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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 iesp&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
|/
furfurols 1

biomasas parstrades produkts

e M \

MeOW o />*\ R
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2 3
biobazé&ti monomeri 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 oksideSanu.

Promocijas darba otra dala veltita elektroktmiski inducgtai neaktivétu 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 tapéc més izvélcjamies konstruét substratus 5, kuros
ciklopropans biitu savienots ar elektrokimiski oksidgjamu funkcionalo grupu — benzamidu.

N A A ol
Ph N my 93 Ph\r/N R s ph—( u”“
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elektrokimisku oksidésanu,

R!
5 5 6

1. shéma. Elektrokimiski inducéta neaktivétu ciklopropanu 5 uzskelana.

Paredzams, ka $ados substratos elektrokimiski iegiitais amidilradikalis 5” sp&j inducét
ciklopropana C-C saites uzskelSanu, veidojot jaunu C-O saiti. Uzskelto starpproduktu
oksidésana un reakcija ar nukleofilu lautu iegiit ciklopropana 1,3-difunkcionalizé$anas
produktus 6.

Pétijuma meérkis un uzdevumi

Promocijas darba mérkis ir izstradat jaunu metodologiju C-O un C-N sai$u veidoSanai,
izmantojot elektroktmisku oksidéSanu, un veikt iegtito produktu funkcionalizeSanu.
Promocijas darba uzdevumi:
1) biomasas izcelsmes furfurola konjugatu elektrokimiska transform&$ana par o.f-
nepiesatinatiem esteriem un spirohemiaminal&teriem;
2) elektrokimiski iegiito a,f-nepiesatinato esteru  transform&Sana  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. TBABF, 1 ekviv. LiCIO,4
2,5F, 30 mA 4F 20mA  MeO. OMe
A Cor. K Cor 1o ACe K Co R3]
o — o —_— N _OMe
R® MeOH Ral( MeOH
\
7 8 9
R™ = H, alkil- 7 savienojumi 6 savienojumi
X=0, N-PG (43—77 %) (59—74 %)

2. shéma. Elektrokimiska furana atvasinajumu 7 transforméSana par spirocikliem 8 un
nepiesatinatajiem esteriem 9.

Saskana ar piedavato reakcijas mehanismu (3. shéma) pirmaja elektrolizes stadija
savienojuma 7a notiek furana cikla anodiska oksid€Sana. Furana katjonradikalim 10 uzbriik
iekSmolekularais spirts, un, saslédzot spirociklu, veidojas C-centrétais radikalis 11. Tas tiek
oksidets par oksonija jonu 12, kas reakcijas vid€ pievieno metanolu, veidojot spirociklisko
produktu 8a.° Mehanisma pétijumi paradija, ka otraja elektrolizes stadija spirocikla
uzskelSanas pirmais solis ir substrata 8a oksidéSana par katjonradikali 13/13°. Pievienojot
metanolu, veidojas oksiradikalis 14, kurd f-fragment&Sanas rezultata notiek C-C saites
SkelSana. Iegiitais acikliskais C-centrétais radikalis 15 tiek oksidéts 11dz oksonija jonam 16,
kas pievieno metanolu un veido nepiesatinato esteri 9a.
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3. shéma. lesp&jamais mehanisms spirta 7a elektrolglrmskal transformésanai par esteri 9a.

Promocijas darba tika izstradats viena reaktora process spirtu 7 transformeSanai par
esteriem 9 divu solu tilpuma elektrolizé galvanostatiskos apstaklos nedalitaja $tina
(4. shema). Veicot reakcijas apstaklu izpéeti, tika noskaidrots, ka elektrolizi var veikt divos
posmos, neizolgjot 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 iegiiti esteri 9.

No furana atvasinajumiem 7a-c, kas sanu k&d€ saturja etilénglikola fragmentu,
produktus 9a-c izdevas iegiit ar vidgjiem iznakumiem (39-47 %), kas bija Iidzvertigi vai
zemaki, neka veicot divas atsevisSkas elektrolizes, izolgjot starpproduktus 8a-c. Savukart
aminospirta fragmentu saturoS$o substratu 7d-e elektroliz€ esteru 9d-e iznakumi bija
ieverojami labaki (6975 %; 4. shema).



20 ekviv. HFIP

1 ekviv. LiCIO, pievieno oM
2,2F, 30 mA 4 ekviv. AcOH ¢ e
o ACenK Cor | ye0. o 4F 30 mA _ meo. OMe
\ . N
7 8 9
R'2 = H, alkil, aril
X=0, N-PG
oMe oM meo, OMe ove
0
OMe OMe
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S S
9a,R'=H,R?=H, 39 % 9d PG=Ts, 75 % of, 58 % (PG = Ts)
9b R' = H.RZ = Mo. 47 % 9, PG = Ac, 69 % 9g, 59 % (PG = Boc)
o R om RZ—:Y42°O 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 = tra)

MeO. o rOMe
X

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

Lai paplasinatu produktu klastu, tika sintezeti substrati 7f-1, kuros furana gredzenam
sanu kéde 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 iegiit
produktus 9f-j, savukart halog€nus saturosas aizsarggrupas Troc un tfa elektrolizes
apstakliem nebija pieme&rotas (4. sh€ma). Aizstajot valinola fragmentu ar fenilglicinola
fragmentu, elektrolizé veidojas sarezgits produktu maisijums, no kura gaidito produktu 9m
izolet neizdevas (4. shema).

Darba gaita tika pétits, ka aizvietotaju ievadisana furana gredzena ietekmé elektrolizes
iznakumu. 4-Fenilfuranu saturosSais 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 reducgjo$as amin&Sanas reakcija tika
pievienots valinols, un tika aizsargata amina funkcija. Spirta 19 elektrolizé tika iegiits
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. Biobazeta akrilata monomeéra iegiiSana polimerizacijas reakcijam

Promocijas darba izstrades gaita tika pétitas furana atvasinajumu elektrolizé iegiito
produktu talakas izmantos$anas iesp&jas. Viens no darba virzieniem bija elektrolizg iegiito
esteru izmanto$ana poliméru sinteze.

Pirmajiem pétljumiem ka potencialais monomers 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 optimizgtajos apstaklos
(103 mg; 0,7 mmol (4. shéma)), bija iespgjams samazinat nepiecieSsama elektrolita TBABF4
daudzumu Iidz 0,5 ekvivalentiem.

1 ekviv. PPTS 4 ekviv. AcOH
0,5 ekviv. TBABF4 1 ekviv. LiClO4
2,3F 30 mA 4 F, 30 mA Meo. OMe
<oj/\o/\/OH A CGr K: Cgr w _ACern K Cor e o)
\ MeOH MeOH NN g0 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 iegtitas poliméra filmas.
MeO/\O/\/O\iO OMe
0 OMe
O . o0
PPN
0 MeOW L0
o)v . Meo OMe o vl @ Meo\(\)ko/\/ovwe
?H\ﬁff Mo J/ OMe ' ®
r:;fér:eéia . L@ fjmi{ 0

(ARO) 0 ~ A
mOA PN

2. attels. Akrilétas rapSu ellas (ARO) un estera 9a iesp&jamie kopolimerizé$anas produkti.

<

Radikalu polimerizésanas laika kopolim@ra var veidoties tris dazadu veidu saites
(2. attels): reakcija starp ARO un 9a veidojas brivi svarstigas kédes 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 merijumi 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 ar ar
skengSanas elektronu mikroskopu (SEM), par ko liecina tas, ka kopolim&ru virsma ir
ieverojami raupjaka neka tira ARO polimera virsma.

Salidzinot ar neatSkaiditu ARO polimeru, ieglitajiem kopolim€riem piemita Iidz
1,6 reizém zemaka viskozitate (ARO/9a (20 %)) un uzlabots $kérssaiSu savienoSanas
blivums (no 1,07 mol/m>* ARO poliméra lidz 1,65 mol/m> ARO/9a (5 %) kopoliméra).

Sis péfijums paradija, ka no biomasas furdna un etilénglikola konjugata iegiitais
nepiesatinatais esteris 9a var veiksmigi aizstat no fosilas bazes iegiitus akrilata monomérus,
veicot kopolimerizé$anu ar augu ellam. Saja nodala iegiitie 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 buivbloka
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 misu izstradato elektrolizes
metodi, no definétu hiralo centru saturosa 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\ W'TQ%‘E?'??FE» MeON

O~~~ OH ool >
w | MeOH “Alloc
Alloc OMe

7i 9i 21
furfurola un |
konjugats 10-uz N-

\pargrupésanas
\

o 0]
Meo\(\/L\ Ciklizetana. MeON
OMe OMe

23 22

hirals bivbloks
asimetriskai sintézei

7. shéma. Strat€gija 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 meéroga (500 mg (2 mmol) un 1 grama (4 mmol)
apjoma reakcijas) ar labiem iznakumiem (8. shéma).

1. [HFIP];
1 ekviv. LiCIO,, 2,0 F
2. pievieno
iPr 4 ekviv. AcOH, 35F MeO. OM(e) (OMS
o ~yAon Alakcuzom (]
<\f \ MeOH:HFIP 07 Al
Alloc (10:4 mL) e
S-7i S-9i, 72 % (0,5 g apjoms)
R-Ti S-9i, 64 % (1,0 g apjoms)

R-9i, 65 % (0,5 g apjoms)
8. shéma. Nepiesatinata estera 9i iegiSana divu solu elektrolizes apstaklos preparativa
meroga.

Lai arT ieprieks atrastie elektrolizes apstakli bija piemé&roti nepiesatinata estera 9i
ieglisanai, 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 optimiz€Sana
(1. tabula).

Samazinot HFIP daudzumu no 4 mL lidz 1 mL vai 0,5 mL, nepartraukta elektrolizg ar
5,5 F liela ladina pievadiSanu, veiksmigi izdevas ieglit nepiesatinato esteri S-9i (1. tabula,
2.-3. aile). Procesu iznakumi bitiski neatskiras no divu solu sint€zes iznakumiem (72 %
divu solu sintezg, 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 lidzvértigs divu solu
sint€zei 1 mmol apjoma (72 %), tacu 2 mmol apjoma tas samazinajas 1idz 68 %. Reakcija
izmantota elektrolita LiCl04 daudzumu samazinajam no 1 1idz 0,5 ekvivalentiem (no 0,14 M
uz 0,07 M). Palielinot AcOH daudzumu Iidz 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. OM(e) OMe
o e _op elektrolize_ M Pr | eloktrolize. U r
WEH MeOH = N MeOH N0 Al
oC

“Alloc ipr
S-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 o _
I 2. solis: pievieno AcOH (4 ekviv.), 3,5 F 72 % (-9
Nepartraukta elektrolize: MeOH:HFIP (13:1 mL), o .
2. LiCIOs (1 ckviv.), 5,5 F 1% (S-9)
Nepartraukta elektrolize: MeOH:HFIP (13,5:0,5 mL), o .
3. LiCIOs (1 ekviv.), 5,5 F 70 % (S-9)
Nepartraukta elektrolize: MeOH (14 mL), AcOH (3 ekviv.), o .
4. LiCIOs (1 ckviv.), 5,5 F 72 % (5-9)
Nepartraukta elektrolize: MeOH (14 mL), AcOH (3 ekviv.), q
b 0/ ¢ (Q_l
3 LiCIO; (0,5 ckviv.), 5,5 F BEGSERY
Nepartraukta elektrolize: MeOH (14 mL), AcOH (3 ekviv.), .
b ) 2
5 LiCIOs (0,5 ckviv.), 5,5 F I
Nepartraukta elektrolize: MeOH:AcOH (13:1 mL), o .
7. LiCIO (1 ckviv.), 5,5 F 35 % (8-9)
8. Nepartraukta elektrolize: MeOH (14 mL), LiClO4 (1 ekviv.), 5,5 F 60 % (S-91)
Nepartraukta elektrolize: MeOH (14 mL), AcOH (3 ekviv.), o .
% LiOAc (1 ekviv.), 5,5 F 0%°(S-9)

“Apjoms: 1 mmol. "Apjoms: 2 mmol; ‘Faradejiska efektivitate 49,5 %; $iinas produktivitite 0,09 mmol/h;
9mazorais produkts ir spirocikls S-8i.

Alloc grupas noskelSanai tika izmantots paladija katalizators un pirolidins (9. shéma).
Tika noverots, ka reakcijas apstaklos tiek noskelta art N-MOM grupa un notiek gaidita O-
uz N- pargrup@Sanas. Izmantojot katalizatoru Pd(PPh3)s, pilna izejvielas $-9i konversija tika
sasniegta 30 miniites, tacu reakcijas apstaklos notika dal&ja dubultsaites izomerizéSanas un
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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(PPhs), OMe

pirolidins Meou iPr
DCM, 30 min N N/'\/OH
H
OMe cis- un trans- S-24, 57 %
Meou Meow cis:trans (1:0.5)
L
S 07 Alloc
iPr OH
o kat. PdCI,(S-BINAP) o MsCl 03‘\
R:Q: pirolidins MeO NN oy TEA  MmeO \N\\N iPr
DCM, 16h y DCM,16h
OMe OMe

trans-S-24, 75 %
trans-R-24, 72 %

S-23,75 % (99 % ee)
R-23,70 % (97 % ee)

4-Br-BzCl, (0] iPr Br
TEA —
L— = MeO A 0] =
R
OMe o

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  zrans-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 sint€zg,
paredzot, ka oksazolina cikls varétu kalpot ka hirala virzitajgrupa.

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

i iPr
Ts<
0/>(§)' 2,2 ekviv. Ts-NCO : N N/%S)
MeO. Ay Pr 2280 BREY. eo B
i Toluols ﬁ\ o
e MeO ~
e o N Ts
H
S-23 26, 86 %

viens diastereomérs

10. shéma. Oksazolo[3,2-c]pirimidina 26 ieglisana aza-Dilsa-Aldera reakcija ar oksazolinu
§-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. .C"4 P s, OMe g
N ‘\N a4 LN
S
MeOY\/L ON=, W Z>~0
OMe ! OMe \
iPr =
S-23 27 28
0 Pr 0 jPr
Ts\NJ\ /S Ts\ )k® TS‘Nkﬁ/g
| |
MeO H/Lo — HSF))\ — MeOTwH/‘\o
MeO MeO 2 MeO
26 29' 29

11. shéma. lesp&jamais oksazolo[3,2-c]pirimidina 26 veidoSanas mehanisms.

Véloties paplasinat oksazolo[3,2-c]pirimidina atvasinajumu klastu, tika méginats
iesaistit viniloksazolinu S§-23 aza-Dilsa-Aldera reakcija arT ar citiem izocianatiem vai
izotiocianatu, lai ieglitu produktus 30a-c, tacu §is reakcijas bija neveiksmigas (12. shéma).

2,2 ekvw Ar NCO X P
0 )L
MeOY\/L\,> wipr 2.2 ekvw BZNSO
MeO N DCM vai Toluols 5/\/‘\
e
MeO
N
S§-23 30a, R = Ph, X =0
30b, R=4-F-Ph, X=0
30c,R=Bz, X=8

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

Enantiobagatinato viniloksazolinu $-23 tika m&ginats iesaistit ar dazadas dubultsaites
transformacijas, tai skaitd 1,4-pievienoSanas, ciklopropanéSanas, hidroboré$anas, Dilsa-
Aldera un Gizes reakcijas, ta¢u neviena no tam neizdevas iegiit reakcija gaidito produktus
31-35 (13. shéma).
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iPr O
MeO \,N> iPr

OMe
31
TIPI‘I
Simonsa-Smita BusSnH, AIBN
vai
0’> Dzonsona-Korija-Caikovska 0’> R 0’>
MeO P apstakli MeO Y\/L\N “wiPr ___CuX, RMgX MeO N"‘ “uipr
OMe OMe OMe
35 S§-23 32
9-BBN, sz/ \;)aniéevska diéns
OH O MeO. OMe
Py 0
MeONN e
OMe N
34 o 33

13. shéma. Viniloksazolina $-23 dubultsaites transformésanas meginajumi.

Talaka darba gaita tika pétita arl iesp&ja ieglito 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 iegiit, izmantojot katalizatoru Pd(dppf)Cl> un bazi Cs2COs

(14. shema).
10 mol% Pd(dppf)Cl,

o] 2 ekviv. Phl o
MeO\N\\}m,‘pr _ 3ekviv. Cs;,C05 MeO. 83
1,4-dioksans, o NS Py
OMe 100 °C,16h
S2 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

Me HQ Me Me
< M
o0 o N o O
o] N o Cl/—OH 10,
H N MeO NH Q
MeWO o] O  Ho
38 Me 39 40 41

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. attels. [4.4]-Spirohemiaminal&tera substruktiiru saturoSas dabasvielas 37-41.

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

HO. ox
<OJZ/\ % @ﬂ_ﬁg T Ozo%
o <N\
o / 42 43 *

o. |
o . 5 o
\, H \-« \.x
44 45 46

15. shéma. Elektrokimiska [4.5]-spirobisketalu 43 un [4.4]-spirohemiaminal&teru 45
iegliSana no furana atvasindjumiem.

X =0, N-PG 7 pieméri

Promocijas darba tika attistita $T metodologija, lai konstruétu [4.4]-
spirohemiaminal&tera karkasu, saslédzot spirociklu caur elektrokimiski inducétu C-N saites
veidosanos furana atvasinajumos 44 (15.shéma). Péc elektrolizes tika planots veikt
metoksigrupas oksidéSanu 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
oksid@Sana, katodreakcija — protonu reduceSana l1dz Gdenradim. Substrata 47a elektrolizé
neitralos apstaklos tika iegits 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. LiICIO4

2,5F, 10 mA o Br
A: Cgp K: Cgr /©/
_ACer K Cor
o N
B H
° /@/Br 48,31 %
— 2 ekviv.
o) N ekviv.

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

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

Lai noskaidrotu, kada ir bazes loma reakcijas produktu selektivitatg, tika uznemtas
cikliskas voltampérmetrijas liknes substratam 47a neitralos apstaklos un baziska vidé
(4. attels). 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 klatbiitn€ paradas jauns oksideSanas signals pie ieverojami zemaka
potenciala E,= 0,64 V (4. att€ls, zala likne), kas liecina, ka bazes klatbiitné notiek amida
grupas deproton&Sana un cikliskas voltamp&rmetrijas 11kn€ redzama amidata anjona
oksideSana. Bazes parakuma uznemtaja cikliskas voltamp@rmetrijas ITkn@ aizvien ir redzams
ar1 oksidésanas signals pie E,= 1,1V, kas liecina, ka Sajos apstaklos nenotiek pilniga
substrata 47a deprotonésana.

115

Cikliskas voltamp@rmetrijas dati:
Savienojums 47a (1 mM) un NaOMe (2 mM)
(fons: 0,1 M LiCl0,/MeOH)

Br
75 o) /@/
O N

95

\ H
355 47a
35
15
- ——
S50 0,2 0,4 0,6 0,8 1 1,2 14
E, V (pret Ag/0,01 M AgNO;)
Fons ——1mM47a 1 mM 47a+2mMNaOMe ——2 mM NaOMe

4. att€ls. Savienojuma 47a cikliskas voltamp&rmetrijas mérijumi neitralos un baziskos
apstaklos.
Pamatojoties uz eksperimentilajiem novérojumiem, ka arf literatiiras datiem ' tika
definéts iespgjamais mehanisms spirocikliska hemiaminalétera 49a iegtisanai (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 Br <)j/\/\L 0,2W
O seoe, NEYSUE
T Slx )

47a

50 g 51 Br

H_ O H/0® X O
PP o et m=B deo e m Y e —

S

49a Br 53 Br 52 Br

17. shéma. Izvirzitais spirohemiaminal&tera 49a veidoSanas mehanisms.

