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LIETOTIE SAISINAJUMI

Ac acetil-

Ar aril-

B: baze

Boc t-butiloksikarbonil-

Bu butil-

Bz benzoil-

Cbz benziloksikarbonil-

DBU 1,8-diazabiciklo(5.4.0)undec-7-&ns
DCE 1,2-dihloretans

DCM dihlormetans

DIAD diizopropilazodikarboksilats
DMAP N,N-Dimethylpyridin-4-amine
DMF N,N-dimetilformamids

ECAC etil-2-(3,4-dihlorfenil)diazén- 1-karboksilats
Et etil-

Hal haloggns

HFIP 1,1,1,3,3,3-heksafluorpropan-2-ols
KMR kodolu magnétiska rezonanse

Me metil-

Mes mezitil-

Ms metilsulfonil-

NBS N-bromsukcinimids

NCS N-hlorsukcinimids

NIS N-jodsukcinimids

PCC piridinija hlorhromats

Ph fenil-

Pr propil-

Py piridins

Ns p-nitrobenzolsulfonil-, nozil-

Su sukcinimids

TEMPO (2,2,6,6-tetrametilpiperidin-1-il)oksil
TFE 2,2,2-trifluoretan-1-ols

Tf trifluormetansulfonil-

THF oksolans

Ts 4-metilbenzolsulfonil-

XPhos dicikloheksil[2',4",6"-tris(propan-2-il)[ 1,1'-bifenil]-2-il]fosfans



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

Alkeni ir izplatita karbofunkcionalo savienojumu klase — tie ka struktiirelementi ir plasi
sastopami gan dabasvielas, gan sintétiskajos savienojumos.''™ Alkéni kalpo ka prekursori
neskaitimam organiskajam parvertibam, kas lauj iegiit plasu vértigu produktu spektru.™ 3! Alkénu
geometrija un to aizvietotaji tieSi ietekm@ produktu ipasibas, kas ir nozimigs faktors gan
bioaktivos savienojumos, gan poliméros, gan asimetriskas katalizes substratos.!® Neskatoties uz
to, tris- un &etraizvietotu olefinu stereoselektiva iegliSana pat 21. gadsimta medz biit izaicinosa.[”)
(E/Z)-selektivitati biezi nosaka relativais aizvietotaju izmérs.®! (E)-izoméru tipiski iegist ka
termodinamisko produktu, tacu energétiski neizdevigako (Z)-alkénu sintéze ir problematiskaka.
Turklat daudzu klasisko alkénu sintézes metozu, pieméram, Vitiga (Wittig) reakcijas, Zilid-
Kocinska (Julia-Kocienski) olefing€Sanas u. c., piem&rotiba stereoselektivai tris- un Cetraizvietotu
alkénu sintézei ir ierobezota.®°! Tas motivé alternativu olefinu sintézes, pieméram, olefinu
metatézes!'*1? stratégiju attistibu (1. shéma). Augsti funkcionalizétu alkénu sintézei izmanto art
parvertibu rindas, kas apvieno alkinu hidrometalé$anu, karbometalésanu vai halogénboré$anu ar
Skérssametinasanas reakcijam,!>1®) ka arT parejas metalu katalizétu alkinu hidroalkilesanu.®
Diemzgl $1s metodes bieZi vien nav pietiekami stereoselektivas.[! Tapat aktuals mérkis ir ari

masas efektivitates paaugstinaSana tris- un &etraizvietotu olefinu sintéze.!'”)

A) Olefinu metatéze

1 2 Hoveidas-
Re-R rMe/H Grabsa kat. RLR? MeH__H
+ | - nﬂ/ + I + paSsametinaSanas
Me/H R “R* R3 R4 H” "H/Me blakusprodukti
1 2 3a 3b
B) Alkinu 1,2-difunkcionalizéSana
2
R Y—M + R®-Hal (P Y. }?3 i Y )
+ —M + R°-Hal —— vai ~
R‘]é \?%\RZ \?¢ R3
4 R’ 5a R! 5b
C) Alkinu hidroalkilé$ana
H M= Al, B, Cu, Zn, Zru.c.
R? [Cu}-H a ) Y =H, C, Hal, Mu.c
- Alkil—OTs ———  Alkil L
@AKot PR R?=An B, vinik gl uc
4 R 6

1. shéma. Misdienigas stratégijas stereoselektivai augsti funkcionalizétu olefinu sintézei.

Darba autores un kolégu zinatniskaja grupa nesen tika demonstréta jauna pieeja

stereoselektivai  trisaizvietotu olefinu 9 sintézei, izmantojot propargilsilanu 7 1,3-



18,191 §7 pieeja tika balstita propargilsistémas aktivé$ana ar argjiem

difunkcionalizaciju (2. shéma).!
elektrofiliem (Hal’, RSe"), kam sekoja sililgrupas 1,2-migracija.l'” Daudzos gadijumos -
sililkarbénija jona ka iesp&ama starpsavienojuma veidoSanos veicina nevertikala stabilizacija
(Int-2), kas sekmg sililgrupas migraciju un izraisa stabilaka alilkatjona veidosanos.?%2! Sie B-
silicija stabilizétie alilkatjoni 8b talak kalpoja ka buvbloki trisaizvietotu alkéna fragmentu
ievadiSanai molekula 9 ar augstu stereoselektivitati.!'”!

d) Alkinu 1,3-difunkcionalizésana Karbénija jonu stabilizé$ana ar B-siliciju:

Si E*/H-X ,S\i 8a Nevertikala Si @ C
U == |3 &t |1 stabilizacia Blyﬁﬂ;
% R (vai E-X) R X i (silonija jons) A D Int-1
3 7 E |
siliigrupas f Si sililgrupas
Org. Lett. 2023, 25, 4627. 1,2-nobide | : B, G 1,2-nobide
i ! ~A D
si Si gp| | M2
2 2 1 i
3|/L1/R -— 3|//A\1/R - | o ,6:)___ !
| + X : Vertikala 7 NC
E X 9 LE I stabilizacija A D Int-3

E = Br, I, PhSe; X = OMe, OH, OAc, Cl u.c. (hiperkonjugacija)

2. sh@ma. Alkinu difunkcionaliz$ana ar sililgrupas 1,2-migraciju.

Lai gan sintétiskas metodes, kas ietver sililgrupas 1,2-nobidi, ir pazistamas jau kop$
20. gadsimta 80. gadiem, pieméri to lietojumam stereodefinétu alkénu, kas satur tris vai vairak
aizvietotajus, sint€z€ joprojam ir ierobezoti. Silicija pargrup&Sanas koncepcija heterociklisko
struktliru sint€zei ar ir salidzino$i maz pétita.* 2!l Heterociklu nozimiba organiskaja kimija ir
nenoliedzama. Statistika rada, ka lielaka dala moderno zalvielu un agrokimijas vielu satur vismaz
vienu heterociklisku struktiirfragmentu.'?”) Pieméram, 2019. gada vismaz pusi no jaunajam ASV
Partikas un zalu parvaldes (FDA) apstiprinatajam zalvielam veidoja heterociklu
atvasinajumi.”»2?# Tas veicina interesi par jaunu un efektivu sintétisko strategiju izstradi
funkcionalizétu heterocikisko struktiiru sintézei, arvien vairak paplasinot ieglistamo sintétisko
atvasindjumu daudzveidibu.?> 26!

Nemot veéra to, ka silicija pargrupéSanas propargilsilanos ir relativi maz izpétita téma
organiskaja kimija,’?> 2! ka ari nepiecieSamibu p&c jaunu metozu izstrades stereodefinétu augsti
funkcionalizétu olefinu un mazmolekularo heterociklu sintézei, tika nolemts attistit talak
propargilsilanu  1,3-difunkcionalizacijas konceptu heterociklisku struktfiru, kas satur

stereodefinétu olefinu sanu virkni, sintézei (3. shema).



Si
D
E 23 =
Z N7 R
ar 1,1-difunkcio-

E
nallzesanu 22
14: E = H, Hal, PhSe; bez nukleofila

15:E = Ar
ar 1,3-difunkcionalizéSanu
lekSmolekulara

|Sf Fridela-Kraftsa Si
Y E* aktivésana tipa reakcija -
/ R _tpareakcia \I)\/\
Y un silgrupas 16:X=0 E X
10: R = (CH,);XH: 1,2-nobide Ritora 17: X = N-PG
itera tipa
11: R = (CH,),XAr, l reakcij’;
12: R = alkil, CH,Ar, Ar
Si
E HN X
|
18:x=0; % 20 R R
19: X = NR"

3. shéma. Vispargjais koncepts heterociklu un augsti funkcionalizétu C=C saiti saturoSu

savienojumu sint€zei no propargilsilaniem 10-12.

Petijuma merkis un uzdevumi

Promocijas darba mérkis ir izstradat jaunu organiskas sintézes metodologiju piesatinatu un
dalg&ji piesatinatu heterociklu, kas sanu kédé satur stereokimiski definétu augsti funkcionaliz&tu
dubultsaiti, ieguvei. To planots panakt, ar elektrofiliem aktivéjot propargilsilanus, kas sililgrupas
1,2-nobides rezultata dod alilkatjonu vai ta ekvivalentu. Tam seko ieksgja O-, N-, S- vai C-
nukleofila uzbrukums, ka rezultata tiek iegiiti cikliski produkti. Papildus tiks apskatits
propargilsilanu lietojums Ritera tipa reakcijas apstaklos, kur ka primarais nukleofils ar B-silicija
stabilizétu karbkatjonu reagg nitrils, bet iegiitais nitrilija jons tiek dzests ar iek$€jiem un argjiem

nukleofiliem, lai ieglitu stereokimiski definétus, alilamina fragmentu saturo$us produktus.

Darba mérka TstenoSanai defingti vairaki uzdevumi.

1) Izpétit literatiira zinamas metodes piesatinatu heterociklu ieguvei iekSmolekularas
ciklizacijas cela, identificgjot lidzsin€jo metozu prieksrocibas un trikumus, un apkopot
tas apskatraksta veida.

2) Piedalities kopprojekta par metodes izstradi piecloceklu heterociklu 14 —
tetrahidrofuranu (X = O), pirolidinu (X = N-PG) un tiolanu (X = S) — sint€zei no

8



propargilsilaniem 10, kas ietver elektrofilu inducétu sililgrupas 1,2-nobidi
reagetspejigu, pB-silicija stabilizétu alilkatjonu 13b veido$anai ar sekojoSu cikla
saslégsanu, veidojot C-Het saiti iek§molekulara O-, N-, vai S-nukleofila uzbrukuma
rezultata.

3) Piedaltties kopprojekta par propargilsilanu heterociklizacijas metodes pielagosanu
Fridela-Kraftsa (Friedel-Crafts) tipa reakcijai, kur B-silicija stabilizets alilkatjons 13b
ickSmolekulari reagé ar arilsistémam (C-nukleofils), veidojot bicikliskus dalgji
piesatinatus heterociklus 17. Veikt iegiito tetrahidrohinolinu 17 (X =N-PG) un to
skabekla analogu 16 (X = 0) talakas modifikacijas, kas demonstrétu iegiito produktu
sintetisko lietojumu.

4) Piedalities kopprojekta par diaril-A’5jodanu ka formalu C-elektrofilu izmanto$anu
propargilsilanu 10 un 12 aktivéSanai vara katalizes apstaklos arilétu heterociklisko
produktu 15 un 23, ka arf arilétu silidiénu 22 sintézei.

5) Petit sililgrupas 1,2-nobides izraisiSanu propargilsilanos 10-12 Ritera (Ritter) tipa
reakcijas apstaklos dazadu aciklisko 18-19 (X = O, N-PG) un ciklisko 20-21 produktu

sint€zei, kas satur augsti funkcionalizétu C=C saiti.

Zinatniska novitate un galvenie rezultati

Veikto pétijumu rezultatda ir izstradata sintStiska metodologija piesatinatu un dalgji
piesatinatu heterociklu sintézei no propargilsilaniem, ievadot sistéma augsti funkcionaliz&tu
alkénu sanu virkni. Sis parvértibas pamata ir p-silicija stabilizétu alilkatjonu generé$ana caur
sililgrupas 1,2-nobidi, ko izraisa propargilsilanu triskar§as saites aktivéSana ar specigiem
elektrofiliem. In situ genergtos alilkatjonus dz&Sot ar iek$gjiem nukleofiliem, tika iegfita virkne
heterociklisku strukttiru — tetrahidrofurani, pirolidini, tiolani, tetrahidrohinolini u. c.

Lai Tstenotu tetrahidrofuranu, pirolidinu un tiolanu sint€zi, no komerciali pieejama heks-5-
n-1-ola tika ieguti iek§molekularu O-, N-, un S-nukleofilu saturosi propargilsilani. legtitas iek$&jo
nukleofilu saturosas izejvielas talak tika aktivétas spécigu elektrofilu (H*, Hal*, RSe") klatbutng,
izraisot sililgrupas 1,2-nobides — heterociklizacijas parvértibu virkni, kura cikla saslégSana,
veidojot C-Het saiti, notiek, iekSmolekularam nukleofilam uzbrikot [-silicija stabiliz€tam
alilkatjonam. Ieglitie produkti satur vienus no izplatitakajiem heterocikliskajiem
struktiirelementiem (tatrahidrofurana, pirolidina vai tiolana cikls) zalvielas, ka arT augsti
funkcionaliz&tus alkénu struktiirfragmentus ar izcilu (E£)-selektivitati.

Biciklisku, dalgji piesatinatu heterociklu — tetrahidrohinolinu — sint€zei propargilsilanu
heterociklizacijas koncepts tika pielagots iekSmolekularai Fridela-Kraftsa tipa reakcijai, kur

sililgrupas 1,2-nobides rezultata raditais alilkatjons tiek iekSmolekulari dzests ar elektroniem



bagatu arilsisttmu, kas S$aja reakcija kalpo ka C-nukleofils. Lai nodroSinatu So parvertibu,
propargilsilana struktiira caur slapekla tiltinu tika ievadita arilgrupa. Funkcionalizéti arilamida
atvasindjumi tika iegiti no komerciala pent-4-in-1-ola. Iegiito biciklisko heterociklu sanu kede
tika ievaditi augsti funkcionalizgtu alkénu fragmenti ar (Z)-selektivitati.

Diaril-A*-jodanu ka formalu C-elektrofila avotu izmantoSana vara katalizes apstaklos tika
attistita propargilsilanu ariléSanas-heterociklizacijas reakciju virknei, kura tika iegiiti sanu kede
ariléti tetrahidrofurana, pirolidina un tetrahidropiridina atvasinajumi. ST metode sniedz efektivu
pieeju ar stirilgrupu funkcionalizétu heterociklu iegiiSanai, saisinot kopg€jo sintétisko solu skaitu,
salidzinot ar iepriek$ zinamajam pieejam.

Ar elektrofiliem aktivEjot propargilsilanus Ritera tipa reakcijas apstaklos, tika iegdti
dihidroizohinolina un tetrahidropirimidina atvasinajumi, ka ar1 acikliski produkti — amidini un
alilamidi, kas satur augsti funkcionalizétu C=C saiti. No entropijas viedokla propargilsilanu
parvértibas Ritera tipa apstaklos ir Tpasi komplicétas — daudzkomponentu reakcija tika panakta
seciga Cetru jaunu kovalento saiSu veidoSanas viena stadija, kas tika izmantotas dazadu

komplic&tu struktiiru iegiiSanai no vienkar$am izejvielam.

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju kopa, kas veltita
petijumiem par propargilsilanu izmantoSanu mazmolekularo heterociklu, kas satur augsti
funkcionaliz&tu olefinu sanu virkni, sintézei, izmantojot sililgrupas 1,2-nobidi (-silicija stabilizétu
alilkatjonu starpsavienojumu generéSanai. Sis darbs ietver vienu apskatrakstu un trs
originalpublikacijas SCI zurnalos, vienu sagatavoSana eso$o manuskriptu, ka arT nepublicétos

rezultatus.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati publicéti trs zinatniskajos originalrakstos. Promocijas
darba izstrades laikd sagatavots viens apskatraksts. Par pétijumu rezultatiem zinots
20 zinatniskajas konferencgs.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Propargilsilanu heterociklizacijas koncepts balstas p-silicija stabilizétu karbkatjonu
generéSana, specigam elektrofilam (E") pievienojoties triskar$ajai saitei. Sakotngji generétais
vinilkatjons 13a 1,2-sililmigracijas rezultata pargrupgjas par stabilako alilkatjonu 13b, kuru
dzesot ar iek3gjiem nukleofiliem (heteroatomiem vai C(sp®)) rodas cikliskas struktiiras ar

funkcionaliz&tu alkénu sanu k&di (4. shéma).

= (CHy) 3XH Ké\/j
E*=H", Hal*, RSe*, Ar-Cu(lll) ;

4: E = H, Hal, PhSe;

s/ si sitciat2 g 15:E=Ar st
| E* nobide R YW/A\
~ —_— Y — = -~ =
Y ) \f/ i E qap | (CHXAT g /\x
13b EON
10: R = (CH,);XH; R
11: R = (CH),XAr: RCN | HoX R
12: R = alkil-, CH,Ar, Ar ’
Si
v Y _R Y%
=
M
N R' R=(CH,),0Ms E NYX
L 18:X=0; X 21 R

1 19: X =NR"

4. shéma. Galvenie pétijuma virzieni heterociklu sint€zei no propargilsilaniem 10-12.

Saja promocijas darba tiek apskatita:

a) piecloceklu heterociklu 14 sintéze, ar elektrofiliem ierosinot silicija 1,2-nobides-
heterociklizacijas reakciju kaskadi propargilsilanos, kas funkcionalizeti ar iek§gjiem O-, N- vai S-
nukleofiliem,;

b) iekSmolekulara Fridela-Kraftsa tipa reakcija tetrahidrohinolinu 17 (X = N-PG) sintézei,
ka ar1 to talakas sintStiskas modifikacijas, apskatot ar1 to struktiiranalogu 16 (X =0)
modific€Sanas iespgjas;

c) vara kataliz&tas arileSanas-heterociklizesanas reakcijas, izmantojot diaril-A’-jodanus ka
formalus Ar" sintonus (E* = Ar-Cu(1I));

d) Ritera tipa reakcijas funkcionalizétu alilaminu 18 (X =0), amidinu 19 (X=NR"),
dihidroizohinolinu 20 un tetrahidropirimidinu 21 (X = N-PG) sintézei.
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1.1. Propargilsilanu heterociklizacija, iek§€jam O-/N-/S-nukleofilam reagejot ar B-silicija

stabilizétu alilkatjonu

Si
?i (‘k\
=~ 0
XH
= . |
A E X

X=0,N,S

Iepriek$gjos pétijumos tika demonstréts, ka elektrofilu (Brensteda skabes vai Hal®)
aktivacijas apstaklos propargilsilani var darboties ka reagetspéjigi alilkatjona sintoni, kurus var
izmantot silildienu vai indénu,™® 1,3-funkcionalizétu olefinu,!'”! sulfolenu®” un citu vértigu
produktu sint&z&.?*) S darba mérkis bija paplasinat propargilsilanu lietojuma konceptu, pielagojot
to mazmolekularo heterociklu sintézei. Sim nolikam autore kopa ar Riidolfu Belaunieku un
Artjomu Ubaidullajevu izstradaja metodologiju dazadu piecloceklu heterociklu sintézei, kur
heterociklizacija tika panakta, iekSmolekulari dz&Sot no propargilsilaniem generétos B-silicija
stabilizétos alilkatjonus ar nukleofiliem heteroatomiem (O, N, ). Iegitie rezultati tika dalgji
apspriesti R. Belaunieka promocijas darba.l*"!

Par stratégisko izejvielu tetrahidrofuranu sintézei tika izvelets 4-(ferc-butildimetilsilil)heks-
5-in-1-ols 10a, kas tika iegiits no O-sililéta komerciala heks-5-in-1-ola péc Vanga (Wang)
aprakstitas retro-Brilka (Brook) pargrupélanas procediras.®!! Talaka propargilsilana 10a

aktivesana ar Brensteda skabeém (HNTf; vai TfOH) deva heterociklizacijas produktu 14a.

SiMe,t-Bu SiMe,t-Bu
| HNTf,

D CDCly, T°C, 1h ‘3
OH 5 4 G, 1h) 0
198 Ph,CH, ka ieksgjais 142
standarts

5. shéma. Apstaklu optimizacija Brensteda skabes kataliz&tai propargilsilana 10a

heterociklizacijai.

Galvenie secinajumi no reakcijas apstdklu optimizacijas Brensteda skabes katalizgtai
parvertibai 10a—14a bija $adi: 1) optimala reakcijas temperatiira bija 0-20 °C; 2) optimalais

skabes katalizatora daudzums bija 10-20 mol%; 3) skidinataju izveli noteica to nivel&josais
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efekts, kur aprotiskajos $kidinatajos CDCl; un CD.Cl, tika iegiiti augstakie iznakumi (14a, 70 %
KMR, bet benzola-ds un CD3;NO, iznakumi bija zemaki (attiecigi 65 % un 50 % 14a);
4) optimalajos reakcijas apstaklos (0,2 ekv. H", CDCl;, 0 °C, 1 h) HNTf, un TfOH deva lidzigi
labus iznakumus (70 % KMR), savukart ar konc. H>SO4 reakcija nenotika. Detalizéta skabes
katalizatora daudzuma (HNTf,, ekv.) un temperatiiras ietekme uz tetrahidrofurana 14a sintgzes
iznakumu grafiski att€lota 5. shema.

Citi skabekla nukleofilu saturosi propargilsilani 10b-f tika iegiiti, modificgjot spirtu 10a un
ta C5-k&di saturo$o analogu 10e, ka tas redzams 6. sh&éma. Spirts 10e tika pagatavots péc

analogiskas procediras C6-kédi saturoSajam spirtam 10a, izmantojot komerciali pieejamo pent-4-

n-1-olu.?!
)%/ (19-45 ekv.)
NaClO, (9-16 ekv.), SiMe,t-Bu
NaH,PO, (9-12 ekv.) OH
=
n=o ‘ £-BUOH/H,0 (1:1), o
A) PCC (1,5-3,0 ekv.), 20°C,16h 10b, 72-99%
SiMe,t-Bu DCM, 20°C,3h SiMe,t-Bu
vai
// n OH // h ~o
102 1 = 2- B) TEMPO (0,1 ekv.),

10en=1 Fe(NOs)s9H,0 (0,1 ekv,), 10d: n =2 (55% Rl 63%0%]);
KCI (0,1 ekv.), DCE, 20 °C, 10f:n =1 (96%!)

