RIGAS TEHNISKA UNIVERSITATE

Materialzinatnes un lietiSkas kimijas fakultate
Organiskas kimijas tehnologijas institiits

RIGA TECHNICAL UNIVERSITY

Faculty of Materials Science and Applied Chemistry
Institute of Technology of Organic Chemistry

Krista Gulbe

Doktora studiju programmas “Kimija” doktorante
Doctoral Student of the Study Programme “Chemistry”

SERA DIOKSIDA FIZIKALI KIMISKO TPASIBU
PIELIETOJUMS JAUNU ORGANISKAS
SINTEZES METOZU IZSTRADE

Promocijas darba kopsavilkums

DEVELOPMENT OF NEW ORGANIC
SYNTHESIS METHODS BASED ON
PHYSICO-CHEMICAL PROPERTIES OF
SULFUR DIOXIDE

Summary of the Doctoral Thesis

Zinatniskais vaditajs / Scientific supervisor
profesors Dr. chem. / Professor Dr. chem.
MARIS TURKS

RTU Izdevnieciba / RTU Press
Riga 2021 / Riga 2021



Gulbe, K. Séra dioksida fizikali kimisko paSibu
pielietojums jaunu organiskas sint€zes metozu

izstradé. Promocijas darba kopsavilkums. Riga:
RTU Izdevnieciba, 2021. 82 Ipp.

Gulbe, K. Development of New Organic Synthesis
Methods Based on Physico-Chemical Properties of
Sulfur Dioxide. Summary of the Doctoral Thesis.
Riga: RTU Press, 2021. 82 p.

Iespiests saskana ar RTU promocijas padomes
“P-01” 2021.gada 25.marta lémumu, protokols
Nr. 04030-9.1/20.

Published in accordance with the decision of the
RTU Promotion Council “P-01" of 25 March 2021,
Minutes No. 04030-9.1/20.

Autore pateicas 1. Mierinai par palidzibu vaka attéla noforméSana.

The author thanks I. Mierina for help in designing the cover image.

https://doi.org/10.7250/9789934226250

ISBN 978-9934-22-625-0 (pdf)



PROMOCIJAS DARBS IZVIRZITS ZINATNES DOKTORA
GRADA IEGUSANAI RIGAS TEHNISKAJA UNIVERSITATE

Promocijas darbs zinatnes doktora (Ph.D.) grada iegtSanai tiek publiski aizstavéts
2021. gada 18. junija plkst. 11.00 tiessaiste https://rtucloudl.zoom.us/j/9352086644.

OFICIALIE RECENZENTI

Profesors Dr. chem. Edgars Siina,
Latvijas Universitate, Latvija

Profesors Dr. Antonio José Moreno-Vargas,
Sevilas Universitate (University of Seville), Spanija

Pé&tnieks Dr. Thibault Cantat,
NIMBE, Saclay Institute of Matter and Radiation (IRAMIS), Francija

APSTIPRINAJUMS

Apstiprinu, ka esmu izstradajusi So promocijas darbu, kas iesniegts izskatiSanai Rigas
Tehniskaja universitaté zinatnes doktora (Ph.D.) grada ieguSanai. Promocijas darbs
zinatniska grada iegliSanai nav iesniegts neviena cita universitate.

KristaGulbe ...,

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju kopa ar
kopsavilkumu latvieSu un anglu valoda. Promocijas darbs apkopo piecus zinatniskos
originalrakstus, vienu Latvijas Republikas patentu un vienu Latvijas Republikas patenta
pieteikumu. Publikacijas zinatniskajos zurnalos uzrakstitas anglu valoda, to kopgjais apjoms,
ieskaitot pielikumus, ir 425 Ipp. Patents uzrakstits latviesu valoda, ta apjoms ir 17 Ipp. Patenta
pieteikums uzrakstits latviesu valoda, ta apjoms ir 16 Ipp.


https://rtucloud1.zoom.us/j/9352086644

SATURS

PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS.......cccoeiiiririeieieieieieie e, 5
TEMAas aKtUALITALE. .......ciueiiiiiii i 5
PetTjuma merkis Un UZAEVUMI ........cceeiiiiiiiiiiccie e 6
Zinatniska novitate un galvenie reZultatl .........ccccovvviiiiiiiiiie e 6
Darba struktlira Un @PJOIMIS ....eeiiuviiiiiieiiiiie st ettt e s e bb e e e e beeesnneas 7
Darba aprobacija un publiKaCHjas ........cccvviieiiiiiiiiiiici e 7

PROMOCIJAS DARBA GALVENIE REZULTATL......cccceisueiiieieieieieieieese e 10
1. Skidra SO; ka $kidinataja izmanto$ana organiskaja Sintezeé ............ccceevrevrverererneen. 10

1.1. Alkinu hidratéSana Skidra SO2 .........ccceviiiiiiiiiii 14
1.2. Alkinu hidrohalogengSana Skidra SOz.........ccccooiiiiiiiiiiiiii 17
1.3. Metilénciklopropanu cikla atvérSana ar halogenidiem $kidra SOz .............c....... 19
1.4. GlikoziléSanas reakcija ar glikozilfluoridiem 8kidra SOz ........ccccoeviviiiiiiinnnn 23
2. Ru(ll)-katalizéta sk&rssametinasanas reakcija ar SO2 i€SpieSanos.........cocvvvrvereennen. 31

SECINATUMI ....c..oiiiiiieietee ettt bbbttt 37

LITERATURAS SARAKSTS ..ottt 39

PATEICTBAS ..ottt 42



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

P&dgjas desmitgad@s arvien lielaka vertiba tiek pieskirta tadiem kimiskiem procesiem, kas
raksturojas ar augstu atomefektivitati, zemam izmaksam un minimalu ietekmi uz vidi. Viens
no faktoriem, kas var noteikt kimiskas reakcijas apstaklu atbilstibu minétajiem kriterijiem, ir
skidinataja izvéle,! kas nereti dod iespgju samazinat reakciju veicino$u piedevu daudzumu vai
pat izslégt to klatblitni, ka arT samazinat energijas patérinu, kas nepieciesams $kidinataja
ietvaicéSanai. No otras puses, vél lielaku reagentu, energijas un laika ekonomiju iesp&jams
sasniegt daudzkomponentu reakcijas,? kad vairaku stadiju process tiek realizéts viena kolba
vai pat viena stadija.

Séra dioksids ir 1&ta un viegli pieejama lielripniecibas izejviela.® Salidzinot ar citam
gazém, SO ir relativi augsta virSanas temperatira (—10 °C) un zems tvaika spiediens (3 bar,
20 °C), kas lauj to viegli un érti saskidrinat. Skidrs SO ir polars $kidinatajs ar Luisa skabes
Tpasibam un sp&ju $kidinat gan kovalentus, gan atseviskus jonu tipa savienojumus.® Turklat
tam ir zema nukleofilitate un laba anjonu, Tpasi halogenidu, solvatéSanas sp&ja. Viss ieprieks
minétais lidz ar ekonomiskiem kritérijiem, kas saistiti ar SO plaSo pieejamibu un
regeneréSanas iesp&jam, ir par iemeslu skidra SO2 potencialajam priekSrocibam, salidzinot ar
Klasiskajiem organiskajiem skidinatajiem. Lidz Sim Skidra SO. pielietojums demonstréts
virknei kimisko parvértibu, kas parasti notiek Luisa skabju klatbtitné un/vai ar karbénija jonu
starpstavokliem.>

Sulfonilgrupu saturoSiem savienojumiem, 1pasi sulfoniem un sulfonamidiem, ir svariga
loma medicinas un farmacijas kimija, ka arl agrokimija un materialzinatné. Tradicionali $ie
savienojumi tiek iegiti, izmantojot s€ru saturoSas izejvielas, pieméram, sulfonilhloridus,
sulfinatus, tiolus vai sulfoksidus, kuru sintéze nereti sagada griitibas, jo paredz skarbus
reakcijas apstaklus. Pedgjos gados attistijusas daudz atomefektivakas daudzkomponentu
sintézes metodes, kuras par sulfonilgrupas avotu kalpo gazveida SO vai ta surogati (piem.,
DABSO, K;S,0s), kas ir 1&ti un viegli pieejami.® So sulfonu sintézes metozu pamata ir parejas
metalu katalize, pericikliskas vai radikalu tipa reakcijas, ka arl organometalisko reagentu
nukleofila pievienosanas SO, molekulai. Viena no perspektivakajam metodém
sulfonilsavienojumu sintéz& ir parejas metalu katalizéta skérssametinasanas reakcija ar SO2
iespieSanos, kas savu attistibu uzsaka tikai 2010. gada, kad Vilisa (Willis) grupa publicgja
pirmo paladija katalizétu sulfonilésanas reakciju N-aminosulfonamidu iegliSanai no
arilhalogenidiem un DABSO.’

Promocijas darba veikti fundamentali p&tijumi, kas sniedz jaunas zinaSanas par SO:
ka $kidinataja un reagenta izmantoS$anas iesp&jam organiskaja sintéz€. lzstradatas jaunas
organiskas Sintézes metodes tadu sintétiski svarigu organisko savienojumu iegiiSanai ka
arilketoni, a-arilvinilhalogenidi, homoalilhalogenidi, O-, S-, C-glikozidi un sulfoni.



Pétijuma meérkis un uzdevumi

Par promocijas darba mérki tika izvirzita jaunu metozu izstrade, demonstrgjot SOz ka

skidinataja vai reagenta fizikali kimisko Tpasibu izmantoSanas iesp&jas organiskaja sintéze.

Darba mérka istenosanai tika definéti sekojosi uzdevumi:

1. Izpetit skidra SOz ka polara, joniz&joSa un Luisa skaba Skidinataja izmantoSanas
iesp&jas tadu zinamu kimisko parvértibu realizéSanai, kas notiek ar karbénija jona ka
starpstavokla veidoSanos, t.i., alkinu hidratéSana, alkinu hidrohalogen&sana,
metilénciklopropanu cikla atvérSana un glikoziléSanas reakcija:

» izstradat reakcijas apstaklus arilacetilénu hidratésanai Skidra SO> bez papildu
Brensteda skabes piedevas;

» izstradat reakcijas apstaklus arilacetilénu hidrohalogenésanai Skidra SO, par
halogenidjona avotiem izmantojot I, Il grupas metalu un amonija salus;

» izstradat homoalilhalogenidu sintézes metodi metilénciklopropanu cikla atvérSanas
cela ar I, Il grupas metalu un amonija saliem ka halogenidjona avotiem skidra SOg;

= demonstrét skidra SO2 sp&ju veicinat glikozidiskas saites veidosanos bez papildu
aktivatora klatbiitnes, izmantojot dazadi aizsargatus glikozilfluoridus ka
glikozildonorus.

2. Noskaidrot Ru(Il) kompleksu sp&ju katalizét sulfinatu veido$anos no arilborskabém un
DABSO ka SO avota:

» jzstradat jaunu sintézes metodi arilsulfonu iegtiSanai reakcija starp Ru(II) katalizes
cela generétu sulfinatu un dazadiem elektrofiliem.

Zinatniska novitate un galvenie rezultati

Promocijas darba veikto pétijumu rezultata izstradatas vairakas jaunas organiskas sintézes
metodes, kas demonstré Skidra SOz ka Skidinatadja izmantoSanas iesp&jas tadu kimisko
parvertibu realizéSanai, kas noris ar karbénija jona ka starpstavokla veidosanos. Piedavati
jauni, ar skabes labilam grupam savietojami reakcijas apstakli arilacetilénu hidraté$anai
In(OTf)s vai Hf(OTf)s ka katalizatora klatbutné skidra SO2 bez papildu Brensteda skabes
piedevas. Atklata jauna metode e-arilvinilhalogenidu iegiiSanai no arilacetiléniem $kidra SO,
par halogenidjona avotiem izmantojot I, Il grupas metalu un amonija salus. Iepriek§ minétie
reakcijas apstakli adapteti metilénciklopropanu cikla atvérSanas reakcijai, kas lauj iegit
homoalilhalogenidus un ir savietojama ar skabes labilas grupas saturoSiem substratiem.
Noskaidrots, ka, pateicoties SO, sp&jai kovalenti saistit fluorida jonu, skidrs SO, ka
Skidinatajs sp€j veicinat glikoziléSanas reakciju ar glikozilfluoridiem bez papildu aktivatora
klatbtitnes. Jaunatklatas glikozileSanas metodes pielietojums demonstréts ar dazadi
aizsargatiem mannozil- un glikozilfluoridiem, iegiistot virkni O-, S- un C-glikozidu ar
vid€jiem lidz augstiem iznakumiem.

Visbeidzot, izmantojot DABSO ka SO; avotu, pirmo reizi demonstréta Ru(ll) kompleksu
sp&ja katalizét skérssametinasanas reakciju ar SO iespiesanos. Izstradatas 1&tas un viegli
mérogojamas Vvienas stadijas un vienas kolbas divu stadiju procediiras arilsulfonu iegtiSanai



no arilsulfinatiem, kas genercti in situ no arilborskabem un DABSO Ru(Il) katalizes
apstaklos.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju kopa, kas veltita
pétijumiem par séra dioksida ka $kidinataja un reagenta izmantoSanas iesp&jam 0rganisko
savienojumu sintéz€. Promocijas darbs apkopo piecas originalpublikacijas SCI Zurnalos,
vienu Latvijas Republikas patentu un vienu Latvijas Republikas patenta pieteikumu.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti Cetros zinatniskajos originalrakstos, viena
Latvijas Republikas patenta un viena Latvijas Republikas patenta pieteikuma. Promocijas
darba izstrades laika sagatavots viens apskatraksts. P&tijumu rezultati atspoguloti
14 zinojumos, kas prezentéti 10 konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Normalos apstaklos séra dioksids® ir bezkrasaina, nedegosa gaze ar raksturigu asu smarzu
un skabu garSu. Daba SO; atrodams vulkaniskajas gaz€s. Industriali SO> iegiist, sadedzinot
séru vai s€ru saturosas metalu (Fe, Cu) rudas. Séra dioksids ir viens no siltumnicas efektu
izraisoSajiem gaisa piesarnotdjiem, kas atmosfeéra lielos daudzumos nonak, sadegot séru
saturoSam kurinamajam. Séra dioksids ir galvena riipniecibas izejviela se€rskabes, SOz un
sulfitu razoSanai. Mazakos apjomos tas tiek izmantots ari ka dezinfekcijas lidzeklis,
aukstumnesgjs, balinatajs un partikas konservants.

Promocijas darba veikti fundamentali p&tjjumi ar merki paplasinat SO, ka I&tas un viegli
pieejamas izejvielas izmantoSanas iesp&jas organiskaja sinté€z€. Lielaka dala p&tijumu veltita
Skidra SO ka Luisa skaba, polara un jonizgjosa skidinataja potenciala izp&tei. Savukart SO>
ka reagenta un sulfonilgrupas avota izmanto$anas iesp&jas attistitas parejas metalu katalizétas
Skerssametinasanas reakcijas ar SO iespiesanu.

1. Skidra SO; ka $kidinataja izmanto$ana organiskaja sintcze

Salidzinajuma ar citam gazém, séra dioksidam ir relativi augsta virSanas temperatiira
(=10 °C) un zems tvaika spiediens (3 bar, 20 °C; 20 bar, 100 °C), tapéc to ir viegli saskidrinat
un izmantot ka $kidinataju plasa temperatiiru diapazona (no t. k. —75,5 °C) (1. tab.). Skidrs
séra dioksids* ir klasificgjams ka aprotons vidgji polars $kidinatajs, kura dipola moments ir
salidzinams ar tetrahidrofuranu® (1,75 D), bet dielektriska konstante — ar acetonu® (20,6). Séra
dioksida Luisa baziskums jeb elektronu donoras 1pasibas, ko raksturo $kidinataja afinitate pret
litija katjonu gazes fazé (LiCB), ir salidzinamas ar dihlormetanu (83,10 kJ/mol).® Savukart ta
Luisa skabums jeb elektronu akceptoras 1pasibas, ko raksturo ar $kidinataja ietekmi uz EtsPO
$IP.KMR Kkimisko nobidi (AN), ir véra nemami izteiktakas par vairumu aprotonu polaru
organisko $kidinataju.l® Tiek uzskafits, ka $kidrs SO, ir lieliski piemérots $kidinatajs
kovalentiem savienojumiem, kas ir viegli polarizgjami. Turklat ar savienojumiem, Kkas
darbojas ka n- vai zelektronu donori, tas labprat veido ladinu parneses kompleksus.

1. tabula
SO fizikali kimiskas TpaSibas

Ipasiba Vertiba
Vir§anas temperatiira® -10 °C
KusSanas ‘[empera‘[ﬁra3 —75,5°C
Kritiskais punkts® 157,5 °C; 78,8 bar
Blivums® (10 °C) 1,46 g/cm®
Dipola moments* 1,62 D
Dielektriska konstante* (0 °C) 15,4
LiCB (SO.-Li*)° 76,3 kd/mol
AN (EtsPO-S0,)%° 26,6

10



Skidra SO labi 3kist lielaka dala organisko savienojumu, iznemot alifatiskos ogliidenrazus.
Nepiesatinatu oglidenrazu $kidibu veicina SOz ka Luisa skabes spgja koordingties ar
nepiesatinatas molekulas 7elektronu sistému, veidojot van der Valsa kompleksu. Saja
konteksta 1idz $im plasak pétita tieSi aromatisko savienojumu mijiedarbiba ar SO.. Benzola
gadijuma SO, molekula novietojas ta, lai séra atoms biitu pietuvinats aromatiskas sisteémas
m-elektronu makonim, kamér abu kompleksa molekulu dipola momenti vérsti pret€jos
virzienos. Jo elektroniem bagataka aromatiska sistéma, jo spécigaks komplekss veidojas, t. i.,
attalums starp molekulu masas centriem (Rcm) ir mazaks, savukart to saistiSanas energija
(BE) — liclaka. Sis sakaribas lieliski demonstrétas starp benzolu un ta monoaizvietotiem
atvasinajumiem, kompleksu stabilitatei pieaugot rinda R = F <H < Me (2. tab.).

2. tabula

SOz un aromatisko ogliidenrazu mijiedarbibas raksturojums

802 Nr. p. k. R Rem(A) | BE (kcal/mol) | Lit.

N 1, H 3,485 1,90 11

g 2. Me 3,370 2,40 12
mijiedarbiba 3. F 3,620 0,99 13

No otras puses, ne mazak svariga ir gazveida SO, Skidiba organiskajos savienojumos,
ipasi organiskajos $kidinatajos. Skidra SO vieta izmantojot ar to piesatinatus organiskos
skidinatajus, nav nepiecieSami augstspiediena reaktori, un reakcijas var veikt zemaka
spiediena plasi pieejamas stikla spiediena mégenés. Galvenie faktori, kas ietekm& SO skidibu
organiskajos $kidinatajos, ir to Luisa baziskums, polaritate un koh&zijas energija.'* 1. attela
atspogulota sakariba starp eksperimentali noteiktu gazveida SO, Skidibu organiskajos
skidinatajos™® un to teordtiski aprékinato Luisa baziskumu (LiCB) gazes faze®. Vairuma
gadijumu noverojams, ka SO2 §kidiba organiskaja §kidinataja pieaug, pastiprinoties ta Luisa
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1. att. Sakaribas “SO; skidiba—skidinataja LICB” grafisks att€lojums.
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bazes raksturam. Negativas novirzes no tendences ir iesp&jamas Skidinatajiem ar augstu
koh&zijas energiju. Pieméram, starp etikskabes (ACOH) molekulam $kiduma pastav spécigas
tidenraza saites, kas kavé SO» difuiziju, tapéc, neskatoties uz etikskabes relativi augsto LiCB
vertibu, SO, skidiba taja ir salidzinama ar gazes Skidibu toluola. Savukart SO; paaugstinata
skidiba 1,4-dioksana varétu noradit uz gazes papildu mijiedarbibu ar $kidinataja molekulam,
t.i., lidz ar n—7* mijiedarbibu var notikt Gidenraza saiSu veidosanas starp SO skabekla
atomiem un &tera tipa $kidinataja tidenraza atomiem.

Skidra SO2 loti labi $kist kovalenti neorganiskie savienojumi, piemé&ram, halogeni, 111 un
IV grupas elementu hloridi (AlICI3, BClz, TiCls, SnCls), oksihalogenidi, slapekla un séra
oksidi. Savukart atbilstosi skidra SO relativi zemajai dielektriskas konstantes veértibai, jonu
tipa neorganiskajiem saliem taja ir ievérojami zemaka skidiba. 3. tabula apkopoti skidibas dati
saliem, kas izmantoti promocijas darba p&tfjumos.’® Ka redzams, monovalentu Kkatjonu
saturoSu halogenidu $kidiba samazinas rinda 1> Br > Cl, kam@r atbilstoSo magnija salu
skidiba visos gadijumos ir zema un raksturojas ar $kidibas rindu Br > Cl > I. Tiek uzskatits,
ka halogenidjona klatbiitne uzlabo salu $kidibu skidra SO,. Seit tas tick demonstréts ar sulfatu
skidibu, kas ir mazaka par to, kas novérota vairumam atbilstoSo halogenidu. Apliikojot litija
halogenidu (Cl, Br, I) $kidibu atkariba no jonu kristalrezga energijas,!’ var secinat, ka
halogenida skidiba skidra SO palielinas, samazinoties ta kristalrezga energijai. Izn@muma
gadijums ir litija fluorids, kam, neskatoties uz augsto kristalrezga energiju, ir labaka skidiba
ka litija hloridam un bromidam.

3. tabula
I, Il grupas metalu un amonija salu skidiba skidra SO (g/1 kg SO, 0 °C)*

Jons F~ Ccr Br~ I SO

Li" 0,597 (1030) | 0,119 (834) 0,521 (788) 199,4 (730) 0,165

Na" 0,290 Neskist 0,144 149,9 Neskist

K" 0,180 0,410 4,760 413,3 Neskist
NH; Nav datu 0,091 0,588 84,07 0,674
Mg** Nav datu 0,143 0,239 0,139 Nav datu

* Tekavas noradita atbilstosa litija sals kristalrezga energija (kJ/mol).

Vairaki pétijumi atklaj, ka SO, piemit Ipasa afinitate attieciba pret halogenidjoniem, jo to
mijiedarbibas rezultata iespgjama kovalentu halosulfitu anjonu HalSO, veidosanas.'®
1995. gada Béeze'® (Boese) un vélak Aisfelds?®® (Eisfeld) publicgja aprekinos balstitus
pétijumus par halogenidjonu solvatésanu SO; vide, halosulfitu veidosanos un to stabilitati.
Tika noskaidrots, ka tikai fluorsulfita veidosanas notiek bez aktivacijas barjeras un tai ir
ievérojami lielaks energétiskais ieguvums, salidzinot ar citiem halogenidiem (4. tab.). Turklat
S—F saitei ir kovalents raksturs, kamér pargjiem halogenidiem tas garums ir arpus kovalentas
saites robezam un palielinas rinda Cl < Br <. Lidzigi — reakcijas entalpija un kompleksa
stabilitate samazinas, palielinoties halogéna atoma kartas skaitlim. Pateicoties fluorsulfita
augstajai stabilitatei, tas nesadalas pat loti polara vidé (piem., DMSO). Savukart SO, vide
fluorsulfits var tikt papildus stabilizéts ar apkartéjam SOz molekulam, tam solvatgjoties gan
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pie fluora, gan skabekla atomiem. Energétiskais ieguvums $adai stabilizacijai kompleksa 1:3
gadijuma sasniedz 91,9 kcal/mol.

