400 MHz, CDCls, ppm): ti= 7.53i 7.47 (m, 2H), 7.37 7.26 (m, 3H), 7.21 7.16 (m, 2H),
7.107 7.05 (m, 2H), 6.68 (1) = 2.1 Hz, 2H), 6.14 (t) = 2.1 Hz, 2H), 5.24 (ddJ = 9.2, 6.1 Hz, 1H),

3.59 (dd,J = 138,9.2 Hz, 1H), 3.48 (ddJ = 138, 6.1 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): U= 143.5, 140.7, 132.3, 129.8, 128.9, 128.2, 126.6, 119.7, 118.9,
110.8, 108.7, 64.4, 42.3.

MS (El, 70 eV,%): m/z= 272 (1), 157 (12), 156 (100), 129 (12).

HRMS (El, 70 eV): m/zcalcd. for [GoH1eN2]: 272.1313; found272.1310 ([M]).

FT-IR (Diamond-ATR, neat, cn?): ' = 3030 (vw), 2923 (w), 2853 (vw), 2226 (m), 1607 (w), 1486
(m), 1451 (w), 1415 (w), 1265 (m), 1178 (w), 1089 (m), 1071 (m), 1021 (w), 973 (vw), 911 (w), 821
(m), 753 (m), 722 (vs), 698 (vs).

) p (CHCls, tmLidm'%g'): +8.3
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(R)-1-(3-Bromophenyl)-3-phenyl-3-(1H-pyrrol -1-yl)propan-1-one ((R)-25f)

S

N_ O
W

According toTP13b, a freshly prepared solutiarf (S)-20e (1.33mL, 0.45 M, 0.60 mmol, 1.28quiv)

was mixed with catalytic amounts Gul (9.52mg, 0.05 mmoJ 10 mol% at 0 °C. 3Bromobenzoyl
chloride (109 mg, 0.50 mmol, 1.00 equiv) was added and the mixture stirred for 1 h at 0 °C before
warming to roomtempeature The reaction mixture was stirred at rodemperaturdor 16 h and
guenched sat. aq. NEI solution. Extraction of the crude product with EtOAc and flash column
chromatography purification affordedwhite solidR)-25f (142 mg, 0.40 mmol, 80% yiel@9.8%e¢).

H-NMR (400 MHz, CDCls, ppm): U= 8.05 (t,J = 1.8 Hz, 1H), 7.85 (dddJ = 7.8, 1.7, 1.1 Hz, 1H),
7.70 (dddJ = 7.9, 2.0, 1.0 Hz, 1H), 7.38 7.24 (m, 4H), 7.23 7.19 (m, 2H), 6.76 () = 2.2 Hz, 2H),
6.16 (t,J = 21 Hz, 2H), 5.95 (tJ = 69 Hz, 1H), 3.91 (ddJ = 17.3, 7.6 Hz, 1H), 3.74 (ddJ = 17.3,

6.4 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): ii= 195.1, 141.01.38.3, 136.5, 131.3, 130.5, 129.0, 128.1, 126.7,
126.5, 123.2, 119.9, 108.7, 58.4, 44.9.

MS (El, 70 eV,%): m/z= 353 (2), 337 (36), 336 (14), 335 (38), 334 (14), 256 (22), 254 (38), 185 (85),
183 (86), 180 (16), 171 (12), 170 (100), 157 (17), 155 (17),(13), 103 (16), 76 (15).

HRMS (El, 70 eV): m/zcalcd. for [GoH16BrNO]: 353.0415; found: 353.0409 ([N)]

FT-IR (Diamond-ATR, neat, cn®): * = 3095 (vw), 3063 (vw), 3028 (vw), 2922 (w), 1681 (s), 1567
(w), 1488 (m), 1450 (m), 1423 (m), 1368 (AR05 (m), 1260 (m), 1203 (m), 1097 (m), 1069 (m), 995
(m), 887 (m), 823 (w), 791 (m), 770 (m), 730 (s), 697 (vs), 671 (S).

) p (CHCls, EmLtdm'g'Y): 18.2

M.p.: 118.4 °C.

(9)-3-(3-(4-Fluorophenyl)-2-(1H-pyrrol -1-yl)propyl) -1H-indole ((S)-26a)

HN@ .

According toTP12, 1-bromo-4-fluorobenzene (88.0 mg, 0.50 mmol, 1difuiv) and a freshly prepared
solution of (R)-20f (1.43mL, 0.42 M, 0.60 mmol, 1.28quiv) wee used as starting materials with
catalytic amounts of Pd(OAg{2.25mg, 10.0umol, 2mol%) and SPhos (8.21hg, 20.0 umol, 4nol%
present. The reaction mixture was stirred at re¢emperaturdor 16 handquenched sat. aq. Nl
solution. Extraction of th crude product with EtOAc and flash column chromatography purification
afforded(S)-26a asbrownish highly viscous gell09 mg, 0.34 mmol, 68% yiel®9.4%e8§.
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'H-NMR (400 MHz, CDCls, ppm): U= 7.90 (s, 1H), 7.46 (ddl= 7.9, 1.1 Hz, 1H), 7.35 (df,= 8.1,

1.0 Hz, 1H), 7.23 7.18 (m, 1H), 7.16 7.11 (m, 1H), 6.93 6.84 (m, 4H), 6.60 6.57 (m, 3H), 6.09

(t, J=2.1 Hz, 2H), 4.27 (tt) = 8.3, 6.0 Hz, 1H), 3.29 (dd,= 14.8, 6.1 Hz, 1H), 3.23 (dd,= 14.9,
8.2Hz, 1H), 3.12 (ddJ = 13.1, 5.0 Hz, 1§ 3.07 (ddJ = 13.1, 7.7 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 161.7 (dJ = 244.3Hz), 136.1, 134.2 (d) = 3.2 Hz), 130.4
(d,J=79H2), 127.3, 122.7, 122.1, 119.6, 119.1, 118.4, 115.2 &21.1Hz), 112.1, 111.3, 107.8,
62.8, 42.232.0.

19--NMR (377 MHz, CDCl3, ppm): ti=1116.6.

MS (EI, 70 eV,%): m/z= 318 (10), 209 (12), 188 (16), 186 (13), 131 (10), 130 (100), 109 (15).
HRMS (El, 70 eV): m/zcalcd. for [GiH1oFN2]: 318.1532; found: 318.1520 ([M]).

FT-IR (Diamond-ATR, neat, cn?): * = 3412 (w), 2920 (w), 2852 (w), 1602 (w), 1508 (s), 1490 (m),
1456 (m), 1418 (w), 1356 (w), 1336 (w), 1266 (w), 1220 (s), 1158 (m), 1090 (m), 1070 (w), 1012 (w),
924 (w), 910 (w), 822 (m), 724 (vs).

) p (CHCls, tmLidm'%g'?): +19.7

(9)-1-(4-(3-(1H-Indol-3-yl)-2-(1H-pyrrol -1-yl)propyl)phenyl)ethan-1-one ((S)-26b)

According toTP12, 1-(4-iodophenyl)ethasi-one (123 mg, 0.50 mmol, 1.@Quiv) and a freshly
prepared solution dR)-20f (1.43mL, 0.42 M, 0.60 mmol, 1.268quiv) were used as starting materials
with catalytic amounts of Pd(OAc]2.25mg, 10.0umol, 2mol%) and SPhos (82ng, 20.0 umol,

4 mol%) present. Theeactionmixture was stirred at roomemperaturdor 16 handquenched sat. aqg.
NH4Cl solution Extraction of thecrude productwith EtOAc andflash columnchromatography
purification afforded (S)-26b as a highly viscous colorless gell68 mg, 0.49 mmol, 98% yield
99.%%6 e8.

IH-NMR (400 MHz, CDCls, ppm): U = 8.00 (s, 1H), 7.83 7.77 (m, 2H), 7.48 (dJ = 7.9 Hz, 1H),
7.387 7.31 (m, 1H), 7.21 (ddd} = 8.1, 7.0, 1.2 Hz, 1H), 7.13 (dddi= 8.0, 7.0, 1.1 Hz, 1HY.03i
6.99 (M, 2H), 6.60 (d] = 2.4 Hz, 1H), 6.59 (1] = 2.1 Hz, 2H), 6.09 (1] = 2.1 Hz, 2H), 4.40 4.30 (m,
1H), 3.34i 3.24 (m, 2H), 3.23 3.13 (m, 2H), 2.56 (s, 3H).

13C-NMR (101 MHz, CDCls, ppm): ti= 198.0, 144.2, 136.1, 135.6, 129128.6, 127.3, 122.7, 122.1,
119.6, 119.1, 118.4, 111.9, 111.4, 107.9, 62.4, 42.9, 32.3, 26.7.

MS (EI, 70 eV,%): m/z= 343 (6), 342 (25), 242 (18), 209 (12), 131 (11), 130 (100), 43 (16).
HRMS (El, 70 eV): m/zcalcd. for [GsH22N,0]: 342.1732; found: 342727 ([M]").
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FT-IR (Diamond-ATR, neat, cnil): * = 3378 (w), 3006 (w), 2920 (vw), 1674 (s), 1606 (m), 1572
(w), 1488 (w), 1456 (m), 1414 (m), 1358 (m), 1268 (s), 1216 (m), 1184 (m), 1090 (m), 1070 (m), 1010
(w), 958 (w), 926 (w), 846 (w), 818 (w), 740 (v8R2 (vs), 666 (m).

) p (CHCls, EmLidm'g'Y): 111.2

Ethyl (S)-4-(3-(1H-indol-3-yl)-2-(1H-pyrrol -1-yl)propyl)benzoate ((S)-26c)

I K O
HN N
<\ 7/ CO,Et

According toTP12, ethyl 4iodobenzoate (1381g, 0.50mmol, 1.00equiv) and a freshly prepared
solution of (R)-20f (1.43mL, 0.42 M, 0.60 mmol, 1.268quiv) were used as starting materials with
catalytic amounts of Pd(OAg)2.25mg, 10.0umol, 2mol%) and SPhos (8.21g, 2.0 umol, 4mol%)
present. Theeactionmixture was stirred at rootemperaturdor 16 handquenched sat. aq. N@l
solution Extraction of thecrude productvith EtOAc andflash columnchromatographyurification
afforded(S)-26¢ asa brownishhighly viscous gel180 mg, 0.48 mmol, 97% yiel®9.0%e8§.

!H-NMR (400 MHz, CDCls, ppm): U= 7.96 (s, 1H), 7.91 7.85 (m, 2H), 7.47 (dtJ = 7.9, 1.0Hz,
1H), 7.35 (dtJ = 8.1, 1.0 Hz, 1H), 7.20 (ddd= 8.2, 7.0, 1.2 Hz, 1H), 7.13 (dd#l= 8.0, 7.1,1.1 Hz,
1H), 7.03i 6.95 (m, 2H), 6.59 (d] = 2.3 Hz, 1H), 6.58 (tJ = 2.2 Hz, 2H), 6.08 (1) = 2.1 Hz, 2H),
4.35 (9,0 = 7.1 Hz, 2H), 4.44 4.29 (m, 1H), 3.33 3.22 (m, 2H), 3.22 3.11 (m, 2H), 1.38 (= 7.1
Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): U= 166.6, 143.7, 136.0, 129.6, 128.9, 128.7, 127.2, 122.6, 122.0,
1195, 119.0, 118.3, 111.8, 111.2, 107.8, 62.3, 60.9, 42.8, 32.0, 14.3.

MS (El, 70 eV,%): 373 (8), 372 (26), 242 (30), 209 (17), 163 (6), 130 (100), 43 (17).