[a] - Reakcijas apstakli A; NH,OH-HCI (4 ekv.), SiMe,t-Bu
[b] - Reakcijas apstakli !3; . n=1 KOH (8 ekv.) . ,OH
[c] - NaOAc (0,3 ekv.) ka piedeva. & N
MeOH, 20 °C, 2h
10c, 87%

6. shéma. Ieksgjo skabekla nukleofilu saturoSu propargilsilanu 10b-f iegfisana.

Optimizetajos apstaklos tika veikta ieks&jo skabekla nukleofilu saturo$u propargilsilanu
10a-d cikliz€Sana (7.sh&ma). Sililgrupas 1,2-nobides induc€Sanai izmantojot elektrofilos
halogenésanas reagentus (TsNBr,, NBS, NIS) vai elektrofilo seléna ievadiSanas reagentu PhSeCl,
tika iegiiti heterocikli ar trisaizvietotu alkénu sanu virkn€. No spirta 10a iegiito tetrahidrofuranu
14a-d iznakumi bija 50-70 % robezas, savukart karbonskabe 10b cikliz&jas par laktona
atvasindjumiem 14e-h ar iznakumiem 47-73 % robezas. Oksims 10c deva 4,5-dihidroizoksazola
atvasindjumus 14i-j (29-32 % iznakumi), savukart aldehids 10d, ciklizgjoties ar NBS tidens

klatbiitng, deva hemiacetalu 14k (30 % iznakums).
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SiMe,t-Bu

tBuMeS) 10a: R = CH,0H, n = 2
10b: R=COOH,n=2; E* avots
. = — - = -
% K 1 R i O =T yidinatajs, 0-20 °C

No spirta 10a (R = CH,OH, n = 2):

t-BuMe,Si t-BuMe,Si t-BuMe,Si t-BuMe,Si
= = = =
H O Br O I o PhSe O
14a, 64% 14b, 70% (E/Z > 95:5)  14c, 59% (E/Z>955)  14d, 50% (E/Z > 85:5)
= HNTf, (20 mol%) E* = TsNBr, (1,2 ekv.) E*=NIS (1,2 ekv.) E* = PhSeCl (1,1 ekv.)
CHCl3,20°C,30 min  CHCl, 20 °C, 5 min CHCI;, 20 °C, 20 h DCM, 0°C, 1h

No karbonskabes 10b (R = COOH, n = 2):

t-BuMe,Si t-BuMe,Si t-BuMe,Si t-BuMe,Si
2R 2 o B g oG
14e, 73% 14f, 73% (E/Z > 95:5) 14g, 50% E/Z >05:5) 14h, 47% (E/1Z > 71‘29)
E* = HNTf, (20 mol%)  E*=TsNBr, (1,0 ekv.) E*=NIS (1,0ekv.) E*=PhSeCl (1,0 ekv.)
CHClg, 20 °C, 30 min CHClI3, 0 °C, 5 min CHCI3, 0°C, 20 h DCM,0°C,2h
No oksima 10c (R = HC=N-OH, n = 1): No aldehida 10d (R = CHO, n = 2):
t-BuMe,Si t-BuMe,Si t-BuMe,Si
= = =
/ 7
O-N I O-N Br O—/
14i, 32% (E/Z> 95:5)  14j, 29% (E/Z > 95:5) OH 14k, 30% (E/Z > 95:5)
E* = NBS (1,0 ekv.) E* = NIS (1,0 ekv.) E*=NBS (1,1 ekv.)
MeCN, 20 °C, 5 min MeCN, 20 °C, 5 min DCM, 20 °C, 14 h

7. shéma. Ieksgjo skabekla nukleofilu saturosu propargilsilanu 10a-d heterocikliz&Sana.

Spirtu saturoSais propargilsilans 10a talak tika modificéts par slapekla nukleofilu saturosam
izejvielam (1. tabula). Tozilats 10g tika ieglits pec literatird aprakstitds metodes.*?! Sekojosa
azide$ana, azida 10h reducéSana Staudingera (Staudinger) apstaklos un N-aizsarggrupas
uzlikSana deva amidus 10i-4¢ un 10i-Bz, karbamatus 10i-Boc un 10i-Chz, ka arT sulfonamidus

10i-75 un 10i-Ns.
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1. tabula

Ar ieksgjo slapekla nukleofTlu funkcionaliz&tu propargilsilanu 10i sinteze

ref. [32] ?IMezf-BUOT NaN, (2 ekv.) ?iMezt-Bu
10a — > s —————» N
A DMF (b.0), ST
109 0°C—20°C, 20 h, 10h
94%
10i-Ac: 74% (R = Ac); 1) PhaP (1,0-1,2 ekv.),
10i-Bz: 66% (R = Bz); SiMe,t-Bu THF, 20°C—50 °C, 3 h;

10i-Boc: 82% (R = Boc); \ NHR
10i-Cbz: 71% (R = Cbz); é’/ NN

10i-Ts: 66% (R = Ts); 2) RX vai R0, baze,

10i-Ns: 68% (R = Ns) Skidinatajs, T °C

Nr. p. RX/R,0 Baze/piedeva Skidinatajs T t .Pro_dukta
k. (ekv.) (ekv.) ’ ©O) | (h) iznakums
1. Ac20 (2,0) DMAP (0,5) Py 020 | 16 10i-Ac, 74 %
2. Bz,0 (2.0) DMAP (1,0) DMF 60 | 22 | 10i-Bz, 66 %
3. Boc,0 (1,2) | NaHCOs (3,0) | THF/H,O (1:1) | 0-20 | 14 | 10i-Boc, 82 %
o | S Nancosen | MO o0 | 16 | 10icre, 71 %

(1,2) (1:1)

5. TsCI (2,0) Et:N (5,0) DCM 0-20 6 10i-7s, 66 %
6. NsCl1 (2,0) Et:N (5,0) DCM 0-20 6 10i-/Vs, 68 %

[a] — THF/H,0O (1:1) skidinataju sistéma un 1 h maisiSana reduc€sanas solim.

Spécigu elektrofilu (H*, Hal", RSe") klatbutné N-nukleofilu saturoSie propargilsilani 10i
ciklizgjas par pirolidina atvasinajumiem 14l-o (8. shema). Brensteda skabes HNTf, kataliz&tas
heterocikliz€Sanas reakcijas sulfonamidi (R = Ts, Ns) deva augstakos pirolidinu 141 iznakumus
(83-85 %). Karbamatu (R = Boc, Cbz) un amidu (R = Ac, Bz) gadijuma pirolidinu 14l iznakumi
varija 49-77 % robezas. Izmantojot elektrofilos halogen&Sanas reagentus (NIS, NBS)
propargilsistémas aktivésanai, iznadkumi bija zemaki (14m-n, 25-33 %), taCu iegitie produkti
saturgja augsti funkcionalizétu C=C saiti, kur (E/Z)-selektivitate bija robezas no 91:9 lidz 95:5.
Trisaizvietoto C=C saiSu (E)-geometriju apstiprinaja gan KMR 2D kodolu Overhauzera efekta
spektroskopija (NOESY, korelacija starp C=C-H un #-BuMe;Si-), gan arT monokristalu
rentgenstaru difrakcijas (SCXRD) analize pirolidinam 14m-/Vs. Savukart, izmantojot PhSeCl ka
elektrofilu avotu, tika iegits pirolidins 140 (40 % izdalits) ka (£/Z)-izom&ru maistjums (41:59).
Iesp&jams, ka selenilgrupas gadijuma izveidotais alilkatjons ir papildus stabilizéts ar a-seléna

efektu, kas var dot tam laiku izomeriz€ties pirms nukleofila uzbrukuma.
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SiMe,t-Bu

SiMe;,t-Bu Amidi: 10i-Ac: R = Ac; 10i-Bz: R = Bz; E*
~_~~_-NHR Karbamati: 10i-Boc: R = Boc; 10i-Cbz: R = Cbz; | ——— = 13
ﬁ/ Sulfonamidi: 10i-Ts: R = Ts; 10i-Ns: R = Ns DCMvai E N
CHCl; R 14l-0
SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu

= = = =

H N H N H N H N
Ac Bz Boc Chz’

141-Ac, 67% 141-Bz, 67% 141-Boc, 49% 141-Cbz, 77%

E*=HNTf, (1,2 ekv.) E"=HNTf, (0,5 ekv.) E*=HNTY, (0,2 ekv.) E*=HNTf, (0,4 ekv.)

DCM, -40—-20 °C, 20 h

SiMe,t-Bu

=

H_ N
Ts

141-Ts, 85%

E* = HNTf, (0,1 ekv.) E* = HNTf, (0,1 ekv.)
DCM,0°C,3h

SiMe,t-Bu

4

Br N
Ns”

14n-Ns, 25%

DCM, 20°C, 16 h

SiMe,t-Bu SiMe,t-Bu
= =
H N | N
Ns” Ts’
141-Ns, 83% 14m-Ts, 33%

(E/Z = 91:9)

DCM,0°C,3h E*=NIS (1,3 ekv.)
CHCI;,0°C,25h
SiMe,t-Bu
PhSe _  _~
_N
Ns'

140-Ns, 40%

DCM, 020°C,20h DCM, 020 °C,20h

SiMe,t-Bu
=

I N
Ns

14m-Ns, 26%
(EIZ > 95:5)

E* = NIS (1,0 ekv.)

CHCI3, 0°C,25h

&
A

—

(EIZ > 95:5)

(E/Z = 41:59)

o

E*=NBS (1,2 ekv.) E*=PhSeCl (1,0 ekv.)

DCM,0°C,2,5h

CHCl3, 0°C, 3 h 14m-Ns

shéma. Slapekla heterociklu 14l-o sintgze.

Talak tika apskatita séra heterociklu ieguve (9. sheéma). Tiolanu 14p-s sint€zei par izejvielu

tika izmantots tioacetats 10j, ko iegiist, maisot tozilatu 10g”? ar KSAc (1,4 equiv) acetonitrila

(20°C, 16 h, 87 % iznakums 10j). Vislabak ciklizeéSanas noritg§ja HNTf, kataliz&tos apstaklos

(14p, 64 %). Ar zemaku iznakumu bija iespgams iegilit arT trisaizvietotu alkénu sanu ke&di

saturoSus tiolanus 14r-s (2549 %), izmantojot NIS (I') un PhSeCl (PhSe") propargilsistémas

aktivésanai. Cikliz€Sanas tioacetata 10j gadijuma, visticamak, notiek ar sulfonija jonu Int-6, kas

sabriik par tiolanu 14p-s.
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SiMe,t-Bu SiMe,t-Bu S

| : S
% \/\/S\n/ —E+, %\‘9 A \(*’)’3 jO(
DCM E S : Int-4 1,2]-Si~
10j ° 14ps | E* E [1.2]
5 Lo K
SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu 10 (&)’93\3 0
= = = ; E +I‘;g
nt-
H S I S PhSe S 14p-s
E J/
14p, 64%! 14r, 25%0] 14s, 49%F] ™ sl
(EIZ > 95:5) (EIZ > 95:5) S

Reakcijas apstakli: [a] - HNTf, (0,07 ekv.), 20 °C, 20 min;
[b] - NIS (1 ekv.), 0 °C, 2,5 h; [c] - PhSeCl (1 ekv.), 0 °C, 1,5 h.

9. shéma. Tiolanu sintéze no tioacetata 10j.

Iegitie rezultati liecina, ka B-silicija stabiliz€tus alilkatjonus var iekSmolekulari dzest ar
dazadiem O-, N- un S-nukleofiliem, lai ieglitu piecloceklu heterociklus, kas satur geminali
divaizvietotas vai stereodefin€tas trisaizvietotas alkénu sanu virknes. Izmantojot elektrofilos
halogengsanas reagentus (NBS, NIS) propargilsilanu aktivésanai, tika iegiitas alkénu sanu virknes
ar (E/Z)-selektivitati lidz pat 95:5. Pilns pétijuma rezultatu izklasts ir pieejams publikacija
Kronkalne, R.; Belaunieks, R.; Ubaidullajevs, A.; Mishnev, A.; Turks, M. 1,2-Silyl Shift-Induced
Heterocyclization of Propargyl Silanes: Synthesis of Five-Membered Heterocycles Containing a

Functionalized Olefin Side Chain. J. Org. Chem., 2023, 88 (19), 13857-13870. (1. pielikums).?”)

1.2. Propargilsilanu heterociklizacija aréniem ka iek$éjiem C-nukleofiliem, reaggjot ar

p-silicija stabilizétu alilkatjonu

Si

Si Y
| + =
O

Ieprieksgja nodala demonstréts, ka sililgrupas 1,2-migracijas rezultata generétu alilkatjonu
var dzést iek§molekulari, veidojot jaunas C-O, C-N un C-S saites. ST nodala veltita analogiskai
parvertibai, kura heterociklizacija norit ar iekSmolekularu C-C saites veidosanu Fridela-Kraftsa
tipa reakcija (10.shéma). Alilkatjona Int-7 ickSmolekulara dzgSana ar elektroniem bagatu
arilsistému paver iesp&jas biciklisku savienojumu sinteézei. Kopa ar Artjomu Ubaidullajevu tika

izstradata metode biciklisku heterociklu — hromanu 16 (X = O) un tetrahidrohinolinu 17 (X = N-
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PG) sintézei.??! Saja promocijas darba apskatita tetrahidrohinolinu 17 (X = N-PG) ieg@iana no
propargilsilaniem, ka arT demonstréts hromanu 16 (X = O) un tetrahidrohinolinu 17 (X = N-PG)

lietojums talakas sintétiskas modifikacijas.

Koncepts:
‘,S' H* Si Sl -H Si x
% XA \J\/ I
Y ar sililgrupas Y
1 1,2-nobidi Int- Int-8 16 X 0
17: X =N-PG

Saja darba:

Si Tetrahidrohinolinu SI <
F/ 17 sintéze T /
Yoo

L

Hromanu 16 (X = O) un
tetrahidrohinolinu 17
" —— (X = N-PG) sintétiskas

modifikacijas

10. shéma. Koncepts propargilsilanu 11 ciklizéSanai Fridela-Kraftsa tipa reakcija un produktu

16-17 talakas modific€sanas iespgjas.

1.2.1. Tetrahidrohinolinu sint€ze no propargilsilaniem

Par stratégiskajam izejvielam tetrahidrohinolinu sintézei tika izvéléti anilina funkcionalo
grupu saturo$i propargilsilani 11a-f. Viena no stratégijam to iegi$anai bija Micunobu (Mitsunobu)
reakcija starp nozilgrupu saturoSiem aniliniem (ArNHNSs) un spirta funkcionalo grupu saturoso

silanu 10e, kas deva strat€giskas izejvielas 11a-d ar 66—75 % iznakumu (2. tabula).

2. tabula

N-Nozileta anilina funkcionalitati saturosu propargilsilanu sint€ze Micunobu reakcijas

apstaklos
SiMe,t-Bu ArNHNSs (1,0 ekv.) SiMezt-Bu/@R 11a' R = H-
S ‘B =2 Mer
7 0H  Dad (11 ey, P (Lo, N 116 R =3 e,
10e THF (abs.), 0-20 °C Ns 114 R = 4.Me0
Nr. p. k. Ar Laiks (h) Produkts (%)™
1. Ph 21,0 11a, 66
2. m-MeCgHy4 15,0 11b, 67
3. p-BrCqHs 15,5 11c¢, 75
4. »-MeOCqH, 17,0 11d, 74

[a] Visas reakcijas tika veiktas 2,5 mmol m&roga. [b] Izdalitais iznakums.

DIAD vieta izmantojot ECAC, kas ir otras paaudzes Micunobu reagents, tre$éja amida

iznakumi palielindjas (11. shéma). Pieméram, savienojuma 11a gadijuma iznakums pieauga no
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66 % (ar DIAD) I1dz 75 % (ar ECAC). Identiskus apstaklus A. Ubaidullajevs izmantoja skabekla

tiltinu saturosu izejvielu 11 (Y = H, X = O) iegtisanai.>*

cl :@ N, -COOE
- (ECAC; 1,1 ekv.)
SiMe,t-Bu PhNHNs (1,1 ekv.) SiMezt-BU/©
/K/\ /\ﬁN

= OH ECAC (1,1 ekv.), PhaP (1,1 ekv.), 4 \
10 Toluols (abs.), 20 °C, 20 h Ns
€ 11a, 75%

11. sh&ma. N-Nozil&ta anilina funkcionalitati saturoSa propargilsilana 11a pagatavosana,

izmantojot ECAC reagentu.

Micunobu stratégija bija piemérojama tikai ar sulfonilgrupu aizsargatu anilinu gadifjuma.
Lai iegitu ar acetamida grupu funkcionaliz&tus propargilsilanus 11f, tika izmantota aldehidu
reducgjosas aminéSanas stratégija (12. shéma). Aldehidam 10f etikskabes klatbiitné pievienojot
3,5-dimetilanilinu, ka starpprodukts izveidojas imins, kuru reducgjot ar NaBH(OAc)s, tika iegiits

produkts 11e. Sekojosa acetilgrupas uzlikSana lava iegiit N-acetilétu produktu 11f.

1) 3,56-Me,CgH3NH,; (1,0 ekv.),
SiMe,t-Bu  AcOH (1,0 ekv.), THF (abs.), SiMe,t-Bu
Me

20 °C, 30 mi
C, 30 min /K/\N

AN

= ~o
Z 2) NaBH(OAc)s, 1 h i
10f Ve 11e, 78%

. Ac,0 (1,2 ekv.),

SiMe;t B”/@\ DBU (5,0 ekv.)

///\/\'ﬂ Me  DMAP (0,2 ekv.)
Ac DCM, 0 °C—»20 °C

11, 71%

12. sh&ma. Ar acetamida grupu funkcionaliz&ta propargilsilana 11f sint€ze, izmantojot

reducgjosas aminéSanas panémienu.
Terminali halogenétu izejvielu 11g-h iegtisanai propargilsilani 11c-d tika apstradati ar NCS

sudraba katalizatora (Ag>COs, 5 mol%) klatbitng. Tas deva vélamos produktus 11g-h ar 91-99 %

iznakumu (13. shéma).
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. R
SiMe,t-Bu R SiMe,t-Bu
NCS (1,0 ekv.)
N N

Z | AgCO5 (5mol%), Z s
Ns MeCN, 65 °C, 7-20 h
11¢c: R = Br; 11g, 91% (R = Br);
11d: R = MeO 11h, 99% (R = MeO)

13. sh&ma. Terminali halogen&tu propargilsilanu 11g-h iegiiSana.

Talak tika veikti cikliz€$anas eksperimenti ar funkcionaliz&tiem propargilsilaniem 11, tos
parversot par tetrahidrohinolina atvasinajumiem 17 (3. tabula). Reakcijas tika veiktas nitrometana
(MeNOy), izmantojot bistriflimidu (HNTf,) ka Brensteda skabi. Reakcijas optimizacija paradija,
ka HNTf, ir vélams pievienot ekvimolara daudzuma vai neliela parakuma — tas saisinaja reakcijas
laiku un palielingja produkta 17a iznakumu. To pasu novéroja A. Ubaidullajevs hromanu sintézes

optimizacija, kur reakcijas iznakums palielinajas lidz ar pievienota HNTf, daudzumu.

3. tabula
Tetrahidrohinoliu 17a-c sint€ze no propargilsilaniem 11a, 11d un 11f
R2 SiMe,t-Bu
SiMe,t-Bu /@: R® HNTF, /é’\ /\
I T " Rp2
% \/\N R2 MeNO, R N\R1
R! R
11a:R'=Ns, RZ2=H, R3 = H; , 17a:R"=Ns, R?=H,R®=H;
11d: R' = Ns, R2=H, R® = OMe; 17b: R' = Ns, R? = H, R® = OMe;
11f:R' = Ac,R?=Me, R®*=H 17¢c: R'=Ac, R?=Me, R®*=H
Nr. p. k. Silans | HNTf; (ekv.) | T (°C) | Laiks (min) 11 (%)™ Produkts (%)
1. 11a 0,2 50 10 53 17a, 151
2. 11a 0,2 0—20 70 55 17a, 151
3. 11a 0,2 0—20 1020 11 17a, 120
4. 11a 1,0 0 60 0 17a, 41 (4007
5. 11d 1,0 20 5 0 17b, 4711 (4310))
6. 11f 1,0 20 5 40 17¢, 101
7. 11f 3,0 20 30 0 17¢, 4712 (4501

[a] KMR iznakums. [b] Izdalitais iznakums.

Nesimetriski aizvietota anilina 11b gadijuma ciklizacija ar HNTf, deva regioizoméru

17d/17e maisijumu attieciba 58:42 (14. shéma).
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t-BuMe,Si

. t-BuMe,Si
SiMe,t-Bu 2 VAR /N
P2 Q HNT, (1 ekv.) )/>— N-Ns }*— N-Ns
%/\/\N Me + @
Me
17d 17e
Me )

ﬁs MeNQ,, 20 °C,
11b 5 min

\

51% (17d:17e = 58:42)

14. shéma. Tetrahidrohinolinu sinté€ze no propargilsilana 11b, kas satur nesimetriski aizvietotu

anilina fragmentu.

Terminali halogen&tu propargilsilanu 11g-h ciklizéSanas reakcija noritgja ar izcilu Z/E

selektivitati, laujot iegiit tetrahidrohinolinus 17f-g ar 71-77 % iznakumu (15. shéma).

R .
SiM62f-Bu t-BI.IMEZSI /)
/©/ HNTF, (1 ekv.) j N-Ns

|
~" N cl
CI% X MeNO,, 2"0 C, H
30 min
119: R=Br; ZIE> 955 g 17f. R = Br, 71%j;
11h: R = MeQ 179: R =MeO, 77%

15. shéma. Tetrahidrohinolinu 17f-g sintéze no terminali halogen&tiem propargilsilaniem.

Cita tipa reakcija tika novérota, méginot ciklizét ar karbamata grupu aizsargatu anilinu 11i,

kas ka galveno produktu deva 1,3-oksazinan-2-onu 24 ar 76 % iznakumu (16. shéma). Reakcija,

visticamak, notiek ar starpstavoli Int-9. Tetrahidrohinolins 17h tika noverots ka minorais

produkts ar 17 % KMR iznakumu.