Elektrolizes substratu klasts tika paplasinats ar savienojumiem, kas satur&ja dazadus
aizvietotajus arilgrupa (18.sh&ma). 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 ieguti ka diastereoméru
maisTjumi. Nakamaja soli tika veikta spirociklu 49a-c oksidésana ar mCPBA un katalitisku
daudzumu BF3.Et,0, ieguistot spirociklus 54a-c ar labiem iznakumiem (18. shéma).

1 1
2 ekviv. R R

2 ekviv. LiClO4
R! 25F 10mA 0,3 ekviv. BF3Et,0
0 O A: Cgy; K: Cgy o 1,2 ekviv. mMCPBA
N

N o]
0 O, DeM O N
\ H - <
47 49a, R' = Br, 69 %, (dr 1:0,6) 54a, R' = Br, 89 %
49b, R'= CF,, 63 %, (dr 1:0,7) 54b R'=CF;, 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 iegiiSana no 3-(2-
furil)propionskabes atvasinajumiem 47a-d.

Produkta 54b rentgenstrukturanalizes rezultati apstiprinaja gaidito atomu konektivitati
(5. attels), l1dz 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 optimizeSana, 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 $iina galvanostatiskos tilpuma elektrolizes apstaklos. Eksperimentalie
rezultati paradija, ka reakcijai vispiemeérotakie 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 s€rijas tika veiktas ar abiem elektrolitiem.

2. tabula
Spirohemiaminaléteru 49a veidosanas, izmantojot dazadus elektrolitus
2 ekviv. baze
1 ekviv. elektrolits Br,
Br 25F 10 mA
9 /©/ A: Cer K: Cor
0 N
8 H o N-°
47a (0,5 mmol) 49a
Nr. Baze Elektrolits 49a*
1. NaOMe LiClO4 70 %
2. LiO7Bu LiClO4 72 %
3. LiO7Bu LiBr 74 %
4. LiOrBu LiCl 66 %
5. LiOfBu LiBF,4 63 %
6. LiOtBu LiOAc 62 %
7. LiOH -- 64 %
8. LiOtBu TBACIO4 69 %
9. LiOsBu TBAPF¢ 64 %
10. NaOMe NaClO4 72 %
11. NaO7Bu NaClO4 63 %
2 iznakums noteikts, izmantojot 'H-gKMR; ieksEjais 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

25F 10 mA

Br
a /©/ _ A CaiK Cor _
0 N
\ H

Q o AT

O N
47a (0,5 mmol) 493 48
Nr. LiO7Bu (ekviv.) Elektrolits 49a* 48"
1. 4,0 73 % -
2. 2,0 72 % -
3. 0,5 72 % -
> LiClO.

4. 0,2 s 70 %

5. 0,1 61 % 5%
6. - 0% 52 %
7. 2,0 74 % -
8. 0,5 R 74 % -

LiB

9. 0,2 e 66 %

10. 0,1 17 % 49 %
11. 2,0 - 67 % —

*: iznakums noteikts, izmantojot 'H-gKMR; ieks&jais 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 tBuO’) un bromidus (4. tabula). Vislabakais rezultats tika iegiits, izmantojot litiju
saturo$u elektrolitu un bazi (74 %; 4. tabula, 1. aile), tacu arT pargjas katjonu kombinacijas
deva lidzigus rezultatus, kas liecina, ka katjona izvéle maz ietekmé reakcijas iznakumu.
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Spirohemiaminaléteru 49a veidosanas, izmantojot Li

bromidus

0,5 ekviv. baze
1 ekviv. elektrolits

Br 25F 10mA
Q /©/ A: Cg K Cgr
0 N
\ H o, N—AP
47a (0,5 mmol) 49a
Nr. Baze Elektrolits 49a*
1. LiO/Bu LiBr 74 %
2. LiO7Bu NaBr 70 %
3. NaOMe LiBr 73 %
4. NaOMe NaBr 71 %
5. KOrBu KBr 70 %

% iznakums noteikts, izmantojot 'H-gKMR;
bis(trihlormetil)benzols.

iek$gjais standarts 1,4-

4. tabula

*,Na® un K* saturo3as bazes un

Nosleédzosaja elektrolizes apstaklu optimizéSanas posma tika pétita elektrokimisko
parametru ietekme uz reakcijas iznakumu (5. tabula), parbaudot dazadus anoda un katoda

materialus,

ka arl stravas stiprumu.

No apskatitajiem anoda materialiem,

substrata

oksidesanai 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 % lidz 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

Spirohemiaminal&teru 49a veidosanas, varigjot elektrokimiskos parametrus

0,5 ekviv. LiOtBu
1 ekviv. LiBr
o /©/Bf 25F strava Q
elektrodi /©/
0 N L)/\)L
\ | H o N
47a (0,5 mmol) 49a 48
Nr. Anods Katods Strava (mA) 49a* 48° 47a*
1. GC Car 65 % - -
2. Pt Cor 48 % 8% 10 %
3. BDD Cor 10 7% 37% -
4. Cor Cor 74 % - -
S. Cor Pt 75 % - -
6. 76 % - -
7. 5 69 % - -
8. 15 80 % - -
9. Cor SS 20 80 % - -
10. 30 78 % - -
11. 40 84 % = =
12. 50 82 % - -
® iznakums noteikts, izmantojot '"H-gKMR; iek§&jais 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 © ox @ Yo
AAr @ﬂ_ﬁ& { AAr — \)LAr @W ~~ar T T
55 56

55' 57 58

(.

Ar

Y =Nu
19. shéma. Aivena Lei grupas demonstréta elektrokimiska arilciklopropanu 1,3-
difunkcionalizgsana.®

Promocijas darba ietvaros vélgjamies paplasinat elektrokimisko ciklopropana
uzskelSanas metozu klastu, fokusgjoties uz neaktivétiem ciklopropaniem, kuru tiesa
elektrokimiska oksidésana ir apgriitinata. Sim noliikam tika izstradata pieeja ciklopropana
uzskelSanai ar anodiski oksidéjamu funkcionalo grupu, kas pievienota ciklopropanam ar
linkeri (20. sheéma). Anodiski aktivétais intermediats 59° iekSmolekularas ciklopropana
uzskelSanas rezultata veidotu C-centreto radikali 60. Tas tiktu anodiski oksidéts par
karbeénija jonu 61, kura neitraliz€Sanai reakcijas maisTjuma butu nepiecieSams arT argjais
nukleofils (Nu). Galarezultata tiktu iegits ciklopropana 1,3-difunkcionalizéSanas produkts
62. Katodreakcija tika planots veikt protonu reducéSanu Iidz idenradim.

ox \ ! / ox ®
U%{M}{&ﬂ%{& v
59 59' 60 61 62
20. shéma. Strat€gija elektrokimiski inductai ciklopropana uzskelanai.

Ka modelsubstrats metodes izstradei tika izvéléts 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. sheéma). Tika paredzets, ka geminalas
metilgrupas ciklopropana fragmenta pec 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 m&ginajumi elektrokimiskai ciklopropana 63a uzskelSanai tika veikti nedalitaja
$tuna galvanostatiskos tilpuma elektrolizes apstaklos, ka reakcijas $kidinataju un argjo
nukleofilu izmantojot metanolu (22. shéma). Tika gaidits, ka reakcija veidosies metil&teris
67, tacu, analiz€jot reakcijas maistjumu, tika noskaidrots, ka veidojas tris produkti —
metilteris 67, ka arT alkéns 68 un fluoru saturo$ais savienojums 69a. Fluoréta produkta
raSanas liecindja, ka elektrolizé izmantotais elektrolits TBABF4 var kalpot arT ka fluora

avots.
1 ekviv. TBABF,
Ph HAMa A?CrInG/:‘::i’t N— V& ome —— N— V& F
b Me MeOH ph/QUMe ph/lw\/\§ phAvMe
63a 67 68 69

67 : 68 : 69a (UESH) = 44 : 28 : 28
22. shéma. Elektrokimiski inducgta 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
TBACIOs. Elektrolizé noverotie 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;, 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 nekorode stikla elektrokimiskas Stinas. 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 \/A(Me HFIP 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 §tina galvanostatiskos apstaklos (7. tabula). Produkta 69a iznakumi tika noteikti
ar "F-gKMR.

Vispirms tika pétita TBABF4 daudzuma ietekme uz elektrolizes iznakumu. Elektrolize
ar 1 ekvivalentu TBABF, produkts veidojas ar 69 % iznakumu (7. tabula, 1. aile). Palielinot
TBABF4 daudzumu Ilidz 3 ekvivalentiem, produkta 69a iznakums pieauga lidz 82 %
(7. tabula, 3. aile). Izmantojot 5 ekvivalentus TBABF, 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 maistjums
2 : 1 attieciba, produkta 69a iznakums samazinajas Iidz 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 nemain1jas (7. tabula, 8. aile).

Lai ar saskana ar 21.shéma doto mehanismu substrata 63a transforméSanai 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 novérota (7. tabula, 14. aile).
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Elektrolizes apstaklu optimiz€Sanas rezultata tika noskaidrots,
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.

elektrolits
ladin$, strava

ka reakcijai

7. tabula

Elektroktmiski inducgtas ciklopropana 63a uzskelSanas reakcijas apstaklu optimizéSana

H . Me
Ph._N /AVMe elektrodi N F
b Me  sidinatajs Ph/que
63a 69a
Nr. |  Skidinatajs Elektrolits | ¢ ava,mA | Ladin§,F | A:K | 69a
i (ekviv.) ’
1. TBABF; (1) 69 %
2. TBABF; (2) 79 %
3. TBABF; (3) 82 %
A: Car p
4. TBABF, (4) K: Pt 82 %
5. TBABF; (5) 84 %P
3
TBABF, (2)
. 469
6 HFIP TBACIO; (1) 6%
A: Pt o
5 K: Pt 33 %
A: Car N
K: Ce, 81 %
. 2 77 %
10. TBABF; (3) 2,5 79 %
0,
11. MeCOH A: Caor 11 %
DCM
12. . K: Pt 0
20 ekviv. HFIP 3 7%
MeCN
0,
13. 20 ekviv. HFIP 20%
14. HFIP TBABF; (3) 0 0 - 0%
: iznakums noteikts ar '’F-gKMR, iek$gjais standarts 4,4'-difluorbenzofenons; ®: anods tiek
bojats elektrolizes laika.

Reakcijas substratu klasta pétijumiem tika sintez€tas tris substratu sérijas — substrati
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63a-f ar dazadiem aizvietotajiem benzamida funkcija, substrati 63h-m, kuros ciklopropans
savienots ar ve€l vienu karbociklu, un monoarilaizvietoti ciklopropani 63o-t. legitie
savienojumi tika paklauti elektrolizei optimizetajos apstaklos (23. shéma).



3 ekvw TBABF4

R!
(Cy) Ar. AW A CGr K Pt N F
I 2
T HFIP ) AI/QUR

R = alkil, aril

R? = alkil, H 69
N N N N e
4
O el e
Me Me E F
3 -

69a (R =H) 72 % 69g, 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=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 Ph%b\Q ph—< .
F

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? = NOy), 39 % (dr = 1,5:1)

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

Pirmas sérijas substratu 63a-f clektrolizé 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 ieglit arT halogén- un trifluorometil- aizvietotu analogu 63b-c un 63e
elektrolizés (produkti 69b-c, 69e). Ievadot fenilgrupa elektrondonoro metoksigrupu,
izejvielas 63d konversijai bija nepiecieS8ams mazaks pievaditais ladins, tacu produkta 69d
iznakums bija ievérojami zemaks (28 %). Zems iznakums tika noverots arT nitrogrupu
saturosa substrata 63f elektrolize, kur produkts 69f tika iegits 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 iegtt neizdevas, ka arl
monometilaizvietota ciklopropana 63n elektrolizé attiecigais fluorétais savienojums 69n
netika iegiits.

TreSaja substratu s€rija tika pétita monoarilaizvietotu ciklopropanu 630-t
elektrokimiska 1,3-oksifluorésana. Tika novérots, ka fluorétos produktus var iegiit tikai, ja
arilgrupa pie ciklopropana ievaditi elektronatvelkosi aizvietotaji (substrati 63r-t). Sadu
selektivitati vargtu skaidrot ar to, ka neaizvietota arilciklopropana oksidé$anas potencials ir
zemaks neka benzamidam, lidz ar to tas tiek oksidéts pirmais. Elektronatvelko$o grupu
ievadiSana lauj kontrol&t oksidesanas selektivitati par labu benzamida funkcijai.

Interesanti, ka tetrametilaizvietota ciklopropana 72 elektrolizé netika noverota 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. TBABF4
Me_Me 5mA 3F

H A: Cgy, K: Pt /( Me, Me
Ph._N Me —mp P
Y Me Mée Me )\
72 73,0% 74, 47 %

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 ladins, tacu tiazolina produkta 76 iznakums bija zems (19 %,
25. shema). Noverotie blakusprodukti liecinaja, ka reakcijas apstaklos notiek izejvielas vai

aktivéto intermediatu desulfurizéSana.
3 ekviv. TBABF,

H 5mA 21F
Ph NVA(Me A Cgy, K: Pt 5\1-\\"")9<F
W Me HFIP Ph/< Me
75 76,19 %

25. shéma. Tioamidu saturosa ciklopropana 75 elektrolize.

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

0N
3 ekviv. TBABF,
Br 5mA 3F )4M ) 10% HCl(ag) O
H A Cgr, K Pt \® € 2) 4 _2) 4-NOyBzCl_
N o Me 4’HFIP /@/k
Me :
F
o /@A Sk
Br
s-63¢ $-69¢, 75 % 77, 77%
(ee = 95 %) (ee = 95 %)
(S) konfiguracija apstiprinata
ar rentgenstruktdranalizes
datiem
26. shéma. Enantiobagatinata brombenzamida S-63c elektrolize un iegiita 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.
k3

2
A RIS HKA(; R e
Ar H/Vm © >;N /K Ar/k\N;\Ri
78 A g 79 80
F l-e@
TTTTTmmsssssssssssesssssneoeoy ) R? F’E:5QF H R?

78' — > 80 817->82 5 H . £ 1 6
VVUKU\;”.CAUE AWQJﬁﬁ WsAW«JA¥

+ F+++++++++ ] N g Y
: anoda virsma

27. shéma. Piedavatais oksazolina 82 veidoSanas mehanisms.

Reakcijas selektivitati par labu fluoré$anai varétu skaidrot, nemot véra reakcijas vidi
pie anoda virsmas, kur notiek elektronu parnese. Anoda virsma ir pozitivi ladéta, tapec tas
tuvuma ir negativi 1adétu jonu slanis, ko sauc par elektrisko dubultslani. Elektrolizes
apstaklos to veido tetrafluorborata joni (27. shéma). Sada augsta nukleofila koncentracija
tuvu karb@nija jonu generé$anas vietai varétu sekmét 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.

FsC,
| HFIP R o )CFs
F"F -H* B=0
83 F 84

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 MeO.
o 2.ACOH,35F owe
v wor AL
S
7 9
R™2 = 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 iegisanai.
fo) MeO.
O)Jv/ . Meo._OMe 0 _hv_ AROMa

o] j ™ biobazéts
%LM; e o polimérs

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

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

)fP\r/ 3 ekviv. ACOH MeO OMS (OMe
0~y on —35F TR
Qf"\‘ MeOH 07 Maloe
Alloc 'S
i 9i, 68 %

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

N-aizsarggrupu

noskel$ana
+
pargrupésanas
MeO._ OMe OMe + OH o
o r izomerizé$anas 0 L ciklizé$ana MeO. \,>*\;p,—
S LN ——— MeO N ¢~ ——— Mé A N
07 Alle N™iPr
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
Ar

o OX \ (o]
\ H -
49a

47a

7. Anodiska oksidéSana generéti amidilradikali 63’ veic iek§molekularu 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 ciklopropéna 1,3-oksifluorésanas produktus.

R1
69

8. Veicot hirala ciklopropana $-63c¢ elektrokimiski inducétu uzskelSanu, notiek pilniga
hiralitates parnese uz produktu ar konfiguracijas inversiju, rezultata veidojot
enantiobagatinatu oksazolinu $-69c. Stereokimijas pétljumu rezultati liecina par
iek§molekularas homolitiskas aizvietoSanas mehanismu (Sui).

Me F

N )LMe
Q( < /Aﬁvle eﬂ Fi /@/K JATme TBABF, /@/l/\(s’)’
S-63c 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
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biomass-derived platform chemical
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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 1 X \ARZ N /N R?
PhYN. /AVRLR @ﬂ_ﬁ@ {PhYN Ry Nu,_ ph—{ b<Nu
HO s 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. TBABF4 1 equiv. LiClO4
25F, 30 mA 4F 20mA  MeO. OMe
A Con C:Cor g ACeC:Co  R¥| 9
o > o e X OMe
R® Kf MeOH Rsm MeOH ~
\ _
7 8 9
R =H, alkyl- 7 examples 6 examples
X=0, N-PG (43-77 %) (5974 %)

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 f-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 transformatlon 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-c, 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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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).
5mol% Pd(PPhy),

© 1.2 equiv. PhB(OH), iPr
0 ] 2.5 equiv. Cs,CO3 2 steps N/K/OH
\ 1,4-dioxane:H,0 (2:1) Teoc
BY 100°C, 6h
17 18 66 % 19, 65 %
) two-step
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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,4 1 equiv. LiClIO4
2.3F 30 mA 4F, 30 mA MeO. OMe
0 o™~OH _ACq CiCar w _A Ca C:iCo M® 0
<\f T meon M T MeoH 1)& o~ 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/92a(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 (ARO/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

48



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 ( removal
O~ —~ OH 77710 - N N e » MeO
& \Uﬁ \ MeOH “Alloc
— Alloc OMe
7i 9i 21
furfural and H
conjugate 10- to N-
\rearrangement
A\l
o lizati ]
Meo\(\/L\ 3”8‘0” 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. O'V'g roMe
* A: Cg,, C: Cg; 20 mA
O~y At OH AiCen C: Cori 20mA M N
Y MeOH:HFIP 07 Alloc
Alloc (10:4 mL) Pr
S7i §-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 $-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

iPr

MeO. o O . MeO. OM(e) OMe
0~ Je_on etectrolysis M/.pr lectrolysis U ¢
WN MeOH = N MeOH oy Nalioc

Alloc “Alloc iPr
S7i S-8i S-9i
R-Ti R-8i R-9i
No. Conditions* Yield of 9i
Step 1: MeOH: HFIP (10:4 mL), LiClO4 (1 equiv.), 2.0 F; .
b % (S-
L. Step 2: Add AcOH (4 equiv.), 3.5 F 72 % (5-9)
Continuous electrolysis: MeOH: HFIP (13:1 mL), o/ (Q.0F
2. LiCIO; (1 equiv.), 5.5 F 1% (S-91)
Continuous electrolysis: MeOH: HFIP (13.5:0.5 mL), o .
3. LiCIOs (1 equiv.), 5.5 F 70 % (S-9)
Continuous electrolysis: MeOH (14 mL), AcOH (3 equiv.), o/ (Q.0
4. LiCIOs (1 equiv.), 5.5 F 72 % (591
Continuous electrolysis: MeOH (14 mL), AcOH (3 equiv.), q
b 0/¢ (Q_
3. LiCIO (0.5 equiv.), 5.5 F GITF (Y
Continuous electrolysis: MeOH (14 mL), AcOH (3 equiv.), .
b 0, =
& LiClO4 (0.5 equiv.), 5.5 F I
Continuous electrolysis: MeOH: AcOH (13:1 mL), o .
7. LiCIOs (1 equiv.), 5.5 F 35 % (8-9)
8. Continuous electrolysis: MeOH (14 mL), LiClOs4 (1 equiv.), 5.5 F 60 % (S-91)
Continuous electrolysis: MeOH (14 mL), AcOH (3 equiv.), o/ d .
9. LiOAc (1 equiv.), 5.5 F 0% (S-9)

 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(PPhg)s OMe

pyrrolidine Meo\[\i Pr
L i S
DCM, 30 min N/'\/OH
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L
07 Mo

Pr
cat. PdCIy(S-BINAP) MsClI

) O™\,
g:g: | pyrrolidine M L o _TEA Meo\N\\}\iPr
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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 stereoselective 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.
MeO S

To. .CAa Ts, OMe iPr
N~ N
\NAS @/O\L/{ Y, 4 Ty )k
MeON @ON= 5 \ o)
OMe iPr OMe 9
S-23 27 l 28
iPr iPr iPr
Ts N /g Ts N )L(D Ts< )L(B
H/L . Meo. H/L
“H
MeO MeO 4 MeO
26 29' 29

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 S$-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 iPr
o or r. JU
MeO. :>,,,,,-p, 2.2 equiv. BZNSO NN
N ¥*> MeO WNF
MeG DCM or Toluene v ]
e
MeO
e X N’R
H
S-23 30a, R=Ph, X=0
30b, R = 4-F-Ph, X= 0
30c,R=Bz, X=S

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).
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Scheme 13. Attempts to engage the vinyl oxazoline $-23 in asymmetric double bond
transformations.

