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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Teémas aktualitate

Séra dioksids pazistams ka loti sens balinasanas lidzeklis un dezinficgjoSa piedeva
partikas un 1pasi vina riipnieciba vismaz 3000 gadus. SO, ir $kidrs plasa zemo temperatiiru
intervala (k. t. =75 °C; v. t. =10 °C), tas labi $kidina gan jonu, gan polarus kovalentus
savienojumus, tam ir zema nukleofilitate un labas jonu solvatéSanas spgjas. 1902. gada
Pauls Valdens Rigas Politehniskaja instittita noteica elektrovaditspgju trifenilmetilhloridam
un bromidam $kidra séra dioksida, pieradot karbénija jonu esamibu ta Skiduma.! Kops ta
laika séra dioksids pieradijis sevi ka teicams $kidinatajs, kas veicina karbénija jonu rasanos
un to reakcijas. 90 gadus vélak Nobela prémijas laureats Dzordzs A. Ola (George A. Olah)
pieradija SO, izcilas Ipasibas karbénija jonu generéSanai, savos pétijumos lietojot specigi
jonizgjosas skidinataju sisttmas HF-SO,, SbF;-SO, un FSO,H-SbF,-S0O,.? 1994. gada Mairs
(Mayr) izstradaja metodi aromatisko acetalu alilésanai ar alilsilaniem $kidra séra dioksida
videé, nelietojot Luisa skabju papildpiedevas.’ Vozels (Vogel) ar lidzstradniekiem atklaja
jaunu metodi sulfonu sintézei, ka izejvielu izmantojot dazadu alilsilanu un séra dioksida
sila-€nu reakcija generétus sililsulfinatus.* Vélak sililsulfinatus pielietoja ari ka sulfinilgrupas
parneSanas agentus reakcija ar metalorganiskajiem savienojumiem sulfoksidu sintézgé. Tie
tika demonstréti ari ka izcili sililgjosi agenti spirtu, karbonskabju, oglhidratu un nukleozidu
kvalitativaja un kvantitativaja gazu hromatografiskaja analize.’ Beifus (Beifuss) izmantoja
séra dioksidu epoksiolefinu ciklizacijas reakciju pétijuma.® Séra dioksids ka $kidinatajs
veicina arT Ritera (Ritter) reakciju starp spirtiem un nitriliem.” Flemings (Fleming) novéroja
séra dioksida un citu polaru skidinataju ietekmi uz karbénija jonu pargrupésanas reakcijam.®
Séra dioksida un to parneso$o reagentu plasa pielictojuma un izmantoSanas iesp&jas lieliski
atspogulotas vairakos apskatrakstos.’

Tomeér, neskatoties uz visu iepriekSminéto, séra dioksids Iidz §im nav iegajis ikdienas
eksperimentalas organiskas kimijas praksé ka $kidinatajs. Saja promocijas darba veicam
fundamentalu petijumu par Skidra séra dioksida izmantoSanu dazadas organiskas sintézes
jomas: mazu N-heterociklu nukleofila atvérsana, glikozidiskas saites veidosana un kalija
aliltrifluorboratu un SO, bora-enu reakciju izp&te.

Petijuma merkis un uzdevumi

Promocijas darba mérkis ir sint€zes metozu izstrade, izmantojot skidru séra dioksidu
ka skidinataju dazadas organiskas sint€zes jomas. Darbs ir v@rsts uz jaunu reakciju
mekl&jumiem, ko veicina SO, Luisa skabas Tpasibas, un dazadu substratu solvatésanas spé&ja
Skidra s€ra dioksida. Seéra dioksidu paredzgjam izmantot ari ka reagentu sulfonilgrupas
ievadiSanai organiskajos savienojumos.

Darba mérka Tstenosanai izvirziti $adi uzdevumi:

e izp@tit aizsargdtu un neaizsargdtu mazo N-heterociklu (aziridinu un azetidinu)

nukleofilas cikla atvérSanas reakcijas ar I un II grupas metalu halogenidiem un
tioliem $kidra séra dioksida;



+ izstradat metodi glikozidiskas saites iegliSanai, ka subtratus lietojot oglhidratus un
nukleofTlus $kidra séra dioksida vidg;

» veikt bora-énu reakciju izpéti, lietojot kalija aliltrifluorboratus un séra dioksidu;
parbaudit iegiito sulfinatu reagétsp&ju ar dazadiem alkilgjosiem agentiem.

Zinatniska novitate un galvenie rezultati

Pétijumu rezultata izstradatas vairakas metodes mazu N-heterociklu nukleofilai cikla
atverSanas reakcijai Skidra séra dioksida vide. Izpétita dazadu ar karbamata grupu aizsargatu
aziridinu reakcijas sp&ja ar I un II grupas metalu saliem séra dioksida. Atklats, ka cikla
atverSanas reakcija azetidinu gadijumos pieprasa paaugstinatu temperatiiru un notiek ar
magnija un litija bromidiem un jodidiem. Novérota izcila regioselektivitate un reakcijas
spg&ja neaizsargatu aziridinu cikla atvérSana ar S-nukleofiliem $kidra séra dioksida. Atklata
un izpétita bora-€nu reakcija starp kalija aliltrifluorboratiem un séra dioksidu. Atrasti
piemérotakie reakciju apstakli sulfonu sintézei, ka substratus lietojot in situ reakcijas vide
generctus kalija 3-((alilsulfinil)oksi)trifluoroboratus. Atklats, ka SO, veicina glikozidiskas
saites veidosanos ar dazadiem spirtiem un tioliem. Nov&rota ar pivaloilgrupam aizsargata
mannopiranozilfluorida izcila reakcijas spgja ar dazadiem nukleofiliem skidra SO, vid€ bez
papildu aktivatoru piedevam.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par skidra
séra dioksida ka $kidinataja un reagenta pielietojumu organisko savienojumu sintézé. Taja
ir publikacijas SCI Zzurnalos, patenti un patenta pieteikums.

Darba aprobacija un publikacijas

Promocijas darba rezultati izklastiti piecas zinatniskajas publikacijas, tris patentos un
viena patenta pieteikuma.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Séra dioksids normalos apstaklos ir bezkrasaina nedegosa gaze ar asu smaku, tas ir viegli
saSkidrinams plasa temperatiiras diapazona (—75...—10 °C) un izmantojams ka skidinatajs
dazadu reakciju veik3anai. Skidram SO, ir zema viskozitate, un to raksturo relativi zems
piesatinata tvaika spiediens (~3 bar pie 20 °C). Svarigakas SO, fizikali kimiskas 1pasibas
apkopotas 1. tabula.!

1. tabula

SO, fizikali Kimiskas Ipasibas

Ipasiba

Vertiba

Dielektriska konstante

15,9 (-10 °C)

Dipola moments

1,63 D

Blivums

1,46 g/em® (10 °C)

Dinamiska viskozitate

368 Pa-s (0 °C)

Kusanas temperatiira

~75,5 °C (101,3 kPa)

Virsanas temperatiira

~10,1 °C (101,3 kPa)

Triskarsais punkts

~75,5°C (1,7 MPa)

Kritiskais punkts

157,35 °C (7,88 MPa)

Skidrs séra pieskaitams pie polaru aprotonu $kidinataju klases, un ta salidzinajums
ar citiem klasiskiem aprotoniem 3kidinatajiem apkopots 1. attela.!! Skidinataji, kas satur
“S=0” struktirelementu, ir dimetilsulfoksids (DMSO), sulfolans un dimetilsulfons (DMS),
tacu, salidzinot So molekulu dipola momentus, tie ir vismaz divas reizes lielaki, un SO,
dipola moments ir tuvaks CH,Cl, dipola momentam.

Dipola moments (D) Dielektr. konst. () Ty (°C) Cena (€/L)
$02 w163 — 150 108 " 63
sulfolans M 4’69 e 43,3 I ) 8 5 = 94,5
DMS e 42 474 238 —— 50,2
MeCN = 302 —— 375 - 32 — 344
CH3NQ? s 356 —— 35,0 — 100 — 6,1

Acetons W———— 2’88 0] - 56 EEEE— 91’6
EtOAc w178 = 6,02 —-_— 77 56,6
THF s ]__75 ] 7’5 - 56 I 77,6
CH2C12 w=== 155 39 = 396 —— 6]
0 2 4 6 0.0 50,0 100 90 190 290 0.0 100,0

1. attels. Polaru aprotonu skidinataju salidzinajums.

Ievérojami atSkiras arT SO, dielektriskas konstantes veértiba. Jaatzime, ka nav pieradita
tieSa korelacija starp Siem abiem polaritates krit€rijiem. Tacu, jo augstakas ir Skidinataja
dipola momenta un dielektriskas konstantes vertibas, jo polaraks tas ir. Polaros $kidinatajos
pastavosa speciga starpmolekulara mijiedarbiba pamato arT to augsto virSanas temperatiiru.



Salidzinot komerciala SO, (tiriba 99,98 %, tdens saturs < 50 ppm) izmaksas (€/L)
ar citu pec tiribas un mitruma satura analogu aprotonu $kidinataju izmaksam, redzam
neap$aubamu SO, parakumu.'? Tadgjadi, SO, ir piecas reizes 1€taks par MeCN un 14 reizes
letaks par acetonu.

Skidinatajus var iedalit arT p&c to elektronu donoram un elektronu akceptoram ipasibam.

Pirmais, kas ieviesa plasi lietotu un viegli saprotamu $kidinataju Luisa bazes-skabes
skalu, bija Gutmans (Gutmann)."? leviestais donorais skaitlis (DS) raksturo $kidinataja sp&ju
solvatét kadu izvéletu katjonu vai vispargja gadijuma Luisa skabi. Savukart Luisa skabuma
(skidinatgja elektrofilas Tpasibas) att€lo akceptorais skaitlis (AS), kas raksturo sp&ju saistities
ar kadu izvelétu Luisa bazi. Séra dioksida un citu aptoronu polaru skidinataju baziskuma un
elektrofilitates salidzinajums apkopots 2. attgla.

Piem@ram, salidzinot §kidinataju baziskumu — spg&ju solvatét litija katjonu vakuuma, tika
noteikts, ka DMSO-Li" adukts ir par ~ 99 kJ/mol stabilaks neka SO,-Li* adukts.'* Tadgjadi —
SO, salidzinajuma ar “S=0" fragmentu saturoSiem citiem $kidinatajiem ir visvajaka baze.
Savukart skidinataju elektrofilitate (akceptorais skaitlis) tika noteikts, salidzinot skidinataja
ietekmi uz Et,PO *'P-KMR signala kimisko nobidi attieciba pret Et;PO-SbCl; (1:1) adukta
nobidi." P&étjjuma rezultata noverots, ka séra dioksids, salidzinot ar citiem $kidinatajiem, ir
elektrofilaks un tam piemit vajas Luisa skabes Tpasibas.

él,(idjnﬁtﬁju baziskums §l,<idimitﬁju elektrofilitate
SO2 = 763 26.5
Ifola 163.4 19,2
DMS HEE— |55 nav datu
DMSO e 75,1 19.3
MeCN e (42.] 18.9
DMF IEEEEE—— 737 16
CH3NO2? = ]25.0 20,5
Acetons T ]47.9 12,5
EtOAc mee——— 50,8 9.3
THF e (372 8
CH2C12 = 33 20.4
0 50 100 150 200 0,0 10,0 20,0 30,0

2. attéls. Skidinataju baziskuma un elektrofilitates salidzinajums.

Séra dioksida un amonjaka (T.,= —33 °C) fazu parejas diagrammas ir lidzigas
(3. attels). Amonjaks izvelets salidzinasanai, jo to plasi lieto ka polaru skidinataju organiskaja
sint€z&.'%?*Sera dioksidu var viegli saskidrinat, pateicoties ta augstajai kritiskajai temperatiirai
(157,35 °C; 7,88 MPa). Slegtas sistémas temperatiiras starpibas rezultata tiek parnesta SO,
gaze, kas sekojosi tiek kondenseta atdzeseta reakcijas vide, veidojot bezkrasainu Skidrumu.
Parnesot SO, slegta sistema, tiek izslégta ta saskarsme ar apkartgjo vidi un noversta kaitiga
iedarbiba uz cilveéku veselibu (4. attela pa vidu). Turklat, parkondensgjot SO, uz uzglabasanas
tvertni p&c reakcijas beigam, tas tiek recikléts un ir atkartoti izmantojams.
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3. att€ls. SO, un NH; fazu parejas diagrammu salidzinajums.

Séra dioksids, ko izmantojam savos pétijumos, tika uzglabats spiediena balona, un
atkariba no reakciju temperatiras tika izmantots divu veidu tehniskais nodro$inajums
(4. attels).

* Reakcijas, kas noris temperatiiru diapazona < —10 °C, tika veiktas stikla kolba
(4. attela pa kreisi), kas aprikota ar atteces dzesinataju, kas pildits ar dzes€joso
maisTjumu (sausa ledus spirta vai acetona maisfjums).

» Reakcijas, kuru norisei nepiecieSama temperatiira bija virs —10 °C, tika veiktas
spiedienizturigos térauda reaktoros (4. attéla pa labi).

4. att€ls. Tehniskais nodrosinajums reakcijam skidra SO,.
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kolonnu, kas secigi pildita ar fosfora pentoksida un aluminija oksida slaniem ka zavgjosiem
un skabi neitraliz€josiem agentiem.