SiMe,t-Bu /@ SiMe,t-Bu . SiMe,t-Bu
I i
%\/;N\ HNTH, (1 ekv.) H(/J\O/\N 3 H/ /\N .
1i [o o) MeNO, 20 °C, 1 h \H/ ; m/
o] ‘ o}
24, 76% ‘
_ _ 17h, 12%
SiMe,t-Bu (17% KMR)

o0

H QYN
(o}
©/ Int-9

16. shéma. 1,3-Oksazinan-2-ona 24 sintéze.

nepublicéti rezultati
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1.2.2. legito tetrahidrohinolinu un hromanu modific€Sanas iesp&jas

Ka pirma iespgjama modifikacija tika paradita N-aizsarggrupas nonemsanas iespgja
tetrahidrohinolinos. Klasiskos apstaklos, izmantojot tiofenolu (PhSH) bazes (Cs,CO3) klatbiitng,

ar 96 % iznakumu tika iegiits tetrahidrohinolins 17i, kam ir iesp&jama talaka N-funkcionalizé$ana

(17. shéma).
t-BuMe,Si PhSH (14,0 ekv.), t-BuMe;Si
N-Ns  Cs,COj; (7,7 ekv.) NH
o / 2CO; el /
MeCN
20°C, 6,5h
Br 17f Br 17i, 96%

17. sh&ma. Nozilgrupas noskelSana tetrahidrohinolia 17i iegtiSanai.

Talak ar Suzuki-Mijauras $kérssametinaSanas reakciju tika modificéti hromana
atvasindjumi 16a-c (4. tabula). Vinilbromida 16a reakcija ar 4-metoksifenilborskabi iegiito stirola
atvasindgjumu 16d bija griti atdalit no paSsametinasanas blakusprodukta (Ar-Ar) abu lidzigas
polaritates dél, I1dz ar to hromatografiski izdalttais iznakums bija zems (16d, 6 %). Turpretim 3-
metilfenilborskabe ar vinilbromidiem 16a-b deva vieglak izdalamus produktus, un stiroli 16e-f
tika iegiiti ar 92-97 % iznakumu. Ka sagaidams, reakcijas iznakums vinilhlorida 16¢ gadijuma

bija butiski zemaks (16e, 27 %) neka to bromu saturosajiem analogiem 16a-b.

4. tabula
Hromanu 16a-c izmantoSana Suzuki-Mijauras $kérssametinasana
t-BuMe,Si t-BuMe,Si
O  ArB(OH), (4 ekv.) o)
X Ar 7/ + Ar-Ar
Pd(OAc), (5 mol%), H
XPhos (15 mol%),
Y K;POy4 (4,0-4,2 ekv.), Y
16a:X=Br, Y=H; toluols, 100 °C 16d: Ar = 4-MeOCgH, Y = H;
16b: X =Br, Y = NOy; 16e: Ar = 3-MeCgHy, Y = H;
16¢: X =Cl, Y = H 16f: Ar = 3-MeCgH,, Y = NO,
Nr. p. k. X Y Ar t (h) Produkts (%)
1.[ed Br H 4-MeOCsHy4 14 16d, 451, 6
2. Br H 3—M6C(,H4 44 166, 97“3]
3. Br NO: 3-MeCsHa 22 16f, 921!
4. Cl H 3-MeCsHa 26 16e, 271

[a] KMR iznakums (%). [b] Izdalitais iznakums (%). [c] Skérssametinaganas produkts 16d
veidoja nesadalamu maisjumu ar paSsametinasanas blakusproduktu (Ar-Ar). [d] Modificeti
reakcijas apstakli: 3 ekv. ArB(OH), 7 mol% Pd(OAc)z, 21 mol% XPhos, 4,9 ekv. K3POs.

25



Lidzigi, ka tas aprakstits promocijas darba autores un kolégu grupas ieprieks&jos

darbos,[1% 2]

tika veikta sililgrupas-halogéna apmaina hromanam 16g, izmantojot NIS
heksafluorizopropanola (HFIP). Parsteidzo$a karta, pat izmantojot NIS parakumu (2,2 ekv.) un
reakciju varot, Si—I apmaina nenotika. Ta vieta tika iegits arilgredzena monojodétais produkts

16h ar kvantitativu iznakumu (18. shéma).

(o} (o]
t-BuMe,Si Me _ NIS@28kv) 4 BuMe,Si Me
HFIP,

Br vara aet)t;;é' 8 h, Br H
16g ° 16h I

18. shéma. Arilsistéma monojodéta produkta 16h iegtiSana.

Si—Hal apmaina notiek caur silicija-virzitu elektrofila (Hal") pievienoSanos vinilsilanam
R,C=C(Si)-R’, veidojot B-silicija stabilizétu karbénija jona starpsavienojumu R,C*—C(Si)(Hal)-
R’.B4 Terminalu vinilsilanu gadijuma veidotos destabilizéts pirméjais karbénija jons, kas padara
reakciju nevélamu. Savukart stirola atvasindgjuma 16e gadijuma reakcija var noritét, veidojoties
iesp&jamam benzilkatjona starpsavienojumam. JodéS$anas eksperimenti stirola atvasinajumam 16e
apstiprindja So hipotézi, kur tika novérota gan arilsistémas jod€Sanas, gan Si—I apmaina
(5. tabula).

5. tabula

Jod&sanas eksperimenti stirola atvasinajumam 16e

(o] (0] O /,O\J/"\\\
\
| ~ |‘\fj
NIS . )
MeBu-Sit™ ™ Sdinatajs, S ==
T°C 7
16e 16j 16k V\E\
Neieglst >~ O
. Izejvielas 16e / produktu 16i-j
Nr. p. e g Laiks o
X NIS (ekv.) Skidinatajs T °C (h) molara attieciba KMR
) 16e 16i 16j
1. 1,0 0,5 31 49 20
HFIP
2. 2,5 1,5 0 0 100
3. 1,0 2 18,0 33 67 0
4. 2,0 17,5 20 80 0
5. 3,5 36,5 13 87 0
6. 10,8 TFE 1,5 5 35 60
7 L0 6,5 38 62 0
’ ’ 75-80 | 71,0 28 72 0
8 3,0 6,5 0 0 100
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Jodgjot stirola atvasinajumu 16e ar ekvimolaru daudzumu NIS, izmantojot HFIP ka
$kidinataju, tika iegiits maisijums ar monojodeto produktu 16i un dijodeto produktu 16j (49:20),
bet NIS parakuma (2,5 ekv.) tika iegiits vienigi dijod&tais produkts 16j. Izmantojot TFE ka
Skidinataju, reakcija notika ievérojami lénak, kas lava vieglak kontrolét produktu veidoSanos
atkariba no reakcijas laika. Apstadinot reakciju péc 36,5 h, tika ieglits monojodgtais produkts 16i
ar 66 % iznakumu (71 % KMR). Augsts dijodéta produkta 16j iznakums (93 % izdalits) tika
iegilits, hromanam 16e pievienojot NIS paradkumu (3 ekv.) un karsgjot 75-80 °C (spiediena

mégeng) 6,5 h (19. shéma).

NIS
(3,5 ekv.)

————

(0] 20°C, 36,5 h t-BuMe,Si

16i, 66%

CF4CH,OH

t-BuMe,Si

NIS
(3,0 ekv.)

>
vara attece,
6,5h

16e

16}, 93%

19. shéma. Hromana 16e mono- un dijod€Sanas eksperimenti optimiz&tos apstaklos.

Ievadot hromana 6. pozicija elektronatvelkoSo nitrogrupu, aromatiska gredzena jodesanas
iepriek§ mingtajos apstaklos vairs netika novérota. Hromanam 16f paaugstinata temperatiira
reaggjot ar NIS (1 ekv.) trifluoretanola, selektivi notika silicija — joda apmaina, kas lava iegit

viniljodidu 16l ar 60 % iznakumu (20. shéma).

NIS (1 ekv.)

CF3CH,0H,
vara attecé, 15 h

161, 60%

20. shéma. Si—I apmainas reakcija hromana 16f.

Noslédzot hromanu talako modifikaciju tému, tika demonstréts iegiita viniljodida 161

lietojums  SkErssametinaSana Suzuki-Mijauras apstaklos (21.shéma). Izmantojot (3-

27



(dimetilamino)fenil)borskabi ka reagentu, palladija katalizes apstaklos tika

Skerssametinasanas produkts 16m ar iznakumu tuvu kvantitativam (98 % izdalits).

©\ (4 ekv.)
B(OH),

Pd(OAc), (7 mol%),
XPhos (14 mol%),
NO, K;5POy, (4 ekv.), toluols,
161 100 °C, 20 h 16m, 98%

21. shéma. Viniljodida 16l lietojums Suzuki-Mijauras skerssametinasana.

ieglts

Saja nodala paradits, ka Brensteda skabes katalizes apstaklos propargilsilani, kas caur

slapekla tiltinu ir funkcionalizéti ar arilgrupu, Fridela-Kraftsa tipa reakcija cikliz&as par

tetrahidrohinolina 17 atvasinajumiem. Terminali hlorétu propargilsilanu 11g-h gadijuma

ciklizé8anas reakcija ir augsti stereoselektiva, un tiek iegiti produkti 17f-g ar (Z)-geometriju

alkénu sanu virkn€. Rezultgjosas vinilhalidu sanu virknes var modificét Suzuki-Mijauras

Skerssametinasanas reakcijas, savukart sililgrupu var aizstat ar jodu elektrofilas apmainas reakcija

sintetiski noderigu viniljodida fragmentu iegiiSanai. Pilns petjjuma rezultatu izklasts pieejams

publikacija Ubaidullajevs, A.; Kronkalne, R.; Mishnev, A.; Turks, M. Synthesis of Substituted

Chromanes and Tetrahydroquinolines via Tandem 1,2-Silyl Shift — Friedel-Crafts cyclization. J.

Org. Chem., 2026, 91 (17), 5785-5810 (2. piclikums).1*”

1.3.  Arilétu heterociklu un diénu sintéze reakcija ar diaril-A’-jodaniem vara katalizes

apstaklos
R = XH; Si
. — |
s )
@_[Cullll |l @,[CUHI] X
-— \(\{R s T T,
R =A|l1(i|—; n Si
n= j
R = XH; @f\fx
n=2 ‘——
X=0,NR'

Ieprieks tika apskatita propargilsilanu aktivésana heterociklu sintézei, izmantojot Brensteda

skabes vai elektrofilos halogengsanas reagentus. Oglekla elektrofilu izmanto$ana analogiskas
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parvertibas istenoSanai ir atseviSks p&tfjumu virziens, kas tika izstradats kopa ar Rudolfu
Belaunieku un Armandu Sebri.!

Diaril-A3-jodanus izmanto arilgrupas ievadiSanai n-sistémas, kur arilgrupa nodroSina
formalo Ar* sintonu, tostarp alkinu 1,2-difunkcionalizé$anas reakcijas.’! Sados gadijumos
hipervalentd joda(Ill) reagentus aktivé ar vara vai palladija katalizatoriem.’”-3% Ta ka
propargilsilani elektrofilas aktivacijas apstaklos sp& dod formalus 1,3-dipolus, ko nodrosina
sililgrupas 1,2-nobide, var panakt 1,3-difunkcionalizé$anu, kas ir daudz retak sastopama par 1,2-
difunkcionalizé$anu. Saja darba tika izstradata vara katalizéta metode diaril-A*-jodanu
izmantoSanai propargilsilanu 1,3-difunkcionaliz€Sanas reakcijas dazadu sanu virkne arilétu
heterociklu un silildienu iegtiSanai.

Meklgjot piemerotus reakcijas apstaklus propargilsilanu ariléSanai, tika nolemts iesakt ar
vienkar$akajiem substratiem — alkilvirkni saturo$iem silaniem 12a.l'®! Tika novérots, ka reakcijas
gaita veidojas ariléta silildiena 22a un sililindéna 25a maisfjums (22. shéma). So produktu
veidosanos var skaidrot ar divu konkurgjosu reakciju norisi, kur viena no gadijumiem elimingjas
alilkatjona Int-10 B-pozicijas protons, veidojot diénu 22a. Otra gadijuma notiek starpsavienojuma
Int-12 ickSmolekulara ciklizésanas, kas rezultgjas sililindénos 25a. Optimiz&tos apstaklos (3 ekv.
PhyIOTH, 20 mol% CuCl, 1,2 ekv. 2,6--BuzPy, EtOAc, 70 °C) silildiena 22a/ind€éna 25a attieciba
reakcijas maistjuma bija 87:13, di€na 22a iznakums — 66 % p&c KMR. Izmantojot PhMesIOTT,
tika iegtts 11dzigs diéna 22a iznakums (59 % p&c KMR), bet diéna 22a veidoSanas selektivitate
bija zemaka (PhMeslOTf: 22a/25a = 71:22).

©)
OoTf geeemnmneennoos ,

Il : :
SiMe,t-Bu Ph™ Ph (3 ekv.) ! SiMe,t-Bu |

%‘\/CaHr CuCl (20 mol%) g %\/\%H?E + mSiMeznau
2,6-t-BuyPy (1,2 ekv.), L bh ; \\
12a EtOAc, 70 °C, 3 h i 22a,66% | 25a C3H;
(KMR) !

legust 3 solos no
komerciala hept-1-Tna

® y© . Si
I + Cu(l)Y Deprotonésanas celS P
Ph/ Mesl A /\R . 92a
B: -BH CuY -Cu(l)Y
1
i Int-11
PhCu(ll)Y, Si H, o ph o In .
12a %\a)\R 7
Caur sililgrupas u ® Si
1,2-migraciju . Int-10 | leksmolekularas
Ph ciklizacijas cels = ®/\R B e,
Si = SiMe,t-Bu Cull)y -BH
Int-12

22. shéma. Ariléta silildiena 22a sintéze — reakcijas koncepts un konkurgjosas reakcijas.
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Izmantojot apstaklus, kuros var ieglit augstakos di€na 22a iznakumus, tika turpinats
apskatit substratu klastu (23. shéma). AriléSanas reakcija ar elektroniem bagatu arilsistemu (p-
Tol) saturo$o jodanu I-2 tika iegiiti augstakie iznakumi (22d, 69 %). Visaugstaka selektivitate
attieciba pret di€na veidoSanos (22e/25e = 98:2) tika iegiita reakcija ar p-bromaizvietoto jodanu I-
3. No substratiem 12b, kas saturgja steriski apjomigo triizopropilsililgrupu (TIPS), tika iegiits
maisijums ar palielinatu indéna proporciju (22b/25b = 67:33). Visos gadijumos (1£,3E)-diéni
22a-e tika ieglti ka mazorie izomeri, kur (1E,3F)-izom@ra saturs maisijuma bija 87-95 %.
Nelielos daudzumos vargja detektét ar1 pargjos izomérus ((1Z,3E)-, (1E,32)- un (1Z,32)-22) péc
to raksturigajiem signaliem 'H-KMR spektros. Ieksgjais alkins 12¢ (R = Ph, Si = TIPS) nereaggja
ne standarta reakcijas apstaklos (EtOAc, 70 °C), ne arl paaugstinata temperatira (n-BuOAc,
110 °C). Abos gadijumos tika atgiita izejviela bez degradacijas pazimém. Tas liecinaja, ka §1

metode ir izmantojama tikai propargilsilaniem, kas satur terminalas alkina grupas.

Jodans (3 ekv.), CuCl (20 mol%), si
2,6-t-BuyPy (1,2 ekv.) !

Si
| c R
o R P e
EtOAc (abs.), 70 °C, 3 h 307
s EORe @02).70°C, 31 e
12a: R = H, Si = SiMe,t-Bu | Jodani: I-1: Ph,IOTf, : X

12b: R=H, Si=Si(i-Pr); | I-2: (p-Tol)MesIOTf; 22a-e 25a-e C;H;
12c: R =Ph, Si=Si(i-Pr); i 1-3: (p-BrCgH4)MesIOTF 3 X
SiMe,t-Bu SiMe,t-Bu
> Jodans = 1-1;

Jodans = 1-2;

= 22ac /25a = 87:13 (n/n);
: 22d,¢ /25d = 85:15 (n/n);

Izoméra tiriba = 92% (1E,3E)

22a, 51%l°! 22d, 69%(al  |zoméra tiriba = 87%
(1E,3E)
Si(i-Pr);
P Jodans = I-1;
= .
22b(E’E)/25b =67:33 (n/n); SiMe,t-Bu
Ph 22p 1%[@ |zoméra tirlba = 93% (1E,3E) N Jodans = 1-3:

22e p/25e = 98:2 (n/n);
22e, 37%l[®  1zoméra tiriba = 95%
Si(i-Pr); (1E,3E)

Ph A~ Jodans = I-1 Br

Ph b;
22¢, 0% [a] - 1znakums 22 + 25 maisTjumam.

[b] - Reakcija nenotiek arT 110 °C BuOAc (17 h).

23. shéma. Substratu klasts arilétiem silildiéniem.

Ieprieks tika demonstréts, ka iek$€jus nukleofilus saturosi substrati paver iespgjas
heterociklizacijai. Pieméram, terminalo spirta grupu saturoSais propargilsilans 10a tika izmantots
tetrahidrofuranu sintézei.”! Sanu virkné arilétu tetrahidrofuranu sintézei tika testéti dazadi Cu(I)

katalizatori (6. tabula), kur CuCl un CuOTf benzola komplekss deva lidzigi labus iznakumus
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(15a, 82-84 % KMR), CuBF; acetonitrila komplekss bija nakama labaka izvele (15a, 77 %),
savukart heterogénas katalizes apstaklos ar CuyO tika ieglits maisTjums ar ariléto produktu 15a un
protodemetalésanas blakusproduktu 14a, kur abiem bija zems iznakums. Nepievienojot reakcijas
maistjumam nenukleofilu bazi (2,6-di-ferc-butilpiridinu = 2,6--Bu,Py), iesp&jams selektivi iegiit
protodemetal&sanas produktu 14a (69 % KMR iznakums). Strukturali Iidzigais, bet mazak steriski
traucétais lutidins, ka ar1 EtN, ariléSanas-heterociklizéSanas reakcija nedeva vElamo
produktu 15a.

Tegitas C=C saites geometrija produkta 15a tika pieradita ar 2D-KMR NOESY
spektroskopiju. AriléSanas-cikliz€$anas kaskades reakcija uzradija augstu stereoselektivitati —

vienigais ar spektroskopiskam metodeém detektetais C=C saites izomers bija (£)-15a.

6. tabula

Propargilsilana 10a arilésanas-heterociklizéSanas reakcijas optimizacija, varigjot Cu(I)

katalizatorus un temperatiiru

%?TOH Cui“';"?;%lgﬁ ﬁ';":l;v_) t-BuM;zSiI/ Q t-BuMe,Si 77/ Q

108 EOAC, TC,3h  NOESY “H g 14a

Nr. p. k. CuX (mol%) TEC) 153, % (KMR) 14a, % (KMR)
1.0 CuCl (2,5) 20 0 69
2. CuCl (2,5) 20 0 0
3. CuCl (5) 60 82, 761 0
4. Cul (5) 60 0 0
5.0 [CuOTf],-PhH (5) 60 84 0
6. Cu(MeCN);BF; (5) 70 77 0
7. Cu0 (5) 70 6 2
8. [CuOTf]o-PhH (2,5) 70 70 0
9.ldl [CuOTf],-PhH (2,5) 70 43 0
10. [CuOTf],-PhH (11) 70 47 0

[a] Bez 2,6--Bu,Py. [b] Reakcijas laiks — 2 h (pilna konversija). [c] Izdalitais iznakums (%).
[d] 15 mol% of H,O ka piedeva.

Optimizétajos apstaklos ar dazadiem diaril-A’-jodaniem tika pandkta ari citu arilgrupu
ievadisana molekula (24. shéma). Jodani, kas satur&ja elektroniem bagatas arilgrupas (p-Tol, m-
MeOCsH4, Ph) vai halogénus (Br, F), deva labus ariléto tetrahidrofuranu 15 iznakumus (70—

83 %). Turpretim elektronatvelkoSas grupas saturo$i jodani, Ipasi tie, kas satur nukleofilus
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heteroatomus (CN~ COR >>NO,), reaggja vaji. Savukart jodani, kas saturgja citas
elektronatvelkosas grupas (CF;, CO;Me), deva vidgjus iznakumus (62—68 %). Orto-aizvietoti
jodani neatkarigi no to elektroniskajam ipaSibam nereag€ja vispar. Jodani, kas satur&ja N-
heterociklus, ka piridinu vai pirazolu, deva neariléto tetrahidrofuranu 14a ka galveno reakcijas
produktu, kas, visticamak, radas péc protodekupréSanas mehanisma. Tiofénilgrupu gan vargja
veiksmigi izmantot propargilsilanu hetarilé$anai, par reagentu lietojot simetrisko ditiofén-2-
iljodonija p-tozilatu (I-4). Ir veérts pieminét, ka visi arilétie tetrahidrofurani tika iegliti ar
ekskluzivu (E)-selektivitiati alkénu sanu k&dg.

Q@
@ OTf

. N
§.Me2t.3u @’ Mes (1.5 ekv.)
%/ ~o~-OH  [CuOTH,-PhH (5 mol%)
2,6-t-Bu,Py (1,5 ekv.)

t-BuMe,Si P4
OTs

Ieaa

10a EtOAc, 60°C, 3 h ;
@-0 O O 0, .
15a, 80% 15b, 83% 15¢c, 0%!2] 15d, 70% 15e, 0%!al
Br Br F F x
Pt P Py ha | %
15f, 80% 15g, 0% 15h, 78% 15i, 0%
0 (o]
CN CF NO
15j, 12%lal 15k, 15%!2] 151, 68% 15m, 62% 15n, 0%
Cl =N
N =
,\Q Y s N="1 [a] - Identisks
' rezultats 60 °C
150, 34% 15p, 0% 15r, 0% 15s,0% | un120°C.
iegust no: 1-4

14a, >60% (KMR)

24. shéma. Substratu klasts stirilaizvietotu tetrahidrofuranu sintézei.

Interesanti, ka ieprieks aprakstitajos arileSanas apstaklos tikai ieks$&ji O-nukleofili reakcija
deva 1,3-difunkcionalizétus produktus. Arg&ju O-nukleofilu R-OX (5 ekv.) klatbGitne alifatisko
sanu ke&di saturosa propargilsilana 12b ariléSanas méginajums rezultgjas O-nukleofila ariléSana.

