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SAISINAJUMI/ABBREVIATIONS AND ACRONYMS

HA mikroampérs/microampere

A angstrems/angstrom

Ac acetil-/acetyl

AIDS ieglita imtndeficita sindroms/acquired immune deficiency syndrome
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brsm rékinot p&c atgiitas izejvielas daudzuma/based on the recovered starting material
CAN c€rija ammonija nitrats/ceric ammonium nitrate

Cv cikliska voltametrija/cyclic voltammetry

DBU 1,8-diazabiciklo[5.4.0]Jundec-7-&ns/1,8-diazabicyclo[5.4.0]Jundec-7-ene

DCE 1,2-dihloretans/1,2-dichloroethane

DFT blivuma funkcionala teorija/density-functional theory

DIAD diizopropilazodikarboksilats/diisopropylazodicarboxylate

DIPEA  diisopropiletilamins/diisopropylethylamine

dpm dipivaloilmetans/dipivaloylmethane

EDCi 1-etil-3-(3-dimetilaminopropil )karbodiimids/1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide

Et etil-/ethyl
FG funkcionala grupa/functional group
HIV cilvéka imtindeficita viruss/human immunodeficiency virus

HOBt 1H-1,2,3-benzotriazol-1-ols/1H-1,2,3-benzotriazol-1-ol
HRMS  high resolution mass spectrometry
IBSA izobutanskabes anhidrids/isobutyric acid anhydride

IBX 2-jodoksibenzoskabe/2-iodoxybenzoic acid
ist. t. istabas temperatiira

KMR kodolu magnétiska rezonanse

Me metil-/methyl

mV/s millivolti sekund&/millivolt per second
NFSI N-fluorobenzolsulfonimids/N-fluorobenzenesulfonimide
NMR nuclear magnetic resonance

Nu nukleofils/nucleophile

PA pikolinamids/picolinamide

Phth ftaloil-/phthaloyl

Piv pivaloil-/pivaloyl

Q 8-aminohinolins/8-aminoquinoline

rt room temperature

TBS terc-butildimetilsilil-/tert-butyldimethylsilyl
tBu terc-butil-/tert-butyl

TMS trimetilsilil-/trimethylsilyl



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Organiskas sintétiskas kimijas galvenais mérkis ir konstruét sarezgitakas struktiiras no
vienkarsam molekulam. Klasiska organiska sintéze biezi vien balstas uz funkcionalo grupu
manipulacijam — reakciju virkni, lai iegitu v€lamos produktus. Termins “C-H saites
funkcionaliz€Sana” organiskaja kimija tiek lietots, lai aprakstitu kimisku procesu, kura izejviela
eso$a C-H saite tiek uzskelta un aizvietota ar C-C, C-N, C-S, C-Hal vai kadu citu saiti (1. att.).
Biezi vien $ada tipa transformaciju nevar realiz&t nepietickama C-H saites skabuma vai zemas
reagétsp&jas del. Lai risinatu $o problému, misdienas ir ieviesta jauna pieeja C-H saites
funkcionalizé$anai, kura tiek izmantoti parcjas metali. Patlaban parejas metalu katalizéta C-H
saites aktivéSana un funkcionaliz€Sana ir neatnemama organiskas sintézes sastavdala, un tai ir
bitiska ietekme jaunu zalvielu atklasanas joma, materialzinatng, ka ari dazadu dabas produktu

sintéze. 13

FG FG
X, ~ L, =, ~ X
— —_— —
H H Nu Nu
| !

Nu

1. att. Vispariga shéma C-H saites funkcionalizéSanai.

Liela dala no $ada veida parejas metalu kataliz€tajam parvertibam ir salidzinosi viegli
realiz€jamas, izmantojot dargmetalu (Ru, Rh, Ir, Pd) katalizatorus, turklat Sie metalu
katalizatori ir uzradijusi gan augstu reag€tsp&ju, gan ari tiem piemit lieliska selektivitate.
Neskatoties uz $o dargmetalu augsto reagétspéju, to izmantoSana nav ilgtsp€jiga un tiek
ierobezota, jo tie daba ir reti sastopami, tiem piemit zinama toksicitate, 1idz ar to reakciju
realiz&$ana prasa saméra lielas izmaksas.*

Kobalts ir 4. perioda IX grupas parejas metals ar atomskaitli 27. Kobalts ietilpst vitamina
B12 jeb ciankobalamina sastava, kas padara to par vienu no svarigakajiem metaliem dzivajiem
organismiem. Turklat kobalta savienojumi dazadas oksidéSana pakapés biezi tiek lietoti
organiskaja sintéz& ka reakciju katalizatori.?

Kobalta katalizetas C-H saites aktivéSanas un funkcionalizé$anas reakcijas var iedalit divas
kategorijas — zemas valences kobalta katalize, kur kobaltam ir raksturigas oksidéSanas pakapes
0 un +1, un augstas valences kobalta katalize, kur lietotajiem kobalta katalizatoriem ir
raksturiga oksidéSanas pakape +3, ko iegiist no Co(Ill) vai Co(Il) saliem reakcijas vidé
oksidgjosos apstaklos.>® Vesturiski kobalta katalizétas reakcijas piesaistija uzmanibu
1941. gada, kad Kharasch un Fields grupa publicgja pétijumu, kura tika demonstréts, ka
Grinjara reagenti sp&j dimerizéties kobalta dihlorida klatbiitng.” Savukart 1955. gada japanu
Kimikis Murahashi bija pirmais, kas izstradaja kobalta katalizétu C-H saites funkcionalizéSanas
reakciju, ka reakcijas katalizatoru izmantojot zemas valences dikobalta oktakarbonilu.® Kops
kobalta katalizetu C-H saites funkcionalizéSanas reakciju ievieSanas butiskakie panakumi tika
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giiti, izmantojot zemas valences kobalta katalizatorus. Tomer aptuveni no 2013.-2014. gada
saka pieaugt interese par augstas valences Co(IIl) un ta prekursora Co(II) salu izmantosanu.
Turpmakajos gados $ada tipa katalize kluva par nozimigu pétniecibas virzienu. Miisdienas tiek
raditas jaunas metodes, kuras augstas valences kobalta katalizi apvieno ar zalas kimijas
pamatprincipiem — aizvieto metalu oksidétajus ar elektroenergiju,® lieto 18tus reagentu

10.11 apvieno foto-redoks reakcijas ar parejas metalu

prekursorus indigo gazu generéSanai,
kimiju,'? izmanto viegli noskelamas virzo$as grupas®® u. c.

Ieprieks veiktajos pétijumos promocijas darba autora grupai izdevies izstradat efektivas
metodes kobalta kataliz&tai aminospirtu un aminoskabju C-H saites funkcionalizé$anai (2. att.).
Tika atklats, ka aizvietotus fenilglicinolus 1 var parvérst par izoindolinoniem 2 karboniléSanas

apstaklos, ka tvana gizes avotu izmantojot DIAD (2. a. att.).*°

Tad, turpinot petijumu par
aminoskabju C-H saites funkcionalizésanu, tika atklatas fenilalaninu atvasinajumu 3 un 5
karbonilg$anas (2. b. att.)}* un imingSanas (2. c. att.)"® reakcijas, iegiistot izohinoltna 4 un
iminoizohinolina 6 atvasinajumus. Interesanti, ka karboniléSanas reakciju apstaklos

pikolinamida virzosa grupa tika noskelta in situ.

a) TBSO TBSO
OJ\ J\ﬁ DIAD =
/\
b) COR'" (o
X 1
| CO gaze COR
>~ HN —|_
R R/\ NH
N7 | o
3 Al 4
CO,Me C
©) N e e CO,Me
| RI-NC “
.~ HN — |
R >\ N (@]
N7 R |
6 N

2. att. Ieprieksgjie pettjumi kobalta kataliz&tai heterociklu 2, 4, 6 sintézei.

Jaunu metoZu izstrade heterociklisko savienojumu — gan jaunu, gan jau zinamu — iegiiSanai
varetu ne tikai veicinat jaunu sint€zes pieeju attistibu, bet arT potenciali samazinat jau esoSo
farmaceitisko preparatu razo$anas izmaksas. So iemeslu d&] promocijas darba autora un vina
kolégu pétijumi ir versti uz jaunu kobalta Kkatalizétu C-H saites aktivéSanas un
funkcionaliz€Sanas metozu izstradi dazadu heterociklisko savienojumu iegtiSanai (3. att.).
Promocijas darba izstradatas metodes balstas augstas valences kobalta katalize, kur ka Co(III)
prekursors tiek izmantoti Co(II) sali kombinacija ar bidentatu virzoSo grupu.



X CO2Me |@(\/C02Me N— 0
m 0] Co IT/II\Il o \ Y
— O——CO —
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U = CO,Me

3. att. Dazadu heterociklu atvasinajumu iegiiSanas iesp&jas kobalta katalizes apstak]os.

Pétijuma meérkis un uzdevumi

Promocijas darba merkis ir izstradat jaunas, praktiskas un &rti izmantojamas metodes

kobalta kataliz&tai C-H saites funkcionaliz€$anai. Lai sasniegtu o mérki, tika defin&ti vairaki
darba uzdevumi.

1.

legtit a-amidoakrilatu, sulfonamidu un benzamidu atvasinajumus, kurus potenciali
varétu izmantot kobalta katalizetai C-H saites aktivéSanai un funkcionaliz&Sanai.

Veikt literatiiras izp&ti un identificét piemérotos reagentus, kas varétu piedalities kobalta
katalizetas C-H saites funkcionalizéSanas reakcijas.

Veikt reakcijas apstaklu optimizéSanu un substratu klasta izpéti, noskaidrojot metodes
ierobezojumus. Veikt nepiecieSamos eksperimentus, lai noskaidrotu iesp&amo
reakcijas mehanismu.

Zinatniska novitate un galvenie rezultati

Darba ir izstradatas divas jaunas metodes a-amidoakrilatu atvasinajumu C-H saites

funkcionalizé$anai un viena jauna metode sulfonamidu un benzamidu C-H saites annuléSanai.

1.

Kobalta katalizéta indolu sintéze a-amidoakrilatu atvasinagjumu C-H saites
iekSmolekulara amidéSana.
Kobalta katalizéta 3-benzazepina atvasinajumu sint€ze a-amidoakrilatu atvasinajumu
reakcija ar kalcija karbidu.
Kobalta katalizéta sulfonamidu un benzamidu C-H saites annuléSana ar kalcija karbidu.



Darba struktiira un apjoms
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amidoakrilatu atvasinajumu iekSmolekulara amideésana, 3-benzazepinu iegiiSanas metodi a-

amidoakrilatu atvasinajumu reakcija ar kalcija karbidu ka acetiléna gazes avotu, ka art metodi

sulfonamidu un benzamidu atvasinajumu C-H saites annuléSanai ar kalcija karbidu. Turklat

promocijas darbs ietver arT apskatrakstus par mehanismu pétijumiem.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Kobalta katalizéta indolu sintéze a-amidoakrilatu iekSmolekulara
amidésana

Misdienas ir attistitas dazadas sint€tiskas metodes indolu atvasinajumu iegiiSanai, tai skaita
Figera indolu sintéze un palladija katalizétas ciklizé$anas reakcijas.!® Lai arT §1s metodes biezi
tiek izmantotas, tam ir dazadi ierobezojumi, rodas nevélami blakusprodukti vai ir nepiecieSami
dargi reagenti. So iemeslu d&] jaunu metoZu izstrade indola atvasinajumu iegii$anai, izmantojot
3d grupas parejas metalu katalizatorus (Co, Fe, Mn u.c.), ir loti v€lama.

P&tot a-amidoakrilatu karboniléSanas un iming€Sanas reakcijas, ieprieksgjos petijumos no
reakcijas apstakliem ar 4 % iznakumu tika izdalits C-H aktivétais Co(III) komplekss 7a
(4. att.).}4 1

calll
tBu /O__ /CON/
0 |
— NS
tBu
7a
L = CD3;0D

4. att. Izoléta kompleksa 7a struktura.

Tika planots izpétit §1 kompleksa reagétspéju, lidz ar to bija nepiecieSams sintezét $o
kompleksu lielaka apjoma. Dazadi aizvietoti Co(lll) organiskie kompleksi tika ieguti viena
stadija no a,B-nepiesatinatam aminoskabém 5, izmantojot Co(dpm)., Ag2COs un NaOPiv
neliela parakuma (5. att.). Kristaliz€jot kompleksu 7a no sausa THF, bija iesp€ams iegiit
monokristalus, un pieradit kompleksa 7a struktiiru ar rentgenstruktiiranalizes palidzibu.

Co(dpm), (1.1 ekviv.)
CO,Me
X C02Me  ag.cos (1.1 ekviv) N2
HN. _O NaOPiv (1.1 ekviv.) R L N_O
R THF, 100 °C, 2 h O-——?q"'
tBu— ‘N7
N~ | 0 N |
N = X
tBu
L = THF vai MeOH
5 7a,R=H, 72%
7b, R = Me, 91%

7c,R=F, 59% Produkta 7a struktira
7d, R = NO,, 28%

5. att. Co(l11) kompleksu 7a-d sintéze.

