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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 arl
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 stratégiju 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
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propargilsilaniem 10, kas ietver elektrofilu inducétu sililgrupas 1,2-nobidi
reagetspejigu, pB-silicija stabilizétu alilkatjonu 13b veidoSanai 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 = O) 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 uzbriikot [-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 (£)-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
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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.

Zinatniskas publikacijas
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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.

18



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.
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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-
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(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

29



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.

33



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
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Br HN___R? Br N _N_u
RZCN, -45 °C n-BusNBr s
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L J 70°c,15h
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0 o}
>~ et B N ~ N\ Iy
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Q @ T 2,8 T
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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).
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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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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

SiMe,t-Bu ArNHNs (1.0 equiv) SiMezt-Bu@R MaR=H,

& OH  DIAD (1.1 equiv), PhsP (1.0 equiv), ///K/\'TI = :1: S z 2_’;1?;
106 THF (abs.), 0-20 °C Ns e R
Entry® Ar Time (h) Product (%)™

1 Ph 21.0 11a, 66
2 m-MeCH, 15.0 11b, 67
3 »-BrCsHs 155 11c, 75
4 »-MeOCeH, 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
PhyIOTH, 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

|
" Gt RN e A
EtOAc (abs.), 70 °C, 3 h 3H7
" B0 @s) 79°C,31 C O
12a: R = H, Si = SiMe,t-Bu : lodanes: I-1: 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
hd lodane = I-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
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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/I1I) 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 (
Scope: r j
O R h ) ’ ¢ r &
--------------------------------------------- « 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 SiMe,t-Bu

Met-Busi HNTf, (1.1 equiv) X T//A\ OMe OMe
|

=z RCN,20°C,18h H Nf\;@/

X 12i-jfal 20a-i R4 20a,
41%]
S'Mezf -Bu SlMezt-Bu
Cl OMe
SlMezt-Bu SiMe,t-Bu
20b OMe 20d OMe
55% N 30% N
20c, 20e,
78% 35% cl
SiMe,t-Bu on SiMe,t-Bu
€ OMe
SiMe,t-Bu N SiMe,t-Bu
OMe
20f, OMe 20h,
45% 419 Pr
209, 20i,
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 Bronsted 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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CgHyg, Si = t-BuMe,Si), 11i (R =

Scheme 33. Synthesis of amidines in a Ritter-type reaction.
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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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ABSTRACT: Propargyl silanes with a terminal alkyne moiety
undergo a 1,2-silyl shift when activated with electrophiles such as
H*, Br’, I, and PhSe®. A method was developed to trap 1,3-
transposed electrophilic centers with various internal O-, N-, and S-
nucleophiles in a 5-exo manner. This synthetic procedure provided
five-membered heterocycles containing a trisubstituted olefin side
chain. The scope of the method includes access to tetrahydrofuran,
7-butyrolactone, 2-isooxazoline, pyrrolidine, and thiolane derivatives in yields ranging from 25 to 85% (23 examples in total).
Reactions with TsNBr, ensured complete (E)-selectivity of the newly formed olefins. Further functionalization of the obtained 1-
trialkylsilyl-2-bromovinyl side chain was demonstrated by double-bond geometry-preserving electrophilic substitution and cross-
coupling reactions that provided heterocycles with a trisubstituted vinyl moiety.
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*Multiple electrophilic species: H*, Br*, I', PhSe*
internal phi -OH, -COOH, -NOH, -NHCO-, -NHSO,-, -SAc
Site ive alkene fi izati

B INTRODUCTION

Natural compounds and small-molecule drugs bearing

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

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

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

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

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

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

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

© 2023 American Chemical Society

WACS Publications

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

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

Yields Provided)

SiMe,tBu
R

n

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

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

- =
DCM or CHCl3

tBuMe,Si _
[ om
E

2a-h

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

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

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

CHCl3, 20°C, 5 min

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

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

E*=NIS (1.2 equiv)
CHClI3, 20°C, 20 h

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

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

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

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

SePh

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

E*=NIS (1.0 equiv)
CHCI3, 0°C, 20 h

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

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

2j, 0%

2k, 0% 21, 0%

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

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

13858

B RESULTS AND DISCUSSION

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

https://doi.org/10.1021/acs joc.3c01481
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SiMe,tBu Tf,NH tBuMe,Si
OH ——— 0
Conditions I

1a H 2a

NMR vyield of 2a, %

szNH loading, equiv.

Temperature, °C

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

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

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

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

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

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

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

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

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

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

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

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

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

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

rounded by 5% increments.

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

Solvent
4 E 5a,b

tBuMeﬁll/F\ tBuMeZS|\(<—\

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

tBuMe,Si N

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

tBuMe,Si [ N
\( o

H

. I\
tBuMe,Si /\\N

(o)

SePh

5¢, 0% 5d, 0%

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

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

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

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

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

13860 https://doi.org/10.1021/acs joc.3c01481
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Scheme S. Product Scope for the Synthesis of Pyrrolidine Derivatives 7a—j

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

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

6¢c: R=Boc; 6d: R=Cbz

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

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

E*=HNTf,, (0.5 equiv)
DCM, 20°C, 16 h

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

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

tBuMe,Si

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

tBuMe,Si

tBuMe,Si tBuMe,Si
o PN
H Ts H Ns
7e, 85% 7f, 83%
E*=HNTf, (0.13 equiv)  E*=HNTf, (0.1 equiv)
DCM, 0°C, 3 h DCM, 0°C, 3 h
tBuMe,Si
/ l;l =
Ns

7i, 26% (E/Z=95:5)
E*=NIS (1.0 equiv)
CHCl3, 0°C, 2.5 h

CCDC-2241600

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

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

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

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

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

Scheme 6. Synthesis of Thiolanes 9a—c

37( s
. o DCM H gac

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

I SePh

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

C

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

13861

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

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

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

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

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

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

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

12a, 80%

12b, 77%

12¢, 66%

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

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

B CONCLUSIONS

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

B EXPERIMENTAL SECTION

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

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

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

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

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

( I, ) MphyMe

2 Mpp, e 1

"ha Tonyne n
6

< L, ) MphyMe

1 Mphyme 1

"ha Tonyne
6

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

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

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

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

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

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

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

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

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

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

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

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

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

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

trans-(E)-5-(2-Bromo-1-(tert-butyldimethylsilyl)vinyl)-tetra-
hydrofuran-2-ol (2i). The reaction was performed following general
procedure A: 4-(tert-butyldimethylsilyl)hex-S-yn-1-al (1b; 300 mg, 1.4
mmol, 1.0 equiv) in wet CHCl; (20 mL), NBS (278 mg, 1.6 mmol,
1.1 equiv), reaction temperature 20 °C, reaction time 14 h. Washed
with saturated aqueous NaHCO; (20 mL) and saturated aqueous
NaCl (10 mL). Column chromatography (eluent: DCM/Hex 10 —
30%) afforded silyl furanol 2i (130 mg, 30%) as a clear oil. 'H NMR
(500 MHz, CDCL,): 6.32 (d, 1H, 4 = 1.7), 549 (dd, 1H, ] = 5.5,
2.2),4.91 (dt, 1H,% = 7.9, *T = 1.7), 2.52 (dtd, 1H, 7] = 12.5, %] = 7.9,
4.7),2.09 (dddd, 1H, %] = 13.2, %] = 8.2, 7.9, 4.7), 1.87 (dddd, 1H, ¥J
=132,% =79, 47,22), 146 (dq, 1H, ¥ = 12.5,*] = 7.9), 0.90 (s,

https://doi.org/10.1021/acs joc.3c01481
J. Org. Chem. 2023, 88, 13857-13870



The Journal of Organic Chemistry

pubs.acs.org/joc

9H), 0.09 (s, 6H). C{'H} NMR (126 MHz, CDCl;): § 148.5,
113.0,99.5, 81.2, 31.9, 30.2, 27.5, 17.4, —3.5, —4.3. HRMS (ESI): m/
z caled for C,,H,,BrOSi* [M — OHJ", 289.0618; found, 289.0613.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

(Z)-2-(2-Phenyl-1-(4-(trifluoromethyl)phenyl)vinyl)-
tetrahydrofuran (12b). The reaction was performed following
general procedure C: (E)-2-(1-iodo-2-phenylvinyl)tetrahydrofuran
(11; 50 mg, 0.17 mmol, 1.0 equiv), 4-trifluoromethylphenyl boronic
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acid (95 mg, 0.50 mmol, 3.0 equiv), Pd(OAc), (1.9 mg, 8.3 umol, S
mol %), PPh, (6.5 mg, 25.0 umol, 0.15 equiv), Cs,CO; (163 mg, 0.50
mmol, 3.0 equiv), toluene (2 mL), and H,O (0.1 mL). For workup,
DCM (S mL) was added, and the mixture was filtered through a
Na,SO, and silica pad. Column chromatography (eluent: DCM/Hex
0 — 40%) afforded vinyl silane 12b (40 mg, 77%) as a white
amorphous solid. '"H NMR (500 MHz, CDCL;): § 7.64 (d, 2H, ] =
8.3), 7.60 (d, 2H, J = 8.3), 7.41-7.36 (m, 4H), 7.33—7.28 (m, 1H),
6.76 (s, 1H), 4.99 (dd, 1H, J = 8.5, 6.9), 3.89 (td, 1H, ] = 13.7, 6.7),
3.78 (td, 1H, J = 13.7, 7.7), 1.95 (tdd, 1H, J = 11.9, 8.5, 4.8), 1.90—
1.83 (m, 1H), 1.83—1.73 (m, 1H), 1.61 (qd, 1H, J = 12.0, 8.5).
BC{'H} NMR (126 MHz, CDCL;): § 145.1, 141.5, 136.5, 134.2,
1294 (q, ] = 32), 129.3, 129.2, 128.4, 127.5, 1249 (q, ] = 4), 124.5
(q ] = 272), 769, 68.5, 30.8, 26.7. HRMS (ESI): m/z caled for
CoH,¢F,0* [M + HJ", 319.1304; found, 319.1299.
(2)-4-(2-Phenyl-1-(tetrahydrofuran-2-yl)vinyl)benzonitrile
(12c). The reaction was performed following general procedure C:
(E)-2-(1-iodo-2-phenylvinyl)tetrahydrofuran (11; S0 mg, 0.17 mmol,
1.0 equiv), 4-cyanophenyl boronic acid (74 mg, 0.50 mmol, 3.0
equiv), Pd(OAc), (1.9 mg, 8.3 umol, S mol %), PPh; (6.5 mg, 25.0
pmol, 0.15 equiv), Cs,CO; (163 mg, 0.50 mmol, 3.0 equiv), toluene
(2 mL), and H,0 (0.1 mL). For workup, EtOAc (5 mL) was added,
and the mixture was filtered through a Na,SO, and silica pad. Column
chromatography on silica (eluent: DCM/Hex 80—100%) afforded
vinyl silane 12¢ (30 mg, 66%) as a white, amorphous solid. 'H NMR
(500 MHz, CDCly): § 7.66 (m, 4H), 7.41—7.34 (m, 4H), 7.31-7.28
(m, 1H), 6.77 (s, 1H), 4.98 (dd, 1H, ] = 8.6, 6.7), 3.89 (td, 1H, ] =
13.8,7.9), 3.78 (td, 1H, ] = 13.8, 7.7), 1.99—1.91 (m, 1H), 1.91—-1.83
(m,. 1H), 1.82—1.73 (m, 1H), 1.58 (qd, 1H, J = 11.8, 8.1). *C{'H}
NMR (126 MHz, CDCLy): § 146.3, 141.1, 136.2, 134.8, 131.9, 129.6,
129.1, 128.5, 127.7, 119.2, 111.0, 76.8, 68.5, 30.9, 26.7. HRMS (ESI):
m/z caled for C,H;gNO* [M + HJ, 276.1383; found, 276.1377.
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ABSTRACT: Propargyl silanes bearing an aryl ether or aniline moiety undergo acid-promoted 1,2-silyl shift to generate an allyl
cation, which subsequently alkylates the adjacent aryl group in a Friedel—Crafts fashion. The developed methodology furnishes
chromanes in 24—99% yields and 1,2,3,4-tetrahydroquinolines in 21—77% yields, depending on the substitution pattern. The
distinctive feature of the developed methodology is the synthesis of (trialkylsilyl)vinyl- and (Z)-2-halo-1-(trialkylsilyl)vinyl-
substituted heterocycles. Propargyl silanes bearing chloro- and bromoalkyne motifs afford cyclization products in higher yields than
their terminally unsubstituted alkyne counterparts, providing access to trisubstituted (Z)-alkenes with high stereoselectivity. The
paper also reports an improved protocol for silver-catalyzed haloalkyne synthesis, which is enabled by the use of Ag,CO; or AgOAc

catalysts.

B INTRODUCTION

Chromane and 1,2,3,4-tetrahydroquinoline (THQ) structural
motifs appear in various natural products with a wide range of
structural modifications and biological roles (Figure 1).
Chromane core is widespread among flavonoids and
polyphenolic compounds with antioxidant properties.' > On
the other hand, the tetrahydroquinoline motif is found in many

Helquinoline

Q}
N

alkaloid from
Lyngbya majuscula

L-Nebivolol [¢] i (¢}

Figure 1. Natural products and marketed drugs containing chromane
and 1,2,3,4-tetrahydroquinoline cores.
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alkaloids that exhibit high pathogen toxicity and anticancer
potential.*~® Natural products containing the chromane hetero-
cycle include vitamin E family, the psychoactive compound
trans-A’-tetrahydrocannabinol’ and the platelet activation
inhibitor glabridin.® Whereas the THQ_scaffold is found in
diverse alkaloids such as antibacterial agent helquinoline,”
benzastatin D (a free radical scavenger),'® aspernigerin
(anticancer and fungicidal properties),'"'* and some alkaloids
isolated from Lyngbya majuscule.”® Both chromane and THQ
structural motifs are regarded as privileged structures in
medicinal chemistry, with successful applications as lead
compounds in drug discovery and as marketed therapeutics.
Notable examples of the latter include the -blocker nebivolol,'*
the nonsteroidal oral contraceptive ormeloxifene,'>'® and the
antischistosomiasis drug oxamniquine,'” to name but a few
(Figure 1).

The significance of the aforementioned applications has
driven the development of synthetic methodologies for the
preparation of chromanes and THQs, and this has been the
subject of recent reviews.'*™** If the C,—C,, bond formation
(Scheme 1) is regarded as the key step in the synthesis of the title
compounds, it can be achieved through a well-established Heck-
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Scheme 1. Annulation Strategies for C,—C,, Bond Formation
in Chromanes and Tetrahydroquinolines via 1,3-
Difunctionalization of Linkers and Harnessing the 1,3-Dipole
Nature of Propargyl Silanes; THQ = 1,2,3,4-
Tetrahydroquinoline, Y = O, NR; E = Ester, Ar = Aryl; LG =
Leaving Group, LA = Lewis Acid, X = H, CI, Br, I
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type process‘24727 However, this approach requires the presence
of an appropriate halide substituent on the aromatic cycle,
except in certain advanced cases.”® Alternatively, an electrophilic
reaction center can be created at the C, atom, which will then
enter into Friedel—Crafts-type cyclization (Scheme 1A).20738
This afﬂproach can be combined with the 1,3-difunctionaliza-
tion®”"? of the attached linker, if the latter consists of systems as
exemplified by donor—acceptor cyclopropane,*' cyclopropyl
cation precursor,”” allylic system bearing leaving group,”® or
Michael acceptor (Scheme 1B).**** From the described
methods, only few provide 4-vinyl-substituted chromanes and
THQs,">**** but the latter are considered as important building
blocks in the synthesis of structurally diverse natural product
analogs46’47 and prospective anticancer agents.48'49

Hence, we propose harnessing the intrinsic 1,3-dipole
character of propargyl silanes, which is enabled by the possibility
of a 1,2-silyl shift once this molecular fragment is activated by an
electrophile (Scheme 1C).°°™* If the silyl group is placed
internally, the initially formed vinyl cation, upon 1,2-migration
of the silyl group, will rearrange to a more stable allyl cation,
which in turn can be quenched by a nucleophilic component.
Applying this concept, we have recently reported the synthesis of
silyl dienes,®>* allyl-functionalized vinyl silanes,®> and five-
membered heterocycles.’® Herein, we demonstrate that the
intramolecularly offered aryl moiety, acting as a z-nucleophile,
triggers an intramolecular Friedel—Crafts reaction, affording
chromanes or THQs bearing a 4-vinyl group. This also includes
important variations of products with geometrically controlled
(Z)-2-halo-1-(trialkylsilyl)vinyl moiety. To the best of our
knowledge, allyl and propargyl silane chemistry remains largely
unexplored in the synthesis of chromanes and THQs, and the
few reported methods do not involve the application of a 1,2-
silyl shift.>” >

B RESULTS AND DISCUSSION

We envisaged the use of 3-silyl pent-4-yn-1-ol (1) as strategic
starting material, which can be readily obtained from
commercially available pent-4-yn-1-ol in 84% yield via
successive silylation and retro-Brook rearrangement® under
Schlosser conditions.’" Synthesis of aryl ether 2 from alcohol 1
was investigated and optimized. We have explored both classical

nucleophilic substitutions using the tosylate leaving group and
the Mitsunobu reaction (Scheme 2). We observed degradation

Scheme 2. Synthesis of Phenyl Ether 2a by Various
Approaches

1.2 eq. TsCI

WK
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of tosylate 1" during its purification on silica gel and also during
storage, even at 5 °C. Moreover, the use of rather basic
phenolates in the Sy2 step resulted in partial allenization of the
propargyl silane moiety.

On the other hand, standard Mitsunobu conditions employ-
ing diisopropyl azodicarboxylate (DIAD) with phenol as a weak
acid provided similarly mediocre (56%) yield of product 2a. To
our delight, the use of second-generation Mitsunobu reagents
such as ethyl 2-(3,4-dichlorophenyl)azocarboxylate (ECAC)**
proved to be effective, and the desired product 2a was isolated in
91% yield (for the synthesis and regeneration®~** of ECAC, see
the experimental part). The Mitsunobu conditions employing
ECAC were therefore applied to various phenols, affording aryl
ethers 2a—r in yields up to 96% (Scheme 3). ECAC was also
more efficient than DIAD in the reactions with aniline
nucleophiles, providing products 3a,e,s,t in 80—85% vyields.
For comparison, product 3a was obtained in only 66% yield
using DIAD.

With the starting materials in hand, we investigated the acid-
promoted cyclization of functionalized propargyl silanes 2 and 3.
Optimization of the cyclization reaction was carried out on the
simplest substrate, phenyl ether 2a, by testing different solvents
and Bronsted acids (Table 1). Good yields of product 4a were
obtained with HNTY, in halogenated solvents, but the best yield
was observed in nitromethane, which was therefore chosen as
the solvent for the methodology described herein (Table 1,
entry 7). This observation is consistent with the commonly
preferred solvents for Friedel—Crafts reactions, owing to their
stability toward superacids. Next, catalyst loading and the
reaction temperature were checked (Table 2). We found that
chromane formation proceeds more efficiently with larger
amounts of acid. However, at ambient temperature (20 °C), the
reaction yield reaches an upper limit of around 75%, with no
significant improvement above 20 mol % loading of the acid
promoter (Table 2, entries 6—8). Additionally, we observed a
slight improvement in product purity and yield in more
concentrated reaction mixtures. For instance, in the trans-
formation 2a — 4a with 10 mol % Tf,NH loading, the difference
in product 4a yield between 0.2 and 0.05 M substrate solutions
were 68 and 64%, respectively (Table 2, entries 2 and 3). A
similar pattern was observed in the case of 15 mol % Tf,NH
loading: 68% for 0.05 M substrate concentration and 72% for 0.2
M substrate concentration. (Table 2, entries 4 and S). This
counterintuitive observation for an intramolecular reaction can
be explained by HNTT, degradation during the diffusion process,
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Scheme 3. Synthesis of Propargyl Silanes 2 and 3
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“Product 3u was synthesized by a different approach: alcohol 2a was
oxidized to aldehyde followed by reductive amination with 3,5-
dimethylaniline and acetylation.

which may also account for the degradation of the substrate or
product. An alternative explanation involves stabilization of the
transition state by the bistriflimide counterion. Even more
intriguing, the acid-promoted chromane-forming reaction
performed best at 60 °C, and besides occurring faster, afforded
purer product 4a than at lower temperatures (Table 2, entry 9).

According to the found optimized conditions, propargyl
silanes 2 and 3 were cyclized to the corresponding chromanes
4a—r (yields up to 87%) and THQs Sa,e,t,u (yields up to 45%)
(Scheme 4). The variations with solvent (MeNO, versus
dichloroethane/MeNO,) were determined by substrate sol-
ubility. Chromane 4a—r synthesis was found to be more
successful, and their yields correlate with the electronic density
of the benzene ring. Aryl groups with electron-withdrawing
substituents (F, Cl, Br, I, CN, NO,) exhibited reduced reactivity
compared to those bearing electron-donating substituents (Me,
OMe, OH). Somewhat unexpectedly, lower yields were
obtained for the compounds 4m and 4o0. Both compounds
contain heteroatoms in ortho-position near the cyclization site,
which may interact unfavorably with the intermediate allyl
cation. It should be noted that meta-substituted propargyl silanes
(2e,j and 3e) did not provide reasonable regioselectivity, and
products 4e,j and Se were obtained as a mixture of isomers.
Nevertheless, starting material 20 gave only one product 4o.

Table 1. Optimization of Solvent and Acid Promoter

entry acid solvent yield, %
1 HNTY, MeCN 17
2 HNTY, CeHg 19
3 HNTY, CHCl, 63
4 HNTf, CICH,CH,CI 74
s HNT, CH,Cl, 73
6 HNTf, dioxane 20
7 HNTY, MeNO, 76
8 HNTY, THF 15
9 HNTL, toluene 14
10 HNTY, CF,COOH 11
11 HNTY, trifluorotoluene 63
12 HOTf CHCly 51
13 HOTf CH,Cl, 56
14 HN(SO,CF,),CF, CHCl, nrt
15 HN(SO,CF,),CF, CH,Cl, nr?

“NMR yield using 1,4-dinitrobenzene as an internal standard. *No
reaction after 2 h.

Table 2. Optimization of Solvent and Acid Catalyst

J< \ J<
\ —si
—Si Q HNTf,, 1h
for acid loading and
/\/\ o reaction temperature, o
2a see Table below ~ 4a
0.2 Min nitromethane

entry HNTY, equiv temperature, °C yield, %
1 0.05 20 65
2 0.10 20 68
3t 0.10 20 64
4 0.15 20 72
st 0.15 20 68
6 0.20 20 75
7 0.40 20 76
8 1.00 20 76
9 0.20 60 85

“NMR yield using 1,4-dinitrobenzene as an internal standard. b0.05
M phenyl ether 2a.

Interestingly, substrate 2q bearing a phenolic OH group reacted
exclusively as z-nucleophile, and product 4q was isolated with
80% yield. Last but not least, with substrate 2r, we have
demonstrated double cyclization to product 4r, which was
obtained in 71% yield. It should be pointed out that the
substituted anilines 3 exhibited lower reactivity than the
corresponding aryl ethers. A stoichiometric amount of acid
was required to achieve cyclization to THQs Sa,etu. The
reduced reactivity of substrate 3 can be explained by the
protonation of the N-protecting group, leading to deactivation
of the z-nucleophile.

While the isolation and purification of products 4 and §
generally proceeded smoothly, allene byproducts arising from
desilylation were occasionally observed. For the nonpolar
chromanes 4a—4f, this presented a practical challenge during
chromatography, as the byproducts exhibited retention factors
close to those of the main products across various eluent
systems. We resolved this issue by employing AgNO;-
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Scheme 4. Synthesis of Chromanes and Tetrahydroquinolines via Tandem 1,2-Silyl Shift—Friedel—Crafts Cyclization

procedure B: 1.0 eq. HNTf, Z
R MeNO,, r.t., 5-30 min

K

procedure A: 0.2 eq. HNT,
DCE / MeNOy, 60 °C, 10 min
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impregnated silica gel. Silver-assisted chromatography enabled
excellent separation through selective interactions with different
types of z-bond systems.*®

In our previous studies, halogen electrophiles were used
stoichiometrically to obtain vinyl halides via tandem electrophile
addition—1,2-silyl shift—nucleophile addition, where heter-
oatom-based electrophiles and nucleophiles were used.*** This
approach was not productive in the present reaction manifold
involving a z-nucleophile for Friedel—Crafts cyclization.
However, this limitation can be overcome by introducing a
halide at the terminal position of the alkyne moiety and
employing the previously described acid-catalyzed cyclization.

Haloalkynes are nontrivial but easy-to- prepare and relatively
stable reagents, excluding fluoroalkynes.”” The preparation of
bromoalkynes and iodoalkynes requires a silver catalyst
(AgNO;) in combination with the appropriate N-halosuccini-
mide, and typically proceeds well in acetone or acetonitrile
under ambient conditions.”® It appeared that this approach
cannot be universally extrapolated to the chloroalkynes. In our
hands, the tested substrates remained unreactive toward N-
chlorosuccinimide under the previously described reaction
conditions.”””® To our delight, we found that more basic
conditions involving Ag,COj; catalysis in acetonitrile are a more
general method for the synthesis of chloro-, bromo-, and
iodoalkynes (Scheme S). This protocol affords excellent yields
and enables nearly complete regeneration of the catalyst due to
its low solubility. Less basic catalysts like silver succinimide or
AgOACc are also effective for haloalkyne synthesis. Basic silver
salt catalysts seem to be more effective also in the case of bromo-

Scheme S. Synthesis of of Haloalkynes 6—9

X
o AN
e
- 6Y=0,X=Cl
/\/\ \ 5mc\%AQZCO /\A \\ 7.Y=0 X=Br
N> 8Y=0X=I
2Y=0 9:Y=NNs,X=Cl
3Y=NNs 65°C,24h s, X =Cl

,\S‘J<

,\S‘J< o AK o,
/\Aj@ /\AO/Q/ /\/\OQ/

K
/wj@

%

/_S‘wQ

Z
CI 6a, 96 %

6f,93% 6i,93% Cl cr 6k, 95 %
\ J< NO,
,\S‘J< /@ —\Sij< j@\ —si /©/
/J\/\ /\Ao o /\AO
7a,96 % 7,97 % Br 7k, 96 %
\ e P
so - oVl oW n
8a,91% 7 95,015 s 9: 99 %

and iodoalkynes because they accelerate the alkyne deprotona-
tion step, which is presumed to be rate-limiting.”"”*
Haloalkynes 6—9 smoothly underwent acid-catalyzed tandem
1,2-silyl shift—Friedel—Crafts cyclization and afforded the
expected chromanes 10-12 and THQs 13 (Scheme 6).
Iodoalkyne 8a gave chromane 12a in an average yield of 55%,
whereas chloro- and bromoalkynes appeared to be more reactive
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Scheme 6. Synthesis of Chromanes and
Tetrahydroquinolines 10—13 Containing (Z)-2-Halo-1-
(trialkylsilyl )vinyl Moiety

procedure A: 0.2 eq. HNT, |
DCE / MeNOp, 60 °C, 10 min
— 7 = T,

procedure B: 1.0 eq. HNTf, 2
MeNO, r:t., 5-30 min R
s:x:ch:o 7:X=Br,Y=0 10:X=Cl, Y=0  11:X=Br,Y=0
8:X=I, Y=0  9:X=Cl Y=N-PG 12:X=1, Y=0 13 X=Cl, Y=N-PG
e e \ ke e
—5 —si —5i —5i
cl c A clz cl
o ! o o Br 0 =
10a,99% 10b, 86% O 10c, 92% 10f,91%
(2.39 g, 87%)
K K e K
—5i —5i —5i —5i
Cl ~ Cl ~ Br A Br~
o o o Br O =
cl Cl 0N
10, 78% 10k, 62% 11a,85% 111, 83%
(1.73 g, 80%)
VK Lk
—5i —Si e
Br A N Cl ~z Cl A
o e} N, NS,
Ns Ns
O,N Br o
11k, 38% 12a, 55% 135, 71% 134, 77%

in cyclization reactions than their nonhalogenated counterparts.
Thus, S-chlorochromane 10f containing (Z)-2-chloro-1-(tert-
butyldimethylsilyl)vinyl moiety was obtained in 91% yield
(Scheme 6) versus its nonchlorinated congener 4f (58%)
(Scheme 4). A similar pattern favoring chloroalkyne reactivity
was observed in the product pairs 4i (46%) versus 10i (78%)
and 4k (24%) versus 10k (62%), the latter containing an
electron-poor nitroaryl moiety. The geometry of the vinyl
substituent in products 10—13 was established by 2D-NOESY
spectra, and in the case of products 10f and 11f, it was
unambl%'uously proved by single-crystal X-ray diffraction
analysis.”> Also, the synthesis of THQs 13s,t bearing (Z)-2-
chloro-1-(tert-butyldimethylsilyl)vinyl moiety proceeded more
cleanly and in higher yields than for those employing
nonhalogenated propargyl silanes.

The (Z)-selective double bond formation during propargyl
silane—vinyl silane rearrangement can be explained by the
antiperiplanarity requirement during protonation of the -
system, which is followed by its overlapping with the adjacent
C—Sibond, as depicted in Scheme 7. In our previous work, 1,2-
silyl shift in propargyl silanes followed a similar selectivity
pattern: a combination of terminally unsubstituted alkyne
systems with halogen electrophiles afforded predominantly (E)-
isomers.>>*® In the present case of chromane and THQ
formation, proton delivery to the alkyne can be implemented
both intermolecularly by superacid or intramolecularly by the
protonated electron-rich aromatic cycle or heteroatom from the
linker. This is in agreement with literature reports describing
proton transfer between protonated z-systems or protonated
heteroatom and double bond.”*””” The protonation—1,2-silyl
shift process is apparently followed by a fast intramolecular
Friedel—Crafts cyclization that favors the newly formed (Z)-
double bond due to minimized steric interaction with the
incoming aromatic cycle.

Scheme 7. Mechanism Proposal for (Z)-Selective Double
Bond Formation during 1,2-Silyl Shift and Tandem
Cyclization

K <4

The observed halogen effect can be rationalized as possible by
stabilization of the intermediate allyl cation (Scheme 7) through
electron donation from chloride and bromide substituents.
While the orbital overlap between the carbenium ion and
chloride substituent is the best among the tested halogens, this
stabilizing resonance effect is significantly weaker for the iodo
substituent due to poorer orbital overlap. In the latter case, the
resulting negative inductive effect is expected to destabilize the
allyl cation. As discussed above, the corresponding fluoroalkynes
could not be obtained, and their reactivity therefore could not be
tested. The instability of fluoroalkynes has been reported in the
literature and is most often attributed to their spontaneous
dimerization.”® All attempts to access fluorinated alkynes via a
deprotonation—electrophilic fluorination quench sequence
resulted in degradation of the corresponding propargyl silanes.

With the whole chromane and tetrahydroquinoline library in
hand, we briefly explored their synthetic potential. Thus, the
nosyl group in compound 13s was efficiently cleaved by a
literature-known procedure’® in almost quantitative yield
(Scheme 8). In another experiment, chromane 4f reacted
quantitatively and selectively with NIS at its 6-position (para to
oxygen substituent), affording product 15f Under these
experimental conditions, silicon—iodine exchange was not
observed. Next, application of the Suzuki—Miyaura cross-
coupling protocol™ to compounds 11a and 11k demonstrated
the geometrically controlled transformation of the vinyl
bromide, despite the steric hindrance from the adjacent silyl
group. Electrophilic silicon—iodine exchange on styrene 16k in
TFE and at elevated temperature provided iodide 17k in 60%
yield. The latter was further employed in the construction of
trisubstituted alkene 18k, which maintains the double bond
geometry initially constructed during the tandem protonation—
1,2-silyl shift process.

Bl CONCLUSIONS

We have developed a novel synthetic pathway to substituted
chromanes and 1,2,3,4-tetrahydroquinolines. The method
employs a tandem acid-induced 1,2-silyl shift and Friedel—
Crafts cyclization of propargyl silanes bearing an aryl ether or
aniline fragment. The cyclization yields for simple propargyl
silanes follow the general trends of Friedel—Crafts alkylations
depending on the electron density of the employed aromatic
rings. Notably, we have found that the cyclization outcomes can
be significantly improved by using propargyl silanes containing
chloro- and bromoalkyne moieties. The latter substitution
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Scheme 8. Postfunctionalization of Cyclization Products
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pattern presumably stabilizes the intermediate allyl cation, with
the effect being most pronounced in the case of chloroalkynes.
The developed tandem haloalkyne cyclization proceeds with
high stereoselectivity, affording fused heterocycles with a
trisubstituted (Z)-alkene side chain. The obtained (Z)-2-
bromo-1-(trialkylsilyl)vinyl heterocycles can be further modi-
fied by cross-coupling chemistry despite the steric hindrance
from the neighboring silyl group. During the course of our
investigations, we have also improved the synthetic protocol for
terminal haloalkynes by uncovering silver catalysis with more
basic silver sources such as Ag,CO; or AgOAc. The developed
access to vinyl-substituted chromanes and 1,2,3,4-tetrahydro-
quinolines efficiently provides compound libraries useful for
further applications in medicinal and materials chemistry.

B EXPERIMENTAL SECTION

The solvents used in the reactions were dried using standard drying
agents and freshly distilled prior to use. Commercially available reagents
were used as received. Solvents were absolutized as follows: acetonitrile
(MeCN), benzene (PhH), dichloroethane (DCE), dichloromethane
(DCM), dimethylformamide (DMF), pyridine (Py), N-methyl-2-
pyrrolidinone (NMP), and toluene (PhMe) were distilled from calcium
hydride, tetrahydrofuran (THF) was distilled from metallic sodium,
chloroform (CHCl;) and hexanes (Hex) were dried over molecular
sieves (4 A). Acetone (Me,CO), ethanol (EtOH), 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), and nitromethane (MeNO,) pur-
chased from Fluorochem or Alfa Aesar were used without additional
purification.

Direct-phase column chromatography was performed using Upasil
silica gel (60 A, 40—62 um) and silver-impregnated silica gel (10 wt %
AgNO;). Thin-layer chromatography aluminum plates, precoated with
Merck silica gel (60 A, fluorescent indicator F,,) were used. For silver
impregnation, TLC plates were immersed for 5 min in AgNO;
acetonitrile solution (S wt %) and dried. TLC plates were visualized

by UV light (254 nm) or developed using basic KMnO, solution (3 g
KMnO,, 0.25 g NaOH, and 20 g K,CO; dissolved in 300 mL of water).

NMR spectra were recorded using a Bruker AVANCE Neo 500 MHz
spectrometer in chloroform-d. "H NMR spectra were taken at 500
MHz, and data are reported relative to CHCl, (7.26 ppm). BC{'H}
NMR spectra (CPD and APT) were taken at 126 MHz, and data are
reported relative to CHCl; (77.16 ppm). Additional optimization
experiments were performed in acetonitrile-d;, benzene-d, dichloro-
methane-d,, dioxane-dg, tetrahydrofuran-dy, toluene-dg, and trifluoro-
acetic acid-d. Chemical shifts (5) are measured in ppm, coupling
constants (J) are measured in Hz. The multiplicities are indicated as
follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
and br (broad signal). The structural assignments were made with
additional information from 2D-spectra: 'H—'H COSY, H-BC
HSQC, 'H-"*C HMBC, and 'H—'H NOESY. Purity of compounds
was determined via quantitative NMR using 1,4-dinitrobenzene as an
internal standard.

Crystallographic diffraction data were collected with a Rigaku
Corporation XtaLAB Synergy-S diffractometer (Cu Ka, 1 = 1.54184 A)
equipped with a HyPix-6000HE detector at 170 K temperature. Data
collection, cell refinement, and data reduction were performed with
CrysAlis PRO 1.171.42.93a (Rigaku OD, 2023). SHELXT 2014/4
(Sheldrick, 2014) and SHELXL2018/3 (Sheldrick, 2018) programs
were used for structure solving. High-resolution mass spectra (ESI)
were recorded with a Thermo Fisher Scientific Orbitrap Exploris 120
mass spectrometer operating in the full scan mode at 120,000
resolution.

tert-Butyldimethyl(pent-4-yn-1-yloxy)silane

1 1
I_N >S|/ 2
P -
L

In a previously dried 2 L flask, imidazole (242.8 g, 1.545 mol, 3 equiv),
tert-butyldimethylsilyl chloride (210.2 g, 2.171 mol, 1.15 equiv), and
dichloromethane (1.2 L) were added and stirred for 10 min, and then
pent-4-yn-1-ol (100.1 g, 1.189 mol, 1 equiv) was slowly added. The
mixture was stirred at room temperature for 24 h, then quenched with
water, and the aqueous phase was once extracted with DCM (200 mL).
The organic layer was washed with saturated NaCl solution, then dried
over anhydrous Na,SO,, filtered through a short silica gel plug, and
concentrated in vacuo to give a crude oil, which was purified by vacuum
distillation to give silyl ether tert-butyldimethyl(pent-4-yn-1-yloxy)-
silane as a colorless oil (230.2 g, 98%). "H NMR (500 MHz, CDCL,): &
3.70 (t, 3y = 6.0 Hz, 2H, H,C"), 2.27 (td, ¥Jy_yy = 7.1, Jy_y = 2.6
Hz, 2H, H,C?), 1.92 (t, Jg_g = 2.6 Hz, 1H, HC®), 1.72 (tt, *Jy_y = 7.1,
6.0 Hz, 2H, H,C?), 0.89 (s, 9H, H;C'), 0.05 (s, 6H, H;C"). BC{'H}
NMR (126 MHz, CDCL,): §84.3 (C*), 68.2 (C°), 61.4 (C'), 31.5 (C?),
25.9(C¥),18.32(C¥), 14.8 (C?), —5.4 (C"). HRMS (ESI) m/z: [M +
H]* Caled for C,;H,308i 199.1513; Found 199.1518. Spectral data for
the compound is consistent with the reported in literature.*’

3-(tert-Butyldimethylsilyl)pent-4-yn-1-ol (1)

3
1 3
WK

1—8i7 Ny
3

AR

In a previously dried 1 L flask with an argon atmosphere, tert-

butyldimethyl(pent-4-yn-1-yloxy)silane (20.0 g, 0.101 mol, 1 equiv)

and hexane (320 mL) were added, and then the reaction mixture was
cooled with a dry ice and ethanol mixture down to —78 °C for 20 min.

Then, n-butyllithium solution in hexane (2.4 M, 126 mL, 0.303 mol, 3

equiv) and potassium tert-butoxide solution in dry THF (1.6 M, 190

mL, 0.303 mol, 3 equiv) were slowly and consequently added. After 15

min, the reaction was quenched with saturated NH,Cl solution, and the

aqueous phase was extracted with hexanes (4 X 100 mL). The organic
layer was washed with saturated NaCl solution, then dried over
anhydrous Na,SO,, filtered, and concentrated in vacuo to give a crude
oil, which was purified by vacuum distillation to afford propargyl silyl
alcohol 3 as a colorless oil (16.8 g, 86%). "H NMR (500 MHz, CDCL,):
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§3.90—3.80 (m, 2H, H,C'), 2.01 (d, ¥Jy_y = 2.8 Hz, 1H, HC®), 1.93
(ddd, Yy = 2.8 Hz, *Jy_y; = 12.1, 3.6 Hz, 1H, HC®), 1.75 (br, 1H,
HO®), 1.74 (dddd, *Jyy_y = 13.6 Hz, *J;_y = 8.1, 6.4, 3.6 Hz, 1H, H,C?),
1.64 (dddd, *Jyy_y = 13.6 Hz, 3Jy_yy = 12.1, 5.4, 4.8 Hz, 1H, H,C?), 0.97
(s, 9H, H;C*¥), 0.10 (s, 3H, Hy;C"), 0.03 (s, 3H, H,C"). BC{'H}
NMR (126 MHz, CDCL;): 6 86.7 (C*), 69.9 (C®), 62.6 (C'), 32.4 (C?),
27.3(C¥),17.8 (C*),13.4 (C?), =7.0 (C"), =7.3 (C""). HRMS (ESI)
m/z: [M + H]" Caled for C;;H,30Si 199.1513; Found 199.1515.
Spectral data for the compound is consistent with the reported in the
literature.®®

(E)-Ethyl 2-(3,4-dichlorophenyl)azocarboxylate (ECAC)
o}

2
e
cIang®
A 250 mL round-bottom flask was charged with 3,4-dichlorophenylhy-
drazine hydrochloride (13.07 g, 60.0 mmol, 1.0 equiv), and then,
consequently, MeCN (120 mL) and pyridine (10.00 g, 126.0 mmol, 2.1
equiv) were added through a septum. The obtained solution was cooled
down to 0 °C, ethyl chloroformate (7.16 g, 66 mmol, 1.1 equiv) was
added dropwise, and then the reaction mixture was allowed to warm to
room temperature and stir for 1 h. Then, water (120 mL) was added,
and the reaction mixture was acidified with concentrated aqueous HCI
(~4 mL) until pH = 3—4. The product was extracted with DCM (S X
50 mL). The organic layer was washed with saturated NaHCO,
solution (60 mL) and saturated NaCl solution (60 mL) and dried
over anhydrous Na,SO,. Filtration and concentration in vacuo
provided ethyl 2-(3,4-dichlorophenyl)hydrazine-1-carboxylate inter-
mediate as a pale brown crystalline solid, which was used in further
synthesis without additional purification. Crude material was dissolved
in 80 wt % aqueous AcOH (280 mL) in a 1 L beaker. The reaction
mixture was cooled in a NaCl/ice bath down to 0 °C, and then NaNO,
(8.25 g, 119.7 mmol, 2.00 equiv) solution in water (280 mL) was added
dropwise while the temperature did not exceed 5 °C, accompanied by
vigorous stirring by a mechanical stirrer. After all the nitrite solution was
added, the reaction mixture was allowed to stir for 1 h at room
temperature. Then, the reaction mixture was extracted with DCM (3 x
100 mL), the organic layer was washed with saturated NaHCO;
solution (100 mL), saturated NaCl solution (60 mL), and dried over
anhydrous Na,SO,. Filtration and concentration in vacuo afforded
ECAC as a red solid (14.33 g, 95% after 2 steps). '"H NMR (500 MHz,
CDCL): § 8.02 (s, 1H, H—C¥), 7.81 (d, ¥,;_y; = 8.5 Hz, 1H, H—C*'),
7.63 (d, 3Jy_y = 8.5 Hz, 1H, H-C"'), 4.53 (q, *Jy_y = 7.2 Hz, 2H,
H,C*), 147 (t, *Jy_yy = 7.2 Hz, 3H, H,C®). “C{'H} NMR (126 MHz,
CDCl,): 6 161.8 (C?), 150.4 (C"), 138.3 (C*), 134.1 (C¥), 131.4
(C¥),124.7 (C*), 123.7 (C¥), 65.0 (C*), 14.3 (C°). Spectral data for
the compound is consistent with the reported in the literature.®*
General Procedure A: Synthesis of Aryl Ethers 2. A 25 mL vial
was charged with propargyl silyl alcohol 1 (500 mg, 2.52 mmol, 1.0
equiv), corresponding phenol (2.77 mmol, 1.1 equiv), triphenylphos-
phine (726 mg, 2.77 mmol, 1.1 equiv), and toluene (S mL). Then, ethyl
2-(3,4-dichlorophenyl)azocarboxylate (684 mg, 2.77 mmol, 1.1 equiv)
was added, and the reaction mixture was allowed to stir at room
temperature for 24 h. Then, it was concentrated in vacuo and purified
onsilica gel column (eluent system: toluene in hexanes, gradient change
0 — 20%; for aryl ethers 2k—2q 100% toluene was used as eluent). For
the synthesis of aryl ethers, O-TBS-protected phenol 2q was first
deprotected.

tert-Butyldimethyl(5-phenoxypent-1-yn-3-yl)silane (2a)

sss;
%I\/\

The reaction was performed according to general procedure A from

propargyl silyl alcohol 1 and phenol to yield crude product, which, after

column chromatography (eluent system: toluene in hexanes, gradient
change 0 — 20%), provided compound 2a as a colorless oil (635 mg,

92%). '"H NMR (500 MHz, CDCL;): § 7.31-7.26 (m, 2H, H—C?*"),
6.97—6.91 (m, 3H, H-C*",H-C""),4.22 (ddd,] =9.5,7.2,3.9 Hz, 1H,
H-C®), 4.13 (td, J = 8.5, 6.4 Hz, 1H, H—C%), 2.06—1.99 (m, 3H, H—
C!',H-C3 H-C*), 1.84 (dddd, J = 13.2, 12.0, 6.2, 3.6 Hz, 1H, H—C*),
1.00 (s, 9H, H,C*'), 0.13 (s, 3H, H;C"), 0.08 (s, 3H, H,C"'). “C{'H}
NMR (126 MHz, CDCly): § 159.1 (C'"), 129.6 (C*"), 120.7 (C*"),
114.7 (C*"),86.4 (C?),69.8 (C), 66.9 (C*),29.7 (C*),27.3 (C¥),17.8
(C*),13.4(C%), =7.1 (C"), =7.2 (C""). HRMS (ESI) m/z: [M + H]*
Calcd for C;;H,,0Si 275.1826; Found 275.1827.
tert-Butyldimethyl(5-(naphthalen-1-yloxy)pent-1-yn-3-yl)-
silane (2b)

