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IEVADS

Elektroorganiska sintéze ir organiskas sintézes joma, kas lauj veidot jaunas metodes
organisku savienojumu ieglisanai, izmantojot elektrisko stravu. Elektrokimiskas sintézes
prieksrocibas ir iesp&ja samazinat vai izvairities no reducé$anas un oksidéSanas reagentu
izmantoSanas, sp&ja kontrolét reakcijas selektivitati, regul&jot pievadito potencialu, ka ari
iesp&ja veikt transformacijas, kuras nevar panakt ar tradicionali izmantotajiem kimiskajiem
reagentiem.'

Elektriska strava ir l€ts energijas avots, ko iesp&jams iegiit no atjaunojamajiem
resursiem, 11dz ar to elektrokimiska sint€ze atbilst pieprasijumam pec ilgtsp&jigas kimijas
risinajumiem.? Elektrokimiskas sintézes jomas attistibu pedgja desmitgadé ir veicinajis ari
plasaks komerciali pieejama aprikojuma piedavajums, pieméram, [KA ElectraSyn
potenciostats, kas tirgii paradijas 2017. gada.’ Rezultata kops 2014. gada ik gadu publicéto
zinatnisko rakstu daudzums, kuros tiek izmantotas elektrokimiskas sintézes metodes, ir
pieaudzis vairak neka 10 reizes.*

Elektrolizes gaita notiek heterogéna elektronu apmaina starp elektroda virsmu un
substratu. Anodreakcija notiek elektronu parnese no substrata uz elektrodu jeb oksidésana,
savukart katodreakcija notiek pretjais process — elektronu parnese no elektroda uz substratu
jeb reducesana. Abas reakcijas ir saistitas vienota procesa; elektrolize bez oksidé$anas vai
reducé$anas pusreakcijas nav iespg&jama.

Svarigakie elektrokimiskie parametri ir pievaditais stravas stiprums un potencials.
Stravas stiprums raksturo elektronu parneses atrumu, savukart potencials — tiem piemito$o
energiju.’ Nozimigs ir ari pievaditais ladina daudzums, ko nosaka stravas stiprums laika
vieniba. Ladina daudzumu izsaka faradejos (F), kur 1 F atbilst 96 485 C/mol lielam ladinam.
Tas lauj noteikt, cik elektronu ekvivalentu (z F, kur z ir elektronu skaits uz substrata
molekulu) ir pievadits reakcijas maisTjumam, analogiski reagenta stehiometrijai.’

Promocijas darba izstrades gaita tika p&tita anodiskas oksidéSanas izmanto$ana jaunu
kimisko savienojumu sinteze. Reakcijas substratu oksidesana tika veikta uz anoda, savukart
uz katoda tika veikta protonu reducé$ana lidz Gidenradim, tadgjadi mazinot reakcijas laika
generéto atkritumu daudzumu. Elektrokimiskas reakcijas tika veiktas tilpuma elektrolizes
apstaklos, kur reakcijas maisijums visu elektrolizes laiku atrodas elektrokimiskaja $tna.
Elektrolizes veikSanai tika izmantots komerciali pieejams standartizéts aprikojums:
potenciostats IKA ElectraSyn 2.0, ka ar1 IKA elektrokimiskas §tinas un elektrodi.

Promocijas darba mérkis ir izstradat jaunas elektrokimiskas sintézes metodes C-O un
C-N saisu veidoSanai. Darbu veido divas dalas: 1) furana atvasinajumu elektrokimiska
oksidésana un ieglto produktu funkcionalizéSana; 2) ciklopropana atvasinajumu
elektrokimiska oksidéSana. Katrd no pétitajiem virzieniem vismaz viena sintézes stadija
produkts tika iegiits, veicot izejvielas elektrokimisku oksideSanu.

Furana atvasindjums furfurols 1 ir viens no produktiem, ko biomasas parstrades
procesa iegiist lielos apjomos.® 2004. gadd ASV Energétikas departaments ieklava furfurolu
12 daudzsolosako platformkimikaliju saraksta.” Balstoties miisu grupa ieprieks veiktajos
petjumos par spirociklisku bisketalu un nepiesatinato esteru ieglisanu no furana
konjugatiem, $aja darba velgjamies papildinat zinamo metozu klastu, kas lautu no biomasas
ieglto furfurolu transformét par daudzfunkcionaliem bavblokiem: modificgtiem
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akrilatiem 2, enantiobagatinatiem nepiesatinatiem oksazoliniem 3 un spirocikliskiem
hemiaminal&teriem 4 (1. att€ls).

(o] /0
|y
furfurols 1

biomasas parstrades produkts

P M Y

Meo} o\ R®
Meo_OMe R _x MeoY\/L\N iPr Owo
@OI R OMe =
2 3 4
biobazéti monomeéri enantiobagatinats grati konstruéjama
poliméru sintézei bavbloks asimetriskai karkasa struktdra
sintézei vairakas dabasvielas

1. attels. Promocijas darba pirmaja dala definétie mérksavienojumi 2-4, kuru sintéze ietver
furana atvasinajumu elektrokimisku oksidésanu.

Promocijas darba otra dala veltita elektrokimiski inducgtai neaktivetu ciklopropanu 5
C-C saites uzskelSanai, lai iegiitu 1,3-difunkcionaliz&tus produktus 6 (1. shéma). Neaktivéta
ciklopropana gredzena oksidésanas potencials ir parak augsts, lai varétu viegli veikt ta tieSu

8

elektrokimisku oksidésanu,” tapéc més izvElgjamies konstruét substratus 5, kuros

ciklopropans biitu savienots ar elektrokimiski oksidgjamu funkcionalo grupu — benzamidu.

H ox N 2
TR o B e L T
H® N R!
5 5' 6

1. shéma. Elektrokimiski inducéta neaktivétu ciklopropanu 5 uzskelSana.

Paredzams, ka $ados substratos elektrokimiski iegiitais amidilradikalis 5 sp&j inducét
ciklopropana C-C saites uzSkelSanu, veidojot jaunu C-O saiti. Uzskelto starpproduktu
oksidéSana un reakcija ar nukleofilu lautu ieglit ciklopropana 1,3-difunkcionalizéSanas
produktus 6.

Pétijuma meérkis un uzdevumi

Promocijas darba mérkis ir izstradat jaunu metodologiju C-O un C-N sai$u veidoSanai,
izmantojot elektrokimisku oksidéSanu, un veikt ieglito produktu funkcionalizé$anu.
Promocijas darba uzdevumi:
1) biomasas izcelsmes furfurola konjugatu elektrokimiska transformé$ana par a,f-
nepiesatinatiem esteriem un spirohemiaminal&teriem;
2) elektrokimiski  iegiito  a,f-nepiesatinato  esteru  transforméSana  par
enantiobagatinatiem viniloksazoliniem;
3) elektrokimiski induc€ta neaktivétu ciklopropanu uzskelSana un 1,3-
difunkcionalizésana.



Zinatniska novitate un galvenie rezultati

Promocijas darba izstradatas tris elektrokimiskas metodes un viena sintézes shéma
daudzfunkcionalu biivbloku iegliSanai:

1) metode elektrokimiskam viena reaktora procesam furfurilétu -etilénglikola
atvasinajumu un furfurilétu aminospirtu transformésanai par a,f-nepiesatinatiem
esteriem;

2) sintézes cel§ elektrokimiski ieglito hiralo o.f-nepiesatinato esteru
transformésanai par enantiobagatinatiem viniloksazolina biivblokiem;

3) metode elektrokimiskai spirohemiaminal&teru iegiiSanai no 3-(2-furil)propion-
skabes arilamidiem;

4) metode elektrokimiski induc@tai neaktivétu ciklopropanu iekSmolekularai
uzskelSanai ar amidilradikali, un tai sekojosu monofluoréSanu.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota publikaciju kopa par elektrokimiskas
oksidésanas izmantoSanu jaunu C-O/C-N saiSu veidos$ana, ka arT par elektrolizé iegiito
produktu talakas izmantoSanas iesp&jam.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti Cetras originalpublikacijas. P&tjjumu
rezultati prezentéti 11 konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Tor1 (Torii) esteru elektrosintéze no furfurilétiem etilénglikola atvasinajumiem un
furfurilétiem aminospirtiem

1.1. Tori esteru elektrosintézes viena reaktora procesa izveide

Iepriek$ miisu grupa tika izstradata metode elektrokimiskai furana atvasinajumu 7
transform@Sanai par nepiesatinatajiem esteriem 9 divos atseviSkos elektrolizes solos
galvanostatiskos tilpuma elektrolizes apstaklos nedalitaja $Gna (2. sheéma). Anodreakcija tika
veikta savienojumu 7 un 8 oksidésana, katodreakcija — protonu reduce€sana Iidz idepradim.
Katra elektrokimiskaja reakcija tika izmantotas dazadas piedevas un fona elektroliti.

1 ekviv. PPTS 4 ekviv. AcOH
1 ekviv. TBABF4 1 ekviv. LiCIO4
2,5F 30 mA 4F 20mA  MeO. OMe
A Cer K Cor oo ACe KCo gil ©
0 MeOH O MeOH D ~-OMe
e A
\_! =
8 9
R™ = H, alkil- 7 savienojumi 6 savienojumi
X =0, N-PG (43—77 %) (59—74 %)

2. sheéma. Elektrokimiska furana atvasinajumu 7 transform&Sana par spirocikliem 8 un
nepiesatinatajiem esteriem 9.

Saskana ar piedavato reakcijas mehanismu (3. shéma) pirmaja elektrolizes stadija
savienojuma 7a notiek furana cikla anodiska oksidéSana. Furana katjonradikalim 10 uzbrik
iekSmolekularais spirts, un, saslédzot spirociklu, veidojas C-centrétais radikalis 11. Tas tiek
oksidéts par oksonija jonu 12, kas reakcijas vidé pievieno metanolu, veidojot spirociklisko
produktu 8a.° Mehanisma pétijumi parddija, ka otraja elektrolizes stadija spirocikla
uzskelSanas pirmais solis ir substrata 8a oksidéSana par katjonradikali 13/13°. Pievienojot
metanolu, veidojas oksiradikalis 14, kura f-fragmentgSanas rezultata notiek C-C saites
Skelsana. legiitais acikliskais C-centrétais radikalis 15 tiek oksidéts lidz oksonija jonam 16,
kas pievieno metanolu un veido nepiesatinato esteri 9a.



0X

. ox H @ . MeQ
10 1

7a
@
MeO . MeO
3 @‘ w MOy o 3 MeOH a0t O 3
~ =~/ \
0 o
8a 13' 14
MeO H H
MeO OMS 0 <MeOH \eo OMe 0@ ﬁﬂ_ﬁ@Meo OMe
I ‘ \
9a

3. shéma. lesp&jamais mehanisms spirta 7a elektrolglrmskal transformesanai par esteri 9a.

Promocijas darba tika izstradats viena reaktora process spirtu 7 transforméSanai par
esteriem 9 divu solu tilpuma elektroliz€ galvanostatiskos apstaklos nedalitaja $tna
(4. shema). Veicot reakcijas apstaklu izpéti, tika noskaidrots, ka elektrolizi var veikt divos
posmos, neizol&jot starpproduktu 8. Pirmaja solt spirti 7 tika transforméti par spirocikliem
8, ka piedevu izmantojot 1,1,1,3,3,3-heksafluorpropan-2-olu (HFIP). Reakcijas maisijumam
tika pievadits 2,2 F liels l1adins, tad tika pievienoti 4 ekvivalenti etikskabes, kam sekoja vél
4 F liela 1adina pievadiSana. Gala rezultata tika iegfiti esteri 9.

No furana atvasingjumiem 7a-c, kas sanu k&d€ saturgja etilenglikola fragmentu,
produktus 9a-c izdevas iegiit ar vidgjiem iznakumiem (39-47 %), kas bija Iidzvertigi vai
zemaki, neka veicot divas atseviSkas elektrolizes, izolgjot starpproduktus 8a-c. Savukart
aminospirta fragmentu saturoSo substratu 7d-e elektroliz€ esteru 9d-e iznakumi bija
ievérojami labaki (6975 %; 4. shéma).



20 ekviv. HFIP

1 ekviv. LiCIO, pievieno oM
2,2F 30 mA 4 ekviv. AcOH ¢ ©
o A Cor K Cor | meo o 4F 30mA 15 OMe
S N
7 8 9
R"2 = H, alkil, aril;
X =0, N-PG
rOMe (OMe MeO. ,OMe KOMe
0]
OMe OMe
MeO 0 MeO 0 S
N N
9a R'=H R?= H 39 % 9d, PG =Ts, 75% 9f 58 % (PG = Ts)
9b R'= 2_ 479 9e PG =Ac, 69 % 9g, 59 % (PG = Boc)
iR e 9h, 63 % (PG = Ac)
c, R'=Me, R“=H,42% 9i, 72 % (PG = Alloc)

9j, 75 % (PG = Teoc)
9k, 0 % (PG = Troc)

91,0 % (PG =
oMe 0% (PG = tfa)

MeO. 0 (OMe
X

9m PG =Ac, 0%
4. shéma. Nepiesatinatu esteru 9 iegliSana no furana atvasinajumiem 7 viena reaktora
procesa.

Lai paplasinatu produktu klastu, tika sintezeti substrati 7f-1, kuros furana gredzenam
sanu k&de tika pievienots hirals aminospirts — L-valinols. Aminiem ir zems oksidésanas
potencials (Iidz 1,0 V, salidzinot ar piesatinatu kalomela elektrodu (SCE)),'° tapéc, lai
noverstu iesp&jamas blakusreakcijas, amina grupa tika aizsargata. Tika noskaidrots, ka Ts,
Ac, Boc, Alloc un Teoc aizsarggrupas ir saderigas ar elektrolizes apstakliem, kas lava iegtit
produktus 9f-j, savukart halog€nus saturosas aizsarggrupas Troc un tfa elektrolizes
apstakliem nebija piemérotas (4. shéma). Aizstajot valinola fragmentu ar fenilglicinola
fragmentu, elektrolizé veidojas sarezgits produktu maisijums, no kura gaidito produktu 9m
izolet neizdevas (4. shéma).

Darba gaita tika pétits, ka aizvietotaju ievadisana furana gredzena ietekmé elektrolizes
iznakumu. 4-Fenilfuranu saturosais savienojums 19 tika iegiits tris solos no komerciali
pieejama 4-bromfurfurola 17 (5. shéma). Fenilgrupa furana gredzena tika ievadita Suzuki-
Mijauras reakcija, veidojot produktu 18, kuram reducgjosas aminé$anas reakcija tika
pievienots valinols, un tika aizsargata amina funkcija. Spirta 19 elektrolizé tika iegits
produktu maistjums, no kura gaiditais produkts 21 tika izoléts ar 8 % iznakumu (5. shéma).
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5. shéma. Fenilaizvietota furana atvasinajuma 19 sintéze un elektrolize.

Saja nodala aprakstitie rezultati apkopoti publikacija “Torii-type electrosynthesis of
o, f-unsaturated esters from furfurylated ethylene glycols and amino alcohols”.

1.2. Biobazéta akrilata monoméra iegiiSana polimerizacijas reakcijam

Promocijas darba izstrades gaita tika pétitas furana atvasinajumu elektrolizeé iegiito
produktu talakas izmantoSanas iesp&jas. Viens no darba virzieniem bija elektrolizé iegiito
esteru izmanto$ana poliméru sintze.

Pirmajiem pétjjumiem ka potencialais monomérs tika izvel&ts nepiesatinatais esteris
9a. Tas tika ieglts divas secigas elektroliz€s no spirta 7a, izolgjot spirociklisko
starpproduktu 8a, jo viena reaktora procesa esteris 9a veidojas ar zemu iznakumu (6. shéma).
Ta ka izejvielas 7a iekravums (422 mg; 3,0 mmol) bija lielaks neka optimiz&tajos apstaklos
(103 mg; 0,7 mmol (4. shéma)), bija iesp&jams samazinat nepiecieSama elektrolita TBABF4
daudzumu Iidz 0,5 ekvivalentiem.

1 ekviv. PPTS 4 ekviv. AcOH
0,5 ekviv. TBABF, 1 ekviv. LiClOg4
2,3F 30 mA 4 F, 30 mA M OMe
<(jﬁo/\/OH _ACeKCor \E)O _ACen K Cor eou
\ MeOH MeOH NN g O OMe
7a 8a, 78 % 9a, 62 %
(422 mg) (399 mg) (339 mg)

6. shéma. Estera 9a elektrosintéze polimerizacijas pétijjumiem.

legiitais esteris 9a tika nodots sadarbibas partneriem profesora S. Gaidukova
laboratorija (RTU), kuri to izmantoja ka reaktivo at$kaiditaju, polimerizgjot kopa ar akril&tu
rapSu ellu (ARO). Reaktiva atskaiditaja uzdevumi polimerizacijas procesa ir samazinat
ieglta polim@ra viskozitati un palielinat SkerssaiSu veidoSanos, kas sp& uzlabot iegiita
materiala izturibas un stiepes 1pasibas. Sadarbibas partneru laboratorija tika sintezeti vairaki
kopoliméri, kuros reaktivais atSkaiditajs 9a tika pievienots 5un20 masas procentu
daudzuma, attiecigi ieguistot kopolim&rus ARO/9a (5 %) un ARO/9a (20 %).