HRMS (El, 70 eV): m/zcalcd. for [G4H24N20;]: 372.1838; found: 372.1833 ([M}

FT-IR (Diamond-ATR, neat, cntl): * = 3386 (w), 2984 (w), 2930 (w), 1704 (s), 1610 (w), 1490 (w),
1456 (m), 1416 (m), 1368 (w), 1312 (m), 1274 (vs), 1228 (m), 1180 (m), $L040O0 (s), 1070 (m),
1020 (m), 928 (w), 852 (w), 740 (vs), 722 (vS), 666 (W).

) p (CHCls, EmLtdm'%g'Y): 19.4.

(9)-3-(3-(1H-Indol-3-yl)-2-(1H-pyrrol -1-yl)propyl)benzonitrile ((S)-26d)

According to TP12, 3-iodobenzonitrile (11%ng, 0.50mmol, 1.00equiv) and a freshly prepared
solution of (R)-20f (1.43mL, 0.42 M, 0.60 mmol, 1.28quiv) were used as starting materials with
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catalytic amounts of Pd(OAg)2.25mg, 10.0umol, 2mol%) and SPhos (8.21g, 200 pmol, 4mol%)
present. Theeactionmixture was stirred at rootemperaturdor 16 handquenched sat. aq. N@l
solution Extraction of thecrude productvith EtOAc andflash columnchromatographyurification
afforded(S)-26d asyellowish highly viscos gel (50 mg, 0.46 mmol, 92% yiel®9.1%e¢).

!H-NMR (400 MHz, CDCls, ppm): ti=7.99 (s, 1H), 7.51 (dd,= 7.8, 1.2 Hz, 1H), 7.45 (d§,= 7.8,

1.4 Hz, 1H), 7.40 7.34 (m, 1H), 7.29 7.19 (m, 2H), 7.18 7.12 (m, 2H), 7.04 (dt)J= 7.8, 1.5 Hz,
1H), 6.66 (dJ = 2.4 Hz, 1H), 6.56 (t) = 2.1 Hz, 2H), 6.10 () = 2.1 Hz, 2H), 4.35 4.23 (m, 1H),
3.30 (d,J=7.2 Hz, 2H), 3.16 (ddl = 13.9 4.8 Hz, 1H), 3.09 (dd} = 13.9, 9.4 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): G = 139.9, 136.1, 133.5, 132.5, 130.4, 129.1, 127.2, 122.7, 122.3,
119.7,119.0, 119.0, 118.3, 112.3, 111.7, 111.4, 108.2, 62.3, 42.4, 32.2.

MS (EI, 70 eV,%): 326 (5), 32520), 131 (10), 130 (100), 61 (7), 43 (30).

HRMS (El, 70 eV): m/zcalcd. for [GoH19N3]: 325.1579; found: 325.1574 ([M)]

FT-IR (Diamond-ATR, neat, cni?): ’ = 3408 (m), 2950 (w), 2922 (w), 2230 (m), 1488 (m), 1458
(m), 1422 (w), 1356 (w), 1336 (w), 126&), 1230 (w), 1090 (m), 1070 (w), 1010 (w), 938 (w), 910
(w), 798 (w), 728 (vs), 692 (m).

) p (CHCls, EmLtdm'%g'Y): 13.6.

(9)-3-(3-(3-Nitrophenyl) -2-(1H-pyrrol -1-yl)propyl) -1H-indole ((S)-26€)

W,
According toTP12, 1-iodo-3-nitrobenzene (13gg, 0.50mmol, 1.00equiv) and a freshly prepared
solution of (R)-20f (1.43mL, 0.42 M, 0.60 mmol, 1.268quiv) were used as starting materials with
catalytic amounts of Pd(OAg(2.25mg, 10.0umol, 2mol%) and SPhos (8.21g, 20.0 umol, 4nol%)
present. Theeactionmixture was stirred at rootemperaturdor 16 handquerched sat. aq. NI

solution Extraction of thecrude productvith EtOAc andflash columnchromatographyurification
afforded(S)-26e asayellow highly viscous gell57 mg, 0.45 mmol, 91999.1%e8§.

IH-NMR (400 MHz, CDCls, ppm): ti = 8.02 (ddd,J = 8.2, 2.3, 1.1 Hz, 1H), 7.97 (s, 1H), 7.78)(&

2.0 Hz, 1H), 7.52 (dg] = 7.9, 0.9 Hz, 1H), 7.36 (di,= 8.1, 1.0 Hz, 1H), 7.31 (8= 7.9Hz, 1H), 7.22
(ddd,J= 8.2, 7.0, 1.3 Hz, 1H), 7.15 (dddl= 8.0, 7.0, 1.1 Hz, 1H), 7.10 (dt= 7.7, 1.4 Hz, 1H), 6.68
(d,J=2.4 Hz, 1H), 6.58 (1] = 2.1 Hz, 2H), 6.10 () = 2.1 Hz, 2H), 4.40 4.29 (m, 1H), 3.35 3.30

(m, 2H), 3.24 (ddJ = 13.9, 4.8 Hz, 1H), 3.17 (dd=13.9, 9.5 Hz, 1H).

13C-NMR (101 MHz, CDCls, ppm): ti= 148.2, 140.4,36.1, 135.2, 129.2, 127.3, 123.9, 122.8, 122.3,
121.8, 119.7, 119.0, 118.4, 111.8, 111.4, 108.3, 62.3, 42.5, 32.3.

MS (EI, 70 eV, %): 345 (8), 185 (10), 130 (62), 70 (10), 61 (17), 45 (15), 43 (100).



C. EXPERIMENTAL PART 172

HRMS (EI, 70 eV): m/zcalcd. for [GeH1sN4]: 345.1477; found: 345.1472 ([N)]

FT-IR (Diamond-ATR, neat, cnil): ' = 3412 (w), 2924 (vw), 1524 (s), 1488 (m), 1456 (m), 1422
(w), 1350 (s), 1266 (W), 1090 (m), 1070 (m), 1010 (w), 928 (w), 846804 (W), 724 (vs), 692 (m).

) p (CHCl3, tmLidm'%g'?): +13.2

(R)-3-(3-(Pyrazin-2-yl)-2-(1H-pyrrol -1-yl)propyl) -1H-indole ((R)-26f)

According toTP12, 2-iodopyrazine (103ng, 0.50mmol, 1.00equiv) and a freshly prepared solution
of (R)-20f (1.43mL, 0.42 M, 0.60 mmol, 1.28quiv) were used as starting materials with catalytic
amounts of Pd(OAg)2.25mg, 10.0umol, 2mol%) and SPhos (8.2hg, 20.0umol, 4mol%) present.
Thereactionmixture was stirred at rootemperaturdor 16 handquerched sat. aq. NXI solution
Extraction of thecrude productvith EtOAc andflash columnchromatographyurification afforded
(R)-26f asan orangéighly viscous gel148mg, 0.49 mmol, 98% yield99.3%eé¢).

'H-NMR (400 MHz, CDCls, ppm): U= 8.45 (dd,J = 2.6, 1.5 Hz, 1H), 8.35 (d,= 2.6 Hz, 1H), 8.06
(d,J=1.5Hz, 1H), 8.03 (s, 1H), 7.52 (dtk: 7.9, 1.2 Hz, 1H), 7.32 (di,= 8.1, 1.0 Hz, 1H), 7.19 (ddd,
J=8.2,7.0,1.3Hz, 1H), 7.13 (ddtk 8.1, 7.0, 1.2 Hz, 1H), 6.64 (8= 2.4 Hz, 1H), 6.58 (tJ= 2.1 Hz,

2H), 6.06 (tJ = 2.1 Hz, 2H), 4.71 (dtdl = 8.9, 7.2, 5.5 Hz, 1H), 3.413.24 (m, 4H).

13C-NMR (101 MHz, CDCls, ppm): U= 154.2, 145.1, 144.1, 142.7, 136.1, 127.4, 122.8, 122.1, 119.6,
119.0, 118.5,111.8, 111.3, 108.2, 6GiB.3, 32.3.

MS (El, 70 eV,%): 302 (1), 235 (20), 208 (17), 207 (19), 172 (14), 131 (10), 130 (100), 128 (11), 94
(11).

HRMS (El, 70 eV): m/zcalcd. for [GoH1sN4]: 302.1531; found: 302.1522 ([M)}

FT-IR (Diamond-ATR, neat, cnt): * = 3406 (w),3224 (w), 3056 (w), 2924 (w), 1488 (w), 1456 (m),
1404 (m), 1356 (w), 1336 (w), 1268 (w), 1228 (w), 1132 (w), 1090 (m), 1058 (m), 1018 (m), 926 (w),
826 (w), 738 (vs), 722 (vs), 666 (w).

) p (CHCls, tmLtdm'%g'Y): 16.7.

(9)-1-(1-(3,5-Dimethylphenyl)-3-(4-methoxyphenyl)propan-2-yl)-1H-pyrrol e ((S)-27a)

Me
pepgae

According to TP12, l-iodo-3,5dimethylbenzene (116 mg, 0.50 mmol, 1e@fuiv) and a freshly
preparedsolution of(S)-20g (1.28mL, 0.47 M, 0.60 mmol, 1.28quiv) were used as starting materials
with catalytic amounts of Pd(OAc]2.25mg, 10.0umol, 2mol%) and SPhos (8.21g, 20.0 umol,
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4 mol% present. The reaction mixture was stirred at reemperaturdor 16 handquended sat. aq.
NH4CI solution. Extraction of the crude product with EtOAc and flash column chromatography
purification affordedS)-27a a colorless liquid152 mg, 0.48nmol, 95% yield 925% e€

'H-NMR (400 MHz, CDCls, ppm): U = 6.887 6.83 (m, 3H), 6.80 6.75 (m, 2H), 6.61 (s, 2H), 6.58
(t, J=2.1Hz, 2H), 6.10 (tJ = 2.1Hz, 2H), 4.18 (pJ = 7.1Hz, 1H), 3.78 (s, 3H), 3.102.94 (m, 4H),
2.27 (s, 6H).

13C-NMR (101 MHz, CDCls, ppm): U= 158.3, 138.2, 137.9, 130.5, 130.0812, 126.9, 119.1, 113.8,
107.6, 63.9, 55.3, 42.5, 41.5, 21.4.

MS (EI, 70 eV, %): m/z= 319 (3), 198 (100), 183 (11), 169 (14), 131 (10), 119 (25).

HRMS (El, 70 eV): m/zcalcd. for [G2H2sNO]: 319.1936; found: 319.1928 ([N)]

FT-IR (Diamond-ATR, neat, cn1®): ' = 3009 (w), 2916 (w), 2835 (w), 1608 (m), 1511 (vs), 1488
(m), 1464 (m), 1441 (m), 1245 (vs), 1178 (m), 1089 (m), 1034 (s), 840 (m), 719 (vs).

) p (CHCls, tmLidm'%g'?): 1166.

M ethyl (S)-2-(3-(4-methoxyphenyl)}-2-(1H-pyrrol -1-yl)propyl)benzoate ((S)-27b)

COzMe

According toTP12, methyl 2iodobenzoate (13fng, 0.50 mmol, 1.0@quiv) and a freshlprepared
solution of (S)-20g (1.28mL, 0.47 M, 0.60 mmol, 1.28quiv) were used as starting materials with
catalytic amounts of Pd(OAgL)2.25mg, 10.0umol, 2mol%) and SPhos (8.2thg, 20.0 pmol, 4nol%)
present. The reaction mixture was stirred at raemperaturdor 16 handquerched sat. agq. NiC|
solution. Extraction of the crude product with EtOAc and flash column chromatography purification
afforded(S)-27b a colorless liquid (16&g,0.48mmol, 96%yield, 92.5% e€.

