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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, l1dz ar to tiem ir raksturiga tetravalenta konfiguracija. Tie abi galvenokart
veido kovalentds saites, kas ar elektronegativiem atomiem ir Tpasi stipras,! un to kimiskas
reagétspéjas TIpatnibas, piem&ram, nukleofilas aizvictoSanas reakcijas ar stereocentra
konfiguracijas inversiju uz centrala atoma,> vairuma gadijumu sakrit. Atkiribas 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 So efektu kopsumma nodrosina silicijam papildu Tpasibas, kas ir
pamata ta plaSajam lietojumam organiskaja sint€ze: 1) efektivas aizsarggrupas spirtiem un
terminaliem alkiniem;® 2) sp&ja veidot hipervalentas saites,” padarot to par specigu Luisa skabi;
3) C-Si saites polarizéjamiba Tamao-Fleminga oksidéSanas® un Hijamas-Denmarka
Skerssametinasanas reakcijas.’

Papildus tam silicijam raksturiga un organiskaja kimija plasi lietota Tpasiba ir tam piemitosa
B-pozicija esosu karbkatjonu stabilizacija, kas plasak zinama ka B-silicija efekts.' Sis efekts
var izpausties divos galvenajos celos — vertikala stabilizacija (C-Si saites hiperkonjugacija ar
nepiesatinato m-sist€ému) vai nevertikala stabilizacija (trfis atomu, cetru elektronu cikliska
silonija jona veidoS$anas; 1. shéma). Abi $ie 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 iespgams noveérot izmainas tas skeleta struktfira — 1,2-siligrupas
migraciju, ieglistot jau citu B-stabilizétu katjonu.'’

Vertikala Nevertikala Vertikala
stabilizacija stabilizacija stabilizacija
35\ ® Si
R Rk AN 4 . v B
B‘”‘MZ B A Y
A A z
‘L Sililgrupas 1,2-migracija

1. sheéma. B-Silicija efekts — vertikala un nevertikala stabilizacija karbénija jonos un iespgjama
sililgrupas 1,2-migracija.

Sililgrupas parnese galvenokart ir raksturiga sisttmam, kas vai nu saskanotd migracijas
rezultata izraisa stabilaka produkta veidoS$anos, vai arT vairaku efektu rezultata veido energétiski
izdevigaku reakcijas starpstavokli. Tipiski §adas pargrupe$anas ir noverotas un lidz ar to pétitas
dazadas elektrofilu reakcijas ar nepiesatinatam sistémam.

Visbiezak vienkarsakas nepiesatinatas sist€mas, pieméram, alkéni, alléni un alkini, ka arT to
konjuggtie analogi, ir plasi pétitas 1,2- un 1,4-difunkcionalizéSanas 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, noslédz $adu nepiesatinato sistému 1,3-difunkcionaliz&sanu. '

Visparigi literattira 1,3-difunkcionaliz€Sana ir pétita salidzinoSi mazak neka analogas 1,2-
un 1,4-difunkcionaliz€Sanas reakcijas. Ka galvenos piemerus var minét (2. sheéma): a) donoro
un akceptoro grupu saturo$o ciklopropanu atvérSanas reakcijas ar elektrofila/nukleofila
pariem;'! b) ciklu atverSanu ar reagentiem, kas veido radikalu vai katjonradikalu
starpsavienojumus;'? ¢) ciklu atvérsana reducgjosos apstaklos, izmantojot Sml ka reducétaju; '?
d) hipervalentd joda katalizéta cikla atvérSana;'* e) parejas metalu katalizétas 1,2-
pievieno$anas-nepiesatinatas sist€émas izomerizesanas-reducgjosa elimingsana;'’ f) alkénu
alilpozicijas okside3ana ar sekojoSu nepiesatinatas sistémas funkcionalize$anu.'® DiemZel
neviena no $Im piedavatajam metod@m nelauj veikt vienkarSu un secigu izveletas triades

funkcionaliz&Sanu.
. - _ Parejas metalu katalizéta
Ciklopropanu atvérsana alkénu funkcionalizésana
M,
aXxr-v- [TYM] Rl R? [Tx !
D)X Y j/\/
R! R c)Sm(ll) + X=Y ) X
d)l(llly + X*+-Y- R‘\(\/R e)
2 . U L R1 _— R2
;; X--Y m [T™] NN
X RV\( Rz [OLY
L= =
Y

f)

2. sheéma. Ciklopropanu atvérSanas un parejas metalu katalizgtas alkeénu reakcijas 1,3-
difunkcionaliz&tu produktu iegtiSanai.

Promocijas darba izstradatas jaunas metodes, kas lauj veikt propargilsilanu 1,3-
difunkcionalizéSanu ar dazadiem elektrofila/nukleofila pariem. Turklat atkariba no konkrétas
metodes ieglitie produkti var saturét 1idz pat tris reakcijas centriem C1, C2 un C3 pozicija. Tas
paver iespgju S$o bivbloku talakai izmantoSanai farmacija vai materialzinatné noderigu
savienojumu selektiva sinteze.

Pétijuma merkis un uzdevumi

Promocijas darba mérkis ir teorétiska koncepta attistiSana un jaunu sintézes metozu izstrade,

genergjot alilkatjonus no propargilsilaniem un parveér$ot tos par funkcionalizétiem produktiem.

Darba meérka stenoSanai definéti vairaki uzdevumi.

1. Izpetit Skidra SO. ka Luisa skaba $kidinataja izmantoSanu silildienu iegiisanai, kas
reakcijas vide tilitgji piedalitos heletropaja reakcija ar SO, dodot sililsulfolénus viena
reaktora sint€z€ no propargilsilaniem.

2. Izstradat metodes alilfunkcionaliz&tu vinilsilanu iegfiSanai elektrofilu ierosinatas
propargilsilanu reakcijas ar $kidinatajiem 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 funkcionaliz€$anas iesp&jamibu. Parbaudit asimetriskas indukcijas
koncepta iesp&jamibu So reakciju konteksta.

4. Parbaudit propargilsilanu ariléSanas iesp€jas ar hipervalentajiem joda savienojumiem
vara katalizétos apstak]os.

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 -silicija efektam
un no ta izrietoSajai sililgrupas 1,2-migracijai. Jauniegttie savienojumi tika demonstréti ka
vertigas izejvielas talakas funkcionalizéSanas 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,). legitie silildieni $ajos paSos reakcijas apstaklos stajas
heletropajas reakcijas ar SOz, laujot iegit sililsulfolénus viena reaktora sinteze.

Promocijas darba radita jauna sint€zes metode (FE)-selektivai alilfunkcionalizétu
trisaizvietotu vinilsilanu iegls$anai elektrofilu ierosinatas propargilsilanu reakcijas ar
nukleofiliem 3kidinatajiem. Sis koncepts izmantots ari (E)-selekfivai iek$&jo nukleofilu
sanu kédi. Tika veiksmigi demonstréta jaunieglto savienojumu, kas satur divus vai tris
reakcijspéjigus centrus, talaka funkcionaliz€Sana parejas metalu katalizéta Sskérssametinasanas,
silicija elektrofilas aizvietoSanas un joniskas iekSmolekularas ciklizacijas reakcijas. Pieradita
asimetriskas katalizes koncepta iesp&jamiba propargilsilanu heterociklizacijas reakcijas hiralu
Brensteda skabju klatieng.

Promocijas darba piemekléti eksperimentalie apstakli propargilsilanu arilé$anas 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
petljumiem 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 publicéti tris zinatniskajos originalrakstos. Promocijas
darba izstrades laika sagatavots viens apskatraksts. P&tijumu rezultati prezenteti 10
zinatniskajas konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Silicija atvasinajumus organiskaja sint€zg lieto ka efektivas aizsarggrupas gan spirtiem, gan
terminalajiem alkiniem.® To lietojums ir arT salidzinosi plasi aptverts tadas reakcijas ka
Pitersona olefingSana,'” Tamao-Fleminga oksidé$ana,® ka ari Hijamas-Denmarka’
Skerssametinasanas reakcija. Turpretim B-silicija efekts ir labi izp&tita, bet mazak izmantota
silicijam raksturiga 1pasiba organisko parvertibu veiksanai. Ka galveno piemeéru, kura B-silicija
efektam ir liela nozime, var mingt alilsilanu pavertibas Hosomi-Sakurai tipa reakcijas.'® Tajas
elektrofils inducé katjona veidoSanos nepiesatinatas sistémas, ko stabilizé B-pozicija esosa
sililgrupa. Sada tipa reakcijas spéj piedalities arT propargilsilani. Literatiira ir zindmi piem@ri
propargilsilanu elektrofilai aktivacijai ar sekojoSu sililgrupas eliminé$anos, bet promocijas
darba autoram sintetiski interesantaka likas p&c aktivacijas sekojosa sililgrupas 1,2-migracija,
kas paver iesp&ju propargilsilanus izmantot ka formalus 1,3-dipolus.

Promocijas darba izstradatas jaunas sintetiskas metodes ar meérki paplasinat propargilsilanu
lietojumu ka formalu 1,3-dipolu un ieglt organiskaja sintéz€ plaSi lietojamas, augsti
funkcionaliz&tas atomu triades.

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

Pirmie zinojumi par reagétsp&jas izmainam, ko veicina B-silicija aizvietotajs, tika public&ti
1946. gada no Sommera (Sommer) un Vitmora (Whitmore) laboratorijas.!*?° Titr&jot dazadus
1-trihlorsililpropana monohlorétos regioizomérus 1a-c ar 3 ekvivalentiem auksta 0.5 M NaOH
$kiduma, visos gadfjumos tika noveroti Si-Cl saites hidrolizes produkti 2a-c (3. shéma).
Parsteidzosi, ka, turpinot bazes Skiduma pievienosanu, tikai [-aizvietotais 2-hlor-1-
trihlorsililpropans 1b turpindja reagét ar papildu 1 ekvivalentu NaOH, dodot elimingé$anas

produktu propénu (3).
cl 3 ekv. cl
NaOH
CISSi)\/ ” (HO)SSi)\/
1a 2a
ot NaOH
CIGSi/Y (HO)3Si/Y —+ X\~ +Si(OH),+ NaCl
1bCI 2|:,CI 3
3 ekv.
¢l NaOH i
0133i/\) (HO)GSi/\)
1c 2¢

3. she@ma. Pirmie demonstrgjumi B-silicija efektam — monohloré&tu 1-trihlorsililpropana
reagétspeja ar 0.5 M NaOH $kidumu.

Papildu eksperimenti elimingSanas 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 aizejosas grupas saites $kel3ana, veidojoties B-silicija stabilizétam karbénija jonam. So
paradibu postulgja ka B-silicija efektu'? — stabilu reakcijas starpstavokli, kuram tika piedavati
divi izSkirami strukturali modeli pozitiva ladina stabilizacijai: vertikalas stabilizacijas
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starpstavoklis, kur hiperkonjugacijas rezultata C-Si o-saites elektroni tiek donéti vakantaja p-
orbitale vai nevertikalais stabilizacijas starpstavoklis, kur veidojas Cetru elektronu, tris atomu
cikliskais silonija jons, kur pozitivais 1adin$ ir delokaliz&ts uz silicija atoma (4. shéma).

Vertikala stabilizacija Nu- . f’
Nu 5
.® a
p Si
Si
g — . a—=
Nevertikala stabilizacia | 5" 6
4 .
Si I@ N Si
N

. A
a B Nu
5b

Vertikala stabilizacija

4. shema. Iespgjamie starpstavokli B-silicija stabiliz&tos karb&nija jonos.

B-Silicija aizvietotaju ietekme uz aizejosas grupas jonizacijas atrumu var sasniegt 1idz pat
12 kartu paatrinajumu, tapec vairakas zinatnieku grupas k&ras klat §1 fenomena izprasanai. Lai
noteiktu konformacionalos ierobezojumus, lielu ieguldijumu ir sniedzis Lamberts (Lambert) ar
darba grupu (5. shéma).?'? Sintez&ot dazadus konformacionali ierobeZotus
sililatvasinajumus, kur silicija un aizejosas grupas (AG) torsijas lenkis ir fiksets, iegltie
savienojumi tika salidzinati solvolizes reakcijas ar to nesililetiem analogiem. Tika noskaidrots,
ka lielakais reakcijas dtruma pieaugums ir novérojams anti-periplanara novietojuma — 10'2
reizu. Sin-periplanara novietojuma tika novérots mazaks reakcijas atruma pieaugums, Ko,
iesp&jams, kav€ja aizejosas grupas mijiedarbiba ar stabiliz&joso sililaizvietotaju — 10° reizes.

AGSi

ksilky =105 0%}

ksilky = 10* 60°.,
ksilky = 100
kefky =104 120"

ksilky = 1012 180°§

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

Reakcijas atruma pieaugums tika noverots ari gauche un anti-klinalaja konformacija (10*
reizes). Tas netiesi liecina, ka B-silicija efekts var izpausties arT ar dal€ju orbitalu parklasanos.
Savukart ortogonalaja konfiguracija netika novérots nekads reakcijas atruma picaugums, kas
liecina, ka B-silicija efekta izpausme ir iesp&ama, 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
izpausm@ ir nevertikali stabilize€tajam starpstavoklim, jo ieprieks&jos rezultatus var viegli
pamatot ar hiperkonjugacijas esamibu. Jorgensena (Jorgensen) grupas kvantu aprekini’® 2’ un
FudZio (Fujio) grupas (6. sheéma) veiktie eksperimenti?®3!, kas tika interpretéti ar Jukavas-Cuno
(Yukawa-Tsuno) vienadojuma palidzibu, deva ieskatu $aja jautajuma.

-€ >

Vertikala stabilizacija Nevertikala stabilizacija
+

Sililgrupas ieguldijums molekulas stabilizacija

6. sheéma. MP3/6-31G* limena stabilizacijas energijas aprekini dazadam B-silicija karbkatjonu
sisttmam un vertikalas un nevertikalas stabilizacijas nozime atkariba no aizvietotajiem pie
katjona centra.

No rezultatiem tika secinats, ka sist€mas 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 ieguldijums kop&ja molekulas
stabilizacija ir salidzino$i zemaks neka savienojuma 9. Monoalkilaizvietotos [-silicija
stabilizétos karbkatjonos 8 rezultati liecina par nenoteiktu stavokli starp vertikalo un
nevertikalo stabilizaciju.?-3!

B-Silicija stabilizacijas sp&jas ir pétitas ari vinilkatjonos. Stouns (Stone)’? un vina
lidzstradnieki analiz&ja termodinamiskos datus elektrofilu (TMS* un H") pievienoSanai dazadi
aizvietotiem alkiniem un alkéniem (7. shéma). No izméritajam rasanas AH vertibam var secinat,
ka B-silicija efekta pienesums, kas tika noteikts ka starpiba starp sililetu karbkatjonu 11 un
nesililétu karbkatjonu 13 rasanas vertibam, AAH ir 8.8—11.6 kkal/mol. Lidzigi tika noteikta arT
B-silicija efekta ieguldijums karbkatjonu 16 un 18 stabilizéSana. Alkilaizvietotu karbkatjonu
gadijuma sililgrupas pienesums AAH bija pat 26,2 kkal/mol, savukart ar arilaizvietotaju — vien
16.7 kkal/mol, kas apstiprina ieprieks aprakstitos rezultatus.
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H H R2
H* ® _, *CoH, _ . 5 | AHsiab 11, | AHsygp 13, | A4H Kkall
_’ R — % R R kkalimol | kkal/mol |  mol
R2 R! CaHs R’ H
1 12
= ™S ) H nCiHy | 442 549 | 107
™S R
R! + +C,oH
10 (™S, ®—R2 i‘: >:< CHj n-C3H; 46.2 57.8 16
-C,H
R 2H3 1 H
13 R 14 H CeHs 496 58.4 8.8
H* +CoH
— 4 RW —2% R | s 16, | aHsay 18, | 44H Kkall
® —CoHs* R kkal/mol | kkal/mol mol
1 16 17
\/R
o n-C4Hg 34.1 60.3 262
15 T™S! R1+C2Hs R!
—TMsT N T TMST CeHs 436 60.3 16.7
® CoHs
18 19

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

B-Sililgrupu saturo$s 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
1985. gada Miginjaka (Miginiac) grupa ka
blakusreakciju starp propargilsilaniem un acetaliem.’* Talakus plaSus p&tijumus $aja virziena

1,2-migraciju propargilsilanos noveéroja

veica Danheizers (Danheiser) ar lidzstradniekiem [2 + 3] annulé$anas kimija. P&c vispargjas
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. Tadgadi rodas [2 + 3] cikliz€Sanas produktu 24 —
ciklopenténi, 1,2,5,7a-tetrahidro-3H-pirolizin-3-oni, izoksazoli un azuléni (8. shéma).3*

R
Si TiCl
Y 1Ll
.o — = Y )Si
= R X DCM, -78 °C X
20 l 21 T24
i o o
LiTis., Si LTS, $iLTs, R
I R— | — |
){// F R AF Si
!
22 23

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

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



Si

[E7 =P R
Protodemetalé$anas z

HO Si HO Si Si

[E*] [E"] 1,2-Si~ o R Hoo
— R ———— 2 RI———> 72 28, 76-99 %

= Koordinésanas == -H*
R2 R? [E] ®0H si

25 26 27 E1=Br01 | e L r

[E] ©
29, 63-94 %

9. shéma. a-Hidroksipropargilsilanu 25 aktivéSanas reakcijas ar parejas metalu un halogénu
elektrofiliem.

Savukart promocijas darba autora zinatniskaja grupa tika atklats, ka ar Brensteda
superskabém (TfOH, Tf,NH, Tf;CH) ir iesp&jams aktivét un inducét sililgrupas 1,2-migraciju
propargilsilanos 30, genergjot alilkatjonu 32. Atkariba no reakcijas apstakliem un molekulas
struktliras tas var veikt vai nu [-protona elimin€Sanu, veidojot silildienus 33, wvai
iekSmolekularu ciklizacijas reakciju un dot sililindeénus 35, ja molekula satur piemérotu -
nukleofilu (10. shéma).’’

Si si ; -
S Si R
R2 Y+ @ R? 1,2-Si~
) =7 — 7% R Si
R
1 R!
30 R 31 32 N XN
RZ

35, 58-90 %

10. shéma. Propargilsilanu 30 aktivéSanas reakcijas ar Brensteda superskab&m.

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

(1) skidra SO; ka Luisa skabas reakcijas vides izmantosana sililgrupas 1,2-migracijas
ierosinasanai propargilsilanos, dodot silildienus, kas uzreiz tiktu saistiti heletropas
ciklopievienosanas reakcija ar SO2, dodot sililsulfolénus viena reaktora sint&ze;

(2) propargilsilanu izmantoSana elektrofilu ierosinatas sililgrupas 1,2-migracijas reakcijas
ar $kidinatajiem ka nukleofiliem (£)-selektivai alilfunkcionaliz&tu vinilsilanu iegti§anai;
(3) terminalo alkinu un iek$gjo nukleofilu saturoSu propargilsilanu izmantosana elektrofilu
ierosinatas heterociklizacijas reakcijas un tas asimetriskas versijas koncepta izstrade;

(4) jaunu “C-elektrofilu” sintonu meklgjumi propargilsilanu aktivéSanai ar sekojoSu
sililgrupas 1,2-nobidi, kas noslédzas ar alilkatjona dz&Sanu nukleofila pievienoSanas
rezultata.
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E*= Hal*, PhSe*

+_ + |+ +
Hiralas Brensteda skabes E’=H", Hal*, PhSe

Ar,IX/CuY

E*= [ArCu(lll)]

11. shéma. Promocijas darba pétijumu virzieni.
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1.1. Sililsulfolénu sintéze no propargilsilaniem $kidra séra dioksida

Ieprieks promocijas darba autora p&tniecibas 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 $kidinataju. To paraku par citiem Skidinatajiem padara ta izteiktas Luisa skabes
Tpasibas’®, kas lauj tam veicinat reakcijas, kas noris ar katjona centra veidoSanos. Tadas,
pieméram, ir alkinu’® un metileénciklopropanu®® hidrofunkcionalizé$anas reakcijas un
glikozilesanas reakcijas.*!

Promocijas darba autora grupa ieprieks izstradatajai skabes kataliz&tajai propargilsilanu 36
izomeriz€Sanas reakcijai par 2-silil-1,3-dieéniem 40 bija nepiecieSami tadi $kidinataji ka CH2Clz
un CHCl; un Brensteda superskabes ka TfOH, Tf,NH un Tf3CH.?’ Tika izvirzita hipotéze, ka,
pateicoties Skidra SO, Luisa skabes 1pasibam, $o transformaciju biitu iesp&ams veikt ar
ievérojami vajakam Brensteda skabem (12. shéma). Soreiz iegiitie silildiéni 40 batu 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 silildieniem 40 $o savienojumu atvieglotai attiri$anai un 1,4-funkcionalizéSanai.*?

' (iPr)3Si
ﬂp/’):!\/ Katalizators 213\/\
SO.
2 2 83
20°C,16 h o o
36a 0.75-0.83 mmol 37a
l o Tso2
(Pr)gSi Si(iPr); g SilPr)
® — . Z
2 -HB
H 38 39 o

12. shéma. Tandéma sililgrupas 1,2-migracijas — heletropa pievienos$anas sekvence
viena reaktora sint€zg sililsulfoléna 37a iegiiSanai un tas piedavatais reakcijas
mehanisms.

Petijumi tika sakti ar piemérotaka katalizatora noskaidrosanu (1. tab.). Veicot reakcijas
komerciali pieejamaja SO», kas satur I1dz 50 ppm tidens, tadas skabes ka TsOH-H>O, PhCOOH,
(NH4)2S04 bija pietiekami sp&cigas, lai ierosinatu So parvertibu. Par parsteigumu reakcijas
ierosinasanai pietika pat tikai ar SO esoSajam tidens zimém. Tadi spirti ka /BuOH un tadi fenoli
ka BHT molekularo sietu klatbiitné gan nespé&ja ierosinat So parvertibu. 1.—4. eksperiments
(1. tab.) liecina, ka tidens zimes netrauce reakcijas norisei, lietojot Brensteda skabes $kidra SO
vide pKa diapazona no tidens Iidz TsOH.
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1. tabula
Piemerotaka katalizatora parbaude tandema sililgrupas 1,2-migracija — heletropa
pievienosanas reakcijai saskana ar 12. shemu

Nr. p. k. | Katalizators (mol %) | KMR iznakums produktam 37a,* %
1. TsOH-H20 (10) 84
2. PhCOOH (10) 72
3. (NH4)2SO4 (10) 75
4. H>0 (100) 67
5. H,OP 75
6. 3AMS <5
7. fBuOH (10) + 3 A MS <5
8. BHT (10) + 3 AMS <5

2 Difenilmetans ka ieksgjais standarts, vid&jais rezultats no diviem eksperimentiem.
® Udens (11dz 50 ppm) komerciali pieejamaja SOx.

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

si TsOH*HO Si
i 10 mol% 2:3\
R
%/K/ SO, g7 R
20°C, 16 h oo
36a-g 37a-g
(’Pr)SSib\/\ MeSSiZ—>\/\ Et:,SiZ_)\/\ tBuMeZSib\/\
Sy Sy Sy S
o o oo o o o o
37a, 84 % 37b, 84 % 37c, 82 % 37d, 85 %
MeO(iPr),Si Z—>\/\ fBuMe,Si Z—>\ tBuMe,Si
.SL g7 "CgHy7 ZD\@
oo oo o o
37e, 24 % 37f, 84 % 379, 61 %
(62 % divos solos) (PhCOOH ka katalizators)

13. shéma. Produktu klasts tandeéma sililgrupas 1,2-migracijas — heletropa pievienosanas
sekvence viena reaktora sinteze.

Tika noskaidrots, ka vienkar§akas trialkilsililgrupas reakcijas iznakumu parak neietekmg,
laujot iegtt sililsulfolénus 37a-d ar loti labiem iznakumiem (82—85 %). Augstu 84 % iznakumu
izdevas sasniegt ari 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 temperattiras liecinaja par to, ka
izejvielas degradacija notiek zemakas temperatiras neka vélama skabes katalizéta
izomerizacijas reakcija par silildienu. Reakcijas iznakumu izdevas uzlabot, veicot So procediiru
divos solos: 1) TfOH katalizgta 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 noverst, nomainot
katalizatoru uz maigaku skabi — Ph\COOH. Tas ]ava iegtit vélamo sililsulfolenu 37g ar 61 %
iznakumu.

AT 4-nitrofenilaizvietotais propargilsilans 36h uzradija reagétsp&ju konkrétajos reakcijas
apstaklos (14. shéma). Sililsulfolens 37h tika iegiits ar 51 % iznakumu ka frans diastereomers.
To izdevas apstiprinat ar kodolu Overhauzera efektu, kas ve€lreiz pierada promocijas darba
autora grupas ieprieks§gjos noverojumus par selektivu £,Z-dignu ieguvi.’’

NO,
SiMe,tBu
TsOH*H,0 Ny
= 10 mol% NOE({ c
S0, BuMe,SixHa

ON 60 °C, 16 h 4 Ho
2 SO,

n-Pr

36h 37h,51 %

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

Tika veikti ar1 talaki p&tfjumi par sulfolénu kimiskajam ipasibam. Tika parbaudita
sililsulfoléna 37e hidrolizes iesp&jas par savienojumu 37i — substratu, kas biitu piemerots
Hijamas-Denmarka sk&rssametinaSanas reakcijam (15. sheéma). Tika noskaidrots, ka vidgji
stipras nukleofilas grupas ka benzoats un hlorids sp&j hidroliz&t sililétera grupu par silanolu 37i
ar gandriz kvantitativu iznakumu.

_owe Phcooroma oH

(iPr);Si n-CgHq7N(Bn)Me,*CI* (iPr);Si
Z:)\ﬁ THF, H,0, Z:)\ﬁ
o 60°C, 14 h o
37e 37i,93 %

15. shéma. Sililétera 37e hidrolize.

Tika veikti arT eksperimenti, lai parbauditu sililsulfolenu desulfiteésanas iesp&jas reducgjosos
apstaklos (16. shema). Izmantojot metalisko litiju ka reducétaju $kidra NH3,* tika novérota
pilna izejvielas sililsulfoléna 37a konversija, iegiistot vinilsilanu 41 ar 60 % iznakumu.
Reakcijas gaita ka galvenais blakusprodukts radas alilsilans 42, ko skaidrojams ka retro-éna
elimingsanas produkts no intermediata 44. Produktu rasanas attieciba 60 : 40 palika nemainiga
ar1 citos reakcijas apstaklos, lietojot papildu §kidinataju, citu protonu avotu, papildu bazi vai art
nomainot reducgjoso reagentu.
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(iPr)3Si Si(iPr)s Si(iPr);

— Li
Me™ ™ + Me
) NH3 |

o o -33°C,6h n-Pr n-Pr
37a 41,60 % 42,40 %
2e” | H+ 2e”
J H*, -SO, S0,
Si(iPr).
s H+ n-Pé/,O
Me” ™ . / H /
(Pr)gSi—( " -H—(
LiO,S n-Pr
43 Me 44

16. shéma. Sililsulfoléna 37e desulfatésana.

Parbaudot sulfolénu 37g dotajos apstaklos, tika noverota izejvielas degradacija. Savukart,
paklaujot reduc&Sanas reakcijai selektivi metiléto savienojuma 45, tika iegiits tris produktu
maisijums — sagaidamais vinilsilans 46 un parreducéSanas produkts 47. Interesanti, ka,
izmantojot pat lielu Li parakumu, fenilgrupas reducéSana netika novérota. Lai iesp&jami
novirzitu reducéSanu kada konkr&ta produkta raSanas virziena, Sajos apstaklos tika parbaudits,
ka aizvietotajs sulfoléna pie C2 varétu ietekmét produktu veidoSanas attiecibu (17. shema).

(iPr)3Si 1 )2;7-'&311:-i (Pr)3Si Si(iPr); Si(iPr), Si(iPr);
— e — Li B B
o e M ey e
57 "Ph HMPA, THF “s” “ph NH, _
oo -105°C, 2h oo -33°C,6h Me” ~Ph Me” “Ph Me"" ~Ph
379 45,89 % 46,46%  (RRISS)-47, 24 % (RSISR)-47, 30 %

17. sheéma. Sulfoléna 45 ieglisana un desulfit€sana.

Abi savienojuma 47 diastereoméri tika raksturoti ar 1D un 2D KMR (COSY, HSQC,
HMBC() analizes metodém (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 janoveéro anizotropais efekts no fenilgrupas sin-periplanaraja novietojuma. Tik tieSam,
salidzinot H. KMR signala nobides silaniem (RS/SR)-47 ar (RR/SS)-47, savienojumam (RS/SR)-
47 ir noveérojama spéciga 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 arT papildina un apstiprina $o
signalu izmaina pazeminatas temperatiiras (pazeminot temperatiiru ekrangtajiem protoniem,
tiek noverota izteiktaka nobide stiprakos laukos).

\ &2;0 i1
\\177'Hb
Amg(f)ef}jé)als (RR/SS)4T (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$anas reakcijas,
savukart promocijas darba autora grupu ieintrig€ja ar elektrofilu reagentu ierosinatas sililgrupas
1,2-nobides rezultata izveidota alilkatjona iesp&ja pievienot argju nukleofilu, kas nav saistits
nedz ar elektrofilo reagentu, nedz ar propargilsilana struktaru. Lidz §im veiktajos p&tijumos
generéta katjona dzg$ana notika ar talakam strukturalam izmainam — nepiesatinatas sistémas
veidoSanos pasa substrata. Tika izvirzita hipotézi, ka o genergto alilkatjonu biitu iesp&jams
“notvert” ar kadu citu, argju nukleoftlu. Ka pirmie $adas parvertibas veikSanai tika izveleti
polari, nukleofili $kidinataji, jo tie nodro$inatu gan stabilizétu vidi generétajam ladétajam
dalinam, gan, pateicoties augstajai koncentracijai, atru reakcijas norisi.

2. tabula

Propargilsilana 48a brommetoksiléSanas reakcijas apstaklu optimizacija un iesp&jamais

reakcijas mehanisms

Si(iPr)s [Br] SiPr)s
MeOH -
Br OMe
48a 49a
lBr* MeOH T-H*
(Pr)Si Si(iPr)s
' =
®Br anti-sse?ekt/'va oo
1,2-Si~
Nr. p. k. Reakcijas apstak]i® KMR 1zna(1)zums 492,
1. NBS (1.2 ekviv.), i. t. 60 (57)°
2 NBS (1.2 ekviv.), 5758
) temperatiiru diapazona = —78 °C, 0 °C, 50 °C
NBS (1.2 ekviv.), i. t.
3 c1a diapazona 0.05-0.2 M 3536
4. NBS (2.0 ekviv.), i. t. 49-52
5 NBS (1.2 ekviv.), i. t. 46
' 10 % MeOH s§kidums (CF3).CHOH
6. Br; (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. Dibromizociantrskabe (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 metil&teris
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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 bitisks uzlabojums vai pasliktinaSanas reakcijas gaita noverota
netika. L1dz ar to talakos petijumos par substratu klastu tika izveleti tehniski vieglakie pirmie
parbauditie apstakli.

Reaggtspgja tika parbaudita ari citiem 3-alkilpropargilsilaniem 48b,c (18. shéma). Nedz
alkilgrupas kédes garums, nedz izmainas silicija aizvietotaja reakcijas iznakumu un gaitu parak
neietekméja, laujot izdalit metiléterus 49b un 49c¢ ar 53 % un 56 % iznakumiem. Butisku
uzlabojumu reakcijas iznakuma deva arilaizvietotaja ievadiSana propargilpozicija. Visi
parbauditie 3-arilpropargilsilani 48d-h lava iegiit metiléterus 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 nodro$inat gan papildu stabilizaciju reagétsp&jigajam starpstavoklim, gan
samazinat dazadu degradacijas procesu norisi neatkarigi no elektroniskajiem efektiem, ko
ievie$ aizvietotaji uz konkrétas arilgrupas.

si Si

1.2 ekviv. NBS %\(OMe
R MeOH (C1a.n = 0.1 M),
i.t., 15 min Br R
48a-h 49a-h
Si(iPr);
Si(iPr); Si(iPr);0Me SiMe,tBu __owme
%\(OMe %\(OMe %\/OMe e
Br nBu Br nBu Br  n-CgHqg
49a, 57 % 49b, 53 % 49c¢, 56 % 49d, 72 %
. Si(iPr Si(iPr]
Si(iPr)s Si(iPr)3 ¢ ();M (Pr)a
e OMe
OMe OMe = z
= =
Br Br
Br Br
MeO
© cl Br
49e, 76 % 49f, 75 % 49g, 74 % 49h, 75 %

18. sheéma. Propargilsilanu 48a-h brommetoksiléSanas produkti 49a-h.

Ka nakamais $kidinatajs tika izvelets 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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Si ) Si

1.2 ekviv. NBS W 0._0

R mitrs DMF (C1ag = 0.1 M),
i.t,, 25-45 min N'V'ez Br R
48a-h 53 52a-f
Si(iPr); Si(iPr);
Si(iPr); Si(iPr),0Me o._0 0.0
7 0\70 = 0\¢0 Br
Br nBu Br nBu
52a, 50 % 52b, 63 % 52c, 55 % 52d, 56 %
Si(iPr); Si(iPr); (iPr)3
7 OVO =z 0\¢0
Br Br
OMe
Cl
52e, 55 % 52f, 52 % 529, 54 %

19. shéma. Propargilsilanu 48a-h bromformiloksilésanas produkti 52a-f, iespgjamais reakcijas
mehanisms un savienojuma 52¢ ORTEP att€lojums.

Interesanti, ka arilaizvietotie propargilsilani uzradija loti lidzvertigus, viduv&jus rezultatus,
laujot iegiit formiatus S2¢-d robezas no 52 % Iidz 56 % 25-45 min Zemaki iznakumi un 1&naka
reakcijas gaita neka produktu 49a-h sintéze liecina, ka DMF ir salidzino$i vajaks nukleofils
neka metanols un izraisa nevélamas blakus reakciju norises, ko var novérot ar GH-MS analizes
palidzibu.

Savienojuma izdevas monokristalus, kas

52¢ gadijuma iegiit

rentgenstruktiiranalizei un kas neapSaubami pieradija gan iegiito savienojuma 52c¢ struktiiru,

bija piemeroti

gan (E)-geometrijas selektivitati pargrup&sanas reakcijam.

TreSais Skidinatajs, kas tika parbaudits ka potencialais nukleofils, bija etikskabe
(20. sheéma). Nemot veéra 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.
Parg&jie propargilsilani uzradija lidzigu reagétspgju iepriek$ apskatitajam reakcijam metanola.
Anl etikskabe arilaizvietotie propargilsilani izradijas paraki par alkilaizvietotajiem, dodot
arilaizvietotos acetatus 54c-g ar iznakumiem robezas no 72 % lidz 78 % un alkilaizvieto acetatu
54a ar 58 % iznakumu. Tika demonstréts ari So reakciju lietojums vairaku gramu apjoma,

iegiistot, pieméram, produktu S4¢ (4.6 g) ar 76 % iznakumu.
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$i 1.2 ekviv. NBS
R AcOH (C1ag = 0.1 M),
i.t., 15 min
48a-h

Si
o._0

Y07

54a-g

Si(iPr); Si(iPr);0Me Si(iP ?)3
A A LT
= =

Br \f Br \f Br

nBu nBu

o

54a, 58 %
(4.5 grami)

54b, 38 %
(1.8 grami)

54c, 76 %
(4.6 grami)

Si(iPr)3 Si(iPr)s

SO eGs
Br Br
Cl Br

549,72 %

Si(iPr); Si(iPr);

SQN94s
Br Br
MeO

54d, 78 % 54e, 78 % 54f, 72 %

20. sheéma. Propargilsilanu 43a-h bromacetoksilesanas produkti 54a-g.

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

Si(iPr] il
(P24 2 ekviv. NBS s'('P’gH
nBu Acetons/H,0 5 : 1
i.t., 15 min Br nBu
48a 55, 65 %

21. shéma. Propargilsilana 48a bromhidroksilé$anas reakcija.

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

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

22. sheéma. Propargilsilana 48a jodmetoksilésanas reakcija.

Izdevas arT demonstrét 1,3-difunkcionalizésanu ar tadiem elektrofila/nukleofila pariem ka
fenilselenilhlorids un elementarais jods (23. shéma). Propargilsilans 48a reaggja ar PhSeCl
5 min. dodot vinilselenidu 57 ar 70 % KMR iznakumu. So savienojumu gan neizdevas izdalit
un veikt ta pilnu raksturo$anu, jo, veicot attiriSanu gan uz tie$as, gan uz apgrieztas fazes
silikaggla, tika noveérota savienojuma degradacija. Tika izdalits Cl- elimin&$anas 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 Si(iPl');; sponta'na Si(iPr);, Si(iPl’)3

Si(iPr); : spontana
1.0 ekviv. y. nBu eliminé$anas PN . Oy N
Bi - = nPr
nBu CHCl3, Sio,
it,5min PhSe Cl PhSe nPr
48a 57,70 % (KMR) 58a, 24 % 58b, 20 %
Si(iPr);,0Me 1.5 equiv. I—I SI(IPI’)"»BOME
nBu DCM, i, 15 min neu
1 1
48b 59, 53 %

23. shéma. Propargilsilanu funkcionalizé$ana ar elektrofila/nukleofila pariem.

Jauniegiitie savienojumi p&c reakcijas satur tris reakcijas centrus, un tos ir iesp&jams
izmantot ka efektivus buvblokus selektivai alkénu sinté€zei. Lai to demonstrétu, vispirms
vinilbromidus S54a-c tika izmantotas Suzuki-Mijauras sk&rssametinaSanas reakcijas
(24. shéma). Izmantojot modificeétus Bakvalda (Buchwald) izstradatos reakcijas apstaklus,*
Skerssametinasanas produktus 60a-d izdevas iegit ar labiem 71-79 % iznakumiem.

si ArB(OH), si
Pd(OAc),, XPhos, K3PO,
_A\_OAc (OAc), 3PO4 _~_OAc
Br R Toluols, 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 % Ph 60d, 71 %
24. shéma. Vinilbromidu 54a-c Skérssametinasanas reakcijas.
Reakcijas vid€ nepievienojot arilborskabi, izdevas iegiit iekSmolekukaras ciklizacijas C-H
aktiveéSanas produktu 61 ar 65 % iznakumu (25. shéma).

Si(iPr)3 Si(iPr);

OAc
Z Pd(OAc),, XPhos, K3PO, ‘ OAc

Br Tol/H,0 20 : 1, 90 °C O

54c 61,65 %

25. shéma. Vinilbromida 54¢ iekSmolekularas ciklizacijas C-H aktivacijas reakcija.

Talaka darba gaita promocijas darba autora grupa pievérsas 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 iek§molekularu cikliz€Sanos. Attiecigos jodindenus 62a,b izdevas
ieglt ar 1idz pat 84 % iznakumu 1,1,1,3,3,3-heksafluorizopropanola (HFIP) (26. shéma).
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Si(iPr);
AP s |

OAc “(CF,),CHOH R
Ph

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

R 62b: R = Ph, 52 %

26. shéma. Vinilsilanu 60c,d tandéma ciklizeSanas — elektrofila apmainas reakcija.

Ciklizesanos bija iesp&jams noverst, ka substratu izmantojot alkilaizvietoto vinilsilanu 60a.
Samazinot alilpozicijas jonizéSanas potencialu un nomainot Skidinataju vz 2,2,2-
trifluoretanolu, attiecigais viniljodids 63 tika iegiits ar 84 % iznakumu (27. shéma). P&c tam,
atkal izmantojot Suzuki-Mijauras Sk&rssametinaSanas reakciju, viniljodids 63 tika parveérsts
attiecigajos stilb&nos 64a un 64b ar attiecigu 62 % un 56 % iznakumu. Iegttie 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  Pd(OAc),, PPh, Cs,CO;4
[ — OAc
nBu F2CCH,OH nBu Toluols/H,0 9 : 1 Z
80°C O nBu
60a 63,84 %

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

27. shéma. Vinilsilana 60a sililgrupas funkcionalizé$ana.

1.3. Elektrofilu ierosinata heterociklisku savienojumu ar vinilsilanu sanu kédi sintéze no
terminali funkcionalizeétiem propargilsilaniem

Starp visiem mazmolekularajiem zalu savienojumiem, kas ir apstiprinati ASV Partikas un
zalu parvalde (Food and Drug Administration), 59 % saturgja kadu no slapekla (2014. gada
dati)® un 27 % kadu no skabekla heterocikliem (2018. gada dati).*® Lai paplasinatu pieejamo
sintétisko metozu klastu heterociklisko savienojumu iegiiSanai, 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.

