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SAISINAJUMI
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Alk — alkil-

Ar — aril-
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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Ievads

Pedgja desmitgade sintetiska organiska elektrokimija ir guvusi jaunu ieveribu, pateicoties
tehnologiju attistibai un tas ieguldijumam ilgtsp&jigas kimijas attistiba. Elektrokimiskajam
metodeém piemit daudzas prieksrocibas, piem@ram, jauni reakciju celi, mérogojamiba, maigi
reakcijas apstakli un kontrolta reag@tsp@jigu starpproduktu veidosands.' Reakcijas laiku
iespgjams paredz&t un kontrol&t, mainot pievaditas stravas stiprumu.® Elektrokimija lauj tiesa
cela pievadit molekulai energiju, izvairoties no molekularu energijas neséju izmantosanas.’
Elektroni tiek tiesi parnesti starp elektroda virsmu un organisko molekulu, radot reag€tsp&jigus
starpproduktus. Reaggtspé&jigo starpproduktu koncentracija ir atkariga no stravas blivuma, kas
raksturo elektronu kustibas atrumu, savukart elektrodam pieliktais elektriskais potencials
raksturo redoksprocesa virzitajspeku. Elektrokimisko reakciju var veikt vai nu kontroléta
potenciala, vai kontrol&ta stravas stipruma rezima. Kontrol&ta potenciala elektrolize lauj precizi
kontrolét savienojumu reag€tsp&ju, jo potencials tiek kontroléts attieciba pret references
elektrodu. Parasti §ada veida reakcijai nepiecieSama dalita elektrokimiska $tina, kura darba
elektrods ir atdalits no paligelektroda ar membranu vai filtru, kas sarezg1 iekartu un palielina
Stinas pretestibu. Kontrol&tas stravas elektrolizi biezi var veikt nedalita $tna. Kontrolétas
stravas elektrolizes laika tiek oksid@ti savienojumi ar zemako redokspotencialu, un kimisko
selektivitati var uzlabot, izmantojot elektrokimiskos mediatorus vai elektropaliggrupas

(electroauxiliary) — funkcionalas grupas, kas veicina elektronu parnesi.>®

Zinamas
elektropaliggrupas ir sililgrupas’™ (pieméram, 1. att. savienojumi 1,4), stannani'®'? (piem&ram,

1. att. savienojums 3), ariltioli'® (pieméram, 1. att. savienojums 2) un organiskas borskabes'*

(pieméram, 1. att.  savienojums 5), kas ir izmantotas karbamatu’ '},
alkoksikarbonilsavienojumu'®, &teru® %13 alkénu'®, sulfidu!® un arénu'* redokspotenciala
pazeminasanai.
D\SiMe
MeO~ SiMe; MeO~ ™ SPh MeO” >SnBu, l\él:o " ’ AC\Q/B(OH)Z
Hvie
1 2 3 4 5
1,60 V 1,40V 0,91V 1,23V 25V

2,1V F klatbatne

1. att. Zinamu elektropaliggrupu reprezentativi piemeri un attiecigie savienojumu
redokspotenciali (pret SHE).

Viens no $aja promocijas darba Tstenotajiem pé&tjjumu virzieniem bija novertet
elektropaliggrupu izmantoSanu karbénija jonu generé$anai. Anodiska oksidéSana lauj generet
karbénija jonus, pieméram, savienojumu 7 no savienojuma 6 (2.att., A), neizmantojot
stehiometriskus oksidétajus, savukart protonu reducgSana lidz fidenradim uz katoda kalpo ka



neitrala paligelektroda reakcija (2. att., A). Tomer tikai dazi nukleofili ir inerti pie substrata
aktiveSanai izmantota oksidéSanas potenciala, kas nepiecieSams, lai iegiitu savienojumu 8. Lai
paplasinatu izmantojamo nukleofilu klastu, JoSidas (Yoshida) grupa izstradaja elektroktmisku
katjonu uzkrasanas (cation pool) metodologiju, izmantojot izejmaterialus 9, kas modificéti ar
elektropaliggrupu (EAux) (2. att., B). Saja metodé katjonus 10 (2. att., B) uzkraj zema
temperattira, kam ka atsevisks solis seko nukleofila pievienoSana (ex cell), lai iegtitu produktus
11 (2. att., B).® Lai gan katjonu uzkraSanas metodei ir daudz izmantoSanas iesp&ju, praktisko
lietojumu sareZgT nepiecieSamiba izmantot dalito $tinu, zemu temperatiiru un lielu daudzumu
trifluormetansulfonskabes katodiskajai reakcijai. Praktiskaka biitu elektrosintéze nedalita $iina,
kur karbénija joni veidotos nukleofilu klatbiitng. Sim nolikam substraitu 6 un 9
redokspotencialam jabiit zemakam par attieciga nukleofila redokspotencialu. Saja darba
elektropaliggrupu izmantos$ana karbénija jonu gener&$anai lava paplasinat izmantojamo oglekla
nukleofilu klastu.

A
Anoda reakcija:

H “2e, -H? H NuH H
H—C—H H-6®| — = H-C-Nu
Ar Ar Ar
6 7 8

Katoda reakcija:  2H® +2e_> H,

® ® 2 R] NuH g /Rl

R x A Eaux FAux |RQJ | —= XN
9 10 11

X =0, EAux = SiMe3, SAr, SnBus
X =NR", EAux = SiMe;, SnBus
X =Ar, R' = Ar, EAux = SAr
2. att. A) Tiesa elektrokimiska oksideSana, kurai seko reakcija ar nukleofilu;
B) elektrokimiska oksid&sana, izmantojot elektropaliggrupu.

Papildu prieksrociba elektrokimijas izmantosanai ir ilgtsp&jigas kimijas veicinasana, radot
metodes biomasas valorizacijai.> ' !7 Furana atvasinajumi (piemé&ram, 3. att. savienojums 12)
ir Tpasi piemeroti substrati elektrokimiskai funkcionaliz€Sanai, jo furana gredzena zemais
oksidésanas potencials lauj generét katjonradikalus 12°* tiesa elektrokimiska oksidésana. Tas
paver sintézes celus daudzveidigu produktu, ka 14, 15 un 16, iegiiSanai bez elektropaliggrupu
izmantoSanas (3. att.).
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3. att. Furdna atvasinajumu elektrooksidativas valorizacijas produkti.'®

Lai elektrokimiskas metodes vargtu praktiski lietot organiskas sintézes laboratorija, ir
btiski, lai tas biitu tehniski viegli stenojamas, t. i., izmantotu nedalito §tinu, 1&tus elektrodu
materialus un vienkarSas iekartas, pieméram, IKA komerciali pieejamo potenciostatu
Electrasyn 2.0 vai pat akumulatoru.! Ari riipnieciskos apstaklos ir biitiski, lai elektrokimiskas
metodes buitu drosas, ar augstu selektivitati, iznakumu un atomekonomiju. Patlaban praktiski
ripnieciba izmanto tadas elektrokimiskas reakcijas ka adiponitrila sint€zi (Monsanto),
aizvietota toluola metoksiléSanu (BASF), antracéna oksidéSanu par antrahinonu (ECRCQ),
maletnskabes anhidrida reducé$anu par dzintarskabi (CERCI) un 2-metil-2,5-dimetoksifurana
metoksiléSanu ka soli 2-metil-3-merkaptofurana iegtiSanas cela (Tengzhou Tianshui Biological
Technology Co.)."®

Gan riipnieciba, gan laboratorija ipasi pievilcigas ir metodes, kas paver jaunus reakciju
celus, ir izmantojamas vélinajas sintézes stadijas augstas funkcionalo grupu tolerances dé| vai
paver vienkarsus veidus, ka veikt parvertibas, kas tradicionali izmanto toksiskus vai nestabilus
reagentus.! So iemeslu dél sintétiskas metodes, kas izstradatas §1 promocijas darba gaita,
izmanto nedalito S$tinu, 1&tus grafita elektrodus un komerciali pieejamo Electrasyn
potenciostatu.

Pétijuma mérkis un uzdevumi

Promocijas darba galvenais mérkis ir izstradat jaunas, funkcionali vienkarSas
elektroorganiskas kimijas metodes, izmantojot elektrokimiski gener&tus karbénija jonus.

Lai sasniegtu §o mérki, tika definéti $adi uzdevumi:

1) atrast piemérotu elektropaliggrupu karbénija jonu generésanai (inici€jot oksonija jonu
fragment€Sanos);

2) izstradat jaunu metodi karb@nija jonu aliléSanai, elektroktmiski aktiv&jot substratus, kas
modificéti ar elektropaliggrupu;

3) izstradat metodi elektrokimiski ierosinatai Fridela—Kraftsa alkiléSanai skabes jutigu
substratu klatbutne;



4) izmantot elektrokimiski ierosinatu iek§molekularu Fridela—Kraftsa alkilésanas reakciju
kondensétu heterociklu sintézei;

5) izpétit furana atvasindjumu valorizaciju, izmantojot elektrokimiskas katjonradikalu
parvertibas.

Zinatniska novitate un galvenie rezultati

Promocijas darba ir izstradatas praktiski vienkarsas elektrokimiskas metodes jaunu kimisko
saiSu veidoSanai, reaggjot karbénija joniem. Trialkilstannilmetilgrupa tika izv€léta ka piemérota
elektropaliggrupa karbénija jonu generéSanai, inici€jot oksonija jona fragmentg$anos, kas lauyj
sintez€t karbenija jonu prekursorus no viegli pieejamiem izejmateridliem — spirtiem.
Trialkilstannilmetilgrupas ka elektropaliggrupas zemais redokspotencials lauj veikt selekttvu
elektrooksidesanu nedalitd $ina nukleofilu klatbutng. Karbénija jonu veidoSanos papildus
veicinaja 1,1,1,3,3,3-heksafluorpropan-2-ola (HFIP) ka piedevas izmantoSana. Karbénija jonu
elektrokimiska generé$ana no elektropaliggrupu saturo$am izejvielam tika lietota aliléSanai, ka
nukleofilus izmantojot aliltrimetilsilanus. Elektrokimiska karbénija jonu generé$anas metode
tika talak attistita, lai veiktu Fridela—Kraftsa alkiléSanu, izmantojot arénus ka nukleofilus.
Modificetie elektrolizes apstakli, kuros izmantoja piedevu (NaHCOs), lava izmantot
savienojumus ar skabes jutigam funkcionalajam grupam, tostarp TBDMS, Boc, Tr, MOM, THP
un -CHPhy. IekSmolekulara Fridela—Kraftsa alkiléSana lava ieglit jaunus kondens€tus
heterociklus, sasledzot sesloceklu ciklus.