Promocijas darba, pamatojoties uz séra dioksida IpaSibam, tas ka Skidinatajs tika
izmantots tris p&tjjuma virzienos:

A — aziridinu un azetidinu nukleofilajas cikla atvérSanas reakcijas, jo, pateicoties
augstam dipola momentam, SO, vienlidz labi solvaté ka jonu tipa, ta arT polarus-kovalentus
savienojumus;

B — glikozidiskas saites veidoSana $kidra séra dioksida, jo SO, piemit Luisa skabes,
fluorofilas un karbénija jonu stabiliz&josas 1pasibas;

C — sulfonu sint€zg, ka atslégstadiju pielietojot jaunatklatu bora-gnu reakciju, jo SO, ir
izcils buvbloks sulfonilgrupas ievadisanai (1. sheéma).

R R? R R ‘»‘vl I ax)

A ,{t 0
NU (>)n=0.1< ’L:[)n ot | ® ﬂd}, (PGO), \Nl' —> (PGO), ‘N‘H
RS__NH R3 . LG Nu

\-_J

R! BF o 0

R' R?

1. shéma. Promocijas darba pétijuma virzieni.

1. Aizsargatu N-heterociklu nukleofilas cikla atverSanas reakcijas

Aziridinu cikla atverSana lauj iegtt alkaloidus, aminoskabju atvasindgjumus un citus
biologiski aktivus savienojumus.!” Pateicoties cikla spriegumam, domin&josa reakcija
aziridinu izmantoSana ir cikla atvérSana ar dazadiem nukleofiliem. Zinams, ka aziridini ar
elektronatvelkosu aizvietotaju pie slapekla atoma — sulfonil-, sulfinil-, fosforil-, fosfinil-,
karbonil- un karbamoilgrupu — ir reagétsp&jigaki cikla atvérSanai neka neaizsargati aziridini.
Salidzinot ar vismazak pétitiem N-karbamataizsargatiem aziridiniem, sulfonilaizvietoti
aziridini ir visbiezak izmantoti cikla atvérSanai, tacu talaka atbrivoSanas no sulfonamidu
funkcijas ir apgrutinosa. Aizvietotaji piec C(2) un C(3) atomiem, elektroniskic efekti, ka
arT nukleofila raksturs ietekmé cikla atvérSanas regioselektivitati.'® 1,2-Aizvietotu aziridinu
gadijumos nukleofila uzbrukums lielakoties notiek pa steriski brivo C(3) poziciju. Cita
regioselektivitate tiek novérota divu C-N saiSu nesimetriskas polarizéSanas un izteikta
pozitiva ladina lokaliz€Sanas gadijuma pie viena no oglekla atomiem, pieméram, 2-aril-
aizvietotaju gadijuma.'” Aziridinu cikla atvérSanu veic ar dazadiem C- un heteroatomu
nukleofiliem. Tacu neatkarigi no aizvietotajiem pie C(2), C(3) un N-atomiem un nukleofila
veida visbiezak cikla atve@rSanu veic, papildus aktivgjot aziridinu ar Luisa un/vai protisko
skabju papildpiedevam.

Piem@ram, C-nukleofilu gadijumos, lietojot dazadus Grinjara reagentus, pievieno
katalitisku daudzumu Cu(I) vai Cu(Il) salu.?® Veicot cikla atvérSanu ar O-nukleofiliem,
pievieno Sn(OTf),, BF;-OEt,, In(OTf);, p-TsOH, TFA vai katjonitu Amberlyst-15.2!
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Katalitisks Iidz ekvimolars daudzums CF;SO;H, Zn(OTY),, ZnCl,, Cu(OTf),, Yb(OT¥), vai
BF,-OEt, veicina aziridinu cikla atvérSanu ar S-nukleofiliem.?? Ar N-nukleofilu gadijumos
veiksmiga cikla atv@rSana pieprasa InBr;, BiCl;, YbCl, BF;-OEt, B(C,Fs); LiClO,
CeCl;:7H,0 un citu Luisa skabju papildpiedevas.?* Halogénu ievadiSsanas metodés izmanto
stipras protiskas skabes (HCI, HBr, HF) vai protisko skabju/ I vai II grupas metalu salu
kombinacijas, ka arT Luisa skabes (InHal;, BF;-OEt,) ka halogéna avotus. Lidzigi ka spirtu
gadijuma, izteikti skabas vides generéSanai un cikla atverSanai ar magnija vai litija saliem
lieto katjonTtu (Amberlyst-15) ka katalizatoru.**

Azetidini, salidzinot ar aziridiniem, ir mazak pé&titi nukleofilas cikla atvérSanas reakcijas.
Tacu arT $aja gadijjuma veiksmigai cikla atv&rSanai nepiecieSams izmantot stipras Luisa
skabes, tadas ka BF;-OEt,, Cu(OTf),, Yb(OTf);, Sc(OTf); u. c., un cikla atvérSana tiek
veikta, par substratiem izmantojot tikai 1,2-aizvietotus azetidinus.”

Miisu promocijas darba izvEl&jamies pétit ar karbamatu grupam aizsargatu aziridinu un
azetidinu cikla atverSanas reakcijas ar I un II grupas metalu halogenidiem un S-nukleofiliem
skidra séra dioksida ka skidinataja bez Luisa skabes vai protiskas skabes piedevas. Savu
izveli pamatojam ar to, ka, salidzinot ar N-sulfonilanalogiem, karbamataizsargati substrati ir
viegli modific€jami un atbrivoSanas no aizsarggrupas nav apgritino$a.*

1.1. Ar karbamatgrupu aizsargatu aziridinu reakcijas ar metalu saliem

Savu petjumu sakam ar N-benziloksikarbonilaziridin-2-karboksamida (1) ka
modelsavienojuma un [ un II grupas metalu halogenidu reakciju spgju izpéti skidra séra
dioksida (2. shéma). Reakciju rezultata konstat€jam, ka nukleofilas cikla atverSanas
reakcijas ar litija halogenidiem notiek jau s€ra dioksida virSanas apstaklos (—10 °C), dodot
kvantitativu iznakumu divas stundas, kamer ar natrija un kalija saliem sekmigam reakcijam
japaildzina reakcijas laiks un japalielina reakcijas maisfjuma temperatiira lidz 60 °C.
Savukart magnija sali sekmigi reagg jau istabas temperatfira (2. shéma).

(e}
W)LNHz MXq X NH, 2a: X = Cl; 90% (NaCl), kvant. (LiCl, KCI, MgCl,*6H,0)
) NHCb. 2b: X = Br; 78-97% (NaBr, KBr, MgBr,*6H,0), kvant.(LiBr)
-10...60 °C z 2c: X = I; 77-78% (Nal, Kil), kvant. (Lil)

1 2a-c
2. shéma. Aziridina 1 un MX,, reakcijas skidra SO,.
P&tfjumu turpinajam ar enantioméri bagatinata Cbz-aziridina (S)-1 atvérSanu ar LiCl un
NaCl. Nukleofilas cikla atvérSanas reakcijas notiek regioselektivi, dodot izcilus rezultatus.

Noverojam ari, ka reakcijas ar (§)-1 notika bez hirala centra racemizéSanas, saglabajot
augstu enantiomé&ra parakumu produkta (3. shéma).

o

LiCI(-10°C) ¢Cl O
W)LNHZ NaCl (60 °C KHL
N aCl ( ) NH,
Cbz SO, NHCbz
(S)11 (R)-2a, kvant.
ee > 99% ee > 99%

3. shéma. Azridina (S)-1 reakcijas ar LiCl un NacCl skidra SO,.
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Reakcijas efektivitates pieradisanai paraléli veicam analogus eksperimentus ar1 tados
skidinatajos ka DMSO, MeCN, Me,CO un THF (5. attéls). Piem&ram, aziridins 1 reakcija
ar LiCl jau 1,5 h laika —10 °C temperatiira kvantitativi veido vélamo produktu 2a Skidra
SO, videé. Identiska reakcija THF, DMSO, MeCN un acetona notika tikai paaugstinata
60 °C temperatiira, dodot ievérojami zemakus reakciju iznakumus un izejvielas sadaliSanas
piemaisTjumus. Sekmiga NaCl reakcija ar aziridinu 1 SO, notika 60 °C temperattira, bet
analoga reakcija, kas tika veikta DMSO un MeCN vidg, pat minétaja temperattira produktu
neveidoja vispar, bet, ilgstosi veicot reakciju, izejviela tikai degrad@jas. Lidzigi rezultati
tika sasniegti arT ar metalu bromidiem un jodidiem. Planotie produkti standarta $kidinatajos
ar ieveérojami zemakiem rezultatiem tika iegti litija un magnija salu gadijumos.

o
X NH, 4a: X = CI; 47% (LiCl), 93%-kvant. (NaCl, KCI)
NHBoc 4b: X = Br; 49% (LiBr), 73%-kvant. (NaBr, KBr)
4c: X = I; 20% (KI), 78% (Lil)
4a-c
o 6a: X = Cl; 83-96% (LiCl, NaCl, KCI)
X NH, b1 X =Br; 55-80% (LiBr, NaBr, KBr)
2 e X = I; 64-92% (Lil, Nal, KI)
NHFmoc
6a-c

4. sheéma. Aziridinu 3 un 5 un MX, reakcijas skidra SO,.

Talak pieversamies Boc- un Fmoc-aizsargatu aziridinu un metalu salu reagétspéjas
izp&tei. Salidzinot ar Cbz-aizsargatu aziridinu 1, aziridins 3 uzradija labaku reakcijas spgju.
Veiksmiga cikla uzslégSana ar natrija un kalija halogenidiem notika jau istabas temperatiira,
kamér litija salu un jodidu klatiené izvEleta aizsarggrupa bija nestabila, un reakcijas
rezultata vajadzigais produkts tika ieglits ar vidgjiem [idz labiem rezultatiem (4. shema).

A1T N-Fmoc-aziridina 5 gadijuma tika novérota izcila substrata reag€tspéja ar metalu
saliem Skira séra dioksida. Ta nukleofilas cikla atv@rSanas reakcijas notika jau istabas
temperatira natrija un kalija halogenidu klatieng, kamer litija sali Iidzigi Cbz-1 un Boc-3
substratu gadijumos deva atvérSanas produktus skidra SO, —10 °C temperattira. Jaatzime,
ka, salidzinot ar Boc-aziridinu 3, Fmoc-aizsargats substrats 5 bija stabilaks reakcijas vidé
(4. shema).
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5. attels. Aziridina 1 un MX,, reakcijas sp€jas salidzinajums dazados $kidinatajos.

Paral@li petfjam aziridinu 3 un 5 reakcijas ar metalu hloridiem klasiskajos skidinatajos:
MeCN, DMSO un acetona. Pieméram, Boc-aizsargats aziridins 3 nestajas cikla atverSanas
reakcijas ar NaCl un KCI pat 60 °C DMSO, MeCN un acetona, bet LiCl veido vajadzigo
produktu Sajos tris $kidinatajos tikai 60 °C temperatira. Savukart Skidra séra dioksida
mingta parveértiba realiz€jama jau —10 °C temperatira. Fmoc-aizsargats aziridins 5, pat
ilgstosi atrodoties paaugstinatas 60 °C temperatiiras rezima ar metalu hloridiem MeCN,
DMSO un acetona, vajadzigo produktu neveido, un tiek noverota izejvielas sadaliSanas
(6. attels).

Licl Nacl Kl Licl Nacl KCl
a0°c 28 200 [ eovc Boc-3 0c B 200c [[ soc Fmoc-5

6. attéls. Aziridinu 3 un 5 un MX, reakcijas spgjas salidzinajums dazados $kidinatgjos.
P&tfjumu turpinajam ar aziridina 7 un metalu salu reag&tspéjas izpéti $kidra séra dioksida.

Saja gadijuma veiksmiga cikla atvériana notika jau istabas temperatira, dodot vajadzigos
produktus ar augstiem rezultatiem. Salidzinajam arT dota substrata reakcijas spg&ju DMSO un

15




MeCN. Nukleofilas cikla atvérSanas reakcijas ar metalu hloridiem klasiskajos $kidinatajos
nedeva pat pusi no iznakumiem, kas tika sasniegti, ka skidinataju lietojot SO, (7. attels).

MX;, 100 99 o5
—_—
SO, /

N 20°C, X  NHCbz
Cbz 14.23h

100
7 8a: X = Cl, 99% (NaCl), 5
90% (KCl),
99% (MgCl,6H,0)
8b: X = Br, 97% (NaBr), 502
99% (KBr) 20 DMSO
8c: X =1, 93% (Nal), 0
95% (KI) Licl NacCl Kcl

60
40

7. attels. Aziridina 7 un M X, reakcijas spg€jas salidzinajums dazados $kidinatajos.

1.2. Ar karbamatgrupu aizsargatu aziridinu reakcijas ar S-nukleofiliem

Talak veicam Cbz-aizsargatu aziridinu cikla atvérSanu ar s€ra-nukleofiliem:
para-hlortiofenolu, dodekantiolu un kalija rodanidu. Aziridins 1 reakcija ar para-
hlortiofenolu jau istabas temperatiira deva planoto produktu 9a ar augstu iznakumu, bet
reakcija ar dodekantiolu tika iegiits produkts 9b, kura struktiiru pilniba pieradfjam ar
rentgenstruktiranalizes datiem. Regioizomérie produkti 10a un 10b tika iegiiti savienojuma
1 reakcija ar kalija rodanidu (5. sheéma).

NCS © 4ClCeH,S O
4-CI-CgH,SH
NH; 0 S0,, 20 °C NH,
NHCbz W)k 12h NHCbz
10a,46% , - KSCN NHy | 9a, 99%
CbzHN O SO, g n-CioHasS O
° bz
NH, eorcTh (S)1 n-Cs5Hp55H NH,
SCN vai S0z, 20°C NHCbz
10b, 19% rac-1 72h (R)-9b, 56% (99% ee)

5. shéma. Aziridinu 1 un (S)-1 reakcijas ar séra nukleofiliem.

