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LIETOTIE SAISINAJUMI
A — angstréms
AA — arahidonskabe
AcO — acetoksi-
Arg — arginins
Arl — ariljodids
Boc — tres-butoksikarbonil-
cPGES - citosola prostaglandina sintaze
COX — ciklooksigenaze
EDCI — 1-(3-dimetilaminopropil)-3-etilkarbodiimida hidrohlorids
GSH - glutations
HSA — cilvéka seruma albumins
ICso — liganda koncentracija, kas nodroSina enzima aktivitates 50% inhibéSanu
hWB - cilvéka pilnasins
LDA - litija diizopropilamids
5-LO — 5-lipoksigenaze
LTA4 — leikotriéns A4
Me — metil
mPGES — mikrosomala prostaglandina sintaze
NPL — nesteroidalie pretiekaisuma lidzekli
PGE: — Prostaglandins E:
PGF2, — Prostaglandins F
PGD: — Prostaglandins D>
PGH; — Prostaglandins H»
PGI: — Prostaglandins I, Prostaciklins
PLA: — Fosfolipaze A
Ph — fenil-
SAR — struktiiras-aktivitates likumsakaribas
SeAr — elektrofila aromatiska aizvietoSana
SEM — [2-(trimetilsilil)etoksi]metil—
SET — viena elektrona parnese
QSAR — kvalitativas struktiiras-aktivitates kopsakaribas
TXA> — Tromboksans A»



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

1.1. Témas izklasts, promocijas darba struktiira un apjoms

Farmaceitiskas industrijas, materialzinatnes un citu starpdisciplinaro zinatnes nozaru strauja
attistiba pedéjas desmitgades ir biitiski ietekmg€jusi ,,tradicionalo” zinatnes nozaru petjjumu raksturu
un virzienus. Ta, organiskaja kimija pakapeniski sak dominét pielietojama rakstura petijumi, kuri
versti uz citu, radniecigo zinatnes nozaru problému risinajumiem. Tadgjadi, lidztekus analitiskajai
Kimijai, arT organiska kimija pakapeniski parvérsas par sava veida ,,instrumentu” jeb metodologiju
kopumu starpdisciplinaro zinatnes nozaru mérku sasniegSanai. Piemé&ram, viens no svarigakajiem
organiskas kimijas p&tfjumu virzieniem ir jaunu sint€zes metodologiju izstrade medicinas kimijas,
agroktmijas un farmaceitiskas industrijas vajadzibam. Latvija kimiski-farmaceitiska nozare ir viens
no prioritarajiem tautsaimniecibas virzieniem, un tapéc promocijas darbu izstrade medicinas kimijas
joma ir svarigs ieguldijums nozares specialistu sagatavoSana.

Promocijas darbu veido pielietojamo pétijumu kopums, un darbs veltits medicinas kimijas
problému risinasanai. Viens no promocijas darba ieklautajiem pétijjumiem versts uz jauna darbibas
mehanisma nesteroidalo pretickaisuma Iidzeklu izstradi, par farmakologisko mérki izmantojot
mikrosomalo prostaglandina sintazi 1 (mPGES-1). mPGES-1 sintazes inhibitoru dizaina lidztekus
tradicionalajiem struktiiras-aktivitates likumsakaribu pétijjumiem izmantota ari datormodel&Sana.
Farmakofora datormodela izstrade paatrinaja potencialo pretiekaisuma lidzeklu izstradi, un darbs ir
vainagojies ar vairakiem augsti efektiviem lidersavienojumiem talakai virzibai in vivo pétijumos.
Intelektualais ieguldijums mPGES-1 inhibitoru izstrad€ aizsargats ar 4 starptautiskajiem patentiem.

Otrs promocijas darba ieklautais petijums vérsts uz jaunu organiskas sint€zes metozu
izstradi, kuras biitu piem@rotas potencialo zalvielu struktiiras modifikacijai sint€zes shemas pedgjas
stadijas. Strukturalas daudzveidibas radiSana p&tamaja bazes struktiira sint€zes beigu posma jeb t.s.
,velna modifikacija” iev€rojami paatrina struktiiras-aktivitates likumsakaribu pétijumus un
racionalizé sintétisko darbu. Promocijas darba ietvaros ir izstradatas uz C-H saites aktivaciju
balstitas aromatisko un heteroaromatisko savienojumu regioselektivas aminéSanas un oksidésanas
metodes. Metodes balstas uz viena reaktora secigu reakciju virkni un ieklauj sakotngju C-H saiSu
aktivaciju, izmantojot hipervalentos joda(IIl) savienojumus un talaku A3-jodanu starpsavienojumu
reakciju ar strukturali daudzveidigiem slapekla un skabekla nukleofiliem. Izstradatas metodes
public@tas trijas zinatniskajas publikacijas.

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju un patentu kopums,
un kopsavilkums sniedz paveikta darba kopskatu. Publikacijas un patentu pieteikumi uzrakstiti

anglu valoda.



1.2. Pétijuma meérkis un uzdevumi

Promocijas darbam ir divi savstarpéji saistiti merki:

1. plasas savienojumu biblioteékas skrininga rezultata atrasto mPGES-1 sintazes inhibitoru (kit)
parveérst par lidersavienojumu (lead) ta talakai attistibai par jauna darbibas mehanisma

nesteroidalo pretiekaisuma Iidzekli;

2. izstradat jaunu sint€zes metodologiju potencialo zalvielu bazes struktiras ,,v€linai
modifikacijai”. Sintézes metodologijas izstrade balstama uz C—H saiSu aktivacijas pieeju,
kura neprasa bazes struktiiras iepriek$&ju modifikaciju un lauj veikt tieSu C-H saiSu

apmainu pret C—O un C—N sait€m.

Darba mérku istenoSanai izvirziti $adi uzdevumi:

1. sintezet strukturali daudzveidigus aktiva savienojuma (4if) analogus un uz to bazes izstradat

pirmas paaudzes mPGES-1 inhibitoru farmakoforo datormodeli;
2. uzlabot farmakoforo datormodeli un veikt struktiiras —aktivitates likumsakaribu p&tijumus;

3. izmantot optimize€to farmakoforo modeli virtualo mPGES-1 inhibitoru aktivitates prognozei,

sintez&t prognozetos aktivakos savienojumus un parbaudit to biologisko aktivitati;

4. izstradat metodi elektroniem bagatu heteroaromatisko savienojumu regioselektivai C—H

oksid@Sanai, izmanojot hipervalentos joda(Ill) savienojumus;

5. izstradat metodi elektroniem bagatu heteroaromatisko savienojumu regioselektivai C—H
azidéSanai un C-H amin&Sanai, izmanojot hipervalentos joda(Ill) savienojumus un Cu(l)

salu katalizi.



1.3. Darba aprobacija un publikacijas

Promocijas darba rezultati publicéti 4 PCT patentu pieteikumos un 3 zinatniskajos rakstos.

PCT patentu pieteikumi:

1.

Doods, H.; Lubriks, D.; Arndt, K.; Roenn, R.; Stenkamp, D.; Klinder, K.; Kuelzer, R.;
Mack, J.; Suna, E.; Pfau, R.; Pelcman, B.; Priepke, H. 3H-Imidazo[4,5-c]pyridine-6-
carboxamides as anti-inflammatory agents. WO 2010/100249 A1, September 10, 2010.

Priepke, H.; Doods, H.; Kuelzer, R.; Pfau R.; Stenkamp, D.; Pelcman, B.; Roenn, R.;
Lubriks, D.; Suna, E. 2-(4rylamino)-3H-imidazo[4,5-b]pyridine-6-carboxamide derivatives
and their use as mPGES-1 inhibitors. WO 2012/022792 A1, February 23, 2012

Priepke, H.; Doods, H.; Kuelzer, R.; Pfau R.; Stenkamp, D.; Pelcman, B.; Roenn, R.;
Lubriks, D.; Suna, E. 2-Aminobenzimidazole derivatives useful in the treatment of

inflammation. WO 2012/076672 A1, June 14, 2012.

Priepke, H.; Doods, H.; Kuelzer, R.; Pfau R.; Stenkamp, D.; Pelcman, B.; Roenn, R.;
Lubriks, D.; Suna, E. Imidazo[4,5-b]pyridine-6-carboxamides as anti-inflammatory agents.
WO 2012/076674 A1, June 14, 2012.

Zinatniskie raksti:

. Lubriks, D.; Sokolovs, I.; Suna, E. Iodonium Salts Are Key Intermediates in Pd-Catalyzed

Acetoxylation of Pyrroles. Org. Lett. 2011, 13, 4324-4327.

2. Lubriks, D.; Sokolovs, I.; Suna, E. Indirect C—H Azidation of Heterocycles via Copper-

Catalyzed Regioselective Fragmentation of Unsymmetrical A3-lodanes. J. Am. Chem. Soc.

2012, 134, 15436-15442.

Sokolovs, I.; Lubriks, D.; Suna, E. Copper-Catalyzed Intermolecular C-H Amination of
(Hetero)arenes via Transient Unsymmetrical A3-Iodanes. J. Am. Chem. Soc. 2014, 136,

6920-6928.



PROMOCIJAS DARBA GALVENIE REZULTATI

2.1. Mikrosomalas prostaglandina sintazes 1 (mPGES-1) inhibitoru izstrade

2004. Gada aptiekas partrauca tirgot vairakus pretiekaisuma lidzeklus, pieméram,
rofekoksibu, jo §1 preparata ilgstosa lietoSana daudziem pacientiem izraisija smagas, bieZi pat letalas
kardiovaskularas komplikacijas. Jaatzimé, ka rofekoksiba pardosanas apjomi 2003. gada sasniedza
2,5 miljardus ASV dolaru, liecinot par pretiekaisuma Iidzeklu augsto pieprasijumu. Lai aizstatu no
pardoSanas atsauktos preparatus, daudzas pasaules vadoSas farmaceitiskas kompanijas uzsaka

jaunas darbibas mehanisma pretiekaisuma lidzeklu izstrades petijumus.

2.1.1. Arahidonskabes metabolisms

Vairumam no misdienas lietotajam nenarkotiskajam pretiekaisuma, pretdrudza un pretsapju
zalvielam farmakologiskas darbibas mehanisms ir saistits ar prostaglandina PGE, veidoSanas
inhib&sanu. Prostaglandins PGE: ir nepiesatinatas taukskabes — arahidonskabes (AA) metabolits,
kur§ audos pastiprinati veidojas dazadu kaitigu faktoru (mehanisku, kimisku, termisku, neiralu vai
humoralu) ietekmé. Prostaglandina PGE; uzkraSanas audos ir saistita arT ar sapju raSanos, jo PGE:
paaugstina nociceptoru (sapju receptoru) jutibu pret kairinatajiem, Iidz ar to izsaucot hiperalgéziju.
PGE: Ietekmé notiek ar1 asinsvadu paplaSinasanas, palielinas kapilaru sieninu caurlaidiba, un rodas
tiska — pazimes, kuras raksturigas iekaisumam.' Tadg] prostaglandinu PGE: uzskata par iekaisuma
mediatoru.

Prostaglandina PGE: veidoSanos principa iesp&ams kavét dazados arahidonskabes
metabolisma posmos (1. att.). Pieméram, glikokortikoidi (prednizolons, metilprednizalons 2. att.) ar
proteina lipokortina-1 starpniecibu bloké Fosfolipazi A» (PLA»), tadgadi kavejot pasas
arahidonskabes veidoSanos. Vairums zalvielu tomér ir meérkétas uz ciklooksigenazu, seviski
iekaisuma jeb induc€jama izoenzima COX-2 inhib&Sanu (aspirins, paracetamols, nesteroidalie
pretiekaisuma lidzekli (NPL), pieméram, ibuprofens, diklofenaks ka ar1 t.s. koksibi — celekoksibs un
rofekoksibs; sk. 2. att.). Interesanti, ka COX-2 darbojas ka mPGES-1 kokatalizators un mediators.
Normalos fiziologiskos apstaklos mPGES-1 Iimenis ir loti zems. Turpretim, paaugstinoties COX-2
koncentracijai, attiecigi palielinas ari mPGES-1 koncentracija, kas nodroSina strauju PGE;
veidoSanos.

Bitiski, ka praktiski visam Iidz Sim lietotajam pretiekaisuma zalvielam raksturigas
ievérojamas blaknes. To cg€lonis ir citu arahidonskabes metabolitu — leikotrienu (LTA4),
tromboksana (TXA»2) un pargjo prostaglandinu (PGF2., PGD> un PGI) biosintézes inhib&Sana.
Arahidonskabes metaboliti ir bioregulatori daudzos fiziologiski svarigos procesos. Tie ietekmé

sirds-asinsvadu, gremosanas, elpoSanas un reproduktivo sistému, un to biosintézes kavesana var
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izraisit nevélamas fiziologiskas sekas. Interesanti, ka arahidonskabes metabolitiem bieZi ir pretéji
fiziologiskie efekti. Tromboksans A, (TXA») saSaurina asinsvadu sieninas un paaugstina arterialo
spiedienu, bet prostaglandins I> (PGI») izraisa pret&jo efektu — paplaSina asinsvadus. TXA> un PG>
antagonistiskie efekti izpauzas ari iedarbiba uz asins sarec€Sanu: TXA, ir spécigs trombocitu
agregacijas induktors, bet PGl kavé trombocitu agregaciju un adhéziju. Lidzigi, prostaglandini
PGF», un PGD; izraisa bronhu saSaurinasanos, bet prostaglandinam PGE; raksturigs bronholitiskais
efekts.
Citokini (IL-6, IL-1p) l

Membranu fosfolipidi

Glikokortikoidi s ‘
(PLA,)
5| Llpokslgenaze

Aspirins, paracetamols Arahidonskabe Leikotriéns A4 (LTA4)
nesteroidalie

pretiekaisuma lidzekli, ‘ Ciklooksigen
i IKlooksigenazes
koksibi COX-1 un COX-2
HO
coon (‘)HW =" coon Ej\/\/\/\(fOH
= - O =
o OH 5

Tromboksans A; (TXAy)

Prostaglandins D, (PGD) Prostaglandins H, (PGH,)
HO

/ mPGES-1
mPGES-Z <=
/z\\coo"' cPGES
% -“\\:/\/\COOH
NS
/ \—/\/\COOH HO: E)H
HO OH -

Prostaglandins F; (PGF5,)
Prostaglandins I, (PGl,)
Prostaciklins Prostaglandins E; (PGE;)

1. att. Arahidonskabes metabolisms

Ar prostaglandina PGE; biosintézes neselektivo inhib&Sanu saistitas blaknes ir bijuSas par
celoni vairaku plasi lietotu pretiekaisuma un pretsapju zalvielu atsaukSanai no tirgus. Pieméram,
2004. gada aptiekas partrauca tirgot COX-2 inhibitoru rofekoksibu, jo daudziem pacientiem $§1

preparata ilgstoSa lietoSana izraisija smagas, bieZi pat letalas kardiovaskularas komplikacijas.
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2. att. Reprezentativi pretiekaisuma Iidzekli

Arahidonskabes metabolisma kaskades analize (1. att.) rada, ka iekaisuma mediatora PGE;
biosintézi var inhib&t selektivi, iedarbojoties uz mPGES-1. PGES Fermentu grupu veido citosola
lokaliz&tais ferments cPGES un membransaistitie proteini mPGES-1 un mPGES-2, kuri katalize
PGH; parvérsanu par PGE,. Jaatzime, ka cPGES un mPGES-2 ir pastavigi funkciongjosSie enzimi,
kuri nodro$ina homeostatisko PGE; Iimeni. Turprett mPGES-1 sintaze ir induc€jamais enzims, kura
pastiprinatu ekspresiju izraisa COX-2 limena paaugstina$anas iekaisuma faktoru ietekmé.> Tapéc
mPGES-1 ir piem@rots terapeitiskais merkis pretiekaisuma, pretdrudza un pretsapju zalvielu
izstradei.’

Cilveka mPGES-1 sintazes un glutationa (GSH) kompleksa struktiira ir noteikta ar
rentgenstruktiiras difrakcijas metodi (3.5 A izskirtsp&ja).* Cilvéka mPGES-1 sastav no 3 vienadam
subvienibam, un katru subvienibu veido 4 transmembranas spirales. Kompleksa uzbiives
noskaidro$ana lava izprast mPGES-1 lomu PGH; parvertiba par PGE». Ta, sakotn&ji notiek GSH
tiolata anjona uzbrukums PGH endoperoksida C-9 skabeklim. Uzbrukumam seko protona parnese
no mPGES-1 sintazes (Arg—126) uz C-11 skabekli, un veidojas hidroksilgrupa. Kaskades reakcijas
nosléguma mPGES-1 sintaze (Arg—126) deprotoné C-9 oglekli, veidojot ketonu un regenergjot
GSH tiolata anjonu (3. att.).*

mPGES-1 PGH, mPGES-1 mPGES-1 PGE,

GSH=Glutations

3. att. Postuletais mPGES-1 katalizétas PGE» veidoSanas mehanisms



Uz PGE; biosintézes mehanismu tika balstits vairaku mPGES-1 inhibitoru dizains.
Piem&ram, prostaglandinam PGH; strukturali Iidzigaja modificétaja taukskab& 1 peroksida cikls
aizstats ar biciklu (4. att.).> Tomér lielakajai dalai no mPGES-1 inhibitoriem nav acimredzamas
strukturalas lidzibas ar endogéno substratu PGH,. Starp visplasak sastopamajiem mPGES-1
inhibitoru strukttirelementiem jaatzimé indola un tam radnieciga tienopirola heterocikli (Kanadas
firmas Merck Frosst raditais indola atvasinajums 2,° Italijas uznémuma Aziende Chimiche Riunite
izstradatais savienojums 3,” Zviedrijas uznémuma Biolipox(Orexo) un Latvijas OSI kopigi
izstradatie indols 4% un tienopirols 5),” 2-arilimidazoli un 2-arilbenzimidazoli (imidazols 6,
Vacijas uznémuma Boeringer-Ingelheim raditais diarilimidazola atvasinajums 7,!! benzimidazols
8!2), ka arT sulfonamida funkcionalo grupu saturo§i mPGES-1 inhibitori (Zviedrijas uznémuma
ASTRA ZENECA izstradatais bis-sulfonamids 9'° un Biolipox(Orexo)/LOSI raditais bis-sulfonamids
10).'# Starp patent&tajiem mPGES-1 inhibitoriem japiemin arT tre3aja klinisko petTjumu faze esosais
licofelons 11,'° karbazola atvasinajums 12,' 2,4-dihidro-pirazolons 13,7 pirimidina atvasinajums
14,'® tienilkarbonskabes amids 15, Zviedrijas kompanijas NOVA-SAID izstradatais izoftalskabes

diamids 16?° un benzoksazols 17%! (4. att.).

4. att. Patentétic mPGES-1 inhibitori

2.1.2. Farmakoforais modelis

Lai paatrinatu zalvielu izstradi un paaugstinatu sint€zes darba mérktiecibu, medicinas kimija
plasi izmanto datormodeléSanu. Datormodeli lauj kvantitativi paredzét kimisko savienojumu un
mérkproteina saistibas efektivitati un sniedz informaciju par mérkproteina—liganda mijiedarbibas

telpiskajiem, fizikalajiem un kimiskajam raksturlielumiem. Datormodelu izstradei visbiezak

12



izmanto savienojuma receptorsaistibas (aktivitates) raksturlielumus, kurus korelé ar savienojuma
trisdimensiju struktiru vai specifiski izvéleétiem struktiirelementiem, izmantojot matematiko
statistiku. Sadi iegiist t.s. kvalitativos struktiiras-aktivitates kopsakaribu (Quantitative Structure-
Activity Relationship jeb OSAR) modelus. QSAR apzimgjums biezi tiek lietots plasaka nozimé, ar to
apzimgjot jebkuru ,,struktiiras-ipaSibas” modeli. Starp plasak lietotajiem QSAR modeliem ir t.s.
farmakoforie modeli, kuri Tpasi noderigi nenoskaidrotas strukttiras meérkproteinu gadijuma.
Farmakofora modela strukturelements ir farmakofors — zalvielas fragments vai funkcionala
grupa, kura nodro$ina receptorsaistibu. Pieméram, farmakofors var biit spirta vai amina funkcionala
grupa, aromatiskais cikls vai karboksilata anjons. Katra farmakofora (un ari zalvielu molekulas)
steriskas un elektroniskas 1pasibas apraksta ar deskriptoriem. Deskriptors ir, pieméram, Gidenraza
saites donora vai akceptora veidoSanas virziens, hidrofobas virsmas laukums, aizvietotaja
dipolmomenta veérsums, 1adins, rezonanses formas, aromatiskas m-sist€mas esamiba u.c. funkcijas.
Vienam farmakoforam parasti cenSas atrast p&c iesp&jas vairak dazadu deskriptoru, lai ar
matematiskas analizes palidzibu atrastu visam analiz€jamajam zalvielu molekulam kopigos
deskriptorus. Piem@ram, aromatiska m-sist€mas esamiba ir deskriptors. Tomér zinams, ka
aromatiskiem gredzeniem piemit hidrofobas ipaSibas, tadeél aromatiskajos gredzenos ka papildus

deskriptors tiek izmantota hidrofoba virsma (5. att.).

5. att. Farmakoforais modelis (aromatiskiem gredzeniem pievieno hidrofobo 1pasibu; zalas-
hidrofobas, sarkanas-protonu akceptoras, zilas-protonu donoras Ipasibas, oranzas-aromatiska -
sist€mas esamiba)

Farmakofora modeli parasti generé, izmantojot ligandu kopumu ar eksperimentali ieprieks
noteiktu afinitati pret meérkproteinu. Viss ligandu kopums tiek nejausa kartiba sadalits divas grupas:
darba grupa un testa grupa (fraining set). Grupas var biit gan skaitliski vienadas, gan atskirigas.
Darba grupu izmanto, lai izveidotu farmakoforo modeli, bet testa grupu — lai parbauditu izveidota
modela sp&ju prognozet afinitati. Sakotngji katrai darba grupas molekulai tiek aprékinatas zemakas
energijas konformacijas, kuras pienem par bioaktivajam konformacijam. Turpmaka modela

izstrades merkis ir atrast péc iesp&jas vairak deskriptorus, kuri raksturigi visiem aktivajiem
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ligandiem, bet iztriikst visam darba grupas neaktivajam molekulam. Modela izstrades gaita tiek
generétas daudzas farmakoforu modelu hipotézes, kuru precizitates parbaudei izmanto testa grupu.
Vislabakas farmakofora modela hipotézes sp€j pareizi prognozet testa grupa esoSo molekulu
saistibas afinitati 70-85% gadijumos, un tas ir loti labs raditajs. Izveidoto farmakoforo modeli talak

pielieto, lai prognozetu konstrug€jamo ligandu saistibas afinitati.

2.1.3. mPGES-1 Inhibitoru struktiiras-aktivitates likumsakaribu pétijjumi. Pirmas paaudzes
farmakoforais modelis

Jaunu patentspgjigu mPGES-1 inhibitoru izstrades programmas pamata bija plasas
savienojumu bibliote€kas (~ 2 milj. individualu kimisko vielu) skrininga rezultata atrasts aktivs
savienojums (hit) — aciléts aminometilanilins 19 ar IC50=832 mM inhibg&joso aktivitati pret mPGES-
1 (6. att.). Augstas caurlaides sp&jas skrinings tika veikts Vacijas uznemuma Boehringer Ingelheim.
Lai atvieglotu un paatrinatu jaunu mPGES-1 inhibitoru izstradi un paaugstinatu sintézes darba
mérktiecibu, aktiva savienojuma attistiSanai par t.s. ,lidersavienojumu” jeb ,hit-to-lead”
programmai nolémam pielietot kompleksu pieeju: tradicionalos struktiiras-aktivitates likumsakaribu
(SAR) pétijumus apvienojam ar datormodeléSanu. Ta ka darba uzsakSanas bridi triikka informacijas
par savienojuma 19 saistibas vietu ar enzimu, ka arT par mPGES-1 un liganda-enzima kompleksa
uzbiivi, no plasa QSAR datormodelu klasta izvelgjamies farmakoforo modeléSanu, kura ipasi
noderiga nenoskaidrotas strukttiras mérkproteinu gadijuma. Farmakofora modela izmantosana lauj

prognoz€t inhib&joso aktivitati un sniegt informaciju par enzima—liganda mijiedarbibu.

N
Cl

0]
O

<y

H 19

6. att. Savienojumu bibliotekas aktivitates parbaudé atrastais aktivais savienojums 19

Farmakofora modela izstradei nepiecieSams strukturali daudzveidigs ligandu klasts ar
eksperimentali noteiktu katra liganda afinitati pret mérkproteinu. Tadel sakotngji sintez&jam plasu
liganda 19 analogu klastu ar dazadiem aizvietotajiem R!, R? un R? centralaja gredzena. Kopuma
sintez&jam 120 savienojumus, kuriem noteikta inhibgjosa aktivitate pret mPGES-1 bija robezas no
ICso=1 uM Iidz pat 1Cs50=60 uM. Visaktivakie ligandi ar submikromolaro inhib&joSo koncentraciju
saturgja 2-aminooksazola, 2-aminobenzoksazola un 2-aminobenzimidazola struktiirelementus (7.

att.).
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7. att. Farmakofora modela izveidei un sakotngjiem SAR pétijjumiem sintez€tie savienojumi

No sintezéta 120 savienojumu klasta 60 savienojumi bija neaktivi (ICs0>10 pM), 35
savienojumiem piemita vid€ja inhibgjosa aktivitate (ICso robezas no 1 lidz 10 uM), bet 25 ligandi
bija aktivi, jo to inhib&josa aktivitate bija zemaka par 1 uM. Farmakofora modela darba datubazes
izveidei izvelgjamies 15 visaktivakas struktiiras un 15 visneaktivakas. Ar Schroedinger Suite 2012
programmu izvélétajiem 30 savienojumiem aprékinajam zemakas energijas konformacijas un
veicam aprékinato struktiiru savietoSanu, izmantojot Schroedinger programmu paketé iebiivéto

Maestro 9.3 superpozicijas funkciju (8. att.).

8. att. Vairaku darba datubazes struktiiru superpozicija

Talak, izmantojot Phase 3.7 moduli, katram savienojumam atradam farmakoforus, kuru
pasibas aprakstam izmantojam deskriptorus (9. att.; ligandam 20 automatiski generétais deskriptoru

komplekts att€lots struktiira 2A). Phase moduli iebuvétais deskriptoru redaktors lauj mainit gan
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programmas generétos deskriptorus, gan ari pievienot jaunus. Aromatiskiem gredzeniem piemit
hidrofobas 1pasibas, un, lai uzlabotu aromatiska gredzena farmakofora efektivitati, ta raksturoSanai
pievienojam hidrofobitati ka jaunu deskriptoru (9. att., struktira 2B). P&c darba datubazes

skengSanas ieguvam jaunu datubazi ar savienojumu farmakoforiem un to deskriptoriem.

9. att. Ligandam 20 atrastie deskriptori (zala krasa—hidrofobitate, sarkana—protonu akceptors, zila—
protonu donors, oranza-aromatiska m-sisteéma)

Péc farmakoforu deskriptoru gener&Sanas veicam statistiskos aprékinus, lai atrastu péc
iesp&jas vairak deskriptorus, kuri raksturigi visiem aktivajiem ligandiem, bet iztriikst visam
neaktivajam molekulam. Modela izstrades gaita tika generétas 240 farmakofora modela hipotgzes.
Talak modelu hipotéz€m parbaudijam sp&ju prognozet savienojumu aktivitati, proti, sp&ju sadalit
visus 120 sintez€tos savienojumus 3 grupas: aktivajos, vidgji aktivajos un neaktivajos
savienojumos. Jo lielaks ir aktivo savienojumu skaits, kuriem farmakoforu ipasibas (radiuss,
vektors, tilpums) sakrit ar analiz€jama modela attiecigo farmakoforu 1pasibam un jo mazaka ir
vidgja kvadratiska novirze no modela, jo labaks ir modelis. Parbaudes rezultata nonacam pie
farmakofora modela, kur§ balstas uz cetriem farmakoforajiem punktiem: vienu Udenraza saites
donoru un trijam hidrofoba tipa mijiedarbibam (10. att.). Atrastais farmakofora modelis sintez€to
120 savienojumu klasta identificgja visus 25 aktivos savienojumus, tos atlasot no neaktivajiem un
vidgji aktivajiem. Tomér modelis nepareizi prognozgja 17 vidgjas aktivitates savienojumus un 5

neaktivos savienojumus.
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10. att. Pirmas paaudzes farmakoforais modelis

2.1.4. Otras paaudzes farmakofora modela izstrade

Izveidota farmakofora modela precizitates uzlaboSanai nolémam ieviest papildus
farmakoforus. Modela pilnveidoSana lautu precizak atlasit neaktivus un vid&ji aktivus ligandus.
Jaunu farmakoforu identifice€Sana biitu javeic heterocikla (benzimidazola, benzoksazola) dala, kura
actmredzami triikkst farmakoforo punktu (10. att.). Turklat SAR likumsakaribu analize liecina, ka 2-
aminobenzimidazola vai 2-aminobenzoksazola struktirelementa ievadiSana lauj iegiit mPGES-1
inhibitorus ar submikromolaru aktivitati (7. att.). Tad€] turpmakaja p&tijumu posma pieveérsamies
benzazolu heterociklus saturosu ligandu sintézei.

Sintezgjot virkni 2-aminobenzimidazolu 21-34, noskaidrojam, ka lipofilu aizvietotaju
ievadiSana benzimidazola 5. stavokli heterocikla uzlaboja mPGES-1 inhib&oSo aktivitati
(savienojumi 23-24, 32-34 salidzinajuma ar neaizvietoto benzimidazolu 21; sk. 11. att). Polara
slapekla atoma ievadiSana benzimidazola 5. pozicija samazinaja inhib&joSo aktivitati (savienojums
25), bet benzimidazoli ar slapekla atomu 4. pozicija saglabaja augsto inhib&joSo aktivitati
(savienojums 26, 11. att.). Noskaidrojam, ka tdenraza saites donora klatbiitne benzimidazola
fragamenta neietekmé inhib&oSo aktivitati, kura N-H benzimidazoliem 21, 24 un to

struktiiranalogiem — N-metilbenzimidazolam 28 un benzoksazoliem 29-30 praktiski ir vienada.
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11. att. mPGES-1 inhibitoru strukturas-aktivitates likumsakaribas benzazolu 21-34 rinda

Telpiski lielaku lipofilo aizvietotaju ievadiSana benzimidazola kopuma saglabaja augsto
inhib&joso aktivitati (savienojumi 36, 40), liecinot par to, ka benzimidazolu 5. un 6. pozicijas
apgabala enzima aktivaja centra ir salidzinosi liela telpiska briviba (11. att.). Polarie heteroatomi
ievérojami samazina inhib&joso aktivitati (savienojumi 37, 39 salidzinot ar 36, 38 un 40), kas

liecina par Saja apgabala domingjoSo lipofilo sadabibu starp ligandu un mPGES-1.
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12. att. mPGES-1 inhibitoru strukturas-aktivitates likumsakaribas aminobenzimidazolu 35-40 rinda
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Saskana ar pirmas paaudzes farmakofora modela hipotézi (10. att.) slapekla atoma tiltins
starp centralo benzola gredzenu un benzimidazola heterociklu nav farmakoforais elements, un tapec
ta aizvietojuma pakapei nebttu jaietekmé mPGES-1 inhib&josa aktivitate. Lai parbauditu
farmakofora modela pareizibu, otr€jo amina grupu tiltina nolémam aizstat ar tre§€jo amina grupu,
ka arT ar ketogrupu. DiemzZ€l sintezetais treS€jais amins 41 izradijas arkartigi nestabils, un reakcija
ar gaisa mitrumu tas spontani sadalijas par N-metilanilinu 42 un N-metilfenileéndiaminu (13. att.).
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13. att. Aminobenzimidazola 41 sadaliSanas

Savukart ketogrupas tiltinu saturoSie savienojumi ir stabili, turklat tie nodroSina nanomolara
Itmena inhib&Sanas aktivitati (14. att.), kas apstiprina 1. paaudzes farmakofora modela pareizibu:
tiltin$ starp centralo gredzenu un benzimidazola fragmentu nenodroSina receptorsaistibu un, tatad,
nav farmakoforais elements. Aktivakie serijas savienojumi satur izteikti lipofilus aizvietotajus

benzimidazola gredzena 43-48 (14. att.).
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14. att. Ketoatvasinajumu 43-48 mPGES-1 inhibitora aktivitate

Diemzgl vairumam ketoatvasinajumu (14. att.) piemit zema in vitro metaboliska stabilitate
(tin no 2 lidz 15 miniitém), tapéc ketogrupu saturoSie inhibitori talakajos peétijjumos netika
izmantoti. Zema metaboliska stabilitate raksturiga ar1 vairakiem aminobenzimidazola

atvasinajumiem, piem&ram, savienojumiem 26 (¢#12=1 min), 30 (#12=7 min), 31 (#12=5 min), 34
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(t12=6 min), 35 (ti2=7 min), 40 (t12=7 min) un 43 (t;>=4 min). Tika noskaidrots, ka zema

metaboliska stabilitate saistita ar 1-metilcikloheksilgrupas oksideésanos. Aktivakie no sintez&tajiem

attela.
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15. att. mPGES-1 inhibitori 49-58 ar paaugstinatu metabolisko stabilitati

Pirmas paaudzes farmakofora modela optimizacijai tika izmantoti visi papildus sintezetie
mPGES-1 inhibitori, kopskaita vairak neka 180 savienojumu. P&c papildus farmakoforu deskriptoru
generésanas un statistiskajiem aprékiniem ieguvam 35 farmakofora modela hipotézes. No tam par
otras paaudzes farmakoforo modeli tika izv€leta hipoteze ar 5 farmakoforiem: vienu fidenraza saites
donoru un ¢etram hidrofobam mijiedarbibam (16. att.). Otras paaudzes modelis sp€ja ieveérojami
precizak atlasit aktivakus savienojumus no neaktiviem, tomer 4 vidgi aktivi un 1 neaktivs
savienojums tika prognozeti kludaini. Farmakofora modela talakai uzlaboSanai izvélg€jamies
nesarezgit modeli ar papildus farmakoforiem, bet izmainit esoSo farmakoforu sféru radiusus.
Parbaudot dazadus farmakoforu sféru radiusus, atradam, ka lipofilo farmakaforu radiusu
palielinasana par 0.3 A (no 1.0A uz 1.3A) un neliela attadlumu izmaini$ana starp farmakoforiem lava
izveidot modeli, kur§ veiksmigi un gandriz kvantitativi spgj atlasit aktivus savienojumus no

neaktivajiem un vidgji aktivajiem (16. att.).
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16. att. mPGES-1 inhibitoru otras paaudzes farmakoforais modelis

Farmakoforais modelis uzskatami rada, ka mPGES-1 enzima aktivaja centra benzimidazolu
5. un 6. pozicijas apgabala ir salidzino$i maz telpisko apgrutinajumu. Tas pavéra celu savienojumu
inhib&Sanas aktivitates talakajai paaugstinaSanai, ievadot benzimidazola heterocikla 5. un 6.
stavoklos steriski lielus hidrofobus aizvietotajus. Pamatojoties uz So atzinu, izveidojam plasu
hipotétisku inhibitoru strukttiru klastu, kuru ievietojam otras paaudzes farmakoforaja modeli. Starp
hipotétiskajam struktiiram augstu aktivitati farmakoforais modelis prognoz€ja benzimidazola
atvasinajumiem ar konformacionali ierobezotu amida grupu benzimidazola gredzena 5. stavoklt
(savienojumi 59-63, 17. att.).

Visi savienojumi ar augstu prognozeto aktivitati tika sintezeti, un eksperimentali noteiktas

loti augstas inhib&josas aktivitates (17. att.) apstiprindja otras paaudzes farmakofora modela
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17. att. Amida grupu saturosSie benzimidazolu rindas mPGES-1 inhibitori 59-63
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Turklat jaatzime, ka, atSkiriba no ieprieks iegiitajiem aktivakajiem inhibitoriem 45, 47 un
64, amida grupu saturoSiem benzimidazola atvasinajumi 60-63 saglaba augstu inhib&joso aktivitati
ar1 cilveka seruma albumina klatbiitne ("A549+50% HSA” tests) un cilvéka pilnasinu parauga
klatbtutne ("hWB” tests) (18. att.). Tas liecina, ka savienojumiem 60-63 ir ievérojami zemaka

afinitate pret asins plazmas proteiniem un, tatad, potenciali augstaka biopieejamiba.
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18. att. Izveletu mPGES-1 inhibitoru aktivitate asins seruma un pilnasinu parauga klatbtitné

Aktivako amidu 61-62 striikktiiras papildus optimizacija lava uzlabot gan inhibitoras
aktivitates asins seruma un pilnasinu parauga klatbuitn€, gan ari biitiski paaugstinat savienojumu
metabolisko stabilitati. Darba rezultata tika izveidoti Cetri Iidersavienojuma kandidati 6568 talakai

izmantoSanai in vivo pétijumos (19. att.).
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Met. stab.: >90 min Met. stab.: t1/,>90 min Met. stab.: >90 min Met. stab.: 70 min

19. att. Identificetie lidersavienojumu kandidati mPGES-1 inhibitoru rinda
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2.1.5. mPGES-1 inhibitoru sintéze

Jaunu mPGES-1 inhibitoru sintézi balstijam uz bavbloku stratégiju. Bavblokus izvéléjamies
ta, lai inhibitora molekulas optimiz€jama struktirelementa modifikaciju varétu veikt sintézes
nosléguma posma. Ta ka inhibitoru struktiiras modifikacijas neskara centralo benzilamina
struktiirelementu, bet bija verstas galvenokart uz aizvietotaju R!, R? R3? un R* varié$anu, inhibitoru
sintézei sakotn€&ja aktiva savienojuma optimizacijas posma izmantojam 3 pamatbiivbloku tipus: A,

B un C (20. att.).
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20. att. Pamatbiivbloku veidi aktivas vielas 19 analogu sintézei

Biivblokus A un B ieguvam no komerciali pieejamiem 3-nitrobenzonitriliem 69. Nitrilu
reducgjot ar boranu, ieguvam benzilaminus 70, kurus talak parveértam par N-metilatvasinajumiem
71, deprotongjot ar NaH un alkil§jot ar Mel. Aminus 70, 71 acilgjam ar skabju hloridiem un
nitrogrupu amidos 72 reducgjam ar dzelzi etanola un piesatinata NH4Cl tidens $kiduma maisijuma
(21. att.). legiitos anilinu biivblokus A talak izmantojam 17 inhibitoru sintézei (22. att.). Savukart
anilinu A reakcija ar tiokarbonildiimidazolu ieguvam izotiocianatu biivblokus B, no kuriem
pagatavojam 166 mPGES-1 inhibitorus (23. att.). Biivblokus C sintez€jam palladija kataliz€taja
metoksikarboniléSanas reakcija no brombenzoliem 73, kurus ieguvam reducésanas un sekojosajas
N-acilésanas reakcijas no cianobenzoliem 74, vai arl brombenzola 76 Manniha-tipa reakcija ar
amidu 77 un sekojosu trifluoracetamida SkelSanu/N-aciléSanu (21. att.). No biivblokiem C ieguvam
35 mPGES-1 inhibitorus (25. att.). Kopuma no 3 pamatbtuvblokiem A, B, un C tika sintezeti 218
mPGES-1 inhibitori.
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21. att. Pamatbtivbloku A-C iegtiSana

Bivbloku A izmantojam o,f-nepiesatinato karbonskabes amidu 79, attiecigo reducéto
atvasinajumu 80, diarilaminu 83 un N-cianoguanidinu 86 iegiiSanai (22. att.). a,f-Nepiesatinatos
amidus 79 sintez&jam buvbloka A reakcija ar akroilhloridu un sekojosaja palladija katalizéta Heka
reakcija ar arilbromidiem. Palladija kataliz€ta hidrogenéSana no a,f-nepiesatinatajiem amidiem 79
ieguvam amidus 80. Aminopiridina atvasindjumi tika iegtiti buivbloka A reakcija ar 2-hlor-5-
nitropiridinu 81, sekojoSaja nitrogrupas reducé$ana un, visbeidzot, reduc€josas aminésanas reakcija
ar dazadiem aldehidiem. Savukart aizvietotus N-ciano-guanidina atvasinajumus 86 sintez&jam
buvbloka A reakcija ar N-ciano-S,S-dimetilditioimido-karbonatu 84 NaH klatbiitng, S-
metiltiourinvielas starpsavienojumam 85 talak reaggjot ar dazadiem alifatiskajiem aminiem (22.

att.).
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22. att. mPGES-1 inhibitoru iegtiSanas shéma no biivbloka A

Biivbloks B tika izmantots tiourinvielu 94 un to bioizostéru — diamino-nitroetenu 93
sintézei, 2-aminotiazolu 90 ka ari 2-aminobenzoksazolu 87 un 2-aminobenzimidazolu 88, 89
legiiSanai (23. att.). Ta, nitrometana anjona pievienoSanas izotiocianatam un sekojoSaja S-
metiléSana tika iegiits 2-(nitrovinil)anilins 92, kura reakcija ar dazadiem alifatiskajiem aminiem,
veidojas mérksavienojumus 93. Biivbloka B reakcija ar aminiem veidojas tiourinvielas 91, kuras
reakcija ar [J-bromketoniem parvértam par aminotiazoliem 90. Visbeidzot, biivbloka B reakcija ar
buvbloku D (aizvietotajiem orto-feniléndiaminiem, orto-aminofenoliem, 2,3-diamino— un 3,4-
diaminopiridiniem, sk. 5. att.) ieguvam attiecigas tiourinvielas, kuras neizdalot ciklizéjam EDCI

klatbiitn€ par aizvietotiem 2-aminobenzoksazoliem 87 un 2-aminobenzimidazoliem 88, 89 (23. att.).
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23. att. mPGES-1 inhibitoru iegiiSanas shéma no biivbloka B

Bivbloku D sintez€jam no aizvietotiem 2,4-difluor-nitrobenzoliem 94 (24. att).

Nitrobenzola 94 orto-fluora atoma selektivu aizvietoSanu ar dazadiem aminiem vai alkoksidiem

veicam zemas temperatiras (—30 °C). Savukart otra fluora atoma aizvietoSanai ar dazadiem

nukleofiliem bija nepiecieSama paaugstinata temperatiira. Nitrogrupu reducgjam ar dzelzi amonija
hlorida skiduma (24. att.).
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24. att. Buvbloku D iegiiSana.

Biivblokus C un D izmantojam ketogrupu saturoSu mPGES-1 inhibitoru sintézei. Orto-
feniléndiaminus reakcija ar trimetilortoformiatu parvértam par benzoksazoliem 97, kuru 2. pozicija

ar LDA ievadijam litiju un pievienojam esteriem 98 (25. att.).
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25. att. mPGES-1 inhibitoru iegtiSanas shéma no biivblokiem C un D.

2.2. Sintézes metoZu izstrade zalvielu molekulu ,,vélinai modifikacijai”

Zalvielu molekulu dizaina plass pielietojums ir ,,v€linas modifikacijas” pieejai, kura paredz
strukturalo daudzveidibas ievieSanu pétamaja bazes struktiira sint€zes beigu posma. Pieeja lauj
ievérojami paatrinat struktiras-aktivitates likumsakaribu pétijumus un racionalizét sint&tisko darbu.
Potencialo zalvielu molekulu ,,vélinam modifikacijam” konceptuali vispiem&rotakas ir sintezes
metodes, kuras lauj ievadit vElamo aizvietotdju (potencialo farmakoforu) optimiz€jamaja
pamatstruktira tieSi bez tas iepriekS€jas funkcionaliz€Sanas. Piemé&ram, tradicionala pieeja
aromatisko un heteroaromatisko aminu veidoSanai paredz sakotn&ju halogéna atoma vai analogas
funkcionalas grupas (Cl, Br, I, OTf, OMs) ievadiSanu cikla un sekojoSu tas apmainu pret amina
grupu. TieSa, nepastarpinata aminogrupas ievadiSana aromatiskaja vai heteroaromatiskaja cikla (C—
H saisu funkcionalizacijas celd) lautu ne tikai saisinat sint€zes celu, bet ar risinat funkcionalo grupu
savietojamibas problému. Piem&ram, tieSas C—H aminéSanas metodes visbiezak neskar molekula
esoSus halogéna atomus. Tai pat laika bitisks tiesas C—H funkcionalizéSanas metodes trikums ir
zema regioselektivitate, jo aromatiskajos vai heteroaromatiskajos savienojumos ir vairakas
potenciali funkcionalizé§jamas C-H saites. C—H SaiSu funkcionalizé$anas regioselektivitates
nodroSinasanai visbiezak izmanto t.s. ,,virzo$as grupas” — aizvietotajus, kuri nodroSina orfo-vai
meta-pozicijas esoSu C-H saiSu aktivéSanu.???3 | Virzo3as grupas” péc aizvietotdja ievadiSanas
visbiezak jaaizvac, kas daudzos gadijumos nav trivials uzdevums. Promocijas darba ir piedavata
alternativa C—H aktivéSanas piecja, kura C—H saiSu funkcionalizé$anas regioselektivitati kontrole
substrata reagétsp&ja elektrofilas aromatiskas aizvietoSanas apstaklos. Attiecigi C—H aktivésana
notiks elektrofilakaja aromatiska vai heteroaromatiska cikla pozicija, un reakcijai nav nepiecieSama
,virzosa grupa”. Sada pieeja biezi nodrosina no ,virzitas” C—H funkcionalizé$anas atskirigu
regioselektivitati, un tapéc ta ir nozimiga komplimentara metode ar potenciali plasu pielietojumu
zalvielu molekulu ,,vélinajai modifikacijai”. Elektroniem bagatu aromatisko un heteroaromatisko

ciklu C-H aktivé$sanas metodologijas izstradi nolémam balstit uz hipervalento joda(III)
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savienojumu kimiju. Ka petijumu mérki izvélgjamies medicinas kimijai svarigu C—H aminéSanas un

C—H oksidésanas metozu izstradi.

2.2.1. Hipervalenta joda(III) kimijas pamatprincipi.

Hipervalentos joda savienojumus veido trisvertigs jods un tris ligandi. Ja divi no ligandiem
ir aromatiskie savienojumi, tos sauc par diariljodonija saliem. Termins ,,jodonija sali” ir neprecizs,
jo ,onija saliem”, pieméram, amonija un sulfonija saliem raksturiga tetracdriska geometrija.
Turpreti joda(IIl) savienojumiem raksturiga T-veida geometrija (pseidotrigonala bipiramida), kuru
nosaka divas atSkirigas kimiskas saites jodanos. Saite starp ekvatoriali novietoto ligandu un
joda(Ill) atomu ir kovalenta c-saite, bet saite starp aksialajos stavoklos novietotajiem ligandiem un
joda centru ir t.s. hipervalenta saite (26. att.). Uzskata, ka hipervalentajiem joda(IIl) savienojumiem
T-veida geometrija saglabajas arT $kidumos, un tadél joda(IIl) savienojumus pareizak biitu saukt par
/3-jodaniem un attiecigi diariljodonija salus 100 par diaril-4*-jodaniem.

R
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TG = O8 — O
L S A

diaril-23-jodans
X=Cl, Br, I, OTf, OTs, BF,

\ G/

tetraedra geometrija
diariljodonija sals

26. att. Diaril-4*-jodani.

Hipervalento saiti veido 2 elektroni no joda 5p orbitales un pa vienam elektronam no katra
liganda. Lidz ar to hipervalentajai saitei raksturiga 4 elektronu tris centru konfiguracija, un ta ir
lineara. Hipervalentas saites divas zemakas energijas orbitales, saiti veidojo$a un nesaistoSa
orbitale, ir aizpilditas. Uz centrala joda atoma ir gandriz vienu vienibu liels pozitivs dallading
(o1=+1),2* bet uz aksiali novietotajiem hipervalentas saites ligandiem ir negativs dalladins. Sadu
ladinu sadalfjumu sait€ nosaka mezgla punkts (node) aizpilditas nesaistosas orbitales centra.
Pozitivais dalladin$ uz joda atbildigs par aril-A3-jodanilaizvietotaja izteikti elektrofilo raksturu. Ta,
fenil-A3-jodanilgrupa Ph(BF4)I* induktivi ir loti spéciga elektronakceptora grupa (o1 = 1.34). Tas
aizvietotaja induktivais efekts ir salidzinams ar diazonija saliem N>"-BF4 (o1 = 1.48), un tas ir pat
specigaks neka nitroaizvietotajam (o1 =0.64). Stipri polarizéta hipervalenta saite nosaka

viselektronegativako ligandu novietojumu aksialajos stavoklos (hipervalentas saites galos). Paradits,
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ka aksialos stavoklos esoSu ligandu Hammeta aizvietotaju indukcijas konstantes tiesi korelé ar 13-

jodanu stabilitati: jo augstaka ligandu elektronegativitate, jo stabilaks ir A*-jodans.?

aksialais __,61_"]/_'_8_ CQACAC>D  —  irdinosa orbitale
stavoklis X:Jr QO - CA % nesaisto$a orbitale
) OCAS>OOD 1 saiti veidojosa orbitale
L—I——1L

ekvatorialais
stavoklis (]

27. att. Hipervalenta orbitale A’*—jodanos.

Hipervalento savienojumu elektroniskas struktiiras att€loSanai biezi izmanto [N-X-L]
apzim&jumu, kur N ir elektronu skaits, kas formali pieder centralajam atomam X, bet L ir
centralajam atomam piesaistito ligandu skaits. Attiecigi A3-jodani ir [10-1-3] dalinas, bet ariljodonija
sali ir savienojumi ar [8-I-2] konfiguraciju.

/3-Jodaniem raksturigas divas pamatreakcijas: ligandu apmaina, kura neietekmé joda(III)
oksidesanas pakapi un reducgjosa eliminéSanas, kuras rezultata A3-jodans reducgjas lidz jodidam.
Pateicoties joda(Ill) jona elektrofilajam raksturam, A3-jodani reagé ar dazadiem nukleofiliem.
Nukleofils uzbriik C-I saites irdino$ajai 6* orbitalei A3-jodana 101, un veidojas trans-tetrakoordingts
jodats 102 [12-1-4] (28. att.). Trans-jodats 102 izomerizgjas par cis-jodatu 103, un heteroatoma
liganda L disociacijas rezultata veidojas jauns hipervalenta joda savienojums 104. Ligandu apmaina

ir atra un apgriezeniska. Jodans 104 var staties art talakaja ligandu apmainas reakcija.
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28. att. Ligandu apmaina A3>—jodanos.

Par nukleofilu reakcija ar elektrofilo aril-A>-jodanu 101 var kalpot ari elektroniem bagats
(hetero)aromatiskais cikls. Pieméram, diacetoksijodbenzols (PhI(OAc),) 105 reagé ar anizolu,
veidojot nesimetrisko diaril-A*-jodanu 106 (29. att.). Lai gan formali jodana 106 veidoSanas notiek
saskana ar elektrofilas aromatiskas aizvietoSanas SgAr jeb Fridela-Kraftsa (Friedel-Crafis)
mehanismu, padzilinati petijumi, izmantojot elektronu paramagnétiskas rezonanses metodi, liecina
par sakotn€ju katjonradikala 107 veidoSanos viena elektrona parnesé (SET) no elektroniem bagata

aréna uz elektrofilo joda(III) centru (29. att.).2¢
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29. att. Diaril-13>-jodanu veidoSanas Fridela-Kraftsa tipa reakcija.

No sintétiska viedokla vissvarigaka A*-jodanu, Tpasi diaril-1*-jodanu, reakcija ir reducgjosa
elimingSanas, kuras rezultata starp diviem diaril-A*-jodana ligandiem (nukleofilo ligandu un
arilligandu) veidojas saite, bet hipervalentais joda(IIl) centrs reducgjas lidz joda(I) savienojumam.
Reducgjosas elimingsanas virzitajspeks diaril-A3-jodanos ir okteta elektronu konfiguracijas joda(I)
produktu veidoSanas. Saskana ar visparpienemto mehanismu, elektronakceptorais nukleofilais
ligands X polariz€ hipervalento saiti un izraisa tas heterolitisku SkelSanos. Vienlaicigi notiek
nukleofila liganda X uzbrukums ekvatoriali novietota arilliganda ipso-stavoklim caur parejas
stavokli 108 vai 109,% veidojoties reducgjosas eliminéSanas produktam un ariljodidam (Ar-I) ka

neitralai aizejoSajai grupai (30. att.).
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30. att. Reduc@josa elimingsanas diaril-43>—jodanos.

Nesimetrisko diaril-A>-jodanu gadijuma reducgjosas eliminéSanas reakcija teorétiski var
veidoties divu produktu maistjums. Saskana ar ab initio DFT kvantu kimiskajiem aprékiniem,
reducgjosas eliminésanas selektivitate atkariga no dalladinu &;” un 62" lielumiem uz arilligandu ipso-

oglekla atomiem (30. att.).>* Ar nukleofilu reagés arilligands ar mazaku negativo dalladinu jeb
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elektroniem nabadzigaka aromatiska sistéma.?® Butiski, ka reducgjosas elimin&Sanas notiek no
lidzsvara esoSiem diaril-A>-jodanu izomériem. Ta ka lidzsvara reakcijas aktivacijas barjera ir
ievérojami zemaka par reduc€josas eliminé€Sanas reakcijas aktivacijas barjeru (K; >> k; un k»),
reducgjosas elimingSanas selektivitati nesimetriskajos diaril-2*-jodanos saskana ar Kurtina-
Hammeta principu (Curtin-Hammett principle) nosaka reducgjosas eliminé€Sanas aktivacijas barjeru
atSkiribas (k; pret k2; sk. 30. att.).

Interesanti, ka reducgjosas eliminéSanas selektivitates elektroniska kontrole nav speka
gadijumos, kad viens no arilligandiem satur orfo-aizvietotaju. Sados nesimetriskajos diaril-1>-
jodanos nukleofilais ligands X veido saiti ar orfo-aizvietoto ligandu neatkarigi no dalladinu
lielumiem uz arilligandu ipso-oglekla atomiem. So paradibu sauc par ,,orto-efektu” un visbiezak to
skaidro ar telpiskajiem faktoriem. Uzskata, ka sterisko efektu del orto-aizvietotais arilligands
vienmer atradisies termodinamiski izdevigakaja ekvatorialaja stavokli un tapéc reagés ar nukleofilo
ligandu X.%°

Biitiski, ka reducgjosas eliminéSanas parejas stavokli diaril-4*-jodaniem raksturiga planara
T-veida geometrija tiek izjaukta. Novirze no planaras geometrijas energétiski ir Tpasi neizdeviga
gadijumos, kad divi no A*-jodanu ligandiem ir saistiti ar tiltinu, pieméram, cikliskaja diaril-A3-
jodana 110 (sk. 31. att.). Uzskata, ka $ados gadijumos reducg€josa eliminéSanas notiek ar radikalu
starpsavienojumu veido$anos.’? Jaatzimé, ka reducgjosa eliminéSanas ar radikalu iesaistiSanos tiek
biezi postuléta arT neciklisko diaril-A*-jodanu gadijuma. Radikalu mehanisms paredz sakotn&ju
hipervalentas saites homolitisku SkelSanu, veidojoties diariljoda radikalim 111 ar [9-I-2] elektronu
konfiguraciju un heteroatoma radikalim 112.3! Radikalis 111 sabrik par jodbenzolu un arilradikali
113, kur$ veido produktu 114. Radikalis 113 var iesaistities ar1 blakusreakcijas, dimerizgjoties vai

rekombingjoties ar idenraza atomu (31. att.).
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31. att. Reducgjosa eliminéSanas caur radikalu mehanismu.

Diaril-A3-jodani ir starp visefektivakajiem elektrofiliem oksid&josas pievienoSanas reakcijas
parejas metaliem. Augsto oksid€josas pievienos$anas reagétspéju galvenokart nosaka labas aizejosas
grupas — neitrala jodbenzola veidoSanas. Bitiski, ka nesimetrisko diaril-A3-jodanu oksidgjosas
pievienoSanas reakcija saiti ar parejas metalu veido telpiski mazakais’> vai arT elektroniem
bagatakais no diviem arilligandiem.?* Lidz ar to nesimetrisko diaril-4*-jodanu un parejas metalu
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reakcijas selektivitate ir pret§ja nesimetrisko diaril-A’-jodanu reducgjosdas elimingSanas

selektivitatei.

2.2.2. Uz hipervalenta joda(III) savienojumiem balstita C—H saiSu aktiveéSanas koncepcija

Aromatisko un heteroaromatisko savienojumu C—H funkcionaliz€Sanas metodes izstrades
koncepcija balstas uz tris secigu viena reaktora reakciju virkni (32. att.):
1) elektroniem bagatu aromatisko vai heteroaromatisko savienojumu reakcija ar joda(IIl) reagentu
PhI(OH)OTs 115 un nesimetriska diaril-A3-jodana 116 veidoSanas;
2) diaril-A3-jodana 116 tozilata heteroatoma liganda in sifu apmaina pret citu nukleofilu heteroatoma
ligandu;
3) produktu veidojosa reducgjosa eliminésanas no nukleofilo ligandu saturo$a nesimetriska diaril-A3-

jodana 117.
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32. att. Uz hipervalenta joda(IIl) savienojumiem balstita C—H aktivéSanas koncepcija.

Diaril-A3-jodanu 116 veidoSanas reakcija starp PhI(OH)OTs 115 un elektroniem bagatu
(hetero)aromatisko savienojumu (1. reakcija), ka ari heteroatoma ligandu apmaina diaril-A3-jodanos
116 (2. reakcija) ir plasi pétitas kimiskas norises (sk. 2.2.1. nodalu). Ari simetrisko diaril-A3-jodanu
reakcijas ar dazadiem nukleofiliem,** piemé&ram, ar aminiem, azoliem un amidiem, ir plasi pétitas ka
parejas metalu katalizatoru (Pd(0)* un Cu(I)*®) klatieng, ta arT bez katalizatoru pievienosanas.>” Turpreti
reducgjosa elimingSanas nesimetriskajos diaril-1*>-jodanos 117 lidz §im nav atradusi praktisku
pielietojumu selektivitates problému dél: ta ka nesimetriskie diaril-A3-jodani satur divus dazadus
aromatiskos aizvietotajus, to reakcijas ar slapekla un skabekla nukeofiliem biezi veidojas produktu
maisTjums.?¢*® Turklat elektroniem bagatu (hetero)aromatisko savienojumu saturo$o nesimetrisko
diaril-2*>-jodanu 117 gadijuma sagaidama nevélama reducgjosas elimingSanas selektivitate:
nukleofilais heteroatoma ligands vieglak veidos saiti ar elektroniem nabadzigako arilligandu, nevis
ar elektroniem bagatako (hetero)aromatisko ligandu (sk. reduc€josas eliminé€Sanas likumsakaribu
aprakstu 2.2.1. nodala).