IH-NMR (400 MHz, CDCls, ppm): U= 7.92i 7.85 (m, 1H), 7.31 7.19 (m, 2H), 6.92 6.85 (m, 2H),
6.82 (dd,J = 7.4, 1.7Hz, 1H), 6.77i 6.70 (m, 2H), 6.48 (t) = 2.1Hz, 2H), 6.00 (tJ = 2.1 Hz, 2H),
4.28 (dddd,J = 10.0, 8.4, 6.0, 4.51z, 1H), 3.84 (s, 3H), 3.74 (s, 3H), 3.65 (dds 13.2, 4.4Hz, 1H),
3.22 (ddJ = 13.2, 9.5Hz, 1H), 3.15 3.04 (m, 2H).

13C-NMR (101 MHz, CDCls, ppm): ti=168.0, 158.2, 140.3, 132.0, 131.6, 130.9, 130.6, 130.0, 129.4,
126.7,119.2, 113.7, 107.5, 64.0, 55.3, 52.1, 42.0, 41.5.

MS (EI, 70 eV,%): miz= 349 (2), 228 (50), 197 (14), 196 (100), 168 (17), 167 (10).

HRMS (EI, 70 eV): m/zcalcd. for[C2:H2sNOs] 349.1678; found: 349.1670 ([N)]

FT-IR (Diamond-ATR, neat, cntl): * = 2951 (w), 1715 (s), 1612 (w), 1512 (s), 1488 (m), 1434 (m),
1294 (m), 1244 (vs)1178 (m), 1132 (m), 1082 (s), 1034 (m), 963 (w), 819 (m), 748 (m), 720 (s).

) p (CHCls, tmLidm'%g'?): +25.8
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(9)-3-(3-(4-M ethoxyphenyl)-2-(1H-pyrrol -1-yl)propyl)benzonitrile ((S)-27¢)

T
MeO w I

According toTP4, 3-iodobenzonitrilg115mg, 0.50 mmol, 1.0@quiv) and a freshly preparsdlution

of (S)-20g (1.28mL, 0.47 M, 0.60 mmol, 1.28quiv) were used as starting materials with catalytic
amounts of Pd(OAg)2.25mg, 10.0umol, 2mol%) and SPhos (8.2hg, 20.0umol, 4mol% present.

The reaction mixture was stirred at rooemperaturdor 16 handquenched sat. ag. M@l solution.
Extraction of the crude product with EtOAc and flash column chromatography purification afforded
(S)-27c a colorless liquid (147g, Q47 mmol, 93% yield 92.0%eé.

IH-NMR (400 MHz, CDCls, ppm): ti= 7.45 (dtJ = 7.8, 1.4Hz, 1H), 7.26 (tJ = 7.7Hz, 1H), 7.13 (t,
J=1.8Hz, 1H), 7.03 (dtJ = 8.0, 1.4Hz, 1H), 6.95i 6.90 (m, 2H), 6.82 6.77 (m, 2H), 6.50 (t,
J=2.1Hz, 2H), 6.07 (tJ=2.1Hz, 2H), 4.12 (dddd) = 8.9, 7.8, 6.6, 5.8z, 1H), 3.78 (s, 3H), 3.17

2.97 (m, 4H).

13C-NMR (101 MHz, CDCls, ppm): ti= 158.5, 139.7, 133.4, 132.5, 130130.0, 129.8, 129.2, 118.9,
118.9, 114.0, 112.4, 108.3, 77.5, 77.2, 76.8, 63.6, 55.3, 42.0, 41.9.

MS (EI, 70 eV, %): m/z= 316 (15), 249 (13), 200 (48), 198 (11), 196 (14), 195 (100), 193 (32), 121
(36), 116 (24).

HRMS (El, 70 eV): m/zcalcd. for [GiH20N20]: 316.1576; found: 316.1567 ([N)]

FT-IR (Diamond-ATR, neat, cn): * = 2935 (w), 2228 (m), 1612 (m), 1583 (w), 1512 (vs), 1487
(m), 1442 (w), 1301 (m), 1244 (vs), 1178 (m), 1090 (m), 1071 (m), 1033 (M), 939 (w), 920 (w), 819
(m), 797 (m), 722vs), 691 (s).

) p (CHCls, EmLtdm'%g'): +7.3.

(S)-1-(4-Fluorophenyl)-4-(4-methoxyphenyl)-3-(1H-pyrrol -1-yl)butan-1-one ((S)-27d)

According toTP13a, a solution of (S)-20g (1.28mL, 0.47 M, 0.60 mmol, 1.28quiv) was added
dropwise to a solution of-#luorobenzoyl chloride (79.8g, 0.50mmol, 1.00equiv) and Pd(PRJ
(23.1mg, 20.0umol, 4mol%) in dry THF (1ImL) and stirredor 16 h After quenching with sat. aqg.
NH4Cl and extraction with EtOAc, the crude product was purified by flash column chromatography to
afford the tittlecompoundS)-27d asa colorlessolid (131 mg, 039 mmol, 78% yield, 92.3% e§.
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H-NMR (400 MHz, CDCls, ppm): = 7.95i1 7.85 (m, 2H), 7.16 7.06 (m, 2H), 6.9% 6.86 (m, 2H),
6.821 6.72 (m, 2H), 6.65 (t) = 2.2Hz, 2H), 6.09 (tJ =2.1Hz, 2H), 4.81 (dg,) =7.7, 6.4Hz, 1H),
3.76 (s, 3H), 3.48 (dd,=17.0, 6.5Hz, 1H), 3.35 (ddJ = 17.0, 6.6Hz, 1H),3.121 2.98 (m, 2H).
13C-NMR (101 MHz, CDCls, ppm): U= 195.7, 166.0 (d] = 255.4Hz), 158.5, 133.2 (d) = 3.0H2),
130.8 (dJ=9.3Hz), 130.2, 129.7, 119.2, 115.9 (i 22.0Hz), 113.9, 108.1, 57.5, 55.3, 44.1, 42.0.
F-NMR (377 MHz, CDCls, ppm): ti=17105.9.

MS (El, 70 eV,%): m/z= 337 (2), 199 (13), 123 (100), 121 (15).

HRMS (El, 70 eV): m/zcalcd. for [GiH200,NF] 337.1478; found: 337.1473 ([N)]

FT-IR (Diamond-ATR, neat, cntl):’ = 1679 (s), 1594 (m), 1510 (m), 1490 (m), 1461 (03)71 (m),
1327 (m), 1300 (m), 1278 (m), 1247 (s), 1177 (m), 1159 (m), 1101 (m), 1073 (m), 1053 (w), 1029 (m),
998 (m), 939 (w), 846 (m), 822 (s), 813 (s), 714 (vs).

) p (CHCls, tmLidm'%g'?): 128.1.

M.p. 81.3°C.

(5)-1-(3-Chlorophenyl)-4-(4-methoxyphenyl)-3-(1H-pyrrol -1-yl)butan-1-one ((S)-27€)

According toTP13b, Cul (9.52 mg, 0.05 mmol, 10 mol%) was added foeshly prepared solutiaf

(9)-20g (1.28mL, 0.47 M, 0.60 mmol, 1.28quiv)at 0 °C and the mixture stirred for 10 min before
3-chlorobenzoyl chloride (87.5 mg, 0.50 mmol, 1.00 equiv) was added dropwise. The reaction mixture
stirred for 1 h at 0 °C and stirring was continued afterward®@n temperaturdor 16 h After
qguenching with sat. ag. NBI and extraction with EtOAche crude product was purified by flash
column chromatographynd the titlecompound(S)-27e was obtained asvhite solid (148 mg,
0.41mmol, 84%yield, 92.8% ee)

!H-NMR (400 MHz, CDCls, ppm): ti = 7.83 (t,J = 1.9Hz, 1H), 7.73 (dtJ = 7.8, 1.4Hz, 1H), 7.53
(ddd,J=8.0, 2.1, 1.Hz, 1H), 7.38 (tJ=7.9Hz, 1H), 6.96i 6.87 (m, 2H), 6.81 6.71 (m, 2H), 6.66

(t, J=2.1Hz, 2H), 6.09 (tJ=2.1Hz, 2H), 4.81 (pJ=6.8Hz, 1H), 3.77 (s, 3H), 3.48 (dd,=17.1,
6.6Hz, 1H), 3.35 (ddJ =17.2, 6.5Hz, 1H), 3.06 (d,J = 7.1Hz, 2H).

13C-NMR (101 MHz, CDCls, ppm): U= 196.1, 158.5, 138.2, 135.1, 133.4, 130.2, 130.1, 129.6, 128.2,
126.2,119.2, 114.0, 108.2, 57.4, 55.3, 44.3, 42.0.

MS (El, 70 eV,%): m/z= 353 (2), 199 (19), 141 (34), 139 (100), 121 (25).

HRMS (El, 70 eV): m/zcalcd. for [GiH20CINO;] 353.1183; found: 353.1177 ([M).

FT-IR (Diamond-ATR, neat, cnm?):’ = 1673 (m), 1611 (m), 1513 (s), 1490 (m), 1419 (m), 1360 (w),
1276 (m), 1252 (s), 1210 (m), 1175 (m), 1093 (m), 1032 (m), 830 (m), 811 (m), 786 (s), 740 (m), 715
(vs), 691 (m), 674m).
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) p (CHClIs, tmLidm'g'?): 122.4.
M.p. 86.6 °C.

(9)-1-(2-Bromophenyl)-4-(4-methoxyphenyl)-3-(1H-pyrrol -1-yl)butan-1-one ((S)-27)

According toTP13b, Cul (9.52 mg, 0.05 mmol, 10 mol%) was added foeshly preparedolution of

(9)-20g (1.28mL, 0.47 M, 0.60 mmol, 1.28quiv) at 0 °C and the mixture stirred for 10 min befere 2
bromobenzoyl chloride (110 mg, 0.50 mmol, 1.00 equiv) was added dropwise. The reaction mixture
stirred for 1 h at 0 °C and stirring was continued afterwards ah temperaturgor 16 h After
guenching with sat. ag. NBI and extraction with EtOAche crude product was purified by flash
column chromatographgnd the titlecompound(S)-27f was obtained as colorleiguid (149 mg,

0.37 mmol, 75% yield, 92.1% ee)

'H-NMR (400 MHz, CDCls, ppm): ti= 7.61i 7.52 (m, 1H), 7.35 7.22 (m, 2H), 7.10 7.01 (m, 1H),
6.941 6.85 (m, 2H), 6.81 6.73 (m, 2H), 6.58 (tJ)= 2.1 Hz, 2H), 6.06 (tJ=2.1Hz, 2H), 4.73 (p,
J=7.3Hz, 1H), 3.77 (s, 3H), 3.47 (dd,= 17.0, 7.6Hz, 1H), 3.37 (dd,J=17.0, 6.3Hz, 1H), 3.11i
2.97 (m, 2H).

13C-NMR (101 MHz, CDCls, ppm): ti= 201.6, 158.5, 141.4, 133.7, 131.9, 130.2, 129.6, 128.6, 127.6,
119.3, 118.5, 114.0, 108.2, 57.9, 55.3, 48.5, 42.1.

MS (El, 70 eV,%): m/z= 397 (1), 18598), 183 (100), 121 (21).

HRMS (El, 70 eV): m/zcalcd. for [GiH20BrNO;] 397.0677; found: 397.0671 ([M]

FT-IR (Diamond-ATR, neat, cnt?): * = 2935 (w), 1697 (m), 1612 (m), 1586 (w), 1511 (s), 1489 (m),
1465 (m), 1427 (m), 1357 (w), 1244 (vs), 1178 (11)10 (w), 1090 (m), 1068 (m), 1030 (s), 990 (m),
923 (w), 820 (m), 755 (m), 721 (vs).

b p (CHCIs, EmLidm'%g'): 122.1.