Veicot elektrokimisku oksidéSanu metanola, furfurilgrupu saturosi etilénglikola un
aminoetanola atvasinajumi veido spirociklus. Turpinot oksidéSanu, spirociklus var parveidot
par o f-nepiesatinatiem esteriem ar pilnigu Z selektivitati. Esteru sint€zi no biomasas
izejvielam var veikt viena vai divas stadijas, iegiistot daudzfunkcionalus biivblokus un
funkcionaliz&€tus monomérus polimerizacijai.

Darba struktiira un apjoms

Promocijas darbs ir tematiski saistitu zinatnisko publikaciju kopa par jaunu
elektroktmisko metozu izstradi karb@nija jonu iegliSanai un izmantosanai reakcijas. Promocijas
darba apkopoti rezultati no &etriem originaliem zinatniskajiem rakstiem, kas indekséti Scopus
un Web of Science.



Publikacijas un promocijas darba aprobacija

Promocijas darba rezultati ir publicéti Cetras zinatniskajas publikacijas. Rezultati ir

prezent&ti astonas zinatniskajas konferencgs.
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PROMOCIJAS DARBA GALVENIE REZULTATI

1. Elektrokimiska karbénija jonu generésana, izmantojot
elektropaliggrupas, un to reakcijas ar nukleofiliem

Karbénija jonu elektrokimiska generé$ana tika paredzéta divas stadijas — vispirms,
elektrokimiski aktivgjot elektropaliggrupu izejviela 17, tiktu generéts oksonija jons 18, kas
in situ fragment&tos lidz karbénija jonam 19 (4. att., A). Divu stadiju process lautu generct
substratus no viegli pieejamiem izejmaterialiem — spirtiem.

Ka potencialas elektropaliggrupas tika izméginatas oksietikskabes (17a), sililmetilétera
(17b) un stanilmetilétera (17c¢) funkcionalas grupas (4. att., B). No tam zemakais
redokspotencials tika noteikts stannilmetiléterim — 1,7 V (pret SHE) savienojuma 17c.

A : H .
-ne Nu
RoBAu 7 | R A, @ R_Nu
® CHO
17 18 19 20
B
Ph Ph Ph
= ox
1 Ph)\ 0 Ph)\o/\SiMes Ph)\o/\SnBua
> = =
172 g~ 2V 176 0~ 20V 17¢: Fox= 17V

X =H, Na, Li, TBA

4. att. A) Karbénija jonu veidoSanas no oksonija jonu fragment&Sanas;
B) izméginatas elektropaliggrupas un to oksidésanas potenciali (pret SHE).

Balstoties cikliskas voltampetrometrijas rezultatos, par elektropaliggrupu karbénija jonu
generéSanai, inic€jot oksonija jonu fragment€Sanos, tika izvElGta stannilmetilétera grupa.
Substrati tika sintez&ti viena soll no attiecigajiem spirtiem. Reakcijai starp spirtu un
tributil(jodmetil)stannanu bija nepieciesama sp&ciga baze — kalija hidrids.

Karbénija jonu generé$anai no tributilstannilmetiléteriem bija nepiecieS8ama ne tikai C—Sn
saites SkelSana, bet arT efektiva oksonija jona fragment@Sanas elektrolizes apstaklos.
FragmentéSanas efektivitati pétija ar elektrokimisku metanoliz€Sanu dazados apstaklos
(1. tab.). Metanols kalpoja ka protonu donors katodiskajai reakcijai, savukart reakcijas gaita
generétais metoksids reag€ja ka nukleofils ar elektrokimiski generétajam elektrofilajam
dalinam 18 un 19. Paklaujot ((benzhidriloksi)metil)tributilstannanu (17¢) kontrol&tas stravas
elektrolizei metanola vai acetonitrila, oksonija jona 18 un karbénija jona 19 produkti 21 un 22
veidojas ekvimolara attieciba ar vidgju iznakumu (1. tab., 1. un 2. aile). Ievérojamu
selektivitates un karbénija jona produkta 21 iznakuma uzlabojumu noveroja, izmantojot HFIP
ka reakcijas $kidinataju (1. tab., 4. aile). Ir zinams, ka HFIP stabilizé katjonu un katjonradikalu
starpproduktus, pateicoties ta sp&jai but par iidenraza saites donoru, zemajai nukleofilitatei un
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sp&jai veidot ambivalentas polaritates mikrostruktiiru.?’ Neliela produktu veidoSanas tika

noverota arl bez elektriskas stravas HFIP veicinatas izejvielas jonizacijas del, tomeér

elektrokimiska procesa izmantoSana bija izSkirosa, lai produktus iegiitu ar augstu iznakumu.

1. tabula
Substrata 17¢ elektroktmiska aktivéSana MeOH klatbiitne
® ] MeoH OMe
P CH,0 {Ph Ph| —> ph">Ph
07 "SnBus 55 mA, 10 ekviv. MeOH 8~ 19 21
Ph)\Ph ol P
0,1 M TBABF 4, 8kidinatajs | Ph™” ~Ph MeOH 0~ OMe
17 18
¢ Ph Ph
22
e s . 21 un 22 kopgjais
Nr. Skidinata 21 : 22 attiecib
r Kidinatajs attieciba iznakums (%)
1 MeOH 1:1.1 50
2 MeCN 1,3:1 50
3 DCM 7,5:1 85
4 HFIP >99:1 73

[l Kopgjais produktu 21 un 22 'H-KMR iznakums, izmantojot 1,4-bis-trihlormetilbenzolu ka ieksgjo standartu.

Talak tika pétita citu nukleofilu izmantoSana reakcija ar elektrokimiski generétajiem

karbénija joniem. Optimalajos reakcijas apstaklos ka $kidinatajs tika izmantots dihlormetans

(DCM) ar HFIP piedevu, lai veicinatu katodisko reakciju un oksonija jona fragment&$anos

izmantojot grafita elektrodus. Tika konstatets, ka alilsilani 23a un 23b ir saderigi ar elektrolizes

apstakliem un reakcija ar generétajiem karbénija joniem veidojas jauna C—C saite.
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2. tabula

Substrata 17¢ elektrokimiska aktivésana alilsilanu klatbiitne

0" SnBu, 25 mA, TBABF,’ Ph R

R
+ SiMe
- A Sives $kidinataju maistjums, PN

17¢ zgﬂy R=H ist .t. Zﬂﬂv R=H
,R=Me ,R=Me
Nr. 23, $kidinataju maistjums 24, iznakums (%)
1 23a, HFIP 24a, 40 (KMR)!!
23a, DCM, 20 ekviv. .
2 a’ ey 24a, 87 (izdalits)
HFIP
23b, DCM, 20 ekviv.
3 D eIV 24b, 64 (izdalits)

[al "H-KMR iznakums, izmantojot 1,4-bis-trihlormetilbenzolu ka ieks&jo standartu.

Elektroliz& izmantojamais stannilmetil&teru klasts (3. tab.) ietveéra substratus, kas iegiiti no
difenilmetanoliem ar elektronakceptoriem (produkti 26a—-d) un elektrondonoriem (26e)
aizvietotajiem. Ari fenilciklopropilmetil- un fenilcikloheksilkarbénija joni lava iegiit attiecigos
alilésanas produktus 26f un 26i. Tre$¢jie karbénija joni reaggja ar alilsilanu, dodot produktus
26g,h ar vidgji zemu iznakumu. Mazak stabili karbénija joni veidojas neefektivi —

metoksibenziléteris deva produktu 26j ar zemu iznakumu.

3. tabula

Elektrokimiskas aliléSanas substratu klasts

O77SnBU; 55 A Bekviv. 232  R2 R’
RTESR 20 ekviv. HFIP,DCM ~ R® N
25a-k TBABF, 26a-k
Nr. Produkts 26, iznakums (%)
1 Ph 26a, 74
4-FCGH4)\/\
2 Ph 26b, 79
4-BrCSH4)\/\
3 Ph 26¢, 76
4-(CF3)CBH4M
4 4-FCgH, 26d, 81

4-FCgH /\/\

4
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3. tabulas turpinajums

5 26e, 72
4-(MeO) CeH M

6 26f, 91

7 26g, 26
PhM

8 Ph 26h, 421
PhM

9 M\/\ 26i, 75

10 4-(MeO)CqHs "X 26j, 14

11 @\/\ 26k, 0

lal 1,1-Difeniletilens (20 %) tika izdalits ka blakusprodukts.
©l TH-KMR iznakums, izmantojot 1,4-bis-trihlormetilbenzolu ka iek3gjo standartu; iegiits ka nedalams

maisTjums ar trifenilmetanu.

Reakcijas, kuras tika gener&ti nestabili karbénija joni, vargja izdalit oksonija jonu aliléSanas
produktus (5. att.). Adamantilétera gadijuma oksonija jona pievieno$anas produkts 29 tika
iegtts ka galvenais produkts.

/Pﬂ\hoh 4F;16F06H4 J/\ @\ )/\

4-BrCqHy
27,6 % 286 % 29 44 %

5. att. Izdalitie oksonija jonu aliléSanas produkti.
Apskatitie rezultati ir publicti 1. pielikuma pievienotaja dokumenta.