Tas tika novérots spirtiem, karbonskabém, to natrija saliem un sililétam karbonskab&m.
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Talak autore un kolégi velgjas noskaidrot, kadi citi iek$gjie nukleofili ir savietojami ar
ariléSanas-heterociklizacijas reakcijas apstakliem (25. sheéma). Karbonskabi saturosais silans 10b
nedeva vélamo laktona 15t produktu karbonskabes O-arilésanas dél. Savukart terc-butilesteris 10t
deva gaidito ariléSanas produktu 15t kopa ar protodekuprésanas produktu 14e, kas tika iegits
parakuma standarta ariléSanas apstaklos (1,2 ekv. ArMeslOTf, 5 mol% [CuOTf{],-PhH, 1,2 ekv.
2,6-t-Bu,Py, EtOAc, 60 °C, 3h). Lielaks pievienotas bazes daudzums (kopa 2,2 ekv. 2,6-t-Bu,Py)
palidzgja iegt ariléto laktonu 15t ka galveno reakcijas produktu. N-Noziléta izejviela 10i-Ns
standarta ariléSanas reakcijas apstaklos deva fenilgrupu nesaturoSo pirolidinu 141-Ns ar 56 %
iznakumu. Saja gadijuma sulfonamida N-H bija parak skabs, un tas veicindja protodekuprésanos.
Turpretl benzamids 10i-Bz arilgjoSos apstaklos deva ariléto pirolidina atvasinajumu 15v ka C=C
saites izoméru maistjumu (£/Z = 55:45). Anilina 101 (R = CHNHPh) gadijuma notika N-H
ariléSanas, nevis heterociklizacija, kas liecina par parak augstu N-nukleofilitati. No Siem
rezultatiem var secinat, ka acilamidiem piemit optimals pK. un nukleofilitate, lai reagétu

atbilstosi vélamajam ariléSanas-heterociklizacijas mehanismam.

S)
@ OTf Me,t-BuSi Me,t-BuSi

R=COOtBu ] Ph”"“Mes (1.2 ekv.)

[CuOTf],-PhH (2,5 mol%)
2,6-t-BuyPy (2,2 ekv.), EtOAc, 70 °C, 15t 22% 14e 0
24 h

Tehniskaja produkta: 15t/14e = 82:18

SiMe,t-Bu
[
2 R SiMe,t-Bu  SiMet-Bu
€™ nabadzigs

10k: R=COOt-Bu; R' = p-Ns (/‘g\/> /‘\\3 N
Ph N- N
Ns” Ns

10i-Ns: R=CH,NH(p-Ns); Y
10i-Bz. R=CH,NHBz; ey oo )
10l: R=CH,NHPh ' 15u 141-Ns, 56%
® Q
e OTf (a) 15v, 53% Me,t-BuSi
Ph” “Mes (1,2 ekv.) R = Bz (E/Z = 55:45) y
. O
2,6-t-BuyPy (1,2 ekv.), Apstakli (b) 15v, 26% Ph N
EtOAc [a] vai [b] (E/Z = 70:30) Bz
R=CH,NHR'
SiMe,t-Bu
[a] - PhMesIOTf (3,0 ekv.), A Sithe;t Bu
CuCl (10 mol%), 70°C, 3 h. R = Ph n NPh
\ 2
[b]- [CuOTA; PhH @5 mol%), (- o = Ph | N P 2ndd v
° 2" _ -
70°C, 22 h. (2,5 mol%), 70 °C, 3 h 15w 10m, 30% (KMR) © Pa93tsN

25. sh&ma. Arilesanas-heterociklizéSanas reakciju parbaude propargilsilaniem, kas satur iek$gju

N-nukleofilu vai karbonskabes estera grupu.
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Petot ariletu silildienu 22a sintezi (3. pielikums), tika noskaidrots, ka $1 tipa reakcija Cu(I)
sali ir reagétspejigaki neka Cu(Il) sali. Tas netiesi liecina par to, ka, visticamak, reakcija notiek ar
Cu(I/IIT) katalitisko ciklu. Balstoties eksperimentalajos novérojumos, ka arT literattra iztirzatajos
mehanismos T-sistému  arileéSanai vara katalizes apstaklos,’”) tika piedavats ariléSanas-
heterociklizé$anas reakcijas mehanisms (26. shéma). Vispirms vara(I) sals reagé ar diaril-
A-jodanu (ArMeslY), lai generétu arilvaru(Ill), kas ka spécigs elektrofils aktive
propargilsistému, inducgjot sililgrupas 1,2-nobidi. Tas rezult€jas [-silicija efekta stabilizeta
alilkatjona starpstavokll Int-14. Sekojoss ieksgja nukleofila (O-, N-) uzbrukums un reducgjosa
elimingé$ana dod arilétus heterociklus 15 ar vienlaicigu Cu(I) katalizatora regeneréSanu.
Pievienota baze (B = 2,6-t-Bu,Py) neitralizé katalitiskaja cikla generéto H*. Terc-butilestera 10k
gadijuma papildus tiek generéts viens ekvivalents izobutiléna gazes. Ja reakcija netiek pievienota
baze, protodekuprésanas mehanisms ir domingjosais un galvenokart veidojas arilgrupu nesaturosi

heterocikli 14a/14e.

cu(l)Y

HB + / \
(vai)l\? +HB) .; RE  I1-Mes > :
Sr

Protodemetalé$anas @ /\ ArCu(lll)Y;
R Int-14

cel§ :
ATCUYZ \ )
caur Si

sililgrupas ~_R _ )
“x “o 1.2-nobidi 282 R=(CHyppXHvai
Cu(il) Int-13 CH,COO0¢-Bu; X=0, NR
14a/14e A
r

26. shéma. Piedavatais mehanisms propargilsilanu ariléSanas-heterocikliz€sanas reakciju

kaskadei.

Mainot oglekla atomu virknes izmeru, ir iesp&jamas reakcijas mehanisma variacijas, ka tas
tika novérots, veicot reakcijas ar acilamidiem 10m-o. Sakotngji tika sagaidita imidata 26
veidosanas,*”! tacu tika iegiti tetrahidropiridini 23a-c, kas veidojas caur nukleofila uzbrukumu
alilkatjona rezonanses formai Int-16, kurai piemit papildu arilgrupas stabilizacija (27. shéma).
legiita tetrahidropiridina 23c¢ struktlira viennozimigi tika pieradita ar rentgenstruktiranalizes
palidzibu.
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PhMesIOTf (1,2 ekv.),
SiMe,t-BuO  [CUOT],-PhH (7,5 mol%),
|

2,6-t-BuyPy (1,2 ekv.)
% \/\H R 2

10m: R=Me; 10n: R=Ph;

EtOAc (abs.), 70 °C, 4h

100: R=3,5-(NO;),CsH3 Neiegust
Si 3
54 3 4 2
6 =~ 2 <—>S'5 HN1 R
Ph HN._ R I @)
T Ph O
Int15 O Int-16
t-BuMe,Si.__
Produktu
klasts: Ph j\
07 "R N : oy
............................................. 0 ; - 2
R= WARA- A
NO,
CHs
% Savienojuma 23c
23a,35%; 23b,47%; O,N 23c, 19% ORTEP diagramma

(23% KMR)@!

[a] - Modificéti apstakli: PholOTF (3,0 ekv.), 20 h.

27. shéma. Tetrahidropiridinu 23 sintéze no propargilsilaniem.

No iegiitajiem rezultatiem var secinat, ka alilkatjonu, kurus ieglist no iek$€u nukleofilu
saturo$iem propargilsilaniem 10, iekSmolekularas dzeéSanas regioselektivitati nosaka izejvielas
oglekla atomu virknes izmérs. Substratiem, kur ir iespgjama piecloceklu cikla veidoSanas, tiek
novérota 1,3-difunkcionalizé$ana, kur rodas tetrahidrofurani 15 (X = O) vai pirolidini 15 (X = N-
PG), kas sanu kéde funkcionalizgti ar stirilgrupu. Substratiem 10m-o, kas satur Tsakas sanu virknes,
tika novérota 1,1-difunkcionalizéSana, kur veidojas tetrahidropiridini 23. Demonstréta pieeja
izradijas efektivaka stirilgrupu saturo$u heterociklu 15 sintézei, salidzinot ar iepriek$ zinamajam
stratégijam.’ Pilns pétjuma rezultatu izklasts ir pieejams publikacija Kronkalne, R.; Belaunieks,
R.; Sebris, A.; Mishnev, A.; Turks, M. Aryl lodane-Induced Cascade Arylation—1,2-Silyl Shift—
Heterocyclization of Propargylsilanes under Copper Catalysis. Beilstein J. Org. Chem., 2025, 21,
19841994 (3. pielikums).?!
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1.4. Ritera tipa reakcija ar p-silicija stabilizétu alilkatjonu

E*, RCN, Si Si |
H,X Il r  H' RCN Y\]//A\ o
- —_— |
R = Alil-, Ar; y " R=3MeOCgH, | H Ng
n=0 Y = H, Hal n=1

R

E=H, Hal; X=0, NR'

Meéginot heterociklizét spirtu 10e NBS klatbiitné analogiski 1.1.nodala aprakstitajam
parvertibam, tacu izmantojot acetonitrilu (MeCN) ka $kidinataju, tika noverota Ritera tipa
reakcija, kur tika ieglits oksazina atvasinajums 27a, nevis gaiditais oksetana atvasinajums 27b
(28. sheéma). Cikliskais produkts 27a viegli hidroliz&jas par acetamidu 18a — klasisko Ritera

reakcijas produktu.

SiMe,t-Bu | ! SiMe,t-Bu
SiMe,tBu  NBS (1,26kv.) | s ~ S
_ | )
2~ " ToH MeCN Br N O Br O—
-45°C—25°C, T i
10e 22 h 274l i 27b, neiegist
SiMe,t-Bu H*/H,0
(/‘K /\/OH
Br H,h [a] 27a izdali$ana ar kolonnu
hromatografijas palidzibu
18a 0 39% deva 23% iznakumu.

28. shéma. Spirta 10e heterocikliz€Sana Ritera tipa reakcijas apstaklos.

Lietojot nitrilus, tie ka primarais nukleofils pievienojas alilkatjonam Int-17, veidojot
nitrilija jonu Int-18, kas tiek dzests ar sekundaro nukleofilu (H,O, R'R?NH, Ar). Tas dod iesp&ju
sintez&ét gan cikliskus, gan acikliskus produktus, ko vieno funkcionalizétas alkénu sanu virknes
klatbutne (29.shéma). Apskatita daudzkomponentu reakcija ir izaicinoS§a no entropijas
skatupunkta, jo ir japanak seciga Cetru kovalento saiSu veidosSanas, reakcijas komponenteém
reaggjot velamaja seciba. Neskatoties uz sistémas sarezgitibu, kopa ar Sandru Turku,[“%
Raimondu Rogalevu* un Miku Purinu®? tika izstradata metodologija propargilsilanu
izmantoSanai fukcionalizétu alilamidu 18, amidinu 19 un dihidroizohinolinu 20 sintézei Ritera

tipa reakcijas apstaklos.
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1
X __# R
2
H,0 E HN\”/R 18
si © si
1 '
Si Si Si X A l,R X % ,,R1
\ E* 1
R g, XY/&\/RL'XW}\/R‘ +——— E HN_R?*' E Ng R
R?CN ® |® R3NHR* 49 N 19' T
Y E E N N._,! N
12 Int-17 nt18 | R =H) R ROTRE
R'= Alkil-, CHoAT, Ar; " R si
X =H, Cl; E = H, Hal xj/}\, OMe
(R'=CH,Ar) E Ny
RZ 20

29. shéma. Propargilsilanu lietojums Ritera tipa reakcija.

Vispirms tika apskatitas sistémas, kur reakcijas apstakli ir visvairak pietuvinati
klasiskajiem Ritera reakcijas apstakliem, kas apvieno Brensteda skabi (TfOH vai HNTf))
karbkatjona generéSanai, MeCN ka primaro nukleofilu un $kidinataju, ka arT adeni ka sekundaro
nukleofilu. Sados apstaklos tika iegdti alilamida funkcionalitati saturo$i produkti 18b-g
(30. sheéma). Tika novérots, ka, izmantojot ekvimolaru daudzumu skabes (1 ekv. HNTf;: 18f,
67 %), produktu iznakumi bija augstaki neka ar katalitisku skabes daudzumu (0,2 ekv. TfOH: 18f,
41 %). Terminali halogen&tu propargilsilanu 12 (X = Cl) gadijuma tika iegiti trisaizvietotu C=C
saiti saturo§i produkti 18e un 18g, kas reakcijas maistjuma 'H-KMR spektra tika novéroti ka
(Z/E)-isoméru maistjums (9:1). Mazorais (Z)-izomérs tika izdalits ar kolonnu hromatografijas

palidzibu.
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Si Si(i-Pr)3 SiMe,Bn
Si H,0 (2,2 ekv.) X R! n-Bu n-Bu
‘ HNTf, vai TfOH (0,2-1,0 ekv.) = |’

A H HN HN HN
X MeCN, 60 °C, 18-24 h b e
128l 18b-g g 18b o 18c O
65%lcl 66%!°!
Me,t-BuSi Me,t-BuSi Me,t-BuSi Me,t-BuSi
Cl._~ Cl._~

HN HN HN
g g g
18d (o] 18e (o] 18f (o] 18g 0

33%[01, 529%lc] 609! 41%P1 | 67%!c] 63%Ic]

[a] Silani: 12b (X = H, R" = n-Bu, Si = (i-Pr)3Si), 12d (X = H, R! = n-Bu, Si = BnMe,Si), 12e (X = H,
R' = Bn, Si = t-BuMe,Si), 12f (X = ClI, R' = Bn, Si = t-BuMe,Si), 12g (X = H, R'= CHy(3,5-
Me,CgHs), Si = -BuMe,Si), 12h (X = Cl, R = CHy(3,5-Me,CgH3), Si = t-BuMe,Si). [b] 0,2 ekv. TfOH
ka H* avots. [c] 1 ekv. HNTf, ka H* avots.

30. shéma. Alilamidu sintéze no propargilsilaniem.

(2)-Dubultsaites veidosanos alilamidu 18e/18g gadijuma var skaidrot ar alkina

proton&Sanos antipereplanara pozicija attieciba pret migréjoso sililgrupu (31. shéma).

S@ X, Q.S 1
B X Y 5 H™ UN—R
KT e
Si Si ' H g |
| HNTF : Int-20 : si
CRUINTE | o TR | :
X%/ § g R ' I :—l-x = R__,
12 MecN X 7w 5 : e
H,0 Int-19 Si 5
Antiperiplanara @ | Int-22
protonésanas- X %> R 1 (Z)-selektivitate
- Si nobide 2 :
i H o Int-21 _
Si Si Si
1 1
N l,R X AR X AR
> | —_—
H N® H N H HN
mt23 || nt2a 18 g
OH, lo}
®

31. shéma. Produktu (Z)-geometrijas racionalizacija propargilsilanu Ritera reakcija.

Elektroniem bagatu arilsistemu 12i-j gadijuma tika noverota BiSlera—Napiralska (Bischler—

Napieralski) tipa reakcija, kur arilsistéma reaggja ka sekundarais nukleofils nitrilija jona dz&$anai,
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ka rezultata tika iegiiti dihidroizohinolina atvasinajumi 20a-i (32. shéma). Analogiski ieprieks
novérotajai sakaribai alilamidu sint€z€, no terminali halogenéta silana 12j tika iegtiti produkti
20b-d ar (Z)-geometriju alkénu sanu k&dé. Halogengtais silans 12j deva augstakus produkta 20
iznakumus (Iidz 78 %) neka ta nehalogenétais analogs 12i (lidz 60 %). Atskiriba no alilamidu 18
sint€zes (kurai bija nepiecieSama karsgSana lidz 60 °C), dihidroizohinolinu 20 sintéze efektivi
noritgja istabas temperattira (20 °C). Lietojot alifatiskos (MeCN, EtCN, PrCN) un halogen&tos
nitrilus (CICH,CN) ka skidinatajus, tika iegiti dihidroizohinolini 20b-h ar 30-78 % iznakumu.
Aromatiskos nitrilus Ritera-tipa reakcijas ka $kidinatajus izmanto reti™® — tie visbiezak ir augsti
virsto§i kidrumi vai cietvielas.** %) Sados gadijumos ka $kidinatajs tika izmantots DCM,
pievienojot augsti virstoSos nitrilus (PhCN, 4-FCsH4CN) neliela parakuma (1,2 ekv.). Tas lava

iegtt dihidroizohinolinus 20a/20i ar iznakumiem 41-45 % robezas.

OMe

) SiMe,t-Bu SiMe,t-Bu

Me¢-BuSi HNTF, (1,1 ekv.) X \%:\ OMe OMe
|

Z RCN,20°C, 18h H N;©/

X

12i-jl@ 20a-i R4 20a,
419%[b]
SiMe,#-Bu SiMe,t-Bu
Cl_~ OMe Cl_ = OMe
N SiMe,t-Bu N SiMe,t-Bu
20b, Cl_~ OMe 20d OMe
55% N 30% cl N
20c, 20e,
78% Et 35% -
SiMe,t-Bu SiMe,t-Bu
OMe OMe
N SiMe,t-Bu N SiMe,t-Bu
20f, OMe oo OMe
45% 41% Pr
N
20g, 20i,
60% FEt 45%0b)
[a] Silani: 12i (X = H), 12j (X = CI). [b] 1,2 ekv. nitrils, DCM ka &kidinatajs. F

32. shéma. Dihidroizohinolinu sintéze no propargilsilaniem BiSlera—Napiralska tipa reakcija.

Talak tika apskatitas komplicetakas sistémas — Ritera tipa reakcija, kur nitrilija jona
dzesanai tiek pievienots argjais slapekla nukleofils. Brensteda skabes aktivacijas apstaklos
amidina 19 tipa produkti netika iegiiti. Silanam 12b reaggjot ar 1,2 ekv. TfOH un 2,0 ekv. TsNH,
acetonitrila (T =-45°C), vienigais identificétais produkts bija (F)-hepta-1,3-dien-2-
iltriizopropilsilans!'® (30 % KMR iznakums). Savukart ar HNTf, reakcija nenotika, un tika
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atgiitas izejvielas. Toties, aktivEjot propargilsistemu ar NBS, ka galvenais reakcijas produkts tika
iegiits amidins 19a ar 56 % KMR iznakumu (apstakli: 1,2 ekv. NBS, 1,1 ekv. TsNH,, MeCN,
20 °C). Veicot talaku reakcijas optimizaciju, tika noskaidrots, ka augstakos amidina 19a
iznakumus (75 % KMR) var iegiit $ados apstaklos: T =-45°C, MeCN ka $kidinatajs, 2 ekv.
TsNH,un 1,2 ekv. NBS.

Optimizetajos reakcijas apstaklos tika turpinata substratu klasta izpete (33. shéma).
Halogéna aizvietotaju dazadiba pie produktu 19a-¢ C=C saites tika panakta, izmantojot dazadus
elektrofilas halogengSanas reagentus: NBS, NCS un NIS. Augstakie amidinu 19 iznakumi (lidz
76 %) tika iegiiti ar propargilsilaniem 12a,b,d, kas satur vienkarsas alifatiskas virknes. Arilgrupu
saturoSais propargilsilans 12k['®! Ritera tipa reakcijas apstaklos deva zemus amidinu iznakumus
(22-30 %). Iesp&jams, ka papildu stabilizacija alilkatjonam, ko dod blakus esosa arilgrupa (R! =
Ar), palénina nitrila pievieno$anos, ko netiesi apstiprina papildus nepiecie$amais reakcijas laiks.
Pieméram, alkilsilans 12b bija pilniba izreaggjis jau péc 45 miniatém, savukart arilsilanam 12k
bija nepiecieSama 1,5 stunda.

Substrati, kas saturgja terminalu arilétera grupu 11i, azidu 10p, mezilatu 10r un pat brivu
spirta grupu 10e, Ritera tipa reakcija deva amidina produktus 19 ar iznakumiem 30-47 %
robezas.

Starp alternativiem sekundarajiem nukleofiliem amidinu 19 sintgzei, sulfonamidi (NsNHo,
TsNH>) deva augstakos produktu 19 iznakumus (73-76 %). Dazi slapekla heterocikli, lai arT ar
zemaku iznakumu (15-46 %), arT bija izmantojami S§im merkim, pieme&ram, 2,6-dihlorpurins,
1,2,4-triazols un imidazols. Spécigaki nukleofili, ka cikloheksanols, cikloheksiltiols un
cikloheksilamins, standarta reacijas apstaklos (silans 12b, 1,2 ekv. NBS, —45°C, MeCN ka
skidinatajs) nedeva gaiditos imidata/tioimidata/amidina produktus.

