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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Organiskas kimijas konteksta silicijs biezi vien tiek uzskatits ka analogs ogleklim. Abi ir
14. grupas elementi, lidz ar to tiem ir raksturiga tetravalenta konfiguracija. Tie abi galvenokart
veido kovalentas saites, kas ar elektronegativiem atomiem ir Tpasi stipras,' un to kimiskas
reagétspejas Tpatnibas, pieméram, nukleofilas aizvietoSanas reakcijas ar stercocentra
konfiguracijas inversiju uz centrdla atoma,? vairuma gadijumu sakrit. Atikiribas starp abiem
elementiem ievies silicija atraSanas treSaja perioda, kas saskana ar vispargjam likumsakaribam

3 samazina ta elektronegativitati* un padara energétiski pieejamakas

palielina atoma izmeru,
vakantas d-orbitales.’ Visu $o efektu kopsumma nodrosina silicijam papildu ipasibas, kas ir
pamata ta plasajam lietojumam organiskaja sintéze: 1) efektivas aizsarggrupas spirtiem un
terminaliem alktniem;® 2) sp&ja veidot hipervalentas saites,” padarot to par spécigu Luisa skabi;
3) C-Si 8 un Hijamas-Denmarka

$kérssametinasanas reakcijas.’

saites polariz€jamiba Tamao-Fleminga oksidéSanas

Papildus tam silicijam raksturiga un organiskaja kimija plasi lietota Tpasiba ir tam piemitosa
B-pozicija esosu karbkatjonu stabilizacija, kas pladak zinama ka B-silicija efekts.'® Sis efekts
var izpausties divos galvenajos celos — vertikala stabilizacija (C-Si saites hiperkonjugacija ar
nepiesatinato m-sist€mu) vai nevertikala stabilizacija (tris atomu, cetru elektronu cikliska
silonija jona veidoSanas; 1. shéma). Abi Sie stabilizacijas veidi atrodas nepartraukta lidzsvara,
tapec, veidojoties jaunajai C-Si saitei cikliskaja stabilizacijas forma un p&c tam skeloties vecajai
C-Si saitei, molekula ir iespgjams noverot izmainas tas skeleta struktira — 1,2-siligrupas

migraciju, iegfistot jau citu B-stabiliz&tu katjonu.'”

Vertikala Nevertikala Vertikala
stabilizacija stabilizacija stabilizacija
Si, o Si ® S8
A .. y— /N g Q- Y

' By Y Mo
B Y
A/WZ A Z sz
t Sililgrupas 1,2-migracija J‘

1. shema. B-Silicija efekts — vertikala un nevertikala stabilizacija karbénija jonos un iesp&jama
sililgrupas 1,2-migracija.

Sililgrupas parnese galvenokart ir raksturiga sistémam, kas vai nu saskanota migracijas
rezultata izraisa stabilaka produkta veidoSanos, vai arl vairaku efektu rezultata veido energétiski
izdevigaku reakcijas starpstavokli. Tipiski §adas pargrup&$anas ir noverotas un lidz ar to pétitas
dazadas elektrofilu reakcijas ar nepiesatinatam sistémam.

Visbiezak vienkarsakas nepiesatinatas sist€émas, piemeéram, alkéni, alleni un alkini, ka art to
konjuggtie analogi, ir plasi pétitas 1,2- un 1,4-difunkcionaliz€Sanas konteksta. Savukart alil-,
allenil- un propargilsilani elektrofilu reakcijas ar nepiesatinato sist€mu var ierosinat sililgrupas



1,2-migraciju, formali veidojot 1,3-dipolu. Tas, reag€jot ar reakcijas vidé esoSajiem
nukleofiliem, nosledz §adu nepiesatinato sistému 1,3-difunkcionalizesanu. '

Visparigi literattira 1,3-difunkcionaliz€Sana ir petita salidzinoSi mazak neka analogas 1,2-
un 1,4-difunkcionaliz€Sanas reakcijas. Ka galvenos piem&rus var miné&t (2. shéma): a) donoro
un akceptoro grupu saturoSo ciklopropanu atverSanas reakcijas ar elektrofila/nukleofila
pariem;!! b) ciklu atver§anu ar reagentiem, kas veido radikalu vai katjonradikalu
starpsavienojumus;'? ¢) ciklu atvér§ana reducgjosos apstaklos, izmantojot Sml> ka reducétaju;'?
d) hipervalenta joda katalizéta cikla atvériana;'* e) parejas metdlu katalizétas 1,2-
pievienoSands-nepiesatinatas sistémas izomeriz&$anas-reducgjosa elimingsana;'® f) alkénu
alilpozicijas oksideSana ar sekojo$u nepiesatinatas sistémas funkcionalize$anu.'® Diemzel
neviena no Sim piedavatajam metodeém nelauj veikt vienkarSu un secigu izvéletas triades
funkcionalizéSanu.

Parejas metalu katalizéta

Ciklopropanu atvérsana alkénu funkcionalizésana

+y- [TM] [T™]
axy RL_NUR? X
BYX Y Y S
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2. sheéma. Ciklopropanu atvérSanas un parejas metalu kataliz&tas alkénu reakcijas 1,3-
difunkcionaliz&tu produktu iegiisanai.

Promocijas darba izstradatas jaunas metodes, kas lauj veikt propargilsilanu 1,3-
difunkcionalizéSanu ar dazadiem elektrofila/nukleofila pariem. Turklat atkariba no konkrétas
metodes iegiitie produkti var saturét lidz pat tris reakcijas centriem C1, C2 un C3 pozicija. Tas
paver iesp&ju So bivbloku talakai izmanto$anai farmacija vai materialzinatn€ noderigu
savienojumu selektiva sintgze.

Pétijuma meérkis un uzdevumi

Promocijas darba mérkis ir teor&tiska koncepta attistisana un jaunu sintézes metozu izstrade,

genergjot alilkatjonus no propargilsilaniem un parveér$ot tos par funkcionaliz&tiem produktiem.

Darba mérka stenoSanai definéti vairaki uzdevumi.

1. Izpetit Skidra SO» ka Luisa skaba skidinataja izmantoSanu silildienu iegiiSanai, kas
reakcijas vide tulit&ji piedalitos heletropaja reakcija ar SO, dodot sililsulfolénus viena
reaktora sint€z€ no propargilsilaniem.

2. Izstradat metodes alilfunkcionalizetu vinilsilanu iegiiSanai elektrofilu ierosinatas
propargilsilanu reakcijas ar skidinatajiem ka ar&jiem nukleofiliem.

3. Piedalities kopprojekta par terminalo alkinu un iek$€jo nukleofilu saturoSu
propargilsilanu elektrofilu ierosinatas heterociklizacijas metodikas izstradi un iegiito



produktu talakas funkcionalizéSanas iesp&jamibu. Parbaudit asimetriskas indukcijas
koncepta iesp&jamibu So reakciju konteksta.

4. Parbaudit propargilsilanu ariléSanas iesp€jas ar hipervalentajiem joda savienojumiem
vara kataliz&tos apstaklos.

Zinatniska novitate un galvenie rezultati

Veikto petijumu rezultata izstradatas jaunas organiskas sint€zes metodes, kas nostiprina
propargilsilanu ka formalu 1,3-dipolu lietojumu. Tas ir iesp&jams, pateicoties f-silicija efektam
un no ta izrieto$ajai sililgrupas 1,2-migracijai. Jauniegiitie savienojumi tika demonstréti ka
vertigas izejvielas talakas funkcionaliz€Sanas reakcijas.

Promocijas darba izstradata metode, kura silildienus ir iesp€ams sintez& no
propargilsilaniem $kidra SO; ka Luisa skaba vidé. Tas lauj samazinat procesa aktivacijas
barjeru un izmantot daudz vajakas Brensteda skabes, pieméram, TsOH un pat H>O (salidzinot
ar ieprieks lietotajam TfOH un HNTT;). legiitie silildi€ni Sajos paSos reakcijas apstaklos stajas
heletropajas reakcijas ar SOz, laujot iegtit sililsulfolénus viena reaktora sinteze.

Promocijas darba radita jauna sint€zes metode (FE)-selektivai alilfunkcionaliz&tu
trisaizvietotu vinilsilanu ieglisanai elektrofilu ierosinatas propargilsilanu reakcijas ar
nukleofiliem $kidinatajiem. Sis koncepts izmantots ari (E)-selektivai iek$gjo nukleofilu
saturoSu propargilsilanu heterociklizacijai, iegiistot heterociklus ar funkcionalizgtu vinilsilanu
sanu kédi. Tika veiksmigi demonstréta jaunieglito savienojumu, kas satur divus vai tris
reakcijspéjigus centrus, talaka funkcionaliz€$ana parejas metalu katalizeta Skérssametinasanas,
silicija elektrofilas aizvietoSanas un joniskas iek§molekularas ciklizacijas reakcijas. Pieradita
asimetriskas katalizes koncepta iesp&jamiba propargilsilanu heterociklizacijas reakcijas hiralu
Brensteda skabju klatieng.

Promocijas darba piemekl&ti eksperimentalie apstakli propargilsilanu arilésanas reakcijam
ar hipervalenta joda reagentiem vara kataliz&tos apstaklos, kas nakotng tiks izstradata ka jauna
sintezes metode.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju kopa, kas veltita
petijumiem par propargilsilanu izmantoSanu augsti funkcionaliz&tu alkénu sint€zg ar sililgrupas
1,2-migraciju. Tas ietver tris originalpublikacijas SCI Zurnalos un vienu apskatrakstu.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati public&ti tris zinatniskajos originalrakstos. Promocijas
darba izstrades laika sagatavots viens apskatraksts. P&tfjumu rezultati prezenteti 10
zinatniskajas konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Silicija atvasinajumus organiskaja sintéze lieto ka efektivas aizsarggrupas gan spirtiem, gan
terminalajiem alkiniem.® To lietojums ir arl salidzinoSi plasi aptverts tadas reakcijas ka
Pitersona olefiné$ana,'” Tamao-Fleminga oksidésana,® ka ari Hijamas-Denmarka’
Skerssametinasanas reakcija. Turpretim B-silicija efekts ir labi izp&tita, bet mazak izmantota
silicijam raksturiga Ipasiba organisko parvertibu veiksanai. Ka galveno pieméru, kura B-silicija
efektam ir liela nozime, var mingt alilsilanu paveértibas Hosomi-Sakurai tipa reakcijas.'® Tajas
elektrofils inducé katjona veidoSanos nepiesatinatas sistemas, ko stabilizé B-pozicija esosa
sililgrupa. Sada tipa reakcijas spéj piedalities arT propargilsilani. Literatiira ir zinami pieméri
propargilsilanu elektrofilai aktivacijai ar sekojoSu sililgrupas eliminésanos, bet promocijas
darba autoram sint&tiski interesantaka likas pec aktivacijas sekojosa sililgrupas 1,2-migracija,
kas paver iesp&ju propargilsilanus izmantot ka formalus 1,3-dipolus.

Promocijas darba izstradatas jaunas sint&tiskas metodes ar mérki paplasinat propargilsilanu
lietojumu ka formalu 1,3-dipolu un ieglit organiskaja sintéz&€ plasi lietojamas, augsti
funkcionaliz&tas atomu triades.

1. p-Silicija efekts un ta lietojums 1,2-sililgrupas migrésanai
propargilsilanos

Pirmie zinojumi par reagétsp€jas izmainam, ko veicina p-silicija aizvietotajs, tika publicéti
1946. gada no Sommera (Sommer) un Vitmora (Whitmore) laboratorijas.'*? Titrgjot dazadus
1-trihlorsililpropana monohlorétos regioizomérus 1a-c ar 3 ekvivalentiem auksta 0.5 M NaOH
$kiduma, visos gadfjumos tika noveroti Si-Cl saites hidrolizes produkti 2a-¢ (3. shéma).
Parsteidzos$i, ka, turpinot bazes Skiduma pievienoSanu, tikai B-aizvietotais 2-hlor-1-
trihlorsililpropans 1b turpindja reagét ar papildu 1 ekvivalentu NaOH, dodot eliminé$anas

produktu propénu (3).
cl 3 ekv. cl
NaOH
CISSi)\/ ” (HO)SSi)\/
1a 2a
oo NaOH
mﬁiﬁ/ (HO)QSi/\( X~ + Si(OH), + NaCl
1 PTG e
3 ekv.
C NaOH cl
CIgSi/\) (HO)gSiA)
1¢ 2¢

3. sheéma. Pirmie demonstr&jumi B-silicija efektam — monohlor&tu 1-trihlorsililpropana
reagétspéja ar 0.5 M NaOH skidumu.

Papildu eksperimenti elimin&Sanas produkta veido$anas mehanisma izpraSanai liecinaja par
to, ka §ada tipa solvolizes reakcijas noris caur E1 tipa mehanismu, kur pirmais un 1€nakais solis
ir aizejodas grupas saites $kel3ana, veidojoties B-silicija stabilizétam karbénija jonam. So
paradibu postulgja ka B-silicija efektu'? — stabilu reakcijas starpstavokli, kuram tika piedavati
divi iz8kirami strukturali modeli pozitiva ladina stabilizacijai: vertikalas stabilizacijas
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starpstavoklis, kur hiperkonjugacijas rezultata C-Si o-saites elektroni tiek donéti vakantaja p-
orbitale vai nevertikalais stabilizacijas starpstavoklis, kur veidojas Cetru elektronu, tris atomu
cikliskais silonija jons, kur pozitivais 1adins$ ir delokaliz&ts uz silicija atoma (4. shéma).

Vertiala stabilizacia  Nuw_ f"
@ N
Si A
a B — — a =g
X Nevertikala stabilizacija | ~SF" 6
) Si I ® N Si

Vertikala stabilizacija

4. sheéma. Iesp&jamie starpstavokli B-silicija stabilizetos karbenija jonos.

B-Silicija aizvietotaju ietekme uz aizejosas grupas jonizacijas atrumu var sasniegt Iidz pat
12 kartu paatrinajumu, tapéc vairakas zinatnieku grupas kéras klat §1 fenomena izprasanai. Lai
noteiktu konformacionalos ierobezojumus, lielu ieguldijumu ir sniedzis Lamberts (Lambert) ar
darba grupu (5. shéma).?'?° Sintez&jot dazadus konformacionali ierobeZotus
sililatvasinajumus, kur silicija un aizejosas grupas (AG) torsijas lenkis ir fiks€ts, iegttie
savienojumi tika salidzinati solvolizes reakcijas ar to nesilileétiem analogiem. Tika noskaidrots,
ka lielakais reakcijas atruma pieaugums ir novérojams anti-periplanara novietojuma — 10'2
reizu. Sin-periplanara novietojuma tika novérots mazaks reakcijas atruma pieaugums, Ko,

iespgjams, kavéja aizejosas grupas mijiedarbiba ar stabilizgjoso sililaizvietotaju — 10° reizes.

AG Si

kglky =105 0}

kitky = 10°  60°.

stk =100 90° ummnufanus y bt
kefky=10% 1200+
kgiky = 1072 180°%

5. shéma. Solvolizes atruma izmainas atkariba no Si-C-C-AG torsijas lenka.

Reakcijas atruma pieaugums tika novérots arf gauche un anti-klinalaja konformacija (10*
reizes). Tas netiesi liecina, ka B-silicija efekts var izpausties arT ar dalgju orbitalu parklasanos.
Savukart ortogonalaja konfiguracija netika novérots nekads reakcijas atruma picaugums, kas
liecina, ka B-silicija efekta izpausme ir iesp&jama, pateicoties vertikalajai un nevertikalajai
stabilizacijai, bet ne indukcijas efektam no elektronus dongjosa sililaizvietotaja.?! 2
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Konformacionali ierobezotie silani gan nesniedz atbildi, vai un kada nozime B-silicija efekta
izpausmé ir nevertikali stabiliz€tajam starpstavoklim, jo ieprieks€jos rezultatus var viegli

pamatot ar hiperkonjugacijas esamibu. Jorgensena (Jorgensen) grupas kvantu aprekini’® >’ u

n
FudZio (Fujio) grupas (6. shéma) veiktie eksperimenti?®=!, kas tika interpretéti ar Jukavas-Cuno

(Yukawa-Tsuno) vienadojuma palidzibu, deva ieskatu $aja jautajuma.

- >
Vertikala stabilizacija Nevertikala stabilizacija
A
Si ®
) wAlk @ -
He Si
H Alk
6
. ¥ H L N T
Ho N
Si ®
H 9 H
wH
H\\ """"
W, Ph
>

Sililgrupas ieguidfjums molekulas stabilizacija

6. shema. MP3/6-31G* limena stabilizacijas energijas aprékini dazadam B-silicija karbkatjonu
sistémam un vertikalas un nevertikalas stabilizacijas nozime atkariba no aizvietotdjiem pie
katjona centra.