No iegiito produktu 7a-d iznakumiem vargja secinat, ka C-H saites aktivéSanas iznakums
lidzigiem substratiem liela méra ir atkarigs no elektroniskiem efektiem, jo elektroniem bagataks
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substrats 5b (satur metilgrupu) reaggja labak neka elektroniem nabadzigaks substrats 5d (satur
nitrogrupuy).

Talak tika veikti kompleksa 7a reagétsp&jas pétijumi (6. a. att.). lzmantojot Co(lll)
kompleksu 7a ka modelsubstratu jauno transformaciju meklés$anai, tika izméginati dazadi
reagenti, kas potenciali varétu piedalities C-H saites funkcionaliz€Sanas reakcijas. Veiksmiga
C-H saites funkcionalizéSana tika noverota, Co(lll) kompleksam 7a reaggjot ar NFSIL
Paaugstinata temperatiira (60 °C) tas veicinaja C-N saites reducgjoso elimin&Sanu, veidojot
indolu 8. Péc produkta struktiras pieradisanas tika veikta reakcijas apstaklu optimizésana
(6. b. att.). Sakuma tika novérota produkta veidosanas ar 46 % iznakumu, tau péc vairaku
eksperimentu s€rijas produkta iznakumu izdevas uzlabot Iidz 92 %, ka aktiva katalizatora
prekursoru izmantojot CoCl, un dpmH ligandu, ka arT aizstajot THF $kidinataju ar riipniecibas
piemérotaku 2-MeTHF.

a) @(\(COZMS
NaOAc (2 ekviv.) AN
!‘/N o Reagents (2 ekviv.) mCOZMe

O_-—Co”'
Bu—’ | N7 MeCN N o
_ 0 | ist. t. lidz 60 °C =
X 1h N
tBu
7a 8
Pilna konversija
NFSI (1.2 ekviv.)
b) NFSI (1.5 ekviv.) CoCl, (20 mol%)
Co(dpm), (20 mol%) PivOH (50 mol%)

i 0 Reakcijas f :
(o Nz (I -come e, som somon [ S -cowe
HN-O  TtHE 80°C, 1h N 2-MeTHF, 80 °C N
N7 N=(" © 1h N/ O
« | \ \_/
5 8, 46% 8, 92%
6. att. Kompleksa 7a reagétspéjas izpéte un reakcijas apstaklu optimizéSana.

Talak tika parbaudita dazadu funkcionalo grupu savietojamiba ar optimiz&tajiem reakcijas
apstakliem (7.att.). Tika noskaidrots, ka elektrondonoras grupas benzola gredzena ka
alkilgrupa, metoksigrupa un fenilgrupa dazadas pozicijas dod attiecigos produktus ar loti
labiem Iidz teicamiem iznakumiem (produkti 8b, 8c, 8h, 8k, 8l, 8n, 80, 8q). Halogénaizvietoti
produkti orto- vai para- pozicijas kopuma veidojas ar labiem iznakumiem — no 50 % lidz 84 %
(produkti 8d-8g, 8m, 8r). Interesanti, ka substrati, kas satur€ja elektronakceptorus aizvietotajus,
proti, 4-NO2 un 4-CN, attiecigos produktus neveidoja. 2-Naftilaizvietots substrats 55 deva
produktu 8s ar 76 % iznakumu ka vienu regioizoméru. Turklat meta-aizvietoti substrati (5n, 5p,
5u) veidoja attiecigos produktus ar labiem iznakumiem (76 %, 95 %, 71 %), aktiv&joties tikai
telpiski pieejamakajai C-H saiteli.
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CO,Me
| TR 27" NFSI (1.2 ekviv.), NaBiOs (2 ekviv.) | N come
Y HN._O  PIVOH (50 mol%), CaCly (20 mol%) &, sy 2

R dpmH (50 mol%) R
Z N O
N | 2-MeTHF, 80 °C =
5 N\ 1-16 h 7

8a, R=H, 92%

R
\ 8b, R = Me, 84% R N
COzMe 8(-;7 R = OMe, 65% \ COZMe COZMe
N
N

8d, R = Br, 76%

8e,R=1,59% o N o)
8f, R = Cl, 569 N= -
\ y R =Cl, 56% 8k, R =0OMe, 79% 8n, R = OMe, 76%
8g,R=F, 70% \ y 8l R=M o J 8 - o
- y R =Me, 99% o, R = Me, 95%
8h, R =Ph, 74% 8m, R = Br, 84% 8p, R = NHBoc, 71%
8i, R = NO,, 0%
8j, R=CN, 0%
: , CO,M
CO,Me 2Me
~
N/
= S /
\_/ 89,R=R;=Me, 84%  8s, 76% 8t, 89% FsC 8u, 70%

8r,R=Cl, Ry =F, 50%

7. att. Substratu klasta izpéte.

Lai paraditu izstradatas metodologijas izmantoSanas iesp&jas, tika nolemts veikt zalvielas
atevirdina sint€zi, izmantojot jaunatklato reakciju ka atslégstadiju (8. att.). Atevirdins ir zinams
ka apgrieztas transkriptazes inhibitors, kas tika pétits HIV un AIDS arste$anai.l’ Tas tika
sintez&ts, sakot no m-anisaldehida Cetras stadijas.

CoCl, (30 mol%)
NaBiOj (2 ekviv.)
m-Anisaldehids NFSI (1.2 ekviv.)

0
(1.2 ekviv.) X CO2Me PivoH (50 mol%) mco Me
O  CO;Me  DBU (1.5 ekviv.) HN_ o _dpmH (50 mol%) N 2
X N e OMe THE st t, 3 h 2-MeTHF, 80 °C o
| N H 5 ~OMe OMe N7 15h N=
“ | W
9 5n, kvant. 8n, 84%

MeO o 11 (1.2ekviv)  THF/H,0, 24 h
N\_/ HOBt (1.1 ekviv.)
RERN EDCi*HCI (1.1 ekviv)  Me0
N O DIPEA (3.2 ekviv.) mCOOH
N NHEt DMF, ist.t, 18 h H

Atevirdins, 97% Nz/ \/> (\/ENHEt 10, 88%

@ >\—CF3

NaOH (3 ekviv.)\

legats 4 staduas no
2-hloro-3-nitropiridina

8. att. Atevirdina sintézes shéma.
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Sakuma Horner-Wadsworth-Emmons olefinésanas reakcijas rezultata tika iegits o-
amidoakrilats 5n, kas tika izmantots ka substrats iekSmolekularai amidéSanai ar NFSI kobalta
katalizes apstaklos, iegustot attiecigo produktu 8n ar loti labu iznakumu (84 %). Secigi,
izmantojot natrija hidroksidu, vienlaikus tika noskelta pikolinamida virzosa grupa un
hidrolizéta estera funkcionala grupa, ieguistot 5-metoksi indola karbonskabi 10 ar teicamu
iznakumu (88 %). Sekojosi, amidsaites veidosanas reakcijas rezultata ar amonija sali 11, kas
tika iegiits Cetru stadiju sint€z€ no komerciali pieejama 2-hlor-3-nitropiridina, tika ieguts
Atevirdins ar izcilu iznakumu.

Lai izprastu reakcijas mehanismu, tika veikti papildu eksperimenti, paredzot, ka reakcija
varétu notikt caur Co(IV) intermediatu. Lai to pieraditu, tika veikta indola 8a sintéze, sakot no
Co(Ill) kompleksa 7a ar dazadiem organiskajiem un neorganiskajiem oksidétajiem (9. att.,
1. tab.).

COzMe
mCOZMe
Oksidatajs (2.5 ekviv.) N

|||
c° 7 THF, 80°C, 1h N_/=O
\_/

L= THF

9. att. Indola 8a sintéze no kompleksa 7a ar dazadiem oksid&tajiem.

1. tabula
Indola 8a iznakumi ar dazadiem oksidétajiem
Nr. Oksidetajs KMR iznakums, %
1 PhI(OAC)2 33
2 Phl(OCOCFs3). 79
3 IBX —
4 CAN 90
5 Ag>COs3 —
6  NaBiOs (2 ekviv.) + NFSI (1.2 ekviv.) 52
7 NaBiO3 —
8 NFSI 76
9 Mn(OACc)z+2H20 15
10 Bez oksidétaja —
11 Benzohinons —

No iegutajiem datiem tika secinats, ka indola veidosanas notiek tikai spécigu oksidétaju
klatbiitng. Sadi rezultati lava izvirzit hipotézi, ka reakcijas maisijuma no Co(III) kompleksa 7a
veidojas Co(IV) intermediats, kas talak reducgjosas eliminé$anas rezultata veido indolu, jo no
augstakas oksidesanas pakapes reducgjosa elimingsana ir atvieglota.

Talak tika veikta iekSmolekularo amidésanas reakcija standartapstaklos bez NaBiOs un,
aizvietojot Co(dpm). katalizatoru ar Co(dpm)s (10. a. att.), tika novérots, ka substrats 5a
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reakcija nepiedalds. Sis rezultats liecinaja, ka pirmais solis katalitiskaja cikla ir Co(II)
koordingSana pie substrata 5a, nevis Co(II/III) oksidésana. Tad tika veikti H/D apmainas
eksperimenti  (10. b. att.). Izmantojot THF-ds ka Skidinataju un deiterétu etikskabi
pivaloilskabes vieta pie nepilnas konversijas, tika novérota < 5 % H/D apmaina gan substrata,
gan produkta orto-pozicija, kas nozimé, ka C-H saites aktivéSana ir neatgriezeniska. Papildus,
lai parliecinatos, ka komplekss 7a ir reakcijas intermediats, tika veikts eksperiments, ka
reakcijas Kkatalizatoru izmantojot kompleksu 7a (10. c. att.). Sajos reakcijas apstaklos tika
noverota indola 8a veidosanas ar 77 % iznakumu.

Kat. CoCl;, dpmH

Standartapstakli N\ COM
a) bez NaBiOg N 2Ve

2-MeTHF, 80 °C PA
8a, produkta zimes
Standartapstakli
b D (<5% D (<5%
AcOH-d, (0.1 mL) (<5%) com (<5%)
N COMe ) PivOH vieta N oMe N com
e
NHPA THF-dg, 80 °C NHPA N 2
0.5h PA
5a 5a 8a

Katalizators: 7a

c) Standartapstakli AN CO,Me
2-MeTHF, 80 °C N
PA
8a, 77%

10. att. Mehanisma kontroleksperimenti.

Visam reakcijas komponentém tika uznemtas cikliskas voltamogrammas, lai noskaidrotu
oksidésanas potencialu un iesp&ju kobaltam oksidéties uz Co(IV). Cikliska voltamogramma
Co(Il) kompleksam 7a 0 °C temperatiira sprieguma lidz 1 V redzama 11. attéla. Sprieguma
zem 0 V kompleksa reducéSana uz Co(Il) nenotiek, kas skaidro §1 kompleksa stabilitati.
Savukart var novérot kvaziapgriezenisku oksidesanas piki pie E%, = 0,84 V% Kas,
visticamak, ir Co(III/IV) oksidésanas.

16



25 - Co''' — Co'V

20 - @(ycoz'\"e ——100 mV/s
1 L N (0]
] o =200 mV/s
15 - N
] ‘B”J\:<° < 500 MV/s

Bu 1000 MV/s
7a
L=THF 1600 MVs

'5 T T T T T T T T T T T T T T T T

00 -0,50 0,00 0,50
E[V vs Ag/Agt]

11. att. Cikliska voltamogramma Co(IIl) kompleksam 7a 0 °C temperatura lidz 1 V.

Interesanti, ka istabas temperatira reakcija nav apgriezeniska un reduc€Sanas pikis

Co(IV/111) netika nov

€rots (12. att.). To var skaidrot ar Co(IV) intermediata augsto reagétspeju.

Turklat, pievadot augstaku spriegumu, tika novéroti papildu piki pie Eg5x = 1,52 V, un pie

E%% =135V,

80

70

-10

. 1600 mV/s

3 @(\(COZMe
] == 1000 MV/s
: i

LN
_Co I
O "\~ —
: mu LN I 500 mV/s
] RV =200 mV/s
7] tBu
] 7a
L= THF 100 mV/s
0,00 0,50 1,00 1,50

E [V vs Ag/Agt]

12. att. Cikliska voltamogramma Co(IIl) kompleksam 7a istabas temperattra lidz 1,8 V.

Noveérotais neapgriezeniskums noradija, ka kobalta cikls 7a tiek parveidots par produktu 8a

oksidésanas rezultata, kas nozimé, ka teoretiski So parvértibu ir iesp&ams panakt
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elektroktmiskajos apstaklos.?® Tika pieradita indola 8a veidosanas CV apstaklos, salidzinot
cikliskas voltamogrammas kompleksam 7a un indola produktam 8a (13. att.).