P&c veiksmigas karbénija jonu generg$anas metodes izstrades, kura izmanto elektrokimisku
stannilmetilétera oksidéSanu un oksonija jona fragmenteSanos, tika pétita citu nukleofilu
izmanto$ana C—C saites veidoSanai. Elektrokimiskas metodes lauj karb&nija jonus generét vidg,
kas nesatur skabi, kamér lielakajai dalai karbénija jonu generé$anas metozu nepiecieSsama Luisa
vai Brensteda skabes klatbtitne. Nozimiga karbénija jonu reakcija ir Fridela—Kraftsa alkilésana.
Lai papildinatu pieejamo klastu ar elektrokimiskajam arénu funkcionaliz€$anas reakcijam, tika
izpétita iesp&ja veikt elektrokimisku Fridela—Kraftsa reakciju, izmantojot stannilmetiléterus ka
elektrokimiski aktiv€jamus karbénija jonu prekursorus.
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Tika konstatéts, ka trimetilstannilmetil&teri ir tikpat efektivi elektrokimiskai karbénija jonu
generéSana ka tributilstannilmetiléteri, uzradot zemaku redokspotencialu neka aréniem.
Elektrokimiski ierosinata modelreakcija starp stannilmetiléteri 30a un O-TBDMS aizsargatu
fenolu HFIP klatblitn€ norit&ja ar labu iznakumu un augstu para-selektivitati (4. tab., 1. aile).
Nemot vera, ka HFIP piemit vajas skabes Ipasibas, karbénija jonu veidoSanos HFIP izraisitas
solvolizes rezultata noveroja pat bez elektriskas stravas, ja izmantoja lielaku §is piedevas
daudzumu (4. tab., 2. aile). ST iemesla dél tika izpétitas dazadas bazes, lai reakcijas apstakli
biitu savietojami ar skabes jutigam funkcionalajam grupam (4. tab., 3.-6. aile). NaHCOs
pievienosana pilniba noversa izejvielas solvolizi, vienlaikus nodroSinot labu produkta
iznakumu (4. tab., 6. aile).

4. tabula
Reakcijas apstakli selektivai substrata 30a elektrokimiskai aktivéSanai
OTBDMS OTBDMS
0" >SnMe;, . Apstakli AvaiB
Ph/‘\Ph @ 0,1 M TBABF4DGM
20 ekviv. HFIP, Ph oh
30a 31a (2 ekviv.) 32a
Apstakli A’ 1 =2,5F/mol, 20 mA, grafita elektrodi, ist. t., 40 min
Apstakli B: bez stravas, ist. t., 18 h
Nr. Piedevas Apstakli A Apstakli B
32a iznakums™® (%) 32a iznakums™® (%)
1 nav 63 9
2 papildu HFIP!®! 56 74
3 1 ekviv. 2,6-lutidins 0 0
4 1 ekviv. PivONa 38 0
5 1 ekviv. PhCO,Li 51 0
6 1 ekviv. NaHCOs 64 (551 0

[alTH-KMR iznakums, izmantojot EtOAc ka iek3gjo standartu.
] Skidinatajs: HFIP: DCM 1 : 1.
[l Izdalitais iznakums.

Kad optimalie elektrolizes apstakli bija atrasti, tika izp&tits arénu klasts, kas piemé&rots
elektrokimiskajai Fridela—Kraftsa reakcijai (6. att.). Furans un metilfurans reaggja ar
elektrokimiski generétu karbénija jonu, dodot produktus 32b un 32¢ ar labiem iznakumiem.
Optimizetie reakcijas apstakli bija saderigi ar O-aizsargatiem furfurilspirtiem (produkti 32d—g),
kas liecinaja par pirmo Fridela—Kraftsa alkiléSanas piemeru, kas veikts ar skabes jutigiem
(MOM, Tr, THP un -CHPhz) O-aizsargatiem substratiem. AlkiléSanas reakcijai bija piemeéroti
ari citi heterocikli, piem&ram, tioféns un N—aizsargats indols (produkti 32h,i). Ar elektroniem
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bagati fenola un anizola atvasinajumi bija saderigi ar elektrolizes apstakliem, neraugoties uz to
zemajiem redokspotencialiem. Neaizsargats fenols, dimetilanizols un 1,3-dimetoksibenzols
elektrolize deva produktus 32j—1 ar labiem iznakumiem.

10 20 ekviv. HFIP, 1 ekviv. NaHCO4

N —
0~ “SnMe;, 2 5ekviv. ArH, 0,1 M TBABF4/DCM )A\r
Ph~™ ~Ph 5 30 mA, 2,5 F/mol Ph~">Ph
30a 32b-1
/\,_ Ph RO / \ Ph /7 \\  Ph
R—o o Me—\s
h h h
61 %; 88 %
32b,R = ( 74"0/ _ 880"[/61) 32d, R = MOM (44 %; 50 %la)) ~ 32h (g8 9%; 76 %)
32¢c N Me (74 %; “ly  32el) R = Tr (54 %; 66 %U))

32f R= THP I-RE %, 50 %lal)

32glbr 2(53 %; 76 %)
Ph Me
MeO OMe
\
N
Boc Ph

(52 %; 67 %, 57 %; 70 A:[a

32i &y 32j (45 %, 80 %) 32k D) 321 (63 %; 80 %))

(@ "H-KMR iznakums, izmantojot EtOAc ka ieksgjo standartu ! 10 ekviv. HFIP

6. att. Elektrokimiski ierosinatas Fridela—Kraftsa reakcijas substratu klasts.

Stannilmetiléteru klasts ietvéra substratus, kas iegtti no difenilmetanola ar dazadiem
aizvietotdjiem benzola gredzena 4. pozicija (7. att.). Diarilmetilkatjoni ar elektrondodo$am
(izejviela 30b) un elektronatvelkosam (izejviela 30c¢) grupam deva 2-metilfurana un
2-metiltioféna alkiléSanas produktus 33a—c ar labiem iznakumiem. Fluoru satuross
diarilmetilkatjons (no 30d) reaggja ar O—-TBDMS aizsargatu fenolu, dodot nedaudz zemaku
produkta 33d iznakumu, salidzinot ar nefluorétu analogu (produkts 32a). Reakcija notika ar
benzilkatjona prekursoriem, kas satur€ja karb&nija jonu stabiliz€joSo metoksigrupu (30g),
savukart no 4-hlorbenzilsubstrata 30h neizdevas ieglt v€lamo produktu 33i. Tres€ja karbenija
jona prekursori deva produktus ar vid&ju iznakumu, iznemot adamantilkatjona prekursoru 30n,
kas nedeva gaidito alkiléSanas produktu 33o0.

Apspriestie rezultati ir publicéti 2. pielikuma pievienotaja dokumenta.
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19720 ekviv. HFIP, 1 ekviv. NaHCO3

S
j\ SnAlks 2 5ekviv. ArH, 0,1 M TBABF4+/DCM j‘\r
1 3 = 1 3
R'geR 5 20 mA, 2,5 F/mol RTReR
30b-n 33a-0
0" ">SnBuy 0”"">SnMe; 0">SnMe; 0~"“SnMe,
Ph)\©\ Ph/% C@
R C SR
30b, R= OMe 30e 30f 30g R = OMe
30c, R= CF 30h, R = Cl
30d,R=F
0" SnAlk, O\/T\/\SnMe:, 0~ “SnBu,
Ph/Ft}Fv g Me "
30i, R' §2 =Ph CF3
30j, R' _ Rzz' MZ . 30m 30n
30k = -(CH
5 h R e
JEt
OMe R F
; & &
Me o Me s
h TBDMSO Q
33a (75 %; 86 %) 33b, R = OMe é@%% ay, %[a]) P
: (5 41 %; 54 %
33c'R= CF3 33q (41 %154 %

(374 3

(59 %; 64 %,

33e (78 %; 94 %[a] 33f faly
/ ) \

Me s

58 % 75 %
33h' R= OMe (72 %) 33j (70 %) 33k (52 %; 56 %[al 33|( >
33i, R = CI (0 %[> b))

O(4-FCgH
w2
33m (21 %; 50 %) 33n (39 %; 50 %) 330 (0 %le))

BITH-KMR iznakums, izmantojot EtOAc ka iek3gjo standartu, ! oksonija jonu arilésanas produkts 35 % pec KMR.
7. att. Stannilmetiléteru klasts elektrokimiski ierosinatai Fridela—Kraftsa reakcijai.

Tika izstradata arT iekSmolekulara Fridela—Kraftsa alkilé$ana, lai iegltu kondens&tus
heterociklus ka reakcijas produktus. Sim noliikam tika izstradati substrati 34, kuros ick3gjais
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(hetero)aromatiskais nukleofils tika pievienots reakcijas centram ar piemé&rota garuma
savienotajposmu, lai p&c iekSmolekularas ciklizéSanas veidotos piecloceklu vai sesloceklu cikls
(8. att., A).

Substratu sintézi saka no epoksida 36, ko uzskela ar aromatiskiem spirtiem, lai iegiitu
iek8molekularu nukleofilu saturo$us spirtus 37a—f, kas péc tam tika modificéti ar
trialkilstannilmetiljodidu, lai iegiitu izejvielas 34a—f (8. att., B).

A
o/\SnMe3 - ® Ph
2e o~
Ar
Ph/*\/ \(\/yn 01 Ph/*\/o nAr —— Me/e‘a\/o‘(v)’n
-H,COo
34 m ¢ v
Ph N
X=C,0.8 Me)[('\i C,‘/;
n=0,1 07X
35
B Al RS
0 rﬂn 0.1 0 > SnAlk,
PN
< \ o Ar | SnAlk; o Ar
Ph Me;» F’h/*\/ =01 — > Ph/’\tE/ YIn=0,1
36 37af 34a-f

8. att. A) IekSmolekulara Fridela—Kraftsa reakcija;
B) sintézes cels iekSmolekularas Fridela—Kraftsa reakcijas izejvielu iegtiSanai.