No rezultatiem tika secinats, ka sisteémas bez stabiliz€joSam grupam pie katjona centra, ka
tas ir savienojuma 9, domin€ nevertikalais stabilizacijas modelis un sililgrupas ieguldijums tas
stabilizacija ir salidzinosi lielaks. Savukart dialkilaizvietotos katjonos 6 un benzilkatjonos 7
doming vertikalais stabilizacijas modelis, ka arT sililaizvietotaja ieguldtjums kopé&ja molekulas
stabilizacija ir salidzino§i zemaks neka savienojuma 9. Monoalkilaizvietotos p-silicija
stabilizé€tos karbkatjonos 8 rezultati liecina par nenoteiktu stavokli starp vertikalo un
nevertikalo stabilizaciju.26—!

B-Silicija stabilizacijas spgjas ir p&titas ari vinilkatjonos. Stouns (Stone)*’ un vina
lidzstradnieki analiz&ja termodinamiskos datus elektrofilu (TMS* un H") pievienoSanai dazadi
aizvietotiem alkiniem un alk&niem (7. shéma). No izméritajam rasanas AH vértibam var secinat,
ka B-silicija efekta pienesums, kas tika noteikts ka starpiba starp sililetu karbkatjonu 11 un
nesililetu karbkatjonu 13 rasanas veértibam, AAH ir 8.8—11.6 kkal/mol. Lidzigi tika noteikta ar1
B-silicija efekta ieguldijums karbkatjonu 16 un 18 stabilizeésana. Alkilaizvietotu karbkatjonu
gadijuma sililgrupas pienesums AAH bija pat 26,2 kkal/mol, savukart ar arilaizvietotaju — vien
16.7 kkal/mol, kas apstiprina iepriek$ aprakstitos rezultatus.
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H R
H* @ +CpHy _ AHetap 1, | AHegan 13, | AAH Kkall
—R? CoHa > é R R? kkalimol | kkalimol | mol
1 1
R? R 1 Rigz M
% e ™S R2 H n-Cy4Hg 442 54.9 10.7
R? + +C,H,
10 VS © go M >:{ CHy n-CaHy 462 57.8 16
R1 _C2H3 1 H
13 14 H CeHs 496 58.4 8.8
H +CH
— 4 e TN . | AHsun 16, | dHsas 18, | 44H Kkal
@ ~CoHs R kkal/mol | kkal/mol mol
1 16 17
\/R
o n-C4Hg 34.1 60.3 26.2
15 T™MS? Rr1+CaHs R?
™S N oy TMST CeHs 436 60.3 167
@ CoHs
18 19

7. shéma. Sililvinil- un sililkarbkatjonu un to generéSana hiperkonjugacijas efektu pétisanai.

B-Sililgrupu satuross karbkatjons var veidot nevertikali stabilizeto silonija jonu, kura var
notikt sililgrupas 1,2-migracija, ja tas saskanota procesa izraisa stabilaka produkta rasanos vai
vairaku apstaklu rezultata rodas energgtiski izdevigaks starpprodukts. Pirmo reizi sililgrupas
1,2-migraciju propargilsilanos noveroja 1985. gada Miginjaka (Miginiac) grupa ka
blakusreakciju starp propargilsiliniem un acetaliem.>* Talakus plasus pétijumus $aja virziena
veica Danheizers (Danheiser) ar lidzstradniekiem [2 + 3] annuléSanas kimija. P&c visparéjas
shémas 1,2-dipola 21 elektrofila dala reagé ar propargilsilanu 20, un péc sililgrupas 1,2-
migracijas veidojas starpsavienojums 23, kas talak saslédz ciklu, alilkatjonam reaggjot ar
iekSmolekularo nukleofilo centru. Tadgjadi rodas [2 + 3] cikliz€Sanas produktu 24 —

ciklopenténi, 1,2,5,7a-tetrahidro-3H-pirolizin-3-oni, izoksazoli un azuléni (8. shéma).>*
R
Si TiCl
/\ + E 44» \‘/&Si
// R DCM, -78 °C X
20 21 24

l T

8. shéma. Vispariga shéma annulésanas reakcijam no 1,2-dipoliem un propargilsilaniem.

Lidz Sim visas apskatitajas reakcijas ar propargilsilaniem pamata bija divu stuktiirfragmentu
saistiSana, veidojot sarezgitakas molekularas strukttras no vienkar$am izejvielam. Nozimigu
ieguldijumu propargilsilanu funkcionalizé$ana ir veikusi Fereiras (Ferreira) grupa. Vini pirmo
reizi demonstr&ja, ka o-hidroksipropargilsilanus 25 ir iesp&ams aktivet un ierosinat
semisililpinakola tipa sililgrupas 1,2-migraciju ar parejas metalu un halogénu elektrofilajiem
reagentiem (9. shéma). Tiek generéts oksokarbénija jons 27, kas péc sekojoSas deprotonéSanas
dod o,B-nepiesatinatus ketonus 28 un 29 ar augstu stereokontroli un talakam funkcionaliz€3anas
iespgjam.3> 3¢



Si

[E*] =Pt2* R2 R
si Protodemetalésanas =

HO Si HO Si H o
[E] [E+] 1,2-Si~ R2 R1
_ RI—————— Rl ———= N 28, 76-99 %
= Koordingésanas =~ -H*
R2 R? [E] gOH si

25 26 27 [E*] =[Br1]. [I"] 2 1
» R 2 R

[El O
29, 63-94 %

9. shema. a-Hidroksipropargilsilanu 25 aktiv@Sanas reakcijas ar parejas metalu un halogénu
elektrofiliem.

Savukart promocijas darba autora zinatniskaja grupa tika atklats, ka ar Brensteda
superskabém (TfOH, TH:NH, T;CH) ir iesp&jams aktivet un inducét sililgrupas 1,2-migraciju
propargilsilanos 30, genergjot alilkatjonu 32. Atkariba no reakcijas apstakliem un molekulas
struktiras tas var veikt vai nu B-protona elimingSanu, veidojot silildienus 33, vai
iekSmolekularu ciklizacijas reakciju un dot sililindénus 35, ja molekula satur piemérotu -
nukleofilu (10. shéma).’’

si Si s
/\/R2 H @ R? 1,2-Si~ i
e e
R 1
30 R" 34 R' 3 X
L
2
35, 58-90 %

10. shéma. Propargilsilanu 30 aktivéSanas reakcijas ar Brensteda superskabem.

Balstoties ieprieks zinotajos panakumos propargilsilanu 1,3-difunckionalizé$anas reakcijas,
promocijas darba veiktie p&tfjumi tika veltiti jaunu sint€zes metozu izstradei, kas paplasina So
pétijumu virzienu. Promocijas darbs tika iedalits Cetros virzienos (11. sheéma):

(1) skidra SO ka Luisa skabas reakcijas vides izmantosana sililgrupas 1,2-migracijas
ierosinasanai propargilsilanos, dodot silildi€nus, kas uzreiz tiktu saistiti heletropas
ciklopievienosanas reakcija ar SOz, dodot sililsulfolenus viena reaktora sintezg;

(2) propargilsilanu izmantoSana elektrofilu ierosinatas sililgrupas 1,2-migracijas reakcijas
ar §kidinatajiem ka nukleofiliem (£)-selektivai alilfunkcionalizétu vinilsilanu iegiiSanai;
(3) terminalo alkinu un ieks$€jo nukleofilu saturosu propargilsilanu izmantoSana elektrofilu
ierosinatas heterociklizacijas reakcijas un tas asimetriskas versijas koncepta izstrade;

(4) jaunu “C-elektrofilu” sintonu mekl&jumi propargilsilanu aktiveéSanai ar sekojoSu
sililgrupas 1,2-nobidi, kas noslédzas ar alilkatjona dz€Sanu nukleofila pievienoSanas
rezultata.
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1
—R\N\RZ — |R"Ng7 E*= Ht
0o

E*= Hal*, PhSe*

+_ Mt + +
Hiralas Brensteda skabes Selipl il

Ar,IX/CuY

E*= [ArCu(li)]

11. shéma. Promocijas darba p&tjjumu virzieni.
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1.1. Sililsulfolénu sintéze no propargilsilaniem Skidra séra dioksida

Ieprieks promocijas darba autora pétniecibas grupa skidrais séra dioksids ir demonstréts ka
lieliska alternativa klasiskajiem $kidinatajiem. Normalos apstaklos SO: ir bezkrasaina gaze ar
asu smarzu, bet ta relativi augsta virSanas temperatiira (—10°C) un zemais tvaika spiediens
(3 bar, 20 °C; 20 bar 100 °C) lauj to viegli saskidrinat un izmantot plasa temperatiiru diapazona,
ka ari p&c tam viegli aizvakt no reakcijas vides, mainot temperatiiras un spiediena parametrus.
Skidrs SO; ir uzskatams par vidgji polaru (dipola moments — 1.75, dielektriska konstante —
20.6), aprotonu $kidinataju. To paraku par citiem $kidinatajiem padara ta izteiktas Luisa skabes
ipasibas®®, kas lauj tam veicinat reakcijas, kas noris ar katjona centra veidoSanos. Tadas,
pieméram, ir alkinu®® un metilénciklopropanu®® hidrofunkcionalizé$anas reakcijas un
glikozilgianas reakcijas.*!

Promocijas darba autora grupa ieprieks izstradatajai skabes kataliz&tajai propargilsilanu 36
izomeriz€Sanas reakcijai par 2-silil-1,3-di€niem 40 bija nepiecieSami tadi Skidinataji ka CH2Cla
un CHCI; un Brensteda superskabes ka TfOH, THNH un TCH.Y Tika izvirzita hipotéze, ka,
pateicoties Skidra SO, Luisa skabes ipasibam, So transformaciju bitu iesp&jams veikt ar
ievérojami vajakam Brensteda skabem (12. shéma). Soreiz iegiitie silildiéni 40 biitu tikai
starpprodukti, kas uzreiz iesaistitos heletropaja ciklopievienoSanas reakcija ar SO, genergjot
3-silil-3-sulfolénus 37. Tas paver iesp&jas produktus 37 izmantot ka formalu ekvivalentu
attiecigajiem silildiniem 40 $o savienojumu atvieglotai attirisanai un 1,4-funkcionalizé$anai.*?

_ (iPr)sSi
Si(Pr); Katalizators m
%/&\/\/ S0, S,
20°C, 16 h 0o
36a 0.75-0.83 mmol 37a
j H* TSOZ
(PesSi SigPr); B 5P
® _ =
z - -HB
H 38 3 “

12. shéma. Tandéma sililgrupas 1,2-migracijas — heletropa pievienosanas sekvence
viena reaktora sint€z€ sililsulfolena 37a iegiiSanai un tas piedavatais reakcijas
mehanisms.

Petfjumi tika sakti ar piemerotaka katalizatora noskaidrosanu (1. tab.). Veicot reakcijas
komerciali pieejamaja SO, kas satur Iidz 50 ppm tidens, tadas skabes ka TsOH-H>O, PhCOOH,
(NH4)2SO4 bija pietiekami specigas, lai ierosinatu So parvertibu. Par parsteigumu reakcijas
ierosinasanai pietika pat tikai ar SO esoSajam tidens zim&€m. Tadi spirti ka fBuOH un tadi fenoli
ka BHT molekularo sietu klatbiitné gan nespé&ja ierosinat So parvertibu. 1.—4. eksperiments
(1. tab.) liecina, ka Gidens zimes netrauce reakcijas norisei, lietojot Brensteda skabes $kidra SO
videé pKa diapazona no tidens Iidz TsOH.

17



1. tabula
Piemerotaka katalizatora parbaude tandéma sililgrupas 1,2-migracija — heletropa
pievienoSanas reakcijai saskana ar 12. shemu

Nr. p. k. | Katalizators (mol %) | KMR iznakums produktam 37a,* %
1. TsOH-H:0 (10) 84
2. PhCOOH (10) 72
3. (NH4)2S04 (10) 75
4. H>0 (100) 67
5. H,0" 75
6. 3AMS <5
7. fBuOH (10) + 3 A MS <5
8. BHT (10) + 3 AMS <5

2 Difenilmetans ka iek$gjais standarts, vid&jais rezultats no diviem eksperimentiem.
® Udens (I1dz 50 ppm) komerciali pieejamaja SO>.

Labako iznakumu uzradija TsOH-H>O, tapéc tas tika izvelets talakiem substratu klasta
petijumiem (13. shéma).

si TsOH*H,0O Si
' 10 mol% Ej
R —_—
%)\/ 302 s R
20°C, 16 h o’ ‘o
36a-g 37a-g
(Pr)QSib\/\ MeaSib\/\ E‘SSiZ—)\/\ BumeZSiZ—)\/\
S S S .S,

[o o] [e ) e} 0o o [o 2o}
37a,84 % 37b, 84 % 37¢, 82 % 37d, 85 %
MeO(iPr)ZSiZ_)\/\ iBuMe,Si fBuMe,Si

o0 oo o’ o
37e,24 % 371,84 % 379,61 %
(62 % divos so|os) (PhCOOH ka katalizators)

13. sh@ma. Produktu klasts tandeéma sililgrupas 1,2-migracijas — heletropa pievienosanas
sekvencé viena reaktora sinteze.

Tika noskaidrots, ka vienkarsakas trialkilsililgrupas reakcijas iznakumu parak neietekmeg,
laujot iegit sililsulfolénus 37a-d ar loti labiem iznakumiem (82—85 %). Augstu 84 % iznakumu
izdevas sasniegt arl produktam 37f ar n-oktilaizvietotaju. Propargilsilans 36e, kas satur
elektronus atvelkoSo metoksiaizvietotaju uz silicija grupas, produktu 37e deva ar zemu
iznakumu — 24 %. Nedz katalizatora maina, nedz temperatiiras pazeminasana (—20 °C) nelava
uzlabot reakcijas iznakumu. Papildu eksperimenti pazeminatas temperatiiras liecinaja par to, ka
izejvielas degradacija notieck zemakas temperatiras neka vélama skabes katalizéta
izomerizacijas reakcija par silildienu. Reakcijas iznakumu izdevas uzlabot, veicot $o procediiru
divos solos: 1) TfOH kataliz&ta izomerizacija dihlormetana; 2) heletropa reakcija skidra SO.,
iegiistot sililsulfolenu 37e ar 62 % iznakumu divas stadijas. Fenilgrupas ievadiSana
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propargilsilana 36g ar1 paatrinaja blakus reakciju norisi, ko izdevas novérst, nomainot
katalizatoru uz maigaku skabi — PhCOOH. Tas lava iegtt velamo sililsulfolenu 37g ar 61 %
iznakumu.

ArT 4-nitrofenilaizvietotais propargilsilans 36h uzradija reagétsp&ju konkrétajos reakcijas
apstaklos (14. shema). Sililsulfoleéns 37h tika iegiits ar 51 % iznakumu ka frans diastereomers.
To izdevas apstiprinat ar kodolu Overhauzera efektu, kas velreiz pierada promocijas darba
autora grupas iepriek§gjos novérojumus par selektivu E,Z-dignu ieguvi.’’

NO,
SiMe,fBu
TsOH*H,0 9y
A 10 mol% NOEL c
SO, BuMe,SixHa
o 60 °C, 16 h 4 Ho
2 S0,
n-Pr
36h 37h, 51%

14. shéma. 2,5-Trans-diaizvietota sulfoléna 37h sintéze.

Tika veikti arT talaki pé&tfjumi par sulfolénu kimiskajam ipasSibam. Tika parbaudita
sililsulfoléna 37e hidrolizes iesp&jas par savienojumu 37i — substratu, kas biitu piemérots
Hijamas-Denmarka skérssametinaSanas reakcijam (15. shéma). Tika noskaidrots, ka vid&ji
stipras nukleofilas grupas ka benzoats un hlorids sp&j hidrolizét sililétera grupu par silanolu 37i
ar gandriz kvantitativu iznakumu.

ome PhCOONa on

(Pr)Si n-CgHq7N{Bn)Me,*CI* (iPr),Si
D g, [
0 o o o
37e 37i, 93 %

15. shéma. Sililétera 37e hidrolize.

Tika veikti arT eksperimenti, lai parbauditu sililsulfolenu desulfit€sanas iesp€jas reducgjosos
apstaklos (16. shéma). Izmantojot metalisko litiju ka reducétaju $kidra NHs,* tika novérota
pilna izejvielas sililsulfolena 37a konversija, iegiistot vinilsilanu 41 ar 60 % iznakumu.
Reakcijas gaita ka galvenais blakusprodukts radas alilsilans 42, ko skaidrojams ka retro-éna
eliming$anas produkts no intermediata 44. Produktu rasanas attieciba 60 : 40 palika nemainiga
ar citos reakcijas apstaklos, lietojot papildu skidinataju, citu protonu avotu, papildu bazi vai ar1
nomainot reducgjoso reagentu.
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(Pr)sSi Si(iPr), Si(iPr);
= Li
ZL\ Me™ ™% + Me
s NH, |
oo -33°C,6h n-Pr n-Pr
37a 41,60 % 42,40 %
2e J H* 2e
H*, -80, -S02
Si(iPr)
s M+ n—Pé//o
Me™ ™ R /H /
(iPr)Si— /- H—
LiO,S n-Pr
> a3 Me 44

16. shéma. Sililsulfoléna 37e desulfatésana.