(3-((1R,259)-2-(1H-Pyrrol -1-yl)cyclohexyl)aniline ((R,S)-28a)

Q‘QW

O
According to TP12, a solution of(S)-20h (1.54mL, 039 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution oP-bromoaniline(86.0mg, 0.50mmol, 1.00equiv), Pd(OAg) (2.25mg,

10.0pumol, 2mol%) and SPhos3(21mg, 2.0 pmol, 4mol%) in dry THF (ImL) andstirredfor 16 h
After quenching with sat. ag. NBI and extraction with EtOAche crude product was purified by flash
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column chromatography to affotde titlecompoundR,S)-28a asa yellowsolid (111 mg, 0.4 mmaol,
92% yield, 99.7% ee dr > 99:1).

'H-NMR (400 MHz, CDCls, ppm): U= 6.97 (t,J = 7.8Hz, 1H), 6.49 (tJ = 2.2Hz, 2H), 6.48i 6.43

(m, 3H), 6.31 (t) = 2.0Hz, 1H), 5.95 (tJ = 2.1Hz, 2H), 3.87 (td,) = 11.5, 3.9Hz, 1H), 3.32 (s, 2H),
2.8071 2.63 (m, 1H), 2.24 2.14 (m, 1H), 2.05 1.94 (m, 2H), 1.93 1.81 (m, 2H), 1.72 1.60 (m,

1H), 1.58i 1.39 (m, 2H).

13C-NMR (101 MHz, CDCls, ppm): U= 146.2, 144.6, 129.1, 119.0, 117.4, 114.3, 113.4, 107.0, 63.8,
51.8, 34.9, 34.1, 26.1.

MS (El, 70 eV, %): m/z= 241 (16), 240 (100), 239 (19),A741), 158 (34), 144 (27), 134 (41), 132
(15), 130 (18), 121 (10), 120 (25), 119 (17), 118 (11), 107 (30), 106 (39), 81 (13), 79 (10).

HRMS (El, 70 eV): m/zcalcd. for [GeH20N2]: 240.1626; found: 240.1622 ([M]

FT-IR (Diamond-ATR, neat, cntl): * = 3359 (w), 2929 (s), 2855 (m), 1686 (w), 1607 (s), 1591 (m),
1490 (s), 1460 (m), 1447 (m), 1408 (w), 1272 (s), 1168 (w), 1090 (m), 1066 (m), 932 (w), 861 (w), 780
(m), 721 (vs), 698 (S).

) p (CHCls, tmLidm'%g'?): +98.4

M.p. 88.5°C

1-((1S,2R)-2-(4-M ethoxyphenyl)cyclohexyl)1H-pyrrole ((S,R)-28b)

©/OM9
o
According toTP12, a solution of(S)-20h (1.54mL, 039 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution of -bdoanisole (117mg, 0.50mmol, 1.00equiv), RI(OAc). (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and stirredor 16 h
After quenching with sat. ag. NBI and extraction with EtOAche crude product was purified by flash

column chromatography to affotte title compound(S,R)-28b ascolorless oil (107 mg, 0.42 mmol,
84%yield, 99.5%ee dr > 99:1).

IH-NMR (400 MHz, CDCls, ppm): ti= 6.96i 6.89 (m, 2H), 6.75 6.68 (m, 2H), 6.46 () = 2.1Hz,

2H), 5.94 (tJ = 2.1 Hz, 2H), 3.83 (td,J = 11.5, 3.9Hz, 1H), 3.73 (s, 3H), 2.76 (td,= 11.6, 3.5Hz,

1H), 2.19 (dtdJ = 12.8, 4.0, 2.Hz, 1H), 2.04i 1.94 (m, 2H), 1.94 1.82 (m, 2H), 1.74 1.60 (m,

1H), 1.60i 1.39 (m, 2H).

13C-NMR (101 MHz, CDCls, ppm): Ui = 158.0, 135.5, 127.9, 118.9, 113.671, 64.3, 55.2, 51.0,
35.0, 34.3, 26.2, 26.2.

MS (El, 70 eV, %): m/z= 256 (13), 255 (75), 254 (16), 189 (14), 188 (100), 173 (14), 160 (13), 159
(21), 147 (16), 134 (81), 121 (95), 120 (36), 115 (14), 106 (18R4)1 &2 (16), 81 (21), 80 (17).
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HRMS (EI, 70 eV): m/zcalcd. for [G/H21NO]: 255.1623; found: 255.1619 ([N)]

FT-IR (Diamond-ATR, neat, cntl): * = 2929 (m), 2855 (w), 1611 (w), 1512 (s), 1489 (m), 1461 (w),
1446 (m), 1286 (m), 1272 (m), 1247 (s)781(m), 1089 (m), 1066 (w), 1034 (m), 997 (w), 959 (w),
822 (s), 716 (vs).

) p (CHCls, tmLidm'%g'?): +122.7

1-((1S,2R)-2-(3-(Trifluoromethyl)phenyl)cyclohexyl)-1H-pyrrole ((S,R)-28c)

According toa modified version offP12, a solution of(S)-20h (4.31mL, 039 M, 1.68 mmol,
1.20equiv) was added dropwise to a solution fodobenzotrifluoride(381mg, 1.40 mmol,
1.00equiv), Pd(OACc) (6.29mg, 28.0umol, 2mol%) and SPho23.0mg, 56.0 umol, 4mol%) in dry
THF (3 mL) and stirredor 16 h After quenching with sat. aq. NBI and extraction with EtOAche
crude product was purified by flash column chromatography to atfertittecompoundS,R)-28¢c as
a whitesolid (398 mg, 1.36 mmol, 97% yield, 999% ee dr > 99:1).

H-NMR (400 MHz, CDCls, ppm): U= 7.38 (ddtJ=7.7, 1.8, 1.(Hz, 1H), 7.28 7.22 (m, 2H), 7.13
(dtd,J= 7.7, 1.3, 0.Hz, 1H), 6.42 (tJ=2.1Hz, 2H), 5.92 (t,J= 2.1 Hz, 2H), 3.86 (tdJ= 11.4,
3.9Hz, 1H), 2.88 (dddJ = 12.1, 10.9, 3.8z, 1H), 2.27i 2.18 (m, 1H), 2.06 1.98 (m, 2H), 1.97
1.86 (m, 2H), 1.73 (dtdl = 13.8, 12.4, 3. Hz, 1H), 1.63i 1.42 (m, 2H).

13C-NMR (101 MHz, CDCls, ppm): U = 144.3, 130.6 (qJ = 1.4 Hz), 130.5 (qJ = 31.9Hz), 128.6,
124.3 (qJ=272.3Hz), 123.7 (9J) = 3.8Hz), 123.4 (9) = 3.9Hz), 118.8, 107.6, 64.1, 51.9, 34.8, 33.7,
26.1, 26.1.

1%F NMR (376 MHz, CDCl3, ppm): Ui -62.6.

MS (El, 70 eV,%): m/z= 294 (19), 192 (100), 292 (25), 2(14), 185 (11), 29 (), 134 (51), 120 (36),
106 (32), 81 (15), 80 (15), 68 (16).

HRMS (El, 70 eV): m/zcalcd. for [G/H1sF3N]: 293.1391; found: 293.1383 ([M)]

FT-IR (Diamond-ATR, neat, cni'): * = 2942 (w), 2861 (vw), 2358 (vw), 1489 (w), 1449 (W329
(s), 1270 (w), 1195 (w), 1158 (s), 1119 (s), 1090 (s), 1074 (s), 961 (w), 916 (w), 804 (m), 722 (vs), 702
(s), 666 (W).

) p (CHCls, tmLidm'%g'?): +45.6

M.p. 80.9 °C
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4-((1R,29)-2-(1H-Pyrrol -1-yh)cyclohexyl)benzonitrile (R,S)-28d)

O

According toTP12, a solution of(S)-20h (1.54mL, 039 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution of-iodobenzonitrile(115mg, 0.50mmol, 1.00equiv), Pd(OAQ) (2.25mg,
10.0umol, 2mol%) and SPhos8(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and stirredor 16 h
After quenching with satg. NHCI and extraction with EtOAche crude product was purified by flash

column chromatography to afforthe title compound(R,S)-28d as a yellowish solid (120 mg,
0.48 mmol, 96% yield, 998% ee dr > 99:1).

'H-NMR (400 MHz, CDCls, ppm): U= 7.48i 7.40 (m, 2H), 7.1% 7.07 (m, 2H), 6.42 (i) = 2.1Hz,

2H), 5.91 (tJ=2.1, 2H), 3.85 (tdJ = 11.5, 3.9, 1H), 2.88 (tdl=11.6, 3.5Hz, 1H), 2.27i 2.17 (m,

1H), 2.06i 1.84 (m, 4H), 1.68 (qdl = 12.6, 3.4Hz, 1H), 1.60i 1.41 (m, 2H).

13C-NMR (101 MHz, CDCls, ppm): i = 148.9, 132.1, 127.9, 119.1, 118.7, 110.4, 107.6, 63.8, 52.2,
34.7, 33.6, 26.0, 25.9.

MS (El, 70 eV,%): m/z= 251 (19) 250 (100), 249 (36), 183 (14), 169 (18), 168 (25), 154 (14), 142
(17), 140 (18), 134 (62), 121 (17), 120 (51), 116 (42), 115 (17), 106 (52), 93 (15), 89 (13), 81 (27), 80
(25), 79 (17), 68 (26), 67 (11).

HRMS (El, 70 eV): m/zcalcd. for [G/H1sN2]: 250.1470; found: 250.1467 ([M].

FT-IR (Diamond-ATR, neat, cni?): * = 2932 (m), 2857 (w), 2225 (m), 1700 (vw), 1608 (m), 1504
(w), 1489 (m), 1448 (w), 1415 (w), 1300 (w), 1272 (m), 1090 (m), 1066 (w), 959 (w), 911 (vw), 826
(m), 720 (vs).

) p (CHCls, tmLidm'%g'?): +158.9

M.p. 94.8 °C

(1S,2S)-2-(1H-Pyrrol -1-yl)cyclohexyl)(4fluorophenyl)methanone (S,S)-28¢)
F
ol
N_ O
W

According toTP13a, a solution of(S)-20h (1.54mL, 039 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution of-fluorobenzoyl chloridg79.3mg, 0.50mmol, 1.00equiv) and Pd(PP$).
(23.1mg, 2.0 umol, 4mol%) in dry THF (ImL) and stirredor 16 h After quenching with sat. aq.

NH4Cl andextraction with EtOAc,te crude product was purified by flash column chromatography to
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afford the title compound(S,S)-28e asa colorlesssolid (128 mg, 0.4 mmol, 94% yield, 998% ee
dr >99:1).

'H-NMR (400 MHz, CDCls, ppm): U= 7.80i1 7.73 (m, 2H), 7.06 6.99 (m, 2H), 6.65 (1) = 2.1Hz,
2H), 5.95 (tJ =2.1Hz, 2H), 4.36 (dddJ = 12.2, 10.6, 4.Hz, 1H), 3.68 (dddJ = 11.9, 10.6, 3.6z,
1H), 2.25i 2.16 (m, 1H), 2.03 1.94 (m, 2H), 1.94 1.82 (m, 2H), 1.65 1.49(m, 2H), 1.49 1.36
(m, 1H).

13C-NMR (101 MHz, CDCls, ppm): U = 200.7, 165.84 (dJ=254.9Hz), 133.09 (d,J = 3.0Hz),
130.64 (dJ=9.3Hz), 119.1, 115.68 (dl = 21.9Hz), 107.8, 59.5, 52.2, 33.7, 30.7, 25.5, 25.3.
1%F NMR (376 MHz, CDCl3, ppm): i -$05.3.

MS (EI, 70 eV, %): m/z= 123 (50), 148 (100), 149 (10), 175 (31), 271 (28).

