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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Medicina, materialzinatne, agrokimija un citas ar Kkimiju saistitas zinatnes un
tautsaimniecibas nozares nav iedomajamas bez organiskajiem savienojumiem. Lidz ar to,
organisko vielu efektivu un 1&tu iegiSanas metozu izstrade ir viens no priek$noteikumiem So
jomu sekmigai attistibai. C—H saites aktivéSana un funkcionalizéSana ir salidzinoS$i jauna pieeja
organiskaja sint€ze. Metode lauj viena stadija molekula ievadit jaunas grupas, tadejadi aizstajot
agrak izmantotas laikietilpigas reakcijas sekvences un izvairoies no nevélamu blakusproduktu
veidosanas (1 att.).

Funkcionalo grupu parvertibas

R =H —==, R =—FG' —= R —FG?

‘ C-H aktive$ana un funcionalize $ana T

1. att. C—H saites funkcionalizé$ana

Termins "C-H aktivéSana” metalorganiskaja kimija biezi tiek lietots, lai aprakstitu
procesu, kura metala centrs saistas pie substrata eso$das C—H saites, padarot to reagétspgjigaku,
un sekojosaja C—H funkcionalizeéSanas soli parveido substratu. Lai gan organisko savienojumu
struktiiras C—H saites ir visbiezak sastopamas, tomér to kimiska reagétspgja ir zema. Salidzinot
saiSu disociacijas energijas (C(sp’)-H = 105 kcal/mol, C(sp®)-H = 110 kcal/mol, C(sp>)-Cl = 83
kcal/mol, C(sp3)-Br = 70 kcal/mol un C(sp3)-I = 56 kcal/mol), ir redzams, ka C-H saites
aktivé$anu un funkcionalizéSanu panakt ir daudz gratak, salidzinot ar C—Hal saitém, kas
tradicionali tick izmantotas parejas metalu katalizétas reakcijas.'®

C—H saites aktiveSanai parasti izmanto dargmetalu katalizatorus, tacu paslaik ir pieaudzis
pieprasijums pec 1eétakiem un videi draudzigakiem katalizatoriem, jo miisdienas arvien aktualaks
klust jautajums par “zalas kimijas” pamatprincipiem, kas paredz ilgtsp&jigu, videi draudzigu un
ckonomisku kimisko metozu izstradi.” Neskatoties uz to, galvenie rezultiti C—H saites
funkcionalizéSanas joma ir sasniegti, izmantojot dargmetalus (Rh, Ru, Pd), kas ir daba reti
sastopami, dargi un toksiski.'® Tikai salidzino$i nesen 3d metaliem (Fe, Co, Ni) tika pievérsta
lielaka uzmaniba un tika sakta to katalitiska izmantoSana C-H saites funkcionaliz€$anas
reakcijas. Viena no $adam alternativam ir kobalts, kas veido aptuveni 0,0029% no Zemes
garozas pretstata kimiskajas reakcijas tradicionali biezi lietotajam paladijam, ka krajumi
noverteti vien triljonajas dalas Zemes garozas masas. Tikai kops 2010. gada ir manama loti
strauja izaugsme kobalta katalizétas C—H funkcionalizé$anas metodologija, tapéc tas varétu tikt
uzskatits par, iesp&jams, visdaudzsolosako alternativu dargmetalu katalizatoriem."

Kobalta katalizétas C—H saites funkcionalizéSanas reakcijas ir iesp&jams iedalit divas
kategorijas:



1) zemas valences kobalta katalize, $aja kategorija esoSajiem Co katalizatoriem ir raksturiga
0 vai +1 oksidesanas pakape, ko iegtist no Co(I) vai Co(Il) saliem in sifu reduc€joSos apstaklos;

2) augstas valences kobalta katalize, Saja kategorija esoSajiem kobalta katalizatoriem
raksturiga +3 oksidéSanas pakape, ko iegtst no Co(Ill) vai Co(Il) saliem in situ oksid€joSos
apstaklos. Kop$ kobalta katalizétu C-H funkcionalizéSanas reakciju atklaSanas, lielaka dala
parvétibu bija panaktas, izmantojot zemas valences kobalta katalizes pieeju. Tikai ap 2013.,
2014. gadu saka paradities tendence izmantot augstas valences Co(III) vai prekursora Co(II)
katalizatorus. Nakamajos gados kobalta katalizétam C—H funkcionaliz€Sanas reakcijam tika
pievérsta IpaSa uzmaniba, un paSreiz $aja joma izdoto publikaciju aptuvenais skaits sasniedz
piecus simtus. Promocijas darba izstradatas metodes ir balstitas uz augstas valences kobalta
katalizi, izmantojot Co(II) salus un bidentatu virzoso grupu ka Co(III) prekursoru.

Neskatoties uz to, ka Co katalizétas C—H funkcionaliz€Sanas reakcijas péc savas biitibas ir
daudz ‘‘zalakas’ neka dargmetalu gadijuma, eksist€ papildus virzieni, kuros ir iesp&jams
attistities, lai procesu padaritu vél ekonomiski pievilcigaku un dabai draudzigaku. Viens no Siem
virzieniem ir virzoo grupu stratggija.’ Virzoso grupu izmanto$ana ir priek&nosacijums selektivai
reakcijas norisei, jo tadgjadi ir iesp&jams virzit metalu vélamas aktivéjamas C—H saites tuvuma.
Tomer liela dala virzoSo grupu izmantoSana pieprasa to ievadiSanu molekula pirms C-H
funkcionalizéSanas ar sekojoSu noskelSanu p&c parvertibas, tadgjadi dalgji atspekojot
prieksrocibas, ko tas sniedz. Lai risinatu So problému, ir ieviestas vairakas virzo$o grupu klases
(2. att.):

1) Aizejosas virzosas grupas (traceless directing groups) tiek ievaditas molekula pirms C—H
funkcionalizgSanas, tacu tiek noskeltas reakcijas apstaklos pec veiksmigas savas funkcijas
izpildes. Patlaban $aja joma ir panakts labs progress un literatiira ir atrodami daudzi
pieméri Co-kataliz€tam C-H funkcionaliz€Sanas reakcijam ar dazadam aizejosam
virzo$ajam grupam, taCu lielaka dala parvertibu ir limitetas tiesi uz karboniléSanas un
annel&anas reakcijam ar alkiniem un alkéniem;®

2) Parejosas virzosas grupas (transient directing groups) tiek ievaditas molekula un p&c tam
noskeltas reakcijas apstaklos, viena reaktora sintézé. Sada pieeja Co katalizétas C—H
funkcionalizéSanas reakcijas ir paradijusies relativi nesen, tapec patlaban literatira ir
zinami tikai divi pieméri;®

3) Vajas virzosas grupas ir molekula jau esosas funkcionalas grupas (karbonskabes, esteri,
ketoni, aldehidi, amidi u. c.), kas spgj koordinét metalu. Sada pieeja ir Skietami
vispievilcigaka, it Tpasi vélinajas stadijas, tatu taja pa3a laika visgratak realiz&jama. Si
iemesla d&l, piemeru, kuros izmantotu vajas virzo§as grupas, ir maz.®



Virzoso grupu stratégija

C-H aktivé$ana

1 un - 1
FG' VG jevadisana VG funkcionalizésana ©iVG VG noskel$ana @FG
FG? FG?

‘ C-H aktivésana,

i ) Aizejoso virzoso
funkcionalizésana un VG grupu stratédija

Skel$ana viena poda

via VG ievadisana, C-H activésana, Parejoso virzoso
funkcionalizé$ana un VG grupu stratégija

Skel$ana viena poda

Vajo virzo$o grupu stratégija

C-H aktivéSana, funkcionalizéSana

2. att. Virzo$o grupu stratégija

Aminoskabju un aminospirtu struktiirelementi ir loti bieZi sastopami zalvielas gan ka
peptidmimétiku, gan ki proteinu sastavdalas.® Turklat tie ir daudzpusigi biivbloki, ko plasi
izmanto organiskaja sint€z€ un asimetriskaja katalizé.® Jaunu metozu izstrade, ar kuram varétu
ieglit aminoskabju un aminospirtu atvasindjumus, potenciali spétu padarit tirgl esoSo
farmaceitisko preparatu izmakas l&takas, ka ar attistit jaunas to iegiiSanas metodes. So iemeslu
del, musu petijumi ir versti uz kobalta-kataliz&tu fenilglicinola un fenilalanina atvasinajumu C-H
saites aktivéSanu, un funkcionalizé$anu ar tadiem reagentiem ka alkini, oglekla monoksids un
izocianidi (3. att.).
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3. att. Fenilglicinu un fenilalaninu atvasinajumu funkcionalizéSanas iesp&jas




Pétijuma merkis un uzdevumi

Promocijas darba mérkis ir jaunu, &rtu un praktisku metozu izstrade, kas balstita uz
kobalta katalizetu C—H saites funkcionaliz&Sanu.

Darba mérka TstenoSanai tika definéti divi uzdevumi:
1. Teglit aminospirtu un aminoskabju atvasinajumus, ko potenciali varétu izmantot C—H saites
funkcionalize$anai, par modelsubstratiem izv€loties fenilglicinolu un fenilalaninu (3. att.);
2. Izpétit literatiiru, atrast piemérotus reagentus, kas spétu piedalities kobalta katalizéta C—H
saites funkcionaliz€éSanas reakcija. Veikt talaku reakcijas apstaklu optimiz€Sanu un substratu
ierobezojumu.

Zinatniska novitate un galvenie rezultati

Darba ir izstradatas Cetras jaunas aminospirtu un aminoskabju atvasinajumu C—H saites
funkcionalizéSanas metodes:
1. Kobalta katalizéta fenilglicinola atvasinajumu C—H saites alkenilé$ana;
2. Kobalta kataliz&ta fenilglicinola atvasinajumu C—H saites karbonil&$ana;
3. Kobalta katalizeta fenilalanina atvasinajumu C—H saites karbonilésana;

4. Kobalta katalizéta fenilalantna atvasinajumu C—H saites iming$ana.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par kobalta
katalizetam fenilglicinola un fenilalanina atvasinajumu C—H saites alkenil&Sanas, karbonil&sanas
un imin€8anas reakcijam, ka arT par iegtito produktu atvasinasanas iespgjam.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti ¢etras zinatniskajas originalpublikacijas, tris
apskatrakstos un divas gramatu nodalas. P&ttjuma rezultati prezentgti trijas konferences.

Zinatniskas publikacijas:

1. Bolsakova, J.; Lukasevics, L.; Grigorjeva, L. Cobalt-Catalyzed, Directed C-H
Functionalization/Annulation of Phenylglycinol Derivatives with Alkynes. J. Org. Chem.
2020, 85 (6), 4482-4499. DOI:10.1021/acs.joc.0c00207
Lukasevics, L.; Cizikovs, A.; Grigorjeva, L. Synthesis of 3-Hydroxymethyl Isoindolinones
via Cobalt-Catalyzed C(sp’)-H Carbonylation of Phenylglycinol Derivatives. Org. Lett.
2020, 22 (7),2720-2723. DOI:10.1021/acs.orglett.0c00672




Lukasevics, L.; Grigorjeva, L. Cobalt-catalyzed carbonylation of the C—H bond. Org.
Biomol. Chem. 2020, 18, 7460-7466. DOI:10.1039/D0OB01633K

Lukasevics, L.; Cizikovs, A.; Grigorjeva, L. Cobalt-Catalyzed C(sp)-H Carbonylation of
Amino Acids Using Picolinamide as a Traceless Directing Group. Org. Lett. 2021, 23 (7),
2748-2753. DOI:10.1021/acs.orglett.1c00660

Lukasevics, L.; Cizikovs, A.; Grigorjeva, L. C-H bond functionalization by high-valent
cobalt catalysis: current progress, challenges and future perspectives. Chem. Commun.
2021, 57, 10827-10841. DOI:10.1039/D1CC04382J)

Cizikovs, A.; Lukasevics, L.; Grigorjeva, L. Cobalt-catalyzed C—H bond functionalization
using traceless directing group. Tetrahedron 2021, 93, 132307.
DOI:10.1016/j.tet.2021.132307

Lukasevics, L.; Cizikovs, A.; Grigorjeva, L. Synthesis of 1-Aminoisoquinolines via
Cobalt-Catalyzed C(sp’)-H Bond Imination of Phenylalanine Derivatives. lesniegts
manuskripts.

Gramatu nodalas:

Lukasevics, L.; Grigorjeva, L. Cobalt-Catalyzed Picolinamide-Directed Synthesis of
Heterocycles Targets Heterocycl. Syst. (gramatu sérija) 2021, 25, 144-161.
DOI:10.17374/targets.2022.25.144

Lukasevics, L.; Grigorjeva, L. Mechanistic studies on cobalt-catalyzed, bidentate
chelation-assisted C—H bond functionalization Handbook of CH-Functionalization.
Pienemts publicésanai Wiley-VCH GmbH.

Zinatniskas konferences, kuras prezentéti darba rezultati:

1.

Lukasevics, L. Cobalt Catalyzed Tandem C(sp®)-H/C(sp*)-H Functionalization of Amino
Acids with Alkenes. 11" Paul Walden Symposium on Organic Chemistry. Riga, Latvija,
19-20. septembris 2019.

Lukasevics, L. Cobalt catalyzed C-H bond functionalization. 12" Paul Walden
Symposium on Organic Chemistry. TieSsaistg, 28-29. oktobris 2021.

Lukasevics, L. Cobalt catalyzed C-H bond functionalization. 6" International
Conference on Catalysis and Chemical Engineering. Sanfrancisko, ASV, 22-26. februaris
2022.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Kobalta katalizéta fenilglicinolu C—H saites alkeniléSana

Pirmais pétjjuma virziens ietvéra fenilglicinola 1 C-H saites alkeniléSanas metodes
izstradi. Sakotngjiem eksperimentiem par modelsubstratu izvélgjamies fenilglicinolu 1 un
tercbutilacetilénu ka alkeniléSanas reagentu. Paredzgjam, ka substrata 1 reakcija ar butilacetilénu
potenciali varétu veidoties Cetri iespgjamie produkti 2a-d, tacu reakcija noverojam selektivu
viena produkta 2a veidoSanos (4. att). Reakcijas apstaklu optimizeSanas eksperimentos nonacam
Iidz pieméroti katalitiskai sistemai — Co(dpm), Kkatalizators, NaOPiv piedeva, un
Mn(OAc);-2H,0/ O, oksidétaju sistema, kas lava iegtt produktu 2a ar loti labu iznakumu —
83 %.

TBSO TBSO

= tBu (3 ekviv) (;(B‘I\PA NHPA
©\h Co(dpm)z (20 mol%) MNsu | o
NaOPiv (1.2 ekviv)
2 -
OTBS  \in(0AG)y 2H,0 (2 ekviv) a 2b “Bu PA= N

NHPA Sitie el b N
B =
MeOH, 80 °C, O, 16h TBSO SO
1
NPA NPA
~
\
Bu By
2¢ 2d

4. att. Fenilglictna 1 C—H saites alkenil&Sana ar tbutilacetilénu

Sakotngji més velgjamies parbaudit dazadu benzilpozicijas aizvietotaju ietekmi uz
reakcijas gaitu (5. att.). Noskaidrojam, ka O-neaizsargats aminospirts 4a nav savietojams ar
reakcijas apstakliem un produkta veidoSanas netika noverota, kas, iesp&jams, varétu bt saistits
ar katalizatora deaktivéSanu, ko izraisa brivas hidroksilgrupas koordingSanas pie kobalta
katalizatora. Substrati ar TBS, MOM un PMB aizsarggrupam 1a, 1b,c, ka arT metil- un
fenilgrupu saturo$i substrati 1d, le reaggja labi un deva attiecigos produktus ar loti labiem
iznakumiem — 70-88%.

=——1Bu (3 ekviv)
R Co(dpm); (20 mol%) R
NaOPiv (1.2 ekviv)
NHPA  Mn(OAc)s 2H,0 (2 ekviv) NPA
MeOH, 80 °C, O,, 16h Z tBu
3 4
HO. TBSO MOMO PMBO Me Ph
= =
Z tBu Z tBu Z tBu tBu tBu Z tBu
4a, 0%° 2a, 83% 4b, 70% 4c, 75% 4d, 82% 4e, 88%

5. att. Dazadu benzilpozicijas aizvietotaju ietekme uz reakcijas gaitu
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Talak parbaudijam dazadu funkcionalo grupu savietojamibu ar optimiz€tajiem reakcijas
apstakliem (6. att.). Parbaudijam dazadus aizvietotajus benzola gredzena orto-, meta- un para-
pozicijas. Interesanti, ka meta- aizvietotu substratu gadijuma, noveérojam tikai viena izoméra
raSanos, reagéjot mazak st€riski apgritinatajai orfo- C—H saitei. Novérojam, ka substrati ar
tadiem elektronus-dongjosiem aizvietotajiem ka alkil- (produkti Se,e), metoksi- (produkti 5a,g)
un metoksimetil- (produkts Sh) grupas, bija reagétsp€jigi reakcijas apstaklos un deva produktus
ar labiem un loti labiem iznakumiem - 55-90%. Lidzigu reagétsp&ju noveérojam ari substratiem,
kas saturgja elektronus-atvelkosu aizvietotaju, dodot produktus 5d un 5i ar 65% un 75%
iznakumu. Halog@naizvietoti substrati arl bija savietojami ar reakcijas apstakliem (produkti
5b.f.j). Interesanti, ka tadi strukturali atskirigi substrati ka B-fenilalaninols 11 un tioféns 1k ar1
bija piem@roti substrati un viegli veidoja attiecigos C—H saites alkenileéSanas produktus (5k,l) ar
labiem un Joti labiem iznakumiem. Jaatzimg, ka tioféna 5k gadijuma reakcija nebija selektiva un
produkts tika iegits ka regioizoméru maisijums ar attiecibu 2.5 : 1.

OTBS =——1Bu (3 ekviv)

B
(n Co(dpm)2 (20 mol%) ( OTBS
) ) n
' A NHPA NaOPiv (1.2 ekviv) ~
L Mn(OAc)s 2H;0 (2 ekviv)_ ] NPA
R MeOH, 80 °C, O, NP N By
1 R 5
ome ~OTBS . OTBS oTBS OTBS oTBS oTBS
Me CF.
NPA NPA NPA 8 NPA NPA NPA
= = = = = =
tBu tBu tBu tBu Me tBu Br tBu
5a, 20h, 55% 5b, 16h, 74% 5c, 24h, 78% 5d, 20h, 65% 5e, 16h, 90% 5f, 16h, 70% OTBS
oTBS OTBS OTBS OoTBS OTBS
— = —
MeO tBu MOMO ZN@Bu  CF0 ZNgu F ZNwu s tBu tBu
5g,16h, 75% 5h, 16h 84% 5i, 20h, 75% 5j, 20h, 66% 5k, 20h, 84% 51, 40h, 71%

6. att. Substratu klasta petfjumi

Nakamais pétijuma solis ietvéra alkinu klasta izp@ti (7. att.). Sim noliikam izvélgjamies
gan simetriskus, gan nesimetriskus dialkil-, diaril-, ka arT terminalos alkinus. Simetriskie dialkil-
un diarilacetiléni uzradija labu reagétsp&ju un deva produktus 6a-e ar loti labiem iznakumiem —
70-80 %. Terminalo alkinu gadijuma ieguvam produktus 6f-m ka vienu regioizoméru ar
iznakumiem — 65-88 %. Interesanti, ka fenilglicinola 1 reakcija ar 4-nitrofenilacetilénu
noveérojam, gan sagaidama C-H saites alkeniléSanas produkta 6m, gan ar1 dialkeniléSanas
produkta 6m’ veidoSanos. Lai demonstretu attistitas metodes praktisko pielietojumu, m&s veicam
fenilglicinola 1 C—H saites alkenil€sanas reakciju 1g apjoma, un ieguvam produktu 6i ar loti labu
iznakumu - 80%.
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R'==——R?(1.5 - 3 ekviv)

OTBS Co(dpm); (20 mol%) oTBS
NaOPiv (1.2 ekviv)
NHPA  Mn(OAc)s 2H,0 (2 ekviv) /NPA
MeOH, 80 °C, O, R
1 R 6
OTBS OTBS OTBS  R'=H, R? = ciklopropil, 6, 74%°
R'=H, R? = Ph, 6g, 73%"
NPA NPA NPA  R'=H, R?=4-OMePh, 6h,88%"
= alk ZNar = R? R' = H, R? = TMS, 6i, 71%" (80%"?)
alk Ar R1 R' =Me, R? = Ph, 6j, 73%"

alk = Me, 6a, 70%°  Ar=Ph, 6d, 77%° R" = H, R? = 2-tiofenil, 6k, 65%"

alk = Et, 6b, 76%"  Ar = 4-BrCeH-, 6e, 76%"
alk = n-Pr, 6¢, 80%"

QOTBS O OTBS
S NPA
NPA
. Q4
Y
N NO,

61, 54%°

NO,
6m, 50%" 6m’, 16%"

2 Substrata iekravums - 1g ° Reakcijas laiks 16h ¢ Reakcijas laiks 20h
7. att. Alkinu klasta p&tijumi

Papildus més vélgjamies noskaidrot, vai reakcijas apstaklos potenciali notiktu hirala
centra saglabasana, ja tiktu izmantoti enantiobagatinati substrati. Sim nolikam més paklavam
(8)-1 substratu reakcija ar pieciem dazadiem aromatiskajiem un alifatiskajiem, diazvietotiem, ka
arT terminalajiem alkiniem (8. att.). Novérojam, ka visos gadijumos, produkti (S)-2a, 6a,g,d,i tika
iegtti ar labiem iznakumiem un pilnigu stereokimijas saglabasanos (ee > 99 %).

R'—=—=—R?(1.5 - 3 ekviv) oTBS
oTBS Co(dpm); (20 mol%)
NaOPiv (1.2 ekviv)
NHPA  Mn(OAc)y 2H,0 (2 ekviv) /NPA
()1 MeOH, 80 °C, O, R (S)2a, (5)6
R
OTBS OTBS OTBS OTBS OTBS
NPA NPA NPA NPA NPA
— ~Z g4 o4
PN tBu Me Ph Ph ™S
Me Ph
(S)-2a (S)-6a (S)-6g (S)-6d (S)-6i
70%, >99% ee 77%, >99% ee 67%, >99% ee  70%, >99% ee 85%, >99% ee

8. att. Enantiobagatinatu fenilglicinolu (S)-1 C-H saites alkenilésana

Visbeidzot, més paradijam, ka iegiitajiem produktiem ir iesp&jams noSkelt pikolinamida
virzo$o grupu, lai iegiitu tetrahidroizohinolinu atvasinajumus (S§)-6i (9 att.). Sakuma enantiotirs
(8)-6i C—H saites alkenileésanas produkts tika reducéts Beérc¢a reducesanas apstaklos ar Na/NHj3,
iegtstot produktu 7 ar augstu diastereoselektivitati (d. ». > 20 : 1). Sekojosa pikolnamida
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SkelSanas soll ar LiAlHy tika iegiits tetrahidroizohinolins 8 ar loti labu iznakumu un pilniba
saglabatu sakotngjo hiralo informaciju (ee > 99 %).

X
so L_n TBSO
(S) - 6i _ NaNHs @ _ LiAHs ©S\/L
THF, -78 °C N" 7O THF, 0°C-istt. NH
dr.>20/1 ™S ™S
7,69% 8, 86%, >99% ee

9. att. Virzosas grupas noskelSana
2. Kobalta katalizéta fenilglicinolu C—H saites karboniléSana

Turpinot izstradat jaunas metodes fenilglicinolu 1 C-H saites funkcionalizéSanai, mé&s
pieversamies C—H saites karbonil€Sanai. Sakotngji izmantojam tadu pasu katalitisko sisteému, kas
uzradija labus rezultatus C—H saites alkeniléSanas reakcija. CO gazes generéSanai in situ
izmantojam DIAD, kas péc literatiiras datiem izmantots lidzigiem mérkiem. Sados reakcijas
apstaklos ieguvam karboniléSanas produktu 9 ar 10 % KMR iznakumu (10. att.). Interesanti, ka
pikolinamida virzosa grupa Saja gadijuma tika noskelta reakcijas apstaklos pec veiksmigas C—H
saites karbonil&Sanas.

DIAD (2 ekviv)
TBSO. Co(dpm), (20 mol%) TBSO,

NaOPiv (1.2 ekviv)
N Mn( OAc)s 2H,0 (2 ekviv) -
T MeOH 80°C,0,
(o]

9, 10%
10. att. Fenllghcmola 1 C—H saites karbonilésana

Reakcijas apstaklu optimize€Sanas eksperimentos noskaidrojam, ka veiksmigai reakcijas
norisei nepieciesams Co(dpm), katalizators, PivOH piedeva, Ag,COs oksidétajs un DIAD ka CO
avots. Sakotngji parbaudijam dazadas spirta aizsarggrupas (11. att.). Lidzigi ka C-H saites
alkeniléSanas reakcija, neaizsargats aminospirts 10a attiecigo produktu nedeva. Lai gan PMB,
MOM aizsargati substrati veidoja produktus 11b,ec, tie tika iegiiti ar zemakiem iznakumiem neka
TBS aizsarggrupas gadijuma.
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RO DIAD (2 ekviv) RO
9] Co(dpm); (20 mol%)
PivOH (1 ekviv)
Ny Y Ag,CO; (2 ekviv) NH
N~ DCE, 100 °C, 24 h Y

TBSO PMBO MOMO
11a, 2h, o% 9, 40h, 34% 11b, 40h, 36% 11c, 40h, 61%

11. att. Dazadu aizsarggrupu ietekme uz C—H saites karbonilésanu

Substrata klasta petijumos tika paradits, ka reakcijas apstakli ir maigi un savietojami ar
dazadam funkcionalajam grupam (12. att.). Lidzigi ka C—H saites alkeniléSanas reakcija, meta-
aizvietotu substratu gadijumos novérojam tikai viena regioizoméra veidoSanos, C—H saites
karboniléSanai notiekot mazak steriski traucétaja orfo-pozicija. Gan elektroniem bagati 1a,c,f-h,
gan elektroniem nabadzigi substrati 1d,i deva produktus ar labiem un izciliem iznakumiem — 66-
96%. Lidzigu rezultatu noveérojam arT halogé€nsaturo$u substratu gadijumos, iegiistot produktus
12e,j,k ar iznakumiem 75-91 %. Demonstréjam, ka tiofénaminospirts ar1 ir pieme&rots substrats
C—H saites karboniléSanai, tacu $aja gadijuma reakcija nebija selektiva un produkts tika iegits
ka regioizoméru 12L1’ maisijums ar kopgjo iznakumu 67%. Steriski apjomigaks 1m ka ari
kvarternars substrats 1n bija reagétspgjigi un deva produktus ar vid&ju iznakumu. Tomér abu

substratu gadijumos bija nepiecieSams izmantot papildus katalizatora un oksidétaja daudzumu.

DIAD (2 ekviv)
TBSO. Co(dpm), (20 mol%) TBSO

PivOH (1 ekviv)
Ag,CO3 (2 ekviv;
DCE, 100 °C, 24 h

F

Me :/OTBS :/OTBS /OTBS —0TBS —OTBS —OTBS

12a, 48h,66%  12b, 24h, 85% 12¢, 30h, 71% 12d, 48h, 81% 12e, 24h, 90% 12f, 24h, 77%
OTBS OTBS OTBS OTBS OTBS
/(i/ /@Q;H NH /@QEH NH
MOMO CF30 F Br
o o o o
12g, 24h, 96% 12h, 48h, 72% 12i, 48h, 75% 12j, 48h, 75% 12k, 40h, 91%
oTBS
oTBS OoTBS Ph. _otes gt ~OTBS
4 S .
) o o) o o)
121, 40h, 52% 12I', 40h, 15% 12m, 48h, 40% 12n, 48h, 40% 120, 40h, 91%

12. att. Substratu klasts fenilglicinola 1 karbonilé$ana
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Lidzigi ka C—H saites alkeniléSanas reakcijas petijumos, m&s velgjamies parbaudit vai
C-H saites karbonilcSanas apstaklos biitu iespgjams iegiit enantiobagatinatus produktus. Sim
nolikam izmantojam ($)-1 fenilglictnu un noskaidrojam, ka reakcijas apstaklos hirala centra
racemizéSanas nenotiek (13. att.).

TBSO DIAD (2 ekviv) OTBS
Co( dpm); (20 mol%)
PivOH (1 ekviv)
Ag2CO3 (2 ekviv)

DCE, 100 °C, 24 h
(S)1

o
>99% ee 90%, (S

>99 % ee
13. att. Stereokimijas saglabasanas C—H saites karbonileSanas reakcija

3. Kobalta katalizéta fenilalanina C—H saites karboniléSana

Turpmakajos pétjumos més velgjamies parbaudit, vai C-H saites karbonileSanas
metodologiju varétu pielietot arT fenilalanina atvasindjumiem. Ka modelsubstratu izveélgjamies
fenilalaninu 13 ar pikolinamida virzo$o grupu, kas lidz $im bija uzradijusi labus rezultatus.
Bijam priecigi uzzinat, ka, izmantojot reakcijas apstaklus, kas bija pieméroti fenilglicina 1 C-H
saites karbonil€Sanai, arT §aja gadijuma deva vélamo karbonilé$anas produktu 14, lai gan ar zemu
iznakumu — 17% (14. att.). Interesanti, ka reakcijas apstaklos notiek ne tikai C-H saites
karbonil€Sana, bet arT dubultsaites veidosanas starp o un 3 oglekliem substrata, ka ar virzosas
grupas noskelSana.

CO,Me DIAD (2 ekviv) CO,Me
[ Co(dpm); (20 mol%) i 2
/.~ HN._O PivOH (1 ekviv) S F NH
R Ag,CO;5 (2 ekviv) R
N7 DCE, 100 °C, 24 h o
13 14,17%

14. att. Fenilalanina 13 C-H saites karboniléSana

PieverSoties reakcijas apstaklu optimize€Sanai, noskaidrojam, ka labakos rezultatus
iespgjams sasniegt izmantojot, CO gazi, Co(dpm), katalizatoru, PivOH piedevu un
AgrCO3/Mn(OAc);2H,0 oksidetaju sistemu, PhCl $kidinataja, 120 °C temperatiira. Sakotngji
parbaudijam dazadu estera aizvietotaju ietekmi uz reakcijas iznakumu (15. att.). Substrats 13, kas
satur&ja metilestera aizvietotdju, reag€ja labi un deva attiecigo izohinolinona produktu 14 ar
izcilu iznakumu - 94%. Substrata iekravuma palielinasana Iidz 1.7 mmol nedaudz samazinaja
produkta iznakumu, dodot produktu ar 75% iznakumu. Citi esteri Et-, /Bu- un Bn- reaggja lidzigi
un deva velamos produktus 16a-c ar loti labiem iznakumiem -70-83%. Lai gan alilaizvietots
esteris izradijas piemérots substrats C—H saites karbonilé$anai, tas deva vélamo produktu 16d ar
vidgju iznakumu — 50%.
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CO (1 atm)
Co(dpm); (30 mol%)

CO.R PivOH (2 ekviv)
m o AgzCO3 (1.5 ekviv) - CO2R
Mn(OAc)s ' 2H,0 (2 ekviv) @N(H
x

Nt PhCI, 120°C, 6 h I
15 16

~CO:Me - COaEt ~CO:Bu «-COzBn i

" X o/\/

NH NH NH

NH

o] 0 o o]
o]
14, 94% 16a, 70% 16b, 83% 16c, 70% 16d, 21 h, 50%

75% (substrata
iekravums 1.7 mmol)

15. att. Dazadu esteru aizvietotaju ietekme uz reakcijas iznakumu

Substrata klasta petijumi paradija, ka fenilalanina C—H saites karboniléSanas reakciju ir
iesp&jams realizet ar plasu aizvietotaju klastu benzola gredzena orto-, meta-, para- pozicijas (16.
att.). Meta- aizvietotu substratu gadijuma ari Soreiz novérojam tikai viena regioizoméra
veidoSanos, pat arT tada maza aizvietotdja ka fluora atoma gadijuma. Dazadas funkcionalas
grupas ka alkil- (produkti 18c.f), halogén- 18b,d,m,n, trifluormetil- 18h, fenil- 18g, etilesteris
18p, metoksi- 18i, metoksimetil- 18], ¢-butilakinil- 180 bija savietojamas ar reakcijas apstakliem
un deva reakciju produktus ar labiem un Joti labiem iznakumiem. Mazak veiksmigs substrats
izradijas 4-OAc aizvietots fenilalanina atvasinajums, kas veidoja produktu 181 ar 57% iznakumu,
kas ir saistits ar dal&ju acetilgrupas noskelSanu reakcijas apstaklos. Naftilaizvietotas 18r,s ka arT
tiofénaizvietotas aminoskabes izradijas pieméroti substrati C—H saites karboniléSanai, dodot
attiecigos produktus 18t ar Joti labiem un izciliem iznakumiem. Novérojam, ka arT amida
atvasinajums 18u, kas potenciali spétu koordinét un deaktivét katalizatoru, bija reag€tspgjigs un
deva reakcijas produktu ar 52% iznakumu.
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CO (1 atm)
Co(dpm)z (30 mol%)
CO,Me PivOH (2 ekviv)

Ar HN Ag2CO3 (1.5 ekviv)
Mn(OAC)s * 2H,0 (2 ekviv) 18
N7 i PhCI, 120 °C, 6h
X
17
3
@CO;Me i:q(cozme Me CO,Me FmCOZMe BrmCOzMe mcoznne
18a, 13h, 73% 18b, 12h, 88% 18c, 8h, 77% 18d, 9h, 73% 18e, 12h, 70% 18f, 24h, 77%
CO-Me CO,Me CO2Me CO,Me CO,Me CO3Me
189, 20h, 87% 18h, 6h, 34% 18i, 12h, 80% 18, 6h, 91% 18k, 16h, 61% 181, 12h, 57%
COMe CO,Me COMe COzMe COZMe CO,Me
NH
EtOZC NH
o
18m, 8h, 82% 18n, 8h, 81% 180, 12h, 72% 18p, 4h, 74% 18r, 6h, 95% 18s, 24h, 75%
WCOZME @CONH%
18t, 12h, 81% 18u, 12h, 52%

16. att. Fenilalaninu 17 substratu klasts C—H saites karboniléSanas reakcija

Pétot reakcijas substratu klastu, mé&s atklajam reakcijas ierobeZojumus (17. att).
Benzoilaizvietota substrata 19a gadijuma, reakcijas produkta veidoSanos nenovérojam, kas
liecina par virzo$as grupas svarigo nozimi. Reakcijas produktu veidoSanas netika novérota art
kvaternara substrata 19b, homofenilalanina 19d vai ari homobenzilamida 19¢ gadijumos. Sads
rezultats liecina, ka veiksmigas transformacijas veikSanai ir nepiecieSama estera funkcionala
grupa, ka art dubultsaites klatbatne.

CO (1 atm)
Co(dpm), (30 mol%)
PivOH (2 ekviv)
Ag,CO3 (1.5 ekviv)

Substrats
Y Mn(OAc); '2H;0 (2 ekviv) o
19 PhCI, 120°C, 6 h
COZEt COzMe CozE'

17. att. Neveiksmigie substratl C—H saites karbomlesanas reakcijé

Ir zinams, ka amidsaites peptidu molekulas var viegli helatét metala jonus un tadgjadi
deaktivét katalizatoru. ST iemesla dél, més vélgjamies parbaudit, vai izstradato metodi varétu
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pielietot ar uz sarezgitakiem substratiem - isiem peptidiem. Sim nolikam m@s izmantojam
dazadu dipeptidu 12a-c un tripeptidu 22d substratus. Sakotngji paklaujot tos standarta reakcijas
apstakliem, m&s noverojam vélamo produktu veidoSanos, tomer ar zemiem iznakumiem, kas ir
skaidrojams ar neidentificEtu blakusproduktu veidoSanos. Mums izdevas uzlabot reakcijas
produktu iznakumu, atmetot Mn(OAc);-2H,O oksidetaju un vienlaikus palielinot Ag,CO;
iekravumu Iidz 2,5 ekvivalentiem. Noveérojam, ka Sados reakciju apstaklos C-H saites
karbonilé$anas produktus 22a-d bija iesp&jams iegiit ar pienemamiem un labiem iznakumiem.
Tome@r enantioméra parakuma analize paradija, ka diemzel reakcijas apstaklos notiek dal&ja
blakus esosa hirala centra racemizacija substratos 22a un 22b, attiecigi iegiistot produktus ar
86% un 93% ee. Visticamak, ka lidziga racemizacija notiek arT substrata 21d, tacu produkta
attiriSanas laika ieguvam tikai vienu diastereomeéru 22d (18.att.).

0
CO (1 atm) o)
AS Co(dpm); (30 mol%)
HN__O PivOH (2 ekviv) A AS
Ag;CO; (2.5 ekviv) NH
_ AGLO; 2.5ekviv)
21 N7 PhCI, 120 °C, 6 h o
N 22
,,,,,,,,,,,,,,,,,,, TR
Q o] ¥ Ph 0 Me OMe
NN Co,E NN CoMe Ay Mey x N/HTN o
NH NH H H
NH T OMe NH °
o]
22a, 67%, 86% ee 22b, 60%, 93% ee O  22c,69% © 22d, 46%

18. att. Velinas stadijas C—H saites funkcionaliz&Sana peptidos 22a-d

Lai labak izprastu reakcijas mehanismu, més veicam papildus kontroleksperimentus.
Paklaujot nepiesatinato fenilalanina atvasinagjumu 23 standarta reakcijas apstakliem, mes
ieguvam karbonilésanas produktu 14 ar 91% iznakumu (17. att., a)). Sads rezultats liecina, ka 14
loti iesp&jams ir karboniléSanas reakcijas intermediats. Turklat, izmantojot UPLC-MS analizi,
més ari detekt&jam, abu énamina 14 regioizoméru klatbutni reakcijas maisijuma. Interesanti, ka,
pievienojot vienu vai tris ekvivalentus radikalu kéraju TEMPO katalitiskaja sistéma, mes
noveérojam nozimigu reaktivitates samazinaSanos, un ieguvam karboniléSanas produktu 14 ar
36% un 7% iznakumiem. Savukart, izmantojot &naminu 23 ka substratu, tik ievérojamu
reag€tspejas samazinasanos nenovérojam un ieguvam produktus ar 75% un 66% iznakumu (19.
att., b)). legutie rezultati liecina par iespjamu SET reakcijas mehanismu, kas nodroSina
intermediata enamina 23 veido$anos pirms C—H saites aktivéSanas. Papildus ieguvam Co(III)
kompleksu 24, ko mums izdevas izdalit no reakcijas maisijuma un pieradit ta struktiiru ar
rentgenstruktiranalizi. Novérojam, ka Co(Ill) komplekss 24 CO atmosfera veidoja velamo
reakcijas produktu ar kvantitativu iznakumu (19. att., c)).
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CO (1 atm)
Co(dpm); (30 mol%)
a) PivOH (2 ekviv)

- CO2Me Ag2CO3 (1.5 ekviv) ~COzMe
PhC, 120 °C, 2h
(o]

O~

23
14,91%

b)
COM
0 2Me standarta 14
N._O + TEMPO apstakli -

EMPO 1 ekviv)

MPO 3 ekviv)
DN CO,Me
0 standarta 14
HN. -0 . TEmMPO __ @pstaki
75% (TEMPO 1 e
23 N7 66% (TEMPO 3 e
<
c)
N CO,Me
L
T N._O CO,Me
O2N O'/Cé CO (1 atm) S
Bu- P e ——— ND
N7 CD4CN, ist. t, 16 h O,N
~© N | kvant. o
tBu 25
24
L = CD;0D

19. att. Fenilalanina 13 C—H saites karboniléSanas kontroleksperimenti

Balstoties uz reakcijas mehanisma pétfjumiem, ka arT uz literatiiras datiem, misu
piedavatais reakcijas mehanisms ir redzams 20. att€la. Sakotngji fenilalanina atvasinajums 15
reakcijas apstaklos SET reakcija tiek oksidéts Iidz iminam 23a, kas talak tautomeriz€jas par
enaminu 23. Sekojosos koordinésanas/oksidesanas solos veidojas Co(IIl) komplekss A, kas C—H
saites aktivéSanas rezultata dod intermediatu B. Intermediats B var talak tikt oksidets lidz
Co(IV), kam seko CO molekulas koordinéSana un migréjosa iespieSanas, dodot acil-Co(IV)
intermediatu C’ (cel§ a). SekojoSas reduc€josas eliminéSanas stadija tiek ieguts produkts D.
Saskana ar celu b, intermediata B vispirms varétu notikt CO koordin&Sana/migr&josa ievietosana,
kam seko reducgjosa eliminéSana no kompleksa C. Alternativi nevar izslégt arT iesp&jamu C
oksidésanu 1idz Co(IV) intermediatam C’ (cel§ c). Visticamak, ka misu gadijuma cel§ b ir
galvenais C—H saites funkcionaliz€Sanas mehanisms, jo kontroleksperimenta, kur izmantojam
Co(IIT) kompleksu, produkts 14 veidojas bez papildus oksidetaja pievienoSanas.Talak hidrolizes
rezultata tiek noskelta pikolinamida virzosa grupa, dodot galaproduktu 14 un atgriezot Co(I)
katalitiskaja cikla, kur§ talak tiek oksidéts lidz Co(Ill) kompleksam E. Notiekot ligandu
apmainas reakcijai starp kompleksu E un &énaminu 23, tiek atsakts katalitiskais cikls.
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20. att. Iespgjamais fenilalanina 15 C—H saites karbonilésanas mehanisms
4. Kobalta katalizéta fenilalanina C—H saites iminéSana

Péc kobalta katalizétas fenilalanina 13 C—H saites karboniléSanas metodes izstrades, més
veélgjamies attistit lidzigu virzienu, izmantojot izocianidus ka funkcionaliz€$anas reagentus.
Literatura ir zinami pieméri kobalta kataliz€tai C—H saites imin&Sanai ar izociaaniem tacu uz
doto bridi §ada veida parvértibas nav realizstas uz aminoskabju atvasindjumiem.’'? Sakotngji par
modelsubstratu izv€lgjamies fenilalantnu 13 un #-butilizocianidu ka C-H saites imingSanas
reagentu. Tas reakcijas apstaklos, kas bija piem&roti C—H saites karbonil&$anai, veidoja iminu
25a ar 41% (21. att.). Reakcijas apstaklu optimizeSanas eksperimentos diemzgl produkta
iznakumu uzlabot neizdevas, kas, musuprat, visdrizak ir skaidrojams ar strauju izocianida
bojasanos. Fenilalanina 13 C—H saites karbonileéSanas metodes izstrades laika mes paradijam, ka
reakcijas pirmaja soll notiek €namina 23 veidoSanas caur SET mehanismu. Visticamak, ka
fbutilizocianids spgj piedalities nevélamas blakusreakcijas ar brivajiem radikaliem, kas rodas Saja
solf un tadgjadi degradgjas.”’ Lai novérstu $o problému, més nolémam izmantot &naminu 23 ka
modelsubstratu. Noverojam, ka izocianids Sajos reakcijas apstaklos ir ieverojami stabilaks, tas
lava iegut produktu 25a ar 71% iznakumu.
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21. att. Fenilalaninu 13 un 23 C-H saites iminéSana ar ¢-butilizocianidu

Lai palielinatu reakcijas produkta iznakumu, veicam reakcijas apstaklu optimizéSanas
eksperimentus un nonacam pie Sadas katalitiskas sistemas: Co(dpm), katalizators, NaOPiv
piedeva, Ag,CO; oksidetajs, THF skidinatajs. Sakotngji més velgjamies parbaudit dazadu
izocianidu ietekmi uz C—H saites imingéSanas reakcijas iznakumu (22. att.). Masu optimiz&tajos
reakcijas apstaklos @namins 23 reakcija ar ¢-butilizocianidu deva attiecigo produktu 25a ar loti
labu iznakumu - 86%. Palielinot substrata iekravumu lidz 1,8 mmol, novérojam lidzigu rezultatu
— produkts veidojas ar 72% iznakumu. Lidzigi cikloheksil-, n-pentil- un feniletilaizvietoti
izocianidi bija savietojami ar reakcijas apstakliem un deva produktus 25b-d ar loti labiem un
izciliem iznakumiem 79-95%.

CO,Me Co(dpm); (20 mol%)

CO,Me
©A\( NaOPiv (2 ekviv) N
HN. _O Ag,CO;3 (1.5 ekviv) N._O
|

RNC (2 ekviv) N
N~ ‘ THF, 4A MS 100 °C, 2h RTNT ‘
PER 25N
COzMe COzMe COzMe COzMe
253, 86% 25b, 96% 25¢, 79% 25d, 80%

72%"° a o
substrata iekravums 1.8 mmol

22. att. Izocianidu klasts fenilalanina 23 C—H saites imin€Sanas reakcija

Turpmakos substrata klasta pétjumos mes parbaudijam dazadu orto-, meta-, para-
aizvietotaju savietojamibu ar reakcijas apstakliem (23. att.). Elektronus-dongjosas Me-, OMe-,
OAc- un Ar-grupas uzradija labu savietojamibu ar reakcijas apstakliem un deva attiecigos
produktus 27a-d,f ar labiem un izciliem iznakumiem — 74-96%. Interesanti, ka 4-OAc aizvietota
substrata 27e gadljuma notika ne tikai C—H saites iminéSana, bet ar1 trans-aciléSana, kas lava
ieglt 4-OPiv aizvietotu produktu. Gan BocNH-, gan PhthN- meta-pozicija aizvietoti substrati
reaggja labi un veidoja produktus 27g,h ar 84% un 83% iznakumu. Jaatzime, ka meta-aizvietotu
substratu gadijuma ari Soreiz novérojam tikai viena regioizoméra veido$anos, C-H saites
aktivéSanai notiekot ar mazak steriski apgritinato orto-C-H saiti. Parbaudot dazadu
halogénatomu aizvietotajus orto- un para-pozicijas noskaidrojam, ka F-, Cl- Br-, I- aizvietototi
substrati ir savietojami ar reakcijas apstakliem un dod attiecigos produktus 27i-1 ar 61-65%
iznakumu. Papildus noskaidrojam, ka ar1 citas aromatiskas sisteémas var tikt funkcionalizetas,
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izmantojot misu izstradato metodi. To labi demonstrgja tiofenil- un furanil-alantni, kas reakcijas
apstaklos veidoja attiecigos iminus 270,p ar 64% un 67% iznakumu.

co,Me  Co(dpm); (20 mol%)
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/ / /
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23. att. Nepiesatinatu fenilalaninu 26 substratu klasts C-H saites karboniléSanas reakcija

Lai demonstrétu izstradatas metodes praktisko pielietojumu, més paradijam, ka iegtie
C—H saites imin&Sanas produkti var tikt izmantoti 1-aminoizohinolinu 28a,b sintéz& (24. att.).
Mgs atklajam, ka pikolinamida virzoSo grupu var noskelt reduc€josos apstaklos, izmantojot
LiAlH,, lai iegttu produktu 28a ar pilniba reducétu estera grupu. Savukart, izmantojot Zn/AcOH
maisTjumu virzo$as grupas SkelSanai, ieguvam metilesteri 28b ar labu iznakumu -67%.

LiAIH, A OH
—

THF, =N
0°C-ist t, _NH

o C0Me 30 min t-Bu
N 28a, 93%

|

N

| X CO,Me
252 Xy 7n
N
AcOH, ist. t.

t—Bu/NH
28b, 67%

24. att. Virzosas grupas noskel$ana reducgjosos apstaklos
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Mes veicam kontroleksperimentus, lai labak izprastu C—H imin&$anas mehanismu (25.
att.). Vispirms noskaidrojam, ka katalitiska cikla pirmais solis ir Co(dpm), katalizatora
koordingsana pie substrata, nevis Co(II) oksideésana uz Co(III).

a) Ligandu apmainas eksperimenti

Co(dpm);
X C0Me Naopiv
HN._O Ag2CO;4
tBuUNC 252, 0%
N THF, 100 °C
23 X
CO,Me tBuUNC
N. O NaOPiv
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23 =P cd P90 o s5%
o N THF, 100 °C
r N ‘
20 O
b) H/D apmainas eksperimenti
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N
R = CN (26s) / OMe (26b) 27s (24%) | 27b (31%)
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e) Stehiometriskais eksperiments

~COaMe Ny C0Me

N O BuNC N0
cd MeCN |

dpm NZ ‘ 100 °C, 15min tBu’N NZ ‘

30 N 25a, kvant
25. att. Kontroleksperimenti C—H saites imin&Sanas reakcija

To labi paradija ligandu apmainas kontroleksperiments, kura, paklaujot substratu 23
reakcijas standartapstakliem, tas izradijas nereag€tsp&jigs, ja Co(dpm), katalizators tika aizstats
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ar Co(dpm); (25. att., a)). Turklat, stehiometriskaja eksperimenta, kur Co(Il)-substrata komplekss
29 tika paklauts reakcijas standartapstakliem, tas deva vélamo imin&Sanas produktu 25a ar 55%
iznakumu (25. att., a)). Talak pieveérsamies H/D apmainas eksperimentiem. Izmantojot AcOD-d4
ka papildus skidinataju reakcijas apstaklos, més novérojam 14% H/D apmainu substrata 26a
orto- pozicija. Lidzigu rezultatu noveérojam, izmantojot AcOH S$kidinataju un ar deitériju
iezim&tu substratu D-26a (25. att, b)).Turpinot D-iezimes eksperimentus, m&s noteicam
kingtiska izotopa efekta vertibu konkurences eksperimenta KIE = 1.12 (23. att., c¢)). Sada vértiba,
ka arT rezultati, ko ieguvam H/D apmainas eksperimentos, liecina, ka C—H saites aktivéSanas
solis katalitiskaja cikla visticamak ir apgriezenisks un nav reakcijas limitgjosa stadija. Talakos
konkurences eksperimentos, kur paklavam reakcijas apstakliem ekvimolaru daudzumu
elektroniem bagata un nabadziga substrata 26b un 26s, novérojam mazliet lielaku reaggtsp&ju
elektroniem bagataka substrata, kas var€tu liecinat, ka C—H saites aktivéSana notiek saskana ar
SgAr mehanismu (25 att., d)).14'16 Mums izdevas izdalit Co(IlI) kompleksu 30 no reakcijas
maisTjuma I1dzigi ka C—H saites karbonilésanas reakcijas. Kompleksam 30 reakcija ar /BuNC
degazeta MeCN noverojam imingSanas produkta 25a veidoSanos ar kvantitativu iznakumu (25.
att., e)).

Balstoties uz veiktajiem mehanisma pétijuma eksperimentiem, piedavatais katalitiskais
cikls ir redzams 26. att€la. Katalitiskais cikls tiek inicieéts Co(dpm), katalizatoram koordingjoties
pie substrata 23, veidojot kompleksu A. Sekojosa oksidesanas solt tiek iegiits Co(IIT) komplekss
B, kas talak C—H saites aktivésanas soli dod kompleksu C. CO molekulai koordingjoties un
migrgjosi ievietojoties Co-C sait€, rodas iminoil-Co kompleks D, kas reducgjosas eliminéSanas
cela dod gala produktu 25a un Co(I), kas tiek oksidéts un atgriezts katalitiskaja cikla.
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dom aktivésana
¢ 1

26. att. Piedavatais cikls kobalta kataliz&tai nepiesatinata fenilalaninu 23 C—H saites iminéSanai
ar izocianidiem
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SECINAJUMI

Kobalta-katalizéta fenilglicinolu C—H saites alkenileéSanas reakcija ir iesp&jams iegt
dihidroizohinolina atvasinajumus. C—H saites alkeniléSanai ir iesp&jams izmantot gan
simetriskus, gan nesimetriskus iek$gjos, ka arT terminalos alkinus. Substrata eso$a hirala
informacija tiek parnesta uz produktu bez enantioméra parakuma zuduma.

36 Pieméeri
Iznakums Iidz 94%

Izmantojot terminalos alkinus kobalta-katalizgtai fenilglicinolu C—H saites alkeniléSanai,
alkina aizvietotdjs vienmér novietojas C(3) pozicija dihidroizohinolina produkta, kas ir
saskana ar literatliras datiem. Izmantojot nesimetriskus iek$&jos alkinus kobalta-
katalizetai fenilglicinolu C—H saites alkeniléSanai, lielakais alkina aizvietotajs vienmer
novietojas C(3) pozicija dihidroizohinolina produkta, savukart mazakais — C(4) pozicija.

Kobalta-katalizéta fenilglicinolu C—H saites karboniléSanas reakcija ir iesp&jams iegiit
izoindolinona atvasinajumus. CO gazes gener&Sanai in situ ir iespEjams izmantot
diizopropilazodikarboksilatu (DIAD). Lidzigi ka C—H saites alkeniléSanas gadijuma,
hirala informacija tiek saglabata reakcijas gaita. Pikolinamida virzosa grupa tiek noskelta

reakcijas apstaklos, pec veiksmigas C—H saites funkcionalizésanas.
o

R20. ) [Co] R20 )
n O 10] N o
AN S 19 Pieméri
f N | [ NH  iznakums fidz 96%
X N~ X7
R' R' &

Kobalta-katalizeta fenilalanina C—H saites karbonil€Sanas reakcija ir iesp€jams iegit
izohinlinona atvasinajumus. Kobalta katalizatora un oksidétaja klatbutné reakcijas vidé
vispirms veidojas nepiesatinats fenilalantna intermediats, kam seko C-H saites
funkcionalizé$ana un visbeidzot virzosas grupas noskelsana in situ.
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Kobalta-kataliz&ta nepiesatinata fenilalanina C—H saites imin€Sanas reakcija ir iespgjams
ieglt izohinolin-1(2H)-imina atvasinajumus. Turklat, C—H saites imin&Sanas reakcija
iegltajiem izohinlin-1(2H)-imina produktiem var viegli noSkelt virzoso grupu
reducgjosos apstaklos, lai iegiitu 1-aminoizohinolina atvasinajumus.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Medicine, material science, agrochemistry and other chemistry-related sciences cannot be
imagined without organic compounds. Therefore, the development of efficient and inexpensive
methods for organic compounds is one of the preconditions for the successful development of
these areas. C—H bond activation and functionalization is a relatively novel synthetic approach in
organic synthesis. This approach allows installing functional groups into the molecule in a single
step, therefore replacing previously employed time-consuming reaction sequences and avoiding
the formation of unwanted by-products (Fig. 1).

Functional group transformations

R —H —=. R —FG' —= R —FG?

‘ C-H activation and functionalization T

Fig. 1. C—H bond functionalization

The term "C—H activation" is often used in organometallic chemistry to describe the process
in which the metal center binds to the C—H bond in the substrate, making it more reactive and
transforming the substrate in the subsequent C—H functionalization step. Although C—H bonds
are very common in the organic compounds, their chemical reactivity is low. By comparing the
dissociation energies of the bonds (C(sp3)-H =105 kcal/mol, C(spz)-H =110 kcal/mol, C(sp3)-Cl
= 83 kcal/mol, C(sp3)-Br = 70 kcal/mol and C(sp3)-I= 56 kcal/mol) it can be clearly seen that the
activation and functionalization of the C—H bond is much more difficult compared to the C—Hal
bonds traditionally used in transition metal catalyzed reactions.'

Precious metal catalysts are commonly used for the activation of C—H bonds, even though
nowadays there is a growing demand for cheaper and more environmentally friendly catalysts,
due to the strong emphasis on the basic principles of “green chemistry”, which prefer
sustainable, environmentally friendly and economical synthetic methodology.” Despite this, the
main results in the field of C—H bond functionalization have been achieved using precious metals
(Rh, Ru, Pd), which are rare, expensive, and toxic.! Only relatively recently 3d transition metals
(Fe, Co, Ni) have witnessed the growth of interest among chemists and have been used in
catalytic C—H bond functionalization reactions. One of such alternatives is cobalt which accounts
for about 0.0029% of the Earth's crust in contrast to the palladium, which is traditionally used in
chemical reactions, and is estimated to be a trillion parts of the Earth's crust mass. Only since
2010 has there been a very rapid growth in cobalt-catalyzed C—H functionalization methodology,
therefore it can be considered as a one of the most promising alternative to precious metal
catalysts.'
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Cobalt catalyzed C-H bond functionalization reactions can be distinguished into two
categories:

1.

Low valent cobalt catalysis. Co catalysts in this category have an oxidation state of 0 or
+1 and are obtained from Co(I) or Co(II) pre-catalysts under reductive conditions;
High-valent cobalt catalysis. Cobalt catalysts in this category have an oxidation state of
+3 and are obtained from Co(III) or Co(Il) pre-catalysts under in situ oxidative
conditions. Since the discovery of cobalt-catalyzed C—H functionalization reactions, most
of the transformations have been achieved using a low-valent cobalt catalysis approach. It
was only between 2013 and 2014 that the use of high-valent Co(III) or precursor Co(II)
catalysts began to emerge. In the following years, special attention was paid to cobalt-
catalyzed C-H functionalization reactions, and the number of publications currently
published in this field is close to five hundred. The methodology developed in the
Doctoral Thesis is based on the high-valent cobalt catalysis approach, using Co(Il) pre-
catalyst in combination with bidentate directing group as a Co(III) precursor.

Despite that the cobalt-catalyzed C—H bond functionalization reactions by their nature

being ,,greener” options than precious metal catalyzed counterparts, there are still some research
directions which can make the process even more economically attractive and environmentally
friendly. One of these directions is the directing group strategy.® The use of directing groups is
an important precondition for regioselective transformation, as it enables to coordinate and direct
the metal catalyst in close proximity of the target C—H bond. However, majority of the directing
groups require additional installation step prior to the C-H functionalization followed by a
cleavage step after the transformation, thus partially negating the benefits they provide. To
overcome this problem, several types of directing groups have been introduced (Fig. 2.):

1.

Traceless directing groups are introduced in the molecule before the C-H bond
functionalization step, however are removed under the same reaction conditions after
successful transformation. Thus far, a decent progress in this field has been achieved and
many examples can be found in the literature exploiting a variety of directing groups.
However, unfortunately, most of the reported transformations are limited to carbonylation
and annulation reactions with alkynes, diynes and alkenes.’

Transient directing groups are installed and removed under the reaction conditions in situ.
Such directing groups are relatively recent additions to the field of cobalt catalysis,
therefore there are only two examples reported in the literature.’

Weakly directing groups are preexisting functional groups (carboxylic acids, esters,
ketones, aldehydes, amides, etc.) in the molecule, that can coordinate to the metal
catalyst. This directing group approach is seemingly the most attractive one, especially in
late stages of the synthesis, although is the most challenging. For this reason, examples
where weak directing groups have been exploited are rare.®
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Directing group strategy

C-H activation
1 and 1
FG'  pG instaliation DG functionalization @DG DG cleavage ©1FG
FG2 FG2

Traceless directing

C-H activation, funct[onalization group strategy

and DG cleavage in one pot

via DG installation, C-H activation, Transient directing
functionalization and DG group strategy

cleavage in one pot

Weakly coordinating directing
group strategy

C-H activation, functionalization

Fig. 2. The directing group strategy

Amino acid and amino alcohol fragments are frequently present in many pharmaceuticals
as a part of peptidomimetics and protein building blocks. In addition, they are useful building
blocks, which are widely used both in organic synthesis and asymmetric catalysis.® Development
of novel amino alcohol and amino acid synthetic methodologies could potentially reduce the
production cost of the pharmaceuticals that already exist in the market as well as introduce novel
synthetic pathways. For these reasons, the Thesis is dedicated to the development of novel
cobalt-catalyzed C—H bond functionalization methodologies using alkyne, CO, isocyanide
reagents (Fig. 3.)

R RO [0}
=
c - = . N
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R
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Fig. 3. Cobalt-catalyzed C—H bond functionalization of amino acid and amino alcohol
derivatives
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Aims and objectives

The aim of the thesis is to develop novel, efficient and practical methodology for cobalt-
catalyzed C—H bond functionalization.

The following tasks were set:

1. Obtain amino acid and amino alcohol derivatives, which could be employed as substrates for
C-H bond functionalization reaction. Phenylglycinol and phenylalanine as model substrates were
chosen (Fig. 3.);

2. Explore the literature and select appropriate reagents that could be used for C—H bond
functionalization reactions. Perform optimization of reaction conditions, investigate the substrate
scope

Scientific novelty and main results

As a result of the thesis, 4 novel C—H bond functionalization methods of amino acid and
amino alcohol derivatives were developed:

1. Cobalt catalyzed C—H bond alkenylation of phenylglycinol derivatives;
2. Cobalt catalyzed C—H bond carbonylation of phenylglycinol derivatives;
3. Cobalt catalyzed C—H bond carbonylation of phenylalanine derivatives;
4. Cobalt catalyzed C—H bond imination of phenylalanine derivatives

Structure of the thesis

The thesis is a collection of scientific publications on the cobalt-catalyzed C—H bond
alkenylation, carbonylation and imination of phenylglycinol and phenylalanine derivatives as
well as derivatization options of the obtained products.
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MAIN RESULTS OF THE THESIS

1. Cobalt-catalyzed C—H bond alkenylation of phenylglycinol

The development of the C—H bond alkenylation methodology was chosen as the first
direction of the research. For the initial experiments phenylglycinol 1 was chosen as the model
substrate and #-butyl acetylene as the functionalization reagent. We envisioned that substrate 1 in
the reaction with alkyne could form four potential products 2a-d, however we observed the
formation only of product 2a (Fig. 4.). During the optimization of the reaction conditions, we
arrived to the following catalytic system: Co(dpm), -catalyst, NaOPiv additive and
Mn(OAc);-2H,0/ O, oxidant system.

TBSO. TBSO

=Bu (3 equiv) (;&h{A NHPA
©\ﬁ Co(dpm); (20 mol%) sy | o
NaOPiv (1.2 equiv) B
OTBS  Mn(OAC)s 2H,0 (equiv) 23 2b “Bu PA= B

NHPA TBSO TBSO N _~

MeOH, 80 °C, Oy, 16h
1
NPA PA
=
\
Bu tBu
2c

2d

Fig. 4. C-H bond alkenylation of phenylglycinol 1

First, we determined the benzylic substituent effects on the reaction yield (Fig. 5.). We
found that O-unprotected amino alcohol 4a is not compatible with the reaction conditions and the
formation of the product was not observed, which potentially could be explained by deactivation
of the catalyst caused by the excessive chelation of the free hydroxyl group to the cobalt catalyst.
Substrates 2a, 4b-e bearing TBS, MOM and PMB protecting groups as well as methyl and
phenyl group containing substrates 3e and 3d reacted well under the reaction conditions and gave
products in good and very good yields — 70-88%.