Petijumus tika nolemts sakt, parbaudot savienojuma 65a heterociklizaciju skabes
katalizétos apstaklos ar kvantitativas KMR spektroskopijas palidzibu. Pirmie eksperimenti
tieSam uzradija velama tetrahidrofurana 66a veidoSanos, un péc apstaklu optimizacijas ka
piemérotakie tika izv@leti HNTf, katalizators hloroforma skiduma istabas temperatiira ar
reakcijas laiku 15 min. (28. shéma).
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SiMe,tBu 20 mol% HNTf,  tBuMe,Si
OH [ o
CHCl3,c=0.15M

15 min, 20 °C H
65a 66a, 70 % gNMR

|z [+
(iPr)sSi (Pr)Si
%’)’\/w XH — KQ/H;)

®F 67 E 68
anti-selektiva
1,2-Si~
28. shema. Piemerotakie apstakli tetrahidrofurana 66a ieglisanai un iesp&jamais reakcijas
mehanisms.

Lidzigus rezultatus ir iesp&jams sasniegt, izmantojot ar1 tadas superskabes ka TfOH vai
veicot reakciju $kidinatdjos, kas nenivelé doto katalizatoru. Samazinot temperatiiru un
katalizatora daudzumu, tika noverota tikai reakcijas atruma samazinasanas.

Péc 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 diéna 69 veidosanas, ko vismazak vargja noverot,
veicot reakciju hloroforma. Ari reakcijas ilgums $aja gadijuma bija daudz garaks, salidzinot ar
skabes katalizetajam reakcijam. Pilnu izejvielas konversiju hloroforma bija iespgjams sasniegt
vien p&c 5 h, ko var skaidrot ar NBS zemo $kidibu halogengtos $kidinatajos.

SiMefBu Br tBuMe,Si SiMe,tBu
OH 0 + M
é’)\/v CHCl3c = 0.15 M / Z 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 iegiiSanai.

Lidz ar to tika nolemts papildus apskatit arT citus elektrofila broma avotus. Jau pirmaja
eksperimenta loti labu reagétsp&ju uzradija N,N-dibrom-4-metilbenzolsulfonamids (TsNBr»),
kam ir augsta $kidiba 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 maistjuma tika noverota tikai v€lama
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 okstmi), 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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x — E BuMeSi i~y 66ak
’ Halogenétie X 70a-j
X Skidinataji 71ac

- +
66c, 59 % E* = NIS 66g, 50 % E* = NIS 66i, 30 % E* = NBS

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

66k, 29 % E* = NIS

65 E
" ar skabekja nukleofiliem ~ T ;
! (BuMe,Si tBuMe,Si tBuMe,Si Bul N
' o OH uMe,Si N
: | © ;] © | © | (o} '
5 E E Br E 3
! 66a, 64 % E*=HNTY, 66e, 73 % E* = HNTf, 3
i\ 66b, 70 % E* = TsNBr, 66f, 73 % E* = TsNBr, 66j, 32 % E* = NBS 1
| |

! ar séra nukleofiliem

! ar slapekla nukleofiliem

! tBuMe,Si tBuMe,Si tBuMe,Si 'l BuMe,Si !
; ;N B B H s
; H PG E Ts E Ns E
| 70a,67%PG=Bz — 70g, 83 % E* = HNT, y % E* = :
: 70b, 67 % PG = Ac 7-{12&325"/& o 700, 25 % E* = NBS_ jpTIa ek E THT
o PG* 33% (E1Z=91:9) _ ! ! 71b,25%E*=NIS !
: 70c, 49 % PG = Boc E*=NIS 70i, 33 % (E/Z=91:9),E*=NIS i 71c, 49 % E* = PhSeCl |
1l 0, - . [ y
! 70d,77 % PG = Cbz 70j, 40 % (E/Z = 41 : 59), E* = PhSeCl ! | :

30. shéma. Produktu tvérums ieksgjo nukleofilu saturosu propargilsilanu 65 iek§molekularas
ciklizacijas reakcijas (sadarbiba ar R. Kronkalni un A. Ubaidullajevu).

Reakciju rezultata ar iznakumiem no 25 % lidz 85 % tika ieguti 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 kedi.

Izstradata metode iekSmolekularai ciklizacijai balstas uz alilkatjona ka reakcijas
starpstavokla veidosanos, tapec tika izvirzita hipotéze, ka, pamatojoties uz asimetrisko pretjona
virzito katalizi (ACDC),*” 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
Brensteda skabe

Si
/WXH —_—
=

&5 (S)-70 + (R)-70

31. shéma. Hiralas Brensteda skabes kataliz&ta iekSmolekulara ciklizésanas reakcija.

Eksperimenti tika sakti ar substrata un hromatografiskas analizes metodes identific€sanu.
Ka piemérotakie substrati tika izvel&ti 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 iegtt, izmantojot (R,R)-
Whelk-O 1 hiralo stacionaro fazi un 5 % iPrOH/Hex (v/v) ka mobilo fazi.
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Enantioméra parakuma iegtiSanai tika izm&ginatas pieejamas hiralas Brensteda skabes.
Mgginot atkartot rac€miska produkta 70 g sintézes apstaklus un aizstagjot HNTf; ar
fosforskabes-BINOL esteri, izejviela nereaggja (3. tab., 1. rinda). Aizstajot DCM ar hloroformu
un varot, pec 72 stundam tika izdaliti 13 % v&lama produkta, diemZz€l enantioméra parakuma
veidoSanas netika noverota.

3. tabula
Hiralu Brensteda skabju kataliz&tas propargilsilana 65b cikliz€Sanas apstakli

Si(Me),tBu | o Hiral ON 0 48 0
N/ . i— S i s

N Brensteda skabe  tBu(Me),S 2 +  tBu(Me),S /

/\/\/ g rensteda skabe uMepSi—\ o u(Me),Si ¢

77 —_—
o \©\ Apstak]i Q Q
NO NO,

NO
65b (S)-70g (R)-70g z

Hiralas Brensteda skabes

o
BPA
[Hg]-BINOL-NTPA

. & es ==t T, t, Iznakums, ee,

Nr. p. k. Katalizators Skidinatajs | C h % %
1. DCM 20 24 — -
2. BPA CHCI; 63 | 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 5 Cikloheksans | 60 | 21 45 12

mol%

Nakamie  eksperimenti  tika  veikti ~ar  komerciali  pieejamajiem  N-
trifluormetansulfonilfosfoimidatiem NTPA un [Hg]-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 temperatira ar NTPA (3. tab., 3. rinda). Vélamais
produkts pec 19 stundam tika izdalits ar 56 % iznakumu un 6 % enantioméro parakumu. Lai to
uzlabotu, tika nolemts veikt eksperimentu cikloheksana, kas var€tu nodrosinat ciesaku jonu
para veidosanos. Veicot eksperimentu istabas temperattra gan ar NTPA (3. tabu., 5 rinda), gan
ar [Hs]-BINOL-NTPA (3. tab., 6 rinda), tika novérota gan pienemama reaggtsp&ja, gan
enantiome@ra parakuma veidoSanas Iidz 12 %.

Nemot vera to, ka ir zinami arT pieméri, kad hiralas Brensteda skabes sp€j aktivet ahiralus
elektrofilos halogénu reagentus un nodroSinat enantioméra parakuma veidoSanos, tika
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izméginata reakcija ar NBS NTPA klatbttné (32. shéma). Pirolidins 70h tika iegtts 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. Petijumi $aja
virziena tiek turpinati.

tBu(Me)zsiz/D
i N

N. 7 NTPA 5 mol% Br
Vi S >
0 \©\ Toluols, -78 °C
N 70h, 25 %
65b 02 10 % ee
E O,

.Si
:&l/\/\ _Ns
o, Br . H

NI
P
- N
0---HN’ O>
T
73

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

Nemot véra iegitas zinaSanas par vinilaizvietotdja reag€tsp&jas ipatnibam ieprieks
apskatitajos savienojumos 54, ari jauniegiitajiem heterocikliskajiem savienojumiem tika
demonstretas to talakas funkcionaliz&Sanas iesp&jas. Ka modelsubstrats tika izvelets visvieglak
un atrak ieglstamais vinilbromids 66b, kam tika veikta Suzuki-Mijauras §k&rssametinasanas
reakcija (33. shéma). Izmantojot modificétos Bakvalda apstaklus ar dazadam arilborskabém,
tika iegti sililstiroli 74a-c ar vidgjiem lidz labiem rezultatiem — 55-79 %.

Ar-B(OH),
(5 mol%) Pd(OAc),
0,
tBuMe,Si (5 m,zlsé,%fpms tBuMe,Si
I (o) _ f (0]
Toluols
Br 90-110 °C Ar
66b 10h T4a-c
tBuMe,Si tBuMe,Si tBuMe,Si
I (o) f (o] I (o)
F
74a,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 iegiitu
viniljodidu 75 (34. shéma). Veicot reakciju HFIP, tika novérota strauja reakcijas gaita, dodot
vélamo produktu mazak ka 15 mint$u 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. Vélamais viniljodids 75 tika
ieglts ar 84 % iznakumu, pilniba saglabajot dubultsaites konfiguraciju.

tBuMe,Si 1
/ [o] NIS / (o]
2,2,2-Trifluoretanols
20 °C, 20 min
74a 75,84 %

34. sheéma. Vinilsilana 74 elektrofilas apmainas reakcija.

legiitais viniljodids 75 tika veiksmigi izmantots Suzuki-Mijauras S$k&rssametinasanas
reakcijas apstaklos, lai iegltu tetrahidrofuranus ar trisaizvietotu alkéna sanu ke&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),, PPhs Ar
I (o) Cs,CO3 f (o]

Tol/H,0 20 : 1
90 °C
10h
75 76a-c

76a, 80 % 76b, 77 % 76¢, 66 %

35. shéma. Jodstirola 75 funkcionalizéSana Suzuki-Mijauras $kérssametinasanas reakcijas.

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

Paradot iegtito cikliz&to produktu ka lietderigu biivbloku lietojumu, uzmanibu piesaistija
nepiesatinato sistému ariléSana ar hipervalentajiem joda reagentiem vara KkatalizEtos
apstaklos.®® Ja o konceptu pielagotu iek$gjo nukleofilu saturoSiem propargilsilaniem 65, tad
viena sint€zes soll biitu iesp&ams veikt gan sililgrupas 1,2-migraciju, gan iekSmolekularo
ciklizaciju, gan ar1 alkéna arilfunckionaliz€Sanu, ieglistot savienojumus 74 (36. shéma;
eksperimentalie dati — 6. pielikuma).

32



65

ArolX + Cu(l)Y ——= ArCu(lll) YX

AralX

Cu(l)Y Si

/

Ar

X
74

-Cu(l)Y

]

CuY 77

CuY 78

36. sheéma. Iesp&jama propargilsilanu 65 arllesana ar joda(IIT) reagentlem vara katalizétos

apstak]os.

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 klatbiitni no

ariljodana 79. Savukart, ja reakcijas maistjumam pievieno 2,6-di-z-butilpiridinu un paaugstina

procesa temperatiiru (4. tab., 3 rinda), v€lamais 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 arilé$anas ar jods(IIl) reagentiem vara katalizStos apstaklos optimizacijas
tabula

si
/K/\/OH
&
65

OTf
CuX
Apstakli /KO
66a .

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 BuPy 0 0
12. CuOTfPhH | EtOAc 60 84 0

Tika izméginata arT sulfonilamida 65b ciklizacija optimizétajos apstaklos (37. shéma).

Diemzgl vélama produkta veidoSanas netika noveérota, tika iegiits 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. shéma, starpsavienojums 78), kas, visticamak,
izraisa protodemetaléSanos, nevis vélamas reducgjosas elimingsanos.

. 79 si ; ot
Si H cucl : i
N. = H
///\/\/ Ns By,Py + ! E \©

EtOAc
65¢ 71g Mo :

37. shéma. Propargilsilana 65b arilé$anas méginajums.

ArileéSanas 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 arildienu 80 un indénu 81 attieciba ~ 2 : 1 ar kopgjo iznakumu 52 %.

79 OTf
SiiPra CuCl SliPr3
‘ SiiPr;
N By,Py / O
~ EtOAc

Ph
48a 80, 35 % 81,17 %

38. shéma. Propargilsilana 48a ariléSanas reakcija ar joda(IIl) reagentiem vara kataliz&tos
apstak]os.

Abu produktu veidoSanas mehanisms piedavats 39. shema. Reakcijas sakuma no vara(I)
avota I oksidgjosas pievienoSanas rezultata rodas vara(Ill) savienojums II, kas elektrofila
reakcija inducé sililgrupas 1,2-migraciju, veidojot intermediatu ITI. Saja bridi intermediats III
var reagét ar bazi, veidojot intermediatu IV, kas p&c reducgjosas elimin&sanas dod arildiénu 80.
Intermediats ITI var veikt arT reducg€joSo elimingSanu, veidojot intermediatu V, kas tiilit 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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Ph. X
o
OTf
i 1]
Ar” Ar

79
[cu H\)\/\
1 \/
si C”]
M\
Ph 80 s Fridela-Kraftsa
rgedyce!osa reakcija ‘ si
elimingésanas M M

[Cu]

v 81
pn WV

39. shéma. Propargilsilana 48a ariléSanas reakcija ar joda(IIl) reagentu vara katalizétos
apstak]os.
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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
$_ TeOHvaiH0 si b ok
R —— . znakumi: 24—-85 %
/\/ S0, RWRz R g7 R2 o
o o

R!

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

. S| Si
Si E* ! R SolvH R E=8Br |

/kn —_— /K/ —_— %\( SolvH = MeOH, DMF+H,0, AcOH, H0

F“ e @ H* E  Soly l|znakumi: 38%-79 %

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

Si
- R R
=z R Z ® o = E-Nu = I-1, 42 %; PhSe-CI 70 % (KMR)
~ : E Nu

4. Hiralas Brensteda skabes ir sp&jigas inducét enantiomé&ro parakumu propargilsilanos, kas
alkilkgde ir saistiti ar iekSmolekularo nukleofilo  grupu. Izmantojot  N-
trifluormetansulfonilfosfoimidatu NTAP, tika sasniegts 11 % enantiomérais parakums. Tas
pierada hiralitates parneses koncepta iesp&jamibu pétitajas reakciju sistémas.

Si(Me),Bu H
/\/v N.g NTPA 1Bu(Me),Si
Z2 7 -
S
NO,
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5. legttie bromvinilsilani, kas satur alkil- vai heterociklisku sanu k&di, ir lietojami ka
vertigas izejvielas telpiski defingtu trisaizvietotu alkénu sintgzei, veicot selektivas Suzuki-
Mijauras Sk&rssametinasanas un elektrofilas apmainas reakcijas. Reakciju sekvence nodroSina
dubultsaites sakotngjas konfiguracijas saglabasanu.

1. 2
vai R! A~ RV %\/Fﬂ A _R!
R',R2 = -CgHgHet-
R? Ar' R® Arl R? Al R2

6. Bromvinilsilani, kas alilpozicija satur acetoksi- un fenilaizvietotajus, paladija kataliz&tos
apstaklos veic iekSmolekularu C-H aktivacijas reakciju, dodot attiecigo acetoksiindenu.

Si
-~ OAc [Pd] OAc
C-H aktlvac:]a
Br

7. Veicot silicija-joda apmainu ar NIS sililstirolos, kas alilpozicija satur acetoksi- un
fenilaizvietotajus, papildus silicija nomainai tiek noverota acetata grupas jonize€$anas. legutais
karbkatjons piedalas joniska ciklizeSanas reakcija, dodot attiecigos jodind@nus.

Si
OAc
= NIS |
Ph —_— R=H, Ph
R
Ph
R

8. Terminalo alkinu un iekSmolekularo O-nukleofilu saturoSiem propargilsilaniem ir
iespgjams veikt C-C ariléSanu ar sekojosu sililgrupas 1,2-migraciju un ciklizé$anos, lietojot
ariljodanus vara kataliz&tos apstaklos.

\ oTf :

si : - :

CUCI ' | ;

/\/\/ A i = i \© H
pstakli o 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-Si bond 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 B-silicon effect.!®

Vertical Non-vertical Vertical
stabilization stabilization stabilization
Si
Bi Y
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

pairs;!! b) ring-opening reactions with radical initiators;'?

¢) ring-opening under reductive
conditions;'? d) hypervalent iodine-catalyzed ring-openings of cyclopropanes;'4 e) transition-
metal-catalyzed 1,2-addition — isomerization of unsaturated system — reductive elimination;'3
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

Ré;g Igg/%rzggzsof alkene functionalziation
ax:-v: T o O re IT)I(W
B)X Y Y
Ri Rz<:)Sm(||)+X=Y ; ) jx/y
d)I(iy + X+y- R \/\/R e)
N/ —_— -~ = Ri~_R?
X--Y ™ [T™] NN
1 2 oL; Y
X R\/\rR [0]
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
Cl1, 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 HNTS,).
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. p-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.
¢l NaOH ¢l
ClySi ~ (HO)sSi
1a 3 2a
eq.
NaOH NaOH
Clssi” Yy~ _ Neon (HO)Si” Y~ ———— v~ +Si(OH), + NaCl
e e 3
' NaoH o
C|33i/\) (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 B-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.

Si
N o—%
I Nu 5
@ a
Si Si
2! AN
a B — — a=—2g
-Si*
X Nonertical stabilization 6
4 .
Si I ® N Si
X L a B
Mﬁ Nu
@) 5b
Vertical stabilization

Scheme 4. Possible intermediates in 3-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 et al. (Scheme 5).22° 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

kSi/kH = 105 0°E

ksilky = 104 60°.,

""""

Kilky = 100 90° murmuuefurannls :

kefky = 104 1200
kSi/kH = 1012 18005
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. 22

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 2?7 and experiments interpreted by the Yukawa—Tsuno equation performed by the Fujio

group 233! provided insight into this question (Scheme 6).
B 5 >
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.26-3!

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. 3
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 -
v TiCl,
+ Il —_— Y\ / Si
= R X DCM, -78 °C X
20 l 21 24
i o o
L., Si LT, $LTN, R
Il / R —> | —_ |
{// X = R X o s
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 336
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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, Tf2NH, Tf;CH), 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).37

si

El

Si R!
/ R2 H* /\/RZ 1,2-Si~ H\A 33, 52— 92%
R1
.

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 SO», 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 Bronsted superacids like TfOH, TH:NH, and Tf3CH
in chlorinated solvents such as CH>Cl, and CHCl3.3” We hypothesized that due to the Lewis
acidic properties of SOa, 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.*?

- (iPr)3Si
Si(iPr); Catalyst E:B\ﬁ
SO
Z4 2 S0
20°C, 16 h oo
36a 0.75-0.83 mmol 37a
| [so.
(I1°r)3§i Si(iPr)g B Si(iPr);
—_ © —_— =
D -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 Brensted 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 | BuOH (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*H,0 Si
! 10 mol% =

/K/R -

Z S0, s R

20°C,16h oo
36a-g 37a-g
(Pr)ssiz_)\/\ Measib\/\ Et35i2—>\/\ tBuMeZSiZ_)\/\
//S\\ //S\\ //S\\ //S\\

o o0 (o Je] o o0 o o0
37a, 84 % 37b, 84 % 37¢, 82 % 37d, 85 %
MeO(iPr),Si Zj\/\ tBuMe,Si Z—;\ tBuMe,Si

oS? >s? CgHy7 ©\©
oo o o o o
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 PhnCOOH
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
diasterecomer, which was confirmed by the nuclear Overhauser effect and confirmed our
previous findings on selective E,Z-diene synthesis.>’

NO,
SiMe,1Bu
TSOH*H,0
. 10 mol% NOEC’c
SO, BuMe,SivHa
. H
60 °C, 16 h 7 b
o 2
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 o _OH

(Pr),Si n-CgH1N(Bn)Me,*CI* (iPr),Si
Z:)\/\ THF, H,0, Z:)\/\
o 60 °C, 14 h o
37e 37i,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)3Si Si(iPr)3 Si(iPr)s

— Li
Me™ ™ + Me
NH, \

S

o o -33°C,6h n-Pr n-Pr
37e 38, 60 % 39, 40 %
2e” J H* 2e”
H*, -S0, S0,
Si(iPr).
: H* n-Pé//o
Me” ™ 74 /
(Pr)sSi—/---H—q
LiO,S 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) "-BUIU (P)3Si Si(iPr); Si(iPr); Si(iPr);

— 2) Mel =\ M Li
e Me” X + Me + Me
g7 “Ph HMPA, THF " “ph NH;4 _
oo -105°C, 2h o o -33°C,6h Me” ~Ph Me” “Ph Me*" Ph
379 45,89 % 46,46%  (RRISS)-47, 24 % (RS/SR)-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.

Ansgér;p/c (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)y [Br SiPrls
T =
MeOH
Br OMe
48a 49a
lBr+ MeOHT—H*
(Pr)Si Si(iPr);
s =
®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.), 8
2 Range of temperature =-78, 0, 50 °C 5258
NBS (1.2 equiv.), RT
3 c1a 0.05 M~ 0.2 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 Brz (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.

i Si
Si .
1.2 equiv. NBS %/OME
R MeOH (C1ap = 0.1 M),
RT, 15 min Br R
48a-h 49a-h
Si(iPr);
Si(iPr); Si(iPr),0Me SiMe,tBu __ome
__ome %\KOMe __ome r
Br nBu Br nBu Br  n-CgHqg
49a, 57 % 49b, 53 % 49c, 56 % 49d, 72 %
. Si(iPr, Si(iPr]
Si(iPr)3 Si(iPr)3 ( <)33M ( S*M
OMe Z € Z ©
= OMe = ! !
Br Br r r
MeO
© 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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si si Si

1.2 equiv. NBS
d = E—— 0\70
R wet DMF (Cqa.g = 0.1M), [©]
RT, 25-45 min Br O0__NMe; Br R
48a-h 53 52a-g
Si(iPr); Si(iPr)3
Si(iPr)3 Sl( )20Me 0._0 (o] /0
%\(0\?0 / Br
Br nBu Br nBu
52a, 50% 52b, 63% 52c, 55% 52d, 56%
Si(iPr); Si(iPr)3 (in)s
~ 0\70 (o] /o
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 54¢ (4.6 g) in a yield of 76 %.
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Si Si

1.2 equiv. NBS o__0
R ACOH (C1ag=0.1 M), \f
RT, 15 min Br R
48a-h 54a-g
Si(iPr); Si(iPr);0Me SiiP '2,)3 o
%\(OYO %\(o\fo = \f
Br  nBu Br nBu Br
54a, 58 % 54b, 38 % 54c,76 %
(4.5 grams) (1.8 grams) (4.6 grams)
. Si(iPr] Si(iPr)
Si(Pr)s SiGP)s e ®e
o [o] = =
E/ oo T T
\f Br Br
Br Br
MeO
© cl Br
54d, 78 % 54e,78 % 54f, 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] il
WP 5 equiv. NBS s'('P’gH
nBu Acetone/H,0 5 : 1
RT, 15 min Br nBu
48a 55, 65 %

Scheme 21. Bromohydroxylation product of propargyl silane 48a.

N-Iodosuccinimide (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); ) Si(iPr);
1.2 equiv. NIS OMe
nBu MeOH
RT, 15 min 1 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);
Si(iPr)s 1.0 equiv. ( )SB elimination (#Pr)s O
> nBu NG + X
- nPr
nBu  CHCly, SiO, “
RT,5min PhSe Cl Phse nPr
48a 57,70 % (NMR) 58a, 24 % 58b, 20 %

Si(iPr),OMe 1.5 equiv, I—I Sl(iPrr)f;JMe
nBu DCM, RT, 15 min
1
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 S4a-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, K3PO.
_~_OAc (OAc), 0s, K3POy _~_OAc
Br R Toluene, 80 °C Ar R
54a-c 60a-d

Si(iPr); Si(iPr),0Me (iPr)3Si
y OAc ~ OAc
nBu nBu

60a, 75 % 60b, 79 % 60c, 78 % Ph 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)s
OAc
= Pd(OAC),, XPhos, KzPO, OAc
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 of the 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)
AP s ,
OAC “(GF,1,CHOH ™ 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
SitiPrs ' ArB(OH),
_~_-OAc NIS A OAC  Pd(OAc),, PPhs, Cs,CO;4
- OAc
nBu F3CCH,OH nBu Toluene/H,0 9 : 1 Z
80°C O 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,Bu 20 mol% HNTf,  tBuMe,Si
OH 7o
CHCl3, ¢ = 0.15 M

15 min, 20 °C H
65a 66a, 70 % gNMR

|e [+
(Pr)Si (Pr);Si

®F 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 CDCl; 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\/\
/\/\/ CHCl3,c=0.15M / Z OH

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

if Br* = TsNBr,, 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, TsNBr», NIS, PhSeCl).
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E 70b, 67 %, PG =Ac 70{ 339 2 70h, 25 %, E* = NBS E : 71b, 25 %, E* = N|82 :

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 (ACDC)* could enable nucleophilic attack by introducing
enantiodiscrimination. To achieve this, BINOL-derived Breonsted acids were selected as a
source of chiral information (Scheme 31; for experimental procedures, see Appendix V).

Chiral
Brensted acid

Si
/\/\/ XH
=

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
HNTTf, 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.

2

Si(Me),Bu O
/\(/);H Chiral NGO ) N0
& s Bransted acid tBu(Me)ZS|—\\ o +  tBu(Me),Si o
0o Conitions
NO

65b ’ (S)-70g NO, (R)}-70g NO:
Chiral Bransted acid
O el
Pe
sl
BPA
NTPA [Hgl-BINOL-NTPA
No. Catalyst Solvent T,°C | t,h | Yield, % | ee, %
1 DCM 20 | 24 - -
2 BPA CHCl, | 63 | 72| 13 0
3 0 PhMe 60 19 56 6
4 NTPA 5 mol% Cyclohexane | 60 | 18 62 11
5 NTPA 10 mol% Cyclohexane | i.t. 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.

tBu(Me),Si
Si(Me),tBu o NBS /

/K/\/N\ g NTPA 5 mol%
B
3 5 O
NO.

o Toluols, -78 °C

70h, 25 %
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(OAc),, XPhos
tBuMe,Si K3PO, tBuMe,Si
;. ° ;] ©
Toluene
Br 90-110 °C Ar
66b 10h T4a-c
tBuMe,Si tBuMe,Si tBuMe,Si
| © | © | ©
F
74a,79 % 74b, 78 % 74c, 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 1
/ (o]} NIS / (o)
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),

I Pd(OAc),, PPhy Ar.
I (o] Cs,C03 I (0]

Tol/H,0 20 : 1

10h
75 76a-c

76a, 80 % 76b, 77 % 76¢c, 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).

AralX
Si Cu(l)Y Si
WXH R
65 Ar 74
ArlX + Cu(l)Y ArCu(llly YX -Cu(l)y
T/@C(:) - T/@
CuY 77 CuY 78

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

. OTf l
Si CuX
/\/\/ OH
= Conditions
65a 74a 66a .

No CuX Solvent | T, °C | Additive | 74a, % (NMR) | 66a, % (N MR)
1 EtOAc 20 - 0 69
2 EtOAc 20 0 0
3 EtOAc 60 82 (76)* 0
4 THF 60 56 0
5 CHCI3 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 EtsN 0 0
11 Cul EtOAc 60 BuPy 0 0
12 | CuOTf-PhH | EtOAc 60 84 0

* 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 OTf
Si H CuCl
N. =z
Ns By,Py * )\O
EtOAc

65b 71g B LR

?

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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79 : oTf
SilPr;, CuCl SiiPra ! i
= ‘ SiiPr;
/\/\/ By,Py M\ O ; \©
= EtOAc 1

Ph
48a 80, 35 % 81,17 %

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 (III) 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 I'V, which, after a reductive
elimination, yields aryl diene 80. Otherwise, intermediate IIT 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.

SiiPrs
/\/\/
Arl 43a
Ph. . X
Clu
OTf
OTf
i [}
Ph” SAr
79
Si H
[Cu] M
| ® L]
si [Cu]
Ph
N\A
Ph 80 . B: ionic
reductive Si Si cyclization si
elimination H\/\/\ M - . i
= =
[Cu] Ph ©
u

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 sb

/VRZ S0, RW\RZ R i
R oo

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 (E£)-double bond configuration.

si si Si

E* R SolvH R E=Br, |
/R = % N = SolvH = MeOH, DMF+H,0, AcOH, H,0
Z E -H E Solv VYields: 38-79%

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

si Si Si

R
% Z E-Nu = |-, 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),1Bu “N_O

N.& NTPA tBu(Me),Si o”s
T C

2 NO,
upto 11 % ee

AN
[N
&
g
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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 . Ar2-B(OH
R'=nBu, R2=OAc  Si (OH). J | OHp
. [Pd] i NiS . [Pd] )
or 7 — U y R
R',R? = -CzHgHet-
Br R Art R? Arl R? A R2

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 - Si
= OAc ‘ OAc

C-H activation
O
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
z NIS |
Ph _— 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.

79 1
. i Tf
Si CuCl = ; N
/\/\/OH — S : |
¥V Conditions
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Abstract Many chemical transformations of organosilicon compounds
proceed due to the capability of silyl substituents to stabilize a positive
charge in its B-position. This short review provides an overview of the
present understanding of the B-silicon effect and focusses on the syn-
thetic applications of 1,2-silyl shifts resulting from non-vertical stabili-
zation of alkylcarbenium ions and vinyl cations. The reactions of silicon
containing unsaturated starting materials, alkenes, allenes, and alkynes,
involving B-silyl group stabilized cationic intermediates, transition met-
al carbenes, or vinylidene complexes will be discussed.

1 Introduction
2 Origins of the B-Silicon Effect
3 Reactions of Allenylsilanes

4 Reactions of Alkynes
4.1 Propargylsilanes
4.2 Alkynylsilanes

5 Reactions of Alkenes
5.1 Allylsilanes

5.2 Vinylsilanes

6 Conclusions

Key words B-silicon effect, 1,2-silyl migration, carbocations, allenyl-
silanes, propargylsilanes, allylsilanes, silylvinylidenes

1 Introduction

In the family of group IV elements, carbon plays a cen-
tral role as the main building block of organic chemistry.
Silicon, albeit related, offers some curious differences. Al-
though, silicon and carbon share the archetypal tetravalen-
cy, silicon’s position in the 3rd period of Mendeleev’s peri-
odic table unlocks many pathways impossible for its neigh-
bor, carbon. The clear differences are its increased size,?
higher energy p-orbitals,® accessible vacant d-orbitals,* and
diminished electronegativity.’ This amounts to remarkable
differences in the bonding properties of silicon. The C-Si
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bond (1.85 A) is considerably longer than the C-C bond
(1.54 A)S although of comparable strength. Silicon also
forms high strength bonds with electronegative elements,
which is a driving force for many organosilicon-based reac-
tions.” The unique affinity of silicon towards fluorine offers

© 2020. Thieme. All rights reserved. Synthesis 2020, 52, 2147-2161
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orthogonal deprotection conditions, which cements the si-
lyl group’s position as one of the most useful protecting
groups for oxygen-containing compounds.® Silicon even
holds a near monopoly for the protection of sp hybridized
carbons.® Moreover, the activation via ‘ate’ complexes has
realized the possibility of harnessing the intrinsic polarity
of the C-Si bond, exemplified by the Tamao-Fleming oxida-
tion or the Hiyama-Denmark cross-coupling reactions.>!?

The most intriguing property of silicon is that of the sta-
bilization of electron-deficient carbon atoms in f-silicon
carbenium ions, widely recognized as the B-silicon effect. In
fact, this effect is responsible for most of the observed reac-
tivity of unsaturated organosilicon compounds.'! However,
historically the explanation of the B-silicon effect has not
been a trivial task. Various experimental observations of
products where silicon had changed its position on the car-
bon backbone led to different interpretations of the struc-
ture of the B-silicon carbenium ion (vide infra). This ques-
tion was parallel to the famous debate of Winstein and
Brown on the non-classical carbocations, albeit not as vocal
and publicized.'? Just as for the question on the structure of
the 2-norbornyl cation, the resulting experimental and the-
oretical studies have increased the understanding of B-sili-
con carbenium ions.

Synthetic methods involving 1,2-silyl migration have
been developed since the 1980s and have been previously
reviewed by Aye and co-workers for the reactions of allenyl,
propargyl, and vinylsilanes;'* Knélker and co-workers'41>
and Landais and co-workers'® have reviewed allylsilane an-
nulation reactions. This review aims to introduce the ori-
gins of the B-silicon effect and its manifestation in some
synthetic methodologies of the last decade that involve a
1,2-silyl shift, yet discussing them in the context of previ-
ous research.

2 Origins of the B-Silicon Effect

The first observation of enhanced reactivity or a change
in chemoselectivity caused by a B-silyl substituent was re-
ported by Sommer and Whitmore.'”'® They observed that
when treating f-silicon alkyl chloride 1a with sodium hy-
droxide only the elimination product, propylene (2), was
obtained (Scheme 1). Under the same reaction conditions,
the regioisomeric silylalkyl chlorides 3a and 4a afforded
only the hydrolysis products of the Si-Cl bond. Further in-
vestigations concluded that similar elimination reactions
proceed via the E1 reaction mechanism, where the rate de-
termining step is the dissociation of C-X bond."?

The twelve-fold increase of the solvolysis rate can be ex-
plained by the formation of a carbenium ion that is stabi-
lized by the B-silyl group. This intermediate is described by
two possible structural proposals: (1) a vertically stabilized
carbenium ion (i.e., hyperconjugation by the neighboring

05M 05M
NaOH ) NaOH
olasw/\( —_— (Ho)asl/\( — A
1a CI i C 2
05M
| |
)C\/ NaOH j\/
—_—
ClySi HO)sSi
S (HO)5 3b
cl 05M cl

/\) NaOH
_NaOH
ClsSi

4a

(HO)BSi/\)
ab

Scheme 1 Hydrolysis of silylalkyl chlorides

C-Si bond) where no notable changes in lengths of bonds
are observed; (2) a non-vertically stabilized silonium ion,
where the lengths of the bonds alter significantly (Scheme
2).20 The question between vertical and non-vertical stabili-
zation is that of whether the non-vertically stabilized form
can be regarded as a feasible transition state for two differ-
ent structures in rapid equilibrium, or as a true intermedi-
ate (energy minimum).

vertical

F LT QH§’

LA
Si
/- B
X —XSi 7
5 .
NuH Si
ot\—\B
—HX eb Nu

vertical

—_—

Scheme 2 Vertical and non-vertical stabilization of carbenium ions by
B-silicon substituent. Here and further in text substituent ‘Si’ is used as
generic description of the R;Si group (R = alkyl and/or aryl).

The geometry required for the manifestation of the -
silicon effect was convincingly demonstrated with cyclic
and conformationally restricted model substrates possess-
ing a distinct dihedral angle between the leaving group and
the B-silyl substituent (Figure 1).2'-24 Compared to non-
silylated analogues a greater increase of the solvolysis rate
was observed in anti-periplanar conformation 12, up to
10'2 times. The syn-periplanar conformation 8 showed a
significant increase as well (10° times), though not as nota-
ble as the anti-periplanar conformation. The elimination
from compound 8 indicates the existence of vertical stabili-
zation in the intermediate B-silyl carbenium ion. On the
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a

—_— (ref. 22)
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—_— (ref. 21)
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O tBu
c
OTs [ OH +
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SiMe:
¢ d
B —— (ref. 22)
110._.0 ksilkuy = 10*
13
SiMe; CF3
tBu °
_— (ref. 21)
O.__CFs -
12 T Ksilki = 10 14
o tBu

+ others

(ref. 23)

Figure 1 Comparison of solvolysis rate constants in CF;CH,OH at 25 °C (a, d, and e are extrapolated from experiments at other temperatures)

contrary, the non-vertical stabilization of the intermediate
during the reaction 8 — 13 is disturbed by the syn-peri-
planar placement of the silyl group and the mesylate leav-
ing group. However, the observations do not exclude non-
vertical stabilization effects in anti conformation 12. The
increase of the rates in gauche (9) and anticlinal (11) con-
formations by a factor of 10* clearly states that the partial
overlap can increase the reaction rates as well. As predicted,
in orthogonal conformation 10, where neither hyperconju-
gation, nor formation of silonium ion can take place, no in-
crease in the reaction rate was observed. In conclusion, the
experimental evidence indicates that formation of carbeni-
um ion in the above-mentioned and other conformationally
unrestricted B-silyl systems is mainly due to both vertical
and non-vertical stabilization (Scheme 2), but not from the
induction effects of the electron-donating silyl group.
These suggestions are in the same vein as computer-
aided modeling (Figure 2). MP3/6-31G* level calculations of
simple systems showed a 38.0 kcal/mol increase in the sta-
bilization energy for the vertical (open) transition state 19b
in comparison to the unsubstituted ethyl cation (17). The
primary carbenium ion 19a, in which the C-Si bond is or-
thogonal to the empty orbital, is stabilized by 8.9 kcal/mol,
suggesting the existence of induction and polarization ef-
fects arising from the C-Si bond. However, the cyclic siloni-
um ion 19c¢ was found to be even more stable by 2.4
kcal/mol than the open structure 19b. In spite of the latter,
further calculations showed that for tertiary carbenium
ions (e.g., intermediate 20) the added donating substituents
compete for their role in the overall stabilization of the sys-
tem. Therefore, the necessity for silonium ion formation is

E (kcal/mol)
i H
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H%H —_— H‘HH ,,,,, IO
H H H H
17
8.9
HSiHs HsSi H 124
{1443 Ay --p--}--F-1--1--
H™ L oH HsC, 19a 18.2
WSSSAWH v
HH 1438 A H
18 HgSi 221
zosuA:\wsw@ WMe_ Lol
H A
® 1.413A YTMe
—_— SiHg H 20 oo A R B
2477A 2.307A
. 56.7
SiHa H'4 5614\ 'Me
H o 2a W -
H Me Hesi
H H M
2070;\;\‘000 ®.Me
HH 1386A H 380
21b 40.4
H3Si
2177A\$¥@ H
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Figure 2 Calculation of stabilization energy for different B-silylcarbeni-

um systems
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diminished. Finally, the non-vertically and vertically stabi-
lized secondary carbenium ions 21a and 21b differ by 3.9
kcal/mol with the latter being more stable.?>26

To determine transition state structures, the solvolysis
kinetics of B-silyl systems 22 were measured for variously
substituted B-aryldimethylsilyl systems (Figure 3).27-3° The
obtained data were interpreted with the Yukawa-Tsuno
equation, a modification of the Hammett equation that ac-
counts for the resonance effects on a reactive center (Equa-
tion 1). The parameter p describes the sensitivity of the
transition state towards the electronic effects of its substit-
uents. It shows the relative amount of charge on the silicon
center: a strongly negative p-value indicates an enhanced
positive charge on the silicon (i.e., greater importance of the
non-vertical stabilization).

R
M
s Ao
(\ LG —>

E and Sy1 products

X1
=
22 R =H, Me, t-Bu, Ar
LG = Cl, OCOCF3, OCOCgH3(NO)>
1 1 1
X X T X l
© (7 &
¥ = =
@ SiMe; Me,Si Me,Si @
HAH Hin,, | O
> N Hi o
H 23 H H 24 Ak H 25 Ph
p=-1.75 p=-1.50 p=-1.00
non-vertical vertical

Figure 3 Kinetic studies of transition states of p-silylcarbenium sys-
tems

Ig<%> :p(«s"H’*Aéﬁ)

Equation 1 Yukawa-Tsuno equation: k, = reaction rate constant for X-
substituted arylsilane; k;, = reaction rate constant for unsubstituted
phenylsilane, p = reaction constant, 6° = Hammett substituent con-
stant; r* = enhanced resonance parameter, Ac*y = Hammett resonance
substituent constant.

It was concluded that for a-unsubstituted systems 23 p
= -1.75, alkyl-substituted systems 24 p = -1.50, and aryl-
substituted systems 25 p = -1.10 to -0.80. Combined quan-
tum chemical calculations and kinetic data showed that the
less stabilized, unsubstituted systems prefer non-vertical
stabilization, but for the benzyl carbenium ion vertical sta-
bilization is the dominant one. The alkyl-substituted sys-
tem behaved as a non-discrete structure between vertical
and non-vertical stabilization. These findings correlate with
previously described solvolysis and DFT calculation results.