I TnA]

-0 +—/7———F—————"7—T————

0.00 0.50 1.00 1.50
E [V vs Ag/Ag']

13. att. Cikliska voltamogramma Co(IIT) kompleksam 7a, indola produktam 8a un indolam ar
noskeltu pikolinamida virzoSo grupu istabas temperatra.

Diemz€l pédgjais redoks pikis joprojam nebija identificéts. Tika izvirzita hipotéze, ka
pikolinamida virzo§a grupa varétu tikt noskelta CV eksperimentu apstaklos. Sim noliikam,
izmantojot cinka un etikskabes maisijumu etanola, tika panakta pikolinamida virzo$as grupas
selektiva noskelSana, iegiistot indola-2-karboksilatu 8a’ ar labu iznakumu — 73 % (14. att.).
Uznemot CV indola atvasinadjumam 8a’, tika noskaidrots, ka savienojuma CV pilniba sakrit ar

nezinamo redoks piki.

mcone Zn (2 ekviv.)
N __AcOH N—co,Me
0 EtOH, ist. t N
N— )
30 min H

W
8a 8a', 73%

14. att. Selektiva pikolinamida noskelSana.

Lai noteiktu korelaciju starp kobalta kompleksu aizvietotaju 1pasSibam, tika veikti CV
eksperimenti Co(l11) kompleksiem 7a-7d ar dazadiem aizvietotajiem (15. att.). legtitie rezultati
attelo paaugstinatu oksidésanas potencialu elektronakceptoru grupu gadijumos, kas skaidro
zemaku reagétsp&ju substratiem, kas satur 1idzigus aizvietotajus.
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30 4

1 /@(\(COZMe
25 R L ©
] _-Co
1 —— 7 (@) \ P
] Bu—(’ N
20 - 0
] 7b tBu
15 R =H (7a)
—_ 1 =—Ic R = Me (7b)
_‘.f. ] R =F (7c)
=10 1 ——7d R = NO, (7d)
5 ]
o«
-5 1 T T T T T T T T T T
0,00 0,50 1,00

E [V vs Ag/Ag*]

15. att. Co(l1l) kompleksu 7a-7d voltamogrammas.

Balstoties promocijas darba autora grupas pétijumos un literatiras precedentos, tika
piedavats iesp&jamais reakcijas mehanisms, kas redzams 16. attéla. Sakuma veidojas aktivais
katalizators Co(dpm). no CoCl> un dpmH liganda. Tad Co(Il) katalizators koordin&jas pie
substrata 5a un tiek oksidéts Iidz Co(IIl) ar NaBiOs, veidojot intermediatu A, kas C-H saites
aktivesanas rezultata veido kobalta kompleksu 7a. Komplekss 7a talak tiek oksidéts lidz Co(IV)
intermediatam B ar NFSI, kas reducgjosas eliminéSanas rezultata veido galaproduktu 8a.
Alternativi parveértibu no 7a uz 8a var saukt par oksid€josi induc€tu reduc€joso eliming€sanu.
Nosleguma ligandu apmainas rezultata Co(Il) tiek atgriezts katalitiskaja cikla.

CoCl, COyMe
dpmH dpmw @

Co(dpm),
mCOzMe
N Koordinésana/ s |
N o Oksidéjosi inducéta oksidésana a
= reducéjosa eliminésana COMe
\ Y/ Cone ©/\/
8a X Lo
//Iv dpm-— COIII
6] :O\N/ dpm NZ |
tBu \ /O « |
g fBU CO,Me / I
Oksidés“an} /Co/m
NFSI 9’ \ N7
tBu4<_<o |
— 2
7az‘Bu

16. att. Iesp&jamais reakcijas mehanisms.
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2. Kobalta katalizeéta 3-benzazepinu sintéze

Turpinot darbu pie kompleksa 7a reagétspéjas izpétes, tika atklats, ka kobalta kompleksa
7a reakcijas rezultata ar kalcija karbidu veidojas benzazepins 13 (17. att.).?% 2! Svarigi pieminét,
ka, sakot reakciju no kobalta cikla 7a, tika novérota pilna izejvielas konversija un veidojas tikai
viens produkts — savienojums 13.

o C02Me  Ag,CO5 (2 ekviv.)
L N. O NaOAc (2 ekviv.) CO,Me
e CaC, (2 ekviv.) == O

Bu—/ | ‘N7 MeCN —
0 | ist. t. lidz 60 °C
N 1h

Ta 13
Pilna konversija

17. att. Benzazepina 13 iegtiSana no Co(III) kompleksa 7a.

Kalcija karbidu jeb kalcija acetilidu riipnieciba liela me@roga izmanto acetiléna iegiiSanai.
Acetiléna sintéze notiek atbilstosi reakcijas vienadojumam:

CaC, +2H,0 — C,H, + Ca(OH),

Neskatoties uz to, ka literatiira ir daudz zinamu metozu, kur kalcija karbidu izmanto parejas
metalu katalizétas reakcijas, nav neviena pieméra, kur CaCy tiktu izmantots tiesa C-H saites
aktivéSanas un funkcionalizé$anas reakcija ka acetiléna gazes avots. Turklat 3-benzazepini ir
biezi sastopami fragmenti dazadas zalvielas, dabasvielas un alkaloidos (18. att.), piem&ram,
alkaloidi — cefalotoksins,??> bulgaramins,?® turkienins,?* pretaptaukosanas medikaments
lorkaserins, ka ari bradikardijas agents zatebradins.?> 2

e

(0]
MeO O CO
Me
CI\@ MeO _
Bulgaramins o)
NH

Lorkaserins
O

MeO
N
MeO _\—\
/N
Mé _\—QOMe
Zatebradins
OMe

18. att. 3-Benzazepina fragments zalvielas un dabasvielas.

3-Benzazepins

O
<
O

Turkienins

Ta ka tieSa C-H saites aktivéSana un funkcionalizéSana, ka acetiléna avotu izmantojot CaCo,
lidz $im nebija zinama, tika nolemts izp&tit un attistit So parvertibu kobalta katalizes apstaklos.
Reakcijas apstaklu optimizéSanai par modelsubstratu tika izvelets amidoakrilats 5a
(19. att.). Optimizgjot reakcijas apstaklus, tika izpétits plass Co(Il) katalizatoru un oksid&taju
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klasts, dazadas bazes/skabes piedevas, ka arT $kidinataji un reakcijas temperatiira. P&tjjuma
sakuma tika novérota produkta veidosanas ar 21 % iznakumu, ka oksidétaju izmantojot kalcija
hipohloritu, tacu p€c vairaku eksperimentu sérijas produkta 13a KMR iznakumu izdevas
paaugstinat 1idz 99 %, izmantojot CoCly/dpmH ka aktivo katalizatora sistému, NaBiOs ka
oksidetaju, NaHCOs ka piedevu un izobutanskabes anhidridu ka ligandu. Literattira ir zinamas
dazas C-H funkcionaliz€Sanas reakcijas, kuras anhidrida pievienoSana bitiski uzlaboja
produkta iznakumu. Tas var@tu but saistits ar to, ka anhidrids kalpo ka ligands metala

katalizatoram noteikta katalitiska cikla posma, tadgjadi uzlabojot reakcijas atrumu.?’

CaC, (3 ekviv.)
NaBiO3 (1.5 ekviv.)
CoCl; (20 mol%)

CaC, dpmH (50 mol%)
co.Me Ca(0Ch, ) NaHCOj3 (1.1 ekviv.)
A 2 Co(dpm), CO,Me ':21’;;;{7: Izobutanskabes anhidrids CO,Me
HN.__O NaOPiv — optimizésana (50 mol%) —
DCE / NPA DCE, 80 °C, 16 h B NPA
N | 100°C, 3 h
5a S 13a, 21% 13a, 99%

19. att. Reakcijas apstaklu optimizesana.

P&c reakcijas apstaklu optimizéSanas promocijas darba autors un vina kolégi pievérsas
substratu klasta izp&tei (20. att.), un viniem izdevas izolét benzazepinu 13a ar 97 % iznakumu
optimizg&tajos reakcijas apstaklos. Veicot reakciju ar palielinatu izejvielas iekravumu (1 grams),
produkta iznakums praktiski nesamazinajas, un benzazepins 13a tika iegiits ar 96 % iznakumu.
Talak tika parbaudita aizvietotaju ietekme uz sSubstratu reag€tsp&ju un reakcijas
regioselektivitati. Izejvielas 5 ar aizvietotajiem orto-, meta- un para-pozicijas deva attiecigus
produktus 13 ar labiem lidz kvantitativiem iznakumiem. [zmantojot meta-aizvietotus substratus
5f-h, tika novérota augsta reakcijas regioselektivitate un tika iegliti benzazepini 13f-h,
aktivgjoties tikai tai C-H saitei, kas ir stériski mazak apgriitinata. Reakcijas apstaklos tika
novérota augsta funkcionalo grupu savietojamiba, pieméram, tadas elektronus dodoSas grupas
benzola gredzena ka metil-(produkti 13b, 13j) un metoksi- (13i, 13K), ka arT salidzinosi stipras
elektronus atvelkosas grupas ka ciano- (13d), un nitro-grupa (130) deva attiecigos produktus ar
labiem iznakumiem. Papildus tam, halog€nus saturoSie substrati 5 optimizetajos reakcijas
apstaklos deva attiecigos produktus ar iznakumiem no 78 % lidz pat 99 % (produkti 13c, 13e,
13p-r).

Kristaliz€jot produktu 13c no THF, izdevas ieglit monokristalus un pieradit produkta 13c
struktiiru ar rentgenstruktiiranalizes palidzibu. ArT steriski apgriitinati substrati 5e un 5i deva
attiecigos produktus 13e un 13i ar loti labiem iznakumiem (83 % un 79 %), tapat ar substrati
ar aizsargatam aminogrupam bija piem&roti annul&Sanas reakcijai, dodot produktus 13f un 13g
ar teicamiem iznakumiem. Tika atklats arf tas, ka abi divi — naftalin-1-i1 un naftalin-2-il
amidoakrilati — 55 un 5t |oti labi reaggja optimiz&tajos reakcijas apstaklos, ka rezultata tika
iegiiti naftilazepini 13s un 13t ar 67 % un 70 % iznakumiem.
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CoCl, (20 mol%)
dpmH (50 mol%)
NaHCO3 (1.1 ekviv.)

NaBiO3 (1.5 ekviv.) CO,Me
X COzMe Izobutanskabes anhidrids (50 mol%) X
R + CaC, Ri NPA
s NHPA DCE, 80 °C, 16 h PG
5 13
1
co,Me R __COuMe \CCCOZMe RmCOZMe
13a, 97% 13b, R' = Me; 77% 13e, 83% 13f, R' = NPhth; 81%
96%? 13c, R' = Br; 78% 13g, R' = NHBoc; 99%
13d, R' = NC; 69% 13h, R" = (m-F3C)CgH,40; 70%
COzMe CO,Me CO,Me
COzMe - — -
NPA NPA OO NPA
NPA R’ — _ —
13., 79% 13j, R" = Me; 94% 13s, 67% 13t, 70%
13k, R! = MeO; 83% >
131, R" = BnO; 85% Wl N "
13m, R' = F3CO; 94% / B, \/g( S~
13n, R' = TMSC=C; 67% “9 B Y L

130, R" = O,N; 79% /1/ 1{ . \\/n\
L\ -

13p, R' = F; 95% ; _
13q, R' = Br; 99% / S e \

1= 0 €
13r, R |, 91% 13c 015

aSubstrata iekravums: 1 grams CCDC 2390205
20. att. Substratu klasta izp&te.

Lai izprastu reakcijas mehanismu, tika veikti papildu eksperimenti. Sakuma reakcijas
maisijuma ar augstas izskirtsp&jas masas analizi (AIMS) tika detektéts kobalta komplekss 7a
(21. a. att.). Tika sintezéts Co(l11) komplekss 7a, izmantojot ieprieks izstradatu metodi, un tika
pieradits, ka tas ir reakcijas intermediats. Stehiometriskie eksperimenti, izmantojot Co(III)
kompleksu 7a ka substratu, tika analizéti pie nepilnas konversijas bez (21.D. att.) vai
izobutanskabes anhidrida klatbttné (21.c. att.). Iegitie rezultati liecinaja, ka anhidrida
klatbuitné reakcija notiek nedaudz atrak. No $1 eksperimenta tika secinats, ka izobutanskabes
anhidrids visdrizak kalpo ka ligands péc C-H saites aktivéSanas sola, paatrinot reducgjoso
eliminéSanu vai acetiléna migréjoSo ievietoSanos. Izmantojot kobalta kompleksu 7a ka
katalizatoru (21. d. att.), tika iegiits benzazepins 13a ar 89 % iznakumu, kas tika noteikts ar
KMR spektroskopiju.
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a)

AN COZMe
Co(dpm), (20 mol%) L
CO.M NayCO3 (1.1 ekviv.) T N (0]
XN 2V NaBiO, (1.5 ekviv.) o__Coj"
NHPA DCE, 80°C, 1h g5, C’) ‘N7 |
— A
5a 7a tBu
Novérots ar AIMS
b) CaC, (3 ekviv.) 1384 58%

DCE, 80 °C, 13 min  7a, 42%

7a = CaC, (3 ekviv.)