HRMS (El, 70 eV): m/zcalcd. for [G/H1sFNO]: 271.1372; found: 271.1366 ([N)]

FT-IR (Diamond-ATR, neat, cnt): * = 2934 (m), 2858 (w), 1674 (s), 1597 (s), 1506 (1488 (m),
1410 (m), 1377 (w), 1300 (m), 1273 (m), 1234 (s), 1214 (s), 1156 (s), 1090 (m), 1060 (m), 984 (m),
947 (m), 838 (s), 746 (m), 716 (vs), 685 (mM).

) p (CHCls, tmLidm'%g'?): +45.6

M.p. 63.2 °C

1-((1R,29)-2-(4-M ethoxyphenyl)cyclopentyl}1H-pyrrole ((R,S)-29%)

OQ/OMG

_,/N

O
According to TP12, a solution of(R)-20i (1.25mL, 0.4 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution of -bdoanisole (117mg, 0.50mmol, 1.00equiv), Pd(OAc) (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and stirredor 16 h
After quenching with sat. atlH4Cl and extraction with EtOAche crude product was purified by flash

column chromatography to affotde titlecompoundR,S)-29a asyellowish solid(95 mg, 0.39mmol,
7% yield, 99.2%ee dr > 99:1).

'H-NMR (400 MHz, CDCls, ppm): U= 7.05i 6.97 (m, 2H), 6.87 6.78 (m, 2H), 6.65 () = 2.2Hz,

2H), 6.12 (tJ = 2.2Hz, 2H), 4.26 (qJ = 8.7Hz, 1H), 3.79 (s, 3H), 3.19 (td,= 9.8Hz, 8.0, 1H), 2.45

i 2.31 (m, 1H), 2.25 (ddg = 12.5, 8.0, 4.Hz, 1H), 2.19 2.05 (m, 1H)2.077 1.83 (m, 3H).

13C-NMR (101 MHz, CDCls, ppm): U = 158.3, 134.7, 128.1, 119.0, 114.0, 107.8, 77.5, 77.2, 76.8,
67.8, 55.3, 52.5, 33.3, 32.7, 22.8.

MS (El, 70 eV,%): m/z= 241 (5), 159 (10), 174 (100), 143 (19), 121 (10), 106 (6), 91 (5).

HRMS (El, 70 eV): m/zcalcd. for [GeH1oNO]: 241.1467; found: 241.1462 ([M)]
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FT-IR (Diamond-ATR, neat, cntl): * = 2955 (w), 2907 (w), 2876 (w), 1612 (w), 1581 (w), 1514 (s),
1492 (m), 1461 (m), 1421 (w), 1324 (w), 1305 (w), 1278 (s), 1234 (s), 1176 (m)(\&)LaB88 (m),
1070 (m), 1026 (s), 982 (W), 825 (s), 722 (vS).

) p (CHCls, tmLidm'%g'Y): 1165.1.

M.p. 55.6 °C.

1-((1R,29)-2-(3-Chlorophenyl)cyclopentyl)}-1H-pyrrole ((R,S)-29%)

A

According to TP12, a solution of(R)-20i (1.25mL, 0.48 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution ofl-chloro-3-iodobenzene(119mg, 0.50mmol, 1.00equiv), Pd(OAQ)
(2.25mg, 10.0 pumol, 2mol%) and SPho8(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and stirred
for 16 h After quenching with sat. ag. NBI and extraction with EtOAche crude product was purified

by flash column chromatography to affafie title compound(R,S)-29% as yellowish oil (114mg,
0.46mmol, 93% yield, 99.6%ee dr > 99:1).

H-NMR (400 MHz, CDCls, ppm): ti=7.22i 7.12 (m, 2H), 7.09 (qd}= 1.6, 1.0Hz, 1H), 6.95 6.86
(m, 1H), 6.62 (t) = 2.2Hz, 2H), 6.12 (tJ = 2.2 Hz, 2H), 4.28 (dtJ = 9.6, 8.5Hz, 1H), 3.20 (tdJ = 9.8,
8.0Hz, 1H), 2.38 (dtdJ = 13.2, 8.0, 5.4z, 1H), 2.33/ 2.20 (m, 1H), 2.19 2.04 (m, 1H), 2.07 1.82
(m, 3H).

13C-NMR (101 MHz, CDCls, ppm): U= 144.9, 134.4, 129.9, 127.1, 126.9, 125.7, 119.0, 168.5,
53.1, 33.4, 32.6, 22.9.

MS (El, 70 eV,%): m/z= 245 (49), 178 (30), 143 (100), 106 (26), 68 (39).

HRMS (El, 70 eV): m/zcalcd. for [GsH16CIN]: 245.0971; found: 245.0966 ([M)]

FT-IR (Diamond-ATR, neat, cn?): ' = 2961 (w), 2874 (w), 1596 (w), 1571 (w), 1489 (m), 1477 (m),
1452 (w), 1415 (w), 1325 (w), 1279 (m), 1090 (m), 1067 (m), 978 (w), 782 (m), 718 (vgk)691
) p (CHCls, EmLtdm'%g'Y): 1183.0.

M ethyl 2-((1S,2R)-2-(1H-pyrrol -1-yl)cyclopentyl)benzoate((S,R)-29¢)

MEZCD
According to TP12, a solution of(R)-2Gi (1.25mL, 0.48 M, 0.60mmol, 1.20equiv) was added

dropwise to a solution ahethyl2-iodobenzoatél31 mg, 0.50mmol, 1.00equiv), PAQAC); (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and stirredl6 h
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After quenching with sat. agq. NBI and extraction with EtOAche crude product was purified by flash
column chromatography to affotte titlecompoundS,R)-29c asa white solid(115 mg, 0.8 mmaol,
85%, 99.9%ee d.r. = 98:9.

'H-NMR (400 MHz, CDCls, ppm): Gi=7.71 (dJ = 7.8 Hz, 1H), 7.52i 7.44 (m, 2H), 7.28 7.19 (m,
1H), 6.59 (tJ=2.2Hz, 2H), 6.04 (tJ = 2.2Hz, 2H), 4.47 (q,) = 8.6 Hz, 1H), 4.32 (q,) = 9.3Hz, 1H),
3.80 (s, 3H), 2.4% 2.31 (m, 2H), 2.16 1.88 (m, 3H), 1.86 1.74 (m, 1H).

13C-NMR (101 MHz, CDCls, ppm): U= 168.4, 144.0, 132.1, 131.1, 130.3, 126.7, 126.2, 119.1, 107.7,
67.2,52.2,47.8, 33.7, 33.6, 22.8.

MS (El, 70 eV,%): m/z= 269 (23), 210 (100), 201 (53), 170 (58), 169 (35), 153 (38).

HRMS (El, 70 eV): m/zcalcd. for [G/H1dNO2]: 269.1416found: 269.1408 ([M).

FT-IR (Diamond-ATR, neat, cnt): * = 2965 (w), 2948 (w), 2872 (w), 1703 (vs), 1574 (w), 1493
1430 (m), 1296 (m), 1279 (m), 1237 (vs), 1184 (m), 1128 (m), 1099 (m), 1076 (s), 980 (\fxy) 966
834 (w), 817 (w), 753 (m), 731 (4s709 (s).

) p (CHCls, tmLidm'%g'): 117.2.

M.p. 105.5 °C.

Ethyl 4-((1S,2R)-2-(1H-pyrrol -1-yl)cyclopentyl)benzoate((S,R)-29d)

G/Q/COZEt
o
O
According to TP12, a solution of(R)-20i (1.25mL, 0.4 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution adthyl 4iodobenzoat€138mg, 0.50mmol, 1.00equiv), Pd(OAc) (2.25mg,
10.0umol, 2mol%) and SPhos3(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and stirredor 16 h
After quenching with at. aq. NHCI and extraction with EtOAche crude product was purified by flash

column chromatography to affotide tittecompoundS,R)-29d ascolorless liquid119 mg, 0.2 mmol,
84% vyield, 99.3%ee dr > 99:1).

H-NMR (400 MHz, CDCls, ppm): U = 7.94 (d,J= 8.2 Hz, 2H), 7.13 (dJ = 8.2 Hz, 2H), 6.60 (t,
J=2.1Hz, 2H), 6.09 (tJ = 2.1Hz, 2H), 4.36 (9J = 7.1Hz, 2H), 4.30 (gqJ = 8.8Hz, 1H), 3.27 (td,
J=9.7, 8.1Hz, 1H), 2.39 (dtd,) = 13.0, 7.9, 5.Hz, 1H), 2.28 (ddt) = 12.0, 8.5, 4. Hz, 1H), 2.19i

2.07 (m, 1H), 2.07 1.86 (m, 3H), 1.38 (t)=7.1Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): U = 166.6, 148.1, 129.9, 128.9, 127.2, 119.0, 108.1, 77.5, 77.2,
76.8,67.7,61.0, 53.5, 33.4, 32.5, 22.9, 14.5

MS (El, 70 eV,%): m/z= 283 (38), 216 (70), 187 (42), 143 (100), 128 (38), 120 (44), 115 (45), 106
(55), 94 (37), 68 (20).

HRMS (El, 70 eV): m/zcalcd. for [GsH21NO2]: 283.1572; found: 283.1566 ([M)]
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FT-IR (Diamond-ATR, neat, cnt): * = 2962(w), 2876 (w), 1711 (s), 1610 (m), 1490 (m), 1451 (w),
1417 (w), 1367 (w), 1271 (vs), 1181 (m), 1102 (s), 1067 (m), 10209r8),(w), 852 (w), 770 (m),
720(s), 705 (s).

) p (CHCls, tmLtdm'%g'Y): 1250.6.

3-((1S,2R)-2-(1H-Pyrrol -1-yl)cyclopentyl)benzonitrile ((S,R)-29%)

e

According to TP12, a solution of(R)-2Gi (1.25mL, 0.48 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution d8-iodobenzonitrile(115mg, 0.50mmol, 1.00equiv), Pd(OAc) (2.25mg,
10.0umol, 2mol%) and SPhos8(21mg, 2.0 umol, 4mol%) in dry THF (ImL) and stirredor 16 h
After quenching with satig. NHCI and extraction with EtOAche crude product was purified by flash

column chromatography to affotte titlecompoundS,R)-2% asa white solid(107 mg, 0.4 mmaol,
91% yield, 99.8%ee dr > 99:1).

'H-NMR (400 MHz, CDCls, ppm): U= 7.48 (dt,J=7.7Hz, 1.4, 1H), 7.38 7.29 (m, 2H), 7.21 (dt,
J=8.0, 1.6Hz, 1H), 6.59 (tJ = 2.1Hz, 2H), 6.11 (tJ = 2.1 Hz, 2H), 4.24 (qJ = 8.7Hz, 1H), 3.24
(td,J=10.1, 7.9Hz, 1H), 2.45/ 2.34 (m, 1H), 2.33 2.23 (m, 1H), 2.20 1.82(m, 4H).

13C-NMR (101 MHz, CDCls, ppm): U= 144.1, 131.9, 130.6, 130.4, 129.4, 119.0, 118.9, 112.6, 108.4,
67.6, 52.9, 33.2, 32.0, 22.7.

MS (El, 70 eV,%): m/z= 236 (83), 168 (100), 120 (37), 106 (42), 94 (30), 68 (42).

HRMS (El, 70 eV): m/zcalcd. for [GsH1eN2]: 236.1313; found: 236.1308 ([M)]

FT-IR (Diamond-ATR, neat, cn?): ' = 2960 (w), 2944 (w), 2873 (w), 2227 (w), 1581 (w), 1492 (m),
1471 (w), 1435 (w), 1408 (w), 1332 (w), 1278 (m), 1098 (m), 1064 (w)(Wy,®15 (w), 900 (w), 832
(w), 797 (m), 728 (vs), 694 (S).

) p (CHCls, EmLtdm'%g'Y): 1199.9

M.p. 57.7 °C.

