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ANOTACIJA

(Hetero)aromatisko savienojumu C-H funkcionalizé$ana. Sokolovs 1.,
zinatniskais vaditajs Dr. kim., prof. Stina E. Promocijas darbs, 43 lappuse, 22 attéli,
24 literatiiras avoti. Latviesu un Anglu valoda.

Darba veikti nesimetrisko A3-jodanu un dazadu skabekla un slapekla nukleofilu
mijiedarbibas petijumi. Balstoties uz iegltajiem rezultatiem, sekmigi izstradatas
viena reaktora secigu daudzstadiju reakciju metodes C-H saites aktivéSanai/
funkcionalizéSanai. Metozu pielietojums ir paradits uz plasa substratu klasta. C-H
Saisu funkcionalizéSanas pieeja balstas uz in situ gener&tu nesimetrisku A*-jodanu un
dazadu nukleofilu (acetatu, fenolatu, azidu un plasa alifatisku un aromatisko aminu)
klasta reakciju parejas metalu (Pd, Cu) katalizes apstaklos. Izstradatas metodologijas
pielietojums potencialo zalvielu “vélinai modific€Sanai” paradits antibakteriala lidzekla
linezolida sintéze.

HETEROCIKLU FUNKCIONALIZESANA, C-H SAITES AKTIVESANA,
PAREJAS METALU KATALIZE, A*-JODANI
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IEVADS

Temas aktualitate. Jaunu zalvielu izstrade saistita ar loti plasa strukt@iranalogu
klasta sintezi. Piem&ram, veiksmigai trapijuma optimizacijai par lidersavienojumu
(hit-to-lead optimization) parasti nepiecieSams sintez&t milzigu skaitu optimiz&jama
savienojuma struktiiranalogu (biezi pat veselas savienojumu “bibliotekas”). Tadel viens
no misdienu organiskas sinté€zes pamatuzdevumiem ir &rtu sint€zes metozu izstrade
struktiiras-aktivitates likumsakaribu (SAR) pétijumiem medicinas kimija. P&dgjos
gados zalvielu molekulu dizaina plasi tiek izmantota t.s. “vélinas modific€Sanas” (late-
stage modification) pieeja, kura lauj ievérojami paatrinat SAR pé&tfjumus un racionaliz&t
sint€tisko darbu. “VE&linas modificeSanas” pieeja paredz strukturalas daudzveidibas
ievieSanu pétamaja bazes struktlira sintézes beigu posma, turklat vélama aizvieto-
taja ievadiSanai optimiz€jamaja pamatstruktiira nav nepiecieSama tas ieprieksgja
funkcionalizéSana. Konceptuali vispiemérotaka sintézes metodologija “vélinajai
modificeésanai” ir C-H saiSu funkcionalizéSanas pieeja. Diemz€l salidzinosi lielais
C-H saiSu skaits caurm@ra organiskaja molekula neizb&gami izraisa regioselektivitates
problémas. Regioselektivitates nodro§inasanai C—H saiSu funkcionaliz€Sanas reakcijas
visbiezak izmanto t.s. “virzos§as grupas” — aizvietotajus, kuri nodroSina orfo- vai meta-
pozicijas esosu C—H saisu aktivésanu. “Virzosas grupas” péc C-H funkcionaliz€Sanas ir
jaaizvac, un biezi tas nav trivials uzdevums.

Darba meérkis. Promocijas darba pamatmérkis ir izstradat alternativu Csp2-H
saiSu funkcionaliz&€Sanas metodologiju, kura Csp2-H saiSu aktivéSanas regioselektivitati
noteiktu  funkcionaliz€jama savienojuma reag@tsp&ja elektrofilas aromatiskas
aizvietoSanas apstaklos.

Darba uzdevumi.

1) Csp2-H Saisu funkcionaliz€Sanai izmantot hipervalentos joda(Ill) savie-

nojumus;

2) Parbaudit hipoteézi par ligandu sametinaSanas selektivitates maingu ne-

simetriskajos diaril-13-jodanos parejas metalu (Pd un Cu) katalizes apstaklos;

3) Izstradajamas sint€zes metodes balstit uz “viena reaktora” secigu daudzstadiju

reakciju virkni.

Zinatniska novitate. Atradumam par ligandu sametinasanas selektivitates maina
nesimetriskajos diaril-A’-jodanos parejas metalu (Pd un Cu) katalizes apstaklos ir
fundamentala nozime organiskaja kmija. Jauna teorétiska atzipa lava izstradat jaunu
sintézes metodologiju paketi elektroniem bagatu (hetero)aromatisko savienojumu
C-H funkcionalizéSanai, t.sk. C-H acetoksiléSanas reakciju veikSanai, diariléteru
sintezei ka ar1 C-H azidésanas un C-H amin&Sanas reakciju veikSanai.

Darba praktiska nozime. Izstradata sintézes metodologijas ir ipasi piemérota
potencialo zalvielu “v€linajai” funkcionalizéSanai, un tapéc darbam sagaidams plass
pielietojums medicinas kimija. C-H Amin&Sanas metodes piem&rotiba zalvielu “vélinai”
funkcionaliz&Sanai paradita antibakteriala Iidzekla /inezolida sintgze.
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1. NODALA.
PROMOCIJAS DARBA TEMA UN PETIJUMA
KONCEPCIJAS IZKLASTS

1.1. Hipervalento joda(Ill) savienojumu uzbiive

Hipervalentos joda (III) savienojumus jeb /*-jodanus veido jods un tris ligandi.
J3-Jodaniem raksturiga T—veida geometrija (pseidotrigonala bipiramida), kuru nosaka
divas atSkirigas kimiskas saites jodanos. Ekvatoriali novietoto ligandu un joda(III)
atomu savieno kovalenta o-saite, savukart aksialo stavoklu ligandus un joda centru
saista t.s. hipervalenta saite (1.1. att.). Skidumos A*~jodani ir konfiguracionali nestabili,
jo aksialie un ekvatorialie ligandi stajas apmainas reakcija, ko sauc par pseidorotaciju
(Berry pseudorotation). Stabilakajai *—jodanu konfiguracijai raksturigs telpiski lielaka
liganda novietojums steriski vismazak traucétaja ekvatorialaja pozicija.

Saskana ar IUPAC rekomendacijam, hipervalenta joda(Ill) savienojumi jasauc
par A*-jodaniem. Plasi tiek izmantots diaril-A3-jodanu alternativais nosaukums
“diariljodonija sali”. Tas ir neprecizs, jo “onija saliem” (piem&ram, amonija un sulfonija
saliem) raksturiga tetraedriska geometrija.! Hipervalento savienojumu raksturo$anai
biezi izmanto arT t.s. [N-X-L] nomenklatiiru, kura N ir elektronu skaits centrala atoma
X valences caula, bet L ir ligandu skaits, kuri saistiti ar centralo atomu X. Attiecigi
A3-jodani ir [10-I-3] konfiguracijas savienojumi, bet ariljodonija sali raksturojami ka
[8-1-2] dalinas (1.1. att.).

....................................

| L Lo L. o

O OR =0 OR=OY
. - -_— ~N. -

| @ ' > d X |

: X X o X X

5 [8-1-2] [10-1-3]

| tetraedra geometrija T-geometrija : X=Cl, Br, I, OTf, OTs, BF4

' jodonija sals 23jodans ! L =ligands

1.1. att. 2*-Jodani.

Hipervalenta saite joda(Ill) centru savieno ar diviem ligandiem, un to 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 to veido tris
linearas molekularas orbitales: saiti veidojosa, nesaisto$a un irdinosa (1.2. att.). Hi-
pervalentaja saité aizpilditas ir divas zemakas energijas orbitales: saiti veidojo$a un
nesaistosa orbitale. Joda(IIl) jonam piemit gandriz pilnu vienibu liels pozitivs dalladins
(0, = +1), bet uz pargjiem hipervalentas saites ligandiem ir negativs dalladins. Joda(III)
jona pozitivais dalladins nosaka aril-A*-jodanilaizvietotaja izteikti spécigo elektronak-
ceptoro induktivo efektu (o, = 1.34), kas ir salidzinams ar diazonija saliem N,"~BF
(o, = 1.48), un ir pat specigaks neka nitroaizvietotajam (o, = 0.64). Stipri polarizeta



hipervalenta saite nosaka viselektronegativako ligandu novietojumu hipervalentaja sai-
t€ (aksialajos stavoklos). Paradits, ka 43-jodanu stabilitate labi korel€ ar aksialo stavok-
lu ligandu Hammeta aizvietotaju indukcijas konstantém. Elektronegativi ligandi (vaj$
trans efekts) labak stabiliz€ negativo dalladinu hipervalentaja saitg, tadgjadi stabilize-
jot A*-jodanu. Turpretim ar elektrondonoram pasibam apveltitie ligandi (spécigs trans
efekts) pavajina liganda-I(II) hipervalento saiti, un destabilizé A’-jodanu. Liganda
trans efektu iespgjams paredzet, izmantojot aizvietotaju Hammeta ¢ konstantes.’

aksialais __ |_—|/— s OCAODTD  —  irdinosa orbitale
stavoklis er o - A % nesaisto$a orbitale
A CA>OOD 1 saiti veidojosa orbitale
ekvatorialais L I L
stavoklis

1.2. att. Hipervalentas orbitales 23—jodanos.

Skidumos A3-jodani stajas ligandu apmainas reakcija, kura var norisinaties péc
asociativa vai disociativa mehanisma (1.3. att.). Asociativais mehanisms paredz
ienakosa liganda (nukleofila) uzbrukumu /*-jodana 1.1 C-I saites irdino$ajai 6* orbitalei,
un trans-tetrakoordinéta jodata 1.2 [12-1-4] veidoSanos (1.3. att., vienadojums 1).
Trans-jodats 1.2 apgriezeniskaja reakcija izomerizgjas par cis-jodatu 1.3 un, disocigjot
heteroatoma ligandam L, veidojas jauns /*-jodans 1.4. Ligandu apmaina ir atrs process.
Par mazak varbutigu tiek uzskatits disociativais mehanisms, kur§ ietver liganda
sakotngju disociaciju un jodonija [8-1-2] starpsavienojuma 1.5 veidosanos (1.3. att.,
vienadojums 2).

6_
o o ; %
Ar |‘\m L’ Ar =N = A eI—L j—> Ar—l"“ Q)
'g |_ Nu Nu
- [12-1-4] [12-1-4]
1.1 1.2 1.3 1.4
5_
L @IT Nue IT
A I.\\\'. P, . . "
TR T A T R @
L L : Nu
5- [8-1-2]
1.1 1.5 1.4

1.3. att. Ligandu apmaina 2 °-jodanos.

Lidztekus tadiem “klasiskajiem” nukleofilajiem ligandiem ka acetati, azidi
un fenolati, par nukleofilu reakcija ar elektrofilo aril-A*-jodanu 1.6 var kalpot ari
elektroniem bagata (hetero)aromatiska n-elektronu sistéma. Pieméram, anizols reagé
ar jodbenzola diacetatu (PhI(OAc),) 1.6 un veidojas diaril-A’-jodans 1.7 (1.4. att.).



Visticamak, jodana 1.7 veidoSanas notiek saskana ar elektrofilas aromatiskas
aizvietoSanas S, Ar mehanismu (Fridela-Kraftsa (Friedel-Crafts) reakcija). Diaril-
A*-jodanu veidoSanas padzilinati pétijumi ar elektronu paramagnétisko rezonanses
metodi |ava izvirzit alternativu mehanismu, kas balstas uz sakotngju katjonradikala 1.8
veidoSanos viena elektrona parnesé (SET) no elektroniem bagata aréna uz elektrofilo
joda(IlI) centru (1.4. att.).

M
OMe OMe OMe
Ph ?AC — AC(\)
—| N B
OAc P 5
AcO AcOH  AcO—I—Ph
1.6 ladina parneses 1.7
komplekss A
#SET atkartots
SET !
MeO ST
1.8

SET - single electron transfer (vienelektrona parnese)

1.4. att. Diaril-A3-jodanu veido$anas elektrofilas aizvieto$anas reakcija.

1.2. Reducgjosa eliminésanas diaril-4*-jodanos

Misdienu organiskaja sint€z&€ plasi izmantota diaril-A’-jodanu reakcija ir
reducgjosa eliminé$anas, kura starp diviem diaril-1’-jodana ligandiem veidojas saite,
bet hipervalentais joda(Ill) centrs reduc€jas Iidz jodidam. Reducgjosas eliminéSanas
reakciju biezi dévé par ligandu sametinasSanas (ligand coupling) reakciju, un tas
virzitajspeks ir okteta elektronu konfiguracijas ariljodida veidoSanas. Lai izceltu
ariljodida (Arl) izcilas aizejosas grupas ipaSibas (Arl ir ~ 10° reizu labaks nukleofugs
neka trifluormetilsulfonata anjons), ieviests termins “hipernukleofiigs”.! Kvantu
kimiskie aprékini liecina, ka ligandu sametina$ana diaril-A*-jodanos ir saskanpots
process, kura aksialais ligands X uzbriikk ekvatoriali novietota arilliganda ipso-
stavoklim caur parejas stavokli 1.9 vai 1.10.* Saskanotais process nosaka, ka ligandu
sametinaSanas reakcija var iesaistities tikai ekvatoriala stavokll novietotais ligands
un hipervalentas saites (aksialas pozicijas) nukleofilais ligands (1.5. att.). Jaatzimg,
ka ligandu sametinaSanas jeb reducgjosas eliminéSanas reakcijas parejas stavoklim ir
augsta [idziba ar nukleofilas aromatiskas aizvietoSanas (S, 4r) reakcijas norisi.

Nemot vera relativi atro ligandu apmainu (pseidorotaciju) diaril-A3-jodanos, ligandu
sametina$anas reakcija iesaistas lidzsvara esosi diaril-/’-jodanu izoméri, un nesimetrisko
diaril-2*-jodanu gadijuma ligandu sametinasanas reakcija var veidoties divu produktu
maistjums. Tomér aktivacijas barjera ligandu apmainas reakcijai ir ievérojami zemaka
neka ligandu sametinaSanas reakcijai (K, >> k, un k,), un tapec ligandu sametinaSanas
selektivitati nesimetriskajos diaril-*-jodanos saskana ar Kurtina-Hammeta principu
(Curtin-Hammett principle) nosaka reducgjosas eliminéSanas reakcijas aktivacijas
barjeru (jeb atbilstoSo reakcijas atruma konstansu &, un k) atSkiriba (sk. 1.5. att.).
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1.5. att. Reducgjosa eliminéSanas diaril-2*-jodanos.

Ligandu sametinasanas selektivitati nesimetriskajos diaril-A*>-jodanos iesp&jams
panakt, balstoties uz atSkirigajam ligandu elektroniskajam un steriskajam Tpasibam.
Ka liecina ab initio DFT kvantu kimiskie aprékini, ligandu sametinaSanas selektivitati
nosaka arilligandu ipso-oglekla atomu elektrofilitate jeb dalladipu 8,” un 3, lielumi
(1.5. att.). Attiecigi ligandu sametinaSanas reakcija ar nukleofilu stasies arilligands
ar mazaku negativo dalladinu jeb elektroniem nabadzigaka aromatiska sistéma.’
Reaggtspéjas atkariba no arilliganda elektrofilitates (selektivitates elektroniska kontrole)
akcenté diaril-4*-jodanu reducgjosas eliminé$anas mehanisma Iidzibu ar nukleofilas
aromatiskas aizvietoSanas (S, 4r) reakciju.

Ja viens no arilligandiem satur orto-aizvietotaju, ligandu sametinasanas selek-
tivitates elektroniska kontrole vairs nav speka. Sados nesimetriskajos diaril-A3-jodanos
nukleofilais ligands X veido saiti ar steriski vairak traucétu orfo-aizvietoto ligandu
neatkarigi no arilligandu ipso-oglekla atomu elektrofilitates. Selektivitates steriskdas
kontroles (jeb t.s. “orto-efekta”)® pamata ir telpiski traucéta arilliganda tieksme
atrasties nesimetriska diaril-4’-jodana ekvatorialaja stavokli. Ekvatorialais novietojums
samazina telpisko mijiedarbibu ar citiem ligandiem T-veida kompleksa un tapéc
termodinamiski ir visizdevigakais.

Diaril-A*-jodanu ligandu elektronisko un stérisko ipasibu novértéSana lauj
prognozet selektivitati ligandu sametinaSanas reakcija: hipervalentaja saité novietotais
nukleofilais ligands X reag€s vai nu ar steriski vairak traucétu (orfo-aivietotu)
arilligandu, vai ar elektroniem nabadzigako arilligandu (1.6. att.).

stériska kontrole elektroniska kontrole

f\)‘(’”\ TN
o E3ed

liels mazs elektroniem elektroniem
nabadzigs bagats

1.6. att. Ligandu sametinasanas selektivitate nesimetriskajos diaril-23-jodanos.
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Orto-efekts biezi doming par stérisko kontroli. Lidz ar to nukleofila liganda X
selektivu reakciju ar telpiski mazak traucgtu un elektroniem bagatu ligandu parastajos
apstaklos nodros§inat nav iesp&jams.

Diaril-1*-jodaniem raksturiga augsta reag@tsp&ja oksidEjosas pievienosanas
reakcijas ar parejas metalu kompleksiem. Pateicoties joda (II) savienojumu izteiktajai
elektrofilitatei un ariljodidu lieliskajam aizejosas grupas (nukleoftiga) Tpasibam, diaril-
A*-jodani reagé ne tikai ar Pd(0) metalorganiskajiem savienojumiem, bet arl spgj
oksidét mazak reag€tsp&jigus Pd(II) kompleksus par nestabilam Pd(IV) dalipam’ vai
PA(IIT)-Pd(IIT) dim@&riem? (1.7. att.).

[ w
X
d n ‘/7R2
R1/ | \ r;,dlv R1/_
X X

1.7. att. Diaril-23-jodanu oksidéjosa pievienoSanas Pd(IT) dalinam.

Lieliska diaril-’-jodanu reagétsp&ja ar Pd(II) kompleksiem lava izmantot
hipervalentos joda(III) savienojumus ka reagentus C-C saites sametinasanas reakcija.”!°
Svarigi, ka nesimetrisko diaril-1*-jodanu oksidgjosas pievieno$anas reakcija saiti ar
parejas metaliem (Pd un Cu) veido telpiski mazakais vai arT elektroniem bagatakais
no arilligandiem," turklat ligandu parneses selektivitates noteik$ana steriskie efekti
doming par elektroniskajiem. Lidz ar to, parejas metalu (Pd un Cu) klatbiitne pilnigi
izmaina nesimetrisko diaril-A*-jodanu reducgjosas eliminé$anas reakcijas selektivitati
(salidzinat 1.8. att. un 1.6. att.).

stériska kontrole elektroniska kontrole

X X

|
An ;7% o)

Pd" P
1.8. att. Nesimetrisko diaril-2’-jodanu un Pd(IT) reakcijas selektivitate.

Lai veicinatu vélama arilliganda selektivu parnesi no nesimetriska diaril-A3-jodana
uz parejas metalu kompleksiem, hipervalento joda(Ill) savienojumu dizaina biezi tiek
izmantoti telpiski Tpasi traucéti un tade] ar parejas metaliem nereagétspéjigi arilligandi
(dummy ligands), piem&ram, 1,3,5-trimetilfenil'? vai 1,3,5-triizopropilfenil grupas.'
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1.3. Promocijas darba pétijuma koncepcija

Promocijas darba uzsakSanas posma veikta literatiiras analize liecinaja, ka parejas
metalu (Pd un Cu) reakcija ar nesimetriskajiem diaril-2*-jodaniem izmantota tikai
C-C saites veidoSanas reakcijas, turklat parejas metalu klatbiitne nodrosingja atskirigu
ligandu parneses selektivitati, salidzinot ar nekataliztajam reakcijam. Tade] promocijas
darba tika izvirzita hipoteze, ka parejas metalu (Pd un Cu) katalizatori var mainit
ligandu sametinasanas selektivitati nesimetriskajos diaril-2’>-jodanos, nodrosinot,
ka hipervalentaja saité novietotais nukleofilais ligands X reages vai nu ar stériski
mazak traucetu vai ar elektroniem bagatako no arilligandiem (1.9. att.).

katalttiskais cikls

| \7R2 | \7R2 N
= ‘ Z Met™ ‘ —R? Met"*
~_~ et =
. n+ O RZ
7 N\ @ Met @ f
/ ! IN. N Met"*2
R1Q R1/— |\ R1/— |\ |

X & X

X

| R
Z A3-jodans = |
| Met"* = Pd?* vai Cu* XX

_ R’ J
N - J N

Publicétas sintézes metodes | Jauna sintétiska metodologija |

)

1.9. att. Promocijas darba pamatkoncepcija

Promocijas darba pirmais uzdevums bija parbaudit izvirzito selektivitates mainas
hipotézi. Hipot&zes apstiprinasanas gadijuma tika planots izstradat konceptuali jaunu
sintézes metodologiju elektroniem relativi bagatu aromatisko un heteroaromatisko
savienojumu C-H funkcionaliz€Sanai (1.10. att.). Sint€zes metodologijas izstrade
balstama uz secigu vairakstadiju “viena reaktora” (one-pot) procesu, kurs ietvertu:

1) nesimetrisku diaril-A*-jodanu in situ veido$anos elektroniem bagatu arénu un

heteroarénu reakcija ar piemérotu hiparvalento joda(IIl) reagentu;

2) produktu veidojoSo selektivu reduc€joSo eliminéSanos diaril-A3-jodanos

parejas metalu (Pd, Cu) katalizes apstak]os.

X
5§ PN
Ar-IX, < | Cu(l) vai Pd(ll)
N , N —_— , S,
:' ArIHet:- i :'ArIHet : ;'ArIHet '.

'
Lt -HX Lt i .

in situ

1.10. att. Jaunas sintézes metodologijas izstrade
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2. NODALA.
PROMOCIJAS DARBA KONCEPCIJAS PARBAUDE
UN PIELIETOJUMS

2.1. Ligandu sametinasanas selektivitate diaril-A*-jodanos parejas
metalu katalizes apstaklos

Promocijas darba pamatkoncepcijas parbaudei tika izveleti skabekla nukleofilos
ligandus (acetatu un fenolatu) saturoSie nesimetriskie diaril-A*-jodani 2.2 un 2.3,
kurus sintezgjam ligandu apmainas reakcija no hipervalenta joda(Ill) savienojuma
2.1. Jaatzimg, ka fenola ligandu saturo$ie diaril-A*-jodani lidz §im nav bijusi sintez&ti
un izdaliti to zemas stabilitates d€l. 1°-Jodana 2.2 stabilitates palielinasanai fenolata
liganda ievadijam elektronus atvelko$o nitrogrupu, kura samazinaja fenolata liganda
nukleofilitati (zrans efektu). Abu hiparvalento joda(Ill) savienojumu struktiiras
apstiprinaSanai izmantota rentgenstruktiiras analizes metode (2.1. att.).

\@/0025
Br
N
\
l Arl(OH)OTs Q

Ph—I|—0Ac ) Ar—|—0Ts
AcO
Xy COEt Xy COzEL CO,Et
Br Br
m N -0Ts®
\ Ar = fenil \ Ar = mezitil
2.2 21

ﬁ‘

2.1. att. Diaril-23-jodanu 2.2 un 2.3 iegiisana un struktiira.

2.2 2.3



14

Etikskabes $kiduma diaril-A3-jodans 2.2 ir relativi stabils, bet 80 °C temperatura
tas Ieni sadalas par 3-jodindolu 2.4 un O-acilfenolu. Novérota ligandu sametinasanas
reagétspeja (nukleofilais acetata ligands veido saiti ar elektroniem nabadzigako no
diviem ligandiem) atbilst nekataliz&tajai diaril-A*-jodanu reducgjosas elimin&$anas
norisei (sk. nodalu 1.2). Katalitisku Pd(OAc), daudzumu (5 mol%) klatbiitné ligandu
sametinaSanas selektivitate mainijas uz pretgjo, un ar 81% iznakumu tika izdalits
acetoksiindols 2.5 (2.2. att.,). Etikskabi aizstajot ar acetonitrilu, produkts 2.5 veidojas
ar lidzigu iznakumu (91%). Citi parejas metalu sali, pieméram PtCl, (5 mol%) bija
mazak efektivi katalizatori, bet, pievienojot 5 mol% PtCl, etikskabé vai 10 mol%
Cu(OTf), dihlormetana, reakcija nenotika. Liisa skabju klatbiitné reakcija vai nu
nenotika (ar 4 ekvivalentiem BF, OEt dihlormetana),'"* vai arl veidojas nesadalams
produktu maisijums (ar 2 ekvivalentiem TMS-OTf dihlormetana).'s

Ac . Ph—I—0Ac PA(OAC),
N COZEt Boc N\, ~CO,Et _5mol% N COzEt
“acor Br N TAcOH
\ ist. temp.
2.2

2.2 att. ngandu sametinasanas selektivitates maina Pd(II) katalizatora klatbiitné.

Lidztekus indoliem Pd(OAc), katalizetaja acetoksileSanas reakcija stajas ari
aizvietoti piroli. Interesanti, ka palladija katalizes apstaklos nukleofilais OAc ligands
veido saiti ar steriski vairak trauc€tu orto-aizvietotu heterociklu (pirolu, indolu).
Noverota regioselektivitate ir negaidita, jo nesimetrisko diaril-A*-jodanu gadijuma
(pieméram, [Ar-I-Mes][BF,] 2.6) saiti ar palladiju veido stériski mazak traucéta
arilgrupa'® (2.3. att.). Acimredzot heteroaril(aril)-A’>-jodanu 2.2 un 2.7 gadijuma
acetoksiléSanas regioselektivitati kontrolé nevis steriskie faktori, bet gan elektroniskie
efekti: uz palladija katalizatoru tiek parnesta elektroniem bagataka heteroarlilgrupa.'