Izobutanskabe

c) anhidrids (50 mol%) 13a, 77%
DCE, 80 °C, 13 min 7a,+23%

Katalizators 7a (20 mol%)

Standartapstakli
d) Sa : 13a, 89%

21. att. Kontroles eksperimenti.

Balstoties mehanisma pé&tijum0s un literatiiras precedentos, iesp&jamais
mehanisms paradits 22. attela.

CO,Me CoCl, + dpmH oMo
| = 0 ¢béze m 2
N
_ N Co(dpm), HN. 0
7\

Oksidésana/
ligandu apmaina

Koordinésana/
oksidésana

N
_Coll'x
B /O’ I\\N =z
u 0 |
— NS
A 1(Bu
Reducéjosa
eliminésana C-H aktivésana
N CO,Me
.Co"
B /O o \\N/
u o) |
Migréjosa — ™
ievietoSana 7a  Bu

HC=CH =— CaC;+H,0

22. att. lesp&jamais 3-benzazepina 13a veidoSanas mehanisms.

reakcijas

Sakuma veidojas aktivais katalizators Co(dpm)2 no CoCl, un dpmH liganda bazes klatiené.
Co(II) katalizators koordin€jas pie substrata, un péc oksideéSanas/C-H aktivéSanas sekvences
veidojas kobalta cikls B. Iesp&jams, kobalta komplekss B apmaina ligandus no dpm uz
izobutanskabes anhidridu pirms alkina migr&josas ievietoSanas. Tad acetiléna koordinéSana un
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migréjosa ievietoSanas veido kobalta kompleksu C, kas p&c reducgjosas eliminésanas veido D.
Péc demetaléSanas kobalta intermediats D veido produktu 13a, un kobalts tiek reoksidéts, lai
atsaktu katalitisko ciklu.

3. Kobalta katalizéta sulfonamidu un benzamidu C-H saites annuléSana

Talaka pétijumu gaita tika parbaudits, vai C-H saites annuléSanas metodologiju ar kalcija
karbidu varétu lietot ari benzosulfonamidu atvasinajumiem. Kops 2015. gada literatiira ir
publicétas vairakas metodes sulfonamidu annul&$anai, ka reagentus izmantojot aizvietotus
alkinus vai allénus,®3? ka ari ir izstradata metode atroposelektivai annuléSanas reakcijai
(23. att.).>® Neskatoties uz ievérojamu progresu sulfonamidu C-H saites annulé$anas joma
pedgjo desmit gadu laika, metodologija nav zinamu pieméru C3/C4 neaizvietotu benzosultamu
iegtisanai. Tika paredz&ts, ka sulfonamidi ar kalcija karbidu reagés Iidzigi ka ar a-amidoakrilatu
atvasinajumiem, dodot neaizvietotus benzosultamus kobalta katalizes apstak]os.

Literatiras pieméri: o\\ //o
— S., .Q Sundararaju 2015
R—R_ N Ribas 2015
kat. Co(ll), [O] R Lei 2020
R
R1
,.d\ 0. 0
I./ R2 \ 7/
R S\N/Q
= , Volla 2017
kat. Co(ll), [O] >~ R"  Rao 2017
R R?
Alléns N o
vai Q.0
alkins S.
L N Niu 2023
kat. Co(ll), [O] _ X
R4
R

Jauna ideja:

0.0 cac, Q.0
Sy kat. Co(ll) Sy
©/ H Na | 0] @ N |

23. att. Kobalta-katalizéta C-H saites annulésana.

Reakcijas optimize$anas pétijumos par substratu tika izmantots p-toluolilsulfonamids 14a,
kas saturgja 8-aminohinolina virzoso grupu (24. att.). Eksperimentos tika noskaidrots, ka
veiksmigai reakcijas norisei ir nepiecieSams izmantot $adu katalitisku sistému: Co(OAC)2
4H,0 ka katalizatoru, NaHCO3 ka piedevu, Mn(OAc)3 - 4H20 ka oksidétaju, un izobutanskabes
anhidridu ka ligandu.
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CaC, (2 ekviv.) CaC, (3 ekviv.)

CoCl, (20 mol%) Co(OAc); - 4H,0 (20 mol%)
dpmH (50 mol%) Reakcijas IBSA (1 ekviv.)

Mn(OAc); (2 ekviv.) Q, apstakju Mn(OAc); - 2H;0 (2 ekviv.) 0,0
NaOPiv (2 ekviv.) S‘NQ optimizésana NaHCOg3 (2 ekviv.) S‘NQ
DCE, 100 °C, 16 h _ DCE, 100 °C, 16 h _

Me Me
15a, 41% 15a, 92%

24. att. Sulfonamidu 14a annul&Sanas reakcijas apstaklu optimizesana.

Talak tika parbaudita dazadu funkcionalo grupu savietojamiba ar optimiz&tajiem reakcijas
apstakliem (25. att.). Tika noveérots, ka sulfonamidi 14a-14s ar orto-, meta- un para-
aizvietotajiem izturgja reakcijas apstaklus, laujot iegit attiecigos produktus ar kopuma labiem
lidz teicamiem iznakumiem (40-99 %).

CaC, (3 ekviv.)
Co(OAc), " 4H,0 (20 mol%)
NaHCOj3 (2 ekviv.) el
Mn(OAc)3 " 2H,0 (2 ekviv.)

= | “NHQ IBSA (1 ekviv.) Z | SsNa EQ b5 | 5
o ' = '
R7\ DCE, 100 °C, 16 h S _ : N :
14a-14s 15a-15s
o 0
N/ N \ 7/ \// \ 7/ \ 7/
S. S. S. S. S. S.
_ - P> g7 _ _
Me Ph MeO F Br
15a, 91% 15b, 97% 15¢, 95% 15d, 87% 15e, 92% 15f, 98%
92%a
\\ // \\ // |V| 0.C \\ // \\ / F co \\ // B \\S//
e r N
2 8 NQ NQ
_
15g, 96% 15h, 99% 15i, 70% 15j, 62% 15k, 84% 151, 81%
Me O\\ /9 \\ ,/ \\ // \\ // H
NQ |
7 .
15m, 40% 15n, 45% 150, 55% 15p, 79% -
(78% brsm) (79% brsm) '
\\ /, \\ // \\ // \\ // E
15q, 79% 15q , 13% 15r, 57% 15s, 63%

aSubstrata iekravums: 1 grams

25. att. Kobalta katalizéta benzosultamu 15 sintéze.

Tadas elektrondonoras grupas ka alkil- (produkti 15a, 15m), alkoksi- (15d, 15h), fenil-
(15c), elektronakceptoras grupas ka trifluormetil- (15jf), trifluormetoksi- (15k) un metil esteris
(15i) benzola gredzena lava iegiit vélamos annuléSanas produktus. Metilgrupu satuross
substrats 14a un neaizvietots substrats 14b deva attiecigos produktus ar teicamiem iznakumiem
— 91 % un 97 %. Turklat, palielinot izejvielas 14a iekravumu Iidz 1 g, produkta iznakums
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butiski nemainijas. Halogénus saturoSie savienojumi 14e, 14f, 14g, 141, 14n un 140 deva
attiecigos benzosultamus ar vidéjiem un loti labiem iznakumiem (lidz 98 %). Ir verts pieminét,
ka meta-aizvietotas izejvielas deva attiecigos produktus 15h-15l ar labiem iznakumiem (62—
99 %) ka vienu regioizoméru. Kristaliz&jot produktu 151 no THF, izdevas ieglit monokristalus
un pieradit savienojuma struktliru ar rentgenstrukttiranalizes palidzibu. Interesanti, ka 3-
fluorbenzosulfonamids 14q bija piemerots substrats annuléSanas reakcija, tacu $aja gadijuma
reakcija nebija selektiva un tika izol&ti abi regioizoméri 15q (79 %) un 15q° (13 %).>* Stériski
apgrutinati orto-aizvietotas izejvielas 14m un 14n deva attiecigos produktus 15m un 15n ar
viduvgjiem iznakumiem — 40 % un 45 % attiecigi, turklat zemie iznakumi ir saistiti ar vaju
substratu reagetsp&ju. Naftalen-2-ilsulfonamids 14p arT demonstr&ja labu reag€tsp&ju, laujot
ieglt naftosultamu 15p ar 79 % iznakumu ka vienu regioizomeéru. Papildus tam heterocikliski
sulfonamidi 14r un 14s bija piem&roti atklatajiem reakcijas apstakliem un deva produktus 15r
un 15s ar labiem iznakumiem.

ledvesmojoties no iegiitajiem rezultatiem sulfonamidu 14 annul&Sanas reakcijas ar kalcija
karbidu, tika nolemts lictot o metodi arT benzamida substratiem 16 (26. att.). Promocijas darba
autors un vina kol&gi bija patikami parsteigti, ka produkta veidosanas notika standartapstaklos
un papildu reakcijas apstaklu modific€Sana nebija nepieciesama.

Tika noverots, ka dazadas funkcionalas grupas bija savietojamas ar reakcijas apstakliem.
Benzamidi 16 ar elektronus dodosam grupam (produkti 17a, 17g), elektronus atvelko$am
grupam (produkts 17c), ka arT neitrali un halogénus saturo$i benzamidi (produkti 17b, 17d)
piedalijas annul€Sanas reakcija un deva v€lamus produktus ar loti labiem lidz teicamiem
iznakumiem (78-93 %). Diemzel optimizgetajos reakcijas apstaklos meta-aizvietoti benzamidi
ar metoksi- un metilestera funkcionalajam grupam veidoja produktus ka neatdalamus
regioizoméru maisijumus. Neskatoties uz to, regioizoméru attieciba bija pienemama, ka ari
produktu 17e un 17f iznakumi bija attiecigi 74 % un 68 %. Pretgji benzosultamiem orto-
aizvietots produkts 17h veidojas ar labu iznakumu — 69 %. Turklat divi heterocikliskie amidi
tika paklauti C-H saites funkcionaliz&Sanai ar kalcija karbidu. Rezultata tiénpiridinons 17i tika
iegiits ar 62 % iznakumu, savukart furanpiridinons 17j tika izoléts ar 27 % iznakumu. Saja
gadijuma zemais produkta iznakums tika attiecinats uz izejvielas zemo reagétsp&ju piedavatajos
apstaklos.
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CaC, (3 ekviv.)
Co(OAc), * 4H,0 (20 mol%)
NaHCOj; (2 ekviv.) P .
Mn(OAc); - 2H,0 (2 ekviv.)

/I NHQ IBSA (1 ekviv.) /I NQ 5Q k )
S Q= '
R7\ DCE, 100 °C, 16 h 5 P | NS |
16a-16j 17a 17j """"""""
Beelse, @iﬁ Bec mees Qﬁb
OMe
17a, 93% 17b, 83% 17¢c, 82% 17d, 79% 17e + 17¢’, 74% (3.03 : 1)
COZMe
17f + 17F, 68% (6.67 : 1) 179, 78% 17h, 69% 17i, 62% 17j, 27%

(67% brsm)

26. att. Kobalta katalizéta benzamidu 16 C-H saites annuléSana ar CaCo.

P&tot izstradatas metodes substratu klastu, tika atklati vairaki metodes ierobezojumi
(27. att.). Tadi substrati ka sulfinamids 18 vai fosfinamids 19 nebija stabili reakcijas apstaklos,
un rezultata tika konstatéts neidentificéts blakusproduktu maisijums un tikai vélama produkta
zimes. Taja pasa laika izobutiramids 20 reakcijas apstaklos nereagéja, ko var skaidrot ar to, ka
C(sp®)-H saites aktivesanai un funkcionalizé3anai ir nepieciesami skarbaki reakcijas apstakli,
pateicoties lielai C-H saites disociacijas energijai.

CaC, (3 ekviv.)
Co(OAc), " 4H,0 (20 mol%)
NaHCOj; (2 ekviv.)
Mn(OAc)3 - 2H,0 (2 ekviv.)

IBSA (1 ekviv.)
substrats produkts
DCE, 100 °C, 16 h

('é? Me\ //O 0
~ ~ M
©/ NHQ ©/ NHQ  Me A\
18 19 Me 29

27. att. Neveiksmigie substrati C-H saites annul€Sanas reakcija.

