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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Medicina, materialzinatne, agrokimija un citas ar Kimiju saistitas zinatnes un
tautsaimniecibas nozares nav iedomajamas bez organiskajiem savienojumiem. Lidz ar to
organisko vielu efektivu un I&tu iegtiSanas metozu izstrade ir viens no priekSnoteikumiem $o jomu
sekmigai attistibai. C-H saites aktivéSana un funkcionaliz&$ana ir salidzinoS$i jauna pieeja
organiskaja sintéze. Metode lauj viena stadija molekula ievadit jaunas grupas, tadejadi aizstajot
agrak izmantotas laikietilpigas reakcijas sekvences un izvairoties no nevélamu blakusproduktu
veidosanas (1. att.).

Funkcionéalo grupu péarvértibas

R —H —==, R —FG' — R —FG?

I C-H aktivésana un funcionalizésana r

1. att. C—H saites funkcionalizé$ana.

Termins “C-H aktivé$ana” metalorganiskaja kimija biezi tiek lietots, lai aprakstitu
procesu, kura metala centrs saistas pie substrata eso§as C—H saites, padarot to reagétsp&jigaku, un
sekojosaja C—H funkcionaliz€Sanas soli parveido substratu. Lai gan organisko savienojumu
struktaras C—H saites ir visbiezak sastopamas, tomér to kimiska reagétspgja ir zema. Salidzinot
sai$u disociacijas energijas (C(sp®)-H = 105 kcal/mol, C(sp?)-H = 110 kcal/mol, C(sp’)-Cl = 83
kcal/mol, C(sp*)-Br =70 kcal/mol un C(sp’)-I =56 kcal/mol), ir redzams, ka C-H saites
aktivéSanu un funkcionalizéSanu panakt ir daudz gratak, salidzinot ar C—H al saitém, kas
tradicionali tiek izmantotas parejas metalu katalizgtas reakcijas.!*®

C—H saites aktivesanai parasti izmanto dargmetalu katalizatorus, tacu paslaik ir pieaudzis
pieprasijums pec létakiem un videi draudzigakiem katalizatoriem, jo misdienas arvien aktualaks
klust jautajums par “zalas kimijas” pamatprincipiem, kas paredz ilgtsp€jigu, videi draudzigu un
ckonomisku kimisko metozu izstradi.” Neskatoties uz to, galvenie rezultati C-H saites
funkcionaliz€Sanas 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 $adam alternativam ir kobalts, kas veido aptuveni 0,0029 % no Zemes garozas pretstata
kimiskajas reakcijas tradicionali biezi lietotajam paladijam, ka krajumi noverteti vien triljonajas
dalas Zemes garozas masas. Tikai kop$ 2010. gada ir manama loti strauja izaugsme kobalta
katalizétas C—H funkcionaliz€Sanas metodologija, tapéc tas varétu tikt uzskatits par, iespgjams,
daudzsologako alternativu dargmetalu katalizatoriem. !

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



1) zemas valences kobalta katalize; Saja kategorija esoSajiem Co katalizatoriem ir raksturiga 0
vai +1 oksidésanas pakape, ko iegiist no Co(I) vai Co(Il) saliem in situ reducgjosos apstaklos;

2) augstas valences kobalta katalize; S$aja kategorija esoSajiem kobalta katalizatoriem
raksturiga +3 oksidesanas pakape, ko ieglist no Co(IIl) vai Co(Il) saliem in situ oksid€josos
apstaklos. Kops 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(IIl) vai prekursora Co(II)
katalizatorus. Nakamajos gados kobalta katalizétam C-H funkcionaliz€Sanas reakcijam tika
pievérsta pasa uzmaniba, un pasreiz $aja joma izdoto publikaciju aptuvenais skaits sasniedz piecus
simtus. Promocijas darba izstradatas metodes ir balstitas augstas valences kobalta katalize,
izmantojot Co(II) salus un bidentatu virzoso grupu ka Co(III) prekursoru.

Neskatoties uz to, ka Co katalizétas C—H funkcionalizé$anas reakcijas péc savas biitibas ir
daudz “zalakas” neka dargmetalu gadijuma, eksisté papildu virzieni, kuros ir iesp&jams attistities,
lai procesu padaritu vl ekonomiski pievilcigaku un dabai draudzigaku. Viens no Siem virzieniem
ir virzo%o grupu stratggija.® Virzodo grupu izmantoSana ir priek$nosacijums selektivai reakcijas
norisei, jo tadgjadi ir iesp&jams virzit metalu veélamas aktivéjamas C—H saites tuvuma. Tomer liela
dala virzoso grupu izmantoSana pieprasa to ievadisSanu molekula pirms C—H funkcionalizéSanas ar
sekojosu noskelsanu pec parvertibas, tadgjadi dalgji atspekojot prieksrocibas, ko tas sniedz. Lai
risinatu $o problému, ir ieviestas vairakas virzoso grupu klases (2. att.).

1) Aizejos$as virzo$as grupas (traceless directing groups) tiek ievaditas molekula pirms C-H
funkcionalizgSanas, tacu tiek noskeltas reakcijas apstaklos pec veiksmigas savas funkcijas
izpildes. Patlaban $aja joma ir panakts labs progress, un literatiira ir atrodami daudzi
pieméri Co-katalizétam C-H funkcionaliz€Sanas reakcijam ar dazadam aizejoSam
virzo$ajam grupam, tacu lielaka dala parvertibu ir limitStas tiesi uz karbonilésanas un
annelésanas reakcijam ar alkiniem un alkéniem.®

2) Parejosas virzosas grupas (transient directing groups) tiek ievaditas molekula un péc tam
noskeltas reakcijas apstaklos viena reaktora sintézé. Sada pieeja Co katalizetas C—H
funkcionalizéSanas reakcijas ir paradijusies relativi nesen, tapéc 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 sp& koordingt metalu. Sada pieeja ir 3kietami
vispievilcigaka, it Tpadi vélinajas stadijas, tatu taja pasa laika visgriitak realizéjama. St
iemesla d&| pieméru, kuros izmantotu vajas virzo$as grupas, ir maz.5



Virzo$o grupu stratégija

C-H aktivésana

1 un . "
F&' VG ievadisana ve funkcionalizésana @[‘IG VG noskelsana ©:FG
FG? FG?