We also investigated the prospect of using the vinyl oxazoline S$-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,

0 2 equiv. Phl OMe
:>w,'pr 3equiv. Cs,CO;  MeO

0
_ Sequiv. C5,C05 )
1,4-dioxane M P
: ' Ph N

OMe 100 °C,16h
523 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).!>'

ol ]

37
Lycoplanine A Sporulaminal A (4 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).

/@rioﬂ@’ o

X
43
X =0, N-PG 7 examples

g\goﬁ@ OQ T,
S

Scheme 15. Electrochemlcal 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. LiCIO,

2.5F, 10 mA o Br
A:Cgp; C: Cgr
e A
__ H
o Br 48,31 %
0. | 2 equiv.
\ H 2 equiv. LiClO4 Br
2.5F, 10 mA
47a A: Cgr; C: Cor Q
(0]

O N

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, £, = 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 (1 mM) and NaOMe (2 mM)
(background: 0.1 M LiCl0,/MeOH)

95
Br
" el
0 N
\ H
<
:;: 55 47a
35
15
-5 F 0,2 0,4 0,6 0,8 1 1,2 1,4
E, V (vs. Ag/0.01 M AgNO;)
Background —— 1 mM47a 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 m o’z\v
Naowme, \ I o X “@l _
oI e T,
47a

50 g 51 Br

H O H/0® ox H_O
_/ONTTO T ,NOQﬂ_ﬂ@ \&("—

¢ P9

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>O, 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. BF;Et,0
0 /©/ A: Cgr, C: Cor 0  1.2equiv. mCPBA
N

N o]
o) (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'=CF;, 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: Cg; C: Cor
0 N
N H o NP
47a (0.5 mmol) 49a
No. Base Electrolyte 49a*
1. NaOMe LiClO4 70 %
2. LiOBu LiClO4 72 %
3. LiO/Bu LiBr 74 %
4. LiOBu LiCl 66 %
5. LiOfBu LiBF4 63 %
6. LiOBu LiOAc 62 %
7. LiOH - 64 %
8. LiOBu TBACIO4 69 %
9. LiOfBu TBAPFs 64 %
10. NaOMe NaClO4 72 %
11. NaOrBu 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).
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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. LiOfBu
1 equiv. electrolyte
Br 25F 10mA
0 /©/ _ACaiCiCar /©/
(o}
N
\ ! H o N W
47a (0.5 mmol) 493 48

No. LiOrBu (equiv.) Electrolyte 49a* 48°

1. 4.0 73 % -

2. 2.0 72 % -

3. 0.5 72 % -

LiClO

4, 0.2 . 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.
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Table 4

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

bromides

B
2 Oy
N

0.5 equiv. base
1 equiv. electrolyte

25F 10 mA
A: Cgp, C: Cor
— =,

Br,

2.

bis(trichloromethyl)benzene.

(o]
\ H o N
47a (0.5 mmol) 49a
No. Base Electrolyte 49a°
1. LiOrBu LiBr 74 %
2. LiO7Bu NaBr 70 %
3. NaOMe LiBr 73 %
4. NaOMe NaBr 71 %
S. KOBu KBr 70 %
?  Yield determined using 'H-gNMR; internal standard 1,4-

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. LiOtBu Br
1 equiv. LiBr
o Br  25F current o Br
L O e gy
47a (0.5 mmol) 49a 48

No. Anode | Cathode | Current (mA) 492 48 47a*
1. GC Car 65 % - -
2. Pt Cor 48 % 8% 10 %
3. BDD Cor 10 7% 37% -
4. Car Car 74 % -- -
3. 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.

A i [ 2]

55'

NS S
B GWOX Ao \)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.

st [ & e[

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. TBABF4

5mA, 3 F
H\AMe o Me Me
Ph._N A: Cgr, C: Pt N OMe F
Al &P
b Me MeOH PhxX%Me F,h/kw\/g Ph/(vMe
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 TBACIO4 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; salt, while slightly lower selectivity was observed in the presence of TBAPF¢
(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
electrochemical cells. Using nucleophilic fluoride sources such as CsF, TBAF-3H,0, and
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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 TBABF4 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
5mA 3F

Ph H\AME A: Cg, C: Pt Me F Me OR
\f( Me HFIP Ph/kvMe F,h/ki\\/g PhAUMe
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,O 11 31 40 18
—— TBACIO,
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 TBABF, 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
a2 : 1 mixture of TBABF4 and TBACIO;4 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 (Table7,
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
hg Me solvent phJ<W\)< Me
63a 69a
Electrolyt
No. Solvent ec r? yte Current, mA | Charge,F | A:C 69a°
(equiv.)
1. TBABF4 (1) 69 %
2 TBABF4 (2) 79 %
0,
3. TBABF4 (3) A: Ca, 82 %
4 TBABF; (4) C:pt | 82%
5 TBABF; (5) 3 84 %
TBABF; (2)
. HFIP 9
6 TBACIO4 (1) 46%
A: Pt o
7. s C: Pt 53 %
A: Car
. 1 0,
8 C: Cor 81 %
9. 2.0 77 %
10. TBABF, (3) 2.5 79 %
1. MeOH A:Co | 11%
DCM C: Pt
12. . ?
20 equiv. HFIP 3 7%
MeCN
13. 209
31 20 equiv. HFIP 0%
14. HFIP TBABF, (3) 0 0 - 0%
2Yield 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 equw TBABFA

R1
(©y) Ar Arz* N cer &ht N F
Y ! UW

HFIP ©y) A,/@

R' = alkyl, aryl
R2 = alkyl, H 69
N N N N X
4
Ot ot T e LD
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 % 69 (n=3),57 %
69d (R® = OMe), 28 % (2.4 F) 69K (n = 4), 60 %

69e, (R®=CF3), 72 %
69f (R3 NO,), 46 % (4 F)

Ph4</ Me Ph’_< b\@\ Ph"< b\@:

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% vyield. A similar yield was obtained in the electrolysis of halogen- and
trifluoromethyl-substituted analogues 63b-c and 63e (products 69b-c, 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

65



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. TBABF,
Me, Me 5mA 3F Me

N Me  Me Me
H A: Cg,, C: Pt /« N E
N /AVMe —————Ph
T Me HFIP Me MeF Ph)‘\ Me
Me
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. TBABF,
5mA, 2.1 F

Ph HMA(Me A Cgy, C: Pt r/\lwg
e -,
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,

Me F
B 5mA, 3F 1) 10% HCI O
" . . N"\® )4 ve 1) 10% HClag) \©Y
H A: Cg, C: Pt O\, 2) 4-NO,-BzCl NH
N Me ——————> —_— o “'m
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? H
)J\ R! 2 . - e/ \—~R? : R?

2 O -_— R | T ¥
Ar u/\VLR © N Ar/K\N Ar/(\N R

78 A g 79 80

i | =°

————————————————————————————————————— F-B2F

2 2
78 78— 80 R |‘: H R

H . H
: ‘ z ®
NTOO & OO @ Wl R Wl R

++++++++++++ N g2 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.

. FaC
Lo _mep R o )CFs
E°F -H F-B=0

83 Fosa

Scheme 28. Binding of released boron trifluoride 83 in a borate complex 84 with HFIP.

67



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.

1. HFIP, 2F MeO

2.AcOH, 35F MeO. OMe

o] _ o
MeOH

w

7 9
R'2 =H, alkyl
X =0, N-PG

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.
0 MeOW
AP Meo_OMe G hv_ AROMa

0 bio-based
Hh)\/\;f QO J/ polymer

ARO 9a
(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.

iPr 3 equiv. ACOH MeO. OMS (OME
. 55F
0~ OH 1/& N
Y MeOH 07 Al
Alloc or
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
+

oM rearrangement
MeO. e OMe + OH 0o
o r isomerization 0 L cyclization MeO 3*\/13%
N N ——————— MeO._~ i » Me S
07y Al NP
Pr OMe 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.

9 iPr
Ts<
Oxmpr TsNCO ; NXNJB
MeO\&L\N Fr _IsNCO_ MeOV\\.; g
OMe MeO _Ts
07N
s-23 26 1

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 ox Ar, o
0 N,Ar ew_l g O, N
A\ H -
49

47

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.

N
AT s At
_H®

R1
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 (Sui).

+
H Me F

Br .

OX --f-\~Me N’\(s) )LMe
N BRS  ao  a
CRW N
e
Br
$-63¢ 64c’ Br 5-69¢

(ee =95 %) (ee =95 %)
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Torii-Type Electrosynthesis of a,-Unsaturated Esters from
Furfurylated Ethylene Glycols and Amino Alcohols

Madara Darzina,””’ Anna Lielpetere,”

Electrosynthesis of unsaturated esters from furan derivatives,
reported by Torii et al. in 1976, is an attractive method for the
valorization of furanoic platform chemicals. Nevertheless, it has
received practically no attention, presumably due to specific
reaction conditions including the use of expensive Pt electro-
des. With the aim of expanding the application of Torii-type
ester electrosynthesis, we explored the electrochemical trans-
formation of O-furfuryl ethylene glycols and N-furfuryl amino
alcohols to esters 5. These can be obtained in two consecutive
electrochemical steps: bis-alkoxylation of the furan derived

Introduction

The utilization of biomass has received increasing attention as
an alternative to replace the dwindling fossil resources for the
production of value-added products.” Biomass-derived plat-
form chemicals are central to this initiative. Among them,
furanoics, accessible in bulk amounts from lignocellulosic feed-
stocks, are versatile starting materials to achieve a range of
chemicals with an application in material science, drug
discovery, and agriculture.? Electrochemistry has been demon-
strated as a useful tool for valorization of biomass-derived
compounds.®’ Furanoics are particularly suitable substrates for
electrochemical functionalization due to the low oxidation
potential of the furan ring"” (see also Supporting Information).
Notable examples include oxidative dihydroxylation® and
dialkoxylation® of furan derivatives. Anodic oxidative dialkox-
ylation was also employed in electrochemical synthesis of
unsaturated ester 2 from furfuryl alcohol 1a, furfural 1b, and 2-
furoic acid 1c in the presence of methanol, first demonstrated
by Torii et al (Figure1).”? According to their proposed
mechanism, oxidative dimethoxylation of the furan ring leads
to intermediate A. Further oxidation leads to cleavage of the
C—C bond resulting in oxonium ion B and subsequent ring
opening by methanol gives ester 2. Despite the high potential
value of the Torii ester electrosynthesis products, surprisingly
limited application of this transformation has been demon-
strated in the scientific literature. Our work was focused on
the electrochemical oxidation of furylmethyl derivatives 3
bearing hydroxyl group as an internal nucleophile (Figure 1). In

[a] M. Darzina, A. Lielpetere, Prof. Dr. A. Jirgensons
Latvian Institute of Organic Synthesis
Aizkraukles 21, Riga, LV-1006, Latvia
E-mail: aigars@osi.lv
https://osmg.osi.lv/
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/ejoc.202100605

Eur. J. Org. Chem. 2021, 4224-4228 Wiley Online Library

n49Q / 2152192
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and Aigars Jirgensons*®

substrates 3 to give spirocycles 4, followed by ring-opening
involving oxidative fragmentation of the C—C bond. Both steps
can be carried out at ambient conditions, using inexpensive
graphite electrodes; however, each step required a different
supporting electrolyte and acidic additive to achieve good
yields of the product. Additionally, conditions were found for
efficient one-pot transformation of N-furfuryl amino alcohols to
esters 5 while O-furfuryl ethylene glycols under the same
conditions gave esters 5 in moderate yields.

Torii et al 1976:

o Platinum MeO. OMe
CH,0H electrodes o
\ /' (CHO,COH) ———— ~
MeOH OMe
1a-c 2
_ee
l MeOH [MeOH

€]
0. OMe e

MeO ;
R w

®
Meoﬁ/OMe

A X Fragmentation B
This work Multifunctional building blocks
Monomers for tailored polymers
R OMe
RO on Twosteps MeO
\<\_JAX/K( or one-| pot >L/U\ Me
R2
3 X=0,N-PG

Graphite

R? '
Graphite
electrodes Mmoo o O#/w electrodes

MeOH Rm,x MeOH

4 Fragmentation

Figure 1. Torii-type electrosynthesis of unsaturated esters.

this case, oxidative methoxylation should provide spirocyclic
derivatives 4 which would undergo fragmentation to give
products 5 with functionalized ester moiety. These products are
valuable building blocks for further chemical transformations,
including tailored polymer synthesis.

Results and Discussion

O-Furfuryl ethylene glycol (3a) was used as the model substrate
to find efficient conditions for the spirocycle (4a) formation by
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electrochemical oxidation of the furan ring (Table 1). The
reaction previously has been described using one-pot two-step
transformation which includes electrochemical bromination of
furan using NH,Br and a carbon anode/nickel cathode, followed
by addition of sodium methoxide.” Given the low oxidation
potential of furan, we explored direct spirocycle formation®
with a simple electrochemical setup using undivided cell and
graphite electrodes. Methanol was used as a solvent and proton
reduction as the cathode reaction. We found that the addition
of PPTS (1 equiv.) was beneficial to achieve a good yield of the
product 4a (Table 1, entry 1). Decreasing or increasing the
amount of PPTS led to a reduced yield of the product 4a
(Table 1, entries 2-4). It can be hypothesized that the addition
of PPTS prevents formation of methoxide as the reduction
product of methanol which may decrease the dimethoxylation
of furane favoring formation of spirocycle 4a.*’ A slight
increase of the total charge passed through the solution
(measured in faradays per mole of substrate (F/mol)) led to a
slightly higher yield (Table 1, entry 5), while significant increase
of the charge was detrimental to the product 4a formation
(Table 1, entry 6). LiCIO, as an electrolyte was less efficient
compared to TBABF, (Table 1, entry 7). If HFIP was used as an
additive instead of PPTS, a relatively good yield of product 4a

Table 1. Oxidative cyclization of alcohol 3a to spirocycle 4a.

1 equiv. PPTS
2.1 F/mol, 30 mA
Graphite electrodes

<)/\}/\o/\/OH 1 equiv. TBABF, Meoil/\(}{_>
\ MeOH, rt =~ d

3a (0.7 mmol) 4a (mix of diastereomers ~1:1)

Entry  Conditions® Yield of 4a"
1 none 70%

2 no PPTS 50%

3 0.5 equiv. PPTS 58%

4 2.0 equiv. PPTS 55%

5 2.5 F/mol 77%

6 4.0 F/mol 59%

7 LiClO, instead of TBABF, 59%

8 no PPTS, 20 equiv. HFIP, 4 F/mol 529

9 no PPTS, 20 equiv. HFIP, LiCIO, instead of TBABF,,  38%'°

10 45 mA, 500 mg scale 71%

[a] Deviation from the conditions given in the scheme. [b] Isolated yields
are given; [c] Precipitate deposition on cathode observed; [d] Formation
of 5a was observed, isolated yield 15%. [e] dimethoxylation product of
furane is a major by-product according to 'H-NMR of a crude mixture

R' Me
EtO, o o MeO., o o MeO, o o0—
1O IS s X e
~ ~ ~
o o o

4b, 40% 4c, R' = H, R? = Me, 60% 4e, 69%
4d, R' = Me, R? = H, 63%

MeO
Me o 0
MeO o _>
m@ w3y X
~ ~ |
o o Ts
4f, 43% 49,61% 4h, 59%

Scheme 1. Scope of spirocycle 4 synthesis.
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was observed at increased charge. However, in this case, a
significant amount of ester 5a formed as a by-product (Table 1,
entry 8). If HFIP was used as an additive and LiClIO, as an
electrolyte, poor vyield of spirocycle 4a was obtained due to
competing dimethoxylation of the furane (Table 1, entry 9).
Optimal conditions were suitable also for the oxidation of
alcohol 3a to spirocycle 4a in 0.5 g scale (Table 1, entry 10).

The scope for spirocycle 4b-h synthesis was investigated
for a wider range of ethylene glycol and amino ethanol
derivatives 3a-h bearing furfuryl substituent (Scheme 1).
Ethanol was also found to be a competent nucleophile to form
ethoxy-substituted product 4b, although in a lower yield than
4a formed with methanol as nucleophile. Moreover, electrolysis
in ethanol led to precipitate formation on the cathode.
Substitution at ethylene glycol linker in starting materials 3 c-f
gave products 4c—f with good yields. Methyl substitution at
furan 5" position in the starting material did not significantly
affect the yield of the product 4g. N-substituted amino ethanol
derivative 3h was also subjected to electrochemical cyclization
to give spirocycle 4h in good yield.

With spirocycles 4 in hand, their electroxidative fragmenta-
tion was investigated with an aim to obtain esters 5. Spirocycle
4a was used as a model compound to establish the conditions
for this step (Table 2). PPTS as an additive and TBABF, as an
electrolyte used for spirocycle 4a formation were not suitable
for obtaining ester 5a due to precipitation of the PPTS
decomposition products on the cathode during prolonged
electrolysis (Table 2, Entry 1).