Elektrolize ar substratiem, kas satur 3-metoksifenil (34a), 3-furfuril (34b),
3-benzofurfuril- (34d) un 3-tienilgrupu (34e) ka ieksgjo nukleofilu, deva attiecigos kondens&tus
seSloceklu heterociklus 35a,b,d, e ar vid&ju 1idz zemu iznakumu (5. tab.). Elektrolizes apstaklos
netika noverota kondens&ta piecloceklu cikla 35f veidosanas, ka arT savienojums 34c¢ nedeva
velamo ciklizé$anas produktu, jo elektrokimiskas reakcijas laika tika noskelta 2-furfurilgrupa.
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5. tabula

IekSmolekularas Fridela—Kraftsa alkiléSanas produktu klasts

SnAlk,
J Me_ Ph
O 10 mA, 2,5 F/mol
Ph/*\/O\Ar grafita elektrodi ‘ Ar
Me 20 ekviv. HFIP, DCM
34af TBABF,

35a-f
Alk = Me, Bu
N Produkts, iznak
' Izejviela 34 Produkts 35 FOCUKLES, 1znakums
(KMR iznakums), %
SnMe;  OMe Me  pn
0) \/© fj@\
[a]
! ph/ljﬂyo oMe 46 (6012
34a 35a
SnMes Me_ Ph
o L 9,
O\/[/) / 30 (311
Ph/'\L?/
34b 35b
SnBuj; SnBu,
o (0} \ (0}
3 Ph/’j/l}/O\/Q Ph/I\L\/OH 22
34c 38
SnMe; Me Ph
O / (o} | (o}
[a]
4 phﬂvov[@ 32 (300
34d 35d
SnMe, Me_ Ph
o’ s -
> 0\/[/) % 17 (321)
Ph/’j/E/
34e 35e
SnBuj;

s
8

2l TH-KMR iznakums, izmantojot EtOAc ka iek3gjo standartu.
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IekSmolekularas Fridela—Kraftsa reakcijas samazinatos iznakumus, salidzinot ar
starpmolekularo Fridela—Kraftsa reakciju, varétu izskaidrot ar oksonija jona III vajo
fragmentaciju ta stabilizacijas d&l, veidojoties cikliskai sistemai V, kas ir lidzsvara ar III
(9. att.).

®
2
o O-Ar 0/\697Ar
Phj\/ - Phj\/
M M

1] \'
9. att. Oksonija jona stabilizacija ar blakus esosa skabekla nedalito elektronu pari.

Izejvielu elektrokimiska metanolizéSana noradija, ka metanola pievienoSanas oksonija
jonam ir galvenais reakcijas cel§, un metoksimetiletais starpprodukta ITI (8. att., A)
pievienos$anas produkts tika iegiits ar augstaku iznakumu neka metoksiléta starpprodukta IV
(8. att., A) pievienos$anas produkts. Papildus tika sintez&ts izejvielas 34a analogs 39, kas nesatur
papildu skabekla atomu, tap&c nav iesp&ama oksonija jona stabilizacija. Savienojums tika
paklauts elektrolizes standartapstakliem, kuros tika iegtits produkts 40 (10. att.).

SnMe3 OMe

OMe
10 mA, 2,5 F/mol
graf‘ ita elektrodi
TBABF, (2 SRV
h

HFIP (20 ekviv.)
DCM, ist. t.

39
59 % (79 %le))
A1 TH-KMR iznakums, izmantojot EtOAc ka ieks&jo standartu

10. att. Karbocikla 40 iegiiSana iekSmolekularas Fridela-Kraftsa reakcijas cela.

Attiecigais karbocikls 40 veidojas ar paaugstinatu iznakumu, salidzinot ar &tera saiti saturo§o
substratu 34a, kas apstiprina oksonija jonu stabilizacijas nozimi, kav€jot kondens&tu
heterociklu veidosanos.

Apspriestie rezultati ir publicéti 3. pielikuma pievienotaja dokumenta.

2. Furfurilétu etilenglikolu Torija tipa elektrokimiska oksidéSana

Elektrokimiska sint€ze ir noderigs riks ne tikai paaugstinatas pievienotas vertibas
reagentu/izejvielu ieguiSanai, bet ari biomasas valorizacijai. Furana atvasindjumi ir ipasi
pieméroti substrati elektroktmiskai funkcionaliz€Sanai, jo furana gredzenam piemit zems
oksidésanas potencials, kas lauj veikt elektrokimiskas parvertibas, neizmantojot
elektropaliggrupas. ST darba dala tika veltita Torija (Torii) tipa elektrokimiskas oksidésanas
izpetei furanmetilatvasindjumos 41, kuros hidroksilgrupa kalpo ka iek$gjais nukleofils.
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Paredzamie reakcijas produkti ir spirocikliski atvasinajumi 42, ko talak varétu paklaut
fragmentacijai, lai iegiitu produktus 43 ar funkcionalizgtu estera dalu. Produkti 43 var&tu bt
vertigi buvbloki talakam kimiskam parvertibam. Spirocikla veidoSanas sakas ar viena elektrona
pareju savienojuma 41a, veidojot katjonradikali 44a (11. att., B), kas p&c deproton€Sanas un
iek§molekularas ciklizé$anas dod starpproduktu 45a. Talaka 45a oksidésana dod oksonija jonu
464, kas pec metanola pievienoSanas dod spirociklu 42a.

A
R1
r O OH viena vai Meo_ OMe
divas stadijas
\@/\XJ\( 1] U Me
R2
41 X =0, N-PG
! /|
MeO R
MeOH U MeOH
Fragmentesanas
B MeO

OH
(0] of
N\
Me 47

OH
0 ]
/ 0 -e- . o _HO® S (0] €
2 o — 3L =M
OH ® 0O
41a 44a

45a
®
—0 MeO 0 o)
e o MeOH w
N —H . -
—_— ® a
O
42a

11. att. A) Torija tipa nepiesatinato esteru elektrosintéze;
B) spirocikla 42a elektrokimiskais veidoSanas mehanisms.

Elektrokimiski ierosinata spirociklu 42 veido$anas tika realiz€ta nedalita $lina, izmantojot
grafita elektrodus (12. att.). Par skidinataju tika izvel€ts metanols, jo tas spgj kalpot gan ka
protonu donors katodiskajai reakcijai, gan arT ka nukleofils, savukart TBABF; tika izvelets ka
fona elektrolits. Lai noverstu iesp&jamo furana gredzena dimetoksiléSanu (savienojums 47,
11. att.) ar metoksida anjonu, tika pé&titas dazadas piedevas, kas veicinatu katodisko reakciju.
Tika konstatéts, ka HFIP piedeva nodrosina spirociklu iegliSanu ar labu iznakumu, tomer ka
blakusprodukts veidojas ievérojams daudzums estera 43, tacu, pievienojot reakcijai PPTS,
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velamais produkts veidojas ar augstu iznakumu bez ievérojama blakusproduktu daudzuma.
Optimalie elektrolizes apstakli bija pieme&roti spirta 41a oksidéSanai Iidz spirociklam 42a lidz
pat 500 mg izejvielas apjomam. Spirocikla sintézes iesp&jas tika izp@titas arl no citiem
furfurilfragmentu saturoSiem etilénglikola un aminoetanola atvasinajumiem, lai iegiitu
produktus 42b-h ar vid&ji labiem vai labiem iznakumiem. Etanols bija piem&rots $kidinatajs
un argjais nukleofils, lai attiecigais produkts 42b tiktu iegiits, lai arT ar zemaku iznakumu, neka
izmantojot metanolu.

1 ekviv. PPTS

2,5 F/mol, 30 mA
Grafita elektrodi

MeO
1 ekviv. TBABF, (E1O)
1 — E0 .
R' MeOH vai H, ist. t.
R2

41a-h 42a-| h
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e
EtO
o oo 0 oo
m =~ 0 1)1
=H, Ry = Me, 60 %
42a, 70 % (~1:1 diastereoméru ~ 42b, 40 % 42¢,R" _ Me 2R -H 63"/0
maisijums) 42d, R? e ’
Me Me
0, 5 0 MeO, o O.. Meoto){)}
TX g™ X A
42e, 69 % 42f 43 % 429, 61 %
MeO 00
AL
Ts
42h, 59 %

12. att. Spirociklu 42 elektrokimiskas sintezes klasts.

legiito spirociklu elektrooksidativa fragment&Sana deva esterus 43. Sim reakcijas solim
PPTS nomainija pret AcOH, jo PPTS blakusprodukti ar laiku m&dza nogulsnéties uz
elektrodiem. Tika konstatéts, ka esteru veidoSanai LiClO4 ir labaks fona elektrolits neka
TBABF,. Optimizétajos apstaklos esteri 43a—h veidojas selektivi ar dubultas saites
Z konfiguraciju (13. att.). Kad elektrolizei tika paklauts substrats 42b, transacetaliz€Sana ar
metanolu netika noverota un veidojas tikai jauktais acetals 43b.
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4 ekviv. AcOH

4 F/mol, 20 mA
3 R Grafita elektrodi
R 5 0 1 ekviv. LiCIO,
2
'\(";ng MeOH, ist. t
42a-h
OMe
MeO. OMe g EtO_ OMe

U

UI

(Et)
MeO  OMe R OMe
Rl 9 e
X O/H/
R2
43a-h
OMe OMe

MeO_ OMe R2

L Im

9 =H, R, = Me, 74 %
43a, 68 % FE 43c,R'_ "2 =|i 69 %
papildu 20 ekviv. HFIP: 70 %  43d, R PT2 T TR YR
OMe OMe
MeO OMgMe g MeO OMe MeOU /r
N0 "Me /O
70 % .
43e, 59 % 43p 43g’ 34 % (KMR iznakums)
nedalams maisijums
OMe
MeO_ OMe Nr
o ~Ts
X0
0,
a3 2%

13. att. Elektroktmiski ieglistamo esteru 43 klasts no spirocikliem 42

Spirtu 41 parvertibu par esteriem 43 var veikt ari viena soli (14. att.). Lai izvairitos no PPTS
nogulsnésanas ilgstosas elektrolizes laika, pirmaja posma ka piedevu izmantoja HFIP, reakcijas
otra posma veicinasanai pievienoja AcOH. Parvertibas veikSana viena solt bija Tpasi piemérota
N-aizsargatu O-furfurilaizvietotu aminospirtu 43h-1 parveidosanai.