O X0
N oA
BF, d'V R ¢ RS R

26 OB 27
Pd" 2 [ v
0 S el
r! OAc

2.3. att. Pd(IT) katalizétas ligandu sametinasanas selektivitate.

Iespgjams, ka pirola un indola gredzenu parneses augsto selektivitati nosaka
sakotngja Pd(IT) n*-koordinéSanas ar elektroniem bagata piroliljodonija dubultsaites
n-elektronu sistému (2.4. att. shéma, komplekss 2.8),"7 kas ari nosaka talakas
oksidgjosas pievienosanas selektivitati un pirolil- Pd(IV) kompleksa 2.9 veidosanos.
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AcO, OAc
RS R4 Rd
I 3 4
3 /1 n4 R R
N~ I~oac——= | RTTNT Tl—pac R2-4 Pd OAc R2
R R ‘1 OAc \v
PhI Pd(OAc), R1
2.7 2.8 2.9 2.10

2.4. art. PA(II) katalizétas ligandu sametinaSanas selektivitates iespgéjamais célonis.

P&tfjuma turpinajuma atrasts, ka ligandu sametinasanas reakciju nesimetriskajos
diaril-A3-jodanos lidztekus palladija saliem Kkataliz€é ari krieni 1&taki un mazak
toksiski Cu(I) sali. Pieméram, Cu(MeCN),BF, komplekss reakcija ar A*-jodanu 2.3
nodrosina selektivu C-O saites veidoSanos starp fenolata ligandu un indola heterociklu
(2.11 : 2.4 = 5:1; sk. 2.5. att.). Ariloksiindola 2.11 veidoSanas notieck maigos apstak]os
(istabas temperatiira) un salidzinosi 1sa laika (30 min). Svarigi, ka bez Cu(I) salu
pievienosanas ligandu sametinaSanas selektivitate A’-jodana 2.3 ir pretgja: CH,Cl,
Skiduma I(IIT) savienojums 2.3 I€ni parversas par 3-jodindolu 2.4 un diariléteri 2.12.
Nekatalizéta ligandu sametinasanas reakcija ir arT ievérojami Iénaka: péc 3 h istabas
temperattira izejvielas 2.3 konversija ir 25%, bet pilnu konversiju iesp&jams sasniegt
tikai pec 168 h (2.5. att.).

NOz No2
O,N
I \©\o Cu(MeCN)4BF4
5 N, —CO,Et \ CoEt _10mol% mol% N COzEt
r
N * CHZCIZ CHZCIZ
N ist. temp. ist. temp.
2.4 212 2.3

2.5 att. Ligandu sametinasanas selektivitate Cu(I) katalizétaja un nekatalizétaja reakcija.

Tika veikti arT kontroles eksperimenti, lai noskaidrotu diariléteru sint€zg€ iesaistito
katalitiski aktivo vara dalinu oksidéSanas pakapi. Pirmaja eksperimenta A*-jodana 2.3
un Cu(MeCN),BF, katalizatora $kidumam metilénhlorida tika pievienots neokuproins
(2 ekv. attieciba pret Cu(l) katalizatoru). Neokuproins ir augsti specifisks Cu(I) jonus
helatgjoss agents, kurS veido stabilu, oranzas krasas kompleksu Cul(neokuproins),."
Neokuproina pievieno$ana ievérojami paléninaja A*-jodana 2.3 konversiju, kas saniedza
tikai 15% p&c 6 h, pretstata 100% konversijai peéc 90 min Cu(l) katalizatora klatbiitng.
Turklat neokuproina klatbiitné ka vienigie produkti veidojas 3-jodindols 2.4 un &teris
2.12, bet ariloksiindols 2.11 reakcijas maisijuma netika novérots. Rezultati apstiprina
neokuproina inhib&joso ietekmi uz Cu(l) katalizéto A’-jodana 2.3 parvérSanos par
veélamo produktu 2.11. Neokuproina klatbiitné A’-jodans 2.3 stajas nekataliz&taja ligandu
sametinasanas reakcija, un veidojas produkti 2.4 un 2.12. Neokuproina inhib&josais
efekts liecina, ka katalitiski aktivas ir Cu(l) dalinas, un katalitiskaja cikla notiek
Cu(I)/Cu(Ill) oksidésanas-reducéSanas pareja. lespgjams, A’-jodans 2.3 oksidgjosi
pievienojas Cu(I) dalinam un veido Cu(IIl) starpproduktu. Katalitiska cikla nosléguma
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stadija notiek reducgjosa elimin€sanas ar diarilétera veidoSanos un katalitiski aktivo
Cu(I) dalinu regenerésanu.

Promocijas darba veiktie pétijumi pilniba apstiprinaja promocijas darba
pamathipoteézi par parejas metalu (Pd un Cu) kompleksu spéju mainit ligandu
sametinas$anas kemoselektivitati nesimetriskajos diaril-2*-jodanos. Parcjas metalu
katalizatoru sp&ja nodrosinat hipervalentaja sait€ novietota nukleofila liganda X reakciju
ar elektroniem bagatako no arilligandiem lava iztradat jaunu sintézes metodologiju,
kas 1pasi piemérota zalvielu molekulu “v€linajai” C-H funkcionaliz&Sanai.

2.2. Jaunu C-H funkcionalizéSanas metoZu izstrade

C-H Saisu funkcionalizé$anas metodologijas izstrades koncepcija tika balstita uz

secigu vairaku posmu “viena reaktora” (one-pot) procesu, kurs ietver:

1) “C-H funkcionalizé$anas stadiju” - nesimetrisko diaril-2*-jodanu 2.15
iegtsanu Fridela-Kraftsa (Friedel-Crafts) reakcija starp piemérotu hipervalento
joda(Ill) reagentu Ar-IX, 2.14 (X ir nukleofilais ligands) un elektroniem
relativi bagatiem aromatiskiem vai heteroaromatiskiem savienojumiem 2.13;

X . :'Ar/Het".

AriX, | Ar—I” A -

2.14 PN Cull) vai Pd(i) Nu

‘aet; )| At}  katalizators @ N
- - 7N\ iAdHet: AriHet

213 215 J /! * .

N x© e

N AN J .
~ ~ 2.16
C-H aktivéSanas Selektivas reducéjosas lespéjamais
stadija eliminésanas jeb "atslégas” stadija intermediats

"atslégas" stadija

2.6. att. Vairakstadiju secigas C-H funkcionalizéSanas metodes koncepcija.

Vienkar$akaja varianta sintézes metodologija paredz iegtt vélamo nukleofilo
ligandu X saturo$u nesimetrisko diaril-A*-jodanu 2.15 jau daudzstadiju procesa
pirmaja posma - C-H funkcionaliz&$anas stadija. Sim nolikam izmantojami
atbilstosie hipervalentie joda(Ill) reagenti 2.14. Diemzel daudzu sintétiski
nozimigu nukleofilu X (piem@ram, fenolu un azidu) gadijuma atbilstoSie
A3-jodana reagenti 2.14 nav komerciali pieejami un tie iepriek§ jasinteze.
Turklat aminus saturo$i A3-jodana reagenti 2.14 ir tik nestabili, ka tos pat nav
iesp&jams ieght. Tadél no metodologijas pielietojuma viedokla ievérojami
ertaka ir alternativa pieeja, kura paredz komerciali pieejamu joda(IIl)
reagentu Ph-IX, (X=0OAc, OTs) pielietosanu (hetero)aromatisko savienojumu
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C-H funkcionalizéSanas stadija un tai sekojoSu nukleofilo ligandu apmainas
reakciju nesimetriskajos diaril-A*-jodanos 2.15 (2.6. att.).

2) “ligandu apmainas stadiju”, kura notiek velama nukleofila liganda
(Nu=fenolats, azids) ievadiSana diaril-1*-jodana starpsavienojuma 2.15.
Ligandu apmainas reakcija ir atra, un tas rezultata var veidoties jauns joda(III)
starpsavienojums 2.16. Ja par nukleofilu tiek izmantots amins (Nu=amins),
joda(IIl) starpsavienojums 2.16 visticamak neveidojas zemas stabilitates del.

3) “reducéjosas eliminésanas stadiju” — parejas metalu kataliz€to saites
veidoSanos starp nesimetriska diaril-2*-jodana 2.14 hipervalentaja saité
novietoto nukleofilo ligandu X un elektroniem bagatdako no arilligandiem
(2.6. att.).

2.2.1. (Hetero)aromatisko savienojumu C-H funkcionalizéSanas stadija

C-H Funkcionalizésanas stadija no C-H neaizvietota (hetero)aromatiska
savienojuma tiek ieglits nesimetriskais diaril-A*-jodans 2.15 (2.6. att.). Visi (hetero)
aromatiskie savienojumi, kuri $kiduma veido relativi stabilus diaril-1*-jodanus 2.15
(X=0OAc, OTs) ir pieméroti substrati C-H funkcionalizé$anas reakcijai. Joda(III)
starpsavienojumu 2.15 veidoSanas atrums un iznakums atkarigs no heteroaromatiska
savienojuma elektroniskajam Ipasibam. Pieméram, elektroniem bagatie N-alkilpiroli
2.20, 2.21 un 2.23 ka ar pirolo[2,3-b]piridins 2.17 atbilstoSos diaril-1*-jodanus veidoja
jau 5 min laika. Turpretim elektronus atvelkosa N-acilaizvietotaja ievadiSana pirola
(2.22) paléninaja reakciju 1idz 30 min. Joda(IIl) starpsavienojumu 2.15 veido$anas no
elektroniem mazak bagatiem heterocikliem - indoliem 2.16, pirolo[2,3-d]pirimidina
2.18, tieno-[3,2-b]pirola 2.19, pirazoliem 2.24, 2.25, uracila 2.26 un tioféniem 2.27,
2.28 notika ieverojami 1&nak. Joda(Ill) starpsavienojumus 2.15 iesp&jams iegit arT no
elektroniem relativi bagatiem aromatiskajiem savienojumiem. Toluols 2.30 uzskatams
par reag€tsp&jas robez8kirtni: par toluolu elektroniem mazak bagati aréni ar Ar-IX,
2.14 nereagé un atbilstosos nesimetriskajos diaril-2*-jodanus neveido. Pateicoties
specigakam aizvietotaja elektrondonorajam efektam, terc-butilbenzols 2.31 ir
reagetspejigaks, neka toluols (ferc-Bu grupai 6 = —0.20, bet metilgrupai o, = —0.17)."”
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2.7. att. C—H Funkcionalizé$anas regioselektivitate.

Jodana 2.15 veidosanas nosaka C-H funkcionalizé$anas reakcijas regioselektivitati.
Lai gan regioselektivitate atkariga no visu aizvietotaju elektronisko efektu kopuma,
(hetero)aromatiskajos savienojumos ta atbilst elektrofilas aromatiskas aizvietosanas jeb
Fridela-Kraftsa (Friedel-Crafts) reakcijai raksturigajai selektivitatei. Attiecigi indolos
A3-jodani veidojas B-pozicija, pirolos un tiofénos — a-pozicija, bet pirazolos — 4. pozicija.
2,5-Diaizvietotu pirolu gadijjuma atbilstosie jodonija sali tika iegliti B-pozicija bet
uracils A*-jodanu veido 5. pozicija (2.7. att.). Aromatisko savienojumu gadijuma
A*-jodani selektivi veidojas para-stavokli pret spécigako elektrondonoro aizvietotaju,
pieméram alkilgrupu (2.30, 2.31 un 2.34) un alkoksigrupu (2.32, 2.35). Aromatiskajos
savienojumos, kuri satur vairakus mezomeros elektrondonoros aizvietotajus 2.36-2.40
un metoksigrupu, A*-jodans veidosies para-stavokll pret metoksigrupu. Bitiski, ka
C-H funkcionalizé$anai raksturiga augsta regioselektivitate, un izoméru veidosanas ar
"H-KMR metodi netika novérota neviena substrata gadijuma (2.7. att.).
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2.2.2. Ligandu apmaina diaril-1*-jodanu starpsavienojumos

C-H FunkcionalizéSanas stadija izveidojies nesimetriskais diaril-A*-jodans 2.15
stajas ligandu apmainas reakcija ar ievadamo nukleofilu, veidojot jaunu joda(III)
starpsavienojumu 2.16 (2.6. att.). Par nukleofilu ligandu apmainas reakcija izmantojot
fenolatu vai azidu, iesp&ams iegit un izdalit attiecigos diaril-1*-jodanus (fenolata
gadijuma jodans 2.3, sk. 2.1. att.), kuru struktiira pieradita ar rentgenstruktiiras analizes
metodi (azidu saturosa jodana 2.41 gadijuma sk. 2.8. att.).

Ar—|—OTs Ph—|—N;
NaN
. N\, —~COEt __ 473 . N\ CO,Et
N -0oTs© N
\ Ar = mezitil \
21 2.41

2.8. att. Ligandu apmaina diaril-A3-jodana 2.1

C-H Azidg&sanas reakcijas kingtikas petijumi rada, ka CuOTf-katalizéta jodana 2.41
parveérsanas par 3-azidoindolu 2.42 ir pirmas kartas reakcija pret Cu(l) katalizatoru,
un nulltas kartas reakcija pret azida jonu. Tatad Cu(l) ir iesaistits katalitiska cikla
atrumu limitgjosaja stadija, bet azida parnese joda(Ill) centra uz indola heterociklu ir
iekSmolekulars process. Viens no ticamakajiem C-H azidéSanas reakcijas mehanismiem
ietver azido-jodana 2.41 oksid€joso pievienosanos Cu(l) katalizatoram, un sekojosu
azida 2.42 reducgjoso elimingsanos (2.9 att.).

Ph—I—Ns, cul—n, ot N,
Br N\y—CO,Et Cu'OTf Br X\, —CO,Me Br N, —CO,Me
N, )\ N, Y N
cu'oTf
2.41 Phl N 2.42
o
o ()
Ar—|—OTs et N
N /N \,CO
Br COEL | Lcu—N o — |g N\~ CO,Me Br Me’
N A N Y N
° N Oge < A
2.43 a|L,cu BF
2.1 lé nol Eha
o)
—~ w3
HN O AN
N Ln1 Cug
L,Cu BFy, — H,N/}
DMSO
o
2.44

2.9. att. C-H azidéSanas un aminésanas iespéjamie mehanismi.
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Reakcija starp joda(Ill) starpsavienojumu 2.1 un aminu nukleofiliem jaunu diaril-
A*-jodanu veidosanos noverot neizdevas. Acimredzot amina ligandu saturosi joda(III)
starpsavienojumi ir parak nestabili, lai tos vargtu izdalit un pieradit struktiiru. Ilesp&jams,
ka amina ligandu saturosi diaril-43-jodani nemaz neveidojas, un C-N saites veido$anas
notiek péc cita mehanisma. P&d&jo pienémumu apstiprina reakcijas kin&tikas p&tijumi.
Tie rada, ka (CuOTf),-katalizeta diaril-A’-jodana 2.1 (Ar=mezitil) C-H amin&3anas
reakcija ar morfolinu ir pirmas kartas reakcija pret Cu(l) katalizatoru, pirmas karta
reakcija pret morfolinu, un nulltas kartas reakcija attieciba pret jodanu 2.1. legitie
rezultati liecina, ka Cu(I) un morfolins ir iesaistiti katalitiska cikla atruma limitgjosaja
stadija, turpretim visas katalitiska cikla stadijas ar jodana 2.1 piedaliSanos ir loti
atras. lespgjams, ka Cu(I) katalizatora un morfolina reakcija veidojas vara(l)-amina
komplekss 2.43, kurs$ ir Iidzsvara ar atbilsto$o bis-amina kompleksu 2.44. Pienemot,
ka komplekss 2.44 ir katalizatora “depo forma” (resting state),® morfolina disociacija
lidzsvara apstaklos veido katalitiski aktivo vara(I)-morfolina kompleksu. Lidz ar to,
iespgjamais C-H amingSanas mehanisms paredz, ka reakcija ar jodanu 2.1 stajas nevis
morfolins, bet gan morfolina-Cu(I) katalizatora komplekss (2.9. att.).

2.2.3. Ligandu sametinasanas selektivitate reducéjosa elimineSanas stadija

Lai panaktu augstu selektivitati nukleofilu (fenolatu, azidu un aminu)
sametinasanas reakcija ar (hetero)aromatiskajiem ligandiem, nesimetrisko diaril-
A*-jodanu starpsavienojumu 2.15 (2.6. att.) iegtSanai tika izmantoti mezitilligandu
saturo§i joda(Ill) reagenti 2.14 (Ar=mezitil; 2.6. att.). Mezitilgrupas parnesi uz
parejas metaliem kavé telpiskie apgriitinajumi, un tapéc mezitilgrupu plasi izmanto ka
“nereag€tsp&jigu” ligandu (dummy ligand) hipervalento joda(IIl) savienojumu reakcijas
ar parejas metaliem. Diemz€l mezitilligandu izmantoSana aromatisko savienojumu
(pieméram, ksilola 2.34) C-H aming&sanas reakcijas nodrosinaja viduvgju selektivitati
(2.46:2.47=5:2; 2.10. att.).

/ N\ o
O NH [ ]
AFOH)OTs  x o N \
TfOH Cu(MeCN),BF, o
(12ekviv) (10 mol%) + [ ]
—_—
T meoN Me EtN(i-Pr),
20 h
Me Me
2.34 2.45, Ar=Mes 2.46 2.47, Ar=Mes
2.46, Ar=TIPP 2.48, Ar=TIPP

Mes=2,4,6-trimetilfenil
TIPP=2,4,6-triizopropilfenil

2.10. att. C-H aminésanas regioselektivitate atkariba no liganda struktiiras.

Lai uzlabotu ligandu sametinasanas selektivitati un tadéjadi paaugstinatu veélama
C-H aminéSanas produkta iznakumu, mezitilligandu vieta tika izmantoti telpiski vél
vairak traucétu 1,3,5-triizopropilfenil-ligandu (TIPP) saturosi joda(IIl) reagenti. TIPP
Ligandus saturo$u joda(Ill) reagentu izmanto$ana ]ava butiski paaugstinat ligandu
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sametinasanas selektivitati (2.46:2.48=98:2; 2.10. att.) un Iidz ar to arT palielinat
velama produkta iznakumu.

2.2.4. C-H Funkcionalizésanas metodologijas pielietojuma klasts un piemeéri

Seciga vairakstadiju “viena reaktora” (one-pot) C-H funkcionalizéSanas
metodologija tika pielietota C-O un C-N sai$u veidoSanai elektroniem relativi bagatu
heteroaromatiskajas un aromatiskajas sistemas (2.11. att.). Vara(I)-katalizétas C-H
azidéSanas reakcijas produkti — heteroaromatiskie azidi izradijas relativi nestabili, un
to izdaliSana tira veida bija apgriitinata. Tadel iegtitie azidi bez izdaliSanas tika talak
reducéti [1dz aminiem vai parveidoti par 1,2,3-triazoliem vara(I) kataliz&taja reakcija ar
acetiléniem.

|
Het(Ar)
MeS*E*OTs
OH
9Ac AcOH Mes—i—OTs R'R’NH R-N-R?
Het(Ar)  Pd (Il) vai Cu(l) Het(Ar) cu(l) Het(Ar)
o T\ -OH 1. NaN,
- 2. [H]
/
Cu(l) Cu(l) | 1-NaNg cu(l)
R “4 | 2, —=—R THZ
N o Het(Ar)
| R
Het(Ar)
/ N
|
Het(Ar)

2.11. att. 1zstradato C-H funkcionalizéSanas metoZu klasts.

Izstradato C-H funkcionalizé$anas metodologijas piemérotiba (hetero)aromatisko
sistému velinai funkcionalizéSanai paradita antibiotikas Linezolida (/inezolid) sintezg,
kur morfolina fragments aromatiskaja sisttma ievadits sint€zes nosléguma posma
(2.12. att.).
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0 X his
)
@ Q" NH Cul(5mol%) O NQF

1. CF3CO,H (5 ekviv.)

o

hi
. CH,Cl,, 20 h 0" N
. K:COg (2eq)  ( 2. AcCl, NEty ( o
NHBoc dioksans NHBoc CH,Cl,, 0°C, 2 h HN\/<
2.49 110°C, 18 h 2.50 92% 2.51
68%
TIPP-I(OH)OTs
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MeCN, rt, 40 h
O NH B N
o ., o 'I:IIPP
N/ cu(MecN),BF, Py oTe
o (1 ekviv.) o0 N T
F

F

8_/

o}
)kN
0
HN~/<

2.53, Linezolids

2.12. att. Linezolida (linezolid) sintéze.

EtN(i-Pr), (2 ekviv.)
1: 4 MeCN:DMSO
40°C,18 h
71%

HN\/<

(o)

2.52

netiek izdalits

Antibiotikas sintézes sakumposma komerciali pieejamais oksazolidinons 2.49 tika
N-ariléts vara(l) katalizatora klatbtitné. N-Boc Azsarggrupas nomaina savienojuma
2.50 pret N-acetil aizvietotaju lava ieglit C-H amingSanas reakcijas izejvielu 2.51.
Nesimetriska diaril-4*-jodana 2.52 veidoSanas reakcijai bija nepiecieSams relativi
ilgs laiks (40 h), lai sasniegtu pilnu konversiju. Morfolina reakcija ar joda(II)
starpsavienojumu 2.52 bija nepiecieSams stehiometrisks Cu(MeCN),BF, kompleksa
daudzums. Linezolids 2.53 tika izdalits ar 71% iznakumu (2.12. att.). Jauzver, ka
izstradata linezolida sint€zes metode ir lieliski piemérota plasa dazadu aminu klasta
ievadisanai linezolida pamatstruktiira 2.51 sint€zes nosléguma stadija, un to iesp&jams
izmantot linezolida analogu bibliotékas sintézei.
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1)

2)

3)

4)

5)

SECINAJUMI

Nesimetrisko diaril-A*-jodanu veido$anas notiek ar izcilu regioselektivitati, un ta
atbilst elektrofilas aromatiskas aizvietoSanas reakcijai raksturigajai selektivitatei.
Aromatisko savienojumu gadijuma A*-jodani selektivi veidojas para-stavokli pret
specigako elektrondonoro aizvietotaju;

Toluols iezimé reagétspéjas robezskirtni C-H funkcionalizé$anas reakcija: par
toluolu elektroniem mazak bagati aréni nereagé ar hipervalentajiem joda(III)
reagentiem un atbilsto$os nesimetriskos diaril-A*-jodanus neveido;

Parejas metalu (Pd un Cu) katalizatori maina ligandu sametinasanas selektivitati
nesimetriskajos diaril-2*-jodanos, nodro$inot, ka hipervalentaja saité novietotais
nukleofilais ligands reagés vai nu ar stériski mazak traucétu vai ar elektroniem
bagatako no arilligandiem. Vispiem@rotakie katalizatori ir I&ti un maztoksiski Cu(I)
sali (CuOTf un Cu(MeCN),BF)) ka ar1 Pd(OAc),;
Ligandu sametinasanas reakcijas selektivitati iesp&ams uzlabot, palielinot
nereag@tspejiga arilliganda steriskas prasibas. Parejas metalu katalizes apstaklos
ligandu sametinaanas selektivitate nesimetriskajos diaril-A*-jodanos pieaug
sekojosa rinda

fenil < 1,3,5-trimetilfenil < 1,3,5-triizopropilfenil;
Izstradata elektroniem bagatu (hetero)aromatisko savienojumu funkcionalizéSanas
metodologija ir piemérota potencialo =zalvielu bazes struktiru “vélinajai
modificeéSanai”. Par to liecina antibiotikas linezolida “vélinas” C-H amin&Sanas
piemers.
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ABSTRACT

C-H Functionalization of (Hetero)arenes. Sokolovs I., supervisor Dr. chem.,
prof. Suna E. Doctoral thesis, 43 pages, 22 figures, 24 literature references. In Latvian
and English.

Reactivity of unsymmetrical A*-iodanes with various O- and N-nucleophiles
was investigated and new sequential one-pot multi-step C-H bond functionalization
approach has been developed. The new methodology is based on a regioselective
reaction of the in situ generated unsymmetrical /*-iodanes with a range of nucleophiles
(acetates, phenolates, azides and various aliphatic and aromatic amines) in the presence
of transition metal (Pd, Cu) catalysts. Suitability of the developed methodology for
late-stage modification of the potential drug molecules was demonstrated in synthesis
of antibacterial linezolid.