Polimeru iegtisana tika veikta divos solos. Vispirms, sajaucot akriléto rapsu ellu ar
attiecigo estera 9a daudzumu (5 vai 20 masas procenti), tika pagatavoti sveki, tad
maisfjumam tika pievienots neliela acetona daudzuma izskidinats radikalu fotoiniciators
(2,4,6-trimetilbenzoil)fosfina oksids (3 masas procenti). MaisTjums tika atstats uz nakti
istabas temperatiira, lai lautu acetonam iztvaikot. Nakamaja soli skidrais sveku maistjums
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tika uznests uz stikla substrata 508 um biezuma un paklauts UV starojumam (405 nm), lai
panaktu sacietéSanu. Rezultata tika ieglitas poliméra filmas.

MeOAO/\/O\iO/OQAe
0 OMe
0 N
PEN
0 MeO
o)v + MeO OMS ?) bl @ MSOMONOVOMe
oy uoj ome
9a

akriléta

rapu ella ©)] [0}
(ARO) — T o NP
o
I

A

2. attéls. Akrilétas rapSu ellas (ARO) un estera 9a iesp&jamie kopolimerizéSanas produkti.

(0]

Radikalu polimerizésanas laika kopolim&ra var veidoties tris dazadu veidu saites
(2. attels): reakcija starp ARO un 9a veidojas brivi svarstigas k&des fragmenti (1); vairakiem
9a monomériem reag€jot savas starpa, var veidoties (2) att€lotie fragmenti; tre$a veida
SkerssaiSu veidoSanas notiek starp diviem ARO fragmentiem (3), kas ir visvarbiitigaka un
notiek visatrak, jo $aja gadijuma tiek savienotas divas terminalas dubultsaites.

FTIR spektroskopiskie mérijumi paradija, ka iegiitajos poliméros ARO/9a (5 %) un
ARO/9a (20 %) ir notikusi estera 9a ieklauSana un p&c saciet€Sanas UV staru ietekmé
dubultsaisu signali ir gandriz pilniba pazudusi. Estera 9a ieklausana redzama ari ar
skengSanas elektronu mikroskopu (SEM), par ko liecina tas, ka kopolim&ru virsma ir
ievérojami raupjaka neka tira ARO poliméra virsma.

Salidzinot ar neatSkaiditu ARO poliméru, iegiitajiem kopolimériem piemita lidz
1,6 reizém zemaka viskozitate (ARO/9a (20 %)) un uzlabots SkerssaiSu savienoSanas
blivums (no 1,07 mol/m>* ARO poliméra lidz 1,65 mol/m*> ARO/9a (5 %) kopoliméra).

Sis pétijums paradija, ka no biomasas furana un etilénglikola konjugata iegiitais
nepiesatinatais esteris 9a var veiksmigi aizstat no fosilas bazes iegiitus akrilata monomérus,
veicot kopolimerizésanu ar augu ellam. Saja nodala iegfitie rezultati apkopoti publikacija
“Effect of novel furan-based ester reactive diluent on structure and properties of UV-
crosslinked acrylated rapeseed o0il”.

1.3. No furfurola un valinola atvasinata enantiobagatinata viniloksazolina biuivbloka
iegliSana un reagétspéjas izpéete

Nakamais apskatitais virziens elektrokimiski ieglito esteru funkcionalizéSana bija
hiralo centru saturoSo esteru 9i transformacija par enantiobagatinatiem viniloksazoliniem
23, ko var€tu izmantot ka biivblokus asimetriska sintéze.

Saskana ar piedavato strat€giju (7. shéma), izmantojot musu izstradato elektrolizes
metodi, no definétu hiralo centru saturo$a furfurola un valinola konjugata 7i tiktu iegiits
enantiobagatinats nepiesatinatais esteris 9i. Nakamaja soli, veicot N-aizsarggrupu
noskelSanu, tika sagaidits, ka atbrivotais amins 21 in situ pargrup&tos par amidu 22, ko
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var€tu talak transform@t par enantiobagatinatu viniloksazolinu 23. Tika pielauta iespgja, ka
kada no sintézes soliem iesp&jama arT dubultsaites izomeriz€$anas no cis- uz stabilako trans-
konfiguraciju. Amina grupas aizsargasanai tika izvéléta Alloc-grupa, jo ta bija saderiga ar
elektrolizes apstakliem, ka arT tas noSkelSanas apstaklos netika skarta acetala funkcija.

OMe

MeO 0 rOMe N-aizsarggrupu fo)
elektrolize \Q/U\ Wnro’sferlrs?nar> MeON

O~~~ OH ZEHPHE -
w | MeOH “Alloc
Alloc OMe
7i 9i 21
furfurola un |
konjugits 10-uz N- -
\pargrupésanas
\]
o o]
Meo\(\/L\ Ciklizesana. MeON
OMe OMe
23 22

hirals bivbloks
asimetriskai sintézei

7. shéma. Stratégija furfurola un valinola konjugata 7i transformé8anai par
enantiobagatinatu viniloksazolinu 23.

Izmantojot 1.1. apak§nodala aprakstitos divu solu elektrolizes apstaklus, nepiesatinato
esteri 9i bija iesp&jams sintez&t preparativa méroga (500 mg (2 mmol) un 1 grama (4 mmol)
apjoma reakcijas) ar labiem iznakumiem (8. shéma).

1. [HFIP];
1 ekviv. LiCIO,4, 2,0 F
2. pievieno
Pr 4 ekviv. AcOH, 35F  MeO OMce) rome
* A: Cg K Cgr; 20 mA
0o~y o ACor K Coi20mA Q N
Y MeOH:HFIP 07 Alloc
Alloc (10:4 mL) iPr
S-7i S-9i, 72 % (0,5 g apjoms)
R-7i S-9i, 64 % (1,0 g apjoms)

R-9i, 65 % (0,5 g apjoms)
8. shema. Nepiesatinata estera 9i iegliSana divu solu elektrolizes apstaklos preparativa
meéroga.

Lai arT ieprieks atrastie elektrolizes apstakli bija pieméroti nepiesatinata estera 9i
ieglisanali, tika izvElets vienkarsot elektrolizes procesu, parejot no divu solu elektrolizes uz
nepartrauktu elektrolizi, ka arT samazinat dargo vai bistamo reagentu izmantosanu (HFIP,
LiClO4), tapéc tika veikta savienojuma S-/R-7i elektrolizes apstaklu optimizéSana
(1. tabula).

Samazinot HFIP daudzumu no 4 mL lidz 1 mL vai 0,5 mL, nepartraukta elektrolize ar
5,5 F liela ladina pievadiSanu, veiksmigi izdevas iegiit nepiesatinato esteri S-9i (1. tabula,
2.-3. aile). Procesu iznakumi biitiski neatskiras no divu solu sintézes iznakumiem (72 %
divu solu sintézg, 71 % un 70 % ar attiecigi 1 mL un 0,5 mL HFIP nepartraukta sintezg).

Aizstajot HFIP ar tris ekvivalentiem AcOH ari izdevas veiksmigi iegiit nepiesatinatos
esterus $-9i un R-9i (1. tabula, 4.-6. aile). Elektrolizes iznakums bija lidzveértigs divu solu
sintézei 1 mmol apjoma (72 %), tacu 2 mmol apjoma tas samazinajas [idz 68 %. Reakcija
izmantota elektrolita LiClO4 daudzumu samazinajam no 1 11dz 0,5 ekvivalentiem (no 0,14 M
uz 0,07 M). Palielinot AcOH daudzumu lidz 1 mL (~ 18 ekviv.) elektrolizes iznakums
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samazinajas 1idz 55 %, kas liecinaja, ka AcOH nav piem&rots koskidinatajs Sai reakcijai
(1. tabula, 7. aile). Savukart, veicot elektrolizi bez piedevam, produkts S-9i veidojas ar 60 %
iznakumu (1. tabula, 8. aile). Aizstajot fona elektrolitu LiClO4 ar LiOAc, tika novérots, ka
elektrolizes apstaklos veidojas spirocikls S-8i, tatu nenotiek ta talaka konversija par
nepiesatinato esteri $-9i (1. tabula, 9. aile).

Optimizesanas rezultata izdevas modificét elektrolizes metodi, parejot no divu solu uz
nepartrauktu procesu. lepriek§ izmantotd piedevu kombinacija HFIP (4 mL) un AcOH
(4 ekviv.) tika aizstata ar vienu piedevu AcOH (3 ekviv.), ka arT izmantota elektrolita LiClO4
daudzums tika samazinats uz pusi reakcijai 2 mmol apjoma (0,07 M). Turpmakaja darba
nepiesatinata estera 9i iegiiSanai tika izmantoti 1. tabulas 5.—6. ail€ aprakstitie apstakli.

1. tabula
Savienojuma 7i elektrolizes apstaklu optimiz€Sana

iPr

MeO.__o_ O\, MeO.OMe OMe
o )*\/OH elektrolize wipf elektrolize U r
N _elextrolize — _elextrolize
w MeOH MeOH

\ N x LN
Alloc “Alloc O/\Lr Alee
§-7i S-8i S-9i
RTi R-8i R-9i
Nr. Apstakli* Iznakums 9i
1. solis: MeOH:HFIP (10:4 mL), LiClO4 (1 ekviv.), 2,0 F; .
b 0, -
L. 2. solis: pievieno AcOH (4 ekviv.), 3,5 F 72 % (S-91)
Nepartraukta elektrolize: MeOH:HFIP (13:1 mL), o .
2. LiCIO, (1 ekviv.), 5,5 F 71% (5-9)
Nepartraukta elektrolize: MeOH:HFIP (13,5:0,5 mL), o/ (Q.0;
3 LiCIO4 (1 ekviv.), 5.5 F 70 % (S-90)
Nepartraukta elektrolize: MeOH (14 mL), AcOH (3 ekviv.), o .
4. LiCIO (1 ckviv.), 5,5 F 72 % (59
Nepartraukta elektrolize: MeOH (14 mL), AcOH (3 ekviv.), .
b 0/ ¢ (Q_i
5 LiCIO, (0,5 ckviv.), 5,5 F S
Nepartraukta elektrolize: MeOH (14 mL), AcOH (3 ekviv.) .
b > > 0, L
5 LiCIO4 (0,5 ekviv.), 5,5 F o Yol
Nepartraukta elektrolize: MeOH:AcOH (13:1 mL), o/ (Q.0;
7. LiCIOs (1 ckviv.), 5,5 F 35 % (8-9)
8. Nepartraukta elektrolize: MeOH (14 mL), LiClO4 (1 ekviv.), 5,5 F 60 % (S-9i)
Nepartraukta elektrolize: MeOH (14 mL), AcOH (3 ekviv.), o/ d .
% LiOAc (1 ekviv.), 5,5 F 0 96%(5-91)

*Apjoms: 1 mmol. "Apjoms: 2 mmol; ‘Faradejiska efektivitate 49,5 %; $iinas produktivitate 0,09 mmol/h;
dmazorais produkts ir spirocikls S-8i.

Alloc grupas noskelSanai tika izmantots paladija katalizators un pirolidins (9. shéma).
Tika noverots, ka reakcijas apstaklos tiek noskelta ari N-MOM grupa un notiek gaidita O-
uz N- pargrup&sanas. Izmantojot katalizatoru Pd(PPh3)as, pilna izejvielas $-9i konversija tika
sasniegta 30 miniites, tacu reakcijas apstaklos notika dalgja dubultsaites izomerizé$anas un

18



veidojas produktu cis-S-24 un trans-S-24 maistjums (9. sh€ma). Parbaudot citus paladija
katalizatorus un bazes, neizdevas atrast apstaklus, kuros selektivi varétu iegit tikai cis-24
produktu, savukart, izmantojot Pd(S-BINAP)Cl: katalizatoru, izdevas panakt selektivu
produkta trans-24 veidoSanos. Atvasinot amidu trans-S-24 par 4-brombenzoilesteri S-25,
tika veikta iegitda produkta rentgenstruktiiranalize, kas apstiprinaja gaidito atomu

konektivitati, dubultsaites izomeriz&Sanos un stereocentra absoliito konfiguraciju.
kat. Pd(PPhy) OMe

pirolidins Meou iPr
_ brondins
DCM, 30 min S N/'\/OH

H
OMe cis- un trans- S-24, 57 %
Meou Meow cis:trans (1:0.5)
N |
N0 Ao
iPr OH
. kat. PdCl,(S-BINAP) 0 MSC\ 3\
s | pioliins MeONN pr N
DCM, 16h H DCM 16h
OMe
trans-S-24, 75 % S-23,75 % (99 % ee)
trans-R-24, 72 % R-23,70 % (97 % ee)
4- Br BzCI p
M ]
S-25, 39 %

9. shéma. Elektroliz€ iegiita estera 9i transformacija par enantiobagatinatu viniloksazolinu
S-/R-23 un trans-S-24 par 4-brombenzoilesteri S-25.

legiitie hidroksietilamidi  frans-S-/R-24 tika transform@ti par attiecigajiem
oksazoliniem S-/R-23, izmantojot mezilhloridu un trietilaminu (9. shema). Hiralas AESH
analizes apstiprinaja, ka iegltajos oksazolinos S-/R-23 nav notikusi hirala centra
racemizacija.

Nakamaja darba posma tika pétita viniloksazolina 23 izmantoSana asimetriska sintezg,
paredzot, ka oksazolina cikls varétu kalpot ka hirala virzitajgrupa.

Veicot aza-Dilsa-Aldera reakciju ar oksazolinu $-23 un tozilizocianatu, tika iegiits
oksazolo[3,2-c]pirimidina atvasinajums 26 ar 86 % iznakumu (10.shéma). Produkts
veidojas ka viens diastereomers.

o pr
Ts<
03(5’)”_ 2,2 ekviv. Ts-NCO NXN/%S)
MeO\N\\N Pr 2.2 eviv. I5NVE. Meo R g
Toluols Y
OMe MeO o N/TS
H
S-23 26,86 %

viens diastereomérs

10. shéma. Oksazolo[3,2-c]pirimidina 26 iegtisana aza-Dilsa-Aldera reakcija ar oksazolinu
S§-23.



Saskana ar Eliota (Elliott) et al. piedavato reakcijas mehanismu,!! produkta 26
veidoSanas ietver asinhronu ciklopievienosanos (11. shéma). Vispirms, imidata slapeklim
uzbriikot izocianata ogleklim, tiek generéts intermediats 27, kam seko stereoselektiva cikla
saslégSana, veidojot dihidropirimidin-2-onu 28. Savienojuma 28 nukleofila dubultsaite
iesaistas reakcija ar otru izocianata molekulu, veidojot starpproduktu 29/29°, kam seko
protona parnese, un tiek iegiits oksazolo[3,2-c]pirimidins 26.

MeO +

Ts. .cQ Ts, OMe jPr
N” N
‘\N/g @B\L,(“K\ Ts\N)L(N/g
MeO ON= 8 MeO "\ z~¢
OMe iPr OMe 9
523 27 28
o pr iPr
TS\NJ\N/S Ts< )k®/g Ts< )k®/g
MeO \\..H/Lo o ~n MeO H/LO
MeO MeO 2 MeO
26 29 29

11. shéma. Iesp&jamais oksazolo[3,2-c]pirimidina 26 veido$anas mehanisms.

VEloties paplasinat oksazolo[3,2-c]pirimidina atvasinagjumu klastu, tika méginats
iesaistit viniloksazolinu $-23 aza-Dilsa-Aldera reakcija arT ar citiem izocianatiem vai
izotiocianatu, lai ieglitu produktus 30a-c, tacu §1s reakcijas bija neveiksmigas (12. sh€ma).

2,2 ekviv. Ar-NCO X iPr
(o] vai R. )k
Meowapr 2,2 ekviv. BZNSO N °N
U — .
MeO N DCM vai Toluols MeO 5/:/‘\0
e
MeO X N'R
H
§-23 30a,R=Ph, X=0
30b, R = 4-F-Ph, X =0
30c, R=Bz,X=§

12. shéma. Aza-Dilsa-Aldera reakcijas ar viniloksazolinu $-23 un dazadiem
izo- vai izotiocianatiem.

Enantiobagatinato viniloksazolinu §-23 tika m&ginats iesaistit arT dazadas dubultsaites
transformacijas, tai skaita 1,4-pievienoSanas, ciklopropangsanas, hidroborg$anas, Dilsa-
Aldera un Gizes reakcijas, tacu neviena no tam neizdevas iegiit reakcija gaidito produktus
31-35 (13. shéma).
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13. shéma. Viniloksazolina $-23 dubultsaites transformésanas m&ginajumi.

Talaka darba gaita tika pétita arT iespgja ieguto viniloksazolinu §-23 izmantot Heka
reakcija, lai ievaditu aizvietotdju pie dubultsaites. Tika veikta reakcijas apstaklu
optimiz&Sana substrata §-23 ariléSanas reakcija ar jodbenzolu. Labako produkta 36
iznakumu (20 %) izdevas iegit, izmantojot katalizatoru Pd(dppf)Cl> un bazi Cs2COs

(14. shéma).

10 mol% Pd(dppf)Cl,
2 ekviv. Phl

OM
N3 wipr __3ekviv. Cs,C05 ""QOLSKS
“iPr
1,4-dioksans, Ph SN
100 °C,16h
S-23 36,20 %

14. shéma. Heka reakcija ar oksazolinu $-23 un jodbenzolu.