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 1-naphtol to yield crude product, which,
after column chromatography (eluent system: toluene in hexanes,
gradient change 0 — 20%), provided compound 2b as a yellowish solid
(751 mg, 92%). "H NMR (500 MHz, CDCL): 6 8.27 (dd, ¥J;y_y = 7.1
Hz, “Jyy_y = 2.3 Hz, 1H, H-C%"), 7.81 (dd, *Jy_; = 7.1 Hz, ¥J;y_y = 2.3
Hz, 1H, H—C%"), 7.49 (td, *J;;_y; = 6.9 Hz, *J;;_y; = 1.6 Hz, 1H, H—C®"),
7.47 (td, *Jyy_py = 6.9 Hz, Jy4_; = 1.6 Hz, 1H, H—C""), 7.43 (d, ¥Jyy_y; =
8.0 Hz, 1H, H—C*), 7.38 (t, *Jy_y = 7.9 Hz, 1H, H-C*"), 6.88 (d,
Yy_n=7.5Hz, IH,H-C*"), 4.38 (ddd, ¥J;_y; = 8.9, J1y_1 = 6.6,3.9 Hz,
1H, H,C%), 4.34 (ddd, ¥,y_y = 8.9, *Jy_n = 8.8, 6.0 Hz, 1H, H,C®),
2.24-2.13 (m, 2H, HC?, H,C*), 2.02 (d, *Jy_y = 2.7 Hz, 1H, HC!),
2.01-1.93 (m, 1H, H,C*), 1.03 (s, 9H, H;C¥), 0.17 (s, 3H, H;C"),
0.13 (s, 3H, H,C"). ®C{'H} NMR (126 MHz, CDCl;): § 154.9 (C'"),
134.7 (C*), 127.6 (C%"), 126.4 (C*"), 126.1 (C*"), 125.9 (C'*"), 125.2
(C7"),122.1 (C*¥"), 120.2 (C*"), 104.9 (C*"), 86.4 (C2), 69.7 (C'), 67.2
(C%), 29.9 (C*), 27.3 (C¥), 17.8 (C¥), 13.6 (C%), =7.1 (C"), =72
(C"). HRMS (ESI) m/z: [M + H]" Calcd for C,;H,,08i 325.1982;
Found 325.1984.
tert-Butyl(5-(2,5-dimethylphenoxy)pent-1-yn-3-yl)-
dimethylsilane (2¢)

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 2,5-dimethylphenol to yield crude product,
which, after column chromatography (eluent system: toluene in
hexanes, gradient change 0 — 20%), provided compound 2c as a
colorless oil (661 mg, 87%). "H NMR (500 MHz, CDCL,): § 7.01 (d,
3 4—n = 7.5 Hz, IH, H-C*"), 6.68 (s, 1H, H-C®"), 6.67 (d, *Jy_s = 7.5
Hz, 1H), 4.17 (ddd, *Jy_y = 9.0 Hz, 3Jy_y = 6.5, 3.7 Hz, 1H, H,C%),
4.12 (ddd, ¥Jyy_y; = 9.0 Hz, ¥J,;_y; = 8.8, 5.4 Hz, 1H, H,C®), 2.32 (s, 3H,
H,C"),2.18 (s, 3H, H,C""), 2.10 (dt, *Jy_yy = 12.1,2.7 Hz, *J,y_y = 2.7
Hgz, 1H, HC®), 2.05 (dddd, ¥,y = 13.7 Hz, 3J;_y = 8.8, 6.5, 2.7 Hz,
1H, H,C*), 1.99 (d, ¥Jy_1; = 2.7 Hz, 1H, HC'), 1.84 (dddd, ¥Jy_y; = 13.7
Hz, 3Jy_y = 12.1, 5.4, 3.7 Hz, 1H, H,C*), 1.00 (s, 9H, H,C*), 0.14 (s,
3H, H,C"),0.08 (s, 3H, H,C"). BC{'"H} NMR (126 MHz, CDCL;): §
157.1(C"),136.7 (C), 130.4 (C3"), 123.7 (C*"), 120.8 (C*"), 112.3
(C°), 86.6 (C?), 69.4 (C'), 66.8 (C%), 30.2 (C*), 27.3 (C¥), 21.6
(C*), 17.8 (C¥), 16.0 (C""), 134 (C?), =7.1 (C"), =7.1 (C").
HRMS (ESI) m/z: [M + H]" Calcd for C;yH;,0Si 303.2139; Found
303.2140.
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tert-Butyldimethyl(5-(2-methylphenoxy)pent-1-yn-3-yl)-
silane (2d)

N
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The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 2-methylphenol to yield crude product,
which, after column chromatography (eluent system: toluene in
hexanes, gradient change 0 — 20%), provided compound 2d as a
colorless oil (609 mg, 84%). "H NMR (500 MHz, CDCl,): 6 7.15 (t,
3y_n = 7.7 Hz, 1H, H-C*"), 7.14 (d, *Jy_y = 7.7 Hz, 1H, H-C*"),
6.87 (d, ¥Jyy_yy = 7.7 Hz, 1H, H—C®"), 6.85 (t, *Jyy_y = 7.7 Hz, 1H, H—
C*), 4.19 (ddd, YJy_y = 9.0 Hz, *Jy_y = 6.6, 3.6 Hz, 1H, H,C°), 4.14
(ddd, YJyy_i = 9.0 Hz, *J;_y; = 8.8, 5.5 Hz, 1H, H,C%), 2.23 (s, 3H,
H;C™), 2.10 (dt, *fyy_gy = 12.1, 2.8, iy = 2.7 Hz, 1H, HC?), 2.06
(dddd, ¥yy_y; = 13.8, ’Jy_y = 8.8, 6.6, 2.8 Hz, 1H, H,C*), 1.99 (d, Jy_y
=2.7Hz, 1H, HC"), 1.84 (dddd, ¥Jg_g = 13.8, *Jy_py = 12.1,5.5,3.7 Hz,
1H, H,C%), 1.00 (s, 9H, H,C¥), 0.14 (s, 3H, H;C"), 0.08 (s, 3H,
H,C"). BC{'H} NMR (126 MHz, CDCL;): § 157.3 (C"), 130.7
(C3),126.9 (C*, C%"), 120.3 (C*"), 111.2 (*"), 86.6 (C?), 69.5 (C'),
66.8 (C%), 30.1 (C*), 27.3 (C¥), 17.8 (C¥), 16.40 (C""), 13.4 (C3),
—7.1 (C"), =72 (C"). HRMS (ESI) m/z: [M + H]" Calcd for
C1sHy08i [M + H]* 289.1982; Found 289.1983.

tert-Butyldimethyl(5-(3-methylphenoxy)pent-1-yn-3-yl)-
silane (2e)

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 3-methylphenol to yield crude product,
which, after column chromatography (eluent system: toluene in
hexanes, gradient change 0 — 20%), provided compound 2e as a
colorless oil (595 mg, 82%). '"H NMR (500 MHz, CDCL,): 6 7.16 (t,
3Jyy_n = 8.0 Hz 1H, H-C""), 6.78—6.72 (m, 3H, H—C*", H-C*', H—
C®"), 4.33 (ddd, ¥yy_y = 9.1 Hz, *Jy_yy = 7.1, 3.8 Hz, 1H, H,C%), 4.13
(ddd, Yy_y = 9.1 Hz, ¥Jy_y = 8.3, 6.3 Hz, 1H, H,C%), 2.33 (s, 3H,
H,C""), 2.05-1.96 (m, 3H, HC', HC®, H,C*), 1.82 (dddd, ¥J,y_y =
13.7, ¥y_y = 12.5, 6.3, 3.8 Hz, 1H, H,C*), 0.99 (s, 9H, H;C*'), 0.12 (s,
3H, H,C"),0.07 (s, 3H, H;C"). BC{'H} NMR (126 MHz, CDCl,): §
159.1 (C'),139.6 (C™"), 129.3 (C>"), 121.6 (C*"), 115.6 (C*"), 111.6
(C®), 86.4 (C?), 69.7 (C'), 66.9 (C%), 29.7 (C*), 27.3 (C¥'), 21.7
(C7")17.8(C¥),13.3(C%),=7.1 (C"),=7.2 (C'"). HRMS (ESI) m/z:
[M + H]" Calcd for C,3H,,0Si 289.1982; Found 289.1982.

(5-(5-Bromo-2-methylphenoxy)pent-1-yn-3-yl)(tert-butyl)-
dimethylsilane (2f)

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and S-bromo-2-methylphenol to yield crude
product, which, after column chromatography (eluent system: toluene
in hexanes, gradient change 0 — 20%), provided compound 2f as a pale
yellow solid (785 mg, 85%). "H NMR (500 MHz, CDCl,): 6 6.97 (s,
3H, H-C*, H-C*', H-C%"), 4.16—4.07 (m, 2H, H,C%), 2.15 (s, 3H,
H,C""), 2.09-1.97 (m, 3H, HC', HC? H,C*), 1.87-1.77 (m, 1H,
H,C*), 0.99 (s, 9H, H;C*'), 0.13 (s, 3H, HyC"), 0.07 (s, 3H, H,C").
BC{'H} NMR (126 MHz, CDCl,): 6 157.9 (C'"), 131.7 (C*"), 125.9
(C*"), 1232 (C*), 119.6 (C"), 114.6 (C*"), 86.3 (C?), 69.7 (CY),
67.1(C®),30.0 (C*),27.3(C¥),17.8(C*),16.0(C""),13.3(C?),-7.2
(C'). HRMS (ESI) m/z: [M + H]* Caled for C,gH,¢BrOSi 367.1087;
Found 367.1088.

tert-Butyl(5-(5-iodo-2-methylphenoxy)pent-1-yn-3-yl)-
dimethylsilane (2g)

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and S-iodo-2-methylphenol to yield crude
product, which, after column chromatography (eluent system: toluene
in hexanes, gradient change 0 — 20%), provided compound 2g as a pale
yellow solid (976 mg, 93%). '"H NMR (500 MHz, CDCLy): 6 7.17 (d,
3y—n = 7.8 Hz, IH, H—-C*"), 7.14 (s, 1H, H—C®"), 6.84 (d, *J,y_1; = 7.8
Hz, 1H, H-C%'), 4.15-4.06 (m, 2H, H,C%), 2.15 (s, 3H, H;C""),
2.09-2.01 (m, 2H, HC?, H,C*), 2.00 (d, *J;_;; = 2.7 Hz, 1H, HC"),
1.86—1.77 (m, 1H, H,C*), 0.98 (s, 9H, H;C*'), 0.13 (s, 3H, H;C"),
0.07 (s, 3H, H;C"). BC{'H} NMR (126 MHz, CDCl;): § 157.9 (C'"),
132.1 (C¥), 129.4 (C*"), 126.7 (C*"), 120.4 (C*"), 90.6 (C*"), 86.3
(€%, 69.7 (CY), 67.1 (C%), 30.0 (C*), 27.3 (C*), 17.8 (C¥), 16.1
(€7),13.3 (C?), =7.2 (C"). C;3H,5I0Si [M + H]* 415.0949; Found
415.0950. HRMS (ESI) m/z: [M + H]" Calcd for C;sH,IOSi
415.0949; Found 415.0948.

(5-(5-Bromo-2-fluorophenoxy)pent-1-yn-3-yl)(tert-butyl)-
dimethylsilane (2h)
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The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 5-bromo-2-fluorophenol to yield crude
product, which, after column chromatography (eluent system: toluene
in hexanes, gradient change 0 — 20%), provided compound 2h as a pale
yellow solid (792 mg, 85%). "H NMR (500 MHz, CDCl,): § 7.14 (dd,
Yu—p = 7.5 Hz, *Jyy_yy = 2.3 Hz, 1H, H—C®"), 7.00 (ddd, ¥J;4_r = 4.0 Hz,
¥y_n = 8.6 Hz, “Jyy_yy = 2.3 Hz, IH, H—C*"), 6.94 (dd, *J;;_r = 10.8 Hz,
o = 8.6 Hz, IH, H-C%"), 424 (ddd, >Jy_r = 9.0 Hz, ],;_y = 7.0, 4.4
Hz, 1H, H,C®), 4.16 (ddd, YJy_y = 9.0 Hz, *J,;_y; = 8.4, 6.4 Hz, 1H,
H,C%), 2.09-1.99 (m, 3H, HC!, HC?, H,C*), 1.85 (ddd, *Jy;_y = 13.2
Hz, 3Jy_y = 109, 8.4, 4.4 Hz, 1H, H,C*), 0.99 (s, 9H, H,C*'), 0.13 (s,
3H, H,CY),0.07 (s, 3H, Hy;C"). “C{'H} NMR (126 MHz, CDCl,): §
151.9 (d, YJe_p=246.3 Hz, C*"),147.9 (d, ¥ c_p = 11.5 Hz, C'"), 123.6
(d,¥Jc_p=6.6Hz,C*"),118.1 (d, *Jc_p=2.1Hz, C*"),117.3 (d, Yc_g =
19.7 Hz, C*"),116.3 (d, 5Jc_g = 3.7 Hz, C*"), 85.9 (C?), 69.9 (C'), 68.5
(C%), 294 (C*), 27.1 (C¥), 17.6 (C¥), 13.1 (C3), =72 (CY), =74
(C"). HRMS (ESI) m/z: [M + H]* Calcd for C,,H,BrFOSi 371.0837;
Found 371.0830.

tert-Butyl(5-(2,4-dichlorophenoxy)pent-1-yn-3-yl)-
dimethylsilane (2i)

cl

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 2,4-dichlorophenol to yield crude product,
which, after column chromatography (eluent system: toluene in
hexanes, gradient change 0 — 20%), provided compound 2i as a
colorless oil (812 mg, 94%). "H NMR (500 MHz, CDCL,): § 7.35 (d,
Yn = 2.6 Hz, 1H, H-C*"), 7.17 (dd, *J,y_y; = 8.8 Hz, *J_yy = 2.6 Hz,
1H, H-C%"), 6.89 (d, *Jyy_y = 8.8 Hz, IH, H—C%"), 4.23 (ddd, JJy_ =
9.3,y = 6.5, 3.6 Hz, 1H, H,C%), 4.15 (ddd, JJyy_; = 9.3, ¥Jyy_p = 8.5,
5.7 Hz, 1H, H,C%), 2.10 (ddd, *Jyy_y; = 12.7, 2.8 Hz, ¥J,_; = 2.7 Hz, 1H,
HC?),2.07 (dddd, ¥Jy_y; = 13.4 Hz, ¥,y _y; = 8.5, 6.5, 2.8 Hz, 1H, H,C"),
1.98 (d, ¥Jy_yy = 2.8 Hz, 1H, HC'), 1.84 (dddd, ¥Jyy_y = 13.6 Hz, 3Jy_y4
=12.8,5.7,3.6 Hz, 1H, H,C*), 0.99 (s, 9H, H;C*), 0.13 (s, 3H, H,C""),
0.07 (s, 3H, H,C"). ®C{'H} NMR (126 MHz, CDCl,): § 153.6 (C'"),
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130.0 (C¥"), 127.7 (C"), 125.7 (C*"), 123.9 (C?"), 114.3 (C°"), 86.3
(C?),69.8 (C'), 684 (C®),29.7 (C*),27.3 (C¥),17.8 (C*¥), 13.2(C3),
—7.1 (CY), =72 (CY). HRMS (ESI) m/z: [M + H]* Caled for
Cy,H,5CL08i 343.1046; Found 343.1047.

tert-Butyl(5-(3-fluorophenoxy)pent-1-yn-3-yl)-
dimethylsilane (2j)

S Q
/\A

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 3-fluorophenol to yield crude product,
which, after column chromatography (eluent system: toluene in
hexanes, gradient change 0 — 20%), provided compound 2j as a
colorless oil (611 mg, 83%). "H NMR (500 MHz, CDCl,): §7.21 (ddd,
Yy_r = 6.9 Hz, *Jy_y = 8.9, 8.3 Hz, 1H, H=C*"), 6.71 (dd, *Jy_r = 2.3
Hz, ¥yy_y = 8.3 Hz 1H, H-C®"), 6.67—6.62 (m, 2H, H-C*", H-C*"),
4.18 (ddd, YJy_y = 9.1 Hz, *J,y_y = 7.1, 3.8 Hz, 1H, H,C®), 4.11 (ddd,
YJu_n = 9.1 Hz, *J,_y = 8.3, 6.4 Hz, 1H, H,C°), 2.04—1.97 (m, 3H,
HC', HC?, H,C*), 1.82 (tdd, ¥Jyy_y; = 13.7, *Jyy_; = 13.7, 6.4, 3.8 Hz,
1H, H,C*), 0.99 (s, 9H, H,C¥), 0.13 (s, 3H, H,C"), 0.07 (s, 3H,
H,;CY). BC{'H} NMR (126 MHz, CDCl,): 6 163.7 (d, YJc_r = 244.9
Hz, C¥), 160.4 (d, *Jc_g = 10.9 Hz, C'"), 130.1 (d, *Jc_g = 10.1 Hz,
C%"), 1104 (d, ¥Jc_g = 2.8 Hz, C*"), 107.4 (d, ¥Jc_r = 21.3 Hz, C*"),
102.1 (d, Jo_g = 24.8 Hz, C*"), 86.0 (C?), 69.8 (C'), 67.1 (C%), 29.4
(€*),27.2(C¥),17.7 (C*),13.1 (C?), =7.1 (C"), =7.4 (C"). HRMS
(ESI) m/z: [M + HJ]* Caled for C,;H,FOSi 293.1731; Found
293.1731.

tert-Butyldimethyl(5-(4-nitrophenoxy)pent-1-yn-3-yl)-
silane (2k)

1—S| @NOZ
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The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 4-nitrophenol to yield crude product,
which, after column chromatography (eluent: toluene), provided
compound 2k as a pale yellow solid (771 mg, 96%). '"H NMR (500
MHz, CDCL): §7.58 (d, *Jyy_y = 9.3 Hz, 2H, H-C*"), 6.97 (d, *Jy_u =
9.3 Hz, 2H, H-C?"), 426—4.15 (m, 2H, H,C%), 2.06—1.97 (m, 3H,
H,C* HC3 HC"), 1.88—1.79 (m, 1H, H,C*), 0.98 (s, 9H, H,C>'), 0.12
(s, 3H, H,C"), 0.07 (s, 3H, HyC"). BC{'"H} NMR (126 MHz,
CDCLy): 6 162.5 (C'), 134.1 (C*"), 119.5 (C"), 115.4 (C*"), 104.0
(C*)85.9(C?),70.1(C"), 67.4 (C%),29.4 (C*),27.3(C¥),17.8 (C¥),
13.3(C%), =7.1 (C"), =7.3 (C""). HRMS (ESI) m/z: [M + H]* Calcd
for C;;H,,NO;Si 320.1676; Found 320.1678.

4-((3-(tert-Butyldimethylsilyl)pent-4-yn-1-yl)oxy)-
benzonitrile (2I)

1//2
The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 4-hydroxybenzonitrile to yield crude
product, which, after column chromatography (eluent: toluene),
provided compound 21 as a pale yellow solid (625 mg, 83%). 'H
NMR (500 MHz, CDCL,): § 7.58 (d, *Jyy_y = 9.3 Hz, 2H, H-C*"), 6.97
(d, *f14—1 = 9-3 Hz, 2H, H-C?"), 4.26—4.15 (m, 2H, H,C"), 2.06—1.97
(m, 3H, H,C* HC3 HC'), 1.88—1.79 (m, 1H, H,C*), 0.98 (s, 9H,
H,C%), 0.12 (s, 3H, H;C"), 0.07 (s, 3H, H;C"). C{"H} NMR (126
MHz, CDCLy): § 162.5 (C'), 134.1 (C3”), 119.5 (C"), 115.4 (C*"),
104.0 (C*") 85.9 (C?),70.1 (C'), 67.4 (C®),29.4 (C*),27.3 (C¥),17.8
(€*),13.3(C?), =7.1 (C"), 7.3 (C""). HRMS (ESI) m/z: [M + H]*
Caled for C gH,4NOSi 300.1778; Found 300.1779.

Benzyl (3-Hydroxy-4-methylphenyl)carbamate
Ho Ny ﬁ‘*oé\@
! A 2 &

A 100 mL round-bottom flask with a Teflon-coated magnetic stirrer and
septum was charged with S-amino-2-methylphenol (1.23 g, 10 mmol,
1.0 equiv). THF (50 mL) was added, and the reaction mixture was
stirred until the dissolution of the starting material. Then, N-
(Benzyloxycarbonyloxy)succinimide (3.38 g, 15 mmol, 1.5 equiv)
was added, and the reaction mixture was allowed to stir at room
temperature. After 24 h, the reaction mixture was concentrated and
purified on a silica gel column (eluent system: EtOAc in hexanes,
gradient change 10 — 25%), yielding benzyl (3-hydroxy-4-
methylphenyl)carbamate as a white solid (1.80 g, 70%). 'H NMR
(500 MHz, CDCL,): § 7.44—7.31 (m, SH, H-C*", H-C*', H-C*""),
7.19 (br, 1H, H—C?), 7.00 (d, *Jy;_; = 8.0 Hz, 1H, H-C), 6.64 (br,
1H, HNY), 6.61 (dd, *Jyy_y; = 8.0 Hz, *J;;_yy = 2.3 Hz, 1H, H-C®), 5.55
(br, 1H, HO"), 5.19 (s, 2H, H,C¥), 2.18 (s, 3H, H,C¥). *C{'H}
NMR (126 MHz, CDCl,): § 154.6 (C¥), 153.6 (C"), 136.7 (C'),
136.1 (C'), 131.2 (C%), 128.8 (C?"/3"/4"), 128.6 (C>"/3"/4"), 128.5
(C237/4) 119.4 (C*), 110.7 (C°), 105.9 (C?), 67.3 (C¥), 15.4 (C¥').
HRMS (ESI) m/z: [M + H]* Calcd for C,sH (NO; 258.1125; Found
258.1124.

Benzyl
(3-((3-(tert-Butyldimethylsilyl)pent-4-yn-1-yl)-
oxy)-4-methylphenyl)carbamate (2m)

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and benzyl (3-hydroxy-4-methylphenyl)-
carbamate to yield crude product, which, after column chromatography
(eluent: toluene), provided compound 2m as a viscous yellow oil (926
mg, 84%). 'H NMR (500 MHz, CDCl,): § 7.39—7.30 (m, SH, H—
Cc*" H-C¥", H—C*""), 7.12 (br, 1H, H-C%"), 7.02 (d, *Jyy_y = 8.1
Hz, 1H, H-C*"), 6.72 (d, 3Jy_y = 8.1 Hz, 1H, H-C*"), 6.61 (br, 1H,
HN'""), 5.19 (s, 2H, H,C*"), 4.16—4.10 (m, 2H, H,C%), 2.16 (s, 3H,
H,C*""), 2.09 (ddd, 3Jy_y = 12.2, 2.8, 2.7 Hz, 1H, HC?), 2.04 (dddd,
Yo = 13.5 Hz, *Jyy_y = 9.2, 6.6, 2.8 Hz, 1H, H,C*), 1.97 (d, “Jyy_py =
2.7,1H, HC"), 1.81 (ddt, *Jyy_y; = 13.5 Hz, 3Jy_yy = 12.2,5.2, 3.9 Hz, 1H,
H,C%), 0.99 (s, 9H, H;C*'), 0.13 (s, 3H, HyC""), 0.07 (s, 3H, H,C").
BC{'H} NMR (126 MHz, CDCl;): § 157.6 (C'"), 153.5 (C*"’), 136.7
(C%"), 136.3 (C'""), 130.6 (C*"), 128.8 (C¥""/*), 128.5 (C2""/4""),
128.4 (C*), 122.0 (C*"), 110.3 (C*"), 102.7 (C°"), 86.5 (C?), 69.6
(Ch), 67.1 (C*"), 66.8 (C%), 30.1 (C*), 27.3 (C¥), 17.8 (C*'), 15.8
(€*"),13.3(C*), —7.2 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
C,H3gNO;Si 438.2459; Found 438.2453.

tert-Butyl(5-(2-methoxyphenoxy)pent-1-yn-3-yl)-
dimethylsilane (2n)

1—S8i
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The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 2-methoxyphenol to yield crude product,
which, after column chromatography (eluent: toluene), provided
compound 2n as a colorless solid (675 mg, 88%). '"H NMR (500 MHz,
CDCLy): § 6.99—6.94 (m, 1H, H—C®"), 6.94—6.87 (m, 3H, H-C%",
H-C*, H-C%), 4.33 (td, *Jy_y = 9.0 Hz, ¥Jy_yy = 9.0, 4.0 Hz, 1H,
H,C®%),4.33 (dt, JJy_ = 9.0 Hz, ¥Jy_y = 7.5 Hz, 1H, H,C"), 3.86 (s, 3H,
H,C""), 2.11-2.03 (m, 1H, H,C*), 2.01-1.96 (m, 2H, HC', HC?),
1.91 (ddd, *Jyy_p; = 11.8, ¥Jyy_y = 7.5, 4.0 Hz, 1H, H,C*), 0.98 (s, 9H,
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H,C%), 0.12 (s, 3H, H;C"), 0.06 (s, 3H, H;C"). *C{"H} NMR (126
MHz, CDCLy): § 149.6 (C*"), 148.7 (C'"), 121.1 (C*, C*), 113.6
(C%), 112.0 (C*"), 86.4 (C?), 69.8 (C'), 68.5 (C°), 56.1 (C”"), 29.5
(€*),27.3(C¥),17.8 (C*¥),13.3(C%), 7.0 (C"), =7.3 (C"). HRMS
(ESI) m/z: [M + HJ]* Caled for CigH,0,Si 305.1931; Found
305.1928.

tert-Butyl(5-(3-methoxyphenoxy)pent-1-yn-3-yl)-
dimethylsilane (20)

1//2
The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 3-nethoxyphenol to yield crude product,
which, after column chromatography (eluent: toluene), provided
compound 20 as a yellowish oil (735 mg, 96%). "H NMR (500 MHg,
CDCLy): §7.18 (t, *J;;_1; = 8.1 Hz 1H, H—C%"), 6.55—6.48 (m, 3H, H—
C*», H-C*", H—C%"), 4.19 (ddd, *Jyy_y = 9.3 Hz, 3Jy_y = 7.0, 4.1 Hg,
1H, H,C%), 4.11 (ddd, ¥Jy_yy = 9.3 Hz, ’Jy_yy = 7.9, 6.5 Hz, 1H, H,C®),
379 (s,3H, H3C7”),204 1.97 (m, 3H, HC!, HC?, HZC“) 1.82 (dddd,
Yoy = 12.5 Hz, ¥y = 137, 6.5, 4.1 Hz, 1H, H,C*), 0.99 (s, 9H,
H,C¥), 0.12 (s, 3H, H,C"), 0.07 (s, 3H, H,C"). BC{'H} NMR (126
MHz, CDCLy): § 161.0 (C¥), 160.4 (C”), 130.0 (C%"), 106.9
(C*767), 106.4 (C*/¢"), 101.1 (C*"), 86.3 (C?), 69.8 (C'), 67.0 (C?),
29.6 (C*), 27.3 (C¥), 17.8 (C*), 13.3 (C%), =7.0 (C"), =7.3 (CV).
HRMS (ESI) m/z: [M + H]* Caled for CgH,,0,Si 305.1931; Found
305.1933.

2-((tert-Butyldimethylsilyl)oxi)phenol

5

6, 4
#»HOTTYE U;a‘

Oy 7 3

1/ 1
A 50 mL round-bottom flask equipped with a Teflon-coated magnetic
stirrer and septum was charged with catechol (4.35 g, 40 mmol, 1.0
equiv), and DMF (25 mL) was added. The reaction mixture was cooled
with NaCl/ice bath down to 0 °C. Imidazole (5.64 g, 83 mmol, 2.1
equiv) and fert-butyldimethylsilyl chloride (5.95 g, 40 mmol, 1.0 equiv)
were added, and the reaction mixture was allowed to stir for 3 h at room
temperature. Then, water was added, and the product was extracted
with Et,0 (3 X 25 mL). The organic layer was washed with brine (30
mL), dried over anhydrous Na,SO,, and concentrated in vacuo to
afford a pale yellow liquid. Purification on silica gel column (eluent
system: EtOAc in hexanes, gradient change: 20 — 60%) provided 2-
((tert-butyldimethylsilyl)oxi) phenol as a colorless oil (5.76 g, 65%). 'H
NMR (500 MHz, CDCL,):  6.93 (d, ¥Jy_ = 8.0, Hz, 1H, H—C°), 6.87
(dd, *fyy_y; = 7.8, 7.5 Hz, 1H, H—C%), 6.82 (d, ] = *J;;_; = 8.0, Hz, 1H,
H-C%),6.75 (dd, J,y_y = 7.8, 7.5 Hz, 1H, H—C*), 5.47 (s, IH, HO""),
1.02 (s, 9H, H;C¥), 0.28 (s, 6H, H;C"). *C{'"H} NMR (126 MHz,
CDCLy): § 147.4 (C"), 142.5 (C?), 122.3 (C®), 120.2 (C*), 118.0 (C?),
115.0 (C®), 25.9 (C¥), 18.4 (C*), —4.2 (C"). Spectral data for the

compound is consistent with that reported in the literature.®!

tert-Butyl(5-(2-((tert-butyldimethylsilyl)oxy)phenoxy)-
pent—1-yn-3—yl)dimethylsilane (2p)

o,

1“‘ N

3,..

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and 2-((tert-butyldimethylsilyl)oxi)phenol to
yield crude product, which, after column chromatography (eluent
system: toluene in hexanes, gradient change 0 — 20%), provided
compound 2p as a colorless oil (922 mg, 90%). "H NMR (500 MHz,
CDCl,): 6 6.93—6.87 (m, 2H, H-C%", H-C®"), 6.86—6.78 (m, 2H,

H-C*, H-C"), 4.20—4.12 (m, 2H, H,C%), 2.08—2.00 (m, 2H, HC?,
H,C*), 1.99 (d, ¥y = 2.6 Hz, 1H, HC'), 1.88—1.78 (m, 1H, H,C"),
1.01 (s, 9H, H;C3""),0.99 (s, 9H, H;C*'), 0.17 (s, 6H, H;C'""), 0.12 (s,
3H, H,CY), 0.06 (s, 3H, Hy,C"). “C{'H} NMR (126 MHz, CDCl,): 6
150.7 (C'"), 145.2 (C*"), 121.9 (C>"), 121.2 (C3"), 120.9 (C*"), 113.6
(C°), 86.2 (CY), 69.9 (C'), 67.5 (C%), 29.7 (C*), 27.3 (C¥), 25.9
(C¥), 18.5 (C*"), 17.8 (C¥), 13.3 (C%), —4.4 (C'""), =7.0 (C"),
—7.4 (C"). HRMS (ESI) m/z: [M + H]* Calcd for Cyp3H,,0,Si,
405.2640; Found 405.2639.

2-((3-(tert-Butyldimethylsilyl)pent-4-yn-1-yl)oxy)phenol
(29)

1—Si

/v@

A 50 mL round-bottom flask equipped wnh a Teflon-coated magnetic
stirrer was charged with TBS-protected alkylated catechol 2p (727 mg,
2.50 mmol, 1.0 equiv). Catechol 2pwas suspended in a wet MeCN
mixture (S mL, 5% H,O by volume). DBU (380 mg, 0.37 mL, 2.50
mmol, 1.0 equiv) was slowly added, and the reaction mixture was
allowed to stir for 3 h under ambient conditions. Then, the reaction
mixture was concentrated in vacuo, dissolved in a small amount of
hexane/EtOAc mixture (1:3), and filtered through a short silica gel
plug. The filtrate was concentrated in vacuo to yield crude product,
which, after column chromatography (eluent: toluene), provided
compound 2q as a white solid (723 mg, 99%). '"H NMR (500 MHz,
CDCl,): 6 6.95—6.81 (m, 4H, H-C*", H-C*, H-C*", H-C*®"), 5.77
(s, 1H, HO""), 4.29—4.20 (m, 2H, H,C"), 2.08—1.94 (m, 3H, HC,
HC?, H,C*), 1.94—1.85 (m, 1H, H,C*), 0.99 (s, 9H, H,C¥), 0.13 (s,
3H, H,C"),0.07 (s, 3H, Hy;C"). BC{'H} NMR (126 MHz, CDCl,): §
146.2 (C*"), 146.0 (C'"),121.8 (C>"), 120.2 (C*"), 114.7 (C*"), 112.3
(C®), 86.6 (C?), 70.0 (C'), 68.7 (C%), 29.7 (C*), 27.3 (C*), 17.8
(€*),13.9 (C%), =7.0 (C"), =7.2 (C""). HRMS (ESI) m/z: [M + H]*
Calcd for C};H,,0,Si 291.1775; Found 291.1773.

1,2-Bis((3-(tert-butyldimethylsilyl)pent-4-yn-1-yl)oksi)-

benzene (2r)
1 33 1
N2,
1 2 3 4 1 1" 4 1
Naf 5 5 g
Si o o Si
i )Tz‘ 3 3‘7<2' o
3 3 3

The reaction was performed according to general procedure A from
propargyl silyl alcohol 1 and monoprotected catechol 2q to yield crude
product, which, after column chromatography (eluent system: toluene
in hexanes, gradient change 0 — 20%), provided compound 2r as a
colorless solid (1187 mg, 71%). "H NMR (500 MHz, CDCL): § 6.95
(dd, *Jyy_y = 6.0 Hz, *J;;_y; = 3.7 Hz, 2H, H—-C*"), 6.90 (dd, *Jy_y = 6.0
Hz, *Jy_n = 3.7 Hz, 2H, H-C*"), 4.31—4.24 (m, 2H, H,C®), 4.15—4.08
(m, 2H, H,C®), 2.10—1.97 (m, 6H, HC', HC? H,C*), 1.91-1.81 (m,
2H, H,C*), 0.98 (s, 18H, H,C*¥), 0.12 (s, 6H, H;C"), 0.06 (s, 6H,
H,C"). BC{'H} NMR (126 MHz, CDCL): § 149.1 (C'"), 121.3
(C¥), 114.1 (C*"), 86.4 (C?), 69.7 (C"), 68.4 (C®), 68.3 (C°), 29.7
(C*, 27.1 (C¥), 17.8 (C¥), 13.4 (C?), 13.3 (C%), =7.0 (C"), =72
(C"). HRMS (ESI) m/z: [M + H]* Calcd for C,3H,,0,Si, 471.3109;
Found 471.3112.

General Procedure B: Synthesis of Nosylamides 3. A 25 mL
vial was charged with propargyl silyl alcohol 1 (198 mg, 1.00 mmol, 1.0
equiv), corresponding N-sulfonamide (1.10 mmol, 1.1 equiv),
triphenylphosphine (289 mg, 1.10 mmol, 1.1 equiv), and toluene (3
mL). Then, ethyl 2-(3,4-dichlorophenyl)azocarboxylate (272 mg, 1.10
mmol, 1.1 equiv) was added, and the reaction mixture was allowed to
stir at room temperature for 24 h. The reaction mixture was
concentrated under reduced pressure. The residue was suspended in
30—60% DCM/Hex (20—30 mL) and filtered through a short silica gel
pad. Recrystallization from MeOH afforded pure tertiary amide 3.
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N-(3-(tert-Butyldimethylsilyl)-
pent-4-yn-1-yl)-4-nitro-N-phenylbenzenesulfonamide (3a)

The reaction was performed according to general procedure B from
alcohol 1 and 4-nitro-N-phenylbenzenesulfonamide to yield compound
3a as a colorless solid (371 mg, 81%). "H NMR (500 MHz, CDCl,): &
8.30 (d, ¥Jyy_y = 8.8 Hz, 2H, H—C3""), 7.78 (d, *J;;_y; = 8.8 Hz, 2H, H—
C*""),7.36=7.32 (m, 3H, H—=C*"*"),7.03 (dd, *Jyy_; = 6.6 Hz, *J;y_y; =
3.0 Hz, 2H, H—C?"), 3.86 (dt, ?Jy_y = 13.0 Hz, 3J_y = 8.0 Hz, 1H,
H,C%),3.72 (ddd, Jy_y = 13.0 Hz, ¥J,;_y; = 8.0, 4.2 Hz, 1H, H,C%), 1.98
(d, “Jy_n = 2.8 Hz, 1H, HC"), 1.77 (ddd, 3Jy_yy = 12.6, 3.0 Hz, *Jy_yy =
2.8 Hz, 1H, HC?), 1.65 (dtd, *Jy;_y; = 13.0 Hz, *J;;_y; = 8.0, 3.0 Hz, 1H,
H,C%), 1.56 (dddd, *Jy_y = 13.0 Hz, ¥J;_y = 12.6, 8.0, 42 Hz, 1H,
H,C*), 0.87 (s, 9H, HyC'), 0.01 (s, 3H, Hy;C"), —0.11 (s, 3H, H;C"").
3C{'H} NMR (126 MHz, CDCl;): § 150.2 (C*"’), 144.1 (C'""), 138.4
(C'), 129.5 (C3), 129.0 (C*""), 128.6 (C*"), 128.6 (C*), 124.2
(C3), 85.6 (C?), 70.2 (C'), 50.7 (C®), 29.0 (C*), 27.1 (C¥), 17.6
(C*),14.1 (C?), =7.2(C"), =74 (C""). HRMS (ESI) m/z: [M + H]*
Calcd for Cy3H;3N,0,SSi 459.1774; Found 459.1756.

N-(3-(tert-Butyldimethylsilyl)-
pent-4-yn-1-yl)-4-nitro-N-(3-methylphenyl)-
benzenesulfonamide (3e)

3
1 J<3 ,
2] 5.
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The reaction was performed according to general procedure B from
alcohol 1 and 4-nitro-N-(3-methylphenyl)benzenesulfonamide to yield
compound 3e as a colorless solid (379 mg, 80%). '"H NMR (500 MHz,
CDCL,): 5 8.30 (d, *Jyy_y = 8.8 Hz, 2H, H-C*"), 7.80 (d, *J,y_; = 8.8
Hz, 2H, H-C*""),7.19 (t, *Jy_y = 7.7 Hz, IH, H-C"), 7.14 (d, *Jy_y
=7.7 Hz, 1H, H-C®"), 6.92 (s, 1H, H=C?"), 6.73 (d, *Jyy_n = 7.7 Hz,
1H, H-C*"), 3.85 (dt, Jy_y = 12.9 Hz, ¥Jy_y; = 7.9 Hz, 1H, H,C%),
3.68 (ddd, ?Jy_y = 12.9 Hz, ’Jy_y = 7.9, 4.0 Hz, 1H, H,C®),2.32 (s, 3H,
H,C""),1.99 (d, Ygeny = 2.8 Hz, 1H, HC"), 1.77 (dt, *Jyy_y = 12.1,2.8
Hz, *;;_i; = 2.8 Hz, 1H, HC?), 1.68—1.49 (m, 2H, H,C"), 0.87 (s, 9H,
H,C%), 0.01 (s, 3H, H,;C"), —0.11 (s, 3H, HyC"). *C{'H} NMR
(126 MHz, CDCL,): § 150.1 (C*""), 144.2 (C'""), 139.6 (C3"), 138.3
(C'), 129.8 (C*"), 129.4 (C°"), 129.2 (C"), 129.0 (C*"), 125.1
(C*), 124.1 (C*""), 85.7 (C?), 70.1 (CY), 50.7 (C%), 28.9 (C*), 27.1
(C¥), 214 (C'"), 17.6 (C¥), 14.0 (C3), =7.2 (C"), =74 (C").
HRMS (ESI) m/z: [M + H]* Calced for C,,H;;N,0,SSi 473.1930;
Found 473.1911.

N-(4-Bromolphenyl)-N-(3-(tert-butyldimethylsilyl)-
pent-4-yn-1-yl)-4-nitrobenzenesulfonamide (3s)

The reaction was performed according to general procedure B from
propargyl silyl alcohol 1 and 4-nitro-N-(4-bromophenyl)-
benzenesulfonamide to yield compound 3s as a colorless solid (435
mg, 81%). "H NMR (500 MHz, CDCL,): §8.32 (d, ¥J,;_y; = 8.8 Hz, 2H,
H-C*"), 7.78 (d, ¥Jy_u = 8.8 Hz, 2H, H-C*""), 7.47 (d, ¥Jg_ = 8.7
Hz, 2H, H-C*"), 6.93 (d, *J;;_1; = 8.7 Hz, 2H, H—C?"), 3.81 (dt, Jyy_»
= 13.1 Hz, ¥Jy_y = 8.1 Hz, 1H, H,C%), 3.69 (ddd, ¥;;_y = 13.1 Hz,

3y_y = 8.1,4.2 Hz, 1H, H,C%), 1.98 (d, ¥Jy_; = 2.8 Hz, 1H, HC'), 1.74
(ddd, *Jyy_y = 122, 3.0 Hz, *J;;_y; = 2.8 Hz, 1H, HC?), 1.66 (dtd, Jy;_y
=16.2 Hz, *Jy;_y = 8.1, 3.0 Hz, 1H, H,C*), 1.60—1.50 (m, 1H, H,C*),
0.89 (s, 9H, HsC¥), 0.02 (s, 3H, H,C"), —0.08 (s, 3H, H,C").
BC{'H} NMR (126 MHz, CDCl;): §150.3 (C*"’), 143.7 (C'""), 137.6
(C'), 132.8 (C*), 130.1 (C*"), 129.0 (C*"’), 124.3 (C*>""), 122.6
(C*), 85.5 (C?), 70.4 (C"), 50.8 (C%), 29.0 (C*), 27.1 (C¥), 17.6
(C*),14.1 (C?),=7.1 (C"), =7.4 (C"). HRMS (ESI) m/z: [M + H]*
Calcd for C,3H;3,BrN,0,SSi 537.0873; Found 537.0860.

N-(3-(tert-Butyldimethylsilyl)-
pent-4-yn-1-yl)-4-nitro-N-(4-methoxyphenyl)-
benzenesulfonamide (3t)

The reaction was performed according to general procedure B from
alcohol 1 and 4-nitro-N-(4-methoxyphenyl)benzenesulfonamide to
yield compound 3t as a colorless solid (414 mg, 85%). 'H NMR (500
MHz, CDCLy): § 8.32 (d, 3Jyy_y = 8.8 Hz, 2H, H-C*""), 7.78 (d, ¥Jyy_yy
= 8.8 Hz, 2H, H-C*""), 7.47 (d, *Jy_i = 8.7 Hz, 2H, H—C*"), 6.93 (d,
3Jy_y = 8.7 Hz, 2H, H—-C?"), 3.81 (s, 3H, Hy,C'""), 3.85—3.77 (m, 1H,
H,C%),3.69 (ddd, Jyy_yy = 13.1 Hz, ¥J,;_y; = 8.1, 4.2 Hz, 1H, H,C®), 1.98
(d, “Jy_p = 2.8 Hz, 1H, HC"), 1.74 (ddd, *Jyy_y = 122, 3.0 Hz, J;_yy =
2.8 Hz, 1H, HC?), 1.66 (dtd, ¥Jyy_y = 16.2 Hz, ’Jy_yy = 8.1, 3.0 He, 1H,
H,C*), 1.60—1.50 (m, 1H, H,C*), 0.89 (s, 9H, H,C*), 0.02 (s, 3H,
H,C"), —0.08 (s, 3H, H;C"). 3C{'"H} NMR (126 MHz, CDCL,): §
159.5 (C*"), 150.1 (C*""), 144.2 (C'"), 130.8 (C'"), 129.9 (C*"),
129.0 (C*'), 1242 (C*"), 114.7 (C*"), 85.7 (C?), 70.2 (C"), 55.6
(€, 51.0 (C%), 29.0 (C*), 27.2 (C*), 17.7 (C¥), 14.1 (C?), =7.1
(C"), =7.4 (C"). HRMS (ESI) m/z: [M + HJ]* Calcd for
C,,H33N,0,SSi 489.1879; Found 489.1864.

3-(tert-Butyldimethylsilyl)pent-4-ynal

3

1 3
\ 2
1—8i” N
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Propargyl silyl alcohol 1 (1.50 g, 7.60 mmol, 1.0 equiv) and anhydrous
Na,SO, (3.2 g) were suspended in DCM (150 mL) in a disposable
polypropylene cup. Pyridinium chlorochromate (4.9 g, 22.7 mmol, 3.0
equiv) was slowly added, and the reaction mixture was stirred at
ambient conditions for 3 h. The reaction mixture was filtered through a
silica gel plug (eluent system: DCM in hexanes, gradient change: 50 —
100%) and concentrated in vacuo to afford 3-(tert-butyldimethylsilyl)-
pent-4-ynal as a pale yellow oil (1.37 g, 96%). '"H NMR (500 MHz,
CDCl,y): 6 9.83 (dd, *Jyy_y; = 2.2, 1.3 Hz, 1H, HC'), 2.55 (ddd, *J,y_; =
16.6,11.2,2.2 Hz, 1H, H,C?), 2.45 (ddd, *Jy;_y = 16.6, 3.8, 1.3 Hz, 1H,
H,C?),2.29 (ddd, *Jyy_y = 11.2, 3.8 Hz, J;_y = 2.8 Hz, 1H, HC?), 2.04
(d, *Js—1 = 2.8 Hz, 1H, HC®), 0.98 (s, 9H, H,C¥), 0.13 (s, 3H, H;C"),
0.04 (s, 3H, Hy;C"). 3C{'H} NMR (126 MHz, CDCL;): §201.9 (C'),
85.3 (C*),70.3 (C%), 43.8 (C?),27.2 (C*),17.8 (C*'), 10.8 (C?), —=6.9
(C"), =7.4 (C"). HRMS (ESI) m/z: [M + H]* Calcd for C,;H,,0Si
197.1356; Found, 197.1337. Spectral data for the compound is
consistent with the reported in the literature.™

N-(3-(tert-Butyldimethylsilyl)-

pent-4-yn-1-yl)-3,5-dimethylaniline
1" | 3 T

"*\Si;ka' 2

)
Zz N
6

1

A 25 mL two-neck round-bottom flask equipped with a Teflon-coated
magnetic stirrer and a reflux condenser was charged with NaBH, (29
mg, 0.8 mmol, 1.5 equiv), evacuated, and backfilled with argon. Dry

https://doi.org/10.1021/acs joc.5c03136
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THF (6 mL) was added. Then, AcOH (0.13 mL, 2.3 mmol, 4.5 equiv)
was added to the suspension, and the reaction mixture was refluxed for
15—20 min, providing NaBH(OACc); solution, which was left to cool to
room temperature before further use. Another 25 mL flask, equipped
with a Teflon-coated magnetic stirrer was charged with 3-(tert-
butyldimethylsilyl)pent-4-ynal (100 mg, 0.5 mmol, 1.0 equiv) and
THF (4 mL) under an inert atmosphere. 3,5-Dimethylaniline (0.06 mL,
0.5 mmol, 1.0 equiv) and AcOH (0.03 mL, 0.5 mmol, 1.0 equiv) were
added to the solution at room temperature. After stirring the solution
for 30 min, the previously prepared NaBH(OAc); solution was added
dropwise via syringe. The reaction was stirred for 1 h and quenched
with saturated NaHCOj solution (10 mL). The product was extracted
with DCM (3 X 10 mL), the organic layer was dried over anhydrous
Na,SO,, filtered, and concentrated under vacuo. Crude product was
purified on silica gel column (eluent: toluene) to yield N-(3-(tert-
butyldimethylsilyl)pent-4-yn-1-yl)-3,5-dimethylaniline as a yellow oil
(119 mg, 78%). 'H NMR (500 MHz, CDCI, + D,0): 56.36 (s, 'H, H—
C*),6.28 (s,2H, H-C?"),3.43 (ddd, ¥Jy_y; = 12.6 Hz, ’J;_; = 8.0, 4.6
Hz, 1H, H,C%), 3.24 (dt, JJy_y = 12.6 Hz, *J;_y = 7.7 Hz, 1H, H,C%),
223 (s, 6H, HyC'"’), 2.04 (d, ¥Jy_y = 2.8 Hz, 1H, HC'), 1.86 (ddd,
3o = 12.3, 3.0 Hz, *;;_y; = 2.8 Hz, 1H, HC?), 1.79 (dddd, ¥Jy_y =
13.2 Hz, *J,y_y = 8.0, 7.7, 3.0 Hz, 1H, H,C*), 1.66 (dddd, ¥Jy_y; = 13.2
Hz, ;i = 12.3, 7.7, 4.6 Hz, 1H, H,C*), 0.95 (s, 9H, H;C*'), 0.09 (s,
3H, H,C"),0.02 (s, 3H, H;C"). BC{'"H} NMR (126 MHz, CDCl,): §
148.5 (C'), 139.0 (C*'), 119.4 (C*"), 110.9 (C*"), 86.7 (C?), 69.9
(C), 43.8 (C°), 29.6 (C*), 27.2 (C¥), 21.6 (C'""), 17.8 (C?), 14.7
(C'"), =7.0 (C"), =73 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
C,oH;,NSi 302.2304; Found 302.2283.