Garakas alkilvirknes (C3-Cs) saturosi nitrili, ka arT akrilnitrils reakcija ar alifatisko silanu
12b deva salidzinoSi zemakus amidinu 19 iznakumus (41-66 %), neka ieprieks tika iegtti ar
acetonitrilu. Benzonitrila gadijuma bija nepiecieSams izvairities no ta kristalizéSanas reakcijas
apstaklos (—45 °C), tadel tika izmantota jaukta skidinataju sisttma: PhCN/DCM (4:3 v/v).
Benzonitrils $ajos apstaklos nebija pietickami reaggtsp&jigs (amidins 19w tika iegits tikai ar 22 %

iznakumu), un galvenokart notika deproton&$anas, veidojot dienu.['¥]
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R2NHR3 (2,0 ekv.) Si E* avoti = NBS (Br*), TsNBry (Br),
[ E* avots (1,2 ekv.) (/& _R! NCS (CI*) vai NIS (I*)

\R1 | g | o
Z R4CN, -45 °C X HN. R R2ZNHR3 = TsNH,, NsNH,,

10-12¢! 20 min I1dz 24 h 19a-w NR2R® | 1,2,4-Triazols, Imidazols

/ : /
L Si(i-Pr); | SiMe,t-Bu ©/5i—
i 19a (E = Br): 73%°], 55%[61[‘115 W %\(\/\
'E 19b (E = 1): 54% :
E ! Br HN Br HN
; N| 19¢ (E = CI) 36%L) ; i \N(
! N ' N. .
P s ©o19d, s 19e, Ts
--------------------------------------------------- . 66%l° 56%c]
(l-Pr)3S| : SiMe,t-Bu
; = 19f (E = Br): 30%!°! . ~
i E HN 19g (E = CI): 22%M1 ! Br HN
| | g ( ): 22% | le/
; Nots 5 19h, 55%° " Ts
SiMe,t-Bu SiMe,t-Bu SiMe,#-Bu
H\(\/O N\/ MOH
Br HN \© Br HN Br HN
1/ NI SiMe,-Bu
“Ts y O\S/p
19i, 4e%lcl 19j, 47%101 19k, 30%!c] S
Br NY o
Si(i-Pr); Si(i-Pr); Si(i-Pr),

NO N
A S A e
Br HN Br Ny N =N
| Y \( 191 o
N N, N 46%!°]
19m, N Ns 19n, (N %
76%L! 35%l N—/ 1 5%[c1 N

=

Si(i-Pr); i(i-Pr); (i-Pr)3Si

‘ Si(
= N
éBr HNm/\ Br HNW Br HNW/\ Br HNp

N. N.
: Ts Ts Nots
119r (R' = n-Bu): 66%[° | 19t (R'=n-Bu): 55%/1 19y, 19w,
195 (R" = Ph): 12%[° 19u (R" = Ph): 4% 419%!c] 2204 [cllf

[a] KMR iznakums. [b] T = -45-20 °C. [c] NBS ka Br" avots. [d] TsNBr; ka Br* avots. [e] Silani: 12a
(R"=n-Bu, Si = t-BuMe,Si), 12k (R' = Ph, Si = (i-Pr)3Si), 121 (R" = CgH4g, Si = -BuMe,Si), 11i (R" =
CH,CH,0Ph, Si = t-BuMe,Si), 10p (R' = CHCH,N3, Si = BuMe,Si), 10e (R! = CH,CH,OH, Si = -
BuMe,Si), 10r (R" = CH,CH,0OMs, Si = t-BuMe,Si). [f] Tika izmantota modificéta kidinataju sistéma:
PhCN/DCM (4:3 viv).

33. shema. Amidinu sint€ze Ritera tipa reakcija no propargilsilaniem.
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Amidiniem $kiduma ir iesp&jams noverot gan konfiguracijas izomerus (C=N saitei ir
iespgjama (E)- vai (Z2)-konfiguracija), gan rotacijas izomerus (sin/anti), kas veidojas, rot&jot ap
C-N saiti. Tautomérija ari ir biitisks faktors, kas apgriitina §o savienojumu analizi.*) Analizg&jot
amidinus 19a-w ar KMR spektroskopijas palidzibu, CDCl; visbiezak tika novéroti divi signalu
komplekti, savukart DMSO-ds bija redzams tikai viens izomérs. Amidina 19m gadijuma
mazora/minora izoméra attieciba CDCls bija 96:4 (integralu attiectba '"H KMR). N-H signals 'H-
KMR deva dubletu ar 3J=9,6 Hz sadarbibas konstanti ar C(3)-H, kas liecina par N-H vicinalo
poziciju attieciba pret C(3)-H (1. att€ls). Tas pats tika noverots visiem pargjiem amidiniem, kas
saturgja brivu N-H grupu. Kamér atbilstoSo amidina tautom€ru var€ja noteikt ar
spektroskopiskam metodém, C=N saites geometrijas noteikSana bija sarezgitaka. Produkta 19m
gadijuma C=N saites (E)-izomérs tika pieradits ar rentgenstruktiiranalizi. (E)-geometrija tika
apstiprinata ari C=C dubultsaitei, un tas saskan ar iepriek§gjiem novérojumiem propargilsilanu

elektrofilas halogen&Sanas reakcijas.!”!

mmmmmm
vvvvvv

NOESY/L i-Pr
6.85 6.80 6.75 6.70 4.90 4.85 4.80

Si—i-Pr . (Gom)
?\%C Ho  %Inncen = 9.6 Hz ®
N (E O

2

1. attéls. Amidina 19m struktiiras pieradisana.

Nosléguma darba autore un kolégi apskatija aciklisko Ritera tipa produktu lietojumu
heterociklu sintéze. Standarta Ritera tipa reakcijas apstaklos (1,2 ekv. NBS, 2,0 ekv. R!'SO,NH,,
R2CN ka $kidinatajs, T =-45°C) no mezilata 10r tika iegliti amidini 19aa-ad, kas bazes
klatbutneé (NaHCOs) ciklizéjas iekSmolekulara Sy2 tipa reakcija par tetrahidropirimidina

atvasinajumiem 21a-d (34. shéma).
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SIiMezt-Bu NBS (1,2 ekv.) SlMezt-BUOMs NaHCO, SiMe,#-Bu
%\L R'SO,NH; (20 ekv.) | 7~ > (6-10 ekv.) ) o
Br HN___R? Br N _N_u
RZCN, -45 °C n-BusNBr s
1or OMs ) \Nﬁ 0 (0,3-0,4 ekv.), t LY
40 min ~d 21ad R
19aa-ad < R' MeCN/H,0,
L J 70°c,15h
SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu
= = = =
0 o}
>~ et B N ~ N\ Iy
T g Br N N”S r ,’S
Q @ T 2,8 T
21a, 21b, NO, [ 21c, 21d,
56% 33% 44% 16%

34. shéma. Ritera tipa reakcija tetrahidropirimidinu 21 sintgzei.

Saja nodala tika demonstréts, ka propargilsilanu parvértibas Ritera tipa apstaklos var sniegt

plasu produktu klastu, sakot no acikliskam strukttiram — alilamidiem 18 un amidiniem 19 —, lidz

pat heterocikliem 20-21. Apvienojot argju elektrofilu pievieno$anos propargilsilana triskarsajai

saitei ar vinil-alilkatjonu pargrupesanos sililgrupas 1,2-migracijas rezultata un divu secigu

nukleofilu uzbrukumu, tika iegtitas komplic@tas, alilamina struktiirfragmentu saturosas struktiiras

no vienkar$am izejvielam. Pilns pétjjuma rezultatu izklasts pieejams 6. pielikuma: Turka S.;

Kronkalne R.; Rogalevs R.; Purin§ M.; Mishnev A.; Turks M. 1,2-Silyl Shift —

Ritter Reaction

Cascade for the Synthesis of Dihydroisoquinolines and Allylamine Derivatives (nepublic&ts

manuskripts).

43



SECINAJUMI

Elektrofili propargilsilanos I ierosina sililgrupas 1,2-nobidi, veidojot reagétspgjigus
alilkatjonus III. Tos dzgSot ar ieks$gjiem O-, N- un S-nukleofiliem, tiek ieglti piesatinati
piecloceklu heterocikli IV — tetrahidrofurani (X =0), pirolidini (X =N-PG) un tiolani
(X=8) -, kas funkcionalizéti ar geminali divaizvietotu (E=H) vai stereodefintu
trisaizvietotu (E = Hal, PhSe) alkénu sanu ké&di.

Si si  Siliigrupas
E* I 1,2-nobide

Y | E Il
. Si
e F/Z ar Hal™: @ - N .
91:9 idz 95:5 = |D E* = H*, Hal*, PhSe
E X o
o E/Z ar PhSe™; VX O NS ¥ = H; R = (CH,);XH
= o
4159 1idz 95:5 'V ¢ N, S) 25-85%

IekSmolekulari dzgSot B-silicija stabilizéto alilkatjonu III ar elektroniem bagatam
arilsisttemam Brensteda skabes ierosinata Fridela-Kraftsa tipa reakcija, tiek iegtti bicikliski,
dalgji piesatinati heterocikli V, kas satur stereodefinétu (Z)-geometrijas alkénu sanu kedi.

Si Ekskluziva (Z)-geometrija

Y
\]%\ “N R' = MeO, Me, H, Br:
H N PG =Ns, Ac; Y =H, CI

I
“Re V., 40-77%

Kombingjot  diaril-A’>5jodanus ar Cu(I) katalizatoru, var generét elektrofilus
Ar-Cu(Ill) reagentus, kas ka formali Ar" sintoni pievienojas propargilsilanu triskarSajai
saitei un ierosina ariléSanas — sililgrupas 1,2-nobides — heterocikliz€Sanas sekvences
VII-VIII un VII-IX atkariba no sanu virknes izméra. Savukart, ja propargilsilans

nesatur reagétsp&jigus iek$€jos nukleofilus, tiek iegiti ariléti silildieni X.

R=XH; o
n=3 _ 9
. 2 Cameamon |
i Si 12-83% 3
e _BCU | g @-rcd X~ v
Akl = 2 = Akl » X=0 NCOR'| R=XH;

X, n=1 Vil nep 9 j
37-69% —
19-47% X~ I

Ritera tipa reakcijas apstaklos propargilsilanus var kombin&t ar divu secigu nukleofilu
uzbrukumu, iegistot alilamidus XI (X = O) un amidinus XII (X = N-PQG), kas satur augsti

funkcionalizétu olefinu struktirfragmentu. Propargilsilanus ar elektroniem bagatam
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arilsisttmam sanu virkn€ var paklaut BiSlera—Napiralska tipa reakcijai, kura ir iegiistami

dihidroizohinolinu atvasinajumi XIII.

HNSOR 3
— (/k,k
[
Si HalHN__R'
R'CN, H,0 - |
YA R . Hy ::,I Xii Nego e
W HN. R _R=Alkik, Ar; =Ha 2
Y E=HY=HCl ;
Xl, 0 N-heterocikls
52-67% R

R=
R'CN Hal Ne R
\(\Q E=H;Y=H,Cl xu'a Y

. Si | s.{N};

% o
|

R’ 30-78%

Dubultsai§u geometriju var kontrolét, kombingjot: (a) nehalogen&tus propargilsilanus I
(Y =H) ar elektrofilas halogen&sanas reagentiem (E*=Hal") (E)-geometrijas iegiiSanai
vai (b) halogenétus propargilsilanus I (Y = Hal) ar Brensteda skabes aktivaciju (E* = H)
(Z)-geometrijas ieguiSanai. Olefinu sanu k&di var talak modificét Sk&rssametinasanas
reakcijas, ka arT veicot Si—I apmainu, saglabajot alkéna konfiguraciju. Propargilsilanu I
aktivgjot ar Ar-Cu(Ill), stirola atvasinagjumus XV var iegiit viena stadija, izlaizot Pd-

kataliz&to vinilhalidu skérssametinasanas soli.

(E)-geometrija

Hal*

ArB(OH),
[Pd], baze

ArB(OH),,
[Pd], baze

Xiv'
(Z)-geometrija
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GENERAL OVERVIEW OF THE THESIS

Relevance of the Topic

Olefins are a class of widespread carbofunctional compounds — they are ubiquitous motifs
in both natural products and synthetic compounds.'! Olefins serve as precursors for countless
organic transformations, enabling access to a broad spectrum of valuable products.* 3! The
geometry of olefins and their substituents directly influences the properties of the resulting
products, which is an important factor in bioactive compounds, polymers, and substrates for
asymmetric catalysis.[® Despite this, the stereoselective synthesis of tri- and tetrasubstituted
olefins remains challenging even in the 21st century.”! (E/Z)-selectivity is often determined by the
relative size of substituents.!® The (E)-isomer is typically obtained as the thermodynamic product,
whereas the synthesis of the energetically less favorable (Z)-alkenes is more problematic.
Furthermore, many classical olefin synthesis methods, such as the Wittig reaction or the Julia-
Kocienski olefination, exhibit limited applicability in the stercoselective synthesis of tri- and
tetrasubstituted olefins.[%°) This motivates the development of alternative strategies for olefin
synthesis, such as olefin metathesis (Scheme 1).1112 For the synthesis of highly functionalized
double bonds, reaction sequences that combine alkyne hydrometallation, carbometallation, or
haloboration with cross-coupling reactions,['>!%1 as well as transition-metal-catalyzed alkyne
hydroalkylation are also employed.[) Unfortunately, these methods are often not sufficiently
stereoselective.[¥) Increasing mass efficiency in the synthesis of tri- and tetrasubstituted olefins

also remains an important objective.[!”

A) Olefin metathesis

R _R? MeH AOVY9%  Ri Rz MeH._H
ﬁ/ + ﬂ W + I + homocoupling
Me/H R R4 R3 R4 H” " H/Me byproducts
1 2 3a 3b
B) Alkyne 1,2-difunctionalization
3 2
R . [Pd] R .
RW% + Y—M 4+ R’-Hal ——— Y\V\Rz or V\Rg
4 R! 5a R 5b
C) Alkyne hydroalkylation
H M = Al, B, Cu, Zn, Zr etc.

_R? [CuFH 1wt I
& + Alkyl—OTs ——— Alky ~o7 R2
4 R! 6

Y =H, C, Hal, M etc.

" R = Ar, Bn, vinyl, allyl etc.

Scheme 1. Contemporary strategies for stereoselective highly functionalized olefin

synthesis.
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A new approach for the stercoselective synthesis of trisubstituted olefins 9 by 1,3-
difunctionalization of propargyl silanes 7 was recently demonstrated by our group
(Scheme 2).['%: 11 In this approach, the propargylic system is activated with external electrophiles
(Hal*, RSe") to induce the 1,2-silyl shift.l') In many cases, formation of a B-silyl carbocation as
the possible intermediate is facilitated by non-vertical stabilization (Int-2), which promotes
migration of the silyl group toward formation of a more stabilized allyl cation.?®2! These B-
silicon-stabilized carbocation intermediates 8b subsequently serve as building blocks for the

incorporation of trisubstituted olefin fragments with high stereoselectivity.!"!

D) Alkyne 1.3-difunctionalization i Carbenium ion stabilization with B-silicon:
. Sl_‘Jr 8a | | Nonvertical Si @ c
N EHX 3% | stabilization B"/‘-;&l}:
% R (or E-X) E \R X ' (silonium ion) A D Int1
3 :
7 ' @
1,2-silyl | Si , )
Org. Lett. 2023, 25, 4627. shift BN\ c 1,2-silyl shift
) i 2 A D
Si Si 8b | | Int-2 \
2 2 : ;
3(/3\13 3(/‘&1/'? | B,@..?'
| + X | ; p \'C
9 E : Vertical ~ 5#1
£ X — - stabilization A D Int-3
E = Br, |, PhSe; X = OMe, OH, OAc, Cl etc. ! (hyperconiugation)

Scheme 2. Alkyne difunctionalization by 1,2-silyl shift.

Although synthetic methods involving the 1,2-silyl shift have been known since the 1980s,
examples of their application in the synthesis of stereodefined olefins containing three or more
substituents remain limited. The concept of silicon rearrangement in the synthesis of heterocyclic
structures has also been relatively underexplored.!*®2!] The importance of heterocycles in organic
chemistry is undeniable. Statistical data show that the majority of modern pharmaceuticals and
agrochemicals contain at least one heterocyclic structural fragment.??! For example, in 2019, at
least half of the drugs approved by the U.S. Food and Drug Administration (FDA) were
heterocycle derivatives.[?>2* This drives continued interest in the development of new and
efficient synthetic strategies for the preparation of functionalized heterocyclic structures, thereby
expanding the diversity of accessible synthetic derivatives. > 2¢]

Taking into account that silicon rearrangement in propargyl silanes remains a relatively
underexplored topic in organic chemistry,?*2! as well as the need for new methods for the
synthesis of stereodefined, highly functionalized olefins and small-molecule heterocycles, the
author set out to further develop the concept of 1,3-difunctionalization of propargyl silanes for the

synthesis of heterocyclic structures containing a stereodefined olefin side chain (Scheme 3).
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DO
K*\g B P

with 1,1-difunctio-

nalization E 2
14: E = H, Hal, PhSe; without nucleophile
15: E=Ar
with 1,3-difunctio-
nalization Intramolecular .
ISi Friedel-Crafts- Si
E* activation type reaction Y.
R _type reaction_ \%\ -~
Y and 1,2-silyl 16:Xx=0; F X
10: R = (CH,),XH;  Shift 17: X = N-PG
11: R = (CH,),XAr; J Ritter-type
12: R = alkyl, CH,Ar, Ar reaction
Si Si
e 7 P =
| s o
E H Y E N S A N X
18:x=0. * 20 R 21 R
19: X = NR"

Scheme 3. General concept for the synthesis of highly functionalized olefin side chain-containing

heterocycles from propargyl silanes 10-12.

Aims and objectives

This Doctoral Thesis aims to develop a new methodology in organic synthesis for obtaining
saturated and partially saturated heterocycles that contain a stereochemically defined, highly
functionalized double bond in the side chain. This will be achieved by activating propargyl
silanes with electrophiles to induce the 1,2-silyl shift, thus generating an allyl cation intermediate
or its equivalent. Ring-closure will be achieved by subsequent attack of internal O-, N-, S-, or C-
centered nucleophiles. In addition, the application of propargyl silanes under Ritter-type reaction
conditions will be investigated, where a nitrile acts as the primary nucleophile toward a B-silicon-
stabilized carbocation. The resulting nitrilium ion intermediate will be quenched by internal or
external nucleophiles to afford products containing stereochemically defined allylamine

fragments.

To achieve the aim of the study, several tasks were defined.

1) To investigate literature-reported methods for the synthesis of saturated heterocycles
via intramolecular cyclization, identifying the advantages and limitations of existing

methodologies, and to compile these findings in the form of a review article.
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2) To participate in a collaborative project, directed towards the development of a
synthetic methodology, which incorporates the 1,2-silyl shift and subsequent C-Het
bond formation via internal O-, N-, or S-nucleophile attack on reactive [-silicon-
stabilized allyl cation intermediates 13b, to transform propargyl silanes 10 into five-
membered heterocycles 14 — tetrahydrofurans (X = O), pyrrolidines (X = N-PG), and
thiolanes (X = S).

3) To participate in a collaborative project aimed at adapting the propargyl silane
heterocyclization methodology to a Friedel-Crafts-type reaction, in which the -silicon-
stabilized allyl cation 13b reacts intramolecularly with aryl systems (C-nucleophiles) to
form bicyclic partially saturated heterocycles 17. To perform further modifications of
the obtained tetrahydroquinolines 17 (X = N-PG) and their oxygen analogs 16 (X = O)
to demonstrate their potential for further synthetic applications.

4) To participate in a collaborative project investigating the use of diaryl-A*-iodanes as
formal C-electrophiles for activation of propargyl silanes 10 and 12 under copper-
catalyzed conditions, enabling the synthesis of arylated heterocyclic products 15 and
23, as well as arylated silyl dienes 22.

5) To study the induction of 1,2-silyl shift in propargyl silanes 10-12 under Ritter-type
reaction conditions for the synthesis of various acyclic products 18-19 (X = O, N-PG)
and cyclic products 20-21 containing highly functionalized C=C bonds.

Scientific novelty and main results

As a result of the conducted research, a synthetic methodology has been developed for the
preparation of saturated and partially saturated heterocycles from propargyl silanes, incorporating
a highly functionalized olefin side chain into the molecular framework. The key transformation
underlying this methodology is the generation of B-silicon-stabilized allyl cations via 1,2-silyl
shift, which occurs upon activation of the propargyl silane triple bond by strong electrophiles. The
resulting reactive allyl cation intermediates are subsequently quenched by intramolecular
nucleophiles, leading to the formation of a series of heterocyclic structures — tetrahydrofurans,
pyrrolidines, thiolanes, tetrahydroquinolines, etc.

For the synthesis of tetrahydrofurans, pyrrolidines, and thiolanes, propargyl silanes
containing internal O-, N-, and S-nucleophiles were synthesized starting from commercially
available hex-5-yn-1-ol. These substrates were then activated in the presence of strong
electrophiles (H*, Hal*, RSe"), inducing a 1,2-silyl migration-heterocyclization sequence. Ring
closure by formation of a C-Het bond occurs via intramolecular nucleophilic attack on the (-

silicon-stabilized allyl cation. The obtained products contain heterocyclic motifs, such as
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tetrahydrofuran, pyrrolidine and thiolane derivatives, which are prevalent in pharmaceuticals, and
highly functionalized C=C bonds with excellent (£)-selectivity.

For the synthesis of bicyclic, partially saturated heterocycles — namely
tetrahydroquinolines — the propargyl silane heterocyclization concept was adapted to an
intramolecular Friedel-Crafts-type reaction. In this transformation, the allyl cation generated via
1,2-silyl migration is intramolecularly quenched by an electron-rich aryl system acting as a C-
nucleophile. To enable this transformation, an aryl unit was introduced into the propargyl silane
structure via a nitrogen linker. Functionalized aryl amide derivatives were synthesized from
commercially available pent-4-yn-1-ol. The resulting bicyclic heterocycles contained highly
functionalized olefin side chains with defined (Z)-geometry.

The use of diaryl-A*-iodanes as formal C-electrophile sources under copper-catalyzed
conditions was developed for arylation-heterocyclization sequences of propargyl silanes. This
approach enabled the synthesis of tetrahydrofuran, pyrrolidine, and tetrahydropyridine derivatives
bearing arylated side chains. This method provides an efficient route to heterocycles containing a
functionalized styryl side chain, while reducing the total number of required synthetic steps
compared to previously known strategies.

Activation of propargyl silanes with electrophiles under Ritter-type reaction conditions
enabled the synthesis of dihydroisoquinoline and tetrahydropyrimidine derivatives, as well as
acyclic products — amidines and allylamides — featuring highly functionalized C=C bonds. From
an entropic standpoint, these transformations are particularly complex: in a multicomponent
reaction, the sequential formation of four new covalent bonds was achieved in a single step,

resulting in the formation of complex molecular structures from simple starting materials.
Structure and volume of the Thesis

The Doctoral Thesis is structured as a collection of thematically unified scientific
publications dedicated to the use of propargyl silanes in the synthesis of small-molecule
heterocycles containing highly functionalized olefin side chains, utilizing 1,2-silicon shift to
generate [3-silicon-stabilized allyl cation intermediates. The Thesis comprises one review article
and three original research publications in SCI-indexed journals, one publication manuscript in

preparation and related unpublished results.
Publications and approbation of the Thesis

The main results of the Doctoral Thesis have been published in three original scientific
research articles. During the course of the doctoral study, one review article was also prepared.