Galvenie $aja nodala iegiitie rezultati apkopoti publikacija “Preparation of furfural derived
enantioenriched vinyl oxazoline building block and exploring its reactivity”.
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2. Elektrokimiska spirohemiaminaléteru sintéze no furfurola atvasinajumiem

[4.4]-Spirocikliska hemiaminalétera motivs ir sastopams vairakas dabas vielas 37-41,
no kuram daZam ir zinama ar biologiska aktivitate. Pieméram, likoplanins A (37) ir kalcija
kanalu inhibitors, elmenols H (41) sp&j nomakt TRAIL rezistenci kunga adenokarcinomas
$tinas, savukart Sihunina (40) ekstrakts ir tradicionali izmantots kinieSu medicina, lai arstétu
diabétu (3. attels).!>14

Ve HQ Me Me
X M
o0 o N o O
o] N o CL/—OH 10,
H N MeO NH Q
Me%\/o o © HO
38 39 40 a1

Lycoplanine A Sporulaminal A (4 = R) Spirocollequin A (9 = R*) Shihunine Elmenol H
Sporulaminal B (4 = S) Spirocollequin B (9 = S*) (citos avotos Pratesilin A)

37

3. attéls. [4.4]-Spirohemiaminal&tera substruktiru saturosas dabasvielas 37-41.

Iepriek§ musu grupa tika izstradata metode elektrokimiskai [4.5]-spirobisketalu
fragmentu saturo$u savienojumu 43 iegiiSanai no furana atvasinajumiem 42 (15. shéma).
Veicot furdna gredzenu saturo$o spirtu 42 elektrokimisku oksidésanu vaji skabos apstaklos,
tika panakta C-O saites veidoSanas starp spirta skabekli un furana gredzena C2 oglekli,
sasledzot spirociklu 43 (15. shéma). Visi spirocikli tika iegiiti ka diastereom@ru maisijumi.

oo T e o
~
/ <f X
43
o X= O NPG 7 pieméri

15. shéma. Elektrokimiska [4.5]-sp1robiskete‘11u 43 un [4.4]-spirohemiaminal&teru 45
iegliSana no furana atvasindjumiem.

Promocijas darba tika attistita ST metodologija, lai Kkonstruétu [4.4]-
spirohemiaminal&tera karkasu, saslédzot spirociklu caur elektrokimiski inducétu C-N saites
veidoSanos furana atvasinajumos 44 (15.sh&ma). P&c elektrolizes tika planots veikt
metoksigrupas oksideéSanu par karbonilgrupu, tadgjadi iegiistot produktu 46 ar vienu
stereocentru.

Darba pirmaja posma tika veikti koncepta parbaudes eksperimenti, izmantojot
modelsubstratu 3-(2-furil)propionskabes arilamidu 47a. Ta elektrolize tika veikta nedalitaja
§tna galvanostatiskos apstaklos metanola vide. Anodreakcija tika veikta substrata
oksidgsana, katodreakcija — protonu reducg€sana lidz Gdenradim. Substrata 47a elektrolizé
neitralos apstaklos tika iegiits tikai furana gredzena dimetoksiléSanas produkts 48, savukart
substrata 47a elektrolizé NaOMe klatbuitné tika noverota selektiva spirocikliska produkta
49a veidosanas (16. shéma).
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2 ekviv. LiICIO,4
2,5F, 10 mA

Br
A: Cgp K: Cgr /©/

——2r Ol

0 N

__ H

o /@/Br 48,31%

"1 2 ekviv.

(e} N ekviv.

\ H 2 ekviv. LiCIO4 Br
2,5F, 10 mA
47a A: Car, K: Car
o N-°
49a, 69 %

16. shéma. Savienojuma 47a elektrolizes produkti 48 un 49a.

Lai noskaidrotu, kada ir bazes loma reakcijas produktu selektivitate, tika uznemtas
cikliskas voltamp@rmetrijas liknes substratam 47a neitralos apstaklos un baziska vide
(4. att€ls). Merfjumi paradija, ka neitralos apstaklos pirmais oksidéSanas signals ir
noverojams pie E,=1,1 V (4. attels, zila likne), kas, visticamak, atbilst furana gredzena
oksidéSanai. NaOMe klatbiitné paradas jauns oksideSanas signals pie ieverojami zemaka
potenciala E,= 0,64 V (4. attls, zala likne), kas liecina, ka bazes klatbiitné notiek amida
grupas deprotonéSana un cikliskas voltampérmetrijas likné redzama amidata anjona
oksidésana. Bazes parakuma uznemtaja cikliskas voltampérmetrijas likng aizvien ir redzams
arl oksidéSanas signals pie E,= 1,1V, kas liecina, ka Sajos apstaklos nenotiek pilniga
substrata 47a deprotonésana.

115

Cikliskas voltamp@rmetrijas dati:
Savienojums 47a (I mM) un NaOMe (2 mM)
(fons: 0,1 M LiClO,/MeOH)

Br
75 o) /@/
O N

95

Y/ H
Iss 47a
35
15
~ I
S50 0,2 0,4 0,6 0,8 1 1,2 14
E, V (pret Ag/0,01 M AgNO53)
Fons ——1mM47a 1 mM 47a+2mM NaOMe ——2 mM NaOMe

4. attels. Savienojuma 47a cikliskas voltampérmetrijas mérijumi neitralos un baziskos
apstaklos.
Pamatojoties uz eksperimentilajiem novérojumiem, ka ari literatiras datiem ' tika
defingts iesp&jamais mehanisms spirocikliska hemiaminal&tera 49a iegisanai (17. shéma).
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Reakcijas pirmaja soli notiek amida 47a deprotongSana, kam seko amidata anjona 50
anodiska oksidéSana. legitais amidilradikalis 51 ar slapekla centru veido C-N saiti ar furana
C2 oglekli un rodas C-centrétais radikalis 52. Tam oksidgjoties, veidojas oksonija jons 53,
kas, pievienojot metanolu, veido galaproduktu 49a.

\ o k@l _
e ol i
47a

50 g 51 Br

H_O H/O® ox H O
Pfrso et e e O o

9 Q

49a Br 53 Br 52 Br
17. shéma. Izvirzitais spirohemiaminalétera 49a veidosanas mehanisms.

Elektrolizes substratu klasts tika paplaSinats ar savienojumiem, kas satur&ja dazadus
aizvietotajus arilgrupa (18.shéma). Veicot substratu 47 elektrolizi NaOMe klatbiitng,
veiksmigi tika iegiiti spirocikli 49a-d, kas benzola gredzena saturgja gan elektronatvelkosus,
gan elektrondonorus aizvietotajus. Visi spirocikli 49a-d tika iegiiti ka diastereoméru
maisijumi. Nakamaja soli tika veikta spirociklu 49a-c oksidéSana ar mCPBA un katalitisku
daudzumu BF3.Et;0, iegtistot spirociklus 54a-c ar labiem iznakumiem (18. sheéma).

1 1
2 ekviv. R R

2 ekviv. LiCIO,
R 25F 10mA 0,3 ekviv. BF;Et,0
0 /©/ A: Cor K: Coy 0 12 ekviv. mCPBA
N

N 0
0 O, DeM O N
\ | H - ~
47 49a, R' = Br, 69 %, (dr 1:0,6) 54a R' =Br, 89 %
49b, R'= CF3, 63 %, (dr 1:0,7) 54b, R'=CF5 72 %
49c, R' = H, 68 %, (dr 1:0,6) 54c, R'=H, 82 %

49d, R" = OMe, 46 %, (dr 1:0,7)
18. shéma. [4.4]-Spirohemiaminal&teru 49a-d un 54a-c iegliSana no 3-(2-
furil)propionskabes atvasindjumiem 47a-d.

Produkta 54b rentgenstruktiiranalizes rezultati apstipringja gaidito atomu konektivitati
(5. attels), lidz ar to tika noslégti koncepta parbaudes eksperimenti.
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5. attéls. Savienojuma 54b rentgenstruktiiranalizes ORTEP attélojums ar 50 % kontiiru
varbiitibu.

Nakamaja darba posma tika sakta elektrolizes apstaklu optimiz€Sana, vispirms pe&tot
fona elektrolita ietekmi uz reakcijas iznakumu (2. tabula). Spirocikla 49a iznakums tika
noteikts, izmantojot 'H-gKMR spektroskopiju. Reakcijas tika veiktas nedalitaja
elektrokimiskaja §tina galvanostatiskos tilpuma elektrolizes apstaklos. Eksperimentalie
rezultati paradija, ka reakcijai vispiemérotakie elektroliti ir sarmu metalu perhlorats (LiClO4
un NaClOg; 2. tabulas 1.-2., un 10. aile) un bromids (LiBr; 2. tabula, 3. aile). Produkta
iznakumi bija lidzigi, izmantojot gan LiClO4 (72 %), gan LiBr (74 %), tapéc turpmakas
eksperimentu serijas tika veiktas ar abiem elektrolitiem.

2. tabula
Spirohemiaminaléteru 49a veidosanas, izmantojot dazadus elektrolitus
2 ekviv. baze
1 ekviv. elektrolits Br,
o Br  25F 10 mA
/©/ A Cgr K: Cor
0 N
N H o N-°
47a (0,5 mmol) 49
Nr. Baze Elektrolits 49a*
1. NaOMe LiClO4 70 %
2. LiO/Bu LiClO4 72 %
3. LiO/Bu LiBr 74 %
4. LiOfBu LiCl 66 %
5. LiOBu LiBF4 63 %
6. LiOfBu LiOAc 62 %
7. LiOH -- 64 %
8. LiOBu TBACIO4 69 %
9. LiOBu TBAPF¢ 64 %
10. NaOMe NaClO4 72 %
11. NaO7Bu NaClO4 63 %
% iznakums noteikts, izmantojot 'H-gKMR; iek$gjais standarts 1,4-
bis(trihlormetil)benzols.
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Lai noskaidrotu, ka bazes daudzums ietekmeé substrata 47a deprotongSanas pakapi, tika
veikti cikliskas voltamp&rmetrijas mérjjumi. Substratam 47a tika pievienojti 0 Iidz 6
ekvivalenti bazes NaOMe, uznemot cikliskas voltamp@rmetrijas liknes pec katra pievienota
bazes ekvivalenta (6. att€ls). Pievienojot vienu ekvivalentu bazes (6. attéls, zila likne), likng
nav noverojams izteikts amidata oksidesanas signals pie E,= 0,6 V, savukart, pievienojot
divus ekvivalentus bazes (6. attéls, roza likne), amidata oksidéSanas signals kltist skaidri
redzams. Piesatinajuma strava pie £,= 0,6 V tiek sasniegta, pievienojot 4 1idz 5 ekvivalentus
NaOMe, kas nozimg, ka §ads ir nepiecie$amais bazes daudzums, lai pilniba deprotonétu visu
substratu 47a reakcijas maisijuma. Turpinot palielinat bazes daudzumu, pie £,=1,0 V var
novérot metoksida oksidésanas signalu (metoksida oksidé$anas signals redzams sarkanaja
1ikng 4. attéla).

135 I . .
Cikliskas voltamp&rmetrijas dati:

Savienojums 47a (ImM) un NaOMe (0-6 mM)
115 (fons: 0,1 M LiClO,/MeOH)

95

75

I A

55

35

-50,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6
E, V (pret Ag/0,01 M AgNO;)

—— 1 mM47a ——47a+ 1 mM NaOMe ———47a+2mM NaOMe ——47a+ 3 mM NaOMe

47a+4mMNaOMe ——47a+5mM NaOMe 47a+ 6 mM NaOMe

6. attels. Cikliskas voltampérmetrijas Iiknes substratam 47a un NaOMe (0—6 ekvivalenti).

Pamatojoties uz Siem noveérojumiem, tika izstradata eksperimentu sérija, parbaudot
pievienota bazes daudzuma ietekmi uz reakcijas produktu selektivitati un iznakumu robezas
no 0 Iidz 4 ekvivalentiem. Eksperimentu s€rijas tika veiktas ar diviem fona elektrolitiem —
LiClO4 un LiBr (3. tabula), ka bazi izmantojot LiO7Bu.

Tika noskaidrots, ka reakcija veiksmigi norit arT tad, ja bazi izmanto substehiometriska
daudzuma (0,5 ekvivalenti; 2. tabula, 3. un 8. ailes), turklat bazes pievieno$ana parakuma
(2—4 ekvivalenti; 2. tabula 1.-2., un 7. aile) produkta 49a iznakumu butiski neuzlabo. Tas
liecina, ka veiksmigai elektrolizes norisei nav nepiecieSams uzreiz deprotonét visu reakcijas
substratu 47a. Samazinot bazes daudzumu no 0,5 lidz 0,2 ekvivalentiem, produkta 49a
iznakums nedaudz samazinas (3. tabula, 4. un 9. aile), bet, pievienojot 0,1 ekvivalentu bazes,
tika noverota ari dimetoksiléta blakusprodukta 48 veidoSanas (3. tabula, 5. un 10. aile).
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Elektrolizi var veikt arT bazes parakuma (2 ekvivalenti) bez fona elektrolita, tacu tad
produkta iznakums ir nedaudz zemaks neka ar elektrolitu (3. tabula, 6. aile).

Saja eksperimentu sérija tika noskaidrots, ka selekfivai spirocikliska produkta 49a
ieglisanai pietick ar 0,5 ekvivalentiem bazes. Produkta iznakumi ar LiBr un LiClO4 bija
lidzvertigi, bet, nemot véra, ka LiBr ir 1étaks un drosaks regents, nakamajos eksperimentos

ka fona elektrolits tika izmantots tikai tas.

3. tabula

Spirohemiaminal&teru 49a veidosanas, pievienojot dazadus bazes LiO/Bu daudzumus

X ekviv. LiOtBu
1 ekviv. elektrolits
Br 25F 10mA
o) /©/ _ACoiKCo /©/
0.
N
N/ H o N w
47a (0,5 mmol) 49a 48
Nr. LiO7Bu (ekviv.) Elektrolits 49a* 48*
1. 4,0 73 % -
2. 2,0 72 % -
3. 0,5 72 % -
. LiCIO.
4. 02 e 70 % -
5. 0,1 61 % 5%
6. - 0% 52%
7. 2,0 74 % —
8. 0,5 . 74 % -
LiB

9. 02 o 66 %

10. 0,1 17 % 49 %
11. 2,0 - 67 % -

*: iznakums noteikts, izmantojot 'H-gKMR; ieksgjais standarts 1,4-bis(trihlormetil)benzols.

Nakamaja eksperimentu sérija tika parbaudita katjona — Li",

Na' un K" — ietekme uz

reakcijas iznakumu, eksperimentos izmantojot attiecigo katjonu saturosos alkoksidus (MeO-
vai BuO’) un bromidus (4. tabula). Vislabakais rezultats tika iegits, izmantojot litiju

saturosu elektrolitu un bazi (74 %; 4. tabula, 1.

aile), tacu arT pargjas katjonu kombinacijas

deva lidzigus rezultatus, kas liecina, ka katjona izvéle maz ietekme reakcijas iznakumu.
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4. tabula
Spirohemiaminaléteru 49a veidosanas, izmantojot Li*, Na” un K* saturoSas bazes un
bromidus

0,5 ekviv. baze
1 ekviv. elektrofits Br,
25F 10 mA

Br 0 F
o /©/ A: Cgr, K: Cgr
— 7,
0o N
S XS

47a (0,5 mmol) 49a
Nr. Baze Elektrolits 49a*
1. LiO7Bu LiBr 74 %
2. LiO7Bu NaBr 70 %
3. NaOMe LiBr 73 %
4. NaOMe NaBr 71 %
5. KOBu KBr 70 %

% iznakums noteikts, izmantojot 'H-gKMR; ick$jais standarts 1,4-
bis(trihlormetil)benzols.

Nosledzosaja elektrolizes apstaklu optimiz€Sanas posma tika pétita elektrokimisko
parametru ietekme uz reakcijas iznakumu (5. tabula), parbaudot dazadus anoda un katoda
materialus, ka arT stravas stiprumu. No apskatitajiem anoda materialiem, substrata
oksid€sanai vispiemerotakais bija grafits (Car), savukart vislabakais katoda materials bija
nertis§josais t€rauds (SS) (5. tabula, 6. aile). Svarigs parametrs izradijas stravas stiprums —
samazinot reakcijai pievadito stravu no 10 mA lidz 5 mA, produkta iznakums samazinajas
no 76 % 1idz 69 % (5. tabula, 7. aile), savukart, palielinot stravas stiprumu lidz 15-50 mA,
produkta iznakums palielinajas 1idz 78-84 % (5. tabula, 8.—12. aile).

5. tabula
Spirohemiaminaléteru 49a veidosanas, varigjot elektrokimiskos parametrus

0,5 ekviv. LiOfBu
1 ekviv. LiBr
o /©/Br 25F, strava Q
elektrodi /©/
(o]
N
@/\AH o N W
47a (0,5 mmol) 493 48
Nr. Anods Katods Strava (mA) 49a* 48* 47a*
1. GC Car 65 % - —
2. Pt Car 48 % 8% 10 %
3. BDD Car 10 7% 37 % -
4. Car Car 74 % — —
S. Car Pt 75 % - -
6. 76 % - -
7. 5 69 % - -
8. 15 80 % - -
9. Car SS 20 80 % - —
10. 30 78 % - —
11. 40 84 % = =
12. 50 82 % - -
2: iznakums noteikts, izmantojot 'H-gKMR; iek$gjais standarts 1,4-bis(trihlormetil)benzols.
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OptimizeSanas rezultata tika noskaidrots, ka labakie apstakli spirohemiaminal&tera
49a iegiSanai ir, izmantojot 0,5 ekvivalentus LiOsBu un 1 ekvivalentu (jeb 0,17 M) LiBr.
Optimizetie elektrokimiskie parametri bija 40 mA liela strava (stravas blivums
Jj=25mA/cm?), 2,5 F liels 1ading, grafita anods un nerfiséjosa térauda katods.