=—1Bu (3 equiv)
R Co(dpm)_ (20 mol%) R
NaOPiv (1.2 equiv)
NHPA  Mn(OAc)s 2H,0 (2 equiv) NPA
MeOH, 80 °C, O, 16h N8y
3 4
HO TBSO MOMO PMBO Ve Ph
= = =
Z tBu Z tBu 2 tBu tBu tBu tBu
4a, 0% 2a, 83% 4b, 70% 4c, 75% 4d, 82% 4e, 88%

Fig. 5. Benzylic substituent scope in C—H bond alkenylation reaction
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Next we examined the compatibility of phenylglycinol 1 scope for the optimized reaction
conditions. We tested various substituents in the ortho-, meta- and para-positions of the benzene
ring (Fig. 6). Interestingly, meta-substituted substrates delivered products as a single
regioisomers, by reacting at the less sterically hindered C-H ortho-bond. We found that
substrates bearing electron-donating substituents such as alkyl (product Sc,e), methoxy (5a,g),
and methoxymethyl Sh, were well tolerated and furnished products in good and very good yields
— 55-90 %. Similar reactivity we observed also in substrates bearing electron-withdrawing
substituents, providing products 5d and 5i in 65% and 75% yields respectively. Halogen-
substituted substrates were also compatible with the reaction conditions (products 5b.f.j).
Interestingly, phenylalaninol 11, and thiophene 1k were also competent substrates for the C—H
bond alkenylation, giving products 5k,l in very good yields. It should be noted that in the case of
thiophene Sk, the reaction was not selective and the product was obtained as a mixture of
regioisomers with the ratio of 2.1:1.

oTBS =——1tBu (3 equiv)

B
(n Co(dpm); (20 mol%) ( OTBS
' N NHPA NaOPiv (1.2 equiv). N "
L Mn(OAc)s 2H;0 (2 equiv)_ ] NPA
R MeOH, 80 °C, O, SN Ny
1 R 5
ome ~OTBS E oTBS oTBS OTBS OTBS OoTBS
Me CF,
NPA NPA NPA NPA NPA NPA
— ~ = 7 =
tBu tBu tBu tBu  Me Z tBu Br tBu
5a, 20h, 55% 5b, 16h, 74% 5c, 24h, 78% 5d, 20h, 65% 5e, 16h, 90% 5f, 16h, 70% OTBS
OTBS OTBS OTBS OTBS oTBS
7 ~ 7 =
MeO tBu MOMO Bu  CF30 ZNBu F ZNtBu s tBu tBu
5g,16h, 75% 5h, 16h 84% 5i, 20h, 75% 5j, 20, 66% 5k, 20h, 84% 51, 40h, 71%

Fig. 6. The substrate scope in the C—H bond alkenylation reaction

Next step of the research involved the examination of alkyne scope for the C—H bond
alkenylation of phenylglycinols 1 (Fig. 7.). For this purpose we selected symmetric and non-
symmetric dialkyl, diaryl, as well as terminal alkynes. Symmetric dialkyl and diary acetylenes
displayed good reactivity and gave products 6a-e in very good yields — 70-80%. In case of
terminal alkynes, we obtained products 6f-m as single regioisomers in yields ranging from 65 to
88%. Interestingly, in the reaction of phenylglycinol 1 with 4-nitrophenylacetylene, we observed
the formation not only of the C—H bond alkenylation product 6m, but also the formation of
dialkenylation product 6m’. To show the utility of the developed method, we performed the
reaction in 1g scale and obtained the product 6i in a very good yield — 80%.
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R'-=—R?(1.5 - 3 equiv)

OTBS Co(dpm); (20 mol%) oTBS
NaOPiv (1.2 equiv)
NHPA Mn(OAc)z 2H,0 (2 equiv) /NPA
MeOH, 80 °C, O, R
1 R 6

oTes oT8s OTBS R = H, R? = ciklopropyl, 6f, 74%°
R'=H, R? = Ph, 6g, 73%"
NPA  R'=H, R2=4-OMePh, 6h,88%"
Z R? R'=H, R?=TMS, 6i, 71% (80%"?)
R' =Me, R? = Ph, 6j, 73%"

alk =Me, 6a, 70%°  Ar=Ph, 6d, 77%® R' = H, R? = 2-tiofenyl, 6k, 65%"

alk = Et, 6b, 76% Ar = 4-BrCgHg-, 6€, 76%" NO,
alk = n-Pr, 6¢, 80%" O
9®
OTBS
0TBS oTBS
' NPA X NPA SUNPA
’ @ ¢
NO,

6l, 54%° )
6m, 50% 6m’, 16%°

2 1g scale. ® Reaction time 16h. ¢ Reaction time 20h
Fig. 7. Alkyne scope in the C—H bond alkenylation reaction

Additionally we wanted to test whether the chiral information of enantioenriched
substrates can be preserved under the reaction conditions. For this reason we used substrate (§)-1
for the reaction with various aromatic, aliphatic, internal as well as terminal alkynes under the
optimized reaction conditions. Gratifyingly, we found that in all of the cases, racemization of the
chiral center did not occur and no erosion of enantiopurity was observed in the products (S)-2a,
6a,g,d,i (Fig. 6.).

R'-=——R?(1.5- 3 equiv) oTBS
oTBS Co(dpm); (20 mol%)
NaOPiv (1.2 equiv)
NHPA Mn(OAc)s 2H,0 (2 equiv) /NPA
MeOH, 80 °C, O. R
(S)1 ¢ 2 R (S92a,(5)6
OTBS OTBS OTBS OTBS OTBS
NPA NPA NPA NPA NPA
= = = =
ZN@u Me Ph Ph ™S
Me Ph
(S)-2a (S)-6a (S)-6g (S)-6d (S)-6i
70%, >99% ee 77%, >99% ee 67%,>99% ee  70%,>99% ee  85%, >99% ee

Fig. 8. Preservation of the chirality

We demonstrated that the picolinamide directing group can be cleaved in the products to
obtain tetrahydroisoquinoline 8 derivatives (Fig. 9.) Initially, enantiopure substrate (5)-6i was
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reduced under Birch reduction conditions in the presence of Na/NHj; to afford product 7 with
high diastereoselectivity (d.r. > 20:1). Subsequently, the picolinamide directing group was
cleaved with LiAlH4 to obtain tetrahydroisoquinoline 8 in very good yield with full preservation
of initial enantiopurity (ee > 99%).

S
eso. L_n TBSO
e
THF, -78 °C N" 70 THF 0°C-rt NH
d.r.>20/1 ™S T™S
7,69% 8, 86%, >99% ee

Fig. 9. Cleavage of the directing group

2. Cobalt-catalyzed C—H bond carbonylation of phenylglycinols

Moving forward with the development of the phenylglycinol 1 C-H bond
functionalization methodology, we turned our attention to C—H bond carbonylation. Initially we
employed the same catalytic system that had displayed good reactivity for the C—H bond
alkenylation reactions. For the generation of the CO gas in situ, we used DIAD, which has been
exploited for the similar purpose in the literature. We observed the formation of carbonylation
product 9 in 10% NMR vyield (Fig. 10.). Interestingly, the picolinamide directing group was
cleaved under the reaction conditions after successful C—H bond carbonylation.

DIAD (2 equiv)
TBSO. Co(dpm), (20 mol%) TBSO,
NaOPiv (1.2 equiv)
Xy Mn(OAc)3 2H20 (2 equiv) NH
T MeOH 80°C,0,
o]

9, 10%
Fig. 10. C—H bond carbonylation of phenylglycinol 1

During the optimization of the reaction conditions we found that the successful
transformation required Co(dpm), catalyst, PivOH additive, Ag,COj; oxidant and DIAD as CO
surrogate. First, we tested several alcohol protecting groups (Fig. 11.). Similarly as in the C-H
bond alkenylation reactions, unprotected amino alcohol did not furnish the desired product 11a.
Even though PMB, MOM protecting groups were suitable for C-H bond carbonylation and
afforded products 11b,c, they were obtained in lower yields compared to product 9 with TBS
protecting group.
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RO DIAD (2 equiv) RO,
o Co(dpm); (20 mol%)
PivOH (1 equiv)
N Y AgsCO3 (2 equiv) NH
N~ DCE, 100°C, 24 h S

TBSO, PMBO, MOMO,
11a, 2h, 0% 9, 40h, 84% 11b, 40h, 36% 11c, 40h 61%

Fig. 11. Directing group scope for the C—H bond carbonylation

The substrate scope experiments showed that the reaction conditions are mild and
compatible with various functional groups (Fig. 12.). Similarly to the C—H bond alkenylation
reaction, meta-substituted substrates delivered only regioisomer, by reacting in the sterically
hindered ortho-C—H bond. Both electron rich 12a,¢,f-h and electron poor substrates 12d,i gave
products in good and excellent yields — 66-96%. Similar result was also observed using halogen-
substituted substrates, affording products 12b.e,j,k in 75-91% yields. We demonstrated that
thiophene amino alcohol was also competent substrate for the C—H carbonylation, however the
reaction was not selective and the product 12L1> was obtained as a mixture of regioisomers in
total yield of 67%. Bulkier substrate 12m as well as quaternary substrate 12n gave products in
medium yield. However, in the case of both substrates 12m,n, additional catalyst and oxidant

loading was necessary after 24h.

DIAD (2 equiv)
Co(dpm), (20 mol%) TBSO.

TBSO PivOH (1 equiv)
Ag,CO3 (2 equiv)
DCE, 100°C, 24 h

OMe OTBS F OTBS OTBS OTBS OTBS OTBS
Me
NH NH
(o] (o]

12a,48h,66%  12b, 24h, 85% 12¢, 30h, 71% 12d, 48h, 81% 12e, 24h, 90% 12f, 24h, 77%
oTBS oTBS oTBS oTBS oTBS
/(i/ NH NH
MOMO CF30
o o
12g, 24h, 96% 12h, 48h, 72% 12i, 48h, 75% 12j, 48h, 75% 12k, 40h, 91%
oTBS
(j:é/oms <ﬁ/oms " _0OTBS :/OTBS /
121, 40h, 52% 121, 40h, 15% 12m, 48h, 40% 12n, 48h, 40% 120, 40h, 91%

Fig. 12. Substrate scope for the C—H bond carbonylation of phenylglycinol 1
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We demonstrated that the original stereochemistry of substrate can be preserved under
the reaction conditions during the C—H bond carbonylation by affording product ($)-9 in high
yield and >99% ee (Fig. 13.)

TBSO. DIAD (2 equiv) OTBS

o} Co(dpm)2 (20 mol%)
PivOH (1 equiv)
” AgoCO3 (2 equiv.
N DCE, 100 °C, 24 h

(S)1

o
>99% ee 90%, (S)9

>99 % ee
Fig. 13. Preservation of the stereochemistry in C—H bond carbonylation reaction
3. Cobalt-catalyzed C—H bond carbonylation of phenylalanine

As the next step of our study, we chose to transfer C—H bond carbonylation methodology
to phenylalanine derivatives. We used phenylalanine 13 as the model substrate and picolinamide
directing group that had displayed good results in our previous research. We were pleased to find
that the employment the same reaction conditions, that were suitable for C—H bond carbonylation
of phenylglycinols 1, gave the desired carbonylation product 14, albeit in low yield — 17% (Fig.
14.) Interestingly, besides C—H bond carbonylation, we also observed the formation of double
bond between o and 3 carbons, and the cleavage of the picolinamide directing group in situ.

COzMe DIAD (2 equiv) CO,Me
Co(dpm)s (20 mol%) ‘ N2
PivOH (1 equiv) W NH

/ =
Ag>CO3 (2 equiv) R
N/ DCE, 100°C, 24 h
14, 17%

Fig. 14. Cobalt catalyzed C—H bond carbonylation of phenylalanine 13

The reaction optimization study showed that the best results can be achieved by
employing the following catalytic system: Co(dpm), catalyst, PivOH additive and
AgrCO3/Mn(OAc);2H,0 oxidant system in PhCl solvent at 120 °C under CO atmosphere
(latm). Initially, we tested the compatibility of several ester moieties with the reaction conditions
(Fig. 15.). Methyl ester substrate 13 displayed good reactivity and provided product 14 in
excellent yield — 94%. Upscaling the reaction to 1.7 mmol gave the product in 75% yield. Other
ester substrates such as Et-, fBu- and Bn-substituted substrates reacted similarly and gave
products 16a-c in very good yield — 70-83%. Although allyl substituted ester was competent
substrate for C—H bond carbonylation, we obtained the corresponding product 16d in acceptable
yield — 50%.
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CO (1 atm)
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Mn(OAc)3 - 2H,0 (2 equiv) @N(

H
N7 ‘ PhCI, 120 °C, 6 h |
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,,,,,,,,,,,,,,,,,, BUR=Mep15 . MAER=Meyt6 .
- CO02Me o CO2Et ~CO2fBu - CO2Bn Q
NH N o N
NH NH NH
NH
o 0 o o
o
14, 94% 16a, 70% 16b, 83% 16¢c, 70% 16d, 21 h, 50%

75% (1.7 mmol)
Fig. 15. Ester scope for the C—H bond carbonylation

Next, substrate scope study revealed that the C—H bond carbonylation reaction conditions
can be applied for a wide range of phenylalanine 17 substrates with various substitution patterns
in ortho-, meta- and para-positions of the benzene ring moiety (Fig. 16.). In case of meta-
substituted substrates, we observed the formation of a single regioisomer. Several functionalities
such as alkyl (products 18¢,f), halogen 18b,d,m,n, trifluoromethyl 18h, phenyl 18g, ethyl ester
18p, methoxy 18i, MOM 18j and rbutylakynyl 180 were compatible with the reaction conditions
and gave corresponding products in good and very good yields. Less successful 4-OAc
substituted substrate 181 afforded product in 57% yield, which was a result of partial acetyl group
cleavage under the reaction conditions. Naphthyl 18r,s and thiophene amino acids 18t were
competent substrates and underwent C—H bond carbonylation to give products in very good and
excellent yields. We were pleased to find that more challenging amide 18u, which could
potentially coordinate and deactivate the catalyst, also was reactive and delivered the product in
52% yield.
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Fig. 16. Phenylalanine 17 scope for C-H bond carbonylation

During the substrate scope investigation, we found some limitations (Fig. 17.). First,
benzoyl-protected phenylalanine 19a was unreactive, which shows the important role of the
directing group. Additionally, we did not observe formation of the product in case of
homophenylalanine 19d, homobenzylamide 19¢ or quaternary 19b substrates. Such a result
indicates that the presence of ester moiety as well as the double bond is crucial for the successful
transformation.

CO (1 atm)
Co(dpm); (30 mol%)
PivOH (2 equiv)

Ag>CO3 (1.5 equiv)
Mn(OAc)3 ' 2H,0 (2 equiv),

Substrate e —— 20

PhCI, 120 °C, 6 h

COzE‘ COzMe COzEt

HRERF

Fig. 17. Unsuccessful substrate for C—H bond carbonylation
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It is known, that amide bonds within peptides can chelate metal ions and thereby
deactivate the catalyst. For this reason we examined more challenging substrates for C—H bond
carbonylation — short peptides. We selected several dipeptide 22a,-c¢ and tripeptide 22d
substrates, which initially we subjected to the developed reaction conditions. The formation of
products, although with low yields due to the formation of undesired byproducts, was observed.
We were able to overcome this problem by excluding Mn(OAc);-2H,O oxidant from the
catalytic system and increasing the loading of Ag,COs to 2.5 equivalents. We were pleased to
find that under these reaction conditions C—H bond carbonylation products were obtained in
acceptable and good yields (Fig. 18.). Unfortunately we observed partial racemization of the
adjacent stereo centre in amino acids 22a and 22b obtaining products with 86% and 93% ee,
respectively. Notably, in the carbonylation of enantiopure 21d, partial racemization most likely
occurred, but purification led to the isolation of the pure major diasteroisomer 22d in 46% yield.

o CO (1 atm)
Co(dpm); (30 mol%) o
AAs PivOH (2 equiv)
HN.__O Ag>CO3 (1.5 equiv) A AAS
Mn(OAC)3 - 2H20 (2 equiv) NH
N7 PCI, 120 °C, 6h 5
21ad X 22a-d
Ph
0 /[ O Me Ph O Me ., OMe
NN CoLEt NN Co Me oy Me, NN N o
NH NH H
NH T ome NH °
(o] o o
22a, 67%, 86% ee 22b, 60%, 93% ee O  22c,69% 22d, 46%

Fig.18. Late stage C—H bond carbonylation of peptides 21a-d

To understand the reaction mechanism, we conducted several control experiments (Fig.
19.). We subjected the unsaturated phenylalanine derivative 23 to the standard reaction
conditions and observed the formation of product 14 in 91% yield (Fig. 19., a)). Such a result
suggests that 14 very likely is an intermediate of the catalytic cycle. Moreover, in the reaction
mixture we detected both of the unsaturated intermediate 23 regioisomers by the UPLC-MS
analysis. Interestingly, addition of one or three equivalents of radical scavenger TEMPO to the
catalytic system resulted in significant suppression of the reactivity in substrate 13, affording
product in 36% and 7% yields, respectively. On the other hand, addition of radical scavenger
TEMPO, did not significantly affect the reactivity of the unsaturated intermediate 23 (Fig. 19.,
b)). The obtained results indicate the SET reaction within the catalytic cycle that ensures the
formation of the unsaturated intermediate 23, before the C—H bond activation step. We were able
to isolate and the Co(III) C—H bond activation complex 24 confirmed the structure by X-ray
diffraction. Noteworthy, that Co(IIl) complex 24 under CO atmosphere at room temperature
formed carbonylation product 25 in quantitative yield (Fig. 19., c)).
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Fig. 19. Control experiments for the phenylalanine 13 C—H bond carbonylation

Based on the mechanistic experiments as well as literature precedents, the proposed
catalytic cycle is depicted in the Fig. 20. Initially, under the reaction conditions phenylalanine 15
is oxidized to imine 23a via SET mechanism. The imine 23a is tautomerized to enamine 23,
which then coordinates to the Co(II) catalyst and in the subsequent oxidation step gives complex
A. In the following C—H bond activation step, complex B is formed. Further oxidation of
complex B, followed by coordination and migratory insertion of CO into Co-C bond yields
Co(IV) intermediate C°, which reductively eliminates complex D (path a). According to the path
b, CO coordination/migratory insertion would occur in the complex B first, followed by an
oxidation of the resulting complex C to obtain C’. Alternative pathway c involves subsequent
CO coordination/migratory insertion in the complex B directly followed by reductive
elimination. The control experiment, in which Co(IIl) C—H bond activation complex B readily
reacted with CO in the absence of external oxidant, suggests that in our case path c is dominant
in C—H bond functionalization mechanism. Upon the hydrolysis of the complex D, final product
14 is liberated and Co(]I) is reoxidized to Co(III) complex E, which we detected in all of the C—-H
bond carbonylation experiments by TLC analysis. Ligand exchange between E and enamine 23
restarts the catalytic cycle.
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Fig. 20. The proposed mechansim for C—H bond carbonylation of phenylalanine 15
4. Cobalt-catalyzed phenylalanine C—H bond imination

After successful development of novel C-H bond carbonylation method for
phenylalanine 13, we turned our attention to isocyanides as potential derivatization reagents. In
the literature, cobalt-catalyzed C—H bond imination reactions are known, although amino acid
derivatives have not been exploited as substrates in such reactions.”'? Initially we chose
phenylalanine 13 as a model substrate and fbutyl isocyanide as a C—H bond imination reagent.
We subjected the model substrate 13 to the reaction conditions, which had proven to be effective
in phenylalanine 13 C-H bond carbonylation and observed the formation of corresponding imine
25a in 41% yield (Fig. 21.). The efforts to optimize the reaction conditions to obtain product in
higher yield were not successful, which we attribute to the rapid decomposition of isocyanide. In
the previous research where we reported C—H bond carbonylation of phenylalanine 13, we
demonstrated that in the first step of the catalytic cycle, unsaturated intermediate 23 was formed
via SET mechanism. We speculate that sbutyl isocyanide can participate in undesired side
reactions with free radicals that arise in this step and thereby decompose.® To overcome this
issue, we chose to use enamine 23 as the model substrate. We were pleased to find that rbutyl
isocyanide was much more stable under the reaction conditions and furnished the imination
product 25a in 71% yield.
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Fig. 21. C—H bond imination of phenyalanines 13,23 with rbutyl isocyanide

To increase the product yield, we conducted optimization of the reaction conditions and
found the final reaction conditions: Co(dpm); catalyst, NaOPiv additive, Ag,COs3 oxidant, THF
solvent. We tested the isocyanide scope for the C—H bond imination of model substrate 23 (Fig.
22.). Under the optimized reaction conditions, fbutyl isocyanide gave imination product in very
high yield — 86%. Furthermore, upscaling the reaction to 1.8 mmol did not significantly affect
the product yield. Similarly, cyclohexyl, n-pentyl, and phenylethyl-substituted isocyanides were
compatible with the reaction conditions and furnished the products 25b-d in very good and
excellent yields — 79-95%.

CO,Me Co(dpm); (20 mol%)

CO,Me
@A\( NaOPiv (2 equiv) = 2
HN._O Ag2CO3 (1.5 equiv) N._O
|

RNC (2 equiv) N
NT ‘ THF, 4A MS 100 °C, 2h R™ N7 ‘
23 N 25N

COgMe C02M9 COzMe COzMe
5 5 " Pent 5 5\‘
25a, 86% 25b, 96% 25¢, 79% 25d, 80%

72% (1.8 mmol scale)
Fig. 22. The isocyanide scope for C—H bond imination of phenylalanines 23

Next, we examined the substrate 26 scope with various substitution patterns in ortho-,
meta-, para-positions of the benzene ring moiety (Fig. 23.) Electron donating Me-, OMe-, OAc-
and Ar- groups displayed good compatibility with the reaction conditions and provided the
corresponding products 27a-d,f in good to excellent yields -74-96%. Interestingly, in case of 4-
OAc substituted substrate 26e, we not only observed the C—H bond imination, but also
transacylation to obtain 4-OPiv product 27e. Both BocNH- as well as PhthN- meta-substituted
substrates 27g,h were reactive and gave products in 84% and 83% yields. It should be noted that
also in this case, meta-substituted substrates provided reaction products as single regiosiomers.
Various halogen substituents in substrates were well tolerated under the reaction conditions and
provided products 27i-1 in 61-65% yields. Additionally, we found that different aromatic systems
can be functionalized by employing our method. It was well demonstrated by thiophenyl and
furanyl alanines, which under the reaction conditions gave imines 270,p in 64% and 67% yields.
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CO,Me CO;Me MeO CO,Me OMe cone
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Me' ) MeO ) ) N. _O
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tBu” N7 ‘ tBu” N7 tBu” N7 ‘ N
x x x Bu N7
27a, 1h, 96% 27b, 1h, 89% 27c, 1h, 84% 27d, 1h, 75% 27e, 1h, 74%

CO,Me BocHN CO,Me PhthN COzMe COzMe COzMe
th
N

B N7 N7
<
27f, 2h, 95% 279, 2h, 84% 27h, 1h, 83% 27i, 2h, 63% 27j, 2h, 65%
Br
~COMe cone cone CF3\©/ CO,Me cone
N
tBu” N7 ‘
. N
27k, 2h, 62% 271, 2h, 63% 27m, 1h, 61% 27n, 1h, 66% 270, 2h, 64%
0 COMe - CO2Me
A~ o
|
Bu N7 ‘ N2 ‘
x X
27p, 2h, 67% 27r, 1h, 72%

Fig. 23. Unsaturated phenylalanine 26 scope for the C—H bond imination reaction

To demonstrate the utility of the developed method, the obtained imine 25a products
were employed for the synthesis of 1-aminoisoquinolines 28a,b (Fig. 24). We found that the
picolinamide directing group can be cleaved under reductive conditions in the presence of
LiAlH4 to obtain 1-aminoisoquinoline 28a in 93% yield, although with complete reduction of
ester moiety. Alternatively, methyl ester 28b was obtained in 67% yield when Zn/AcOH mixture
was used.

LiAIH,4 N OH
N
THF, z
0°Ctort, NH
N COMe 30 min fBu
Ne o | 28a, 93%
|
_N
Bu (~ ‘N ~~COzMe
N
AcOH
4 _NH
28b, 67%

Figure. 24. Synthesis of 1-aminoisoquinolines 28a,b
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In order to better understand the reaction mechanism, we conducted several control
experiments (Fig. 25.).

a) Ligand exchange experiments

Co(dpm);
N C0Me Naopiv
HN._O Ag2CO3
fBuNC 252, 0%
N7 ‘ THF, 100 °C
23 X
X CO2Me tBuNC
m o NaOPiv
Co(dpm),, Ag,CO.
23 2P co 92205, oea, 55%
iom A THF, 100 °C
T
29 =
b) H/D scrambling
Y 0y
(100%) H o Co(dpm), (86%) H
2Me 95C04 . CO2Me
+AcOD-dg
O e N0 THF, 100°C e HN._O
1h
26a NT ‘ N7
X S
o
(100%) D com Co(dpm), (73%) D
2Me Ag2CO. CO,Me
() + AcOH —»gz e =
Me AN -0 THF, 100 °C Ve HN._O
1h
D-26a N7 N7
N <
¢) Kinetic isotope effect (47%)
Co(dpm),
NaOPiv COMe
AgCO3
BUNC KIE = [Py/Pp] =
D-26a 53/47 = 1.12
THF, 100 °C u/
25min
d) Competition experiment D-27a, 53%
Co(dpm),
~CO:Me  NaOPiv COzMe
Ag,CO5
R HN o tBuNC
THF, 100 °C,
N7 i 1h u/ NZ
X
R = CN (26s) / OMe (26b) 27s (24%) / 27b (31%)
1/1.3

e) Stoichiometric experiment

~CO:zMe . COzMe
N0 __tBuNC N__O
( MeCN |

dpm” WA 100 °C, 15min ‘e NT

30 XX 25a, quant >

Fig. 25. Mechanistic control experiments for the C—H bond imination of phenylalanines 23

We found that the first step of the catalytic cycle is the coordination of the catalyst to the
substrate 23 and not the oxidation of Co(II) to Co(IIl). It was well demonstrated by the ligand

48



exchange experiment, in which model substrate 23 under the standard reaction conditions was to
unreactive if Co(dpm), catalyst was substituted to Co(dpm); (Fig. 25., a)). Additionally, in the
stoichiometric experiments Co(II)-substrate complex 29 was subjected to the reaction conditions
and imination product 25a was obtained in 55% yield (Fig. 25., a)). Next, we performed H/D
scrambling experiments. By employing AcOD-dy4 as a co-solvent under the reaction conditions,
we observed 14% of deuterium incorporation in the ortho-position of the substrate 26a. Similar
result was observed by employing deuterium-labeled substrate D-26a and AcOH co-solvent (Fig.
25.,b)). Additionally, we determined the kinetic isotope effect in a competition experiment to be
KIE = 1.12 (Fig. 25., ¢)). Such a value in combination with the observations in H/D scrambling
experiments indicates that most likely C—H bond activation step within the catalytic cycle is
reversible and not rate determining step. In the competition experiments, where equimolar
loading of electron-rich 26b and electron-poor substrates 26s were subjected to the reaction
conditions, we observed a slightly better reactivity in electron-rich substrates, which suggests
that the C—H bond activation step might occur via SeAr mechanism (Fig. 25., d))."*'® We were
successful in isolation of Co(Ill) C—H bond activation complex 30 from the reaction mixture.
Reacting the complex 30 with /BuNC in the degassed THF led to the formation of imination
product 25a in quantitative yield (Fig. 25., e)).

Based on the control experiments and literature precedents, the proposed catalytic cycle
is depicted in the Fig. 26. The catalytic cycle is initiated by the coordination of the catalyst to the
substrate 23 to form complex A. In the subsequent oxidation step Co(IIl) complex B is obtained,
which further undergoes C—H bond activation to furnish complex C. Next, CO molecule is
coordinated and migratory inserted in the Co-C bond, giving iminoyl-Co complex D, which upon
reductive elimination yields the product 25a and Co(I) that is oxidized and returned to the
catalytic cycle.

Ag,CO5
oxidation Ilgand CO,Me
exchange
25a
reductive AL ‘
elimination
CO Me oxidation | Ag2C03
NaOPiv
‘“0'” N \ COMe
d

tBu-N
migratory
insertion
CO,Me
tBUNC ©A( /

C-H bond
N7 ‘ activation
C

Figure 26. The proposed catalytic cycle for the C—H bond imination
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CONCLUSIONS

. Cobalt-catalyzed phenylglycinol C-H bond alkenylation can be wused to obtain
dihydroisoquinoline derivatives. Both symmetric and non-symmetric internal as well as
terminal alkynes for the C—H bond alkenylation can be employed. The chiral information is
preserved during the reaction without erosion of enantiopurity.

R1
b3 ‘
A Co;
SOR? . [[0]] 36 Examples
HN. _O + R—R* _~—" Yields up to 94%
N7
g

. If terminal alkynes are used for the cobalt-catalyzed C—H bond alkenylation, alkyne
substituent is always positioned in the C(3) position of the dihydroisoquinoline product,
which is in the accordance with literature. If non-symmetrical internal alkynes are used for the
cobalt-catalyzed C—H bond alkenylation, the largest of the alkyne substituents is always
positioned in the C(3) position of the dihydroisoquinoline product, however the smallest — in
the C(4) position.

HN._O + R—FR _7 o]
3
6 : 4a /4 R?
z
N ‘ R3
A

. Cobalt-catalyzed phenylglycinol C—H bond carbonylation can be used to obtain isoindolinone
derivatives. Diisopropylazodicarboxylate (DIAD) can be employed for the generation of CO
gas in situ. Similarly as in the C—H bond alkenylation reaction, chiral information in the
substrate can be preserved under the reaction conditions. Picolinamide directing group is
cleaved under the reaction conditions after successful C—H bond functionalization step.

"co"

R20. [Co) R0
) )
h O 101 n
X R —— X 19 Examples
I T N 7 | | NH Yields up to 96%
X, N~ '\R1
R o

. Cobalt-catalyzed phenylalanine C—H bond carbonylation can be used to obtain isoquinolinone
derivatives. Under the reaction conditions, substrate is firstly transformed into unsaturated
phenylalanine derivative in the presence of the cobalt catalyst and oxidant, followed by the
C—H bond functionalization and finally cleavage of the directing group in situ.
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1
R COR*  co 1 cop? | €O
[Co] N 2 [Co] 2

~ HN_O ] 101 N COR

WM ~ HN__O — | 29 Examples
NZ 7 = NH Yields up to 94%
x ‘ N7 ‘ R o}
X

5. Cobalt-catalyzed unsaturated phenylalanine derivative C—H bond carbonylation can be used
to obtain isoquinolinyl-1(2H)-imine derivatives. Additionally, isoquinolinyl-1(2H)-imine
products obtained in the C—H bond imination reaction can be used for the synthesis of 1-
aminoisoquinoline derivatives via cleavage of the directing group under reductive conditions.

CO,Me
XX
CO,Me CO,Me M rD
I ’ [Col RIS AN
L~ HN_O [0] LAN_O
R?NC 1 r2NH
N7 RN N7 I |
X 21 Examples X HI N 0H
o R}
yields up to 96% L i
~2N
r2NH
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ABSTRACT: A new method for cobalt-catalyzed C(sp*)—H functionalization of phenylglycinol derivatives with terminal and
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B INTRODUCTION

Transition metal-catalyzed C—H bond functionalization during
the past decades has become an important tool that allows
simplification of synthetic schemes and allows the use of less
complex starting materials.' In the past few years, C—H
functionalization using 3d-transition metals has emerged as an
attractive alternative to noble metals.” Because of its earth-
abundance, lower toxicity, and unique catalytic activity, cobalt
has stood out as one of the promising alternatives.” In 2014,
Daugulis group demonstrated that simple Co(II) salts in
combination with bidentate directing group assistance can be
efficiently exploited for C—H functionalization as high-valent
cobalt(III) precursors.” Since the discovery, a large number of
other C—H functionalization reactions based on this approach
have been reported showing the potential of this methodology
starting from readily available Co(II) salts and co-oxidants
(eg, C—H functionalization with alkynes,*~* alkenes, "4~
alIenes,%‘1 isonitriles, carbonylation,ﬁ* etc.).4

There is no literature precedent for the Co-catalyzed C—H
functionalization of phenylglycinol derivatives. However,
several studies have been devoted to benzylamine derivatives.
In 2014, Daugulis group demonstrated the first example of the
cobalt(II)-catalyzed 1-methylbenzylamine-derived picolina-
mide reaction with 2-butyne yielding a cyclized product in
moderate yields (Scheme 1A).*> In 2017, Carretero group
published an extended study and improved methodology for
cobalt-catalyzed, picolinamide-directed C—H functionaliza-
tion/alkyne annulation of benzylamine derivatives (Scheme
1B).** In the same year, Cui group demonstrated the cobalt-
catalyzed annulation of benzylamides with alkynes to
synthesize isoquinolines by using [picolinamide as a traceless
directing group (Scheme 1C).”” Despite the significant

© 2020 American Chemical Society

7 ACS Publications

Scheme 1. Cobalt(II)-Catalyzed C—H Functionalization
with Alkynes

A: Daugulis 2014, R = Me
B: Carretero 2017, R = H, Me
R
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R
C: Cui 2017, R = H, Me, Ph (traceless DG)
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progress made in picolinamide-directed benzylamide alkynyla-
tion and annulation, the methodology developed so far
unfortunately lack the substituent diversity at the benzylamine
benzylic position (Scheme 1).° Typically only methyl
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substituted or nonsubstituted benzylamine derivatives were
exploited that may limit the use of developed methodology in
total synthesis or synthesis of pharmaceutically relevant targets.

1-Substituted tetrahydroisoquinoline is a structural back-
bone of a large number of alkaloids that commonly possess a
broad range of biological activity.” 1-Substituted 1,2-
dihydroisoquinoline derivatives are especially valuable as
intermediates in the synthesis of alkaloid natural products
that has led to increasing interest for their synthesis.” Herein,
we report an efficient method for the synthesis of 1-
hydroxymethyl-1,2-dihydroisoquinolines via cobalt-catalyzed
C—H annulation of phenylglycinol derivatives using terminal
and internal alkynes.

B RESULTS AND DISCUSSION

For optimization studies, the model reaction between phenyl-
glycinol derivative la and 3,3-dimethyl-1-butyne was chosen.
During the optimization studies, a range of cobalt catalysts,
oxidants, base additives, and reaction solvents were evaluated.
Treatment of 1a with 3,3-dimethyl-1-butyne in the presence of
Co(OAc), catalyst, NaOPiv base, and AgOAc oxidant in
MeOH at 80 °C led to the regioselective formation of 2aa in
5% yield (Table 1, entry 1).” Screening of alternative oxidants

Table 1. Optimization of Reaction Conditions”

tBu (3 equiv)

Catalyst (20 mol%) OoTBS
orss tecrzeim’ e
NHPic tBu
1 MeOH, 80 °C, 16h 7am
entry Catalyst oxidant yield, %"
1 Co(OAc), AgOAc S
2 Co(OAc), MnO, 4
3 Co(OAc), Mn(OAc),4H,0 S
4 Co(OAc), Mn(OAc);2H,0 12
S Co(OAc), Mn(OAc);2H,0/0, 16
6 Co(OAc), under air 0
7° Co(OAc), Mn(OAc);2H,0/0, 28
g Co(OAc), Mn(OAc),-2H,0/0, 1
9¢ Co(OAc), Mn(OAc);2H,0/0, 13
10° CoCl, Mn(OAc);2H,0/0, trace
11° Co(acac), Mn(OAc);2H,0/0, 30
12° Co(dpm), Mn(OAc);2H,0/0, 82
139 Co(dpm), Mn(OAc);2H,0/0, 84
14 w/o Co(dpm), Mn(OAc);2H,0/0, 0

“Reaction conditions: 1a (0.1 mmol), 3,3-dimethyl-1-butyne (0.3
mmol, 3 equiv), catalyst (0.02 mmol, 20 mol %), NaOPiv (0.2 mmol,
2 equiv), Mn(OAc);-2H,0 (0.2 mmol, 2 equiv), MeOH (1 mL), 80
°C. "’NMR yield using triphenylmethane as an internal standard.
“NaOPiv (0.12 mmol, 1.2 equiv). “Solvent: EtOH (1 mL). “Solvent:
CF;CH,OH (1 mL). Time: 24 h. Pic—picolinyl. Co(dpm),—
bis(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(I), CAS: 13986-
53-3.

(entries 2—5) showed that product 2aa yield can be slightly
improved by using of Mn(OAc);-2H,0 in combination with
oxygen (entry 5). Reducing the amount of NaOPiv enhanced
the product 2aa yield to 28% (entry 7). The results in entries 8
and 9 indicated that MeOH is the solvent of choice. Studies
using alternative Co(II) and Co(III) salts (entries 10—13)
identified the Co(dpm), catalyst as the crucial factor for the
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successful reaction, yielding product 2aa in 84% yield as a
single regioisomer (entryl3). Control experiments excluding
catalyst (entry 14) and oxidant (entry 6) showed no product
2aa formation.

With the optimized conditions in hand, we next examined
the substrate scope with respect to picolinamides 1 (Scheme
2). We found that O-unprotected phenylglycinol picolinamide

Scheme 2. Reaction Scope with Respect to Picolinamides 1

tBu (3 equiv)

Co(dpm); (20 mol%) R
R NaOPiv (1.2 equiv) ~_NPic
Mn(OAc)s 2H,0 (2 equiv)
i > B
NHPic " \160H, 80 °C, O,, 16h u
1 2
OH OTBS OPMB
X NPic X NPic X NPic
tBu tBu tBu
2ba, 0%" 2aa, 83% 2ca, 75%
Me Ph
OMOM
X NPic X NPic X NPic
tBu tBu tBu
2da, 70% 2ea, 82% 2fa, 88%

“Reaction conditions: 1 (0.5 mmol), 3,3-dimethyl-1-butyne (1.5
mmol, 3 equiv), Co(dpm), (0.1 mmol, 20 mol %), NaOPiv (0.6
mmol, 1.2 equiv), Mn(OAc);-2H,0 (1.0 mmol, 2 equiv), MeOH (§
mL), O, 80 °C; Isolated yields are given. "Decomposition of
substrate 1b.

1b completely decomposed under the reaction conditions, and
product 2ba did not form. TBS, PMB, and MOM-protected
phenylglycinol derivatives gave corresponding products (2aa,
2ca, and 2da, respectively) in very good yields (70—83%) as
single regioisomers (regiochemistry of products was confirmed
by 2D-NOESY experiments, see Supporting Information for
details). We were pleased to find that under optimized reaction
conditions, benzamide derivatives gave products in excellent
yields (2ea and 2fa) as well.

Subsequently, the scope of phenylglycinol derivatives 1 with
diverse functional groups was examined under the optimized
conditions (Scheme 3). As shown in Scheme 3, we found that
reactions were successful on phenylglycinol derivatives 1 with
para-, meta-, and ortho-substitution patterns. Using meta-
substituted substrates (lia and 1ja), we observed that the
reaction favors less hindered C—H bonds, yielding products in
excellent regioselectivity that is consistent with literature
examples.”**

Different functional groups on phenylglycinol derivatives 1
were tolerated, including electron-donating groups, such as
alkyl (products 2ia and 2ka), methoxy (products 2ga and 2la),
and methoxymethyl ether (product 2ma), and electron-
withdrawing groups, such as trifluoromethyl (product 2ja)
and trifluoromethoxy group (product 2na). Fluoro and bromo
functionalities are compatible with reaction conditions
(products 2ha, 20a, and 2pa). f-Phenylalaninol derivative 1r
was also a competent substrate and gave corresponding
product 2ra in very good yield. Moreover, the reaction worked

https://dx.doi.org/10.1021/acs.joc.0c00207
J. Org. Chem. 2020, 85, 4482—4499
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Scheme 3. Reaction Scope with Respect to Phenylglycinol Derivatives 1¢

——1Bu (3 equiv) R
R Co(dpm), (20 mol%) nOTBS
NaOPiv (1.2 equiv, i
hoTes . (1.2 equiv) ) . NPic
Mn(OAc)s 2H,0 (2 equiv)
NHPic - = tBu
MeOH, 80 °C, O,
1 2
Me CF;3
OMe F Me MeO
OTBS OTBS OTBS OTBS OTBS OTBS
X NPic X NPic X NPic X NPic X NPic X NPic
tBu tBu tBu tBu tBu tBu
2ga, 55%° 2ha, 74%" 2ia, 78%° 2ja, 65%° 2ka, 90%° 2la, 75%"
MOMO F3CO F Br
S
OTBS OTBS OTBS OTBS Z OTBS OTBS
X NPic X NPic X NPic X NPic X NPic X NPic
Bu Bu tBu Bu tBu Bu
2ma, 84%" 2na, 75%° 20a, 66% 2pa, 70%" 2qa, 84%°" 2ra, 71%°

“Reaction conditions: 1 (0.5 mmol), 3,3-dimethyl-1-butyne (1.5 mmol, 3 equiv), Co(dpm), (0.1 mmol, 20 mol %), NaOPiv (0.6 mmol, 1.2 equiv),
Mn(OAc);-2H,0 (1.0 mmol, 2 equiv), MeOH (S mL), O,, 80 °C; isolated yields are given; all products were isolated as single regioisomers unless
stated. "Time: 16—17 h. “Time: 20 h. “Time: 24 h. *Time: 40 h. Tsolated as 2.5:1 mixture of thiophene regioisomers, major product shown.

Scheme 4. Reaction Scope with Respect to Alkynes”

R'-=—R?(1.5 - 3 equiv)
Co(dpm), (20 mol%) OTBS
OTBS NaOPiv (1.2 equiv) R ~_NPic
NHPic Mn(OAc)3 2H,0 (2 equiv) R?
MeOH, 80 °C, O.
1a 2 2
O O oTBS
oTBS oTBS oTBS oTBS ~ OTBS i
s NPic s NPic ~NPic o NPic X ~NPic N
Me Et nPr
Me Et nPr O O
2ab, 73%° 2ac, 70%" 2ad, 76%° 2ae, 80%" 2af, 73%"¢ 2ag, 88%"¢
OMe
~NPic oTBS
- NPic ~ OTBS
Ph X NPic
© Ph
S
NO, 2aj, 65%"¢ 2ak, 77%"
2ah, 50%"
oTBS
oTBS oTBS
e N NPie s NPic
Ph ™S
2al, 76%" Br 2am, 73%"¢ 2an, 71%¢
80%°

“Reaction conditions: 1a (0.5 mmol), alkyne (0.75—1.5 mmol, 1.5—3 equiv), Co(dpm), (0.1 mmol, 20 mol %), NaOPiv (0.6 mmol, 1.2 equiv),
Mn(OAc);-2H,0 (1.0 mmol, 2 equiv), MeOH (S mL), O,, 80 °C; isolated yields are given. "Time: 16—17 h. “Time: 20 h. YIsolated as a single
regioisomer. “Gram-scale synthesis, starting from 1 g picolinamide 1a.
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not only with benzyl amides but also with thiophene amino
alcohol derivative 1q and gave product 2qa in very good yield.
Unfortunately, using substrate 1q, C—H functionalization with
3,3-dimethyl-1-butyne was not selective, and both regioisomers
(thiophene 2nd vs 4th position) were obtained as 2.5/1
mixture.

Thereafter, we investigated the reaction scope with respect
to alkynes (Scheme 4). Both internal and terminal alkynes
were competent reagents for C—H functionalization. Cyclo-
propylacetylene was compatible with reaction conditions and
afforded product 2ab as a single regioisomer in 73% yield.
Dialkyl-substituted alkynes reacted smoothly and gave
corresponding products in high yields (70—80%; 2ac, 2ad,
and 2ae). Terminal alkynes with either aromatic or
heteroaromatic substituent gave products as single re-
gioisomers (2af—2aj). Interestingly, 4-nitrophenylacetylene
afforded mono C—H alkenylation/cyclization product 2ah
(50%) and bisalkenylation product 2ah’ (16%). In the case of
p-diethynylbenzene, product 2ai was isolated in 54% yield. 3-
Ethynylthiophene and trimethylsilylacetylene were competent
substrates and selectively formed products 2aj and 2an, as well
as l-phenyl-1-propyne — 2am. Diarylacetylenes displayed
excellent reactivity under the reaction conditions (2ak and
2al). The synthetic application of the developed methodology
was demonstrated through gram-scale synthesis of annulation
product 2an which was obtained in excellent yield — 80%.

To find out whether stereochemical integrity for a-position
of phenylglycinol derivative 1 is preserved during the reaction,
enantiopure (S)-phenylglycinol derivative (S)-la was tested
under the optimized reaction conditions (Scheme $). Aliphatic

Scheme 5. Preservation of Stereochemistry

Rl-=—R2
Co(dpm); (20 mol%)

OTBS NaOPiv (1.2 equiv)

! Mn(OAG)z 2H,0 (2 equiv) oTBS
NHPic _Mn(OAc)y 2H20 (2 equiv)_ «_NPic
1
MeOH, 80 °C, O,, 16h R
(S)1a R2
>99% ee (8)-2
oTBS oTBS oTBS
~NPic o NPic o NPic
Me’
tBu Me Ph
(S)-2aa (S)-2ac (S)-2af

70%, >99% ee 77%, >99% ee 67%, >99% ee

OTBS oTBS
NPi - NPic
Ph S ic
Ph T™S
(S)-2ak (S)-2an

70%, >99% ee 85%, >99% ee

and aromatic terminal and internal alkynes were tested (2aa,
2ac, 2af, 2ak, and 2an). We were pleased to find that the
stereocenter was preserved completely, and no loss of
enantiopurity was detected exploiting either terminal or
internal alkynes.

The application of the developed methodology was shown
by accessing valuable tetrahydroisoquinoline derivative (S,S)-
4an (Scheme 6). Reduction of enantiopure (S)-2an using Na/
NHj proceeded in a highly diastereoselective manner (>20/1)
and gave tetrahydroisoquinoline (S,S)-3an. Subsequent
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Scheme 6. Synthesis of Tetrahydroisoquinoline (S,S)-4an

OTBS |; " oTBS
Na/NH. LiAIH,4 (1.5 equiv)
(S)-2an * NPic — NH
THF, -78 °C THF, 0°C - 1t
dr. >20/1 ™S ™S
(S,5)-3an, 69% (S,5)-4an

86%, >99% ee

directing group removal using LiAlH, gave corresponding
tetrahydroisoquinoline (S,S)-4an in good yield and without
the loss of enantiopurity.

Based on literature data® and experimental observa-
tions,” a possible reaction mechanism was proposed (Scheme
7).

53,10

Scheme 7. Mechanistical Considerations
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Accordingly, oxidation of the Co(II) catalyst in the presence
of substrate 1 would generate Co(III) species I-1.”* C—H
bond activation would form intermediate I-2. Coordination
followed by insertion of alkyne into Co—Ar bond would result
in the formation of I-3. Subsequent reductive elimination
would form dihydroisoquinoline 2 and Co(I) species which is
reoxidized to Co(II) and returned to the catalytic cycle. The
protodemetallation pathway from I-3 was excluded as no
cyclization product 2af formation was observed under standard
reaction conditions (Scheme 8).

In conclusion, we have developed a general method for
cobalt-catalyzed C—H functionalization of phenylglycinol
derivatives with terminal and internal alkynes, directed by
picolinamide auxiliary. The reactions proceed in the presence

Scheme 8. Possible Cyclization of Picolinamide 1s

OTBS

OTBS
Co(dpm), (20 mol%)
NHPic NaOPiv (1.2 equiv) NPic
_— bh Mn(OAc); 2H,0 (2 equiv) _
MeOH, 80 °C, O, Ph
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of commercially available cobalt(I) tetramethylheptanedio-
nate catalyst, NaOPiv base, O, oxidant, and Mn(OAc);-2H,0
cooxidant. Major advantages of the methodology are
substituent diversity at benzylamine benzylic position, excellent
regioselectivity, and full preservation of original stereo-
chemistry.

B EXPERIMENTAL SECTION

General Comments. Reactions were performed using standard
glassware or were run in 4 mL vials with polytetrafluoroethylene/liner
screw caps and 30 mL vials using w/polyseal screw caps. Reactions
were heated using Chemglass aluminium reaction blocks. Column
chromatography was performed using Kieselgel silicagel (35—70 and
60—200 pm). Thin layer chromatography (TLC) was performed on
silica gel using Merck TLC Silica gel 60 F254 Aluminum sheets and
was visualized by a UV lamp, staining with KMnO,. 'H, **C, ’F, and
2D-NMR spectra were recorded on a 400 MHz Bruker spectrometer
using residual solvent peak as a reference. Compounds for HRMS
were analyzed by positive mode electrospray ionization (ESI) using a
Waters Synapt G2-Si mass spectrometer. High-performance liquid
chromatography (HPLC) data were obtained using a Waters Alliance
2695 HPLC system with a Phenomenex Lux Amylose-1 (4.6 X 150
mm) or CHIRALPAK IC-1 (4.6 X 250 mm) column (conditions
specified on attached HPLC chromatograms). Infrared (IR) spectra
were obtained using a Shimadzu IR Prestige-21 Fourier-transform IR
spectroscopy (FT-IR) spectrometer. Optical rotations were measured
at 20 °C on a Rudolph Research Analytical Autopol VI Polarimeter,
cell length 50 mm, using solvent and concentration stated, at 589 nm.
All procedures were performed under ambient air unless otherwise
noted. Reagents and starting materials were obtained from
commercial sources and used without further purification unless
otherwise noted.

Substrate Synthesis. Amide substrates la—c,g—q,s were
synthesized through methyl-2-aryl-2-(picolinamido)acetates (Sa,g—
q,s). Corresponding methyl-2-aryl-2-(picolinamido)acetates were
synthesized in two steps from commercially available amino acids.

Methyl 2-Phenyl-2-(picolinamido)acetate (5a). Procedure A:
Step 1: 2-amino-2-phenylacetic acid (6.00 g, 39.69 mmol, 1 equiv)
was suspended in MeOH (48 mL) under an argon atmosphere. The
solution was cooled to 0 °C, and oxalyl chloride (6.9 mL, 79.38 mmol,
2 equiv) was slowly added dropwise. The reaction mixture was stirred
overnight at room temperature. The solvent was evaporated under
vacuum to obtain a crude product as a pale solid. The crude product
was used in the next step without further purification. Step 2: under
an argon atmosphere, methyl 2-amino-2-phenylacetate hydrogen
chloride (39.69 mmol, 1 equiv), picolinic acid (5.12 g, 41.58 mmol,
1.05 equiv), and N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)-
uronium hexafluorophosphate (30.03 g, 79.38 mmol, 2 equiv) were
dissolved in dimethylformamide (DMF) (48 mL). Pyridine (9.6 mL,
119.07 mmol, 3 equiv) was added to the solution directly. The
reaction mixture was stirred at room temperature overnight. Then, the
reaction mixture was diluted with EtOAc (60 mL) and H,0 (40 mL)
and filtered. The organic phase was separated, and the aqueous phase
was extracted with EtOAc (50 mL); the combined organic phase was
washed with dist. H,O (20 mL) and brine (20 mL), dried over
Na,SO,, and filtered. The solvent was evaporated under reduced
pressure to afford the crude product, which was further purified by
flash chromatography on silica gel using petroleum ether/EtOAc (3/
1) as an eluent to give corresponding product 8.07 g (75%) as a white
solid. This compound is known.'' TH NMR (400 MHz, CDCLy): &
8.94 (d, ] = 6.9 Hz, 1H), 8.59 (ddd, ] = 4.8, 1.7, 0.9 Hz, 1H), 8.16 (dt,
J =78, 1.1 H, 1H), 7.83 (td, ] = 7.7, 1.7 Hz, 1H), 7.5 —7.46 (m,
2H), 7.46-7.30 (m, 4H), 5.78 (d, J = 7.6 Hz, 1H), 3.7 (s, 3H).

Methyl 2-(2-Methoxyphenyl)-2-(picolinamido)acetate (5g). Sg
was synthesized according to procedure A. Step 1: (2-
methoxyphenyl)glycine (1.28 g, 7.10 mmol, 1 equiv), C,0,Cl, (1.2
mL, 14.20 mmol, 2 equiv), and MeOH (12 mL) were mixed. Step 2:
crude reaction mixture from step 1, picolinic acid (873 mg, 7.10
mmol, 1 equiv), N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)-
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uronium hexafluorophosphate (5.38 g, 14.20 mmol, 2 equiv), DMF
(15 mL), pyridine (1.7 mL, 21.30 mmol, 3 equiv) were mixed. After
column chromatography (gradient hexanes/EtOAc from 3:1 to 2:1),
900 mg (42%) of product was obtained as a colorless oil. This
compound is known.'' 'H NMR (400 MHz, CDCL,): § 8.98 (d, ] =
8.4 Hz, 1H), 8.56 (d, ] = 4.1 Hz, 1H), 8.16 (d, ] = 7.8 Hz, 1H), 7.81
(td, J = 7.7, 1.7 Hz, 1H), 7.48—7.35 (m, 2H), 7.35—7.27 (m, 1H),
7.05—6.81 (m, 2H), 6.00 (d, J = 8.6 Hz, 1H), 3.89 (s, 3H), 3.73 (s,
3H).

Methyl 2-(2-Fluorophenyl)-2-(picolinamido)acetate (5h). Sh was
synthesized according to procedure A. Step 1: (2-fluorophenyl)-
glycine hydrochloride (1.84 g, 9.00 mmol, 1 equiv), C,0,Cl, (1.6 mL,
18.00 mmol, 2 equiv), and MeOH (10 mL) were mixed. Step 2: crude
reaction mixture from step 1, picolinic acid (1.16 g, 9.50 mmol, 1.04
equiv), N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl Juronium hex-
afluorophosphate (6.80 g, 18.00 mmol, 2 equiv), DMF (18 mL), and
pyridine (2.2 mL, 27.00 mmol, 3 equiv) were mixed. After column
chromatography (gradient hexanes/EtOAc from 3:1 to 2:1), 1.50 g
(58%) of product was obtained as a colorless oil. R; = 0.36 (petroleum
ether/EtOAc 2:1). 'H NMR (400 MHz, CDCly, ppm): 6 8.98 (d, ] =
7.4 Hz, 1H), 8.58 (d, ] = 4.7 Hz, 1H), 8.15 (d, ] = 7.8 Hz, 1H), 7.82
(td, J = 7.7, 1.6 Hz, 1H), 7.52—7.38 (m, 2H), 7.39—7.27 (m, 1H),
7.20—7.05 (m, 2H), 6.02 (d, J = 7.9 Hz, 1H), 3.78 (s, 3H). *C{'H}
NMR (100 MHz, CDCl,, ppm): & 170.6, 163.9, 160.7 (d, Jo_r =
248.5 Hz), 149.3, 148.5, 137.4, 130.5 (d, Jo_s = 8.3 Hz), 1299 (d,
Jor = 3.5 Hz), 126.6, 124.7 (d, Jo_p = 3.6 Hz), 124.4 (d, Jo_s = 14.3
Hz), 122.5, 116.1 (d, Jc_p = 21.3 Hz), 53.1, S1.5 (d, Jc_p = 2.6 Hz).
F NMR (376 MHz, CDCl,, ppm): § —117.06. HR-MS (ESI-TOF)
m/z: caled for [M + H]" C;sH,N,O5F, 289.0988; found, 289.0999.
FT-IR (thin film, cm™) v: 3387, 2955, 1750, 1683, 1510, 1233.

Methyl 2-(3-Methylphenyl)-2-(picolinamido)acetate (5i). Si was
synthesized from commercially available methyl amino(3-
methylphenyl)acetate hydrochloride using procedure A. Step 2:
amino(3-methylphenyl)acetate hydrochloride (1.00 g, 4.60 mmol),
picolinic acid (599 mg, 4.80 mmol, 1.05 equiv), N,N,N’,N'-
tetramethyl-O-(1H-benzotriazol-1-ylJuronium hexafluorophosphate
(3.52 g 920 mmol, 2 equiv), DMF (10 mL), and pyridine (1.1
mL, 13.80 mmol, 3 equiv) were mixed. After column chromatography
(gradient hexanes/EtOAc from 3:1 to 2:1), 1.00 g (76%) of product
was obtained as a colorless oil. Ry = 0.59 (petroleum ether/EtOAc
1:1). "H NMR (400 MHz, CDCl,, ppm): 5 8.93 (d, ] = 7.0 Hz, 1H),
8.60 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.18 (dt, ] = 7.8, 1.0 Hz, 1H),
7.85 (td, J = 7.7, 1.7 Hz, 1H), 7.45 (ddd, ] = 7.6, 4.8, 1.2 Hz, 1H),
7.32-723 (m, 3H), 7.20—7.11 (m, 1H), 5.75 (d, J = 7.5 Hz, 1H),
3.79 (s, 3H), 2.38 (s, 3H). *C{'"H} NMR (100 MHz, CDCl,, ppm):
51713, 163.9, 149.4, 148.4, 138.9, 137.4, 136.5, 129.5, 129.0, 128.2,
126.5, 124.6, 122.5, 56.7, 52.9, 21.5. HR-MS (ESI-TOF) m/z: caled
for [M + H]* C,¢H,,N,0;, 285.1239; found, 285.1250. FT-IR (thin
film, cm™") v: 3388, 2953, 1744, 1685, 1512, 1437, 1202.

Methyl 2-(3-Trifluoromethylphenyl)-2-(picolinamido)acetate
(5)). S5j was synthesized according to procedure A. Step 1: 2-(3-
trifluoromethylphenyl)glycine (1.21 g, 5.50 mmol, 1 equiv), C,0,ClL,
(0.95 mL, 11.00 mmol, 2 equiv), and MeOH (12 mL) were mixed.
Step 2: crude reaction mixture from step 1, picolinic acid (679 mg,
5.50 mmol, 1 equiv), N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-
yl)uronium hexafluorophosphate (4.18 g, 11.00 mmol, 2 equiv), DMF
(15 mL), and pyridine (1.34 mL, 16.50 mmol, 3 equiv) were mixed.
After column chromatography (gradient hexanes/EtOAc from 3:1 to
2:1), 1.12 g (59%) of product was obtained as a colorless oil. R; = 0.22
(petroleum ether/EtOAc 3:1). "H NMR (400 MHz, CDCl,, ppm): &
9.07 (d, ] = 7.0 Hz, 1H), 8.62 (ddd, J = 4.8, 1.6, 0.9 Hz, 1H), 8.15 (d,
J=7.8,1.0 Hz, 1H), 7.85 (td, ] = 7.7, 1.7 Hz, 1H), 7.73 (s, 1H), 7.69
(d, J = 7.7 Hz, 1H), 7.60 (d, J = 7.8 Hz, 1H), 7.54—7.43 (m, 2H),
5.84 (d, ] = 7.4 Hz, 1H), 3.80 (s, 3H). *C{'H} NMR (100 MHz,
CDCL, ppm): & 170.6, 164.0, 149.2, 148.5, 137.9, 137.5, 1315 (q,
Joop = 324 Hz), 130.9 (q, Jo_g = 1.2 Hz), 129.6, 126.8, 125.6 (q, Jo_p
= 3.6 Hz), 1243 (q, Jo_p = 3.7 Hz), 124.0 (q, Jc_p = 272.5 Hz),
122.5, 56.4, 53.3. ’F NMR (376 MHz, CDCl,, ppm): § —62.60. HR-
MS (ESI-TOF) m/z: caled for [M + H]* C,¢H,N,O5F;, 339.0957;
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found, 339.0957. FT-IR (thin film, cm™) v: 2957, 1748, 1684, 1330,
1168, 1127.

Methyl 2-(4-Methylphenyl)-2-(picolinamido)acetate (5k). Sk was
synthesized according to procedure A. Step 1: (4-methylphenyl)-
glycine hydrochloride (1.40 g, 7.00 mmol, 1 equiv), C,0,Cl, (1.2 mL,
14.00 mmol, 2 equiv), and MeOH (8 mL) were mixed. Step 2: crude
reaction mixture from step 1, picolinic acid (903 mg, 7.30 mmol, 1.04
equiv), N,N,N’,N'-tetramethyl-O-(1H-benzotriazol-1-yl Juronium hex-
afluoro-phosphate (5.30 g, 14.00 mmol, 2 equiv), DMF (14 mL), and
pyridine (1.7 mL, 21.00 mmol, 3 equiv) were mixed. After column
chromatography (gradient hexanes/EtOAc from 3:1 to 2:1), 750 mg
(38%) of product was obtained as a colorless oil. R¢ = 0.40 (petroleum
ether/EtOAc 2:1). '"H NMR (400 MHz, CDCly, ppm): & 8.90 (d, ] =
6.8 Hz, 1H), 8.62—8.45 (m, 1H), 8.15 (d, J = 7.8 Hz, 1H), 7.82 (td, J
=7.7,1.7 Hz, 1H), 7.50—7.37 (m, 1H), 7.36 (d, ] = 8.1 Hz, 2H), 7.18
(d, J = 7.9 Hz, 2H), 5.73 (d, ] = 7.5 Hz, 1H), 3.76 (s, 3H), 2.34 (s,
3H). BC{'H} NMR (100 MHz, CDCl,, ppm): § 171.4, 163.9, 149.5,
148.4, 138.6, 137.4, 133.7, 129.8, 127.4, 126.5, 122.5, 56.5, 52.9, 21.3.
HR-MS (ESI-TOF) m/z: caled for [M + H]* C;¢H;;N,03, 285.1239;
found, 285.1243. FT-IR (thin film, cm™") v: 3388, 2951, 1743, 1684,
1507, 1437, 1180.