Veicam arT aziridina 7 reakcijas izpéti ar séra nukleofiliem $kidra séra dioksida. Sadi
desimetrizgjam izejvielu, veidojot produktus 11a un 11b. Reakcija ar kalija rodanidu
nukleofila cikla atvérSana ar ambidento nukleofilu-tiocianatu deva divus produktus —
kin&tisko 12a un termodinamisko 12b (6. shéma).
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4-CI-CgH4SH
>

L S0O,, 20 °C ~
NCS NHCbz 24 h 4-Cl-CgHsS NHCbz
KSCN
+ 12a,72% <——— — 11a, 68%
SO, N
60 °C,15h Cbz 1-C 1oHpsSH
& 7 SO,, 20 °C -
SCN NHCbz 19h n-CqoHy5S NHCbz
12b, 28% 11b, 43%

6. shéma. Aziridina 7 reakcijas ar séra nukleofiliem.

Talak pétfjam cikla atvérsanu ar tioglikozidu 13. Savienojumi (S)-1 un ($)-3 veidoja
velamos produktus ar Iidzigiem iznakumiem. Boc-aizsargats aziridins (S)-3 veidoja
produktu istabas temperattira, bet sekmiga Cbz-aizsargata aziridina (S)-1 cikla atverSanas
reakcija pieprasija 60 °C (7. shéma).

Atbrivosanas no Cbz-aizsarggrupas, hidrogengjot pec literatiras metodém, ilgstosi
neizdevas — domajams, ka tioacetala funkcija darbojas ka katalizatora inde. Reakcijas
vide ievadijam tiofilo Luisa skabi - NiCl,-6H,0, kas maskgja tiofunkciju, un iegiivam
savienojumu 15 ar 73 % iznakumu. Savukart Boc-aizsarggrupas atbrivosanas apstaklos
lidz ar vélamo produktu 15 (25 % iznakums) tika noverota ari dalgja oglhidrata acetatu
aizsarggrupu noskelSana (7. sheéma).

W)Oj\ OAc OAc o OAc 0

(0] Q (0]
N 2 AcO SH AcO S NH, (iii) AcO S NH,
R OAc NHR OAc NH,

13 OAc
(S)-1: R =Cbz S0, 14a: R = Cbz, 70% (iv) 15, 73% (no 14a)
(S)-3: R=Boc (i); (i) 14b: R = Boc, 73% 25% (no 14b)

Reakcijas apstakli: (i) (S)-1 un 13: 14 h, 60 °C; (i) (S)-3 un 13: 18 h, 20 °C; (iii) 14a: Pd(OH),/C, H,(30 atm), NiCl,-6H,0,
EtOH, 72 h; (iv) 14b: HCI dioksana 3 h, 20 °C.

7. shéma. Savienojuma 15 vispargja iegiiSanas shéma.

1.3. Ar karbamatgrupu aizsargatu azetidinu reakcijas ar metalu saliem

Petjumu turpindjam ar Cbz-aizsargatu azetidinu nukleofilam cikla atv@rSanas
reakcijam. L1dz Sim nebija pieejami petjjumi par karbamataizsargatu azetidinu nukleofilam
cikla atverSanas reakcijam. Salidzinot ar aziridiniem, cikla atvErSana pieprasija augstaku
temperatiiru: 80 °C un ilgaku reakciju norises laiku. Veiksmigu azetidinu 16-18 cikla
atvérSanu izdevas realizét tikai reakcijas ar magnija un litija halogenidiem, kam piemit Luisa
skabes 1pasibas (8. sheéma). Paralélos eksperimentos veicam azetidinu 16-18 nukleofilas
cikla atvérSanas reakcijas ar MgBr,-6H,0 un LiBr, ka skidinatajus lietojot DMSO un
MeCN. Tacu, lietojot klasiskos Skidinatajus, azetidinu 16-18 cikla atvérSanas reakciju
produkti netika noveroti.
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19 R=OMe, X=Cl; 13% (MgCl,*6H,0)

R MX, R X=Br; 52-79%(LiBr, MgBr,*6H,0)
& 50, CszN/\[ X=1; 71% (Li)
N 80 °C w  20R=0Bn, X=Cl; 16% (MgCl,"6H0)
Cb: 1063 h X=Br; 59-74%(LiBr, MgBr,*6H,0)
16-18 19-21 21R=Bn; X=Cl; 10% (MgCl,*6H,0)
X=Br; 62-76%(LiBr, MgBr,*6H,0)
X=1; 73% (Li)

8. shéma. Azetidinu un MX,, reakcijas $kidra SO.,.

1.4. Ar karbamatgrupu aizsargatu azetidinu reakcijas ar S-nukleofiliem

Veicam ar1 azetidinu cikla atv@rSanas reakciju izpéti ar séra nukleofiliem skidra SO,.
Noverojam, ka savienojumi 16 un 18 reakcijas ar para-hlortiofenolu un dodekantiolu
gaidamos produktus neveidoja. Magnija vai litija salu un séra nukleofilu kombinacijas
arT nedeva tio-atverSanas produktus, reakciju rezultata tika iegiiti savienojumi 19b un 21b
(9. shéma). Eksperimentu rezultati parada, ka bromidjoniem konkrétajos apstaklos piemit
labakas nukleofilas sp&jas neka séra nukleofiliem.

OMe  MgBr,*6H,0 OMe
4-Cl-CgH,SH Br
N S0,, 80 °C
Cbz 13h NHCbz
16 19b, 45%
Bn Bn
LiBr, n-C4yH,sSH B
N S0,, 80 °C
NHCbz
Cbz 12h
18 21b, 75%

9. shéma. Azetidinu 16 un 18 cikla atvérSanas reakcijas.

Originalpublikacija un patenti par $aja nodala aprakstitajiem pétijumiem atrodami III un
VI-VIII pielikumos.

2. Neaizsargatu aziridinu nukleofilas cikla atvérSanas reakcijas

Neaizsargati aziridini galvenokart tiek izmantoti ka izejvielas dazadu funkcionalizétu
aminu un heterociklu sint€zg, sakotngji genergjot aziridinija jonu ka aktivo starpproduktu,
kam seko talaka cikla modificésana.”” Biezi tos lieto ari ka substratus N-alkilaziridinu vai
aktivéto aziridinu sintez€.”® Literatliras p&tijumi paradija tikai dazus precedentus, kuros
neaizsargati NH-aziridini tiek izmantoti nukleofila cikla atvérsanas reakcija.

Efektivai nukleofila cikla atvérSanas reakciju norisei ari neaizsargatu aziridinu
gadijumos pievieno Luisa vai Brensteda skabju katalizatorus. Piem&ram, f-halo-aminus vai
to amonija salus no sililaziridiniem iegtist HCI klatieng, bet B-fluoro-aminus gener¢ ar HF.?
AT cikla atv@érSanu ar fosfiniem un zinka selenolatiem veic, papildus aktivgjot aziridinus
ar triflilskabi vai HCL* Neaizsargati aziridini ir pétiti ari cikla atveérSanas reakcijas ar
S-nukleofiliem. Ta benzilpoziciju saturo$iem aziridiniem novérota izcila regioselektivitate
reakcija ar tioliem, bet 2-fenilaziridina vai 3-fenilaziridina-2-karboksilata cikla atvérSana ar
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aromatiskiem tioliem tomér pievieno ZnCl, un BF;-OEt, katalizatorus.’' Savukart C(2) un
C(3) aizvietotiem aziridiniem, kuru aizvietotajiem nav izteikts elektroniskais efekts aziridina
cikla, reakcija ar tiobenzoskabi bez papildu katalizatoru klatienes ieglits regioizoméru
produktu maisijums.*

Promocijas darba izstradajam neaizsargatu aziridinu nukleofilas cikla atvérSanas
reakcijas Skidra séra dioksida bez papildu aktivatoru klatienes. Ka modelsavienojumu cikla
atverSanai ar para-hlortiofenolu izvélgjamies savienojumu (rac)-22. Paraléli pétfjam cikla
atvérsanas reakciju dazados skidinatajos: DMSO,,, DMF, sulfolana, Me,CO,, MeCN,; un
SO,. Tadgjadi tika noverots, ka reakcijas, kas tika veiktas klasiskajos skidinatajos, deva
ieveérojami zemakus rezultatus neka $kidrs SO,. Turklat reakcija veidojas regioizoméro
produktu 23a un 24 maisijums. Turpretim cikla atv&rSanas reakcija SO, vide veidojas viens
produkts: savienojums 23a ar praktiski kvantitativu iznakumu (2. tabula).

2. tabula

Aziridina (rac)-22 un parahlortiofenola reakcijas sp€jas pétiSana daZados skidinatajos

o c o o}
NH, s NH, ,  HoN NH,
N Skidinatajs, NH, S
(rac)-22 25°C, 15h 23a N /©/ 24

Skidinatajs MeCN,,
Produkiu DMSO,, DMF | Sulfolans | Acetons,, | MeCN,; + SO,
- SO,
sadalijums, %
23a 60 37 51 31 34 69 97
24 40 12 13 7 8 - -

Atseviski jaizcel eksperiments, kura acetonitrila $kidums tika piesatinats ar séra dioksidu
(15 min barbotgjot gazveida SO, caur MeCN skidumu). Veicot cikla atv@rSanas reakciju
MeCN/SO, skiduma, tika izdalits produkts 23a ar ievérojami augstaku (69 %) iznakumu,
tadgjadi pieradot séra dioksida Luisa skabas 1pasibas.

Noskaidrojam, ka aziridina (§)-22 nukleofila cikla atvérSana ar para-hlortiofenolu dod
augstaku (97 %) iznakumu istabas temperatiira neka séra dioksida —10 °C temperatiira
(55 %). Talak cikla atvérSanas reakcijas paplasinajam tiolu klastu. Regioselektiva cikla
atveérSanas reakcija ar enantioméri bagatinatu savienojumu (§)-22 deva labus Iidz izcilus
rezultatus (10. shéma). Reakcija netika noverota racemizacija, kas liecina par reakcijas
apstaklu piem&rotibu enantiomeri tiru substratu derivatizésanai.

(e}
W)J\ o OAc
H ] 0822 c NH, ;\/\ -5{\(\4/ AcO OA;L%‘
-10...25 ° X - ;
(S)-22 23a-g, 71-98%, (>99% ee) Ph 10 i-Pr, c-Hex

10. shéma. Aziridina (S)-22 reakcijas ar tioliem $kidra SO,.
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Neaizsargatu aziridinu klastu papildinajam ar triazolilmetilgrupu saturosiem aziridiniem
25-27, kurus var uzskatit par neaktivétiem aziridiniem. Veiksmigas cikla atverSanas
reakcijas tika realiz&tas istabas temperatiira ar para-hlortiofenolu, dodekantiolu un 2-fenil-
etantiolu. Arf $o substratu gadijuma ar labiem iznakumiem veidojas viens regioizomérs
produkts (11. shéma).

R. 28: R" = 4-MeCgH R=
N“N\y_-R" R-SH S NN _R? : 614 _
Wﬁ N} LA /\,\g\ N»R 29: R' = 4-CF,CgH, : cl
H N SO, 2 N 30: R = 3,4-(MeO),CeH
25 °C : E A k] \;\/\Ph %M
25-27 28 - 30, 57-98% o

11. sheéma. Aziridinu 25-27 reakcijas ar tioliem $kidra SO,.

Salidzinajam aziridina 26 reakcijas sp&ju ar dodekantiolu ar1 klasiskajos $kidinatajos
DMSO,, MeCN,; un Me,CO,,. Ilgstosa savienojuma 26 cikla atvérSanas reakcija ar
dodekantiolu pat paaugstinata 60 °C temperatira veidoja vajadzigo produktu 29b vien ar
6 % iznakumu acetona un ar 1 % iznakumu DMSO, un MeCN,;. Séra dioksida miné&ta

parvertiba noris jau istabas temperatiira, dodot vajadzigo produktu ar augstu iznakumu
(3. tabula).

3. tabula
Aziridina 26 un dodekantiola reakcijas spéjas pétisana dazados Skidinatajos
s

W/\N/S—’O’CF:; WSH

N ey S NN ()

H Skidinatajs NH, N=y

26 29b
Nr. p. Emas =gt . =
Skidinatajs Temp. Laiks, h Iznakums, %

k )
1 DMSO,, 60 °C 45 1
2. MeCN,; 60 °C 45 <1
3 Me,CO,4 60 °C 45 6"
4 SO, 25°C 14 95"

[a] Konversija noteikta ar AESH. [b] Izdalitais iznakums.
Veicam arT neaizsargatu aziridinu ($)-22 un 27 reakcijas ar KSCN skidra SO,. Reakciju

rezultata ieguvam savienojumus 31 un 32 rodanida sals veida. Savienojuma 32 struktiiru
papildus pieradijam ar rentgenstruktiiranalizes datiem (12. shéma).
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o—

o_'
/
7S O
'\ %NH N=N

N N=
N
H Hal, ~SCN
27 KSCN 31, 95%
o S0,

0
60 °C
NH, s NH,
N NH
N G

HoN. ©scN
(5)-22 g

32, 62%

12. shéma. Aziridinu 27 un (5)-22 reakcijas ar KSCN skidra SO,.
Originalpublikacija par $aja nodala aprakstitajiem pétjjumiem atrodama IV pielikuma.