The stabilization of vinyl cations by the B-silyl group
initially was studied by DFT calculations. Compared to the
unsubstituted vinyl cation 26 its counterpart, the vinyl-
silane 29, is by 28.6 kcal/mol more stable (Figure 4).2>

E (kcal/mol)
H
— %—H 777777
®
Ho 2 T

H o
1{77 ®

> |
1.551A L) 1261 A --F--
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H \H
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1432 A 7\

H
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-

H 13010

Q@
. ——H
2075A /) 1207 A

Hr.; i 107.9°
H™

29

Figure 4 Stabilization of vinyl cation by B-silicon effect

To assess the stabilization effects of the B-silyl carboca-
tion, Stone and co-workers analyzed thermodynamic data
of electrophile [TMS* (TMS = trimethylsilyl) or H*] addition
to differently substituted alkynes and alkenes (Scheme 3).
From the measured AH; of cations 31 and 32 and alkenes 33
and 34 the corresponding stabilization energies: AHg;,
were calculated. The B-silyl effect stabilizes vinyl carbo-
cation 32 by 8.8-11.6 kcal/mol in comparison to its non-
silylated counterpart 31. In a similar way AAH were deter-
mined between sp?-carbenium ions 36 and 37. In this case,

H H o R?
H © ., *Cofls =/
1 - CoHg* 1
R2 R R'_ . H
= 31 33
Rw/ . oT™MS_ o Lo, ™S R2
30 TMS P g2 2Hg, > — ;
R! = CoHg* Rl H
32 34
R R2 AHstap 31, | AHstab32, | AAH,
kcal/mol | kcal/mol | kcal/mol
H n-Bu 44.2 54.9 10.7
Me n-Pr 46.2 57.8 11.6
H Ph 49.6 58.4 8.8
H* AR +CoHg AR
H" 8 -cHs M
SR 36 38
35 TMS* /\/R‘ + CoHg /\/R‘
TMS ® CoHe* TMS
— s
37 39
R AHstap 36, | AHstab 37, | AAH,
keal/mol | keal/mol | keal/mol
n-Bu 34.1 60.3 26.2
Ph 43.6 60.3 16.7

Scheme 3 Formation of silylvinyl cations for studying effects of hyper-
conjugation
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the stabilization resulting from the presence of the silyl
group was doubled and the intermediate 37 was by 26.2
kcal/mol more stable than 36. Finally, if a substituent at a-
position is more stabilizing, e.g. aryl groups, the participa-
tion of the silicon in the stabilization is lower when com-
pared to a-alkyl substituents (Scheme 3).3!

It was discovered that B,B-silyl disubstituted vinyl cat-
ions 41 are surprisingly stable in solution and as anhydrous
salts with tetrakis(pentafluorophenyl)borate as counterion.
Their NMR,3? X-ray diffraction,®> and IR spectroscopy3*
studies revealed further correlation between cation stabili-
zation from an a-aryl substituent and hyperconjugation
from the B-silyl group (Scheme 4). In 2°Si NMR the presence
of a single signal indicates the formation of symmetrical
species. A significant low-field shift difference of A8 °Si
~29-42 ppm can also be observed between compounds 40
and 41. The such significant deshielding was attributed to
the localization of the positive charge on the silicon due to
hyperconjugation effects. In addition, the correlation be-
tween deshielding and donating/withdrawing effects can
be observed as the most deshielded silicon was with R = flu-
orophenyl and the least deshielded, with R = ferrocenyl. The
same goes with the !J.; coupling constants showing lower
values for more electron-deficient systems indicating re-
duced degree of bonding between Si-CP.3? Similar conclu-
sions can be drawn when studying these substances with IR
spectroscopy. By decreasing the electron-donating effects,
the C=C* bond order increases indicating a growing impor-
tance of hyperconjugation by silicon.3*

@ ®
MeoSi” " Sile,
A MeoSis__SiMe,
| PhaC*[B(CsFs)il-
—_—
|®
0 R Roa

§29Si(a): =14.0 + 0.3 ppm

3 29Gi(b): —16.7 + 0.5 ppm

R = Ph, 4-MeCgHy, 4-EtCgHa, 2,4-Me,CeHa, 2,5-Me,CeHs
3,5-Me,CgHg, 4-PhCgHg, 2-FCgHa, 3-FCgHs, 4-FCgH,
4-CICgH4, 3-F3CCgHy, 4-F3CCgH4, 1-naphthyl, ferrocenyl

329Gi: 18.5 + 6.5 ppm

Scheme 4 Formation of B,B-silyl disubstituted vinyl cations

In summary, the B-silicon effect is an established phe-
nomenon that has resulted in useful synthetic transforma-
tions of vinyl, allyl, propargyl, allenyl, and other silanes via
a B-silyl carbenium ion intermediates. On several occasions,
the lower energy of the intermediate B-silyl carbenium ion
is due to non-vertical stabilization. This, in turn, can lead to
1,2-silyl shift that produces a more stable ionic species than
the initial one.

3 Reactions of Allenylsilanes

The first reports of 1,2-silyl migration come from the
Danheiser group back in 1981.3 Treating the o,B-unsaturat-

ed ketone 43 with allenylsilanes 42 forms the cationic in-
termediate 44 which undergoes silyl migration to form the
novel vinyl carbocation ion 45 that ultimately affords the
favorable cyclopentane 46 (Scheme 5). This formal use of
allenylsilanes 42 as a 1,3-dipole in reactions with 1,2-un-
saturated systems 43 was established further. Following the
reaction pattern of [3+2] addition, Danheiser developed
methods for the formation of other 5-membered rings 46
like azulene® pyrrole,?” furan,?’3® and isoxazole deriva-
tives.?®

i TiCly A
+ I —_—
Y 7
o s
a2 L 43 T 6
' R _.si R
LaTie. Si ) LiTie o x|
M )\ LT s Yoq ®
| s
X¥77 R v X\)]\s:'
44 45

Scheme 5 Cyclopentene annulation reaction; the Danheiser annula-
tion

In 2018, a novel method using the Danheiser annulation
was developed to synthesize cis-hydrindan-2,4-diones that
could further be used for the synthesis of lycopodium alka-
loids.4°

The use of allenylsilanes as 1,3-dipoles was extended to
other cycloadditions. Under Lewis acidic conditions cyclo-
propanes 47 can serve as 1,3-dipolar synthons and partici-
pate in cycloaddition reactions with allenylsilanes 48
(Scheme 6).41

S
o] TBDPS a o
—_—
' NP
R DCM RN TeDPS
47a:R'=Ph 49
47b: R' = n-Bu si i "
47¢:R' = tBu ! 48a: Si=TMS, R? =
>=- 48b: Si=TBDPS, R? = Me
R? 48c: Si=TBDPS, R®=H
Si @ If LA=
S—=C
R ) TBDPS __EwAC
R1
-~ = 1,2- srlyl shift ' TBDPS
00 50
If LA =
T|CI4/Et2AICI

/b\/TBDPS

Scheme 6 Reaction and plausible mechanism of [3+3] and [3+2] addi-
tion of cyclopropanes and allenylsilanes
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Scheme 7 Reaction and mechanism of cyclobutanone and allenylsilanes

The cyclopropane 47a underwent ring-opening and an-
nulation at -78 °C with (trimethylsilyl)allene 48a using Ti-
Cl, as a catalyst; these catalytic conditions induced pro-
todesilylation. To overcome this problem, a mixture of TiCl,
and Et,AlCl was used and product 52 was obtained. This se-
lectivity of [3+2] addition was switched by increasing the
reaction temperature to 25 °C and using Et,AICI as the only
Lewis acid. This change promoted intermediate 50 to un-
dergo complete migration of the silyl group to the interme-
diate 51 that, after cyclization, resulted in [3+3] addition
product 53.

The reaction was also studied with unsubstituted alle-
nylsilane 48c. This reaction afforded only the [3+2] addition
products 52, as the transition state 51 for this compound is
hypothesized to be much higher in energy than transition
state 50. The reaction scope could be extended to spiro-
cyclic cyclopropanes to construct the corresponding
spiro[4.4], -[4.5], and -[5.5] compounds from the corre-
sponding cyclopropanones.

1,4-Dipoles can be obtained in a similar fashion from
cyclobutanones as previously described with cyclopro-
panes. The Matsuo group worked on various [4+3] annula-
tion reactions in order to uniquely obtain 8-oxabicyclo-
[3.2.1]octan-3-ones via Lewis acid mediated reactions in-
volving 1,2-silyl migration (Scheme 7).

The reaction mechanism proceeds with an initial Lewis
acid promoted ring-opening of the butanone cycle. This re-
sults in the addition of the allene 55 to the oxocarbenium
ion 58. Further 1,2-silyl migration promotes an intramolec-
ular transetherification along with EtCl formation. The re-
sulting cyclization and hydrolysis afford the desired prod-
uct 56 (Scheme 7). The most successful results (product 56
yields up to 67% and product 57a as low as 3%) were

achieved by using TiCl. A series of other Lewis acids yielded
no product with the only exception being EtAICl, which in
combination with TiCl, gave product 56 in 52% yield.

The highest yields of product 56 were obtained with the
tert-butyldiphenylsilyl (TBDPS) group. The relatively small-
er triisopropylsilyl (TIPS) and tert-butyldimethylsilyl (TBS)
groups showed a decrease in overall reactivity and greater
formation of product 57a, even after prolonged heating.
Larger substituents at the a-position of the silicon de-
creased yields of the bicyclic product 56, whereas the un-
substituted allenylsilane 55 (Si = TBDPS, R' = R? = Me, R =
H) gave only the [4+2] addition product 57b without 1,2-
silyl migration.

Allenylsilanes can also be used in cycloisomerization re-
actions. Gevorgyan and co-workers used DFT calculations to
develop a method that employs a 1,2-silyl migration
(Scheme 8).43

R2

si
1,2-8i~
— U\
2 RS R'

@)

Si,
-
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[Au] R
[Au] "
— . 66, 82-90%
R
R‘
64 o RS O 1,2-B~
<>
= Ph, +Bu, MeOCgH,
R2=H, Me
R3 = H, Alkyl, Ph
Si=TMS, TES

Scheme 8 CGold-catalyzed furan synthesis with 1,2-silyl migration

Calculations in gas phase and solution both revealed
that a 1,2-silyl migration is also possible for the late transi-
tion metal stabilized carbenes and they are strongly favored
over 1,2-shifts of Me, Ph, and even H (Table 1). The results
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Table 1 Predicted Relative Activation Energies of Silicon vs Substituent
R3 for 1,2-Migrations in Intermediate 65 (R' = R? = H, R?> = H, Me, Ph)

1,2-Migrating group  AAG! (kcal/mol) Gold catalyst
Gas phase Solution

Me 22.7 - [Au] = AuCl;
Ph 18.1 -
H 1.1 12.8
T™S 0.0 0.0
H - 12.2 [Au] = H;PAU*
T™S - 0.0

showed that a-alkyl, a-aryl, and even unsubstituted allenyl-
silanes 64 proceeded smoothly to afford the corresponding
3-silylfurans 66 in good yields (Scheme 8).

4 Reactions of Alkynes
4.1 Propargylsilanes

Rearrangement reactions with 1,2-silyl migration in
propargylsilanes 68 were first observed in 1985 by Miginiac
and co-workers as a side reaction between propargylsilanes
and acetals.* Further investigations on reactions of propar-
gylsilanes were performed by Danheiser and co-workers,
continuing their success in annulation chemistry. This an-
nulation reaction, with a similar mechanism to that of alle-
nylsilanes, affords a variety of 5-membered rings 72, cyclo-
pentenes, 1,2,5,7a-tetrahydro-3H-pyrrolizin-3-ones, isox-
azoles, and azulenes (Scheme 9).4

R
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% TiCl
ol — \(§—Si
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68 i 69 T 72
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LaTis, LaTi Si LyTi R
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[ I
Z X R X
{/ Z P s

70 !

Scheme 9 Synthesis of 5-membered rings from propargylsilanes

Evans and Aye developed a catalytic, enantio- and dias-
tereoselective method for synthesis of highly functionalized
vinylepoxides from propargylsilanes and N-phenylglyox-
amide (Scheme 10).%¢ The propargylsilane 73 and the gly-
oxamide 74 gave the Hosomi-Sakurai product 77 under
Sc(OTf), catalysis at ambient temperature. However, when
lowering the temperature to -55 °C the reaction afforded

only the vinylepoxide 78. The reaction starts with the m-nu-
cleophile addition to the activated carbonyl group. The in-
termediate 75 undergoes 1,2-silyl shift to the more stable
allyl cation 76, whereas, at -55 °C 76 is trapped kinetically.
When the reaction is carried out at ambient temperature
deprotonation of 76 takes place and thermodynamic prod-

uct 77 is obtained.
Si OH
N
rt ] X ~ph <—
v (o)
Si Q H cat. © 7
+ N DCM
Et)\\\ H)}\[( Ph . °

78,70-97%
ee =85-94%
dr <99:1

Si=TBDPS _H*

Scheme 10 Epoxide synthesis from propargylsilanes

To make this reaction enantioselective, it was concluded
that highest stereoselectivity was achieved using the TBDPS
moiety. Although Sc(IlI) showed the highest reaction che-
moselectivity and yield, Al(III)-sal-BINAM (Figure 5) in
combination with AgOTf was used for the enantioselective
catalytic system, as it resulted in much higher enantiomeric
excess.

Al(lll)-sal-BINAM

Figure 5 Structure of Al(lIl)-sal-BINAM

Ferreira and co-workers developed a synthesis of highly
functionalized alkenes from a-hydroxypropargylsilanes in
electrophilic activation reactions (Scheme 11).47 Initially,
the isomerization of a-hydroxypropargylsilanes 79 to the
corresponding a,B-unsaturated ketones 82 was promoted
by transition metals. The highest yields of products 82 were
obtained with PtCl,. The reactions proceeded smoothly
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with high stereoselectivity [up to 19:1 favoring (Z)-isomer]
even with highly functionalized alkynes and tolerated a
wide variety of functional groups.

Si. OH Si. OH
[EY] [E*] 1,2-silyl shift
1 1 .
R \\ coordination R \'\\
R? R?
79 80
" o H
E*] = Pt*
[E*] R‘J AN
® protodemetalation
OH [E] Si
999
— NP 82, 76-99%
Si o g
E*]=[Brf], [I"
81 (E=(Br1, (1] R‘J\%\Rz
R = Alkyl, Aryl "
> . Si
R?® = n-Bu, Ph, CH,OSi
83, 63-94%

Si=TMS, DMPS

Scheme 11 Synthesis of highly functionalized alkenes from propargyl-
silanes (DMPS = SiMe,Ph)

In addition to Pt(II) salts, the alkyne moiety was also ac-
tivated with other electrophiles. Halogenating electrophiles
such as N-bromosuccinimide (at ambient temperature), N-
iodosuccinimide (at -10 to 0 °C) were successful for this
transformation affording the products 83 with high stereo-
selectivity [>19:1 favoring (E)-isomer]. The reactions pro-
ceeded smoothly with a wide variety of substituents at
alkynyl and propargylic positions.*® The obtained alkenes
could easily undergo cross-coupling reactions to achieve
high complexity of either tri- or tetrasubstituted alkenes.

Ferreira and co-workers also developed a cyclomeriza-
tion reaction for generating a,B-unsaturated platinum car-
benes 85 that would afford the corresponding furans 86.
Depending on the solvent, it was possible to migrate either
a hydrogen atom or the TBS group (Scheme 12).4° It was
found that the highest selectivity for silyl group migration
could be obtained using PtCl, with oct-1-ene in toluene. On
the other hand, the highest H-migration was observed us-
ing same system in THF.

A method for generating an allyl cation as a useful inter-
mediate from propargylsilanes using a Brensted acid cata-
lyst was developed by Turks and co-workers (Scheme 13).5°
Protonation of propargylsilanes 87 with a strong Bransted
acid formed vinyl cation 88 which underwent 1,2-silyl mi-
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‘ Indene 92

Scheme 13 Synthesis of dienes and indenes from propargylsilanes

gration to afford more stable allyl cation 89. Deprotonation
of the latter provided diene 90, when terminal alkynes (R! =
H) were used.

The reactivity of aryl-substituted systems 87 (R! = Ar)
was altered either by changing the proton source or the
electronic character of the aryl substituent. The use of
HNTTf, on the nitrophenyl-substituted propargylsilane 87 in
CHCl; gave the corresponding dienes 90 in up to 92% yield
with (E,E)/(E,Z) 10:1. The use of any other less electron-
withdrawing substituent on the phenyl ring resulted in
exclusive formation of the indene 92. When changing the

1,2-silyl o

shift \ /
P Ph
in toluene

PtCl, 0. TBS
oct-1-ene = % ab = 16:
Ho” Si
H [P 1,2-H o

TBS
84

Scheme 12 Synthesis of furans from propargylsilanes

shift
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S
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TBS group to the more sterically hindered TIPS group in
combination with HCTf; as the proton source gave silylin-
denes 92 in up to 90% yield with a wide variety of electron-
withdrawing substituents on the aryl group. A change in
the protonation regioselectivity was observed with elec-
tron-donating substituents, as the 4-methoxyphenyl deriv-
ative leads to the vinyl cation at the benzylic position fol-
lowed by hydrolysis.

Synthesis of indanones 98 from in situ generated prop-
argylsilanes was developed by Ballesteros and co-workers.
In the presence of a gold catalyst, the cyclization reaction
between alkynylsilanes 93 and acylsilanes 94 takes place. It
is operational with a wide variety of either electron-with-
drawing or -donating aryl substituents on the alkynylsilane
and with different alkyl and halogen substituents on the
acylsilane. The reaction proceeds with good to excellent
yields (45-93%). The transformation can also be performed
with fused acylsilanes and with a silyl(2-thienyl)metha-
none (Scheme 14).>!

o—TMS

e

98, 45-93% R 93

/ [Au
omalization on
oTMS
/
[Au]” 95 S
™
[Au] o
1,2-silyl shift | ~ Si
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€]
BAIF = B[3,5-(F3C)2CeHsls

Scheme 14 Synthesis of indenes from in situ generated propargylsila-
nes

The catalytic cycle is initiated by a silicon-gold trans-
metalation of the alkynylsilane to form the gold acetylide
95. The latter attacks the activated carbonyl group of the
acylsilane 94 and forms the intermediate 96 that is further
complexed by the gold catalyst to initiate the silyl migra-
tion. The following C-H functionalization affords the final
indene 98 (Scheme 14).

The proof of concept was established by verifying the
separate reaction steps. The reaction proceeds with 5 mol%
isolated gold acetylide 95, as a catalyst, in the presence of
TMSNTf,. Without TMSNTf, the reaction did not proceed.
The migration of the silyl group was confirmed by using the
corresponding TBS acylsilane 94. The results showed com-

plete migration of TBS group in the final product. Addition-
ally, (D;C),Si alkynylsilane 93 was used with TMS acylsilane
94 and showed no scrambling of the silyl groups.

4.2 Alkynylsilanes

The combination of alkynes with transition-metal catal-
ysis can lead to highly reactive intermediates, such as, met-
al-vinylidene complexes. In the context of this review their
formation is determined by the phenomenon of metal com-
plex back-donation in combination with the 1,2-migration
of silyl substituents.

Matsubara and co-workers reported isoindole synthesis
from alkynylsilanes 99 and phthalimides 100 via decarbon-
ylative alkylation.>? The developed catalytic system consists
of Ni(cod),/PMe; in combination with methylaluminum
bis(2,6-di-tert-butyl-4-methylphenoxide) (MAD) as a steri-
cally bulky and monomeric homogeneous Lewis acid. Prod-
ucts 105 were obtained with high E/Z selectivity in 44-90%
yield (Scheme 15).

? R
X
== +| N—Het
N—Het Si =

s/ N 99 100
105, 44-90% 0, Si=TMS, TBS, DMPS
k INIPMAD R = Aryl, B, Alkyl
o juee oo
addition and
Het ;
'T‘/ decarbonylation o--MAD
[NiL,
104 | N—Het
si© R 2 o
° Si—='=—R
_MAD
(@)
MAD
N
r ‘] vinylidene
103 formation and \ _Het
)I\ 1,2-silyl shift (
\_{ [N\

Si—== —R

Scheme 15 Synthesis of isoindoles from alkynylsilanes

The proposed reaction mechanism starts with the oxi-
dative addition of nickel to the C(O)-N bond followed by de-
carbonylation. Then, the complexation of the alkyne affords
the nickel complex 101. The complexation with MAD as a
Lewis acid endorses the formation of the acyclic cationic
nickel intermediate 102 and the 1,2-silyl shift promotes the
formation of vinylidene complex 103. Further insertion of
the vinylidene in the neighboring C-Ni bond affords the
six-membered nickelacycle 104 that undergoes reductive
elimination to form the desired product 105.

© 2020. Thieme. All rights reserved. Synthesis 2020, 52, 2147-2161



2156

Synthesis R. Belaunieks et al.

The double bond geometry is established when the vi-
nylidene inserts into the C-Ni bond. It is understood to be
controlled by the steric interactions between the silyl group
and the phosphine ligand of the nickel intermediate.

The reaction tolerates a wide variety of substituents on
the alkynyl substrate, including a multitude of functional
groups.

In a similar fashion, Xie and co-workers developed a
method where TMS alkynylsilanes can be used in [2+2+1]
cycloaddition reactions with unactivated alkenes and car-
boryne.>® Alongside the desired [2+2+1] addition product
109, they observed also formation of the [2+2+2] product
110. They suggest that a Zr-catalyzed cycloisomerization
provides intermediate 112. The latter undergoes trans-
metalation with the nickel source affording the cyclic nickel
species 113. The alkyne coordinates to intermediate 113
and undergoes 1,2-silyl migration to form the correspond-
ing vinylidene 114. The latter inserts into the Ni-C bond to
form the cyclic intermediate 115, which after reductive
elimination provides the [2+2+1] addition product 109
(Scheme 16).

109 110

@' i
103 up to 86% Ar

l[zﬂ Si=TMS

@ﬂ% --(zn @ "
i x
11 NI

l1o7

Ri
/g [Ni] @.\[NI]
"[ZV "[Nl]

112 114)\“45’.
Ar

Scheme 16 Annulation reaction of carboryne, unactivated alkenes,
and alkynylsilanes

[Zr+N\

In the presence of PPh;, the nickelacycle 113 can also
enter [2+2+2] cyclotrimerization and provide product 110.
This can be altered by choosing right phosphine ligand. In
this case, the use of PMe; leads to the formation of product
109.

Alkynylsilanes 116 similarly to allenylsilanes can be
used to obtain furans 119 in a gold-catalyzed transforma-
tion (Scheme 17). Based on DFT calculations, Gevorgyan
and co-workers developed counterion and solvent depen-
dent reactions towards silylated furans 119 and 121. Thus,
the use of SbFs~ directs the mechanism via a possible for-
mation of allene 117 that cyclizes afterwards. On the other
hand, TfO- in a non-polar solvent favors a direct cyclization

to Au-furan 120 which, after protodeauration, leads to the
formal 1,2-H migration product 121. However, the use of
polar solvents leads to Au-carbene 118, from which the tri-
flate ligand dissociates, thus facilitating 1,2-silyl migra-
tion.*3

Al
RYAusof, 1Adl o _RT A
/\ﬂ/4>51 ,/\ﬂ/ >
Si o) \[// 0 Si R
H 7 4 O
116 17 -7 , 118

AuOTf oo
‘)_p,g\__,
A
(Aul oo 7
protodeauration
PN T N
SiT Ng” TR! SiT Ng” TR!
120 121

R! = Alkyl, Aryl
Si=TMS, TES, DMPS

1,2-silyl
shift

Si,
DN
HT Ny R

119, 48-91%

Scheme 17 Synthesis of furans from alkynylsilanes

Indeed, the experimental results agreed with the calcu-
lations. The use of Ph;PAuSbF; smoothly afforded the de-
sired furans 119 with a wide variety of substituents in good
to high yields (65-91%).

Further expansion of this concept to homopropargylic
ketones or imines led to reactions involving double rear-
rangements.>* When studying gold-catalyzed
[(CgFs);PAUSDFg] reactions with substrates of type 122 pos-
sessing a cyclic substituent at propargylic position, the for-
mation of the fused ring 129 was observed (Scheme 18).54 It
was suggested that this reaction proceeds via an initial acti-
vation of the triple bond followed by cyclization to obtain

SI
H 4 X=0,N-PG

129, 52 90%

)'[A”Vk
A -
s[,- u] +[Au]\/
/ = |
SiT 23
x 128 \

[Au] 7

124%@
127
B\ [Au]
. li

1,2-alkyl shift
1 26

1,2-silyl shift

(Au] -

®

Si X -
{ 125

H*

Scheme 18 Double migration in the synthesis of furans and pyrroles
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intermediate 124. The latter undergoes alkyl group migra-
tion and proton elimination affords intermediate 126. Fur-
ther protonation of the silylated carbon initiates 1,2-silyl
migration and deauration yields product 129.

Similarly, dihydrofurans 132 can be obtained by com-
bining alkynylsilanes 130 and the corresponding aldehydes
131 (Scheme 19).>° The reaction tolerates a variety of Ar!
substituents, phenyl and heterocyclic motifs with both
electron-withdrawing and -donating effects, affording the
desired product in good to excellent yields. However, larger
Ar' groups can affect the reactivity with bulkier silyl
groups, like a TBS group. Ar? groups are required to induce
significant electrophilicity on the carbonyl group as benz-
aldehyde and aliphatic aldehydes did not participate in this
reaction.

TS

H Ar2

0 Si——

132, up to 92% At
LAUCI 130
NaBArt,

cyclization and
1,2-silyl shift

H
[Au] > N
) Ar AP NR
si—=i= ‘ A
185 ) A7 si—=—(
133 Ar!

catalyst-mediated
deprotonation

[AY]

? >==\

J Si Ar'

Ar? 134

Ar' = Aryl L=
Ar? = EWG-Aryl, COOEt
Ad = 1-adamantyl

131 O
Si=TMS, TES, TBS, DMPS PAG,

Scheme 19 Synthesis of dihydrofurans from alkynylsilanes

It was proposed that the reaction mechanism is initiated
by the formation of gold complex 133. Intramolecular
deprotonation yields Au-allene 134 that further reacts with
the aldehyde 131 to afford alkyne 135. The latter undergoes
a gold-catalyzed dihydrofuran formation resulting from the
1,2-silyl shift in a similar fashion to Scheme 18.

Tanaka and co-workers developed a synthetic procedure
similar to the previously described methods for benzofuran
and indole synthesis using a rhodium catalyst (Scheme
20a).%¢ Various transition metal complexes could be ob-
tained using a similar reaction, as reported by Wong and
co-workers. The first ever isolable Ru(Il)-indole zwitterion
139a complex was obtained from aniline-tethered alkynes
(Scheme 20b).>”

Si [Rh(cod)]BF4/ Si
& BINAP X
a) 7S | AN
RO 80°C Ro P
XH X
136 137
X=0,NH if X = O: yield 80-93%

Si=TMS, TES, TBS, TIPS if X = N: yield 36—-69%

R =H, 2-Me, 4-Me, 3-OMe, 4-F

® )
1. cat ! cioe \! cioe
=—Tms 2. NaClO4 o
MeOH ~N® H
N N
NRIR? Y O R W
138 s IS sTils
b) PG TID IL T
~L ~—
¢l ¢l
139a,35-70%  139b, 35-70%
R'=R2=Me R'=HorMe, R2=H
s
Rl=HMe o Ru(14Janesac Sk/"F\’lu"‘c‘
R2=H Me cat=[Ru((14]aneS4)Cly] = S’U ~¢ci
S

™ XH =
M
140 141 142 ™
[M] = Ru: protodesilylation
MeOH
[M] = Rh:
roto-
derhodiation
H+
X P> 139 137
M]
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Scheme 20 (a) Synthesis of benzofurans and indoles from alkynylsila-
nes. (b) Synthesis of ruthenium complex from alkynylsilanes. (c) Reac-
tion mechanism for rhodium- and ruthenium-catalyzed reactions for
synthesis of 137 and 139.

Both reactions follow a similar pattern (Scheme 20c).
First, the transition metal coordinates to the alkyne moiety
inducing 1,2-silyl migration and vinylidene 141 formation.
Cyclization of the latter affords the desired benzofuran or
indole scaffold 142. Depending on the transition metal, the
heterocycle undergoes protodemetalation or protodesilyla-
tion.

The rhodium-catalyzed reaction 136 — 137 is highly ap-
plicable, it tolerates a wide selection of aryl substituents
with a broad variety of silyl groups. For the ruthenium-cat-
alyzed reaction, DFT calculations revealed that activation
energy for the TMS migration was 7.0 kcal/mol lower than
of that of hydrogen for a terminal alkyne. This was also
proved synthetically, as N,N-disubstituted indole zwitterion
139a was obtained in 90% yield compared to 35-70% for its
counterparts arising from terminal alkynes. Unfortunately,
all Ru-catalyzed reactions underwent protodesilylation.
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During the total synthesis of acylphloroglucinol, Barriault,
Korobkov, and co-workers observed and isolated a vinyl-
gold complex that was obtained from 1,2-silyl migration.>®
Treating the starting material 144 with a gold source effec-
tively resulted in the coordination of the triple bond to the
gold species. However, further migration to afford interme-
diate 147 in such a sterically demanding environment was
only possible with small to moderate silyl groups. Thus, the
TBS group showed a decrease in the reaction yields of the
cyclization products 145. Furthermore, the TIPS-containing
substrate gave only 35% yield (Scheme 21).

0TBSO If
[LAUNCMe][SbFg) 0
= [
R—— S it
Si Si j\R
LAu
144 145, 20-71%
oTBS oTBS
0 \x 1,2-silyl shift o \
b o< W
Lau--i R SITN R
N
si AuL
146 147

Si=TMS, TES, TBS, TIPS

Scheme 21 Synthesis of stable gold complex from propargylsilanes

To confirm the intramolecular silyl group migration, an
experiment was performed with a mixture of starting ma-
terials 144 with two different silyl groups. The crossover
products were not observed thus confirming an intra-
molecular process.

In addition, boron-based Lewis acids can activate alky-
nylsilanes similarly to transition metals in a Wrackmeyer
reaction modification. Erker and co-workers developed a
method where, from 1,2-bis(alkynyl)benzenes 148, the cor-
responding naphthalenes 149 are synthesized via consecu-
tive 1,1-carboboration and silyl migration reactions. The
entire process proceeds easily with high yields (Scheme
22a).%° The reaction scope can be further enhanced using
heterocyclic bis-silylacetylenes resulting in the correspond-
ing carbazoles, benzothiophenes, and quinolones.5°

Curran and co-workers developed a method for bis-
silylacetylene hydroboration reactions with N-heterocyclic
carbene-borane that involves a 1,2-silyl migration (Scheme
22b).5!

Similarly to the borenium-catalyzed hydroboration of
allylsilanes, it was expected that the alkynylsilanes would
undergo hydroboration in the typical 1,2-fashion, but only
the 1,1-hydroboration product was observed. Using the
diprotected TMS,TIPS-acetylene, only a single hydrobora-
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Scheme 22 (a) Naphthalene synthesis from alkynylsilanes. (b) Bis-silyl-
acetylene hydroboration reactions.

tion occurred and formed solely the (E)-stereoisomer, as
confirmed by '"H-NOESY NMR.
5 Reactions of Alkenes
5.1 Allylsilanes

The initial reports for rearrangements using allylsilanes
157 came from Knolker and co-workers. The main byprod-
uct of the Hosomi-Sakurai reaction on o,-unsaturated ke-
tones resulting in the [3+2] annulation product was ob-
served.®? Further major contributions to this field were

done by Knélker,%3-67 Danheiser,8 Monti,®® and Meyers’®
(Scheme 23).

)\ “ TiCly
+ —
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Scheme 23 [3+2] Annulation reactions of allylsilanes
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The catalytic enantioselective annulation between oxin-
doles 162 and allylsilanes 163 was developed by Franz and
co-workers.”! Scandium(I1l)/pybox complexes with NaBAr*
allowed significant reactivity and selectivity for the forma-
tion of [3+2] annulation products 164 (Scheme 24). These
products were obtained in high yields (up to 97%), high dia-
stereoselectivity (up to 99:1) and enantioselectivity (up to
99.5:0.5). The reaction tolerates a wide variety of oxindole
substrates bearing ester and nitrile groups.”!

E
/ . Sc(BArf)y/L
A 75
R4} ot AN
Z N
163
162 Z)QO
R 164, 62-97%, dr: 85-99%

ee: 84-99.5%

1,2-silyl
shift

R2

E COOEt, COOMe, NC, Ph
=H, F, OMe
= Me, NHPh, OBn
=TIPS, TMS

o Q
BArF = 5[3 5-(F3C)2-CeHals dj

Scheme 24 Catalytic and enantioselective annulation reaction of allyl-
silanes

Another catalytic stereoselective reaction of allylsilanes
was developed by Ohe and co-workers.”? Five-membered
[3+2] annulation products 169 were obtained from unsatu-
rated B-silyl ketones 167 and allylsilanes 168 using Sc(OTf);
(Scheme 25).

The reaction proceeded with full conversion yielding
the desired annulation product as the main product. The
Hosomi-Sakurai pathway resulted in minor product forma-
tion. The transformation occurred with a wide variety of -
silyl ketones and allylsilanes bearing different silyl groups
and different substituents on the ketone. The reaction with
allylsilane 168 bearing the super silyl group [Si(SiMe;);] af-
forded the annulation product in 99% yield.”

The reaction mechanism starts with the enone activa-
tion by the Lewis acid followed by nucleophilic 1,4-addition
of allylsilane. Then, in a typical manner, 1,2-silyl migration
takes place to allow further cyclization to the correspond-
ing cycle 169.

5.2 Vinylsilanes

Lee and co-workers developed a method for the synthe-
sis of allenes 173 from silylcyclopropenes 172. This method

employs PtCl, to perform the ring-opening with a variety of
substituted cyclopropenes bearing aliphatic substitution
and tolerating unsaturation and remote aryl substitutions.
The only limitation to this reaction is substrates bearing un-
hindered alkene functions or a phenyl ring at close proxim-
ity to the Pt complexation site on the cyclopropane ring,
possibly explained by interference with the formation of
the productive Pt complex (Scheme 26).7

Two possible pathways were originally proposed as con-
firmed by '3C labeling, this was reduced to one by DFT cal-
culations. The reaction is initiated by platinum coordination
to the double bond affording intermediate 174. Then, the
reaction goes directly through 1,2-silyl shift to give inter-
mediate 175 that, after rearrangement and Pt elimination,
yields the desired product 173.74

si o

o Sc(0Ths ;
s 2 R
o /\)]\R+ o

167 168 s 169,45-99%

s7 17

Si'=TMS, TES, TBS, TBDPS, DMPS, SiPhg
SP=TMS, TBS, TIPS, DMPS, SiPhj, Si(SiMej);
R = Me, i-Pr, i-Bu, Ph

Scheme 25 Enantioselective cyclopropenyl ketone synthesis from
allylsilanes
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Scheme 26 Allenylsilane synthesis from cyclopropenylsilanes
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An interesting reaction was developed by Ito and co-
workers. Their strategy involves an intramolecular disilyla-
tion of propargyl silyl ethers 177 followed by ether cleavage
under Bransted or Lewis acidic conditions to ultimately ini-
tiate a 1,2-silyl migration yielding propargylsilanes 179
(Scheme 27).7>
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R Tms R
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Scheme 27 Propargylsilane synthesis from vinylsilanes

The rearrangement is initiated by the activation of the
oxygen with TMSOTT. This is followed by the cleavage of the
C-0 bond which is facilitated by the B-silicon effect and re-
sults in 1,2-silyl migration. The reaction has high stereore-
tention and, hence, it is hypothesized that the rearrange-
ment takes place in a concerted manner as the syn-peripla-
nar stabilization should be responsible for the syn-
migration. The 1,2-silyl migration is also enhanced by the
two sterically repulsive geminal TMS groups and by stabi-
lizing the resulting cation by the B-effect. Finally, nucleo-
phile-induced mono-desilylation provides the product 179.

6 Conclusions

This short review highlights the importance of the p-sil-
icon effect in reactions involving 1,2-silyl migration. The in-
teractions of the high energy p-C-Si o-bond with the emp-
ty p orbital of a electron deficient carbon have been exten-
sively studied. In conclusion for symmetrical systems the
non-vertical stabilization (closed - silonium ion) is domi-
nant. For non-symmetrical systems, both non-vertical and
vertical (open - hyperconjugation) stabilization are possi-
ble. The more electron deficient the a-carbon and less elec-
tron deficient the pB-carbon, the more dominant the non-
vertical structure is and vice versa. In more complex sys-
tems, hyperconjugation can still play a crucial role in the
stabilization of carbenium ions. In the reviewed examples
the combination of multiple effects can explain why many
reactions tend to undergo 1,2-silyl shift via a pseudo-non-
vertically stabilized transition state.

Strategies involving 1,2-silyl shift can result in the for-
mation of complex cyclic or unsaturated structures conve-
niently equipped with a handle for further functionaliza-

tion. Currently, research of high interest revolves around
the synthesis of metal-vinylidene complexes, where the
1,2-silyl migration plays a crucial role. Several experimental
and theoretical studies show the importance of silicon mi-
gration for improved reactivities due to the reduction of
their activation energies. For these reasons, further devel-
opment in this area of organosilicon chemistry is expected
in the future.
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One-pot procedure

Protonation of propargylsilanes induces 1,2-silyl group shift and provides 2-silylated dienes. If this reaction is performed in liquid SO,,
the diene formation is followed by instant cheletropic SO, addition, and 3-silylated 3-sulfolenes are obtained. Liquid SO, as polar and
Lewis acidic reaction medium makes it possible to use relatively weak Bronsted acid catalysts such as H,O and benzoic acid. Depending
on the starting material, reductive desulfitation of 3-silylated 3-sulfolenes provides vinyl, allyl, or aliphatic silanes.

Keywords: propargylsilanes, silyl sulfolenes, cheletropic addition, desulfitation, 1,2-silyl migration.

Sulfone moiety is abundant in many pharmaceuticals,
agrochemicals, and materials.' A special class of sulfones
is constituted by the cyclic five-membered 3-sulfolenes.’
The latter can be obtained by metathesis,® other transition
metal catalyzed reactions,” as well as oxidation of 2,5-di-
hydrothiophenes.” However, the most direct approach to
3-sulfolenes is the cheletropic addition of SO, to 1,3-dienes —
a reaction known since 1914.° Recently, a tandem 1,3-diene
synthesis followed by SO, addition has been reported.>’
This approach can solve the practical problems associated
with preparation of volatile and unstable 1,3-dienes.

We have recently reported a proton-catalyzed isomeriza-
tion of propargylsilanes to 2-silyl-1,3-dienes.® This trans-
formation is driven by a 1,2-silyl group shift to generate a
more stable allylic carbocation from a vinyl cation.” The
rearrangement of propargylsilanes in traditional solvents
like CH,Cl, required Brensted superacids (TfOH, Tf,NH,
Tf;CH). We have also recently shown that the Lewis acidic
properties of liquid SO, makes it an excellent choice for
transformations involving cationic intermediates.'” There-
fore, we hypothesized that liquid SO, could be used as a
polar solvent for the rearrangement of propargylsilanesin
combination with a weaker protic acid catalysts. The
formed dienes would then react with the liquid SO, to give
silyl-substituted sulfolenes. The additional alkenylsilane
functionality can be potentially used in cross-coupling
reactions as well as in C-O bond forming reactions.
Moreover, a 3-silyl substituent changes the alkylation

0009-3122/21/57(1)-0020©2021 Springer Science+Business Media, LLC
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regioselectivity due to the stabilization of a-silicon
carbanions.'"™"* Herein, we report the formation of 3-silylated
3-sulfolenes 3 via a tandem propargylsilane 1 isomerization
to diene 2 and cheletropic addition of SO, (Scheme 1).