LATE-STAGE C-H FUNCTIONALISATION, C-H ACTIVATION, TRANSITION
METAL CATALYSIS, #*-IODANES
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INTRODUCTION

Importance of research topic. Development of new drug substances is associated
with synthesis and screening of a broad scope of structural analogs. For instance,
successful hit-to-lead optimization usually requires synthesis of considerable amount of
structural analogs (often even focused compound libraries). Therefore, nowadays one
of the main tasks in organic synthesis is development of convenient synthetic methods
for structure-activity relationship (SAR) research in medicinal chemistry. In the last
decades late-stage modification approach has become increasingly used in the design of
drug-like compounds. The approach allows for significant acceleration of SAR studies
and makes the synthetic work more rational. The late-stage modification approach is
based on the introduction of structural variations into the lead structure in the final
stage of the synthesis. Moreover, introduction of a desired substituent does not require
its prior functionalization. Conceptually, the most suitable synthetic methodology for
the late-stage modification is functionalization of C-H bonds. Unfortunately, relatively
large number of C-H bonds in an organic molecule brings-up regioselectivity issues. To
control the regioselectivity of the C-H bond functionalization, various directing groups
are usually employed. Directing groups are substituents that activate ortho- or meta-
C-H bonds. The directing groups must be removed after the C-H functionalization,
which often is rather complicated task.
The main objective. The main objective of the Thesis work is the development
of a complementary Csp2-H bond functionalization methodology, in which the
regioselectivity of Csp2-H bond activation would be controlled by intrinsic reactivity
of the modifiable compound in electrophilic aromatic substitution conditions.
Tasks of the Thesis research.
1) Use chemistry of hypervalent I(III) compounds for the development of
Csp2-H bond functionalization methodology;

2) Verify the hypothesis about change of ligand coupling selectivity in
unsymmetrical diaryl-A*-iodanes in the presence of transition metal (Pd and
Cu) catalysts;

3) Employ one-pot sequential multi-step approach in the development of the

synthetic methodology.

Scientific novelty. Finding that the presence of transition metal (Pd and Cu)
catalysts brings about change of ligand coupling selectivity in unsymmetrical
diaryl-A*-iodanes is of high importance in organic chemistry. This observation
has allowed for the development of a set of new synthetic methodologies for C-H
functionalization of relatively electron-rich (hetero)arenes, such as C-H acetoxylation
and synthesis of diaryl ether as well as C-H azidation and C-H amination approaches.

Practical importance. The developed synthetic methodology is especially
suitable for late-stage functionalization of drug-like compounds. As such, the synthetic
method has potentially wide application in medicinal and pharmaceutical chemistry.
Suitability of the developed C-H amination approach for late-stage functionalization
has been demonstrated by synthesis of antibacterial Linezolid.
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CHAPTER 1.
BACKGROUND OF THE DISSERTATION TOPIC
AND THE RESEARCH CONCEPT

1.1. Structure of Hypervalent Iodine(III) Compounds

Hypervalent iodine(III) compounds or A’-iodanes consist of iodine and three
ligands. A*-lodanes have T-shaped (pseudo trigonal bipyramidal) geometry, which
is determined by two different chemical bonds in iodanes. A ligand in an equatorial
position is connected to iodine(IIl) atom by a covalent o-bond, whereas the ligands
at the axial positions are connected to the iodine center by so called hypervalent bond
(Fig. 1.1.). 2*~Todanes are not stable in solutions because axial and equatorial ligands
undergo an exchange reaction that is called pseudorotation (Berry pseudorotation). In a
stable configuration of 2’>~iodanes sterically bulkier ligand is located in a less hindered
equatorial position.

According to [UPAC recommendations, hypervalent iodine(IIl) compounds are to
be named A*—iodanes. Often the term “diaryliodonium salts” is used instead of diaryl-
A3-iodanes. However, it is not quite correct, because “onium salts” (e.g. ammonium
or sulfonium) have tetrahedral geometry.! For description of hypervalent iodine
compounds the so-called [N-X-L] nomenclature is often used, where N is the number
of electrons in a valence shell of the atom X, and L is the number of ligands that
are connected to the central atom X. Hence, A>—iodanes are compounds with [10-I-3]
configuration, whereas ariliodonim salts are denoted as [8-1-2] species (Fig. 1.1).

f - Lo L. :
e Ok =0 - O =0%
' . | -~ - ~~ - —
5 ©/ ' A : 7| L |

! X X o X X

; [8-1-2] [10--3] !

! tetrahedral geometry T-shape . X=Cl, Br, |, OTf, OTs, BF,4

i iodonium salt A%iodane | L = ligand

Figure 1.1. 23-Iodanes.

Iodine(IIT) center is connected to two ligands by a hypervalent bond, and it
comprises 2 electrons from Sp orbital of the iodine and one electron from each of the
ligand. Thus, the hypervalent bond possesses four-electron three-center configuration,
and it is formed of three linear molecular orbitals: bonding, nonbonding, and
antibonding (Fig. 1.2.). Two orbitals with the lowest energy in the hypervalent bond
are bonding and antibonding orbitals, and they are occupied. Central iodine(III) atom
possesses full positive charge (o, = +1), whereas the other two ligands in a hypervalent
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bond have partial negative charge. The positive charge of the iodine(III) ion determines
the strong electron-accepting property of aryl-i*-iodonyl substituent (o, = 1.34) that
is of comparable strength to that of diazonium salt N,"~BF,” (o, = 1.48), and is even
stronger than that of a nitro substituent (o, = 0.64). Highly polarized hypervalent bond
determines that the most electronegative ligands are positioned at both ends of the
linear hypervalent bond (axial position). It has been shown what stability of /*-iodanes
correlates with Hammett substituent constants of axial ligands. More electronegative
ligands (low trans effect) better stabilize the negative partial charge in a hypervalent
bond. However, electron donating ligands (strong trans effect) make hypervalent
ligand-I(IIT) bond weaker, thus destabilizing A3-iodane. Magnitude of the trans effect of
a ligand can be predicted by using Hammet ¢ constants.>

. .
.
P .

axial ——>61;I/—Lb— CAOAC>D —  anti-bonding orbital
position A?J“ = RN % non-bonding orbital
A QOO ﬁ bonding orbital
equatorial L ' L
position

Figure 1.2. Hypervalent orbitals in 23>—iodanes.

In solutions A*-iodanes undergo ligand exchange reaction, which can proceed
via associative or dissociative mechanism (Fig. 1.3.). In an associative mechanism
an incoming ligand (nucleophile) attacks the anti-bonding c* orbital of C-I bond
of A3-iodane 1.1, and trans-tetracoordinated iodate 1.2 [12-1-4] is formed (Fig. 1.3.;
equation 1). Trans-iodate 1.2 isomerizes in a reversible reaction to furnish cis-iodate 1.2.
After dissociation of heteroatom ligand L, a new A’-iodane 1.4 is formed. The ligand
exchange process is fast. In a dissociative mechanism the ligand dissociates first to
form iodonium [8-1-2] intermediate 1.5 (Fig. 1.3.; equation 2), however this process is
considered to be a less likely scenario.

o—
e N, ] %
_.‘\\\'. © @ . A
Ar 1\ Ar/l Nu - Ar/I L 7 Ar I\ (1)
I5 L Nu Nu
- [12-1-4] [12-1-4]
1.1 1.2 1.3 1.4
o—
o o, Nt
O o loir),. ot
Ar I\ ﬁz) Ar \./, Ar i\ 2)
L L : Nu
5— [8-1-2]
1.1 1.5 1.4

Figure 1.3. Ligand exchange in 4°-iodanes.
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The electron-rich (hetero)aromatic m-electron system can serve as a nucleophile
in a reaction with electrophilic aryl-A*-iodane 1.6 in similarly to such “classical”
nucleophiles as acetates, azides and phenolates. For instance, anisole reacts with
iodobenzene diacetate (PhI(OAc),) 1.6 and diaryl -4*-iodane 1.7 is formed (Fig. 1.4.).
Most likely that iodane 1.7 is formed according to the electrophilic aromatic
substitution S,4r mechanism (Friedel-Crafts reaction). More detailed studies using
electron paramagnetic resonance (EPR) method resulted in a proposal of alternative
mechanism for the formation of diaryl-A*-iodane. This involves an initial formation of
radical cation 1.8 in one electron transfer (SET) step from electron-rich arene to the
electrophilic iodine(IIT) center (Fig. 1.4.).}

OMe OMe OMe
QAc AcO
Ph—I — |
| _
OAc Ph '
AcO AcOH  AcO—I—Ph
16 charge transfer 1.7
complex \
¢SET another:
SET !
Meo Y PR

1.8
SET - single electron transfer

Figure 1.4. Formation of diaryl- 23-iodanes in an electrophilic substitution reaction.

1.2. Reductive Elimination in Diaryl-A*-iodanes

Reductive elimination from diaril-4*-iodanes is widely used nowadays to construct
a new bond between two ligands of diaril-A*-iodane. Hypervalent iodine(IlI) species
in this reaction is reduced to iodide. The reductive elimination reaction is often called
a ligand coupling reaction, and the driving force of this reaction is the formation of
aryliodide leaving group, which possesses octet electron configuration. A concept
“hypernucleofuge” was introduced to emphasize excellent leaving group ability of
aryliodide (Arl is ~ 10° times better nucleofuge than a trifluoromethylsulfonate anion).!
Ab initio DFT calculations have shown that ligand coupling in diaril-A*-iodanes is a
concerted process, where the axial ligand X attacks the ipso-position of the equatorial
aryl ligand via the transition state 1.9 or 1.10.* The concerted process determines that
only the ligand in the equatorial position and the nucleophilic ligand of athe hypervalent
bond (axial positions) can undergo the coupling reaction (Fig. 1.5.). It should be noted
that, the transition state in a ligand coupling or reductive elimination reaction is very
similar to that in a nucleophilic aromatic substitution reaction (S,A4r).
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Figure 1.5. Reductive elimination in diaril-2*-iodanes.

Considering the relatively fast ligand exchange (pseudorotation) in
diaryl- A3-iodanes, the ligand coupling reaction proceeds from the equilibrating
diaryl-A*-iodane isomers. If unsymmetrical diaryl- 23-iodanes undergo a ligand coupling
reaction, then a mixture of two products can be formed. However, activation energy
of a ligand exchange reaction is significantly lower than that of the ligand coupling
reaction (K, >> k, and k,). Therefore selectivity in the ligand coupling reaction of
unsymmetrical diaryl- A*-iodanes is defined by the difference between activation
barriers of the reductive elimination reaction in accordance with the Curtin-Hammett
principle (Fig. 1.5.).

The selectivity of the ligand coupling reaction in unsymmetrical diaryl-A*-iodanes
can be achieved by exploiting the difference between electronic and steric properties
of the ligands. 4b initio DFT calculations have shown that selectivity of the ligand
coupling reaction is determined by electrophilicity of ipso-carbon atoms in the aryl
ligand or by strength of the partial charges 6, and 3, (Fig. 1.5.). Thus, the aryl ligand
with smaller negative partial charge (i.e. the most electron-poor aromatic system) will
undergo the ligand coupling reaction with a nucleophile.” The reactivity dependence
on electrophilicity of the aryl ligand (electronic control of selectivity) emphasize the
similarity of reductive elimination mechanism in diaryl-A*-iodanes with that of the
nucleophilic aromatic substitution (S, 4r) reaction.

If one of the aryl ligand contains an ortho-substituent, the ligand coupling
selectivity is no longer controlled by the electronic factors. In these diaryl-/*-iodanes
the nucleophilic ligand X forms a bond with a sterically more hindered ortho-
substituted ligand regardless of electrophilicity of ipso-carbon atom in the aryl ligand.
Steric control of the selectivity (or so called “ortho-effect”)® is based on the preferred
equatorial orientation of the sterically most hindered aryl ligand of unsymmetrical
diaryl-A3-iodane. The equatorial orientation of the bulky ortho-substituted ligand helps
to minimize steric interactions with the other ligand.

Evaluation of electronic and steric properties of diaril-1*-iodane ligands helps to
predict selectivity in the ligand coupling reaction: the nucleophilic ligand X, which
is located in a hypervalent bond, will react either with a sterically more hindered
(ortho-substituted) aryl ligand, or with a more electron-poor aryl ligand (Fig. 1.6.).
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The ortho-effect often dominates over steric control. Consequently, a selective reaction
of a nucleophilic ligand X with a sterically less hindered and more electron-rich ligand
apparently cannot be achieved.

steric control electronic control

/\)l(’”\ TN
e e

large small electron rich electron poor

Figure 1.6. Selectivity of ligand coupling in unsymmetrical diaryl-2*-iodanes.

Diaryl-A*-iodanes show high reactivity in the oxidative addition reactions with
transition metal complexes. Because of pronounced electrophilicity of iodine(III)
compounds and excellent leaving group properties of aryl iodides diaryl-A*-iodanes not
only react with Pd(0) organometallic compounds, but also they are capable to oxidize
less reactive Pd(IT) complexes to unstable Pd(IV) species’ or Pd(IIT)-Pd(IIT) dimers®
(Fig. 1.7.).

‘\7R2 ‘\7R2 -

= | <_./Pd" \/* 2
R/ | RO/ ([ Pd¥ RIS

X X X

Figure 1.7. Oxidative addition of diaryl-2*-iodanes to Pd(II) species.

The excellent reactivity of diaryl-A*-iodanes with Pd(II) complexes has allowed the
use of hypervalent iodine(II) compounds as reagents in C-C bond coupling reactions.
%19 Noteworthy, in oxidative addition reactions of unsymmetrical diaryl-A*-iodanes, the
bond is formed between a metal (Pd or Cu) and either sterically less hindered or more
electron-rich aryl ligand." Furthermore, steric effects dominate over the electronic
ones in control of selectivity during the ligand transfer process. Thus, the presence of
transition metals (Pd or Cu) completely changes the selectivity of reductive elimination
reaction of unsymmetrical diaryl-A*-iodanes (compare Fig. 1.8. and Fig. 1.6.).
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Figure 1.8. Selectivity of a reaction between unsymmetrical diaryl-23-iodanes and Pd(IT).

To favor a selective transfer of a desired aryl ligand from an unsymmetrical diaryl-
J3-iodane to transition metal complexes, sterically very hindered dummy aryl ligands
such as 1,3,5-trimethylphenil'? or 1,3,5-triisopropilphenil groups are used in a design
of hypervalent iodine(IIT) compounds.'?

1.3. The Research Concept of the Doctoral Thesis.

Literature survey in the early stage of the Doctoral Thesis evidenced that reaction of
transition metals (Pd and Cu) with unsymmetrical diaryl-A*-iodanes has been used only
in C-C bond forming transformations. Furthermore, the presence of transition metals
provided different selectivity in ligand transfer process as compared to noncatalyzed
reactions. This has led to a hypothesis that transition metal (Pd and Cu) catalysts
can change the selectivity of ligand coupling in unsymmetrical diaryl- 2*-iodanes
by ensuring that in the hypervalent bond located nucleophilic ligand X will react
either with a sterically less hindered or with a more electron-rich aryl ligand
(Fig. 1.9.).
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Figure 1.9. The Research Concept of the Doctoral Thesis.
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The first task of the Thesis was to examine the selectivity change hypothesis.
Confirmation of the hypothesis would make possible the development of a conceptually
new synthetic methodology for C-H functionalization of relatively electron-rich
aromatic and heteroaromatic compounds (Fig. 1.10.). Development of the synthetic
methodology is to be based on the sequential multi-step one-pot process that would
include:

1) in situ formation of unsymmetrical diaryl A*-iodanes in a reaction of electron-

rich arenes and heteroarenes with a suitable hypervalent iodine(IIl) reagent;

2) transition metal (Pd, Cu) catalyzed selective reductive elimination of diaryl-

A3-iodanes, which would furnish the desired products.

X .
0 |l
Ar-IX, 2| cu(l) or Pd(Il)
N 4 \\ - = ‘ \\
{ Ar/Het ! {Ar/Het } ‘Ar/Het .

-HX S . AN

~

in situ

Figure 1.10. Development of a new synthetic methodology.
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CHAPTER 2.
VERIFICATION OF THE HYPOTHESIS
AND DEVELOPMENT OF NEW SYNTHETIC
METHODOLOGY

2.1. Selectivity of the Transition Metal-Catalyzed Ligand Coupling in
Diaryl 2*-iodanes

To check the basic concept of the doctoral thesis, unsymmetrical diaryl-A*-iodanes
2.2 and 2.3 possessing oxygen-based nucleophilic ligands (acetate and phenolate) were
chosen as substrates. These iodanes were synthesized from iodine(IIl) compounds
by a ligand exchange reaction. It should be noted that phenol-containing diaryl-
A3-iodanes have never been isolated in pure form because of their low stability. To
decrease the nucleophilicity (zrans effect) of phenol ligand and to increase stability of
the A*-iodane 2.2, an electron withdrawing nitro group was introduced in the phenolate
ligand. Structures of the both iodine(IIl) compounds were confirmed by X-ray analysis

(Fig. 2.1.).
i ;\\/ _CO,Et
Br
N
\

l Arl(OH)OTs

Ph—I—O0Ac ) Ar—I—0Ts
AcO

AN COzEt N C02

CO,Et

Br Br
N N -oTs©

\ Ar = phenyl \ Ar = mesityl

Figure 2.1. Synthesis of diaril-2*-iodanes 2.2 and 2.3 and their structures.
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Diaril-A*-iodane 2.2 is relatively stable in a solution of acetic acid, however at
80 °C it undergoes slow decomposition to form 3-iodoindole 2.4 and O-acylphenol.
The observed reactivity of the ligand coupling (the nucleophilic acetate ligand forms a
bond with a more electron-deficient ligand) is consistent with noncatalyzed reductive
elimination of diaryl-A3-iodanes (see Part 1.2). In the presence of catalytic amount of
Pd(OAc), (5 mol%) the selectivity of ligand coupling was changed to the opposite, and
acetoxyindol 2.5 was isolated in 81% yield (Fig. 2.2.). Use of acetonitrile as solvent
instead of acetic acid afforded product 2.5 in a similar yield (91%). Other transition
metal salts, e.g., PtCl, (5 mol%), were less efficient as catalysts. In the presence
of 5 mol% of PtCl, in acetic acid or 10 mol% of Cu(OTf), in dichloromethane the
reaction did not proceed at all. In the presence of Lewis acids the reaction either
did not occurred (4 equivalents of BF OEt in dichloromethane)," or a mixture of
inseparable products was formed (2 equivalents of TMS-OTf in dichloromethane).!

Ph—I—0Ac Pd(OAc),

0
N COzEt B0°c ; N\, ~CO.Et _5mol% _ N CO2Et
“acoH Br N AcOH
\

2.2

Figure 2.2. Change of the ligand coupling selectivity in the presence of a Pd(II) catalyst.

In addition to indoles, pyrroles can also undergo Pd(OAc), catalyzed acetoxylation
reaction. Interestingly, under palladium-catalyzed conditions the nucleophilic OAc
ligand forms a bond with a sterically more hindered ortho-substituted heterocycle
(pyrrole, indole). The observed regioselectivity is intriguing because it has been
demonstrated that palladium catalyst forms the bond with a sterically less hindered
aryl group of the wumsymmetrical diaryl-2’-iodanes (e.g., [Ar-I-Mes][BF,] 2.6;
see Fig. 2.3.).! Likely, in a case of heteroaryl(aryl)-A*-iodanes 2.2 and 2.7, the
regioselectivity is controlled by electronic factors rather than by steric ones: the more
electron-rich heteroaryl group is transferred to the palladium catalyst.'
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Figure 2.3. Selectivity of the Pd(II) catalyzed ligand coupling reaction.
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It is also possible that the high selectivity of pyrrole and indole ring transfer is
determined by initial Pd(II) n*-coordination to the m-electron system of the electron-
rich pyrrolidinium double bond (Fig. 2.4, complex 2.8).!” The n-coordination controls
also the selectivity of the subsequent oxidative addition and formation of pyrrolyl-
Pd(IV) complex 2.9.

AcO. OAc
R R Pd
R} R*

3 /g 3
ZM PaAc), | 7% by R oA
R | R2 2 I\
N moAe——> N™ “l~oac| < | R Pd-0Ac | 7 g2 OAc
@7 @ RU L PR

PhI Pd(OAc), R’

2.7 2.8 2.9 2.10

Figure 2.4. Plausible mechanism of Pd(II) catalyzed ligand coupling reaction.

Subsequently we have found that ligand coupling reactions of unsymmetrical
diaryl-A*-iodanes can be catalyzed not only by palladium salts, but also by much cheaper
and less toxic Cu(l) salts. For instance, selective formation of C-O bond between
phenolate ligand and indole heterocycle was observed in a reaction of A*-iodane 2.3 with
Cu(MeCN) BF, complex (2.11:2.4 - 5:1, see Fig. 2.5.). Formation of aryloxyindole 2.11
proceeds under mild conditions (room temperature) and in a relatively short time (30
min). Importantly, selectivity of the ligand coupling in A*-iodane 2.3 is reversed in the
absence of Cu(I) salts: in CH,Cl, solution I(IIl) compound 2.3 is slowly transformed to
3-iodoindole 2.4 and diaryl ether 2.12. Without a catalyst the ligand coupling reaction
is much slower: the conversion of the starting material 2.3 is only 25% after 3 h at
room temperature. Complete conversion can be achieved only in 168 h (Fig. 2.5.).

NO, NO2
O,N
| o I—0 u(MeCN),BF,
CO,Et 10 mol% co Et
Br A 2 . Br \y—CO,Et N 2
N CH,Cl, N CH2C|2
\ t \
2.4 2.12 2.3

Figure 2.5. Selectivity of the ligand coupling in a reaction with and without a Cu(I)
catalyst.

Control experiments were also performed to determine the oxidation state of
the catalytically active copper species in the synthesis of diaryl ethers. In the first
experiment neocuproine (2 equiv with respect to Cu(I) catalyst) was added to a solution
of the A’-iodane 2.3 and Cu(MeCN),BF, catalyst in dichloromethane. Neocuproine is
highly specific chelating agent for Cu(l) ions which forms stable, orange complexes
Cu'(neocuproine),.' Addition of neocuproine to the reaction significantly slowed
down the conversion of 2*-iodane. It reached only 15% in 6 h, as compared to 100%
conversion in 90 min in the presence of Cu(I) catalyst. Furthermore, in the presence of
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neocuproine 3-iodoindole 2.4 and ether 2.12 are the only products formed in the reaction,
and aryloxyindole 2.11 is not observed. These results confirm, that neocuproine acts as
an inhibitor in Cu(I)-catalyzed A*-iodane 2.3 conversion to the desired product 2.11.
A3-lodane 2.3 undergoes a noncatalyzed ligand coupling reaction in the presence
of neocuproine, and the products 2.4 and 2.12 are formed. The inhibitory effect of
neocuproine suggests, that Cu(l) species are catalytically active, and Cu(I)/Cu(III)
oxidation-reduction process occurs in the catalytic cycle. Likely, oxidative addition of
A3-iodane to Cu(I) species occurs to furnish Cu(IIT) intermediate. Reductive elimination
is the last step in the catalytic cycle, and diaryl ether is formed and catalytically active
Cu(I) species are regenerated.

The obtained experimental evidence completely confirmed the key hypo-
thesis of the doctoral Thesis that the chemoselectivity of the ligand coupling
in diaryl-2’-iodanes can be altered in the presence of transition metal (Pd and
Cu) catalysts. The ability of transition metal catalyst to control bond formation
between nucleophilic ligand X and the most electron-rich of the two aryl ligands in
unsymmetrical diaryl-1*-iodanes made possible the development of a new synthetic
methodology that is especially suitable for the late stage C-H functionalization of drug-
like compounds.

2.2. Development of C-H Functionalization Methods

The development of C-H bond functionalization methodology was based on a
sequential multi-step one-pot process, which includes:

1) “C-H functionalization step” - synthesis of unsymmetrical diaryl-1*-iodane

2.15 in a Friedel-Crafts reaction between a suitable hypervalent iodine(III)

reagent Ar-IX, 2.14 (X is a nucleophilic ligand) and relatively electron-rich

aromatic or heteroaromatic compounds 2.13;
!X!

X ‘Ar/Het

AriX, | Ar—lQ" A
2.14 /§  Cu(l) or Pd(ll) | o

, . , N ' catalyst ! Ar—I
‘Arbets ) {ArHet: | |-t : @ PN

; N ArlHet ! tAr/Het
213 2.15 NS x©@
N v AN ~ J 2.16
C-H activation step Selective reductive Plausible
elimination (the "key" step) intermediate

in the "key" step

Figure 2.6. The concept of a sequential multi-step C-H functionalization methodology.
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In the simplest version of a synthetic methodology, unsymmetrical diaryl-A3-
iodane 2.15 possessing the desired nucleophilic ligand X is obtained already
in the first stage of the multi-step process (C-H functionalization stage). For
this purpose an appropriate hypervalent iodine(IIl) reagent 2.14 is to be used.
Unfortunately, in the most cases A*-iodanes possessing a synthetically useful
nucleophilic ligand X (such as phenol and azide) 2.14 are not commercially
available and have to be synthesized beforechand. Furthermore, A*-iodanes
containing certain X ligands such as amines are too unstable, so it is not
possible to isolate them. Therefore, an alternative approach has been designed.
Accordingly, commercially available iodine(IIT) reagents Ph-IX, (X=OAc,
OTs) are used in the C-H functionalization step of (hetero)aromatic compounds
to generate unsymmetrical diaryl-A*-iodanes. The desired nucleophilic ligand
X is subsequently introduced by a ligand exchange reaction in 2.15 (Fig. 2.6.).

2) “ligand exchange step”, where the desired nucleophilic ligand (Nu=phenolate,
azide) is introduced into the diaryl-A*-iodane intermediate 2.15. The ligand
exchange reaction is fast, and it results in the formation ofa new iodine(III)
intermediate 2.16. However, if amine is used as a nucleophile (Nu=amine),
the corresponding iodine(I1l) intermediate 2.16 likely is not formed due to its
low stability.

3) “reductive elimination step” — transition metal catalyzed bond formation
between the nucleophilic ligand X (located in a hypervalent bond of the
unsymmetrical diaril-A*-iodane 2.14) and the most electron-rich of aryl ligands
(Fig. 2.6.).