3. Glikozidiskas saites veidoSana Skidra séra dioksida

Glikozilesana ir svariga dazadu glikozidu un oligosaharidu sintézes metode. Oglhidratu
ktmija vel joprojam ir aktuala jaunu glikozidiskas saites izveides metozu izstrade. No
sintétiska viedokla noteicoSie efektivitates kriteriji glikozilsaites viedoSanai ir reakcijas
iznakums, regio- un stereoselektivitate.** Viens no glikozilé$anas reakcijas stereoselektivitati
ietekmg&josiem faktoriem ir $kidinatajs. Izteikta $kidinataja ietekme uz stereoselektivitati
noverojama gadijumos, kad par glikozildonoru izmanto &tera tipa aizsarggrupu saturosus
oglhidratus. Turklat $ada tipa substratos tiek izslégta aizsarggrupu ietekme uz oksokarbénija
jona stabiliz€sanu. Ta, pieméram, gadijumos, kad par Skidinataju lieto dietiléteri, novéro
izcilu a-glikozidu, bet acetonitrila vidé f-glikozidu veidosanos. Acetonitrila gadijuma in
situ veidojas nitrilija katjons, kas pienem aksialu orienté$anos telpa un veicina ekvatorialu
ekvatorialu eksociklisku oksonija kompleksu, kas sekmé aksialu nukleofila uzbrukumu un
a-glikozida veidosanos. Visos gadijumos glikoziléSanas reakcijas ir svarigi lietot Gideni
nesaturosus $kidinatajus, tadgjadi izvairoties no oglhidrata hidrolizes.

Neksatoties uz to, ka glikozidiskas saites veidoSanas pirmsakumi ir dat€jami ar
19. gadsimta beigam, Iidz $im nav izdevies izstradat universalu metodi, kas veiksmigi
darbotos visu glikozildonoru un nukleofilu gadijumos.** Turklat sekmigai reakciju norisei
papildus ir jaizmanto dazadi aktivatori.

Visbiezak par glikozildonoriem lieto glikozilhalogenidus, un atkariba no aizejosas
grupas un glikozilakceptora veida ir izstradatas daudzas glikoziléSanas metodes. Ta,
pieméram, glikozilbromida vai hlorida reakcijas ar spirtiem ka nukleofiliem parsvara lieto
Ag(l) un Hg(I) salus un/vai to kombinacijas, lieto dazadas Luisa skabes (SnCl,, BF;-Et,0,
TrCl-ZnCl,, LiCIO,, 1,-DDQ, InCl;, u. ¢.) vai fazu parneses katalizatorus (Et;N'BnBr-,
Et;N“BnCl", Me(CH,),sN*Me;Br-, Bu,N'Br u. ¢.). Glikoziljodidu gadijuma ka aktivatorus
liecto TBAI-DIEA, FeCl,-1,, CuCl-1, vai NIS-I,-TMSOTT reagentu kombinaciju. Savukart
glikozilfluorids stajas nukleofila apmainas reakcija tikai SnCl,-AgClO, (TrClO4 vai
AgOTY), TMSOTY, SiF,, BF;-Et,0, TiF,, SnF,, Tf,0, Cu(OTf), un citu aktivatoru klatieng.*

Glikozidiskas saites veidosanas péetijumu Skidra séra dioksida uzsakam, par
modelsubstratu izveloties ar pivaloilgrupam aizsargatu mannopiranozilfluoridu 33.%
Balstoties uz Aisfelda (Eisfeld) p&tijumiem par SO, sp&ju izcili solvatét fluoridjonu, veidojot
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fluorsulfita anjonu, izvirzijam hipotézi, ka $1 SO, solvat€Sanas spgja biitu virzitajspeks
glikozidiskas saites veidoSanai.’” Turklat, salidzinot ar citiem glikozilhalogenidiem,
glikozilfluoridi ir ievérojami stabilaki un ilgstos$i uzglabajami.

Petijumu rezultata noskaidrojam, ka mannozilflourids 33 reakcija ar 2-feniletan-1-olu
veido v€lamo produktu 100 °C temperatiira. Reakcijas temperatiiras rezimam ir butiska
nozime, jo reakcijas, kas tika veiktas zemaka temperatiira, netika novérota izejvielas
konversija. Reakcija tika sasniegta arT pilniga O-glikozida a-selektivitate. 13. shéma attelots
iesp&jamais reakcijas mehanisms: séra dioksids vienlaikus darbojas ka $kidinatajs un Luisa
skabe, kas aktivE aizejosas grupas (fluorida) atrauSanu no mannozilfluorida 33 un veido
SO, stabiliz&tu oksokarbénija jonu, kas a-selektivi reagé ar reakcijas vidé eso$u nukleofilu
2-feniletan-1-olu.

ivO
PivO o Pho_~ PivO OPiv 0
. - OH . . _u
PivO ) P —0 OPiv |*|0=S
PivO S0O,, 100 °C PiVO *
F —80, n
33 oksokarbénija jona-SO, solvats
PivO |
O,ng P >OH
PivO
PivO
oL~
a-34c, 85% Ph

13. shéma. Mannozilfluorida 33 reakcija ar 2-feniletan-1-olu skidra SO.,.

P&c reakciju apstaklu optimizesanas tika veiktas O-glikozileéSanas reakcijas ar dazadiem
spirtiem (4. tabula). Novérojam produktu iznakumu samazinasanos, kas bija proporcionals
spirtu nukleofilitates samazinajumam (1° > 2° > sp?). Iznémums ir mannozilflourida
33 reakcija ar propanolu, kura ieguvam o-34a glikozidu ar 69 % iznakumu. Novérojam
arT anoméra hemiacetala a-35 veidosanos, kas radas glikozilfluorida 33 hidrolizes rezultata
(4. tabula). Glikozilesanas reakciju rezultata tika noverota pilniga O-glikozida a-selektivitate,
iznemot reakciju, kas tika veikta ar dodekanolu, kur produktu a-34:4-34 anoméru attieciba
bija 93:7 (4. tabula, 2. piemérs).
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4. tabula

Mannozilfluorida 33 reakcijas ar spirtiem skidra SO,

OPiv OPiv P OPiv
OPiv OPiv OPiv OPiv
PivO < ROH pivo <, Pivoﬁ/ , PivO <
PivO so, FVO PivO OR* PO
F  100°C OR OH
33 a-34a-f a-35
Reakcijas maisijuma s
Nr. 'H-KMR analize (mol%) Izdalitais iznakums
ROH
p- k.
; . : o 0-34:
0-34 B-34 0-35 23 B-34
1. "S0H 70 0 30 69 100:0
2. I oH 93 7 0 91 93:7
3. @\ﬂ 100 0 0 85 100:0
OH
4. /LOH 73 0 27 72 100:0
5. CL 78 0 2 7 100:0
OH
6. @ 54 0 46 34 100:0
OH

Izmantojot ieprieks izstradatos glikozilésanas apstaklus, veicam virkni S-glikoziléSanas
reakcijas (5. tabula). Tiolu gadijuma novérojam zemaku a-selektivitati S-glikozidu
veidosanai. Ta reakciju rezultata produktu a-36:5-36 anomeru attieciba praktiski visur bija
aptuveni 8:2, iznemot reakciju ar para-hlortiofenolu, kura sasniegta pilniga a-glikozida
0-36a veidosanas stercoselektivitate. Hemiacetala @-35 veidoSanas tika novérota tikai
glikozilfluorida 33 reakcijas ar ar para-hlortiofenolu un izo-propantiolu.
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5. tabula

Mannozilfluorida 33 reakcijas ar tioliem Skidra SO,

OPiv OPiv OPiv OPiv
OPiv OPiv OPiv OPiv
PivO —> PivO PivO SR* PivO
SO,
F 100 °C SR OH
33 a-36a-f p-36a-f a-35
Reakcijas maisijuma s
NI 'H-KMR analize (mol%) Izdalttais iznakums
p.k RSH
0-36 B-36 0-35 % a-36:B-36
Cl
1. @ 76 0 2 60 100:0
SH
2. N sH 81 19 0 96 82:18
3. @\/\ 81 19 0 96 82:18
SH
4. )\SH 62 16 22 42 80:20
5. Q 83 17 0 87 84:16
SH

Parbaudijam ar1 mannozilfluorida 33 reackijas spgu ar dinukleofiliem. Tadgjadi ar
labiem iznakumiem tika iegtti simetriski diglikozidi a-37a un a-37b (14. shéma). Reakcijas
noveérojam izcilu a-selektivitati.

OPiv

OP|v OP|v OPiv
Pl\lgOO PI\ISOO OPiv
v 802 v OPiv
100 °C
16-18h

a-37a, Nu = 0, 83%
a-37b, Nu =S, 76%

14. sheéma. Mannozilfluorida 33 reakcijas ar dinukleofiliem $kidra SO.,.

Promocijas darba veicam art glikozil€Sanas reakcijas izpéti, ka glikozildonorus lietojot
dazadus glikozes atvasinajumus 38-40 (8. attEls). Pieméram, sekmigai glikozilsaites
veidosanai starp 38 un 2-feniletan-1-olu vai 2-feniletan-1-tiolu bija jalieto papildu katalitisks
Luisa skabes daudzums. Reakciju rezultata produktu a:f anoméru attieciba bija aptuveni 1:1.
Savukart glikozidiskas saites veido$anas reakcijai, par substradu lietojot glikozilbromidu
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39 un 2-feniletan-1-olu, bija japievieno ekvimolars daudzums AgOT{. Jaatzime, ka acetatu
aizsarggrupas ir nesamérojamas ar reakcijas vidi un doto reakciju rezultata tika novéroti
deacilétas glikozes blakusprodukti. Labakais rezultats, kura substrats uzradija labu reakcijas
sp&ju bez papildu Luisa skabes klatienes, tika sasniegts glikozilbromida 40 reakcija ar
2-feniletan-1-olu: 58 % v€lama produkta iznakums un f-selektivitate (a/f 12:88).

OAc OAc OPiv
Acoﬁ/ AcO % Pvo o
AcO OAc  AcO PivO
OAc AcO PivO
Br Br
38 39 40

8. attels. Glikozes atvasinajumi 38-40.

Patenta pieteikuma manuskripts un nepublicétie dati par S$aja nodala aprastitajiem
petijumiem atrodami IX—XI pielikumos.

4. Sulfonu sintéze pielietojot bora-énu reakciju

Noslédzosais pétijuma objekts promocijas darba bija sulfonu sintézes metodes izstrade,
ka atslégstadiju izmantojot bora-&nu reakciju.

Literatiras petijums atklaja vienigo piem&ru bora-&nu reakcijai, ko realiz€ja Vozels ar
lidzautoriem: alilpinakolborata un séra dioksida reakcija tika generéts jauktais anhidrids,
ko talak ar metalorganiskajiem reagentiem parverta par sulfoksidiem.*® Attistot $o kimiju,
Vozela grupa pétija H-énu reakciju starp alkéniem un SO, Luisa skabju klatien&.* Autori
atklaja, ka BCI, klatieng tiek iegits sulfinskabes-BCl; komplekss, un talak izmantoja to ka
substratu sulfonu un sulfonatu ieguve.

Savukart Villis (Willis) un Vu (Wu) sulfonu un sulfonamidu sintézei lietoja arilborskabes
un SO, parejas metalu katalizatoru klatieng.”* Cita pieméra Tosta (Toste) un kompanijas
“Pfizer” grupu sadarbiba tapa Au(l) kataliz€ta arilborskabes un SO, transformacija lidz
atbilsto$ajiem sulfoniem.*!

Saja darba bora-enu pétijumiem ki izejvielas izvélgjamies dazadus kalija
aliltrifluorboratus. Lidz Sim §ada tipa savienojumi nav pielietoti minétai transformacijai.
Jauzsver, ka tie ir ievérojami stabilaki par ieprieks pétitajiem alilpinakolboratiem.

Bora-enu reakciju realiz§jam starp kalija aliltrifluorboratu 41 un SO, (15. shéma).
Reakcija tika veikta —78 °C, un jau 30 miniités novérojam pilnigu izejvielas konversiju
par sulfinatu 42. Minéta parvertiba notika atri, reakcija neprasija papildu skidinataju vai
katalizatoru klatbutni un péc SO, atdestiléSsanas deva vajadzigo sulfinatu ar kvantitativu
iznakumu. IlgstoSas savienojuma uzglabasanas laika tika nov@rota ta sadaliSanas par
propénu 43, SO, un neorganiskajiem atlikumiem.
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S0, I
BF;K —~» S. .BF3;K

s 78°0 0

42 (kvant.)

41 05h

H,O

—

2>+ 50,4
43

15. shéma. Kalija 3-((alilsulfinil)oksi)trifluoroborata 42 sintéze.

Papildus pétijam ari sulfinata 42 veidosanos ar 'H-KMR. Tadgjadi alilborats 41 (9. attels,
B 'H-KMR) stajas bora-€nu reakcija, veidojot sulfinatu 42 kvantitativi, gan ar DABSO ka
SO, surogatu (9. attels, A 'H-KMR), gan arT piesatinot Gidens $kidumu ar gazveida SO,
(9. attels, C 'H-KMR). Reakcijas ka ieksgjo standartu lietojam natrija acetatu (9. attéls).

41 + DABSO
+ D20

41 + SO,

NaOAc

N

L

2
EN
® T 0BFK

HH
42

5.6

4.6

3.6 2.6

1.6

9. attéls. Sulfinata 42 veidosanas '"H-KMR pétijums D,O (300 MHz).

Tacu talaka sulfinata 42 izmantoSana sulfonu sint€zei tika apgriitinata ar substrata

zemo $kidibu. Probléma tika atrisinata pec $kidinataju skrininga un sulfinata stabilitates
petijumiem dazados skidinatajos. Rezultata par piemérotako skidinataju sistemu talakai
sulfonu sintézei tika izvéléts H,O/DMF maisijums istabas temperatiira, jo paaugstinata

60 °C tika noverota sulfinata [éna degradésanas (10. att€ls).