1-((1R,29)-2-(3-Nitrophenyl)cyclopentyl)-1H-pyrrole ((R,S)-29f)

O/<)\No2

According to TP12, a solution of(R)-20i (1.25mL, 0.4 M, 0.60mmol, 1.20equiv) was added
dropwise to a solution df-iodo-3-nitrobenzené125mg, 0.50mmol, 1.00equiv), Pd(OAc) (2.25mg,
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10.0pumol, 2mol%) and SPho8(21mg, 2.0 umol, 4mol%) in dry THF (1ImL) and stirredor 16 h
After quenching with sat. agq. NBI and extraction with EtOAche crude product was purified by flash
column chromatography to affotide tittecompoundR,S)-29f asa yellowish solid96 mg, 0.37mmaol,
75% yield, 99.6%ee dr > 99:1).

!H-NMR (400 MHz, CDCls, ppm): Ui = 8.05 (dddJ = 8.1, 2.3, 1.1Hz, 1H), 8.00 (tJ =2.0Hz, 1H),
7.39(t, J=7.9Hz, 1H), 7.26 (dtJ = 7.7, 1.4Hz, 1H), 6.61 (tJ = 2.2Hz, 2H), 6.11 (tJ = 2.2Hz, 2H),

4.29 (9, =8.8Hz, 1H), 3.33 (tdJ=9.9, 7.9Hz, 1H), 2.48i 2.36 (m, 1H), 2.32 (ddg=11.9, 8.1,
4.4Hz, 1H), 2.16 (dddJ =13.3, 8.4, 5.8z, 1H), 2.11i 1.90 (m, 3H).

13C-NMR (101 MHz, CDCls, ppm): U= 148.5, 144.7, 134.0, 129.5, 121.9, 121.7, 118.9, 108.4, 67.7,
53.0, 33.2, 32.2, 22.6.

MS (El, 70 eV,%): m/z= 256 (100), 239 (44), 128 (39), 120 (61), 115 (71), 106 (85), 94 (67), 68 (69).
HRMS (El, 70 eV): m/zcalcd. for [GsH16N202]: 256.1212; found: 256.1206 ([M]

FT-IR (Diamond-ATR, neat, cnt): * = 2952(w), 2873 (vw), 1528 (m), 1511 (w), 1492 (w), 1346
(m), 1279 (m), 1094 (m), 1069 (w), 896 (vw), 860 (w), 831 (w), 806 (w), 733 (vs), 682 (m).

) p (CHCls, EmLtdm'%g'Y): 1162.8.

M.p. 55.8 °C.

3.7 Selective CBSReduction of Pyrrole-containing K etones

(1S,3R)-1-(3-Chlorophenyl)-4-phenyl-3-(1H-pyrrol -1-yl)butan-1-ol ((S,R)-30a)

According toTP14, (R)-2-methylCBS-oxazaborolidind41.6 mg, 0.15 mmol, 15 mol%) was dissolved

in freshly distilled THF (3 mL) and the resulting solution was cooled down toBH&SMe; (83.6mg,

1.10 mmol, 1.1@quiv) was added dropwise and the mixture stirred for 15 (®Rip24f (323 mg,
1.00mmol, 100 equiv) was dissolved in freshly distilled THF (3 mL) and added to the reaction mixture
via syringepumpover a period of 1 h at 0 °C. Afteompleteaddition, stirring was continued for 1h at

0 °C and for 2 h at roortemperatureThe reaction was querath with methanol, the solvents were
removedin vacuo and the crude product was purified by flash columimomatographyto yield
(S,R)-30a as a colorless o0iBL0mg, 095 mmol, 9% yield, 99.9%ee d.r. = 99:1).

IH-NMR (400 MHz, CDCls, ppm): Ui =7.26i 7.18 (m, 6H), 7.11 7.07 (m, 1H), 6.98 (d] = 1.9 Hz,
1H), 6.98i 6.95 (M, 1H), 6.68 (t) = 2.1 Hz, 2H), 6.16 (1) = 2.1 Hz, 2H), 4.49 (dddd}, = 10.5, 8.4,
6.0, 4.2 Hz, 1H), 4.19 (dd,= 9.6, 3.3 Hz, 1H), 3.08 (dd,= 13.7, 8.4 Hz, 1H), 2.9%d,J = 13.7, 6.1
Hz, 1H), 2.15 2.00 (m, 2H), 1.79 (s, 1H).
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13C-NMR (101 MHz, CDCls, ppm): U= 146.8, 138.1, 134.5, 129.9, 129.0, 128.5, 127.8, 126.7, 125.8,
123.7,119.2,108.2, 70.1, 58.6, 45.3, 43.6.

MS (El, 70 eV,%): m/z= 325 (8), 171 (100), 141 (28), 139 (44), 113 (11), 111 (13), 104 (25), 94 (92),
93 (13), 91 (24), 77 (36), 68 (14).

HRMS (El, 70 eV): m/zcalcd. for [GoH20CINO]: 325.1233; found: 325.1231.

FT-IR (Diamond-ATR, neat, cn): * = 3437 (w, br), 3028 (w), 2B (w), 1598 (w), 1574 (w)}489

(m), 1477 (w), 1454 (w), 1432 (w), 1416 (m), 1333 (w), 1270 (m), 1202 (w), 1089 (m), 1068 (m), 1057
(m), 1030 (W), 957 (W), 787 (m), 754 (m), 725 (s), 699 (Vs).

) p (CHClIs, tmLidm'%g'?): +33.8

(1R,39)-1-(3-Chlorophenyl)-4-phenyl-3-(1H-pyrrol -1-yl)butan-1-ol ((R,S)-30b)

According toTP14, (S)-2-methylCBS-oxazaboroliding20.8 mg, 0.08 mmol, 15 mol%) was dissolved
in freshly distilled THF (1.5 mL) and the resulting solution was cooled down to BRGISMe
(41.7mg, 0.55 mmol, 1.1@équiv) was added dropwise and the mixture stirred for 15 (B)r24f
(162mg, 0.50 mmol1.00 equiv) was dissolved in freshly distilled THF (1.5 mL) and added to the
reaction mixturevia syringepumpover a period of 1 h at 0 °C. Afteompleteaddition, stirring was
continued for 1h at 0 °C and for 2 h at romperatureThe reaction was @mnched with methanol,

the solvents were removeth vacuo and the crude product was purified by flash column
chromatographyto yield (S,R)-30b as a colorless oil (153 g, 047 mmol, 9446 yield, 99.7% ee
d.r.=99:1)

) p (CHCls, EmLtdm'%g'Y): 143.4

(1R,3R)-1-(3-Chlorophenyl)-4-phenyl-3-(1H-pyrrol -1-yl)butan-1-ol ((R,R)-30c)

According toTP14, (S)-2-methylCBS-oxazaborolidingd20.8 mg, 0.08 mmol, 15 mol%) was dissolved
in freshly distilled THF (1.5 mL) and the resulting solution was cooled down to BRGISMe
(41.7mg, 0.55 mmol, 1.1equiv) was added dropwise and the mixture stirred for 15 (R)n24f
(162mg, 0.50 mmol1.00 equiv) was dissolved in freshly distilled THF (1.5 mL) and added to the
reaction mixturevia syringepumpover a period of 1 h at 0 °C. Afteompleteaddition, stirring was

continued for 1h at 0 °C and for 2 h at rotemperatureThe reaction was gmched with methanol,
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the solvents were removeth vacuo and the crude product was purified by flash column
chromatographyto yield (R,R)-30c as a colorless oil (15®%g, 046 mmol, 924 yield, 99.4%ee
d.r. =99:1).

IH-NMR (400 MHz, CDCls, ppm): ti= 7.28i 7.26 (m, 2H), 7.24 (s, 1H), 7.227.20 (m, 1H), 7.20

7.18 (m, 2H), 7.10 7.06 (m, 1H), 6.91 6.86 (m, 2H), 6.59 (t) = 2.1 Hz, 2H), 6.15 () = 2.1 Hz,

2H), 4.46 (tdJ= 7.0, 2.1 Hz, 1H), 3.96 3.85 (m, 1H), 3.07 2.95 (m, 2H), 2.41 (ddd = 14.2, 9.9,

6.6 Hz, 1H), 2.16 (dddl = 14.1, 7.3, 4.7 Hz, 1H), 1.74 (s, 1H).

13C-NMR (101 MHz, CDCls, ppm): tGi=145.6, 137.7, 134.7, 130.0, 129.0, 128.5, 128.3, 126.8, 126.6,
124.7,119.0, 108.5, 71.9, 59.2, 44.3, 43.6.

MS (El, 70 eV,%): m/z= 325 (7), 234 (13), 172 (11), 171 (91), 141 (25), 139 (39), 111 (11), 104 (19),
94 (100), 93 (11), 91 (22), 77 (34), 68 (12).

HRMS (El, 70 eV): m/zcalcd. for [GoH20CINO]: 325.1233found: 325.1226 ([M).

FT-IR (Diamond-ATR, neat, cn®): * = 3389 (w, br), 3062 (vw), 3028 (vw), 2948 (w), 2923 (w),
1597 (w), 1574 (w), 1489 (m), 1433 (w), 1328 (w), 1271 (m), 1201 (w), 1089 (m), 1064 (m), 1028 (w),
886 (w), 788 (m), 751 (m), 722 (s), 697 (vs).

) p (CHCls, EmLidm'%g'Y): +34.9.

(1R,39)-1-(3-Chlorophenyl)-4-phenyl-3-(1H-pyrrol -1-yl)butan-1-ol ((S,S)-30d)

J =
N OH
v

According toTP14, (R)-2-methylCBS-oxazaborolidin€20.8 mg, 0.08 mmol, 15 mol%) was dissolved

in freshly distilled THF (1.5 mL) and the resulting solutionswaoled down to 0 °CBHz:{SMe

(417 mg, 0.55 mmol, 1.1@quiv) was added dropwise and the mixture stirred for 15 (8)r4f
(162mg, 0.50 mmol, 1.00 equiv) was dissolved in freshly distilled THF (1.5 mL) and added to the
reaction mixturevia syringepumpover a period of 1 h at 0 °C. Afteompleteaddition, stirring was
continued for 1h at 0 °C and for 2 h at rotemperatureThereaction was quenched with methanol,
the solvents were removeih vacuo and the crude product was purified by flash column
chromatographyto yield (S,5)-30d as a colorless oil (16@g, 049 mmol, 986 yield, 99.4%e¢g
d.r.=99:1).

) p (CHCls, tmLidm'%g'?): 141.6.
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3.8 Deprotection of Pyrrole -Derivatives using Ozonolysis

General remarkAll deproteced products contain a moformamides moiety as a mixture of this

and thetransconformationt** The NMR values stated are for the major conformer.

Ethyl 4-(2-formamidoethyl)benzoate(31a)

A

N

According toTP15, 21c (243 mg, 1.00 mmol, 1.00 equiv) was dissolved in 8 mL DCM and 2 mL
methanol and cooled i1&/8 °C. Ozone wapassed through for 5 min followed by nitrogen for 10 min.
Dimethyl sulfide (621 mg, 10.0 mmol, 10.0 equiv) was added and the reaction mixture stirred for 6 h
at roomtemperatureAfter evaporation of the solvents, the residue was stirred for 1 h in 10 mL KOH

in ethanol (0.1 M) and afterwards ethanol removed under reduced pressure. The crude product was
purified by via flash column chromatography purificatiand the titlecompoun 31a (158 mg,

0.71mmol, 71% yield) was obtained as a white solid.