Darba turpinajuma paredzéts veikt reakcijas substratu klasta izp&ti un elektrolizes
produktu talaku funkcionaliz€Sanu.

3. Oksazolinu elektrosintéze ciklopropanu 1,3-oksifluorésanas reakcija

Otrs promocijas darba izstrades gaita pétitais virziens bija elektrokimiski inducéta
ciklopropana C-C saites uzskelSana. 2021. gada Aivena Lei (4diwen Lei) grupa publicgja
rakstu, kurd vini arilciklopropanu aktivéSanai izmantoja elektrisko stravu (19. shéma).®
Publicétaja metodé tika veikta arilciklopropanu 55 tieSa anodiska oksidéSana, iegistot
katjonradikalus 55°. Sados katjonradikalos ciklopropana C-C saite ir ievérojami vajaka neka
neitrala ciklopropana, un to var uzskelt, izmantojot dazadus nukleofilus X/Y, iegustot 1,3-
difunkcionaliz&tus produktus 58. Viens no autoru izmantotajiem nukleofiliem bija fluorids
(EtsN-3HF), laujot ieglit mono- un difluorétus produktus 58.

ox s ox ® Y® Y
AAr QA { AA, - \XAr 9 ~ar T \)\Ar
55 55" 56

57 58

Y =Nu
19. shéma. Aivena Lei grupas demonstréta elektrokimiska arilciklopropanu 1,3-
difunkcionaliz&$ana.®

Promocijas darba ietvaros velgjamies paplasinat elektrokimisko ciklopropana
uzskelSanas metozu klastu, fokusgjoties uz neaktivétiem ciklopropaniem, kuru tiesa
elektrokimiska oksidesana ir apgritinata. Sim nolikam tika izstradata pieeja ciklopropana
uzskelSanai ar anodiski oksidéjamu funkcionalo grupu, kas pievienota ciklopropanam ar
linkeri (20. sheéma). Anodiski aktivetais intermediats 59’ iekSmolekularas ciklopropana
uzskelSanas rezultata veidotu C-centréto radikali 60. Tas tiktu anodiski oksid@ts par
karbénija jonu 61, kura neitraliz€Sanai reakcijas maisijuma biitu nepiecieSams ar1 argjais
nukleofils (Nu). Galarezultata tiktu iegiits ciklopropana 1,3-difunkcionalizé$anas produkts
62. Katodreakcija tika planots veikt protonu reducésanu lidz idenradim.

ox \ ' ; ox ®
Uasin| [~ & || & |8~
59 59' 60 61 62
20. shéma. Strat€gija elektrokimiski induc@tai ciklopropana uzskelsanai.

Ka modelsubstrats metodes izstradei tika izveléts savienojums 63a, kas saturgja
benzamida un dimetilaizvietota ciklopropana funkcijas. Elektrokimiski oksid€jot benzamida
fragmentu, veidotos amidilradikalis 63a’, kas var&tu inducét ciklopropana gredzena C-C
saites uzSkelSanu, veidojot oksazolinu 66 (21. shéma). Tika paredzets, ka geminalas
metilgrupas ciklopropana fragmenta péc ta uzskel$anas varétu palidzet stabilizet radikali 64
un karbénija jonu 65.
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21. shéma. Elektrokimiska benzamida grupas oksidésana ar sekojosu ciklopropana
uzskel$anu savienojuma 63a.

Pirmie méginajumi elektrokimiskai ciklopropana 63a uzskelSanai tika veikti nedalitaja
$una galvanostatiskos tilpuma elektrolizes apstaklos, ka reakcijas $kidinataju un argjo
nukleofilu izmantojot metanolu (22. shéma). Tika gaidits, ka reakcija veidosies metiléteris
67, tacu, analiz€jot reakcijas maisijumu, tika noskaidrots, ka veidojas tris produkti —
metiléteris 67, ka arT alkéns 68 un fluoru saturosais savienojums 69a. Fluoréta produkta
rasanas liecingja, ka elektrolizé izmantotais elektrolits TBABF4 var kalpot arT ka fluora

avots.
1 ekviv. TBABF

5mA 3F
H\AM X . Me Me Me
Ph. _N e A:Cg, K Pt N OMe N N F
S en T,
Y Me MeOH Ph/<—\\%Me Ph/<—\\/§ Ph/<—\\)<Me
63a 67 68 69a

67 : 68 : 69a (UESH) = 44 : 28 : 28
22. shéma. Elektrokimiski inducéta ciklopropana 63a uzskelSana metanola.

Uzskatot, ka fluoru saturosi produkti varétu biit perspektivi buvbloki, darba
turpindjuma tika optimizéta sint€zes metode, lai varétu selektivi ievadit produkta fluora
atomu.

Vispirms tika pétits, kadi fluoru saturosie reagenti elektrolizes apstaklos vislabak veic
fluora parnesi uz produktu. Tika apskafiti vairaki fluoru saturosi elektroliti, ka arT dazadi
nukleofilie un elektrofilie fluoréSanas reagenti (6. tabula). Reakcijas ka skidinatajs tika
izmantots HFIP, kas ka protona avots nodro$ina katoda pusreakciju, tacu ir vaj§ nukleofils,
noversot $kidinataja pievienosanos karbénija jonam 65 ka iespgjamo blakusreakciju.

Elektrolizes tika veiktas nedalitaja $Gina galvanostatiskos apstaklos, pievienojot
1 ekvivalentu fona elektrolita un 2 ekvivalentus pargjas piedevas. Reakcijas, kuras tika
izmantoti fluoréSanas reagenti, kas pa$i nav labi elektroliti, tika izmantots fona elektrolits
TBACIO4. Elektrolizé novérotie blakusprodukti bija alkéns 68, spirts 70, ka ari HFIP
pievienosanas produkts 71. Pec elektrolizes beigam tika noteikta iegiito produktu attieciba,
izmantojot UESH analizes; produktu iznakumi netika noteikti.

Visaugstaka selektivitate fluoréta produkta iegliSanai tika novérota, izmantojot
TBABF;4 sali, nedaudz zemaka selektivitate tika novérota TBAPFs klatbtitné (6. tabula,
1.-2. aile). Sie sali ir &rti fluorgsanas reagenti elektrolizes apstaklos, jo spgj vienlaikus kalpot
arT ka fona elektrolits; tie arT nekorodé stikla elektrokimiskas Stnas. Izmantojot tadus
nukleofilus fluorida avotus ka CsF, TBAF un TASF, tika novérots, ka veidojas produktu
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maisijums (6. tabula, 3.-5. aile). Elektrofila fluoréSanas reagentu NFSI klatbutné ka
mazorais produkts veidojas olefins 68 (6. tabula, 6. aile).

Eksperimentu rezultata tika noskaidrots, ka TBABF4 ir piemérotakais fluoré$anas
reagents selektivai fluoréta produkta 69a iegiuiSanai elektrolizes apstaklos, tapéc tas tika
izmantots turpmakaja darba.

6. tabula

Modelsubstrata 63a elektrolize iegiitie produkti, izmantojot dazadus fluora avotus
2 ekviv. piedevas
1 ekviv. elektrolits
5mA, 3F

H Me Me
Ph.__N Me A: Cg, K: Pt F OR
\[f \/AT\Ae :i,qp Ph/(UMe Ph/ki\\# Ph/(UMe
63a 69a 68 70,R=H
71, R = CH(CF3),
Produktu attieciba®
Nr. | Elektrolits Piedevas
69a, % | 68, % 70, % 71, % | 63a,%
1. TBABF, -- >95 <2 <2 0 0
2. TBAPF¢ - 79 7 9 5 0
3. CsF 8 40 6 20 26
4. TBAF-3H,O 11 31 40 18
—— TBACIO4
5. TASF 41 34 5 19
6. NFSI 5 65 0 30
2 noteikta ar UESH (UV absorbcija).

Nakamais solis bija elektrolizes apstaklu optimizéSana. Reakcijas tika veiktas
nedalitaja §ina galvanostatiskos apstaklos (7. tabula). Produkta 69a iznakumi tika noteikti
ar F-gKMR.

Vispirms tika pétita TBABF4 daudzuma ietekme uz elektrolizes iznakumu. Elektrolizé
ar 1 ekvivalentu TBABF, produkts veidojas ar 69 % iznakumu (7. tabula, 1. aile). Palielinot
TBABF4 daudzumu lidz 3 ekvivalentiem, produkta 69a iznakums picauga lidz 82 %
(7. tabula, 3. aile). Izmantojot 5 ekvivalentus TBABF4, produkta iznakumu izdevas vél
nedaudz uzlabot (7. tabula, 5. aile), tacu Sajos apstaklos tika novérots, ka notiek grafita
elektroda skiSana. Reakcija, kura tika izmantots elektrolitu TBABF 4 un TBACIO4 maisijums
2 : 1 attieciba, produkta 69a iznakums samazinajas lidz 46 % (7. tabula, 6. aile).

Aizstajot grafita anodu ar platina anodu, produkta iznakums samazinajas 1idz 53 %
(7. tabula, 7. aile). Savukart, platina katodu aizstajot ar ievérojami l&taku grafita katodu,
reakcijas iznakums butiski nemaintjas (7. tabula, 8. aile).

Lai arT saskapa ar 21. shéma doto mehanismu substrata 63a transformé&Sanai par
produktu 69a ir nepiecieSams 2 F liels 1adins, tika noskaidrots, ka elektrolizes apstaklos
pilnai substrata konversijai ir nepiecieSams 3 F liels 1adins (7. tabula, 9.-10. aile).

HFIP bija vienigais protiskais $kidinatajs, kura ar augstu iznakumu veidojas produkts
69a, tacu lidzvertigu iznakumu vargja sasniegt, izmantojot art DCM ar 20 ekvivalentiem
HFIP katoda reakcijas nodrosinasanai (7. tabula, 11.—13. aile).

Bez stravas pievades produkta 67a veidoSanas netika noverota (7. tabula, 14. aile).

31



Elektrolizes apstaklu optimiz€Sanas rezultata tika noskaidrots, ka reakcijai
nepiecieSsami 3 ekvivalenti TBABF4 un piemeérotakais $kidinatajs ir HFIP. Optimizétie
elektrokimiskie parametri bija 5 mA stipra strava (stravas blivums j = 4,2 mA/cm?), 3 F liels
ladins, ka arf grafita anods un platina katods.

7. tabula

Elektroktmiski inducgtas ciklopropana 63a uzskelSanas reakcijas apstaklu optimizéSana
elektrolits

H ladin$, strava Me r
Ph N /AVMe elektrodi
b e ol e

N
/
Skidinatajs ph/k

Me
63a 69a
“ Elektrolit
Nr. | Skidinatajs CXroltS | Strava,mA | Lading, F | A:K | 69a°
y (ekviv.) d
1. TBABF; (1) 69 %
2. TBABF, (2) 79 %
3. TBABF; (3) 82 %
A: C(}y o
4 TBABF; (4) <pr | 82%
5. TBABE, (5) 84 %p
3
TBABF; (2) ]
6. HFIP TBACIO; (1) 46 %
A: Pt N
7. S K: Pt 53 %
A: CGr 0
9. 2 77 %
10. TBABF; (3) 2,5 79 %
0,
11. I\]/;Zol\z—l A: Cor 11 %
K: Pt 0
12. 20 ekviv. HFIP 3 7%
MeCN 0
13. 20 ekviv. HFIP 20%
14. HFIP TBABEF, (3) 0 0 - 0%
a: iznakums noteikts ar ’F-gKMR, icksgjais standarts 4,4'-difluorbenzofenons; ®: anods tiek
bojats elektrolizes laika.

Reakcijas substratu klasta p&tijumiem tika sintez&tas tris substratu s€rijas — substrati
63a-f ar dazadiem aizvietotajiem benzamida funkcija, substrati 63h-m, kuros ciklopropans
savienots ar vél vienu karbociklu, un monoarilaizvietoti ciklopropani 63o-t. legiitie
savienojumi tika paklauti elektrolizei optimiz&tajos apstaklos (23. shema).
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3 ekvw TBABFA

(o) Ar AR* AlaRm_ N-\\)RLF
T BT ey a4 R?

R' = alkil, aril

R? = alkil, H 69
N N N N X
4
R oI e L Do e
Me Me F F

69a (Rj =H).72% 699, 37 % 69h (n=1),0% 691 (X = 0), 62 %

69b (R®=Cl), 74 % 69i (n=2), 70 % 69m (X = N-Ts), 36 %

69c (R3 =Br), 75 % 69j (n=3),57 %
69d (R® = OMe), 28 % (2,4 F) 69k (n =4), 60 %

69e, (R®=CF3), 72 %
69f (R®=NO,), 46 % (4 F)

N F
Ph‘</ Me pr—{ b\@\ pn— F
E

69n,0 % 690 (R2= H), zimes 69t, 24 % (dr = 2,5:1)
69p (R2 F), Zimes
69r (R? = CF3), 63 % (dr = 2:1)
69s (R% = NO,), 39 % (dr = 1,5:1)

23. shéma. Ciklopropanu 63 elektrolizg iegiitie 1,3-oksifluorétie produkti 69.

Pirmas s€rijas substratu 63a-f elektrolize tika pétita benzamida funkcija ievaditu
aizvietotaju ietekme uz ciklopropana 1,3-oksifluoréSanas reakciju (produkti 69a-f).
Modelsubstrata 63a elektrolizé produkts 69a tika ieglits ar 72 % iznakumu. Lidzigu
iznakumu vargja ieglt arT halogén- un trifluorometil- aizvietotu analogu 63b-c¢ un 63e
elektroliz€s (produkti 69b-c, 69e). Ievadot fenilgrupa elektrondonoro metoksigrupu,
izejvielas 63d konversijai bija nepiecieS8ams mazaks pievaditais 1adins, tacu produkta 69d
iznakums bija ievérojami zemaks (28 %). Zems iznakums tika novérots ari nitrogrupu
saturosa substrata 63f elektrolize, kur produkts 69f tika iegiits ar 46 % iznakumu.

Benzamida funkciju aizstajot ar cikloheksankarboksamidu (substrats 63g), tika iegtits
elektrolizes produkts 69g, tacu ta iznakums (37 %) bija ievérojami zemaks neka benzamidu
saturoSajam analogam 69a.

Otras s€rijas substrati bija spirocikliski analogi 63h-m un analogs ar
monometilaizvietotu ciklopropanu 63n. Saja sérija veiksmigi izdevas iegiit monofluorétu
ciklobutanu 69i, ciklopentanu 69j, cikloheksanu 69k, tetrahidropiranu 691 un piperidinu
69m. Monofluorétu ciklopropanu saturoSo produktu 69h ieglit neizdevas, ka ari
monometilaizvietota ciklopropana 63n elektroliz€ attiecigais fluorétais savienojums 69n
netika iegiits.

TreSaja substratu serija tika pétita monoarilaizvietotu ciklopropanu 630-t
elektrokimiska 1,3-oksifluorésana. Tika noverots, ka fluorétos produktus var iegit tikai, ja
arilgrupa pie ciklopropana ievaditi elektronatvelkosi aizvietotaji (substrati 63r-t). Sadu
selektivitati varétu skaidrot ar to, ka neaizvietota arilciklopropana oksidésanas potencials ir
zemaks neka benzamidam, lidz ar to tas tiek oksidéts pirmais. ElektronatvelkoSo grupu
ievadiSana lauj kontrol@t oksideSanas selektivitati par labu benzamida funkcijai.

Interesanti, ka tetrametilaizvietota ciklopropana 72 elektrolize netika novérota gaidita
oksazolina 73 veidoSanas. Ta vieta ka galvenais produkts tika iegiits dihidrooksazins 74
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(24. shéma). Sada produkta veido3anas liecina, ka $aja gadijuma elektrolizes gaita tick dkelta
tetrametilaizvietota ciklopropana C-C saite.
3 ekviv. TBABF,

Me
Me Me ?mA, 3.F N Me Me Me
H A Cqr, K: Pt /« N F
Ph N Me T’ Ph F I
il Me Mg Me Ph)\ MMe
e
72 73,0% 74, A7 %

24. shéma. Tetrametilaizvietota ciklopropana 72 elektrolizes produkts dihidrooksazins 74.

Veicot tioamidu saturo$a ciklopropana 75 elektrolizi, izejvielas konversijai bija
nepieciesams tikai 2,1 F liels ladin$, tacu tiazolina produkta 76 iznakums bija zems (19 %,
25. shéma). Novéerotie blakusprodukti liecinaja, ka reakcijas apstaklos notiek izejvielas vai

aktivéto intermediatu desulfurizéSana.

3 ekviv. TBABF,
5mA 21F

Ph HAMe A: Cgr, K: Pt r/\lwg
e er = .
W Me HFIP Ph/< Me
75 76,19 %

25. shéma. Tioamidu saturosa ciklopropana 75 elektrolize.

Lai noskaidrotu, vai oksazolina veido$anas laika notiek hiralitates parnese no
izejvielas uz produktu, tika izmantots enantiobagatinata brombenzamida 63¢ S-enantiomers.
Paklaujot enantiotiru substratu S-63c¢ elektrolizes apstakliem, tika ieglits oksazolins $-69¢
(26. sheéma). Veicot hiralas AESH analizes, tika noskaidrots, ka produkts $-69c ir iegtits ka
viens enantiomérs, kas liecina par pilnigu hiralitates parnesi.