When acetic acid and HFIP were used as additives, the yield
of product 5a was considerably increased, however, the
formation of an inseparable side-product along ester 5a was
observed (Table 2, entry 2). To obtain ester 5a in a good yield,
AcOH (4 equiv.) as an additive and LiClIO, as electrolyte were

Table 2. Conditions for the oxidative fragmentation of spirocycle 4a.

4 equiv. AcOH
4.0 F/mol, 20 mA OMe
Graphite electrodes MeO. OMe

Meo% 1 equiv. LICIO, U J/O
= o MeOH, rt X"

4a (0.6 mmol) 5a
Entry Conditions® Yield of 5a"
1 1 equiv. PPTS instead of AcCOH 9%
TBABF, instead of LiClO,
2 Add 20 equiv. HFIP 5896
TBABF, instead of LiClO,
3 None 68% (77 %)*
4 no AcOH 1%
5 1 equiv. AcOH 58%
6 2 equiv. AcOH 55%
7 add. 20 equiv. HFIP 67 %
8 2.0 F/mol (59%)""
9 3.0 F/mol (74%)=9

[a] Deviation from the conditions given in the scheme. [b] Isolated yields
are given if not indicated otherwise. [c] Unreacted starting material
(isolated yield: 55%). [d] Contains unidentified inseparable by-product
~15% [e] 'H-NMR-yield using 1,4-bis(trichloromethyl)benzene as an
internal standard. [f] Unreacted starting material ('"H-NMR yield: 20%) [g]

Unreacted starting material ("H-NMR yield: 5%).
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found to be crucial reaction components (Table 2, Entry 3).
Decreasing the amount of AcOH reduced the yield of product

a (Table 2, Entries 4-6). Addition of HFIP did not have an
impact on product 5a formation (Table 2, Entry 7). Notably,
4.0 F/mol of charge were needed to achieve complete con-
sumption of the starting material 4a (Table 2, Entries 8,9). This
indicated a parallel competitive oxidation process since in
theory only 2.0 F/mol are needed for the desired transformation
(vide infra). In all the experiments, the formation of ester 5a
with a Z-configuration double bond was observed while E-
isomer formation was not detected. Z-Configuration of ester 5a
was confirmed by characteristic coupling constant of double
bond protons (J=11.8 Hz) and their cross peaks in NOESY
spectra (see Supporting Information)

Spirocycles 4b-h were subjected to electrochemical oxida-
tive fragmentation to esters 5b-h using the optimized con-
ditions found for model substrate 4a (Scheme 2). Ethoxy
substituted spirocycle 4b gave product 5b in a slightly lower
yield compared to the methoxy analogue 5a. Noteworthy,
mixed acetal 5b formed exclusively, indicating that no trans-
acetalyzation with methanol takes place during the reaction.
Addition of HFIP to the reaction of substrate 4b improved the
yield of product 5b - such an effect was not observed in the
reaction of the model substrate 4a (Table 2, entry 8). Substrates
4 c—f with a substituted ethylene linker gave the desired esters
5c—f in good yields using standard conditions with no HFIP
additive. Methyl substituted substrate 4g also gave the
expected product 59, however, it was difficult to separate from
the unreacted starting material. In this case full conversion of
spirocycle 4g could not be achieved after 4.0 F/mol of charge
passed. Morpholine derivative 4 h was efficiently transformed to
the O-acylated N-protected amino alcohol 5h.

4 equiv. AcOH
4 F/mol, 20 mA (Et)
Graphite electrodes  MeO_ OMe

1 equiv. LiCIO, _ o R' [
= N O/K(X

MeOH, r.t.
R2

3 R' OMe

R
o O
E) S \—x

4b-h (0.2-0.7 mmol) 5b-h

OMe OMe OMe

Eto\i’jz j Meoﬁik I

5b, 57% c, R =
add. 20 equiv. HFIP: 70% 5d R =

MeO. OMeMe

L,

H, R? = Me, 74% 5e, 59%

Me, R? = H, 69%

rOMe
Me
Meoﬁob Meofi\i J/o
NN X0
59, 34% (NMR yield)

inseparable
from 4e

OMe OMe
MeO._ OMe

UI“

5f, 70% 5h, 72%

Scheme 2. Scope of oxidative fragmentation of spirocycles 4 to esters.
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Diol 3i derived from bis-hydroxymethylfuran was also
successfully transformed into the spirocycle 4i by anodic
oxidation (Scheme 3). However, electrochemical oxidative frag-
mentation of the spirocycle 4i gave the expected product 5i in
a relatively low yield (22 %).

One-pot synthesis of esters 5 from alcohols 3 was also
explored (Scheme 4). PPTS additive which was found beneficial
for the transformation of substrates 3 to spirocycles 4 could not
be applied for this purpose because the transformation of
intermediates 4a to ester 5a was low yielding in the presence
of this additive. Therefore, HFIP was used for the first step given
the good conversion of substrate 3a to the mixture of
compounds 4a and 5a using this additive (Table 1, entry 8).
After complete conversion of the starting material 3 at the first
stage (equal to 2.2 F/mol of passed charge), acetic acid was
added, and the electrolysis was continued for additional 4.0 F/
mol of passed charge to obtain products 5. This procedure led
to moderate yields of esters 5a,c,d from O-furfuryl ethylene
glycols 3a, c,d. Gratifyingly, this approach was more productive
in the case of synthesis of esters 5h-m containing protected
amine functionality from O-furfuryl amino alcohols 3h-m. It
should be noted that ester 5k synthesis was successfully
performed on 0.9 g scale.

Mechanisms of electrochemical bis-alkoxylation of furan and
(methoxy) anisole derivatives have been proposed previously
depending on the reaction conditions.**'” For the oxidative
fragmentation of spirocycle 4a to ester 5a two possible
pathways are provided in Scheme 5. Path A involves reversible
Sy type methanolysis of the acetal in the dihydrofuran part of
spirocycle 4a, leading to intermediate C. Electrochemical
oxidation of the hemi-acetal would give the O-centered radical
E which fragments to a-oxy-stabilized C-centered radical F.
Further oxidation of intermediate F would give oxonium ion G
which reacts with methanol giving ester 5a. The alternative
path B starts with electrochemical activation of acetal group in
spirocycle 4a to give radical cation D after which the ring opens
by methanolysis, leading to O-centered radical E. It cannot be
excluded that methanolysis of activated acetal D and fragmen-
tation occurs in a simultaneous fashion leading directly to
intermediate F.

1 equiv. PPTS
2.5 F/mol, 30 mA

HO 0 Graphite electrodes
) o
= O\) MeOH, r.t. = d

3i (0.3 mmol) 4, 77%

@f

22%

4 equiv. AcOH
4.0 F/mol, 20 mA
Graphite electrodes
1 equlv LiClO4

MeOH rt.

+ a mixture of
side-products

Scheme 3. Transformation of alcohol 3i to spirocycle 4i and its fragmenta-
tion to ester 5i.

© 2021 Wiley-VCH GmbH

Donnerstag, 05.08.2021
IS 492926/42281


https://doi.org/10.1002/ejoc.202100605

EurJOC

European Journal of Organic Chemistry

Full Papers

doi.org/10.1002/ejoc.202100605

Chemistry

Europe

1. 20 equiv. HFIP, 2.2 F/mol

OMe
o OH 2. add 4 equiv. AcOH, 3-4 F/mol
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= X\H\w 1 equiv. LiCIO, U
R? MeOH, r.t.
3a,c,d (0.25 mmol) 5a,c,d,h-m
3h-j,l,m (0.5 - 0.9 mmol) X=0,N-PG
3k (2.67 mmol)
OMe OMe
5a, (39%) 5¢c,R'=H,R2= Me, (47%)
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OMe
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U f oY pe
Pr
5h, PG =Ts, (75%) 5k, PG =Ts, (58%)
5j, PG = Ac, (69%) 51, PG = Boc, (59%)
5m, PG = Ac, (63%)
Scheme 4. One-pot synthesis of esters 5 from alcohols 3.
Path A 4 equiv. AcOH

MeOH

oo, 1@
aso

Path B

Scheme 5. Proposed mechanistic pathways for ester 5a formation from
spirocycle 4a.

To establish if path A is operational, spirocycle 4a was
subjected to the reaction conditions with no current passing
through the reaction mixture and using deuterated methanol
as the reaction solvent (Scheme 6). In this case, no deuterium
incorporation was observed by 'H-NMR even after 24 hours.
However, when the current was passed through the reaction
mixture, incorporation of deuterated methanol took place,
forming a mixture of the products ds-5a and dy,-5a (ratio 1:0.3,
detected by 'H-NMR). These results clearly indicated the
necessity of electrochemical activation for the methanolysis of
spirocycle 4a and supported path B of the product 5a
formation mechanism.

Eur. J. Org. Chem. 2021, 4224-4228 WWww.eurjoc.org

n49Q / 2152192

4227

4.0 F/mol, 20 mA DJCO
Graphite electrodes MeO. OCD;

\QO _ 1equiv. LiCIO,; _ \L)J\ J/
MeOD-d,, rt.
57% dg-5a
4 equiv.AcOH dg-5a: dg-5a~1:0.3 .
NO 1 equiv. LiCIO,

CURRENT X MeOD-d,, r:t. 0360

DsCO._o 0 D,CO._OCD,
X 1§ j

o
d;-4a do-5a

Scheme 6. Deuterium labelling experiments supporting path B of ester 5a
formation mechanism.

Conclusion

In summary, we have demonstrated an extended application of
Torii-type ester electrosynthesis from biomass-derived furan
conjugates with glycols and amino alcohols. The ester synthesis
from furanoics can be done in two steps or by using one-pot
protocol giving multifunctional building blocks and tailored
monomers for polymerization. Notably, the reactions can be
performed using undivided cell commercial electrochemical
set-up using inexpensive graphite electrodes.

Demonstration of the application for the reaction products
is planned as the next step of our research work.
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Experimental Section

Optimized conditions for spirocycle formation: Substrate
(1.0 equiv.), TBABF, (1.0 equiv.) and PPTS (1.0 equiv.) were trans-
ferred to an undivided cell (10 mL) and dissolved in freshly distilled
MeOH (7 mL). Graphite electrodes were fitted to the cell and
electrolysis was performed in constant current (30 mA) conditions
until 2.5 F/mol of charge were passed through the cell. Afterwards
the solvent was evaporated, and the product was purified using
column chromatography.

Optimized conditions for o,f-unsaturated ester formation: Sub-
strate (1.0 equiv.) and LiCIO, (1.0 equiv.) were transferred to an
undivided cell (10 mL) and dissolved in freshly distilled MeOH
(7 mL). AcOH (4.0 equiv.) was added. Graphite electrodes were
fitted to the cell and electrolysis was performed in constant current
(20-30 mA) conditions until 4.0 F/mol of charge were passed
through the cell. After electrolysis was done, TEA (4.0 equiv.) was
added, and the reaction mixture was filtered through a silica plug.
The solvent was evaporated, and product was purified using
column chromatography.

Optimized conditions for one-pot transformation of alcohols to
o,fB-unsaturated esters: Substrate (1.0 equiv.) and LiClO, (1.0 equiv.)
were transferred to an undivided cell (10 mL) and dissolved in
freshly distilled MeOH (7 mL). HFIP (20.0 equiv.) was added. Graph-
ite electrodes were fitted to the cell and electrolysis was performed
using constant current (20-30 mA) conditions until 2.2 F/mol of
charge were passed through the cell. Then AcOH (4.0 equiv.) was
added, and electrolysis was continued for another 4.0 F/mol. After
electrolysis was done, TEA (4.0 equiv.) was added, and the reaction
mixture was filtered through a silica plug. The solvent was
evaporated, and the product was purified using column chroma-
tography.

Acknowledgements

We thank Dr. Dace Rasina and Dr. Janis Veliks for scientific
discussion. The work was financially supported by LIOS student
grants 1G-2020-05 and 1G-2021-03.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Anodic oxidation - Biomass - Electrochemistry -

Furan - a,4-Unsaturated ester

[1] a) A. Corma Canos, S. Iborra, A. Velty, Chem. Rev. 2007, 107, 2411-2502;
b) E. M. Karp, T. R. Eaton, V. Sanchez i Nogué, V. Vorotnikov, M. J. Biddy,
E.C.D. Tan, D.G. Brandner, R.M. Cywar, R. Liu, L.P. Manker, W.E.
Michener, M. Gilhespy, Z. Skoufa, M.J. Watson, O.S. Fruchey, D.R.
Vardon, R.T. Gill, A. D. Bratis, G. T. Beckham, Science 2017, 358, 1307;
c) H. Li, H. Guo, Z. Fang, T. M. Aida, R.L. Smith, Green Chem. 2020, 22,
582-611; d) W. Deng, Y. Wang, S. Zhang, K. M. Gupta, M. J. Hiilsey, H.
Asakura, L. Liu, Y. Han, E. M. Karp, G. T. Beckham, P. J. Dyson, J. Jiang, T.
Tanaka, Y. Wang, N. Yan, Proc. Natl. Acad. Sci. USA 2018, 115, 5093; e) Y.
Wang, S. Furukawa, S. Song, Q. He, H. Asakura, N. Yan, Angew. Chem. Int.
Ed. 2020, 59, 2289-2293; Angew. Chem. 2020, 132, 2309-2313; f) J. He, L.

Eur. J. Org. Chem. 2021, 4224-4228 WWww.eurjoc.org

n49Q / 2152192

4228

Chen, S. Liu, K. Song, S. Yang, A. Riisager, Green Chem. 2020, 22, 6714~

6747; g) A. Hommes, H. J. Heeres, J. Yue, ChemCatChem 2019, 11, 4671-

4708; h) J. Iglesias, I. Martinez-Salazar, P. Maireles-Torres, D. Martin A-

lonso, R. Mariscal, M. Lépez Granados, Chem. Soc. Rev. 2020, 49, 5704—

5771; i) N. R. Babij, N. Choy, M. A. Cismesia, D. J. Couling, N. M. Hough,

P.L. Johnson, J. Klosin, X. Li, Y. Lu, E. O. McCusker, K. G. Meyer, J. M.

Renga, R. B. Rogers, K. E. Stockman, N.J. Webb, G.T. Whiteker, Y. Zhu,

Green Chem. 2020, 22, 6047-6054; j) Z. Sun, K. Barta, Chem. Commun.

2018, 54, 7725-7745; k) X-L. Li, K. Zhang, J.-L. Jiang, R. Zhu, W.-P. Wu, J.

Deng, Y. Fu, Green Chem. 2018, 20, 362-368.

a) Z. Zhang, G. W. Huber, Chem. Soc. Rev. 2018, 47, 1351-1390; b) V. M.

Chernyshev, O. A. Kravchenko, V. P. Ananikov, Russ. Chem. Rev. 2017, 86,

357-387; ¢)B.R. Caes, R.E. Teixeira, K.G. Knapp, R.T. Raines, ACS

Sustainable Chem. Eng. 2015, 3, 2591-2605; d)K.l. Galkin, V.P.

Ananikov, ChemSusChem 2019, 12, 2976-2982; e) B. Y. Karlinskii, A.Y.

Kostyukovich, F.A. Kucherov, K.I. Galkin, K.S. Kozlov, V.P. Ananikov,

ACS Catal. 2020, 10, 11466-11480; f) J. M. J. M. Ravasco, C. M. Monteiro,

F. Siopa, A. F. Trindade, J. Oble, G. Poli, S. P. Simeonov, C. A. M. Afonso,

ChemSusChem 2019, 12, 4629-4635; g) X. Liu, Y. Li, J. Deng, Y. Fu, Green

Chem. 2019, 21, 4532-4540; h) S. Song, V. Fung Kin Yuen, L. Di, Q. Sun,

K. Zhou, N. Yan, Angew. Chem. Int. Ed. 2020, 59, 19846-19850; Angew.

Chem. 2020, 132, 20018-20022; i) I. Scodeller, S. Mansouri, D. Morvan, E.

Muller, K. de Oliveira Vigier, R. Wischert, F. Jérome, Angew. Chem. Int. Ed.

2018, 57, 10510-10514; Angew. Chem. 2018, 130, 10670-10674; j) J.-P.

Lange, S.H. Wadman, ChemSusChem 2020, 13, 5329-5337; k) K. A.

Kuznetsov, G. Kumar, M.A. Ardagh, M. Tsapatsis, Q. Zhang, P.J.

Dauenhauer, ACS Sustainable Chem. Eng. 2020, 8, 3273-3282; |) X. Li, P.

Jia, T. Wang, ACS Catal. 2016, 6, 7621-7640; m) C. Pezzetta, L. F. Veiros,

J. Oble, G. Poli, Chem. Eur. J. 2017, 23, 8385-8389; n) M. Li, X. Dong, N.

Zhang, F. Jérdbme, Y. Gu, Green Chem. 2019, 21, 4650-4655; 0) S.P.

Simeonov, M. A. Ravutsov, M. D. Mihovilovic, ChemSusChem 2019, 12,

2748-2754.

a) S. Mohle, M. Zirbes, E. Rodrigo, T. Gieshoff, A. Wiebe, S. R. Waldvogel,

Angew. Chem. Int. Ed. 2018, 57, 6018-6041; Angew. Chem. 2018, 130,

6124-6149; b) F. J. Holzhéuser, J. B. Mensah, R. Palkovits, Green Chem.

2020, 22, 286-301; ¢) J. Carneiro, E. Nikolla, Annu. Rev. Chem. Biomol.

Eng. 2019, 10, 85-104; d)O.O. James, W. Sauter, U. Schroder,

ChemSusChem 2017, 10, 2015-2022; e) M. Garedew, F. Lin, B. Song, T. M.

DeWinter, J. E. Jackson, C. M. Saffron, C.H. Lam, P.T. Anastas, Chem-

SusChem 2020, 13, 4214-4237; f) F.W.S. Lucas, R. G. Grim, S. A. Tacey,

C. A. Downes, J. Hasse, A. M. Roman, C. A. Farberow, J. A. Schaidle, A.

Holewinski, ACS Energy Lett. 2021, 1205-1270.

[4] D. Nicewicz, H. Roth, N. Romero, Synlett 2015, 27(05), 714-723.

[5] S.R. Kubota, K. S. Choi, ACS Sustainable Chem. Eng. 2018, 6, 9596-9600.

[6] a) L.-D. Syntrivanis, F. Javier del Campo, J. Robertson, J. Flow Chem.
2018, 8, 123-128; b) T. Sigeru, T. Hideo, A. Takuo, S. Yasuo, Chem. Lett.
1976, 5(5), 495-498; ¢) Y. matsumura, K. Shirai, T. Maki, Y. Itakura, Y.
Kodera, Tetrahedron Lett. 1998, 39, 2339-2340; d) N. L. Weinberg, H.R.
Weinberg, Chem. Rev. 1968, 68, 449-523; e) N. Clauson-Kaas, F. Limborg,
K. Glens, E. Stenhagen, S. Ostling, Acta Chem. Scand. 1952, 6, 531-534;
f) T. Sigeru, T. Hideo, O. Tsutomu, Bull. Chem. Soc. Jpn. 1972, 45, 2783-
2787.

[7] H. Tanaka, Y. Kobayasi, S. Torii, J. Org. Chem. 1976, 41, 3482-3484.