Nemot veéra nesimetrisko diaril-A>-jodanu un parejas metalu reakcijas selektivitati, mées
izvirzijam hipotézi, ka parejas metala klatbutne varétu mainit ,.tradicionalo” nesimetrisko diaril-A3-

jodanu reducgjosas eliminéSanas selektivitati. Lidz ar to koncepcijas novitate balstas uz Pd(II) un
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Cu(]) katalizatoru izmantoSanu nukleofila uzbrukuma selektivitates kontrolei nesimetrisku diaril-A3-

jodanu molekulas.

2.2.3. Elektroniem bagatu heteroaromatisko savienojumu C—H oksidéSanas metode
Elektroniem bagatu heteroaromatisko ciklu acetoksiléSanas reakcijas izstradi balstijam uz
viena reaktora divstadiju procesu: sakotngju heteroaril(fenil)-1*-jodana 118 veidoSanos un talaku

produktu veidojo$o reducgjoso eliminésanos Pd(Il) katalizatora klatbiitng (33. att.).®

N PhI(OAc), | -~ OAc| Pd(OAc), r~
( / 2-H 1.2 equiv { PI\ _5mol % { / OAC
N (s S R 2 "Ph -
'Tl AcOH 'Tl ACOH
R istabas temp. R istabas temp. R
118

netiek izdalits

Me Bn
N’ N SOzTol
) —COzEt /) Meozcﬁ
Br cl | / DA
OAc OAc
81% 73% 71% 79%
I ol
Br = Tol0,S
71% 85% 67%

33. att. Elektroniem bagatu heteroaromatisko savienojumu C—H oksidéSanas metode

/3-Jodana 118 starpsavienojumus iesp&jams izdalit un attirit, tomér no pielietojama viedokla
ertak ir veikt viena reaktora divstadiju procesu. Palladija(Il) katalizators nodroSina v€lamo
selektivitati A3-jodana 118 reducgjosds eliminé$anas reakcija. AcetoksiléSsana notiek maigos
apstaklos (istabas temperattura), un reakcijas apstakli ir savietojami ar plasu funkcionalo grupu
klastu: broma un pat joda atomu heterociklos, ka art ar N-alkil-, N-aril-, N-benzoil-, N-benzil-, N-
tozil- un N-karbamoilaizsarggrupam. Ta ka A3-jodans 118 reakcijas gaita netiek izdalits, izstradataja
viena reaktora divstadiju procesa C-H saite tiek parvérsta par C-O saiti, un tapéc formali to var

uzskatit par C-H oksidéSanas reakciju.

2.2.4. Elektroniem bagatu heteroaromatisko savienojumu C—H azidéSanas metode

Nukleofila acetata liganda nomaina pret azida ligandu nesimetriskajos 4°-jodanos (118 uz
119) lava izstradat metodi elektroniem bagatu heteroaromatisko savienojumu C—H azidéSanai (34.

att.).®
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RZ

o e X cuwcl |/ NN |
{ Z_‘/ 2H o PhIOAC, /TsOH_ | ¢ 3 (10 mol%) | _Z/ ‘)/N3 ——R2 { Z/ N, N
- A 3 ey || TN — -2 N
N MeCN N 9 MeCN N
R istabas R R istabas R
temperatira temperatira
118:X=0Ac>NN 120 perat 122
a
119: X=N, : (NH,)2S
MeCN
r~
L Z/ ‘)/‘ NH,
N
R1
121

34. att. Elektroniem bagatu heteroaromatisko savienojumu C—H azidéSanas metode

Atslégas parvértiba viena reaktora 3 stadiju procesa ir azidu saturoSu nesimetrisko
heteroaril(fenil)-A3-jodanu 119 reducgjosa eliminé$anas, kuras regioselektivitati kontrole Cu(I)
kompleksi. Izveidojusies heteroarilazidi 120 diemzgl ir nestabili, un tos ir arkartigi griiti izdalit un
attirit. Heteroarilazidus 120 tomer ir iesp&jams iesaistit talakajas parvertibas, tos neizdalot no
reakcijas maisijuma. Pieméram, heteroarilazidi 120 viegli reducgjas par atbilstoSajiem

aminoheterocikliem 121 (35. att.).

s 1. Phi(OAc), / TsOH L (\Ns 1. CuCl (5 mol%) i
WEL 2. NaNj { @l'\} 2. (NHg),S (\»_F\‘)/NHZ
N MeCN Ny Ph MeCN N
R’ II?1 R!

119 121

netiek izdalits

Br. NH Cl NH, NH,
2 Cl XN
\ N—co,Et | ] H—cog
N CO,Et cl N N N
|

SEM \
84% 79% 75%
/ H,N 0
Br—~ 7 N 2 - NH,
SN ZCo,Et H,N [ ) [ ) "
2 2 N CO,Et N CO,Et )\
NH | ! 0" N
2 Tol |
66% 60% 62% 50%

35. att. Heteroaromatisko aminu iegiisana C—H azid&Sanas-reduc@sanas reakcija

Heteroarilazidi 120 stajas ar1 vara katalizétaja 1,3-dipolaras ciklopievienoSanas reakcija ar
acetiléniem, veidojot 1,2,3-triazolus 122. Lidz ar to vara(l) sali ne tikai kataliz€ azidu saturoSu
heteroaril(fenil)-A3-jodanu 119 reduc&joso elimingSanos, bet ari veicina sekojoso azidu 120 1,3-
dipolaras ciklopievienosanas reakciju (36. att.). Izstradata sint€zes metode ir piemé&rota plasa

elektroniem bagatu heterociklu klasta ,,v€linai modific€Sanai”.
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- 1. PhI(OAc), / TsOH i 1. CuCl (5 mol%) j R?

r=o. -~

{ 2 _H 2. NaN3 (aq.) R2 FAERN ﬁ(\
N P I8 i 2N, _N
- [ ) Ph w-LLDON

N MeCN MeCN, rt N

R '

R1

119 122

netiek izdalits

EtO,C
2/\ N ,21 \%\coza
n-N CO,Et
Br coza N'
N—cN N4
N
\

90% I 53% 55% 75%
HO
EtO,C EtO,Q
y
% N SR o 4 ,E CO,Et
Br X | \ N X \ \N N~NI‘
| N = N l Pz |
N N , NT N O)\N
\ SEM Bn |
70% 42% 47% 65%

36. att. Viena reaktora seciga heteroaromatisko C—H azidésanas-1,3-dipolaras ciklopievienoSanas

reakcija

2.2.5. Elektroniem bagatu aromatisko un heteroaromatisko savienojumu C—H aminéSanas
metode

Attistot koncepciju par nesimetrisko diaril-4*-jodanu reducgjosas eliminésanas selektivitates
mainu parejas metalu klatieng, noskaidrojam, ka vara(I) sali nodroS§ina v€lamo selektivitati ari
aminu reakcija ar nesimetriskajiem heteroaril(fenil)-A*-jodaniem. Sis novérojums pavéra celu

heteroaromatisko savienojumu C—H aminé8anas reakcijas izstradei (37. att.).*

Mes—!—OTs 102
H OH Mes—I|—OTs R'RNH R1-N-R?

|
Het(Ar) Het(Ar) Cu(MeCN),BF4 Het(Ar)
(10 mol%)

istabas netiek izdalits 37 amini
temperatiira

28 (hetero)aréni

37. att. Heteroaromatisko savienojumu C—H amin&$anas reakcija

C-H AminéSanas metodes izstradei sakotngji sintez&am, izdaljam un attirijam
meziltil(indolil)jodonija tozilatu 123, kura uzbiivi viennozimigi pieradijam ar rentgenstruktiiras
analizes metodi. A*-Jodana 123 reakcija ar morfolinu bez pievienota katalizatora veidojas tikai
nevélamais jodindols 124. Savukart Cu(l) katalizatora pievienoSana pilniba izmainija reakcijas
selektivitati, un ka pamatprodukts tika izdalits v€lamais indolilamins 125 (38. att.). P&c dazadu vara
salu katalitiskas aktivitates parbaudes turpmakajiem petjjumiem izvel§jamies salidzinosi [étu un

komerciali pieejamu Cu(MeCN)4BF3.
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Mes—I—OTs Cu (I) katalizators

j (10 mol%)
+ +
X, —CO,Et [ EN(-Pr), Xy, — COEt X,—CO,Et
(2 ekv.)
123

Mes=2,4,6-trimetilfenil

38. att. C-H AmingSanas apstaklu optimizacija.

Talakaja darba atradam apstaklus, kuros A*-jodanu 123 bez izdaliSanas un attiriSanas
iesp&jams iesaistit reakcija ar morfolinu. Atrastajos reakcijas apstaklos parbaudijam aminu klastu,
kuri pieméroti reakcijai ar A*-jodanu 123 (1. Tabula). Ka redzams, C-H aminéSanas metode ir
savietojama ar loti plasu pirm€jo un otr&jo alifatisko ka arT aromatisko aminu klastu.

R'R2NH

H Mes—|—0OTs RI-N-R2
Br Mesl(OH)OTs Br Cu(MeCN)4BF, (10 mol%) gy
mcoza CF;COOH mcoﬁ EtN(-Pr), \(I\&COZB
\ CH,Cl, \ 4:1 CH,Cl,:DMSO N\
15 min, ist.t. 123 2 h, ist.t.
Mes=2,4,6-trimetilfenil
Nr. R'R2NH Izn. |Nr. R'R:NH Izn. |Nr. R'R?:NH Izn.
(%) (%) (%)
—
1 o 74 |13 /\qu\ 70 |25 @” 77
2 [:@NH 66 |14 i, 76 | 26 Qﬂ 79
3 @Qﬁ 7501150 NS, 63 |27 Hw, 73
4 NCNH 71 |16 j;»m 67 |28 Br@m 74
5 A 76 |17 73 129 Meo{ }NHZ 54
(0]
>' ~ o)\’r/\/NHZ
6 HNQNH 76 | 18 OCNKNHZ 40 |30 wmeood ) 69
[¢]
/N F
7 i 70 |19 i " 75 |31 @ 67
F
F F
e b S~
8 s oM 350120 PhC e 7301320 S@ 62
9 NP 65 |21 ~o 80 |33 79
H/\/ \O)\/NHZ ©_<
10 67 |22 N2 80 |34 76
M — %
11 @ " 65 |23 = N, 71 |35 NHMe 77
12 NH, 71 |24 N 83 |36 65
v/\ C|/©/\/ <;’\:>—NH2

1. Tabula. C-H amingSanas reakcija izmantojamo aminu klasts.
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Parbaudijam ar1 arénu un heteroarénu klastu, kuri piemeroti izstradatajai C-H amin&Sanas
metodei (39. att.). C-H AminéSanas reakcija stajas plass elektroniem relativi bagatu heterociklu
klasts, tai skaita indoli, piroli, pirolopiridini, tienopiroli, pirolopirimidins, pirazoli un N,N-
dimetiluracils. Jauzsver, ka C-H amin&Sanas apstaklos reagg ne tikai heterocikli, bet ari elektroniem

relativi bagatie aromatiskie savienojumi.

R'R?NH
H  Mesl(OH)OTs | Mes—I—OTs | Cu(MeCN),BF4 (10 mol%) R‘-T-Rz
Hlet(Ar) CH,Cl, Het(Ar) EtN(i-Pr), Het(Ar)
istabas 4:1 CH,Cl,:DMSO
temperatira istabas temperatira

o
() \ VN HN’OBr y
N _> Br O—é Br HN
Br ) A\ N—cn S
N N o N Br— ]l Y—COEt
N o \ \ N

69% 79% 84% 62%

-
\ I\
\©\N IN CO,Et ‘f/’\N N CO,Me Brm N)j/\S
Ho\ L

I ~
N~ N I\N N
\ Bn
60% 71% 62% 60%
o}
C 9 u
N S SN (j N(:)O
- L N
@Iﬁ\ OJ\N Br C©/ /©/
| MeO
52% 65% 41% 52%
oMe 0 H
H
N\) N /@iN\A
MeO © ojg OB, MeO N-Boc
NHMe
71% 49% 40%

39. att. (Hetero)aromatisko savienojumu klasts C-H aminéSanas reakcija.

C—H AmingSanas reakcijas apstakli ir savietojami ar O-alil-, O-terc-butil— un O-alkil esteru
funkcionalajam grupam, ka ari ar broma un hlora aizvietotajiem. Heterocikls vai aromatiskais
savienojums var saturét N—alkil-, N—aril-, N-benzoil-, N-benzilaizvietotaju, N-Boc ka ari N~SEM

aizsarggrupas.

2.2.6. (Hetero)aromatisko savienojumu C-H funkcionalizacijas mehanisms

Aromatisko un heteroaromatisko savienojumu C—H funkcionaliz€Sanas metozu pirma stadija
ir nesimetrisko heteroaril(aril)-A*-jodanu veidoSanas elektrofilas aromatiskas aizvietoSanas (Fridela-
Kraftsa) reakcija. ST stadija nosaka C—H funkcionalizé$anas regioselektivitati, jo nakamaja soli
skabekla vai slapekla nukleofils aizvieto A*-jodana funkcionalo grupu. Lidz ar to izstradatajam C-H
funkcionaliz€Sanas metodém raksturiga elektrofilas aromatiskas aizvietoSanas reakcijam raksturiga

regioselektivitate. Ta, indolos un kondensétos pirolos C—H funkcionalizé$ana notiek B-stavokli,
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pirolos nukleofils stajas a-stavokli, bet 2,5-diaizvietotajos pirolos — pB-stavokli. Aromatiskajos
savienojumos C-H funkcionaliz€Sanas regioselektivitati nosaka spécigakais elektrondonorais
aizvietotajs, kur§ 1>-jodana veidoSanos un, 1idz ar to, arT nukleofila uzbrukumu virza para stavokli.
Jaatzimé, ka funkcionaliz€jamajam aromatiskajam vai heteroaromatiskajam savienojumam jabit
relativi elektroniem bagatam. C—H Aming&Sanas metodes izstrades gaita noskaidrots, ka par toluolu
elektroniem mazak bagatie aréni ar A>-jodaniem neregg. Biitiski, ka visos C—H funkcionalizé$anas
piemeéros veidojas tiri regioizoméri, liecinot par reakcijas augsto regioselektivitati.

C-H Funkcionalizé€Sanas reakcijas noslédzosa stadija ir produktu veidojosa Cu(I) vai Pd(II)-
katalizéta nesimetrisko heteroaril(aril)-4*-jodanu reduc&josa elimin&sanas. Lai gan heteroarénu C-H
acetoksiléSanas reakcija par katalizatoru sakotngji tika izmantoti Pd(II) sali, kontroles eksperimenti
paradija, ka Cu(I) sali tikpat efektivi katalizé C—O saiti veidojoSo reduc€joso eliminéSanos. DiemzZel
plasie Cu(I) katalizétas reducgjo$as elimin€Sanas pétijumi nesniedz viennozimigu atbildi par
reakcijas mehanismu. Pieméram, nukleofilo pretjonu saturoSie nesimetriskie heteroaril(aril)-A3-
jodanu starpsavienojumi 126 un 127 ir izdaliti un raksturoti tikai acetoksiléSanas un azidéSanas
reakciju gadijuma (40 att.), bet C—H aminéSanas gadijuma atbilstoSo aminu saturoSu heteroaril(aril)-
/3-jodanu 128 veidoSanos reakcijas gaita novérot neizdevas. Tai pat laika jodanu 128 iesaistisanos
C-H aminésanas katalitiskaja cikla izsleégt nevar, jo aminu saturo$i A*-jodani ir arkartigi nestabili,

un tie nav izdaliti.

Ph—I—X d;%
X —CO,Et
Br
N
\
X=0OAc: 126
X=Na: 127

X=NR'R?: 128 (nav novérots) 127

126

40. att. Nesimetriskie heteroaril(aril)-A3-jodanu starpsavienojumi un to rentgenstruktiiras attéli

C-H AmingSanas mehanisma pétijumos noskaidrots, ka radikali visticamak nav iesaistiti
reakcijas katalitiskaja cikla. Sads atzinums izriet no orto-aliloksifenil-A’-jodana 129 C-H
aminéSanas eksperimenta rezultatiem (41. att.), kad no jodana 129 tika iegiits v€lamais amins 130
un jodida blaskuprodukts 131, bet dihidrobenzfurana 134 veidoSanas netika novérota. Heterocikls
134 veidotos tad, ja Cu(I)-katalizéta reducgjosa elimin&Sanas jodana 129 norisinatos caur viena

elektrona parnesi no Cu(I) centra uz jodanu 129 un attieciga diariljoda radikala 132 veidosanos (sk.
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arT 2.2.1. nodalu un 31. att.). SekojoSaja nestabila radikala 132 fragmentacija un fenilradikala 133
ciklizacija veidotos dihidrobenzofurans 134.4!

/N

O NH “ “

O/\/ — OJ/ J/
“Mes  Cu(MeCN),BF, (1 equiv.) o o

o8 o~
oTs EN(i-Pr),
4:1 CH,Cl,DMSO

1.5h,rt 130, 68% 131, 12%

129
AN A~

Cu(l) o g o o] 0

I
129 %» * — * | —
- Mes-I
Cu(ll)

132 133 134

41. att. Orto-aliloksifenola C—H amingéSanas eksperiments.

Noskaidrots, ka Cu(l) saliem piemit ievérojami augstaka katalitiska aktivitate neka
atbilstoSajiem Cu(Il) kompleksiem. Cu(I) Salu katalitiskais efekts acimredzot nav saistits ar to
Luisa skabju 1pasibam, jo citas Luisa skabes nekataliz€ja nedz C—H azid€Sanas reakciju (pieméram,
(PhsP)AuCl, Zn(OTf), un Sc(OTf)s3), nedz ari C—H aming&Sanu (Pd(OCOCF3), Ni(OTf), un
Sc(OTY)3). Vertigas atzinas par reakcijas mehanismu sniedza reakcijas atruma mérijjumi. Piemeram,
noskaidrojam, ka C-H azidéSana ir pirmas kartas reakcija attieciba pret Cu(I) katalizatoru, bet
nulltas kartas attieciba pret azida anjonu. Rezultati liecina, ka Cu(l) sali ir iesaistiti katalitiska cikla
reakcijas atrumu limit§josaja stadija, bet reducgjosa elimin€Sanas un heteroarilazida produktu
veidoSanas ir iekSmolekulars process. Turprett C—H aminéSanas reakcijas atruma pétijumi liecina,
ka reakcija ir pirmas kartas pret Cu(l) katalizatoru un pret aminu (morfolinu), bet nulltas kartas
attieciba pret A3-jodanu 123. Tatad, C-H aminé&$anas katalitiska cikla atrumu limitgjosaja stadija
iesaistiti tikai Cu(I) katalizators un amins, bet visas talakas A>-jodana 123 parveértibas ir atrs process.
S atzina ievérojami apgriitina reakcijas mehanisma pétijumus.

Reakcijas mehanisma pétijumi lauj izvirzit hipotétisku C—H funkcionalizéSanas mehanismu,
kur§ katalitiska cikla nosléguma paredz produktu veidojoSo reducgjoSo elimin&Sanos no Cu(III)
kompleksa 136 (42. att.). Reakcijas mehanisma pirma stadija ir viena elektrona parnese no Cu(I)
katalizatora uz A3-jodanu 123 vai 127, veidojoties anjonradikalim 135. Pienemot, ka anjonradikalt
135 elektrons lokaliz&jas indola-joda(IIl) saites irdinosaja o*—orbital€ un to pavajina, anjonradikalis
135 var sabrukt par Ar-I un indolilradikali, kur§ rekombingjas ar Cu(Il)-amina vai Cu(Il)-azida

kompleksu un veido Cu(III) dalinu 136.4
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I . NHR'R? atrumu
limitgjo$a stadija Ln_1CuLNHR1R2 limitgjosa stadija

N 1 o |

OTs
—_] |
Ar—|—O0Ts L, Cu'-NHR'R2 Ar—l—Cu”-@ L.cu Ar—I—Ns

re N\ COEt —— >
; e N -
<Ny L=MeCN SN COoEt L=MecN ¢\

-2 N or DMSO SN orDMSO ' _

123 135

NS

Cu"'-@

A~ N\, CO,EL -

¢ \ —_—

\ N \

. \ w__’
136

(N) =N vai NHR'R?

42. att. Hipotetiskais C—H funkcionalizéSanas mehanisms
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GALVENIE REZULTATI

I dala. mPGES-1 inhibitoru sinteze
Struktiiras-aktivitates likumsakaribu pétijumiem un farmakofora modela izstradei sintezeti

254 mPGES-1 inhibitori;

Izveidots mPGES-1 inhibitoru un mérkenzima farmakoforais modelis, ar kura palidzibu

veiksmigi prognozeta inhibitora aktivitate virtuali dizain€tiem savienojumiem;

Darba rezultata iegiiti Cetri lidersavienojuma kandidati talakai izmantoSanai in vivo

pétijumos.

II dala. C—H funkcionalizeSanas metoZu izstrade
Izstradata metode elektroniem bagatu heteroaromatisko savienojumu regioselektivai C—H

acetoksilésanai, izmanojot hipervalentos joda(IIl) savienojumus un Pd(II) katalizatorus;

Izstradata metode elektroniem bagatu aromatisko un heteroaromatisko savienojumu
regioselektivai C-H azidéSanai un C-H amin&Sanai istabas temperatiira, izmanojot
hipervalentos joda(Ill) savienojumus un Cu(l) salu katalizi. Metode savietojama ar plasu

aminu klastu.
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SECINAJUMI

I dala. mPGES-1 inhibitoru sinteze
Ar otras paaudzes farmakoforo modeli prognozeétas mPGES-1 inhib&josas aktivitates labi
korele ar eksperimentali noteiktam vértibam, tadejadi apstiprinot farmakofora modela

pareizibu;

Saskana ar izstradato farmakoforo modeli, saistibu ar mPGES-1 enzimu nodroSina pieci
farmakoforie struktiirelementi liganda: otréja amida N-H protona udenraza saite un

hidrofoba tipa mijiedarbiba ar liganda Cetriem lipofilajiem fragmentiem;

Savienotajelements starp liganda centralo gredzenu un benzimidazola fragmentu nav

iesaistits liganda—enzima mijiedarbibas nodrosinasana.

II dala. C-H funkcionalizéSanas metoZu izstrade
Palladija(Il) un vara(I) katalizatoru klatbiitné reducgjosa eliminé$anas nesimetriskajos diaril-
/3-jodanos notiek ar pret&ju selektivitati neka nekatalizéta procesa gadijuma: diaril-13-
jodanos heteroatoma ligands veidos saiti ar telpiski mazak trauc€to vai elektroniem bagatako

no diviem arilligandiem;

C-H FunkcionalizéSanas regioselektivitati aromatiskajos un heteroaromatiskajos
savienojumos nosaka nesimetriska A3-jodana veidoSanas elektrofilas aromatiskas
aizvietoSanas (Fridela-Kraftsa) reakcija. Arénos C—O un C-N saite veidosies para stavokli
pret elektrondonoro aizvietotaju. Vairaku elektrondonoro aizvietotaju gadijuma A*-jodanu
veidoSanos un lidz ar to ari C—H funkcionalizé$anas regioselektivitati arénos noteiks
specigakais no elektrondonorajiem aizvietotajiem. Heteroaromatiskie savienojumi reages

saskana ar tiem raksturigo reagétspéja Fridela-Kraftsa reakcijas apstaklos.
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PIELIKUMS 1

Farmakofora modela izveide



Farmakofora modela izveide
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1. att. Farmakofora modela izstrades visparigs algoritms
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Farmakofora modela izstradei sagatavo darba un testa grupas. Sim noliikam visas struktiiras
nejausa kartiba tiek sadalitas divas grupas: darba grupa un testa grupa (training set). Grupas var biit
skaitliski gan vienadas, gan atSkirigas. Darba grupu izmanto, lai izveidotu farmakoforo modeli, bet
testa grupu — lai parbauditu izveidota modela sp&ju prognozet afinitati. Testa un darba datubazes
jabiit gan aktiviem, gan neaktiviem savienojumiem.

Ligandu darba un testa grupas veidojam no 120 sintez€to savienojumu klasta, kura 60
savienojumi bija neaktivi (ICso0>10 uM), 35 savienojumiem piemita vid€ja inhib&josa aktivitate
(ICso robezas no 1 Iidz 10 uM), bet 25 ligandi bija aktivi, jo to inhib&josa aktivitate bija zemaka par
1 uM. Farmakofora modela darba datubazes izveidei izvélgjamies 15 visaktivakas struktiiras (ICso
robezas no 10 nM lidz 500 nM) un 15 visneaktivakas (ICso robezas no 5 uM Iidz 60 uM).

Farmakofora modela izveidoSanu veicam saskana ar Schrodinger Suite 2012 programmu

pakete ieklauta modula Phase 3.4 lietoSanas pamacibu.

Pirmaja posma ar Schrodinger Suite 2012 programmu pakete iebiivéto Maestro 9.3
interfeisa palidzibu divdimensiju struktiiras parveidojam par trisdimensiju struktiram (2. att.).
ParveidoSana notiek, balstoties uz atomu hibridizacijas lepkiem, un S$aja posma trisdimensiju

struktiira netiek optimizeta.

H H
N<_N
4
0 Cl
MN Cl
H 20

2. att. Divdimensiju struktiiras parveidoSana par trisdimensiju struktiru

Talak veicam struktiiru savieto$anu, izmantojot Schrodinger Suite 2012 programmu paketé
ieblivéto superpozicijas funkciju (3. att.). Savienojumu savietoSanas (superpozicijas) mérkis ir
katram analiz€jamajam savienojumam atrast tadu zemas energijas konformaciju, kura péc iesp&jas
vairak lidzinatos izvélétas bazes struktiras 20 zemakas energijas konfromacijai. Superpozicijas

analize |ava atrast atSkirigajam struktiiram kopigus struktiirelementus.
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3. att. Ligandu savietoSana (superpozicija)

Vissvarigakais solis ir savienojumu datubazes konformacionala paplaSinasana, tapéc ka Saja
solT ir nepiecieSams atrast ne tikai lielu skaitu savienojumu konformaciju, bet armT molekulas
konformaciju kopu, kas varétu biit pietickami lidziga bioaktivajai konformacijai. Konformacionala
paplasinasana lauj atrast molekula visas iesp&jamas strukturalas ipasibas, kas apraksta liganda
farmakoforu. Ja ir zinama liganda biologiski aktiva konformacija, tad farmakoforu veidoSanas
process ir atrs un vienkarss. Gadijumos, kad td nav zinama, modelis tiek veidots, izmantojot
eksperimentali noteiktas aktivitates un konformaciju kopas kombinaciju. Rezultata biologiski aktiva
konformacija tiek mekléta farmakoforu veidoSanas procesa.

Konformaciju paplasinaSanu (konformaciju kopu aprékinus) veicam ar apakSprogrammu
ConfGen 2.4, izmantojot standarta parametrus. Katram no 120 izv€l&tajiem savienojumiem
aprékinajam konformaciju kopas, un ieguvam paplaSinatu ligandu darba grupu, kura katram
ligandam atbilda aptuveni 100 minimiz&tas energijas konformaciju. Paplasinato ligandu darba
grupu talak izmantojam farmakofora modela veidoSana.

Nakama soli ar Phase apakSprogrammas palidzibu katram savienojumam atradam
farmakoforus (4. att.; A). Katram farmakoforam parasti censas atrast p&c iesp&jas vairak dazadu
deskriptoru, lai ar matematiskas analizes palidzibu atrastu visam analiz€amajam zalvielu
molekulam péc iespéjas vairak kopigo deskriptoru. Pieméram, benzola ciklu raksturo aromatiska n-
sisttmas esamiba, kas ir deskriptors. Tai pat laika zinams, ka benzola gredzenam piemit ari
hidrofobas 1pasibas. Tade]l benzola gredzenu raksturoSanai ka papildus deskriptoru pievienojam

hidrofobas virsmas 1pasibu (4. att.; B).
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4. att. Liganda farmakofori un to deskriptori (zala krasa—hidrofobitate, sarkana—protonu akceptors,
zila—protonu donors, oranza-aromatiska n-sistéma)

Péc farmakofora punktu generéSanas seko statistiskie aprékini un kopigo farmakofora
deskriptoru mekl&jumi. To rezultata Phase modulis piedava vairakas farmakoforu modelu
hipotézes. Veicot farmakofora modela hipotezes analizi ir nepiecieSams izvel&ties vispiemerotako
modela hipotézi: ar lielaku savienojuma fragmentu sakritibu (p&c radiusa, pec vektora, pec 1pasibas)
ar kop€jiem modela farmakoforiem, un mazako vidgjo kvadratisko novirzi.

Modelis, kurs tika izvéléts no 240 hipot€ze€m, reprezenteé domingjosas farmakoforas

patnibas: viens idenraza saites donors (D) un tris hidrofobas (H) mijiedarbibas (5. att.).

5. att. Pirmais farmakofora modelis (DHHH)

Biitisks solis farmakofora modela izstrades gaita ir farmakofora modela validacija. Saja soli
izveidota savienojumu konformaciju datubaze (100 konformacijas katram no 120 savienojumiem)
tieck ievietota farmakoforaja modeli, lai parbauditu katras konformacijas atbilstibu modelim.
Datubazes skanéSanas rezultata katrai molekulai atstajam tikai vienu, modelim vislabak atbilstoSo
konformaciju. Gadijuma, ja kadam savienojumam neviena konformacija nebija saderiga ar modeli,
datubazg attiecigais savienojums neiekluva.

P&c biitibas, §1s farmakofora modelis strada un spgj atlasit visaktivakos savienojumus no

neaktiviem. Atrastais modelis 120 sintez€to savienojumu klasta identific€ja visus 25 aktivos
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savienojumus, tos atlasot no neaktivajiem un vidgji aktivajiem. Tomér modelis nepareizi atlasija 17
vidgjas aktivitates savienojumus un 5 neaktivos savienojumus.

Izveidota farmakofora modela precizitates uzlaboSanai nolémam ieviest papildus
farmakoforus, kas izslégs mazaktivus savienojumus un mazak ietekmé&s aktivus savienojumus.
Modela pilnveidoSana lautu precizak atlasit neaktivus un vidgji aktivus savienojumus.

Pirmas paaudzes farmakofora modela optimizacijai tika izmantoti visi papildus sintezetie
mPGES-1 inhibitori, kopskaita vairak neka 180 savienojumu.

Farmakofora modela uzlaboSanai sagatavojam jaunas darba un testa datubazes izmantojot
visus papildus sintezétus mPGES-1 inhibitorus un atkartojam visu procesu vélreiz.

Pirmas paaudzes modell izveidotus farmakoforus atstdja nemainigus, bet modela
efektivitates palielinasanai pievienoja piekto farmakoforu ar hidrofobu mijiedarbibu. Péc kopgjo
farmakofora deskriptoru aprékinasanas tika iegiitas 35 farmakofora modela hipotézes. No tam par
otras paaudzes farmakoforo modeli tika izveleta hipotéze ar 5 farmakoforiem: vienu idenraza saites

donoru un ¢etram hidrofobam mijiedarbibam (6. att.).

6. att. Farmakofora modelis 2 (DHHHH)

Otras paaudzes modelis spgja ieveérojami precizak atlasit aktivakus savienojumus no
neaktiviem, tomér 4 mazaktivi un 1 neaktivs savienojums tika prognozeti kliidaini. Farmakofora
modela talakai uzlabosanai izv€lgjamies nesarezgit modeli ar papildus farmakoforiem, bet izmainit
esoSo farmakoforu sféru radiusus. Parbaudot dazadus farmakoforu sféru radiusus atradam, ka
lipofilu (hidrofobo) farmakoforu radiusu palielinasana par 0.3 A (no 1.2A uz 1.5A) un neliela
attalumu izmainiSana starp farmakoforiem lava izveidot modeli, kur§ veiksmigi un gandriz

kvantitativi spgj atlasit aktivus savienojumus no neaktivajiem un vidgji aktivajiem (6. att.).
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ABSTRACT
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A mild, room-temperature Pd-catalyzed acetoxylation of pyrroles with phenyliodonium acetate is described. The acetoxylation was found to
proceed via the initial formation of pyrrolyl(phenyl)iodonium acetates, which were converted to acetoxypyrroles in the presence of Pd(OAc),. The
acetoxylation could also be carried out as a one-pot sequential procedure without the isolation of the intermediate iodonium salts.

Transition metal catalyzed selective C—H oxidation is
an efficient methodology for the construction of C—O
bonds.! The regioselectivity of the C—H activation/
oxidation in aromatic systems usually is controlled by
suitable ortho-directing groups.” Intriguingly, in contrast
to the many examples of C—O bond formation in benzene
rings,’ the direct acetoxylation of heterocycles is much less
explored.* Thus, there are only a few reports on direct

(1) (a) Newhouse, T.; Baran, P. S. Angew. Chem., Int. Ed. 2011, 50,
3362. (b) Alonso, D. A.; Najera, C.; Pastor, I. M.; Yus, M. Chem.—Eur.
J. 2010, 16, 5274.

(2) (a) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147.
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A. Synlett 2006, 3382. (c) Yu, J.-Q.; Giri, R.; Chen, X. Org. Biomol.
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X.; Song, B.; Xu, B. Eur. J. Org. Chem. 2010, 23, 4376. (¢) Vickers, C. J.;
Mei, T.-S.; Yu,J.-Q. Org. Lett. 2010, 12,2511. (f) Wang, X.; Lu, Y.; Dai,
H.-D; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 12203. (g) Wang, G.-W.;
Yuan, T.-T. J. Org. Chem. 2010, 75, 476. (h) Zhang, Y.-H.; Yu, J.-Q.
J. Am. Chem. Soc. 2009, 131, 14654.

(4) Forreviews on C—H activation/functionalization of heterocycles,
see: (a) Beck, E. M.; Gaunt, M. J. Top. Curr. Chem. 2010, 292, 85.
(b) Ackermann, L.; Vicente, R.; Kapdi, A. R. Angew. Chem., Int. Ed.
2009, 48, 9792. (¢) Xiao, C.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q.
Angew. Chem., Int. Ed. 2009, 48, 5094. (d) Seregin, 1. V.; Gevorgyan, V.
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2009, 65, 10269.
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acetoxylation of heterocycles, and the scope of substrates is
limited to indoles® and uracil.® It should be noted that the
regioselectivity of C—O bond formation in heterocycles
typically is controlled by the inherent reactivity of a given
heterocyclic system and, consequently, there is no need for
the ortho-directing group.

Direct acetoxylation examples frequently employ Pd(OAc),
as a catalyst and PhI(OAc), as a terminal oxidant in acetic
acid, conditions that have been developed by Crabtree.”
Mechanistic studies evidence that the Pd-catalyzed direct ace-
toxylation involves palladation of an aryl C—H bond with
Pd(IT) species as the first step,® which is followed by oxida-
tion to dinuclear Pd(IIT) complexes’ and, finally, product
forming reductive elimination. By analogy, carbopallada-
tion via C—H activation was considered to be the initial step
also in Pd-catalyzed acetoxylation of indoles (eq 1).

PUEN H L R ] PEEN OAc

St Pd(ll) ref. 5e Il

SN 1 Phi(OAc o) 1

NN R (OAc), N” R
R r 1 R

S 1)
(\“'@R‘

R

this work

The present report on a selective oxidation of substituted
pyrroles'® expands the scope of heterocycles for the

(6) Lee, H. S.; Kim, S. H.; Kim, J. N. Bull. Korean Chem. Soc. 2010,
31,238.
(7) Yoneyama, T.; Crabtree, R. H. J. Mol. Catal. A 1996, 108, 35.



Pd-catalyzed acetoxylation reaction. Also, we provide evi-
dence that the acetoxylation of electron-rich heterocycles
such as pyrroles and indoles under Crabtree conditions
most likely occurs via the initial formation of heteroarylio-
donium acetates (eq 1)."" The latter are transformed into an
acetoxylated product in the presence of a Pd catalyst.

Initially, Crabtree acetoxylation conditions were exam-
ined for synthesis of acetoxypyrroles and the progress of
the reaction was followed by NMR methods. Thus, stirring
the pyrrole 1a with Pd(OAc), (5 mol %) and PhI(OAc),
(2 equiv) in AcOH-d, showed complete conversion within
2 h at ambient temperature.'? Two sets of signalsin a 3.5:1
ratio were observed in the '"H NMR spectrum of the
reaction mixture. The minor set of signals corresponded
to acetoxypyrrole 3a, whereas the major set of signals was
assigned to a structure of pyrrolyliodonium acetate 2a
based on 'H NMR, ')C NMR, MS data and X-ray
crystallographic analysis of purified 2a.

The iodonium acetate 2a was stable in AcOH-d, solution
atrt(entry 1, Table 1). However, in the presence of 5 mol %
Pd(OAc), in AcOH-d,, 2a was converted into the target
acetoxypyrrole 3a (90% yield) within 18 h (entry 2).
Acetonitrile was equally efficient to AcOH, affording 3a

(8) It has been shown that cyclopalladation is the rate-limiting step of
the acetoxylation reaction: Stowers, K. J.; Sanford, M. S. Org. Lett.
2009, 71, 4584.

(9) (a) Powers, D.; Ritter, T. Top. Organomet. Chem. 2011, 35, 129.
(b) Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302.

(10) (a) The 3-hydroxypyrrole subunit is incorporated into Obatoclax,
an experimental drug candidate for the treatment of various types of
cancer: Drugs Future, 2007, 32, 228. Substituted 3-hydroxypyrroles have
also been employed: (b) as anti-tumor agents: Cholody, W. M.; Petukhova,
V.; O’Brien, S.; Ohler, N.; Pikul, S. WO 011675 41, 2005; Chem. Abstr.
2005, 7142, 197868. (c) in the design of DNA-binding ligands: Wellenzohn,
B.; Loferer, M. J.; Trieb, M.; Rauch, C.; Winger, R. H.; Mayer, E.; Liedl,
K. R. J. Am. Chem. Soc. 2003, 125, 1088.

(11) Consequently, the acetoxylation with PhI(OAc), does not in-
volve a C—H activation step by a Pd catalyst. The role of transition metal
catalysts has recently been reinvestigated also in other PhI(OAc),
mediated reactions; see: (a) Kang, Y.-B.; Gade, L. H. J. Am. Chem.
Soc. 2011, 133, 3658. (b) Cho, S. H.; Yoon, J.; Chang, S. J. Am. Chem.
Soc. 2011, 133, 5996.

(12) The use of Pd(OAc), together with other oxidants such as
PhCO;7Bu (2 equiv, 65 °C, Ac,0, 21 h), m-CPBA (2 equiv, 100 °C,
AcOH, 2 h), K»S,0g (2 equiv, 100 °C, AcOH, 2 h), and Oxone (2 equiv,
100 °C, AcOH, 2 h) did not afford the acetoxylated pyrrole 3a.

(13) Kita, Y.; Tohma, H.; Hatanaka, K.; Takada, T.; Fujita, S.;
Mitoh, S.; Sakurai, H.; Oka, S. J. Am. Chem. Soc. 1994, 116, 3684.

(14) Dohi, T.; Morimoto, K.; Takenaga, N.; Goto, A.; Maruyama,
A.; Kiyono, Y.; Tohma, H.; Kita, Y. J. Org. Chem. 2007, 72, 109.

(15) Phipps, R. J.; Grimster, N. P.; Gaunt, M. J. J. Am. Chem. Soc.
2008, 730, 8172.

(16) Dohi, T.; Ito, M.; Yamaoka, N.; Morimoto., K.; Fujioka, H.;
Kita, Y. Angew. Chem., Int. Ed. 2010, 49, 3334.

(17) The majority of solid aryliodonium acetates 2b—k are hygro-
scopic and decompose at temperatures above 25 °C. However, they are
stable in acetic acid solutions.

(18) Single report on preparation of pyrrolyl-3-iodonium triflates
from 3-trimethylsilylpyrrole: Liu, J.-H.; Chan, H.-W.; Xue, F.; Wang,
Q.-G.; Mak, T. C. W.; Wong, H. N. C. J. Org. Chem. 1999, 64, 1630.

(19) Correlation between yields of phenyliodonium salts and
Hammett o constants of substituents has been reported: Dohi, T.;
Yamaoka, N.; Kita, Y. Tetrahedron 2010, 66, 5775. See also the Sup-
porting Information, p S26.

(20) For substituent effect on regioselectivity of SgAr reactions of
pyrroles, see: Joule, J. A.; Mills, K. Heterocyclic Chemistry, 5th ed.; John
Wiley & Sons: Chichester, 2010; pp 289—323.

(21) For other examples, see: (a) Dohi, T.; Yamaoka, N.; Kita, Y.
Tetrahedron 2010, 66, 5775. (b) Reference 16. (c) Martin-Santamaria, S.;
Carroll, M. A.; Carroll, C. M.; Carter, C. D.; Pike, V. W.; Rzepa, H. S;
Widdowson, D. A. Chem. Commun. 2000, 649.
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Table 1. Reactivity of Arylpyrrolyliodonium Acetate 2a

/OA
ph—i.  CO.Me R!  COMe

\C
PR T
N N
sl ed
2a

3a: R'=0Ac
4: R'=|
1a:R'=H
catalyst t time products
entry (mol %) solvent (°C) (h) (yield, %)
1 — AcOH rt 18 2a
2 Pd(OAc), (5) AcOH rt 18 3a(90%)
3 Pd(OAc), (5) MeCN 60 18 3a(91%)
4 — AcOH 100 24  3a(45%)+4(20%)+
1a(27%)
5 - HFIP 100 18 2a
6 PtCl, (5) AcOH 80 48 3a:la=3:2
7 PtCl,(5) AcOH 80 48 2a
8 BF3’OEt2 (400) CH2012 rt 3 2a
9 Cu(OTf)(10) CHyCl, 35 24 2a
10 TMS-OTf(200) HFIP rt 2 products mixture

in 91% yield (entry 3). Additional experiments were
performed to investigate the reactivity of iodonium salt
2a. Heating of 2a without the Pd catalyst yielded a mixture
of products 3a, 4, and the starting 1a (entry 4). Interest-
ingly, only unreacted 2a was observed after prolonged
heating in (CF3),CHOH, a solvent of choice for oxida-
tive nucleophilic acetoxylation of alkylphenyl ethers
(entry 5).'3 PtCl, was inferior to Pd(OAc), as a cata-
lyst>® (entry 6), whereas PtCly did not catalyze the
conversion of 2a (entry 7). Likewise, BF3eOEt,'* in
DCM (entry 8) and Cu(OTf), in DCM'> were not
efficient as catalysts (entries 8, 9), whereas addition of
TMS-OTf!'® resulted in the formation of an inseparable
mixture of products (entry 10).

A series of pyrrolyliodonium acetates 2b—k was subse-
quently prepared in the reaction of pyrroles 1b—k with
1.2 equiv of PhI(OAc), in AcOH at ambient temperature
(63—79% yields; see Table 2). The iodonium acetates 2b—k
were sufficiently stable to be isolated and characterized,”
and they can be stored in the freezer for several months. To
the best of our knowledge, pyrrolyl-3-iodonium acetates
have not been previously prepared in a direct electrophilic
substitution of pyrrole.'®

The yields of iodonium salts 2a—k were found to be
sensitive to the electronic properties of substituents on
the pyrrole ring.!” Todonium acetates were formed from
N-unsubstituted pyrroles 2h,k (entries 8,11, Table 2). The
regioselectivity of pyrrolyliodonium salt formation appar-
ently is a result of the combined directing effects of pyrrole
substituents.”” Nevertheless, there is a strong preference
for the formation of iodonium salts at the o-position
(entries 2, 3, 9, 10),>' and B-pyrrolyliodonium salts could
be obtained only for 2,5-disubstuted heterocycles 1a,e—h,k
(entries 1, 5—8, 11, Table 2).

In the presence of 5 mol % Pd(OAc), in AcOH
solution at ambient temperature iodonium salts 2a—k
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Table 2. Acetoxylation of Pyrroles 1a—k and Indoles 11—m via
Isolation of Intermediate Iodonium Salts 2a—m

JR PhI(OAc),  r-~, OAc Pd(OAc), r-™\
L ] XH 12equiv ('\ RN 5mol % kl\ || %OAc
N AcOH o rlq) Ph acon "Q
1 R it 2 R t 3 R
. . time yield time yield”
entry iodonium salt ) (%) product (h) (%)
DAc ACO_  COMe
ph—I  COMe
B Pat
1 N 6 78 18 90
Cl . Lo
Aco‘,l/Q AcO’Q
P
2 7 © 3007 © 18s
I 2b 1 3b
3 Ph,l 'i‘ COEt 6 72 AcO ,}‘ "COLEt 3 79
2¢ 3¢
CO,Et ot
Ao, [\ 7
4 Pﬁ' N 3 79 ao 3 78
2d I 3d
IF'h

79

6 3 79 18 71
L
Br2f B 3f
PAC
ph—I AcO,
7 ,@\% 186 I3, 18 7
Co,Et 2g Co,Et 3g
Pn/\’OAC A
8 B 18 73 A 18 79
Br@\co,a h B N COMe 3h
9 “°°;|/z:§\ 30071 Acol}\ 18 67
P So,Tol 2§ So,Tol 3
10 “"7‘1’;@ 18 71 Aco’qQ 18 71
P SogTal 2 ool 3j
Ph ) B, OAc
Br, I~0Ac
/\ b
0 Brj:&mza 18 79 o AN ooq !
H
Br P"‘\\OAC Br OAc
)\ b
12 S 18T @ﬁ&coza 1 8l
Me 21 Me 3l
cl Acq“Ph cl OAc
13 \ 6 66 3 3 73
N N
Bn 2m Bn 3m

“Yields for the conversion from 2 to 3. ” Heating at 100 °C.

were readily converted into the target acetoxypyrroles
3a—k (see Table 2). A simple workup and purification
by chromatography afforded pure 3a—k (Table 2). The
Pd-catalyzed acetoxylation conditions are compatible
with the presence of bromine (entries 8, 11) and even
iodine (entry 2). N-Alkyl, N-aryl, N-benzoyl, N-benzy],
N-tosyl, and N-carbamoyl are tolerated at the pyrrole
nitrogen (Table 2).

We have found that the acetoxypyrroles 3a—k could also
be synthesized in a sequential one-pot approach without
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Table 3. One-Pot Sequential Procedure vs Crabtree Conditions

entry pyrrole One-pot” yield Crabtree conditions” yield
product (%) product (%)
1 la 3a 92 3a 85
Ao L
2 1 3 56 © : © 16y
! i 5+6
30 e 3¢ 80 02,?‘2‘;;'7 75¢
Q—LC%E( bﬁoza
= = 34 (8)°
4 1d 3d 77 oS0 * o P oac 519y
I | 8+9
5 le 3e 86 3e 76
6 1f 3f 60 3f 65
7 1g 3g 50 - -
AcO, OAc
8  1h 3 74 BV/Z?\COZE‘ Br/@\cma 244
H
3h:10=4:1
9 1i 3i 42 - -
10 1j 3j 41 - -
11 1k 3k 69 3k 41%¢
12 11 k| 86 31 77
13 1m 3m 70 3m 51

“Pyrrole 1 (1 equiv) and PhI(OAc), (1.2 equiv) were stirred in AcOH
atrt for 3—18 h (see Table 2 for time; the formation of 2 was monitored
by '"H NMR), then Pd(OAc), (0.05 equiv) was added, and stirring at rt
was continued for 1—18 h (see Table 2). * Pyrrole 1 (1 equiv), PhI(OAc),
(1.3 equiv), and Pd(OAc), (0.05 eq]uiv) were heated in AcOH at 100 °C
for 1 h. “2.3 equiv of PhI(OAc),. “Yield of a 4:1 mixture of 3h and 10.
¢Heating at 100 °C for 3 h.” Reference 5e.

isolation of the intermediate iodonium salts 2a—k (see
Table 3). Accordingly, Pd(OAc), was added to the reaction
mixture after the corresponding iodonium acetate has been
formed.”> In general, the sequential one-pot approach
afforded higher yields of 3a—k compared to the two-step
reaction. Importantly, the original Crabtree’ conditions
are inferior to the sequential one-pot approach. Thus, not
only the yields are substantially lower (Table 3, entries 1, 5,
8, 11, 12) but also the formation of overoxidation products
is more pronounced. For example, acetoxylation of pyr-
roles 1b—d under Crabtree conditions (entries 2—4,
Table 3) afforded mixtures of pyrrole-2,5-diones 5,8 and
S-functionalized pyrrolidin-2-ones 6,7,9. y-Lactams such
as 6,7,9 have been found in a wide range of biologically
active natural products.?

The initial formation of salts 2a—k in the Pd-catalyzed
acetoxylation reaction prompted us to hypothesize that the
previously reported acetoxylation of indoles under similar
conditions (Pd(OAc), and PhI(OAc),)*® may also proceed
via the intermediate indolyliodonium acetates. Indeed,
treatment of indoles 1l,m with PhI(OAc), in AcOH af-
forded C3-iodonium salts 2I,m which were stable in AcOH-
d, solution and could be isolated.”*

(22) The formation of iodonium acetates 2a—k was controlled by 'H
NMR. The addition of Pd(OAc), early on resulted in the formation of
overoxidation products.

(23) For a review, see: Nay, B.; Riache, N.; Evanno, L. Nat. Prod.
Rep. 2009, 26, 1044.

(24) The structures of 2a and 21 were confirmed by X-ray analysis; see
the Supporting Information, pp S29 and S30.
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Furthermore, salts 2l,m were smoothly converted into
acetoxyindoles 3l,m in the presence of Pd(OAc), (5 mol %)
(see Table 2, entries 12, 13). The sequential one-pot
approach afforded higher yields of 3l compared to the
Crabtree conditions (86% vs 77%, Table 3, entry 12).

The Pd-catalyzed formation of C—O bonds from iodo-
nium acetates 2a—m showed high regioselectivity for the
sterically more bulky heterocycle ring, and O-acetylphenol
formation was not observed. Assuming that acetoxylation
occurs via the initial transfer of pyrroles and indoles from
the iodonium salts 2 to Pd, the observed regioselectivity is
striking, because the less hindered aryl group usually is
transferred from nonsymmetrical diaryliodonium salts
(such as [Ar-I-Mes]BF,) to Pd (Scheme 1).%°

Scheme 1. Regioselectivity in the Reaction of Nonsymmetrical
Todonium Salts with Palladium

R4

R3
O 0o
® RN ©®

2

R!

Apparently, electronic preferences rather than steric
factors control the acetoxylation regioselectivity of salts
2. Thus, it has been demonstrated that in Pd(IT)-catalyzed
reactions the more electron-rich Ar moiety is selectively
transferred from unsymmetrical diaryliodonium salts
[Ar-I-Ar']BF, to a Pd catalyst.”*?” The high regioselec-
tivity of the pyrrole and indole ring transfer to a Pd
catalyst, presumably, is ensured by 5*-coordination of an
iodonium substituted double bond of the more elec-
tron-rich pyrrolyliodonium moiety to the Pd(II) species
(complex 11, Scheme 2).>® Subsequent oxidative addi-
tion would generate a transient pyrrolyl-Pd(IV)

(25) The presence of a bulky mesityl group in iodonium salts [Mes-I-
Ar]X ensured the selective transfer of the smaller Ar group in Pd-
catalyzed arylations: (a) Kalyani, D.; Deprez, N. R.; Desai, L. V.;
Sanford, M. S. J. Am. Chem. Soc. 2005, 127, 7330. (b) Deprez, N. R.;
Sanford, M. S. J. Am. Chem. Soc. 2009, 131, 11234. For the analogous
use of a nontransferrable 2,4,6-tri-isopropylphenyl group, see:Phipps,
R.J.; Grimster, N. P.; Gaunt, M. J. J. Am. Chem. Soc. 2008, 130, 8172.

(26) Deprez, N. R.; Sanford, M. S. Inorg. Chem. 2007, 46, 1924 and
references cited therein.

(27) Decomposition of [Mes-I-Ph]JOAc under Crabtree acetoxylation
conditions (Pd(OAc),, AcOH, 100 °C, 18 h) was moderately selective for
the formation of Mes-OAc (ratio Mes-OAc/Mes-1 = 3.4:1).

(28) (a) Related 7*-coordination of 2-tributylstannylfurane to Pd(IT)
followed by tin-to-palladium transmetallation of the furyl group has
been observed: Cotter, W. D.; Barbour, L.; McNamara, K. L.; Hechter,
R.; Lachicotte, R. J. J. Am. Chem. Soc. 1998, 120, 11016. (b) For related
stable #%-arylgold(I) complexes, see: Herrero-Gémez, E.; Nieto-
Oberhuber, C.; Salomé, L.; Benet-Buchholz, J.; Echavarren, A. M.
Angew. Chem., Int. Ed. 2006, 45, 5455.
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Scheme 2. Proposed Mechanism for Acetoxylation of Pyrroles
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2 1" 12 3

complex 12, which undergoes C—O bond forming re-
ductive elimination.

The acetoxylation of pyrroles presumably involve a
Pd(11)/Pd(IV) or Pd(II)/Pd(III) catalytic cycle. However,
the Pd(0)/Pd(II) catalytic cycle cannot be ruled out, as
evidenced by the “mercury drop” test.”’ Thus, addition of
a large excess (> 300 equiv) of metallic Hg to a mixture of
iodonium acetate 2a and Pd(OAc), (5 mol %) in AcOH
resulted in complete inhibition of the acetoxylation (< 5%
of acetoxypyrrole 3a was formed).*® Additional work is
ongoing to elucidate the mechanism of the Pd-catalyzed
conversion of 2 to 3.

In summary, a series of stable pyrrolyl(aryl)iodonium
and indolyl(aryl)iodonium acetates 2a—m have been pre-
pared and characterized. The formation of intermediate
iodonium salts of pyrroles 2a—k and indoles 2m,l under the
acetoxylation conditions as well as their Pd-catalyzed con-
version to oxidized heterocycles 3a—1 indicate that iodo-
nium salts 2a—l are actual intermediates in the acetoxylation
reaction. Consequently, we propose that the formation of
iodonium salts 2 is the first step in the catalytic cycle for the
acetoxylation of pyrroles and indoles. Such a mechanism
differs from the closely related Pd-catalyzed C2-arylation of
pyrroles and indoles with diaryliodonium salts, which pro-
ceeds via the initial carbopalladation of the pyrrole ring.'
Further studies to expand the scope of heterocycles in the
Pd-catalyzed regioselective acetoxylation reaction via iodo-
nium acetates are ongoing in our laboratory.
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(29) (a) Anton, D. R.; Crabtree, R. H. Organometallics 1983, 2, 855.
(b) Foley, P.; DiCosimo, R.; Whitesides, G. M. J. Am. Chem. Soc. 1980,
102, 6713.

(30) The formation of palladium black has always been observed in
the late stages of the acetoxylation.

(31) Deprez, N. R.; Kalyani, D.; Krause, A.; Sanford, M. S. J. Am.
Chem. Soc. 2006, 128, 4972.
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General.

All reactions were carried out under an argon atmosphere. Progress of reactions was monitored by
thin-layer chromatography on Merck Kieselgel 60F2s4. Flash column chromatography was
performed using Biotage SP1 Flash Purification System and Biotage KP-Sil 25+M or Biotage KP-
Sil 12+M silica cartridges.

"H NMR spectra were recorded on Varian Inova 400 MHz NMR spectrometers. 'H and *C NMR
chemical shifts are reported in parts per million (ppm) relative to TMS, with the residual solvent
peak used as an internal reference. Melting points were uncorrected. Elemental analyses were
performed using Carlo-Erba CHNS-0 EA1108 instrument. HRMS were obtained on a Micromass
AutoSpec Ultima Magnetic sector mass spectrometer.

All reagents were obtained commercially and used as received.

Experimental Procedures for Synthesis of Starting Pyrroles and Indoles 1a—o.

Methyl 1-(2-bromobenzyl)-2,5-dimethyl-1H-pyrrole-3-carboxylate (1a). NaH (60% in mineral
oil, 240 mg, 6.0 mmol, 1.2 equiv) was washed under an argon atmosphere with anhydrous Et,O
(2x5 mL) to remove the mineral oil, suspended in anhydrous DMF (6 mL) and cooled to 1-2 °C in
an ice-bath. A solution of methyl 2,5-dimethyl-1H-pyrrole-3-carboxylate (766 mg, 5.0 mmol, 1
equiv) in anhydrous DMF (6 mL) was added dropwise. When gas evolution ceased, the ice-bath
was removed. After stirring at ambient temperature for 1 h, a solution of 2-bromobenzylbromide
(1.50 g, 6.0 mmol, 1.2 equiv) in anhydrous DMF (10 mL) was added. After stirring for 12 h at room
temperature the solvent was evaporated and the residue was partitioned between water (50 mL) and
EtOAc. Aqueous layer was extracted with EtOAc (2x30 mL), combined organic extracts were
washed with brine (50 mL), dried over Na>SOg, filtered and concentrated. Purification of the
residue by column chromatography (Biotage Si 25+M) using gradient elution from 5% EtOAc/light
petroleum ether to 30% EtOAc/light petroleum ether afforded product as a yellow oil (1.48 g, 92%
yield); analytical TLC on silica gel, 1:10 EtOAc/light petroleum ether, Rf=0.31. Pure material was
obtained by crystallization from diethyl ether/light petroleum ether: mp 95-96 °C. IR (film, cm™)
1695 (C=0), 1221 (C-0), 733 (C-Br); '"H NMR (400 MHz, CDCls, ppm) & 7.58 (1H, dd, J=7.7, 1.4
Hz), 7.18 (1H, td, J=7.5, 1.4 Hz), 7.13 (1H, td, J=7.7, 1.9 Hz), 6.36 (1H, d, J=1.0 Hz), 6.25-6.21
(IH, m), 5.02 (2H, s), 3.80 (3H, s), 2.41 (3H, s), 2.09 (3H, s). 3*C NMR (100.6 MHz, CDCl3, ppm)
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0 166.2, 136.2, 135.8, 132.8, 129.1, 128.2, 128.2, 126.7, 121.6, 111.3, 108.1, 50.9, 47.5, 12.1, 11.3.
Anal. Calcd for Ci1sHi16BrNOs: C, 55.92; H, 5.01; N, 4.35 Found: C, 55.98; H, 4.96; N, 4.14.

o}

N CO,Et
|

Ethyl 1,4-dimethyl-1H-pyrrole-2-carboxylate (1c). The same procedure was used as for 1la.
Accordingly, ethyl 4-methyl-1H-pyrrole-2-carboxylate (500 mg, 3.26 mmol) was converted into
pyrrole 1c. Purification of the crude product by column chromatography (Biotage Si 25+M) using
gradient elution from 5% EtOAc/light petroleum ether to 30% EtOAc/light petroleum ether
afforded product as a yellow oil (472 mg, 87% yield); analytical TLC on silica gel, 1:5 EtOAc/light
petroleum ether, Rf=0.59. '"H NMR (400 MHz, CDC]ls, ppm) & 6.68 (1H, d, J=2.0 Hz), 6.51-6.44
(1H, m), 4.18 (2H, q, J/=7.1 Hz), 3.78 (3H, s), 1.98 (3H, s), 1.26 (3H, t, J=7.1 Hz).