42, (%) 42, (%)
100 . . ce e 100
se %% "'oo.........
80 80
RT (D,0+ DMF, ) 60 °C (D,0+ DMF,.)
60 60
40 40
20 20
Laiks, Laiks,
0 0
0 5 10 L 0 1 2 3 h

10. attels. Sulfinata 42 stabiliates pétisana D,O + DMF,, skidumos.
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Sekojosi veicam sulfonu sintézes apstaklu optimizé€Sanu ar benzilbromidu ka
modelelektrofilu no in situ generéta sulfinata 42. Ta ka savienojums 42 iegits ka sulfinata
kalija sals, sakotngja alkilé§ana tika veikta bez papildus bazes klatienes. Sada gadijuma
novérojam sliktu sulfonu 44a iznakumu. A1l paaugstinata 40 °C reakcijas temperatira
nedeva apmierinoSus rezultatus sulfona 44a sint€ze. Ieverojami uzlabojumi tika sasniegti
pec papildus bazes (NaOH vai K,CO;) un TBAI ka fazu parneses katalizatora pievienoSanas.
P&c alkilésanas reakcijas apstaklu optimizéSanas veicam sulfonu 44a-k sintézi ar dazadiem
elektrofiliem (RX). Atseviskos gadijumos, novérojot alkilgjosa agenta straujo hidrolizi
reakcijas vidg, veicam $kidinataju attiecibas (H,O/DMF 1:1 — 1:3) un/vai bazes mainu
(NaOH — K,CO;) (16. shéma).

RX = xNp
so 2 NaOH vai K,CO o0 R AN,
UBFK 2. | S _BFjK | 20, S !
= Zsc |7 o) TBAI (10 mol%) " R ji (N)
05h DMF/H,0 - =
41 42 RT 44ak, 40-91% ¢ oh W
(Me) Me, Et

16. shéma. Sulfonu 44a-k sint€ze no in situ generéta sulfinata 42.

Benzilbromidi ar elektrondonoram un elektronatvelko$am grupam deva lidzigus sulfonu
iznakumus (70-78 %). Vislabakais iznakums (91 %) tika sasniegts ar Sangera reagentu
nukleofila aromatiska aizvietoSanas reakcija. Reakcijas ar hlorsaturoSiem elekrofiliem —
hloracetonitrilu, hloracetonu un p-hlorbenzilhloridu — deva atbilstoSus sulfonus ar iznakumu
Iidz 10 %, kas pamatojums ar lénaku Sy2 I > Br > Cl nomainu.*

Interesanti, ka jauktais anhidrids 46, kas tika svaigi iegiits no alilpinakolborata 45 un
SO,, reakcija ar benzilbromidu nedeva gaidamo sulfonu 44a (17. shéma).

gj% so, ('S)' é)/? BnBr, NaOH o 0
- — =N s — s7_Ph
Z70 78°c | Z 00 TBAI (10 mol%) & ">~
DMF/H,0
45 46 RT 44a

17. shéma. Sulfona 44a iegiisana no alilpinakolborana 45.

Talak pieversamies krotil- un prenilsistému pé&tisanai, véloties noskaidrot, vai atbilstosie
borati stajas bora-énu reakcijas. Izejvielas 47a un 47b sintez&am péc literatiira zinamas
metodes.* Sekojosi paklaujot substratus 47a un 47b bora-&nu reakcijas apstakliem,
novérojam, ka savienojuma 47a parvertiba par sulfinatu 48a reakcija ar SO, notiek
augstaka temperatira —10 °C 30 miniite€s neka iepriekS pétita parveértiba 41+SO,—42.
Savukart papildus metilgrupas esamiba 47b prenilsistéma paildzinaja reakcijas laiku lidz
2h (18. shéma).
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47a-b o, 0

N’

H ﬂ H O BnBr /W/ ~Ph
KF3BQ\KR1 SO, F ;

. 49a, 31%
RZ  -10°C {fo_to /R1R2 °
A SN
47ab B N0 48a,R'=H, R2 = Me

48b,R', R? = Me

DMF/H,0

RT, 18 h Oo®

Na”

/stph

49b

18. shéma. Krotil- un prenilsubstratu 47a un 47b bora-enu reakcijas ar SO,, sulfonu
sintéze.

Abos gadijumos reakciju norisei sekojam ar 'H-KMR spektroskopijas palidzibu, kas
pieradija, ka boratu 47a un 47b bora-enu reakcija ar SO, C-S saites veidoSanas noris
y-pozicija, dodot in situ sulfinatus 48a un 48b (11. attels).

- o
a7a %Vsm
Me j\N\"\ Jm\
0
. A S BFK fh/\
vty Me 48a Y. \
H L ]
47bMe\‘2\/BF3K I‘l%
Al
Me [ \
B 8
o
S BFaK
Me Me 48b
6.10 5.90 5.70 5.50 5.30 5.10 4.90

11. attéls. Boratu 47a-b un sulfinatu 48a-b "H-KMR salidzinagjums DMSO,, (300 MHz).

Izveletaja 'H-KMR spektra (300MHz, DMSO,,) regiona noverojam  attiecigo
vinilsisttmu protonu nobizu un multiplicitaSu izmainu pirms un péc bora-énu reakcijas:
krotilsubstratam 47a — 48a (5.44 ppm — 5.77 ppm) un prenilsubstratam 47b — 48b
(5.15 ppm — 5.80 ppm) (11. attels).

Veicam virkni sulfonu sintézu mégindgjumu no sulfinatiem 48a un 48b, atkartojot
ieprieksizstradato proceduru. Salidzinot ar alilsulfinatu 42, savienojumi 48a un 48b bija
ievérojami mazak stabili, tacu, neskatoties uz to, mums tomér izdevas iegiit sulfonu 49a
sulfinata 48a reakcija ar benzilbromidu (18. shéma).

Originalpublikacija par $aja nodala aprakstitajiem p&tjjumiem atrodama V pielikuma.
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SECINAJUMI

. Ar karbamatgrupam aizsargati aziridini viegli stajas nukleofilas cikla atvérSanas reakci-
jas ar I un II grupas metalu halogenidiem (MX,) un tioliem (RSH), lietojot skidru séra
dioksidu ka polaru reakcijas vidi ar Luisa skabam 1pasibam. SO, ir piemérots $kidinatajs
enantiomé@ri bagatinatu aziridinu cikla atv@rSanas reakcijam, jo izstradatajos reakcijas
apstaklos nenovero produktu racemizaciju.

R? v
<7  MX,vai RSH H/Rz
N _—
2\ SO, HN._ _OR'’
07 OR' g Y =Cl,Br, I, RS

Skidrs séra dioksids dod augstakus reakciju iznakumus ar karbamatgrupam aizsargatu
aziridinu nukleofilas cikla atverSanas reakcijas ar I un II grupas metalu halogenidiem
(MX,) neka klasiskie skidinataji: DMSO, MeCN, Me,CO vai THF. N-Boc aizsargati

un N-Cbz-aizsargati aziridini.

. Azetidini stajas nukleofila cikla atv&rSanas reakcija ar MgBr,-6H,0, LiBr vai Lil 80 °C
temperatiira skidra SO,. Konkrétajos reakcijas apstaklos bromidi ir labaki nukleofili par
tioliem.

R
& Mo Cozhn R =L
S0, z /\[ M = Li, Mg

N o =
Cbz 80°C X X=Br, |

. NH-aziridini stajas nukleofilas cikla atvér§anas reakcijas ar tioliem istabas temperatiira,
lietojot skidru séra dioksidu ka polaru reakcijas vidi ar Luisa skabam ipasibam. Izstra-
datie reakcijas apstakli ir pieméroti enantioméri bagatinatu aziridinu derivatiz€sanai, un
reakcijas nenovéro produktu racemizaciju.

R1 R2 R1
2, <
W/N R2SH s/\‘/

H S0, NH;

. Neaizsargatu aziridinu reakcijas ar kalija rodanidu $kidra séra dioksida dod produktus
rodanida sals veida.

R R
7 KSCN S
N — NH
H SO, H%GSCN
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6. Pivaloilaizsargats mannopiranozilfluorids viegli veido O- un S-glikozidus, lietojot
Skidru séra dioksidu, kas darbojas ka $kidinatajs un aktivgjoss reagents, stabilizgjot
oksokarbénija jonu un solvatgjot atbrivotu fluoridjonu reakcijas vide.

OPiv

OPiv
PivO -
OPiv PivO Nu

Olgv NuH
PiVO - SO, OPiv OPiv
PivO o OPiv OPiv
F o PivO - o OPiv
F50 PivO OPiv

Nu\++/Nu

8

7. Atklata jauna bora-énu reakcija starp kalija aliltrifluorboratiem un SO,, kura veidojas
sulfinati ar kvantitativiem iznakumiem. legitie sulfinati stajas reakcijas ar elektrofiliem,
dodot attiecigos alilsulfonu atvasinajumus.

BFsK SO, N

o
A~ 2. A/é\O,BaK R /\KS\RZ
R' R

R!
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GENERAL OVERVIEW OF THE THESIS

Introduction

Sulfur dioxide is known for centuries as a bleaching and disinfecting agent. Its physical
properties make it liquefiable at a wide range of temperatures, and as a liquid it can dissolve
both the ionic and covalent compounds. In 1902, Paul Walden measured the conductivity
of the solution of trityl chloride and bromide in liquid SO,, thus proving the formation
of carbenium ion in the solution.' Since then, liquid SO, has proven to be an excellent
media for the reactions of cabenium ions. The Nobel Prize winner George Olah used SO, in
mixtures with HF, SbF;, and FSO;H-SbF; for the generation of carbenium ions.? Mayr and
coworkers have developed a method for allylation of aromatic aldehydes in liquid SO, in
the absence of Lewis acidic additives.’ Vogel and coworkers have developed a method for
the synthesis of sulfones from silylsulfinates generated in sila-ene reaction of allyl silanes
and SO,.* Later, silyl sulfinates were used as the silylating agents for the quantitative GC
analysis of (poly)alcohols, carboxylic acids, and nucleosides, as well as for the synthesis of
sulfoxides.® Beifuss group applied SO, to study cyclization of epoxyalkenes.® Liquid SO, as
a solvent promotes the Ritter reaction.” Fleming and coworkers studied the influence of SO,
and other polar solvents on rearrangements of carbenium ions.® The application of SO, and
its transfer reagents (surrogates) is well reviewed.’

However, liquid SO, still has not become an everyday solvent in organic chemistry. Here,
we have conducted a fundamental research on application of liquid SO, in several areas of
organic chemistry: nucleophilic ring opening reactions (NROR) of small N-heterocycles,
formation of glycosidic bonds, and bora-ene reaction between SO, and potassium allyl
trifluoroborates.

Aims and objectives

The aim of the thesis is to develop synthetic methods that use liquid SO, as a solvent.
The focus is on the reactions that are facilitated by Lewis acidity of SO,, its excellent
solvating properties, and its reactivity in sulfonylation reactions.

The following tasks were set:

» to research NROR of small N-heterocycles using halides of group I and II metals

and thiols;

* to develop glycosylation reaction of carbohydrates with O- and S-nucleophiles;

» to research bora-ene reaction of SO, and potassium allyl trifluoroborates, followed

by alkylation of the resulting sulfonates with various electrophiles.

Scientific novelty and main results

As the result of this thesis, several methods for NROR of small N-heterocycles in
liquid SO, were developed. The NROR of carbamate-protected aziridines with group I and
II metal halides was thoroughly studied. NROR of azetidines with lithium and magnesium
bromides and iodides requires elevated temperatures. Unprotected aziridines undergo
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regioselective ring opening with thiols. Conditions for bora-ene reaction of SO, and
borates, and subsequent alkylation of the intermediate sulfinates to obtain sulfones were
established. It was proved that SO, is an excellent solvent for glycosylation of tetra-O-
pivaloyl mannopyranosyl fluoride with various nucleophiles.

Structure and volume of the thesis

The thesis is a compilation of scientific publications focusing on application of liquid
SO, as a solvent and a reagent in organic synthesis. It contains publications in the SCI
journals, patents, and patent application.

Publications and approbation of the thesis

Results of the thesis are discussed in 5 publications, 3 patents and 1 patent application
manuscript.

Scientific publications:

1. Stikute, A.; Luginina, J.; Turks, M. Synthesis of Allyl Sulfones from Potassium
Allyltrifluoroborates. Tetrahedron Lett., 2017, 58, 2727.

2. Luginina, J.; Turks, M. Regioselective Ring Opening of N-H-Aziridines with Sulfur
Nucleophiles in Liquid SO,, Synlett, 2017, 28, 939.

3. Luginina, J.; Uzulena, J.; Posevins, D.; Turks, M. A Ring-Opening of Carbamate-
Protected Aziridines and Azetidines in Liquid Sulfur Dioxide. Eur. J. Org. Chem.
2016, 1760.

4. Luginina, J.; Turks, M. Non-Activated Aziridines as a Building Blocks for the
Synthesis of Aza-Heterocycles, Chem. Heterocycl. Comp. 2016, 52, 773.

5. Luginina, J. Sulfur Dioxide in the Past Decade. Synlett, 2014, 25, 2962.

Latvian patents:

1. Luginina, J.; Rjabovs, V.; Turks, M. Ring opening of azetidines with nuclephiles

in liquid sulfur dioxide. LV15096B, 20.03.2016.