Viena

elektrosintézi vargja veikt ari viena grama méroga.
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1) 20 ekviv. HFIP, 2,2 F/mol OMe

2) 4 ekviv. AcOH, 3-4 F/mol (
/) (e} OH Grafita elektrodi, 20-30 MA  MeO_ OMe R2 x

_ x%w 1 ekviv. LiCIO, o I
R2 MeOH, ist. t. X0 R!

41a,c,d,h-l 43a,c,d,h-l
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14. att. Spirtu 41 oksidativa fragment€Sanas viena soli Iidz esteriem 43.

Piedavatais estera 43 veidoSanas mehanisms no spirocikla 42 sakas ar atgriezenisku
Sn-tipa acetala metanolizi, kas rada starpproduktu C. Elektrokimiska radikala C oksidéSana dod
O-centrétu radikali E, kas fragmentgjas Iidz o-oksi stabilizE€tam
C-centrétam radikalim F (15. att., A, a cel§). Otrs iesp&jamais reakcijas cels (b cel$) paredz, ka,
elektrokimiski aktivgjot acetala grupu spirocikla 42a, varétu veidoties katjonradikalis D. P&c
tam gredzens tiktu uzskelts metanolizes cela, iegiistot O-centrétu radikali E.

Mehanisma izpétei elektrolize tika veikta deiteréta metanola gan elektriskas stravas
klatbiitng, gan bez tas. Reakcija, kura netika izmantota stravas padeve, neveidojas iespgjamais
produkts d3-43 (15. att., B), kas lidzsvara procesa veidotos caur a celu, tap&c tika secinats, ka
spirocikla metanolizei ir nepiecieSama elektrokimiska aktivésana (b cels).
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15. att. A) Piedavatais mehanisms estera 43a iegiiSanai no spirocikla 42a;
B) deitérija ieziméS$anas eksperimenti, kas apstiprina estera 43a veidosanas mehanismu caur b
celu.

Apspriestie rezultati ir publicéti 4. pielikuma pievienotaja dokumenta.
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SECINAJUMI

Trialkilstannilmetilgrupa ir piemérota elektropaliggrupa karbenija jonu iegliSanai no
trialkilstannilmetil&teriem, inic&jot oksonija jona fragment€sanos.

Karbénija jonus var elektrokimiski generét no stannilmetiléteriem nedalita $tna
alilsilanu klatbutng. Elektrokimiski gener&tie karbénija joni viegli reagg ar alilsilaniem.
Elektrokimiska Fridela—Kraftsa alkiléSana ar trialkilstannilmetiléteri 1,1,1,3,3,3-
heksafluorpropan-2-ola , ka piedevu izmantojot NaHCOs, ir lietota substratiem, kas
satur skabes jutigas funkcionalas grupas, pieméram, TBDMS, Tr, THP, MOM
un -CHPh,.

Elektrokimiski ierosinatas iekSmolekularas Fridela—Kraftsa alkil&Sans cela, saslédzoties
seSloceklu ciklam, iespgjams iegiit kondensetus heterociklus. Produkta veidoSanos kave
starpprodukta, oksonija jona, iekSmolekulara stabiliz€Sana.

Etilenglikola un aminoetanola atvasinajumi, kas satur furfurilgrupu, metanola
elektroktmiski oksidgjoties furana gredzenam, veido spirociklus.

Spirociklu 42 elektrokimiska oksidéSana lauj ieglt ¢,f-nepiesatinatus esterus.
Parvertibu iesp&jams veikt arT viena soli no O-furfurilaizvietotiem etilénglikoliem un
aminospirtiem.

Eksperimenti ar deitérija iezim&tu metanolu apstiprina, ka elektrokimiskai aktiveéSanai
ir iz8kiroSa nozime spirocikla atvasinajumu parveido$ana par «,f-nepiesatinatiem
esteriem.
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ABBREVIATIONS

Ac — acetyl
Alk — alkyl
Ar —aryl

Boc — fert-butoxycarbonyl

Bu — butyl

DCM - dichloromethane

EAux — electroauxiliary group

E°* — peak oxidation potential

Equiv — equivalents

Et — ethyl

HFIP - 1,1,1,3,3,3-hexafluoro-2-propanol
Me — methyl

MeCN - acetonitrile

MOM — methoxymethyl

NMR - nuclear magnetic resonance spectroscopy
PG - protecting group

Ph — phenyl

Piv — pivalic

PPTS — pyridinium p-toluenesulfonate

r.t. — room temperature

SHE — standard hydrogen electrode

TBA - tetrabutylammonium

TBABF, — tetrabutylammonium tetrafluoroborate
TBDMS — fert-butyldimethylsilyl

THP — 2-tetrahydropyranyl

Tr — trityl

Ts —tosyl
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GENERAL OVERVIEW OF THE THESIS

Introduction

In the last decade, synthetic organic electrochemistry has received renewed interest due to
technological advances and its contribution to sustainable chemistry. Electrochemistry offers
many advantages, such as new reaction pathways, scalability, ambient conditions, and
controlled generation of reactive intermediates.'” Reaction times can be predicted and
modulated by changing the applied current.* Electrochemistry enables energy input directly into
a molecule, avoiding using molecular energy carriers.’ Electrons are directly transferred
between the electrode surface and the organic molecule, producing reactive intermediate
species. The concentration of the reactive intermediates depends on the current density applied,
which is a measure of the rate of electron movement. Meanwhile, the electric potential
characterises the driving force of the redox process. An electrochemical reaction can be
performed either at constant potential or constant current mode. Constant potential electrolysis
allows fine reactivity control, as the potential is controlled via the reference electrode. Usually,
this type of reaction requires a divided cell where the working and the counter electrode are in
separate compartments divided by a membrane or a frit, complicating the setup and increasing
the resistance of the cell. On the other hand, constant current electrolysis can often be performed
in a beaker-type cell. During constant current electrolysis, the species with the lowest redox
potential are consumed, and chemoselectivity can be improved by using redox mediators or
electroauxiliaries — functional groups that promote electron transfer.>® Known
electroauxiliaries include silyl groups’? (e.g. in Fig. 1, compounds 1, 4), stannanes'*'? (e.g. in
Fig. 1, compound 3), arylthiols'® (e.g. in Fig. 1, compound 2) and organoboronic acids'* (e.g.

in Fig. 1, compound 5) that have been used to lower the redox potential of carbamates’ !},

8,9.11-13 "alkenes', sulfides!®, and arenes'*.

SiM
Q\ e a8

alkoxycarbonyl compounds'?, ethers

B(OH)2
i A~ PN
MeO SiMe; MeO SPh MeO SnBu, COZMe U
1 2 3 4 5
1.60V 140V 091V 1.23V 25V

2.1V in the presence of F

Fig. 1. Representative examples of known electroauxiliaries and their respective redox
potentials (vs SHE).

One of this Thesis objectives is to explore the use of electroauxiliary groups for the
generation of carbenium ions. Anodic oxidation enables the generation of carbenium ions (e.g.
in Fig. 2 A, compound 7 from compound 6) without the use of stoichiometric oxidants, while
proton reduction to hydrogen at the cathode serves as a neutral paired reaction (Fig. 2 A).
However, only some nucleophiles are compatible with the oxidation potential required for
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substrate activation allowing to obtain compounds 8. To expand the nucleophile scope, the
Yoshida group developed an electrochemical cation pool methodology using starting materials
9 (Fig. 2 B) modified with an electroauxiliary (EAux) group. In this method, ions 10 (Fig. 2 B)
are accumulated at low temperatures, followed by an “ex-cell” addition of a nucleophile to form
products 11 (Fig. 2 B).% Even though the cation pool methodology is a powerful approach, it
requires a complex setup with a divided cell, low temperatures and a large amount of
trifluorosulfonic acid for the cathodic reaction. Preferable would be electrosynthesis in an
undivided cell where carbenium ions are generated in the presence of nucleophiles. For this,
the redox potential of substrates 6 and 9 must be lower than that of the nucleophile. Therefore,
the use of electroauxiliary groups for carbenium ion generation enabled the use of various
carbon nucleophiles in this Thesis.

A
Anodic reaction:
H -ne H® H NuH H
H-&—H —_— H,é® —_ > H-C—Nu
Ar Ar Ar
6 7 8
Cathodic reaction: 2H® *2e H,
R ne R' R
- NuH R /j\
R‘XJ\EAux —~EAuT R()%/) —  » X" ONu
9 10 11

X =0, EAux = SiMe;, SAr, SnBuj
X =NR", EAux = SiMe3, SnBujs
X =Ar, R = Ar, EAux = SAr
Fig. 2. A — Direct electrochemical oxidation followed by reaction with a nucleophile; B —
electrochemical oxidation via electroauxiliary.

Additionally, electrochemistry can contribute to sustainable chemistry by offering methods
for the valorisation of biomass.>'®!7 Furan derivatives (e.g. in Fig. 3, compound 12) are
particularly suitable substrates for electrochemical functionalisation due to the low oxidation
potential of the furan ring to form radical cations 12°*, which allows transformation into various
products like 14, 15, and 16 without the use of electroauxiliary groups (Fig. 3).

O

14
R=H HO O
. HO,C CO,H
o O e e
13 15

R_O_ ° REO_
" 1 :
] R=CHO HO,C
12 127 T

16

Fig. 3. Electrooxidative furan derivative valorisation products.'s.