H-NMR (400 MHz, DMSO-ds, ppm): major conformelli = 8.141 8.02 (m, 1H), 7.97 (d] = 1.7 Hz,

1H), 7.91i 7.84 (m, 2H), 7.42 7.32 (m, 2H), 4.29 (q] = 7.1Hz, 2H), 3.35 (qJ = 6.9Hz, 3H), 2.80

(t, J=7.2Hz, 2H), 1.31 (tJ=7.1Hz, 3H).

13C-NMR (101 MHz, DMSO-ds, ppm): major conformeri= 165.7, 161.1, 145.1, 129.2, 129.1, 127.9,
60.6, 38.3, 35.0, 14.2.

MS (El, 70 eV,%): m/z= 221 (5), 177 (13), 176 (100), 164 (23), 148 (49), 136 (37), 135 (21), 132
(13), 131 (90), 118 (21), 107 (15), 103 (15), 91 (32), 90 (31), 89 (2@)87/58 (18).

HRMS (ESI): m/zcalcd. for [M+H, GoH1eNOs']: 222.1125; found: 222.1124.

FT-IR (Diamond-ATR, neat, cn®): * = 3236 (w), 3055 (w), 2982 (w), 1705 (s), 1685 (w), 1655 (s),
1610 (m), 1541 (m), 1440 (m), 1382 (m), 1364 (m), 1278 (vs), 1241 (s), 1177 (s), 1121 (s), 1105 (s),
1045 (m), 1026 (m), 851 (m), 782 (s), 765 (m), 704 (s).

M.p. 655 °C.

Ethyl (S)-4-(2-formamido-3-phenylpropyl)benzoate((S)-31b)

T
CO,Et

)
o

According toTP15, (S)-24c (334 mg, 1.00 mmol, 1.00 equiv) was dissolved in 8 mL DCM and 2 mL
methanol and cooled i&/8 °C. Ozone was passed through for 5 min followed by nitrogen for 10 min.
Dimethyl sulfide (621 mg, 10.0 mmol, 10.0 equiv) was added and the reaction mixtuie fstiréeh

1M, J. Deetz, J. E. Fahey, B. D. SmithPhys. Org. Chen2001, 14, 463.
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at roomtemperatureAfter evaporation of the solvents, the residue was stirred for 1 h in 10 mL KOH
in ethanol (0.1 M) and afterwards ethanol removed under reduced pressure. The crude product was
purified by via flash column chromatography pucifition and the titlecompound(S)-31b (230 mg,

0.74mmol, 74% yield 99.5%e6 was obtained as a colorless solid.

!H-NMR (400 MHz, CDCls, ppm): major conformerti = 8.067 7.95 (m, 3H), 7.38 7.13 (m, 7H),
5.49 (dJ=7.4Hz, 1H), 4.58 (sext] = 7.3 Hz, 1H), 4.38 (qJ = 7.1 Hz, 2H), 3.04 2.73 (m, 4H), 1.40
(t, J=7.1Hz, 3H).

13C-NMR (101 MHz, CDCls, ppm): major conformerti = 166.6, 160.8, 143.2, 137.4, 129129.5,
129.4,129.4,128.7, 126.9, 61.0, 50.3, 40.1, 14.4.

MS (El, 70 eV,%): m/z= 311 (1), 267 (17), 266 (100), 221 (16), 220 (32), 193 (38), 192 (33), 174
(35), 164 (24), 148 (61), 120 (89), 119 (12), 103 (20), 91 (52), 77 (12).

HRMS (El, 70 eV): m/zcalcd. for[C19H2:NOg): 311.1521; found: 311.1520 ([V)]

FT-IR (Diamond-ATR, neat, cnt): * = 3272 (w), 3029 (w), 2981 (w), 2928 (w), 2856 (vw), 1712
(s), 1659 (s), 1610 (m), 1496 (w), 1444 (w), 1416 (w), 1386 (m), 1366 (m), 13113%8 (vs), 1178
(m), 1103 (s), 1021 (m), 911 (w), 853 (w), 759 (m), 732 (m), 699 (s).

) p (CHCls, EmLtdm'%g'Y): 11.6.

M.p. 127.8 °C

(S)-N-(1-(4-Cyanophenyl)3-phenylpropan-2-yl)formamide ((S)-31c)

J O
CN

i
o

According toTP15, (S)-24d (286 mg, 1.00 mmol, 1.00 equiv) was dissolved in 8 mL DCM and 2 mL
methanol and cooled i/8 °C. Ozone was passed through for 5 min followed by nitrogen for 10 min.
Dimethyl sulfide (621 mg, 10.0 mmol, 10.0 equiv) was added and the reaction mixtuie fstiréeh

at roomtemperatureAfter evaporation of the solvents, the residue was stirred for 1 h in 10 mL KOH

in ethanol (0.1 M) and afterwards ethanol removed under reduced pressure. The crude product was
purified by via flash column chromatography pucition and the tittlecompound(S)-31c (172 mg,

0.74mmol, 65% yield 99.9%ed was obtained as a colorless solid.

!H-NMR (400 MHz, CDCls, ppm): major conformerti = 8.02 (s, 1H), 7.6% 7.55 (m, 2H), 7.35

7.22 (m, 5H), 7.23 7.13 (m, 2H), 5.52 (d] = 6.4 Hz, 1H), 4.56 (sext] = 7.6 Hz, 1H), 3.05 2.72 (m,

4H).

13C-NMR (101 MHz, CDClz, ppm): major conformerti = 160.8, 143.7, 137.1, 132.4, 130.2, 129.3,
128.8, 127.0, 118.9, 110.6, 50.2, 40.3, 40.2.

MS (El, 70 eV,%): m/z= 264 (1), 220 (16), 219 (100), 218 (15), 173 (42), 148 (32), 145 (69), 128
(29), 120 (62), 117 (11), 116 (19), 103 (17), 91 (50), 89 (14), 77 (15), 65 (15).
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HRMS (EI, 70 eV): m/zcalcd. for[C17H16N-O]: 264.1263; found: 264.1260 ([N)]

FT-IR (Diamond-ATR, neat, cntl): * = 3265 (w), 3029 (w), 2923 (w), 2857 (w), 2226 (m), 1661
(vs), 1607 (m), 1540 (m), 1506 (m), 1496 (m), 1454 (m), 1387 (m), 1252 (w), 734 (w), 701 (m).

) p (CHCls, tmLidm'%g'Y): +1.2

M.p. 137.6 °C

(S)-N-(1-(3,5-Dimethylphenyl)-3-(4-methoxyphenyl)propan-2-yl)formamide ((S)-31d)

Me
HN O
(6] Me

According toTP15, (S)-27a(160 mg, 0.50 mmol, 1.00 equiv) was dissolved in 4 mL DCM and 1 mL
methanol and cooled i/8 °C. Ozone was passed through for 5 min followed by nitrogen for 10 min.
Dimethyl sulfide (311 mg, 5.00 mmol, 10.0 equiv) was added and the reaction mixtuk fetiréeh

at roomtemperatureAfter evaporation of the solvents, the residue was stirred for 1 h in 5 mL KOH in
ethanol (0.1 M) and afterwards ethanol removed under reduced pressure. The crude product was
purified by via flash column chromatography puddétion and the titlecompound(S)-31d (92 mg,
0.31mmol, 62% vyield, 92.0%¢€ was obtained as a white solid.

!H-NMR (400 MHz, CDCls, ppm): major conformerti = 8.04 (d,J = 1.7 Hz, 1H), 7.16 7.09 (m,

2H), 6.891 6.70 (m, 5H), 5.37 (d] = 8.4 Hz, 1H), 4.47 (dt) = 8.2, 6.6 Hz, 1H), 3.79 (s, 3H), 2.83
2.58 (m, 4H), 2.29 (s, 6H).

BC-NMR (101 MHz, CDCls, ppm): major conformerti = 160.8, 158.4, 138.1, 137.6, 130.4, 129.7,
128.4,127.2, 114.0, 55.3, 50.5, 39.7, 38.9, 21.4.

MS (El, 70 eV, %): m/z= 298 (1), 252 (100), 237 (49), 150 (10), 148 (47), 144 (11), 131 (27), 121
(29), 118 (12), 91 (17).

HRMS (El, 70 eV): m/zcalcd. for M+H, C19H24NO,"]: 298.1802; found: 298.1801 ([M+H)]

FT-IR (Diamond-ATR, neat, cn1l): * = 3296 (m), 2954 w), 2917 (w), 2860 (w), 1659 (vs), 1608
(m), 1539 (m), 1511 (s), 1441 (m), 1385 (m), 1260 (m), 1240 (s), 1176 (m), 1109 (w), 1039 (s), 848
(m), 835 (m), 822 (m), 810 (m), 745 (m), 701 (s).

) p (CHCls, EmLidm'%g'Y): 11.1

M.p. 91.3 °C.



C. EXPERIMENTAL PART 190

N-((1S,2R)-2-(3-(Trifluoromethyl)phenyl)cyclohexyl)formamide ((S,R)-31€)

e
NH

H™ ~O

According toTP15, (S,R)-28c (147 mg, 0.50 mmol, 1.00 equiv) was dissolved in 4 mL DCM and 1 mL
methanol and cooled i/8 °C. Ozone was passed through fonif followed by nitrogen for 10 min.
Dimethyl sulfide (311 mg, 5.00 mmol, 10.0 equiv) was added and the reaction mixture stirred for 6 h
at roomtemperatureAfter evaporation of the solvents, the residue was stirred for 1 h in 5 mL KOH in
ethanol (0.1 M)and afterwards ethanol removed under reduced pressure. The crude product was
purified byvia flash column chromatography purificatiamd the tittecompound S,R)-31e (100 mg,

0.37 mmol 74%yield, 99.8%ee¢ dr > 99:1) was obtained as a white solid.

IH-NMR (400 MHz, DMSO-ds, ppm): Ui = 7.83 (d,J = 9.2, 1H), 7.69 (ddj = 1.9, 0.7, 1H), 7.58

7.47 (m, 4H), 3.99 (qdl = 11.1, 4.0, 1H), 2.62 (td= 11.9, 3.6, 1H), 1.92 1.84 (m, 1H), 1.83 1.67

(m, 3H),1.62i 1.21 (m, 4H).

13C-NMR (101 MHz, DMSO-ds, ppm): U = 159.71, 145.61, 131.60, 128.96, 128.68Xg, 31.2),
124.38 (9] = 272.3), 124.27 (q] = 4.0), 122.83 (g = 3.9), 49.56, 48.79, 34.22, 33.45, 25.57, 24.81.
19F NMR (376 MHz, DMSO-ds, ppm): U 18009,

MS (El, 70 eV, %): miz= 272 (1), 227 (14), 226 (100), 211 (37), 206 (13), 172 (10), 159 (10), 129
(14).

HRMS (El, 70 eV): m/zcalcd. for [GaH17FsNO]*: 272.1257: found: 272.1255 ([M+8)]

FT-IR (Diamond-ATR, neat, cnl): * = 3251 (w), 3037 () 2936 (m), 2860 (m), 1678 (m), 1651 (s),
1543 (m), 1449 (m), 1384 (m), 1318 (s), 1233 (m), 1160 (s), 1114 (s), 1072 (s), 894 (m), 800 (s), 701
(s), 663 (m).

b p (CHCI3, EmLidm'%g'?): 115.2

M.p. 89.3 °C
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N-((1R,29)-2-(3-Nitrophenyl)cyclopentyl)formamide ((R,S)-31f)

“NH

H™ ~o

According toTP15, (R,S)-29f (128 mg, 0.50 mmol, 1.00 equiv) was dissolved in 4 mL DCM and 1 mL
methanol and cooled i/8 °C. Ozone was passed through for 5 min followed pgein for 10 min.
Dimethyl sulfide (311 mg, 5.00 mmol, 10.0 equiv) was added and the reaction mixture stirred for 6 h
at roomtemperatureAfter evaporation of the solvents, the residue was stirred for 1 h in 5 mL KOH in
ethanol (0.1 M) and afterwards etivh removed under reduced pressure. The crude product was
purified byvia flash column chromatography purificatiand the tittecompoundR,S)-31f (82.0mg,

0.35 mmol 71% yield, 993% eg dr > 99:1) was obtained as a white solid.