2. Luginina, J.; Turks, M. Nucleophilic ring opening of annulated aziridines in liquid

sulfur dioxide. LV14955B, 20.04.2015.

3. Luginina, J.; Mackevica, J.; Rjabovs, V.; Method for the synthesis of 2-amino-3-
halo-amino acid and 2-amino-3-pseudohalo-amino acid derivatives. LV14778B,
20.03.2014.

Patent application:
1. Luginina, J.; Suta, K.; Turks, M. Synthesis of alkyl- and aryl-pD-mannopyranosides
and 1-thio-pD-mannopyranosides in liquid sulfur dioxide, manuscript in preparation.

Results of the thesis were presented at the following conferences:

1. Luginina, J., Suta, K., Turks, M. Application of liquid sulfur dioxide as a solvent
for organic transformations. In: 20th European Symposium on Organic Chemistry,
Program, Section: Synthesis, Germany, Cologne, 2—-6 July, 2017. Cologne: 2017,
pp- SY095-SY095.
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10.

11.

12.

13.

Turks, M., Luginina, J., Suta, K., Posevins, D., Stikute, A., Novosjolova, 1., Cirule,
D., Purins, M. Sulfur dioxide: useful reagent and solvent in organic chemistry. In: 20th
European Symposium on Organic Chemistry (ESOC 2017), Program, Section:
Synthesis, Germany, Cologne, 2—6 July, 2017. Cologne: 2017, pp. SY089-SY089.

. Luginina, J. Aziridine Ring Opening and Other Reactions in Liquid Sulfur Dioxide.

In: 10th Paul Walden Symposium on Organic Chemistry, Latvia, Riga, 15-16 June,
2017. Riga: 2017, pp. 22-22. (invited lecture)

Suta, K., Posevins, D., Luginina, J., Turks, M. Liquid Sulfur Dioxide Promoted Ritter
Reaction and Other Transformations through Carbenium Ion Intermediates. In: Riga
Technical University 57th International Scientific Conference “Materials Science
and Applied Chemistry” (MSAC 2016): Proceedings and Programme, Latvia, Riga,
21-22 October, 2016. Riga: RTU Press, 2016, pp. 177-180.

. Turks, M., Luginina, J., Posevins, D., Novosjolova, 1., Peipins, V., Suta, K., Purins,

M. Organic Synthesisinvolving Sulfur Dioxide as Solvent and Reagent. In: Dombay
Organic Conference Cluster DOCC-2016: Book of Abstracts, Russia, Dombay,
29 May—4 June, 2016. Dombay: 2016, pp. 72-72.

. Turks, M., Luginina, J., Stikute, A., Posevins, D., Novosjolova, I., Peipins, V., Suta,

K., Purins, M. Sulfur Dioxide: Useful Reagent and Solvent in Organic Chemistry.
In: 8th Young Investigators Workshop EuCheMS - Division of Organic Chemistry,
Spain, Islantilla, Huelva, 16—17 September, 2016. Huelva: 2016, pp. 24-24.
Luginina, J., Turks, M. Nucleophilic Ring Opening of Small N-Heterocycles in Liquid
SO,. In: Abstracts of 17th Tetrahedron Symposium, Spain, Sitges, 28 Jun-1 July, 2016.
Sitges: 2016, pp. 69-69.

Suta, K., Luginina, J., Posevins, D., Turks, M. Liquid Sulfur Dioxide Promotes
Transformations Involving Carbenium lon Intermediates. In: Balticum Organicum
Syntheticum: Program and Abstracts, Latvia, Riga, 3—6 July, 2016. Riga: 2016,
pp. 155-155.

Luginina, J., Turks, M. Nucleophilic Ring Opening of Protected and Unprotected
small N-Heterocycles in Liquid SO,. In: Balticum Organicum Syntheticum (BOS 2016):
Program and Abstract Book, Latvia, Riga, 3—6 July, 2016. Riga: 2016, pp. 109-109.
Luginina, J. Nucleophilic ring opening of small N-heterocycles in liquid SO,.
In: Latvijas Universitates 74. konferences kimijas sekcijas tezu krajums, Latvia, Riga,
12—12 February, 2016. Riga: 2016, pp. 15-15.

Luginina, J., Turks, M. Sulfur Dioxide Promoted Nucleophilic Ring Opening of
Small N-Heterocycles. In: Drug Discovery Conference: Abstract Book, Latvia, Riga,
27-29 August, 2015. Riga: 2015, pp. 119-119.

Turks, M., Luginina, J., Posevins, D., Stikute, A., Novosjolova, I., Peipins, V.,
Kumpins, V. Novel Applications of Sulfur Dioxide in Organic and Analytical
Chemistry. In: 19th European Symposium of Organic Chemistry (ESOC 2015): Book
of Abstracts, Portugal, Lisbon, 12—16 July, 2015. Lisbon: 2015, pp. 273-273.
Luginina, J., Turks, M. Nucleophilic Ring Opening of Small Size N-Heterocycles
in Liquid Sulfur Dioxide. In: 19th European Symposium of Organic Chemistry
(ESOC 2015): Book of Abstracts, Portugal, Lisbon, 12—16 July, 2015. Lisbon: 2015,
pp- 269-269. ISBN 978-989-8124-11-1.
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Luginina, J., Turks, M. Nucleophilic Ring Opening of Carbamate-Protected Aziridine
and Azetidine with Metal Halides in Liquid Sulfur Dioxide. In: Proceedings of 16th
Florida Heterocyclic and Synthetic Conference, United States of America, Gainesville,
1-4 March, 2015. Gainesville: 2015, pp. 149-149.

Luginina, J. Sulfur Dioxide - Powerful Solvent for Nucleophilic Ring Opening
Reactions of Small N-Heterocycles. Materials Sciences and Applied Chemistry.
Vol. 31, 2015, pp. 69-69.

Luginina, J., Turks, M. Nucleophilic Ring Opening of Aziridine and Azetidine
Derivatives in Liquid Sulfur Dioxide. In: Chemistry and Chemical Technology
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MAIN RESULTS OF THE THESIS

Sulfur dioxide is a colorless gas with pungent smell. It is easily liquefied below —10 °C
and can be used as a solvent. Liquid SO, has low viscosity and vapor pressure, and can
be described as a polar aproton solvent. The main physico-chemical properties of SO, are
summarized in Table 1.

Table 1

Physico-chemical properties of SO,

Properties Value
Dielectric constant 15.9 (=10 °C)
Dipole moment 1.63 D
Density 1.46 g/cm® (—10 °C)
Dynamic viscosity 368 Pas (0 °C)
Melting point —75.5°C (101.3 kPa)
Boiling point —10.1 °C (101.3 kPa)
Triple point —75.5 °C (1.7 MPa)
Critical point 157.35 °C (7.88 MPa)

In comparison with other “S=0" bond-containing solvents: dimethyl sulfoxide (DMSO),
dimethyl sulfone (DMS) and sulfolane, SO, has a smaller dipole moment, similar to that of
CH,ClI, (Fig. 1).!! The values of the dielectric constant and boiling points also differ. At the
same time, the price per liter of anhydrous solvent (H,O < 50 ppm) is cheaper compared to
other solvents of the same quality.'?

Dipole moment (D) Dielectric constant () Boiling point (°C) Price (€/L)
SO2 mmm 163 — 50 10 " 63
sulfolane 4.69 433 —— 035 045
DMS s 42 —— 47 4 ——— 3§ —— ]50.2
DMSQ == 306 ——— 16.7 — |39 563
MeCN s 302 I 37.5 3D 344
CH3NQ2 wmmmmm 356 I 35.9 00 6.1
Acetone Wmm——— ? 83 ] - 56 —— 0].6
EtOAc mm 178 == 6.02 77 ———  56.6
THF == 1.75 - 75 66 — 7.6
CH2CI2 wsm 155 mm 89 == 396 —— 5].8
0 2 4 6 0.0 20.0 40.0 60.0 -10 90 190 290 0.0 100.0

Fig. 1. Comparison of polar aprotic solvents.

Additionally, solvents can be ranked by their electron donating or accepting properties.
Gutmann expressed the solvent’s ability to solvate a cation (or Lewis acid) as the donor
number, while the ability to solvate Lewis base is named as the acceptor number."* When
comparing the ability of SO, to form SO,-Li* adduct to other “S=0" containing molecules,
it can be seen that DMSO-Li* adduct is by 99 kJ/mol more stable.'"* At the same time,
observation of changes of *'P-NMR signal of Et;PO-SbCl; (1:1) complex in the presence of
SO, showed that it has pronounced electrophilic properties.'s
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Solvent basicity
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Solvent electrophilicity
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Fig. 2. Comparison of solvent basicity and electrophilicity.

If one compares the phase diagrams, in many aspects SO, is similar to NH,
(T,,=—33 °C) which is widely used as a polar solvent (Fig. 3.).'*** It is easily liquefiable
and can be transferred in closed systems using different temperatures between storage and
reaction vessels. In this way, it can be recycled after the reaction without contact with the

environment or with the chemist.

1000
P, atm NH,
o c.p. [132.25 'C /113[3 atm
liquid /SOZ
10 e-p—157-C /-78.0-at
NHG 154 atm
blp. -33[
1 #
solid 80,
NH, /Kp 19 N
0.1 - -
tip.-77.66 °C
0.061 atm
0.01
/)=
ooor +——}+ 1 1 L1 11| J’ tp--75.5 b ol I I N I A A A
/ 0.0017 atm
0.0001 ! . i . . i . |
-200 -150 -100 -50 0 50 100 150 t,°C 200

Fig. 3. Phase diagrams of SO, (blue) and NH; (red).

In our practice, we used commercial SO, (H,O < 50 ppm) in a pressure cylinder. To
conduct the reaction at the reflux temperature of the solvent, we used a glass flask equipped
with dry ice condenser (Fig. 4, left). For the reactions > —10 °C, we used steel pressure
reactors (Fig. 4, centre, right). For extra-dry (anhydrous) conditions we used a drying
column filled with P,O5 and Al,O; as chemical desiccants.
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Fig. 4. Technical equipment for reactions in liquid SO.,.

Liquid sulfur dioxide as a solvent and/or reagent was applied in the following research
directions:

A — nucleophilic ring opening reactions of aziridines and azetidines facilitated by the
ability of SO, to equally solvate ionic type as well as polar covalent compounds;

B — formation of glycosidic bond facilitated by Lewis acidic, fluorophilic and carbenium
ion stabilizing properties of SO,;

C — sulfone synthesis using bora-ene reaction as a key step, because SO, is a useful
building block for introduction of sulfonyl group (Scheme 1).

R R? £y
) ’ A 0 B 0

NuU D)ooy ('DGO)FWNI, - (F'GO).WW\AH
RI-NH - LG Nu

o. .0

N
= ~ R3
R'R?

Scheme 1. Research directions of doctoral thesis.

1. Nucleophilic ring opening reactions of protected N-heterocycles

Due to the ring strain, NROR of aziridines with different nucleophiles is the main point
of interest in the aziridine chemistry. These reactions allow synthesis of alkaloids, amino
acid derivatives and other biologically active compounds.'” It is known that the aziridines
with electron withdrawing N-substituents such as sulfonyl, phosphoryl, and carbamoyl
groups are more susceptible to ring opening. In comparison, the N-carbamate derivatives
are studied less than N-tosyl aziridines, despite the fact that deprotection of the latter is
harsh. Both steric and electronic effects of substituents at the C(2) and C(3) as well as the
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nucleophile influence the regioselectivity of the NRORs.'® In the case of 1,2-disubstituted
aziridines, the nucleophile attacks the sterically less hindered C(3). On the other hand, in
the case of unsymmetrical polarization of the C-N bonds, which is dictated by formation
of the positive charge stabilized by 2-aryl substituent, the regioselectivity is reversed.'”
Regardless of the substituents and the nucleophile, the NRORs are promoted by Lewis and/
or protic acids.

In the case of using Grignard reagents as C-nucleophiles, catalytic amounts of
Cu(I) or Cu(Il) salts can be used.® With O-nucleophiles, Sn(OTf),, BF;-OEt,, In(OTf),,
p-TsOH, TFA or Amberlyst-15 are used.?! Catalytic or equimolar amounts of CF,SO,H,
Zn(0TY),, ZnCl,, Cu(OTf),, Yb(OTY), or BF;-OEt, promote NRORs of aziridines with
S-nucleophiles.?? N-Nucleophiles require addition of InBr;, BiCl;, YbCl; BF;-OEt, B(C4Fs)s.
LiClO, CeCl;-7H,0 and other Lewis acids.” For the introduction of halogens, strong acids
(HCI, HBr, HF) or mixtures of group I and II metal salts with acids are used. For lithium
and magnesium salts, Amberlyst-15 can be used.**

Azetidines are less studied than aziridines in the NRORs, however, strong Lewis acids
such as BF;-OEt,, Cu(OTY),, Yb(OTY),, and Sc(OTf); and 1,2-substituted azetidines must
be used.”

In this thesis, we studied NRORs of N-carbamate protected aziridines and azetidines
with group I and II metal salts and S-nucleophiles in liquid SO, as the solvent without
addition of Lewis or protic acids. We chose carbamates as the protecting groups because
they are easily removable.?

1.1. Reactions of carbamate-protected aziridines with metal salts

We chose benzyl 2-carbamoyl aziridine-1-carboxylate (1) as a model substrate for the
studies of NRORs in liquid SO,. We can conclude that NRORs with lithium salts occur
with quantitative yields under refluxing SO, (=10 °C) in 2 h, while NRORs with sodium
and potassium salts need longer time and elevated (60 °C) temperature. Magnesium salts
react at ambient temperature (Scheme 2).