CO,Et
2/ \§
N

Ethyl 1,4-dimethyl-1H-pyrrole-3-carboxylate (1d). The same procedure was used as for 1la.
Accordingly, ethyl 4-methyl-1H-pyrrole-3-carboxylate (500 mg, 3.26 mmol) was converted into
pyrrole 1d. Purification of the crude product by column chromatography (Biotage Si 25+M) using
gradient elution from 5% EtOAc/light petroleum ether to 30% EtOAc/light petroleum ether
afforded product as a yellow oil (514 mg, 94% yield); analytical TLC on silica gel, 1:5 EtOAc/light
petroleum ether, Rf=0.37. IR (film, cm™) 1704 (C=0), 1251 (C-O); 'H NMR (400 MHz, CDCls,
ppm) 6 7.17 (1H, d, J=2.5 Hz), 6.33 (1H, dd, J=2.5, 1.0 Hz), 4.23 (2H, q, J=7.1 Hz), 3.58 (3H, s),
2.24 (3H, d, J=1.0 Hz), 1.32 (3H, t, J=7.1 Hz). *C NMR (100.6 MHz, CDCl3, ppm) & 165.5, 127.7,
121.9, 121.5, 114.4, 59.3, 36.4, 14.6, 11.8. HRMS-ESI (m/z) caled for CoHisNO, [M+H]"
168.1053, found 168.1025.
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Ethyl S5-methyl-1-(4-methylphenyl)-1H-pyrrole-2-carboxylate (le). An oven-dried screw-cap
pressure tube was charged with Cul (0.15 mmol, 29 mg, 0.05 equiv), ethyl 5-methyl-1H-pyrrole-2-
carboxylate (460 mg, 3.00 mmol, 1 equiv), KsPO4 (1.34 g, 6.30 mmol, 2.1 equiv). 4-lodotoluene
(785 mg, 3.60 mmol, 1.2 equiv), N,N'-dimethylethylen-1,2-diamine (65 pL, 0.60 mmol, 2 equiv)
and toluene (5 mL) were then added successively under a stream of argon. After stirring at 110 °C
for 48 h and cooling to room temperature, the reaction was diluted with EtOAc and filtered through
a Celite pad (20 mL of Celite). Celite pad was washed with EtOAc (25 mL), combined filtrates
were washed with brine, dried over NaxSO4 and concentrated. Purification of the crude product by
column chromatography (Biotage Si 25+M) using gradient elution from 5% EtOAc/light petroleum
ether to 30% EtOAc/light petroleum ether afforded product as a yellow oil (470 mg, 92% yield);
analytical TLC on silica gel, 1:10 EtOAc/light petroleum ether, Rf=0.37. IR (film, cm™") 1704
(C=0), 1169 (C-0); '"H NMR (400 MHz, CDCls, ppm) & 7.28-7.25 (2H, m), 7.14-7.07 (2H, m),
7.03 (1H, d, J=3.8 Hz), 6.05 (1H, dd, J=3.8, 1.0 Hz), 4.13 (2H, q, J=7.1 Hz), 2.44 (3H, s), 2.04 (3H,
s), 1.20 (3H, t, J/=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, ppm) & 160.6, 138, 137.7, 136.8, 129.5,
127.6, 123.7, 117.7, 108.0, 77.2, 59.6, 21.4, 14.4, 13.1. HRMS-ESI (m/z) calcd for Ci5HisNO>
[M+H]"244.1320, found 244.1338.

1-[(4-Bromophenyl)carbonyl]-2,5-dimethyl-1H-pyrrole (1f). KHMDS (11.6 mL, 1M solution in
THF, 1.1 equiv) was added dropwise to a cooled solution (-78 °C) of 2,5-dimethyl-1H-pyrrole (1.00
g, 10.51 mmol, 1 equiv) in anhydrous THF (15 mL) under argon atmosphere. After stirring at -
78 °C for 1 h, the solution of 4-bromo-benzoyl chloride (2.54 g, 11.56 mmol, 1.1 equiv) in
anhydrous THF (10 mL) was added dropwise. After stirring for 1 h at -78 °C, the reaction was
warmed to room temperature and left to stir for more 12 h. Aqueous saturated 1N NH4CI (50 mL)
was added and product was extracted with MeO7Bu (3x25 mL). Combined organic extracts were
dried over Na»SOs, filtered and concentrated. Purification of the crude product by column
chromatography (Biotage Si 25+M) using gradient elution from 5% EtOAc/light petroleum ether to
30% EtOAc/light petroleum ether afforded product as a brown solid (1.9 g, 65% yield); analytical
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TLC on silica gel, 1:10 EtOAc/light petroleum ether, Rf=0.59. Pure material was obtained by
crystallization from diethyl ether/light petroleum ether: mp 48-49 °C. IR (film, cm™) 1699 (C=0);
"H NMR (400 MHz, CDCls, ppm) & 7.64-7.60 (2H, m), 7.58-7.54 (2H, m), 5.88 (2H, s), 2.07 (6H,
s). 3C NMR (100.6 MHz, CDCl3, ppm) & 170.3, 134.6, 132.2, 131.7, 130.4, 128.5, 110.6, 77.2,
14.9. Anal. Calcd for C13sH12BrNO: C, 56.14; H, 4.35; N, 5.04 Found: C, 56.15; H, 4.29; N, 4.89.

AN,

N

CO,Et
Ethyl 2-methyl-5-phenyl-1H-pyrrole-1-carboxylate (1g). NaH (60% in mineral oil, 516 mg, 12.9
mmol, 1.2 equiv) was washed under an argon atmosphere with anhydrous Et,O (2x5 mL) to remove
the mineral oil, suspended in anhydrous DMF (5 mL) and cooled to 1-2 °C in an ice-bath. A
solution of methyl 2-methyl-5-phenyl-1H-pyrrole (1.69 g, 10.75 mmol, 1 equiv) in anhydrous DMF
(5 mL) was added dropwise. When gas evolution ceased, the ice bath was removed. After stirring at
ambient temperature for 1 h, a solution of ethyl chloroformate (1.4 g, 12.9 mmol, 1.2 equiv) in
anhydrous DMF (3 mL) was added. After stirring for 12 h the solvent was evaporated and the
residue was partitioned between H>O (50 mL) and EtOAc (100 mL). Ageous layer was extracted
with EtOAc (2x100 mL), combined organic extracts were washed with brine, dried over Na>SO4
and concentrated. Purification of the crude product by column chromatography (Biotage Si 25+M)
using gradient elution from 5% EtOAc/light petroleum ether to 30% EtOAc/light petroleum ether
afforded product as a colourless oil (1.55 g, 63% yield); analytical TLC on silica gel, 1:10
EtOAc/light petroleum ether, Rf=0.48. IR (film, cm™!) 1739 (C=0), 1215 (C-O); 'H NMR (400
MHz, CDCIl3, ppm) & 7.36-7.26 (5H, m), 6.12 (1H, d, J/=3.2 Hz), 5.99 (1H, dd, J=3.2, 1.0 Hz), 4.15
(2H, q, J=7.1 Hz), 2.47 (3H, d, J=1.0 Hz), 1.01 (3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCls,
ppm) 6 152, 135.2, 133.3, 128.4, 127.8, 126.9, 112.9, 111, 77.2, 63.1, 15.5, 13.6. HRMS-ESI (m/z)
calcd for C14H16NO> [M+H]"230.1259, found 230.1293.

Brﬂ CO,Et

N
H

Ethyl 5-bromo-1H-pyrrole-2-carboxylate (1h). Ethyl 1H-pyrrole-2-carboxylate (1 g, 7.19 mmol)
was converted into pyrrole 1h (650 mg, 41%) in accordance with literature procedure.' Purification
of the crude product by column chromatography (30x150 mm) using isocratic elution 12%

EtOAc/light petroleum ether afforded product as a yellow solid (650 mg, 41% yield); analytical

(1) Furukawa, A.; Fukuzaki, T.; Onishi, Y.; Kobayashi, H.; Honda, T.; Matsui, Y.; Konishi, M.; Matsufuji, T.; Ueda, K. EP
2239253 A1, 2010; Chem. Abstr. 2010, 151, 245651.
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TLC on silica gel, 1:5 EtOAc/light petroleum ether, Rf=0.36. Pure material was obtained by
crystallization from EtOAc/light petroleum ether: mp 93-94 °C. '"H NMR (400 MHz, CDCl3, ppm)
0 9.65-9.34 (1H, br s), 6.83 (1H, dd, J=3.8, 2.6 Hz), 6.21 (1H, dd, J=3.8, 2.6 Hz), 4.34 (2H, q,
J=7.1 Hz), 1.36 (3H, t, J/=7.1 Hz).

la¥

N

SO,Tol
2,4-Dimethyl-1-[(4-methylphenyl)sulfonyl]-1H-pyrrole (1i). The same procedure was used as for
1f. Accordingly, 2,4-dimethyl-1H-pyrrole (730 mg, 7.67 mmol) was converted into pyrrole 1i.
Purification of the crude product by column chromatography (Biotage Si 25+M) using gradient
elution from 5% EtOAc/light petroleum ether to 30% EtOAc/light petroleum ether afforded product
as a brown solid (1.72 g, 90% yield); analytical TLC on silica gel, 1:10 EtOAc/light petroleum
ether, Rf=0.41. Pure material was obtained by crystallization from EtOAc/light petroleum ether: mp
85-86 °C (lit.> mp 85 °C). 'H NMR (400 MHz, CDCls, ppm) & 7.67-7.59 (2H, m), 7.28-7.24 (2H,
m), 7.01-6.92 (1H, m), 5.81-5.73 (1H, m), 2.38 (3H, s), 2.24 (3H, s), 1.97 (3H, d, J=1.0 Hz).

Oa

N

S0,Tol
1-[(4-Methylphenyl)sulfonyl]-4,5,6,7-tetrahydro-1H-indole (1j). The same procedure was used
as for 1f. Accordingly, 4,5,6,7-tetrahydro-1H-indole (500 mg, 4.13 mmol) was converted into
pyrrole 1j. Purification of the crude product by column chromatography (Biotage Si 25+M) using
gradient elution from 5% EtOAc/light petroleum ether to 30% EtOAc/light petroleum ether
afforded product as a brown solid (1.01 g, 89% yield); analytical TLC on silica gel, 1:10
EtOAc/light petroleum ether, Rf=0.41. Pure material was obtained by crystallization from
EtOAc/light petroleum ether: mp 100-101 °C. IR (film, cm™) 1168 (SO2); 'H NMR (400 MHz,
CDCIs, ppm) 8 7.68-7.64 (2H, m), 7.30-7.26 (2H, m), 7.15 (1H, d, J=3.3 Hz), 6.05 (1H, d, J=3.3
Hz), 2.66 (2H, t, J/=6.1 Hz), 2.40 (3H, s), 2.38 (2H, t, J=6.1 Hz), 1.74-1.68 (2H, m), 1.65-1.59 (2H,
m). 3C NMR (100.6 MHz, CDCls, ppm) & 144.6, 136.8, 130.1, 129.3, 126.9, 123.6, 120.7, 112.4,
77.2,23.3,23.2,23.1, 22.7, 21.7. Anal. Calcd for Ci5sH17NO:S: C, 65.43; H, 6.22; N, 5.09 Found:
C, 65.47; H, 6.16; N, 4.99.

(%) Voshchula, V. N.; Dulenko, V. I. Chem. Het. Comp. 1987, 23, 819.
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Ethyl 4,5-dibromo-1H-pyrrole-2-carboxylate (1k). Ethyl 1H-pyrrole-2-carboxylate (2 g, 14.4
mmol) was converted to pyrrole 1k (2.9 g, 68%) in accordance to literature procedure.? Purification
of the crude product by column chromatography (Biotage Si 25+M) using gradient elution from
10% EtOAc/light petroleum ether to 40% EtOAc/light petroleum ether afforded product as a yellow
solid (2.9 g, 68% yield); analytical TLC on silica gel, 1:5 EtOAc/light petroleum ether, Rf=0.41.
Pure material was obtained by crystallization from EtOAc/light petroleum ether: mp 124-125 °C. 'H
NMR (400 MHz, CDCI3, ppm) 6 10.05-9.78 (1H, br s), 6.89 (1H, d, J/=3.0 Hz), 4.36 (2H, q, J=7.1
Hz), 1.36 (3H, t, J/=7.1 Hz).

Br
mCO;t
N
\

Ethyl 5-bromo-1-methyl-1H-indole-2-carboxylate (11). Ethyl 5-bromo-1H-indole-2-carboxylate
(2 g, 14.4 mmol) was converted to indole 11 (1.96 g, 93%) in accordance to literature procedure.*
Purification of the crude product by column chromatography (Biotage Si 40+M) using gradient
elution from 10% EtOAc/light petroleum ether to 40% EtOAc/light petroleum ether afforded
product as a white solid (1.96 g, 93% yield); analytical TLC on silica gel, 1:5 EtOAc/light
petroleum ether, Rf=0.55. Pure material was obtained by crystallization from EtOAc/light
petroleum ether: mp 91-92 °C. 'H NMR (400 MHz, CDCls, ppm) & 7.80 (1H, dd, J = 1.8, 0.8 Hz),
7.41 (1H, dd, J = 8.9, 1.8 Hz), 7.27-7.24 (1H, m, overlapped with CHCl;), 7.21 (1H, d, /= 0.8 Hz),
438 (2H, q,J=7.1 Hz), 4.06 (3H, s), 1.41 (3H, t,J="7.1 Hz).

!

1-Benzyl-5-chloro-1H-indole (Im). The same procedure was used as for la. Accordingly, 5-
chloro-1H-indole (500 mg, 3.26 mmol) was converted to indole 1m. Purification of the crude
product by column chromatography (Biotage Si 25+M) using gradient elution from 5% EtOAc/light
petroleum ether to 30% EtOAc/light petroleum ether afforded product as a yellow solid (748 mg,
95% yield); analytical TLC on silica gel, 1:5 EtOAc/light petroleum ether, Rf=0.46. Pure material

(3) Hurley, P.; Ding, H.; Andrew, G.; Harran, P. G.; Li, Q.; Akella, R. J. Org. Chem. 2009, 74, 5909.
() Stefany, D.; Harris, K. J.; Gillespy, T. A.; Gardner, C. J.; Aguiar, J.,, C. WO 121280 A1, 2007; Chem. Abstr. 2007, 147,
469370.
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was obtained by crystallization from EtOAc/light petroleum ether: mp 63-64 °C (lit.> mp 61—
62.5 °C). 'H NMR (400 MHz, CDCl3, ppm) & 7.64 (1H, d, J/=2.0 Hz), 7.35-7.28 (3H, m), 7.19 (1H,
d, /=8.7 Hz), 7.16 (1H, d, J/=3.2 Hz), 7.13 (1H, dd, J/=8.7, 2.0 Hz), 7.11-7.08 (2H, m), 6.51 (1H, d,
J=3.2 Hz), 5.31 (2H, s).

U\COZEt

\
S0O,Tol

Ethyl 1-[(4-methylphenyl)sulfonyl]-1H-pyrrole-2-carboxylate (1n). The same procedure was
used as for 1g. Accordingly, ethyl 1H-pyrrole-2-carboxylate (500 mg, 3.59 mmol) was converted to
pyrrole 1n. Purification of the crude product by column chromatography (Biotage Si 25+M) using
gradient elution from 5% EtOAc/light petroleum ether to 30% EtOAc/light petroleum ether
afforded product as a yellow oil (970 mg, 92% yield); analytical TLC on silica gel, 1:5 EtOAc/light
petroleum ether, Rf=0.33. 'H NMR (400 MHz, CDCls, ppm) & 7.91-7.82 (2H, m), 7.70 (1H, dd,
J=3.2, 1.9 Hz), 7.33-7.29 (2H, m), 7.04 (1H, dd, J=3.7, 1.9 Hz), 6.29 (1H, dd, J/=3.7, 3.2 Hz), 4.19
(2H, q, J=7.1 Hz), 2.42 (3H, s), 1.25 (3H, t, J=7.1 Hz).

Jat
CO,Et

N
SO, Tol

Ethyl 4-methyl-1-[(4-methylphenyl)sulfonyl]-1H-pyrrole-2-carboxylate (10). The same
procedure was used as for 1g. Accordingly, ethyl 4-methyl-1H-pyrrole-2-carboxylate (500 mg, 3.26
mmol) was converted to pyrrole 1o. Purification of the crude product by column chromatography
(Biotage Si 25+M) using gradient elution from 5% EtOAc/light petroleum ether to 30%
EtOAc/light petroleum ether afforded product as a brown solid (450 mg, 83% yield); analytical
TLC on silica gel, 1:10 EtOAc/light petroleum ether, Rf=0.26. Pure material was obtained by
crystallization from EtOAc/light petroleum ether: mp 93-94 °C. IR (film, cm™) 1726 (C=0), 1228
(C-0), 1178 (SO2); 'H NMR (400 MHz, CDCl3, ppm) & 7.88-7.83 (2H, m), 7.47-7.43 (1H, m),
7.32-7.28 (2H, m), 6.88 (1H, d, /=2.0 Hz), 4.17 (2H, q, J/=7.1 Hz), 2.41 (3H, s), 2.08 (3H, s), 1.24
(3H, t, J/=7.1 Hz). *C NMR (100.6 MHz, CDCls, ppm) & 158.9, 144.8, 136.3, 129.5, 128.1, 126.7,
125.1, 124.9, 120.9, 77.2, 60.7, 21.8, 14.3, 11.6. Anal. Calcd for C;sHi7NO4S: C, 58.62; H, 5.58; N,
4.56 Found: C, 58.56; H, 5.45; N, 4.43.

5> Trost, B. M.; McClory, A. Angew. Chem. Int. Ed. 2007, 46, 2074.
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General Procedure for Synthesis of lodonium Salts 2a—m.

An oven-dried flask was cooled under stream of argon, charged with PhI(OAc), (1.2 equiv) and
pyrroles 1a-k or indoles 11-m (1 equiv) and closed with septa. Glacial acetic acid (4 mL/1.0 mmol
of pyrrole) was added via syringe and the reaction was stirred at room temperature for 3-18 h (see
Table 2 for appropriate time) whereupon it was dry-absorbed on silica gel (concentrated in vacuo at
room temperature in the presence of silica gel). The residue was purified by column

chromatography on silica gel.

OAc
Ph—I CO,Me

|\
N

L,

Methyl 4-[(acetyloxy)(phenyl)-A3-iodanyl]-1-(2-bromobenzyl)-2,5-dimethyl-1 H-pyrrole-3-
carboxylate (2a). Following the general procedure, pyrrole 1a (700 mg, 2.18 mmol) was converted
into iodonium salt 2a. Purification of the crude product by column chromatography (column size
25x150 mm) using isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a white solid
(995 mg, 78% yield); analytical TLC on silica gel, 20:80:5 MeOH/CH»Cl>/AcOH, Rf=0.75. Pure
material was obtained by crystallization from AcOH/diethyl ether: mp 147-148 °C (dec.). IR (film,
cm) 1699 (C=0), 1558 (AcO"), 1219 (C-0O); 'H NMR (400 MHz, CDCls, ppm) & 7.95-7.86 (2H,
m), 7.65-7.58 (1H, m), 7.49-7.39 (1H, m), 7.38-7.29 (2H, m), 7.23-7.16 (2H, m), 6.11-6.03 (1H,
m), 5.12 (2H, s), 3.83 (3H, s), 2.44 (3H, s), 2.36 (3H, s), 1.97 (3H, s). *C NMR (100.6 MHz,
CDCIs, ppm) 6 178.9, 163.3, 138.9, 136.6, 134.5, 133.2, 133.1, 131.1, 130.5, 129.7, 128.4, 126,
121.7, 121.2, 112.6, 93.4, 51.4, 48.9, 24.7, 13, 11.9. Anal. Calcd for C23H23BrINOs4: C, 47.28; H,
3.97; N, 2.40 Found: C, 47.34; H, 3.89; N, 2.22.

AcO \,I /@
Ph

.

|
2-[(Acetyloxy)(phenyl)-A*-iodanyl]-1-(4-iodophenyl)-1H-pyrrole (2b). Following the general
procedure, pyrrole 1b (800 mg, 2.97 mmol) was converted into iodonium salt 2b. Purification of the
crude product by column chromatography (column size 25x150 mm) using isocratic elution 20:80:5
(MeOH/DCM/AcOH) afforded product as a white solid (1.15 g, 77% yield); analytical TLC on
silica gel, 20:80:5 MeOH/CH»Cl,/AcOH, Rf=0.64. Pure material was obtained by crystallization
from AcOH/diethyl ether: mp 101-102 °C (dec.). IR (film, cm) 1699 (C=0), 1543 (AcO"); 'H
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NMR (400 MHz, CDCls, ppm) § 7.69-7.64 (2H, m), 7.54 (2H, dd, J=8.4, 1.0 Hz), 7.42-7.36 (1H,
m), 7.27-7.24 (2H, m), 6.96 (1H, dd, J=3.8, 1.6 Hz), 6.92 (1H, dd, J=3.0, 1.6 Hz), 6.78-6.72 (2H,
m), 6.39 (1H, dd, J=3.8, 3.0 Hz), 1.88 (3H, s). *C NMR (100.6 MHz, CDCls, ppm) & 178.8, 139,
138.8, 133, 131.2, 130.7, 128.1, 128.1, 124.4, 122, 112.6, 103.3, 94.2, 24. HRMS-ESI (m/z) calced
for C1sH1LN [M-OAc]* 471.9086, found 471.9059.

Ethyl 5-[(acetyloxy)(phenyl)-A*-iodanyl]-1,4-dimethyl-1H-pyrrole-2-carboxylate (2¢).
Following the general procedure, pyrrole 1¢ (426 mg, 2.55 mmol) was converted into iodonium salt
2c. Purification of the crude product by column chromatography (column size 25x150 mm) using
isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a white solid (780 mg, 72%
yield); analytical TLC on silica gel, 20:80:5 MeOH/CH,Clo/AcOH, Rf=0.60. Pure material was
obtained by crystallization from AcOH/diethyl ether: mp 133-134 °C. IR (film, cm™") 1705 (C=0),
1550 (AcO), 1242 (C-0O); 'H NMR (400 MHz, CDCl3, ppm) & 7.81-7.74 (2H, m), 7.48-7.42 (1H,
m), 7.38-7.31 (2H, m), 6.89 (1H, s), 4.26 (2H, q, J=7.1 Hz), 3.96 (3H, s), 2.26 (3H, s), 1.88 (3H, s),
1.32 (3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCls, ppm) & 179.2, 160.4, 132.8, 131.7, 130.9,
128.8, 127.8, 121.1, 118.2, 113.7, 60.8, 37, 14.4, 13.8. HRMS-ESI (m/z) calcd for CisH17INO> [M-
OAc]"370.0281, found 370.0304.

Ethyl 5-[(acetyloxy)(phenyl)-A3-iodanyl]-1,4-dimethyl-1H-pyrrole-3-carboxylate (2d).
Following the general procedure, pyrrole 1d (490 mg, 2.93 mmol) was converted into iodonium salt
2d. Purification of the crude product by column chromatography (column size 25x150 mm) using
isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a yellow solid (990 mg, 79%
yield); analytical TLC on silica gel, 20:80:5 MeOH/CH,Clo/AcOH, Rf=0.50. Pure material was
obtained by crystallization from AcOH/diethyl ether: mp 112-113 °C (dec.). IR (film, cm™) 1705
(C=0), 1535 (AcO"), 1238 (C-0); 'H NMR (400 MHz, CDCIls, ppm) 8 7.79-7.74 (2H, m), 7.45—
7.41 (1H, m), 7.45 (1H, s), 7.36-7.31 (2H, m), 4.24 (2H, q, J=7.1 Hz), 3.66 (3H, s), 2.48 (3H, s),
1.84 (3H, s), 1.31 (3H, t, J=7.1 Hz). *C NMR (100.6 MHz, CDCls, ppm) & 177, 161.7, 130.5,
130.4, 129.6, 128.8, 119.2, 114, 104.5, 58, 36.1, 22.2, 12.5, 11.8. Anal. Calcd for Ci17H20INO4: C,
47.57; H, 4.70; N, 3.26 Found: C, 47.20; H, 4.85; N, 3.39.
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Ethyl 4-[(acetyloxy)(phenyl)-A*-iodanyl]-5-methyl-1-(4-methylphenyl)-1 H-pyrrole-2-
carboxylate (2e). Following the general procedure, pyrrole 1e (400 mg, 1.64 mmol) was converted
into iodonium salt 2e. Purification of the crude product by column chromatography (column size
25x150 mm) using isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a white solid
(554 mg, 65% yield); analytical TLC on silica gel, 20:80:5 MeOH/CH»Clo/AcOH, Rf=0.64. Pure
material was obtained by crystallization from AcOH/diethyl ether: mp 137-138 °C. IR (film, cm™)
1715 (C=0), 1514 (AcO"), 1169 (C-O); 'H NMR (400 MHz, CDCIls, ppm) & 7.94-7.86 (2H, m),
7.49-7.44 (1H, m), 7.40-7.33 (2H, m), 7.31 (1H, s), 7.26-7.22 (2H, m), 7.05-6.99 (2H, m), 4.09
(2H, q, J=7.1 Hz), 2.41 (3H, s), 2.16 (3H, s), 1.89 (3H, s), 1.16 (3H, t, J=7.1 Hz). *C NMR (100.6
MHz, CDCls, ppm) 6 179, 159.3, 141.8, 139.3, 135.6, 133.2, 131.4, 130.7, 129.9, 127.2, 126.5,
122.3, 120.5, 92.2, 60.5, 24.6, 21.4, 14.2, 13.3. HRMS-ESI (m/z) calcd for C21H21INO, [M-OAc]*
446.0641, found 446.0617.

3-[(Acetyloxy)(phenyl)-A3-iodanyl]-1-[(4-bromophenyl)carbonyl]-2,5-dimethyl-1H-pyrrole
(2f). Following the general procedure, pyrrole 1f (700 mg, 2.52 mmol) was converted into iodonium
salt 2f. Purification of the crude product by column chromatography (25x150 mm) using isocratic
elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a brown powder (1.08 g, 79% yield);
analytical TLC on silica gel, 20:80:5 MeOH/CH>Clb,/AcOH, Rf=0.62. Pure material was obtained
by crystallization from AcOH/diethyl ether: mp 105-106 °C (dec.). IR (film, cm) 1705 (C=0),
1568 (AcO"); 'H NMR (400 MHz, CDCls, ppm) & 7.93-7.77 (2H, m), 7.71-7.58 (2H, m), 7.57-7.41
(3H, m), 7.40-7.29 (2H, m), 6.22 (1H, s), 2.26 (3H, s), 2.03 (3H, s), 1.90 (3H, s). *C NMR (100.6
MHz, CDCI3, ppm) 6 169.3, 135.6, 133.2, 132.8, 132.8, 132.2, 131.9, 131.4, 130.9, 130.6, 119.4,
114, 93.7, 77.2, 14.6, 14.2. Anal. Calcd for Co1H19BrINOs: C, 46.69; H, 3.55; N, 2.59 Found: C,
46.31; H, 3.27; N, 2.72.
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Ethyl 3-[(acetyloxy)(phenyl)-A3-iodanyl]-2-methyl-5-phenyl-1H-pyrrole-1-carboxylate (2g).
Following the general procedure, pyrrole 1g (700 mg, 3.05 mmol) was converted into iodonium salt
2g. Purification of the crude product by column chromatography (column size 25x150 mm) using
isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a hygroscopic powder (950 mg,
63% yield); analytical TLC on silica gel, 20:80:5 MeOH/CH>Cl,/AcOH, Rf=0.60. Pure material
was obtained by crystallization from AcOH/diethyl ether: mp 95-96 °C (dec.). IR (film, cm™) 1751
(C=0), 1558 (AcO"), 1292 (C-0); 'H NMR (400 MHz, CDCIls, ppm) & 8.19-8.05 (1H, m), 7.73—
7.46 (4H, m), 7.42-7.24 (5H, m), 6.92—-6.70 (1H, m), 4.22 (2H, q, J/=7.1 Hz), 2.78 (3H, s), 2.09 (3H,
s), 0.97 (3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCls, ppm) & 150.1, 139.7, 137.8, 134.3, 132.3,
132, 131.9, 128.1, 128, 127.9, 115.2, 88.7, 64.7, 19.5, 14.3, 12.4. HRMS-ESI (m/z) calcd for
C20H19INO; [M-OAc]"432.0401, found 432.0409.

Ph

/

AcO—I

H
Ethyl 4-[(acetyloxy)(phenyl)-A*-iodanyl]-5-bromo-1H-pyrrole-2-carboxylate (2h). Following
the general procedure, pyrrole 1Th (310 mg, 1.42 mmol) was converted into iodonium salt 2h.
Purification of the crude product by column chromatography (column size 25x150 mm) using
isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a yellow solid (501 mg, 73%
yield); analytical TLC on silica gel, 20:80:5 MeOH/CH2Clo/AcOH, Rf=0.44. Pure material was
obtained by crystallization from AcOH/diethyl ether: mp 143-144 °C (dec.). IR (film, cm™) 1684
(C=0), 1456 (AcO), 1172 (C-0); 'H NMR (400 MHz, AcOH-ds, ppm) & 11.6 (1H, s, overlapped
with acetic acid), 8.13-8.04 (2H, m), 7.65-7.59 (1H, m), 7.52-7.44 (3H, m), 4.32 (2H, q, J=7.1
Hz), 2.02 (3H, s, overlapped with acetic acid), 1.32 (3H, t, J=7.1 Hz). 3C NMR (100.6 MHz,
AcOH-ds, ppm) o 159.5, 134.4, 132.1, 131.8, 127.3, 121.7, 116.4, 115.5, 89.3, 61.7, 19.5, 13.3.
Anal. Calcd for CsHsBrINO4: C, 37.53; H, 3.15; N, 2.92 Found: C, 37.15; H, 3.12; N, 2.93.
HRMS-ESI (m/z) caled for C13H12BrINO; [M-OAc]"419.9067, found 419.9096.
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5-[(Acetyloxy)(phenyl)-A3-iodanyl]-2,4-dimethyl-1-[(4-methylphenyl)sulfonyl]-1H-pyrrole (2i).
Following the general procedure, pyrrole 1i (500 mg, 2.01 mmol) was converted into iodonium salt
2i. Purification of the crude product by column chromatography (column size 25x150 mm) using
isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a white solid (730 mg, 71%
yield); analytical TLC on silica gel, 20:80:5 MeOH/CH>Clo/AcOH, Rf=0.69. Pure material was
obtained by crystallization from AcOH/diethyl ether: mp 141-142 °C (dec.). IR (film, cm™) 1558
(AcO), 1175 (SO»); 'H NMR (400 MHz, CDCl3, ppm) & 7.88-7.82 (2H, m), 7.49-7.44 (2H, m),
7.42-7.37 (1H, m), 7.30-7.25 (2H, m), 7.22-7.18 (2H, m), 5.97 (1H, s), 2.38 (3H, s), 2.32 (3H, s),
2.17 (3H, s), 1.89 (3H, s). *C NMR (100.6 MHz, CDCl3, ppm) & 179.1, 145.7, 138.8, 136.6, 135.8,
133.4, 131.1, 130.7, 130.4, 127, 123.3, 116.9, 103.9, 24.3, 21.7, 15.8, 14.6. Anal. Calcd for
C21H22INO4S: C, 49.32; H, 4.34; N, 2.74 Found: C, 49.35; H, 4.22; N, 2.59.

r N
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2-[(Acetyloxy)(phenyl)-A3-iodanyl]-1-[(4-methylphenyl)sulfonyl]-4,5,6,7-tetrahydro-1H-indole

(2j). Following the general procedure, pyrrole 1j (519 mg, 1.88 mmol) was converted into iodonium
salt 2j. Purification of the crude product by column chromatography (column size 25x150 mm)
using isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a yellow powder (715 mg,
71% yield); analytical TLC on silica gel, 20:80:5 MeOH/CH2Clo/AcOH, Rf=0.70. Pure material
was obtained by crystallization from AcOH/diethyl ether: mp 95-96 °C (dec.). IR (film, cm™) 1558
(AcO), 1175 (SO2); 'H NMR (400 MHz, CDCl3, ppm) 8 8.04-7.95 (2H, m), 7.54-7.43 (3H, m),
7.38-7.30 (2H, m), 7.23-7.20 (2H, m), 6.16 (1H, s), 2.67 (2H, t, J=5.6 Hz), 2.35 (3H, s), 2.25 (2H,
t, J=5.6 Hz), 1.85 (3H, s), 1.67-1.59 (2H, m), 1.57-1.48 (2H, m). *C NMR (100.6 MHz, CDCls,
ppm) & 178.6, 145.7, 136.2, 135.6, 134.6, 131.2, 131.1, 130.4, 127.1, 126.3, 125.7, 121.9, 24.4,
239, 23, 22.9, 22.2, 21.8. Anal. Calcd for C»3H»4INO4S: C, 51.40; H, 4.50; N, 2.61 Found: C,
51.07; H, 4.31; N, 2.54.

80



Ph
Br I—0OAc

Br/m\COZEt
H

Ethyl 3-[(acetyloxy)(phenyl)-A*-iodanyl]-4,5-dibromo-1H-pyrrole-2-carboxylate (2k).
Following the general procedure, pyrrole 1k (500 mg, 1.68 mmol) was converted into iodonium salt
2k. Purification of the crude product by column chromatography (column size 25x150 mm) using
isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a yellow powder (720 mg, 79%
yield); analytical TLC on silica gel, 20:80:5 MeOH/CH2Clo/AcOH, Rf=0.52. Pure material was
obtained by crystallization from AcOH/diethyl ether: mp 175-176 °C. IR (film, cm™") 1682 (C=0),
1458 (AcO"), 1182 (C-0); 'H NMR (400 MHz, AcOH-ds, ppm) & 11.59 (1H, s, overlapped with
acetic acid), 8.17-8.07 (2H, m), 7.65-7.58 (1H, m), 7.51-7.42 (2H, m), 4.44 (2H, q, J/=7.1 Hz), 2.02
(3H, s, overlapped with acetic acid), 1.39 (3H, t, J=7.1 Hz). *C NMR (100.6 MHz, AcOH-d4, ppm)
o 157.4, 134.9, 132.3, 131.7, 126.8, 117, 108.6, 107.6, 94.2, 62.4, 19.5, 13.3. Anal. Calcd for
CisH14Br2INO4: C, 32.23; H, 2.52; N, 2.51 Found: C, 31.87; H, 2.49; N, 2.55.
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Ethyl 3-[(acetyloxy)(phenyl)-A\3-iodanyl]-1,5-dimethyl-1H-indole-2-carboxylate (21). Following
the general procedure, pyrrole 1k (700 mg, 2.48 mmol) was converted into iodonium salt 2k.
Purification of the crude product by column chromatography (column size 25x150 mm) using
isocratic elution 20:80:5 (MeOH/DCM/AcOH) afforded product as a white solid (1.1 g, 79% yield);
analytical TLC on silica gel, 20:80:5 MeOH/CH,Clo,/AcOH, Rf=0.64. Pure material was obtained
by crystallization from AcOH/diethyl ether: mp 166-167 °C. IR (film, cm™) 1705 (C=0), 1558
(AcO"), 1246 (C-0); '"H NMR (400 MHz, AcOH-ds, ppm) & 8.21-8.15 (2H, m), 7.92 (1H, d, J=1.7
Hz), 7.68-7.58 (3H, m), 7.53-7.46 (2H, m), 4.65 (2H, q, J/=7.1 Hz), 4.22 (3H, s), 2.10 (3H, s), 1.54
(3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, AcOH-d4, ppm) & 160.4, 138.9, 135.7, 133.2, 133.1,
132.8, 131.1, 130.2, 124.5, 118.1, 117.3, 115, 82.9, 64.2, 34.3, 20.7, 14.5. Anal. Calcd for
C20H19BrINOyg: C, 44.14; H, 3.52; N, 2.57 Found: C, 44.11; H, 3.22; N, 2.41.
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3-[(Acetyloxy)(phenyl)-A3-iodanyl]-1-benzyl-5-chloro-1H-indole (2m). Following the general
procedure, pyrrole 1k (700 mg, 2.90 mmol) was converted into iodonium salt 2k. Purification of the
crude product by column chromatography (column size 25x150 mm) using isocratic elution 20:80:5
(MeOH/DCM/AcOR) afforded product as a off-white powder (950 mg, 66% yield); analytical TLC
on silica gel, 20:80:5 MeOH/CH2Clo/AcOH, Rf=0.60. Pure material was obtained by crystallization
from AcOH/diethyl ether: mp 121-122 °C (dec.). IR (film, cm™) 1560 (AcO); '"H NMR (400 MHz,
AcOH-ds, ppm) 6 8.52-8.32 (1H, m), 8.20-7.94 (2H, m), 7.67 (1H, s), 7.60-7.52 (1H, m), 7.51—
7.38 (3H, m), 7.37-7.09 (6H, m), 5.52 (2H, s), 2.05 (3H, s). 3C NMR (100.6 MHz, AcOH-ds4, ppm)
0 139.8, 135.8, 135.1, 133.8, 131.9, 131.7, 129.4, 128.8, 128.6, 128.2, 127.1, 124.5, 118.7, 115.8,
113, 73.4, 51, 19.5. Anal. Calcd for C23H19CIINO2: C, 54.84; H, 3.80; N, 2.78 Found: C, 54.49; H,
3.93; N, 2.46.

General Procedure A for Pd-Catalyzed Conversion of Iodonium Salts 2a—m to Acetoxylated
Heterocycles 3a—m.

An oven-dried flask was cooled under stream of argon, charged with Pd(OAc), (0.05 equiv) and
iodonium salt 2a-m (1 equiv) and closed with septa. Glacial acetic acid (10 mL/1 mmol of salt 2a—
m) was introduced via syringe and the reaction mixture was stirred for appropriate time and
temperature (see Table 2). Water (25 mL) was added and product was extracted with EtOAc (3x25
mL). Combined organic extracts were washed with aqueous saturated NaHCOs3, dried over NaxSO4

and concentrated. The residue was purified by column chromatography on silica gel.

General Procedure B for One-pot Sequential Synthesis of Acetoxylated Heterocycles 3a—m.

A solution of heterocycles 1a—m (1 equiv) and PhI(OAc); (1.2 equiv) in glacial AcOH (5.0 mL/1.0
mmol of heterocycle 1a—m) was stirred at room temperature under argon atmosphere and the
progress of the reaction was followed by 'H-NMR or TLC. After full conversion of the starting 1a—
m was observed (see Table 2 for appropriate time), Pd(OAc). (0.05 equiv) was added and stirring at
ambient temperature was continued for appropriate time (see Table 2), whereupon water (25 mL)
was added and product was extracted with EtOAc (3x25 mL). Combined organic extracts were
washed with aqueous saturated NaHCO3, dried over Na;SO4 and concentrated. The residue was

purified by column chromatography on silica gel.
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Methyl 4-(acetyloxy)-1-(2-bromobenzyl)-2,5-dimethyl-1H-pyrrole-3-carboxylate (3a). Column
chromatography (Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to
35% EtOAc/light petroleum ether afforded 3a as a yellow solid (General Procedure A: 34 mg, 90%
yield; General Procedure B: 174 mg, 92% yield); analytical TLC on silica gel, 1:5 EtOAc/light
petroleum ether, Rf=0.22. Pure material was obtained by crystallization from diethyl ether/light
petroleum ether: mp 111-112 °C. IR (film, cm™) 1761 (C=0), 1703 (C=0); 'H NMR (400 MHz,
CDCIs, ppm) 6 7.58 (1H, dd, J=7.8, 1.3 Hz), 7.21 (1H, dt, /=7.6, 1.3 Hz), 7.14 (1H, dt, J=7.6, 1.6
Hz), 6.34-6.29 (1H, m), 5.01 (2H, s), 3.78 (3H, s), 2.39 (3H, s), 2.31 (3H, s), 1.95 (3H, s). 13C
NMR (100.6 MHz, CDCl3, ppm) & 170.3, 164.6, 135.7, 133.7, 132.8, 129.3, 128.4, 126.7, 121.55,
118.5, 104.7, 50.9, 47.5, 20.8, 11.35, 8.23. Anal. Calcd for C17H1sBrNO4: C, 53.70; H, 4.77; N, 3.68
Found: C, 53.77; H, 4.57; N, 3.54.
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1-(4-Iodophenyl)-1H-pyrrol-2-yl acetate (3b). Column chromatography (Biotage Si 12+M) using
gradient elution from 5% EtOAc/light petroleum ether to 35% FEtOAc/light petroleum ether
afforded 3b as a brown solid (General Procedure A: 53 mg, 85% yield; General Procedure B: 92
mg, 56% yield); analytical TLC on silica gel, 1:3 EtOAc/light petroleum ether, Rf=0.60. Pure
material was obtained by crystallization from diethyl ether/light petroleum ether: mp 97-98 °C. IR
(film, cm!) 1786 (C=0); 'H NMR (400 MHz, CDC]l3, ppm) & 7.77-7.72 (2H, m), 7.11-7.07 (2H,
m), 6.59 (1H, dd, J=3.5, 2.0 Hz), 6.22 (1H, dd, J=3.5, 3.5 Hz), 5.98 (1H, dd, J=3.5, 2.0 Hz), 2.15
(3H, s). 3C NMR (100.6 MHz, CDCls, ppm) & 168.2, 138.5, 137.9, 135.5, 126.3, 116.2, 107.9,
97.5, 91.8, 20.7. Anal. Calcd for Ci12H0INO3: C, 44.06; H, 3.08; N, 4.28 Found: C, 43.95; H, 2.90;
N, 4.11.
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Ethyl 5-(acetyloxy)-1,4-dimethyl-1H-pyrrole-2-carboxylate (3c). Column chromatography
(Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to 35%
EtOAc/light petroleum ether afforded 3¢ as a yellow solid (General Procedure A: 84 mg, 79% yield;
General Procedure B: 90 mg, 80% yield); analytical TLC on silica gel, 1:3 EtOAc/light petroleum
ether, Rf=0.51. Pure material was obtained by crystallization from diethyl ether/light petroleum
ether: mp 81-82 °C. IR (film, cm™) 1728 (C=0), 1700 (C=0); 'H NMR (400 MHz, CDCls, ppm) &
6.76 (1H, s), 4.25 (2H, q, J=7.1 Hz), 3.66 (3H, s), 2.35 (3H, s), 1.90 (3H, s), 1.32 (3H, t, J=7.1 Hz).
3C NMR (100.6 MHz, CDCls, ppm) & 168.1, 161.2, 138.5, 117.1, 116.7, 106.3, 59.8, 31.1, 20.3,
14.6, 9.6. Anal. Calcd for C11H15NO4: C, 58.66; H, 6.71; N, 6.22 Found: C, 58.70; H, 6.76; N, 6.05.
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Ethyl 5-(acetyloxy)-1,4-dimethyl-1H-pyrrole-3-carboxylate (3d). Column chromatography
(Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to 35%
EtOAc/light petroleum ether afforded 3d as a brown oil (General Procedure A: 88 mg, 78% yield;
General Procedure B: 77 mg, 77% yield); analytical TLC on silica gel, 1:3 EtOAc/light petroleum
ether, Rf=0.28. IR (film, cm™) 1778 (C=0), 1708 (C=0); 'H NMR (400 MHz, CDCl3, ppm) 8 7.04
(1H, s), 4.24 (2H, q, J=7.1 Hz), 3.39 (3H, s), 2.33 (3H, s), 2.07 (3H, s), 1.30 (3H, t, J=7.1 Hz). 1*C
NMR (100.6 MHz, CDCls, ppm) & 168.7, 165, 133.9, 121.9, 112, 106.8, 59.3, 32.5, 20, 14.4, 9.
HRMS-ESI (m/z) calcd for C11Hi1sNO4 [M+H]"226.1083, found 226.1079.
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Ethyl 4-(acetyloxy)-5-methyl-1-(4-methylphenyl)-1H-pyrrole-2-carboxylate (3e). Column
chromatography (Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to
35% EtOAc/light petroleum ether afforded 3e as a yellow oil (General Procedure A: 95 mg, 79%
yield; General Procedure B: 130 mg, 86% yield); analytical TLC on silica gel, 1:3 EtOAc/light
petroleum ether, Rf=0.48. IR (film, cm™) 1759 (C=0), 1706 (C=0); 'H NMR (400 MHz, CDCls,
ppm) & 7.26-7.22 (2H, m), 7.12-7.08 (2H, m), 6.93 (1H, s), 4.08 (2H, q, J/=7.1 Hz), 2.41 (3H, s),
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2.28 (3H, s), 1.89 (3H, s), 1.17 (3H, t, /=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, ppm) & 169.3,
160.3, 138.3, 136.1, 133.9, 129.6, 127.7, 127.1, 120, 110, 59.8, 21.4, 20.9, 14.3, 9.6. HRMS-ESI
(m/z) caled for C17H20NO4 [M+H]*302.1365, found 302.1392.

1-[(4-Bromophenyl)carbonyl]-2,5-dimethyl-1 H-pyrrol-3-yl acetate (3f). Column
chromatography (Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to
35% EtOAc/light petroleum ether afforded 3f as a yellow oil (General Procedure A: 110 mg, 71%
yield; General Procedure B: 101 mg, 60% yield); analytical TLC on silica gel, 1:3 EtOAc/light
petroleum ether, Rf=0.56. IR (film, cm™) 1755 (C=0), 1697 (C=0); 'H NMR (400 MHz, CDCls,
ppm) & 7.57-7.54 (2H, m), 7.52-7.49 (2H, m), 5.88 (1H, s), 2.19 (3H, s), 2.02 (3H, s), 1.82 (3H, s).
BC NMR (100.6 MHz, CDCls, ppm) & 169.5, 169.2, 136.3, 134.3, 132.3, 131.7, 128.7, 128.3,
118.2, 106, 20.9, 15, 11.1. HRMS-ESI (m/z) calcd for CisH;sBrNOs [M+H]" 336.0247, found
336.0235.

CO,Et

Ethyl 3-(acetyloxy)-2-methyl-5-phenyl-1H-pyrrole-1-carboxylate (3g). Column chromatography
(Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to 35%
EtOAc/light petroleum ether afforded 3g as a colorless oil (General Procedure A: 133 mg, 73%
yield; General Procedure B: 72 mg, 50% yield); analytical TLC on silica gel, 1:3 EtOAc/light
petroleum ether, Rf=0.54. Pure material was obtained by crystallization from diethyl ether/light
petroleum ether: mp 71-72 °C. IR (film, cm™) 1748 (C=0), 1601 (C=0); 'H NMR (400 MHz,
CDClIs, ppm) 6 7.29-7.21 (5H, m), 6.09 (1H, s), 4.08 (2H, q, J/=7.1 Hz), 2.28 (3H, s), 2.23 (3H, s),
0.94 (3H, t, J=7.1 Hz). ’C NMR (100.6 MHz, CDCls, ppm) & 169.2, 151.5, 136.1, 134.4, 132.5,
129.3, 128.6, 127.8, 127.2, 121.2, 108.1, 63.3, 20.9, 13.6, 11.3. Anal. Calcd for C1I6HI7NO4: C,
66.89; H, 5.96; N, 4.88 Found: C, 66.57; H, 5.92; N, 4.68. HRMS-ESI (m/z) calcd for Ci14HisNO3
[M-Ac]*246.1144, found 246.1130.
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Ethyl 4-(acetyloxy)-5-bromo-1H-pyrrole-2-carboxylate (3h). Column chromatography (Biotage
Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to 35% EtOAc/light
petroleum ether afforded 3h as a yellow solid (General Procedure A: 55 mg, 79% yield; General
Procedure B: 100 mg, 74% yield); analytical TLC on silica gel, 1:3 EtOAc/light petroleum ether,
Rf=0.36. Pure material was obtained by crystallization from diethyl ether/light petroleum ether: mp
128-129 °C. IR (film, cm™) 3258 (NH), 1761 (C=0), 1692 (C=0); 'H NMR (400 MHz, CDCls,
ppm) 8 9.94-9.80 (1H, br s), 6.81 (1H, d, /=3.0 Hz), 4.34 (2H, q, /=7.1 Hz), 2.29 (3H, s), 1.35 (3H,
t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, ppm) & 168.4, 160.6, 135.9, 121.1, 108.9, 96.6, 61.2,
20.8, 14.5. Anal. Calcd for CoH10BrNOu4: C, 39.15; H, 3.65; N, 5.07 Found: C, 39.39; H, 3.45; N,
4.90.
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2,4-Dimethyl-1-[(4-methylphenyl)sulfonyl]-1H-pyrrol-5-yl acetate 3i). Column
chromatography (Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to
35% EtOAc/light petroleum ether afforded 3i as a yellow powder (General Procedure A: 80 mg,
67% yield; General Procedure B: 65 mg, 42% yield); analytical TLC on silica gel, 1:3 EtOAc/light
petroleum ether, Rf=0.52. Pure material was obtained by crystallization from diethyl ether/light
petroleum ether: mp 85-86 °C. IR (film, cm!) 1792 (C=0), 1194 (SO,), 1177 (SO2); 'H NMR (400
MHz, CDCls, ppm) 6 7.74-7.69 (2H, m), 7.31-7.27 (2H, m), 5.73 (1H, s), 2.41 (3H, s), 2.33 (3H,
s), 2.30 (3H, s), 1.78 (3H, s). '*C NMR (100.6 MHz, CDCl3, ppm) & 169.1, 144.9, 137, 132.7, 130,
127.1, 126.8, 112.8, 109.6, 21.8, 20.6, 15.2, 9.3. Anal. Calcd for CisHi7NOs4S: C, 58.62; H, 5.58; N,
4.56 Found: C, 58.51; H, 5.40; N, 4.49.
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1-[(4-Methylphenyl)sulfonyl]-4,5,6,7-tetrahydro-1H-indol-2-yl acetate G- Column
chromatography (Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to
35% EtOAc/light petroleum ether afforded 3j as a white powder (General Procedure A: 110 mg,
71% yield; General Procedure B: 68 mg, 41% yield); analytical TLC on silica gel, 1:3 EtOAc/light
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petroleum ether, Rf=0.48. Pure material was obtained by crystallization from diethyl ether/light
petroleum ether: mp 116-117 °C. IR (film, cm™) 1792 (C=0), 1192 (SO2), 1180 (SO,); 'H NMR
(400 MHz, CDCl3, ppm) & 7.74-7.69 (2H, m), 7.31-7.28 (2H, m), 5.61 (1H, s), 2.73-2.69 (2H, m),
2.42 (3H, s), 2.37-2.32 (2H, m), 2.32 (3H, s), 1.77-1.71 (2H, m), 1.67-1.62 (2H, m). '3C NMR
(100.6 MHz, CDCI3, ppm) 6 169.2, 144.9, 137, 136, 130, 126.9, 126, 120.3, 101.7, 23.9, 23.2, 23.1,
22.5,21.8, 20.7. Anal. Calcd for C;7H19NO4S: C, 61.24; H, 5.74; N, 4.20 Found: C, 61.27; H, 5.60;
N, 4.12.
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Ethyl 3-(acetyloxy)-4,5-dibromo-1H-pyrrole-2-carboxylate (3k). Column chromatography
(Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to 35%
EtOAc/light petroleum ether afforded 3k as a yellow powder (General Procedure A: 65 mg, 74%
yield; General Procedure B: 122 mg, 69% yield); analytical TLC on silica gel, 1:3 EtOAc/light
petroleum ether, Rf=0.36. Pure material was obtained by crystallization from diethyl ether/light
petroleum ether: mp 151-152 °C. IR (film, cm™) 3194 (NH), 1773 (C=0), 1678 (C=0); 'H NMR
(400 MHz, CDCl3, ppm) 6 9.82-9.68 (1H, br s), 4.32 (2H, q, J/=7.1 Hz), 2.34 (3H, s), 1.34 3H, t,
J=7.1 Hz). 1*C NMR (100.6 MHz, CDCl3, ppm) & 168, 159, 139, 114.8, 105.9, 96.1, 61.4, 20.5,
14.4. Anal. Calcd for CoHoBr2NO4: C, 30.45; H, 2.56; N, 3.95 Found: C, 30.66; H, 2.37; N, 3.82.
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Ethyl ethyl 3-(acetyloxy)-1,5-dimethyl-1H-indole-2-carboxylate (31). Column chromatography
(Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to 35%
EtOAc/light petroleum ether afforded 31 as a yellow powder (General Procedure A: 115 mg, 81%
yield; General Procedure B: 146 mg, 86% yield); analytical TLC on silica gel, 1:3 EtOAc/light
petroleum ether, Rf=0.46. Pure material was obtained by crystallization from diethyl ether/light
petroleum ether: mp 139-140 °C. IR (film, cm™) 1769 (C=0), 1701 (C=0); 'H NMR (400 MHz,
CDCls, ppm) 6 7.66 (1H, d, J=1.8 Hz), 7.42 (1H, dd, J=8.9, 1.8 Hz), 7.24 (1H, d, J=8.9 Hz), 4.36
(2H, q, J=7.1 Hz), 4.01 (3H, s), 2.39 (3H, s), 1.39 (3H, t, J=7.1 Hz). 3*C NMR (100.6 MHz, CDCls,
ppm) 6 169.2, 160.9, 135.1, 133.2, 129.1, 121.6, 121.1, 118.9, 114.1, 112.1, 61, 32.2, 20.8, 14.4.
Anal. Calcd for C14H14BrNOa: C, 49.43; H, 4.15; N, 4.12 Found: C, 49.49; H, 4.04; N, 3.98.
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1-Benzyl-5-chloro-1H-indol-3-yl acetate (3m). Column chromatography (Biotage Si 12+M) using
gradient elution from 5% EtOAc/light petroleum ether to 35% EtOAc/light petroleum ether
afforded 31 as a green powder (General Procedure A: 88 mg, 73% yield; General Procedure B: 105
mg, 70% yield); analytical TLC on silica gel, 1:3 EtOAc/light petroleum ether, Rf=0.56. Pure
material was obtained by crystallization from diethyl ether/light petroleum ether: mp 83-84 °C
(dec.). IR (film, cm™) 1749 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.57-7.53 (1H, m), 7.36
(1H, s), 7.34-7.26 (3H, m), 7.18-7.13 (2H, m), 7.13-7.09 (2H, m), 5.24 (2H, s), 2.35 (3H, s). 13C
NMR (100.6 MHz, CDCI3, ppm) & 168.5, 136.9, 131.8, 129.2, 129, 128, 126.9, 125.6, 123.1, 121.5,
118.8,117.4, 111.1, 50.5, 21.1. Anal. Calcd for C7H;4CINO»: C, 68.12; H, 4.71; N, 4.67 Found: C,
67.96; H, 4.68; N, 4.56.
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Unsuccessful attempts to synthesize iodonium salts 2n,o.

R

m\ PhI(OAc), (1.2 equiv)
N CO,Et >
éOZToI AcOH, room temp.

18 h
1n: R=H

10: R=Me

Following the General Procedure B, a solution of pyrroles 1n—o (1 equiv) and PhI(OAc), (1.2
equiv) in glacial AcOH (5.0 mL/1.0 mmol of pyrrole 1n—0) was stirred at room temperature under
argon atmosphere and the progress of the reaction was followed by 'H-NMR.

No conversion of the starting 1n—o was observed by 'H-NMR after 18 hours.
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General Procedure C for Direct Acetoxylation of Heterocycles 1a—m (Crabtree conditions).

An oven-dried flask was cooled under stream of argon, charged with Pd(OAc), (0.05 equiv),
PhI(OAc): (1.3 equiv for 1a,e,f,l,m or 2.3 equiv for 1b—d,h,k) and heterocycles 1a—m (1 equiv) and
closed with septa. Glacial acetic acid (4 mL/1 mmol of heterocycle 1a—m) was introduced via
syringe and the reaction mixture was stirred for 1 h at 100 °C. Water (25 mL) was added and
product was extracted with EtOAc (3x25 mL). Combined organic extracts were washed with
aqueous saturated NaHCOs3, dried over Na,SO4 and concentrated. The residue was purified by

column chromatography on silica gel.

Direct Acetoxylation of Pyrrole 1b.

/) o o
N Pd(OAc), ; Phi(OAc), o’\/:\/*o O’Q\OAC
+
© AcOH; 1h;100°C © @
[ I [
1b 5 6

Following the General Procedure C, pyrrole 1b (135 mg, 0.50 mmol) was converted into 1-(4-
iodophenyl)-1H-pyrrole-2,5-dione (5) and 1-(4-iodophenyl)-5-0x0-2,5-dihydro-1H-pyrrol-2-yl
acetate (6). Products were separated by column chromatography (Biotage Si 12+M) using gradient
elution from 5% EtOAc/light petroleum ether to 35% EtOAc/light petroleum ether.

Product 5 was obtained as a yellow solid (40 mg, 27% yield); analytical TLC on silica gel, 1:5
EtOAc/light petroleum ether, Rf=0.19. Pure material was obtained by crystallization from
EtOAc/light petroleum ether: mp 149-151 °C (lit.® mp 145-147 °C). 'H NMR (400 MHz, CDCls,
ppm) & 7.81-7.77 (2H, m), 7.15-7.11 (2H, m), 6.85 (2H, s). 3C NMR (100.6 MHz, CDCls, ppm) &
169.2, 138.4, 134.5, 131.2, 127.7, 93.13. GC-MS m/z (% relative intensity, ion): 299 (100, M+),
255 (7), 229 (8), 203 (2), 172(4) 144 (4), 116 (19), 90 (14).

Product 6 was obtained as a yellow solid (70 mg, 41% yield); analytical TLC on silica gel, 1:5
EtOAc/light petroleum ether, Rf=0.13. Pure material was obtained by crystallization from
EtOAc/light petroleum ether: mp 137-138 °C. IR (film, cm™) 1719 (C=0); 'H NMR (400 MHz,
CDCls, ppm) & 7.72-7.67 (2H, m), 7.29-7.26 (2H, m), 7.10 (1H, dd, J=6.0, 1.9 Hz), 7.06 (1H, d,
J=1.9 Hz), 6.36 (1H, d, J=6.0 Hz), 2.07 (3H, s). *C NMR (100.6 MHz, CDCl3, ppm) & 170.3,
168.4, 142, 138.3, 135.8, 130.3, 123.3, 89.7, 82.4, 20.9. GC-MS m/z (% relative intensity, ion): 343
(88, M+), 301 (100), 284 (65), 230 (34), 219 (41), 145 (11), 129 (62), 102 (23). Anal. Calcd for
Ci2H10INOs: C, 42.01; H, 2.94; N, 4.08 Found: C, 41.73; H, 2.96; N, 4.00.