Nesen tika demonstréts, ka 8-aminohinolina virzitam kobalta katalizétam C-H saites
funkcionalizé$anas reakcijam ir iesp&jami divi katalitiskie cikli — Co(l)/Co(Ill) un caur
Co(IV).®* Balstoties promocijas darba autora un vina kolégu grupas iepriek3gjos

11,14, 15,36 18.19.28:32.37 i |oti mazticams, ka Co(IV)

petijumos
intermediata izveide $aja gadijuma ir iesp&jama. Balstoties $ajos pieméros, tika piedavats

Co(I)/Co(IIT) katalitiskais cikls (28. att.).

un literatiiras piemeros,
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28. att. Iesp&jamais sulfonamidu un benzamidu C-H saites annuléSanas mehanisms.

C2H;

H,O + CaC,

Sakuma Co(Il) katalizators koordingjas pie sulfonamida 14 vai benzamida 16, un tad
sekojosas oksidesanas un C-H saites aktivéSanas rezultata veido kobalta kompleksu A.
Acetiléna gazes migréjosas ievietosanas rezultata veidojas vinil- kobalta komplekss B, kas
reducgjosas eliminésanas cela veido sultamu 15 vai izohinolinonu 17 kopa ar Co(I), kas péc
reoksid@Sanas un ligandu apmainas atjauno katalitisko ciklu.

Promocijas darba izstrades gaita tika atklata jauna kobalta katalizéta iekSmolekulara
amid@Sana. Ka substratus izmantojot a-amidoakrilatu atvasinajumus 5, bija iesp&jams iegit
indolu produktus 8 ar dazadiem azivietotajiem benzola gredzena, ka ari reakcija tika lietota
zalvielas Atevirdina sintéz€. Veicot intermediatu sintézi, kontroleksperimentus un cikliskas
voltametrijas eksperimentus, tika pieradita Co(IV) intermediata veidoSanas reakcija un
piedavats iesp&jamais reakcijas mehanisms.

Turklat tika izstradatas divas metodes kobalta katalizetai C-H saites annul€Sanai, ka
izejvielas izmantojot a-amidoakrilatu 5, sulfonamidu 14 un benzamidu 16 atvasinajumus.
Jaunizstradatas metod@€s ka acetiléna gazes avots tika izmantots kalcija karbidu. P&tijumu gaita
tika veikta rtupiga un daudzpusiga substratu klastu izp€te, ka ari tika piedavati reakcijas
mehanismi, balstoties literattira zinamas parvertibas un promocijas darba autora un vina kolégu
mehanisma kontroleksperimentos.
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SECINAJUMI

Kobalta katalizes apstaklos, ka virzoSo grupu izmantojot pikolinamidu, ir iesp&jams
panakt a-amidoakrilatu atvasinajumu iekSmolekularu cikliz€Sanu par indola

atvasinajumiem.
NFSI
CO,Me [Co] =z
R/\ HN. 0 19 pieméri R N
y Produktu iznakumi Iidz 99% N 0
N =
x l W

Balstoties kontroleksperimentos, cikliskas voltametrijas datos un datoraprékinos, tika
pieradits, ka a-amidoakrilatu iekSmolekulara amidéSana notiek caur oksid€josi inducétu
reducgjoso elimingsanu, ietverot Co(IV) intermediatu.

mCOZMe @(\( COMe\ mcozm
S —_— L N_O ‘—> A&
S HN__O :\ L | R N

X/C

Izstradato metodi indola cikla saslég8anai var izmantot zalvielas Atevirdina, ka ari tas
potencialo analogu sintézg, sakot no komerciali pieejamiem dazadi aizvietotiem
aldehidiem.

M
MeO ~_-COzMe MeO A e0 N\
[Co] katalize COzMe 2 stadijas
HN._O — N —_— N

I

N o <\l__>

N

N i\j)t
\ Atevirdins N
X / EtN—

Kobalta katalizeéta a-amidoakrilatu C-H saites annuléSanas reakcija, pateicoties kalcija
karbida spgjai generét insitu acetilena gazi, ir iespgjams ieglt 3-benzazepina
atvasinajumus.

caC, CO,Me

CO,Me [Co] =
R/\ AN 0 20 pieméri R 7\

Produktu iznakumi I1dz 99%

N/
|
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5. Kobalta katalizéta arilsulfonamidu un benzamidu C-H saites annuléSanas reakcija, ka
acetiléna gazes avotu izmantojot kalcija karbidu, ir iespgjams ieglit benzosultama un
izohinolina atvasinajumus.

CaC,

i [Co]
NQ [9)
Izohinolins Benzotiazins
20 piemeri 10 pieméri
Produktu iznakumi I1dz 99% Produktu iznakumi Iidz 93%
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GENERAL OVERVIEW OF THE THESIS

Introduction

The main aim of organic synthetic chemistry is to design and synthesize more complex
structures from simple molecules. Classic organic synthesis often relies on the manipulations
of functional groups — a reaction sequence to obtain the desired products. In organic chemistry,
the term “C-H bond functionalization” is used to describe a chemical reaction, in which a C-H
bond of a substrate is cleaved and replaced with C-C, C-N, C-S, C-Hal or any other bond
(Fig. 1). Unfortunately, this type of transformation often cannot be realized due to the low
reactivity or insufficient acidity of the C-H bond. To overcome this obstacle, chemists have
developed a novel approach to activate and functionalize the C-H bond using transition metal
catalysts. Today, transition metal-catalyzed C-H bond activation and functionalization is a
significant part of organic synthesis and has an ongoing impact in the fields of new drug
discovery, materials science, and the synthesis of various natural products.*

FG FG
Qx, —Cx, =0, ~CX
—_— e —_—
H H Nu Nu
| !

Nu

Fig. 1. General scheme for C-H bond functionalization.

Most of the C-H bond activation and functionalization reactions are relatively easily
performed using noble metal (e.g., ruthenium, rhodium, iridium, palladium, etc.) catalysts.
Moreover, these catalysts have shown high reactivity and selectivity. Despite the reactivity
these metals have shown, their use in organic synthesis is not sustainable and might be limited
in future due to their low abundance, high toxicity and expense.*

Cobalt is a period 4 group 9 element with an atomic number of 27. Additionally, it can be
found in vitamin B12 — cyanocobalamine, which makes cobalt an essential metal to living
organisms. Moreover, being a cheaper and more attractive alternative to precious metal
catalysts, cobalt compounds in various oxidation states are being extensively studied and used
as catalysts in organic synthesis.>

Cobalt-catalyzed C-H bond activation and functionalization reactions can be divided into
two groups: low-valent cobalt catalysis with cobalt in its oxidation states 0 or +1, and high-
valent cobalt catalysis, where cobalt has an oxidation state +3, starting from either Co(lll) or
Co(ll) salts under oxidative conditions.>® Scientific attention towards cobalt-catalyzed
reactions dates back to 1941, when Kharasch and Fields published their study, which showed
that Grignard reagents can dimerize in the presence of cobalt dichloride.” Later, in 1955, a
Japanese chemist, Murahashi, first developed a cobalt-catalyzed C-H bond functionalization
reaction using low-valent dicobalt octacarbonyl as the reaction catalyst.® Since the introduction
of cobalt-catalyzed C-H bond functionalization reactions, the most significant advances have
been made using low-valent cobalt catalysis. However, starting from around 2013-2014,
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interest in the use of high-valent Co(lll) and its precursor Co(ll) started to increase. In the
following years, this type of reaction became an important research area. Nowadays, high-
valent cobalt catalysis is combined with green chemistry strategies, including replacing metal
oxidants with electricity,’ using cheap reactant precursors to generate toxic gases,'® !
combining photo-redox reactions with transition-metal chemistry,'? using easily cleavable
directing groups,*® etc

In our groups’ previous studies, we developed effective methods for C-H bond
functionalization of amino alcohol and amino acid derivatives (Fig. 2). We discovered that
differently substituted phenylglycinols 1 can be successfully transformed into isoindolinones 2
under the C-H bond carbonylation conditions, using DIAD as a CO gas surrogate (Fig. 2 a).'°
Afterwards, working with amino acid derivatives, we enclosed C-H bond carbonylation
(Fig. 2 b)'* and imination (Fig. 2 ¢)*° reactions of phenylalanine derivatives 3 and 5, delivering
isoquinolinone 4 and iminoisoquinoline 6 derivatives. Interestingly, under carbonylation
conditions, the picolinamide directing group was cleaved in situ.

a) TBSO TBSO

O;I\ )‘\‘/\j DIAD 2
/\
002 CO.R
CO gas = 2
/ / 5
c) X C02Me  Co
| RI.NC & N CO,Me

HN._O ——»
R S N o
N7 "N
- N/
g R’ |
5 N

Fig. 2. Previous studies on cobalt-catalyzed synthesis of heterocycles 2, 4 and 6.

The development of novel methods for the synthesis of heterocyclic compounds, both new
and known, could not only contribute to the development of new synthetic approaches but also
potentially reduce the cost of production of existing pharmaceuticals. Therefore, our research
is focused on the development of novel cobalt-catalyzed C-H bond activation and
functionalization methods for the synthesis of various heterocyclic compounds. The methods
developed in the Thesis are based on high-valent cobalt catalysis, using simple Co(ll) salts in
combination with a bidentate directing group as precursors of Co(lll) species (Fig. 3).
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Fig. 3. Possible synthetic approaches for various heterocycles via cobalt catalysis.

Aims and objectives

The aim of the Thesis is to develop novel, practical and convenient C-H bond
functionalization methods under cobalt catalysis for the synthesis of relevant heterocyclic

compounds. To achieve this aim, the following tasks were set:

1. Synthesize a-amidoacrylate, sulfonamide and benzamide derivatives, which could be
potentially employed as substrates for C-H bond activation and functionalization

reactions.

Conduct a literature search and identify appropriate reagents that could participate in

cobalt-catalyzed C-H bond functionalization reactions.

Optimize the reaction conditions and investigate the substrate scope to determine
limitations of the developed methodology. Conduct the necessary experiments to

investigate the possible mechanism of the reaction.

Scientific novelty and main results

As result of the Thesis, two novel C-H bond functionalization methods of a-amidoacrylate
derivatives and one novel C-H bond annulation method of sulfonamide and benzamide were

developed:
1)
amidoacrylate derivatives;

2)
the acetylene source;

3)

indole synthesis via cobalt-catalyzed C-H bond intramolecular amidation of a-
cobalt-catalyzed C-H bond annulation for the synthesis of 3-benzazepines with CaC; as

cobalt-catalyzed sulfonamide and benzamide C-H bond annulation with CaC..
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Structure of the Thesis

The Thesis was prepared as a thematically unified set of scientific publications on the
development of cobalt-catalyzed C-H bond functionalization methods. The Thesis includes a
method for the synthesis of indoles by intramolecular amidation of a-amidoacrylate derivatives,
a method for the synthesis of 3-benzazepines with calcium carbide as the acetylene gas source,
and a methodology for the C-H bond annulation of sulfonamide and benzamide derivatives with
calcium carbide. In addition, the Thesis also includes reviews on the mechanistic studies.

Publications and approbation of the Thesis

The main results of the Thesis were summarized in three scientific publications, two
reviews, and one book chapter. The results of the research were presented at six conferences
and scientific events.

Scientific publications

1. Cizikovs, A., Grigorjeva, L. Cobalt-Catalyzed C-H Annulation of Aryl Sulfonamides
and Benzamides with CaC; as the Acetylene Source. Org. Lett. 2025, 27(26), 7070—
7074. DOI: 10.1021/acs.orglett.5c01981.

2. Cizikovs, A., Lukasevics, L. T., Zagorska, P. A., Grigorjeva, L. Cobalt-Catalyzed C—
H Bond Functionalization: a Personal Account. Synlett 2025, 36(12), 1659-1668.

DOI: 10.1055/s-0043-1775473.

3. Cizikovs, A., Zagorska, P. A., Grigorjeva, L. Synthesis of 3-Benzazepines via Cobalt-
Catalyzed C—H Bond Functionalization with CaC» as the Acetylene Source. Org. Lett.
2024, 26, 9536. DOI: 10.1021/acs.orglett.4c03551

4. Cizikovs, A., Basens, E. E., Zagorska, P. A., Kinens, A., Grigorjeva, L. Indole Synthesis
by Cobalt-Catalyzed Intramolecular Amidation via the Oxidatively Induced Reductive
Elimination Pathway. ACS Catal. 2024, 14, 1690.

DOI: 10.1021/acscatal.3c05706
5. Cizikovs, A., Grigorjeva, L. Co(lll) Intermediates in Cobalt-Catalyzed, Bidentate
Chelation Assisted C(sp?)-H Functionalizations. Inorganics 2023, 11, 194.
DOI: 10.3390/inorganics11050194
Book chapter
1. Cizikovs, A., Basens, E. E., Zagorska, P. A., Grigorjeva, L. Diastereoselective C-H

Functionalizations. Comprehensive Chirality, 2nd edition (Ed. J. R. Cossy). 2024, 138.
DOI: 10.1016/B978-0-32-390644-9.00101-3
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Results of the Thesis were presented at the following conferences

1. Cizikovs, A. Development of Novel Methods for the Synthesis of Heterocycles Using
Cobalt Catalysis. Paul Walden 14th Symposium on Organic Chemistry. Riga, Latvia,
25-26 September 2025.