'H-NMR (400 MHz, CDCls, ppm): major conformerli = 8.127 8.01 (m, 2H), 8.04 (dJ = 1.2 Hz,
1H), 7.62 (dtJ= 7.7, 1.4 Hz, 1H), 7.48 (d,= 7.8 Hz, 1H), 5.87 (d] = 8.1 Hz, 1H), 4.42 (p] = 8.6
Hz, 1H), 2.99 (tdJ = 9.8, 8.0 Hz, 1H), 2.36 2.13 (m, 2H), 1.98 1.53 (m, 4H).

13C-NMR (101 MHz, CDCls, ppm): major is conformeti= 161.1, 148.4, 144.6, 133.5, 129.7, 122.7,
121.9, 56.0, 51.9, 32.9, 32.6, 22.4.

MS (El, 70 eV,%): m/z=235.1 (1), 189 (68), 172 (100), 142 (27), 128 (19), 115 (37), 1071A&4).
HRMS (El, 70 eV): m/zcalcd. for[G2H1sN20s]": 235.1077; found: 235.1076 ([M+H]

FT-IR (Diamond-ATR, neat, cn?): ' = 3295 (w), 2948 (w), 2869 (w), 1650 (s), 1526 (1889 (m),
1345 (s), 1095 (w), 890 (w), 811 (w), 735 (m), 689 (m).

b p (CHCI3, EmLidm'%g'?): 156.6.

M.p. 110.7 °C.

N-((2R,4S9)-4-(3-Chlorophenyl)-4-hydroxy-1-phenylbutan-2-yl)formamide ((R,S)-319)

According toTP15, (S,R)-30a(244 mg, 0.75 mmol, 1.00 equiv) was dissolved in 12.5 mL DCM and

2.5 mL methanol and cooled t@8 °C. Ozone was passed through for 3 min followed by nitrogen for

5 min. Dimethyl sulfide (466 mg, 7.50 mmol, 10.0 equiv) was added and the reaction mixtack st

for 6 h at roontemperatureAfter evaporation of the solvents, the residue was stirred for 1 h in 8 mL
KOH in ethanol (0.1 M) and afterwards ethanol removed under reduced pressure. The crude product
was purified byvia flash column chromatography fification and the titlecompound(R,S)-31g

(173mg, 0.57 mmol 76% yiel®9%% ee dr = 99:1)was obtained as a white solid.
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!H-NMR (400 MHz, CDCls, ppm): major conformeri= 8.15 (dJ= 1.9 Hz, 1H), 7.33 () = 1.7 Hz,
1H), 7.30 (dtJ=8.1, 1.8 Hz, 2H), 7.2V 7.23 (m, 2H), 7.23 7.19 (m, 2H), 7.19 7.14 (m, 3H), 5.87
(d,J=8.9 Hz, 1H), 4.64 (dd]l = 11.0, 2.5 Hz, 1H), 4.29 (s, 1H), 2.92 (d&; 14.1, 6.2 Hz, 1H), 2.82
(dd,J=14.1, 7.5 Hz, 1H), 1.87 (ddd= 14.0, 11.0, 2.8 HAH), 1.64 (ddd) = 13.9, 10.8, 2.6 Hz, 1H).
13C-NMR (101 MHz, CDCls, ppm): major is conformeti = 162.4, 146.0, 136.9, 134.4, 129.8, 129.2,
128.9, 127.5, 127.1, 126.0, 123.8, 69.4, 46.6, 44.9, 40.8.

MS (El, 70 eV,%): m/z= 194 (19), 151 (14), 149 (35), 145 (13), 139 (19), 138 (18), 127 (13), 125
(33), 103 (38), 92 (12), 91 (100), 77 (25), 65 (20).

HRMS (ESI): m/zcalcd. for [M+H; G/H1sCINO,']: 304.1099; found: 304.1101 ([MH]"); calcd. for
[M-H; Ci7H17CINO,]: 302.0953; found: 302.0954 (HiA]).

FT-IR (Diamond-ATR, neat, cnt): * = 3290 (m, br), 3063 (w), 3029 (w), 2917 (w), 1662 (vs), 1599
(m), 1574 (m), 1541 (m), 1497 (m), 1477 (w), 1454 (m), 1433 (m), 1385 (m), 107EB{mM), 70Qs).

) p (CHCls, tmLidm'%g'): 151.8.

M.p. 110.7 °C.
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Single Crystal Structure of 1((1R,2S)-2-iodocyclopentyl}1H-pyrrole ((R,S)-19i)

Molecular structure of compoun¢R,S)-19i in the crystal; thermal ellipsoids are drawn at 50%

probability level.

Details for Xray data collection and structure refinement for compdRg)-19i.

(R,S)-19

Empirical formula CoH12IN
Formula mass 261.10
TIK] 123(2)

0.20 x 0.15 x 0.03
colorless platelet

Crystal size [mm]
Crystal description

Crystal system orthorhombic

Space group P212121

a [ U] 6.7058(2)
b [ U] 10.4137(3)
c [ U] 13.1287(3)
U [ A] 90.0

b [ A] 90.0

9 [ A] 90.0

vV flU 916.81(4)
Z 4

} caica. [9 €17 1.892

e [ tHhm 3.430

F(000) 504

U range [3.107 25.24

Index ranges 9 h@ 9
-14k@ 14
181 18

Reflns. collected 18366

Reflns. obsd. 2608

Reflns. unique 2792 (R = 0.0444)
R,WR.( 2 0 d &0.0246, 0.0534

Ry, WR: (all data)  0.0284, 0.0548
GOOF onF? 1.065

Peak/ hd]l e0.892/-0.506

} caica. [9 €17 1.892
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Single Crystal Structure of Methyl 2-((1S,2R)-2-(1H-pyrrol -1-yl)cyclopentyl)benzoate((S,R)-

29c)

Molecular structure of compoun(B,R)-29% in the crystal; thermal ellipsoids are drawn at 50%

probability level.

(SR)-2%

Empirical formula
Formula mass
TIK]

Crystal sizdmm]
Crystal description
Crystal system

Space group

a [ U]
b [ U]
c [ U]
U [ A]
b [ Al
o [ A]
vV flU
Z

Ci17H19NO>
269.33

123(2)

0.20 x 0.10 x 0.02
colorless block
orthorhombic
P212121
8.9810(8)
9.6691(6)
16.0885(12)
90.0

90.0

90.0
1397.10(18)

4

J calcd. [g Cm-s]
e [*thm
F(000)

1.280
0.084
576

U range [ A2.46i 25.24

Index ranges

Reflns. collected
Reflns. obsd.

Reflns. unique

-10h® 10

7 k@ 11
-191@ 19
9514

1723

2647 (R = 0.0878)

R,wWwR( 2 0 dat0.0581,0.0802

Ri, wR: (all data)
GOOF onF?
Peak/ hdl e

J calcd. [g Cm-s]

0.1090, 0.0952
1.005

0.203 /-0.199
1.280
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Mosher-Ester Analysis of(R,S)-30d using *H-NMR spectroscopy

The analysis of the absolute configuration has been performed as reported in the fitérature

DCC (2.0 equiv) H3 H4
4-DMAP (20 mol%)
Ph Cl (R) or (S) mosher's acid (2.0 equiv)

DCM, 25°C, 24 h
\ /) MTPA

(S) Moshe E5t7
/ @ S / /
\ N ©)

CDCly o] H Ph
l Facus LU=
: ° ] 2y
7174 7.080 2 2.498 2.246
P Ome Q

| / o / /

7026 697 2.304

2 562
Ph OMe @

T g
7‘25 7 ‘20 7‘15 7 ‘10 7‘05 7 ‘00 6‘95 6 ‘90 2.70 2.‘65 2.‘60 2‘55 2 ‘50 2‘45 2 ‘40 2‘35 2 ‘30 2‘25 2 ‘20
1 (ppm)
L
H ASSR>0 H  ASSR>0
L2 L ]
MTPAo)\l_1 MTPAO)\LZ S‘,] «1 1
A5SR<0 A8SR<0
configuration 1 configuration 2 L4 bulkier than L,
For Ly For L,
N XPXTXECOMT YT Y Go G WY g T QT T
Y XSTPYTIPROX U TP TTU T Y o CRTQPCOMT TBLv Y T

According to theY] shifts of both*H-NMR spectraconfiguration 2fits. The

Y values for L. protons are positive, therefore theresiduemuststand back. | s ~&~& ol

On the other hand, th% values for the b protons areegative, therefore the @

L, chainmuststand in front. In conclusion the alcohol has an absolgte (

configuration as draw here:

12a)T. R. Hoye, C. S. Jeffrey, F. Shatat. Protoc.2007, 2, 2451; b)J. M. Seco, E. Quifioa, R. Rigue@hem.
Rev.2004 104, 17.
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Single Crystal Structure of N-((1S,2R)-2-(3-(trifluoromethyl)phenyl)cyclohexyl)formamide

((SR)-31¢)

Molecular structure of compoun(B,R)-31e in the crystal; thermal ellipsoids are drawn at 50%

probability level. The fluorine atoms of both £¥foups are disorted. Splitting of the positions of the

fluorine atoms did not result in a significant decrease of thal&es.

(SR)-31e
Empirical formula  Ci4H16FsNO Z 4
Formula mass 271.28 J caled. [g €T 1.310
TIK] 123(2) e [THhm 0.110
Crystal size [mm] 0.40 x 0.40 x 0.30  F(000) 568
Crystal description  colorless block U range [ A2.10i 25.24
Crystal system monoclinic Index ranges -10h@® 12
Space group P21 -10k©® 10
a [ U] 9.9214(8) 191G 17
b [ U] 8.8541(5) Reflns. collected 9015
c [ U] 16.0010(11) Reflns. obsd. 3721
U [ A] 90.0 Reflns. unique 5163
b [ A] 101.894(8) R,WR (20 dat0.0626,0.1358
2 [ A] 90.0 Ri, WR: (all data) 0.0923, 0.1555
v fU 1375.43(17) GOOF onF? 1.026

Peak/ hdll e 0.392/-0.262
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Single Crystal Structure of N-((2R,4S)-4-(3-chlorophenyl)-4-hydroxy-1-phenylbutan-2-
yl)formamide ((R,S)-319)

Molecular structure of compoun(R,S)-31g in the crystal; thermal ellipsoids are drawn at 50%

probability level.

...... L-—@' :

1.88141)A  O1

Hydrogen bonding in the crystal structure of compo{i8)-31g; thermal ellipsoids are drawn at 50%
probability level. Symmetry code<).5+x, 1.5y, -z; 0.5+x, 1.5y, -z.
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(R,9)-31g
Empirical formula  Ci7H1sCINO; z 4
Formula mass 303.77 J caled. [g €T 1.303
TIK] 123(2) e [Thm 0.250
Crystal size [nm]  0.40 x 0.05 x 0.05  F(000) 640
Crystal description  colorless rod U range [ A2.24i 2524
Crystal system orthorhombic Index ranges 6 h@® 7
Space group P212121 -17k® 13
a [ U] 6.0177(5) 221 18
b [ U] 14.1572(17) Reflns. collected 8907
c [ U] 18.1767(18) Reflns. obsd. 2304
U [ A] 90.0 Reflns. unique 3174 (R = 0.0616)
b [ A] 90.0 R,WR ( 2 0 d a t0.0482, 0.0455
5 [ A] 90.0 Ry, WR: (all data) 0.0775, 0.0527
v flU 1548.5(3) GOOF onF? 0.918
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