C-H aktivésana,

s Aizejoso virzoso
funkcionalizé$ana un VG grupu stratédija

SkelSana viena poda

via P - P
Vo jvadan O acvsians, | parjoso vrzot
Skelsana viena poda iy starecig

Vajo virzoso grupu stratégija

C-H aktivésana, funkcionalizé$ana

2. att. Virzo$o grupu stratégija.

Aminoskabju un aminospirtu struktiirelementi ir loti biezi sastopami zalvielas gan ka
peptidmimétiku, gan ka proteinu sastavdalas.® Turklat tie ir daudzpusigi biivbloki, ko plasi izmanto
organiskaja sintézé un asimetriskaja katalize.® Jaunu metozu izstrade, ar kuram varétu iegfit
aminoskabju un aminospirtu atvasinajumus, potenciali spétu padarit tirgli esoSo farmaceitisko
preparatu izmaksas l&takas, ka arT atfistit jaunas to iegi$anas metodes. So iemeslu d&l misu
petijumi ir versti uz kobalta-kataliz€tu fenilglicinola un fenilalanina atvasinagjumu C-H saites
aktivéSanu un funkcionaliz&€$anu ar tadiem reagentiem ka alkini, oglekla monoksids un izocianidi
(3. att.).
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3. att. Fenilglicinu un fenilalaninu atvasingjumu funkcionalizéSanas iespgjas.




Petljuma merkis un uzdevumi

Promocijas darba meérkis ir jaunu, &rtu un praktisku metozu izstrade, kas balstita kobalta
katalizeétu C—H saites funkcionalizeSana.

Darba mérka Tstenosanai tika definéti divi uzdevumi.
1. Tegtit aminospirtu un aminoskabju atvasinajumus, ko potenciali varétu izmantot C—H saites
funkcionalizgSanai, par modelsubstratiem izveloties fenilglicinolu un fenilalaninu (3. att.).
2. Izpétit literatiiru, atrast piemg&rotus reagentus, kas spétu piedalities kobalta katalizéta C—H saites
funkcionalizéSanas reakcija. Veikt talaku reakcijas apstaklu optimiz€Sanu un substratu
ierobezojumu.

Zinatniska novitate un galvenie rezultati

Darba izstradatas Cetras jaunas aminospirtu un aminoskabju atvasinajumu C—H saites
funkcionalizé$anas metodes.

1. Kobalta katalizéta fenilglicinola atvasinajumu C—H saites alkeniléSana.
2. Kobalta katalizéta fenilglicinola atvasinajumu C—H saites karboniléSana.
3. Kobalta katalizeta fenilalanina atvasinajumu C—H saites karboniléSana.

4. Kobalta katalizéta fenilalanina atvasinagjumu C—H saites imingSana.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par kobalta
katalizétam fenilglicinola un fenilalanina atvasinajumu C—H saites alkenilésanas, karboniléSanas
un imin&8anas reakcijam, ka ari par iegiito produktu atvasinasanas iesp&jam.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti ¢etras zinatniskajas originalpublikacijas, tris
apskatrakstos un divas gramatu nodalas. Pétfjuma rezultati prezent&ti trijas konferencgs.

Zinatniskas publikacijas
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Lukasevics, L.; Grigorjeva, L. Cobalt-catalyzed carbonylation of the C—H bond. Org.
Biomol. Chem. 2020, 18, 7460-7466. DOI:10.1039/DOOB01633K.

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.
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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.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Kobalta katalizeta fenilglicinolu C—H saites alkeniléSana

Pirmais pétijuma virziens ietvéra fenilglicinola 1 C—H saites alkeniléSanas metodes
izstradi. Sakotngjiem eksperimentiem par modelsubstratu izvelgjamies fenilglicinolu 1 un
tercbutilacetilénu ka alkeniléSanas reagentu. Paredz&jam, ka substrata 1 reakcija ar fbutilacetilénu
potenciali var&tu veidoties Cetri iesp&jamie produkti 2a-d, tacu reakcija novérojam selektivu viena
produkta 2a veidoSanos (4. att). Reakcijas apstaklu optimizéSanas eksperimentos nonacam lidz
pieméroti katalitiskai sistémai — Co(dpm): katalizators, NaOPiv piedeva, un Mn(OAc)3-2H20/ O2
oksidetaju sistéma, kas lava iegiit produktu 2a ar loti labu iznakumu — 83 %.

TBSO TBSO,

i NPA NHPA
1 220K @ék
©\A iy = 0
NaOPin(‘]rZ ekviv)
0TBS ! _ 2a
Mn(OAc)s 20 (2 ekviv) 2b *Bu

NHPA R TBSO N
MeOH, 80 °C, O, 16h TBSO Z
1
NPA oA
C {
Bu B
2c 2d

4. att. Fenilglicina 1 C—H saites alkeniléSana ar tbutilacetilénu.

Sakotngji vélgjamies 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 buit 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 saturosi
substrati 1d, 1e reaggja labi un deva attiecigos produktus ar loti labiem iznakumiem — 70-88 %.

= BY 35kibwe)

R Co(dpm)2 R
NaOPivMQ ekviv)
@NHPA Mn(OAc)s 20 (2 ekviv) NPA
_Mn(OAc)s 20 (< 8kviv) |
MeOH, 80 °C, O,, 16h Z\tBu
3 4
HO TBSO MOMO PMBO. Me o
=
2 tBu z tBu z tBu Z 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 novérojam tikai viena izomé&ra
rasanos, reag€jot mazak steriski apgriitinatajai orto- C—H saitei. Novérojam, ka substrati ar tadiem
elektronus dongjosiem aizvietotajiem ka alkil- (produkti Sc,e), metoksi- (produkti 5a,g) un
metoksimetil- (produkts 5h) grupas, bija reag€tspgjigi reakcijas apstaklos un deva produktus ar
labiem un loti labiem iznakumiem — 55-90 %. Lidzigu reagétsp&ju noveérojam ari substratiem, kas
satur&ja elektronus atvelkosu aizvietotaju, dodot produktus 5d un 5i ar 65 % un 75 % iznakumu.
Haloggnaizvietoti substrati arT bija savietojami ar reakcijas apstakliem (produkti 5b.fj).
Interesanti, ka tadi strukturali atSkirigi substrati ka B-fenilalaninols 11 un tioféns 1k arT bija
pieméroti substrati un viegli veidoja attiecigos C—H saites alkenilé$anas produktus (5k,l) ar labiem
un loti labiem iznakumiem. Jaatzime, ka tioféna Sk gadijuma reakcija nebija selektiva un produkts
tika iegiits ka regioizomeru maisijums ar attiecibu 2,5 : 1.