4. tabula
Halosulfitu anjonu HalSO, stabilitates raksturojums
Hal™ + nSO, = Hal(SO,)
HalSO, ISO, BrSO, CISO, FSO, (FSO3) - 35S0,
—AH (kcal/mol) ~13 ~18 19,8 46,9 91,9
S—Hal (A) 3,37 2,95 2,62 1,77 1,69

Séra dioksidam piemit afinitate ari pret alkilhalogenidiem, kas var veidot stabilus
karbénija jonus. Pirmais, kur§ 20. gs. sakuma eksperimentali novéroja, ka Skidram SO> piemit
sp&ja jonizét alkilhalogenidus, bija P. Valdens. Vin$ pieradija karbénija jona esamibu
trifenilmetilhlorida un bromida SO, $kidumos un izmérfja to elektrovaditspgju.?! Velak
Lihtins (Lichtin) noskaidroja, ka trifenilmetilhlorida SO, $kiduma pastav lidzsvars starp
neitralu molekulu, cieSo jonu pari un $kidinataja atdalitu jonu pari, un noteica jonizacijas un
disociacijas konstantes, kas raksturo lidzsvarus starp $iem sistémas stavokliem (5. tab.).* %
Bez iepriek§ mingta literatiira atrodami ari citu stabiliz€tu karbénija jonu, piem&ram,
ciklobutenil-,2% ciklopropil->* un tropilija jona,?® generésanas pieméri skidra SOz vidé. Starp
tiem ir ari Nobela prémijas laureata Ola (Olah) pétijumi, kuros izmantotas tadas spécigas
joniz&josas reagentu sistémas ka SO,F2—S0O2, SbFs—SO2 un FSO3H-SbFs—S02.2* Seit svarigi
atzimét, ka Skidrs SO veicina reakcijas ar katjoniem starpstavokliem, jo tie $aja vidé ir mazak
solvatgti neka anjoni, kas sp&j veidot donora-akceptora kompleksus ar SO2 molekulam.

5. tabula
Trifenilmetilhloridu jonizacija $kidra SO2 (0 °C)
Kion . Kais N ~ Nr. p. R’ Kjon Kdis
R=Cliso,) IR €' ](s0,) = Rison* Clsoy) K. (mol/L x 10%) | (mol/L x 103)
o 1. | H 1,460 2,88
r-or = r—{ Vo 2. | Ccl | 0033 3,71
Ph 3. |t-Bu 23,00 3,90

leprieks izklastitas SOz fizikali kimiskas ipaSibas ir kalpojuSas par iedvesmas avotu
promocijas darba veiktajiem pétijumiem, kas veltiti skidra SO ka skidinataja pielietojumam
kimiskajas parvertibas, kas tradicionali notiek Luisa skabes klatbuitné un/vai ar karbénija jonu
starpstavokliem (1. shéma): (1) arilacetilénu hidratéSana; (2) arilacetilénu hidrohalogenésana;
(3) metilénciklopropanu cikla atvérSana ar halogenidiem; (4) glikoziléSanas reakcija ar
glikozilfluoridiem. Turklat glikoziléSanas reakcija svariga nozime ir fluoridjona un SO
molekulas savstarp&jai mijiedarbibai, kas nodroSina oksokarb&nija jona generéSanu no
glikozilfluoridiem.
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1. shéma. P&tijuma virzieni $kidra SOx.

Atkariba no nepiecieSamas temperatiiras reakcijas Skidra SO tika veiktas (A) térauda
spiediena reaktora vai (B) stikla kolba, kas aprikota ar dzesinataju, kas pildits ar sausa ledus

un etanola maisijumu ka dzesgjoso agentu (2. att.).

-10 °C

A) (B)

2. att. Tehniskais risinajums reakcijam $kidra SO- atkariba no temperatiiras.?

1.1. Alkinu hidratéSana Skidra SO2

Alkinu hidratéSana ir atomefektiva strat€gija karbonilsavienojumu iegtisanai. Veésturiski
Sai parvertibai tika izmantots stehiometrisks daudzums Hg(Il) salu sérskabes $kiduma.
Misdienas, lai izvairitos no toksisko dzivsudraba savienojumu izmantoSanas, ka ari
paplaSinatu substratu klastu ar alkiniem, kas satur skabes labilas funkcionalas grupas,
izstradata virkne alternativu, galvenokart parejas metalu kataliz€tu alkinu hidratéSanas
apstaklu.?’ To vidi ir vairakas dazadu metalu triflatu M(OTf)m kataliz&tas alkinu hidratésanas
metodes, kas demonstré triflata jona pozitivo ietekmi uz metala jona Luisa skabes Tpasibam
un spgju aktivet triskar§o C=C saiti. Pirmo pétijumu 2013. gada publicgja Gao (Gao) grupa,
izmantojot In(l) triflata un p-TsOH katalitisko sisttmu mono- un diaizvietotu alkinu
hidratésanai.?® Lidz §im publicéti tikai divi pieméri, kuros metalu triflatu katalizéta alkinu
hidratésana realizéta bez papildu Brensteda skabes piedevas. Abos gadijumos reakcijas
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veiktas etilacetata paaugstinata temperatira Cu(11)?® vai Ag(l)*° triflata ka katalizatora
klatbutné. Tomgr jateic, ka So pieméru atkarto$ana misu laboratorija sagadaja grutibas.

Promocijas darba izstradajam jaunus ar skabes labilam grupam savietojamus In(l11) vai
Hf(IV) triflata katalizétus arilacetilénu hidrateéSanas apstaklus arilketonu iegtiSanai §kidra SO2
bez papildu Brensteda skabes piedevas.

Pétijuma sakuma parbaudijam dazadu metalu triflatu M(OTf)m sp&ju katalizet
fenilacetiléna (1a) hidratéSanu par acetofenonu (2a) skidra SO2 (6. tab.). Noskaidrojam, ka
izveletajos reakcijas apstaklos visaugstaka katalitiska aktivitate piemit Sc(IIl), In(IIl) un
Hf(IV) saliem, kas nodro$inaja >72 % augstu ketona 2a iznakumu (6. tab., 7.-9. piemérs).
Atseviskos gadijumos tika novérota viniltriflata 3a klatbiitne (6. tab., 3. un 6. piemérs), kas
varetu noradit uz reakcijas mehanismu ar o-viniltriflata veidoSanos pirmaja soli. Balstoties uz
ekonomiskiem kritérijiem, p&tijumi tika turpinati, priekSroku dodot In(III) triflatam.

6. tabula
Metalu triflatu M(OTf)m sp€ja katalizet fenilacetilena (1) hidratéSanu skidra SO2
4 H,0 (3 ekviv.) 2
M(OTf),, (10 mol%) [ j/ ~OTf
©/ SO2k, ©)K '
1a 60°C, 16 h 2a 3a
a o/ 1. *
NF . K M(OTHm Iznakums/Atguve (%, ‘H-KMR)

la 2a 3a
1. CuOTT-CeHs 73 1 ND
2. Cu(OTf)2 67 8 ND

3. Yb(OTf)s:nH0 58 13 1
4. Al(OTH)3 18 49 ND
5. Bi(OTf)s 12 62 ND

6. AgOTf 26 64 6
7. Sc(OTf)3 11 72 ND
8. In(OTAf)3 8 75 ND
9. Hf(OTf)4 ND 80 ND

* Noteikts, izmantojot difenilmetanu ka iek$€jo standartu. ND = nav novérots.

2. shéma demonstréts substratu klasts In(IIl) vai Hf(IV) triflata katalizétai alkinu
hidratéSanai Skidra SO2. Atklajam, ka katalizatora izvéle un daudzums, ka ari alkina
reagétspéja, ir atkariga no substrata elektroniskajiem efektiem. Fenilacetiléniem 1c-j ar
elektrondonoriem ¢a-vinilkarbénija jonu stabiliz€joSiem aizvietotajiem (Ph-, Alk-, PhO-,
AlkO-) tika noverota augsta reagétspéja, kas lava samazinat nepiecieSamo katalizatora
daudzumu lidz <1mol% In(OTfs). Samazinoties fenilgredzena elektrondonorajam
ipasibam (1a,k), pilnigas substrata konversijas nodrosinasanai In(OTf)s daudzums tika
palielinats 11dz 10 mol%. Lai izvairitos no nepiecieSamibas palielinat katalizatora daudzumu,
In(I1) triflatu var aizstat ar katalitiski aktivako Hf(IV) triflatu (1b), kura pielietojums alkinu
hidratéSana Iidz §im nav bijis zinams.
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H,O (3 ekviv.)

o)
Rl_— R? In(OTf); (0.5...10 mol%) 1JK/R2
SOzs) R
Ta-u 60...100 °C, 16 h 2a-u
©* @* O

@* O

2a:R = H, kvant. (10 mol% ) 20, 87% |

2b: R = Me, kvant (Hf, 1 mol%) Z (1 molw) 2' 70% (1 mol%)  2m, 50% (1 mol%)

2c: R = Ph, 89% (1 mol%)
2d: R = Et, kvant. (0.5 mol%)

0] 0] 0
2e: R = n-Pr, kvant. (0.5 mol%)
2f: R = n-Bu, kvant. (0.5 mol%) 0 @)\ %
29g: R = t-Bu, kvant. (0.5 mol%) >LO)J\N S
H

2h: R = MeO, 95% (0.5 mol%) 20, 74% 2p, 79%
2i: R = PhO, kvant. (0.5 mol%) ¥ (1 mol%)
2k: R = F, kvant, (10 mol%) 2n, 56% (5 mol%) (1 mol%) o

o o AP o

2r, 82%
(HF. 5 mol%) 2s, 53% (Hf, 5 mol%) 2t, 66% (Hf, 5 mol%) 2u, 55% (10 mol%)

2. shéma. Substratu klasts alkinu hidratéSanai $kidra SOs..

P&tfjumu turpinot, noskaidrojam, ka ar jaunajiem hidraté$anas apstakliem skidra SO ir
savietojami ne tikai heterocikliski savienojumi (10), bet ari substrati, kas satur Luisa bazisku
slapekla atomu (1l,m) vai skabes labilu Boc-aizsarggrupu (1n) (2. shéma). Savukart alifatiskie
acetiléni dotajos apstaklos nestdjas hidrat€Sanas reakcija, tapéc dialkina 1j gadijuma tika
novérota kemoselektiva benzilpozicijas hidratésana. Iznémums bija ciklopropilacetiléns (1p),
kas, pateicoties ciklopropilgredzena dalgji aromatiskajam raksturam, kas nodroSina
a-Vinilkarbénija jona stabilizaciju, tika hidratéts ar labu iznakumu.

Neatkarigi no elektroniskajiem efektiem diaizvietotiem arilacetiléniem 1r-u tika novérota
zemaka reag€tspgja, tapéc vairuma gadijumu hidratéSanu veicam augstaka temperatiira un
Hf(OTf)s klatbatng (2. shéma). Saja sérija hidraté3anas regioselektivitati noteica stabilaka
vinilkarbénija jona ka starpstavokla veidoSanas.

Apzinoties, ka triflata vai SO reakcija ar tideni var atbrivoties Brensteda skabe (TfOH vai
H2S03), veicam eksperimentus, lai noskaidrotu protiskas skabes ietekmi uz alkinu hidratéSanu
Skidra SO.. Vispirms tika noskaidrots, ka TfOH katalitiska aktivitate Skidra SO nav
lidzvertiga In(ll1) triflatam, t.i., TfOH katalizes apstaklos ketons 2c tika izdalits ar 15 %
iznakumu. Savukart, paklaujot N-Boc-aizsargatu anilinu alkinu hidratéSanas apstakliem skidra
SOz, tika secinats, ka reakcijas vide nav uzskatama par izteikti skabu, jo skabes labilo grupu
saturoSais substrats tika atgtts ar 96 % iznakumu. Izteicam hipotézi, ka skidrs SOz ka vaja

Luisa skabe pietiekami nesolvate HSOj3 jonu, tapec lidzsvars SO,+ 2H,O0 = H;0'+ HSOj3
Sajos apstaklos nav véra nemami novirzits pa labi. No mingtajiem nov€rojumiem izriet, ka
reakcijas virzibu noteicosa katalitiska aktivitate piemit In(Ill) vai Hf(IV) triflata
nehidrolizétajai formai ar metala jonu ka katalitisko centru.

Visbeidzot jaatzimé, ka fenilacetiléna (1a) hidratésana (3 ekviv. H20, 10 mol% In(OTf)s,
100 °C, 16 h) praktiski netika novérota tradicionalajos organiskajos skidinatajos (EtOAc,
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MeCN, DMSO, 1,4-dioksans, sulfolans), kas norada uz SO vides unikalo sp&ju veicinat
alkinu hidraté$sanu metalu triflatu katalizes apstak]os.

Originalpublikacija par $aja apakSnodala aprakstitajiem p&tijumiem atrodama pielikuma .

1.2. Alkinu hidrohalogenesana Skidra SO2

Vinilhalogenidi ir svarigi starpprodukti organiskaja sintéze, ipaSi ka substrati parejas
metalu katalizetas Skérssametinasanas reakcijas. Viens no atomefektivakajiem panémieniem,

81 Regioselektiva

ka iegit Sos vertigos savienojumus, ir alkinu hidrohalogenésana.
monoaizvietotu alkinu hidrohalogenéSana ir liels izaicinadjums. Lidz S§im augsta
a-vinilbromidu un jodidu sintézes regioselektivitate no monoaizvietotiem alkiniem sasniegta,
veicot triskar§as C=C saites haloborésanu® vai Ni(ll)-katalizétu hidroalumingsanu®® ar
sekojosu skabes vai halonija avota pievienoSanu. Cita stratégija ir monoaizvietotu alkinu
reakcija ar HX (X =Br, 1), kas generéts insitu, pieméram, no CuO-HBF4/I,/EtsSiH,
TMSCI/LIBr/TEAB, TMSI/H,O vai 12/PPhs/H,0.3* Savukart Bartoli (Bartoli) grupa
publicgjusi Luisa skabes veicinatu alkinu hidrojod&sanu, izmantojot Nal ka jodidjona avotu.®®
a-Vinilhloridu sint€ze no monoaizvietotiem alkiniem ir maz pétita. Jaunakie piemeri ir
ruténija®® vai zelta®’ katalizéta HC pievienosana triskarsajai C=C saitei.

Sava pétijuma izstradajam jaunu e-arilviniljodidu, bromidu un hloridu sintézes metodi no
arilacetiléniem S$kidra SO, izmantojot loti vienkarSas reagentu sist€émas vai individualus
reagentus, kuros par halogenidjona avotu kalpo I, Il grupas metalu (Li, Na, K, Cs, Mg) sali
val amonija jodids.

ledvesmojoties no Bartoli (Bartoli) grupas publicétajiem hidrojodésanas apstakliem,>
hidrohalogenéSanas pétijumus Skidra SOz uzsakam, parbaudot dazadu I, Il grupas metalu un
amonija halogenidu reag€tsp&ju reakcija ar fenilacetilénu (la) Gidens ka protona avota
klatbuitné (7. tab.). Dotajos apstaklos netika novérota a-vinilfluorida 7a veidoSanas. Hloridu
rinda tikai Luisa skabu katjonu saturosu salu (LiCl, MgCl,) klatbutné veidojas neliels
daudzums ea-vinilhlorida 6a. Bromidu un it ipasi jodidu rinda tika noveérota loti laba
reagétspeja. AtbilstoSo a-vinilhalogenidu ar augstu saturu un selektivitati deva $adi sali: LiBr,
MgBrz, KI, Csl un NHal. Jodidu rinda gandriz visos gadijumos tika sasniegta pilniga
izejvielas konversija. Turklat e-arilviniljiodidu zema stabilitate, salidzinot ar citiem
halogenidiem, varétu but par iemeslu tam, ka tika novérota dazadu blakusproduktu, tai
skaita — acetofenona (2a) veidosanas.

No 7. tabulas datiem izriet, ka halogenidu reagétspgja pieaug rinda F << C1 < Br < |, kas ir
preteja atbilstoSo halosulfitu HalSO, stabilitatei, t.i., jo vajak Skidra SO: ir solvatets
halogenidjons, jo vieglak tas stdjas reakcija ar insitu generéto a-vinilkatjonu.!®?° Tapat,
balstoties uz bromidu reagétsp&jas datiem, sastadijam Sadu katjonu aktivitates rindu:
NHj <Na" <K' <Cs" <Mg*" <Li". Saliem, kas satur katjonus ar Luisa skabes raksturu
(Li", Mg2+), piemit visaugstaka reagétsp&ja, kamér pargjo | grupas metalu salu gadijuma ta
pieaug, palielinoties metala katjona radiusam.
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7. tabula
I, 11 grupas metalu un amonija halogenidu (MXn) reakcija ar fenilacetilenu (1a) skidra SO>*

MX,, (3 ekviv.)
C H,0 (4 ekviv.) 0
= SOxsk.) ©_< " ©_<
1a 105°C. 6h 4a, X = |; 5a, X = Br; 2a
6a, X=Cl;7a,X=F
Nr. p. MXa I Br Cclr F
K. la | 4a | 2a | la | 5a | 2a | la | 6a | 2a | 1a | 7a | 2a
1. Li" |ND | ND| 48 |[ND| 96 | <1 | 89 11 | ND | >99 | ND | ND
2. Na® [ND |[ND |>99| 97 | 2 | <1 | 99 | <1 | <1 |>99 | ND | ND
3. K" [ ND | 96 4 96 4 ND [ 98 1 1 |>99 | ND | ND
4, Cs" | ND | 90 4 87 11 | ND _b >99 | ND | ND
5.° Mg2+ _b 14 | 77 1 86 13 2 |>99 | ND | ND
6. |NH;| 16 |83 | 1 |99 | 1 |[ND|[98 | <1l |<1 |94 |ND| 6

3 Skaitli raksturo reakcijas maisijuma sastavu, kas noteikts, izmantojot GH-MS. ® Halogenids netika testets.
¢ Izmantots attiecigi MgBr,-6H,0 vai MgCl»-6H,0. ND = nav novérots.

Turpingjam ar hidrohalogenéSanas reakcijas apstaklu optimizaciju atbilstosi katra
halogenidjona avota reagétsp&jai (3. shéma). Optimizetajiem reakcijas apstakliem tika paklauti
dazadi aizvietoti fenilacetiléni 1. Tika noverots, ka a-viniljodidu 4 iznakums ir stipri atkarigs no
benzola gredzena aizvietotaja (R) elektroniskajiem efektiem, t.i., palielinoties ta
elektrondonorajam 1pasibam rinda F <H < Alk < MeO, samazinas atbilstosa a-viniljodida 4
stabilitate, kas veicina produkta hidrolizi. Atseviskos gadijumos novérojam jod€Sanas
blakusprodukta klatbiitni, kura veidoSanos iesp&jams nedaudz ierobezot, reakcijas maisjjumam

Csl: H,0 (1.2 ekviv.), 105 °C, 3-6 h = 4, 59-90% (4 pieméri)

= MX,/H* NHyl: 70...105 °C, 3-18 h = 4, 38-98% (8 pieméri)
R_:(j/ (3 ekviv.) R KI: H,O (1.2 ekviv.), 80 °C vai 105 °C, 3-6 h = 4, 49-95% (4 pieméri)
=

SOxk,) Nal: H,O (1.2 ekviv.), 105 °C, 3 h = 4, 75-86% (2 pieméri)

\_/
X

1 LiBr: H,O (1.2 ekviv.), —10 °C vai 105 °C, 3-6 h = 5, 57%—kvant. (9 pieméri)

|

Br MgBr,-6H,0: 105 °C, 3-6 h = 5, 84-96% (3 pieméri)
 X=Cl CsBr: H,0 (1.2 ekviv.), 150 °C, 19 h = 5, 62% (1 piemérs)
R = H, Ph, Me, Et, n-Pr, n-Bu, t-Bu, MeO, F | MgCly-6H,0: 150 °C, 19-24 h = 6, 45-88% (4 piemari)

LiCl: H,O (4 ekviv.), 150 °C, 19-24 h = 6, 49-94% (4 pieméri)

39 piemeéri
38% Iidz kvant.

o v
X X X

Reprezentativi pieméri:

LiBr: 91% Csl: 61% LiBr: kvant.
Csl: 90%
NH,: 720% 5a{MgBrz: 84% 4b {NH4I: 66% 5b {MgBrz: 93% X
. 0, . 0,
X KI: 95% a{MQCIZ: 519% X KI: 80% CsBr: 62% Zr
Nal: 75% LiCl: 56% Me . 200/ . 11 a0 c, 98% (NHyl)
6b: MgCl,: 88%; LiCl: 94% 5¢, 98% (LiBr)
. 0,
4d, 44% (NH,) < 40 El'f'gbfj“’ 5| LiBr 68% {MgCIZ: 45%
5d, 57% (LiBr) - OV MgBr,: 96% LiCl: 49%
Nal: 86%
MeO F

3. shéma. Arilacetilenu 1 hidrohalogenésana skidra SO..
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pievienojot trifenilfosfinu ka molekulara joda reducétaju. No izvélétajiem jodidjona avotiem
vislabakie rezultati tika sasniegti ar NHal (38—98 %, 8 piemeéri). Turklat tika atklats, ka NHal
gadijuma nav nepiecieSama tidens piedeva, jo dotajos apstaklos amonija jons spgj darboties ka
protona avots. Hidrobromésanas reakcijas iznakuma atkariba no aizvietotaju dabas bija mazak
izteikta, un o-vinilbromidu 5 sérija tika iegiita ar loti labiem iznakumiem (57 %—kvant.),
galvenokart izmantojot LiBr ka bromidjona avotu (9 pieméri). Visbeidzot, paaugstinot
reakcijas temperatiiru Iidz 150 °C, arilacetilénu hidrobromésanu un hidrohlorésanu skidra SO>
ar labiem iznakumiem demonstréjam ari mazak reag€tsp&jigo salu (CsBr, LiCl, MgCl,)
klatbiitn€. Jamin, ka lielaka dala no izvéletajiem saliem alkinu hidrohalogenéSana izmantota
pirmo reizi.

Lidzigi hidraté€Sanas substratu klastam, ar1 Soreiz aciklisku alifatisku acetilénu triskarsa
C=C saite reakcija nestajas. Savukart ciklopropilacetiléenam (1p) noverojam augstu
reagltsp&ju, un atkariba no temperatiiras rezima un halogenidjona avota ieguvam
dihidrohalogen&sanas produkta izom&mu 9 un 10 maisijumu ar vai bez cikliska
a-vinilhalogenida 8 klatbiitnes (4. shéma). Jodida gadijuma reakcijas Ilidzsvaru
monohidrohalogenéSanas produkta 8a virziena izdevas novirzit, samazinot reakcijas
temperattru no 105 °C Iidz 60 °C.

[: . _MX(3ekviv)H" YH* [: {
o Soz(sk /\/\( W

1p 60 °C, 8 h

(8a, 42% 9a, 17% 10a, 7% ][NH4|}
(8b, 0% 9b, 66% 10b, 27% |(LiBr/H,0 |

4. shéma. Ciklopropilacetiléna (1p) hidrohalogengSana skidra SOx.

Metodes pielietojumu ar labiem iznakumiem demonstréjam ari ar diaizvietotiem
arilacetileniem. Piem&ram, 1-fenilpropina (1r) molekula halogenidjons pievienojas
benzilpozicija, un vinilhalogenidi 1la,b tika izoléti ka stereoizom&ru maisijumi ar
(E)-izoméra parakumu abos gadijumos (5. shéma).

MX (3 ekviv.)
< > _ H,0 (1.2 ekviv.) X 1a, X = |, 86% (E/Z 64:36)
T SOy) 16 h \ 11b, X = Br, 83% (E/Z 75:25)
ir Csl: 90 °C
LiBr: 105 °C
5. shéma. 1-Fenilpropina (1r) hidrohalogenéSana skidra SO-.
Originalpublikacija par $aja apakSnodala aprakstitajiem pétijumiem atrodama

pielikuma Il

1.3. Metilénciklopropanu cikla atvérsana ar halogenidiem $kidra SO2

Metilenciklopropani (MCP) ir viegli pieejami un vertigi starpprodukti organiskaja sinteze.
Pateicoties lielam cikla spriegumam (40 kcal/mol), tiem raksturiga augsta reagétsp&ja, ipasi
reakcijas ar cikla atvérsanu.®® Lai gan metilenciklopranu cikla atvérsana ar halogenidiem ir
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¢rta stratégija sintétiski nozimigu homoalilhalogenidu iegiiSanai, metodes potencials literatiira
ir maz apzinats. Pirmais literatira atrodamais piemeérs ir metilénciklopropanu reakcija ar
in situ generétu HX (X = CI, Br).® Velak, attistot S0 metodologiju, Jamamoto (Yamamoto)
grupa izstradaja metodi, kura izmantoja koncentrétus halogéniidenrazskabju $kidumus.*
Pirmo Luisa skabes veicinatu metilénciklopropanu hidrohalogen&$anu publicgja ST (Shi)
grupa.** lzmantojot stehiometrisku daudzumu Luisa skabes (TiCls, TiBrs, BiCls, FeCls,
AICl3z), kas reizé ir arl halogenidjona avots, vini ar labiem iznakumiem ieguva virkni
homoalilhloridu un bromidu. Homoaliljodidu sintéze tika demonstréta, izmantojot reagentu
sisttmu TiCls/TBAI. Visbeidzot, 2004. gada Huangs (Huang) ar kolégiem publicéja daudz
értaku un videi draudzigaku metilénciklopopanu cikla atvérSanas procediiru etikskabes
$kiduma ar sarmzemju metalu halogenidiem (LiCl, LiBr, Nal).*?