2. Cizikovs, A., Grigorjeva, L. Cobalt-Catalyzed C-H Annulation of Aryl Sulfonamides
and Benzamides with CaC, as the Acetylene Source. International Symposium on
Synthesis and Catalysis 2025. Coimbra, Portugal, 2-5 September 2025.

3. Experience exchange visit to the University of Houston to Prof. Olafs Daugulis group.
Presentation: “Cobalt-Catalyzed C-H Bond Functionalization” Houston, USA, 12-17
May 2025.

4. Cizikovs A., Zagorska, P. A., Grigorjeva L. Mechanistic Insights Into Cobalt-Catalyzed
C-H Bond Functionalization of a-Amidoacrylates. 7th International Symposium on C-
H Activation. IIT Bombay, Mumbai, India, 6-9 December 2024.

5. Cizikovs A., Zagorska P. A., Grigorjeva L. CaC> — an effective acetylene surrogate for
the synthesis of benzoazepine derivatives via cobalt catalysis. Balticum Organicum
Syntheticum 2024 (BOS 2024). Riga, Latvia, 7-10 July 2024.

6. Cizikovs A., Basens E. E., Zagorska P. A., Kinens A., Grigorjeva L. Indole Synthesis
by Cobalt-Catalyzed Intramolecular Amidation via the Oxidatively Induced Reductive
Elimination Pathway. European Meeting on C-H Activation. Lisbon, Portugal, 23-24
January 2024.

7. Cizikovs A., Basens E. E., Zagorska P. A., Grigorjeva L. Indole synthesis via C(sp?)-H
bond functionalization of amino acids. Paul Walden 13th Symposium on Organic
Chemistry. Riga, Latvia, 14-15 September 2023.

8. Cizikovs A., Basens E. E., Zagorska P. A., Grigorjeva L. The reactivity of C(sp?)-H
activated cobalt complexes: a straightforward synthesis of indoles. International
Symposium on Synthesis and Catalysis 2023. Evora, Portugal, 5-8 September 2023.
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MAIN RESULTS OF THE THESIS

1. Indole synthesis via cobalt-catalyzed a-amidoacrylate intramolecular
amidation

To date, various synthetic methods have been developed for the synthesis of indole
derivatives, including Fischer indole synthesis and palladium-catalyzed cyclization reactions.®
Although these methods are often used, they have several limitations, unwanted by-products
are formed or the necessity for expensive reagents. For these reasons, the development of new
methods for the synthesis of the indole derivatives using 3d group transition metal catalysts
(Co, Fe, Mn, etc.) is highly desirable.

In our previous investigations, while studying a-amidoacrylate carbonylation and imination
reactions, we were able to isolate C-H activated Co(l11) complex 7a from the reaction mixture.
(Fig. 4).14 1

tBu
7a
L = CD30D

Fig. 4. The structure of isolated C-H activated cobaltacycle 7a.

We planned to explore the reactivity of isolated cobaltacycles; therefore, we synthesized
the complex on a larger scale. Differently substituted Co(ll1) organic complexes were obtained
in one step starting from a-amidoacrylates 5 containing various electronically different
substituents, using Co(dpm)2, Ag2COs and NaOPiv in a small excess (Fig. 5). Crystallization
of 7a from dry THF afforded suitable monocrystals for X-ray analysis, thus the structure of
cobalt complex 7a was unambiguously confirmed.

Co(dpm), (1.1 equiv)

CO,Me
/©/\(CO2MG Ag,COs (1.1 equiv) N2
NaOPiv (1.1 i L N (0]
R HN. _O aOPiv (1.1 equiv) R L

THF, 100 °C, 2 h O__—Co'"

> Bu—’ | NP
N ﬁﬁo |
\ \

L = THF or MeOH

5 7a,R=H, 72%
7b, R = Me, 91%
7¢,R=F, 59% X-ray of 7a
7d, R = NO2, 28% CCDC 2303124

Fig. 5. Synthesis of Co(lll) complexes 7a-7d.
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Based on the yields of cobaltacycles 7a-d, we can conclude that the C-H bond activation of
similar substrates depends on electronic effects as electron-rich substrate 5b (methyl group)
gave the corresponding cobalt complex 7b with a better yield than electron-poor substrate 5d
(nitro group).

Next, we explored the reactivity of complex 7a (Fig. 6 a). New chemical transformations
were discovered employing Co(l11) complex 7a as a model substrate. We tested several reagents
that could potentially participate in C-H bond functionalization reactions. Pleasingly, the
successful C-H bond functionalization was observed when C-H activated Co(lll) complex 7a
reacted with NFSI. At slightly elevated reaction temperature (60 °C), it promoted C-N bond
reductive elimination, leading to the formation of indole-2-carboxylate 8. After the products’
structure was fully determined, we switched our attention to the optimization of reaction
conditions (Fig. 6 b). First, we observed the formation of the product in 46 % vyield, but after
reaction optimization, we were able to increase product yield to 92 %, using CoCl> and dpmH
ligand as a precursor for the active catalyst, and substituting THF solvent with 2-MeTHF.

a) WCOZMB
NaOAc (2 equiv) AN\
:L/N o Reagent (2 equiv) N COzMe

O_-—CO”'
Bu—’ | NP MeCN N o)
o] | rt to 60 °C =
= X 1h N
tBu
7a 8

Full conversion
NFSI (1.2 equiv)
b) NFSI (1.5 equiv) CoCl, (20 mol%)
Co(dpm), (20 mol%) o PivOH (50 mol%)
CO,Me PIVOH (50 mol%) o‘;f;g"r'::;';’?:n NaBiOg (2 equiv) -~
X NaBiOj3 (2 equiv) mCOZMe conditions _ dpmH (50 mol%) mCOZMe
HN.__O o N Z SN
THF, 80°C, 1h 2-MeTHF, 80 °C
N (0] 1h N (0]

= =

N* |
™ \ Vi \ ¥
5 8, 46% 8, 92%
Fig. 6. The reactivity of cobaltacycle 7a and optimization of reaction conditions.

After optimization, we tested the compatibility of the different functional groups with the
optimized reaction conditions (Fig. 7). We observed that electron donating groups in the
benzene ring moiety such as alkyl, alkoxy and phenyl in different positions gave the
corresponding products in very good to excellent yields (products 8b, 8c, 8h, 8k, 8l, 8n, 8o,
8q). Halogenated products at the ortho- or para-positions generally formed well with yields
from 50 % to 84 % (products 8d-8g, 8m, 8r). Interestingly, electron-poor substrates containing
4-NO. and 4-CN groups did not deliver the desired products. 2-Naphthalene substituted
substrate 5s gave product 5s with 76 % yield as a single regioisomer. Additionally, meta-
substrates (5n, 5p, 5u) gave corresponding products with good yields (76 %, 95 %, 70 %) with
the more sterically accessible C-H bond being activated.
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CO,Me
| NN 2" NFSI (1.2 equiv), NaBiO; (2 equiv) | NN CO.Me
L/ HN._O  PWWOH (50 mol%), CoCl; (20 mol%) &, Ay 2

R dpmH (50 mol%) R
2 N O
N | 2-MeTHF, 80 °C =
N 1-16 h \ /s
8a, R=H, 92% R

mco " 8b, R = Me, 84% R
e M
2Me g¢ R = OMe, 65% \ CO,Me co2 e

8d, R =Br, 76%

8¢, R=1,59%
8f R = Cl, 569

\ p o 70; 8k R = OMe, 79% 8n, R = OMe, 76%
9, ° 81, R = Me, 99% 80, R = Me, 95%

8h, R =Ph, 74% 8m, R = Br, 84% g
8 R = NG, 0% b 8p, R = NHSO,Me, 0%
8j, R = CN, 0%
CO,Me
COQMe CO,Me 2
N/
1 N
7/ 8q,R=R;=Me, 84%  8s, 76% 8t, 89% CF3 8u, 70%

8r,R=Cl,R;=F, 50%
Fig. 7. Substrate scope for intramolecular amidation.

The application of the developed methodology was demonstrated by the synthesis of
Atevirdine — a drug that has been extensively studied as an anti-HIV pharmaceutical (Fig. 8).17

CoCl, (30 mol%)
NaBiO3 (2 equiv)

m-Anisaldehyde COM N.FS| (1.2 equiv) 1o
(1.2 equiv) A 2Me PiyOH (50 mol%) N\ COMe
fj qoMe DBU(Sequ) HN__o  _PmH (50 moi%) N
X pOMe  THF, 1t,3h 2-MeTHF, 80 °C o

N
| N H 60Me OMe N7 15h N=—
| W

X
9 5n, quant. 8n, 84%

MeO o 11 (1.2 equiv)  THF/H,O, 24 h
N\ HOBt (1.1 equiv)
NN EDCi*HCI (1.1 equiv)  MeO
H O DIPEA (3.2 equiv) mCOOH
N NHEt DMF, rt, 18 h N

H

Atevirdine, 97% Nz/ \/> (\/ENHEt 10, 88%
e

Synthe5|zed in 4 steps
from 2-chloro-3-nitropyridine

NaOH (3 equiv)\

Fig. 8. Synthesis of Atevirdine using cobalt-catalyzed reaction as the key step.

The synthesis was carried out starting from m-anisaldehyde in four steps. Initially, Horner—
Wadsworth—Emmons olefination yielded o-amidoacrylate 5n, which was subjected to
intramolecular amidation conditions to deliver indole carboxylate 8n in 84 % vyield.
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Subsequently, the picolinamide directing group was removed along with ester hydrolysis under
basic conditions, yielding 5-methoxy indole carboxylic acid 10 with great yield (88 %). Finally,
amide bond formation with piperazinium trifluoroacetate 11, which was obtained in four steps
from commercially available 2-chloro-3-nitropyridine, afforded atevirdine with almost
quantitative yield.

To understand the reaction mechanism, additional mechanistic experiments were carried
out. We envisioned that the reaction could proceed through the Co(IV) intermediate. To confirm
it, we tried to synthesize indole 8a from Co(lll) complex 7a in the presence of different organic
and inorganic oxidants (Fig. 9), (Table 1).

N CO,Me m
CO2Me
@(‘2“/ o Oxidant (2.5 equiv) N
o2 THF, 80°C, 1h N o)
Bu—  ON" ] =
= N

7a 8a
L =THF

Fig. 9. Synthesis of indole 8a from Co(l1l) complex 7a with various oxidants.

Table 1
Indole 8a Yield from Cobaltacycle 7a with Various Oxidants
Entry Oxidant NMR vyield, %
1 Phl(OAc). 33
2 Phl(OCOCFs3). 79
3 IBX -
4 CAN 90
5 Ag.CO3 -
6 NaBiOs (2 equiv) + NFSI (1.2 equiv) 52
7 NaBiO3 -
8 NFSI 76
9 Mn(OAC)z+2H.0 15
10 Without oxidant -

[EEY
[EEY

Benzoquinone -

From the results obtained, we concluded that the formation of indole derivatives occurs only
in the presence of a strong oxidant. Additionally, we hypothesized that in the reaction media,
there was initially a Co(lV) intermediate forming from Co(lll) complex 7a, which then
undergoes reductive elimination to deliver indole, as the reductive elimination step is more
favorable from the higher oxidation state of the metal.

Then we performed an intramolecular amidation reaction under the standard reaction
conditions by substituting Co(dpm) catalyst with Co(dpm)s in the absence of NaBiOs and
observed that substrate 5a was unreactive (Fig. 10 a). This result indicated that the first step of
the catalytic cycle is Co(ll) coordination to the substrate 5a and not the Co(ll/111) oxidation.
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Then, H/D scrambling experiments were conducted (Fig. 10 b). Employing THF-ds as the
solvent and deuterated acetic acid instead of pivalic acid at incomplete conversion, we observed
<5 % H/D scrambling in the ortho-position of both the substrate and product. This result
indicated that C-H bond activation is an irreversible process. Additionally, to confirm the
intermediacy of cobaltacycle 7a, we conducted an experiment employing cobalt complex 7a as
the reaction catalyst under the standard reaction conditions (Fig. 10 c). In these reaction
conditions, we observed the formation of indole in 77 % yield.

Cat. CoCl3, dpmH

Standard conditions N\ COM
a) withoutNaBiO4 N 2vie

2-MeTHF, 80 °C PA
8a, product trace
Standard conditions
D (<5% D (<5%
AcOH-d, (0.1 mL) (<5%) com (<5%)
N COMe ) instead of PivOH N COMe N com
e
NHPA THF-dg, 80 °C NHPA N 2
0.5h PA
5a 5a 8a
Catalyst: 7a
c) Standard conditions AN CO,Me
2-MeTHF, 80 °C N
PA

8a, 77%
Fig. 10. Mechanistic control experiments.