9 O
W)L NHy MX: | o NH, 2a X =Cl; 90% (NaCl), quant. (LiCl, KCI, MgCl,"6H,0)
(NZb SO, NHCb 2b: X = Br; 78-97% (NaBr, KBr, MgBr,*6H,0), quant.(LiBr)
z -10...60 °C z 2c: X = 1; 77-78% (Nal, Kl), quant. (Lil)
1 2a-c

Scheme 2. Reaction of aziridine 1 with MX,, in liquid SO,.

Enantiomerically pure (S)-1 regioselectively reacts with LiCl and NaCl without
racemization (Scheme 3). We have studied the same reaction in conventional solvents:
DMSO, MeCN, Me,CO, and THF (Fig. 5). The expected products were observed only in
the case of lithium and magnesium salts. NROR with LiCl proceeded in THF, DMSO,
MeCN at 60 °C with lower yields and noticeable decomposition by-products. MgCl,
partially reacted also in DMSO and MeCN while NaCl did not react in any of the solvents.
Similar results were obtained for metal bromides and iodides.
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Scheme 3. Reactions of (S)-1 with LiCl and NaCl in liquid SO,.
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Fig. 5. Comparison of aziridine 1 reactivity with MX in different solvents.

Further, we have studied Boc- and Fmoc-protected aziridines 3 and 5. The former reacted
with sodium and potassium salts at ambient temperatures while lithium salts and iodides
caused some decompositions thus lowering yields (Scheme 4). Compound 5 reacted with
lithium salts at —10 °C and with sodium and potassium salts at ambient temperature with
no decomposition. These substrates were unreactive towards metal salts in other solvents,
except for compound 3 that reacted with LiCl at 60 °C (Fig. 6).

X NH,  4a: X = Cl; 47% (LiCl), 93%-quant. (NaCl, KCI)
NHBoc 4b: X = Br; 49% (LiBr), 73%-quant. (NaBr, KBr)
4c: X =1; 20% (KI), 78% (Lil)

6a: X = Cl; 83-96% (LiCl, NaCl, KCI)
X NH 6b: X = Br; 55-80% (LiBr, NaBr, KBr)
2 Bc: X =1; 64-92% (Lil, Nal, KI)
NHFmoc

6a-c

Scheme 4. Reactions of aziridines 3 and 5 with MX| in liquid SO,.
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Fig. 6. Comparison of aziridines 3 and 5 reactivities with MX| in different solvents.

Bicyclic aziridine 7 reacted with metal halides at ambient temperature (Fig. 7). On the
other hand, the yields of similar reactions in MeCN and DMSO were much lower.

or
SOZ 3
N 20°C 1
Cbz posh X NHCbz
7 8a: X = Cl, 99% (NaCl),
90% (KCI),
99% (MgCl,6H,0)
8b: X = Br, 97% (NaBr),
99% (KBr)
8c: X =1, 93% (Nal),
95% (KI)

100
80
60
40
20

100 99 95

S02
DMSO

Licl NaCl KcCl

Fig. 7. Comparison of aziridine 7 reactivity with MX, in different solvents.

1.2. Reactions of carbamate-protected aziridines with S-nucleophiles

We studied NRORs of aziridines with 4-chlorobenzenethiol, dodecane-1-thiol, and
KSCN as the S-nucleophiles. Aziridine 1 reacted regioselectively with thiols at ambient
temperature forming products 9a and 9b (Scheme 5). On the other hand, in the reaction
with KSCN two regioisomers 10a and 10b were formed at 60 °C.

NCS O
NH2 O
NHCbz W)L
10a,46% , o KSCN NH,
CbzHN O 50, N
go°c,1h  Cbz
NH, ()1
SCN or
10b, 19% rac-1

4-Cl-CgHsS O
4-Cl-CgH,SH
S0,,20°C NH,
12 h NHCbz
. 9a, 99%
ﬂ-C12H255 (0]
n-Ci;Hz5SH NH,
$0z 20°C NHCbz
72h

(R)-9b, 56% (99% ee)

Scheme 5. Reactions of aziridines 1 and (S)-1 with S-nucleophiles.



Aziridine 7 showed similar results, except that with KSCN products of both S- and
N-substitution were formed (Scheme 6).

4-Cl-CgH,SH
SO,, 20 °C
NCS  NHCbz 24 h 4-Cl-CgH,S  NHCbz
KSCN
+ 12a,72% —————— — 11a, 68%
SO, Y
60°C,15h Cbz 1-C,HasSH
—_—
7 S0, 20 °C
SCN NHCbz 19 h n-CyoHo5S NHCbz
12b, 28% 11b, 43%

Scheme 6. Reactions of aziridines 7 with S-nucleophiles.

Enantiomerically pure (S)-1 and (S)-3 were reacted with thioglucoside 13 with good
yields and no racemization (Scheme 7). Further these carbohydrate derivatives 14a,b were
N-deprotected to give free amine 15. During the hydrolysis of N-Boc group deprotection of
acetates was observed thus lowering the yield. On the other hand, hydrogenolysis of N-Cbz
could only be achieved after the addition of NiCl,-6H,O for masking the thioether.

o} OAc OAc 0 OAc o)
o] o @]
W)I\ NH AcO ’&/ AcO m /\l)J\ AcO
Y 2 Aco SH ""Aco S NHz iy AcO s NH,
R 3 OAc OAc N HZ

13 OAc NHR
(8)-1:R = Cbz S0, 14a: R = Cbz, 70% (iv) 15, 73% (from 14a)
(8)-3: R = Boc (i; (i) 14b: R = Boc, 73% 25% (from 14b)

Reagents and conditions: (i) (S)-1 and 13: 14 h, 60 °C; (ii) (S)-3 and 13: 18 h, 20 °C; (jii) 14a: Pd{OH),/C, H,(30 atm),
NiCl,6H,0, EtOH, 72 h; (iv) 14b: HCl in dioxane 3 h, 20 °C.

Scheme 7. General scheme for the synthesis of compound 15.

1.3. Reactions of carbamate-protected azetidines with metal salts
We continued ring opening experiments with Cbz-protected azetidines 16-18 and
concluded that these reactions require 80 °C and longer time (Scheme 8). The products were
obtained only with lithium and magnesium salts and their bromides and iodides provided
the best yields. On the other hand, no products were formed in similar reactions in DMSO
and MeCN.

19 R=OMe, X=ClI; 13% (MgCl,"6H,0)

R MIX, R X=Br; 52-79%(LiBr, MgBr,*6H,0)
50, CszN'\[ X=1; 71% (Li)
N 80°C x  20R=OBn, X=Cl; 16% (MgCl;"6H;0)
Chz  ne3h X=Br; 59-74%(LiBr, MgBr,*6H,0)
16-18 19-21 21 R=Bn; X=Cl; 10% (MgCl,*6H,0)
X=Br; 62-76%(LiBr, MgBr,*6H;0)
X=I; 73% (Li)

Scheme 8. Reaction of azetidines with MX,, in liquid SO,.
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1.4. Reactions of carbamate-protected azetidines with S-nucleophiles
Unlike aziridines, Cbz-protected azetidines did not react with 4-chlorobenzenethiol and
dodecane-1-thiol. Addition of lithium and magnesium bromides to the reaction mixture
resulted in the formation of brominated products 19 and 21 (Scheme 9).

OMe  MgBr,"6H,0 OMe
4-Cl-CgH,SH Br
N SO,, 80°C
Cbz 13h NHCoz
16 19b, 45%
Bn Bn
LiBr, n-C4zHz5SH Br
N $0,, 80 °C
NHCbz
Cbz 12h
18 21b, 75%

Scheme 9. Ring opening of azetidines 16 and 18 in the peresence of competing
nucleophiles.

The research publication covering the topics of this chapter can be found in Appendix
IIT and Appendices VI-VIIL.

2. Nucleophilic ring opening reactions of unprotected aziridines

The main application of unprotected aziridines is the syntheses of functionalized amines
and heterocycles via aziridinium ion intermediate?” and as the substrates for the N-substituted
aziridines.”® Literature survey showed few reports on NRORs of unprotected aziridines. For
the successful reaction, addition of Lewis or protic acids is required. Thus, B-haloamines
are obtained in the presence of HCI or HE.* For the ring opening with phosphines or
zinc selenolates, triflic acid or HCI is used.*® 2-Aryl aziridines regioselectively react with
alkyl thiols while aromatic thiols require the addition of catalytic amounts of ZnCl, and
BF;-OEt,.*! On the other hand, aziridines with non-activating C(2)- and C(3)-substituents in
the uncatalyzed reactions give mixtures of regioisomers.*?

We have chosen starting materail (rac)-22 and 4-chlorobenzenethiol for the screening
of the optimal reaction conditions. Additionally, the same reaction was conducted in other
solvents: DMSO,,, DMF, sulfolane, Me,CO,, and MeCN,;/SO, mixture. The best yields
were obtained at 25 °C in liquid SO,. On the other hand, conventional solvents gave
mixtures of regioisomers with poor to good yields (Table 2). We found that Lewis acidic
properties of SO, are also observed when it is used as an additive to other solvents. Thus,
the yield and regioselectivity of the described reaction was improved by using acetonitrile
saturated with SO, (Table 2).
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Table 2

Reactivity of (rac)-22 with 4-chlorobenzenethiol in different solvents

0 cl o} 0
C|—©—8H
NH, s NHy , HoN NH,
H Solvent, NH; S
(rac)-22 25°C,15h 23a o 24

Solvent MeCN,;
Ratio of DMSO,, | DMF Sulfolane | Acetone,, | MeCN,; + SO,
product, % SO,
23a 60 37 51 31 34 69 97
24 40 12 13 7 8 - -

Further, we used (8)-22 to explore the scope of the S-nucleophiles. The reactions with
aromatic and aliphatic thiols gave good yields of only one regioisomer with no decrease in
enantiomeric purity of the product (Scheme 10).

W/ICJ}\ O OAc
NH, _ R-SH R‘S/\HLNH R= ‘E@’C' AcD )
H SO NH ’ @& AcO e
5 2 OAc
-10..25°C o~ 2 )
(5)-22 23a-g, 71-98%, (>09% ee) e AN i oo

Scheme 10. Reactions of (§)-22 with tiols in liquid SO,.

We also used 2-(1-(1,2,3-triazolyl)methyl) aziridines 25-27 and showed that the NRORs
with thiols proceed at ambient temperature (Scheme 11).

R. 28: R' = 4-MeC¢H. R=
NN, _R! R-SH ] N"y__Rt o 4 -
v N:N e /\I]\I:: lh:r}"ﬂ 29: R' = 4-CF3CqHy : c

H SO, 30: R" = 3,4-(MeQ),CsHs \é,ﬁ\/\

25-27 28 - 30, 57-98% P AT

Scheme 11. Reactions of aziridines 25-27 with thiols in liquid SO,.

On the other hand, aziridine 26 and dodecane-1-thiol gave only 6 % and 1 % yields in
acetone and DMSO,, solutions (Table 3).
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Table 3

Reactivity of 26 with dodecane-1-thiol in different solvents

s
W/\N’\BJQ#}—C& A sH 1
e Sy e
H Solvent NH; N=p
26 29b
Entry Solvent Temp. Time, h Yield, %

1. DMS,6 60 °C 45 h
2 MeCy3 60 °C 45 =
3. Me,C,6 60 °C 45 6
4 SO, 25°C 14 95

[a] Conversion to product 29b by HPLC-DAD analysis; [b] Isolated yield.

We have also reacted aziridines ($)-22 and 27 with KSCN in liquid SO,. In both cases

we obtained products of the ring opening — intramolecular cyclization reaction 31 and 32
(Scheme 12).

O.——
/
/
— N o Y ’}'wo
VAR YoNH Ny
Ho NN S|
Hah SCN
27 KSCN 31, 95%
o 0, o
60 °C
W)J\NHz s NHy =
N 5
Hah OSCN
(S)-22 32, 62%

Scheme 12. Reaction of aziridines 27 and (5)-22 with KSCN in SO,.
The research publication covering the topic of this chapter can be found in Appendix IV.

3. Glycosidic bond formation reactions in liquid SO,

Formation of glycosidic bond is a challenging task because the regio- and stereoselectivity
as well as the yield of the reaction is of the utmost importance.® In these reactions, the
solvent has a pronounced effect especially if the non-participating 2-O-protecting groups are
used. Thus, it was shown that diethyl ether promotes the formation of a- while acetonitrile
promotes the formation of B-glycosides.

There is no universal method for the glycosylation reactions,* each substrate requires
a specific combination of glycosyl donor and acceptor and an activator. Major part of the
donors are glycosyl halogenides. For the reactions of glycosyl chlorides and bromides,
Ag(I) and Hg(I) salts are used as well as Lewis acids (SnCl,, BF;-Et,0, TrCl-ZnCl,, LiClO,,
I,-DDQ, InCl;) and phase transfer catalysts (Et;N*BnBr~, Et;N*BnCl", Me(CH,),sN'Me;Br-,
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Bu,N*Br"). For activation of glycosyl iodides TBAI-DIEA, FeCl;-1,, CuCl-I,, and NIS-I,-
TMSOTT are used. Glycosyl fluorides react in the presence of SnCl,-AgClO, (TrClO, or
AgOTf), TMSOTT, SiF,, BF,-Et,0, TiF,, SnF,, Tf,0, Cu(OTf), and other activators.*

For our studies of glycosylation reactions in liquid SO,, we chose tetra-O-pivaloyl
mannopyranosyl fluoride 33.3¢ Based on Eisfeld’s studies on solvation of fluoride ion by
SO,, thus forming fluorosulfite anion, we have hypothesized that this will be a driving force
for glycosylation reactions.’” Additionally, glycosyl fluorides are more stable that other
corresponding halides.