Adaptgjot iepriekS aprakstito alkinu hidrohalogenéSanas metodi, izstradajam maigus, ar
skabes labilam grupam savietojamus metilénciklopropanu cikla atvérSanas reakcijas apstaklus
homoalilhalogenidu iegiiSanai $kidra SO», izmantojot I, Il grupas metalu (Li, Na, K, Cs, Mg)
salus un amonija jodidu ka halogenidjona avotus.

Vispirms no benzaldehida atvasinatu MCP 12a ka modelsubstratu paklavam reakcijai ar
dazadiem I, Il grupas metalu un amonija halogenidiem S$kidra SO, paaugstinata
temperatira (8. tab.). Noskaidrojam, ka, salidzinot ar fenilacetilena (la) triskarSo C=C
saiti (7. tab.), fenil-MCP 12a dotajos apstaklos ir reag€tspgjigaks, t.i., vieglak pievieno
protonu. Ta rezultata cikla atvérSanas produkta 13 veidosanas tika novérota gandriz visos
gadijumos, iznemot ar Lil, Nal un Mgl,, kuru klatbutné izv€letajos apstaklos domingja
degradésanas procesi. Katjonu un anjonu reagétsp&jas rinda fenil-MCP 12a cikla atvérSanai
atbilst tai, kas piedavata iepriek$ fenilacetiléna (1a) hidrohalogenés$anas reakcijai. Jaatzimé,
ka savienojuma 12a cikla atvérSana notika ar pilnigu dubultsaites (E)-selektivitati.

8. tabula
I, 11 grupas metalu un amonija halogenidu (MX,) reakcija ar fenil-MCP 12a skidra SO-

MX;, (3 ekviv.)
m H,0 (1.2 ekviv.) ©/\/\/X :g:g ;<( Z lBr
SOz, 13ac: X=Cl
12a 100 °C, 16 h
Iznakums (vai konversija?, %)
Nr. p. k. MXhn - - -
13aa (X =1") 13ab (X =Br") 13ac (X =CI")
1. Li" - 67 55
2. Na* b (19) (6)
3. K 43 (25) (4)
4. Cs' 42 (33) K
5. Mg? b 44 35
6.6 NH; 68 (12) (6)

2 Noteikta, izmantojot GH-MS. °legits griiti analiz€jams produktu maisijums. © Halogenids netika testéts.
d Tzmantots attiecigi Mglz-6H20, MgBr,-6H,0 vai MgCl,-6H20. ¢ Bez H,O piedevas.
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Dazadi aizvietotu aril-MCP 12b-h hidrohalogenéSanas rezultati skidra SO. apkopoti
9. tabula. Novérojam, ka substrata reagétspéja, ka arT ticksme staties blakusreakcijas, pieaug,
palielinoties aizvietotaja elektrondonorajam ipaSibam. Atbilstos$i substrata reagCtspéjai tika
piemekléts optimalais temperatiiras reZims un halogenidjona avots cikla atvér§anai Skidra SO..
Piem&ram, MCP hidrobromésanas reakcijas temperattira tika palielinata no 25 °C lidz 100 °C,
samazinoties aizvietotaja elektrondonorajam ipasibam substratu rinda 12b > 12c,d > 12e. No
tabulas datiem var secinat, ka izv€l€tajiem metalu jodidiem un bromidiem piemit salidzinama
reagétspéja, jo vairuma gadijumu optimizétas reakcijas temperatiiras homoaliljodidu un
bromidu iegtsanai bija vienadas. Mazak nukleofila hloridjona pievienoSanai bija nepiecieS8ama
ievérojami augstaka temperattra (lidz 140 °C). Turklat LiCl reakcija ar stipru elektronakceptoru
grupu saturoSu MCP 12f pat 140 °C temperatira cikla atvérSanas produktu nenovérojam.
Turpinot noskaidrojam, ka no benzofenona atvasinatam difenil-MCP 12g piemit izcila
reagétspeja Skidra SO». Atbilstosais homoalilbromids 13gb ar augstu iznakumu veidojas jau

—10 °C temperatiira.

9. tabula
Metilénciklopropanu 12 cikla atvér$ana ar halogenidiem $kidra SO2
) MX (3 ekviv.)
R - H,0 (1.2 ekviv.)
R>1 < SOgs) 10
12b-h
Nr.p. k. | 12 R! R?2 MX T (°C) 1zn. (%)
1 MeO Lil 25 13ba, 32
2 b MeoOg- H LiBr 25 13bb, 62
3 LiCl 80 13bc, 89
4 Nal 60 13ca, 55
5 c mes—(_ )+ H | LiBr 60 13ch, 52
6 LiCl* 120 13cc, 54
7 Nal 60 13da, 93
8 d - H LiBr 60 13db, 92
9 LiCI* 140 13dc, 88
10 Nal 100 13ea, 43
11 e FOE' H LiBr 100 13eb, 55
12 LiCI* 140 13ec, 44
13 Nal 100 13fa, 55
14, f ro{ ) H LiBr 100 13fb, 52
15, Lil 25 13ga, 89
6. | g ¥ Ph | LiBr “10 13gb, 89
17. LiCl 100 13gc, 80
18. Kl 60 13ha, 72
19. | h BockN—_ )+ Me | NaBr 60 13hb, 80
20. LiCl 60 13hc, 99

* Reakcija atstata pa nakti.
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Jaunatklata MCP hidrohalogenéSanas metode ir lieliski piem@rota substratiem ar skabes
labilam grupam. Cikla atvérSanas produktus 13h(a-c) no N-Boc-aizsargata MCP 12h ieguvam
ar augstiem iznakumiem un (E)-selektivitati bez karbamata grupas SkelSanas (9. tab.).
Salidzinajumam: paklaujot doto substratu 12h Si (Shi) grupas homoalilhloridu sintézes
apstakliem (TiCls, DCM,
maistjums. Lidzigu tendenci novérojam arf ar citiem MCP 12b-d,f.

—78 °C), veidojas neidentificgjamu degradéSanas produktu

Alifatiskajiem metilénciklopropaniem piemit zemaka reag€tsp&ja, jo tajos karbénija jona
starpstavoklis nav pietickami stabilizéts. Literattra atrodami tikai paris alkilaizvietotu MCP
ciklu atvér$anas pieméri.*®*? Lai gan ar zemiem iznakumiem, $aja pétfjuma izdevas
demonstrét no cikloheksanona atvasinata MCP 14 cikla atvérSanu Skidra SOz ar dal&ju
dubultsaites izomérizésanos (15 — 16) vairuma gadijumu (10. tab.). Nemot véra produktu 15
tiecksmi izomeriz€ties un polimerizeties, homoaliljodida 15a iznakums (43 %) uzskatams par
atzistamu sasniegumu.

10. tabula
No cikloheksanona atvasinata MCP 14 atvérSana $kidra SO>

Nr. p. Iznakums (%)*
MX (3 ekviv.) k. MX 15 16
HZO (1.2 ekviv.)
(=1 s 1 | Nal | 153,43 | 16a ND
14 60 °C, 1h 15a-c 16a-c 2. LiBr 15b, 9 16b, 19
3. KCI 15c, 19 16¢, 5

* Noteikts, izmantojot *H-KMR ar 1,2,3-trimetoksibenzolu ka iek3gjo standartu. ND = nav novérots.

Pétijuma veicam arTi MCP reagétspgjas salidzinajumu dazadas reakcijas vides. Paklaujot no
benzofenona atvasinatu MCP 12g cikla atvérSanas reakcijai ar litija saliem THF $kiduma
paaugstinata temperatira, homoalilhalogenida 13 veidoSanas netika novérota (11.tab.).
Lidzigi — reakcija nenotika ari THF Skiduma, kas saturgja katalitisku daudzumu Brensteda
skabes H3POs (pKa2,12), kuras pKa ir salidzinams ar to, kas atbilst HoSOs (pKa 1,81) ka

potencialam protona avotam SO vidé. Visbeidzot, SOz ka Luisa skabes ieguldijums MCP cikla

11. tabula
No benzofenona atvasinata MCP 129 reagétspéjas salidzinajums dazadas reakcijas vides
on LiX (3 ekviv.) Ph
o H,0 (1.2 ekviv.) 13ga, X = |
PH } 270 °C,1h Ph)\/\/x 1332, X =Br
12g
Iznakums 13 (%)
Nr. p. Produkts THF + 3M SO2
k. .
THF HsPO4 (1 moloe) | SO $k. THF
1. 13ga ND ND 89 80
2. 13gb ND ND 89 66

* Reakcija veikta 25 °C (13ga, Lil) vai —10 °C (13gb, LiBr) temperatira (9. tab., 15. un 16. piemérs). ND = nav

noverots.

22




atvérSanas reakcijas tika neparprotami demonstréts, kad homoalilhalogenidus 13g(a,b) ar
labiem iznakumiem ieguvam, izmantojot ar SO dal&ji piesatinatu THF $kidumu. Jamin, ka
izejviela tika pilniba atgiita ari citos gadijumos, kad reagentu maisijums 12b + LiBr vai
12g + Lil tika karsets klasiskajos organiskajos Skidinatajos (THF, DCM, toluols, MeCN,
DMSO, HFIP, acetons u. c.) bez SO; klatbatnes.

Originalpublikacija un Latvijas Republikas patenta pieteikums par Saja apaksnodala
aprakstitajiem pétijumiem atrodami pielikumos IV un VII.

1.4. GlikozileSanas reakcija ar glikozilfluoridiem Skidra SO2

Glikozilésanas reakcija joprojam ir viena no svarigakajam kimiskajam parvertibam
oglhidratu kimija. Pastavot lielai glikozildonoru un akceptoru daudzveidibai, nav zudis
pieprasijums péc jaunam glikoziléSanas metodém, kas nodroSinatu augstu iznakumu un
selektivitati glikozidiskas saites veidosanai starp dazadam donors-akceptors kombinacijam.
1981. gada Mukajamas (Mukaiyama) grupa ka pirmie atklaja glikozilfluoridus ka jaunu
glikozildonoru klasi.** Miisdienas glikozilfluoridi ierindojas starp visplasak izmantotajiem
glikozildonoriem, jo, salidzinot ar atbilstosajiem hloridiem un bromidiem, tie izcelas ar augstu
termisko un kimisko stabilitati.** Atbilstosi cietu-mikstu skabju-bazu (HSAB) teorijai fluorids
ka aizejosa grupa ir cieta Luisa baze.*® Likumsakarigi, ki glikozilfluoridu aktivatori
glikozilésanas reakcijas parasti tick izmantotas cietu Luisa skabes centru saturoSas reagentu
sistémas.*® Popularakas no tam ir SnClo-AgX (X = ClO4 vai B(CeFs)s), IVB grupas
metalocéni (Cp2MCl—AgClOs, M = Zr, Hf, Ti), BFs-OEt> un Brensteda skabes (TfOH,
HCIOs, HB(CeFs)s). STm metodem ir vairaki véra nemami trikumi: (1) stehiometrisks
daudzums aktivatora, kas nereti satur smagos metalus; (2) papildu piedevas, kas veicina
reakciju un/vai kavé blakusproduktu veidoSanos; (3) zemas temperatiiras; (4) sarezgitas
eksperimentalas procediras.

Pamatojoties uz Skidra SOz sp€ju veicinat reakcijas ar katjoniem starpstavokliem, ka art
unikalo afinitati pret fluorida jonu, izstradajam vienkar$u procedtru glikozilésanas reakcijai ar
dazadi aizsargatiem glikozilfluoridiem skidra SOz bez papildu aktivatora klatbiitnes.

Pétijumu iesakam ar pivaloilaizsargatu mannozilfluoridu o-17a ka modelsubstratu
(12. tab.). Reakcijas veicam stikla m&gené, kas ievietota térauda spiediena reaktora. Tika
noskaidrots, ka 100 °C temperatira 2-feniletanola (18a) glikozilésana notiek ar pilnigu
glikozildonora o-17a konversiju (12.tab., 2. piemérs). Turklat dotajos apstaklos mérka
glikozids 19a veidojas ar augstu iznakumu un a-selektivitati. Hemiacetals o-20 tika izdalits
ka vienigais blakusprodukts, kas veidojas glikozildonora «-17a reakcija ar tdeni ka
konkurgjoso nukleofilu, ko satur komerciali pieejamais SO (<50 ppm). Jamin, ka
optimizetajos glikoziléSanas apstaklos modelreakcija nenotika, kad Skidra SO vieta tika
izmantots kads no glikoziléSanas reakcijas plasi izmantotiem tradicionalajiem organiskajiem
skidinatajiem, t. i., MeCN, THF, toluols vai DCM.

Negaiditi 2020. gada sakuma Pedersena (Pedersen) grupa publicéja pétijumu par stikla
trauka ietekmi uz glikozilfluoridu C—F saites aktivésanu.*’ Vini noradija uz autokatalitisku
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glikozilésanas reakciju ar in situ genertu SiFs, kas rodas reakcija starp glikoziléSanas
reakcijas sakuma atbrivotu HF un stikla virsmu. Lai noskaidrotu, kada ir stikla trauka ietekme
uz glikozilésanas reakcijas norisi $kidra SOz, atseviSskus eksperimentus veicam teflona
mégené (12. tab., 3.-5. piemérs). Jaatzist, ka mégenes nomaina atstdja negativu ietekmi uz
glikozilésanas reakcijas norisi — lai sasniegtu pilnigu izejvielas a-17a konversiju, bija
nepiecieSsams palielinat akceptora 18a parakumu lidz 3 ekviv. un reakcijas temperatiru lidz
150 °C (12. tab., 5. piemérs). Tomér atskiriba no minéta literatliras pieméra reakcijas trauka
nomaina pilniba neinhibg&ja glikoziléSanas reakciju skidra SO.. legiitie rezultati lauj secinat,
ka SO piemit sp&ja aktivet glikozilfluoridu, bet neizslédz stikla papildu veicinoso efektu.

12. tabula
Reakcijas apstaklu optimizacija glikozilé$anas reakcijai Skidra SO>
OPiv OPiv
OPlv ©/\/ OPiv OPlv
PV 18a Pwo& + PivO
PivO SOZ(sk) >15h PivO /\/@ PivO
a-17a -20
Nr. p. Reakcijas . o o Izn. 19a Izn. a-20
K mégene 18a (ekviv.) T (°C) o (%) (%)
1. . 1,1 30...80 NR
2. Stikla 1,1 100 97:3 87 12
3. 1,1 100 94:6 8 40
4, PTFE 3 100 96:4 23 35
5. 3 150 97:3 69 30

* Noteikts, veicot 'H-KMR analizi ietvaicétam reakcijas maisijumam. NR = reakcija nenotiek.

Turpinajuma salidzinajam dazadu mannozilhalogenidu a-17 reagétsp&ju reakcija ar O- un
S-nukleofilu $kidra SO (13.tab.). 2-Feniletanola (18a) ka O-nukleofila gadijuma visiem
mannozilhalogenidiem ¢-17 tika novérota lidziga reagétspéja (13. tab., 1.—3. piemérs). Savukart
reakcija ar tiolu 18b ka S-nukleofilu Skidra SOz un mannozilfluorida o-17a kombinacija
nodroSinaja pilnigu glikozildonora konversiju un divas reizes augstaku tiomannozida 19b
iznakumu neka no atbilstosa hlorida a-17b vai bromida a-17c¢ (13. tab., 4.—6. pieméers).

Izmantojot modelsubstratu o-17a ka glikozildonoru, tika iegiita virkne O-, S- un
C-glikozidu, kas demonstré metodes savietojamibu ar dazadiem nukleofiliem 18 ka
glikozilakceptoriem (6. shéma). Novérojam, ka gan spirtu, gan tiolu gadijuma nukleofila
reag@tspéja samazinds rindda 1°>2°>sp? Lielaka dala pirm&o O- (18a,c-e) un
S-nukleofilu (18b,m) tika glikoziléti ar augstu iznakumu (Iidz 95 %). Lai nodrosinatu labakus
iznakumus mazak reagetspgjigo otr&jo, ka ari aromatisko spirtu (18g,h,j-1) un tiolu (18n,p)
glikozilesanas reakcijas, nukleofilu pievienojam lidz 3,3 ekviv. liela parakuma. Atseviskiem
spirtiem (18f,i,s), kas spg veidot stabilus karbénija jonus, tika noverota samazinata
reagétspeja glikozilésanas reakcija skidra SO». Pieméram, ciklopropilmetanols (18s) reakcijas
vide spgj veidot stabilu ciklopropilmetilkatjonu, kura pargrupésanas un sekojosas hidrolizes
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Mannozilhalogenidu a-17a-C reagétspéjas salidzinajums Skidra SO»

13. tabula

OPiv YH OPiv OPiv
OPiv ©/\/ _ OPiv OPiv
PivO - (18 1.1ekviv) _ pivo - . PO -
PivO SOner) PivO N/@ PivO
o172, X=F X 100 °C, 16 h 19a,Y=0 a-20 OH
a-17b, X = Cl 19b,Y =S
a-17c, X = Br
Nr. p. Reakcijas maisijuma analize (mol%)* Izn. 19
Pl 17| 18 ) ) (mol%)” | g+ | 120
k. a-17 a-19 S-19 a-20 (%)
1. a a ND 86 3 11 97:3 19a, 87
2. b (Y =0) 4 85 2 9 98:2 193, 91
3. c 14 80 2 4 98:2 193, 81
4, a b ND 82 18 ND 82:18 | 19b, 95
5. b (Y =S) 46 44 2 8 96:4 19b, 46
6. c 42 42 10 6 81:19 | 19b, 49
* Noteikts, veicot 'H-KMR analizi ietvaicétam reakcijas maistjumam. ND = netika noverots.
OPiv OPiv
OPiv 18 (NuH) OPiv
PivO -O (1..3.3 ekviv.) PivO -O
PivO SOzs1) > PivO
> Nu
w47a F 100°C,15-18 h 19a-t
OH SH OMe
18a 1.1 ekviv. - 18b i n
(o TV ekviv) (11ekviv) (1K) (3 ekviv) o
OH a-19r, 47%
\ ’
S () Orsr oo
o+ )\0H - .
189 18f 189 180 18p 81121;7;'[3, 71—894?1/06
(3 ekviv.) (3 ekviv.) (1.1 ekviv.) (1 ekviv.) (3 ekviv.) ’ —)0‘-[3 S 04!
OH OPiv QP
QOH H , OPiv
-0 PivO
18h 18i 18 PO PiVO :
(3.3 ekviv.) (3 ekviv.) (3 ekviv.) 5 w195, 21% O \A a-19t, 23%
TTTTT T ': '.'.'.'.'.'.'.;.—l'.(').'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'. .............
< S < :1 : 19a,c-, 49-91% ! BnO j
18K e e:\”v) 91:9 > o: < 100:0 ; BnO o)
(3 ekviv.) J .

6. shema. NukleofTlu 18 klasts glikoziléSanas reakcijai ar mannozilfluoridu e-17a skidra SOs.

rezultata ka blakusprodukts veidojas mannozids o-19t. Jaunatklato glikoziléSanas apstaklu
pielietojumu demonstré§jam ari C-mannozida «a-19r sintézé no elektroniem bagata
1,2,3-trimetoksibenzola (18r) ka glikozilakceptora. Pateicoties anoméra efekta un C2 pozicija
esosas estera tipa aizsarggrupas sinergiskajai ietekmeli, pivaloilaizsargatu mannozidu 19 sérija

noveérojam augstu a-selektivitati.
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Noskaidrojam, ka atseviski substrati nav savietojami ar jaunatklatajiem glikoziléSanas
apstakliem Skidra SO. Piemé&ram, paklaujot no glikozes atvasinatu glikozilakceptoru o-21
glikozilesanas reakcijai ar mannozilfluoridu o-17a, netika ieguts gaiditais disaharids
(6. shéma). Ta vieta tika izdalita 1,6-anhidroglikoze (-22 un pilniba atgiits glikozildonors
a-17a. Citi limitgjoSie faktori, kas ierobezoja nukleofila reagétsp&ju reakcija ar
mannozilfluoridu @-17a, bija stériskie efekti, ka arT Luisa baziska slapekla vai fluorofilas
trimetilsililgrupas klatbiitne glikozilakceptora molekula.

Pétijumu turpinajam ar citiem acilétiem mannozil- un glikozilfluoridiem (14. tab.).
Izmantojot skabes labilas acetilgrupas saturosu mannozilfluoridu a-23, mérka mannozidi 26
tika izdaliti ar vid€jiem iznakumiem un o-selektivitati, kas salidzinama ar to, kas atspogulota
ieprieks pivaloilaizsargatu anologu rinda (6. shéma). Soreiz novérojam ari dalgji neaizsargatu
piemaisijumu veidoSanos.

Spirta un tiola glikoziléSanas reakcijas Skidra SO» ar O-acil-glikozilfluoridiem f£-24 un
a-25 notika ar vidgjiem lidz labiem iznakumiem (14.tab.). Salidzinot anoméru attiecibas
starp glikozidiem 27 un 28, secingjam, ka S§kidra SO Luisa baziskais karbonilgrupas
skabeklis acetilgrupa ir vairak solvatéts un mazak nukleofils neka pivaloilgrupa, tapéc
anoméra efekta ietekme pirmaja gadijuma ir lielaka (28, PG = Ac, a ~ ), savukart otraja
doming blakus esosas aizsarggrupas ietekme (27, PG = Piv, a < ). Tika novérots, ka glikozes
substrati ir mazak stabili neka mannozes analogi, jo abas glikozes sérijas identificgjam vairak
blakusproduktu, kas veidojusies hidrolizes un/vai aizsarggrupu migrésanas rezultata.

14. tabula
O-Acil-mannozil- un glikozilfluoridi ka glikozildonori $kidra SO
PGO ©/\/YH PGO
PGOM (18, 3 ekviv.) PGO%
"0 R® F 1o§ Oé‘sﬁ% h e R? Y/\/©

23, R" = OPG = OAc, R?=H 26, R' = OPG = OAc, R?=H

524 R'=H, R? = OPG = OPiv 27, R' = H, R? = OPG = OPiv

a-25,R' = H, R? = OPG = OAc 28, R' = H, R? = OPG = OAc

Nr. p. k. Fluorids Y (18) a:pf* Iznakums (%)

1. 23 O 91:9 264, 55
2, * S 78:22 26D, 67
3. 0] 15:85 27a, 61
. p-24 S 24:76 27b, 57
5. o5 O 54:46 28a, 43
6. « S 48:52 280, 76

* Noteikts, veicot tH-KMR analizi ietvaicétam reakcijas maisijumam.