To additionally confirm the oxidation potential and possibility of cobalt being oxidized to
Co(IV), cyclic voltammetry experiments were conducted. In Fig. 11, the cyclic voltammogram
for Co(lll) complex 7a at 0 °C temperature is shown with voltage up to 1 V. Below 0 V, the
reduction of Co(lll) to Co(ll) did not occur, supporting the stability of the C-H activated
cobaltacycles 7a. On the other hand, approximately at Epxx = 0.84 V, a quasi-reversible redox
event was observed for Co(l11/1V), which is consistent with known literature reports.*®
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L 100 mV/s
tBu4<;<O 6 200 mV/s
— tBu\ 500 MmV/s

) J;HF 1000 MV/s
e 1600 mVs

Co''' — Co'V

0,00

0,50

E[V vs Ag/Agt]

Fig. 11. CV of Co(lll) complex 7aat0°C up to 1 V.

Interestingly, the CV of Co(lll) intermediate performed at room temperature and recorded
from 0 to 1.8 V at different scan rates, showed three irreversible redox events (Fig. 12). The
first redox event was assigned to the Co(l11/1V) redox couple.

80 -

70 -

-10 -+

1600 mV/s

e 1000 MV/s
500 mV/s
200 mV/s

100 mV/s

)
Wt

XTI RN

0,00

0,50

1,00 1,50

E [V vs Ag/Ag*]

Fig. 12. Full CV of Co(lll) complex 7a at rt.

The observed irreversibility indicated that cobaltacycle 7a was transformed into product 8a
upon oxidation, suggesting that intramolecular amidation could be achieved in an



electrosynthetic pathway.’®* We confirmed the indole formation under CV conditions by
comparing CVs of Co(lll) complex 7a and indole 8a (Fig. 13).

I TnA]

-10 +————

0.00 0.50 1.00 1.50
E [V vs Ag/Ag']

Fig. 13. CVs of Co(lll) complex 7a, indole 8a, and indole with cleaved PA 8a’.

Unfortunately, the third redox event remained unidentified. We hypothesized that the
picolinamide directing group could be cleaved under the conditions of CV experiments.
Therefore, using a mixture of zinc and acetic acid in ethanol, we achieved selective cleavage of
the picolinamide moiety, affording indole-2-carboxylate 8a' in good yield (Fig. 14). The CV of
the indole derivative 8a' showed a match to the unknown redox event.

mcone Zn dust (2 equiv)
N T AOH ®002Me
N

(o) EtOH, rt, 30 min
N= H

8a', 73%
Fig. 14. Selective cleavage of the picolinamide directing group.

To explore the correlation between the electronic properties of substituents in a-
amidoacrylates 5, we conducted CV experiments for previously synthesized Co(l1l) complexes
7a-d containing electronically different substituents (Fig. 15).
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30
~COzMe
: —Tq R éé"
20 - AN
] Bu—’ oON |
1 em=7b — 1o
15 tBu
—_ 1 =—Tc R =H (7a)
< R = Me (7b)
10 | e—7d R =F (7c)
. R = NO, (7d)
5 ]
o«
-5 1 T T T T T T T T T T
0,00 0,50 1,00

E [V vs Ag/Ag*]

Fig. 15. CVs of cobalt complexes 7a-7d.

The obtained results explain the lower reactivity of electron withdrawing group-containing
substrates 5, which could be associated with the increased oxidation potential of the
corresponding Co(l11) complex intermediates.

Based on our mechanistic experiments, we proposed a plausible reaction mechanism
(Fig. 16).

CoCl, COyMe
dpmH dpmw @
Co(dpm),
mCOZMe
N Coordination/ |
o Oxidation 5a
N (o) Ox:dat{vely {nc{uce_d
= reductive elimination Cone
\ / COzMe ©/\/
8a x N o
Ly dpm-— Fo'"
o) :O\N _ dpm N7 |
tBu \ /O . |
B tBu COZMe //C H activation
Oxidatlon
NFSI N*

Fig. 16. Plausible reaction mechanism for intramolecular amidation of a-amidoacrylates.

Initially, the active catalyst Co(dpm)z is formed from CoCl, and the dpmH ligand. Then
Co(ll) catalyst is coordinated with the substrate 5a and oxidized to Co(lll) with NaBiO3,
forming intermediate A, which, upon the activation of the C-H bond, delivers cobaltacycle 7a.
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Afterwards, NFSI oxidizes cobaltacycle 7a to Co(lV) intermediate B, which undergoes
reductive elimination to deliver the final product 8a. Alternatively, the transformation from 7a
to 8a is called the oxidatively induced reductive elimination. Finally, as a result of ligand
exchange, Co(ll) is returned to restart the catalytic cycle.

2. Cobalt-catalyzed synthesis of 3-benzazepines

Further investigating the reactivity of the cobalt cycle 7a, we found that the formation of 3-
benzazepine 13a can be observed using CaC: as a reactant (Fig. 17). It should be noted that
starting from cobalt complex 7a, complete consumption of the starting material was observed,
and only one product, compound 13a, was selectively obtained.

o C02Me  Ag,CO; (2 equiv)
m o NaOAc (2 equiv) COZMe
é/"' CaC, (2 equiv) @C
O~ <
tBU\</\< ’ \N 2 | MeCN @

rtto 60 °C, 1 h

tBu
7a
Full conversion

Fig. 17. Synthesis of benzazepine 13a from Co(lll) complex 7a.

In industry, calcium carbide is being used to produce acetylene gas on a large scale. The

synthesis of acetylene occurs according to the chemical equation:
CaC, + 2H,0 - C,H, + Ca(OH)s,.

Even though there are many known methods in the literature using calcium carbide in
transition metal-catalyzed reactions, there are no examples in the literature where CaC> has
been used in directed C-H bond activation and functionalization reactions as a source of
acetylene gas. In addition, 3-benzazepines are common fragments in various drugs, natural
substances and alkaloids (Fig. 18), such as the alkaloids — cephalotaxine,?® bulgaramine,
turkiyenine,?? antiobesity drug lorcaserin, and the bradycardic agent zatebradine.?® 24

Cl
NH

Lorcaserin
MeO N i
— Me
S Crom ’
Zatebradine
Turklyenlne
Fig. 18. 3-Benzazepine motif in drugs and natural compounds.
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Since direct C-H bond activation and functionalization reactions using CaC» as the
acetylene source were previously unknown, we decided to investigate and develop this
transformation using cobalt catalysis.

For the optimization of reaction conditions, we chose a-amidoacrylate 5a as a model
substrate (Fig. 19). A broad scope of Co(ll) catalysts, oxidants, basic/acidic additives, as well
as solvents and temperature range were screened to find the optimal reaction conditions.
Initially, we observed the formation of a product with a 21 % yield using calcium hypochlorite
as an oxidant. After a series of control experiments, we managed to increase the NMR yield of
the product to 99 %, employing CoCl>/dpmH catalyst system, NaBiOs as an oxidant, NaHCO3
as an additive and isobutyric anhydride as a ligand. Several C-H bond functionalization
reactions are known where the addition of an anhydride additive significantly improved the
product yield. This might be explained by the fact that the anhydride acts as a ligand for the
metal catalyst in a specific step of a catalytic cycle, thus accelerating the transformation.?

CaC, (3 equiv)
NaBiO3 (1.5 equiv)
CoCl; (20 mol%)

CaC, dpmH (50 mol%)
coMe CalOCl: NaHCOj; (1.1 equiv)
2 imizati : )

~ Co(dpm), COzMeo?f,:;mr'::;?:n Isobutyric anhydride CO,Me

HN__O NaOPiv — conditions (50 mol%) —
DCE _ NPA DCE, 80°C, 16 h _ NPA

N~ | 100°C.3h
5a N 13a, 21% 13a, 99%

Fig. 19. Optimization of the reaction conditions.

After optimization of the reaction conditions, we switched our attention to the investigation
of a substrate scope (Fig. 20). Under optimized reaction conditions, we were able to isolate
benzazepine 13a in 97 % yield. Moreover, upscaling the reaction to a gram-scale led to similar
results without loss of efficiency, giving product 13a in 96 % yield. Next, we investigated the
impact of substituents on the reactivity and reactions’ regioselectivity. Substrates with ortho-,
meta- and para-substitution patterns gave the corresponding product in good to excellent yields.
Using meta-substituted substrates 5f-h, we observed high regioselectivity, and benzazepines
13f-h arising from C-H bond functionalization of the less hindered C-H bond were obtained.
Under optimized reaction conditions, excellent compatibility of electronically different
substituents was observed — electron-rich substrates with methyl group (5b, 5j) and methoxy
(5i, 5k), as well as electron-deficient substrates with cyano (5d) and nitro (50) groups, gave the
corresponding products generally in good yields. Additionally, halogenated products were
obtained in 78 % to 99 % yields (products 13c, 13e, 13p-r).

The structure of product 13c was unambiguously confirmed by a single-crystal X-ray
analysis. Sterically hindered substrates 5e and 5i gave the corresponding products 13e and 13i
in very good yields (83 % and 79 %). Interestingly, substrates containing protected amino group
moieties perfectly tolerated the annulation reaction conditions, giving access to products 13f
and 13g in great yields. We also demonstrated that both 1- and 2-naphtalenyl amidoacrylates
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5s and 5t were reactive under the reaction conditions, and naphtoazepines 13s and 13t were
obtained.

CoCl, (20 mol%)
dpmH (50 mol%)
NaHCO; (1.1 equiv)

NaBiO3 (1.5 equiv) CO,Me
Cone Isobutyric anhydride (50 mol%) R X T
NHPA DCE, 80 °C, 16 h AN
13
coMe R CO,Me F COMe g1 __LoMe
13a, 97% 13b, R" = Me; 77% 13e, 83% 13f, R' = NPhth; 81%
96%? 13c, R' = Br; 78% 13g, R' = NHBoc; 99%
13d, R' = NC; 69% 13h, R" = (m-F3C)CgH,40; 70%
COzMe CO,Me CO,Me
COzMe - —
:@CNPA R O —
13i, 79% 13j, R' = Me; 94% 13s, 67% 13t, 70%
13k, R' = MeO; 83% p
131, R" = BnO; 85% / L P s
13m, R' = F5CO; 94% Y B .. \/4“ A~
13n, R' = TMSC=C; 67% «9 \,zi/ D or *7\
1= - 0 \ .
130, R1 O,N; 79% od J " \/ﬂ
13p, R' = F; 95% N, ~<, e
13q, R' = Br: 99% Wi a8 \
13r,R'=1;91%
X-ray of 13¢
aStarting from 1 g. of substrate CCDC 2390205

Fig. 20. Substrate scope for Co-catalyzed annulation with CaC,.

In order to gain insight into the reaction mechanism, additional control experiments were
performed. First, cobaltacycle 7a was detected in the reaction mixture by HRMS analysis
(Fig. 21 a). Employing the previously developed method, we synthesized Co(lll) complex 7a
and confirmed its intermediacy in the reaction. Stoichiometric experiments using Co(lll)
complex 7a as substrate were analyzed at incomplete conversion without (Fig. 21 b) and in the
presence of isobutyric anhydride (Fig. 21 c¢) to determine the role of isobutyric anhydride as a
potential ligand for cobalt intermediates. The obtained results indicated that in the presence of
anhydride, the reaction is slightly accelerated. We concluded that isobutyric anhydride most
probably serves as a ligand after C-H bond activation, accelerating the reductive elimination
step or acetylene migratory insertion. Employing cobalt complex 7a as a reaction catalyst
(Fig. 21 d), benzazepine 13a was obtained in 89 % yield, which was determined by *H-NMR.
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a)
AN COzMe
Co(dpm), (20 mol%) @(h/
CO.Me Na,COj3 (1.1 equiv) 7 N._O
X 2% NaBiO; (1.5 equiv) O_,Co{"
NHPA DCE, 80 °C, 1h tBU\QA I |

— N
5a 7a tBu
Detected by HRMS
b) CaC, (3 equiv) 1334 58%
DCE, 80 °C, 13 min  7a, 42%
7a —  CaC, (3 equiv)
Isobutyric
c) anhydride (50 mol%) 13a, 77%
+

DCE, 80 °C, 13 min  7a, 23%
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Fig. 21. Mechanistic investigations.

Based on our mechanistic experiments and literature precedents, the possible reaction
mechanism is depicted in Fig. 22.

CO,Me CoCl, + dpmH COM
| = 0 ibase m o
N
HN__O
/ N Co(dpm),
7\
13a — idati '
Oxidation/ Coordination/ 5a S |
Ligand exchange Oxidation
N CO,Me
_Col'x
I su— JN7
u 0 |
— S
A 1Bu
Reductive
elimination C-H activation
CO,Me @(\/COQMG
0O
— L
N.__O
Lo N N C(I)u'l
Co /7 \ T

| N /O ’ N*
X _ tBu 0 |
B Migratory — A
w 7a fBu

HC=CH =— CaC;+H,0
Fig. 22. Plausible mechanism for cobalt-catalyzed 3-benzazepine formation.