tBu
OTBS 3EIH%)
(fin Co(dpm) i ) oT8s
NHPA NaOPl_V 1.2 ekviv)
R‘// Mn(OAc)s 20 (2 ekviv) ‘ X NPA
_Mn(OAcs 20 @ elovv)
1 MeOH, 80 °C, O, F{/ A \Bu
OTBS OTBS OTBS OTBS oTBS otes
5a, 20h, 55% 5b, 16h, 74% 5c, 24h, 78% 5d, 20h, 65% 5e, 16h, 90% 5f, 16h, 70% OTBS
OTBS oTBS oTBS oTBS oTBS
tBu MOMO CF.0
59,16h, 75% 5h, 16h 84% 5i, 20h, 75% 5j, 20h, 66% 5k, 20h, 84% 51, 40h, 71%

6. att. Substratu klasta petijumi.

Nakamais pétijuma solis ietvéra alkinu klasta izpéti (7. att.). Sim nolikam 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 %. Termindlo alkinu gadijuma ieguvam produktus 6f-m ka vienu regioizom@ru ar
iznakumiem — 65-88 %. Interesanti, ka fenilglicinola 1 reakcija ar 4-nitrofenilacetilénu novérojam
gan sagaidama C-H saites alkeniléSanas produkta 6m, gan arT dialkeniléSanas produkta 6m’
veidoSanos. Lai demonstrétu attistitas metodes praktisko lietojumu, veicam fenilglicinola 1 C-H
saites alkeniléSanas reakciju 1g apjoma, un ieguvam produktu 6i ar loti labu iznakumu — 80 %.
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R=—R%*¢3 5. 3 ekviv)
Mm% oTBS
OTBS Co(dpm)2 t OIS
NaOPiv (1.2 ekviv)

NHPA  Mn(OAc)s ~ 20 (2 ekviv) NPA
_MnfOAc)s  2¥ 2 FPT, P
MeOH, 80 °C, O, R
1 6
OTBS 0TBS OTBS Rt =H, R, = ciklopropil, of, 74%°
=H,R,=Ph,
R1 -H R 6g, 73%"
NPA b
=H,R, 'Arﬁé/'eph 6h.88%40,
A2 6i, 7wb ba)
R =Me, R =Ph, h?
R —H R, . 2.tiof
R 101N 6k, 65940

alk = Me, 6a, 70%°  Ar = Ph, 6d, 77%°
alk = Et, 6b, 76%P Ar = 4-BrCgHg-, 6e, 76%P
alk = n-Pr, 6¢, 80%"

0TBS oTBS
NPA
NPA NS
g O

61, 54%°

6m’, 16%"°
°® Reakcijas laiks 20h

a Substrata iekravums - 1g b Reakcuas laiks 16h

7. att. Alkinu klasta petijumi.

Papildus velgjamies noskaidrot, vai reakcijas apstaklos potenciali notiktu hirala centra
saglabasana, ja tiktu izmantoti enantiobagatinati substrati. Sim noliikam paklavam (S)-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 iegdti ar labiem
iznakumiem un pilnigu stereokimijas saglabasanos (ee > 99 %).

Rz@& 3i6kviv)
645V oTBS
oTBS co(dpm)
NaOPiv (1.2 ekviv) NPA
NHPA Mn(OAc)s 20 (2 ekviv)
L LS Sl b A _
(S)-1 MeOH, 80 °C, 0, R (5123, (5)6
oTBS OTBS oTBS oTBS OTBS
AN Tns
(S)-2a (S)-69 _6d (S)-6i
70%, >99% ee 7% >99% ee 67% >99% ee 70%, >99% ee 85%, >99% ee

8. att. Enantiobagatinatu fenilglicinolu (S)-1 C—H saites alkenilé$ana.

Visbeidzot, paradijam, ka iegiitajiem produktiem ir iesp&jams noskelt pikolinamida virzoSo
grupu, lai iegiitu tetrahidroizohinolinu atvasinajumus ($)-6i (9 att.). Sakuma enantiotirs (S)-6i C—
H saites alkeniléSanas produkts tika reducéts Beérca reduc€Sanas apstaklos ar Na/NH3, ieglistot
produktu 7 ar augstu diastereoselektivitati (d. . > 20 : 1). Sekojosa pikolinamida skelSanas soli ar
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LiAlH4 tika iegiits tetrahidroizohinolins 8 ar loti labu iznakumu un pilniba saglabatu sakotn&jo
hiralo informaciju (ee > 99 %).

X
meso_ l__n TBSO
(5)-6i Na/NHy LiAH,
THF, -78 °C N“S0  THF, 0°C - ist.t. NH
d.r. >20/1 T™S ™S
7,69% 8, 86%, >99% ee

9. att. Virzo$as grupas noskelSana.
2. Kobalta katalizeéta fenilglicinolu C—H saites karbonileSana

Turpinot izstradat jaunas metodes fenilglicinolu 1 C-H saites funkcionaliz&$anai,
pieversamies C—H saites karbonil&Sanai. Sakotngji izmantojam tadu pasu katalitisko sistemu, 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 $aja gadijuma tika noSkelta reakcijas apstaklos péc veiksmigas C—H
saites karbonil&Sanas.

DIAD (Zzeé(viq
TBSO, Co(dpm)2 TBSO
NaOPlv 1.2 ekviv)
XN, Mn(OAc)s 20 (2 ekviv) NH
MeOH 80°C, 0,

9, 10%
10. att. Femlghcmola 1 C—H saites karbonil&Sana.