Noskaidrojam, ka O-benzil-glikozilfluoridi @-29 un 30 ir reagétsp&jigaki par to
acilétajiem analogiem, un atbilstoSie glikozidi ar labiem iznakumiem veidojas zemaka
temperatiira (7. shéma). Sada reakcijas apstaklu modifikacija deva iesp&ju demonstrét
disaharida a-33 sintézi reakcija starp benzilétu mannozilfluoridu 29 un 1-O-metilglikozidu
a-21. Pirmg&jo nukleofilu glikozilésana ar benzilaizsargatu glikozilfluoridu 30 tika sasniegti
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augstaki reakcijas iznakumi neka ar iepriek$ apskatitajiem acilétajiem glikozildonoriem f-24
un a-25 (14.tab.). Atklajam, ka glikozilésanas reakcijas «,f-selektivitate nav atkariga no
anoméra centra konfiguracijas glikozildonora molekula, t.i., no abiem glikozilfluorida 30
anomériem tika iegiti glikozidi 32 ar lidzigu anoméru attiecibu. Ka tika gaidits, bez estera
tipa aizsarggrupas C2 pozicija visas benzilaizsargatu glikozidu 31 un 32 srijas novérojam
anomeéra efekta veicinatu a-selektivitati.

OBn R

0 NuH a-29 — 31: 30 °C; 67-77%; 87:13 > a:f < 91:9
B”E?O (18, 1.2..3 ekviv.) B”BOO @-30 — 32: 30 °C; 60-80%; 71:29 > a:p < 74:26
n o2 SOyi) 16 h n

F 30 - 32: 60 °C; 60-82%; 69:31 > a:p < 74:26
29, R" = 0Bn, R = H 31, R" = OBn, R2 =
30,R'=H, R?=0Bn 32, R'=H,R?= OBn

! SH —< >— RN o8B
;m QSH cl st BnO‘\Q\OBn "

7. shéma. O-Benzil-mannozil- un glikozilfluoridi ka glikozildonori $kidra SOs.

Atklajam, ka glikozileSanas metode Skidra SO piemé&rojama ari 2-dezoksiglikozidu
sintézei. Veicot spirta 18a glikoziléSanas reakciju ar 2-dezoksiglikozilfluoridu «-34 ka
glikozildonoru —10 °C temperatiira, atbilstosais O-glikozids 35 tika izdalits ar augstu
iznakumu un labu a-selektivitati, kas skaidrojama ar oksokarbénija jona stabilizaciju,
piedaloties attalajam (C3 un C6) acilgrupam (8. shéma).

OPiv OH OPiv P
o) ©N i o) | 79
PivO (18a, 1.5 ekviv.) PivO ! i

PivO SOy PivVO c1

w34 F -10°C,8h 35,91% O ‘
a:p =919 {

dioksonija jons

8. shéma. 2-Dezoksiglikozilfluorids a-34 ka glikozildonors Skidra SOo.

Noskaidrojam, ka ar mainigiem iznakumiem glikoziléSanas reakcija notiek art ar SO2
piesatinatos organiskajos §kidinatajos, pieméram, DCM un toluols (15. tab.). Sadas stratégijas
galvena priekSrociba ir iesp&ja veikt reakcijas zemaka spiediena plaSi pieejamas stikla
spiediena mégenés. Ka redzams no tabulas datiem, DCM $kiduma tika iegiiti labaki rezultati
neka toluola skiduma. Veicot glikozilésanas reakciju DCM skiduma, O-mannozids 19a tika
iegits ar izcilu iznakumu pat grama méroga (15. tab., 5. piemérs). Savukart tiomannozida 19b
iznakums S$kidumos (15.tab., 3. un 6. piemérs) bija ievérojami zemaks neka tira SO
(6. shema). Jaatzimé, ka ar SO piesatinata THF vai MeCN skiduma O-glikozida 19a
veidoSanas netika noverota.
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15. tabula

Glikozilesanas reakcija ar SO piesatinatos skidumos

OPiv YH OPiv
OPiv OPiv
Pivoﬁ ©/(1::2 ekviv.) pivo/$mH
PivO 100 °C, 16 h PivO /\/@
a17a F 19a,Y=0 Y
19b, Y =S
Nr. p. Masa L T P Konc. Y . o
K 172 (q) Skidinatajs (mL/g) | (18) o I1zn. 19 (%)
1. 0,2 . 75 O >00:1 19a, 66
2. 15 2, f’ocl)josllgldums 10 0 | 95 19a, 75
3. 0,1 75 S 90:10 19b, 32
4, 0,2 o 75 O 98:2 19a, 84
5, 1,5 2M ngcsl\lildums 10 o) 96:4 19a, 94
0. 0,1 75 S 86:14 19b, 64

* Noteikts, veicot 'H-KMR analizi ietvaicetam reakcijas maistjumam.

Balstoties uz eksperimentalajiem nov€rojumiem, secinajam, ka glikoziléSanas reakcijas
stereoselektivitate Skidra SO ir atkariga no substrata stereoelektroniskajiem efektiem un
tiecas uz termodinamisko Iidzsvaru, ko nosaka anomérais efekts vai anoméra efekta un blakus
esosas estera tipa aizsarggrupas summara ietekme. Tas nozimé, ka ar vislielako varbutibu
glikozil€Sanas pirmaja solt notiek oksokarb&nija jona un ta pretjona (piem., FSO,) Skidinataja
atdalita jonu para veidosanas.

Izmantojot 1°F-KMR spektroskopiju, izdevas pieradit fluorsulfita jona FSO; veidosanos
glikozile$anas reakcijas maistjuma SO, klatbiitné (9. shéma). °F-KMR spektrs tika uznemts
péc reakcijas maisijuma apstrades ar EtsN (9.shéma, (b)) un salidzinats ar spektru

(a) standarts (TBAF + SO,) <
'_
OPiv D
Piv el ' o +
) e} ' I NBuy4
PivO -
PivO F o
a17a F
1) 18a (1.2 ekviv.) (b) reakcijas maisijums + EtsN
2M SO, 8k. DCM
100°C,16h (L
. 1 +
2) EtsN (2 ekviv.) g © 1 NHEts
o l F/ \07
5
Q NHEt,
193 + S __ MM
—+ 1+ T * T * T * T * T * T " 1
80 60 40 20 0 -20 -40 -60 -80
f1 (ppm)

9. shéma. Fluorsulfita jona FSO, pieradisana reakcijas maisijuma, izmantojot
¥F-KMR (471 MHz, D;0) ar TFA Kka argjo standartu.
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standartam (9. shéma, (a)), kas iegits reakcija starp TBAF un SO>. Signals, kas atbilst FSO;
jonam, tika noveérots pie 38,3 ppm.

Visbeidzot, lai novertétu SOz ietekmi uz glikozidiskas C—F saites disociaciju, sadarbiba ar
Latvijas Organiskas sint€zes institiita petnieku Arti Kinénu tika veikti DFT aprékini metanola
glikozilésanas reakcijai ar acetilaizsargatu mannozilfluoridu o-23 ar vai bez SO, klatbitnes
(3. att.). Noskaidrojam, ka SO, ka Luisa skabes koording$anas pie fluorida (parejas stavoklis
TS-A* vs. TS-A(SO2)*) samazina C—F saites disociacijas energiju (AAG) par 10,6 kcal/mol.

Originalpublikacija un Latvijas Republikas patents par Saja apak$nodala aprakstitajiem
petijumiem atrodami pielikumos V un VI.

29



(sugury "y “wayd “Iq) <0S z3q

[eA Je 9920 <~ HO3IN + £¢-0 Iel1oxea) seuesaizod[3 uriaide 14q 1e €

9'Z- low/[edy ‘Ov
G'Z- low/|edy ‘HV

0 :low/[edy ‘9v
0 :low/|edy ‘HV

9NO 29Z-0 '

0%V :
pacan e —
s v

) ' ooV
H%0s4 | 07 e

" 6'€Z tlow/jeay ‘ov [ ovo OV
s G'1Z :low/[edy ‘HY e Z0S ‘HO®IN

_ : -

\ /O.__O.__ 09N\ !

| / TSTOTH N |

| Jod (os)dr,

v

o | 0,07 0oV, ;
\L'EE :low/|edy ‘o . ooy ;
\L0€ H1oW/[eox ‘Hv; 9 | TV low/|edy ‘O
3 N \L'E€ low/edy ‘HY!
——————
SNO—H--.g_¢ -—-H
7Oy M oen

48y
9 ,Cos)vsi

; 09V
§o- 0oV W
N\ 0oy \ 09Y
Oll
0

J\
Lo

%omvm.wh

T'S- ‘low/|edy ‘9v
€'/~ [jow/|edy ‘HV

/9NO ogz-»
o5 700 e
[ oY
B YO
_, ;_g
! . ‘P JOW/|edY ‘OV ;
T o = i
\Leplowey ‘HY 227 0°St :low/|eds ‘O |
. T OO . S'hP low/edy ‘Hy!
u_\\_._/Oms_ © W ,m_>_o H
, V-SL T e

) [ele)7 odvY
/ O— oovY o-— 09V
o O 0oV (0]

J\ ovyY

30



2. Ru(l1)-katalizéta Skérssametinasanas reakcija ar SO iespieSanos

Sulfonilgrupu saturosiem savienojumiem, ipasi sulfoniem un sulfonamidiem, ir svariga
loma medicinas un farmacijas kimija, ka ar agrokimija un materialzinatné. Tradicionali Sie
savienojumi tiek iegiti divu vai vairaku stadiju procesa ar tadiem s€ru saturoSiem
starpproduktiem ka sulfonilhloridi, sulfinati, tioli vai sulfoksidi (10. shéma, (A)). P&dgjas
desmitgades attistijusas daudz atomefektivakas daudzkomponentu sintézes metodes, kuras
sulfonilsavienojumi tiek iegtti vienas stadijas/kolbas procesa no s€ru nesaturo$am
organiskam izejvielam un SOz ka sulfonilgrupas avota (10. shéma, (B)).® Sakotngji 31 piceja
tika demonstréta, izmantojot gazveida SO, kas atseviskos gadijumos kalpo ar1 ka reakcijas
$kidinatajs. Sadi reakcijas apstakli ir savietojami ar sulfonilsavienojumu sintézi no
8 vai periciklisko reakciju cela*®. Kops 2010. gada strauji
attistijusies pétijumi, kuros SO, ka reagents tiek izmantots ari parejas metalu katalizétas® un

metalorganiskajiem savienojumiem

brivo radikalu reakcijas,*® galvenokart pateicoties viegli pieejamiem, létiem un stabiliem SO2
surogatiem,®® t. i., savienojumiem, kas reakcijas vidé spgj atbrivot SO, molekulu. No tiem
visplasak tiek izmantots diamina DABCO un SO ladinu parneses komplekss DABSO, ka ari
kalija metabisulfits (K2S205), kas skabes klatbiitné sadalas, atbrivojot SO2. Séra dioksida
surogatiem ir praktiskas prieksrocibas, jo nav nepiecieSams spiedienizturigs aprikojums un tos
var érti dozét atbilstosi nepieciesamajam SO, daudzumam. Seit jamin, ka promocijas darba
izstrades laika tika sagatavots arT apskatraksts, kas sniedz ieskatu par SO- iespieSanas reakciju
pielietojumu heterociklu sintéze (skat. pielikumu I).

(A) Tradicionalas metodes
> 2 stadiju process

séru nesaturo$as Q 9 Q, _Cl 0, _R2
izejvielas 1-8552 1-Ssp2 p1-Sy 1-S 1-S
R R R R R OX R \\O R™
(B) Alternativa 9,\ O v $an5
\ Y i nukleofila pievienoSanas
1 stadijas/kolbas process — > 07N SN (M = Li, MgX, ZnX)
R R™ OM
_ . " " (@]
séru nesaturo$as SO, v R?
' Nes —= > 5 0.7 X X
1 . . O
izejvielas R" % —> /\/\34\9 vai g -}/‘_\B vai \C\)—:f\ | pericikliskas reakcijas
o Z o F  5TF X=HIsiB)
PTTTTTTTTTTT AT [4+1] [4+2] énu reakcija

i MpS03/M,8,05  SOCI; + Hy0 o

(M=K, Na) N\ P i
0,5N"\_N-S0, E<33 SO," oS * R—IM]

o (DABSO)

; ® ] paros ot
R-S—[M] = __S parejas metalu
(0]

R™ 7 O[M] katalize

(ONp - . .
% ~_+-R —>| 3¢ | brivo radikalu reakcijas
o s N R”

0
10. sheéma. Sulfonu sintézes metodes organiskaja kimija.

Miisu pétijumiem saistoSa ir tieSi parejas metalu katalizes izmantoSana sulfonilsavienojumu
sintézé ar SO, iespiesanu. Sis sulfonilsavienojumu sintézes stratégijas vésture ir visai isa. Pirmo
pétijumu 2010. gada publicgja Vilisa (Willis) grupa.” Vini atklaja, ka DABSO ir lieliska
alternativa gazveida SO: un ir savietojams ar paladija katalizi, demonstr&jot ta pielietojumu
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N-aminosulfonamidu sint€z€ no arilhalogenidiem un hidraziniem. Tam sekoja strauja metodes
attistiba. Parejas metalu katalizéta sulfoniléSana tika izmantota ari citu sulfonilgrupu saturosu
savienojumu ka sulfoni, sulfonamidi, sulfonilfluoridi un sulfonati iegtSanai, galvenokart
pamatojoties uz in situ generéta sulfinata starpprodukta reakciju ar dazadiem elektrofiliem.?
11. shéma apkopo lidz §tm publicétas parejas metalu katalizétas sulfonilsavienojumu sintézes
metodes ar sulfinata starpproduktu un DABSO ka SO- avotu. Ka redzams, visplasak izmantota
paladija katalize. Cu(I) katalizes pielietojums demonstréts, izmantojot (het)arilborskabes un
(het)aril/alkiltrietoksisilanus. Ped&jie stajas sulfoniléSanas reakcija ari Co(II) katalizes apstaklos.
Savukart 2019. gada publicéta pirma Ni(Il)-katalizéta (het)arilsulfonilsavienojumu sint€ze no
borskabém. Galvenie minéto metozu trikumi: (1) katalizatora daudzums sasniedz
stechiometrisku attiecibu (piem., 1 ekviv. CoO); (2) gaisa/mitruma jutigs katalizators/baze
(piem., Cu(MeCN)4BF4, CsF, t-BuOL.i); (3) nepiecieSamiba péc argja liganda (piem., PAd2BuU,
tmphen); (4) stipri polari/toksiski $kidinataji (piem., DMPU, DMI).

Pd(0): Y = I, Br, OTf o
v Pd(ll), Cu(l), Ni(ll): Y = B(OH), I O\\S/E
PN Cu(l), Co(ll): Y = Si(OEt), YT BT YR E = alkil, aril, NR,
" ] —_— I O
i i F, O-PFP

X~ “X
sulfinats

11. shéma. DABSO pielietojums sulfonilsavienojumu sint€z€ ar parejas metalu
katalizes cela generctu sulfinatu ka starpproduktu.

Atkariba no izejvielas Pd-katalizeta sulfoniléSanas reakcija notiek pa vienu no diviem
iesp&jamajiem Kkatalitiskajiem cikliem (12.shéma). Ja par izejvielu kalpo borskabe 36,
reakcijas pirmaja soli notiek transmetaléSana un veidojas R-Pd(Il) komplekss | (12. shéma,
cikls A). Tam seko koordinésanas ar DABSO un SO iespiesanas C—Pd(ll) saite. lzveidojies
komplekss 11 reakcijas vide var atbrivot sulfinatu I11. Jebkur§ no savienojumiem Il un 11 var
staties reakcija ar elektrofilu 38, ka rezultata rodas merka sulfonilsavienojums 39 un
regener&jas Pd(IT) katalizators. Sis katalitiskais cikls ir redoks neitrals. Gadijuma, kad ka
izejviela tiek izmantots atbilstosais jodids, bromids vai triflats, reakcijas pirmaja soli (37 — 1)
notiek oksidéjosa pievienoSanas Pd(0) kompleksam, kas tiek generéts insitu reducétaja
(piem., i-PrOH) klatbtitng (12. shéma, cikls B). Turpmakas stadijas sakrit ar ciklu A.

0 cikls A R—B(OH)2
X = L,Pd"X, 36
R™Y
o)
39 lred.
L,Pd®
cikls B
£+ R-Pd'X
38 R-X !
(X =1, Br, OTf)
37
DABSO
Q 9
R-S_. === R-S—Pd'X
m 6] 6 ] R = (het)aril, vinil

12. shéma. Pd-katalizétas sulfonilé$anas katalitiskie cikli atkariba no izejvielas.
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Ruténija kompleksiem tiek piedévets liels potencials plasa spektra parejas metalu
katalizétas kimiskajas parvertibas, jo, salidzinot ar paladiju, ruténijam ir vairak stabilu
oksidésanas pakapju un Iidz ar to lielaka kompleksu geometrijas dazadiba.>® Turklat ruténijs ir
lIetaks par paladiju. ledvesmojoties no literatiras piemériem, kuros demonstréta no
arilborskabém generéta aril-Ru(ll) pievienosanas C=0 saitei,>* savos pétijumos atklajam
Ru(Il) kompleksu sp&ju katalizét sulfinatu veidoSanos no (het)aril/alkenilborskabem un
DABSO ka SO: avota. legitie sulfinati reakcijas ar dazadiem elektrofiliem lauj iegut virkni
sulfonilsavienojumu.

Dazadu Ru(Il) kompleksu katalitisko aktivitati sulfonu sintéz€ ar SO: iespieSanu
parbaudijam modelreakcija starp bifenilborskabi 40a, etilbromacetatu (41a) un DABSO ka
SO- avotu (16. tab.). Gandriz visi Ru(Il) kompleksi nodro$inaja >50 % iznakumu. Nelielos
daudzumos tika novérota paresterificéSanas produkta 42ab veidoSanas, kas vargja biit
sagaidama izveletajos reakcijas apstaklos. Lidz Sim plasi izmantota Pd(Il) katalize $ajos
apstaklos bija mazak efektiva (16. tab., 10. piemérs). Turpmakiem pé&tijumiem tika izvel&ts
RuCl2(PPhs)s, kas ir 1€ts un gaisa stabils Ru(I) komplekss (16. tab., 2. piemérs).

16. tabula

Ru(Il) kompleksu katalitiska aktivitate Skerssametinasanas reakcija ar SO2 iespiesanos

Katalizators

o DABSO (1 ekviv) O_O>\~0R
PhOB«)Hb ! Br\)koa Et3NM(:§|:VN.) Ph@_§
, 100 °C, 17 h o
40a 41a (3 ekviv.) 42aa, R = Et; 42ab, R = Me
. I1zn. . Izn.
Nr. p. Katalizators Nr. p. Katalizators
k. (10 mol%) 42&(‘?,;)‘)‘33'0 K. (10 mol%) 42&("’(‘,2‘)13‘“

1. - NR 6. | [RuClx(mesitylene)]> | 60 (<1)
2. RuCl>(PPhs)s 72 (3) 7. [RUClz(p-cymene)]. 57 (<1)
3.b RuCI(PPhs);0AC 72 (2) 8. [RUCl2(CsHe)]2 54 (<1)
4P | Ru(2-methallyl),(COD) 71 (4) 9. RuCp(PPh3).Cl 24 (<1)
5. RuCl>(COD) 63 (2) 10. Pd(OAC)2 47 (<1)

2 Jekavas noradits paresterificéSanas produkta 42ab iznakums, kas noteikts, izmantojot *H-KMR. ® N, atmosfera.

Turpinot reakcijas apstaklu optimizaciju, atklajam, ka neorganisku bazu (K2COgz, K3POs,
Cs2COs, KF) klatbuitng reakcija nenotiek, savukart starp aminiem, kuru klatbiitné vairuma
gadijumu tika noverota sulfona 42 veidoSanas, vislabako rezultatu dod EtsN. Tapat secinajam,
ka metanolam ka Skidinatajam ir butiska loma reakcijas noris€. Pieméram, modelreakcijas
iznakums binara skidinataju sisttma MeOH/Tol (1:1) bija 79 %, tira toluola — tikai 7 %.
Jamin, ka citos spirtos (EtOH, i-PrOH, t-BuOH, CFsCH20OH) reakcijas iznakums bija
ievérojami zemaks. Citi SO avoti, peiméram, K2S205 un gazveida SO2, dotajos apstaklos bija
neefektivi, savukart DMAP-SO, deva vidgju iznakumu (51 %). Reakcijas apstaklu
optimizacijas rezultata tika samazinats katalizatora daudzums (10 — 5 mol%) un reakcijas
laiks (17 — 8 h).

33




13. shema atspogulots arilborskabju 40 klasts, kas savietojams ar jaunatklatajiem
Ru(ll)-kataliz&tajiem sulfoniléSanas reakcijas apstakliem. Noskaidrojam, ka virknei para- un
meta-aizvietotu arilborskabju piemit laba reagétspéja neatkarigi no aizvietotdja
elektroniskajiem efektiem. Tadas funkcionalas grupas ka halogenidi (42(e-j)b), &teris (42kb),
tioéteris (42lb), amids (42mb) un esteris (42rb) ir stabilas dotajos reakcijas apstaklos.
Borskabes 40s gadijuma lidz ar sulfoniléSanas reakciju tika novérota Ru(ll)-katalizéta
CN grupas hidratéSana. Savukart no dimetilaminoborskabes 40nb veidojas vélama produkta
42nb un paralkilésanas blakusprodukta 43 maisijums. Iznemot fluoru (42ib), citi
orto-aizvietotaji (Br, Me, OH) stériski blok&ja substrata aktivo centru, un izejviela tika pilniba
atgita. Metode demonstréta ari heteroaril- (42tb un 42ub) un vinilsulfonu (42vb) sintézg.
Atseviskos gadijumos (42ub un 42vb) binara S$kidinataju sisttma MeOH:Tol (1:1)
nodroSingja labaku iznakumu. V&lak, samazinot Ru(II) katalizatora daudzumu lidz 2 mol%,
jaunatklatas sulfonu sintézes metodes pielietojumu demonstréjam 5 g méroga ar 65 % sulfona
42ab iznakumu péc kristalizacijas.

o RuCly(PPh3); (5 mol%) o o /
®sBoH), -+ er L DABSO, EtN S °
o MeOH 8
40 41b (3 ekviv.) 100°C,8h 42
42hb, R'=4-F, 88% OH
42ab, R'=4-Ph, 82% 421b, R'=2-F, 58% (16 h) N—@B\OH
42bb, R'=H, 80% 42jb, R'=4-1, 79% 40s
R\ 0 42cb, R'=4-t-Bu, 79% (16 h) 42kb, R'=4-OMe, 79%
Q—s@ 42db, R'=3-Me, 67% (16 h) 421b, R'=4-SMe, 82% |
=/ 8 42eb, R'=4-Br, 81% 42mb, R'=4-NHAc, 72% Q Q
42fb, R'=4-Cl, 79% (10 mol% kat.) 420b, R'=4-NO,, 72% @s@
— 0, 1]
429b, R —3-C|, 86% 42pb, R'=4-CF3, 88% H2N
42rb, R'=C(0)OMe, 75% | 42sb, 51% (PhCONH,, 49%)

/

/ N
N Q@E@ e -t O
@ 19 )@ o/ i
43, 24% )

42ub, 56% 42vb, 47%
(blakusprodukts) 42tb, 70% A

42nb, 20%
(MeOH/Tol 1:1)  (MeOH/Tol 1:1)

13. shéma. Borskabju klasts Ru(Il)-kataliz&tai sulfonu sintézei.