32



To have a practical application in a synthetic lab, electrochemical methods benefit from
operational simplicity, that is, employing an undivided cell, cheap electrode materials and
simple equipment like the commercially available Electrasyn 2.0 potentiostat from IKA or even
a battery.! For industrial applications, the safety, selectivity and yield as well as low energy
and atom consumption of the electrosynthetic reactions are important factors. Electrochemical
reactions such as the synthesis of adiponitrile (Monsanto), methoxylation of substituted toluene
(BASF), oxidation of anthracene to anthraquinone (ECRC), reduction of maleic anhydride to
succinic acid (CERCI) and methoxylation of 2-methyl-2,5-dimethoxyfuran as an intermediate
for 2-methyl-3-mercaptofuranproduction (Tengzhou Tianshui Biological Technology Co.) are
some examples of electrosynthetic reactions currently in practical industrial use."

Both for laboratory and industrial application, especially attractive are methodologies that
offer new reaction pathways, are usable for late-stage functionalisation with high functional
group tolerance or show easy ways to perform traditionally complicated reactions without
employing toxic or highly reactive reagents.! For these reasons, synthetic methodologies
developed as part of this Thesis use an undivided cell and cheap graphite electrodes fitted to
the commercially available Electrasyn potentiostat.

Aims and objectives

The main goal of the Thesis is to develop new operationally simple electrochemical
methods for organic synthesis via electrochemically generated carbenium ions.
To fulfil this goal, the following tasks were set:

1. To find a suitable electroauxiliary for the generation of carbenium ions (via
fragmentation of the oxonium ions).

2. To develop a new method for electrochemical allylation of carbenium ions formed by
electrochemical activation of substrates modified with electroauxiliary.

3. To develop an electrochemical method for Friedel-Crafts alkylation in the presence of
acid-labile substrates.

4. To demonstrate an intramolecular Friedel-Crafts alkylation for the synthesis of
condensed heterocycles.

5. To investigate the valorisation of furan derivatives by the reactions of electrochemically
generated radical cations.

Scientific novelty and main results

As the result of the Thesis, operationally simple electrochemical methods for new bond
formation via carbenium ion generation have been developed. Trialkylstannylmethyl group has
been established as a suitable electroauxiliary for carbenium ion formation via the
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fragmentation of oxonium ion that enables the synthesis of carbenium ion precursors from
alcohols as readily available starting materials. The low redox potential of trialkylstannylmethyl
electroauxiliary allows selective electrooxidation in an undivided cell in the presence of
nucleophiles. The carbenium ion formation was further promoted using 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) as an additive. An electrochemical allylation method with
allyltrimethylsilanes was demonstrated. The electrochemical carbenium ion generation method
was further extended for Friedel-Crafts alkylation by using arenes as nucleophiles. The use of
NaHCO:s as a basic additive rendered the electrolysis conditions compatible with sensitive acid-
labile functional groups, including TBDMS, Boc, Tr, MOM, THP, and CHPh; protecting
groups. An intramolecular Friedel-Crafts alkylation was demonstrated where the formation of
6-membered cycles furnished new condensed heterocycles.

Ethylene glycol and amino ethanol derivatives containing furfuryl moiety formed
spirocycles upon electrochemical oxidation in methanol. Upon further oxidation, the
spirocycles could be transformed into ¢, f-unsaturated esters with complete Z-selectivity. The
ester synthesis from biomass-derived starting materials can be done in two steps or by using a
one-pot protocol giving multifunctional building blocks and tailored monomers for
polymerisation.

Structure and volume of the Thesis

The Thesis is a collection of thematically related scientific publications on developing new
electrochemical methods for carbenium ion generation and use in reactions. The Thesis
compiles results from 4 original scientific papers indexed in Scopus and Web of Science.
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MAIN RESULTS OF THE THESIS

1. Electrochemical carbenium ion generation via electroauxiliaries
and their reactions with nucleophiles

For the electrochemical generation of carbenium ions, we envisioned a two-step process.
The electrochemical activation of the electroauxiliary in starting material 17 would generate an
oxonium ion 18, which would undergo in situ fragmentation to carbenium ion 19 (Fig. 4 A).
The two-step process would enable the generation of the substrates from alcohols as readily
available starting materials.

We tested oxyacetic acid (17a), silylmethyl (17b) and stannylmethyl ether (17b) functional
groups as electroauxiliaries (Fig. 4 B). From these, stannylmethyl ether had the lowest redox
potential of 1.7 V in compound 17¢ (vs SHE).

A . H .
-ne Nu
R\O/EAux R‘O/)\H _ R@ R—Nu
® CHO
17 18 19 20
B
Ph Ph Ph
= oX
1 Ph/‘\o/\g/ Ph)\OASiMeS Ph)\o/\SnBug,
172 e 2V 170~ 20V 17¢ Ex =17V

X =H, Na, Li, TBA
Fig. 4. A — Carbenium ion generation via oxonium ion fragmentation; B — tested
electroauxiliaries and their oxidation potentials (vs SHE).

Stannylmethyl ether group was chosen as the electroauxiliary group for the generation of
carbenium ions via oxonium ion fragmentation. The substrates were synthesised in one step
from the corresponding alcohols. The reaction between  alcohol and
tributyl(iodomethyl)stannane required a strong base, KH.

The generation of carbenium ions from tributhylstannylmethylethers demanded not only the
cleavage of C—Sn bond, but also an effective fragmentation of the oxonium ion in the
electrolysis conditions. The effectiveness of the fragmentation was investigated by
electrochemical methanolysis in various solvents (Table 1). In this case, methanol served as the
proton donor for the cathodic reaction while the formed methanoate acted as a nucleophile for
reaction with the electrochemically formed electrophilic species 18 and 19. When
((benzhydryloxy)methyl)tributylstannane (17¢) was subjected to a constant current electrolysis
in methanol or acetonitrile as the electrolysis solvent, oxonium 18 and carbenium 19 ion
products 21 and 22 formed in equimolar ratio in a moderate yield (Table 1, entries 1 & 2). A
substantial improvement in selectivity and yield of carbenium ion product 21 was observed
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with HFIP as the reaction solvent (Table 1, entry 4). HFIP is known to stabilise cation and
radical cation intermediates due to its hydrogen bond donor ability, low nucleophilicity, and the
ambivalent polarity domains of the molecule.”” Some product formation due to ionisation of
the starting materials promoted by the hydrogen bond donating character of the HFIP was also
observed in the absence of electricity; however, the use of electrical current was crucial to
provide products in high yields.

Table 1
Electrochemical activation of substrate 17¢ in the presence of MeOH
® MeOH OMe
e _C—HZO’{Ph/\Ph — phph
i SnBU; 25 mA, 10 equivMeOH | 07 19 21
Ph”>Ph 0.1 M TBABF,, solvent prepn| T 0~"“OMe
MeOH
17c 18 ety
Ph~">Ph
22
Entry Solvent Ratio 21 : 22 Yield of 21 & 22
(%)[a]
1 MeOH 1:1.1 50
2 MeCN 1.3:1 50
3 DCM 75:1 85
4 HFIP >99: 1 73

[l Total '"H-NMR yield of products 21 and 22 using 1,4-bis-trichloromethylbenzene as the internal standard.

Next, the application of other nucleophiles for the reaction with electrochemically generated
carbenium ions was explored. The optimal reaction conditions employed dichloromethane
(DCM) as a solvent with HFIP as an additive to promote the cathodic reaction and
fragmentation of the oxonium ion (Table 2, entries 2 & 3). The electrolysis was performed using
a simple and robust setup in an undivided cell equipped with graphite electrodes at room
temperature and ambient atmosphere. Allylsilanes 23a and 23b were compatible with the
electrochemical reaction conditions for formation of a C—C bond upon reaction with the
generated carbenium ions.
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Table 2

Electrochemical activation of substrate 17¢ in the presence of allylsilanes

O~ SnBu, R 25 mA, TBABF, Ph R
Ph/kPh * }\/ Mies solvent system, r.t.  Ph

17¢c 238 R=H 24g. R=H

, R=Me ,R=Me
Entry 23, solvent system 24, yield (%)

1 23a, HFIP 24a, 40 (NMR)P!
2 23a, DCM, 20 equiv HFIP 24a, 87 (isolated)
3 23b, DCM, 20 equiv HFIP 24b, 64 (isolated)

12l TH-NMR yield using 1,4-bis-trichloromethylbenzene as the internal standard.

The scope of the stannylmethylethers (Table 3) included substrates derived from
diphenylmethanols containing electron-withdrawing (products 26a-d) and electron-donating
(26f) substituents. Phenylcyclopropylmethyl and phenylcyclohexyl carbenium ions also
provided the corresponding allylation products 26f and 26i. Tertiary carbenium ions reacted
with allylsilane giving products 26g-h in low yields. Less stable carbenium ions were formed
inefficiently — methoxybenzylic ether gave product 26j in a poor yield.

Table 3

Substrate scope for the electrochemical allylation

07 SnBu; 5 a5 equiv 23a R2 R!
D —— e
RTRR 20 equiv HFIP, DCM RSN
25a-j TBABF, 26a-j
Entry Product 26, yield (%)
1 Ph 26a, 74
4-FC6H4M
2 Ph 26b, 79
4-BrceH4M
3 Ph 26¢, 76
4-(CF3)CGH4/‘\/\
4 4-FCgH, 26d, 81
4-FCGH4/\/\
5 Ph 26e, 72

4—(MeO)C6H4/K/\
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Continuation of Table 3

6 Ph 26f, 91
VA
7 Me 26g, 264
PhM
8 h Ph 26h, 421
M
9 Ph 26i, 75
m
10 4-(MeO)CeHs 26j, 14

11 @\/\ 26k, 0

12 1,1-Diphenylethylene (20 %) was isolated as a side product.
I TH-NMR yield using 1,4-bis-trichloromethylbenzene as the internal standard; obtained as an inseparable

mixture with triphenylmethane.