[8] a) T. lwasaki, T. Nishitani, H. Horikawa, 1. Inoue, J. Org. Chem. 1982, 47,
3799-3802; b) W. C. Still, H. Ohmizu, J. Org. Chem. 1981, 46, 5242-5244.

[9] A.A. Ponomarev, I. A. Markushina, N.V. Shulyakovskaya, Khim. Geter-
otsikl. Soedin. 1970, 9, 1155-1159.

[10] a) T. Sumi, T. Saitoh, K. Natsui, T. Yamamoto, M. Atobe, Y. Einaga, S.
Nishiyama, Angew. Chem. Int. Ed. 2012, 51, 5443-5446; Angew. Chem.
2012, 124, 5539-5542; b) X. Barros-Alvarez, K. M. Kerchner, C. Y. Koh, S.
Turley, E. Pardon, J. Steyaert, R. M. Ranade, J.R. Gillespie, Z. Zhang,
C.L. M. J. Verlinde, E. Fan, F.S. Buckner, W. G. J. Hol, Biochimie 2017,
138, 124-136; c) M. A. Shipman, S. Sproules, C. Wilson, M. D. Symes, R.
Soc. Open Sci. 2019, 6, 190336.

[2

[3

Manuscript received: May 18, 2021
Revised manuscript received: July 9, 2021

© 2021 Wiley-VCH GmbH

Donnerstag, 05.08.2021
IS 49298/499281


https://doi.org/10.1021/cr050989d
https://doi.org/10.1126/science.aan1059
https://doi.org/10.1039/C9GC03655E
https://doi.org/10.1039/C9GC03655E
https://doi.org/10.1073/pnas.1800272115
https://doi.org/10.1002/anie.201912580
https://doi.org/10.1002/anie.201912580
https://doi.org/10.1002/ange.201912580
https://doi.org/10.1039/D0GC01869D
https://doi.org/10.1039/D0GC01869D
https://doi.org/10.1002/cctc.201900807
https://doi.org/10.1002/cctc.201900807
https://doi.org/10.1039/D0CS00177E
https://doi.org/10.1039/D0CS00177E
https://doi.org/10.1039/D0GC02063J
https://doi.org/10.1039/C8CC02937G
https://doi.org/10.1039/C8CC02937G
https://doi.org/10.1039/C7GC03125D
https://doi.org/10.1039/C7CS00213K
https://doi.org/10.1070/RCR4700
https://doi.org/10.1070/RCR4700
https://doi.org/10.1021/acssuschemeng.5b00473
https://doi.org/10.1021/acssuschemeng.5b00473
https://doi.org/10.1002/cssc.201900592
https://doi.org/10.1021/acscatal.0c02143
https://doi.org/10.1002/cssc.201902051
https://doi.org/10.1039/C9GC01767D
https://doi.org/10.1039/C9GC01767D
https://doi.org/10.1002/anie.202006315
https://doi.org/10.1002/ange.202006315
https://doi.org/10.1002/ange.202006315
https://doi.org/10.1002/anie.201803828
https://doi.org/10.1002/anie.201803828
https://doi.org/10.1002/ange.201803828
https://doi.org/10.1002/cssc.202001376
https://doi.org/10.1021/acssuschemeng.9b06881
https://doi.org/10.1021/acscatal.6b01838
https://doi.org/10.1002/chem.201701850
https://doi.org/10.1039/C9GC02206F
https://doi.org/10.1002/cssc.201900601
https://doi.org/10.1002/cssc.201900601
https://doi.org/10.1146/annurev-chembioeng-060718-030148
https://doi.org/10.1146/annurev-chembioeng-060718-030148
https://doi.org/10.1002/cssc.201700209
https://doi.org/10.1002/cssc.202000987
https://doi.org/10.1002/cssc.202000987
https://doi.org/10.1021/acsenergylett.0c02692
https://doi.org/10.1021/acssuschemeng.8b02698
https://doi.org/10.1007/s41981-018-0016-3
https://doi.org/10.1007/s41981-018-0016-3
https://doi.org/10.1016/S0040-4039(98)00148-8
https://doi.org/10.1021/cr60254a003
https://doi.org/10.3891/acta.chem.scand.06-0531
https://doi.org/10.1021/jo00883a039
https://doi.org/10.1021/jo00140a051
https://doi.org/10.1021/jo00140a051
https://doi.org/10.1021/jo00338a046
https://doi.org/10.1002/anie.201200878
https://doi.org/10.1002/ange.201200878
https://doi.org/10.1002/ange.201200878
https://doi.org/10.1016/j.biochi.2017.04.006
https://doi.org/10.1016/j.biochi.2017.04.006
https://doi.org/10.1098/rsos.190336
https://doi.org/10.1098/rsos.190336
https://doi.org/10.1098/rsos.190336

2. pielikums / Appendix 2

Briede, S.; Platnieks, O.; Darzina, M.; Jirgensons, A.; Gaidukovs, S.
Effect of novel furan-based ester reactive diluent on structure and properties of
UV-crosslinked acrylated rapeseed oil.

J. Polym. Sci. 2023, 61,3318-3328.

https://doi.org/10.1002/pol.20230451

Reprinted with permission from Wiley

Copyright © 2023 Wiley-VCH GmbH

The Supporting Information is available free of charge on the Wiley website:

https://doi.org/10.1002/pol.20230451



Received: 1 July 2023

Revised: 9 September 2023

W) Check for updates

Accepted: 18 September 2023

DOI: 10.1002/pol.20230451

RESEARCH ARTICLE

JOURNAL OF
POLYMER SCIENCE

WILEY

Effect of novel furan-based ester reactive diluent on
structure and properties of UV-crosslinked acrylated

rapeseed oil

Sabine Briede' |

Aigars Jirgensons?>

!Institute of Polymer Materials, Faculty of
Materials Science and Applied Chemistry,
Riga Technical University, Riga, Latvia

*Latvian Institute of Organic Synthesis,
Riga, Latvia

Correspondence

Sergejs Gaidukovs, Institute of Polymer
Materials, Faculty of Materials Science
and Applied Chemistry, Riga Technical
University, P. Valdena 3/7, Riga LV-1048,
Latvia.

Email: sergejs.gaidukovs@rtu.lv

Funding information

European Social Fund, Grant/Award
Number: 8.2.2.0/20/1/008; Latvian
Institute of Organic Synthesis,
Grant/Award Number: 1G-2023-07;
Latvijas Zinatnes Padome, Grant/Award
Number: 1zp-2022/1-0485; Rigas Tehniska
Universitate.Doctoral Grant Programme

1 | INTRODUCTION
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Abstract

Unsaturated furan-based ester (UES) was prepared by green electrosynthesis
using a single-cell setup and inexpensive graphite electrodes. The UES was
validated as a reactive diluent for a bio-based acrylated rapeseed oil (ARO). UV-
light photopolymerization of the bio-based resin was initiated using a diphenyl
(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) radical photoinitiator. The
addition of 20 wt% UES to ARO dropped the resin viscosity by 1.6-fold.
Incorporating 5 wt% UES into the ARO resin increased crosslinking density v,
from 1.07 to 1.65 mol/m>. Fourier-transform infrared spectroscopy (FT-IR) spec-
tra revealed that ARO has been grafted with UES. The UES functional moieties
promote the formation of soft mobile dangling chain end segments in the devel-
oped macromolecular network. UV-cured thermoset polymer reveals distinct
morphologies in SEM micrographs, indicating notable structural changes with
the addition of UES. A total of 5 wt% UES increased tensile strength from 0.49
to 0.55 MPa and storage modulus from 7.9 to 12.0 MPa at room temperature
(22 £1 °C). The biodegradability in composting conditions was investigated,
and up to 28% of the initial mass was lost after 60 days. UES was shown as to be
efficient reactive diluent that can successfully replace fossil-based acrylate

monomers in vegetable oil-based thermoset polymer synthesis.

KEYWORDS

bio-based, biodegradation, mechanical properties, Photopolymerization, vegetable oil

known drawbacks, such as toxicity.> Nebioglu et al. syn-
thesized UPE acrylates to evaluate the internal and termi-

Unsaturated polyester (UPE) oligomers are used in
photopolymerization because of their ability to cure upon
UV irradiation.” UPEs can form a crosslinked network
through intramolecular and intermolecular reactions.
Often, monomers are combined with UPEs to increase
the reactivity.” Styrene is the most common reactive dilu-
ent used in UPE systems to reduce viscosity, increase
crosslink density, and reduce cost, but its use comes with

nal double bond position effects in UV-curable network
formation.* The authors reported that the final conver-
sion of the internal double bonds was not much
lower than that of the terminal double bond. Thus,
monomer structures are not limited by double bond
location. With new sustainability goals set by European
Union, the search for alternatives requires the integra-
tion of bio-based monomers.” For this purpose, we
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explored bio-based monomers obtained from furan-
based derivatives in a green manner via electrosynthesis
as a possible reactive diluent for enhancement of UV-
curable thermosets prepared from unsaturated polyester
(UPE) oligomers.

White et al. reported a nonvolatile and “green”
ionic liquid 4-vinylbenzyl trioctyl phosphonium
bis(trifluoromethanesulfonyl)imide (VBTOP Tf,N) as a
reactive diluent for UPE oligomers containing internal
double bonds from maleic acid anhydride.® In combina-
tion with dimethoxyethane as an unreactive diluent, they
produced resins suitable for stereolithography, where 3D
printed networks reached an ionic conductivity of
1 x 107> Scm ! at 150 °C. Another grafting using male-
ate esters with an internal double bond was done by Esen
et al.” First, epoxidized soybean oil was reacted with
monomethyl maleate. Afterward, monomethyl maleate
was treated with maleic anhydride, yielding a high unsa-
turation of 4.9 maleates per triglyceride. Finally, the syn-
thesized maleates were copolymerized with styrene, vinyl
acetate, and methyl methacrylate as reactive diluents.
Superior properties were observed after treatment
with maleic anhydride compared to monomethyl maleate
due to the increased number of internal double bonds.
As a result, the glass transition temperature increased
from 55°C to 90 °C for produced styrene copolymers.
Bonneaud et al. observed only partial homopolymeriza-
tion of synthesized maleate ester, whereas the copolymer-
ization with oligo(hexafluoropropylene) vinyl ether was
much faster.® The complete conversion was achieved in
less than 40s, and highly hydrophobic polymers were
obtained. Wei et al. studied fumarates instead of mal-
eates.” Fumarates have lower reactivity than acrylates
and methacrylates, and their kinetics depend on the UV
initiator, monomer molecule size, and monomer concen-
trations. The authors investigated electron density distri-
bution and its influence on the copolymerization
behavior of fumarate esters. The vinyl ester double bonds
of divinyl fumarate are electron more affluent, and the
fumarate double bonds are electron poorer compared to
nonconjugated analogues; therefore, for example, thiol
addition to the internal fumarate double bond of divinyl
fumarate was much faster than that of diethyl fumarate.
Thus, the polymerization rate of vinyl ester groups was
faster than that of fumarate groups.

Recently, interest has grown in plant and vegetable
oil-based UV-curable monomers with various unsatu-
rated pendant moieties or groups synthesized and
researched.’®! Yang et al. used the Diels-Alder process
to synthesize tung oil monomer (TOA) with cyclic
internal unsaturation moieties using acrylic acid.'"* The
subsequent step involved a glycidylation reaction and
ring-opening esterification producing a liquid monomer

(TOA-GMA) with both internal and terminal unsatura-
tion. Next, TOA-GMA was mixed with myrcene and
modified with acrylic acid yielding the monomer
(ADMM). High TOA-GMA content in a mixture with
ADMM resulted in a strong preference for homopolymer-
ization. In addition, TOA-GMA viscosity and branching
were higher than ADMM, limiting the monomer from
free movement. Despite low rates of copolymerization,
the double bond conversion of copolymers was up to
95%. In another study, vegetable oil-derived dimer acid
was combined with glycidyl methacrylate to create mono-
esters with a methacrylate group.'® The distance between
the two methacrylate groups was adjusted using a die-
poxy extender. The final dimethacrylate was UV cross-
linked for 10s, reaching a double bond conversion of
82%. Meng et al. obtained castor oil-derived acrylate in a
transesterification reaction with N-hydroxyethylacryla-
mide, which, after polymerization with acrylic acid,
methyl methacrylic acid, and butyl acrylate, formed a
multifunctional substituted polyacrylate.’* The authors
evaluated the material's performance as a wood coating
with pencil hardness up to 3H, tensile strength up to
12.2 MPa and elongation up to 301.5%. Wei et al. reported
castor oil-based hyperbranched acrylate (C20AA) synthe-
sis.’® The authors studied the potential of replacing poly-
urethane acrylate with bio-based C20AA and achieved
the best results with 40 wt% of C20AA, which showed
the highest double bond conversion of 83.7% after
UV-curing. Chen et al. revealed an efficient photoredox
catalytic method for radical-mediated functionalization
of internal alkenes.'® Four alkenes with internal double
bonds were investigated in free-radical thiol-ene click
reaction. The predicted order of reactivity of these inter-
nal alkenes was: norbornene > fumarate > maleimide >
crotonate.’

Despite the growing research into environmentally
friendly UV-curable materials, most commercial solu-
tions rely on fossil-based monomers because of their high
reactivity.'® Our previous study showed the feasibility of
the commercially available biobased components as a
modifier for vegetable oil acrylate coatings.’® In this
study, we propose a novel biobased unsaturated furan-
based ester (UES), which can successfully replace fossil-
based reactive diluents like trimethylolpropane triacry-
late (TMPTA),”® broadly commercially available nowa-
days. Herein, furan-based unsaturated ester as a reactive
diluent for vegetable oil acrylate is explored with 5 and
20 wt% loadings.

Vegetable oils have been used for the synthesis of
polymer materials for decades. The current study focuses
on the use of rapeseed oil as one of the most popular
plant oils in Europe, consisting of more than 90% unsatu-
rated acids.?' Moreover, acrylated rapeseed oil (ARO) has
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displayed much promise for developing new effective
formulations used as resins for coatings, composites,
foams, and 3D printing.”*>* Herein, ARO has been
grafted with UES through a UV-light-initiated photopo-
lymerization crosslinking approach. UV curing was cho-
sen due to its sustainability, versatility, and significant
energy-saving aspects. The current research is focused
on the reactivity and compatibility investigation of the
lab-synthesized bio-based monomers, obtained resin
properties, and light-cured thermoset biopolymer struc-
tural performance.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Unrefined rapeseed oil was purchased from a local pro-
ducer, “Iecavnieks” (Latvia). Acrylic acid, BF5-Et,0, hex-
ane, NaHCO;, Na,SO,, acetone, and photoinitiator
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO)
were supplied by Sigma Aldrich. LiClO,, MeOH, AcOH,
and triethylamine (TEA) were supplied by Acros and
Sigma-Aldrich. All chemicals were used as received
unless otherwise stated.

2.2 | Synthesis of photoactive
components
As described in our previous work, the furan-based

unsaturated ester (UES) monomer was obtained in two
electrochemical steps from furfurylated ethylene glycol X

(A) 1.0 equiv. PPTS
0.5 equiv. TBABF;

0 o—/_OH Aeaty Meo‘tlio)io}
E/)_/ MeOH = o

FIGURE 1

(Figure 1A).> First, it was electrochemically transformed
to a spirocycle, which was then subjected to electrochem-
ically induced rearrangement to form UES. Electrolysis
was performed using the commercially available poten-
tiostat Electrasyn 2.0.

The procedure is as follows: In the first electrolysis,
furfurylated ethylene glycol, the supporting electrolyte
TBABF,, and the additive PPTS were transferred to an
undivided cell, and dissolved in dry MeOH. Graphite
electrodes were fitted to the cell and electrolysis was per-
formed in constant current conditions until 2.3 F/mol of
charge was passed through the cell. Afterward, the sol-
vent was evaporated, and the product was purified using
column chromatography (74% yield). During the second
electrolysis, the spirocycle and supporting electrolyte
LiClO,4 were transferred to an undivided electrochemical
cell and dissolved in distilled MeOH. Then the additive
AcOH was added. Graphite electrodes were fitted to the
cell, and electrolysis was performed under constant cur-
rent conditions. A total of 4.0 F/mol of charge was passed
through the cell until all the starting material was con-
sumed. After electrolysis, TEA was added, and the reac-
tion mixture was filtered through a silica plug. The
solvent was evaporated, and the product UES was puri-
fied using column chromatography (63% yield). The for-
mation of UES with a Z-configuration double bond was
observed, while E-isomer formation was not detected.
The full synthesis procedure starting with furfuryl alco-
hol is available in supplementary file.

The acrylation reaction of rapeseed oil is shown in
Figure 1B. Rapeseed oil, acrylic acid, and BF;-Et,O as
catalyst were mixed in a round-bottom flask and stirred
for 5h at 80°C before being left overnight at room

4.0 equiv. ACOH OMe
1.0 equiv. LiCIO,4
30mA, 4.0 F MeO. OMe o)

AEaiCiCe. U J/
Unsaturated
MSEH,RE = (0) ester (UES)
) ‘>\
(¢} (o}
e} O

o) Acrylated (0]

O:; rapeseed oil
V

(ARO)

Synthesis of used materials (A) Unsaturated furan-based ester (UES) and (B) acrylated rapeseed oil (ARO).
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temperature (22 +1°C). In the work-up, the organic
phase was dissolved in hexane, washed with a NaHCO;
solution, dried over Na,SO,, and filtered. The solvent was
removed via a rotary evaporator to obtain liquid acrylated
rapeseed oil (ARO).

2.3 | Resin preparation

The UV-curable resins were prepared by mixing liquid
ARO resin with 5 and 20 wt% liquid UES (approximately
1 mol ARO double bond equivalent was mixed with 0.1
and 0.4 mol UES double bond equivalent). Next, 3 wt%
TPO dissolved in a small amount of acetone was added to
each resin, mixed, and left overnight under the hood
to allow the acetone to evaporate, yielding compositions
ARO/UESS5 and ARO/UES20, respectively.

2.4 | UV-curing and sample film
preparation

Liquid resins were applied on a glass substrate using an
applicator with a wet film thickness of 20 mils (508 pm).
Then samples were cured under monochromatic condi-
tions (4 = 405 nm) at a UV intensity of 400 pW cm 2 at a
distance of 3 cm. The curing time was set to 70 s. After
treating the samples’ surfaces with acetone to remove the
unreacted resins, they were peeled off and free-standing
polymer films were obtained.

2.5 | Characterization

2.51 | Viscosity

The viscosity of liquid resins was measured on an Anton
Paar MCR102 rheometer (Graz, Austria). The instrument
was equipped with a 25 mm diameter spindle with plate-
plate geometry. The measurement gap was set to 0.1 mm,
and the shear rate range was set from 0.01 1 to 1000 s~ .

2.5.2 | Fourier-transform infrared
spectroscopy

Fourier-transform infrared spectroscopy (FT-IR) per-
formed in attenuated total reflectance mode was used for
the investigation. FT-IR Nicolet 6700 (ThermoScientific,
Germany) was used to analyze the prepared samples.
With 16 measurements, of which the average spectrum is
displayed, a measurement error of 1% was achieved.