N-(3-(tert-Butyldimethylsilyl)-
pent-4-yn-1-yl)-N-(3,5-dimethylphenyl)acetamide (3u)

A 25 mL round-bottom flask was charged with N-(3-(tert-
butyldimethylsilyl)pent-4-yn-1-yl)-3,5-dimethylaniline (294 mg, 0.97
mmol, 1.0 equiv), DMAP (24 mg, 0.20 mmol, 0.2 equiv), and DCM (10
mL). Ac,0 (0.11 mL, 1.2 mmol, 1.2 equiv) and DBU (0.73 mL, 4.9
mmol, 5.0 equiv) were added while stirring the solution at 0 °C. The
reaction mixture was warmed to room temperature and stirred for an
additional 3 h. The reaction was quenched by the addition of 0.1 M HCI
solution (10 mL). The organic layer was separated and dried over
anhydrous Na,SO,, filtered, and concentrated under reduced pressure.
Crude material was purified on silica gel column (eluent system:
acetone in DCM, gradient change: 0 — 3%) to yield the product 3uasa
yellow oil (237 mg, 71%). "H NMR (500 MHz, CDCL,): § 6.96 (s, 'H,
H-C*"), 6.76 (s, 2H, H=C*"), 3.91—3.76 (m, 2H, H,C"), 2.32 (s, 6H,
H,C'"), 1.94 (d, “y_y = 2.3 Hz, 1H, HC"), 1.83 (s, 3H, H;C*"),
1.80—1.71 (m, 2H, HC? H,C*), 1.67—1.53 (m, 1H, H,C*), 0.92 (s, 9H,
H,C%), 0.05 (s, 3H, HyC"), —0.01 (s, 3H, H,C"). “C{'H} NMR
(126 MHz, CDCly): 6 170.6 (C'""), 143.3 (C'"), 139.5 (C3"), 129.5
(C*), 125.7 (C*"), 86.3 (C?), 69.8 (C'), 49.5 (C°), 27.8 (C*), 27.2
(€¥),23.0(C*),21.3(C*""),17.7 (C¥), 14.6 (C?), =7.0 (C"),-7.3
(C"). HRMS (ESI) m/z: [M + H]* Calcd for C,;H;,NOSi 344.2410;
Found 344.2387.

General Procedure C: Synthesis of Chloroalkynes 6 and 9. A
20 mL vial equipped with a Teflon-coated magnetic stirrer was charged
with silver carbonate (13.8 mg, 0.05 mmol, S mol %) and corresponding
terminal alkyne 2 or 3 (1.00 mmol, 1.0 equiv). Then, MeCN (16 mL)
was added, and the flask was coated with aluminum foil. The reaction
mixture was heated in an oil bath up to 60-65 °C, and N-
chlorosuccinimide (151 mg, 0.55 mmol, 1.10 equiv) was added
portionwise. After 24 h, the reaction mixture was cooled down to ~40
°C and concentrated in vacuo. The product was purified by filtration via
ashort silica gel pad by washing with 25% DCM solution in hexane. The
filtrate was concentrated to afford pure haloalkynes 6 and 9.

tert-Butyl(1-chloro-5-phenoxypent-1-yn-3-yl)-

dimethylsilane (6a)
1" i 3
1'—\Sid<3‘ j@#'
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The reaction was performed according to the general procedure C from
aryl ether 2a to yield chloroalkyne 6a as a colorless oil (297 mg, 96%).
'H NMR (500 MHz, CDCL,): § 7.31-7.26 (m, 2H, H-C*"), 6.97—
6.92 (m, 1H,H-C*"), 6.92 (d, *J;;_1; = 8.6 Hz, 2H, H—C?"), 4.22 (ddd,
Yun = 92 Hz, 3Jy_yy = 6.8, 3.8 Hz, 1H, H,C%), 4.13 (ddd, YJy_y; = 92
Hz, *Jy_ = 8.3, 6.0 Hz, 1H, H,C®), 2.01 (dd, *J;;_;; = 13.0, 3.1 Hz, 1H,
HC?®), 1.99 (dddd, YJy;_y; = 11.2 Hz, ¥Jy_y = 8.3, 6.8, 3.1 Hz, 1H, H—
C*),1.84 (dddd, *J;_y; = 11.2 Hz, ;3 _; = 13.0, 6.0, 3.8 Hz, 1H, H—C*),
1.00 (s, 9H, HyC?*), 0.13 (s, 3H, H;C""), 0.08 (s, 3H, H,C"). *C{'H}
NMR (126 MHz, CDCl,): 6 159.1 (C'"), 129.6 (C*"), 120.8 (C*"),
114.7 (C*"),71.5 (C?),67.0 (C%),57.9 (C'),29.7 (C*),27.2 (C¥),17.6
(€*),13.7 (C3), —6.9 (C"), =7.2 (C"). HRMS (ESI) m/z: [M + H]*
Calcd for C;;H,4CIOSi 309.1436; Found 309.1435.
tert-Butyl(1-chloro-5-(naphthalen-1-yloxy)pent-1-yn-3-yl)-
dimethylsilane (6b)

The reaction was performed according to the general procedure C from
aryl ether 2b to yield chloroalkyne 6b as a colorless solid (348 mg,
97%). "H NMR (500 MHz, CDCL,): 6 8.25 (d, *Jyy_; = 7.8 Hz, 1H, H—
C5),7.80 (d, *f;_y; = 7.8 Hz, 1H, H—C"), 7.49 (dd, ¥Jg_s = 7.8, 6.9
Hz, 1H, H-C®"), 7.47 (dd, *Jy_y = 7.8, 6.9 Hz, 1H, H—C""), 7.43 (d,
3u_y = 8.2 Hz, 1H, H—C*"), 7.39 (dd, 3Jy_y = 8.2, 7.5 Hz, 1H, H—
C3),6.86 (d, *Jy_; = 7.5 Hz, 1H, H—C?*"), 4.36—4.24 (m, 2H, H,C%),
2.22-2.11 (m, 2H, HC? H,C*), 2.01-1.89 (m, 1H, H,C*), 1.01 (s, 9H,
H,C%), 0.14 (s, 3H, H;C""), 0.10 (s, 3H, H;C"). *C{'H} NMR (126
MHz, CDCly): 6 154.8 (C'"), 134.6 (C°"), 127.6 (C"), 126.5 (C*"),
126.1 (C*"), 125.8 (C'%"), 1252 (C7"), 122.1 (C*"), 120.3 (C*"),
104.9 (C*"),71.4 (C?),67.2 (C%),57.9 (C'),29.9 (C*),27.2(C¥),17.7
(C*),14.0 (C?), —6.9 (C), =7.1 (C""). HRMS (ESI) m/z: [M + H]*
Calcd for C,H,4ClOSi 359.1592; Found 359.1593.
tert-Butyl(1-chloro-5-(2,5-dimethylphenoxy)-
pent-1-yn-3-yl)dimethylsilane (6c)

The reaction was performed according to the general procedure C from
aryl ether 2c to yield chloroalkyne 6¢c as a colorless solid (332 mg, 99%).
"H NMR (500 MHz, CDCl;): § 7.01 (d, *J,y_y = 7.5 Hz, 1H, H—C%"),
6.69 (s, 1H, H—C®"), 6.67 (d, ¥Jyy_y; = 7.5 Hz, 1H), 4.16—4.10 (m, 1H,
H,C®%), 4.10—4.03 (m, 1H, H,C%), 2.33 (s, 3H, H,C%), 2.17 (s, 3H,
H,;C""), 2.08 (dd, ¥J_g = 12.4, 2.6 Hz, 1H, HC?), 2.07—1.97 (m, 1H,
H,C*), 1.86—1.76 (m, 1H, H,C*), 0.99 (s, 9H, H;C*), 0.12 (s, 3H,
H,C"), 0.07 (s, 3H, H;C"). *C{'H} NMR (126 MHz, CDCl,): §
157.0 (C'),136.7 (C*), 130.4 (C3"), 123.7 (C*"), 120.9 (C*"), 112.3
(€, 71.7 (C?), 66.9 (C%), 57.6 (CY), 30.1 (C*), 27.2 (C¥), 21.6
(c®), 17.6 (C*), 16.0 (C""), 13.7 (C?), =7.0 (C"), =7.1 (CV).
HRMS (ESI) m/z: [M + H]* Calcd for C,yH;,ClOSi 337.1749; Found
337.1750.
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(5-(5-Bromo-2-methylphenoxy)-1-chloropent-1-yn-3-yl)-
(tert-butyl)dimethylsilane (6f)

The reaction was performed according to the general procedure C from
aryl ether 2f to yield chloroalkyne 6f as a colorless solid (373 mg, 93%).
'H NMR (500 MHz, CDCL,): § 7.00—6.96 (m, 3H, H—C3", H—C*",
H-C®"), 4.13—4.02 (m, 2H, H,C%), 2.15 (s, 3H, H;C""), 2.05 (dd,
3ugon = 12.3, 2.6 Hz, 1H, HC®), 2.05-1.98 (m, 1H, H—C*), 1.84
(dddd, ¥Jyg_g = 9.1 Hz, ¥Jy_y = 12.3,9.2, 5.1 Hz, 1H, H-C*), 0.98 (s,
9H, H,C*), 0.11 (s, 3H, H;C"), 0.06 (s, 3H, H,C"). *C{'H} NMR
(126 MHz, CDCL,): § 157.8 (C'), 131.7 (C"), 125.9 (C*"), 123.3
(C*), 119.6 (C>), 114.6 (C°"), 71.4 (C?), 67.2 (C®), 57.9 (C'), 29.9
(C*, 272 (C¥), 17.6 (C*'), 16.0 (C""), 13.7 (C?), =7.0 (CV"), =7.1
(CY). HRMS (ESI) m/z: [M + HJ]* Calcd for C,gH,,BrClOSi
401.0698; Found 401.0695.
tert-Butyl(1-chloro-5-(2,4-dichlorophenoxy)-
pent-1-yn-3-yl)dimethylsilane (6i)
1" 7 3
1'7\Si3k3‘ 6 A 4"CI

3 5 1]
1&2 1 o
Cl Cl

The reaction was performed according to the general procedure C from

3

aryl ether 2i to yield chloroalkyne 6 as a colorless oil (351 mg, 93%). 'H
NMR (500 MHz, CDCL,): §7.36 (d, “Jyy_y = 2.6 Hz, IH, H-C*"), 7.18
(dd, ¥y = 8.8 Hz, Jy_yy = 2.6 Hz, 1H, H-C*"), 6.88 (d, *Jyy_; = 8.8
Hz, 1H, H-C®"), 4.19 (ddd, ¥y4_y; = 9.0 Hz, *J,y_y = 6.7, 3.7 Hz, 1H,
H,C%), 4.11 (ddd, ¥Jy_z = 9.0 Hz, ¥Jg_yz = 8.9, 5.8 Hz, 1H, H,C%), 2.09
(dd, ¥Jyy = 12.1, 3.0 Hz, 1H, HC?), 2.04 (dddd, *Jy_y = 13.7 Hz,
3Jg-n=8.9,6.7,3.0 Hz, 1H, H,C"), 1.84 (dddd, *J;;_; = 13.7 Hz, *Jy_»
=12.1,5.8,3.7 Hz, 1H, H,C*), 0.97 (s, 9H, H,C*), 0.11 (s, 3H, H,C"),
0.06 (s, 3H, H;C"). BC{'H} NMR (126 MHz, CDCl,): § 153.5 (C'"),
130.1 (C*"), 127.7 (C%"), 125.7 (C*"), 123.8 (C*"), 114.3 (C*"), 71.4
(C?),68.5(C®),58.0(C"),29.7 (C*),27.2(C¥),17.6 (C*),13.6 (C%),
-7.0 (C"), =7.2 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
Cy;H,,Cl,08i 377.0657; Found 377.0639.
tert-Butyl(1-chloro-5-(4-nitrophenoxy)pent-1-yn-3-yl)-
dimethylsilane (6k)

3

1 3" "
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The reaction was performed according to the general procedure C from
aryl ether 2k to yield chloroalkyne 6k as a pale yellow solid (167 mg,
95%). "H NMR (500 MHz, CDCL;): 5 8.21 (d, ¥Jy_y = 9.1 Hz, 2H, H—
C*),6.97 (d, ¥y_y = 9.1 Hz, 2H, H-C*"), 427—4.15 (m, 2H, H,C%),
2.06—1.97 (m, 2H, HC? H,C*), 1.89—1.80 (m, 1H, H,C*), 0.98 (s, 9H,
H,C¥), 0.11 (s, 3H, H,C"), 0.06 (s, 3H, H,C"). BC{'H} NMR (126
MHz, CDCly): § 164.2 (C'"), 141.6 (C*"), 126.1 (C"), 114.6 (C*"),
71.0 (C?), 67.9 (C°), 58.4 (C'), 29.4 (C*),27.2 (C¥), 17.6 (C¥), 13.7
(C?), =69 (C"), =7.2 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
C,,H,5CINO;Si 354.1287; Found 354.1285.

N-(4-Bromophenyl)-N-(3-(tert-butyldimethylsilyl)-5-chloro-
pent-4-yn-1-yl)-4-nitrobenzenesulfonamide (9r)

The reaction was performed in a 25 mL round-bottom flask coated with
aluminum foil according to the general procedure C with minor
deviations from the original amounts and stoichiometry. Nosylamide 3r
(507 mg, 0.94 mmol, 1.0 equiv), NCS (126 mg, 0.94 mmol, 1.0 equiv),
Ag,CO; (13 mg, 0.05 mmol, S mol %), and MeCN (16 mL) were used
to yield chloroalkyne 9r as a colorless solid (493 mg, 91%). "H NMR
(500 MHz, CDCL,): 6 8.33 (d, *J;;_y = 8.6 Hz, 2H, H—C3""), 7.78 (d,
- = 86 Hz, 2H, H—C*"’), 7.48 (d, *Jy_y = 8.4 Hz, 2H, H-C*"),
6.93 (d, ¥y = 8.4 Hz, 2H, H—C*"), 3.76 (dt, )Jy_y = 13.0 Hz, Jy_yy =
7.9 Hz, 1H, H,C%), 3.64 (ddd, *J;_y; = 13.0 Hz, ¥J;_y; = 8.0, 4.1 Hz, 1H,
H,C%), 1.73 (dd, 3Jy_y = 12.4, 4.1 Hz, 1H, HC®), 1.70—1.59 (m, 1H,
H,C*), 1.53 (tdd, Jy_y = 12.4 Hz, ¥Jy_; = 12.4,7.9, 4.1 Hz, 1H, H,C"),
0.88 (s, 9H, H,C¥), 0.01 (s, 3H, H;C"), —0.09 (s, 3H, H,C").
BC{'H} NMR (126 MHz, CDCl;): §150.3 (C*"’), 143.7 (C'""), 137.6
(C'), 132.8 (C*), 130.1 (C*"), 129.0 (C*"’), 124.4 (C*>""), 1226
(c*), 70.7 (C?), 58.6 (C), 50.9 (C%), 29.0 (C*), 27.0 (C¥), 17.5
(C*),14.5 (C?),=7.0 (C"), =7.3 (C""). HRMS (ESI) m/z: [M + H]*
Calcd for C,3H,4BrCIN,0,SSi 571.0489; Found 571.0474.
N-(3-(tert-Butyldimethylsilyl)-5-chloropent-4-y-
n-1-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide
(9s)

The reaction was performed in a 25 mL round-bottom flask coated with
aluminum foil according to the general procedure C with minor
deviations from the original amounts and stoichiometry. Nosylamide 3s
(317 mg, 0.65 mmol, 1.0 equiv), NCS (94 mg, 0.68 mmol, 1.0 equiv),
Ag,CO; (8 mg, 0.03 mmol. Five mol %) and MeCN (10 mL) were used
to yield chloroalkyne 9s as a yellow solid (340 mg, 99%)."H NMR (500
MHz, CDCly): 6 8.31 (d, ¥y = 8.7 Hz, 2H, H—C*""), 7.79 (d, ¥Ji_x
=8.7 Hz, 2H, H-C*""), 6.93 (d, *J;;_y; = 8.8 Hz, 2H, H-C*"), 6.84 (d,
3J-n = 8.8 Hz, 2H, H-C*"), 3.81 (s, 3H, H,C'""), 3.84—3.71 (m, 1H,
H,C%), 3.69—3.55 (m, 1H, H,C%), 1.76 (ddd, *J,;_y = 12.1,2.8 Hz, 1H,
HC%), 1.68—1.58 (m, 1H, H,C*), 1.60—1.50 (m, 1H, H,C*), 0.88 (s,
9H, H,C?¥), 0.01 (s, 3H, H,C"), —0.10 (s, 3H, H;C"). BC{'H} NMR
(126 MHz, CDCLy): § 159.6 (C*"), 150.1 (C*""), 144.2 (C'"’), 130.8
(C'),129.9 (C*"),129.0 (C*""), 124.2 (C*>""), 114.7 (C*"),70.9 (C?),
58.4 (C!) 85.6 (C'""), 51.1 (C%), 28.9 (C*), 27.1 (C¥), 17.5 (C¥),
14.4 (C%), =7.0 (C"), =7.3 (C""). HRMS (ESI) m/z: [M + H]" Calcd
for C,,H,,CIN,04SSi $23.1490; Found 523.1472.

General Procedure D: Synthesis of Bromoalkynes 7 and
lodoalkyne 8a. A 10 mL vial equipped with a Teflon-coated magnetic
stirrer was charged with silver nitrate (17.0 mg, 0.10 mmol, 10 mol %)
and corresponding terminal alkyne 2 (1.00 mmol, 1.0 equiv). Then,
MeCN (16 mL) was added, and the flask was covered with aluminum
foil. N-Bromosuccinimide (197 mg, 1.10 mmol, 1.10 equiv) or N-
iodosuccinimide (248 mg, 1.10 mmol, 1.10 equiv) was added
portionwise. The reaction mixture was stirred under ambient
conditions for 3 h and then concentrated in vacuo. The product was
purified by filtration via a short silica gel pad by washing with 25% DCM
solution in hexane. The filtrate was concentrated to afford pure
haloalkynes 7 and 8.

https://doi.org/10.1021/acs joc.5c03136
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(1-Bromo-5-phenoxypent-1-yn-3-yl)(tert-butyl)-

dimethylsilane (7a)
pEs:
1//2
Br

The reaction was performed according to the general procedure D from
aryl ether 2a to yield bromoalkyne 7a as a colorless solid (337 mg,
96%). 'H NMR (500 MHz, CDCLy): § 7.31-7.27 (m, 2H, H-C*"),
6.97—6.90 (m, 3H, H—C*", H—C*"), 4.17 (ddd, >Jyy_y = 92 Hz, }Jyy_y
=7.1,4.0 Hz, 1H, H,C%), 4.08 (ddd, ¥J;;_y; = 92 Hz, ’Jy_;; = 8.4, 6.4 Hz,
1H, H,C%),2.01 (dd, *J,y_y = 12.3,3.1 Hz, 1H, HC®), 1.99 (dddd, *Jy_y4
=13.5 Hz, ¥Jy_y = 84, 7.1, 3.1 Hz, 1H, H-C*), 1.84 (dddd, ¥Jy_y =
13.5 Hz, ¥Jyy_y = 12.3, 6.4, 4.0 Hz, 1H, H—C*), 0.98 (s, 9H, H;C'),
0.11 (s, 3H, HyC"), 0.06 (s, 3H, H;C"). BC{'H} NMR (126 MHz,
CDCLy): § 159.1 (C'"), 129.6 (C*"), 120.8 (C*"), 114.7 (C*"), 82.0
(C?),67.0(C%),38.1(C"),29.6 (C*),27.2(C¥),17.7 (C*), 14.8 (C%),
—6.9 (C"), =72 (C"). HRMS (ESI) m/z: [M + H]" Calcd for
C,;H,6BrOSi 353.0931; Found 353.0931.

(1-Bromo-5-(5-bromo-2-methylphenoxy)pent-1-yn-3-yl)-
(tert-butyl)dimethylsilane (7f)

The reaction was performed according to the general procedure D from
aryl ether 2f to yield bromoalkyne 7f as a colorless solid (431 mg, 97%).
'H NMR (500 MHz, CDCL,): § 7.05—6.94 (m, 3H, H-C*", H—C*",
H-C%"), 4.14—4.02 (m, 2H, H,C®), 2.15 (s, 3H, H,C”"), 2.09 (dd,
3g_n = 12.3,2.8 Hz, 1H, HC?), 2.06—1.97 (m, 1H, H—C*), 1.89—1.77
(m, 1H, H—C*), 0.98 (s, 9H, HyC*’), 0.12 (s, 3H, HyC""), 0.07 (s, 3H,
H,C"). BC{'H} NMR (126 MHz, CDCL,): § 157.8 (C'"), 131.7
(C3),125.9 (C*"), 123.3 (C*"), 119.6 (C>"), 114.6 (C"), 82.0 (C?),
67.2(C%),38.1(C"),29.8 (C*),27.2(C¥),17.6 (C*¥),16.0 (C""), 14.8
(C3), =7.0 (C"), =7.1 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
CysH,,Br,08i 445.0192; Found 445.0192.

(1-Bromo-5-(4-nitrophenoxy)pent-1-yn-3-yl)(tert-butyl)-
dimethylsilane (7k)

1 3 "
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The reaction was performed according to the general procedure D from
aryl ether 2k to yield bromoalkyne 7k as a colorless solid (367 mg,
92%). "H NMR (500 MHz, CDCLy): 5 8.21 (abd, *Jy;_yy = 9.2 Hz, *J,y_y
=2.7 Hz, 2H, H-C%"), 6.98 (abd, *J;;_y; = 9.2 Hz, *J;_;; = 2.7 Hz, 2H,
H—-C*"), 427—4.22 (m, 1H, H,C%), 4.22—4.16 (m, 1H, H,C®), 2.06—
1.98 (m, 2H, HC?, H,C%), 1.91-1.82 (m, 1H, H,C*), 0.98 (s, 9H,
H,C%), 0.11 (s, 3H, H;C"), 0.07 (s, 3H, H;C"). *C{"H} NMR (126
MHz, CDCly): 6 164.2 (C!"), 141.6 (C*"), 126.1 (C3"), 114.6 (C*"),
81.5 (C?), 67.9 (C%), 38.7 (C"),29.3 (C*),27.2 (C¥), 17.6 (C*'), 14.8
(C?), =69 (C"), =7.2 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
C,,H,sBrNO;Si 398.0782; Found 398.0783.

tert-Butyl(1-iodo-5-phenoxypent-1-yn-3-yl)dimethylsilane

(8a)
1—Sl /@
1//2

The reaction was performed according to the general procedure D from
aryl ether 2a to yield iodoalkyne 8a as a colorless solid (364 mg, 91%).

"H NMR (500 MHz, CDCLy): § 7.31=7.26 (t, *Jyy_y = 7.7 Hz, 2H, H—
C3),6.94 (t,*Jy_y = 7.4 Hz, 1H, H-C""), 6.92 (d, ¥Jy_y; = 7.9 Hz, 2H,
H-C?"), 422 (ddd, *Jy_y = 8.5 Hz, ¥Jy_y = 6.3, 4.0 Hz, 1H, H,C%),
4.13 (td, ¥Jyy_y = 8.5 Hz, IJy_y = 8.5, 6.5 Hz, 1H, H,C®), 2.23 (dd,
3-n = 13.0, 3.3 Hz, 1H, HC?), 1.98 (dd, ¥Jyy_y = 11.8 Hz, *J;;_;; = 8.5,
8.3,3.3Hz, 1H, H-C"), 1.85 (dddd, ¥J;;_; = 11.8 Hz, ’Jy_y = 13.0,6.5,
4.0 Hz, 1H, H-C*), 0.98 (s, 9H, H;C*), 0.10 (s, 3H, H;C""), 0.06 (s,
3H, H,C"). BC{'H} NMR (126 MHz, CDCL,): § 159.1 (C'"), 129.6
(€%, 120.8 (C*"), 114.8 (C*"), 96.2 (C?), 67.1 (C®), 29.8 (C*), 27.3
(€¥),17.7 (C¥),13.4(C?), 6.9 (C),=7.2 (C"), =7.5 (C'). HRMS
(ESI) m/z: [M + H]" Caled for C;,H,cIOSi 401.0792; Found
401.0792.

General Procedure E: Synthesis of Chromanes 4,10, 11,12. A
10 mL vial equipped with a Teflon-coated magnetic stirrer was charged
with the corresponding aryl ether 2, 6, 7, or 8 (0.80 mmol, 1.0 equiv),
then 1,2-dichloroethane (3 mL) was added, and the reaction mixture
was heated up to 60 °C on the hot plate. Bistriflimide (HNTf,) solution
in nitromethane (0.16 M, 1 mL, 0.16 mmol, 0.2 equiv) was added,
coloring the solution dark red. The reaction mixture was allowed to stir
for an additional 10 min, then it was cooled down to room temperature,
and two drops of triethyl amine were added, causing the color to turn
yellow. Crude mixture was filtered through a short silica gel plug, the
filtrate was concentrated in vacuo and additionally filtered through a
short silica gel plug, washing with a 25% DCM solution in hexanes. The
filtrate was concentrated and purified by column chromatography on
silica gel or AgNO;-impregnated silica gel (eluent system: toluene
solution in hexanes, gradient 12 — 100%) to afford chromanes 4, 10,
11, or 12.

AgNOs-Impregnated Silica Gel Preparation. Silver nitrate (20
g) was totally dissolved in MeCN (600 mL), and silica gel (200 g) was
added to the solution upon vigorous stirring. The suspension was left to
stir for an additional 2 h at ambient conditions in the dark, and then it
was filtered on a fritted glass filter protected from light with aluminum
foil. Silica gel was collected, heated for 2 h at 100 °C, and then stored in
a closed container protected from light.

tert-Butyl(1-(chroman-4-yl)vinyl)dimethylsilane (4a)

The reaction was performed according to the general procedure E from
aryl ether 2a to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 25%), provided chromane 4a as a colorless oil
(165 mg, 75%). "H NMR (500 MHz, CDCl,): 6 7.09 (ddd, *J;;_;; = 8.2,
7.2 Hz, *Jyy_y = 1.7 He, 1H, H—C"), 6.96 (dd, *Jyy_yy; = 7.7, Hz, *Jyy_py =
1.7 Hz, 1H, H-C), 6.81 (ddd, *J;;_;; = 7.7, 7.2 Hz, *J;;_; = 1.2 Hz, 1H,

H-C°), 6.80 (dd, *J,y_y; = 8.2 Hz, “J;;_y; = 1.2 Hz, 1H, H-C?®), 5.64 (d,
Y- = 2.3 Hz, 1H, H,C"), 5.39 (dd, %y;_p; = 2.3 Hz, YJ;_;; = 1.2 Hz,
1H, H,C"), 4.15 (ddd, ¥yy_y = 14.3 Hz, Jy_y = 84, 3.0 Hz, 1H,
H,C?), 4.13 (ddd, ¥yy_y = 14.3 Hz, *Jy_y = 10.7, 4.0 Hz, 1H, H,C?),
3.78 (dd, *Jy_y = 6.1, 5.3 Hz, 1H, HC*), 2.11 (dddd, ¥Jy_; = 13.9 Hz,
3u_y = 84, 6.1, 4.0 Hz, 1H, H,C%), 1.77 (dddd, ¥J,y_y; = 13.9 Hz, *J,y_y
=10.7,5.3,3.0 Hz, 1H, H,C%), 0.97 (s, 9H, H,C*), 0.11 (s, 3H, H,C""),
0.09 (s, 3H, Hy;C"). *C{'H} NMR (126 MHz, CDCLy): § 155.6 (C?),
155.0 (CM), 130.9 (C™), 130.7 (C°), 127.7 (C7), 125.0 (C'7), 120.3
(C%), 116.7 (C%), 62.8 (C?), 40.9 (C*), 28.7 (C%), 27.3 (C¥), 17.7
(C*), —4.8 (C"), 5.1 (C""). HRMS (ESI) m/z: [M + H]* Calcd for
C,,H,,08i 275.1826; Found 275.1828.

https://doi.org/10.1021/acs joc.5c03136
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(1-(Benzo[h]chroman-4-yl)vinyl)(tert-butyl)dimethylsilane
(4b)

The reaction was performed according to the general procedure E from
aryl ether 2b to yield crude product, which, after column
chromatography on AgNOj-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 35%), provided chromane 4b
asa colorless oil (151 mg, 58%). "H NMR (500 MHz, CDCL,): § 8.20—
8.14 (m, 1H, H—C7), 7.77-7.70 (m, 1H, H—C"), 7.45 (ddd, ¥Jy_x =
8.7,6.8 Hz, *Jy_y = 1.9 Hg, 1H, H-C?), 7.43 (ddd, ¥J,;_; = 8.7, 6.8 Hg,
YTy = 2.1 Hz, 1H, H-C®), 7.30 (d, 3Jy_y = 8.5 Hz, 1H, H-C®), 7.03
(d, *yy_y = 8.5 Hz, 1H, H—C), 5.67 (d, ¥Jyy_y; = 2.3 Hz, 1H, H,C'),
5.34 (dd, Jy_y = 2.3 Hz, *Jyy_y; = 1.1 Hz, 1H, H,C"°), 4.35 (ddd, ¥,y_y
=10.7 Hz, ¥,y_y; = 4.7, 3.5 Hz, 1H, H,C?), 4.26 (ddd, ¥J;;_y; = 10.7 Hz,
3g-n=10.3,2.5 Hz, 1H, H,C?), 3.89 (ddd, *J;;_1; = 6.3, 3.8 Hz, Jy_y =
1.1 Hz, 1H, HC*), 2.24 (dddd, *Jy_y = 13.8 Hz, ¥Jy_y; = 10.3,6.3, 3.5
Hz, 1H, H,C?), 1.83 (dddd, ¥,;_y; = 13.8 Hz, *J;_y = 4.7, 3.8, 2.5 Hz,
1H, H,C%), 1.01 (s, 9H, H;C¥), 0.16 (s, 3H, H;C"), 0.15 (s, 3H,
H,CY). BC{'H} NMR (126 MHz, CDCly): § 153.9 (C"), 150.6
(C'), 133.4 (C™), 131.2 (C'®), 128.6 (C%), 127.5 (C'?), 125.9 (C%),
125.3 (C%), 1252 (C"), 121.7 (C7), 119.5 (C°), 118.0 (C'?), 62.4
(C?), 40.5 (C*), 283 (C?), 272 (C¥), 17.6 (C¥), =49 (C"), =52
(CY). HRMS (ESI) m/z: [M + H]* Calcd for C,H,,0Si 325.1982;
Found 325.2005.
tert-Butyl(1-(5,8-dimethylchroman-4-yl)vinyl)-
dimethylsilane (4¢)

The reaction was performed according to the general procedure E from
aryl ether 2c to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 25%), provided chromane 4c as a colorless oil
(165 mg, 68%). "H NMR (500 MHz, CDCLy): § 6.90 (d, *Jy_; = 7.4
Hz, 1H, H-C%), 6.61 (d, *Jy_y = 7.4 Hz, 1H, H-C®), 5.63 (d, Jyy_n; =
2.3 Hz, 1H, H,C"?), 5.14 (dd, ¥,y_y = 2.3 Hz, ¥Jy_y = L1 Hg, 1H,
H,C'),4.20 (ddd, *Jy_y = 10.7Hz, 3Jy_y = 3.8, 2.5 Hz, ¥Jy_i; = 1.2 Hz,
1H, H,C?), 4.01 (ddd, *Jy_y = 10.7 Hz, *Jy_y = 12.9, 2.0 Hz, 1H,
H,C?%), 3.78 (dddd, ¥Jyy_; = 5.9, 1.7 Hz, J3_yy = 1.2, 1.1 Hz, 1H, HC*),
2.16 (s, 3H, H;C*"), 2.08 (s, 3H, HyC""), 2.06 (dddd, ?Jy_y; = 13.8 Hz,
oy = 12.9, 5.9, 3.8 Hz, 1H, H,C?%), 1.79 (dddd, *J_y = 13.8 Hz,
3y = 2.5, 1.7, 2.0 Hz, 1H, H,C?), 0.97 (s, 9H, H,C*), 0.18 (s, 3H,
H,C"), 0.18 (s, 3H, HyC"). *C{'"H} NMR (126 MHz, CDCl,): §
153.5 (C?), 152.1 (C"), 134.9 (C%), 130.7 (C'?), 128.4 (C7), 123.1
(C%), 121.9 (C'), 121.2 (C®), 60.5 (C?), 37.9 (C*), 27.4 (C¥), 26.3
(€%, 192 (C"), 17.5 (C¥), 163 (C*), —=3.6 (CV), —4.8 (CY).
HRMS (ESI) m/z: [M + H]" Calcd for C,yH;,0Si 303.2139; Found
303.2141.

tert-Butyldimethyl(1-(8-methylchroman-4-yl)vinyl)silane
(4d)

The reaction was performed according to the general procedure E from
aryl ether 2d to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 25%), provided chromane 4d as a colorless oil
(173 mg, 75%). "H NMR (500 MHz, CDCL): § 6.96 (dd, 3Jyy_; = 7.2
Hz, *Jy_y = 1.8 Hz, 1H, H-C7), 6.81 (dd, ¥Jy_yy = 7.8 Hz, *Jyy_1; = 1.8
Hz, 1H, H-C®), 6.72 (dd, *Jy_y = 7.8, 7.2 Hz, 1H, H-C®), 5.64 (d,
Yy = 2.3 Hz, 1H, H,C'?), 5.39 (dd, ¥Jyy_y = 2.3 Hz, *J;_y = 1.1 Hz,
1H, H,C'?), 4.19—4.14 (m, 2H, H,C?), 3.78 (ddd, *J,;_; = 6.2, 4.9 Hz,
Yu_n = 1.1 Hz, 1H, HC*), 2.19 (s, 3H, HyC""), 2.10 (dq, ¥yy_y = 13.8
Hz, ¥Jy_y = 6.2 Hz, 1H, H,C?), 1.76 (ddtd, ¥Jy_y = 13.8 Hz, ¥Jyy_y =
4.9, 3.8 Hz, 1H, H,C%), 0.97 (s, 9H, H;C>), 0.12 (s, 3H, H,C"), 0.10
(s, 3H, H,C"). BC{'H} NMR (126 MHz, CDCL,): § 154.1 (C"),
153.7 (C?), 130.7 (C'?), 128.6 (C7), 128.2 (C°), 125.6 (C®), 124.2
(C™), 119.5 (C°), 62.6 (C?), 40.9 (C*), 28.6 (C*), 27.2 (C¥), 17.6
(C¥),16.4(C'"),—4.9 (C"),-5.2 (C"). HRMS (ESI) m/z: [M + H]*
Calcd for C gH,40Si 289.1982; Found 289.1982.

tert-Butyldimethyl(1-(5-methylchroman-4-yl)vinyl)silane
(0-4e) and
tert-butyldimethyl(1-(7-methylchroman-4-yl)vinyl)silane
(p-4e)

The reaction was performed according to the general procedure E from
aryl ether 2e to yield crude product mixture, which, after column
chromatography on AgNOj-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 35%), provided a colorless oil
(150 mg, 65%) consisting of two isomers o-4e and p-4e with
corresponding ratio 46:54. Compound o-4e data: '"H NMR (500
MHz, CDCL,): 6 7.04 (dd, ¥Jy_g = 8.2, 7.4 Hz, 1H, H-C"), 6.71 (4,
i—p = 7.4 Hz, 1H, H—C®), 6.69 (d, *Jy;_y = 8.2 Hz, 1H, H-C?), 5.64
(d, ¥y = 2.2 Hz, 1H, H,C"), 5.15 (dd, ¥Jyy_yy = 22 Hz, YJy_y = L.S
Hgz, 1H, H,C"), 4.19-4.12 (m, 1H, H,C®), 4.01 (ddd, >J,;_y = 12.8 Hz,
3Jy_y = 10.7, 2.1 He, 1H, H,C?), 3.72 (dd, *Jy_y = S9 Hz, YJy_y = 1.5
Hgz, 1H, HC*), 2.12 (s, 3H, H;C'"), 2.13-2.05 (m, 1H, H,C?), 1.79
(dddd, ¥yy_y; = 14.1 Hz, ¥J,y_y; = 3.1, 2.1 Hz, *J;;_y; = 1.5 He, 1H, H,C%),
0.98 (s, 9H, H;C¥), 0.19 (s, 3H, H;C"'), 0.18 (s, 3H, HyC"). “C{'H}
NMR (126 MHz, CDCl,): § 155.4 (C'1), 151.9 (C°), 137.6 (C®), 130.7
(C'),127.3 (C7), 122.5 (C'?), 122.1 (C°), 114.4 (C*), 60.5 (C?), 37.6
(C*, 27.4 (C¥), 26.3 (C*), 19.4 (C'), 17.5 (C*), =3.6 (C"), —4.8
(C'). HRMS (ESI) m/z: [M + H]* Calcd for C;sH,,0Si 289.1982;
Found 289.1982 (for mixture). Compound p-4e data: "H NMR (500
MHz, CDCLy): 6 6.84 (d, 3Jy_y = 7.7 Hz, 1H, H-C"), 6.65 (d, ¥Jyy_1; =
7.7 Hz, 1H, H-C®), 6.63 (s, IH, H—C?®), 5.63 (d, ¥J;_i; = 2.3 Hz, 1H,
H,C"), 5.39 (dd, ¥Jyy_y; = 2.3 Hz, *J;y_y = 0.9 Hz, 1H, H,C'?), 4.15—
4.07 (m, 2H, H,C%), 3.75 (dd, *Jy_y = 5.8, 5.4 Hz, ¥J,,_;; = 0.9 Hz, 1H,
HC*),2.28 (s, 3H, H;C""), 2.14-2.05 (m, 1H, H,C?), 1.75 (dtd, *Jy_y
=13.7 Hz, *J;;_y; = 54, 2.9 Hz, 1H, H,C?), 0.97 (s, 9H, H,C*), 0.12 (s,
3H, H,CY),0.09 (s, 3H, Hy;C"). BC{'H} NMR (126 MHz, CDCl,): §
155.3 (C'), 183.9 (C%), 137.5 (C7), 130.6 (C®), 130.3 (C'?), 121.8
(€9, 121.3 (C°), 1169 (C®), 62.6 (C?), 40.5 (C*), 28.7 (C%), 27.2
(€¥),21.2(C'),17.6 (C*),—4.9 (C"), —5.3 (C""). HRMS (ESI) m/
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z: [M + H]* Caled for C;3H,,0Si 289.1982; Found 289.1982 (for
mixture).
(1-(5-Bromo-8-methylchroman-4-yl)vinyl)(tert-butyl)-
dimethylsilane (4f)

The reaction was performed according to the general procedure E from
aryl ether 2f to yield crude product, which, after column
chromatography on AgNOj-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 35%), provided chromane 4f
as a colorless solid (170 mg, 58%). "H NMR (500 MHz, CDCL,): 57.00
(d, *yy_y = 7.9 Hz, 1H, H-C®), 6.86 (d, *J,_y = 7.9 Hz, 1H, H-C"),
5.64 (d, ¥Jyy_yy = 2.1 Hz, 1H, H,C"2), 5.04 (dd, YJyy_yy = 2.1 Hz, ¥Jyy_yy =
1.3 Hz, 1H, H,C"), 4.23 (dddd, ¥,y_y = 10.7 Hz, ¥J,y_y; = 3.8, 2.4 Hz,
YJy_n = 1.3 Hz, 1H, H,C?), 4.04 (ddd, ¥;;_; = 10.7 Hz, *J;;_y = 12.9,
2.1 Hz, 1H, H,C?), 3.90 (ddt, *Jy_y = 5.7, 1.7 Hz, *Jy_y = 1.3 Hz, 1H,
HC*), 2.14 (s, 3H, HyC""), 2.03 (dddd, *J;_y = 14.0 Hz, ¥J;y_y; = 12.9,
5.7, 3.8 Hz, 1H, H,C%), 1.80 (dddd, *Jy;_y = 14.0 Hz, 3y _y = 2.4, 2.1,
1.7 Hz, 1H, H,C?), 0.97 (s, 9H, H,C*), 0.21 (s, 3H, HyC"), 0.20 (s,
3H, H,C"). BC{'"H} NMR (126 MHz, CDCl,): § 154.6 (C°), 151.7
(C'), 130.6 (C'), 129.6 (C’), 125.0 (C*), 123.7 (C°), 123.1 (C'),
122.7 (C%), 61.1 (C?), 40.7 (C*),27.5 (C*), 25.8 (C%), 17.5 (C¥), 16.3
(€', =3.5(C"), =5.0 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
C,5H,3BrOSi 367.1087; Found 367.1089.

tert-Butyl(1-(5-iodo-8-methylchroman-4-yl)vinyl)-
dimethylsilane (4g)

The reaction was performed according to the general procedure E from
aryl ether 2g to yield crude product, which, after column
chromatography on AgNO;-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 35%), provided chromane 4g
as a pale yellow solid (144 mg, 49%). "H NMR (500 MHz, CDCl,): &
7.28 (d, *Jy_y = 7.9 Hz, 1H, H-C®), 6.71 (d, *J;y_y; = 7.9 Hz, 1H, H—
C7), 5.67 (d, Jy_y = 2.0 Hz, 1H, H,C"?), 5.02 (dd, ¥Jy_y; = 2.0 He,
Yy—n = 1.6 Hz, 1H, H,C'?), 4.20 (dddd, *J;_y = 10.7 Hz, 3Jy_yy = 4.0,
3.3 Hz, YJy_i = 1.6 Hz, 1H, H,C?), 4.03 (ddd, ¥;;_;; = 10.7 Hz, 3y =
12.9, 2.1 Hz, 1H, H,C?), 3.75 (ddt, ¥,y_; = 5.5, 0.9 Hz, *J;;_; = 1.6 Hz,
1H, HC*), 2.14 (s, 3H, H;C'"), 2.04 (dddd, ¥Jy_yy = 14.0 Hz, ¥Jy_yy =
12.9, 5.5, 4.0 Hz, 1H, H,C%), 1.81 (dddd, *Jyy_y = 14.0 Hz, ¥;;_; = 3.3,
2.1,0.9 Hz, 1H, H,C?), 0.96 (s, 9H, H,C¥), 0.25 (s, 3H, H;C"), 0.23
(s,3H, H;C"). ®C{'"H} NMR (126 MHz, CDCl,): § 154.4 (C°), 151.5
(C'), 131.4 (C'), 130.6 (C°), 130.4 (C7), 126.1 (C?), 125.9 (C'),
99.8 (C%), 61.6 (C*), 45.3 (C*),27.6 (C*), 26.0 (C*), 17.5 (C¥), 16.3
(C'), =3.2(C"), =5.3 (C""). HRMS (ESI) m/z: [M + H]* Calcd for
C,sH,sI0Si 415.0949; Found 415.0948.