Paklaujot optimizétajiem reakcijas apstakliem dazadus elektrofilus, noskaidrojam, ka
a-bromesteriem (42ab un 42ac), o-haloamidiem (42ad), alkiljodidam (42ae), ka ari
akrilatam (42aj) piemit laba reagétspéja (14.shéma). Jateic, ka Maikla akceptora tipa
elektrofili (42aj) 1idz §im nav plasi izmantoti $ada tipa Skérssametinasanas reakcijas. Zemaki
iznakumi tika novéroti alkilbromida (42ae) un a-bromketona (42af) gadijuma. Negaiditi
zemos iznakumus eksperimentos ar alil- (42ag) un benzilhalogenidiem (42ah) skaidrojam ar
kvaternaro amonija salu veidoSanos reakcija starp halogenidu un EtsN vai DABCO. Ka
elektrofilu izmantojot epoksidu, ar 42 % iznakumu ieguvam co-hidroksisulfonu 42ak.
Savukart reakcija ar A3-jodana kompleksu (4-F-CsHa)2IOTT tika izdalits diarilsulfons 42al.
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o)
RUClz(PPh3)3, DABSO, Et3N 1
Ph—< >—B H (E)
(OH), = MeOH, 100 °C, 8 h Ph i@

40a 41 42
O / O
0O /7 \ O ) 0} —
D B Q N @\ o @i/
®-S 1] S N 1] I
e K 9 . ®f :
2ab o) 420 42ae o) 42ag
no bromida: 82% 42ac no bromida: 76% no jodida: 67% 42af no bromida: 34%
: Te . 0, N T . T . 0, T .
no hlorida: 49% no bromida: 60% no hlorida: 66% no bromida: 47% no bromida: 39% no hlorida: 24%
o) HO 0
QQ ®§f® A %/ @i« )
: : @ o @~ ) 8
o) o] o) 42al
42ah 4.2ai 42aj 42ak no (4-F-CgHy),IOTf: 27%
no bromida: 29% no tozilata: 9% no akrilata: 77%  no epoksida: 42% (MeOH/Tol 1:1)

no hlorida: 38%

14. shéma. C-Elektrofilu klasts Ru(ll)-katalizétai sulfonu sintézei.

Lai uzlabotu reakcijas iznakumu atseviskiem elektrofiliem, ka arT paplasinatu ieglistamo
sulfonu klastu, izstradajam vienas kolbas divu stadiju sulfonu sintézes procediiru (15. shéma).
Izteicam hipotézi, ka reakcijas pirmaja stadija optimiz&tajos reakcijas apstaklos bez elektrofila
klatbtitnes iesp&jams generét sulfinatu 44, savukart otro stadiju ar elektrofila pievienoSanu var
veikt citos apstaklos (3kidinatajs, temperatiira). Sada pieeja bija veiksmiga vairuma gadijumu.
Pieméram, sulfona 42af iznakums tika uzlabots par >30 %. Izmantojot So stratégiju, produktu
klasts tika papildinats ar SnAr cela iegitu diarilsulfonu 42am un sulfonamidu 42an, kas
veidojas sulfinata 44 reakcija ar in situ generétu N-hlormorfolinu.

0 (E) (0]
RuCl,(PPhs);, DABSO, EtsN
ph%;>7B(OH)2 uCly(PPhs)s 3 g A ph—©—§-@
MeOH, 100 °C bX I

o)

40a 44 42
42ab, no bromida: 69%" Reakcijas apstakli 44 — 42:
42ae, no jodida: 56%° NN o A: E* (3 ekviv.), 100 °C, 8 h
42af, no bromida: 76%" (0] — Il B:E* (3 ekviv.), 80 °C, 8 h

ca: o I ®s-N o |LLwe :
42ag, no bromida: 60% ®§ LN N C:E* (5 ekviv.), H,0, 90 °C, 12 h
42ah, no bromida: 62%B (0] N—7 42an D: E* (3 ekviv.), DMF, 90 °C, 12 h
42ai, no tozilata: 18%" 4_28m . noamina: 57%F E: E* (3 ekviv.), DMSO, 100 °C, 12 h
42ak, no epoksida: 60%° no hlorida: 22% F: morfolins (5 ekviv.), NaOCI (3 ekviv.),
42al, no (4-F-CgHy),IOTF: 43%P H,0, it, 12 h

15. shéma. Vienas kolbas divu stadiju sulfonu sinté€zes panémiens ar
Ru(ll)-katalizétu sulfinata 44 generé$anu pirmaja soli.

P&tfjuma turpinajuma aplilkojam reakcijas mehanismu (16. shéma). Radikalu mehanisms
tika izslégts, jo radikalu keraju klatbiitné netika noveérota véra nemama reakcijas inhibéSana
(16. shema, (a)). Izmantojot 3 C-KMR spektroskopiju, tika pieradita ieprieks izteikta hipotéze
par sulfinata starpstavokla veidoSanos reakcijas pirmaja soli (16. shéma, (b)).

Izmantojot gazu hromatografiju un *!B-KMR spektroskopiju, atklajam, ka péc sulfinta 45
generéSanas reakcijas vidé tiek atbrivots B(OMe)s. Balstoties uz $o novérojumu un ieprieks
atzito metanola ka Skidinataja biitisko nozimi reakcijas noris€, izteicam pienémumu, ka
katalitiski aktiva dalina ir daudz baziskaks MeO-Ru(ll) komplekss.
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(b) "3C-KMR (126 MHz, MeOD-d,) pé&tijumi

(a) kontroleksperimenti radikalu kéraju klatbatné RuCl,(PPh3)3 (5 mol%)
DABSO (1 ekviv.)

1 Ib, DABSO, Eth ( Viv.) J
40a O MeOD-d. \

piedeva (2 ekViV-) Ph—@“ 00 °C 4h %
S 40h 1 o , 4 0]
MeOH 1 (02 mol) 45

100 °C, 8 h ©
42ab
bez piedevas: 82% reakcijas maisTjums '—PIA13P—‘
TEMPO: 64% LI | N V|
>: 1 76%
Ph 45, Y = Na (standarts)
[l I

175 170 165 160 155 150 145 135 130 125 120 115 110 105

140
1 (ppm)

16. shéma. Ru(ll)-kataliz&tas sulfonilésanas reakcijas mehanisma pé&tijumi.

17. shema piedavats redoks neitrals mehanisms Ru(ll)-katalizétai $kérssametinasanas
reakcijai ar SO iespieSanu. Reakcijas pirmaja soli notiek transmetaléSanas starp MeO-Ru(ll)
kompleksu I un bororganisko savienojumu |1, kuras rezultata veidojas starpprodukts 111 un
atbrivojas metilborats. Tam seko SO molekulas iespieSanas C—Ru(ll) sait€ un iegita
sulfinata (IV-VI) reakcija ar elektrofilu 41, veidojoties mérka sulfonilsavienojumam 42.

Originalpublikacija par $aja nodala aprakstitajiem pétijjumiem atrodama pielikuma III.

(PPh3);RuCl, ®B(oH),
40
o)
@ | oo |
\
@)

X
42 LRl (B B(OH);.m(OMe),
I X 1l

@ X =ClI, OMe
L = PPhs, EtsN

41 B(OH)3.;m(OMe)r,

X
n

N
(0]
EtsNH 1 L.Ru (o] n-
_ S = N7 L,Ru
vi 0 v /,S® |||\®

N

I 1
L”RIL:I\O/SCR) DABSO

17. shéma. Piedavatais reakcijas mehanisms Ru(II)-kataliz&tai sulfoniléSanas reakcijai.
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SECINAJUMI

In(ITI) un Hf(IV) triflati kataliz€ mono- un diaizvietotu arilacetilénu hidratéSanu $kidra
SO, bez papildu Brensteda skabes piedevas. Spécigu elektrondonoru aizvietotaju saturosu
fenilacetilénu gadijuma katalizatora daudzumu var samazinat lidz <1 mol%. Hf(IV)
triflata ka katalizatora izmantoSana alkinu hidratéSana demonstréta pirmo reizi.

M(OTH),
(0.5...10 mol%) 0 20 piemari
L, 2 pieméri
R'-==—R? + H,0 s0, R1K/R 50% lidz kvant.
M = In(lll), HE(IV)

Arilacetilénu hidrohalogengsana skidra SO2 notiek ar labiem iznakumiem, izmantojot
I, Il grupas metalu salus un amonija jodidu ka halogenidjona avotus. Lielaka dala no
izv€letajiem saliem alkinu hidrohalogen&$anas reakcija izmantoti pirmo reizi. Amonija
jodida gadijuma nav nepiecieSama tidens piedeva, jo amonija jons reakcijas vidé darbojas
ka protona avots.

MX,/H* X Csl, Kl vai Nal/H,0; NHyl

R'——FR? - R1J\/R2 sgor et | (xyH {LiBrvai CsBr/H,0; MgBry-6H0
, :

LiCI/H,0; MgCl,-6H,0

Metileénciklopropani stajas cikla atverSanas reakcijas ar I, Il grupas metalu halogenidiem
un amonija jodidu skidra SO, veidojot homoalilhalogenidus. Vairums izvéleto halogenidu
Iidz §im nav izmantoti metilénciklopropanu hidrohalogenésanas reakcijas. Jaunatklata
metode ir viena no retajam, kuras pielietojums demonstréts arT alkilaizvietotu
metilénciklopropanu atvérsanai.

SO LI R (W) | L, KB vai NaBrik; Mg 60
R2 S X/\/\; 9 idz 99% “— | Lic! vai KCIH,0: MgZC|;~63202 ’
Izstradatas arilacetilénu hidrat€Sanas un metilénciklopropanu cikla atvérSanas metodes
nodroS§ina maigus reakcijas apstaklus, kas ir savietojami ar skabes labilas grupas
(pieméram, Boc) saturoSiem substratiem.

I, Il grupas metalu un amonija halogenidu reagétsp&ja alkinu hidrohalogen&sanas un
metilénciklopropanu cikla atverSanas reakcijas Skidra SOz pieaug katjonu rinda
NHj <Na" <K' <Cs" <Mg®" <Li" unanjonu rinda CI” < Br <T".
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6. Pateicoties SO, sp&jai kovalenti saistit fluorida jonu fluorsulfita FSO; forma (**F-KMR,
DFT), skidrs SO: veicina glikoziléSanas reakciju ar glikozilfluoridiem bez papildu
aktivatora klatbutnes. Jaunatklata metode lauj iegiit virkni O-, S- un C-glikozidu ar
vidéjiem Iidz augstiem iznakumiem, izmantojot O-benzil- vai O-acil-mannozil- un
glikozilfluoridus, tai skaita 2-dezoksiglikozilfluoridu. GlikoziléSanas reakcijas
a, f-selektivitate Skidra SO ir atkariga no substrata elektroniskajiem efektiem un
atspogulo termodinamisko Iidzsvaru.

PGO PGO PGO
. —
-0 PGO -0 o) O-, S- un C-glikozidi
PeQ - o™ | PGO \ O |NuH, pco 39 piemeri
PGO 2 _ S PGO 21 Iidz 95%
F"’S\\ O F Nu
() H vai OPG o

PG = Piv, Ac vai Bn

7. Ar SO piesatinatos vai dalgji piesatinatos organiskajos $kidinatajos saglabajas SO, ka
Luisa skabes pozitiva ietekme uz (1) metilénciklopropanu cikla atvérSanas reakciju ar
halogenidiem (THF); (2) glikozilésanas reakciju ar glikozilfluoridiem (DCM, toluols).
Sada reakcijas apstaklu modifikacija dod iesp&ju mingtas parvértibas veikt zemaka
spiediena un plasi pieejamas stikla spiediena mégengs.

8. Ru(Il) kompleksi katalizé (het)aril- un vinilsulfinatu veidoSanos no borskabém un
DABSO ka SO avota. In situ iegiito sulfinatu reakcijas ar dazadiem elektrofiliem var
izmantot sulfonilsavienojumu iegtSanai. Atkariba no elektrofila savietojamibas ar
sulfinata generéSanas apstakliem sulfonilsavienojumu sintézei var izmantot vienas stadijas
vai vienas kolbas divu stadiju procediiru.

o, A |

on  RuCl(PPhs)s (5 mol%) 0 ® 0 ——— 1 (R) (hetaril, vinil |

/ DABSO, Et3N I I 38 pieméri I '
®B\ MeOH. 100 °C S<n- ®§-® 221idz 88% | W oari :
oH eOH, ® o I | @) alkil, aril, NR !
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GENERAL OVERVIEW OF THE THESIS

Introduction

Over the last decades, increasing attention has been paid to chemical processes
characterized by high atom efficiency, low cost, and minimal impact on the environment. One
of the factors that can determine whether the selected conditions for a chemical reaction meet
these criteria is the choice of solvent.! The right selection of solvent can reduce or even
exclude the need for reaction-promoting additives as well as lower the energy consumption
required for solvent evaporation. On the other hand, even more significant economy of
reagents, energy, and time can be achieved by applying the concept of multi-component
reactions? based on one-pot or one-step procedures.

Sulfur dioxide is acheap and readily available raw material of a large scale industry.®
Compared to other gases, SO> has a relatively high boiling point (=10 °C) and low vapor
pressure (3 bar at 20 °C), which makes it easy to liquefy and handle in its liquid state.
Liquid SOz is a polar solvent that possesses Lewis acid properties and dissolves covalent
as well as several ionic compounds.* In addition, liquid SO has low nucleophilicity and good
solvation ability towards anions, especially halides. The aforementioned facts along with
economic considerations, taking into account its widespread availability and ease of recovery,
illustrate the advantages of liquid SO2 over conventional organic solvents. To date, the
application of liquid SO> has been demonstrated in a series of Lewis acid promoted and/or
carbenium ion mediated chemical transformations.®

Sulfonyl group-containing compounds, particularly sulfones and sulfonamides, are highly
valued in the pharmaceutical industry, agrochemistry, and materials science. Traditionally,
these compounds have been synthesized from sulfur-containing starting materials such as
sulfonyl chlorides, sulfinates, thiols or sulfoxides. These intermediates are often difficult to
obtain due to the harsh reaction conditions required for their synthesis. In recent years, more
atom-efficient multi-component synthetic methods have been developed for the introduction
of sulfonyl group by employing gaseous SO: or its surrogates (e.g., DABSO, K2S,0s) that are
cheap and readily available.® These methods can be classified according to the mechanism of
SO> insertion: transition metal catalysis, pericyclic or radical type transformations, and
nucleophilic additions using organometallic reagents. Transition metal catalyzed
cross-coupling reactions with the insertion of SO, are considered to be one of the most
promising strategies for the preparation of sulfonyl compounds. The first report describing
palladium catalyzed synthesis of N-aminosulfonamides from aryl halides and DABSO was
published by the Willis group in 2010.”

The Doctoral Thesis has been devoted to fundamental research on the applications of SO»
in organic synthesis. Novel methods providing access to synthetically useful organic
compounds such as aryl ketones, c-arylvinyl halides, homoallylic halides, O-, S-,
C-glycosides, and sulfones have been developed by employing SO: as a solvent or reagent.
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Aims and Objectives

The aim of the Thesis was to develop novel synthetic methods for organic chemistry by

applying the physico-chemical properties of SO> as a solvent or reagent.
The following tasks were defined:
1. To explore the applications of liquid SO as a polar, ionizing, and Lewis acidic solvent
for chemical transformations that proceed via carbenium ion intermediates, i.e., alkyne
hydration, alkyne hydrohalogenation, ring opening of methylenecyclopropanes, and
glycosylation reaction:
= to develop reaction conditions for alkyne hydration in liquid SO without external
Bronsted acid additive;

= to develop reaction conditions for alkyne hydrohalogenation in liquid SOz by
employing group I and Il metal and ammonium salts as halide ion sources;

= to develop a method for the synthesis of homoallylic halides via ring opening of
methylenecyclopropanes with group | and Il metal and ammonium salts as halide
ion sources in liquid SOy;

= to demonstrate the ability of liquid SO2 to promote glycosidic bond formation in
the absence of external promoter by using variously protected glycosyl fluorides as
glycosyl donors.

2. To investigate the catalytic activity of Ru(ll) complexes towards the formation of
sulfinates from aryl boronic acids and DABSO as a source of SO2:
= to develop Ru(ll)-catalyzed procedure for the synthesis of aryl sulfones from

in situ generated aryl sulfinates and various electrophiles.

Scientific Novelty and Main Results

We have developed several novel synthetic methods that represent applications of liquid
SO> as a solvent for chemical transformations that proceed via carbenium ion intermediates.
We have proposed mild In(OTf); or Hf(OTf)s catalyzed conditions for the hydration of
aryl acetylenes in liquid SO2 without an external Brensted acid additive. A new method for
the synthesis of ca-arylvinyl halides has been discovered in liquid SOy, starting from
aryl acetylenes and using group | and Il metal and ammonium salts as halide ion sources. The
alkyne hydrohalogenation approach has been adapted for the ring opening of
methylenecyclopropanes in order to obtain homoallylic halides under conditions that are
compatible with substrates containing acid-labile groups. Referring to the covalent bonding
between SO, and fluoride ion, we have discovered the ability of liquid SO, to facilitate
glycosylation with glycosyl fluorides in the absence of an external promoter. The newly
developed glycosylation method has been applied for the synthesis of O-, S-, and
C-glycosides from variously protected manno- and glucopyranosyl fluorides in moderate to
excellent yields.

Finally, the catalytic activity of Ru(ll) complexes towards the formation of sulfinates from
aryl boronic acids and DABSO as an SO source has been discovered. By applying this
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finding, we have developed affordable and scalable one-step and one-pot two-step procedures
for the synthesis of aryl sulfones from in situ generated aryl sulfinates and various
electrophiles.

Structure and Volume of the Thesis

The Doctoral Thesis has been prepared as a collection of thematically related scientific
publications by the author and dedicated to the applications of SO as a solvent or reagent in
the synthesis of organic compounds. The Thesis unites five publications in the SCI journals,
one patent of the Republic of Latvia, and one application for a patent of the Republic of
Latvia.

Publications and Approbation of the Thesis

The results of the Thesis have been reported in four scientific publications, one patent of
the Republic of Latvia, and one application for a patent of the Republic of Latvia. One
microreview has been published. The main results have been presented in 14 reports at 10
conferences.

Scientific publications:

1. Gulbe, K.; Luginina, J.; Jansons, E.; Kinéns, A.; Turks, M. Metal-Free Glycosylation
with Glycosyl Fluorides in Liquid SO». Beilstein J. Org. Chem. 2021, 17, 964.
doi: 10.3762/bjoc.17.78

2. Leskovskis, K.; Gulbe, K.; Mishnev, A.; Turks, M. Ring Opening of
Methylenecyclopropanes with Halides in Liquid Sulfur Dioxide. Tetrahedron Lett.
2020, 61, 152528. doi: 10.1016/j.tetlet.2020.152528

3. Gulbe, K.; Turks, M. Synthesis of Sulfones via Ru(ll)-Catalyzed Sulfination of
Boronic Acids. J. Org. Chem. 2020, 85, 5660. doi: 10.1021/acs.joc.9b03403

4. Suta, K.; Turks, M. In(lll) and Hf(IV) Triflate-Catalyzed Hydration and Catalyst-Free
Hydrohalogenation of Aryl Acetylenes in Liquid Sulfur Dioxide. ACS Omega 2018, 3,
18065. doi: 10.1021/acsomega.8b01630

5. Suta, K.; Turks, M. Modern Approaches for SO Insertion in Heterocyclic Synthesis
(microreview). Chem. Heterocycl. Compd. 2018, 54, 584.
doi: 10.1007/s10593-018-2310-2

Patent of the Republic of Latvia:

1. Luginina, J.; Suta, K.; Turks, M. Method for the synthesis of alkyl- and
aryl-pD-mannopyranosides and 1-thio-D-mannopyranosides in liquid sulfur dioxide.
LV 15298 B, 20.04.2018.
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Application for Patent of the Republic of Latvia:

1.

Leskovskis, K.; Gulbe, K.; Turks, M. Obtaining homoallylic halides in liquid sulfur
dioxide. LV 15526 A, 20.10.2020.

Results of the Thesis have been presented at the following conferences:

1.

Gulbe, K.; Turks, M. Glycosidic Bond Formation in Liquid SO2. In: WG1 Workshop
(Virtual Meeting 1) of COST Action 18132 “Innovative glyconanomaterials for
biomedical prognostic and diagnostic devices; Synthesis and application”: Program
and Abstracts, online (Zoom Meeting), January 11, 2021. Online: 2021, p. 15.

Gulbe, K. Ru(ll)-Catalyzed Sulfination of Boronic Acids: Novel Multi-Component
Procedure towards Sulfones. In: Thesis book of University of Latvia 78th International
Scientific Conference, Section: Organic Chemistry, Riga, Latvia, March 6, 2020. Riga:
LU, 2020, p. 48.

Leskovskis, K.; Gulbe, K. Homoallyl Halide Synthesis from Cyclopropylidenes in
Liquid SO2 Medium. In: Thesis book of University of Latvia 78th International
Scientific Conference, Section: Organic Chemistry, Riga, Latvia, March 6, 2020. Riga:
LU, 2020, p. 51.

Gulbe, K.; Turks, M. Novel Ru(ll)-Catalyzed Multi-Component Reaction towards
Sulfones. In: 11th Paul Walden Symposium on Organic Chemistry: Program and
Abstracts, Riga, Latvia, September 19-20, 2019. Riga: 2019, p. 32.

Gulbe, K.; Turks, M. Liquid Sulfur Dioxide — Beneficial Solvent for Alkyne
Transformations via Vinyl Carbenium lon Intermediate. In: International Symposium
on Synthesis and Catalysis 2019 (1SySyCat2019): Book of Abstracts, Evora, Portugal,
September 3-6, 2019. Evora: 2019, p. 281.

Luginina, J.; Gulbe, K.; Leskovskis, K.; Turks, M. Liquid SO. as a Solvent for
Organic Transformations. In: International Symposium on Synthesis and Catalysis
2019 (ISySyCat2019): Book of Abstracts, Evora, Portugal, September 3—6, 20109.
Evora: 2019, p. 282.

Leskovskis, K.; Gulbe, K.; Turks, M. Ring Opening of Methylenecyclopropanes in
Liquid Sulfur Dioxide. In: International Symposium on Synthesis and Catalysis 2019
(ISySyCat2019): Book of Abstracts, Evora, Portugal, September 3—6, 2019. Evora:
2019, p. 288.

Leskovskis, K.; Suta, K.; Turks, M. Ring Opening of Methylenecyclopropanes in
Liquid Sulfur Dioxide. In: Thesis book of RTU 60th Student scientific conference,
Riga, Latvia, April 25, 2019. Riga: 2019, p. 16.

Suta, K.; Leskovskis, K. Liquid Sulfur Dioxide— Beneficial Solvent for
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MAIN RESULTS OF THE THESIS

Under normal conditions, sulfur dioxide? is a colorless, non-flammable gas with a pungent
odor and a sour taste. Volcanic gases are a natural source of gaseous SO». Industrially, it is
produced by burning sulfur or sulfur-containing ores of metals (Fe, Cu). Sulfur dioxide is one of
the greenhouse gases produced in large quantities during burning of sulfur-containing fuels.
Sulfur dioxide is the main raw material for the production of sulfuric acid, SOs, and sulfites. In
smaller quantities it is also used as a disinfectant, refrigerant, bleach, and a food preservative.

Herein, we have carried out fundamental research in order to demonstrate some new
applications of SO> as acheap and readily available raw material in synthetic organic
chemistry. Most of the Thesis has been focused on the use of liquid SO as a Lewis acidic,
polar, and ionizing solvent. Whereas, the application of SO as a reagent and a source of
sulfonyl group has been developed in the form of transition metal catalyzed cross-coupling
reactions with SO insertion.

1. Applications of Liquid SO; as a Solvent in Organic Synthesis

Compared to other gases, sulfur dioxide has a relatively high boiling point (-10 °C) and
low vapor pressure (3 bar at 20 °C; 20 bar at 100 °C). Thus, it can be easily liquefied and used
as asolvent over a wide temperature range (from bp —75.5°C) (Table 1). Liquid sulfur
dioxide* is classified as an aprotic medium polarity solvent with a dipole moment that is
comparable to tetrahydrofuran® (1.75 D) and a dielectric constant comparable to acetone®
(20.6). The electron donor or acceptor properties of solvents can be characterized by their
Lewis basicity or acidity, respectively. According to the electron donating properties, which
are defined as the affinity towards lithium cation in the gas phase (LiCB), liquid SO is
comparable to dichloromethane (83.10 kJ/mol).® Whereas, in terms of electron acceptor
properties, which are characterized by the acceptor number (AN) derived from the solvent
effect on the chemical shift of EtsPO (3P NMR), liquid SOz is more Lewis acidic than most
of polar aprotic organic solvents.’® Liquid SO, is considered to be an excellent solvent for
covalent compounds that are easily polarizable. Besides, it readily forms charge transfer
complexes with compounds bearing n- or z~donating moieties.