Methyl 2-(4-Hydroxyphenyl)-2-(picolinamido)acetate (5Im). Slm
was synthesized according to procedure A. Step 1: 4-hydroxyphenyl-
glycine (1.50 g, 9.00 mmol, 1 equiv), C,0,Cl, (1.6 mL, 18.00 mmol,
2 equiv), and MeOH (10 mL) were mixed. Step 2: crude reaction
mixture from step 1, picolinic acid (1.16 g, 9.45 mmol, 1.05 equiv),
N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl )uronium hexafluoro-
phosphate (6.80 g, 18.00 mmol, 2 equiv), DMF (18 mL), and
pyridine (2.2 mL, 27.00 mmol, 3 equiv) were mixed. After column
chromatography (gradient hexanes/EtOAc from 3:1 to 2:1), 1.20 g
(47%) of the product was obtained as a colorless oil. This compound
is known.'” "H NMR (400 MHz, CDCl,, ppm): 6 8.97 (d, J = 7.2 Hz,
1H), 8.59 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.16 (dt, J = 7.8, 1.0 Hz,
1H), 7.85 (td, ] = 7.7, 1.7 Hz, 1H), 7.45 (ddd, ] = 7.6, 4.8, 1.2 Hz,
1H), 7.30—7.21 (m, 2H), 6.79—6.67 (m, 2H), 5.67 (d, ] = 7.3 Hz,
1H), 3.76 (s, 3H).

Methyl 2-(4-Methoxyphenyl)-2-(picolinamido)acetate (5l). To a
solution of methyl 2-(4-hydroxy-phenyl)-2-(picolinamido)acetate
(5lm) (500 mg, 1.7S mmol) in DMF (8 mL), NaH (60% dispersion
in mineral oil, 105 mg, 2.62 mmol, 1.5 equiv) was added at 0 °C. The
reaction was stirred at the same temperature for 5 min, and then Mel
(142 pL, 2.27 mmol 1.3 equiv) was added and further stirred for 30
min at the same temperature. The reaction mixture was quenched
with ice water and then extracted with ethyl acetate (3 X 20 mL). The
combined organic phase was washed with dist. H,O (20 mL) and
brine (20 mL), then dried over anhydrous Na,SO,, filtered, and
evaporated under reduced pressure. After column chromatography
(gradient hexanes/EtOAc from 3:1 to 2:1), 270 mg (52%) of product
was obtained as a colorless oil. Ry = 0.25 (petroleum ether/EtOAc
2:1). "H NMR (400 MHz, C,D,Cl,, ppm): & 8.86 (d, ] = 7.4 Hz, 1H),
8.61 (d, J = 4.1 Hz, 1H), 8.12 (d, ] = 7.8 Hz, 1H), 7.87 (td, ] = 7.7,
1.7 Hz, 1H), 7.48 (ddd, ] = 7.5, 4.8, 1.2 Hz, 1H), 7.45—7.32 (m, 2H),
6.96—6.89 (m, 2H), 5.68 (d, J = 7.4 Hz, 1H), 3.81 (s, 3H), 3.78 (s,
3H). BC{'H} NMR (100 MHz, CDCl,, ppm): § 171.5, 163.9, 159.9,
149.5, 148.4, 137.4, 128.8, 128.7, 126.5, 122.5, 114.5, 56.2, 55.5, 52.9.
HR-MS (ESI-TOF) m/z: caled for [M + Na]* C¢H;4N,0,Na,
323.1002; found, 323.1015. FT-IR (thin film, cm™") v: 3385, 3007,
2954, 1745, 1682, 1513, 1259, 1179.

Methyl 2-(4-(Methoxymethoxy)phenyl)-2-(picolinamido)acetate
(5m). To a solution of methyl 2-(4-hydroxy-phenyl)-2-
(picolinamido)acetate (Slm) (1.00 g 3.49 mmol) in DMF (15
mL), NaH (60% dispersion in mineral oil, 210 mg, 5.24 mmol, 1.5
equiv) was added at 0 °C. The reaction was stirred at the same
temperature for S min, and then MOMCI (0.35 mL, 4.54 mmol 1.3
equiv) was added and further stirred for 30 min at the same
temperature. The reaction mixture was quenched with ice water and
then extracted with ethyl acetate (3 X 20 mL). The combined organic
phase was washed with dist. H,O (20 mL) and brine (20 mL), then
dried over anhydrous Na,SO,, filtered, and evaporated under reduced
pressure. After column chromatography (gradient hexanes/EtOAc
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from 3:1 to 2:1), S50 mg (48%) of product was obtained as a
colorless oil. R; = 0.33 (petroleum ether/EtOAc 2:1). '"H NMR (400
MHz, CDCL,, ppm): & 8.88 (d, ] = 7.1 Hz, 1H), 8.58 (ddd, J = 4.8,
1.7, 0.9 Hz, 1H), 8.15 (dt, J = 7.8, 1.1 Hz, 1H), 7.83 (td, J = 7.7, 1.7
Hz, 1H), 7.45—7.37 (m, 3H), 7.06=7.01 (m, 2H), 5.71 (d, ] = 7.4 Hz,
1H), 5.16 (s, 2H), 3.77 (s, 3H), 3.46 (s, 3H). *C{'"H} NMR (100
MHz, CDCl,, ppm): & 171.4, 163.9, 157.5, 149.4, 148.4, 137.4, 129.9,
128.8, 126.6, 122.5, 116.8, 94.5, 56.2, 56.1, 52.9. HR-MS (ESI-TOF)
m/z: caled for [M + Na]* C;;H;4N,OsNa, 353.1113; found,
353.1117. FT-IR (thin film, cm™) v: 3386, 2954, 1751, 1683,
1508, 1236, 1153.

Methyl 2-(4-Trifluoromethoxyphenyl)-2-(picolinamido)acetate
(5n). Sn was synthesized according to procedure A. Step 1: (4-
trifluoromethoxyphenyl)glycine (1.00 g, 4.30 mmol, 1 equiv),
C,0,Cl, (0.74 mL, 8.60 mmol, 2 equiv), and MeOH (5 mL) were
mixed. Step 2: crude reaction mixture from step 1, picolinic acid (S50
mg, 4.50 mmol, 1.05 equiv), N,N,N’,N'-tetramethyl-O-(1H-benzo-
triazol-1-yl)uronium hexa-fluorophosphate (3.23 g, 8.60 mmol, 2
equiv), DMF (8 mL), and pyridine (1.0 mL, 12.9 mmol, 3 equiv)
were mixed. After column chromatography (gradient hexanes/EtOAc
from 3:1 to 2:1), 1.30 g (82%) of product was obtained as a colorless
oil. R¢ = 0.42 (petroleum ether/EtOAc 2:1). '"H NMR (400 MHz,
CDCly, ppm): § 9.01 (d, J = 7.2 Hz, 1H), 8.60 (ddd, ] = 4.8, 1.6, 0.9
Hz, 1H), 8.14 (dt, ] = 7.8, 1.0 Hz, 1H), 7.84 (td, J = 7.7, 1.7 Hz, 1H),
7.55—7.47 (m, 2H), 7.45 (ddd, ] = 7.6, 4.8, 1.2 Hz, 1H), 7.25—7.17
(m, 2H), 5.79 (d, ] = 7.5 Hz, 1H), 3.79 (s, 3H). BC{'H} NMR (100
MHz, CDCL, ppm): 6 170.8, 164.0, 149.4 (q, Je_ = 1.6 Hz), 1492,
148.5, 137.5, 135.4, 129.0, 126.7, 122.5, 121.5, 120.5 (q, Jop=257.6
Hz), 56.0, 53.2. "F NMR (376 MHz, CDCl,, ppm): § —57.84. HR-
MS (ESI-TOF) m/z: caled for [M + H]* C,(H,N,O,F;, 355.0906;
found, 355.0906. FT-IR (thin film, cm™) v: 3384, 2957, 1743, 1675,
1505, 1436, 1261, 1221, 1162.

Methyl 2-(4-Fluorophenyl)-2-(picolinamido)acetate (50). So was
synthesized according to procedure A. Step 1: 2-(4-fluorophenyl)-
glycine (1.0 g, 5.90 mmol, 1 equiv), C,0,Cl, (1.5 mL, 17.70 mmol, 3
equiv), and MeOH (9 mL) were mixed. Step 2: crude reaction
mixture from step 1, picolinic acid (762 mg, 6.20 mmol, 1.05 equiv),
N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl Juronium hexa-fluo-
rophosphate (4.48 g, 11.80 mmol, 2 equiv), DMF (12 mL), and
pyridine (1.4 mL, 17.70 mmol, 3 equiv) were mixed. After column
chromatography (gradient hexanes/EtOAc from 3:1 to 2:1), 1.30 g
(76%) of product was obtained as a colorless oil. R; = 0.37 (eluent
petroleum ether/EtOAc = 2/1). '"H NMR (400 MHz, CDCl,, ppm):
5 8.96 (d, ] = 6.8 Hz, 1H), 8.65—8.54 (m, 1H), 8.15 (d, ] = 7.8 Hz,
1H), 7.89—7.76 (m, 1H), 7.50-7.40 (m, 3H), 7.12=7.00 (m, 2H),
5.75 (d, ] = 7.4 Hz, 1H), 3.77 (s, 3H). “C{'H} NMR (100 MHz,
CDCly, ppm): 8 1711, 1639, 162.9 (d, Jo_y = 247.4 Hz), 149.3,
148.5, 137.5, 132.6 (d, Jc_p = 3.3 Hz), 129.3 (d, Jc_r = 8.4 Hz),
126.7, 122.5, 116.1 (d, Je_g = 21.8 Hz), 56.0, 53.1. °F NMR (376
MHz, CDCl,, ppm): § —113.28. HR-MS (ESI-TOF) m/z: caled for
[M + H]* C,;FH,,N,O,, 289.0988; found, 289.1002. FT-IR (thin
film, cm™) v: 3386, 2955, 1744, 1683, 1507, 1437, 1225, 1161.

Methyl 2-(4-Bromophenyl)-2-(picolinamido)acetate (5p). Sp was
synthesized according to procedure A. Step 1: 2-(4-bromophenyl)-
glycine (1.59 g, 6.00 mmol, 1 equiv), C,0,Cl, (1.6 mL, 18.00 mmol,
3 equiv), and MeOH (10 mL) were mixed. Step 2: crude reaction
mixture from step 1, picolinic acid (775 mg, 6.30 mmol, 1.0S equiv),
N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexa-fluo-
rophosphate (4.55 g, 12.00 mmol, 2 equiv), DMF (12 mL), and
pyridine (1.5 mL, 18.00 mmol, 3 equiv) were mixed. After column
chromatography (gradient hexanes/EtOAc from 3:1 to 2:1), 700 mg
(33%) of product was obtained as a colorless oil. R; = 0.40 (eluent
petroleum ether/EtOAc = 2/1). "H NMR (400 MHz, CDCl,, ppm):
5899 (d, ] = 7.0 Hz, 1H), 8.60 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.14
(dt,J = 7.8, 1.1 Hz, 1H), 7.84 (td, ] = 7.7, 1.7 Hz, 1H), 7.53—7.47 (m,
2H), 7.45 (ddd, ] = 7.6, 4.8, 1.2 Hz, 1H), 7.38—7.33 (m, 2H), 5.73 (d,
J = 7.4 Hz, 1H), 3.77 (s, 3H). *C{’"H} NMR (100 MHz, CDCl,,
ppm): 5 170.8, 163.9, 149.2, 148.4, 137.5, 135.8, 132.3, 129.2, 126.7,
122.8, 122.5, 56.2, 53.1. HR-MS (ESI-TOF) m/z: calcd for [M + H]*

https://dx.doi.org/10.1021/acs.joc.0c00207
J. Org. Chem. 2020, 85, 4482—4499


pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c00207?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

CysBrH,,N,O;, 349.0188; found, 349.0190. FT-IR (thin film, cm™)
v: 3378, 2954, 1748, 1680, 1507, 1173.

Methyl 2-(Picolinamido)-2-(thiophen-3-yl)acetate (5q). Sq was
synthesized according to procedure A. Step 1: 2-amino-2-(thiophen-
3-yl)acetic acid hydrochloride (1.23 g, 7.80 mmol, 1 equiv), C,0,Cl,
(1.36 mL, 15.60 mmol, 2 equiv), and MeOH (15 mL) were mixed.
Step 2: crude reaction mixture from step 1, picolinic acid (965 mg,
7.80 mmol, 1.0 equiv), N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-
yl)uronium hexa-fluorophosphate (5.95 g, 15.60 mmol, 2 equiv),
DMF (24 mL), and pyridine (1.89 mL, 23.40 mmol, 3 equiv) were
mixed. After column chromatography (gradient hexanes/EtOAc from
3:1 to 2:1), 280 mg (13%) of product was obtained as a colorless oil.
R; = 0.51 (eluent petroleum ether/EtOAc = 1/1). 'H NMR (400
MHz, CDCL,, ppm): & 8.84 (d, J = 7.2 Hz, 1H), 8.58 (ddd, J = 4.8,
17,09 Hz, 1H), 8.17 (dt, ] = 7.8, 1.1 Hz, 1H), 7.84 (td, ] = 7.7, 1.7
Hz, 1H), 7.44 (ddd, ] = 7.6, 4.8, 12 Hz, 1H), 7.41-7.36 (m, 1H),
7.33 (dd, J = 5.0, 3.0 Hz, 1H), 7.17 (dd, ] = 5.0, 1.3 Hz, 1H), 5.92 (d,
J = 7.9 Hz, 1H), 3.80 (s, 3H). *C{'"H} NMR (100 MHz, CDCl,,
ppm): 5 170.9, 164.0, 149.4, 148.4, 137.4, 136.6, 126.9, 126.6, 126.5,
123.5, 122.5, 53.0, 52.5. HR-MS (ESL-TOF) m/z: calcd for [M + H]*
C13H 3N, 0,S, 277.0647; found, 277.0655. FT-IR (thin film, cm™) v
3387, 3098, 2954, 1752, 1679, 1514, 1212, 1164.

Methyl (E)-2-(Picolinamido)-2-(2-styrylphenyl)acetate (5s). Step
1: to a stirred solution of ammonium chloride (0.58 g, 10.87 mmol,
1.3 equiv) in 25 mL of ammonium hydroxide solution (25% NH; in
water), sodium cyanide (0.52 g, 10.45 mmol, 1.25 equiv) was added
carefully, followed by dropwise (over 30 min) addition of (E)-2-
styrylbenzaldehyde'' (1.74 g, 8.36 mmol, 1 equiv) solution in iPrOH
(10 mL). The mixture was stirred at room temperature overnight.
The solvent was removed under reduced pressure, and the crude
mixture was diluted with water (pH > 10) and extracted with
dichloromethane (DCM) (3 X 30 mL). The combined organic layers
were washed with brine (1 X 30 mL), dried over Na,SO,, filtered, and
evaporated under reduced pressure to afford the crude product, which
was used in the next step without further purification. Step 2: to a
stirred solution of the crude product from step 1 in 1,4-dioxane (S
mL), concentrated hydrochloric acid (37%, 5.2 mL, 167.23 mmol, 20
equiv) was added dropwise, and the resulting mixture was refluxed for
S h. The solvent was removed under reduced pressure to afford the
crude product, which was used in the next step without further
purification. Step 3: the crude product from step 2 was suspended in
MeOH (24 mL) under an argon atmosphere. The solution was cooled
to 0 °C, and oxalyl chloride (1.5 mL, 16.72 mmol, 2 equiv) was slowly
added dropwise. The reaction mixture was stirred overnight at room
temperature. The solvent was evaporated under vacuum; the residue
was dissolved in dist. H,O (50 mL) and extracted with EtOAc (50
mL). Using 1 M NaOH, the pH of the aqueous phase was adjusted to
~8. The aqueous phase was extracted with EtOAc (3 X S0 mL). The
combined organic phase was dried over Na,SO, and filtered. The
solvent was evaporated under reduced pressure to afford the crude
product as a yellowish oil. The crude product was used in the next
step without further purification. Step 4: under an argon atmosphere,
the crude product from step 3, picolinic acid (1.08 g, 8.78 mmol, 1.05
equiv), and N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (6.34 g, 16.72 mmol, 2 equiv) were dissolved in
DMEF (10 mL). Pyridine (1.4 mL, 16.72 mmol, 2 equiv) was added to
the solution directly. The reaction mixture was stirred at room
temperature overnight. Then reaction mixture was diluted with
EtOAc (50 mL) and H,O (40 mL) and filtered. The organic phase
was separated, and the aqueous phase was extracted with EtOAc (50
mL); the combined organic phase was washed with dist. H,O (20
mL) and brine (20 mL), dried over Na,SO,, and filtered. The solvent
was evaporated under reduced pressure to afford the crude product,
which was further purified by flash chromatography on silica gel using
petroleum ether/EtOAc (3/1) as an eluent to give corresponding
product 1.04 g (34% over 4 steps) as a yellowish oil. Ry = 0.28
(petroleum ether/EtOAc 3:1). 'H NMR (400 MHz, CDCL,, ppm): &
892 (d, ] = 7.5 Hz, 1H), 8.52 (ddd, ] = 4.8, 1.7, 0.9 Hz, 1H), 8.17 (dt,
J =78, 1.1 Hz, 1H), 7.82 (td, ] = 7.7, 1.7 Hz, 1H), 7.71-7.64 (m,
2H), 7.61-7.54 (m, 2H), 7.44—7.35 (m, SH), 7.33—7.26 (m, 2H),

7.03 (d, J = 16.0 Hz, 1H), 6.16 (d, J = 7.7 Hz, 1H), 3.76 (s, 3H).
BC{'H} NMR (100 MHz, CDCl,, ppm): § 171.6, 163.9, 1494,
148.4, 137.4, 137.3, 134.2, 132.7, 129.0, 128.8, 128.4, 128.0, 127.9,
127.1, 127.0, 126.6, 125.4, 122.5, 53.9, 53.0. HR-MS (ESI-TOF) m/z:
caled for [M + H]" Cy3H, N,05, 373.1552; found, 373.1561. FT-IR
(thin film, cm™) v: 3389, 1743, 1680, 1507, 1220.

Synthesis and Characterization of Picolinamides 1. N-(2-
((tert-Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (1a). Pro-
cedure B: Step 1: methyl 2-phenyl-2-(picolinamido)acetate (1.50 g,
5.55 mmol, 1 equiv) was dissolved in tetrahydrofuran (THF; 20 mL)
under an argon atmosphere. The solution was cooled in water/ice
bath to 0 °C and lithium borohydride (4 M in THF, 1.8 mL, 7.21
mmol, 1.3 equiv) was added slowly dropwise; then the reaction
mixture was stirred at room temperature for 3 h. The reaction was
monitored by TLC to achieve full conversion and then cooled in
water/ice bath and quenched by 15% citric acid solution in water. The
organic solvent was evaporated in vacuum, and the water phase was
extracted by DCM (2 X 30 mL). The combined organic phase was
dried over Na,SO,, filtered, and evaporated under reduced pressure to
afford the crude product, which was used in the next step without
further purification. Step 2: to the solution of N-(2-hydroxy-1-
phenylethyl)picolinamide (5.5 mmol, 1 equiv) in DMF (18 mL)
under an argon atmosphere, imidazole (1.10 g, 7.21 mmol, 1.3 equiv)
and fert-butyldimethylsilyl chloride (491 mg, 7.21 mmol, 1.3 equiv)
were added. The reaction mixture was stirred at room temperature to
achieve full conversion and then was diluted with EtOAc (30 mL) and
H,O (20 mL). The organic phase was separated, and the water phase
was extracted with EtOAc (20 mL); the combined organic phase was
washed with dist. H,O (20 mL) and brine (20 mL). The combined
organic phase was dried over Na,SO,, filtered, and evaporated under
reduced pressure to afford the crude product, which was further
purified by flash chromatography on silica gel using petroleum ether/
EtOAc (6/1) as an eluent to give corresponding product 1.60 g
(81%) as a colorless oil. R; = 0.34 (petroleum ether/EtOAc 4:1). 'H
NMR (400 MHz, CDCly, ppm): & 8.86 (d, J = 7.7 Hz, 1H), 8.58
(ddd, J = 4.8, 1.6, 0.9 Hz, 1H), 8.18 (dt, ] = 7.8, 1.0 Hz, 1H), 7.83 (td,
J =77, 1.7 Hz, 1H), 7.45—7.38 (m, 3H), 7.36—7.29 (m, 2H), 7.28—
722 (m, 1H), 522 (dt, J = 8.7, 4.6 Hz, 1H), 401 (dd, ] = 102, 4.6
Hz, 1H), 3.94 (dd, ] = 10.2, 4.6 Hz, 1H), 0.87 (s, 9H), —0.01 (s, 3H),
—0.05 (s, 3H). *C{'"H} NMR (100 MHz, CDCl;, ppm): § 163.9,
150.1, 1482, 140.3, 1374, 128.5, 127.5, 127.2, 1263, 122.4, 66.4,
54.9,25.9, 18.4, —=5.4, —5.5. HR-MS (ESI-TOF) m/z: calcd for [M +
H]* CyoHuN,0,Si, 357.1998; found, 357.2007. FT-IR (thin film,
cm™') v: 3386, 2954, 2927, 2856, 1681, 1517, 1254, 1107.

N-(2-Hydroxy-1-phenylethyl)picolinamide (1b). 1b was synthe-
sized according to procedure B. Step 1: methyl 2-phenyl-2-
(picolinamido)acetate (1.10 g, 4.07 mmol, 1 equiv), LiBH4 (4 M
in THF 1.32 mL, 5.29 mmol, 1.3 equiv), and THF (15 mL) were
mixed. After column chromatography (gradient hexanes/EtOAc from
1:1 to EtOAc), 880 mg (89%) of product was obtained as a colorless
oil. This compound is known."* 'H NMR (400 MHz, CDCls, ppm): &
8.70 (d, J = 6.5 Hz, 1H), 8.63—8.48 (m, 1H), 8.23-8.09 (m, 1H),
7.83 (td, J = 7.7, 1.7 Hz, 1H), 7.51-7.22 (m, 6H), 5.32—5.18 (m,
1H), 4.11-3.89 (m, 2H), 3.07 (s, 1H).

N-(2-((4-Methoxybenzyl)oxy)-1-phenylethyl)picolinamide (1c).
To a solution of N-(2-hydroxy-1-phenylethyl)picolinamide (300 mg,
1.24 mmol) in DMF (4 mL), NaH (60% dispersion in mineral oil, 74
mg, 1.86 mmol, 1.5 equiv) was added at 0 °C. The reaction was
stirred at the same temperature for S min, and then PMBCI (0.22 mL,
1.61 mmol 1.3 equiv) was added and further stirred for 30 min at the
same temperature. The reaction mixture was quenched with ice water
and then extracted with ethyl acetate (3 X 10 mL). The combined
organic phase was washed with dist. H,O (10 mL) and brine (10
mL), then dried over anhydrous Na,SO,, filtered, and evaporated
under reduced pressure. After column chromatography (gradient
hexanes/EtOAc from S:1 to 3:1), 380 mg (85%) of product was
obtained as a colorless oil. R¢ = 0.10 (petroleum ether/EtOAc 4:1).
'H NMR (400 MHz, CDCL,, ppm): & 8.75 (d, J = 8.0 Hz, 1H), 8.58
(ddd, J = 4.8, 1.7,0.9 Hz, 1H), 8.18 (dt, J = 7.8, 1.0 Hz, 1H), 7.83 (td,
J =7.7, 1.7 Hz, 1H), 7.46—7.38 (m, 3H), 7.38—7.30 (m, 2H), 7.31—
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723 (m, 1H), 7.24—7.18 (m, 2H), 6.87—6.81 (m, 2H), 5.39 (dt, J =
8.2, 5.2 Hz, 1H), 4.59—4.46 (m, 2H), 3.83 (d, ] = 5.3 Hz, 2H), 3.79
(s, 3H). BC{'H} NMR (100 MHz, CDCl;, ppm): § 164.0, 159.3,
150.0, 148.2, 139.9, 137.4, 130.1, 129.4, 128.6, 127.5, 127.1, 126.3,
1224, 113.9, 72.8, 72.3, 53.3, 53.1. HR-MS (ESI-TOF) m/z: caled for
[M + Na]* C,,H,,N,0;Na, 385.1528; found, 385.1530. FT-IR (thin
film, cm™) v: 3393, 2862, 1683, 1512, 1250, 1096.

N-(2-(Methoxymethoxy)-1-phenylethyl)picolinamide (1d). To a
solution of N-(2-hydroxy-1-phenylethyl)picolinamide (300 mg, 1.24
mmol) in DMF (4 mL), NaH (60% dispersion in mineral oil, 74 mg,
1.86 mmol, 1.5 equiv) was added at 0 °C. The reaction was stirred at
the same temperature for S min, and then MOMCI (0.12 mL, 1.61
mmol 1.3 equiv) was added and further stirred for 30 min at the same
temperature. The reaction mixture was quenched with ice water and
then extracted with ethyl acetate (3 X 10 mL). The combined organic
phase was washed with dist. H,O (10 mL) and brine (10 mL), then
dried over anhydrous Na,SO,, filtered, and evaporated under reduced
pressure. After column chromatography (gradient hexanes/EtOAc
from 2:1 to 1:1), 185 mg (52%) of product was obtained as a
colorless oil. Ry = 0.29 (petroleum ether/EtOAc 1:1). "H NMR (400
MHz, CDCl,;, ppm): 6 8.71 (d, ] = 8.0 Hz, 1H), 8.53—8.42 (m, 1H),
8.11 (d, ] = 7.8 Hz, 1H), 7.79—7.67 (m, 1H), 7.43—7.30 (m, 3H),
7.32-722 (m, 2H), 7.23=7.14 (m, 1H), 5.34 (dt, J = 8.5, 5.1 Hz,
1H), 4.63—4.52 (m, 2H), 3.92—3.82 (m, 2H), 3.20 (s, 3H). “C{'H}
NMR (100 MHz, CDCl;, ppm): § 163.9, 149.8, 148.1, 139.7, 137.3,
128.6, 127.5, 126.9, 126.3, 122.3, 96.5, 70.4, 55.4, 53.0. HR-MS (ESI-
TOF) m/z: caled for [M + Na]* C;¢H;sN,O;Na 309.121S; found,
309.1217. FT-IR (thin film, cm™) v: 3390, 2932, 2887, 1680, 1518,
1151, 1041.

N-(1-Phenylethyl)picolinamide (1e). Under an argon atmosphere,
phenylethylamine (1.50 g, 12.38 mmol, 1 equiv), picolinic acid (1.60
g, 13.00 mmol, 1.0S equiv), and N,N,N’,N’-tetramethyl-O-(1H-
benzotriazol-1-yl)uronium hexafluorophosphate (9.39 g, 24.76 mmol,
2 equiv) were dissolved in DMF (24 mL). Pyridine (3.0 mL, 37.14
mmol, 3 equiv) was added to the solution directly. The reaction
mixture was stirred at room temperature overnight. The reaction was
monitored by TLC to achieve full conversion, then was diluted with
EtOAc (50 mL) and H,0 (50 mL), and filtered. The organic phase
was separated, and the aqueous phase was extracted with EtOAc (50
mL); the combined organic phase was washed with dist. H,O (20
mL) and brine (20 mL), dried over Na,SO,, and filtered. The solvent
was evaporated under reduced pressure to afford the crude product,
which was further purified by flash chromatography on silica gel using
petroleum ether/EtOAc (2/1) as an eluent to give corresponding
product 2.05 g (73%) as a colorless oil. This compound is known.” 'H
NMR (400 MHz, CDCl, ppm): & 8.53 (ddd, ] = 4.8, 1.6, 0.9 Hz,
1H), 8.34 (d, ] = 6.6 Hz, 1H), 8.20 (d, ] = 7.8 Hz, 1H), 7.83 (td, ] =
7.7, 1.7 Hz, 1H), 7.45—7.38 (m, 3H), 7.38—7.33 (m, 2H), 7.26 (tt, J
= 6.9, 1.3 Hz, 1H), 5.38—5.28 (m, 1H), 1.63 (d, ] = 6.9 Hz, 3H).

N-Benzhydrylpicolinamide (1f). Under an argon atmosphere,
diphenylmethanamine (0.66 mL, 3.82 mmol, 1 equiv), picolinic acid
(470 mg, 3.82 mmol, 1 equiv), and N,N,N’,N’-tetramethyl-O-(1H-
benzotriazol-1-yl)uronium hexafluorophosphate (2.90 g, 7.64 mmol, 2
equiv) were dissolved in DMF (15 mL). Pyridine (0.62 mL, 7.64
mmol, 2 equiv) was added to the solution directly. The reaction
mixture was stirred at room temperature overnight. The reaction was
monitored by TLC to achieve full conversion, then was diluted with
EtOAc (30 mL) and H,0 (30 mL), and filtered. The organic phase
was separated, and the aqueous phase was extracted with EtOAc (30
mL); the combined organic phase was washed with dist. H,O (20
mL) and brine (20 mL), dried over Na,SO,, and filtered. The solvent
was evaporated under reduced pressure to afford the crude product,
which was further purified by flash chromatography on silica gel using
petroleum ether/EtOAc (3/1) as an eluent to give correspondin§
product 931 mg (85%) as white powder. This compound is known."
'H NMR (400 MHz, CDCly, ppm): 6 8.75 (d, ] = 8.1 Hz, 1H), 8.57
(ddd, J = 4.8, 1.6, 0.9 Hz, 1H), 8.24 (dt, ] = 7.8, 1.0 Hz, 1H), 7.87 (td,
J =77, 1.7 Hz, 1H), 7.45 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H), 7.40—7.20
(m, 10H), 6.47 (d, ] = 8.6 Hz, 1H).

4489

N-(2-((tert-Butyldimethylsilyl)oxy)-1-(2-methoxyphenyl)ethyl)-
picolinamide (1g). 1g was synthesized according to procedure B.
Step 1: methyl 2-(2-methoxyphenyl)-2-(picolinamido)acetate (0.90 g,
2.99 mmol, 1 equiv), LiBH, (4 M in THF 0.97 mL, 3.89 mmol, 1.3
equiv), and THF (24 mL) were mixed. Step 2: crude reaction mixture
from step 1, imidazole (265 mg, 3.89 mmol, 1.3 equiv), TBSCI (587
mg, 3.89 mmol, 1.3 equiv), and DMF (12 mL) were mixed. After
column chromatography (hexanes/EtOAc 6:1), 627 mg (54%) of
product was obtained as a colorless oil. R; = 0.38 (petroleum ether/
EtOAc 3:1). '"H NMR (400 MHz, CDCl,, ppm): 6 9.02 (d, ] = 8.6
Hz, 1H), 8.59 (ddd, ] = 4.8, 1.7, 0.9 Hz, 1H), 8.18 (dt, ] = 7.8, 1.1 Hz,
1H), 7.82 (td, J = 7.7, 1.7 Hz, 1H), 7.41 (ddd, ] = 7.6, 4.8, 1.2 Hz,
1H), 7.33—7.27 (m, 1H), 7.22 (td, ] = 7.9, 1.7 Hz, 1H), 6.94—6.85
(m, 2H), 5.53 (dt, J = 9.0, 5.1 Hz, 1H), 3.98 (dd, ] = 10.0, 5.2 Hz,
1H), 3.94—3.86 (m, 4H), 0.83 (s, 9H), —0.06 (s, 3H), —0.10 (s, 3H).
BC{'H} NMR (100 MHz, CDCl;, ppm): § 163.7, 157.1, 150.5,
148.3, 137.3, 128.8, 128.5, 127.9, 126.1, 122.4, 120.6, 110.7, 64.9,
55.6, 51.4, 25.9, 18.4, —5.47, —5.48. HR-MS (ESI-TOF) m/z: calcd
for [M + H]* C,,H;,N,0,Si, 387.2104; found, 387.2108. FT-IR (thin
film, cm™") v: 3394, 2930, 2856, 1694, 1508, 1256, 1110.

N-(2-((tert-Butyldimethylsilyl)oxy)-1-(2-fluorophenyl)ethyl)-
picolinamide (1h). 1h was synthesized according to procedure B.
Step 1: methyl 2-(2-fluorophenyl)-2-(picolinamido)acetate (1.40 g,
4.86 mmol, 1 equiv), LiBH, (4 M in THF 1.58 mL, 6.32 mmol, 1.3
equiv), and THF (24 mL) were mixed. Step 2: crude reaction mixture
from step 1, imidazole (430 mg, 6.32 mmol, 1.3 equiv), TBSCI (952
mg, 6.32 mmol, 1.3 equiv), and DMF (10 mL) were mixed. After
column chromatography (hexanes/EtOAc 6:1), 1.30 g (71%) of
product was obtained as a colorless oil. R = 0.38 (petroleum ether/
EtOAc 4:1). 'H NMR (400 MHz, CDCL, ppm): & 8.91 (d, J = 8.2
Hz, 1H), 8.59 (ddd, ] = 4.8, 1.7, 0.9 Hz, 1H), 8.17 (dt, J = 7.8, 1.0 Hz,
1H), 7.83 (td, J = 7.6, 1.7 Hz, 1H), 7.42 (ddd, ] = 7.6, 4.8, 1.2 Hz,
1H), 7.37 (td, J = 7.6, 1.7 Hz, 1H), 7.26—7.18 (m, 1H), 7.11-7.01
(m, 2H), 5.52 (dt, ] = 8.9, 4.8 Hz, 1H), 4.01 (dd, ] = 10.1, 4.8 Hz,
1H), 3.95 (dd, J = 10.1, 4.8 Hz, 1H), 0.84 (s, 9H), —0.03 (s, 3H),
—0.09 (s, 3H). *C{'H} NMR (100 MHz, CDCl;, ppm): § 163.9,
160.7 (d, Jo_p = 245.5 Hz), 150.0, 148.3, 137.4, 129.1 (d, Jo_p = 4.5
Hz), 129.0 (d, Jc_ = 8.3 Hz), 127.1 (d, Jo_p = 13.4 Hz), 126.3, 124.0
(d, Jo_g = 3.4 Hz), 122.4, 115.5 (d, Jo_g = 21.8 Hz), 65.2 (d, Jo_g =
1.2 Hz), 50.0 (d, Jo_r = 1.4 Hz), 25.9, 18.3, 5.5, —5.6. ’F NMR
(376 MHz, CDCl,, ppm): § —118.54. HR-MS (ESI-TOF) m/z: calcd
for [M + H]* CyH,eN,0,SiF, 375.1904; found, 375.1916. FT-IR
(thin film, cm™) : 3388, 2955, 2928, 1685, 1514, 1107.

N-(2-((tert-Butyldimethylsilyl)oxy)-1-(3-methylphenyl)ethyl)-
picolinamide (1i). 1i was synthesized according to procedure B. Step
1: methyl 2-(3-methylphenyl)-2-(picolinamido)acetate (1.00 g, 3.52
mmol, 1 equiv), LiBH, (4 M in THF 1.07 mL, 4.26 mmol, 1.2 equiv),
and THF (17 mL) were mixed. Step 2: crude reaction mixture from
step 1, imidazole (312 mg, 4.58 mmol, 1.3 equiv), TBSCI (690 mg,
4.58 mmol, 1.3 equiv), and DMF (15 mL) were mixed. After column
chromatography (petroleum ether/EtOAc 6:1), 441 mg (34%) of
product was obtained as a colorless oil. R; = 0.37 (petroleum ether/
EtOAc 5:1). '"H NMR (400 MHz, CDCl,, ppm): 5 8.82 (d, J = 7.7
Hz, 1H), 8.58 (ddd, J = 4.7, 1.5, 0.8 Hz, 1H), 8.18 (d, J = 7.8 Hz,
1H), 7.83 (td, J = 7.7, 1.7 Hz, 1H), 7.42 (ddd, ] = 7.6, 4.8, 1.2 Hz,
1H), 7.24—7.16 (m, 3H), 7.10~7.01 (m, 1H), 522-5.10 (m, 1H),
3.99 (dd, J = 102, 4.6 Hz, 1H), 3.92 (dd, J = 102, 4.6 Hz, 1H), 2.33
(s, 3H), 0.88 (s, 9H), 0.00 (s, 3H), —0.04 (s, 3H). *C{'H} NMR
(100 MHz, CDCly, ppm): & 164.0, 150.2, 148.3, 140.3, 138.0, 137.3,
128.4, 128.2, 128.0, 1262, 124.2, 122.3, 66.4, 54.9, 25.9, 21.6, 18.4,
—5.4. HR-MS (ESI-TOF) m/z: caled for [M + H]* C,,H;N,0,Si,
371.2155; found, 371.2159. FT-IR (thin film, cm™) v: 3397, 2954,
2927, 2857, 1684, 1512, 1101.

N-(2-((tert-Butyldimethylsilyl)oxy)-1-(3-trifluoromethylphenyl)-
ethyl)picolinamide (1j). 1j was synthesized according to procedure B.
Step 1: methyl 2-(3-trifluoromethylphenyl)-2-(picolinamido)acetate
(1.12 g 3.30 mmol, 1 equiv), LiBH, (4 M in THF 1.07 mL, 4.29
mmol, 1.3 equiv), and THF (30 mL) were mixed. Step 2: crude
reaction mixture from step 1, imidazole (292 mg, 4.29 mmol, 1.3
equiv), TBSCI (647 mg, 4.29 mmol, 1.3 equiv), and DMF (12 mL)
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were mixed. After column chromatography (hexanes/EtOAc 6:1),
1.40 g (60%) of product was obtained as a colorless oil. R; = 0.37
(petroleum ether/EtOAc 3:1). "H NMR (400 MHz, CDCl,, ppm): &
894 (d,] = 7.9 Hz, 1H), 8.59 (ddd, ] = 4.8, 1.7, 0.9 Hz, 1H), 8.17 (dt,
J=7.8, 1.0 Hz, 1H), 7.84 (td, ] = 7.7, 1.7 Hz, 1H), 7.69 (s, 1H), 7.60
(d, J = 7.7 Hz, 1H), 7.52 (d, ] = 7.8 Hz, 1H), 7.49-7.32 (m, 2H),
526 (dt, J = 8.2, 4.1 Hz, 1H), 4.04 (dd, J = 10.2, 4.4 Hz, 1H), 3.94
(dd, J = 10.2, 3.8 Hz, 1H), 0.88 (s, 9H), 0.01 (s, 3H), —0.05 (s, 3H).
BC{'H} NMR (100 MHz, CDCl;, ppm): § 164.1, 149.8, 148.4,
141.7, 138.5, 130.8, 130.8 (q, Jo—_p = 32.1 Hz), 128.9, 1264, 124.4 (q,
Jo—r = 3.8 Hz), 124.1 (q, Jo_p = 3.8 Hz), 124.3 (q, Jo_p = 272.4 Hz),
122.4, 66.2, 54.4,25.8, 18.3, —5.5, —5.6. ’F NMR (376 MHz, CDCl,,
ppm): & —62.54. HR-MS (ESI-TOF) m/z: caled for [M + H]*
Cy, HygN,O,SiFy, 425.1872; found, 425.1881. FT-IR (thin film, cm™)
v: 3386, 29585, 2930, 2859, 1683, 1508, 1329, 1126.
N-(2-((tert-Butyldimethylsilyl)oxy)- 1-(4-methylphenyl)ethyl)-
picolinamide (1k). 1k was synthesized according to procedure B.
Step 1: methyl 2-(4-methylphenyl)-2-(picolinamido)acetate (668 mg,
2.35 mmol, 1 equiv), LiBH, (4 M in THF 0.76 mL, 3.05 mmol, 1.3
equiv), and THF (15 mL) were mixed. Step 2: crude reaction mixture
from step 1, imidazole (208 mg, 3.0 mmol, 1.3 equiv), TBSCI (460
mg, 3.05 mmol, 1.3 equiv), and DMF (8 mL) were mixed. After
column chromatography (hexanes/EtOAc 6:1), S14 mg (59%) of
product was obtained as a colorless oil. R; = 0.46 (petroleum ether/
EtOAc 4:1). '"H NMR (400 MHz, CDCly, ppm): 6 8.79 (d, ] = 7.8
Hz, 1H), 8.56 (ddd,]: 4.8,1.6,0.9 Hz, 1H), 8.17 (dt,] =7.8,1.0 Hz,
1H), 7.82 (td, ] = 7.7, 1.7 Hz, 1H), 7.41 (ddd, ] = 7.6, 4.8, 1.2 Hz,
1H), 7.30 (d, J = 8.1 Hz, 2H), 7.13 (d, ] = 7.9 Hz, 2H), 5.17 (dt, ] =
8.7, 4.7 Hz, 1H), 3.99 (dd, ] = 10.2, 4.7 Hz, 1H), 3.92 (dd, ] = 102,
4.9 Hz, 1H), 2.32 (s, 3H), 0.88 (s, 9H), 0.01 (s, 3H), —0.02 (s, 3H).
BC{'H} NMR (100 MHz, CDCl;, ppm): § 163.9, 1502, 14822,
1374, 137.3, 137.0, 1292, 127.1, 126.2, 122.3, 66.4, 54.7, 25.9, 212,
18.4, —5.38, —5.42. HR-MS (ESI-TOF) m/z: caled for [M + H]*
C,,H;N,0,8i, 371.2155; found, 371.2164. FT-IR (thin film, cm™)
v: 3389, 2952, 2859, 1679, 1518, 1257, 1115.
N-(2-((tert-Butyldimethylsilyl)oxy)-1-(4-methoxphenyl)ethyl)-
picolinamide (11). 11 was synthesized according to procedure B. Step
1: methyl 2-(4-methoxyphenyl)-2-(picolinamido)acetate (260 mg,
0.87 mmol, 1 equiv), LiBH, (4 M in THF 0.28 mL, 1.12 mmol, 1.3
equiv), and THF (S mL) were mixed. Step 2: crude reaction mixture
from step 1, imidazole (77 mg, 1.12 mmol, 1.3 equiv), TBSCI (170
mg, 1.12 mmol, 1.3 equiv), and DMF (4 mL) were mixed. After
column chromatography (hexanes/EtOAc 6:1), 180 mg (54%) of
product was obtained as a colorless oil. R; = 0.33 (petroleum ether/
EtOAc 4:1). '"H NMR (400 MHz, CDCl,, ppm): 5 8.79 (d, J = 7.8
Hz, 1H), 8.56 (d, ] = 4.1 Hz, 1H), 8.17 (d, ] = 7.8 Hz, 1H), 7.82 (td, ]
=77, 1.6 Hz, 1H), 7.45—7.37 (m, 1H), 7.37—7.29 (m, 2H), 6.94—
6.80 (m, 2H), 5.16 (dt, J = 8.7, 4.6 Hz, 1H), 3.98 (dd, J = 10.2, 4.7
Hz, 1H), 3.91 (dd, ] = 10.2, 4.7 Hz, 1H), 3.78 (s, 3H), 0.88 (s, 9H),
0.01 (s, 3H), —0.02 (s, 3H). *C{'H} NMR (100 MHz, CDCl,,
ppm): & 163.9, 159.0, 150.1, 148.2, 137.4, 132.6, 128.3, 1262, 122.3,
113.9, 66.4, 55.4, 54.3, 25.9, 18.3, —5.4. HR-MS (ESI-TOF) m/z:
caled for [M + Na]* C,;H,N,0;NaSi, 409.1923; found, 409.1926.
FT-IR (thin film, cm™") v: 3389, 3058, 2952, 2929, 2857, 1688, 1505,
1249, 1109.
N-(2-((tert-Butyldimethylsilyl)oxy)-1-(4-
methoxymethoxyphenyl)ethyl)picolinamide (1m). 1m was synthe-
sized according to procedure B. Step 1: methyl 2-(4-methoxymethox-
yphenyl)-2-(picolinamido)acetate (514 mg, 1.56 mmol, 1 equiv),
LiBH, (4 M in THF 0.51 mL, 2.02 mmol, 1.3 equiv), and THF (10
mL) were mixed. Step 2: crude reaction mixture from step 1,
imidazole (138 mg, 2.02 mmol, 1.3 equiv), TBSCI (305 mg, 2.02
mmol, 1.3 equiv), and DMF (5 mL) were mixed. After column
chromatography (hexanes/EtOAc 6:1), 370 mg (57%) of product was
obtained as a colorless oil. Ry = 0.20 (petroleum ether/EtOAc 4:1).
'"H NMR (400 MHz, CDCl;, ppm): & 8.78 (d, ] = 7.9 Hz, 1H), 8.56
(ddd, J = 4.8, 1.6, 0.9 Hz, 1H), 8.17 (dt, ] = 7.8, 1.0 Hz, 1H), 7.83 (td,
J =77, 1.7 Hz, 1H), 7.41 (ddd, ] = 7.6, 4.8, 1.2 Hz, 1H), 7.38—7.30
(m, 2H), 7.03—6.95 (m, 2H), 5.23—5.08 (m, 3H), 3.98 (dd, ] = 10.2,
4.7 Hz, 1H), 3.91 (dd, J = 10.2, 4.7 Hz, 1H), 3.46 (s, 3H), 0.88 (s,
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9H), 0.01 (s, 3H), —0.02 (s, 3H). *C{'H} NMR (100 MHz, CDCl,,
ppm): & 163.9, 156.3, 150.2, 148.3, 137.4, 133.9, 128.4, 1262, 122.3,
116.3, 94.6, 66.4, 56.1, 54.3, 25.9, 18.4, —5.37, —5.41. HR-MS (ESI-
TOF) m/z: caled for [M + H]* C,,H;3N,0,Si, 417.2210; found,
417.2206. FT-IR (thin film, cm™) v: 3388, 2930, 1512, 1153, 1108,
1080, 1006.

N-(2-((tert-Butyldimethylsilyl)oxy)- 1-(4-trifluoromethoxyphenyl)-
ethyl)picolinamide (1n). 1n was synthesized according to procedure
B. Step 1: methyl 2-(4-trifluoromethoxyphenyl)-2-(picolinamido)-
acetate (1.16 g, 3.27 mmol, 1 equiv), LiBH, (4 M in THF 1.06 mL,
4.26 mmol, 1.3 equiv), and THF (24 mL) were mixed. Step 2: crude
reaction mixture from step 1, imidazole (290 mg, 4.26 mmol, 1.3
equiv), TBSCI (642 mg, 4.26 mmol, 1.3 equiv), and DMF (10 mL)
were mixed. After column chromatography (hexanes/EtOAc 6:1),
1.00 g (69%) of product was obtained as a colorless oil. R = 0.34
(petroleum ether/EtOAc 4:1). "H NMR (400 MHz, CDCl,, ppm): &
8.88 (d,J = 7.9 Hz, 1H), 8.58 (ddd, ] = 4.8, 1.7, 0.9 Hz, 1H), 8.17 (dt,
J =78, 1.1 Hz, 1H), 7.84 (td, ] = 7.7, 1.7 Hz, 1H), 7.48=7.40 (m,
3H), 7.21-7.12 (m, 2H), 5.21 (dt, ] = 8.3, 4.3 Hz, 1H), 401 (dd, ] =
10.2, 4.5 Hz, 1H), 3.92 (dd, ] = 10.2, 42 Hz, 1H), 0.87 (s, 9H), 0.01
(s, 3H), —0.05 (s, 3H). *C{'H} NMR (100 MHz, CDCl,, ppm): &
164.1, 149.9, 148.6 (q, Jo_r = 1.8 Hz), 148.3, 139.3, 137.5, 128.6,
1264, 122.4, 121.0, 120.6 (q, Jo_r = 256.8 Hz), 66.3, 54.2, 25.9, 18.3,
—5.47, —5.48. YF NMR (376 MHz, CDCly, ppm): § —57.19. HR-MS
(ESI-TOF) m/z: caled for [M + H]* C,,H,N,O,SiF,, 441.1821;
found, 441.1828. FT-IR (thin film, cm™) v: 3386, 2955, 2931, 2858,
1686, 1507, 1260, 1224, 1165, 1109.

N-(2-((tert-Butyldimethylsilyl)oxy)-1-(4-fluorophenyl)ethyl)-
picolinamide (10). 1o was synthesized according to procedure B.
Step 1: methyl 2-(4-fluorophenyl)-2-(picolinamido)acetate (742 mg,
2.57 mmol, 1 equiv), LiBH, (4 M in THF 0.84 mL, 3.34 mmol, 1.3
equiv), and THF (20 mL) were mixed. Step 2: crude reaction mixture
from step 1, imidazole (228 mg, 3.34 mmol, 1.3 equiv), TBSCI (504
mg, 3.34 mmol, 1.3 equiv), and DMF (10 mL) were mixed. After
column chromatography (petroleum ether/EtOAc 6:1), S90 mg
(61%) of product was obtained as a colorless oil. R = 0.32 (petroleum
ether/EtOAc $:1). "H NMR (400 MHz, CDCly, ppm): 6 8.85 (d, ] =
7.7 Hz, 1H), 8.57 (ddd, ] = 4.8, 1.6, 0.9 Hz, 1H), 8.17 (dt, ] = 7.8, 0.9
Hz, 1H), 7.83 (td, ] = 7.7, 1.7 Hz, 1H), 7.46—7.33 (m, 3H), 7.05—
6.94 (m, 2H), 5.18 (dt, J = 8.4, 4.4 Hz, 1H), 3.99 (dd, ] = 10.1, 4.6
Hz, 1H), 3.91 (dd, ] = 10.1, 4.3 Hz, 1H), 0.88 (s, 9H), 0.01 (s, 3H),
—0.04 (s, 3H). *C{'H} NMR (100 MHz, CDCl;, ppm): § 164.0,
1622 (d, Jo_p = 245.0 Hz), 150.0, 148.3, 137.4, 136.3 (d, Jo_p = 3.1
Hz), 128.8 (d, Jo_y = 8.1 Hz), 1263, 122.4, 115.3 (d, J_g = 21.4 Hz),
663, 54.2,25.9, 18.4, —5.4, —5.5. ’F NMR (376 MHz, CDCly, ppm):
§ —115.67. HR-MS (ESI-TOF) m/z: caled for [M + H]*
CyFH,6N,0,8i, 375.1904; found, 375.1910. FT-IR (thin film,
cm™) v: 3388, 2954, 2929, 2858, 1687, 1514, 1258, 1223, 1103.

N-(2-((tert-Butyldimethylisilyl)oxy)-1-(4-bromophenyl)ethyl)-
picolinamide (1p). 1p was synthesized according to procedure B.
Step 1: methyl 2-(4-bromophenyl)-2-(picolinamido)acetate (335 mg,
0.96 mmol, 1 equiv), LiBH, (4 M in THF 0.31 mL, 1.24 mmol, 1.3
equiv), and THF (20 mL) were mixed. Step 2: crude reaction mixture
from step 1, imidazole (85 mg, 1.24 mmol, 1.3 equiv), TBSCI (188
mg, 1.24 mmol, 1.3 equiv), and DMF (10 mL) were mixed. After
column chromatography (hexanes/EtOAc 6:1), 222 mg (53%) of
product was obtained as a colorless oil. R; = 0.33 (petroleum ether/
EtOAc 5:1). 'H NMR (400 MHz, CDCl,, ppm):  8.85 (d, J = 7.7
Hz, 1H), 8.61-8.49 (m, 1H), 8.16 (d, ] = 7.8 Hz, 1H), 7.84 (td, ] =
7.7, 1.7 Hz, 1H), 7.51—7.40 (m, 3H), 7.33—7.27 (m, 2H), 5.15 (dt, J
= 8.3, 4.3 Hz, 1H), 3.99 (dd, ] = 10.2, 4.5 Hz, 1H), 3.90 (dd, ] = 10.2,
4.2 Hz, 1H), 0.88 (s, 9H), 0.01 (s, 3H), —0.03 (s, 3H). *C{'H}
NMR (100 MHz, CDCL,, ppm): 8 164.0, 150.0, 148.3, 136.6, 137.4,
131.5, 129.0, 126.4, 122.4, 121.3, 66.1, 54.3, 25.9, 18.4, —5.4, —5.5.
HR-MS (ESI-TOF) m/z: caled for [M + H]* C,oBrH,eN,0,8Si,
435.1103; found, 435.1102. FT-IR (thin film, cm™) v: 2954, 2928,
2856, 1684, 1515, 1255, 1107.

N-(2-((tert-Butyldimethylsilyl)oxy)-1-(thiophen-3-yl)ethyl)-
picolinamide (1q). 1q was synthesized according to procedure B.
Step 1: methyl 2-(picolinamido)-2-(thiophen-3-yl)acetate (280 mg,

https://dx.doi.org/10.1021/acs.joc.0c00207
J. Org. Chem. 2020, 85, 4482—4499


pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c00207?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

1.01 mmol, 1 equiv), LiBH, (4 M in THF 0.33 mL, 1.31 mmol, 1.3
equiv), and THF (10 mL) were mixed. Step 2: crude reaction mixture
from step 1, imidazole (89 mg, 1.31 mmol, 1.3 equiv), TBSCI (197
mg, 1.31 mmol, 1.3 equiv), and DMF (S mL) were mixed. After
column chromatography (petroleum ether/EtOAc 6:1), 233 mg
(64%) of product was obtained as a colorless oil. R¢ = 0.36 (petroleum
ether/EtOAc 5:1). 'H NMR (400 MHz, CDCL,, ppm): 5 8.72 (d, ] =
8.4 Hz, 1H), 8.55 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.20 (dt, ] = 7.8, 1.0
Hz, 1H), 7.84 (td, ] = 7.7, 1.7 Hz, 1H), 7.42 (ddd, ] = 7.6, 4.8, 1.2 Hz,
1H), 7.32—7.23 (m, 2H), 7.16 (dd, ] = 4.9, 1.4 Hz, 1H), 5.36 (dt, ] =
8.5, 4.2 Hz, 1H), 4.07—3.93 (m, 2H), 0.89 (s, 9H), 0.03 (s, 3H), 0.00
(s, 3H). BC{'H} NMR (100 MHz, CDCl;, ppm): § 163.8, 150.1,
148.3, 1413, 1374, 127.1, 126.3, 125.7, 122.4, 122.0, 65.8, 50.7, 25.9,
18.4, —5.4. HR-MS (ESI-TOF) m/z: caled for [M + H]*
Cy5H,N,0,8iS, 363.1563; found, 363.1573. FT-IR (thin film,
em™) v: 2954, 2928, 1676, 1513, 1510, 1255, 1114.

N-(3-((tert-Butyldimethylsilyl)oxy)-1-phenylpropyl)picolinamide
(1r). Procedure C: Step 1: under an argon atmosphere, 3-amino-3-
phenylpropan-1-ol (700 mg, 4.62 mmol, 1 equiv), picolinic acid (570
mg, 4.62 mmol, 1 equiv), and N,N,N’,N’-tetramethyl-O-(1H-
benzotriazol-1-yl)uronium hexafluorophosphate (3.51 g, 9.24 mmol,
2 equiv) were dissolved in DMF (15 mL). Pyridine (0.75 mL, 9.24
mmol, 2 equiv) was added to the solution directly. The reaction
mixture was stirred at room temperature overnight. The reaction was
monitored by TLC to achieve full conversion, then was diluted with
EtOAc (30 mL) and H,O (30 mL), and filtered. The organic phase
was separated, and the aqueous phase was extracted with EtOAc (30
mL); the combined organic phase was washed with dist. H,O (20
mL) and brine (20 mL), dried over Na,SO,, and filtered. The solvent
was evaporated under reduced pressure to afford the crude product,
which was used in the next step without further purification. Step 2: to
the solution of crude reaction mixture from the previous step in DMF
(12 mL) under an argon atmosphere, imidazole (471 mg, 6.93 mmol,
1.5 equiv) and tert-butyldimethylsilyl chloride (1.04 g, 6.93 mmol, 1.5
equiv) were added. The reaction mixture was stirred at room
temperature to achieve full conversion and then was diluted with
EtOAc (30 mL) and H,O (20 mL). The organic phase was separated,
and the water phase was extracted with EtOAc (20 mlL); the
combined organic phase was washed with dist. H,O (20 mL) and
brine (20 mL). The combined organic phase was dried over Na,SO,,
filtered, and evaporated under reduced pressure to afford the crude
product, which was further purified by flash chromatography on silica
gel using petroleum ether/EtOAc (S/1) as an eluent to give
corresponding product 776 mg (68%) as a colorless oil. R; = 0.40
(petroleum ether/EtOAc 3:1). 'H NMR (400 MHz, CDCl,, ppm): &
890 (d, J = 7.6 Hz, 1H), 8.56—8.42 (m, 1H), 8.10 (d, J = 7.8 Hz,
1H), 7.76 (td, ] = 7.7, 1.7 Hz, 1H), 7.35 (ddd, ] = 7.6, 4.8, 1.2 Hz,
1H), 7.35—7.28 (m, 2H), 7.30=7.21 (m, 2H), 7.20-7.14 (m, 1H),
5.37-5.25 (m, 1H), 3.67—3.52 (m, 2H), 2.23—2.07 (m, 1H), 2.10—
1.96 (m, 1H), 0.86 (s, 9H), —0.00 (s, 3H), —0.01 (s, 3H). *C{'H}
NMR (100 MHz, CDCly, ppm): § 163.8, 150.3, 148.1, 142.1, 137.3,
128.6, 127.2, 126.7, 126.1, 122.4, 60.4, 51.9, 38.6, 26.1, 18.5, —5.30,
—5.32. HR-MS (ESI-TOF) m/z: caled for [M + H]* C,Hy,N,0,Si,
371.2155; found, 371.2155. FT-IR (thin film, cm™) v: 3379, 2952,
2928, 2856, 1682, 1519, 1257, 1093.

(S)-N-(2-((tert-Butyldimethylsilyl)oxy)-1-phenylethyl)-
picolinamide (S-1a). S-1a was synthesized according to procedure C.
Step 1: (S)-2-amino-2-phenylethanol (1.00 g, 7.29 mmol, 1 equiv),
picolinic acid (942 mg, 7.65 mmol, 1.0S equiv), N,N,N’,N'-
tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluoro-phosphate
(5.53 g 14.58 mmol, 2 equiv), DMF (20 mL), and pyridine (1.18
mL, 14.58 mmol, 2 equiv) were mixed. The reaction mixture was
filtered through a short silicagel column. Step 2: reaction mixture from
the previous step, imidazole (645 mg, 9.48 mmol, 1.3 equiv), TBSCI
(1.43 g, 9.48 mmol, 1.3 equiv), and DMF (25 mL) were mixed. After
column chromatography (petroleum ether/EtOAc 6:1), 1.87 g (72%)
of product was obtained as a colorless oil. R; = 0.34 (petroleum ether/
EtOAc 4:1). ee = 99.9% (see attached HPLC data). The NMR data
matched to racemate. [@] —27.2 (c = 0.993, CHCLy).
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(E)-N-(2-((tert-Butyldimethylsilyl)oxy)- 1-(2-styrylphenyl)ethyl)-
picolinamide (1s). Step 1: methyl (E)-2-(picolinamido)-2-(2-
styrylphenyl)acetate (918 mg, 2.47 mmol, 1 equiv) was dissolved in
THF (20 mL) under an argon atmosphere. The solution was cooled
in water/ice bath to 0 °C, and lithium borohydride (4 M in THF, 0.8
mL, 3.21 mmol, 1.3 equiv) was added slowly dropwise; then the
reaction mixture was stirred at room temperature for 3 h. The
reaction was monitored by TLC to achieve full conversion, then
cooled in water/ice bath, and quenched by 15% citric acid solution in
water. The organic solvent was evaporated in vacuum and the water
phase was extracted by 2 X DCM (30 mL). The combined organic
phase was dried over Na,SO,, filtered, and evaporated under reduced
pressure to afford the crude product, which was used in next step
without further purification. Step 2: to the solution of crude product
from step 1 in DMF (7 mL) under an argon atmosphere, imidazole
(218 mg, 3.21 mmol, 1.3 equiv) and tert-butyldimethylsilyl chloride
(483 mg, 3.21 mmol, 1.3 equiv) were added. The reaction mixture
was stirred at room temperature to achieve full conversion and then
was diluted with EtOAc (30 mL) and H,O (20 mL). The organic
phase was separated, and the water phase was extracted with EtOAc
(20 mL); the combined organic phase was washed with dist. H,0 (20
mL) and brine (20 mL). The combined organic phase was dried over
Na,SO,, filtered, and evaporated under reduced pressure to afford the
crude product, which was further purified by flash chromatography on
silica gel using petroleum ether/EtOAc (6/ 1) as an eluent to give
corresponding product 520 mg (46%) as a colorless oil. Ry = 0.37
(petroleum ether/EtOAc 5:1). "H NMR (400 MHz, CDCl,, ppm): &
8.93 (d,J = 7.8 Hz, 1H), 8.60 (ddd, ] = 4.8, 1.6, 0.9 Hz, 1H), 8.22 (dt,
J=7.8,1.0 Hz, 1H), 7.86 (td, ] = 7.7, 1.7 Hz, 1H), 7.68 (d, ] = 16.0
Hz, 1H), 7.65-7.56 (m, 3H), 7.52—7.38 (m, 4H), 7.37-7.25 (m,
3H), 7.02 (d, ] = 16.0 Hz, 1H), 5.70 (dt, J = 8.3, 4.7 Hz, 1H), 4.05
(dd, J = 10.3, 4.7 Hz, 1H), 3.95 (dd, ] = 10.3, 4.9 Hz, 1H), 0.89 (s,
9H), 0.00 (s, 3H), —0.05 (s, 3H). *C{'H} NMR (100 MHz, CDCl,,
ppm): 5 163.9, 150.1, 148.3, 137.7, 137.6, 137.4, 1364, 131.7, 128.8,
127.8, 127.7, 127.6, 126.9, 126.8, 126.7, 12623, 12621, 122.3, 65.6,
51.4, 25.9, 18.3, —5.5. HR-MS (ESI-TOF) m/z: caled for [M + HJ*
C,3H;5N,0,8i, 459.2468; found, 459.2476. FT-IR (thin film, cm™)
v: 3390, 2953, 2928, 2856, 1682, 1519, 1254, 1105.