(1-(5-Bromo-8-fluorochroman-4-yl)vinyl)(tert-butyl)-
dimethylsilane (4h)

The reaction was performed according to the general procedure E from
aryl ether 2h to yield crude product, which, after column
chromatography on AgNOj-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 35%), provided chromane 4h
as a colorless solid (137 mg, 46%). "H NMR (500 MHz, CDCL,): §7.02
(d, ¥Jy_p = 4.6 Hz, *Jy_yy = 8.7 Hz, 1H, H—C?®), 6.86 (d, >J,;_r = 10.5 Hz,
3J—n = 8.7 Hz, 1H, H-C7), 5.66 (d, *Jy_y = 1.7 Hz, 1H, H,C"?), 5.04
(dd, *Jyy_y = 1.7 Hz, *Jy_y = 1.4 Hz, 1H, H,C'?), 4.31 (dddd, YJy_y =
10.8 Hz, *Jyy_y; = 3.9, 2.2 Hz, ¥Jy_y = 1.3 Hz, 1H, H,C?), 4.06 (ddd,
Yun = 10.8 Hz, 3Jy_y = 13.0, 2.2 Hz, 1H, H,C?), 3.89 (ddt, 3Jy_y =
5.6, L9 Hz, *Jy_; = 1.4, 1.3 Hz, 1H, HC"), 2.07 (dddd, ¥J;;_y; = 14.2 Hz,
u_y = 13.0, 5.6, 3.9 Hz, 1H, H,C3), 1.85 (dddd, ?Jy_y = 142 Hz,
u_y = 22, 1.9 Hz, 1H, H,C3), 0.97 (s, 9H, H;C¥), 021 (s, 3H,
H,C"), 020 (s, 3H, HyC"). *C{'"H} NMR (126 MHz, CDCL,): §
151.1 (C"), 151.1 (d, YJo_p = 245.0 Hz, C*), 145.0 (d, Jc_p = 11.4 Hz,
C?%), 130.8 (C'?), 126.4 (C®), 123.2 (d, ¥Jc_r = 6.8 Hz, C°), 119.2 (d,
3Jc_p=3.3Hz, C'°),115.1 (d, Jc_p = 19.3 Hz, C7), 61.4 (C?), 40.7 (d,
YJe_g=2.0Hz, C*),27.4 (C¥),25.5 (C%), 17.4 (C*),-3.5 (C"), =5.0
(C"). HRMS (ESI) m/z: [M + H]* Calcd for C,,H,BrFOSi 371.0837;
Found 371.0836.

tert-Butyl(1-(6,8-dichlorochroman-4-yl)vinyl)-
dimethylsilane (4i)

The reaction was performed according to the general procedure E from
aryl ether 2i to yield crude product, which, after column
chromatography on AgNOj-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 35%), provided chromane 4i
as a colorless solid (126 mg, 46%). '"H NMR (500 MHz, CDCL,): § 'H
NMR (500 MHz, CDCL;): § 7.20 (d, *J;;_; = 2.5 Hz, 1H, H—C’), 6.83
(d, ¥yu = 2.5 Hz, 1H, H-C®), 5.68 (s, 1H, H,C'?), 5.35 (s, 1H,
H,C'), 429-4.18 (m, 2H, H,C?), 3.74 (dd, *J_y = 6.0, 5.0 Hz, 1H,
HC*),2.09 (dddd, ¥J,y_y; = 14.1 Hz, ¥J,;_y; = 8.8, 6.0, 4.0 Hz, 1H, H,C?),
1.80 (dddd, ¥Jy;_y; = 14.1 Hz, *J;;_; = 5.4, 5.0, 2.7 Hz, 1H, H,C?), 0.96
(s, 9H, H;C¥), 0.12 (s, 3H, H,C"), 0.09 (s, 3H, HyC"). BC{'H}
NMR (126 MHz, CDCLy): § 153.0 (C''), 149.9 (C°), 131.6 (C"?),
128.6 (C%), 128.0 (C7), 127.7 (C'?), 124.5 (C®), 122.2 (C®), 63.5 (C?),
41.0 (C%), 27.7 (C?), 27.2 (C¥), 17.6 (C¥), —4.9 (C"), =5.1 (C").
HRMS (ESI) m/z: [M + H]" Calcd for C,H,;Cl,0Si 343.1046; Found
343.1046.

tert-Butyl(1-(5-fluorochroman-4-yl)vinyl)dimethylsilane
(0-4j) and
tert-butyl(1-(7-fluorochroman-4-yl)vinyl)dimethylsilane
(p-4j)

The reaction was performed according to the general procedure E from
aryl ether 2j to afford crude product mixture, which, after column
chromatography on AgNOj-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 35%), provided colorless oil
(148 mg, 63%) consisting of two isomers 0-4j and p-4j with ratio 41:59.
Compound o-4j data: "H NMR (500 MHz, CDCLy): 6 7.06 (dt, *Jyy_p =
6.6 Hz, ¥Jy_y = 8.3 Hz, 1H, H-C"), 6.63 (d, *Jy_y; = 8.3 Hz, 1H, H—
C%), 6.55 (dd, ¥Jyy_ = 8.4 Hz, 3J;_y = 8.3 Hz, 1H, H-C®), 5.59 (d,
YJy-n = 2.1 Hz, 1H, H,C"), 5.22 (dd, *Jyy_y; = 2.1 Hz, *J;;_;; = 1.1 Hz,
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1H, H,C"), 4.16 (dddd, ¥J,y_; = 10.8 Hz, ¥,y _y; = 3.6, 2.3 Hz, Jy_yy =
1.0 Hz, 1H, H,C?), 4.06 (ddd, ¥J_y; = 10.8 Hz, *J_y = 12.6, 2.1 Hz,
1H, H,C?), 3.89 (ddd, 3Jyy_y; = 5.9, 2.3 Hz, “J,_y = 1.1 Hz, 1H, HC*),
2.07 (dddd, ¥Jy_y = 14.0 Hz, ¥J,y_y; = 12.6, 5.9, 3.6 Hz, 1H, H,C?), 1.85
(dddd, *Jy_y = 14.0 Hz, 3Jy_y = 2.3, 2.3, 2.1 Hz, 1H, H,C%), 0.97 (s,
9H, H,C*), 0.19 (s, 3H, H;C"), 0.14 (s, 3H, H,C"). *C{'H} NMR
(126 MHz, CDCl;): 6 160.7 (d, 'Jo_p = 245.5 Hz, C®), 156.6 (d, 3Jc_p =
8.5 Hz, C?), 152.4 (C'), 129.4 (C"), 127.8 (d, *Jc_p = 10.6 Hz, C7),
112.6 (d, J_p = 21.3 Hz, C'), 112.1 (d, ¥Jc_z = 3.1 Hz, C*), 106.6 (d,
Ye_p=22.1Hz, C°%), 60.9 (C?),34.2 (d, *Jc_p = 2.7 Hz, C*),26.9 (C¥),
26.3(C3),17.3 (C*), —4.8 (C""), —4.9 (C"). HRMS (ESI) m/z: [M +
H]"* Caled for C;H,¢FOSi 293.1731; Found 293.1732 (for mixture).
Compound p-4j data: "H NMR (500 MHz, CDCL,): 5 6.58 (dd, *Jy_g =
6.6 Hz, 3Jy_yy = 8.4 Hz, 1H, H-C®), 6.53 (dd, ¥J,y_p = 94 Hz, Jyy_y =
8.4 Hz, *J;y_y = 2.6 Hz 1H, H—C®), 6.50 (dd, *J;;_ = 10.3 Hz, *J;y_yy =
2.6 Hz 1H, H-C®), 5.62 (d, ¥Jy_u = 2.2 Hz, 1H, H,C"), 5.37 (dd,
Yy_n = 22 Hz, ¥Jy_yy = 1.1 Hz, 1H, H,C"?), 4.14—4.09 (m, 2H, H,C?),
3.73 (ddd, 3Jy_y = 6.3, 5.0 Hz, *J,;_y; = 1.1 Hz, 1H, HC*), 2.08 (dddd,
YJy-n = 14.0Hz, ¥Jy_y = 6.3, 5.0,2.0 Hz, 1H, H,C?), 1.75 (dtd, Jyy_yy =
14.0 Hz, *J;;_; = 5.0, 3.4 Hz, 1H, H,C?), 0.96 (s, 9H, H;C*), 0.11 (s,
3H, H,C"),0.08 (s, 3H, H;C"). BC{'H} NMR (126 MHz, CDCl,): §
162.0 (d, Jo_p = 243.2 Hz, C7), 156.2 (d, ¥Jc_p = 11.9 Hz, C°), 153.7
(C'),131.3 (d, *Jc_p = 9.76 Hz, C®), 130.8 (C'2), 120.5 (d, ¥Jc_p = 3.2
Hz, C'°),107.5 (d, ¥Jc_p = 21.6 Hz, C°), 103.5 (d, }Jc_g = 24.0 Hz, C®),
62.8 (C?), 40.4 (C*), 28.3 (C%), 27.2 (C¥), 17.5 (C¥), —4.9 (C"),
—5.2 (C!). HRMS (ESI) m/z: [M + H]* Caled for C;,H,sFOSi
293.1731; Found 293.1732 (for mixture).

tert-Butyldimethyl(1-(6-nitrochroman-4-yl)vinyl)silane (4k)

O,N"F

The reaction was performed according to the general procedure E from
aryl ether 2k to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 100%), provided chromane 4k as a pale yellow
solid (61 mg, 24%). 'H NMR (500 MHz, CDCly): 6 7.37 (dd, ¥Jyy_yy =
8.5 Hz, “Jy;_y = 2.0 Hz, 1H, H-C"), 7.26 (dd, *J_y = 2.0 Hz, 1H, H—
C%), 6.84 (dd, *Jy_yy = 8.5 Hz, 1H, H-C?®), 5.68 (d, JJy_y = 1.9 Hz, 1H,
H,C"), 5.30 (dd, Yy_yy = 1.9 Hz, *J;;_y; = 1.2 Hz, 1H, H,C"), 4.20
(ddd, ¥Jyy_yy = 11.2 Hz, 3Jy_yy = 6.0, 4.5 Hz, 1H, H,C?), 4.18 (ddd, Jy_y
=112 Hz, ¥,_y = 8.2, 3.2 Hz, 1H, H,C?), 3.75 (ddd, 3Jy_y; = 6.0, 4.8
Hz, *Jy_i = 1.2 Hz, 1H, HC*), 2.10 (dddd, ¥;;_y; = 14.3 Hz, ¥Jy_y =
8.2, 6.0, 4.5 Hz, 1H, H,C?), 1.80 (dddd, ¥J;;_y; = 14.3 Hz, *J;_py = 5.2,
4.8, 3.2 Hz, 1H, H,C?), 0.96 (s, 9H, H,C*), 0.12 (s, 3H, H,C""), 0.10
(s,3H, HyC"). ®C{'"H} NMR (126 MHz, CDCl,): § 159.1 (C°), 153.0
(€M), 135.0 (C°), 131.6 (C7), 131.5 (C™), 126.1 (C'°), 119.7 (C'"),
117.8 (C*), 103.4 (C%), 63.2 (C?), 40.4 (C*), 27.7 (C%), 27.1 (C¥),
17.6 (C*), —4.9 (C"), =5.2 (C""). HRMS (ESI) m/z: [M + H]* Calcd
for C;,H,¢NO;Si 320.1676; Found 320.1676.

4-(1-(tert-Butyldimethylsilyl)vinyl)chromane-6-carbonitrile
(41

The reaction was performed according to the general procedure E from
aryl ether 2l to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 100%), provided chromane 41 as a pale yellow

solid (85 mg, 35%). "H NMR (500 MHz, CDCl,): 6 8.00 (dd, ¥J;;_y =
9.0 Hz, *Jyy_yy = 2.8 Hz, 1H, H-C"), 7.91 (dd, ¥Jyy_1; = 2.8 Hz, Jyy_y =
0.9 Hz, 1H, H-C"), 6.86 (dd, *Jy_y = 9.0 Hz, *J,;_y; = 0.9 Hz, 1H, H—
C%), 5.71 (d, ¥Jy_y = 1.8 Hz, 1H, H,C"), 5.34 (dd, *Jy_y = 1.8 Hz,
Yy_n = 1.1 Hz, 1H, H,C'?), 425 (ddd, Jy_y = 11.2 Hz, ¥,y _; = 4.8, 4.6
Hgz, 1H, H,C?), 4.22 (ddd, ¥yy_y = 11.2 Hz, *Jy_y = 7.8, 3.4 Hz, 1H,
H,C?), 3.81 (ddd, *Jyy_y = 5.9, 5.3 Hz, *J;;_y = 1.1 Hz, 1H, HC?), 2.12
(dddd, *Jyy_y; = 14.1 Hz, ¥y = 7.5, 5.9, 4.7 Hz, 1H, H,C?), 1.86
(dddd, *fy_y; = 14.1 Hz, ¥y = 5.3, 4.8, 3.4 Hz, 1H, H,C?), 0.98 (s,
9H, H,C*), 0.14 (s, 3H, H;C"), 0.10 (s, 3H, H,C"). *C{'H} NMR
(126 MHz, CDCL,): 6 160.9 (C°), 152.8 (C'), 141.2 (C°), 131.7
(C),126.7 (C%), 125.4 (C'), 123.8 (C7), 117.3 (C?), 63.7 (C?), 40.9
(€%,27.6 (C3),27.2(C¥),17.5 (C*), —4.9 (C"), =5.0 (C""). HRMS
(ESI) m/z: [M + H]" Calcd for C;sH,(NOSi 300.1778; Found
300.1777.

Benzyl
(4-(1-(tert-butyldimethylsilyl)-
vinyl)-8-methylchroman-5-yl)carbamate (4m)

The reaction was performed according to the general procedure E from
aryl ether 2m to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 100%), provided chromane 4m as a pale yellow
solid (131 mg, 37%). 'H NMR (500 MHz, CDCL): § 7.39—-7.30 (m,
SH, H—-C*"", H—C*"", H—C*""), 7.26—7.13 (m, 1H, H-C®), 7.01 (d,
- = 8.1 Hz, 1H, H-C"), 6.24 (s, 1H, H,C"), 5.73 (d, *Jy_y = 1.8
Hz, 1H, H,C"), 5.34 (br, 1H, HN'"), 5.19 (d, ¥Jy_y = 12.3 Hz, 1H,
H,C*), 5.14 (d, ¥Jy_y = 12.3 Hz, 1H, H,C*), 4.25 (dddd, ¥Jyy_y =
10.8 Hz, 3Jy_y = 3.5, 2.9, 1.1 Hz, 1H, H,C?), 4.18 (ddd, ?Jy_y = 10.8
Hz, ¥Jy_u = 12.6, 1.8 Hz, 1H, H,C?), 3.63 (ddd, *J;;_; = 6.4, 1.8 Hz,
Yun = 1.1 Hz, 1H, HC*), 2.16 (s, 3H, H;C*"), 2.06 (dddd, YJy_y =
13.9 Hz, ¥,y_y = 12.6, 6.4, 3.5 Hz, 1H, H,C%), 1.80 (ddt, ¥,y_y = 13.9
Hz, ¥y_g = 2.9, 1.8 Hz, 1H, H,C?), 0.95 (s, 9H, Hy;C¥), 0.17 (s, 3H,
H,C"), 0.16 (s, 3H, H;C"). *C{'H} NMR (126 MHz, CDCl,): §
154.0 (C*"), 153.7 (C°), 152.0 (C"), 136.4 (C'""), 133.4 (C°), 131.8
(C), 1289 (C7), 128.6 (C°), 128.4 (C*’), 1284 (C*’), 1283
(C3"),122.1 (C%), 114.7 (C'°),113.8 (C®), 67.0 (C3"), 60.4 (C?), 37.1
(€*,27.3 (C¥), 26.5 (C*), 17.3 (C¥), 16.1 (C*"), =3.7 (C"), —4.8
(C"). HRMS (ESI) m/z: [M + H]* Calcd for C,gH;(NO,Si 438.2459;
Found 438.2454.

tert-Butyl(1-(8-methoxychroman-4-yl)vinyl)dimethylsilane
(4n)

The reaction was performed according to the general procedure E from
aryl ether 2n to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 100%), provided chromane 4n as a colorless solid
(212 mg, 87%). "H NMR (500 MHz, CDCL,): 6 6.77 (dd, *Jyy_yy = 8.1,
7.8 Hz, Jyy_y; = 1.8 Hz, 1H, H—C®), 6.71 (dd, *Jyy_yy = 8.1 Hz, ¥J;y_py =
1.6 Hz, 1H, H—C®), 6.58 (ddd, *J,;_; = 7.8 Hz, *J,;_; = 1.8,0.7 Hz, 1H,
H-C7), 5.64 (d, ’Jy_y = 2.3 Hz, 1H, H,C"), 5.38 (dd, ?Jy_y = 2.3 Hz,
YJy-n = 1.1 Hz, 1H, H,C"?),4.25 (ddd, JJy_y = 10.9 Hz, *J;;_;; = 5.1, 3.7
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Hz, 1H, H,C?), 4.20 (ddd, ¥,y_y = 10.9 Hz, *J,_y = 9.2, 2.7 Hz, 1H,
H,C?), 3.88 (s, 3H, HyC""), 3.79 (td, *Jy_y = 6.1, 4.8 Hz, “J,y_y = 1.1
Hz, 1H, HC*), 2.13 (dddd, ¥y = 13.9 Hz, *J,;_y = 9.2, 6.1, 3.7 Hz,
1H, H,C?), 1.76 (dddd, *Jyy_y = 13.9 Hz, ¥J,;_y; = 5.1, 4.8, 2.7 Hz, 1H,
H,C%), 0.96 (s, 9H, Hy;C¥), 0.11 (s, 3H, Hy,C"), 0.10 (s, 3H, H,C").
BC{'H} NMR (126 MHz, CDCL;): § 153.7 (C"), 148.3 (C%), 145.0
(C%), 130.9 (C"), 1254 (C'7), 122.4 (C7), 119.5 (C°), 108.9 (C?),
62.8 (C?),55.9(C'"),40.5(C*),28.2(C%),27.2(C*),17.6 (C¥'), —4.9
(C"), =5.2 (C"). HRMS (ESI) m/z: [M + H]" Calcd for C;sH,00,Si
305.1931; Found 305.1932.

tert-Butyl(1-(7-methoxychroman-4-yl)vinyl)dimethylsilane
(40)

The reaction was performed according to the general procedure E from
aryl ether 20 to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 100%), provided chromane 40 as a colorless solid
(85 mg, 35%). "H NMR (500 MHz, CDCL,): § 6.96 (dd, *J,;_y; = 8.4
Hz, 5Jy_y = 0.8 Hz, 1H, H-C%), 6.44 (dd, ¥Jy_y; = 8.4 Hz, *J,_yy = 2.6
Hz, 1H, H—C°), 6.72 (dd, “Jyy_y = 2.6 Hz, *J;;_y = 0.8 Hz, 1H, H-C?),
5.64 (d, Jyy_yy = 2.4 Hz, 1H, H,C"), 5.39 (dd, YJyy_y = 24 Hz, *Jyy_yy =
1.1 Hz, 1H, H,C"), 425 (ddd, ¥Jy_; = 10.9 Hz, *J;;_y; = 8.3, 3.0 Hz,
1H, H,C?), 4.20 (ddd, *J;;_3; = 10.9 Hz, *J;;_y; = 5.3, 4.0 Hz, 1H, H,C?),
3.76 (s, 3H, HyC""), 3.72 (ddd, *Jy_y = 6.2, 5.3 Hz, Jy_yy = 1.1 Hz, 1H,
HC*), 2.10 (dddd, ¥yy_y = 13.9 Hz, ¥Jy_y = 83, 62, 4.0, Hz, 1H,
H,C?), 1.76 (dtd, ¥yy_y = 13.9 Hz, ¥,y _y; = 5.3, 3.0 Hz, 1H, H,C?), 0.96
(s, 9H, H,C¥), 0.11 (s, 3H, HyC"), 0.09 (s, 3H, HyC"). *C{'H}
NMR (126 MHz, CDCL,): § 159.2 (C7), 156.2 (C°), 154.0 (C'"),131.0
(C%), 130.5 (C'?), 117.0 (C'°), 107.5 (C®), 101.0 (C?),62.8 (C?), 55.4
(C'), 40.3 (CY), 28.7 (C?), 27.2 (C¥), 17.6 (C*), —4.9 (C"), —=5.2
(C'). HRMS (ESI) m/z: [M + H]* Calcd for C,gH,50,Si 305.1931;
Found 305.1933.

4-(1-(tert-Butyldimethylsilyl)vinyl)chroman-8-ol (4q)

Z 0

The reaction was performed according to the general procedure E from
aryl ether 2q to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 100%), provided chromane 4q as a colorless solid
(186 mg, 80%). "H NMR (500 MHz, CDCl,): 6 6.75 (dd, ¥Jyy_y = 7.8
Hz, “;;_; = 1.8 Hz, 1H, H-C%), 6.72 (dd, *Jyy_y; = 7.8, 7.6 Hz, 1H, H—
C®), 6.51 (ddd, ¥y_y = 7.6 Hz, *Jyy_yy = 1.8, 0.8 Hz, 1H, H-C), 5.63
(d, YJy_y = 2.2 He, 1H, H,C"), 5.49 (s, 1H, HO'"), 5.40 (dd, Jyy_yy =
22 Hz, Jy_y = 1.1 Hz, 1H, H,C'?), 4.24—4.17 (m, 2H, H,C?), 3.78
(td, ¥y_y = 5.1 Hz, “Jyy_y = 1.1 Hz, 1H, HC*), 2.13 (dddd, ¥J;y_y; = 14.0
Hz, ¥y_y = 7.5, 6.0, 5.1 Hz, 1H, H,C%), 1.79 (dddd, *J;;_j; = 14.0 Hz,
3y_n = 5.2, 5.1, 3.4 Hz, 1H, H,C?), 0.96 (s, 9H, H,C*), 0.11 (s, 3H,
H,C"), 0.09 (s, 3H, HyC"). ®C{'"H} NMR (126 MHz, CDCl,): §
153.5 (C'), 144.7 (C®), 142.6 (C?), 130.8 (C'?), 125.1 (C'), 121.3
(C7), 120.1 (C%), 112.2 (C?), 63.2 (C?), 41.3 (C*), 28.7 (C%), 27.2
(C¥),17.6 (C*), —4.9 (C"),=5.3 (C"). HRMS (ESI) m/z: [M + H]*
Calcd for C,,H,,0,Si [M + H]* 291.1775; Found 291.1770.

4,7-Bis(1-(tert-butyldimethylsilyl)-
vinyl)-2,3,4,7,8,9-hexahydropyrano[3,2-h]Jchromene (4r)

o
!

The reaction was performed according to the general procedure E from
aryl ether 2r to yield crude product, which, after column
chromatography on AgNOs-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 67%), provided chromane 4r
as a colorless solid (266 mg, 71%). "H NMR (500 MHz, CDCL,): § 6.43
(s, 2H, H-C%), 5.62 (d, ?Jy_y = 2.3 Hz, 2H, H,C?), 5.40 (dd, Jy_y =
2.3 Hz, Jy_y = 1.1 Hg, 2H, H,C%), 4.25 (ddd, Jy_y = 10.9 Hz, ¥y _yy =
5.1,3.5 Hz, 2H, H,C?), 4.18 (ddd, ¥Jy_; = 10.9 Hz, *J;_y = 9.8,2.5 Hz,
2H, H,C?), 3.76 (ddd, *J;;_y; = 6.2, 4.2 Hz, ¥J;_y; = 1.1 Hz, 2H, HC?),
2.14 (dddd, ¥,y_y = 13.8 Hz, *Jyy_y = 9.8, 6.2, 3.5 Hz, 2H, H,C3), 1.72
(dddd, ¥y_y = 13.8 Hz, 3Jyy_y = 5.1, 3.8, 2.5 Hz, 2H, H,C?), 0.96 (s,
18H, H;C¥), 0.10 (s, 12H, H,C"). BC{’'H} NMR (126 MHz,
CDCl,): 6 153.8 (C®), 144.1 (C°), 130.7 (C?), 122.9 (C7), 121.1 (C%),
62.4 (C?), 40.5 (C*), 28.2 (C?), 27.2 (C¥), 17.6 (C¥), =5.0 (C),
—5.3 (C"). HRMS (ESI) m/z: [M + H]" Calcd for C,gH,,0,Si,
471.3109; Found 471.3101.

(2)-tert-Butyl(2-chloro-1-(chroman-4-yl)vinyl)-
dimethylsilane (10a)

The reaction was performed according to the general procedure E from
chloroalkyne 6a to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 30%), provided chromane 10a as a colorless solid
(246 mg, 99%). "H NMR (500 MHz, CDCly): § 7.10 (ddd, *Jy_1; = 7.9,
7.1Hz, *yy_y = 1.7 Hg, 1H, H-C"), 6.99 (dd, *Jy_yy = 7.9, Hz, *Jyy_py =
1.7 Hz, *Jy_y = 0.3 Hz, 1H, H-C), 6.84 (ddd, *Jy_y = 7.9, 7.1 Hz,
Yu_n = 1.3 Hz, 1H, H-C®), 6.80 (dd, *Jyy_y; = 7.9 Hz, *Jy_y = 1.3 Hz,
SJi— = 0.3 Hz, 1H, H—C®), 6.44 (d, *J;;_1; = 0.9 Hz, 1H, HC'?), 4.21—
4.11 (m, 2H, H,C?), 3.79 (ddd, 3Jy_y = 6.0, 4.8 Hz, *J3_;; = 0.9 Hz, 1H,
HC*),2.11 (dddd, ¥Jy_; = 14.0 Hz, ¥, _; = 7.9, 6.0, 5.1 Hz, 1H, H,C?),
1.78 (dtd, ¥Jyy_y; = 14.0 Hz, *Jy;_yy = 4.8, 3.3 Hz, 1H, H,C?), 1.05 (s, 9H,
H,C¥), 0.34 (s, 3H, H,C"), 0.18 (s, 3H, H,C"). BC{'H} NMR (126
MHz, CDCly): § 155.3 (C°), 145.4 (C"), 133.4 (C"), 130.4 (C%),
128.0 (C7), 124.1 (C'?), 120.7 (C®), 117.0 (C®), 62.3 (C?), 40.4 (C*),
28.9 (C%),27.9 (C¥), 19.4 (C*),=3.0 (C"),—4.2 (C""). HRMS (ESI)
m/z: [M + H]" Caled for C,,H,4ClOSi 309.1436; Found 309.1434.

(2)-tert-Butyl(1-(benzo[h]chroman-4-yl)-2-chlorovinyl)-
dimethylsilane (10b)

The reaction was performed according to the general procedure E from
chloroalkyne 6b to yield crude product, which, after column
chromatography on AgNOs-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 30%), provided chromane
10b as a colorless solid (246 mg, 86%). "H NMR (500 MHz, CDCl,): §
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8.19—8.15 (m, 1H, H—C7), 7.77-7.71 (m, 1H, H-C'), 7.49—7.44
(m, 2H, H—C®, H—C°), 7.32 (d, ¥J4_y = 8.5 Hz, 1H, H-C?), 7.06 (d,
3Jyn = 8.5 Hz, 1H, H—C"), 6.19 (s, IH, HC'®), 4.39 (ddd, ¥J;;_; = 11.1
Hz, ¥y_yy =47, 3.5 Hz, 1H, H,C?), 4.26 (ddd, Jy_yy = 11.1 Hz, 3]y _y =
10.9, 2.4 Hz, 1H, H,C?), 3.90 (ddd, *J,;_i; = 6.3, 3.4 Hz, 1H, HC*), 2.26
(dddd, ¥y = 13.8 Hz, ¥,y_y = 10.9, 6.3, 3.5 Hz, 1H, H,C?), 1.83
(dddd, *Jyy_y = 13.8 Hz, 3Jy_y = 4.7, 3.4, 2.4 Hz, 1H, H,C%), 1.09 (s,
9H, H,C%), 0.35 (s, 3H, HyC"), 0.25 (s, 3H, H;C"). *C{'"H} NMR
(126 MHz, CDCly): § 150.5 (C'!), 145.5 (C"), 134.0 (C'¢), 133.5
(C'), 1282 (C%), 127.5 (C'?), 126.3 (C*?), 125.5 (C¥), 125.2 (C"),
121.8 (C7), 120.1 (C°), 117.0 (C'), 62.1 (C?), 40.2 (C*), 28.6 (C),
27.9 (C¥),19.4 (C*),=3.0 (C"),—4.2 (C"). HRMS (ESI) m/z: [M +
H]* Caled for C,,H,5ClOSi 359.1592; Found 359.1593.

(2)-tert-Butyl(2-chloro-1-(5,8-dimethylchroman-4-yl)vinyl)-
dimethylsilane (10c)

The reaction was performed according to the general procedure E from
chloroalkyne 6c to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 20%), provided chromane 10c as a colorless solid
(249 mg, 92%). '"H NMR (500 MHz, CDCl,): & 691 (d, *Jy_yy = 7.5
Hz, 1H, H-C%), 6.62 (d, 3Jy_y = 7.5 Hz, 1H, H—C°), 5.96—5.94 (m,
1H, HC™), 4.25 (dddd, ¥yy_y; = 11.0 Hz, *Jyy_yy = 3.7, 2.5 Hz, ¥Jyy_yy =
1.4 Hz, 1H, H,C?), 4.03 (ddd, Jyy_y = 11.0 Hz, 3Jyy_y; = 12.7, 2.0 Hz,
1H, H,C?), 3.70 (dd, *Jy_y = 5.7, 1.7 Hz, 1H, HC*), 2.16 (s, 3H,
H,C?"), 2.10 (s, 3H, H5C"), 2.07 (dddd, *y;_; = 13.5 Hz, *Jyy_py =
12.7,5.7,3.7 Hz, 1H, H,C%), 1.82 (dddd, ¥Jy_g = 13.5 Hz, ¥y = 2.5,
1.7, 2.0 Hz, 1H, H,C%), 1.04 (s, 9H, H;C*'), 0.35 (s, 3H, H;C"), 0.29
(s,3H, HsC"). ®C{'"H} NMR (126 MHz, CDCl): § 153.1 (C°), 144.3
(C'), 134.5 (C%), 132.5 (C'?), 128.8 (C7), 123.5 (C®), 121.62 (C'),
121.2 (C%),60.3 (C?), 37.6 (C*),28.8 (C*'),26.6 (C?),19.2 (C'"),18.6
(€*),16.3(C*"),-3.5(C"),—3.5(C"). HRMS (ESI) m/z: [M +H]*
Calcd for C gH;(,ClOSi 337.1749; Found 337.1749.

(2)-(1-(5-Bromo-8-methylchroman-4-yl)-2-chlorovinyl)-
(tert-butyl)dimethylsilane (10f)

The reaction was performed according to the general procedure E from
chloroalkyne 6f to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 20%), provided chromane 10f as a colorless solid
(292 mg, 91%). "H NMR (500 MHz, CDCLy): § 7.01 (d, *Jy_y; = 8.0
Hz, 1H, H-C®), 6.87 (d, *Jy_ = 8.0 Hz, 1H, H—C"), 5.85 (d, *Jyy_n =
1.3 Hz, 1H, HC™), 4.28 (dddd, ¥,y = 11.0 Hz, ¥Jy_y; = 3.8, 2.4 Hz,
Y4-n = 1.3 Hz, 1H, H,C?), 4.05 (ddd, ¥Jy_ = 11.0 Hz, *J;;_3; = 12.9,
2.1 Hz, 1H, H,C?), 3.89 (dt, *f,_y = 5.7, 1.3 Hz, Jy_yy = 1.3 Hz, 1H,
HC*), 2.14 (s, 3H, HyC""), 2.04 (dddd, *Jyy_y = 14.1 Hz, ¥J,y_y; = 12.9,
5.7, 3.8 Hz, 1H, H,C%), 1.86 (dddd, *Jy_y; = 14.1 Hz, ¥Jyy_y = 2.4, 2.1,
1.7 Hz, 1H, H,C?), 1.03 (s, 9H, H,C*), 0.38 (s, 3H, Hy,C"), 0.31 (s,
3H, Hy,C"). BC{'H} NMR (126 MHz, CDCl;): § 154.3 (C°), 144.1
(C'), 132.3 (C'2), 130.0 (C7), 125.4 (C%), 124.0 (C%), 122.5 (C¥/1),
122.4 (C¥19), 61.0 (C?), 40.4 (C*), 28.9 (C*'), 26.2 (C%), 18.5 (C¥),
16.3 (C'"), =3.5 (C"), =3.6 (C'). HRMS (ESI) m/z: [M + H]* Calcd
for C;sH,,BrClOSi 401.0698; Found 401.0695.

Gram-Scale Synthesis of Chromane 10f

A 50 mL round-bottom flask, equipped with a Teflon-coated magnetic
stirrer, was charged with aryl ether 6f (2.75 g, 7.50 mmol, 1.0 equiv),
then 1,2-dichloroethane (24 mL) was added, and the reaction mixture
was heated up to 60 °C in the oil bath. Bistriflimide (HNTf,) solution in
1,2-dichloroethane (0.25 M, 6 mL, 1.50 mmol, 0.2 equiv) was added,
coloring the solution dark red and then dark violet within 1 min. Then,
the reaction mixture was quenched by dropwise addition of
triethylamine until decoloration (mixture becomes light yellow). The
crude mixture was filtered through a short silica gel plug. The filtrate
was concentrated in vacuo and filtered through a short silica gel plug,
followed by washing with a 25% DCM solution in hexanes. The filtrate
was concentrated and purified by column chromatography on silica gel
(eluent system: DCM solution in hexanes, gradient 0 — 12%) to afford
chromane 10f, as a colorless solid (2.40 g, 87%).

(2)-tert-Butyl(2-chloro-1-(6,8-dichlorochroman-4-yl)vinyl)-
dimethylsilane (10i)

The reaction was performed according to the general procedure E from
chloroalkyne 6i to yield crude product, which, after column
chromatography on AgNOj-impregnated silica gel (eluent system:
toluene in hexanes, gradient change 12 — 35%), provided chromane
10i as a colorless solid (234 mg, 78%). "H NMR (500 MHz, CDCl,): §
7.22 (d, ¥Jy_y = 2.5 He, 1H, H-C"), 6.87 (d, *Jyy_y = 2.5 Hz, 1H, H—
C%), 6.21 (s, 1H, H,C"?), 4.15 (ddd, ¥Jyy_y; = 11.4 Hz, *J,;_; = 5.2, 3.5
Hgz, 1H, H,C?), 4.13 (ddd, ¥y_y = 11.4 Hz, *Jy_y = 9.7, 2.7 Hz, 1H,
H,C?), 3.78 (dd, ¥J;y_y; = 6.0, 4.6, Hz, 1H, HC*), 2.11 (dddd, *J;_y =
14.2 Hz, *J,y_y = 9.7, 6.0, 3.5 Hz, 1H, H,C?), 1.77 (dddd, ¥Jy_y; = 14.2
Hz, *Jy_y = 5.2, 4.6, 2.7 Hz, 1H, H,C?), 1.04 (s, 9H, H;C*'), 0.34 (s,
3H, H,C"),0.18 (s, 3H, HyC"). C{'H} NMR (126 MHz, CDCl,): §
149.7 (C%), 144.7 (C"), 133.9 (C'?), 128.5 (C7), 128.3 (C°), 126.9
(C'%), 124.9 (C%), 122.7 (C%), 632 (C?), 40.6 (C*), 28.1 (C?), 27.9
(€¥), 19.3 (C*), =3.1 (C"), —4.1 (C"). HRMS (ESI) m/z: [M —
‘Bu]* Calcd for C,3H,,CLOSi 318.9874; Found 318.9871.

(2)-tert-Butyl(2-chloro-1-(6-nitrochroman-4-yl)vinyl)-
dimethylsilane (10k)

O,N"F
The reaction was performed according to the general procedure E from
chloroalkyne 6k to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 100%), provided chromane 10k as a colorless
solid (87 mg, 62%). '"H NMR (500 MHz, CDCL;): '"H NMR (500
MHz, CDCLy): 5 8.01 (dd, ¥,y_; = 9.1 Hz, *Jy_y; = 2.8 Hz, 1H, H-C'),
7.95 (d, Jy_u = 2.8 Hz, 1H, H—C%), 6.88 (d, ¥Jy_y = 9.1 Hz, 1H, H—
C%), 6.20 (s, 1H, H,C"2), 4.29 (ddd, ¥Jyy_y; = 11.4 Hz, *J;;_y; = 5.6, 3.9
Hz, 1H, H,C?), 4.24 (ddd, ¥,y_y = 11.4 Hz, 3Jy_y = 9.2, 2.9 Hz, 1H,
H,C?), 3.81 (dd, ¥Jyy_y = 5.8, 5.0 Hz, *J,;_y; = 1.1 Hz, 1H, HC*), 2.12
(dddd, yy_y = 14.1 Hz, ¥,y_y = 9.2, 5.8, 3.9 Hz, 1H, H,C?), 1.87
(dddd, ¥y_y = 14.1 Hz, 3Jyy_y = 5.6, 5.0, 2.9 Hz, 1H, H,C%), 1.06 (s,
9H, H,C*), 0.35 (s, 3H, H;C""), 0.20 (s, 3H, H,C"). *C{'H} NMR
(126 MHz, CDCLy): § 160.5 (C?), 144.7 (C''), 141.4 (C°), 133.9
(C'), 126.5 (C%), 124.7 (C'), 124.2 (C7), 117.7 (C?), 63.4 (C?), 40.5
(€*,27.9(C?),27.9 (C*), 19.3 (C*), =3.1 (C), —4.0 (C""). HRMS
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(ESI) m/z: [M + H]* Caled for C;,H,sCINO;Si 354.1287; Found
354.1286.

(2)-(2-Bromo-1-(chroman-4-yl)vinyl)(tert-butyl)-
dimethylsilane (11a)

The reaction was performed according to the general procedure E from
bromoalkyne 7a to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 20%), provided chromane 11a as a colorless solid
(241 mg, 85%). "H NMR (500 MHz, CDCL;): 57.10 (ddd, *J;;_; = 8.2,
7.1 Hz, ¥Jy_yy = 1.7 Hz, 1H, H-C"), 6.99 (dd, ¥Jyy_y; = 7.8 Hz, *Jyy_p =
1.7 Hz, 1H, H-C"), 6.84 (ddd, *J;;_; = 7.8, 7.1 Hz, *J;;_;; = 1.3 Hz, 1H,
H-C"), 6.80 (dd, ¥Jyy_y; = 8.2 Hz, *J,y_y; = 1.3 Hz, 1H, H-C?), 6.4 (d,
Y- =0.9 Hz, IH, HC'?), 4.18—4.06 (m, 2H, H,C?), 3.83 (ddd, *J;;_»
= 6.1, 4.8 Hz, *J,;_y = 0.9 Hz, 1H, HC*), 2.13 (dddd, ?Jy_y = 14.0 Hz,
3uy_n = 8.8, 6.1, 4.3 Hz, 1H, H,C%), 1.76 (dtd, >Jyy_y = 14.0 Hz, 3y _yy =
4.8,2.9 Hz, 1H, H,C%), 1.07 (s, 9H, H;C¥), 0.39 (s, 3H, H,C"), 0.23
(s,3H, H;C"). ®C{'"H} NMR (126 MHz, CDCL,): § 155.4 (C°), 149.0
(C'), 1304 (C%), 128.1 (C7), 123.9 (C'?), 122.4 (C"?), 120.7 (C°),
117.0 (C®), 62.2 (C?), 42.2 (C*), 28.8 (C?), 28.0 (C*), 19.5 (C?¥),
-2.5 (CY), =3.9 (C"). HRMS (ESI) m/z: [M + H]" Calcd for
C,,H,4BrOSi 353.0931; Found 353.0929.

(2)-(2-Bromo-1-(5-bromo-8-methylchroman-4-yl)vinyl)-
(tert-butyl)dimethylsilane (11f)

3

1 3
\ 2l
1 —Si

The reaction was performed according to the general procedure E from
bromoalkyne 7f to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 20%), provided chromane 11fas a colorless solid
(297 mg, 83%). "H NMR (500 MHz, CDCLy): § 7.01 (d, 3J_y; = 8.0
Hz, 1H, H-C?®), 6.88 (d, *Jy_y = 8.0 Hz, 1H, H—C"), 6.08 (d, *Jyy_1; =
1.3 Hz, 1H, HC™), 4.23 (dddd, ¥J;_y; = 11.1 Hz, ¥Jy_y; = 3.8, 2.4 Hz,
Yg-u = 1.3 Hz, 1H, H,C?), 4.04 (ddd, YJyy_y = 11.1 Hz, *J;;_4; = 12.8,
2.1 Hz, 1H, H,C?), 3.91 (ddt, ¥Jy_y = 5.7, 1.7 Hz, ¥Jy_y = 1.3 Hz, 1H,
HC*), 2.14 (s, 3H, HyC'"), 2.01 (dddd, ¥Jy_y = 14.1 Hz, 3J;;_yy = 12.9,
5.7,3.8 Hz, 1H, H,C%), 1.87 (dddd, *Jyy_y = 14.1 Hz, ¥Jyy_y = 2.4, 2.1,
1.7 Hz, 1H, H,C?), 1.06 (s, 9H, H,C*), 0.42 (s, 3H, HyC"), 0.34 (s,
3H, Hy,C"). BC{'H} NMR (126 MHz, CDCLy): 5 154.4 (C°), 147.7
(€, 130.1 (C7), 125.4 (C®), 124.1 (C°), 122.5 (C®), 122.3 (C'9),
121.2 (C"2), 70.0 (C?), 424 (C*), 292 (C¥), 26.0 (C3), 18.5 (C¥),
16.2 (C'"),—3.1 (C"), —5.1 (C"). HRMS (ESI) m/z: [M + H]* Calcd
for C;sH,,Br,08i 445.0192; Found 445.0191.

Gram-Scale Synthesis of Chromane 11f

A 50 mL round-bottom flask, equipped with a Teflon-coated magnetic
stirrer, was charged with aryl ether 7f (2.16 g, 4.84 mmol, 1.0 equiv),
then 1,2-dichloroethane (18 mL) was added, and the reaction mixture
was heated up to 60 °C in the oil bath. Bistriflimide (HNTf,) solution in
1,2-dichloroethane (0.16 M, 6 mL, 0.96 mmol, 0.2 equiv) was added,
coloring the solution dark red and then dark violet within 1 min. Then,
the reaction mixture was quenched by dropwise addition of
triethylamine until decoloration (mixture becomes light yellow). The
crude mixture was filtered through a short silica gel plug. The filtrate
was concentrated in vacuo and filtered through a short silica gel plug,

followed by washing with a 25% DCM solution in hexanes. The filtrate
was concentrated and purified by column chromatography on silica gel
(eluent system: DCM solution in hexanes, gradient 0 — 12%) to afford
chromane 11f, as a colorless solid (1.72 g, 80%).

(2)-(2-Bromo-1-(6-nitrochroman-4-yl)vinyl)(tert-butyl)-
dimethylsilane (11k)

O,N"F

The reaction was performed according to the general procedure E from
bromoalkyne 7k to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 100%), provided chromane 11k as a colorless
solid (121 mg, 38%). "H NMR (500 MHz, CDCL,): §8.01 (dd, *Jy_; =
9.1 Hz, *Jyy_y; = 2.8 Hz, 1H, H—C"), 7.94 (dd, Jyy_y = 2.8 Hz, “Jyy_py =
0.9 Hz, 1H, H—C"), 6.88 (dd, 3Jy_y = 9.1 Hz, *J;;_y; = 0.9 Hz, 1H, H—
C), 6.40 (s, 1H, H,C"?), 4.29 (ddd, ¥Jyy_yy = 11.4 Hz, 3J,y_y; = 5.1, 3.7
Hgz, 1H, H,C?), 4.22 (ddd, ¥yy_y = 11.4 Hz, *Jy_y = 9.7, 2.8 Hz, 1H,
H,C?), 3.86 (dd, *Jyy_y = 5.8, 4.6 Hz, 1H, HC*), 2.13 (dddd, Jy_y =
14.1 Hz, *J,y_y; = 9.7, 5.8, 3.7 Hz, 1H, H,C%), 1.85 (dddd, ¥Jy_y; = 14.1
Hz, 3Jy_y = 5.1, 4.6, 2.8 Hz, 1H, H,C?), 1.08 (s, 9H, H;C*'), 0.40 (s,
3H, H;C"),0.25 (s, 3H, H;C"). C{'"H} NMR (126 MHz, CDCL;): §
160.6 (C%), 148.3 (C'), 141.4 (C%), 126.5 (C%), 124.4 (C°), 124.2
(C7), 122.7 (C"), 117.7 (C?), 63.2 (C?), 42.1 (C*), 28.0 (C*), 27.7
(C%),19.5 (C*), —2.6 (C"), =3.7 (C""). HRMS (ESI) m/z: [M + H]*
Calcd for C;,H,sBrNO;Si 398.0782; Found 398.0780.

(2)-tert-Butyl(1-(chroman-4-yl)-2-iodovinyl)dimethylsilane
(12a)

The reaction was performed according to the general procedure E from
iodoalkyne 8a to yield crude product, which, after column
chromatography on silica gel (eluent system: toluene in hexanes,
gradient change 12 — 20%), provided chromane 12a as a colorless solid
(175 mg, 55%). "H NMR (500 MHz, CDCl,): § 7.11 (ddd, *J,;_; = 8.2,
7.1Hz, ¥Jy_yy = 1.7 Hz, IH, H-C"), 6.98 (ddd, *Jy_yy = 7.7, Hz, YJy_yy =
1.7 Hz, *Jyy_y = 0.8 Hz, 1H, H-C"), 6.84 (ddd, *Jy_y = 7.7, 7.1 Hz,
YJy_n = 1.3 Hz, 1H, H-C®), 6.80 (ddd, *J,;_; = 8.2 Hz, *J;_y = 1.3 Hz,
SJ_y = 0.8 Hz, 1H, H—C?®), 6.64 (d, *Jyy_; = 0.9 Hz, 1H, HC"?), 4.15
(ddd, *Jy_y = 11.2 Hz, 3Jy_y = 5.2, 3.6 Hz, 1H, H,C?), 4.13 (ddd, JJyy_y
=112 Hz, *Jyy_;; =94,2.7 H, 1H, H,C?),3.78 (dd, *Jy_y; = 6.1, 4.4 Hz,
Yu_n = 0.9 Hz, 1H, HC*), 2.11 (dddd, ¥y_y; = 14.0 Hz, ’J_y = 9.4,6.1,
3.6 Hz, 1H, H,C?), 1.77 (dddd, *Jyy_y = 14.0 Hz, *J,_y; = 5.2, 4.4, 2.7
Hz, 1H, H,C?), 1.09 (s, 9H, H;C*), 0.45 (s, 3H, H;C""), 0.28 (s, 3H,
H,C"). 3C{'H} NMR (126 MHz, CDCl,): § 156.0 (C'?), 155.5 (C?),
130.4 (C%), 128.1 (C7), 123.8 (C'), 120.7 (C°), 117.0 (C®), 94.5
(C™), 622 (C?), 44.4 (C*), 28.9 (C%), 28.1 (C¥), 19.8 (C¥), =2.0
(C"), =3.7 (C"). HRMS (ESI) m/z: [M + H]" Calcd for C;,H,sIOSi
401.0792; Found 401.0793.