2.2.1. C-H Functionalization Step of (Hetero)aromatic Compounds

In a C-H functionalization step the unsymmetrical diaryl-/*-iodane 2.15 is formed
from a C-H unsubstituted (hetero)aromatic compound (Fig. 2.6.). All hetero(aromatic)
compounds that can form relatively stable diaryl-2*-iodanes 2.15 (X=OAc, OTs)
are suitable as substrates for the C-H functionalization reaction. The formation rate
of iodine(Ill) intermediates 2.15 and their yields depend on electronic properties of
the heteroaromatic compound. For instance, the corresponding diaryl-A*-iodanes
were formed from electron-rich N-alkylpyrroles 2.20, 2.21 and 2.23 as well as from
pyrrolo[2,3-b]pyridine 2.17 in only 5 minutes. Introduction of electron-withdrawing
N-acyl substituent into pyrrole (2.22) slowed down the reaction to 30 min. Formation
of iodine(Ill) intermediated 2.15 from less electron-rich heterocycles — indoles 2.16,
pyrrolo[2,3-d]pyrimidine 2.18, thieno-[3,2-b]pyrrole 2.19, pyrazoles 2.24, 2.25,
uracil 2.26 un thiophenes 2.27, 2.28 occurred significantly slower. Iodine(III)
intermediated 2.15 can be obtained also from relatively electron-rich aromatic
compounds. Toluene 2.30 represents a borderline of reactivity: arenes that are
less electron-rich than toluene do not react with Ar-IX, 2.14 and the corresponding
unsymmetrical diaryl-A’-iodanes are not formed. Due to a strong electron-donating
effect of the substituent, zert-butyl benzene 2.31 is more reactive than toluene (for zert-
Bu group 6, = —0.20, but for methyl group 6 = —0.17)."
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Figure 2.7. Regioselectivity of the C-H functionalization step.

The regioselectivity of the C-H functionalization reaction is determined at the step
of iodane 2.15 formation. 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 (S,Ar) reactions. Thus, A*-iodanes are
formed at the B-position of indoles, at the a-position of pyrroles and thiophenes and
at position 4 of pyrazoles. In the case of 2,5-disubstituted pyrroles the corresponding
iodonium salts were formed at B-position, but uracil formed /*-iodane at the position
5 (Fig. 2.7.). In the case of aromatic compounds, A*-iodanes were selectively formed
at the para-position to the strongest electron-donating substituent, for example, alkyl
group (2.30, 2.31 and 2.34) and alkoxy group (2.32, 2.35). A*-Iodane is formed at the
para-position to methoxy group in aromatic compounds that in addition to the methoxy
group contain several more mesomeric electron-donating substituents 2.36-2.40.
Importantly, the C-H functionalization is highly regioselective, and the formation of
regioisomers has never been observed by '"H-NMR analysis (Fig. 2.7.).
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2.2.2. Ligand Exchange in Diaryl-1*-iodane Intermediates

In the C-H functionalization step the unsymmetrical diaryl A*-iodane 2.15 is
formed, and then it undergoes a ligand exchange reaction with an incoming nucleophile
to furnish a new iodine(III) intermediate 2.16 (Fig. 2.6.). If the nucleophile is phenolate
or azide, then the corresponding diaryl-2*-iodane can be obtained and isolated in a pure
form (for phenolate—containing iodane 2.3, see Fig. 2.1.). The structure of the azide
containing iodane 2.41 was confirmed by using X-ray analysis (Fig. 2.8.).

Ar—I—OTs Ph—I1—N;
NaN
. X, —COzEt s B Ny—CO,Et
N -0Ts© N
\ Ar = phenyl \
2.1 2.41

Figure 2.8. Ligand exchange reaction in diaryl-A’-iodane 2.1.

Kinetic studies of C-H azidation reaction show that CuOTf-catalyzed iodane 2.41
conversion to 3-azidoindole 2.42 is first-order in Cu(l) catalyst, and zeroth—order
reaction with respect to the azide ion. Hence, Cu(I) is involved in the rate limiting
step of the catalytic cycle, but azide transfer from the iodine(Ill) center to the indole
heterocycle is an intramolecular process. One of the most plausible mechanisms of the
C-H azidation reaction includes oxidative addition of azidoiodane 2.41 to the Cu(I)
catalyst, followed by reductive elimination of azide 2.42 (Fig. 2.9).
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Figure 2.9. Plausible mechanisms of C-H azidation and amination reactions.
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Formation of a new diaryl-A*-iodanes was not observed in the reaction of iodine(IIT)
intermediate 2.1 with amine nucleophiles. Apparently, iodine(Ill) intermediated
containing an amine ligand are too unstable to be isolated and characterized. It is
possible that amine ligand containing diaryl-2*-iodanes are not formed at all, and
that the formation of C-N bond follows another mechanism. The last assumption is
confirmed by the kinetic studies, which show that (CuOTf),-catalyzed C-H amination
reaction of diaril-A*-iodane 2.1 (Ar=mesityl) with morpholine is the first—order in Cu()
catalyst, first-order in morpholine, and zeroth—order with respect to iodane 2.1. These
results show that Cu(I) and morpholine are involved in the rate limiting step of the
catalytic cycle, whereas all the steps where iodane 2.1 is involved are fast. Likely,
copper(I)-amine complex 2.43 is formed in the reaction of the Cu(l) catalyst with
morpholine, and this complex is in an equilibrium with the corresponding bis-amine
complex 2.44. Assuming that the complex 2.44 is a resting state®® of the catalyst,
dissociation of morpholine under equilibrium conditions would produce a catalytically
active copper(I)-morpholine complex. Thus, the putative C-H amination mechanism
suggests that diaryl-A’-iodane 2.1 undergo reaction with morpholine-Cu(I) catalyst
rather than with morpholine (Fig. 2.9).

2.2.3. Selectivity of the Ligand Coupling in the Reductive Elimination

Mesityl ligand—containing iodine(IIl) reagents 2.14 (Ar=mesityl; Fig. 2.6) were
used in the synthesis of unsymmetrical diaryl-A*-iodane intermediates 2.15 (Fig. 2.6)
in order to achieve high selectivity in the coupling reaction between a nucleophile
(phenolate, azide, amine) and (hetero)aromatic ligands. The transfer of the mesityl
group to transition metals is prevented by the steric hindrance. Therefore the mesityl
group is often used as a dummy ligand in the reactions between a hypervalent iodine(I1I)
compound and transition metals. Unfortunately, the use of the mesityl ligand in the
C-H amination reaction of aromatic compounds (e.g., xylene 2.34) provided moderate
selectivity (2.46:2.47=5:2; Fig. 2.10).

/ N\ o
o NH [ j
Ar-I(OH)OTs Ar——OTf j— \
TfOH Cu(MeCN)4BF4 o
(1.2 equiv.) (10 mol%) . [ j
Me MeCN Me EtN(i-Pr), Me N
Me 20 h Me e Ar
2.34 2.45, Ar=Mes 2.46 2.47, Ar=Mes

2.46, Ar=TIPP 2.48, Ar=TIPP
Mes=2,4,6-trimethylphenyl
TIPP=2,4,6-triisopropylphenyl

Figure 2.10. Dependence of the regioselectivity of C-H amination on the ligand structure.
Sterically more hindered iodine(Ill) compounds containing 1,3,5-triisopropyphenyl

ligand (TIPP) were used instead of the mesityl ligand to improve both the ligand
coupling selectivity and yield of the desired C-H amination product. The employment
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of TIPP ligands containing iodine(IIl) reagents provided significantly higher selectivity
in ligand coupling reaction (2.46:2.48=98:2; Fig.) and thereby increased the yield of
the desired product.

2.2.4. Scope of the Developed C-H Functionalization and Application Example

The sequential multi-step one-pot C-H functionalization method is suitable
for C-O and C-N bond formation in relatively electron-rich heteroaromatic and
aromatic systems (Fig. 2.11). Products of the copper(I)-catalyzed azidation reaction
(heteroaromatic azides) turned out to be relatively unstable and their isolation in a pure
form was difficult. Therefore, the formed azides were reduced to corresponding amines
or converted to 1,2,3-triazoles in a copper(l)-catalyzed reaction with acetylenes.

|
Het(Ar)
Mes—!—OTs
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?Ac AcOH Mes—|—OTs R'R’NH R'-N-R?
Het(Ar)  Pd (Il) or Cu(l) Het(Ar) cu(l) Het(Ar)
R\ -OH 1. NaN,
: 2. [H]
=
cu(l) cu(ly | 1-NaNg cu(l)
R = | 2, —=—R NS
S o Het(Ar)
| R
Het(Ar) N
! N
|
Het(Ar)

Figure 2.11. Scope of the developed C-H functionalization methods.

To show that the developed C-H functionalization methods is suitable for the late
stage functionalization in the (hetero)aromatic systems, the antibiotic linezolid was
synthesized. The morpholine moiety was introduced into the aromatic system in the
final step of the synthesis of linezolid (Fig. 2.12).
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o o o H
Br Py L /@\ 1.CF3CO.H (5 equiv)  J_
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E ( K2CO3(2eq) ¢ 2. AcCl, NEty ( o

NHBoc dioxane NHBoc CH,CI, 0°C,2h HN\/<
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(1.0 equiv.)
TfOH (1.2 equiv.)
MeCN, rt, 40 h
O NH TIPP

o o / o |

s N Cu(MeCN),BF, L oTf
0" N (1 equiv.) 0" N .

F
\/\ EtN(i-Pr), (2 equiv.) \/
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HN\/< 1: 4 MeCN:DMSO HN\<
40°C,18 h
2.53, linesolid 71% 2.52

not isolated

Figure 2.12. The synthesis of linezolid.

The commercially available oxazolidinone 2.49 was N-arylated in the presence of
a copper(l) catalyst in the first step of the synthesis. Cleavage of the N-Boc protecting
group in 2.50 and subsequent N-acetylation furnished product 2.51, a substrate
for the C-H amination reaction. To achieve full conversion in the synthesis of the
unsymmetrical diaryl-A’-iodane 2.52, a relatively long time (40 h) was necessary.
Stoichiometric amount of Cu(MeCN) BF, complex was required in the reaction of
morpholine with iodine(IIl) intermediate 2.52. Linezolid 2.53 was isolated in 71%
yield (Fig. 2.12.). It should be emphasized that the developed method is very suitable
for the introduction of a broad scope of amines in the linezolid scaffold 2.51 at the late
stage of the synthesis. The methodology can also be used in the synthesis of a library
of linezolid analogs.
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CONCLUSIONS

The formation of unsymmetrical diaryl-A*-iodanes proceeds with the excellent
regioselectivity, which is consistent with that of an electrophilic aromatic
substitution reaction. When aromatic compounds are used, A*-iodanes are formed
at the para-position to the strongest electron-donating substituent;

Toluene represents a reactivity borderline: arenes that are less electron-rich
than toluene did not react with the hypervalent iodine(Ill) reagents, and the
corresponding unsymmetrical diaryl-2°-iodanes are not formed;

Transition metal (Pd and Cu) catalysts alter the selectivity of ligand coupling
reaction in unsymmetrical diaryl-A*-iodanes: nucleophilic ligand in hypervalent
bond will react either with a sterically less hindered or with the most electron-rich
of the two aryl ligands. The most suitable catalysts are inexpensive and non-toxic
Cu(I) salts (CuOTf and Cu(MeCN),BF, as well as Pd(OAc),;

It is possible to improve selectivity of the ligand coupling by increasing the steric

hindrance of a non-transferrable ligand. The selectivity of the ligand coupling

under transition metal-catalyzed conditions increases in the following order
phenyl< 1,3,5-trimethylphenyl < 1,3,5-triisopropylphenyl;

The developed methodology for C-H functionalization of electron-rich (hetero)
aromatic compounds is suitable for the late-stage modification of the potential
drug-like structures. This is confirmed by the example of the late-stage C-H
amination of antibiotic linezolid.
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ABSTRACT

PhI(OAC), | ==
Z 1.2 equlv
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pAc PA(OAC) ™

5 mol % l / OAc

rl

could be isolated

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
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3362. (b) Alonso, D. A.; Najera, C.; Pastor, I. M.; Yus, M. Chem.—Eur.
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2009, 48, 9792. (c) Xiao, C.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q.
Angew. Chem., Int. Ed. 2009, 48, 5094. (d) Seregin, I. V.; Gevorgyan, V.
Chem. Soc. Rev. 2007, 36, 1173. (e) Bellina, F.; Rossi, R. Tetrahedron
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
PA(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).>

Pd

Lxs,

OAc
L—S\ ) ref. 5e
R' PhI(OAS),

—Pn (1)
¥
AL e
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.
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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 signals in 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-dj solution
atrt(entry 1, Table 1). However, in the presence of 5mol %
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
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2009, /1, 4584.
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also been employed: (b) as anti-tumor agents: Cholody, W. M.; Petukhova,
V.; O'Brien, S.; Ohler, N.; Pikul, S. WO 011675 A1, 2005; Chem. Abstr.
2005, /42, 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.
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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.
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(21) For other examples, see: (a) Dohi, T.; Yamaoka, N.; Kita, Y.
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Table 1. Reactivity of Arylpyrrolyliodonium Acetate 2a

Ohe
ph—i,  COMe Rl COMe

N N
L L v
2a

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 PtCly (5) AcOH 80 48 3a:la=3:2
7 PtCl4(5) AcOH 80 48 2a
8 BF3sOEt;(400) CH,ClL, 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)."* PtCl, was inferior to Pd(OAc), as a cata-
lyst>® (entry 6), whereas PtCly did not catalyze the
conversion of 2a (entry 7). Likewise, BF3sOEt,'* 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 S-pyrrolyliodonium salts could
be obtained only for 2,5-disubstuted heterocycles 1a,e—h,k
(entries 1, 58, 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 lodonium Salts 2a—m

Phi(OAC), OAc Pd(OAcC),
Z [H _12equiv_ 5 mol % Z J50Ac
AcoH AOH o
1 nt
. . time yield time yield”
entry  iodonium salt ) (%) product (h) (%)

COMe

pn;\z_gf,Me /Z/_\L
1 6 78 18 90

2a
"J} Aco@
2 " © 37 © L8
"o N
e SO s S
o
2¢ 3¢
COEL o
o, S
4 cpﬁnlr‘«_g 30 l:ﬁ 300
I
2 3d
o

z
Q

A,
65 J;kco;s«
Tol

5 /Z/Zym‘ 6 18
b e 3¢
o
AcO-
[
6 J:)\ 3007 /zl 18 71
O A
B 2f B 3f
one
e
7 I3, 18 63 /Z—L 187

y
&

co,sn 2 ot 3g

73 DCOM 18 79

2
1
3

o
3
=2 ]
- =
= g
L
=)
=
w =3

9 oA 7 Aco/z} 18 67
P So.Tol 2 Sotol 3§
10 “";J;Q 18 71 m/@Q 18 71
Ph $o,70l 2§ $0,Tol 3
o
o one
"
11 Erlz&mza 18 79 l_&coa 1
B 2%
12 Q—&W 18 79 oo s
e 21
o m
13 Qﬂ 6 66 300N
’ ¥
Bn 2m B 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-benzyl,
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

4326

Table 3. One-Pot Sequential Procedure vs Crabtree Conditions

entry pyrrole One-pot” yield Crabtree conditions” yield
product (%) product (%)

1 1a 3a 92 3a 85
Ao L
2 b 56 © . © e

! i 5+6
3 Ic 3 80 oi?k‘;‘;;,7 75
DSe 34 (8)
4 1 7 oA o Lo Sor
! i 8+9
5 1le 3e 86 3e 76
6 1f 3f 60 3f 65
7 1g 3g 50 - -
AcO_ OAc
8 1h 3h 74 svl;kcoza ar@co,a 74
i
3h:10=4:1

9 1i 3i 42 - -
10 1j 3 41 - .
11 1k 3k 69 3k 41°¢
12 1 31 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 cq]ulv) 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 Se.

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 2l,m which were stable in AcOH-
dj 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, min the presence of Pd(OAc), (5 mol %)
(see Table 2, entries 12, 13). The sequential one-pot
approach afforded higher yields of 31 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
Iodonium Salts with Palladium

Jé(@ (0

@ C

8ry %

Apparently, electronic preferences rather than steric
factors control the acetoxylation regioselectivity of salts
2. Thus, it has been demonstrated that in Pd(II)-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-PhJOAc under Crabtree acetoxylation
conditions (Pd(OAc),, AcOH, 100 °C, 18 h) was moderately selective for
the formation of Mcs OAc (ratio Mes-OAc/Mes-I = 3.4:1).

(28) (a) Related 5>-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 Lachlcotte R.J.J. Am. Chem. Soc. 1998 120, 11016. (b) For related
stable n*-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

AcO_ OAc
R? R Pd
/\ R ViRt R’ R
/Ohe PdOAS), Pt
R \ \ OAc

R‘
/\) @ Phl Pd(OAc), R‘

1 12 3

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

The acetoxylation of pyrroles presumably involve a
Pd(11)/Pd(1V) or Pd(I1)/Pd(III) catalytic cycle. However,
the Pd(0)/Pd(IT) 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—I 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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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.

H 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 aromatic ring of unsymmetrical
diaryliodonium salts (Figure 1).2 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

o Transition
Nu metals Nu

} | | |

o Transition
metals

TN
bulky small poor rich R
sterically electronically Nu=OAc, Pd catalysis (ref. 5)

Nu=N3, Cu catalysis (this work)

Figure 1. Regioselectivity in the reactions of nonsymmetrical
iodonium salts.

-4 ACS Publications  © 2012 American Chemical Society

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(II) 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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Published: August 22, 2012
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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 labeliné and modification of oligonucleotides'"
and peptidomimetics.© 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 3ah exist in a

Table 1. Selected Crystallographic Parameters for Iodonium
Azides 3a,h

H Ph—I—X Ph—I—Nj
X,—CO,Et N, —COEt  MeO,C N
Br Br \
N N N \@
\ \
1 2a: X=0Ts 3h
2 3a' X=N, Br
B N;—1-C(Het) I-N; 1-C(Ph) I-C(Het)
iodane angle (deg) distance (A)  distance (A) distance (A)
3a 174.1 2.813 2112 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 h&)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,CI, 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, 2>-iodane 3a
was stable in DMSO (entry 3) at room temperature. The
addition of Pd(OAc), (5 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—I—N; N3 |

N, —CO,Et CO,Et
o N\, CO,Et Br . & N 2
N N N
\ \ \

3a 4a 5a
catalyst 4a:5a
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 <S
4 Pd(OAc), (S)  MeCN 24h 32 1:5
S Pd(OAc), (§) CH,CL, 3h 35 1:99
6 Cu(OTf), (10) CH,Cl, 3h 60 9:1
7 CuOTf-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 CuOTf-PhH DMSO 30 min 45 9:1
(10)
12 CuClI (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 CuClI (10) MeCN— 15 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 (P113P>)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 (Ph;P)AuCl],
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:5a = 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=9x 107 s7!, 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
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Table 3. Sequential One-Pot Synthesis of Heteroaryl Azides 4a—u and Triazoles 6a—u
Ph

Br. o Ph o
Phi(OAC) I~OT: A
m TSOH m ® | NaNs (aq) @_S\ Ns | cuct (10 moi%)
COEt —_— —
N TCOE Thecn N7 TCOEt | MeCN N TCOEt | MeCN-DMSO
[ ) t

it
1a (see“‘l'maile 3 2a 1 min 2a 30 min
Cl
e [0
Ty =
Na B N cl
\
COLEL DIPEA \
';‘ 0d AcOH/MeCN-DMSO N~ TCOEt
t I
180 min
4a 6a
entry product time ield (%)° entry product time ield (%)°
750
30 10
1 est 90 11 R min 65

N
3 o ¢ 5 min 65 13 N : 73
1 6m

4 . 3h 71 14 S 5 min 59
e 7,

sen 6d
BN
a \Qz\coia 30
5 " 3h 75 15 I ; 75
; COEt N—% min
"o
' e 60
Noj:
oacte
& (A 30
o o
§ X o
é}ﬂ 6f ' bp
coxc coi
N N
7 L 18h 72 17 B,\m:g'" Smin 70
(L
\o6r
o
10 )
8 64 18 wH 72h° F)
min m
- 1™ 6s
e
o
9 5 mi 53 19 e 10 47
min N‘)MIN% min
b 6t
o
10 5 min 55 20 e 18h 65

o
I

“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 The formed indolyl azide 4a decomposed during attempted
Sa, and this observation renders CH,Cl, inferior as a solvent purification; however, it can be employed in further trans-
compared to alternatives such as MeCN and DMSO (entry 2 vs formations without isolation. Thus, addition of substituted

tries 1 and 3, Table 2). Th talyzed fi tati ¢ acetylene directly to azide 4a and CuCl in the presence of
entries 1 and 3, Table 2) ¢ noncatalyzed fragmentation o DIPEA and AcOH® resulted in the clean formation of 1,4-

3a in MeCN is considerably less pronounced, and azide 3a is disubstituted 1,2,3-triazole 6a as a sole regioisomer.2* Hence,
virtually stable in DMSO. Therefore, MeCN and DMSO are CuCl catalyzed both the in situ formation of indolyl azide 4a
solvents of choice for CuCl-catalyzed fragmentation of and its subsequent 1,3-dipolar cycloaddition with (3-
iodonium azides (entries 13—15, Table 2). chlorophenyl)acetylene (Table 3).”

15438 dx.doi.org/10.1021/ja305574k | J. Am. Chem. Soc. 2012, 134, 15436—15442
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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>® la—g,
pyrroles” 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 SpAr 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 1i,j,n and at the fifth position
of uracil 1u (Table 3). In 2,5-disubstituted pyrroles 1h,k—m,
however, iodonium salts were formed at the p-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(I) 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
Cul(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-diphenylethylene®' and 2,6-di-tert-butyl-
4-methylphenol® (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(1II) species
I1** Complex II can directly collapse into azide III via the
highly regioselective coupling of the heterocycle with the azide,

Table 4. Sequential Azidation—Reduction Sequence for One-
Pot Synthesis of Heteroarylamines 7a—u

Br.

Reaction conditions: | Br N
see Table 3 N
\) — \
N7 COEt N COsEL

Br,
aqueous (NHQ);S D_ﬁ"z
- \
MeCN N7 COEL
nt

30 min

1a 4a 7a
entry product yield (%)"
=
\r\ Ny
!
1 (S Gl 84
! Ta
I3 ™
2 Lo 80
N
o M
3 O pcom 8
Sew 7d
. s
U co
4 o 84
M
o
o
5 o /\//\j:&co.s. 79
s g
weo.c_
/
Pat
6 (A~ 65
)
S,
N
7 wnd e 60
I 7j
N:N\_‘
8 A P~coe 62
fo 7k
Nt

o el o

B/ {

M 70
a "
12 \ﬁ -cos 75
NN p

0
NS ™
13 iﬁ\j 50
I

“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 7-complex between the highly
electrophilic Cu(III) species and electron-rich heterocycle.>*
Alternatively, complex II can undergo regioselective trans-
formation to Phl 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 7-complex between a suitable 7-
acidic transition metal and electron-rich heterocycle moiety of
unsymmetrical A*-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 3. Initial rates vs concentration of CuOTf in DMSO-dj.
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Figure 4. Initial rates vs concentration of azide ion in DMSO-dg.

[NH,]s(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(l)) 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(lll) salts was
shown to be kinetically insensitive to the concentration of
copper species,” an observation that contradicts our results.

Bl 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 potentialfw
Therefore, care must be taken during handling of azides 3a,h, and a small
scale is strongly encouraged.

Ethyl 3-[(Azido)(phenyl)-A*-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 la was
observed. The reaction was then poured into a solution of NaNj (146

Scheme 1. Working Mechanism for Azidation of Heterocycles

M=Os(lll), Cu(l)
v
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mg, 225 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-dg, 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, J = 7.1 Hz); 3C NMR (100.6 MHz, DMSO-d,,
ppm) 6 159.1, 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) caled for
C1sHNO,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, Ry = 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), 2.37 (3H, s); *C NMR (100.6 MHz,
DMSO-dg, ppm) & 162.3, 1382, 137.5, 1349, 133.5, 133.0, 1312,
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, HyNO,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 5 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
heteroaryliodonium salt does not migrate from the application point).
Immediately upon full conversion of the starting 1la—u (see Table 3 for
the appropriate time), a solution of NaNj (0.7S mmol, 1.S equiv) in
water (500 L) 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 iodonii azide),
whereupon the color of the reaction mixture changed to brown. After
the reaction mixture was stirred for 30 min at room temperature,
acetylene (0.75 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. 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,0 (0.60 mmol, 1.2 equiv), and the resulting
suspension was stirred for S min at room temperature. Then a
solution of heterocycle 1la—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 1la—u (see Table 3 for
the appropriate time), a solution of NaN; (0.7S mmol, 1.5 equiv) in
water (500 L) 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

lyzed di ition of iod. 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 (50 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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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 102
H OH Mes—|—OTs RIR*NH R1-N-R?
| - | PSP |
Het(Ar) Het(Ar) Cu(MeCN),BF, Het(Ar)
(10 mol%)
room not isolated 37 amines
temperature!