Synthesis and Characterization of Reaction Products 2.
General Procedure for Cobalt-Catalyzed sp? C—H Alkenylation/
Cyclization. A 30 mL vial equipped with a magnetic stir bar was
charged with picolinamide (0.50 mmol), Co(dpm), (42.5 mg, 0.10
mmol, 20 mol %), NaOPiv (74.5 mg, 0.60 mmol, 1.2 equiv),
Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH (S mL).
The reaction mixture was purged with O, for 30 s, then alkyne (0.75—
1.50 mmol, 1.5—3 equiv) was added, and the mixture was heated at 80
°C for an indicated time (16—24 h). The reaction was monitored by
TLC after 16, 20, and 24 h to determine the completion time. The
reaction mixture was cooled to room temperature, and the solvent was
evaporated. To the residue, potassium sodium tartrate (10 mL of 1 M
aqueous solution) was added, and the mixture was extracted with
EtOAc (3 X 1S mL). The combined organic phase was dried over
Na,SO, and filtered, and the solvent was evaporated. The product was
purified by column chromatography on silica gel using an appropriate
eluent. After purification, the product was dried under reduced
pressure. Note! It was observed that the reaction is sensitive to
Mn(OAc);-2H,0. Reproducible results were obtained using Mn-
(OAc);2H,0 purchased from Acros Organics and self-made
Mn(OAc);2H,0.

(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-
isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2aa). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), 3,3-dimethyl-1-butyne (185 xL, 1.50 mmol, 3 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60
mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (5 mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 183 mg (84%) of a yellowish oil
was obtained. R¢ = 0.45 (petroleum ether/EtOAc 4:1). The product
was isolated as a single regioisomer. The structure was confirmed by
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2D-NMR (COSY, NOESY, see attached NMR data). 'H NMR (400
MHz, CDCLy, ppm): 6 8.71 (d, ] = 4.7 Hz, 1H), 7.86—7.72 (m, 2H),
7.43-7.36 (m, 1H), 7.23—7.17 (m, 1H), 7.13 (d, ] = 6.6 Hz, 1H),
7.05 (td, J = 7.4, 1.3 Hz, 1H), 6.86 (d, ] = 7.4 Hz, 1H), 6.57 (s, 1H),
5.01 (t, ] = 6.3 Hz, 1H), 3.97 (dd, ] = 9.8, 7.3 Hz, 1H), 3.62 (dd, ] =
9.8, 7.7 Hz, 1H), 1.38 (s, 9H), 0.85 (s, 9H), —0.08 (s, 3H), —0.09 (s,
3H). BC{'"H} NMR (100 MHz, CDCly, ppm): & 171.3, 153.7, 149.5,
149.3, 136.9, 132.7, 131.7, 128.0, 126.7, 126.5, 125.7, 125.3, 124.8,
118.1, 62.3, 60.7, 36.7, 31.0, 26.0, 18.4, —5.4, —5.6. HR-MS (ESI-
TOF) m/z: caled for [M + H]" C,gHy,N,0,Si, 437.2624; found,
437.2624. FT-IR (thin film, cm™) v: 2955, 2930, 2858, 1653, 1117.
(S)-(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-
isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone ((S)-2aa). (S)-N-(2-
((tert-Butyldimethylsilyl) oxy)-1-phenylethyl)picolinamide (178 mg,
0.50 mmol), 3,3-dimethyl-1-butyne (185 uL, 1.50 mmol, 3 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (7S mg, 0.60
mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (5 mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 167 mg (77%) of a yellowish oil
was obtained. R = 0.45 (petroleum ether/EtOAc 4:1). The product
was isolated as a single regioisomer. ee = >99% (see attached HPLC
data). The NMR data matched that of racemate. [a]y —225.0 (¢ =
0.970, CHCL).
(3-(tert-Butyl)-1-(((4-methoxybenzyl)oxy)methyl)isoquinolin-
2(1H)-yl)(pyridin-2-yl)methanone (2ca). N-(2-((4-Methoxybenzyl)-
oxy)-1-phenylethyl)picolinamide (181 mg, 0.50 mmol), 3,3-dimethyl-
1-butyne (185 uL, 1.50 mmol, 3 equiv), Co(dpm), (42.5 mg, 0.10
mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2 equiv),
Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH (5
mL) were mixed for 16 h at 80 °C under an O, atmosphere. After
column chromatography (gradient petroleum ether/EtOAc from 6:1
to 4:1, then 2:1), 166 mg (75%) of a yellowish oil was obtained. R; =
0.16 (petroleum ether/EtOAc 4:1). The product was isolated as a
single regioisomer. The structure was confirmed by 2D-NMR (COSY,
NOESY, see attached NMR data). '"H NMR (400 MHz, CDCl,,
ppm): 8 8.68 (dt, J = 4.8, 1.3 Hz, 1H), 7.80—7.67 (m, 2H), 7.41—7.35
(m, 1H), 7.29-7.16 (m, 3H), 7.14 (d, ] = 6.7 Hz, 1H), 7.07 (t, ] = 8.0
Hz, 1H), 6.91—6.81 (m, 3H), 6.57 (s, 1H), 5.33—5.13 (m, 1H), 4.4
(s, 2H), 3.88—3.74 (m, 4H), 3.44 (dd, J = 9.8, 6.7 Hz, 1H), 1.35 (s,
9H). BC{'H} NMR (100 MHz, CDCl,, ppm): § 171.2, 159.3, 153.7,
149.5, 149.4, 136.9, 132.8, 131.8, 1304, 129.4, 128.1, 126.8, 126.0,
125.9, 1253, 124.8, 11822, 113.9, 72.9, 69.2, 58.6, 55.4, 36.8, 31.0.
HR-MS (ESI-TOF) m/z: calcd for [M + H]" C,sH; N, 05, 443.2335;
found, 443.2341. FT-IR (thin film, cm™") v: 2959, 2864, 1658, 1607,
1512, 1258, 1169.
(3-(tert-Butyl)-1-((methoxymethoxy)methyl)isoquinolin-2(1H)-
yl)(pyridin-2-yl)methanone (2da). N-(2-(Methoxymethoxy)-1-
phenylethyl)picolinamide (143 mg, 0.50 mmol), 3,3-dimethyl-1-
butyne (185 uL, 1.50 mmol, 3 equiv), Co(dpm), (42.5 mg, 0.10
mmol, 20 mol %), NaOPiv (7S mg, 0.60 mmol, 1.2 equiv),
Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH (§
mL) were mixed for 24 h at 80 °C under an O, atmosphere. After
column chromatography (gradient petroleum ether/EtOAc from 2:1
to 1:1), 128 mg (70%) of a yellowish oil was obtained. R; = 0.40
(petroleum ether/EtOAc 2:1). The product was isolated as a single
regioisomer. The structure was confirmed by 2D-NMR (COSY,
NOESY, see attached NMR data). 'H NMR (400 MHz, CDCl;,
ppm): & 8.69 (ddd, ] = 4.8, 1.6, 1.0 Hz, 1H), 7.81—7.67 (m, 2H), 7.39
(ddd, J = 7.4, 4.8, 1.4 Hz, 1H), 7.20 (td, ] = 7.5, 1.2 Hz, 1H), 7.14 (4,
J = 6.5 Hz, 1H), 7.06 (td, ] = 7.4, 1.4 Hz, 1H), 6.88 (d, J = 7.4 Hz,
1H), 6.58 (s, 1H), 5.34—5.06 (m, 1H), 4.63—4.54 (m, 2H), 3.91 (dd,
J=9.8,7.0 Hz, 1H), 3.59 (dd, ] = 9.8, 7.6 Hz, 1H), 3.24 (s, 3H), 1.37
(s, 9H). BC{'H} NMR (100 MHz, CDCly, ppm): 6 171.0, 153.6,
149.5, 149.0, 137.0, 132.8, 131.6, 128.0, 126.7, 126.1, 125.8, 125.4,
124.8, 118.1, 96.3, 66.7, 58.5, 55.3, 36.7, 31.0. HR-MS (ESI-TOF) m/
z: caled for [M + H]" C,,Hy,N,0;, 367.2022; found, 367.2033. FT-
IR (thin film, cm™") v: 2956, 1662, 1653, 1365, 1149, 1116, 1038.
(3-(tert-Butyl)-1-methylisoquinolin-2(1H)-yl)(pyridin-2-yl)-
methanone (2ea). N-(1-Phenylethyl)picolinamide (113 mg, 0.50
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mmol), 3,3-dimethyl-1-butyne (185 xL, 1.50 mmol, 3 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60
mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (S mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 126 mg (82%) of a yellowish oil
was obtained. R = 0.33 (petroleum ether/EtOAc 4:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). 'H NMR (400
MHz, CDCl,, ppm): 5 8.72 (d, ] = 5.4 Hz, 1H), 7.78 (td, ] = 7.7, 1.7
Hz, 1H), 7.64 (d, ] = 7.7 Hz, 1H), 7.45—7.38 (m, 1H), 7.20—7.11 (m,
2H), 7.05 (td, J = 7.2, 1.8 Hz, 1H), 6.78 (d, ] = 7.4 Hz, 1H), 6.61 (s,
1H), 523-5.03 (m, 1H), 143 (d, J = 6.8 Hz, 3H), 1.38 (s, 9H).
BC{'H} NMR (100 MHz, CDCl;, ppm): § 171.0, 154.2, 148.9,
148.7, 137.21, 137.19, 131.1, 127.5, 127.0, 126.0, 125.4, 124.8, 124.1,
118.2, 55.7, 36.6, 30.9, 19.6. HR-MS (ESI-TOF) m/z: calcd for [M +
H]* CyoH,3N,0, 307.1810; found, 307.1823. FT-IR (thin film, cm™)
v: 2966, 1653, 1395, 1341, 1164.
(3-(tert-Butyl)-1-phenylisoquinolin-2(1H)-yl)(pyridin-2-yl)-
methanone (2fa). N-Benzhydrylpicolinamide (144 mg, 0.5 mmol),
3,3-dimethyl-1-butyne (185 xL, 1.50 mmol, 3 equiv), Co(dpm),
(42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (7S mg, 0.60 mmol, 1.2
equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH
(5 mL) were mixed for 16 h at 80 °C under an O, atmosphere. After
column chromatography (gradient petroleum ether/EtOAc from 6:1
to 4:1), 162 mg (88%) of a yellowish oil was obtained. R; = 0.40
(petroleum ether/EtOAc 4:1). The product was isolated as a single
regioisomer. The structure was confirmed by 2D-NMR (COSY,
NOESY, see attached NMR data). 'H NMR (400 MHz, CDCl,
ppm): 6 8.77 (d, ] = 4.3 Hz, 1H), 7.81 (t, ] = 7.2 Hz, 1H), 7.70 (d, ] =
6.9 Hz, 1H), 7.55—7.34 (m, 3H), 7.32—7.24 (m, SH), 7.14 (t, ] = 6.7
Hz, 1H), 6.99—6.77 (m, 1H), 6.69—6.24 (m, 2H), 1.02 (s, 9H).
BC{'H} NMR (100 MHz, CDCl,, ppm): § 170.5, 153.9, 150.1,
148.6, 139.3, 137.3, 133.4, 132.9, 128.9, 128.1, 127.8, 127.7, 127.0,
126.1, 125.8, 125.5, 125.1, 119.1, 60.7, 36.3, 30.6. HR-MS (ESI-TOF)
m/z: caled for [M + H]* C,sH,5N,0, 369.1967; found, 369.1973. FT-
IR (thin film, cm™) v: 2967, 2905, 1653, 1648, 1375, 1364, 1334.
(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-8-methox-
yisoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ga). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-(2-methoxyphenyl)ethyl)picolinamide
(193 mg, 0.50 mmol), 3,3-dimethyl-1-butyne (185 L, 1.50 mmol, 3
equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg,
0.60 mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2
equiv), and MeOH (S mL) were mixed for 20 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 8:1 to 6:1, then 4:1), 127 mg (55%) of a
yellowish oil was obtained. R¢ = 0.48 (petroleum ether/EtOAc 3:1).
The product was isolated as a single regioisomer. The structure was
confirmed by 2D-NMR (COSY, NOESY, see attached NMR data).
'H NMR (400 MHz, CDCl,, ppm): & 8.72—8.64 (m, 1H), 7.90 (d, J
= 7.4 Hz, 1H), 7.74 (td, ] = 7.7, 1.7 Hz, 1H), 7.36 (ddd, ] = 7.6, 4.8,
1.1 Hz, 1H), 7.15 (t, ] = 7.9 Hz, 1H), 6.76 (d, ] = 7.5 Hz, 1H), 6.65
(d, J = 8.1 Hz, 1H), 6.54 (s, 1H), 5.53—5.33 (m, 1H), 3.70 (dd, ] =
10.5, 9.2 Hz, 1H), 3.63 (s, 3H), 3.52 (dd, ] = 10.6, 4.7 Hz, 1H), 1.38
(s, 9H), 0.91 (s, 9H), 0.01 (s, 3H), —0.01 (s, 3H). *C{'H} NMR
(100 MHz, CDCl,, ppm): & 171.6, 154.8, 154.0, 149.9, 149.7, 136.3,
133.5, 128.5, 124.8, 124.5, 120.7, 118.5, 118.1, 109.5, 61.1, 55.5, 55.2,
36.8, 30.9, 26.1, 18.5, —5.39, —5.40. HR-MS (ESI-TOF) m/z: caled
for [M + H]* C,,HyN,0,Si, 467.2730; found, 467.2747. FT-IR (thin
film, cm™) v: 2952, 2858, 1674, 1474, 1259, 1104.
(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-8-fluoroi-
soquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ha). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-(2-fluorophenyl)ethyl)picolinamide (187
mg, 0.50 mmol), 3,3-dimethyl-1-butyne (185 uL, 1.50 mmol, 3
equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg,
0.60 mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2
equiv), and MeOH (S mL) were mixed for 24 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 169 mg (74%) of a yellowish oil
was obtained. R; = 0.52 (petroleum ether/EtOAc 4:1). The product

https://dx.doi.org/10.1021/acs.joc.0c00207
J. Org. Chem. 2020, 85, 4482—4499


pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c00207?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). 'H NMR (400
MHz, CDCl,;, ppm): 5 8.79—8.60 (m, 1H), 7.86—7.73 (m, 2H), 7.40
(ddd, J = 7.4, 4.8, 1.4 Hz, 1H), 7.16 (td, ] = 8.0, 5.6 Hz, 1H), 6.93 (d,
J = 7.5 Hz, 1H), 6.79 (t, ] = 9.1 Hz, 1H), 6.59 (d, ] = 1.7 Hz, 1H),
547 (t,J = 7.2 Hz, 1H), 3.92 (dd, ] = 10.0, 7.7 Hz, 1H), 3.65 (dd, ] =
10.1, 6.8 Hz, 1H), 1.38 (s, 9H), 0.85 (s, 9H), —0.04 (s, 3H), —0.06 (s,
3H). ®C{'H} NMR (100 MHz, CDCl;, ppm): & 171.4, 158.4 (d, Jc_¢
= 245.8 Hz), 1534, 150.9, 149.5, 136.8, 134.2, (d, Jc_r = 4.9 Hz),
129.0 (d, Jo_p = 8.4 Hz), 125.4, 124.7, 121.4 (d, Jc_p = 2.9 Hz), 119.5
(d, Je_p = 17.5 Hz), 117.6 (d, Jc_p = 3.4 Hz), 113.8 (d, Jc_r = 21.9
Hz), 61.5, 54.5, 36.9, 30.9, 26.0, 18.4, —5.49, —5.52. "’F NMR (376
MHz, CDCly, ppm): § —121.12. HR-MS (ESI-TOF) m/z: caled for
[M + H]" C,4H,4N,0,SiF, 455.2530; found, 455.2543. FT-IR (thin
film, cm™") v: 2957, 2930, 2858, 1653, 1465, 1250, 1111, 1082.
(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-7-methyli-
soquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ia). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-(3-methylphenyl)ethyl)picolinamide (185
mg, 0.50 mmol), 3,3-dimethyl-1-butyne (185 uL, 1.50 mmol, 3
equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg,
0.60 mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2
equiv), and MeOH (S mL) were mixed for 24 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 3:1), 176 mg (78%) of a yellowish oil
was obtained. R; = 0.71 (petroleum ether/EtOAc 3:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). 'H NMR (400
MHz, CDCl;, ppm): 6 8.70 (dt, J = 4.8, 1.3 Hz, 1H), 7.84—7.71 (m,
2H), 7.42—7.34 (m, 1H), 7.07—6.97 (m, 2H), 6.68 (s, 1H), 6.53 (s,
1H), 5.08—4.82 (m, 1H), 3.95 (dd, ] = 9.8, 7.4 Hz, 1H), 3.59 (dd, J =
9.8, 7.6 Hz, 1H), 2.23 (s, 3H), 1.37 (s, 9H), 0.85 (s, 9H), —0.08 (s,
3H), —0.09 (s, 3H). “C{'H} NMR (100 MHz, CDCl,, ppm): &
171.2, 153.9, 149.4, 148.4, 136.8, 136.3, 132.7, 129.0, 128.6, 1274,
125.6, 125.2, 124.7, 118.0, 62.3, 60.8, 36.6, 31.0, 25.9, 21.3, 184,
—5.48, —5.53. HR-MS (ESI-TOF) m/z: caled for [M + H]*
CyyHyoN,0,8i, 451.2781; found, 451.2794. FT-IR (thin film, cm™)
v: 2956, 2928, 2858, 1660, 1388, 1364, 1258, 1113.
(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-7-trifluor-
omethylisoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ja). N-(2-
((tert-Butyldimethylsilyl) oxy)-1-(3-trifluoromethylphenyl)ethyl)-
picolinamide (212 mg, 0.50 mmol), 3,3-dimethyl-1-butyne (185 uL,
1.50 mmol, 3 equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %),
NaOPiv (75 mg, 0.60 mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg,
1.00 mmol, 2 equiv), and MeOH (S mL) were mixed for 24 h at 80
°C under an O, atmosphere. After column chromatography (gradient
petroleum ether/EtOAc from 6:1 to 4:1), 165 mg (65%) of a
yellowish oil was obtained. R = 0.77 (petroleum ether/EtOAc 3:1).
The product was isolated as a single regioisomer. The structure was
confirmed by 2D-NMR (COSY, NOESY, see attached NMR data).
'H NMR (400 MHz, CDCl,, ppm): 8 8.71 (dt, ] = 4.8, 1.3 Hz, 1H),
7.87-7.74 (m, 2H), 7.51—7.38 (m, 2H), 7.22 (d, ] = 7.9 Hz, 1H),
7.13 (s, 1H), 6.60 (s, 1H), 5.11 (dd, J = 8.6, 6.5 Hz, 1H), 4.08 (dd, J
= 9.4, 6.4 Hz, 1H), 3.69—3.58 (m, 1H), 1.37 (s, 9H), 0.82 (s, 9H),
—0.10 (s, 3H), —0.12 (s, 3H). C{'H} NMR (100 MHz, CDCl,,
ppm): & 1712, 153.1, 152.6, 149.2, 137.2, 134.8, 133.3, 128.2 (q, Jo_g
= 32.4 Hz), 125.8, 125.7, 125.2, 124.9 (q, Je_r = 3.8 Hz), 124.3 (q,
Joor = 272.0 Hz), 124.0 (q, Jo_y = 3.7 Hz), 117.1, 61.9, 60.3, 37.1,
310,259, 183, —5.5, =5.6. ’F NMR (376 MHz, CDCl,, ppm):
—62.29. HR-MS (ESI-TOF) m/z: caled for [M + H]*
Cy,HyN,0,SiF;, 505.2498; found, 505.2511. FT-IR (thin film,
em™!) v: 2958, 2930, 2859, 1661, 1331, 1164, 1131, 1125, 1070.
(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-methyli-
soquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ka). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-(4-methylphenyl) ethyl) picolinamide (185
mg, 0.50 mmol), 3,3-dimethyl-1-butyne (185 uL, 1.50 mmol, 3
equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg,
0.60 mmol, 1.2 equiv), Mn(OAc);:2H,0 (268 mg, 1.00 mmol, 2
equiv), and MeOH (S mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 202 mg (90%) of a yellowish oil
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was obtained. R = 0.44 (petroleum ether/EtOAc 4:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). 'H NMR (400
MHz, CDCl,;, ppm): 6 8.69 (dd, ] = 5.4, 1.9 Hz, 1H), 7.84—7.70 (m,
2H), 7.42—7.35 (m, 1H), 6.96 (s, 1H), 6.87 (d, ] = 7.6 Hz, 1H), 6.75
(d, ] = 7.6 Hz, 1H), 6.52 (s, 1H), 5.09—4.87 (m, 1H), 3.93 (dd, ] =
9.8, 7.4 Hz, 1H), 3.57 (dd, J = 9.8, 7.4 Hz, 1H), 2.29 (s, 3H), 1.36 (5,
9H), 0.86 (s, 9H), —0.06 (s, 3H), —0.07 (s, 3H). *C{'H} NMR (100
MHz, CDCl,, ppm): 8 171.3, 153.9, 149.5, 149.4, 137.6, 136.7, 131.6,
130.0, 1272, 126.5, 126.4, 1252, 124.7, 118.2, 62.5, 60.6, 36.7, 31.0,
26.0, 21.3, 18.5, —5.4, —5.5. HR-MS (ESI-TOF) m/z: caled for [M +
H]* C,HyN,0,Si, 451.2781; found, 451.2786. FT-IR (thin film,
cm™) v: 2956, 2928, 2858, 1661, 1653, 1364, 1111.
(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-methox-
yisoquinolin-2(1H)-yl)(pyri-din-2-yl)methanone (2la). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-(4-methoxyphenyl)ethyl)picolinamide
(161 mg, 0.41 mmol), 3,3-dimethyl-1-butyne (150 xL, 1.23 mmol, 3
equiv), Co(dpm), (34 mg, 0.08 mmol, 20 mol %), NaOPiv (62 mg,
0.50 mmol, 1.2 equiv), Mn(OAc);-2H,0 (220 mg, 0.82 mmol, 2
equiv), and MeOH (4 mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 143 mg (75%) of a yellowish oil
was obtained. R = 0.33 (petroleum ether/EtOAc 4:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). '"H NMR (400
MHz, CDCl;, ppm): & 8.74—8.65 (m, 1H), 7.82—7.72 (m, 2H),
7.42—7.37 (m, 1H), 6.77 (d, ] = 8.3 Hz, 1H), 6.69 (d, J = 2.5 Hz,
1H), 6.61 (dd, J = 8.3, 2.6 Hz, 1H), 6.53 (s, 1H), 4.95 (t, ] = 6.9 Hz,
1H), 3.94 (dd, ] = 9.8, 7.3 Hz, 1H), 3.77 (s, 3H), 3.57 (dd, ] = 9.8, 7.6
Hz, 1H), 1.37 (s, 9H), 0.85 (s, 9H), —0.07 (s, 3H), —0.08 (s, 3H).
BC{'H} NMR (100 MHz, CDCl;, ppm): § 171.3, 159.4, 153.8,
150.1, 149.4, 136.8, 132.9, 127.6, 1253, 1252, 124.8, 1182, 112.4,
1107, 62.5, 60.3, 55.5, 36.8, 31.0, 26.0, 18.4, —5.4, —5.5. HR-MS
(ESI-TOF) m/z: calcd for [M + H]* C,,H3,N,058i, 467.2730; found,
467.2736. FT-IR (thin film, cm™) v: 2955, 2930, 2858, 1653, 1246,
1154, 1110.
(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-
(methoxymethoxy)isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone
(2ma). N-(2-((tert-Butyldimethylsilyl)oxy)-1-(4-
methoxymethoxyphenyl)ethyl)pico-linamide (208 mg, 0.50 mmol),
3,3-dimethyl-1-butyne (185 uL, 1.50 mmol, 3 equiv), Co(dpm),
(42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2
equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH
(5 mL) were mixed for 20 h at 80 °C under an O, atmosphere. After
column chromatography (gradient petroleum ether/EtOAc from 6:1
to 4:1), 209 mg (84%) of a yellowish oil was obtained. R; = 0.31
(petroleum ether/EtOAc 4:1). The product was isolated as a single
regioisomer. The structure was confirmed by 2D-NMR (COSY,
NOESY, see attached NMR data). '"H NMR (400 MHz, CDCl,
ppm): & 8.73—8.64 (m, 1H), 7.85-7.63 (m, 2H), 7.43—7.35 (m, 1H),
6.85 (d, ] = 2.3 Hz, 1H), 6.81-6.69 (m, 2H), 6.53 (s, 1H), 5.17—5.09
(m, 2H), 4.96 (t, ] = 6.8 Hz, 1H), 3.93 (dd, J = 9.8, 7.3 Hz, 1H), 3.57
(dd, J = 9.8, 7.5 Hz, 1H), 345 (s, 3H), 1.36 (s, 9H), 0.86 (s, 9H),
—0.06 (s, 3H), —0.07 (s, 3H). “C{'H} NMR (100 MHz, CDCl,,
ppm): § 171.3, 157.0, 153.8, 150.1, 149.4, 136.8, 132.9, 127.5, 126.5,
125.3, 124.8, 118.2, 114.6, 113.3, 94.6, 62.4, 60.3, 56.0, 36.8, 31.0,
26.0, 18.4, —5.4, —5.5. HR-MS (ESI-TOF) m/z: calced for [M + H]*
C,3H,N,0,Si, 497.2836; found, 497.2840. FT-IR (thin film, cm™)
v: 2955, 2929, 2857, 1653, 1241, 1152, 1112.
(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-trifluor-
omethoxyisoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2na). N-
(2-((tert-Butyldimethylsilyl) oxy)-1-(4-trifluoromethoxyphenyl)ethyl)-
picolin-amide (260 mg, 0.50 mmol), 3,3-dimethyl-1-butyne (185 uL,
1.50 mmol, 3 equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %),
NaOPiv (75 mg, 0.60 mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg,
1.00 mmol, 2 equiv), and MeOH (S mL) were mixed for 17 h at 80
°C under an O, atmosphere. After column chromatography (gradient
petroleum ether/EtOAc from 6:1 to 4:1), 194 mg (75%) of a
yellowish oil was obtained. R; = 0.52 (petroleum ether/EtOAc 4:1).
The product was isolated as a single regioisomer. The structure was
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confirmed by 2D-NMR (COSY, NOESY, see attached NMR data).
'H NMR (400 MHz, CDCl,, ppm): 6 8.70 (dd, J = 3.7, 2.4 Hz, 1H),
7.88—7.74 (m, 2H), 7.47—7.37 (m, 1H), 7.00 (s, 1H), 6.94—6.84 (m,
2H), 6.54 (s, 1H), 5.06 (t, ] = 7.4 Hz, 1H), 4.01 (dd, ] = 9.6, 6.8 Hz,
1H), 3.62 (dd, ] = 9.6, 8.3 Hz, 1H), 1.37 (s, 9H), 0.83 (s, 9H), —0.09
(s, 3H), —0.10 (s, 3H). *C{'"H} NMR (100 MHz, CDCl,, ppm): &
171.3, 153.3, 151.6, 149.3, 149.0 (q, Jc_p = 1.8 Hz), 137.1, 1334,
131.3, 128.2, 125.6, 125.0, 120.6 (q, Jc_p = 257.0 Hz), 118.8, 118.0,
117.2, 62.0, 60.1, 369, 31.0, 25.9, 18.4, —5.47, —5.54. ’F NMR (376
MHz, CDCl,, ppm): § —57.84. HR-MS (ESI-TOF) m/z: calcd for [M
+ H]* Cy,H;6N,0,F,Si, 521.2447; found, 521.2458. FT-IR (thin film,
em™) v: 2957, 2930, 2859, 1662, 1260, 1168, 1118.

(3-(tert-Butyl)- 1-(((tert-butyldimethylsilyl)oxy)methyl)-6-fluoroi-
soquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2oa). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-(4-fluorophenyl)ethyl)picolinamide (187
mg, 0.50 mmol), 3,3-dimethyl-1-butyne (185 uL, 1.50 mmol, 3
equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg,
0.60 mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2
equiv), and MeOH (S mL) were mixed for 24 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 1S1 mg (66%) of a yellowish oil
was obtained. R; = 0.76 (petroleum ether/EtOAc 2:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). 'H NMR (400
MHz, CDCL,, ppm): & 8.70 (dt, ] = 4.8, 1.3 Hz, 1H), 7.83—7.74 (m,
2H), 7.44-7.37 (m, 1H), 6.87—6.78 (m, 2H), 6.75 (td, J = 8.5, 2.5
Hz, 1H), 6.51 (s, 1H), 5.02 (t, ] = 7.3 Hz, 1H), 3.98 (dd, ] = 9.6, 6.9
Hz, 1H), 3.59 (dd, J = 9.6, 8.1 Hz, 1H), 1.36 (s, 9H), 0.84 (s, 9H),
—0.08 (s, 3H), —0.09 (s, 3H). C{'H} NMR (100 MHz, CDCl,,
ppm): 8 171.3, 162.6 (d, Jo_p = 244.7 Hz), 153.5, 151.1, 149.3, 137.0,
133.5 (d, Jo_g = 8.6 Hz), 128.6 (d, Jo_y = 2.8 Hz), 1282 (d, Jo_s =
8.5 Hz), 125.5, 124.9, 117.5 (d, Jo_p = 2.3 Hz), 113.0 (d, Jo_g = 21.9
Hz), 112.2 (d, Jo_p = 22.3 Hz), 62.2, 60.1, 36.9, 31.0, 26.0, 18.4, —5.4,
—5.5. F NMR (376 MHz, CDCly, ppm): § —114.98. HR-MS (ESI-
TOF) m/z: caled for [M + H]* C,sHyN,O,SiF, 455.2530; found,
455.2540. FT-IR (thin film, cm™) v: 2956, 2929, 2858, 1662, 1652,
1365, 1240, 1146, 1109.

(3-(tert-Butyl)-1-(((tert-butyldimethylsilyl)oxy)methyl)-6-bromoi-
soquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2pa). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-(4-bromophenyl)ethyl)picolinamide (202
mg, 0.46 mmol), 3,3-dimethyl-1-butyne (170 uL, 1.38 mmol, 3
equiv), Co(dpm), (39 mg, 0.092 mmol, 20 mol %), NaOPiv (69 mg,
0.55 mmol, 1.2 equiv), Mn(OAc);-2H,0 (247 mg, 0.92 mmol, 2
equiv), and MeOH (S mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 165 mg (70%) of a yellowish oil
was obtained. R = 0.50 (petroleum ether/EtOAc 4:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). '"H NMR (400
MHz, CDCl,, ppm): & 8.76—8.61 (m, 1H), 7.83—7.71 (m, 2H),
7.45—7.35 (m, 1H), 7.28 (d, J = 1.9 Hz, 1H), 7.18 (dd, J = 8.0, 1.9
Hz, 1H), 6.74 (d, ] = 8.0 Hz, 1H), 6.50 (s, 1H), .01 (t, ] = 7.1 Hz,
1H), 3.98 (dd, ] = 9.6, 6.8 Hz, 1H), 3.62—3.56 (m, 1H), 1.35 (s, 9H),
0.83 (s, 9H), —0.07 (s, 3H), —0.08 (s, 3H). *C{'H} NMR (100
MHz, CDCl,;, ppm): § 171.2, 153.3, 151.3, 149.2, 137.0, 133.6, 131.6,
129.2, 128.4, 128.3, 125.5, 124.9, 121.6, 117.0, 62.0, 60.2, 36.9, 30.9,
26.0, 18.4, —5.4, —5.5. HR-MS (ESI-TOF) m/z: calcd for [M + H]*
C,6H;6N,0,BrSi, 515.1729; found, 515.1742. FT-IR (thin film, cm™")
v: 2957, 2929, 2858, 1662, 1653, 1365, 1111.

(6-(tert-Butyl)-4-(((tert-butyldimethylsilyl)oxy)methyl)thieno[3,2-
clpyridin-5(4H)-yl)(pyridin-2-yl)methanone (2qa). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-(thiophen-3-yl)ethyl)picolinamide (181
mg, 0.50 mmol), 3,3-dimethyl-1-butyne (185 uL, 1.50 mmol, 3
equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg,
0.60 mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2
equiv), and MeOH (S mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 185 mg (84%) of a yellowish oil
was obtained. An unseperable mixture of regioisomers (3.1:1) was
obtained. R; = 0.54 (petroleum ether/EtOAc 3:1). Note! NMR
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signals of major regioisomers are given. '"H NMR (400 MHz, CDCl,,
ppm): 6 8.74—8.67 (m, 1H), 7.84—7.73 (m, 2H), 7.42—7.38 (m, 1H),
7.02 (d, ] = 5.0 Hz, 1H), 6.65 (d, ] = 5.0 Hz, 1H), 6.58 (s, 1H), 5.19—
5.06 (m, 1H), 3.93 (dd, J = 9.6, 7.0 Hz, 1H), 3.61 (dd, ] = 9.6, 7.9 Hz,
1H), 1.34 (s, 9H), 0.86 (s, 9H), —0.05 (s, 3H), —0.07 (s, 3H).
BC{'H} NMR (100 MHz, CDCl;, ppm): § 171.8, 153.6, 149.4,
147.1, 136.9, 133.8, 133.6, 125.8, 125.4, 125.0, 123.0, 112.6, 62.0,
$8.1, 369, 31.1, 26.0, 184, —5.4, —5.6. HR-MS (ESI-TOF) m/z:
caled for [M + H]" C,,H35N,0,5Si, 443.2189; found, 443.2199. FT-
IR (thin film, cm™) v: 2956, 2928, 2858, 1655, 1364, 1257, 1113.
(3-(tert-Butyl)-1-(2-((tert-butyldimethylsilyl)oxy)ethyl)-
isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ra). N-(3-((tert-
Butyldimethylsilyl) oxy)-1-phenylpropyl)picolinamide (185 mg, 0.50
mmol), 3,3-dimethyl-1-butyne (185 uL, 1.50 mmol, 3 equiv;
additional 93 L, 0.7S mmol, 1.5 equiv after 16 h), Co(dpm),
(42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2
equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH
(5 mL) were mixed for 40 h at 80 °C under an O, atmosphere. After
column chromatography (gradient petroleum ether/EtOAc from 6:1
to 4:1), 160 mg (71%) of a yellowish oil was obtained. R; = 0.51
(petroleum ether/EtOAc 4:1). The product was isolated as a single
regioisomer. The structure was confirmed by 2D-NMR (COSY,
NOESY, see attached NMR data). 'H NMR (400 MHz, CDCl,,
ppm): & 8.69 (dd, J = 6.0, 1.2 Hz, 1H), 7.75 (td, ] = 7.7, 1.7 Hz, 1H),
7.57 (d, ] = 7.8 Hz, 1H), 7.37 (ddd, ] = 7.6, 4.8, 1.2 Hz, 1H), 7.21—
7.11 (m, 2H), 7.05 (td, ] = 7.3, 1.6 Hz, 1H), 6.81 (d, ] = 7.4 Hz, 1H),
659 (s, 1H), 5.20-5.02 (m, 1H), 3.66 (ddd, J = 10.3, 6.3, 3.8 Hz,
1H), 3.40 (dd, J = 202, 4.9 Hz, 1H), 2.28—2.18 (m, 1H), 1.80—1.72
(m, 1H), 1.39 (s, 9H), 0.84 (s, 9H), 0.02 (s, 3H), —0.00 (s, 3H).
BC{'H} NMR (100 MHz, CDCl;, ppm): § 171.5, 154.2, 149.6,
149.0, 137.0, 134.6, 131.3, 127.6, 126.5, 126.0, 125.4, 125.1, 124.2,
118.2, 59.5, 56.5, 36.6, 35.1, 31.0, 26.1, 18.3, —5.2, —5.3. HR-MS
(ESI-TOF) m/z: caled for [M + H]* C,,H3,N,0,Si, 451.2781; found,
451.2786. FT-IR (thin film, cm™) : 2955, 2857, 1653, 1098.
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-cyclopropylisoquino-
lin-2(1H)-yl)(pyridin-2-yl)methanone (2ab). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), cyclopropylacetylene (127 uL, 1.50 mmol, 3 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (7S mg, 0.60
mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (S mL) were mixed for 20 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 154 mg (73%) of a yellowish oil
was obtained. R¢ = 0.40 (petroleum ether/EtOAc 3:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). 'H NMR (400
MHz, CDCl,;, ppm): 6 8.61 (d, ] = 4.3 Hz, 1H), 7.75 (td, ] = 7.7, 1.7
Hz, 1H), 7.67 (d, ] = 7.7 Hz, 1H), 7.33 (ddd, ] = 7.4, 4.9, 1.1 Hz,
1H), 7.25-7.16 (m, 1H), 7.17-7.08 (m, 2H), 7.06 (d, ] = 7.4 Hz,
1H), 5.98 (s, 1H), 5.85—5.35 (m, 1H), 3.85—3.67 (m, 1H), 3.61 (dd,
J=9.8,7.1 Hz, 1H), 0.92—0.79 (m, 10H), 0.65—0.48 (m, 3H), 0.48—
0.31 (m, 1H), —0.10 (s, 6H). “C{'H} NMR (100 MHz, CDCl,,
ppm): & 168.1, 155.3, 148.8, 140.7, 136.7, 132.0, 131.4, 127.9, 127.3,
126.5, 124.9, 124.8, 124.4, 112.7, 62.8, 57.7, 25.9, 18.3, 16.3, 10.3, 7.8,
—-5.5, =5.6. HR-MS (ESI-TOF) m/z: caled for [M + H]*
C,sH;3N,0,8i, 421.2311; found, 421.2315. FT-IR (thin film, cm™)
v: 2953, 2928, 2857, 1655, 1251, 1108.
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3,4-dimethylisoquino-
lin-2(1H)-yl)(pyridin-2-yl)methanone (2ac). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), 2-butyne (60 uL, 0.75 mmol, 1.50 equiv), Co(dpm), (42.5
mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2 equiv),
Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH (S mL)
were mixed for 16 h at 80 °C under an O, atmosphere. After column
chromatography (gradient petroleum ether/EtOAc from 6:1 to 4:1),
142 mg (70%) of a yellowish oil was obtained. R; = 0.25 (petroleum
ether/EtOAc 4:1). Note! Because of restricted rotation about the
amide bond, the signals observed in "NMR are broad and coupling
resolution is low; some proton signals are split (see comparison of 'H-
NMR spectra at RT and 65 °C). Better quality '"H NMR spectra were
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obtained at 65 °C (due to the hardware limitations, 65 °C is the
maximum temperature). "H NMR (400 MHz, C,D,Cl,, 65 °C, ppm):
58.65 (d, ] = 4.5 Hz, 1H), 7.80 (td, ] = 7.7, 1.7 Hz, 1H), 7.68 (d, ] =
7.7 Hz, 1H), 7.47—7.29 (m, 3H), 7.24—7.15 (m, 1H), 7.16—6.95 (m,
1H), 5.68—5.02 (m, 1H), 4.00—3.78 (m, 1H), 3.69 (dd, ] = 9.7, 7.3
Hz, 1H), 2.12 (s, 3H), 1.96 (br s, 3H), 0.88 (s, 9H), —0.04 (s, 3H),
—0.05 (s, 3H). *C{'"H} NMR (100 MHz, C,D,Cl,, list of peaks given
due to the split carbon signals caused by rotamers, ppm): § 168.1,
166.4, 154.2, 153.5, 148.8, 136.8, 132.9, 132.6, 130.2, 128.5, 127.7,
126.9, 1263, 124.8, 124.0, 122.7, 121.6, 1202, 118.2, 62.3, 59.9, 56.1,
257, 21.0, 18.1, 17.7, 13.8, —5.6, —5.8. HR-MS (ESI-TOF) m/z:
caled for [M + H]" C,,H;3N,0,8i, 409.2311; found, 409.2315. FT-IR
(thin film, cm™) v: 2952, 2929, 2857, 1653, 1394, 1250, 1112.
(S)-(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3,4-dimethylisoqui-
nolin-2(1H)-yl)(pyridin-2-yl)methanone ((S)-2ac). (S)-N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), 2-butyne (118 L, 1.50 mmol, 3 equiv), Co(dpm), (42.5
mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2 equiv),
Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH (S mL)
were mixed for 16 h at 80 °C under an O, atmosphere. After column
chromatography (gradient petroleum ether/EtOAc from 6:1 to 4:1),
142 mg (70%) of a yellowish oil was obtained. R; = 0.25 (petroleum
ether/EtOAc 4:1). ee = >99% (see attached HPLC data). The NMR
data matched that of racemate. [a]3 —429.2 (¢ = 0.917, CHCL,).
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3,4-diethylisoquinolin-
2(1H)-yl)(pyridin-2-yl)methanone (2ad). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), hex-3-yne (169 uL, 1.50 mmol, 3 equiv), Co(dpm), (42.5
mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2 equiv),
Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH (S mL)
were mixed for 16 h at 80 °C under an O, atmosphere. After column
chromatography (gradient petroleum ether/EtOAc from 6:1 to 4:1),
167 mg (76%) of a yellowish oil was obtained. R; = 0.33 (petroleum
ether/EtOAc 4:1). Note! Because of restricted rotation about the
amide bond, the signals observed in 'NMR are broad and coupling
resolution is low; some proton signals are split (see comparison of 'H
NMR spectra at RT and 65 °C). Better quality 'H NMR spectra were
obtained at 65 °C (due to the hardware limitations, 65 °C is the
maximum temperature). "H NMR (400 MHz, C,D,Cl,, 65 °C, ppm):
58.65 (d, ] = 44 Hz, 1H), 7.78 (td, ] = 7.7, 1.5 Hz, 1H), 7.66 (d, ] =
7.5 Hz, 1H), 7.42—7.29 (m, 3H), 7.18 (t, ] = 7.2 Hz, 1H), 7.15—6.87
(m, 1H), 5.55—4.77 (m, 1H), 4.03—3.79 (m, 1H), 3.66 (dd, ] = 9.5,
7.9 Hz, 1H), 3.19—1.73 (m, 4H), 1.19 (t, ] = 7.5 Hz, 3H), 1.17—-1.04
(m, 3H), 0.87 (s, 9H), 0.02——0.28 (m, 6H). *C{'H} NMR (100
MHz, C,D,Cl,, list of peaks given due to the split carbon signals
caused by rotamers, ppm): § 168.5, 166.9, 153.7, 148.9, 136.6, 135.7,
134.8, 133.3, 131.6, 127.7, 127.3, 1272, 1269, 1262, 124.8, 124.1,
123.6, 122.7, 62.1, 59.6, 55.9, 25.7, 22.1, 20.6, 18.1, 14.0, 13.1, —5.6,
—5.8. HR-MS (ESI-TOF) m/z: caled for [M + H]* C,sHy,N,0,Si,
437.2624; found, 437.2629. FT-IR (thin film, cm™) v: 2959, 2928,
2856, 1649, 1391, 1112.
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3,4-dipropylisoquinolin-
2(1H)-yl)(pyridin-2-yl)methanone (2ae). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), oct-4-yne (110 L, 1.50 mmol, 3 equiv), Co(dpm), (42.5
mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2 equiv),
Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH (S mL)
were mixed for 16 h at 80 °C under an O, atmosphere. After column
chromatography (gradient petroleum ether/EtOAc from 6:1 to 4:1),
185 mg (80%) of a yellowish oil was obtained. R; = 0.36 (petroleum
ether/EtOAc 4:1). Note! Because of restricted rotation about the
amide bond, the signals observed in 'NMR are broad and coupling
resolution is low; some proton signals are split (see comparison of 'H
NMR spectra at RT and 65 °C). Better quality 'H NMR spectra were
obtained at 65 °C (due to the hardware limitations, 65 °C is the
maximum temperature). "H NMR (400 MHz, C,D,Cl,, 65 °C, ppm):
58.65 (d, ] = 4.4 Hz, 1H), 7.78 (td, ] = 7.7, 1.6 Hz, 1H), 7.64 (d, ] =
7.4 Hz, 1H), 7.42—7.28 (m, 3H), 7.17 (t, ] = 7.1 Hz, 1H), 7.14—6.88
(m, 1H), 5.46—4.85 (m, 1H), 4.04—3.85 (m, 1H), 3.70—3.57 (m,
1H), 2.68—2.46 (m, 3H), 1.75—1.39 (m, SH), 1.06 (t, ] = 7.3 Hz,
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3H), 1.00-0.91 (m, 3H), 0.87 (s, 9H), 0.11-—0.23 (m, 6H).
BC{'H} NMR (100 MHz, C,D,Cl,, ppm): § 168.5, 153.7, 148.9,
136.6, 135.1, 133.2, 131.9, 127.7, 127.2, 126.2, 124.9, 124.1, 123.4,
1229, 62.1, 59.7, 56.0, 31.3, 29.6, 25.7, 22.6, 21.7, 18.1, 14.4, —5.7,
—5.8. HR-MS (ESI-TOF) m/z: caled for [M + H]* CygH,N,0,Si,
465.2937; found, 465.2946. FT-IR (thin film, cm™) v: 2957, 2929,
2871, 1653, 1391, 1112.
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-phenylisoquinolin-
2(1H)-yl)(pyridin-2-yl)methanone (2af). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), phenylacetylene (82 L, 0.75 mmol, 1.5 equiv), Co(dpm),
(42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (7S mg, 0.60 mmol, 1.2
equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH
(5 mL) were mixed for 16 h at 80 °C under an O, atmosphere. After
column chromatography (gradient petroleum ether/EtOAc from 6:1
to 4:1), 167 mg (73%) of a yellowish oil was obtained. R; = 0.27
(petroleum ether/EtOAc 4:1). The product was isolated as a single
regioisomer. The structure was confirmed by 2D-NMR (COSY,
NOESY, see attached NMR data). Note! Because of restricted
rotation about the amide bond, the signals observed in 'NMR are
broad and coupling resolution is low; some proton signals are split
(see 2D-NOESY NMR for crosspeaks). "H NMR spectra at 65 °C did
not improve the coupling resolution quality (due to the hardware
limitations, 65 °C is the maximum temperature). 'H NMR (400
MHz, CDCl,, ppm): 8 8.39—8.16 (m, 1H), 7.46—7.15 (m, 8H),
7.07—6.88 (m, 4H), 6.36—6.22 (m, 1H), 6.16—5.87 (m, 1H), 3.99—
3.83 (m, 1H), 3.77 (dd, J = 10.1, 6.4 Hz, 1H), 0.89 (s, 9H), 0.08——
0.10 (m, 6H). *C{'"H} NMR (100 MHz, C,D,Cl,, ppm): § 168.2,
154.3, 147.7, 138.9, 138.3, 136.0, 132.3, 131.3, 128.1, 127.9, 127.5,
127.3, 127.2, 126.8, 125.6, 124.2, 124.0, 114.5, 62.3, 56.7, 25.7, 18.0,
—5.6, —5.7. HR-MS (ESI-TOF) m/z: caled for [M + H]*
Cy5HN, 0,81, 457.2311; found, 457.2318. FT-IR (thin film, cm™)
v: 2957, 2928, 2856, 1661, 1653, 1363, 1111.
(S)-(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-phenylisoquinolin-
2(1H)-yl)(pyridin-2-yl)methanone ((S)-2af). (S)-N-(2-((tert-
Butyldimethylsilyl) oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), phenylacetylene (82 uL, 0.75 mmol, 1.5 equiv), Co(dpm),
(42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2
equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH
(5 mL) were mixed for 16 h at 80 °C under an O, atmosphere. After
column chromatography (gradient petroleum ether/EtOAc from 6:1
to 4:1), 160 mg (70%) of a yellowish oil was obtained. R; = 0.27
(petroleum ether/EtOAc 4:1). The product was isolated as a single
regioisomer. ee = >99% (see attached HPLC data). The NMR data
matched that of racemate. [a]} —264.6 (c = 0.923, CHCl;).
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(4-methoxyphenyl)-
isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ag). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), 4-methoxyphenylacetylene (97 uL, 0.7S mmol, 1.5 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60
mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (5 mL) were mixed for 17 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1, then 2:1), 215 mg (88%) of a
yellowish oil was obtained. R = 0.66 (petroleum ether/EtOAc 1:1).
The product was isolated as a single regioisomer. The structure was
confirmed by 2D-NMR (COSY, NOESY, see attached NMR data).
Note! Because of restricted rotation about the amide bond, the signals
observed in 'NMR are broad and coupling resolution is low; some
proton signals are split (see comparison of '"H NMR spectra at RT
and 65 °C and 2D-NOESY NMR for crosspeaks). 'H NMR spectra at
65 °C did not improve the coupling resolution quality (due to the
hardware limitations, 65 °C is the maximum temperature). "H NMR
(400 MHz, C,D,Cl,, ppm): 5 8.40—8.15 (m, 1H), 7.43—7.26 (m,
SH), 7.24—7.09 (m, 3H), 7.04—6.95 (m, 1H), 6.69—6.50 (m, 2H),
6.21 (s, 1H), 6.03—5.91 (m, 1H, overlapped with C,D,Cl,), 3.94—
3.83 (m, 1H), 3.78—3.62 (m, 4H), 0.92 (s, 9H), 0.03 (s, 3H), —0.03
(s, 3H). BC{'H} NMR (100 MHz, C,D,Cl,, ppm): & 168.3, 158.7,
154.5, 149.8, 137.9, 135.9, 135.5, 132.3, 131.8, 131.5, 130.6, 128.2,
128.0, 127.3, 1269, 1254, 123.9, 113.2, 62.2, 56.7, 55.3, 25.8, 18.0,
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—5.6, —=5.7. HR-MS (ESI-TOF) m/z: caled for [M + H]*
CyoH, N, O,Si, 487.2417; found, 487.2415. FT-IR (thin film, cm™)
v: 2954, 2929, 2856, 1653, 1507, 1249, 1180, 1111.
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(4-nitrophenyl)-
isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ah). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), 4-nitrophenylacetylene (110 mg, 0.7S mmol, 1.5 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60
mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (S mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1, then 2:1), 125 mg (50%) of a yellow
oil was obtained. R; = 0.30 (petroleum ether/EtOAc 3:1). The
product was isolated as a single regioisomer. The structure was
confirmed by 2D-NMR (COSY, NOESY, see attached NMR data).
Note! Because of restricted rotation about the amide bond, the signals
observed in 'NMR are broad and coupling resolution is low; some
proton signals are split (see 2D-NOESY NMR for crosspeaks and
comparison of "H NMR spectra at RT and 65 °C). 'H NMR spectra
at 65 °C did not improve the coupling resolution quality (due to the
hardware limitations, 65 °C is the maximum temperature). '"H NMR
(400 MHz, C,D,Cl,, 65 °C, ppm): & 8.63—8.19 (m, 1H), 8.17-6.72
(m, 11H), 6.72—6.27 (m, 1H), 6.18—5.69 (m, 1H, overlapped with
C,D,Cl,), 4.24—3.86 (m, 1H), 3.89-3.72 (m, 1H), 0.92 (s, 9H), 0.25
to —0.25 (m, 6H). “C{'H} NMR (100 MHz, C,D,Cl,, ppm): &
167.4, 153.6, 147.9, 146.1, 145.7, 136.5, 136.4, 132.5, 130.8, 129.3,
127.3,127.0, 126.2, 126.1, 124.6, 123.8, 123.1, 117.5, 62.8, 56.7, 25.8,
18.0, —5.6, —5.7. HR-MS (ESI-TOF) m/z: caled for [M + H]*
C,3H3,N;0,Si, 502.2162; found, 502.2166. FT-IR (thin film, cm™)
v: 2954, 2929, 2856, 1662, 1595, 1520, 1343, 1108.
(E)-(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(4-nitrophenyl)-8-
(4-nitrostyryl)isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ah’).
In addition to the major product described above, 52 mg (16%) of a
minor product as a yellow oil was obtained. Ry = 0.20 (petroleum
ether/EtOAc 3:1). Note! Because of restricted rotation about the
amide bond, the signals observed in '"NMR are broad and coupling
resolution is low; some proton signals are split (see 2D-NOESY NMR
for crosspeaks). '"H NMR (400 MHz, C,D,Cl,, ppm): & 8.32—8.22
(m, 3H), 8.00~7.84 (m, 2H), 7.82—7.62 (m, 4H), 7.60—7.50 (m,
2H), 7.51-7.40 (m, 2H), 7.41—7.28 (m, 2H), 7.17 (d, J = 16.0 Hg,
1H), 7.11-6.99 (m, 1H), 6.58 (dd, ] = 8.7, 5.1 Hz, 1H), 6.50 (s, 1H),
3.86 (t, J = 10.1 Hz, 1H), 3.74 (dd, J = 10.9, 4.9 Hz, 1H), 0.92 (s,
9H), 0.18——0.22 (m, 6H). “C{'H} NMR (100 MHz, C,D,Cl,,
ppm): 5 167.4, 153.5, 147.8, 146.8, 146.2, 145.5, 143.3, 142.0, 136.6,
133.9, 131.6, 130.7, 130.0, 128.7, 128.5, 127.4, 127.2, 126.8, 126.1,
124.8, 124.7, 124.1, 1232, 117.5, 61.2, 53.1, 25.7, 18.0, —5.4, —5.6.
HR-MS (ESI-TOF) m/z: caled for [M + H]" CsH;N,O4Si,
649.2482; found, 649.2490. FT-IR (thin film, cm™") v: 2965, 2828,
2847, 1595, 1519, 1341, 1109.
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(4-ethynylphenyl)-
isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2ai). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), 1,4-diethynylbenzene (95 mg, 0.7S mmol, 1.5 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (7S mg, 0.60
mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (5 mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 130 mg (54%) of a yellowish oil
was obtained. R¢ = 0.40 (petroleum ether/EtOAc 3:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). Note! Because
of restricted rotation about the amide bond, the signals observed in
'NMR are broad and coupling resolution is low; some proton signals
are split. "H NMR spectra at 65 °C did not improve the coupling
resolution quality (due to the hardware limitations, 65 °C is the
maximum temperature). "H NMR (400 MHz, C,D,Cl,, 65 °C, ppm):
5 8.52—8.19 (m, 1H), 8.14—6.89 (m, 11H), 6.70—6.22 (m, 1H),
6.17—-5.67 (m, 1H, overlapped with C,D,Cl,), 4.25—3.85 (m, 1H),
3.79 (dd, J = 10.1, 6.2 Hz, 1H), 3.12 (s, 1H), 0.92 (s, 9H), 0.22——
0.31 (m, 6H). BC{'H} NMR (100 MHz, C,D,Cl,, ppm): § 167.9,
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154.1, 147.8, 139.5, 137.5, 136.2, 132.4, 131.6, 131.2, 128.1, 127.5,
127.1, 126.6, 125.8, 124.3, 124.2, 120.7, 115.3, 83.5, 78.1, 62.5, 56.7,
25.7, 18.0, —=5.6, —5.7. HR-MS (ESI-TOF) m/z: calced for [M + H]*
C30H;3N,0,8i, 481.2311; found, 481.2319. FT-IR (thin film, cm™)
v: 2955, 2930, 2857, 1653, 1363, 1111.
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(thiophen-3-yl)-
isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2aj). N-(2-((tert-
Butyldimethylsilyl) oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), 3-ethynylthiophene (149 uL, 1.50 mmol, 3 equiv), Co(dpm),
(42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60 mmol, 1.2
equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv), and MeOH
(5 mL) were mixed for 16 h at 80 °C under an O, atmosphere. After
column chromatography (gradient petroleum ether/EtOAc from 6:1
to 4:1), 150 mg (65%) of a yellowish oil was obtained. R; = 0.55
(petroleum ether/EtOAc 2:1). The product was isolated as a single
regioisomer. The structure was confirmed by 2D-NMR (COSY,
NOESY, see attached NMR data). Note! Because of restricted
rotation about the amide bond, the signals observed in INMR are
broad and coupling resolution is low; some proton signals are split. 'H
NMR spectra at 65 °C did not improve the coupling resolution
quality (due to the hardware limitations, 65 °C is the maximum
temperature). "H NMR (400 MHz, C,D,Cl,, 65 °C, ppm) 8.55-8.26
(m, 1H), 7.62—7.49 (m, 1H), 7.45—7.22 (m, SH), 7.23—6.84 (m,
4H), 6.54—6.25 (m, 1H), 6.05—5.62 (m, 1H, overlapped with
C,D,Cl,), 4.06-3.86 (m, 1H), 3.80 (dd, J = 10.0, 6.8 Hz, 1H), 0.91
(s, 9H), 0.19——0.18 (m, 6H). *C{'"H} NMR (100 MHz, C,D,Cl,,
ppm): 5 168.0, 154.2, 147.9, 140.5, 136.0, 133.5, 132.5, 131.2, 128.0,
127.4,127.1, 1264, 125.5, 124.1, 123.8, 122.8, 113.4, 62.3, 56.8, 25.8,
18.1, —5.6, —=5.7. HR-MS (ESI-TOF) m/z: caled for [M + HJ*
Cy6H3N,0,8iS, 463.1876; found, 463.1877. FT-IR (thin film, cm™")
v: 2957, 2927, 2856, 1653, 1507, 1111.
(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3,4-diphenylisoquino-
lin-2(1H)-yl)(pyridin-2-yl)methanone (2ak). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), diphenylacetylene (134 mg, 0.7S mmol, 1.5 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60
mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (5 mL) were added for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 20S mg (77%) of a yellowish oil
was obtained. Ry = 0.25 (petroleum ether/EtOAc 4:1). Note! Because
of restricted rotation about the amide bond,” some of the signals
observed in 'NMR are broad and coupling resolution is low; some
proton signals are split (see 2D-NOESY NMR for crosspeaks). 'H
NMR (400 MHz, C,D,Cl,, ppm): 5 8.34 (d, ] = 4.0 Hz, 1H), 7.44—
7.07 (m, 11H), 7.03—6.95 (m, 1H), 6.87—6.69 (m, SH), 6.06—5.98
(m, 1H, overlapped with C,D,Cl,), 4.23—4.05 (m, 1H), 3.93 (dd, ] =
10.2, 6.3 Hz, 1H), 0.98 (s, 9H), 0.13 (s, 3H), 0.08 (s, 3H). *C{'H}
NMR (100 MHz, CDCly, ppm): § 163.3, 155.4, 147.9, 138.8, 137.0,
136.1, 134.3, 1332, 132.3, 1312, 1302, 1282, 127.9, 127.3, 127.2,
127.0, 126.7, 126.6, 125.8, 123.9, 123.7, 63.2, 56.7, 26.1, 18.5, —5.2,
—5.4. HR-MS (ESI-TOF) m/z: caled for [M + HJ* C3Hy,N,0,Si,
533.2624; found, 533.2632. FT-IR (thin film, cm™) v: 2957, 2930,
2857, 1663, 1112.
(S)-(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3,4-diphenylisoqui-
nolin-2(1H)-yl)(pyridin-2-yl)methanone ((S)-2ak). (S)-N-(2-((tert-
Butyldimethylsilyl) oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), diphenylacetylene (134 mg, 0.7S mmol, 1.5 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60
mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (S mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 177 mg (67%) of a yellowish oil
was obtained. R; = 0.25 (petroleum ether/EtOAc 4:1). ee = >99%
(see attached HPLC data). The NMR data matched that of racemate.
[y —385.4 (c = 0.773, CHCLy).
(3,4-Bis(4-bromophenyl)-1-(((tert-butyldimethylsilyl)oxy)-
methyl)isoquinolin-2(1H)-yl)(pyri-din-2-yl)methanone (2al). N-(2-
((tert-Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg,
0.50 mmol), bis(4-bromophenyl)acetylene (252 mg, 0.75 mmol, 1.5
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equiv), Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg,
0.60 mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2
equiv), and MeOH (S mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 261 mg (76%) of a white powder
was obtained. R; = 0.33 (petroleum ether/EtOAc 3:1). Note! Because
of restricted rotation about the amide bond,”® some of the signals
observed in 'NMR are broad and coupling resolution is low; some
proton signals are split. 'H NMR spectra at 65 °C did not improve the
coupling resolution quality (due to the hardware limitations, 65 °C is
the maximum temperature). 'H NMR (400 MHz, C,D,Cl,, ppm): &
8.65—8.14 (m, 1H), 7.50~7.19 (m, 7H), 7.12—7.00 (m, 3H), 6.95—
6.87 (m, 2H), 6.76—6.70 (m, 1H), 6.11—-5.94 (m, 1H, overlapped
with C,D,Cl,), 4.17-3.96 (m, 1H), 3.93—3.82 (m, 1H), 0.97 (s, 9H),
0.17 (s, 3H), 0.10 (s, 3H). *C{'H} NMR (100 MHz, C,D,Cl,,
ppm): 5 168.6, 154.6, 147.6, 137.1, 1363, 135.0, 133.5, 132.4, 132.1,
131.9, 131.5, 131.3, 130.1, 128.0, 127.7, 127.0, 125.4, 125.2, 124.1,
123.8, 121.1, 120.8, 62.9, 563, 25.8, 18.1, —5.4, —5.6. HR-MS (ESI-
TOF) m/z: caled for [M + H]* C3,H;3N,0,SiBr,, 689.0828; found,
689.0835. FT-IR (thin film, cm™") v: 2955, 2929, 2857, 1668, 1389,
1108.

(1-(((tert-Butyldimethylsilyl)oxy)methyl)-4-methyl-3-phenyliso-
quinolin-2(1H)-yl)(pyridin-2-yl)methanone (2am). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), 1-phenyl-1-propyne (94 uL, 0.7S mmol, 1.5 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (75 mg, 0.60
mmol, 1.2 equiv), Mn(OAc);-2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (S mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 171 mg (73%) of a yellowish oil
was obtained. R; = 0.22 (petroleum ether/EtOAc 4:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data). Note! Because
of restricted rotation about the amide bond,> some of the signals
observed in 'NMR are broad and coupling resolution is low; some
proton signals are split (see 2D-NOESY NMR for crosspeaks). 'H
NMR (400 MHz, C,D,Cl,, ppm): § 8.30 (d, ] = 44 Hz, 1H), 7.48—
7.17 (m, 6H), 7.08—6.98 (m, SH), 6.81 (d, ] = 7.7 Hz, 1H), 5.91 (t, ]
= 7.0 Hz, 1H), 4.01-3.89 (m, 1H), 3.81 (dd, J = 10.3, 6.1 Hz, 1H),
2.06 (s, 3H), 0.93 (s, 9H), 0.07 (s, 3H), 0.01 (s, 3H). *C{'H} NMR
(100 MHz, C,D,Cl,, ppm): & 168.7, 155.1, 147.5, 138.4, 136.0, 133.8,
132.9, 132.6, 129.9, 128.0, 127.3, 127.2, 127.0, 126.8, 123.9, 123.6,
123.5, 118.7, 62.6, 56.0, 25.8, 18.0, 15.2, —5.6, —5.7. HR-MS (ESI-
TOF) m/z: caled for [M + H]" CyHyN,0,Si, 471.2468; found,
471.2469. FT-IR (thin film, cm™) v: 3060, 2954, 2929, 2857, 1653,
1388, 1363, 1117.