When less stable carbenium ions were formed, oxonium ion allylation products could be
isolated (Fig. 5). In the case of the adamantlyl ether, oxonium ion addition product 29 was the
major product. The results discussed have been published in the paper attached in Appendix 1.

Ph A 4-FCgH, J/\ )/\
4-BrCeH4)\O 4-FCeH

27,6 % 28' 6 % 29' 44 %

Fig. 5. Isolated oxonium ion allylation products.

After successfully developing a method for carbenium ion formation via electrochemical
oxidation of stannylmethyl ether and fragmentation of the intermediate oxonium ion, we
explored using other nucleophiles for C—C bond formation. Electrochemistry offers an
attractive tool for carbenium ion generation in an acid-free medium, while most carbenium ion
generation techniques require a Lewis or Broensted acid. An important reaction proceeding
through carbenium ion formation is Friedel-Crafts alkylation. To complement the recent
advances in electrochemical arene functionalisation, we explored an electrochemical Friedel-
Crafts reaction using stannylmethyl ethers as electrochemically activated carbenium ion
precursors.

Trimethylstannylmethyl ethers were just as effective for the electrochemical carbenium ion
generation as the tributylstannylmethyl ethers. Both functional groups exhibited a lower redox
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potential than the nucleophiles (arenes). An electrochemically induced Friedel-Crafts reaction
between stannylmethyl ether 30a and O-TBS protected phenol 31a was chosen as a model
reaction. The product 32a was obtained with a good yield and high para-selectivity when HFIP
was used as an additive for the electrolysis (Table 4). However, due to the slightly acidic nature
of HFIP, carbenium ion formation due to HFIP-induced solvolysis was observed even without
the electric current when larger amounts of the additive were used (Table 4, entry 2). Therefore,
basic additives were screened to render the reaction conditions compatible with acid-labile
functional groups (Table 4, entries 3—6). NaHCO; was found to completely suppress the

solvolysis of the starting material while delivering the product in a good yield (Table 4, entry
6).

Table 4
Reaction conditions for selective electrochemical activation of substrate 30a
OTBDMS OTBDMS
0/\SnMe3 Conditions A or B
PN ¥ -
Ph Ph 0.1 M TBABFgE&iMIe
20 equiv HFIP, Ph
30a 31a (2 equiv) a "
Conditions A: | = 2.5 F/mol, 20 mA, graphite electrodes, r.t., 40 min
Conditions B: no current, r.t.,, 18 h
Entry  Additive Cond. A Cond. B
Yield™ of 32a (%) Yield® of 32a (%)
1 none 63 9
2 additional HFTP®! 56 74
3 1 equiv 2,6-lutidine 0 0
4 1 equiv PivONa 38 0
5 1 equiv PhCO,Li 51 0
6 1 equiv NaHCO3 64 (55L 0

a1 TH-NMR yield using EtOAcc as an internal standard.
1 Solvent: HFIP:DCM 1:1
el Tsolated yield.

With the electrolysis conditions established, the scope of arenes suitable for the
electrochemical Friedel-Crafts reaction was investigated (Fig. 6). Furan and methylfuran
reacted with the electrochemically generated carbenium ion to give products 32b and 32¢ in
good yields. Moreover, furfuryl alcohols with acid-labile functional groups, such as MOM, Tr,
THP, and PhoCH (products 32-g), were also compatible with the reaction conditions,
demonstrating to our knowledge the first example of Friedel-Crafts alkylation performed with

acid-sensitive O—protecting group bearing substrates. Other heterocycles, such as thiophene

41



and N-protected indole, were also suitable for the alkylation reaction (products 32h,f). Electron-
rich phenol and anisole derivatives were compatible with the electrolysis conditions despite
their low redox potentials. Unprotected phenol, dimethylanisole and 1,3-dimethoxybenzene all
delivered products 32j-1 in good yields.

10 20 equiv HFIP, 1 equiv NaHCO,

S
M —
j)\ SnMe; 2 5equiv ArH, 0.1 M TBABF4/DCM )A:
Ph™ =Ph 5 30 mA, 2.5 F/mol Ph™” ~Ph
30a 32b-l
/ \._ Ph RO/ \\ Ph / \\  Ph
R0 o Me—\s
h h
(61 % 88 %
32b,R = Me (74°% 880"[A) l)  32d,R=MOM (44 %; 50 %)  32h (8 %: 76 %)
32¢ el 32ebl R = Tr (54 %; 66 %)
326 R = THP, (38 %, 50 %L)
329[bl’ 2 (53 %; 76 %)
Ph OMe
MeO OMe
\
N
Boc Ph
i (52 %; 67 % (57 %; 70 %,

&) 32j (45 %, 80 %[al) 32k &y 321 (83 %; 80 %)
[l TH-NMR yield using EtOAc as an internal standard ™ 10 equiv HFIP.

Fig. 6. Nucleophile scope for the electrochemically induced Friedel-Crafts reaction.

The range of stannylmethylethers included substrates derived from diphenylmethanol with
various substituents at the 4-position of the phenyl ring (Fig. 7). Diarylmethyl cations with
electron-donating (from 30b) and electron-withdrawing (from 30c¢) groups gave 2-methyl furan
and 2-methyl thiophene alkylation products 33a-¢ with good yields. Fluorine-containing
diarylmethyl cation (from 30d) reacted with O—TBDMS-protected phenol, giving a slightly
lower product 33d yield than the non-fluorinated analogue (product 32a). The reaction was
limited to benzyl cation precursor with a stabilising methoxy group (30g) as the 4-chlorobenzyl
substrate 30h failed to give the anticipated product 33i. Tertiary carbenium ion precursors gave
products in moderate yields except for the adamantyl cation precursor 30n that did not yield the
expected alkylation product 33o0.

The results discussed have been published in the paper attached in Appendix 2.
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10 20 equiv HFIP, 1 equiv NaHCO5

P
07 "SnAlks 575 equiv ArH, 0.1 M TBABF4/DCM j‘\'
1 3 = 1 3
R'R2R 5 20 mA, 2.5 F/mol RTR2R
30b-n 33a-o
0~ SnBu, 0" >SnMe, 0~ >SnMe, 0~ SnMe,
0, MY 0 0
R R
30b, R= OMe 30e 30f 30g, R = OMe
30c, R= CF, 30h,R=Cl
30d,R=F
N
0" >SnAlk, O~ “SnMe, 0~ SnBu,

NP
Ph/IL}W /©/ Me "
=R, =Ph
30i, R1 CF

30j, R'™ _ 2-Me

30k, «(CH
301, 5 — Ph; R, élﬁzEt

h h TBDMSO O
Ph

33a (75 %; 86 %2 ) 33b,R = OMe %6;1 % (41 %: 54 A)a
33¢'R= <:F3
W " Q ()
(59 %; 64 % 37°/,43fy
33e (78 %; 94 %°) 33y (997164 %e) ey
/OT (58 %; 75 %
33h' R= OMe (72 %) 33j (70 %) 33K (52 %; 56 %°) 33 (%8 % °a
33i, R = CI (0 %2P)
O(4-FCgHy)
33m (21 %; 50 %) 33n (39 %; 50 %") 330 (0 %)

[{ITH-NMR yield using EtOAc as an internal standard ! oxonium ion reaction product in 35% by NMR

Fig. 7. Scope of stannylmethylethers for the electrochemically induced Friedel-Crafts
reaction.



An intramolecular Friedel-Crafts alkylation was demonstrated to obtain condensed
heterocycles as reaction products. For this, we designed substrates 34 in which the internal
(hetero)aromatic nucleophile was attached to the reaction centre via a tether of suitable length
to form a 5- or 6-membered cycle upon intramolecular cyclisation (Fig. 8 A).

A
O/\SnMe3 e ®o7
Ph /i\/ \(\/f" o> Ph/i\/o Ar ——> Me)\/O
-H,Co
34 I ¢ v
Ph
X=C,0,S Me)ﬁ\i o
n=0,1 o~ X
35
B S
O Ar —0 1 O~ >SnAlk
AR /i\/o Ar 17 SnAlk, o  Ar
Ph e—> Ph =01 =0, 1
36 37af 35a-f

Fig. 8. Intramolecular electrochemically induced Friedel-Crafts reaction.

The synthesis of the substrates was achieved by a ring-opening reaction of the epoxide 36
with an aromatic alcohol introducing the intramolecular nucleophile to obtain alcohols 37a-f
which were then modified with the trialkylstannylmethyl group to provide the starting materials
34a—f (Fig. 8 B).

Electrolysis with substrates containing 3-methoxyphenyl (34a), 3-furfuryl (34b),
3-benzofurfuryl (34d) and 3-thienyl (34e) group as internal nucleophiles all furnished the
corresponding condensed 6-membered heterocycles 35a-b,d-e in moderate to poor yields
(Table 5). Formation of 5-membered cycle 35f was not observed. Another substrate which
failed to give the product was compound 34c¢, in which the 2-furfuryl group was cleaved off
during the electrochemical reaction.
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Table 5

Scope of the intramolecular Friedel-Crafts alkylation

SnAlk,
Ph

J Me
o 10 mA, 2.5 F/mol -
Ph/'\tl\/o\Ar graphite electrodes | Ar
e .