Parbaudot sulfolénu 37g dotajos apstaklos, tika nov@rota izejvielas degradacija. Savukart,
paklaujot reducgsanas reakcijai selektivi metiléto savienojuma 45, tika ieglts tris produktu
maisTjums — sagaidamais vinilsilans 46 un parreducéSanas produkts 47. Interesanti, ka,
izmantojot pat lielu Li parakumu, fenilgrupas reducéSana netika novérota. Lai iesp€jami
novirzitu reducéSanu kada konkréta produkta rasanas virziena, $ajos apstaklos tika parbaudits,
ka aizvietotajs sulfoleéna pie C2 varétu ietekmét produktu veidoSanas attiecibu (17. shéma).

(Pr);Si N n-Buli (pry,si Si(iPr), SitiPr); Si(Pr)y

= 2) Mel — Li
- . Me Me™ + Me + Me
g7 TPh HMPA, THF 57  ph NHj .
o ‘o -105°C, 2h oo -33°C,6h Me” “Ph Me” “Ph Me™ “Ph
379 45,89 % 46,46%  (RR/SS)-47, 24 % (RS/SR)-47, 30 %

17. sheéma. Sulfoléna 45 iegiisana un desulfitésana.

Abi savienojuma 47 diastereoméri tika raksturoti ar 1D un 2D KMR (COSY, HSQC,
HMBC) analizes metodem (1. att.). Sadarbibas konstanSu analize liecina par to, ka molekulas
cenSas ienemt konformaciju, kurd tiek mazinata sin-pentana mijiedarbiba — Hq un viena no
metilgrupam novietojas pseidoaksiala pozicija. Lidz ar to savienojuma (RS/SR)-47 H. protonam
biitu janovéro anizotropais efekts no fenilgrupas sin-periplanaraja novietojuma. Tik tie$am,
salidzinot H. KMR signala nobides silaniem (RS/SR)-47 ar (RR/SS)-47, savienojumam (RS/SR)-
47 ir noverojama speciga H. signala nobide stiprakos laukos (0.50 ppm un 0.97 ppm). Lidzigi,
tikai apgriezti, So efektu var noverot art H, KMR signalam (1.67 ppm savienojumam (RR/SS)-
47 un 1.81 ppm savienojumam (RS/SR)-47). Sos pasus rezultatus ari papildina un apstiprina $o
signalu izmaina pazeminatas temperatiiras (pazeminot temperatiiru ekrangtajiem protoniem,
tiek noverota izteiktaka nobide stiprakos laukos).

(RR/SS)-47 (RS/SR)-47

1. att. Diastereoméru 47 KMR analize (sadarbibas konstantes noraditas Hz).
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1.2. Elektrofilu ierosinata alilfunkcionalizetu vinilsilanu sintéze no propargilsilaniem

Tadi propargilsilani ka 1,3-dipoli galvenokart ir izmantoti [2 + 3] annulé$anas reakcijas,
savukart promocijas darba autora grupu ieintrigéja ar elektrofilu reagentu ierosinatas sililgrupas
1,2-nobides rezultata izveidota alilkatjona iesp&ja pievienot argju nukleofilu, kas nav saistits
nedz ar elektrofilo reagentu, nedz ar propargilsilana struktiiru. Lidz §im veiktajos pétijumos
generéta katjona dz&8ana notika ar talakam strukturalam izmainam — nepiesatinatas sisteémas
veidoSanos pasa substrata. Tika izvirzita hipotézi, ka o gener€to alilkatjonu biitu iesp&jams
“notvert” ar kadu citu, ar&ju nukleofilu. Ka pirmie $adas parvertibas veikSanai tika izveleti
polari, nukleofili $kidinataji, jo tie nodroSinatu gan stabilizétu vidi generétajam ladetajam
dalinam, gan, pateicoties augstajai koncentracijai, atru reakcijas norisi.

2. tabula

Propargilsilana 48a brommetoksilésanas reakcijas apstaklu optimizacija un iesp&jamais

reakcijas mehanisms

Si(iPr); [Br] Si(iPr)s
MeOH ~
Br OMe
48a 49a
lBr+ MeOH T-H*
(iPr);Si Si(iPr)3
; _  Z
: B
®Br anfi-sill)ekﬁva B
1,2-Si~
s b
Nr. p. k. Reakcijas apstakli® KMR 1zna(1;<ums 49a,
()
1. NBS (1.2 ekviv.), i. t. 60 (57)°
2 NBS (1.2 ekviv.), 57_58
) temperatiiru diapazona = —78 °C, 0 °C, 50 °C
NBS (1.2 ekviv.), i. t. 3
3 c1a diapazona 0.05-0.2 M 35-36
4. NBS (2.0 ekviv.), i t. 49-52
5 NBS (1.2 ekviv.), i. t. 46
) 10 % MeOH skidums (CF3),CHOH
6. Brz (1.0 ekviv), i. t. 49
7. TsNBr; (1.2 ekviv.), i. t. 56
8. MeC(O)NHBr (1.2 ekviv.), i. t. 53
9 1,3-Dibrom-5,5-dimetilhidantoins (0.6 ekviv.), 57
) i t.
10. Dibromizocianiirskabe (0.6 ekviv.), i. t. 51

* Standarta apstakli: c1a= 0.1 M, reakcijas laiks 15 min.
® Difenilmetans ka iek$gjais standarts.
¢ Izdalttais iznakums.

Pirmais eksperiments, ko promocijas darba autora grupa izvelgjas veikt, bija propargilsilana
48a reakcija ar N-bromsukcinimidu (NBS) (1.2 ekviv) metanola (0.1 M) istabas temperatiira
(2. tab., 1. rinda). Jau p&c 15 miniitém tika novérota pilna izejvielas konversija, un metiléteris
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49a tika izdalits ar 57 % iznakumu. Talak tika izverteta temperatiiras, koncentracijas, NBS
daudzuma un papildu $kidinataja, ka ari citu elektrofilo broma reagentu avotu ietekme uz
reakcijas iznakumu, bet nekads butisks uzlabojums vai pasliktinaSanas reakcijas gaita noveérota
netika. L1dz ar to talakos p&tfjumos par substratu klastu tika izveleti tehniski vieglakie pirmie
parbauditie apstakli.

Reaggtspéja tika parbaudita art citiem 3-alkilpropargilsilaniem 48b,c (18. shéma). Nedz
alkilgrupas kédes garums, nedz izmainas silicija aizvietotaja reakcijas iznakumu un gaitu parak
neietekméja, laujot izdalit metileterus 49b un 49c¢ ar 53 % un 56 % iznakumiem. Bitisku
uzlabojumu reakcijas iznakuma deva arilaizvietotaja ievadiSana propargilpozicija. Visi
parbauditie 3-arilpropargilsilani 48d-h lava ieglit metileterus 49d-h ar iznakumiem no 72 %
lidz 76 % un ar tik pat labiem reakcijas laikiem ka iepriek§ — 5-15 min. Tas lauj spriest, ka
arilaizvietotajs sp€j nodrosinat gan papildu stabilizaciju reagétsp&jigajam starpstavoklim, gan
samazinat dazadu degradacijas procesu norisi neatkarigi no elektroniskajiem efektiem, ko
ievie$ aizvietotaji uz konkrétas arilgrupas.

Si Si

1.2 ekviv. NBS %\(OME
R MeOH (Crap = 01 M),
i.t., 15 min Br R
48a-h 49a-h
Si(iPr);
Si(iPr); Si(iPr);0Me SiMefBu L _ome
__ome ’2\'/0Me _A_ome r
Br nBu Br nBu Br n-CgHqg
49a, 57 % 49b, 53 % 49¢, 56 % 49d, 72 %
. Si(iPr] Si(iPr
Si(Pr); Si(Pr); ®s s
OMe = e = Me
/ OMe Z f f
Br Br r r
M
e0 cl Br
49e, 76 % 491, 75 % 499,74 % 49h, 75 %

18. shéma. Propargilsilanu 48a-h brommetoksilésanas produkti 49a-h.

Ka nakamais $kidinatajs tika izveélets DMF, kas $ajas reakcijas piedalas ka formiatgrupas
ekvivalents (19. shéma). Veicot reakcijas mitra DMF, Iidzigi ka ieprieks, vienkarSakie
alkilaizvietotie propargilsilani 48a,b deva formiatus 52a un 52b ar vidgjiem iznakumiem —
50 % un 63 %.
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1.2 ekviv. NBS
YN Y
= ~
R mitrs DMF (Cqag = 0.1 M), @
it 25-45 min Br 0. _-NMe, Br R
48a-h 53 52a-f
Si(iPr); Si(iPr);
Si(iPr)3 o Si(iPr)zOMg / 0.0 / 0.0
%‘\(0\7 %\(0\7 Br Br
Br nBu Br nBu
52a, 50 % 52b, 63 % 52¢, 55 % 52d, 56 %
Si(iPr); Si(iPr); Si(iPr);
= 0\70 = 0\?0 = 0%0
Br Br Br
OMe
Cl Br
52e, 55 % 52f, 52 % 529, 54 %

19. shéma. Propargilsilanu 48a-h bromformiloksilésanas produkti 52a-f, iesp&jamais reakcijas
mehanisms un savienojuma 52¢ ORTEP attglojums.

Interesanti, ka arilaizvietotie propargilsilani uzradija loti lidzvertigus, viduvgjus rezultatus,
laujot iegtit formiatus S2¢-d robezas no 52 % Iidz 56 % 2545 min Zemaki iznakumi un lénaka
reakcijas gaita neka produktu 49a-h sintéze liecina, ka DMF ir salidzino8i vajaks nukleofils
neka metanols un izraisa nevélamas blakus reakciju norises, ko var novérot ar GH-MS analizes
palidzibu.

Savienojuma S5S2¢ gadfjuma izdevas iegiit monokristalus, kas bija piemeroti
rentgenstruktiiranalizei un kas neapSaubami pieradija gan iegiito savienojuma 52¢ struktiiru,
gan (E)-geometrijas selektivitati pargrup&sanas reakcijam.

Tresais Skidinatajs, kas tika parbaudits ka potencialais nukleofils, bija etikskabe
(20. sheéma). Nemot vera to, ka iepriek§ promocijas darba autora grupa izstradata metode
propargilsilanu aktivéSanai balstijas Brensteda skabju kataliz€, maca Saubas par substratu
stabilitati skaba vide. Sis bazas apstiprinajas tikai dalgji, jo vienigais substrats, kas uzradija
pazeminatu iznakumu, bija di-izo-propilmetoksisililgrupu saturosais propargilsilans 48b.
Pargjie propargilsilani uzradija lidzigu reagétsp&ju ieprieks apskatitajam reakcijam metanola.
Ar1 etikskabe arilaizvietotie propargilsilani izradyjas paraki par alkilaizvietotajiem, dodot
arilaizvietotos acetatus 54c-g ar iznakumiem robezas no 72 % lidz 78 % un alkilaizvieto acetatu
54a ar 58 % iznakumu. Tika demonstréts arT So reakciju lietojums vairaku gramu apjoma,
iegiistot, pieméram, produktu 54¢ (4.6 g) ar 76 % iznakumu.
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Si S

1.2 ekviv. NBS o. .0
R ACOH (Ciag = 0.1 M), \f
i.t., 15 min Br R
48a-h 54a-g
Si(iPr)s Si(iPr),0Me s-uwg o
%K(o\fo %\(o\fo A OY
Br nBu Br nBu s
54a, 58 % 54b, 38 % 54c, 76 %
(4.5 grami) (1.8 grami) (4.6 grami)
) Si(iPr] Si(iPr]
Si(iPr), Si(iPr); ( 333 o : (); o
0.__0 0.0 = =
Y r E T Br T Br T
Br Br
MeO cl Br
54d, 78 % 54e, 78 % 54f, 72 % 549,72 %

20. shéma. Propargilsilanu 43a-h bromacetoksiléSanas produkti 54a-g.

Tika veikti arT p&tijumi ar citu elektrofilu/nukleofilu paru pievienosanu. Sekmigi izdevas
veikt bromhidroksilésanas reakciju acetons/tidens (5 : 1) sistéma, ieglstot spirtu 55 ar 65 %
iznakumu (21. sheéma). Promocijas darba autora grupu parsteidza 3-arilpropargilsilanu inertums
Sajos reakcijas apstaklos, ko varétu skaidrot ar Gdens ka parak vaja nukleofila reag€tsp&ju un
alilbenzilkatjona ka potenciala starpstavokla parak augsto stabilitati.

Si(iPr] i
WP 42 ekviv. NBS Si(iP ’)03H
nBu  Acetons/H,0 5 : 1
i.t., 15 min Br nBu
48a 55, 65 %

21. shéma. Propargilsilana 48a bromhidroksiléSanas reakcija.

N-Jodsukcinimids (NIS) metanola uzradija salidzino$i lidzigu reag€tsp&ju NBS, un
atbilstoSais jodmetoksiléSanas produkts 56 tika iegtits ar vidgju iznakumu — 42 % (22. sheéma).

Si(iPr); . Si(iPr);
1.2 ekviv. NIS OMe
nBu MeOH
i.t., 15 min | nBu
48a 56,42 %

22. shéma. Propargilsilana 48a jodmetoksiléSanas reakcija.

Izdevas arT demonstrét 1,3-difunkcionalizéSanu ar tadiem elektrofila/nukleofila pariem ka
fenilselenilhlorids un elementarais jods (23. shéma). Propargilsilans 48a reagéja ar PhSeCl
5 min. dodot vinilselenidu 57 ar 70 % KMR iznakumu. So savienojumu gan neizdevas izdalit
un veikt ta pilnu raksturoSanu, jo, veicot attiriSanu gan uz tie$as, gan uz apgrieztas fazes
silikagela, tika noverota savienojuma degradacija. Tika izdalits Cl- elimin€Sanas produkts diéns
58a ar 24 % iznakumu un hidrolizes produkts aldehids 58b ar 20 % iznakumu. Savukart 1,3-
dijodésanas produktu 59 izdevas izdalit ar 53 % iznakumu.
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. PhSeCl SiliP spontana SiliP Si(iPr);
Si(Pr)3 1.0 ekviv. i(Pr)s eliminé$anas (P O
/ nBu NG + R
; nPr
nBU  CHCls Si0, 3
it.5min PhSe Gl PhSe nPr
48a 57,70 % (KMR) 58a, 24 % 58b, 20 %

Si(iPr),0Me Si(iPr);0Me

1.5 equiv. I—I
& nBu

nBu DCM, i.t., 15 min

1 1
48b 59, 53 %

23. shéma. Propargilsilanu funkcionaliz€$ana ar elektrofila/nukleofila pariem.

Jauniegiitie savienojumi péc reakcijas satur tris reakcijas centrus, un tos ir iesp&jams
izmantot ka efektivus buivblokus selektivai alkénu sint€zei. Lai to demonstrétu, vispirms
vinilbromidus S54a-c tika izmantotas Suzuki-Mijauras SkérssametinaSanas reakcijas
(24. shéma). Izmantojot modificétus Bakvalda (Buchwald) izstradatos reakcijas apstaklus,**
Skeérssametinasanas produktus 60a-d izdevas iegiit ar labiem 71-79 % iznakumiem.

Si ArB(OH), Si
~ OAc Pd(OAc),, XPhos, K3PO4 . OAc
Br R T0|UO|S, 80 °C Ar R
54a-c 60a-d
Si(iPr); Si(iPr),OMe (iPr);Si
y OAc ~ OAc
(S\IBU nBu

60a, 75 % 60b, 79 % 60c, 78 % Ph 60d, 71 %

24. shéma. Vinilbromidu 54a-c Sk&rssametinasanas reakcijas.

Reakcijas vid€ nepievienojot arilborskabi, izdevas iegtt iekSmolekukaras ciklizacijas C-H
aktiveSanas produktu 61 ar 65 % iznakumu (25. shéma).

Si(iPr), Si(iPr);

OAc
Pd OAc

= (OAc)y, XPhos, K3PO,

Br Tol/H,0 20 : 1, 90 °C O

54c 61,65%

25. shéma. Vinilbromida 54c¢ iek§molekularas ciklizacijas C-H aktivacijas reakcija.