Reakcijas apstaklu optimizéSanas eksperimentos noskaidrojam, ka veiksmigai reakcijas
norisei nepiecieSsams Co(dpm): katalizators, PivOH piedeva, Ag2COs3 oksidetajs 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,c, tie tika iegiiti ar zemakiem iznakumiem neka
TBS aizsarggrupas gadijuma.
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RO, DIAD (. (A26¥H01%) RO,

o 'gdpmz
ivOH azeéﬁyl
N T A Ag,CO;, H
Z DCE, 100 °C, 24 h

10 11
HO TBSO PMBO, MOMO
NH TH NH NH
11a, 2h, 0% 9, 40h, 84% 11b, 40h, 36% ¢, 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 alkenilé$anas reakcija, meta-
aizvietotu substratu gadijumos novérojam tikai viena regioizoméra veidoSanos, C-H saites
karbonil@Sanai 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 noverojam ar1 halogénsaturoSu substratu gadijumos, iegiistot produktus
12e,j,k ar iznakumiem 75-91 %. Demonstréjam, ka tiofénaminospirts arT ir piem&rots substrats C—
H saites karbonilésanai, tacu $aja gadijuma reakcija nebija selektiva, un produkts tika iegiits ka
regioizoméru 12L1° maisfjums ar kopgjo iznakumu 67 %. Steriski apjomigaks 1m, ka ari
kvarternars substrats 1n bija reag€tsp€jigi un deva produktus ar vid&ju iznakumu. Tomér abu
substratu gadijumos bija nepiecieSams izmantot papildu katalizatora un oksidétaja daudzumu.

DIAD (2 ztsvivgios) 1850
TBSO éIVOH &e&yy\) )n
Ag2CO N
R“ DCE 100°C, 24 h R‘} NH
! =

12a,48h, 66%  12b, 24h, 85% 12¢, 30h, 71% 12d, 48h, 81% 12e, 24h, 90% 12f, 24h, 77%
oTBS oTBS oTBS oTBS oTBS
MOMO CF30
12g, 24h, 96% 12h, 48h, 72% 12i, 48h, 75% 12j, 48h, 75% 12k, 40h, 91%
Ph OTBS
oTBS OTBS ~,__OTBS gt —OTBS
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 alkenileSanas reakcijas petfjumos, velgjamies parbaudit, vai C-H
saites karbonilésanas apstaklos biitu iesp&jams iegiit enantiobagatinatus produktus. Sim nolikam
izmantojam (S)-1 fenilglicinu un noskaidrojam, ka reakcijas apstaklos hirala centra racemizgSanas
nenotiek (13. att.).

TBSO DIAD (amml% OTBS
Co dpcr;ﬁH o Y\)
iv
JSO A92003 (‘2 \ H
DCE 100 c 24 h
o,
>99% ee iogg'o/(s;':
o

13. att. Stereokimijas saglabasanas C—H saites karboniléSanas reakcija.
3. Kobalta katalizéta fenilalanina C—H saites karbonileéSana

Turpmakajos petijumos vélgjamies parbaudit, vai C—H saites karbonilé$anas metodologiju
var lietot ar1 fenilalanina atvasindjumiem. Ka modelsubstratu izvélgjamies fenilalaninu 13 ar
pikolinamida virzoSo grupu, kas Iidz §im bija uzradijusi labus rezultatus. Bijam priecigi uzzinat,
ka, izmantojot reakcijas apstaklus, kas bija piem&roti fenilglicina 1 C—H saites karbonil&Sanai, ar1
$aja gadijuma deva v€lamo karbonilésanas produktu 14, lai gan ar zemu iznakumu — 17 %
(14. att.). Interesanti, ka reakcijas apstaklos notiek ne tikai C—H saites karbonilé$ana, bet ar1
dubultsaites veidoSanas starp o un  oglekliem substrata, ka arT virzosas grupas noskelSana.

CO,Me DIAD (1o COo,Me
» HN__O Coédpcmzj( Sl " D& ’
P v i A _NH
R’ Ag,CO;, 2N e
NZ DCE, 100 °C, 24 h
13 | 14,17%
X

14. att. Fenilalanina 13 C—H saites karboniléSana.

Pieversoties reakcijas apstaklu optimizéSanai, noskaidrojam, ka labakos rezultatus
iesp&jams sasniegt, izmantojot CO gazi, Co(dpm): katalizatoru, PivOH piedevu un
Ag2CO3/Mn(OAc)3-2H20 oksidetaju sistemu, PhCl $kidinataja 120 °C temperatira. Sakotngji
parbaudijam dazadu estera aizvietotaju ietekmi uz reakcijas iznakumu (15. att.). Substrats 13, kas
satur€ja metilestera aizvietotaju, reaggja 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-, fBu- 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 karboniléSanai, tas deva vélamo produktu 16d ar vidgju
iznakumu — 50 %.
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cot e

(30 mol%)
Co(dpm)2
COR PivOH Kviv
2 AG,CO {%g e\iw?v) COR
HN__O 9259521 , N
Mn(OAc)s 70 (2ekiv)_ N
NZ PhCI, 120 °C, 6 h
o
15 16
N CO,Me N CO,Et N CO,tBu \ CO,Bn o
NH P>
NH NH NH
NH
14, 94% 16a, 70% 16b, 83% 16c, 70% 16d, 21 h, 50%
) -
TR mmol)

15. att. Dazadu esteru aizvietotaju ietekme uz reakcijas iznakumu.