Table 1
The Physico-Chemical Properties of SO
Property Value
Boiling point® -10 °C
Melting point® ~75.5°C
Critical point® 157.5 °C; 78.8 bar
Density® (~10 °C) 1.46 g/cm?®
Dipole moment* 162D
Dielectric constant* (0 °C) 15.4
LiCB (SO2—Li*)° 76.3 kd/mol
AN (Et;PO-S0,)% 26.6
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Most organic compounds, except for aliphatic hydrocarbons, have good solubility in
liquid SO.. The solubility of unsaturated hydrocarbons is facilitated by the interaction
between SO; as a Lewis acid and the z-system of the unsaturated molecule as an electron
donor, together forming a van der Waals complex. The interactions between SO, and
aromatic compounds have been studied in more detail. In complexes with benzene
derivatives, the SO2 molecule is positioned with sulfur atom near the z-electron system and
the dipole moment is directed opposite to that of benzene. Electron-rich aromatics produce
more stable complexes with SO,. Compared to electron-deficient aromatics, they have higher
binding energy (BE) and shorter distance between the molecular mass centers (Rem). These
relationships have been well demonstrated with benzene and its monosubstituted derivatives
(Table 2). Thus, the stability of complexes increases in the order of R = F < H < Me.

Table 2
Characterization of Interactions between SO, and Aromatic Hydrocarbons
Sfoz Entry R Rem(A) | BE (kcal/mol) | Ref.
.@ 1 H 3.485 1.90 11
R
g 2 Me 3.370 2.40 12
interaction 3 F 3.620 0.99 13

On the other hand, solubility of gaseous SO in organic compounds, especially in organic
solvents, is also very important. By replacing liquid SO2 with saturated SO solutions in
organic solvents, there is no need for high-pressure reactors and the reactions can be carried
out under low pressure in widely available glass pressure tubes. The main factors that
determine the solubility of SO in organic solvents are their Lewis basicity, polarity, and
cohesion.* Figure 1 shows the relationship between the experimentally determined solubility
of gaseous SO in organic solvents® and their theoretically calculated Lewis basicity (LiCB)
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Fig. 1. Graphic representation of the relationship “solubility of SO,—LiCB of solvent”.
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in gas phase.® In most cases, the solubility of SO increases with stronger Lewis base
properties of organic solvent. Negative deviations from this trend are possible for solvents
with high cohesion energy. For example, due to the strong hydrogen bonding between
molecules of acetic acid (AcOH), diffusion of SO in this medium is hindered, leading to a
reduced solubility despite the relatively high value of LiCB. On the other hand, increased
solubility of SO> in 1,4-dioxane may point to some additional interactions, i.e., hydrogen
bonding between the oxygen atoms of SO> and the hydrogen atoms of ether type solvent may
occur along with n— 7* interaction.

Covalent inorganic compounds like elemental halogens, chlorides of group Il and
IV elements (AICIs, BCls, TiCls, SnCls), oxyhalides, nitrogen and sulfur oxides have good
solubility in liquid SO>. Inorganic salts are significantly less soluble due to the relatively low
dielectric constant of liquid SO.. Table 3 summarizes the solubility data in liquid SO for the
salts used in our studies.'® As shown, the solubility of halides containing monovalent cation
decreases in the order of |1 > Br > Cl, while the solubility of all magnesium salts is low and
can be arranged in the order of Br>Cl > I. It has been proposed in the literature that the
presence of halide ions improves the solubility of salts in liquid SO.. For example, the
observed solubility of sulfates is lower than that of the corresponding halides. Referring to the
crystal lattice energies!’ of lithium halides (CI, Br, 1), it can be concluded that the solubility of
halides in liquid SO increases with a decrease in crystal lattice energy. Lithium fluoride is an
exception which, despite the high energy of crystal lattice, has a higher solubility compared to
the lithium chloride and bromide.

Table 3

Solubility of Group I and Il Metal and Ammonium Salts in Liquid SO; (g/1 kg SO at 0 °C)*
lon F cr Br~ I SO;”
Lit 0.597 (1030) | 0.119(834) | 0.521(788) | 199.4 (730) 0.165
Na" 0.290 Insol. 0.144 149.9 Insol.
K" 0.180 0.410 4.760 413.3 Insol.
NH; No Data 0.091 0.588 84.07 0.674

Mg2+ No Data 0.143 0.239 0.139 No Data

* |n parenthesis, the crystal lattice energy (kJ/mol) for each lithium halide.

Several studies have revealed the ability of SO to covalently bind halide ions in the form
of halosulfite HalSO; anions.'® In 1995, Boese!® and later Eisfeld?® published computational
studies on the solvation of halide ions in SO2 medium, including the formation of halosulfites
and their stability. It was found that only the formation of fluorosulfite takes place without
an activation barrier and has the highest energy gain among all the halides (Table 4). Besides,
S—F bond is considered to be covalent in nature, while for the other halides the length of the
S—Hal bond is outside the range of covalent bond and increases according to the order
of Cl < Br < 1. Similarly, the reaction enthalpy and the stability of complexes decrease with
increasing atomic number of halogen. Due to the enhanced stability, fluorosulfite does not
decompose even in a highly polar medium (e.g., DMSO). In SO2 medium, fluorosulfite can be
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stabilized by the surrounding SO2 molecules through both the fluorine and oxygen atoms. The
energy gain from such stabilization in the case of complex 1:3 reaches 91.9 kcal/mol.

Table 4
Characterization of the Stability of Halosulfite Anions HalSO,
Hal™ + nSO, = Hal(SO,)
HalSO, ISO; BrSO; CISO; FSO3 (FS03) - 350,
—AH (kcal/mol) ~13 ~18 19.8 46.9 91.9
S—Hal (A) 3.37 2.95 2.62 1.77 1.69

Sulfur dioxide also shows affinity towards alkyl halides that can form stable carbenium
ions. At the beginning of the 20" century, P. Walden was the first to experimentally observe
the ability of liquid SO: to ionize alkyl halides. He proved the formation of carbenium ions
from triphenylmethyl chloride and bromide in liquid SO2 and measured the conductivity of
these solutions.? Later, Lichtin proposed an equilibrium between a neutral molecule, contact
ion pair, and solvent-separated ion pair in the solution of triphenylmethyl chloride in liquid
SO2. He also determined the ionization and dissociation constants that characterize the
equilibrium between these species (Table 5).* 22 Additionally, examples for the generation of
other stabilized carbenium ions like cyclobutenyl?, cyclopropyl®* and tropylium ion?® in
liquid SO are also known in the literature. These include studies by Nobel Prize winner
G.Olah who wused highly ionizing systems such as SO2F,—SO,, SbFs—SO,, and
FSO3sH-SbFs—S02.2* At this point, it is important to note that liquid SO facilitates chemical
transformations that proceed via cationic intermediates, as they are less solvated than anions
capable of forming donor-acceptor complexes with SO2 molecules.

Table 5
lonization of Triphenylmethyl Chloride in Liquid SO2 (at 0 °C)
Kion Kdis
Kion + - K is + - '
R=Cliso, [R™ €l 5o, : 50, " Clisoy) Entry | R (mol/L x 10?) | (mol/L x 103)
o 1 | H 1.460 2.88
r-ar = v~ V1o 2 | Cl | 0033 3.71
Ph 3 t-Bu 23.00 3.90

The physico-chemical properties of SO. described above have served as asource of
inspiration for our study on the applications of liquid SO as a solvent for traditionally Lewis
acid promoted and/or carbenium ion mediated chemical transformations (Scheme 1):
(1) hydration of aryl acetylenes; (2) hydrohalogenation of aryl acetylenes; (3) ring opening of
methylenecyclopropanes; (4) glycosylation reaction. In the case of the latter, the interaction
between fluoride ion and SO> had a crucial role in the generation of oxocarbenium ion from
glycosyl fluorides.
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Scheme 1. Research topics for the applications of liquid SO».

Depending on the temperature, reactions in liquid SO2 were performed in (A) a stainless
steel high-pressure reactor or (B) a glass flask equipped with a condenser filled with dry ice
and ethanol mixture as a cooling agent (Fig. 2).

-10 °C

(A) (B)
Fig. 2. Equipment for the reactions in liquid SO depending on the temperature.?®

1.1. Alkyne Hydration in Liquid SO2

Alkyne hydration is an atom-efficient strategy for obtaining carbonyl compounds.
Historically, Markovnikov addition of water to the C=C bond has been carried out using
a stoichiometric amount of Hg(ll) salt in a sulfuric acid solution. Nowadays, a range of
alternative methods for alkyne hydration have been developed in order to avoid the use of
toxic mercury salts as well as to broaden the scope of substrates to include alkynes bearing
acid-labile functional groups. Most of these methods are based on transition metal catalysis.?’
Recently, several procedures for metal triflate-catalyzed alkyne hydration have been reported,
while also describing the contributory effect of triflate ion on the Lewis acid properties of
metal ions and their ability to activate C=C bonds. In 2013, the Gao research group published
the first example using a catalytic system of In(l1l) triflate and p-TsOH for the hydration of
both terminal and internal alkynes.?® To date, only two papers offer methods for metal
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triflate-catalyzed alkyne hydration without the presence of an externally added Brensted acid.
In both cases, the reactions were carried out in ethyl acetate at elevated temperature in the
presence of Cu(11)?° or Ag(1)*° triflate as a catalyst. However, we were not able to repeat these
reactions at our laboratory.

In this Thesis, novel In(l11) or Hf(IV) triflate-catalyzed conditions have been provided for
the hydration of aryl acetylenes in liquid SO, in order to obtain aryl ketones. The developed
method does not require an external Bronsted acid additive and is compatible with substrates
containing acid-labile groups.

Initially, the catalytic activity of various metal triflates M(OTf)m were screened for the
hydration of phenyl acetylene (1a) in liquid SO (Table 6). Under the selected reaction
conditions, Sc(lll), In(lll), and Hf(IV) salts exhibited the highest catalytic activity and
provided the desired acetophenone (2a) in >72 % yields (Table 6, entries 7-9). In some cases,
the presence of a-vinyl triflate 3a was detected (Table 6, entries 3 & 6). The latter observation
may point to the reaction mechanism occurring via e-vinyl triflate as an intermediate formed
in the first step. Based on the projected cost efficiency, In(l11) triflate was the catalyst of
choice for further research.

Table 6
Catalytic Activity of Metal Triflates M(OTf)m for the Alkyne Hydration in Liquid SO2

O
4 H,0 (3 equiv)
©/ M(OTf)y, (10 mol%) oTf
SOx(ig.)

1a 60°C, 16 h 2a 3a
Yield/Recovery (%, *H NMR)*
Entry M(OTf)m

la 2a 3a
1 CuOTT-CeHs 73 1 ND
2 Cu(OTf), 67 8 ND
3 Yb(OTf)3:nH20 58 13 1
4 Al(OTf)3 18 49 ND
5 Bi(OTf)s 12 62 ND
6 AgOTf 26 64 6
7 Sc(OTf)s 11 72 ND
8 In(OTH)3 8 75 ND
9 Hf(OTf)a ND 80 ND

* Determined using diphenyl methane as an internal standard. ND = not detected.

The scope of substrates for In(ll1l) or Hf(IV) triflate-catalyzed alkyne hydration in
liquid SO2 is summarized in Scheme 2. We noticed that the reactivity of alkyne and
consequently the choice and loading of the catalyst depended on the electronic effects of the
substrate. Phenyl acetylenes 1c-j with electron-donating substituents (Ph-, Alk-, PhO-, AlkO-)
capable of providing stabilized a-vinyl carbenium ion intermediates reacted smoothly with
<1 mol% In(OTf3). To ensure full conversion, the loading of In(OTf)s was increased to
10 mol% for substrates with reduced electron density within the aromatic system (1a,k).
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Alternatively, less reactive substrates were hydrated in the presence of the more reactive
Hf(OTf)4, which required less loading. It should be noted that the application of Hf(OTf)4
catalysis for alkyne hydration has been demonstrated for the first time.

H,0 (3 equiv)

o)
i gz _In(OTf; (0.5..10 mol%) k/Rz

— 1

] SOx(iq.) R )

a-u 60...100 °C, 16 h a-u

Q* \TO*

2a: R = H, quant. (10 mol% ) 2i 87%
2b: R = Me, quant. (Hf, 1 mol%) / (1Jm0|0/: 2' 70% (1 mol%)  2m, 50% (1 mol%)

2c: R = Ph, 89% (1 mol%)
2d: R = Et, quant. (0.5 mol%)

2e: R = n-Pr, quant. (0.5 mol%)
2f: R = n-Bu, quant. (0.5 mol%) %
2g: R = t-Bu, quant. (0.5 mol%)

2h: R = MeO, 95% (0.5 mol%)
2i: R = PhO, quant. (0.5 mol%)
2k: R = F, quant. (10 mol%)

@N@Mw‘@%

2r, 82%
Hf 5 mor% 2s, 53% ( Hf, 5 mol%) 2t, 66% (Hf 5 mol%) 2u, 55% (10 mol%)

20 74% 2p 79%
2n, 56% (5 mol%) (1 mol%) (1 mol%)

Scheme 2. The scope of substrates for alkyne hydration in liquid SOa.

Continuing the study, optimized reaction conditions were successfully applied for the
hydration of heterocyclic alkyne (10) as well as substrates containing Lewis basic
nitrogen (11,m) or an acid-labile Boc-protecting group (1n) (Scheme 2). Unfortunately,
aliphatic alkynes were unreactive under our hydration conditions. Thus, diyne 1j was
selectively hydrated at the benzylic position only. Due to the partially aromatic nature of
cyclopropyl ring providing stabilization of a~vinyl carbenium ion, cyclopropyl acetylene (1p)
was the only exception among aliphatic alkynes and was hydrated in a good yield.

Regardless of electronic effects, the internal aryl acetylenes 1r-u exhibited lower
reactivity (Scheme 2). In most of the cases, they were hydrated at higher temperatures and in
the presence of Hf(OTf)s catalyst. The regioselectivity was determined by the formation of
the most stable vinyl carbenium ion intermediate.

Considering the possible formation of Brensted acid in the reaction medium from water
and catalyst or SO2 (TfOH or H2SOz), we performed some experiments to clarify the impact
of protic acid on alkyne hydration in liquid SO.. We discovered that the catalytic activity of
TfOH in liquid SO2 is not comparable to that of In(OTf)s. In the case of catalysis by TfOH
only, ketone 2c was isolated in merely 15 % yield. Next, N-Boc-protected aniline as a model
compound containing acid-labile group was recovered in 96 % vyield after being subjected to
the conditions of alkyne hydration in liquid SO>. We hypothesized that the HSOj3 ion is not
sufficiently solvated by liquid SO, as a weak Lewis acid. Thus, the equilibrium

SO,+ 2H,0 = H;0"+ HSO; is not efficiently shifted to the right in the liquid SO, medium.
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Following these observations, the effective catalytic activity should be attributed to the
nonhydrolyzed In(111) or Hf(1V) triflate with metal ion as the catalytic center.

Finally, no hydration of phenyl acetylene (1a) was observed in traditional organic solvents
(EtOAc, MeCN, DMSO, 1,4-dioxane, sulfolane) under the following conditions: 3 equiv
H20, 10 mol% In(OTf)z at 100 °C for 16 h. Thus, liquid SO- as a solvent has a unique ability
to facilitate alkyne hydration catalyzed by metal triflates.

For the publication that covers the studies described in this chapter, see Appendix Il.

1.2. Alkyne Hydrohalogenation in Liquid SO2

Vinyl halides are important intermediates in organic synthesis, especially for transition
metal catalyzed cross-coupling reactions. Hydrohalogenation of alkynes provides a
straightforward  strategy  towards these valuable compounds.3'  Regioselective
hydrohalogenation of terminal alkynes is quite challenging. To date, highly regioselective
synthesis of a-vinyl bromides and iodides from terminal alkynes have been demonstrated by
haloboration® or Ni(ll)-catalyzed hydroalumination®® of alkyne C=C bonds, followed by
acidic work-up or the addition of a halonium source, respectively. Another approach involves
Markovnikov addition of HX (X = Br, 1) that is generated in situ from various combinations
of reagents, for example, CuO-HBF4/I2/EtsSiH, TMSCI/LiBr/TEAB, TMSI/H.O or
Io/PPhs/H20.34 The Bartoli group has published Lewis acid promoted hydroiodination of
alkynes by employing Nal as asource of iodide anion.® Selective synthesis of a-vinyl
chlorides from terminal alkynes has yet not been sufficiently studied. The latest reports offer
direct addition of HCI in the presence of ruthenium?® or gold®’ catalyst.

In this study, we have developed a novel method for the synthesis of c-arylvinyl
iodides, bromides, and chlorides from aryl acetylenes in liquid SO, by employing simple
reagents that include group I and Il metal (Li, Na, K, Cs, Mg) salts and ammonium iodide as
the halide ion sources.

Referring to the hydroiodination of alkynes published by Bartoli et al.,* we screened the
reactivity of various group I and Il metal and ammonium halides towards phenyl acetylene (1a)
in the presence of water as a proton source (Table 7). Under the selected conditions, the
formation of a-vinyl fluoride 7a was not observed. Small amounts of a-vinyl chloride 6a were
detected in the presence of salts containing a Lewis acidic cation (LiCl, MgCly). At the same
time, bromides and, especially, iodides exhibited high reactivity. The corresponding a-vinyl
halides were formed in high yields (GC) and with good selectivity in the presence of the
following salts: LiBr, MgBr», KI, Csl, and NHsl. All iodides provided full conversion of phenyl
acetylene (1a). However, due to the lower stability of a-arylvinyl iodide compared to the other
halides, formation of various side products, including acetophenone (2a), was observed.

Based on the data summarized in Table 7, the reactivity of halides increases in the order of
F << Cl < Br < | that is opposite to the stability trend of the corresponding halosulfite anions
HalS0;.1% 20 Thus, halides that are less solvated in liquid SO, react with o-vinyl carbenium
ion more easily. According to the reactivity of bromides, we established a cation reactivity
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order: NH; < Na" <K' < Cs" < Mg?*" < Li". Salts containing Lewis acidic cations (Li*, Mg®*)
possess the highest reactivity, while for the other group | metal halides the conversion of the
starting material increased along with metal cation radius.

Table 7
Halide (MX,) Reactivity Screening for the Alkyne Hydrohalogenation in Liquid SO>?
MX, (3 equiv)
o H20(4eqU|v
<:> — T SO W ©_<
105°C, 6 h
1a 4a, X =[; 5a, X = Br;
6a, X=Cl;7a, X=F
| Br Ccr F
Entry | MXn
la | 4a | 2a la | ba | 2a la | 6a 2a la | 7a | 2a
1 Li" IND|ND| 48 [ND| 96 | <1 | 89 | 11 | ND [ >99 | ND | ND
2 Na" [ND|[ND |[>99| 97 | 2 | <1 | 99 | <1 | <1 [>99 | ND | ND
3 K" ND | 96 4 96 4 | ND | 98 1 1 [>99 | ND | ND
4 Cst | ND | 90 4 87 | 11 | ND _b >09 | ND | ND
5 | Mg** - 14 | 77| 1 |8 | 13 | 2 |>99 | ND |ND
6 |NH;| 16 |8 | 1 [9 | 1 [ND|98 | <1 |<1|94|ND| 6

2The numbers describe the composition of the crude reaction mixture determined by GC-MS. ® Halide not
tested. ¢ MgBrz-6H20 or MgCl,-6H20 was used, respectively. ND = not detected.

We continued the optimization of hydrohalogenation reaction conditions according to the
reactivity of each halide ion source (Scheme 3). Differently substituted phenyl acetylenes 1
were subjected to the optimized reaction conditions. The yield of a-vinyl iodide 4 was highly
dependent on the electronic effects of substituent (R). The stability of a-vinyl iodide 4
towards hydrolysis decreased as the electron donating properties of the substituent increased

Csl: H,0 (1.2 equiv), 105 °C, 3-6 h = 4, 59-90% (4 examples)

& MX,/H* NHyl: 70...105 °C, 3-18 h = 4, 38-98% (8 examples)
R_.(j/ (3 equiv) R N X | KI: Hy,0 (1.2 equiv), 80 °C or 105 °C, 3-6 h = 4, 49-95% (4 examples)
N SO2(iq) S Nal: H,O (1.2 equiv), 105 °C, 3 h = 4, 75-86% (2 examples)

1 LiBr: H,O (1.2 equiv), =10 °C or 105 °C, 3-6 h = 5, 57%—quant. (9 examples)
MgBr,-6H,0: 105 °C, 3-6 h = 5, 84-96% (3 examples)

CsBr: H,0 (1.2 equiv), 150 °C, 19 h = 5, 62% (1 example)

MgCl,-6H,0: 150 °C, 19-24 h = 6, 45-88% (4 examples)

LiCl: H,O (4 equiv), 150 °C, 19-24 h = 6, 49-94% (4 examples)

39 examples I
38% to quant. C|:3Ir

oua
X X X

R = H, Ph, Me, Et, n-Pr, n-Bu, t-Bu, MeO, F

Representative examples:

. LiBr: 91% Csl: 61% LiBr: quant.
Csl: 90%
NH,I: 720% 5 {MgBrg: 84% 4b {NH4I: 66% 5b {MgBrz: 93% /©)LX
4a : . .
X KI: 95% {MgCIz 51% X Kl: 80% CsBr: 62% Pr
Nal: 75% LiCl: 56% || Me ob: a0l 1 inT. oAo 4c, 98% (NH,l)
: MgCly: 88%; LiCl: 94% Sc. 98% (LiBr)

4d, 44% (NH,l)
5d, 57% (LiBr)

Qix
MeO

NH,l: 84%
X 4e4Kl: 80%
£ Nal: 86%

H . 0,
Se{LlBr. 68% Ge{

MgBr;: 96%

MgCl,: 45%
LiCl: 49%

Scheme 3. Hydrohalogenation of aryl acetylenes 1 in liquid SOx.
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in order of F <H < Alk < MeO. In some cases, the formation of iodination side product was
observed. The latter process can be slightly inhibited by adding triphenylphosphine as
a reducing agent for molecular iodine. Among the iodides tested within this study, NHal
provided the best results (39—98 %, 8 examples). Besides, when using NHal, there was no
need for water additive, as the ammonium ion can act as a proton source under the selected
conditions. The influence of the substituent electronic effects on the course of the
hydrobromination was not as significant as in the case of hydroiodination. Thus, a series of
a-vinyl bromides 5 was obtained in good yields (57 %—quant.) mainly by using LiBr as
a bromide ion source (9 examples). We also managed to demonstrate hydrobromination and
hydrochlorination in liquid SO> in the presence of less reactive salts (CsBr, LiCl, MgCl2) by
increasing the reaction temperature to 150 °C. It is important to note that most of the selected
salts were used in alkyne hydrohalogenation for the first time.

Similarly to the scope of alkyne hydration, the triple C=C bond of aliphatic alkynes was
generally not hydrohalogenated under the newly developed conditions. The only exception
was observed in the case of cyclopropyl acetylene (1p), which was highly reactive.
Depending on the temperature regime and the halide ion source, a mixture of isomers 9 and
10 with or without the desired cyclic vinyl halide 8 was obtained (Scheme 4). In the case of
iodide, the reaction equilibrium was shifted towards the cyclic product 8 by lowering the
temperature from 105 °C to 60 °C.

_ MX (3 equiv)/H* [: ( . (E) X (2)
— _— X AN + X X
> SOme g /\/\( /\/\x(

1p 60°C, 8 h

8a, 42% 9a, 17% 10a, 7% |(NH,|
(8b, 0% 9b, 66% 10b, 27% | (LiBr/H,0 |

Scheme 4. Hydrohalogenation of cyclopropyl acetylene (1p) in liquid SOo.

The application of hydrohalogenation procedure in liquid SO, was also demonstrated
using internal aryl acetylenes. For example, in the case of 1-phenyl propyne (1r), C-halogen
bond was formed at the benzylic position and products 11a,b were isolated in high yields as
mixtures of stereocisomers containing an excess of the (E)-isomer in both cases (Scheme 5).