28 (hetero)arenes

B INTRODUCTION

Hypervalent iodine(IlI) 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).> Phenyl-4*-

NHSO,R'
H ML, Z 2
N ‘ . Ph—I=N-SOR' T R@/ o)
N M=Rh, Fe, N

in situ or pre-formed

Mn, Cu, Au, Pd
Ac Ac
{ N
M AcO—I—N 7
- + | —— R{ | ()
R |
N Ph S
in situ T
Ts
= N‘T
M Ts;N—I—NTs, N s 5
R | + | = g (3)
N Ph
-, o
I 3 D Cu(l)
{ 7\—\/ SH Af(OH)OTs 510Ts| & rigend )
ST N Ar
I} . g
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).%°
Analogous phenyl-A*-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 Mufiiz 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-A>-iodane reagents.” In contrast,
amines are oxidatively stable toward diaryl-2*-iodanes, and
these hypervalent iodine(III) species have been used for the N-
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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-A*-iodanes could be solved. Recently,
we reported that a Cu(1) 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-4*-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-A*-
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 (SgAr) 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). *>-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 50%
probability) with hydrogen atoms omitted for clarity. Selected bond
distances (A) and angles (deg): 116—C3, 2.086(7); 116—Cl17,
2.108(8); 116—012, 2.713(7); 1-014, 3.088(9); I-024A, 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(II) 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 kg, = 1.98 X 1077 mmol mL™"
s™!, 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 S). 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(II), Ni(1I), and Sc(III) salts
were inefficient as catalysts (entries 7—9, Table 1).'*

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 A*-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 §), 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—I—OTs

® '

N\, -COEt , [ ] catalyst (10 mol%)

CO,Et
Br A 2
N
\

E +
EtN(i-Pr), (2 equiv) N,—~COqEt
\ Br-
solvent N
\
2a 3a 4a
Mes=2,4,6-trimethylphenyl
entry catalyst (10 mol %) solvent, time conversion %“” 3a:4a ratio, (yield %)”¢
1 none CH,Cl,, 24 h 15 1:99 (8)
2 none DMSO, 24 h 81 1:99 (67)
3 CuOTfPhH 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),BF, CH,C,—DMSO 4:1, 1 h 92 97:3 (85)7
6 Cu(MeCN),BE, CH,CL,-DMSO 4:1, 1.5 h 93 89:11 (76)
7 Pd(OCOCF;), CH,Cl,—DMSO 4:1, 1.5 h S 1:99 (3)
8 Ni(OTf), CH,CL,—DMSO 4:1, 1.5 h s 1:99 (5)
9 Sc(OTf), CH,CL,-DMSO 4:1, 1.5 h 7 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”

R'R2NH

’
B Mes—|—0OTs R¢ —R2
r A Mesl(OH)OTs Br. Cu(MeCN),BF (10 mol%) N
COEt ————= Ncogt | — oo B
N CF4COOH N 2 EtN(-Pr), N—co,Et
\ CH,Cl, \ 4:1 CH,Cl,:DMSO N\
1a 15 min, rt 2a 2h,rt 3a-3ak
Mes=2,4,6-trimethylphenyl
entry R'R’NH Yield [entry R'R’NH Yield |entry R'RNH Yield
(%) (%) (%)
1 o@w 3a,74 | 14 D, 3n,76 |26 [P 32,79
0 Ns
2 [g@”” 3b,66 | 15 S 30,63 |27 @NHZ 3aa, 73
3 @O« , 3¢,75 | 16 HO™"NH, 3p,67 | 28 B’@‘”“z 3ab, 74
4 >_N\_/NH 3d,71 |17 ya 3q,73 |29 Meo_©-wz 3ac, 54
Aot
I
5 ‘}LNCNH 3e,76 | 18 LGN 3r40 130 weoo Hwy,  3ad, 69
6 HNQNH #7619 W 35,75 |31 o,u@wz 3ae, 67
o F Nz
P
7 W 38,70 (20 proSw, 34,73 (32 2 M\ 3af, 62
HN-$- NH;
. i o 8—Q 3
8 ove  3h,35" | 21 ~o 3u,80 |33 ] 3ag, 79
G~ o a¥ ¢
9 NP 3,65 |22 oM 3v,80 | 34 d 3ah, 76
A -NH,
W,
10\ 3,67 |23 = Tw 3w, 71 | 35 QNHME 3ai, 77
M
11 | 3k.65 |24 N 3,83 | 36 - 3aj, 65
A JO L
2 7w 3LT1 " o
3 3m,70 | 25 . g 3y,77 |37 O %o )\cr, 3ak, 71
2

“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 1a), room temperature, 2 h.
Reaction 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). 1t 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 MesI(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 1S, 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-
b]pyridine (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-
2-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-1*-
iodane (entries 3—$ 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-A-
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
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Table 3. C—H Amination of Heterocycles

R'R2NH
MesI(OH)OTs | Mes—I—OTs | Cu(MeCN),BF; (10 mol%) R
HetH ———— —_— Het—N
CH,Cly Het EtN(i-Pr), R?
it 4:1 CH,ClDMSO
time (Table 3) i 2h 5-20
entry product’ time yield (%) | entry product’ time yield (%)
1 @) 30 69 13 A 5071
A N "COMe.
.,\CL/:\;_«DJ min” ot ! 13b min
L ') s
2 @2 30 79 14 oL o 5 65
X N :% min” L JREN min
\ 6
3 wlr” 18" 84 15 o 2h 57
. "
@J\\f " T o-com
A 14b
4 ) 18" 77 16 el 2h 62
. s
[ /\&w B \N\ COAEL
\©~u\ 7 \ 14c
5 e 18h° 50 17 P 1h 78
N N A
o N'SEM 8
6 > 18h" 72 18 8] 5 6
.
Jeos o ‘1< min‘
7N
@ oy N 16 )
7 SO e S5min 70 19 ° 3’ 60
o gN @ s (J
C( 10a D
W
B 17 .
te 1 I
8 o N;jc‘w Smin 62 20 C} 5h” 52
= ° 10p (%" s
9 O o Smin 60 21 >Iﬁ 241" 60
Y - ' O‘Bfloa
10 Smin 62 2 3 241" 62
1 11b L 19b
o _ .
11 \©YQ"C° 30min 63 .
° 12 \N)ﬁx” b
12 E'\Q\ Smin 9l 3 X Oa, 180" 65
u’@coﬂe ! 20
| 13a

“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
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 heteroarene), room temperature, 2
h. “In the presence of CF;COOH (1.2 equiv). “4*-Iodane was formed at —20 °C.

amine is delayed. Therefore, it is important to establish the
optimum conversion time of the starting (hetero)arene into A°
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 (SgAr) 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 $ of uracil®® (entry 23),
while 2,S-disubstituted pyrroles (entries 7, 8, 11) produce
iodonium salts at the S-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 S—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), and generate highly reactive acylnitrenium
species. ! Bromine and chlorine substituents in the substrate
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Table 4. C—H Amination of Arenes

R'R?NH -
7 MesI(OH)OTs | Mes—|—OTs | Cu(MeCN)BF, (10mol%)  Ron-R
S \R CH,Cly = EtN(i-Pr), =
oo N \| 4:1 CH,Cl,:DMSO \\\
time (Table 4) R m2h R
2131
entry product’ time yield (%)
1 o Y
J 18 h
:C 21
2 % 30 min®  30°
Bod —" 2
3 weo-{ ) o 30 min® 52
4 ] 30min 49
Q..
5 we 1 1 30 min® 56
MeO 05125
oM o in®
6 e (\) 30 min” 61
MeO’ 26
7 gue 179 30 min® 71
NS
MeO’ ©
NHMe 27
b
8 OMte 0 30 min” 74
MeO ©
NMe; 28
9 y M O”s 180" 60
N. N,
//S\\
SO,
10 AN 30 min 40
Eoc—u:©\0Me30
11 A,H 60 min 50
BOC*NJQ\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. PIn 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(II) (entry 3 vs entry 4,
Table 1) suggests that Cu(l) salts are the catalytically active
species. The slow formation of 3a in the Cu(II)-catalyzed
reaction (entry 4, Table 1) could be ascribed to an in situ
reduction of Cu(Il) to active Cu(I) catalyst by amine.*>** To
verify the catalytic efficiency of Cu(lI) 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,“ thus acting as an
inhibitor of Cu(I)-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 coefficients.
The Cu(I)-catalyzed conversion of 2a to 3a in DMSO-dg 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 S3), 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 1*-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 IT
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 1*-iodane 2a, forming a 7’
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 7>-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 Pd(OCOCEF,),, 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-2*-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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Scheme 2. C—H Amination of A>-Iodane 32 Containing a Radical Probe

o} NH
O/\/ — .
I/Mes Cu(MeCN)4BF4 (1 equiv.)
- .
©/ “oTs EN(i-Pr),
4:1 CH,Cl,:DMSO
15h, 1t

32

g
o

34,68%

o of

. ©/|

35, 12%

)

o/\f/ o/\/ o °
cu(l) I . .
? e @;@\'Mes" © Eg\ (9\ ©
+
X 33

Cu(ll

a nontransferable aryl ligan(lnc_f’32 The Cu(Ill) intermediate
V undergoes N—H deprotonation of the Cu(Ill)-coordinated
amine with EtN(i-Pr),. Product-forming reductive elimina-
tion from the resulting Cu(IlI)—amide complex VI would
afford 3a and regenerate a catalytically active Cu(I) species.>*
However, the proposed transient Cu(Il) 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-stabilized 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(II) complex viL*
Experimental redox potentials versus SCE were determined by
cyclic voltammetry for A*-iodane 2a (E = —0.76 V) and for
Cu(MeCN),BE, (E = +0.85 V), and they support the
feasibility of SET between Cu(I) catalyst and iodonium salt 2a.
The radical anion—Cu(II) complex VII might undergo
fragmentation to a radical pair VIII, which couples with the
amine moiety 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-A*-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 S). 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 ° s™") 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-2*-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-1*
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 C,—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.46 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)-13-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,0O (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, R;= 0.5, 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 (S0 mL). Formed precipitate was filtered, washed with
Et,0 (100 mL), and dried in vacuo to afford 2a as a white powder
(330 g, 95% yield); analytical TLC on silica gel, 20:80:5 MeOH/
CH,Cl,/AcOH, Ry 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): 67.79 (1H, d, ] = 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 ] =7.2 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-dg, ppm): & 159.4, 145.8,
142.9, 1419, 137.5, 137.2, 131.8, 129.8, 128.1, 1280, 125.5, 122.7,
1217, 1157, 115.1, 81.2, 62.8, 33.8, 26.1, 20.8, 20.4, 13.8. HRMS—ESI
(m/z) caled for C,H,,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, 0.5S 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 4*-iodane does not migrate
from the application point). Inmediately 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, 0.05 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 yL, 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 4*-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 *-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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ABSTRACT: A one-pot two-step method for para-selective
C—H amination of carbocyclic arenes comprises the in situ
formation of unsymmetrical diaryl-4*-iodanes followed by their
Cu(I)-catalyzed reaction with a range of N-unprotected
amines.

KEYWORDS: hypervalent iodine, diaryliodonium salts, copper, amination, regioselectivity

B INTRODUCTION

Late-stage modification of pharmaceutically relevant com-
pounds allows for introduction of a structural diversity at
final stages of synthesis and provides rapid and straightforward
access to a number of analogues. Therefore, late-stage
modification is frequently employed to streamline the lead-
optimization process in drug development.' Ideally, introduc-
tion of structural diversity is to be accomplished without
preactivation of the lead compound. Hence, the most suitable
approach to late-stage modification relies on the functionaliza-
tion of C—H bonds.

Among a variety of C—H functionalization methods, the
intermolecular C—H amination has become a focus of an
increasing amount of research in recent years. Notwithstanding
remarkable advances in the field of transition metal-catalyzed
Csp®~H amination,”® a majority of the developed methods
require the presence of a metal-coordinating substituent” that
facilitates the cleavage of an ortho-C—H bond by a transition
metal. Therefore, most of the reported catalytic C—H to C—N
transformations in arenes are directed to the ortho position.”
Recently, auxiliary substituents capable of directing C—H
activation to the meta-position have been designed;(’ however,
the directed meta-C—H amination has not been reported thus
far. Likewise, a complementary para-selective Csp’—H
amination methodology is considerably less developed than
directed ortho-C—H amination. Thus, there are a handful of
para-selective Csp>~H amination examples in the literature.
Early reports describe electrophilic aromatic substitution of
electron-rich arenes with azodicarboxylates in the presence of
Lewis acids’ or Bronsted acids® and, more recently, in a
Au(1ll)-catalyzed process (eq 1).” Zhang has reported an
amide-directed Pd-catalyzed para-C—H imidation with N-
fluorobenzenesulfonimide (NFBS) as a source of nitrogen
(eq 2)."° High para selectivity levels of Csp>~N bond
formation in arenes have been achieved by using hypervalent
iodine(III) reagents. Thus, PhI(OAc),-mediated oxidative
transfer of a phthalimide moiety to arene rings proceeded

<7 ACS Publications  © 2015 American Chemical Society
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II (1)
AIkyIOZC
N. ,COQAIkyI
AlkylO,C”
Ac
HN'AC
S0,Ph Pd(ll)
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with reasonable para selectivity in the presence of a Au(l)
catalyst (eq 3)."" Relevant to our work is a transition metal-free
para-C—H amidation of arenes in the presence of PhI(OAc),
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Table 1. Reaction of A3-Iodanes 2d and 3d with Morpholine

o
Ar-I(OH)OTs /_\NH [ ]
Ton Ar—I|—OTf / N °
(1 2 equiv) catalyst [ j
Me Tmecn EtN(l Pr), Ve N
Me 20h solvent Me
1d Zd, Ar=Mes 4d 5, Ar=Mes
3d, Ar=TIPP 6, Ar=TIPP
2,4,6-trimethylphenyl
TIPP=2,4,6-triisopropylphenyl
entry A*-iodane catalyst, mol % solvent time, temp 4d (%)“* 5,9%" 6,%"
1 2d Cu(MeCN),BF,, 10 CH,Cl,/DMSO, 4:1 8 days, rt 40 14 -
2 2d Cu(MeCN),BE,, 10 MeCN/DMSO, 1:4 8 days, 1t 49 18 -
3 3d Cu(MeCN),BE,, 10 CH,Cl,/DMSO, 4:1 8 days, rt 39 - <1
4 3d Cu(MeCN),BE,, 10 MeCN/DMSO, 1:4 12 h, 40 °C 80 - <1
5 3d Cu(MeCN),BF,, 10 DMSO 12 h, 40 °C 83 - <1
6 3d Cu(MeCN),BE,, S MeCN/DMSO, 1:4 40 h, 40 °C 84 - <1
7 3d Cu(MeCN),BE,, 2 MeCN/DMSO, 1:4 48 h, 40 °C 75¢ - <1
8 3d Cu(MeCN),BF,, 0.5 MeCN/DMSO, 1:4 48 h, 40 °C 474 - <1
9 3d Cul, 10 MeCN/DMSO, 1:4 24 h, 40 °C 75 - <1
10 3d CuBr-SMe,, 10 MeCN/DMSO, 1:4 130 h, 40 °C 37 - <1
11 3d CuOTf, 10 MeCN/DMSO, 1:4 130 h, 40 °C 26 - <1
12 3d Cu(OTf),, 10 MeCN/DMSO, 1:4 40 h, 40 °C 74° - <1
13 3d Cu(BE,),-6H,0, 10 MeCN/DMSO, 1:4 60 h, 40 °C 31 - <1
14/ 3d Cu(MeCN),BE,, 10 MeCN/DMSO, 1:4 40 h, 40 °C 68 - <1
15¢ 3d Cu(MeCN),BE,, 10 MeCN/DMSO, 1:4 40 h, 40 °C 67 - <1
16 3d none MeCN/DMSO, 1:4 40 h, 40 °C <" - <1

“With 99% conversion of 2d or 3d. “Isolated yield of >95% pure product (NMR assay). “With 90% conversion of 3d. “With 50% conversion of 3d.
“With 49% conversion of 3d after 12 h at 40 °C.In the presence of water (10 equiv). ®Performed under air. “With 20% conversion of 3d.

(eq 4), which presumably involves formation of a phenyl-1>-
jodane intermediate possessing an iodine—nitrogen bond."” A
single example of metal-free para-C—H imidation using bls»
tosylimido-4*-iodane has recently been reported by Muiiz.">
Importantly, in all of the examples mentioned above, additional
synthetic steps are required to elaborate the C—H amination
products into N-unsubstituted anilines. These postamination
transformations reduce the synthetic advantages of the direct
C—H to C—N transformation, so a method compatible with N-
unprotected amines as the source of nitrogen would
substantially increase the synthetic value of the para-selective
Csp’—H amination methodology.

In our continuing efforts to develop a synthetic method for
the late-stage functionalization of pharmaceutically relevant
heterocycles, we recently disclosed a Cu(I)-catalyzed Csp*~H
amination of heteroarenes with N-unprotected amines.* The
one-pot two-step method comprised the reaction between
arene and hypervalent iodonium reagent ArI(OH)OTs to form
unsymmetrical diaryl-1*-iodanes, which reacted in situ with a
range of N-unprotected amines in the presence of a Cu(I)
catalyst to afford heteroarylamines. The developed method was
suitable also for C—H amination of certain electron-rich
carbocyclic arenes in moderate yields. Importantly, C—N bond
formation in arenes proceeded in the para position with respect
to electron-releasing substituents. Unfortunately, moderate
yields and a narrow scope of suitable arenes compromised
the synthetic advantage of the developed para-Csp’—H
amination approach. Herein, we report a further development
of the Cu(I)-catalyzed para-Csp>~H amination methodology
(eq S) which addresses the drawbacks mentioned above. Key to
the success were the increase in the steric hindrance in
iodonium reagent ArI(OH)OTs and the use of strong acid

7009

additives as described below. The new conditions feature
improved vyields and are compatible with a substantially
increased scope of arenes.

B RESULTS AND DISCUSSION

o-Xylene (1d) was selected as a substrate for the method
development studies because it was unreactive under the
published C—H amination conditions that involved an initial
treatment of arene 1d with MesI(OH)OTs (1.1 equiv) in
anhydrous CH,Cl, at room temperature to form an unsym-
metrical diaryl-A*-iodane 2d, followed by addition of catalytic
amounts of Cu(MeCN),BF,, morpholine, DIPEA, and
DMSO."* We reasoned that the lack of reactivity for 1d may
be attributed to slow formation of an intermediate unsym-
metrical diaryl-2>iodane 2d in the reaction of 1d with the
MesI(OH)OTs reagent. It has been shown that strong acids
such as TsOH and TfOH facilitate the formation of diaryl-A>-
iodanes from arenes."” Indeed, addition of TFOH (1.2 equiv) to
a mixture of o-xylene (1d) and MesI(OH)OTs in acetonitrile
resulted in the formation of diaryl-A*-iodane 2d in 83% yield.
The latter was isolated in pure form and subsequently used for
optimization of the Cu(I)-catalyzed reaction with morpholine
as shown in Table 1.

The reaction of 2d with morpholine turned out to be very
slow, and the desired product 4d was formed in only 40% yield
after 8 days at room temperature (entry 1). Furthermore, a
concomitant formation of the undesired N-mesityl morpholine
5d was also observed (3:1 4d:5d ratio). A simple change of
solvent did not alter the 4d:5d ratio (entry 2). Apparently,
insufficient electronic and steric differences between the
nontransferable mesityl ligand and xylyl moiety were
responsible for the poor regioselectivity of the Cu-catalyzed

DOI: 10.1021/acscatal. 501992
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reaction between diaryl-A>iodane 2d and morpholine. We
hypothesized that the increase in the steric demand of the
nontransferable aryl ligand in diaryl-2*-iodane 2d could solve
the selectivity issue.'® To this end, unsymmetrical diaryl-A*-
iodane 3d possessing a bulky 2,4,6-triisopropylphenyl (TIPP)
group was synthesized from o-xylene (1d) and TIPP-I(OH)-
OTs'” in the presence of TFOH (48% yield of recrystallized
material). The structure of 3d was confirmed by X-ray
crystallographic analysis (Figure 1).

Figure 1. X-ray crystal structure of A*-iodane 3d (ellipsoids at 50%
probability) with hydrogen atoms omitted for the sake of clarity.
Selected bond distances (angles) and angles (degrees): 11-Cl,
2.131(5); 11-C16, 2.118(6); 11—-O14, 3.359(4); I-034, 3.513(4);
C1-11-C16, 100.1(2). See the Supporting Information for details.

We were pleased to see that the reaction of diaryl-A*-iodane
3d with morpholine in the presence of the Cu(MeCN),BF,
catalyst'® proceeded with excellent selectivity and formation of
the undesired 6 was not observed (Table 1, entry 3).
Furthermore, the long reaction time (8 days) could be
decreased to merely 12 h with a simple increase in temperature
to 40 °C (entry 4). The desired C—H amination product 4d
was isolated in 80% yield. The reaction readily proceeded also
in pure DMSO (entry S). A 2-fold decrease in catalyst loading
resulted in a slower reaction that required more time to reach
completion (entry 6). Further lowering of the amount of the
catalyst (entries 7 and 8) resulted in incomplete conversion of
3d. Among various Cu(I) sources tested, only Cul was efficient
as a catalyst (entry 9). Other Cu(l) salts were less efficient
(entries 10 and 11). Cu(OTf), could also be used as a catalyst
(entry 12); however, the Cu(II)-catalyzed reaction between A’
iodane 3d and morpholine required more time to reach
completion compared to the best Cu(I) source (entry 12 vs
entry 4). Interestingly, Cu(BF,), hexahydrate was far less
efficient as a catalyst than Cu(MeCN),BF, or copper(Il)
triflate (entry 13 vs entries 4 and 12, respectively). The poor
catalytic efficiency of Cu(BF,), hexahydrate could be attributed
to the presence of water (0.6 equiv) in the Cu(II) catalyst,
because diminished yields of the product 4d were also observed
if C—H amination under the best conditions [with Cu-
(MeCN),BE, as the catalyst] was performed in the presence of
water (10 equiv; entry 14 vs entry 4). On the other hand, the
C—H amination reaction mixture always contains water (1
equiv), which forms during A*-iodane 3d formation from
starting arene 1d and TIPP-I(OH)OTs, so the presence of
water is likely not responsible for the poor catalytic efficiency of

Cu(BF,), hexahydrate. The oxygen-free conditions are
important for achieving high yields of C—H amination product
4d (compare entries 15 and 4). Finally, the reaction of 2*-
iodane 3d with morpholine in the absence of the Cu(I) catalyst
resulted in slow formation of iodoxylene, and the formation of
the desired 4d was not observed (entry 16). It should be noted
that the addition of the radical scavenger TEMPO considerably
decelerated the formation of iodoxylene, so the noncatalyzed
reaction of diaryl-1*iodane 3d with morpholine presumably
proceeds through a radical chain pathway. *

The N-xylyl-morpholine 4d could also be synthesized in a
sequential one-pot mode without isolation of diaryl-1>-iodane
3d. This required careful control of 3d formation and the
addition of Cu(MeCN),BF,, morpholine, EtN(i-Pr),, and
DMSO to the reaction mixture immediately after the
conversion of xylene 1d to intermediate 3d was completed.
The sequential one-pot two-step C—H amination avoided the
isolation and handling of potentially unstable intermediate
diaryl-2*-iodane 3d and hence is superior to the stepwise
approach.

A series of carbocyclic arenes were subsequently subjected to
the one-pot sequential C—H amination to demonstrate the
scope of the developed methodology (Table 2). Yields of the
two-step sequential C—H amination depended on the ease of
formation of unsymmetrical diaryl-*-iodane intermediates as
well as on their stability. The formation of iodonium salt
intermediates 3a—t was found to be sensitive to the electronic
properties of arene 1."” Toluene (entry 1) represents a
reactivity borderline: arenes that are less electron-rich than
toluene did not react with TIPP-I(OH)OTs even in the
presence of TfOH or TsOH as an additive. tert-Butylbenzene
was slightly more reactive than toluene (entry 2 vs entry 1), a
result that is consistent with the better electron releasing ability
of the tert-butyl group (6, = —0.20) compared to that of the
methyl group (o, = —0.17).°° Not surprisingly, arenes
possessing two alkyl substituents were readily transformed
into diaryl-4>-iodane intermediates and, hence, afforded the C—
H amination products in $6—62% yields (entries 3—S). It
should be noted that all the tested alkyl-substituted arenes
(entries 1-5) required TfOH as an additive to afford the
unsymmetrical diaryl-A*-iodane intermediates. Moderate C—H
amination yields for N-acetanilide (entry 6) presumably could
be attributed to partial acid hydrolysis of the amide moiety.*"
Electron-rich alkoxy-substituted arenes (entries 7—12) readily
reacted with TIPP-I(OH)OTs in the presence of TsOH as an
additive.”> Importantly, the strong electron-donating effect of
the methoxy group (g, = —0.27)*° compensated for the
presence of deactivating electron-withdrawing substituents such
as the OCF, group (6, = +0.35; entry 14) and bromine (o, =
+0.23; entry 15)” and even the sulfonamide moiety (0, =
+0.65; entry 16). In the latter case, the reaction with TIPP-
I(OH)OTs required addition of TfOH and a prolonged time to
afford the unsymmetrical diaryl-A’-iodane intermediate. It is
noteworthy that TIPP-I(OH)OTs-based conditions afforded
C—H amination products in yields higher than those
determined by the previously published method'* (see yields
in entries S, 7, 11, and 12). Finally, substituted thiophenes also
appeared to be suitable substrates for the developed C—H
amination reaction (entries 18—20).