Talaka darba gaita promocijas darba autora grupa pieversas sililgrupas selektivai
funkcionaliz€Sanai. Lai to paveiktu, tika nolemts izmantot sililgrupas elektrofilas apmainas
reakciju ar NIS. Tika noverots, ka savienojumi, kas satur arilaizvietotaju alilpozicija, visos
parbauditajos apstaklos veic iekSmolekularu ciklizéSanos. Attiecigos jodindenus 62a,b izdevas
iegiit ar lidz pat 84 % iznakumu 1,1,1,3,3,3-heksafluorizopropanola (HFIP) (26. shéma).
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Si(iPr);

L 0
OAS (GF,),CHOH R

60c,d 62a:R=H,84 %

R 62b: R = Ph, 52 %

26. shéma. Vinilsilanu 60c,d tandema ciklizéSanas — elektrofila apmainas reakcija.

Ciklizé$anos bija iesp&jams noverst, ka substratu izmantojot alkilaizvietoto vinilsilanu 60a.
Samazinot alilpozicijas joniz€Sanas potencialu un nomainot Skidinataju vz 2,2,2-
trifluoretanolu, attiecigais viniljodids 63 tika ieglts ar 84 % iznakumu (27. shéma). P&c tam,
atkal izmantojot Suzuki-Mijauras Sk&rssametinaSanas reakciju, viniljodids 63 tika parversts
attiecigajos stilbénos 64a un 64b ar attiecigu 62 % un 56 % iznakumu. Iegiitie stilbéni 64a,b ir
saglabajusi orginalo dubultsaites geometriju (pieradits ar 'H-'H-NOESY KMR) cauri visai
reakciju sekvencei, sakot no savienojuma 54a.

/\/R
Si(iPr)s ! ArB(OH), -
_~_OAc NIS =~ -OAC  P4(OAC), PPh, Cs,CO;4 o
_— Ac
nBu F3CCH,OH nBu Toluols/H,0 9 : 1 ~
80 °C nBu
60a 63,84 %

64a,R=H, 62 %
64b, R = Me;N, 56 %

27. shéma. Vinilsilana 60a sililgrupas funkcionaliz&$ana.

1.3. Elektrofilu ierosinata heterociklisku savienojumu ar vinilsilanu sanu kédi sintéeze
no terminali funkcionalizétiem propargilsilaniem

Starp visiem mazmolekularajiem zalu savienojumiem, kas ir apstiprinati ASV Partikas un
zalu parvalde (Food and Drug Administration), 59 % satur&ja kadu no slapekla (2014. gada
dati)* un 27 % kadu no skabekla heterocikliem (2018. gada dati).*® Lai paplasinatu pieejamo
sintétisko metozu klastu heterociklisko savienojumu iegliSanai, kopa ar Rasmu Kronkalni un
Artjomu Ubaidullajevu tika izvirzita hipotéze, ka, lietojot dazadus nukleofilus saturoSus
propargilsilanus, biitu iesp&jams generét alilkatjonu, kas iek§molekularas ciklizacijas rezultata
dotu dazadus heterocikliskus atvasinajumus.

Petjumus tika nolemts sakt, parbaudot savienojuma 65a heterociklizaciju skabes
katalizétos apstaklos ar kvantitativas KMR spektroskopijas palidzibu. Pirmie eksperimenti
tiesam uzradija velama tetrahidrofurana 66a veidoSanos, un pec apstaklu optimizacijas ka
piemerotakie tika izveleti HNTS, katalizators hloroforma Skiduma istabas temperatiird ar
reakcijas laiku 15 min. (28. shema).
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SiMe.tBu 20 mol% HNTf,  tBuMe,Si
OH —M8MMM (o}
CHCl3,c=0.15M

15 min, 20 °C H
65a 66a, 70 % qNMR

|e |+
(iPr)sSi (PP);Si
%\/\/ XH —— ﬂ?

® E 67 E 68
anti-selektiva

1,2-Si~
28. shema. Piemerotakie apstakli tetrahidrofurana 66a iegiisanai un iesp&jamais reakcijas
mehanisms.

Lidzigus rezultatus ir iesp&jams sasniegt, izmantojot art tadas superskabes ka TfOH vai
veicot reakciju $kidinatajos, kas nenivele doto katalizatoru. Samazinot temperatiiru un
katalizatora daudzumu, tika noverota tikai reakcijas atruma samazinasanas.

P&c tam tika nolemts parbaudit propargilsilanu 65a heterociklizaciju elektrofila reagenta
NBS klatieng (29. sheéma). Tika parbaudita gan $kidinataja, gan temperattras ietekme, tomer
visos gadijumos ar NBS tika novérota ari di€na 69 veidosanas, ko vismazak var&ja novérot,
veicot reakciju hloroforma. Art reakcijas ilgums $aja gadijuma bija daudz garaks, salidzinot ar
skabes katalizetajam reakcijam. Pilnu izejvielas konversiju hloroforma bija iespg&jams sasniegt
vien péc 5 h, ko var skaidrot ar NBS zemo $kidibu halogengtos skidinatajos.

SiMe,tBu Br* tBuMe,Si SiMe;tBu
OH 0 + N\/\
%/K/\/ CHClyc= 0.15 M / - OH
20°C

Br Br
65a 66b 69
jaBr*=NBS, 5 h, 65 % jaBr'=NBS, 5h,22 %

jaBr* = TsNBry, 5 min, 74 % ja Br* = TsNBr,, 5 min, 0 %

29. shéma. Piemerotakie apstakli tetrahidrofurana 66b iegtiSanai.

Lidz ar to tika nolemts papildus apskatit art citus elektrofila broma avotus. Jau pirmaja
eksperimenta loti labu reagétspéju uzradija N,N-dibrom-4-metilbenzolsulfonamids (TsNBr»),
kam ir augsta Skidiba halogenétajos $kidinatajos. Pilna izejvielas konversija tika sasniegta
mazak ka péc 5 min. (laika no parauga pievienosanas KMR stobrina lidz spektra uznemsanai
jau bija sasniegta pilna konversija). Reakcijas maisjjuma tika noverota tikai velama
tetrahidrofurana 66b veidosanas, iespgjams, mazak baziska sulfonilamida anjona del.

P&c velamo apstaklu noskaidrosanas, Rasma Kronkalne kopa ar Artjomu Ubaidullajevu
veica substrata tvéruma izpéti. Tika parbauditas dazadas heterociklizacijas reakcijas ar
iekSmolekulariem skabekla (spirti, aldehidi, karbonskabes un oksimi), slapekla (amidi,
karbamati un sulfonamidi) un s€ra (tioacetats) nukleofiliem kombinacija ar elektrofilajiem
reagentiem (Brensteda superskabes, NBS, TsNBr, NIS, PhSeCl) (30. shéma).
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SiMe,tBu .
e X E* tBuMe,Si ) 66a-k
’ Halogenétie X 70a-j
Skidinataji 71a-c

o i
66c, 59 % E* = NIS 66g, 50 % E* = NIS SSEEDMCIELNES

! 66k, 29 % E* = NIS
| 66d,50 % E*=PhSeCl 6h, 47 % (E/Z = 71:29) E* = PhSeCl

65 E
" ar skabekla nukleoffiem T ;
| tBuMe,Si BuMe,Si {BuMe,Si BuM v
' o OH uMe,Si N ;
| | © j © ;0 ot
3 E E Br E !
66a, 64 % E* = HNTT, 66e, 73 % E* = HNTF, 3
66b, 70 % E* = TsNBry 66f, 73 % E* = TsNBr 66j,32 % E*=NBS |

I ar slapekla nukleofiiiem 1
! tBuMe,Si tBuMe,Si tBuMesSi ' BuMegSi 3
| ;N Pk Bl H ;s
' PG Ts Ns : ;

70e, 85 % E* = HNTY, 70g, 83 % E” = HNTF, 11 71a,64 % E* = HNTf,

: H E E ‘ E

: 70a, 67 % PG = Bz !

i 70b, 67 % PG = Ac — o1 - 70h, 25 % E* = NBS ! % E*= '
- 70f, 33 % (/7= 91: 9 ,25% ! 71b,25% E*=NIS !
i 10c,49% PG = Boc e Gs T 70,33% (E2=91 9, E*=NIS || 710 49.% £ = PASSC! |
| 70d,77% PG = Cbz 70, 40 % (EIZ = 41 59), E* = PhSeCl | | !

30. shéma. Produktu tvérums iek$€jo nukleofilu saturosu propargilsilanu 65 ickSmolekularas
ciklizacijas reakcijas (sadarbiba ar R. Kronkalni un A. Ubaidullajevu).

Reakciju rezultata ar iznakumiem no 25 % lidz 85 % tika iegiiti tetrahidrofurana 66a-d, y-
butirolaktona 66e-h, tetrahidrofuran-ola 66i, 2-izoksazola 66j-k, pirolidina 70a-j un tiolana
70a-c atvasinajumi ar funkcionaliz&tu alkéna sanu k&di.

Izstradata metode iekSmolekularai ciklizacijai balstas uz alilkatjona ka reakcijas
starpstavokla veidoSanos, tapec tika izvirzita hipotéze, ka, pamatojoties uz asimetrisko pretjona
virzito katalizi (4CDC),*” nukleofilas grupas uzbrukumu reakcijas centram biitu iesp&jams
panakt ar enantiodiskriminaciju (eksperimentalie dati — 5. pielikuma). Lai to paveiktu, ka
hiralas informacijas avots tika izvélétas BINOL atvasinatas Brensteda skabes (31. shéma).

Hirala

Si Brensteda skabe e *
XH —m» — /' X
=
H
65
(S)-70 + (R)-70

31. shéma. Hiralas Brensteda skabes katalizéta ieckSmolekulara ciklizésanas reakcija.

Eksperimenti tika sakti ar substrata un hromatografiskas analizes metodes identificéSanu.
Ka piemérotakie substrati tika izvEleti savienojumi ar nitrobenzolsulfonilamidu ta hromoforo
ipasibu d&l, kas lautu viegli kvantificét iegiito enantioméru attiecibu ar AESH sistémam, kas
sajugtas ar UV detektoru. Labako enantioméru sadalijumu izdevas iegiit, izmantojot (R,R)-
Whelk-O 1 hiralo stacionaro fazi un 5 % iPrOH/Hex (v/v) ka mobilo fazi.
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Enantioméra parakuma iegiiSanai tika izm&ginatas pieejamas hiralas Brensteda skabes.
Mgéginot atkartot rac€miskd produkta 70 g sintézes apstaklus un aizstadjot HNTE ar
fosforskabes-BINOL esteri, izejviela nereaggja (3. tab., 1. rinda). Aizstajot DCM ar hloroformu
un varot, péc 72 stundam tika izdaliti 13 % velama produkta, diemZ€l enantioméra parakuma
veido$anas netika noverota.

3. tabula
Hiralu Brensteda skabju kataliz&tas propargilsilana 65b ciklizeSanas apstakli

Si(ue),Bu,, s ON o ﬁ 0
N. o - I s’ . s’
S B teda skab Bu(Me),S % +  iBu(Me),S @
/\/\/ g rensteda skabe u(Me)y! I—\\ o u(Me),Si P

i —— >
o] \©\ Apstaki Q Q
NO:;

2 NO. NO.
65b (5}70g z (R)-To0g g

Hiralas Brensteda skabes

-
o
BPA
[Hg}-BINOL-NTPA

. & s = pms T, t, Iznakums, ee,

Nr. p. k. Katalizators Skidinatajs | C h % %
1. DCM 20 24 — -

2. BPA CHCI; 3 | 72 3 0

3. o Toluols 60 | 19 56 6

4, NTPA 5 mol% Cikloheksans | 60 | 18 62 11

5. NTPA 10 mol% Cikloheksans | i.t. 19 52 11

6. [Hs]-BINOL-NTPA | 1 heksans | 60 | 21 45 12

5 mol%

Nakamie  eksperimenti  tika  veikti ar  komerciali  pieejamajiem = N-
trifluormetansulfonilfosfoimidatiem NTPA un [Hs]-BINOL-NTPA, kuru skabums, salidzinot
ar BINOL-atvasinatajam fosforskabém BPA, ir daudz augstaks, ka arT tie 2,2’-pozicijas satur
stériski lielus aizvietotajus hiralitates efektivakai parnesanai. Pirmo reakciju promocijas darba
autora grupa izvelgjas veikt toluola 60 °C temperatiira ar NTPA (3. tab., 3. rinda). V&lamais
produkts péc 19 stundam tika izdalits ar 56 % iznakumu un 6 % enantiom@ro parakumu. Lai to
uzlabotu, tika nolemts veikt eksperimentu cikloheksana, kas var€tu nodrosinat ciesaku jonu
para veidosanos. Veicot eksperimentu istabas temperatiira gan ar NTPA (3. tabu., 5 rinda), gan
ar [Hs]-BINOL-NTPA (3. tab., 6 rinda), tika novérota gan pienemama reag€tspéja, gan
enantiom@ra parakuma veidosanas Iidz 12 %.

Nemot vera to, ka ir zinami arT piemeri, kad hiralas Brensteda skabes sp&j aktivet ahiralus
elektrofilos halogénu reagentus un nodro$inat enantioméra parakuma veidoSanos, tika
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izméginata reakcija ar NBS NTPA klatbtitné (32. shéma). Pirolidins 70h tika iegts ar 25 %
iznakumu un 10 % enantiom@ro parakumu. 3. tabula un 31. shéma apkopotie pirmgjie
eksperimentalie rezultati parada asimetriskas katalizes koncepta iesp&jamibu promocijas darba
autora grupas izstradatajai heterociklizacijas reakcijai ar sililgrupas 1,2-nobidi. Petljumi Saja
virziena tiek turpinati.

tBu(Me),Si
Si(Me),tBu o NBS / oss=0

/\/\/N\S// NTPA 5 mol%
_—
A St
NO

Toluols, -78 °C

: 70h, 25 %
65b 10 % ee

73

32. shéma. Hiralas Brensteda skabes ierosinata propargilsilana 65b bromciklizacija.

Nemot vera iegiitas zinaSanas par vinilaizvietotaja reag€tsp&jas ipatnibam ieprieks
apskatitajos savienojumos 54, ari jauniegiitajiem heterocikliskajiem savienojumiem tika
demonstrétas to talakas funkcionaliz&Sanas iesp&jas. Ka modelsubstrats tika izvelets visvieglak
un atrak ieglistamais vinilbromids 66b, kam tika veikta Suzuki-Mijauras Sk&rssametinaSanas
reakcija (33. shéma). Izmantojot modificétos Bakvalda apstaklus ar dazadam arilborskabém,
tika iegiti sililstiroli 74a-c ar vid€jiem lidz labiem rezultatiem — 55-79 %.

Ar-B(OH),
(5 mol%) Pd(OAc),
0y
tBuMe,Si ASMRIELTIOS BuMessi
e ——— ;) °
Toluols
Br 90-110 °C Ll
66b 10h 74a-c
tBuMe,Si tBuMe,Si tBuMe,Si
j © ; ©° | ©°
f N
== F
T4a,79 % 74b,78 % 74c, 55 %

33. shéma. Vinilbromida 66b funkcionaliz€Sana Suzuki-Mijauras $k&rssametinasanas
reakcijas.

Pec tam savienojums 74a tika izmantots silicija elektrofilajai apmainai, lai ieglitu
viniljodidu 75 (34. sheéma). Veicot reakciju HFIP, tika noverota strauja reakcijas gaita, dodot
vélamo produktu mazak ka 15 mintiSu laika. DiemZ€l $aja gadijuma tika novérota dubultsaites
izomerizacija, dodot E/Z maisTjumu attieciba 4 : 1. So problému veiksmigi izdevas novérst,
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nomainot reakcijas $kidinataju no HFIP uz 2,2,2-trifluoretanolu. Veélamais viniljodids 75 tika
iegtts ar 84 % iznakumu, pilniba saglabajot dubultsaites konfiguraciju.

tBuMe,Si 1
/ Q NIS / (o)
2,2,2-Trifluoretanols
20 °C, 20 min
T4a 75,84 %

34. sheéma. Vinilsilana 74 elektrofilas apmainas reakcija.

leghitais viniljodids 75 tika veiksmigi izmantots Suzuki-Mijauras S$k&rssametinasanas
reakcijas apstaklos, lai ieglitu tetrahidrofuranus ar trisaizvietotu alkéna sanu k&di 76a-c ar
labiem iznakumiem — 66—80 % (35. shéma), saglabajot originalo dubultsaites konfiguraciju,
kas tika iegiita savienojuma 66b sint€zes rezultata.

Ar-B(OH),
I Pd(OAc),, PPh Ar.
/ (o) Cs,CO3 / (o)

Tol/H,0 20 : 1
90 °C
10h
75 T6a-c

76a, 80 % 76b, 77 % 76¢, 66 %

35. shéma. Jodstirola 75 funkcionaliz€sana Suzuki-Mijauras Skérssametinasanas reakcijas.