Substrata klasta pétijumi paradija, ka fenilalanina C—H saites karbonilé$anas reakciju ir
iespgjams realizét ar plaSu aizvietotaju klastu benzola gredzena orto-, meta-, para- pozicijas
(16. att.). Meta- aizvietotu substratu gadijuma ari Soreiz novérojam tikai viena regioizoméra
veidosanos, pat ar tada maza aizvietotaja 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 loti labiem iznakumiem. Mazak veiksmigs substrats izradijas
4-OAc aizvietots fenilalanina atvasinajums, kas veidoja produktu 181 ar 57 % iznakumu, kas ir
saistits ar dal&u acetilgrupas noskelSanu reakcijas apstaklos. Naftilaizvietotas 18r,s, ka ari
tiofénaizvietotas aminoskabes izradijas pieméroti substrati C—H saites karboniléSanai, dodot
attiecigos produktus 18t ar loti labiem un izciliem iznakumiem. Novérojam, ka ari amida
atvasinajums 18u, kas potenciali sp&tu koordinét un deaktivét katalizatoru, bija reagétspgjigs un
deva reakcijas produktu ar 52 % iznakumu.
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Co(dpm)2
Ar CO,Me PivOH {? gk\i(v?v
e Ag,COs,
Mn(OAc)s 20 (2 ekviv) 18
N7 PhCI, 120 °C, 6h
<
17
CF, cl
- COzMe - COMe e «_COMe F ~COzMe Br ~-CO:Me ~-CO2Me
NH NH NH NH NH
18a, 13h, 73% 18b, 12h, 88% 18c, 8h, 77% 18d, 9h, 73% 18e, 12h, 70% 18f, 24h, 77%
- COMe - CO2Me N COMe ~CO2Me - CO2Me - CO2Me
/iigr MOMO
18g, 20h, 87% 18h, 6h, 84% 18i, 12h, 80% 18j, 6h, 91% 18k, 16h, 61% 181, 12h, 57%
- C0Me - C02Me N COMe N COMe O ~COzMe - COMe
NH
OO L
18m, 8h, 82% 18n, 8h, 81% 180, 12h, 72% 18p, 4h, 74% 18r, 6h, 95% 18s, 24h, 75%
s N CO,Me N CONHPh
AL Aw NH
18t, 12h, 81% 18u, 12h, 52%

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

Petot reakcijas substratu klastu, atklajam reakcijas ierobezojumus (17. att).
Benzoilaizvietota substrata 19a gadijuma reakcijas produkta veidoSanos nenoverojam, kas liecina
par virzo$as grupas svarigo nozimi. Reakcijas produktu veidoSanas netika noverota ar1 kvaternara
substrata 19b, homofenilalanina 19d vai arf homobenzilamida 19¢ gadijumos. Sads rezultats
liecina, ka veiksmigas transformacijas veikSanai ir nepiecieSama estera funkcionala grupa, ka art
dubultsaites klatbutne.

0@ @fwnol%)
Co(dpm)2
PivOH %gkviv?
A920032{H V)
Mn(OAc) "0 @eki)_ 4
PhCI, 120 °C, 6h

Substrats

COZEt Cone Ph COzEt

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

Ir zinams, ka amidsaites peptidu molekulas var viegli helatét metala jonus un tadgjadi
deaktivet katalizatoru. STiemesla dél vélgjamies parbaudit, vai izstradato metodi var lietota arT uz
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sarezgitakiem substratiem — Tsiem peptidiem. Sim noliikam izmantojam dazadu dipeptidu 12a-¢
un tripeptidu 22d substratus. Sakotngji paklaujot tos standarta reakcijas apstakliem, novérojam
velamo produktu veidoSanos, tomér ar zemiem iznakumiem, kas ir skaidrojams ar neidentificetu
blakusproduktu veido$anos. Mums izdevas uzlabot reakcijas produktu iznakumu, atmetot
Mn(OAc)3-2H20 oksidétaju un vienlaikus palielinot Ag2COs iekravumu lidz 2,5 ekvivalentiem.
Novérojam, ka $ados reakciju apstaklos C—H saites karbonilé$anas produktus 22a-d bija iespgjams
ieglt 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 ieguistot produktus ar 86 % un 93 % ee. Visticamak, 1idziga racemizacija notiek ar1

substrata 21d, tacu produkta attiriSanas laika ieguvam tikai vienu diastereoméru 22d (18. att.).
[e]

O (1 4 hnoios) o
AS Co(dpm) a )
HN (o] PivOH @ gk\{(v? A AS
Ag,CO;4 NH
2 N7 | PhCI, 120 °C, 6 h
~ 22

@gﬁk coa@:;)\ coge %% Q\?)L

22a, 67%, 86% ee 22b, 60%, 93% ee 2¢, 69% 22d, 46"/
18. att. Velias stadijas C—H saites funkcionalizéSana peptidos 22a-d.

Lai labak izprastu reakcijas mehanismu, veicam papildu kontroleksperimentus. Paklaujot
nepiesatinato fenilalanina atvasinajumu 23 standarta reakcijas apstakliem, ieguvam karboniléSanas
produktu 14 ar 91 % iznakumu (17. att. a)). Sads rezultats liecina, ka 14, loti iesp&jams, ir
karbonilésSanas reakcijas intermediats. Turklat, izmantojot UPLC-MS analizi, detekt€jam abu
€namina 14 regioizoméru klatbiitni reakcijas maisijuma. Interesanti, ka, pievienojot vienu vai tris
ekvivalentus radikalu kéraju TEMPO Kkatalitiskaja sistéma, noverojam nozimigu reaktivitates
samazina$anos un ieguvam karbonil€Sanas produktu 14 ar 36 % un 7 % iznakumu. Savukart,
izmantojot €énaminu 23 ka substratu, tik ievérojamu reagétspéjas samazinasanos nenoverojam un
ieguvam produktus ar 75 % un 66 % iznakumu (19. att. b)). Iegtitie rezultati liecina par iesp&jamu
SET reakcijas mehanismu, kas nodrosina intermediata enamina 23 veidosanos pirms C—H saites
aktivésanas. Papildus ieguvam Co(IIT) kompleksu 24, ko izdevas izdalit no reakcijas maisijuma un
pieradit ta struktiiru ar rentgenstruktiiranalizi. Novérojam, ka Co(III) komplekss 24 CO atmosféra
veido velamo reakcijas produktu ar kvantitativu iznakumu (19. att. c)).
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cott e

(30 mol%)
Co(dpm)2
a) PIVOH (2 gkyi)
.5 ekviv)
- COMe Ag;COg, «_COgMe
HN__O Mn(OAc 50 @ ekviv)_ T,
PhCI, 120 °C, 2h
N7 ‘
23
= 14,91%

M,
| COMe standarta 14
0 HN_ _O + TEMPO apstakli

36% (TEMPO 1 ekviv)
13 7% (TEMPO 3 ekviv)

~-CO2Me
I standarta 14
an HN__O akli

TEMPO apstakli

* ———————  75% (TEMPO 1 ekviv)
23 N7 66% (TEMPO 3 ekviv)
« |

c)
CO,Me
X

OZN/E;@N( o co (1atm) - COMe
Bu— O/ 7\6 CD,CN,ist.t, 16h  O,N ND
\&\/ S f kvant.
tBu 25