The regioselectivity of the C—H amination is controlled
during the formation of the unsymmetrical diaryl-A*iodane
intermediates. Notably, all monosubstituted arenes underwent
highly regioselective para-C—H amination, and the formation
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Table 2. Sequential C—H Amination of Arenes la—t*

Q

NH o.
: e ®
W TIPP-IOH)OTS (1.0 equiv)[ 1jpp—j—x 1.2 equiv N
HX (1.05 equiv) Cu(MeCN)4BF; (10mol%)
Cu(MeCN),BF, (10mef
MeCN, rt DIPEA
time 1:4 MeCN:DMSO
R R 40°C, 12h R
1a-t 3a-t 4a-t
TIPP = 2,4 6 -triisopropylphenyl
entry  arene 1 HX time yield 4 entry  arene 1 HX time yield 4
entry arene ) %) entry arene ) (%)
" ~
v O, mowe 3 as | CI0 L TsOH 02 80
" . " ’
2 o jo1 b TOH® 3 35 12 I, TsOH 2 7249)"
" ¥
¢ Nt N
3 O Tor 2 e S o TOH 02 74
ew "
c / g
4 O, mow 3o W OO TIH 3 sef
h o
s (I, moH 3 se@n’|1s 0 TIOH 1 70
s M MoNO,S._~ M
6 - TIOH 18 49 16 ol p  TIOH 12 82
¢
" S S "
7 TOH 2 80(s2) | 17 I, TOH L M
ve
8 TOH 03 66 8k, TSOH 05 49
o
9 TOH 05 71 1K, TOH 0.5 44
e . wos,
100 7 e 0255 20 TIOH 05 62

“Conditions: arene 1 (1.2 equiv), acid (1.05 equiv) and TIPP-I(OH)OTs (1.0 equiv) in MeCN (0.5 M) at room temperature, then Cu(MeCN),BF,
(10 mol %), morpholine (1.2 equiv), and DIPEA (2.0 equiv) in 1:4 MeCN/DMSO (0.1 M) at 40 °C for 12 h. bAverage yield of two runs. °2*-Iodane
did not form with TsOH as an additive. “In parentheses are yields from ref 14. “Performed in CF;CH,OH as a solvent without the acid additive.
FWith 1 equiv of Cu(MeCN),BF,. €lsomeric product 4n’ possessing the morpholine moiety in the para position to the OCF; group was isolated in

15% yield. At 0 °C with 3 equiv of TfOH and 4 equiv of DIPEA.

of isomeric ortho-substituted products generally was not
observed.”* The C—H amination in multiply substituted arenes
proceeded selectively at the para position to the strongest
electron-releasing substituent (entries 11—16). For example,
2,3-dihydrobenzofuran (entry 12) and N-tosyl anisidine (entry
13) afforded the C—H amination product in the para position
to the alkoxy group. In tetrahydroisoquinoline (entry 17), the
para position with respect to the strongest electron-releasing
substituent (MeO group) was blocked, and the reaction took
place regioselectively at the sterically less hindered ortho
position.” The regioselective C—H amination of 6-MeO-
tetrahydroisoquinoline is noteworthy because this substrate
usually affords a mixture of 5- and 7-substituted products in
electrophilic halogenation26 and nitration”” reactions. 3-
Substituted thiophenes underwent C—H amination at position
2 (entries 18—20).

The C—H amination conditions were compatible with the
presence of O-benzyl (entry 8, Table 2), O-allyl (entry 9), and
O-TBDMS (entry 10) protecting groups as well as the O-Me
ester moiety (entry 20) and bromide (entry 1S). N-
Trifluoroacetyl (entry 17, Table 2) and N-Ts (entry 13)
protecting groups were also tolerated. A variety of aliphatic
primary amines (entries 1—7, Table 3), aliphatic secondary
amines (entries 8—13), aromatic, heteroaromatic amines
(entries 14—16), and imidazole (entry 17) could be employed.
Azoles possessing relatively acidic N—H bonds such as tetrazole
(entry 18) and 1,2,4-triazole (entry 19) also reacted in the
presence of DIPEA as the base. Less acidic N—H heterocycles
such as indoles did not react under the standard conditions.

7011

The reaction of ammonium trifluoroacetate (1.2 equiv) with
diaryl-A*-iodane 3g afforded bis(4-methoxyphenyl)amine 26 as
the major product (entry 20). Disappointingly, poor conversion
(<5%) of diaryl-A’-iodane 3g was observed when aqueous
saturated ammonia (10 equiv) or a 2 M solution of NH; in
methanol (S equiv) was used as a source of ammonia. Possibly,
the formation of a complex with the excess of NH; inhibited
the Cu(I) catalyst. Nevertheless, the introduction of an NH,
functional group is possible via the para-C—H amination using
N-allyl (entry 1) or N-benzyl amines (entries 3 and 4), followed
by N-deprotection of the corresponding anilines 7, 9, and 10,
respectively (Table 3).

Importantly, the C—H amination reaction conditions are
compatible with the alkene moiety in the amine (entry 1) and
S-trityl (entry 6) protecting group. Various functional groups
such as ethers (entry 4), esters (entry 19), and a bromide
(entry 14) are all tolerated. Amines react chemoselectively in
the presence of unprotected amide (entry 13) and sulfonamide
moieties (entry 15). Monoamination with piperazine is also
possible (entry 12).

The developed two-step sequential para-C—H amination
approach provides a complementary regioselectivity to a Pd-
catalyzed method reported by Zhang and co-workers (Scheme
1 and eq 2)."" Thus, in their work, the amide-directed C—H
amination of arene lu with N-fluorobenzenesulfonimide
(NESI) proceeded at the para position to the amide moiety
and afforded p-phenylenediamine 27. In contrast, the
regioselectivity of the reaction between arene lu and TIPP-
I(OH)OTs was controlled by a methoxy group, the strongest
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Table 3. Scope of Amines”

W TIPPI(OH)OTs (1.0 equiv)[ pp—j—oTs|  R'RENH (12equiv) RUy-RE

TSOH (1.05 equiv) Cu(MeCN);BF 4 (10mol%)
MeCN, rt DIPEA
30 min 1:4 MeCN:DMSO

OMe OMe 40°C, 12h OMe
1g 3g 725
TIPP = 2,46 -triisopropylpheny!
entry amine product, | entry amine product,
yield (%)" yield (%)"
1 S 277 n U 17,56
2 8,70 2 ", 18, 50°
~
3 g 9,73 R 19,61

ot
e O e e e w20
Oﬂ

o
500 ad |15 w2149
6 eneSS T, 12,42 |16 ﬂj{wz 22,20
7 ?;éf B2 (177 Owm 23,76
F
P
8 ™ e |18 wihwe 24,79¢
v M 1578|190 WM 2539
0 ") 16,80 |20 au®%cocr, 26,33

“Conditions: anisole 1g (1.2 equiv), TsOH-H,O (1.05 equiv) and
TIPP-I(OH)OTs (1.0 equiv) in MeCN (0.5 M) at room temperature
for 30 min, then Cu(MeCN),BF, (10 mol %), amine (1.2 equiv), and
DIPEA (2.0 equiv) in 1:4 MeCN/DMSO (0.1 M) at 40 °C for 12 h.
'Average yield of two runs. “The reaction of 3g with amine proceeded
within 30 h at 40 °C. “DIPEA was not added; piperazine (3.5 equiv)
was used both as the nucleophile and as the base. “Accompanied by
18% 1,4-bis(4-methoxyphenyl)piperazine. FThe reaction of 3g with
amine required 40 h at 50 °C and 2.5 equiv of DIPEA. ®A mixture of 1-
aryltetrazole 24a (35%) and 2-aryltetrazole 24b (44%). Yield of
bis(4-methoxyphenyl)amine 26; the reaction of 3g with NH,-
OCOCEF; required 30 h at 40 °C and 3.5 equiv of DIPEA.

electron-releasing substituent in arene lu. Subsequent Cu-
catalyzed reaction of the unsymmetrical diaryl-4*-iodane 3u
intermediate with morpholine produced p-anisidine 4u
(Scheme 1). Importantly, a low temperature (—40 °C) was
required in the formation step of intermediate 3u to produce
4u in good yield (61%).*

Finally, a synthesis of antibiotic Linezolid 32 was performed
to demonstrate the suitability of the developed Cu-catalyzed
para-C—H amination method for the late-stage functionaliza-
tion of lead structures (Scheme 2). The synthesis featured
installation of the morpholine moiety in a nonprefunctionalized
Linezolid core structure 30 in the final synthetic step. Such an
approach streamlines structural variations of the amine moiety
and could provide rapid and straightforward access to a number
of Linezolid analogues. The synthesis commenced with Cu-
catalyzed N-arylation of commercially available oxazolidinone

8,” followed by cleavage of the N-Boc protecting group and
subsequent N-acetylation to provide the key building block, 30
(Scheme 2). The formation of the unsymmetrical diaryl-A*-
iodane 31 intermediate took a prolonged time (40 h) to reach
completion. Subsequent in situ reaction of 31 with morpholine
required the presence of stoichiometric amounts™ of the
Cu(MeCN),BE, complex’' to produce Linezolid 32 in 71%
yield (Scheme 2).

The higher efficiency of the Cu(MeCN),BF, complex
compared to that of the representative Cu(Il) complex (entry
12 vs entry 4, Table 1) suggests that Cu(I) salts are the
catalytically active species and Cu(1I) salts are in situ reduced to
the active Cu(I) catalyst by amine.”” Such a scenario is
consistent with our earlier observation that selective trapping of
Cu(I) species with neocuproine [a highly specific chelating
agent for Cu(I) ions] resulted in the complete inhibition of the
C—H amination reaction.'* Consequently, a Cu'/Cu'™ catalytic
cycle for the reaction between unsymmetrical A*-iodanes 3 and
amines is plausible.” It would start with an initial formation of
Cu(I)—diamine complex I, followed by oxidative addition of A*-
iodane 3 to form Cu(III) intermediate II and be completed by
product-forming reductive elimination to afford a C—H
amination product and to regenerate a catalytically active
Cu(I) species (Scheme 3).

Unfortunately, the proposed transient Cu(III) complexes
could not be detected, presumably because they undergo rapid
C—-N bond forming reductive elimination.** This behavior is
expected because related, highly reactive Cu(IIl) species have
been observed only in chelation-stabilized complexes based on
stabilizing triazamacrocyclic ligands.”® Further mechanistic
studies are necessary to fully elucidate the mechanism of the
developed C—H amination approach.

B CONCLUSIONS

In summary, the use of bulky 2,4,6-triisopropylphenyl (TIPP)
group-containing iodonium reagent TIPP-I(OH)OTs together
with strong acid additives such as TsOH and TfOH allowed for
a substantial increase in substrate scope and improvement of
C—H amination yields compared to those of the previously
published method."* The new conditions are suitable for para-
selective C—H amination of a wide range of relatively electron-
rich arenes. The high para regioselectivity of the C—H
amination is controlled at the stage of the formation of the
unsymmetrical diaryl-4*-iodane intermediates. Although the
regioselectivity is a result of the combined directing effects of
arene substituents, in general it is consistent with that of
electrophilic aromatic substitution (SgAr) reactions. Thus, the
C—H amination takes place at the para position to the
strongest electron-releasing substituent. Hammett substituent &
constants can be used to predict the regioselectivity of the C—
H amination in carbocyclic arenes possessing multiple
substituents. The developed method provides a complementary

Scheme 1. Complementary Regioselectivity of Different C—H Amination Methods

o
TIPP-I(OH)OTs
OMe NFSI (2 equiv) (1 equiv) oMe 1 2
N Pd(OAC); (10 mol%) /:\> _TIOH (3 equiv) _ N Cu(MeCN)4BF4 (10mol%) N
PKOAG), (10 mol¥%)
o NaHCO; MeCN Ie} DIPEA
(PhOS)N DCE 40°C. 1h 1:4 MeCN:DMSO
80°C, 55h then05hatrt | TIPP—I—OTF 40°C, 180
27 reference [10a] 3u [ j

76%

61%
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Scheme 2. Synthesis of Linezolide 32 by Late-Stage C—H Amination

o ] o H
Br U Q 1.CFiCOMH (Sequv)  JI
@\ . @ NH cumol%) QN ¢ CHiCh 20h 0" N .
e
F { K2COj3 (2 eq) 2. AcCl, NEts < °
NHBoc dioxane NHBoc CHCl,, 0 °C,2h HN~<
28 110°C, 18 h 2 92% 20
68%
TIPP-I(OH)OTs
(1.0 equiv)
TFOH (1.2 eq)
MeCN, rt, 40 h
O NH
o o Y o T;IIPP
s NoJ  cumMecN)BF, s o
0" "N (1 equiv) o° N
F 8_/ F
EtN(i-Pr), (2 equi
o (i-Pr), (2 equiv) o
HN\< 1: 4 MeCN:DMSO HN\<
40°C,18h
32, Linezolid 1% 31

not isolated

Scheme 3. Working Mechanism for C—H Amination of
Arenes
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X
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L=MeCN or DMSO "
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regioselectivity to the well-developed ortho-C—H amination
approach, and it may be especially useful for late-stage para-
regioselective C—H amination of pharmaceutically relevant
carbocyclic arenes.
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ABSTRACT: Cu-catalyzed reaction of phenols with electron-
rich arene or heteroarene ligands of unsymmetrical diaryl-2*-
iodanes is a key step in the developed one-pot two-step
method for intermolecular para-selective C—H aryloxylation of
heteroarenes and arenes.

= X
H Mes—1—0Ts /@ R
Mes-I(OH)OTs HO
p - .
Cu(MeCN)4BF4
OMe OMe (10 mol%) OMe
room not isolated 16 phenols
temperature

18 (hetero)arenes

B INTRODUCTION

Synthetic methodologies employing hypervalent iodonium
species have recently become an important alternative to the
transition-metal-catalyzed direct Csp’~H activation methods
for C—O bonds formation."> Thus, a reaction of diary-
liodonium salts with various oxygen nucleophiles such as
alcohols and phenols under metal-free conditions has been
widely used for synthesis of aryl alkyl ethers and diaryl ethers.>*
The use of symmetrical diaryliodonium salts in the reaction
with oxygen nucleophiles generates 1 equiv of aryl iodide side
product together with the desired ether (eq 1).The aryl iodide

Ar—|—X

r;\ + R —= A-OR + Al + X° a0
r waste

Ar_;!\;*): + %R — AOR + AN+ X @

ANT(NonTransferrable): electron-rich

nucleofuge waste becomes cost-inefficient for diaryliodonium
salts possessing structurally complex aryl moieties. Therefore,
unsymmetrical diaryliodonium salts comprising an elaborated
aryl moiety and structurally simple nontransferrable or
“dummy” arene ligand are often used (eq 2). The nontransfer-
rable aryl moieties should be relatively electron-rich and
sterically unhindered because oxygen nucleophiles such as
phenolates react either with the most electron-deficient of the
two aryl moieties in the unsymmetrical iodonium salt
(electronic control) or with an ortho-substituted aryl moiety
(steric control or so-called ortho effect).”® Such a reactivity
pattern, however, imparts an important limitation to the
transition-metal-free methodology: oxygen nucleophiles appa-
rently do not react with electron-rich aryl moieties of
unsymmetrical diaryliodonium species.

We have recently demonstrated that the selectivity of the
reaction between unsymmetrical diaryl-4*-iodanes and nitrogen
nucleophiles such as azides and amines can be directed to the
more electron-rich arene or heteroarene moiety by a Cu(I)

ACS Publications  © 2015 American Chemical Society 371
)4

catalyst.” We report herein that the most electron-rich of the
two aryl ligands in unsymmetrical diaryliodonium species react
selectively with oxygen nucleophiles such as phenols in the
presence of Cu(l) species.” This finding provided new
opportunities for Csp’—H functionalization of arenes given
that the unsymmetrical diaryl-*-iodanes can be generated in
situ directly from relatively electron-rich arenes and hypervalent
iodonium reagent such as ArI(OH)OTs.'® We envisioned that
the electron-rich aryl moiety of the in situ formed unsym-
metrical diaryl-13-iodanes would subsequently react with
phenols in the presence of Cu(l) catalyst to afford diaryl
ethers. Indeed, we found that the transformation of non-
prefunctionalized arenes to diaryl ethers can be performed in a
sequential two-step manner as described below. Furthermore,
the developed Csp’—H aryloxylation approach features high
para-selectivity of C—O bond formation, and hence, it is a
complementary methodology to transition-metal-catalyzed
Csp’~H to Csp*—O transformations which usually requires
the presence of an ortho-directing group in the arene."'

B RESULTS AND DISCUSSION

p-Methoxyphenyl-containing diaryl-4*-iodane 2e'> was chosen
as a model for the development of a Csp’~H aryloxylation
method because the p-anisyl moiety has been frequently used as
a “dummy” ligand in the noncatalyzed reactions of unsym-
metrical diaryl-2*-iodanes with oxygen nucleophiles.” Indeed,
phenol 3a reacted preferentially with a mesityl ligand of the -
iodane 2e to afford mesityl 4-bromophenyl ether and
iodoanisole 5 (entry 1, Table 1). The desired 4e was formed
in less than 5% yield. In sharp contrast, addition of
Cu(MeCN),BF, (10 mol %) altered the selectivity of the
reaction, providing ether 4e as the major product (4e:5 = 2:1,
entry 2). The mesityl moiety apparently served as a
nontransferable aryl ligand'* in the Cu(I)-catalyzed reaction
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Table 1. Reaction of A>-Iodane 2e with Phenol 3a”

OMe HQ OMe OMe
Q Cu catalyst (10 mol%) ©
N habihnih g .
. NEt,

Ar—I—0Ts CH,Cl, o |
26 22 time (srete Table 1) 4:@\& 5
entry  A*iodane Cu catalyst time” (h)  4e° (%) 5° (%)
1 2e none 168 <S 55¢
2 2¢/ Cu(MeCN),BF, 15 60 33
3 2e-Ph® Cu(MeCN),BF, 1.5 49 47
4 2e-TIPP"  Cu(MeCN),BF, 15 30 66
5 2e Cul 15 49 36
6 2e Cu(OTf), 48 30 51
7 2e CuOTf 48 33 50
8 2e Cu(MeCN),BF, 48 30 47
9 2e Cu(MeCN),BF, 1.5 49 38

“Conditions: A>-iodane 2e (1 equiv), phenol 3a (1.2 equiv), i-PrNEt,
(LS equiv), CH,Cl, (0.1 M). PFull conversion of 2e. “Determined by
"H NMR using methyl 2-iodobenzoate as an internal standard. 475%
conversion of 2e. “Formed together with 20% of mesityl 4-
bromophenyl ether. JAr = Mes. %Ar = Ph. "Ar = TIPP (2,4,6-
triisopropyl)phenyl. ‘In the presence of water (1 equiv). ’Under air.

of A*-iodane 2e with 3a. As anticipated, replacement of bulky
mesityl ligand for a less sterically hindered phenyl group
(iodane 2e-Ph) resulted in a nonselective reaction (entry 3).
Disappointingly, the use of sterically highly hindered
triisopropylphenyl (TIPP) ligand as the nontransferable aryl
moiety’® (iodane2e-TIPP) resulted in undesired selectivity
(4e:5 = 1:3, entry 4). Therefore, the mesityl group was chosen
as the “dummy” ligand in all subsequent experiments.
Copper(I) iodide can be used as a catalyst at the expense of
slightly diminished yields of the target 4e (4e:5 = 1.4:1, entry
S). Interestingly, catalytic efficiency of copper salts depended
on the structure of anion: both Cu(I) and Cu(II) triflates were
inferior to Cu(MeCN),BF, (entries 6 and 7 vs entry 2). The
presence of water (1 equiv) was found to be detrimental for the
success of the reaction between 4>-iodane 2e and 3a (entry 8).
Hence, moisture-free conditions are critical to obtain the
desired product 4e in good yields. The presence of oxygen had
a relatively small effect on the reaction outcome (entry 9 vs
entry 2).

With the optimized conditions for the reaction between 1
iodane 2e and phenol 3a in hand, the development of a one-pot
sequential synthesis of diaryl ethers from non-prefunctionalized
arenes without isolation of the intermediate A’-iodane was
addressed. The A*-iodane 2e could be formed from anisole and
MesI(OH)OTs (1.1 equiv) in 74% yield within 24 h in
anhydrous CH,Cl, at room temperature. Higher yields of 2e
were achieved in the presence of protic acids such as
CF;COOH and TsOH (82% and 91%, respectively).'®
Subsequent reaction of the in situ formed 2e with phenol 3a
in the presence of i-PrNEt, (2.5 equiv) and Cu(MeCN),BF,
(10 mol %) afforded the desired diaryl ether 4e in $7% yield
after 18 h at room temperature. The prolonged reaction time
could be decreased substantially by capturing 1 equiv of water
that is generated during the formation of A*-iodane 2e from
anisole and MesI(OH)OTs (compare entries 8 and 2, Table 1).
This was achieved by using trifluoroacetic acid anhydride (1
equiv) as an additive. The anhydride reacted with water to form
trifluoroacetic acid which, in turn, facilitated the formation of

372

Aiodane 2e in 70% yield within 3 h at room temperature
(entry 1, Table 2).

Table 2. Scope of Phenols 3“

@ :

H OH)O" iv) | Mes—1—-0Ts
iy (o e
CHCly, 1t + HO DIPEA (3.5 equiv)
OMe 30 min OMe sap CHyCly, 1t
3h OMe
1e 2e 4de-19e
entry  ArOH3 yield, %’ | entry ArOH 3 yield, %’
7
1 e Yon,  4e70 | 9 QOH 12¢,37
Fooi
\
2 o Hon, se6s | 10 C@‘ 13e, 64
i
CONEt,
30 O, e | @—on L Mes0
4 EIOQCQOHd 7e, 68 12 BMHN@—OHI 15e, 67
MeO,C, OH
“ Von, 8e69 | 13 p 16¢, 54
e ) HO m
o OH
6 kp o %es | 14 one—{ Y-on 17,75
7 %m 10e,50 | 15 QOH o 18e, 67
Me 8 al
8 Q"” Hess | 16 (o 1953
Me h N= P

“Conditions: arene le (1.0 equiv), (CF;C0),0 (1.0 equiv) and Mes-
I(OH)OTs (1.0 equiv) in CH,Cl, (0.25 M) at room temperature for
30 min, then Cu(MeCN),BE, (10 mol %), phenol 3 (1.2 equiv) and
DIPEA (3.5 equiv) in CH,Cl, (0.1 M) at rt for 3 h. bAverage yield of
two runs.

Next, the scope of phenols suitable for the reaction with 4>
iodane 2e was examined (Table 2). Phenols with both electron-
withdrawing groups (entries 2, 4, 9, 11, and 14) and electron-
releasing groups (entries 6, 8, and 12) are suitable as
nucleophiles. Sterically hindered phenols (entries 8 and 9)
afforded lower yields of diaryl ethers. The C—H aryloxylation
conditions are compatible with a variety of functional groups in
phenols such as halides (entry 1, 9, and 16), nitro group (entry
2), carboxylic ester (entries 4 and S), amide (entry 11),
benzylic alcohol (entry 13), aldehyde (entry 14), alkene (entry
10), and N-Boc protecting group (entry 12). Quinolin-6-ol
(entry 7) and hydroxypyridines (entries 15 and 16) could be
also used as nucleophiles.

All arenes that react with MesI(OH)OTs reagent in the
presence of trifluoroacetic anhydride and form relatively stable
A-iodanes are suitable as substrates (Table 3). Toluene la
(entry 1) represents a reactivity borderline: less electron-rich
arenes than toluene (for example, benzene and aryl halides) did
not react with MesI(OH)OTs reagent. Time of the formation
of 2*-iodanes 2a—r correlated well with electronic properties of
the starting arenes la—r: the more electron-rich were arenes
la—r, and the shorter time was required to achieve complete
conversion to A>-iodanes 2a—r (compare entries 1, 3, 5, and 12
as well as entries 4 and 10, Table 3). The strong electron-
donating effect of methoxy group (6, = —0.27)"” compensated
for the presence of deactivating electron-withdrawing sub-
stituents such as bromine (entry 9) and amide (entry 13).
Relatively electron-rich heterocycles such as thiophene (entry

DOI: 10.1021/acs joc.5b02728
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Table 3. Substrate Scope for the Synthesis of Diaryl Ethers”

R? OH
3a: R%=Br 2
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time, yield, time,  yield,
entry  arene 1 ArOH h y%h entry arene 1 ArOH y%h
7 m
1 Me@'a 3a 40 63 | 10 ([;(jj 3 01 57
Mo M o
2 3a 18 67 | 11 oA 3 2 65
DO o
o f
3 e w3 e 00, w0 s
. consme
¢ OOy w0 s | o B 05 28
o' Pouem
" e
5 Mm)@’c 3a 05 70 | 14 @H" 305 50
H Br [
6 ST 3 05 s mcma 05 7l
e o
" a,\ED\J\;
7 MAOQ’E 3 05 78 | 16 DI SR U
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h e q
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B
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“Conditions: arene or heteroarene 1 (1.0 equiv), (CF;C0O),0 (1.0
equiv), and Mes-I(OH)OTs (1.0 equiv) in CH,Cl, (0.25 M) at room
temperature, then Cu(MeCN),BF, (10 mol %), phenol 3 (1.2 equiv)
and DIPEA (3.5 equiv) in CH,Cl, (0.1 M) at rt for 3 h. "Average yield
of two runs. “80% purity according to 'H NMR; pure product (>95%)
was obtained by crystallization.

14), indoles (entries 15 and 16), and pyrroles (entries 17 and
18) also afforded the C—H aryloxylation products.