() Matuszak, N.; Muccioli, G. G.; Labar, G.; Lambert, D. M. J. Med. Chem. 2009, 52, 7410.
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Ethyl 2-(acetyloxy)-1,4-dimethyl-5-0x0-2,5-dihydro-1H-pyrrole-2-carboxylate (7). Following
the General Procedure C, pyrrole 1c¢ (84 mg, 0.50 mmol) was converted into 7. Purification of the
crude product by column chromatography (Biotage Si 12+M) using gradient elution from 5%
EtOAc/light petroleum ether to 35% EtOAc/light petroleum ether afforded 7 as a yellow oil (90 mg,
75% yield); analytical TLC on silica gel, 1:5 EtOAc/light petroleum ether, Rf=0.20. IR (film,
cm!) 1750 (C=0), 1715 (C=0), 1230 (C-0); 'H NMR (400 MHz, CDCls, ppm) & 6.95 (1H, q,
J=1.8 Hz), 4.27-4.18 (2H, m), 2.91 (3H, s), 2.13 (3H, s), 1.93 (3H, d, /=1.8 Hz), 1.25 (3H, t, J=7.1
Hz). 13C NMR (100.6 MHz, CDCls, ppm) & 171, 170.3, 165.3, 138.1, 135.7, 90.8, 62.8, 25.8, 20.8,
14.1, 11.1. GC-MS m/z (% relative intensity, ion): 241 (1, M+), 199 (67), 182 (33), 154 (100), 136
(37), 126 (81), 110 (95). HRMS-ESI (m/z) caled for C11HisNOs [M+H]"242.1039, found 242.1028.

Direct Acetoxylation of Pyrrole 1d.

CO,Et CO,Et CO,Et
Z/ \S Pd(OAC), ; Phi(OAG), h izg\
o o 0™~ ~0AC

+
\ ACOH ; 1 h ; 100 °C \ |

1d 8 9

Following the General Procedure C, pyrrole 1d (135 mg, 0.50 mmol) was converted into ethyl 1,4-
dimethyl-2,5-dioxo0-2,5-dihydro-1H-pyrrole-3-carboxylate (8) and ethyl 2-(acetyloxy)-1,4-
dimethyl-5-0x0-2,5-dihydro-1H-pyrrole-3-carboxylate (9). Products were separated by column
chromatography (Biotage Si 12+M) using gradient elution from 5% EtOAc/light petroleum ether to
35% EtOAc/light petroleum ether.

Product 8 was isolated as a yellow oil (34 mg, 34% yield); analytical TLC on silica gel, 1:5
EtOAc/light petroleum ether, Rf=0.29. IR (film, cm™) 1789 (C=0), 1734 (C=0), 1707 (C=0); 'H
NMR (400 MHz, CDCI3, ppm) 6 4.38 (2H, q, J=7.1 Hz), 3.04 (3H, s), 2.33 (3H, s), 1.38 (3H, t,
J=7.1 Hz). GC-MS m/z (% relative intensity, ion): 197 (28, M+), 169 (14), 152 (100), 125 (30),
111 (5). HRMS-ESI (m/z) caled for CoHi12NO4 [M+H]" 198.0773, found 198.0766.

Product 9 was isolated as a yellow oil (62 mg, 51% yield); analytical TLC on silica gel, 1:5
EtOAc/light petroleum ether, Rf=0.18. Pure material was obtained by crystallization from
EtOAc/light petroleum ether: mp 69-70 °C. IR (film, cm™) 1749 (C=0), 1719 (C=0), 1211 (C-O);
"H NMR (400 MHz, CDCls, ppm) & 6.75 (1H, q, J=1.4 Hz), 4.32 (1H, dq, J=11.0, 7.1 Hz), 4.23
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(1H, dq, J=11.0, 7.1 Hz), 2.93 (3H, s), 2.25 (3H, d, J=1.4 Hz), 2.13 (3H, s), 1.31 3H, t, J/=7.1 Hz).
13C NMR (100.6 MHz, CDCls, ppm) 8 170.3, 169.2, 162, 147.3, 135.8, 80.6, 61.2, 27.1, 20.8, 14.2,
11.1. GC-MS m/z (% relative intensity, ion): 241 (1, M+), 199 (50), 183 (33), 154 (80), 136 (31),

126 (62), 110 (100). Anal. Calcd for C11H1sNOs: C, 54.77; H, 6.27; N, 5.81 Found: C, 54.39; H,
6.14; N, 5.60.
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The X-ray structure, crystal data and structure refinement for 2a

Crystal data
C21H20BrINO2-C2H302

M, =584.25

Triclinic, P1

a=18.7653 (2) A

b=11.1641 (2) A

c=12.7663 (3) A

a=70.5552 (12)°

B=70.5023 (10)°

v=289.8715 (14)°

V'=1102.10 (4) A3

Data collection

Bruker-Nonius KappaCCD diffractometer
Radiation source: fine-focus sealed tube
¢ and o scan

7641 measured reflections

5347 independent reflections
4707 reflections with 7> 3.00 (/)
Refinement

Refinement on F?

Least-squares matrix: full

R[F? > 20(F?)] =0.026

WR(F?) = 0.082

§=1.18

4706 reflections
271 parameters
0 restraints

23 constraints

c14 \ c6
Cc7

Bri3

Z=2

F(000) =576

Dy=1.761 Mg m™3

Mo Ka radiation, A = 0.71073 A

Cell parameters from 10598 reflections
0=0.9-27.5°
p=3.30 mm~
T=173K
Prism, colourless

0.17 x 0.15 x 0.14 mm

1

Rine=0.021

Omax = 28.5°, Omin = 2.1°
h=-11—>11
k=-14—14
[=-16—15

Primary atom site location: structure-invariant direct methods
Secondary atom site location: difference Fourier map
Hydrogen site location: geom, diff

H-atom parameters constrained

Weighting scheme based on measured s.u.'s w =1/ ( s>(Fo?) +
0.10000 * Fo?)

(A/G)max =0.018

Apmax =0.88¢ A73

Apmin =—098¢ A73
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The X-ray structure, crystal data and structure refinement for 21

C(20)

Crystal data
CisH16BrINO2-C2H302
M,=544.18

Triclinic, P1

a=822152)A

b=9.6598 (4) A

c=13.0019 3) A

a=88.038 (2)°

B=75417 (2)°

vy =87.0530 (12)°

V'=997.76 (5) A3

Data collection

Bruker-Nonius KappaCCD diffractometer
Radiation source: fine-focus sealed tube
¢ and o scan

7298 measured reflections

5297 independent reflections
4058 reflections with 7> 3.00 o(/)
Refinement

Refinement on F?

Least-squares matrix: full

R[F? > 206(F*)] =0.035

WR(F?) =0.070

S=1.70

4057 reflections
244 parameters
0 restraints

19 constraints

zZ=2

F(000) =532

Dy=1.811 Mgm™

Mo Ko radiation, L = 0.71073 A

Cell parameters from 6816 reflections
6=0.9-29.0°
p=23.63 mm-
T=173 K
Plate, colourless

0.14 x 0.11 x 0.02 mm

Rint=0.029

Omax = 29.50, Omin = 2.5°
h=-11-11
k=-13—11
[=-17—17

Primary atom site location: structure-invariant direct methods
Secondary atom site location: difference Fourier map

Hydrogen site location: geom, diff
H-atom parameters constrained

Weighting scheme based on measured s.u.'s w =1/ ( s$*(Fo?) +

0.10000 * Fy?)
(A/G)max =0.037
Apmax=1.32 ¢ A3
Apmin=—1.87e¢ A3
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ABSTRACT: A C—H bond of electron-rich heterocycles is transformed into a C—N bond in a reaction sequence comprising the
formation of heteroaryl(phenyl)iodonium azides and their in situ regioselective fragmentation to heteroaryl azides. A Cu(I)
catalyst ensures complete regiocontrol in the fragmentation step and catalyzes the subsequent 1,3-dipolar cycloaddition of the
formed azido heterocycles with acetylenes. The heteroaryl azides can also be conveniently reduced to heteroarylamines by
aqueous ammonium sulfide. The overall C—H to C—N transformation is a mild and operationally simple one-pot sequential

multistep process.

B INTRODUCTION

Symmetrical diaryliodonium salts have found numerous
applications as electrophilic arylating reagents in both
transition-metal-catalyzed and metal-free reactions with carbon
and heteroatom nucleophiles." Unsymmetrical diaryliodonium
salts, however, are less frequently employed, because the
presence of two different aromatic moieties in A*-iodanes can
potentially lead to the formation of product mixtures in the
reactions with nucleophiles. Nevertheless, regiocontrol can be
achieved by differentiation of electronic and steric properties of
aromatic moieties. Thus, a nucleophile would preferentially
react with the more electron-deficient and/or sterically
hindered ortho-substituted aromatlc ring of unsymmetrical
diaryliodonium salts (Figure 1) In the meantime, regiose-
lective reaction of nucleophiles with electron-rich aromatic or
heteroaromatic moieties of unsymmetrical diaryl-A*-iodanes is a
challenging task. We envisioned, however, that the desired

Transition Transition
Nu metals Nu metals
| } } } NU\4/\
bulky small poor rich I'?
sterically electronically Nu=OAc, Pd catalysis (ref. 5)
Nu=Nj3, Cu catalysis (this work)
Figure 1. Regioselectivity in the reactions of nonsymmetrical

iodonium salts.

W ACS Publications © 2012 American Chemical Society
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regioselectivity of nucleophile attack can be ensured by a
transition-metal catalyst, because in the catalytic cross-coupling
reactions electron-rich® and/or less sterically hindered* aryl
moieties are selectively transferred from unsymmetrical
iodonium salts to the transition metal (Figure 1).

We have recently demonstrated that the regioselectivity of
acetoxylation of heteroaryl(phenyl)iodonium acetates can be
directed to the more electron-rich heteroaryl moiety by a
Pd(I1) catalyst.> We reasoned that use of other counterions
instead of acetate would provide straightforward access to
differently substituted heterocycles by the transition-metal-
catalyzed regioselective fragmentation of unsymmetrical heter-
oaryliodonium species. Herein we report a one-pot sequential
procedure for C—H to C—N transformation in electron-rich
heterocycles (pyrroles, pyrrolopyridines, thienopyrroles, pyrro-
lopyrimidines, and uracil) comprising in situ preparation of
heteroaryl(phenyl)iodonium azides and their Cu-catalyzed
conversion to heteroaryl azides. The formed azides are not
sufficiently stable to be isolated; however, they can be in situ
reduced to heteroaromatic amines. The developed one-pot
four-step C—H to C—N transformation sequence is a mild and
convenient alternative to the transition- metal-catalyzed direct
C—H amination of arenes® and heteroarenes,”® which usually
requires elevated temperatures to proceed. The in situ formed
heteroaryl azides can also undergo Cu- catalyzed azide—alkyne
cycloaddition to furnish 1,2,3- triazoles,” thus allowing for the
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direct ligation of heterocycles to biomolecular frameworks via a
triazole linker, an approach that is widely used in bioconjugate
chemistry'® for labeling and modification of oligonucleotides'"
and peptidomimetics.12 The developed C—H azidation/1,3-
dipolar cycloaddition sequence is suitable also for use in
discovery of lead compounds by target-directed synthesis'® as
well as in the design of novel peptidomimetics."* Furthermore,
1,2,3-triazoles can be employed for synthesis of other
heterocyclic systems.'®

B RESULTS AND DISCUSSION

At the outset of the investigation, we examined the
regioselectivity of fragmentation of indolyl(phenyl)iodonium
azide 3a. The iodonium salt 3a was synthesized by the reaction
of indole la with a mixture of PhI(OAc), and TsOH,'
followed by exchange of tosylate anion for azide in the
intermediate 2a. The formed iodonium azide 3a was unstable,
and in the crystalline form it slowly decomposed to iodoindole
Sa even at —18 °C. Nevertheless, the indolyl azide 3a as well as
its pyrrole analogue 3h could be characterized, and their
structures were confirmed by X-ray crystallographic analysis
(Table 1)." In the crystal lattice azides 3a,h exist in a

Table 1. Selected Crystallographic Parameters for Iodonium
Azides 3ah

H Ph—|—X Ph—I—Nj3
CO,Et COEt  MeOC '
Br N 2 Br AN 2 2 \
: / o
\ \
1a 2a: X=0Ts 3h Br
3a X=N,
23 N,—I-C(Het) I-N, I-C(Ph) I-C(Het)
iodane angle (deg) distance (A)  distance (A) distance (A)
3a 174.1 2.813 2.112 2.083
3h 177.3 2.837 2.129 2.064

characteristic slightly distorted T-shaped geometry with the
heterocycle in the equatorial position and Ph moiety and azide
anion in axial positions (for selected crystallographic parame-
ters see Table 1). Notably, I-N bonds in the azides 3a,h are
considerably longer than hy;)ervalent I-N bonds in structurally
related azidobenziodoxole'® (2.182 A) and polymeric iodine
azide (2.26—2.30 A)."® Furthermore, the distance between the
hypervalent iodine in 3h and the azide anion (2.837 A, Table 1)
is much longer than that between the iodine of the
phenyl(pyrrolyl)iodonium moiety of 3h and the acetate anion
(2.592 A).> Apparently, the long hypervalent I-N bond
possesses partial ionic character,”® which accounts for the low
stability of iodonium azides 3a,h.

In MeCN and CH,Cl, solutions at room temperature the
iodonium azide 3a spontaneously decomposed to 3-iodoindole
Sa and phenyl azide (see Table 2, entries 1 and 2). Importantly,
the desired indolyl azide 4a was not formed in MeCN and
CH,Cl,. The regioselectivity of the noncatalyzed fragmentation
of iodonium salt 3a apparently is controlled by electronic
factors, as evidenced by the delivery of the azide nucleophile to
the relatively more electron-deficient phenyl ring rather than to
the electron-rich indole moiety of 3a.>' Notably, 4*-iodane 3a
was stable in DMSO (entry 3) at room temperature. The
addition of Pd(OAc), (S mol %) did not alter the course of the
reaction (entries 4 and S), whereas Cu salts completely
reversed the fragmentation regioselectivity, and the iodonium

Table 2. Fragmentation of Indolyliodonium Azide 3a

Ph——N, Ng !
XNy~ COzEL COzEt
Br\@/cozﬂ R Br\@/ + Br\@/ 2
N, N N,
\ N \
3a 4a 5a
catalyst 4a:Sa
entry (concn, mol %) solvent time conversion®? % ratio”
1  none MeCN 60 h 35°¢ 1:99
2 none CH,Cl, 3h 70 1:99
3 none DMSO 3h <5
4 Pd(OAc), (5) MeCN 24 h 32 1:5
5 Pd(OAc), (5) CH,Cl, 3h 35 1:99
6  Cu(OTf), (10) CH,CL, 3h 60 9:1
7  CuOT{PhH CH,Cl, 30 min 100 9:1
(10)
8  CuOTfPhH MeCN 30 min 87 9:1
(10)
9  CuOTf-PhH toluene 30 min 85 4:1
(10)
10  CuOTf-PhH THF 30 min 60 S:1
(10)
11  CuOTfPhH DMSO 30 min 45 9:1
(10)
12 CuCl (10) CH,Cl, S min 100 9:1
13 CuCl (10) MeCN S min 100 12:1
14 CuCl (10) DMSO 30 min 78 12:1
15 CuCl (10) MeCN— 1S min 85 10:1
DMSO
(1:1)
16  TfOH (200) CH,Cl, 3h 23 1:99
17 Zn(OTf), (10) CH,Cl, 3h 27 1:99
18  Sc(OTf); (10) CH,CL, 3h 20 1:99
19 (Ph;P)AuCl CH,Cl, 3h 45 1:99

(10)

“Reactions at room temperature. “Determined by LC—MS assay.
“Conversion of 100% (4a:5a = 1:99) after 30 min at 80 °C.

azide 3a was smoothly converted to the desired indolyl azide 4a
(entries 6—15).

Copper catalysts considerably decreased the reaction time,
with CuCl and CuOTf in CH,Cl, being the most efficient
(entries 7 and 12). Interestingly, both Cu(I) and Cu(II) salts
can be used; however, the Cu(I) species ensured faster reaction
(entry 7 vs entry 6). Other solvents either retarded the reaction
(entries 10, 11, and 14) or deteriorated the regioselectivity
(entries 9 and 10). It should be noted that the conversion of 3a
was faster in CH,Cl, compared to MeCN (entry 2 vs entry 1
and entry 7 vs entry 8). Lewis acids such as (PhyP)AuC],
Zn(OTf),, and Sc(OTf); as well as TFOH were completely
inefficient as catalysts (entries 16—19). Consequently, CuCl
(10 mol %) was chosen for all subsequent experiments.

The observed high regioselectivity of the Cu(I)-catalyzed
fragmentation of iodonium salt 3a to azide 4a (4a:Sa = 9:1) in
CH,Cl, is slightly lower than the regioselectivity of the
alternative noncatalyzed formation of Sa from 3a (4a:5a =
1:99). The determined initial rates of the noncatalyzed
fragmentation of 3a to iodide Sa in CH,Cl, (rate coefficient
k=9x107°s™", CH,Cl,-d,, 23 °C, and reaction halfife t,,, =
128 min) evidence that spontaneous fragmentation of
iodonium azide 3a delivers ca. 10% Sa within the first 10
min. By this time, the CuOTf-catalyzed conversion of 3a to
azide 4a in CH,Cl, is almost 90%.>> Consequently, the
regioselectivity of the Cu-catalyzed conversion of 3a to 4a is

dx.doi.org/10.1021/ja305574k | J. Am. Chem. Soc. 2012, 134, 1543615442



Journal of the American Chemical Society

Table 3. Sequential One-Pot Synthesis of Heteroaryl Azides 4a—u and Triazoles 6a—u

Br, Br. Ph\ Br. Ph\
PhI(OAG] | -
m on m 0TS | NaN, (aq) O_Q Na | cuct (10 mo%)
N COE "~ MecN N~ TCOEt | MeCN N” ~COzEt | MeCN-DMSO
it | rt | rt
1a (see"1q£) 03) 2a 1 min 3a 30 min
cl
— N.'N
—| " C} SN-“ _ B - cl
\
CO,Et DIPEA m
N 2= | AcOH/MeCN-DMSO N” COE
rt I
4a 180 min 6
entry product time  yield (%)° entry product time yield (%)°
F4CO.
30 s Cr 10
N
1 min 90 11 A)/}mza min 65
Tol 6k
Fgct;\@\(:
1 ﬁN
2 18h 71 12 L3 30 65
A min
Br 61
Q\LN\’N
cr L !
3 5 min 65 13 i‘z_\/“" 39 73
EtO,C /N)\TDI min
! 6m
N"N'N’qy\co?rme
4 3h 71 14 = 5 min 59
6n
Oy
S*W/ﬁcoza
X 30
5 3h 75 15 N % min 75
N:
60
DAGIC}
@
6 3h 73 16 o e 30 62
U Scos min
N N\ 6])”
Et0,C
&
7 18h 72 17 o ! 5 min 70
APS
NN 6r
HO.
10 &
8 min 64 18 fNj I 72h? 42
- PR
BN 6h Lem 65
EtO,C
L/,N\>~N'N"N 2/\N
\;(cc Et . ¢ N“"' 10
9 @ : 5 min 53 19 o i 47
. 6i T 6t
N"N'N/Zj\c o /coza
10 = Smin ss 20 bl 18h 65
O OJ\N ‘
cl 6j 6u

“DAGIc (diacetone-p-glucose). bA 22 equiv amount of TsOH—H,0.

“Yields were calculated on the basis of the starting heterocycle la—u.

compromised by the competing noncatalyzed fragmentation to
Sa, and this observation renders CH,Cl, inferior as a solvent
compared to alternatives such as MeCN and DMSO (entry 2 vs
entries 1 and 3, Table 2). The noncatalyzed fragmentation of
3a in MeCN is considerably less pronounced, and azide 3a is
virtually stable in DMSO. Therefore, MeCN and DMSO are
solvents of choice for CuCl-catalyzed fragmentation of
iodonium azides (entries 13—15, Table 2).

The formed indolyl azide 4a decomposed during attempted
purification; however, it can be employed in further trans-
formations without isolation. Thus, addition of substituted
acetylene directly to azide 4a and CuCl in the presence of
DIPEA and AcOH? resulted in the clean formation of 1,4-
disubstituted 1,2,3-triazole 6a as a sole regioisomer.24 Hence,
CuCl catalyzed both the in situ formation of indolyl azide 4a
and its subsequent 1,3-dipolar cycloaddition with (3-
chlorophenyl)acetylene (Table 3).”

15438 dx.doi.org/10.1021/ja305574k | J. Am. Chem. Soc. 2012, 134, 1543615442
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A series of heterocycles was subsequently subjected to an
azidation—cycloaddition sequence to show the scope of the
developed methodology. All heterocycles that can form
iodonium salts in the reaction with a mixture of PhI(OAc),
and TsOH are suitable substrates,” including indoles*® 1la—g,
pyrroles27 1h—n, thieno[3,2-b]pyrrole lo, pyrrolo[2,3-b]-
pyridines 1p,r, pyrrolo[3,2-b]pyridine 1s, pyrrolo[2,3-d]-
pyrimidine 1t, and uracil®® lu (Table 3). In general, the
regioselectivity of heteroaryliodonium salt formation is
consistent with that of SgAr reactions. Thus, A>-iodanes are
formed at the f-position of indoles la—g and fused pyrroles
lo—t at the a-position of pyrroles 1ij,n and at the fifth position
of uracil 1u (Table 3). In 2,S-disubstituted pyrroles 1hk—m,
however, iodonium salts were formed at the S-position.
Importantly, the reaction conditions are compatible with the
presence of iodine, bromine, and chlorine, thus rendering
feasible their further functionalization. N-Alkyl, N-aryl, N-
benzoyl, and N-benzyl substituents as well as N-SEM protecting
groups are tolerated (Table 3).

The formed heteroaryl azides 4a—u could also be converted
to the corresponding heteroaromatic amines 7a—u by the in
situ reduction with aqueous (NH,),S at room temperature
within 30 min (see Table 4). Other reducing agents such as
Ph;P are equally efficient; however, the use of (NH,),S in the
reduction generates less waste, requiring simple extractive
workup to obtain crude products 7a—u. In general, the one-pot
three-step azidation—reduction sequence allows for amination
of heteroaryl C—H bonds under mild conditions and in high
overall yields.

Additional experiments have been carried out to determine
the oxidation state of copper species responsible for the
catalytic azidation of heterocycles. The considerably faster
formation of 4a in the presence of Cu(l) ions compared to
Cu(II) counterparts (entry 7 vs entry 6, Table 2) suggests that
Cu(I) salts are catalytically active species. This assumption was
supported by the observed inhibition of 4a formation by
neocuproin (2 equiv with respect to CuOTf; see Figure 2).
Neocuproin, a highly specific chelating agent for Cu(I) ions,
forms a stable bright orange-colored complex of formula
Cu'(neocuproin),® thus acting as an inhibitor of Cu(I)-
catalyzed reactions.

Kinetic studies demonstrated that the CuOTf-catalyzed
conversion of 3a to 4a in DMSO-d; is first-order in CuOTf
in the range of 0.25—5 mol % at 25 °C (Figure 3). This
indicates that Cu(I) salts are involved in the rate-limiting step
of the catalytic cycle. The decomposition of 3a to 4a was found
to be zeroth-order with respect to the N; anion (Figure 4),
suggesting that the formation of azide 4a presumably is an
intramolecular process. Finally, a radical inhibition test was also
performed to verify the possibility of 3a fragmentation via the
radical chain pathway. Accordingly, the addition of radical
scavengers such as 1,1-diphenylethyle:ne‘?’1 and 2,6-di-tert-butyl-
4-methylphenol63 (both 200 mol % with respect to Cu(I)) did
not affect the rate of CuOTf-catalyzed 3a to 4a conversion in
CH,Cl,-d,. Furthermore, we did not observe indole 1a, which
could form by a proton abstraction from solvent by indolyl
radical during the decomposition of 3a. All these data point
against the involvement of free radical intermediates.>

A working mechanism for the Cu-catalyzed formation of
heteroaryl azides is outlined in Scheme 1. Oxidative addition of
iodonium azide I to Cu(I) salts would generate Cu(III) species
IL>* Complex II can directly collapse into azide III via the
highly regioselective coupling of the heterocycle with the azide,
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Table 4. Sequential Azidation—Reduction Sequence for One-
Pot Synthesis of Heteroarylamines 7a—u

Br. Reaction conditions: | Br, N Br. H
U)\ 800 Table 3 O_S: aqueous (NH,);S m:
N\ CO,EL N\ CO,Et MeCN N7 ~COEt
| | t !
30min
1a 4 Ta
entry product yield (%)*
Br, .,
1 m 84
o 00;5(78
N NHy
2 Oy 80
A\ 7b
IHy
Brs
3 \Of,g—m 82
= 7d
N,
Bes
Et
. Che 84
Oran
[~
5 m—u\a 79
o \
SEM 7g
NHy
6 _?g\g 65
7h
7 "x"):%a.a 60
7 7
8 %\cq& 62
o 7k
HaN, Tol
9 s 7
Y Tm
10 u.nf(?*oo.m 53
n
Br- /
70
Ny
Cl.
12 COsEt 75
A 7p
~, NH;
13 jj 50
‘;\T Tu

“Yields were calculated on the basis of the starting heterocycle la—u.

and the regioselectivity of azide attack presumably is ensured by
the formation of a transient m-complex between the highly
electrophilic Cu(IIl) species and electron-rich heterocycle.**
Alternatively, complex II can undergo regioselective trans-
formation to PhI and heteroarylcopper(Ill) species IV,*
followed by reductive elimination of III and regeneration of
Cu(I) species.

To verify the role of putative 7-Cu(III) complex II in the
control of the regioselectivity of azide formation, we envisioned
the in situ preparation of a z-complex between a suitable z-
acidic transition metal and electron-rich heterocycle moiety of
unsymmetrical A3-iodane 3a. Among various transition metals,
Os(II) species are known to form well-defined and stable 7*-
complexes with pyrroles.*® We examined the fragmentation of
iodonium azide 3a in the presence of 10 mol % Os-
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Figure 2. Inhibition of the CuOTf-catalyzed 3a to 4a conversion by
neocuproin.
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Figure 4. Initial rates vs concentration of azide ion in DMSO-d,.

[NH;](OTf); in CH,Cl,. Notably, indolyl azide 4a was
formed regioselectively (4a:Sa = 7:3) within 30 min as a major
product (30% conversion). This result is in sharp contrast to
the opposite regioselectivity in the noncatalyzed decomposition
of 3a to Sa in the presence of representative Lewis acids
(entries 4, S, and 17—19, Table 2). Possibly, 7-complexation of
a pyrrole ring to the Os(III) facilitates the substitution of the
iodonium group by an azide nucleophile in transient complex V
(Scheme 1); however, additional experiments are needed to
support such a scenario.’”*® The involvement of Cu(I)
complex V (M = Cu(I)) to activate the heterocycle toward
azide attack seems less likely because of insufficient electro-
philicity of the Cu(I) species. Finally, Lewis acid activation of
hypervalent iodonium species by Cu(I) or Cu(Ill) salts was
shown to be kinetically insensitive to the concentration of
copper species,Ga an observation that contradicts our results.

B CONCLUSIONS

In summary, a rapid and versatile approach to heteroaryl azides
via C—H to C—N bond transformation has been developed.
The one-pot sequential procedure comprises formation of
heteroaryl(phenyl)iodonium azides, followed by Cu(I)-cata-
lyzed fragmentation to heteroaryl azides. The regioselectivity of
the fragmentation is controlled by Cu(I) salts. The formed
heteroaryl azides can be in situ reduced to heteroarylamines.
Alternatively, the heteroaryl azides can undergo Cu-catalyzed
click chemistry with a range of acetylenes to furnish 1,2,3-
triazoles. The developed procedure is suitable for a variety of
electron-rich heterocycles such as pyrroles, indoles, thienopyr-
roles, pyrrolopyridines, pyrrolopyrimidines, and uracil. Further
studies to expand the scope of nucleophiles in the Cu-catalyzed
regioselective fragmentation of heteroaryl(phenyl)iodonium
salts are ongoing in our laboratory.

B EXPERIMENTAL SECTION

Preparation of lodonium Azides 3a and 3h. Caution: Azides
3a,h are thermally unstable and possess high thermal hazard potential.®®
Therefore, care must be taken during handling of azides 3a,h, and a small
scale is strongly encouraged.

Ethyl 3-[(Azido)(phenyl)-A3-iodanyl]-1,5-dimethyl-1H-indole-
2-carboxylate (3a). To a solution of PhI(OAc), (509 mg, 1.58
mmol, 1.05 equiv) in CH,Cl, (10 mL) was added TsOH-H,O (342
mg, 1.80 mmol, 1.2 equiv), and the resulting suspension was stirred for
S min at room temperature. Then a solution of indole 1a (423 mg,
1.50 mmol, 1 equiv) in CH,Cl, (5 mL) was added rapidly to the
stirred suspension. The progress of the reaction was monitored by
TLC, and within 30 min complete conversion of the starting 1a was
observed. The reaction was then poured into a solution of NaNj (146

Scheme 1. Working Mechanism for Azidation of Heterocycles
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mg, 2.25 mmol, 1.5 equiv) in water (S0 mL) and extracted with
CH,Cl, (3 X 30 mL). Organic layers were combined, dried over
Na,SO,, filtered, and concentrated. The solid residue was washed with
diethyl ether to afford 3a as a white powder (727 mg, 92% yield):
analytical TLC on silica gel, 20:80:5 MeOH/CH,Cl,/AcOH, R, =
0.56. Pure material was obtained by crystallization from CH,Cl,/
diethyl ether: mp 102—103 °C dec; IR (film, cm™") 1999 (N=N=
N), 1716 (C=0); 'H NMR (400 MHz, DMSO-d,, ppm) & 8.13—
8.07 (3H, m), 7.73 (1H, d, ] = 9.0 Hz), 7.60 (1H, dd, ] = 9.0, 1.6 Hz),
7.55—7.50 (1H, m), 7.45—7.40 (2H, m), 4.51 (2H, q, ] = 7.1 Hz), 4.07
(3H, s), 1.43 (3H, t, ] = 7.1 Hz); 3C NMR (100.6 MHz, DMSO-dj,
ppm) & 159.1, 137.0, 133.9, 131.3, 131.2, 131.0, 129.1, 128.6, 123.5,
115.9, 114.6, 62.4, 33.5, 14.0; HRMS-ESI (m/z) calcd for
C,sH,eNO,BrI [M — N,]* 483.9409, found 483.9419.

Methyl 4-[(Azido)(phenyl)-A3-iodanyl]-1-(2-bromobenzyl)-
2,5-dimethyl-1H-pyrrole-3-carboxylate (3h). The same procedure
was used as for 3a. Accordingly, 3-[1-(2-bromobenzyl)-4-(methox-
ycarbonyl)-2,5-dimethyl-1H-pyrrole (1h; 482 mg, 1.50 mmol) was
converted to iodonium azide 3h. Purification of the crude 3h by
washing with diethyl ether afforded product as a white powder (723
mg, 85% yield): analytical TLC on silica gel, 20:80:5 MeOH/CH,Cl,/
AcOH, R( = 0.54. Pure material was obtained by crystallization from
CH,Cl,/diethyl ether: mp 96—97 °C dec; IR (film, cm™) 2002 (N=
N=N), 1696 (C=0); 'H NMR (400 MHz, DMSO-d, ppm) &
7.95-7.91 (2H, m), 7.73=7.68 (1H, m), 7.61—=7.55 (1H, m), 7.50—
7.45 (2H, m), 7.29—-7.24 (2H, m), 6.19—6.14 (1H, m), 5.30 (2H, s),
3.80 (3H, s), 243 (3H, s), 237 (3H, s); 3C NMR (100.6 MHz,
DMSO-dg, ppm) & 162.3, 138.2, 137.5, 134.9, 133.5, 133.0, 131.2,
131.0, 129.7, 1284, 126.1, 121.1, 110.4, 109.6, 51.3, 48.5, 12.6, 11.8;
HRMS-ESI (m/z) caled for C,H,)NO,Brl [M — N,;]* 523.9722,
found 523.9734.

Experimental Procedures for Substituted 1,2,3-Triazoles
6a—u. To a solution of PhI(OAc), (0.53 mmol, 1.05 equiv) in
MeCN (1.5 mL) was added TsOH-H,O (0.60 mmol, 1.2 equiv), and
the resulting suspension was stirred for S min at room temperature.
Then a solution of heterocycle 1a—u (0.50 mmol, 1 equiv) in MeCN
(1 mL) was added to the stirred suspension, and the progress of the
reaction was monitored by TLC (disappearance of the starting
material spot; mobile phase petroleum ether:EtOAc = 3:1; the formed
heteroaryliodonium salt does not migrate from the application point).
Immediately upon full conversion of the starting 1a—u (see Table 3 for
the appropriate time), a solution of NaN; (0.75 mmol, 1.5 equiv) in
water (500 uL) was added (decomposition of the formed iodonium salt
begins if the addition of NaNj is delayed), followed by DMSO (2.5 mL)
and solid CuCl (S mg, 10 mol %; CuCl must be added immediately after
NaNj; to avoid the noncatalyzed decomposition of iodonium azide),
whereupon the color of the reaction mixture changed to brown. After
the reaction mixture was stirred for 30 min at room temperature,
acetylene (0.75S mmol, 1.5 equiv), DIPEA (1.00 mmol, 2 equiv), and
AcOH (1.00 mmol, 2 equiv) were added, and stirring was continued
for 3 h at room temperature. The reaction mixture was poured into 50
mL of water and 25 mL of saturated NaHCO; and extracted with
DCM (3 x 30 mL). The organic extracts were combined, dried over
Na,SO,, filtered, and evaporated. The residue was purified by column
chromatography on silica gel.

Experimental Procedures for Heteroarylamines 7a—u. To a
solution of PhI(OAc), (0.53 mmol, 1.0S equiv) in MeCN (4 mL) was
added TsOH-H,0O (0.60 mmol, 1.2 equiv), and the resulting
suspension was stirred for S min at room temperature. Then a
solution of heterocycle la—u (0.50 mmol, 1 equiv) in MeCN (1 mL)
was added to the stirred suspension, and the progress of the reaction
was monitored by TLC (disappearance of the starting material spot;
mobile phase petroleum ether:EtOAc = 3:1; the formed hetero-
aryliodonium salt does not migrate from the application point).
Immediately upon full conversion of the starting la—u (see Table 3 for
the appropriate time), a solution of NaN; (0.7S mmol, 1.5 equiv) in
water (S00 uL) was added (decomposition of the formed iodonium salt
begins if the addition of NaNj is delayed), followed by solid CuCl (S mg,
10 mol %; CuCl must be added immediately after NaN; to avoid the
noncatalyzed decomposition of iodonium azide), whereupon the color of
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the reaction mixture changed to brown. After the reaction mixture was
stirred for 30 min at room temperature, aqueous (NH,),S (40—48 wt
% solution in water, Aldrich, 1.25 mmol, 200 yL, 2.5 equiv) was added.
After being stirring for another 30 min at room temperature, the
reaction mixture was poured into a mixture of water (S0 mL) and
saturated aqueous NaHCOj; (25 mL) and extracted with CH,Cl, (3 X
30 mL). The organic extracts were combined, dried over Na,SO,,
filtered, and evaporated. The residue was purified by column
chromatography on silica gel.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures, product characterization data, 'H and
3C NMR spectra, X-ray crystallographic data for iodonium
azides 3a and 3h (CIF), and details of the kinetic experiments.
This material is available free of charge via the Internet at

http://pubs.acs.org.
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Materials and Methods

All reactions were carried out under an argon atmosphere. Progress of reactions was
monitored by thin-layer chromatography on Merck Kieselgel 60F2s4. Flash column chromatography
was performed using Biotage SP1 Flash Purification System and Biotage KP-Sil 25+M or Biotage
KP-Sil 12+M silica cartridges.

"H NMR spectra were recorded on Varian Inova 400 MHz NMR spectrometer. 'H and '*C
NMR chemical shifts are reported in parts per million (ppm) relative to TMS or with the residual
solvent peak as an internal reference. Melting points were uncorrected. Elemental analyses were
performed using Carlo-Erba CHNS-0 EA1108 instrument. HRMS were obtained on a Micromass
AutoSpec Ultima Magnetic sector mass spectrometer.

All reagents were obtained commercially and used as received.

Experimental Data

Synthesis of Starting Pyrroles and Indoles 1a-u.

Br
mcoza
N

\
Ethyl 5-bromo-1-methyl-1H-indole-2-carboxylate (1a). Ethyl 5-bromo-1H-indole-2-carboxylate

(2.00 g, 14.40 mmol) was converted to indole 1a in accordance to literature procedure.’” Purification
of the crude product by column chromatography (Biotage Si 40+M) using gradient elution from
10% EtOAc/light petroleum ether to 40% EtOAc/light petroleum ether afforded product as a white
solid (1.96 g, 93% yield); analytical TLC on silica gel, 1:5 EtOAc/light petroleum ether, Rf=0.55.
Pure material was obtained by crystallization from EtOAc/light petroleum ether: mp 91-92 °C. 'H
NMR (400 MHz, CDCl3, ppm) 6 7.80 (1H, dd, /= 1.8, 0.8 Hz), 7.41 (1H, dd, J= 8.9, 1.8 Hz), 7.27-
7.24 (1H, m, overlapped with CHCl3), 7.21 (1H, d, J= 0.8 Hz), 4.38 (2H, q, /= 7.1 Hz), 4.06 (3H,
s), 1.41 (3H, t, J=7.1 Hz).

7 Stefany, D.; Harris, K. J.; Gillespy, T. A.; Gardner, C. J.; Aguiar, J. C. WO 121280 A1, 2007; Chem. Abstr. 2007,
147,469370.
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N

\

5-Bromo-1-methyl-1H-indole-2-carbonitrile (1b). The same procedure was used as for 1la.
Accordingly, 5-bromo-1H-indole-2-carbonitrile (1.50 g, 6.78 mmol) was converted to 1-methyl-1H-
indole 1b. Purification of the crude product by column chromatography (Biotage M+25) using
gradient elution from 0% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product
as a yellow solid (1.44 g, 90% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether,
Rf=0.33. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 122-
123 °C . IR (film, cm™") 2217 (C=N); '"H NMR (400 MHz, CDCls, ppm) 6 7.79 (1H, dd, J=1.8, 0.6
Hz), 7.48 (1H, dd, J=8.9, 1.8 Hz), 7.25-7.20 (1H, m), 7.07 (1H, d, J=0.8 Hz), 3.89 (3H, s). °C
NMR (100.6 MHz, CDCl3, pmm) & 136.7, 129.0, 127.7, 124.8, 114.9, 113.1, 111.9, 111.7, 111.5,
31.9. Anal. Calcd for C10H7BrN»: C, 51.09; H, 3.00; N, 11.92 Found: C, 51.09; H, 3.03; N, 11.80.

Cl
m
N

1-Benzyl-5-chloro-1H-indole (1c). The same procedure was used as for 1a. Accordingly, 5-chloro-
1H-indole (1.00 g, 6.60 mmol) was converted to 1-benzyl-1H-indole 1¢. Purification of the crude
product by column chromatography (Biotage M+25) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product as a yellow solid (1.44 g,
90% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, Rf=0.46. Pure material was
obtained by crystallization from EtOAc/petroleum ether: mp 63-64 °C. 'H NMR (400 MHz, CDCls,
ppm) 6 7.64 (1H, d, J/=2.0 Hz), 7.35-7.28 (3H, m), 7.19 (1H, d, J/=8.7 Hz), 7.16 (1H, d, J/=3.2 Hz),
7.13 (1H, dd, J=8.7, 2.0 Hz), 7.11-7.08 (2H, m), 6.51 (1H, d, J=3.2 Hz), 5.31 (2H, s).

Ethyl 5-bromo-1-[2-(trimethylsilyl)ethoxymethyl]-1H-indole-2-carboxylate (1d). The same
procedure was used as for 1a. Accordingly, ethyl 5-bromo-1H-indole-2-carboxylate (500 mg, 1.87
mmol) was converted to 1-[2-(trimethylsilyl)ethoxymethyl]-1H-indole 1d. Purification of the crude
product by column chromatography (Biotage M+25) using gradient elution from 0%
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EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded product as a yellow oil (685 mg,
92% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether, Rf=0.58. '"H NMR (400
MHz, CDCls, ppm) & 7.80 (1H, dd, J=1.4, 1.0 Hz), 7.44 (2H, d, J=1.4 Hz), 7.26 (1H, d, J=1.0 Hz),
5.99 (2H, s), 4.38 (2H, q, J=7.1 Hz), 3.51 (2H, dd, J=8.2, 8.2 Hz), 1.41 (3H, t, /=7.1 Hz), 0.86 (2H,
dd, J=8.2, 8.2 Hz), —0.08 (9H, s).

mCOZEt
NC N

\

Ethyl 6-cyano-1-methyl-1H-indole-2-carboxylate (1e) was synthesized according to the method
of Andersen et al.® Thus, a solution of ethyl 6-bromo-1-methyl-1H-indole-2-carboxylate (3.16 g,
11.2 mmol) and Zn(CN); (990 mg, 8.4 mmol) in dry DMF (20 mL) was stirred at room temperature
for 20 min under argon. Pd(PPh3)4 (650 mg, 0.56 mmol, 5 mol %) was added, and the solution was
stirred for 24 h at 95 °C. After cooling to room temperature, the mixture was poured into aqueous
saturated Na,COs solution (150 mL) and extracted with EtOAc (4x50 mL). Combined organic
extracts were washed with water, brine and dried over Na>SQO4.Purification of the crude product by
column chromatography (Biotage M+25) using gradient elution from 0% EtOAc/petroleum ether to
25% EtOAc/petroleum ether afforded product as a colourless solid (2.10 g; 82% yield); analytical
TLC on silica gel, 1:9 EtOAc/petroleum ether, Rf=0.26. Pure material was obtained by
crystallization from EtOAc/petroleum ether: mp 141-143 °C. 'H NMR (400 MHz, CDCls, ppm) &
7.77-7.70 (2H, m), 7.39-7.28 (2H, m), 4.40 (2H, q, /=7.1 Hz), 4.10 (3H, s), 1.42 (3H, t, J/=7.1 Hz).

Br
mcoza
N

Cl

Ethyl 5-bromo-1-(3-chlorophenyl)-1H-indole-2-carboxylate (1f). Ethyl 5-bromo-1H-indole-2-
carboxylate (804 mg, 3.00 mmol) was converted to indole 1f in accordance to literature procedure.’
Purification of the crude product by column chromatography (Biotage M+25) using gradient elution
from 0% EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded product as a colourless
solid (1.10 g; 97% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether, Rf=0.53. Pure
material was obtained by crystallization from EtOAc/petroleum ether: mp 85-86 °C. 'H NMR (400

8 Balle, T.; Perregaard, J.; Ramirez, M. T.; Larsen, A. K.; Seby, K. K.; Liljefors, T.; Andersen, K. J Med. Chem. 2003,
46, 265.

? Mutule, L.; Suna, E.; Olofsson, K.; Pelcman, B. J. Org. Chem. 2009, 74, 7195.
106



MHz, CDCls, ppm) 7.84 (1H, d, J=1.8 Hz), 7.48-7.40 (2H, m), 7.37-7.30 (3H, m), 7.23-7.19 (1H,
m), 6.95 (1H, d, J=8.8 Hz), 4.22 (2H, q, J/=7.0 Hz), 1.22 (3H, t, J/=7.0 Hz).

Ethyl 4,6-dichloro-1-[2-(trimethylsilyl)ethoxymethyl]-1H-indole-2-carboxylate (1g). The same
procedure was used as for 1a. Accordingly, 4,6-dichloro-1H-indole-2-carboxylate (500 mg, 1.94
mmol) was converted to 1-[2-(trimethylsilyl)ethoxymethyl]-1H-indole 1g. Purification of the crude
product by column chromatography (Biotage M+25) using gradient elution from 0%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product as a colourless solid (687
mg, 90% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether, Rf=0.56. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 58-59 °C. IR (film, cm™)
1715 (C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.49-7.47 (1H, m), 7.37 (1H, d, J=0.8 Hz), 7.20
(1H, d, J=1.6 Hz), 5.96 (2H, s), 4.39 (2H, q, J=7.1 Hz), 3.53 (2H, dd, J=8.2, 8.2 Hz), 1.42 3H, t,
J=7.1 Hz), 0.88 (2H, dd, J=8.2, 8.2 Hz), -0.07 (9H, s). '*C NMR (100.6 MHz, CDCls;, pmm)
161.5, 140.1, 131.4, 129.1, 128.4, 124.2, 121.9, 110.5, 110.3, 73.5, 66.1, 61.3, 17.9, 14.5, -1.3.
Anal. Calcd for C17H23C1oNOsSi: C, 52.58; H, 5.97; N, 3.61 Found: C, 52.59; H, 5.99; N, 3.50.

Methyl 1-(2-bromobenzyl)-2,5-dimethyl-1H-pyrrole-3-carboxylate (1h). Methyl 2,5-dimethyl-
1 H-pyrrole-3-carboxylate (766 mg, 5.00 mmol) was converted to 1-(2-bromobenzyl)-2,5-dimethyl-
1 H-pyrrole 1h in accordance to literature procedure.'? Purification of the crude product by column
chromatography (Biotage M+25) using gradient elution from 5% EtOAc/petroleum ether to 30%
EtOAc/petroleum ether afforded product as a yellow oil (1.48 g, 92% yield); analytical TLC on
silica gel, 1:10 EtOAc/petroleum ether, Rf=0.31. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 95-96 °C. 'H NMR (400 MHz, CDCls, ppm) & 7.58 (1H, dd,
J=1.7, 1.4 Hz), 7.18 (1H, td, J=7.5, 1.4 Hz), 7.13 (1H, td, J/=7.7, 1.9 Hz), 6.36 (1H, d, J=1.0 Hz),
6.25-6.21 (1H, m), 5.02 (2H, s), 3.80 (3H, s), 2.41 (3H, s), 2.09 (3H, s).

10 Lubriks, D.; Sokolovs, 1.; Suna, E. Org. Lett. 2011, 13, 4324,
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Ethyl 1,4-dimethyl-1H-pyrrole-2-carboxylate (1j). The same procedure was used as for 1h.
Accordingly, ethyl 4-methyl-1H-pyrrole-2-carboxylate (500 mg, 3.26 mmol) was converted to 1,4-
dimethyl-1H-pyrrole 1j. Purification of the crude product by column chromatography (Biotage
M+25) using gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether
afforded product as a yellow oil (472 mg, 87% yield); analytical TLC on silica gel, 1:5
EtOAc/petroleum ether, Rf=0.59. 'H NMR (400 MHz, CDCls, ppm) & 6.68 (1H, d, J=2.0 Hz), 6.51-
6.44 (1H, m), 4.18 (2H, q, J/=7.1 Hz), 3.78 (3H, s), 1.98 (3H, s), 1.26 (3H, t, J=7.1 Hz).

A Mo

Ethyl 5-methyl-1-(4-methylphenyl)-1H-pyrrole-2-carboxylate (1k). Ethyl 5-methyl-1H-pyrrole-
2-carboxylate (460 mg, 3.00 mmol) was converted to 1-(4-methylphenyl)-1H-pyrrole 1k in
accordance to literature procedure.* Purification of the crude product by column chromatography
(Biotage M+25) using gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum
ether afforded product as a yellow oil (672 mg, 92% yield); analytical TLC on silica gel, 1:10
EtOAc/petroleum ether, Rf=0.37. 'H NMR (400 MHz, CDCl;, ppm) & 7.28-7.25 (2H, m,
overlapped with CDCl3), 7.14-7.07 (2H, m), 7.03 (1H, d, J=3.8 Hz), 6.05 (1H, dd, J=3.8, 1.0 Hz),
4.13 (2H, q, J=7.1 Hz), 2.44 (3H, s), 2.04 (3H, s), 1.20 (3H, t, J=7.1 Hz).

1-[(4-Bromophenyl)carbonyl]-2,5-dimethyl-1H-pyrrole (11). 2,5-Dimethyl-1H-pyrrole (1.00 g,
10.51 mmol) was converted to 1-[(4-bromophenyl)carbonyl]-1H-pyrrole 11 in accordance to
literature procedure.* Purification of the crude product by column chromatography (Biotage M+25)
using gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded
product as a brown solid (1.90 g, 65% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum

ether, Rf=0.59. Pure material was obtained by crystallization from diethylether/petroleum ether: mp
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48-49 °C. "H NMR (400 MHz, CDCls, ppm) & 7.64-7.60 (2H, m), 7.58-7.54 (2H, m), 5.88 (2H, s),
2.07 (6H, 3).

Tol

Br  1.NaH, DMF Br B(OH),  Pd(0Ac),, (o-Tol),P
2. CH,I A\ Na,CO; (aq) 7\
/N -r Br + - -~ EOC Tol
EtOZC N Br EtOZC N r 2 N
H

rt, 12 h | DMF \

100°C, 12 h
1m

Ethyl 1-methyl-4,5-bis(4-methylphenyl)-1H-pyrrole-2-carboxylate (1m). Ethyl 4,5-dibromo-1H-
pyrrole-2-carboxylate (1.50 g, 5.06 mmol) was converted to ethyl 4,5-dibromo-1-methyl-1H-
pyrrole-2-carboxylate in accordance to literature procedure.* Purification of the crude product by
column chromatography (Biotage M+12) using gradient elution from 0% EtOAc/petroleum ether to
25% EtOAc/petroleum ether afforded product as a colourless solid (1.38 g, 88% yield); analytical
TLC on silica gel, 1:10 EtOAc/petroleum ether, Rf=0.52. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 86-87 °C. IR (film, cm™) 1707 (C=0); 'H
NMR (400 MHz, CDCl;, ppm) & 7.02 (1H, s), 4.28 (2H, q, J=7.1, Hz), 3.97 (3H, s), 1.34 (3H, t,
J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, pmm) & 159.9, 124.3, 119.4, 113.6, 98.9, 60.6, 36.0,
14.5. Anal. Calcd for CsHoBraNOz: C, 30.90; H, 2.92; N, 4.50 Found: C, 30.97; H, 2.97; N, 4.46.
An oven-dried screw-cap pressure tube was charged with ethyl 4,5-dibromo-1-methyl-1H-pyrrole-
2-carboxylate (from above; 400 mg, 1.29 mmol, 1 equiv), p-tolylboronic acid (437 mg, 3.22 mmol,
2.5 equiv), Pd(OAc): (16 mg, 0.06 mmol, 5 mol%) and (o-Tol)sP (39 mg, 0.13 mmol, 10 mol%).
Then, aqueous Na,COs (1.37 g, 12.9 mmol, 10 equiv in 7 mL of water) and DMF (10 mL) were
added successively under a stream of argon. After stirring at 100 °C for 12 h and cooling to room
temperature, the reaction was poured into water (50 mL) and extracted with MeOz-Bu (3x30 mL).
Combined organic extracts were washed with brine, dried over Na;SO4 and evaporated with 5 mL
of silica gel. Purification of the crude product by column chromatography (Biotage M+25) using
gradient elution from 0% EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded product
as a colourless solid (363 mg, 84% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum
ether, Rf=0.44. Pure material was obtained by crystallization from diethylether/petroleum ether: mp
117- 118 °C. IR (film, cm™) 1700 (C=0); 'H NMR (400 MHz, CDCl3, ppm) & 7.24-7.14 (5H, m),
7.06-6.97 (4H, m), 4.34 (2H, q, J=7.1 Hz), 3.76 (3H, s), 2.41 (3H, s), 2.28 (3H, s), 1.39 (3H, t,
J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, pmm) & 161.7, 138.4, 137.8, 135.3, 132.6, 131.0, 129.5,
129.0, 128.9, 127.8, 123.0, 122.7, 116.9, 60.0, 34.2, 21.5, 21.2, 14.7. Anal. Calcd for C22H23NOz: C,
79.25; H, 6.95; N, 4.20 Found: C, 78.85; H, 7.01; N, 4.30.
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Ethyl 2-bromo-4-methyl-4H-thieno|3,2-b]pyrrole-5-carboxylate (10). The same procedure was
used as for 1a. Accordingly, 2-bromo-4H-thieno[3,2-b]pyrrole-5-carboxylate (350 mg, 1.28 mmol)
was converted to 4-methyl-4H-thieno[3,2-b]pyrrole 1o. Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from 0% EtOAc/petroleum ether to 30%
EtOAc/petroleum ether afforded product as a colourless solid (330 mg, 89% yield); analytical TLC
on silica gel, 1:10 EtOAc/petroleum ether, Rf=0.42. Pure material was obtained by crystallization
from diethylether/petroleum ether: mp 86-87 °C. '"H NMR (400 MHz, CDCls, ppm) & 7.08 (1H, s),
7.00 (1H, s), 4.32 (2H, q, J=7.1 Hz), 4.00 (3H, s), 1.37 (3H, t, /=7.1 Hz).

Cl
AN Cl N Cl AN
N = “ N

N N \

Iz __
Iz _

Ethyl S-chloro-1-methyl-1H-pyrrolo[2,3-b]pyridine-2-carboxylate (1p). A mixture of 5-chloro-
1 H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (500 mg, 2.54 mmol, 1 equiv), EtOH (15 mL) and
SOCl, (922 upL, 12.70 mmol, 5 equiv) was refluxed for 4 h, cooled to room temperature and
evaporated. Brown solid residue was dissolved in DMF (15 mL), K,CO3 (878 mg, 6.35 mmol, 2.5
equiv) was added, followed by CHsI (190 pL, 3.05 mmol, 1.2 equiv). After stirring for 12 h at room
temperature the solvent was evaporated and the residue was partitioned between water (50 mL) and
EtOAc. Aqueous layer was extracted with EtOAc (2x30 mL), combined organic extracts were washed
with brine (50 mL), dried over Na;SOs, filtered and evaporated with 5 mL of silica gel. Purification
of the crude product by column chromatography (Biotage M+25) using gradient elution from 5%
EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded product as a yellow solid (460 mg,
76% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, Rf=0.54. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 89-90 °C. IR (film, cm!) 1717
(C=0), 1237 (C=N); 'H NMR (400 MHz, CDCls, ppm) & 8.39 (1H, d, J=2.3 Hz), 7.93 (1H, d, J=2.3
Hz), 7.16 (1H, s), 4.40 (2H, q, J=7.1 Hz), 4.13 (3H, s), 1.42 (3H, t, J=7.1 Hz). *C NMR (100.6 MHz,
CDClIs, pmm) 6 161.6, 147.5, 145.3, 130.0, 129.7, 124.7, 119.1, 107.1, 61.2, 30.7, 14.5. Anal. Calcd
for C11H11CIN2Oz: C, 55.36; H, 4.65; N, 11.74 Found: C, 55.41; H, 4.63; N, 11.60.
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5-Bromo-1-methyl-1H-pyrrolo[2,3-b]pyridine (1r). The same procedure was used as for 1la.
Accordingly, 5-bromo-1-1H-pyrrolo[2,3-b]pyridine (500 mg, 2.54 mmol) was converted to 1-
methyl-1H-pyrrolo[2,3-b]pyridine 1r. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 10% EtOAc/petroleum ether to 50% EtOAc/petroleum
ether afforded product as a colourless solid (485 mg, 90% yield); analytical TLC on silica gel, 1:10
EtOAc/petroleum ether, Rf=0.19. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 62-63 °C. 'H NMR (400 MHz, CDCls, ppm) & 8.35 (1H, d, J=2.1
Hz), 8.02 (1H, d, /=2.1 Hz), 7.19 (1H, d, J=3.5 Hz), 6.40 (1H, d, J/=3.5 Hz), 3.87 (3H, s).

= N\\ /\/SiMe3
@)

1-[2-(Trimethylsilyl)ethoxymethyl]-1H-pyrrolo[3,2-b]pyridine (1s). The same procedure was
used as for 1a. Accordingly, 1H-pyrrolo[3,2-b]pyridine (300 mg, 2.54 mmol) was converted to 1-
[2-(trimethylsilyl)ethoxymethyl]-1H-pyrrolo[3,2-b]pyridine 1s. Purification of the crude product by
column chromatography (Biotage M+12) using gradient elution from 30% EtOAc/petroleum ether
to 80% EtOAc/petroleum ether afforded product as a yellow oil (430 mg, 68% yield); analytical
TLC on silica gel, 1:1 EtOAc/petroleum ether, Rf=0.43. IR (film, cm™) 1289 (C=N); 'H NMR (400
MHz, CDCls, ppm) 6 8.48 (1H, dd, J=4.6, 1.4 Hz), 7.77 (1H, ddd, J=8.2, 1.4, 1.0 Hz), 7.39 (1H, d,
J=3.4 Hz), 7.13 (1H, dd, J=8.2, 4.6 Hz), 6.72 (1H, dd, J=3.4, 1.0 Hz), 5.46 (2H, s), 3.43 (2H, dd,
J=8.2, 8.2 Hz), 0.86 (2H, dd, J=8.2, 8.2 Hz), -0.08 (9H, s). '3C NMR (100.6 MHz, CDCl3, pmm) &
147.6, 144.0, 131.2, 129.4, 117.3, 117.0, 103.6, 76.2, 66.2, 17.8, -1.3. HRMS-ESI (m/z) calcd for
C13H2:1N20Si [M+H]"249.1423, found 249.1415.

(@)
)
o
1,3-Dimethylpyrimidine-2,4(1H,3H)-dione (1u). Pyrimidine-2,4(1H,3H)-dione (500 mg, 4.46

mmol) was converted to pyrimidine-2,4(1H,3H)-dione 1u in accordance to literature procedure.!!

"I Hannon, S. J.; Kundu N. G.; Hertzberg R. P.; Bhatt R. S.; Heidelberger, C. Tetrahedron Lett. 1980, 21,
1105.
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Purification of the crude product by column chromatography (Biotage M+25) using isocratic
elution 10% MeOH/CHCl, afforded product as a colourless solid (534 g; 85% yield); analytical
TLC on silica gel, 1:10 MeOH/CHCl,, Rf=0.47. Pure material was obtained by crystallization from
EtOAc/petroleum ether: mp 126-127 °C. 'H NMR (400 MHz, CDCls, ppm) 7.12 (1H, d, J=7.8 Hz),
5.73 (1H, d, J/=7.8 Hz), 3.40 (3H, s), 3.34 (3H, s).

Preparation of lodonium Azides 3a and 3h.