Scheme 1. General scheme of tandem propargylsilane 1
isomerization — 3-sulfolene 3 formation in liquid SO,

SiR3 A SRz
HA ' 1
1 | R
/\ ROAL R
R? 1 R2
SiRs SiR
@
I H % C/\R1_> HNR1 -
i
RZ H@ R?
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We began our studies with the catalyst screening (Table 1)
on TIPS-substituted alkyne la as the substrate. As
expected, comparably weaker Bronsted acids (e.g.,
TsOH-H,0, PhCOOH, (NH4),SO,) in liquid SO, were able
to catalyze this transformation. It was even possible to use
just the residual H,O (50 ppm) from the commercially
available SO, (Table 1, entry 5). The reaction stops when
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Table 1. Catalyst screening for tandem 1,2-silyl shift —
cheletropic addition*

. (i-Pr)3Si
Si(i-Pr)3 S0, —
n-Pr ——
Hc? catalyst s n-Pr
1a rt, 16 h (0]
3a
NMR yield
0,
Entry Catalyst (mol %) of product 3a,** %
1 TsOH-H,O (10) 84
2 PhCOOH (10) 72
3 (NH,),S04 (10) 75
4 H,0 (100) 67
5 H,O*** 75
6 3AMS <5

* Compound 1a (190-210 mg, 0.75-0.83 mmol), SO, (~15 g, 23 mmol).
** Determined using Ph,CH, as internal standard, average of 2 runs.

*** Trace H,0O (50 ppm) in commercial SO, (10 g of liquid SO, contains
0.5 mg H,0).

molecular sieves were added to the reaction mixture (entry 6).
Alcohols (+-BuOH) or phenols (BHT) in the presence of
molecular sieves were not able to catalyze the transfor-
mation.

TsOH-H,O appeared to be the most active catalyst, and
it was further used with other substrates bearing various
silyl groups (Table 2). It was found that propargyltrialkyl-
silanes 1a—d,f,g gave the expected products 3a—d,f,g with
good to excellent yields. The use of methoxy-substituted
silicon (compound 1e) in a tandem process gave low yield
of product 3e (24%). Weaker acids such as PhACOOH or
H,O0 and lowering the reaction temperature (—20°C) did not
provide any improvements. Fortunately, it was found that
sulfolene 3e can be obtained in a two-step procedure with a
reasonably high 62% yield: 1) le + TfOH — 2e;
2) 2e + SO, — 3e. On the other hand, introduction of
phenyl substituent in compound 3g made the substrate
more reactive in the first isomerization step. Therefore, the
use of milder catalyst - PhCOOH instead of TsOH gave a
better isolated yield (61%).

Table 2. Scope of silyl substituents in tandem
1,2-silyl shift — cheletropic addition

R;Si
SiR; 3

SO, —
R —_—_—
HC// TsOH (10 mol %) >s, R
4 bar, rt, 16 h F o
1a—g 3a—g
Starting R;Si R Product  Yield, %
material
1a (i-Pr);Si n-Pr 3a 84
1b Me;Si n-Pr 3b 52
1c Et:Si n-Pr 3¢ 82
1d t-BuMe,Si n-Pr 3d 85
le (i-Pr),(MeO)Si n-Pr 3e 24 (62)*
1f t-BuMe,Si n-CgHy7 3f 84
1g t-BuMe;Si Ph 3g 61+*

* Two-step procedure (see text).
** PACOOH was used as a catalyst instead of TsOH at 11 bar, 60°C, 16 h.
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The reaction was performed also with 4-nitrophenyl-
substituted propargylsilane 1h, and sulfolene 3h was
isolated in 51% yield as a single diastereomer after column
chromatography. Its frans substitution pattern was
confirmed by the nuclear Overhauser effect (Scheme 2).
This agrees with the previous observations that propargyl-
silanes of type 1h provide E,Z-dienes."" This, in turn, after
the cheletropic addition of SO, results in #rans-sulfolene 3h.

Scheme 2. Synthesis of 2,5-trans-disubstituted sulfolene 3h

tBuMesSI o NO>
SO NOE
7% Ha
TsOH +BuMe,Si A, Ha
4 bar, 60°C, 16 h 7 Hp
51% SO
ON 1h 3h hPr -

With sulfolenes 3a—h in hand, we briefly explored their
chemical properties. Thus, diisopropylmethoxysilyl group
present in compound 3e is reported to be suitable for
Hiyama—Denmark coupling,*'* and its hydrolysis product,
the silanol moiety, is reported to be the active intermediate
in the transmetalation step. We have found that mild
nucleophiles like chloride or benzoate each provided nearly
quantitative hydrolysis of methoxy group into silanol 3i
(Scheme 3). This sets a stage for further cross-coupling
reactions employing product 3i, which is beyond the scope
of this communication.

Scheme 3. Further functionalization of compound 3e

/OMe Pth)rONa /OH
(i—Pr)ZSib\ n-CgH17N(Bn)Me,*CI™ (i-Pr),Si
— _mrT T T —
THF, H;0, 60°C, 14 h Z_)\
n-Pr n-Pr
o”s‘\o 93% (both cases) o”S‘\o
3e 3i

We have also explored reductive desulfitation of silyl
sulfolenes, which provides silylated olefins. Using Li as the
reductant in liquid NHj, we were able to cleave C—S bonds
in sulfolene 3a with a full conversion of the starting
material (Scheme 4)."> Vinylsilane 4 was obtained in 60%
yield along with its double bond isomer — allylsilane 5 (in
40% yield). Product 4 results from direct SO, elimination

Scheme 4. Reductive desulfitation of sulfolene 3a

(i-Pr)3Si Si(i-Pr); Si(i-Pr)s
- —» Me” X
S n-Pr NHj
Zan )
o 0 -33°C,6h n-Pr n-Pr
3a (60%) (40%)
- SO
2e’l H* / / SO,
-Pr O
(-Pr)sSi NP ; 7 ;”
> (i-Pr);Si I-H
Me SO,Li (FPSSIN g
S1 Me s2
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from intermediate S1, but formation of product 5 can be
explained by a retro-ene elimination of SO, from the
intermediate S2. Change of the reaction conditions
(temperature, addition of THF as cosolvent, additional
base, another proton source or change of reducing agent)
showed no deviation from the initially obtained product
ratio 4/5 = 60:40.

We hypothesized, that the change of substituents at the
C-2 atom of sulfolene ring could affect the ratio between
compounds of type 4 and 5. However, 2-phenyl sulfolene
3g, which was thought to provide double bond isomeriza-
tion under the Li/NH; conditions, gave only degradation
products (Scheme 5). Interestingly, the introduction of a
quaternary center in sulfolene 6 made it more stable, and its
metal reduction gave a mixture of three compounds — the
expected vinylsilane 7 (46%) and over-reduction products
8. No reduction of phenyl group was observed under the
given conditions even in the presence of the excess of Li.

Scheme 5. Reductive desulfitation of sulfolene 6

-BuMe,Si 1.n-BuLi  t-BuMe;Si
— 2. Mel M
Ph HMPA, THF y
O/’S\\O 105G O/’S\\O Ph
39 89% 6
SiMe,t-Bu  Me_ \SiMe;t-Bu wSiMeyt-Bu
Li
—> Me wMe
NH3
-33°C,6h
(46% (RR/SS) (24%) (RS/SR) -8 (30%)

Both diastereoisomers of compound 8 were assigned by
careful analysis of 1D and 2D NMR (‘H-"*C COSY, HSQC,
HMBC) spectra (Fig. 1). Coupling constant analysis shows
that both molecules prefer conformation that avoids syn-
pentane interactions, positioning Hy and one of the methyl
groups in pseudoaxial position.'® Following this pattern, it
becomes evident, that H, for compound (RS/SR)-8 should
experience a significant upfield shift by the anisotropic
effect of phenyl group (0.50 ppm compared to 0.97 ppm)
and a minor upfield shift of H, for compound (RR/SS)-8
(1.67 ppm compared to 1.81 ppm).

In summary, we have developed a simple synthetic
procedure to obtain 3-silyl-3-sulfolenes from propargyl-
silanes in one-pot procedure. This tandem process can be
performed on terminal alkynes and I-aryl-substituted
3-silyl-1-butynes in good to excellent yields. 5-Alkyl-2-

Anisotropic
effect (RS/SR)-8

Figure 1. Structure assignment of diastereomers 8 (J constants are
given in Hz).

(RR/SS)-8
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aryl-substituted 3-silyl-3-sulfolene was obtained with
excellent trans selectivity. The method avoids isolation of
dienes that are prone to polymerization. Additionally, the
partially hydrolyzed silanol has synthetic potential for
further transition metal catalyzed cross coupling studies.
3-Silyl-3-sulfolenes proved to be reactive in Li/NHj
reduction, and the distribution of the corresponding
vinylsilanes, allylsilanes, and alkylsilanes as products was
found to be substrate-selective.

Experimental

Fourier transform infrared spectra were recorded in the
attenuated total reflectance mode on a Varian 800 FT-IR
Scimitar Series spectrometer equipped with a Pike
Technologies GladiATR™ single reflection accessory with
the internal range 400-4000 cm'. 'H and ">C NMR spectra
were recorded on a Bruker Ascend 500 spectrometer at 500
and 126 MHz, respectively, in CDCIl;. For quantitative
'H NMR, relaxation time was increased (d, 10 s). GCMS
analyses were performed using an Agilent Technologies
6890 gas chromatograph with mass-selective detector (EI),
equipped with an Agilent Technologies DB-1MS capillary
column (30 m x 0.32 mm x 0.25 pum); injection tempera-
ture 250°C; injection volume 1 pl (splitless mode); carrier
gas He; flow rate 2.0 ml/min; detector temperature 230°C.
High-resolution ESI mass spectra were recorded on an
Agilent 1290 Infinity series ultra-high pressure liquid
chromatograph connected to an Agilent 6230 time-of-flight
mass spectrometer. Reaction mixtures and chromatographic
purification were monitored by TLC on E. Merck Kieselgel
60 Fys4 plates with detection by UV light (254 nm) or I, as
a visualizing agent. Column chromatography was per-
formed on ROCC silica gel (60 A, 40-60 um).

Commercially available reagents were used as received.
Starting materials la—h were obtained by a reported
method.®

Synthesis of 2-substituted 4-silylsulfol-3-enes 3a—h
(General method). Acid catalyst (0.1 equiv) and propargyl-
silane (170-230 mg, 1.0 equiv) was added to 135-ml
stainless steel reactor, equipped with a glass tube and
magnetic stirring bar. SO, (15-20 g) was transferred into
the reactor at —78°C by distillation. The reactor was sealed
and left to warm to room temperature and stirred for 16 h
under 4 bar pressure. The reactor was then connected to
either the storage cylinder of SO, for the solvent recycling
or a trap containing aqueous NaHCO; solution for SO,
removal. Then CH,Cl, (10 ml) and aqueous NaHCO;
(10 ml) were added. The layers were separated, and the
aqueous layer was extracted with CH,Cl, (2x5 ml). The
organic layers were combined and washed with distilled
H,O (10 ml) and brine (10 ml), dried over anhydrous
Na,S0,, filtered, and evaporated under reduced pressure.
The residue was purified by column chromatography
(hexane—EtOAc, 100:0—95:5).

2-Propyl-4-(triisopropylsilyl)-2,5-dihydrothiophene
1,1-dioxide (3a) was synthesized from 3-(triisopropylsilyl)-
hept-1-yne (1a) (208 mg, 0.79 mmol, 1.0 equiv) with
TsOH-H,0 (15 mg, 79 pmol, 0.1 equiv) as a catalyst. Yield
210 mg (84%), yellowish oil. 'H NMR spectrum, 8, ppm
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(/, Hz): 0.99 3H, t, J = 7.1, CH3); 1.03-1.10 (18H, m,
3(CH;),CH); 1.11-1.21 (3H, m, 3(CH;),CH); 1.47-1.70
(3H, m) and 1.87-1.99 (1H, m, (CH,),); 3.62-3.78 (3H, m,
CH,S(0,)CH); 6.19 (1H, q, J = 2.3, =CH). *C NMR
spectrum, 9, ppm: 10.9; 14.0; 18.6; 20.5; 30.9; 59.5; 64.6;
135.0; 140.1. Found, m/z: 317.1992. C,sH330,SSi. Calculated,
m/z: 317.1965.
2-Propyl-4-(trimethylsilyl)-2,5-dihydrothiophene
1,1-dioxide (3b) was synthesized from 3-(trimethylsilyl)-
hept-1-yne (1b) (203 mg, 1.20 mmol, 1.0 equiv) with
TsOH-H,O (23 mg, 120 pmol, 0.1 equiv) as a catalyst.
Yield 145 mg (52%), yellowish oil. IR spectrum, v, em’;
1306, 1251. "H NMR spectrum, 8, ppm (J, Hz): 0.12 (9H,
s, Si(CH3)3); 0.97 (3H, t, J = 7.0, CH;); 1.46-1.64 (3H, m)
and 1.85-1.96 (1H, m, (CH,),); 3.58-3.77 (3H, m,
CH,S(0,)CH); 6.10 (1H, q, J = 2.3, =CH). “C NMR
spectrum, 8, ppm: —2.3; 14.0; 20.5; 30.7; 58.4; 65.4; 137.2;
139.0. Found, m/z: 233.1048 [M+H]". CjoH,0,SSi.
Calculated, m/z: 233.1026.
2-Propyl-4-(triethylsilyl)-2,5-dihydrothiophene
1,1-dioxide (3c) was synthesized from 3-(triethylsilyl)hept-
1-yne (1¢) (176 mg, 0.83 mmol, 1.0 equiv) with TsOH-H,0O
(16 mg, 83 umol, 0.1 equiv) as a catalyst. Yield 187 mg
(82%), yellowish oil. IR spectrum, v, cm ' 1306, 1229.
'H NMR spectrum, J, ppm (J, Hz): 0.64 (6H, q, J = 7.9,
3CH,CHy); 0.94 (9H, t, J = 8.1, 3CH,CH3); 0.99 (3H, t,
J=17.1, CH;); 1.47-1.68 (3H, m) and 1.87-1.98 (1H, m,
(CHa)p); 3.62-3.76 (3H, m, CH,S(0O,)CH); 6.13 (1H, q,
J =22, =CH). *C NMR spectrum, &, ppm: 2.5; 7.3; 14.0;
20.5; 30.8; 58.8; 65.0; 136.5; 138.7. Found, m/z: 275.1497
[M+H]". C;3H,0,SSi. Calculated, m/z: 275.1496.
4-(tert-Butyldimethylsilyl)-2-propyl-2,5-dihydrothio-
phene 1,1-dioxide (3d) was synthesized from 3-(terzt-butyl-
dimethylsilyl)hept-1-yne (1d) (176 mg, 0.83 mmol, 1.0 equiv)
with TsOH-H,O (17 mg, 91 pmol, 0.1 equiv) as a catalyst.
Yield 211 mg (85%), yellowish oil. IR spectrum, v, cm:
1361, 1251. '"H NMR spectrum, &, ppm (J, Hz): 0.11
(6H, s, Si(CH3),); 0.89 (9H, s, C(CHs);); 0.99 (3H, t,
J =69, CH;); 1.48-1.68 (3H, m) and 1.87-1.98 (1H,
m, (CH,),); 3.64-3.80 (3H, m, CH,S(0,)CH); 6.15 (1H, q,
J 2.2, =CH). BC NMR spectrum, 8, ppm: —6.7;
—6.6; 14.0; 20.5; 26.6; 30.8; 59.4; 65.0; 137.1; 139.1.
Found, m/z: 275.1518 [M+H]". C;3H,,0,SSi. Calculated, m/z:
275.1496.
4-|Diisopropyl(methoxy)silyl]-2-propyl-2,5-dihydrothio-
phene 1,1-dioxide (3e) was synthesized from 3-(diiso-
propylmethoxysilyl)hept-1-yne (1e) (200 mg, 0.83 mmol,
1.0 equiv) with TsOH-H,O (15 mg, 79 pmol, 0.1 equiv) as
a catalyst. Yield 61 mg (24%), yellowish oil. IR spectrum,
v, cm': 1305, 1124. '"H NMR spectrum, &, ppm (J, Hz):
0.99 (3H, t,J=7.1, CH;); 1.02 (6H, d, J= 7.2, 2CH;); 1.05
(6H, d, J= 6.9, 2CH3); 1.07-1.16 (2H, m, 2CH); 1.47-1.68
(3H, m) and 1.88-1.99 (1H, m, (CH),); 3.54 (3H, s,
OCHs); 3.67 (1H, tm, J = 7.3, S(O,)CH); 3.69 (1H, td,
J=16.7,J=1.7) and 3.75 (1H, ddd, J = 16.7, J = 2.2,
J =12, CH,S(0,)); 6.28 (1H, q, J = 2.2, =CH). *C NMR
spectrum, d, ppm: 11.9 (2C); 14.0; 17.3 (3C); 20.4; 30.7;
52.0; 58.9; 64.7, 134.3; 140.6. Found, m/z: 322.1877
[M+NH,]". C,4;H3,0;SSi. Calculated, m/z: 322.1867.
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Synthesis of compound 3e by two-step procedure.
A solution of TfOH (62.4 mg, 0.416 mmol, 0.05 equiv) in
CH,Cl, (1 ml) was added to a solution of 3-(diisopropyl-
methoxysilyl)hept-1-yne (1e) (2.0 g, 8.32 mmol, 1.0 equiv)
in CH,Cl, (20 ml), and the resulting mixture was stirred for
15 min at 22°C. The reaction mixture was filtered through
K,CO; followed by filtration through silica and evaporated.
The residue was transferred to a 135-ml stainless steel
reactor, equipped with a glass tube and magnetic stirring
bar. SO, (35 g) was transferred into the reactor at —78°C by
distillation. The further procedure and workup followed
general method. Yield 1.56 g (62%).

4-(tert-Butyldimethylsilyl)-2-octyl-2,5-dihydrothiophene
1,1-dioxide (3f) was synthesized from 3-(fert-butyldi-
methylsilyl)dodec-1-yne (1f) (176 mg, 675 umol, 1.0 equiv)
with TsOH-H,0 (13 mg, 68 umol, 0.1 equiv) as a catalyst.
Yield 195 mg (84%), yellowish oil. IR spectrum, v, cm :
1359, 1252. '"H NMR spectrum, 6, ppm (J, Hz): 0.10 (6H, s,
Si(CH3),); 0.87 (3H, t, J = 7.2, CH3); 0.88 (9H, s, C(CH,)s);
1.20-1.40 (10H, m), 1.41-1.68 (3H, m), and 1.93 (1H,
dddd, J=12.7,J=10.2,J="7.1,J=5.1, 7CH,); 3.64 (1H,
tm, J = 7.1, S(0,)CH); 3.69 (1H, dt, J = 16.6, J = 1.6) and
3.76 (1H, ddd, J = 16.6, J = 2.2, J = 1.2, CH,S(0,)); 6.15
(1H, q, J = 2.2, =CH). 3C NMR spectrum, J, ppm: —6.7;
—6.6; 14.2; 22.8; 26.6; 27.1; 28.8; 29.3; 29.4; 29.5; 32.0;
59.4; 65.3; 137.1; 139.2. Found, m/z: 345.2242 [M+H]".
CsH37,0,SSi. Calculated, m/z: 345.2278.

4-(tert-Butyldimethylsilyl)-2-phenyl-2,5-dihydrothio-
phene 1,1-dioxide (3g) was synthesized from 3-(diiso-
propylmethoxysilyl)hept-1-yne (1g) (234 mg, 0.96 mmol,
1.0 equiv) using PhACOOH (11.7 mg, 96 pumol, 0.1 equiv)
as a catalyst (after the addition of SO,, the reaction was
carried out at 60°C under pressure of 11 bar for 16 h).
Yield 180 mg (61%), viscous wax. IR spectrum, v, cm
2850, 1353, 1250. '"H NMR spectrum, o, ppm (J, Hz): 0.19
(6H, s, Si(CHs),); 0.98 (9H, s, C(CHs)3); 3.86 (1H, d,
J=16.9)and 3.90 (1H, d, J=16.9, CH,S(0,)); 4.97 (1H, s,
S(0,)CH); 6.36 (1H, q, J = 2.2, =CH); 7.27-7.32 (2H, m,
H Ph); 7.40-7.47 (3H, m, H Ph). °C NMR spectrum,
S, ppm: —6.6; —6.5; 17.7; 26.6; 58.8; 70.7; 129.1; 129.3
(20); 130.4; 138.3; 139.2. Found, m/z: 309.1341[M+H]".
C,¢H»50,SSi. Calculated, m/z: 309.1339.

trans-4-(tert-Butyldimethylsilyl)-2-(4-nitrophenyl)-
5-(n-propyl)-2,5-dihydrothiophene 1,1-dioxide (3h) was
synthesized from 3-(fert-butyldimethylsilyl)-1-(4-nitrophenyl)-
hept-1-yne (1h) (176 mg, 0.675 mmol, 1.0 equiv) with
TsOH-H,0 (12 mg, 60 umol, 0.1 equiv) as a catalyst. Yield
136 mg (51%), yellowish oil. IR spectrum, v, cm™': 1470,
1385, 1350, 1248. 'H NMR spectrum, 8, ppm (J, Hz):
—0.31 (3H, s, SiCH3); 0.13 (3H, s, SiCH3); 0.89 (9H, s,
C(CHs;);); 1.01 (3H, t, J = 7.3, CH;); 1.49-1.69 (2H, m),
1.71-1.81 (1H, m) and 1.97-2.08 (1H, m, (CH,));
3.75 (1H, br. t, J = 7.4, S(O,)CHCH,); 4.93 (1H, s,
CHS(0,)); 6.44 (1H, s, =CH); 7.40 (2H, d, J = 8.6, H Ar);
8.26 (2H, d, J = 8.6, H Ar). '"H NMR spectrum, J, ppm:

-6.1; —5.8; 14.0; 17.4; 20.7; 26.6; 29.1; 63.0; 74.9;
124.4; 130.0 139.7; 141.3; 141.6; 148.4. Found, m/z:
396.1676 [M+H]". CoH3NO;SSi. Calculated, m/z:
396.1659.
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4-(Hydroxydiisopropylsilyl)-2-propyl-2,5-dihydro-
thiophene 1,1-dioxide (3i). Compound 3e (352 mg,
1.15 mmol, 1.0 equiv) and PhCOONa (331 mg, 2.30 mmol,
2.0 equiv) were placed into a flask equipped with magnetic
stirrer. THF (5 ml) and H,O (0.05 ml) were added, and the
solution was stirred for 14 h at 60°C. The reaction mixture
was filtered and evaporated to dryness. The residue was
purified by column chromatography (eluent hexane—
EtOAc, 100:0—93:7) Yield 310 mg (93%), yellowish oil.
IR spectrum, v, cm ': 3320, 1350, 1248. '"H NMR spectrum,
3, ppm (J, Hz): 0.95-1.10 (17H, m, CH;, 2(CH;),CH); 1.48—
1.68 (3H, m) and 1.86-1.98 (1H, m, (CH,),); 2.10 (1H, br. s,
OH); 3.67 (1H, tm, J = 7.2, S(O,)CH); 3.70 (1H, d J = 16.5)
and 3.76 (1H, d, J = 16.5, CH,S(0,)); 6.31 (1H, s, =CH).
BC NMR spectrum, 8, ppm: 12.3; 12.4; 14.0; 16.9 (2C);
17.1 20.4; 30.7, 58.7; 64.8; 135.2; 140.1. Found, m/z:
291.1471 [M+H]". C}3H,,058Si. Calculated, m/z: 291.1445.

4-(tert-Butyldimethylsilyl)-2-methyl-2-phenyl-2,5-di-
hydrothiophene 1,1-dioxide (6). 2.45 M n-BuLi (91.8 pl,
227 umol, 1 equiv) was added to a solution of sulfolene 3g
(70 mg, 227 pmol, 1 equiv) in THF (2 ml) and HMPA
(0.5 ml) at —105°C and stirred for 15 min. Mel (48 mg, 21 pl,
341 pmol, 1.5 equiv) was added, and the reaction mixture
was left to heat up to 22°C. CH,Cl, (2 ml) and aqueous
NH,CI (2 ml) were added. Layers were separated, and the
aqueous layer was extracted with CH,Cl, (2 ml). The organic
layers were combined and washed with aqueous NH4Cl
(2x2 ml), distilled H,O (2 ml), aqueous NaCl (2 ml), dried
over Na,SOQ,, filtered, and evaporated under reduced
pressure. The crude product was dissolved in CH,Cl, and
filtered through silica. Yield 65 mg (89%), viscous wax.
IR spectrum, v, cm ': 2845, 1365, 1250. "H NMR spectrum,
8, ppm (J, Hz): 0.19 (3H, s, SiCH3); 0.20 (3H, s, SiCHj);
0.96 (9H, s, C(CH,)3); 1.87 (3H, s, CH3); 3.82 (2H, d, /= 1.9,
S(0,)CH,); 6.45 (1H, t, J = 1.9, =CH); 7.34-7.44 (5H, m,
H Ph). >C NMR spectrum, &, ppm: —6.6; —6.5; 17.3; 22.0;
26.7; 57.3; 69.4; 127.8; 128.8; 128.9; 134.9; 136.1; 145.6.
Found, m/z: 323.1501 [M+H]". C;;H,;0,SSi. Calculated, m/z:
323.1496.

Synthesis of alkenes 4, 5, 7, 8 from sulfolenes by
reduction with Li (General method). Metallic Li was
added portionwise to a solution of sulfolene 3a or 6 (100—
200 mg, 1 equiv) in liquid NH; (3 ml) at —78°C. The
resulting blue reaction mixture was left to warm up to —33°C
and refluxed at this temperature for 6 h. The reaction
mixture was cooled to —78°C, and aqueous saturated
NH,CI solution (5 ml) was added. The flask was connected
to a trap containing aqueous HCl (1 M) and was left to
evaporate NH; gas. CH,Cl, (5 ml) was added, the layers
were separated, and the aqueous layer was extracted with
CH,Cl, (2x3 ml). The organic layers were combined and
washed with aqueous NH4Cl (2x5 ml) and brine (5 ml),
dried over anhydrous Na,SO,, filtered, and evaporated
under reduced pressure.

Mixture of (E)-hept-2-en-2-yltriisopropylsilane (4)
and (E)-hept-3-en-2-yltriisopropylsilane (5) was obtained
from compound 3a (100 mg, 316 pumol, 1 equiv) using
metallic Li (44 mg, 6.32 mmol, 20 equiv). Yield of
products 4 and 5 was 92 mg (quant.). Ratio 4/5 = 60:40.
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(E)-Hept-2-en-2-yltriisopropylsilane (4). 'H NMR
spectrum, 6, ppm (J, Hz): 0.87-0.93 (3H, m, CH3); 1.04 (18H,
d, J = 7.3, 3(CHs),CH); 1.10-1.21 (3H, m, 3(CH;),CH);
1.26-1.42 (4H, m, (CH,),); 1.67 (3H, d, J = 1.6, CH;); 2.14
(2H, q, J = 6.9, CH,CH=); 5.72 (1H, tq, J = 6.9, J = 1.6,
CH=). "*C NMR spectrum, 5, ppm: 11.0; 14.2; 16.4; 18.9;
22.6; 28.3; 31.8; 130.4; 143.0. Mass spectrum, m/z (I, %):
254 [M]" (2), 211 (12), 158 (15), 157 (100), 115 (87), 101
(14), 87 (47), 73 (53), 59 (64), 45 (11).

(E)-Hept-3-en-2-yltriisopropylsilane (5). 'H NMR
spectrum, J, ppm (J, Hz): 0.87-0.93 (3H, m, CH;); 1.05—
1.14 (21H, m, 3(CH;),CH); 1.16 (3H, d, /= 7.6, CH;CHCH=);
1.32-1.41 (2H, m, CHy); 1.92 (1H, q, J = 7.6, CHCH=);
1.97 (2H, qd, J = 6.8, J = 1.2, CH,CH=); 5.26 (1H, dtd,
J=152,J=6.8,J=1.2, CH,CH=); 5.60 (1H, ddt, J=15.2,
J=17.6,J=12, CHCH=). *C NMR spectrum, &, ppm: 11.5;
13.9; 15.6; 19.2; 19.3; 22.8; 23.2; 35.4; 126.2; 134.3. Mass
spectrum, m/z (Ia, %): 254 [M]" (1), 211 (100), 169 (69),
141 (13), 113 (17), 99 (20); 85 (14), 73 (21), 59 (34).

Mixture of (E)-tert-butyldimethyl(4-phenylpent-2-en-
2-ylsilane (7), (RR/SS)-tert-butyldimethyl(4-phenylpentan-
2-yl)silane ((RR/SS)-8), and (RS/SR)-tert-butyldimethyl-
(4-phenylpentan-2-yl)silane ((RS/SR)-8) was obtained
from compound 6 (50 mg, 155 pmol, 1 equiv), using metallic
Li (11 mg, 1.58 mmol, 10 equiv). Total quantitative yield
of products 7 was 40 mg with ratio 7/(RR/SS)-8/(RS/SR)-8 =
=46:24:30.

(E)-tert-Butyldimethyl(4-phenylpent-2-en-2-yl)silane (7).
"H NMR spectrum, 8, ppm (J, Hz): 0.04 (6H, s, Si(CHs),);
0.86 (9H, s, C(CH3)3); 1.33 (3H, d, J = 7.0, CHCHs); 1.75
(3H, d, J = 1.5, CH3C=); 3.88 (1H, dq, J = 8.9, J = 7.0,
PhCH); 5.84 (1H, dq, J = 8.9, J = 1.5, =CH); 7.15-7.32
(5H, m, H Ph). >C NMR spectrum, 8, ppm: —6.2 (2C);
16.3; 17.5; 22.1; 27.0; 38.1; 125.8; 127.1; 132.8; 146.3;
146.8. Mass spectrum, m/z (I, %): 260 [M]" (4), 203
(100), 143 (16), 135 (64), 105 (76), 73 (69), 59 (23).

(RR/SS)-tert-Butyldimethyl(4-phenylpentan-2-yl)silane
((RR/SS)-8). 'H NMR spectrum, &, ppm (J, Hz): —0.08
(3H, s, SiCH3); —0.07 (3H, s, SiCH3;); 0.92 (9H, s, C(CHs););
0.92-0.99 (4H, m, CH;CHSi); 1.20 3H, d, J = 7.3,
CHCH;); 1.39 (1H, ddd, J=12.0,J=9.3,J=4.0) and 1.67
(1H, ddd, J = 12.0, J = 10.9, J = 1.5, CH,); 2.84 (1H, dqd,
J=109,J=1.0,J=4.0, PhCH); 7.15-7.32 (5H, m, H Ph).
BC NMR spectrum, &, ppm: —7.2 (2C); 15.0; 17.7; 19.9;
27.7, 37.2; 41.9; 127.0, 127.5; 128.5; 146.9. Mass
spectrum, m/z (I, %): 260 [M]" (4), 203 (100), 143 (16),
135 (64), 105 (76), 73 (69), 59 (23).

(RS/SR)-tert-Butyldimethyl(4-phenylpentan-2-yl)silane
((RSISR)-8). 'H NMR spectrum, 8, ppm (J, Hz): —0.15
(3H, s, SiCH;); —0.13 (3H, s, SiCH;); 0.50 (1H, dqd,
J=11.1,J="13, J = 2.4, CH;CHSI); 0.81 (9H, s, C(CHs););
0.95 (3H, d, J = 7.3, CH5CHSIi); 1.23 3H, d, J = 7.3,
CHCHs); 1.38 (1H, ddd, J =134, J = 11.7, J = 4.1) and
1.81 (1H, ddd, /=134, J=11.6, J = 2.4, CH,); 2.89 (1H,
dqd, J=11.6, J = 7.3, J = 4.1, PhCH); 7.15-7.32 (5H, m,
H Ph). °C NMR, &, ppm: —7.3; —7.1; 14.8; 17.6; 19.9; 24.2;
27.537.7;41.0; 125.9; 127.0; 128.5; 146.5. Mass spectrum,
miz (I, %): 260 [M]" (4), 203 (100), 143 (16), 135 (64),
105 (76), 73 (69), 59 (23).
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Supplementary information file containing 'H and

13C NMR spectra, lithium reduction conditions for C—S bond
cleavage, and temperature-dependent NMR spectral analysis
for reduction product structure elucidation is available at the
journal website at http://link.springer.com/journal/10593.
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ABSTRACT: Terminal alkynes with a silyl group at the
propargylic position upon activation with electrophiles such as
N-bromosuccinimide undergo (E)-selective 1,2-silyl group migra-
tion. Subsequently, an allyl cation is formed that is intercepted by
an external nucleophile. This approach provides allyl ethers and
esters with stereochemically defined vinyl halide and silane handles
for further functionalization. The scope of propargyl silanes and
electrophile—nucleophile pairs are investigated, and various
trisubstituted olefins are prepared in up to 78% yield. The

E. I

tivity Building blocks:
Si 3 x C-X sites,

Si 1% r-system

E'/NuH %R
or
%R E-Nu E  Nu

Si = Si(iPr)s, Si(iPr),OMe, SiMe,tBu; R = alkyl, aryl; E* = [Br*], [I*];
NuH = MeOH, DMF/H,0, AcOH, H,0; E-Nu = PhSeCl, I,

26 examples
yields: 38-78%

obtained products have been demonstrated to serve as building blocks for transition-metal-catalyzed cross-couplings of vinyl halides,
silicon-halogen exchange, and allyl acetate functionalization reactions.

ontrary to the 1,2- and 1,4-additions that are broadly
described in organic chemistry textbooks, 1,3-additions
are far less common in organic synthesis.' Among others,
examples of 1,3-difunctionalization include the well-reviewed
ring opening of donor—acceptor cyclopropanes” and recently
emerging cycle opening approaches involving radical® or
radical cation intermediates,” reductive methods,” or catalysis
by iodine (III) reagents.6 On the other hand, transition metal-
catalyzed 1,2-additions can lead to 1,3-difunctionalized
products, if the initial adduct undergoes metal hydride
isomerization prior to reductive elimination.” Alternatively,
1,3-difunctionalization of olefins can be achieved via transition-
metal-catalyzed allylic oxidation accompanied by functionaliza-
tion of the olefin 7-system.® Nevertheless, the latter does not
include a straightforward functionalization of the internal C2-
position, for which specific procedures have been developed.”
Allyl, allenyl, and propargyl silanes stand out with their
potential to serve as 1,3-dipoles. Upon activation by an
appropriate electrophile, the silyl group can undergo a 1,2-silyl
shift to an adjacent position,'" uncovering an electrophilic
carbon center that can be trapped by a nucleophile. This type
of annulation approach, using propargyl silanes and Lewis acid
activated aldehydes or similar X = Y systems, has been
reported by the research groups of Danheiser,"" Kndlker,'* and
others,"® and has been reviewed (I — II — III, Scheme 1)."*
However, simple electrophiles lacking a tethered nucleophile
will form intermediate IV, which must be quenched via an
alternative process. The latter approach is far less known, and
the few reported examples include a loss of proton giving
products of type V'* and VI,'*'® or intramolecular cyclization
arising from the nucleophilic moiety present in R!/R?
groups.'”

© 2023 American Chemical Society
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Scheme 1. Reactivity of Propargyl Silanes I toward
Electrophiles with Concomitant 1,2-Silyl Shift

Si

%Rz Si .
R %\(
X= . E ; (R? = OH)
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$ P LS
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%\:(Rz E %RZ -H NRB
R : 1 Nu E 1
X‘Y\ - ! E R Vi R (R2= CHQRS)
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1] I\
\‘ Si
=_R"
m oy X, _
Y R This work

We were intrigued to generalize the use of propargyl silanes
as valuable starting materials for 1,3-difuntionalization, and to
do so by adding a nonconnected electrophile—nucleophile pair
across the propargyl system with concomitant 1,2-silyl shift
(Scheme 1, product VII). To the best of our knowledge, only a
topologically related, albeit mechanistically different, approach
has been reported for radical 1,3-difunctionalization of
allylboronic esters with a concomitant 1,2-boron shift."® Our
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described methodology offers an (E)-selective, simple, and
transition-metal-free synthesis of versatile (E)-3-bromo-2-
(trialkylsilyl)allyl ethers and esters possessing a trisubstituted
olefin moiety and functionalized allylic position.

In our initial screening, we decided to use a polar
nucleophilic solvent that could facilitate the formation of
ionic intermediates and react with the allyl cation. Thus, the
reaction of the known propargyl silane 1a'”* with electrophilic
bromine species in methanol (¢, = 0.1 M) was chosen as the
model reaction. In the first experiment, in which propargyl
silane la was treated with 1.2 equiv of N-bromosuccinimide
(NBS) at ambient temperature, the formation of allyl methyl
ether 2a was achieved, and the product was isolated in 57%
yield (Table 1, entry 1). The effects of temperature, the

Table 1. Optimization of Bromo Methoxylation Conditions
of Propargyl Silane 1a

SiiPr; gy Si(iPrc):M
nBu MeOH €
1a Br nBu 2a
. N NMR yield of
Entry Reaction conditions product 2a,” %
1 NBS (1.2 equiv.), RT 60 (57)¢
5 NBS (1.2 equiv.), $3-58
at temperatures = -78, 0, S0 °C
N NBS (1.2 equiv.), RT $5-56
crarange 0.0SM-02 M
4 NBS (2.0 equiv.), RT 49
s NBS (1.2 equiv.), RT, 46
10% MeOH in (CF3),CHOH
6 Br: (1.0 equiv.), RT 49
7 TsNBr: (1.2 equiv.), RT 56
8 MeC(O)NHBr (1.2 equiv.), RT 53
o NBr
9 iNﬁo 57
B (0.6equiv.),RT
o
10 oy s1
O)\l}l o
Br (0.6 equiv.), RT

“Standard conditions: ¢, = 0.1 M, reaction time 1S min, if not
indicated otherwise. "NMR yield with diphenylmethane as internal
standard. “Isolated yield.

concentration of la in the reaction mixture, and the molar
ratio of NBS were probed, but they had little effect on the
product yield (Table 1, entries 2—S5; for the full data set, see
Supporting Information Table S1). Similarly, other electro-
philic bromine sources (Table 1, entries 6—10) also provided
the same range of yields of product la. Therefore, the
operationally simple initial conditions with NBS as the
electrophile source were also applied to other substrates.
Other 3-alkyl propargyl silanes 1b,c performed similarly in
the bromo methoxylation reaction, and methyl ethers 2b,c
were isolated in 53% and 56% yields, respectively (Scheme 2).
The main observed side reactions were: (1) proton loss'>"”
from the intermediate allyl cation, which provides 1-bromo-
buta-1,3-dien-2-yl-silanes; and (2) nucleophile (methanol)
addition to the terminal position of the allyl cation, which
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Scheme 2. Bromo Methoxylation of Propargyl Silanes la—h

. Si
Si .
1.2 equiv. NBS OMe
R MeOH (cyap = 0.1M),
RT, 15 min Br R
1a-h 2a-h
Si(iPr),
Si(iPr); Si(iPr),0Me SiMe,tBu _L_ome
_ OMe U OMe Z OMe B
Br nBu Br nBu Br  n-CoHig
2a,57% 2b, 53% 2¢, 56% 2d, 72%
o Si(iPr Si(iPr!
Si(iPr); Si(iPr); ( ();M ( ())3
OMe — e = Me
~ OMe =
Br Br
Br Br
MeO
© cl Br
2e, 76% 2f, 75% 29, 74% 2h, 75%

after hydrolysis gives the corresponding unsaturated aldehyde
(see Supporting Information Scheme S1). As expected, aryl-
substituted propargyl silanes 1d—h, which can generate
resonance-stabilized allylbenzyl cations, gave cleaner and better
yielding reactions providing products 2d—h in the range of
72—76% (Scheme 2). The typical reaction time for all
substrates 1la—h was 5—1S5 min. It is reasonable to assume
that additional stabilization of the intermediary allyl cation by
the aryl group facilitates the 1,2-silyl shift and suppresses other
degradation processes prior to the nucleophilic attack. The
corresponding starting materials 1d—h were obtained by
silylation of the lithiated benzylic position of trimethyl(3-
arylprop-1-yn-1-yl)silanes, followed by the chemoselective
removal of trimethylsilyl group from the terminal alkyne
position (see Supporting Information Scheme S4).

Next, we turned our attention to other polar nucleophilic
solvents, such as DMF. Interestingly, DMF acted as a formate
group equivalent in this reaction. In the reaction of propargyl
silane 1a with NBS, allyl formate 3a was isolated in a 50% yield
(Scheme 3). To facilitate the final hydrolysis, moist DMF with
0.4% water content was used as determined by Karl Fischer
titration (~2 equiv to propargyl silane). Strikingly, for this
choice of nucleophile, the product 3a—f yields (50—63%) were
similar for both alkyl- and aryl-substituted propargyl silanes
la,b and 1c—g. We suspect that longer reaction times (25—4S
min) indicate weaker nucleophilicity of the carbonyl group
leading to unwanted side reactions observed by GC-MS. For
product 3c, single crystals suitable for X-ray analysis were
obtained,'® which unambiguously confirmed both the structure
and (E)-geometry of the double bond.