General Procedure F: Synthesis of Tetrahydroquinolines 5
and 13. A 10 mL vial, equipped with a Teflon-coated magnetic stirrer,
was charged with the corresponding tertiary amide 3 or 9 (1.0 equiv),
and nitromethane MeNO, was added to get a 0.2 M solution. While
stirring, bistriflimide (HNTf,) solution in nitromethane (0.6 M, 1.0
equiv) was added in one portion to the solution, and the reaction
mixture was allowed to stir for 30 min. Then, the reaction was quenched
by the addition of a few drops of triethylamine and concentrated in
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vacuo. The crude product was purified by column chromatography on
silica gel (eluent system: 30 — 50% DCM solution in hexanes) to afford
pure tetrahydrogionolines § or 13.
4-(1-(tert-Butyldimethylsilyl)vinyl)-1-((4-nitrophenyl)-
sulfonyl)-1,2,3,4-tetrahydroquinoline (5a)

NO,
The reaction was performed according to the general procedure with
minor deviations from the original amounts and stoichiometry.
Nosylamide 3a (50 mg, 0.11 mmol, 1.0 equiv), HNT¥, (0.1 M solution
in MeNO,, 1.3 mL, 0.11 mmol, 1.0 equiv), and MeNO, (2 mL) were
used for the reaction proceeding at 0 °C for 1 h, and 0.03 mL Et;N was
used for workup. The reaction mixture was concentrated in vacuo and
purified by column chromatography on silica gel (eluent system: DCM
in hexanes, gradient change S0 — 60%) to yield tetrahydroquinoline Sa
as ayellow solid (20 mg, 40%). "H NMR (500 MHz, CDCl,): 6 8.24 (d,
3Jyy_y = 8.8 Hz, 2H, H-C*"), 7.86 (dd, *Jyy_y; = 8.3 Hz, Jy_yy = 1.6 Hz,
1H, H-C?), 7.80 (d, ¥J;;_y; = 8.8 Hz, 2H, H—C?"), 7.23 (ddd, ¥Jyy_y; =
8.3,7.3 Hz, *y_y = 1.6 Hz, 1H, H—C"), 7.09 (ddd, ¥J,y_; = 7.7, 7.3 Hg,
Hy_n = 1.2 Hz, 1H, H—C®), 6.96 (dd, *J;;_; = 7.7 Hz, *Jy_y = 1.6 Hz,
1H, H-C®), 5.40 (d, ¥J_g = 1.8 Hz, 1H, H,C"?), 4.91 (s, 1H, H,C"),
3.93-3.77 (m, 2H, H,C?), 3.35 (t, 3Jy_y = 6.2 Hz, 1H, HC*), 1.83—
1.72 (m, 1H, H,C?), 1.55—1.46 (m, 1H, H,C%), 0.85 (s, 9H, HyC¥),
0.01 (s, 3H, HyC"), —0.05 (s, 3H, H;C"). *C{'H} NMR (126 MHz,
CDCLy): 6 153.2 (C'), 150.2 (C*"), 145.1 (C""), 136.5 (C°), 133.4,
130.3 (C*), 130.1 (C'?), 128.5 (C*"), 127.2 (C7), 125.5 (C°), 124.3
(C3), 123.9 (C%), 44.5 (C?), 422 (C*), 28.5 (C?), 27.0 (C*'), 17.4
(€*), =5.3 (C"), =5.5 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
C,3H; N,0,SSi 459.1774; Found 459.1756.
4-(1-(tert-Butyldimethylsilyl)-
vinyl)-5-methyl-1-((4-nitrophenyl)-
sulfonyl)-1,2,3,4-tetrahydroquinoline (o-5e) and
4-(1-(tert-butyldimethylsilyl)-
vinyl)-7-methyl-1-((4-nitrophenyl)-
sulfonyl)-1,2,3,4-tetrahydroquinoline (p-5e)

The reaction was performed according to the general procedure with
minor deviations from the original amounts and stoichiometry.
Nosylamide 3e (150 mg, 0.32 mmol, 1.0 equiv), HNTf, (0.1 M
solution in MeNO,, 3.2 mL, 0.32 mmol, 1.0 equiv), and MeNO, (6
mL) were used for the reaction, and 0.08 mL of Et;N was used for
workup. The reaction mixture was concentrated in vacuo and purified
by column chromatography on silica gel (eluent system: DCM in
hexanes, gradient change 40 — 50%) to afford yellow solid (76 mg,
51%) consisting of two isomers 0-Se and p-Se with the ratio 42:58.
Compound o-5e data: 'H NMR (500 MHz, CDCLy): §8.22 (d, ¥Jyy_y =
8.7 Hz, 2H, H-C*"), 7.85 (d, ¥Jy_g = 8.6 Hz, 1H, H—C?®), 7.82 (d,
3yy_n = 8.7 Hz, 2H, H—C?"), 7.13 (dd, ¥Jjy_y; = 8.6, 7.4 Hz, 1H, H-C7),
6.94 (d, *Jy_y = 7.4 Hz, 1H, H-C°), 5.12 (dd, **Jy_y = 1.7 Hz, 1H,

H,C'),4.37 (t,**Jy_y = 1.7 Hz, 1H, H,C"?), 4.10 (dt, Jy_y = 12.9 Hz,
3u_n = 3.9 Hz, 1H, H,C?), 3.62 (d, ¥J,y_yy = 5.5 Hz, 1H, HC*), 3.45 (td,
Yy = 129 Hz ¥y_yy = 12.9, 3.2 He, 1H, H,C?), 2.05 (s, 3H, H,C'""),
1.84—1.62 (m, 2H, H,C%), 0.90 (s, 9H, HyC*'), 0.10 (s, 3H, H;C"),
0.09 (s, 3H, HyC"). BC{'H} NMR (126 MHz, CDCL;): § 151.1 (C'),
150.3 (C*"), 144.8 (C'"), 137.5 (C%), 137.0 (C°), 129.9 (C'), 129.5
(C'), 1287 (C*), 127.3 (C?), 126.9 (C7), 124.2 (C*"), 1204 (C%),
42.6 (C*), 39.9 (C*), 27.3 (C¥), 25.5 (C%), 20.0 (C'""), 17.4 (C¥),
—3.5 (CY), =5.0 (C¥). HRMS (ESI) m/z: [M + H]* Calcd for
C,4H33N,0,SSi 473.1930; Found 473.1912 (for mixture). Compound
p-Se data: "HNMR (500 MHz, CDCly): § 8.24 (d, ¥J;;_y; = 8.8 Hz, 2H,
H-C?"), 7.80 (d, ¥Jy_u = 8.8 Hz, 2H, H—C*"), 7.68 (s, 1H, H—C?®),
6.91 (d, *Jy_; = 7.9 Hz, 1H, H-C®), 6.83 (d, *Jyy_yy = 7.9 Hz, 1H, H—
C%), 5.39 (d, Yfy_ps = 2.1 Hz, 1H, H,C"), 492 (dd, ¥Jy_y = 2.1 Hz,
Yy_n = L1 Hz, 1H, H,C'?), 3.90—3.73 (m, 2H, H,C?), 3.30 (t, ¥Jy_yy =
6.4 Hz, 1H, HC*), 2.36 (s, 3H, H,C'"’), 1.84—1.62 (m, 1H, H,C?),
1.52—1.38 (m, 1H, H,C%), 0.84 (s, 9H, H;C*'), 0.00 (s, 3H, H;C"),
—0.05 (s, 3H, HyC"). SC{'H} NMR (126 MHz, CDCl,): § 153.4
(€M), 150.2 (C*), 145.2 (C'"), 136.7 (C?), 136.3 (C7), 130.4 (C'°),
130.0 (C%), 129.8 (C'?), 128.5 (C?"), 126.6 (C°), 124.5 (C®), 124.3
(C¥), 44.6 (C?), 41.8 (C*), 28.9 (C?), 27.0 (C¥), 21.5 (C'"") 174
(€*), =5.4 (C), =5.5 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
C,,H;3N,0,SSi 473.1930; Found 473.1912 (for mixture).
4-(1-(tert-Butyldimethylsilyl)-
vinyl)-6-methoxy-1-((4-nitrophenyl)-
sulfonyl)-1,2,3,4-tetrahydroquinoline (5t)

NO,

The reaction was performed following general procedure F: nosylamide
3t (150 mg, 0.31 mmol, 1.0 equiv), HNTf, (0.1 M solution in MeNO,,
3.6 mL, 0.31 mmol, 1.0 equiv), and MeNO, (6 mL). For workup, 0.08
mL of Et;N was added. The reaction mixture was concentrated in vacuo
and purified by column chromatography on silica gel (eluent system:
DCM in hexanes, gradient change 40 — 50%) to yield tetrahydroquino-
line St as a colorless solid (64 mg, 43%). '"H NMR (500 MHz, CDCl,):
8824 (d, ¥Jy_y = 8.9 Hz, 2H, H-C*"), 7.79 (d, *J;_y; = 9.0 Hz, 1H,
H-C%),7.75 (d, *Jyy_y = 8.9 Hz, 2H, H—C?"), 6.80 (dd, ¥J3_; = 9.0 Hz,
*i—n = 3.0 Hz, 1H, H-C’), 6.48 (d, Jy_y = 3.0 Hz, 1H, H-C%), 5.41
(d, Jy_n = 2.0 Hz, 1H, H,C"?), 4.99 (dd, Jyy_y = 2.0 Hz, ¥J,;_; 1.0 Hg,
1H, H,C"?), 3.89-3.76 (m, 2H, H,C?), 3.75 (s, 3H, H;C'""), 3.20 (td,
3y_y = 6.7 Hz, *Jyy_yy = 1.0 Hz, 1H, HC*), 1.78—1.66 (m, 1H, H,C?),
1.47—1.34 (m, 1H, H,C%), 0.83 (s, 9H, H;C'), —0.01 (s, 3H, H,C""),
—0.07 (s, 3H, Hy,C"). BC{'H} NMR (126 MHz, CDCl;): § 157.2
(€%, 152.9 (C"), 150.2 (C*"), 145.1 (C'"), 135.7 (C°), 130.1 (C"?),
129.4 (C'), 128.6 (C*"), 126.1 (C?), 124.3 (C"), 114.7 (C°), 112.8
(C7), 554 (C'), 44.9 (C?), 42.2 (C*), 289 (C?), 27.0 (C¥), 174
(€*), =5.5 (C"), =5.6 (C"). HRMS (ESI) m/z: [M + H]* Calcd for
C,4H;3N,04SSi 489.1879; Found 489.1850.
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N-Acetyl-4-(1-(tert-butyldimethylsilyl)-
vinyl)-5,7-dimethyl-1,2,3,4-tetrahydroquinoline (5u)

The reaction was performed following a slightly modified general
procedure F: aryl acetamide 3u (62 mg, 0.18 mmolL, 1.0 equiv), HNTf,
(0.7 M solution in MeNO,, 0.77 mL, 0.54 mmol, 3.0 eq.) and MeNO,
(2 mL). For workup, 0.04 mL of Et;N was added. The reaction mixture
was concentrated in vacuo and purified by column chromatography on
silica gel (eluent system: DCM in hexanes, gradient change 80 — 90%)
to yield tetrahydroquinoline Su as a colorless oil (28 mg, 45%). 'H
NMR (500 MHz, CDCL,): 8 6.85 (br, 1H, H—C?®), 6.82 (s, 1H, H-C®),
5.36 (s, 1H, H,C'), 5.09 (s, 1H, H,C"?), 3.87—-3.80 (m, 1H, HC"),
3.80-3.64 (m, 1H, H,C?), 3.64—3.49 (m, 1H, H,C?), 2.31 (s, 3H,
H,C*""),2.20 (s, 3H, HyC?"), 2.16 (s, 3H, HyC'""), 2.13—2.05 (m, 1H,
H,C%), 1.91-1.80 (m, 1H, H,C?), 0.96 (s, 9H, H,C*), 0.18 (s, 3H,
H,C"),0.15 (s, 3H, H,C"). BC{'H} NMR (126 MHz, CDCL;): 170.5
(C'), 149.1 (C'), 139.3 (C%), 136.1 (C%), 135.7 (C7), 130.8 (C'?),
127.8 (C°), 127.8 (C'), 123.2 (C®), 41.6 (C?), 40.7 (C*), 28.8 (C*¥),
27.3(C?),23.5(C*"),21.4 (C*""),19.7 (C*""),17.4 (C*), =3.7 (C"),
—4.7 (C"). HRMS (ESI) m/z: [M + H]* Caled for C,H;,NOSi
344.2410; Found 344.2386.
(2)-6-Bromo-4-(1-(tert-butyldimethylsilyl)-2-chloroviny-
1)-1-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline
(13r)

NO,
The reaction was performed according to the general procedure F.
Chloroalkyne 9r (100 mg, 0.17 mmol, 1.0 equiv), HNTf, (0.6 M
solution in MeNO,, 0.29 mL, 0.17 mmol, 1.0 equiv), and MeNO, (4
mL) were used for the reaction, and 0.06 mL Et;N was used for workup.

The reaction mixture was concentrated in vacuo and purified by column
chromatography onssilica gel (eluent system: DCM in hexanes, gradient
change 30 — 50%) to yield tetrahydroquinoline 13r as a light-yellow
solid (71 mg, 71%). '"H NMR (500 MHz, CDCL,): & 8.30 (d, ¥Jy;_y =
8.6 Hz, 2H, H-C*"), 7.83 (d, 3Jy_y = 8.6 Hz, 2H, H-C*"), 7.81 (d,
3y_n = 8.9 Hz, 1H, H-C®), 7.36 (dd, ¥,y_; = 8.9 Hz, “J,;_y; = 2.4 Hz,
1H, H—C7), 7.08 (d, *Jy_i = 2.4 Hz, 1H, H-C®), 5.59 (s, 1H, HC'?),
3.89—3.75 (m, 2H, H,C?), 3.36 (t, 3Jy_y = 6.3 Hz, 1H, HC*), 1.89—
1.79 (m, 1H, H,C%), 1.61-1.51 (m, 1H, H,C%), 0.92 (s, 9H, H,C*)),
0.12 (s, 3H, HyC"), 0.10 (s, 3H, HyC"). BC{'H} NMR (126 MHz,
CDCly): § 150.5 (C*"), 144.4 (C'), 144.3 (C'"), 135.5 (C'?), 134.8
(C%), 133.1 (C'), 132.8 (C%), 130.8 (C7), 128.5 (C*"), 125.5 (C¥),
124.6 (C*), 119.1 (C°), 44.4 (C?), 42.3 (C*), 28.5 (C?), 27.7 (C*¥),
19.1 (C*), —3.6 (C"), —4.0 (C""). HRMS (ESI) m/z: [M + H]" Calcd
for C,3H,oBrCIN,0,SSi 571.0484; Found 571.0479.

(2)-4-(1-(tert-Butyldimethylsilyl)-2-chlorovinyl)-6-methox-
y-1-((4-nitrophenyl)sulfonyl)-1,2,3,4-tetrahydroquinoline
(13t)

NO,

The reaction was performed according to the general procedure F.
Chloroalkyne 9t (100 mg, 0.19 mmol, 1.0 equiv), HNTf, (0.6 M
solution in MeNO,, 0.32 mL, 0.19 mmol, 1.0 equiv), and MeNO, (4
mL) were used for the reaction, and 0.04 mL Et;N was used for workup.
The reaction mixture was concentrated in vacuo and purified by column
chromatography onssilica gel (eluent system: DCM in hexanes, gradient
change 30 — 50%) to yield tetrahydroquinoline 13t as a light-yellow
solid (77 mg, 77%). '"H NMR (500 MHz, CDCLy): & 8.26 (d, *Jy_y =
8.7 Hz, 2H, H—C?"), 7.81 (d, *Jy_y = 9.1 Hz, 1H, H-C®), 7.77 (d,
3 n = 8.7 Hz, 2H, H—C*"), 6.81 (dd, *J,y_; = 9.1 Hz, *Jy_y = 2.9 Hz,
1H, H-C7), 6.48 (d, ¥Jy_yy = 2.9 Hz, 1H, H-C%), 5.63 (s, 1H, HC'?),
3.89 (ddd, ¥yy_y = 13.3 Hz, ¥Jy_yy = 6.7 Hz, 4.2 Hz, 1H, H,C?), 3.76 (s,
3H, H;C'"), 3.80—3.71 (m, 1H, H,C?), 3.29 (t, *J,y_y = 6.9 Hz, 1H,
HC*), 1.85—1.77 (m, 1H, H,C?), 1.47—1.38 (m, 1H, H,C?), 0.91 (s,
9H, H,C*), 0.11 (s, 3H, HyC""), 0.08 (s, 3H, H;C"). *C{'H} NMR
(126 MHz, CDCL;): § 157.4 (C®), 150.3 (C*"), 144.8 (C'!), 144.8
(C'), 135.0 (C'), 132.8 (C'), 129.2 (C%), 128.6 (C*"), 126.3 (C?),
124.4 (C*"), 114.7 (C%), 113.2 (C7), 55.5 (C'""), 45.0 (C?), 42.3 (C*),
29.4(C%),27.5(C¥),19.1 (C*), —3.6 (C""), —4.1 (C""). HRMS (ESI)
m/z: [M + H]" Caled for C,H3;,CIN,O¢SSi 523.1490; Found
523.1463.

(2)-6-Bromo-4-(1-(tert-butyldimethylsilyl)-2-chlorovi-
nyl)-1,2,3,4-tetrahydroquinoline (14s)

The procedure was done according to the literature.”” A 10 mL round-
bottom flask, equipped with a Teflon-coated magnetic stirrer and
septum, was charged with protected tetrahydroquinoline 13s (20 mg,
0.035 mmol, 1.0 equiv) and Cs,COj; (88 mg, 0.270 mmol, 7.7 equiv).
The flask was evacuated and backfilled with argon. Then, MeCN (3
mL) was added, and the reaction mixture was stirred for 15 min at room
temperature. To the resulting mixture, PhSH (0.05 mL, 0.49 mmol,
14.0 equiv) was added portionwise via syringe (0.01 mL at the start of
the reaction, 0.02 mL after 1 h of stirring, and the last 0.02 mL of PhSH
after 2 h of stirring). After an additional 4.5 h, the reaction was
quenched by the addition of saturated NaHCO; (10 mL) solution, and
the product was extracted with DCM (3 X S mL). The organic layer was
dried over anhydrous Na,SO,, filtered, and concentrated in vacuo.
Crude product was purified by column chromatography on silica gel
(eluent system: DCM in hexanes, gradient change: 10 — 20%) to yield
tetrahydroquinoline 14s (13 mg, 96%) as a yellow oil. 'H NMR (500
MHz, CDCLy): 6 7.05 (d, 3Jy_yy = 8.5 Hz, 1H, H-C"), 6.98 (s, IH, H—
C®),6.36 (d, *Jy_y = 8.5 Hz, 1H, H-C?®), 6.15 (s, 1H, HC'?), 3.95 (br,
1H, NH), 3.69 (t, *Jyy_yy = 4.8 Hz, 1H, HC*), 3.30-3.15 (m, 2H, H,C?),
1.92 (ddt, *Jy_y = 13.8, 9.5, 4.8 Hz, 1H, H,C%), 1.81-1.68 (m, 1H,
H,C3), 1.03 (s, 9H, H;C*'), 0.32 (s, 3H, HyC""), 0.19 (s, 3H, H,C").
BC{'H} NMR (126 MHz, CDCl,): § 145.2 (C'!), 143.8 (C°), 133.2
(C™), 132.4 (C%), 130.3 (C7), 124.9 (C'), 115.7 (C®), 108.5 (C%),
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422 (C*), 37.5 (C?), 28.0 (C¥), 27.4 (C%), 19.3 (C*¥), —3.1 (C"),
—4.0 (C"). HRMS (ESI) m/z: [M + H]* Calcd for C;,H,¢BrCINSi
386.0706; Found 386.0686.

(1-(5-Bromo-6-iodo-8-methylchroman-4-yl)vinyl)-
(tert-butyl)dimethylsilane (15f)

A 10 mL round-bottom flask, equipped with a Teflon-coated magnetic
stirrer and a reflux condenser and shielded from light with aluminum
foil coating, was charged with chromane 4f (40 mg, 0.11 mmol, 1.0
equiv), and HFIP (3 mL) was added. An excess of NIS (54 mg, 0.24
mmol, 2.2 equiv) was added to the suspension upon stirring, and the
temperature was raised to reflux. After 8 h, the reaction mixture was
quenched by the addition of aqueous 10% Na,S,0; solution (4 mL),
and the product was extracted with DCM (3 X S mL). The organic layer
was dried over anhydrous Na,SO,, filtered, and concentrated in vacuo.
Crude product was purified by column chromatography on silica gel
(eluent: hexanes) to yield aryl iodide 15fas a colorless oil (53 mg, 99%).
'"H NMR (500 MHz, CDCL): § 7.52 (s, 1H, H-C’), 5.63 (s, 1H,
H,C"), 5.03 (s, 1H, H,C"), 4.22 (brd, 3Jy_y = 10.7 Hz, 1H, H,C?),
4.06—3.93 (m, 2H, H,C* HC*), 2.09 (s, 3H, HyC""), 2.00 (tt, Jyy_y; =
13.6 Hz, *J;;_y; = 13.6, 4.8 Hz, 1H, H,C?), 1.78 (brd, ¥J;y_y = 13.6 Hz,
1H, H,C?), 0.96 (s, 9H, H,C¥), 0.20 (s, 3H, H;C"), 0.19 (s, 3H,
H,C"). 3C{'"H} NMR (126 MHz, CDCL,): § 154.4 (C”), 151.3 (C'}),
139.2 (C7), 130.7 (C"), 129.2 (C°), 127.4 (C®), 125.3 (C'?), 90.1
(C%), 60.9 (C?), 43.1 (C*), 27.5 (C¥), 25.9 (C%), 17.5 (C¥), 16.0
(€'), =3.5(C"), =5.0 (C"). HRMS (ESI) m/z: [M + H]" Calcd for
C¢H,,BrIOSi 493.0054; Found 493.0080.

(2)-tert-Butyl(1-(chroman-4-yl)-2-(m-tolyl)vinyl)-
dimethylsilane (16a)

The procedure was done according to the literature.”® An oven-dried
three-neck round-bottom flask, equipped with a reflux condenser,
magnetic stirrer, and a three-way valve adapter, was evacuated and
backfilled with argon. The vinyl bromide 11a (201 mg, 0.57 mmol, 1.0
equiv), 3-tolylbroronic acid (310 mg, 2.28 mmol, 4.0 equiv), Pd(OAc),
(6 mg, 0.03 mmol, S mol %), XPhos (41 mg, 0.09 mmol, 15 mol %),
K;PO, (511 mg, 2.50 mmol, 4.2 equiv) and dry toluene (20 mL) were
added. The resulting mixture was evacuated using 3 freeze—thaw cycles
(liquid N,/0.01 mbar) and backfilled with argon. The reaction was
stirred for 44 h at 100 °C, then cooled to room temperature, diluted
with EtOAc (40 mL), filtered through a Celite pad, and concentrated in
vacuo. Crude product was purified by column chromatography on silica
gel (eluent system: DCM in hexanes, gradient change: 10 — 20%) to
yield cross-coupling product 16a as a white solid (200 mg, 97%). 'H
NMR (500 MHz, CDCL,): 6 7.14 (d, *J,;_y = 7.8 Hz, 1H, H-C%), 7.11
(t, *Jg—ss = 7.7 Hz, 1H, H=C*"), 7.09 (dd, *Jyy_ = 8.7, 8.1 Hz, 1H, H—
C7),7.03 (s, 1H, HC'?), 7.00 (d, 3Jyy_y = 7.7 Hz, 1H, H=C*"), 6.91 (s,
1H, H-C*"), 6.89 (d, *Jy_yy = 7.7 Hz, 1H, H—C®"), 6.86 (dd, ¥Jy_y; =
8.7, 7.8 Hz, 1H, H—C?®), 6.80 (d, *Jy_y = 8.1 Hz, 1H, H-C?), 432
(ddd, ¥y = 10.8 Hz, *J;_y; = 8.2, 2.7 Hz, 1H, H,C?), 4.18 (ddd, YJyy_y
=10.8 Hz, ¥J,y_y; = 7.0, 2.8 Hz, 1H, H,C?), 3.92 (t, ¥J_; = 5.6 Hz, 1H,
HC*), 2.30 (s, 3H, H;C'""), 2.27-2.17 (m, 1H, H,C?), 1.94—1.83 (m,
1H, H,C%), 0.98 (s, 9H, H;C*), 0.00 (s, 3H, H,C"), —0.21 (s, 3H,
H,C"). BC{'"H} NMR (126 MHz, CDCl;): § 155.8 (C?), 148.0 (C'?),

146.4 (C'), 140.4 (C'"), 137.0 (C*"), 130.6 (C®), 129.3 (C*"), 127.5
(C7), 127.5 (C*"), 127.5 (C*"), 126.3 (C'°), 125.6 (C°"), 120.4 (C°),
116.7 (C%), 63.4 (C?), 40.3 (C*), 30.6 (C?), 28.0 (C¥), 21.4 (C'""),
18.7 (C*), —2.6 (C"), —3.2 (C"). HRMS (ESI) m/z: [M + H]* Calcd
for C,,H3308i 365.2295; Found 365.2310.

(2)-tert-Butyldimethyl(1-(6-nitrochroman-4-yl)-2-(m-tolyl)-
vinyl)silane (16k)

The procedure was done according to the literature.”® A round-bottom
flask (S0 mL), equipped with a Teflon-coated magnetic stirrer, was
charged with vinyl bromide 11k (300 mg, 0.75 mmol, 1.0 equiv), 3-
tolylbroronic acid (410 mg, 3.01 mmol, 4.0 equiv), XPhos (54 mg, 0.11
mmol, 0.15 equiv), Pd(OAc), (8 mg, 0.04 mmol, 0.05 equiv) and
K;PO, (639 mg, 3.01 mmol, 4.0 equiv). The reaction flask was closed
with a septum and then evacuated and backfilled with argon 3 times
using a Schlenk line. In a separate vessel, toluene (dried over 4 A MS)
was degassed by repeated sonication under vacuum (2 cycles, 7 min
each) and replenished with argon. The degassed toluene (30 mL) was
then added to the reaction mixture. The reaction was heated in an oil
bath (100 °C) for 22 h. After cooling the mixture to room temperature,
it was filtered through a Celite patch, and the filtrate was concentrated
in vacuo. Purification by column chromatography (eluent system:
DCM in hexanes, gradient change: 10 — 30%) afforded the cross-
coupling product 16k as a yellow, viscous oil (281 mg, 92%). "H NMR
(500 MHz, CDCl,): & 8.12 (d, *J;;_; = 2.8 Hz, 1H, H-C®), 8.00 (dd,
un =9.0Hz, YJy_y=2.8 Hz, 1H,H-C7), 7.14 (t, ’Jy_y = 7.6 Hz, 1H,
H-C%"), 7.03 (d, ¥Jy_y = 7.6 Hz, 1H, H-C®"), 6.97 (s, 1H, HC"),
6.92 (s, 1H, H-C*"), 6.89 (d, *J_; = 7.6 Hz, 1H, H-C*"), 6.87 (d,
3_n = 9.0 Hz, IH, H-C®), 4.42 (ddd, *J;_y = 11.0Hz, ¥y_1; = 7.7, 3.1
Hz, 1H, H,C?), 4.30 (ddd, ¥,y_y = 11.0 Hz, *Jy_y = 7.2, 3.2 Hz, 1H,
H,C?), 3.94 (t, *J,y_y = 5.8 Hz, 1H, HC*), 2.31 (s, 3H, HyC'""), 2.24
(dddd, *Jyy_y; = 13.8 Hz, *Jy_y = 7.7, 5.8, 3.2 Hz, 1H, H,C?), 1.96
(dddd, ¥y_y; = 13.8 Hz, *Jyy_y = 7.2, 5.8, 3.1 Hz, 1H, H,C%), 0.99 (s,
9H, H,C?), 0.00 (s, 3H, HyC"), —0.17 (s, 3H, HyC"). SC{'H} NMR
(126 MHz, CDCL;): § 161.1 (C%), 148.5 (C'?), 145.6 (C'), 141.2
(€%),139.7 (C'), 137.3 (C>"), 129.2 (C*"), 127.9 (C*"), 127.7 (C>"),
127.0 (C'), 126.7 (C%), 125.5 (C*"), 123.7 (C7), 117.3 (C®), 64.5
(C?), 402 (C*), 29.7 (C%), 28.0 (C¥), 21.4 (C'"'), 18.6 (C*¥), —2.8
(C'), —=3.3 (C"). HRMS (ESI) m/z: [M + HJ]" Calcd for
C,,H,,NO,Si 410.2146; Found 410.2170.

(2)-4-(1-lodo-2-(m-tolyl)vinyl)-6-nitrochromane (17k)

ON"*Y

A two-neck round-bottom flask (10 mL), equipped with a Teflon-
coated magnetic stirrer and a reflux condenser, was charged with vinyl
silane 16k (100 mg, 0.24 mg, 1.0 equiv), trifluoroethanol (6 mL), and
N-iodosuccinimide (S5 mg, 0.24 mg, 1.0 equiv). The resulting
suspension was refluxed while heating in an oil bath for 15 h. The
reaction mixture was cooled to room temperature, quenched by the
addition of a 10% Na,$,0; aqueous solution (10 mL), extracted with
DCM (3 X 15 mL), the organic layer was dried over anhydrous Na,SO,,
filtered, and concentrated in vacuo. Column chromatography (eluent
system: DCM in hexanes, gradient change: 20 — 30%) afforded the
vinyl iodide 17k as a white, amorphous solid (62 mg, 60%). "H NMR
(500 MHz, CDCL,): 6 8.12 (d, “Jyy_ys = 2.6 Hz, 1H, H—C"), 8.09 (dd,
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3u_n = 9.0 Hz, “y_y = 2.6 Hz, 1H, H-C"), 7.32-7.23 (m, 3H, H—
C2587),7.14 (d, *Jy_y = 7.3 Hz, 1H, H-C"), 6.94 (d, *Jy_i; = 9.0 Hz,
1H, H—C®), 6.74 (s, 1H, HC'?), 4.41 (ddd, ¥Jyy_y = 11.0 Hz, ¥Jy_y =
7.2,3.4 Hz, 1H, H,C?), 4.34 (ddd, ?Jy_yy = 11.0 Hz, *Jy;_y; = 7.6, 3.0 Hz,
1H, H,C?),3.91 (t, ¥,y_y = 6.0 Hz, 1H, HC*), 2.45 (dddd, ¥J,y_y; = 14.6
Hz, 3Jy_y = 7.6, 6.0, 3.4 Hz, 1H, H,C%), 2.38 (s, 3H, H,C'"), 2.14
(dddd, ?Jy_y = 14.6 Hz, ¥J,y_yy = 7.2, 6.0, 3.0 Hz, 1H, H,C%). *C{'H}
NMR (126 MHz, CDCL,): § 160.6 (C°), 141.5 (C°), 139.2 (C'?), 138.0
(C¥), 137.6 (CY), 129.5 (C¥), 129.2 (C*), 1282 (C¥), 126.7 (C),
125.8 (C%), 124.7 (C7), 123.4 (C'°), 117.9 (C®), 110.7 (C'), 64.4
(C?), 49.1 (C*), 28.4 (C%), 21.5 (C'"). HRMS (ESI) m/z: [M + H]*
Calcd for C gH};INO; 422.0248; Found 422.0260.

(2)-N,N-Dimethyl-3-(1-(6-nitrochroman-4-yl)-2-(m-tolyl)-
vinyl)aniline (18k)

0N

The procedure was done according to the literature.”* A round-bottom
flask (10 mL), equipped with a Teflon-coated magnetic stirrer, was
charged with iodide 17k (25 mg, 0.059 mmol, 1.0 equiv), 3-
dimethylaminophenylboronic acid (38 mg, 0.230 mmol, 3.9 equiv),
XPhos (4 mg, 0.008 mmol, 0.14 equiv), Pd(OAc) (1 mg, 0.004 mmol,
0.07 equiv), and K;PO, (49 mg, 0.231 mmol, 3.9 equiv). The reaction
flask was closed with a septum and then evacuated and backfilled with
argon 3 times using a Schlenk line. In a separate vessel, toluene (dried
over 4 A MS) was degassed by repeated sonication under vacuum (2
cycles, 7 min each) and replenished with argon. The degassed toluene
(8 mL) was then added to the reaction mixture. The reaction was
heated in an oil bath (100 °C) for 20 h. After cooling the mixture to
room temperature, it was filtered through a Celite patch, and the filtrate
was concentrated in vacuo. Purification by column chromatography
(eluent system: DCM in hexanes, gradient change: 15 — 70%) afforded
the cross-coupling product 18k as a yellow, viscous oil (24 mg, 98%).
"H NMR (500 MHz, CDCLy): § 8.26 (d, *J,;_; = 2.8 Hz, 1H, H-C®),
8.08 (dd, *Jyy_y = 9.1 Hz, ¥Jy_yy = 2.8 Hz, 1H, H-C"), 7.19 (t, *Jy_y =
8.1 Hz, 1H, H-C®"), 6.98—6.91 (m, 2H, H—C%%"), 6.88 (d, *J;;_;; = 7.6
Hz, 1H, H-C"), 6.74 (s, 1H, H-C?), 6.71—6.66 (m, 2H, H—C®*"),
6.50—6.46 (m, 2H, H—C?"%"), 5.96 (s, 1H, HC'?), 4.31—4.25 (m, 2H,
H,C?),4.02 (t, *Jy_y = 5.0 Hz, 1H, HC*), 2.87 (s, 6H, H;C*""), 2.16 (s,
3H, H,C'’), 2.08—1.94 (m, 2H, H,C?%). BC{'H} NMR (126 MHz,
CDCly): 6 160.9 (C°), 151.1 (C3"), 145.1 (C'), 141.2 (C°), 140.4

(C'),137.4 (C¥), 136.5 (C"), 131.5 (C), 130.3 (C*), 129.6 (C*"),

127.8 (C%), 127.6 (C*), 127.5 (C%), 126.0 (C*), 124.2 (C7), 124.1
(C'), 117.7 (C%), 117.4 (C*/¢"), 113.1 (C*"/6"), 111.9 (C*"), 64.1
(C?),43.8(C*),40.7 (C*""),25.4 (C3),21.4 (C'""). HRMS (ESI) m/z:
[M + HJ* Calcd for C,4H,,N,0; 415.2016; Found 415.2040.
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A novel copper-catalyzed arylation strategy for propargylsilanes utilizing diaryl-A3-iodanes has been developed, enabling a cascade

sequence involving 1,2-silyl migration and heterocyclization. The B-silicon effect facilitates the formation of stabilized allyl cation

intermediates that undergo regioselective trapping by internal O- and N-nucleophiles furnishing functionalized heterocycles. This

method provides access to tetrahydrofuran or pyrrolidine frameworks, each bearing a trifunctionalized (E)-configured vinyl side

chain. The use of a shorter linker provides entry to 1,2,3,6-tetrahydropyridines. Additionally, in the absence of internal nucleo-

philes, this methodology yields aryl-substituted 1,3-dienes. This work introduces a palladium-free, single-step alternative to multi-

step heterocycle construction from propargylsilanes and highlights the synthetic potential of iodane-mediated carbofunctionaliza-

tion under copper catalysis.

Introduction

Highly electrophilic hypervalent iodine(III) reagents are consid-
ered as arene electrophilic synthons, making them the reagents
of choice for arylation reactions, where an umpolung of reactiv-
ity is required [1]. Arylations employing diaryl—)ﬁ—iodanes can
be performed under metal-free [2] or metal-catalyzed condi-
tions. For alkyne arylations [Cu] [3] or [Pd] catalysis [4-6] is
typically employed. Internal alkynes undergo 1,2-carbofunc-
tionalization, where the highly electrophilic Ar-M species adds

to the alkyne, generating a vinyl cation intermediate [7], which
typically reacts with an internal nucleophile to form five- [8,9]
or six-membered rings [7,9,10] (SchemellA). Thus far the
internal nucleophilic species are limited to aryl- [7,8,10] or
heteroaryl groups [7,8]. In one example methyl ethers were
used [9]. Under [Pd]-catalyzed conditions a syn-type addition is
observed [8,11], while [Cu] catalysts promote anti-addition
[7,10]. In substrates prone to cationic rearrangements (or
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Scheme 1: Alkyne arylation with diaryl-A3-iodanes in the context of 1,2-silyl shift and potential cyclization.

hydride shifts), more interesting reaction patterns can be ob-
served. For example, branched aliphatic chain-containing
alkynes are arylated and carbocyclized into cyclopentene deriv-
atives [12,13].

The triflate moiety of the diaryl—>\3—i0dane may act as an
external nucleophile, resulting in 1,2-carbotriflation products
[14]. Interestingly, this also works for terminal alkynes, which
are typically known to undergo direct C(sp)—H arylation instead
[15,16]. In the context of 1,2-carbofunctionalization, terminal
alkynes are more scarcely studied. Among those few examples
is a trifluoromethylative thiocyclization reaction [17] and a
[4 + 2] annulation reaction between o-carboxylic ester-contain-
ing diaryl-A\3-iodanes and some terminal alkynes [18].

Looking to expand the possibilities for terminal alkyne carbo-
functionalization, we turned our attention to propargylsilanes,
which are prone to undergo cationic rearrangements via the 1,2-
silyl shift, enabled by the B-cation-stabilizing properties of silyl
groups [19,20]. This phenomenon has been successfully em-
ployed in 1,3-difunctionalization events in both intermolecular
[21] and intramolecular fashion [22] (Schemel1B). Thus far
such propargylsilane rearrangements have been induced by ad-

dition of external halogen or selenium electrophiles and
Brgnsted acids. This encouraged us to develop a methodology
involving a copper-catalyzed terminal alkyne arylation of
propargylsilanes by diaryl-A3-iodanes, followed by 1,2-silyl
shift and terminated by nucleophile addition on intermediate
allyl cation (SchemellC). The obtained tetrahydrofuran and
pyrrolidine derivatives with highly substituted vinyl side-chains
are regarded as privileged structures in medical chemistry
[23,24]. Moreover, the resulting styryl functionality (Ph-C=C-)
is often found in drug molecules as it improves lipophilicity,
oral absorption and biological activity [25].

Results and Discussion

Arylation of aliphatic chain-containing
propargylsilanes

We started our investigation with the arylation of aliphatic
chain-containing propargylsilanes. The starting material — zert-
butyl(hept-1-yn-3-yl)dimethylsilane (7a) — and analogous
aliphatic chain-containing propargylsilanes 7b,c were obtained
from the commercial hept-1-yne [26]. While searching
for appropriate arylation conditions (Tablell, entry 1) we
observed the formation of both the arylated diene 10a
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Table 1: Reaction conditions optimization for the arylation of aliphatic chain-containing propargylsilane 7a.

| N iodanes:

. A i can be separated only by prep. HPLC E %Tf ® %Tf
PBell T I OO e
Z solvent, T°C i N\C3H7 O‘ SiMeatBu | - -2

7a 3h i Ph 10a 11a CsHy i P %Ts PN (3,:4
obtained in 3 steps oo ! Ph S Ph

from CO?[;ﬁ:ia' hept- B1 = 2,6-(t-Bu),Py; B2 = 2,6-Iutidine; B3 = EtzN I-3 14
Entry lodane [Cu] Base Solvent T Recovered (1E,3E)-10a/11a (1E,3E)-10a,
(equiv) (mol %) (equiv) (abs.)? (°C) (;oa)b (ratio)© (%)
1d 11 (1) CuCl (20) B1(1.3) EtOAC 60 52 75:25 35
2d 1 (1)  [CuOTfl-PhH (15) B1 (1.3) EtOAc 60 42 68:32 32
3d 11 (1) Cu(OTf), (23) B1(1.3) EtOAc 60 63 60:40 12
4d 1 (1) CuCl (20) B1(1.3) Tol 60 78 77:33 17
5d 11 (1) CuCl (20) B1(1.3) DCE 60 53 72:28 34
6d 11 (1) CuCl (20) B1(1.3) MeNO, 60 69 - 0
7d 11 (1) CuCl (20) B2 (1.2) EtOAc 60 95 - 0
gd 11 (1) CuCl (20) B3 (1.2) EtOAc 60 61 - 2
od 11 (3) CuCl (20) B1 (3.0) EtOAc 60 0 60:40 60
10d 1 (3) CuCl (5) B1(3.0) EtOAc 60 0 67:33 35
11e 12 (3) CuCl (20) B1(1.2) EtOAc 60 0 84:16 38
12d 1-3 (3) CuCl (20) B1(1.3) EtOAc 60 97 - 0
13d 1-4 (4) CuCl (20) B1(1.3) EtOAC 60 98 - 0
14d I1(3) Cu(MeCN)s;BF4(8) B1 (1.3) EtOAc 60 0 63:37 60
15¢ 11 (3) CuCl (20) B1(1.2) EtOAc 70 0 71:29 59
16° 12 (3) CuCl (20) B1(1.2) EtOAC 70 0 85:15 63
17! 12 (3) CuCl (20) B1(1.2) EtOAc 70 0 87:13 66
1g¢ 12 (3) CuCl (20) B1(1.2) O_E(;Soﬁqcmcc;*;;L 70 0 98:2 35

aStarting material 7a concentration in solvent was 0.1 mmol/mL unless stated otherwise. °NMR yield. ®Molar ratio of products in the crude mixture, de-
termined by "H NMR in CDCl3. 9dReaction scale: 0.24 mmol of 7a. ®Reaction scale: 0.48 mmol of 7a. ‘Reaction scale: 1.90 mmol of 7a.

and silylindene 11a (=75:25). Both products are likely formed tonation of the B-H and reductive elimination affords diene 10.
via the allylic cation intermediate Int-1 (Scheme[2), from where  Alternatively, an intramolecular cyclization leads to silylin-
on two competing mechanistic pathways are possible. Depro-  denes 11.
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Scheme 2: Competing mechanistic pathways for diene 10 and indene 11 formation.

We were interested to see whether the reaction selectivity can
be directed towards the formation of arylated dienes 10, which
would directly contribute to our previous work [26]. Therefore,
we performed optimization of the arylation conditions (Tablelll)
to improve the reaction selectivity towards the aryldiene 10a
formation, indicated by the diene/indene 10a/11a molar ratio
(determined by NMR).

Among the tested diaryl-A3-iodanes, only those containing a
triflate anion showed reactivity. PhMesIOTf (I-1) and PhoIOTf
(I-2) showed comparable results in terms of diene yield, howev-
er, the symmetrical iodane I-2 displayed better chemoselectivi-
ty towards diene formation (Tablell, entries 15 and 16).

In accordance with the proposed reaction mechanism
(Schemel2), an equimolar amount of protons is generated in the
reaction, which would likely induce the formation of additional
side-products either by protodecupration [27] or the acid-cata-
lyzed propargylsilane activation pathway [26]. Therefore, the
presence of a base was imperative. The only applicable base
was found to be the non-nucleophilic 2,6-di-tert-butylpyridine
(B1, Tablell, entries 1-6, 9-18). We also considered the struc-
turally similar, but less sterically hindered 2,6-lutidine (B2,
Tablell, entry 7) and EtsN (B3, Tablell, entry 8), both of which
effectively halted the reaction. The same was observed when
using N,N,N',N'-tetramethylnaphthalene-1,8-diamine (“Proton
sponge”) or TMEDA (see Supporting Information Filell for
details). In the case of Et3N (B3) and TMEDA, partial degrada-
tion of the starting material 7a was also observed.

Among the tested solvents, EtOAc gave the best results
(Tablell, entries 1-3, 7-18). As for reaction catalysts, Cu(I)
salts demonstrated far better reactivity than Cu(Il) salts, likely
because the reaction proceeds via the Cu(I/III) catalytic cycle
[28]. However, in the case of Cu(OTf),, the active catalytic
species must be generated in situ. The highest diene 10a NMR
yields (63-66%) were achieved by using 20 mol % of CuCl,

3.0 equiv of PhyIOTf (I-2) and 1.2 equiv of 2,6-di-tert-
butylpyridine (B1) in EtOAc at 70 °C (Tablell, entries 16 and
17). The obtained diene 10a contained 13—15% of silylindene
11a as impurity. Products 10a and 11a are separable by prepar-
ative HPLC. Lowering the starting material concentration in the
reaction mixture to 0.05 mmol/mL significantly decreased the
diene 10a yield due to the formation of other unidentified impu-
rities. However, it turned out to be the key to achieving the best
diene/indene ratio 10a/11a = 98:2. With the optimized condi-
tions for aryldiene synthesis (Tablell, entries 16 and 17) we
proceeded to explore the substrate scope (Tablel2).

Arylations employing aryl groups with electron-donating sub-
stituents demonstrated higher yields (p-Tol > p-BrCgHy)
(Tablel2, entries 3 and 4). The p-bromo-substituted iodane I-6,
albeit in a more modest yield, gave the diene 10d with 98:2
selectivity. Switching to the more sterically challenged triiso-
propylsilyl (TIPS) group (Tablel2, entry 2) resulted in higher
indene proportion in the resulting mixture (10b/11b = 67:33). In
all cases the (1E,3E)-dienes 10a—e were obtained as the major
isomer (87-95% isomeric purity). In small quantities the other
isomers (1Z,3F) and (1E,3Z) or (1Z,3Z) were also detected by
their characteristic signals in the 'H NMR spectra.

Interestingly, the internal alkyne 7¢ (R = Ph, Si = TIPS) was
completely unreactive under both standard arylation conditions
(70 °C in EtOAc) and higher reaction temperatures (110 °C in
BuOAc). In these cases, the starting material was recovered
with no signs of degradation. This indicates that the provided
method is limited to propargylsilanes containing a terminal
alkyne group.

Arylation of internal nucleophile-containing
propargylsilanes

Internal nucleophile-containing substrates are interesting,
because they offer the possibility of heterocyclization, as de-
scribed in our previous work [22]. The internal O-nucleophile-
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Table 2: Aryldiene scope.