24
L = CD,0D

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

Balstoties reakcijas mehanisma pétjjumos, ka arT literatiiras datos, misu piedavatais
reakcijas mehanisms ir redzams 20. att€la. Sakotngji fenilalanina atvasinajums 15 reakcijas
apstaklos SET reakcija tiek oksidéts 1idz imnam 23a, kas talak tautomerizgjas par €énaminu 23.
Sekojosos koordingésanas/oksideésanas solos veidojas Co(IlIl) komplekss A, kas C—H saites
aktivesanas rezultata dod intermediatu B. Intermediats B var talak tikt oksidéts Iidz Co(IV), kam
seko CO molekulas koordinéSana un migr&josa iespiesanas, dodot acil-Co(IV) intermediatu C’
(cel§ a). SekojoSas reducgjosas eliming$anas stadija tiek iegiits produkts D. Saskana ar celu b
intermediata B vispirms varétu notikt CO koordingSana/migréjosa ievietoSana, kam seko
reducgjosa eliminéSana no kompleksa C. Alternativi nevar izslégt ari iesp&jamu C oksidéSanu lidz
Co(1V) intermediatam C’ (cel$ c¢). Visticamak, miusu gadijuma cel§ b ir galvenais C—H saites
funkcionalizéSanas mehanisms, jo kontroleksperimenta, kur izmantojam Co(IIl) kompleksu,
produkts 14 veidojas bez papildu oksidétaja pievienosanas. Talak hidrolizes rezultata tiek noskelta
pikolinamida virzosa grupa, dodot galaproduktu 14 un atgriezot Co(I) katalitiskaja cikla, kas talak
tiek oksidéts I1dz Co(IIT) 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

P&c kobalta katalizetas fenilalanina 13 C-H saites karboniléSanas metodes izstrades
veélgjamies attistit lidzigu virzienu, izmantojot izocianidus ka funkcionalizéSanas reagentus.
Literatira ir zinami pieméri kobalta katalizétai C—H saites imin€Sanai ar izocianidiem, tacu
patlaban $ada veida parveértibas nav realizétas uz aminoskabju atvasinajumiem.’~'2 Sakotngji par
modelsubstratu izvélgjamies fenilalaninu 13 un #-butilizocianidu ka C-H saites imin&Sanas
reagentu. Tas reakcijas apstaklos, kas bija pieméroti C—H saites karbonil&$anai, veidoja iminu 25a
ar 41 % (21. att.). Reakcijas apstaklu optimizéSanas eksperimentos diemzgl produkta iznakumu
uzlabot neizdevas, kas, musuprat, visdrizak ir skaidrojams ar strauju izocianida bojasanos.
Fenilalanina 13 C—H saites karboniléSanas metodes izstrades laika paradijam, ka reakcijas pirmaja
soll notiek €namina 23 veidoSanas caur SET mehanismu. Visticamak, tbutilizocianids spgj
piedalities nevélamas blakusreakcijas ar brivajiem radikaliem, kas rodas $aja soli un tadgjadi
degradgjas.!* Lai novérstu $o problému, nolémam izmantot énaminu 23 ka modelsubstratu.
Novérojam, ka izocianids $ajos reakcijas apstaklos ir ievérojami stabilaks, tas lava iegiit 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 optimizeSanas
eksperimentus un nonacam pie $adas katalitiskas sisteémas: Co(dpm): katalizators, NaOPiv
piedeva, Ag>COs oksidetajs, THF $kidinatajs. Sakotn&ji vélgjamies parbaudit dazadu izocianidu
ietekmi uz C—H saites imingSanas reakcijas iznakumu (22. att.). Optimiz&tajos reakcijas apstaklos
€namins 23 reakcija ar #-butilizocianidu deva attiecigo produktu 25a ar loti labu iznakumu — 86 %.
Palielinot substrata iekravumu Iidz 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 %.
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RNC (2 ekviv) |N
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22. att. Izocianidu klasts fenilalanina 23 C—H saites imin&Sanas reakcija.

Turpmakos substrata klasta pétijumos 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 imin&S$ana, bet ar1 trans-aciléSana, kas ]ava iegtt 4-OPiv
aizvietotu produktu. Gan BocNH-, gan PhthN- meta-pozicija aizvietoti substrati reag€ja labi un
veidoja produktus 27g,h ar 84 % un 83 % iznakumu. Jaatzime, ka meta-aizvietotu substratu
gadijuma ar1 Soreiz novérojam tikai viena regioizoméra veidoSanos, C—H saites aktivéSanai
notickot ar mazak stériski 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 ari citas aromatiskas sist€émas var tikt funkcionalizétas, izmantojot
misu izstradato metodi. To labi demonstrgja tiofenil- un furanil-alanini, kas reakcijas apstaklos
veidoja attiecigos iminus 270,p ar 64 % un 67 % iznakumu.
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23. att. Nepiesatinatu fenilalaninu 26 substratu klasts C—H saites karboniléSanas reakcija.

Lai demonstretu izstradatas metodes praktisko lietojumu, paradijam, ka iegiitie C—H saites
imin&Sanas produkti var tikt izmantoti 1-aminoizohinolinu 28a,b sinteze (24. att.). Atklajam, ka
pikolinamida virzoSo grupu var noskelt reducgjoSos apstaklos, izmantojot LiAlH4, lai iegiitu
produktu 28a ar pilniba reduc@tu estera grupu. Savukart, izmantojot Zn/AcOH maisTjumu virzo$as
grupas SkelSanai, ieguvam metilesteri 28b ar labu iznakumu — 67 %.
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CO,Me So sty By

X
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L >
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24. att. Virzo$as grupas noSkel§ana reduc€josos apstaklos.
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Veicam kontroleksperimentus, lai labak izprastu C—H iminéSanas mehanismu (25. att.).
Vispirms noskaidrojam, ka katalitiska cikla pirmais solis ir Co(dpm)2 katalizatora koordingSana
pie substrata, nevis Co(Il) oksidésana uz Co(III).

a) Ligandu apmainas eksperimenti
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25. att. Kontroleksperimenti C—H saites imin€Sanas reakcija.