Regioselectivity of the C—H aryloxylation is controlled at the
stage of the formation of the unsymmetrical diaryl-2*-iodane
intermediates 2a—r. Notably, all monosubstituted arenes
underwent highly regioselective p-C—H aryloxylation, and the
formation of isomeric ortho-substituted products was not
observed. The C—O bond formation in multiply substituted
arenes proceeded selectively at the para-position to the
strongest electron-releasing substituent (entries 9—11). In
heterocycles, the regioselectivity of the C—O bond formation
was consistent with that of electrophilic aromatic substitution
(SgAr) reactions: A*-iodanes were formed at the f-position of
indoles (entries 1S and 16, Table 3) and at the a-position of
thiophenes (entry 14) and pyrroles (entry 17). In 2,5-
disubstituted pyrrole, the C—H aryloxylation occurred at the
p-position (entry 18).

The C—H aryloxylation conditions were compatible with the
presence of bromine (entries 9, 15, 16, and 18) and even
pinacolyl boronate moiety (entry 11) in substrates, which
renders feasible their further functionalization. O-Allyl (entry
6), O-benzyl (entry 7), N-benzyl (entry 18), and even relatively
labile O-TBDMS (entry 8) protecting groups are tolerated.
Heteroarenes may contain a range of functional groups such as
secondary amides (entry 13), carboxylic esters (entries 1S, 17,
and 18), and nitrile (entry 16).

An important mechanistic question pertains to possible
involvement of phenoxy diaryl-4*-iodanes in the Cu-catalyzed
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aryloxylation reaction. Putative phenoxy diaryl-A*-iodanes could
form from tosyloxy diaryl-1*-iodanes 2a—r and phenols by
exchange of tosyloxy ligand for phenoxy moiety. Subsequent
Cu-catalyzed reductive elimination from phenoxy diaryl-A>-
iodanes would afford diaryl ethers and iodomesitylene. To
verify such a mechanistic scenario, preparation of phenoxy
diaryl-A*-iodanes in pure form was attempted. After consid-
erable work, it was found that relatively stable phenoxy diaryl-
A-iodanes could be obtained from the corresponding tosylates
only if phenols possessing electron-withdrawing substituents
were used. Thus, the reaction of sodium p-nitrophenolate and
iodonium tosylate 20 afforded crystalline phenoxy diaryl-1*
iodane 20, which could be stored for more than a week at 4 °C
without decomposition. The structure of 20 was confirmed by
X-ray crystallographic analysis (Figure 1)."*

Figure 1. X-ray crystal structure of a 1:1 adduct of A*-iodane 20 and
phenol 3b (thermal displacement ellipsoids are drawn at the 50%
probability level and hydrogen atoms are omitted for clarity). Selected
bond distances (A) and angles (deg): 116—C3, 2.095(3); 116—C17,
2.102(3); 116-07a, 2.578(2); 1-012, 2.748(2); C3-116—C17,
95.0(1). See the Supporting Information for details.

In CH,Cl, solution, phenoxy diaryl-*-iodane 20 undergoes
slow reductive elimination to form 3-iodoindole 21 and diaryl
ether 22 (eq 3; 25% conversion after 3 h at rt; 100% conversion
after 168 h at rt), and the formation of 40 was not observed.
Importantly, addition of Cu(MeCN),BF, (10 mol %) resulted
in reversal of selectivity favoring the formation of the desired
ether 40 (40:21 = S:1) together with Mes-I (eq 4).
Furthermore, the copper catalyst considerably decreased the
reaction time (complete conversion of 20 was observed already
after 1.5 h). These results point toward an involvement of
phenoxy diaryl-A*-iodane intermediates such as 20 in catalytic
cycle of the Cu-catalyzed C—H aryloxylation.

A control experiment has been carried out to determine the
oxidation state of catalytically active copper species in the C—H
aryloxylation reaction. Accordingly, neocuproine (2 equiv with
respect to Cu(MeCN),BF,) was added to the 4>-iodane 20 and
Cu(I) catalyst (eq S). Neocuproine is a highly specific chelating
agent for Cu(I) ions, which forms a stable bright orange-
colored complex of formula Cul(neoculz\roine)@]g The addition
of neocuproine considerably decelerated the reaction and only
15% conversion of A’-iodane 20 was observed after 6 h as
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NO,
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15% conversion of 20

opposed to the complete conversion of 20 within 1.5 h without
the added neocuproine (eq 5 vs eq 4).” Furthermore, 3-
iodoindole 21 and ether 22 were the only products observed in
the reaction mixture and the desired 40 was not formed.
Evidently, the addition of neocuproine completely inhibited the
Cu(I)-catalyzed reaction and A*-iodane 20 underwent slow
noncatalyzed conversion to 21 and 22. On the basis of these
results, a Cu'/Cu™ catalytic cycle for the reaction between A°-
iodanes 2 and phenols 3 is plausible. Accordingly, an initially
formed Cu(I) phenolate would undergo oxidative addition of
the A*iodane 2 to form the Cu(Ill) intermediate. Product-
forming reductive elimination would afford diaryl ether and
regenerate a catalytically active Cu(I) species.

B CONCLUSIONS

In summary, electron-rich arene or heteroarene ligands of
unsymmetrical diaryl-1*-iodanes undergo reaction with pheno-
lates in the presence of Cu(I) catalyst. Such a reactivity mode of
unsymmetrical diaryl-A*-iodanes with phenolates cannot be
achieved under metal-free conditions where electronically poor
arene ligands react preferentially. Hence, the Cu(I)-catalyzed
synthesis of diaryl ethers from unsymmetrical diaryl-A*-iodanes
is a complementary method to the metal-free conditions. The
Cu(I)-catalyzed reaction between unsymmetrical diaryl-A*-
iodanes and phenolates was used also as a key step in the
development of a one-pot, two-step sequential catalytic C—H
aryloxylation method. The C—H aryloxylation method
comprised an initial formation of unsymmetrical diaryl-A*-
iodanes directly from non-prefunctionalized electron-rich
arenes or heteroarenes and MesI(OH)OTs reagent. Subse-
quent Cu(I)-catalyzed reaction of the in situ formed unsym-
metrical diaryl-1>-iodanes with phenolates provided the desired
diaryl ethers. The developed C—H aryloxylation method
features high para-selectivity of C—H aryloxylation of a wide
range of relatively electron-rich arenes. The para regioselectiv-
ity is controlled at the stage of the formation of the
unsymmetrical diaryl-A*-iodane intermediates. Regioselectivity
of C—H aryloxylation in heteroarenes in general is consistent
with that of electrophilic aromatic substitution (SgAr) reactions.
Given the mild reaction conditions (room temperature) and
excellent functional group compatibility, the developed C—H
aryloxylation is especially suitable for late-stage para-selective
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functionalization of pharmaceutically relevant arenes and
heteroarenes.

B EXPERIMENTAL SECTION

General Information. Unless otherwise noted, all chemicals were
used as obtained from commercial sources, and all reactions were
performed under argon atmosphere. Analytical thin-layer chromatog-
raphy (TLC) was performed on precoated silica gel F-254 plates.
Nuclear magnetic resonance spectra were recorded on NMR
spectrometers at the following frequencies: 'H, 400 or 300 MHz;
3C{'H}, 101 or 75 MHz. Chemical shifts are reported in parts per
million (ppm) relative to TMS or with the residual solvent peak as an
internal reference. Infrared (IR) spectra were recorded with KBr pellet,
and wavenumbers are given in cm™'. High-resolution mass spectra
(HRMS) were recorded on a TOF MS instrument using the ESI
technique.

Preparation of Unsymmetrical Diaryl-i3-iodanes. (4-
Methoxyphenyl)[[(4-methylphenyl)sulfonylloxy](2,4,6-trimethy-
phenyl)f/lsfiodane (2e). To a well-stirred suspension of MesI(OH)-
OTs (2.17 g 5.00 mmol, 1.0 equiv) and TsOH-H,0 (951 mg, 5.00
mmol, 1.0 equiv) in CH,Cl, (30 mL) was added dropwise neat anisole
1e (543 pL, 5.00 mmol, 1.00 equiv), and the resulting yellow solution
was stirred at room temperature. The progress of the reaction was
monitored by TLC (disappearance of the MesI(OH)OTs spot, R; =
0.49, 20:80:5 MeOH/CH,Cl,/AcOH) and complete conversion of the
starting material was observed within 1 h. The solution was
concentrated to ca. 2/3 of the original volume, and Et,O was added
(50 mL). The formed precipitate was filtered, washed with Et,0 (10
mL), and dried in vacuo to afford 2e as a white powder (2.50 g, 95%
yield). Pure material was obtained by crystallization from CH,Cl,/
diethyl ether: mp 180 °C dec; 'H NMR (300 MHz, DMSO-dg, ppm)
57.95-7.89 (2H, m), 7.49—7.44 (2H, m), 7.19 (2H, s), 7.12-7.08
(2H, m), 7.06=7.00 (2H, m), 3.78 (3H, s), 2.60 (6H, s), 2.28 (6H, s).
The 'H NMR spectrum was in agreement with that reported in the
literature.”’

(4-Methoxyphenyl)[[(4-methylphenyl)sulfonylJoxy][2,4,6-tris(1-
methylethyl)phenyl]-ls-iodane (2e-TIPP). lodane 2e-TIPP (2.33 g,
77% yield) was synthesized from TIPP-I(OH)OTs™ (2.59 g 5.00
mmol, 1.0 equiv), TsOH-H,O (951 mg, 5.00 mmol, 1.0 equiv), and
anisole 1e (543 uL, 5.00 mmol, 1.00 equiv) as described for iodane 2e.
Pure material was obtained by crystallization from CH,Cl,/diethyl
ether: mp 168 °C dec; "H NMR (300 MHz, DMSO-d;, ppm) & 7.91—
7.84 (2H, m), 7.49—7.44 (2H, m), 7.28 (2H, s), 7.14—7.05 (4H, m),
378 (3H, s), 3.49-3.38 (2H, m), 3.03—2.89 (1H, m), 2.28 (3H, s),
1.26—1.17 (18H, m). The 'H NMR spectrum was in agreement with
that reported in the literature.'**

(4-Methoxyphenyl}[[(4-methylphenyl)sulfony/]oxy]phenyl—ﬁ-io-
dane (2e-Ph). Todane 2e-Ph (2.3 g, 95% yield) was synthesized from
PhI(OAc), (1.61 g, 5.00 mmol, 1.0 equiv), TsOH-H,O (1.24 g, 6.5
mmol, 1.3 equiv), and anisole le (543 yL, 5.0 mmol, 1.00 equiv) as
described for iodane 2e. Pure material was obtained by crystallization
from CH,Cl,/diethyl ether: mp 160 °C dec; 'H NMR (300 MHz,
DMSO-dg, ppm) & 8.23—8.13 (4H, m), 7.68—=7.61 (1H, m), 7.55=7.44
(4H, m), 7.14—7.04 (4H, m), 3.79 (3H, s), 2.28 (3H, s).The '"H NMR
spectrum was in agreement with that reported in the literature.'"

Ethyl 5-Bromo-1-methyl-3-[(4-nitrophenoxy)(2,4,6-trimethyl-
phenyl)-F-iodanyI]—1H-indo/e-2-carboxylate 1:1 Adduct with 4-
Nitrophenol (20). A solution of ethyl S-bromo-3-(mesityl(tosyloxy)-
23-iodanyl)-1-methyl-1H-indole-2-carboxylate™ (2.0 g, 2.86 mmol, 1.0
equiv) in CH,Cl, (50 mL) was extracted twice with a solution of 4-
nitrophenol (598 mg, 4.30 mmol, 1.5 equiv) and NaOH (172 mg, 4.30
mmol, 1.5 equiv) in water (S0 mL). The organic layer was dried over
Na,SO, and concentrated in vacuo, and Et,0 (50 mL) was added to
the yellow residue. Formed precipitate was filtered, washed with Et,O
(10 mL), and dried in vacuo to afford A*-iodane 20 as a yellow powder
(1.53 g, 67% yield). Pure material was obtained by crystallization from
CH,Cl,/diethyl ether: mp 124 °C dec; IR (film, cm™) 1717 (C=0);
'H NMR (400 MHz, CDCL,, ppm) & 11.25—10.50 (1H, br s), 7.99—
7.94 (4H, m), 7.41 (1H, dd, ] = 9.0, 1.8 Hz), 7.30 (1H, d, ] = 9.0 Hz),
7.05 (2H, s), 6.61-6.57 (4H, m), 5.96 (1H, d, ] = 1.8 Hz), 4.58 (2H,
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@] =7.1 Hz), 408 (3H, 5), 2.56 (6H, 5), 2.35 (3H, s), 1.50 (3H, t, ] =
7.1 Hz); C{'H} NMR (101 MHz, CDCl;, ppm) & 169.71, 169.68,
161.8, 144.9, 143.1, 138.9, 137.9, 129.99, 129.97, 129.0, 127.2, 126.6,
122.3, 119.8, 117.4, 116.5, 113.2, 64.0, 33.6, 27.3, 21.2, 14.5; HRMS-
ESI (m/z) calcd for C, H,,NO,BrI [M -
OC4H,NO,*HOC(H,NO,]* 5259879, found 525.9878.

Preparation of Cu(MeCN),BF,. [Cu(MeCN),]BF, was synthe-
sized in accordance with the literature procedure.” Thus, to a blue-
colored suspension of Cu(BF,),6H,0 (2.00 g $.79 mmol) in
anhydrous MeCN (50 mL) was added copper powder (1.47 g, 23.17
mmol). The resulting suspension was heated under reflux for 4 h
under argon atmosphere and then hot-filtered. The pale blue filtrate
was then cooled to —20 °C whereupon a white solid crystalline
material was formed. The white solid was collected by filtration and
washed with Et,0 (1S mL). Pure material was obtained by
recrystallization from hot MeCN. Yield: 1.73 g (95%).

General Procedure for Sequential One-Pot, Two-Step
Synthesis of Diarylethers. To a solution of MesI(OTs)OH (217
mg, 0.50 mmol, 1.0 equiv) in anhydrous CH,Cl, (1 mL) under argon
atmosphere was added a solution of arene 1 (0.50 mmol, 1.0 equiv) in
anhydrous CH,Cl, (1 mL). Neat TFAA (71 yL, 0.50 mmol, 1.0 equiv)
was then added dropwise (slowly, within 2—3 min; too fast addition of
TFAA leads to the formation of side products). The resulting solution
(color range—pale yellow to dark brown) was stirred at room
temperature under argon atmosphere, and the progress of the reaction
was monitored by TLC (disappearance of the starting I (III) reagent
spot; mobile phase 20:80:5 MeOH/DCM/AcOH). Immediately upon
disappearance of MesI(OTs)OH reagent (see Table 3 for appropriate
time), the reaction mixture was transferred via cannula to another flask
which contained preweighed solid [Cu(MeCN),]*BF,” (16 mg, 0.0S
mmol, 10 mol %) and a 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 phenol (0.6 mmol, 1.2 equiv)
in anhydrous CH,Cl, (2 mL), followed by neat DIPEA (305 uL 1.75
mmol, 3.5 equiv) (Important! Decomposition of the formed A*-iodane
begins if the addition of Cu catalyst and/or DIPEA is delayed.) The
resulting solution was stirred at room temperature under argon
atmosphere, and the progress of the reaction was monitored by TLC
(mobile phase MeOH/CH,Cl,/AcOH = 20:80:5; the intermediate 4*-
iodanes have Ry = 0.4—0.6). In most cases, the reaction was completed
in 3 h. The solution was poured into a mixture of water (50 mL) and
aqueous saturated ammonia solution (20 mL) and extracted with
CH,Cl, (3 X 30 mL). The combined organic extracts were dried over
Na,SO,, filtered, and concentrated. The residue was purified by
column chromatography on silica gel.

1-Bromo-4-(4-methoxyphenoxy)benzene (4e).”* Following the
general procedure, anisole le (S4 uL, 0.50 mmol) was converted
into 4e. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 100% light petroleum
ether to 15% EtOAc in light petroleum ether afforded product as a
pale yellow powder (100 mg in the first run and 95 mg in the second
run, 72% and 68% yield, respectively); analytical TLC on silica gel,
1:10 EtOAc/petroleum ether, R = 0.35. Pure material was obtained by
crystallization from diethyl ether/petroleum ether: mp 87—88 °C; 'H
NMR (300 MHz, CDCl,, ppm) 8 7.42—7.35 (2H, m), 7.00—6.94 (2H,
m), 6.92—6.86 (2H, m), 6.85—6.78 (2H, m), 3.81 (3H, s).

1-Methoxy-4-(4-nitrophenoxy)benzene (5e).>> Following the
general procedure, anisole le ($4 uL, 0.50 mmol) was converted
into Se. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 100% light petroleum
ether to 15% EtOAc in light petroleum ether afforded product as a
white powder (75 mg in the first run and 85 mg in the second run,
61% and 69% yield, respectively); analytical TLC on silica gel, 1:10
EtOAc/petroleum ether, Ry = 0.29. Pure material was obtained by
crystallization from diethyl ether/petroleum ether: mp 113—114 °C;
'H NMR (300 MHz, CDCL,, ppm) & 8.21=8.15 (2H, m), 7.06—7.00
(2H, m), 6.99—6.92 (4H, m), 3.84 (3H, s).

1-Methoxy-4-phenoxybenzene (6e).”> Following the general
procedure, anisole le (54 uL, 0.50 mmol) was converted into Ge.
Purification of the crude product by column chromatography (Biotage
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M+12) using gradient elution from 100% light petroleum ether to 15%
EtOAc in light petroleum ether afforded product as a colorless oil (75
mg in the first run and 70 mg in the second run, 75% and 70% yield,
respectively): analytical TLC on silica gel, 1:10 EtOAc/petroleum
ether, R; = 0.46; "H NMR (300 MHz, CDCly, ppm) 6 7.33-7.27 (2H,
m), 7.07=7.01 (1H, m), 7.01-6.96 (2H, m), 6.96—6.91 (2H, m),
691—6.85 (2H, m), 3.81 (3H, ).

Ethyl 4-(4-Methoxyphenoxy)benzoate (7e).%° Following the
general procedure, anisole le (S4 uL, 0.50 mmol) was converted
into 7e. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 100% light petroleum
ether to 15% EtOAc in light petroleum ether afforded product as a
colorless oil (95 mg in the first run and 90 mg in the second run, 70%
and 66% yield, respectively): analytical TLC on silica gel, 1:10 EtOAc/
petroleum ether, Ry = 0.29; '"H NMR (300 MHz, CDCl;, ppm) &
8.02-7.95 (2H, mf, 7.05-6.98 (2H, m), 6.96—6.89 (4H, m), 435
(2H, q, J = 7.1 Hz), 3.82 (3H, s), 138 (3H, t, J = 7.1 Hz).

Methyl [4-(4-Methoxyphenoxy)phenyllacetate (8e).” Following
the general procedure, anisole le (54 yL, 0.50 mmol) was converted
into 8e. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 100% light petroleum
ether to 15% EtOAc in light petroleum ether afforded product as a
colorless oil (91 mg in the first run and 95 mg in the second run, 67%
and 70% yield, respectively): analytical TLC on silica gel, 1:10 EtOAc/
petroleum ether, Ry = 0.21; '"H NMR (300 MHz, CDCl;, ppm) &
7.24-7.17 (2H, mﬁ, 7.01-6.94 (2H, m), 6.93—6.84 (4H, m), 3.81
(3H, s), 3.70 (3H, s), 3.59 (2H, s).

5-(4-Methoxyphenoxy)-1,3-benzodioxole (9e).%¢ Following the
general procedure, anisole le (S4 uL, 0.50 mmol) was converted
into 9e. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 100% light petroleum
ether to 15% EtOAc in light petroleum ether afforded product as a
colorless oil (70 mg in the first run and 75 mg in the second run, $7%
and 61% yield, respectively): analytical TLC on silica gel, 1:10 EtOAc/
petroleum ether, Ry = 033; '"H NMR (300 MHz, CDCl,, ppm) &
6.96—6.91 (2H, m), 6.88—6.84 (2H, m), 6.72 (1H, d, ] = 8.4 Hz), 6.53
(1H, d, ] = 2.4 Hz), 642 (1H, dd, ] = 8.4, 2.4 Hz), 5.95 (2H, 5), 3.79
(3H, s).

6-(4-Methoxyphenoxy)quinoline (10e). Following the general
procedure, anisole le (54 L, 0.50 mmol) was converted into 10e.
Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from $% diethyl ether/light petroleum
ether to 35% diethyl ether in light petroleum ether afforded the
product as a gray powder (60 mg in the first run and 65 mg in the
second run, 48% and 52% yield, respectively); analytical TLC on silica
gel, 1:3 diethyl ether/petroleum ether, Ry = 0.21. Pure material was
obtained by crystallization from diethyl ether/petroleum ether: mp
4647 °C; "H NMR (400 MHz, CDCl,, ppm) & 8.80 (1H, dd, J = 4.2,
1.7 Hz), 8.06 (1H, d, J = 92 Hz), 7.97—7.94 (1H, m), 7.47 (1H, dd, J
=9.2,2.7 Hz), 7.33 (1H, dd, ] = 8.3, 42 Hz), 7.09 (1H, d, ] = 2.7 Hz),
7.08—7.04 (2H, m), 6.96—6.91 (2H, m), 3.83 (3H, s); *C{'H} NMR
(101 MHz, CDCL,, ppm) § 157.0, 156.5, 149.6, 148.9, 145.0, 135.1,
1314, 129.2, 122.7, 121.6, 121.5, 115.2, 111.2, 55.8; HRMS-ESI (m/z)
caled for CigH,NO, [M + H]* 252.1025, found 252.1028.

2-(4-Methoxyphenoxy)-1,3-dimethylbenzene (11e).”’ Following
the general procedure, anisole le (54 uL, 0.50 mmol) was converted
into 1le. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 100% light petroleum
ether to 15% EtOAc in light petroleum ether afforded product as a
white powder (68 mg in the first run and 63 mg in the second run,
60% and 55% yield, respectively); analytical TLC on silica gel, 1:10
EtOAc/petroleum ether, R = 0.50. Pure material was obtained by
crystallization from petroleum ether: mp 43—45 °C; '"H NMR (300
MHz, CDCl,, ppm) 7.11-7.00 (3H, m), 6.82—6.76 (2H, m), 6.71—
665 (2H, m), 3.76 (3H, s), 2.13 (6H, s).

1,3-Difluoro-2-(4-methoxyphenoxy)benzene (12e). Following the
general procedure, anisole le (54 L, 0.50 mmol) was converted into
12e. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 100% light petroleum
ether to 15% EtOAc in light petroleum ether afforded product as a
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colorless oil (45 mg in the first run and 41 mg in the second run, 38%
and 35% yield, respectively); analytical TLC on silica gel, 1:10 EtOAc/
petroleum ether: R, = 0.38; "H NMR (400 MHz, CDCly, ppm) § 7.12
(1H, ddt, ] = 92,7.7, 5.8 Hz), 7.03—6.95 (2H, m), 6.93—6.88 (2H,
m), 6.85-6.80 (2H, m), 377 (3H, s); C{'H} NMR (101 MHz,
CDCly, ppm) 8 156.6 (dd, J = 251.1, 4.6 Hz), 1554, 152.1, 132.4 (t, |
= 14.8 Hz), 1249 (t, ] = 9.1 Hz), 116.5, 114.8, 112.6 (dd, ] = 167, 5.6
Hz), 55.8. Anal. Calcd for C,3H,,0,F,: C, 66.10; H, 4.27. Found: C,
66.44; H, 4.49.

1-(4-Methoxyphenoxy)-2-prop-2-en-1-ylbenzene (13e).?° Follow-
ing the general procedure, anisole le (54 uL, 0.50 mmol) was
converted into 13e. Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from 100%
light petroleum ether to 15% EtOAc in light petroleum ether afforded
product as a colorless oil (78 mg in the first run and 7S mg in the
second run, 65% and 63% yield, respectively): analytical TLC on silica
gel, 1:10 EtOAc/petroleum ether, R = 0.50; '"H NMR (300 MHz,
CDCly, ppm) & 7.24 (1H, dd, J = 7.4, 1.8 Hz), 7.14 (1H, ddd, ] = 8.0,
7.5, 1.8 Hz), 7.03 (1H, ddd, ] = 7.5, 7.4, 1.1 Hz), 6.93—6.84 (4H, m),
679 (1H, dd, J = 8.0, 1.1 Hz), 6.00 (1H, ddt, ] = 169, 102, 6.6 Hz),
5.12-5.03 (2H, m), 3.80 (3H, s), 3.45 (2H, d, ] = 6.6 Hz).

N,N-Diethyl-2-(4-methoxyphenoxy)benzamide (14e).”° Following
the general procedure, anisole le (54 yL, 0.50 mmol) was converted
into 14e. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 100% CH,Cl, to 15%
diethyl ether in CH,Cl, afforded product as a white powder (79 mg in
the first run and 70 mg in the second run, 53% and 47% yield,
respectively); analytical TLC on silica gel, 1:10 diethyl ether/CH,Cl,,

= 0.32. Pure material was obtained by crystallization from diethyl
ether/petroleum ether: mp 62—63 °C; "H NMR (300 MHz, DMSO-
de ppm) & 7.36—7.25 (2H, m), 7.12 (1H, td, J = 7.4, 0.9 Hz), 699—
692 (4H, m), 6.78 (1H, dd, ] = 8.3, 0.7 Hz), 3.74 (3H, s), 3.54-333
(2H, m), 3.18 (2H, q, ] = 7.0 Hz), 1.07 (3H, t, ] = 7.1 Hz), 1.01 (3H, t,
J=7.1Hz).

tert-Butyl [4-(4-Methoxyphenoxy)phenyljcarbamate (15e). Fol-
lowing the general procedure, anisole le (54 uL, 0.50 mmol) was
converted into 1Se. Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from 10%
EtOAc in light petroleum ether to 35% EtOAc in light petroleum ether
afforded product as a white powder (99 mg in the first run and 112 mg
in the second run, 63% and 71% yield, respectively); analytical TLC on
silica gel, 1:10 EtOAc/light petroleum ether, Ry =0.17. Pure material
was obtained by crystallization from diethyl ether/petroleum ether:
mp 124—125 °C; 'H NMR (400 MHz, CDCL,, ppm) & 7.33-7.26
(2H, m), 6.96—6.91 (2H, m), 6.92—6.88 (2H, m), 6.88—6.83 (2H, m),
6.44 (1H, s), 3.79 (3H, s), 1.51 (9H, s); “C{'"H} NMR (101 MHz,
CDCl,, ppm) & 155.7, 154.0, 153.1, 151.0, 133.4, 120.5, 1202, 118.8,
114.9, 80.6, 55.8, 28.5. Anal. Caled for C,H,,NO,: C, 68.55; H, 6.71;
N, 4.44. Found: C, 68.57; H, 6.72; N, 4.37.