(1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(trimethylsilyl)-
isoquinolin-2(1H)-yl)(pyridin-2-yl)methanone (2an). N-(2-((tert-
Butyldimethylsilyl)oxy)-1-phenylethyl)picolinamide (178 mg, 0.50
mmol), trimethylsilylacetylene (213 uL, 1.50 mmol, 3 equiv),
Co(dpm), (42.5 mg, 0.10 mmol, 20 mol %), NaOPiv (7S mg, 0.60
mmol, 1.2 equiv), Mn(OAc);2H,0 (268 mg, 1.00 mmol, 2 equiv),
and MeOH (5 mL) were mixed for 16 h at 80 °C under an O,
atmosphere. After column chromatography (gradient petroleum
ether/EtOAc from 6:1 to 4:1), 160 mg (71%) of a yellowish oil
was obtained. Ry = 0.80 (petroleum ether/EtOAc 2:1). The product
was isolated as a single regioisomer. The structure was confirmed by
2D-NMR (COSY, NOESY, see attached NMR data).

Procedure for Gram-Scale Synthesis. A 100 mL pressure tube
equipped with a magnetic stir bar was charged with N-(2-((tert-
butyldimethylsilyl) oxy)-1-phenylethyl)picolinamide (1.00 g, 2.79
mmol), Co(dpm), (238 mg, 0.56 mmol, 20 mol %), NaOPiv (415
mg, 3.35 mmol, 1.2 equiv), Mn(OAc);-2H,0 (1.50 g, 5.58 mmol, 2
equiv), and MeOH (28 mL). The reaction mixture was purged with
0, for 30 s, then trimethylsilylacetylene (1.2 mL, 8.37 mmol, 3 equiv)
was added, and the mixture was heated at 80 °C for 18 h. The
reaction mixture was cooled to room temperature, and the solvent was
evaporated. To the residue, potassium sodium tartrate (S0 mL of 1 M
aqueous solution) was added, and the mixture was extracted with
EtOAc (3 X SO mL). The combined organic phase was dried over
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Na,SO, and filtered, and the solvent was evaporated. After column
chromatography (gradient petroleum ether/EtOAc from 6:1 to 4:1),
1.00 g (80%) of a yellowish oil was obtained. "H NMR (400 MHz,
CDCL, ppm): & 8.64 (ddd, J = 4.8, 1.7, 1.0 Hz, 1H), 7.84—7.71 (m,
2H), 7.42—7.33 (m, 1H), 7.25 (td, J = 7.5, 1.3 Hz, 1H), 7.20—7.12
(m, 2H), 7.00 (d, ] = 7.3 Hz, 1H), 6.61 (s, 1H), 5.37 (t, ] = 7.1 Hz,
1H), 3.89 (dd, ] = 9.7, 7.9 Hz, 1H), 3.47 (dd, ] = 9.7, 6.6 Hz, 1H),
0.78 (s, 9H), 0.33 (s, 9H), —0.11 (s, 3H), —0.16 (s, 3H). BC{'H}
NMR (100 MHz, CDCl;, ppm): § 168.2, 154.2, 148.5, 142.0, 136.9,
132.2, 130.8, 128.2, 127.3, 128.1, 125.9, 125.2, 125.0, 124.8, 62.8,
59.5,26.0, 18.4, 0.9, —5.49, —5.50. HR-MS (ESI-TOF) m/z: calcd for
[M + H]* CyHy;N, 0,80, 453.2394; found, 453.2397. FT-IR (thin
film, cm™") v: 2952, 2929, 2857, 1647, 1405, 1246, 1118.
Synthesis of Tetrahydroisoquinolines (S,5)-3an and (S,S)-
4an. ((1S,3S)-1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(trimethyl-
silyl)-3,4-dihydroisoquinolin-2(1H)-yl)(pyridin-2-yl)methanone
((5,5)-3an). Approximately 15—20 mL of ammonia was condensed in
50 mL flask equipped with a magnetic stir bar and cooled to =78 °C
using an acetone/dry ice bath. Under an argon atmosphere, at —78
°C, (1-(((tert-butyldimethylsilyl)oxy)methyl)-3-(trimethyl-silyl)-
isoquinolin-2(1H)-yl) (pyridin-2-yl)methanone (255 mg, 0.56
mmol) solution in THF (6 mL) was added followed by sodium
(61 mg, 2.52 mmol, 4.5 equiv). The resulting mixture (dark blue) was
stirred at —78 °C until complete conversion (TLC control). The
resulting mixture was diluted with dist. H,O (10 mL) and EtOAc (15
mL), allowed to warm to room temperature, and stirred with open
cap until all liquid ammonia evaporated. The organic phase was
separated, the aqueous phase was extracted with EtOAc (2 X 15 mL),
dried over Na,SO,, filtered, and evaporated under reduced pressure.
After column chromatography (petroleum ether/EtOAc 4:1), 175 mg
(69%) of a yellowish oil was obtained. R; = 0.50 (petroleum ether/
EtOAc 4:1). Note! 'H NMR analysis of the crude reaction mixture
showed d.r. > 20/1. Only major diastereomer was collected. The
structure of the major diastereomer was confirmed by 2D-NMR after
directing group removal. "H NMR (400 MHz, CDCly, ppm): § 8.61
(ddd, J = 4.8, 1.6, 0.9 Hz, 1H), 7.76 (td, ] = 7.7, 1.8 Hz, 1H), 7.58 (dt,
J =78, 1.0 H, 1H), 7.33 (ddd, ] = 7.6, 49, 1.2 Hz, 1H), 7.23—7.09
(m, 3H), 6.94 (d, ] = 7.3 Hz, 1H), 5.04 (dd, ] = 8.4, 6.1 Hz, 1H), 4.19
(dd, ] =9.5, 6.1 Hz, 1H), 3.96 (dd, ] = 12.3, 7.2 Hz, 1H), 3.73 (dd, J
= 9.4, 8.6 Hz, 1H), 3.08 (dd, J = 15.7, 12.4 Hz, 1H), 2.96 (dd, J =
15.9, 7.2 Hz, 1H), 0.75 (s, 9H), 0.20 (s, 9H), —0.14 (s, 3H), —0.18 (s,
3H). BC{'H} NMR (100 MHz, CDCl,, ppm): § 169.3, 155.5, 148.5,
136.9, 135.8, 135.6, 1282, 127.8, 127.3, 126.0, 124.3, 124.1, 654,
60.8, 43.4, 29.5, 26.0, 18.4, —1.4, —=5.5. HR-MS (ESI-TOF) m/z:
caled for [M + H]* C,sH3oN,0,8i,, 455.2550; found, 455.2564. FT-
IR (thin film, cm™) v: 2952, 2928, 2857, 1628, 1405, 1248, 1109.
[a)¥ 66.5 (c = 1.140, CHCL,).
(15,3S)-1-(((tert-Butyldimethylsilyl)oxy)methyl)-3-(trimethylsilyl)-
1,2,3,4-tetrahydroisoquinoline ((S,S)-4an). ((1S,3S)-1-(((tert-
Butyldimethylsilyl) oxy) methyl)-3-(trimethylsilyl)-3,4-dihydroisoqui-
nolin-2(1H)-yl) (pyridin-2-yl)methanone (147 mg, 0.32 mmol) was
dissolved in THF (4 mL) under an argon atmosphere. The solution
was cooled in a water/ice bath to 0 °C, and LiAlH, (18.4 mg, 0.48
mmol, 1.5 equiv) was added; then reaction mixture was stirred at 0 °C
for 10 min (until complete conversion by TLC). The reaction was
quenched with water (10 mL) and extracted with EtOAc (3 X 10
mL). The combined organic phase was dried over Na,SO,, filtered,
and evaporated under reduced pressure to afford the crude product.
After column chromatography (petroleum ether/EtOAc 10:1), 96 mg
(86%) of a yellowish oil was obtained. R; = 0.50 (petroleum ether/
EtOAc 10:1). ee >99% (see attached HPLC data; for ee
determination compound was derivatized to N-benzoylderivative
and TBS group was cleaved). 'H NMR (400 MHz, CDCl;, ppm): &
7.19-7.01 (m, 4H), 4.18 (dd, J = 9.6, 3.6 Hz, 1H), 4.13—3.99 (m,
1H), 3.66 (dd, J = 9.4, 8.1 Hz, 1H), 2.86—2.76 (m, 1H), 2.62 (dd, ] =
15.9, 2.8 Hz, 1H), 2.38 (dd, J = 12.6, 3.0 Hz, 1H), 1.80 (br s, 1H,
overlapped with water), 0.88 (s, 9H), 0.10 (s, 9H), 0.07 (s, 3H), 0.02
(s, 3H). ®C{'H} NMR (100 MHz, CDCl,, ppm): § 137.5, 136.5,
129.1, 126.1, 125.6, 125.1, 67.5, 59.1, 43.6, 31.8, 26.0, 18.4, —3.8,
—5.1, —=5.2. HR-MS (ESI-TOF) m/z: caled for [M + H]*
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CoH N OSi,, 350.2335; found, 350.2347. FT-IR (thin film, cm™) v:
2954, 2929, 2857, 1472, 1249, 1100. [a]% 58.3 (c = 1.080, CHCL,).
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ABSTRACT: An efficient method for the synthesis of 3- R oTBs TBSO.
hydroxymethyl isoindolinones via cobalt-catalyzed C(sp?)—H Co(ll

carbonylation of phenylglycinol derivatives using picolinamide as HN. o -_DiADas'CO"surogate NH
a traceless directing group is demonstrated. The reaction proceeds ~

in the presence of a commercially available cobalt(II) tetrame- N7 o
thylheptanedionate catalyst and employs DIAD as a “CO” S

surrogate. This synthetic route offers a broad substrate scope, 119 examples, yield upto 96%  Elgood functional group tolerance
excellent regioselecﬁvityl and full Presewation of the Original DO picolinamide as a traceless DG D full preservation of original stereochemistry
stereochemistry. Besides, the developed method provides a

pathway for accessing valuable enantiopure 3-substituted isoindolinone derivatives.

he 3-substituted isoindolinone motif is a common Scheme 1. C—-H Carbonylation of Phenylglycinol Derivatives
fragment present in naturally occurring alkaloids as well Known reports:

as various biologically active compounds (Figure 1)." Therefore, D.-Q. Shi, 2017 Ao
N-OA Cy N=C=0
Me OMe g\(mm

42% O
single example

N MeO. X.-S. Wang, 2018
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Figure 1. 3-Hydroxymethyl isoindolinone and examples of biologically

active 3-substituted isoindolinone compounds. report, the Wang group included a challenging example of

palladium-catalyzed carbonylation of a quaternary phenyl-
glycinol derivative (Scheme 1). * Although there are relatlvely
many reports on C—H carbonylation of benzylamines,’

unfortunately the developed methodology cannot be success-
fully transferred to phenylglycinols.’ That might be related to

the development of novel methodologies toward 3-substituted
isoindolinone derivatives is of great interest. Although there are
numerous methods for the synthesis of racemic 3-substituted

isoinc‘lolinon‘es,A onlyA a few 2pp rogches toward enantiopurg 3- steric effects of phenylglycinol substrate and/or the ability of the

substituted isoindolinone derivatives have been reported.” 3- henylolycinol hydroxyl eroup to coordinate to the transition
o . . phenyiglys ydroxyl group

Hydroxymethyl and 3-hydroxyethyl isoindolinones (Figure 1) metal (TM), thereby deactivating the catalyst.

are highly functional building blocks that are commonly used for

the preparation of diverse biologically active compounds.” A
straightforward method to access 3-hydroxymethyl isoindoli-
nones would be C—H carbonylation of readily accessible
phenylglycinol derivatives. Nevertheless, only a limited number
of examples of such a route have been reported. In 2017 the Shi
group reported an example of ruthenium-catalyzed carbon-
ylation of phenylglycinol derivative (Scheme 1).** In their 2018
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C—H functionalization using cobalt(II) salts in combination
with bidentate dlrectlng groups has attracted enormous mterest
in past few years.” Since the initial report by Daugulis in 2014,°
where Co(II) salts in combination with an aminoquinoline
directing group were used as high-valent cobalt(III) precursors,
a large number of other C—H functionalization reactions based
on this approach have been reported, showing the potential of
this methodology.” In 2017 Cui reported that picolinamide can
be used as a traceless directing group under cobalt catalys1s, thus
saving effort for directing group cleavage afterward."’

Herein we report an efficient method for the synthesis of 3-
substituted isoindolinones via cobalt-catalyzed C—H carbon-
ylation of phenylglycinol derivatives using DIAD as a “CO”
surrogate and picolinamide as a traceless directing group.

For optimization studies, phenylglycinol derivative la was
chosen as a model substrate with diethyl azodicarboxylate
(DEAD) (Table 1, entries 1—7) or diisopropyl azodicarboxylate

Table 1. Optimization of the Reaction Conditions”

DIAD or DEAD (2 equiv)

Co(dpm);, (20 mol%)
Additive (2 equiv) oTBS
oTBS Oxidant (2 equiv)
HN,._O ——M8M > NH
DCE, 100 °C, 16h
1a N7 2a ©
X

entry oxidant additive la:2a yield (%)”
1° Mn(OAc);2H,0 NaOPiv 4:1 20
2° AgOAc NaOPiv 19:1 <5
3¢ air NaOPiv 5.7:1 15
4° Ag,CO; NaOPiv L1:1 45
5¢ Ag,CO; NaOAc 1.7:1 35
6 Ag,CO; AcOH 43:1 15
7 Ag,CO; PivOH 1:3 75
8¢ Ag,CO, PivOH 1:49 98
9° Ag,CO; PivOH L.6:1 25
10/ Ag,CO; PivOH >19:1 <5
11¢ Ag,CO; PivOH 3.5:1 18
12" Ag,CO; PivOH 1:0 0

“Reaction conditions: 1a (0.1 mmol), DIAD (0.2 mmol, 2 equiv),
Co(dpm), (0.02 mmol, 20 mol %), additive (0.1—0.2 mmol, 1-2
equiv), oxidant (0.2 mmol, 2 equiv), DCE (1 mL), 100 °C. Co(dpm),
= bis(2,2,6,6- tetramethyl 3,5-heptanedionato)cobalt(II) (CAS no.
13986-53-3). "NMR yields using triphenylmethane as an internal
standard. DEAD (02 mmol, 2 equiv) was used as the “CO”
surrogate. “PivOH (0.1 mmol, 1 equiv). “Toluene was used as the
solvent. /CF,CH,OH was used as the solvent. $Co(OAc),-2H,0 was
used as the catalyst. “Without catalyst.

(DIAD) (entries 8—12) as the “CO” surrogate. During the
optimization studies, a range of cobalt catalysts, oxidants, base/
acid additives, and reaction solvents were evaluated. The
reaction of 1a with DEAD in the presence of Co(dpm), as the
catalyst, Mn(OAc);-2H,0, and NaOPiv as the base in DCE at
100 °C afforded the carbonylation product 2a in 20% yield
(entry 1). Oxidant screening (entries 2—4) showed that the
yield of product 2a can be increased to 45% using Ag,CO;. The
effect of the additive on the product yield was studied next. With
NaOAc as the base, the yield of isoindolinone 2a slightly
decreased to 35% (entry S). Addition of AcOH gave the product
in 15% yield (entry 6). A crucial increase in the product yield to
75% was observed using PivOH (entry 7). The product yield
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additionally was increased when DEAD was replaced with DIAD
(entry 8). Alternative solvents, e.g, toluene (entry 9) or
CF;CH,OH (entry 10), gave poorer results. Catalyst screening
revealed that Co(dpm), is the catalyst of choice (entry 8 vs entry
11). A control experiment excluding the catalyst (entry 12)
showed no formation of product 2a.

With the optimized conditions in hand, we next examined
substrate scope (Scheme 2). Unfortunately, O-unprotected
phenylglycinol 1b did not give corresponding product 2b. Using
a TBS protecting group, we obtained the corresponding
isoindolinone 2a in a very good yield (84%). Phenylglycinol
derivatives 1c and 1d with O-PMB and O-MOM protection
were less successful substrates and yielded corresponding

Scheme 2. Substrate Scope®
DIAD (2 equiv)

R Co(dpm); (20 mol%) OR
OR PivOH (2 equiv)
Ag,CO3 (2 equiv)
HN.__O R NH
DCE, 100 °C, 24 - 48 h
1 N7 ‘ 2 ©
A
OH OTBS OPMB OMOM
NH NH
o
2b, 24h, 0% 2a, 40\'\ 84% 2c, 40h, 36% 2d, 40h, 61%
40h, 88%°
OTBS

OTBS
9\©i‘<</

2h, 30h, 71%

F —OTBS

2g, 24h, 85%

OMe —-OTBS

2f, 48h, 66%

@%
o]

2e, 40h, 91%

oTBS 0oTBS
3C.
NH
o}

OTBS

2i, 48h, 81% 2j, 24h, 90% 2k, 24h, 77%
oTBS oTBS oTBS
21, 24h, 96% 2m, 48h, 72% 2n, 4gh 75%

OTBS

OTBS

2q, 40h, 52% 2q', 40h 15%

-

OTBS OTBS
NH
Br

(0]
20, 24h, 94% 2p, 40h, 91%

OTBS OTBS

Et

NH NH

o]
2r, 48h, 40%°¢ 2s, 48h, 40%°°

“Reaction conditions: 1 (0.5 mmol), DIAD (1.0 mmol, 2 equiv),
Co(dpm), (0.10 mmol, 20 mol %), PivOH (0.5 mmol, 1 equiv),
Ag,CO; (1.0 mmol, 2 equiv), DCE (5 mL), 100 °C. “Standard
conditions, 1 mmol scale. “Co(dpm), (30 mol %). “Synthesized from
N-((1R,2S)-2-((tert-butyldimethylsilyl)oxy)-1,2-diphenyl-ethyl)-
picolinamide and isolated as a single diastereomer. “After 24 h,
additional Co(dpm), (30 mol %) and Ag,COj; (2 equiv) were added.
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carbonylation products 2¢ and 2d in lower isolated yields of 36%
and 61%, respectively. f-Phenylalaninol derivative le was a
competent substrate and gave isoindolinone 2e in excellent yield
(91%). Phenylglycinol derivatives with various functional
groups on the benzene ring were investigated. We observed
that the reactions using phenylglycinol derivatives 1 with para,
meta, and ortho substitution patterns were successful. Using
meta-substituted substrates 1h—j, we observed excellent
regioselectivity and obtained carbonylation products that
formed by reaction of the less hindered C—H bond, which is
consistent with literature examples.”

Diverse functionalities were tolerated under the reaction
conditions, including electron-donating groups, such as alkyl
(products 2h and 2k), methoxy (2f and 21), and methoxymethyl
ether (2m), as well as electron-withdrawing groups, such as
trifluoromethyl (2i) and trifluoromethoxy (2n). Halogenated
phenylglycinol derivatives 1g, 1j, lo, and 1p gave the
corresponding isoindolinones 2g, 2j, 20, and 2p in excellent
yields (85—94%). Interestingly, thiophene amino alcohol
derivative 1q was a competent substrate for carbonylation. In
this case the reaction was not selective, and both regioisomers 2q
(52%) and 2q’ (15%) were isolated. Sterically hindered amide
1ryielded carbonylation product 2r in 40% yield. In addition, we
demonstrated that quaternary amino alcohol 1s can be
transformed to the corresponding product 2s in an acceptable
yield. In this case additional amounts of catalyst and oxidant
were required after 24 h.

We used enantiopure (S)-phenylglycinol derivative (S)-1a in
order to determine whether the stereochemical integrity of the
substrate’s @-position is preserved (Scheme 3). We observed
that under the carbonylation conditions this stereocenter was
preserved completely, and no loss of enantiopurity was detected
for the product (S)-2a.

Scheme 3. Preservation of Stereochemistry

©Y\OTBS

DIAD (2 equiv)
Co(dpm); (20 mol%)

PivOH (2 equiv) oTBS
HN o Ag,CO3 (2 equiv) i
DCE, 100 °C, 24 h
“ o
12 90%, (S)-2a
>99% ee >99 % ee

In conclusion, we have developed an efficient method for the
synthesis of 3-hydroxymethyl isoindolinones via cobalt-
catalyzed C(sp*)—H carbonylation of phenylglycinol derivatives
using picolinamide as a traceless directing group. The reaction
proceeds in the presence of a commercially available cobalt(II)
tetramethylheptanedionate catalyst and employs DIAD as a
“CO” surrogate. This synthetic route offers a broad substrate
scope, excellent regioselectivity, and full preservation of the
original stereochemistry. Besides, the developed method
provides a pathway for accessing valuable enantiopure 3-
substituted isoindolinone derivatives.
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Direct carbonylation of the C—H bond is a great tool for installing a carbonyl group in a wide variety of
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Introduction

One of the most important transformations in organic chem-
istry is the formation of C-C bonds due to their importance in
the construction of complex molecules and natural products.
CO can be used as a readily available and cheap C(1) source
and reactions with carbon monoxide have been intensively
investigated by chemists as it is one of the most straight-
forward and efficient paths to carbonyl-containing products.’
Depending on the reaction conditions, four main carbonyla-
tion mechanisms could be envisioned: (1) cationic carbonyla-
tion arising from the activation of the CO molecule with strong
Bronsted or Lewis acids; (2) anionic carbonylation via direct
nucleophilic attack on carbon monoxide by carbon bases to

Latvian Institute of Organic Synthesis, Aizkraukles 21, LV-1006 Riga, Latvia.
E-mail: liene_grigorjeva@osi.lv

Lukass Lukasevics completed his
Master’s degree in 2019 at Riga
Technical  University, Latvia.
Currently, he is working on his
Ph.D. thesis under the supervi-
sion of Dr Chem. Liene
Grigorjeva at the Latvian
Institute of Organic Synthesis,
Riga, Latvia. His research inter-
ests are focused on the develop-
ment of new methodologies for
cobalt-catalyzed ~ C-H  bond
functionalization reactions.

e\ |

Lukass Lukasevics

This journal is © The Royal Society of Chemistry 2020

substrates. This review summarizes the C—H bond carbonylation methodologies using the cobalt-cata-
lyzed C—H bond functionalization approach. Despite the fact that cobalt-catalyzed carbonylation meth-
odologies have been known since Murahashi's report in 1955, this area is still underdeveloped, particularly
carbonylation of the C(sp®)~H bond.

form reactive acyl anion species; (3) carbonylation of carbon-
centered radicals to form acyl radical species; and (4) metal-
mediated carbonylation via a migratory insertion step in the
metal-carbon bond.> The majority of carbonylation reactions
are based on the transition metal catalysis approach."” These
methodologies often require the starting material to be pre-
functionalized, which leads to the use of additional synthetic
steps or protecting group manipulations. On the other hand, a
different and more promising path for the construction of
such C-C bonds is direct C-H carbonylation. Typically, C-H
bonds are relatively stable under the reaction conditions due
to their high BDEs compared to other types of atom linkages,
which is why reorganization of C-H bonds via direct
functionalization is a highly challenging task. Since the discov-
ery of transition metal-catalyzed C-H functionalization reac-
tions, chemists around the world have used this methodology
to selectively construct not only C-C bonds but also C-O, C-N,
C-S, and C-Hal bonds. This unique pathway has been utilized
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immensely both in the development of new methodologies
and in the industrial production of building blocks for organic
synthesis. Most of the results have been achieved with noble
metal catalysts, although recently the first-row transition
metals have emerged as an attractive alternative.’ In particular,
cobalt(u) salts in combination with monodentate or bidentate
directing groups and oxidants have received exponential atten-
tion from synthetic organic chemists since the published
methodology of benzamide alkenylation by Daugulis and
Grigorjeva in 2014."

Cobalt-catalyzed carbonylation of the
C-H bond

Since the discovery of C-H functionalization reactions, most of
the results have been achieved using low-valent cobalt cataly-
sis. The first example of carbonylation dates back to 1955
when Murahashi demonstrated the synthesis of isoindoli-
nones 2a-d (Scheme 1).° In this work, the Co,(CO)s catalyst
was used together with CO gas to selectively introduce a carbo-
nyl group in Schiff bases 1a-d with good yields (70-96%).
Although this reaction was synthetically useful, the reaction
conditions required high pressure and temperature.

Murahashi’s methodology was expanded later in 2006
(Scheme 2). Sen and co-workers reported the carbonylation of
Schiff bases 3a—c in the presence of Co(1) and Co(0) catalysts to
readily form isoindolinones 4a-c. The formation of the
product was proposed to occur via the C-H activation step fol-
lowed by migratory insertion of the CO molecule and reductive
elimination. In contrast to Murahashi’s work, Sen showed that
this transformation can be achieved under milder reaction
conditions with lower catalyst loadings.®

In 2014, Daugulis and Grigorjeva reported the first example
of high-valent Co-catalyzed carbonylation of benzamide deriva-
tives 5 (Scheme 3a).” The reaction proceeded in the presence
of the Co(acac), catalyst, Mn(OAc);-2H,0 and O, oxidants, and
TFE solvent under a CO atmosphere at room temperature. The
authors used the 8-aminoquinoline directing group to selec-
tively obtain phthalimide derivatives 6 in good yields. These
mild reaction conditions were compatible with halogen, cyano,

Murahashi 1955

C0,(CO)g (11 mol%)
_ Co(isoatm)

Benzene, 190°C

O

1 2a 80%
2b, 70% 2¢, 96% 2d, 80%

Scheme 1 An early example of low-valent cobalt-catalyzed carbonyla-
tion of Schiff base 1.
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CO 68 atm, 200 °C

3a 4a, 71% (A), 92% (B) 200°C

@Q._Me @N_p,

o o)
4b, 71% (A) 4c, 62% (A)

Scheme 2 Cobalt-catalyzed carbonylation of imines 3.

a) Daugulis 2014 Cofacac); (20 mol%)

NaOPiv (2 equiv.)
Mn(OAc); - 2H,0 (1 equiv.)

1 atm CO, TFE, r.t
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X
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7 N n
R—! H N | Co(OAc), " 4H,0 (20 mol%) O N /
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Dioxane, air, 100°C, 16h
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N Ph
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Ph Ph
o N, ) [ O N{
a) 69% a) 60%; b) 37% b) 78%

Scheme 3 Cobalt-catalyzed C-H carbonylation of benzamide 5
derivatives.

ester, nitro, and other functionalities. Additionally, the
authors showed that the directing group can be easily removed
by treatment with ammonia in methanol to obtain the phthali-
mide derivative in a good yield. These findings inspired Zhang
and co-workers to extend Daugulis’ work two years later
(Scheme 3b). In their work, the authors used the Co
(OAc),-4H,0 and Ag,CO; catalytic system to carbonylate benza-
mides 5 to obtain phthalimide derivatives 6 with good yields
and excellent functional group tolerance. Their approach was
the first example of the use of dialkylazadicarboxylates as a
non-toxic carbon monoxide source. Although Zhang’s method
utilizes a relatively safer way for CO generation, the reaction
conditions require two equivalents of the silver oxidant and a
temperature of 100 °C. Additionally, the method unfortunately
lacks site selectivity if 3-substituted benzamide substrates 5
are used, giving a mixture of the products.®

Based on Zhang’s mechanism studies and previous litera-
ture reports, the authors proposed a possible catalytic cycle
(Scheme 4). According to the proposal, initially Co(u) is oxi-
dized to Co(m) followed by the coordination and C-H acti-

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0ob01633k

Published on 16 September 2020. Downloaded by Cornell University Library on 9/16/2020 1:34:01 PM.

Organic & Biomolecular Chemistry

Cyclization RE

View Article Online

Review

(o}
Y
Co---N ~
X
B
Path a o)

Scheme 4 The catalytic cycle for carbonylation of benzamides 5.

vation of substrate A forming complex B. Thermal decompo-
sition of DIAD leads to the formation of radical 7 which
attacks Co complex B and gives intermediate C (path a).
Reductive elimination gives ester 8 and returns Co(u) to the
catalytic cycle. Intramolecular nucleophilic cyclization gives
phthalimide 6. Alternatively, CO is generated from radical 7,
which after migratory insertion forms acyl cobalt D. The
phthalimide 6 product is generated by reductive elimination,
releasing Co(1) species which are reoxidized to Co(u).
High-valent cobalt catalysis in C-H carbonylation was
further explored by Wang and co-workers in 2015.° In their
work, the Cp*Co(CO)I, catalyst was used in combination with
Cu(OAc),'H,O and Ag,CO; oxidants with the PivOH additive
under a CO atmosphere to transform vinyl phenols 9 into
cumarin derivatives 10 (Scheme 5). The mild reaction con-

Wang 2015
R2 Cp*Co(CO)l, (10 mol%) R?
AgzCO; (1.0 equiv)
R_@ﬁ CuORD O (o) NN
ANon CO, o-Xylene, 30°C Z >0 No
31-87%
. 10

Selected examples:

Me Me
of N@ 070 MeO ge] 0" "o

74% 60% 61% CN 83%
Ph O
Me
T, O, Co
Me oo oo (Ogiae]
73% 62% 87%

Scheme 5 Synthesis of cumarin 10 derivatives via Co-catalyzed C-H
carbonylation.

This journal is © The Royal Society of Chemistry 2020

ditions ensured good compatibility with alkyl, alkoxy, halogen
and nitro substituents in the benzene ring moiety giving pro-
ducts in good yields. The introduction of a substituent next to
the vinyl group resulted in a diminished yield probably due to
steric factors, thus limiting R> substituents to Me, Et, homo-
benzyl and aryl.

In 2017, Daugulis reported a method for the C-H
carbonylation of sulfonamides 11 using DIAD as the CO
source (Scheme 6). In contrast to Zhang’s work published a
year earlier, the authors were able to substitute silver salts with
the Mn(OAc), co-oxidant and air as the terminal oxidant,
although batch-wise addition of DIAD and a higher catalyst
loading were necessary. This report demonstrates a wide sub-
strate scope, good functional group tolerance and moderate to
good yields. Additionally, the 8-aminoquinoline directing

Daugulis 2017
DIAD (5 equiv.)
Q.0 Co(OAc), (30 mol%)
4 Mn(OAc); (2 equiv.)

NS : H
| KOPiv (2 equiv.)
R/ =

N/ DCE air , 100°C
1

Iz

47-74%

Q.0
x-S,
L
R N
0 Ny
12
Selected examples:

Y Ly ke
N N N
Me MeO I
O N N/ O N \ 7/ o
73%

N
\_7/
1% 59%
Me
LN PN
N N N
F oo
o N, ) 0 Ny o N y
55% 69% 65%

Scheme 6 Carbonylation of sulfonamides 11.
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group can be removed in the presence of BBr; and PhI(TFA),
to obtain saccharin derivatives."’

In contrast to the relatively large number of Co-catalyzed
C(sp?)-H carbonylation methodologies, C-H activation and
functionalization of the C(sp®)-H bond is a highly difficult
task, and until 2017, there were no reports documented. In
2017, Sundararaju,* Gaunt'” and Lei'? independently discov-
ered the cobalt-catalyzed carbonylation of the C(sp®)-H bond.
In their research, 1°, 2° and 3° carbons in pivaloyl amides 13
were carbonylated in the presence of the bidentate 8-amino-
quinoline directing group to obtain succinimide derivatives 14
(Scheme 7). Gaunt, Lei and Sundararaju developed similar
catalytic systems, which allowed the use of a variety of substitu-
ents at the a-center - alkyl, cycloalkyl, phenyl, benzyl, ester,
amino, trifluoromethyl, etc. - with good yields. Interestingly,
Sundararaju demonstrated that when competing C(sp*)-H and
C(sp*)-H bonds were carbonylated, the unactivated C(sp®)-H
bond showed a higher reactivity over the C(sp*)-H bond, which
typically is more reactive in C-H functionalization reactions.

Based on the experimental results and mechanistic studies,
Lei reported a plausible reaction mechanism (Scheme 8)."
Using XAS spectroscopy, the authors confirmed that the oxi-
dation of Co(u) species to Co(w) occurs after the binding of Co
(u) to the substrate and ligand exchange. According to the pro-
posed mechanism, the Co(u) complex first coordinates with
the pivaloyl amide 13 and forms Co(i) complex E, which is

Co(acac), (10 mol%)
PhCO,Na (1.5 equiv.)
Ag,COj3 (3 equiv.)

a) Gaunt 2017
PhCI, 160°C, CO, 49-89%

Co(acac), (15 mol%) ’\}
Ag,CO; (2.5 equiv.) o

R? . .
RW/KN b) Lei 2017 NH,4OAc (1 equiv.) R%&
U

CO, PhCI, 120°C, 40-89%

Co(acac), (10 mol%)
PhCO,Na (20 mol%)
Ag,CO;3 (3 equiv.)

PhCF3, 150°C, 31-88%

c) Sundararaju 2017

Selected examples:

0 0 0
S)) gg:;: a)51% a) 80% (dr 3:1) a) 52% (dr 16:1)
b) 73%
o) 86% e
~ ~

|
N N N
[e} o]
M
o) o] (o] o
b) 82% b) 67% ) 87% a) 68%
c)31% b) 73% (dr 2.3:1)

¢) 71% (dr 2.6:1)

Scheme 7 Cobalt-catalyzed carbonylation of the C(sp®)-H bond in
pivaloyl amide 13.
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Scheme 8 The proposed mechanism for cobalt-catalyzed C(sp®)—-H
carbonylation of pivaloyl amide 13.

then oxidized by Ag,CO; to give Co(u) complex F. Next, using
NH,OAc, the activation of the C(sp*)-H bond takes place and
forms intermediate G. Insertion of CO generates cyclic acyl Co
(1) complex H, which undergoes reductive elimination and
forms Co(i) species and liberates succinimide 14. Finally, the
Co(1) species are oxidized by Ag,COj3 to regenerate Co(ir).

In the same year, Zhong was the first to report cobalt-cata-
lyzed carbonylation of benzylamines 15 using picolinamide as
a traceless directing group to obtain isoindolinone derivatives
16 (Scheme 9).™ In his work, the following were used: DIAD as
the CO source, Co(OAc),-4H,0 as the catalyst, Ag,CO; as the
oxidant, and pivaloic acid additive in TFE solvent. The devel-
oped method has a wide substrate scope; alkyl, alkoxy,
halogen, aryl, and other substituents in the benzene ring
moiety were tolerated under the reaction conditions, although
the method is limited to H, Me, and Et substituents in the

Zhong 2017
Co(OAc); * 4H,0 (20 mol%)

Ag,CO;3 (2 equiv.)

DEAD (2 equiv), PivOH (2 equiv) ‘ N NH
K
TFE, air, 120°C, 24h R

53-94% 16°

Br ‘
Br
mNH . \CQNH Q;;\‘H
CF.
3 be) o o o
91% 67% 83% 65%
Ph Me me
Crw O S0
o o o
69% 75% 64%

Scheme 9 Benzylamine 15 carbonylation using picolinamide as a tra-
celess directing group.
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benzylic position (R*> = H, Me, Et). Additionally, the authors
demonstrated that under the reaction conditions, no racemiza-
tion of the starting material was observed.

In 2018, Lei and co-workers demonstrated that cobalt-cata-
lyzed C-H carbonylation can be achieved in an electrochemical
manner."”” The authors successfully substituted chemical oxi-
dants with electrical energy by employing the Co(OAc),-4H,0
catalyst together with RVC/Ni electrodes to carbonylate benza-
mides 17 under a CO atmosphere to obtain phthalimide
derivatives 18a in good yields (Scheme 10a). No degradation of
the starting material was observed under the reaction con-
ditions, which are compatible with a variety of alkyl, halogen,
aryl, and heteroaryl substituents. Additionally, the authors
showed that by changing the catalytic system, it is possible to
successfully use benzamides 17 for the cobalt-catalyzed car-
boamidation of the C-H bond to obtain amides 18b
(Scheme 10b). In this transformation, a large variety of both
cyclic and acyclic amines are reactive.

In the same year, Sundararaju and co-workers developed a
protocol for the generation of CO by the reduction of CO, in a
2-chamber system which can be successfully applied to the
Co-catalyzed C-H carbonylation of benzamides, sulfonamides
and pivaloyl amides (Scheme 11).'® The CO gas is generated in
chamber A from disilane 19 and CO, where it is deoxygenated
and transferred to chamber B, where C-H functionalization
takes place. Employing the Co(acac), catalyst, PhCO,Na additive
and Ag,CO; oxidant in trifluorotoluene at 100 °C, the authors
were able to carbonylate benzamides 5 and sulfonamides 11
with moderate yields. By slightly modifying the catalytic system,

RVC ﬁﬁ Ni

Co(OAc),  4H20 (15 mol%)

a) Lei 2018 NaOPiv (1 equiv.) P
DMF/H,0/AcOH N
40 °C, 15mA, CO 1atm N
52-99% O Ny
o 18a
SO0 ON ]
;xf‘fﬁ*' N rve (1N RNHR?
R 17 Co(NO3), - 6H,0 (15mol%) o
NaOPiv (1.5 equiv.)
by Lei 2078 Bu,NBF, (2.6 equiv.) |

MeCN, HOPiv, MeOH
6mA, CO 1atm, 80 °C, 3h
31-78%

Selected examples:
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m%qﬁmi%
0 o O e o e

Scheme 10 Cobalt-catalyzed electrochemical carbonylation and car-
boamidation of benzamide 17.
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Me'
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Scheme 11 Carbonylation of benzamides 5, sulfonamides 11 and piva-
loyl amides 13.

the authors additionally demonstrated the applicability of their
2-chamber protocol to achieve the carbonylation of C(sp’)-H
bonds in pivaloyl amides 13 with moderate to good yields.

The traceless picolinamide group assisted cobalt-catalyzed
C-H carbonylation methodology was further explored by
Zhong and co-workers in 2018."” The authors used the CoCl,
catalyst in the presence of the NaOPiv base and DIAD as a CO
source to carbonylate aryl anilines 20 obtaining phenanthridi-
nones 21 in excellent yields (Scheme 12). This transformation
has good functional group tolerance and does not require an
additional oxidant employing O, as the sole oxidant.

In the same year, Zhai introduced the easily cleavable
bidentate 2-(1-methylhydrazinyl)pyridine directing group for
the carbonylation of benzamide derivatives 22 (Scheme 13a).

In their work, the authors showed a large scope of benz-
amide substrates that can be converted into phthalimides 23
with good to excellent yields in the presence of the Co
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Zhong 2018

DIAD (2 equiv.) N
CoCly (30 mol%) >
NaOPiv (2 equiv.)

){O R
1,4-Dioxane, Oy, RL/ l (]
130°C N

43-97%

Selected examples:

NH NH it NH
SRS O OO
MeO

CFs o706 92% 85% 65%
MeO,C. Br
94% 94%

Scheme 12 Carbonylation of aryl aniline 20.

Co(OAC);*4H,0 (10 mol%)

a) Zhai 2018 Ag2CO; (1.2 equiv.)
CO (1atm)
PhH, 100 °C, 12h
39-99%
o
O CHs RVC ﬁﬁPt N CH,
N~ — N-N
AN NS CO 1atm P
Ru J H P Co(OAc), (20 mol%) R B N\
PivOH (1.0 equiv.) —
22 NBU,CIO, 23
b) Ackermann 2019 TFE/HFIP 2/1
undivided cell
CCE at 3.0 mA, 23 °C, 16h
41-899
Selected examples: = . &M ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o
CH,
N—N N—-N
3)91% b)71% \ a) 94% =
b) 89% b)43%
o
A\ CH,
| | N—| N-N’
o N OMe © N
a) 39% a) 97% a)77%
o o
cHy ! CHy
N—N N-N
hO' MeO
o N o N
2) 88% a)91% a) 96%

Scheme 13 C-H carbonylation of benzamide 22.

(OAc),-4H,0O catalyst, the Ag,CO; oxidant and a CO atmo-
sphere. The directing group can be easily cleaved under hydro-
genolytic conditions."® The next year, the Ackermann group
demonstrated that this transformation is achievable under
cobalt electrocatalytic conditions (Scheme 13b), where phthali-
mides 23 were obtainable under mild conditions, although
only limited to 5 examples."®
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Wu 2019
Co(acac); (20 mol%)
OCHO Ag,CO;3 (2 equiv.) R o]
O)k /U AcOH (2 equiv.) ‘\ B

N
1 4~ d\oxane 130°C Z N
OHCO’ VRN

)

9
24 TFBen 33 98 % 25

Selected examples:

Oy iy T

35% 89%
Oy Sy Oy
68% 83% 5%

Scheme 14 Cobalt-catalyzed carbonylation of benzamides 24 using
TFBen as a “CO" source.

In 2019, Wu and colleagues reported the synthesis of phtha-
limide derivatives 25 via cobalt-catalyzed C-H carbonylation of
benzamides 24 using picolinamide as a directing group, the
Co(acac), catalyst, the Ag,CO; oxidant and the AcOH additive
(Scheme 14). For the generation of CO in situ, the authors used
TFBen, which had not been used in cobalt-catalyzed carbonyla-
tion reactions before. The reaction conditions were compatible
with alkyl, aryl, heteroaryl, alkoxy, halogen, nitro, ester, and
amine functionalities, giving phthalimide derivatives 25 in
good to excellent yields. Additionally, the authors illustrated
the synthetic utility of their catalytic system by performing the
gram-scale synthesis of 25 with a very good yield.**

In 2020, Grigorjeva and co-workers reported the cobalt-cata-
lyzed traceless picolinamide directing group assisted C-H
carbonylation of phenylglycinol derivatives 26 (Scheme 15).>*

In their study, DIAD served as a “CO” source in the pres-
ence of the Co(dpm), catalyst, the Ag,CO; oxidant and the
PivOH additive to obtain isoindolinones 27 in good to excel-

Grigorjeva 2020
DIAD (2 equiv.)
L NN Co(dpm); (20 mol%)
R ,  PIVOH (1 equiv)
OR Ag>CO; (2 equiv.) X
DCE, 100°C, 24h Z
N7 ] 36-96% o

Selected examples:

}/OMOM \/OF'MB :(OTBS F OTBS

61% 35% so% ss%
OoTBS Ph._otes gt OTBS
CFs

NH “NH NH

o

o o
81% 40% 40%

Scheme 15 C-H carbonylation of phenylglycinol derivative 26.
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lent yields. The reaction conditions are compatible with alkyl,
heteroaryl, and halogen functionalities and different alcohol
protecting groups. In addition, complete stereo integrity is pre-
served under the reaction conditions.*"

Conclusions

C-H activation and functionalization have been intensively
studied over the last couple of decades; however, most of the
achievements in this field have been obtained using precious
metals. This short review illustrates the utility of high-valent
cobalt catalysis in C-H carbonylation reactions. Typically, a
strong chelating bidentate directing group in combination
with an oxidant is necessary for successful transformation.
Benzamides, sulphonamides, benzylamines, aryl anilines,
phenols and amino alcohols can be suitable substrates along
with aminoquinoline, picolinamide, picolinamine and hydra-
zinyl pyridine directing groups to obtain highly valuable pro-
ducts with potential applications in medicinal chemistry. In
contrast to the reported achievements in C(sp®)-H carbonyla-
tion, the development of C(sp®)-H bond carbonylation meth-
odologies is a highly challenging task and still remains
underdeveloped.
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ABSTRACT: Herein we report an efficient protocol for the C(sp?)—H
carbonylation of amino acid derivatives based on an inexpensive cobalt(II) salt
catalyst. Carbonylation was accomplished using picolinamide as a traceless
directing group, CO (1 atm) as the carbonyl source, and Co(dpm), as the

9 €O (1 atm)

3 Co(ll) Q
HN. _O oxidant A R

NH
catalyst. A broad range of phenylalanine derivatives bearing diverse functional 6 o
groups were tolerated. Moreover, the method can be successfully applied for N

the C(sp*)—H carbonylation of short peptides thereby allowing access for

peptide late-stage carbonylation.

mino acids and peptides play an essential role in
medicinal chemistry, synthetic organic chemistry, and
biotechnology; therefore, direct functionalization of amino acid
derivatives and peptides via C—H bond activation has attracted
immense interest during the past decade.' In addition, the late-
stage modification of peptides has a tremendous potential to
promote the development of innovative peptide drugs.”
Progress on direct C—H bond functionalization of amino
acid derivatives has been achieved mainly using late transition
metal catalysis." The functionalization of amino acid C(sp*)—
H bonds is relatively well-developed allowing installation of
various functional groups both in the a-position® and on the
amino acid side chain.'® However, methods for amino acid side
chain C(sp*)—H bond functionalization are less explored,
particularly for phenylalanine derivatives.* Therefore, the
development of new synthetic methods for the site selective
modification of phenylalanine derivatives is of great interest.
In the past decade, notable progress has been achieved with
the development of C—H functionalization methodology using
cobalt as an alternative to precious transition metal catalysts.’
The use of cobalt(Il) salt catalysts in combination with
bidentate directing groups has been proven to be an effective
strategy for various C—H bond transformations.® Despite the
progress made so far, substrate diversity that can be used for
C—H functionalization under cobalt catalysis is still under-
developed when compared to noble transition metal catalysis.’
To the best of our knowledge, only two examples of the cobalt-
catalyzed C—H functionalization of amino acids or peptides
have been reported so far. In 2017, Correa and co-workers
demonstrated cobalt-catalyzed selective arylation of glycine
esters and peptides through a radical pathway.” In 2019, the
Ackermann group reported the first example of cobalt(III)-

© 2021 American Chemical Society

7 ACS Publications
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Q direct access to 1-oxo-1,2-dihydroisoquinoline derivatives

Q method

for peptide carbonylation (4
Q picolinamide as a traceless DG

Q 29 examples, yield up to 95%

catalyzed C—H allylation of a tryptophan moiety in structurally
complex peptides (Scheme 1a).*

C—H bond carbonylation using transition metal (TM)
catalysis is an efficient tool to introduce a carbonyl group, and
it gives access to various valuable compounds. In recent years,
a number of carbonylation methods have been developed using
cobalt catalysis.” However, most of them can only be applied
to aliphatic amide or benzamide type substrates. To date, there
are no literature examples for direct carbonylation of
phenylalanine type substrates using first-row TM catalysis. So
far, there have been only two reports for phenylalanine
carbonylation, both exploiting palladium metal. In 2007, the
Vicente group showed a stoichiometric example of ortho-
palladation of a phenylalanine ester and a subsequent reaction
of the formed complex with CO gas (Scheme 1b).'° In 2011,
Garcia, Granell, and co-workers demonstrated palladium-
catall};zed carbonylation of quaternary amino acids (Scheme
1lc).

Herein we report an efficient method for the synthesis of
1,2-dihydroisoquinolinolones via C(sp*)—H carbonylation of
phenylalanine derivatives. Methyl picolinoylphenylalaninate
laa was chosen as a model substrate for amino acid
C(sp*)—H carbonylation. A picolinamide directing group
(DG) was introduced by Daugulis in 2005'> and has been
extensively used for a large diversity of transformations
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Scheme 1. Selected Examples on C—H Functionalization of
Amino Acids

a) Ackermann 2019

O, 0O,
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\
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b) Vicente 2007
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o
This work
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NH
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catalyzed by various TMs.”” In 2017, Cui demonstrated
picolinamide as a traceless DG;'* since then, a number of
reports for picolinamide as a traceless DG have been
reported.”® For optimization studies, conditions similar to
those reported previously for the carbonylation of amino
alcohol derivatives were employed.'® Using Co(dpm),
catalyst in combination with Ag,CO; as the oxidant and
PivOH as the additive under 1 atm of CO, we observed the
formation of 1,2-dihydroisoquinolinolone 2aa in 37% yield
(Table 1, entry 1).

Oxidant screening (entries 1—4) revealed that the yield of
2aa can be increased to 70% using a combination of Ag,CO;
and Mn(OAc);-2H,0 (entry 3). Control experiments
excluding the oxidant or the catalyst showed no formation of
2aa (entries 4, 9). Changing the acid additive to NaOPiv
decreased the yield of 2aa to 27% (entry S). Other catalysts,
such as Co(OAc), (entry 6) or Co(acac); (entry 7), formed
2aa in lower yield."® The final conditions were found when the
product yield additionally was increased to 94% using a higher
catalyst loading, 30 mol % (entry 8). We speculate that the
high catalyst loading is required due to the coordination of 2-
picolinic acid that is released during the reaction to the metal,
which may reduce the catalytic activity of cobalt catalyst."*"”
Indeed, we observed that the product 2aa yield decreased with
an increase in the amount of added 2-picolinic acid.'®
Subsequently, other reaction solvents were screened, such as
DCE (entry 10) and toluene (entry 11); however, none of
them gave a better yield. Other CO sources such as DIAD
(entry 12) or DEAD (entry 13) were less effective. It is worth
mentioning that during the optimization we did not observe
formation of either products arising from the radical reaction at
a-center of phenylalanine, nor oxidation or decarboxylation of
laa. It should be noted that, in comparison with Pd catalysis,
we did not observe the formation of indoline or indole
byproducts resulting from intramolecular C(sp?)—H amina-
tion."

With the optimized conditions in hand, we next examined
the reaction scope with respect to phenylalanine esters

2749

Table 1. Optimization of Reaction Conditions®

€O (1 atm)
o Co(dpm); (20 mol%)
PivOH (2 equiv) Q
WOW Ag,CO; (1.5 equiv) X “OMe
HN_O  Mn(OAc); 2 H,0 (2 equiv) NH
N7 PhCI, 120 °C, 16 h o
1aa | 2aa
entry change from above conditions yield, %"
1 oxidant: Ag,CO; (3 equiv) 37
2 oxidant: Mn(OAc);-2H,0 (3 equiv) 56
3 none 70
4 oxidant: air 0
5 NaOPiv (2 equiv) instead of PivOH 27
6 catalyst: Co(OAc), (20 mol %) 24
7 catalyst: Co(acac); (20 mol %) 30
8 catalyst: Co(dpm), (30 mol %) 94
9 without catalyst 0
10 solvent: DCE, 100 °C 50
11 solvent: toluene, 100 °C 50
12 “CO” surrogate: DIAD 32
13 “CO” surrogate: DEAD 30

“Reaction conditions: laa (0.1 mmol), CO (1 atm), Co(dpm), (0.02
mmol), PivOH (0.2 mmol), oxidant (0.15—0.3 mmol), PhCI (1 mL),
120 °C. *°NMR yields using triphenylmethane as an internal standard.
Co(dpm), = bis(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(II)
(CAS 13986-53-3); DEAD = diethyl azodicarboxylate; DIAD
diisopropyl azodicarboxylate.

(Scheme 2). The reaction of substrate laa bearing a methyl
ester functionality with CO gave product 2aa in excellent yield,

Scheme 2. Carbonylation of Phenylalanine Derivatives 1°

€O (1 atm)
o Co(dpm); (30 mol%)
OR PivOH (2 equlv.) o
Ag,CO; (1.5 equiv)
HN.__O ]
Mn(OAc); - 2H,0 (2 equiv) 7 oR
NZ PhCI, 120 °C, 6 h NH
N ‘ o
1 2
o o o
Xy~ ~oMe Ny TOEt Ny~ otBu
NH NH NH
o o o
2aa, 94% 2ba, 70% 2ca, 83%
75%" o]
Ny~ 0Bn N o N
NH NH
o
2da, 70% 2ea, 21 h, 50%

“Reaction conditions: 1 (0.5 mmol), CO (1 atm), Co(dpm), (0.15
mmol, 30 mol %), PivOH (1.0 mmol, 2 equiv), Ag,CO; (0.75 mmol,
1.5 equiv), Mn(OAc);-2H,0 (1.0 mmol, 2 equiv), PhCI (S mL), 120
°C, isolated yields. PReaction in 1.7 mmol scale, 13 h.

94%; upscaling the reaction to a 1.7 mmol scale gave product
2aa in 75% yield. At the same time, phenylalanine ethyl, t-
butyl, and benzyl esters 1ba—da gave very good yields (70—
83%). We found that allyl ester lea was a competent substrate
as well and gave product 2ea in an acceptable yield, 50%.
We next investigated the scope of the C(sp*)—H carbon-
ylation method with respect to the amino acid derivative 1
(Scheme 3). Gratifyingly, a wide substrate scope with an ortho,
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Scheme 3. Scope for C(sp*)—H Carbonylation of Amino
Acid Derivatives 1¢

CO (1 atm)
o] Co(dpm); (30 mol%)
Ar/\HkOMe PivOH (2 equlv.)
HN. _O Ag,CO; (1.5 equiv)
Mn(OAc); - 2H,0 (2 equiv) Product
1 N7 ] PhCI, 120 °C 2
S

CFy o cl o] o
Me
A OMe A OMe A OMe
NH NH NH
o o o

2ab, 13 h, 73% 2ac, 12 h, 88%

[o} (o] (o}
B
F A OMe i A OMe A OMe
NH NH Me NH
o o o

2ae,9h, 73%

2ad,8h, 77%

2af, 12 h, 70%

o o o
X OMe X OMe A OMe
Ph NH FsC NH MeO NH
o (o} o

2ah, 20 h, 87%

2ag,24 h, 77%

2ai, 6 h, 84%

Q o 0
Ny oMe Ny oMe Ny oMe
MOMO NH gno N Ao NH
) ) )

2ak, 6 h, 91%

2aj, 12 h, 80%

2al, 16 h, 61%

o] o o]
Ny “oMe WOMe N oMe
NH NH NH
F I =
o [¢] tBu’ [e}

2an, 8 h, 82%

2am, 12 h, 57%

2ao,8h,81%

o O o) o)
Xy oMe O Xy oMe OO Xy oMe
Et0,C NH NH NH
[e] o (e}

2aq, 4 h, 74%

2ap, 12 h, 72%

2ar, 6 h, 95%

0 o
s N Tove N ONHPh
\ NH NH
0 o

2at, 12 h, 81%

2as, 24 h, 75%

2au, 12 h, 52%

“Reaction conditions: 1 (0.5 mmol), CO (1 atm), Co(dpm), (0.15
mmol, 30 mol %), PivOH (1.0 mmol, 2 equiv), Ag,CO; (0.7S mmol,
1.5 equiv), Mn(OAc);-2H,0 (1.0 mmol, 2 equiv), PhCl (5 mL), 120
°C, isolated yields.

meta, and para substitution pattern gave the corresponding
carbonylation products in moderate to excellent yields. Using
meta-substituted phenylalanine derivatives lad—af, excellent
regioselectivity was observed, and we selectively obtained only
carbonylation products arising from reaction of less hindered
C—H bond, even using meta-fluoro-substituted phenylalanine
derivative lae."”

Importantly, diverse functionalities were tolerated under the
reaction conditions, such as alkyl (products 2ad, 2ag), halide
(2ac, 2ae, 2af, 2an, 2a0), trifluoromethyl (2ab, 2ai), phenyl
(2ah), ethyl ester (2aq), methoxy (2aj), methoxymethyl ether
(2ak), and benzyl ether (2al). O-Acetyl tyrosine derivative
lam was less successful and gave a carbonylation product in
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moderate yield (57%). During the reaction, we observed partial
cleavage of the acetyl group under the reaction conditions. We
were pleased to find that phenylalanine derivative lap bearing
the t-butylacetylenyl substituent was a competent substrate and
gave product 2ap in 72% yield. Both naphthyl amino acids lar
and las reacted smoothly and formed 1,2-dihydroisoquinoli-
none derivatives 2ar and 2as in excellent yield. Moreover, the
thiophene amino acid derivative lat was compatible with the
reaction conditions and formed the corresponding product 2at
in a good yield. Furthermore, we determined that even
challenging amide derivative lau, which potentialy could
deactivate the catalyst by coordination, gave carbonylation
product 2au in acceptable yield, 52%.

Investigating the reaction scope, we found some limitations
(Scheme 4). Substrate 3a was unreactive, suggesting that the

Scheme 4. Unsuccessful Substrates

CO (1 atm)
Co(dpm); (30 mol%)
PivOH (2 equiv)
Ag,CO3 (1.5 equiv)
Mn(OAc)z - 2H,0 (2 equiv) Product

3 PhCI, 120 °C, 6 h 2

Me,

©/\(602Et CO,Me th\(cozEt

HN 0 m o m o HN.__O

3a 3b NP 3c NP 3d ~ '
N ' X , N

picolinamide directing group has an essential role for C—H
carbonylation. Quaternary amino acid 3b, homobenzyl amide
3¢, and homophenylalanine derivative 3d did not give
carbonylation products, suggesting that both the geometry of
substrate as well as the ester functionality at a-carbon are
crucial for successful transformation.

Encouraged by the result that amide lau underwent
carbonylation, we decided to apply the method for more
challenging substrates: short peptides. It is known that amide
bonds within peptide can chelate metal ions thereby
deactivating the reaction catalyst. We were pleased to find
that under standard reaction conditions product formation was
observed, albeit a large amount of decomposition byproducts
were detected by NMR that could be related to the fact that
peptides are prone to undergo oxidative cleavage. Excluding
Mn(OAc);-2H,0 and increasing the Ag,CO; equivalents
improved the product yield. Gratifyingly, dipeptides 4a—c
and tripeptide 4d underwent carbonylation and formed
products Sa—d in acceptable to good yields (Scheme S).
Unfortunately, under the reaction conditions, partial race-
mization was observed. Product Sa was obtained with 86% ee,
and Sc with 93% ee. Notably, in the carbonylation of
enantiopure 4d, partial racemization most likely occurred,
but purification led to the isolation of the pure major
diasteroisomer in 46% yield.

To understand the reaction mechanism, several additional
experiments were conducted (Scheme 6).

We synthesized unsaturated phenylalanine derivative 6 and
found that carbonylation under standard conditions yielded
product 2aa in 91% yield, suggesting that 6 might be an
intermediate for the formation of 2aa. Interestingly, we found
that addition of radical scavenger TEMPO significantly
suppressed the carbonylation reaction of 1aa but only slightly

https:/doi.org/10.1021/acs.orglett.1c00660
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Scheme S. Carbonylation of Peptides 4a—d*

o CO (1 atm)
o
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“Reaction conditions: 4 (0.2 mmol), CO (1 atm), Co(dpm), (0.06
mmol, 30 mol %), PivOH (0.4 mmol, 2 equiv), AngO; (0.5 mmol,
2.5 equiv), PhCl (1 mL), 120 °C, isolated yields. “Yield for pure
diastereomer.

Scheme 6. Mechanistic Studies
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“Standard reaction conditions: laa or 6 (0.1 mmol), CO (1 atm),
Co(dpm), (0.03 mmol, 30 mol %), PivOH (0.2 mmol, 2 equiv),
Ag,CO; (0.15 mmol, 1.5 equiv), Mn(OAc)3 2H,0 (0.2 mmol, 2
equiv), PhCl (1 mL), 120 °C, 16 h. "NMR vyield using triphenyl-

methane as an internal standard.

CCDC 2054466

affected carbonylation of 6, indicating that the radical reaction
pathway could be involved for the synthesis of unsaturated
intermediate 6. Moreover, under standard conditions by TLC,
we observed the formation of cobalt complex 7 which was
isolated, and its structure was confirmed by NMR. Exploiting
complex 7 as the reaction catalyst for substrate laa gave
product 2aa in only 52% yield. Interestingly, substrate 6
carbonylation using catalyst 7 resulted in product 2aa in 96%
yield, suggesting that complex 7 is not as efficient catalyst as
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Co(dpm), for the formation of 6. Our attempts to isolate the
C—H activated complex 8 were successful. The structure of
complex 8 was confirmed by X-ray crystallography. We were
pleased to find that under CO (1 atm) at room temperature
complex 8 quantitatively formed product 2av which was
determined by NMR.

On the basis of the control experiments, isolated
intermediates, and previous literature reports,20 we propose
the plausible mechanism (Scheme 7).

Scheme 7. Proposed Mechanism for the Cobalt-Catalyzed
Carbonylation of Phenylalanine Derivatives 1
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Initially, the phenylalanine derivative 1 using Co(II) catalyst
under oxidative conditions is oxidized to the corresponding
imine intermediate 6’ which then tautomerizes to the
corresponding enamine 6”” (both double bond isomers were
detected by TLC and UPLC-MS). Next, Co(II) salt
coordinates with 6 and is oxidized to Co(III) intermediate
A’ followed by the C(sp?)—H bond cobaltation to form
complex B. Complex B may be oxidized to the Co(IV) species
followed by CO coordination and insertion to form Co(IV)
complex C’, which then undergoes a reductive elimination step
to form D (path a). Alternatively, complex B will undergo CO
coordination and insertion to form Co(III) complex C which
gives intermediate D after reductive elimination (path b). Path
¢ may also be operative according to which intermediate C is
oxidized to C’. Next, the directing group in intermediate D is
hydrolyzed to liberate 2, and cobalt is reoxidized to Co(III) to
form complex 7, which we observed by TLC in all
carbonylation reactions. The catalytic cycle restarts with ligand
exchange in complex 7 to form intermediate A. At this point of
study, it is hard to distinguish between possible pathways, but
according to control experiments, we believe that, in our case,
path b may be more favorable over path a or ¢, as
stoichiometric complex 8 formed 2av without addition of
oxidant.
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In summary, we have developed an efficient protocol for the
C(sp?)—H carbonylation of amino acid derivatives based on
the inexpensive Co(dpm), catalyst. A broad range of
phenylalanine derivatives bearing diverse functional groups
were tolerated. Carbonylation of the amino acid C(sp*)—H
bond was accomplished using picolinamide as a traceless
directing group and carbon monoxide (1 atm) as the carbonyl
source. In addition, the developed method can be successfully
applied to the C(sp*)—H carbonylation of short peptides
thereby offering opportunity for peptide late-stage carbon-
ylation.
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Over the last decade, high-valent cobalt catalysis has earned a place in the spotlight as a valuable tool
for C—H activation and functionalization. Since the discovery of its unique reactivity, more and more
attention has been directed towards the utilization of cobalt as an alternative to noble metal catalysts. In
particular, Cp*Col(in) complexes, as well as simple Co(i) and Co(in) salts in combination with bidentate
chelation assistance, have been extensively used for the development of novel transformations. In this
review, we have demonstrated the existing trends in the C—H functionalization methodology using high-
valent cobalt catalysis and highlighted the main challenges to overcome, as well as perspective
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1. Introduction

Transition metal-catalyzed direct functionalization of relatively
inert C-H bonds has become an essential organic synthesis
tool, which allows the simplification of synthetic schemes and
allows the use of simpler starting materials for the construction
of various complex targets like natural products, amino acids
and peptides, diverse pharmaceuticals, etc." Outstanding pro-
gress has been made using precious transition metal catalysis,
despite the low natural abundance, toxicity and expensiveness."
Nowadays, a great emphasis is placed on the development of
sustainable step and atom-economic, environmentally friendly
C-H functionalization methods.” Despite that, only relatively
recently earth-abundant 3d transition metals have attracted
increased interest and had been explored for catalytic purposes.’
Development of C-H functionalization methods using first-row
transition metals is still a growing field with a lot of challenges
ahead and we can expect some important discoveries in the near
future. Among the other 3d elements, cobalt is considered as a
sustainable metal due to its biorelevance, earth abundance,
lower toxicity and price.* Since 2010, there has been enormous
interest and rapid progress in the development of C-H bond
activation and functionalization methods using cobalt catalysis,
therefore cobalt could be considered as a rising star in homo-
genous catalysis and one of the most promising 3d metals for
C-H functionalization.”™

Herein, we summarize the progress made in the develop-
ment of C-H bond functionalization methods under high-valent

Latvian Institute of Organic Synthesis, Aizkraukles 21, LV-1006 Riga, Latvia.
E-mail: Liene_grigorjeva@osi.lv

This journal is © The Royal Society of Chemistry 2021

directions, which need to be further developed in the future.

cobalt catalysis, highlighting the key achievements and current
challenges of this topic.