Q|/N:N+:N
Br
N
\

3-[5-Bromo-2-(ethoxycarbonyl)-1-methyl-1H-indol-3-yl](phenyl)-A3-iodanyltriaza-1,2-dien-2-
ium-1-ide (3a). To a solution of PhI(OAc): (509 mg, 1.58 mmol, 1.05 equiv) in CH>Cl, (10 mL)
was added TsOHe®H>O (342 mg, 1.80 mmol, 1.2 equiv) and the resulting suspension was stirred for
5 min at room temperature. Then, a solution of indole 1a (423 mg, 1.50 mmol, 1 equiv) in CH>Cl,
(5 mL) was added rapidly to the stirred suspension. The progress of the reaction was monitored by
TLC, and within 30 min complete conversion of the starting 1a was observed. The reaction was
then poured into the solution of NaN3 (146 mg, 2.25 mmol, 1.5 equiv) in water (50 mL) and
extracted with CH>Cl, (3x30 mL). Organic layers were combined, dried over Na>SQOa, filtered and
concentrated. The solid residue was washed with diethylether to afford 3a as a white powder (727
mg, 92% yield); analytical TLC on silica gel, 20:80:5 MeOH/CH2Clo/AcOH, Rf=0.56. Pure
material was obtained by crystallization from CH>Cly/diethylether: mp 102-103 °C (dec). IR (film,
cm™) 1999 (N=N=N), 1716 (C=0); '"H NMR (400 MHz, DMSO-ds, ppm) & 8.13-8.07 (3H, m), 7.73
(1H, d, J=9.0 Hz), 7.60 (1H, dd, J=9.0, 1.6 Hz), 7.55-7.50 (1H, m), 7.45-7.40 (2H, m), 4.51 (2H, q,
J=1.1 Hz), 4.07 (3H, s), 1.43 (3H, t, J=7.1 Hz). *C NMR (100.6 MHz, DMSO-ds, pmm) & 159.1,
137.0, 133.9, 131.3, 131.2, 131.0, 129.1, 128.6, 123.5, 115.9, 114.6, 62.4, 33.5, 14.0. HRMS-ESI
(m/z) calcd for C1gH16NO2Brl [M-N3]"483.9409, found 483.9419.
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3-[1-(2-Bromobenzyl)-4-(methoxycarbonyl)-2,5-dimethyl-1H-pyrrol-3-yl] (phenyl)-23-
iodanyltriaza-1,2-dien-2-ium-1-ide (3h). The same procedure was used as for 3a. Accordingly, 3-
[1-(2-bromobenzyl)-4-(methoxycarbonyl)-2,5-dimethyl-1H-pyrrole 1h (482 mg, 1.50 mmol) was
converted to iodonium azide 3h. Purification of the crude 3h by washing with diethylether afforded
product as a white powder (723 mg, 85% yield); analytical TLC on silica gel, 20:80:5
MeOH/CH2Clo/AcOH, Rf=0.54. Pure material was obtained by crystallization from
CH,Cly/diethylether: mp 96-97 °C (dec). IR (film, cm™) 2002 (N=N=N), 1696 (C=0); 'H NMR
(400 MHz, DMSO-ds, ppm) 6 7.95-7.91 (2H, m), 7.73-7.68 (1H, m), 7.61-7.55 (1H, m), 7.50-7.45
(2H, m), 7.29-7.24 (2H, m), 6.19-6.14 (1H, m), 5.30 (2H, s), 3.80 (3H, s), 2.43 (3H, s), 2.37 (3H, s).
3C NMR (100.6 MHz, DMSO-ds, pmm) & 162.3, 138.2, 137.5, 134.9, 133.5, 133.0, 131.2, 131.0,
129.7, 128.4, 126.1, 121.1, 110.4, 109.6, 51.3, 48.5, 12.6, 11.8.. HRMS-ESI (m/z) calcd for
C21H20NO2BrI [M-N3]7523.9722, found 523.9734.

Experimental Procedures for Substituted 1,2,3-Triazoles 6a—u.

To a solution of PhI(OAc), (0.53 mmol, 1.05 equiv) in MeCN (1.5 mL) was added TsOHeH,O
(0.60 mmol, 1.2 equiv) and the resulting suspension was stirred for 5 min at room temperature.
Then, a solution of heterocycle 1a-u (0.50 mmol, 1 equiv) in MeCN (1 mL) was added to the stirred
suspension and the progress of the reaction was monitored by TLC (disappearance of the starting
material spot; mobile phase petroleum ether/EtOAc=3:1; the formed heteroaryliodonium salt does
not migrate from the application point). Immediately upon full conversion of the starting 1a—u (see
Table 3 for appropriate time), a solution of NaN3 (0.75 mmol, 1.5 equiv) in water (500 pL) was
added (decomposition of the formed iodonium salt begins if the addition of NaNs is delayed),
followed with DMSO (2.5 mL), and solid CuCl (5 mg, 10 mol%; CuCl must be added immediately
after NaN; in order to avoid the non-catalyzed decomposition of iodonium azide) whereupon the
color of reaction changed to brown. After stirring for 30 min at room temperature, acetylene (0.75
mmol, 1.5 equiv), DIPEA (1.00 mmol, 2 equiv) and AcOH (1.00 mmol, 2 equiv) were added and

stirring was continued for 3 h at room temperature. Reaction mixture was poured into 50 mL of
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water and 25 mL of saturated NaHCO3, extracted with DCM (3x30 mL). Organic extracts were
combined, dried over NaSOs, filtered and evaporated. The residue was purified by column

chromatography on silica gel.

Cl

Br

Ethyl 5-bromo-3-[4-(3-chlorophenyl)-1H-1,2,3-triazol-1-yl]-1-methyl-1H-indole-2-carboxylate
(6a). Following the general procedure, indole 1a (141 mg, 0.5 mmol) was converted into triazole
6a. Purification of the crude product by column chromatography (Biotage M+12) using gradient
elution from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product as a
yellow solid (207 mg, 90% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
Rf=0.37. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 146-
147 °C. IR (film, cm™), 1717 (C=0), 1484 (N=N); '"H NMR (400 MHz, CDCl3, ppm) & 8.09 (1H,
s), 7.93 (1H, dd, J=1.8, 1.8 Hz), 7.84-7.79 (1H, m), 7.66 (1H, d, J/=1.8 Hz), 7.53 (1H, dd, J=9.0, 1.8
Hz), 7.42-7.33 (3H, m), 4.21 (2H, q, J=7.1 Hz), 4.13 (3H, s), 1.08 (3H, t, J=7.1 Hz). *C NMR
(100.6 MHz, CDCIl3, pmm) 6 160.0, 145.7, 135.3, 134.9, 132.2, 130.3, 129.6, 128.3, 125.8, 124.0,
123.8, 123.7, 123.5, 122.0, 117.6, 115.9, 112.3, 61.8, 32.7, 14.1. Anal. Calcd for C20H16BrCIN4Ox:
C,52.25;H, 3.51; N, 12.19 Found: C, 52.26; H, 3.49; N, 12.17.

EtO,C

/N
N/N

Br
N CN
N

\
Ethyl  1-(5-bromo-2-cyano-1-methyl-1H-indol-3-yl)-1H-1,2,3-triazole-4-carboxylate  (6b).
Following the general procedure, indole 1b (118 mg, 0.50 mmol) was converted into triazole 6b.
Purification of the crude product by column chromatography (Biotage M+12) using gradient elution
from 15% EtOAc/petroleum ether to 75% EtOAc/petroleum ether afforded product as a yellow
solid (133 mg, 71% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.19. Pure
material was obtained by crystallization from diethylether/petroleum ether: mp 188-189 °C (dec).
IR (film, cm™) 1730 (C=0), 1472 (N=N); '"H NMR (400 MHz, CDCls, ppm) & 8.66 (1H, s), 8.16

114



(1H, d, J=1.8 Hz), 7.60 (1H, dd, J=9.0, 1.8 Hz), 7.32 (1H, d, J=9.0 Hz), 4.49 (2H, q, J=7.2 Hz),
4.00 (3H, s), 1.46 (3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCl3;, pmm) & 160.3, 140.8, 135.5,
131.2, 127.0, 123.6, 121.0, 120.8, 117.2, 112.2, 110.8, 104.0, 61.9, 32.6, 14.5. HRMS-ESI (m/z)
calcd for Ci5H12N5O2BrNa [M+Na]"396.0072, found 396.0070.

Et0,C

/N
N”N

O

Ethyl 1-(1-benzyl-5-chloro-1H-indol-3-yl)-1H-1,2,3-triazole-4-carboxylate (6c). Following the
general procedure, indole 1¢ (121 mg, 0.50 mmol) was converted into triazole 6¢. Purification of
the crude product by column chromatography (Biotage M+12) using gradient elution from 15%
EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product as a yellow powder (124
mg, 65% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.23. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 117-118 °C. IR (film, cm™)
1730 (C=0), 1471 (N=N); '"H NMR (400 MHz, CDCls, ppm) & 8.39 (1H, s), 7.75 (1H, d, J=1.9 Hz),
7.54 (1H, s), 7.33-7.27 (3H, m), 7.26-7.19 (2H, m), 7.17-7.10 (2H, m), 5.32 (2H, s), 4.44 (2H, q,
J=1.2 Hz), 1.41 (3H, t, J=7.2 Hz). 3*C NMR (100.6 MHz, CDCls, pmm) & 159.9, 149.2, 146.4,
139.1, 135.6, 131.6, 129.9, 129.4, 127.5, 127.3, 122.6, 121.6, 120.8, 120.3, 112.0, 60.3, 21.4, 14.3,
11.0. Anal. Calcd for Cy0H;7CIN4O2: C, 63.08; H, 4.50; N, 14.71 Found: C, 63.81; H, 4.44; N,
14.42.

/N
N/N

Br
N—co,Et
N

Me,Si—" ©
Ethyl 5-bromo-3-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)-1-[2-(trimethylsilyl) ethoxymethyl]-1H-
indole-2-carboxylate (6d). Following the general procedure, indole 1d (200 mg, 0.50 mmol) was
converted into triazole 6d. Purification of the crude product by column chromatography (Biotage

M+12) using gradient elution from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum ether
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afforded product as a yellow powder (179 mg, 71% yield); analytical TLC on silica gel, 1:3
EtOAc/petroleum ether, Rf=0.50. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 75-76 °C. IR (film, cm™) 1718 (C=0), 1482 (N=N); "H NMR (400
MHz, CDCls, ppm) 6 7.63 (1H, dd, J=1.2, 1.2 Hz), 7.56 (1H, s), 7.52 (2H, d, J=1.2 Hz), 5.99 (2H,
s), 4.20 (2H, q, J=7.2 Hz), 3.57 (2H, dd, J=8.2, 8.2 Hz), 2.10-2.03 (1H, m), 1.11 (3H, t, J=7.2 Hz),
1.06-1.01 (2H, m), 0.99-0.94 (2H, m), 0.90 (2H, dd, J=8.2, 8.2 Hz), -0.05 (9H, s). '*C NMR (100.6
MHz, CDCl3, pmm) & 160.1, 149.6, 135.6, 130.0, 124.7, 123.4, 123.2, 122.4, 119.7, 116.4, 113.3,
73.9, 66.6, 61.8, 18.0, 13.8, 7.9, 6.8, 1.3. Anal. Calcd for C22H29BrN4O3Si: C, 52.27; H, 5.78; N,
11.08 Found: C, 52.38; H, 5.62; N, 11.09.

Ethyl 6-cyano-3-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)-1-methyl-1H-indole-2-carboxylate (6e).
Following the general procedure, indole 1e (114 mg, 0.50 mmol) was converted into triazole 6e.
Purification of the crude product by column chromatography (Biotage M+12) using gradient elution
from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product as a white off
powder (126 mg, 75% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.19.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 163-164 °C. IR
(film, cm™) 1707 (C=0), 2224 (C=N), 1464 (N=N); 'H NMR (400 MHz, CDCls, ppm) & 7.86-7.82
(1H, m), 7.58 (1H, d, J=8.4 Hz), 7.55 (1H, m), 7.42 (1H, dd, J=8.4, 1.0 Hz), 4.23 (2H, q, J/=7.2 Hz),
4.15 (3H, s), 2.10-2.01 (1H, m), 1.13 (3H, s), 1.07-1.00 (2H, m), 0.98-0.91 (2H, m). *C NMR
(100.6 MHz, CDCls, pmm) & 159.7, 149.5, 135.3, 125.8, 125.3, 124.4, 123.4, 121.1, 119.3, 118.9,
115.9, 109.1, 62.0, 32.8, 14.0, 8.1, 6.9. HRMS-ESI (m/z) calcd for CisH1sNsO> [M+H]" 336.1461,
found 336.1457.

116



Cl

Ethyl 5-bromo-1-(3-chlorophenyl)-3-[4-(1-hydroxy-1-methylethyl)-1H-1,2,3-triazol-1-yl]-1H-
indole-2-carboxylate (6f). Following the general procedure, indole 1f (189 mg, 0.50 mmol) was
converted into triazole 6f. Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from 15% EtOAc/petroleum ether to 70% EtOAc/petroleum ether
afforded product as a white powder (184 mg, 73% yield); analytical TLC on silica gel, 1:1
EtOAc/petroleum ether, Rf=0.39. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 161-162 °C. IR (film, cm™) 1723 (C=0), 1481 (N=N), 1180 (C—
0); '"H NMR (400 MHz, CDCls, ppm) & 7.94 (1H, s), 7.79 (1H, d, J=1.9 Hz), 7.55-7.48 (2H, m),
7.45 (1H, dd, J=9.0, 1.9 Hz), 7.39 (1H, dd, J=2.0, 1.8 Hz), 7.28 (1H, ddd, J=7.2, 2.0, 1.8 Hz), 7.01
(1H, d, J=9.0 Hz), 4.07 (2H, q, J=7.1 Hz), 2.65-2.61 (1H, m), 1.76 (6H, s), 0.98 (3H, t, /=7.1 Hz).
3C NMR (100.6 MHz, CDCls, pmm) & 159.1, 155.0, 138.4, 136.2, 135.2, 130.5, 130.5, 129.5,
128.4, 126.3, 124.2, 123.7, 123.0, 122.7, 119.7, 116.7, 113.3, 68.8, 61.8, 30.7, 13.7. HRMS-ESI
(m/z) caled for C22H21N4O3C1Br [M+H]" 503.0486, found 503.0500.

cl N
Me,Si— ©

Ethyl 4,6-dichloro-3-[4-(ethoxycarbonyl)-1H-1,2,3-triazol-1-yl]-1-[2-
(trimethylsilyl)ethoxymethyl]-1H-indole-2-carboxylate (6g). Following the general procedure,
indole 1g (194 mg, 0.50 mmol) was converted into triazole 6g. Purification of the crude product by
column chromatography (Biotage M+12) using gradient elution from 15% EtOAc/petroleum ether
to 50% EtOAc/petroleum ether afforded product as a yellow oil (190 mg, 72% yield); analytical
TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.38. IR (film, cm™!) 1722 (C=0), 1719 (C=0),
1456 (N=N); 'H NMR (400 MHz, CDCls, ppm) & 8.33 (1H, s), 7.63 (1H, d, J=1.6 Hz), 7.24 (1H, d,
J=1.6 Hz), 6.01 (2H, s), 4.48 (2H, q, J=7.1 Hz), 4.13 (2H, q, J=7.1 Hz), 3.61 (2H, dd, J=8.2, 8.2
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Hz), 1.45 (3H, t, /=7.1 Hz), 1.00 (3H, t, /=7.1 Hz), 0.92 (2H, dd, J=8.2, 8.2 Hz), -0.03 (9H, s). 1C
NMR (100.6 MHz, CDCLs, pmm) & 160.9, 159.4, 139.7, 137.8, 132.9, 132.3, 127.0, 125.7, 124.8,
119.0, 117.9, 111.1, 74.1, 66.9, 62.1, 61.6, 18.0, 14.5, 13.7, 1.3. HRMS-ESI (m/z) calcd for
C22Ha2oN405SiCly [M+H]* 527.1284, found 527.1287.

Methyl 1-(2-bromobenzyl)-2,5-dimethyl-4-(4-(3-chlorophenyl)-1H-1,2,3-triazol-1-yl)-1H-
pyrrole-3-carboxylate (6h). Following the general procedure, pyrrole 1h (140 mg, 0.50 mmol) was
converted into triazole 6h. Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum ether
afforded product as a yellow powder (160 mg, 64% yield); analytical TLC on silica gel, 1:3
EtOAc/petroleum ether, Rf=0.37. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 177-178 °C. IR (film, cm™") 1702 (C=0), 1437 (N=N); 'H NMR
(400 MHz, CDCl3, ppm) & 8.00-7.95 (1H, m), 7.94-7.88 (1H, m), 7.81 (1H, d, J/=7.6 Hz), 7.62 (1H,
d, /=7.8 Hz), 7.38 (1H, dd, J=7.8, 7.8 Hz), 7.33-7.27 (2H, m), 7.20 (1H, dd, J=7.6, 7.6 Hz), 6.43
(1H, d, J=7.6 Hz), 5.13 (2H, s), 3.61 (3H, s), 2.49 (3H, s), 2.01 (3H, s). 3*C NMR (100.6 MHz,
CDCI3, pmm) 6 164.2, 145.6, 135.6, 134.9, 133.1, 132.8, 130.2, 129.6, 128.5, 128.1, 126.8, 126.5,
125.9, 124.1, 123.9, 121.7, 118.6, 108.2, 51.1, 47.9, 11.4, 9.3. Anal. Calcd for C23H20BrCIN4O,: C,
55.27; H,4.03; N, 11.21 Found: C, 55.63; H, 4.04; N, 10.89.

Ethyl 1-[1-(4-iodophenyl)-1H-pyrrol-2-yl]-1H-1,2,3-triazole-4-carboxylate (6i). Following the
general procedure, pyrrole 1i (135 mg, 0.50 mmol) was converted into triazole 6i. Purification of
the crude product by column chromatography (Biotage M+12) using gradient elution from 15%
EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product as a brown powder (108
mg, 53% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.34. Pure material
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was obtained by crystallization from diethylether/petroleum ether: mp 142-143 °C. IR (film, cm™)
1721 (C=0), 1485 (N=N); 'H NMR (400 MHz, CDCls, ppm) & 8.33 (1H, s), 7.80-7.77 (2H, m),
7.54 (1H, dd, J=2.5, 1.8 Hz), 7.20-7.16 (2H, m), 7.07 (1H, dd, J=3.2, 2.5 Hz), 6.62 (1H, dd, J=3.2,
1.8 Hz), 4.45 (2H, q, J=7.1 Hz), 1.42 (3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3;, pmm) &
160.8, 140.3, 139.5, 139.0, 125.7, 124.9, 122.6, 119.9, 111.7, 104.3, 91.3, 61.5, 14.5. Anal. Calcd
for C1sH13IN4Oz2: C, 44.14; H, 3.21; N, 13.73 Found: C, 44.02; H, 3.30; N, 13.46.

N/’N‘Nh\

N CO,Et
|
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Ethyl 5-[4-(3-chlorophenyl)-1H-1,2,3-triazol-1-yl]-1,4-dimethyl-1H-pyrrole-2-carboxylate (6j).
Following the general procedure, pyrrole 1j (84 mg, 0.50 mmol) was converted into triazole 6j.
Purification of the crude product by column chromatography (Biotage M+12) using gradient elution
from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product as a brown
powder (95 mg, 55% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.30.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 135-136 °C. IR
(film, cm™) 1706 (C=0), 1425 (N=N); '"H NMR (400 MHz, CDCls, ppm) & 7.92-7.87 (2H, m), 7.78
(1H, d, J=7.6 Hz), 7.37 (1H, dd, J=7.8, 7.6 Hz), 7.31 (1H, d, J/=7.8 Hz), 6.67 (1H, s), 4.04 (2H, q,
J=7.1 Hz), 3.94 (3H, s), 1.93 (3H, s), 0.95 (3H, t, J=7.1 Hz). *C NMR (100.6 MHz, CDCl3;, pmm)
0 159.6, 145.3, 134.8, 132.5, 130.2, 128.0, 126.1, 126.1, 125.7, 123.7, 123.4, 117.6, 116.6, 60.4,
37.8, 14.1, 8.8. HRMS-ESI (m/z) calcd for C17H1sN4O>C1 [M+H]"345.1118, found 345.1130.

Ethyl 5-methyl-1-(4-methylphenyl)-4-[4-(trifluoromethoxy)phenyl-1H-1,2,3-triazol-1-yl]-1H-
pyrrole-2-carboxylate (6k). Following the general procedure, pyrrole 1k (122 mg, 0.50 mmol) was
converted into triazole 6k. Purification of the crude product by column chromatography (Biotage

M+12) using gradient elution from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum ether
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afforded product as a yellow powder (153 mg, 65% yield); analytical TLC on silica gel, 1:3
EtOAc/petroleum ether, Rf=0.56. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 85-86 °C. IR (film, cm™) 1718 (C=0), 1492 (N=N), 1262 (C-F),
1223 (C-F), 1206 (C-F), 1165 (C-F); '"H NMR (400 MHz, CDCl3, ppm) & 8.00 (1H, s), 7.94-7.91
(2H, m), 7.32-7.29 (4H, m), 7.21 (1H, s), 7.17-7.13 (2H, m), 4.15 (2H, q, J=7.1 Hz), 2.44 (3H, s),
2.14 (3H, s), 1.20 (3H, t, J=7.1 Hz). *C NMR (100.6 MHz, CDCl3;, pmm) & 159.9, 149.2, 146.4,
139.1, 135.6, 131.6, 129.9, 129.4, 127.5, 127.3, 122.6, 121.6, 120.8, 120.7, 120.3, 112.0, 60.3, 21.4,
14.3, 11.0. Anal. Calcd for C24H21F3N4O3: C, 61.27; H, 4.50; N, 11.91 Found: C, 61.38; H, 4.44; N,
11.86.

Br
1-1-[(4-Bromophenyl)carbonyl]-2,5-dimethyl-1H-pyrrol-3-yl-4-[4-(trifluoromethoxy)phenyl]-
1H-1,2,3-triazole (6l). Following the general procedure, pyrrole 11 (139 mg, 0.50 mmol) was
converted into triazole 6l. Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum ether
afforded product as a yellow powder (164 mg, 65% yield); analytical TLC on silica gel, 1:3
EtOAc/petroleum ether, Rf=0.54. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 113-114 °C. IR (film, cm™) 1705 (C=0), 1484 (N=N), 1261 (C-
F), 1222 (C-F), 1209 (C-F), 1166 (C-F); '"H NMR (400 MHz, CDCls, ppm) & 7.93-7.90 (3H, m),
7.71-7.67 (2H, m), 7.67-7.63 (2H, m), 7.32-7.27 (2H, m), 6.22 (1H, s), 2.17 (3H, s), 2.16 (3H, s).
3C NMR (100.6 MHz, CDCl3, pmm) & 169.5, 149.2, 133.3, 132.7, 131.9, 130.0, 129.9, 129.8,
129.3, 127.3, 123.3, 122.3, 121.6, 120.7, 120.7, 106.5, 14.4, 12.4. HRMS-ESI (m/z) calcd for
C22H17N40,BrF3 [M+H]" 505.0487, found 505.0477.
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Ethyl 3-[4-(3-chlorophenyl)-1H-1,2,3-triazol-1-yl]-1-methyl-4,5-bis(4-methylphenyl)-1H-

pyrrole-2-carboxylate (6m). Following the general procedure, pyrrole 1m (167 mg, 0.50 mmol)
was converted into triazole 6m. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum
ether afforded product as a white off powder (187 mg, 73% yield); analytical TLC on silica gel, 1:3
EtOAc/petroleum ether, Rf=0.54. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 99-100 °C. IR (film, cm™) 1704 (C=0), 1449 (N=N); 'H NMR
(400 MHz, CDCl3, ppm) o 7.82 (1H, dd, J=1.8, 1.6 Hz), 7.74 (1H, s), 7.71 (1H, ddd, J=7.6, 1.6, 1.6
Hz), 7.34 (1H, dd, J=7.8, 7.6 Hz), 7.28 (1H, ddd, J=7.8, 1.8, 1.8 Hz), 7.21-7.17 (2H, m), 7.15-7.12
(2H, m), 6.87-6.83 (2H, m), 6.80-6.76 (2H, m), 4.06 (2H, q, J/=7.1 Hz), 3.86 (3H, s), 2.38 (3H, s),
2.17 (3H, s), 0.94 (3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3;, pmm) & 160.0, 145.4, 138.8,
136.9, 136.4, 134.8, 132.5, 130.9, 130.1, 129.4, 129.1, 128.9, 128.1, 128.0, 127.1, 125.7, 124.7,
123.7,123.5, 121.3, 118.7, 60.6, 35.0, 21.7, 21.3, 14.1. Anal. Calcd for C30H27CIN4O2: C, 70.51; H,
5.33; N, 10.96 Found: C, 70.12; H, 5.49; N, 10.56.
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Methyl  5-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)-1-methyl-1H-pyrrole-2-carboxylate  (6n).
Following the general procedure, pyrrole In (70 mg, 0.50 mmol) was converted into triazole 6n.
Purification of the crude product by column chromatography (Biotage M+12) using gradient elution
from 15% EtOAc/petroleum ether to 70% EtOAc/petroleum ether afforded product as a yellow
powder (73 mg, 59% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.12.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 107-108 °C. IR
(film, cm™) 1712 (C=0), 1477 (N=N); 'H NMR (400 MHz, CDCls, ppm) & 7.44 (1H, s), 7.20 (1H,
d, J/=2.0 Hz), 7.04 (1H, d, J=2.0 Hz), 3.96 (3H, s), 3.83 (3H, s), 2.01-1.93 (1H, m), 0.99-0.93 (2H,
m), 0.89-0.84 (2H, m). *C NMR (100.6 MHz, CDCls, pmm) & 161.2, 150.4, 122.6, 122.0, 120.8,
118.5, 109.0, 51.6, 37.3, 7.9, 6.8. HRMS-ESI (m/z) calcd for Ci12HisN4O, [M+H]" 247.1195, found
247.1190.
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Ethyl  2-bromo-6-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)-4-methyl-4 H-thieno[3,2-b]pyrrole-5-
carboxylate (60). Following the general procedure, thieno[3,2-b]pyrrole 10 (144 mg, 0.50 mmol)
was converted into triazole 60. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 15% EtOAc/petroleum ether to 50% EtOAc/petroleum
ether afforded product as a yellow powder (148 mg, 75% yield); analytical TLC on silica gel, 1:3
EtOAc/petroleum ether, Rf=0.35. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 137-138 °C. IR (film, cm™) 1684 (C=0), 1459 (N=N); 'H NMR
(400 MHz, CDCl3, ppm) & 7.93 (1H, s), 7.00 (1H, s), 4.26 (2H, q, /=7.1 Hz), 4.00 (3H, s), 2.05-1.98
(IH, m), 1.24 (3H, t, J=7.1 Hz), 1.04-0.89 (4H, m). 3C NMR (100.6 MHz, CDCl3, pmm) & 160.2,
149.2, 141.0, 122.4, 120.8, 118.7, 118.6, 117.2, 113.5, 61.2, 36.1, 14.3, 8.0, 7.0. HRMS-ESI (m/z)
calcd for Ci15sH1sN4O2BrS [M+H]"395.0177, found 395.0190.
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Ethyl 5-chloro-1-methyl-3--[4-((3aR,5R,6S,6aR)-5-[(4R)-2,2-dimethyl-1,3-dioxolan-4-yl]-2,2-
dimethyltetrahydrofuro|2,3-d][1,3]dioxol-6-yloxy)methyl-1H-1,2,3-triazol-1-yl]-1H-

pyrrolo[2,3-b]pyridine-2-carboxylate (6p). Following the general procedure, pyrrolo[2,3-
blpyridine 1p (106 mg, 0.50 mmol) was converted into triazole 6p. Purification of the crude product
by column chromatography (Biotage M+12) using gradient elution from 15% EtOAc/petroleum
ether to 50% EtOAc/petroleum ether afforded product as a yellow foam (179 mg, 62% yield);
analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.17. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 64-65 °C. IR (, cm™) 1721 (C=0), 1489
(N=N), 1244 (C=N), 1074 (C-0), 1041 (C-0), 1019 (C-0); '"H NMR (400 MHz, CDCls, ppm) &
8.51 (1H, d, J=2.2 Hz), 8.00 (1H, s), 7.92 (1H, d, J/=2.2 Hz), 5.89 (1H, d, J=3.6 Hz), 4.98-4.89 (2H,
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m), 4.66 (1H, d, J=3.6 Hz), 4.37-4.32 (1H, m), 4.27 (2H, q, J/=7.1 Hz), 4.22 (3H, s), 4.16-4.08 (3H,
m), 4.01 (1H, dd, J=5.5, 5.5 Hz), 1.50 (3H, s), 1.39 (3H, s), 1.33 (3H, s), 1.30 (3H, s), 1.18 (3H, t,
J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, pmm) & 159.9, 147.4, 144.6, 144.3, 127.8, 126.7, 126.3,
123.6, 116.2, 115.8, 112.1, 109.3, 105.4, 82.9, 82.1, 81.3, 72.5, 67.6, 64.3, 62.0, 31.3, 27.0, 26.0,
26.4,25.6, 13.4. HRMS-ESI (m/z) calcd for C26H32NsOgNaCl [M+Na]* 600.1837, found 600.1857.
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Ethyl  1-(5-bromo-1-methyl-1H-pyrrolo[2,3-b]pyridin-3-yl)-1H-1,2,3-triazole-4-carboxylate
(6r). Following the general procedure, pyrrolo[2,3-b]pyridine 1r (106 mg, 0.50 mmol) was
converted into triazole 6r. Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from 15% EtOAc/petroleum ether to 70% EtOAc/petroleum ether
afforded product as a yellow powder (123 mg, 70% yield); analytical TLC on silica gel, 1:1
EtOAc/petroleum ether, Rf=0.26. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 97-98 °C. IR (film, cm™) 1709 (C=0), 1221 (C=N), 1440 (NH);
"H NMR (400 MHz, CDCls, ppm) & 8.51-8.44 (1H, m), 8.42 (1H, s), 8.36-8.26 (1H, m), 7.68-7.61
(IH, m), 4.47 (2H, q, J=7.1 Hz), 3.96 (3H, s), 1.44 (3H, t, J=7.1 Hz). 3C NMR (100.6 MHz,
CDCl;, pmm) & 160.7, 146.0, 144.5, 140.5, 129.6, 126.4, 122.5, 114.7, 113.6, 112.1, 61.7, 31.9,
14.5. HRMS-ESI (m/z) calcd for C13H13Ns50.Br [M+H]" 350.0253, found 350.0248.
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2-[1-(1-2-(Trimethylsilyl)ethoxymethyl-1H-pyrrolo[3,2-b]|pyridin-3-yl)-1H-1,2,3-triazol-4-
yl]propan-2-ol (6s). Following the general procedure, pyrrolo[3,2-b]pyridine 1s (124 mg, 0.50
mmol) was converted into triazole 6s. Purification of the crude product by column chromatography
(Biotage M+12) wusing gradient elution from 15% EtOAc/petroleum ether to 100%
EtOAc/petroleum ether afforded product as a white powder (78 mg, 42% yield); analytical TLC on
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silica gel, 1:1 EtOAc/petroleum ether, Rf=0.23. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 74-75 °C. IR (film, cm™") 1249 (C=N), 1086 (C-0); '"H NMR (400
MHz, CDCl;, ppm) 6 8.85 (1H, s), 8.59 (1H, dd, J=4.6, 1.3 Hz), 8.08 (1H, s), 7.88 (1H, dd, J=8.4,
1.3 Hz), 7.28 (1H, dd, J=8.4, 4.6 Hz), 5.55 (2H, s), 3.52 (2H, dd, J=8.2, 8.2 Hz), 2.71-2.62 (1H, m),
1.74 (6H, s), 0.90 (2H, dd, J=8.2, 8.2 Hz), -0.06 (9H, s). 3C NMR (100.6 MHz, CDCls, pmm)
155.4, 145.0, 137.8, 128.6, 122.3, 119.4, 118.5, 118.5, 116.1, 76.8, 68.7, 66.8, 30.6, 17.9, -1.3.
HRMS-ESI (m/z) caled for C1sN27NsO2SiNa [M+Na]"396.1832, found 396.1830.

Ethyl 1-(7-benzyl-4-chloro-7H-pyrrolo|2,3-d]pyrimidin-5-yl)-1H-1,2,3-triazole-4-carboxylate
(6t). Following the general procedure, pyrrolo[2,3-d]pyrimidine 1t (122 mg, 0.50 mmol) was
converted into triazole 6t. Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from 15% EtOAc/petroleum ether to 70% EtOAc/petroleum ether
afforded product as a yellow foam (90 mg, 47% yield); analytical TLC on silica gel, 1:3
EtOAc/petroleum ether, Rf=0.10. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 105-106 °C. IR (film, cm') 1730 (C=0), 1456 (N=N), 1244
(C=N), 1233 (C=N); 'H NMR (400 MHz, CDCl3, ppm) & 8.79 (1H, s), 8.44 (1H, s), 7.64 (1H, s),
7.38-7.34 (3H, m), 7.33-7.30 (2H, m), 5.54 (2H, s), 4.46 (2H, q, J/=7.2 Hz), 1.43 (3H, t, J=7.2 Hz).
BC NMR (100.6 MHz, CDCls, pmm) & 160.6, 152.3, 151.2, 149.9, 140.3, 134.9, 131.1, 129.4,
129.0, 128.4, 126.2, 111.9, 111.5, 61.7, 49.1, 14.4. HRMS-ESI (m/z) caled for CigHisNsO2Cl
[M+H]"383.1023, found 383.1031.
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Ethyl 1-(1,3-dimethyl-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-1H-1,2,3-triazole-4-
carboxylate (6u). Following the general procedure, pyrimidine 1u (70 mg, 0.50 mmol) was

converted into triazole 6u. Purification of the crude product by column chromatography (Biotage
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M+12) using gradient elution from 30% EtOAc/petroleum ether to 90% EtOAc/petroleum ether
afforded product as a white powder (91 mg, 65% yield); analytical TLC on silica gel, 1:1
EtOAc/petroleum ether, Rf=0.13. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 166-167 °C. IR (film, cm™) 1718 (C=0), 1678 (C=0), 1674
(C=0), 1488 (N=N); 'H NMR (400 MHz, CDCl;, ppm) & 8.91 (1H, s), 8.28 (1H, s), 4.42 (2H, q,
J=1.1 Hz), 3.58 (3H, s), 3.45 (3H, s), 1.40 (3H, t, J=7.1 Hz). '*C NMR (100.6 MHz, CDCl3, pmm)
0 160.5, 157.7, 150.3, 140.3, 138.0, 128.4, 112.4, 61.5, 38.0, 28.9, 14.4. HRMS-ESI (m/z) calcd for
C11H13N504Na [M+Na]" 302.0865, found 302.0866.

Synthesis of Aminoheterocycles 7a—u.
To a solution of PhI(OAc)> (0.53 mmol, 1.05 equiv) in MeCN (4 mL) was added TsOHeH>O (0.60
mmol, 1.2 equiv) and the resulting suspension was stirred for 5 min at room temperature. Then, a
solution of heterocycle 1a-u (0.50 mmol, 1 equiv) in MeCN (1 mL) was added to the stirred
suspension and the progress of the reaction was monitored by TLC (disappearance of the starting
material spot; mobile phase petroleum ether/EtOAc=3:1; the formed heteroaryliodonium salt does
not migrate from the application point). Immediately upon full conversion of the starting 1a—u (see
Table 3 for appropriate time), a solution of NaN3 (0.75 mmol, 1.5 equiv) in water (500 puL) was
added (decomposition of the formed iodonium salt begins if the addition of NaNs is delayed),
followed with solid CuCl (5 mg, 10 mol%; CuCl must be added immediately after NaN3 in order to
avoid the non-catalyzed decomposition of iodonium azide) whereupon the color of reaction changed
to brown. After stirring for 30 min at room temperature, aqueous (NHs)>S (40-48 wt% solution in
water, Aldrich, 1.25 mmol, 200 pL, 2.5 equiv) was added. After stirring for another 30 min at room
temperature the reaction was poured into a mixture of water (50 mL) and saturated aqueous
NaHCOs3 (25 mL) and extracted with CH>Cl, (3x30 mL). Organic extracts were combined, dried
over NaxSOq, filtered and evaporated. The residue was purified by column chromatography on

silica gel.
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Ethyl 3-amino-5-bromo-1-methyl-1H-indole-2-carboxylate (7a). Following the general
procedure, indole 1a (142 mg, 0.50 mmol) was converted into amine 7a. Purification of the crude
product by column chromatography (Biotage M+12) using gradient elution from 10%
EtOAc/petroleum ether to 40% EtOAc/petroleum ether afforded product as a yellow powder (125
mg, 84% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.46. Pure material
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was obtained by crystallization from diethylether/petroleum ether: mp 107-108 °C. IR (film, cm™)
3466 (NH>), 3362 (NH>), 1672 (C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.66 (1H, d, J=1.8 Hz),
7.38 (1H, dd, J=8.9, 1.8 Hz), 7.09 (1H, d, /=8.9 Hz), 4.88-4.69 (2H, br s), 4.41 (2H, q, J=7.2 Hz),
3.85 (3H, s), 1.43 (3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCls;, pmm) & 163.1, 137.3, 135.0,
129.5, 122.0, 119.6, 111.7, 111.0, 60.3, 32.3, 14.7. HRMS-ESI (m/z) calcd for Ci2H14N>O2Br
[M+H]"297.0239, found 297.0202.
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3-Amino-5-bromo-1-methyl-1H-indole-2-carbonitrile (7b). Following the general procedure,
indole 1b (118 mg, 0.50 mmol) was converted into amine 7b. Purification of the crude product by
column chromatography (Biotage M+12) using gradient elution from 10% EtOAc/petroleum ether
to 40% EtOAc/petroleum ether afforded product as a yellow powder (100 mg, 80% yield);
analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.42. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 147-148 °C. IR (film, cm™) 3442 (NH>), 3349
(NHz), 2201 (C=N); '"H NMR (400 MHz, CDCl;, ppm) & 7.63 (1H, d, J=1.9 Hz), 7.42 (1H, dd,
J=8.9, 1.9 Hz), 7.07 (1H, d, J=8.9 Hz), 4.00-3.93 (2H, br s), 3.68 (3H, s). 3*C NMR (100.6 MHz,
CDCl3, pmm) & 136.1, 135.3,129.7, 121.8, 119.7, 113.8, 112.3, 111.5, 96.7, 31.4. HRMS-ESI (m/z)
calcd for C1oHoN3Br [M+H]*249.9980, found 249.9996.

NH

Br 2
N—co,Et
)

Me,si—" ©

Ethyl 3-amino-5-bromo-1-[2-(trimethylsilyl)ethoxymethyl]-1H-indole-2-carboxylate  (7d).
Following the general procedure, indole 1d (200 mg, 0.50 mmol) was converted into amine 7d.
Purification of the crude product by column chromatography (Biotage M+12) using gradient elution
from 5% EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded product as a yellow oil
(169 mg, 82% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.60. IR (film,
cm!) 3363 (NH,), 2952 (NH_), 1674 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.67 (1H, d,
J=1.9 Hz), 7.42 (1H, dd, J=8.9, 1.9 Hz), 7.30 (1H, d, J/=8.9 Hz), 5.78 (2H, s), 4.97-4.77 (2H, br s),
442 (2H, q, J/=7.2 Hz), 3.45 (2H, dd, J=8.2, 8.2 Hz), 1.43 (3H, t, J/=7.2 Hz), 0.84 (2H, dd, J=8.2,
8.2 Hz), -0.09 (9H, s). *C NMR (100.6 MHz, CDCl3;, pmm) & 162.9, 137.9, 136.4, 130.0, 122.0,
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120.9, 112.8, 112.3, 109.9, 73.6, 65.7, 60.4, 18.1, 14.7, -1.3. HRMS-ESI (m/z) calcd for
C17H25N203SiBrNa [M+Na]*435.0716, found 435.0744.
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Ethyl 3-amino-5-bromo-1-(3-chlorophenyl)-1H-indole-2-carboxylate (7f). Following the general
procedure, indole 1f (189 mg, 0.50 mmol) was converted into amine 7f. Purification of the crude
product by column chromatography (Biotage M+12) using gradient elution from 10%
EtOAc/petroleum ether to 40% EtOAc/petroleum ether afforded product as a yelow oil (165 mg,
84% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.54. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 96-97 °C. IR (film, cm™) 3466
(NH>), 3361 (NH>), 1682 (C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.73 (1H, d, J=1.9 Hz), 7.39-
7.33 (3H, m), 7.28-7.26 (1H, m), 7.19-7.15 (1H, m), 6.92 (1H, d, J/=8.9 Hz), 5.09-4.98 (2H, br s),
4.16 (2H, q, J=7.2 Hz), 1.07 (3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCls, pmm) & 162.5,
140.7, 138.1, 137.3, 134.4, 130.4, 129.8, 128.3, 127.7, 126.2, 122.1, 120.1, 112.9, 112.6, 111.2,
60.1, 14.1. HRMS-ESI (m/z) calcd for C17H15N202CIBr [M+H]"393.0005, found 392.9968.
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Ethyl 3-amino-4,6-dichloro-1-[2-(trimethylsilyl)ethoxymethyl]-1H-indole-2-carboxylate (7g).
Following the general procedure, indole 1g (130 mg, 0.33 mmol) was converted into amine 7g.
Purification of the crude product by column chromatography (Biotage M+12) using gradient elution
from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product as a yellow
powder (105 mg, 79% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.65.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 63-64 °C. IR
(film, cm™) 3502 (NH>), 3372 (NH), 1675 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.30 (1H,
d, J/=1.6 Hz), 6.98 (1H, d, J=1.6 Hz), 5.73 (2H, s), 5.63-5.57 (2H, br s), 4.41 (2H, q, J/=7.2 Hz), 3.48
(2H, dd, J=8.2, 8.2 Hz), 1.42 (3H, t, J=7.2 Hz), 0.86 (2H, dd, J=8.2, 8.2 Hz), -0.06 (9H, s). 13C
NMR (100.6 MHz, CDCl;, pmm) ¢ 162.7, 140.4, 138.1, 132.8, 128.4, 120.7, 114.6, 110.2, 110.1,
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109.2, 73.7, 65.8, 60.4, 18.1, 14.7, -1.3. HRMS-ESI (m/z) calcd for C17H25sN203C12Si [M+H]*
403.1012, found 403.1013.

Methyl 4-amino-1-(2-bromobenzyl)-2,5-dimethyl-1H-pyrrole-3-carboxylate (7h). Following the
general procedure, pyrrole 1h (161 mg, 0.50 mmol) was converted into amine 7h. Purification of
the crude product by column chromatography (Biotage M+12) using gradient elution from 50%
EtOAc/petroleum ether to 100% EtOAc/petroleum ether afforded product as a yellow powder (110
mg, 65% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.15. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 77-78 °C. IR (film, cm)
3334 (NH>), 3059 (NH>), 1675 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.56 (1H, dd, J=7.8, 1.3
Hz), 7.17 (1H, ddd, J=7.6, 7.6, 1.3 Hz), 7.12 (1H, ddd, J=7.8, 7.8, 1.6 Hz), 6.28 (1H, ddd, J=7.8,
7.6, 1.6 Hz), 4.95 (2H, s), 3.83 (3H, s), 2.55 (2H, s), 2.35 (3H, s), 1.94 (3H, s). *C NMR (100.6
MHz, CDCI3, pmm) 8 166.9, 136.4, 132.6, 132.2, 129.3, 129.0, 128.2, 127.0, 121.5, 110.4, 102.8,
50.6, 47.3, 11.6, 8.5. HRMS-ESI (m/z) caled for C;sHi7N2O,BrNa [M+Na]* 359.0371, found

359.0439.
H Nh\

2 N CO,Et

Ethyl 5-amino-1,4-dimethyl-1H-pyrrole-2-carboxylate (7j). Following the general procedure,
pyrrole 1j (84 mg, 0.50 mmol) was converted into amine 7j. Purification of the crude product by
column chromatography (Biotage M+12) using gradient elution from 50% EtOAc/petroleum ether
to 100% EtOAc/petroleum ether afforded product as a brown powder (55 mg, 60% yield);
analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.19. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 58-59 °C. IR (film, cm™) 3345 (NH»), 3239
(NHy), 1668 (C=0); '"H NMR (400 MHz, CDCl;3, ppm) 8 6.74 (1H, d, J=0.6 Hz), 4.21 (2H, q, J=7.1
Hz), 3.74 (3H, s), 3.43-3.26 (2H, br s), 1.93 (3H, d, J=0.6 Hz), 1.31 (3H, t, J=7.1 Hz). 3C NMR
(100.6 MHz, CDCI3, pmm) 6 161.4, 140.0, 118.8, 114.5, 101.8, 59.1, 30.9, 14.7, 10.1. HRMS-ESI
(m/z) calcd for CoH1sN2O, [M+H]" 183.1134, found 183.1121.
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Ethyl 4-amino-5-methyl-1-(4-methylphenyl)-1H-pyrrole-2-carboxylate (7k). Following the
general procedure, pyrrole 1k (122 mg, 0.50 mmol) was converted into amine 7k. Purification of
the crude product by column chromatography (Biotage M+12) using gradient elution from 50%
EtOAc/petroleum ether to 100% EtOAc/petroleum ether afforded product as a yellow oil (80 mg,
62% yield); analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, Rf=0.27. IR (film, cm™") 3403
(NH3), 3341 (NHz), 1699 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.24-7.21 (2H, m), 7.08-7.04
(2H, m), 6.64 (1H, s), 4.08 (2H, q, J=7.1 Hz), 2.90-2.77 (2H, br s), 2.40 (3H, s), 1.91 (3H, s), 1.15
(3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, pmm) & 160.5, 137.8, 136.9, 129.4, 127.7, 127.7,
124.6, 120.2, 109.4, 59.5, 21.4, 14.4, 9.8. HRMS-ESI (m/z) calcd for CisHioN2O, [M+H]"
259.1447, found 259.1430.

H.N Tol

2

i

EtO,C™ >N~ Tol
|

Ethyl 3-amino-1-methyl-4,5-bis(4-methylphenyl)-1H-pyrrole-2-carboxylate (7m). Following
the general procedure, pyrrole 1m (126 mg, 0.38 mmol) was converted into amine 7m. Purification
of the crude product by column chromatography (Biotage M+12) using gradient elution from 50%
EtOAc/petroleum ether to 100% EtOAc/petroleum ether afforded product as a white powder (95
mg, 72% yield); analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, Rf=0.54. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 162-163 °C. IR (film, cm™)
3479 (NHy), 3365 (NH.), 1683 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.14-6.99 (8H, m),
4.66-4.51 (2H, br s), 4.37 (2H, q, J/=7.1 Hz), 3.65 (3H, s), 2.35 (3H, s), 2.29 (3H, s), 1.40 (3H, t,
J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, pmm) & 162.5, 139.2, 138.0, 135.5, 130.8, 130.7, 129.7,
129.3, 129.1, 128.3, 111.6, 107.5, 59.4, 34.6, 21.5, 21.3, 14.9. HRMS-ESI (m/z) calcd for
C22H25N20, [M+H]349.1916, found 349.1890.
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Methyl 5-amino-1-methyl-1H-pyrrole-2-carboxylate (7n). Following the general procedure,
pyrrole In (139 mg, 1.0 mmol) was converted into amine 7n. Purification of the crude product by
column chromatography (Biotage M+12) using gradient elution from 50% EtOAc/petroleum ether
to 100% EtOAc/petroleum ether afforded product as a brown oil (81 mg, 53% yield); analytical
TLC on silica gel, 1:1 EtOAc/petroleum ether, Rf=0.15. IR (film, cm™") 3402 (NH), 3345 (NH>),
1695 (C=0); '"H NMR (400 MHz, CDCls, ppm) 8 6.44 (1H, d, J=2.2 Hz), 6.34 (1H, d, J=2.2 Hz),
3.79 (3H, s), 3.76 (3H, s), 3.01-2.94 (2H, br s). 3C NMR (100.6 MHz, CDCl3;, pmm) & 161.6,
130.3, 120.2, 117.9, 108.3, 51.0, 36.4. HRMS-ESI (m/z) caled for C;H11N>O, [M+H]* 155.0821,
found 155.0817.

Br—~ N/
STNF CO,Et
NH

2
Ethyl 6-amino-2-bromo-4-methyl-4H-thieno[3,2-b|pyrrole-5-carboxylate (70). Following the
general procedure, thieno[3,2-b]pyrrole 10 (144 mg, 0.50 mmol) was converted into amine 7o.
Purification of the crude product by column chromatography (Biotage M+12) using gradient elution
from 10% EtOAc/petroleum ether to 40% EtOAc/petroleum ether afforded product as a yellow
powder (100 mg, 66% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.46.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 131-132 °C. IR
(film, cm™) 3433 (NH>), 3301 (NH>), 1681 (C=0); 'H NMR (400 MHz, CDCl;3, ppm) & 6.89 (1H,
m), 4.69-4.48 (2H, br s), 4.36 (2H, q, J=7.2 Hz), 3.81 (3H, s), 1.39 (3H, t, J/=7.2 Hz). 3°C NMR
(100.6 MHz, CDCl3, pmm) 6 162.9, 142.7, 116.8, 114.2, 110.4, 110.4, 59.8, 35.2, 14.8. Anal. Calcd
for C1oH11BrN20>S: C, 39.62; H, 3.66; N, 9.24 Found: C, 39.64; H, 3.63; N, 9.06.

NH,
Cl
X
P
N N
\

Ethyl 3-amino-5-chloro-1-methyl-1H-pyrrolo[2,3-b]pyridine-2-carboxylate (7p). Following the
general procedure, pyrrolo[2,3-b]pyridine 1p (106 mg, 0.50 mmol) was converted into amine 7p.
Purification of the crude product by column chromatography (Biotage M+12) using gradient elution

from 10% EtOAc/petroleum ether to 40% EtOAc/petroleum ether afforded product as a yellow
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powder (95 mg, 75% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.42.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 171-172 °C. IR
(film, cm™) 3469 (NH>), 3359 (NH>), 1667 (C=0), 1250 (C=N); 'H NMR (400 MHz, CDCls, ppm)
6 8.35 (1H, d, J=1.9 Hz), 7.82 (1H, d, J/=1.9 Hz), 4.94-4.80 (2H, br s), 4.42 (2H, q, J=7.2 Hz), 3.96
(3H, s), 1.43 (3H, t, J=7.2 Hz). 3C NMR (100.6 MHz, CDCl3, pmm) & 163.2, 146.9, 146.0, 133.3,
127.2, 121.9, 111.4, 110.9, 60.5, 30.8, 14.7. HRMS-ESI (m/z) calcd for C;1H13N30.Cl [M+H]"

254.0696, found 254.0730.
O
\N)j/NHZ
O)\'T

5-Amino-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (7u). Following the general procedure,
pyrimidine 1u (140 mg, 1.0 mmol) was converted into amine 7u. Purification of the crude product
by column chromatography (Biotage M+12) using gradient elution from 0% MeOH/CH:Cl; to 10%
MeOH/CHxCl, afforded product as a white powder (77 mg, 50% yield); analytical TLC on silica
gel, 1:10 MeOH/CH:Cl,, Rf=0.38. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 94-95 °C. IR (film, cm™") 3425 (NH), 3342 (NH>), 1670 (C=0),
1635 (C=0); '"H NMR (400 MHz, CDCl3, ppm) & 6.64 (1H, s), 3.38 (3H, s), 3.33 (3H, s). *C NMR
(100.6 MHz, CDCI3, pmm) 6 161.2, 150.4, 121.6, 121.4, 36.8, 28.4. HRMS-ESI (m/z) calcd for
CsHi1oN302 [M+H]" 156.0773, found 156.0773.
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Kinetic Experiments

The non-catalyzed fragmentation of 3a in CH,Cl:-d; at 23 °C.

Iodonium salt 3a (13.18 mg, 0.025 mmol) was weighted in an oven-dried NMR-tube and
CH,Cl-d> (1 mL) was added shortly before the beginning of 'H-NMR experiment. The amount of
product S5a was determined by integrating a peak at 4.03 ppm corresponding to the N-methyl group
of 5a (see Table S1).

460 455 450 445 440 4.35 4&0( 4.)25 420 4.15 410 4.05 400 3.95
ppm

Figure S1. The non-catalyzed fragmentation 3a in CH>Cl-d> at 23 °C.
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Figure S2. Kinetic data for the non-catalyzed fragmentation of 3a in CH>Clx-d> at 23 °C.

Kinetic profile of 3a in DMSO-ds.
Iodonium salt 3a (13.18 mg, 0.025 mmol) was weighted in an oven-dried NMR-tube and
CH>Cl-d> (1 mL) was added shortly before the beginning of "TH-NMR experiment. The salt 3a was

stable in Formation of 5a was not observed even after 1.5 h.
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Figure S3. Non-catalyzed fragmentation 'H-NMR experiment of 3a in DMSO-ds
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Cu-Catalyzed Fragmentation of 3a in DMSO-d; at 23 °C

Order of the reaction in Cu(l) catalyst

The order in Cu(l) catalyst was determined by studying the initial rates of the 3a
decomposition at 23 °C in DMSO-ds at different concentrations of (CuOTf),ePhH.

To the iodonium salt 3a (13.18 mg, 0.025 mmol) was added a certain amount of
(CuOTY),0PhH stock solution [prepared by dissolving (CuOTf),ePhH (2.52 mg, 0.005 mmol) in
DMSO-ds (4 mL)], followed with DMSO-ds (for volumes of the stock solution and amounts of
DMSO-ds see Table S1).

Table S1. Volumes of the (CuOTf),®PhH stock solution and DMSO-ds used in experiments to
obtain the reaction order in (CuOTf),PhH

entry (CuOT}Y),¢PhH, S t(?i(l)(hsl(l)rllﬁ t?;n Volume of
mol% uL ’ DMSO-ds, pL.
1 0.25 25 975
2 0.50 50 950
3 1.00 100 900
4 3.00 300 700
5 5.00 500 500

The amount of indolylazide 4a was determined by integrating a peak at 3.93 ppm
corresponding to the N-methyl group of 4a (see Table S2).

Kinetic curves for reactions at different concentrations of (CuOTf),@PhH were constructed

by TableCurve software and described by equation ( y = a +b-x“); see Figure S9. To obtain values

of rate coeficients kobs, each of the equations ( y =a+b-x°) was differentiated by time and

evaluated at x=120 sec. A plot of the initial rates In(A[4a]/At) versus In[(CuOTf),ePhH] gave a
straight line (R?=0.9898), indicative of a 1st order dependence on [(CuOTf),ePhH] (see Figure
S10).
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Figure S4. Catalyzed fragmentation 'H-NMR experiment of 3a with 0.25 mol% of (CuOTf),ePhH
in DMSO-ds

. : . . ; . ‘ . . : ; .
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Figure S5. Catalyzed fragmentation 'H-NMR experiment of 3a with 0.50 mol% of (CuOTf),ePhH
in DMSO-ds
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Figure S6. Catalyzed fragmentation 'H-NMR experiment of 3a with 1.00 mol% of (CuOTf),ePhH
in DMSO-ds
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Figure S7. Catalyzed fragmentation 'H-NMR experiment of 3a with 3.00 mol% of (CuOTf),ePhH
in DMSO-ds
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Figure S8. Catalyzed fragmentation 'H-NMR experiment of 3a with 5.00 mol% of (CuOTf),ePhH
in DMSO-ds

Table S2. Yields of 4a in the (CuOTf),@PhH—catalyzed fragmentation of 3a

(CuOTf)ePhH, mol%
time (s)
0.25 0.50 1.00 3.00 5.00
0 0 0 0 0 0
120 1.60 2.78 3.20 5.59 8.10
240 2.01 3.59 4.53 8.02 11.37
360 2.48 4.34 5.72 10.12  14.24
480 2.85 5.07 6.92 12.13  16.69
600 3.26 5.77 8.19 14.02 19.02
720 3.60 6.39 9.07 15.66 21.07
840 3.95 6.99 10.00 17.01 22.74
960 4.30 7.60 10.84 18.37 23.98
1080 4.62 8.12 11.52 19.64 25.06
1200 4.92 8.55 12.25 20.80 26.46
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Figure S9. Kinetic profile of 3a fragmentation at different concentrations of (CuOTf),ePhH in
DMSO-ds at 23 °C
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Figure S10. Plot of initial rates vs. concentration of (CuOTf),®PhH in DMSO-d;s at 23 °C
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Order of the reaction in azide anion
The order in azide anion was determined by studying the initial rates of the 3a
decomposition at 23 °C in DMSO-ds at different concentrations of the azide anion. Tetra-

butilammonium azide (TBA—N3) was used as the azide source.

The iodonium salt 3a (13.18 mg, 0.025 mmol) and TBA-N3 (0-3 equiv) were placed in an
NMR tube and 100 pL of the (CuOTf).ePhH stock solution [prepared by dissolving (CuOTf),ePhH
(2.52 mg, 0.005 mmol) in DMSO-ds (4 mL)] was added, followed with 900 uL. of DMSO-d.

The amount of indolylazide 4a was determined by integrating a peak at 3.93 ppm
corresponding to the N-methyl group of 4a (see Table S3). Kinetic curves for reactions at different
concentrations of azide anion were constructed by TableCurve software and described by equation (
y=a+b-x); see Figure S15. To obtain the kobs, €ach equation ( y =a +b-x“) was differentiated
by time and evaluated at x=120 sec. A log plot of initial rate In(A[4a]/At) versus In[N3] gave a
straight line (R?=0.9164), indicative of a Oth order dependence on [N37]. Kobs=0.0465 mmol-mL-s™! -
4.6504, presented in Figure S16.
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Figure S11. Cu—catalyzed fragmentation 3a in DMSO-ds at 23 °C (1 mol% (CuOTf),ePhH)
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Figure S12. Cu—catalyzed fragmentation 3a in DMSO-ds with 1 equiv of TBA-N3 in DMSO-ds at
23 °C (1 mol% (CuOTf),ePhH))
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Figure S13. Cu—catalyzed fragmentation 3a in DMSO-ds with 2 equiv of TBA-N3 in DMSO-ds at
23 °C ((1 mol% (CuOTf),ePhH))
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Figure S14. Cu—catalyzed fragmentation 3a in DMSO-ds with 3 equiv of TBA-N3 in DMSO-ds at
23 °C ((1 mol% (CuOTf),ePhH))
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Table S3. Yields of 4a in the (CuOTf),ePhH—catalyzed fragmentation of 3a with added TBA—N3

TBA-N3, equiv
0 1 2 3

0 0 0 0 0
120 3.20 4.94 5.20 6.57
240 4.53 6.06 6.27 7.16
360 5.72 7.15 7.34 7.88
480 6.92 8.21 8.35 8.80
600 8.19 9.06 9.91 9.37
720 9.07 9.92 10.14 10.04
840 10.00  10.68 10.94 10.51
960 10.84  11.38 11.69 11.26
1080 11.52 12.07 12.39 11.81
1200 12.25  12.68 12.83 12.23

time ()

14
r !
B o
B o
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B o
3 |
= 8- = ¢
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Figure S15. Kinetic profile of 3a fragmentation at different concentrations of azide anion in

DMSO-djs at 23 °C (1 mol% (CuOTf),ePhH))
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Figure S16. Plot of initial rates vs. concentration of azide anion in DMSO-ds at 23 °C (1 mol%

(CuOTf),ePhH))
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Cu-catalyzed fragmentation of 3a in the presence of neocuproin

Influence of neocuproine (2 equiv.) on (CuOTf),ePhH—catalyzed fragmentation of 3a with was

established by the following NMR experiments:

1. To the iodonium salt 3a (13.18 mg, 0.025 mmol) in NMR tube was added 100 pL of the
stock solution of (CuOTf),ePhH [prepared by dissolving (CuOTf),ePhH (2.52 mg, 0.005
mmol) in CH2Clx-d> (4 mL)], followed with 900 pL of CD>Cl,.