Acetic acid was also tested as the nucleophilic solvent. Initial
concerns that the substrates would be too unstable in acidic
media turned out to be partially true only for the substrate with
a more labile methoxy silyl substituent (Scheme 4), decreasing
the yield of product 4b to 38%. However, all other tested
substrates performed similarly to the reactions in other
solvents (vide supra), yielding allyl acetate 4a with an alkyl
substituent in 60% yield and products 4c—g bearing stabilizing
aryl substituents in 72—78% yield. It should also be mentioned
that conducting these reactions on a gram scale provided the
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Scheme 3. Bromo Formyloxylation of Propargyl Silanes 1a—
g and ORTEP Representation of Compound 3¢

Si 1.2 equiv. NBS Si o
oA
%R wet DMF (Cqag = 0.1M),
1 RT, 25-45 min Br R 3af
Si(iPr); Si(iPr);
Si(iP Si(iPr),OM
(il r())a (il r())z e / om
Z =
3 3 Br o
Br nBu O Br nBu O
3a, 50% 3b, 63% 3c, 55%
Si(iPr); Si(iPr); Si(iPr);
(o] (o] (o]
= = Z
B I h
Br O Br o Br o)
OMe
Cl Br
3e, 55% 3f, 52% 3g, 54%

Scheme 4. Bromo Acetoxylation of Propargyl Silanes la—g

Si Si
1.2 equiv. NBS OAc
%R ACOH (C1ag = 0.1M),
1 RT, 15 min Br R 4af
Si(iPr); Si(iPr),0Me s'(""();A
c
- OAc OAc =
Br nBu Br nBu Br
4a, 60% 4b, 37% 4c, 77%
. Si(iPr, Si(iPr]
Si(iPr)s Si(iPr); (iPr)3 (iPr)3
OA OAc = OAc
N_OAc c
Br Br
Br Br
MeO
Br
4d, 78% 4e, 78% af, 72% 49, 72%

same level of isolated yields, reaching 76% for product 4c,
which was obtained at 4.7 g in one run (Scheme S).

Scheme 5. Gram-Scale Reactions of Propargyl Silanes la—c

1.2 equiv. NBS
si (2.7-4.2 g, Si
15.0-23.8 mmol) OAc
R AcOH (Cyag = 0.15-0.2M),
f Br R
1a (5.0 g, 19.8 mmol) R 15 min
1b (3.0 g, 12.5 mmol) 4a-c
1d (4.1 g, 16.1 mmol)
Si(iPr)s Si(iPr),0Me S'('P'();A
c
~ OAc _ OAc =
B
Br nBu Br nBu r
4a, 58% 4b, 38% 4c, 76%
(4.5 grams) (1.8 grams) (4.7 grams)
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Next, other electrophile—nucleophile pairs were briefly
explored (Scheme 6). Thus, the bromo hydroxylation of

Scheme 6. 1,3-Addition of Various Electrophile/
Nucleophile Pairs to Propargyl Silanes 1a,b

1.2 equiv. NBS SI(IPrc);H
Acetone/H,0 5:1 5.65%
RT, 15 min Br nBu
Si(iPr); ) Si(iPr);
1.2 equiv. NIS OMe
nBu MeOH
1a RT, 15 min | nBu 6, 46%
1.0 equiv.
PhSeCl Si(iPr);
CHCl3,
RT, 5 min nPr
Si(iPr); spontaneous PhSe 8a 24 %
nBu _elimination +
on silica gel Si(iPr)3
PhSe ClI o
o . nPr
7,70 % (NMR yield) 8b. 20 %

Si(iPr),OMe Si(iPr),OMe

1.5 equiv. 1—1

nBu DCM, RT, 15 min

1b

propargyl silane 1a was achieved in a mixed solvent system of
acetone/H,0 S5:1 to give allyl alcohol 5 in 65% yield.
Surprisingly, 3-aryl propargyl silanes were unreactive in this
system. More nucleophilic systems with larger water contents
are not technically feasible because of the low solubility of the
starting materials in aqueous media. It has been previously
shown that water in acetone or acetonitrile solutions is a
weaker nucleophile than methanol and ethanol.* Additionally,
transformations involving carbocation intermediates can occur
with the accumulation of the latter, and the nucleophilic attack
of water can be slowed if the intermediate carbocation is
intrinsically stabilized.>' It should be mentioned that
compounds of type § are useful starting materials in a concise
approach to polysubstituted furans.”” Also the combination of
other sources of electrophilic halonium ions like N-
iodosuccinimide (NIS) with methanol provides a similar
reactivity, giving product 6 in 46% yield. In contrast, the use of
chlorinated solvents permitted 1,3-chloroselenation (la — 7)
and 1,3-diiodination (1b — 9) with a concomitant 1,2-silyl
shift (Scheme 6). It is worth mentioning that compound 7
appeared to be rather unstable; therefore, full characterization
was provided for its congeners 8a,b after HCI elimination or
hydrolysis.

Finally, we demonstrate the synthetic application of the
obtained 1,3-addition products containing a triad of function-
alized carbon atoms. We performed a series of Suzuki—
Miyaura cross-coupling reactions under modified Buchwald
conditions>® (Scheme 7), yielding the desired products 10a—d
in good yields (71—79%), indicating the stability of both
residual functionalities—allyl acetate and vinyl silane.
Furthermore, removal of boronic acid from the reaction
mixture allowed us to obtain C—H activation product 11 in
65% yield.
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Scheme 7. Suzuki—Miyaura Coupling and C—H Activation
Reactions of (E)-3-Bromo-2-Silylated Allyl Acetates

Si Si(iPr); Si(iPr),OMe
— OAc - OAc ~ OAc
Br R 4a-c nBu nBu
ArB(OH),
3.5mol% Pd(OAc)
10.5mol% XPhos 10a, 75% 10b, 79%
K3POy4
Toluene (iPr)3Si (iPr)3Si
80 °C 7 =
Si OAc OAc
A | O
A -
r R10ad 10¢, 78% ph 10d, 71%
Si(iPr); 5mol% Pd(OAc),, Si(iPr);
OA 15mol% XPhos,
= ¢ K3PO, ‘ OAc
Br Tol/H,0 20:1, 90 °C Q
4c 11, 65%

In the next attempt to functionalize the silyl moiety, vinyl
silanes 10a,c,d were subjected to electrophilic substitution
reactions of the silyl moiety with NIS (Scheme 8). We

Scheme 8. Further Functionalization of Vinyl Silane and
Allylic Acetate Moieties of the Obtained Compounds

Si(iPr);
= Ph NIS'
1.2 equiv. L
OAc — "o
(CF3),CHOH Ph
RT
x 1ocd 12a:R=H, 84%
12b: R = Ph, 52%
ArB(OH), R
Si(iPr); 5mol% Pd(OAc),, O
I one, 2NIS, 1 on 15rgol°/égPh3
.2 equiv. _~ c $2C03 y OAc
nBu  F3CCH,OH B Toluene/H ,0
RT nsu
9:1 nBu
80 °C ‘
10a 13, 84%

14a, R =H, 62%
14b, R = Me;yN, 56%

observed that substrates bearing an aryl group in the allyl
position underwent simultaneous intramolecular ionic cycliza-
tion under all tested conditions, showing the highest yields of
indenes 12a,b in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) in
84% and S52% yields, respectively. To our delight, the
cyclization was suppressed by employing substrate 10a.
Reducing the ionization potential of the allyl position and
changing the previously used HFIP to 2,2,2-trifluoroethanol
afforded vinyl iodide 13 in 84% yield (Scheme 8). The latter
was employed further in the Suzuki—Miyaura reaction to yield
stilbenes 14a,b in 62% and 56% yields, respectively, while
simultaneously preserving the original double bond geometry
throughout the sequence 4a — 10a — 13 — 14a,b. It is worth
noting that synthesis of geometrically defined tri- and tetra-
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substituted olefins®* including those with vinylsilane moiety™®
or with allylic functionality®® is still a challenging task. In this
context, the newly obtained building blocks 2—4 have been
demonstrated to be versatile triads for further derivatization,
maintaining the double bond geometry, which originates from
(E)-selective 1,2-silyl group migration.

In summary, we showed that propargyl silanes with a
terminal alkyne moiety readily undergo 1,3-difunctionalization
with concomitant 1,2-silyl shift in the presence of electro-
phile—nucleophile pairs. To the best of our knowledge, this
straightforward synthetic protocol is the first report on the
external nucleophile trapping of an intermediate allylic cation,
which is formed as a result of the 1,2-silyl shift. This approach
provides a functionalized atom triad with (E)-selectivity, and
the isolated yields of the products reach up to 78%. We have
also demonstrated the synthetic utility of the obtained triads by
transforming them into geometrically defined trisubstituted
olefins via cross-coupling reactions. Other tested trans-
formations included C—H activation and ionic cyclization.
Further studies are ongoing in our laboratory to advance this
methodology using the rich chemistry of allyl cations, which,
among others, implies the synthesis of various heterocycles and
carbocycles in both intramolecular and multicomponent
cyclization reactions, including asymmetric versions. In
addition, we are looking to extend this approach for the
synthesis of tetra-substituted olefins containing a function-
alized allylic position.
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ABSTRACT: Propargyl silanes with a terminal alkyne moiety
undergo a 1,2-silyl shift when activated with electrophiles such as
H*, Br’, I, and PhSe®. A method was developed to trap 1,3-
transposed electrophilic centers with various internal O-, N-, and S-
nucleophiles in a 5-exo manner. This synthetic procedure provided
five-membered heterocycles containing a trisubstituted olefin side
chain. The scope of the method includes access to tetrahydrofuran,
7-butyrolactone, 2-isooxazoline, pyrrolidine, and thiolane derivatives in yields ranging from 25 to 85% (23 examples in total).
Reactions with TsNBr, ensured complete (E)-selectivity of the newly formed olefins. Further functionalization of the obtained 1-
trialkylsilyl-2-bromovinyl side chain was demonstrated by double-bond geometry-preserving electrophilic substitution and cross-
coupling reactions that provided heterocycles with a trisubstituted vinyl moiety.

Si

e I
— > —
/\A =@ Va2
migration 4 Z

*Multiple electrophilic species: H*, Br*, I', PhSe*
iple internal phi -OH, -COOH, -NOH, -NHCO-, -NHSO,-, -SAc
Site ive alkene fi izati

B INTRODUCTION

Natural compounds and small-molecule drugs bearing

Scheme 1. Heterocyclization of Electrophile-Activated
Propargyl Silanes with Concomitant 1,2-Silyl shift

heterocyclic motifs have demonstrated an exceptional variety A) concept of 5-exo-trig cycliza(ion:\ This ]
of biological activities and pharmaceutical applications. The I8+ work: S
2014 review of all the U.S. FDA-approved pharmaceuticals has #J% R 1

shown that approximately 59% of all small drugs contain HY IV  HY-Z
nitrogen-bearing heterocycles, with pyrrolidine being the most B) concept of 1,2-silyl shift: > iE*
prominent five-membered and fifth overall nitrogen-containing si si 7"

heterocycle." Nitrogen heterocycles continue to dominate U.S. R? E '\ R2 Si
FDA-approved drugs in the period 2015—2020,> and among %/ﬁ 1,2-shift :/3\?/1 v M
them, pyrrolidine derivatives play a prominent role.? " E |||R ) E Y-7

On the other hand, the tetrahydrofuran moiety is broadly
present in biologically active natural products of both

terrestrial* and marine organisms,” and as such, it has raised
the attention of communities of synthetic® and medicinal
chemists.” Also, thiolane cycle-containing natural products,
and their synthetic analogs have found therapeutic applica-
tions, been studied as antibiotics, antiviral, and anticancer
agents or have been used in traditional Ayurvedic medicine to
treat the metabolic syndrome.”

There are multiple ways to synthesize heterocycles,
including a variety of condensation reactions, transition-
metal-catalyzed cyclizations, and pericyclic reactions. However,
a well-established strategy for preparing small, partially, and
fully saturated heterocycles involves an internal nucleophilic
attack on an accessible 6* or vacant 7 system, leading to
intramolecular cyclization (intermediate I, Scheme 1). This
involves the reaction of oxygen’ and nitrogen nucleophile'” in
hetero-Michael reactions or intramolecular Sy1, Sy2, and Sy2’
processes, hydro- and haloetherification, as described in several

© XXXX American Chemical Society

WACS Publications

review articles. Similar apgroaches are used also for the
synthesis of thiolane cycles.

The required vacant 7-orbital for the cyclization event can
be that of a carbocation, and the use of propargyl silanes as 1,3-
dipoles for their 1,3-difuntionalization in this context is an
underexplored synthetic route. Indeed, electrophilic activation
of propargyl silanes under certain circumstances is known to
induce a 1,2-silyl shift by setting the molecule for the addition
of a nucleophile at the newly formed allylic position, thus
completing the 1,3-difuntionalization event.'' Yet, most of the
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Scheme 2. Synthesis of Tetrahydrofuran Derivatives 2a—i Containing Vinyl Silane Side Chain (Sub-millimolar Scale, Isolated

Yields Provided)

SiMe,tBu
R

n

1a: R=CH,0H, n=2
1b: R=CHO, n=2

1c: R=COOH, n=2
1d: R=CH,0H, n=1

- =
DCM or CHCl3

tBuMe,Si _
[ om
E

2a-h

tBuMeZS|\(O tBuMezS|\(O tBUMEZSIz/O tBuMeZS|\(O

2a, 64%
E*=HNTf, (20mol%)
CHCl3, 20°C, 30 min

2b, 70% (E/Z > 95:5)

CHCl3, 20°C, 5 min

2c¢, 59% (E/Z > 95:5)
E*=TsNBr, (1.2 equiv)

SePh
2d, 50% (E/Z > 95:5)
E*=PhSeCl (1.1 equiv)
DCM, 0°C, 1 h

E*=NIS (1.2 equiv)
CHClI3, 20°C, 20 h

tBuMeZS|\(& tBuMe25|\(& tBuMe;Sl\(& tBuMeZS|\(&0

2e,73%
E*=HNTf, (20mol%)
CHClj3, 20°C, 30 min

2f, 73% (E/Z > 95:5)
E*=TsNBr, (1.0 equiv)
CHCls, 0°C, 5 min

2g, 50% (E/Z > 95:5)

SePh

2h, 47% (EIZ = 71:29)
E*=PhSeCl (1.0 equiv)
DCM, 0°C, 2h

E*=NIS (1.0 equiv)
CHCI3, 0°C, 20 h

. . \ tBuMe,Si tBuMe,Si
tBuMe,Si tBuMe,Si
TQ"'OH T oo s ?
N H

Br H
2i, 30% (E/Z > 95:5)
E*=NBS (1.1 equiv)
DCM, 20°C, 14 h

2j, 0%

2k, 0% 21, 0%

previously reported methods have been developed for
annulations with intrinsically bounded electrophile—nucleo-
phile pairs (for example, Lewis acid-activated aldehyde or a,f-
unsaturated carbonyl compound), which add across the
propargyl silane 1,3-dipole forming [3 + 2] cycloadduct.
Among the scarce examples of 1,2-silyl shift in propargyl
silanes leading to intramolecular heterocyclizations, surpris-
ingly there are no examples that would resemble an extended
version of halo- or selenoetherification or esterification
(electrophilic activation of z-system—1,2-silyl shift—intra-
molecular quench of the resulting carbocation with a
nucleophile in 5-exo-trig fashion)."

Herein, we report a successful combination of allyl cation
formation via a 1,2-silyl shift in electrophile-activated propargyl
silanes and their reactions with internal N-, O-, and S-
nucleophiles, which are not part of the electrophilic initiators.
We have previously reported such allyl cation formation, which
after deprotonation provided 2-silyl-1,4-dienes (proton loss
from R!/R? groups in intermediate III, Scheme 1).13
Alternatively, if propargyl silane activation with electrophile
occurs in a nucleophilic solvent, (E)-selective 1,3-difunction-
alization of the starting material takes place by the addition of
the solvent, and (E)-3-bromo-2-(trialkylsilyl)allyl esters and
ethers are obtained.'* Now, the design of propargyl silanes of
type IV and the use of a non-nucleophilic solvent allowed us to
obtain five-membered heterocycles V (pyrrolidines, tetrahy-
drofurans, butyrolactones, thiolanes, and isoxazolines) with
geometrically defined olefin side chains (Scheme 1).

B RESULTS AND DISCUSSION

We began our research by developing the synthesis of
tetrahydrofuran derivatives 2a—h (Scheme 2). Reaction
conditions were optimized on propargyl silane 1a, which was
obtained by retro-Brook rearrangement of O-silyl-protected
hex-5-yn-1-ol, as described previously by the Wang group."
Reaction optimization was performed by running reactions in
NMR tubes and observing the conversion in the presence of a
diphenylmethane internal standard (Figure 1. For the full data
set, see Supporting Information Table S1). First, strong
Bronsted acids were tested for the sequence of protonation/
1,2-silyl migration/cyclization. Indeed, superacids such as
trifluoromethanesulfonic acid (TfOH) and bis-
(trifluoromethane)sulfonimide (Tf,NH) both gave compara-
bly good NMR vyields (70%) of planned product 2a in CDCly
solution after 1 h at 0 °C. This indicates that the counterion
effects of these superacids (i.e., basicity, which might lead to
diene formation) play a negligible role if the starting material
contains an appropriate intramolecular nucleophile that can
rapidly react with the formed reaction center. However,
experiments with H,SO, indicated that this acid, under the
given reaction conditions, was too weak to initiate the expected
reaction sequence. The choice of solvent was determined by its
catalyst’s acidity-leveling effects. Thus, CDCl; and CD,Cl,
provided practically identical 70% NMR yields of product 2a
(0.2 equiv of TENH, 0 °C, 1 h), whereas in C¢Dg the NMR
yield was somewhat lower (65%), but CD;NO, gave only S0%
of 2a. On the other hand, the use of Lewis basic THF-dg and
CD;CN leveled Bronsted acidity and provided compound 2a
in 10% NMR yield only. Because of the practical reasons for
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SiMe,tBu Tf,NH tBuMe,Si
OH ——— 0
Conditions I

1a H 2a

NMR vyield of 2a, %

szNH loading, equiv.

Temperature, °C

Figure 1. Optimization of Tf,NH-catalyzed tetrahydrofuran 2a
Synthesis in CDCl;. *“Diphenylmethane internal standard; ¢, =
~0.15 M, CDCl;, 1 h; conversion less than 5% is considered below
the limit of detection; the results are rounded by 5% increments.

the easier dosage of solid Tf,NH, we decided to develop a
cyclization methodology with the latter. Finally, the optimal
cyclization conditions (0.15—0.20 equiv of Tf,NH, in DCM or
chloroform, 0—20 °C, 1h) were found by exploring several
catalyst loadings, reaction temperatures, and times (Figure 1).
On a preparative scale, the transformation la — 2a was
performed with the same 64% isolated yield of product 2a at
both submillimolar and millimolar scales (Schemes 2 and 3). It
was also found that for the reaction, upscale Tf,NH loadings of
20 mol % were more beneficial in terms of reproducible yields
and fewer side products.

Scheme 3. Synthesis of Tetrahydrofuran Derivatives 2a and
2b in the Millimolar Scale

HNTF,
SiMe,tBu (193 mg, 0.68 mmol) tBuMe,Si
OH / o]
20°C, CHClj
30 min H
1a (730 mg, 3.4 mmol) 2a (466 mg, 64%)
TsNBr,
SiMe,tBu (1.3 g, 4.0 mmol) tBuMe,Si
OH ———— > / O
20°C, CHClj
5 min Br

1a (760 mg, 3.6 mmol) 2b (743 mg, 71%)

Next, we investigated the use of electrophilic halogen
sources. The initial experiments with N-bromosuccinimide
(NBS) in CDCl; gave the expected product 2b and ambient
temperature provided the optimal reaction time (Table 1,
entries 1 and 2). However, the formation of diene 3b was
observed in substantial amounts (25%). We also observed that
reactions with NBS required a much longer time than those
with HNTY, to reach completion. This may be partially
explained by the poor solubility of NBS in chlorinated solvents.

In other solvents (Table 1, entries 3 and 4), the conversion of
starting material 1a occurred with an increased amount of the
diene 3b side product and reaction time. To our surprise,
bromine appeared to be less reactive than NBS (Table 1, entry
5). Fortunately, the use of N,N-dibromo tosylamide (TsNBr,)
significantly shortened the reaction time and suppressed the
formation of diene 3b (Table 1, entries 6—8). The optimal
conditions for bromoetherification (1.2 equiv of TsNBr, in
CDCl,, 20 °C, 5 min) gave 75% conversion to tetrahydrofuran
2b (Table 1, entry 6). On a preparative scale, the trans-
formation la — 2b was performed with practically the same 70
and 71% isolated yield of product 2b at both submillimolar and
millimolar scales (Schemes 2 and 3).

Next, we tested the iodoetherification of la with a
concomitant 1,2-silyl shift in the presence of N-iodosuccini-
mide (NIS) and vinyl iodide 2c and obtained with 59% yield
(Scheme 2). Interestingly, in this case, we did not observe the
formation of the corresponding diene, as was the case with
NBS. In addition, selenoetherification in the presence of
PhSeCl was successful, and product 2d was isolated in 50%
yield as a pure (E)-isomer.

To expand the scope of the tetrahydrofuran derivatives, we
tested the cyclization of carboxylic acid 1c with various
electrophiles. The required starting material 1c was obtained
by the oxidation of alcohol la. Thus, the protic conditions
applied to acid 1c provided y-butyrolactone derivative 2e in
73% yield. Carboxylic acid 1c also underwent a 1,2-silyl shift/
halolactonization with TsNBr, and NIS, yielding lactones 2f
and 2g in 73% and 50% yields, respectively. Next,
selenolactonization was attempted with PhSeCl, and product
2h was obtained in 47% (60% NMR) yield as a mixture of E/Z
isomers in a ratio of 71:29. We hypothesize that phenylselenide
can provide additional stability to the intermediate allyl cation,
which, in combination with the carboxylate moiety as a good
leaving group, can lead to isomerization.

We also achieved bromolactolization with a concomitant
1,2-silyl shift when aldehyde 1b was mixed with NBS in wet
DCM (for the synthesis of the starting material, see the
Experimental Section). Only the cyclic form was observed, and
the corresponding hemiacetal 2i was isolated in 30% yield as a
more stable @-anomer, apparently due to the anomeric effect.
However, the lactolization of aldehyde 1b under acidic
conditions with HNTf, was not successful, providing a
complex, unidentifiable product mixture. Similarly, alcohol
1d with a shorter (CH,),-linker degraded in the presence of
HNTTY, or NBS and did not yield oxetane derivatives 2k and 21.

Alcohol 1a was also used on the millimolar scale to
synthesize both vinyl silane 2a and bromo vinyl silane 2b in 64
and 71% yields, respectively, showing the potential for direct
scalability of these reactions.

Aldehyde 1b can be easily transformed to oxime 4, which
can serve as an additional starting material bearing an internal
O-nucleophile (see the Experimental Section). With starting
material 4 in hand, we tested its cyclization options (Scheme
4). It appears that oxime 4 is inactive toward cyclization under
acidic conditions, which can be explained by the leveling of the
acidity due to N-protonation. It remained inactive under
buffered conditions (phosphate salt/HNTf, catalyst) in a
variety of solvents (DCM, MeCN, and THF). In addition,
selenocyclization of oxime 4 with PhSeCl did not yield any
product. On the other hand, 1,2-silyl shift/ring closure was
possible in the presence of NBS (for optimization table, see
Supporting Information Table S2) and NIS, providing 4,5-
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Table 1. Study of Tetrahydrofuran 2b Synthesis in the Bromoetherification Reaction

SiMe,tBu [ Br*] tBuMe,Si SiMe,tBu
OH / o + P OH
Conditions
1a 2b Br Br 3
compound distribution (GQNMR)”*
entry Br* (equiv) T, (°C) solvent” reaction time starting material 1a, (%) product 2b, (%) side product 3, (%)
1 NBS (1.2) 20 cDCl, $h 45 40 10
2 20 cncl, sh 0 65 25
3 20 CeDs 24 h 20 10 30
4 20 THF-dg 48 h 30 40 15
s Br, (12) 50 cpcl, 30h 35 13 0
6 TsNBr, (1.2) 20 cpcl, 5 min 0 75 0
7 TsNBr, (1.0) 20 CDCly S min 0 65 N
8 TsNBr, (0.55) 20 cDCl, 5 min 0 55 10

“1a = ~0.15 M. bDiphenylmethane internal standard. “NMR yields less than 5% are considered below the limit of detection; the results are

rounded by 5% increments.

Scheme 4. Synthesis of 4,5-Dihydroisoxazole Derivatives
Sa,b
SiMe,tBu .
N, »OH E
N

Solvent
4 E 5a,b

tBuMeﬁll/F\ tBuMeZS|\(<—\

5b, 29% (E/Z > 95:5)
E*=NIS (1.0 equiv)
MeCN, 20°C, 5 min

tBuMe,Si N

5a, 32% (E/Z > 95:5)
E*=NBS (1.0 equiv)
MeCN, 20°C, 5 min

tBuMe,Si [ N
\( o

H

. I\
tBuMe,Si /\\N

(o)

SePh

5¢, 0% 5d, 0%

dihydroisoxazoles Sa and Sb bearing vinyl halide/silane side
chains in 32 and 29% yields, respectively.

Next, we turned our attention to reactions with nitrogen
nucleophiles (Scheme S), and starting materials of type 6 were
prepared from alcohol 1a by nucleophilic substitution with
azide, followed by reduction and N-functionalization (see the
Experimental Section). We focused on amides, sulfonamides,
and carbamates as more appropriate nucleophiles. As a test
reaction, we attempted the cyclization of benzoyl amide 6a. We
observed that amides showed lower reactivity than oxygen
nucleophiles; therefore, with an increase in the catalyst loading
of HNTY, (0.5 equiv), we were able to obtain pyrrolidine 7a
67% vyield (84% crude). However, acetamide 6b showed
unexpectedly poor reactivity under catalytic conditions,
eventually inhibiting the catalyst and stopping the reaction.
However, we were still able to obtain 67% yield of pyrrolidine
7b using an equimolar amount (1.2 equiv) and the gradual
addition of HNTT,.

As expected, the carbamates also underwent cyclization,
providing pyrrolidines 7c and 7d in 49 and 77% yields,
respectively. The yield of the N-Boc-protected product was
somewhat lower than that of the N-Cbz group, yet with a lower
catalyst loading, it still partially resisted acidic reaction
conditions. The best yields in this series were obtained with

sulfonamide starting materials 6e,f, which gave products 7e
and 7f in 85 and 83% yields, respectively. Sulfonamides 6e,f
were also tested for bromoamination (NBS), iodoamination
(NIS), and selenoamination (PhSeCl) with concomitant 1,2-
silyl shift. Reactions with NBS and NIS afforded products 7g—i
with a vinyl halide side chain in low yields (33 and 26%). In
the case of vinyl iodides, double-bond isomers were also
observed; however, the (E)-selectivity was maintained at
>90%. Cyclization with PhSeCl gave a somewhat better yield
(product 7j: 40%), but with no selectivity for olefin geometry.
Thus, it can be concluded that reactions with sterically larger
electrophiles (I, PhSe*) deviate from complete (E)-selectivity.
In the case of vinyl iodides, only minor erosion was observed,
and (Z)-isomers were observed at <10% for products 7h,i.
However, for phenyl selenide 7j, there was even a flip in the
selectivity, providing the (Z)-isomer as the major component:
Z/E ~ 3:2. We can speculate that the newly formed vinylsilane
moiety can be protonated (no base additive during
cyclization), and in such a case, the intermediate carbenium
ion is stabilized by both the f-silicon effect and a-heteroatom
effect. Protonated intermediates of type PhSe(H)C*-C(Si)-
(H)-R is better stabilized than Hal(H)C*-C(Si)(H)-R due to
the intrinsic properties of the selenyl substituent; therefore,
compounds containing the PhSe moiety are more prone to
isomerization. On the other hand, 1,3-allylic strain can
preorganize the product conformation so that the v1nylog0us
anomeric effect (ng,—Tc—c = 6%C heteroatom interaction)'® can
play a role in weakening the C-heteroatom bond in the allylic
position and lead to the E/Z-isomerization. A single crystal
suitable for X-ray analysis was obtained for product 7i,
confirming both the double bond geometry and the structure
in addition to the 2D-NOESY spectroscopic studies.'” It is
worth noting that acylamides 7a,b and carbamates 7c,d
typically show complex NMR spectra due to rotational and
conformational constraints. Typically, the most suitable solvent
and temperature had to be found to decrease the number of
conformers and identify the obtained products.'®

Finally, we also tested thiolane cyclization, for which the
corresponding sulfur-containing starting materials can be
obtained by the straightforward nucleophilic substitution of
alcohol 1a (see the Experimental Section). Our initial attempts
with unprotected thiol or disulfide were unsuccessful; there-
fore, we turned our attention to thioesters. To our delight,
thioacetate 8 gave cyclization product 9a under acidic
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Scheme S. Product Scope for the Synthesis of Pyrrolidine Derivatives 7a—j

SiMe,tBu tBuMe,Si
NHR - N
DCM or CHCl, c R

6a: R=Bz; 6b: R=Ac 7a-j

6¢c: R=Boc; 6d: R=Cbz

6e: R=Ts; 6f: R=Ns

tBuMe,Si tBuMe,Si tBuMe,Si tBuMe,Si
I P ;o .y
H Bz H Ac H Boc H Cbz
7a, 67% 7b, 67% 7c, 49% 7d, 77%

E*=HNTf,, (0.5 equiv)
DCM, 20°C, 16 h

tBuMe,Si tBuMe,Si
o PN
H Ts H Ns

E*=HNTf, (1.2 equiv)?
DCM, -40...20 °C, 20 h

Te, 85% 7f,83%
E*=HNTf, (0.13 equiv)  E*=HNTf, (0.1 equiv)
DCM, 0°C, 3 h DCM, 0°C, 3 h

tBuMe,Si ]

\
=z
[

CHCI3, 0°C,2.5h

O = rex
| Ns

7i, 26% (E/Z=95:5) < 7

E*=NIS (1.0 equiv)

CCDC-2241600

E*=HNTf, (0.2 equiv)
DCM, 0...20°C, 20 h

E*=HNTf, (0.4 equiv)
DCM, 0...20°C, 20 h

tBuMe,Si tBuMe,Si

79, 25% (EIZ > 95:5)
E*=NBS (1.2 equiv)
DCM, 0°C, 2.5 h

7h, 33% (E/2=91:9)
E*= NIS (1.3 equiv)
CHCl3, 0°C, 2.5 h

tBuMe,Si
r N
PhSe Ns
7j, 40% (E/Z=41:59)

E*= PhSeClI (1.0 equiv)
CHCI3, 0°C, 3 h

conditions (Scheme 6). After brief optimization of the reaction
conditions (7 mol % of HNTf,, 20 °C), thiolane 9a was

Scheme 6. Synthesis of Thiolanes 9a—c

37( s
. o DCM H gac

tBuMe,Si tBuMe,Si BuMe,Si
[ s [ s [ s
H

I SePh

9a, 64% 9b, 25% (E/Z > 95:5)  9¢, 49% (E/Z > 95:5)
E* = HNTf2 (0.07 equiv) E*=NIS (1.0 equiv) E*=PhSeCl (1.0 equiv)
20 °C, 20 min 0°C,25h 0°C,15h

C

isolated in 64% yield. Next, we turned to halocyclization, and
even if the sulfur center reacted with NIS to give the
degradation products, we succeeded in isolating vinyl iodide
9b in 25% yield. To our delight, PhSeCl exhibited reasonable
reactivity and selectivity, and thiolane 9¢ with a vinyl selenide
side chain was obtained in 49% yield. For all cyclization cases
covered in Schemes 2-6 we were able to identify, isolate, and
prove structures only for the five-membered cycles. This
indicates that the 1,2-silyl shift in these molecular systems
occurs faster than the following cyclization and that the six-
membered cycle closure is slower than the 1,2-silyl shift. On
the other hand, the six-membered cycle formation would

provide enol (thio)ethers and enamine derivatives that might
be unstable in the presence of the used electrophiles.

To demonstrate the synthetic utility of the obtained
products, we performed a series of Suzuki—Miyaura cross-
coupling reactions on vinyl bromide 2b under modified
Buchwald conditions (Scheme 7). Vinyl bromide partici-
pated in the coupling reactions with various aryl boronic acids
to yield silyl styrenes 10a—c in the yield range of 55—79%.

Next, we exchanged the vinyl silane moiety in compound
10a for vinyl iodide 11 (Scheme 8).°° If performed in
1,1,1,3,3,3-hexafluoroisopropanol (HFIP), this transformation

Scheme 7. Suzuki—Miyaura Cross-coupling Reactions of
Vinyl Bromide 2b

Ar-B(OH),
(5mol%) Pd(OAC),,
(15mol%) XPhos

tBuMe,Si K3PO, tBuMe,Si
i o I (o]
Toluene
Br 90-110°C Ar
2b 10h 10a-c
tBuMe,Si tBuMe,Si tBuMe,Si
[ (o) i o i (o)
F
10a, 79% 10b, 78% 10c, 55%
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Scheme 8. Synthesis of Tetrahydrofurans with
Trisubstituted Olefin Side Chain 12a—c by Electrophilic
Substitution of the Silyl Group and Suzuki—Miyaura Cross-
coupling Reactions

Ar-B(OH),
(5mol%) Pd(OAc), Ar.
(15mol%) PPh,
10a (1:2.00uiv) NIS CSzCOs
CF3CH,0H “TolH,0 201 ,0 20:1
20°C 90°C
20 min 11, 84% 10 h 12a-c

12a, 80%

12b, 77%

12¢, 66%

resulted in rapid electrophilic exchange in less than 15 min,
providing an E/Z-mixture of compound 11. Enhanced acidity,
hydrogen bond donating ability, and cation stabilization by
HFIP are likely responsible for such an outcome.”
Fortunately, switching to somewhat less polar 2,2,2-trifluor-
oethanol allowed us to obtain the desired vinyl iodide 11 in
849% yield with a completely conserved double bond geometry.

Compound 11 was successfully used again in Suzuki—
Miyaura cross-coupling reactions with another set of boronic
acids to yield tetrahydrofurans with trisubstituted olefin side
chains 12a—c in the yield range of 66—80%.

B CONCLUSIONS

In summary, we have shown that propargyl silanes containing a
terminal alkyne moiety from one side and tethered
nucleophilic groups from another side readily undergo
electrophile-induced intramolecular cyclization with a con-
comitant 1,2-silyl shift. This approach can be viewed as an
extended version of halo- and selenoheterocyclization, which
makes use of propargyl silanes as 1,3-dipoles. The developed
method is suitable for the synthesis of five-membered
heterocycles with a highly functionalized trisubstituted alkene
side chain. Typically, a 1,2-silyl shift provides excellent (E)-
double-bond selectivity, with the exception when a sterically
demanding electrophile is combined with a big incoming
nucleophile. The resulting heterocycles were obtained in up to
85% yields. The synthetic utility of the alkene side chain was
demonstrated by transforming the latter into geometrically
defined trisubstituted olefins by a sequence of Suzuki—Miyaura
cross-coupling-electrophilic silicon exchange—Suzuki—
Miyaura cross-coupling reactions. The devolved methodology
will be useful for the synthesis of natural products, their
analogs, and pharmaceutically or agrochemically important
heterocycles. The development of the enantioselective version
of this methodology by the use of asymmetric counteranion-
directed catalysis by Bronsted acids is underway in our
laboratory and will be reported elsewhere.

B EXPERIMENTAL SECTION

The solvents used in the reactions were dried using standard drying
agents and freshly distilled prior to use. Commercially available
reagents were used as received. Compounds 1a and 1d were prepared

according to the procedures described in the literature.'> All reactions
were followed by TLC on E. Merck Kieselgel 60 F254, with detection
by UV Full Paper light or developed using generic KMnO, or I, stain,
GC analysis, and NMR analysis. Direct-phase column chromatog-
raphy was performed using silica gel (60 A, 40—63 um, ROCC).
Reverse-phase column chromatography was performed on C18 silica
gel (25—40 um, LiChroprep RP-18). Preparative HPLC was
performed using an Agilent Technologies 1200 Series system
equipped with an Eclipse XDB-C18 column, 9.4 X 250 mm, particle
size 5 pm). 'H and “C{'H} NMR spectra were recorded using
Bruker AVANCE Neo 500 and AVANCE 300 MHz spectrometers in
CDCl,, DMSO-dg, and MeOH-d,. Chemical shifts (5) are reported in
ppm, and coupling constants (J) are reported in Hz. Residual solvent
("H) or solvent (3C) peaks were used as an internal reference
(CDCly: 6 = 7.26 ppm for '"H NMR; CDCly: 6 = 77.16 ppm for
BC{'H} NMR; DMSO-dg: § = 2.50 ppm for '"H NMR; DMSO-dy: &
= 39.52 ppm for *C{'"H} NMR; MeOH-d,: § = 3.31 ppm for 'H
NMR; and MeOH-d, § = 49.00 ppm for *C{'H} NMR). The
multiplicities are indicated as follows: s (singlet), d (doublet), t
(triplet), q (quartet), hept (heptet), m (multiplet), and b (broad).
The structural assignments were made with additional information
from gCOSY, gHSQC, and gHMBC experiments. Crystallographic
diffraction data were collected with a NoniusKappa CCD
diffractometer (Mo Ka, A = 0.71073 A) equipped with a low-
temperature Oxford Cryosystems Cryostream Plus device. GC
analyses were performed using a Hewlett-Packard Agilent Tech-
nologies 6890 gas chromatograph with a mass-selective detector
equipped with a capillary column Agilent Technologies DB-1IMS (30
m X 0.32 mm X 0.25 ym). Injection temperature: 250 °C; splitless
and injection volume 1 yL or split 1:300 and injection volume 0,2 uL;
gas type: helium; flow rate: 1.2 mL/min; detector temperature: 230
°C; MS-detector (EI, 70 eV). High-resolution mass spectra (ESI)
were recorded with an Agilent 1290 Infinity series UPLC connected
to an Agilent 6230 TOF mass spectrometer (calibration at m/z =
121.050873 and m/z = 922.009798) or (ESI) Thermo Fisher
Scientific Orbitrap Exploris 120 mass spectrometer operating in the
Full Scan mode at the 120000 resolutions.
3-(tert-Butyldimethylsilyl)pent-4-ynal (Int1). 3-(tert-
Butyldimethylsilyl)pent-4-yn-1-0l'* (1d; 1.50 g 7.6 mmol, 1.0
equiv) and anhydrous Na,SO, (3.2 g) were suspended in DCM
(150 mL) in a disposable polypropylene cup. Pyridinium
chlorochromate (4.9 g, 22.7 mmol, 3.0 equiv) was slowly added,
and the reaction mixture was stirred at ambient conditions for 3 h
(TLC control). The reaction mixture was filtered through a silica plug
(DCM/Hex: 50 — 100%) and concentrated in vacuo to afford
aldehyde Intl (1.37 g, 96%) as a clear oil. 'H NMR (500 MHz,
CDCl,): 6 9.83 (dd, 1H, J = 2.2, 1.3), 2.55 (ddd, 1H, J = 16.6, 11.2,
2.2), 245 (ddd, 1H, J = 16.6, 3.8, 1.3), 2.29 (ddd, 1H, J = 1122, 3.8,
2.8), 2.04 (d, 1H, J = 2.8), 0.98 (s, 9H), 0.13 (s, 3H), 0.04 (s, 3H).
15C{'H} NMR (126 MHz, CDCl,): & 201.9, 85.3, 70.3, 43.8, 27.2,
17,8, 10.8, —6.9, —=7.4. HRMS (ESI): m/z caled for C;;H,,0Si" [M +
H]*, 197.1356; found, 197.1337.
(6-Azidohex-1-yn-3-yl)(tert-butyl)dimethylsilane (Int2). A
solution of 4-(fert-butyldimethylsilyl)hex-S-yn-1-yl 4-methylbenzene-
sulfonate” (2.8 g, 7.6 mmol, 1.0 equiv) in anh. DMF (5 mL) under
an argon atmosphere was added dropwise to a suspension of NaNj
(1.0 g, 15.4 mmol, 2.0 equiv) in anh. DMF (1S mL) at 0 °C. The
resulting reaction mixture was stirred at ambient temperature for 20 h
(elevated temperature leads to spontaneous intramolecular 1,3-dipolar
cycloaddition reaction””). Toluene (50 mL) and H,O (100 mL) were
added to the reaction mixture. The organic layer was separated,
washed with H,O (2 X 100 mL), and concentrated in vacuo, keeping
the bath temperature <30 °C. The obtained residue was suspended in
hexanes (30 mL), the resulting suspension was filtered through a silica
plug (DCM/Hex: 20%), and the filtrate was concentrated in vacuo.
The crude product was purified by column chromatography on silica
gel (eluent: EtOAc/Hex 0—5%) to afford azide Int2 (1.7 g, 94%) as a
yellow oil. '"H NMR (500 MHz, CDCL): § 3.38—3.27 (m, 2H),
2.07—1.94 (m, 1H), 2.00 (d, 1H, J = 2.7), 1.76 (dt, 1H, ] = 11.8, 3.4),
1.73—1.65 (m, 1H), 1.59 (dddd, 1H, ] = 13.3, 9.8, 6.4, 3.6), 1.47
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(dddd, 1H, J = 13.3, 11.7, 9.8, 4.5), 0.98 (s, 9H), 0.10 (s, 3H), 0.03 (s,
3H). BC{'H} NMR (126 MHz, CDCL): § 86.6, 69.9, 51.2, 28.7,
27.3, 27.0, 17.7, 16.6, =7.1, =7.2. HRMS (ESI): m/z calcd for
CH,,N,Si* [M + HJ*, 238.1734; found, 238.1727.