2. Historical background

Methods for C-H bond activation and functionalization using
cobalt are divided into two main categories depending on the
reaction conditions and cobalt catalyst used for cobaltation
(Scheme 1): (1) low-valent cobalt catalysis — Co(0), Co() or Co(i)
species provide C-H cobaltation, reactions typically are performed
under reductive conditions; (2) high-valent cobalt catalysis - C-H
cobaltation is achieved using well-defined Co(u) species, or in situ
prepared Co(m) species from a Co(u) or Co(m) precatalyst under
oxidative or non-reductive conditions.*

The origin of C-H bond activation and functionalization
using cobalt dates back to 1955 when Murahashi reported the
first example of low-valent cobalt-catalyzed C-H bond carbonylation
of a Schiff base for the synthesis of isoindolinones (Scheme 2a).**
After a long period of silence, in 1994, Kisch and co-workers
reported the CoH;(PPh;); or CoH(N,)(PPh;); catalyzed alkenylation
of azobenzenes with diphenylacetylene (Scheme 2b).°’ Later, in
1997, Lenges and Brookhart demonstrated the Cp*Co(r) complex
catalyzed intra- and intermolecular hydroacylation of vinylsilane

Cp*Colll)
or Co(l1)/Co(lll)
oxidative or non-reductive conditions

High-valent cobalt catalysis

Co(0), Co(l) or Co(ll)
reductive conditions

Scheme 1 Categories for cobalt-catalyzed C—H functionalization.

Low-valent cobalt catalysis
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Scheme 2 Timeline of the development of C-H bond activation and functionalization methods using cobalt catalysis.

with aromatic aldehydes (Scheme 2¢).*° A turning point for low-
valent cobalt catalysis was achieved in 2010, when Yoshikai and
co-workers demonstrated an elegant method for the chelation-
assisted alkenylation of aryl pyridines with internal alkynes.
The developed method was based on the employment of an
in situ generated low-valent cobalt catalyst, which was generated
from a simple Co(u) salt in the presence of a ligand using a
Grignard reagent as the reductant (Scheme 2d).*¢

Since its discovery, this approach has been extensively used
for a large diversity of transformations.” Low-valent cobalt
catalysis was explored later by Petit and co-workers. In 2015,
Petit’s group demonstrated C(sp”)-H bond alkenylation with
internal alkynes using a simple, well-defined low-valent cobalt
catalyst (Scheme 2€).% Contrary to the method developed by
Yoshikai, in this case, reducing agents or additives were unnecessary
for the successful transformation. Although the use of low-valent
cobalt catalysis for C-H bond activation and functionalization gave a
relatively wide scope of methods, typically they suffer from low
functional group tolerance under the reaction conditions.

Broderick, Legg and co-workers, in 1986, reported initial studies
on intramolecular C-H bond activation with high-valent cobalt
species to form a stable Co(u)-alkyl complex (Scheme 2£).% In 2001,
Avilés and co-workers were first to demonstrate that the CpCof(m)
complex is able to activate the ortho-C-H bond in azobenzene in
the presence of AgBF, to form an ortho-metalated Co(ur) complex
(Scheme 2g).*® The turning point for C-H bond functionalization
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using high-valent cobalt catalysis was reached in 2013, when
Kanai, Matsunaga and co-workers reported the first example of
the Cp*Co(m) catalyzed directed addition reaction of the C(sp*)-H
bond to polar electrophiles (Scheme 2h " This pioneering work
served as a base for the discovery of dozens of new transformations.
A year later, in 2014, Daugulis and co-workers demonstrated the
cobalt-catalyzed aminoquinoline-directed benzamide alkenylation/
annulation reaction with terminal and internal alkynes (Scheme 2i).”
Thus, it is shown for the first time that cheap and earth-abundant
Co(u) salts in combination with bidentate directing group assistance
can be efficiently exploited for C-H functionalization as high-valent
cobalt(m) precursors. This strategy, as well, served as a basis for
a large number of discoveries. Further progress made in the
development of C-H bond functionalization methods using
either Cp*Co() catalysts or bidentate chelation assisted cobalt
catalysis is discussed below.

3. High-valent cobalt catalysis:
Cp*Col(in) catalysis
3.1. Directing group

Inspired by the successful use of cationic Cp*Rh(m) complexes for
C-H bond functionalization, Kanai, Matsunaga and co-workers
developed an economically and environmentally advantageous
alternative - Cp*Co(m) complexes.”” Being homologous with
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rhodium, cationic high-valent cobalt complexes not only exhibited
the ability to promote C-H bond functionalization, but also
demonstrated the same unique and versatile reactivity and
selectivity as Cp*Rh(m) complexes.

A directing group plays an important role in cobalt-catalyzed
C-H bond activation - it helps in bringing cobalt in close
proximity to the target C-H bond and facilitates the formation
of a cobaltacycle with which the second reaction component
reacts.”’ A directing group also controls the reaction regioselectivity.
Great progress has been achieved using Cp*Co(m) catalysis;
however, the developed C-H bond functionalization methods
mainly rely on the use of strongly coordinating directing groups
such as pyridyl, pyrimidyl, purinyl and pyrazoyl.® Using strongly
coordinating group assistance, C(sp*)-H bond functionalization
with alkynes,®*” alkenes,” acrylates,” maleimides,** maleate
esters,” allenes,” sulfonyl imines,***" aldehydes,”” ketenimines,
isocyanates,””™ “allyl” sources,””” carbamates,® diazo com-
pounds,” “CN” sources,”* organic azides,”’ etc. has been
developed (Scheme 3).°

Nevertheless, compounds containing strongly coordinating
directing groups, such as aryl or heteroaryl pyridine, pyrazine,
purine and pyrazole analogues, are of biological and pharmaceu-
tical interest; however, these directing groups are difficult to
manipulate in further synthetic transformations, which signifi-
cantly reduces the applicability of the developed method. On the
other hand, it is a great tool for demonstrating and proving new
discoveries. Despite the wide applicability of the directing group
approach for C-H functionalization, the removal of the directing
group is an important drawback as it often requires harsh reaction
conditions and/or multiple-step synthesis, thereby reducing the
step-economical nature of the C-H bond activation strategy.
Recently, several approaches have emerged to overcome these
drawbacks. One of the approaches is the use of the traceless
directing group strategy. Traceless directing groups are a novel
class of directing groups that assist in performing two steps in one
pot: (1) chelation assisted C-H bond functionalization; (2) DG
cleavage (Scheme 4)."° The second alternative is the use of a
transient directing group, which is installed and removed in situ.
Typically, a transient directing group is generated from a weakly
coordinating directing group by the reaction with co-catalytic
or stoichiometric amounts of a modifier, which endows the
weakly coordinating directing group with better o-donor func-
tionality and is released after C-H functionalization.'* Another
alternative is the direct use of the existing functional group

Common strongly coordinating directing groups for Cp*Co(ll}) catalysis
DG - DG: R N R
\ \>_® N N N
@:}Q @:N () MY T [\
| { AN NN NN R
DG DG g i Eith bl

Developed transformations

C(sp?)-H bond reaction with:

- alkynes - maleate esters - ketenimines - diazo compounds
- alkenes -allenes - isocyanates -"CN" sources

- acrylates - sulfonyl imines - allyl" sources - organic azides

- maleimides - aldehydes - carbamates -ete.

Scheme 3 Strongly coordinating directing groups for Cp*Col(ii) catalysis
and developed transformations.
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(e.g. carboxylic acids, ketones, esters, ethers, amides, etc.) as a
weakly coordinating directing group for C-H activation and
functionalization. Although this approach seems to be the most
attractive one, especially for the late-stage synthesis, it is also
the most challenging one due to the poor reactivity towards
C-H functionalization and low thermodynamical stability of
the resulting metalacycle.'*

To highlight directing group strategies applied under
Cp*Co(m) catalysis and emphasize their importance in the devel-
opment of sustainable transformations, representative examples
are given below.

3.1.1. Traceless directing groups. The first two reports on
traceless directing group application for Cp*Co(m) catalyzed
C-H bond functionalization date back to 2014, when Kanai and
co-workers reported the indole C-H bond alkenylation/annulation
sequence. In this report, morpholine amide was used as a
directing group (Scheme 5a)."** In the same year, Ellman and
co-workers demonstrated furan synthesis via aldehyde addition
to alkenyl C-H bonds. A traceless oxime directing group was
used for this transformation (Scheme 5b).'*

Since the development of this synthetic approach in 2014,
several traceless directing groups have been designed and applied
for C-H bond functionalization of aniline-type derivatives, as well
as for benzamides and other compounds. Using traceless directing
group assistance, C(sp*)-H bond functionalization with alkynes,"*
alkenes,'® maleimides,'® aldehydes,'*” and dioxazolones'” has
been developed (Scheme 6).

Most of the monodentate traceless directing groups used for
Cp*Co(m) catalyzed C-H bond transformation (amide, ester,
hydrazine, ester, nitroso, etc.) have a dual role - to control the

a) Kanai, 2014 Rp—="R;
B\ [Cp*Co(CgHg)I(PFe), (5 mol%) B\ R
R KOAC (20 mol%) R 2
DCE, 130 °C
)\Nﬁ R3
o \_0° o
b) Ellman, 2014 )OL
5 HOOR
R ACOH (10 mol%) , R
RIS OMe oo R
l N Cp*Co(CeHe)[B(CeFs)l2 (10 mol%) @)
DCE, 80°C ~

R R?

ke
Scheme 5 First examples of traceless directing group application for
Cp*Coln) catalyzed C-H bond functionalization.
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site selectivity for the C-H activation step and, at the same time,
to serve as an internal oxidant to reoxidize Co(1) to Co(m) species
and regenerate the catalytic cycle. Despite the fact that the traceless
directing group strategy has stood out as an attractive alternative to
the classic directing group approach (step economy), more efforts
still need to be applied to develop this direction further. Currently,
the most important drawback of this approach is the limited
transformation range. For example, C-H bond functionalization
reactions with alkynes are relatively well studied using a wide range
of substrates, while there are only a limited number of reports on
C-H functionalization using other C-H functionalization reagents.

3.1.2. Transient directing groups. The transient directing
group strategy has gained a lot of attention in recent years from
a cost-effective and sustainable point of view and has been
assessed as a promising tool for C-H functionalization. How-
ever, at present, this approach mainly relies on the use of 4d
transition metal catalysts such as ruthenium, palladium and
rhodium."®

The first examples of the use of the transient directing group
strategy for cobalt catalyzed C-H bond activation and function-
alization were reported in 2019 by Li and co-workers' and
Sundararaju’s group.’® Both groups independently reported
the ortho-amidation of various benzaldehydes with dioxazolones
using Cp*Co(u) catalysts (Scheme 7a and b). In their work, anilines
were employed to enhance the coordination ability of the aldehyde
by forming an imine functional group in situ, which could serve as
a monodentate directing group and be cleaved either after the
reaction during workup or in the reaction mixture.

Thus far, ortho-amidation is the only known transformation
that employs the transient directing group strategy. The lack of
reports on this topic clearly indicates that this approach is a
highly challenging task and most likely will become a hot topic
in the near future, as there is an urgent need for new C-H
functionalization methods based on the 3d transition metal
catalyzed transient directing group strategy.
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Scheme 7 Cp*Col(n) catalyzed ortho-amidation of benzaldehydes.

3.1.3. Weakly coordinating directing groups. Utilizing sub-
strates with weakly coordinating directing groups for C-H bond
activation and functionalization is beneficial and a powerful
approach for developing new sustainable transformations. Com-
pared to the approaches described above, the weakly coordinating
directing group approach has the most step- and atom-economical
nature. It employs useful functional motifs as directing groups,
therefore, no extra steps are required for directing group installation
and removal. Despite this fact, the development of such method-
ology is highly desirable and still a challenging task due to the low
reactivity and thermodynamical stability of the key metalacycle.
However, several successful C-H bond functionalization reactions
have been developed. Representative examples are given below.

In 2014, Glorius and co-workers demonstrated the first
example of selective mono-iodination of the ortho-C-H bond
exploiting N-alkyl benzamide as a substrate (Scheme 8a).>*
Since then, N-alkyl amides, as well as N-alkyl thioamides, were
exploited as weakly coordinating directing groups under
Cp*Co(m) catalysis for a variety of transformations.>* Another
elegant example of the weakly coordinating directing group
approach was published in 2017 by Sundararaju and co-workers
(Scheme 8b).* The authors demonstrated a benzoic acid annulation
reaction with internal alkynes, which was the first example exploiting
carboxylic acid as a directing group under Cp*Co(m) catalysis. In
2018, Maji and co-workers published the first example of the weakly
coordinating ketone directed regioselective mono-C-H allylation
reaction (Scheme 8c).>* An interesting example was reported by
Anbarasan’s group in 2016. They reported an intramolecular dehy-
drogenative C-H/X-H coupling as an efficient approach for the
synthesis of indoles and benzofurans, thus demonstrating that the
current approach is not limited to intermolecular transformations
(Scheme 8d).>* The range of intramolecular C-H functionalization
reactions was further expanded in 2020 by Lete and co-workers, who
realized the N-alkyl amide directed synthesis of dihydrobenzofurans
(Scheme 8e).**

Although this direction is evolving, new discoveries and
studies are needed. The C-H functionalization methodology
scope needs to be expanded.

3.2. C(sp®)-H bond activation and functionalization

Due to the lower acidity and lack of n-electrons in sp® hybri-
dized carbon, C(sp®)-H bond activation is a more challenging
task. Over the last decade, many reports on C(sp*)-H bond
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Scheme 8 Representative examples of Cp*Co(i) catalyzed C—H bond
functionalization using the weakly coordinating directing group approach.

functionalization have been published whereas the development
of novel C(sp*)-H bond functionalization methodology seems to
be lagging behind. Despite its great potential in the construction
of complex biologically active compounds, even with several
tetrahedral centres, only a dozen new reports were published
over 5 years. Nevertheless, some progress has been achieved in
this field.

The first report on C(sp®)-H bond activation and functionaliza-
tion using a high-valent Cp*Co(in) catalyst was published in 2016 by
Sundararaju and co-workers. They demonstrated that under
Cp*Co(w) catalysis, the alkenylation of 8-methylquinolines can be
achieved (Scheme 9a).>>* Among the diverse C(sp®)-H bond functio-
nalization substrates, 8-methylquinolines have been proved to be
excellent substrates for a large number of C-H bond transformations
using various transition metal catalysts. Shortly after the first pub-
lication, the same group reported the 8-methylquinoline amidation
reaction using oxazoline as the amidating reagent (Scheme 9b).** In
2017, Shi and co-workers extended the scope for 8-methylquinoline
C(sp®)-H bond functionalization and reported the alkylation reaction
with diazo carbonyl compounds (Scheme 9¢).>** Sharma and
co-workers demonstrated the alkylation reaction with maleimides
(Scheme 9d).2*¢ Recently, in 2020, Fan and co-workers revealed the
coupling of 8-methylquinoline with azabicyclic alkenes via C(sp®)-
H bond functionalization (Scheme 9e).>*

Besides 8-methylquinoline substrates, several reports on
C(sp®)-H functionalization of aliphatic thioamides have been
published. In 2017, Seayad reported an amidation protocol

This journal is © The Royal Society of Chemistry 2021
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Scheme 9 Cp*Coli) catalyzed C(sp®)-H bond functionalization of 8-
methylquinoline.

using dioxazolones (Scheme 10a).>** In 2019, Loh developed a
C-N bond formation methodology using anthranils to obtain
aniline derivatives (Scheme 10b).®” Similar work was reported by
Li and co-workers in 2020, where the amination of thioamides
with anthranils to obtain various aniline derivatives was demon-
strated (Scheme 10c).>*

Nevertheless, C(sp®)-H bond functionalization reactions
using Cp*Co(m) catalysis are still limited to two substrate types:
8-methylquinolines and aliphatic thioamides. This is a perspective
direction for new discoveries and breakthroughs. The development
of more reactive catalysts, application of diverse directing
groups or different strategies might be required to overcome
this challenge.?”
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Scheme 10 Cp*Coli) catalyzed C(sp®)-H bond functionalization of
thioamides.
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3.3. Late-stage C-H functionalization

The late-stage functionalization strategy enables the construction
and modification of complex molecules by introducing functional
groups in the molecule in the very last step of the synthesis in the
presence of other functional groups.”® Such an approach is
especially advantageous when it gives access to diverse functiona-
lized molecules which would be more difficult to obtain via
conventional chemical pathways. This strategy has immense
potential in drug discovery as it allows for much faster synthesis
of drug analogues with increased structural complexity, as well
as the diversification of natural products. C-H bond activation
and functionalization are excellent candidates for the late-stage
functionalization toolkit, because transition metal catalysts
often allow selective C-H bond cleavage and have good functional
group tolerance.”® Recently, great effort has been made to sub-
stitute noble metal catalysts with 3d metals to further increase the
cost-effectiveness and environmental friendliness of this strategy.

There is only a limited number of examples of the late-stage
C-H functionalization strategy using Cp*Co(im) catalysis.?® The
first example of Cp*Co(u) catalyzed late-stage C-H functionalization
was demonstrated by Ackermann’s group in 2019. In their work,
they developed Cp*Co(m) catalyzed C-H allylation of a tryptophan
moiety in structurally complex peptides (Scheme 11).>* The
developed methodology displayed a very good functional group
tolerance and reactivity even with B-amino acids.

In 2019, Ellman and co-workers reported the Cp*Co(m)
catalyzed late-stage functionalization of the natural product
thiostrepton with various dioxazolones (Scheme 12).2°” The
reaction conditions were mild and tolerated the delicate structure
of the natural product, yielding a predominantly mono-amidated
product, even though in the majority of cases, the formation of
di-amidated products was also observed. They found that the
terminal dehydroalanine (Dha1) position is preferred, resulting
in product mixtures with a regioisomeric ratio ranging from
3.3:1 to 24:1 with complete Z-selectivity.

Recently, in 2020, Ackerman and co-workers developed a
versatile and elegant late-stage C-H bond methylation methodology
for complex drug molecules under Cp*Co(m) catalysis. The designed
catalytic system was applicable to a large variety of drug molecules
with inherently different directing groups (heterocyclic mono-
dentate directing groups, amides, ketones, aldehydes, phenols,
amines, etc.). They demonstrated the versatility of the devel-
oped protocol to several biologically active structures and
marketed drug molecules to produce methylated analogues.
The selected example is depicted in Scheme 13 - the late-stage
C-H functionalization of paclitaxel, which the authors were
able to successfully methylate in 32% yield.>*

Ackermann, 2019

ANAO0AC (2 equiv)
PivOH (10 mol%)
Cp*Co(MeCN)3[SbFgl, (5 mol%)

| TFE, 80 °C
= =
\/ QN

Scheme 11 Cp*Co(i) catalyzed late-stage functionalization of peptides.
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Scheme 12 Cp*Co(i) catalyzed late-stage functionalization of peptides.
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Scheme 13 Late-stage C—H methylation of paclitaxel.

Natural product and drug diversification is essential in drug
discovery, therefore, the development of novel methods using
the late-stage functionalization strategy is of great interest and
in high demand.

3.4. Multi-component addition to C-H bonds

From the perspective of atom- and step-economy, multicomponent
reactions could potentially be one of the promising directions
towards sustainable and green chemistry. They allow the construc-
tion of diverse complex structures from simple precursors given the
large number of possible combinations of coupling partners.*®

In 2016, Ellman and co-workers disclosed the first example
of Cp*Co(m)-catalyzed asymmetric C-H bond functionalization
using three-component addition cascades. In the reported work,
a 1-pyrazole directing group ensured selective C-H activation,
followed by the insertion of alkyl enone and diastereoselective
addition to aldehyde to generate aldol products (Scheme 14a).***
The phenyl pyrazole substrate was further used in multi-
component cascade addition reactions three years later by the
same group. In this report, the authors demonstrated C-H bond
functionalization with substituted dienes and aldehydes/ketones
to obtain secondary or tertiary homoallyl alcohols in a highly
diastereoselective fashion (Scheme 14b).>'” Recently, in 2021,
Ellman and co-workers published the three-component cyanation of
phenyl pyrazole with substituted dienes and N-cyano succinimide to
construct a quaternary C(sp*)-CN centre (Scheme 14c).*'

In addition to phenyl pyrazole multi-component C-H functiona-
lization, Ellman’s group explored the possibilities of the construc-
tion of complex structures using various N,N-dialkyl benzamides
with different coupling partners. In 2017, they described the
Cp*Co(m)-catalyzed three-component C-H coupling reaction, where
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Scheme 14 Multi-component C-H functionalization of phenyl pyrazole
via Cp*Co(in) catalysis.
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Scheme 15 Multi-component C—H functionalization of benzamides via
Cp*Co(in) catalysis.

benzamides were first added to the terminal alkyne followed by
halogenation to furnish alkenyl halides (Scheme 15a).*** A year
after, in 2018, Ellman and co-workers reported the three-component
transformation of N,N-dialkyl benzamides with dienes and
aldehydes to form two new C-C bonds and several stereocenters
with good diastereoselectivity in the corresponding reaction
products (Scheme 15b).%2# In 2019, they published similar work,
which described the three-component diastereoselective addition of
N,N-dialkyl benzamides with butadiene and various symmetrical
and non-symmetrical ketones to obtain homoallyl alcohols
(Scheme 15¢).**

At this point, Ellman and co-workers are the only pioneers
for this topic. Therefore, it is highly desirable for other groups to
join this valuable field with new ideas, to make faster progress.

3.5. Enantioselective C-H bond functionalization

Shortly after the discovery of high-valent cobalt catalysis, not
much attention was directed towards enantioselective C-H
functionalization, where the main progress was achieved using
noble transition metal catalysis.*® Since the first example of
cobalt catalyzed enantioselective C-H functionalization in 2018,
decent progress has been also achieved in this field, although it
is still at its infancy stage, as the only reported examples are

This journal is © The Royal Society of Chemistry 2021
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Scheme 16 Cp*Co(in) catalyzed enantioselective C—H functionalization
of indoles.

solely catalyzed by Cp*Co(m) complexes. Two main strategies
employed for chirality induction are either the use of chiral
ligands or Cp*Co(w) catalysts.

In 2018, Ackerman’s group reported the first Cp*Co(ur)-
catalyzed enantioselective C-H alkylation protocol for indole
derivatives and alkenes (Scheme 16a).*" In their work, the
Cp*Co() catalyst, AgSbFs and amberlyst 15 additives in combi-
nation with the chiral carboxylic acid ligand were used to
achieve a high level of enantiocontrol and a moderate reactivity.
In 2019, Yoshino, Matsunaga and co-workers demonstrated the
enantioselective version of Cp*Co(m) catalyzed 1,4-addition of
indoles to maleimides via C-H activation (Scheme 16b).>*” In
the reported protocol, the authors speculated that within the
catalytic cycle, the migratory insertion step is reversible and a
chiral carboxylic acid could assist in selective protodemetalation
to furnish predominantly one stereoisomer.

In 2018, Yoshino, Matsunaga and co-workers developed a
methodology for the asymmetric C(sp®)-H amidation of thio-
amides with dioxazolones (Scheme 17a).>** Mechanistic studies
showed that the C-H activation step is irreversible in nature,
thereby indicating that the carboxylic acid plays an important
role in the C-H activation step and not in the later stages of the
reaction. Expanding their previous work, one year later, in 2019,
Yoshino, Matsunaga and co-workers published their results on
the cobalt-catalyzed C(sp®)-H amidation of thioamides with

e
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Scheme 17 Cp*Co(i)-catalyzed enantioselective C—H functionalization
of thioamides.
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Scheme 18 Cp*Colin)-catalyzed enantioselective C—H functionalization
of ferrocenes.

dioxazolones (Scheme 17b).>*” The concept of the reported
methodology remained the same - the addition of a chiral
carboxylic acid to the reaction mixture, which would promote
the enantioselective C-H activation step.

In 2019, Shi developed a methodology for the Cp*Co(u)-
catalyzed, thioamide-directed enantioselective C-H bond amidation
of ferrocenes with dioxazolones (Scheme 18).%°

In the same year, in 2019, Cramer’s group reported the
enantioselective C-H bond annulation protocol of N-chloroamides
with olefins to obtain cyclic amides (Scheme 19a).*’* Enantio-
selectivity was attained using a chiral Cp*Co(m) catalyst, which
is an analogue to the chiral Cp*Rh(m) complex, developed by
Cramer in 2018.%”% To understand the ligand geometry-selectivity
relationship, they generated steric maps of the binding pocket
and concluded that the naphthyl backbone is responsible for the
orientation and alignment of the metalacycle, whereas the ¢-butyl
group in the Cp”* moiety is responsible for the specific orientation
of the olefin, minimizing the steric interaction. Expanding the
use of chiral Cp*Co(m) catalysts, in 2021, Cramer and co-workers
published a methodology for the synthesis of r-isotyrosine via
C-H activation and functionalization (Scheme 19b).*”* In this
study, they used a chiral Cp*Co(m) catalyst (R = i-Pr) for the
enantioselective carboamination of acrylates with N-phenoxy-
amides. The developed catalytic system was very efficient and
delivered r-isotyrosines in a highly enantioselective fashion (most
of the examples were >99:1 er) in moderate to very good yields.
Additionally, they applied the methodology to other olefins -
bicyclic alkenes (Scheme 19¢).>’* They found that the bulkier
t-Bu-group in the Cp* moiety in the catalyst was more efficient to

a) Cramer, 2019 AR
RC\ catalyst
o catalyst (R = +-Bu) (5 mol%) o OMe
a 'AGOTF (10 mol%)
N ' CsOPiv (1.2 equiv) N .
Z HFIP, 40 °C PN R OMe|
R? “Co_
oc !
(78:22-99.50.5 en) i
o
\AORJ

b) Cramer, 2021 OH o

catalyst (R = i-Pr) (5 mol%)
AgOTF (10 mol%) N OR?
CsOAc, 4A MS R | .
HFIP, 30 °C Z

(98.5:1.5-99.5:0.5 er)
X

R'*@ = éﬁ\\}\ OH
(A - >
R® X

catalyst (R = -Bu) (10 mol%)

c) Cramer, 2021 'AGSHF5 (20 mol%) S S s
CsOPiv, K3PO, O N R
HFIP, 40 °C R?
(84:16 - 96:4 er)

Scheme 19 Cp*Colin)-catalyzed enantioselective C—H functionalization.
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deliver carboamination products. These reaction conditions were
mild and no significant limitations were found during the
reaction scope studies, yielding products in predominantly excel-
lent yields and high enantioselectivities (mostly >92:8 er).

4. High-valent cobalt catalysis:
bidentate chelation assisted cobalt
catalysis

4.1. Directing groups

After the pioneering work by Daugulis and co-workers in 2014,
bidentate chelation assisted cobalt-catalyzed C-H bond function-
alization was proved as an efficient and versatile tool for a large
number of various functionalization reactions showing the
potential of this methodology.”” In such cases, substrates can
act as tridentate pincer-type ligands that are able to stabilize
high-valent cobalt intermediates. The combination of bidentate
directing groups and simple cobalt salts has enabled both C(sp?)-
H and C(sp®)-H bond functionalization. At present, most of the
discovered methods, where simple Co(ir) and Co(m) salts are used
as catalysts, heavily rely on the use of N-based bidentate directing
groups such as quinolinoyl, picolinoyl, pyridinyl N-oxide, etc., and
on the use of stoichiometric oxidants.>¥ Using bidentate strongly
coordinating group assistance, C(sp>)-H bond functionalization with
alkynes,**** alkenes,*¥” acrylates, maleimides,*¥ alkanes,>*
allenes,**" arylboronic acids,*® “CO” sources,>* 38tu
alcohols,*® “allyl” sources,*®* isonitriles,***” carboxylic acids,
alkylidene cyclopropanes,®” heteroarenes,*® etc. has been developed
(Scheme 20).

C-H bond functionalization under bidentate chelation
assisted cobalt catalysis is highly efficient; however, it requires
prior installation and then the removal of the directing group.
Similar to Cp*Co(m) catalysis, bidentate chelation assisted
cobalt catalysis is also being developed towards more sustainable
chemistry. Several alternative methods to the classical directing
group strategy have been developed (traceless directing group
strategy, the use of weakly coordinating directing groups; as far
as we know, the transient directing group strategy has not been
applied for bidentate-chelation assisted cobalt catalysis).

amines,
39a-e

Common bidentate strongly coordinating directing groups for cobalt catalysis

o : DG:
o 2P (b6 AN (bg Me_ Me @
Pl & <
% ©:C"; @[Cjw . | Y)Y
Ny N~
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Developed transformations

C(sp?)-H bond reaction with:

- alkynes - alkanes - amines - carboxylic acids
- alkenes -allenes - alcohols - alkylidene cyclopropanes
- acrylates -arylboronic acids - "allyl" sources - heteroarenes

- maleimides -"CO" sources - isonitriles -ete.

Scheme 20 Bidentate strongly coordinating directing groups for cobalt
catalysis and developed transformations.
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Scheme 21 The first example of bidentate traceless directing group
enabled C-H functionalization.

4.1.1. Traceless directing groups. The first report on bidentate
chelation-assisted cobalt-catalyzed C-H functionalization using
traceless directing groups was published in 2016 by Zhu and
co-workers (Scheme 21).*° In the reported work, they demonstrated
the application of the 2-hydrazinylpyridine bidentate directing
group in combination with a simple Co(acac), catalyst for C-H
annulation with alkynes to obtain isoquinoline derivatives.

Since then, several diverse bidentate traceless directing
groups have been introduced and employed for C-H functionali-
zation with alkynes, % alkenes®*¥ and “CO” sources>®**1
(Scheme 22).

Although substantial progress in this area has been achieved,
it still lacks the diversity of coupling partners and directing
groups compatible with the requirements for the traceless
nature of the transformation.

4.1.2. Weakly coordinating directing groups. Analogous to
Cp*Co(m) catalysts, simple Co(u) salts can also be employed as
catalysts for C-H functionalization using monodentate weakly
coordinating directing groups. Unfortunately, it is not as easily
achievable due to the thermodynamic instability arising from
the lack of coordination of the directing group. Nevertheless,
this C-H functionalization approach is highly valuable as it does
not require the installation and removal of the directing group,
and it allows the use of simpler and cheaper catalysts. So far, a
single report has been published using this strategy. In 2018,
the Daugulis group successfully employed benzoic acid for the
C-H/OH annulation with alkynes and alkenes (Scheme 23).*>

The use of weakly coordinating directing groups in combi-
nation with simple Co(u) salt catalysts holds great potential and

h oMo o
Sane :% o
= @’Sg Py O

oD el O

Scheme 22 Common traceless directing groups for cobalt catalyzed
C—H bond functionalization.
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Scheme 23 Example of the cobalt-catalyzed C—H functionalization using
weakly coordinating directing groups.

more progress in the future, involving different directing groups
and coupling partners, is highly desirable.

4.2. C(sp®)-H bond activation and functionalization

Bidentate chelation assisted cobalt catalysis has enabled not
only C(sp*)-H bond functionalization, but also C(sp®)-H bond
activation and functionalization. Thus, in 2015, Li, Ge and
co-workers first reported the 8-aminoquinline directed, Co(OAc),
catalyzed intramolecular amidation of aliphatic amides yielding
lactams (Scheme 24a).** Additionally, they showed that inter-
molecular amidation is possible. The same year, Zhang and
co-workers demonstrated that by using the aminoquinoline
directing group under cobalt catalysis, aliphatic amides can be
functionalized with terminal alkynes to obtain cyclic amides
(Scheme 24b).**” In 2016, Xu and co-workers demonstrated a
single example of aminoquinoline directed C-H alkylation of an
aliphatic amide with AlMe; enabled via Co(acac); catalysis
(Scheme 24c).**

Later, in 2017, Sundararaju,** Gaunt** and Lei*** independently
developed an aminoquinoline directed C(sp®)-H carbonylation
methodology for aliphatic amides to obtain succinimides
(Scheme 25a-c).** In 2017, Shi and co-workers published multiple
C-H activation strategies to obtain cyclopropane moieties
(Scheme 25d).**¢

4.3. Late-stage functionalization

In contrast to Cp*Co(m) catalysis, methods for the late-stage
C-H bond functionalization of natural products or drug com-
pounds are not developed using bidentate chelation assisted
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S Co(OAC); (10 mol%)
o N Ag,CO; (2.5 equiv)
R PhCO,Na (0.5 equiv) h
j)ku PhCI, 150 °C
R2

b) Zhang, 2015

=R
Co(OAc); - 4H;0 (20 mol%) , o
2 o AgzCOs (3 equiv), TBAI (4 equiv) R
RHAN% Na,COs(3 equiv), Py 2 equiv) R'[ N
Me H PhCF3, 150 °C \
N RALNY,
¢) Xu, 2016 AlMe;
0 Co(acac); (10 mol%)
Me PPhs (11 mol%)
O)ku ‘ _ DCB(equv)
‘N T THRs0C

Scheme 24 Bidentate chelation assisted cobalt catalyzed C(sz)fH bond
functionalization.
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Scheme 25 Bidentate chelation assisted cobalt catalyzed C(sp®*)—H bond
carbonylation (a—c) and intramolecular cyclization (d).
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Scheme 26 Cobalt catalyzed C-H bond carbonylation of Phe containing
short peptides.

cobalt catalysis. In 2021, Grigorjeva and co-workers reported the
closest example to late-stage functionalization. They developed the
cobalt catalyzed C-H carbonylation of phenylalanine derivatives
using CO as the carbonyl source and picolinamide as the traceless
directing group (Scheme 26).* Additionally, they demonstrated that
the developed carbonylation method can also be applied to dipep-
tides and tripeptides, albeit with minor erosion of enantiopurity of
the stereocenter in the adjacent amino acid.

Similar to Cp*Co(m) catalysis, the development of novel
methods using the late-stage functionalization strategy is of
great interest and is in high demand, especially using simple
Co(u) salts as catalysts.

4.4. Multi component addition to C-H bonds

In the literature, there is a single example of the multi-component
addition to C-H bonds using bidentate chelation assisted cobalt
catalysis. Recently, in 2021, Niu, Yang and co-workers have demon-
strated the three-component coupling reaction of benzamides,
diazo compounds and TBHP that allowed the construction of
new C-C and C-O bonds.*”” In contrast to Ellman’s work, they
employed the bidentate 8-aminoquinoline directing group that
allowed the use of the cheap Co(n) catalyst (Scheme 27).*

4.5. Electrochemical oxidation

In the last few decades, more and more attention has been
directed towards sustainable and green chemistry.> Chemists
have actively been trying to develop a novel methodology that
would comply with the principles of green chemistry. Reaction
conditions, which require lower reaction temperatures, avoid
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Scheme 27 Aminoquinoline-directed cobalt-catalyzed multicomponent
addition to C—H bonds.

non-renewable solvents and use selective catalysts, are very
desirable.*® Even though C-H activation is a step in the right
direction by eliminating the necessity for pre-functionalization,
it often requires harsh reaction conditions and stoichiometric
amounts of chemical oxidants, thus partially outweighing the
advantages that it provides. Nevertheless, in recent years, cobalt
catalyzed C-H activation protocols, that partially solve these
issues, have been developed by employing biomass-derived
solvents,”” reducing reaction temperatures and substituting
chemical oxidants with air or electricity. Using air as an oxidant
in C-H functionalization reactions is optimal, but unfortunately,
often additional stoichiometric or catalytic amounts of co-oxidants
are necessaty for successful transformation.

The first example of cobalt-catalyzed electrochemical C-H
functionalization was reported by Ackermann and co-workers
in 2017 (Scheme 28a).*®” They demonstrated that electric energy
can be successfully employed to replace chemical oxidants, which
are often required in stoichiometric amounts for the re-oxidation
of a cobalt catalyst. The single-cell setup in the presented work
employed the RVC-Pt electrodes, pyridine-N-oxide directing
group and Co(OAc), catalyst, along with the NaOPiv additive in
an alcohol solvent to obtain benzamide ortho-alkoxylation pro-
ducts. Using a similar setup, one year later, in 2018, Ackermann
and co-workers discovered that benzamides can participate in the
C-H/N-H annulation reaction with alkynes (Scheme 28b).**” In
contrast to previously reported methodology, C-H functionalization
with alkynes was achieved in a more atom-economical fashion,
requiring close to equimolar amounts of alkynes, whereas
alkoxylation required 240 equivalents. In the same year, Ackermann
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Scheme 28 Cobalt catalyzed electrochemical C-H functionalization of
benzamides.
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and co-workers reported an unprecedented electrochemical C-H
amination with disubstituted amines using a cheap Co(u) catalyst
under very mild reaction conditions. An additional advantage of the
reported protocol was the use of the biomass-derived renewable
GVL solvent (Scheme 28¢).** In 2018, Ackermann and co-workers
employed the same substrate in the electrochemical C-H annu-
lation with allenes (Scheme 28d).** In the reported work, the
catalytic system and electrochemical setup were very similar to
the alkoxylation protocol and delivered cyclization products in
moderate to excellent yields in a highly regioselective fashion.
In the following years, Ackermann and co-workers contin-
ued to explore the viable transformations and developed several
methodologies for the cobalt catalyzed electrochemical C-H
functionalization of benzhydrazides.* In 2018, they demonstrated
the first example of electrochemical C-H/N-H annulation that was
applicable to internal alkynes and provided isoquinolinones with
high regioselectivity (Scheme 29a).*** In 2019, Ackermann and
co-workers published a methodology for the cobalt catalyzed C-H
carbonylation of benzamides using CO as a carbonyl source to
obtain phthalimides (Scheme 29b).**” Interestingly, the same
methodology could be applied for C-H functionalization with
isocyanides by slightly changing the reaction conditions to obtain
the corresponding insertion products (Scheme 29¢).**” The next
year, in 2020, Ackermann and co-workers reported a method for
the C-H/N-H annulation of benzhydrazides with allenes to obtain
cyclic products, using a similar setup that was used for the
annulation with internal alkynes in 2018 (Scheme 29d).**
Several methodologies for the cobalt-catalyzed electro-
chemical C-H functionalization of aminoquinoline benzamides
have been developed. In 2018, Lei and co-workers reported a
C-H bond carbonylation protocol using CO as the carbonyl
source to deliver phthalimides (Scheme 30a).°* In contrast to
Ackerman’s previous protocols, a divided cell setup with RVC/Ni
electrodes was used. The report also demonstrated a protocol
for the carboamidation of thiophene derivatives to yield the
corresponding amides in good and moderate yields with a slight
change in the catalytic system (Scheme 30b).°* The same year,
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TFE, rt
CH3
cH3
R 0 CHy
Co(0AC), (10 mol%) NaOAc O
TFE, 40 °C
R!

Scheme 29 Cobalt catalyzed electrochemical C—H functionalization of
benzhydrazides.
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Scheme 30 Cobalt-catalyzed electrochemical C—H functionalization of
benzamides and sulfonamides.

in 2018, Lei and co-workers showed that a similar catalytic
system was additionally applicable for the C-H amination of
benzamide derivatives, if the carbonyl source was excluded from
the reaction mixture (Scheme 30¢).°*> Additionally, in 2018, Lei
and co-workers demonstrated that ethylene or acetylene can be
employed for electrochemical functionalization to obtain C-H/N-H
annulation products mostly in very good yields (Scheme 30d).°*
After a year, in 2019, Ackermann and co-workers disclosed the first
example of cobalt-catalyzed C-H acyloxylation via electrocatalysis
using a single-cell setup with RVC/Pt electrodes and GVL as a
renewable solvent (Scheme 30e).°°? In 2020, Ackermann and
co-workers used the same catalytic system and setup to achieve
the first cobalt-catalyzed electrocatalytic C-H allylation with
non-activated alkenes (Scheme 30f).>" The same year, in 2020,
Lei’s group disclosed the C-H/N-H annulation of sulphonamides
with alkynes to obtain sultams using a single-cell setup with cheap
RVC/SS (stainless steel) electrodes (Scheme 30g).°

5. Conclusions and outlook

The ultimate goal of synthetic organic chemistry is the ability to
construct complex molecules from readily available starting

Chem. Commun., 2021, 57,10827-10841 | 10837


https://doi.org/10.1039/d1cc04382j

Published on 27 September 2021. Downloaded by Ruhr Universitat Bochum on 4/20/2022 6:38:57 PM.

Feature Article

materials in the shortest and easiest sequence possible. Ideally,
green chemistry principles should be involved in the developed
methodology, which would ensure sustainability and renew-
ability and reduce the ecological footprint. Thus, the develop-
ment of an ideal transformation, which avoids the generation
of waste, reduces the consumption of non-renewable resources
and is efficient as well as economically friendly, is highly
desirable. During the last decade, high-valent cobalt catalyzed
C-H bond activation and functionalization have become a part
of the essential toolkit for synthetic chemists due to their
numerous advantages over classical synthetic methodologies.
In this review, we have summarized the overall current progress
in high-valent cobalt catalyzed C-H functionalization and eval-
uated the possible directions that might potentially be a hot
topic in the future.

The reactivity of cobalt catalysis can drastically change
depending on the catalyst used, thus the high-valent cobalt
catalysis should be distinguished in two separate categories:
C-H functionalization reactions catalyzed by Cp*Co(ur) complexes
and C-H functionalization reactions catalyzed by Co(u) salts that
can be oxidized to Co(m) in situ. In terms of reactivity, the Cp*
ligand coordination mode enables the Cp*Co(m) catalyst to resem-
ble its Cp*Rh analogues and in certain aspects has an advantage
over simple Co(u) salt catalysis. This is clearly visible from the
perspective of compatibility with the directing groups used in the
C-H functionalization reactions. The increased stability of the C-H
activation Cp*Co intermediates allows the use of weaker and more
simple directing groups, which rarely is possible with Co(u) salts
that more often require bidentate N-chelation. On the other hand,
Cp*Co(u) catalysts are more expensive and should be synthesized
in the lab.

To ensure the selectivity of C-H functionalization, directing
groups are exploited that can chelate the metal and bring it in
proximity to the C-H bond. The directing groups can also be
devised in separate categories, based on their step-economy
and the nature of their coordination ability. Monodentate
strongly coordinating directing groups are typically used in
Cp*Co(m) catalyzed reactions and are very often not removable.
This is a minor drawback as it potentially limits the possible
uses for the obtained products. However, monodentate weakly
coordinating directing groups can be considered as one of the
most desirable types of directing groups due to their step-
economical nature that does not require additional installation
and removal steps. Unfortunately, the progress in this field has
been slow and is still underdeveloped. Since the first report in
2014, there have been 6 published examples using Cp*Co(i)
catalysis, and 2 using Co(u) salts and more work is required.

Bidentate directing groups are commonly used with Co(u)
salts under oxidative conditions. These directing groups, especially
8-aminoquinoline and picolinamide, have been extensively
exploited in C-H functionalization reactions and a wide range of
transformations have been developed.

Traceless directing groups can be monodentate or bidentate
and offer advantages over the classical directing group approach
as they are removed in situ under the reaction conditions, thus
increasing the step-economy. Additionally, in Cp*Co(m) catalyzed
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reactions, traceless directing groups often serve as an internal
oxidant and remove the necessity for additional oxidants. Thus
far, decent progress in this field has been achieved both
in Cp*Co(m) and bidentate chelation assisted Co(u) catalyzed
reactions and many examples can be found in the literature
exploiting a variety of directing groups. However, unfortunately,
most of the reported transformations are limited to carbonylation
and annulation reactions with alkynes, diynes and alkenes.
Higher diversity in compatible coupling partners is needed.

Transient directing groups are installed and removed under
the reaction conditions in situ. They are relatively recent additions
to the field of cobalt catalysis and previously had been only used
for noble metal catalyzed C-H functionalization. Despite their
offered advantages in step-economy, very little progress has been
achieved in this field, having only two examples reported in the
literature, catalyzed by Cp*Co(m), whereas reactions exploiting
simple Co(u) salts as catalysts are not known at all. More develop-
ment on the diversity of transient directing groups and C-H
functionalization coupling partners is expected in the future.

One of the most challenging but highly valuable directions
is C(sp*)-H bond functionalization. Since the first report in
2015, several research groups have contributed to this field and
developed novel transformations both in Cp*Co(u) and bidentate
chelation assisted Co(u) catalyzed reactions. Nonetheless, the over-
all progress in this direction is relatively slow and lacks diversity in
exploitable directing groups as well as coupling partners when
compared to the overall state of the art in the cobalt catalyzed C-H
functionalization field.

The enantioselective C-H functionalization field has tremendous
potential in drug discovery and medicinal chemistry for its ability to
construct chiral carbon centres directly. Two general chirality
induction strategies are exploited. First, the use of chiral carboxylic
acids, which can either enantioselectively protodemetalate the
cobalt-alkyl intermediate, resulting in a chiral tertiary carbon centre,
or serve as a chiral additive, which promotes the enantioselective
C-H activation step. The second chirality induction strategy
involves the use of Cp*Co(m) catalysts with the chiral Cp* back-
bone, which promotes the enantioselective C-H functionalization
step. So far, only a handful of examples catalyzed by Cp*Co(m)
catalysts have been reported and more progress is expected in
the future involving more viable directing groups and transfor-
mations. A very promising strategy for enantioselective C-H
functionalization could be the use of chiral transient groups,
which so far have not been introduced in cobalt catalysis.

Multi-component C-H functionalization reactions are a very
convenient pathway to obtain complex structures in a single
step from simpler starting materials. Over the last 6 years, a
clear contribution to this field has been made by Ellman’s
group who developed a variety of novel transformations
catalyzed by Cp*Co(m) catalysts. On the other hand, bidentate
chelation-assisted ~ Co(u)-catalyzed —multi-component C-H
functionalization reactions remain underdeveloped having only
one example published this year. Given the number of possible
combinations of coupling partners and obtainable products, as
well as the green nature of this field, rapid progress is expected
in the future.

This journal is © The Royal Society of Chemistry 2021
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Late-stage functionalization has relatively recently emerged
as one of the cobalt catalysis “branches”, having the first
reported example in 2019. This field holds potential for being
a very useful approach in drug discovery as it gives access to
rapid diversification of natural products and synthesis of drug
analogues. So far, only few methodologies have been reported,
three of them being catalyzed by Cp*Co(m) and a single
example performed under bidentate chelation assisted Co(u)
catalysis.

Another step in the right direction is the development of
electrochemical oxidation for C-H functionalization protocols.
Electrochemical anodic oxidation of Co catalysts is an excellent
way to substitute chemical oxidants and make reaction conditions
milder and reduce the produced waste. Since the first published
example in 2017 by Ackermann, a steady progress has been
achieved in this field allowing to obtain various products in an
environmentally friendly way. However, there is still some space to
improve the discovered methodology in terms of directing group
diversity, as the majority of the C-H functionalization protocols
exploit only three types of directing groups. Additionally, more
methods where cheaper metal electrodes could be used are highly
desirable.

Finally, all of the reported cobalt catalyzed C-H functionalization
reactions are only ortho-selective. Successful meta- or para-oriented
C-H functionalization reactions are a huge challenge for chemists
even using noble metal catalysis. Novel directing groups for meta- or
para-C-H functionalization under cobalt catalysis very likely will be
an enormous breakthrough for cobalt catalysis.
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Available online-Transition metal-catalyzed C—H bond functionalization using traceless directing group
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construction of C—C and C-Heteroatom bonds. In this review we present the developed methodology
using TDG strategy under high valent cobalt catalysis.
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1. Introduction

Transition metal-catalyzed C—H bond activation and function-
alization represents an attractive strategy for the construction of
C—C and C-Heteroatom bonds. Most of successfully developed
methods of transition metal-catalyzed C—H bond activation and
functionalization use precious transition metal catalysts [1].
Recently, there has been a push to replace noble metal catalysts to
first-row transition metals as they are earth abundant, less toxic
and inexpensive. In the past decade, cobalt has emerged as an
attractive alternative to noble metals for its unique reactivity, low
cost and environmentally friendly properties [2]. One of the major
challenges using C—H activation strategy is to achieve the desired
regioselectivity. Intrinsic reactivity differences of C—H bonds in
arenes are less pronounced compared to heteroaromatic com-
pounds, thus selective cleavage of specific C—H bond is difficult to
achieve [1,2]. To overcome this selectivity issue in the metal-
catalyzed C—H activation, specific ligands or substrate modifica-
tion with a directing group (DG) are used. DG contains functional
group that can coordinate metal center in the close proximity to the
desired C—H bond. Nowadays there are designed DGs that allow
achieving selective C—H functionalization in ortho-, meta- and
even, few examples, in para-position of arenes [1—3]. The use of

* Corresponding author.
E-mail address: liene_grigorjeva@osi.lv (L. Grigorjeva).
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DGs over the years has become an essential approach for designing
new transformations for C—C and C-heteroatom bond formation.
The ability to control selectivity enables pharmaceutical industry to
use the newly developed methodologies for the new drug devel-
opment [4]. Despite the high utility of DG approach for the C—H
functionalization, there are some drawbacks: 1) often it is diffi-
cult to remove a DG; a multiple step synthesis and/or harsh reac-
tion conditions are required; 2) installation and removal of the
strongly coordinating DG add additional reaction steps, thus
reducing the step-economical nature of C—H bond activation
strategy [4]. One of the approaches to overcome these drawbacks is
the use of traceless directing group strategy. Traceless directing
groups (TDGs) are a novel class of DG that assist in performing two
steps in one pot: 1) chelation assisted C—H bond functionalization;
2) DG cleavage (Scheme 1) [5].

The use of TDG strategy for the C—H functionalization has a
great potential and further developments in this field are highly
desirable. This review covers both, monodentate TDGs (can act as
an internal oxidant) and bidentate TDGs.

2. Traceless directing groups
2.1. Monodentate traceless directing groups
High valent Cp*Co(llI) catalyst pioneered by Kanai and Matsu-

naga [6] has received enormous attention due to the high and
unique reactivity shown towards C—H activation and


mailto:liene_grigorjeva@osi.lv
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tet.2021.132307&domain=pdf
www.sciencedirect.com/science/journal/00404020
www.elsevier.com/locate/tet
https://doi.org/10.1016/j.tet.2021.132307
https://doi.org/10.1016/j.tet.2021.132307

A. Cizikovs, L. Lukasevics and L. Grigorjeva

TDG strateg,

[Co] Functionalization and

@EDG C-H activation ©1DG'\\ DG cleavage in one pot @[H
_ ) [N
) [Co”’ FG
RNy -

Functionalization FG DG cleavage

Scheme 1. TDG strategy.

functionalization using monodentate DGs. A numerous methods
have been developed based on this approach [2a,7], including the
TDG strategy methods.

In 2014, Kanai and co-workers reported cobalt-catalyzed indole
1 C—H bond alkenylation/annulation sequence (Scheme 2) [8]. The
reaction proceeds in the presence of [Cp*Co(CgHg)](PFs)2 catalyst,
KOAC additive at 130 °C temperature. Morpholine amide was used
as a DG to selectively obtain pyrrolo[1,2-a.]indolone derivatives 2 in
moderate to good yields. Other directing groups, such as N, N-alkyl
disubstituted amides, formed a mixture of non-cyclic alkenylation
product and the desired pyrroloindolone 2. The optimal reaction
conditions were compatible with a variety of substituents at the
benzene ring, such as alkyl, halogen, alkoxy and ester groups. The
alkenylation/annulation sequence was successful using various
disubstituted alkynes, although terminal alkynes led to the for-
mation of non-cyclic alkenylation products under the reaction
conditions. With unsymmetrical aryl/alkyl alkynes reaction prod-
ucts were obtained with excellent regioselectively (mostly as single
regioisomers), however the use of unsymmetrical diaryl alkynes
led to the product formation in poor regioisomeric ratio.

Based on mechanistic experiments and DFT calculations, the
authors postulated a possible reaction mechanism (Scheme 3) [8].
First, thermal dissociation of benzene and ligand exchange to ace-
tate generates catalytically active cobalt complex 3, which co-
ordinates to the carbamoyl group of indole 1 forming complex 4.
Next, C—H activation takes place via concerted metalation-
deprotonation mechanism affording indolyl-Co species 5. Alkyne
coordination followed by insertion generates alkenyl-Co interme-
diate 6. Nucleophilic addition to carbonyl group leads to complex 7,

R2——R®
A [Cp*Co(CeHe)I(PFe)2 (5 mol%) R 2
R P D KOAG (20 mol%) Ry P I R
g DCE, 130 °C, 20 h N ,
R
d o
1 2

Ph
o (o} o

78% 78% 83%

MeOC
A\ : O N\ _Me O \___ph
\ N

N
Ph
d d OO d
CO,Et
72% 61% 72%

(rr. 1:1.2)

Scheme 2. Cp*Co-catalyzed synthesis of pyrroloindolones 2.
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Scheme 3. Plausible mechanism for the synthesis of pyrroloindolones 2.

subsequent elimination of morpholine delivers product 2 and re-
generates the active cobalt species 3.

Later, in 2017, Yoshino, Matsunaga and co-workers reported
further study on C—H alkenylation of indoles 8. Authors discovered
that tetrasubstituted alkenes 9 form as a kinetically controlled
product by directing group migration (Scheme 4) [9]. Under care-
fully optimized conditions, both electron-donating as well as
electron-withdrawing substituents were compatible and gave 4-
and 5-substituted indoles 9 in moderate to excellent yields. Un-
fortunately, terminal alkynes did not provide corresponding in-
doles 9.

In 2016, Glorius group developed a high valent Co-catalyzed
direct synthesis of N-unprotected indoles 11. For the reaction of
hydrazine derivatives 10 with alkynes the t-butyloxycarbonyl (Boc)

R2——R3
N [CP*Co(MeCN);](SbF), (5 mol%) N
R'%/ D KOAC (5 mol%) R'%/ I R
N DCE, 80 - 100 °C, 12-20 h N ke
8 9
__Selected examples:
(J J }
o N o N o N
N N
H Me H Ph H T™MS
74% 87% 54%

3 ;
D

MeO,C O N O Br. A
u T™S H

T
60% 65%

Scheme 4. Cp*Co-catalyzed synthesis of indoles 9.
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protecting group was used as an internal oxidant (Scheme 5) [10].
In this work Cp*Co(CO)I;, catalyst, AgSbFs and KOAc additives were
found to be the best for the synthesis of indoles 11. The reported
method did not require any external oxidant due to the presence of
N—N bond in substrates, which can be oxidatively cleaved by the
cobalt catalyst. The developed method showed a wide substrate
scope; various electron-donating and electron-withdrawing func-
tional groups at the para-position on the benzene moiety were
well-tolerated under the reaction conditions. Whereas only a few
examples of ortho- and meta-substituents were presented.
Different symmetrical disubstituted diaryl alkynes led to the for-
mation of indoles in good yields and, in addition, unsymmetrical
alkynes led to the formation of a single regioisomer.

The product formation was explained in the proposed reaction
mechanism based on preliminary mechanistic studies and reported
literature precedents (Scheme 6) [10]. First, catalytically active co-
balt species 3 are generated. Next, substrate 10 coordination, fol-
lowed by C—H activation takes place to form cobaltacycle 12, which
is presumably additionally stabilized by the Boc-group. The 7-
membered intermediate 13 forms via alkyne coordination and
subsequent migratory insertion. Then, N-ligand shift takes place to
form a six-membered cobaltacycle 14. Intermediate 15 forms via
reductive elimination step, followed by oxidative addition of N—N
bond to cobalt to form complex 16. Alternatively, concerted frag-
mentation of cobaltacycle 14 to produce complex 16 is also
included as a possible pathway. Finally, intermediate 16 proton-
ation by acetic acid leads to the formation of the desired indole 11,
release of Boc-DG and regeneration of the active cobalt species 3.

Zhu and co-workers demonstrated a Cp*Co-catalyzed method-
ology for the synthesis of indoles 18 and 19 from phenylhydrazines
17 using N-amino group as a TDG (Scheme 7) [11]. For the synthesis
of indoles 18, phenylhydrazines 17 reacted with disubstituted al-
kynes using [Cp*Col;], catalyst, AgSbFs and Zn(OTf), additives.
Authors were able to ensure good functional group tolerance under
the reaction conditions, respectively, alkoxy, alkyl, halogen and
ester substituents at the benzene ring yielded corresponding
products in moderate to very good yields. The investigation of the
alkyne scope using aryl/alkyl disubstituted alkynes gave indoles 18
as a single regioisomers. By the slight modification of the reaction
conditions, authors demonstrated that terminal alkynes can be
successfully exploited for C—H bond functionalization, which
typically is a challenging task due to competing reaction pathways.
The reaction of phenylhydrazines 17 with terminal alkynes

R2——R3
TDG as an internal oxidant
Cp*Co(CO)l, (10 mol%) "
H AgSbFg (20 mol%) N
AN KOAc (10 mol%) R1sz
1 — OAcUIOmoTA)
R HFIP, 80 - 100 °C, 22 h
R2
10 1"
Selected examples:
Me

H
; 2 1Y
)—ph / mPh
CF30 b Me Cl b
96% Q Me 7%

ME 659 F
H H H
N N N
Bu Et Ph
53% 50% 61%

Scheme 5. Cp*Co-catalyzed synthesis of indoles 11.
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Scheme 6. Plausible mechanism for the synthesis of indoles 11.

RS e RA
[Cp*Colyl, (2 mol%)
AgSbFg (8 mol%) Rz
Zn(OTf); (1.2 equiv XN,
T, 2eqi) o NN,
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Scheme 7. Cp*Co-catalyzed synthesis of indoles 18 and 19.

required the use of [Cp*Co(MeCN)3](SbFs), complex in combina-
tion with Zn(OTf),; and resulted in the formation of indoles 19 as
single regioisomers.

In 2016, Li group developed a Cp*Co catalyzed C(sp?)-H bond
annulation methodology using simple benzoate esters 20 and
symmetric diaryl alkynes (Scheme 8) [12]. The reported protocol
employs Cp*Co(CO)I, catalyst, AgNTf, and Zn(OAc); additives, and
HFIP as the reaction solvent to yield indenones 21 in good yields.
The optimized reaction conditions were compatible with substrates
20 containing alkyl, alkoxy and aryl groups, giving indenones 21 in
good to excellent yields, although halogen substituted substrates
20 displayed lower reactivity. Additionally, two parallel experi-
ments were performed with the substrates containing o-methyl
and o-chloro functionalities. Interestingly, the product ratio after
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Scheme 8. Cp*Co-catalyzed synthesis of indenones 21.

6 h of reaction was 2.3:1 in favor of the methyl substituted product,
which demonstrated a preferred reactivity of electron-rich
benzoates.

Plausible mechanism is given in Scheme 9 [12]. First, the gen-
eration of the active catalyst takes place. Next, the active catalyst
coordination to ethyl benzoate 20, followed by C—H activation step
generates a five-member cyclic intermediate 22 with a release of
acetic acid. Afterwards, alkyne coordination and migratory inser-
tion gives 7-member cobaltacycle 23 followed by the nucleophilic
attack of alkenyl group on carbonyl creating Co(III) alkoxide species
24. Finally, after protonation of complex 24 by acetic acid, ethanol is
eliminated, desired product 21 is formed and the active catalyst is
returned to the catalytic cycle. Authors propose that the additional
role of Zn(OAc); is enhancing the electrophilicity of the ester group
by coordination with Zn(II), which facilitates insertion of the vinyl-
Co bond into the carbonyl group to form complex 24.

Sundararaju and co-workers in 2015 reported an interesting

Cp*Co(CO)l,
AgNTf, + Zn(OAc),
o

Crpm
HOEt +
Cp*Co"'(OAc),.

21 Ph
HOAc HOAc
EtO_ O-Co''Cp*(OAc)

“/Ph

m
o “Cp*
AC

*Cp OAc
o o Co”'

23

Scheme 9. Plausible mechanism for the synthesis of indenones 21.
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cobalt-catalyzed annulation of quinoline-N-oxides 25 with internal
alkynes via C—H activation and oxygen atom transfer reaction
(Scheme 10) [13]. This protocol does not require any external
oxidant due to the presence of N—O bond in the substrate which
serves as an internal oxidant and a TDG. Authors used Cp*Co(CO)I,
catalyst in combination with NaOPiv additive in TFE to synthetize 8-
substituted quinoline derivatives 26. The reported method has a
broad substrate scope - aryl, alkyl, acyl, alkoxy, nitro, and amino
substituents at the quinoline withstood the reaction conditions.
Symmetrical and unsymmetrical aryl/alkyl substituted alkynes
were found to be competent reactants under the reaction condi-
tions giving products with a good regioselectivity.