The research findings have been presented at 20 scientific conferences.
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MAIN RESULTS OF THE THESIS

The concept of propargyl silane heterocyclization is based on the generation of B-silicon-
stabilized carbocations through the addition of a strong electrophile (E*) to the triple bond. The
initially formed vinyl cation 13a undergoes rearrangement via 1,2-silyl shift to form the more
stable allyl cation 13b. Subsequent quenching by intramolecular nucleophiles (heteroatoms or

C(sp?)) leads to cyclic structures bearing a functionalized olefin side chain (Scheme 4).

(CH2 3XH (‘L ?
E*=H", Hal*, RSe*, Ar-Cu(lll) )

4: E = H, Hal, PhSe;

; 15.E=Ar
Si si 1.2siyl Si Si
| E* | shift Y R|_ v
~ — | Y + p —> ~ \I)\
&R R + (CH )oXAr N
Y £ 13a E qa3p E o X
10: R = (CHp)sXH; ~ P
11: R = (CH,),XAr; RCN l H,X ;
12: R = alkyl, CH,Ar, Ar
Si E Si Si
R' !
Y% YA Y\K/A\ _R Yﬁ//& /\
| | ; | PP |
E N = E HN\n/R' R =(CH,),OMs E Nﬁ/x
R' X R’
20 ' 18: X =0; 21
1 19: X = NR"

Scheme 4. Main research directions for heterocycle synthesis from propargyl silanes 10-12.

Within the scope of this Thesis, the following transformations are investigated:

a) electrophile-induced 1,2-silyl shift-heterocyclization of propargyl silanes containing
internal O-, N-, or S-nucleophiles for the synthesis of five-membered heterocycles 14 —
tetrahydrofurans (X = O), pyrrolidines (X = N-PG), and thiolanes (X = S);

b) intramolecular Friedel-Crafts-type reactions for the synthesis of tetrahydroquinolines 17
(X=N-PG), and further synthetic modifications of the obtained products 17 and their oxygen
analogs 16;

¢) copper-catalyzed arylation-heterocyclization reactions using diaryl-A*-iodanes as formal
Ar* synthons (E* = Ar-Cu(IlI));

d) Ritter-type reactions for the synthesis of functionalized allylamines 18 (X=O0),
amidines 19 (X = NR"), dihydroisoquinolines 20, and tetrahydropyrimidines 21 (X = N-PG).
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1.1. Propargyl silane heterocyclization by intramolecular O-/N-/S-nucleophile attack on p-

silicon-stabilized allyl cation

Si
?i (‘k\
=~ 0
XH
= . |
A E X

X=0,N,S

In previous studies, it was demonstrated that under electrophilic activation conditions
(Brensted acids or Hal*), propargyl silanes can generate reactive allyl cation synthons. These
intermediates can be further utilized in the synthesis of silyl dienes or indenes,!'®! 13-
difunctionalized olefins,!"” sulfolenes,?” and other valuable products./**! Within the scope of this
study, the author sought to expand the application of propargyl silanes by adapting this concept to
the synthesis of small-molecule heterocycles. For this purpose, in collaboration with Ridolfs
Belaunieks and Artjoms Ubaidullajevs, a heterocyclization strategy was developed in which an
allyl cation is generated via electrophile-induced 1,2-silyl migration and then intramolecularly
trapped by a heteroatom nucleophile (O, N, S). This enables the synthesis of various five-
membered heterocycles.”” The findings of this study were partially discussed within the
framework of R. Belaunieks’ Thesis, but the core process of synthetic methodology was
developed within this Thesis."

The key starting material for tetrahydrofuran synthesis was 4-(tert-butyldimethylsilyl)hex-
5-yn-1-ol (10a), which was obtained from O-silylated commercially available hex-5-yn-1-ol
using the retro-Brook rearrangement procedure described by Wang and Gao.*!! Subsequent

activation of propargyl silane 10a with Brensted acids (HNTf, or TfOH) afforded the

heterocyclization product 14a.

g2 8 8

SiMe,t-Bu SiMe,t-Bu
[ HNTf,

2 CDCl;, T°C, 1 h, )\‘/j

OH (o)
a Ph,CH, as internal 14a
standard

NMR yield 14a, %
8 8

01
HNTf,, equiv

Scheme 5. Optimization of reaction conditions for Brensted acid-catalyzed propargyl silane 10a

heterocyclization.
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The main conclusions from the Brensted acid-catalyzed reaction optimization were as
follows: 1) the optimal temperature for tetrahydrofuran synthesis was 0-20 °C; 2) the optimal
catalyst loading was 10-20 mol%; 3) the solvent choice was influenced by their leveling effects,
where aprotic solvents CDCl; and CD,Cl; afforded the highest yields (14a, 70 % NMR), but in
benzene-ds and CD3;NO; the yields where lower (65 % un 50 % of 14a, respectively); 4) under
optimal reaction conditions (0.2 equiv H", CDCl;, 0 °C, 1 h) HNTf; and TfOH afforded similar
yields (70 % by NMR), whereas conc. H,SO, was unreactive. A detailed correlation between acid
catalyst loading (Tf;NH, equiv) and reaction temperature with tetrahydrofuran 14a NMR yield is
graphically depicted in Scheme 5.

Other oxygen nucleophile-containing propargyl silanes 10b-f were synthesized by
modifying alcohol 10a and its C5-chain analogue 10e, as it is depicted in Scheme 6. Alcohol 10e

itself was prepared according to the method described by Wang and Gao using commercial pent-

4-yn-1-0l.B"
/]%/ (19-45 equiv)
NaClO, (9-16 equiv), SiMe,t-Bu
NaH,PO, (9-12 equiv) OH
“
h=2 ‘ £BUOH/H;O (1:1),
A) PCC (1.5-3.0 equiv), 20°C,16h 10b, 72-99%
SiMe,t-Bu DCM, 20 °C, 3 h SiMe,t-Bu
or
Y h OH - Z n S0
10a-n=o B TEMPO (0.1 equiv),

10e n—1 Fe(NO3)3:9H,0 (0.1 equiv), 10d: n = 2 (55%, I 63%[));
KCI (0.1 equiv), DCE,  10f: n = 1 (96%?)
20°C,20h
[a] - Conditions A,
[b] - Conditions B; n=1
[c] - NaOAc (0.3 equiv) as additive.

NH,OH-HCI (4 equiv), SiMe,t-Bu
KOH (8 equiv) N ,OH
= N

MeOH,20°C,2h 7
10c, 87%

Scheme 6. Synthesis of oxygen nucleophile-containing propargyl silanes 10b-f.

Under optimized conditions, cyclization of propargyl silanes 10a—d containing internal
oxygen nucleophiles was performed (Scheme 7). Using electrophilic halogenating reagents to
induce 1,2-silyl migration, such as TsNBr;, N-bromosuccinimide (NBS), N-iodosuccinimide
(NIS) or PhSeCl, heterocycles bearing functionalized vinyl halide or vinyl selenide side chains
were obtained. Alcohol 10a afforded tetrahydrofuran derivatives 14a-d in yields of 50-70 %,
carboxylic acid 10b cyclized to lactone derivatives 14e-h (47-73 % yields), whereas oxime 10c¢
gave 4,5-dihydroisoxazole derivatives 14i-j (29-32 % yields). Aldehyde 10d, upon cyclization
with NBS in the presence of water, produced hemiacetal 14k (30 % yield).
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SiMe,t-Bu

,_BuMezs, 10a: R = CH,OH,n=2
R 10b: R = COOH, n = 2; E* source
\H’ 10c:R=HC=N-OH,n=1; .~
é’/ 10¢- R = CHO. n = % Solvent, 0-20 °C

From alcohol 10a (R = CH,OH, n = 2):

t-BuMe,Si t-BuMe,Si t-BuMe,Si t-BuMe,Si
0 ol e
H O Br O I O PhSe O
14a, 64% 14b, 70% (E/Z > 95:5) 14c, 59% (E/Z > 95:5)  14d, 50% (E/Z > 95:5)
E* = HNTf, (20 mol%)  E*=TsNBr,(1.2 equiv) E*=NIS (1.2 equiv) E*=PhSeCl (1.1 equiv)
CHCl3, 20 °C, 30 min CHCl3, 20 °C, 5 min CHCl3,20°C,20 h DCM,0°C,1h

From carboxylic acid 10b (R = COOH, n = 2):

t-BuMe,Si t-BuMe,Si t-BuMe,Si t-BuMe,Si
(J\Y/\\? H\‘Q (J\/:\z Phsm
14e, 73% 14f 73% E/z> 95:5) 149, 50% (E/Z > 95:5) 14h,47% (EIZ > 71 29)
E* = HNTF, (20 mol%) =TsNBr, (1.0 equiv) E*=NIS (1.0 equiv) E"=PhSeCl (1.0 equiv)
CHClIj3, 20 °C, 30 min CHCI3, 0°C,5min CHCI3,0°C,20 h DCM,0°C,2h
From oxime 10c (R = HC=N-OH, n = 1): From aldehyde 10d (R = CHO, n = 2):
t-BuMe,Si t-BuMe,Si t-BuMe,Si
= = =
/ /
O\N | O~N Br O—
14i, 32% (E/Z > 95:5)  14j, 29% (E/Z > 95:5) OH 14k, 30% (E/Z > 95:5)
E*=NBS (1.0 equiv) E*=NIS (1.0 equiv) E* = NBS (1.1 equiv)
MeCN, 20 °C, 5 min MeCN, 20 °C, 5 min DCM, 20°C, 14 h

Scheme 7. Heterocyclization of oxygen nucleophile-containing propargyl silanes 10a-d.

The alcohol-containing propargyl silane 10a was further modified to obtain substrates
bearing nitrogen nucleophiles 10i (Table 1). Tosylate 10g was prepared according to a literature
2]

procedure.’?l Subsequent azidation followed by reduction of azide 10h under Staudinger

conditions, and installation of an N-protecting group, yielded amides 10i-4c and 10i-Bz,

carbamates 10i-Boc and 10i-Cbz, as well as sulfonamides 10i-7s and 10i-/Vs.
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Table 1

Synthesis of propargyl silanes 10i bearing internal nitrogen nucleophiles

SiMe,t-Bu NaN3 (2 equiv) SlMezt Bu
10a ref. 32 |\/\/ OTs N
= “DMF (anh), % R
10g 0-»20 °C, 20 h,
94%

10i-Ac: 74% (R = Ac); 1) PhsP (1.0-1.2 equiv),

10i-Bz: 66% (R = Bz); SiMe,t-Bu THF, 20°C—50 °C, 3 h;

10i-Boc: 82% (R = Boc); |\/\/NHR

10i-Chz: 71% (R = Cbz);

10i-Ts: 66% (R = Ts); r 7 2) RX or R0, base,

10i-Ns: 68% (R = Ns) solvent, T °C

RX/R,0 Base/additi T t
Entry _z asera . tHve Solvent Product yield
(equiv) (equiv) O | (h
1 Ac0 (2.0) DMAP (0.5) Py 020 | 16 | 10i-Ac, 74 %
2 Bz:0 (2.0) DMAP (1.0) DMF 60 | 22 | 10i-Bz, 66 %
10i-B,
3 | BoeO(1.2) NaHCO; (3.0) | THF/H,O (1:1) | 020 | 14 8; (yff
0
MeCN/H,O

4 | Cbz-OSu (1.2) NaHCO:s (2.7) ¢ 1) : 0-20 | 16 | 10i-Cbz, 71 %
5 TsCl (2.0) EtN (5.0) DCM 020 | 6 | 10i-Ts, 66 %
6 NsClI (2.0) Et:N (5.0) DCM 0-20 6 10i-Ns, 68 %

(3] THF/H,O (1:1) solvent system and 1 h stirring time for the reduction step.

In the presence of strong electrophiles (H*, Hal®, RSe*), N-nucleophile-containing
propargyl silanes 10i cyclized to give pyrrolidine derivatives 141-0 (Scheme §). Under HNTf>-
catalyzed conditions, sulfonamides 10i (R =Ts, Ns) gave the highest yields of pyrrolidine 141
(83—85 %). Carbamates 10i (R = Boc, Cbz) and amides 10i (R = Ac, Bz) gave yields in the range
of 49-77 %. By using electrophilic halogenating reagents (NIS, NBS) to activate the propargylic
system, the obtained yields were lower (25-33 %), but the products 14m-n contained highly
functionalized olefin side chains with (E/2)-selectivity of 91:9 to 95:5. The absolute geometry of
the trisubstituted double bonds in products 14m-n was confirmed using 2D NOESY nuclear
Overhauser effect spectroscopy (NOESY), where a correlation signal between C=C-H and ¢-
BuMe,Si-group was observed for the (E)-isomer. Single-crystal X-ray diffraction (SCXRD)
analysis of compound 14m-Ns confirmed the previous findings. When PhSeCl was used as the
electrophile source, pyrrolidine 140 was obtained as an (£/Z) mixture (41:59). This can be
explained by the additional stabilization provided by the a-selenium effect to the intermediate

allyl cation, which affords more time for isomerization before the allyl cation is quenched by an

internal nucleophile.
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SiMe,t-Bu

SiMe,t-Bu Amides: 10i-Ac: R = Ac; 10i-Bz: R = Bz, E*
~_~_-NHR Carbamates: 10i-Boc: R = Boc; 10i-Cbz: R = Cbz;| —— = \
% Sulfonamides: 10i-Ts: R = Ts; 10i-Ns: R = Ns DCMor E N
CHCI; R 14l-0
SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu
= = = =
H N H N H N H N
Ac” Bz’ Boc Cbz
14l-Ac, 67% 141-Bz, 67% 141-Boc, 49% 141-Cbz, 77%

E* = HNTf, (1.2 equiv) E*=HNTf, (0.5equiv) E*=HNTf, (0.2 equiv) E*=HNTf, (0.4 equiv)
DCM, -40»20°C,20h  DCM, 20°C, 16 h DCM, 020 °C,20h  DCM, 020 °C, 20 h

SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu SiMe,-Bu
= = = =
H N H N I_ N I N
Ts’ Ns” Ts Ns
141-Ts, 85% 141-Ns, 83% 14m-Ts, 33% 14m-Ns, 26%
E* = HNTf, (0.1 equiv) E* =HNTf, (0.1 equiv) (ElZ =91:9) (E/Z > 95:5)
DCM,0°C,3h DCM,0°C,3h E* = NIS (1.3 equiv) E* =NIS (1.0 equiv)
CHCI3,0°C,2.5h CHCI5,0°C,25h

SiMe,t-Bu SiMe,t-Bu m?_@d
PhSe , _~
=
co 0 %%
Ns’ Ns’ P
&

—

14n-Ns, 25% 140-Ns, 40%
(E/Z > 95:5) (E/Z = 41:59)
+ _ . + - .
E*=NBS (1.2 equiv) E" =PhSeCl (1.0 equiv) 14m-Ns &

DCM,0°C,2.5h CHCI3,0°C, 3 h

Scheme 8. Synthesis of nitrogen heterocycles 141-o.

For the synthesis of sulfur-containing heterocycles, thioacetate 10j was used as the starting
material (Scheme 9). It was obtained by reacting tosylate 10g with potassium thioacetate (KSAc)
in acetonitrile (20 °C, 16 h, 87 % yield). Cyclization proceeded most efficiently under HNTf>-
catalyzed conditions, yielding thiolane 14p (64 %). Lower yields of thiolanes 14r-s (25-49 %)
were obtained when electrophilic reagents (NIS, PhSeCl) were used to generate products 14r-s
containing trisubstituted olefin side chains. The cyclization likely proceeds via a sulfonium ion

intermediate Int-6, which releases the thiolane product 14p-s.
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SiMe,t-Bu SiMe,t-Bu ; LT g
DCM . Int-4 [1,2]-Si~
107 © B S aps E/E .
’ DR
SiMe,t-Bu SiMe,t-Bu SiMe,tBu i 10 %\/H??S ¢
' E *~“
~ ~ ~ 5 Int-5
H S | S PhSe S  14p-s E /
14p, 64%L 14r, 25%0! 14s, 49%11 | S Ny s
(E/Z > 95:5) (EZ>955) s) j\ Int-6
0

Reaction conditions: [a] - HNTf, (0.07 equiv), 20 °C, 20 min;
[b] - NIS (1.0 equiv), 0 °C, 2.5 h; [c] - PhSeCl (1.0 equiv), 0 °C, 1.5 h.

Scheme 9. Synthesis of thiolanes from thioacetate 10j.

The author can conclude from these results that B-silicon-stabilized allyl cations may be
quenched intramolecularly by O-, N- and S-nucleophiles to obtain five-membered heterocycles,
which contain geminally disubstituted or stereodefined trisubstituted olefin side chains. By
activating propargyl silanes with electrophilic halogenating reagents (NBS, NIS), olefins with
high (E/Z)-selectivity (up to 95:5) are obtained. Full details of this research are described in the
publication Kronkalne, R.; Belaunieks, R.; Ubaidullajevs, A.; Mishnev, A.; Turks, M. 1,2-Silyl
Shift-Induced Heterocyclization of Propargyl Silanes: Synthesis of Five-Membered Heterocycles
Containing a Functionalized Olefin Side Chain. J. Org. Chem., 2023, 88 (19), 13857-13870
(Appendix 1).2

1.2. Propargyl silane heterocyclization by reacting f-silicon stabilized allyl cations with

arenes as internal C-nucleophiles

Si

Si Y.
| + =
Y/\(‘{ZXOL \E/A\/ﬁx

In the previous section, it was demonstrated that allyl cations generated via 1,2-silyl
migration can be intramolecularly quenched to form new C-O, C-N, and C-S bonds. This section
is devoted to an analogous transformation in which heterocyclization proceeds via intramolecular

C-C bond formation in a Friedel-Crafts-type reaction (Scheme 10). Intramolecular trapping of the
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allyl cation intermediate Int-7 by an electron-rich aryl system enables the synthesis of bicyclic
structures. In collaboration with A. Ubaidullajevs, a method was developed for the synthesis of
bicyclic heterocycles, namely chromanes 16 (X = O) and tetrahydroquinolines 17 (X = N-PG).B%
Within this Thesis, the focus is on the synthesis of tetrahydroquinolines 17 from propargyl
silanes, as well as the demonstration of further synthetic transformations of both chromanes 16

(X'=0) and tetrahydroquinolines 17 (X = N-PG).

Concept:

. )
Sl H* Sljf Si \© _H* Si
\/\ > > I I
% XAT a1, 2-silyl Y H\ @
shift
11 Int-7 B - Int-8 16: X =0;
This work: 17: X =N-PG

PG -
Si Tetrahydroquinoline \\5'/ N —
]’/ 17 synthesis T/ /
Yo

Scheme 10. The concept for propargyl silane 11 cyclization in a Friedel-Crafts-type reaction and

Chromane 16 (X = O) and

tetrahydroquinoline 17
(X = N-PG) further

synthetic modifications

—

further modification possibilities of products 16 and 17.

1.2.1. Synthesis of tetrahydroquinolines from propargyl silanes

Propargyl silanes 11a-f bearing an aniline functionality were identified as the key starting
materials for tetrahydroquinoline synthesis. One approach to their preparation involved the
Mitsunobu reaction between nosyl group-bearing anilines (ArNHNs) and the alcohol
functionality-bearing silane 10e. This allowed the preparation of key intermediates 11a-d in
yields of 66—75 % (Table 2).

Table 2

Synthesis of propargyl silanes bearing the N-nosylaniline functionality under Mitsunobu reaction

conditions
I _ o
SiMe,t-Bu ArNHNs (1.0 equiv) SiMe;t B"QR 11a:R=H;

& OH  DIAD (1.1 equiv), PhsP (1.0 equiv), ///K/\fyI :1: E z 2_‘&1‘?;
10e THF (abs.), 0-20 °C Ns 114 R = 4.Ma0
Entry® Ar Time (h) Product (%)™

1 Ph 21.0 11a, 66
2 m-MeCeH, 15.0 11b, 67
3 p-BrCsHy 15.5 11c, 75
4 p-MeOCeHy 17.0 11d, 74

18I All reactions were performed on a 2.5 mmol scale. ®! Isolated yield.



It was later found that replacing DIAD with ECAC, which is a second-generation
Mitsunobu reagent, improved the yields of tertiary amines (Scheme 11). For example, in the case
of compound 11a, the yield increased from 66 % (with DIAD) to 75 % (with ECAC). The same
conditions were used by A. Ubaidullajevs for the preparation of oxygen-bridged analogues 11

(Y=H, X =0).13

Cl :©/ N N .COOEt
cl (ECAC; 1.1 equiv)
SiMe,t-Bu PhNHNSs (1.1 equiv) SiMezt-BU/©
/\/\ /\/\N

4 OH Ecac (1.1 equiv), PhsP (1.1 equiv), 4 |
10 Toluene (abs.), 20 °C, 20 h Ns
€ 11a, 75%

Scheme 11. Synthesis of propargyl silane 11a bearing the N-nosylaniline functionality using the

ECAC reagent.

The Mitsunobu strategy was applicable only to anilines bearing strongly electron-
withdrawing sulfonyl protecting groups. When less electron-withdrawing groups (e.g., Ac) were
used, the reaction did not proceed. To obtain propargyl silanes 11f functionalized with acetamide
groups, a reductive amination strategy was employed (Scheme 12). Aldehyde 10f was reacted
with 3,5-dimethylaniline in the presence of acetic acid to form an imine intermediate. The imine
was reduced using NaBH(OAc)s to give product 11e. Subsequent acetylation afforded the N-
acetylated product 11f.

Me
1) 3,6-Me,CgH3NH, (1.0 equiv),
SiMe,t-Bu AcOH (1.0 equiv), THF (abs.), SiMe,t-Bu
20 °C, 30 mi
~ x C, 30 min > N Me
2) NaBH(OACc); (1.5 equiv), 1 h |l|
10f 11e, 78%
Me
. Ac,0 (1.2 equiv),
/s'\Mit\B”Q DBU (5.0 equiv)
& N Me " pbMAP (0.2 equiv)
Ac DCM, 0 °C—»20 °C
11f, 71%

Scheme 12. Synthesis of propargyl silanes 11f bearing the acetamide functionality by employing

the reductive amination strategy.
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To obtain terminally halogenated substrates 11g-h, propargyl silanes 11c-d were treated
with an equimolar amount of NCS in the presence of a silver catalyst (Ag2COs, 5 mol%). The

chlorinated propargyl silanes 11g-h were obtained in excellent yields (91-99 %) (Scheme 13).