3 ekviv. TBABF,

ON
Br 5mA 3F Mo 1) 10% HClq \©\f°
) aq
\@(“ v A Con K Pt "‘,’\<§?,)L Me ) 4-NO,-BClI
AV o S tern KPU_ _2) 4NOBCl

NH

o kg M
S HFIP /Ej/L : e

Me A
F
Br /@A ™ Ve

Br
5-63¢ 5-69¢, 75 % 77,77 %
(ee = 95 %) (ee = 95 %)

(S) konfiguracija apstiprinata

ar rentgenstruktdranalizes

datiem
26. sheéma. Enantiobagatinata brombenzamida S-63c¢ elektrolize un iegita produkta
derivatizéSana.

Produkta $-69c¢ absoltita konfiguracija tika noteikta, veicot ta derivatiz€Sanu par
savienojumu 77, kuram tika veikta rentgenstruktiiranalize. Ta paradija, ka produkta 77
hiralajam centram ir S konfiguracija; tas liecina par to, ka C-C saites uzskelSanas laika notiek
konfiguracijas inversija (7. attéls).
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Br

7. attels. Savienojuma 77 rentgenstruktiiranalizes ORTEP attelojums ar 50 % kontiiru
varbiitibu.

Pamatojoties uz Siem datiem, bija iesp&jams piedavat iesp&jamo reakcijas mehanismu
(27. shéma). Pirmais reakcijas solis ir elektrokimiska benzamida funkcijas oksidéSana,
genergjot amidilradikali 78°. Nakamaja soli amidilradikalis ar skabekla centru uzbrik
ciklopropana C-C saites irdinoSajai orbitalei saskana ar iekSmolekularas homolitiskas
aizvietoSanas mehanismu (Sui). Ciklopropana C-C saite tiek uzskelta, un veidojas C-centréts
radikalis 80, kas oksidgjoties kliist par karbénija jonu 81. Seko fluorida parnese no

tetrafluorborata anjona un veidojas galaprodukts — monofluorétais oksazolins 82.
%

o H.., R? W,
2
I fy e e | jYR
Ar H/\VLR & N /K Ar/L
78 AT 7g 79
F _ee
{78 78 _»80 81 »82 | H re P E F H R?
' - 3 B F @
7()\/F\(\ \&/ .CJ“ ) | A m RETR—Y /(\(
R N g 81

Qe ERVISINE]

27. shéma. Piedavatais oksazolina 82 veido$anas mehanisms.

Reakcijas selektivitati par labu fluoré$anai varétu skaidrot, nemot véra reakcijas vidi
pie anoda virsmas, kur notiek elektronu parnese. Anoda virsma ir pozitivi ladéta, tapec tas
tuvuma ir negativi ladétu jonu slanis, ko sauc par elektrisko dubultslani. Elektrolizes
apstaklos to veido tetrafluorborata joni (27. shéma). Sada augsta nukleofila koncentracija
tuvu karbénija jonu generé$anas vietai varétu sekmeét fluorésanas norisi.

Analizgjot reakcijas maistjuma '"B-KMR spektru, tika secinats, ka elektrolizes laika ir
izveidojies jauns boru satuross savienojums, kas liecina, ka reakcijas gaita atbrivotais bora
trifluorids 83 tiek saistits borata kompleksa ar heksafluorizopropanolu (28. shéma). Bez
stravas pievadiSanas §ada apmaina notiek tikai Zimju Itment.

. FiG
L _HEP R o )CFs
F"  F -H F-B=0

83 Foaa

28. shéma. Elektrolizes laika atbrivota bora trifluorida 83 saistiSana borata kompleksa 84.

Saja nodala aprakstitie rezultati apkopoti publikicija “Electrochemical Formation of
Oxazolines by 1,3-Oxyfluorination of Non-activated Cyclopropanes”.
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SECINAJUMI

1. Furfurilétu etilénglikolu un furfurilétu aminospirtu atvasinajumu 7 transformaciju
par o.f-nepiesatinatiem esteriem 9 var veikt viena reaktora divpakapju
elektrokimiska sintgzg, ka piedevas izmantojot HFIP pirmaja soli un AcOH otraja
soli. Darba rezultata tika izstradata jauna elektrokimiska C-O saites veidoSanas
metode, kas lauj ieglit funkcionaliz&tus Tori-tipa esterus.

1. HFIP, 2 F Meow
o 2.ACOH,35F owe
w MeOH \Q
7 9
R = H, alkil
X=0, N-PG

2. Elektrokimiski iegilito a.f-nepiesatinato esteri 9a var izmantot ka reaktivo
atSkaiditaju kopolimerizacija ar akrilétu rapsu ellu biobaz&tu poliméru iegiiSanai.
o) MeO.
o)v . Meo._OMe O _hv_  AROMa

o biobazéts
mi)w; MOI polimérs

ARO 9a
(akriléta rapsu ella) no furfurola iegdts
akrilats

3. N-Alloc aizsargatu a,f-nepiesatinato esteri 9i var iegilit no spirta 7i nepartraukta
elektrolizé metanola, izmantojot reakcijas piedevu AcOH. STmetode lauj iegiit hiralu
buvbloku, kas atvasinats no biobazétam izejvielam — furfurola un valinola.

iPr 3 ekvsivs f:\cOH MeO. OMe rOl\/le
w T\Ii;\/OH “meon uo/\‘( N-atloc
Pr

7i 9i, 68 %

4. Enantiobagatinatu N-Alloc aizsargatu a.f-nepiesatinato esteri 9i kimiskas sintézes
cela var transformet par enantiobagatinatu viniloksazoliu 23. N-Alloc noSkelSanas
procesa notiek art metoksimetilgrupas noskel$ana, O- uz N- pargrup&sanas un dalgja
vai pilniga dubultsaites izomeriz€$ana. Rezultata tiek iegtits hirals viniloksazolina
biivbloks.

N-aizsarggrupu
noskelSana
+

pargrupésanas
MeO._ OMe OMe + o OH 0
0 r izomerizéSanas ciklizesana ipr
< N —————— MeO._ ey = MO Sy
07 Allee NP
iPr OMe OMe
9i trans-24 23
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5. Viniloksazolina atvasinajuma S§-23 aza-Dilsa-Aldera reakcija ar tozilizocianatu
diastereoselektivi veidojas oksazolo[3,2-c]pirimidina atvasinajums 26.

9 pr
’> "iPr- TsNCO_ TS\N)LN/@
X MeO,
Y\/L \e .i/\o
OMe MeO J
e o N Ts
s-23 26

6. 3-(2-Furil)propionskabes arilamidu 47a elektrolizg, pievienojot substehiometrisku
bazes daudzumu, notiek spirocikla 49a saslégSana, amida funkcijai izveidojot C-N
saiti ar furana C2 oglekli. Metode lauj konstruét [4.4]-spirohemiaminalétera karkasu,

kas ir sastopams vairakas dabasvielas.
baze

o} oX Ar, o
0.2 AT 6]_| % o, N
\ ! H —
49a

47a

7. Anodiska oksidéSana generéti amidilradikali 63’ veic iekSmolekularu neaktivéto
ciklopropana grupas C-C saites uzikel3anu, veidojot oksazolinus 69. Saja reakcija
TBABF; kalpo ka fluora avots. Rezultata tiek izveidotas jaunas C-O un C-F saites,
veidojot ciklopropana 1,3-oksifluorésanas produktus.

Arwn\/A(RTZQﬁ,’@{ArYN\/A(R:Q?}mAr%Nl)R;F‘
63 HO 63" o

8. Veicot hirala ciklopropana $-63c¢ elektrokimiski inducgtu uzskel§anu, notiek pilniga
hiralitates parnese uz produktu ar konfiguracijas inversiju, rezultata veidojot
enantiobagatinatu oksazolinu $-69c¢. Stereokimijas pétljumu rezultati liecina par
iek§molekularas homolitiskas aizvieto$anas mehanismu (Swi).

\©\rr AMegﬂ_ﬁg /@/k J/\TVle m@/’i’\r;eﬁwe

S63c Br 5-69¢

(ee =95 %) (ee =95 %)
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INTRODUCTION

Electroorganic synthesis is a subfield of organic synthesis that enables the
development of new methods for obtaining organic compounds, employing electric current.
The advantages of electrochemical synthesis include the possibility to reduce or avoid the
use of redox reagents and the ability to control reaction selectivity by tuning the applied
potential.! In addition, electrochemical synthesis can expand the scope of chemical
transformations, enabling reaction pathways that cannot be easily achieved with traditionally
used chemical reagents.'

Electricity is a cheap source of energy that can be generated from renewable resources;
hence electrochemical synthesis meets the demand for sustainable chemistry.? The rapid
development of the field of electrosynthesis in the past decade has also been driven by
increased supply of commercially available equipment, such as the IKA FElectraSyn
potentiostat, which appeared on the market in 2017.3 As a result, since 2014, the number of
scientific articles published each year that employ electrochemical synthesis methods has
increased more than tenfold.*

During electrolysis, a heterogeneous exchange of electrons takes place between the
electrode surface and the substrate. In the anode reaction, electrons are transferred from the
substrate to the electrode, i.e., oxidation, while in the cathode reaction, the opposite process
takes place — electrons are transferred from the electrode to the substrate, i.e., reduction.
Both transformations are linked in a joint process; it is not possible to carry out an
electrolysis without the oxidation or reduction half-reaction.

The most important electrochemical parameters are the applied current and potential.
Current strength characterizes the rate of electron transfer, while potential characterizes their
inherent energy.’ The most common modes of performing electrolysis are galvanostatic
(controlling the current strength) or potentiostatic (controlling the potential) conditions.
Another important variable is the amount of charge delivered, which is determined as the
strength of the current per unit of time. Charge is expressed in faradays (F), where 1 F
corresponds to a charge of 96,485 C/mol. It allows for determining, how many electron
equivalents (z F, where z is the number of electrons per substrate molecule) have been added
to the reaction mixture, analogous to reagent stoichiometry.’

During the Doctoral Thesis, the author explored the use of electrochemical oxidation
to synthesize new compounds. Substrate oxidation was performed on the anode, while
proton reduction to hydrogen was carried out on the cathode, thus reducing the amount of
waste generated during the reaction. The electrochemical reactions were carried out in batch
electrolysis conditions, where the reaction mixture remains in the electrochemical cell
throughout the electrolysis process. Electrochemical reactions were performed using
commercially available standardized equipment: the IKA ElectraSyn 2.0 potentiostat, as
well as IKA electrochemical cells and electrodes.

The aim of the Doctoral Thesis was to develop new electrochemical synthesis methods
for the formation of C-O and C-N bonds. The study consists of two parts: 1) electrochemical
oxidation of furan derivatives and electrochemically obtained product functionalization; and
2) electrochemical oxidation of cyclopropane derivatives. In each explored approach, at least
one synthesis step was performed by electrochemical oxidation of the reaction substrate.
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Furfural 1, a furan derivative, is one of the products obtained in large quantities during
biomass processing.® In 2004, the US Department of Energy included furfural in its list of
12 most promising platform chemicals.” Based on previous research conducted by our group
on the synthesis of spirocyclic bisketals and unsaturated esters from furan derivatives, in this
study, we wanted to expand the scope of known methods that would allow biomass-derived
furfural 1 to be transformed into multi-functional building blocks: modified acrylates 2,
enantio-enriched unsaturated oxazolines 3, and spirocyclic hemiaminal ethers 4 (Fig. 1).

O /O
|y
furfural 1

biomass-derived platform chemical

g v

MeO.
D o\ R®
Meo\@(@iRZIx MeOY\/L\N iPr Owo
N
X o R OMe
2 3 4
biobased monomer enantio-enriched challenging scaffold
for polymer building block for structure in
synthesis asymmetric synthesis natural products

Fig. 1. Target compounds 2—4 proposed in the first part of the Doctoral Thesis, the
synthesis of which involves electrochemical oxidation of furan derivatives.

The second part of the Doctoral Thesis is dedicated to electrochemically induced C-C
bond cleavage of non-activated cyclopropanes 5 to obtain 1,3-difunctionalized products 6
(Scheme 1). The oxidation potential of the non-activated cyclopropane ring is too high to
allow easy direct electrochemical oxidation,® so we chose to construct substrates 5 in which
cyclopropane would be linked to an electrochemically oxidizable functional group,
benzamide.

H (2 N 2
HO N R’
5 5 6

Scheme 1. Electrochemically induced cleavage of non-activated cyclopropanes 5 to obtain
oxazolines 6.

It is expected that the electrochemically obtained amidyl radical 5' in such substrates
is capable of inducing the cleavage of the cyclopropane C-C bond, forming a new C-O bond.
Further oxidation of the cleaved intermediate and reaction with a nucleophile would lead to
the formation of cyclopropane 1,3-functionalization products 6.

Aims and objectives
The thesis aims to develop new methodology for the electrochemical formation of C-
O and C-N bonds and explore further functionalization of the obtained products.

To achieve this aim, the following tasks were set:
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1) electrochemical transformation of biomass-derived furfural conjugates into a,f-
unsaturated esters and spiro-hemiaminal ethers;

2) transformation of electrochemically obtained a,f-unsaturated esters into enantio-
enriched vinyl oxazolines;

3) electrochemically induced cleavage of non-activated cyclopropanes with subsequent
1,3-difunctionalization.

Scientific novelty and main results

Within the scope of the Thesis, three electrochemical methods and one synthesis route
to obtain multi-functional building blocks were developed:

1) a method for an electrochemical one-reactor process for furfurylated ethylene
glycol and furfurylated amino alcohol derivative transformation into o.f-
unsaturated esters;

2) a synthesis route for the conversion of electrochemically obtained chiral a,f-
unsaturated esters into enantio-enriched vinyl oxazoline building blocks;

3) a method for electrochemical synthesis of spiro-hemiaminal ethers from 3-(2-
furyl)propionic acid aryl amide derivatives;

4) a method for electrochemically induced intramolecular cleavage of non-activated
cyclopropanes by an amidyl radical, followed by monofluorination.

Structure and scope of the Thesis
The Doctoral Thesis is prepared as a collection of scientific publications on the use of

electrochemical oxidation to form new C-O/C-N bonds, as well as exploration of further
applications of the electrochemically obtained products.

Publications and approbation of the tTesis

The main results of the Doctoral Thesis are summarized in four scientific publications.
The research results have been presented at 11 conferences.
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MAIN RESULTS OF THE THESIS

1. Electrosynthesis of Torii-type esters from furfurylated ethylene glycol derivatives
and furfurylated amino alcohols

1.1. Development of a single-reactor process for the electrosynthesis of Torii-type
esters

Previously, our group developed a method for electrochemical conversion of furan
derivatives 7 into unsaturated esters 9 in two separate electrolysis steps under galvanostatic
batch electrolysis conditions in an undivided cell (Scheme 2). Oxidation of compounds 7
and 8 was carried out in the anode reaction, while proton reduction to hydrogen was
employed as the cathode reaction. Different additives and supporting electrolytes were
required in each electrochemical reaction.

1 equiv. PPTS 4 equiv. AcOH
1 equiv. TBABF, 1 equiv. LiClO4
2.5F, 30 mA 4F 20mA  MeO. OMe
A: Cgy, C: Cg; ACeC:Co g¥] 9
o — % MeQ, fo) —_— X OMe
R MeOH Rsm MeOH ~
I
2y _
7 8 9
R =H, alkyl- 7 examples 6 examples
X =0, N-PG (43-77 %) (59-74 %)

Scheme 2. Electrochemical conversion of furan derivatives 7 into spirocyclic compounds 8
and unsaturated esters 9.

According to the proposed reaction mechanism (Scheme 3), in the first step, the furan
ring in compound 7a undergoes anodic oxidation, resulting in the formation of radical cation
10, which is attacked by the intramolecular alcohol, closing the spirocycle. This results in
the formation of a C-centered radical 11 that is further oxidized to an oxonium ion 12 and
quenched with methanol, forming the spirocyclic product 8a.° Mechanistic investigation
revealed that spirocycle cleavage in the second stage of electrolysis begins with anodic
oxidation to form the radical cation 13/13', followed by methanol addition to give the
oxyradical 14. In the next step, intermediate 14 undergoes S-scission forming acyclic C-
centered radical 15, that is oxidized to oxonium ion 16 and quenched by methanol to give
the final product unsaturated ester 9a.
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Scheme 3. Proposed mechanism for the electrochemlcal transforrnanon of
alcohol 7a into ester 9a.

As part of the Doctoral Thesis, a single-reactor process was developed for the
conversion of alcohols 7 into esters 9 by two-step batch electrolysis under galvanostatic
conditions in an undivided cell (Scheme 4). By studying the reaction conditions, it was found
that electrolysis can be carried out in two steps without isolating the spirocyclic product 8.
In the first step, alcohols 7 were converted into spirocyclic compounds 8 in the presence of
1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) as an additive by applying 2.2 F of charge. Then,
4 equivalents of acetic acid were added to the reaction mixture, and electrolysis was
continued until an additional 4 F was added to the cell. As a result, unsaturated esters 9 were
formed.

Using furan derivatives 7a-¢, which contained an ethylene glycol fragment in the side
chain, products 9a-c¢ were obtained with average yields (39—47 %), which were equivalent
to or lower than those obtained by performing two separate electrolysis reactions, isolating
spirocyclic intermediates 8a-c. In contrast, the ester yield was significantly improved in the
electrolysis of substrates 7d-e containing an amino alcohol fragment, and esters 9d-e could
be obtained with yields of 69-75 % (Scheme 4).
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1o 2_
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9j, 75 % (PG = Teoc)
9k, 0 % (PG = Troc)

MeO OMS rOMe 91, 0 % (PG = tfa)
X

9m, PG =Ac, 0%
Scheme 4. Electrosynthesis of unsaturated esters 9 from furan derivatives 7 in a single-
reactor process.