2. To a mixture of the iodonium salt 3a (13.18 mg, 0.025 mmol) and neocuproine (1.01 mg,
0.005 mmol) in NMR tube was added 100 pL of the stock solution of (CuOTf),ePhH
[prepared by dissolving (CuOTf),ePhH (2.52 mg, 0.005 mmol) in CH>Cl>-d> (4 mL)],
followed with 900 pL of CD2Cl..

The amount of indolylazide 4a was determined by integrating a peak at 3.97 ppm corresponding

to the N-methyl group of 4a (see Table S4).

Table S4. Yields of 4a (%) in Cu—catalyzed fragmentation of 3a with 1 mol% of (CuOTf),PhH

with and witout neocuproine in CH2Clz-d>

Yield of 4a, %

time (s) no cuproine 200 mol% cuproine
0 0 0
120 11.72 0.59
240 14.49 0.65
360 16.88 0.70
480 19.18 0.78
600 21.26 0.79
720 23.30 0.87
840 25.01 0.85
960 26.60 0.87
1080 28.23 0.89
1200 29.84 1.05
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Figure S17. Kinetic profile Cu—catalyzed fragmentation of 3a in CH>Clz-d> with added

neocuproine (20 mol%) and without neocuproine
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X-ray Crystallographic Analysis

X-ray structure, crystal data and structure refinements for 3a

Cc10

Empirical formula

C1sH16BrINO», C4HgO, N3

Formula weight 599.25
Temperature 173(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

a=10.1750(3) A alpha = 87.896(2) deg.

b=11.2802(4) A beta = 74.343(2) deg.

c=11.3973(4) A gamma = 67.681(2) deg.

Volume 1162.05(7) A"3

Z 2

Density (calculated) 1.713 Mg/m"3
Absorption coefficient 3.128 mm"-1

F(000) 592

Crystal size 0.15x0.11 x 0.10 mm
Two-theta range for data 57.0 deg.

Index ranges

0<=h<=13, -13<=k<=14, -14<=I<=14

Reflections collected

8720

Independent reflections

5767 [R(int) = 0.031]

Absorption correction

None

Refinement method

Full-matrix least-squares on F/2

Data / restraints / parameters

4225/0/255

Goodness-of-fit on F/2

1.98

Final R indices [[>3sigma(I)]

R1=0.051, wR2 =0.137

R indices (all data)

R1 =0.078, wR2 = 0.194

Largest diff. peak and hole

1.92 and -1.93 e.A"-3
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X-ray structure, crystal data and structure refinements for 3h

Br2

oo (@
y

Empirical formula

2(C21H20BI‘IN02), 2(N3), 3(H20)

Formula weight

1188.47

Temperature 193(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

a=7.7822(3) A alpha=92.675(2) deg

b=12.3633(5) A beta = 94.9141(14) deg

c=12.6194(6) A gamma = 97.142(2) deg

Volume 1198.29(9) A"3

Z 1

Density (calculated) 1.647 Mg/m”3
Absorption coefficient 3.034 mm~"-1

F(000) 586

Crystal size 0.13 x 0.04 x 0.03 mm
Two-theta range for data 58.0 deg.

Index ranges

-10<=h<=10, -16<=k<=12, -17<=I<=17

Reflections collected

9109

Independent reflections

6144 [R(int) = 0.035]

Absorption correction None

Refinement method Full-matrix least-squares on F/2
Data / restraints / parameters 4029/0/272

Goodness-of-fit on F/2 1.438

Final R indices [[>3sigma(I)]

R1=0.0791, wR2 =0.1915

R indices (all data)

R1=0.1376, wR2 =0.2510

Largest diff. peak and hole

1.402 and -1.390 e.A"-3
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ABSTRACT: A one-pot two-step method for intermolecular
C—H amination of electron-rich heteroarenes and arenes has
been developed. The approach is based on a room-temper-
ature copper-catalyzed regioselective reaction of the in situ
formed unsymmetrical (hetero)aryl-A*-iodanes with a wide
range of primary and secondary aliphatic amines and anilines.

Mes—I‘—OTs o2
H OH Mes—|—OTs R'R“NH R1-N-R2
B —— ‘ R
Het(Ar) Het(Ar) Cu(MeCN),BF, Het(Ar)
(10 mol%)
room not isolated 37 amines
temperature!

28 (hetero)arenes

Bl INTRODUCTION

Hypervalent iodine(IIl) species possessing an iodine—nitrogen
bond are efficient reagents in oxidative C—H amination of
nonprefunctionalized arenes and heteroarenes.' The most
widely used are preformed or in situ generated sulfonylimino-
A¥-iodanes, which effect C—H to C—N bond transformations in
the presence of transition metal catalyst (eq 1.2 Phenyl-2*-

1
ML, _~_NHSOR
R | )
M=Rh, Fe, S

Mn, Cu, Au, Pd

Ph—I=N-SO,R"

in situ or pre-formed

Ac Ac
H AcO—I—N N
CcO—I1— = <
RE - L | —— R{j @ @
N ph N
in situ
Ts
H Ts,;N—I—NT. AN
$oN—I—NT's:
_/\[ Lo R @
Ny Ph

PEN 1

JSERN yr‘—\\ r \
! ¢ T cu(l) { P
{ 7\—\/ L AMOH)OTs | [ S1=0Ts| | copany —— . Z/ SN @
TN N Ar
Il? R
in situ

iodane (formed in situ from PhI(OAc), and N-acetanilide) has
been proposed as a precursor of acylnitrenium species in a
transition metal-free C—H amination of arenes (eq 2)37°
Analogous phenyl-1*-iodanes possessing an iodine—nitrogen
bond have also been suggested as plausible intermediates in an
oxidative transfer of the phthalimide moiety to arene rings.%”
Recently, a well-defined bis-tosylimido-A*-iodane has been
introduced by Muiliz for a metal-free oxidative amination of
arenes and heteroarenes (eq 3).® All of the above-mentioned
approaches, however, have a serious limitation: only amides,
imides, and sulfonamides can be transferred to arenes or
heteroarenes by hypervalent iodine(III) species. Simple amines
are not compatible with these C—H amination conditions, as
they are oxidized by monoaryl-4*-iodane reagents.” In contrast,
amines are oxidatively stable toward diaryl-4*-iodanes, and
these hypervalent iodine(IIl) species have been used for the N-

W ACS Publications © 2014 American Chemical Society
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arylation of amines.' Symmetrical diaryl-A*-iodanes are
preferred for N-arylation because unsymmetrical diaryl-A%-
iodanes usually form a mixture of N-arylation products.'*>
We envisioned that a versatile method for C—H amination of
(hetero)arenes with unprotected amines as the source of
nitrogen could be developed, provided that the issue of
regioselectivity of amine transfer to the desired aromatic ring of
the unsymmetrical diaryl-4*-iodanes could be solved. Recently,
we reported that a Cu(I) catalyst ensures complete regiocontrol
in a reaction of azides with unsymmetrical diaryl-A>-iodanes."!
During this study, it became evident that nucleophiles other
than azide could be reacted regioselectively with a variety of
unsymmetrical heteroaryl-A*-iodanes that are generated as
intermediates using suitable ArI(OH)OTs reagent. Herein,
we report a mild and versatile Cu(I)-catalyzed method for
intermolecular C—H amination of electron-rich heterocycles
(pyrroles, pyrrolopyridines, thienopyrroles, pyrrolopyrimidines,
and uracil) as well as simple arenes, comprising a one-pot two-
step room-temperature reaction between the (hetero)aryl-1*-
iodanes formed in situ and a wide range of primary and
secondary amines (eq 4). The reactivity pattern of the
developed C—H amination approach is consistent with that
of an electrophilic aromatic substitution (SgzAr) reaction.
Because of the operational simplicity, mild reaction conditions,
and wide substrate scope, our C—H amination approach
provides a convenient way for C—H functionalization of
heteroarenes,'> a topic of high importance in medicinal and
pharmaceutical chemistry given the drug-like properties of
heteroarenes and abundance of heterocycles in drugs.

B RESULTS AND DISCUSSION

At the outset of our investigation, we synthesized the
indolyliodonium tosylate 2a in a pure form from MesI(OH)-
OTs"? and indole 1a. The structure of 2a was confirmed by X-
ray crystallographic analysis (Figure 1). A*-Iodane 2a is stable in
MeCN, DCM, and DMSO solutions at room temperature for
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Figure 1. X-ray crystal structure of A*-iodane 2a (ellipsoids at 0%
probability) with hydrogen atoms omitted for clarity. Selected bond
distances (A) and angles (deg): I116—C3, 2.086(7); 116—Cl17,
2.108(8); 116-012, 2.713(7); I-O14, 3.088(9); I-O24, 3.001(8);
C3-116—C17, 98.2(3). See the Supporting Information for details.

at least 72 h, but addition of morpholine and DIPEA to a DCM
solution of 2a brought about its slow transformation to
iodoindole 4a (entry 1, Table 1). The process was facilitated by
using DMSO as solvent (entry 2). The conversion of 2a to 4a
was highly selective, and only traces of indolylamine 3a were
observed. In striking contrast, addition of CuOTf (10 mol %)
resulted in complete reversal of selectivity favoring the
formation of the desired 3a. Furthermore, the copper catalyst
considerably decreased the reaction time (entry 3 vs entries 1—

2, Table 1). Both Cu(I) and Cu(Il) salts could be utilized;
however, the Cu(I) species ensured faster reaction (entry 3 vs
4). Faster formation of 3a helped to improve the 3a:4a ratio by
diminishing an impact of the competing noncatalyzed back-
ground formation of 4a (entry 2). The determined initial rates
of the noncatalyzed background reaction of 2a with morpholine
in DMSO (initial rate coefficient k., = 1.98 X 1077 mmol mL™!

!, DMSO-d;, 25 °C) evidence that the background reaction
delivers ca. 10% of 4a within 90 min. By this time, the Cu(I)-
catalyzed conversion of 2a to 3a is almost quantitative, so the
faster is 3a formation, the higher is 3a:4a selectivity. Screening
of various Cu(I) sources helped to identify the relatively stable
Cu(MeCN),BF, as the most efficient catalyst (entry 5). A*-
Todane 2a’ containing a Ph ligand instead of the mesityl group
could also be used at the expense of slightly diminished
selectivity (entry 6). However, Pd(1I), Ni(II), and Sc(III) salts
were inefficient as catalysts (entries 7—9, Table ).

Indolylamine 3a could also be synthesized in a sequential
one-pot approach without isolation of the iodonium salt 2a.
Accordingly, Cu(MeCN),BF,, morpholine, and EtN(i-Pr),
were added to the reaction mixture after the corresponding
23-iodane 2a had been formed.'® The one-pot sequential C—H
amination approach afforded lower yields of 3a as compared to
the two-step synthesis (74% vs 85%), but avoided the isolation
and handling of potentially unstable intermediate 4*-iodanes.
This advantage compensates for the decreased yields.

Various amines were subsequently examined in the Cu(I)-
catalyzed two-step one-pot C—H amination of indole 1a (Table
2). A wide variety of aliphatic secondary amines (entries 1—11),
aliphatic primary amines (entries 12—26), primary and
secondary aromatic amines (entries 27—35), as well as a
heteroarylamine (entry 36) and ammonia (entry 37) could be
employed. Importantly, the reaction conditions are compatible
with alkene and alkyne moieties in the amine (entries 10, 22,
23)."® N-Boc (entry 17), N-acetyl (entry 5), and S-trityl (entry
20) protecting groups, acetals (entry 21), ketals (entry 2), as
well as various functional groups such as esters (entry 30),
nitriles (entries 9,15), nitro (entry 31), and halides (entries 24,
25, 28) are all tolerated. Sterically hindered amines (entries 14,

Table 1. Reaction of A>-Iodane 2a with Morpholine

Mes—|—OTs

® |

o N COzEt [ j catalyst (10 mol%) N - N, COEt

< i EtN(|-Pr)2 (2 equiv) X, —~C0,Et § ﬁN
\ Br \
solvent \@\/
2a 3a 4a
Mes=2,4,6-trimethylphenyl

entry catalyst (10 mol %) solvent, time conversion %** 3a:4a ratio, (yield 9%)b<
1 none CH,Cl,, 24 h 15 1:99 (8)
2 none DMSO, 24 h 81 1:99 (67)
3 CuOTf-PhH CH,Cl,—DMSO 4:1, 1.5 h 60 97:3 (46)
4 Cu(OTf), CH,CL,—DMSO 4:1, 1.5 h 22 93:7 (14)
5 Cu(MeCN),BE, CH,CL,—DMSO 4:1, 1 h 92 97:3 (85)7
6 Cu(MeCN),BF, CH,Cl,-DMSO 4:1, 1.5 h 93 89:11 (76)
7 Pd(OCOCEF;), CH,Cl,~DMSO 4:1, 1.5 h S 1:99 (3)
8 Ni(OTf), CH,CL-DMSO 4:1, 1.5 h 5 1:99 (5)
9 Sc(OTH), CH,CL,—DMSO 4:1, 1.5 h 1:99 (5)

“Conditions: A*-iodane 2a (1 0 equiv), morpholine (1.2 equiv), solvent (10 mL/1 mmol of 2a), room temperature. “Determined by LC—MS assay.
“Yield of the major product. “Isolated yield of >95% pure indole 3a. °4>-Iodane 2a’ possessing Ph ligand instead of a mesityl group (Mes = Ph) was

used.
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Table 2. Sequential One-Pot Synthesis of Indolylamines 3a—3ak”

102 1
B Mes—|—OTs R'R"NH R _~R?
r Mesl(OH)OTs | pr Cu(MeCN)4BF, (10 mol%) N
N COEt — ™ N CO,Et . Br
N CF4COOH N EN(-Pr), N—co,Et
\ CH,Cl, 4:1 CH,Clp:DMSO N\
1a 15 min, rt 2a 2h, 1t 3a-3ak
Mes=2,4,6-trimethylphenyl
entry R'R’NH Yield [entry R'RNH Yield [entry R'R’NH Yield
(%) (%) (%)
1 oy 3,74 (14 S, 3n,76 | 26 Y 3z, 79
2 QC"” 3b,66 | 15 NSty 30,63 | 27 —O‘““z 3aa, 73
3 ©:>N " 3¢,75 | 16 HO ™" NH, 3p, 67 | 28 Br—@—NHz 3ab, 74
4 >—NC/NH 3d,71 |17 ){o 3q,73 | 29 MeO NH, 3ac, 54
o)\rl‘/\,mi2
5 QM 3e,76 |18 3r 40 | 30 3ad, 69
N OMH, MaozC—QNH,
6 HN/—\NH Sf, 76 19 F 3 F 38, 75 31 OZN—Q—NHz 320, 67
[+ F N
F F
7 “"C"“ 3g,70 |20 oS 34,73 |32 HzN—‘:é? w, 38662
]
8 me  3h,35° | 21 ~o 3u,80 |33 NH; 3ag, 79
G~ o Y *
9 \N/\/CN 3i,65 |22 AN 3v,80 | 34 3ah, 76
— é—Nm
10\ 3j,67 |23z w 3w, 71|35 Q_NHM, 3ai, 77
M
11 | 3Kk,65 |24 N 3x 83 (36 N 3aj, 65
v/\ NH o /©/\/ CN)—NHz
12 NH, 3L71
s NHz e
B | ¥ SO S SRS S

“Conditions: Indole 1a (1.0 equiv), MesI(OH)OTs (1.1 equiv), CF;COOH (1.2 equiv), CH,Cl, (4 mL/1 mmol of 1a), room temperature, 15 min;
then amine (1.2 equiv), EtN(i-Pr), (2.0 equiv), Cu(MeCN),BF, (0.1 equiv), 1:1 CH,CL;:DMSO (4 mL/1 mmol of la), room temperature, 2 h.
bReaction time for the formation of 3h from A*-iodane: 18 h. 3 equiv of EtN(i-Pr), was used.

33, 34) are also suitable as substrates.'” Amines react
chemoselectively in the presence of unprotected alcohol
(entry 16), amide (entry 6), and sulfonamide moieties (entry
32), and monoamination with piperazine is also possible (entry
7). It should be noted that moderate yields were obtained for
bi- and tridentate amines potentially capable of chelating the
Cu(I) catalyst (entries 8, 18).

Next, the scope of substrates for the C—H amination was
surveyed employing morpholine, cyclopropylmethylamine, and
4-bromoaniline as representative amines (Table 3). All
heterocycles that react with Mes[(OH)OTs and form iodonium
salts that survive in solution are suitable as substrates, including
2-substituted indoles (entries 1—6),'® pyrroles (7—14), thieno-
[3,2-b]pyrrole (entries 15, 16), pyrrolo[2,3-b]pyridines (entries
17, 18), pyrrolo[2,3-d]pyrimidine (entry 19), pyrazoles (entries
20—22), and N,N-dimethyluracil (entry 23). The formation of
the intermediate iodonium salts was found to be sensitive to the
electronic properties of heterocycle." Thus, relatively electron-
rich N-alkyl pyrroles (entries 7—10, 12—14) and pyrrolo[2,3-
blpyridine (entry 18) reacted rapidly and produced the
intermediate iodonium salts within S min. In contrast,
introduction of an electron-withdrawing N-acyl moiety in
pyrrole (entry 11) increased the reaction time to 30 min. The
formation of iodonium salts from less electron-rich heterocycles
such as indoles (entries 1—6), pyrrolo[2,3-b]pyridine (entry
17), pyrrolo[2,3-d]pyrimidine (entry 19), pyrazoles (entries
20—22), and N,N-dimethyluracil (entry 23) was considerably
slower. However, the reaction of these substrates with
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MesI(OH)OTs could be facilitated by addition of CF;COOH
(1.2 equiv). This did not work always, and pyrroles possessing
several electron-withdrawing substituents such as N-tosyl-1H-
pyrrole-2-carboxylic acid ethyl ester did not give substantial
conversion to the corresponding iodonium salt under our
standard conditions with added CF;COOH. Furthermore,
potential substrates such as N-methylbenzimidazole, benzo[b]-
thiophene, and ethyl thiophene-2-carboxylate were also
unreactive. Apparently, the latter heterocycles are insufficiently
electron-rich to produce iodonium salts in the reaction with
MesI(OH)OTs. On the other hand, we were especially pleased
to find that electron-rich carbocyclic arenes undergo C—H
amination as exemplified in Table 4. Surprisingly, even the
simple substrates such as tetraline (entry 1) and N-Boc-N-
methylaniline (entry 2) could be employed in the C—H
amination reaction. The formation of the intermediate diaryl-
A3-iodane from tetraline (entry 1) required prolonged time (18
h) apparently because of insufficiently electron-rich nature of
tetraline. The presence of electron-releasing alkoxy groups
facilitates considerably the formation of intermediate diaryl-A*-
iodane (entries 3—5 vs entry 1). Further improvement of C—H
amination yields was achieved for arenes containing two
electron-releasing substituents (entries 6—9, Table 4). In
general, the more electron-rich is (hetero)arene, the shorter
are the times required to produce the intermediate diaryl-4*-
iodane. However, transient A*-iodanes formed from electron-
rich (hetero)arenes usually are unstable and are prone to
undesired decomposition if the addition of Cu catalyst and/or

dx.doi.org/10.1021/ja502174d | J. Am. Chem. Soc. 2014, 136, 6920—6928
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Table 3. C—H Amination of Heterocycles

R'R?NH
Mesl(OH)OTs | Mes—I|—OTs | Cu(MeCN);BF, (10 mol%) R
Het-H | Het—N
CH.Cl, Het EN(i-Pr), R?
rt 4:1 CH,Cl,:DMSO
time (Table 3) ,2h 5-20
entry product time yield (%) | entry product” time yield (%)
1 & o B 3069 13 OI\ACOZMB 5 71
EY\I( min’ ! 13b min
P N\W
2 V\WH % 3.ob 79 14 VAHK Y come 5 65
% min ! 13¢ min
3 ,@'B' 18h" 84 15 ° 2h 57
Bv\/\ N
’&CN 7a Ev—Q\SI;S—coQEn
\ 14b
4 ') 18h" 77 16 Y 2h 62
B L Br—ij\\\ COEt
UA\S‘CN " N 14¢
b b
5 0 O 18h" 50 7 P 1n 78
& \ﬂ //I'}Fco,a
u COEl NN 15
sem 8
6 e’ 18n* 72 18 0 5 62
N ‘ . > .
m cose nm min
@“‘9 L1
T B 5min 70 19 c° 30" 60
i = c O
N TN L
C> ’ 10a ”\):L’N\g
R
8 t( 5min 62 20 O 5ht 52
N,
9 o B 5min 60 21 L 240" 60
tlui;m,a”a O O,
10 5min 62 22 3 241" 62
r\..r}lma O Ng/(u
1 NN 19b
11 30min 63
\[j\r" /w\_/ 30 min o
12 \N)ﬁ/N b
P @ 5min Ol 3 )] ‘@\m 18h° 65
XXCOM& ! 20
3a

“Conditions: Heteroarene (1.0 equiv), MesI(OH)OTs (1.1 equiv), CH,Cl, (4 mL/1 mmol of the starting heteroarene), 15 min; then amine (1.2
equlv), EtN(i-Pr), (2.0 equiv), Cu(MeCN),BF, (0.1 equiv), 2:1 CH,Cl,DMSO (4 mL/1 mmol of the starting heteroarene), room temperature, 2
h. “In the presence of CF,COOH (1.2 equiv). “4*Todane was formed at —20 °C.

amine is delayed. Therefore, it is important to establish the
optimum conversion time of the starting (hetero)arene into 4
iodane.

The regioselectivity of the C—H amination is controlled at
the stage of the formation of the intermediate iodonium salts.
Although the regioselectivity is a result of the combined
directing effects of substituents in heterocycles and arenes, in
general, it is consistent with that of electrophilic aromatic
substitution (SzAr) reactions. Thus, A>-iodanes are formed at
the f-position of indoles (entries 1—6, Table 3) and fused
pyrroles (entries 15—19), at the a-position of pyrroles’®
(entries 9, 10, 12—14), and at position S of uracil?®® (entry 23),
while 2,5-disubstituted pyrroles (entries 7, 8, 11) produce
iodonium salts at the f-position. In the case of simple arenes,
intermediate A*-iodanes are selectively formed in the para-
position to the strongest electron-releasing substituent in the
molecule, for example, alkyl moiety (entry 1, Table 4), N-Boc-
N-methylamino group (entry 2), alkoxy (entry 4), and MeO
groups (entries 3, 5—8).”' Interestingly, C—H amination
proceeds in para-position to the MeO group also in N-
protected methoxyanilines (entries 9—11), substrates that
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possess two different electron-releasing substituents. The
observed regioselectivity of C—H amination in meta-anisidines
(entries 10, 11) might also be attributed to stabilization of
intermediate A%-iodane by the adjacent N-Boc moiety.
However, we regard such stabilization unlikely because N-
Boc-N-methylaniline underwent C—H amination in the para-
position, and not next to the aniline nitrogen (entry 2, Table
4). Notably, all of the other C—H amination products (Tables 3
and 4) were likewise obtained as pure regioisomers, and the
formation of minor isomers was not observed within 'H NMR
detection limits.

The C—H amination conditions are compatible with the
presence of O-allyl (entry 1, Table 3), O-tert-butyl (entry 2,
Table 3), O-alkyl ester moieties (entries 5S—10, 12—17, Table
3), as well as amides (entries 7, 8, Table 4) and tert-butyl
carbamates (entries 2, 10, 11, Table 4). The successful C—H
amination of substrates containing secondary amide (entry 7,
Table 4) and carbamate (entry 10, Table 4) moieties is
noteworthy, because structurally related N-acetanilides react
with PhI(OAc)Z and generate highly reactive acylnitrenium
species.*®® Bromine and chlorine substituents in the substrate

dx.doi.org/10.1021/ja502174d | J. Am. Chem. Soc. 2014, 136, 6920—6928
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Table 4. C—H Amination of Arenes

R'R2NH \ )
= | Mesl(OH)OTs Mes—I—OTs Cu(MeCN)4BF 4 (10 mol%) R\N'R
% CH.Cl, a EtN(i-Pr), ~
it A 4:1 CH,Cl,;:DMSO !
time (Table 4) R t,2h R
21-31
entry product’ time yield (%)
b
(o]
1 N Q 18" 41
™,
2 Me, —\ . b c
Boc/ru—{lyn\_/o22 30 min 30
VanY . b
3 Meo NP3 30 min 52
4 N 30min 49
Sene)
oS Br24
5 ey 30 min® 56
Meﬁ/n
|
MeO™ ~F OBrZS
oM 0 inb
6 3 Q 30 min” 61
MeO 26
(] s b
7 OMeNg 30 min® 71
MeO °
NHMe 27
oM (o] - b
8 o Q 30 min® 74
MeO’ 0
NMe, 28
9 W M e 18h* 60
oo
Br A e 29
10 A/H 30min 40
Boc—ujg\om:m
11 ALK 60 min 50
BOC—I}‘@\OMe
Me 31

“Conditions: Arene (1.0 equiv), MesI(OH)OTs (1.1 equiv), CH,Cl,
(4 mL/1 mmol of the starting arene), 15 min; then amine (1.2 equiv),
EtN(i-Pr), (2.0 equiv), Cu(MeCN),BF, (0.1 equiv), 2:1
CH,Cl,;DMSO (4 mL/1 mmol of the starting arene), room
temperature, 2 h. “In the presence of CF;COOH (1.2 equiv). “At
70% conversion.

as well as N-benzoyl, N-benzyl, N-tosyl, and N-SEM protecting
groups are also tolerated (Tables 3 and 4).

Mechanistic Studies. Although both Cu(I) and Cu(II)
salts can be employed as catalysts in the C—H amination
reaction, the considerably faster formation of 3a in the presence
of Cu(I) species as compared to Cu(Il) (entry 3 vs entry 4,
Table 1) suggests that Cu(I) salts are the catalytically active
species. The slow formation of 3a in the Cu(Il)-catalyzed
reaction (entry 4, Table 1) could be ascribed to an in situ
reduction of Cu(II) to active Cu(I) catalyst by amine.”>** To
verify the catalytic efficiency of Cu(I) species, the Cu(OTf),-
catalyzed C—H amination of 2a was performed in the presence
of 2 equiv of neocuproin, a highly specific chelating agent for
Cu(I) ions. Neocuproin (2,9-dimethyl-1,10-phenanthroline) is
a bidentate ligand that forms a stable bright orange-colored
complex of formula Cul(neocuproin)z,24 thus acting as an
inhibitor of Cu(T)-catalyzed reactions.”> Complete inhibition of
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the Cu(OTf),catalyzed formation of 3a in the presence of
neocuproin was observed, evidencing that the catalytically
active species are indeed Cu(I) salts.

A radical inhibition test was performed to exclude the
possibility of C—H amination of 2a via a radical chain pathway.
Accordingly, the addition of radical scavengers such as 2,6-di-
tert-butyl-4-methylphenol (BHT)?® and TEMPO?’ (both in 10-
fold excess with respect to Cu(I)) did not affect the rate of
Cu(MeCN),BF,-catalyzed conversion of 2a to 3a in CH,Cl,—
DMSO 4:1. These data strongly argue against the
involvement of a radical chain process. Notably, the addition
of radical scavengers considerably decelerated the background
noncatalyzed reaction of A’-iodane 2a with morpholine to
produce 4a (Table 1, entry 2). Thus, only 27% of 4a was
formed in the presence of TEMPO after 24 h at room
temperature (at 31% conversion of 2a), and 15% of 4a (at 24%
conversion) was observed after 12 h at room temperature with
added BHT (both radical scavengers were added in equimolar
amounts to the starting 2a). Presumably, the noncatalyzed
reaction of A*-iodane 2a with morpholine proceeds through a
radical chain pathway.

Kinetic studies were also carried out to establish the kinetic
order of Cu(I)-catalyzed C—H amination of 2a in each reaction
component. Morpholine was employed both as a nucleophile
and as a base, and (CuOTf),-PhH was used as a catalyst. The
reactions were monitored by NMR spectroscopy, and the
method of initial rates was used to determine rate coeflicients.
The Cu(I)-catalyzed conversion of 2a to 3a in DMSO-d, at 25
°C was found to be first-order in (CuOTf), PhH (see
Supporting Information, Figure S2), first-order in morpholine
(see Supporting Information, Figure $3), and zeroth-order in
A-iodane 2a (see Supporting Information, Figure S4). These
data indicate that the Cu(I) catalyst and morpholine are both
involved in the rate-limiting step of the catalytic cycle, whereas
the subsequent reactions of A*-iodane 2a are fast. It is likely that
(CuOTf),-PhH and morpholine form a complex I, which exists
in equilibrium with the bis-amine complex II. Assuming that II
is a resting state of the catalyst,”® dissociation of morpholine
under equilibrium conditions would produce a catalytically
active complex I (Scheme 1).

Several plausible pathways for Cu(MeCN),BF,-catalyzed C—
H amination of 2a are consistent with the data above (Scheme
1). In pathway A, Cu(I)—amine complex I coordinates with the
electron-rich indole moiety in the A*-iodane 2a, forming a #*
complex III. Subsequent substitution of tosylate by amine in
the intermediate III and reductive elimination from the highly
unstable A*-iodane IV?® would lead to aminoheterocycle 3a.
The formation of 5>-coordinated species such as III and IV has
been proposed in the transition state for the oxidative addition
of aryl halides to Cu(I) complexes.”*** z-Interaction between
the Cu(I)—amine complex I and indole 2a should increase
electrophilicity of the heterocycle ipso-carbon in the putative
intermediates III and IV, thus facilitating C—N bond forming
reductive elimination from A*-iodane IV. However, other Lewis
acids such as PA(OCOCF,),, Ni(OTf),, and Sc(OTf), did not
catalyze the formation of 3a (Table 1, entries 7—9), so the
involvement of #?-coordination between Cu(I) species and the
indole moiety in intermediates III or IV can be questioned.

In an alternative possibility, pathway B involves direct
oxidative addition of the A*-iodane 2a to Cu(I)—amine complex
I to form the Cu(Ill) intermediate V.*' For unsymmetrical
diaryl-/13-iodanes, regioselectivity of the oxidative addition to
Cu(I) species can be controlled by the use of a mesityl group as
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Scheme 1. Plausible Pathways for C—H Amination of Heteroarenes
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a nontransferable aryl ligand. 31632 The Cu(IIl) intermediate
V undergoes N—H deprotonation of the Cu(III)-coordinated
amine with EtN(i-Pr),.*® Product-forming reductive elimina-
tion from the resulting Cu(Ill)—amide complex VI would
afford 3a and regenerate a catalytically active Cu(I) species.”*
However, the proposed transient Cu(Ill) complexes V or VI
could not be detected, presumably because they undergo rapid
C—N bond forming reductive elimination.® This behavior is
expected because related, highly reactive Cu(III) species have
only been observed in chelation- stablhzed complexes based on
stabilizing triazamacrocyclic ligands.*®

As a third option, pathway C involves a Cu(I)/Cu(II)
catalytic cycle, which starts with an inner-sphere single-electron
transfer (SET) from Cu(I)-complex”*****” to the A*-iodane 2a,
generating an intimate radical anion—Cu(Il) complex VIL*®
Experimental redox potentials versus SCE were determined by
cyclic voltammetry for A*-iodane 2a (E = —0.76 V) and for
Cu(MeCN),BF, (E = +0.85 V),* and they support the
feasibility of SET between Cu(I) catalyst and iodonium salt 2a.
The radical anion—Cu(ll) complex VII might undergo
fragmentation to a radical pair VIII, which couples with the
amine m01ety with a second SET that regenerates the Cu(I)
species.*” To test for the intermediacy of heteroaryl radicals in
the Cu(I)-catalyzed C—H amination reaction, diaryl-1>-iodane
32 containing an O-allyl moiety as a radical clock probe was
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employed as substrate in the reaction with morpholine in the
presence of equimolar and catalytic (10 mol %, not shown)
amounts of Cu(MeCN),BF, (Scheme 2, eq 5). It has been
demonstrated that the A%-iodane 32-derived aryl radical IX
undergoes extremely rapid S-exo-trig cyclization (rate constant k
=9.6 X 10 ° s7!) to furnish 3-methyl-2,3-dihydrobenzofurane
33 after abstraction of the hydrogen atom from the medium
(Scheme 2, eq 6).*' In our hands, N-substituted morpholine 34
was obtained as the major product, and no detectable amount
of the cyclization product 33 was observed (Scheme 2, eq 5).*
These data provide strong evidence that the Cu(I)-catalyzed
C—H amination occurs without involvement of free heteroaryl
radicals such as VIII (Scheme 1, pathway C). On the other
hand, the putative radical anion—Cu(II) complex VII may
undergo a radical recombination to furnish aryl—Cu(III)
species V.** The subsequent steps would involve the same
conversion from V to VI as in pathway B. Although we regard
the latter scenario as the most probable, neither pathway A nor
pathway C could be ruled out. Further mechanistic studies are
necessary to fully elucidate the mechanism of the newly
developed C—H amination approach.

B CONCLUSIONS

In summary, a versatile method for an intermolecular C—H
amination of electron-rich heteroarenes and arenes has been
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developed. The one-pot sequential two-step procedure
comprises the in situ formation of unsymmetrical (hetero)-
aryl-A>-iodanes followed by their Cu(I)-catalyzed reaction with
a wide range of primary and secondary aliphatic amines and
anilines. The Cu(I) catalyst ensures the desired selectivity in
the reaction between the intermediate unsymmetrical A-
iodanes and amines. Initial mechanistic studies point toward a
stepwise oxidative addition and involvement of single electron
transfer from Cu(I) catalyst to unsymmetrical (hetero)aryl-A*-
iodanes. The reaction proceeds at room temperature and
tolerates a number of functional groups both in the amine and
in the (hetero)arene. The regioselectivity of the C—H
activation is typical for electrophilic aromatic substitution
(SgAr) reactions. Our C—H amination approach is an
alternative and complementary method to transition metal-
catalyzed direct intermolecular Cg,,—H amination of arenes,**
which often requires the presence of a metalation-directing
group in substrate* and employs imides, amides, sulfonamides,
as well as organic azides or preactivated amino precursors such
as N-chloroamines as sources of nitrogen.*® In cases where the
transition metal-catalyzed amination is not applicable, our
method may be especially useful for late-stage amination of
pharmaceutically relevant aromatics, and especially hetero-
cycles.

B EXPERIMENTAL SECTION

Ethyl 5-Bromo-1-methyl-3-({[(4-methylphenyl)sulfonylloxy}-
(2,4,6-trimethylphenyl)-A3-iodanyl)-1H-indole-2-carboxylate
(2a). To a solution of MesI(OH)OTs (2.39 g, 5.50 mmol, 1.1 equiv)
in CH,Cl, (10 mL) was added TsOH-H,O (1.05 g, 5.50 mmol, 1.1
equiv), and the resulting suspension was stirred for S min at room
temperature. Next, a solution of indole 1a (1.41 g, 5.00 mmol, 1 equiv)
in CH,Cl, (10 mL) was added rapidly to the well-stirred suspension.
The progress of the reaction was monitored by TLC (disappearance of
the starting material spot, Ry = 0.5S, 1:5 EtOAc/petroleum ether), and
complete conversion of the starting 1a was observed within 30 min.
Solvent was concentrated to ca. 2/3 of the original volume, and Et,O
was added (50 mL). Formed precipitate was filtered, washed with
Et,0 (100 mL), and dried in vacuo to afford 2a as a white powder
(3.30 g 95% yield); analytical TLC on silica gel, 20:80:5 MeOH/
CH,Cl,/AcOH, R; = 0.49. Pure material was obtained by
crystallization from CH,Cl,/diethyl ether: mp 125 °C. dec IR (film,
cm™): 1710 (C=0), 1206 (SO,). '"H NMR (400 MHz, DMSO-d,,
ppm): 6 7.79 (1H, d, J = 9.0 Hz), 7.61 (1H, dd, ] = 9.0, 1.8 Hz), 7.48—
7.43 (3H, m), 7.21-7.16 (2H, m), 7.10 (2H, d, ] = 8.0 Hz), 4.45 (2H,
q ] =72 Hz), 408 (3H, s), 2.58 (6H, s), 2.28 (6H, s), 1.38 (3H, t, ] =
7.2 Hz). *C NMR (100.6 MHz, DMSO-d, ppm): § 159.4, 145.8,
1429, 1419, 137.5, 137.2, 131.8, 129.8, 128.1, 128.0, 125.5, 122.7,
121.7, 115.7, 115.1, 81.2, 62.8, 33.8, 26.1, 20.8, 20.4, 13.8. HRMS—ESI
(m/z) caled for CyH,,BrINO, [M — OTs]" 5259873, found
525.9861.

General Procedure for C—H Amination of Heterocycles and
Arenes. To a solution of MesI(OH)OTs (239 mg, 0.55 mmol, 1.1
equiv) in anhydrous CH,Cl, (1 mL) under argon atmosphere was
added a solution of heterocycle or arene (0.50 mmol, 1 equiv) in
anhydrous CH,Cl, (1 mL). For a less reactive substrate (see Tables 3
and 4), neat TFA (46 uL, 0.60 mmol, 1.2 equiv) was then added
slowly (dropwise, within 2—3 min; too fast addition of TFA leads to
the formation of side-products). The resulting solution (color range:
pale yellow to brown) was stirred at room temperature under argon
atmosphere, and the progress of the reaction was monitored by TLC
(disappearance of the starting material spot; mobile phase 3:1 light
petroleum ether/EtOAc; the intermediate A*-iodane does not migrate
from the application point). Immediately upon full conversion of the
starting heterocycle or arene (see Tables 3 and 4 for appropriate time),
the reaction mixture was transferred via cannula to another flask, which
contained preweighed solid Cu(MeCN),BF, (16 mg, 0.05S mmol, 10
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mol %) and a magnetic stirbar, and the source flask was rinsed with
CH,Cl, (1 mL). To the resulting well-stirred suspension was
immediately added a solution of amine or aniline (0.6 mmol, 1.2
equiv) in anhydrous CH,Cl, (1 mL) (Important: Decomposition of
the formed A*-iodane begins if the addition of Cu catalyst and/or
amine is delayed!). Finally, neat DIPEA (174 uL, 1.00 mmol, 2 equiv)
was added, followed by DMSO (1 mL). The resulting solution was
stirred at room temperature under argon atmosphere, and the progress
of the reaction was monitored by TLC (the intermediate A*-iodanes
have R; = 0.4—0.6; mobile phase 20:80:5 MeOH/CH,Cl,/AcOH). In
most cases, the reaction was completed in 2 h. The solution was
poured into 50 mL of water and 20 mL of saturated aqueous ammonia
solution, extracted with CH,Cl, (3 X 30 mL), and combined organic
extracts were dried over Na,SO,, filtered, and concentrated. The
residue was purified by column chromatography on silica gel.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures, product characterization data, 'H and
3C NMR spectra, X-ray crystallographic data for A*-iodane 2a
(CIF), cyclic voltammograms (CV), and details of the kinetic
experiments. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Materials and Methods

All reactions were carried out under argon atmosphere. Progress of reactions was monitored
by thin-layer chromatography on Merck Kieselgel 60F2s4. Flash column chromatography was
performed using Biotage SP1 Flash Purification System and Biotage KP-Sil 25+M or Biotage KP-
Sil 12+M silica cartridges.

'H and '3C NMR spectra were recorded on Varian Inova 400 MHz NMR spectrometer. 'H
and '3C NMR chemical shifts are reported in parts per million (ppm) relative to TMS or with the
residual solvent peak as an internal reference. Melting points were uncorrected. Elemental analyses
were performed using Carlo-Erba CHNS-0 EA1108 instrument. HRMS were obtained on a
Micromass AutoSpec Ultima Magnetic sector mass spectrometer.

All reagents were obtained commercially and used as received.
Experimental Data

Synthesis of Heterocycles 1a, Ssm—12sm, 14sm—16sm, 18sm-20sm and Arene 22sm, 27sm-

31sm

Br
\mcoza
N

\

Ethyl 5-bromo-1-methyl-1H-indole-2-carboxylate (1a). Ethyl 5-bromo-1H-indole-2-carboxylate
(2.00 g, 14.40 mmol) was converted to indole 1a in accordance with literature procedure.!?
Purification of the crude product by column chromatography (Biotage Si 40+M) using gradient
elution from 10% EtOAc/petroleum ether to 40% EtOAc/petroleum ether afforded product as a
white solid (1.96 g, 93% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.55.
Pure material was obtained by crystallization from EtOAc/petroleum ether: mp 91-92 °C. 'H NMR
(400 MHz, CDCl3, ppm) 6 7.80 (1H, dd, J= 1.8, 0.8 Hz), 7.41 (1H, dd, J = 8.9, 1.8 Hz), 7.27-7.24
(1H, m, overlapped with CHCl3), 7.21 (1H, d, J = 0.8 Hz), 4.38 (2H, q, J = 7.1 Hz), 4.06 (3H, s),
1.41 (3H, t,J=17.1 Hz).

('?) Stefany, D.; Harris, K. J.; Gillespy, T. A.; Gardner, C. J.; Aguiar, J. C. WO 121280 A1, 2007; Chem. Abstr.
2007, 147, 469370.
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1a 5sm

Prop-2-en-1-yl 5-bromo-1-methyl-1H-indole-2-carboxylate (Ssm). A mixture of ethyl 5-bromo-
1-methyl-1H-indole-2-carboxylate 1a (5.00 g, 17.70 mmol, 1 equiv) and aqueous 2N NaOH (22
mL) was heated in dioxane (40 mL) at 80 °C for 2 h, cooled to room temperature and acidified to
pH=3 with aqueous 2N HCI solution. The formed precipitate was filtered, washed with H>O (100
mL) and dried in vacuo. Pale yellow powder (1.00 g, 3.94 mmol, 1 equiv) was dissolved in DMF
(10 mL) and powdered KoCOs (653 mg, 4.73 mmol, 1.2 equiv) was added, followed by allyl
bromide (409 pL, 4.73 mmol, 1.2 equiv). After stirring for 12 h at room temperature volatiles were
removed in vacuo and the brown semi-solid residue was partitioned between water (50 mL) and
EtOAc (30 mL). Aqueous layer was extracted with EtOAc (2x30 mL), combined organic extracts
were washed with brine (50 mL), dried over Na,SOs, filtered and concentrated. Purification of the
crude product by column chromatography (Biotage M+25 column) using gradient elution from 5%
EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded Ssm as a yellow powder (1.13 g,
97% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.56. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 111-112 °C. IR (film, cm™!) 1715
(C=0); '"H NMR (400 MHz, CDCIl3, ppm) & 7.80 (1H, d, J=1.8 Hz), 7.42 (1H, dd, J=9.0, 1.8 Hz),
7.27-7.23 (2H, m), 6.11-5.99 (1H, m), 5.47-5.39 (1H, m), 5.34-5.28 (1H, m), 4.85-4.80 (2H, m),
4.06 (3H, s). 3*C NMR (100.6 MHz, CDCl3, ppm) & 161.6, 138.3, 132.2, 128.7, 128.1, 127.5, 125.0,
118.6, 113.9, 111.9, 109.6, 65.4, 32.0. HRMS-ESI (m/z) calcd for C13H13BrNO> [M+H]* 294.0124,
found 294.0133.

N OH N 4@ N\ 0
tert-Butyl 5-bromo-1-methyl-1H-indole-2-carboxylate (6sm). N,N-Dimethylform-amide di-tert-
butyl acetal (6.00 mL, 24.9 mmol, 6 equiv) was added dropwise to the refluxed suspension of ethyl
5-bromo-1H-indole-2-carboxylic acid (1.00 g, 4.17 mmol, 1 equiv) in anhydrous benzene (14 mL).
After heating under reflux for 30 min and cooling to room temperature, volatiles were removed in
vacuo. The yellow solid residue was treated with a mixture of EtO (10 mL) and hexane (30 mL),
crystalline material was filtered and dried in vacuo. tert-Butyl 5-bromo-1H-indole-2-carboxylate

(1.100 g, 3.71 mmol) was converted to indole 6sm in accordance with literature procedure.!

Purification of the crude product by column chromatography (Biotage M+25 column) using
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gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 6sm as a
white powder (1.06 g, 92% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R~=0.66. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 125-
126 °C. IR (film, cm™") 1707 (C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.77 (1H, d, J=1.8 Hz),
7.39 (1H, dd, J=9.0, 1.8 Hz), 7.23 (1H, d, J=9.0 Hz), 7.13 (1H, s), 4.03 (3H, s), 1.61 (9H, s). 13C
NMR (100.6 MHz, CDCIls, ppm) & 161.4, 138.1, 130.5, 127.6, 127.4, 124.8, 113.7, 111.8, 109.0,
81.8,31.9, 28.5. HRMS-ESI (m/z) calcd for C14H17BrNO> [M+H]"310.0437, found 310.0437.

Br
N

\
5-Bromo-1-methyl-1H-indole-2-carbonitrile (7sm). The same procedure was used as for 1a.
Accordingly, 5-bromo-1H-indole-2-carbonitrile (1.50 g, 6.78 mmol) was converted to 7sm.
Purification of the crude product by column chromatography (Biotage M+25) using gradient elution
from 0% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 7sm as a yellow solid
(1.44 g, 90% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether, R=0.33. Pure
material was obtained by crystallization from diethylether/petroleum ether: mp 122-123 °C- 'H
NMR (400 MHz, CDCls, ppm) & 7.79 (1H, dd, J=1.8, 0.6 Hz), 7.48 (1H, dd, J=8.9, 1.8 Hz), 7.25-
7.20 (1H, m), 7.07 (1H, d, J/=0.8 Hz), 3.89 (3H, s).
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Ethyl 4,6-dichloro-1-[2-(trimethylsilyl)ethoxymethyl]-1H-indole-2-carboxylate (8sm). The
same procedure was used as for 1a. Accordingly, 4,6-dichloro-1H-indole-2-carboxylate (500 mg,
1.94 mmol) was converted into 8sm. Purification of the crude product by column chromatography
(Biotage M+25 column) using gradient elution from 0% EtOAc/petroleum ether to 30%
EtOAc/petroleum ether afforded 8sm as a colorless solid (687 mg, 90% yield); analytical TLC on
silica gel, 1:10 EtOAc/petroleum ether, R=0.56. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 58-59 °C. '"H NMR (400 MHz, CDC]ls, ppm) 6 7.49-7.47 (1H, m),
7.37 (1H, d, /=0.8 Hz), 7.20 (1H, d, J=1.6 Hz), 5.96 (2H, s), 4.39 (2H, q, /=7.1 Hz), 3.53 (2H, dd,
J=8.2,8.2 Hz), 1.42 (3H, t, J/=7.1 Hz), 0.88 (2H, dd, J/=8.2, 8.2 Hz), —0.07 (9H, s).

Br
mCOZEt
N

Cl

Ethyl 5-bromo-1-(3-chlorophenyl)-1H-indole-2-carboxylate (9sm). Ethyl 5-bromo-1H-indole-2-
carboxylate (804 mg, 3.00 mmol) was converted into indole 9sm in accordance with literature
procedure.!? Purification of the crude product by column chromatography (Biotage M+25 column)
using gradient elution from 0% EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded
9sm as a colorless solid (1.10 g; 97% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum
ether, R~=0.53. Pure material was obtained by crystallization from EtOAc/petroleum ether: mp 85-
86 °C. 'H NMR (400 MHz, CDCl3, ppm) 7.84 (1H, d, J=1.8 Hz), 7.48-7.40 (2H, m), 7.37-7.30 (3H,
m), 7.23-7.19 (1H, m), 6.95 (1H, d, J=8.8 Hz), 4.22 (2H, q, J/=7.0 Hz), 1.22 (3H, t, J/=7.0 Hz).

COzMe

L.

Methyl 1-(2-bromobenzyl)-2,5-dimethyl-1H-pyrrole-3-carboxylate (10sm). Methyl 2.5-

dimethyl-1H-pyrrole-3-carboxylate (766 mg, 5.00 mmol) was converted into 10sm in accordance

(13) Mutule, I.; Suna, E.; Olofsson, K.; Pelcman, B. J. Org. Chem. 2009, 74, 7195.
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with literature procedure.'* Purification of the crude product by column chromatography (Biotage
M+25 column) using gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum
ether afforded 10sm as a yellow oil (1.48 g, 92% yield), which slowly crystallized when stored in a
freezer; analytical TLC on silica gel, 1:10 EtOAc/petroleum ether, R~=0.31. Pure material was
obtained by recrystallization from diethylether/petroleum ether: mp 95-96 °C. 'H NMR (400 MHz,
CDClIs, ppm) 6 7.58 (1H, dd, J=7.7, 1.4 Hz), 7.18 (1H, td, J=7.5, 1.4 Hz), 7.13 (1H, td, J=7.7, 1.9
Hz), 6.36 (1H, d, J=1.0 Hz), 6.25-6.21 (1H, m), 5.02 (2H, s), 3.80 (3H, s), 2.41 (3H, s), 2.09 (3H,

s).
I
CO,Et

N
I

Ethyl 1,4-dimethyl-1H-pyrrole-2-carboxylate (11sm). The same procedure was used as for 10sm.
Accordingly, ethyl 4-methyl-1H-pyrrole-2-carboxylate (500 mg, 3.26 mmol) was converted into
11sm. Purification of the crude product by column chromatography (Biotage M+25 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 11sm as
a yellow oil (472 mg, 87% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.59.
"H NMR (400 MHz, CDCl3, ppm) & 6.68 (1H, d, J=2.0 Hz), 6.51-6.44 (1H, m), 4.18 (2H, q, J=7.1
Hz), 3.78 (3H, s), 1.98 (3H, s), 1.26 (3H, t, J=7.1 Hz).

1-[(4-Bromophenyl)carbonyl]-2,5-dimethyl-1H-pyrrole (12sm). 2,5-Dimethyl-1H-pyrrole (1.00
g, 10.51 mmol) was converted into 1-[(4-bromophenyl)carbonyl]-1H-pyrrole 12sm in accordance
with literature procedure.* Purification of the crude product by column chromatography (Biotage
M+25 column) using gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum
ether afforded 12sm as a brown solid (1.90 g, 65% yield); analytical TLC on silica gel, 1:10
EtOAc/petroleum ether, R~0.59. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 48-49 °C. 'H NMR (400 MHz, CDCls, ppm) & 7.64-7.60 (2H, m),
7.58-7.54 (2H, m), 5.88 (2H, s), 2.07 (6H, s).

(**) Lubriks, D.; Sokolovs, I.; Suna, E. Org. Lett. 2011, 13, 4324.
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Ethyl 2-bromo-4-methyl-4H-thieno|3,2-b]pyrrole-5-carboxylate (14sm). The same procedure
was used as for la. Accordingly, 2-bromo-4H-thieno[3,2-b]pyrrole-5-carboxylate (350 mg, 1.28
mmol) was converted to 14sm. Purification of the crude product by column chromatography
(Biotage M+12 column) using gradient elution from 0% EtOAc/petroleum ether to 30%
EtOAc/petroleum ether afforded 14sm as a colorless solid (330 mg, 89% yield); analytical TLC on
silica gel, 1:10 EtOAc/petroleum ether, R=0.42. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 86-87 °C. 'H NMR (400 MHz, CDCl3, ppm) 8 7.08 (1H, s), 7.00
(1H, s), 4.32 (2H, q, J/=7.1 Hz), 4.00 (3H, s), 1.37 (3H, t, J=7.1 Hz).

Cl
/
NS
N

N

Ethyl S-chloro-1-methyl-1H-pyrrolo[2,3-b]pyridine-2-carboxylate (15sm). Ethyl 5-chloro-1H-
pyrrolo[2,3-b]pyridine-2-carboxylate (674 mg, 3.00 mmol) was converted to 15sm in accordance
with literature procedure.!’ Purification of the crude product by column chromatography (Biotage
M+25 column) using gradient elution from 5% EtOAc/petroleum ether to 35% EtOAc/petroleum
ether afforded 15sm as a yellow solid (544 mg, 76% yield); analytical TLC on silica gel, 1:5
EtOAc/petroleum ether, R~0.54. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 89-90 °C. 'H NMR (400 MHz, CDCls, ppm) 6 8.39 (1H, d, J=2.3
Hz), 7.93 (1H, d, J=2.3 Hz), 7.16 (1H, s), 4.40 (2H, q, J/=7.1 Hz), 4.13 (3H, s), 1.42 (3H, t, J=7.1
Hz).

Br
N\
N N
\

5-Bromo-1-methyl-1H-pyrrolo[2,3-b|pyridine (16sm). The same procedure was used as for 1a.
Accordingly, 5-bromo-1H-pyrrolo[2,3-b]pyridine (500 mg, 2.54 mmol) was converted to 16sm.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 10% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded 16sm as
a colorless solid (485 mg, 90% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether,
R~=0.19. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 62-

(**) Lubriks, D.; Sokolovs, I.; Suna, E. J. Am. Chem. Soc. 2012, 134, 15436.
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63 °C. '"H NMR (400 MHz, CDCls, ppm) & 8.35 (1H, d, J=2.1 Hz), 8.02 (1H, d, J=2.1 Hz), 7.19
(1H, d, J=3.5 Hz), 6.40 (1H, d, J=3.5 Hz), 3.87 3H, s).

o O H,N—NH,

—

Y
/
z

| =N
\_NH \ N_

1,5-Dimethyl-3-phenyl-1H-pyrazole (18sm). 1-Phenyl-1,3-butanedione (2.00 g, 12.33 mmol) was
converted to 1H-pyrazole in accordance with literature procedure.!® The crude 1H-pyrazole was
converted without purification to pyrazole 18sm in accordance with literature procedure.!” Column
chromatography (Biotage M+40 column) using isocratic elution with 5% Et;O/CH>Cl, afforded
18sm as a colorless solid (1.45 g; 68% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum
ether, R~=0.19. Pure material was obtained by crystallization from diethylether/petroleum ether: mp
37-38 °C. '"H NMR (400 MHz, CDCls, ppm) 7.77-7.73 (2H, m), 7.40-7.34 (2H, m), 7.30-7.25 (1H,
m, overlapped with CHCls), 6.32 (1H, s), 3.82 (3H, s), 2.31 (3H, s).

—
e
N

4-(3,5-Dimethyl-1H-pyrazol-1-yl)benzonitrile (19sm). 4-Hydrazinobenzonitrile hydrochloride
(1.00 g, 5.90 mmol) was converted to pyrazole 19sm in accordance with literature procedure.'®
Purification of the crude product by column chromatography (Biotage M+25 column) using
gradient elution from 10% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded 19sm as
a colorless solid (1.12 g, 96% yield); analytical TLC on silica gel, 1:10 EtOAc/petroleum ether,
R~0.19. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 100-
101 °C. 'TH NMR (400 MHz, CDCls, ppm) & 7.76-7.71 (2H, m), 7.63-7.59 (2H, m), 6.05 (1H, s),
2.39 (3H, s), 2.29 (3H, s).

(*%) Govindaswamy, P.; Mozharivskyj, Y.A.; Kollipara, M.R. J. Organomet. Chem., 2004, 689, 3265.

(*) Del Giudice, M.R.; Mustazza, C.; Borioni, A.; Gatta, F.; Tayebati, K.; Amenta, F.; Tucci, P.; Pieretti, S. Arch. Pharm.
2003, 336, 143.
('*) Abdellatif, K.R.A.; Chowdhury, M.A.; Velazquez, C.A.; Huang, Z.; Dong, Y.; Das, D.; Yu, G.;Suresh,

M.R.; Knaus, E.E. Bioorg. Med. Chem. Lett. 2010, 20, 4544.
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1,3-Dimethylpyrimidine-2,4(1H,3H)-dione (20sm). Pyrimidine-2,4(1H,3H)-dione (500 mg, 4.46
mmol) was converted to 20sm in accordance with literature procedure.!® Purification of the crude
product by column chromatography (Biotage M+25 column) using isocratic elution with 10%
MeOH/CH»Cl, afforded product as a colorless solid (534 g; 85% yield); analytical TLC on silica
gel, 1:10 MeOH/CH:Cl,, R~0.47. Pure material was obtained by crystallization from

EtOAc/petroleum ether: mp 126-127 °C. 'H NMR (400 MHz, CDCls, ppm) 7.12 (1H, d, J=7.8 Hz),
5.73 (1H, d, J=7.8 Hz), 3.40 (3H, s), 3.34 (3H, s).

0]
K

C

tert-Butyl methyl(phenyl)carbamate (22sm). N-Methylaniline (3.0 g, 28.0 mmol) was converted
into 22sm in accordance with literature procedure.?’ Purification of the crude product by column
chromatography (Biotage Si 25+M column) using gradient elution from 5% EtOAc/petroleum ether
to 35% EtOAc/petroleum ether afforded 22sm as a yellow oil (5.51 g, 95% yield); analytical TLC
on silica gel, 1:10 EtOAc/petroleum ether, R=0.35. '"H NMR (400 MHz, CDCl3, ppm) & 7.35-7.29
(2H, m), 7.28-7.19 (2H, m), 7.18-7.13 (1H, m), 3.26 (3H, s), 1.45 (9H, s).

MeO

OMe
3,5-Dimethoxy-/N-methylbenzamide (27sm).3,5-Dimethoxy-benzoic acid (1.0 g, 5.49 mmol) was
converted into 3,5-dimethoxy-benzoyl chloride in accordance with literature procedure.?! The crude
acid chloride was dissolved in anhydrous DCM (10 mL) and the resulting solution was added
dropwise to the solution of methylamine hydrochloride (389 mg, 5.76 mmol, 1.05 equiv) and
triethylamine (2.29 mL, 16.47 mmol, 3 equiv) in anhydrous DCM (10 mL). After stirring for 12 h at

room temperature, the reaction mixture washed with water (2x20 mL). Combined aqueous layers

(**) Hannon, S. J.; Kundu N. G.; Hertzberg R. P.; Bhatt R. S.; Heidelberger, C. Tetrahedron Lett. 1980, 21, 1105.
(*°) Chankeshwara, S.V.; Chakraborti, A. K. Tetrahedron Lett. 2006, 47, 1087.

(?") Pickaert, G.; Ziessel, R.; Cesario, M. J. Org. Chem. 2004, 69, 5335.
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were back-extracted with DCM (2x20 mL), combined organic extracts were washed with brine (50
mL), dried over Na,SQOs, filtered and concentrated. Purification of the crude product by column
chromatography (Biotage M+25 column) using gradient elution from 15% EtOAc/petroleum ether
to 100% EtOAc afforded 27sm as a colorless solid (883 mg, 82% yield); analytical TLC on silica
gel, 1:10 MeOH/DCM, R=0.25. Pure material was obtained by crystallization from
EtOAc/petroleum ether: mp 118-119 °C. '"H NMR (400 MHz, CDCls, ppm) 6.87 (2H, d, J=2.3 Hz),
6.56 (1H, dd, J=2.3, 2.3 Hz), 6.31-6.02 (1H, br s), 3.81 (6H, s), 2.99 (3H, d, /=4.9 Hz).