Beilstein J. Org. Chem. 2025, 21, 1984—1994.

iodane (3 equiv), ] : iodanes: ,
Si CuCl (20 mol %), Si R | o © i
CaH B1 (1.2 equiv) R ! OTf !
/\/ 3H7 CsHy ‘ Si p-ToI/I\M es |
R EtOAc (anh.), 70 °C X ! I-5 ® © 1
f
7a:R=H, Si=SMestBu " 10a-e Ta-e —Cghy| pBrCH “Mes 1
7b: R = H, Si = Si(iPr)s ' | '
7c: R =Ph, Si = Si(iPr); X (S s !
Entry Product lodane 10/112 Yield 10 + 11 Isomeric ratio for diene 10 (mol/mol)P
(mol/mol) (%)
(1E,3E) Y(1E,32) + (1Z,3E) +
(12,32)
SiMe,t-Bu
1 %\/& CaHy -2 87:13 51 92 8
0a
Si |Pr)3
2 N%Hv -2 67:33 61 93 7
SlMezt Bu
CsHy
3 15 85:15 69d 87 13
SlMezt Bu
?44\\//“103H7
4 1-6 98:2 37d 95 5
Br
10d
Si(iPr)3
5 W)\A%Hv 2 - 0 -
10

aRatio after column chromatography. °Determined after C18 silica gel column chromatography by 'H NMR in CDCl3. °Reaction scale: 1.90 mmol of 7.
9dReaction scale: 0.48 mmol of 7. ®No reaction at 70 °C in EtOAc (3 h) or 110 °C in BUuOAc (17 h).

containing starting material, 4-(fert-butyldimethylsilyl)hex-5-
yn-1-ol (7d), was obtained from the commercial hex-5-yn-1-ol
by a O-silylation and subsequent retro-Brook reaction sequence
[29]. Arylation of silane 7d with 1.2 equiv PhMesIOTf (I-1),
5 mol % CuCl and 1.2 equiv 2,6-(+-Bu),Py in EtOAc gave the
styryl side chain-containing tetrahydrofuran 8a with 82% NMR
yield after 3 h at 60 °C (Tablel3, entry 2). The formed double-
bond geometry in product 8a was proved by the 2D-NOESY

spectrum. The corresponding (Z)-isomer was not detected by
NMR spectroscopy techniques, indicating that the observed
arylation—cyclization cascade reaction is highly stereospecific.
With this result in hand, we performed copper catalyst
screening (Tablel3).

We observed that CuCl and the CuOTf benzene complex gave
similarly good yields (82-84% by NMR, Tablel3, entries 2 and
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Table 3: Conditions screening for copper-catalyzed arylation—cyclization of propargylsilane 7d.

1-1 (1.2 equiv)
CuX,
OH 2,6-(t-Bu),Py (1.2 equiv)

EtOAc?, T°C,3 h

SiMest-Bu

=
7d

Obtained in 2 steps
from hex-5-yn-1-ol

Entry CuX T
(mol %) (°C)
1P CuCl (2.5) 20
2¢ CuCl (5) 60
3b Cul (5) 60
4ot [CuOTf]'PhH (5) 60
5e Cu(MeCN)4BF4 (5) 70
[ Cuy0 (5) 70
7¢ [CuOTf]o*PhH (2.5) 70
8¢9 [CuOTf]y"PhH (2.5) 70
gb [CuOTf]o-PhH (11) 70

Me,t-BuSi Me,t-BuSi
4 | © + o

Ph 8a 12

J¥
NOESY \H

8a, % (NMR) 12, % (NMR)

0
82, 764
0
84
77
6
70
43
47

O O O N O o o o o

acsq = 0.10 mmol/mL, PReaction scale: 0.24 mmol of 7d. Reaction scale: 4.2 mmol of 7d. %Isolated yield (%). ®Reaction scale: 0.47 mmol of 7d.

fReaction time: 2 h (full conv.). 915 mol % of Hy0 as additive.

4), while the CuBF, acetonitrile complex was the next best
choice (77% by NMR, Tablel3, entry 5). Heterogenous cataly-
sis using CuyO gave a mixture of the arylated product 8a
and protodecupration side-product 12, both in poor yields
(Tablel3, entry 6). Increased catalyst loading (11 mol % of
[CuOTf],-PhH) resulted in the formation of more side products
(Tablel3, entry 9), and we therefore decided to proceed with
5 mol % of the catalyst for the substrate scope.

We also observed that, in the absence of base, even at room
temperature, only the protodecupration product 12 was ob-
tained (with up to 69% NMR yield). A reaction temperature of
60 °C was found to be optimal and lower temperatures resulted
in incomplete conversion.

Under the optimized conditions we explored the reaction scope
(Schemel3). Unlike the previously explored dienes 10, the ob-
tained tetrahydrofuran products 8 were easy to purify by stan-
dard column chromatography techniques (30-50% DCM).
Todanes, containing electron-rich aryl groups (p-Tol, m-MeO-
CgHy, Ph) or halogens (Br, F) gave the highest tetrahydrofuran
8 yields (70-83%). In contrast, electron-withdrawing group-
containing iodanes, especially those holding nucleophilic
heteroatoms (CN =~ COR >> NO,) reacted poorly. Iodanes, con-
taining electron-withdrawing groups with low nucleophilicity
(CF3), however, gave fair yields. We also found that ortho-
substituted iodanes did not provide arylation products, which
can be attributed to the unfavorable steric hindrance [30].

Todanes containing N-heterocycles, such as pyridine and pyra-
zole, provided the non-arylated tetrahydrofuran 12 as the main
reaction product (Schemel3), which is likely formed via the
protodecupration pathway. However, to our delight the thio-
phenyl group was successfully added to the propargylsilane
with 34% yield by using the symmetrical dithiophen-2-yliodo-
nium p-tosylate (I-7). It should be noted that all products 8 were
obtained with exclusive (E)-selectivity.

Tetrahydrofuran 8a and some analogous compounds could be
synthesized previously from alcohol 7d, but in two steps, em-
ploying a halogen electrophile-induced propargylsilane 7d
halogenation—cyclization cascade and Suzuki-Miyaura
cross-coupling in the second step [22]. Thus, we have de-
veloped a faster and palladium-free route towards tetrahydro-
furans 8. The latter can still be modified further through
silicon—halide exchange followed by cross-coupling chemistry
as described by us recently, among other possible transformat-
ions [21,22].

Interestingly, the addition of O-nucleophiles to form 1,3-carbo-
functionalization products, can only be achieved in an intramo-
lecular fashion. In the presence of an excess (5 equiv) of
external an O-nucleophile R-OX (alcohol, carboxylic acid, its
sodium salt or the silylated carboxylic acid), the arylation reac-
tion of aliphatic chain-containing propargylsilane 7b (standard
conditions; see Schemel3) only resulted in the arylation of the
oxygen nucleophile itself.
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side product: 12

« electron-rich: \ Y b \ )
electron-ric % SIS SN b OMe SNF
8a, 80% 8b, 83% 8c, 0%P 8d, 70% 8e, 0%
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Scheme 3: Reaction scope for the synthesis of arylated tetrahydrofurans 8. Conditions: All reactions were performed on a 0.47 mmol scale. 3Starting
material 7d concentration: 0.1 mmol/mL. ®No reaction at 60 and 120 °C. °Same result at 120 °C.

Next, we proceeded to expand the substrate scope by exploring
other internal nucleophiles (Schemel4), that could be used
instead of the alcohol. The carboxylic acid-containing silane 7
(R = COOH), which was obtained by stepwise oxidation
of the alcohol 7d, failed to give the desired lactone 8t
product due to O-arylation of the carboxylic acid, leading to
phenyl alkyl ester formation. Its silylated version (7, where
R = COOSi(Me)3) only resulted in starting material degrada-
tion. Interestingly, tert-butyl ester 7e (R = COOt-Bu) provided
the desired arylated lactone 8t, along with the protodecupration
product 13, which was formed in excess under the standard
arylation conditions (Schemel4). An additional equivalent of
base (2.2 equiv of 2,6-(z-Bu),Py) helped to suppress the
formation of the non-arylated product 13, making the arylated
lactone 8t the main reaction product. By adding a larger excess
of base, conversion rates were significantly reduced. For
detailed reaction optimization see Supporting Information
Filell.

Next, we switched to internal N-nucleophiles. N-Nosylated
starting material 7f under standard arylation conditions gave the
2-(1-(tert-butyldimethylsilyl)vinyl)-1-((4-nitrophenyl)sulfo-
nyl)pyrrolidine (14) with a 56% yield. Most likely in this case
sulfonamide N-H is too acidic and this may lead to protode-
cupration. The arylation—cyclization of benzamide 7g afforded
the pyrrolidine derivative 8v as a mixture of (E/Z)-isomers. By
treating the isomeric mixture (E/Z = 55:45) with HNTf;
(0.9 equiv) in DCM (0.03 mmol/mL) and stirring at 0 °C to rt
for 3 h, (Z)-8v selectively degraded and the pure product (E)-8v
could be isolated with 47% yield. On the other hand, if the
amine group was too nucleophilic, as in the case of N-(4-(tert-
butyldimethylsilyl)hex-5-yn-1-yl)aniline (7h), the amine N-H
was arylated instead of the alkyne, resulting in the formation of
N-(4-(tert-butyldimethylsilyl)hex-5-yn-1-yl)-N-phenylaniline
(15). Thus, acylamides were found to have optimal pK, and
nucleophilicity to react according to our desired pathway
(Schemel4).
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. 7e: R = COOt-Bu t-BuMe,Si t-BuMe,Si B
SiMetBU 2 R = CHoNH(p-Ns) P e 'p.‘;‘.”,'\‘l‘ Ny
y R 7g:R=CHyNHBz R'=p-Ns [ (and acidic N-H)
7h: R = CH,NHPh (a) Ph NS,N NS,N
8u 14, 56%
)
® oTf (b) 8v, 53%  t-BuMe,Si
= NHR' )
R = CH,NHR b Mes 14 . (EIZ = 55:45)
[Cu] (b) or (c)° (c) 8v, 26% Ph N
2,6-(t-Bu),Py (1.2 equiv) (E/Z =70:30) Bz
EtOAG, 60-70 °C
t-BuMe,Si )
‘= Ph /\ SiMe,t-Bu
— \O NPh,
(d) Ph N )
PH e~-rich N

8w 15 ,30% (QNMR)

Scheme 4: Synthesis of lactone and pyrrolidine derivatives. Conditions: 2c7e = 0.1 mmol/mL. PReaction conditions modifications: a) 1.2 equiv I-1,
CuCl (5 mol %), 60 °C, 3 h, ¢7¢ = 0.3 mmol/mL; b) 3.0 equiv I-1, CuCl (10 mol %), 70 °C, 3 h, ¢z = 0.1 mmol/mL; ¢) 1.2 equiv I-1, [CuOTTlo-PhH
(2.5 mol %), 70 °C, 22 h, c7g = 0.1 mmol/mL; d) 1.2 equiv I-1, [CuOTf]o-PhH (2.5 mol %), 70 °C, 3 h, c7x = 0.1 mmol/mL.

For the heterocyclization mechanism under arylating condi-
tions, we propose a Cu(I/III) catalyzed pathway (Schemel5).
Firstly, the copper(I) salt reacts with the diaryl—)\3—iodane
(ArMeslY) to generate the strongly electrophilic arylcopper(III)
species. The latter activates the propargylic system to induce the

HB +
(or MeZC=H2T +HB)

protodecupration
pathway Y-
ArCuY,
Si. .
X

H 12-14

1,2-silyl shift, producing the allylic cation intermediate Int-4,
which is stabilized by the B-silicon effect. A following attack of
an internal nucleophile (O-, N-) and reductive elimination
affords the arylated product 8 and regenerates the Cu(I) catalyst.
The added base (B:) traps the H*, generated in this catalytic

R = CHyXH or COOt-Bu;
X=0,NR'

Scheme 5: Proposed arylation—heterocyclization mechanism for internal nucleophile-containing silanes 7.
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cycle. In the case of fert-butyl esters (7: R = COO¢-Bu) an
equivalent of isobutylene gas is released as a side-product. In
the absence of a base, the protodecupration pathway is predomi-
nant, affording non-arylated heterocycles 12-14 instead.

When considering shorter carbon chain-containing acylamides
16a—c as starting materials, we expected a similar cyclization
pattern, involving imidate formation [10]. Instead amino-
pentynes 16a—c underwent allylic rearrangement, affording
tetrahydropyridines 9 (Schemel6). The tetrahydropyridine core
was confirmed unambiguously by X-ray structure analysis of
dinitrobenzamide 9¢. More electron-rich acylamides reacted
faster and gave less side-products, compared to more electron-
poor analogs, that needed longer reaction times to reach full
conversion (4 h for R = Ph, Me; 20 h for R = 3,5-(NO,),C¢Hj3).

Conclusion

In this work we have reported copper-catalyzed arylation reac-
tions of propargylsilanes, using iodanes as the electrophilic aryl
synthon equivalents. For internal nucleophile-containing
propargylsilanes subsequent heterocyclization was observed,
and, depending on the chain length, giving either 1,3- or 1,1-
carbofunctionalization products: tetrahydrofuran 8a—o and

Beilstein J. Org. Chem. 2025, 21, 1984—1994.

pyrrolidine 8v derivatives, containing a functionalized styryl
group in the side chain, and 1,2,3,6-tetrahydropyridine deriva-
tives 9a—c. We observed a distinct preference for (E)-geometry
formation in the resulting C=C bond. Internal alcohol, ester, and
acylamide functional groups were found to be compatible with
the reaction conditions, whereas for external nucleophiles N- or
O-arylation precedes that of the alkyne. In the absence of reac-
tive nucleophiles, aryl-substituted 1,3-dienes were obtained.
The presented conditions were best applicable for arylations
introducing aryl fragments with medium to high electron densi-
ty, although some less electron-rich iodanes could be used,
albeit in more modest yields. In contrast to previously studied
alkyne 1,2-carbofunctionalization reactions [7-10], which were
mostly limited to internal alkynes, only terminal alkyne-con-
taining propargylsilanes were found to be reactive under these
conditions. In summary, we have demonstrated that under
copper-catalyzed conditions aryl iodanes can arylate propargyl-
silanes and induce a 1,2-silyl shift to generate B-Si-stabilized
allyl cations. Compared to the previously employed two-step
halocyclization—cross-coupling sequence [22], this approach
offers a shorter, [Pd]-free synthetic sequence to the modified
styryl-containing tetrahydrofuran 8a and its previously
unknown analogs. Efforts to broaden the scope of propargylsi-

) SiMe,t-Bu
11 (1.2 equiv) |
SiMeyt-Bu O [CuOTf],-PhH (7.5 mol %) ‘/\/\
2,6-(t-Bu),Py (1.2 equiv) Ph O N
Z N \
H EtOAc (anh.), 70 °C, 4 h 7 R

16a: R = Me; 16b: R = Ph;
16c: R = 3,5-(NO,),CgH3

via:

Ph Int-6 o

not observed

&m J'? P

t-BuMe,Si =
scope for 9: j\/j

Ph” °N

= A A

NO,
CH3
9a, 35%; 9b, 47%; O,N  9¢, 19%
(23% gNMR)?

X-ray
structure of
9c

Scheme 6: Arylation of C5-chain containing acylamides 16a—c. The reaction was performed under modified conditions: I-2 (3.0 equiv), 20 h because
under standard reaction conditions incomplete conversion was observed (with 48% recovered 16c).
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lanes by modifying their backbones, which connect the propar-

gylic position with the internal nucleophile, are currently under-

way in our laboratory and will be reported elsewhere.
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ABSTRACT

Pyrrolidines constitute a privileged class of nitrogen heterocycles that are ubiquitous in pharmaceuticals, bioactive molecules, and
functional materials, thereby continuing to stimulate the development of efficient and versatile synthetic strategies. Among these,
intramolecular C—N bond formation represents one of the most fundamental and broadly applicable approaches for the con-
struction of pyrrolidine frameworks. Despite its central importance, a systematic overview focusing specifically on this ring-clos-
ing paradigm has been lacking. This review summarizes key advances reported between 2013 and 2025 in the synthesis of
pyrrolidines via intramolecular C—N bond formation, focusing specifically on examples featuring a polar ring-closure step
N: — C(+/8%). The discussion is organized according to the ring-formation mechanism, encompassing transition-metal-catalyzed
and metal-free cyclization of alkenyl and alkynyl amines, tandem annulation processes, intramolecular nucleophilic additions to
carbonyl compounds, nucleophilic substitution reactions, and regioselective C(sp®)-H activation of aliphatic amines, including
Hofmann-Loffler-Freytag-type transformations. By highlighting mechanistic features, substrate scope, and synthetic utility, this
review aims to provide a comprehensive and practical reference for the design of new pyrrolidine syntheses based on intramo-

lecular C—N bond formation.

1 | Introduction

The pyrrolidine scaffold is a privileged structural motif in medici-
nal chemistry and ranks among the most frequently encountered
frameworks in small-molecule drugs [1, 2] and bioactive com-
pounds [3-5]. Over the past decade, pyrrolidines have remained
prominent targets in synthetic chemistry, motivating the develop-
ment of a wide array of methodologies for the preparation of struc-
turally diverse derivatives. Several recent target-oriented reviews
have highlighted the synthesis of pyrrolidine-based organocata-
lysts [6], pharmaceutical agents and their precursors [7], spiro-
pyrrolidines [8, 9], and other pyrrolidine scaffolds bearing specific
substitution patterns [10-15]. Complementary methodology-
focused reviews have summarized advances in photochemical
approaches [16, 17], Lewis-acid-catalyzed cyclizations of propargyl
and homopropargyl amines [18], enantioselective silver-catalyzed
reactions [19], copper-catalyzed alkyne aminations [20], glycine-

based [3 + 2] cycloadditions for the synthesis of polycyclic archi-
tectures [21], multicomponent reactions [22], palladium-catalyzed
annulations [23], and oxidative addition of sulfonamides to allylic
substrates [24].

In this review, we aim to showcase the diversity of modern syn-
thetic strategies for constructing the pyrrolidine framework via
intramolecular C—N bond formation. This transformation, typi-
cally proceeding through a cationic mechanism, occurs in polar
systems that combine a nucleophilic nitrogen center with an
electrophilic carbon species. Representative substrates include
alkenyl and alkynyl amines, y-amino carbonyl compounds, ami-
no alcohols, and sulfinimines bearing suitable leaving groups.
Furthermore, through C—H activation pathways, even aliphatic
amines can be induced to cyclize via intramolecular C—N bond
formation. Despite the fundamental importance of this ring-
closing strategy in contemporary pyrrolidine synthesis, a

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
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comprehensive review focusing specifically on intramolecular
C—N bond formation as the defining step in pyrrolidine construc-
tion was lacking.

Herein, we summarize key developments reported between 2013
and 2025 in the field of intramolecular C—N bond formation
leading to pyrrolidine frameworks. The review is organized into
five thematic sections: (a) transition-metal-catalyzed and metal-
free activation of electrophilic carbon centers (C*/C°") in alkenyl
and alkynyl amines; (b) tandem annulation reactions featuring
C—N bond formation as the pivotal step; (c) intramolecular nuc-
leophilic additions to carbonyl compounds; (d) intramolecular
nucleophilic substitution reactions; and (e) regioselective
C(sp®)-H activation of aliphatic amines, including Hofmann-
Loffler-Freytag-type transformations (Scheme 1).

2 | Intramolecular Amination of
Double/Triple Bonds

Intramolecular amination of unsaturated C—C bonds might be
the most extensively studied heterocyclization approach in the
past decade, leading to pyrrolidines bearing diverse substitution
patterns. For simplicity, we categorized the relevant examples by
their cyclization mechanism according to Baldwin’s rules [25]. In
this section, we discuss both transition-metal (TM)-catalyzed and
metal-free activation conditions to enable intramolecular amina-
tion, including examples for asymmetric synthesis.

2.1 | 5-Exo-Trig-Cyclization

Olefin C=C bond polarization by the introduction of an electron-
withdrawing substituent (EWG) enables intramolecular amination
in aza-Michael fashion. While such transformations are common
in their racemic version, the number of asymmetric examples is
still limited [26]. Asymmetric aza-Michael cyclizations have found
applicability in the synthesis of natural products and biologically
active heterocycles [27-30]. One of such asymmetric examples,
incorporating cyclization via the 5-exo-trig-mechanistic pathway,
was demonstrated by Ermanis and Clarke, where cross-metathesis

between amine-containing alkenes 1 and thioacrylate using the
Hoveyda-Grubbs second-generation catalyst (HG-II) provided
EWG-activated alkenes 2, and the latter underwent intramole-
cular aza-Michael cyclization to give pyrrolidine derivatives 3
(Scheme 2). The cyclization step was catalyzed by (R)-TRIP, a chiral
phosphoric acid, to obtain 2S-pyrrolidines [26]. The opposite ster-
eoselectivity was achieved with (R)-TiPSY as the chiral acid cata-
lyst, yielding 2R-substituted pyrrolidines 3 [31].

The Huang group used a reversible aza-Henry reaction, followed
by dynamic kinetic resolution (DKR)-driven aza-Michael cycliza-
tion to obtain pyrrolidines 6 with up to three stereogenic centers
(Scheme 3). Ee’s up to 97% could be achieved by using Cinchona
alkaloid-derived amine/amide organocatalyst 7 [32].

More recently, Fuwa and coworkers reported a tandem synthesis of
2-carbonylmethyl pyrrolidines 11a from propargyl alcohols 8 in a
three-step, one-pot process (Scheme 4). First, the propargyl alcohol

Ermanis & Clarke 2020:

R' R’
R~ . EWG R!
[I’\/ X [l\/\EWG
HG-II (10 mol%)
E: 4 1.2-DCE, 50 °C NHCbz
Z
(R)-TRIP
iPr (20 mol%),
cyclohexane
) 80 °C
R
R
N
Cbz EWG
2S-3,

<73%, e.r. <98:2

(R)-TRIP iPr

SCHEME 2 | Asymmetric synthesis of pyrrolidines by chiral phos-
phoric acid-catalyzed aza-Michael reaction.

Intramolecular amination of Nucleophilic addition to o
alkenes/alkynes carbonyl group \*X“\,
\endo K
NHR TM-catalyzed and X = H, OH, OR', R" NHR
(@)  metal-free conditions (c)
&\ , Intramolecular
' 4 nucleophilic LG_ /., .
or ONH = *° substitution A\ C\;
' | L
® : R LG = OH, Hal Q/N”R (d
via carbocation P lidi
Tandem rearrangement YIToRdines|
annulation C(sp®)-H
reactions _H activation H
- C\

R

+ - H
Q/NHR NHR
(e)

SCHEME 1 | Overview on intramolecular C—N bond formation reactions for pyrrolidine synthesis.
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Huang 2013: R

\:N
(\/\n/x Ts |O2N A~ X
—_—
NO, O 10mol% 7, m
5AMS, R I}IH ’
4 toluene, RT, | 5 Tg transicis
24 h
lDKR
O2N,
D\/COX
i
tBu Ts
6
65-97%
7 (86-97% ee)
tBu

R = Ar, pyridin-3-yl, Cy; X = OEt, OMe, OfBu, OBn, Ph

SCHEME 3 | A DKR-driven approach towards asymmetric synthesis
of pyrrolidines.

8 was converted to vinyl ketone 9 by a Au/Mo-catalyzed Meyer-
Schuster reaction. Next, cross metathesis with amino olefin 12
using HG-II catalyst afforded an o,f-unsaturated ketone, which
further participated in an intramolecular aza-Michael addition to
afford pyrrolidine 11a. In some cases, where the N-protected amino
group was less nucleophilic (PG=Ns, Bz; R*# H), catalytic
amounts of Bi(OTf); were added to promote the cyclization step.
In the absence of an additional Lewis acid, the cationic (PhsP)Au*
catalyst promoted the aza-Michael addition step. o,p-Unsaturated
ketones, derived from enantiopure amino olefins (R)- or (S)-12
(R*#H), cyclized to afford 2,5-disubstituted pyrrolidines 11b,
where cis/trans selectivity was dependent on the amine protecting
group. Cbz- or Bz-protected amines gave a cis/trans isomer mixture
with slight preference for the trans-pyrrolidine 11b (dr < 33:67 cis/

trans). Sulfonamides (PG =Ts, Ns), on the other hand, displayed
excellent selectivity for cis-product 11b formation (dr > 95:5 cis/
trans) [33].

As demonstrated by previous examples [26, 31-33], the aza-
Michael cyclization approach requires multistep synthesis of
the o,p-unsaturated ester/thioester/ketone intermediate, bearing
an intrinsic amine moiety. The nucleophilic attack, how-
ever, occurs under relatively mild conditions, which is attributed
to activation by electron withdrawing olefin substituents.
Intramolecular amination of electron-rich (unactivated) alkenes,
however, is more challenging and often requires activation by
transition metal catalysts [34]. Another possibility for electron-
rich olefin hydroamination is to employ photoredox catalysis,
as demonstrated by Knowles group. They used aminium radical
cation intermediates for the C—N bond construction [35].

The application of photoredox techniques for C—N bond formation
in related systems was highlighted in recently published reviews
[36-38]. Our focus being the C—N bond formation strategies pro-
ceeding via a cationic mechanism, we wanted to explore in more
depth some of the transition metal-catalyzed approaches. In one
such example, Shigehisa et al. transformed unactivated alkenyl-
amines 13 into 2-methylpyrrolidines 14 by using the Co(salen) cat-
alyst in combination with N-fluoro-2,4,6-trimethylpyridinium
tetrafluoroborate and disiloxane (Scheme 5). Exceptional func-
tional group tolerance was observed under these conditions, allow-
ing diverse N-functionalization possibilities [39].

In the proposed reaction mechanism (Scheme 6), the N-fluoro-
2,4,6-trimethylpyridinium salt fluorinated the Co(II) catalyst to
form the F-Co(IIl) intermediate, which was hydrosilylated to
afford the active catalytic H-Co(III) species. Cobalt(III) hydride
was then added to the olefin 13 according to Markovnikov’s rule.
Homolytic cleavage of the C-Co(III) bond afforded the radical
intermediate 16, which was oxidized to the carbocation 17 by
the present Co(III) species. Lastly, the C—N bond was formed
by nucleophilic attack of the tethered amide, affording the
2-methylpyrrolidine product 14 [39].

Fuwa 2025:
AuCI(PPhj3) - ecul
AgOTf, MoO,(acac), o ”;Zm/\;ifffg;r
1 = OH toluene, RT R1Jv
R 8 Meyer-Schuster 9 R2 = R
rearrangement
R"=n-Pr, Cy, Ph HG-II, toluene fah 96%
40°C o HN R
| olefin
cross-metathesis | R1 /
FI’G
HN__R?

R? = CH,0Bn, /Pr PG
(enantiopure (R)- or (S)- 12) N

11b, 75-96%

11b stereoselectivity:
-PG =Ts, Ns: dr > 95:5 (cis/trans)
- PG = Cbz, Bz: dr < 33:67 (cis/trans)

SCHEME 4 | Tandem synthesis of 2-carbonylmethyl pyrrolidines 11a and their 2,5-substituted analogs 11b.
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Shigehisa 2014:

Co(salen) (3 mol%), 2
Me3sNFPY-BF, (2 equiv), R2
R? Me,SiH),0 (2 equiv
R2 R3 (Me, )20 (2 equiv) R! R3
R NH Toluene, 0 °C or RT R! r\ll Me
R! R* 42-99% R4
13 14

R'=H, Me; R?=H, Ph; R®=H, Me, Ph;
R*= CORS5, COOR®, SO,R®

Selected examples:

Ph

R D L

Boc
e

hm L (O

14d, 84% 14e, 87% 14f, 61%

14a, 82% 14b, 99%

SCHEME 5 | Pyrrolidine synthesis by Co-catalyzed amination of
alkene 13.

Proposed mechanism: (Shigehisa 2014)

Me
Co(llly Me
H-Co(lll) R2 s R2
PR W RS —— ™ R3
R1 NH - Co(ll) R1 NH
Bu  Rpr R R'g1 R
15 16
Co(lll)
tBu
| Co(ll)
0]
bt / tBu Me
C‘O_O R2 N
4 14 ~— o (RS
N\ - R N‘H
tBu R' R*
Co(salen)
17
SCHEME 6 | Proposed mechanism for Co-catalyzed amination of

alkene 13.

Asymmetric hydroamination of unactivated aminoalkenes 18
was achieved by Dorta and coworkers using a cationic iridium
system 22 with the general formula [(NHC*)Ir(COD)|[X]
(Scheme 7). Noteworthy features of this method include high
enantioselectivity, ensured by incorporation of a chiral mono-
dentate NHC steering ligand, and high functional group toler-
ance, where excellent results could be achieved with both
electron-rich and poor benzylic substituents. N-Alkyl substitu-
ents gave equally good results, although a slight decrease in
enantioselectivity was observed with the N-methyl substituted
substrate 18 (R' = H, R>* = Ph), indicating that a more sterically

Dorta 2021:
3
oR

Ph
R\Z Cy )\\\\Ph
(1-5 mol% |
solvent, 8N =N o
Cy T
RT or 60 °C R I@* D
—

RE=H  (s)19,
R 69-96% yield g ©
RRNS ees99% 22 L
R4
NH Solvents: DCM-d,, TFT,
R1 18 1 ,2-CGH4F2, tBuOH
Ph Ph
22 (5 mol% ), |Ph Ph o
TFT, RT F \Z—)\F
> Vs
R'™3 = Ph )N Me ®N Me
Ri=F Ph Ph
20 21,91%
not isolated
R'= Ar, Cy, H; X
R%3 = Ar, alkyl, allyl, COOMe, F, H,
X =NMe, NTs, CH,
SCHEME 7 | Asymmetric hydroamination of unactivated aminoal-

kenes 18.

obstructing N-substituent is favorable. Interestingly, switching to
the similarly sized, but electronically distinct N-phenyl substitu-
ent decreased reactivity and the resulting 2-methylpyrrolidine 19
was no longer obtained in optically enriched form (R** = Ph, 92%
yield, 9% ee), limiting this method to the N-RCH,-moiety con-
taining substrates 18. Fluorinated olefin 18 (R'~> = Ph, R*=F),
when subjected to the reaction conditions (5mol% of catalyst
22, (trifluoromethyl)benzene (TFT) as solvent), gave the unstable
2-fluoropyridine intermediate 20, which decomposed in the reac-
tion mixture to the iminium fluoride 21 [40].

As mechanistic studies suggested, the above mentioned reaction
proceeded by coordination of the olefin functionality in substrate
18 to the catalytically active 14-electron iridium species via the
following steps: 1) C—N bond formation during the amine attack;
2) hydrogen transfer from the ammonium species to the iridium,
forming Ir(III)-hydride intermediates; and lastly, 3) reductive
elimination, affording 2-methyl pyrrolidines 19 (Scheme 8) [40].

Hydroamination of unprotected primary alkenylamines 26a is
more challenging, especially if we wish to avoid using noble metal
catalysis due to their limited availability, price, and toxicity. One of
the few available strategies for sustainable hydroamination of
unprotected alkenylamines was reported by Hannedouche et al.,
who used iron(II) complexes as low-cost, nontoxic, and abundant
metal catalysts for this transformation (Scheme 9). Interestingly,
allenes 26b also participated in this reaction, forming 2-vinyl substi-
tuted pyrrolidines 27b [41].

Although pyrrolidines 27a-b were obtained as major products,
the formation of side products 31 and 32 in smaller quantities
was also observed. Experimental observations suggested that
the reaction selectivity was influenced by the concentration of
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Proposed mechanism: (Dorta 2021)

/
C-N bond

[t
/ Ph fir
formation
Ph Ph™ \NH ¢
Ph NH 23 Bn
18 Bn Ph Ph

It +
(ir] 28
C-H reductive B H (i
Ph liminati
Ph elimination
Ph
Ph
+
NT e bw[lr]—H
Bn 19 I}J
Bn 25
SCHEME 8 | Proposed mechanism for hydroamination of unacti-
vated aminoalkenes 18.
Hannedouche 2014: R R2
2 [Fel-THF (10 mol%), b\/R“
-CsHgNH; (10 mol%), N
R 3 C-LsHgNH2 27
R” toluene-d, 90 °C, 48 h H a
..... Or PR
NH, 89-98% qNMR 2
26a-b (78-85% isol.)

R®= )&/\th b)&/)\ 7

Proposed mechanism:

Mes RS
N, R2 /
< Fe-CHTMS 565 )
N NH 29a
Mes [Fe] l[Fe] J  TFel

26a R2 orH
CsHgNH R2 \‘ R' ’
C- 59 2R1 N/[Fe] NH2

H 32
27a 28a
27a
alkene 26a
c-CsHgNH, 26a insertion
turnover-
limiting R2 [Fe]-H
aminolysis R? R2
RS R!
N e
AN
30 [Fel ; ydride N
elimination R

R"2= Ph, -(CHp)s-, p-MeOCgH,; R* = H, Ph

SCHEME?Y9 | Hydroamination of unprotected primary alkenylamines
26a-b employing Fe catalysis.

primary amine present in the mixture. By adding a noncyclizable
primary amine—cyclopentylamine (cPentNH,)—to the reaction
mixture, the reaction selectivity was greatly improved, reducing
the side product formation to trace amounts. Mechanistic studies,
however, stated that the alkene migratory insertion into the
Fe—NHR bond happens without the assistance of the additional
amine (cPentNH,). Aminolysis was determined as the turnover-
limiting step of the proposed catalytic cycle (Scheme 9) [41].

Enantioenriched 2-vinyl pyrrolidines 35 were obtained by the
Tsantrizos group, using P-chiral phosphine oxide N-heterocyclic
carbene-Au(I) catalysts (Sp)- and (R,)-36 for stereoselective intra-
molecular hydroamination of allenes 33. (S;,)-PO-NHC-Au(I) cata-
lyst (Sp)-36 afforded the (S)-pyrrolidine 35 in excess (53% ee),
whereas (R,)-PO-NHC-Au(I) catalyst (R;)-36 favored formation
of the opposite enantiomer (R)-35 (55% ee). The observed reaction
rates were higher compared with the corresponding NHC-Au(I)
catalysts. The reaction rate acceleration was attributed to the for-
mation of a hydrogen bond between the terminal allene proton and
catalyst P=O, which provided additional stability to the Au(I)-
allene n-bond complex in transition state 34 (Scheme 10) [42].

Higher ee (up to 76%) for intramolecular hydroamination of
alkenes 37 was achieved using a selected diphosphine binuclear
gold(I) chloride complex in a combination with silver salt under
mild conditions (Scheme 11). While the control experiments
showed that AgClO, by itself cannot facilitate this reaction, it
played a key role in generating reactive gold cationic species by
abstraction of halides from the neutral gold complex, thus greatly
improving reactivity. In several cases, conversions up to 96% could
be achieved. The reactivity was influenced by alkene 37 R** sub-
stituents in the following manner: H (most reactive) >> Me (least
reactive). The substituents in C2 position (R?) also had a critical
effect on conversion: Ph (highest conversion)>-(CH,)s->>H
(lowest conversion). Thorpe-Ingold effects, created by bulky R*
substituents, also contributed to the stereochemical outcome:
-(CH,)s- (highest ee) > Ph >> H (lowest ee) [34].

Tsantrizos 2025: Ph
Ph Z (S,)-36 (5 mol%), PN
Ph = AgOTs (5 mol) VY
_—
N
NHCbz 2-MeTHF, RT, 24h |
88-89% Cbz
33 (S)-35, 53% ee
= = E4
N N—-Mes
Ph
5+ 6-\< + Ph
Ph=P-Q AU
#Bu H __NHCbz
34 \/&
H
o~ EUS|ng (Rp)-36:
N-Mes : _ Ph
>N ! Ph
Phep=0 AuBr N~
: ; N (R)-35,

Bu  (Sp)-36 Cbz  54%ee

SCHEME 10 | Synthesis of enantioenriched 2-vinyl pyrrolidine 35
from allene 33 using chiral Au-catalysts.
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) R?
Michon et al. 2014: R2
4
[ "’//<R
18-96% conv. | Toluene N
R4 ee <76% (S)-38
RS
/ 1) AuCI-SMe; (5.5 mol%),
R2 (S)-DTBM-Segphos (2.7 mol%);
R? NH 2) AgCIO, (5 mol%); 3) H,0
R 50 °C, 20 h
37 R2
47-95% conv. R2
ee<74% | MeOH R4
N
R'=Cbz, Fmoc, CO,Me, Boc, CONHPh; ', RS
R?= Ph, -(CHy)s-, H; R**=H, Me (R)-38

SCHEME 11 | Au-catalyzed asymmetric alkene 37 hydroamination.

Interestingly, by controlling the molecular ion pairs through the
solvent polarity, both enantiomers of the product 38 could be
obtained. Stronger ion pairing, as observed in toluene, favored
the formation of (2S)-stereoisomers (Scheme 12). Methanol as
a solvent likely assisted in proton transfer, weakening the ion
pairing; thus, the opposite stereoselectivity was obtained [34].

The introduction of fluorine-containing functionalities in the
pyrrolidine side chain has gained much interest due to the abun-
dance of fluorinated drugs [43-45]. Several new cyclization meth-
ods, following the 5-exo-trig-pathway, have been developed for
the synthesis of fluorinated pyrrolidines 43a-e as summarized
in Scheme 13 [46-50]. Liu and coworkers used palladium-
catalyzed intramolecular oxidative amination of alkenes for

Proposed mechanism: (Michon et al. 2014)

strong ion pairing = 37 (R = Cbz, R = H)

ion assisted p.t.
@ @‘\ V
Auy(L) X R?
2 )
(S)-38 R X

NH
2 }—OBn

[ ®
TAug(L)

R
R? O 39
z_)VAuxL) R?
eN” ( R

MW, 0N Auy(L)
BnO” NO" X ON

41a © H »—0Bn
..................... x

2 o O 40
2
R X

AUz(L)

®)N|\ \H weak ion pairing =
BnO O/H...(I)/ MeOH assisted p.t. —> (R)-38

41b Me

SCHEME 12 | Solvent-dependent proton transfer mechanism in Au-
catalyzed alkene 37 hydroamination.

the synthesis of CF;0-group-containing pyrrolidines 43a
(Schemes 13 and 14). In this case, AgOCF; was used as the tri-
fluoromethoxide source and SelectFluor as an oxidant. Regarding
the substrate design, the amine protecting group had a significant
influence on selectivity between the competing 5-exo-trig- and
6-endo-trig cyclization pathways. Following amine protect-
ing groups promoted the 5-exo-trig pathway, leading to pyrroli-
dines 43a: Bz (lowest yield) < N-Me,NCO < Boc (highest yield).
Sulfonamide protecting groups (SO,NMe,) promoted the com-
peting 6-endo-trig-pathway instead, affording 3-CF;0-piperidines
as major products [46].

Mechanistic studies confirmed that the above-mentioned reaction
proceeded via the palladacycle intermediate 45 (Scheme 14). The
insertion of the CF;0 group in the pyrrolidine side chain was likely
the result of reductive elimination from the Pd(IV)-intermediate
46 [46].

In a mechanistically analogous process, the Liu group achieved
aminofluorination of similar substrates 42b by using Pd(OAc),
as a catalyst and the AgF/ PhI(OPiv), system as a fluorinating
agent, affording in the side chain monofluorinated pyrrolidines
43b (Scheme 13) [47].

For the incorporation of the CHF, functionality into the pyrro-
lidine side chain, the Dolbier group used the Cu(dap),Cl photo-
redox catalyst instead (Scheme 13). In the proposed mechanism
(Scheme 15), the photoexcited Cu(I)-catalyst generated the HCF,
radical by single electron reduction of HCF,SO,Cl. The HCF,
radical reacted with the alkene 42c, forming radical intermediate
47. Following oxidation afforded the carbenium ion intermediate
48, which was then quenched by the internal amide nucleophile,
forming the pyrrolidine ring 43¢ with a CHF, functionality in the
side chain. Addition of Ag,COj; to the reaction mixture ensured
chemoselectivity by suppressing the formation of chlorinated
side products 48a [43].

In another copper-catalyzed process, Tan and Liu obtained CF;-
containing pyrrolidines 43d, wherein Togni II reagent served as
CF; radical source to furnish an intramolecular aminotrifluorome-
thylation sequence in unactivated alkenes 42d (Scheme 13). Two
mechanistic pathways were proposed for the aminotrifluoromethy-
lation reaction (Scheme 16). In pathway A, Cu(I)-catalyzed amino-
cupration of the alkene 42d, followed by homolytic cleavage of the
C—Cu bond, afforded the primary radical 49, which recombined
with the CF; radical, forming the fluorinated pyrrolidine derivative
43d. In pathway B, the CF; radical reacted with the alkene 42d to
form the radical intermediate 50, which was further oxidized to the
carbenium ion 51 via a single electron transfer (SET) process.
Following C—N bond formation via amide nucleophilic attack pro-
vided the cyclic product 43d [49].

As an alternative to the transition metal-catalyzed approaches,
Sodeoka demonstrated a unique reactivity pattern between styr-
enes 42e and bis(perfluoroacyl) peroxides, generated in situ from
perfluoro acid anhydrides (Schemes 13 and 17). Through a radical-
carbenium ion cascade reaction, perfluoroalkylated pyrrolidines
43e were obtained [50].

Other halides (I, Br) were introduced into the pyrrolidine side chain
via an electrochemical halo-amination approach by Wu and Yin,
employing anodic oxidation to generate molecular I, and Br, spe-
cies in situ from the corresponding lithium salts (Scheme 18). The
alkene 55 was activated by formation of the iodonium/bromonium
intermediate 57, followed by intramolecular nucleophilic
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Liu 2013:

(b) R? = Ph, Me, H; R®=H, Me; R* = CONMe,,
CONiPr,, CONBn,, CONHMe, CONHPh

Dolbier 2015:

(c) R?= Me, H, iPr, p-CICgH,, Ph, COOE,
COOMe; R*=Ts, SO,CqH,OMe

R2 RZ
R2 E cat. Pd(OAc), cat. Cu(dap),Cl, R2
m PhI(OPiv), / AgF HCF,S0,CI
'}‘ R3 2-MeOBQ / HFIP Ag,CO3, DCE, N
R* Toluene, RT 70°C, 18 h, hv Rt CHF;
43b, 33-82% R'=H R'=R3=H 43¢, 20-83%
Liu 2019: Tan & Liu 2014:
R2 R2
R2 cat. Pd(CH3CN),Cl, Togni reagent II, R2
SelectFluor, AQOCF3 Cul (10-25 mol%)
N 20° R ° N
b, T S e EE W,
R® = Ph; | urea-H,0, R'=R*=H
43a, <85% R*= Boc 43d, 80-91%

R=Ts

(a) R2= Me, Ph, Bn, o-Tol,
m-Tol, p-Tol, p-FCgHg,

p-CICgH4,COOMe, allyl 43¢, N
63-76% Ts

Sodeoka 2018:

SCHEME 13 | Synthesis of fluorinated pyrrolidines 43.

DCM, 0—40 °C

(d) R2=H, Me, Ph;

R5
[(e) R® = CF3, C,Fs, 03F7]

Proposed mechanism: (Liu 2019) Proposed mechanism: (Dolbier 2015)
4o (Pd"... R?
, 4/ R=COR R2 HCF,SO0,Cl Cu
m2 — R )—» 43¢
NH R NH N cl, S0, HCF2
=0 =0 )\ [Pd”] 2 T e
tBuO
BuO 424 44 tBuO
2R2 L/ CF,H CF,H
R [Pd" NHPG R NHPG R2 NHPG
Ly m
v P R REEEEEEEEE N
Boc 43a [Pd ]—OCF; _|+ ; cl :
46 \ : CFoH!
SCHEME 14 | Proposed mechanism for the synthesis of CF;0-group- —/ o ERZ NHPG E
containing pyrrolidines 43a. E R2 \
' 48a :

substitution via amide attack to afford the pyrrolidine 56, bearing a
halogen atom in the side chain. In contrast to the previously dis-
cussed intramolecular amination methods, the electrochemical
approach was mild and did not rely on external oxidants or transi-
tion metal catalysis. Furthermore, the synthetic utility of electro-
chemical halo-amination was demonstrated by the late-stage
functionalization of drug molecules celecoxib and valdecoxib [51].

Introduction of an additional amine functionality into the pyrro-
lidine side chain was enabled by Liu and coworkers, who devel-
oped a ligand-controlled system for Pd-catalyzed diamination of
unactivated olefins 58 (Scheme 19). The choice of palladium ligand
was crucial in determining the cyclization regioselectivity—the

Cu(dap),Cl Ar = 4-MeOCgH,

SCHEME 15 |
tionality bearing pyrrolidines 43c.

Proposed mechanism for the synthesis of CHF, func-

bulky pyox ligand (L1) favored the 5-exo-cyclization pathway to
give pyrrolidines 59. The less hindered quinox ligand (L2), how-
ever, promoted the 6-endo-cyclization pathway, leading to piperi-
dine rings. The reaction presumably proceeded through a
reversible aminopalladation step, following oxidative addition of
R,N-F (rate-limiting step) and C—N bond formation via a reductive
elimination pathway [52].

ChemistryOpen, 2026
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Proposed mechanism: (Tan & Liu 2014)

R? R?
[Cu(1)] Z_X
1. aminocupration N .
2. C-Cu homolysis 49 II?4
Path A
CF3 .
Path R2 CF;
2
NH R NH
R4
SET
CF; R2?
qul 2 R2
R2 >
NH N
R 4 CF
Togni reagent 1 51 43d R 3

SCHEME 16 | Proposed mechanism for the synthesis of CF;-group-
containing pyrrolidines 43d.

Proposed mechanism:

Ph

(Sodeoka 2018)

NHTs {RS = CF3, CZF5, C3F7]

42e
SET 43e
- CO,, RCO, u ”\ OT T
Ph T Ph

A _RS
RS+ __PathA
NHTs  Solvent cage NHTs
52 53
5
4 R JSET
Path B NHTs
SCHEME 17 | Proposed mechanism for transition-metal-free synthe-

sis of perfluoroalkylated pyrrolidines 43e.

Under aerobic conditions, palladium-catalyzed alkene 60 difunc-
tionalization led to side chain acetoxylation, as demonstrated by
Grubbs and Stoltz (Scheme 20). Oxidation of the alkylpalla-
dium(II) intermediate 63 with O, as the only oxidant was kinetically
challenging; therefore, facile f-hydride elimination was an issue. To
access the high-valent palladium(IV) intermediate 64 more easily,
catalytic NOy species were added to serve as electron transfer medi-
ators. While Cu(NOs),-3H,0 afforded the highest pyrrolidine 61
yields (up to 83%), nitrites, such as AgNO, or iBUONO, were also
applicable. After Pd oxidation (II-IV), C—O bond forming reduc-
tive elimination and acetolysis of the formed cationic intermediate
65, afforded the aminoacetoxylation product 61 [53].