1.4. Propargilsilanu ariléSana ar joda(IIl) reagentiem vara katalizétos apstaklos

Paradot iegiito ciklizéto produktu ka lietderigu buvbloku lietojumu, uzmanibu piesaistija
nepiesatinato sistému ariléSana ar hipervalentajiem joda reagentiem vara katalizétos
apstaklos.*® Ja $o konceptu pielagotu iek$gjo nukleofilu saturosiem propargilsilaniem 65, tad
viena sintézes soll biitu iesp&jams veikt gan sililgrupas 1,2-migraciju, gan iek§molekularo
ciklizaciju, gan ar1 alkéna arilfunckionaliz€Sanu, ieglstot savienojumus 74 (36. shéma;
eksperimentalie dati — 6. pielikuma).
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Si

A

65

ArlX + Cu(l)Y —— ArCu(lIlYX l

AralX

cu(lyy

Si
o

Cl‘]Y 77

Si
e

Ar 74

T -Cu(lyy

Si
T

CI‘JY 78

Ar Ar
36. shéma. Iesp&jama propargilsilanu 65 arilésana ar joda(IIl) reagentiem vara kataliz&tos
apstaklos.

Pirmais eksperiments, ko promocijas darba autora grupa noléma veikt, bija spirta 65a
reakcija ar ariljodanu 79 CuCl klatbiitné (4. tab., 1 rinda). Saja gadijuma tika novérota skabes
ciklizéta produkta 66a veidoSanas, ko var skaidrot ar iespgjamo TfOH zimju klatbitni no
ariljodana 79. Savukart, ja reakcijas maistjumam pievieno 2,6-di-z-butilpiridinu un paaugstina
procesa temperatiiru (4. tab., 3 rinda), vélamais produkts 74a tiek iegiits pat ar 76 % iznakumu
(82 % KMR). Lidzigu reakcijsp&ju uzradija art CuOTf PhH ka vara avots. Talaka apstaklu
optimizacija uzlabotus rezultatus pagaidam nedeva.

4. tabula
Propargilsilanu 65a arilésanas ar jods(IIl) reagentiem vara kataliz&tos apstaklos optimizacijas
tabula
. 79 Si Si ' OTf

Si CuX 3 i

///‘VV on Apstakii m * /K(D /ﬁji

652 74a 66a 3 70

Nr. p. k. CuX Skidinatajs | T, °C | Piedeva | 74a, % (KMR) | 66a, % (KMR)

1. EtOAc 20 - 0 69
2. EtOAc 20 0 0
3. EtOAc 60 82 (76 izdalits) 0
4. THF 60 56 0
5. CHCl3 60 BuyPy 59 0
6. Cucl Toluols | 60 17 0
7. MEK 60 0 0
8. MeCN 60 0 0
9. EtOAc 60 Lutidins 0 0
10. EtOAc 60 Et;N 0 0
11. Cul EtOAc 60 BusPy 0 0
12. CuOT{PhH EtOAc 60 84 0

Tika izméginata ar1 sulfonilamida 65b ciklizacija optimiz&tajos apstaklos (37. shéma).
Diemzgl vélama produkta veidoSanas netika noveérota, tika iegtits tikai pirolidinu 71g. To var
skaidrot ar sulfonilamida palielinato skabumu un stérisko mijiedarbibu starp iesp&jamo vara
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intermediatu un ienakoso nukleofilo grupu (35. sheéma, starpsavienojums 78), kas, visticamak,
izraisa protodemetaléSanos, nevis vélamas reducgjosas eliminésanos.

. 79 si OTf :

si H cucl : i !

N. = 1 i
///\/\/ Ns By,Py + : \O :
EtOAC N : :

65¢ 719 et '

37. shéma. Propargilsilana 65b ariléSanas méginajums.

Arilesanas reakcija tika parbaudits arT propargilsilans 48a, kas nesatur iekSmolekularo
nukleofilo grupu (38. shéma). Veicot reakciju optimiz&tajos apstaklos, tika iegiits divu vielu
maistjumus, kas satur arildiénu 80 un indénu 81 attieciba ~ 2 : 1 ar kopgjo iznakumu 52 %.

79 ! oTf
SiiPry CuCl SiiPrs BN i i
»Z | SiPry |
///\/\/ tEBtyzpy %\/\/\ E P \©

OAc Ph
48a 80, 35 % 81,17 % l

38. shéma. Propargilsilana 48a arilésanas reakcija ar joda(IIl) reagentiem vara kataliz&tos
apstaklos.

Abu produktu veidoSanas mehanisms piedavats 39. shema. Reakcijas sakuma no vara(I)
avota I oksid€josas pievienoSanas rezultata rodas vara(Ill) savienojums II, kas elektrofila
reakcija inducé sililgrupas 1,2-migraciju, veidojot intermediatu ITI. Saja bridi intermediats III
var reaggt ar bazi, veidojot intermediatu IV, kas p&c reducgjosas eliminésanas dod arildienu 80.
Intermediats III var veikt arT reducgjoso elimingSanu, veidojot intermediatu V, kas tilit pat veic
iekSmolekularu ciklizacijas reakciju, dodot indénu 81. LidzSingjie optimizacijas eksperimenti
vel nav devusi iesp&ju selektivi iegiit vai nu silildiénu 80, vai indénu 81, bet eksperimentalais
darbs tiek turpinats.
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=
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Ph

39. shéma. Propargilsilana 48a ariléSanas reakcija ar joda(IIl) reagentu vara katalizétos
apstaklos.
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SECINAJUMI
1. Skidrs séra dioksids ir piemérota reakcijas vide sililsulfolénu sintézei no

propargilsilaniem, kas ietver vaju skabju kataliz&tu propargilsilanu izomeriz&Sanu un heletropo
ciklopievienoSanu.

, Si
Si , TsOH vai H,0 si b
R R . lznakumi: 24-85 %
/\/ SO, RWRZ R'™Ng R ’
(o3}

Rl

2. Elektrofilu halogénu saturosi reagenti spgj ierosinat 1,3-difuncionalizé$anas reakcijas
propargilsilanos, kuras ka skabekla nukleofilu var izmantot $kidinataju (MeOH, DMF, AcOH,
H>0). Skidinatajs vienlaikus nodroina gan polaru reakcijas vidi, gan augstu nukleofila reagenta
koncentraciju. Izstradata metodologija dod funkcionalizétas atomu triades ar fiksétu (F)-
dubultsaites konfiguraciju.

Si Si Si
E* R SolvH R E=Br |
/KR _— %\/ %\/ SolvH = MeOH, DMF+H,0, AcOH, H,0
= o ® -H* E  Soly lznakumi:38%-79 %

3. Propargilsilaniem ir iesp&jams veikt 1,3-difunkcionaliz€Sanu ar elektrofila/nukleofila
pariem nenukleofilos $kidinatajos (halogénalkanos).

si si si

R
%K( E-Nu = I-1, 42 %; PhSe-Cl 70 % (KMR)
Nu E Nu

4. Hiralas Brensteda skabes ir spgjigas inducet enantioméro parakumu propargilsilanos, kas
alkilkede ir saistiti ar  iekSmolekularo  nukleofilo  grupu. Izmantojot  N-
trifluormetansulfonilfosfoimidatu NTAP, tika sasniegts 11 % enantiomérais parakums. Tas
pierada hiralitates parneses koncepta iesp&jamibu pétitajas reakciju sistemas.

SilMe)ztBu,, “N__O

2

/\/\/ N , s NTPA Bu(Me),Si O«/S
. Q
NO "

2
ITdz 11 % ee
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5. legttie bromvinilsilani, kas satur alkil- vai heterociklisku sanu kedi, ir lietojami ka
vertigas izejvielas telpiski defin€tu trisaizvietotu alkénu sint€zei, veicot selektivas Suzuki-
Mijauras sk&rssametinaSanas un elektrofilas apmainas reakcijas. Reakciju sekvence nodrosina
dubultsaites sakotngjas konfiguracijas saglabasanu.

. Ar'-B(OH ) Ar2-B(OH
R'=nBu, R2=0OAc  Si [st] )2 Si IS ! [P(d] )2 Ar?
vai R y R 7 - R" - . . R
R',R? = -C5HgHet-
R2 Ar' R? Arl R2 Ar' R2

6. Bromvinilsilani, kas alilpozicija satur acetoksi- un fenilaizvietotajus, paladija katalizétos
apstaklos veic iek§molekularu C-H aktivacijas reakciju, dodot attiecigo acetoksiindenu.

Si
. -OAc [Pd] OAc
C-H akﬂvact]a
Br

7. Veicot silicija-joda apmainu ar NIS sililstirolos, kas alilpozicija satur acetoksi- un
fenilaizvietotajus, papildus silicija nomainai tiek noverota acetata grupas jonizésanas. legitais
karbkatjons piedalas joniska ciklizéSanas reakcija, dodot attiecigos jodindénus.

Si
OAc
= NIS .
Ph —_— R=H, Ph
R
Ph
R

8. Terminalo alkinu un iekSmolekularo O-nukleofilu saturoSiem propargilsilaniem ir
iesp&jams veikt C-C arilésanu ar sekojosu sililgrupas 1,2-migraciju un ciklizésanos, lietojot
ariljodanus vara kataliz&tos apstaklos.

) ‘ oTt .

Si i i

CUCI ' | ;

/\/\/ A i = i \© i
pstakl By o 3 :
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GENERAL OVERVIEW OF THE THESIS

Introduction

In organic chemistry, silicon has usually been directly compared to carbon. Both of them
are group 14 elements; both have their typical tetravalent configuration; in almost all cases,
they form covalent bonds, which are especially strong with elements possessing high
electronegativity;' their chemical reactivity, like nucleophilic substitution with the inversion of
the central atom configuration,? in most cases match. The difference between the two elements
starts to appear because of the silicon’s place in 3 period. As a rule, that means a larger atomic
radius,’ lower electronegativity,* and more accessible vacant d-orbitals.® The contribution of
these properties is what makes silicon useful as a protecting group for alcohols and terminal
alkynes.® Its capability to form hypervalent intermediates” makes it a strong Lewis acid.
Additionally, the polarizability of the C-Si bond makes Tamao-Fleming oxidation® and
Hiyama—Denmark cross-coupling reactions possible.’

Another characteristic property of silicon that has gained a fair share of attention in the
context of organic chemistry is its intrinsic ability to stabilize carbocations in the B-position,
more commonly known as the B-silicon effect.!? It can be explained by two structural proposals:
vertical stabilization (hyperconjugation between the C-Si bond and unsaturated system) and
non-vertical stabilization (formation of 3 atom, 4 electron cyclic silonium ion) (Scheme 1). It
is believed that both modes of stabilization are in rapid equilibrium; therefore, while the new
C-Sibond is formed in the non-vertical stabilization mode followed by the dissociation of the
old bond, changes in the skeletal scaffold can be observed, that is, 1,2-silyl migration has taken
place — a new cation is formed that is again stabilized by the p-silicon effect.!”

Vertical Non-vertical Vertical
stabilization stabilization stabilization
Si
i By oY
A Z

1,2-Silyl migration

Scheme 1. B-Silicon effect — vertical and non-vertical stabilization in carbenium ions and
plausible 1,2-silyl migration.

The silyl group migration is typically observed in systems that might either yield the product
concertedly or form a more stable reaction intermediate owing to the combination of multiple
stabilizing effects. This is commonly observed and studied in reactions between electrophiles
and unsaturated systems.

Unsaturated systems like alkenes, allenes, and alkynes, as well as their conjugated analogs,
have been broadly discussed in the context of 1,2- and 1,4-difunctionalization. On the contrary,
allyl, allenyl, and propargyl silanes, upon their activation with an electrophile, undergo 1,2-silyl
migration, creating a formal 1,3-dipole. The reaction of the latter with an appropriate
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nucleophile presented in the reaction medium accomplishes the 1,3-difunctionalization of the
unsaturated system. '

Compared to 1,2- and 1,4-difunctionalization, synthetic methods to obtain 1,3-
difunctionalized products are far less studied. Some prominent examples include (Scheme 2):
a) ring-opening reactions of donor-acceptor cyclopropanes with nucleophile/electrophile

2 ¢) ring-opening under reductive

pairs;!! b) ring-opening reactions with radical initiators;!
conditions;'® d) hypervalent iodine-catalyzed ring-openings of cyclopropanes;'* e) transition-
metal-catalyzed 1,2-addition — isomerization of unsaturated system — reductive elimination;'®
f) alkene allylic oxidation — unsaturated system functionalization.!® Unfortunately, none of
these proposed methods provides simple and sequential functionalization of the obtained triad,
including its C2 atom.

Transition-metal-catalyzed

Ring openings of alkene functionaiziation

cyclopropanes

- ™ ™

v YRR X
Al R c)Sm(ll) + X=Y ‘\(Y . X
d)I(lll) + X*-y- R R e)
TV e -] L R1 = RZ
\/ X--Y ™ fT™] ST
2 [O]; Y

LHWH
Y

f)

Scheme 2. 1,3-Difunctionalization examples — ring-opening reactions of cyclopropanes and
transition-metal-catalyzed alkene functionalization.

The Doctoral Thesis has been devoted to developing novel synthetic strategies for propargyl
silane 1,3-difunctionalization using various electrophile/nucleophile pairs. Moreover,
depending on the procedure, obtained products may contain up to three reaction centers in the
Cl, C2, and C3 positions that open further functionalization possibilities for selective and direct
synthesis of relevant compounds for the pharmaceutical and materials science industries.

Aims and objectives

The aim of the Thesis was to develop novel synthetic strategies for the synthesis of
functionalized products based on the theoretical concept of allylic cation generation from
propargyl silanes.

The following tasks were defined.

1. To investigate the use of liquid SO, as a Lewis acidic reaction media to obtain silyl

dienes that in the given reaction medium will participate in the cheletropic reaction with
SO to yield silyl sulfolenes from propargyl silanes in a one-pot reaction.

2. To develop a method for the electrophile-induced synthesis of allyl-functionalized vinyl

silanes from propargyl silanes in the reaction with solvent as an external nucleophile.

3. To participate in a co-project about the electrophile-induced heterocyclization of

propargyl silanes that contain terminal alkyne and internal nucleophile moieties and to
investigate further functionalization possibilities of the obtained products. Furthermore,
the concept of asymmetric catalysis should be tested in this reaction series.
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4. To test the copper-catalyzed arylation reactions of propargyl silanes using hypervalent
iodine reagents.

Scientific novelty and main results

As aresult of this Doctoral Thesis, novel synthetic methodologies have been developed that
broaden the use of propargyl silanes as formal 1,3-dipoles and harness the 1,2-silyl migration
arising from the B-silicon effect. Furthermore, obtained compounds are useful synthetic
building blocks for further reactions that build up molecular complexity.

A method was developed in which liquid SO, was used as a Lewis acidic solvent to promote
the synthesis of silyl sulfolenes from propargyl silanes. This permits the use of significantly
weaker Brensted acids like TsOH and H>O (compared to previously used TfOH and HNTH).
Obtained silyl dienes immediately participate in the cheletropic reaction with SO to yield silyl
sulfolenes in a one-pot procedure.

A novel methodology was developed for (E)-selective synthesis of allyl functionalised
trisubstituted vinyl silanes in the electrophile-induced addition of nucleophilic solvents to
propargyl silane. This concept was also employed for (F)-selective intramolecular
heterocyclization of propargyl silanes containing internal nucleophiles, to yield heterocycles
with functionalized vinyl silane side chain. The newly obtained compounds have up to three
continuous reactive centers, and their application was demonstrated in transition-metal-
catalyzed cross-coupling, electrophilic silicon exchange, and intramolecular ionic reactions.
The possibility of asymmetric catalysis was demonstrated in propargyl silane heterocyclisation
reactions in the presence of chiral Brensted acids.

Experimental conditions were also investigated for copper-catalyzed arylation reactions of
propargyl silanes with hypervalent iodine reagents. This will be further developed as a new
synthetic method in the future.

Structure and volume of the Thesis

This Doctoral Thesis was prepared as a collection of thematically related scientific
publications by the author, dedicated to applying 1,2-silyl migration for the functionalization
of propargyl silanes. The Thesis unites three original publications in SCI journals and a review
article.

Publications and approbation of the Thesis

The results of the Thesis are reported in three original experimental publications. A review
article has been published. The main results were presented at nine conferences.
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MAIN RESULTS OF THE THESIS

In organic synthesis, organosilicon compounds have been used as protecting groups for
alcohols and terminal alkenes.® Their application is also broadly covered in reactions like
Peterson olefination,!” Tamao—Fleming oxidation,® and Hiyama—Denmark cross-coupling.’ In
contrast, the B-silicon effect is a well-studied but less-used concept. A prominent example
where the B-silicon effect contributes to the synthetic transformation is Hosomi-Sakurai-type
reactions,'® where electrophiles induce cation generation in unsaturated systems that are
stabilized by a B-silyl substituent. Propargyl silanes can also participate in this type of reaction.
Literature reports multiple examples of electrophile-induced elimination of the silyl group;
however, activation followed by 1,2-silyl migration seemed synthetically more intriguing, as it
opens up the possibility of using propargyl silanes as formal 1,3-dipoles.