4-(tert-Butyldimethylsilyl)hex-5-ynal (1b). Pyridinium chlor-
ochromate (3.7 g, 17.2 mmol, 1.5 equiv) and NaOAc (0.3 g 3.5
mmol, 0.3 equiv) were suspended in DCM (40 mL) in a disposable
polypropylene cup. 4-(tert-Butyldimethylsilyl)hex-S-yn-1-0l'* (1a; 2.4
g, 11.3 mmol, 1.0 equiv) was slowly added, and the resulting reaction
mixture was stirred at ambient conditions for 3 h (TLC control). The
reaction mixture was filtered through a silica plug (DCM/Hex: 50 —
100%) and concentrated in vacuo to afford aldehyde 1b (1.3 g, 55%)
as a yellow oil. '"H NMR (500 MHz, CDCLy): 5 9.83 (s, 1H), 2.80
(ddd, J = 17.8,7.7, 5.7, 1H), 2.65 (dt, ] = 17.8, 7.6, 1H), 2.02 (d, ] =
2.7, 1H), 1.92—1.85 (m, 1H), 1.77 (dt, J = 12.2, 2.7, 1H), 1.71-1.60
(m, 1H), 0.96 (s, 9H), 0.10 (s, 3H), 0.04 (s, 3H). “C{'H} NMR
(126 MHz, CDCL,): & 178.8, 86.1, 70.4, 33.4, 27.3, 25.1, 17.7, 16.6,
—7.2, =7.3. HRMS (ESI): m/z caled for C;,H,;0Si" [M + HJ*,
211.1513; found, 211.1530.

4-(tert-Butyldimethylsilyl)hex-5-ynoic Acid (1¢). In a 25 mL
round-bottom flask equipped with a Teflon-coated magnetic stirrer, 4-
(tert-butyldimethylsilyl)hex-S-ynal (1b; 87 mg, 0.42 mmol, 1.0 equiv)
and 2-methylbut-2-ene (2 mL) were dissolved in +BuOH (10 mL).
NaClO, (425 mg, 80%, 3.8 mmol, 9.0 equiv) and NaH,PO, (456 mg,
3.8 mmol, 9.0 equiv) solution in H,O (10 mL) was added dropwise,
and the resulting reaction mixture was stirred for 16 h at ambient
temperature. The reaction mixture was concentrated in vacuo and
then suspended in H,O (10 mL). The resulting mixture was extracted
with DCM (3 X 15 mL). The combined organic phase was washed
with saturated aqueous NaCl (10 mL), dried over anhydrous Na,SO,,
filtered, and concentrated in vacuo. The crude material was purified
by column chromatography on silica gel (eluent: Hex/DCM: 70 —
100%) to afford carboxylic acid 1c (68 mg, 72%) as a clear oil. 'H
NMR (500 MHz, CDCly): 6 2.74 (ddd, J = 16.6, 8.6, 4.9, 1H), 2.53
(dt, ] = 16.6, 8.3, 1H), 2.02 (d, = 2.7, 1H), 1.93—1.83 (m, 1H), 1.82
(dt, ] = 12.4, 2.7, 2.6, 1H), 1.67 (tdd, ] = 12.4, 8.3, 4.9, 1H), 0.96 (s,
9H), 0.10 (s, 3H), 0.04 (s, 3H). *C{'"H} NMR (126 MHz, CDCL,):
5 179.6, 86.0, 70.4, 33.6, 27.2, 25.1, 17.7, 16.6, —=7.2, —7.3. HRMS
(ESI): m/z caled for C;;H,0,Si* [M — CH,]*, 211.1149; found,
211.1152.

Experimental Procedure for Tf,NH-catalyzed Tetrahydro-
furan 2a Synthesis Optimization Using qNMR. In an NMR tube,
precisely weighted propargylsilane la (20 mg, 0.094 mmol) and
precisely weighted diphenylmethane (12 mg, 99% purity, 0.071
mmol) were dissolved in deuterated solvent (0.65 mL). The NMR
tube was adjusted to the indicated temperature, and Bronsted acid
catalyst was added, as indicated in Figure 1. The resulting reaction
mixture was allowed to react for the indicated amount of time (Figure
1). If required, the homogenization of the sample was achieved by
ultrasonification. The reaction mixture was quenched by the addition
of 2,6-di-tert-butylpyridine in excess (19 mg, 0.100 mmol, 1.06 equiv).
The NMR tube was subjected to an NMR analysis. The NMR
spectrum was registered in the inverse gated C"* decoupled proton
NMR (“PROTON_C13DC_IG”) mode and setting NS = 16, DS =2,
and D1 = 10.0 s. Corresponding peaks for the analysis were chosen
(CDClL): for propargyl silane la: & 3.54 (t, 2H ] = 6.5); for
tetrahydrofuran 2a: § 540 (dd, 1H, J = 2.8, 0.9); and for
diphenylmethane, § 7.18—7.11 (m, 6H). The integral value Ip,,
of diphenylmethane was set to 1000. The yield for the compound was
determined by the formula

( I, ) MphyMe

2 Mpp,ne 1

"ha Tonyne n
6

< L, ) MphyMe

1 Mphyme 1

"ha Tonyne
6

Experimental Procedure the Study of Tetrahydrofuran 2b
Synthesis in the Bromoetherification Reaction. In an NMR tube
precisely weighted propargylsilane 1a (20 mg, 0.094 mmol) and
precisely weighted diphenylmethane (12 mg, 0.071 mmol) was
dissolved in deuterated solvent (0.65 mL). The NMR tube was
adjusted to the indicated temperature, and an electrophilic halogen
source was added (see Table 1). If required, the homogenization of
the sample was achieved by ultrasonification. The resulting reaction
mixture was allowed to react for the indicated time (Table 1). The
NMR tube was subjected to NMR analysis. NMR spectrum was
registered in the inverse gated C'° decoupled proton NMR
(“PROTON_CI13DC_IG”) mode and setting NS = 16, DS = 2,
and D1 = 10.0s. Corresponding peaks for the analysis were chosen
(CDCLy): for propargyl silane la: § 3.54 (t, 2H ] = 6.5); for
tetrahydrofuran 2b: 4.69—4.64 (m, 1H); and for diphenylmethane &
3.92 (s, 2H). The integral value Ipj, of diphenylmethane was set to
1000. The yield for the compound was determined by the formula

(I,a) MphyMe

2 Mpp e 1

o= —
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General Procedure A for Electrophile-induced Intramolec-
ular Cyclization Reactions with Concomitant 1,2-Silyl Shift. In
a round-bottom flask equipped with a Teflon-coated magnetic stirrer,
propargylsilane (1.0 equiv) was dissolved in solvent (0.1 mmol in
1.0—3.0 mL) under an argon atmosphere. The reaction mixture was
cooled to the indicated temperature, and Bronsted acid catalyst/
electrophilic reagent (0.05—1.2 equiv) was added. The resulting
reaction mixture was stirred at the indicated temperature and for the
indicated reaction time (TLC control). The reaction mixture was
quenched by addition of saturated aqueous NaHCOj; solution, the
layers were separated, and the aqueous layer was extracted with DCM
(2 times). The combined organic layer was washed with brine, dried
over anhydrous Na,SO,, filtered, and concentrated in vacuo. The
crude reaction mixture was purified by column chromatography on
silica gel.

tert-Butyldimethyl(1-(tetrahydrofuran-2-yl)vinyl)silane (2a).
The reaction was performed following general procedure A. For
submillimolar-scale synthesis: 4-(tert-butyldimethylsilyl)hex-S-yn-1-ol
(1a; 50 mg, 0.24 mmol, 1.0 equiv) in CHCl; (3 mL), solution of
HNTH, (13 mg, 0.05 mmol, 0.2 equiv) in CHCl, (0.5 mL) was added
dropwise at 20 °C, reaction time 30 min at 20 °C. Column
chromatography (eluent: DCM/Hex 20 — 30%) on silica gel afforded
silyl furan 2a (32 mg, 64%) as a clear oil.

For millimolar-scale synthesis: 4-(tert-butyldimethylsilyl)hex-S-yn-
1-ol (1a; 730 mg, 3.4 mmol, 1.0 equiv) in CHCly (S0 mL), 0.2 M
HNTf, (193 mg, 0.69 mmol, 0.2 equiv) solution in CHCl; was added
dropwise at 20 °C, reaction time 30 min at 20 °C. Reaction mixture
was quenched with saturated aqueous NaHCO; (S0 mL) at 0 °C. The
layers were separated, and the aqueous layer was extracted with
CHCI, (2 X 15 mL). The combined organic layer was washed with
saturated aqueous NaCl (2 X 20 mL). Column chromatography
(eluent: DCM/Hex 20 — 30%) on silica gel afforded silyl furan 2a
(464 mg, 64%) as a clear oil. '"H NMR (500 MHz, CDCL): § 5.96
(dd, 1H, J = 2.8, 1.6), 5.40 (dd, 1H, J = 2.8, 0.9), 445 (brt, 1H, ] =
7.2),3.95 (dd, 1H, ] = 14.4, 7.4), 3.78 (dd, 1H, J = 14.4, 7.6), 2.07
(dt, 1H, J = 12.0, 6.9), 1.98—1.82 (m, 2H), 1.54 (dq, 1H, J = 12.0,
7.9), 0.90 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H). *C{'H} NMR (126
MHz, CDCL): 5 151.1, 124.5, 82.1, 68.1, 33.4, 27.1, 25.9, 17.1, —4.8,
—5.2. HRMS (ESI): m/z caled for Cj,H,s0Si* [M + H]*, 213.1669;
found, 213.1661.

(E)-(2-Bromo-1-(tetrahydrofuran-2-yl)vinyl)(tert-butyl)-
dimethylsilane (2b). The reaction was performed following general
procedure A. For submillimolar-scale synthesis: 4-(tert-
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butyldimethylsilyl)hex-S-yn-1-ol (1a; 100 mg, 0.47 mmol, 1.0 equiv)
in CHCl; (S mL) and N,N-dibromo-4-methylbenzenesulfonamide
(185 mg, 0.56 mmol, 1.2 equiv), reaction temperature 20 °C, reaction
time S min. Column chromatography (eluent: DCM/Hex 20 — 30%)
on silica gel afforded silyl furan 2b (96 mg, 70%) as a clear oil.

For millimolar-scale synthesis: 4-(tert-butyldimethylsilyl)hex-S-yn-
1-ol (1a; 760 mg, 3.60 mmol, 1.0 equiv) in CHCl; (50 mL), N,N-
dibromo-4-methylbenzenesulfonamide (1.3 g, 3.96 mmol, 1.1 equiv),
reaction temperature 20 °C, reaction time S min. Reaction mixture
was quenched with saturated aqueous NaHCO; (50 mL) at 0 °C. The
layers were separated, and the aqueous layer was extracted with
CHCl; (2 X 15 mL). The combined organic layer was washed with
saturated aqueous NaCl (2 X 20 mL). Column chromatography
(eluent: DCM/Hex 20 — 25%) afforded silyl furan 2b (743 mg,
71%) as a clear oil. '"H NMR (500 MHz, CDCl;): 6 6.31 (d, 1H, J =
1.2), 4.69—4.64 (m, 1H), 3.95 (dd, 1H, J = 15.2, 7.1), 3.71 (dd, 1H, J
=152, 7.1), 2.39 (td, 1H, J = 12.4, 6.4), 1.95—1.87 (m, 2H), 1.44
(dq, 1H, J = 12.4, 9.2, 9.1), 0.91 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H).
BC{’H} NMR (126 MHz, CDCl,): 5 148.7, 112.9, 82.8, 67.9, 31.3,
27.4, 25.6, 17.3', —3.5, —4.2. HRMS (ESI): m/z calcd for
C1H,,BrOSi* [M + HJ*, 291.0774; found, 291.0771.

Mixture of (E)-(2-Bromo-1-(tetrahydrofuran-2-yl)vinyl)(tert-
butyl)dimethylsilane (2b) and (3E,5E)-6-Bromo-5-(tert-
butyldimethylsilyl)hexa-3,5-dien-1-ol (3). The reaction was
performed following general procedure A: 4-(tert-butyldimethylsilyl)-
hex-S-yn-1-ol (1a; 900 mg, 4.2 mmol, 1.0 equiv) in DCM (20 mL),
and NBS (754 mg, 4.2 mmol, 1.0 equiv) was added at —20 °C. The
resulting reaction mixture was warmed to 20 °C and stirred for Sh.
Column chromatography (eluent: EtOAc/Hex S — 10%) afforded
silyl furan 2b (S50 mg, 47%) as a clear oil. Continuing column
chromatography (eluent: EtOAc/Hex 10 — 20%) afforded silyl diene
3 (184 mg, 15%) as a clear oil. NMR data for compound 3: '"H NMR
(500 MHz, CDCL): 6.38 (d, 1H, J = 16.0), 638 (s, 1H), 5.80 (dt,
1H, ] = 162, 7.1), 3.71 (t, 2H, ] = 63), 2.41 (dt, 2H, ] = 7.1, 6.3),
0.90 (s, 9H), 0.17 (s, 6H). *C{'H} NMR (126 MHz, CDCL,): §
141.9, 133.1, 132.3, 115.6, 61.9, 37.0, 27.1, 17.5, —4.4. Compound 3
appeared to be too unstable for HRMS and elemental analysis.

(E)-tert-Butyl(2-iodo-1-(tetrahydrofuran-2-yl)vinyl)-
dimethylsilane (2c). The reaction was performed following general
procedure A: 4-(tert-butyldimethylsilyl)hex-S-yn-1-ol (1a; SO mg, 0.24
mmol, 1.0 equiv) in CHCl; (3 mL), NIS (75 mg, 0.34 mmol, 1.2
equiv), reaction temperature 20 °C, reaction time 20 h. Column
chromatography (eluent: DCM/Hex 10 — 20%) afforded silyl furan
2c (47 mg, 59%) as a clear oil. '"H NMR (500 MHz, CDCLy): § 6.50
(d, 1H, J = 1.7), 444 (ddd, 1H, = 9.8, 6.6, ] = 1.7), 3.98 (ddd, 1H, J
= 148, 67, 0.7), 3.74 (ddd, 1H, ] = 14.8, 7.5, 1.0), 2.47-2.34 (m,
1H), 1.96—1.88 (m, 2H), 1.40 (dq, 1H, J = 12.5, 9.2), 0.89 (s, 9H),
0.11 (s, 3H), 0.10 (s, 3H). *C{'H} NMR (126 MHz, CDCL,): §
155.9, 89.0, 88.0, 68.1, 31.0, 274, 25.5, 17.3, —3.3, —4.3. HRMS
(ESI): m/z caled for Cp,H,,I0Si* [M + HJ*, 339.0636; found,
339.0662.

(E)-tert-Butyldimethyl(2-(phenylselanyl)-1-(tetrahydrofur-
an-2-yl)vinyl)silane (2d). The reaction was performed following
general procedure A: 4-(tert-butyldimethylsilyl)hex-S-yn-1-ol (1a; 40
mg, 0.19 mmol, 1.0 equiv) in DCM (14 mL), phenylselenyl chloride
(40 mg, 0.21 mmol, 1.1 equiv), reaction temperature 0 °C, reaction
time 1 h. Column chromatography (eluent: DCM/Hex 10 — 20%)
afforded silyl furan 2d (35 mg, 50%) as a clear oil. "H NMR (500
MHz, CDCly): § 7.53—7.49 (m, 2H), 7.33—7.24 (m, 3H), 6.93 (s,
1H), 4.39 (dd, 1H, J = 10.7, 6.2), 3.20 (td, 1H, J = 10.7, 5.6), 2.95
(dd, 1H, J = 10.7, 8.1), 2.35 (dt, 1H, J = 12.4, 5.4), 2.23 (qd, 1H, ] =
124, 5.4), 2.17-2.09 (m, 1H), 1.85 (tp, 1H, J = 12.4, 5.4), 091 (s,
9H), 0.13 (s, 3H), 0.11 (s, 3H). *C{'H} NMR (126 MHz, CDCl;):
0 141.7, 134.7, 134.4, 132.5, 129.3, 127.2, 51.8, 35.2, 33.2, 32.4, 27.1,
17.9, =52, —5.3. HRMS (ESI): m/z caled for C gH,o08SeSi* [M +
H]*, 369.1148; found, 369.1164.

5-(1-(tert-butyldimethylsilyl)vinyl)dihydrofuran-2(3H)-one
(2e). The reaction was performed following general procedure A: 4-
(tert-butyldimethylsilyl)hex-S-ynoic acid (1¢; 26 mg, 0.12 mmol, 1.0
equiv) in CHCl; (2 mL), HNTf, (8 mg, 0.030 mmol, 0.2 equiv) was

added dropwise (0.2 M solution in CHCl,), reaction temperature 20
°C, reaction time 30 min. Column chromatography (eluent: DCM/
Hex SO — 60%) afforded silyl furanone 2e (19 mg, 73%) as a clear oil.
"H NMR (500 MHz, CDCl,): § 5.96 (s, 1H), 5.51 (s, 1H), 5.10 (brt,
1H, J = 7.1), 2.58-2.50 (m, 2H), 2.42 (dq, 1H, ] = 12.9, 7.1), 1.94
(dg, 1H, J = 12.9, 9.0, 7.1), 0.91 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H).
BC{'H} NMR (126 MHz, CDCL,): § 177.2, 147.8, 126.3, 83.1, 29.9,
28.8,26.9, 17.1, =5.0, —5.3. HRMS (ESI): m/z calcd for C},H,30,Si"
[M + HJY, 227.1462; found, 227.1458.

(E)-5-(2-Bromo-1-(tert-butyldimethylsilyl)vinyl)-
dihydrofuran-2(3H)-one (2f). The reaction was performed
following general procedure A: 4-(tert-butyldimethylsilyl)hex-S-ynoic
acid (1¢; SO mg, 0.22 mmol, 1.0 equiv) in CHCl; (2 mL), N,N-
dibromomethylbenzenesulfonylamide (73 mg, 0.22 mmol, 1.0 equiv),
reaction temperature 0 °C, reaction time 5 min. Column
chromatography (eluent: DCM/Hex 30 — 40%) afforded silyl
furanone 2f (49 mg, 73%) as a clear oil. '"H NMR (500 MHz,
CDCL): & 644 (d, 1H, ] = 1.6), 5.40 (ddd, 1H, J = 9.7, 7.0, 1.6),
2.80—2.73 (m, 1H), 2.64—2.49 (m, 2H), 1.88 (ddt, 1H, J = 11.5, 112,
9.7), 0.93 (s, 9H), 0.16 (s, 6H). *C{'H} NMR (126 MHz, CDCL,): §
176.7, 146.0, 114.6, 83.5, 28.7, 28.0, 27.2, 17.4, —=3.6, —4.4. HRMS
(ESI): m/z caled for C;,Hyp,BrO,Si* [M + HJ*, 305.0567; found,
305.0561.

(E)-5-(1-(tert-Butyldimethylsilyl)-2-iodovinyl)dihydrofuran-
2(3H)-one (2g). The reaction was performed following general
procedure A: 4-(tert-butyldimethylsilyl)hex-S-ynoic acid (1c; SO mg,
0.22 mmol, 1.0 equiv) in CHCl; (2 mL), NIS (50 mg, 0.22 mmol, 1.0
equiv), reaction temperature 0 °C, reaction time 20 h. Column
chromatography (eluent: DCM/Hex 30 — 50%) afforded silyl
furanone 2g (39 mg, 50%) as a clear oil. '"H NMR (500 MHz,
CDCly): 6 6.65 (d, 1H, ] = 1.4), 5.19 (ddd, 1H, J = 9.6, 7.0, 1.3),
2.80-2.72 (m, 1H), 2.64—2.49 (m, 2H), 1.82¢ (ddt, 1H, J = 13.1,
11.4, 9.9), 0.92 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H). “C{'H} NMR
(126 MHz, CDCLy): § 176.8, 153.3, 90.4, 88.5, 28.6, 27.7, 27.2, 17.4,
—3.4, —4.4. HRMS (ESI): m/z caled for C,H,,10,8i* [M + H]*,
353.0428; found, 353.0423.

Mixture of (E)- and (2)-Isomers of 5-(1-(tert-butyldimethyl-
silyl)-2-(phenylselanyl)vinyl)dihydrofuran-2(3H)-one (2h). The
reaction was performed following general procedure A: 4-(tert-
butyldimethylsilyl)hex-S-ynoic acid (1c; 49 mg, 0.22 mmol, 1.0 equiv)
in DCM (15 mL), phenylselenyl chloride (42 mg, 0.22 mmol, 1.0
equiv), reaction temperature 0 °C, reaction time 2 h. Column
chromatography (eluent: DCM/Hex 20 — 30%) afforded silyl
furanone 2h (39 mg, 47%, E/Z = 71:29) as a clear oil.
Characterization of compound (E)-2h: 'H NMR (500 MHg,
CDCL): 6§ 7.51-7.46 (m, 2H), 7.36—=7.29 (m, 3H), 6.95 (s, 1H),
532 (dd, 1H, ] = 9.4, 7.0), 2.64—2.57 (m, 2H), 2.54—2.46 (m, 1H),
2,08 (dq, 1H, J = 12.7, 10.4), 0.93 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H).
BC{'H} NMR (126 MHz, CDCL,): § 176.8, 142.1, 134.0, 132.6,
1315, 129.6, 127.8, 83.0, 29.3, 28.6, 27.2, 17.6, —4.1, —4.8. HRMS
(ESI): m/z caled for C;H,,0,SeSi [M + HJ*, 383.0940; found,
383.0935. Characterization of compound (Z)-2h: 'H NMR (500
MHz, CDCL): § 7.51 (s, 1H), 7.50—7.46 (m, 2H), 7.36—7.29 (m,
3H), 5.05 (t, 1H, J = 7.6), 2.58—2.52 (m, 2H), 2.41 (dq, 1H, J = 12.8,
6.3), 1.95 (dq, 1H, J = 12.8, 9.3), 1.01 (s, 9H), 0.34 (s, 3H), 0.24 (s,
3H). BC{'H} NMR (126 MHz, CDCL,): § 177.0, 138.6, 137.5, 132.7,
129.6, 127.8, 84.1, 31.0, 29.2, 27.5, 19.3, —3.3, —3.9. HRMS (ESI):
m/z caled for CgH,,0,SeSi* [M + H]*, 383.0940; found, 383.0931.

trans-(E)-5-(2-Bromo-1-(tert-butyldimethylsilyl)vinyl)-tetra-
hydrofuran-2-ol (2i). The reaction was performed following general
procedure A: 4-(tert-butyldimethylsilyl)hex-S-yn-1-al (1b; 300 mg, 1.4
mmol, 1.0 equiv) in wet CHCl; (20 mL), NBS (278 mg, 1.6 mmol,
1.1 equiv), reaction temperature 20 °C, reaction time 14 h. Washed
with saturated aqueous NaHCO; (20 mL) and saturated aqueous
NaCl (10 mL). Column chromatography (eluent: DCM/Hex 10 —
30%) afforded silyl furanol 2i (130 mg, 30%) as a clear oil. 'H NMR
(500 MHz, CDCL,): 6.32 (d, 1H, 4 = 1.7), 549 (dd, 1H, ] = 5.5,
2.2),4.91 (dt, 1H,% = 7.9, *T = 1.7), 2.52 (dtd, 1H, 7] = 12.5, %] = 7.9,
4.7),2.09 (dddd, 1H, %] = 13.2, %] = 8.2, 7.9, 4.7), 1.87 (dddd, 1H, ¥J
=132,% =79, 47,22), 146 (dq, 1H, ¥ = 12.5,*] = 7.9), 0.90 (s,
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9H), 0.09 (s, 6H). C{'H} NMR (126 MHz, CDCl;): § 148.5,
113.0,99.5, 81.2, 31.9, 30.2, 27.5, 17.4, —3.5, —4.3. HRMS (ESI): m/
z caled for C,,H,,BrOSi* [M — OHJ", 289.0618; found, 289.0613.

Mixture of (E)- and (Z)-lsomers of 3-(tert-
Butyldimethylsilyl)pent-4-ynal Oxime (4). In a 250 mL round-
bottom flask equipped with a Teflon-coated magnetic stirrer,
NH,0H-HCI (2.3 g 332 mmol, 40 equiv) was dissolved in
MeOH (80 mL) by ultrasonication. KOH (4.4 g, 66.4 mmol, 8 equiv)
in MeOH (80 mL) was added, and the resulting reaction mixture was
stirred until a white precipitate formed. 3-(tert-Butyldimethylsilyl)-
pent-4-ynal (Intl; 1.6 g, 8.3 mmol, 1.0 equiv) was added, and the
resulting mixture was stirred for 2 h at ambient temperature (TLC
control). The reaction mixture was concentrated in vacuo to
approximately 30 mL volume and filtered through a Celite pad.
DCM (150 mL) was added to the filtrate, and the organic phase was
successively washed with H,O (3 X 25 mL) and saturated aqueous
NaCl (40 mL), dried over anhydrous Na,SO,, filtered, and
concentrated in vacuo. The crude product was purified by column
chromatography on silica gel (eluent: Hex/DCM: 10 — 100%) to
afford oxime 4 (1.5 g, 87%) as a clear oil. NMR data for E-isomer: 'H
NMR (500 MHz, CDCl,) &: 8.94 (br s, 1H), 7.61 (dd, = 6.6, ] = 5.7,
1H), 2.40 (ddd, 1H, J = 14.6, 6.6, 3.9), 2.30 (ddd, 1H, ] = 14.6, 11.2,
5.7),2.05 (d, 1H, J = 2.8), 1.94 (ddd, 1H, J = 11.2, 3.9, 2.8), 0,97 (s,
9H), 0.12 (s, 3H), 0.05 (s, 3H). “C{'H} NMR (126 MHz, CDCl,)
of the E-isomer: & 152.1, 85.4, 70.3, 27.2, 25.6, 17.7, 14.1, 7.0, —=7.4.
NMR data for Z-isomer: 'H NMR (500 MHz, CDCl;) § 9.45 (br s,
1H), 6.99 (dd, 1H, J = 5.3, 4.8), 2.67 (ddd, 1H, ] = 164, 5.3, 4.0),
239 (ddd, 1H, ] = 16.4, 11.6, 4.8), 2.04 (d, 1H, J = 2.8), 1.96 (ddd,
1H, ] = 11.6, 4.0, 2.8), 0.96 (s, 9H), 0.10 (s, 3H), 0.04 (s, 3H).
BC{'H} NMR (126 MHz, CDCl;) of the Z-isomer: § 151.7, 85.9,
70.7, 30.1, 27.2, 17.7, 15.2, —=7.1, =7.4. HRMS (ESI): m/z calcd for
Cy Hy,NOSi* [M + HJ*, 212.1465; found, 212.1468.

(E)-5-(2-Bromo-1-(tert-butyldimethylsilyl)vinyl)-4,5-dihy-
droisoxazole (5a). The reaction was performed following general
procedure A: oxime 4 (200 mg, 1.0 mmol, 1.0 equiv) in MeCN (§
mL), NBS (170 mg, 1.0 mmol, 1.0 equiv), reaction temperature 20
°C, reaction time 5 min. Prior to the extractive workup, ethyl acetate
(20 mL) was added. Column chromatography (eluent: toluene)
afforded silyl dihydroisoxazole 5a (88 mg, 32%) as a yellow oil. 'H
NMR (500 MHz, CDCL): 6 7.18 (s, 1H), 6.46 (s, 1H), 5.34 (dd, 1H,
J=114,112),3.50 (dd, 1H, ] = 17.8, 11.4), 2.63 (dd, 1H, ] = 17.8,
11.2), 0.93 (s, 9H), 0.14 (s, 3H), 0.12 (s, 3H). *C{'"H} NMR (126
MHz, CDCLly): 5 147.8, 146.4, 115.11, 82.2, 42.3, 27.3, 17.3, =3.7,
—4.8. HRMS (ESI): m/z caled for C;;H,B:NOSi* [M + HJ",
290.0570; found, 290.0566.

(E)-5-(1-(tert-Butyldimethylsilyl)-2-iodovinyl)-4,5-dihydroi-
soxazole (5b). The reaction was performed following general
procedure A: oxime 4 (250 mg, 1.2 mmol, 1.0 equiv) in MeCN (S
mL), NIS (277 mg, 1.2 mmol, 1.0 equiv), reaction temperature 20 °C,
reaction time S min. Prior to the extractive workup, ethyl acetate (20
mL) was added. Column chromatography (eluent: toluene) afforded
silyl dihydroisoxazole 5b (116 mg, 29%) as a yellow oil. '"H NMR
(500 MHz, CDCly): 6 7.18 (t, 1H, J = 2.1), 6.69 (d, 1H, ] = 1.8), 5.15
(dd, 1H, J = 11.6, 11.1 Hz), 3.51 (ddd, 1H, ] = 17.8, 11.6, 1.8), 2.57
(ddd, 1H, J = 17.8, 11.1 Hz, 1.8), 0.93 (s, 9H), 0.13 (s, 3H), 0.11 (s,
3H). ®C{'"H} NMR (126 MHz, CDCL,): § 155.2, 146.3, 91.7, 87.3,
42.0, 27.3, 17.4, —=3.5, —4.9. HRMS (ESI): m/z calced for
Cy HyINOSi* [M + HJ, 338.0432; found, 338.0427.

General Procedure B for the Two-step Synthesis of
Acetamides, Carbamates, and Sulfonamides 6a—f from
Azide Int2. Step 1: PhyP (1.0 mmol, 1.0—1.2 equiv) was added to
a solution of azide Int2 (1.0 mmol, 1.0 equiv) in wet THF (5—20
mL/1 mmol) at ambient temperature. The resulting reaction mixture
was stirred and heated in an oil bath at 50 °C for 3 h and
concentrated in vacuo. Step 2: the crude reaction mixture containing
the intermediate amine and triphenylphosphine oxide was redissolved
in reaction solvent (5—20 mL/1.0 mol), and the corresponding
acylating/ carboxylating/sulfonating reagent (1.0—3.0 mmol, 1.0-3.0
equiv) and base (3.0—5.0 mmol, 3.0-5.0 equiv) were added. The
resulting reaction mixture was stirred at the respective temperature (at

elevated temperatures, heating was done by using an oil bath) until
completion (TLC control). Saturated aqueous NH,Cl and an
extraction solvent (DCM, EtOAc, or toluene) were added to the
mixture at 20 °C. The combined organic phase was washed with
brine, dried over anhydrous Na,SO,, filtered, and concentrated in
vacuo. The crude material was purified by column chromatography on
silica gel.

N-(4-(tert-Butyldimethylsilyl)hex-5-yn-1-yl)benzamide (6a).
The reaction was performed following general procedure B. Step 1:
(6-azidohex-1-yn-3-yl)(tert-butyl)dimethylsilane (Int2, S02 mg, 2.1
mmol, 1.0 equiv) and PhyP (670 mg, 2.5 mmol, 1.2 equiv) in THF
(20 mL)/H,O (0.05 mL). Second step: anh. DMF (8 mL), DMAP
(258 mg, 2.1 mmol, 1.0 equiv), solution of Bz,0 (962 mg, 4.3 mmol,
2.0 equiv) in anh. DMF (4 mL), reaction temperature 60 °C, reaction
time 22 h. The reaction mixture was quenched with aqueous NH,CI
(30 mL) and extracted with toluene (3 X 30 mL). Column
chromatography (eluent: DCM/Hex: 40 — 100%) afforded
benzoylamide 6a (414 mg, 66%) as a yellow oil. 'H NMR (500
MHz, CDCL,): 6§ 7.75 (d, 2H, ] = 7.5), 749 (t, 1H, ] = 7.5), 7.43 (¢,
2H, ] = 7.5), 620 (br, 1H), 3.50 (q, 2H, J = 6.6), 2.03 (d, 1H, J =
2.6), 2.01-1.92 (m, 1H), 1.83—1.72 (m, 2H), 1.64—1.56 (m, 1H),
1.56—1.46 (m, 1H), 0.95 (s, 9H), 0.09 (s, 3H), 0.02 (s, 3H). *C{'H}
NMR (126 MHz, CDCL): 6 167.7, 135.0, 131.5, 128.7, 127.0, 87.2,
69.9, 39.7,29.4, 27.3,27.3, 17.8, 16.7, =7.0, —7.3. HRMS (ESI): m/z
caled for CoHyNOSi* [M + H]*, 316.2091; found, 316.2096.

N-(4-(tert-Butyldimethylsilyl)hex-5-yn-1-yl)acetamide (6b).
The reaction was performed following general procedure B. Step 1:
(6-azidohex-1-yn-3-yl)(tert-butyl)dimethylsilane (Int2, 748 mg, 3.1
mmol, 1.0 equiv) and Ph;P (909 mg, 3.5 mmol, 1.1 equiv) in THF
(10 mL) and H,O (0.05 mL). Step 2: anh. pyridine (10 mL), DMAP
(192 mg, 1.6 mmol, 0.5 equiv), Ac,0 (0.59 mL, 6.3 mmol, 2.0 equiv.;
added at 0 °C), reaction temperature 20 °C, reaction time 16 h. The
reaction mixture was quenched with aqueous 0.01 M HCI (20 mL) at
0 °C and extracted with EtOAc (3 X 30 mL). Column
chromatography (eluent: acetone/DCM: 1 — 2%) afforded
acetamide 6b (582 mg, 74%) as yellow oil. 'H NMR (300 MHz,
CDCL,): 8 5.48 (br, 1H), 3.27 (q, 2H, ] = 6.7), 2.00 (d, 1H, ] = 3.0),
1.97 (s, 3H), 1.92—1.79 (m, 1H), 1.75 (dt, 1H, J = 11.4, 3.0), 1.69—
1.57 (m, 1H), 1.57—1.34 (m, 2H), 0.95 (s, 9H), 0.08 (s, 3H), 0.01 (s,
3H). *C{'"H} NMR (126 MHz, CDCl;): § 170.1, 87.1, 69.8, 39.3,
29.4,27.3,27.2,23.5, 17.7, 16.7, =7.0, —7.3. HRMS (ESI): m/z calcd
for C,,H,gNOSi* [M + HJ", 254.1935; found, 254.1936.

tert-Butyl (4-(tert-Butyldimethylsilyl)hex-5-yn-1-yl)-
carbamate (6c). Ph;P (88 mg, 0.34 mmol, 1.0 equiv) was added
to a solution of (6-azidohex-1-yn-3-yl)(tert-butyl)dimethylsilane
(Int2, 80 mg, 0.34 mmol, 1.0 equiv) in THF (7 mL) and H,O (7
mL). The resulting reaction mixture was stirred at SO °C for 1 h.
Then, it was cooled to 0 °C and NaHCOj; (85 mg, 1.0 mmol, 3 equiv)
was added, followed by Boc,0 (90 mg, 0.41 mmol, 1.2 equiv). The
resulting reaction mixture was stirred at 20 °C for 14 h and then
concentrated in vacuo. The residue was dissolved in DCM (30 mL),
and the mixture was washed with brine (2 X 10 mL). The crude
reaction mixture was purified by column chromatography on silica
(eluent: DCM/Hex: 50%) to afford carbamate 6¢ (83 mg, 82%) as a
colorless oil. '"H NMR (500 MHz, CDCLy): § 4.51 (br s, 1H), 3.21—
3.04 (m, 2H), 1.98 (s, 1H), 1.90—1.79 (m, 1H), 1.79—1.69 (m, 1H),
1.62—1.36 (m, 12H), 0.95 (s, 9H), 0.08 (s, 3H), 0.01 (s, 3H).
BC{'H} NMR (126 MHz, CDCL,): § 156.1, 87.1, 69.6, 40.1, 30.0,
28.6,27.3, 27.1, 17.7, 16.7, =7.0, —7.2. HRMS (ESI): m/z calcd for
C-HyuNO,SI* [M + HJ*, 312.2353; found, 312.2349.