To expand the scope of products, we synthesized substrates 7f-1, in which a chiral
amino alcohol, L-valinol, was attached to the furan ring. Amine groups have a low oxidation
potential (up to 1.0 V vs. saturated calomel electrode (SCE)'?), thus a protecting group was
installed on the amine function to prevent possible side reactions. We found that Ts, Ac,
Boc, Alloc, and Teoc protecting groups are compatible with the electrolysis conditions,
which allowed us to obtain products 9f-j, while the halogen-containing protecting groups
Troc and tfa were not suitable (Scheme 4). If valinol fragment was replaced with a
phenylglycinol fragment, a complex mixture of products was formed during electrolysis,
from which the expected product 9m could not be isolated (Scheme 4).

We also explored how introducing a substituent in the furan ring affects the electrolysis
outcome with substrate 19. Compound 19 was obtained in three steps from commercially
available 4-bromofurfural 17 (Scheme 6). In the first step, a phenyl group was installed by
Suzuki-Miyaura coupling with phenylboronic acid, followed by reductive amination and
amino group protection to give compound 19. Electrolysis of alcohol 19 led to a mixture of

products from which the expected ester 20 was isolated with an 8 % yield (Scheme 5).

5 mol% Pd(PPha), )
1.2 equiv. PhB(OH), iPr

o
| /
o i 0 0
¥ 2.5.equlV..C$2C0? < 2 steps, W N/K/OH
1,4-dioxane:H,0 (2:1) Teoc
PH Ph

Br 100°C, 6h
7 18,66 % 19,65 %
. two-step
o P electrolysis  MeO OMS .
) NN~ \-OH _conditions _ h T
) +eoc MeOH Ph 0/\‘/ ~-OMe
P iPr
19 20,8%

Scheme 5. Synthesis and electrolysis of 4-phenyl-substituted furan derivative 19.
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The main results obtained in this chapter are summarized in the publication “Torii-type
electrosynthesis of a,f-unsaturated esters from furfurylated ethylene glycols and amino
alcohols™.

1.2. Obtaining bio-based acrylate monomer for polymerization reactions

Having developed a method for the electrochemical synthesis of unsaturated esters,
we explored the prospects of further application of these compounds. One of the areas of
interest was the use of the unsaturated esters in polymer synthesis as acrylate-type
monomers.

For initial studies, we selected unsaturated ester 9a as a potential monomer. Ester 9a
was obtained in two consecutive electrolysis steps from alcohol 7a, isolating spirocyclic
intermediate 8a, because the single-reactor process was not suitable for obtaining product
9a with a sufficiently high yield (Scheme 6). Since the substrate 7a loading (422 mg;
3.0 mmol) was higher than under optimized conditions (103 mg; 0.7 mmol (Scheme 4)), we
were able to reduce the amount of supporting electrolyte TBABF4 from 1 to 0.5 equivalents.

1 equiv. PPTS 4 equiv. AcOH
0.5 equiv. TBABF, 1 equiv. LiCIO,4
23F 30mA 4 F, 30 mA M OMe
<(jﬁo/\/OH _ACeiCCor I)O _ACeCiCor eou
\ MeOH MeOH N g O~ OMe
7a 8a, 78 % 9a, 62 %
(422 mg) (399 mg) (339 mg)

Scheme 6. Synthesis of ester 9a for polymerization studies.

The obtained ester 9a was handed over to collaboration partners at Professor S.
Gaidukovs’ laboratory (RTU), where it was used as a reactive diluent to be copolymerized
with acrylated rapeseed oil (ARO). The purpose of the reactive diluent in polymerization
reactions is to reduce the viscosity of the obtained polymer and increase the formation of
crosslinks, which can improve the strength and tensile properties of the material. Our
collaboration partners prepared several polymer films, in which the reactive diluent 9a was
added in amounts of 5 % and 20 % by weight, yielding copolymers ARO/9a(5 %) and
ARO/9a(20 %), respectively.

The polymer films were obtained in two steps. First, the resin was prepared by mixing
acrylated rapeseed oil with the appropriate amount of ester 9a (5 % or 20 % by weight),
followed by the addition of a small amount of radical photoinitiator (2,4,6-
trimethylbenzoyl)phosphine oxide (3 % by weight) solution in acetone to the mixture. The
mixture was left overnight at room temperature to allow the solvent to evaporate. In the next
step, the liquid resin mixture was applied to a glass substrate at a thickness of 508 pm and
exposed to UV radiation (405 nm) to achieve curing. This resulted in the formation of
polymer films.
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Fig. 2. Possible copolymerization products of acrylated rapeseed oil (ARO) and
ester 9a.

During radical polymerization, three different types of bonds can form in the
copolymer (Fig. 2): the reaction between ARO and 9a forms freely oscillating chain
fragments (1); several 9a monomers react with each other and the fragments shown in (2)
can form; the third type of cross-linking occurs between two ARO fragments (3), which is
the most likely and fastest, as in this case two terminal double bonds are connected.

FTIR spectroscopic measurements confirmed that ester 9a was incorporated into the
obtained polymers ARO/9a(5 %) and ARO/9a(20 %), because the double bond signals had
almost completely disappeared after curing by UV rays. The incorporation of ester 9a is also
visible using a scanning electron microscope (SEM), as the surface of the copolymer is
significantly rougher than that of a pure ARO polymer.

Compared to undiluted ARO polymer, the obtained copolymers had up to 1.6 times
lower viscosity (AROQ/9a(20 %)) and improved crosslink density (from 1.07 mol/m®in ARO
polymer to 1.65 mol/m® in ARO/9a(5 %) copolymer).

This study demonstrated that the unsaturated ester 9a, derived from biomass furan and
ethylene glycol conjugate, can successfully replace fossil-based acrylate monomers in
copolymerization with vegetable oils. The results obtained in this chapter are summarized in
the publication "The effect of a new furan-based ester reactive solvent on the structure and
properties of UV-cured acrylated rapeseed oil."

1.3. Obtaining a furfural and valinol derived enantio-enriched vinyl oxazoline building
block and exploring its reactivity

The next explored approach of electrochemically obtained ester functionalization was
the transformation of chiral center-containing esters 9i into enantio-enriched vinyl
oxazolines 23, which could be used as building blocks in asymmetric synthesis.

According to the proposed strategy (Scheme 7), the electrolysis of the chiral center
containing furfural and valinol conjugate 7i would yield the enantio-enriched unsaturated
ester 9i. Upon amine protecting group removal in the next step, we expected the free amine
21 to undergo in situ rearrangement to amide 22, which could be cyclized into enantio-
enriched vinyl oxazoline 23. We allowed for the possibility that double bond isomerization
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from cis- to the more stable frans-configuration might also occur in one of the synthesis
steps. We chose Alloc group as the amine protecting group, because it was compatible with
the electrolysis conditions and the acetal function in the substrate was not affected during its

removal.
N-protecting
MeO._,OMe OMe group o
electrolysis 0 r removal
O, ~~ OH 770777 - N P T = MeO
w | MeOH “Alloc
Alloc OMe
7i 9i 21
furfural and 1
conjugate 1O-to N-
\rearrangement
\J
o~ cyclization e
MeON S MeON
OMe OMe
23 22

chiral building block
for asymmetric synthesis

Scheme 7. Strategy for the transformation of the furfural and valinol conjugate 7i into the
enantio-enriched vinyl oxazoline 23.

Using the two-step electrolysis conditions described in Section 1.1, we were able to
synthesize the unsaturated ester 9i on a preparative scale (500 mg (2 mmol) and 1 g (4 mmol)
of substrate loading) with good yields (Scheme 8).

1. [HFIP];
1 equiv. LiCIO4, 2.0 F
2 add
Pr 4 equiv. ACOH, 35F  MeO. OMS rOMe
* A: Cg,, C: Cg; 20 mA
0 N&OH L en > en LTIV, \&)L N
QT ) MeOH:HFIP 07 Alloc
Alloc (10:4 mL) iPr
S-7i S-9i, 72 % (0.5 g scale)
R-Ti S-9i, 64 % (1.0 g scale)

R-9i, 65 % (0.5 g scale)
Scheme 8. Preparation of unsaturated ester 9i on a preparative scale using two-step
electrolysis conditions.

Although the previously developed reaction conditions were suitable for obtaining
unsaturated ester 9i, we wanted to simplify the electrolysis process by switching from two-
step electrolysis to continuous electrolysis, as well as to reduce the use of expensive or
hazardous reagents (HFIP, LiClO4). To achieve this, we proceeded to optimize the
electrolysis conditions for compounds S-/R-7i (Table 1).

First, we reduced the amount of HFIP from 4 mL to 1 mL and 0.5 mL and performed
continuous electrolysis with a 5.5F of added charge. Gratifyingly, we were able to
successfully obtain the unsaturated esters $-9i (Table 1, rows 2-3). The yields in these
reactions were comparable to previously established two-step conditions (72 % in the two-
step electrolysis, 71 % and 70 % with 1 mL and 0.5 mL of HFIP in the continuous
electrolysis, respectively).

Replacing HFIP with 3 equivalents of AcOH also resulted in the successful formation
of unsaturated esters S-9i and R-9i (Table 1, rows 4-6). The yield of electrolysis was
equivalent to that of the two-step synthesis on a 1 mmol scale (72 %), but decreased to 68 %
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on a 2 mmol scale. Additionally, the amount of LiClO4 electrolyte used in the reaction was
reduced from 1 to 0.5 equivalents (from 0.14 M to 0.07 M). By increasing the amount of
AcOH to 1 mL (~ 18 equiv.), the product yield decreased to 55 %, indicating that AcOH is
not suitable as a co-solvent for this reaction (Table 1, row 7). In contrast, when electrolysis
was performed without additives, product $-9i was formed with a 60 % yield (Table 1,
row 8).

When replacing the supporting electrolyte LiClO4 with LiOAc, we observed the
formation of spirocycle $-8i, but no further conversion to unsaturated ester $-9i took place
(Table 1, row 9).

As a result of optimization studies, it was possible to modify the electrolysis method,
switching from a two-step to a continuous electrolysis process. The previously used additive
combination of HFIP (4 mL) and AcOH (4 equiv.) was replaced with a single additive,
AcOH (3 equiv.), and the amount of supporting electrolyte LiClO4 was reduced by half on a
2 mmol scale.

Table 1
Optimization of the electrolysis conditions for compound 7i
iP MeO.__o O . MeO._ OMe OMe
o J‘LOH electrolysis wipf electrolysis U f
<\f N MeOH = N, MeOH X o/\*(N\Auoc
Alloc Alloc iPr
S-7i S-8i S-9i
RTi R8i R-9i
No. Conditions* Yield of 9i
Step 1: MeOH: HFIP (10:4 mL), LiClO4 (1 equiv.), 2.0 F; .
b o _
L. Step 2: Add AcOH (4 equiv.), 3.5 F 72 % (8-90)
Continuous electrolysis: MeOH: HFIP (13:1 mL), 0/ (€03
2. LiClOs (1 equiv.), 5.5 F 71% (S-9)
Continuous electrolysis: MeOH: HFIP (13.5:0.5 mL), o .
3. LiCIOs (1 equiv.), 5.5 F 70 % (S-90)
Continuous electrolysis: MeOH (14 mL), AcOH (3 equiv.), o .
4. LiCIOs (1 equiv.), 5.5 F 72 % (5-9)
Continuous electrolysis: MeOH (14 mL), AcOH (3 equiv.), .
b 0/¢ (Q
5 LiCIOs (0.5 equiv.), 5.5 F o1 (=l
Continuous electrolysis: MeOH (14 mL), AcOH (3 equiv.), .
b 0, =
5 LiCIO; (0.5 equiv.), 5.5 F SO
Continuous electrolysis: MeOH: AcOH (13:1 mL), o .
7. LiCIOs (1 equiv.), 5.5 F 35 % (S5-9i)
8. Continuous electrolysis: MeOH (14 mL), LiClO;4 (1 equiv.), 5.5 F 60 % (S-91)
Continuous electrolysis: MeOH (14 mL), AcOH (3 equiv.), 0/d ( Q.0
9. LiOAc (1 equiv.), 5.5 F 0% (5-9)

a Scale: 1 mmol. ® Scale: 2 mmol. ¢ Faradaic efficiency 49.5 %; cell productivity 0.09 mmol/h. ¢ The major
product is spirocycle S-8i.
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To cleave the Alloc group, we used a palladium catalyst and pyrrolidine as a
nucleophile to scavenge the allyl group (Scheme 9). We observed that under reaction
conditions, the N-MOM group was also cleaved and the expected O-to-N rearrangement took
place. Using catalyst Pd(PPhs)s, a complete conversion of the starting material S-9i was
achieved in 30 minutes, but partial double bond isomerization occurred, and a mixture of
cis-S-24 and trans-S-24 products was obtained (Scheme 9). After additional screening of
other palladium catalysts and bases, we were not able to find conditions under which the cis-
24 isomer could be obtained selectively, whereas using the Pd(S-BINAP)CI; catalyst led to
the selective formation of the frans-24 isomer. Product trans-S-24 was derivatized to 4-
bromo-benzoyl ester $-25 to perform X-ray structural analysis, which confirmed the
expected atom connectivity, double bond isomerization and absolute configuration of the

stereocenter (Scheme 9).
cat. Pd(PPhg3)

OMe
pyrrolidine Meo\[\/ﬁ iPr
_ byrondine
DCM, 30 min N/'\/OH
H

cis- and trans- S-24, 57 %

OMe
MeO\L/(Li MeOW cis:trans (1:0.5)
o/\( “Alloc

Pr
cat. PdCI(S-BINAP) MsCl

:g: | pyrrolidine M L ko Meo\N\y
DCM, 16h

trans-S-24,75 % S-23, 75 % (99 % ee)
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Scheme 9. Transformation of the electrochemically obtained esters S-/R-9i into enantio-
enriched vinyl oxazolines S-/R-23 and trans-S-24 to 4-bromobenzoic ester S-25.

The obtained amides trans-S-/R-24 were transformed into the corresponding
oxazolines S-/R-23, using mesyl chloride and triethylamine (Scheme 9). Chiral HPLC
analysis confirmed that no racemization had occurred in the oxazolines S-/R-23.

In the next stage of the study, we focused on exploring the reactivity of the obtained
vinyl oxazolines 23. We predicted that the oxazoline ring could serve as a chiral directing
group, thus allowing asymmetric transformations.

Performing aza—Diels—Alder reaction with oxazoline $-23 and tosyl isocyanate, we
obtained oxazolo[3,2-c]pyrimidine derivative 26 with an 86 % yield (Scheme 10). The
product was formed as a single diastereomer.
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Scheme 10. Oxazoline $-23 and tosyl isocyanate aza—Diels—Alder reaction product
oxazolo[3,2-c]pyrimidine 26.

Based on the reaction mechanism proposed by Elliott et al.,!! the formation of product
26 involves asynchronous cycloaddition (Scheme 11). First, the attack of imidate nitrogen
to isocyanate carbon generates intermediate 27, followed by stercoselective ring closure to
form dihydropyrimidine-2-one 28. Intermediate 28 with its nucleophilic double bond attacks
another isocyanate molecule, forming intermediate 29/29°, and proton transfer yields the

final product oxazolo[3,2-c]pyrimidine 26.
.0 MeO t
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Scheme 11. Proposed mechanism for oxazolo[3,2-c]pyrimidine 26 formation.

We wanted to expand the scope of oxazolo[3,2-c]pyrimidine products, so we
attempted to engage the vinyl oxazoline $-23 in aza-Diels—Alder reaction with other
isocyanates or isothiocyanates. However, these reactions were unsuccessful and products
30a-c were not obtained (Scheme 12).

2.2 equiv. Ar-NCO X Pr
o or rR. A
MeoY\/Ls wjpy 2.2 equiv. BZNSO N= °N
N S — .
N DCM or Toluene Meoj\" Z =0
MeO MeO R
X N
H
§-23 30a, R=Ph,X=0
30b, R=4-F-Ph, X=0
30c,R=Bz,X=8

Scheme 12. Aza—Diels—Alder reactions with vinyl oxazoline $-23 and various isocyanates
or isothiocyanate.

We also attempted to explore asymmetric vinyl oxazoline S$-23 double bond
transformations, including 1,4-addition, cyclopropanation, hydroboration, Diels—Alder, and
Giese reactions. Unfortunately, none of them led to the formation of the desired products 31-
35 (Scheme 13).

52



Pr O
“Pr
MeO \N

OMe
31

iPrl
. . BuzSnH, AIBN
Simmons-Smith

or
Johnson-Corey-Chaykovsky

O
eoﬁ/q/g}"'iPr conditions MSOM’> "Pr__ CuX, RMgX Meoﬁ)\/kx "iPr
OMe

OMe
s-23 32

9-BBN, Hg:Q/ \:jnishefsky's diene
OH O MeO. OMe
PP o)

MeONN oy
OMe N
34 o 33
Scheme 13. Attempts to engage the vinyl oxazoline $-23 in asymmetric double bond
transformations.

We also investigated the prospect of using the vinyl oxazoline $-23 in the Heck
reaction. We attempted to optimize the reaction conditions for the arylation of substrate S-
23 with iodobenzene; however, the highest obtained yield of product 36 was only 20 %

(Scheme 14).

10 mol% Pd(dppf)Cl,
2 equiv. Phl

OMe
T/\/L,> wiPr _3equiv. Cs,C05 Meoi/i/>
“iPr
1,4-dioxane, Ph XN
100 °C,16h
S-23 36,20 %

Scheme 14. Heck reaction with oxazoline $-23 and iodobenzene.