To labi paradija ligandu apmainas kontroleksperiments, kura, paklaujot substratu 23
reakcijas standartapstakliem, tas izradijas nereag€tspgjigs, ja Co(dpm)2 katalizators tika aizstats ar
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Co(dpm)s (25. att. a)). Turklat stehiometriskaja eksperimenta, kur Co(II)-substrata komplekss 29
tika paklauts reakcijas standartapstakliem, tas deva v€lamo imin&S$anas produktu 25a ar 55 %
iznakumu (25. att. a)). Talak pievérsamies H/D apmainas eksperimentiem. Izmantojot AcOD-d4
ka papildus Skidinataju reakcijas apstaklos, novérojam 14 % H/D apmainu substrata 26a orto-
pozicija. Lidzigu rezultatu noverojam, izmantojot AcOH skidinataju un ar deiteriju iezZim&tu
substratu D-26a (25. att. b)).Turpinot D-iezimes eksperimentus, noteicam king&tiska izotopa efekta
vértibu konkurences eksperimenta KIE = 1,12 (23. att. ¢)). Sada vértiba, ka ari rezultati, ko
ieguvam H/D apmainas eksperimentos, liecina, ka C—H saites aktivésanas solis katalitiskaja cikla
visticamak ir apgriezenisks un nav reakcijas limitgjosas stadijas. Talakos konkurences
eksperimentos, kur paklavam reakcijas apstakliem ekvimolaru daudzumu elektroniem bagata un
nabadziga substrata 26b un 26s, novérojam mazliet lielaku reagétsp&ju elektroniem bagataka
substrata, kas var€tu liecinat, ka C—H saites aktivéSana notiek saskana ar SEAr mehanismu (25. att.
d)).'"*'® Mums izdevas izdalit Co(IIT) kompleksu 30 no reakcijas maisijuma lidzigi ka C—H saites
karbonilésanas reakcijas. Kompleksam 30 reakcija ar rBuNC degazéta MeCN noverojam
imin&Sanas produkta 25a veidoSanos ar kvantitativu iznakumu (25. att. e)).

Balstoties uz veiktajiem mehanisma pétjjuma eksperimentiem, piedavatais katalitiskais
cikls ir redzams 26. att€la. Katalitiskais cikls tiek iniciéts, Co(dpm)2 katalizatoram koordingjoties
pie substrata 23, veidojot kompleksu A. Sekojosa oksidésanas soli tiek iegiits Co(IIT) komplekss
B, kas talak C-H saites aktivésanas soll dod kompleksu C. CO molekulai koordingjoties un
migrejosi ievietojoties Co-C saitg, rodas iminoil-Co kompleks D, kas reducgjosas elimin&Sanas

cela dod gala produktu 25a un Co(I), kas tiek oksidéts un atgriezts katalitiskaja cikla.
23
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c I

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

Kobalta-katalizeta fenilglicinolu C—H saites alkeniléSanas reakcija ir iespjams iegit
dihidroizohinolina atvasinajumus. C—H saites alkenilé$anai ir iesp€jams izmantot gan
simetriskus, gan nesimetriskus iek$gjos, ka arT terminalos alkinus. Substrata esosa hirala
informacija tiek parnesta uz produktu bez enantioméra parakuma zuduma.

R! A
X ‘ R20 ) ‘ _N
N
hOR? e [[CO"]] " 36 Piemeri
H 0 4 —_— X N7S0 I1znakums I1dz 94%

Izmantojot terminalos alkinus kobalta-katalizetai fenilglicinolu C—H saites alkeniléSanai,
alkina aizvietotajs vienmér novietojas C(3) pozicija dihidroizohinolina produkta, kas ir
saskana ar literatiiras datiem. Izmantojot nesimetriskus iek$gjos alkinus kobalta-kataliz&tai
fenilglicinolu C-H saites alkenilé$anai, lielakais alkina aizvietotajs vienmér novietojas
C(3) pozicija dihidroizohinolina produkta, savukart mazakais — C(4) pozicija.

Kobalta-katalizéta fenilglicinolu C—H saites karboniléSanas reakcija ir iesp&jams iegit
izoindolinona atvasingjumus. CO gazes generéSanai in situ ir iesp&ams izmantot
diizopropilazodikarboksilatu (DIAD). Lidzigi ka C—H saites alkeniléSanas gadijuma, hirala
informacija tiek saglabata reakcijas gaita. Pikolinamida virzo$a grupa tiek noskelta

reakcijas apstaklos p&c veiksmigas C—H saites funkcionalizgSanas.
2 e R20

R0 [Co]
hoo [}

)n
19 Pieméri
H  Iznakums lldz 96%

Kobalta-katalizeta fenilalanina C—H saites karboniléSanas reakcija ir iesp&jams iegiit
izohinltnona atvasinajumus. Kobalta katalizatora un oksidétaja klatbutné reakcijas vide
vispirms veidojas nepiesatinats fenilalanina intermediats, kam seko C-H saites
funkcionalizeSana un, visbeidzot, virzosas grupas noskelSana in situ.
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Kobalta-katalizeta nepiesatinata fenilalanina C—H saites imin&Sanas reakcija ir iesp&jams
ieglt izohinolin-1(2H)-imina atvasinajumus. Turklat C—H saites imin€$anas reakcija
ieglitajiem izohinlin-1(2H)-imina produktiem var viegli noskelt virzoso grupu reducg€josos
apstaklos, lai iegiitu 1-aminoizohinolina atvasinajumus.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Medicine, materials 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 I

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(sp*)-H = 105 kcal/mol, C(sp?)-H = 110 kcal/mol, C(sp*)-Cl
= 83 kecal/mol, C(sp®)-Br = 70 kcal/mol and C(sp*)-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.!

Cobalt catalyzed C-H bond functionalization reactions can be distinguished into two
categories:
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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(IIl) 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 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):

L.

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 the most challenging. For this reason, examples where weak
directing groups have been exploited are rare.®
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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)
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Fig. 3. Cobalt-catalyzed C—H bond functionalization of amino acid and amino alcohol
derivatives

32



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.

Publications and approbation of the Thesis

Main results of the Thesis were summarized in 4 scientific publications, 3 reviews, and 2
book chapters. Results of the research were presented at three conferences.

Scientific publications:

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
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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 z-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)2 catalyst, NaOPiv additive and
Mn(OAc)3-2H20/ Oz oxidant system.