The synthetic methods developed during the Doctoral Thesis aim to expand the application
of propargyl silanes as formal 1,3-dipoles and obtain highly functionalized atom triads widely
applicable in organic synthesis.

1. B-Silicon effect and its contribution to 1,2-silyl migration in propargyl
silanes

The first reports on changes in substrate reactivity attributed to the B-silyl substituent were
reported in 1946 by Sommer and Whitmore.'>> ?° By titrating different regioisomers of 1-
trichlorosilylpropane monochlorides 1a-¢ with 3 equivalents of cold 0.5M NaOH solution,
hydrolysis products of the Si-Cl bond were observed in all cases (Scheme 3). Surprisingly, upon
further addition of the base solution, only the B-substituted 2-chloro-1-trichlorosilyl propane
(1b) continued to react with an additional equivalent of NaOH, yielding the elimination product
propene (3).

3eq.
o NaOH e
ClSi (HO),Si
1a 3 2a
eq.
NaOH NaOH
ClesSi” Y O (HO)RSI Y Xy~ + Si(OH), + NaCl
Cl Cl 3
1b 3eq 2b
Cl NaOH cl
CISSi/V (HO),Si
1c 2c

Scheme 3. First demonstration of the B-silicon effect — reactivity of monochlorinated 1-
trichlorosilylpropanes with 0.5 M NaOH solution.

In addition, further experiments aimed at elucidating the mechanism of elimination product
formation concluded that solvolysis reactions proceed via the E1 type mechanism, where the
first and rate-determining step is the cleavage of the leaving group bond, which forms a -silyl
substituted and stabilized carbocation. This phenomenon was postulated as the B-silicon effect!®
— a stable reaction intermediate, to which two structurally defined stabilization models were
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proposed (Scheme 4): the vertical stabilization, where, due to the hyperconjugation, C-Si o-
bond electrons are donated into the vacant p-orbital or the non-vertical stabilization, where 4-
electron, 3-atom cyclic silonium ion is formed, and the positive charge is delocalized onto
silicon itself.

) e . Si
Vertical stabilization Nu « i
1 e
® a
Si Si
Van Ear
X Nonertical stabilization S 6
4
Si I@ N Si

Vertical stabilization

Scheme 4. Possible intermediates in B-silicon-stabilized carbocations.

As the reaction rate due to the B-silicon substituent can experience an increase of up to 12
orders of magnitude, several groups of scientists embarked on the investigation of the
phenomenon. To determine conformational constraints, significant contributions have been
made by Lambert ef al. (Scheme 5).2'° By synthesizing conformationally restricted silyl
derivatives, where the torsional angle between the silyl substituent and the leaving group (LG)
was fixed, the obtained compounds were compared in solvolysis reactions with their non-
silylated analogs. The highest reaction rate increase, ksi/ku= 10'2, was observed in the anti-
periplanar conformation. In addition, a significant but lower increase was observed for sin-
planar confirmation — 103 times. The decrease in the reactivity could be explained by the

interactions between the leaving group and the stabilizing silyl substituent.

Si

Ksilkq = 105 0°%

ksitky = 10% 80°.,

keifkiy = 100 90° wamsmnufunnand

ksilky = 104 120°+"
kefkyy = 1012 180°

Scheme 5. Changes in the solvolysis rates depending on the torsional angle of Si-C-C-LG.

An increase in reaction rates was also observed in gauche and anti-clinal conformations
(10* times), suggesting that the B-silicon effect can play a role in the sub-optimal overlap of the
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orbitals involved. In contrast, no increase in the reaction rate was observed in the orthogonal
confirmation, indicating that the B-silicon effect is most probably caused by vertical or non-
vertical stabilization rather than the positive induction effect of the silyl group. 2/

However, these structurally defined silanes do not provide a definitive answer to the
question of non-vertical stabilization involvement in the B-silicon effect, as all previous results
can be explained only by hyperconjugation. Hence, quantum calculations from the Jorgensen

group 227 and experiments interpreted by the Yukawa-Tsuno equation performed by the Fujio

group 273! provided insight into this question (Scheme 6).
g -
- T
Vertical stabilization Non-vertical stabilziation

Overal involvment from the silyl group into the stabilization of the molecule

Scheme 6. MP3/6-31G* level calculations on stabilization energy for various B-silyl
carbocation systems and investigating the significance of vertical and non-vertical
stabilization in relation to the substituents at the cationic reaction center.

The obtained results indicate that in systems lacking stabilizing groups at the cationic center,
such as compound 9, the non-vertical stabilization model dominates, and the contribution of the
latter in its overall stability is relatively significant. In contrast, in dialkyl substituted cations 6
and benzyl cations 7, the vertical stabilization model dominates, and the involvement of the
silyl substituent in stabilizing the carbocation is far less pronounced compared to cation 9.
Monosubstituted cation 8 indicates an indeterminate state between vertical and non-vertical
stabilization, 25!

The B-silicon effect has also been studied in vinyl cations by Stone and co-workers.*? They
analyzed thermodynamic data for the addition of electrophiles (TMS" and H") to various
substituted alkynes and alkenes (Scheme 7). From the measured AH values for the formation
of carbocations 11 and 13, the contribution of the B-silicon effect AAH can be measured in-
between 8.8-11.6 kcal/mol compared to their non-silylated analogs. Similar experiments were
performed for carbocations 16 and 18. In the case of alkyl-substituted carbocation formation,
involvement from the B-silicon effect was measured much higher up to kcal/mol; however, aryl-
substituted systems showed only 16.7 kcal/mol involvement from the silyl substituent, which
is in a good agreement with the previously obtained results.
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Scheme 7. Silyl vinyl and silyl alkyl carbocation generation to determine the stabilization
effects arising from hyperconjugation.

A B-silyl-substituted carbocation can easily form cyclic silonium ions via a non-vertical
stabilization model and eventually undergo 1,2-silyl migration through a concerted fashion to
result in an energetically more favored product or, due to the multiple stabilizing contributions,
form a more stable reaction intermediate. The 1,2-silyl shift in propargyl silanes was first
reported in 1985 by the Miginiac group as a side reaction between the latter and acetals.
Further substantial contribution to the field of the [2 + 3] annulation chemistry was done by
Danbheiser et al. (Scheme 8). This transformation is initiated by the electrophilic activation of
propargyl silane 20 by 1,2-dipole 21 to form intermediate 22, which undergoes a 1,2-silyl shift
to form allylic cation 23. The latter reacts with the intramolecular nucleophilic center to form
the annulation products 24 — cyclopentenes, 1,2,5,7a-tetrahydro-3H-pyrrolizine-3-ones,

isoxazoles, and azulenes.*

R
Si TiCl
Y 1Ll
v — Y S
= R X DCM, -78 °C X
20 l 21 T24
. i o e
LaTi-., i LT, S LT, R
Il > R — | —_— | @
)é// X A R X i
I
22 23

Scheme 8. General scheme for the annulation reactions of 1,2-dipoles and propargyl silanes.

So far, to achieve chemical complexity, 1,3-difunctionalization reactions of propargyl
silanes are based on combining two structural scaffolds. Ferreira et al. made significant
contributions to the functionalization of propargyl silanes. For the first time, they demonstrated
that o-hydroxy propargyl silanes 25 could be activated by either transition metals or
electrophilic halogen sources to induce semi-silylpinacol-type 1,2-silyl migration to form
oxocarbenium ions 27 (Scheme 9). After deprotonation, the latter yields o,p-unsaturated
ketones 28 and 29 with high stereoselectivity and further functionalization potential. 3¢
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Scheme 9. Use of a-hydroxy propargyl silanes 25 in electrophilic halogen and transition
metal-induced reactions.

Our research group has previously reported that by treating propargyl silanes 30 with
Bronsted superacids (TfOH, THNH, TfzCH), 1,2-silyl migration can be induced to form an
allylic cation 31. Depending on the reaction conditions and substrate’s structure, it can undergo
either B-proton elimination to form silyl dienes 33 or, if the molecule holds an appropriate
nucleophile like aromatic system, participate in intramolecular cyclization to yield silyl indenes
35 (Scheme 10).%’

Si

El

Si R1
R2 W g R? 1,2-Si~ H\/\ 33,52-92 %
R1
1=
— @g

35, 58-90 %

R2

Scheme 10. Activation of propargyl silane 30 with Brensted superacids.

Based on previous achievements in reactions of propargyl silanes for 1,3-
difunctionalization, the research conducted in this Doctoral Thesis was dedicated to the
development of new synthetic methods that broaden this field. The Doctoral research was
divided into four parts (Scheme 11):

(1) The use of liquid SO as a Lewis acidic reaction medium for Brensted acid-induced
1,2-silyl migration in propargyl silanes, resulting in silyl dienes that would undergo
cheletropic cyclization reaction with SOz, leading to the synthesis of silyl sulfolenes in one-
pot reaction.

(2) Employing propargyl silanes in electrophile-induced 1,2-silyl migration reactions with
solvents as nucleophiles to obtain allyl-functionalized vinyl silanes with (E)-selectivity.
(3) Utilizing propargyl silanes containing terminal alkyne and internal nucleophile moieties
in electrophile-induced heterocyclization reactions and developing the concept of its
asymmetric version.

(4) Exploring new “C-eletrophilic” synthons for activating propargyl silanes, followed by
1,2-silyl migration, which concludes with the quenching of allylic cation by nucleophilic
addition.
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Scheme 11. Research directions for the Doctoral Thesis.
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1.1. Synthesis of silyl sulfolenes from propargyl silanes in liquid sulfur dioxide

In our research group, liquid sulfur dioxide has been demonstrated to be an outstanding
alternative to conventional solvents. Under normal conditions, SO is a colorless gas with a
pungent odor. However, its relatively high boiling point (—10 °C) and low vapor pressure (3 bar,
20 °C; 20 bar, 100 °C) allow easy liquefaction and utilization in a wide temperature range.
Furthermore, it can be easily removed from the reaction environment by adjusting temperature
and pressure parameters. Although liquid SO is considered a moderately polar (dipole moment
1.75, dielectric constant 20.6) and aprotic solvent, the substantial advantage of SOz over other
solvents arises from its high Lewis acidity.>® This can facilitate reactions that proceed via the
formation of cationic intermediates, such as alkyne®* and methylene cyclopropane*
hydrofunctionalization or glycosylation reactions.*!

In our group, the previously developed acid-catalyzed isomerization of propargyl silanes 36
into 2-silyl-1,3-dienes 40 required the use of Brensted superacids like TfOH, THLNH, and Tf;CH
in chlorinated solvents such as CH>Cl, and CHCl3.>” We hypothesized that due to the Lewis
acidic properties of SO», this transformation could be achieved with significantly weaker
Bronsted acids. Furthermore, the resulting silyl dienes would immediately participate in a
cheletropic reaction with SO to yield 3-silyl-3-sulfolenes 37. The latter can be viewed as
formal equivalents of the corresponding silyl dienes 40, facilitating their purification and
enabling further 1,4-functionalization.**

. (Pr)4Si
Si(iPr)3 Catalyst 223\/\
%/&\/\/ SO, s
20°C, 16 h o ‘o
36a 0.75-0.83 mmol 37a
[ 5o
(Pr)sSi si(Pr), = Si(Pr);
_— @ —_—

5 -HB
H 38 39 40

Scheme 12. Tandem 1,2-silyl migration — cheletropic addition sequence for the synthesis of
silyl sulfolene 37a and the proposed reaction mechanism.

This research was initiated by identifying the most suitable catalyst (Table 1). As expected,
when running reactions in commercially available SO» that contains up to 50 ppm residual
water, acids such as TsOH-H>O, PhCOOH, and (NH4)>SO4 were sufficiently strong to initiate
this transformation. Surprisingly, even the residual water was enough to carry out the reaction.
However, alcohols such as tBuOH and phenols such as BHT, in the presence of molecular
sieves, could not initiate this reaction. Experiments 1-4 (Table 1) demonstrate that water traces
from SO» do not interfere with the reaction when using Breonsted acids within the pKa range
from water to TsOH.
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Table 1
Catalyst screening for the tandem 1,2-silyl migration — cheletropic addition sequence
displayed in Scheme 12.

No. Catalyst (mol %) NMR yield for product 37a,* %
1 TsOH-H:0 (10) 84
2 PhCOOH (10) 72
3 (NH4)2S04 (10) 75
4 H>0 (100) 67
5 H,O? 75
6 3AMS <5
7 | tBuOH (10) + 3 A MS <5
8 | BHT (10)+3 AMS <5

2 Diphenyl methane as internal standard, an average of two runs
® Water (up to 50 ppm) in the commercially available SO,

Next, TsOH-H2O was tested as the catalyst of choice for the substrate scope (Scheme 13).

si TsOH*H0 Si
J o 10 mol% 2:5\
//K/ S0 R
Z 2 S
20°C,16h oo
36a-g 37a-g
(iPr);Si Z—>\/\ Megsib\/\ EtSSib\/\ Bu MeZSib\/\
’/s\\ ’/s\\ //s\\ ’/s\\

(O Je} oo oo oo
37a,84 % 37b, 84 % 37¢,82 % 37d, 85 %
MeO(iPr),Si BuMe,Si tBuMe,Si

Z;>\/\ QCSH17 Q\@
o o o ‘o oo
37e, 24 % 371,84 % 379, 61 %
(62 % in two-step (PhCOOH as catalyst)

procedure)

Scheme 13. Substrate scope for the tandem reaction of 1,2-silyl migration and cheletropic
addition.

It was found that simple trialkyl silyl groups did not significantly affect the outcome of the

reaction, as silyl sulfolenes 37a-d were obtained in good yields (82—85 %). A high yield was

also obtained for product 37f with a longer n-octyl substituent (84 %). Propargyl silanes with

electron-withdrawing methoxy substituent on the silicon group afforded product 37e in a low

yield of 24 %. Neither change of the catalyst nor lowering the temperature (—20 °C) did improve

the reaction yield. Additional experiments at reduced temperatures indicated that the

degradation of starting material occurred at lower temperatures than the desired acid-catalyzed

isomerization can be observed. The reaction yield can be improved by performing a two-step

procedure: 1) TfOH-catalyzed isomerization in DCM and 2) cheletropic addition of SO;. This

yielded silyl sulfolene 37e in 62 % yield over two steps. Also, phenyl-substituted propargyl
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silane 36e was prone to side reactions. However, changing the catalyst to less acidic PhCOOH
suppressed the formation of byproducts and improved the product 37g yield to 61 %.

Similarly, 4-nitrophenyl substituted propargyl silane 36h showed decent reactivity under
the given conditions (Scheme 14). Silyl sulfolene 37h was obtained in 51 % yield as a trans
diastercomer, which was confirmed by the nuclear Overhauser effect and confirmed our
previous findings on selective E,Z-diene synthesis.’’

NO,
SiMe,fBu
TSOH*H,0
& 10 mol% NOEHs
S0, tBuMe,Sixa
H
60°C, 16 h 4 b
O,N S0,
n-Pr
36h 37h,51 %

Scheme 14. Synthesis of 2,5-trans-disubstituted silyl sulfolene 37h.

Next, the chemical properties of the obtained sulfolenes were investigated. We tested the
possibility of silyl sulfolene 37e hydrolysis to obtain compound 37i, a substrate that would be
suitable for Hiyama—Denmark cross-coupling reactions (Scheme 15). This was achieved by
employing mild nucleophilic groups as mediators to obtain silanol 37i with a nearly quantitative
yield of 93 %.

PhCOONa

_OMe or JOH

(Pr);Si 1-CoHy7N(Bn)Me,*CI* (iPr),Si
Z:)\/\ THF, H,0, Z?M\
o 60°C, 14 h o
37e 37,93 %

Scheme 15. Hydrolysis of silyl ether 37e.

We also conducted experiments to test the possibility of sulfolene desulfitation under
reducing conditions (Scheme 16). Using lithium as a reductant in liquid NH3 ** full conversion
of the starting material was obtained, yielding vinyl silane 38 in 60 % yield. However, we also
observed the formation of allyl silane 39 in 40 % yield, which could be explained by the retro-
ene reaction of intermediate S2. The product ratio of 60 : 40 remained intact in all of the tested
reaction conditions: addition of co-solvent, different proton source, additional base, or the
change of the reducing reagent.
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(iPr)ySi Si(iPr); Si(iPr);

= Li
Me” ™% + Me
NHs |

S

o o -33°C,6h n-Pr n-Pr
37e 38, 60 % 39, 40 %
26" \ H* 2e”
H*, 50, 1 802
Si(iPr);
H* n—Péao
Me” ™ Y/ /
] (Pr)gSi~f---H—4
LiOoS n-Pr Me
S1 S2

Scheme 16. Desulfitation of silyl sulfolene 37e.