The main results obtained in this chapter are summarized in the publication " Preparation of
furfural derived enantioenriched vinyl oxazoline building block and exploring its reactivity".
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2. Electrochemical synthesis of spiro-hemiaminal ethers from furfural derivatives

The [4.4]-spirocyclic hemiaminal ether motif is found in several natural products 37-
41, some of which are known to have biological activity. For example, lycoplanine A (37) is
a calcium channel inhibitor, elmenol H (41) can suppress TRAIL resistance in gastric
adenocarcinoma cells, while shihunine (40) extract has been traditionally used in Chinese
medicine to treat diabetes (Fig. 3).!>'

Me HQ Me Me
Me
Oy-0 N o O
O N o OA/*OH ",
H N MeO NH Q
Me o © O Ho
W
38 Me 39 40 M

37

Lycoplanine A Sporulaminal A (4 = R) Spirocollequin A (9 = R¥) Shihunine Elmenol H
Sporulaminal B (4 = S) Spirocollequin B (9 = S*) (in other sources
Pratesilin A)

Fig. 3. Natural products 37-41 containing [4.4]-spiro-hemiaminal ether motif.

Previously, our group developed a method for electrochemical synthesis of [4.5]-spiro-
bisketal scaffold containing compounds 43 (Scheme 15). Electrochemical oxidation of
furfural derived alcohol 42 in weakly acidic conditions lead to C-O bond formation between
the oxygen of the alcohol and the C2 carbon of the furan ring. As a result, spirocyclic
products 43 were obtained, as mixtures of diastereomers (Scheme 15).
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Scheme 15. Electrochemical synthesis of [4.5]-spiro-bisketals 43 and [4.4]-spiro-
hemiaminal ethers 45 from furan derivatives.

As part of the Doctoral Thesis, we looked to extend this methodology to construct
[4.4]-spiro-hemiaminal ether scaffolds by assembling spirocycles through electrochemically
induced C-N bond formation in furan derivatives 44 (Scheme 15). After electrolysis, we
planned to transform the methoxy group into a carbonyl group, thus obtaining product 46
with a single stereocenter.

In the first stage of the work, we carried out concept verification experiments, using
3-(2-furyl)propionic acid derived arylamide 47a as the model substrate. Electrochemical
reactions were carried out in an undivided cell under galvanostatic conditions. Substrate
oxidation was performed on the anode, while proton reduction to hydrogen was employed
as the cathode reaction. Electrolysis of substrate 47a in methanol in neutral conditions gave
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only the furan ring dimethoxylation product 48, while electrolysis in the presence of NaOMe

resulted in the selective formation of the spirocyclic product 49a (Scheme 16).
2 equiv. LiClO4

2.5F, 10 mA o Br
A:Cgp; C: Cgy /©/
——en 7 Zer
0 N
_ H
° Br
0. N 1 2 equiv.
\ H 2 equiv. LiCIO4 Br,
2.5F, 10 mA
47a A: Car; C: Car
(0]

49a,69 %
Scheme 16. Products 48 and 49a, formed by electrolysis of compound 47a in methanol.

To determine the role of base in the reaction product selectivity, we recorded cyclic
voltammetry curves for substrate 47a in neutral and basic conditions (Fig. 4). In neutral
conditions, the first oxidation peak is observed at £,= 1.1 V (Fig. 4, blue curve), which most
likely corresponds to the oxidation of the furan ring. In the presence of NaOMe, a new
oxidation peak appears at a significantly lower potential, E,= 0.64 V (Fig. 4, green curve),
which likely indicates that the amide group is deprotonated and the new oxidation peak
corresponds to oxidation of the amidate anion. Even in the presence of excess base (2 equiv.),
the cyclic voltammetry curve still shows an oxidation signal at E, = 1.1 V (Fig. 4, green
curve), suggesting that complete deprotonation of substrate 47a does not occur under these
conditions.

115
Cyclic voltammetry data:

Compound 47a (I mM) and NaOMe (2 mM)
(background: 0.1 M LiC10,/MeOH)

95
Br
. 1, Y
0 N
\_| H
<
:: 55 47a
35
15
-5 (Tj 0,2 0.4 0,6 0,8 1 1,2 1.4
E, V (vs. Ag/0.01 M AgNO;)
Background —— 1 mM 47a 1 mM 47a + 2 mM NaOMe 2 mM NaOMe

Fig. 4. Cyclic voltammetry curves of compound 47a in neutral and basic conditions.
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Based on experimental and literature'> data, we proposed a possible mechanism for
the formation of spirocyclic hemiaminal ether 49a (Scheme 17). The first step is amide 47a
deprotonation, followed by anodic oxidation of amidate 50. The resulting amidyl radical 51
with its nitrogen center forms a C-N bond with the C2 carbon of the furan ring, which leads
to C-centered radical 52. Subsequent oxidation produces oxonium ion 53, which, upon
addition of methanol, forms the final product 49a.

o Br <c.j/l o,zN
Y IO oot | SIL |
Ty Vo | o
47a

RO

Br Br

®
H_O O ox o)
o <2 w Y Aso e wyO e ——

2 79

49a Br 53 Br 52 Br
Scheme 17. Possible mechanism of formation of spiro-hemiaminal ether 49a.

Next, we explored the electrolysis substrate scope with compounds containing various
substituents in the arylamide function (Scheme 18). Electrolysis of substrates 47 in the
presence of NaOMe successfully gave spirocycles 49a-d, which contained both electron-
withdrawing and electron-donating substituents in the benzene ring. All electrolysis products
were obtained as a mixture of diastereomers. In the next step, we performed oxidation of
spirocycles 49a-c¢ with mCPBA and a catalytic amount of BF3-Et;0, to obtain the respective
spirocycles 54a-c with good yields (Scheme 18).

R! R!

2 equiv.
2 equiv. LiCIO,4
R' 25F 10mA 0,3 equiv. BF3Et,0
0 /©/ A Cg C: Cqr o 1,2 equiv. MCPBA
N

N o}
o] 0 oM o N
\ | H — ~
47 49a, R' = Br, 69 %, (dr 1:0,6) 54a, R'=Br, 89 %
49b, R'= CF3, 63 %, (dr 1:0,7) 54b, R'=CF3, 72 %
49c, R' = H, 68 %, (dr 1:0,6) 54c, R'=H, 82%

49d, R" = OMe, 46 %, (dr 1:0,7)
Scheme 18. Synthesis of [4.4]-spiro-hemiaminal ethers 49a-d and 54a-c from
3-(2-furyl)propionic acid derivatives 47.

X-ray structural analysis of product 54b confirmed the expected atom connectivity
(Fig. 5). With this, we concluded concept verification experiments.
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Fig. 5. ORTEP image of the X-ray structural analysis of compound 54b with 50 % contour
probability.

In the next stage of our work, we began optimizing the reaction conditions. First, we
studied the effect of the supporting electrolyte on the reaction outcome (Table 2). The yield
of spirocycle 49a was determined using 'H-gNMR spectroscopy. The reactions were carried
out in an undivided electrochemical cell under galvanostatic conditions. The experimental
results showed that the most suitable electrolytes for the reaction are alkali metal perchlorate
(LiClO4 and NaClOg; Table 2, rows 1-2 and 10) and bromide (LiBr; Table 2, row 3). Since
the product yields were similar when using both LiClO4 (72 %) and LiBr (74 %), the next
series of experiments was carried out with both supporting electrolytes.

Table 2
Formation of spiro-hemiaminal ether 49a using different supporting electrolytes
2 equiv. base
1 equiv. electrolyte Br
o Br 25F 10mA
/©/ A: Cgr; C: Cor
0 N
WH o N~
47a (0.5 mmol) 49a
No. Base Electrolyte 49a*
1. NaOMe LiClO4 70 %
2. LiO7Bu LiClO4 72 %
3. LiOsBu LiBr 74 %
4. LiOfBu LiCl 66 %
5. LiOrBu LiBF,4 63 %
6. LiOBu LiOAc 62 %
7. LiOH - 64 %
8. LiOrBu TBACIO4 69 %
9. LiOBu TBAPF¢ 64 %
10. NaOMe NaClO4 72 %
11. NaO7Bu NaClO4 63 %
2Yield determined using 'H-gNMR; internal standard 1,4-
bis(trichloromethyl)benzene.
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To determine how the amount of base affects the degree of amide deprotonation and
oxidation potential of substrate 47a, a cyclic voltammetry study was performed by adding 0
to 6 equivalents of the base NaOMe in increments of one equivalent to substrate 47a (Fig. 6).
When one equivalent of base is added (Fig. 6, blue curve), no pronounced amidate oxidation
peak is observed at £,=0.6 V, whereas, when two equivalents of base are added (Fig. 6,
pink curve), the amidate oxidation peak becomes clearly visible. The saturation current at
E,=0.6V is reached upon addition of 4 to 5 equivalents of NaOMe, which means that this
is the amount of base required to completely deprotonate all of the substrate 47a in the
reaction mixture. By continuing to increase the amount of base, a methoxide oxidation peak
becomes prominent at £, = 1.0 V (the methoxide oxidation peak is shown in the red curve in
Fig. 4).

135 Cyclic voltammetry data:
Compound 47a (1 mM) and NaOMe (0—-6 mM)

s (background: 0.1 M LiClO, /MeOH)

95

(0]
75
k] Q|
55
35
15
50,0 0,2 0,4 0,6 0,8 1,0 1,2 1.4 1,6
E, V (pret Ag/0.01 M AgNO;)
—— 1 mM47a ——47a+ 1 mM NaOMe ——47a+2 mM NaOMe
——47a+ 3 mM NaOMe 47a+4 mM NaOMe ——47a+ 5 mM NaOMe

47a+ 6 mM NaOMe

Fig. 6. Cyclic voltammetry curves for substrate 47a with NaOMe (0 to 6 equivalents).

Based on cyclic voltammetry data, we developed a series of experiments to test how
the amount of base added affects the selectivity and yield of the reaction products, exploring
a range from 0 to 4 equivalents. The series of experiments was carried out with two
supporting electrolytes — LiClO4 and LiBr (Table 3), using LiOzBu as the base.

We observed that adding a substoichiometric amount of base (0.5 equivalents; Table 2,
rows 3 and 8) leads to selective formation of spirocyclic product 49a, while adding an excess
of base (2—4 equivalents; Table 2, columns 1-2 and 7) does not significantly improve the
yield. This shows that it is not necessary to deprotonate all of substrate 47a at the start of the
reaction.

Reducing the amount of base from 0.5 to 0.2 equivalents caused the product 49a yield
to decrease slightly (Table 3, rows 4 and 9), while adding only 0.1 equivalent of base led to
significant formation of the dimethoxylated side product 48 (Table 3, rows 5 and 10).

58



Electrolysis could also be performed with excess base (2 equivalents) without any additional
supporting electrolyte, but the product yield was slightly lower than in the same conditions
with electrolyte (Table 3, row 11).

In this series of experiments, we found that 0.5 equivalents of base are sufficient for
selective formation of the spirocyclic product 49a. The product yields using LiBr and LiClO4
were comparable, but considering that LiBr is a cheaper and safer reagent, we used lithium
bromide as the supporting electrolyte in further experiments.

Table 3

Formation of spiro-hemiaminal ether 49a by adding different amounts of base LiO/Bu

X equiv. LiOtBu
1 equiv. electrolyte
Br 25F 10mA
o /©/ _ A CeiCiCer /©/
o N w
47a (0.5 mmol) 49a 48
No. LiO7Bu (equiv.) Electrolyte 49a* 48
1. 4.0 73 % -
2. 2.0 72 % -
3. 0.5 72 % -
LiCIO.
4, 0.2 e 70 % -
5. 0.1 61 % 5%
6. - 0% 52%
7. 2.0 74 % -
8. 0.5 74 % -
LiB
9, 0.2 e 66 % -
10. 0.1 17 % 49 %
11. 2.0 - 67 % -
? Yield determined using '"H-gNMR; internal standard 1,4-bis(trichloromethyl)benzene.

In the next series of experiments, we tested the effect of cations — Li*, Na* and K™~ on
product yield. For reactions, we used alkoxides (MeO™ or fBuO) and bromides containing
the respective cations (Table 4). The best results were obtained using a lithium-containing
electrolyte and base (74 %; Table 4, row 1), but other cation combinations also gave similar
results, indicating that the choice of cation in this case has little effect on the reaction
outcome.

59



Table 4

Formation of spiro-hemiaminal ether 49a, using Li*, Na* and K™ containing bases and

bromides

o /©/Br
N

0.5 equiv. base
1 equiv. electrolyte

25F, 10mA
A Cgr C: Cgr
e e

Br

0
47a (0.5 mmol) 49a
No. Base Electrolyte 49a*
1. LiO/Bu LiBr 74 %
2. LiO7Bu NaBr 70 %
3. NaOMe LiBr 73 %
4. NaOMe NaBr 71 %
5 KO7Bu KBr 70 %

* Yield determined using 'H-gNMR; internal standard 1,4-
bis(trichloromethyl)benzene.

In the final stage of optimization, we studied the effect of electrochemical parameters
on the reaction outcome (Table 5). We tested various anode and cathode materials, as well
as current strength. Of the anode materials used, graphite (Cgr) was best suited for substrate

oxidation, while stainless steel (SS) was the best cathode material (Table 5, row 6). Current
strength proved to be an important parameter — when the current supplied to the reaction was
reduced from 10 mA to 5 mA, the product yield decreased from 76 % to 69 % (Table 5,
row 7), while increasing the current to 15-50 mA increased the product yield to 78-84 %
(Table 5, rows 8—12).

Table 5

Formation of spiro-hemiaminal ether 49a by varying electrochemical parameters

0.5 equiv. LiOfBu Br
1 equiv. LiBr
o Br  25F current Q o Br
o /©/ electrodes N o /©/
WH > WO L}/\)L”
47a (0.5 mmol) 49a 48
No. Anode | Cathode | Current (mA) 492 48" 47a*
1. GC Cor 65 % -- -
2. Pt Car 48 % 8% 10 %
3. BDD Car 10 7% 37 % -
4. Cor Car 74 % -- -
5. Car Pt 75 % -- --
6. 76 % - -
7. 5 69 % - -
8. 15 80 % - -
9. Car SS 20 80 % - -
10. 30 78 % - -
11. 40 84 % - -
12. 50 82 % - --
? Yield determined using 'H-gNMR; internal standard 1,4-bis(trichloromethyl)benzene.
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During optimization studies, we found that synthesis of spiro-hemiaminal ether 49a
requires 0.5 equivalents of LiOfBu and 1 equivalent (0.17 M) of LiBr. Optimized
electrochemical parameters were a current of 40 mA (current density j =25 mA/cm?),
applied charge of 2.5 F, as well as a graphite anode and a stainless steel cathode.

The next steps in this study include investigating the reaction substrate scope and
further functionalization of electrolysis products.

3. Electrochemical formation of oxazolines by 1,3-oxyfluorination of cyclopropanes

The second part of the Doctoral Thesis focused on electrochemically induced cleavage
of cyclopropane C-C bond. In 2021, Aiwen Lei's group published an article in which they
used electric current to activate aryl cyclopropanes for reactions with nucleophiles
(Scheme 19) 8 In the published method, direct anodic oxidation of aryl cyclopropane 55 leads
to radical cations 55', in which the cyclopropane C-C bond is significantly weaker and which
in turn can be cleaved using various nucleophiles X/Y, leading to 1,3-difunctionalized
products 58. One of the nucleophiles explored was fluoride (as EtsN-3HF), allowing the
authors to obtain mono- and difluorinated products 58.

AN

Ar
55'

O S}
ST eWOX \/®\Ar - \)Y\Ar
56 57 58
,Y=Nu
Scheme 19. Electrochemical 1,3-difunctionalization of arylcyclopropanes 55 as
demonstrated by the group of Aiwen Lei.’

We wanted to expand the scope of electrochemical methods for cyclopropane C-C
bond cleavage, focusing on cyclopropanes that are difficult to oxidize directly. For this
purpose, we developed an approach for indirect electrochemical cyclopropane ring cleavage,
employing an anodically oxidizable functional group attached to cyclopropane via a linker
(Scheme 20). Anodic oxidation of compound 59 would lead to radical 59', in which the
activated functional group could induce intramolecular cyclopropane C-C bond cleavage.
Resulting C-centered radical 60 could be further oxidized to carbenium ion 61, which, upon
reaction with an external nucleophile (Nu), would give the final product 62. In the cathode
reaction, we planned to employ proton reduction to hydrogen.

ox '\ ' / ox @
U nsie| s [~ &~ }%@{%4 F&
59 59' 60 61 62
Scheme 20. Strategy for electrochemically induced cyclopropane C-C bond cleavage.

We chose compound 63a as the model substrate for the reaction, which contained
benzamide and dimethyl-substituted cyclopropane functions. Electrochemical oxidation of
benzamide group would form amidyl radical 63a’, which could induce cleavage of the C-C
bond in cyclopropane, forming oxazoline 66 (Scheme 21). We predicted that the geminal
methyl groups in cyclopropane function could help stabilize radical 64 and carbenium
ion 65.
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Scheme 21. Electrochemical oxidation of benzamlde group, followed by intramolecular
cyclopropane ring cleavage in compound 63a.