MX (3 equiv)
< > _ H,0 (1.2 equiv) X 1a, X = |, 86% (E/Z 64:36)
T 8O0y(iq). 16 h A\ 11b, X = Br, 83% (E/Z 75:25)
1r Csl: 90 °C
LiBr: 105 °C
Scheme 5. Hydrohalogenation of 1-phenyl propyne (1r) in liquid SO..

For the publication that covers the studies described in this chapter, see Appendix 1.

1.3. Ring Opening of Methylenecyclopropanes with Halides in Liquid SOz

Methylenecyclopropanes (MCPs) are readily available and valuable intermediates in
organic synthesis. Due to the high ring strain (40 kcal/mol), they possess enhanced reactivity,
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especially in ring opening reactions.® Although the ring opening of MCPs with halide ions
offers a convenient strategy towards synthetically valuable homoallylic halides, very limited
information about this reaction is available in the literature. The first report describes
areaction between methylenecyclopropanes and insitu generated HX (X =Cl, Br).*
Yamamoto et al. developed this approach further by employing concentrated solutions of
hydrogen halides.*> The Shi group published the first report on Lewis acid promoted
hydrohalogenation of MCPs.*! They used stoichiometric amount of metal halides (TiCla,
TiBrs, BiCls, FeCls, AICI3) as both Lewis acid and the halide ion source to obtain a series of
homoallylic chlorides and bromides in good yields. Furthermore, the synthesis of homoallylic
iodides was demonstrated by applying a combination of TiCls and TBAI. In 2004, Huang et
al. published a more convenient and environmentally friendly procedure for ring opening of
MCPs by alkali metal halides (LiCl, LiBr, Nal) in acetic acid solution.*?

Herein, we have adapted previously described method for alkyne hydrohalogenation to
provide mild conditions for the synthesis of homoallylic halides via ring opening of
methylenecyclopropanes in liquid SO2 using group | and Il metal (Li, Na, K, Cs, Mg) salts
and ammonium iodide as the halide ion sources.

Benzaldehyde-derived MCP 12a was selected as a model substrate and subjected to the
reaction with various group | and Il metal and ammonium halides in liquid SO at elevated
temperature (Table 8). Compared to the C=C bond of phenyl acetylene (1la, Table 7),
phenyl-MCP 12a was more reactive under the present conditions, i.e., accepted the proton
more easily. As a result, the ring opening product 13 was observed in most of the cases,
except for reactions with Lil, Nal, and Mgl that led to degradation products. The cation and
anion reactivity trends towards ring opening of MCP matched the previously proposed
reactivity orders for alkyne hydrohalogenation. It should be noted that the ring opening of
model substrate 12a occurred with complete (E)-selectivity at the double bond.

Table 8
Halide (MX,) Reactivity Screening for the Ring Opening of MCP in Liquid SO>

MX, (3 equiv)

m H,0 (1.2 equiv) ©MX 13aa, X = |
[ AN 13ab, X = Br
SOxiiq,) 13ac, X = Cl
12a 100 °C, 16 h
Yield (or conversion?, %o)
Entry MXn - - -
13aa (X =1") 13ab (X =Br") 13ac (X =CI")
1 Li - 67 55
2 Na® - (19) (6)
3 K 43 (25) (4)
4 Cs" 42 (33) ¢
5 Mgt P 44 35
6° NH} 68 (12) (6)

2 Determined by GC-MS. ® Complex mixture was formed. ¢ Halide was not tested. ¢ Mgl,-6H,0, MgBr,-6H,0 or

MgCl,-6H,0 was used, respectively. ¢ Without H,O additive.
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The results of hydrohalogenation reactions using variously substituted aryl-MCPs 12b-h
in liquid SO, are summarized in Table 9. We observed that the substrate reactivity as well as
the prevalence of side reactions increased with higher electron density in the aromatic system.
According to the substrate reactivity, the optimal temperature regime and halide ion source
were selected. For example, the temperature for hydrobromination was increased from
25 °C 10 100 °C following a decrease of electron donating properties in the substrate series
according to the order of 12b > 12c¢,d > 12e. As the optimized temperatures for the synthesis
of the corresponding homoallylic iodides and bromides were similar, the selected metal
iodides and bromides were considered to possess similar reactivity. At the same time, the ring
opening with less nucleophilic chloride anion required a significantly higher temperature (up
to 140 °C). Moreover, in the case of MCP 12f, which contains a strong electron-withdrawing
substituent, the ring opening product was not observed even at 140 °C. Next, we examined the
ring opening of benzophenone-derived MCP 12g. It showed excellent reactivity and the
corresponding homoallylic bromide 13gb was formed at —10 °C and isolated in high yield.

Table 9
The Ring Opening of MCPs 12 with Halides in Liquid SO
i MX (3 equiv) R2
H50 (1.2 equiv)
R17 { 2302(nq.>' Th RA\/\/X
12b-h 13
Entry | 12 R! R?2 MX T(C) | Yield 13 (%)

1 MeO Lil 25 13ba, 32
2 b Meo‘@'%' H | LiBr 25 13bb, 62
3 LiCl 80 13bc, 89
4 Nal 60 13ca, 55
5 c MeSO§- H LiBr 60 13ch, 52
6 LiCl* 120 13cc, 54
7 Nal 60 13da, 93
8 d t- H LiBr 60 13db, 92
9 LiCl* 140 13dc, 88
10 Nal 100 13ea, 43
11 e ) H LiBr 100 13eb, 55
12 LiCI* 140 13ec, 44
13 Nal 100 13fa, 55
14 f =) H LiBr 100 13fb, 52
15 Lil 25 13ga, 89
6 | g ¥ Ph [ LiBr 10 13gb, 89
17 LiCl 100 13gc, 80
18 Kl 60 13ha, 72
19 | h BoctN—(_ )4 Me | NaBr 60 13hb, 80
20 LiCl 60 13hc, 99

* Reaction left stirring overnight.
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The newly developed conditions for hydrohalogenation of MCPs were well suited for
substrates containing an acid-labile group. The ring opening products 13h(a-c) from
N-Boc-protected substrate 12h were obtained in high yields and with good (E)-selectivity
without cleavage of the carbamate group (Table9). For comparison, a mixture of
unidentifiable degradation products was formed when the latter substrate was subjected to the
conditions for the synthesis of homoallylic chlorides (TiCls, DCM, —78 °C) reported by
Shi et al. A similar trend was observed also for other MCPs 12b-d.f.

Due to the insufficient stabilization of carbenium ion intermediate, aliphatic MCPs exhibit
diminished reactivity. To date, only a couple of examples of ring opening of alkyl-substituted
MCPs have been reported.®®42 Herein, we managed to perform ring opening of
cyclohexanone-derived MCP 14 in varying yields, accompanied by partial isomerization of
the double bond (15 — 16, Table 10). Considering the tendency of product 15 to isomerize
and polymerize, the moderate yield of homoallylic iodide 15a (43 %) was actually a
remarkable result.

Table 10
The Ring Opening of Cyclohexanone-Derived MCP 14 in Liquid SO>
Ent MIX Yield (%)*
MX (3 equiv) \ ntry 15 16
H,0 (1.2 equiv) X X
(=1 —Teom : 1 | Nal | 15a,43 | 16a ND
14 60°C, 1h 15a-c 16a-c 2 LiBr 15b, 9 16b, 19
3 KCI 15¢, 19 16c, 5

* Determined by *H NMR with 1,2,3-trimethoxybenzene as internal standard. ND = not detected.

Next, we tested the reactivity of benzophenone-derived MCP 12g depending on the
reaction medium (Table 11). Homoallylic halide 13 was not observed when substrate 12g was
stirred in the presence of lithium salts in pure THF at elevated temperature. Similarly, the
reaction did not occur in THF solution containing a catalytic amount of HsPO4 (pKa 2.12) as a
Brensted acid with comparable pKa value to that of H.SOs (pKa 1.81) possibly present in

Table 11
The Reactivity of Benzophenone-Derived MCP 12g Depending on the Reaction Medium

o LiX (3 equiv) Ph
L H,0 (1.2 equiv) 13ga, X = |
Ph>—< —270 cin Ph)\/\/x 13gb. X - Br
129
Yield 13 (%)
Entry Product THF + o« 3M SO2
THF HaPO4 (1 moloe) | SOXia) sol. THF
1 13ga ND ND 89 80
2 13gb ND ND 89 66

*The reaction was carried out at 25 °C (13ga, Lil) or —10 °C (13gb, LiBr) (Table 9, entries 15 & 16). ND = not
detected.
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liquid SO2 medium. Finally, the contributory effect of SO, to the ring opening of MCPs was
clearly demonstrated when the allylic halide 13 was obtained in a good yield by employing
partially saturated SO> solution in THF. It should be noted that the starting material was fully
recovered also in other cases when the reagent mixture 12b + LiBr or 12g + Lil was heated in
traditional organic solvents (THF, DCM, toluene, MeCN, DMSO, HFIP, acetone, etc.) in the
absence of SO..

For the publication and the application for patent of the Republic of Latvia that cover the
studies described in this chapter, see Appendices IV & VII.

1.4. Glycosylation with Glycosyl Fluorides in Liquid SO2

Glycosylation is one of the most important chemical transformations in carbohydrate
chemistry. Due to the large diversity of glycosyl donors and acceptors, new glycosylation
methods that provide high yielding and stereoselective glycosidic bond formation between
various donor-acceptor combinations are still in  high demand. In 1981,
Mukaiyama et al. introduced glycosyl fluorides as a new class of glycosyl donors.** Today,
glycosyl fluorides are among the most widely used glycosyl donors. Compared to the
corresponding bromides and chlorides, glycosyl fluorides stand out with their considerably
higher thermal and chemical stability.** According to the hard-soft acid-base (HSAB) theory,
fluoride leaving group is considered to be a hard Lewis base.*® Thus, fluoride activating
systems containing hard Lewis acidic centers are commonly used as promoters for
glycosylation with glycosyl fluorides.*® The most widely applied promoters are: SnCl,—AgX
(X = ClO4 or B(CsFs)s), group IVB metallocenes (CpaMCl—AgClO4, M = Zr, Hf, Ti),
BF3-OEt, and Brensted acids (TfOH, HC1O4, HB(CeFs)4). Nevertheless, these methods suffer
from some considerable disadvantages: (1) a need for stoichiometric amount of promoters,
often heavy metals; (2) multiple additives to facilitate the reaction and/or suppress the
formation of side products; (3) low temperatures; (4) complex experimental procedures.

Based on the well-established ability of liquid SO to promote chemical transformations via
carbenium ion intermediates and the covalent bonding of fluoride anion in the form of FSO;,
we developed a simple procedure for glycosylation in liquid SOz by employing differentially
protected glycosyl fluorides as glycosyl donors in the absence of an external promoter.

We started our study by brief screening of glycosylation conditions in liquid SO2 by
employing pivaloyl-protected mannosyl fluoride «-17a as a glycosyl donor and
2-phenylethanol (18a) as a glycosyl acceptor (Table 12). The reactions were carried out in
a stainless steel pressure reactor equipped with a glass tube. The reaction temperature was
optimized to 100 °C (Table 12, entry 2). Under the optimized glycosylation conditions, the
target glycoside 19a was isolated in a high yield and a-selectivity. The hemiacetal a-20 was
isolated as the only side product formed via glycosyl donor hydrolysis with water present in
commercial SO2 (<50 ppm). The optimized model reaction did not occur when traditional
organic solvents (MeCN, THF, toluene or DCM) that are widely applied for glycosylation
reactions were used instead of liquid SO..
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Unexpectedly, in early 2020, Pedersen et al. published a study on the glass vessel effect
on the C—F bond activation of glycosyl fluorides.*” They proposed autocatalytic glycosylation
by SiF4 generated in situ from initially released HF and silicates of glassware surface. To
clarify the effect of a glass vessel on the glycosylation in liquid SO2, we performed several
experiments in a pressure reactor equipped with a PTFE tube (Table 12, entries 3-5). Clearly,
the tube replacement had an adverse effect. Thus, in order to provide a full conversion of
mannosyl fluoride «-17a, the excess of nucleophile was increased to 3 equiv and the
temperature raised to 150 °C (Table 12, entry 5). Nevertheless, contrary to the literature,*’
glycosylation in liquid SO> was not fully stopped by changing the material of reaction tube
from glass to PTFE. At this point, we confirmed the ability of SO to activate glycosyl
fluoride but did not yet exclude the co-promoting assistance of the glass tube.

Table 12
Optimization of Reaction Conditions for Glycosylation in Liquid SO>
OPiv OPiv
PivO PivO + PivO
PivO SOZ(Ilq >15h PivO /\/@ PivO
a-17a «-20
Entry Riict;céon 18a (equiv) T (°C) ap* Y'e(logo)l % Y'ez‘j'/o‘;‘ 20
1 glass 1.1 30...80 NR
2 1.1 100 97:3 87 12
3 1.1 100 94:6 8 40
4 PTFE 3 100 96:4 23 35
5 3 150 97:3 69 30

* Determined by *H NMR analysis of a crude reaction mixture. NR = no reaction.

Next, we compared the reactivity of various mannosyl halides «-17 towards O- and
S-nucleophiles in liquid SO, (Table13). In the case of 2-phenylethanol (18a) as
O-nucleophile, a similar reactivity, yield of 19a and a-selectivity were observed among all
the halides -17 (Table 13, entries 1-3). However, only the combination of mannosyl fluoride
a-17a and liquid SO- provided full conversion of the glycosyl donor when thiol 18b was used
as the acceptor (Table 13, entry 4). Moreover, the yield of S-mannoside 19b from fluoride
a-17a was twice as high as from the corresponding chloride o-17b or bromide «-17c
(Table 13, entries 4-6).

The pivaloyl-protected mannosyl fluoride a-17a was further applied for the synthesis of
various O-, S-, and C-glycosides to demonstrate the scope of nucleophiles 18 compatible with
the newly developed glycosylation conditions in liquid SO, (Scheme 6). In series of both
alcohols and thiols, the reactivity of nucleophile diminished in the order of 1°>2° > sp?.
Most of the primary O- (18a,c-e) and S-nucleophiles (18b,m) were glycosylated in excellent
yields (up to 95 %). To ensure better yields for the glycosylation of less reactive secondary
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Table 13

Reactivity Comparison of Mannopyranosyl Halides o-17a-c in Liquid SO

OPiv YH OPiv OPiv
OPiv ©/\/ OPiv OPiv
PivO O (18, 1.1 equiv) Pivoﬁ . PO O
PivO SO2iq) PivO /\/@ PivO
a-17a,X=F X 100°C, 16 h 19a,v=0 ' 20 OH
a-17b, X = Cl 19b,Y =S
a-17c, X = Br
Composition of a crude reaction mixture Vield 19
i
Entry | @17 | 18 (mol%)* o:p* ?%)
a-17 a-19 F-19 a-20
1 a a ND 86 3 11 97:3 19a, 87
2 b _ 4 85 2 9 98:2 193, 91
(Y=0)
3 c 14 80 2 4 98:2 19a, 81
4 a b ND 82 18 ND 82:18 19b, 95
5 b (Y =S) 46 44 2 8 96:4 19b, 46
6 c 42 42 10 6 81:19 19b, 49
* Determined by *H NMR analysis of a crude reaction mixture. ND = not detected.
OPiv OPiv
OPiv 18 (NuH) OPiv
PivO -0 (1...3.3 equiv) PivO -0
PivO SO2(1q,) PivO
w17a F 100°C,15-18h 19t
OH SH OMe
~"oH Mg s+ )\SH H OMe
18a 1.1 i ) 18b . n
(1.1 equiv) (1ea) (1 equiv) (1.1 equiv) (100 (3 equiv) 3 equivc))Me
OH a-19r, 47%
\ il
AN SH CI@SH
Seon O O 0
18e 18 18g 180 18p 19b,m-p, 7758y
(3 equiv) (3 equiv) (1.1 equiv) (1 equiv) (3 equiv) 81:19 ZJG-B < 84:16
A oPv oH
OH OPiv OPiv
OH > ( : OPi , >—
O @/ ! PivO _OIV PivO R 18s
18h 18i 18j : PivO \A PivO (3 equiv)
(3.3 equiv) (3 equiv) (3 equiv) ! 19s,21% O a-19t,23% O :
:/{ < < > :’ """" wo—~ _ oBn
19a,c-1,49-91% | Bno /W % |
18Kk 181 91:9 > o:p < 100:1 ; gn(m f22.61% |
(3 equiv) (3 equiv) J BnO

Scheme 6. The scope of glycosyl acceptors 18 for glycosylation with pivaloyl-protected
mannopyranosyl fluoride a-17a in liquid SOo.

and aromatic alcohols (18g,h,j-1) and thiols (18n,p), the amount of glycosyl acceptor was
increased up to 3.3 equiv. Diminished reactivity was also observed for those alcohols (18f,i,s)
that are capable of generating stable carbenium ions. For example, cyclopropyl methanol
(18s) can form stable cyclopropylmethyl cation. The latter can undergo rearrangement and
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sequential hydrolysis leading to the release of cyclobutanol (18t) and the formation of
mannoside «-19t as a side product. We also succeeded in the synthesis of C-glycoside a-19r
under the newly developed glycosylation conditions by employing electron rich
1,2,3-trimethoxybenzene (18r) as glycosyl acceptor. Due to both the favorable effect of ester
type protecting group at the C2 position and the anomeric effect, decent a-selectivity was
observed in a series of pivaloyl-protected mannosides 19.

Some substrates were not compatible with our glycosylation conditions. For example, we
did not succeeded in the synthesis of disaccharide by employing glucose derived glycosyl
acceptor a-21 (Scheme 6). Instead, 1,6-anhydroglucose f-22 was isolated, but mannosyl
fluoride a-17a was fully recovered. The other limitations were steric hindrance and the
presence of Lewis basic nitrogen or fluorophilic trimethyl silyl group in the molecule of
glycosyl acceptor.

We continued with other acyl-protected manno- and glucopyranosyl fluorides (Table 14).
Mannosyl fluoride «-23 that contains more acid-labile acetyl protecting groups gave the
desired mannosides 26 in moderate yields and with o-selectivity similar to that of the
previously described pivaloyl-protected mannosides 19 (Scheme 6). This time, the formation
of partially protected side products was observed.

Table 14
O-Acyl-Manno- and Glucopyranosyl Fluorides as Glycosyl Donors in Liquid SO>

YH
PGO R1 ©/\/ | PGO R1
Peo/m (18, 3 equiv) Peo/m
PGO SO PGO
RZ 2(liq.) R2 Y/\/©

F 100 °C, 16 h

2-23,R'= OPG = OAc, R?=H 26, R' = OPG = OAc, R?=H

524, R' = H, R? = OPG = OPiv 27, R"' = H, R? = OPG = OPiv

2-25,R' = H, R = OPG = OAc 28, R' = H, R = OPG = OAc

Entry Fluoride Y (18) o f* Yield (%)

1 23 O 91:9 26a, 55
2 * S 78:22 26b, 67
3 0 15:85 27a, 61
4 24 S 24:76 27b, 57
5 o5 O 54:46 28a, 43
6 & S 48:52 28b, 76

* Determined by *H NMR analysis of a crude reaction mixture.

Glycosylation reactions in liquid SO, with acyl-protected glucosyl fluorides f-24 and
a-25 gave moderate to good yields (Table 14). Based on the differences between anomeric
ratios of glucosides 27 (PG = Piv, a <) and 28 (PG = Ac, a ~ ), we came to conclusion
that the Lewis basic carbonyl oxygen atom of acetyl group is more coordinated and less
nucleophilic in liquid SO than the carbonyl oxygen atom of pivaloyl group. Thus, the latter is
more capable of shifting equilibrium towards f-glucoside. Glucose-derived substrates were
less stable than their mannose-derived analogs under the selected reaction conditions. In both
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series of glucosides, several side products formed by hydrolysis and/or protecting group
migration were identified.

The benzyl-protected glycosyl fluorides «-29 and 30 were more reactive than their
acylated analogs and the corresponding glycosides 31 and 32 were formed in good yields at
lower temperatures (Scheme 7). Such a modification of the reaction conditions allowed us to
obtain disaccharide a-33 from mannosyl fluoride «-29 and 1-O-methyl glucoside o-21. By
employing the benzyl-protected glucose 30, primary nucleophiles were glycosylated in better
yields than with the previously demonstrated acylated analogs £-24 and «-25 (Table 14). We
found that the stereoselectivity of glycosylation reaction in liquid SO> does not depend on the
anomeric ratio of glycosyl donor, i.e., both anomers of 30 yielded the desired glucosides 32 in
similar anomeric ratios. As expected, due to the absence of neighboring ester type protecting
group, in both series of glycosides 31 and 32 the a-selectivity was determined by the
anomeric effect.

OBn

OBn _,

1
Ro NuH Ro -29 — 31: 30 °C; 67-77%; 87:13 > a:p < 91:9
B“E?no (18, 1.2..3 equiv) B”BC:]O @-30 — 32: 30 °C; 60-80%; 71:29 > a:p < 74:26
R g SOziq) 161 R? "Nu | 230 = 32: 60 °C; 60-82%; 69:31 > a:p < 74:26
-29,R"=0Bn,R?=H 31,R'"=0Bn, RZ=H
30,R'"=H, R2=0Bn 32,R'=H,R?=0Bn
NuH OH O v OMe
OH QOH v R OB
©;v 18h 18 o VOON ’
a Lo
' 1 BnO,_O._ .0
3 ! : OBn
SH o
18m 180 18p OBn a-33, 25%

Scheme 7. O-Benzyl-manno- and glucopyranosyl fluorides as glycosyl donors in liquid SO..

The glycosylation method in liquid SO2 was also applied for the synthesis of
2-deoxyglycoside 35 (Scheme 8). The latter was isolated in a high vyield and good
a-selectivity by glycosylation of alcohol 18a with 2-deoxyglucosyl fluoride «-34 at —10 °C.
Such a good a-selectivity may occur due to the stabilization of oxocarbenium ion
intermediate in a form of dioxolenium ion by the remote protecting group at the C3 or C6
position.

OPiv OH OPiv -
QN PVO - )—o0 07
X . 7+ 7N o)
PivO o) (18a, 1.5 equiv) PivO 0 ! 0 ‘ OPiv !
PivO SOsiq) PivO 3 -0~/ C1 C6/ 1 o—7c1
0 |

a-34 F -10°C,8h 35 91%
a:p =919 o pvO

dioxolenium ion

Scheme 8. 2-Deoxyglycosyl fluoride a-34 as a glycosyl donor in liquid SO..

Next, we demonstrated an application of saturated SO solutions in conventional solvents
like DCM and toluene (Table 15). Such a strategy does not require specific equipment and the
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reactions can be performed in widely available glass pressure tubes. As shown, higher yields
were obtained in DCM solutions. O-Mannoside 19a was isolated in an excellent yield even on
a gram scale (Table 15, entry 5) when saturated DCM solution was used instead of liquid SO2,
whereas the yields of thiomannoside 19b in both saturated solutions (Table 15, entries 3 & 6)
were significantly lower than in pure SO, (Scheme 6). O-Mannoside 19a was not observed
when saturated solutions of SO in THF or MeCN were applied.

Table 15
Glycosylation in Saturated SO, Solutions

OPiv YH OPiv
PivO -0 (18, 1.2 equiv) PIvO -0
PivO 100 °C, 16 h PivO /\/@
a-17a  F 19a, Y =0 Y

19b,Y =S
Scale Conc. o . o
Entry (@-17a, g) Solvent (mLJg) Y o Yield 19 (%)

1 02 . 75 O | >991 19a, 66
2 15 2.TM Stgfuzz':“o” o 10 O | 955 19a, 75
3 01 75 S | 90:10 19b, 32
4 02 . 75 O | 982 19a, 84
5 15 2.0M S%ZSI‘\’/:U“O” in 10 O | 964 192, 94
6 01 75 S | 8614 19b, 64

* Determined by *H NMR analysis of a crude reaction mixture.

Based on our experimental observations, we concluded that the stereoselectivity of
glycosylation in liquid SO is substrate-controlled and reaches thermodynamic equilibrium
determined by the anomeric effect or the combined interaction between the anomeric effect
and the ester type protecting group at the C2 position. Thus, we proposed the formation of
solvent separated ion pair between the oxocarbenium ion and the counteranion (e.g., FSO3) as
the most likely scenario in the first step of glycosylation reaction in liquid SOx.