Benzyl (4-(tert-Butyldimethylsilyl)hex-5-yn-1-yl)carbamate
(6d). The reaction was performed following general procedure B.
Step 1: (6-azidohex-1-yn-3-yl)(tert-butyl)dimethylsilane (Int2, 495
mg, 2.1 mmol, 1.0 equiv) and Ph;P (663 mg, 2.5 mmol, 1.2 equiv) in
THF (50 mL) and H,0 (0.05 mL). Step 2: MeCN (20 mL), H,0
(20 mL), NaHCOj; (465 mg, 5.5 mmol, 2.7 equiv), addition of benzyl
N-succinimidylcarbonate (631 mg, 2.5 mmol, 1.2 equiv) at 0 °C,
reaction temperature 20 °C, reaction time 16h. The reaction mixture
was quenched with aqueous saturated NH,CI (20 mL), the excess of
MeCN was evaporated under reduced pressure, and the product was
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isolated by EtOAc extraction (3 X 20 mL). Column chromatography
(eluent: DCM/Hex: S0 — 60%) afforded benzylcarbamate 6d (510
mg, 71%) as a clear oil. '"H NMR (500 MHz, CDCLy): § 7.38—7.34
(m, 4H), 7.32 (, 1H, ] = 4.2), 5.10 (s, 2H), 4.77 (br, 1H), 3.24 (m,
2H), 1.99 (d, 1H, J = 2.7), 1.92—1.82 (m, 1H), 1.73 (dt, 1H, J = 11.3,
27), 1.67—1.58 (m, 1H), 1.55—1.47 (m, 1H), 1.47—1.37 (m, 1H),
0.95 (s, 9H), 0.08 (s, 3H), 0.01 (s, 3H). C{'H} NMR (126 MHz,
CDCL): 5 156.5, 136.8, 128.7, 128.3, 128.3, 87.0, 69.8, 66.8, 40.8,
29.8, 27.3, 27.0, 17.7, 16.7, =7.0, =7.3. HRMS (ESI): m/z calcd for
CyoH,,NO,Si* [M + HJY, 346.2197; found, 346.2188.
N-(4-(tert-Butyldimethylsilyl)hex-5-yn-1-yl)-4-methylbenze-
nesulfonamide (6e). The reaction was performed following general
procedure B. Step 1: (6-azidohex-1-yn-3-yl)(tert-butyl) dimethylsilane
(Int2, 184 mg, 0.77 mmol, 1.0 equiv) and Ph;P (203 mg, 0.77 mmol,
1.0 equiv) in THF (5 mL) and H,0 (0.05 mL). Step 2: DCM (10
mL), Et;N (0.54 mL, 3.87 mmol, S.0 equiv), addition of 4-
toluenesulfonyl chloride (295 mg, 1.55 mmol, 2.0 equiv) at 0 °C,
reaction temperature 20 °C, reaction time 5.5 h. The reaction mixture
was quenched with aqueous saturated NH,Cl (30 mL) and extracted
with DCM (3 X 15 mL). Column chromatography (eluent: DCM/
Hex: 30 — 50%) afforded sulfonamide 6e (187 mg, 66%) as a clear
oil. '"H NMR (500 MHz, CDCl, + D,0): § 7.75 (d, 2H, ] = 8.1), 7.30
(d, 2H, J = 8.1), 2.98 (t, 2H, ] = 6.9), 2.42 (s, 3H, H,C), 1.95 (d, 1H,
J=129), 1.87—-1.73 (m, 1H), 1.65 (dt, 1H, J = 11.1, 2.9), 1.62—1.52
(m, 1H), 1.52—1.43 (m, 1H), 1.40—1.30 (m, 1H), 0.93 (s, 9H), 0.04
(s, 3H), —0.03 (s, 3H). “C{'H} NMR (126 MHz, CDCl,): § 143.5,
137.1, 129.9, 127.3, 86.8, 69.9, 42.9, 29.4, 27.3, 26.8, 21.7, 17.7, 16.5,
—7.1, =7.3. HRMS (ESI): m/z caled for CoH;,NO,SSi* [M + H]Y,
366.1918; found, 366.1931.
N-(4-(tert-Butyldimethylsilyl)hex-5-yn-1-yl)-4-nitrobenze-
nesulfonamide (6f). The reaction was performed following general
procedure B. Step 1: (6-azidohex-1-yn-3-yl)(tert-butyl)dimethylsilane
(Int2, 1.40 g, 5.8 mmol, 1.0 equiv) and Ph;P (1.80 g, 6.9 mmol, 1.2
equiv) in THF (60 mL) and H,0O (1 mL). Step 2: DCM (50 mL),
Et;N (4.00 mL, 28.7 mmol, 5.0 equiv), addition of 4-nitro-
benzenesulfonyl chloride (1.30 g, 5.8 mmol, 2.0 equiv) at 0 °C,
reaction temperature 20 °C, reaction time 6 h. The reaction mixture
was quenched with aqueous saturated NH,Cl (S0 mL) and extracted
with DCM (3 X 30 mL). Column chromatography (eluent: DCM/
Hex: SO — 70%) afforded sulfonamide 6f (1.60 g, 68%) as an
amorphous solid. '"H NMR (500 MHz, CDCL,): & 8.37 (d, 2H, ] =
8.9), 8.06 (d, 2H, J = 8.9), 4.58 (t, 1H, ] = 6.5), 3.08 (q, 2H, ] = 6.5),
1.97 (d, 1H, ] = 3.0), 1.89—1.77 (m, 1H), 1.67 (dt, 1H, ] = 11.8, 3.0),
1.65—1.57 (m, 1H), 1.53—1.44 (m, 1H), 1.37 (dddd, 1H, J = 13.5 Hz,
11.8, 9.2, 4.9), 0.93 (s, 9H), 0.05 (s, 3H), —0.02 (s, 3H). “C{'H}
NMR (126 MHz, CDCly): § 150.2, 146.2, 128.4, 124.6, 86.7, 70.1,
43.1,29.5,27.2,26.7, 17.7, 16.5, =7.1, —=7.3. HRMS (ESI): m/z calcd
for C;sH,,N,0,SSi* [M + H]*, 397.1612; found, 397.1604.
(2-(1-(tert-Butyldimethylsilyl)vinyl)pyrrolidin-1-yl)(phenyl)-
methanone (7a). The reaction was performed following general
procedure A: (N-(4-(tert-butyldimethylsilyl)hex-S-yn-1-yl)benzamide
(6a; 28 mg, 0.089 mmol, 1.0 equiv) and HNTf, (15 mg, 0.050 mmol,
0.5 equiv) in DCM (6 mL) solution, reaction temperature 20 °C,
reaction time 16 h. Column chromatography (eluent: EtOAc/Hex: §
— 10%) afforded silyl pyrrolidine 7a (17 mg, 67%) as a yellow oil. In
solutions product 7a was observed (NMR) as a mixture of several
rotamers. In MeOH-d, it is comprised of rotamers @ and f in a ratio
of 1:1. '"H NMR (500 MHz, MeOH-d,) of a conformer: § 7.54—7.49
(m, 2H, H=C(2")), 7.48—7.43 (m, 3H, H-C(3”, 4")), 5.80 (dd, 1H,
2]H—H =16, 4]H—H =14, H,C(6)), 543 (d, 1H, z]H—H = 1.6, H,C(6)),
4.93 (dd, 1H, *J;;_y; = 7.8, 4.6, HC(4)), 3.59 (ddd, 1H, YJy_y = 10.6,
3y_n = 72, 6.1, H,C(1)), 3.49-3.37 (m, 1H, H,C(1)), 2.22 (dq, 1H,
Juon = 124, 3y_y = 7.8, H,C(3)), 2.02-1.86 (m, 1H, H,C(2)),
1.85-1.72 (m, 1H, H,C(2)), 1.71-1.63 (m, 1H, H,C(3)), 1.01 (s,
9H, H,C(1")), 0.19 (s, 3H, H;C(2')), 0.17 (s, 3H, Hy,C(2)); 'H
NMR (500 MHz, MeOH-d,) of # conformer: & 7.42—7.35 (m, SH,
H-C(2", 3", 4")), 5.66 (t, 1H, ¥J = 1.5, ¥ = 1.5, H,C(6)), 5.53 (t,
1H, 7 = 1.5, 7 = 1.5, H,C(6)), 4.69—4.62 (m, 1H, HC(4)), 3.69 (dd,
2H, *Jy_i = 94, 5.1, H,C(1)), 2.18-2.04 (m, 1H, H,C(3)), 2.02—
1.86 (m, 2H, H,C(2)), 1.85—1.72 (m, 1H, H,C(3)), 0.67 (s, 9H,

H,C(1")), —0.07 (s, 3H, H;C(2")), —0.08 (s, 3H, H,C(2")). *Cc{'H}
NMR (126 MHz, MeOH-d,) of a conformer: § 171.6, 151.4, 138.6,
131.1, 129.6, 127.9, 123.1, 62.9, 51.8, 33.6, 27.3, 24.9, 18.0, —4.8,
—5.2; *C{'H} NMR (126 MHz, MeOH-d,) of 8 conformer: § 173.0,
151.9, 138.7, 130.8, 129.5, 127.6, 126.4, 65.5, 47.9, 32.6, 27.2, 21.6,
17.6, —4.3, —=5.2. HRMS (ESI): m/z caled for C;sH;NOSi* [M +
HJ*, 316.2091; found, 316.2090.

1-(2-(1-(tert-Butyldimethylsilyl)vinyl) pyrrolidin-1-yl)ethan-
1-one (7b). The reaction was performed following general procedure
A: (N-(4-(tert-butyldimethylsilyl) hex-S-yn-1-yl)acetamide (6b; 47
mg, 0.19 mmol, 1.0 equiv) in DCM (4 mL), solution of HNTf,
(64 mg, 0.23 mmol, 1.2 equiv) in DCM (1 mL) was added at —40 °C.
Then, the reaction mixture was warmed to 20 °C, stirred for 20 h.
Column chromatography (eluent: acetone/DCM 10 — 20%)
afforded silyl pyrrolidine (7b) (30 mg, 67%) as a clear oil In
solutions, silyl pyrrolidine 7b was observed (NMR) as a mixture of
several rotamers. Conditions in DMSO-d, at 80 °C ensured only the
interconversion of rotamers and signal broadening. Hence, in the 'H
NMR spectrum, the peaks will be assigned by proton groups. *C
NMR spectrum will be provided as a collection of peaks of all
rotamers. '"H NMR (500 MHz, CDCl,): 6.25—5.26 (2H, H,C(6)),
5.12—4.44 (1H, HC(4)), 3.62—3.22 (2H, H,C(1)), 2.41-1.56 (7H,
H,C(2), H,C(3), H;C(1")), 1.02—0.77 (9H, 3 X H,C(1")), 0.19 to
—0.03 (6H, 2 x HyC(2)). BC{'H} NMR (126 MHz, CDCL,): §
170.0, 149.7, 137.8, 128.0, 127.5, 125.5, 122.6, 63.1, 61.1, 48.5, 46.7,
39.2, 33.2, 32.6, 31.2, 27.1 (2C), 26.8, 22.8 (2C), 21.1, 17.3, —4.4,
—4.8, —5.0, —5.1, —5.3. HRMS (ESI): m/z calcd for C,H,sNOSi*
[M + HJ¥, 254.1935; found, 254.1930.

tert-Butyl 2-(1-(tert-Butyldimethylsilyl)vinyl)pyrrolidine-1-
carboxylate (7c). The reaction was performed following general
procedure A: (tert-butyl (4-(tert-butyldimethylsilyl)hex-S-yn-1-yl)-
carbamate (6¢; 205 mg, 0.66 mmol, 1.0 equiv) in DCM (3 mL),
solution of HNTY, (37 mg, 0.13 mmol, 0.2 equiv) in DCM (1 mL)
was added at 0 °C, reaction temperature 20 °C, reaction time 20 h.
Column chromatography (eluent: DCM/Hex: 40 — 50%) afforded
silyl pyrrolidine 7c (198 mg, 49%) as a clear oil. Product 7c was
observed (NMR) as a mixture of conformational isomers in solutions.
In CDCl,, it is comprised of isomers @ and /8 in a ratio of 3:7. 'H
NMR (500 MHz, CDCL): § 5.54 (s, 1H, H,C(6)), 536 (s, 1H,
H,C(6)), 3.50—3.29 (m, 2H, H,C(1)), 2.06—1.86 (m, 1H, H,C(3)),
1.83—1.70 (m, 2H, H,C(2)), 1.69—1.56 (m, 1H, H,C(3)), 0.93 (s,
9H, H,C(1')), 0.10 (s, 3H, HyC(2')), 0.09 (s, 3H, HyC(2')). Peaks
corresponding to & conformer: 4.56, (br, 1H, HC(4)), 1.44 (s, 9H,
H;C(1”)); peaks corresponding to f conformer: 4.49 (brd., 1H,
3q_u = 7.7 Hz, HC(4)), 1.40 (s, 9H, H;C(1")). *C{'"H} NMR (126
MHz, CDClLy): § 154.8, 149.8, 123.6, 123.2 79.4, 61.5, 47.2, 46.9,
32.2,31.5,28.8, 28.6,27.1, 22.5, 21.6, 17.2, —4.2, —5.0. HRMS (ESI):
m/z caled for C;H;,NO,Si* [M + HJ*, 312.2353; found, 312.2348.

Benzyl 2-(1-(tert-Butyldimethylsilyl)vinyl)pyrrolidine-1-car-
boxylate (7d). The reaction was performed following general
procedure A: benzyl (4-(tert-butyldimethylsilyl)hex-S-yn-1-yl)-
carbamate (6d) (31 mg, 0.085 mmol, 1.0 equiv) in DCM (2 mL),
HNTf, (9 mg, 0.030 mmol, 0.4 equiv) added at 0 °C, reaction
temperature 20 °C, reaction time 20 h. Column chromatography
(eluent: DCM/Hex: 90 — 100%) afforded silyl pyrrolidine 7d (24
mg, 77%) as a clear oil. Compound 7d was observed (NMR) as a
mixture of conformational isomers in solutions. In DMSO-dq, it is
comprised of isomers @ and /3 in a ratio of 3:1. '"H NMR (500 MHz,
DMSO-d,, 100 °C): § 7.41—-7.26 (m, SH, H-C(3",4",5")), 4.54 (d,
1H, ¥y = 8.2, HC(4)), 3.45 (t, 2H, ;i = 7.9, H,C(1)), 2.13—
2.02 (m, 1H, H,C(3)), 1.85—-1.73 (m, 2H, H,C(2)), 1.61-1.52 (m,
1H, H,C(3)), 0.89 (s, 9H, H5C(1)), 0.08 (s, 6H, H;C(2')). Peaks
corresponding to a conformer: 5.55 (d, 1H, *Jy_y4 = 1.4, H,C(6)),
5.34 (s, 1H, H,C(6)); peaks corresponding to f§ conformer: 5.27 (d,
1H, Yy_y = 2.4 Hz, H,C(6)), 5.17 (d, 1H, ¥yy_y = 2.4 Hz, H,C(6)).
BC{'H} NMR (126 MHz, DMSO-d,, 100 °C): & 153.4, 150.2, 136.8,
127.8, 127.1, 126.1, 122.3, 65.3, 60.7, 46.8, 31.5, 26.2, 21.3, 16.3,
—5.6, =5.9. HRMS (ESI): m/z caled for C,yH;,NO,Si* [M + HJ*,
346.2197; found, 346.2219.
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2-(1-(tert-Butyldimethylsilyl)vinyl)-1-tosylpyrrolidine (7e).
The reaction was performed following general procedure A: N-(4-
(tert-butyldimethylsilyl)hex-S-yn-1-yl)-4-methylbenzenesulfonamide
(6e; 110 mg, 0.30 mmol, 1.0 equiv) in DCM (S mL), solution of
HNTHY, (11 mg, 0.040 mmol, 0.13 equiv) in DCM (1 mL) was added
at 0 °C, reaction temperature 0 °C, reaction time 3 h. Column
chromatography (eluent: DCM/Hex: 40 — S50%) afforded silyl
pyrrolidine 7e (93 mg, 85%) as an amorphous solid. '"H NMR (500
MHz, CDCL,): § 7.69 (d, 2H, J = 8.2), 7.30 (d, 2H, ] = 8.2), 5.93 (dd,
1H, ] = 2.4, 2.0), 5.46 (d, 1H, ] = 2.4, 0.6), 445 (pld, 1H, ] = 7.2),
3.46 (ddd, 1H J = 9.7, 7.5, 2.8), 323 (td, 1H, ] = 9.7, 6.6), 2.42 (s,
3H), 1.85—1.72 (m, 1H), 1.69—1.54 (m, 2H), 1.54—1.46 (m, 1H),
0.95 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H). “C{'H} NMR (126 MHz,
CDCLy): 6 149.7, 143.2, 135.6, 129.7, 127.5, 126.2, 64.2, 49.1, 33.0,
269, 23.1, 21.7, 17.3, —4.9, =S5.1. HRMS (ESI): m/z calcd for
C1oH,,NO,SSi* [M + H]*, 366.1918; found, 366.1916.
2-(1-(tert-Butyldimethylsilyl)vinyl)-1-((4-nitrophenyl)-
sulfonyl)pyrrolidine (7f). The reaction was performed following
general procedure A: N-(4-(tert-butyldimethylsilyl)hex-S-yn-1-yl)-4-
nitrobenzenesulfonamide (6f; 23 mg, 0.057 mmol, 1.0 equiv) in DCM
(2 mL), solution of HNTY, (9 mg, 5.7 umol, 0.1 equiv) in DCM (0.5
mL) was added at 0 °C, reaction temperature 0 °C, reaction time 3 h.
Column chromatography (eluent: DCM/Hex: 50 — 60%) afforded
silyl pyrrolidine 7f (19 mg, 83%) as an amorphous solid. "H NMR
(500 MHz, CDCly): 6 8.36 (d, 2H, ] = 8.8), 7.98 (d, 2H, J = 8.8),
5.73 (s, 1H), 5.43 (d, 1H, J = 1.2), 4.54 (br.d, 1H, J = 7.3), 3.51
(ddd, 1H, J = 9.5, 7.0, 2.7), 3.30 (dt, 1H, ] = 9.5, 6.4), 1.92—1.80 (m,
1H), 1.78—1.68 (m, 2H), 1.59 (dt, 1H, J = 9.6, 2.9), 0.96 (s, 9H),
0.10 (s, 3H), 0.10 (s, 3H). *C{'H} NMR (126 MHz, CDCL,): §
150.1, 149.4, 144.7, 128.6, 126.1, 124.4, 64.6, 49.2, 33.1, 26.8, 23.0,
17.3, =5.0, =S5.2. HRMS (ESI): m/z calcd for C gH,oN,0,SSi* [M +
HJ, 397.1612; found, 397.1594.
(E)-2-(2-Bromo-1-(tert-butyldimethylsilyl)vinyl)-1-((4-
nitrophenyl)sulfonyl)pyrrolidine (7g). The reaction was per-
formed following general procedure A: N-(4-(tert-butyldimethylsilyl)-
hex-S-yn-1-yl)-4-nitrobenzenesulfonamide (6f; S0 mg, 0.13 mmol, 1.0
equiv) in CHCl; (3 mL), NBS (26 mg, 0.16 mmol, 1.2 equiv) was
added at 0 °C, reaction temperature 0 °C, reaction time 2.5 h.
Column chromatography (eluent: DCM/Hex: 30 — 50%) afforded
silyl pyrrolidine 7g (15 mg, 25%) as an amorphous solid. '"H NMR
(500 MHz, CDCly): 6 8.39 (d, 2H, J = 8.5), 8.08 (d, 2H, J = 8.5),
6.48 (s, 1H), 4.58—4.50 (m, 1H), 3.59—-3.48 (m, 2H), 2.04 (dt, 1H,
=12.6,6.7), 1.91-1.82 (m, 1H), 1.82—1.71 (m, 1H), 1.39—1.28 (m,
1H), 0.95 (s, 9H), 0.31 (s, 3H), 0.28 (s, 3H). *C{'H} NMR (126
MHz, CDCL): & 150.3, 145.2, 142.8, 129.3, 124.4, 115.4, 64.7, 50.3,
32.3, 27.3, 24.8, 17.8, —3.5, —3.9. HRMS (ESI): m/z caled for
CisHLBrN,0,SSi* [M + HJ*, 475.0717; found, 475.0710.
(E)-2-(1-(tert-Butyldimethylsilyl)-2-iodovinyl)-1-tosylpyrroli-
dine (7h). The reaction was performed following general procedure
A: N-(4-(tert-butyldimethylsilyl)hex-S-yn-1-yl)-4-methylbenzenesul-
fonamide (6e; 20 mg, 0.06 mmol, 1.0 equiv) in CHCl; (3 mL),
NIS (18 mg, 0.082 mmol, 1.3 equiv) was added at 0 °C, reaction
temperature 0 °C, reaction time 2.5 h. Column chromatography
(eluent: DCM/Hex: 30 — 50%) afforded silyl pyrrolidine 7h (9 mg,
33%, E/Z = 91:9) as an amorphous solid. NMR data are provided for
(E)-7h: '"H NMR (500 MHz, CDCL,): 6 7.83 (d, 2H, J = 82), 7.34
(d, 2H, J = 8.2), 6.61 (s, 1H), 425 (dd, 1H, J = 9.3, 7.6), 3.47 (dd,
2H,]=9.1,4.3), 2.44 (s, 3H), 1.99 (dtd, 1H, ] = 12.7, 7.6, 2.5), 1.79—
1.69 (m, 1H), 1.62 (dddd, 1H, J = 12.7, 11.3, 9.3, 6.6), 1.24—1.14 (m,
1H), 0.95 (s, 9H), 0.31 (s, 3H), 0.27 (s, 3H). BC{'H} NMR (126
MHz, CDCL): § 153.4, 143.7, 1337, 129.8, 128.5, 914, 71.1, 50.5,
31.9, 27.4, 24.5, 21.7, 17.9, —3.2, —3.6. HRMS (ESI): m/z calcd for
CyoHy,INO,SSi* [M + HJ*, 492.0884; found, 492.0860.
(E)-2-(1-(tert-Butyldimethylsilyl)-2-iodovinyl)-1-((4-
nitrophenyl)sulfonyl)pyrrolidine (7i). The reaction was per-
formed following general procedure A: N-(4-(tert-butyldimethylsilyl)-
hex-S-yn-1-yl)-4-nitrobenzenesulfonamide (6f; S0 mg, 0.13 mmol, 1.0
equiv) in CHCl; (3 mL), NIS (28 mg, 0.13 mmol, 1.0 equiv) was
added at 0 °C, reaction temperature 0 °C, reaction time 2.5 h.
Column chromatography (eluent: DCM/Hex: 30 — 40%) afforded

silyl pyrrolidine 7i (17 mg, 26%) as an amorphous solid. Compound
7i (2 mg) was suspended in DCM (0.6 mL) and EtOH (0.3 mL),
heated in an oil bath at 70 °C until dissolution and left to recrystallize
to afford monocrystals suitable for X-ray crystallography analysis, '
mp 160—161 °C (decomposes >165 °C). 'H NMR (500 MHz,
CDCly): 6 8.40 (d, 2H, ] = 8.9), 8.12 (d, 2H, ] = 8.9), 6.65 (d, 1H, ] =
0.8), 425 (dd, 1H, J = 9.5, 7.4), 3.56 (dt, 1H, J = 11.3, 6.7), 3.50
(ddd, 1H, J = 11.3, 8.0, 2.3), 2.02 (ddtd, 1H, J = 14.1, 13.1, 6.7, 2.2),
1.85 (ddq, 1H, J = 13.1, 6.8, 2.3), 1.80—1.65 (m, 1H), 1.36—1.26 (m,
1H), 0.94 (s, 9H), 0.31 (s, 3H), 0.28 (s, 3H). *C{'H} NMR (126
MHz, CDCL): § 152.6, 150.4, 142.5, 129.6, 124.5, 117.6, 92.2, 50.6,
31.9, 27.4, 24.6, 17.9, —3.3, —3.8. HRMS (ESI): m/z calcd for
C1gH,N,0,SSi* [M — IJ*, 395.1455; found, 395.1451.

Mixture of (2)- and (E)-Isomers of 2-(1-(tert-Butyldimethyl-
silyl)-2-(phenylselanyl)vinyl)-1-((4-nitrophenyl)sulfonyl)-
pyrrolidine (7j). The reaction was performed following general
procedure A: N-(4-(tert-butyldimethylsilyl)hex-S-yn-1-yl)-4-nitroben-
zenesulfonamide (6f; 20 mg, 0.050 mmol, 1.0 equiv) in DCM (6 mL),
PhSeCl (10 mg, 0.050 mmol, 1.0 equiv) was added at 0 °C, reaction
temperature 0 °C, reaction time 3 h. Column chromatography
(eluent: DCM/Hex: 30 — 50%) afforded silyl pyrrolidine 7j (11 mg,
40%, E/Z = 41:59) as an amorphous solid. Preparative HPLC on Cg-
silica gel (eluent: NH,HCO; solution in H,O (pH 7.9)/MeCN =
20:80) afforded silyl pyrrolidine (Z-7j) and silyl pyrrolidine (E-7j) as
amorphous solids.

Characterization of Compound E-7j. '"H NMR (500 MHz,
CDCly): 6 8.15 (d, 2H, ] = 8.8), 7.87 (d, 2H, ] = 8.8), 7.33—7.27 (m,
2H), 7.26—7.21 (m, 3H), 6.98 (s, 1H), 4.68 (dd, 1H, J = 5.8, 1.5),
3.43-3.38 (m, 1H), 1.95—1.81 (m, 3H), 1.68—1.60 (m, 1H), 1.07 (s,
9H), 0.34 (s, 3H), 0.18 (s, 3H). *C{'H} NMR (126 MHz, CDCl,):
5 149.8, 144.9, 140.9, 135.3, 132.3, 131.7, 129.5, 128.2, 127.4, 124.3,
66.6, 49.4, 342, 27.5, 23.1, 19.5, =3.2, —3.9. HRMS (ESI): m/z calcd
for Cp4H;3N,0,88eSi* [M + H]*, 553.1090; found, 553.1073.

Characterization of Compound Z-7j. '"H NMR (500 MHz,
CDCl): 6 8.36 (d, 2H, ] = 8.8), 8.08 (d, 2H, ] = 8.8), 7.49—7.45 (m,
2H), 7.34—7.28 (m, 3H), 6.89 (s, 1H), 446 (t, 1H, J = 7.7), 3.70
(ddd, 1H, ] = 10.8, 8.5, 6.0), 3.47 (ddd, 1H, ] = 10.8, 7.4, 4.0), 2.01—
1.83 (m, 3H), 1.51—1.42 (m, 1H), 0.96 (s, 9H), 0.20 (s, 3H), 0.18 (s,
3H). BC{'H} NMR (126 MHz, CDCl,): § 150.3, 143.1, 142.4, 133.1,
132.4, 129.5, 129.3, 127.5, 124.3, 64.1, 50.0, 33.6, 27.2, 25.3, 18.0,
—4.4, —4.5. HRMS (ESI): m/z caled for C,,H;3N,0,SSeSi+ [M +
H]*, 553.1090; found, 553.1084.

4-(tert-Butyldimethylsilyl)hex-5-yn-1-yl Thioacetate (8). N-
(4-(tert-Butyldimethylsilyl) hex-S-yn-1-yl)-4-methylbenzenesulfona-
mide'” (926 mg, 2.5 mmol, 1.0 equiv) was added to a suspension of
potassium thioacetate (415 mg, 3.6 mmol, 1.4 equiv) in MeCN (50
mL) at ambient temperature. The resulting reaction mixture was
stirred at ambient temperature for 16 h (TLC control) and
concentrated in vacuo. DCM (S0 mL) was added, and the resulting
mixture was washed with saturated aqueous NaHCO; (15 mL) and
brine (2 X 10 mL), dried over anhydrous Na,SO,, filtered, and
concentrated in vacuo. The crude reaction mixture was purified by
column chromatography on silica (eluent: hexanes) to afford
thioacetate 8 (592 mg, 87%) as a yellow oil. '"H NMR (500 MHz,
CDCLy): 5 2.97—2.83 (m, 2H), 2.32 (s, 3H), 2.01-1.89 (m, 1H), 1.98
(s, 1H). 1.79—1.63 (m, 2H), 1.62—1.40 (m, 2H), 0.95 (s, 9H), 0.07
(s, 3H), 0.01 (s, 3H). 3C{'H} NMR (126 MHz, CDCL;): § 196.1,
86.8, 69.7, 30.8, 29.2, 28.9, 28.7, 27.3, 17.7, 16.5, —7.1, —7.2. HRMS
(ESI): m/z caled for C,,H,,08Si* [M + HJ', 271.1546; found,
271.1536.

tert-Butyldimethyl(1-(tetrahydrothiophen-2-yl)vinyl)silane
(9a). The reaction was performed following general procedure A: 4-
(tert-butyldimethylsilyl ) hex-S-yn-1-yl thioacetate (8; 101 mg, 0.37
mmol, 1.0 equiv) in DCM (10 mL), HNT, (7.3 mg, 0.026 mmol,
0.07 equiv) solution in DCM (S mL), reaction temperature 20 °C,
reaction time 20 min. Column chromatography (eluent: Hex/DCM:
1 — 10%) afforded silyl thiolane 9a (55 mg, 64%) as a clear oil. 'H
NMR (500 MHz, CDC13): §6.20 (dd, 1H,J =22, 1.2), 5.51 (d, 1H,J
=22),4.15 (ddd, 1H, ] = 7.5, 5.8, 1.2), 3.00 (ddd, 1H, J = 10.1, 8.0,
6.2),2.88 (ddd, 1H, ] = 10.1, 6.9, 4.9), 2.19—2.03 (m, 2H), 1.96—1.82
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(m, 1H), 1.72—1.64 (m, 1H), 0.89 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H).
BC{’H} NMR (126 MHz, CDCl,): § 150.5, 127.7, 53.1, 38.9, 32.9,
30.4, 27.0, 17.2, —=5.2, =5.2. HRMS (ESI): m/z caled for Cj,H,¢SSi*
[M + HJ, 229.1441; found, 229.1445.

(E)-tert-Butyl(2-iodo-1-(tetrahydrothiophen-2-yl)vinyl)-
dimethylsilane (9b). The reaction was performed following general
procedure A: 4-(tert-butyldimethylsilyl)hex-S-yn-1-yl thioacetate (8;
30 mg, 0.11 mmol, 1.0 equiv) in DCM (2 mL), NIS (25 mg, 0.11
mmol, 1.0 equiv) was added at 0 °C, reaction temperature 0 °C,
reaction time 2.5 h. Column chromatography (eluent: DCM/Hex: 1
— 10%) afforded silyl thiolane 9b (10 mg, 25%) as a yellow oil. 'H
NMR (500 MHz, CDCL): 6 6.62 (s, 1H), 447 (dd, 1H, J = 11.0,
6.3), 298 (dd, 2H, J = 9.2, 3.7), 2.38—2.30 (m, 1H), 2.24—2.16 (m,
1H), 1.95-1.75 (m, 2H), 0.92 (s, 9H), 0.22 (s, 3H), 021 (s, 3H).
BC{'H} NMR (126 MHz, CDCL): § 152.2, 93.6, 58.6, 35.8, 33.9,
31.9, 27.3, 17.7, =3.2, —=3.3. HRMS (ESI): m/z calcd for C;,H,,ISSi*
[M + HJ*, 355.0407; found, 355.0435.

(E)-tert-Butyldimethyl(2-(phenylselanyl)-1-(tetrahydrothio-
phen-2-yl)vinyl)silane (9c). The reaction was performed following
general procedure A: 4-(tert-butyldimethylsilyl)hex-S-yn-1-yl thioace-
tate (8; 30 mg, 0.11 mmol, 1.0 equiv) in DCM (15 mL), PhSeCl (21
mg, 0.11 mmol, 1.0 equiv) was added at 0 °C, reaction temperature 0
°C, reaction time 1.5 h. Column chromatography (eluent: DCM/
Hex: 10 — 20%) afforded silyl thiolane 9¢ (21 mg, 49%) as a yellow
oil. "H NMR (500 MHz, CDCL,): § 7.50 (dd, 2H, ] = 8.1, 1,8), 7.33—
7.25 (m, 3H), 6.93 (s, 1H), 4.39 (dd, 1H, J = 10.7, 6.1), 3.20 (dt, 1H,
J =106, 5.7), 2.98—2.92 (m, 1H), 2.35 (dt, 1H, J = 12.3, 5.3), 2.28—
2.18 (m, 1H), 2.17—2.10 (m, 1H), 1.91—1.79 (m, 1H), 0.91 (s, 9H),
0.13 (s, 3H), 0.11 (s, 3H). *C{'H} NMR (126 MHz, CDCl,): §
141.7, 134.7, 134.4, 132.5, 129.3, 127.2, 51.8, 35.2, 33.2, 32.4, 27.1,
17.9, =5.2, =5.3. HRMS (ESI): m/z calcd for C;gH,oSSeSi* [M +
HJ", 385.0919; found, 385.0914.

General Procedure C for Suzuki—Miyaura Coupling Re-
actions. An oven-dried three-neck round-bottom flask equipped with
a reflux condenser, Teflon-coated magnetic stirrer, and three-way
valve adapter was evacuated and backfilled with nitrogen. Then vinyl
halide (0.17 mmol, 1.0 equiv), ArB(OH), (0.51—0.68 mmol, 3.0—4.0
equiv), Pd(OAc), (8.6 gmol, S mol %), phosphine ligand (25.5 ymol,
15 mol %), base (0.68 mmol, 4.0 equiv), and solvent were added. For
the resulting mixture, three freeze—thaw cycles (liquid nitrogen/107>
mbar vacuum) were applied. Then the resulting mixture was stirred
under reflux in an oil bath for 10 h (GC—MS analysis). The reaction
mixture was cooled to ambient temperature, EtOAc was added, and
the resulting mixture was filtered through a celite or silica pad and
concentrated in vacuo. The crude material was purified by column
chromatography on a silica gel.

(E)-tert-Butyldimethyl(2-phenyl-1-(tetrahydrofuran-2-yl)-
vinyl)silane (10a). The reaction was performed following general
procedure C: (E)-(2-bromo-1-(tetrahydrofuran-2-yl)vinyl)(tert-
butyl)dimethylsilane (2b; 500 mg, 1.71 mmol, 1.0 equiv), PhB(OH),
(835 mg, 6.8 mmol, 4.0 equiv), Pd(OAc), (20 mg, 0.085 mmol, S mol
%), XPhos (120 mg, 0.26 mmol, 0.15 equiv), K;PO, (1.46 g, 6.8
mmol, 4.0 equiv), and toluene (S0 mL). For workup, DCM (50 mL)
was added, and the mixture was filtered through a silica pad. Column
chromatography (eluent: DCM/Hex 0 — 30%) afforded vinyl silane
10a (401 mg, 79%) as a white amorphous solid. 'H NMR (500 MHz,
CDCL,): §7.33 (t, 2H, ] = 7.4), 7.22 (t, 1H, = 7.4), 7.18 (d, 2H, ] =
7.4), 6.86 (s, 1H), 4.69 (dd, 1H, J = 9.8, 6.9), 3.92 (dt, 1H, J = 14.4,
7.1), 3.62 (dt, 1H, J = 14.4, 7.2), 2.06—1.97 (m, 1H), 1.97—1.85 (m,
2H), 1.67 (m, 1H), 0.96 (s, 9H), 0.18 (s, 3H), 0.17 (s, 3H). *C{'H}
NMR (126 MHz, CDCLy): § 144.8, 140.9, 138.7, 128.6, 128.1, 126.9,
79.4, 33.4,27.7, 26.1, 17.6, —3.1, —3.7. HRMS (ESI): m/z calcd for
CsHLs0Si* [M + HJ*, 289.1982; found, 289.1979.

(E)-tert-Butyldimethyl(1-(tetrahydrofuran-2-yl)-2-(m-tolyl)-
vinyl)silane (10b). The reaction was performed following general
procedure C: (E)-(2-bromo-1-(tetrahydrofuran-2-yl)vinyl)(tert-
butyl)dimethylsilane (2b; S0 mg, 0.17 mmol, 1.0 equiv), 3-
methylphenylboronic acid (93 mg, 0.68 mmol, 4.0 equiv), Pd(OAc),
(2 mg, 8.6 umol, S mol %), XPhos (12 mg, 25.5 umol, 0.15 equiv),
K;PO, (146 mg, 0.68 mmol, 4.0 equiv), and toluene (10 mL). For

workup, DCM (S mL) was added, and the mixture was filtered
through a silica pad. Column chromatography (eluent: DCM/Hex 0
— 30%) afforded vinyl silane 10b (40 mg, 78%) as a white
amorphous solid. "H NMR (500 MHz, CDCL): § 7.20 (t, 2H, ] =
7.5),7.04 (t, 1H, J = 7.5), 6.99 (s, 1H), 6.98 (d, 1H, J = 7.5), 6.83 (s,
1H), 4.69 (ddd, 1H, ] = 9.9, 6.7, 1.3), 3.92 (td, 1H, J = 14.1, 8.0), 3.61
(dd, 1H, J = 14.1, 6.7), 2.34 (s, 3H), 2.05-1.97 (m, 1H), 1.96—1.80
(m, 2H), 1.66 (dtd, 1H, J = 12.0, 9.7, 7.8), 0.96 (s, 9H), 0.17 (s, 3H),
0.16 (s, 3H). “C{'H} NMR (126 MHz, CDCly): § 144.5, 141.1,
138.7, 137.7, 129.4, 128.0, 127.6, 125.6, 79.5, 67.6, 33.4, 27.7, 26.1,
21.6, 17.6, —3.1, =3.7. HRMS (ESI): m/z caled for C ,H;,0Si* [M +
H]", 303.2139; found, 303.2134.

(E)-tert-Butyl(2-(2-fluorophenyl)-1-(tetrahydrofuran-2-yl)-
vinyl)dimethylsilane (10c). The reaction was performed following
general procedure C: (E)-(2-bromo-1-(tetrahydrofuran-2-yl)vinyl)-
(tert-butyl)dimethylsilane (2b; SO mg, 0.17 mmol, 1.0 equiv), 2-
fluorophenylboronic acid (95 mg, 0.68 mmol, 4.0 equiv), Pd(OAc),
(2 mg, 8.6 ymol, S mol %), XPhos (12 mg, 25.5 ymol, 0.15 equiv),
K;PO, (146 mg, 0.68 mmol, 4.0 equiv), and toluene (10 mL). For
workup, DCM (S mL) was added, and the mixture was filtered
through a silica pad. Column chromatography (eluent: DCM/Hex 0
— 40%) afforded vinyl silane 10c (29 mg, $5%) as a white amorphous
solid. "H NMR (500 MHz, CDCl,):  7.24—7.19 (m, 1H), 7.18—7.13
(m, 1H), 7.07 (t, 1H, ] = 7.5), 7.02 (t, 1H, ] = 8.9), 6.78 (s, 1H), 4.56
(dd, 1H, J = 9.2, 6.5), 3.89 (td, 1H, ] = 14.4, 7.6), 3.61 (td, 1H, J =
144, 8.1), 1.99—1.77 (m, 3H), 1.69—1.59 (m, 1H), 0.97 (s, 9H), 0.18
(s, 6H). ®C{'H} NMR (126 MHz, CDCl,): § 159.8 (d, ] = 246),
147.5,133.5 (d, ] = 2), 130.5 (d, ] = 4), 128.8 (d, ] = 8), 126.4 (d, ] =
16), 123.6 (d, ] = 4), 1154 (d, J = 22), 79.9, 67.7, 33.1, 27.6, 26.0,
17.4, —3.3, —3.8. HRMS (ESI): m/z caled for C,sH,sFOSi* [M +
HJ*, 307.1888; found, 307.1880.

(E)-2-(1-lodo-2-phenylvinyl)tetrahydrofuran (11). In a 25 mL
round-bottom flask equipped with a Teflon-coated magnetic stirrer,
(E)-tert-butyldimethyl(2-phenyl-1-(tetrahydrofuran-2-yl)vinyl)silane
(10a) (250 mg, 0.86 mmol, 1.0 equiv) was dissolved in 2,2,2-
trifluoroethanol (6 mL). NIS (230 mg, 1.0 mmol, 1.2 equiv) was
added, and the resulting reaction mixture was stirred for 20 min at
ambient temperature. DCM (30 mL), and an aqueous 10% Na,$S,0;
solution (30 mL) were added. The organic layer was separated and
washed with brine (2 X 10 mL), dried over anhydrous Na,SO,,
filtered through a silica pad, and concentrated in vacuo. The crude
reaction mixture was purified by column chromatography on silica gel
(eluent: DCM/Hex 0 — 30%) to afford vinyl iodide 11 (220 mg,
84%) as a yellow oil. '"H NMR (500 MHz, CDCL,): & 7.46 (s, 1H),
7.36=7.31 (m, 2H), 7.31-7.27 (m, 1H), 7.20—7.17 (m, 2H), 4.20 (t,
1H, ] =7.2),4.17 (td, 1H, ] = 13.8, 7.3), 4.07 (td, 1H, ] = 13.8, 7.9),
2.18—2.03 (m, 2H), 2.02—1.83 (m, 2H). C{'H} NMR (126 MHz,
CDCly): 6 142.7, 137.6, 128.5, 128.4, 127.8, 114.0, 77.5, 69.3, 33.7,
26.7. HRMS (ESI): m/z caled for C,H,,JO* [M + HJ*, 301.0084;
found, 301.0080.

(2)-2-(1,2-Diphenylvinyl)tetrahydrofuran (12a). The reaction
was performed following general procedure C: (E)-2-(1-iodo-2-
phenylvinyl)tetrahydrofuran (11; 40 mg, 0.13 mmol, 1.0 equiv),
PhB(OH), (48 mg, 0.40 mmol, 3.0 equiv), Pd(OAc), (1.5 mg, 6.6
pmol, S mol %), PPh; (5.6 mg, 20.0 ymol, 0.15 equiv), Cs,CO; (130
mg, 0.40 mmol, 3.0 equiv), toluene (2 mL), and H,O (0.1 mL). For
workup, DCM (S mL) was added, and the mixture was filtered
through a Na,SO, and silica pad. Column chromatography (eluent:
DCM/Hex 0 — 40%) afforded vinyl silane 12a (28 mg, 80%) as a
white amorphous solid. '"H NMR (500 MHz, CDCL,): § 7.51 (m,
2H), 7.40—7.27 (m, 8H), 6.75 (s, 1H), 4.98 (dd, 1H, J = 8.3, 7.0),
3.90 (td, 1H, J = 13.8,7.9), 3.78 (td, 1H, J = 13.8, 7.6), 1.96—1.88 (m,
1H), 1.88—1.73 (m, 2H), 1.68 (dq, 1H, J = 11.2, 8.2). SC{'H} NMR
(126 MHz, CDCL,): 5 142.5, 141.5, 137.1, 1332, 1292, 128.9, 128.3,
128.0, 127.2, 127.1, 7.1, 68.5, 30.8, 26.8. HRMS (ESI): m/z calcd for
CgH, g0 [M + HJ*, 251.1430; found, 251.1427.