Based on preliminary mechanistic experiments, DFT calculations
and previous literature reports, the plausible reaction mechanism is
shown in Scheme 11 [13]. Initially, the catalytically active cationic
cobalt complex 27 is generated. Next, coordination to quinoline N-
oxide 25 takes place followed by C—H activation to form 5-
membered cobaltacycle 29. Then, alkyne coordination, followed
by migratory insertion occurs leading to the formation of 7-
membered cobalt complex 30, which can further undergo reduc-
tive elimination delivering Co(I) intermediate 31. Finally, oxidative
addition of Co(I) to N—O bond leads to the formation of 7-
membered cobaltacycle 32 followed by protodemetalation to
form desired product 26 and regenerate the catalytically active
cationic cobalt species 27.

Avyear later, in 2016, Jiao and co-workers demonstrated a cobalt-
catalyzed N-substituted indole 34 synthesis from N-nitrosoanilines
33 and disubstituted alkynes (Scheme 12) [14]. The reaction pro-
ceeded in the presence of [Cp*Co(MeCN)s;](SbFg), catalyst and
Cu(OAc); additive. Interestingly, addition of Zn(OAc), and Fe(OAc),
furnished the desired indoles 34 in moderate yields, which is
convincing that this reaction does not require any external oxidant
and nitroso-DG served as an internal oxidant, while copper acetate
acts as a base. Alkyl, alkoxy, halogen and ester functionalities along
with cyano group as the substituent on benzene in meta- and para-
positions reacted well under the reaction conditions, although
ortho-substituent retarded the reaction. Different internal alkyl/

TDG as an internal oxidant
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5R? Cp*Co(CO)l, (10 mol%) N
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Scheme 10. Cp*Co-catalyzed synthesis of quinolines 26.
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Scheme 11. Plausible mechanism for the synthesis of quinolines 26.
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Scheme 12. Cp*Co-catalyzed synthesis of indoles 34.

aryl disubstituted symmetrical and unsymmetrical alkynes gave
corresponding indoles 34 in reasonable yields with moderate to
excellent regioselectivity.

In the same year, Ackermann group disclosed a Cp*Co-catalyzed
method for the synthesis of 2,3-substituted N-unprotected indoles
36 from arylnitrones 35 (Scheme 13) [15]. Cp*Co(CO)I, catalyst,
AgSbFg together with NaOAc additive in HFIP were found to be the
best catalytic system. Electron-donating and electron withdrawing
functional groups in para- and meta-positions, such as halogen,
alkyl and heteroaryl were well-tolerated under the reaction con-
ditions providing indoles in good to excellent yields with a high
level of regioselectivity. Additionally, this synthetic approach may
be upscaled with no significant loss of the product yield.

Based on the control experiments, authors proposed the plau-
sible catalytic cycle for this transformation (Scheme 14) [15]. Firstly,
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Scheme 13. Cp*Co-catalyzed synthesis of indoles 36.
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Scheme 14. Plausible mechanism for the synthesis of indoles 36.

generated active Co-catalyst coordinates to the substrate 35. Met-
alacycle 37 is generated during C—H cobaltation, which was found
to be the rate-determining step of the reaction (KIE studies by in-
dependent reaction). The subsequent alkyne coordination and
insertion into C—Co bond generates cobalt intermediate 38, which
then undergoes N—O cleavage along with a new C—O bond for-
mation. Then, protodemetalation of complex 39 in presence of
acetic acid regenerates active cobalt cationic complex, leading to
the formation of ortho-protected amino ketone 40, which upon
hydrolysis and intramolecular condensation forms the desired
product 36.

In 2016, Jeganmohan group reported a cobalt-catalyzed cycli-
zation of substituted N-methoxy benzamides 41 with alkynes,
yielding isoquinolinones 42 in good to excellent yields and high
regioselectivity (Scheme 15, a)) [16]. In the reported method,
Cp*Co(CO)I; catalyst in combination with NaOAc additive in TFE
solution were used exploiting N-methoxy TDG as an internal
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Scheme 15. Cp*Co-catalyzed synthesis of isoquinolinones 42 and 43.

oxidant. The developed reaction conditions were mild and toler-
ated sensitive functionalities on benzene, such as halogen, cyano
and nitro group, as well as various substitution patterns in alkyne
component. The next year, Sundararaju group demonstrated
similar approach towards the cyclization of benzamide derivatives
41 in annulation reaction with symmetrical 1,3-diynes (Scheme 15,
b)) [17]. Similarly to Jeganmohan's work, a wide variety of benzene
meta- and para-position substituents including alkyl, alkoxy,
halogen, nitro and thioether were tolerated well under reaction
conditions and displayed excellent regioselectivity. Although
diynes displayed similar reactivity compared to alkynes, this pro-
tocol allowed to perform annulation reaction at lower temperature.

The reactivity of traceless N-methoxy DG was further explored
by Pawar and co-workers in 2017. They developed a novel method
for the synthesis of indolizidines 45 from benzamides 44 and
substituted alkynediones (Scheme 16) [18]. A Cp*Co(CO)I;, catalyst
and NaOAc additive in TFE solution were found to be the most
suitable catalytic system for the developed transformation, leading
to the formation of desired products in moderate to good yields. A
broad functional group tolerance was displayed including electron-
donating, as well as electron-withdrawing groups in benzene meta-
and para-positions. However, ortho-substituted benzamides 44
were not suitable substrates, which were attributed to the steric
effect. Good reactivity was also achieved using electronically
different alkynediones, although terminal alkynedione was not
compatible with the reaction conditions.

Authors proposed the plausible mechanistic pathway for this
transformation, based on performed experimental studies and
previous literature reports (Scheme 17) [18]. According to the
proposed catalytic cycle, first, generation of the active Co-species
takes place. Then, coordination to benzamide 44 and C—H cobal-
tation results in the formation of complex 46. Five-membered
cobaltacycle 46 formation was found to be irreversible and the
rate-determining step of the catalytic cycle. Afterwards, alkyne
coordination followed by migratory insertion into Co—C bond
forms seven-member intermediate 47. Noteworthy, the weak co-
ordination of alkynedione to cobalt center is responsible for the
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Scheme 17. Plausible mechanism for the synthesis of indolizidines 45.

opposite regioselectivity of alkyne insertion. Next, reductive elim-
ination takes place, followed by N—OMe bond cleavage leading to
the formation of intermediate 48, which after protodemetalation
furnishes isoquinolinone 49 and releases catalytically active cobalt
species. Additionally, this step involves elimination of methanol as
a byproduct which indicates the traceless nature of N-methoxy DG.
Eventually, nucleophilic attack of amide N—H of intermediate 49 to
the carbonyl group delivers the desired product 45.

Volla and co-workers in 2018 reported a method for the C—H
bond activation in N-methoxy benzylamides 50 and their annula-
tion reaction with 7-oxabenzonorbornadienes (Scheme 18) [19].
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Scheme 18. Cp*Co-catalyzed synthesis of annulation products 51.

Authors found that the optimal reaction conditions included the
use of Cp*Co(CO)I; catalyst, CsOAc base in TFE. With the optimized
reaction conditions in hand, authors demonstrated possible sub-
strate scope of N-methoxybenzamides 50, as well as 7-
oxabenzonorbornadienes, which included various N-methox-
ybenzamides 50 with electron-donating groups in ortho-, meta- or
para-position of arene yielding products 51 in good to excellent
yields. N-methoxybenzamides 50 containing electron-withdrawing
groups in different position of the arene were also well-tolerated
under the optimized conditions giving corresponding products in
good yields. Authors showed that the reaction is highly regiose-
lective, meta-substituted N-methoxybenzamides 50 gave the only
regioisomer with sterically less hindered C—H bond activation.
Next, authors explored the scope of wvarious 7-
oxabenzonorbornadienes, and found that 6,7-dimethoxy,
6,7dimethyl or dioxalone derived substrates yielded products 51 in
good yields.

Based on experimental observations and previous literature
reports, authors proposed the plausible catalytic cycle for the
cobalt-catalyzed N-methoxybenzamide 50 annulation with 7-
oxabenzonorbornadienes (Scheme 19) [19]. The active cobalt
complex, which is generated from Cp*Co(CO)I, and CsOAc, co-
ordinates to N-methoxybenzamide 50, followed by C—H activation
via concerted metalation-deprotonation mechanism to form
cobaltacycle 52. Next, alkene coordination and migratory insertion
take place to form cobalt complex 53. Facile reductive elimination
forms Co(I), which undergoes oxidation by N—OMe yielding inter-
mediate 54. Further protodemetalation with AcOH results in
annulation product 51 and Co(lII) species, which are returned to the
catalytic cycle.

A novel Cp*Co(Ill)-catalyzed method for the synthesis of N-
acetyl phenylalanines 56 from phenoxyacetamides 55 was reported
by the Glorious group in 2016. Monodentate O-NHAc TDG in
combination with Cp*Co(CO)I, catalyst and AgSbFg, CsOAc, K3PO4
additives (Scheme 20) were found to be the best catalytic system
for successful carboamination of alkenes [20]. The mild reaction
conditions were compatible with a broad substrate scope, various
electron-donating and  electron-withdrawing  substituents
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Scheme 20. Cp*Co-catalyzed synthesis of phenylalanines 56.

containing phenoxyacetamides 55 performed well and gave the
corresponding product 56 in good yield. However, the majority of
given examples is with meta- and/or para-substitution patterns.
The only ortho-methyl substituted product was obtained in
acceptable yield, which authors explained with the steric demand
of Cp*Co catalyst.

The mechanistic studies support the proposed catalytic cycle
(Scheme 21) [20]. Initially, the active cobalt complex is formed,
followed by the C—H activation to give the five-member cobalta-
cycle 57 via elimination of acetic acid. Cobalt complex 57 then
undergoes olefin coordination and migratory insertion into Co—C
bond leading to the formation of seven-membered intermediate
58. Afterwards, reductive elimination results in the formation of
complex 59. Then N—O bond oxidatively adds to the Co(I) to give
the intermediate 60. Protodemetalation by acetic acid delivers the
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Scheme 21. Plausible mechanism for the synthesis of phenylalanines 56.

desired product 56 and regenerates the active cobalt(IIl) species.

In 2017, Glorius and co-workers developed a protocol for the
intramolecular C—H annulation concept of N-substituted amides 61
with alkynes. Alkyne-tethered hydroxamic esters as a DG and an
internal oxidant in combination with Cp*Co(CO)I, catalyst and
AgSbFg, CsOPiv, PivOH additives were found to be the catalytic
system of choice for the synthesis of isoquinolinones 62 in mod-
erate to excellent yields (Scheme 22) [21]. Both electron-donating
as well as electron-withdrawing substituents at ortho-, meta- and
para-positions on the aromatic system were compatible with the
reaction conditions. Additionally, authors found that reaction is not
limited to a specific of the alkyne tether; butyne-, hexyne- and
heptyne-tether successfully yielded the corresponding iso-
quinolinone products 62.

In 2014, Ellman and co-workers reported the first example of
the furan 64 synthesis via cobalt-catalyzed aldehyde addition to
alkenyl C—H bond of substrates 63 (Scheme 23) [22]. In the
developed method, cationic Cp*Co(Ill) catalyst was used in
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Scheme 22. Cp*Co-catalyzed synthesis of isoquinolinones 62.
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Scheme 23. Cp*Co-catalyzed synthesis of furanes 64.

combination with a traceless oxime directing group, which had not
been used in cobalt catalyzed C—H functionalization reactions
before. The substrate scope was explored using several a,3-unsat-
urated oxime methyl ethers 63 and different aldehydes. It was
found that disubstituted oximes gave reaction products in higher
yields compared to tri-substituted substrates. A broad aromatic and
aliphatic aldehyde scope with halogen, alkyl and ester functional-
ities was compatible with the reaction conditions and formed fu-
ranes 64 in moderate to very good yields.

A year later, in 2015, Sundararaju and co-workers published a
methodology for the cobalt-catalyzed annulation of oximes with
alkynes (Scheme 24) [23]. As a result from the optimization studies,
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Scheme 24. Cp*Co-catalyzed synthesis of isoquinolines 66.
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Cp*Co(CO)I, catalyst and NaOAc additive in TFE together with
oxime TDG at 80 °C temperature were found to be the best catalytic
system for the successful transformation. The annulation process
went smoothly for a broad scope of substrates bearing different
functional groups in para-, ortho- or meta-positions, giving iso-
quinolines 66 in very good yields. Additionally, both symmetrical
and unsymmetrical, aryl and alkyl disubstituted alkynes were
efficiently employed as a coupling partners and provided corre-
sponding products 66 in good to very good yields. Products 66 were
obtained as a mixture of regioisomers (ranging from 1.5:1 to 4:1) if
unsymmetrical alkynes were used. Terminal alkynes were also
tested, they displayed lower reactivity and gave products in low
and moderate yields, although the reaction regioselectivity was
excellent.

Cheng and co-workers in 2016 expanded the methodology to
access 1-aminoisoquinolines 68. Authors demonstrated that N'-
hydroxyimidamide functional group also can be used both as TDG
and an internal oxidant for C—H functionalization with alkynes to
obtain isoquinoline derivatives 68 under similar reaction condi-
tions that was reported before by Sundararaju (Scheme 25) [24].
Generally, most of the tested N'-hydroxybenzimidamides 67 reac-
ted smoothly and provided corresponding 1-aminoisoquinolines
68 in moderate to high yields. Substituents such as alkyl, halogen,
nitro, alkoxy at N'-hydroxybenzimidamide 67 aromatic moiety
were compatible with the reaction conditions, although substrates
containing electron-withdrawing functional groups tended to give
products in better yields than substrates containing electron-
donating ones. The effect of amino protecting group was tested,
and it was found that sterically hindered amino group was neces-
sary for the reaction to proceeded successfully. Authors explained,
that protecting groups like Bn or n-Bu allowed free NH from amino
group to coordinate with cobalt complex, which did not lead to the
C—H activation. Additionally, various alkynes were tested for the
compatibility with the reaction conditions. Symmetrical aryl and
alkyl alkynes reacted smoothly and formed products 68 in good
yields, whereas unsymmetrical alkynes gave mixture of
regioisomers (ranging from 1.5:1 to 2.3:1).

The proposed reaction mechanism is depicted in Scheme 26
[24]. The reaction is initiated by the reaction of Cp*Co(CO)I, with
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Scheme 25. Cp*Co-catalyzed synthesis of isoquinolines 68.
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Scheme 26. Plausible mechanism for the synthesis of isoquinolines 68.

KOAC to generate the active Co(Ill) species. Next, coordination of the
active Co(lll) catalyst to substrate 67 forms cobalt complex 69,
which undergoes reversible C—H cobaltation to give intermediate
70. Subsequent alkyne coordination forms intermediate 71, next
migratory insertion takes place and leads to 72. Subsequent
reductive elimination gives N-oxide 73 and Co(I) species. Finally,
cleavage of the N—O bond by Co(I) releases isoquinoline 68 and
Co(III) species, which returns to the catalytic cycle.

Li and co-workers in 2016 disclosed a novel method for the
synthesis of quinazoline derivatives 75 via C—H functionalization
pathway (Scheme 27, a)) [25]. Under the Cp*Co(CO)l, catalysis
conditions in the presence of AgNTf, additive in DCE N-sulfinyli-
mine derivatives 74 reacted with dioxazolones and formed
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Cp*Co(CO)l, (10 mol%)
AgNTf, (20 mol%)

R DCE, 120 °C, 16 h !
2
X \N
110 — 75
R _ Ri-= RS R?
74 Cp*Co(CO)l, (10 mol%)

AgNTf, (20 mol%) N
HOAC (1 equiv) LN RS
DCE, 120 °C, 18 h i

Cl

78% 83% 48% 68%
Ph Ph Me
SN SN SN
7 >ph 7> TIPS 7 >ph
Ph H Ph
73% 43% 54%

Scheme 27. Cp*Co-catalyzed synthesis of quinazolines 75 and isoquinolines 76.
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quinazolines 75 in moderate to excellent yields. In developed
method N-sulfinyl group served as a TDG, and N—S bond as an
internal oxidant. Symmetrical N-sulfinylimines 74 reacted
smoothly, however, it was observed that the reaction of unsym-
metrical N-sulfinylimines 74 containing different aryl substituents
in some cases was not selective due to electronic bias of the
substituents.

Additionally, in the same year, Li used similar reaction condi-
tions to demonstrate the application of N-sulfinyl group for the
synthesis of isoquinolines 76. Under the cobalt catalysis N-sulfi-
nylimines 74 reacted with alkynes to form isoquinoline derivatives

6 (Scheme 27, b)) [26]. Symmetrical and unsymmetrical diaryl/
dialkyl substituted alkynes tolerated the reaction conditions,
however in case of terminal alkynes the reaction yields were
generally lower.

The proposed reaction mechanism is shown in Scheme 28 [26].
First, C—H activation of N-sulfinylimine 74 gives a metalacycle 77.
Then, alkyne coordinates and inserts into C—Co bond forming
seven-membered cobaltacycle 78. Next, reductive elimination
takes place yielding isoquinolinium salt 79 and Cp*Co(I) species.
The N—S bond is proposed to oxidatively add to Co(I) species
yielding the desired product 76 and Co(Ill) complex 80, which
undergoes protonolysis to regenerate the active cobalt catalyst by
the elimination of t-BuSOH as a byproduct.

In 2019 Zhu and co-workers reported a novel procedure for the
synthesis of 1-naphthols 82 by C—H functionalization of sulfur
ylides 81 with alkynes (Scheme 29) [27]. In their work, authors
employed sulfoxonium ylide as a TDG and an internal oxidant in
combination with Cp*Co(CO)I, catalyst, AgOTf and KOAc additives
in DCE solution at 140 °C temperature. Both electron-withdrawing
and electron-donating groups on benzene were well tolerated
giving products predominantly in very good yields. Substituents in
ortho-position were reactive, albeit giving products in slightly
lower yields, which authors attributed to the steric hindrance. In
the case of meta-substituted substrates, the reaction proceeded in a
highly regioselective fashion, where functionalization was
observed only at more sterically accessible C—H bond. Alkyne scope
studies showed that both symmetrical and unsymmetrical aryl al-
kynes were compatible with the reaction conditions and gave
products in moderate to excellent yields, whereas dialkyl alkynes
did not display any reactivity.

A synthetic approach towards isoquinolinones 84 using N-

2
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Scheme 28. Plausible mechanism for the synthesis of isoquinolines 76.
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Scheme 29. Cp*Co-catalyzed synthesis of 1-naphthols 82.

chloroamide TDG as an internal oxidant was demonstrated by Zhu
and co-workers in 2017 (Scheme 30, a)) [28]. In the presence of
Cp*Co(CO)I; catalyst and KOAc, AgOAc additives N-chlor-
obenzamides 83 reacted with alkynes to produce isoquinolinones
84 in moderate to good yields. Various electron-donating and
electron-withdrawing substituents at para-position of aryl moiety
gave products in high yields. Meta-substituted N-chlorobenzamides
83 gave products in good yields, but the regioselectivity varied
depending on substituents. However, ortho-substituted N-chlor-
obenzamides 83 yielded products in lower yields, especially for
bulkier substituents. Good reactivity was also achieved using
different symmetrical and terminal alkynes, which predominantly
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KOAc (1.2 equiv) R A NH
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Scheme 30. Cp*Co-catalyzed N-chlorobenzamide 83 reaction with alkynes and
alkenes.
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yielded products as a single regioisomer, while unsymmetrical in-
ternal alkynes gave a mixture of regioisomers. Additionally, authors
were able to synthesize and characterize stable five-membered
cobaltacycle via direct C—H activation using stoichiometric
amounts of catalyst and silver salt.

One year later, Zhu group demonstrated cobalt-catalyzed cycli-
zation of N-chlorobenzamides 83 with alkenes (Scheme 30, b)) [29].
The optimization studies showed that combination of AgOTf and
KOAc is the most suitable for the transformation along with the
same catalyst as in previous group's report. Likewise no external
oxidant is required due to the presence of N—Cl bond which serves
as an internal oxidant in this protocol. Both electron-donating and
electron-withdrawing amides 83 were successfully applied to yield
the corresponding 3, 4-dihydroisoquinolinones 85 in moderate to
good yields. Different alkyl/aryl substituted alkenes were compat-
ible with the reaction conditions and showed superior regiose-
lectivity for the transformation. Interestingly, N-chlorobenzamide
reaction with allyl benzene as a functionalization reagent showed
the completely opposite regioselectivity.

In 2019, Prabhu and co-workers reported a strategy for the
cyclization of N-chlorobenzamides 86 through cobalt-catalyzed
[4 + 2] annulation reaction with maleimides (Scheme 31) [30].
Authors used Cp*Co(CO)I, catalyst, AgOAc and NaOAc additives in
the TFE solution at room temperature. Mild reaction conditions
were tolerable wide variety of substituents at meta- and para-po-
sitions on benzene as well as N-alkyl and N-aryl substituents of the
maleimide counterpart. The scope for N-chlorobenzamides 86 in-
cludes a single example of 2-fluoro substituted benzamide, but
under the reaction conditions it formed product in low yield.
Interestingly, unprotected maleimide, maleic acid and maleic acid
anhydride do not participate in this reaction.

According to the plausible reaction mechanism (Scheme 32)
[30], the reaction between in situ generated cobalt species with
anionic form of 86 leads to the formation of five-membered
cobaltacycle 88. Next, N-chloro-DG assisted Co(lll) oxidation to
Co(V) delivers intermediate 89. Insertion of maleimide into Co—C
bond forms cyclic 7-membered cobalt intermediate 90, which
upon reductive elimination leads to the formation of Co(Ill) inter-
mediate 91. Protodemetalation of 91 produces the target product 87

= o
TDG as an internal oxidant N

[0} \Rz
o Cp*Co(CO)I; (10 mol%)
AgOAc (20 mol%)
RN NaOAc (1.2 equiv)
N

TFE, rt, 24 h, Ar

75%

74% 80%

Scheme 31. Cp*Co-catalyzed synthesis of [4 + 2] annulated product 87.
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Scheme 32. Plausible mechanism for the Cp*Co-catalyzed [4 + 2] annulation reaction.

and regenerates the active Co(Ill) species. Noteworthy, the carbonyl
ligand is bound to cobalt only in the first catalytic cycle, and the
most likely is replaced with solvent molecule onwards.

2.2. Bidentate traceless directing groups

Bidentate DG is one of the most efficient tools for the selective
C—H bond functionalization [31]. In 2005 Daugulis introduced
quinolinamide and picolinamide directing groups [32], and in 2014
demonstrated that cheap and earth-abundant Co(II) salts in com-
bination with bidentate DG assistance can be efficiently exploited
for C—H functionalization as high-valent cobalt(III) precursors [33].
Since then, a large number of methods have been developed based
on this strategy [34]. The major drawback using bidentate DG is the
step economy (requires installation prior and removal after the
C—H functionalization). Besides, the removal of bidentate DG often
requires harsh conditions that gives only average product yields.
One of the tools to solve this problem is the use of a TDG strategy.

In 2016, Zhu group developed the first bidentate-directing
enabled traceless synthesis of isoquinoline 93 derivatives. In
contrast to monodentate directing groups, 2-hydrazinylpyridine-
DG allowed the use of low-cost Co(acac); catalyst while ensuring
good reactivity of starting materials and terminal alkynes. The re-
action conditions were mild and provided products in generally
good yields, tolerating wide range of substituents at meta- and
para-positions on the benzene ring, whereas the ortho-substitution
significantly diminished the product yield (Scheme 33) [35]. Both
terminal and internal aryl alkynes with diverse substitution pat-
terns were reactive, yielding products 93 in good yields and with
remarkable regioselectivity. Interestingly, only trace amount of the
product was observed under inert atmosphere, which indicates the
crucial role of air for maintaining the reaction, however, mecha-
nistic studies also showed that 2-hydrazinylpyridine-DG could
serve as an internal co-oxidant.

Later, Volla and co-workers demonstrated cobalt-catalyzed
synthesis of 3-alkynylated isoquinolines 95 (Scheme 34) [36].
Optimization studies showed that catalytic amount of cobalt(Il)
acetate in combination with KPFg additive in polyethylene glycol
solution open-air at 100 °C was the best catalytic system for the
transformation, although other combinations were also appro-
priate. They found that bidentate chelation of 2-

hydrazinylpyridine-DG ~ was crucial for the successful
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Scheme 34. Co(Il)-catalyzed hydrazone 94 reaction with 1,3-diynes.

transformation. Electron-donating and electron-withdrawing sub-
stituents at different positions on benzene tolerated well.

Preliminary mechanistic studies showed that the plausible
mechanism (Scheme 35) [36] involves coordination of Co(IlI) with
hydrazinylpyridine 94, followed by ligand exchange to form inter-
mediate 96, which then undergoes C—H bond activation delivering
cobaltacycle 97. After diyne coordination and regioselective
migratory insertion, intermediate 98 is formed. Reductive elimi-
nation with subsequent N—N bond cleavage leads to the annulation
product 95, 2-aminopyridine and regenerates Co(lIl) species.

A novel cobalt-catalyzed C—H [3 + 2] formal cycloaddition of
benzamides 100 and bicyclic alkenes 101 employing 8-
aminoquinoline as a bidentate TDG was disclosed by Cheng and
co-workers in 2016 (Scheme 36) [37]. Optimization studies
revealed that Cp*Co(lll) catalyst can be substituted with simple
Co(OAC); salt in combination with K,COs3 additive in TFE solution at
80 °C temperature, although additional 2 equivalents of external
Ag>C0s3 oxidant were required for the successful transformation. A
variety of alkyl, alkoxy and halogen functionalities on the benzene
tolerated well the reaction conditions, even substitution at ortho-
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Scheme 36. Co(Il)-catalyzed synthesis of [3 + 2] formal cycloaddition product 102.

position gave products in impressively high yields. Norbornene,
norbornadiene and benzonorbornadienes were appropriate reac-
tion partners and gave the desired products 102 in good yields,
whereas azabicyclic alkene failed to give the corresponding annu-
lation product under the reaction conditions.

The proposed reaction mechanism is shown in Scheme 37 [37].
At the beginning, Co(Il) is oxidized to Co(lll) by Ag,COs. Then,
benzamide 100 is coordinated to the active cobalt catalyst, followed
by C—H activation providing intermediate 103. Subsequent alkene
coordination to cobalt center and migratory insertion into C—Co
bond delivers seven-membered cobaltacycle 104. Next, intra-
molecular nucleophilic addition of the C—Co to the amide carbonyl
group takes place forming intermediate 105. As the last step of the
transformation, protodemetalation of 105 and elimination of 8-
aminoquinoline provides the final ketone 102 and regenerates
catalytically active Co(IIl) species.
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Scheme 37. Plausible mechanism for the synthesis of [3 + 2] formal cycloaddition
product 102.

In 2019, Zhai and co-workers developed a one-pot synthesis of
benzofluorenones 108 (Scheme 38) [38]. Optimization of the re-
action of N’-methyl-N'-(2-pyridinyl)benzohydrazide 107 with 1,4-
epoydihydronaphthalene demonstrated that the highest product
108 yield was achieved using Co(OAc); catalyst, Cs;CO3 base under
oxygen atmosphere in TFE. Ortho-, meta- and para-substituted
benzoyl hydrazides 107 bearing an electron-withdrawing group or
electron-donating group reacted smoothly giving products 108 in
moderate to very good yields. In addition, high regioselectivity was
achieved if meta-substituted benzoyl hydrazides 107 were used.
Authors demonstrated that 7-oxabenzonorbornadienes containing
electron-donating groups at different positions of the arene moiety
were suitable for the reaction and provided benzofluorenones 108
in good yields.

In 2019, Song reported a new approach for the synthesis of
isoquinolines 110 exploiting L X-type a-imino-oxy acid TDG, that

=
X [}
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. 12
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Scheme 38. Cobalt-catalyzed synthesis of benzofluorenones 108.
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also served as an internal oxidant (Scheme 39) [39]. The main
advantage of the developed transformation was the use of cheap
Co(acac)s salt instead of Cp*Co(Ill) catalyst. Despite the replace-
ment of the catalyst, great reactivity was observed towards a large
variety of symmetrical/unsymmetrical, alkyl and aryl substituted
internal and terminal alkynes in a very selective fashion. Substrates
with a wide range of electron-withdrawing and electron-donating
groups at different positions on the benzene successfully afforded
the final isoquinolines 110 predominantly in excellent yields.

One year later, in 2020, Song and co-workers developed a new
TDG, which was used for the cobalt(Il) catalyzed synthesis of 3,4-
disubstituted isoquinolinones 112 from benzamides 111 (Scheme
40) [40]. 2-Hydroxymethyl pyridine was used as a TDG for this
transformation in combination with Co(OAc);-4H,0 catalyst,
AgOAc oxidant and PivOH additive in TFE solution. The reaction
presented good functional group tolerance: alkyl, alkoxy, halogen,
ester and thiophene functionalities containing N-(pyridine-2-
ylmethoxy)benzamides 111 were competent substrates under the
reaction conditions. Although, the developed method was limited
mostly to disubstituted symmetrical alkynes. The use of unsym-
metrical alkynes gave mixture of regioisomers, however terminal
alkynes did not lead to the product 112 formation.

Cui and co-workers in 2017 introduced a cobalt-catalyzed ben-
zylamine 113 C—H functionalization with alkynes exploiting pico-
linamide for the first time as a TDG (Scheme 41, a)) [41]. Different
functionalities on the benzene ring were successfully tolerated
under this protocol and gave the desired isoquinolines 114 in
moderate to very good yields, although benzylamines 113 with
electron-withdrawing groups gave somewhat lower yields than
those with electron-donating groups. Subsequent alkyne scope
study showed that various disubstituted aryl and alkyl alkynes
displayed good reactivity and gave products 114 in moderate to
excellent yields, although unsymmetrical alkynes were mostly
unselective and gave products as regioisomer mixtures ranging
from 1:1 to 8:1. An advantage of this protocol was the use of oxygen
as a terminal oxidant, as no other external oxidants were necessary.

In the same year, Zhong group reported picolinamide assisted
cobalt-catalyzed C—H carbonylation of benzylamines 113 (Scheme
41, b)) [42]. In their study diethyl azadicarboxylate (DEAD) was
used as a CO surrogate, Co(OAc)2-4H,0 as a catalyst, Ag>COs3 as an
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Co(acac)s (20 mol%)
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2 2
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Scheme 39. Co(Ill)-catalyzed synthesis of isoquinolines 110.
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Scheme 41. Co(Il)-catalyzed C—H bond functionalization of benzylamines 113.

oxidant and pivalic acid as an additive in TFE solution, yielding a
variety of N-unprotected isoindolinones 115 in moderate to excel-
lent yields. Substrates 113 bearing electron-withdrawing group
showed slightly better reactivity compared to electron-donating
groups. Authors found, that ortho- and meta-substituted benzyl-
amines 113 formed products 115 in lower yields than those with
para-substituents. Noteworthy, meta-substituted benzylamines 113
gave corresponding products as a single regioisomer. Additional
experiments demonstrated that reaction conditions were mild and
no erosion of enantiopurity was observed under the reaction con-
ditions using enantioenriched substrates.

Based on Zhong's mechanism studies and literature reports
proposed reaction mechanism is depicted in Scheme 42 [42].
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Scheme 42. Plausible mechanism for the synthesis of isoindolinones 115.

Initially, Co(Il) species are oxidized to catalytically active Co(III),
which then coordinates to benzylamines 113 forming complex 116,
followed by C(sp®)-H bond activation leading to the formation of
cobaltacycle 117. Thermal decomposition of DEAD generates the
esteric radical enclosing two possible pathways. The esteric radical
could attack the intermediate 117 with subsequent reductive
elimination resulting in intermediate 121 with the release of Co(II)
species (path a). Intramolecular cyclization of 121 and hydrolysis of
picolinamide afford the desired isoindolinones 115 along with the
elimination of ethanol and picolinic acid. Alternatively, esteric
radical generates the CO gas which could migratory insert into
C—Co bond forming cobaltacycle 118 (path b). Afterwards, reductive
elimination delivers intermediate 119 that under hydrolysis forms
the desired product 115. Co(I) salts are subsequently reoxidized to
Co(III) and returned to the catalytic cycle.

Inspired by their previous work, Zhong and co-workers further
explored picolinamide directing group assisted C—H carbonylation
and in 2018 reported a new approach for the phenanthridinone 123
synthesis (Scheme 43) [43]. The protocol employs DIAD as the CO
surrogate, CoCl; catalyst, NaOPiv additive and oxygen as the sole
oxidant. Substrate scope studies revealed that the reaction condi-
tions were tolerated by a very broad functional group diversity in
both aryl rings, and majority of products were obtained in excellent
yields, although authors mentioned, that reactions were less
effective for ortho-substitutes substrates 122.

In 2019, Zhong and co-workers reported a one pot procedure
that allowed to obtain dibenzoazepine derivatives 125 from ortho-
phenylanilines 124 via cobalt-catalyzed C—H annulation followed
by the directing group cleavage (Scheme 44) [44]. The devloped
catalytic system employed CoCl, catalyst, NaOPiv additive and
Mn(OAc),/0;, oxidant system in TFE at 120 °C temperature. The
substrate scope studies showed that electron-rich substrates dis-
played better reactivity compared to electron-poor substrates and
gave the products mostly in moderate yields. Also, authors
demonstrated that the reaction conditions are compatible with
symmetrical and unsymmetrical diaryl internal alkynes as well as
terminal alkynes. Interestingly, in case of terminal alkynes, com-
plete regioselectivity of alkyne addition was attained, whereas
unsymmetric internal alkynes gave regioisomeric mixture in 1:1.2
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Scheme 43. Co(Il)-catalyzed synthesis of phenanthridinones 123.
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Scheme 44. Co(Il)-catalyzed synthesis of dibenzoazepines 125.

ratio.

Wu group in 2019 developed an interesting traceless picolina-
mide directed strategy for the synthesis of benzoindolones 127
(Scheme 45) [45]. In contrast to the previous reports, authors
substituted DIAD with solid benzene-1,3,5-triyl triformate (TFBen)
for the generation of CO gas in situ. Different electron-donating and
electron-withdrawing substituents, such as alkyl, alkoxy, nitro and
ester groups at naphthylamide 126 C(4) position afforded smoothly
the desired products in good yields. However, a substrate bearing
methyl group in C(2) position gave only a trace amount of the target
product, which authors attributed to the steric effect.

In 2020, Grigorjeva and co-workers demonstrated a traceless
picolinamide DG assisted cobalt(Il) catalyzed C—H carbonylation of
phenylglycinol derivatives 128 (Scheme 46) [46]. Optimization
studies revealed that this protocol requires Co(dpm), catalyst,
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Scheme 46. Co(Il)-catalyzed synthesis of isoindolinones 129.

PivOH additive, AgOAc oxidant and DIAD as a CO source to afford
the desired isoindolinones 129 in moderate to excellent yields. A
variety of electron poor and rich substrates were well-tolerated
under the reaction conditions. Quaternary amino alcohols were
found to be suitable substrates for the carbonylation reaction as
well. Additionally, authors showed that this transformation pro-
ceeds with a full preservation of substrate original stereochemistry.

Recently, in 2021, Wu group reported a traceless picolinamide
DG assisted C—H carbonylation for the synthesis of N-indoloqui-
noxalinone 131 (Scheme 47) [47]. For the transformation authors
used similar reaction conditions as in their previous report in 2019
[45] — CoCl; catalyst, Ag,CO3 oxidant, PivOH and Et3N additives in
combination with TFBen as CO source in 1,4-dioxane. Different
substituents on the indole 130 were well-tolerated under the
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Scheme 47. Co(1l)-catalyzed carbonylation of N-substituted indoles 130.

reaction conditions, yielding products in moderate to very good
yields. Compounds bearing electron-donating and electron-
withdrawing groups at C(4) and C(5) positions of the benzene
ring were compatible with reaction conditions, whereas methyl
group in C(6) position retarded the reaction due to steric effects.
Recently, Grigorjeva and co-workers reported an approach to-
wards the C—H carbonylation of amino acids using picolinamide as
a TDG (Scheme 48) [48]. In their study, catalytic system employed
Co(dpm), catalyst, PivOH additive and Ag,CO3, Mn(OAc)s-2H,0
oxidants in PhCl solution under CO atmosphere at 120 °C to deliver
isoquinolinones 133. Both electron-donating and electron-
withdrawing groups on the benzene moiety tolerated well the re-
action conditions, moreover in case of ortho-substituents reaction
yield was not affected by the steric effect. In addition, authors
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Scheme 48. Co(ll)-catalyzed carbonylation of phenylalanines 132.
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showed, that the methodology may be applicable to a late-stage
functionalization of short peptides.

Based on the control experiments and literature precedents,
authors proposed a plausible reaction mechanism (Scheme 49)
[48]. Initially phenylalanine 132 is converted to imine 134’ under
oxidative conditions in the presence of Co(Il) catalyst. Next, imine
134’ tautomerizes to corresponding enamine 134, which then co-
ordinates to Co(Il) and is oxidized to Co(Ill) complex 135, followed
by C—H activation to deliver complex 136. Further three possible
pathways could be envisioned. According to path a, Co(Ill) complex
is oxidized to Co(IV), followed by CO coordination and insertion, to
give intermediate 137, that after reductive elimination step forms
138. Alternatively, formation of 138 could occur via coordination
and migratory insertion of CO in complex 139, followed by reduc-
tive elimination (path b). Similarly, path c also could be possible
according to which, CO coordination and migratory insertion in
complex 116 takes place to furnish intermediate 139, followed by
oxidation to Co(IV) complex 137. Finally, after hydrolysis of 138,
product 133 is formed and upon oxidation of Co to complex 140,
catalytic cycle is restarted.

3. Conclusions

High valent cobalt-catalyzed C—H bond activation and func-
tionalization represents an attractive strategy for the construction
of C—C and C-heteroatom bonds. The use of DGs over the years has
become an essential approach for designing new selective trans-
formations via C—H functionalization. The ability to control selec-
tivity enables the practical application of developed synthesis
methods. Recently, TDG strategy has branched out as an attractive
alternative to classic DG approach, thus potentially providing an
advantage from the economical point of view (step and atom-
economy). This review has covered the utility of TDG strategy for
C—H functionalization using a high valent cobalt catalysis. TDGs
like amide, hydrazine, ester, nitroso, oxime etc. have demonstrated
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their dual role to serve as a powerful tool for dictation of the C—H
activation's step site selectivity while being able to serve as an in-
ternal oxidant and reoxidize Co(I) to Co(Ill) species to regenerate
the catalytic cycle. To date, most of the Co(lll)-catalyzed TDG
directed C—H bond functionalization methods are limited to C(spz)-
H bond annulation and carbonylation. Besides, cobalt catalyzed
C(sp?)-H bond functionalization using TDG strategy is yet under-
developed. Exploration of other electrophilic reaction partners
maintaining the traceless nature of directing group is highly
desirable as it could lead to different synthetic transformations and
products. Considering the advantages of TDGs and low cost of co-
balt, we believe that further progress in Co-catalyzed C—H func-
tionalization field is expected in the nearest future.
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ABSTRACT: Herein we report the first example of cobalt-catalyzed, picolinamide-directed C-H bond imination protocol of phe-
nylalanine derivatives using Co(dpm), as a catalyst. The obtained imine products can easily be transformed to 1-aminoisoquinoline
derivatives under reductive conditions, providing an attractive alternative to already existing methodologies. A wide range of func-

tional groups were tolerated under the reaction conditions.

1-Aminoisoquinolines are important class of compounds due
to their potential application in medicinal chemistry." For ex-
ample, 1-aminoisoquinoline fragment is found in various bio-
logically active molecules (Fig 1.), that possess antitumor,'®
antimalarial,'® antioxidant'® and pain relief'* activities. Ac-
cordingly, the development of novel methodologies for the
synthesis of such moiety is of great interest among organic
chemists.”
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Figure 1. Selected examples of biologically active molecules with

1-aminoisoquinoline skeleton

In the last few decades transition metal-catalyzed direct C-H
bond functionalization has served as a valuable tool for the
construction of complex molecules from more simple starting
materials, mainly due to its atom- and step-economical na-
ture.” Nowadays, a great emphasis is placed on green and sus-

tainable chemistry, therefore development of novel methodol-
ogies employing simpler, cheaper catalysts is desirable.* Third
row transition metals (Fe, Co, Ni) have displayed a rapid in-
crease in applicability in C-H bond functionalization reactions,
having similar or even better reactivity than precious metal
catalysts. In 2014, Daugulis demonstrated that simple Co(II)
salts in combination with oxidant and bidentate directing
group can be used as Co(Ill) precatalysts.” Since the initial
report, the field of Co-catalyzed C-H functionalization has
grown tremendously, having a large number of transfor-
mations reported based on this approach. Direct C-H function-
alization has proven to be very effective approach to obtain 1-
aminoisoquinolines in a very step-economical fashion. Several
research groups have demonstrated the application of Rh,’®
Ru,’ Mn?® catalysts for the C-H/N-H annulation reactions with
alkynes or alkenes. Similar methodologies have also been
reported using Cp*Co(Ill) catalysis.”'> In 2016, Cheng and
co-workers published the first example of Cp*Co(IlI)-
catalyzed C-H/N-H annulation of N’-hydroxybenzimidamides
with alkynes (Scheme 1, a)).” Over the following years, addi-
tional methodologies have been developed for amidine, oxadi-
azole and azadiazolone substrates by Ackermann,' Zhu,"
Wang'? (Scheme 1, b-d)). Apart from Ackermann’s example,
the isoquinoline cycle is constructed via migratory insertion of
alkyne or diyne into C-Co bond, followed by reductive elimi-
nation step. Recently our group published a methodology for
C-H carbonylation of phenylalanine derivatives to obtain iso-
quinolinones (Scheme 1, ¢).”* In our initial report control ex-
periments revealed that formation of carbonylation product
occurred via unsaturated enamine intermediate which resulted
most likely via SET oxidation of the a-centre on the substrate.
As a continuation to our previous study, we extended the C-H



bond functionalization methodology using isocyanides. Al-
though cobalt catalyzed C-H imination is known in
arylamine” and benzamide' substrates, to the best of our
knowledge, C-H bond imination of phenylalanine derivatives
is unprecedented. Herein we report cobalt-catalyzed C-H bond
functionalization of unsaturated phenyl alanine derivatives 1
with isocyanides to obtain products 2.

Scheme 1. 1-Aminoisoquinoline synthesis via cobalt-
catalyzed C-H bond functionalization
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Unsaturated phenylalanine 1aa was chosen as a model sub-
strate for the C-H bond imination with isocyanides. We began
optimization of the reaction conditions by employing similar
catalytic system that had shown good reactivity in our previ-
ous studies.” Using Co(dpm), catalyst in combination with
Ag,CO; oxidant and NaOPiv additive with 2 equivalents of #-
butyl isocyanide, we observed the formation of product 2aa in
75% vyield (Table 1, entry 1). Oxidant screening showed that
Ag' or Mn"' oxidants were less effective, delivering product in
significantly lower yield (entries 2, 3). In the control experi-
ments where oxidant or catalyst were excluded, no formation
of product 2aa was observed (entries 4, 12). Decreasing the
loading of NaOPiv or substitution with LiOPiv or PivOH addi-
tives did not improve the product 2aa yield (entries 5-8). Simi-
larly, lowering the catalyst loading or substituting to other
Co(1I) salts did not prove to be effective (entries 9-11). Other
solvents like THF, MeCN, toluene or EtOAc showed good
compatibility with the catalytic system, delivering product 2aa
in similar or higher yields (entries 13, 15-17). The final reac-
tion conditions were found by the addition of 4A molecular
sieves in THF, delivering the product 2aa in 92% yield.

With the optimized reaction conditions in hand, we next exam-
ined the isocyanide scope for C-H bond imination of unsatu-
rated phenylalanine ester derivative 1aa (Scheme 2). Substrate
1aa in C-H bond imination with #-butyl isocyanide gave corre-

sponding dihydroisoquinoline 2aa in very good yield - 86%.
To show the utility of the developed methodology, we per-
formed reaction upscaling to 1.8 mmol and obtained product
2aa in 72% yield.

Table 1. Optimization of the reaction conditions”

co,Me  Co(dpm); (20 moi%)

COMe
©A\( NaOPiv (2 equiv) N ?
HN._O Ag;COs (1.5 equiv) N._O
|

5 t-BuNC (2 equiv) N
N7 PhCI,100°C, 1h  HBUTTNTY
taa N 222 N
entry changes from the above conditions yield, (%)°
1 None 75
2 oxidant: AgOAc 36
3 oxidant: Mn(OAc);-2H,0 0
4 oxidant: air 0
5 additive: LiOPiv 57
6 additive: NaOPiv (1.5 equiv) 58
7 additive: PivOH 71
8 without additive 0

9 catalyst: Co(dpm), (15 mol%) 58
10 catalyst: Co(acac), 21
11 catalyst: Co(OAc), 4H,0 16
12 without catalyst 0
13 solvent: THF 84
14 solvent: THF + 4A MS 92
15 solvent: MeCN 73
16 solvent: toluene 66
17 solvent: EtOAc 79

Reaction conditions: 1aa (0.1 mmol), /BuNC (0.2 mmol, 2.0
equiv), Co(dpm), (0.02 mmol, 20 mol%), NaOPiv (0.2 mmol, 2
equiv), Ag,CO; (0.15 mmol, 1.5 equiv), PhCIl (1 mL), 100 °C.
"NMR yields using triphenylmethane as an internal standard.

Similarly cyclohexyl isocyanide proved to be very reactive
and gave the product 2ba in excellent 96% yield. n-Pentyl
isocyanide and phenylethyl isocyanide were also compatible
with the optimized reaction conditions and gave the corre-
sponding products 2ca,da in very good yields — 79% and 80%
respectively.

Scheme 2. Isocyanide scope for C(sp’)-H bond imination of
laa®

co,Me  Co(dpm)z (20 mol%)

CO,Me
©A\( NaOPiv (2 equiv) NP
HN. O AgzCO3 (1.5 equiv) N._O
|

RNC (2 equiv) N
__ RNC(2equiv)
N7 THF, 4A MS 100 °C, 2h RTNTY
taa N 2 N
COzMe COzMe COzMe CO;Me
5 5 " Pent, 5 5
2aa, 86% 2ba, 96% 2ca, 79% 2da, 80%

72% (1.8 mmol scale)®

“Reaction conditions: laa (0.5 mmol), isocyanide (1.0 mmol, 2
equiv), Co(dpm), (0.1 mmol, 20 mol%), NaOPiv (1.0 mmol, 2
equiv), Ag,CO; (0.75 mmol, 1.5 equiv), THF (5mL), 100 °C,
1.5g 4 A MS, isolated yields. ® Reaction time 4h.



Next, we examined the scope for unsaturated phenylalanine
esters 1ab-ar as illustrated in the Scheme 3. Electron donating
Me-, OMe-, OAc- and Ar- groups in ortho-, meta- and para-
positions were well tolerated and gave products 2ab-ag in
good and very good yields. Interestingly, 4-OAc substituted
substrate laf underwent transacylation in addition to C-H
imination under the reaction conditions and gave 4-OPiv
product 2af in 74% yield. Boc- and Phth-protected amino
functional groups were also compatible with the catalytic sys-
tem, providing products 2ai,aj in 84% and 83% yields respec-
tively. It should be noted that mefa-substituted phenylalanine
derivatives gave products as a single regioisomers, reacting
exclusively in the less sterically hindered ortho-position. Vari-
ous halogen substitution patterns in the benzene ring moiety in
phenylalanines laj-am were tolerated under the reaction con-
ditions, furnishing products in 63-65% yields. Substrates con-
taining ether moiety lan,ao gave products in good yields —
61% and 66%. Morover, thiophenyl-, naphthyl and furanyl
amino acid derivatives reacted smoothly and desired products
2ap,aq,ar were obtained in acceptable and good yields.
Scheme 3. Substrate scope for C(sp>)-H bond imination of
1#

co,Me  Co(dpm)z (20 mol%)
Ar NaOPiv (2 equiv)

HN__O Ag,COs (1.5 equiv)
t-BuNC (2 equiv)
N7 T product
| THF, 4A MS 100 °C
[ 2
COzMe COzMe Meommwe
lBu NZ tBuN N7
2ab, 1h, 96%° 2ac, 1h, 89% > 2ad, 1h, 84% >
CO;Me COQMe N CO;Me
Pwo Ph% °
(from OAc)
tBu" N7 tBu NZ tBu” N7 ]
2ae, 1h, 75% > 2af, 1h, 74% X 2ag, 2h, 95%
BocHN CO,Me PhthN CO;Me ™ CO;Me
/ / /N =
tl Bu t| Bu t-Bu’ N ‘
2ah, 2h, 84% X 2ai, 1h, 83% X 2aj, 2h, 63%
- COzMe X CO2Me - CO2Me
N._O
B N7 B N7 ‘ tBu N7 ‘
2ak, 2h, 65% 2al, 2h, 62% 2am, 2h, 63% X
CO,Me CF3\©/ COzMe CO;Me
tBuN N7 ] tBu N7
2an, 1h, 61% 2a0, 1h, 66%

2ap, 2h, 64%

COzMe l l ;\ coMe
5 5

2aq, 2h, 67% 2ar, 1h, 72%
Reaction conditions: 1 (0.5 mmol), ~BuNC (1.0 mmol, 2 equiv),
Co(dpm), (0.1 mmol, 20 mol%), NaOPiv (1.0 mmol, 2 equiv),
Ag,CO; (0.75 mmol, 1.5 equiv), THF (5mL), 100 °C, 1.5g 4A
MS, isolated yields.

Next, we demonstrated the utility of the obtained products by
the synthesis of 1-aminoisoquinolines (Scheme 4). We found
that picolinamide can be easily cleaved under reductive condi-
tions by employing LiAlH, to obtain product 3a in excellent
yield, although with complete reduction of ester moiety. Al-
ternatively, when Zn/AcOH mixture was used, methyl ester 3b
was obtained in good yield. We were pleased by this result as
it demonstrated that our developed protocol enables access to
substituted 1-aminoisoquinoline building block in 3 steps from
benzaldehydes in a very efficient fashion.'® In order to gain
insight into the reaction mechanism, we performed series of
control experiments (Scheme 5.).

Scheme 4. Cleavage of the picolinamide directing group

N/ N
— LiAIH, TN oH
o PO(OMe), dal 20 [ \h
N— THF, Z
H  CO;Me 0°Ctort, NH
P COM Y By~
0 U X Me 30 min tBu
2 st _ 9
P /JLH steps A No_O __| 3a, 93%
" = !
Z By~ =
£BUNC tBu N o~ /\(COZMe
N
AcOH
l—Bu’NH
3b, 67%
Scheme 5. Control experiments
a) Ligand exchange experiments
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e) Stoichiometric experiment
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First, unsaturated phenylalanine derivative 1aa under standard
reaction conditions was unreactive if Co(dpm), was substitut-
ed with Co(dpm); (Scheme 5, a)). Such a result indicated that
first step of the catalytic cycle is coordination of Co(dpm),
catalyst to the substrate and not the oxidation of Co(II) to
Co(III). This was further supported by a stoichiometric exper-
iment where Co(I)-substrate complex 4 underwent C-H func-
tionalization under reaction conditions and delivered product
2aa in 55% yield. H/D scrambling experiments were also con-
ducted (Scheme 5, b)). By employing AcOD as a co-solvent,
we observed 14% H/D scrambling in the ortho-position of the
substrate 1ab under the reaction conditions. Similar result was
obtained using D-labeled substrate D-lab and AcOH co-
solvent. Additionally, the competition reaction gave KIE value
of 1.12 (Scheme 5, ¢)). The obtained results from H/D scram-
bling experiments suggested that most likely C-H bond activa-
tion step is reversible and not involved in the RDS of the reac-
tion. Further competition experiments, in which equimolar
amounts of electron-poor and electron-rich substrates 1as, ac
were subjected to the standard reaction conditions in one pot, a
slight preference for electron rich substrate 1ac was observed
in a NMR analysis (Scheme 5, d)). Such a result suggests that
C-H activation likely occurs via electrophilic pathway.'” Next,
we performed stoichiometric experiment with Co(III)-
substrate C-H activation complex 5 (Scheme 35, e)). Interest-
ingly, complex 5 in reaction with #-butyl isocyanide in absence
of external oxidant underwent C-H functionalization smoothly
and gave product 2aa in quantitative NMR yield, indicating
that 5 is a very likely intermediate of the catalytic cycle. Based
on the mechanistic considerations and literature precedents,
the plausible catalytic cycle is depicted in the Scheme 6. The
catalytic cycle is initiated by the coordination of Co(dpm), to
the substrate, followed by ligand exchange. Co(II) complex A
is then oxidized by Ag,CO; furnishing Co(IIl) complex B,
which then undergoes C-H activation via SgAr or BIES mech-
anism to form complex C. Subsequent coordination and mi-
gratory insertion of the isocyanide provides iminoyl-Co com-
plex D, which reductively eliminates final product 2aa and
Co(I). Alternative pathways involving Co(IV) intermediates
are not likely, as the complex 5 was readily converted to the
product 2aa in presence of #-butyl isocyanide and absence of
external oxidant during the control experiments. Finally Co(T)
is reoxidized to Co(I) and returned to the catalytic cycle.

Scheme 6. Plausible reaction mechanism

Ag,COs Co(dpm),
oxidation ngand CO,Me
exchange
2aa
reductive A \‘
elimination
CO;Me oxidation | Ag2COs
o] NaOPiv
]
w COZMe
N

D migratory Sor Hl
insertion . N/
CO,Me ©
+BUNC @A( /

C-H activation
¢

In summary, we have developed the first example of Co-
catalyzed C-H imination protocol of phenylalanine deriva-
tives. This novel methodology enables to exploit isocyanides
as Cl synthon and obtain substituted 1-aminoisoquinolines
providing convenient alternative to already existing synthetic

methods. The mild reaction conditions allowed to obtain prod-
ucts in high yields with high selectivity whilst tolerating wide
range of functional groups. The mechanistic experiments sup-
port electrophilic C-H activation mechanism followed by mi-
gratory insertion/reductive elimination as key steps in the for-
mation of the product.
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Abstract. Transition metal catalyzed C-H activation and functionalization methodology has made
tremendous advancement in the past few decades. Significant progress for C-H bond functionalization has
been achieved using second row transition metal catalysts. In the past decade, C-H functionalization using
cobalt catalysts have emerged as an attractive alternative due to its low cost and environmentally friendly
properties. The replacement of expensive noble metal catalysts with readily available alternatives is
beneficial to achieve more sustainable C-H functionalization methods with the application in the synthesis
and in the production of relevant chemical compounds. Herein we describe the developed cobalt-catalyzed,
picolinamide-directed methods for the synthesis of heterocyclic compounds.
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1. Introduction

In the past few decades, transition metal catalyzed direct functionalization of ubiquitous C-H bonds
has experienced outstanding progress. Developed C-H bond functionalization methodology has emerged as
an important tool that allows simplification of synthetic schemes, thereby making synthetic pathway more
economical and environmentally beneficial." Most of the discovered methods are based on directed C-H
activation to achieve regioselective transformation. The directing group used for C-H activation contains a
functional group that can coordinate metal centre in the close proximity to the desired C-H bond thus
providing highly selective C-H activation. Among the various directing groups used, bidentate directing
groups have been demonstrated as one of the most efficient tools for the selective C-H functionalization.”
The efficiency of bidentate directing groups in C-H activation and functionalization reactions can be
explained by the ability to stabilize high-valent transition-metal intermediates. The quinolinamide and
picolinamide directing groups were introduced in 2005 by Daugulis group.’ Later, in 2014, Daugulis group
demonstrated that Co(II) salts in combination with bidentate directing group assistance can be exploited as a
high valent Co(IIl) precursors for the C-H activation and functionalization.* Cobalt is a highly desirable
alternative to noble metals due to its low cost and environmentally friendly properties; therefore, the
discovery of the bidentate directing group-assisted high valent cobalt-catalyzed C-H functionalization
inspired researchers from other groups to contribute to this area.’ Using this approach, a number of methods
have been developed for the synthesis of diverse relevant heterocyclic targets, e.g. sultams,*** saccharines,*®
ph‘[halimides,6e’f isoquinolines,®® isoquinolones,6h’ : phosphaquinolones(’j’k etc.

Since the pioneering work by Daugulis,’ picolinamide directing group has extensively been used for a
large diversity of C-H bond functionalization reactions catalyzed by various transition metals.” The wide
application of the picolinamide directing group is due to the provided ortho-selectivity of C-H activation
step. Furthermore, picolinoyl group is easy to introduce on an amine-type substrate, as well as after reaction
it is easy to remove from the products.®

Herein we summarize the developed C-H functionalization methodology for the synthesis of various
heterocycles under cobalt-catalysis using picolinamide as directing group.
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2. C-H functionalization with alkynes

In 2014, Daugulis and Grigorjeva reported the first example of cobalt-catalyzed, picolinamide-directed
C-H activation and functionalization (Scheme 1).* Although the focus of their research was on the use of
8-aminoquinoline for C-H functionalization of benzamides with alkynes, they additionally demonstrated that
picolinamide can be successfully used as a bidentate directing group to achieve selective C-H activation.
They showed that 1-methylbenzylamine derived picolinamide 1 in the presence of readily available
Co(OAc); '4H,0 catalyst, NaOPiv additive and Mn(OAc), oxidant, can be annulated with 2-butyne to yield
1,2-dihydroisoquinoline derivative 2. The authors demonstrated that the picolinamide directing group could
be easily removed under base hydrolysis conditions to afford isoquinoline 3.

2-Butyne (1.2 equiv)
Me O NaOPiv (2 equiv) Me O Me

N N Mn(OAc); (2 equiv) . N N\ N
H | Co(OAc),*4H,0 (1 equiv) | NaOH ‘
N~ = M > _— = M
TFE, air, 100 °C, 36 h e MeOH, 80 °C e

Me 12 h Me
1 2, 44% 3,93%

Scheme 1. The first example of cobalt-catalyzed picolinamide-directed C-H functionalization.

Cui and co-workers later, in 2017 expanded the utility of this method and published an extended study
for the synthesis of isoquinoline derivatives 5 from benzylamines 4 and terminal or internal alkynes (Scheme
2).9 In their report Co(OAc); '4H,0 catalyst in combination with KPF4 additive in PEG4op were found to be
the best catalytic system for successful annulation reaction. Interestingly, the demonstrated methodology
displayed picolinamide as a traceless directing group for the first time and gave the reaction products 5,
where the directing group was eliminated in situ. A diverse substitution pattern of benzene ring moiety was
tolerated well under the reaction conditions, providing products in moderate to very good yields. In the case
of meta-substituted benzylamine derivatives 4, the reaction was generally unselective and yielded
isoquinolines 5 as a regioisomer mixtures (ranging from 1:1 to 8:1). Alkyne scope study revealed good
compatibility and regioselectivity with both diaryl- and dialkyl-acetylenes as well as terminal alkynes.

R3-—=——R* (1.2 equiv)

2 2
R0 Co(OAc), - 4H,0 (50 mol%) R
RSN KPFg (50 mol%) R SN
L~ N~ PEGy00, 140 °C, O,, 20 h LA~ Ré
3
4 5 R
Selected examples:
OMe
SN SN SN SN SN
MeO Z>Ph By Z>pn Br Z>Ph CF; Z>pn Zph
Ph Ph Ph Ph Ph
89% 94% 72% 42% 82%
Me Ph
F SN SN SN SN
+
& >ph Zph Z>ph “ >ph
Ph F  Ph Ph Ph
71%, rr. = 1:1 68% 77%

Scheme 2. Annulation reaction of benzylamine derivatives 4 with alkynes.

To gain insight into the reaction mechanism, mechanistic investigations were performed. The KIE
(KH/KD) from two parallel reactions was found to be 1.1, indicating that C-H bond activation might not be
involved as the rate-determining step. Subsequently, radical scavenger addition to the reaction mixture under
standard reaction conditions did not inhibit the reaction, revealing that the radical processes are not involved
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in the reaction mechanism. Considering the mechanistic investigations and literature precedents, authors
proposed the plausible catalytic cycle (Scheme 3).” According the proposed mechanism, the reaction is
initiated by the oxidation of Co(II) to Co(III), followed by coordination and ligand exchange with substrate 4
giving cobalt complex 6. Then C-H bond activation via CMD mechanism takes place and intermediate 7 is
formed. Subsequent coordination and migratory insertion of alkyne into Co-C bond furnishes complex 8,
which undergoes reductive elimination to give isoquinolinium salt 9. Next, C-N bond cleavage gives
isoquinoline product 5 and Co(I) species which is reoxidized by O, and returned into the catalytic cycle.

Co(OAC), 4H,0
O %

}/( [Co™]
~N AcOH
@Q \
Ar [COI]
R
5 olll,

o
=
® N AcOH
o}
OAc’/PFe'g NS
Co"-N_
Q /< 7
N X

H,0

H*, 0,

Scheme 3. Plausible reaction mechanism for the synthesis of isoquinolines 5.

Shortly after, Carretero and co-workers published an approach towards the synthesis of
1,2-dihydroisoquinolines 11 (Scheme 4)."°

R2—==—R3 (1.5 equiv)
o Co(OAC), (15 mol%)
= | N ‘ N NaOAc (1.5 equiv) = | N | N
v HooN EtOH, 100 °C, 2.5 h o8 N3 NP
R! 0, (1 atm) R

o] [0} Me (0] (0] (0]
N
= % = =
Me PN ppr T N~ MeO nPr Ph
nPr nPr nPr nPr Me

96% 87% 95% 93% 94%
82% 65% 91%

Scheme 4. Synthesis of 1,2-dihydroisoquinolines 11 via C-H bond functionalization with alkynes.
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In contrast to the method reported by Cui and co-workers, this methodology allowed obtaining
1,2-dihydroisoquinolines 11 in non-traceless fashion, thus avoiding the dehydrogenation of benzylic
position. During the optimization studies, authors determined that Co(OAc), catalyst, NaOAc additive in
ethanol was the best catalytic system where oxygen is used as the sole oxidant. The reaction conditions were
mild, and tolerated a large scope of substituents at the benzene moiety. No significant sensitivity to
para-substituent electronic effects were found, whereas electron-withdrawing substituents at ortho-position
were less reactive. In the case of meta-substituted benzylamine derivatives 10, activation and
functionalization occurred at the more sterically accessible ortho-C-H bond, yielding products 11 with
excellent regioselectivity. The alkyne scope study showed that reaction was not compatible with
diarylacetylenes. Unsymmetrical dialkylacetylenes gave corresponding products 11 with poor
regioselectivity. On the other hand, terminal alkyl- and aryl-alkynes displayed excellent regioselectivity and
reactivity (Scheme 4).