Wu & Yin 2021:

R®  LiX (1.5-2.0 equiv),

C(+) | Pt(-), 10-15 mA x7/O
MeCN / H,0 (10:1), R N

RZ

NH

|
50,R! 4-8 h, undivided ceII SO,R!
55 X=1,Br 56, 56-90%
Proposed mechanism:
Anode Cathode
X 12 H,
-e +e
172 X, H*
o] Pt
' N\ o
T (0
NH NH N
Ts Ts T X
55 57 56
(R"=p-Tol, R2=H) (R"=p-Tol, R2=H)

R = Ph, p-Tol, o-Tol, 4-tBuCgHy, 4-MeOCgH,,
4-BrC5H4, 4-CNCBH4, 4-N02C6H4, thiophen-2-y|,
Me, cPr; R? = H, Me

SCHEME18 | Electrochemical synthesis of halogenated pyrrolidines 56.

Liu et al. 2020:

Pd(OAc); (10 mol%), o,
Y/ L1 (12 mol%), R2
R? NFSI (2 equiv)
REN_NH  CHCN,RT N
58 SO,R" 55-87%

'R" = 4-NO,CgH,, 4-PhCgH,, p-Tol, 4-iPrOCgH,, :
E4-tBUCBH4, 4-'\/'6006H4Y 3,4-(Me0)2C6H3, naphth-2-y|,i
'R?= Me, Et, nPr, Bn, Ph, -(CHy)3.7- !

SCHEME 19 | Pd-catalyzed diamination of unactivated olefins.

Copper(I) catalysis under aerobic conditions, on the other hand,
led to the synthesis of 2-formyl and 2-ketopyrrolidines 67, as dem-
onstrated in the aminooxygenation approach by the Chemler
group (Scheme 21). Depending on the substitution pattern, mod-
erate to high diastereoselectivity for the formed pyrrolidines 67
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Grubbs & Stoltz 2016:

4/ PdCI(PhCN); (5 mol%), R
R Cu(NO3),-3H,0 (5 mol%)

R NH AcOH /Ac,0 (6:1), 23 °C, N
‘Ac O (1 atm, balloon), 16 h Ac OAc

60 R =H, Ph, Bn

Proposed mechanism:

61, 69-83%

[Pd”]

R H/ 62 AC

[Pd"] N

s Pd"]
Qﬁ Me” O g3
2 NO
$d o N LD Ao

Me ¢ N NO
[Pdlv] X-1
Me)\ 64

1/2 0,

SCHEME 20 | Pd-catalyzed aminoacetoxylation of olefins 60.

Chemler 2017:
2
{J\R [Cul, 0, (1atm) RIS -
_—_—
/ NHPG conditions [a] or [b] Q\W
R' ™ g  4-24h,4AMS bg O 67

[a] CuCl (20 mol%), PhCHs, 105-120 °C.
[b] CuCl (15 mol%), L3 (17 mol%), PhCF3, 120 °C.

Selected examples:

Bn
r@w O\\ Ph
A R S
@ Ts O@T1s O s O 18 ©

67a,82% @ 67b, 61%/a 67c, 53% 67d, 49%]
(dr>20:1)  (dr4.8:1)  (dr1.5:1)

SCHEME 21 | Copper-catalyzed aminooxygenation for the synthesis
of 2-formyl and 2-ketopyrrolidines.

was observed, for example, 2,5-disubstituted pyrrolidines were
obtained with excellent cis-selectivity (dr> 20:1). Interestingly,
2-formylpyrrolidines (R*= = H) could be oxidized further to pyr-
rolid-2-ones 77 by slightly adjusting the reaction conditions, that
is, adding the bis(oxazoline) ligand L3 and an external base
(DABCO). For 2-ketopyrrolidines (R*=Ph), the reaction stopped
at product 67, even in the presence of ligand L3 [54].

In the hypothesized aminooxygenation mechanism (Scheme 22),
the copper(I) catalyst was oxidized to copper(II) in an O, atmo-
sphere. Next, alkene 66 cis-aminocupration occurred, forming
the unstable intermediate 69, which underwent C-Cu homolysis,
liberating the secondary radical species 70. Molecular O, reacted

Proposed mechanism: (Chemler 2017)

1
RC LO%n el oo [Cu']
N ——— 67— ——
..} R2=H

©
pc R®  -[cu', OH
72

[Cu']
N -

|
0, PG 74

R1L_>(£8 R'L
PO

PG

(O—[cu"

76 -Cco

L3=
o R\L \
j><( [Cu, OH + S~=o

)
PG 77

SCHEME 22 | Proposed mechanism for copper-catalyzed aminooxy-
genation of alkene 66.

with the formed radical to form the 2-formyl / ketopyrrolidine
structure 67. Unless isolated, formylpyrrolidines 67 (R*=H)
could react further with an in situ-formed hydroxide or external
base (DABCO) to form an enolate intermediate 73. Further reac-
tion with molecular oxygen afforded peroxy intermediates 75 and
then 76. Subsequent oxidative C—C bond cleavage resulted in
pyrrolid-2-one 77 formation [54].

A metal-free approach was demonstrated by the Nicewicz group,
who performed direct anti-Markovnikov hydroamination of unsat-
urated amines 78 (Scheme 23). It required visible-light irradiation
and catalytic quantities of 9-mesityl-10-methylacridinium tetra-
fluoroborate (photocatalyst A; 5 mol%). Thiophenol (20 mol) was
added as a hydrogen atom donor. In substrates where the 5-exo-
trig cyclization pathway was not feasible due to carbon chain
length, 5-endo-trig cyclization occurred, as demonstrated by exam-
ple 79d, where the bicyclic pyrrolidine structure was obtained with
excellent diastereoselectivity. (dr 12:1). For 2,5-disubstituted pyrro-
lidines, the cis-selectivity was less pronounced (e.g., 79¢, dr 3:1).
Electron-rich substrates (PG =Bn, H) afforded poor yields (5%-
15%) due to being prone to oxidation. Ts- or Boc-protected amines
78, however, afforded pyrrolidines 79 with 56%-89% yields [55].

ChemistryOpen, 2026

9 of 32

IPUCO PUE SWLB | 31 39S *[9202/50/22] U0 Atiq1TauIuO AB|IM * AISIBAIUN 21U L BBRY - BU 30N Bwsey Ad 28T0L Usd0/Z00T 0T/10p/u00™AB| 1 Ated 1 pul uo-adoane-Ans Isyoj/sdny woJy popeojumod ‘9 ‘9202 'E9ETT6TE

5901 SUOWLLIOD SATIIO 3IGEa1dde U3 AQ PoUIBAOB 518 SIDILE VO 51 J0 SN 10} ARIqIT3UIIUO /511 UO



Nicewicz 2013:
1

R Catalyst A (5 mol%)
/\/\Rz PhSH (20 mol%)
3l

yary

R

NH 450 nm LEDs,
) 78 DCE (0.5 M), 23 °C, 79‘
PG 24-96 h 56-89%

R"2 = Ar, alkyl; R® = Ar, alkyl, H; PG = Ts, Boc

Selected examples:

Ph H

VetUale,
N % A
Boc Ts Ts

79a,89% 79b,65% 79c,56% 79d, 72%
F (dr3:1)  (dr12:1)el
Proposed mechanism:
o+
Mes éF4

PhS ‘\ ' '

H* PhS

Mes
PhSH Me A*

\+

N /4 Me BF,
NH

PG

|
NH 80 Me B
)

PG

[a] Obtained by 5-endo-trig cyclization.

SCHEME 23 | Organic photoredox system-catalyzed hydroamination
of alkenes 78.

For the mechanistic rationale (Scheme 23), a catalytic cycle was
proposed, where the photoexcited catalyst A* oxidized the olefin
78 to a radical cation 80. Subsequent anti-Markovnikov addition
of the amine gave intermediate 81. The catalytic cycle was final-
ized by H-atom transfer from PhSH to obtain pyrrolidine 79 after
proton loss. The liberated thiyl radical (PhS-) was proposed to
assist in reoxidation of the acridine radical B, thus facilitating
the regeneration the photocatalyst A [55].

To conclude with 5-exo-trig cyclizations, an electrochemical ami-
nothiocyanation method was developed for sulfonamide-
containing unactivated olefins 82. Depending on the carbon
chain length, cyclization occurred either via the 5-endo-trig or
5-exo-trig pathway to afford the thiocyanate functionality-bearing
pyrrolidines 83 or 84, respectively (Scheme 24). Electrochemical
aminothiocyanation offered the advantage of mild reaction
conditions, as well as good regioselectivity. Some examples for
late-stage functionalization of bioactive molecules were also

SCHEME 24 | Electrochemical aminothiocyanation of olefins 82 for
the synthesis of functionalized products 83 and 84.

demonstrated, such as valdecoxib and celecoxib. This reaction
was compatible with various functional groups in the aryl and
heteroaryl (RY) sulfonamide ring: OMe, OCF;, CF3, Me, (Bu, F,
Cl, and Br. In substrates, where the formation of two stereogenic
centers was possible, aminothiocyanation proceeded diastereose-
lectively to afford the anti-products—83b and 84a [56].

Mechanistic investigations for the electrochemical aminothio-
cyanation approach suggested that the cyclization step might
proceed via a sulfonium ion 85a-b (Scheme 25). Ring opening
by nucleophilic attack via the 5-endo-trig or 5-exo-trig pathway
resulted in thiocyanation of the pyrrolidine C3-position or the
side chain, respectively [56].

2.2 | 5-Endo-Trig-Cyclization

Zhang and coworkers combined PhIO-facilitated cyclization of
homoallylic amines 86 with BF;-Et,0 as a fluoride source to fur-
nish a new pathway towards 3-fluoropyrrolidines 87 (Scheme 26).
In the case of 2-alkyl or aryl substituted homoallylic amines
(R' = Et, tBu, Ph, 4-tBuCgH,, 3-CF5C¢Hy; R = H), the fluorinated
products 87 were obtained with moderate diastereoselectivity, vary-
ing from dr 4.3:1 to 6.0:1 (cis/trans) [57].

Similarly, 3-fluoropyrrolidines 87 were synthesized by Kitamura
and coworkers using a reagent system of PhI(OAc), and Py-HF
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Proposed mechanism: (Luo & Guo 2025)

Proposed mechanism: (Zhang 2014)

—( GF anode )

/N

‘SCN SCN  5-endo-trig R C\S/
“ TsHN -H

@
TsHN N

—— (n= 1) Ts
'.“
TsH N Ts
84
| ® 5 !
_H*
H* 1/2H, 5-exo-trig
} TsH N 85b
+e
— Pt cathode

SCHEME 25 | Mechanistic proposal for electrochemical aminothio-
cyanation of olefins 82.

PhIO (2 equiv),
BF3-Et,0 (2 equiv)

DCM, RT, 32-88%

22%61129 cis:trans < 6:1
R4 p-Toll (20 mol%),
R3 Py-HF (20 equiv), R RY
szf& mCPBA (1 equiv) Rﬁ':
R NH DCM,RT,2h  R'™y
I s  60-86% S0.R6
SOR™ (is:trans < 70:30 2
86 87
Kitamura PhI(OCOR®), (1.35 equiv),
2017: Py-HF (10 equiv)

DCM, RT, 5h
50-87%, cis:trans < 80:20

R' = H, alkyl, Ar, CN; R?3 = H, alkyl; R* = H, Me;

R5 = Me, CF3; R® = Ar, Me

SCHEME 26 | 3-Fluoropyrrolidine 87 synthesis.

(Scheme 26) [58]. Other hypervalent iodine reagents, such as
PhI(OCOCEF3),, were also applicable in this reaction. In the cata-
Iytic version, also explored by Kitamura, 20 mol% of p-iodotoluene
was combined with Py-HF as a fluoride source and mCPBA as an
oxidant to afford 3-fluoropyrrolidines 87 with yields up to 86% [58].

Based on experimental evidence, a mechanism involving a car-
benium ion intermediate was proposed for the iodosobenzene-

F\B’F Ph
1I”BF, - Q s
Ph I5=Ph j’ \
+ . _B\‘F
N RNy~ F F
R NH N
n | H Ts
J\/\ Ts 88 o 89
R'" "NHTs - HOBF»
86 (R2* = H) i " F
+
favored \7
- | N
R 5
L cis-87 0:0_©_
Ts (major) 0 90a

R1
S Y/ F
N
\

i disfavored -——
R1
N 033
| trans-87 o)
S 90b |

(minor)

SCHEME 27 | Mechanistic proposal for the PhIO/BF;-Et,O facili-
tated aminofluorination of olefins 86.

mediated transformation 86—87 (Scheme 27). First, iodine(IIT)
intermediate was formed by activation of PhIO with BF;-Et,0.
The iodine(II) reagent then reacted with the alkene 86
(R**=H) to give an iodonium intermediate 88. Subsequent
nucleophilic attack of the amino group closed the pyrrolidine
ring 89. The hypervalent iodine(III) intermediate then under-
went reductive elimination to afford the cyclic carbocation
90a-b, which was quenched by the fluoride anion to afford
the fluorinated product 87 (R**=H). The preference for cis-
selectivity could be explained by the steric hindrance from the
sulfonyl group, where one side of the pyrrolidine ring is blocked
against the nucleophilic attack of the fluoride ion [57].

A slightly different interpretation of the mechanism was later
offered by Kitamura and coworkers (Scheme 28), where the

Proposed mechanism: (Kitamura 2017)

ChemistryOpen, 2026

ey F Ph\
FOLF--HF -
S |—Ph J=F
| T ) N
86 Ph .
R4 - S RN
( ) R{” 'NH H PG
PG 91 92
F
LS LS
pg H H PG Phl
cis-87 (R** = H) 93
SCHEME 28 | Mechanistic rationale for aminofluorination of olefins
86, involving an Sy2-type step for C—F bond formation.
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C—F bond was formed by Sy2-type substitution during the fluo-
ride ion attack on intermediate 92. The preferential formation
of the cis-87 isomer was explained by the formation of the
sterically favored intermediate trans-92. Mechanistic studies
suggested that the reaction proceeded via the iodonium inter-
mediate 91 [58].

Other than hypervalent iodine(III)-mediated cyclizations, some
new Lewis acid-catalyzed methods were explored as well. One
of them was a highly diastereoselective Ti(OiPr),-catalyzed
approach towards 2,3-substituted pyrrolidines 96, which was
offered by the Donohoe group (Scheme 29). The reaction was
triggered by the generation of a cationic intermediate from allylic
or benzylic alcohols, followed by simultaneous C—C and C—N
bond formation with the alkenylamide 94. The size of substituent
R' was crucial in determining 2,3-cis- or trans-product formation.
Bulky TIPSCH,- or TBDPSCH,-groups promoted cis-product for-
mation, possibly due to creating a steric clash with the incoming
allyl/benzyl cation in the transition state 95. Interestingly, when
allylic alcohols bearing two different terminal substituents were
used, partial regiocontrol could be achieved. It was presumably
due to a preferential attack at the least hindered end of an
unsymmetrical allyl cation intermediate [59].

Wei and Shi reported a gold(I)-catalyzed cascade cyclization of N-
nucleophile tethered vinylidenecyclopropanes 97, resulting in
pyrrolidine scaffolds 98, bearing a cyclobutene moiety in the side
chain (Scheme 30). This transformation occurred via ring expan-
sion of the cyclopropane unit, followed by gold carbene-induced
vinylogous nucleophilic addition in 5-endo-trig fashion.
Regarding the applicable substrates for the gold-catalyzed cycli-
zation, apart from alkyl and benzyl substituted (R = alkyl, Bn)
allenes 97, some more complex substrates 97, functionalized with
a terminal olefin or 1,3-dioxolan-2-yl group in the side chain (R =
but-3-en-1-yl or 2-(1,3-dioxolan-2-yl)ethyl) also afforded the
desired product 98, whereas substrates bearing aromatic groups
(R =4-CIC¢H,) did not. Lower yields were obtained for sterically
hindered alkyl substituents (R =iPr, Cy) [60].

Donohoe 2022: oNs. R2
N trans-95 }_R3

R? 1'1
X R }‘F\R3 '}l
94 R2 oNs
1 =

NH _
A Ti(OPr), trans-96,

oNs (30 mol%) dr <20:1
2 HFIP, RT R'= TIPSCH
R 20-99% z
V—OH TBDPSCH,
R3 ONs, R2
N R2 RS
\+_R3
]
N R

P - R' cis-95 \
R3: Ar, Vinyl, OH ONs
C =Ph, Me, H Cis-96, dr < 5:1

SCHEME 29 | Titanium-catalyzed diastereoselective synthesis of 2,3-
disubstituted pyrrolidines 96.

Wei & Shi 2023:
XPhosAuNTf,
:] (5 mol%)
T TR Rt . NOR
NHTs 30-90% Ts o8
Proposed mechanism:
R = Me, nPr, iPr,
: cBu, Cy, Bn,
but-3-en-1-yl,

mjj

TS 101

SCHEME 30 | Gold-catalyzed cascade cyclization of vinylidenecyclo-
propanes 97.

2.3 | 5-Exo-Dig-Cyclization

‘While there are several transition-metal-free methods for intra-
molecular amination of unactivated alkenes, the same for unac-
tivated alkynes has rarely been reported. The inherent instability
of a vinyl cation intermediate was one of the obstacles, prevent-
ing further development of transition-metal-free procedures.
Shibuya and coworkers addressed this problem by using a
silane-iodine system for the intramolecular hydroamination/
reduction of unactivated alkynes 102 (Scheme 31) [61].

The above-mentioned reaction likely proceeded through an exo-
cyclic enamine intermediate 104, which rearranged to provide an
iminium intermediate 105. Further reduction by Et;SiH pro-
duced pyrrolidines 103. High diastereoselectivity was achieved

Shibuya 2017:
Et3SiH (2 equiv),

W{\RZ I, (10 mol%) R/
NH H,0 (20 mol%), N )
PG 102 DCM, RT 103 pg R
44-96%
O\HRz H Z R2 St
T Ty
PG 104 PG 105

'R1 H, Me, iPr, iBu, Pent, Ph, TsNHCH ,, BzOCHg,
‘HCCCH2, R?=H, Me; PG =Ts, Ns

SCHEME 31 | Pyrrolidine 103 synthesis from alkynes 102 by a hydro-
amination/reduction sequence.
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under these conditions—dr 10:1 (cis/trans) for 2,4-disubstituted
pyrrolidines 103 and dr 23:1 (cis/trans) for 2,5-disubstituted prod-
ucts 103 [61].

2.4 | 5-Endo-Dig-Cyclization

Pyrrolidine synthesis via the 5-endo-dig-cyclization pathway has
been studied more extensively in recent years than its exo-
counterpart. The Gharpure group reported a TMSOTf-mediated
reductive hydroamination of chiral homopropargylic amines 106
for the diastereoselective synthesis of 2,5-disubstituted pyrroli-
dines 107 (Scheme 32). Reduction of the intermediate iminium
ion with triethylsilane from the least hindered face (transition
state 109b) favored the formation of cis—2,5-disubstituted pyrro-
lidines 107 (up to dr >19:1) [62].

The same Et;SiH / TMSOTS system, when used for reductive
hydroamination of alkenynes 110, bearing a pendant sulfon-
amide, afforded pyrrolidines 111, bearing longer hydrophobic
chains in the C2-site (Scheme 33). The alkenyne substrate 110
was conveniently prepared in one step via Sonogashira coupling
between the corresponding monosubstituted terminal alkyne
and vinyl halide. This cyclization approach was employed in the
synthesis of various pyrrolidine alkaloids, namely (+)-cis-225H,
(£)-epi-197B, (£)-epi-225C, and (£)-bgugaine [63].

Gold catalysis also enabled intramolecular hydroamination of
chiral homopropargyl sulfonamides 116, as demonstrated by
Ye and coworkers (Scheme 34). The reaction proceeded via
the 2,3-dihydropyrrole intermediate 120, which could undergo
further azidation or allylation to yield the corresponding enan-
tioenriched 2,5-disubstituted pyrrolidines 117 and 118 [64].

Similarly, homopropargylic sulfonamides 124 could be activated
using a silver catalyst (20 mol% AgOAc), inducing the 5-endo-

Gharpure 2019:

Ar
=Z Et,SiH (1 equiv), ’O\
TMSOTF (10 mol%)  R=N = ar
H
R” "NHPG DCM, 0 °CHRT PG
106 48-94% cis-107

Proposed mechanism: up to dr>19:1

TMSOTf \j+ ___________________________
E RD\AF !Ar = Ph, p-Tol, 3,5-xylenyl,:
106

-p-MeOC5H4, m-M8005H4, E

108 PG [thiophen2yl " 7
Et,Si—H
Ar RKAr
R N —= N | cis-107
H PG H| ®@PG TR
\a; R =H, Me, !
109b H=SiEts L iPr, iBu, Ph!

SCHEME 32 | Diastereoselective synthesis of cis—2,5-disubstituted
pyrrolidines 107 from chiral alkynes 106.

Gharpure 2023:
o R?

Z ) .

Et;SiH (2 equiv), 1,<_>\/\R2
TMSOTf (10 mol%) RN Y
. I

R1 '}IH DCM, 0 °C PG 111

PG 110  73-93% R'= alkyl, Bn, Ph, H;

Proposed mechanism: R?= alkyl (C3.12)

+

TMSOTf Et3S|
PG 12 PG 113
PG =Ts, p-Ns
Et3SI—\H> R? ¢ (H+
X 1/@V\R2
cis-111 =— H I\/J® - R l}l
R'" PG 115 PG 114

SCHEME33 | Synthesis of 2,5-disubstituted pyrrolidines 111, bearing
long hydrophobic side chains.

Ye 2019: TMSN3 (2 equiv)

IPrAuNTf; (6 mol%)
| EtsN (1 mol%)
DCE, 60 °C, 5 h
R 60-85%

-

|
117, PG
dr up to >20:1

“>\

N TMS/\/ 2 equiv)

116 | IPrAuNTY, (5 mol%) /\/O\

DCE, 60°C,3h
73-94% 18, PO

Proposed mechanism: dr up to 5:1

S) = ‘R =
(Au] PG =Ts, MBS; R = Ar, alkyl

ne AU Z/EL [A“]

NH
19 pg [A pG 120
[Au} [Au]

17 H,0 TMS‘N ] TMSN, \
A ®
TMSOH, . PG 122 121 PG
Ay N g
[Au]
T™MS, ® /\/TMS
118 <120 N R
Y 123 pg
TMSOH, [Au]

SCHEME 34 | Gold-catalyzed hydroamination of chiral homopro-
pargyl sulfonamides 116.
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Liu & Li 2020:

R2
R2 7  Conditions a) or b) ,/\_S\
o] R
HFIP, 50 °C, L N
1 3 : 3
R'" "NHR up to 99:1dr F.c cr.R
124 125
BF3-Et,O (1 equiv),
Nu = allyl, CN, u” (2 equiv), DCM, RT
N3, RO, SCFg, 40_99%
alkynyl R?
a) 20 mol% AgOAc, 1
75-97% yields; Nu= >y TR
R3 126
5 mol% PhzPAuCI, dr > 99:1,

51-91% yields up to 99% ee

R'=H, alkyl, Bn, Ar, thiophen-2-yl; R? = H, alkyl;
R3=Ts, Ns, Ms, PhSO,, 4-MeOCgH,SO,

SCHEME35 | Cyclization of homopropargylic sulfonamides 124 with
further side chain derivatization.

dig-type cyclization (Scheme 35). Gold catalysis also facilitated this
transformation and with lower catalyst loading (5 mol% Ph;PAuCI).
Using the weakly nucleophilic HFIP as solvent, isolatable N,
O-acetals 125 as intermediates were obtained. Notably, nearly all
the 2-hexafluoroisopropoxypyrrolidine products 125 were obtained
in the cis-configuration. The only exception were N-4-nitrobenze-
nesulfonyl-substituted products (R* = Ph, R =H, R*®=Ns), where
the trans-isomer 125 was obtained as the main product (dr
=1:6.6 cis/trans), possibly due to the electronic effects on the sulfo-
nyl aromatic ring. Additionally, complete chirality retention was
observed in reactions with enantiopure homopropargylic sulfona-
mides 124, which afforded cis—2,5-disubstituted pyrrolidines 125
with high diastereoselectivity (up to 99:1 dr). Further reactions of
the obtained N, O-acetals were investigated by the addition of exter-
nal nucleophiles. The (CF;),CHO- substituent acted as a good leav-
ing group, and 2,5-bifunctionalized pyrrolidines 126 were obtained.
In this manner, several new C—C and C-Het (Het =N, O, S) bonds
were constructed. Moreover, applications of this approach were
tested for the synthesis of the pharmaceutical intermediate of tran-
dolapril 126 (R**=-(CH,),~, R*=Ts, Nu=CN) from the corre-
sponding homoallylic sulfonamide 124 (R"* = -(CH,),-, R* =Ts) in
75% yield over 2 steps. Also, successful late-stage functionalization
of p-estradiol was achieved using this approach [65].

Mechanistic studies suggested a reaction pathway involving dihy-
dropyrrole intermediate 128 (Scheme 36). Control experiments
demonstrated that the hydroalkoxylation step with HFIP pro-
ceeded with no requisition of the Ag(I) catalyst, but at a slower
rate, for example, 3.5 h in the presence of AgOAc and 48 h with-
out the catalyst [65].

3 | Tandem Annulation Strategies Incorporating
Intramolecular C—N Bond Formation as a Key Step

Instead of direct intramolecular amination, propargylic silicon-
containing alkynes can undergo cationic rearrangement to form
stabilized allylic cations before participating in the key C—N bond

Proposed mechanism: (Liu & Li 2020)

{/ DL

s 124 H "Ts 127 'Il's 128

Nu = allyl, CN, N3, RO, SCF,

-1
J_LR S
Ts 129

OCH(CF3),

L
Nu R
N /4
Ts FsC Ts 125

cis-126 LG

SCHEME 36 | Mechanistic proposal for silver-catalyzed cyclization of
homopropargylic sulfonamides 124.

formation step. This was demonstrated in a recent example by the
Turks group, where propargyl silanes 130, containing a tethered
amide nucleophile, were heterocyclized to afford functionalized
olefin side chain containing pyrrolidines 131 (Scheme 37). Upon
electrophilic activation of the propargyl silane moiety, the formed
vinyl cation 132a rearranged to the more stabilized allyl cation
132b via the 1,2-silyl shift. The allylic cation 132b was then que-
nched by the internal amine, forming the pyrrolidine ring 131 [66].
This transformation was possible due to the f-carbocation-stabiliz-
ing properties of silicon [67]. In addition to pyrrolidine ring forma-
tion, a highly stereodefined olefin side chain was introduced in the

Turks 2023:
SlMeztBu
SiMe,fBu Conditions A or B

//)\%N”R DCM or CHCly (\73

130 020 °Ct R 131
2.5-20h < 85% vield,
R = Ac, Bz, Boc, Cbz, Ts, Ns up to E/Z > 95:5
E*=H* Br*, I', PhSe*
Conditions A: HNTf; (0.1-1.2 equiv);
Conditions B: NBS / NIS or PhSeCl (1.0-1.3 equiv)

Proposed mechanism:
Si

é/kWNHR /O\H/NHR
\, 130 ( *132a

1,2-silyl
shift

Yo
131 —— (/'%NHR -~
)
132b  [a]R=Ac: T = -40->20 °C

SCHEME 37 | Pyrrolidine 131 synthesis from propargyl silanes 130
via the 1,2-silyl shift.
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pyrrolidine C(2)-position. Further utility of the vinyl halide-
containing reaction products was demonstrated by participation
in Suzuki-Miyaura coupling reactions. As for the possibilities to dis-
place the silyl group, electrophilic substitution using NIS in 2,2,2-
trifluoroethanol was successfully performed, while preserving the
double-bond geometry [66].

Similarly, a copper-catalyzed arylation-ring closure strategy was
developed for direct synthesis of pyrrolidines 134, bearing a func-
tionalized styrene side chain, utilizing diaryl-4*-iodanes and prop-
argyl silanes 133 as starting materials (Scheme 38). Although this
method was primarily designed for terminal alcohol group-
containing silanes (C—O bond formation), benzamide 133 also
underwent a similar arylation-cyclization sequence, affording pyr-
rolidine 134 [68].

For the above-mentioned transformation, a Cu(I/III) catalytic cycle
was proposed (Scheme 38), where Cu(I) reacted with the diaryl-4*-
iodane to generate the strongly electrophilic Ar-Cu(IIl) species,
which activated the propargylic system to induce 1,2-silyl migra-
tion. The afforded allylic cation intermediate 136 was trapped
by the internal amide group to form the pyrrolidine ring 134.
Lastly, reductive elimination regenerated the Cu(I) catalyst [68].

Multistep synthesis of starting materials, bearing both the amide
and alkene/alkyne functionalities, is the general drawback in
the so far discussed intramolecular C—N bond strategies. Tandem
processes, such as recent radical redox annulation strategies, aim to
streamline the synthesis of pyrrolidine 138 by offering a direct route
from alkenes and N-hydroxyphthalimide esters 137. In one exam-
ple by Doyle and Knowles, an iridium(III)-catalyzed photocatalytic
approach was employed for annulation of alkenes with bifunc-
tional reagents 137, containing N-hydroxyphthalimide ester
(NHPI) and tethered 2° amide functionalities (Scheme 39). Visible
light irradiation (456 nm) activated the iridium(III) photocatalyst.
This initiated single-electron reduction of the NHPI ester 137, lead-
ing to fragmentation into radical species 139. The latter reacted

Turks 2025:
- ® Grs SiMe,Bu
pMeztBu Ph/l\Mes (3.0 equiv)
NHBz (/
=z CuCl(10mol%),  pp N
133 2,6-(tBu),-Py (1.2 equiv), Bz
EtOAc, 70 °C, 3h 134
o
Proposed mechanism: 53% yield
cu()y o
®
HB + 134 base © v
Ph™ "Mes
i RE  I-Mes
Si

I BzHN
Ph

via 1,2 /kM,NHBz
silyl shift %
135

Cu(ll-Ph

|
(/Xj PhCu(lll)Y,
ey 136 /— 133

SCHEME 38 | Copper-catalyzed arylation-cyclization sequence for
propargyl silanes 133.

Doyle & Knowles 2022:
0 JJ\ )
R? -NPhth R3"“R4 (1-5 equiv), R
INp-CFppy)s (1 mol%), 11—)<R“
R' NH  (PhO),P(O)OH (0.25-3 equiv) RSN YR
|
137 PG acetone, 35 °C, 4 h, 138, PG
456 nm blue LEDs <90%
Proposed mechanism:

"= H, Me, tBu, Ph, COOMe;
R?=H, Me, allyl;
PG =Cbz, Ts, Bz, Boc

reductant J

T
SET

R4R
R3 » l/\ﬁ

radical bond R
formation

polar bond

formation
140 141 PG A

R® = aryl, alkenyl; R* = H, Me, COOEt, CONR®R®

SCHEME 39 | Iridium-catalyzed annulation strategy, involving a
polar C—N bond formation step.

with an external alkene in anti-Markovnikov fashion, forming
intermediate 140, containing both the radical and tethered amide
functionalities. Single-electron oxidation provided the strategic
intermediate 141, which participated in the polar C—N bond for-
mation step, affording pyrrolidine 138. Although the substrate
scope was limited to aryl alkenes and dienes (cyclic and acyclic),
this reaction found some interesting applications in the late-stage
derivatization of pharmaceutical compounds, such as ezetimibe,
febuxostat, and amoxepine [69].

Similarly, under visible-light-driven conditions, an electron
donor-acceptor (EDA) system, consisting of the N-hydroxyph-
thalimide ester 142 and diphenyl sulfide (electron donor), was
used to induce phthalimide ester fragmentation via a SET process
to afford reactive radical species 145 (Scheme 40). Radical 145
was captured by an olefin, followed by the addition of diphenyl
sulfide cation radical to form the sulfonium species 147.
Intramolecular cyclization by N-nucleophile attack afforded the
pyrrolidine 143 scaffold. Lewis acidic lithium ions were added to
enhance the interactions within the EDA complex. This visible-
light-driven method was compatible with water and air, signify-
ing the overall robustness of this method [70].

In a mechanistically similar approach, the carbenium ion interme-
diate 154 was generated under catalyst-free conditions from
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Tayu & Saito 2025:

ONPhth .
Me” “Phi Ph,S (10 mol%)

(2 equiv) | LiBF, (20 mol%) Me7<_>
N
1

Ph
NH MeCN (0.1 M) bz
Cbz LED (390 nm), RT, 24 h 143 419,

y o

142

Proposed mechanism:

Ph___Ph PhthN- Li* JL
J LiBF, /SEI’\/

(D

R Me” “Ph

o \ 145
-

I
i

N.oA ph>>pn BF4 R
d © "R suride /[
EDA complex 144  EDA :
P catalysis R Me”™ Ph
kﬁph 146
o ! Me 147
- SPhe Ph” 7 Ph BF,
PhthNO™ "R
142

143
R = (CH,),NHCbz

SCHEME 40 | Visible-light-driven synthesis of pyrrolidines 143, uti-
lizing a phthalimide ester/sulfide EDA system.

styrenes 148 and N-hydroxyphthalimide esters 149, bearing a teth-
ered carbamate (Scheme 41). It was suggested that in this reaction,
styrene formed an EDA complex 151 with the phthalimide ester.
LED irradiation caused a SET process, followed by fragmentation
to a radical cation 152 and an alkyl radical 153. Their recombina-
tion to cationic intermediate 154, followed by intramolecular cycli-
zation, afforded the pyrrolidine 150 scaffold. Pyrrolidine 150 yields
were generally higher, with aromatic or heteroaromatic R' sub-
stituents (up to 72%), whereas aliphatic R' substituents (Me,
H) gave poor yields (22%-24%). While the catalyst-free visible-light
induced method, which proceeded via an electron donor-acceptor
complex, was more sustainable, much higher yields were obtained
with iridium catalysis. For comparison, the synthesis of tert-butyl
4,4-dimethyl-2,2-diphenylpyrrolidine-1-carboxylate 150 (R' =
R*=Me) in accordance with the conditions presented in
Scheme 41, afforded the product in 42% yield. Alternatively, per-
forming the reaction using [Ir(dF(CF3)ppy).bpy]PFs (1 mol%),
iPr,S (10 mol%) in MeCN (0.05 M) under LED (390 nm) at room
temperature for 24h afforded the same product 150 (R' = Ph,
R?=Me) in quantitative yield [71].

In a non-photocatalytic approach, featuring Cu(Il)-catalyzed cou-
pling of potassium f-aminoethyl trifluoroborates 155 with styrenes
and dienes, 2-aryl- and 2-vinylpyrrolidines 156 were obtained
(Scheme 42). Both 1,2-disubstituted and 1,1-disubstituted vinyl are-
nes participated in this reaction. It was also shown that alkenynes
could participate in this reaction, producing 2-alkynyl-substituted
pyrrolidines 156. This intermolecular coupling reaction occurred
via a copper-catalyzed/MnO, mediated stepwise oxidative coupling
sequence, where Cu(Il)-catalyzed oxidation of the alkylborane 155

Tayu & Saito

2025: Q 5 ,
PhthNoJ\(\N’ oe R =2
§ 129 RZR? ™ 2 equiv)
" Ph
R MeCN (0.05 M) Ph N
148  LED (390 nm), 24 h, RT 150 Boc
22-72%

1R"=4-MeOC¢Hy, 4-CICgH,, Ph, 1-naphthyl, 2-furyl,!
1 2-(benzo[d][1,3]dioxol-5-yl), Me, H;
{R?=

Proposed mechanism:

148 +
(R'=Ph)

[Ph\f r

152 '

N
+ CO, PhthN- O/U><
. .Boc ' (0]
T >
¢ H 153

PhW”’BOCH 150 (R' = Ph; R? = Me)

Ph 154

PhthNO
H 149 (R? = Me)

J
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SCHEME 41 | Visible-light-induced aminoalkylation of alkenes 148.

liberated the alkyl radical 157, which added to styrene to produce
the stabilized benzylic radical 158. Next, recombination with Cu(II)
afforded the alkylcopper(IIl) intermediate 159, which underwent
further reductive elimination (path I). Alternatively, the stabilized
radical 158 could undergo oxidation by MnO, to the carbenium ion
160, which is prone to undergo nucleophilic attack by the pendant
amide, resulting in pyrrolidine 156 formation (path II) [72].

Later, a Rh(III)-catalyzed approach was developed, involving a
possible rhodium nitrene 165 formation step from 4-methyl-N-
(pivaloyloxy)benzenesulfonamide (163) and subsequent aziridi-
nation of olefin 161 (Scheme 43; path A). An alternative pathway
for aziridine intermediate 167 formation was also plausible, fea-
turing a migratory insertion step between alkene 161 and inter-
mediate 164, with a subsequent C—N bond formation step in
concerted fashion and N—O bond cleavage (path B). Aziridine
167 ring expansion was succeeded by a combination of sequential
hydride shifts and elimination/protonation pathways until the
carbenium ion was quenched at the C4 position, forming the pyr-
rolidine product 162 [73].

4 | Nucleophilic Addition to the Carbonyl Group

Intramolecular amination of carbonyl compounds is a well-
established C—N bond formation strategy. The majority of recent
studies has focused on its practical applications in natural product
synthesis or reductive amination strategies, aiming to simplify the
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Chemler 2016: R! R®

>:/(1.5-2.0 equiv)

R2 3
BF3K Cu(OT), (20 mol%), R
[ 1,10-phenanthroline (25 mol%) R?
NH MnO, (2.55 equiv), DCE, N° R

PG 155 105 °C, 24 h, 33-82% yield PG 156

Proposed mechanism:

155 R' = aryl, heteroaryl, alkenyl, alkynyl;
[Cu' R?=H, alkyl, aryl;
| ) MnO, R3=H, Ph, COOR;
[Cu] PG = Cbz, Boc
. L
III
i“? L/ 156
NH 159 2 . h;
PG [Cu'] R = H)

11
Cull*"Mno, H*

path /
(\/Ph (\/Ph
path Il 160

158

SCHEME 42 | Copper-catalyzed annulation of f-aminoethyl trifluor-
oborates 155 with styrenes/dienes for the synthesis of pyrrolidines 156.

substrate design, as scaffolds, bearing both the carbonyl moiety and
an internal N-nucleophile, require multistep synthesis to attain.

Ramesh and coworkers applied intramolecular amination of alde-
hyde 172 as the pyrrolidine ring-formation step in the total synthe-
sis of 1,4-dideoxy-1,4-imino-L-xylitol (175)—a potential glucosidase
inhibitor (Scheme 44). Before the C—N bond formation step, the
aldehyde 172 was obtained by oxidative cleavage of vicinal diol
171. Aldehyde 172 heterocyclization afforded the hemiaminal
173, which was further deoxygenated to pyrrolidine 174 with
Et;SiH in the presence of BF;-OEt,. Deprotection under Birch con-
ditions afforded 1,4-dideoxy-1,4-imino-L-xylitol (175) [74].

Budynina and Trushkov included a chiral y-azidoester 176 amina-
tion step into the synthetic route toward (-)-nicotine (181) - a pyr-
rolidine ring containing alkaloid (Scheme 45). The y-azidoester 176
was obtained by ring-opening of cyclopropanes with the azide ion
in an Sy2-like reaction. Reduction of the azido group in starting
material 176 under Staudinger conditions, followed by cyclization,
afforded the lactam scaffold 179. The latter was reduced with
LiAlH, and methylated to produce (-)-nicotine (181) [75].

Darcel and coworkers employed silane RSiH; as a mild reducing
agent for the reductive amination of levulinic acid 182 (R' = Me,

=H) and its esters (Scheme 46). The reaction was catalyzed by
an NHC-iron complex: Fe(CO),(IMes) ([Fe]-1). In the proposed
reaction mechanism, oxocarboxylic acid 182 (R*=H) condensed
with aniline R°NH,, forming the imine intermediate 185, and
silyl derivatization of the carboxylic acid incorporated the O-Si
moiety. Next, iron-catalyzed hydrosilylation led to the silyl amine
186 and subsequent ring closure by transamidation afforded the

Lee 2019: 163 (1.3 equiv)
[Ind’RhCl,], (2.5 mol%)
Cs,CO3 (0.1 equiv),
R = HFIP, 22 °C R7<_>
R' 161 then TOH (2 equiv) R~ N 162,
, TS 49.63%
Proposed mechanism:
PivO\N/Ts R' = H, Me
~ H 163\
,Ind

[Ind*RhX]

XRO 5 \161 .
N-Ts “o
PivO TOI

166 R’ Rh OP|v
%% nd fOH
167
Ind —| \
X Rh\ Tol\ 0
165 N—-Ts Tol
162 \ /

ci &
0'9/: [INd*RhCl],

R = Me, Et, Pent, Cy, Br(CH,)7,
AcO(CH,);, PhthN(CH,),

SCHEME 43 | Rhodium-catalyzed olefin 161 aziridination/cycliza-
tion sequence for the synthesis of pyrrolidines 162.

pyrrolid-2-one intermediate 184. The latter was reduced to the
pyrrolidine 183 in another hydrosilylation event. A few addi-
tional details should be pointed out: 1) visible light was crucial
for generation of the active 16 electron [Fe®]-species, required to
promote the silane oxidative addition step; 2) depending on the
employed iron catalyst, the reaction proceeded as described
before or stalled at the pyrrolid-2-one intermediate 184, even
when an excess of PhSiH; (4 equiv) was used [76]. Also, the
polarity of starting materials could be easily reversed, for exam-
ple, amino acids reacted with aldehydes under similar conditions
to form pyrrolidines [77].

Similarly, the reductive amination of biomass-derived keto acids
187a with amines in a Ca(NTf,), catalyzed process was used
to directly access polyhalogenated pyrrolidine-2-ones 188a
(Scheme 47). Alternatively, pyrrolidine-2-ones 188b were synthe-
sized by reacting amino acids 187b with carbonyl derivatives
under the same conditions. Both approaches displayed chemo-
specificity and good substrate tolerance, offering a broad range
of applications, which was demonstrated by late-stage function-
alization of drug molecules, such as amlodipine, lenalidomide,
and nabumetone [78].

Pyrrolidin-2,5-diones 190 were accessed by isomerization and
carbonylative functionalization of alkenes 189, enabled by
low-valent tungsten redox catalysis (Scheme 48). In the presence
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Ramesh 2020:

OH
o BnO OH NalOs
n
Bgr?oé/g L B% OH NaHCO; (aq.)
NHTs DCM,
170 17 30°C, 8 h
80%
Et,S5iH  BnO_  OBn
= BnO =0
B O, b __ PRox=_ o
DCM, 7 h HO*" S~y NHTs
033°C 173 Ts  OH 172
87%

BnQ OBn Na, HOQ, OH

7\—/\'\ lig. NH3; T Glycosidase
g -y iNhibitor
N N \

-78°C,3h
174 Ts 175 H OH

on 79%

SCHEME 44 | Synthetic route toward 1,4-dideoxy-1,4-imino-L-xylitol
175).

Budynina & Trushkov 2015:

CO,Me

CO,Me
PPh3 AN "/N
DCM » PPh
89% N 3

(S)177
Hzol
Cfo OMe
NH = o)
- MeOH AN "/NH
O (S)-179 | 2
N (S)178

LiAlH,4, THF,
A, 55%

O )-180
N\ <R H) H,CO, HCO,H,

87%
@ (S)-181
N (R =Me)

SCHEME 45 | Synthetic route toward (-)-nicotine (181).

of a W(CO); catalyst, the aminoalkene 189 C=C bond was isom-
erized to unactivated internal positions, resulting in regiospecific
formation of pyrrolidine rings 190, regardless of the substrate 189
C-chain length (n =0-5). The hydrocarbonylation step was per-
formed under a CO atmosphere. The key mechanistic factors
were six- to seven-coordinate geometry changes, characteristic
of the W(0)/W(II) redox cycle, and the conformationally flexible
pyridin-2-ylmethyl directing group effect (Scheme 49) [79].

Huang and coworkers devised a one-pot strategy for the enantio-
selective synthesis of a-alkyl pyrrolidines 200 from amides 198a
and alkynes (Scheme 50). This method was employed for the total
synthesis of chiral alkaloids, such as (-)- and (+)-bgugaine ((R)-
and (S)-200). Depending on the chirality of the N-PINAP catalyst,

Darcel 2019: [Fel-1 (2.5 mol%),

R3NH, (1 equiv), PhSiH3 (4-6 equiv) Q\W

‘ neat, hv, 100 °C, 20 h, Ar
then THF /NaOH (2N) 483 65 939,
(0] 2 _ .R3 =
R?=H,Me EtR®=Ar s _ Me, Ph
R’ COOR?
182
[Fel-2 (5 mol%), A/—)\
‘ R3NH, (1 equiv) PhSiH3 (2 equiv) o N
neat, hv, 100 °C, 20 h, R3
then THF / NaOH (2N) 184, 30-87%
R'=Me; R?=H R® = Ar, alkyl
Proposed mechanism:
PhSiH; [Fel-1 =

182 OSiPhH,
[Fe]
+ o) 185

R3NH, RSN

(\N Mes
N\( co

‘s |PhsiH, H00
i 3 [Fe]
HoPhS R ® oc o
l’wWOSiPth [Fe]-2 =
®
0 186 Mes @

\ S
[Fe] N._Fe-ncoll
o?\/_)\w PhSiH T
N T8 483 \ N CO
R3 184 Mes

+ (H,PhSi),0

SCHEME 46 | Reductive amination of levulinic acid 182 and its
esters.

the key intermediate 199a could be obtained as either (R)- or (S)-
enantiomer, with enantioselectivity up to 94% ee. Then, reductive
amination of an acetal group-containing alkyne 199a (R*=
HC(OE),) provided either of the bgugaine isomers 200 [30].

The aliphatic amide 198a enantioselective alkynylation step
likely proceeded via the mechanism proposed by Huang and
Wang, involving an Ir/Cu/chiral ligand (L*)-catalyzed sequence
(Scheme 50) [81]. Following tandem benzylic deprotection-
reductive cyclization step, using Pd(OH),/C and H,, afforded pyr-
rolidine ring formation [80]. A mechanistically similar strategy
was employed for the asymmetric synthesis of anticaprant—a
k-opioid receptor antagonist—where N-Boc-L-proline induced
chirality instead of N-PINAP catalysts [82].