. R
SiMe,t-Bu R SiMe,t-Bu
/1\/\ NCS (1.0 equiv)
N 4 N

Z i Ag,CO;3 (5 mol%), !

Ns MeCN, 65°C, 7-20h  °' Ns
11¢c: R =Br; 119, 91% (R = Br);
11d: R = MeO 11h. 99% (R = MeO)

Scheme 13. Synthesis of terminally halogenated propargyl silanes 11g-h.

Next, the author explored the cyclization reactions of aniline-functionalized propargyl
silanes 11 to transform them into tetrahydroquinoline 17 derivatives (Table 3). The reactions were
performed in nitromethane (MeNO>), using HNTf. for activation of the propargylic moiety.
Reaction optimization revealed that HNTf> is most effective when used in equimolar amounts or
even in slight excess. Similar trends were observed in chromane 16 synthesis by A.
Ubaidullajevs, where the reaction yields improved by increasing the HNTf> loading.**!

Table 3
Synthesis of tetrahydroquinolines 17a-c from propargyl silanes 11a, 11d and 11f

R? SiMe,t-Bu
3
SiMezt-Bu/©:R HNTE, /L\ /\
| _— 2
2 N RZ  MeNO, R N.gt
R
R3
Ma:R'=Ns, R?=H,R3=H; gz 178R'=Ns R?=H R®=H;
11d: R = Ns, R2=H, R? = OMe; 17b: R' = Ns, R2= H, R? = OMe;
11f: R' = Ac, R?= Me, R® = H 17c:R' = Ac, R2=Me, R®=H
Entry! Silane | HNTf; (equiv) | T (°C) | t(min) | 11 (%)® | Product (%)
1 11a 0.2 50 10 53 17a, 150
2 11a 0.2 0—20 70 55 17a, 151
3 11a 0.2 0—20 1020 11 17a, 12
4 11a 1.0 0 60 0 17a, 4111 (407
5 11d 1.0 20 5 0 17b, 4711 (43001
6 11f 1.0 20 5 40 17¢, 10
7 11f 3.0 20 30 0 17c, 4711 (4501

[{INMR yield. ® Isolated yield. ! All reactions were performed on a 0.1-0.4 mmol scale.

In the case of unsymmetrically substituted aniline 11b, cyclization with HNTf; produced a

mixture of regioisomers 17d/17e in a ratio of 58:42 (Scheme 14).
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) MeNO,, 20 °C,
NS 11b 5 min 17d

SiMe,t-Bu t BuMele t BuMeZS|
I HNTf, (1.0 equiv)
2 N Me d

51% (17d.17e 58:42)

Scheme 14. Synthesis of isomeric tetrahydroquinolines from unsymmetrically substituted

aniline 11b.

Cyclization of terminally halogenated substrates 11g-h proceeded with excellent Z/E
selectivity, yielding tetrahydroquinolines 17f-g in 71-77 % yields (Scheme 15).

SlMezt-Bu R t-BuMe,Si —\
HNTf, (1.0 equiv) N-Ns
/ \/\N B cl
MeNO, 20 °C, H
30 min
11g:R = Br; ZIE > 955 R 17f: R = Br, 71%j;
11h: R = MeO 179: R = MeO, 77%

Scheme 15. Synthesis of tetrahydroquinolines 17f-g from terminally halogenated propargyl

silanes.

Unexpected reactivity was observed during the attempts to cyclize the carbamate-protected
aniline 11i. The major reaction product was 1,3-oxazinan-2-one derivative 24, which was isolated
in 76 % yield, whereas only small quantities of tetrahydroquinoline 17h were obtained (17 % by
NMR). This suggests that under these conditions, an alternative cyclization pathway becomes

favorable, likely involving intermediate Int-9, which decomposes to product 24 (Scheme 16).

?lMezt-Bu/© SiMe;t-Bu : SiMe,t-Bu
2 N HNTf, (1.0 equiv) (/)\I/ﬁ : %\/ﬁ

H O__N ' H N_ _OPh

02\0 MeNO, 20 °C, 1 h Y

1i :
I o} © ' (o}
24, 76% '
- _ 17h, 12%

SiMe,t-Bu (17% NMR)

0
+§r unpublished
results

Scheme 16. Synthesis of 1,3-oxazinan-2-one derivative 24.
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1.2.2. Further modifications of the obtained tetrahydroquinoline and chromane derivatives

Firstly, the author aimed to access tetrahydroquinoline products containing a free N-H
group from the previously synthesized tetrahydroquinoline 17f. Under typical nosyl group
deprotection conditions, combining thiophenol (PhSH) and a base (Cs,COs3), tetrahydroquinoline
17i was obtained in 96 % yield, which possesses potential for further N-functionalization
(Scheme 17).

t-BuMe,Si PhSH (14.0 equiv) t-BuMe,Si
N-Ns : S NH
cl Y Cs,CO5 (7.7 equiv) cl Y/
MeCN, 20 °C, 6.5 h
Br 17F Br 17i, 96%

Scheme 17. Synthesis of tetrahydroquinoline 17i by nosyl group deprotection.

For the modification of chromanes 16a-c, Suzuki-Miyaura cross-coupling reactions were
performed (Table 4). Cross-coupling of vinyl bromide 16a with 4-methoxyphenylboronic acid
afforded styrene derivative 16d. The latter was difficult to separate from the homocoupling by-
product (4,4'-dimethoxy-1,1'-biphenyl) due to similar polarity, resulting in a low isolated yield
(16d, 6 %). In contrast, 3-methylphenylboronic acid reacted with vinyl bromides 16a-b to give
more easily separable products, and styrenes 16e-f were isolated in high yields (92-97 %). As
expected, vinyl chloride 16¢ afforded significantly lower cross-coupling product yields (16e,

27 %) than its brominated analogues 16a-b.

Table 4
The application of chromanes 16a-c in Suzuki-Miyaura cross-coupling reactions
t-BuMe,Si
ArB(OH); (4 equiv) (0]
Ar 7/ + Ar-Ar
Pd(OAC), (5 mol%), H
XPhos (15 mol%), KsPO,
(4.0-4.2 equiv), toluene, Y
16a: X =Br, Y = H; 100 °C 16d: Ar = 4-MeOCgH, Y = H;
16b: X = Br, Y = NO,; 16e; Ar = 3-MeCgH,4, Y = H;
16c: X=Cl,Y=H 16f: Ar = 3-MeCgH,, Y = NO,
Entry X Y Ar Time (h) Product (%)
pleld Br H 4-MeOC¢H4 14 16d, 451, 61
2 Br H 3-MCC(,H4 44 166, 97[b]
3 Br NO; 3-MeCsHs 22 16f, 92!
4 Cl H 3-MeCsHy 26 16e, 271!

[T NMR yield (%). ! Tsolated yield (%). ! The cross-coupling product 16d formed an inseparable
mixture with the homocoupling product (Ar-Ar). [ Modified reaction conditions were used:
3 equiv ArB(OH)2, 7 mol% Pd(OAc)z, 21 mol% XPhos, 4.9 equiv K;POs.
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Similarly to previous studies,[' ! the author attempted a silicon-halogen exchange in
chromane 16g using NIS in hexafluoroisopropanol (HFIP). Unexpectedly, even with an excess of
NIS (2.2 equiv) and under reflux conditions, Si—/ exchange did not occur. Instead,

monoiodination of the aromatic ring afforded product 16h in quantitative yield (Scheme 18).

0 _ o
t-BuMe,Si Me NIS (2.2 equiv) tBuMe,Si Me
HFIP, reflux, 8 h,
Br 99% Br H
16g T

Scheme 18. Synthesis of monoiodinated product 16h.

The electrophilic Si—Hal exchange is achieved through silicon-directed addition of an
electrophilic species (Hal') to the vinyl silane R>C=C(Si)-R’, forming a B-silicon-stabilized
carbenium ion intermediate R,C*—C(Si)(Hal)-R’.’Y In the case of terminal C=C bonds, a
destabilized primary carbenium ion would be formed, making the reaction unfavorable. For
styrene derivatives, however, the reaction becomes feasible due to a plausible benzylic cation
intermediate. lodination experiments performed on styrene derivative 16e support this hypothesis
(Table 5).

Table 5

Iodination experiments on styrene derivative 16e

0 0 0 //O\(/i§
‘ | ‘ 1
NIS
. Not
_ - . + + A
Solvent, t-BuMe,Si™ ™ 177 | obtained

T°C PN
|
16i O 16j 16k \%J\

V4

A\

: Starting material 16e/product 16i-j
NIS Time .
Entry Cih) Solvent T°C (h) molar ratio by NMR
e 16e 16i 16j
1 1.0 0.5 31 49 20
HFIP
2 2.5 1.5 0 0 100
3 1.0 20 18.0 33 67 0
4 2.0 17.5 20 80 0
5 35 36.5 13 87 0
6 10.8 TFE 1.5 5 35 60
6.5 38 62 0
7 1.0
75-80 71.0 28 72 0
8 3.0 6.5 0 0 100
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Using equimolar NIS in HFIP, a mixture of mono-iodinated product 16i and diiodinated
product 16j (49:20) was obtained. With excess NIS (2.5 equiv), only the diiodinated product 16j
was formed. Using TFE as solvent, the reaction proceeded more slowly, allowing better control
over product formation. By stopping the reaction after 36.5 h, mono-iodinated product 16i was
isolated in 66 % yield (71 % by NMR). High yields of diiodinated product 16j (93 % isolated)
were obtained using excess NIS (3 equiv) at elevated temperatures (75-80 °C, pressure flask,

6.5 h). Optimized conditions for selective mono- or diiodination are depicted in Scheme 19.

NIS
(3.5 equiv)

————

o 20°C,36.5h t-BuMe,Si

16i, 66%

CF,CH,OH

t-BuMe,Si

NIS
(3.0 equiv)

- >

reflux, 6.5 h

16e

16}, 93%

Scheme 19. Chromane 16e mono- and diiodination experiments under optimized conditions.

Introduction of an electron-withdrawing nitro group at the chromane 6-position suppressed
aromatic iodination, as observed by reacting nitro chromane 16f with NIS (1 equiv) in
trifluoroethanol at reflux temperature. In this case, selective Si—I exchange was achieved,

yielding vinyl iodide 16l in 60 % yield (Scheme 20).

NIS (1 equiv)

CF3;CH,0H,
reflux, 15 h

161, 60%

Scheme 20. Si—I exchange reaction using chromane 16f.

Finally, the synthetic utility of vinyl iodide 16l was demonstrated in Suzuki-Miyaura cross-
coupling reactions (Scheme 21). Using (3-(dimethylamino)phenyl)boronic acid as coupling
partner under palladium catalysis, product 16m was obtained in nearly quantitative yield (98 %

isolated).
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©\ (4 equiv)
B(OH),

Pd(OAc), (7 mol%),
XPhos (14 mol%)
K3POy, (4 equiv), toluene,

100 °C, 20 h 16m, 98%

Scheme 21. Vinyl iodide 161 application in Suzuki-Miyaura cross-coupling.

In this chapter, the author demonstrated propargyl silane heterocyclization via a Friedel-
Crafts type reaction, where the propargylic system was activated by a Brensted-acid. For
terminally chlorinated propargyl silanes 11g-h, cyclization occured stereoselectively, affording
tetrahydroquinolines 17 with exclusive (Z)-geometry for the resulting olefin side chain. The
formed vinyl halide fragments were further be modified by Suzuki-Miyaura cross-coupling and
electrophilic silicon-iodine exchange to obtain synthetically useful vinyl iodides. Full details of
this research are described in publication Ubaidullajevs, A.; Kronkalne, R.; Mishnev, A.; Turks,
M. Synthesis of Substituted Chromanes and Tetrahydroquinolines via Tandem 1,2-Silyl Shift —
Friedel-Crafts cyclization. J. Org. Chem., 2026, 91 (17), 5785-5810 (Appendix 2).53

1.3.  Synthesis of arylated heterocycles and dienes using diaryl-)\*-iodanes under copper-

catalyzed conditions

R = XH; Si
n=3 5
. . |
Si Si XD
@—[Cu”'] I @,[CUIII]
ZAlkyl Ro——— |
R = Alkyl; n Si
n=1 j
R = XH; J(
n=2 ‘“————~
X=0,NR'

Previously, the author described activation of propargyl silanes for heterocycle synthesis
using Brensted acids or electrophilic halogenating reagents. The use of carbon electrophiles for
analogous transformations represents a separate research direction developed in collaboration
with Ridolfs Belaunieks and Armands Sebris.?!

Diaryl-A*-iodanes are commonly used to introduce aryl groups into m-systems, particularly
in transformations requiring a formal Ar" species. This approach has been applied for 1,2-

difunctionalization of alkynes.®® In the latter context, hypervalent iodine(IIl) reagents are
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typically activated by copper or palladium catalysts.’” B8 Since propargyl silanes under
electrophilic activation conditions can act as formal 1,3-dipoles due to 1,2-silyl migration, it is
possible to achieve 1,3-difunctionalization, which is significantly less common than its 1,2-
counterpart. In this study, the author developed a copper-catalyzed method for the 1,3-
difunctionalization of propargyl silanes using diaryl-A’-iodanes to obtain arylated heterocyclic
structures and silyl dienes.

While searching for suitable reaction conditions for the arylation of propargyl silanes, the
author began with simple silanes 12al'®! bearing an alkyl side chain. Its reaction gave a mixture of
arylated silyl diene 22a and silylindene 25a (Scheme 22). The formation of these products can be
explained by two competing reaction pathways: (a) elimination of a B-proton from allyl cation
intermediate Int-10 leads to formation of diene 22a; (b) intramolecular cyclization of
intermediate Int-12 occurs, resulting in silylindene 25a. Under optimized conditions (3.0 equiv
PhyIOTT, 20 mol% CuCl, 1.2 equiv 2,6--BuPy, EtOAc, 70 °C), the diene 22a/indene 25a ratio in
the crude reaction mixture was 87:13, with a 66 % NMR yield of diene 22a. Use of PhMesIOT{
gave similar yields of diene 22a (59 % by NMR), but lower selectivity toward diene formation
(22a/25a ="71:22).

_1.  OTf [T ‘
SiMe,t-Bu Ph™ Ph (3 equiv) | SiMe,t-Bu |
%\/Cer CuCl (20 mol%) : %%QH’ L+ ®SiMezt-Bu
2,6-t-BuyPy (1.2 equiv), ! Ph 3 _
12a EtOAc, 70°C, 3 h : 22a,66% | 25a C3H;
Obtainedin3steps 1 ( NMR) _____
from commercial
hept-1-yne In crude: 22a/25a = 87:13 (NMR)
® y@ [-H-Deprotonation Si
N + Cu(l)y ath
PH Mes | P ANF R —— 22a
B: -BH CuyY -Cu(l)Y
|
PhCu(III)Y2 Si Hy Ph  Int-11

VS -H*
12a ’)\ )\ +H*
via 1 ,2-8ilyl Si

shift | Int-10 Intramolecular o~ .
. = R B:
cyclization path ® — > 25a
= SiMe,t-Bu -Cu(Y -BH
Int-12

Scheme 22. Synthesis of arylated silyl diene 22a: reaction concept and competing reaction

pathways.
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Using the conditions that provided the highest diene 22a yield, the substrate scope was
further investigated (Scheme 23). Arylation of silane 12a with iodane I-2, which contains an
electron-rich aryl system (p-tolyl), afforded the highest diene yields (22d, 69 %). The highest
selectivity toward diene formation (22e/25e =98:2) was observed with a p-bromo-substituted
iodane I-3. Substrate 12b bearing a bulky triisopropylsilyl (TIPS) group gave a mixture with a
higher proportion of indene (22b/25b = 67:33). In all cases, (1E,3E)-dienes 22a-e were obtained
as the major isomers, with 87-95 % content. Minor amounts of other isomers ((1Z, 3E)-, (1E,
32)-, and (1Z, 32)-22) were detected by their characteristic signals in 'H NMR spectra. Internal
alkyne 12¢ (R=Ph, Si=TIPS) did not react under standard (EtOAc, 70 °C) or elevated
temperature conditions (n-BuOAc, 110 °C), and the starting material was recovered unchanged.

This indicates that the method is limited to propargyl silanes containing terminal alkyne groups.

Si lodane (3 equiv), CuCl (20 mol%), 3
2,6-t-Bu,Py (1.2 equiv) Si

|
%/\/Csm R A" cn i
EtOAc (abs.), 70 °C, 3 h 3Hy
" B0 @s) 79°C,31 C O
12a: R = H, Si = SiMe,t-Bu : lodanes: I1: Ph,IOTf; ! X

12b: R=H, Si=Si(-Pr); | I-2 (p-To)MesIOTF, | 22a-¢ 25a-¢ C3H;
12¢: R = Ph, Si = Si(i-Pr); i I-3: (0-BrCgH;)MesIOTf | X
SiMe,t-Bu SiMe,t-Bu
P lodane = I-1; _
Z 22a ¢ /25a = 87:13 (n/n); lodane = I-2;
Ph o ] ISOMeric purity = 92% (1E,3E) 22d £ /25d = 85:15 (n/n);
22a, 51% 22d 69%  Isomeric purity = 87%
(1E,3E)
Si(i-Pr)s
= lodane =I1-1;
= q
22bg (/25b = 67:33 (n/n); SiMe;t-Bu
h i ity = 939
22b, 61%0 Isomeric purity = 93% (1E,3E) lodane = 1-3:

22e e p25e = 98:2 (n/n);

22e, 37%l° Isomeric purity = 95%

Si(i-Pr); (1E.3E)
Ph Z
- lodane = 1-1 Br
n 22c, 0%l®! [a] - Yield for 22 + 25 mixture.

[b] - No reaction at 110 °C BuUOAc (17 h).

Scheme 23. Substrate scope for arylated silyl dienes.

It was previously demonstrated that substrates containing internal nucleophiles enable
heterocyclization. For example, propargyl silane 10a bearing a terminal alcohol group was used
for tetrahydrofuran synthesis.?” To achieve an arylation-heterocyclization cascade reaction,

various alternative Cu(l) catalysts were tested (Table 6). CuCl and the CuOTf benzene complex
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gave similarly high yields (15a, 82-84 % by NMR), while Cu(MeCN)sBF. gave a slightly lower
yield (15a, 77 %). Heterogeneous catalysis using Cu20O afforded a mixture of arylated product
15a and protodemetalation by-product 14a, both in low yields. In the absence of a non-
nucleophilic base (2,6-di-tert-butylpyridine = 2,6-t-BuPy), selective formation of the
protodemetalation product 14a (69 % by NMR) was observed. Other, less sterically hindered
bases (lutidine, Et:N) did not afford the desired product.

The geometry of the olefin side chain in 15a was confirmed using 2D NOESY NMR

spectroscopy. The reaction exhibited high stereoselectivity, with only the (£)-isomer detected.

Table 6

Copper(I)-catalyst and temperature screening for the arylation-heterocyclization reaction of

propargyl silane 10a

T ST o () smns ()

10a EtOAc, T°C,3h NOESY *H Ph 152 14a

Ne CuX (mol%) T (°C) 15a, % (NMR) 14a, % (NMR)
18 CuCl (2.5) 20 0 69
2 CuCl (2.5) 20 0 0
3 CuCl (5) 60 82, 761! 0
4 Cul (5) 60 0 0
510 [CuOTf],-PhH (5) 60 84 0
6 Cu(MeCN)4BF, (5) 70 77 0
7 Cu,0 (5) 70 6 2
8 [CuOTf],-PhH (2.5) 70 70 0
ol [CuOTf],-PhH (2.5) 70 43 0
10 [CuOTf],'PhH (11) 70 47 0

[a] Without 2,6--BuPy. ! Reaction time — 2 h (full conv.). ! Isolated yield (%). [ 15 mol% of
HO as additive.

Under optimized conditions, the scope of arylated tetrahydrofurans 15 was examined
(Scheme 24). lodonium salts with electron-rich aryl groups (Ar = p-tolyl, m-methoxyphenyl,
phenyl) and those containing halogens (Br, F) gave the highest yields (15, 70-83 %). In contrast,
iodonium salts bearing electron-poor aryl groups, especially those containing nucleophilic

heteroatoms (CN =~ COR >>NO:), reacted poorly. Aryl iodanes, bearing other electron-
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withdrawing groups (CFs, CO>Me) gave moderate yields (62—68 %). Ortho-substituted iodonium
salts were unreactive. lodonium salts containing N-heterocycles (e.g., pyridine, pyrazole) gave
predominantly non-arylated product 14a via protodecupration. The only heterocycle-containing
iodane, which led to heteroarylated tetrahydrofuran derivatives 150, was the thiophenyl group-
containing symmetrical iodane I-4. It should be noted that all arylated tetrahydrofurans 15a-o

were obtained with exclusive (£)-selectivity for the olefin side chain.

Q
@ OTf

S‘iMezt-Bu @I\Mes (1.5 equiv) t-BuMe,Si
% ~o-OH  [CuOTHl,-PhH (5 mol%) = \3
(f; o}
15

2,6-t-Bu,Py (1.5 equiv)
10a EtOAc, 60°C, 3 h

15a, 80% 15b, 83% 15c, 0% 15d, 70% 15e, 0%la!
Br Br F F x
o B o p | %
15f, 80% 15g, 0% 15h, 78% 15i, 0%
(0] (o]
CN CF NO
15§, 12%!@ 15k, 15%!2l 151, 68% 15m, 62% 15n, 0%
Cl _N
D B Y [ N—
~78 . _N . _N P [a] - Same result
' N N , at 60 °C and
150, 34% 15p, 0% 15r, 0% 15s,0% | 120°C.

obtained from: 1-4

14a, >60% (NMR)

Scheme 24. Substrate scope for arylated tetrahydrofurans.

It was found that under the described arylation conditions, only internal O-nucleophiles
reacted to afford 1,3-carbofunctionalized products. Attempts to perform arylation of propargyl
silane 12b in the presence of external O-nucleophiles (alcohols, carboxylic acids or their salts,
silylated acids) resulted in arylation of the nucleophile itself, rather than formation of the desired
product.