Furthermore, authors demonstrated that the removal of picolinamide directing group was done
efficiently without aromatization of heterocyclic ring under reductive acidic conditions (Scheme 5).'" The
resulting unprotected amine undergoes oxidation by atmospheric O, to furnish dihydroisoquinoline
derivative 12 in excellent yield. The utility of the procedure was demonstrated by subjecting crude reaction
product after C-H functionalization to Zn/HCl system to afford products in one pot manner in good and very
good yields. On the other hand, commonly used base hydrolysis was also feasible and provided isoquinoline
13 in excellent yield.

‘ =N _KOH, EtOH )b __ZnHCl
A Np T sec H,O/THF, rt.
nPr HO npf

13, 93% 11, 96% 12, 96%

Scheme 5. The cleavage of picolinamide directing group.

Based on mechanistic experiments and literature precedents, authors proposed a simplified plausible
catalytic cycle (Scheme 6)."° Initially, Co(OAc); coordination with substrate 10 and concomitant oxidation
by O, forms cobalt complex 14. Next, C-H bond cobaltation gives five membered cobaltacycle 15, followed
by alkyne coordination and migratory insertion in Co-C bond affording intermediates 17 or 18. Finally, after
reductive elimination 1,2-dihydroisoquinoline 11 is formed, and Co(lI) is reoxidized and returned to the
catalytic cycle.

2H,0 10, 0,
[Co”] AcOH ph

i S
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R 11 Ph
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N Y
b N or N
L L R
R \ Co”' . @CCO'" N
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O
15
@CC " A =R
N R

16
Scheme 6. The plausible reaction mechanism for the formation of isoquinolines 11.
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In 2019, Zhong and co-workers developed a novel o-arylaniline 19 C-H bond functionalization
protocol to obtain dibenzoazepines 20 (Scheme 7).!' The optimized reaction conditions included CoCl, as
catalyst, NaOPiv additive, Mn(OAc); co-oxidant and O, as the terminal oxidant. Authors devised a one-pot
procedure and treated the crude reaction mixture from C-H bond functionalization step with NaOH in
ethanol to cleave the picolinamide directing group. The reaction substrate scope studies revealed that
benzene rings with electron rich substituents (Me, SMe, OMe) gave products 20 in better yields than
electron poor ones (CF;, F). Regarding the alkyne scope, electronic effect was reversed: electron poor
alkynes gave products 20 in better yields than electron rich ones, although the majority of products were
obtained in moderate yields. Interestingly, the unsymmetrical diaryl alkynes gave regioisomer mixtures in
1.2:1 ratio. An exception was the alkyne with strongly electron-biased substituents at para-position of the
arenes (OMe and CF3), providing the product in highly regioselective manner (>20:1). Unfortunately,
dialkyl- or alkylaryl-alkynes were unreactive, whereas terminal alkynes turned out to be compatible coupling
components and yielded products 20 predominately in moderate yields, albeit with excellent regioselectivity.

1)R3—=—=—R* (2 equiv)
N CoCl, (20 mol%)
R Mn(OAc), (20 mol%)
= N NaOPiv (2.0 equiv)

N.__X.~ O, (1 atm), TFE, 120 °C
2) EtOH, NaOH, 75 °C

45% 60%

42% 65% 47%
Scheme 7. Synthesis of dibenzoazepines 20 via C-H bond functionalization of o-arylanilines 19.

The proposed catalytic cycle (Scheme 8)'" is based on experimental data and the literature precedents.
The reaction is initiated by the coordination of Co(Il) to the substrate followed by oxidation with
Mn(OAc),/O, oxidant system to generate Co(IIl) complex 22. Next, cobalt complex 23 forms by C-H
cobaltation of 22, which as suggested by intermolecular KIE experiment is probably the rate-determining
step. Besides, the increase of product 20 yield using electron rich substrates also implies that a base-assisted
intramolecular electrophilic substitution-type mechanism could be operative within the C-H metalation.
Subsequently, alkyne coordination and migratory insertion into Co-C bond gives intermediate 24, which
undergoes reductive elimination to give product 25. Finally, hydrolysis and tautomerization of the double
bond leads to more stable imine form 20. Alternative pathway from complex 24 to open chain product 26 via
protodemetalation mechanism followed by cyclization to form 20 was omitted, because the control
experiment where 26 was subjected to standard reaction conditions gave no traces of product whatsoever.

Yang and co-workers in 2020 developed an efficient method for the synthesis of benzoquinolines 28
by cobalt catalyzed, picolinamide-directed naphthylamine 27 C-H bond functionalization with alkynes
(Scheme 9)."? The optimized reaction conditions required Co(OAc), catalyst, NaOAc additive in xylene at
120 °C for successful transformation. Similarly, to other literature reports, in this transformation no
additional external oxidant was necessary, as the atmospheric oxygen was capable to oxidize the cobalt
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catalyst. The majority of the alkyne scope was demonstrated using terminal alkynes, only two examples with
internal alkynes were shown. The authors found that electron-poor alkynes performed worse than
electron-rich, and gave products in low and moderate yields. Influence of the naphthalene substituents
showed that electron-donating group (Me) is compatible with the reaction conditions, on the other hand,
naphthalene 27 substituted with electron-withdrawing group (NO) yielded product 28 in only 14% yield.

(0]
x/8/\ I [Co”] :Ccﬁ:} o /\8\/ 2
Mn!

X
2_— 3 i ‘ 1
R! R2-———R3(2 equiv) _N R
o O Co(OAc); (20 mol%) B O
| A N NaOAc (2 equiv) 0" °N O
_ NabAclsequv)
_N H Xylene, N, 120 °C R

3
Selected examples: 27 28 R

Scheme 9. Cobalt-catalyzed naphthylamine 27 annulation with alkynes.

In the same year, our group reported a cobalt-catalyzed, picolinamide-directed C-H functionalization
of phenylglycinols 29 with alkynes to afford 1,2-dihydroisoquinolines 30 (Scheme 10)."”* We found that
Co(dpm); catalyst, NaOPiv base and Mn(OAc);'2H,0/0O; oxidant system in methanol at 80 °C is the most
appropriate catalytic system for this transformation. Several different alcohol-protecting groups (MOM,
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PMB and TBS) were viable and gave reaction products smoothly. In contrast, unprotected alcohol did not
result in product formation, most likely due to possible cobalt coordination to oxygen atom thereby
deactivating the cobalt catalyst. The reaction conditions are mild, tolerated wide variety of benzene
substituents: electron-donor and electron-acceptor groups as well as halogen atoms, giving products mostly
in very good yields and with complete regioselectivity towards less hindered ortho-C-H bond if
meta-substituted substrates were used. Alkyne scope studies revealed that both terminal and
symmetrical/unsymmetrical internal alkynes with diverse electronic properties were applicable and resulted
in corresponding products with predominantly very good yields and excellent regioselectivity. An additional
advantage of the developed methodology was the complete retention of original stereochemistry at
a-position of substrate that allowed obtaining enantiopure products.

‘ X
R% (1.5 - 3 equiv) R?0 ZN
Co (dpm), (20 mol%)
NaOPiv (1.2 equiv) X N~ o
Mn(OAc)a* 2H,0 (2 equiv) ‘/ P "
MeOH, 80 °C, O, Ri R
RS
Selectedexammes” __________________________
X X X X
\ TBSO | \ \
PMBO _N o TBSO TBSO _N  TBSO _N TBSO _N
Z 1y nPr Zph Zph
Ph Me
75% 55% 78% so% 77% 73%
‘ X
TBSO TBSO TBSO _N
O& @3} e
Z>TMs
65% 73% 71%

Scheme 10. Cobalt-catalyzed C-H annulation of phenylglycinols 29 with alkynes.

The synthetic utility of this transformation was demonstrated by accessing tetrahydroisoquinoline 33.
The reduction of 1,2-dihydroisoquinoline 31 in presence of Na/NHj; led to the formation of 32 in highly
diastereoselective manner. Subsequent directing group cleavage with LiAlH4 gave tetrahydroisoquinoline 33
in very good yield and without enantiopurity loss (Scheme 11)."

TBSO TBSO TBSO
Na/NH3 X LAH@1.5 equlv
THF, -78 °C THF, 0°C tor. t.
TMS TMS

31, ee>99% 32,69%,d.r. >20/1 33, 86%, ee > 99%

Scheme 11. 1,2-Dihydroquinoline 31 reduction and removal of the picolinamide directing group.

Based on experimental observations and literature precedents, we proposed a plausible catalytic cycle
(Scheme 12)."* Initially, oxidation of the Co(II) catalyst in the presence of phenylglycinol 29 generates
Co(IIT) complex 34. Subsequent C-H activation step forms cobaltacycle 35. Next, alkyne coordination and
insertion into Co-Ar bond gives intermediate 36. Finally, reductive elimination step would give reaction
product 30 and Co(I) species that after oxidation with Mn(III)/O, system returns to the catalytic cycle.

In 2020, Qi and co-workers reported the cobalt-catalyzed, picolinamide-directed hydroarylation of
naphthylamines 37 with internal alkynes and diynes. Their catalytic system consisted of Co(OAc),4H,O
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catalyst, KOAc base in TFE at 100 °C under air. This work was mainly focused on open-chain
hydroarylation products, however a single example of C-H annulation product was also presented, albeit in a
low yield (Scheme 13)."

RO o
N A It
\ L,Co'"X,
ANgeNaA /
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R 30 L,Co'X
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Scheme 12. Plausible mechanism for the annulation of phenylglycinols 29 with alkynes.
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Scheme 13. Annulation of naphthylamine derivative 37.

Our group continued investigations on cobalt-catalyzed, picolinamide-directed C-H bond
functionalization methodology, and in 2021, we reported a study on phenylglycine 39 C-H bond
functionalization.'> Our previous results showed that phenylglycinols 29 were compatible substrates for the
annulation reaction with alkynes. We set our goal to transfer the methodology to more challenging
substrates: amino acids as a continuation of our research. The optimization studies showed that
phenylglycine derivatives 39 are difficult substrates for C-H functionalization, mainly due to their instability
under typical reaction conditions and tendency to form ketoesters 41 via oxidative cleavage (Scheme 14)."
We managed to optimize phenylglycine 39 C-H bond annulation with para-methoxyphenylacetylene up to

36% yield.
}@OM'& (1.5 equiv)

RO O Co(OAC)," 4H,0 (20 mol%)
NaOPiv (1.2 equiv)
NS Mn(OAC)s* 2H,0 (2 equiv)
N~
PhMe, 120 °C, 16 h
39

Scheme 14. Cobalt-catalyzed C-H bond annulation of glycine esters 39 with alkynes.
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3. C-H functionalization with CO or CO surrogates

In 2017, Zhong and co-workers reported the first example of cobalt-catalyzed, picolinamide-directed
carbonylation C(sp?)-H bond (Scheme 15).'"® Under cobalt catalysis, using picolinamide directing group,
benzylamines 42 were transformed into isoindolinone derivatives 43 in a traceless fashion. The developed
catalytic system consisted of Co(OAc),"4H,O catalyst, Ag,CO; oxidant, PivOH additive and diethyl
azodicarboxylate (DEAD) as the carbon monoxide surrogate. These mild reaction conditions provided good
compatibility with alkyl, aryl, halogen and alkoxy substituents giving products in good to very good yields
and excellent regioselectivity in the case of meta-substituted benzylamine derivatives 42. Additionally, the
authors found that developed carbonylation method was scalable up to 2 g. Besides, no loss of enantiopurity
was observed when chiral starting materials were used.

Ag,CO; (2 equiv)
Co(OAc),+4H,0 (20 mol%)

R2 0O
AN . DEAD (2 equiv), PivOH (2 equiv) R*—T\ -
Rg J H N‘ P TFE, air, 120 °C Z
42

o
43
Selected examples:
Me Me Me
MeO CF s
o s o o o}
76% 91% 76% 68% 81% 71% 82%
OMe Ph
Cl Me. Me
NH /@QNH NH CQNH
MeO cl
o % o o)

75% 53% 69% 75%

Scheme 15. Benzylamine 42 C(sp)*-H bond carbonylation.

The plausible catalytic cycle for the carbonylation reaction is provided by the authors and is depicted
in Scheme 16."° The reaction is initiated by the oxidation of Co(II) to Co(III) species and coordination to the
substrate 42 to form complex 44. Next, C-H cobaltation takes place and forms cobalt complex 45. According
to path a, the esteric radical, that is generated in situ from DEAD via thermolysis, attack to complex 45,
forming Co(IV) intermediate 48. Subsequently, reductive elimination and intramolecular cyclization with
successive directing group hydrolysis would give product 43 and Co(Il) species. According to path b, esteric
radical generates CO gas, which coordinates and migratory inserts into Co-C bond to give complex 46. The
reductive elimination and directing group cleavage steps would yield the product 43 and Co(]) species, that
after oxidation with Ag,COs; would be released back to the catalytic cycle. The mechanistic studies showed
that only 10% of product was obtained if intermediate 49 was subjected to the reaction conditions,
suggesting that path a is not the major reaction pathway.

Next year, Zhong and co-workers published a new methodology for the synthesis of N-unprotected
phenanthridinones 51 from arylanilines 50 (Scheme 17)."” In their study authors employed a traceless
picolinamide directing group in combination with CoCl, catalyst, NaOPiv base and DIAD as a CO source.
The use of external oxidants was unnecessary as the O, was sufficient to maintain the reaction. The
developed reaction conditions were mild; therefore, authors offered a broad substrate scope and the majority
of selected substrates tolerated reaction conditions extremely well, giving products predominantly in
excellent yields and highly regioselective manner. Interestingly, besides benzene, thiophene was also
compatible with the reaction conditions and gave product in very high yield.

Based on the control experiments and previous literature data, authors proposed the plausible reaction
mechanism, which is depicted in Scheme 18.'7 First, the carbonylation reaction is initiated by the
coordination of Co(II) salt with arylaniline 50 to form intermediate 52. Next, oxidation of complex 52 to
Co(IIT) complex 53 takes place, followed by the C-H activation step to generate cyclic intermediate 54. The
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coordination and migratory insertion of CO, which is released by thermal decomposition of DIAD, results in
a cyclic Co(Ill) intermediate 55. The reductive elimination results in complex 56, which contains Co(I)
species and is formed via N, O-coordination. Further hydrolysis of 56 gives phenanthridinone 51 and releases
Co(I) which is oxidized to Co(II) and is returned to catalytic cycle.
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Scheme 16. Proposed mechanlsm for the cobalt-catalyzed carbonylation of benzylamine 42 C-H bond.
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Scheme 17. Cobalt-catalyzed C-H carbonylation of phenanthridinones 50.
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The performed intermolecular competition experiment gave KIE value of ky/kp=1.72, while obtained
KIE value from two parallel reaction was ky/kp=2.24. These KIE experiments indicated that C-H bond
cleavage might occur in a rate-determining step. Besides, from experiments with a radical scavenger
addition, authors found, that the esteric radical species, generated from DIAD, most likely are not the active
carbonylation species, as addition of TEMPO showed only a slight influence on the reaction yield.

0, Co!l
51\&9 H,0 jﬁj

N O, /{

Q Co'”N B -lPrOH O OJ\ <—2 DIAD

55
Scheme 18. Plausible reaction mechanism for the C-H bond carbonylation in arylanilines 50.

In 2019, Wu and co-workers developed a methodology for the synthesis of benzoindolones 58 via C-H
bond carbonylation of the naphthylamine derivatives 57 (Scheme 19)."

TFBen (3 equiv)
CoCl, (30 mol%)

Ag,CO3 (2.5equiv) O OCHO
HN ‘ A PivOH (1 equiv) NH !
N N__—~ Et;N (3 equiv) X . :
\ 1,4-dioxane ¢ 'OHCO OCHO
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57 58 0 Trommmomomommomoooees
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64% 31% 27%

Scheme 19. Cobalt-catalyzed naphthylamine 57 C-H bond carbonylation.
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Similarly to other C-H carbonylation reports, in this case picolinamide directing group was used in
traceless fashion and was cleaved in situ under the reaction conditions. Benzene-1,3,5-triyl triformate
(TFBen) was used as an efficient and solid CO gas surrogate. The authors demonstrated that the substitution
pattern at C4 position is rather flexible. A large variety of functional groups: alkyl, aryl, heteroaryl, alkynyl,
halogen, esters were well tolerated and gave products in yields ranging from low to very good. The only
significant limitation was the lack of substitution at C2 position, in such case, only trace amount of product
was detected. This result suggests that the steric effect play a very important role in a substrate design. This
methodology is also scalable and can be realized up to 4 mmol of 57, although 19% drop in yield was
observed (Scheme 19).

The proposed plausible catalytic cycle was based on the experimental data and literature precedents
(Scheme 20)." The catalytic cycle is initiated with the coordination of Co(II) to the substrate 57 followed by
an oxidation with Ag(I) to afford complex 59. Subsequently, C-H activation step forms cobaltacycle 60. The
CO gas, which is generated in situ from TFBen coordinates and inserts into Co-C bond to give acyl cobalt
species 61. Next, the reductive elimination takes place, followed by the hydrolysis of the directing group in
intermediate 62 yielding benzoindolone 58 and returning Co(I) to the catalytic cycle, where it is reoxidized
to Co(Il). The addition of TEMPO as the radical scavenger under the standard conditions did not affect the
product yield, thereby excluding the radical process. Performed KIE experiments indicated that the C-H
bond cleavage was not involved in the rate-determining step.

57 + Ag'

" S
%“ -

t;m S

Scheme 20. Plausible catalytic cycle for the C-H bond carbonylation of naphthylamines 57.

In 2020, we explored C-H bond carbonylation possibilities of amino alcohol derivatives 63. This
substrate design had proven to be effective for C-H bond annulation with alkynes, which we had reported
earlier that year. In our work, we developed a catalytic system for the C-H bond carbonylation reaction using
picolinamide as a traceless directing group to obtain isoindolinones 64 (Scheme 21)."” From the perspective
of alcohol protecting groups, we found similar reactivity pattern as previously."> Thus, TBS, PMB, MOM
protecting groups could be used, although TBS group was superior over the others and gave product in
higher yield. Unfortunately, unprotected amino alcohol derivatives did not gave corresponding carbonylation
product 64, that we attributed to excessive chelation and deactivation of the cobalt catalyst by an oxygen
atom. Reactions using various ortho-, meta- and para-substituents were successful and in majority of cases
products were obtained in good and very good yields with excellent regioselectivity in the case of
meta-substituted amino alcohols 63. We demonstrated that the reaction conditions are mild and no loss of
enantiopurity of product 64 was detected under the reaction conditions. Furthermore, this methodology was
transferred to more challenging quaternary and sterically hindered substrates, reactions yielded products in
moderate yields, and higher catalyst loading and longer reaction times were required.
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Scheme 21. Cobalt-catalyzed C-H bond carbonylation of amino alcohols 63.

In 2021, Wu and co-workers reported an approach for the synthesis of free indoloquinoxalinones 66.
Their work involved the use of picolinamide as a traceless directing group for indolylaniline 65 C-H bond
carbonylation employing TFBen as CO surrogate (Scheme 22).%° The optimized reaction conditions tolerated
several alkyl, alkoxy, halogen and ester functional groups, and gave corresponding products in moderate to
good yields. Introduction of a substituent on the aniline moiety had negative impact on the reaction
efficiency, as all of the products were obtained in lower yields and in some cases reaction required higher
temperature or prolonged reaction time compared to substrates with non-substituted aniline.

TFBen (3 equiv)
CoCl, (30 mol%)

A / \ Ag,CO3 (4 equiv) N\ o)
R1 _ PivOH (4 equiv) R1 T
Et:N (0.5 equiv) N NH
@
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1,4-dioxane, 130 °C J

85% ge% C 82% 76% 85%

trace 62% 65%
Scheme 22. Cobalt-catalyzed indolylaniline 65 C-H bond carbonylation.
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If methyl substituent was introduced at the C6 position of the aniline, only product traces were
obtained. The authors suggest that the steric effect of ortho-methyl group might interfere with the indole and
aniline position in different plane that caused difficulty to form C-N bond. However, a series of
indole-substituted substrates 65 were tested for C-H bond carbonylation, providing good reactivity (Scheme
22).

The proposed catalytic cycle for the cobalt-catalyzed synthesis of indoloquinoxalinones 66 is depicted
in Scheme 23,% and is similar to C-H bond carbonylation of naphthylamines 57. Initially, the Co(II) catalyst
is coordinated to the substrate 65 and oxidized to Co(IIl) complex 67 by Ag(I) salt. Next, C-H bond
activation takes place and forms complex 68. Further, coordination and migratory insertion of CO, which is
generated from TFBen, lead to acyl cobalt complex 69. After the reductive elimination step, intermediate 70
is formed which then is hydrolysed to give product 66. The released Co(I) species are reoxidized by Ag(I)
and are returned to the catalytic cycle.

65+ Ag'

Ag'
66 >T Co'X, s\
Co
X
> Ag° \|||
N Co\
7\ N
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69 co

TFBen

Scheme 23. Plausible mechanism for the C-H bond carbonylation of indolylanilines 65.

Recently, our group demonstrated a novel method for the synthesis of 1,2-dihydroisoquinolinones 72
via C-H bond carbonylation of phenylalanine derivatives 71 (Scheme 24).>' Developed catalytic system
included Co(dpm), catalyst, PivOH additive and Ag,CO3/Mn(OAc);-2H,0 oxidant system in chlorobenzene.
Diverse functional groups were compatible with the reaction conditions and gave products mostly in good
yields. The substrate scope studies showed that both electron-donating and -electron-withdrawing
substituents at ortho-, meta- and para-positions of the benzene were tolerated well. In the case of
meta-substituted amino acid derivatives 71, we obtained products arising from the functionalization of the
less hindered C-H bond, even in the case of meta-fluoro substituent. Additionally, we demonstrated that our
developed catalytic system were successful for the late stage functionalization of short dipeptides and
tripeptides, and gave corresponding carbonylation products in acceptable to good yields. Unfortunately,
under the reaction conditions partial racemization occurred.

To gain some insights into the reaction mechanism, we performed several control experiments, based
on obtained results as well as literature precedents we proposed a plausible reaction mechanism (Scheme
25).*" According to proposed catalytic cycle, initially phenylalanine 71 is converted to imine 73' under
oxidative conditions in the presence of Co(Il) catalyst, which then tautomerizes to corresponding enamine
73. The control experiments, where the addition of radical scavenger TEMPO significantly suppressed the
carbonylation reaction of phenylalanine 71, but only slightly affected the carbonylation if enamine 73 was
used as the starting substrate, indicate that the radical pathway may be involved for the generation of
enamine 73. Next, enamine 73 coordinates to Co(II) and is oxidized to Co(IIl) complex 74, followed by the
C-H cobaltation to form complex 75. Further, three possible pathways could be envisioned. According to
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path a, Co(Ill) complex 75 is oxidized to Co(IV), followed by CO coordination and insertion, to give
intermediate 76, that after the reductive elimination step forms 77.
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Scheme 24. Cobalt-catalyzed C-H bond carbonylation of phenylalanines 71.

YcozR ‘ COsR Col COR
HN__O m o] oxidant HN.__O

N - N ~
73 e ‘ 73" o ‘ 71
Both isomers detected by UPLC-MS

tBu Co'!
7\ oS oxidant
o) " /m—o/ Bu T3
0”7 No @i\ COR
)\\/)\tBu \“,IN 0o
72 tBu o"CO\X
7 B % ’ N~
Isolated u o] |
— X
tBu 74
path a
—/ & ~COR
)
O"Col“

Bu—’ (I) N7 ‘
COR  path b — X
o 75 Bu

Isolated

78
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Alternatively, formation of the cobalt intermediate 77 could occur via coordination and migratory
insertion of CO in complex 75, followed by the reductive elimination step (path b). Similarly, path ¢ could
also be possible according to which, CO coordination and migratory insertion in complex 75 takes place to
furnish Co(IIl) intermediate 78, followed by oxidation to Co(IV) complex 76. Finally, after the hydrolysis of
complex 77, product 72 is formed and cobalt is reoxidized to Co(IlT) complex 79, which via ligand exchange
restarts the catalytic cycle. The performed control experiment, where C-H activation intermediate 75 was
transformed into the carbonylation product in absence of external oxidant under CO atmosphere indicated
that path b might be more favourable over the other pathways (Scheme 25).

4. C-H functionalization with heteroarenes

Wang and co-workers in 2020 reported the only example known so far of cobalt-catalyzed,
picolinamide-directed arylaniline 80 C-H bond heteroarylation with heteroarenes 81 (Scheme 26).** The
presented work provided an efficient access to 2-(2-arylphenyl)azole 82 motifs, which are known to possess
antifungal and anti-inflammatory properties. The reported catalytic system consisted of Co(OAc), catalyst,
Ag,CO; oxidant and sodium oleate base. The authors examined the generality of the method by testing
several substitution patterns in both of arylaniline 80 aromatic moieties as well as substrate scope with the
respect to azoles 81. They found that R' substituent at aniline had only a slight effect on the product yield.
Regardless of the substituent position or electronic pattern, the majority of products were obtained in
moderate yields. However, R* substituent at the ortho-aryl ring had a greater influence on the substrate 80
reactivity. The use of substrates containing weak electron-withdrawing groups such as 4-F and 4-Cl slightly
decreased the product 82 yield compared to unsubstituted substrates, whereas strong electron-withdrawing
groups (-CF3, -CO,;Me) displayed even poorer reactivity and gave corresponding products 82 in low yields.
The less potent substrate reactivity was attributed to the decreased efficiency of the C-H bond activation
step. The examination of the azole 81 substituent influence on the reaction yield showed that similarly to R'
substituents, no significant change in reactivity was observed neither for the position nor for the electronic
properties of the functional group. Additionally, the authors showed that benzothiazoles and oxazoles are
also competent arylaniline 80 C-H bond functionalization counterparts.
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Scheme 26. Cobalt-catalyzed arylaniline 80 C-H bond functionalization with heteroarenes 81.

On the basis of the conducted control experiments and literature data, authors proposed plausible
mechanism for arylaniline 80 C-H bond functionalization with heteroarenes 81 (Scheme 27).** According to
the proposal, first, Co(II) catalyst coordinates to the substrate, providing complex 83, which is oxidized by
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Ag,CO; to Co(Ill) complex 84. Next, irreversible C-H bond cobaltation takes place via base-assisted
concerted metalation-deprotonation (CMD) mechanism to obtain cyclic C-H activation intermediate 85.
Subsequently azole 81 is coordinated to the cobalt centre to form intermediate 86, followed by the reductive
elimination to give the desired product 82 and Co(I) species, which are oxidized by Ag,CO; to Co(Il) and
returned back to the catalytic cycle.
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Scheme 27. Plausible mechanism for the arylaniline 80 C-H bond functionalization with heteroarenes 81.

5. Conclusions

In this chapter, we have summarized the cobalt-catalyzed, picolinamide-directed C-H functionalization
methodologies for the synthesis of various heterocyclic targets, which substructures are the key fragments in
various natural products or pharmaceutically active compounds. We have compiled the published methods
for C-H functionalization with alkynes yielding isoquinolines, 1,2-dihydroisoquinolines, dibenzoazepines
and benzoquinolines, as well as C-H bond carbonylation methods to access isoindolinones,
phenanthridinones, benzoindolones, indoloquinoxalinones and 1,2-dihydroisoquinolinones, and one C-H
bond heteroarylation method, which allowed to obtain 2-(2-arylphenyl)azole derivatives. Results described
in this review demonstrate that the bidentate directing group assisted cobalt-catalyzed C-H bond
functionalization is a powerful tool for the construction of different types of heterocyclic compounds with
the potential application in medicinal chemistry. One of the greatest advantage of the picolinamide directing
group is the ability to act in a traceless fashion. Besides the developed methods described, this is still highly
active field and many new discoveries might be expected in the nearest future.
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Abstract

Over the last decade, cobalt-catalyzed C-H bond functionalization has proven to be a valuable
tool for the synthesis of complex molecules. In particular, bidentate chelation-assisted C-H
bond functionalization methodology has witnessed tremendous growth in a relatively short
time, having numerous novel transformations developed for various substrate groups,
utilizing a broad range of directing groups. Despite the progress made in this field, the
understanding of mechanistic aspects for the transformations is not very well established as
the majority of the proposed mechanisms rely on well-studied mechanistic aspects of precious
transition metals. As a consequence, only a few studies actually explain the catalyst’s mode
of action in depth based on meaningful mechanistic experiments and theoretical calculations.
In this chapter, we summarize the current understanding of the mechanisms for cobalt-
catalyzed, bidentate chelation-assisted C-H bond functionalization with different coupling
partners that are based either on experimental evidence or theoretical calculations.

Keywords
cobalt-catalysis, bidentate chelation, C-H functionalization, transition-metal catalysis,
mechanistic study, C-H activation

[A]lIntroduction

Transition metal-catalyzed reactions in synthetic organic chemistry have seen
tremendous growth over the last few decades. Precious transition metals (Pd, Rh, Ru, Ir) have
been exploited as a versatile tool for a large variety of functionalization and coupling
reactions demonstrating their important role in several applications in organic chemistry. C-H
functionalization, in particular, has branched out as important tool for the synthesis of various
relevant synthetic targets. Due to the step and atom economy that C-H bond functionalization
provides, it can be considered as an attractive alternative to standard coupling reactions which
often require pre-functionalization of starting materials (borylation, halogenation etc.). Third
row transition metals (Fe, Co, Ni) have displayed a rapid increase in applicability in C-H
bond functionalization reactions, having similar or even better reactivity than precious
transition metal catalysts.[1] In particular, simple cobalt salts in combination with a directing
group and oxidant, have shown a great potential in C-H bond functionalization
methodologies, such as C-C, C-N, C-S or C-halogen bond forming reactions. Cobalt-
catalyzed C-H functionalization dates back to 1955, when Murahashi reported the first
example of cobalt-catalyzed C-H carbonylation of Shiff bases using Co,COg catalyst under
CO atmosphere.[2] This work was followed by a long dormant period and only few examples
were reported until 2010, when cobalt began to resurface as a potentially cost-effective
catalyst and only during the past decade has truly become a hot topic and area of research
among synthetic chemists.

Since the rediscovery of the usefulness of cobalt catalysis in C-H bond
functionalization field, majority of the results were achieved using low-valent cobalt catalysts



by Yoshikai and co-workers where the active catalyst Co(0) or Co(I) species were generated
in situ under reductive conditions.[3] In 2013 Matsunaga and Kanai reported a high-valent
cobalt catalysis by developing Cp*Co(Ill) catalysts which, by an analogy to Rh or Ru
catalysts, could perform in directed C-H bond functionalization reactions very well.[4] In
2014 Daugulis and co-worker published a novel approach towards generating high-valent
Co(III) species in situ from simple Co(Il) salts in combination with bidentate directing group
assistance under oxidative conditions.[5]

[A]1. General mechanisms for the C-H bond functionalization

Over time, the general idea of operative mechanisms in cobalt-catalyzed C-H bond
functionalization has been gathered via direct or indirect evidence. Several reports for
operating mechanisms of low-valent cobalt as well as Cp*Co(Ill) catalysts have been
reported [6,7], so here we only cover the mechanistic aspects of high-valent cobalt catalysis
where active Co(III) catalyst is generated in situ from Co(II) salts under oxidative conditions
in the presence of a directing group. In the Figure 1.1, the general mechanism for C-H
functionalization is depicted. It is believed to consist of 4 elementary steps:

1) Oxidation/coordination of cobalt catalyst to the directing group of substrate;
2) C-H bond activation;

3) C-H bond functionalization.

4) Re-oxidation and returning Co species to the catalytic cycle.
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Figure 1.1 General mechanism for cobalt-catalyzed C-H functionalization
[B]1.1. Coordination/oxidation

For the first step of catalytic cycle two pathways are plausible. On the one hand, the
catalytic cycle could be initiated by the coordination of Co(Il) pre-catalyst to the substrate
molecule forming a Co(II) complex, followed by the oxidation of metal centre forming a
Co(IT) complex from which C-H activation could take place (Figure 1.2, path a). On the
other hand, the Co(Il) pre-catalyst could be oxidized directly to Co(IIl) before the
coordination to substrate (Figure 1.2, path b). Both of these pathways could be competing and
may happen either simultaneously or separately depending on the reaction conditions. Further
in this chapter, we review examples of experimental evidence that support either of these
pathways.

Path b Path a

&g SESE) &
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Figure 1.2 Plausible scenarios in coordination/oxidations step



In 2016, Maiti and co-workers reported a methodology for the C-H bond allylation of
benzamides 1 with olefins 2 to obtain allyl benzamides 3 (Figure 1.3). In the reported work,
the authors used Co(OAc),*4H,O catalyst in the presence of AgrSOs, Na,COs and 8-
aminoquinoline directing group. As a part of their mechanistic investigation, authors
determined the reaction order with the respect to the catalyst by monitoring the reaction
profile with different catalyst loading using GC-MS analysis and an internal standard. The
obtained data showed the reaction order of 0.5 for the Co(OAc), catalyst. Such a result
suggested that in the early stage of the reaction disproportionation of two Co(Il) species is
likely and would lead to the formation of Co(IIl) and Co(I). The presence of Ag(I) salt
facilitates the oxidation of Co(I) to the active Co(IIl) catalyst. Subsequently, coordination to
substrate 1 and C-H bond activation would take place.[7]
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Figure 1.3 Allylation of benzamides 1

In 2016, Ribas and co-workers described the preparation and characterization of Ar-
Co(IIT) complexes, that could be used for the mechanism study of annulation of macrocyclic
arenes with alkynes (Figure 1.4). In their study stochiometric amount of Co(II) salts reacted
with macrocycle 4 in the presence of air. The authors found that ligand exchange could easily
be achieved at room temperature in TFE to obtain Ar-Co(Il) 5§ complexes. By increasing the
reaction temperature, the complexes 5 reacted further to form organometallic Ar-Co(III)
complexes 7. Performing the reaction under an inert atmosphere completely inhibited the
reaction, when starting from Co(Il) complexes 5. However if the reaction was performed
under an inert atmosphere in the presence of an external oxidant (i.e. Ag(I) salts), Ar-Co(III)
complexes 7 formed, as evidenced by HRMS. When Co(acac); was used instead of
Co(OAc),, Ar-Co(Ill) organometallic complexes 7 formed as a major product. Further
reaction of these complexes 7 with alkynes yielded annulation products 8 and 9. These
observations indicated that the Co(Il) catalyst most likely first coordinated to form Co(II)
complex 5, then oxidized to a highly electrophilic 16e” Co(IlI) complex 6 which underwent
rapid C-H bond activation.[8]
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Figure 1.4 Synthesis of Ar-Co(III) complexes 7 via C-H activation of macrocycles 4

In 2017 Sundaraju[9], Gaunt[10] and Lei[11] independently developed a methodology
for C(sp)-H carbonylation of pivaloylamides 10 to obtain succinimides 11 using carbon
monoxide as the carbonyl source (Figure 1.5). The developed catalytic systems were similar,
and in all cases Co(acac), was used as the catalyst and Ag,COj; as the oxidant. As a part of
the study, Sundararaju and co-workers performed several control experiments to gain insight
into reaction mechanism. To probe the oxidation of cobalt species in the reaction media, the
authors monitored the progress of the reaction with stochiometric loading of the catalyst using
UV-Vis spectrometry. The analysis of the results showed that conversion of Co(II) to Co(III)
could be achieved in 2 h. Thus, the authors concluded that the first step of the catalytic cycle
is oxidation of Co(II) catalyst followed by coordination to the substrate 10. Different results
were obtained by Lei and co-workers. During their mechanistic investigations, the authors
monitored the oxidation of and Co(acac), by Ag,CO; using XAS spectroscopy. The analysis
of spectra revealed that the direct reaction between Co(II) and Ag(I) generated the mixture of
Co(II) and Co(II) species, whereas oxidation of Co(II) by Ag(I) in presence of substrate 10
occurred more rapidly. Based on this result, the authors concluded that Co(IIl) catalyst is
more likely to be generated via oxidation of coordinated Co(II) species rather than simple
Co(acac), complex.
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Figure 1.5 Carbonylation of pivaloylamides 10

In 2018, Lei and co-workers reported the cobalt-catalyzed electrochemical C-H bond
annulation of benzamides 1 with ethylene or ethyne (Figure 1.6) to obtain products 12. To
explore the reaction mechanism the authors performed cyclic voltammetry experiments. The
results revealed that the substrate 1 and Co(acac), alone have higher oxidation potentials than
the mixture of substrate 1 and Co(acac),, suggesting that Co(IIl) species are generated
predominantly via anodic oxidation of coordinated Co(Il) complex.[12]

Lei 2018
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Figure 1.6 Electrochemical C-H annulation of benzamides 1 with ethylene or ethyne

Interestingly, one year later, the Ackermann group reported an electrochemical
procedure for the C-H bond acyloxylation of benzamides 1a with benzoic acid 13 and
obtained different results (Figure 1.7). Cyclic voltammetry showed that the oxidation
potential of the Co(II) catalyst is lower than that of substrate 1a as well as the mixture of



substrate 1a and Co(Il), suggesting that Co(Il) is oxidized to Co(III) before the coordination
with substrate.[13]

Ackermann 2019
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Flgure 1.7 Electrochemlcal acyloxylation of benzamide 1a

The same year, Ackerman and co-workers published a methodology for the cobalt-
catalyzed C-H bond annulation of hydrazines 15 with allenes 16 to obtain products 17 (Figure
1.8). The mechanistic investigation study by a means of cyclic voltammetry revealed similar
analytical results as Lei’s report in 2018, oxidation potentials of substrate 15 and Co(OAc),
alone are considerably higher than the mixture of both, suggesting the oxidation of Co(Il) to
Co(IIT) occurs in coordinated complex.[14]

Ackermann 2019

rve 0pt 0 Me
0 Me Co(OAC)2 (10 mol%) N
2 © N™ i X
__NaOAc equiv) P
TFE, 40 °C,
Ar, 2.0 mA R

17
Figure 1.8 Electrochemlcal annulation of hydrazines 15 with allenes 16

Thus far the evidence for the first step of the C-H bond functionalization mechanism
supports both pathways, firstly coordination of Co(I) catalyst to the substrate followed by
oxidation or vice versa. These processes are competitive and occur simultaneously. Based on
the contradictory evidence in the variety of transformations, it seems that if one pathway is
favoured over another, there is no clear indication why it happens, and most probably
depends on variety of factors like catalyst, directing group, oxidant used, reaction
temperature, etc.

[B]1.2. C-H bond Activation

Over the last decades many experimental efforts have been made to gain an understanding on
the process of C-H bond activation.[6] Some of these mechanistic proposals are well
established and some are introduced recently to the field. For high-valent cobalt catalysis
several mechanisms are generally accepted (figure 1.9):

o Electrophilic aromatic substitution (SgAr). The Lewis acidic nature of cobalt enables
it to coordinate to the electrons of n-system in arenes and subsequently make C-Co
bond. This leads to the formation of positively charged Wheland intermediate and
increases the acidity of C-H bond. These acidic intermediates could donate protons to
the solvent or weak bases present in the reaction mixture to re-establish the
aromaticity of the arene.[15]

o Base-assisted intramolecular electrophilic substitution (BIES). Generally, this
reaction mechanism is very similar to SgAr, except the base location in the
coordination sphere of the metal.[15]

o Concerted metalation deprotonation (CMD). This mechanism involves an approach
of the cobalt catalyst to the close proximity of C-H bond usually with assistance of
directing group. The metal coordination sphere contains Brensted base which assists



with the deprotonation of the target C-H bond at the same time as C-Co bond is
formed.[15]

Single electron transfer (SET). This mechanism does not involve direct formation of
the Co-C bond and is devised into several processes: 1) Formation of cation radical
from arene and Co(Ill); 2) Nucleophilic attack on cation radical by external
nucleophile; 3) subsequent SET oxidation of arene; 4) re-aromatization.[15]
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Figure 1.9 General mechanisms for the high-valent cobalt-catalyzed C-H bond activation

During mechanistic investigations, there are several control experiments one can perform to
gain insight into the catalyst’s mode of action in the terms of C-H activation, although often it
is not an easy task. Typically key control experiments to distinguish between these reaction
mechanisms are:

Kinetic isotope effect (KIE) provides the information about rate-determining step
(RDS) of the catalytic cycle, based on the mass difference of hydrogen isotopes 'H
and “H. The mass difference makes the rate at which C-H bond is cleaved, vary if the
C-H bond activation step is rate determining. The KIE can be determined both in
parallel reactions and in competition experiments (Figure 1.10) and evaluated as a
ratio of the kinetic constants of the deuterated and non-deuterated substrates (in
parallel reactions KIE = Ky/Kp) or the relative quantities of the products formed (in
competing reactions KIE = [Py/Pp]).[16] Lack of KIE in C-H bond functionalization
reactions (KIE = 1) indicates that the C-H bond activation step is not rate-determining
and is usually associated with SET mechanism. On the other hand, large KIE value
(KIE >> 1) suggests that the C-H bond activation step is potentially rate-determining
and is associated with BIES or CMD mechanisms. Nevertheless, the interpretation of
the results from KIE experiments is not simple and if not done carefully can lead to
the incorrect conclusions. Even though the KIE determination in competition and
parallel experiments fundamentally displays the same phenomenon — difference in
reaction rate of deuterated and non-deuterated substrates, it does not necessarily
provide indisputable evidence for the rate determining step of the reaction. Other
factors and elementary steps of the mechanism (e.g. reversibility of C-H activation,
ligand exchange or C-H functionalization and selectivity determining step etc.) could
potentially affect the results obtained in one of the two experiments and not in the
other.[17] Therefore, one should assess the KIE in both competition and parallel
experiments, and draw the conclusions based on the results obtained from all of the
experiments.
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KIE = Kp/Kp

Competition experiments are carried out with two substrates bearing electronically
different substituents in the same reaction vessel. The ratio of the reaction products
can indicate the preferred electronic effects which are favoured in particular C-H
activation mechanism. Although, one cannot solely rely on competition experiments
and usually are combined with other control experiments, especially if neither of the
electronic effects are superior.[18,19] Typically, if the substrates bearing electron-
withdrawing substituents are strongly favoured (product ratio >>1), CMD mechanism
is likely operative and this can also be supported further by high KIE values (Figure
1.11, entries 1,7). The higher reactivity of electron-rich substrates along with low or
non-existent KIE could suggest, that the SgAr or BIES C-H activation mechanisms are
operative (Figure 1.11, entries 4,8,9,11). Sometimes the competition experiments do
not provide clear information about reaction mechanism, particularly if both of the
electronic effects display similar reactivity and the ratio of the obtained products is 1
or close to 1 (Figure 1.11, entries 2,3,5,6). In such cases clear distinction between the
operative mechanisms could be obtained with the help of other experiments like DFT
calculations.
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Figure 1.11 Competition experiments and their use to determine the mechanism for C-H bond
activation

Similarly, Hammett analysis can also be used to gain useful information about the
reaction mechanism. This was demonstrated in 2019 by Chatani and co-workers, where a
Hammett plot for cobalt-catalyzed iodination of benzamides 18 showed nearly linear
correlation with a negative slope (p = -3.22), indicating that the rate-determining transition
state was stabilized by electron-donating substituent. Additionally, parallel KIE experiments
revealed KIE to be 0.53. Such a result and Hammett analysis together gave a strong indication
that the C-H bond activation step is not the RDS and the cleavage of C-H bond occurred via
sp’-sp° re-hybridization like in the electrophilic substitution mechanism (Figure 1.12).[19¢]
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Figure 1.12 C-H bond activation of benzamides 18 via SEAr mechanism

Addition of radical scavengers to the reaction mixture can sometimes give useful information
about the reaction mechanism. Radical scavengers (TEMPO, BHT, AIBN, etc.) can partially
or completely inhibit the reaction if SET processes are involved within the catalytic
cycle.[20] Sometimes the SET step can be identified if the radical quenching products are
isolated and characterized, giving convincing evidence of the involvement of the free radicals
in the C-H bond activation or functionalization steps.

[C]1.2.1. Co-Ar(IIT) C-H Activation Complexes

The mechanistic understanding of cobalt-catalyzed C-H bond functionalization is
unfortunately less developed compared to the noble metal catalysts. The instability of the key
reaction intermediates often limits the methods that can be applied to elucidate the reaction
mechanism. To the date, several research groups have been successful in the synthesis and
isolation of the stable aryl-Co(IIT) complexes via direct C-H activation, although in general,
this is rare. Isolation of such complexes is beneficial for the mechanistic studies and often
serves as a direct evidence for the existence of the key reaction intermediates. The first
isolated Ar-Co(III) complex was reported by the Daugulis group in 2014 (Figure 1.13a) and
was characterized by 1D NMR spectroscopy.[21] In 2016, the Maiti group were successful in
isolation of the similar complex and obtained XRD confirmation of the structure.[7] Since
then several other structurally different complexes have been synthesized, isolated and used
for the mechanistic investigations in the catalytic or stochiometric C-H functionalization
reactions.[8,19¢,22] Interestingly, in 2015, the Zhang group were able to detect the presence
of C(sp’)-Co(III) activated complex in the pivaloylamide alkynylation crude reaction mixture
using MALDI-TOF analysis (Figure 1.13g).[23] Similarly, in 2018 the Ackermann group
used ESI-MS to detect the presence of alkenyl-Co(IIl) intermediate in benzamide annulation
reaction with alkyne (Figure 1.131).[19b]
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Figure 1.13 Isolated and detected Ar-Co(IIT) complexes in C-H bond functionalization
reactions

[B]1.3. C-H Bond Functionalization

[C]1.3.1. C-H Bond Functionalization with Electrophiles
[D]1.3.1.1. Reaction with Alkynes

Since the first example in 2014[21], considerable attention has been directed towards
the mechanistic understanding of cobalt-catalyzed C-H bond functionalization with terminal
and internal alkynes. Depending on the reaction conditions and the reagent used, several types
of products could be obtained. Terminal alkynes provide either alkynyl- or annulated products
with variable cycle size whereas internal alkynes in almost every case form cyclic annulated
products. The generally accepted reaction mechanism is depicted in the Figure 1.14. The
reaction is initiated with the coordination/oxidation of Co(II) catalyst with the substrate A to
form Co(III) complex B. Subsequent C-H bond activation gives intermediate C. The plausible
intermediacy of Ar-Co(Ill) C has been evidenced by numerous groups by successfully
exploiting such isolated or synthesized complexes as catalysts or substrates in stochiometric
amounts to obtain alkynylation or annulation products. [8, 24] Depending on the alkyne used,
two reaction pathways are possible. In 2016, Ribas and co-workers based on experimental
observations and DFT calculations, proposed that terminal alkynes predominantly follow an
acetylide mechanism, according to which alkyne first coordinates to the Ar-Co(IIl)
intermediate C and with the base assistance forms complex D. Subsequently, reductive
elimination furnishes Co(I) complex E, which undergoes protodemetalation to give
alkynylation product F and Co(I) catalyst, which is reoxidized and returned to the cycle.
Thereafter, cobalt-assisted intramolecular nucleophilic cyclization delivers G or H. In the
reported study, the authors found that the site of nucleophilic attack is strongly dependent on
the reaction temperature and solvent used as well as alkyne substitution pattern, giving either
thermodynamic or kinetic product. Furthermore, such pathway has also been suggested by the
Zhang group.[23] Alternatively, C-H bond functionalization with internal alkynes proceeds
via the migratory insertion pathway, where coordination and migratory insertion of alkyne



forms complex E’ which undergoes reductive elimination to give cyclic product G’.
Protodemetalation and oxidative cyclization from complex I is unlikely, based on the
experimental evidence obtained by the Daugulis and Song groups.[21,25]
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Figure 1.14 General mechanism for the C-H bond functionalization with internal and terminal
alkynes

Alternative C-H bond functionalization mechanisms involving terminal alkynes have
been proposed by several research groups. According to the mechanistic proposal, the
reaction proceeds via Co(IVIII/IV) catalytic cycle and involves the formation of an alkyne
radical via SET or proton-coupled electron transfer (PCET) steps (Figure 1.15). Although this
mechanism is not very popular, experimental evidence supported by DFT calculations has
been obtained by Song[25b], Balaraman[26] and Wei[27], suggesting that this pathway is
likely when silver oxidants are employed. Initially, coordination/oxidation of Co(II) catalyst
with substrate A gives Co(IIl) complex B which undergoes C-H activation to give Ar-Co(III)
intermediate C. An alkyne radical is generated in situ from halogen- or carboxylate-
substituted alkynes in the presence of Ag(I) salts. DFT calculations suggested that the alkyne
radical can also be obtained from terminal alkynes via a PCET mechanism.[27] Coordination
of the alkyne radical to activated Ar-Co(IIl) intermediate C forms Co(IV) complex D, and
upon reductive elimination and protodemetalation forms alkynylation product F.
Intramolecular cyclization furnishes the cyclic product G.
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[D]1.3.1.2. Reactions with Alkenes and Allenes

Similarly to the C-H functionalization reactions with alkynes, alkenes and allenes are
compatible coupling partners and provide a wide variety of products (Figure 1.16). Internal
alkenes and allenes give cyclic annulation products, whereas terminal alkenes give either
alkenylation and allylation or annulation products, depending whether PB-hydrogens are
present in the molecule.
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Figure 1.16 Possible products in the C-H bond functionalization with alkenes and allenes

Even though alkenes have been successfully employed in numerous C-H bond
functionalization reactions as coupling partners, experimental evidence for the operative
mechanisms of these transformations has not been reported as frequently as in the case of
alkynes. Nevertheless, the general idea of operative mechanisms has been established based
on the analogy to the precious transition metal catalysts. The cycle is initiated by the
coordination/oxidation of Co(Il) catalyst to substrate molecule A, forming Co(II) complex B.
Subsequent C-H activation forms Ar-Co(Ill) intermediate C followed by coordination and
migratory insertion of the alkene to give intermediate D. Finally, reductive elimination gives
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annulation product F.[12,18f24b,28] On the other hand, B-hydride elimination from
intermediate D is possible, yielding either allylation E or alkenylation E’ products, depending
on which of the B-hydrogen is more accessible.[29] Finally, intramolecular Michael addition
in E’ yields cyclic product G (Figure 1.17).[19a]
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Figure 1.17 General C-H bond functionalization mechanism with alkenes
[D]1.3.1.3. Reactions with CO and Isocyanides

Cobalt-catalyzed C-H bond carbonylation methodologies have been extensively studied over
the last decade and many novel transformation have been developed.[30] Although, similarly
to alkenes, not much experimental evidence have been reported on this topic. Generally, the
operative mechanism is assumed to be very similar to alkenes and alkynes (Figure 1.18).
Initially, Co(III) complex B is formed via coordination/oxidation of the Co(Il) catalyst to the
substrate A. Further C-H bond activation yields Ar-Co(Ill) intermediate C which is
coordinated by CO. Subsequent migratory insertion gives acyl-cobalt intermediate E followed
by reductive elimination to furnish product F and Co(]) that is re-oxidized and returned to the
catalytic cycle. Formation of Co(IV) intermediates thus far has not been proposed and are
unlikely. This pathway was recently supported by control experiment where Ar-Co(III)
intermediate C was able to form C-H carbonylation product F with gaseous CO in the
absence of oxidant, indicating Co(I/IIl) catalytic cycle.[22¢] It should be noted that C-H
carbonylation, in which dialkyldicarboxylates (DIAD, DEAD, etc.) are used as CO
surrogates, can proceed via Co(IV) intermediate as suggested by the Zhang’s report.[31] Just
like CO, isocyanides can also be employed for C-H functionalization and provide imine or
carbonylation products F and F’. In this case, the reaction mechanism is believed to be the
same.[32]
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[D]1.3.1.4. Reaction with lodine

In 2019, Chatani and co-workers developed cobalt-catalyzed C-H iodination of the
benzamide derivative 18 to obtain iodides 22. The mechanistic experiments indicated that the
C-H functionalization step involved redox neutral Co(Ill) pathway via electrophilic attack of
I, in the transition state 23. Subsequent protodemetalation and ligand exchange would
regenerate Co(III) species (Figure 1.19).[19¢]
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Figure 1.19 Cobalt-catalyzed C-H bond iodination

[C]1.3.2. Reaction with Nucleophiles

Operative mechanisms for the C-H bond functionalization with nucleophiles slightly
differ from reactions with the electrophiles, where typically the C-H bond activation is
followed by a migratory insertion. It is generally accepted that nucleophiles react with the Ar-
Co(III) intermediate C via ligand exchange to form Ar-Co(IIl)-Nu complex D, followed by
proximity-induced reductive elimination to form product F and Co(I), which is reoxidized to
be reintroduced in the catalytic cycle (Figure 1.20). Interestingly, recently published
mechanistic investigation report by the Ackermann group proposed different pathway for the
electrochemical alkoxylation of benzamides.[22a] In the reported study the authors found that
the reductive elimination did not occur at Ar-Co(II[)-Nu complex D unless the external
oxidant was introduced, thus indicating an additional oxidation-induced reductive elimination
pathway, where Co(II/III/IV) cycle is operative via intermediate E. Either of these
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mechanistic pathways could be applied for the C-H bond functionalization reactions with
carbon[ 19¢,22b], nitrogen[24a,33] or oxygen[22a,13,34] nucleophiles.
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Figure 1.20 General mechanism for the cobalt-catalyzed C-H bond functionalization with
nucleophiles

[C]1.3.3. SET Reaction

Interestingly, several research groups have obtained experimental evidence that
support essentially different mechanism of action. Initially, the first example of the use of a
cobalt catalyst for the C-H bond functionalization via SET mechanism was published by
Kochi and co-workers in 1973.[35] In their work, the authors demonstrated the oxidizing
properties of Co(Ill) salts by obtaining phenyltrifluoroacetates from benzene using
stochiometric amounts of Co(OTf); and TFA solvent. Since the report, this research direction
has grown, more understanding about SET processes has been attained and new
methodologies have been developed, employing various coupling partners. Typically, these
transformations are inhibited by the addition of radical scavengers (TEMPO, BHT, etc.) and
exhibit low or nonexistent primary KIE or show existence of single electron in EPR
spectrum.[20b,¢c,f,g,36] According to this mechanism, the reaction is initiated by
coordination/oxidation of Co(Il) catalyst to the substrate A, forming Co(IIl) complex B
(Figure 1.21). Next, a single electron is transferred from the aromatic system to the cobalt
centre, forming radical cation C and reducing Co(IIl) to Co(I). Coordination of the
nucleophile to Co(II) in the presence of the base yields Co(II)-Nu complex D. Subsequently,
proximity-induced nucleophilic attack on the ortho-position of arene forms radical E, which
is further oxidized to cation F. Rearomatization of the arene furnishes Co(II) complex G,
from which product H and Co(II) catalyst are released upon protodemetalation to restart the
catalytic cycle.[37]
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Figure 1.21 General SET mechanism for the cobalt-catalyzed C-H bond functionalization
with nucleophiles

In 2015, Lu and co-workers reported Co(Il) catalyzed C-H bond acylation of
benzoxazoles 25 with oxocarboxylic acid 26.[20e] The authors proposed a reaction
mechanism depicted in the Figure 1.22. Initially, Co(II) is oxidized to Co(IIl) by Ag(I), which
then reacts with substrate 25 via ligand exchange to generate Co(Ill) complex 28.
Oxocarboxylic acid 26 in the presence of Ag,CO; forms acyl radical species 29, that
coordinates to the complex 28 and oxidizes Co(Il) to Co(IV) intermediate 30. Subsequent
reductive elimination furnishes product 27 and returns Co(Il) to the catalytic cycle.
Interestingly, when 3 equivalents of radical scavenger TEMPO was added to the reaction
mixture, product formation was completely inhibited and the authors observed formation of
TEMPO-acyl adduct 31, which supports their SET mechanism hypothesis.
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Figure 1.22 Cobalt-catalyzed C-H bond acylation of benzoxazoles via SET

process

An interesting example of cobalt-catalyzed cross coupling was demonstrated by Song
and co-workers using mixed directing-group strategy in oxidative C-H bond arylation under
high-valent cobalt catalysis.[20d] In their work, the authors used benzamides 1 with the 8-
aminoquinoline directing group in combination with 2-arylpyridines 32 to achieve tandem C-
H bond activation and obtain heterocoupling products 36 (Figure 1.23). As a part of their
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mechanistic investigation, the authors performed radical quenching experiments and observed
complete suppression of the product 36 formation if TEMPO, BQ or BHT were added to the
reaction mixture. Interestingly, the use of BHT led to the formation of 37, which could be the
result of a SET pathway initiated by Co(IlI) or Mn(Il) species. Based on the mechanistic
investigation, the authors proposed a possible reaction mechanism, where cobalt plays two-
fold role in C-H bond activation. On the one hand, in the intermolecular SET reaction
between benzamide 1 and Co(IIl), intermediate 34 is generated, while on the other hand
direct C-H activation of arylpyridine 32 via CMD mechanism provides 33. Subsequent
coordination of 33 to Co(III) complex and loss of a proton leads to the formation of Co(IV)
intermediate 35, which undergoes reductive elimination to give product 36.
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Figure 1.23 Cobalt-catalyzed cross coupling using mixed directing group strategy

In 2017, Song and co-workers reported a method for C(sp®)-H bond nitration of
pyrimidine derivatives 38 using fert-butylnitrite as the nitrating agent (Figure 1.24). To
elucidate the reaction mechanism, the authors performed control experiments with TEMPO as
a radical scavenger and observed complete inhibition of the nitration reaction. Furthermore,
TEMPO-NO, was detected by GC-MS in the crude reaction mixture, which confirmed
involvement of SET mechanism. On basis of the literature precedents and above experiment,
the authors proposed plausible catalytic cycle. First, a NO radical is generated via thermal
decomposition of tert-butylnitrite, and then oxidized to a NO, radical under aerobic
conditions. In the presence of oxygen, Co(Il) could also be oxidized to Co(IIl), which then
undergoes SET of pyrimidine 38 to generate the cation radical 40. With the help of a fBuO
radical, a H atom is abstracted from intermediate 40 to form intermediate 41. Finally, product
39 is obtained via recombination of intermediate and NO, radicals.[38]
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In the same year, Das and co-workers published a methodology for the cobalt-
catalyzed nitration of N-phenylpyridin-2-amines 42 using AgNO; as the nitro source (Figure
1.25).[20a] To gain insight into the reaction mechanism, the authors performed broad series
of control experiments. First, addition of TEMPO to the reaction mixture completely
inhibited the reaction. Second, no preference towards electron rich or electron poor substrates
was observed in the competition experiments, suggesting that the SET mechanism is involved
and direct C-H cobaltation is unlikely. Additionally, no KIE was observed in the competition
experiments (KIE = 1), indicating that the C-H activation step is not the rate determining step.
Lastly, DFT calculations were also employed to elucidate the reaction mechanism. Initially,
Co(OAc);, is converted to Co(OAc),(NOs) in the presence of silver nitrite, then coordinated to
substrate 42 to form starting complex 44. Following PCET (proton-coupled electron transfer),
a hydrogen atom from the N-H bond is abstracted by acetate and an electron is delocalized to
the cobalt which is reduced from Co(III) to Co(II), forming complex 45. The hydrogen atom
is then abstracted by AcO radical and Co(Il) is oxidized back to Co(IIl). Simultaneously,
single electron on nitrogen atom gets delocalized in the aniline ring and complex 46 is
formed. Next, nitro group is transferred to the ortho-carbon of the aniline ring, which then
adopts sp” hybridization and forms intermediate 47. According to DFT calculations, this is the
RDS of the reaction. The hydrogen in ortho- C-H bond is oriented towards acetate ligand,
which facilitates the abstraction of proton and rehybridization of ortho-carbon generating
intermediate 48. Finally, intramolecular proton transfer and dissociation provides reaction
product 43.
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Figure 1.25 Nitration of N—phenylpyr1d1n-2-am1nes 42

In 2016, Whiteoak and Ribas reported the first example of a cobalt-catalyzed C-H
bond nitration in 8-aminoquinolines 1 via SET pathway with tert-butyl nitrite (Figure
1.26).[39] Initially, the authors proposed a SET pathway, although after more thorough
investigations using DFT calculations in 2020, a different mechanism was proposed,
involving a high-spin remote induced radical coupling mechanism.[40] According to the
obtained results, the reaction is initiated by H-atom abstraction from the amide by BuO
radical, which is generated in situ from the thermal decomposition of rBuONO. Further,
coordination with the Co(Il) catalyst results in the formation of a Co(II) species A with a
partially delocalised radical in the C(5) and C(7) positions in the 8-aminoquinoline moiety,
which then reacts with NO, radical to obtain intermediate B. Deprotonation of B followed by
protodemetalation of chelated product C furnishes final nitration product 49. Such a reaction
pathway is consistent with the regioselectivity observed in sulfonation and
perfluoroalkylation reactions reported earlier by Xia[41] and Song.[20g]
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Figure 1.26 Co(II) catalyzed nitration via high-spin remote induced radical coupling
[A]2. Conclusions and Outlook

To conclude, we have summarized the generally accepted C-H activation and
functionalization mechanisms under cobalt catalysis conditions. Despite the immense
progress in the cobalt-catalyzed C-H functionalization field, not many studies have actually
focused the efforts to understand the mode of action of the catalyst. Most of the mechanistic
studies rely on the use of the isotope labelling and kinetic experiments as well as
computational methods. Due to the instability of organometallic Co complexes and the
reversibility of C-H activation step, isolation and characterisation of such complexes is a
challenging task. Even though many research groups have successfully isolated and employed
these complexes to prove the existence of key reaction intermediates, the reaction mechanism
in lots of cases is still not fully confirmed, remains hypothetical and should be studied further.
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