To potentially direct the reduction to either vinyl or allyl silane, we tested how substitution
at C2 might affect the product ratio (Scheme 17). When sulfolene 37g was tested under the
given conditions, only degradation of the starting material was observed. However, selective
methylation at the C2 position of compound 37g to obtain compound 45, followed by reduction,
resulted in the formation of three products: the expected vinyl silane 46 and over-reduction
products 47. Interestingly, even with a large excess of lithium, reduction of the phenyl group
was not observed.

(Pr);Si 1)2;"5“:-i (Pr);Si Si(iPr); Si(iPr); Si(Pr);
= e = Li 5 2
R S e TS T
°57 Ph  HMPA, THF >s” “ph NH3 )
o o -105°C, 2h oo -33°C,6h Me” “Ph Me” “Ph Me" “Ph
379 45,89 % 46,46%  (RRISS)-47, 24 % (RSISR)-47, 30 %

Scheme 17. The desulfitation of silyl sulfolene 45.

Both diastereomers of compound 47 were fully characterized by 1D and 2D NMR (COSY,
HSQC, HMBC) analysis methods (Fig. 1). Analysis of coupling constants indicates that both
diastereomers tend to adopt the conformation in which the sin-pentane interactions are
minimized — Hq and one of the methyl groups are positioned in a pseudo-axial position. This,
in fact, should lead to an observable upfield shift of the Hc proton in compound (RS/SR)-47
owing to the anisotropic effect arising from the aryl group. Indeed, comparing (RS/SR)-47 with
(RR/SS)-47, a significant H shift is observed (0.50 ppm compared to 0.97 ppm). Similarly, only
reversed effects can be observed for the Hy, proton, which resonates at 1.67 ppm for compound
(RR/SS)-47 and at 1.81 ppm for compound (RS/SR)-47. These results are further supported by
the changes in these signals at reduced temperatures; shielded protons experience increased
upfield shift as the temperature decreases.

(RR/SS)-47 (RS/SR)-47

Figure 1. NMR analysis of diastereomers 47.
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1.2. Electrophile-induced synthesis of allyl-functionalized vinyl silanes from propargyl
silanes

Propargyl silanes have typically been used as 1,3-dipoles in [2 + 3] annulation reactions.
However, we were intrigued by propargyl silane activation using various electrophilic reagents
that initiate 1,2-silyl migration to generate the corresponding allylic cation, which could then
readily combine with nucleophiles present in the reaction environment. In previous studies, the
quenching of this cation was achieved through structural changes such as the formation of an
unsaturated system within the substrate itself. We hypothesized that the generated allylic cation
could be trapped by an external nucleophile. As the first choice for performing such
transformations, we selected polar nucleophilic solvents, as they would provide both a
stabilized environment for the generated charged species and facilitate the last step due to the
high nucleophile concentration.

Table 2
Optimization of propargyl silane 48a bromo methoxylation
Si(iPr); [Br*] Si(iPr)s
MeOH -
Br OMe
48a 49a
lBr* MeOH 1-H*
(P1);Si Si(iPr);
: =
®Br 50 Br 5
anti-selective
1,2-Si~
No. Reaction conditions NMR yield 49a, %
1 NBS (1.2 equiv.), RT 60 (57)°
NBS (1.2 equiv.), .
2 Range of temperature =-78, 0, 50 °C 5258
NBS (1.2 equiv.), RT
3 c1a 0.05 M — 02 M 55-36
4 NBS (0.6-2.0 equiv.), RT 49-52
5 NBS (1.2 equiv.), RT 46
10 % MeOH solution (CF3)CHOH
6 Br; (1.0 equiv.), RT 49
7 TsNBr; (1.2 equiv.), RT 56
8 MeC(O)NHBr (1.2 equiv.), RT 57
9 | 1,3-Dibromo-5,5-dimethylhidantoine (0.6 equiv.), RT 57
10 Dibromoisocyanuric acid (0.6 equiv.), RT 51

2 Standard conditions: c1a= 0.1 M, reaction time 15 min
® Diphenyl methane as internal standard
¢ Isolated yield

In the first experiment, we decided to perform the reaction of propargyl silane 48a with N-
bromosuccinimide (NBS) (1.2 equiv.) in methanol (0.1M) at room temperature (Table 2, Entry
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1). After just 15 min, complete conversion of the starting material was observed, and methyl
ester 49a was isolated in 57 % yield. Next, we evaluated the effects of temperature,
concentration, amount of NBS, the addition of a co-solvent, and other sources of electrophilic
bromine species. Nevertheless, no significant improvement or deterioration was observed;
hence, operationally simple initial conditions were chosen to investigate the range of substrates.

The reactivity was also examined with other 3-alkyl propargyl silanes 48a,b (Scheme 18).
Neither the length of the alkyl chain nor the modification of the silyl substituent significantly
affected the reaction outcome and progress, affording methyl esters 49b and 49¢ in 53 % and
56 % yields, respectively. The introduction of an aryl substituent at the propargylic position
resulted in a significant improvement in the reaction yield. All tested 3-aryl propargyl silanes
48a-h yielded methyl esters 49d-h with yields ranging from 72 % to 76 % with reaction times
similar to the previous cases. This suggests that the aryl substituent can provide additional
stabilization to the reactive intermediate and reduce the occurrence of various degradation
processes regardless of the electronic effects introduced by the substituents on the specific aryl

group.

si . Si
1.2 equiv. NBS %OMe
R MeOH (cqa.n = 0.1 M),
RT, 15 min Br R
48a-h 49a-h
Si(iPr);
Si(/Pr); Si(iPr),OMe SiMe,tBu p OMe
= OMe > OMe = OMe i
Br nBu Br nBu Br  n-CgHqg
49a, 57 % 49b, 53 % 49¢, 56 % 49d, 72 %
. Si(Pr] Si(iPr]
Si(Pr); Si(iPr); (fPrls (Pr)s
oM = OMe = OMe
= OMe 7 e
Br Br
Br Br
M
e0 cl Br
49e, 76 % 49f, 75 % 499,74 % 49h, 75 %

Scheme 18. Bromomethoxylation products 49a-h of propargyl silane 48a-h.

As the next nucleophilic solvent to investigate, we chose DMF, which participated as a
formate group equivalent (Scheme 19). Conducting the reactions in wet DMF, alkyl-substituted
propargyl silanes 48a,b yielded formates 52a,b in moderate 50 % and 63 % yields, respectively.

Interestingly, the aryl-substituted propargyl silanes exhibited very comparable moderate
results, giving formates 52c¢-g in the range of 5256 % within 25-45 minutes. Lower reaction
yields and longer reaction times indicate that DMF is a relatively weaker nucleophile compared
to methanol, leading to undesired side reactions, which can be observed in the GC-MS analysis.
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o Si
1.2 equiv. NBS W K/‘k\?/o _0
— >
%R wet DMF (c1ag = 0.1M), L

RT, 25-45 min r O /NMEZ Br R
48a-h 53 52a-g
(lPr)a Si(iPr);
Si(iPr)s Sl(iPr)zOMe - o__.0
= 0\70 %\( Br
Br nBu Br nBu
52a, 50% 52b, 63% 52c, 55%
Si(iPr); (iPr); (:Pr)3
= 0.0 =
Br Br
OMe
52e, 55% 52f, 52% 529, 54%

Scheme 19. Bromoformyloxylation products 52a-g of propargyl silanes 48a-h and ORTEP
representation of compound 52c.

Single crystals of compound 52¢ were obtained that were suitable for X-ray analysis, which
unambiguously confirmed the structure of compound 52¢ and (£)-double bond selectivity for
the 1,2-silyl migration event.

The third tested solvent was acetic acid (Scheme 20). Considering that the previously
developed method by our group for activating propargyl silanes relied on Brensted acid-
catalysis, we had concerns about substrate stability in an acidic environment. Yet, these
concerns turned out to be only partially met, as the only substrate that showed decreased yield
was propargyl silane 48b. The other propargyl silanes showed reactivity comparable to previous
results in methanol, as aryl-substituted propargyl silanes gave superior yields compared to alkyl
silanes, yielding aryl-substituted acetates in 72—78 % yield and alkyl-substituted acetate 46a in
58 % yield. In addition, we demonstrated the scalability of this reaction on a multi-gram scale,
obtaining product 54c¢ (4.6 g) in a yield of 76 %.
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; Si
i 1.2 equiv. NBS

. 0__0
R ACOH (Ciagq = 0.1 M), \f
RT, 15 min Br R
48a-h 54a-g
Si(iPr)s Si(iPr),0Me S'('P’(); o
A A 1T
Br nBu Br nBu i
54a, 58 % 54b, 38 % 54c, 76 %
(4.5 grams) (1.8 grams) (4.6 grams)
) Si(iPr Si(Pr]
Si(Pr)s SiP0g e e
(o) (o] = =
E/ 0.0 (/E ¥ T T
\f Br Br
Br Br
MeO cl Br
54d, 78 % 54,78 % 54,72 % 549, 72 %

Scheme 20. Bromoacetoxylation products 54a-g of propargyl silanes 48a-h.

The addition of other electrophile/nucleophile pairs was also examined. We successfully
performed the bromohydroxylation in an acetone/water (5 : 1) system. Alcohol 55 was obtained
in a 65 % yield (Scheme 21). We were surprised by the inertness of 3-aryl propargyl silanes
under the given reaction conditions, which could be attributed to the weak nucleophilicity of
water and the potentially high stability of the formed allyl benzylic cation.

Si(iPr] i
(Pr)s 1.2 equiv. NBS Sn(iPr()_;H
nBu  Acetone/H,05: 1
RT, 15 min Br nBu
48a 55, 65 %

Scheme 21. Bromohydroxylation product of propargyl silane 48a.

N-ITodosuccinimide (NIS) in methanol exhibits a relatively similar reactivity to NBS. The
corresponding iodo methoxylation product 56 was obtained in a 42 % yield (Scheme 22).

Si(iPr)s _ Si(iPr)s
1.2 equiv. NIS OMe
nBu MeOH
RT, 15 min | nBu
48a 48,42 %

Scheme 22. Todo methoxylation product of propargyl silane 48a.

1,3-Difunctionalization was also feasible with electrophile/nucleophile pairs, such as
phenylselenyl chloride and elemental iodine, in halogenated solvents (Scheme 23). The reaction
between propargyl silane 48a and PhSeCl was finished in 5 min, yielding vinyl selenide 57 with
a 70% NMR yield. Unfortunately, we were unable to isolate the product for full
characterization. Upon purification on direct and reverse phase silica, compound 57
spontaneously decomposed, and we isolated the elimination product diene 58a with a 24 %
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yield and the hydrolysis product aldehyde 58b with a 20 % yield. On the other hand, 1,3-
diiodination product 59 was successfully isolated with a 53 % yield.

_ PhSeCl Si(iPr spontanious Si(iPr Si(iPr)s
Si(iPr); 10 equiv. SO Ll [N
nBu = + Xy
— —_— ~ nPr
nBu  CHCl, Si0,
RT.5min PhSe  CI Phse P
48a 57,70 % (NMR) 58a, 24 % 58b, 20 %
Si(iPr);0Me 1.5 equiv. 1—1I SI(IPr:fBOMe
nBu DCM, RT, 15 min u
|
48b 59, 53 %

Scheme 23. Difunctionalization of propargyl silanes with electrophile/nucleophile pairs.

The newly obtained compounds contain three reaction centers and can be potentially used
as effective building blocks for site-selective alkene synthesis. To demonstrate the latter, we
utilized vinyl bromides 54a-c in a Suzuki-Miyaura cross-coupling reaction. By employing
modified Buchwald conditions,** cross-coupling products 60a-d were obtained with good

yields ranging from 71 % to 79 % (Scheme 24).

Si ArB(OH), si
Pd(OAc),, XPhos, K;PO,
A~ OAc (OAc), 3PO,4 o~ OAC
Br R Toluene, 80 °C Ar R
54a-c 60a-d

Si(iPr); Si{iPr);0Me (iPr)3Si
= OAc = OAc
nBu nBu

60a, 75 % 60b, 79 % 60c, 78 % PhH 60d, 71 %

Scheme 24. Cross-coupling reactions of vinyl bromides 60a-c.

Furthermore, by excluding the aryl boronic acid from the reaction medium, we successfully
obtained the intramolecular C-H-activation-cyclization product 61 with a 65 % yield (Scheme
25).

Si(iPr); Si(iPr);
- OAc OAc
Pd(OAC), XPhos, KyPO, ‘

Br Tol/H,0 20 : 1, 90 °C O

54c 61,65 %

Scheme 25. Intramolecular cyclization reaction of vinyl bromide 54¢ via C-H activation.

The next step was focused on the selective functionalization ofthe silicon group. To achieve
this, we employed electrophilic silyl group exchange with NIS. Interestingly, we observed that
compounds bearing the aryl group in the allylic position underwent intramolecular cyclization
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under all tested conditions. The corresponding iodo indenes 62a and b were obtained in up to
84% yield in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) (Scheme 26).

Si(iPr)s
AP s ,
OAc <GF..CHOR™ R
Ph
60c,d 62a: R=H, 84 %

R 62b: R = Ph, 52 %

Scheme 26. Tandem cyclization — electrophilic exchange reaction of vinyl silanes 60c,d.

Cyclization was prevented by using an alkyl-substituted vinyl silane 60a. By reducing the
ionization potential and changing the solvent from HFIP to 2,2,2-trifluoroethanol, vinyl iodide
63 was obtained with 84% yield (Scheme 27). Subsequently, by repeating the Suzuki-Miyaura
cross-coupling reaction, the latter was transformed into the corresponding stilbenes 64a,b in
62% and 56% yields, respectively. Stilbenes 64a,b retained the original double-bond
configuration (as evidenced by 'H-'"H-NOESY NMR) throughout the entire reaction sequence,
starting from compound 54a.

R
Si(iPr)s ! ArB(OH), L
_~_OAc e A~ -OAC  Py(OAc), PPhs, Cs,CO;
. ——— OAc
nBu F3CCH,OH nBu Toluene/H,0 9 : 1 ~
80°C nBu
60a 63, 84%

64a, R=H, 62 %
64b, R = Me;N, 56 %

Scheme 27. Functionalization of silicon moiety in vinyl silane 60a.

1.3. Electrophile-induced synthesis of heterocycles with vinyl silane side chain from
terminally functionalized propargyl silanes

Among all small-molecule drug compounds approved by the U.S. Food and Drug
Administration (FDA), 59% contained nitrogen (data from 2014), %> and 27% contained oxygen
heterocycles (data from 2018).* In order to expand the available synthetic methods for
obtaining heterocyclic compounds, together with Rasma Kronkalne and Artjoms Ubaidullajevs,
a hypothesis was proposed that using propargyl silanes linked to various nucleophilic groups
could generate allylic cations, which could then undergo intramolecular cyclization to form
diverse heterocyclic derivatives.

We decided to initiate the research by examining the heterocyclization of compound 65a
under acid-catalyzed conditions using quantitative NMR analysis. The initial experiments
indeed showed the desired formation of tetrahydrofuran 66a. After optimizing the reaction
conditions, the most suitable conditions were determined to be using HNTf, in chloroform at
room temperature with a reaction time of 15 min (Scheme 28).
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SiMe,tBu 20 mol% HNTf,  tBuMe,Si
OH —M8MM o
CHCl3, c=0.15M

15 min, 20 °C H
65a 66a, 70 % qNMR

|z [
(Pr)Si (Pr),Si
%)\/\/ XH Z[EJH;}

@E 67 E 68

anti-selective
1,2-Si~

Scheme 28. Optimized conditions for the synthesis of tetrahydrofuran 66a.

Similar results can be achieved by using similar Brensted superacids such as TfOH or by
conducting the reaction in a solvent that does not level the acidity of the catalyst. Lowering the
temperature or the catalyst loading only led to a decrease in the reaction rate.

Next, propargyl silane 65a was tested for electrophilic halogen activation using NBS
(Scheme 29). The influence of solvent and reaction temperature was examined; however, under
all the tested conditions, the formation of diene 69 was observed alongside the desired product
66b. The formation of the latter was least pronounced by carrying the reaction in CDCls. In
addition, the reaction times were significantly prolonged compared to the acid-catalyzed
reactions; full conversion in CDCl3; was achieved only after 5 h, which can be attributed to the
low solubility of NBS in halogenated solvents.