MeO -

OMe

3,5-Dimethoxy-/V,N-dimethylbenzamide (28sm). 3,5-Dimethoxy-benzoic acid (500 mg, 2.74
mmol) was converted into 3,5-dimethoxy-benzoyl chloride in accordance with literature
procedure.?! The crude acid chloride was dissolved in dry DCM (5 mL) and the resulting solution
was added dropwise to the solution of dimethylamine (2M in THF, 2.06 mL, 4.11 mmol, 1.5 equiv)
and TEA (571 pL, 4.11 mmol, 1.5 equiv) in anhydrous DCM (5 mL). After stirring for 12 h at room
temperature the reaction mixture was diluted with DCM (20 mL) washed with water (2x30 mL).
Combined aqueous layers were back-extracted with DCM (2x20 mL), combined organic extracts
were washed with brine (50 mL), dried over Na,SOg, filtered and concentrated. Purification of the
crude product by column chromatography (Biotage M+25 column) using gradient elution from 15%
EtOAc/petroleum ether to 100% EtOAc afforded 28sm as a colorless oil (500 mg, 87% yield);
analytical TLC on silica gel, 1:10 MeOH/DCM, R~0.19. '"H NMR (400 MHz, CDCl3, ppm) 6.51
(2H, d, J=2.3 Hz), 6.46 (1H, dd, J=2.3, 2.3 Hz), 3.78 (6H, s), 3.11-3.04 (3H, br s), 3.01-2.92 (3H,
br s).

T T
NH, HN” 'S SN

Me0\© E—— Me0\© B Me0\©

N-(2-Methoxyphenyl)-V,4-dimethylbenzenesulfonamide (29sm). ortho-Anisidine (916 uL, 8.12

mmol) was converted into N-(2-methoxyphenyl)-4-methyl-benzenesulfonamide in accordance with

literature  procedure.’> The crude product was purified by crystallization from

(*?) Bharathi, E. V.; Dastagiri; Kamal, A.; Reddy, J. S. Tetrahedron Lett. 2008, 49, 348.
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diethylether/petroleum ether to provide N-(2-methoxyphenyl)-4-methyl-benzenesulfonamide as a
white solid (1.80 g, 80% yield). N-(2-Methoxyphenyl)-4-methyl-benzenesulfonamide from above
(956 mg, 3.45 mmol, 1 equiv) and Cs2CO3 (1.68 g, 5.17 mmol, 1.5 equiv) were mixed with
anhydrous DMF (5 mL) and Mel (322 uL, 5.17 mmol, 1.5 equiv) was added. After stirring for 12 h
at room temperature volatiles were removed in vacuo and the brown semi-solid residue was
partitioned between water (50 mL) and EtOAc (30 mL). Aqueous layer was extracted with EtOAc
(2x30 mL), combined organic extracts were washed with brine (50 mL), dried over Na;SOs, filtered
and concentrated. Purification of the crude product by crystallization from diethylether/petroleum
ether afforded 29sm as a pink solid (794 mg, 79% yield), mp 102-103 °C dec. 'H NMR (400 MHz,
CDCls, ppm) 8 7-54-7.47 (2H, m), 7.42-7.36 (2H, m), 7.31 (1H, ddd, J=8.3, 7.6, 1.7 Hz), 7.11 (1H,
dd, J=7.8, 1.7 Hz), 6.98 (1H, dd, J=8.3, 1.2 Hz), 6.92 (1H, dt, J=7.6, 1.2 Hz), 3.41 (3H, s), 3.08 (3H,
s) 2.40 (3H, s).

ok
QL

OMe

tert-Butyl 3-methoxyphenylcarbamate (30sm). 3-Methoxyaniline (500 mg, 4.06 mmol) was
converted into 30sm in accordance with literature procedure.?? Purification of the crude product by
column chromatography (Biotage Si 25+M column) using gradient elution from 5%
EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded 30sm as a white solid (875 mg,
95% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.40. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 60-61 °C. 'H NMR (400 MHz,
CDCls, ppm) 6 7.17 (1H, dd, J=8.2, 8.2 Hz), 7.13-7.07 (1H, m), 6.88-6.79 (1H, m), 6.62-6.55 (1H,
m), 6.48 (1H, s), 3.80 (3H, s), 1.52 (9H, s).

tert-Butyl (3-methoxyphenyl)methylcarbamate (31sm). An oven-dried flask was charged with
30sm (440 mg, 1.97 mmol, 1 equiv), Cs2CO3 (964 mg, 2.96 mmol, 1.5 equiv), closed with septa
and flushed with a stream of argon. Anhydrous DMF (5 mL) and Mel (184 uL, 2.96 mmol, 1.5

(*}) Chankeshwara, S.V.; Chakraborti, A. K. Tetrahedron Lett. 2006, 47, 1087.
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equiv) were added via syringe. After stirring for 12 h at room temperature, volatiles were removed
in vacuo the brown semi-solid residue was partitioned between water (50 mL) and EtOAc (30 mL).
Aqueous layer was extracted with EtOAc (2x30 mL), combined organic extracts were washed with
brine (50 mL), dried over Na,SOg, filtered and concentrated. Purification of the crude product by
column chromatography (Biotage Si 25+M column) using gradient elution from 5%
EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded 31sm as yellow oil (449 mg, 96%
yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.55. '"H NMR (400 MHz,
CDCls, ppm) 6 7.22 (1H, dd, J=8.1, 8.1 Hz), 6.84-6.78 (2H, m), 6.75-6.70 (1H, m), 3.80 (3H, s),
3.25 (3H, s), 1.45 (9H, s).

Preparation of Cu(MeCN)4BF4 and (CuOTf),ePhH

[Cu(MeCN)4]"BF4
[Cu(MeCN)4]"BF4 was synthesized in accordance with literature procedure.?* To a slurry of blue
Cu(BF4)206H>0 (2.00 g, 5.79 mmol) suspended in dry MeCN (50 mL) was added copper powder
(1.47 g, 23.17 mmol). The mixture was heated to reflux for 4 h under argon atmosphere and then
filtered while still hot. As the pale filtrate cooled to —20 °C, a white solid crystallized out. The white
solid was collected by filtration, washed with Et;O (15 mL). Pure material was obtained by
recrystallization from hot MeCN. Yield: 1.73 g (95%).

(CuOTf)¢PhH
(CuOTf),0PhH was synthesized in accordance with literature procedure.?” To a slurry of red Cu2O
(1.81 g, 12.65 mmol) in dry benzene (50 mL) was added trifluoromethanesulfonic anhydride (5.0 g,
17.7 mmol). The mixture was heated to reflux for 4 h and then filtered while still hot. As the yellow
filtrate cooled to room temperature, a white solid crystallized out. The white solid was collected by

filtration, washed with pentane (25 mL), and dried under vacuum. Yield: 2.78 g (75%).

(%) Fortin, D.; Drouin, M.; Turcotte, M.; Harvey, P. D. J. Am. Chem. Soc. 1997, 119, 531; Kubas G. J. Inorg. Synth. 1979,
19, 90.
(%) Bellott, B. J.; Girolami, G. S. Organometallics 2009, 28, 2046.
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Preparation of MesI(OH)OT's

Hydroxy{[(4-methylphenyl)sulfonyl]oxy}(2,4,6-trimethylphenyl)-13-iodane was synthesized in
accordance with literature procedure.?® To a solution of iodine (4.56 g, 18.0 mmol, 0.5 equiv) in
DCM (120 mL) were added sequentially mesitylene (5.00 mL, 35.9 mmol), mCPBA (13.3 g, 54.0
mmol), and TSOHeH>0 (6.83 g, 35.9 mmol). The solution was stirred at room temperature for 12 h.
The mixture was concentrated in vacuo, then Et;O (150 mL) was added to the residue. The
suspension was stirred at room temperature for 30 min. Precipitate was filtered off afforded the title
compound (10.6 g, 68%) as a colorless solid: mp 105-106 °C dec. '"H NMR (400 MHz, CDsOD,
ppm) & 7.61-7.56 (2H, m), 7.26 (2H, s), 7.21-7.16 (2H, m), 2.71 (6H, s), 2.40 (3H, s), 2.36 (3H, s).

General Procedure for One-Pot Synthesis of Indolylamines 3a—3ak.

To a solution of MesI(OTs)OH (239 mg, 0.55 mmol, 1.1 equiv) in anhydrous CH>Cl> (1
mL) under argon atmosphere was added a solution of indole 1a (0.50 mmol, 1 equiv) in anhydrous
CH>Cl (1 mL). For a less reactive substrates (see Table 3), neat TFA (46 uL, 0.60 mmol, 1.2 equiv)
was added slowly (dropwise, within 2-3 minutes; too fast addition of TFA leads to the formation of
side-products). The resulting solution (color range — pale yellow to brown) was stirred at room
temperature under argon atmosphere and the progress of the reaction was monitored by TLC
(disappearance of the starting material spot; mobile phase petroleum ether/EtOAc=3:1; the formed
A3-iodane does not migrate from the application point). Immediately upon full conversion of the
starting heterocycle or arene (see Table 3 for appropriate time), the reaction mixture was transferred
via cannula to another flask which contained pre-weighed solid Cu(MeCN)s]"BF4 (16 mg, 0.05
mmol, 10 mol%) and magnetic stir-bar, and the source flask was rinsed with CH>Cl, (1 mL). To the
resulting well-stirred suspension was immediately (!) added a solution of amine or aniline (0.6
mmol, 1.2 equiv) in anhydrous CH2Cl, (1 mL) (Important! Decomposition of the formed A’-iodane
begins if the addition of Cu catalyst and/or amine is delayed). Finally, neat DIPEA (174 uL 1.00
mmol, 2 equiv) was added, followed by DMSO (1 mL). The resulting solution was stirred at room
temperature under argon atmosphere and the progress of the reaction was monitored by TLC (the

intermediate A*-iodanes have R~=0.4-0.6, 20:80:5 MeOH/CH,Cl,/AcOH). In the most cases the

(36) Merritt, E. A.; Carneiro V. M. T.; Silva Jr, L. F.; Olofsson, B. J. Org. Chem. 2010, 75, 7416.
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reaction was completed in 2 hours. The solution was poured into 50 mL of water and 20 mL of
saturated aqueous ammonia solution, extracted with CH>Cl, (3x30 mL), combined organic extracts
were dried over NaxSOs, filtered and concentrated. The residue was purified by column

chromatography on silica gel.
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CO,Et

Ethyl 5-bromo-1-methyl-3-morpholin-4-yl-1H-indole-2-carboxylate (3a). Following the general

(@)
Y
' A
N
\

procedure, indole 1a (141 mg, 0.5 mmol) was converted into 3a. Purification of the crude product
by column chromatography (Biotage M+H) using gradient elution from 5% EtOAc/petroleum ether
to 30% EtOAc/petroleum ether afforded product as a yellow powder (136 mg, 74% yield);
analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.47. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 107-108 °C. IR (film, cm™") 1700 (C=0); 'H
NMR (400 MHz, CDCls, ppm) & 7.97 (1H, d, /=1.8 Hz), 7.38 (1H, dd, J=9.0, 1.8 Hz), 7.20 (1H, d,
J=9.0 Hz), 4.44 (2H, q, J/=7.2 Hz), 3.89 (3H, s), 3.88-3.83 (4H, m), 3.30-3.24 (4H, m), 1.46 (3H, t,
J=7.2 Hz). *C NMR (100.6 MHz, CDCls, ppm) & 162.0, 136.0, 135.0, 128.1, 124.9, 123.9, 122.8,
112.9, 111.9, 68.1, 61.0, 52.7, 32.3, 14.7. HRMS-ESI (m/z) calcd for CisH20BrN.O3; [M+H]*
367.0652, found 367.0641.
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Ethyl 5-bromo-3-(1,4-dioxa-8-azaspiro[4.5]dec-8-yl)-1-methyl-1H-indole-2-carboxylate (3b).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3b.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product
as a yellow powder (140 mg, 66% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R~0.43. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 101-
102 °C. IR (film, cm™) 1700 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.98 (1H, d, J=1.8 Hz),
7.36 (1H, dd, J=9.0, 1.8 Hz), 7.18 (1H, d, J=9.0 Hz), 4.43 (2H, q, J=7.2 Hz), 4.02 (4H, s), 3.88 (3H,
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s), 3.40-3.32 (4H, m), 1.92-1.84 (4H, m), 1.45 (3H, t, J/=7.2 Hz). *C NMR (100.6 MHz, CDCls,
ppm) 5 162.2, 136.0, 135.9, 128.0, 124.9, 124.2, 122.2, 112.6, 111.8, 107.5, 64.4, 61.0, 51.0, 36.2,
14.7. HRMS-ESI (m/z) calcd for C1oHa4BrN,04 [M+H]* 423.0914, found 423.0913.

N
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Ethyl 5-bromo-3-(3,4-dihydroisoquinolin-2(1H)-yl)-1-methyl-1H-indole-2-carboxylate (3c).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3c.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product
as a yellow powder (155 mg, 75% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R=0.63. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 93-94
°C. IR (film, cm™) 1700 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.89 (1H, d, J=1.8 Hz), 7.39
(1H, dd, J=9.0, 1.8 Hz), 7.22 (1H, d, J=9.0 Hz), 7.20-7.13 (3H, m), 7.09-7.01 (1H, m), 4.45 (2H, s),
4.36 (2H, q, J=7.2 Hz), 3.93 (3H, s), 3.57 (2H, t, J=5.8 Hz), 3.02 (2H, t, J/=5.8 Hz), 1.27 (3H, t,
J=7.2 Hz). *C NMR (100.6 MHz, CDCls, ppm) & 162.1, 136.0, 135.8, 135.4, 134.9, 129.2, 128.2,
126.2, 126.1, 125.7, 125.3, 123.8, 112.9, 111.8, 61.0, 54.6, 50.4, 32.3, 30.6, 14.4. HRMS-ESI (m/z)
caled for C21H2BrN2O, [M+H]"413.0859, found 413.0828.
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Ethyl 3-(4-(1-methylethyl)piperazin-1-yl)-5-bromo-1-methyl-1H-indole-2-carboxylate (3d).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3d.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 0% MeOH/CH,Cl, to 10% MeOH/CH:Cl, afforded product as a yellow oil
(145 mg, 71% yield); analytical TLC on silica gel, 1:20 MeOH/CH2Cl,, R=0.76. IR (film, cm™)
1697 (C=0); 'H NMR (400 MHz, CDCIl3, ppm) & 8.04 (1H, d, J/=1.8 Hz), 7.36 (1H, dd, J=9.0, 1.8
Hz), 7.18 (1H, d, J=9.0 Hz), 4.43 (2H, q, J/=7.2 Hz), 3.87 (3H, s), 3.39-3.30 (4H, m), 2.76 (1H, s,
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J=6.5 Hz), 2.72-2.64 (4H, m), 1.44 (3H, t, J=7.2 Hz), 1.11 (6H, d, J=6.5 Hz). 3C NMR (100.6
MHz, CDCIs, ppm) 8 162.1, 136.1, 135.8, 127.9, 124.6, 124.5, 122.0, 112.6, 111.9, 60.9, 54.8, 53.1,
49.7, 32.3, 29.8, 18.7, 14.8. HRMS-ESI (m/z) calcd for Ci9H27BrN3;O, [M+H]" 408.1281, found
408.1279.

Ethyl 3-(4-acetylpiperazin-1-yl)-5-bromo-1-methyl-1H-indole-2-carboxylate (3e). Following
the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3e. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 0%
MeOH/CH>Cl, to 10% MeOH/CHCl, afforded product as a yellow powder (155 mg, 76% yield);
analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, R/=0.16. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 157-158 °C. IR (film, cm™) 1696 (C=0), 1646
(C=0); 'H NMR (400 MHz, CDCl3, ppm) & 7.90 (1H, d, J=1.8 Hz), 7.38 (1H, dd, J=9.0, 1.8 Hz),
7.20 (1H, d, J=9.0 Hz), 4.42 (2H, q, J/=7.2 Hz), 3.89 (3H, s), 3.81-3.73 (2H, m), 3.65-3.57 (2H, m),
3.30-3.18 (4H, m), 2.16 (3H, s), 1.43 (3H, t, J=7.2 Hz). 3C NMR (100.6 MHz, CDCl3, ppm) &
169.2, 161.8, 135.9, 134.6, 128.3, 124.9, 123.6, 122.9, 113.1, 112.0, 61.1, 52.4, 52.0, 47.6, 42.7,
32.4,21.6, 14.7. HRMS-ESI (m/z) calcd for CisH23BrN3;O3 [M+H]"408.0917, found 408.0901.

e

Br
N—Cco,Et
N

\
Ethyl 5-bromo-1-methyl-3-(3-oxopiperazin-1-yl)-1H-indole-2-carboxylate (3f). Following the
general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3f. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 0%
MeOH/CH>Cl, to 10% MeOH/CHCl, afforded product as a yellow powder (144 mg, 76% yield);
analytical TLC on silica gel, 1:1 EtOAc/petroleum ether, R=0.11. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 139-140 °C. IR (film, cm™) 3219 (NH), 1690
(C=0), 1669 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.87 (I1H, d, J=1.4 Hz), 7.41 (1H, dd,

J=8.8, 1.4 Hz), 7.23 (1H, d, /=8.8 Hz), 6.84-6.64 (1H, m), 4.43 (2H, q, J=7.2 Hz), 3.95 (2H, s), 3.93
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(3H, s), 3.55-3.42 (4H, m), 1.43 (3H, t, /=7.2 Hz). 3C NMR (100.6 MHz, CDCls, ppm) & 170.1,
161.6, 135.8, 132.6, 128.6, 125.1, 123.5, 123.1, 113.5, 112.0, 61.3, 55.7, 48.8, 42.8, 32.4, 14.6.
HRMS-ESI (m/z) caled for C16H1oBrN303 [M+H]* 380.0604, found 380.0600.
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Ethyl 5-bromo-1-methyl-3-piperazin-1-yl-1H-indole-2-carboxylate (3g). Following the general
procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3g. Purification of the crude product
by column chromatography (Biotage M+12 column) using gradient elution from 0% MeOH/CH>Cl,
to 10% MeOH/CHCl, afforded product as a yellow oil (128 mg, 70% yield); analytical TLC on
silica gel, 1:20 MeOH/CH,Cl,, R~=0.37. IR (film, cm™") 3300 (NH), 1695 (C=0); 'H NMR (400
MHz, CDCls, ppm) 6 7.97 (1H, d, J=1.8 Hz), 7.37 (1H, dd, J=9.0, 1.8 Hz), 7.19 (1H, d, J=9.0 Hz),
4.44 (2H, q, J=7.2 Hz), 3.88 (3H, s), 3.33-3.23 (4H, m), 3.13-3.04 (4H, m), 3.03-2.95 (1H, m), 1.45
(3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCl3, ppm) & 162.0, 136.0, 135.5, 128.1, 124.8, 124.0,
122.5,112.8, 111.9, 61.0, 53.3, 46.7, 32.3, 14.8. HRMS-ESI (m/z) calcd for Ci6H2:BrN3O, [M+H]"
366.0812, found 366.0824.
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Ethyl 5-bromo-3-[(2S)-2-(methoxymethyl)pyrrolidin-1-yl]-1-methyl-1H-indole-2-carboxylate

Br

(3h). Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3h.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 20% EtOAc/petroleum ether afforded product
as a yellow powder (69 mg, 35% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
R~=0.40. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 71-72
°C. IR (film, cm™) 1696 (C=0); '"H NMR (400 MHz, CDCls, ppm) 6 7.84 (1H, d, J=1.8 Hz), 7.38
(1H, dd, J=9.0, 1.8 Hz), 7.21 (1H, d, J=9.0 Hz), 4.47-4.36 (2H, m), 3.92 (3H, s), 3.86-3.79 (1H, m),
3.47-3.40 (1H, m), 3.24-3.14 (6H, m), 2.26-2.16 (1H, m), 2.03-1.87 (3H, m), 1.44-1.39 (3H, m). 13C
NMR (100.6 MHz, CDCIl3, ppm) & 162.1, 136.1, 132.4, 128.2, 126.9, 124.5, 123.5, 113.0, 111.8,
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76.6, 61.8, 60.8, 59.1, 54.4, 32.3, 30.1, 25.2, 14.6. HRMS-ESI (m/z) calcd for CisH24BrN2O3

[M+H]"395.0965, found 395.0982.
NC
Br N
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N\
Ethyl  5-bromo-3-[(2-cyanoethyl)(methyl)amino]-1-methyl-1H-indole-2-carboxylate  (3i).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3i. Purification
of the crude product by column chromatography (Biotage M+12 column) using gradient elution
from 5% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product as a yellow
powder (118 mg, 65% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.34.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 72-73 °C. IR
(film, cm™) 2247 (C=N), 1704 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.89 (1H, d, J=1.8 Hz),
7.41 (1H, dd, J=9.0, 1.8 Hz), 7.22 (1H, d, /=9.0 Hz), 4.45 (2H, q, J/=7.2 Hz), 3.92 (3H, s), 3.50 (2H,
d, J=7.0 Hz), 2.97 (3H, s), 2.47 (2H, d, J=7.0 Hz), 1.45 (3H, t, J=7.2 Hz). 3C NMR (100.6 MHz,
CDCls, ppm) 6 161.7, 135.8, 133.5, 128.5, 126.0, 124.3, 123.1, 119.1, 113.6, 112.0, 61.2, 52.7,
42.8, 32.4, 17.8, 14.6. HRMS-ESI (m/z) caled for CisHioBrN3O, [M+H]" 364.0655, found

364.0665.
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Ethyl 5-bromo-3-(diprop-2-en-1-ylamino)-1-methyl-1H-indole-2-carboxylate (3j). Following
the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3j. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product as a yellow powder (126
mg, 67% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.69. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 54-55 °C. IR (film, cm™)
1707 (C=0); 'H NMR (400 MHz, CDCls, ppm) 8 7.86 (1H, d, /=1.8 Hz), 7.37 (1H, dd, J=9.0, 1.8
Hz), 7.19 (1H, d, J=9.0 Hz), 5.91-5.75 (2H, m), 5.18-5.09 (2H, m), 5.07-4.99 (2H, m), 4.43 (2H, q,
J=1.2 Hz), 3.90 (3H, s), 3.80 (4H, m), 1.45 (3H, t, J=7.2 Hz). '*C NMR (100.6 MHz, CDCls, ppm)
0 162.1, 136.4, 135.9, 134.3, 128.1, 126.8, 124.1, 123.8, 116.6, 113.0, 111.8, 60.9, 57.1, 32.4, 14.6.
HRMS-ESI (m/z) caled for CisH2:BrN2O, [M+H]"377.0859, found 377.0862.

175



N/

Br
N—co,Et
N

\

Ethyl 3-[benzyl(methyl)amino]-5-bromo-1-methyl-1H-indole-2-carboxylate (3k). Following the
general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3k. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 0%
EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded product as a yellow oil (130 mg,
65% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.47. IR (film, cm™) 1695
(C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.96-7.91 (1H, m), 7.44-7.36 (3H, m), 7.36-7.30 (2H,
m), 7.27-7.24 (1H, m), 7.20 (1H, d, J=9.0 Hz), 4.45 (2H, q, J=7.1 Hz), 4.37 (2H, s), 3.91 (3H, s),
2.85 (3H, s), 1.45 (3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCls, ppm) & 162.2, 139.9, 136.7,
136.0, 128.5, 128.4, 128.2, 127.1, 125.6, 123.8, 122.9, 112.8, 111.8, 61.2, 61.0, 41.9, 32.3, 14.6.
HRMS-ESI (m/z) calcd for C20H22BrN2O> [M+H]"401.0859, found 401.0855.
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Ethyl 5-bromo-3-[(cyclopropylmethyl)amino]-1-methyl-1H-indole-2-carboxylate QD).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 31. Purification
of the crude product by column chromatography (Biotage M+12 column) using gradient elution
from 5% EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded product as a yellow
powder (125 mg, 71% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.47.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 62-63 °C. IR
(film, cm™) 3355 (NH), 1690 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.95 (1H, d, J=1.8 Hz),
7.36 (1H, dd, J=9.0, 1.8 Hz), 7.09 (1H, d, J=9.0 Hz), 6.29-6.05 (1H, m), 4.40 (2H, q, J=7.2 Hz),
3.83 (3H, s), 3.41 (2H, d, J=6.9 Hz), 1.43 (3H, t, J/=7.2 Hz), 1.21-1.07 (1H, m), 0.61-0.53 (2H, m),
0.34-0.24 (2H, m). *C NMR (100.6 MHz, CDCl;3, ppm) & 163.3, 138.8, 137.8, 129.2, 125.2, 119.7,
111.7, 110.8, 110.7, 60.1, 52.0, 32.5, 14.7, 12.0, 3.5. HRMS-ESI (m/z) calcd for CisH20BrN2O>
[M+H]"351.0703, found 351.0733.
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Ethyl 5-bromo-3-[(1-ethylpropyl)amino]-1-methyl-1H-indole-2-carboxylate (3m). Following
the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3m. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 20% EtOAc/petroleum ether afforded product as a yellow powder (129
mg, 70% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.56. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 93-94 °C. IR (film, cm™)
3322 (NH), 1653 (C=0); 'H NMR (400 MHz, CDCIls, ppm) & 7.89 (1H, d, J=1.8 Hz), 7.37 (1H, dd,
J=9.0, 1.8 Hz), 7.10 (1H, d, J=9.0 Hz), 6.15-5.88 (1H, m), 4.39 (2H, q, J=7.2 Hz), 3.83 (3H, s),
3.75-3.64 (1H, m), 1.67-1.54 (4H, m), 1.42 (3H, t, J=7.2 Hz), 0.97 (6H, t, J=7.4 Hz). *C NMR
(100.6 MHz, CDCl3, ppm) & 163.4, 138.8, 138.0, 129.2, 125.1, 119.5, 111.8, 111.2, 110.7, 60.1,
58.0, 32.6, 27.9, 14.7, 10.1. HRMS-ESI (m/z) calcd for C17H24BrN,O, [M+H]" 367.1049, found
367.1049.
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Ethyl 5-bromo-3-(tert-butylamino)-1-methyl-1H-indole-2-carboxylate (3n). Following the
general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3n. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 20% EtOAc/petroleum ether afforded product as a yellow powder (134
mg, 76% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.45. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 54-55 °C. IR (film, cm™)
3328 (NH), 1696 (C=0); 'H NMR (400 MHz, CDCIls, ppm) & 7.93 (1H, d, J=1.8 Hz), 7.37 (1H, dd,
J=9.0, 1.8 Hz), 7.16 (1H, d, J=9.0 Hz), 4.95-4.70 (1H, br s), 4.41 (2H, q, J=7.2 Hz), 3.90 (3H, s),
1.45 (3H, t, J=7.2 Hz), 1.25 (9H, s). 3C NMR (100.6 MHz, CDCls, ppm) & 163.0, 137.0, 132.8,
128.5, 125.4, 125.4, 120.7, 112.5, 111.6, 60.7, 54.7, 32.5, 30.6, 14.6. HRMS-ESI (m/z) calcd for
Ci6H22BrN20O2 [M+H] " 353.0859, found 353.0862.
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Ethyl 5-bromo-3-[(2-cyanoethyl)amino]-1-methyl-1H-indole-2-carboxylate (30). Following the
general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 30. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 15%
EtOAc/petroleum ether to 75% EtOAc/petroleum ether afforded product as a yellow powder (110
mg, 63% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.26. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 62-63 °C. IR (film, cm™)
3340 (NH), 1691 (C=0), 2247 (C=N); 'H NMR (400 MHz, CDCls, ppm) & 7.81 (1H, d, J=1.8 Hz),
7.40 (1H, dd, J=9.0, 1.8 Hz), 7.16 (1H, d, J=9.0 Hz), 6.19-6.03 (1H, m), 4.43 (2H, q, J=7.2 Hz),
3.88 (3H, s), 3.83-3.76 (2H, m), 2.61 (2H, d, J=6.6 Hz), 1.44 (3H, q, J=7.2 Hz). 1*C NMR (100.6
MHz, CDCls, ppm) & 163.0, 137.3, 134.9, 129.3, 123.6, 119.7, 118.0, 113.7, 112.2, 111.8, 60.8,
43.1, 32.6, 19.4, 14.6. HRMS-ESI (m/z) caled for CisHi7BrN3O, [M+H]" 350.0499, found
350.0502.
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Ethyl 5-bromo-3-[(3-hydroxypropyl)amino]-1-methyl-1H-indole-2-carboxylate (3p). Following
the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3p. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product as a yellow powder (119
mg, 67% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R~=0.30. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 77-78 °C. IR (film, cm)
3421 (OH), 3356 (NH), 1660 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.98 (1H, d, J=1.8 Hz),
7.36 (1H, dd, J=9.0, 1.8 Hz), 7.09 (1H, d, J=1.8 Hz), 6.50-5.50 (1H, m), 4.39 (2H, q, J=7.2 Hz),
3.84 (2H, t, J=6.0 Hz), 3.82 (3H, s), 3.67 (2H, d, J=6.0 Hz), 2.27-1.67 (1H, m), 1.93 (2H, quintet,
J=6.0 Hz), 1.41 (3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCls, ppm) & 163.4, 138.6, 137.7,
129.6, 125.0, 119.7, 111.8, 111.2, 110.9, 61.0, 60.2, 44.3, 33.3, 32.6, 14.7. HRMS-ESI (m/z) calcd
for Ci1sH20BrN2O3; [M+H]*355.0652, found 355.0663.
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Ethyl 5-bromo-3-(2-[(tert-butoxycarbonyl)(methyl)amino]ethylamino)-1-methyl-1H-indole-2-
carboxylate (3q). Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted
into 3q. Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 40% EtOAc/petroleum ether afforded product
as a yellow powder (166 mg, 73% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R~=0.38. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 102-
103 °C. IR (film, cm™") 3341 (NH), 1694 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 8.05-7.86
(1H, m), 7.37 (1H, dd, J=9.0, 1.6 Hz), 7.11 (1H, d, J=9.0 Hz), 6.32-6.09 (1H, m), 4.39 (2H, q, J=7.2
Hz), 3.84 (3H, s), 3.75-3.62 (2H, m), 3.56-3.39 (2H, m), 2.90 (3H, s), 1.51-1.34 (9H, m), 1.41 (3H,
t, J=7.2 Hz). 3C NMR (100.6 MHz, CDCls, ppm) & 163.3, 138.0, 137.7, 129.2, 124.9, 124.6, 119.4,
111.9, 111.0, 79.8, 60.2, 49.5, 44.9, 32.6, 28.5, 14.7. HRMS-ESI (m/z) calcd for C0H29BrN3O4
[M+H]"454.1336, found 454.1338.
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Ethyl  5-bromo-1-methyl-3-[(2-morpholin-4-ylethyl)amino]-1H-indole-2-carboxylate  (3r).
Following the general procedure, indole 1la (141 mg, 0.50 mmol) was converted into 3r.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 10% EtOAc/petroleum ether to 75% EtOAc/petroleum ether afforded product
as a yellow powder (82 mg, 40% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
R~=0.10. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 96-97
°C . IR (film, cm™) 3347 (NH), 1685 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 8.00 (1H, d, J=1.8
Hz), 7.36 (1H, dd, J=9.0, 1.8 Hz), 7.10 (1H, d, J=9.0 Hz), 6.62-6.09 (1H, m), 4.41 (2H, q, J=7.2
Hz), 3.84 (3H, s), 3.77-3.71 (4H, m), 3.67 (2H, d, J=6.2 Hz), 2.67 (2H, d, J=6.2 Hz), 2.56-2.43 (4H,
m), 1.44 (3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCl3, ppm) & 163.1, 138.3, 137.8, 129.1,
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125.1, 119.7, 111.8, 110.8, 110.8, 67.1, 60.1, 58.2, 53.6, 43.5, 32.5, 14.8. HRMS-ESI (m/z) calcd
for Ci13H2sBrN3;O3 [M+H]"410.1074, found 410.1084.
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Ethyl  S-bromo-3-[(2,2,3,3,4,4,4-heptafluorobutyl)amino]-1-methyl-1H-indole-2-carboxylate
(3s). Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3s.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded product
as a yellow powder (180 mg, 75% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
R~=0.48. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 57-58
°C. IR (film, cm!) 3344 (NH), 1704 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.80 (1H, d, J=1.8
Hz), 7.41 (1H, dd, J=9.0, 1.8 Hz), 7.17 (1H, d, J/=9.0 Hz), 6.15 (1H, t, J=7.4 Hz), 4.43 (2H, q, J=7.2
Hz), 4.09 (2H, dt, J=15.4, 7.4 Hz), 3.89 (3H, s), 1.43 (3H, t, J/=7.2 Hz). 3*C NMR (100.6 MHz,
CDCIs, ppm) 6 162.9, 137.2, 135.1, 129.3, 123.3, 119.5, 114.0, 112.2, 112.0, 110.2, 60.8, 47.1,
32.5, 14.5. HRMS-ESI (m/z) calcd for Ci6H5sBrF7N20O2 [M+H]"479.0200, found 479.0198.
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Ethyl 5-bromo-1-methyl-3-[2-(tritylsulfanyl)ethyl]amino-1H-indole-2-carboxylate (3¢).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3t. Purification
of the crude product by column chromatography (Biotage M+12 column) using gradient elution
from 5% EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded product as a yellow
powder (219 mg, 73% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.38.
Pure material was obtained by crystallization from diethylether/petroleum ether: mp 131-132 °C. IR
(film, cm™) 3346 (NH), 1689 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.74 (1H, d, J=1.8 Hz),
7.45-7.40 (6H, m), 7.36 (1H, dd, J=9.0, 1.8 Hz), 7.29-7.23 (6H, m), 7.22-7.15 (3H, m), 7.10 (1H, d,
J=9.0 Hz), 6.11-5.95 (1H, m), 4.36 (2H, q, J/=7.2 Hz), 3.84 (3H, s), 3.40-3.30 (2H, m), 2.48 (2H, t,
J=7.0 Hz), 1.38 (3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCls, ppm) & 163.1, 144.8, 137.7,
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137.2, 129.7, 129.1, 128.0, 126.8, 124.8, 119.6, 111.8, 111.0, 66.9, 60.3, 45.7, 32.9, 32.5, 14.7.
HRMS-ESI (m/z) calcd for C33H32BrN202S [M+H]"599.1362, found 599.1344.
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Ethyl 5-bromo-3-[(2,2-dimethoxyethyl)amino]-1-methyl-1H-indole-2-carboxylate (Bu).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3u.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product
as a yellow powder (154 mg, 80% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
R~=0.29. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 50-51
°C. IR (film, cm™) 3362 (NH), 1690 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.95 (1H, d, J=1.8
Hz), 7.37 (1H, dd, J=9.0, 1.8 Hz), 7.12 (1H, d, J=9.0 Hz), 6.21-5.96 (1H, m), 4.60 (1H, t, J=5.6
Hz), 4.40 (2H, q, J=7.2 Hz), 3.85 (3H, s), 3.65 (2H, d, J=5.6 Hz), 3.43 (6H, s), 1.43 (3H, t, J=7.2
Hz). 13C NMR (100.6 MHz, CDCls, ppm) & 163.1, 137.7, 137.4, 129.1, 124.7, 119.7, 111.8, 111.8,
111.1, 103.0, 60.3, 53.9, 48.4, 32.4, 14.6. HRMS-ESI (m/z) caled for CisH22BrN>O4 [M+H]*
385.0757, found 385.0777.
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Ethyl 5-bromo-1-methyl-3-(prop-2-en-1-ylamino)-1H-indole-2-carboxylate (3v). Following the
general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3v. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 20% EtOAc/petroleum ether afforded product as a yellow powder (143
mg, 80% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.46. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 56-57 °C. IR (film, cm™)
3356 (NH), 1706 (C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.92 (1H, d, /=1.8 Hz), 7.36 (1H, dd,
J=9.0, 1.8 Hz), 7.10 (1H, d, J/=9.0 Hz), 6.29-6.13 (1H, m), 6.03 (1H, ddt, J/=17.2, 10.3, 5.2 Hz), 5.34
(1H, dd, J=17.2, 1.6 Hz), 5.19 (1H, dd, J/=10.3, 1.6 Hz), 4.40 (2H, q, /=7.2 Hz), 4.16 (2H, d, J=5.2
Hz), 3.83 (3H, s), 1.42 (3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCls;, ppm) & 163.4, 138.5,
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137.8, 135.9, 129.2, 125.1, 119.4, 116.3, 111.8, 111.1, 110.9, 60.2, 49.1, 32.6, 14.7. HRMS-ESI
(m/z) caled for C1sHi1sBrN2O2 [M+H]" 337.0546, found 337.0574.
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Ethyl 5-bromo-1-methyl-3-(prop-2-yn-1-ylamino)-1H-indole-2-carboxylate (3w). Following the
general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3w. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product as a yellow powder (119
mg, 71% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.38. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 101-102 °C. IR (film, cm™)
3293 (NH), 1705 (C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.96 (1H, d, /=1.8 Hz), 7.39 (1H, dd,
J=9.0, 1.8 Hz), 7.14 (1H, d, J=9.0 Hz), 6.21-6.00 (1H, m), 4.41 (2H, q, J/=7.2 Hz), 4.27-4.20 (2H,
m), 3.87 (3H, s), 2.26 (1H, t, J/=2.4 Hz), 1.43 (3H, t, J=7.2 Hz). 3C NMR (100.6 MHz, CDCls,
ppm) & 163.1, 137.4, 136.3, 129.2, 124.5, 119.9, 113.2, 111.9, 111.5, 81.4, 72.4, 60.5, 36.9, 32.5,
14.6. HRMS-ESI (m/z) calcd for C15H1sBrN2O2 [M+H]*335.0390, found 335.0423.
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Ethyl  S-bromo-3-[2-(4-chlorophenyl)ethyl]amino-1-methyl-1H-indole-2-carboxylate  (3x).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3x.
Purification of the crude product by column chromatography (Biotage M-+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded product
as a yellow powder (181 mg, 83% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
R~=0.45. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 112-
113 °C. IR (film, cm™) 3346 (NH), 1685 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.93 (1H, d,
J=1.6 Hz), 7.38 (1H, dd, J=9.0, 1.6 Hz), 7.30-7.26 (2H, m), 7.18-7.14 (2H, m), 7.12 (1H, d, J=9.0
Hz), 6.19-5.92 (1H, m), 4.31 (2H, q, J=7.1 Hz), 3.84 (3H, s), 3.78 (2H, d, J/=7.0 Hz), 2.92 (2H, d,
J=7.0 Hz), 1.32 (3H, t, J=7.1 Hz). *C NMR (100.6 MHz, CDCls, ppm) & 163.2, 137.8, 137.7,
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137.7, 132.4, 130.3, 129.2, 128.8, 124.8, 119.6, 111.9, 111.4, 111.0, 60.2, 47.9, 36.5, 32.6, 14.6.
HRMS-ESI (m/z) calcd for C2oH21BrCIN,O> [M+H]"435.0469, found 435.0523.
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Ethyl 5-bromo-3-[(4-iodobenzyl)amino]-1-methyl-1H-indole-2-carboxylate (3y). Following the
general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3y. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product as a yellow powder (197
mg, 77% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.33. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 128-129 °C. IR (film, cm™)
3362 (NH), 1695 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.84 (1H, d, J=1.8 Hz), 7.71-7.61
(2H, m), 7.36 (1H, dd, J=9.0, 1.8 Hz), 7.14-7.09 (3H, m), 6.73-6.04 (1H, m), 4.66-4.63 (2H, m),
4.37 (2H, q, J=7.2 Hz), 3.84 (3H, s), 1.36 (3H, t, J=7.2 Hz). 3C NMR (100.6 MHz, CDCl3, ppm) &
163.3, 139.7, 138.5, 137.9, 137.9, 137.6, 130.9, 129.4, 129.3, 124.8, 1194, 111.9, 111.7, 111.1,
92.8, 60.3, 50.5, 32.6, 14.6. HRMS-ESI (m/z) caled for Ci9Hi9BrIN2O2 [M+H]" 512.9669, found
512.9672.
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Ethyl 5-bromo-1-methyl-3-[(pyridin-4-ylmethyl)amino]-1H-indole-2-carboxylate (3z).
Following the general procedure, indole la (141 mg, 0.50 mmol) was converted into 3z.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 10% EtOAc/petroleum ether to 70% EtOAc/petroleum ether afforded product
as a brown powder (153 mg, 79% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R=0.22. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 99-
100 °C. IR (film, cm™) 3347 (NH), 1691 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 8.56 (2H, d,
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J=4.8 Hz), 7.74 (1H, d, J=1.8 Hz), 7.35 (1H, dd, J=9.0, 1.8 Hz), 7.31 (2H, d, J=4.8 Hz), 7.11 (1H,
d, J=9.0 Hz), 6.58 (1H, t, J=6.6 Hz), 4.72 (2H, d, J=6.6 Hz), 4.39 (2H, q, J=7.2 Hz), 3.85 3H, s),
1.39 (3H, t, J=7.2 Hz). 3C NMR (100.6 MHz, CDCls, ppm) & 163.4, 150.3, 149.2, 137.7, 137.5,
129.3, 124.4, 122.1, 119.2, 112.0, 111.8, 111.2, 60.4, 49.7, 32.6, 14.6. HRMS-ESI (m/z) calcd for
C1sH19BrN;0; [M+H]" 388.0655, found 388.0665.
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Ethyl 5-bromo-1-methyl-3-[(4-methylphenyl)amino|-1H-indole-2-carboxylate (3aa). Following
the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3aa. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded product as a yellow powder (141
mg, 73% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.40. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 109-110 °C. IR (film, cm™)
3345 (NH), 1700 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.51 (I1H, d, J=1.8 Hz), 7.43-7.36
(2H, m), 7.19 (1H, d, J=9.0 Hz), 7.09-7.03 (2H, m), 6.91-6.85 (2H, m), 4.40 (2H, q, J/=7.2 Hz), 3.94
(3H, s), 2.32 (3H, s), 1.42 (3H, t, J=7.2 Hz). 3C NMR (100.6 MHz, CDCls, ppm) & 162.9, 141.3,
137.1, 130.9, 130.6, 129.8, 129.1, 125.1, 121.0, 118.4, 115.9, 111.9, 111.6, 60.8, 32.5, 20.8, 14.6.
HRMS-ESI (m/z) calcd for C19H20BrN2O> [M+H]*387.0703, found 387.0703.
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Ethyl 5-bromo-3-[(4-bromophenyl)amino]-1-methyl-1H-indole-2-carboxylate (3ab). Following

Br

the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3ab. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product as a yellow powder (167
mg, 74% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.37. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 179-180 °C. IR (film, cm™)
3346 (NH), 1700 (C=0); 'H NMR (400 MHz, CDCl3, ppm) & 7.54-7.49 (1H, m), 7.44-7.40 (1H,
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m), 7.35-7.30 (2H, m), 7.29-7.27 (1H, m), 7.22 (1H, d, J=9.0 Hz), 6.83-6.77 (2H, m), 4.41 (2H, q,
J=7.2 Hz), 3.96 (3H, s), 1.41 (3H, t, /=7.2 Hz). 3C NMR (100.6 MHz, CDCls, ppm) 8 162.7, 143.3,
136.9, 132.1, 129.2, 128.5, 124.6, 121.3, 118.9, 117.2, 113.0, 112.3, 112.1, 61.0, 32.6, 14.5.
HRMS-ESI (m/z) caled for C1sHi7BrN,0, [M+H]* 450.9651, found 450.9645.
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Ethyl 5-bromo-3-[(4-methoxyphenyl)amino]-1-methyl-1H-indole-2-carboxylate (3ac).
Following the general procedure, indole 1la (141 mg, 0.50 mmol) was converted into 3ac.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product
as a yellow powder (110 mg, 54% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
R~=0.37. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 112-
113 °C. IR (film, cm™") 3405 (NH), 1700 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.46 (1H, s),
7.39-7.35 (2H, m), 7.19-7.14 (1H, m), 7.00-6.96 (2H, m), 6.87-6.82 (2H, m), 4.41 (2H, q, J=7.2
Hz), 3.92 (3H, s), 3.81 (3H, s), 1.42 (3H, t, J/=7.2 Hz). 1*C NMR (100.6 MHz, CDCl3, ppm) 8 163.1,
155.4,137.4, 136.8, 132.2, 129.2, 125.1, 121.4, 120.3, 114.7, 114.6, 111.8, 111.3, 60.7, 55.8, 32.6,
14.6. HRMS-ESI (m/z) calcd for C19H20BrN2O3 [M+H]"403.0652, found 403.0647.
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Ethyl 5-bromo-3-[4-(methoxycarbonyl)phenyl]amino-1-methyl-1H-indole-2-carboxylate (3ad).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3ad.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product
as a yellow powder (149 mg, 69% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R~=0.28. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 126-
127 °C. IR (film, cm™) 3362 (NH), 1707 (C=0), 1700 (C=0); 'H NMR (400 MHz, CDCl3, ppm) &
7.95-7.87 (2H, m), 7.58 (1H, d, /=1.8 Hz), 7.44 (1H, dd, J=9.0, 1.8 Hz), 7.32 (1H, s), 7.25 (1H, d,
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J=9.0 Hz), 6.89-6.81 (2H, m), 4.40 (2H, q, J=7.2 Hz), 3.98 (3H, s), 3.87 (3H, ), 1.39 (3H, t, J=7.2
Hz). 3C NMR (100.6 MHz, CDCls, ppm) 8 167.2, 162.4, 148.7, 136.6, 131.4, 129.2, 126.4, 124.4,
121.9, 121.5, 118.5, 1152, 112.7, 112.2, 61.1, 51.9, 32.5, 14.5. HRMS-ESI (m/z) calcd for
Ca0Ha0BrN2O4 [M+H]* 431.0601, found 431.0593.
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Ethyl 5-bromo-1-methyl-3-[(4-nitrophenyl)amino]-1H-indole-2-carboxylate (3ae). Following
the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3ae. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 10%
EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded product as a orange powder (140
mg, 67% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R~=0.23. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 137-138 °C. IR (film, cm™)
3356 (NH), 1707 (C=0), 1598 (N=0); '"H NMR (400 MHz, CDCIls, ppm) & 8.17-8.07 (2H, m), 7.56
(1H, d, J=1.8 Hz), 7.47 (1H, dd, J=9.0, 1.8 Hz), 7.38 (1H, s), 7.30 (1H, d, J=9.0 Hz), 6.85-6.79 (2H,
m), 441 (2H, q, J=7.2 Hz), 4.01 (3H, s), 1.39 (3H, t, J=7.2 Hz). *C NMR (100.6 MHz, CDCls,
ppm) & 162.0, 150.5, 140.4, 136.4, 129.4, 126.2, 124.4, 123.8, 122.1, 119.7, 114.5, 113.4, 112.4,
61.4,32.6, 14.5. HRMS-ESI (m/z) calcd for CisH17BrN3O4 [M+H]"418.0397, found 418.0394.
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Ethyl 5-bromo-1-methyl-3-[(4-sulfamoylphenyl)amino]-1H-indole-2-carboxylate (3af).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into indole 3af.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 0% MeOH/CH>Cl, to 10% MeOH/CHCl, afforded product as a yellow
powder (140 mg, 62% yield); analytical TLC on silica gel, 1:10 MeOH/CH2Cl,, R~=0.40. Pure
material was obtained by crystallization from diethylether/petroleum ether: mp 157-158 °C. IR
(film, cm) 3413 (NH), 1708 (C=0), 1304 (SO2); 'H NMR (400 MHz, DMSO-ds, ppm) & 8.31-8.26
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(1H, m), 7.65 (1H, d, J=9.0 Hz), 7.59-7.54 (2H, m), 7.53 (1H, d, J=1.8 Hz), 7.49 (1H, dd, J=9.0, 1.8
Hz), 7.01 (2H, s), 6.78-6.71 (2H, m), 4.20 (2H, q, J=7.2 Hz), 3.99 (3H, s), 1.12 (3H, t, J=7.2 Hz).
13C NMR (100.6 MHz, DMSO-ds, ppm) 5 160.9, 149.5, 135.9, 132.5, 128.1, 127.2, 123.5, 122.7,
1222, 1219, 113.6, 112.8, 112.3, 64.9, 60.5, 32.2, 13.8. HRMS-ESI (m/z) caled for
Ci1sH19BrN304S [M+H]* 452.0274, found 452.0276.
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Ethyl 5-bromo-1-methyl-3-[2-(1-methylethyl)phenyl]amino-1H-indole-2-carboxylate (3ag).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3ag.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product
as a yellow powder (164 mg, 79% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
R~=0.50. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 96-97
°C. IR (film, cm™) 3340 (NH), 1700 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.51 (1H, s), 7.38
(1H, dd, J=9.0, 1.8 Hz), 7.33 (1H, dd, J=7.0, 2.0 Hz), 7.29 (1H, d, J=1.8 Hz), 7.18 (1H, d, J=9.0
Hz), 7.06 (2H, ddd, J=7.0, 2.0, 2.0 Hz), 6.96 (1H, dd, J=7.0, 2.0 Hz), 4.43 (2H, q, /=7.2 Hz), 3.94
(3H, s), 3.35 (1H, q, J=6.8 Hz), 1.42 (3H, t, J/=7.2 Hz), 1.35 (6H, d, J=6.8 Hz). 3C NMR (100.6
MHz, CDCI3, ppm) 6 163.1, 140.3, 139.1, 137.4, 131.9, 129.2, 126.3, 125.8, 125.2, 122.8, 120.3,
119.8, 115.0, 111.8, 111.4, 110.2, 60.7, 32.6, 28.0, 23.0, 14.7. HRMS-ESI (m/z) calcd for
C21H24BrN2O; [M+H]"415.1016, found 415.1007.
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Ethyl 5-bromo-1-methyl-3-[(2,4,6-trimethylphenyl)amino]-1H-indole-2-carboxylate (3ah).
Following the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3ah.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded product
as a yellow powder (158 mg, 76% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
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R~=0.51. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 161-
162 °C. IR (film, cm™") 3325 (NH), 1654 (C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.53 (1H, s),
7.27 (1H, dd, J=9.0, 1.8 Hz), 7.05 (1H, d, J=9.0 Hz), 7.00-6.94 (2H, m), 6.54 (1H, d, J=1.8 Hz),
4.46 (2H, q, J=7.2 Hz), 3.88 (3H, s), 2.36 (3H, s), 2.18 (6H, s), 1.45 (3H, t, J=7.2 Hz). 3C NMR
(100.6 MHz, CDCl3, ppm) 6 163.6, 137.8, 137.6, 137.0, 136.7, 136.0, 129.4, 129.2, 124.3, 118.7,
111.4,110.6, 109.3, 60.1, 32.6, 21.2, 18.5, 14.8. HRMS-ESI (m/z) calcd for C21H24BrN2O> [M+H]*

415.1016, found 415.1045.
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Ethyl 5-bromo-1-methyl-3-[methyl(phenyl)amino]-1H-indole-2-carboxylate (3ai). Following
the general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3ai. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 0%
EtOAc/petroleum ether to 20% EtOAc/petroleum ether afforded product as a yellow oil (149 mg,
77% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.50. IR (film, cm™) 1705
(C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.64 (1H, d, J=1.8 Hz), 7.44 (1H, dd, J=8.8, 1.8 Hz),
7.31 (1H, d, J=8.8 Hz), 7.14 (2H, dd, J=8.2, 7.4 Hz), 6.70 (1H, dd, J=7.4, 7.4 Hz), 6.57 (2H, d,
J=8.2 Hz), 4.16 (2H, q, J=7.2 Hz), 4.05 (3H, s), 3.31 (3H, s), 1.08 (3H, t, J/=7.2 Hz). 3C NMR
(100.6 MHz, CDCls, ppm) & 161.5, 149.6, 136.3, 129.7, 128.9, 128.7, 125.7, 124.8, 122.9, 116.9,
114.1, 112.5, 112.0, 60.9, 39.8, 32.3, 14.1. HRMS-ESI (m/z) calcd for Ci9H20BrN,O, [M+H]"
387.0703, found 387.0702.
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Ethyl 5-bromo-1-methyl-3-(pyrimidin-2-ylamino)-1H-indole-2-carboxylate (3aj). Following the
general procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3ak. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 15%
EtOAc/petroleum ether to 75% EtOAc/petroleum ether afforded product as a yellow powder (122
mg, 65% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.15. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 160-161 °C. IR (film, cm™)
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2981 (NH), 1705 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 8.39 (2H, d, J/=4.8 Hz), 8.07 (1H, s),
7.93-7.84 (1H, m), 7.42 (1H, d, J=9.0 Hz), 7.22 (1H, d, J=9.0 Hz), 6.72 (1H, dd, J=4.8, 4.8 Hz),
4.40 (2H, q, J=7.2 Hz), 3.98 (3H, s), 1.37 (3H, t, J=7.2 Hz). 3C NMR (100.6 MHz, CDCl3, ppm) &
162.1, 160.9, 158.4, 136.6, 128.9, 126.0, 123.5, 122.9, 119.1, 112.9, 112.8, 111.9, 61.1, 32.4, 14.4.
HRMS-ESI (m/z) caled for CisH16BrN4O, [M+H]"375.0451, found 375.0433.
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Ethyl 3-amino-5-bromo-1-methyl-1H-indole-2-carboxylate (3ak). Following the general
procedure, indole 1a (141 mg, 0.50 mmol) was converted into 3ak. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 10%
EtOAc/petroleum ether to 40% EtOAc/petroleum ether afforded product as a yellow powder (105
mg, 71% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, Rf=0.46. Pure material
was obtained by crystallization from diethylether/petroleum ether: mp 107-108 °C. 'H NMR (400
MHz, CDCls, ppm) 6 7.66 (1H, d, J=1.8 Hz), 7.38 (1H, dd, J=8.9, 1.8 Hz), 7.09 (1H, d, /=8.9 Hz),
4.88-4.69 (2H, br s), 4.41 (2H, q, J/=7.2 Hz), 3.85 (3H, s), 1.43 (3H, t, J/=7.2 Hz).