2.53 | UV-Vis spectroscopy

UV-Vis spectra of UV-cured samples were measured on
a Shimadzu SolidSpec3700 UV-VIS-NIR spectropho-
tometer (Kyoto, Japan) with a 60 mm diameter integra-
tion sphere and a wavelength precision of 0.5 nm in the
wavelength range of 300-700 nm. Tests were performed
on UV-cured samples with a width of 250 pm in
transmittance mode.

2.54 | Tensile tests

Tensile tests were performed on cured free-standing films
to study the tensile behavior. Elongation at break, tensile
strength, and tensile modulus were recorded on Tinius
Olsen model 25ST (Horsham, PA, USA). All tensile tests
were conducted at room temperature (22 +1°C) at a
1 mm min~" strain rate and repeated thrice. The average
results are reported. Before measurements, samples were
preconditioned for 24 h at room temperature with a
RH of 40%.

2.5.5 | Scanning electron microscopy

A field emission scanning electron microscope
(FE-SEM) Nova NanoSEM 650 (the Netherlands) was
used to characterize the cross-sectional morphology of
the cured samples. The samples were submerged in lig-
uid nitrogen, cooled for about 60 s, removed from liquid
nitrogen, and fractured with a light stroke of a hammer.
Images were taken of the fractured cross-sections of the
films. The samples were attached to standard 45°/90°
angled aluminium pin stubs with electrically conductive
double-sided carbon tape. The image was acquired with
a 10 kV electron acceleration voltage in low vacuum
conditions.

2.5.6 | Dynamic mechanical analysis

The cured free-standing films’ storage modulus, loss
modulus, and loss factor (tand) were recorded using a
dynamic mechanical analyzer Mettler DMA/SDTA861e
(Mettler Toledo, Columbus, OH, USA). The experiment
was carried out in tension mode from —70 °C to 100 °C
with a 3°C min~' heating rate, the applied force of
10 N and 10 pm elongation, and a frequency of 1 Hz.
The photopolymerized films were prepared with dimen-
sions of 8.5mm (length) x 4 mm (width) x 0.2 mm
(thickness).
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2.5.7 | Thermogravimetric analysis
The thermal properties of cured samples were obtained
using a thermogravimetric analyzer Mettler TGS50
(Mettler Toledo, USA). About 10 mg of each cured sam-
ple was heated from 25 °C to 750 °C at a heating rate of
10 °C min ! under an inert (N,) atmosphere.

2.5.8 | Biodegradation

To measure the density (d) Sartorius KB BA 100 electronic
scales with a Sartorius YDK 01 hydrostatic density mea-
suring kit were set up. The following equation was used
to determine the composite densities:

_ my (dEtOH - dair)

d
dwater(ma - ms)

+ dair,

where m, is the sample's measured mass in the air; my is
the sample's measured mass when the sample is sub-
merged in ethanol; dgop is the density of ethanol
(0.805 g/cm3), which was measured with the aerometer;
d,;; is the density of the air (0.00120 g/cm?®), and dyqer iS
the density of the water (0.99983 g/cm®). For measure-
ments, 10 replicates of each sample were utilized.

Soil burial tests evaluated the biodegradation of
films. The weight loss of the films was studied under
aerobic simulated composting conditions at 58 °C, soil
humidity above 50% and a pH range between 5.7 and
6.5. Thin films were cut into rectangular shapes
(10 mm x 10 mm x 0.1 mm) and sandwiched between
sieves. Specimens were submerged in a commercial
compost soil of local Latvian swamp peat (Formoss,
Latvia) and packed in plastic containers. Recovered
samples were cleaned with a brush and washed with
distilled water. Before the measurements, specimens
were vacuum dried for 4-6 h at 37 °C. The specimen's
weight was measured before the test (reference abbre-
viated as 0 days) and on days 30, 40, 50, and 60. The
remaining mass in percentage was calculated after
measurements.

3 | RESULTS AND DISCUSSION

3.1 | Chemical structure, reaction
analysis, and physical properties

The radical photopolymerization crosslinking between
ARO and UES is shown in Figure 2A. Reaction (1) occurs
between ARO and UES vinyl groups, forming dangling
chains. The free radical generation is mainly restricted to

a terminal double bond, whereas the conversion of inter-
nal double bonds usually remains challenging because
the increased steric congestion hampers the intermolecu-
lar addition of radicals.'"® UES contains an internal dou-
ble bond; therefore, reaction (2) between two unsaturated
bonds of UES should be the slowest and occurs with a
low probability. Internal alkenes are linked to more car-
bons along the chain, where the surrounding carbons sta-
bilize their = bonds. This makes them more stable and
less reactive than terminal alkenes.?® The third crosslink-
ing reaction (3) is between two ARO molecules and is
likely to be favored and occur faster than other reactions.
This could be explained by the terminal double bonds in
the ARO structure. Since the terminal double bond is
located at the end of the chain, it is only connected to pri-
mary carbon, which is the least stable. In addition, more
rotational energy and higher steric freedom enable the
terminal double bond to react more efficiently.*”

Figure 2B visualizes the possible macromolecular
chain network structure. The formation of the resulting
macromolecular chain network with incorporated mobile
pendant dangling chain ends may be explained by the
many factors that affect crosslinking polymerization reac-
tions.*® The fatty acid composition, the nature of the oil,
and the number of carbon-carbon double bonds, and
dangling chains strongly impact the developed macromo-
lecular structure and crosslinking quality. The long dan-
gling chains present in the triglyceride structures have
been reported to act as plasticizers, which can lower the
mechanical properties (e.g., elastic modulus and tensile
strength) of the polymer-based material. While the short
dangling chains, resulting from furan-based unsaturated
ester, cannot be counted as elastically effective chains but
contribute to the free volume of the material and chain
relaxation phenomena.” In turn, the observed dangling
chains account for the crosslinking network degree and
decrease in the glass transition temperature of the devel-
oped polymer. The crosslinking density v,, calculated by
the Flory-Rehner equation as reported elsewhere,**>!
increased significantly from 1.07-10° to 1.65-10° mol/m?
for ARO and ARO/UESS5 (ARO with 5 wt% UES), respec-
tively. The improved crosslinking density after incorporat-
ing 5 wt% of UES enhances the polymer materials' tensile
strength, storage modulus and glass transition temperature
(discussed in the following sections). The materials’ mea-
sured density is 1.009 + 0.0029, 1.013 + 0.0017, and 1.003
+ 0.0056 g/cm® for ARO, ARO/UES5, and ARO/UES20,
respectively. The proposed reactive diluent UES facilitates
the crosslinking of chains; it also significantly decreases
the resin viscosity, as shown in Figure 2C. With 20 wt%
UES, the resin viscosity drops approximately 1.6 times. A
biobased diluent, cardanyl acrylate, was used as a reactive
diluent for UV-curable castor oil-based polyfunctional
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FIGURE 2 (A) Possible reactions between ARO and UES; (B) schematic illustration of ARO and UES crosslinked network; (C) viscosity
dependence on shear rate; (D) FT-IR spectra of UES and ARO liquid resins and polymerized samples; (E) UV-VIS transmittance spectra of
sample films; (F) Optical images of sample films.
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polyurethane acrylate resin.*> With the addition of 20 wt%
cardanyl acrylate, viscosity dropped from 1360 to
340 mPa s. Dipak et al. used a bio-based castor oil-based
reactive diluent as an additive to lower the viscosity of
UV-curable urethane acrylate oligomer.*> The authors
showed that viscosity dropped from about 1070 mPa-s
(neat) to about 560 mPa-s for resin that contained 20 wt%
reactive diluent. Zhang et al. reported the successful use of
bio-based of methacrylated eugenol as a reactive diluent
for maleinated acrylated epoxidized soybean oil.>* While
viscosities between matrices vary significantly, it can be
noted that methacrylated eugenol has a viscosity of about
110 mPa s (shear rate up to 100 s—*). Hence, UES acts as
an effective reactive diluent, achieving viscosity values
comparable to those presented in the literature.

Figure 2D reveals the FT-IR spectra of liquid resins
ARO and UES (resin ARO, and resin UES, respectively)
and respective UV-cured polymers (ARO, ARO/UESS5,
and ARO/UES20). The characteristic UES vibrational type
peaks can be seen in ARO/UES5 and ARO/UES20 sam-
ples (marked with pink arrows). Characteristic peaks of
ARO are described in detail elsewhere.”*> We are interested
in the internal double bond peak for UES and ARO's ter-
minal double bond peak. Double bond peaks at 1636 and
1619 cm ™' in ARO resin spectra and 1659 cm™ ' in UES
resin spectra (black arrows) almost fully disappear after
UV curing.*® From two ARO peaks, only a minimal peak
remains at 1619 cm %, while in the ARO/UES20 spectra at
1659 cm ™" some traces of unreacted UES double bonds
can be observed. Thus, FTIR serves as an indication of the
high conversion rate of double bonds. It is also testified by
boosting up to 90% optical transmittance in the UV-VIS
region of the developed polymer film when the UES
monomer is incorporated (Figure 2E). The excellent opti-
cal transparency of the obtained films can be seen in the
optical images in Figure 2F. Some reactive groups remain
in the polymer after complete photopolymerization and
absorb in specific regions (i.e., below 400 nm).>> At the
same time, UES enhances the polymer's overall optical
transparency, which could also be related to the observa-
tions that reactive diluent increases the crosslinking den-
sity of the developed polymer network.

3.2 | Tensile properties

Tensile test stress-strain curves are shown in Figure 3. With
the addition of UES, tensile strength increased from 0.49 to
0.55 MPa for ARO/UES5, while a decrease was observed for
ARO/UES20 showing a value of 0.31 MPa. Two distinct
stress-strain patterns are visible, with ARO/UES20 following
the curve of ARO, while ARO/UES5 becomes noticeably
stiffer. This observation is complemented by tensile modulus
values of 9.2, 16.2, and 7.9 MPa for ARO, ARO/UES5, and

0.6

—— ARO
ARO/UES5
—— ARO/UES20

0 1 2 3 4 5 6 7 8
Strain (%)

FIGURE 3 Stress-strain curves of UV-cured polymers.

ARO/UES20, respectively. This can be explained by an
increased crosslink density in ARO/UESS. The content of
long fatty acid aliphatic chains is lowered by adding UES.
Small molecules of UES can find the optimal placements in
the structure and provide strong intermolecular bonding. It
should be noted that the ARO double bond reactivity is lim-
ited by steric interference; thus, ARO cannot reach 100% of
double bond conversion. However, smaller UES molecules
can overcome these limitations and add denser intermolecu-
lar bonding on top of chemical crosslinking; as such, a mate-
rial's tensile strength and tensile modulus increase.

Adding 20 wt% of UES introduces a notable amount
of the second component. This opens several routes of
possible interactions. As a smaller molecule, UES can
more easily find double bonds to react with, hindering
the formation of a strong crosslinked network of ARO,
resulting in lower chemical cross-linking. Thus, reduc-
ing crosslinking between ARO and adding too many
dangling chains and a plasticizing effect.”” While a
notable amount of the second component can also yield
the formation of an additional phase in the thermoset
structure.>® If the material's phase interface is weak,
then a drop in mechanical properties is observed.>” The
decreased elongation (strain) values for ARO/UESS
match the observed increase in tensile modulus, thus
clearly indicating structural changes attributed to
enhanced crosslinking. While for ARO/UES20, the
decrease in strain is assigned to disrupted ARO net-
work, which cannot achieve the conformation changes
required for elongation due to interference of the sec-
ond phase or dangling chains.

3.3 | Morphology of sample films

The morphology of the UV-cured films was examined
with SEM. The micrographs of cured samples are shown
in Figure 4. The incorporation of UES increased the
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overall roughness of the fracture surface. No visible
phase separation can be observed, indicating that both
components are cross-linked. The enhanced fracture
roughness indicates structural changes related to
increased crosslinked network complexity. Thus, frac-
ture forms and finds a route that spreads through the
weakest structural links. The pronounced cracks of
ARO/UESS indicate elongation of the fracture route,
which matches the observed increase in tensile strength.
In the case of ARO/UES20, the uneven fracture surface
could be explained by stress concentrations and very
loosely connected regions in the thermoset structure,
which serves as multiple failure points that connect dur-
ing fracture. The complex nature of the observable sur-
face for ARO/UES20 also indicates that components did
not react in balanced proportions, creating local defects,
which explain the decrease in tensile properties.

3.4 | Dynamic mechanical analysis

Storage modulus, loss modulus, and loss factor (tans)
graphs for ARO and ARO/UESS5 are shown in Figure 5.

Tensile test results showed that adding 5wt% UES
increased storage modulus. Given the similarities between
the storage modulus and tensile modulus, the increase
observed for ARO/UES5 matches the abovementioned
observations. ARO showed 7.9 MPa and ARO/UESS5
12.0 MPa at 22 °C (Figure 5A). The difference in storage
modulus values reached as high as 583 MPa at —60 °C.
The loss modulus shows the materials dissipated energy,
which peaks at the glass transition, where large segmental
motions start to occur.’®** The ARO/UES5 saw an
increase of the glass transition temperature by 2 °C and
had an increased peak maximum and broader overall
shape compared to ARO. This indicates that crosslinking
between ARO molecules was enhanced, while UES chains
restricted segmental rearrangements, as indicated by
increased loss modulus value. In the tan$ graph, the nar-
rower peak of ARO/UESS indicates the structural changes
in the ARO network as molecular relaxations take place at
slightly lower temperatures. Also, a slightly lower tand
peak maximum of ARO indicates a more rigid structure of
the macromolecular network. Still, in a viscoelastic state,
the material proved to have higher resistance to deforma-
tion, as indicated by increased storage modulus and

I I

FIGURE 4 Fracture surface SEM images at 2500x magnification: (A) ARO; (B) ARO/UESS5; and (C) ARO/UES20.
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FIGURE 5 Dynamic mechanical analysis (DMA) curves for cured samples: (A) Storage modulus and tand and (B) Loss modulus.
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crosslinking degree. This could be explained by changes in
chain structural packing, augmented chain intermolecular
entanglements and enhanced crosslinking degree.

Tensile tests and dynamic mechanical analysis
(DMA) both indicate that ARO-based polymers in this
study yield relatively soft materials. At the same time, if
more rigid properties are desired, several modification
strategies can be applied. First, aimed at increased
glass transition, which can be achieved by increasing
crosslinking density, for example, by the use of additional
polyfunctional reactive diluents, additional steps to
enhance acrylation degree of vegetable oil, and improve
post-curing processes.*’ Second, the use of reinforcement
via the preparation of biocomposites could be considered.
This can be achieved with the use of nanofillers like
nanocellulose.*!

3.5 | Thermogravimetric analysis
Thermogravimetric analysis (TGA) and derivative thermo-
gravimetric (DTG) curves for the samples are shown in
Figure 6. The initial thermal decomposition temperature of
crosslinked ARO/UES was lower than that of neat ARO.
With the addition of UES, the Tsq, which indicates the
weight loss at 5 wt%, decreased from 289 to 271 and 204 °C
for ARO/UES5 and ARO/UES20, respectively (Figure 6A).
TGA revealed a linear decrease in Ty temperature, propor-
tional to UES content (Figure 6A inset plot).

A three-step degradation pattern is observed for all
samples in Figure 6B. The first peak is attributed to the
degradation of the crosslinked ester-ether moieties in
the UES side chain.*? The maximum rate of ester decom-
position is reached at around 205°C. While the first
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notable weight drop in ARO is attributed to more loosely
connected sections of the network. The second visible
peak with a maximum of around 350 °C is assigned to the
degradation of acrylic moieties and the polymer backbone.
The maximum degradation rate (Ty.) is achieved
between 370 and 430 °C, resulting from chain scission in
the oil-based ester groups.** The remaining degradation
products are further carbonized at a higher temperature.
Over 600 °C, pyrolysis occurs with little weight loss.**

3.6 | Biodegradation studies in the
composting conditions

Reactive diluents are typically fossil vinyl monomers, and
their addition into the formulation increases the non-
degradable component of the product.** In the literature,
there is no evidence for the commonly used cross-
linked reactive diluents like (2-hydroxyethyl methacry-
late (HEMA) to be biodegradable.*’

The percentage weight loss in composting conditions
for ARO and ARO/UES films is presented in Figure 7A.
Furthermore, Figure 7B visualizes the samples after
removal from the soil. Although ARO showed 28% weight
loss after 2 months, the degradation rate remained rela-
tively stable but slightly decreased over time. The composi-
tions with UES showed a similar degradation rate during
the initial 30 days compared to ARO but afterwards saw a
significant drop in degradation speed. We assume that
fatty acid hydrolysis is the primary reaction that occurs
during biodegradation, and the presence of UES obstructs
microbial activity and limits access to ester bonds. The
ARO/UES20 degraded slightly faster than ARO/UESS.
This could be explained by the looser structure that lacks
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FIGURE 6 TGA of photocured polymers containing varied amounts of UES: (A) TGA thermogram (the inset plot reveals the trend in

Tq,54 With increasing UES content); (B) Derivative thermogram (DTG).

IPUOD pue SWB | 8Y) 39S *[£20Z/0T/50] U0 AReiqi auniuo Ao ‘eIAT JO AISBAIIN AQ TSPOEZOZ 100/200T OT/10p/L0D" A 1M AReiq 1 jou|UO//SHNY WOy papeojumoq ‘0 ‘69TYZr9Z

o Areiq 1 put|uoy/sd:

35S0 17 SUOLILLIOD BAIEa.D ajqedt|dde ay Aq pausenoh aie sap e YO ‘8sn JoSajn Joj Ariq1auluo 3|1 uo



10
Y| WILEY_ st

BRIEDE ET AL.

404 (A)
354 —#—ARO ¥
ARO/UES5 T
30{ —A— ARO/UES20
X
< 925
[ i &
3 ¥
9 90
5
‘© 154
2 —
10+
5 ] .
0 T T T T —>
0 30 40 50 60 50 60  Time (days)
Time (days)
FIGURE 7 (A)) Weight loss of ARO and ARO/UES during soil burial test and (B) Optical images of samples before and after
biodegradation.

the dense crosslinking in the ARO/UESS structure, mak-
ing the water migration easier, exposing more surface, and
losing the structural integrity faster.

It has been reported before that the increase in double
bond content does not significantly affect the biodegrad-
ability of acrylated epoxidized soybean oil (AESO).*®
After a 3-month biodegradation test in the garden soil,
AESO showed a weight loss of approximately 16%. Adding
a co-monomer lowered the degradation by about 2%.
In another study, 3D printed objects from waste cooking
oil collected from McDonald's restaurant demonstrated a
weight loss of around 20% in only 2 weeks when buried
in soil and kept at 25 °C and 30% relative humidity.*’

4 | CONCLUSIONS

This work focuses on a polymer material made from two
bio-based photoactive components, presenting the influ-
ence of UES as a reactive diluent on the ARO matrix.
Three proposed reactions can occur during photopoly-
merization between the two components.

A correlation between tensile and DMA results showed
a notable performance increase with the addition of 5 wt%
UES. With the addition of relatively low loadings, UES
can potentially tune the mechanical properties of ARO
towards stiffer structures. Furthermore, the thermal degra-
dation temperature of UES is notably lower than ARO's.
Still, this should not limit most applications and uses.

The biodegradability of compositions was explored,
and a maximum mass loss of 28 wt% was achieved in
60 days for ARO. The addition of UES slightly reduced
the biodegradation rate. Follow-up studies with evolved
carbon dioxide measurements are needed to evaluate the
degradation rate further.