20 equiv HFIP, DCM

34a-f TBABF, 35a-f
Alk = Me, Bu
Entry  Starting material 34 Product 35 Product, yield (NMR yield),
%
1 SnMe;  OMe Me_  pp 35a, 46 (60%)
y 9!
ph O OMe
Me
2 SnMe; Me  Ph 35b, 30 (312
) . o (317
{ o L) ¥
mh o Ao
Me
3 SnBu, SnBu; 38,22
Ph/‘\/o = Ph/‘\/OH
Me Me
4 SnMe; Me  Ph 35d, 32 (39%)
o) l o I °
Ph/‘\/o\/EQ
Me
5 SnMe; Me_ Ph 35e, 17 (329
O I S ‘ S
/
NN
Me
6 SnBuj, Me Ph 35f’ 0

A TH-NMR yield using EtOAc as an internal standard
We hypothesised that the reduced yields compared to the intermolecular Friedel-Crafts

reaction could be explained by poor fragmentation of intermediate oxonium ion III due to the
stabilisation forming a transient cyclic system V (Fig. 9).
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O-Ar O/\(gafAr
Phj\/ - Phj\/
M M
m v

Fig. 9. Oxonium ion stabilisation by the lone electron pair of the ether linker.

Electrochemical methanolysis of the starting materials showed that methanol addition to the
oxonium ion is the major pathway as the methoxymethylated products were obtained in excess
over the methoxylated products. Furthermore, an analogue 39 incapable of oxonium ion
stabilisation was synthesised and subjected to the electrolysis conditions (Fig. 10).

OMe
j"Me?’ OMe 10 mA, 2.5 Fimol
(o] graphite electrodes
—————(tZequv)™
Ph TBABF,
Me HFIP (20 equiv) Ph
DCM, r.t. M
39 40

59 % (79 %lay)
Fig. 10. Electrochemical formation of a carbocycle 40.
[al "H.NMR yield using EtOAc as an internal standard.

The corresponding carbocycle 40 formed in a higher yield compared to ether bond containing
substrate 34a, confirming the role of oxonium ion stabilisation in hindering the formation of
the condensed heterocycles.

The results discussed have been published in the paper attached in Appendix 3.

2. Torii-Type electrochemical oxidation of furfurylated ethylene glycols

Electrochemical synthesis is a valuable tool not only for fine chemical synthesis but also
for biomass valorisation. Furan derivatives are particularly suitable substrates for
electrochemical functionalisation due to the furan ring's low oxidation potential, which allows
transformation without the use of electroauxiliary groups. Our work was devoted to
investigating the electrochemical oxidation of furyl methyl derivatives 41 bearing hydroxyl
group as an internal nucleophile. Electrolysis in the presence of a nucleophile should provide
spirocyclic derivatives 42 which would undergo fragmentation to give products 43 with
functionalised ester moiety. Such products could be valuable building blocks for further
chemical transformations. The spirocycle formation starts with one-electron oxidation of 41a,
giving a radical cation 44a (Fig. 11 B) which undergoes proton elimination and intramolecular
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cyclisation, yielding an intermediate 45a. Further oxidation of 45a followed by methanolysis
gives spirocycle 42a.

A
R'I
e OH Two steps MeO
or one-pot
~r >y P U ome
R2
41 X =0, N-PG
1J
MeO R
MeOH >Q< MeOH
B Fragmentatlon
OH
—0
e e
Y 0] € ~0 -HO QL ©
A oo I —
~~"S0OH ® e}
41a 44a 45a
®
o) MeO o 0
e 0] MeOH
N\ \/\ —H -
—_— @
O
46a 42a

Fig. 11. A — Torii-type electrosynthesis of unsaturated esters; B — mechanistic steps for
electrochemical formation of spirocycle 42a.

Electrochemically induced formation of spirocycle 42 was realised in an undivided cell
using graphite electrodes (Fig. 12). Methanol was chosen as the solvent due to its ability to
serve both as the proton donor for the cathodic reaction and the external nucleophile, and
TBABF; was found to be an effective electrolyte. Acidic additives were investigated to suppress
the formation of methoxide ions, which would lead to methoxylation of the furan ring in favour
of spirocyclization. HFIP was found to provide the spirocycle in a good yield; however, a
significant amount of ester 43 formed as a byproduct. PPTS promoted the formation of the
spirocycle in a high yield without large amounts of byproducts. Optimal conditions were
suitable for the oxidation of alcohol 41a to spirocycle 42a on a 500 mg scale.
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1 equiv. PPTS
2.5 F/mol, 30 mA

Graphite electrodes

R3
C\/ 1 equiv. TBABF,
j/‘\R1 MeOH or MeoH or B0 1o H, :[
R2

41a-h 42a-h
o0 M ©
= Me, 60 %
42a, 70 % (mix of diastereomers ~ 42b, 40 % 42¢,R' _ Me R =H, 63°/:
~1:1) 42d, R’
Me Me
€0, 0 o0~ MeO, o O Meowto){:
A X ~
42e, 69 % 42f 43 % 429, 61 %
MeO, 5 o
XL
Ts
41h, 59 %

Fig. 12. Scope of spirocycle 42 synthesis.

The scope of spirocycle synthesis was explored for other ethylene glycol and amino ethanol
derivatives containing furfuryl moiety to give products 42b-h in moderate to good yields.
Ethanol was also a suitable solvent and external nucleophile, although it provided the
corresponding product 42b in a lower yield.

An electrooxidative fragmentation of the obtained spirocycles provided esters 43. For
effective product formation, PPTS was exchanged for AcOH, since PPTS byproducts tended to
accumulate on electrodes during longer electrolyses. LiClO4 was also found to be a better
electrolyte than TBABF4 for the ester formation. In the optimised conditions, esters 43a-h
formed regioselectively with a Z configuration of the double bond (Fig. 13). No
transacetalyzation with methanol was observed when the substrate 42b was subjected to the
electrolysis, and the mixed acetal 43b formed exclusively.

48



4 equiv. AcOH

4 F/mol, 20 mA (Et)
R R? Graphite electrodes MeO_ OMe 1 OMe
00 1 equiv. LiCIO,4 Rzu R (
_— = X
Meomw MeOH, r.t N o)\(
(Et0) R2
42a-h 43a-h
OMe OMe OMe
MeO OMe g EtO_ OMe g MeO_ OMe R2 g

0 = = o
43a,68 % a3 O % 43¢, R' _ ':A Ra BAS ;; 0//"
add. 20 equiv. HFIP: 70 % 43d, R o 2= h 9%

OMe OMe

MeO_ OMepje g

1S SR “”“’U I
XS0 "Me /O

0,
43e, 59 % 70 L 439’ 34 % (NMR yield)
OMe inseparable mixture

MeO_ OMe Nr
IS WA
X0
0,
43h’ 2%

Fig. 13. Scope of oxidative fragmentation of spirocycles 42 to esters 43.

One-pot transformation of alcohols 41 into esters 43 could also be realised (Fig. 14). To
avoid precipitation of PPTS during prolonged electrolysis, HFIP was used instead as an additive
for the first step, while AcOH was added to promote the second step of the reaction. The one-
step approach was especially suitable for the transformation of N-protected O-furfuryl amino
alcohols 43h-1. Electrosynthesis of 43Kk in one step could also be demonstrated on a gram scale.
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1. 20 equiv. HFIP, 2.2 F/mol
2. add 4 equiv. AcOH, 3 4 F/mol I/

/O OH  Graphite electrodes, 20 30 MA MeO_ OMe R2 x
A X » 1 equiv. LiCIO, u I
MeOH, r.t. X o) R1

OMe

R2
41a,c,d,h-l 43a,c,d,h-l
X =0, N-PG
OMe OMe
MeO_ OMe g MeO_ OMe R2 g
S il
X0 XS0 R!
= = 0,
43a° 39 % 43¢, R'_ TA‘eRé{ fﬂz :; 0//°
43d,R' 2 TR
OMe
|/ MeO OMOe OMe
MeO_ OMe N
G Mot
(0] PG
NN
0 Pr
43h, PG=Ts, 75 % 43j, PG =Ts, 58 %
43i, PG = Ac, 69 % 43k, PG = Boc, 59 %

431, PG = Ac, 63 %

Fig. 14. One-pot oxidative fragmentation of alcohols 41 to esters 43.

The proposed mechanism for ester 43 formation from spirocycle 42 starts with a reversible

Sn-type methanolysis of the acetal leading to intermediate C which undergoes
electrochemical oxidation to an O-centered radical E fragmenting to an a-oxy-stabilized C-
centered radical F (Fig. 15 A, Path a). Alternatively, electrochemical activation of the acetal
group in the spirocycle 26a could form a radical cation D. Afterwards, the ring could be opened
by methanolysis, leading to an O-centered radical E.

Mechanistic investigations performed in deuteromethanol in the presence and absence of
electrical current showed that the electrochemical activation is crucial for the methanolysis of
the spirocycle (Fig. 15 B), supporting Path b of the mechanism.
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Fig. 15. A — Proposed mechanistic pathways for ester 43a formation from spirocycle 42a;
B — Deuterium labelling experiments supporting Path b of ester 43a formation mechanism.

The results discussed have been published in the paper attached in Appendix 4.
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CONCLUSIONS

Trialkylstannylmethyl group is a suitable electroauxiliary for the generation of
carbenium ions from trialkylstannylmethylethers via fragmentation of oxonium ions.
Carbenium ions can be generated electrochemically from stannylmethyl ethers in an
undivided cell in the presence of allylsilanes. Electrochemically generated carbenium
ions readily react with allylsilanes.

Electrochemical Friedel-Crafts alkylation with trialkylstannylmethylethers in HFIP as
a solvent and using NaHCO3 as an additive is compatible with substrates containing
acid-labile functional groups like TBDMS, Tr, THP, MOM, and CHPh:.
Intramolecular electrochemical Friedel-Crafts alkylation furnishes condensed
heterocycles with the formation of a 6-membered cycle. Product formation is hindered
by intramolecular stabilisation of the intermediate oxonium ion.

Ethylene glycol and amino ethanol derivatives containing furfuryl moiety form
spirocycles upon electrochemical oxidation of the furan ring in methanol.

. Further electrochemical oxidation of the spirocycles results in obtaining
o, f-unsaturated esters in a one or two step electrolysis procedure.

Experiments with deuterium-labelled methanol confirm that the electrochemical
activation is crucial for the transformation of spirocycle derivatives into ¢, S-unsaturated
esters.
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