TBSO TBSO

= i NPA NHPA
1 280 @ik
NaOPiv 51_‘2 equiv)
OTBS . ) 2a PA =
Mn(OAc)s 20 (equiv) 2b ™(Bu %y N

NHpa  _Mn(OAcs 2Bfeadv) TBSO N
MeOH, 80 °C, 0,, 16h TBSO Z
1
NPA PA
C )
Bu tBu
2¢ 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 %.

—tBu @&%Y‘%)
R Co(dpm)2 R
NaOPivﬂ.Z equiv)
@NHPA Mn(OAc)s ~ 20 (2 equiv) NPA
_Mn(OAc)s 27 2 PR
MeOH, 80 °C, O, 16h Z\Bu
3 4
HO TBSO MOMO PMBO e Ph
2 tBu z tBu z tBu Z tBu 2 tBu Z 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
5h, 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 5k, the reaction was not
selective and the product was obtained as a mixture of regioisomers with the ratio of 2.1:1.
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5a, 20h, 55% 5b, 16h, 74% 5¢, 24h, 78% 5d, 20h, 65% 5e, 16h, 90% 5f, 16h, 70% OTBS
OTBS OTBS OTBS OTBS OoTBS
tBu MOMO CF30
5g,16h, 75% 5h, 16h 84% 5i, 20h, 75% 5j, 20h, 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 product 6i in a very good yield — 80 %.
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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 (S)-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 products (S)-2a,
6a,g.d,i (Fig. 6).

=—R? (3 mangu)
3|5} oTBS
OTBS Co(dpm)2 °
NaOPiv (1.2 equiv) NPA
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ZN1Tns
S)-2a ,Ga 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 (S)-6i was
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reduced under Birch reduction conditions in the presence of Na/NH3 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 %).

X
TBSO ‘ _N TBSO
S -6i Na/NHg LiAIH,
THF, -78 °C [I :N O THF.0°C-nt ( j NH
d.r.>2011 T™S ™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
yield (Fig. 10). Interestingly, the picolinamide directing group was cleaved under the reaction
conditions after successful C—H bond carbonylation.

DIAD (2 gouivl,
%
TBSO o Co(dpm)z% HiGi%) TBSO

NaOPiv (1.2 equiv)

NN MnOAos O @) NH
IJ/ MeOH, 80 °C, O,

1 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, Ag2CO3 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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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,c,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 a competent substrate for the C—H carbonylation, however the
reaction was not selective and product 1211’ 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 24 h.
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Fig. 12. Substrate scope for the C—H bond carbonylation of phenylglycinol 1

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)
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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 of 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.
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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)2 catalyst, PivOH additive and Ag2CO3/Mn(OAc)3-2H20
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-, tBu-, and
Bn-substituted substrates reacted similarly and gave products 16a-c in very good yield — 70-83 %.
Although allyl substituted ester was a competent substrate for C-H bond carbonylation, we
obtained the corresponding product 16d in acceptable yield — 50 %.
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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 18c,f), halogen 18b,d,m,n, trifluoromethyl 18h, phenyl 18g, ethyl ester
18p, methoxy 18i, MOM 18], 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.
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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)3-2H20 oxidant from the catalytic system and increasing the
loading of Ag2COs 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.
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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 if it was 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(IIT) C—
H bond activation complex 24 confirmed the structure by X-ray diffraction. Noteworthy, that
Co(IIT) 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 path b, CO
coordination/migratory insertion would occur in 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 complex B directly followed by reductive elimination. The
control experiment, in which Co(III) 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 complex D, final product 14 is liberated and
Co(I) is reoxidized to Co(IIl) 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 rbutyl isocyanide as a C—H bond imination reagent. We subjected 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 fbutyl 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 fbutyl isocyanide was much more stable under
the reaction conditions and furnished imination product 25a in 71 % yield.
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Fig. 21. C—H bond imination of phenyalanines 13,23 with butyl isocyanide

To increase the product yield, we conducted optimization of the reaction conditions and
found the final reaction conditions: Co(dpm): catalyst, NaOPiv additive, Ag2CO3 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, tbutyl 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 products 25b-d in very good and excellent
yields — 79-95 %.
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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 in 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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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.
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Fig. 24. Synthesis of 1-aminoisoquinolines 28a,b
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In order to better understand the reaction
experiments (Fig. 25).

a) Ligand exchange experiments

mechanism, we conducted several control
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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
substrate 23 and not the oxidation of Co(II) to Co(IIl). It was well demonstrated by the ligand
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exchange experiment, in which model substrate 23 under the standard reaction conditions was
unreactive if Co(dpm)2 catalyst was substituted to Co(dpm)s (Fig. 25 a)). Additionally, in the
stoichiometric experiments Co(Il)-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-d4 as a co-solvent under the reaction conditions,
we observed 14 % of deuterium incorporation in the ortho-position of 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 c)). 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 a
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(IIT) C—H bond activation complex 30 from the reaction mixture. Reacting complex 30 with
fBuNC in the degassed THF led to the formation of imination product 25a in quantitative yield
(Fig. 25 ¢)).

Based on the control experiments and literature precedents, the proposed catalytic cycle is
depicted in Fig. 26. The catalytic cycle is initiated by the coordination of the catalyst to substrate
23 to form complex A. In the subsequent oxidation step Co(III) 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 product 25a and Co(]) that is oxidized and returned to the catalytic cycle.
23
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Fig. 26. The proposed catalytic cycle for the C—H bond imination
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CONCLUSIONS

1. Cobalt-catalyzed phenylglycinol C-H bond alkenylation can be used 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.

R! X
X ’ R20 ) ‘ _N
S
AOR? s [%)]] " 36 Examples
HN O + R}¥——R i X N7=0 Yields up to 94%
R AL R4
N= ] R3
S

. Ifterminal 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
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, whereas the smallest — in the C(4) position.

rio. | _N
- [Col s
° RE— R? (] 7 A8
H o + — - . N“>0
/

. 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. The picolinamide directing group is
cleaved under the reaction conditions after successful C—H bond functionalization step.

“"co"

R20
o [Co] o
1l 19 Examples
B —— X
’ A H ,J X | _ H Yields up to 96%
/\/RW = xR

R

. Cobalt-catalyzed phenylalanine C—H bond carbonylation can be used to obtain isoquinolinone
derivatives. Under the reaction conditions, the 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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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.
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