The first attempts at electrochemical cyclopropane 63a cleavage were carried out,
using methanol as the reaction solvent and an external nucleophile (Scheme 22). We
expected to obtain methyl ether 67, but analysis of the reaction mixture revealed that three
products were formed: methyl ether 67, alkene 68, and fluorine-containing compound 69a.
The formation of the fluorinated product suggested that the supporting electrolyte TBABF4

could also serve as a source of fluorine.
1 equiv. TBABF,

5mA 3F
H \AMe . Me Me
Ph_ _N A: Cg, C: Pt N OMe F
Y Me MeOH ph/A‘\\%Me Ph/AM ph/A‘\\%Me
63a 67 68 69a

67 68 :69a (UPLC) = 44 : 28 : 28
Scheme 22. Electrochemically induced cleavage of cyclopropane 63a in methanol.

We believed that fluorine-containing products could be promising building blocks, so
we focused on optimizing the synthesis method towards the selective introduction of a
fluorine atom in the product.

Retaining dimethylcyclopropane 63a as the model substrate, we first investigated
which fluorine-containing reagents work best for product fluorination under electrolysis
conditions. We examined several fluorine-containing supporting electrolytes, as well as
nucleophilic and electrophilic fluorination reagents (Table 6). HFIP was used as the reaction
solvent, while also serving as a proton source for the cathode reaction. Being a weak
nucleophile, HFIP was unlikely to promote solvent addition to the carbenium ion
intermediate 65 side reaction.

Substrate electrolysis was performed in an undivided cell under galvanostatic
conditions. One equivalent of supporting electrolyte and two equivalents of other additives
were used. In reactions where the fluorinating reagent in question was itself a poor
electrolyte, we used TBAClO4 as the supporting electrolyte. Identified side products were
alkene 68, alcohol 70, and HFIP addition product 71. After electrolysis, we determined the
ratio of the products obtained using UPLC analysis; the product yields were not determined.

The highest selectivity towards fluorinated product 69a formation was observed using
TBABF;4 salt, while slightly lower selectivity was observed in the presence of TBAPFs
(Table 6, rows 1-2). These salts are convenient fluorination reagents in electrochemical
conditions, because they also serve as supporting electrolyte and don’t corrode glass
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electrochemical cells. Using nucleophilic fluoride sources such as CsF, TBAF-3H,0, and
TASF, we observed formation of a mixture of products (Table 6, rows 3-5). In the presence
of electrophilic fluorination reagent NFSI, the major product was olefin 68 (Table 6, row 6).
Experimental results showed that TBABF,4 was the most suitable fluorination reagent
for achieving selective formation of fluorinated product 69a under electrolysis conditions.

Table 6

Products obtained by electrolysis of model substrate 63a using different fluorine sources

2 equiv. additives
1 equiv. electrolyte

Ph “AMG Ascr:nAgFPt Me F Me or
Gr:
Y Me HFIP Ph/(—\\%Me Ph/k—\\/g Ph/(—\\%Me
63a 69a 68 70,R=H
71, R = CH(CF3),
Product ratio®
No. | Electrolyte Additives
69a, % | 68, % 70, % 71,% | 63a,%
1. TBABF, -- >95 <2 <2 0 0
2. TBAPF¢ -- 79 7 9 5 0
3. CsF 8 40 6 20 26
4. TBAF-3H,0 11 31 40 18
—— TBACIO4
5. TASF 41 34 5 19
6. NFSI 5 65 0 30
* Determined by UPLC (UV absorption).

Next, we proceeded to optimize electrolysis conditions. Electrolysis of substrate 63a
was carried out in an undivided cell under galvanostatic conditions (Table 7). The yield of
product 69a was determined by '’F-gNMR.

First, we studied the effect of TBABF4 quantity on the product yield. Adding
1 equivalent of TBABF4 led to a product 69a yield of 69 % (Table 7, row 1). By increasing
the amount of TBABF4 to 3 equivalents, the yield of product 69a increased to 82 % (Table 7,
row 3). Using 5 equivalents of TBABF4, the yield of the product was slightly improved to
84 % (Table 7, row 5), but we observed that the graphite anode was dissolving. When using
a 2 : 1 mixture of TBABF4 and TBACIO; salts, the yield of product 69a decreased to 46 %
(Table 7, row 6).

In the next series of experiments, we studied the effect of the electrode material on the
reaction yield. When the graphite anode was replaced with a platinum anode, the product
yield decreased to 53 % (Table 7, row 7). However, when the platinum cathode was replaced
with a significantly cheaper graphite cathode, the reaction yield did not change significantly
(Table 7, row 8).

Although, according to the mechanism shown in Scheme 21, a charge of 2 F is required
for the transformation of substrate 63a into product 69a, we found that under electrolysis
conditions, a charge of 3 F is required for complete substrate conversion (Table 7,
rows 9-10).
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HFIP was the only protic solvent in which compound 69a was formed with a high
yield, but a comparable yield could also be achieved using DCM with 20 equivalents of
HFIP to supply reactant for the cathode reaction (Table 7, rows 11-13).

Without applying current, the formation of product 69a was not observed (Table 7,
row 14).

Reaction optimization studies revealed that 3 equivalents of TBABF4 are required for
efficient product formation, with HFIP being the most suitable reaction solvent. The
optimized electrochemical parameters were a current of 5 mA (current density
Jj=4.2mA/cm?), a charge of 3 F, a graphite anode and a platinum cathode.

Table 7
Optimization of reaction conditions for oxazoline 69a formation
electrolyte
H charge, current Me
Ph._N /AVMe electrodes N F
W Me solvent Ph ! UMQ
63a 69a
No. Solvent Electrf)lyte Current, mA | Charge,F | A:C 69a°
(equiv.)
1. TBABF, (1) 69 %
2 TBABF4 (2) 79 %
3. TBABF. (3 82 %
S A: Cor i
4 TBABF; (4) C:Pt | 82%
5 TBABF4 (5) 3 84 %"
TBABF, (2)
. HFIP 469
6 TBACIO4 (1) 6%
A: Pt
0,
7. s C: Pt 53 %
A: Car 0
8. C: Cor 81 %
9. 2.0 77 %
10. TBABF, (3) 2.5 79 %
1. MeOH A: Car 11%
DCM C: Pt
12. 9
20 equiv. HFIP 3 7%
MeCN 0
13. 20 equiv. HFIP 20%
14. HFIP TBABF4 (3) 0 0 - 0%
*Yield determined by °F-gNMR, internal standard 4,4'-difluorobenzophenone. * Anode damaged
during electrolysis.

To explore the reaction substrate scope, we synthesized three substrate series —
substrates 63a-f with various substituents in the benzamide function, substrates 63h-m in
which cyclopropane was connected to another carbocycle to form spirocycles, and mono-
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aryl substituted cyclopropanes 630-t. Compounds 63a-t were subjected to electrolysis under
optimized conditions (Scheme 23).

3 equiv. TBABF,

3F 5mA
©y) Ar AR* A CanCPt_ ne R'F
e KR

4
. HFIP (Cy) ArJ\
R" = alkyl, aryl
R? = alkyl, H 63 69
N N N N X
Me Me F F
69a (R" = H), 72 % 699, 37 % 69h (n=1),0% 691 (X = 0), 62 %
69b (R°=Cl), 74 % 69i (n=2), 70 % 69m (X = N-Ts), 36 %
69c (R®=Br), 75 % 69j (n=13),57 %
69d (R® = OMe), 28 % (24 F) 69k (n =4), 60 %
69e, (R®=CF;), 72 %

69f (R® = NO,), 46 % (4 F)

Ph4</ e P b\@\ ph— b\@i

69n 0% 690 (R2= H), trace 69t, 24 % (dr = 2.5:1)
69p (R2 F), trace
69r (R? = CF3), 63 % (dr = 2:1)
69s (R?= NO,), 39 % (dr = 1.5:1)

Scheme 23. 1,3-Oxyfluorinated products 69 obtained by electrolysis of cyclopropanes 63.

In the first series of substrates 63a-f, the effect of substituents in the benzene ring of
the benzamide group was studied. Electrolysis of model substrate 63a gave product 69a with
a 72% yield. A similar yield was obtained in the electrolysis of halogen- and
trifluoromethyl-substituted analogues 63b-c and 63e (products 69b-¢, 69¢). By introducing
an electron-donating methoxy group in the benzene ring, a lower applied charge was
required for the conversion of starting material 63d, but the yield of product 69d was
significantly lower (28 %). A low yield was also observed in the electrolysis of substrate 63f
containing a nitro-phenyl group, where product 69f was obtained with a yield of 46 %.

Replacing the benzamide function in the starting material with cyclo-
hexanecarboxamide (substrate 63g) gave product 69¢g, but the yield (37 %) was significantly
lower than that of the benzamide analogue.

The substrates in the second series were spirocyclic analogues 63h-m and an analogue
with monomethyl-substituted cyclopropane 63n. In this series, fluorinated cyclobutane 69i,
cyclopentane 69j, cyclohexane 69k, tetrahydropyran 691, and piperidine 69m were
successfully obtained. Monofluorinated cyclopropane-containing product 69h was not
obtained. The corresponding fluorinated compound 69n by electrolysis of monomethyl-
substituted cyclopropane 63n was also not obtained.

In the third substrate series, we explored electrochemical 1,3-oxyfluorination of mono-
aryl substituted cyclopropanes 630-t. We observed that fluorinated products could only be
obtained if the aryl group attached to cyclopropane contained electron-withdrawing
substituents (substrates 63r-t). This selectivity could be explained by the fact that the
oxidation potential of unsubstituted aryl cyclopropane is lower than that of benzamide, so it
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is oxidized first. The introduction of electron-withdrawing groups allows the oxidation
selectivity to be controlled in favor of the benzamide group.

Interestingly, we did not observe the expected formation of oxazoline 73 in the
electrolysis of tetra-methyl substituted cyclopropane 72. Instead, dihydro-oxazine 74 was
obtained as the main product (Scheme 24). The formation of product 74 indicates that in this

case the tetra-methyl substituted C-C bond is cleaved during electrolysis.

3 equiv. TBABF4
Me, Me 5mA 3F Me

M Me
H A: Cgr, CI Pt /2 e Me
_men =,
PhYN /AvMe HFP Ph

Fool F
Me Me Me Ph)\ Ml:le
72 73,0% 74,47 %
Scheme 24. Tetra-methyl substituted cyclopropane 72 electrolysis product dihydro-

oxazine 74.

For electrolysis of thioamide containing cyclopropane 75, only 2.1 F of charge was
required for full conversion of the starting material, however, the yield of the thiazoline
product 76 was low — 19 % (Scheme 25). The observed by-products indicated that

desulfurization of the starting material or intermediates occurs under the reaction conditions.

3 equiv. TBABF4
5mA, 2.1F

Ph HAMe A Cg. C: Pt r/\lwg
T Me HFIP Ph/< Me
75 76,19 %

Scheme 25. Electrolysis of thioamide containing cyclopropane 75.

To probe whether chirality transfer from the starting material to the product occurs
during oxazoline ring formation, we chose an enantio-enriched 4-bromo-benzamide S-63¢
as the reaction substrate. By subjecting the enantiomerically pure cyclopropane S-63c
(95 % ee) to electrolysis conditions, we obtained oxazoline $-69¢ (Scheme 26). Chiral
HPLC analysis revealed that the product $-69c¢ was obtained as a single enantiomer,
indicating a complete chirality transfer.

o,N
3 equiv. TBABF,
M
Br 5mA, 3F N e)ZM 1) 10% HCligqy \©\f0
N Ay _ACon CiPt '\, © 2) 4-NO,-BzCl NH
e — > -_— b
® Ve HEP /©/L i j\/eMre:

Br
S-63c S-69¢, 75 % 77,77 %
(ee = 95 %) (ee = 95 %)
(S) configuration confirmed
by X-ray data

Scheme 26. Synthesis of enantio-enriched oxazoline $-69¢ and its derivatization to
compound 77.

The absolute configuration of product $-69¢ was determined by derivatizing it to
compound 77, which was subjected to X-ray structural analysis. This revealed, that the chiral
center in product 77 had an S-configuration, indicating that configuration inversion occurs
during the cleavage of the C-C bond (Fig. 7).
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Fig. 7. ORTEP image of the X-ray structural analysis of compound 77 with a 50 % contour
probability.

Based on these observations, we were able to propose a possible reaction mechanism
(Scheme 27). In the first step, electrochemical oxidation of the benzamide group provides
the amidyl radical 78'. Next, the amidyl radical with its oxygen center attacks the
cyclopropane C-C bond anti-bonding orbital, according to the intramolecular homolytic
substitution mechanism (Sui). The C-C bond is cleaved, leading to C-centered radical 80,
which is further oxidized to carbenium ion 81. In the last step, transfer of fluoride from the

tetrafluoroborate anion gives the final product — monofluorinated oxazoline 82.
k3

H,, R?
R €] g H, R2
A )kN - -e . R1 /k ;\(
r _
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| i -ee
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| 2 2
78 78—»-80 81,82 | H R £ H R
/\ ) /\Lf - < F e— @
ENE/ ) DD O Ar—4 R BF; A4 R
N N

++++ ++ ++++ 82 81

anode surface

Scheme 27. Proposed mechanism of monofluorinated oxazoline 82 formation.

The reaction selectivity in favor of fluorination can be explained by considering the
environment near the anode surface, where electron transfer takes place. Since the anode
surface is positively charged, the liquid interface in its vicinity contains a layer of negatively
charged ions, called the electric double layer. In our reaction, it is formed by
tetrafluoroborate ions (Scheme 27). Such a high concentration of nucleophile near the site
of carbenium ion generation could promote the fluorine transfer process.

Analyzing the ''B-NMR spectrum of the reaction mixture, we observed that a new
boron containing compound was formed during electrolysis. This suggests that the boron
trifluoride released during the reaction is scavenged by HFIP (Scheme 28). Without the
application of electric current, fluorine to HFIP exchange occurs only at trace level.

E 3
L _mEp R ) ~CFs
F"F -H F*{B*O

83 Fosa

Scheme 28. Binding of released boron trifluoride 83 in a borate complex 84 with HFIP.
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The results obtained in this chapter are summarized in the publication "Electrochemical
Formation of Oxazolines by 1,3-Oxyfluorination of Non-activated Cyclopropanes".
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1.

CONCLUSIONS

Furfurylated ethylene glycol and furfurylated amino alcohol derivatives 7 can be
transformed into a,f-unsaturated esters 9 in a two-step single-reactor electrochemical
synthesis, using HFIP as an additive in the first step and AcOH in the second step.
As a result, a new electrochemical C-O bond formation method was developed,
which allowed to obtain functionalized Torii-type esters.
MeO

1. HFIP, 2F
2.AcOH, 3.5 F MeO OMS

{jﬁ MeOH
\ M
7 9

R'2 = H, alkyl
X=0, N-PG

w

Electrochemically obtained a,f-unsaturated ester 9a can be used as a reactive diluent
in copolymerization with acrylated rapeseed oil to obtain a bio-based polymer.
o) MeO
S
1%)\/\5; \L)ko J/ polymer
ARO %

(acrylated furfural derived
rapeseed oil) acrylate

N-Alloc-protected a,f-unsaturated ester 9i can be obtained by continuous electrolysis
of furfural and valinol conjugate 7i in methanol, using AcOH as the sole reaction

additive. This method allows to obtain a chiral biomass-derived building block.

OMe
55F

iPr 3 equiv. AcOH MeO._OMe

o e _oH u Nf

Y eor S0 e
Alloc o

7i 9i, 68 %

Enantio-enriched N-Alloc-protected a,f-unsaturated ester 9i can be transformed into
enantio-enriched vinyl oxazoline 23 in two steps. The N-Alloc cleavage also induces
the cleavage of the methoxymethyl group, O- to N- rearrangement, and partial or full
isomerization of the double bond. As a result, a chiral vinyl oxazoline building block
is obtained.

N-deprotection
+
rearrangement
OMe + OH
(0]

MeO (OMe o 03\
isomerization cyclization - ip
Q A omerton o § [ evctestion_yep L
07y Allee N iPr
iPr ome M OMe
9i trans-24 23
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5. Aza-Diels—Alder reaction of the vinyl oxazoline derivative $-23 and tosyl
isocyanate,  diastercoselectively  furnishes the  oxazolo[3,2-c]pyrimidine
derivative 26.

O pr
O/’>‘ . TS\N/M\N/{>
MeO\r/§§/1>N ViPr- TsNCO_ MeOvvk g
OMe MeO
o N}h
s-23 261

6. Electrolysis of 3-(2-furyl)propionic acid arylamide 47 in the presence of a
substoichiometric amount of base induces a C-N bond formation between amide and
the C2 carbon of furan to give spirocicle 49. This method allows a rapid construction
of [4.4]-spiro hemiaminal ether scaffold, which can be found in several natural

products.
base

o Ar
ox \ 0o
o2 N,Ar Qﬂj@ o, N
\ I H <
49

a7

7. Anodically generated amidyl radicals 63" intramolecularly cleave the C-C bond in
non-activated cyclopropanes, forming oxazolines 69. In this reaction, TBABF4
serves as a fluorine transfer reagent. As a result, new C-O and C-F bonds are formed,
resulting in the formation of cyclopropane 1,3-oxyfluorination products.

H\V/’KSX/RZ T; \v//KBY7 : : :
ArTN 9 Oijx {Ar\(/N R:? }m/xr% up
_H®

R?
63 63' 69

8. Electrochemically induced cleavage of chiral cyclopropane $-63c results in complete
transfer of chirality to the product with configuration inversion, resulting in the
formation of enantio-enriched oxazoline $-69¢. Stereochemical studies suggest an
intramolecular homolytic substitution mechanism (Si).

+ Me F
Br. H,
[ _ -2 \~Me N’\(s;)@Me
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