ACKNOWLEDGMENTS

This work was supported by Latvian Council of Science
in the framework of FLPP “Printed biopolymer 4D TENG
device for mechanical energy harvesting” (1zp-2022/1-0485).
Sabine Briede was funded by the European Social Fund
within the Project No 8.2.2.0/20/1/008 «Strengthening of
PhD students and academic personnel of Riga Technical
University and BA School of Business and Finance in
the strategic fields of specialization» of the Specific
Objective 8.2.2 «To Strengthen Academic Staff of
Higher Education Institutions in Strategic Specialization
Areas» of the Operational Programme «Growth and
Employment». Sabine Briede was supported by Riga
Technical University's Doctoral Grant programme. The
authors would like to thank their parental institutions
for their support. Madara Darzina was supported by
Latvian Institute of Organic Synthesis student grant
no. 1G-2023-07.

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no conflict of interest.

DATA AVAILABILITY STATEMENT
Data is available upon request from corresponding
author as it is part of larger ongoing study.

ORCID
Oskars Platnieks (@ https://orcid.org/0000-0001-5529-0912

Aigars Jirgensons © https://orcid.org/0000-0002-8937-
8792

Sergejs Gaidukovs (@ https://orcid.org/0000-0001-8638-
5009

REFERENCES

[1] W. Shi, B. Ranby, UV J. Appl. Polym. Sci. 1994, 51, 1129.

IPUOD pue SWB | 8Y) 39S *[£20Z/0T/50] U0 AReiqi auniuo Ao ‘eIAT JO AISBAIIN AQ TSPOEZOZ 100/200T OT/10p/L0D" A 1M AReiq 1 jou|UO//SHNY WOy papeojumoq ‘0 ‘69TYZr9Z

a1 Azreiq Ul uo//sd]

35S0 17 SUOLILLIOD BAIEa.D ajqedt|dde ay Aq pausenoh aie sap e YO ‘8sn JoSajn Joj Ariq1auluo 3|1 uo


https://orcid.org/0000-0001-5529-0912
https://orcid.org/0000-0001-5529-0912
https://orcid.org/0000-0002-8937-8792
https://orcid.org/0000-0002-8937-8792
https://orcid.org/0000-0002-8937-8792
https://orcid.org/0000-0001-8638-5009
https://orcid.org/0000-0001-8638-5009
https://orcid.org/0000-0001-8638-5009

BRIEDE ET AL.

[2] Z. Dai, Q. Li, Z. Chen, R. K. Shawon, Y. Zhu, H. Lv, F. Fu, Y.
Zhu, Y. Fu, X. Liu, ACS Sustain. Chem. Eng. 2020, 8, 17379.

[3] S. Cousinet, A. Ghadban, E. Fleury, F. Lortie, J.-P. Pascault, D.
Portinha, Eur. Polym. J. 2015, 67, 539.

[4] A. Nebioglu, M. D. J. Soucek, Polym. Sci., Part A: Polym. Chem.
2006, 44, 6544.

[5] S. RameshKumar, P. Shaiju, K. E. O'Connor, Curr. Opin. Green
Sustain. Chem. 2020, 21, 75.

[6] B. T. White, V. Meenakshisundaram, K. D. Feller, C. B.

Williams, T. E. Long, Polymer 2021, 223, 123727. https://doi.

org/10.1016/j.polymer.2021.123727

H. Esen, S. Kiisefoglu, R. Wool, J. Appl. Polym. Sci. 2007,

103, 626.

[8] C. Bonneaud, M. Decostanzi, J. Burgess, G. Trusiano, T.
Burgess, R. Bongiovanni, C. Joly-Duhamel, C. M. Friesen, RSC
Adv. 2018, 8, 32664.

[9] H. Wei, T. Y. Lee, W. Miao, R. Fortenberry, D. H. Magers, S.
Hait, A. C. Guymon, S. E. Jonsson, C. E. Hoyle, Macromole-
cules 2007, 40, 6172.

[10] S. K. Yadav, K. M. Schmalbach, E. Kinaci, J. F. Stanzione,
G. R. Palmese, Eur. Polym. J. 2018, 98, 199.

[11] S. Briede, A. Barkane, M. Jurinovs, V. K. Thakur, S.
Gaidukovs, Curr. Opin. Green Sustain. Chem. 2022, 35, 100626.

[12] X. Yang, S. Li, J. Xia, J. Song, K. Huang, M. Li, Ind. Crop. Prod.
2015, 63, 17.

[13] M. Fei, T. Liu, B. Zhao, A. Otero, Y.-C. Chang, J. Zhang, ACS

Appl. Polym. Mater. 2021, 3, 2470.

L. Meng, H. Qiu, D. Wang, B. Feng, M. Di, J. Shi, S. Wei, Prog.

Org. Coat. 2020, 140, 105492.

[15] D. Wei, X. Huang, J. Zeng, S. Deng, J. Xu, J. Appl. Polym. Sci.
2020, 137, €49054.

[16] Y. Chen, J. Wang, X. Wu, C. Zhu, ACS Org. Inorg. Au 2022,
2, 392.

[17] B. H. Northrop, R. N. Coffey, J. Am. Chem. Soc. 2012, 134,
13804.

[18] L. Dall Agnol, F. T. G. Dias, H. L. Ornaghi, M. Sangermano,

O. Bianchi, Prog. Org. Coat. 2021, 154, 106156.

S. Briede, O. Platnieks, A. Barkane, I. Sivacovs, A. Leitans, J.

Lungevics, S. Gaidukovs, Coatings 2023, 13, 657.

[20] A. Barkane, O. Platnieks, M. Jurinovs, S. Kasetaite, J.
Ostrauskaite, S. Gaidukovs, Y. Habibi, Polymer 2021, 13,
1195.

[21] E. Wozniak, E. Waszkowska, T. Zimny, S. Sowa, T.
Twardowski, Front. Plant Sci. 2019, 10, 1423.

[22] Y. Su, H. Lin, S. Zhang, Z. Yang, T. Yuan, Polymer 2020, 12(5),
1165.

[23] S. Briede, M. Jurinovs, S. Nechausov, O. Platnieks, S.
Gaidukovs, Mol. Syst. Des. Eng. 2022, 7, 1434.

[24] M. Koldf, J. Machotovd, M. Hdjek, J. Honzicek, T. Hajek, S.
Podzimek, Coatings 2023, 13(2), 262.

[25] M. Darzina, A. Lielpetere, A. Jirgensons, Eur. J. Org. Chem.
2021, 2021, 4224.

[26] Y. Li, H. Liu, Z. Huang, H. Wang, Z. Yu, Tetrahedron Lett.
2021, 82, 153396.

[7

[14

[19

11
ol o \WILEY_L_®

[27] Z. P. Vang, A. Reyes, R. E. Sonstrom, M. S. Holdren, S. E.
Sloane, 1. Y. Alansari, J. L. Neill, B. H. Pate, J. R. Clark, J. Am.
Chem. Soc. 2021, 143, 7707.

[28] T. S. Omonov, V. Patel, J. M. Curtis, J. Am. Oil Chem. Soc.
2019, 96, 1389.

[29] D. P. Pfister, Y. Xia, R. C. Larock, ChemSusChem 2011, 4, 703.

[30] P.1J. Flory,J. Rehner, J. Chem. Phys. 1943, 11, 512.

[31] S. Gaidukovs, A. Medvids, P. Onufrijevs, L. Grase, Express
Polym Lett 2018, 12, 918.

[32] Y. Hu, Q. Shang, J. Tang, C. Wang, F. Zhang, P. Jia, G. Feng, Q.
Wu, C. Liu, L. Hu, W. Lei, Y. Zhou, Ind. Crop. Prod. 2018, 117, 295.

[33] D.S. Tathe, R. N. Jagtap, J. Coat. Technol. Res. 2015, 12(1), 187.

[34] Y. Zhang, Y. Li, L. Wang, Z. Gao, M. R. Kessler, ACS Sustain.
Chem. Eng. 2017, 5(10), 8876.

[35] F. Masson, C. Decker, S. Andre, X. Andrieu, Prog. Org. Coat.
2004, 49(1), 1.

[36] M. J. Stevens, J. Chem. Phys. 2021, 155, 054905.

[37] D. A.Jesson, J. F. Watts, Polym. Rev. 2012, 52, 321.

[38] P. Lall, M. Kasturi, H. Wu, E. Davis, Proceedings of 2020 19th
IEEE Intersociety Conference on Thermal and Thermomecha-
nical Phenomena in Electronic Systems (ITherm), pp. 1389-
1394. 2020 https://doi.org/10.1109/ITherm45881.2020.9190482

[39] Y. Sun, Z. Zhang, K.-S. Moon, C. P. J. Wong, Polym. Sci. B:
Polym. Phys. 2004, 42, 3849.

[40] M. Lebedevaite, V. Talacka, J. Ostrauskaite, J. Appl. Polym.
Sci. 2021, 138(16), 50233.

[41] A. Barkane, M. Jurinovs, S. Briede, O. Platnieks, P. Onufrijevs,
Z. Zelca, S. Gaidukovs, 3D Print. Addit. Manuf. 2022. https://
doi.org/10.1089/3dp.2021.0294

[42] X. Yang, Y. Li, W. Lei, X. Liu, Q. Zeng, Q. Liu, W. Feng, K. Li,
P. Wang, Polym. Degrad. Stab. 2021, 191, 109668.

[43] S. K. Sahoo, V. Khandelwal, G. Manik, Polym. Adv. Technol.
2018, 29, 2080.

[44] Y. Bao, N. Paunovié, J. C. Leroux, Adv. Funct. Mater. 2022,
32(15), 2109864.

[45] G. Mabilleau, M. Moreau, R. Filmon, M. Baslé, D. Chappard,
Biomaterials 2004, 25(21), 5155.

[46] J. Chen, H. Liu, W. Zhang, L. Lv, Z. Liu, J. Appl. Polym. Sci.
2020, 137, 48827.

[47] B. Wu, A. Sufi, R. Ghosh Biswas, A. Hisatsune, V. Moxley-
Paquette, P. Ning, R. Soong, A. P. Dicks, A. J. Simpson, ACS
Sustain. Chem. Eng. 2019, 8, 1171.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: S. Briede, O. Platnieks,
M. Darzina, A. Jirgensons, S. Gaidukovs, J. Polym.
Sci. 2023, 1. https://doi.org/10.1002/p0l.20230451

IPUOD pue SWB | 8Y) 39S *[£20Z/0T/50] U0 AReiqi auniuo Ao ‘eIAT JO AISBAIIN AQ TSPOEZOZ 100/200T OT/10p/L0D" A 1M AReiq 1 jou|UO//SHNY WOy papeojumoq ‘0 ‘69TYZr9Z

o Areiq 1 put|uoy/sd:

35S0 17 SUOLILLIOD BAIEa.D ajqedt|dde ay Aq pausenoh aie sap e YO ‘8sn JoSajn Joj Ariq1auluo 3|1 uo


https://doi.org/10.1016/j.polymer.2021.123727
https://doi.org/10.1016/j.polymer.2021.123727
https://doi.org/10.1109/ITherm45881.2020.9190482
https://doi.org/10.1089/3dp.2021.0294
https://doi.org/10.1089/3dp.2021.0294
https://doi.org/10.1002/pol.20230451

3. pielikums / Appendix 3

Darzina, M.; Jirgensons, A.
Electrochemical Formation of Oxazolines by 1,3-Oxyfluorination of
Non-activated Cyclopropanes.
Org. Lett. 2024, 26, 2158-2162.

https://doi.org/10.1021/acs.orglett.4c00143

Copyright © 2024 American Chemical Society

The Supporting Information is available free of charge on the

American Chemical Society Publications website:

https://doi.org/10.1021/acs.orglett.4c00143



Downloaded viaLATVIAN INST OF ORGANIC SYNTHESIS on March 9, 2024 at 06:52:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

OL ‘ Organic
Letters ,

pubs.acs.org/OrglLett

Electrochemical Formation of Oxazolines by 1,3-Oxyfluorination of

Non-activated Cyclopropanes

Madara Darzina and Aigars Jirgensons™

Cite This: https://doi.org/10.1021/acs.orglett.4c00143

I: I Read Online

ACCESS ‘ [l Metrics & More ‘ Article Recommendations ‘ @ Ssupporting Information

ABSTRACT: The C—C bond in non-activated cyclopropanes can
be intramolecularly cleaved with an electrochemically generated
amidyl radical forming oxazolines. In the presence of TBABF,, this
provides 1,3-oxyfluorination products. C—C bond cleavage of
cyclopropane proceeds with inversion of the configuration,
suggesting an intramolecular homolytic substitution (Syi) mech-

TBABF, i Proposed TS: -
. . N PR H AN
Ar\mn /\ g2 SMA A o, C: Pt A j\/ﬁ{<F | )o\j/\(:;
R! o) | X R
! HFIP, rt RUE ANy
Non-activated cyclopropanes 14 examples : Inversion
R', R? = alkyl; R' = H, R? = EWG-Ar yield 24-75% : of configuration

anism. The performance of TBABF, as an efficient fluoride source was explained by accumulation of the BF,™ anion at the anode
surface, at which a carbocation is formed by the oxidation of the C-centered radical.

F unctionalization of the C—C bond has high potential to
access value-added compounds." However, the inertness
of the C—C o bond renders such transformations a very
challenging task. The cyclopropane C—C bond is relatively
more reactive compared to larger cyclic or acyclic systems as a
result of a weaker overlap of the C—C bond forming orbitals.”
Several approaches have been used to achieve the ring cleavage
of cyclopropanes, including the reactions of donor—acceptor
cyclopropanes,™* metal insertion,” reaction with electrophiles®
and radical cations,” and oxidation-induced activation.®
Activation by electrochemical oxidation is feasible for cyclo-
propane derivatives with lowered oxidation potential.” Among
them, anodic oxidation of arylcyclopropane 1 to a cation
radical A has enabled transformations to access a range of the
useful 1,3-difunctionalization reaction product 2 (Figure 1).
Seminal work by Shono and Matsamura has demonstrated
dimethoxylation of phenylcyclopropanes in methanol using
undivided cell electrolyis."” The group of Lei has developed
electrochemical oxyfluorination, amino fluorination, and
difluorination reactions of arylcyclopropanes using Et;N-3HF
as a fluorine source."' Oxyamination of arylcyclopropanes was

Previous work: arylcyclopropanes

o+
Y
A\ @-‘ "® A — V\ difluorination; oxyamination;
Ar j{ Ar} X Ar oxyalkynylation;

1 A 2 oxybromination/chlorination

dioxylation; oxyfluorination;

This work: non-activated cyclopropanes

°
H R? MAV 2| "F " N R2
ArYNVA(1 %l_ﬁ@{ArYN ﬁ}_. A j\XR
1) R ox o R 1
3 H® B 4,
5

Figure 1. 1,3-Difunctionalization of arylcyclopropanes and non-
activated cyclopropanes.
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established by Zhou et al, using electrochemical oxidation
conditions.'> The same approach was used for oxyhalogena-
tion and oxyalkynylation reactions of arylcyclopropanes by
Sheng et al.'"® as well as the green synthesis method of f-
hydroxy ketones by Huang et al.'* and 1,3-diols by Cai et al."®
A few examples for electrochemical oxidation of cyclopropane
integrated into polycyclic systems are known; however, these
are limited to the strained compounds with an increased
highest occupied molecular orbital (HOMO) level.'®"”
Because the high oxidation potential of non-activated cyclo-
propanes prevents their selective electrochemical activation in
the presence of other functional groups,'' we envisioned
electrochemical generation of a reactive species, which would
be engaged in the reaction with a C—C bond. For this purpose,
we explored cyclopropane substrate 3 bearing benzamide
functionality, which could be oxidized to an amidyl radical
(Figure 1)."* Initial electrolysis of amide 3a (Ar = Ph and R!
and R* = Me) in methanol using TBABF, as an electrolyte
provided a mixture of oxazolines 4a and 5 (Ar = Ph and R' and
R? = Me). This indicated a competitive reaction of TBABF, as
a fluoride source and methanol as an oxygen nucleophile.
Further attempts were directed to optimize the formation of
oxazoline 4a (Table 1).

Performing the electrolysis of amide 3a in less nucleophilic
solvent HFIP with TBABF, as an electrolyte provided
oxazoline 4a in a good yield (entry 1 in Table 1). The use
TBAPF4 as an electrolyte also enabled the formation of
fluorinated product 4a, although a slight increase of byproduct
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Table 1. Investigation of the Fluorine Source for
Electrochemical Oxyfluorination of Cyclopropane 3a

Electrolyte, additive

5mA,3F
H MA(M . . N Me
P N e A:Cg, C:Pt N
TJ( Me HFIP, 1t UMe PhAM
3a
N Me
Ph™ o Me 8, R = (CF3),CH
conversion of  product ratio of yield of
electrolyte, compound 3a compounds compound 4a
entry additive” (%) 4a/6/7/8" (%)°
1 TBABF,, none 100 95:2:2:0 82
2 TBAPF, none 100 79:7:9:S 68
3 TBACIO,, 100 41:34:5:19 nd
TASF
4 TBACIO,, 74 8:40:6:20 nd
CsF
N TBACIO,, 100 11:31:40:18 nd
TBAF-3H,0
6 TBACIO,, 28 6:15:7:0 nd
nBuySnF

“A total of 1 equiv of electrolyte and 2 equiv of an additive.
“Determined by ultra-performance liquid chromatography—mass
spectrometry (UPLC—MS). “NMR yield using 4,4’-difluorobenzo-
phenone (0.5 equiv) as an internal standard.

6—8 formation was observed (entry 2 in Table 1). Other
nucleophilic fluorine sources, such as TASF and CsF, in the
presence of TBACIO, as an electrolyte were explored;
however, these performed less efficiently compared to
TBABF, to produce fluorinated product 4a (entries 3 and 4
in Table 1). These conditions induced the formation of
considerably higher amounts of olefin 6 and oxylated product
8. Introduction of water to the reaction media using TBAF
hydrate led to an increased formation of hydroxylated product
7 (entry S in Table 1). Poor conversion of amide 3a and a
trace amount of fluorinated product 4a were observed when
nBu;SnF was used as an additive (entry 6 in Table 1).

The use of 3 equiv of TBABF, was optimal to achieve a high
yield of the product 4a formation. Decreasing the amount of
electrolyte to 2 equiv reduced the yield of oxazoline 4a to 69%,
while increasing to S equiv caused damage to the graphite
anode (see the Supporting Information for the full set of
optimization experiments).