At first, the active Co(dpm): catalyst is formed from CoCl, and dpmH ligand in the presence
of base. Then, Co(ll) coordinates to the substrate, and after oxidation/C-H bond activation
sequence, cobaltacycle 7a is formed. It is not excluded that cobaltacycle 7a undergoes ligand
exchange from dpm to isobutyric anhydride prior to alkyne migratory insertion. Afterwards,
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acetylene gas coordination and migratory insertion deliver cobalt complex B, which, after
reductive elimination, furnishes C. Finally, after demetalation, intermediate C product 13a is
formed, and cobalt is reoxidized to restart the catalytic cycle.

3. Cobalt-catalyzed sulfonamide and benzamide C-H bond annulation

As the next step of our study, we chose to transfer the C-H bond annulation methodology
with calcium carbide to benzenesulfonamide derivatives. Since 2015, several sulfonamide
annulations have been reported, including reactions with alkynes or allenes as annulation
reagents,?®=° as well as an impressive method for atroposelective annulation has been
developed (Fig. 23).3! Despite the notable progress over the last ten years in the field of
sulfonamide C-H bond annulation, the methodology lacks examples of C3/C4 unsubstituted
benzosultam synthesis. We envisioned that sulfonamides would react similarly to a-
amidoacrylates with CaCy, giving access to unsubstituted benzosultams under cobalt catalysis.

Literature examples: O\\ //O
R—=—R' S, .Q Sundararaju 2015
— R N Ribas 2015
cat. Co(ll), [O] Z Lei 2020
R1
F.%RZ O\\/,O
R S.. ..Q
LN N, Volla 2017
cat. Co(ll), [O] >~ R'  Rao 2017
R2
Allene N’ oS
or Q, 0
alkyne S\N
— Niu 2023
cat. Co(ll), [O] P X
R,
R

New idea:

Iz

QL CaC, QP
s cat. Co(ll) Sy
Fig. 23. Different approaches towards sulfonamide C-H bond annulations.

For the optimization study, we used p-toluenesulfonamide 14a with 8-aminoquinoline
directing group (Fig. 24).

CaC, (2 equiv) CaC; (3 equiv)

________ CoCl, (20 mol%) Co(OAc); - 4H0 (20 mol%)

1 dpmH (50 mol%) Optimization IBSA (1 equiv)

! Mn(OAc); (2 equiv) O\\S/, of the reaction MN(OAc)s - 2H,0 (2 equiv) O\\S/P

. NaOPiv (2 equiv) “NQ conditions NaHCOj3 (2 equiv) “NQ

i DCE, 100 °C, 16 h _ DCE, 100°C, 16 h >
LT Me Me

15a, 41% 15a, 92%

Fig. 24. Optimization of the reaction conditions for sulfonamide 14a annulation.
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During optimization we found that the best result can be achieved by employing the
following catalytic system: Co(OAc)2 - 4H,0 catalyst, NaHCO3z additive, Mn(OAc)z - 2H,0
oxidant, isobutyric anhydride ligand in DCE solvent at 120 °C temperature.

Next, we investigated the compatibility of various functional groups with the optimized
reaction conditions (Fig. 25). We observed that sulfonamides 14a-14s with ortho-, meta- and
para-substitution patterns well tolerated the reaction conditions, giving access to the
corresponding products in good to excellent yields (40-99 %).

CaC, (3 equiv)
Co(OAc), - 4H,0 (20 mol%)
NaHCOj3; (2 equiv) R EEEEETCEEEEN :

O\\ /9 Mn(OAc); " 2H,0 (2 equiv) O\\ ,9
= | S\NHQ Isobutyric anhydride (1 equiv) = S\NQ ' K | .
] 1 = ]
R7\ DCE, 100 °C, 16 h S _ : N :
14a-14s 15a15s
\\ // \\ // \\ // \\ // \\ // \\ //
15a, 91% 15b, 97% 15¢, 95% 15d, 87% 15e, 92% 15f, 98%
92%
\\ // \\ // \\ // \\ //
159, 96% 15h, 87% 15i, 70% 15}, 62% 15k, 84% 151, 81%
\ 7/ \// \\ // \\ //
@() @Q “i) L
15m, 40% 15n, 45% 150, 55% 15p, 79%
(78% brsm) (79% brsm)

\\ // \\ // \\ // \\ //

\@) (;() /I/‘f\/@() % I X-ray of product 151

CCDC 2456563

___________________________________

15q, 79% 15q 13% 15r, 57% 15s, 63%
aStarting from 1 g of substrate

Fig. 25. Sulfonamide 14 scope for cobalt-catalyzed annulation with CaC..

Electron-donating groups like alkyl (products 15a, 15m), alkoxy (15d, 15h), phenyl (15c)
and electron-withdrawing groups such as trifluoromethyl (15j), trifluoromethoxy (15k), and
methyl ester (15i) in the benzene ring moiety gave annulation products smoothly. Methyl-
substituted substrate 14a and unsubstituted substrate 14b gave the corresponding products in
great yields — 91 % and 97 %. Moreover, upscaling the reaction to a 1-gram scale did not impact
the yield of 14b. Halogenated products 15e, 15f, 15g and 15l, as well as dihalogenated products
15n and 150, formed in medium to excellent yields (up to 98 %). It is worth mentioning that
meta-substituted substrates gave corresponding products 15h-15I in good yields (62—99%) and
were isolated as single regioisomers. Interestingly, 3-fluorobenzenesulfonamide 14q was also
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a competent substrate for annulation with CaC, although in this case the reaction was not as
selective and both regioisomers — 15q (79%) and 15q° (13%) — were isolated.®? Sterically
hindered ortho-substituted substrates 14m and 14n delivered corresponding products 15m and
15n in mediocre yields (40 % and 45 %, respectively). In this case, low yields can be explained
by the low reactivity of the corresponding starting materials. Naphthyl sulfonamide 14p also
demonstrated good reactivity, forming 15p in 79 % yield as a single regioisomer. Additionally,
heterocyclic sulfonamides 14r and 14s were suitable substrates for the annulation reaction,
furnishing products 15r and 15s in good yields.

Inspired by the fact that sulfonamides 14 successfully underwent annulation with calcium
carbide, we decided to apply this method for benzamide substrates 16 (Fig. 26). Pleasingly, we
observed the formation of the corresponding product under standard reaction conditions, and
no additional modifications or optimizations were required.

We observed that different functional groups were compatible with the reaction conditions.
Electron-rich benzamides (products 17a, 17g), electron-poor benzamide (17c), as well as
electron-neutral or halogen group-containing benzamides (products 17b, 17d) participated in
the annulation reaction and gave the desired products in very good to great yields (78-93 %).
Unfortunately, meta-methoxy and methyl ester functionalities containing benzamides delivered
the corresponding products as a mixture of inseparable regioisomers. Despite that, the
regioisomer ratio was rather acceptable, and the yields of products 17e and 17f were 74 % and
68 %, respectively. In contrast to benzosultams, ortho-substituted product 17h was obtained in
good yield — 69 %. Additionally, two heterocyclic amides were subjected to C-H bond
functionalization with calcium carbide. As a result, thienopyridinone 17i was obtained in 62 %
yield, while furopyridinone 17j was isolated in only 27 % yield. We found that in this case, the
low yield is due to the low conversion of the starting material.

CaC,; (3 equiv)
Co(OAc),  4H,0 (20 mol%)
NaHCOj3; (2 equiv) P R ‘

o Mn(OAc); - 2H,0 (2 equiv) ‘
= ‘ NHQ Isobutyric anhydride (1 equiv) _~ NQ Q 5 ‘ ;
5 Q= ;
LN DCE, 100 °C, 16 h 5 NS i N
16a16j 17a- 17j """"""""
Beelee; @é Bec mees @é
OMe
17a, 93% 17b, 83% 17c, 82% 17d, 79% 17e + 17e", 74% (3.03 : 1)
o)
MeO,C
o2 NQ
.
>
CO,Me
17f + 17F, 68% (6.67 : 1) 179, 78% 17h, 69% 17i, 62% 17j, 27%

(67% brsm)

Fig. 26. Benzamide 16 scope for cobalt-catalyzed annulation with CaCa.
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While studying the substrate scope for the developed method, we found some limitations
(Fig. 27). Substrates such as sulfinamide 18 or phosphinic amide 19 were unstable under the
reaction conditions, and only product trace along with a large amount of decomposition by-
products were observed. On the other hand, isobutyramide 20 did not participate in the
annulation reaction, which could be explained by the fact that harsher reaction conditions are
required for activation and functionalization of the C(sp®)-H bond.

CaC, (3 equiv)
Co(OAc), - 4H,0 (20 mol%)
NaHCOj3 (2 equiv)
Mn(OAc)s - 2H50 (2 equiv)

Isobutyric anhydride(1 equiv)
substrate Product
DCE, 100 °C, 16 h

E Me\P//O o)

< ~ M

[::j/ NHQ [::j/ NHQ Me NHQ
18 19 Me 20

Fig. 27. Unsuccessful substrates for C-H bond annulation.

It has recently been reported and discussed in detail that two types of catalytic cycle might
be operative for aminoquinoline-directed cobalt-catalyzed C-H bond functionalization
reactions — Co(1)/Co(l1l) and through Co(IV).>® Based on previous reports from our
group® ¥4 1534 and relevant literature precedents,® 1% 26-30.35jt js very unlikely that a catalytic
cycle involving Co(lV) intermediate is operative in our case. Based on these examples, we
propose a plausible reaction pathway via the Co(1)/Co(ll1) catalytic cycle (Fig. 28).

OAC N&

Ligand exchange
Oxidation 14 or16
Ligand exchange
Oxidation
Co'xL, o
11
Reductive \
15 or 17 elimination @\ /N
.......... 1]
Y= 50 Lo,
.......... X L N
\ 7/
A
Y\
Alkyne coordination
L\COIII Nx Migratory insertion

CyH,

Hzo + CaC2
Fig. 28. Plausible reaction mechanism for sulfonamide/benzamide annulation.

Initially, Co(ll) catalyst is coordinated to sulfonamide 14 or benzamide 16, and then
oxidation/C-H bond activation sequence provides cobalt complex A. Migratory insertion of
acetylene gas delivers cobaltacycle B, which after reductive elimination yields sultam 15 or
isogquinoline 17 along with Co(l) species. Oxidation and ligand exchange returns Co(l) species
back to the catalytic cycle.
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Within the Thesis, a novel cobalt-catalyzed intramolecular amidation reaction was
developed. Using a-amidoacrylate derivatives 5 as substrates, we were able to obtain indole
products 8 bearing various substituents in the benzene ring moiety. The developed reaction was
also successfully applied for the synthesis of the anti-HIV drug atevirdine. Based on the
synthesis of reaction intermediates, control experiments, and cyclic voltammetry studies we
proposed the plausible reaction mechanism via the formation of Co(lV) intermediate in the
reaction media.

In addition, two new cobalt-catalyzed C-H annulation methodologies were developed,
employing a-amidoacrylate 5, sulfonamide 14, and benzamide 16 derivatives. In these newly
developed protocols, we used calcium carbide for the generation of the acetylene gas in situ. A
thorough examination of the substrate scope was conducted, and possible reaction mechanisms
were proposed based on the literature precedents and our mechanistic control experiments.
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CONCLUSIONS

1. Under cobalt catalysis, a-amidoacrylate derivatives can be transformed to indole-2-
carboxylate derivatives via intramolecular amidation using picolinamide as a directing

group.

NFSI

CO,Me [Co] =
/s HN (0] S N
R/ 19 examples R
P Product yields up to 99% N o
N =
x \_/

2. Based on control experiments, cyclic voltammetry studies and DFT calculations, it was
unambiguously proved that intramolecular amidation of a-amidoacrylate derivatives
proceeds through oxidatively induced reductive elimination pathway involving Co(IV)

species.

R \\ X/Ic\
g SN

O/\(COZMe ’I/ mcozl\ﬂe\ mco Me
| u - 2

S — L N_O — &

S« HN_O ] ) | R N

\

3. The developed method for intramolecular amidation can be successfully applied for the
synthesis of atevirdine — an anti-HIV drug, as well as its analogues starting from
commercially available substituted aldehydes.

MeO

MeO - COzMe MeO \
[Co] catalysis CO2Me 2 steps
HN._O ———— N — N_>
0 C

N= N
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\ Atevirdine N
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4. 3-Benzazepine derivatives can be efficiently obtained via cobalt-catalyzed C-H bond
annulation of a-amidoacrylates using calcium carbide as the acetylene gas source.
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5. Benzosultam and isoquinoline derivatives can be efficiently obtained via cobalt-
catalyzed C-H bond annulation of corresponding aryl sulfonamides and benzamides
using calcium carbide as the acetylene gas source.

CaC2
i [Co]
NQ [O]
Isoquinoline Benzothiazine
20 examples 10 examples
Product yields up to 99% Product yields up to 93%
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