In our studies, we found that fluoride 33 with 2-phenylethan-1-ol stereoselectively forms
the a-mannoside at 100 °C with 85 % yield (Scheme 13). No conversion was observed
at lower temperatures. Scheme 13 shows possible reaction mechanism involving SO.-
promoted defluorination and the formation of SO,-stabilized oxocarbenium ion that reacts
with 2-phenylethan-1-ol.

PivO
Pva . Ph._~ PivO OPiv 0
. -0 ') OH _ . o
P"I;'%O e o OPiv [*|O=8
C S0O,, 100 °C PivO
F—>S0, n
33 oxocarbenium ion -80; solvate
PivO
OPiv H
. -0 ph >0
PivO
PivO
0\/\
a-34c¢, 85% Ph

Scheme 13. Reaction of mannopyranosyl fluoride 33 with 2-phenylethan-1-ol
in liquid SO..

We have explored the scope of O-nucleophiles with the optimized reaction conditions
(Table 4). We could observe the drop in yields that was proportional to changes in
nucleophilicity (1° > 2° > sp?) with the exception of propan-1-ol that gave a-glycoside with
69 % isolated yield. We also observed the product of hydrolysis of the substrate a-35 (up to
46 mol% by NMR in crude mixture) and a minor amount of B-mannoside in the reaction
with dodecan-1-ol.
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Table 4

Reactions of mannopyranosyl fluoride 33 with alcohols in liquid SO,

OPiv_ OPiv_ OPiv_ OPiv__
OPiv OPiv OPiv OPiv
PIVO O ROH pyo © Pivcﬁ/ . PO <
PivO S—O; PivO PivO OR PivO
F 100°C OR OH
33 «-34a-f B-34a-f o-35
'H-NMR analysis of reaction .
mixturey(mol%) Isolated yield
Entry ROH

. i ) o o0-34:

0-34 B-34 a-35 Yo 534

1. "S0H 70 0 30 69 100:0
2. M oH 93 7 0 91 937
3. @\/\ 100 0 0 85 100:0

OH
4. )\OH 73 0 27 72 100:0
5. O\ 78 0 2 ) 100:0
OH
6. @ 54 0 46 34 100:0
OH

We applied the same reaction conditions to the reactions with S-nucleophiles (Table 5).
These reactions were less selective with up to 20 % of B-products formation. The only
exception was 4-chlorobenzenethiol that gave only a-mannoside with 60 % isolated yield.
Here, and in the reaction with 2-phenylethane-1-thiol, we observed the hydrolysis of the
substrate.

On the other hand, fluoride 33 gave great yields of bis-a-mannosides in the reactions
with 1,10-decanediol and 1,10-decanedithiol (Scheme 14).

OPiv

OPw OPIV OPiv
F’l\lsoo PI;OO MOPW
v v OPiv

100 °C
16-18h

a-37a, Nu = 0, 83%
a-37b, Nu =S, 76%

Scheme 14. Reactions of mannopyranosyl fluoride 33 with dinucleophiles in liquid SO,.
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Table 5

Reactions of mannopyranosyl fluoride 33 with thiols in liquid SO,

OPiv
OPiv OPlv OF’lv OPlv
PivO -0 RSH PivO PivO R PivO
PivO PivO PivO PivO

100 °C
33 u-ﬁﬁa-f p-36a-f o-35
'H-NMR analysis of reaction .
mix turey(mol% ) Isolated yield
Entry RSH
0-36 B-36 0-35 % 0-36:B-36
Cl
1. \©\ 76 0 24 60 100:0
SH
2. A sH 81 19 0 9 82:18
3. <)\A 81 19 0 96 82:18
SH
4. }SH 62 16 22 42 80:20
5. Q 83 17 0 87 84:16
SH

We also studied glucosides 38-40 (Fig. 8) as the substrates in the reaction with
2-phenylethan-1-ol and 2-phenylethane-1-thiol. For the successful glucosylation with
penta-O-acetyl glucose 38 we had to add catalytic amount of Lewis acid. However, in that
case a 1:1 mixture of a- and B-anomers was obtained. The reaction of bromide 39 required
equimolar amount of AgOTf to proceed. Under these conditions, the acetate protecting
groups were unstable and deacetylation by-products were observed. Tetra-O-pivaloyl
glucosyl bromide 40 was more reactive even without the addition of Lewis acid. The
product of the reaction with 2-phenylethan-1-ol was obtained with 58 % yield and good
B-selectivity (a/p = 12/88).

OAc OAc OPiv
Acoﬁ/ AcO O Pwvo 0
AcO OAc  AcO PivO
OAc AcO PivO
Br Br
38 39 40

Fig. 8. Glucose derivatives 38-40.

The manuscript of patent application and unpublished results of the studies can be seen
in Appendices IX—XI.
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4. Sulfone synthesis via bora-ene reaction

The final part of the thesis is devoted to the method development for synthesis of
sulfones via bora-ene reaction.

The only literature example of bora-ene reaction describes the reaction of allyl pinacol
boronate and SO, to form a mixed anhydride that further was reacted with organometallic
compounds in the synthesis of sulfoxides by Vogel.*® Further, Vogel and co-workers studied
H-ene reaction of alkenes and SO, in the presence of Lewis acids.* They revealed that
with BCl, the complex with sulfinic acid is formed and used it as a substrate for sulfone
and sulfonate synthesis. On the other hand, arylboronic acids were shown to be very useful
for the sulfone synthesis via transition metal catalysis. So, Willis and Wu used DABSO
(DABCO and SO, complex) and Pd(I1)* while Toste used potassium metabisulfite (K,S,05)
(SO, surrogate) and Au(I) catalyst for the sulfone synthesis.*!

In our work, we chose potassium allyl trifluoroborates as the more stable versions of
allyl pinacol borates. Prior to our work there were no reports on sulfone synthesis using
potassium allyl trifluoroborates.

We started with the bora-ene reaction between potassium allyl trifluoroborate 41 and
SO, and after 30 minutes at —78 °C we observed full conversion to sulfinate 42 that was
obtained in quantitative yield after the evaporation of SO, (Scheme 15). The product
decomposed during storage to propene 43, SO, and inorganic residue.

SO il H,O
B ?fc' A5 B —= S+ 50,
41 05h 42 (quant.) 43

Scheme 15. Synthesis of sulfinate 42.

We studied the reaction by NMR (Fig. 9). Thus, potassium allyl trifluoroborate 41
(Fig. 9, B) readily reacted with DABSO (Fig. 9, A) and SO, in aqueous solution (Fig. 9, C)
and formed sulfinate 42 quantitatively. We used sodium acetate as the internal standard in
both cases.

41+DABSO | paBSO

i + D20 NaOAc

41
A A

0]

C 1+ D,O ] /YS‘OBF;;K
HH
e
46 3.6

5.6

2.6 1.6

Fig. 9. '"H-NMR analysis of sulfinate 42 formation in D,0O (300 MHz).
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However, due to poor solubility of sulfinate 42 further syntheses required optimization
of the solvent mixture. After the stability studies in different solvents, we concluded that
in H,O/DMF compound 42 is readily soluble and relatively stable up to 60 °C temperature

(Fig. 10).

42, (%) 42, (%)
100‘..".' .Q..' 1000.‘..‘.....'.‘

& RT (D,0+ DMF,) 80 60 °C (D,0+ DMF )
60 60

40 40

20 20

Time, Time,
0 h 0 h
0 2 4 6 8 10 12 0 1 2 3

Fig. 10. Stability studies of sulfinate 42 in D,0 + DMF,,.

Then we optimized reaction conditions for the syntheses of sulfones with the in situ
generated sulfinate 42 and benzyl bromide as the electrophile. Since the sulfinate 42 is
a salt, we did not add any base, but the yield of sulfone 44a was low even at elevated
temperature (40 °C). Noticeable improvement was observed after the addition of base
(NaOH or K,CO;) and TBAI as the phase transfer catalyst. Under these conditions, we
synthesized sulfones 44a-k (Scheme 16). In some cases, we observed a hydrolysis of the
electrophile, so the solvent composition or the base were altered (H,O/DMF 1:1 — 1:3,
and/or NaOH — K,CO;).

RX R= 2™~ K
BRK 502, L pp | NeOHorkco, QP a TN,
NP3 78°C P e TBAI (10 mal%) & ~~"""R \/E)L (N)
05h DMF/H,0 . P
M 42 RT 44a-k, 40-91% £ ((;E‘) N
(Me) Me, Et

Scheme 16. Synthesis of sulfones 44a-k from in situ generated sulfinate 42.

Different benzyl bromides gave similar yields while the best yield was obtained with
the Sanger reagent via the nucleophilic aromatic substitution. On the other hand, chloride
containing electrophiles (chloroacetonitrile, chloroacetone, and p-chlorobenzyl chloride)
gave yields < 10 % due to slower nucleophilic substitution (Sy,2 I > Br > CI ).#?

Interestingly, the freshly prepared®® mixed anhydride 46 did not react with benzyl
bromide under the previously described reaction conditions (Scheme 17).

JOJ% 502 ('? ?’& BnBr, NaOH
e e
/\/B /\/&O’B

N

- N S’_ph
0 78°C Y TBAI (10 mol%) 2 7"~
DMF/H,0
45 46 RT 44a

Scheme 17. Synthesis of sulfone 44a from allyl pinacol boronate.
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We also studied reactivity of crotyl and prenyl borates 47a and 47b* in bora-ene
reactions (Scheme 18). Potassium crotyl trifluoroborate 47a reacted with SO, at —10 °C in
30 minutes. On the other hand, an extra methyl group containing 47b required 2 h to give
the corresponding sulfinate 48b. Both reactions were monitored by NMR, and the spectra
confirmed that the formation of C-S bond in bora-ene reaction proceeds at y-position
forming sulfinates 48a and 48b (Fig. 11).

47a-b oNe]
H 1; =z ~-Ph
KFsB R S92 Fa — i S. _BFK
R? _10°C (GB\(_O == ) 2‘0’ 3 49a, 31%
47a-b Hp y 0 48a, R!= H, RZ = Me D Ph
R'R? 48b, R', R? = Me R
49b

Scheme 18. Bora-ene reaction of crotyl and prenyl substrates 47a and 47b
with SO, and sulfone synthesis.

Figure 11 shows the corresponding chemical shifts and multiplicity of vinylic protons
before and after the bora-ene reactions in 'H-NMR spectra (300MHz, DMSO,;) for crotyl
substrate 47a — 48a (5.44 ppm — 5.77 ppm) and prenyl substrate 47b — 48b (5.15 ppm —
5.80 ppm).

. °
47a (QBFSK
Me j\N\k jj\/\'\'\\
H O
1]
- g S\O,BF3K \ ,ﬂ\

Me
o
[
= S\O,BFaK
Me Me 48b

6.10 5.90 5.70 5.50 5.30 5.10 4.90

Fig. 11. Comparison of borates 47a-b and sulfinates 48a-b "H-NMR
spectra in DMSO,, (300 MHz).

Compared to sulfinate 42, both 48a and 48b were less stable under sulfone synthesis
reaction conditions. Nevertheless, we obtained sulfone 49a in the reaction of 48a and
benzyl bromide (Scheme 18).

The research publication covering the topics of this chapter can be found in Appendix V.

56



CONCLUSIONS

. Liquid sulfur dioxide as polar and weakly Lewis acidic media promotes the nucleophilic
ring opening reactions (NROR) of N-carbamate protected aziridines with metal halides
and (MX,) and thiols (RSH) without the erosion of enantiomeric purity of the products.

Y

R2 R2
N7 MX,, vai RSH
N _—
2\ SO, HN._ _OR'’
0P 0oR! g Y=Cl, Br, |, RS

. When compared to conventional solvents (DMSO, MeCN, Me,CO or THF), liquid
SO, gives better yields in the NRORs of N-carbamate protected aziridines with metal
halides. N-Boc protected aziridines are more reactive than N-Fmoc and N-Cbz protected
aziridines towards MX,,.

. Liquid SO, allows NRORs of azetidines with MgBr,-6H,0, LiBr, and Lil at 80 °C.
Under these conditions, bromide ions are more nucleophilic than thiols.

R
MX,, R _
& 50, CszN/\[ M = Li, Mg

N o =
Cbz 80°C X X=8Br, |

. Unprotected aziridines react with thiols in liquid SO, at room temperature. These condi-
tions are suitable for derivatization of enantiomerically pure substrates.

R! 2 1
7 RsH_ TeR

N —_—

H SO, NH,

. Reaction of unprotected aziridines with potassium rhodanide gives cyclic products such
as rhodanide salts.

R R!
7 KSCN S/\I/
N —_—

NH
H SO, H%GSCN
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6. Tetra-O-pivaloyl mannopyranosyl fluoride readily reacts with O- and S-nucleophiles
in liquid SO, that acts as the activating agent by solvation of the fluoride ion and by
stabilization of the oxocarbenium ion.

OPiv

OPiv
PivO -
OPiv PivO Nu

Olgv NuH
PiVO - SO, OPiv OPiv
PivO o OPiv OPiv
F o PivO - o OPiv
>0 PivO OPiv

Nu\++/Nu

8

7. Liquid SO, reacts with potassium allyl trifluoroborates in bora-ene reaction forming sul-
finates with quantitative yields. The obtained sulfinates react with electrophiles forming
allyl sulfones.

(0]

BF3K 302 1l sz N\ 7/

(\/ —_— /\/S\O, BF3K —_— S.
R R’ R’
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