The author proceeded to explore other propargyl silanes as starting materials, bearing

internal nucleophiles (Scheme 25). Carboxylic acid-containing substrate 10b did not yield the

82



desired lactone 15t, due to competing O-arylation forming phenyl alkyl esters. Its ters-butyl ester
analogue 10t, however, yielded the desired product 15t, although the protodecupration product
14e was also formed. Increasing the base loading reduced formation of 14e and improved
selectivity toward 15t. N-Nosyl substrate 10i-Ns yielded the non-arylated pyrrolidine 141-Ns
(56 %) due to excessive acidity promoting protodecupration, whereas benzamide 10i-Bz gave the
arylated pyrrolidine 15v as an FE/Z mixture (55:45). Highly nucleophilic amine 101
(R = CHoNHPh) underwent N-arylation instead of forming heterocycles. These results indicate
that acylamides possess optimal pKa and nucleophilicity for the desired arylation-

heterocyclization reaction pathway.

(? oTf Me,t-BuSi Me,t-BuSi
R=CO0#Bu| Ph~"“Mes (1.2 equiv) /L /3\
\ + \
[CuOTf,-PhH (2.5 mol%) Ph O o]
2,6-+-Bu,Py (2.2 equiv), EtOAc, 70 °C, 15t 220 O 14e O
24 h
In crude: 15t/14e = 82:18
?iMezt-Bu
e ~"TR SlMezt Bu SlMezt-Bu
/ e poor
10k: R=COOt-Bu: R' = p-Ns / ) > 3 N
10i-Ns: R=CH,NH(p-Ns); 0 >
10i-Bz: R=CH,NHBz; e ‘fcmg:l/")*
10I: R=CH,NHPh ’ 15u 14I-Ns, 56%
o ©
PR on (a) 15v, 53% Mext-BuSi
Ph” "Mes (1.2 equiv) R' =Bz (EIZ = 55:45) B 3
2,6-t—Bu2Py (1.2 equiv), Conditions (b) 15v,. 26%
EtOAC [aor [b] (E/Z = 70:30)
R=CH,NHR'
_ SiMe,t-Bu
CLC1 (10 moloy, 700, 31 §iMeztBu
uCl mol%), 70 °C, - R' = Ph > NPh
[b]- [CUOTH, PhH (2.5 mol%), ~——————> el NP,
70°C, 22 h [CuOTT, PhH e rich N
pecth (2.5 mol%), 70 °C, 3 h 15w 10m, 30% (NMR)

Scheme 25. Arylation of amides 10i, 101 and carboxylic acid ester 10k.

From previous optimization studies (see Appendix 3), it was established that Cu(I) salts are
more reactive than Cu(Il) salts, suggesting a Cu(I/III) catalytic cycle. Therefore, for the arylation-
heterocyclization sequence, a Cu(I/Ill) catalytic cycle is proposed, which we based on
experimental observations and mechanistic rationalizations for copper-catalyzed arylations in
other nt-systems.*”! In the proposed mechanism, Cu(]) reacts with the diaryl-A*-iodane to generate

a highly electrophilic Ar-Cu(Ill) species, which activates the propargyl system (Scheme 26).
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Silicon 1,2-migration affords a B-silicon-stabilized allyl cation intermediate Int-14. Next events
include cyclization with the internal nucleophile and reductive elimination leading to arylated
heterocycle 15 and regenerating Cu(I). In the case of fert-butyl ester 10k (R = CH,COO¢-Bu),
1 equiv of isobutylene gas is also generated. The external base (B = 2,6--Bu,Py) neutralizes the
acid generated in the catalytic cycle and suppresses the formation of undesired protodecupration

side-products 14a/14e.

cu(l)Y ® ©
( ).kTHB : ArMes
or +HB
) RE  I-Mes
Si
Protodemetalation ArCu(lllY;
path R Int-14
Y- YCu
ArCuY, \
wa 1,2 S’
hift R
. “o vt s ~ R = (CHy)oXH or
X Cu(ll) Int-13 CH,COO0¢-Bu; X=0, NR'
14a/14e A
r

Scheme 26. Proposed mechanism for propargyl silane arylation-heterocyclization.

For substrates with shorter carbon chains 10m-o, an alternative mechanism was observed
(Scheme 27). Instead of the initially expected imidates 26, tetrahydropyridines 23a-¢ were
formed via nucleophilic attack on the allyl cation resonance form Int-16, which was additionally
stabilized by the aryl group. The structure of product 23¢ was unambiguously confirmed by X-ray
structure analysis.

From this, the author concludes that the regioselectivity of propargyl silane 10 arylation-
heterocyclization depends on the substrate carbon chain size. In systems where five-membered
cycle formation is possible, 1,3-difunctionalization is observed, resulting in tetrahydrofurans 15
(X'=0) and pyrrolidines 15 (X = N-PG). Substrates 10m-o0 bearing shorter carbon chains undergo
1,1-difunctionalization, forming tetrahydropyridines 23. The author’s demonstrated approach offers
a more efficient route towards heterocycles bearing a styryl side chain compared to previously
explored strategies./?”! Full details of this research are described in the publication Kronkalne, R.;
Belaunieks, R.; Sebris, A.; Mishnev, A.; Turks, M. Aryl lodane-Induced Cascade Arylation—1,2-
Silyl Shift-Heterocyclization of Propargylsilanes under Copper Catalysis. Beilstein J. Org. Chem.,
2025, 21, 1984-1994 (Appendix 3).5%
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PhMesIOTf (1.2 equiv),

SiMe,tBuO  [CuOTf,-PhH (7.5 mol%), | © -BuMe,Si
' 2,6-t-Bu,Py (1.2 equiv)

é’/\/\HJ\R )\ N

SIMBZt Bu

EtOAc (abs.), 70 °C, 4h

23a-c
10m: R = Me; 10n: R = Ph; R
100: R =3,5-(NO;),CgH3 Not obtained
via: i 3
S 4 2
6 AN 2 «—> 54 HN'_R
Ph © HN__R si”@e I
hig Ph O
Int-15 O Int-16
t-BuMe,Si (
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--------------------------------------------- « 2 G < (&
R= ) 5 Ly
N02 {
CH; -
Vo structure
23a, 35%; 23b, 47%; O,N 23c, 19% for 23c

L

(23% NMR)E

[a] - Modified conditions: PhoIOTF (3.0 equiv), 20 h.

Scheme 27. Tetrahydropyridine 23 synthesis from propargyl silanes.

1.4. Ritter-type reaction with p-silicon stabilized allyl cations

E*, RCN, Si Si |
H,X l_ R H.RCN Y% o
-~ B — |
R = Alkyl, Ar; y " R=3MeOCgH, | H Ny
n=0 Y = H, Hal n=1 R

E=H, Hal; X=0,NR'

Attempts to perform heterocyclization of alcohol 10e using NBS, analogously to the
transformations described earlier in Section 1.1, but with acetonitrile (MeCN) as solvent, resulted
in the formation of oxazine derivative 27a rather than the expected oxetane derivative 27b
(Scheme 28). The cyclic product 27a readily underwent hydrolysis to give acetamide 18a — a
classical Ritter reaction product. This observation encouraged further investigations into the

application of 1,2-silyl shift in Ritter-type reactions.
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SiMe,t-Bu | ! SiMe,t-Bu

SiMe,tBu s (1.2equiv) | 5 f}\ .
—_——— | : !
=z ~""oH MeCN Br N O |! Br O°
-45-525°C, 22 h ;
10e 27al@ i 27b, not obtained

SiMEZt-Bu H*/ H,0
(/k /\/OH
Br HN [a] Isolation of 27a by

column chromatography
O 18a 39% afforded a 23% yield.

Scheme 28. Heterocyclization of alcohol 10e under Ritter reaction conditions.

In this transformation, the nitrile acts as the primary nucleophile, attacking the allyl cation
intermediate Int-17 to form a nitrilium ion Int-18 (Scheme 29). This intermediate is subsequently
quenched by a secondary nucleophile (H.O, ROH, RiR:NH, Ar), leading to the formation of
cyclic or acyclic products that share a common feature — a functionalized olefin side chain. From
an entropic perspective, this multicomponent reaction is particularly complex, as it involves the
sequential formation of four covalent bonds in a single step. Despite this complexity, a
methodology was developed for the use of propargyl silanes 12 in the synthesis of functionalized
allylamides 18, amidines 19, and dihydroisoquinolines 20 under Ritter-type conditions. This
study was conducted in collaboration with Sandra Turka,“”) Raimonds Rogalevs™*!! and Mikus
Puring, “? and the results are yet to be published.

Si

Si Si Si -
| E', x R'_. X R! E HN__ R2! 2
%/ \R1 E—— N — N e E— \rR ' E N R
RZCN ® | RONHR? B e
Y E E i N\

N 19 19’
12 Int-17 int-18 | (RP=H) TRY: RYTRY
R'= alkyl, CHoAT, Ar: T R2 si
X=H,Cl; E = H, Hal x\%\ OMe
I, ;
(R'=CH,Ar) E N;jg/
RZ 20

Scheme 29. The application of propargyl silanes in Ritter-type reaction.

Initially, systems most closely resembling classical Ritter reaction conditions were

investigated. These conditions combined a Brensted acid (TfOH or HNTf.) for carbocation
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generation, MeCN as both solvent and primary nucleophile, and water as a secondary
nucleophile. Under these conditions, products 18b-g bearing the allylamide functionality were

obtained (Scheme 30).

Si Si(i-Pr); SiMe,Bn

Si H,0 (2.2 equiv) X R n-Bu n-Bu
l\ ) HNTf, or TFOH (0.2-1.0 equiv) Y~ |
R

x/ MeCN, 60 °C, 18-24 h ) HN\ﬂ/ HNTI/ .
0

120 18b-g 18b 0 18¢c O
65%I°! 66%l°!

Me,t-BuSi Meztsiji\? Mezt-Blj?/ Mezt_BJ&P/

HN Tl/
18d 0 18e o 18f o 18g o
33%,[P] 529[c] 60%!°! 41% b1 67%[c 63%lc]

[a] Silanes: 12b (X = H, R" = n-Bu, Si = (i-Pr);Si), 12d (X = H, R" = n-Bu, Si = BnMe,Si), 12e (X = H,
R' = Bn, Si = t+-BuMe,Si), 12f (X = CI, R' = Bn, Si = t-BuMe,Si), 12g (X = H, R'= CHy(3,5-
Me,CgH3), Si = t-BuMe,Si), 12h (X = CI, R! = CH,(3,5-Me,CgH5), Si = t+-BuMe,Si). [b] 0.2 equiv
TfOH as H* source. [c] 1.0 equiv HNTf, as H" source.

Scheme 30. Synthesis of allylamides from propargyl silanes.

It was observed that using stoichiometric amounts of acid (1.0 equiv HNTf: 18f, 67 %
yield) resulted in higher yields compared to catalytic amounts (0.2 equiv TfOH: 18f, 41 % yield).
In the case of terminally halogenated propargyl silanes 12 (X = Cl), products 18e and 18g were
obtained with trisubstituted olefin side chains, showing a (Z/E)-isomer ratio of 9:1 prior to
purification. The major (Z)-isomer could be isolated by column chromatography.

The formation of the (Z)-configured double bond in allylamides 18e/18g can be explained
by protonation of the alkyne in an antiperiplanar orientation relative to the migrating silyl group

(Scheme 31).
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Scheme 31. Mechanistic rationalization for the formation of olefin (Z)-geometry.

For substrates 12i-j bearing electron-rich aromatic systems, a Bischler-Napieralski-type
transformation was observed (Scheme 32). In this case, the aromatic ring acts as the secondary
nucleophile, quenching the nitrilium ion and forming dihydroisoquinoline derivatives 20a-i.
Consistent with earlier observations, terminally halogenated substrate 12j yielded products 20b-d
with (Z)-configured olefin side chains. The halogenated substrate 12j also gave higher product 20
yields (up to 78 %) compared to the non-halogenated analogue 12i (up to 60 %). Unlike the
synthesis of allylamide 18 (which required heating to 60 °C), the synthesis of
dihydroisoquinolines 20 proceeded efficiently at room temperature (20 °C). Using various
aliphatic (MeCN, EtCN, PrCN) and halogenated (CICH2CN) nitriles, products 20b-h were
obtained in 30-78 % yields. Aromatic nitriles are less commonly used as solvents in Ritter-type

#4111 To overcome this issue,

reactions due to their high boiling points or solid state.[*3}!
dichloromethane (DCM) was used as solvent, with aromatic nitriles (PhCN, 4-FCsHsCN) added
in quantities near stoichiometric ones (1.2 equiv). Under these conditions, products 20a and 20i

were obtained in 4145 % yields.
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SiMe,t-Bu N SiMe,t-Bu
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45% 419 Pr
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60% Et 45901

[a] Silanes: 12i (X = H), 12j (X = CI). [b] 1.2 equiv R*CN, DCM as solvent.

F

Scheme 32. Synthesis of dihydroisoquinolines from propargyl silanes in a Bischler-Napieralski-

type reaction.

Next, more complex systems were investigated, where an external nitrogen nucleophile
participates in nitrilium ion quenching. Under Brensted acid activation conditions, the reaction
either produced only diene by-products or did not proceed. For example, (E)-hepta-1,3-dien-2-
yltriisopropylsilanel'8 was formed with 30 % NMR yield when silane 12b (1.0 equiv) was
reacted with TfOH (1.2 equiv) and TsNH2(2.0 equiv) in MeCN (T =-45 °C), whereas with
HNTf, (1.2 equiv) under identical conditions the reaction did not proceed. However, activation
using the electrophilic brominating reagent NBS led to formation of amidine 19a with 56 % yield
by NMR (conditions: 1.2 equiv NBS, 1.1 equiv TsNHz, MeCN, 20 °C). Further optimization
demonstrated that the highest amidine 19a yields (75 % by NMR) were obtained under the
following conditions: T =—45 °C, MeCN as solvent, 2 equiv TsNH: and 1.2 equiv NBS.

Using the optimized reaction conditions (T =-45 °C, RCN as solvent, 2 equiv TsNH>), the

author proceeded with the investigation of the substrate scope (Scheme 33).
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Scheme 33. Synthesis of amidines in a Ritter-type reaction.

90



Variation of substituents at the product C=C bond was achieved by employing different
electrophilic halogenating reagents (NBS, NCS, NIS), enabling the synthesis of vinyl halide-
containing products 19a-c¢ (Hal = Br, Cl, I). The highest yields of amidines 19 (up to 76 %) were
obtained from substrates containing simple aliphatic chains 12a,b,d. In contrast, aryl-substituted
propargyl silane 12k!'® afforded lower amidine yields (22-30 %) under Ritter-type conditions.
Additional stabilization of the carbocation intermediate by a neighboring aryl group (R'=Ar)
likely slows down nitrile addition, as indirectly evidenced by increased reaction time. For
example, alkylsilane 12b reached full conversion after 45 minutes, whereas arylsilane 12k
required 1.5 hours.

Compatibility with various functional groups was also examined. Substrates containing a
terminal aryl ether 11i, azide 10p, mesylate 10r, and even a free alcohol group 10e, underwent
Ritter-type reactions to give amidine products 19 in moderate yields (3047 %).

Among alternative secondary nucleophiles for amidine synthesis, sulfonamides (NsNH-,
TsNH2) gave the highest amidine 19 yields (73-76 %). Nitrogen heterocycles (e.g., 2,6-
dichloropurine, 1,2,4-triazole, imidazole) were also compatible, although the yields were lower
(1546 %). Stronger nucleophiles such as cyclohexanol, cyclohexanethiol, and cyclohexylamine
did not afford the expected imidate/thioimidate/amidine products under standard conditions.

Nitriles with longer alkyl chains (C3-Cs) and acrylonitrile gave lower amidine 19 yields
(41-66 %) compared to acetonitrile. In the case of benzonitrile, a mixed solvent system
(PhCN/DCM, 4:3 v/v) was used to avoid freezing at —45 °C. However, benzonitrile exhibited low
selectivity towards Ritter-type product formation, yielding amidine 19w in only 22 %. Instead,
the reaction predominantly followed a B-H elimination pathway, forming the respective diene.!'®!

In solution, amidines can exhibit configurational isomerism ((E)/(Z) around the C=N
bond), rotational isomerism (syn/anti around the C-N bond), and tautomerism, all of which
complicate structural analysis.*®) NMR studies of amidines 19a-w showed the following: in
CDCls, two sets of signals were typically observed, whereas in DMSO-ds, only one isomer was
detected. For amidine 19m, the major/minor isomer ratio in CDCls was 96:4. The N-H signal
appeared as a doublet with a coupling constant of 3J=9.6 Hz relative to the C(3)-H proton,
indicating a vicinal relationship. Additionally, the geometry of amidine 19m was determined
using X-ray structure analysis, which established the (E)-configuration for both the C=N and C=C
bonds (Fig. 1). This was further confirmed by 2D NOESY NMR correlations between the C(1)-H
proton and the (i-Pr)sSi group. These findings are consistent with previous observations in
electrophilic halogenation of propargyl silanes, which preferentially yielded (£)-configured

trisubstituted olefins.!*!
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Fig. 1. Elucidation of amidine 19m structure.

Finally, the synthetic utility of acyclic Ritter-type products was demonstrated in
heterocycle synthesis (Scheme 34). Under standard Ritter-type conditions (1.2 equiv NBS,
2.0 equiv TsNHa, nitrile solvent, T =-45 °C), mesylate 10r afforded amidines 19aa-ad that
underwent intramolecular Sx2 cyclization in the presence of a base (NaHCOs) to yield

tetrahydropyrimidine derivatives 21a-d.

i ; SiMe,t-Bu f X
?lMe2t-Bu NBS (1.2 equw)_ 2 onls NaHCO, SiMe,t-Bu
R'SO,NH, (2.0 equiv) | & /\/ (6-10 equiv) A /\
Z Br HN__R? ————— & N. N D
jor "OMs RZCN,-45°C T n-Bu,NBr s
40 min N‘s"o (0.3-0.4 equiv), 21aq RZO
19aa-ad 5 R’ MeCN/H,0, a-
70°C,1-5h
SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu
= =
Br N. _N /\|/
21a, \©\ 21b, O H;c \©\ 21d, Q
56% 33% 44% 16%

Scheme 34. Ritter-type reaction for the synthesis of tetrahydropyrimidine derivatives 21.

In conclusion, propargyl silane transformations under Ritter-type conditions afforded a
broad spectrum of products, starting from acyclic structures — allylamides 18 and amidines 19 —
to heterocycles 20-21. By combining external electrophile attack on the propargyl silane triple
bond with vinyl-allyl cation rearrangement via the 1,2-silyl shift, and two subsequent nucleophile
attacks, the author obtained structurally complex motifs from simple starting materials. Full
details of this research are described in Appendix 6: Turka, S.; Kronkalne, R.; Rogalevs, R.
Purins, M.; Mishnev, A.; Turks, M. 1,2-Silyl Shift — Ritter Reaction Cascade for the Synthesis of

Dihydroisoquinolines and Allylamine Derivatives (Manuscript in preparation).
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CONCLUSIONS

1. Electrophile-induced 1,2-silyl shift in propargyl silanes affords reactive allyl cation
intermediates III that can be quenched by internal O-, N- and S-nucleophiles to form five-
membered heterocycles IV: tetrahydrofurans (X = O), pyrrolidines (X = N-PG), and thiolanes
(X=8), bearing geminally disubstituted (E =H) or stereodefined trisubstituted (E = Hal,
PhSe) olefin side chains.

i Si 1,2-Sily!
i E* L shift
R TN R
Y I E

_ Si
o E/Z with Hal*: (?A\ E* = H* Hal* PhSe*
. . = =nrn,nal, e
91:9 to 955 \3
E X

o E/Z with PhSe™: V(X2 O.N Y =H; R = (CH,)3XH
41:59 t0 955 X=0,N,8) 25-85%

2. Quenching the B-silicon-stabilized allyl cation intermediates III with internal electron-rich
aryl systems affords bicyclic heterocycles V with (Z)-configured olefin side chains via
Brensted acid-promoted Friedel-Crafts-type cyclization.

Exclusive (Z)-geometry

W))\ N R' = MeO, Me, H, Br:
=

N, PG =Ns, Ac; Y =H, Cl

RV, 40-77%

3. Combination of diaryl-A*-iodanes with a Cu(I) catalyst enables in situ generation of
electrophilic Ar-Cu(III) reagents, which, as formal Ar* synthons, add to the propargyl silane
triple bond to induce arylation — 1,2-silyl shift — heterocyclization sequences VII—VIII and
VII-IX depending on the side chain length. In the absence of reactive internal nucleophiles,

arylated silyl dienes X are obtained instead.

R = XH; Si
n=3 &)
) . T |
Si Si 12-83% 3
P, @p-rcu"] g @-rcd X~ v
Ayl = R Alkyt: n  X=0,NCOR'| R=XH;

X, n=1 viI g j
37-69% TETTA
19-47% X o

4. Under Ritter-type conditions, propargyl silanes can be combined with two incoming

nucleophiles to afford allylamides XI (X = O) and amidines XII (X =N-PG) with highly
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functionalized olefin fragments. Propargyl silanes bearing electron-rich aryl systems can be

subjected to a Bischler-Napieralski-type reaction to yield dihydroisoquinolines XIII.

HNSOR® 5
— (/k _R
|
si HalHN__R’
Y R R'CN, H,0 Y=H Xl N'
4 HN. R R=Alkyl Ar E=Hal SOR"
Y E=HY=HCI
X, N-heterocycl
o) ycle
52-67% A R

R=
R'CN VR
W@ E=H,Y=H,Cl x::a' Ny R
; N
Si | \{ },r"'

Y\%\ o
\

R' 30-78%

Olefin geometry can be controlled by combining: (a) non-halogenated silanes I (Y = H) with
electrophilic halogenation (E* = Hal") reagents to achieve (E)-geometry; or (b) halogenated
silanes T (Y = Hal) with Brensted acid activation (E*=H") to achieve (Z)-geometry. The
olefin side chain can be further modified by cross-coupling reactions or electrophilic Si—I
exchange with retention of the alkene configuration. By activating propargyl silane I with
Ar-Cu(Ill), styrene derivatives XV are obtained directly, omitting the Pd-catalyzed vinyl

halide cross-coupling step.

(E)-gecmetry

Si
Hal*
- . ArB(OH),,
Y=H Hal [Pd], base
XIV _
ArCu(lil) = Si NIS '
Y=H A || Ay Aty
Ar

XV XV Xvi
Si
H+
\— Hal W

ArB(OH),,
H [Pd], base

XIv'
(Z)-geometry
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