(Z)-2-(2-Phenyl-1-(4-(trifluoromethyl)phenyl)vinyl)-
tetrahydrofuran (12b). The reaction was performed following
general procedure C: (E)-2-(1-iodo-2-phenylvinyl)tetrahydrofuran
(11; 50 mg, 0.17 mmol, 1.0 equiv), 4-trifluoromethylphenyl boronic
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acid (95 mg, 0.50 mmol, 3.0 equiv), Pd(OAc), (1.9 mg, 8.3 umol, S
mol %), PPh, (6.5 mg, 25.0 umol, 0.15 equiv), Cs,CO; (163 mg, 0.50
mmol, 3.0 equiv), toluene (2 mL), and H,O (0.1 mL). For workup,
DCM (S mL) was added, and the mixture was filtered through a
Na,SO, and silica pad. Column chromatography (eluent: DCM/Hex
0 — 40%) afforded vinyl silane 12b (40 mg, 77%) as a white
amorphous solid. '"H NMR (500 MHz, CDCL;): § 7.64 (d, 2H, ] =
8.3), 7.60 (d, 2H, J = 8.3), 7.41-7.36 (m, 4H), 7.33—7.28 (m, 1H),
6.76 (s, 1H), 4.99 (dd, 1H, J = 8.5, 6.9), 3.89 (td, 1H, ] = 13.7, 6.7),
3.78 (td, 1H, J = 13.7, 7.7), 1.95 (tdd, 1H, J = 11.9, 8.5, 4.8), 1.90—
1.83 (m, 1H), 1.83—1.73 (m, 1H), 1.61 (qd, 1H, J = 12.0, 8.5).
BC{'H} NMR (126 MHz, CDCL;): § 145.1, 141.5, 136.5, 134.2,
1294 (q, ] = 32), 129.3, 129.2, 128.4, 127.5, 1249 (q, ] = 4), 124.5
(q ] = 272), 769, 68.5, 30.8, 26.7. HRMS (ESI): m/z caled for
CoH,¢F,0* [M + HJ", 319.1304; found, 319.1299.
(2)-4-(2-Phenyl-1-(tetrahydrofuran-2-yl)vinyl)benzonitrile
(12c). The reaction was performed following general procedure C:
(E)-2-(1-iodo-2-phenylvinyl)tetrahydrofuran (11; S0 mg, 0.17 mmol,
1.0 equiv), 4-cyanophenyl boronic acid (74 mg, 0.50 mmol, 3.0
equiv), Pd(OAc), (1.9 mg, 8.3 umol, S mol %), PPh; (6.5 mg, 25.0
pmol, 0.15 equiv), Cs,CO; (163 mg, 0.50 mmol, 3.0 equiv), toluene
(2 mL), and H,0 (0.1 mL). For workup, EtOAc (5 mL) was added,
and the mixture was filtered through a Na,SO, and silica pad. Column
chromatography on silica (eluent: DCM/Hex 80—100%) afforded
vinyl silane 12¢ (30 mg, 66%) as a white, amorphous solid. 'H NMR
(500 MHz, CDCly): § 7.66 (m, 4H), 7.41—7.34 (m, 4H), 7.31-7.28
(m, 1H), 6.77 (s, 1H), 4.98 (dd, 1H, ] = 8.6, 6.7), 3.89 (td, 1H, ] =
13.8,7.9), 3.78 (td, 1H, ] = 13.8, 7.7), 1.99—1.91 (m, 1H), 1.91—-1.83
(m,. 1H), 1.82—1.73 (m, 1H), 1.58 (qd, 1H, J = 11.8, 8.1). *C{'H}
NMR (126 MHz, CDCLy): § 146.3, 141.1, 136.2, 134.8, 131.9, 129.6,
129.1, 128.5, 127.7, 119.2, 111.0, 76.8, 68.5, 30.9, 26.7. HRMS (ESI):
m/z caled for C,H;gNO* [M + HJ, 276.1383; found, 276.1377.
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Enantioselektivas metodes izstrade elektrofilu ierosinatam terminali
funkcionalizétu propargilsilanu heterociklizacijas reakcijam

P&tijumi par enantioselektivas metodes izstradi propargilsilanu heterociklizacijas reakcijam
tika balstiti uz asimetriskas pretjona virzitas katalizes (ACDC) konceptu. Ka hiralas
informacijas avoti tika izvéleétas BINOL atvasinatdas fosforskabes un  N-
trifluormetansulfonlilfosfoimidati, kas ar propargilsilaniem 65 p&c protong€sanas un sililgrupas
1,2-migracijas veidos cieSu jonu pari 72 hiralas informacijas parneSanai, lai panaktu
enantiodiskriminaciju heterocikla 70 (R1. shéma).

- 7 s ()
7\/“ X
H
. Hirala
Si Brensteda skabe (S)-70
o ——— ;
+F
65 Si
/ X
H
(R)-70

R1. shéma. Hiralas Brensteda skabes katalizeta iekSmolekulara cikliz€$anas reakcija.

Koncepta pieradiSanai ka modelreakcija tika izv€leta propargilsilana 65b skabes katalizgta
cikliz€Sanas reakcija ar komerciali pieejamajam skabém BPA, NTPA un [Hs]-BINOL-NTPA
(R2. shéma).

Si(Me),tBu,, Hirala N 0
/\/\/ N \//S’/ Brensteda skabe tBu(Me),Si O//S
(@) \©\ Apstak]i Q
NO, NO,
65b 70g

Hiralas Brensteda skabes

[Hg]-BINOL-NTPA

R2. shéma. Modelreakcija enantioselektivas metodes izstradei propargilsilanu ciklizéSanas
reakcijam.

Veiktie eksperimenti apkopoti R1. tabula un eksperimentu rezultati analizéti ar AESH (R7.
Ipp), kas sajiigts ar UV detektoru ka stacionaro fazi izmantojot (R,R)-Whelk-O 1 hiralo kolonnu
un mobilo fazi 5% iPrOH/heksana (v/v) maistjjumu.
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R1. tabula

Hiralu Brensteda skabju kataliz&tas propargilsilana 65b cikliz€Sanas apstakli

Nr. Katalizators glgidinﬁtﬁjs T,°C | t,h | Iznakums | ee, %
1 DCM 20 | 24 - B
2 BPA CHCl3 63 | 12| 13 0
3 o Toluols 60 19 56 6
4 NTPA 5 mol% Cikloheksans | 60 | 18 62 11
5 NTPA 10 mol% Cikloheksans | 20 19 52 11
6 | [Hs]-BINOL-NTPA 5 mol% | Cikloheksans | 60 21 45 12

Koncepta iesp&jamiba tika parbaudita ari halo-cikliz€Sanas reakcijas, kurds ahiralais
elektrofilais halog€na avots tiek aktivéts ar hiralu Brensteda skabi. K& modelreakcija tika
izvel&ta propargilsilana 65b reakcija ar N-bromsukcinimidu ka katalizatoru izmantojot NTPA
(R3. shéma) (R10. Ipp).

fBu(Me)zsifO
N
Si(Me),B
i(Me),tBu o NBS | o=b-0
/W & NTPA _ Br
d \©\ Toluols, -78°C

NO 70h, 25%

2
NO,

AN

65b 10% ee

R3. shéma. Modelreakcija enantioselektivas metodes izstradei propargilsilanu halo-
ciklizésanas reakcijam.

Eksperimentalas procediiras

2-(1-(terc-Butildimetilsilil)vinil)-1-((4-nitrofenil)sufonil)pirolidins (70):
N Racemats tika sintez€ts péc metodes, kas publicéta 4. pielikuma.
S

H9™$7™° Metode ar hiralu Brensteda skabi: apalkolbu ar magnétisko maisitaju, kas

tBuMe,Si

izkarseti zavskapi, izpus ar argonu un zem slapekla pliismas pievieno hiralu

on. Brensteda skabi (6.3-12.6 pmol, 5-10 mol%). Kolbu degazg ar argonu pie

O®0  §lenka Inijas. Pievieno $kidinataju un N-(4-(ferc-butildimetilsilil)heks-5-

n-1-il)-4-nitrobenzsulfonamida 65b (0.126 mmol, 1.0 ekv.) $kidumu un maisa 18h R1. tabula

uzraditajos apstaklos. Reakcijas maistjumu neitralize ar pies. NaHCO; @idens Skidumu (5 mL).

Udens slani ekstrahg ar DCM (2 x 5 mL). Organiskas fazes apvieno un mazga ar pies. NaCl

tdens Skidumu (5 mL), zave virs beziidens Na2SOyg, filtré un iekoncentré pazeminata spiediena.

MaisTjumu attira hromatografiski uz silikagela (DCM/Hex 40%—60%). Produktu 70 iegiist ka

baltu amorfu vielu. Enantiom@ro attiecibu nosaka ar AESH uz hiralas stacionaras fazes: (R,R)
Whelk-O 1 4.6 x 250 mm; 5% iPrOH/heksans, 0.8 mL/min, 254 nm (R7. Ipp).
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tBuMe,Si (E)-2-(2-Brom-1-(ferc-butildimetilsilil)vinil)-1-((4-nitrofenil)sulfonil )-
I N pirolidins (70h):
Br Racemats tika sintez&ts p&c metodes, kas publicéta 4. pielikuma.

© Metode ar hiralu Brensteda skabi: apalkolbu ar magnétisko maisitaju, kas

O N izkarseti zavskapi, izpli$ ar argonu un zem slapekla plismas pievieno N-
bromsukcinimidu (23 mg, 0.13 mmol, 1.0 ekv.) un NTPA (5 mg, 7.0 umol,
5 mol%). Kolbu degazé ar argonu pie Slenka Iinijas, atdzesé lidz -78°C, pievieno N-(4-(terc-
butildimetilsilil)heks-5-mn-1-il)-4-nitrobenzsulfonamida 65b (50 mg, 0.13 mmol, 1.0 ekv.)
$kidumu abs. toluola (1 mL). legiito reakcijas masu maisa 6h -78°C, un tad lauj uzsilt Iidz +5°C
17h laika. Reakcijas maisfjumu neitralize ar pies. NaHCO; tidens $kidumu (5 mL). Udens slani
ekstrahe ar DCM (3 x 5mL). Organiskas fazes apvieno un mazga ar pies. NaCl tidens $kidumu
(5 mL), zave virs beziidens NaxSOs, filtré un ickoncentré pazeminata spiediena. MaisTjumu
atttra hromatografiski uz silikagela (DCM/Hex 0%—60%). Produktu 70 iegiist ka baltu amorfu
vielu (15 mg, ) = 25%, ee 10%). Enantioméro attiecibu nosaka ar AESH uz hiralas stacionaras
fazes: (R,R) Whelk-O 1 4.6 x 250 mm; 5% iPrOH/heksans, 0.8 mL/min, 254 nm (R10. Ipp).
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Development of enantioselective electrophile-induced heterocyclization of
terminally functionalized propargyl silanes

The enantioselective heterocyclization of propargyl silanes was based on asymmetric
counteranion-directed catalysis (4CDC). BINOL-derived phosphoric and N-trifluoromethane
sulfonylphosphoimidates were chosen as a source of chirality. In the reaction with propargyl
silanes 65 they would form an ion pair for chirality transfer, inducing enantiodiscrimination for
heterocycle 70 (Scheme R1).

B N sic [\
7\/‘ X
H
i Chiral
Si Brensted acid (S)-70
/\A/XH +
=
65 S’TQ
H
(R)-70

Scheme R1. Chiral Brensted acid-catalyzed intramolecular cyclization of propargyl silane 65.

The model reaction of the acid-catalyzed intramolecular cyclization of propargyl silane 65b
with commercially available acids BPA, NTPA, and [Hs]-BINOL-NTPA was chosen as a
proof of concept (Scheme R2).

SiMe)tBuy, Chiral N0
///\/\/ N > /S// Brensted acid  tBu(Me),Si g
(e} \©\ Conditions \Q

NO.

2 NO.
65b 70g b

Chiral Brensted acid

[Hg]-BINOL-NTPA

Scheme R2. Model reaction for the enantioselective cyclization of propargyl silanes 65b.

The experimental results are summarized in Table R1. The enantiomeric ratio was
determined using HPLC equipped with a UV detector, (R,R)-Whelk-O 1 chiral column as the
stationary phase, and a 5% iPrOH/hexane (v/v) mixture as the mobile phase (p. R7).
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Table R1.
Conditions for chiral Brensted acid-catalyzed cyclization of propargyl silane 65b.

Nr. Catalyst Solvent T,°C | t,h | Yield, % | ee, %
1 DCM 20 24 -
2 BPA CHCI; 63 | 72 13 0
3 o Toluene 60 | 19 56 6
4 NTPA 5 mol% Cyclohexane | 60 | 18 62 11
5 NTPA 10 mol% Cyclohexane | 20 19 52 11
6 | [Hs]-BINOL-NTPA 5 mol% | Cyclohexane | 60 21 45 12

The proof of concept was also performed for halo-cyclization reactions, in which an achiral
electrophilic halogen source can be activated by a chiral Brensted acid. As a model reaction,
the NTPA-catalyzed heterocyclization of propargyl silane 65b with NBS was selected.
(Scheme R3) (p. R10).

tBu(Me)ZSiz/O
N
. M tB |
Sie),tBu,, NBS | o=i=o
/\/\/N 7 NTPA Br
¥ _—
Toluene, -78°C
o 70h, 25%
65b 10%ee |

02

AN
Osyf
5

Scheme R3. Model reaction for the enantioselective halo-cyclization of propargyl silanes 65b.

Experimental procedure

BuMe.Si 2-(1-(tert-Butyldimethylsilyl)vinyl)-1-((4-nitrophenyl)sulfonyl)pyrrolidine

2

H Oijo Racemate was synthesized according to a previously described procedure in
App. 4.

Procedure using a chiral Bronsted acid: An oven-dried round-bottom flask

SE'N
o equipped with a magnetic stirrer was charged with argon. A chiral Brensted

® 0

acid (6.3-12.6 umol, 5-10 mol%) was added under nitrogen flow. Flask was evacuated and
charged with argon using Schlenk line. The solvent and N-(4-(fert-butyldimethylsilyl)hex-5-
yn-1-yl)-4-nitrobenzenesulfonamide 65b (0.126 mmol, 1.0 eq.) was added, and the mixture was
stirred for 18 h as indicated in Table R1. The reaction was quenched with saturated NaHCO3
aqueous solution (5 mL). The aqueous layer was extracted using DCM (2 x 5 mL). The organic
layers were combined and washed with saturated NaCl aqueous solution (5 mL), dried over
NaySOq, filtered, and concentrated in vacuo. The crude material was purified by column
chromatography on silica gel (DCM/Hex 40%—60%). Product 70g was obtained as a white
amorphous solid. The enantiomeric ratio was determined by chiral HPCL: Whelk-O 1 4.6 x 250
mm; 5% iPrOH/hexane, 0.8 mL/min, 254 nm (p. R7).
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tBuMe,Si (E)-2-(2-Bromo-1-(tert-butyldimethylsilyl)vinyl)-1-((4-
‘ nitrophenyl)sulfonyl)pyrrolidine (70h):

Br The racemate was synthesized according to the procedure described in
© Appendix 4.

Procedure using a chiral Brensted acid: An oven-dried round-bottom flask
equipped with a magnetic stirrer was charged with argon. N-
bromosuccinimide (23 mg, 0.13 mmol, 1.0 eq.) and NTPA (5 mg, 7.0 pmol, 5 mol%) were
added under a flow of nitrogen. Flask was evacuated and charged with argon using Schlenk
line, cooled to -78°C, of solution of N-(4-(terc-butyldimethylsilyl)hex-5-yn-1-yl)-4-
nitrobenzene sulfonamide 65b (50 mg, 0.13 mmol, 1.0 eq.) abs. toluene (1 mL) was added. The
resulting reaction was stirred at -78°C for 6h and then was allowed to reach +5°C in 17h. The
reaction mixture was quenched with saturated aqueous NaHCOj3 solution (5 mL). The aqueous
layer was extracted using DCM (3 x 5 mL). The organic layers were combined and washed
with saturated NaCl aqueous solution (5 mL), dried over Na,SOy, filtered, and concentrated in
vacuo. The crude material was purified by column chromatography on silica gel (DCM/Hex
0%—>60%). Product 70h was obtained as a white amorphous solid (15 mg, n =25%, ee 10%).
The enantiomeric ratio was determined by chiral HPCL: (R,R) Whelk-O 1 4.6 x 250 mm; 5%
iPrOH/hexane, 0.8 mL/min, 254 nm (p. R10).
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AESH analizes uz hirilas stacionaras fazes / Chiral HPLC analysis

tBu(Me)ZSiW/U
Si(Me)Bu ‘
P N\Sp cat. HNTf, 0=8=0
Z g \©\ abs. DCM,
RT, 20 h
65b NO,
NO,
70g, 79%
g i
RT (min) Area (mAU¥s) Area (%)
13.915 3320.04395 49.9494
15.362 3391.15015 49.9977
Bu(Me),Si
Si(Me),Bu H 022:0
///K/\/N\/ s NTPA 5mol%
o \©\ toluene, 60°C
82a NO,
NO,
121, 56%
ee 6%

g

3810

16768

RT (min) Area (mAU¥s) Area (%)
14.069 3102.62329 46.6543
15.768 3521.86597 52.9585
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Si(Me)tBu

a

///\/V 'S _ NTPASmOR
o Cyclohexane, 60°C
NO.

2

65b

=32

NTPA 5mol%

NO,

709, 62%
ee 11%

"6 s T 2

#
|

RT (min) Area (mAU*s) Area (%)
13.816 2988.41553 44.1951
15.509 3733.89331 52.2198

tBu(Me)zsiW/O

Si(Me)Bu o=bo
///\/VN\US” NTPA 10mol%
o \©\ Cyclohexane, RT

65b NO,

NO,

709, 52%

ee 11%

o] I

w] ||

] A,

! I

RT (min) Area (mAU%s) Area (%)
13.700 2804.99634 44.2895
15.320 3528.32983 55.7105
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Si(Me)ptBu

Bu(Me),Si
N
02 o-g-0
= s [Hg]-NTPA 5mol%
o \©\ Cyclohexane, 60°C
65b NO,
NO,
70g, 45%
ee 12% [Hg]-BINOL-NTPA
w] I
w |
I
0] | |
] Il |
RT (min) Area (mAU*s) Area (%)
13.818 3881.08154 44.0720
15.438 4925.15088 55.9280
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Bu(Me),Si

N_ NBS Br

/\/\/ °s e
=z g \@ CHCl3, RT
NO.

65b 2
70h,25%  NO,

" g
- T
. [
I
® ‘
w [ [
/
” (o
3
RT (min) Area (mAU*s) Area (%)
13.681 1767.35962 49.4570
15.684 1780.61707 49.8280
Bu(Me),Si
Si(Me),Bu |, NBS | O:Z:O
P N\S//O NTPA 5 mol% Br
~ d \©\ Toluene, -78°C
65b NO.
70h,25%  NO,
10% ee
i |
80 “ {
|
60 ‘ ‘
RT (min) Area (mAU*s) Area (%)
13.686 2467.43872 38.8549
15.663 3105.84692 48.9080
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6. pielikums
Appendix 6

Propargilsilanu ariléSanas reakcijas ar hipervalenta joda reagentiem vara
katalizétos apstaklos

Copper-catalyzed propargyl silane arylation with hypervalent iodine
reagents

Ridolfs Belaunieks, Maris Turks

Nepublicétie rezultati / Unpublished results



Propargilsilanu ariléSanas reakcijas ar hipervalenta joda reagentiem vara
katalizétos apstaklos

Propargilsilanu C-C ariléSanas reakcijam tika izveéletas vara katalizetas reakcijas ar
ariljodaniem (S1. shéma). Reakcijas maisljuma vara sals ar ariljodanu genere arilvara(III)
savienojumus, kas ir spécigi elektrofilie reagenti. Tie, reag€jot ar propargilsilanu 65, ierosina
sililgrupas 1,2-migraciju, atklajot alilkatjonu 77 reakcijai ar ieckSmolekularo nukleofilo grupu,
kas p&c iek§molekularas heterociklizacijas gener€ starpsavienojumu 78. Sekojosa reducgjosas
elimingésanas reakcija noved pie produkta 74 veidosanas.

ArplX
Si Cu(l)y Si
WXH - i X
65 Ar 74
ArglX + Cu(l)Y —— ArCu(lll)YX l ] -Cu(l)Y
Si Si
| XH ] X
CIIJY 77 Cl‘JY 78
Ar Ar

S1. shéma. Koncepts propargilsilanu C-C arilésanas reakcijam ar ariljodaniem vara
katalizetos apskaklos.

Koncepeta pieradiSanai ka modelreakcija tika izv€leta propargilsilanu 65a reakcija ar
jodanu 79 vara katalizetos apstaklos (S2. sh@ma). Optimizacijas rezultati apkopoti S1.
tabula/Table S1 (S7. Ipp).

S2. shéma. Propargilsilana 65a C-C arllesanas reakcija.

Optimizetajos apstaklos tika veikta arT propargilsilanu 65b reakcija ar ariljodanu 79 (S3.
shéma). Veiktaja reakcija novéroja produkta 70g veidoSanos nevis vélamo arilésanas produktu
74d.

; 79 Si 3 oTf
Si Cucl i i
N, = :
Ns By,Py * 1
EtOAc N :

65b 70g, 56%  -v-----mmosomooeeoes /

\\?

S3. shéma. Propargilsilana 65b C-C arilé$anas reakcijas méginajums.

ArileSanas reakcija tika parbaudits arT propargilsilans 48a, kas nesatur iekSmolekularo
nukleofilo grupu. Veicot reakciju ar jodanu 79, tika iegiits divu produktu maisijums, kas satur
arildienu 80 un indénu 81 attieciba 2:1 (S4. shéma). Optimizacijas rezultati apkopoti S2.
tabula/Table S2 (S8 Ipp).
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} oTf

79 i

SiiPrs [Cul SiiPry : i '
- _— SiiPry | :

///\/\/ By,Py %\/\/\ O 5 | \@ |
EtOAc Ph ‘

* : 79
!

48a 80, 35% 81,17%

S4. shéma. Propargilsilana 48a C-C ariléSanas reakcija.

Eksperimentalas procediiras

SiBuMe;  (E)-terc-Butildimetil(2-fenil-1-(tetrahidrofuran-2-il)vinil)silans (74a):
=

Apalkolbu ar magnétisko maisitaju, kas izkarséta zavskapi, izpas ar argonu. Kolba
o

iesver MesPhIOTf 79 (2.1 g, 4.41 mmol, 1.2 ekv.), CuCl (0.22 g, 0.21 mmol, 0.05
ekv.), 4-(terc-butildimetilsilil)heks-5--1-olu (65a) (0.89 g, 4.20 mmol, 1.0 ekv.).
Kolbas saturu degazg ar argonu pie Slenka Iinijas. Pievieno etilacetatu (50 mL) un 2,6-di-terc-
butilpiridinu (0.96 g, 5.03 mmol, 1.2 ekv.) un iegiito maisijumu silda 60°C 3h. Reakcijas
maisTjumu atdzes€ un pievieno piesatinatu Na;COs fidens Skidumu (30 mL) un DCM (30 mL).
Udens slani ekstrahg& ar DCM (2x15 mL). Organiskas fazes apvieno un mazga ar piesatinatu
Na>CO; tdens $kidumu (2x30 mL), piesatinatu NaCl Gdens skidumu (30 mL), zavé virs
NazSOq, filtré un ietvaicé pazeminata spiediena. Maisijumu attira hromatografiski uz silikagela
(DCM/Hex 10%—>20%). Produktu 74a iegiist ka baltu amorfu vielu (920 mg, n = 76%). 'H
KMR (500 MHz, CDCl3): 6 7.33 (t, 2H, J=7.4), 7.22 (t, 1H, J=7.4), 7.18 (d, 2H, J = 7.4),
6.86 (s, 1H), 4.69 (dd, 1H,J=9.8,6.9),3.92 (dt, |H,J=14.4,7.1),3.62 (dt, |H, J=14.4,7.2),
2.06 —1.97 (m, 1H), 1.97 — 1.85 (m, 2H), 1.67 (m, 1H), 0.96 (s, 9H), 0.18 (s, 3H), 0.17 (s, 3H).
Savienojuma dati sakrit ar literatiira noraditajiem.
SitBuMe;  2-(1-(terc-Butildimetilsilil)vinil)-1-((4-nitrofenil)sulfonil)pirolidins (70g):
Apalkolbu ar magng@tisko maisitaju, kas izkars€ta zavskapi, izpus ar argonu.
o‘\s;N Kolba iesver MesPhIOTf 79 (90 mg, 0.15 mmol, 1.2 ekv.), CuCl (1 mg, 6.3
Q © pmol, 0.05 ekv.), N-(4-(terc-butildimetilsilil)heks-5-in-1-il)-4-
O,N nitrobenzsulfonamida 65b (50 mg, 0.13 mmol, 1.0 ekv.). Kolbas saturu
degazé ar argonu pie Slenka Iinijas. Pievieno etilacetatu (5 mL) un 2,6-di-terc-butilpiridinu (29
mg, 1.5 mmol, 1.2 ekv.) un iegiito maistjumu silda 60°C 3h. Reakcijas maistjumu atdzes€ un
pievieno piesatinatu NaCOs tidens $kidumu (10 mL) un DCM (5 mL). Udens slani ekstrahg ar
DCM (2x5 mL). Organiskas fazes apvieno un mazga ar piesatinatu Na,CO; Gidens skidumu
(2x10 mL), piesatinatu NaCl @idens $kidumu (10 mL), zaveé virs NaxSOs, filtr€ un ietvaice
pazeminata spiediena. MaisTjumu attira hromatografiski uz silikagela (DCM/Hex 40%—50%).
Produktu 70g iegiist ka baltu amorfu vielu (51 mg, n = 56%). 'H KMR (500 MHz, CDCl3): 3
8.40 (d, 2H, J=8.9), 8.12 (d, 2H, J = 8.9), 6.65 (d, 1H, J=0.8), 4.26 (dd, 1H, J = 9.5, 7.4),
3.57 (dt, 2H, J=11.3, 6.7), 3.50 (ddd, 1H, J=11.3, 8.0, 2.3), 2.02 (ddtd, 1H, J = 14.1, 13.1,
6.7,2.2),1.85(ddq, 1H,J=13.1, 6.8, 2.3), 1.80 — 1.65 (m, 1H), 1.62 (dddd, 1H, J=12.7, 11.3,
9.3, 6.6), 1.36 — 1.26 (m, 1H), 0.94 (s, 9H), 0.31 (s, 3H), 0.28 (s, 3H). Savienojuma dati sakrit
ar literatlira noraditajiem.
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) terc-Butildimetil-((1£,3E)-1-fenilhepta-1,3-dien-2-
XB;M‘@\ O‘ SiBuMez i|)silana (80) un ferc-Butildimetil-(1-propil-1H-inden-2-
Ph il)silana (81) maisTjums.

Apalkolbu ar magnétisko maisitaju, kas izkarséta zavskapi,
izpts ar argonu. Kolba iesver MesPhIOTf 79 (690 mg, 1.41 mmol, 3.0 ekv.), CuCl (2 mg, 12.6
umol, 0.05 ekv.), hept-1-in-3-il-ferc-Butildimetilsilanu 48b (100 mg, 0.47 mmol, 1.0 ekv.).
Kolbas saturu degazé ar argonu pie Slenka linijas. Pievieno etilacetatu (5 mL) un 2,6-di-terc-
butilpiridinu (108 mg, 0.56 mmol, 1.2 ekv.) un iegiito maistjumu silda 60°C 3h. Reakcijas
maisijumu atdzesé un pievieno piesatinatu Na,COj3 idens $kidumu (15 mL) un DCM (5 mL).
Udens slani ekstraheé ar DCM (2x5 mL). Organiskas fazes apvieno un mazga ar piesatinatu
Na,COs tdens skidumu (2x15 mL), piesatinatu NaCl @dens Skidumu (15 mL), zavé virs
NaxSOq, filtre un ietvaic€ pazeminata spiediena. MaisTjumu attira hromatografiski uz silikagela
(Hex) Produktu 80 (35%) un 81 (17%) maisTjumu attieciba 2:1 iegtst ka iedzeltenu ellu (76
mg) Savienojuma 80 'K NMR (500 MHz, CDCls): 7.46 — 7.14 (m, 5H), 6.68 (s, 1H), 6.42 (d,
1H, J = 16.0), 5.68 (dt, 1H, J = 16.0, 6.3), 2.14 — 2.10 (m, 2H), 1.46 — 1.36 (m, 2H), 0.94 (s,
9H), 0.91 (t, 3H, J = 7.4), 0.21 (s, 6H). Savienojuma 80 'H KMR (500 MHz, CDCl3): § 7.42
(d, 1H,J=17.2),7.35(d, 1H, J=17.2), 7.25-7.14 (m, 2H), 7.10 (s, 1H), 3.70 (br s, 1H), 2.24—
1.96 (m, 1H), 1.92 — 1.66 (m, 1H), 1.32-1.10 (m, 2H), 0.94 (br s, 10H), 0.88 — 0.72 (m, 4H),
0.24 (s, 3H), 0.19 (s, 3H). Savienojuma dati sakrit ar literatiira noraditajiem.
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Copper-catalyzed propargyl silane arylation with hypervalent iodine reagents

Copper catalysis was chosen for the propargyl silane C-C arylation reaction with aryl iodane
reagent. In the reaction mixture, the copper salt and aryl iodane generate aryl copper (III)
species, which are strong electrophilic reagents. The latter reaction with propargyl silane 65
induces 1,2-silyl migration, generating allylic cation 77, which heterocyclizes into intermediate
7.. Product 74 was then obtained by reductive elimination (Scheme S1).

ArplX
Si Cu(l)y Si
WXH - i X
65 Ar 74
ArglX + Cu(l)Y —— ArCu(lll)YX l T -Cu(l)Y
Si Si
I XH i X
Clin 77 CITIY 78
Ar Ar

Scheme S1. Proposed reaction concept of copper-catalyzed propargyl silane C-C arylation
with aryl iodane reagents

The reaction of propargyl silane 65a with iodane (79) using a copper catalyst was chosen
as a model reaction for the proof of concept (Scheme S2). The optimized reaction conditions
were compiled in a Table S1 (p. S7).

) OTf 3
Si CuX
/\A/o
P Conditions
65a GGa ‘

Scheme S2. C-C arylation of propargyl sﬂane 65a.

Propargyl silane 65b was used in the reaction with aryl iodane 79 under optimized
conditions (Scheme S3). The reaction yielded product 70g instead of the desired arylation
product, 74h.

) 79 OTf
Si H CuCl
N. =
Ns By, Py * )\O
EtOAC

65b 709,56%  "TTTTTTTTToTToToooooo ’

\}

Scheme S3. C-C arylation attempt of propargyl silane 65b.

For the arylation reaction, propargyl silane 48b, which has no internal nucleophile, was
subjected to optimized arylation conditions. In the reaction with iodane 79, a mixture of
arylidene 80 and indene 81 was obtained in 2:1 ratio (Scheme 4). Optimization of the reaction
conditions are compiled in Table S2 (p. S8).
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Scheme 4. C-C arylation reaction of propargyl silane 48b

Experimental procedures

SitBuMe;  (E)-tert-Butyldimethyl(2-phenyl-1-(tetrahydrofuran-2-yl)vinyl)silane (74a):
Z An oven-dried round-bottom flask equipped with a magnetic stirrer was charged
° with Ar. MesPhIOTf 79 (2.1 g, 4.41 mmol, 1.2 eq.), CuCl (0.22 g, 0.21 mmol,
0.05 eq.), 4-(tert-butyldimethylsilyl)hex-5-yn-1-o0l (65a) (0.89 g, 4.20 mmol, 1.0
ekv.) was added. The flask was then evacuated and charged with argon using a Schlenk line.
Ethyl acetate (50 mL) and 2,6-di-tert-butylpyridine (0.96 g, 5.03 mmol, 1.2 eq.) were added,
and the reaction mixture was heated at 60°C for 3h. The reaction mixture was cooled to room
temperature and saturated Na>xCOj3 aqueous solution (30 mL) and DCM (30 mL) were added.
The aqueous layer was extracted with DCM (2 x 15 mL). The organic layers were combined
and washed with saturated Na,CO3 aqueous solution (2 x 30 mL) and saturated NaCl aqueous
solution (30 mL), dried over Na>SQg, filtered, and concentrated in vacuo. The crude material
was purified by column chromatography on silica gel (DCM/Hex 10%—20%). Product 74a
was obtained as a white amorphous solid (920 mg, 1 = 76%). '"H NMR (500 MHz, CDCls): &
733 (t,2H,J=174),7.22 (t, 1H,J="7.4),7.18 (d, 2H, J = 7.4), 6.86 (s, 1H), 4.69 (dd, 1H, J =
9.8,6.9),3.92 (dt, 1H,J=14.4,7.1),3.62 (dt, 1H, J=14.4, 7.2), 2.06 — 1.97 (m, 1H), 1.97 —
1.85 (m, 2H), 1.67 (m, 1H), 0.96 (s, 9H), 0.18 (s, 3H), 0.17 (s, 3H). Spectral data matches those
in the literature

SiBuMe;  2-(1-(tert-Butyldimethylsilyl)vinyl)-1-((4-nitrophenyl)sulfonyl)pyrrolidine

(70g):
4 An oven-dried round-bottom flask equipped with a magnetic stirrer was
Q © charged with Ar. MesPhIOTf 79 (90 mg, 0.15 mmol, 1.2 q.), CuCI (1 mg, 6.3
O,N pumol, 0.05 q.), N-(4-(tert-butyldimethylsilyl)hex-5-yn-1-yl)-4-nitrobenzene
sulfonamide 65b (50 mg, 0.13 mmol, 1.0 eq.) was added. The flask was then evacuated and

O, N

charged with argon using a Schlenk line. Ethyl acetate (5 mL) and 2,6-di-fert-butylpyridine (29
mg, 1.5 mmol, 1.2 eq.) were added, and the reaction mixture was heated at 60°C for 3h. The
reaction mixture was cooled to room temperature and saturated Na,COj3 aqueous solution (10
mL) and DCM (5 mL). The aqueous layer was extracted with DCM (2 x 5 mL). The organic
layers were combined and washed with saturated Na;COj3 aqueous solution (2 X 10 mL) and
saturated NaCl aqueous solution (10 mL), dried over Na;SOs, filtered, and concentrated in
vacuo. The crude material was purified by column chromatography on silica gel (DCM/Hex
40%—>50%). Product 70g was obtained as a white amorphous solid (51 mg, n = 56%). 'H NMR
(500 MHz, CDCls): 6 8.40 (d, 2H, J=8.9), 8.12 (d, 2H, J=8.9), 6.65 (d, 1H, J=0.8), 4.26 (dd,
1H,J=9.5,7.4),3.57 (dt,2H, J=11.3, 6.7), 3.50 (ddd, 1H, J=11.3, 8.0, 2.3), 2.02 (ddtd, 1H,
J=14.1,13.1,6.7,2.2), 1.85 (ddq, 1H, J=13.1, 6.8, 2.3), 1.80 — 1.65 (m, 1H), 1.62 (dddd, 1H,
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J=12.7,11.3,9.3, 6.6), 1.36 — 1.26 (m, 1H), 0.94 (s, 9H), 0.31 (s, 3H), 0.28 (s, 3H). Spectral
data matches those in the literature
) A mixture of fert-butyldimethyl-((1£,3E)-1-phenylhepta-
;% O‘ SiBuMez 1 3_dien-2-yl)silane (80) and tert-butyldimethyl-(1-propyl-
y ,
Ph 1H-inden-2-yl)silane (81).
An oven-dried round-bottom flask equipped with a
magnetic stirrer was charged with Ar. MesPhIOTf 79 (690 mg, 1.41 mmol, 3.0 eq.), CuCl (2
mg, 12.6 umol, 0.05 eq.), hept-1-yn-3-yl-tert-butyldimethylsilane 43b (100 mg, 0.47 mmol, 1.0
ekv.) was added. The flask was then evacuated and charged with argon using a Schlenk line.
Ethyl acetate (5 mL) and 2,6-di-tert-butylpyridine (108 mg, 0.56 mmol, 1.2 ekv.) were added,
and the reaction mixture was heated at 60°C for 3h. The reaction mixture was cooled to room
temperature and saturated Na>CO3 aqueous solution (15 mL) and DCM (5 mL). The aqueous
layer was extracted with DCM (2 x 5 mL). The organic layers were combined and washed with
saturated Na,COs aqueous solution (2 x 15 mL) and saturated NaCl aqueous solution (15 mL),
dried over NaxSOs, filtered, and concentrated in vacuo. The crude material was purified by
column chromatography on silica gel (Hex) Mixture of products 80 un 81 in the ratio of 2:1
was obtained as a yellowish oil (76 mg, M = 52%). Compound 80 '"H NMR (500 MHz, CDCl5):
7.46 — 7.14 (m, 5H), 6.68 (s, 1H), 6.42 (d, 1H, J = 16.0), 5.68 (dt, 1H, J = 16.0, 6.3), 2.14 —
2.10 (m, 2H), 1.46 — 1.36 (m, 2H), 0.94 (s, 9H), 0.91 (t, 3H, J=7.4), 0.21 (s, 6H). Compound
80 'H NMR (500 MHz, CDCl3): & 7.42 (d, 1H, J = 7.2), 7.35 (d, 1H, J= 7.2), 7.25-7.14 (m,
2H), 7.10 (s, 1H), 3.70 (br s, 1H), 2.24-1.96 (m, 1H), 1.92 — 1.66 (m, 1H), 1.32-1.10 (m, 2H),
0.94 (brs, 10H), 0.88 — 0.72 (m, 4H), 0.24 (s, 3H), 0.19 (s, 3H). Spectral data matches those in
the literature.
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S1. tabula
Table S1.

Vara kataliz&tas propargilsilana 65a ariléSanas izp&te ar ariljodanu 79

Copper-catalyzed arylation of propargyl silane 65a with aryl iodane 79

Si
/\/\/OH
=

65

OTf
CuX
Apstak]i
GGa ‘

Nr. CuX Solvent | T, °C | Additive | 74a, % (NMR) 66a, % (NMR)
1 EtOAc 20 - 0 69
2 EtOAc 20 0 0
3 EtOAc 60 82 (76 isolated) 0
4 THF 60 56 0
5 CHCI3 60 BuxPy 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 BuPy 0 0
12 | CuOTfPhH | EtOAc 60 84 0
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S2. tabula
Table S2.

Vara katalizgtas propargilsilana 48a ariléSanas izp&te ar ariljodaniem
Copper-catalyzed arylation of propargyl silane 65a with aryl iodanes
SitBuMe, lo[(éi?e SitBuMe,
///\/v e Ff\/\/\ ‘ SitBuMe,
48a 60°C 80 81
Solvent | T,°C | Iodane (3 eq) [Cu] Base | Additive| SMdga 9 |D.one|indene
80, % | 81, %
1 EtOAc CuCl (0.2 ekv) - 0 60 40
2 DCE - 90 0 5
3 MeNO2 - 69 0 0
4 Tol - 78 17 5
5 DMF - 54 0 0
6 MeCN - 91 0 0
7 Dioxane 60 MesPhIOTE 2,6-1BusPy - 76 10 4
8 MEK CuCl (0.2 ekv) - 100 0 0
9 PhCl - 0 15 10
10 Py - 0 20 13
11 Cs2CO3 94 0 0
12 NaOAc 44 56 35
13| FtOAc PPh; 91 0 2
14 1,6-Lutidine - 95 0 0

S8




S2. Tabulas turpinajums
Table S2, continued

o .. Diene | Indene
Solvent | T,°C | lodane (3 eq) [Cu] Base Additive | SM 48a, % 80, % | 81, %
15 TMEDA - 69 3 0
16 Et:N - 61 2 0
17 60 Proton i 61 5 0
sponge
18 DBU - 98 0 0
19 90 PPhs 0 40 26
20 XPhos 0 43 22
21 MesPhIOTf Cu(OTf) - 63 12 8
22 EtOAc CuOTf*PhH - 42 32 15
23 Cul - 82 0 0
24 CuCN 2 6-4BUsP - 71 0 0
: ,6-1Buy
25 60 Cu thiophene-2- y i 100 0 0
carboxylate
26 Cu, Cu(OTf) - 0 13 6
27 CuBF4(MeCN)4 - 0 60 35
28 PhyIBF4 CuCl (0.2 ekv) - 98 0 0
29 MesPhIOTs - 97 0 0
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