Experimental Procedures for C-H amination of Heterocycles Ssm—20sm and Arenes 21sm—

31sm.
(0]
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Prop-2-en-1-yl 5-bromo-1-methyl-3-morpholin-4-yl-1H-indole-2-carboxylate (5). Following the
general procedure, indole Ssm (147 mg, 0.50 mmol) was converted into 5. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 40% EtOAc/petroleum ether afforded 5 as a yellow powder (131 mg,
69% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.39. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 68-69 °C. IR (film, cm™) 1700
(C=0); '"H NMR (400 MHz, CDCl3, ppm) & 7.98 (1H, d, J=1.8 Hz), 7.39 (1H, dd, J=9.0, 1.8 Hz),
7.21 (1H, d, J=9.0 Hz), 6.16-6.01 (1H, m), 5.50-5.40 (1H, m), 5.37-5.30 (1H, m), 4.90-4.84 (2H,
m), 3.89 (3H, s), 3.86-3.81 (4H, m), 3.31-3.25 (4H, m). 3C NMR (100.6 MHz, CDCls, ppm)
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161.6, 136.1, 135.5, 132.2, 128.3, 124.7, 124.0, 122.2, 119.4, 112.9, 112.0, 68.0, 65.8, 52.9, 32.4.
HRMS-ESI (m/z) calcd for C17H20BrN2O3 [M+H]"379.0652, found 379.0643.
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tert-Butyl  5-bromo-3-[(cyclopropylmethyl)amino]-1-methyl-1H-indole-2-carboxylate  (6).
Following the general procedure, indole 6sm (155 mg, 0.50 mmol) was converted into 6.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 6 as a
yellow powder (150 mg, 79% vyield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R~=0.64. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 62-63
°C. IR (film, cm™) 3353 (NH), 1685 (C=0); 'H NMR (400 MHz, CDCIls, ppm) & 7.93 (1H, d, J=1.8
Hz), 7.34 (1H, dd, J=9.0, 1.8 Hz), 7.09 (1H, d, J=9.0 Hz), 6.41-5.49 (1H, m), 3.83 (3H, s), 3.39
(2H, d, J=7.0 Hz), 1.64 (9H, s), 1.18-1.07 (1H, m), 0.61-0.52 (2H, m), 0.34-0.25 (2H, m). '3C NMR
(100.6 MHz, CDCls, ppm) 6 162.7, 137.8, 137.5, 128.8, 125.0, 119.9, 112.1, 111.7, 110.7, 81.5,

52.2, 32.5, 28.8, 12.0, 3.6. HRMS-ESI (m/z) calcd for CigH24BrN,O, [M+H]" 379.1016, found
379.1015.
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5-Bromo-3-[(4-bromophenyl)amino]-1-methyl-1H-indole-2-carbonitrile (7a). Following the
general procedure, indole 7sm (118 mg, 0.50 mmol) was converted into 7a. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 7a as a white powder (170 mg,
84% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.44. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 145-146 °C. IR (film, cm™') 3343
(NH), 2212 (C=N); 'H NMR (400 MHz, CDCls, ppm) & 7.55 (1H, d, J=1.8 Hz), 7.49 (1H, dd,
J=9.0, 1.8 Hz), 7.35-7.30 (2H, m), 7.23 (1H, d, J/=9.0 Hz), 6.72-6.67 (2H, m), 5.69 (1H, s), 3.85
(3H, s). 3C NMR (100.6 MHz, CDCls, ppm) & 143.3, 136.1, 132.3, 129.8, 127.9, 123.2, 122.9,
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117.1, 114.1, 112.6, 112.5, 112.1, 105.1, 31.9. HRMS-ESI (m/z) calcd for CisHi2BroN3 [M+H]*
403.9392, found 403.9401.
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5-Bromo-1-methyl-3-morpholin-4-yl-1H-indole-2-carbonitrile (7b). Following the general
procedure, indole 7sm (118 mg, 0.50 mmol) was converted into 7b. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 7b as a yellow powder (123 mg,
77% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.33. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 166-167 °C. IR (film, cm!) 2207
(C=N); 'H NMR (400 MHz, CDCIls, ppm) & 7.82-7.72 (1H, m), 7.50-7.38 (1H, m), 7.14 (1H, d,
J=8.8 Hz), 3.94-3.85 (4H, m), 3.75 (3H, s), 3.44-3.32 (4H, m). 3C NMR (100.6 MHz, CDC]l3, ppm)
0 139.3, 136.2, 129.5, 123.3, 122.3, 114.6, 113.3, 111.8, 100.4, 67.2, 52.5, 31.3. HRMS-ESI (m/z)
caled for C14H15BrN;O [M+H]*320.0393, found 320.0386.
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Ethyl 4,6-dichloro-3-morpholino-1-[2-(trimethylsilyl)ethoxy]methyl-1H-indole-2-carboxylate
(8). Following the general procedure, indole 8sm (194 mg, 0.50 mmol) was converted into indole 8.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 8 as a
colorless oil (118 mg, 50% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R~0.64. IR (film, cm™) 1707 (C=0); 'H NMR (400 MHz, CDCl3, ppm) & 7.41-7.36 (1H, m), 7.17-
7.11 (1H, m), 5.68 (2H, s), 4.47 (2H, q, J/=7.2 Hz), 3.89-3.76 (4H, m), 3.45 (2H, t, J/=8.0 Hz), 3.41-
2.85 (4H, m), 1.46 (3H, t, J/=7.2 Hz), 0.85 (2H, t, J=8.0 Hz), -0.07 (9H, s). 3C NMR (100.6 MHz,
CDCIs, ppm) 8 162.2, 138.3, 135.0, 131.0, 128.0, 125.1, 123.1, 120.8, 109.8, 73.5, 67.6, 66.2, 61.8,
51.7, 17.9, 14.7, 1.4. HRMS-ESI (m/z) caled for CH31ClbN2O4Si [M+H]" 473.1425, found
473.1444.
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Ethyl 5-bromo-1-(3-chlorophenyl)-3-[(cyclopropylmethyl)amino]-1H-indole-2-carboxylate (9).
Following the general procedure, indole 9sm (189 mg, 0.50 mmol) was converted into 9.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 9 as a
yellow powder (161 mg, 72% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R=0.68. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 80-81
°C. IR (film, cm) 3347 (NH), 1698 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 8.02 (1H, d, J=1.8
Hz), 7.41-7.34 (2H, m), 7.31 (1H, dd, J=9.0, 1.8 Hz), 7.26-7.24 (1H, m), 7.18-7.12 (1H, m), 6.89
(1H, d, J=9.0 Hz), 6.59-6.41 (1H, m), 4.11 (2H, q, J/=7.2 Hz), 3.51 (2H, d, J=6.8 Hz), 1.24-1.15
(IH, m), 1.00 (3H, t, J=7.2 Hz), 0.65-0.57 (2H, m), 0.38-0.30 (2H, m). '*C NMR (100.6 MHz,
CDClIs, ppm) & 162.8, 141.0, 140.8, 138.8, 134.4, 130.1, 129.8, 128.4, 127.6, 126.2, 125.3, 120.6,
113.0, 112.2, 110.6, 59.8, 51.4, 14.0, 12.0, 3.6. HRMS-ESI (m/z) calcd for Cz1H2:BrCIN2O>
[M+H]"447.0469, found 447.0455.
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Methyl 1-(2-bromobenzyl)-4-[(4-bromophenyl)amino]-2,5-dimethyl-1H-pyrrole-3-carboxylate

r

(10a). Following the general procedure, pyrrole 10sm (161 mg, 0.50 mmol) was converted into 10a.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded 10a as a
yellow oil (172 mg, 70% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.44.
IR (film, cm™) 3374 (NH), 1696 (C=0); 'H NMR (400 MHz, CDCl3, ppm) & 7.60 (1H, d, J=8.0
Hz), 7.25-7.20 (3H, m), 7.20-7.15 (1H, m), 6.57-6.48 (2H, m), 6.31 (1H, d, /=8.0 Hz), 6.09 (1H, s),
5.07 (2H, s), 3.75 (3H, s), 2.41 (3H, s), 1.93 (3H, s). *C NMR (100.6 MHz, CDCls, ppm) & 166.1,
146.8, 136.0, 134.0, 132.9, 131.9, 129.3, 128.3, 126.5, 123.6, 122.3, 121.7, 116.1, 110.1, 106.6,
50.9, 47.7, 11.6, 10.0. HRMS-ESI (m/z) calcd for Cz1H21Br:NoN2O2 [M+H]" 490.9964, found
490.9950.
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Methyl 1-(2-bromobenzyl)-2,5-dimethyl-4-morpholin-4-yl-1H-pyrrole-3-carboxylate (10b).
Following the general procedure, pyrrole 10sm (161 mg, 0.50 mmol) was converted into 10b.
Purification of the crude product by column chromatography (Biotage M-+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded 10b as a
yellow powder (126 mg, 62% vyield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether,
R~0.25. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 99-
100 °C. IR (film, cm™) 1695 (C=0); '"H NMR (400 MHz, CDCls, ppm) & 7.57 (1H, dd, J=7.8, 1.4
Hz), 7.19 (1H, ddd, J=7.8, 7.4, 1.4 Hz), 7.13 (1H, ddd, J=7.8, 7.4, 1.4 Hz), 6.23 (1H, d, J/=7.4 Hz),
5.00 (2H, s), 3.85 (3H, s), 3.79-3.75 (4H, m), 3.09-3.02 (4H, m), 2.34 (3H, s), 2.07 (3H, s). °C
NMR (100.6 MHz, CDCIl3, ppm) & 166.3, 136.3, 134.0, 132.9, 132.8, 129.1, 128.2, 126.7, 124.7,
121.6, 108.7, 68.5, 51.9, 50.8, 47.7, 11.4, 9.0. HRMS-ESI (m/z) calcd for Ci9H24BrN,O3 [M+H]*
407.0965, found 407.0956.

Br
\@choza
"

Ethyl 5-[(4-bromophenyl)amino]-1,4-dimethyl-1H-pyrrole-2-carboxylate (11a). Following the
general procedure, pyrrole 11sm (84 mg, 0.50 mmol) was converted into 11a. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded 11a as a yellow oil (101 mg, 60%
yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.48 (product is unstable!). IR
(film, cm™) 3345 (NH), 1702 (C=0); 'H NMR (400 MHz, CDCl3, ppm) § 7.25-7.21 (2H, m), 6.82
(1H, s), 6.42-6.37 (2H, m), 5.27 (1H, s), 4.27 (2H, q, J/=7.1 Hz), 3.67 (3H, s), 1.89 (3H, s), 1.34
(3H, t, J=7.1 Hz). 3C NMR (100.6 MHz, CDCl3, ppm) 8 161.4, 145.2, 132.6, 132.3, 119.3, 117.3,
115.1, 114.3, 111.0, 59.8, 31.7, 14.6, 10.5. HRMS-ESI (m/z) calcd for CisHisBrN>O> [M+H]*
337.0546, found 337.0547.
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Ethyl 1,4-dimethyl-5-morpholin-4-yl-1H-pyrrole-2-carboxylate (11b). Following the general
procedure, pyrrole 11sm (84 mg, 0.50 mmol) was converted into 11b. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded 11b as a yellow oil (78 mg, 62%
yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.40 (product is unstable!). IR
(film, cm™) 1692 (C=0) ; 'H NMR (400 MHz, CDCls, ppm) & 6.67 (1H, s), 4.24 (2H, q, J=7.1 Hz),
3.82-3.77 (4H, m), 3.76 (3H, s), 3.17-2.96 (4H, m), 2.12 (3H, s), 1.31 (3H, t, J=7.1 Hz). 3*C NMR
(100.6 MHz, CDCl3, ppm) 6 161.4, 142.7, 130.2, 128.9, 118.3, 117.4, 111.5, 67.8, 59.6, 51.0, 31.2,
14.6, 12.0. HRMS-ESI (m/z) calcd for Ci2H21N2O3 [M+H]"253.1547, found 253.1543.

4-{1-[(4-Bromophenyl)carbonyl]-2,5-dimethyl-1H-pyrrol-3-yl}morpholine (12). Following the
general procedure, pyrrole 12sm (139 mg, 0.50 mmol) was converted into 12. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 12 as a orange powder (114 mg,
63% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.40. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 92-93 °C. IR (film, cm™) 1690
(C=0); 'H NMR (400 MHz, CDCl3, ppm) & 7.63-7.58 (2H, m), 7.58-7.52 (2H, m), 5.91 (1H, s),
3.83-3.76 (4H, m), 2.89-2.81 (4H, m), 2.09 (3H, s), 1.94 (3H, s). 1*C NMR (100.6 MHz, CDCls,
ppm) 6 169.7, 137.9, 134.8, 132.1, 131.7, 128.8, 128.2, 119.3, 105.0, 67.4, 53.3, 15.1, 12.5. HRMS-
ESI (m/z) calcd for C17H20BrN2O, [M+H]"363.0703, found 363.0704.
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Methyl 5-[(4-bromophenyl)amino]-1-methyl-1H-pyrrole-2-carboxylate (13a). Following the

general procedure, methyl 1-methyl-1H-pyrrole-2-carboxylate (70 mg, 0.50 mmol) was converted
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into 13a. Purification of the crude product by column chromatography (Biotage M+12 column)
using gradient elution from 5% EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded
13a as a white powder (141 mg, 91% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum
ether, R=0.33. Pure material was obtained by crystallization from diethylether/petroleum ether: mp
97-98 °C. IR (film, cm™) 3379 (NH), 1704 (C=0); 'H NMR (400 MHz, CDCl3, ppm) & 7.26-7.21
(2H, m), 6.76 (1H, d, J/=2.0 Hz), 6.68 (1H, d, J/=2.0 Hz), 6.67-6.63 (2H, m), 5.12 (1H, s), 3.90 (3H,
s), 3.81 (3H, s). 3*C NMR (100.6 MHz, CDCls, ppm) & 161.5, 146.0, 132.0, 125.3, 123.6, 121.2,
115.4,113.2,110.0, 51.3, 36.9. HRMS-ESI (m/z) calcd for Ci3H14BrN>O> [M+H]*309.0233, found
309.0230.
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Methyl 1-methyl-5-morpholin-4-yl-1H-pyrrole-2-carboxylate (13b). Following the general
procedure, methyl 1-methyl-1H-pyrrole-2-carboxylate (70 mg, 0.50 mmol) was converted into 13b.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded 13b as a
white powder (80 mg, 71% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R=0.36. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 68-69
°C. IR (film, cm™) 1703 (C=0); '"H NMR (400 MHz, CDCIl3, ppm) & 6.54 (1H, d, J=2.2 Hz), 6.33
(IH, d, J=2.2 Hz), 3.85 (3H, s), 3.83-3.79 (4H, m), 3.78 (3H, s), 2.92-2.87 (4H, m). 3C NMR
(100.6 MHz, CDCls, ppm) 6 161.7, 138.9, 120.7, 115.7, 105.7, 66.7, 51.2, 51.1, 36.7. HRMS-ESI
(m/z) calcd for C11H7N203 [M+H]"225.1234, found 225.1245.

V\H@C%Me
Methyl 5-[(cyclopropylmethyl)amino]-1-methyl-1H-pyrrole-2-carboxylate (13c). Following the
general procedure, methyl 1-methyl-1H-pyrrole-2-carboxylate (70 mg, 0.50 mmol) was converted
into 13c. Purification of the crude product by column chromatography (Biotage M+12 column)
using gradient elution from 10% EtOAc/petroleum ether to 70% EtOAc/petroleum ether afforded
13c as a yellow oil (68 mg, 65% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether,
R~0.20. IR (film, cm™) 3362 (NH), 1700 (C=0); 'H NMR (400 MHz, CDCl3, ppm) & 6.44 (1H, d,
J=2.2 Hz), 6.28 (1H, d, J=2.2 Hz), 3.82 (3H, s), 3.77 (3H, s), 3.02-2.83 (1H, m), 2.79 (2H, d, J=6.8
Hz), 1.12-1.02 (1H, m), 0.54-0.47 (2H, m), 0.21-0.13 (2H, m). '*C NMR (100.6 MHz, CDCls, ppm)
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o 161.7, 135.1, 120.3, 115.5, 105.9, 52.7, 51.0, 36.5, 11.3, 3.5. HRMS-ESI (m/z) calcd for
C11H17N202 [M+H]"209.1285, found 209.1289.
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Ethyl 2-bromo-4-methyl-6-morpholin-4-yl-4 H-thieno[3,2-b]pyrrole-5-carboxyla—te (14b).
Following the general procedure, thieno[3,2-b]pyrrole 14sm (144 mg, 0.50 mmol) was converted
into 14b. Purification of the crude product by column chromatography (Biotage M+12 column)
using gradient elution from 5% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded
14b as a yellow powder (107 mg, 57% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum
ether, R~=0.28. Pure material was obtained by crystallization from diethylether/petroleum ether: mp
97-98 °C. IR (film, cm™) 1681 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 6.94 (1H, s), 4.35 (2H,
q, J=7.1 Hz), 3.88-3.84 (4H, m), 3.88 (3H, s), 3.23-3.19 (4H, m), 1.39 (3H, s). 3C NMR (100.6

MHz, CDCls, ppm) 6 161.3, 142.1, 139.3, 117.1, 116.3, 113.8, 67.2, 60.3, 53.3, 35.9, 14.6. HRMS-
ESI (m/z) calcd for Ci14H17BrN2O3S [M+H]" 373.0216, found 373.0222.
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Ethyl 2-bromo-6-[(cyclopropylmethyl)amino]-4-methyl-4 H-thieno|[3,2-b]pyrrole-5-
carboxylate (14¢). Following the general procedure, thieno[3,2-b]pyrrole 14sm (144 mg, 0.50
mmol) was converted into 14c¢. Purification of the crude product by column chromatography
(Biotage M+12 column) using gradient elution from 5% EtOAc/petroleum ether to 35%
EtOAc/petroleum ether afforded 14¢ as a yellow oil (111 mg, 62% yield); analytical TLC on silica
gel, 1:3 EtOAc/petroleum ether, R=0.60. IR (film, cm') 3385 (NH), 1684 (C=0); 'H NMR (400
MHz, CDCIs, ppm) 8 6.87 (1H, s), 6.01-5.71 (1H, m), 4.34 (2H, q, J=7.1 Hz), 3.78 (3H, s), 3.19
(2H, dd, J=6.2, 6.2 Hz), 1.39 (3H, t, J/=7.1 Hz), 1.14-1.06 (1H, m), 0.56-0.50 (2H, m), 0.27-0.23
(2H, m). '*C NMR (100.6 MHz, CDCl3, ppm) & 163.1, 143.6, 139.8, 117.5, 114.0, 108.7, 108.4,
59.6, 50.9, 35.2, 14.8, 12.0, 3.4. HRMS-ESI (m/z) calcd for Ci14Hi1sBrN2O,>S [M+H]* 357.0267,
found 357.0264.
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Ethyl 5-chloro-3-[(cyclopropylmethyl)amino]-1-methyl-1H-pyrrolo[2,3-b]|pyridine-2-

carboxylate (15). Following the general procedure, 1H-pyrrolo[2,3-b]pyridine 15sm (119 mg, 0.50
mmol) was converted into 15. Purification of the crude product by column chromatography
(Biotage M+12 column) using gradient elution from 5% EtOAc/petroleum ether to 30%
EtOAc/petroleum ether afforded 15 as a yellow powder (120 mg, 78% yield); analytical TLC on
silica gel, 1:5 EtOAc/petroleum ether, R=0.46. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 82-83 °C. IR (film, cm™!) 3362 (NH), 1667 (C=0); 'H NMR (400
MHz, CDCls, ppm) 6 8.32 (1H, d, J=2.3 Hz), 8.06 (1H, d, J/=2.3 Hz), 6.42-6.27 (1H, m), 4.40 (2H,
q, J/=7.2 Hz), 3.95 (3H, s), 3.40 (2H, d, J=6.4 Hz), 1.43 (3H, t, J/=7.2 Hz), 1.19-1.09 (1H, m), 0.63-
0.54 (2H, m), 0.34-0.25 (2H, m). 3C NMR (100.6 MHz, CDCls, ppm) & 163.5, 146.7, 146.2, 137.1,
130.4, 121.3, 111.1, 109.6, 60.3, 51.3, 31.1, 14.6, 11.8, 3.6. HRMS-ESI (m/z) calcd for
Ci5sH19CIN3O;, [M+H]"308.1160, found 308.1155.
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5-Bromo-1-methyl-3-morpholin-4-yl-1 H-pyrrolo[2,3-b]pyridine (16). Following the general
procedure, 5-bromo-1-methyl-1H-pyrrolo[2,3-b]pyridine 16sm (106 mg, 0.50 mmol) was converted
into 16. Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 75% EtOAc/petroleum ether afforded 16 as a
pink oil (92 mg, 62% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.26. 'H
NMR (400 MHz, CDCl3, ppm) 6 8.31 (1H, d, /=2.2 Hz), 8.01 (1H, d, /=2.2 Hz), 6.68 (1H, s), 3.92-
3.87 (4H, m), 3.79 (3H, s), 3.04-2.99 (4H, m). *C NMR (100.6 MHz, CDCl3, ppm) & 145.1, 143.9,

129.4, 129.0, 116.4, 116.0, 110.3, 67.0, 52.9, 31.2. HRMS-ESI (m/z) calcd for Ci2HisBrN;O
[M+H]"296.0393, found 296.0405.

197



O
o {J
O

N

7-Benzyl-4-chloro-5-morpholin-4-yl-7H-pyrrolo[2,3-d]pyrimidine (17). Following the general
procedure, 7-benzyl-4-chloro-7H-pyrrolo[2,3-d]pyrimidine (122 mg, 0.50 mmol) was converted
into 17. Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 5% EtOAc/petroleum ether to 70% EtOAc/petroleum ether afforded 17 as a
pink oil (99 mg, 60% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.16
(product is unstable!). "H NMR (400 MHz, CDCls, ppm) & 8.43 (1H, s), 7.34-7.29 (3H, m), 7.24-
7.20 (2H, m), 6.96 (1H, m), 5.36 (2H, s), 3.90-3.85 (4H, m), 3.73-3.68 (4H, m). 1*C NMR (100.6
MHz, CDCl;, ppm) 6 159.7, 151.6, 150.8, 136.6, 129.0, 128.2, 127.9, 122.7, 103.9, 103.3, 67.1,
50.3, 48.2. HRMS-ESI (m/z) caled for C17H1sCIN4O [M+H]"329.1164, found 329.1161.

4-(1,5-Dimethyl-3-phenyl-1H-pyrazol-4-yl)morpholine (18). Following the general procedure,
pyrazole 18sm (86 mg, 0.50 mmol) was converted into 18. Purification of the crude product by
column chromatography (Biotage M+12 column) using gradient elution from 5% EtOAc/petroleum
ether to 50% EtOAc/petroleum ether afforded 18 as a pink powder (67 mg, 52% yield); analytical
TLC on silica gel, 1:3 EtOAc/petroleum ether, R~0.26. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 125-126 °C. 'H NMR (400 MHz, CDCls,
ppm) o 7.97-7.87 (2H, m), 7.42-7.33 (2H, m), 7.32-7.27 (1H, m), 3.80-3.74 (7H, m), 3.05-2.99 (4H,
m), 2.34 (3H, s). 3C NMR (100.6 MHz, CDCl3, ppm) & 145.0, 134.7, 134.1, 129.7, 128.2, 127.6,
127.3, 68.0, 52.3, 36.7, 10.7. Anal. Calcd for CisH9N3O: C, 70.01; H, 7.44; N, 16.33 Found: C,
69.62; H, 7.53; N, 16.21.
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4-{4-[(4-Bromophenyl)amino|-3,5-dimethyl-1H-pyrazol-1-yl}benzonitrile (19a). Following the

general procedure, pyrazole 19sm (99 mg, 0.50 mmol) was converted into 19a. Purification of the
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crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 19a as a white powder (110 mg,
60% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.33. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 123-124 °C. IR (film, cm™") 3369
(NH), 2228 (C=N); 'H NMR (400 MHz, CDCl3, ppm) & 7.81-7.74 (2H, m), 7.70-7.64 (2H, m),
7.29-7.26 (2H, m), 6.52-6.46 (2H, m), 5.00 (1H, s), 2.30 (3H, s), 2.17 (3H, s). '*C NMR (100.6
MHz, CDCIs, ppm) 6 149.0, 146.1, 143.6, 136.9, 133.4, 132.2, 123.5, 121.9, 118.5, 114.7, 110.3,
110.1, 11.5, 11.3. HRMS-ESI (m/z) caled for Ci1sH16BrN4 [M+H]"367.0553, found 367.0550.
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4-(3,5-Dimethyl-4-morpholin-4-yl-1H-pyrazol-1-yl)benzonitrile (19b). Following the general
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procedure, pyrazole 19sm (99 mg, 0.50 mmol) was converted into 19b. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 45% EtOAc/petroleum ether afforded 19b as a white powder (88 mg,
62% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R~=0.33. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 132-133 °C. IR (film, cm!) 2227
(C=N); 'H NMR (400 MHz, CDCl3, ppm) 8 7.74-7.68 (2H, m), 7.61-7.55 (2H, m), 3.83-3.75 (4H,
m), 3.05-2.97 (4H, m), 2.35 (3H, s), 2.33 (3H, s). *C NMR (100.6 MHz, CDCls, ppm) & 147.3,
143.7, 134.9, 133.2, 133.0, 123.6, 118.5, 109.9, 68.0, 52.3, 13.4, 11.3. HRMS-ESI (m/z) calcd for
CisH19N4O [M+H]" 283.1553, found 283.1547.
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5-[(4-Bromophenyl)amino]-1,3-dimethylpyrimidine-2,4(1H,3H)-dione (20). Following the
general procedure, pyrimidine-2,4(1H,3H)-dione 20sm (70 mg, 0.50 mmol) was converted into 20.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from 10% EtOAc/petroleum ether to 70% EtOAc/petroleum ether afforded 20 as a
brown powder (101 mg, 65% yield); analytical TLC on silica gel, 1:1 EtOAc/petroleum ether,

R~0.51. Pure material was obtained by crystallization from diethylether/petroleum ether: mp 213-
214 °C. IR (film, ecm™) 3338 (NH); 'H NMR (400 MHz, CDCls, ppm) & 7.39-7.33 (2H, m), 7.05
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(1H, s), 6.86-6.80 (2H, m), 5.85 (1H, s), 3.42 (3H, s), 3.41 (3H, s). '*C NMR (100.6 MHz, CDCls,
ppm) & 161.2, 150.1, 141.8, 132.5, 124.4, 118.9, 118.5, 113.4, 37.3, 28.7. HRMS-ESI (m/z) caled
for C12H13BrN30; [M+H]*310.0186, found 310.0171.

O™

4-(5,6,7,8-Tetrahydronaphthalen-2-yl)morpholine (21). Following the general procedure,
1,2,3,4-tetrahydronaphthalene (68 pL, 0.50 mmol) was converted into 21. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded 21 as a pale yellow oil (45 mg,
41% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.56. "H NMR (400 MHz,
CDClIs, ppm) 6 6.99 (1H, d, J/=8.4 Hz ), 6.72 (1H, dd, J/=8.4, 2.6 Hz), 6.64 (1H, d, J=2.6 Hz), 3.90-
3.83 (4H, m), 3.15-3.07 (4H, m), 2.78-2.67 (4H, m), 1.83-1.75 (4H, m).

tert-Butyl methyl(4-morpholin-4-ylphenyl)carbamate (22). Following the general procedure,
22sm (104 mg, 0.50 mmol) was converted into 22. Purification of the crude product by column
chromatography (Biotage M+12 column) using gradient elution from 5% EtOAc/petroleum ether to
50% EtOAc/petroleum ether afforded 22 as a gray powder (44 mg, 30% yield); analytical TLC on
silica gel, 1:3 EtOAc/petroleum ether, R=0.28. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 109-110 °C. IR (film, cm™) 1697 (C=0); 'H NMR (400 MHz,
CDCIs, ppm) 6 7.16-7.08 (2H, m), 6.87—6.83 (2H, m), 3.87-3.83 (4H, m), 3.21 (3H, s), 3.15-3.11
(4H, m), 1.43 (9H, s). '3C NMR (100.6 MHz, CDCl3, ppm) & 155.3, 149.1, 136.5, 126.6, 115.9,
80.1, 67.0, 49.7, 39.7, 28.5. HRMS-ESI (m/z) calcd for CisH2sN2O3 [M+H]" 293.1860, found
293.1867.

o S
© _/

4-(4-Methoxyphenyl)morpholine (23). Following the general procedure, anisole (54 pL, 0.50
mmol) was converted into 23. Purification of the crude product by column chromatography
(Biotage M+12 column) using gradient elution from 5% EtOAc/petroleum ether to 35%

EtOAc/petroleum ether afforded 23 as a white powder (50 mg, 52% yield); analytical TLC on silica
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gel, 1:3 EtOAc/petroleum ether, R~=0.40. Pure material was obtained by crystallization from
diethylether/petroleum ether: mp 70-71 °C; 'H NMR (400 MHz, CDCls, ppm) & 6.92-6.83 (4H, m),
3.88-3.84 (4H, m), 3.77 (3H, s), 3.07-3.03 (4H, m).

Beass

N-(4-Bromophenyl)-2,3-dihydro-1-benzofuran-5-amine (24). Following the general procedure,
2,3-dihydro-benzofuran (60 mg, 0.50 mmol) was converted into 24. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 25% EtOAc/petroleum ether afforded 24 as a brown oil (71 mg, 49%
yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.68. IR (film, cm™') 3398
(NH); '"H NMR (400 MHz, CDCls, ppm) & 7.29-7.24 (2H, m, overlapped with CHCls), 7.01-6.98
(1H, m), 6.86 (1H, dd, /=8.4, 2.3 Hz), 6.75-6.70 (3H, m), 5.42 (1H, s), 4.58 (2H, t, J=8.7 Hz), 3.19
(2H, t, J=8.7 Hz). *C NMR (100.6 MHz, CDCl3, ppm) 8 156.6, 145.2, 134.9, 132.1, 128.3, 122.3,
119.6, 116.8, 110.8, 109.8, 71.5, 30.1. HRMS-ESI (m/z) calcd for C14H13BrNO [M+H]" 290.0175,
found 290.0170.

HNOBr

MeO

N-(4-Bromophenyl)-4-methoxy-2,3-dimethylaniline (25). Following the general procedure, 4-
methoxy-2,3-dimethylaniline (68 mg, 69 uL, 0.50 mmol) was converted into 25. Purification of the
crude product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 35% EtOAc/petroleum ether afforded 25 as a white powder (85 mg, 56%
yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.50. Pure material was
obtained by crystallization from diethylether/petroleum ether: mp 105-106 °C. IR (film, cm™!) 3372
(NH); '"H NMR (400 MHz, CDCl3, ppm) & 7.26-7.21 (2H, m), 7.01 (1H, d, J=8.6 Hz), 6.73 (1H, d,
J=8.6 Hz), 6.52-6.47 (2H, m), 5.25 (1H, s), 3.84 (3H, s), 2.21 (3H, s), 2.14 (3H, s). *C NMR (100.6
MHz, CDCl;, ppm) o 155.4, 146.4, 134.5, 132.6, 132.0, 126.5, 123.6, 115.8, 109.9, 108.6, 55.9,
14.6, 12.5. Anal. Calcd for CisHsBrNO: C, 58.84; H, 5.27; N, 4.57 Found: C, 58.72; H, 5.19; N,
4.47.
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4-(2,4-Dimethoxyphenyl)morpholine (26). Following the general procedure, 1,3-dimethoxy-
benzene (69 mg, 65 uL, 0.50 mmol) was converted into 26. Purification of the crude product by
column chromatography (Biotage M+12 column) using gradient elution from 5% EtOAc/petroleum
ether to 30% EtOAc/petroleum ether afforded 26 as a white powder (68 mg, 61% yield); analytical
TLC on silica gel, 1:5 EtOAc/petroleum ether, R~0.55. Pure material was obtained by
crystallization from diethylether/petroleum ether: mp 86-87 °C. 'H NMR (400 MHz, CDCls, ppm)
0 6.85 (1H, d, J=8.6 Hz), 6.49 (1H, d, J=2.6 Hz), 6.43 (1H, dd, J=8.6, 2.6 Hz), 3.90-3.86 (4H, m),
3.84 (3H, s), 3.78 (3H, s), 3.01-2.96 (4H, m). *C NMR (100.6 MHz, CDCls, ppm) & 156.4, 153.5,
135.1, 118.5, 103.5, 100.1, 67.4, 55.6, 55.6, 51.8. HRMS-ESI (m/z) caled for Ci2Hi1sNO3; [M+H]"
224.1281, found 224.1285.

[/

N~ O
MeO -

Iz

OMe
3,5-Dimethoxy-/N-methyl-2-morpholin-4-ylbenzamide (27). Following the general procedure,
27sm (98 mg, 0.50 mmol) was converted into 27. Purification of the crude product by column
chromatography (Biotage M+12 column) using gradient elution from 15% EtOAc/DCM to 100%
EtOAc afforded 27 as a pale yellow solid (100 mg, 71% yield); analytical TLC on silica gel, 1:10
MeOH/DCM,  R~0.24. Pure material was obtained by crystallization from
diethylether/cyclohexane: mp 123-124 °C. IR (film, cm™) 3151 (NH), 1652 (C=0); 'H NMR (400
MHz, CDCls, ppm) 6 9.88-9.81 (1H, m), 6.89 (1H, d, J/=2.8 Hz), 6.67 (1H, d, J/=2.8 Hz), 3.82 (3H,
s), 3.75 (3H, s), 3.67-3.62 (4H, m), 3.12-2.93 (4H, m), 2.82 (3H, d, J=4.7 Hz). 13C NMR (100.6
MHz, CDCls, ppm) o 166.5, 159.2, 157.6, 134.5, 130.3, 104.4, 101.7, 67.2, 55.8, 55.4, 49.9, 25.6.
HRMS-ESI (m/z) calcd for C14H21N204 [M+H]" 281.1496, found 281.1487.

202



L/

N~ O
MeO -

OMe
3,5-Dimethoxy-/V,N-dimethyl-2-morpholin-4-ylbenzamide  (28). Following the general
procedure, 28sm (105 mg, 0.50 mmol) was converted into 28. Purification of the crude product by
column chromatography (Biotage M+12 column) using gradient elution from 15% EtOAc/DCM to
100% EtOAc afforded 28 as a pale yellow solid (110 mg, 74% yield); analytical TLC on silica gel,
1:10 MeOH/DCM, R=0.19. Pure material was obtained by crystallization from
diethylether/cyclohexane: mp 107-108 °C. IR (film, cm™) 1640 (C=0); 'H NMR (400 MHz,
CDCls, ppm) 6 6.55 (1H, d, /=2.8 Hz), 6.24 (1H, d, J/=2.8 Hz), 3.79 (3H, s), 3.73 (3H, s), 3.56-3.49
(4H, m), 3.09-2.99 (2H, m), 2.97 (3H, s), 2.87-2.79 (2H, m), 2.72 (3H, s). 3C NMR (100.6 MHz,
CDCls, ppm) 8 169.3, 158.6, 158.0, 138.9, 128.5, 101.7, 99.7, 67.3, 55.5, 55.4, 50.8, 37.9, 33.7.
HRMS-ESI (m/z) calcd for C1sH23N204 [M+H]" 295.1652, found 295.1647.

OMe I
N.

Ts
jon
Br

N-{5-[(4-Bromophenyl)amino]-2-methoxyphenyl}-/V,4-dimethyl-benzenesulfon—-amide (29).
Following the general procedure, 29sm (146 mg, 0.50 mmol) was converted into 29. Purification of
the crude product by column chromatography (Biotage M+12 column) using gradient elution from
15% EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded 29 as a pink solid (138 mg,
60% yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R=0.52. Pure material was
obtained by crystallization from diethylether/cyclohexane: mp 187-188 °C. IR (film, cm™') 3402
(NH), 1330 (SO2); 'H NMR (400 MHz, CDCls, ppm) & 7.62-7.57 (2H, m), 7.31-7.27 (2H, m),
7.26-7.23 (2H, m), 7.06 (1H, d, J=2.8 Hz), 7.01 (1H, dd, J=8.8, 2.8 Hz), 6.81-6.76 (2H, m), 6.73
(IH, d, J=8.8 Hz), 5.54 (1H, s), 3.41 (3H, s), 3.19 (3H, s), 2.42 (3H, s). *C NMR (100.6 MHz,
CDCls, ppm) & 152.2, 143.6, 143.0, 136.7, 135.4, 132.3, 129.9, 129.2, 127.8, 124.1, 121.2, 117.7,
112.6, 111.8, 55.4, 38.0, 21.6. HRMS-ESI (m/z) calcd for C21H22BrN>0O3S [M+H]* 461.0529, found
461.0556.
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tert-Butyl 2-[(cyclopropylmethyl)amino]-5-methoxyphenylcarbamate (30). Following the
general procedure, 30sm (112 mg, 0.50 mmol) was converted into 30. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 5%
EtOAc/petroleum ether to 50% EtOAc/petroleum ether afforded 30 as a white powder (58 mg, 40%
yield); analytical TLC on silica gel, 1:3 EtOAc/petroleum ether, R~=0.38. Pure material was
obtained by crystallization from diethylether/cyclohexane: mp 118-119 °C dec. IR (film, cm™) 3327
(NH), 1715 (C=0); 'H NMR (400 MHz, CDCls, ppm) & 7.15-6.96 (1H, m), 6.64 (1H, dd, J=8.3,
2.1 Hz), 6.48 (1H, d, J=8.3 Hz), 6.35-6.19 (1H, m), 4.20-4.06 (1H, m), 3.86 (3H, s), 2.93 (2H, d,
J=7.0 Hz), 1.50 (9H, s), 1.16-1.07 (1H, m), 0.57-0.51 (2H, m), 0.25-0.20 (2H, m). '*C NMR
(100.6 MHz, CDCl3, ppm) 6 153.4, 147.1, 135.0, 128.4, 112.0, 110.0, 103.0, 80.1, 55.7, 49.3, 28.6,
11.1, 3.7. HRMS-ESI (m/z) calcd for Ci1sH25N203 [M+H]" 277.1911, found 277.1921.

OMe
-
A
A/NH |
tert-Butyl {2-[(cyclopropylmethyl)amino]-5-methoxyphenyl}methylcarbamate (31). Following
the general procedure, 31sm (119 mg, 0.50 mmol) was converted into 31. Purification of the crude
product by column chromatography (Biotage M+12 column) using gradient elution from 0%
EtOAc/petroleum ether to 30% EtOAc/petroleum ether afforded 31 as a brown oil (75 mg, 50%
yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R=0.56. IR (film, cm™) 3210
(NH), 1645 (C=0); 'H NMR (400 MHz, CDCl3, ppm) & 7.70-6.61 (2H, m), 6.48 (1H, d, J=8.3 Hz),
4.47-4.02 (1H, br s), 3.84 (3H, s), 3.20 (3H, s), 2.95 (2H, d, /=7.0 Hz), 1.43 (9H, s), 1.17-1.08 (1H,
m), 0.58-0.52 (2H, m), 0.27-0.21 (2H, m). *C NMR (100.6 MHz, CDCls, ppm) & 155.5, 146.5,

136.6, 133.4, 118.4, 109.2, 108.4, 79.7, 55.6, 49.0, 38.1, 28.6, 11.0, 3.6. HRMS-ESI (m/z) calcd for
C17H27N203 [M+H]" 307.2016, found 307.20009.
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4-|2-(Prop-2-en-1-yloxy)phenyljmorpholine (34). An oven-dried flask was charged with
phenyliodonium tosylate 32 (275 mg, 0.50 mmol), Cu(MeCN)4BF4 (157 mg, 0.50 mmol, 1 equiv)
and flushed with argon. Anhydrous CH>Cl, (4 mL) was added, followed by morpholine (72 pL,
0.60 mmol, 1.2 equiv), DIPEA (174 uL, 1.00 mmol, 2 equiv) and DMSO (1 mL). The resulting
solution was stirred at room temperature under argon atmosphere and the progress of the reaction
was monitored by TLC (disappearance of spot of A*-iodane 32, R~0.45, 20:80:5
MeOH/CH2Cl/AcOH). Full conversion of reaction was observed in 90 min. The solution was
poured into water (50 mL) and saturated aqueous ammonia solution (20 mL), and extracted with
CH>Cl> (3x30 mL). Combined organic extracts were dried over NaxSOs, filtered and concentrated.
Purification of the crude product by column chromatography (Biotage M+12 column) using
gradient elution from petroleum ether to 10% EtOAc/petroleum ether afforded product as a
colorless oil (75 mg, 68% yield); analytical TLC on silica gel, 1:5 EtOAc/petroleum ether, R~=0.38.
'"H NMR (400 MHz, CDCl3, ppm) & 7.01-6.93 (3H, m), 6.90-6.85 (1H, m), 6.09 (1H, ddt, J=17.4,
10.6, 5.0 Hz), 5.43 (1H, dq, J=17.4, 1.6 Hz), 5.28 (1H, dq, J=10.6, 1.6 Hz), 4.59 (2H, dt, J=5.0, 1.6
Hz) 3.91-3.87 (4H, m), 3.12-3.08 (4H, m). *C NMR (100.6 MHz, CDCls, ppm) & 151.3, 141.6,
133.5, 123.1, 121.6, 118.3, 117.1, 113.3, 69.1, 67.4, 51.3. HRMS-ESI (m/z) calcd for Ci13H1sNO>
[M+H]"220.1332, found 220.1315.

Experimental for Synthesis of Indolyliodonium Tosylates 2a

—O0™
Br
N—co,Et
N
\
General Procedure.
Ethyl 5-bromo-1-methyl-3-({[(4-methylphenyl)sulfonyl]oxy}(2,4,6-trimethylphe—nyl)-A3-

iodanyl)-1H-indole-2-carboxylate (2a). To a solution of MesI(OH)OTs (2.39 g, 5.50 mmol, 1.1
equiv) in CH>Cl, (10 mL) was added TsOH®H>O (1.05 g, 5.50 mmol, 1.1 equiv) and the resulting

suspension was stirred for 5 min at room temperature. Then, a solution of indole 1a (1.41 g, 5.00
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mmol, 1 equiv) in CH>Cl, (10 mL) was added rapidly to the well-stirred suspension. The progress
of the reaction was monitored by TLC (disappearance of the starting material spot, R=0.55, 1:5
EtOAc/petroleum ether) and complete conversion of the starting 1a was observed within 30 min.
Solvent was concentrated to ca. 2/3 of the original volume and Et,O was added (50 mL). Formed
precipitate was filtered, washed with EtcO (100 mL) and dried in vacuo to afford 2a as a white
powder (3.30 g, 95% yield); analytical TLC on silica gel, 20:80:5 MeOH/CH2Clo/AcOH, R~=0.49.
Pure material was obtained by crystallization from CH>Cly/diethylether: mp 125 °C dec. IR (film,
cm™) 1710 (C=0), 1206 (SO2); '"H NMR (400 MHz, DMSO-de, ppm) & 7.79 (1H, d, J=9.0 Hz),
7.61 (1H, dd, J=9.0, 1.8 Hz), 7.48-7.43 (3H, m), 7.21-7.16 (2H, m), 7.10 (2H, d, J=8.0 Hz), 4.45
(2H, q, J=7.2 Hz), 4.08 (3H, s), 2.58 (6H, s), 2.28 (6H, s), 1.38 (3H, t, J/=7.2 Hz). *C NMR (100.6
MHz, DMSO-d¢, ppm) 6 159.4, 145.8, 142.9, 141.9, 137.5, 137.2, 131.8, 129.8, 128.1, 128.0,
125.5, 122.7, 121.7, 115.7, 115.1, 81.2, 62.8, 33.8, 26.1, 20.8, 20.4, 13.8. HRMS-ESI (m/z) calcd
for C21H2BrINO, [M-OTs]" 525.9873, found 525.9861.

Experimental for Synthesis of Phenyliodonium Tosylate 32

h Y P 1T
0 I o . /\So
o8 Cre” (Y’

{[(4-Methylphenyl)sulfonyl]oxy}[2-(prop-2-en-1-yloxy)phenyl](2,4,6-trimethyl-phenyl)-A3-

iodane (32). 1-Allyloxy-2-bromobenzene (2.30 g, 10.79 mmol) was converted to boronic acid in
accordance with literature procedure.?” The boronic acid (400 mg, 2.25 mmol) was then converted
to the iodonium salt 32 in accordance with literature procedure.?® After drying in vacuo 32 was
obtained as a white powder (943 mg, 76% yield); analytical TLC on silica gel, 20:80:5
MeOH/CH2Cl/AcOH, R~0.45. Pure material was obtained by crystallization from
CH,Cly/diethylether: mp 170-171 °C dec. IR (film, cm™) 1193 (SO2); 'H NMR (400 MHz, DMSO-
ds, ppm) 6 8.14 (1H, dd, J=8.0, 1.6 Hz), 7.60 (1H, ddd, J=8.4, 7.4, 1.6 Hz), 7.48-7.43 (2H, m), 7.26
(1H, dd, /=8.4, 1.2 Hz), 7.15 (2H, s), 7.12-7.08 (2H, m), 7.06 (1H, ddd, J=8.0, 7.4, 1.2 Hz), 5.94-
5.84 (1H, m), 5.29-5.26 (1H, m), 5.25-5.22 (1H, m), 4.75-4.72 (2H, m), 2.58 (6H, s), 2.28 (3H, s),
2.27 (3H, s). 13C NMR (100.6 MHz, CDCls, ppm) & 155.6, 143.9, 142.9, 139.1, 133.1, 131.5, 131.2,

(*) Morgan, J.; Pinhey, J. T. J. Chem. Soc., Perkin Trans. 1 1993, 1673.

(%) Chen, D.-W.; Ochiai, M. J. Org. Chem. 1999, 64, 6804.
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130.1, 128.4, 126.0, 124.3, 120.0, 113.7, 101.9, 70.8, 27.2, 21.4, 21.2. HRMS-ESI (m/z) caled for
C15Ha0lO [M-OTs]* 379.0553, found 379.0567.
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Optimization of Reaction of 1*-Iodane 2a with Morpholine

Table S1. Complete survey of optimization experiments for the reaction of 1*>-iodane 2a with

morpholine
0
Br MeS\I\OTs . Br N( \) Br X Br MeS\l\OTs
:N:\ COgEt * [Nj - O—N—g\coﬁ * :ZN&\ co.Et * \Q:&(o +
| H | I ' (\Nj
" : =
4c (X=Cl)
4d (X=H)
entry catalyst base (equiv.) solvent time (h) conversion 3a:4aratio, other products
(10 mol%) %? (yield %)b< (%)°
1 none DIPEA (2.0) MeCN 24 11 1:99 (6) 2a (88), 4e (5)
2 none DIPEA (2.0) CH2Clz 24 15 1:99 (8) 2a (85), 4e (6)
3 none DIPEA (2.0) DMSO 24 81 1:99 (67) 2a (19), 4e (6)
4 none DIPEA (2.0) MeCN-DMSO 1:1 24 78 1:99 (60) 2a (22), 4e (8)
5 CuOT{llePhH DIPEA (2.0) CH2CL 1.5 30 84:16 (10)  4b (9), 4f(7)
6 CuOT{llePhH DIPEA (2.0) DMSO 1.5 60 96:4 (53) 2a (37)
7 CuOT{llePhH DIPEA (2.0) CH:C1-DMSO 4:1 1.5 60 97:3 (46) 4a (3),4b (3)
8 CuOTf{llePhH DIPEA (2.0) MeCN-DMSO 1:1 1.5 80 98:2 (72) 2a (17)
9 Cul DIPEA (2.0) MeCN-DMSO 1:1 1.5 90 83:17(71) 2a(7)
10 CuCl DIPEA (2.0) MeCN-DMSO 1:1 1.5 85 84:16 (66)  4c¢ (10),2a (12)
11 CuOCOCF; DIPEA (2.0) MeCN-DMSO 1:1 1.5 87 97:3(82)Y  2a(10)
12 Cu(MeCN)4BF4+  DIPEA (2.0) CH:CL-DMSO 4:1 1 92 97:3 (854  2a(5)
13 Cu(OTf): DIPEA (2.0) CH:C1-DMSO 4:1 1.5 22 93:7 (14) 2a (75)
14 Cu(OTf). DIPEA (2.0) CH2Cl 1.5 14 82:18 (9) 4b (2),2 (85)
15 Cu(OTf): DIPEA (2.0) MeCN-DMSO 1:1 24 45 80:20 (12)  4e(20),2a (54)
16 CuOT{llePhH none MeCN-DMSO 1:1 1.5 63 98:2 (51) 2a (35)
17 CuOT{T1ePhH morpholine (3.2) MeCN-DMSO 1:1 1.5 75 98:2 (66) 2a (35)
18 CuOT{llePhH KsPO4 (2.5) MeCN-DMSO 1:1 1.5 70 95:5 (54) 2a, (30)
19 CuOT{llePhH KoCOs (2.5) MeCN-DMSO 1:1 1.5 80 93:7 (60) 2a, (20)
20¢ Cu(MeCN)sBF4+ DIPEA (2.0) CH:C-DMSO 4:1 1.5 93 89:11(76) 2a(5)
21 PJ(QOCOCEs) DIPEA (2.0) CH2CL-DMSQ4:1 15 5 1:99 (3) 22 (95)
22 Ni(OTf)2 DIPEA (2.0) CH:C-DMSO 4:1 1.5 5 1:99 (5) 2a (95)
23 Sc(OTo)3 DIPEA (2.0) CH:Cl-DMSO 4:1 1.5 7 1:99 (5) 2a (93)
24 Os(NH3)s(OTf)s DIPEA (2.0) CH:C1-DMSO 4:1 1.5 10 1:99 (9) 2a (90)

¢ Conditions: A*-iodane 2a (1.0 equiv.), morpholine (1.2 equiv.), solvent (10 mL/1 mmol of 2a), room temperature.
b Determined by LC-MS assay. ¢ Yields correspond to the major product. ¢ Isolated yields of >95% pure indole 3a. ¢ A3-
Iodane 2a’ possessing Ph moiety instead of a mesityl ligand was used.
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Kinetic Experiments

Order of the Reaction in Cu(I) Catalyst

The order in Cu(l) catalyst was determined by studying the initial rates of the 3a formation
at 23 °C in DMSO-d5 at various concentrations of (CuOTf),ePhH.
Experimental. To the iodonium salt 2a (17.5 mg, 0.025 mmol) was added a certain amount of
(CuOTf),ePhH stock solution [prepared by dissolving (CuOTf),ePhH (15.75 mg, 0.031 mmol) in
degassed DMSO-ds (5 mL)], followed with degassed DMSO-ds (for volumes of the stock solution
and amounts of DMSO-ds, morpholine see Table S2).

Table S2. Volumes of the (CuOTf),®PhH stock solution, DMSO-ds and morpholine used in

experiments to measure the reaction order in (CuOTf),ePhH

Volume of
(CuOT{),ePhH, Volume of stock Volume of
entry morpholine,
mol% solution, pL DMSO-ds, pLL
pL
1 5.00 100 900 3
2 7.50 150 850 3
3 10.00 200 800 3
4 12.50 250 750 3
5 15.00 300 700 3
6 17.50 350 650 3
7 20.00 400 600 3

The amount of 3-morpholin-4-yl-1H-indole 3a was determined by integrating a peak at 3.83
ppm corresponding to the N-methyl group of 3a (see Figure S1). Yields of 3a in percents from
NMR experiments were converted to concentrations and used to construct kinetic curves (see Table

S3).
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Figure S1. Kinetic profile of 3a formation at various concentrations of (CuOTf),ePhH in DMSO-ds
at 23 °C.
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Table S3. Concentration of 3a-(10-* M) vs time in the reaction of 2a with morpholine at various

amounts of (CuOTf),ePhH
(CuOTY)0PhH, mol%
time (s)
5.00 7.50 10.00 12.50 15.00 17.50 | 20.00
0 0.000 0.000 0.000 0.000 0.000 0.000  0.000
160 0.231 0.331 0.469 0.515 0.759 0.883 1.044
320 0.307 0.471 0.650 0.851 1.034 1.686  2.002
480 0.382 0.629 0.877 1.230 1.789 2.535  2.892
640 0.461 0.743 1.084 1.583 2.348 3296  3.782
800 0.536 0.863 1.332 1.973 2.860 3.969  4.540
960 0.620 0.978 1.538 2319 3.344 4.678  5.340
1120 0.702 1.079 1.763 2.653 3.842 5315  6.131
1280 0.785 1.177 1.996 2.992 4371 5.897  6.838
1440 0.841 1.319 2.234 3.314 4.846 6.511 7.462
1600 0.899 1.372 2.404 3.649 5.277 6.994  8.064
1760 0.958 1.477 2.604 3.940 5.698 7.427  8.570
1920 1.062 1.599 2.811 4272 6.114 7.826  9.090
2080 1.130 1.703 2.992 4.566 6.489 8.241 9.628
2240 1.199 1.827 3.169 4.888 6.839 8.664  10.086
2400 1.309 1.901 3.324 5.168 7.230 8.991 10.464

Kinetic curves for reactions at various amounts of (CuOTf),ePhH were constructed by

TableCurve software and described by equation (y =a+b-x°). To calculate rate coefficients kobs.,

each of the equations (y =a+b-x“) was differentiated by time and evaluated at x=320 sec. A plot

of the initial rates In(A[3a]/At) versus In[(CuOTf),®PhH] gave a straight line (R’=0.989), indicative

of a 1% order dependence on [(CuOTf),ePhH] (see Figure S2).

The calculated kops=1.646 Mes™!,
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Figure S2. Plot of initial rates vs concentration of (CuOTf),ePhH in DMSO-ds at 23 °C.

Order of the Reaction in Morpholine
The order in morpholine was determined by measuring the initial rates of the 3a formation

at 23 °C in DMSO-d5 at various concentrations of the morpholine.

Experimental. The iodonium salt 2a (17.5 mg, 0.025 mmol) and morpholine (0.5-2 equiv) were
placed in an NMR tube and 100 pL of the (CuOTf),ePhH stock solution [prepared by dissolving
(CuOTY),0PhH (15.75 mg, 0.031 mmol) in degassed DMSO-ds (5 mL)] was added, followed with
900 pL of degassed DMSO-ds.

The amount of 3-morpholin-4-yl-1H-indole 3a was determined by integrating a peak at 3.83
ppm corresponding to the N-methyl group of 3a. Yields of 3a in percents were converted to

concentrations and used to construct kinetic curves (see Table S4).
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Table S4. Concentration of 3a-(10-* M) vs time in the reaction of 2a with morpholine at various

amounts of morpholine

Morpholine, equiv
0.5 1 1.5 2

0 0.000 0.000 0.000 0.000
160 0.264 0.259 0.381 0.405
320 0.351 0.360 0.585 0.674
480 0.414 0.406 0.826 0.994
640 0.488 0.541 0.942 1.209
800 0.533 0.578 1.112 1.421
960 0.594 0.703 1.325 1.610
1120 0.636 0.743 1.443 1.739
1280 0.668 0.862 1.470 1.796
1440 0.683 0.946 1.572 1.919
1600 0.739 1.027 1.665 1.982
1760 0.778 1.103 1.716 2.153
1920 0.807 1.129 1.854 2.212
2080 0.838 1.219 1.948 2.327
2240 0.882 1.248 2.048 2.392
2400 0.930 1.326 2.193 2.511

time (s)

Kinetic curves for reactions at various amounts of morpholine were constructed by
TableCurve software and described by equation (y =a+b-x°). To calculate rate coefficients kops.,
each of the equations (y =a+b-x) was differentiated by time and evaluated at x=320 sec. A log

plot of initial rate In(A[3a]/At) versus In[morpholine] gave a straight line (R°=0.9909), indicative of
a 1% order dependence on [morpholine] (see Figure S3).

The calculated kops=1.0796 Mes’!.
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Figure S3. Plot of initial rates vs concentration of morpholine in DMSO-d;s at 23 °C (5 mol%
(CuOTf),ePhH)).

Order of the Reaction in A3-Iodane 2a

The order in 2a was determined by studying the initial rates of the 3a formation at 23 °C in
DMSO-ds at various concentrations of iodonium salt 2a.
Experimental. The A3-iodane 2a (0.5-2 equiv) and morpholine (3 uL) were placed in an NMR tube
and 150 pL of the (CuOTf),®PhH stock solution [prepared by dissolving (CuOTf),ePhH (15.75
mg, 0.031 mmol) in degassed DMSO-ds (5 mL)] was added, followed with 850 pL of degassed
DMSO-ds.

The amount of 3-morpholin-4-yl-1H-indole 3a was determined by integrating a peak at 3.83
ppm corresponding to the N-methyl group of 3a. Yields of 3a in percents were converted to

concentrations and used to construct kinetic curves (see Table S5).
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Table S5. Concentration of 3a-(10-* M) vs time in the reaction of 2a with morpholine at various

amounts of A>-iodane 2a

Iodonium salt 2a, equiv
0.5 1 1.5 2

0 0.000 0.000 0.000 0.000
160 0.227 0.331 0.269 0.293
320 0.359 0.471 0.440 0.481
480 0.523 0.629 0.557 0.544
640 0.623 0.743 0.711 0.715
800 0.720 0.863 0.826 0.816
960 0.854 0.978 0.956 0.949
1120 0.966 1.079 1.071 1.003
1280 1.077 1.177 1.157 1.103
1440 1.169 1.319 1.235 1.277
1600 1.273 1.372 1.328 1.245
1760 1.353 1.477 1.427 1.321
1920 1.449 1.599 1.500 1.512
2080 1.550 1.703 1.606 1.596
2240 1.608 1.827 1.672 1.762
2400 1.706 1.901 1.764 1.851

time (s)

Kinetic curves for reactions at various amounts of A’-iodane 2a were constructed by

TableCurve software and described by equation (y =a+b-x°). To calculate rate coefficients kobs.,

each of the equations (y =a+b-x°) was differentiated by time and evaluated at x=320 sec. A log

plot of initial rate In(A[3a]/At) versus In[morpholine] gave a straight line (R°=0.8889), indicative of
a zeroth order dependence on [2a] (see Figure S4).

The calculated kops= —0.0766 Mes™!.
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Figure S4. Plot of initial rates vs concentration of iodoium salt 2a in DMSO-ds at 23 °C (7.5 mol%
(CuOTf),ePhH)).

The non-catalyzed fragmentation of 2a in the presence of DIPEA and morpholine in DMSO-
ds at 23 °C.

In an oven-dried NMR-tube 1odonium salt 2a (50 mg, 0.072 mmol) was weighted, followed
by morpholine (7.5 mg, 7.5 mL, 0.086 mmol, 1.2 equiv), DIPEA (18.6 mg, 25 mL, 0.144mmol, 2
equiv) and DMSO-ds (1 mL) was added shortly before the beginning of 'H-NMR experiment. The
amount of product 4a was determined by integrating a peak at 3.76 ppm corresponding to the N-

methyl group of 4a (see Figure S5).
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Figure SS. The non-catalyzed fragmentation 2a in DMSO-d; at 23 °C.
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Figure S6. Kinetic data for the non-catalyzed fragmentation of 2a in DMSO-ds at 23 °C.



Cyclic Voltammetry Experiments

Cyclic voltammetry measurements were made using a PARstat 2273 instrument at a scan
rate of 100 mV/s, at 23 °C with a glassy carbon disk electrode (d = 6 mm) as the working electrode,
and a saturated calomel electrode (SCE) as the reference electrode. n-BusNBF4 (0.1 M) was used as
the supporting electrolyte. All experiments were performed in an extra-dry MeCN (freshly distilled
from calcium hydride prior the use) and under atmosphere of argon. All of the potentials are
reported versus SCE at a scan rate of 100 mV/s.

The cyclic voltammetry of Cu(MeCN)4BF4 (0.01 mM in 10 mL of MeCN containing 0.1 M
nBwNBF4) showed reversible reduction peaks (Ep=-0.87 V and Ep=-0.51 V vs SCE) and
reversible oxidation peaks (Ep=0.85 V and 0.65 V) (see Figure S6). The reduction peak at Ep=—
0.87 V was assigned to the reduction of Cu(I) to Cu(0), and the reversible peak (Ep=-0.51 V) was
assigned to the oxidation of Cu(0) to Cu(I). The oxidation peak at Ep=0.85 V was assigned to the
oxidation of Cu(I) to Cu(Il), whereas the reversible peak (Ep=0.65 V) corresponds to the reduction
of Cu(Il) to Cu(I).

Cyclic Voltammetry for Cu[MeCN]4BF4 (I vs E“ Cyc
—

(Ovll GuBF4-2 pilei 1.5-2-1.5, Cycle #1
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\ 2t |E=-0.51 Vv
1.1E-04
1.0E-04
9.0E-05
8.0E-05
7.0E-05
68.0E-05
5.0E-05

4.0E-05

Current (A)

3.0E-05

2.0E-05

1.0E-05

0.0E+00

-1.0E-05

-2.0E-05

-3.0E-05

-4.0E-05

-5.0E-05

-6.0E-05
-2 [s] 1 2

Potential (V)

Figure S6. Cyclic voltammogram of Cu(MeCN)sBF.
The cyclic voltammogram of iodonium salt 2a reduction (0.01 mM in 10 mL of MeCN
containing 0.1 M nBusNBF4) contained a number of irreversible peaks (Ep=—-0.76 V, Ep=—-1.82 V,
Ep=-2.11 V and Ep=-2.34 V vs SCE) (see Figure S7). The reduction peak at Ep=-0.76 V was

assigned to the reduction of iodonium salt 2a. The other reduction peaks correspond to products of
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reductive fragmentation of iodonium salt 2a. Thus, the peak Ep=-1.82 V was assigned to 3-
iodoindole 4a (Figure S7b), the signal at Ep=-2.11 V corresponds to the reduction potential of
Mes-OTs (Ep=-2.20 V; see Figure S7c) and the peak at Ep=-2.34 V was assigned to reduction of
Mes-I (Ep=-2.44 V; Figure S7d).
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Figure S7. Voltammograms for reduction of: (a) iodonium salt 2a; (b) indole 4a; (c) Mes-I; (d)
Mes-OTs.
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X-Ray Structure, Crystal Data and Structure Refinements for 2a

C3A
N C2A
S1A
$ 02A
@ 01A

N C1A

O3A

Gt e
‘ Sl c23
Ca4 \
c20
Br26

Empirical formula C21H2BrINO,-C7H;05S
Formula weight 698.41
Temperature (K) 173
Radiation type Mo Ka
Wavelength 0.71073
Crystal system Monoclinic
Space group P2i/c
Unit cell dimensions a=13.9499(5), b=13.1575(4), c=15.5683(7) A, p=104.197(2)°
Volume (A%) 2770.2 (2)
Z 4
Density (calculated, g/cm?) 1.675
u(mm ™) 2.71
Crystal size (mm) 0.36 x0.12 x 0.11
Diffractometer Bruker-Nonius KappaCCD
Absorption correction By Gaussian integration based on twelve indexed crystal faces
Tmin, Tmax 0683, 0.742

No. of measured, independent and

11273, 6335, 3752

Rint

0.037

20max (°), (5in 0/A)max (A™)

55, 0.650

Index ranges

—18<h<18,-15<k<17,-20<1<20

R[F? > 36(F?)], wR(F?), S

0.064,0.114, 1.09

R- and wR(F?)-index 0.124, 0.128

No. of reflections 3735

No. of parameters 334

No. of restraints 0

H-atom treatment H-atom parameters constrained
APmax, Apmin (€ A7) 3.73, —4.89
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