SiMe,tBu Br tBuMe,Si SiMe,tBu
OH (o] + N\/\
%A/\/ CHClg, c = 0.15 M ! ~ OH

20 °C Br Br
65a 66b 69
if Br* = NBS, 5h, 65 % if Br* = NBS, 5h, 22 %

if Br* = TsNBrp, 5 min, 74 %  if Br* = TsNBr,, 5 min, 0 %

Scheme 29. Optimized conditions for the synthesis of tetrahydrofuran 66b.

Therefore, we decided to explore other electrophilic bromine sources. Fortunately, in the
first experiment, N,N-dibromo-4-methylbenzene sulfonamide showed high reactivity,
benefiting from its solubility in halogenated solvents. Full conversion of the starting material
was achieved in less than 5 min (the time required to add the reagent and acquire the NMR
spectra). In these conditions, only the formation of desired tetrahydrofuran 66b was observed,
probably due to the lower basicity of the corresponding sulfonamide anion.

After identifying the optimal conditions, the substrate scope was investigated by Rasma
Kronkalne and Artjoms Ubaidullajevs (Scheme 30). Various heterocyclization reactions were
tested using intramolecular oxygen (alcohols, aldehydes, carboxylic acids, and oximes),
nitrogen (amides, carbamates, and sulfonamides) and sulfur (thioacetate) nucleophiles in
combination with electrophilic reagents (Brensted superacids, NBS, TsNBr2, NIS, PhSeCl).
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SiMe, B .
theziEu E* tBuMe,Si ) 66a-k
Halogenated X 70a
solvents E 71a-c
65
" with oxygen nucleophiles
i tBuMe,Si tBuMe,Si tBuMe,Si BuM \
g 0 OH u ezS| N
| [ o [ o B o

66a, 64 %, E* = HNTf,
66b, 70 %, E* = TsNBr,

66¢c, 59 %, E* = NIS

66e, 73 %, E* = HNTf,
66f, 73 %, E* = TsNBry
66g, 50 %, E* = NIS

66i, 30 %, E* = NBS

66j, 32 %, E*= NBS
66k, 29 %, E*=NIS

i E E Br E :

66d, 50 %, E* = PhSeCl 6h, 47 %, (E/IZ =T71: 29), E* = PhSeCl

i with nitrogen nucleophiles

BuMe,Si ! BuMe,Si
: ;s

LB LIS 71a, 64 %, E* = HNTf,

70b, 67 %, PG =Ac
70¢, 49 %, PG = Boc
70d, 77 %, PG = Cbz

70g, 83 %, E* = HNTf,

70h, 25 %, E* = NBS | 71b, 25 %, E*=NIS

70i,33 %, (E/Z=91:9), E*=NIS ! 71¢, 49 %, E* = PhSeCl
70j, 40 %, (E/Z = 41 : 59), E* = PhSeCl ! |

70e, 85 % E* = HNTf,
70, 33 %
(E/Z=91: 9) E*= NIS

Scheme 30. Substrate scope for intramolecular heterocyclization reactions from propargyl
silanes 65 (in collaboration with R. Kronkalne and A. Ubaidullajevs).

The reactions resulted in the formation of heterocyclic derivatives with yields ranging from
25 % to 85 %. The method allowed obtaining tetrahydrofuran 66a-d, y-butyrolactone 66e-h,
tetrahydrofuran-2-ol 66i, 2-isoxazole 66j-k, pyrrolidine 70a-j and thiolane 70a-c derivatives
with olefine sidechain.

Since our developed method for intramolecular cyclization is based on the putative
formation of stable allylic cation intermediate, we hypothesized that asymmetric counteranion-
directed catalysis (4CDC) ¥ attack by
enantiodiscrimination. To achieve this, BINOL-derived Breonsted acids were selected as a

could enable nucleophilic introducing

source of chiral information (Scheme 31; for experimental procedures, see Appendix V).

) Chiral .

Si Bronsted acid si ¢
/\/\/ XH B [
V

H
65
(S)-70 + (R)-70

Scheme 31. Use of chiral Brensted acid-catalysis for intramolecular cyclization reaction.

The initial experiments involved selecting the appropriate substrate and establishing a
chromatographic analysis method. Propargyl silane 65b, containing a nitrobenzene sulfonyl
amide group, was chosen due to its chromophoric properties, enabling convenient
quantification of the obtained enantiomeric ratio using HPLC systems coupled with a UV
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detector. The optimal enantiomeric separation was achieved using (R,R)-Whelk-O 1 as a chiral
stationary phase and 5 % iPrOH/Hex (v/v) as a mobile phase.

In order to obtain enantiomeric excess, we tested the available chiral Brensted acids. When
HNTf, was replaced with BINOL-derived phosphoric acid, the starting material 65b was not
reactive (Table 3, Entry 1). Substituting DCM with chloroform and refluxing for 72 hours
resulted in the isolation of 13 % of the desired product; however, asymmetric induction
formation was not observed.

Table 3
Chiral Brensted acid-catalyzed cyclization conditions of propargylsilane 65b.

Si(Me),tBu

B Chiral ) ::O"\Soo ) N\S/,O
& \(/S’ Brensted acid BU(Me)zSI—\\ o +  fBu(Me),Si o
0 \©\ Conitions
NO,
NO. NO.
65b (5)-70g : (R)-70g 2

Chiral Brensted acid

BPA
NTPA [Hg]-BINOL-NTPA
No. Catalyst Solvent T,°C | t,h | Yield, % | ee, %
1 DCM 20 | 24 - -
2 BPA CHCL | 6 | 72| 13 0
3 o PhMe 60 19 56 6
4 NTPA 5 mol% Cyclohexane | 60 | 18 62 11
5 NTPA 10 mol% Cyclohexane | it. 19 52 11
6 | [Hs]-BINOL-NTPA 5 mol% | Cyclohexane | 60 | 21 45 12

The next set of experiments was conducted using commercially available N-
trifluoromethane sulfonyl phosphoimidates NTPA and [Hs]-BINOL-NTPA, which are more
acidic compared to phosphoric acid (BPA) and also contain bulky substituents at the 2,2’-
positions to enhance chirality transfer. The first reaction was performed in toluene at 60 °C with
NTPA (Table 3, Entry 3). The desired product was obtained after 19 hours with a 56 % yield
and 6 % enantiomeric excess. To improve the latter, we performed experiments in cyclohexane,
which could promote tighter ion pair formation. Conducting the experiments at room
temperature with NTPA (Table 3, Entry 5) and [Hs]-BINOL-NTPA (Table 3, Entry 6) resulted
in acceptable reactivity and enantiomeric excess up to 12 %.

Since there are known examples of chiral Brensted acids activating achiral electrophilic
halogenating reagents and enabling enantioselective transformations, we explored the reaction
with NBS in the presence of NTPA (Scheme 31). Pyrrolidine 70h was obtained with a 25 %
yield and 10 % enantiomeric excess. Results in Scheme 32 and Table 3 demonstrate the proof
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of concept and open the possibility of developing enantioselective synthesis of various
heterocycles from propargyl silanes.

Bu(Me),Si I/U
Si(Me)gtBul_| o NBS

/\/\/"‘s” NTPA 5 mol% e
_—
// l \©\
NO,

o Toluols, ~78 °C

70h, 25 %
65b c 10 % ee

73
Scheme 32. Chiral Brensted acid-catalyzed cyclization of 65b.

Next, we translated the previously developed functionalization approach of compounds 54
to heterocyclization product 66b. As a model substrate, we chose the easily accessible vinyl
bromide 66b and performed Suzuki-Miyaura cross-coupling reactions (Scheme 33). By
employing modified Buchwald conditions with various aryl boronic acids, we obtained silyl
styrenes 74a-c in moderate to very good yields of 55-79 %.

Ar-B(OH)»
Pd(OAG),, XPhos
tBuMe,Si K3PO, tBuMe,Si
i © ;. ©
Toluene
Br 90-110 °C Ar
66b 10h T4a-c
tBuMe,Si tBuMe,Si BuMe,Si
;° p o ;°
F
74a, 79 % 74b, 78 % T4c, 55 %

Scheme 33. Suzuki—Miyaura cross-coupling reactions of vinyl bromide 66b.

Compound 74a was used for electrophilic exchange of silicon to obtain vinyl iodide 75
(Scheme 34). When the reaction was performed in HFIP, a rapid reaction rate was observed
that yielded the desired product 75 in less than 15 min. However, under these conditions, we
observed double bond isomerization, yielding an E/Z ratio of 4 : 1. Fortunately, we resolved
this issue by changing the reaction solvent from HFIP to 2,2,2-trifluoroethanol. Vinyl iodide 75
was obtained with an 84 % yield while preserving the double-bond configuration.

tBuMe,Si |
/ (o) NIS / 0
2,2 ,2-Trifluoroethanol
20 °C, 20 min
74a 75,84 %

Scheme 34. Electrophilic exchange reaction of vinyl silane 74a.
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The obtained vinyl iodide 75 was successfully utilized in Suzuki-Miyaura cross-coupling
reactions, yielding tetrahydrofurans 76a-c with trisubstituted alkene sidechain with a 66-80 %
yield (Scheme 35) while preserving the original double bond geometry, which was obtained
from the synthesis of compound 66b.

Ar-B(OH),
1 Pd(OAc),, PPhg Ar.
f [0} Cs,CO4 | (o]

Tol/H,0 20 : 1
0 °C

10h
75 76a-c

76a, 80 % 76b, 77 % 76¢, 66 %

Scheme 35. Suzuki-Miyaura cross-coupling reactions of iodo styrene 75.

1.4. Copper-catalyzed propargyl silane arylation with hypervalent iodine reagents

While demonstrating the utility of the obtained cyclic products as useful building blocks,
our attention was drawn to synthetic methods of unsaturated system arylation with hypervalent
iodine reagents under copper catalysis.*® If this concept could be adapted to propargyl silanes
65, it would enable to accomplish 1,2-silyl migration, intramolecular cyclization, and aryl
functionalization of the alkene in a single synthetic step, resulting in the formation of
compounds 74 (Scheme 36, for experimental procedures, see Appendix VI).

ArglX
Si Cu(l)y Si
é/ﬁ\/\/XH Fox
65 Ar 74
ArglX + Cu(l)lY —— ArCu(lliYX l T -Cu(l)Y
Si Si
1 XH I X
Cl‘]Y 77 CI‘JY 78
Ar Ar

Scheme 36. Proposed copper-catalyzed arylation of propargyl silane 65 with hypervalent
iodine reagents.

For the first experiment, we chose to react alcohol 65a with aryl iodide 79 in the presence of
CuCl (Table 4, Entry 1). In this case, the formation of the acid-cyclized product 66a was
observed, which could be explained by the possible generation of TfOH in situ from aryl iodide
79. However, when 2,6-di-tert-butylpyridine was added and the reaction temperature increased
(Table 4, Entry 1), the desired product 74a was obtained with a yield of 76 % (82 % NMR).
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Similar reactivity was observed when CuOTf PhH was used as a copper source. Further
optimization of the reaction conditions did not lead to improved results.

Table 4
Copper-catalyzed arylation of propargyl silanes 65a with aryl iodane 79

No CuX Solvent | T, °C | Additive | 74a, % (NMR) 66a, % (NMR)
1 EtOAc 20 - 0 69
2 EtOAc 20 0 0
3 EtOAc 60 82 (76)* 0
4 THF 60 56 0
5 CHCL 60 BuPy 59 0
6 CuCl PhMe | 60 17 0
7 MEK 60 0 0
8 MeCN 60 0 0
9 EtOAc 60 Lutidine 0 0
10 EtOAc 60 Et;N 0 0
11 Cul EtOAc 60 Bu:Py 0 0
12 | CuOTfPhH | EtOAc 60 84 0

2 Isolated yield

An attempted cyclization of sulfonamide 65b under the optimized conditions did not result in
the formation of the desired product, and instead, pyrrolidine 71g was obtained (Scheme 37).
This can be attributed to the acidity of the sulfonamide and the steric interaction between the
forming copper intermediate and the incoming nucleophilic group (Scheme 36, intermediate
78), which likely leads to protodemetalation rather than the desired reductive elimination.

) 79 . ; oTt
si H cuc : i
N. — ;
/\/\/ Ns ByPy * 7 : \©
EtOAc NS,N !

65b 71g S }
Scheme 37. The attempt of propargyl silane 65b arylation.

In the arylation reaction, propargyl silane 48a, which does not contain an intramolecular
nucleophilic group, was also tested (Scheme 38). When the reaction was performed under
optimized conditions, a mixture of two compounds, aryl diene 80 in 35 % and indene 81 in
17 % yield, was obtained.
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Scheme 38. Copper-catalyzed propargyl silane 48a arylation with hypervalent iodine
reagents.

We suggest the mechanism of formation for both products in Scheme 39. Initially, the
copper(I) source I, upon the oxidative addition, forms the copper (I1I) complex II, which in an
electrophilic reaction induces the 1,2-silyl migration, forming the intermediate III. At this
point, intermediate III can react with the base to form intermediate IV, which, after a reductive
elimination, yields aryl diene 80. Otherwise, intermediate III can directly undergo reductive
elimination to form intermediate V, which immediately undergoes an intramolecular
cyclization reaction, resulting in the formation of indene 81. So far, the ongoing optimization
experiments have not allowed for the selective formation of either the aryl diene 80 or the
indene 81, but the experimental work is still in progress.

SiiPrg

oTi
Ph” ! ~ar

[CUI] (K/K/\

[Cu]

i u
Ph
%\/A/\
ionic
reductive cyclization i
elimination H\/\/\ M y—> e
v

@ :

Scheme 39. Proposed reaction mechanism for copper-catalyzed propargyl silane 48a arylation
with hypervalent iodine reagents.
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CONCLUSIONS

1. Liquid sulfur dioxide is a suitable reaction medium for the synthesis of silyl sulfolenes
from propargyl silanes through a weak acid-catalyzed propargyl silane isomerization —
cheletropic cycloaddition sequence in a one-pot procedure.

Si TSOH or H,0 si sin)

/\/R2 S0, R A T A i
R! o o

2. Electrophilic halogen reagents are capable of inducing 1,3-difunctionalization reactions
in propargyl silanes, which are terminated by the addition of O-nucleophilic solvents (MeOH,
DMF, AcOH, H;0). The solvent simultaneously ensures a polar reaction environment and a
high concentration of nucleophilic reagent. The developed methodology yields functionalized
triads with a fixed (£)-double bond configuration.

si si si

E* R SolvH R E=Br |
/\R - % . Z SolvH = MeOH, DMF+H;0, AcOH, H,0
=z E -H E  Soly Yields: 38-79%

3. Propargyl silanes can be wused in 1,3-difunctionalization reactions with
electrophile/nucleophile pairs in non-nucleophilic solvents (haloalkanes).

si si si

E-Nu R R
/\R %\@/ ol T~ %\( E-Nu = 1, 42 %; PhSe-Cl 70 % (NMR)
/ E_

Nu E Nu

4. Chiral Brensted acids can provide asymmetric induction in propargyl silane
heterocyclization reactions. Using N-trifluoromethane sulfonylphosphoimidates (NTAP), an
enantiomeric excess of 11 % was achieved. This demonstrates the possibility of chirality
transfer in the investigated chemical transformations.

Si(Me),Bu,, o “N_O

/\/\/ N > s NTPA tBu(Me),Si O/,S
A O —— &
NO.

e NO,
upto 11 % ee
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5. Obtained bromovinyl silanes containing alkyl or heterocyclic side chains are valuable
starting materials for synthesizing configurationally defined trisubstituted alkenes. This can be
achieved through selective Suzuki-Miyaura cross-coupling and electrophilic exchange
reactions. The reaction sequence ensures the preservation of the initial double bond

configuration.
. Arl-B(OH . Ar?-B(OH
R'=nBu, R2=0Ac Si (OH si (OH). Ar?
. [Pd] p NS . [Pd] ;
or = = = 2 g
R',R? = -CgHgHet-
Br R? Arl R? Al R? Arl R?

6. Bromovinyl silanes containing acetoxy and phenyl substituents in the allylic position
undergo intramolecular C-H activation reaction under palladium-catalyzed conditions,
resulting in the corresponding acetoxyindenes.

Si
__0Ac [Pd] OAc
C H activation

B Q

7. Electrophilic exchange reactions with NIS on the silyl styrenes containing acetoxy and
phenyl substituents in the allylic position led to the ionization of the acetate group alongside
silicon exchange. This induces an intramolecular cyclization reaction, yielding corresponding

Si
OAc
o NIS .
Ph e R=H, Ph
R
Ph
R

8. Propargyl silanes containing terminal alkyne and intramolecular O-nucleophile moiety

iodo indenes.

can undergo C-C arylation with subsequent 1,2-silyl migration and cyclization by using aryl
iodanes under copper-catalyzed conditions.

. 1k}
CUCI = d ?
/\/\/ ‘Conditions o \©
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