[3-(4-Methoxyphenoxy)phenylimethanol (16e).”’ Following the
general procedure anisole le (54 yL, 0.50 mmol) was converted into
16e. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 5% diethyl ether in light
petroleum ether to 35% diethyl ether in light petroleum ether afforded
product as a pale yellow oil (64 mg in the first run and 60 mg in the
second run, $6% and 52% yield, respectively): analytical TLC on silica
gel, 1:3 diethyl ether/petroleum ether, R; = 0.33; 'H NMR (300 MHz,
CDCly, ppm) & 7.32=726 (1H, m), 7.06—7.02 (1H, m), 7.01-6.93
(3H, m), 6.92—6.84 (3H, m), 4.65 (2H, d, ] = 5.6 Hz), 3.81 (3H, s),
1.64 (1H, t, ] = 5.6 Hz).

4-(4-Methoxyphenoxy)benzaldehyde (17e).’ Following the gen-
eral procedure, anisole 1e (54 L, 0.50 mmol) was converted into 17e.
Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from 10% EtOAc in light petroleum
ether to 35% EtOAc in light petroleum ether afforded product as a
pale yellow powder (82 mg in the first run and 88 mg in the second
run, 72% and 77% yield, respectively); analytical TLC on silica gel,
1:10 EtOAc/light petroleum ether, Rf = 0.17. Pure material was
obtained by crystallization from diethyl ether/petroleum ether: mp
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60—61 °C; "H NMR (300 MHz, CDCl,, ppm) & 9.91 (1H, s), 7.85—
7.79 (2H, m), 7.06—6.98 (4H, m), 6.97—6.90 (2H, m), 3.83 (3H, s).

2-(4-Methoxyphenoxy)pyridine ( 18e).”” Following the general
procedure, anisole le (54 uL, 0.50 mmol) was converted into 18e.
Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from 10% diethyl ether in CH,Cl, to
60% diethyl ether in CH,Cl,M afforded product as a gray powder (69
mg in the first run and 65 mg in the second run, 69% and 65% yield,
respectively); analytical TLC on silica gel, 1:1 diethyl ether/ CH,Cl,, R
= 0.29. Pure material was obtained by crystallization from diethyl
ether/petroleum ether: mp 111—112 °C; "H NMR (300 MHz, CDCl,,
ppm) 87.37 (1H, ddd, J = 9.2, 6.6, 2.1 Hz), 7.33—7.27 (3H, m), 7.02—
6.96 (2H, m), 6.67—6.61 (1H, m), 6.21 (1H, td, ] = 6.7, 1.3 Hz), 3.84
(3H, s).

3-Chloro-5-(4-methoxyphenoxy)pyridine (19e). Following the
general procedure, anisole le ($4 uL, 0.50 mmol) was converted
into 19e. Purification of the crude product by column chromatography
(Biotage M+12) using gradient elution from 10% EtOAc in light
petroleum ether to 35% EtOAc in light petroleum ether afforded
product as a white powder (60 mg in the first run and 65 mg in the
second run, $1% and 55% yield, respectively); analytical TLC on silica
gel, 1:10 EtOAc/light petroleum ether, Ry = 0.25. Pure material was
obtained by crystallization from diethyl ether/petroleum ether: mp
54-55 °C; 'H NMR (400 MHz, DMSO-dg, ppm) & 8.35 (1H, d, ] =
2.0 Hz), 8.27 (1H, d, J = 2.5 Hz), 7.42 (1H, dd, J = 2.5, 2.3 Hz), 7.14—
7.11 (2H, m), 7.02—-6.99 (2H, m), 3.77 (3H, s); *C{'"H} NMR (101
MHz, DMSO-dg, ppm) & 1564, 155.0, 148.0, 142.0, 138.1, 1312,
123.7, 121.1, 1154, 55.4; HRMS-ESI (m/z) caled for C;,H;;NO,Cl
[M + H]* 236.0478, found 236.0483.

1-Bromo-4-(4-methylphenoxy)benzene (4a).”> Following the
general procedure, toluene l1a (53 uL, 0.50 mmol) was converted
into 4a. Purification of the crude product by column chromatography
(Biotage M+12) using light petroleum ether as a mobile phase
afforded product as a white powder (87 mg in the first run and 78 mg
in the second run, 66% and 59% yield, respectively); analytical TLC on
silica gel, light petroleum ether, R;=0.38. Pure material was obtained
by crystallization from petroleum ether: mp 65—66 °C; 'H NMR (300
MHz, CDCl,, ppm) & 7.44—7.37 (2H, m), 7.18—7.12 (2H, m), 6.94—
6.88 (2H, m), 6.88—6.82 (2H, m), 2.34 (3H, s).

4-(4-Bromophenoxy)-1,2-dimethylbenzene (4b). Following the
general procedure, o-xylene 1b (60 L, 0.50 mmol) was converted
into 4b. Purification of the crude product by column chromatography
(Biotage M+12) using light petroleum ether as a mobile phase
afforded product as a colorless oil (96 mg in the first run and 90 mg in
the second run, 69% and 65% yield, respectively): analytical TLC on
silica gel, light petroleum ether, R; = 0.32; '"H NMR (400 MHz,
CDCl,, ppm) § 7.43—7.38 (2H, m), 7.10 (1H, d, J = 8.2 Hz), 6.88—
6.83 (2H, m), 6.81 (1H, d, ] = 2.6 Hz), 6.75 (1H, dd, ] = 8.2, 2.6 Hz),
2.25-2.24 (6H, m); “C{'"H} NMR (101 MHz, CDCL,, ppm) § 157.3,
154.5, 138.5, 132.7, 132.3, 130.9, 120.7, 120.0, 116.7, 115.1, 20.1, 19.2.
Anal. Caled for C,,H,30Br: C, 60.67; H, 4.73. Found: C, 60.62; H,
4.76.

1-(4-Bromophenoxy)-2,4-dimethylbenzene(4c). Following the
general procedure, m-xylene 1c (62 yuL, 0.50 mmol) was converted
into 4c. Purification of the crude product by column chromatography
(Biotage M+12) using light petroleum ether as a mobile phase
afforded product as a colorless oil (103 mg in the first run and 96 mg
in the second run, 74% and 69% yield, respectively): analytical TLC on
silica gel, light petroleum ether, = 0.42; 'H NMR (400 MHz,
CDCl,, ppm) & 7.39-7.35 (2H, m), 7.08—7.06 (1H, m), 7.01-6.97
(1H, m), 6.84—6.80 (1H, m), 6.78—6.73 (2H, m), 2.33 (3H, s), 2.16
(3H, s); BC{'H} NMR (101 MHz, CDCl;, ppm) & 157.7, 1516,
1343, 132.6, 1324, 130.1, 128.0, 120.4, 118.5, 114.3, 20.9, 16.2. Anal.
Caled for C,,H;0Br: C, 60.67; H, 4.73. Found: C, 61.03; H, 4.81.

4-Bromophenyl  5,6,7,8-Tetrahydronaphthalen-2-yl Ether (4d).
Following the general procedure, tetraline 1d (68 L, 0.50 mmol) was
converted into 4d. Purification of the crude product by column
chromatography (Biotage M+12) using light petroleum ether as a
mobile phase afforded product as a colorless oil (70 mg in the first run
and 83 mg in the second run, 46% and 55% yield, respectively):
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analytical TLC on silica gel, light petroleum ether, Ry = 0.29; 'H NMR
(400 MHz, CDCL,, ppm) & 7.42—7.38 (2H, m), 7.04 (1H, d, ] = 82
Hz), 6.89—6.84 (2H, m), 6.75 (1H, dd, ] = 8.2, 2.6 Hz), 6.72 (1H, d, ]
= 2.6 Hz), 2.78=2.71 (1H, m), 1.82—1.77 (4H, m); BC{'H} NMR
(101 MHz, CDCl,, ppm) & 157.3, 154.2 139.0, 132.9, 132.7, 130.5,
120.1, 119.6, 1168, 115.1, 29.7, 28.9, 23.4, 23.1. Anal. Caled for
C6H,sOBr: C, 63.38; H, 4.99. Found: C, 63.42; H, 4.97.
1-Bromo-4-[4-(prop-2-en-1-yloxy)phenoxylbenzene (4f).>* Fol-
lowing the general procedure, O-allyl ether 1f (68 uL, 0.50 mmol)
was converted into 4f. Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from $%
EtOAc in light petroleum ether to 25% EtOAc in light petroleum ether
afforded product as a white powder (109 mg in the first run and 111
mg in the second run, 72% and 73% yield, respectively); analytical
TLC on silica gel, 1:10 EtOAc/light petroleum ether, Ry = 0.42. Pure
material was obtained by crystallization from petroleum ether: mp 58—
59 °C; 'H NMR (300 MHz, CDCl;, ppm) & 7.43—7.35 (2H, m),
6.99—6.87 (4H, m), 6.86—6.78 (2H, m), 6.06 (1H, ddt, ] = 17.2, 10.5,
53 Hz), 542 (1H, dq, J = 17.3, 1.6 Hz), 530 (1H, dq, ] = 105, 14
Hz), 453 (2H, dt, J = 5.3, 1.5 Hz).
1-(Benzyloxy)-4-(4-bromophenoxy)benzene (4g).*® Following the
general procedure, O-benzyl ether 1g (92 mg, 0.50 mmol) was
converted into 4g. Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from $%
EtOAc in light petroleum ether to 25% EtOAc in light petroleum ether
afforded product as a white powder (135 mg in the first run and 140
mg in the second run, 76% and 79% yield, respectively); analytical
TLC on silica gel, 1:10 EtOAc/light petroleum ether, Ry = 0.35. Pure
material was obtained by crystallization from petroleum ether: mp
109—110 °C; '"H NMR (300 MHz, CDCl,, ppm) § 7.46—7.33 (7H,
m), 6.96 (4H, s), 6.86—6.80 (2H, m), 5.06 (2H, s).
[4-(4-Bromophenoxy)phenoxyl(tert-butyl)dimethylsilane (4h).
Following the general procedure, O-TBDMS phenol 1h*° (105 mg,
0.50 mmol) was converted into 4h. Purification of the crude product
by column chromatography (Biotage M+12) using gradient elution
from 100% light petroleum ether to 10% EtOAc in light petroleum
ether afforded product as a colorless oil (125 mg in the first run and
131 mg in the second run, 66% and 69% yield, respectively): analytical
TLC on silica gel, light petroleum ether, R, = 0.25; '"H NMR (400
MHz, CDCL,, ppm) 6 7.41-7.37 (2H, m), 6.91-6.87 (2H, m), 6.84—
6.80 (4H, m), 0.99 (9H, s), 0.21 (6H, s); *C{'H} NMR (101 MHg,
CDCl,, ppm) & 157.8, 1522, 1503, 132.6, 1212, 120.8, 119.5, 114.9,
25.8, 183, —43. Anal. Caled for C,gH,,0,BrSi: C, 56.99; H, 6.11.
Found: C, 56.98; H, 6.10.
2-Bromo-4-(4-bromophenoxy)-1-methoxybenzene (4i). Follow-
ing the general procedure, 2-bromoanisole 1i (62 xL, 0.50 mmol)
was converted into 4i. Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from 100%
light petroleum ether to 10% EtOAc in light petroleum ether afforded
product as a white powder (125 mg in the first run and 109 mg in the
second run, 70% and 61% yield, respectively); analytical TLC on silica
gel, 1:10 EtOAc/light petroleum ether, Ry = 0.50. Pure material was
obtained by crystallization from diethyl ether/petroleum ether: mp
69—70 °C; "H NMR (400 MHz, CDCly, ppm) & 7.44—7.39 (2H, m),
725 (1H, d, ] = 2.8 Hz), 6.96 (1H, dd, J = 8.9, 2.8 Hz), 6.88 (1H, d, J
= 89 Hz), 6.86-6.81 (2H, m), 3.89 (3H, s); *C{'"H} NMR (101
MHz, CDCL,, ppm) & 1572, 152.8, 150.2, 132.8, 1249, 119.7, 119.5,
115.6, 1127, 112.2, 56.8. Anal. Caled for C,;H,00,Br,: C, 43.61; H,
2.82. Found: C, 43.54; H, 2.72.
5-(4-Bromophenoxy)-2,3-dihydro-1-benzofuran (4j). Following
the general procedure, dihydrobenzofuran 1j (56 uL, 0.50 mmol)
was converted into 4j. Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from 100%
light petroleum ether to 10% EtOAc in light petroleum ether afforded
product as a white powder (70 mg in the first run and 95 mg in the
second run, 48% and 65% yield, respectively); analytical TLC on silica
gel, 1:10 EtOAc/light petroleum ether, R; = 0.42. Pure material was
obtained by crystallization from diethyl ether/petroleum ether: mp
54-55 °C; 'H NMR (400 MHz, CDCl,, ppm) 8 7.40—7.36 (2H, m),
6.90-6.87 (1H, m), 6.83—6.79 (2H, m), 6.79—6.76 (1H, m), 6.74
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(1H, d, ] = 8.5 Hz), 4.59 (2H, t, ] = 8.7 Hz), 3.20 (2H, t, ] = 8.7 Hz);
BC{'H} NMR (101 MHz, CDCl,, ppm) § 158.3, 156.8, 149.7, 132.6,
128.7, 119.7, 119.1, 117.3, 114.6, 109.8, 71.7, 30.2. Anal. Calcd for
CH,,0,Br: C, §7.76; H, 3.81. Found: C, 57.59; H, 3.72.

2-[5-(4-Bromophenoxy)-2-methoxyphenyl]-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (4k). Following the general procedure, pinacolyl
boronate 1k*’ (117 mg, 0.50 mmol) was converted into 4k.
Purification of the crude product by column chromatography (Biotage
M+12) using gradient elution from 5% EtOAc in light petroleum ether
to 25% EtOAc in light petroleum ether afforded product as a white
powder (142 mg in the first run and 122 mg in the second run, 70%
and 60% yield, respectively); analytical TLC on silica gel, 1:10 EtOAc/
light petroleum ether, R; = 0.10. Pure material was obtained by
crystallization from diethyl ether/petroleum ether: mp 133—134 °C;
'H NMR (400 MHz, CDCl,, ppm) & 7.40—7.33 (3H, m), 7.05 (1H,
dd, ] =89, 3.1 Hz), 6.84 (1H, d, ] = 8.9 Hz), 6.82-6.77 (2H, m), 3.83
(3H, s), 1.34 (12H, s); *C{'H} NMR (101 MHz, CDCl,, ppm) &
161.0, 158.2, 149.0, 132.6, 128.2, 124.1, 119.0, 114.5, 112.0, 83.9, 56.6,
25.0. Anal. Caled for C,oH,,0,BBr: C, 56.33; H, 5.47. Found: C,
56.37; H, 5.45.

1-(4-Bromophenoxy)-2,4-dimethoxybenzene (4l). Following the
general procedure, resorcinol dimethyl ether 11 (65 uL, 0.50 mmol)
was converted into 4l Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from 100%
light petroleum ether to 20% EtOAc in light petroleum ether afforded
product as a colorless oil (80 mg in the first run and 88 mg in the
second run, 52% and 7% yield, respectively): analytical TLC on silica
gel, 1:10 EtOAc/light petroleum ether, R;=033; 'H NMR (400 MHz,
CDCl,, ppm) & 7.37-732 (2H, m), 695 (1H, d, J = 8.7 Hz), 6.78—
6.74 (2H, m), 6.58 (1H, d, ] = 2.8 Hz), 6.46 (1H, dd, ] = 8.7, 2.8 Hz),
3.82 (3H, s), 3.77 (3H, s); *C{'H} NMR (101 MHz, CDCl,, ppm) &
158.3, 157.8, 152.6, 137.8, 132.4, 122.6, 117.8, 114.1, 104.4, 100.8,
56.1, 55.8. Anal. Calcd for C;,H,303Br: C, 54.39; H, 4.24. Found: C,
54.24; H, 4.18.

2-(4-Bromophenoxy)-3,5-dimethoxy-N-methylbenzamide (4m).
Following the general procedure, 3,5-dimethoxy-N-methylbenzamide
(1m)™ (97 mg, 0.50 mmol) was converted into 4m. Purification of the
crude product by column chromatography (Biotage M+12) using
gradient elution from 100% CH,CI, to 10% diethyl ether in CH,Cl,
afforded product as a white powder (51 mg in the first run and 49 mg
in the second run, 28% and 27% yield, respectively); analytical TLC on
silica gel, 1:10 diethyl ether/CH,Cl, Ry = 0.31. Pure material was
obtained by crystallization from diethyl ether/petroleum ether: mp
116—117 °C; IR (film, cm™") 3324 (N—H), 1638 (C=0); '"H NMR
(400 MHz, CDCly, ppm) & 7.38—7.32 (2H, m), 723 (1H, d, ] = 3.0
Hz), 7.21-7.15 (1H, m), 6.74—6.69 (2H, m), 6.65 (1H, d, ] = 3.0 Hz),
3.86 (3H, s), 3.68 (3H, s), 2.88 (3H, d, ] = 4.9 Hz); “C{'H} NMR
(101 MHz, CDCl,, ppm) & 1652, 157.6, 157.1, 153.0, 135.1, 132.7,
128.6, 117.0, 115.1, 104.8, 104.2, 563, 55.9, 27.0; HRMS-ESI (m/z)
caled for Ci¢H,NO,Br [M + H]* 366.0341, found 366.0354.

3-Methyl-2-(4-nitrophenoxy)thiophene (4n). Following the gen-
eral procedurem methylthiophene 1n (48 uL, 0.50 mmol) was
converted into 4n. Purification of the crude product by column
chromatography (Biotage M+12) using gradient elution from 100%
light petroleum ether to 15% EtOAc in light petroleum ether afforded
product as a pale yellow powder (59 mg in the first run and 59 mg in
the second run, 50% and 50% yield, respectively); analytical TLC on
silica gel, 1:10 EtOAc/light petroleum ether, Ry = 0.32. Pure material
was obtained by crystallization from diethyl ether/petroleum ether:
mp 69—70 °C; 'H NMR (400 MHz, CDCl,, ppm) & 8.23—8.19 (2H,
m), 7.08=7.03 (2H, m), 6.90 (1H, d, ] = 5.9 Hz), 6.77 (1H, d, ] = 5.9
Hz), 2.02 (3H, s); *C{'H} NMR (101 MHz, CDCl,, ppm) & 163.8,
1504, 143.1, 128.1, 126.1, 125.6, 117.5, 115.9, 11.8; HRMS-ESI (m/z)
caled for C,;H;(NO;S [M + H]" 236.0381, found 236.0388.

Ethyl 5-Bromo-1-methyl-3-(4-nitrophenoxy)-1H-indole-2-carbox-
ylate (40). Following the general procedure, indole 10™ (141 mg, 0.50
mmol) was converted into 4o. Purification of the crude product by
column chromatography (Biotage M+12) using gradient elution from
5% EtOAc in light petroleum ether to 25% EtOAc in light petroleum
ether afforded product as a pale yellow powder (140 mg in the first run
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and 155 mg in the second run, 67% and 74% yield, respectively);
analytical TLC on silica gel, 1:10 EtOAc/light petroleum ether, R; =
0.17. Pure material was obtained by crystallization from diethyl ether/
petroleum ether: mp 151-152 °C; IR (film, cm™) 1717 (C=0); 'H
NMR (400 MHz, CDCL, ppm) 8 8.22—8.16 (2H, m), 7.61 (1H, dd,
= 19,04 Hz), 7.48 (1H, dd, ] = 9.0, 1.9 Hz), 7.33 (1H, dd, ] = 9.0, 0.4
Hz), 7.03—6.97 (2H, m), 4.20 (2H, q, ] = 7.1 Hz), 407 (3H, s), 1.0
(3H, t, ] = 7.1 Hz); *C{'"H} NMR (101 MHz, CDCl,, ppm) § 164.1,
160.7, 142.7, 1359, 135.3, 129.5, 1260, 121.6, 120.7, 1192, 115.5,
114.5, 112.3, 61.1, 32.2, 14.0. Anal. Calcd for C,¢H,N,O4Br: C, 51.57;
H, 3.61; N, 6.68. Found: C, 51.36; H, 3.52; N, 6.55.

5-Bromo-1-methyl-3-(4-nitrophenoxy)-1H-indole-2-carbonitrile
(4p). Following the general procedure, 2-cyanoindole 1p** (118 mg,
0.50 mmol) was converted into 4p. Purification of the crude product
by column chromatography (Biotage M+12) using gradient elution
from 15% EtOAc in light petroleum ether to 45% EtOAc in light
petroleum ether afforded product as a pale yellow powder (100 mg in
the first run and 95 mg in the second run, 54% and 51% yield,
respectively); analytical TLC on silica gel, 1:5 EtOAc/light petroleum
ether, R, = 0.16. Pure material was obtained by crystallization from
EtOAc/petroleum ether: mp 202—203 °C; IR (film, cm™) 2220 (C=
N); 'H NMR (400 MHz, CDCl,, ppm) & 825-8.22 (2H, m), 7.53
(1H, dd, J = 8.9, 1.9 Hz), 7.48 (1H, dd, ] = 1.9, 0.6 Hz), 7.29 (1H, dd,
J = 9.0, 0.5 Hz), 7.12-7.09 (2H, m), 3.90 (3H, s); “C{'"H} NMR
(101 MHz, CDCl,, ppm) 8 162.4, 143.6, 139.6, 135.0, 1304, 1263,
1217, 1196, 1163, 115.3, 112.4, 110.7, 103.1, 32.1. Anal. Caled for
CyeHoN;O3Br: C, 51.64; H, 2.71; N, 11.29. Found: C, 51.55; H, 2.72;
N, 10.96.

Methyl 1-Methyl-5-(4-nitrophenoxy)-1H-pyrrole-2-carboxylate
(49). Following the general procedure, methyl-1H-pyrrole 1q (70
mg, 0.50 mmol) was converted into 4q. Purification of the crude
product by column chromatography (Biotage M+12) using gradient
elution from 10% EtOAc in light petroleum ether to 30% EtOAc in
light petroleum ether afforded product as a pale yellow powder (68 mg
in the first run and 68 mg in the second run, 49% and 49% yield,
respectively); analytical TLC on silica gel, 1:10 EtOAc/light petroleum
ether, R, = 0.16. Pure material was obtained by crystallization from
diethyl ether/petroleum ether: mp 135—136 °C; IR (film, cm™) 1716
(C=0); '"H NMR (400 MHz, CDCl;, ppm) § 8.19-8.15 (2H, m),
7.09-7.05 (2H, m), 6.69—6.67 (2H, m), 3.94 (3H, s), 3.82 (3H, s);
BC{'H} NMR (101 MHz, CDCl,, ppm) & 164.3, 161.3, 142.6, 139.1,
126.0, 120.7, 119.7, 116.0, 109.1, 51.5, 37.2; HRMS-ESI (m/z) calcd
for C;3H3N,05 [M + H]* 277.0824, found 277.0819.

Methyl 1-(2-Bromobenzyl)-2,5-dimethyl-4-(4-nitrophenoxy)-1H-
pyrrole-3-carboxylate (4r). Following the general procedure, 1H-
pyrrole 1 (161 mg, 0.50 mmol) was converted into 4r. Purification
of the crude product by column chromatography (Biotage M+12)
using gradient elution from 10% EtOAc in light petroleum ether to
30% EtOAc in light petroleum ether afforded product as a pale yellow
powder (92 mg in the first run and 106 mg in the second run, 40% and
46% yield, respectively); analytical TLC on silica gel, 1:10 EtOAc/light
petroleum ether, Ry = 0.16. Pure material was obtained by
crystallization from diethyl ether/petroleum ether: mp 159—160 °C;
IR (film, cm™) 1700 (C=0); '"H NMR (400 MHz, CDCl,, ppm) &
821-8.16 (2H, m), 7.61 (1H, dd, J = 7.8, 1.3 Hz), 7.26 (1H, td, J =
7.6, 1.2 Hz), 7.19 (1H, td, ] = 7.7, 1.7 Hz), 7.02—6.97 (2H, m), 6.37—
633 (1H, m), 5.08 (2H, s), 3.57 (3H, s), 2.46 (3H, s), 1.96 (3H, s);
3C{'H} NMR (101 MHz, CDCL,, ppm) & 164.9, 164.3, 142.2, 135.53,
135.47, 134.3, 133.1, 129.5, 128.4, 1264, 125.9, 121.7, 119.1, 115.3,
104.6, 50.9, 47.7, 11.3, 8.2; HRMS-ESI (m/z) calcd for C,;H,(N,OBr
[M + H]* 459.0556, found 459.0551.
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