Next, we proved the formation of fluorosulfite species during the glycosylation in the
presence of SO2 by employing **F NMR spectroscopy (Scheme 9). The spectrum of crude
reaction mixture was recorded after its treatment with EtsN (Scheme 9, (b)) and compared
with the spectrum of astandard obtained from the reaction between TBAF and SO
(Scheme 9, (a)). The peak corresponding to the FSO; anion was observed at 38.3 ppm.

Finally, to elucidate the influence of SO on the dissociation of the glycosidic C—F bond,
DFT calculations were performed on the reaction between methanol and acetyl-protected
glucosyl fluoride @-23 in collaboration with Dr. Artis Kinéns (Latvian Institute of Organic
Synthesis) (Fig. 3). It was found that the coordination of Lewis acidic SO, to fluoride
(transition state TS-A* vs. TS-A(SO2)”) decreases the C—F bond dissociation energy (AAG) by
10.6 kcal/mol.
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(a) standard (TBAF + SO,) <
l_
OPiv s
OPiv @ ! N
PO _0 3 /u\ 7NBU4
PiVO o
a-17a F n
1) 18a (1.2 equiv) (b) reaction mixture + EtzN
2M SO, sol. DCM
100°c,16h |
2) Et3N (2.0 equiv) h Y IJ\rlHEt3
® F7Tho”
5
19 Q NHEt,
ar F/S\07 sl s
r— - 1~ 1 T 1 T 1T * 1T * T " 1
80 60 40 20 0 -20 40 -60 -80
f1 (ppm)

Scheme 9. Detection of FSO; species by 1°F NMR (471 MHz, D20)
with TFA as an external standard.

For the publication and the patent of the Republic of Latvia that cover the studies
described in this chapter, see Appendices V & V1.
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2. Ru(ll)-Catalyzed Cross-Coupling with the Insertion of SO.

Compounds containing sulfonyl groups, particularly sulfones and sulfonamides, are highly
valued in medicinal and pharmaceutical chemistry, as well as in agrochemistry and materials
science. Traditionally, these compounds are obtained in multi-step synthesis involving
sulfur-containing intermediates such as sulfonyl chlorides, sulfinates, thiols or sulfoxides
(Scheme 10, (A)). Over the recent decades, more atom-efficient multi-component one-step or
one-pot synthetic methods have been developed by employing sulfur-free starting materials
and SO, as the source of sulfonyl group (Scheme 10, (B)). In the early stages of this
methodology, gaseous SO was used, which in some cases also served as a reaction solvent.
The great excess of SO, can be applied for the synthesis of sulfonyl compounds from
organometallic compounds®® or through pericyclic reactions*®. Since 2010, the use of SO, as a
reagent has grown rapidly also for transition metal catalyzed reactions® and transformations
involving radical intermediates®. The basis of this evolution was the development of readily
available, cheap un stable SO surrogates®! that are capable of releasing molecules of SO in
the reaction medium. The most widely used SO> surrogates are a charge-transfer complex
between DABCO and SO called DABSO and potassium metabisulfite (K2S20s) that
decomposes in the presence of acid. Overall, SO, surrogates offer some practical advantages
such as no need for high-pressure equipment and ease of dosing according to the required
amount of SO>. In this context, we have published a microreview that provides examples for
the synthesis of heterocyclic compounds via the insertion of SO (see Appendix 1).

(A) Traditional approaches
— > 2 step process

sulfur containing Q Q Q _Cl o\\S/R2
starting material R1’S‘R2 R1’S‘R2 R1’S\OX R1’S\\ RT™™
X (0]
(B) Alternative TR o nucleophilic addition
1 step/pot process —_— _’ O//S\,'YI > __sS. (M = Li, MgX, ZnX)
R R OoM
" " (0]
sulfur free SO, N _R?
. . —_— _S” (@) /’\ DN X
1 . O
starting material R \b > \\S K| or HJ K] or 9—/ N pericyclic reactions
7 ‘\/ _S4 _S4 i
o) 0~ o°° F (X'=H, [Si], [B])
[4+1] [4+2] ene reaction
! MSO3/M,S,05  SOCI; + H0
(M =K, Na) os //\—/\ o @ ol iH+ R—{M] R (\S? M] = (\S)\ transition metal
,S*N N-SO, 2 T o* —IM] T (R IME = oSS catalysis
E EO N : 3 R™ " "O[M]
~0 (DABSO) '
""""""""""""""""""""""" (0] o,
— & .~_-R —| g | free radical reactions
O//S [ 9.

Scheme 10. Synthetic methods for the preparation of sulfones.

During our study, we became interested in the synthesis of sulfonyl-derived compounds
via the insertion of SOz in the presence of transition metal catalysts. The history of this
straightforward synthetic strategy towards sulfonyl compounds is quite short. The first report
was published by the Willis group in 2010.” They suggested DABSO as an excellent
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alternative to gaseous SO; that is mostly not compatible with transition metal catalysts. Thus,
they developed a method for the synthesis of N-aminosulfonamides from aryl halides,
hydrazines, and DABSO in the presence of palladium catalyst. Since then, transition metal
catalyzed sulfonylation has been applied for the synthesis of various sulfonyl-derived
compounds such as sulfones, sulfonamides, sulfonyl fluorides, and sulfonate esters. Most of
these methods are based on the reaction between in situ generated sulfinate intermediate and
various electrophiles.®® Scheme 11 summarizes the reports on transition metal catalyzed
sulfonylation reactions that employ DABSO as an SO> surrogate and propose the formation of
sulfinate intermediates. As shown, palladium catalysis is the most widely applied. The use of
Cu(l) catalysis has been demonstrated by employing (het)aryl boronic acids and
(het)aryl/alkyl triethoxysilanes. The latter can be sulfonylated also in the presence of a Co(ll)
catalyst. The first Ni(ll)-catalyzed procedure for the synthesis of (het)aryl sulfonyl
compounds from boronic acids was published in 2019. The main disadvantages of these
methods are: (1) catalyst loading up to 1 equiv (CoO); (2) air/moisture sensitive catalyst/base
(e.g., Cu(MeCN)4BF4, CsF, t-BuOL.i); (3) external ligands (e.g., PAd2Bu, tmphen); (4) highly
polar/toxic solvents (e.g., DMPU, DMI).

Pd(0): Y = I, Br, OTf

Pd(ll), Cu(l), Ni(ll): Y = B(OH), I QuE
Y Culh, Co(): Y =SiIOEY; _ | >0 | BT S E=alkyl, anyl NR,
U .2 DABSO i i F, O-PFP
X X X
sulfinate

Scheme 11. Transition metal catalyzed generation of sulfinate intermediate
by employing DABSO as an SO surrogate.

Depending on the starting material, the Pd-catalyzed sulfonylation proceeds according to
one of the two possible catalytic cycles (Scheme 12). In the case of boronic acid 36 as a starting
material, the first step is transmetalation that leads to the formation of R-Pd(Il) complex (],
Scheme 12, cycle A). Next, DABSO delivers the SO> molecule that inserts into the C—Pd(Il)
bond. The resulting complex Il is capable of releasing sulfinate 111. Nevertheless, both of them
(11 & 111) can provide the target sulfonyl compound 39 after being trapped by electrophile 38,
while Pd(Il) catalyst re-enters the cycle. In this case, the catalytic cycle is redox-neutral.

le A —
o T R—B(OH),
\\S/E LnPd X2 36

R™N
390 lred.

L,Pd°

cycle B
£+ R—Pd'X

38 R-X !
(X =1, Br, OTf)
37
DABSO

m o oo R = (het)aryl, vinyl

Scheme 12. The catalytic cycles for Pd-catalyzed sulfonylative cross-coupling.
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When iodide, bromide or triflate is used instead of boronic acid 36, the first step (37 — 1) is
oxidative addition to the Pd(0) complex generated in situ in the presence of reductant (e.g.,
I-PrOH) (Scheme 12, cycle B). Subsequent steps match the cycle A.

Unlike palladium, ruthenium has a wide range of oxidation states that lead to diverse
coordination geometries of its complexes. Thus, they have a great potential for a large variety
of catalytic transformations.>® Besides, ruthenium is more affordable than palladium. Inspired
by the literature that describes the addition of aryl-Ru(ll) species to C=0 systems,>* we
discovered the ability of Ru(ll) complexes to catalyze the sulfination of (het)aryl/alkenyl
boronic acids with DABSO as an SO> surrogate. The sulfinates that are generated can be
trapped by various electrophiles to form a series of sulfonyl-derived compounds.

We screened the catalytic activity of various Ru(ll) complexes for the synthesis of
sulfones with the insertion of SO, by employing the biphenyl boronic acid 40a, ethyl
bromoacetate (41a), and DABSO as an SO surrogate (Table 16). Almost all of the tested
catalysts gave >50 % yields. Due to the selected conditions, it was no surprise to observe
transesterification to methyl ester 42ab in a trace amount. The widely explored Pd(Il)
catalysis was less effective under these conditions (Table 16, entry 10). RuCI>(PPhs)s as a
cheap and air-stable catalyst was selected for further research (Table 16, entry 2).

Table 16
Catalytic Activity of Ru(ll) Complexes for the Sulfonylative Cross-Coupling

Catalyst
o DABSO (1 equiv) o Q or
Ph— )—B(OH), + Br\)kOEt EtSNM(:;HqU'V) Ph—4 >—(:s;—>\»
40a 41a (3 equiv) 100°C, 7 h 42aa, R = Et; 42ab, R = Me
Yield Yield
Entry ( l%a;[r?(lﬁlcf’/z ) 42aa+42ab | Entry (ﬁ)a;fg; ) 42aa+42ab

(%) (%)*
1 — NR 6° | [RuCly(mesitylene)]. | 60 (<1)
2 RuCl>(PPh3)s 72 (3) 7 [RuClz(p-cymene)]. 57 (<1)
3° RuCI(PPhs)sOAC 72 (2) 8 [RUCI2(CsHe)]2 54 (<1)
4° | Ru(2-methallyl)2(COD) 71 (4) 9 RuCp(PPhs),Cl 24 (<1)
5 RuCl>(COD) 63 (2) 10 Pd(OAC)2 47 (<1)

2 In parenthesis, the yield (%) of transesterification product 42ab determined by *H NMR. ® N, atmosphere.

Next, we tested various bases and solvents. All of the inorganic bases screened (K2COs,
K3POa, Cs2C0O3, KF) were inefficient, while amines showed good results, with EtsN being
superior to others. We also concluded that methanol as a solvent is mandatory for the reaction
to occur. For example, the yield of the model reaction in MeOH/toluene (1:1) was 79 %, but
only 7 % of sulfone was isolated from the reaction in pure toluene. The reaction yield in other
alcohols (EtOH, i-PrOH, t-BuOH, CF3CH20H) was significantly lower. Other sources of SO>
like K2S20s and gaseous SO did not provide the desired sulfone under our reaction
conditions, while the use of DMAP-SO: led to a moderate yield (51 %). Optimization of the
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reaction conditions led to reduced both the catalyst loading (10 — 5 mol%) and the reaction
time (17 — 8 h).

Phenyl boronic acids 40 bearing either electron-donating or electron-withdrawing para- or
meta-substituents exhibited good reactivity under the newly developed conditions for
Ru(ll)-catalyzed sulfonylative cross-coupling reaction (Scheme 13). Functional groups such
as halides (42(e-j)b), ether (42kb), thioether (42lb), amide (42mb), and ester (42rb) were
stable. In the case of boronic acid 40s, sulfonylation was accompanied by Ru(ll)-catalyzed
hydration of CN group (42sb). The dimethylamino-substituted phenyl boronic acid 40n gave
a mixture of the desired sulfone 42nb and the transalkylated side product 43. With the
exception of fluorine (42ib), other ortho-substituents (Br, Me, OH) sterically blocked the
active site of phenyl boronic acid and the latter was fully recovered. Ru(ll)-catalyzed
sulfonylation was also applied for the synthesis of hetaryl sulfones (42tb & 42ub) and vinyl
sulfone (42vb). In some cases (42ub & 42vb), the binary solvent system MeOH/toluene (1:1)
provided better reaction yields. We have also demonstrated the application of this one-pot
multi-component procedure on a gram scale. By employing 2 mol% of Ru(ll) catalyst and 5 g
of boronic acid 40a, the target sulfone 42ab was obtained in 65 % yield after industrially
acceptable recrystallization.

o RuCl,(PPhg)s (5 mol%) o v/
@rom, - wf, BEETY oG
+
(O ' o~ MeOH (.85
40 41b (3 equiv) 100°C, 8h 42
42hb, R'=4-F, 88% OH
42ab, R'=4-Ph, 82% 42ib, R'=2-F, 58% (16 h) N'@B‘o y
42bb, R'=H, 80% 42jb, R'=4-1, 79% 40s
R\ Q 42cb, R'=4-t-Bu, 79% (16 h) 42kb, R'=4-OMe, 79%
@—s@ 42db, R'=3-Me, 67% (16 h) 42Ib, R'=4-SMe, 82% |
=/ & 42eb, R'=4-Br, 81% 42mb, R'=4-NHAc, 72% o) 0
42fb, R'=4-C, 79% (10 mol% cat.) 420b, R'=4-NO,, 72% >\_©75@
- 0, I
42gb, R'=3-Cl, 86% 42pb, R'=4-CFy, 88% HzN
42rb, R'=C(O)OMe, 75% | 42sb, 51% (PhCONH,, 49%)
/ @
—N
2 20 o P ig (O3
: @ e 19 s
(0] o) (0]
43, 24% 42ub, 56% 0
42nb, 20% . 8 , 42vb, 47%
° (side product) 420, 70%  (MeOH/Tol 1:1)  (MoOR/Tol 1:1)

Scheme 13. The scope of boronic acids for the Ru(ll)-catalyzed sulfone synthesis.

Next, we screened the reactivity of various C-electrophiles under the optimized reaction
conditions (Scheme 14). C-Electrophiles like a-bromoesters (42ab & 42ac), a-haloamides
(42ad), alkyl iodide (42ae), and methyl acrylate (42aj) as a Michael acceptor led to good
yields of the target sulfones 42. It should be noted that the application of Michael type
electrophiles (42aj) for this type of cross-coupling reactions has been so far seldom reported
in the literature. Lower reaction yields were observed for butyl bromide (42ae) and
a-bromoketone (42af). Unexpectedly low yields with allyl halides (42ag) and benzyl
halides (42ah) were explained by the formation of quaternary ammonium salts from the
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halide and EtsN or DABCO. Finally, the opening of cyclohexene oxide led to a-hydroxy
sulfone 42ak, while the diaryl sulfone 42al was obtained by employing the A3-iodane
complex (4-F-CeH.)210TH.

o)
RUC|2(PPh3)3, DABSO, Et3N n
Ph%< >—B(OH)2 - ® MoOH 100G 8 Ph%i >—(|35@

40a LYl 42

ol o5 @1 O 1O e

42ae 4Zag
G2ab 42ad a2ae .
from bromide: 82% ¢ br?:naige- 609 [rom bromide: 76% ffmmbmdlqg . 17/2/ from br:rzr?i;e' 39% f‘rom b::m'lge- giof:
from chloride: 49% OY7% from chloride: 66% "o bromide: 4/% - 997% 1rmo chioride: 247

®p ol el t oL @

42al
42ah 42ai 42aj 42ak from (4-F-CgH,),I0TF: 27%

from bromide: 29%  from tosylate: 9%  from acrylate: 77% from epoxide: 42% (MeOH/Tol 1:1)
from chloride: 38%

Scheme 14. The scope of C-electrophiles for the Ru(ll)-catalyzed sulfone synthesis.

In order to improve the initial yields, as well as to broaden the scope of the target sulfones,
we developed an alternative one-pot two-step procedure (Scheme 15). We proposed the
possible formation of sulfinate 44 under optimized reaction conditions in the absence of
electrophile in the first step that is followed by the addition of the latter under modified
conditions (solvent, temperature) in the second step. This approach was successful for most of
the tested electrophiles. For example, the yield of sulfone 42af was increased by >30 %. This
approach was also demonstrated for the synthesis of diaryl sulfone 42am through SnAr
chemistry and sulfonamide 42an formed in the reaction between sulfinate 44 and
N-chloromorpholine generated in situ by NaOCI.

o) ‘E) @)
RuCl,(PPh3)s, DABSO, Et3N
Ph@B(OH)z HCL(PPho)s 2 ®s | — Ph—@g@
MeOH, 100 °C ox 5

40a 44 42

42ab, from bromide: 69%" Conditions 44 — 42:

42ae, from iodide: 56%5 A: E* (3 equiv), 100 °C, 8 h

42af, from bromide: 76%" ® B:E* (3 equiv), 80 °C, 8 h

42ag, from bromide: 60%5 ®"42—< C:E* (5 equiv), Hy0, 90 °C, 12 h

42ah, from bromide: 62%8 o 42an D: E* (3 equiv), DMF, 90 °C, 12 h

42ai, from tosylate: 18%" 42§m . from amine: 57%F E: E* (3 equiv), DMSO, 100 °C, 12 h
42ak, from epoxide: 60%° from chloride: 22% F: morpholine (5 equiv), NaOCI (3 equiv),
42al, from (4-F-CgH,),lOTF: 43%P H,0, t, 12 h

Scheme 15. A one-pot two-step synthesis of sulfones via Ru(ll)-catalyzed
generation of sulfinate intermediate 44.

Next, we investigated the reaction mechanism (Scheme 16). The radical pathway was
soon excluded, as there was no significant inhibition observed in the presence of radical traps
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(Scheme 16, (a)). Whereas, the hypothesis of sulfinate intermediate 45 formation in the first
step of the reaction was confirmed by **C NMR analysis (Scheme 16, (b)).

(b) "*C NMR (126 MHz, MeOD-d,) studies

(a) control experiments with radical traps RUCIx(PPhg)s (5 mol%)
DABSO (1 equiv)
41b, DABSO, Et;N Et;N (2 equiv) 2
RUCI,(PPha)s o / F B(OH), MeOD-d g 5
additive (2 equiv) 9}0 oo gk oY
40a ph@s 40h (0.2 mmol) 100 °C, 4 h 45
MeOH 5
100 °C, 8 h
42ab
without additive: 82% reaction mixture PhsP
TEMPO: 64% L | N |
>==:76%
Ph 45, Y = Na (standard)
[ L

175 170 165 160 155 150 145 140 135 130 125 120 115 110 105
f1 (ppm)

Scheme 16. Mechanistic studies on the Ru(ll)-catalyzed sulfination.

By employing gas chromatography and !B NMR spectroscopy, we discovered the release
of B(OMe)s in the reaction medium as a result of the step where sulfinate 45 was generated.
Based on this observation, along with the relevant role of methanol as the reaction solvent, we
proposed a more basic MeO-Ru(ll) complex as the catalytically active species.

Finally, we proposed a redox-neutral mechanism for the Ru(ll)-catalyzed cross-coupling
with the insertion of SO, (Scheme 17). The catalytic cycle starts with transmetalation between
the MeO-Ru(ll) complex I and organoboron species 11 that leads to the intermediate 111 and
releases methyl borate. This is followed by the insertion of SO> molecule into the C—Ru(ll)
bond. The resulting sulfinates (IV=VI1) can then be trapped by electrophile 41 to provide the
desired sulfonyl compound 42.

For the publication that covers the studies described in this chapter, see Appendix I11.

(PPhs)sRuCl, ®B(OH),
40
%@
®s\ MeOH/Et;N l
\
(0]
X
42 LUt (B BOH), n(OMe),
I X
e) X = Cl, OMe
L = PPhg, Et;N
41 B(OH)3.m(OMe)y,
X
(@] X
EthH II I Ru”\ //() LnRull/
vi 07 ® Vg ® m ®
Ly Rull || \4
DABSO
v O ®

Scheme 17. The proposed mechanism for Ru(l1)-catalyzed sulfonylative cross-coupling.
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CONCLUSIONS

In(111) and Hf(IV) triflates catalyze the hydration of mono- and disubstituted aryl
acetylenes in liquid SO2 without external Brensted acid additive. Catalyst loading can be
reduced to less than 1 mol% for alkynes containing strong electron-donating groups. The
catalytic activity of Hf(IV) triflate towards alkyne hydration has been demonstrated for
the first time.

M(OTf),
(0.5...10 mol%) 0
_ 20 examples
1 2 2
R—=—"R" * H0 S0, RAK/R 50% to quant.
M = In(lll), HF(IV)

. Aryl acetylenes are hydrohalogenated in good vyields in liquid SO, by employing group
| and Il metal halides and ammonium iodide as the halide ion sources. Most of these salts
have been used in alkyne hydrohalogenation for the first time. In the case of ammonium
iodide, there is no need for water additive, as the ammonium ion can act as a proton
source.

MX,/H* X " | Csl, Kl or Nal/H,0; NH,|
1_— R 2 examples N _ '
R—=R so, R1J\/R 36% to quant, | (MXo/H") {LiBr or CsBr/Ho0; MgBr, 6H;0

LiCI/H,0; MgCl,-6H,0

Methylenecyclopropanes undergo ring opening reactions with group I and Il metal halides
and ammonium iodide in liquid SO, yielding homoallylic halides. Most of these salts
have been demonstrated to be effective for the hydrohalogenation of
methylenecyclopropanes for the first time. The newly developed method is one of the few
that has been applied for the ring opening of alkyl-substituted methylenecyclopropanes.

R' MX/H* Lil, Csl, Kl or Nal/H,0; NH4l

xR’ 32 examples . .
— MX./H LiBr, KBr or NaBr/H,0O; MgBr,-6H,0
>= S0, x/\/\; 9 to 99% 20; MgBry 6H;

R2 LiCl or KCI/H,0; MgCl,-6H,0

. The developed methods for alkyne hydration and ring opening of methylenecyclopropanes
provide mild conditions that are compatible with substrates containing acid-labile groups
(e.g., Boc).

. The reactivity of group | and Il metal and ammonium halides towards alkyne
hydrohalogenation and ring opening of methylenecyclopropanes in liquid SO increases in
the order of cations NH; < Na" < K" < Cs" < Mg®" < Li" and anions CI" < Br <T".
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6. Due to the ability of SO, to covalently bind fluoride anion in a form of FSO; (**F NMR,
DFT), liquid SO2 promotes glycosylation with glycosyl fluorides without the need for an
external promoter. The developed method is suitable for the synthesis of O-, S-, and
C-glycosides in moderate to excellent yields by employing benzyl- and acyl-protected
manno- and glucopyranosyl fluorides, including 2-deoxyglycopyranosyl fluoride. The
a, f-selectivity of glycosylation reaction in liquid SO is substrate-controlled and represents
a thermodynamic equilibrium.

PGO PGO PGO

+ .
-0 PGO -0 _0 O-, S- & C-glycosides
PCO 7 - N 0 NuH, PGO 39 examples
PGO o~ | PGO I PGO
2 _ .So 21 to 95%
F-->$, O F Nu
O HorOPG 2

PG = Piv, Ac or Bn

7. Saturated solutions of SO in conventional organic solvents retain the promoting effect of
SO, as a Lewis acid towards (1) ring opening of methylene cyclopropanes with halides
(THF) and (2) glycosylation with glycosyl fluorides (DCM, toluene). Such a modification
of reaction conditions does not require high-pressure stainless steel equipment and the
reactions can be performed in widely available glass pressure tubes.

8. Ru(ll) complexes catalyze the formation of (het)aryl and vinyl sulfinates from boronic
acids and DABSO as an SO surrogate. The in situ formed sulfinates can be trapped by
various electrophiles to provide a series of sulfonyl-derived compounds. Depending on the
compatibility of electrophile with the conditions for the sulfinate generation step,
a one-step or one-pot two-step procedure can be adapted.

o, K '
on  RUCIPPNS); (5 mol%) o ® o ‘@) thetary, vinyl |
®-B/ DABSO, Et3N é ®_§_® 38 examples ' !
o ~~— o ' '

oH MeOH, 100 °C ® 0 I 2210 88% ;® alkyl, aryl, NR; |
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