With optimized electrochemical conditions in hand, the
scope of the oxyfluorination reaction was investigated for
substrates 3a—3p (Scheme 1). Benzamide 3a and its analogues
3b and 3c containing a halogen group at the arene ring
provided oxazolines 4a—4c in a good yield. Introduction of an
electron-donating metoxy group in benzamide of substrate 3d
reduced the yield of product 4d, probably as a result of
competitive oxidation of the aromatic ring (see the Supporting
Information for cyclic voltammetry studies). Trifluoromethyl-
substituted analogue 3e provided oxazoline 4e in a good yield.
Another electron-poor benzamide 3f, containing a nitro group,
provided product 4f in a lower yield, presumably as a result of
electrochemical side reactions. Spirocyclic substrates 3h and 3i
comprising cyclobutane, cyclopentane, and cyclohexane
provided oxazolines 4h and 4i in moderate to good yields.
Electrolysis of spirocycle 3j bearing tetrahydropyrane gave
oxazoline 4j in a good yield; however, a similar substrate 3k
with N-tosyl-protected piperidine produced product 4k in a

Scheme 1. Substrate Scope for 1,3-Oxyfluorination of
Cyclopropanes

ArY MA(
3a-p 4a-p

N N
M Ph
R@QMF %oj\ﬂ)n =13
Me F
4a (R = H), 72% 4g (n=1), 70%
4b (R = Cl), 74% 4h (n =2), 57%
4c (R= Br), 75% 4i(n=3),60%
4d (R = OMe), 28%

4e (R' = CF3), 72%

4f (R = NOy), 46%
41 (R%* = H), trace

N X
Ph%o
F 4m (R®=F, R%= H), trace

4j (X = 0), 62% 4n (R%*=F), 24% (dr = 2.5:1)
4k (X = N-Ts), 36% 40 (R® = CF3, R*=H), 63% (dr = 2:1)
4p (R® = NO,, R*= H), 39% (dr = 1.5:1)

3 equiv. TBABF,
5mA,3F
_ACe C:iPt

N
Ak
HFIP, 1t o

Ry

reduced yield, which was due to difficult separation from the
electrolyte. Arylcyclopropanes 31-3p were also explored as
substrates for oxyfluorination to produce oxazolines 41—4p.
Phenyl and fluorophenyl cyclopropane derivatives 31 and 3m
failed to give the oxazolines 41 and 4m; instead, the formation
of a complex product mixture was observed. Cyclopropane
derivative 31 has a lower oxidation potential compared to
substrate 3a (see the Supporting Information), implying that
the activation of substrates 31 and 3m might be triggered by
the oxidation of the aryl group rather than the amide group.
Substrates 3n—3p bearing more electron-deficient difluoro,
trifluoromethyl, or nitro phenyl groups produced the expected
oxazolines 4n—4p as mixtures of diastereomers. In the case of
electrolysis of substrate 30, the major diastereomer $*,5%-40
was separated, and its relative configuration was determined by
X-ray analysis (Figure 2)

S*,S*-40

Figure 2. ORTEP diagram of compound $*,5*-40 with 50% ellipsoid
contour probability.

An interesting result was obtained when using a penta-
substituted cyclopropane derivative 3q as a substrate for
oxyfluorination (Scheme 2). Dihydrooxazine 9 was obtained as
the major product instead of oxazoline 4q [see the Supporting
Information for the proof by two-dimensional (2D) nuclear

Scheme 2. 1,3-Oxyfluorination of Penta-substituted
Cyclopropane 3q

3 equiv. TBABF,

Me_Me
H A5(r:nA SFPt Me, Me
Ph\mN Me H;'P KV
Me rt
o Me Me
3q 49,0% 9, 47%
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magnetic resonance (NMR) spectra]. The change in the
reaction course can be explained by the preferred cleavage of
the most strained C—C bond in substrate 3q.

An attempt was also made to perform 1,3-thiofluorination of
cyclopropane 3r, bearing thioamide functionality, which has
considerably reduced oxidation potential compared to amide."’
Unfortunately, a low yield of product 4r was observed in the
electrolysis of substrate 3r (Scheme 3).

Scheme 3. 1,3-Thiofluorination of Cyclopropane 3r

3 equiv. TBABF,

5mA, 2.1 F
H ! .
Ph NM&(Me A: Cgr, C: Pt Ph4</N e
T Me HFIP, rt s F
S ’ Me
3r 4r,19%

An enantioenriched substrate (S)-3c was subjected to
electrochemical oxyfluorination to establish the stereochemical
course of cyclopropane C—C bond cleavage (Scheme 4). The

Scheme 4. Chirality Transfer in 1,3-Oxyfluorination of
Cyclopropane 3¢

3 equiv. TBABF,
5mA,3F

Br.
HAMe A: Cg,, C: Pt
S Me HFIP, rt
o

(8)-3c, (ee = 95%)
confirmed by X-ray
see Figure 3

s~ )< j(%p

(S)-4c, (ee = 95%)

2. 4-(NO,)CgH4(C=0)Cl

1. 10% HCl(aq)
NO,

Et;N

S o
see Figure 3 Br Me

confirmed by X-ray
10 Me

reaction product (S)-4c was obtained with a complete
inversion of configuration as determined by X-ray analysis of
its derivatization product 10. Compound 10 was obtained by
hydrolysis of oxazoline (S)-4c in acidic conditions followed by
N-acylation. The absolute configuration of starting material
(S)-3c was also confirmed by X-ray analysis (Figure 3).

Sy

AﬂL A
*T*“’\,F{VJ

Figure 3. ORTEP diagrams of compounds (S)-3¢ and 10 with 50%
ellipsoid contour probability.

(8)-3¢ 10

The transfer of chirality with inversion of the newly formed
stereocenter as well as the substrate scope with the
requirement of electron-poor phenyl substituents at cyclo-
propane for a successful reaction supports the following
proposed mechanism (Scheme S): Anodic oxidation of the
amide group provides amidyl radical A, which in its oxygen-
centered mesomeric form attacks the C—C bond to form an
oxazoline ring via a stereospec1ﬁc intramolecular homolytic
substitution (Sgi) process.”® The cyclopropane ring cleavage

Scheme S. Proposed Mechanism for the Formation of
Oxazoline 4 from Cyclopropane 3

© H, R? . H
© “ H, 2| * R?
3 — . 1 0--24-~R [¢] g
® o RT — —
R Ar/(\ R!

leads to a C-centered radical B, which is electrochemically
oxidized to a carbocation C. Capturing of the fluoride ion from
TBABEF, by the carbocation C leads to product 4.

Salts with the BF,” anion are known to act as a fluoride
sources in several electrochemical reactions;”' however, the
reported conditions use non-protic chlorinated solvents as the
reaction media. It was surprising to observe that TBABF,
competed with HFIP and even MeOH as the reaction solvents
delivering fluoride to the carbocation C. An explanation to this
could be a high concentration of anionic TBABF, at the
positively charged anode surface in analogy to a hypothesis by
Xiong et al. explaining increased selectivity of the reaction of
alkenes with organotrifluoroborates.”* Because carbocation C
forms at the surface of the anode, it is exposed to a high
concentration of BF, anions, thus facilitating selective fluoride
transfer. This corroborates with the observation that using the
mixture of TBABF, and TBACIO, (2:1) reduces the yield of
product 4a formation to 46% (see the Supporting
Information)

In summary, we have shown that non-activated cyclo-
propanes can be cleaved by an electrochemically generated
intramolecular amidyl radical in the presence of TBABF, as an
electrolyte to generate oxazolines as 1,3-oxyfluorination
products. This transformation demonstrates a proof of concept
that the ring cleavage of non-activated cyclopropanes is feasible
under electrochemical conditions using an undivided cell
setup. The approach has potential to be extended to a wide
range of I,3-difunctionalization reactions of non-activated
cyclopropanes by C—C bond cleavage.
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N-Alloc-protected furfuryl amino alcohols derived from furfural and L- or p-valinol were subjected to Torii-type ester electrosyn-

thesis to obtain the corresponding unsaturated esters. These served as key intermediates to prepare (S)- and (R)-enantioenriched

unsaturated amides by N-Alloc deprotection which induced concomitant methoxymethyl group cleavage, O-to-N rearrangement,

and isomerization of the double bond. An oxazoline ring formation in the resulting unsaturated amides provided the corresponding

enantioenriched vinyloxazoline. The reactivity of the electron-deficient double bond in the vinyloxazoline was explored in several

reactions. Out of these, the aza-Diels—Alder reaction with TsNCO was successful, leading to a highly diastereoselective formation

of an oxazolo[3,2-c]pyrimidine derivative.

Introduction

The utilization of biomass as an alternative to fossil feedstock is
central to circular economy for the production of value-added
products [1-7]. Furfural [furan-2-carbaldehyde (1)], a platform
compound derived from lignocellulosic biomass, has been
utilized to obtain a range of versatile chemicals with applica-
tions to functional materials, pharmaceutically relevant com-
pounds, and agrochemicals [8-17]. In our recent work, we have
developed a Torii-type electrosynthesis of unsaturated esters
3a—c starting from furfural (1) and amino alcohol conjugates
2a—c [18]. The process involves an electrooxidative dialkoxyla-

tion of the furan ring providing spirocycles 4a—c¢ which undergo
a further electrooxidative fragmentation to products 3a—c. How-
ever, the further transformation of products 3a—c was hampered
by the problematic removal of the protecting groups (Ts, Boc,
Ac) under the conditions compatible with the double bond and
acetal functions. In this work, we present Torii-type electrosyn-
thesis of ester 3d (PG = Alloc) and its transformation to the
enantioenriched vinyloxazoline building block 6, which can be
used for the asymmetric synthesis of complex molecules [19-
24] (Scheme 1).
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Scheme 1: Proposed approach for the preparation of vinyloxazoline 6.

The proposed strategy relied on the N-deprotection of the inter-
mediate ester 3d inducing O-to-N rearrangement to form amide
5 as a precursor of vinyloxazoline 6. For this purpose, Alloc
(allyloxycarbonyl) turned out to be a suitable N-protecting
group as it was compatible with the electrolysis conditions and
its removal was compatible with the double bond and acetal
functions in ester 3d (see Supporting Information File 1 for
attempts of other protecting groups such as Boc, Troc, and tfa).
However, Pd-catalyzed N-Alloc deprotection induced isomeri-
zation of the double bond leading to the frans-isomer of amide
5.

Results and Discussion

The protected furfuryl amino alcohols S-2d and R-2d were pre-
pared by reductive amination of furfural (1) with L- and
p-valinol followed by N-protection with Alloc-CI (Scheme 2).
The amino alcohols S-2d and R-2d were then subjected to elec-
trochemical oxidation in methanol in batch electrolysis condi-
tions, providing unsaturated esters S-3d and R-3d, respectively
(Scheme 2). The previously used one-reactor two-step condi-
tions were found to be productive for the electrosynthesis of
S-3d, requiring the addition of acetic acid for the intermediate
spiroketal 4d oxidation (Table 1, entry 1). We found that sub-
strate S-2d can be transformed to ester S-3d in a single step with

1. L- or D-valinol

(o} iPr
o ., NaBH,, EtOH o N)*\/OH
Y 2. AllocCl, DIPEA <\f .
DCM Alloc
1 S-2d, 74%
R-2d, 71%

building block for
asymmetric synthesis

a reduced amount of HFIP as the only additive (Table 1, entries
2 and 3). Given the high cost of HFIP, we examined if it could
be replaced with other proton donors for the cathode reaction,
and we found that acetic acid served well for this purpose (Ta-
ble 1, entry 4). Using the reaction conditions with acetic acid as
additive, the reaction could be performed also in a 0.5 g scale
for the synthesis of both ester enantiomers S-3d and R-3d (Ta-
ble 1, entries 5 and 6). In the absence of acetic acid or HFIP the
electrochemical oxidation also provided the desired product 3d,
although in reduced yield (Table 1, entry 7). An increased
amount of acetic acid (1 mL or ~ 18 equiv) also reduced the
yield (Table 1, entry 8). The attempt to use LiOAc as elec-
trolyte instead of LiC1O,4 was not successful as the reaction was
stopped at the spirocycle 4d formation stage (Table 1, entry 9).

The removal of the N-Alloc group in unsaturated ester S-3d was
performed using a Pd catalyst and pyrrolidine as a nucleophile.
The use of Pd(PPh3), as the catalyst led to a fast consumption
of the starting material S-3d but provided a mixture of cis- and
trans-amides cis-S-5 and trans-S-5 (Scheme 3). The use of
PdCI,(S-BINAP) complex as a precatalyst resulted in a longer
reaction time and an exclusive formation of amide trans-S-5
with isomerized double bond (Scheme 4). The amide trans-R-5
was prepared analogously from ester R-3d.

OMe

electrochemical MeO 0 rOMe
oxidation K/U\ N
see Tables 1 and 2 O/\*( “Alloc
iPr
S-3d
R-3d

Scheme 2: Synthesis of furfuryl amino alcohols S-2d and R-2d and their electrochemical oxidation to esters S-3d and R-3d.
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Table 1: Electrochemical oxidation of protected amino alcohol 2d to ester 3d.

Entry Conditions? Yield of 3d
1 2nc icp: 303 ACOH (4 o), 35+ 0T 2% (S-39)
2 single step: MeOH/HFIP (13:1 mL), LiClO4 (1 equiv), 5.5 F 71% (S-3d)
3 single step: MeOH/HFIP (13.5:0.5 mL), LiClO4 (1 equiv), 5.5 F 70% (S-3d)
4 single step: MeOH (14 mL), AcOH (3 equiv), LiCIO4 (1 equiv), 5.5 F 72% (S-3d)
5b single step: MeOH (14 mL), AcOH (3 equiv), LiCIO4 (0.5 equiv), 5.5 F 68%° (S-3d)
6b single step: MeOH (14 mL), AcOH (3 equiv), LiCIO4 (0.5 equiv), 5.5 F 68% (R-3d)
7 single step: MeOH (14 mL), LiCIO4 (1 equiv), 5.5 F 60% (S-3d)
8 single step: MeOH/AcOH (13:1 mL), LiCIO4 (1 equiv), 5.5 F 55% (S-3d)
9 single step: MeOH (14 mL), AcOH (3 equiv), LiOAc (1 equiv), 5.5 F 0% (S-3d)

aScale: 1 mmol. PScale: 2 mmol. CFaradaic efficiency 49.5%; cell productivity 0.09 mmol/h. 3Major product is spirocycle 4d (PG = Alloc).

OMe

MeO. OMe OMe cat. Pd(PPhs), MeO.
\Uj\ r pyrrolidine u )'i/
- - . OH
N0 Ml DCM, tt, 30 min N
S-3d iPr cis- and trans-S-5, 57%

cis:trans 1:0.5

Scheme 3: Cleavage of the N-Alloc group leading to a mixture of isomers cis-S-5 and trans-S-5.

OMe

MeO 73 OMe cat. PdCl,(S-BINAP) 0 iPr
\L/U\ N( pyrrolidine MeOM OH
N * ~ X N«
(@) Alloc DCM, rt, 16 h
/Y OMe H
iPr
S-3d trans-S-5, 75%
R-3d trans-R-5, 72%

Scheme 4: Cleavage of the N-Alloc group with PdCIy(S-BINAP) leading to trans-S-5 and trans-R-5.

Thus, Alloc was validated as non-expensive and relatively small
N-protecting group, removal of which is compatible with
double bond and acetal function of amides S-5 and R-5. The
removal of the Pd catalyst at laboratory scale was done by chro-
matography. For large scale synthesis, Pd scavengers have to be
considered at the work-up.

Unsaturated amides trans-S-5 and trans-R-5 were transformed
to oxazolines S-6 and R-6 in good yields by mesylation of the
hydroxy group (Scheme 5). Having both enantiomers in hand,
the enantiomeric excess of oxazolines S-6 and R-6 was deter-
mined by chiral HPLC. This confirmed that no erosion of enan-
tiomeric purity had happened during the deprotection stage.

9 )IP\F/ MsCI, TEA O/>*\
£ st iPr
MeO OH MeO X !
NH DCM, rt, 16 h W/\/I\N
OMe OMe
trans-S-5 S-6, yield 75%, ee 99%
trans-R-5 R-6, yield 70%, ee 97%

Scheme 5: Cyclization of amides trans-S-5 and trans-R-5 to oxazolines S-6 and R-6.
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With the enantioenriched vinyloxazoline S-6 in hand, we
explored the reaction scope involving its electron-deficient
double bond. Unfortunately, the olefin appeared unreactive or
gave a mixture of products in copper-catalyzed 1,4-addition of
phenylmagnesium bromide, Giese reaction with 2-iodopropane,
Simmons—Smith or Johnson—Corey—Chaykovsky cyclopropan-
ation, hydroboration reaction with 9-BBN, and Diels—Alders
reaction with Danishevsky diene. Gratifyingly, it was found that
vinyloxazoline S-6 is a good substrate for an aza-Diels—Alder
reaction with tosylisocyanate (TsNCO) providing the
oxazolo[3,2-c]pyrimidine derivative 7 as the only detectable
diastereomer (Scheme 6) [22-24]. Oxazolo[3,2-c]pyrimidines
are substructures in several pharmaceutically relevant com-
pounds such as potent gonadotropin-releasing hormone recep-
tor antagonists with potential application as anticancer drugs
[25] and as nucleoside analogs with antiviral potency [26].

O ipr
O/> TS\NJ\N
MeO ~ /" miPr _Ts-NCO )
NN —>T0|, T Meo7“.‘ Z~0
OMe M

eO o N/Ts

H

S-6 7, 86%

Scheme 6: aza-Diels—Alder reaction of vinyloxazoline S-6 with
TsNCO.

According to the reaction mechanism proposed by Elliott et al.,
the aza-Diels—Alder reaction of vinyloxazoline S-6 with TSNCO
is a step-wise process [22]. The first step involves addition of
the oxazoline nitrogen to TsNCO leading to a zwitterionic inter-
mediate A, which undergoes 1,4-conjugate addition forming a
cyclic intermediate B. Subsequently, the electron-rich double
bond in intermediate B reacts with a second equivalent of
TsNCO to form oxazolo[3,2-c]pyrimidine derivative 7
(Scheme 7).

The highly diastereoselective formation of product 7 can be ex-
plained based on the theoretical calculations by Elliott et al. of
aza-Diels—Alder reaction of vinyloxazoline with TsNCO [19].

iPr 5 Ts OMe
oM
N TsNeco | o-NgL PVe
MeO ! - <
e X (0] ®N’O
OMe iPr
56 A

Scheme 7: The proposed mechanism of product 7 formation.
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According to their investigations, the aza-nucleophile attack to
the double bond in intermediate A is kinetically preferred from
the face forming the R-configured carbon of the C-N bond as a
result of a minimized steric interaction of the oxygen in zwitter-
ion with iPr substituent of oxazoline.

Conclusion

Unsaturated ester obtained by Torii-type ester electrosynthesis
from the conjugate of two biobased starting materials furfural
and valinol serves as an intermediate to prepare an enantio-
enriched vinyl oxazoline 6 with atom economy 24.5% over 5
steps (>75% average per step). The electrochemical oxidation
of N-Alloc can be performed as a single step operation in
MeOH with acetic acid as an additive. This is a step toward the
large scale synthesis of enantioenriched vinyloxazolines 6 from
biomass-derived furfural, however, several challenges remain
such as replacing LiClOy as electrolyte at the oxidation step and
avoiding chromatography for purification. Further scale-up
could be achieved by switching to flow conditions, or designing
a continuous tank reactor [27].

Several attempts were made to explore enantioenriched viny-
loxazoline 6 as a chiral building block. While additions to the
double bond were not successful, vinyloxazoline 6 was found to
be a competent substrate for the aza-Diels—Alder reaction in
with TsNCO to give oxazolo[3,2-c]pyrimidine derivative 7 as a
single diastereomer.
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