In the case of aliphatic chain-containing alkynes (R®= alkyl),
a y-carbonyl group present in the amide 198b served as an elec-
trophilic center for the internal nucleophile attack (Scheme 51).
In this case, 2,5-disubstituted pyrrolidine 204 was formed instead,
as illustrated by the synthesis of the alkaloid (-)-cis-225C (204)
hydrochloride form [80].

5 | Intramolecular Nucleophilic Substitution

Amino alcohols are common precursors for synthesizing the
pyrrolidine scaffold via the 5-exo-tet ring closing pathway.
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Wang et al. 2023:

2 3
o R? R R
o RENH (12 equiv) l—L\
1 —_—T
R T Ca(NTR), (5 mol%) R N7 O
R® O 187a PhSiH3 (4 equiv) R2
R = alkyl, heteroaryl; neat, 100 °C 188a, 45-95%
R%3 = alkyl, H
7 10 R® R10
RORT
WOH R5 “R® (1.0 equiv)
HoN 8 “p9 o, R’ (0]
RERY ) Ca(NTh), (5 mol%) [J\j\
) PhSiH; (4 equiv)
187b (1.2 equiv) neat, 100 °C R% “RS

R” = COOBN, H; R®= Ar, alkyl, H; 188b, 45-92%

R®=alkyl, H; R'®= OH, H

Anilines: X i Aldehydes / ketones:
H,N Xi O
R*NH, = Rsu\Re R5=H, Me, Bn
X Y
X etc. | R® = C4F5, 4-MeOCgH4,
X = Hal, H, CF5 : benzo[b]thiophen-3-yl,

Y =Hal, H, EWG CH=CHPh (E-), etc.

SCHEME 47 | Synthesis of pyrrolidin-2-ones 188a-b by reductive
amination.

Liu & Engle 2022'

3
W ﬂ*
R  (0.2- 1 o equw) (0-2-1.0 equiv) ¢
1 atm. CO
X) MePh, 150 °C AN
189 P 17-93%

190 =

R'=H, alkyl, Bn; RZ= H, Me, Bn, NHBoc;
R38=H, Me; R* = H, Ar, alkyl; R®=H, -(CH,)s-
nBuOOC; n = 0-5

SCHEME 48 | Tungsten redox catalysis for pyrrolidin-2,5-dione 190
synthesis via carbonylative functionalization.

Conventionally, the alcohol is first converted into a good leaving
group, such as a halide or sulfonate ester, whereas direct ring
closure of amino alcohols is a less studied subject. Many sub-
strates fail to tolerate the harsh conditions required (strong acids,
heating) to displace the alcohol moiety with an incoming amine
nucleophile [83], thus encouraging the development of milder
activation methods.

Direct alcohol displacement in amino alcohols 205 was achieved
by combining trimethyl orthobenzoate (TMOB) with Lewis
acidic BF;-OEt, (Scheme 52). Under these conditions, the
hydroxyl group was transformed into a leaving group, which

Proposed mechanism: (Liu & Engle 2022)

190 (R™ =H;n=1)

SCHEME 49 | Mechanistic proposal for pyrrolidin-2,5-dione 190 syn-
thesis via tungsten redox catalysis.

was then displaced by an internal amide group to afford pyrro-
lidines 207 (Scheme 53). The reaction scope was extended from
monoalcohols to vicinal diols 206 (R' = HOCHR®) as starting
materials. Enantiomerically pure substrates (> 99% ee) afforded
prolinol benzoates 208 (R?® =BzOCH,) with complete inversion
of configuration at the chiral center, suggesting a Sy2-like mech-
anism. The incorporation of the benzoate group into the product
suggested a cyclic oxocarbenium intermediate 211, formed on the
diol moiety (Scheme 54) [84].

The same amino alcohol transformation (205—207) was achieved
with N,N-dimethylacetamide dimethyl acetal (DMADA) and SnCl,
(10mol%) as the Lewis acid catalyst (Schemes 52 and 53). With
comparable yields, HCI (1 equiv.) could also promote this reaction
instead of the SnCl, catalyst. A practical application for direct acti-
vation of alcohols using the DMADA / H* system was demon-
strated in the synthesis of natural product crispine A [83].

Alternatively, secondary alcohols 212 could be transformed in situ
into leaving groups using iron(III)-catalysis under non-solvolytic
conditions (Scheme 55). The iron-catalized approach for C—N bond
formation was advantageous because the only stoichiometric
byproduct was water. Fe(SbFg); was proposed to be the active
catalytic species since the best yields were observed when using
three equivalents of AgSbFg relative to Fe**. It was also confirmed
by DFT calculations that the energy barrier for C—N bond forma-
tion with iron catalysts decreased in the following order: FeCl,
(highest) > Fe(SbF)Cl, > Fe(SbF¢),Cl > Fe(SbFg); (lowest). The
intramolecular displacement of chiral ROH-[Fe] species with teth-
ered sulfonamide nucleophiles in transition state 214 occurred with
inversion of stereochemistry. This was ensured by applying the
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Huang 2023: 1) IrCI(CO)(PPh3), (1 mol%), EtO.__OEt
(0] TMDS (2 equiv), PhMe / THF (3:1),
L gn RT. 10 min Il (R,M)-N-PINAP: (R)-199a
n-CiHyg™ N (R,P)-N-PINAP: (S)-199a
Me  2) (R,M)-N-PINAP or (R,P)-N-PINAP (5 mol%), - 90-94% ee
198a Cul (5 mol%), EtzN (5 mol%), n-CiaHag D K .
RT, 5d, Me ; ;
3) Pd(OH),/C, H,, : :
OEt . ) (O )2/C 2 :H-C14H29 * N '
:_< (1.2 equiv) conc. HCI, MeOH : ) :
81-82% ! Me :
OEt ° 1(S)-200: (+)-bgugaine !
1 (R)-200: (-)- ine
Proposed mechanism: (R) e () bgugam _e_ /
EtzN-HX =—R?
Sil-H +
N . R?=. A~OEt
. L' —_— 2 g *
[Ir)-[Si] [ Cu—=——R? L*—CuX
H . . Me  pa(oH),C, H Me
1 1 1 2/C, M2 oy
1088 > A RYN\Bn — RN — L RN 27 2 RU_NH
) - HCI, MeOH
~si] 201 o—[si] 202 || 199a 203 X0
(R,M)- (R,P)- R?2 Reductive
N-PINAP N-PINAP cyclization
- - 200 «————
=P TG W -
N-N  )iMe N=N'  )-iMe R=n-CraHao
PPh, PH PPh, PH
SCHEME 50 | Enantioselective synthesis of a-alkyl pyrrolidines 200.
Huang 2023: B n-CsHyy |
o 1) IrCI(CO)(PPh3), (1 mol%), 3) Pd(OH),/C,
TMDS (2 equiv), PhMe / THF (3:1), | (S)-199b || H,, conc. HCI, n-C7Hs
NBn, RT, 10 min 90-94% ee 5 MeOH Q‘;
n-C4Hg N ‘HCI
2) Cul (5 mol%), EtzN (5 mol%), o L n-C4Hg
-N- o n-Cy4Hg n
O 198b _ (RFP z:NHP'NfZ (5 mol%), (-)-cis-225C-HCI (204),
=—n-CsHy (1.2 equiv), RT, 5d | o) ] 65%, >20:1 dr
SCHEME 51 | Enantioselective synthesis of a,a’-dialkyl pyrrolidines 204.

tight ion pairing concept, where the departing iron hydroxide
blocked one face of the carbocation, favoring rapid attack of the
sulfonamide from the opposite face, thus ensuring facial selectivity.
This remained true for simple alkyl chains (R = Me, nPr, iBu); how-
ever, benzylic alcohols R = p-MeOC¢H,) gave racemic pyrrolidines
213c instead, likely due to the formation of a stabilized benzylic
carbocation intermediate [85].

As demonstrated by previous examples, C—N bond formation via
intramolecular nucleophilic substitution offers the possibility of
chiral pyrrolidine synthesis by inversion of stereochemistry. This
requires chirality to be present at the reactive site of the start-
ing material (206/212), which is not always easy to introduce.
A convenient alternative for the stereoselective synthesis of 2-
substituted pyrrolidines involves the use of chiral sulfinimines
216 as starting materials [86-89].

In one example by the Prasad group, deprotonated diphenyl-
methyl ethers were added to the chiral imine 216, bearing
an intrinsic leaving group (Scheme 56). The sulfinamide inter-
mediate 219 further cyclized to afford pyrrolidine 217a. Further
treatment with HC1 in MeOH afforded the enantiopure pyrro-
lidine organo-catalyst 218 in a quantitative yield. Interestingly,
the same conditions could also be used to construct hetero-
cycles of smaller ring size, such as aziridines and azetidines.
Piperidine ring formation was also possible, but under modi-
fied conditions (NaH in THF and heating for the cyclization
step) [86].

Quintavalla and Lombardo switched to the carbenoid (chlorodi-
phenylmethyl)lithium species to diastereoselectively obtain in
the side chain chlorinated pyrrolidine 217b (Scheme 56). In this
case, the reactive organolithium species was generated via
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Kim 2014: DMADA (2 equiv),
SnCly (10 mol%)
| DCM,RT, 82-93% yield |
OH

R! k/\/\IRZ

205 / 206 NHPG

2
L5"
R3™yN

PG

) TMOB (1.5 equiv) 207 /208
Kim2017: | B BF..0Et, (10 mol%)
DCM, RT, 83-94% yield
Monoalcohols: Diols:
R'=R3 HO BzO

R1=‘\/ — R3=
Selected examples: @ . ;
e From monoalcohols 205:

N

v I|3n CI:bz

N"- HCI MeQ
207a, 90%!? 207b, 89%@ 207c, 87%!

e From diols 206:

(R CsH11\/O

2

\ SN
BzO Cbz BzO b
208a, 208b (PG = Fmoc), 91%/!

949, bllc] 208¢ (PG = Boc), 89%!"!

[a] Reaction conditions A; [b] Reaction conditions B;
[c] From benzyl (S)-(4,5-dihydroxypentyl)carbamate.

SCHEME 52 | C—N bond formation in amino alcohols 205/206 by
directly displacing the hydroxyl group.

Proposed mechanism: (Kim 2014)
¢ Monoalcohols Y. _OMe
X><0Me
HO ')
\/Hs\NHPG 7 N
Lewis acid )
205 (R12= H) PG 207

X_ Y R23=H
MeOH + Yq ( )
0o
3NHPG Y
r Py

.

X__O L AN

X" 40" HY“ PG

YT-)/MG 209 N 210
MeO

TMOB: X = Ph, Y = OMe; DMADA: X = Me, Y = NMe,

wor]

SCHEME 53 | C—N bond formation in aminoalcohols.

chlorine-lithium exchange. The obtained chlorinated pyrroli-
dines 217b were further converted to ether-type products 217a
by Sn1 reaction with a variety of alcohols [87].

Proposed mechanism: (Kim 2017)
e Diols
BZO\/D
Ho >y hnHpg _TMOB N
OH Lewis acid FI’G
206 (R'= HOCH,; R? = H) 208 (R24 = H)
PG
HN
o/\'<\JQ
S
=0
Ph>/ ‘J 211

SCHEME 54 | C—N bond formation in aminodiols 206.

Baik & Cook 2019:
OH FeCl; (0.15 equiv)
MR1 AgSbFg (0.45 equiv) O\R1

—_—_— *

o N

NHTs 212 DCM, 40 °C, 24 h )
Selected examples:

Ts 213
[\, Et
& N7 (S)-213b,
Me ! 98% (76% ee)!

N Ts
Ts
(R)-213a, rac-213c, 98%
96% (89% ee)* I OMe

Proposed mechanism:

Ts
M —nH
THN N AN 7
212 OH Me” OH
(R'=Me) [Fe] 214 [Fe]

Ts, |, [Fe] Ts
/\—/\ oy JFel b
e = N 4 * H®N Y
N HO
Me" 213 ¢ oR

R'=Me) 21° iFe]

'i's 213
[Fe] = Fe(SbFg);

[a] From (S)-212; [b] From (R)-212

SCHEME 55 | Iron-catalyzed amino alcohol 212 heterocyclization
into pyrrolidines 213.

A similar approach was used for the synthesis of silyl-substituted
pyrrolidines 217c (Scheme 56). Enantiopure (R)-sulfinimine 216
reacted with the silyl-substituted diphenylethyllithium reagent
and underwent cyclization to afford (2S)-stereocenter-containing
pyrrolidine 217c. Before addition, the organolithium reagent was
prepared in situ by silyllithium reagent R*Me,SiLi addition to
1,1-diphenylethylene. The (S)-specific stereochemistry for the
newly formed stereocenter (C2) was attributed to an open anti-
periplanar transition state for the nucleophilic addition to the
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Quintavalla & Lombardo 2023:
R1

Prasad 2018:

OAlk
NS

. R1J\/\Mxn Ph)\Ph ® Ph  HCI ® Ph
N Koy NC c2"'{~ph N “f=Ph

©& R R! a) In, THF, 60 °C, 6h or nBulLi, TMIOEDA (S)S OR2 MeOH H OR2

Bu” "0 b) Zn, LiCl, DMF, 0 °C (5h) THF, -78°C, gy %0 RT, 4 h
217d to RT (12h) 30 min 217a 218
up to 92% (dr > 99:1) o R%=Me: 73%, dr>99:1  R?=Me: 99%

C2: (S)- using In / THF, Br g
(R)- using Zn / LiCI / DMF N7

tBu

Quintavalla & Lombardo 2025:
Ph
Li

(R)- or (S)-216

cl_ ¢l 1 \R) P
i c2 ”ﬁPh

>< + nBulLi

R2 = MOM: 79%, dr >99:1

Quintavalla & Lombardo 2024:
216217 via:

($) Ph Ph>l\
N c2 Ph
( .

. R
f 3
R) SiMe,R3 SiMlezR Ph'_Ph ‘S) f\/m o)
S\ 1vie v o P
Bu 0, 2% 78°CtoRT, 12h  THF/Et,0/nPe | 0 217"’ Br L.@@ SB
. THF /toluene (1:2)  (4:1:1), -115 °C, 68%, dr >99:1 t BBu
upto75%, dro9:1 o THE / HMPA (5:1) 20 min ’ 219

R' = Me, -(CH,)4; R?> = Me, MOM; R® = Ph, Me; M =

SCHEME 56 |

imine step. This method was applied for the synthesis of
Hayashi—Jorgensen organocatalyst methylene isosteres [88].

Diastereoselective allylation of chiral sulfinyl imines 216, followed
by intramolecular cyclization, afforded the synthetic precursors for
a-disubstituted p-homoprolines 217d (Scheme 56). The absolute
configuration of the newly formed stereocenter at the C2 position
was modified depending on the allylation protocol: (a) In(0) in
THF; or b) Zn(0), LiCl in DMF. Alternatively, the C2 position ste-
reochemistry could also be modulated by using a tert-butanesufi-
nimide chiral auxiliary with reverse configuration [89].

The stereochemistry for the C2 position in pyrrolidine 217d could
be explained by two distinct transition states (Scheme 57). The
in situ generated allyl indium reagent reacted with the chiral
imine 216 via a closed six-membered transition state 220a,
whereas the allyl zinc reagent in strongly coordinating solvents
(DMF) and in the presence of LiCl favored an open antiperipla-
nar transition state 220b [89].

In, Zn

Diastereoselective synthesis of pyrrolidines 217a-d, containing chiral sulfinyl N-auxilaries.

6 | C(sp®)-H Activation in Alkylamines

The concept of remote Cs(sp*)-H activation at otherwise unfunc-
tionalized positions in N-haloamines 221, resulting in heterocyclic
five-membered ring 225 formation, namely, the Hofmann-Loffler-
Freytag (HLF) reaction, is known for over a century (Scheme 58)
[90, 91]. The original harsh conditions proposed by Loffler and
Freytag [92, 93] limited wider application; therefore, several mod-
ifications to this reaction have been studied since.

Noteworthy examples include the in situ formation of N-iodinated
sulfonamides, by combining iodine(III) reagents with catalytic
amounts of I, under visible light irradiation [94]. However, using
molecular iodine often led to undesired decomposition; therefore,
the Nagib group suggested generating I, in situ by oxidation of I’
salts [95]. Copper catalysts could be used instead of halide sources,
as was demonstrated by Yang and coworkers [96]. These and some
other examples, involving iodine(III) reagents, were discussed in
detail in the recently published review by Wang et al. [97].

Quintavalla & Lombardo 2023: B R 1+
/ ~N= /J\ Re face O~
Me > 1/\[/ —_— N
R Pl (INTHF) ©
I 2S)-217d
0 Mo S, | 7Sy 2209) BN, @9)
tBua s N or
6 [ N (R)
. Siface (R~
(S)216 R = (CHy)Br s x K
NI B (S) ~
_\>\ 220b (Zn/LiCI/DMF) tBqu (2R)-217d
SCHEME 57 | Transition states for allyl indium and allyl zinc addition to chiral sulfinimine 216.
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L/X\ Aorhv L-/L15HAT L/\
LR

221 222 223

N__R L/Xg or X'
Oy
25 2247 R
SCHEME 58 | General concept for the HLF reaction.

Surprisingly, N-fluorinated sulfonamides have not found much
application in the field of HLF-type Cs(sp*)-H functionaliza-
tions. In contrast to its heavier halogen analogs, N—F bonds
have a lower tendency for homolytic cleavage, required for
the HLF-type reaction pathway. Using copper(I) catalysts,
which are known to promote single-electron transfer (SET),
Muiiiz et al. achieved N—F bond cleavage and subsequent
intramolecular amination, resulting in pyrrolidines 227
(Scheme 59; conditions A) [98]. Cobalt(II) catalysts also facili-
tated this transformation, as it was demonstrated by Zhu and
Ye (conditions B) [99].

Muniz et al. )
2019: TpP2Cu(NCMe) (1 mol%)

(Cond-A)[ Toluene, 100 °C, 240 |
R? 46-99% )
RANR? R
L _F 41 s
N N R
1 226 R1 227
| [Co] (10 mol%) I
Zhu&Ye 1 4-dioxane, 60 °C, 10 h
2020: 48-92%
(Cond. B)

Selected examples

227a, H' N"C
76%!! o )
% 5 S .
N

Ts 227b, 87%l2, 629/}l

227¢ (X = H), 82%, 67%!
227d (X = F), 82%!] N
227e (X = OMe), 9% Ts X

[a] Reaction conditions A; [b] Reaction conditions B;
[c] Reaction in DCM

SCHEME 59 | HLF-type Cs(sp®)-H functionalization in N-fluorinated
sulfonamides 226.

Further mechanistic studies elucidated that the heterocyclization
step proceeded through intermediate 230, which was further oxi-
dized to a cationic species 232 via a SET mechanism, followed by
ring closure and HF formation (Scheme 60). It was also demon-
strated that the fluoroalkane 234 was not an intermediate in the
catalytic formation of pyrrolidines from the N—F reactants [100].

Furthermore, using N-fluorinated substrates 226 was preferential to
analogical N-chlorinated substrates due to more favorable reaction
pathways, which was reflected in product 227 yields. For instance,
N-Cl-sulfonamide (R' =Ts, R? =Me, R’ =Ph), when subjected to
identical reaction conditions (1 mol% Tp*™Cu(NCMe), toluene,
100 °C, 24 h, afforded pyrrolidine 227 in 83% yield (NMR); mean-
while, its N-F fluorinated analog 226 afforded pyrrolidine 227 with
99% yield by NMR [100].

A modified catalytic system for the HLF-type reaction was pro-
posed by Yang and coworkers, who reacted N-fluorinated ali-
phatic amines 235 with phenyl disulfide in the presence of
Cu(acac),, 1,10-phenanthroline, Na,HPO, and indium powder
under blue LED light (Scheme 61). This transformation
afforded 2-phenylthio-substituted pyrrolidines 236 via site-
selective C(sp*)-S bond formation. For the reaction to yield
cyclization products 236, the substrate needed to contain the
OTBDMS or OBn group at the C(4) position; otherwise, acyclic
sulfides were obtained instead. Control experiments demon-
strated that the reaction could proceed in the absence of light,
but with a significant decrease in yield [101].

While the N-fluorinated amide starting materials could be suffi-
ciently easily prepared from the respective sulfonamides by
deprotonation with NaH (6 equiv) and subsequent treatment
with NFSI (3 equiv) [100], it is much more convenient to generate
the N-halogenated amides in situ. Such was the case in the pho-
tochemical approach devised by the Shi group, where phthaloyl
peroxide (PPO) was combined with iodide salts as a halogenating
system to perform the HLF-type reaction on amides 241
(Scheme 62). Both electron-rich and electron-poor benzylic sys-
tems (R' = Ar) were applicable for this reaction, with one exam-
ple of allylic C—H functionalization (R = vinyl) [102].

Li and Wang proposed a halogen-free approach toward direct
Cs(sp®)-H amination in arylamines 247, containing either a ben-
zylic or an allylic site (Scheme 63). Cu(OAc), was used to generate
an N-centered radical 249, which subsequently rearranged to the
stabilized benzylic/allylic radical 250 via a 1,5-HAT process. The
in situ-generated radical 250 was then oxidized to carbenium
ion 251, which then underwent intramolecular amination. In addi-
tion to five-membered ring formation, as commonly observed in
HLF reaction pathways, the ring size could be altered to obtain
four- and six-membered azacycles during the 1,n-HAT process [91].

An asymmetric version of the copper-catalyzed Hofmann-
Loffler-Freytag-type reaction was reported by Liu and coworkers
(Scheme 64). By using a redox Cu(I) / chiral phosphoric acid cat-
alytic system in combination with 4-Methoxy-NHPI (NHPI=
N-hydroxyphthalimide) as HAT mediator precursor, enantiose-
lective intramolecular C(sp®)-H amination of allylic and benzylic
positions was achieved, yielding 2S-pyrrolidines 253. In the pro-
posed reaction mechanism, the Cu(I) catalyst reacted with the
Zn-complex-activated peroxide to generate the alkoxy radical
(tBuO-) and the chiral Cu(II) phosphate complex. The formed
alkoxy radical reacted further with 4-MeO-NHPI to provide
the 4-methoxy-PINO (PINO = phthalimide N-oxyl) radical. In
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Proposed mechanism:

(Pérez et al. 2022)

[Tp*Cu(NCMe)]
O\ +NCMe | -NCMe
HF b 226 (R'=Ts,
227 Ts [TpCul R2=H, R3=Ph)
C-N-bond / substrate
formation coordlnatlon
Y N/TS
230 | H |
N/TS [TpXCU]
X, I
T Cu F] Ph electron
transfer
1,5- HAT N/TS
[TpxCu”F]

C-N bond formation step:

Fluorine
atom transfer
E

(dlsfavored) N--[Cu'" .
|
Ph O=§=O E
*ﬂ"",: p-Tol 231 5
N--[Cu'] '
1
OT—?—O 230 Ph Ph
p-10 (H\/F F-shift Fl oyl
--Sl ---- '}‘H [Cu]
SET —S o) 232 0=S=0 234
(favored) !
p-ToI p-Tol
ring closure L
-
N
[Tp*Cu'] = [Cu'] 233 s F--[Cul

SCHEME 60 | Catalytic cycle and C—N bond formation step for the HLF-type reaction in N-fluorinated sulfonamides 226.

Yang 2020:
Cu(acac), (10 mol%),
TS PhsSPh (1.2 equiv), In (1.7 equiv),

N‘F 1,10-phenanthroline (10 mol%) U\
L/\ Na,HPO, (1.4 equiv), DCE, N SPh

OR o
235 40 °C, 9 h, 50 W blue LED Ts 236
80-84%
Proposed mechanism:
R = TBDMS, Bn Cu(acac), 236
N
Phen = )J SAr )-HOR

ArS-SAr NHTs
y xcu', ) RO/L\/\/

240
Xl S

ArS—Cu[) r N

sar N Ars—Cu"
235 Ro/l\»\/NHTs
X /‘ 239
| N X

Ts Ar§—9U['N> LN Ts

Ars—Cu" ) i
AN
OR ) RO

F-SAr
237 238

N. SArF

SCHEME 61 | Synthesis of 2-PhS-substituted pyrrolidines 236.

the presence of the chiral Cu(II) and Zn(IT) phosphate complexes,
4-MeO-PINO selectively abstracted the hydrogen atom from
allylic/benzylic position of the substrate 252 to produce the sta-
bilized radical 255. The latter underwent oxidation by Cu(Il), fol-
lowed by ring closure to afford chiral pyrrolidine 253 [103].

Shi 2018: Csl (1.2 equiv), R? 2
NHPG PPO (2 equiv), [&R
NaOAc (1.2 equiv)
) 1
R J/\/\R1 RTON

Blue LED, DCE, N, .
4 RT, 29-99% yield PG 242

Proposed mechanism:

0 OCS 0 _O
PPO—>
(6] PG

R2

NHPG \

2 2
RR iy R i R
241 243
J/\N/H‘PiG — J/\/\ J

R2 :
R2 R R' = vinyl, Ar;
245 PG R?=H, Me;
NH NaOAc PG=Ns, Ts
L s
. R2 1
| 246 Nal, HOAc

SCHEME 62 | HLF-type reaction, including in situ generation of N-
iodinated amide 243.

Some electrochemical approaches have been demonstrated as well,
obviating the need for metal catalysts, halogenated reagents, and
stoichiometric additional oxidants. Lei and coworkers employed
a C(+)IPt(-) system under constant-current electrolysis conditions
(15mA) for oxidative intramolecular C(sp3)—H bond amination of
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Li & Wang 2021:
Cu(OAc), (20 mol%),

NHAr
i/\ Ag,CO3 (1.5 equiv) Rﬂ

3

R3 12-DCE, 135°C,25h R' N7 R

yields < 92% Ar 248
Selected examples:
me /N
Me l}l Ph Ph l}l \
Ph 248a, 81% Ph 248b, 70%

248c (Ar = 4-MeOCgH,), 92%

/&Ph 248d (Ar = 3-CF3CgHy), 90%

Ar 248e (Ar = naphth-2-yl), 69%

Proposed mechanism:

R‘I R‘l
Cu N_ -~ NHAr
247 [[o]] Rzu 1.5-HAT o ‘ [O]
249 R® 250 R®
R1
NHAr

248 T R2 +
[a] T=125°C 251 RS

-~

SCHEME 63 | Copper-catalyzed halogen-free approach towards pyr-
rolidine 248 synthesis via C—H activation.

sulfonamides 256, resulting in pyrrolidines 257 (Scheme 65; condi-
tions A) [104]. A similar system for electrochemical synthesis of
pyrrolidines 257 was devised by Mufiiz and coworkers, where
Bu,NBF, was used as the supporting electrolyte. Gratifyingly, they
managed to decrease the electric current rate to I =2.5 mA (2.2 F),
with only a slight increase in reaction time (4.7 h) [105].

The Rueping group demonstrated that the electrochemical dehy-
drogenative C(sp®)-H amination (256—257) could be performed

under both bromide-mediated and halogen-free conditions
(Scheme 65; conditions B). This approach was applicable for
batch and continuous flow processes. Good functional group tol-
erance and regioselectivity were observed for this method, allow-
ing the synthesis of pyrrolidines 257, containing more exotic
functional groups, for example, 2-ferrocenylpyrrolidine 257d.
Large-scale synthesis was also possible—the anodic transforma-
tion of Ts-iso-Leu-OMe was performed on a 50 g scale, obtaining
N-tosyl-3-methyl-prolinecarboxylate 257e with 73% yield [106].

Some key differences could be observed in the mechanism for pyr-
rolidine 257 formation via the bromine-mediated and halogen-free
electrochemical processes (Scheme 65). In the bromine-mediated
reaction, the intermediate N-radical 260 was obtained by homolysis
of the N-Br species 259, generated in situ by reacting the amide
anion 258 with methyl hypobromite (ROBr), where the latter
was also electrochemically generated in the reaction mixture.
After the 1,5-HAT event, the C-centered radical 261 was quenched
by the MeOBr or N-Br species 259 (although a simple anodic oxi-
dation to the carbocation was also plausible), and a nucleophilic
substitution event afforded the pyrrolidine scaffold 257. In the
halogen-free approach, the N-radical 260 generation occurred by
anodic oxidation of the amide anion 258. In the same manner, the
C-centered radical 261 was oxidized to carbocation 263. Subsequent
ring closure by nucleophilic attack of the internal amide afforded
pyrrolidine 257 [106].

Combining electricity and light in a synergistic catalysis
approach is an emerging paradigm in heterocycle synthesis
[107]. This approach obviates the need for chemical oxidants
and, in some cases, enhances reaction selectivity [108].

In an illustrative example by the Stahl research group, a photo/
electrochemical iodide-mediated strategy was developed for the
synthesis of pyrrolidines 265 (Scheme 66). The reaction was per-
formed under constant potential (CP) conditions using KPFg
(0.1 M) as the supporting electrolyte. Tetra-n-butylammonium
iodide (TBAI, 10 mol%) as an electrochemical mediator allowed
the electrochemical process to proceed at low electrode poten-
tials, ensuring reaction selectivity for substrates 264 bearing

Liu 2020:
RZ\ CuOAc or CuTC, 4-OMe-NHPI, 01: R* = cAm_ R® = Me
™ (R)-254, ZnO, 01-3 VRZ e Jk o ' '
NHR3 3 o 02: R*=Ad, R® = Me
R' “H DCM, RT R" R® 4 5
252 , MDY 03: R* = Ad, R®=Et
14-88%, er < 97:3 R3
Proposed mechanism:
252 +[Cul] [zn"]--0 RO
-icup  Buo. N _Rre
[Cu"] u O)\O

- /4-0Me-NHPI X BuO'

[Cu™ / [zn'] N 4-OMe-PINO tBUOH
\

e /\ RSO o

[Cu'Y: 0\\P/O) 255 C 'H“ “Ofzn'
XCU”- N
O O

|| O>

i /R2
—_— \
JE R1‘

-[Cu]

(R)-254

R3 253 )
R =4-CF306H4

R' = Vinyl, Ar; R? = Alkyl; R® = CONHAr, SO,Ar

SCHEME 64 | Asymmetric pyrrolidine 253 synthesis by C(sp®)-H activation.
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A C(+) | Pt(-)
15 mA, 5.6 F/mol
| nBusNOAGc (1 equiv), DCE / HFIP, l
) RT, 4h, 42-98% vyield
R\/\ 1 _R?
NHPG R" = aryl, alkyl, H R P
LrH R2 = alkyl N
mi 256 257 PG
graphite (+) || cathode (-)
| B 10 mA cm, 3-35 F/mol T

Conditions B1 or B2,
28-83% yield

Selected examples:

Proposed mechanism:

gLel, 2018: Me
: Me 1
N :
iR Ts :
257a (R = Me), 89%
| 257b (R=F), 93% TBSO H  257¢ 61%, |
: dr>20:1 !

Ts
Fe@ 257d  257e M€ N 257f
68% 73%

2
_256 o C ) R\/\N/PG
RO | 52 _-e R/H 15HAT 15
]
o 53 260
e S0 - R
112 Hy | 2 2
ROH % 2 SET }or hv-supported
2 © homolytic cleavage
R\/\N/F’G
Lr \/\ -Br \/\N/PG
258 H
* 261
ROBr 259

RZ
- >—< XN
2 - Br H
_f).'; Br —Br, . Brs \)/262 -
_ 1 -e
S T:e W R oxidation
2 =
S Br -Br /iSN R2
= HBr \~n-PC
257 H
2 " 1,5-HAT f g+ 2
RL?/,'\W "Via . R
N H* 1/2 Hy
Ts 6-membered cathodic
TS TS +e\_/ reduction

Conditions B1: KBr (4 equiv), NaOMe (2 equiv),
MeOH, RT, stainless steel cathode SS316.
Conditions B2: NaOMe (5 equiv), MeOH, RT, graphite
cathode.

SCHEME 65 | Electrochemical Cg(sp*)-H amination for the synthesis of pyrrolidines 257.

electron-rich substituents, which were otherwise prone to unw-
anted side reactions. This was highlighted by the synthesis of pyr-
rolidine 265a, bearing the electron-rich methoxynaphthyl sub-
stituent (72% yield). For comparison, only negligible C(sp®)-H
activation was observed (265a, <10%) [109] when using the ear-
lier discussed HLF-reaction conditions provided by Muiiiz [105]
and Lei [104].

The electrochemical part of the reaction mechanism is based on
anodic generation of I, from an iodide (I'). Hydrogen evolution
occurred on the cathode with additional generation of a Bronsted
base (CF3CH,0"), which is required to promote substrate 264 N-
H iodination. In bulk solution, photolytic homolysis of the N—I
bond enabled a C(sp*)-H functionalization sequence, involving
sequential N-centered radical 267 formation, a 1,5-HAT event
to generate an alkyl radical 268 and alkyl iodide 269 generation.
The sequence was finalized by a Brensted base-promoted cycli-
zation to form the pyrrolidine scaffold 265 [109].

One of the main limitations for the intramolecular C—N bond for-
mation strategy remains complex starting material synthesis,
requiring the incorporation of an electrophilic center and the
nucleophilic amine functionality for the heterocyclization to occur.
Li and coworkers addressed this problem by devising a strategy for

two consecutive C(sp*)-H aminations in simple hydrocarbons 270,
which are easily accessible starting materials (Scheme 67). This was
achieved through a halogen bonding charge-transfer complex,
which initiated visible light absorption, inducing N-radical forma-
tion in sulfonamides and a subsequent HAT process. Two conse-
cutive C(sp®)-H aminations took place, forming pyrrolidines 272.
The reaction intermediates—N-benzyl sulfonamides 271—could
be isolated with yields up to 98% if the reaction was quenched after
16 h and the used N-succinimide (NIS) amount did not exceed 3
equiv. This approach was used to derivatize the sulfonamide
moiety-containing anti-inflammatory drug Celebrex, introducing
a pyrrolidine ring in its molecule [110].

Lastly, Dauban and coworkers demonstrated a diastereoselective
strategy for pyrrolidine 277 synthesis by two sequential C(sp*)-H
functionalizations of simple hydrocarbons 275 (Scheme 68). A
regio- and stereoselective nitrene C—H insertion (275—276) was
performed using a chiral rhodium catalyst and iodine(III) reagent.
To achieve regioselective amination of the benzylic site in non-
symmetrical hydrocarbons 275, the aromatic groups had to be diffe-
rentiated by the introduction of electron-donating or withdrawing
substituents, for example, the first benzylic amination occurred
preferentially next to the more electron-rich aryl group. While
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Stahl 2019:
R1
R%r TBAI (10 mol%), KPF R \

§ (10 mol%), 6 (0.1 M) C R
MeCN/TFE, RT, graphite || Pt h
CP @ 0.5V vs Fc/Fc*lal
CFL (20 W)

Selected examples:

PG 265
44-82%

264 II3G

N Ph

N~ Ph
SO,Ph __ 265a, To 265b,
72% (dr 1:1) 71%
’b\/ R"2 = Ar, alkyl;
i N PG =Ts, SO,Ph
Ts 265c, Ts  265d,

44% (dr 1.8:1.0) 67% (dr 1:1)

Proposed mechanism:

Anode Cathode
|‘ 1/2 H, + B:
-e +e
121, BH*
c Pt
ph * Ph
e (7
g )
Ts 266 Ts 267
B:  BH'+I 121,
1 5-HAT
Q Ph f Ph
265b (Y (W
|
B: = CF4CH,0" 'i's 269 Ts 268

[al Ferrocene/ferrocenium (Fc/Fc*) redox system as internal
reference.

SCHEME 66 | Electrochemical amination of C(sp*)—H bonds incor-
porating visible light.

dibenzylic substrates (R'? = aryl) provided higher pyrrolidine 277
yields (up to 70%), aliphatic substrates also underwent this trans-
formation, as demonstrated by example 277b [111].

The mechanism for stereoselective nitrene C—H insertion
involved three main mechanistic steps: 1) iminoiodane S*N =
IPh generation from PhI(OPiv), and chiral auxiliary-containing
amide S*NH,; 2) rhodium(II) complex oxidation by the iminoio-
dane; and C—H insertion into the formed rhodium-nitrene inter-
mediate S*N =[Rh] (Scheme 69). Two distinct transition states
were proposed for the latter transformation, featuring 1) asynchr-
onous concerted C—H insertion of the metallocarbene ([TS1]%);

Li 2020: R2S0O,NH,
H (1 equiv), NHSO,R?
Ar R" NIS (5 equiv) Ar R’
270 H DCM,RT, 26 W 271 H
(2 equiv) CFL, 36 h
lHLF

R'= Me, Et, 4-MeOCgHy;

R2 = p-Tol, 4,5-dichlorothiophen-2-yl Ar/Q\R1

212 §0,R?

Proposed mechanism: 43-64%

Q &

H
R202S“'N@““|_N¢
halogen H

bond o
H I H
R20,SmN+ Ny J <— RP0;S"N+ [I=N
H H
0
p.t.
succinimide
B |'_ 1ol
) 270 Ar—=H
R20,S-N —_—
-R?SO,NH; 273 R
” C-H abstraction NIS
! o
RQOZS/N{'.-| halogen
- v bond I/N
o}
HLE R2S0O,NH, |@
272 271

- succinimide Ar
-1, 274 R'

SCHEME 67 | Pyrrolidine 272 synthesis from hydrocarbons 264 by
two sequential C(sp®)-H aminations.

or 2) H-abstraction/radical rebound mechanism (TS2]) [112].
Control experiments on the N-iodoamide 278 N-chlorinated ana-
log suggested a synergistic effect between Agl and the iodine(III)
reagent in advancing the reaction onward. Subsequent HLF-type
cyclization, involving 1,5-hydrogen atom transfer (HAT) from
the N-centered radical 279, led to the diastereoselective forma-
tion of pyrrolidines 277. The involvement of a cationic interme-
diate 281b for the cyclization step was indicated by the obtained
diastereomeric ratios (dr <8:1 trans/cis). The alternative Sy2-
type cyclization route via intermediate 281a was excluded, as rad-
ical trapping far from the stereogenic center would occur with
poor stereocontrol [111].

Afterwards, the sulfonimidamide N-protecting group, which
served as a chiral auxiliary for the heterocyclization step
(276—277), could be conveniently removed using Mg/MeOH
under sonification, affording trans—2,5-disubstituted pyrroli-
dines with further N—H functionalization possibilities [111].
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Dauban et al. 2021:

H. R2 S™NH(1.0 equiv) H. R?
U Rhy(S-nta) (3 mol%) S*HN
R PhI(OPiv), (1.4 equiv) R
275 (CI,CH),/ MeOH (3:1) 276,
(1.1 equiv) 40-99% dr > 20:1
p Agl (4.3 equiv), | Toluene,
O 3-CICgH4I(mCBA),| 90 °C,
O N{e (4.3 equiv) 48-72h
o) O/~O/ ﬁr/1 R1Q"’R2
\ '
Rh,(S-nta), /Rh\// > s’
cis-277, + trans-277,
7-409 -709
Selected examples: 0% 41-70%
277a, 70% (+8% cis) 277b 60%
S*= 0
1l
”\--S
l/
N\
Ts 277c, 66% (+7% cis)

SCHEME 68 | Diastereoselective strategy for pyrrolidine 271 synthe-
sis by two sequential C(sp®)-H functionalizations.

7 | Summary and Outlook

In this review, we summarize methodologies for intramolecular
C—N bond formation in systems that combine a nucleophilic
nitrogen center with an electrophilic carbon species, leading
to the synthesis of pyrrolidine derivatives. The survey covers lit-
erature published between 2013 and 2025, including examples for
1) intramolecular amination of double and triple bonds; 2) tan-
dem annulation strategies, featuring intramolecular C—N bond
formation as key step; 3) N-nucleophile additions to C=0 groups;
4) intramolecular nucleophilic substitution and 5) C(sp®)-H acti-
vation strategies, leading to pyrrolidines.

During the covered timeframe, significant progress has been made
toward addressing key challenges associated with intramolecular
C—N bond formation, including the structural complexity of start-
ing materials, the need for side chain functionalization, as well as
regio- and stereoselectivity control. Considerable effort has been
directed toward incorporating principles of sustainable synthesis—
catalytic reaction design, reduced reagent toxicity, and streamlined
synthetic sequences to minimize the overall number of required
synthetic steps, with electrochemical approaches providing partic-
ularly notable examples.

Of special interest is the emerging potential of regio- and stereo-
oselective C(sp®)-H bond functionalization, which enables access
to pyrrolidines from more readily available substrates, including
alkylamines and hydrocarbons. Rare but important contributions

Proposed mechanism: ~ (Dauban et al. 2008 & 2021)

S*NH,
Phl(OPiv), ——=— PhI=NS* Phl
HOPiv ; ;
P C|)/ |;\9/
Rh—Rh _Rh—Rh=NS*
N\ / N\ / N\

\
TS1 > [TS]*<

Rhol% | 1 NHs* H
RA\/\ RP\/\
276 R2 275 R?
TS2
2
L R _ |('”)1Agl
PhI(OPiv), = [N
*So. *S.
\ _Ag N
R1“\/\T |(|||) R1‘\/\r
279 R?
*s\
1,5-HAT NH p
= R?2 ow dr
* 1
S\NH i 281
- 2 a |
R1WR *g trans-277

SCHEME 69 | Mechanistic proposal for diastereoselective pyrrolidine
277 synthesis by two sequential C(sp*)-H functionalizations.

to asymmetric pyrrolidine synthesis via C(sp®)-H amination are
also highlighted.
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5. pielikums

Appendix 5

Eksperimentalas procediiras 1,3-oksazinan-2-ona atvasinajuma un ta

izejvielu sintezei

Experimental procedures for the synthesis of 1,3-oxazinan-2-one
derivative and that of its starting materials

Kronkalne, R.; Turks, M.

Nepubliceétie rezultati / Unpublished results



Eksperimentalas procediiras un raksturojumi izejvielam — S-1 un 11i

1) PhNH, (1.3 ekv.),

PhOCOCI (2 ekv.),

SiMe,t-Bu AcOH (1.0 ekv.) SiMe,t-Bu EtsN (3 ekv.)
= SO 2) NaBH(OAc)s (1.5 ekv.), 22 N DCM (abs.),
10f THF (abs.), 20 °C, 1 h S-1, 49% 20 °CoTyirs, 15 h
SiMe,t-Bu SiMe,t-Bu SiMeyt-Bu
. - HNTF, (1.0 ekv.) _ NP
N _O. H O_ _N. MeNO,, 20 °C, )\
17h, 3 Ph 24, ) Ph Th 1i, 070
12% o 76% O 77% Ph

E1 shéma. Sintetiskais cel§ 1,3-oksazinan-2-ona 24 un hinolina 17h iegtsanai.

N-(3-(terc-Butildimetilsilil)pent-4-in-1-il)anilins

S-1)

Reakcija tika veikta sausos apstaklos zem
argona. NaBH(OACc); pagatavosana: Sausa 25 ml
divkaklu apalkolba, kas aprikota ar Teflona-
parklatu  magnétisko maisitaju un atteces
dzesinataju, NaBH4 (87 mg, 2.29 mmol, 1.5 ekv.)
suspendé abs. THF (6 ml). Suspensijai istabas
temperattira pievieno AcOH (0.39 ml, 6.88 mmol,
4.5 ekv.) un vara attecé 60 mindtes. /n sifu genercto
NaBH(OACc); suspensiju THF atdzese lidz istabas
temperatiirai pirms izmantoSanas talakaja sintezg.
Reducgjosa aminéSana: Sausa 25 ml divkaklu
apalkolba, kas aprikota ar Teflona parklatu
magnétisko maisitaju, 3-(terc-
butildimetilsilil)pent-4-malu (10f) (300 mg, 1.53
mmol, 1.0 ekv.) S$kidina abs. THF (10 ml).
Skidumam istabas temperatira (20 °C) pievieno
PhNH; (0.18 ml, 1.99 mmol, 1.3 ekv.), AcOH
(0.09 ml, 1.53 mmol, 1.0 ekv.) un maisa 60 min.
Péc tam pakapeniski pievieno svaigi pagatavoto
NaBH(OAc); (1.5 ekv.) suspensiju abs. THF. Péc
2.5 h maisiSanas istabas temperatiira reakciju dzes
ar piesatinatu  NaHCOs $kidumu (10 ml).
Ekstrakcija ar DCM (3x 10 ml), kurai seko
zavesana virs beziidens Na,SOs, filtréSana un
ietvaic€Sana pie pazeminata spiediena deva
tehnisko produktu. Maistjumu attira
hromatografiski uz  silikagéla  (20—30%
DCM/Hex). Anilinu S-1 iegust ka dzeltenu ellu
(274 mg, 74% tiriba, y = 49%).

Savienojuma S-1 raksturojums:

'"H KMR (500 MHz, CDClL3): § 7.17 (t, *Jun= 7.7
Hz, 1H, H-C(3")), 6.69 (t, *Juu= 7.7 Hz, 1H, H-
C(47)), 6.64 (d, *Juu= 7.7 Hz, 1H, H-C(2")), 3.46

1

SI*
/\/\N
/4 H

Sintézes procediira:

S2

(ddd, ZJH,H =12.7 HZ, 3JH,H = 7.97 4.6 HZ, lH,
H,C(1)), 3.27 (dt, Yun= 12.7 Hz, *Jun= 7.6 Hz,
1H, HyC(1)), 2.05 (d, “Juu= 2.9 Hz, 1H, HC(5)),
1.87 (dt, *Jun = 12.1 Hz, 3*Jun = 2.9 Hz, 1H,
HC(3)), 1.84 — 1.76 (m, 1H, H,C(2)), 1.74 — 1.62
(m, 1H, HyC(2)), 0.95 (s, 9H, 3 x H>C(1°)), 0.09 (s,
3H, H;C(2°)), 0.02 (s, 3H, HiC(2")).

3C KMR (126 MHz, CDCL): & 148.4, 129.4,
117.4, 113.0, 86.7, 70.0, 43.7, 29.4, 27.3, 17.8,
14.6, -7.0, -7.3.

AIMS: Ci7HxsNSi™ [M + H]" aprékinats
274.1986, atrasts 274.1977.

Fenil(3-(terc-butildimetilsilil )pent-4-in-1-
il)(fenil)karbamﬁts (11i)

Sintezes procediira:

Reakcija tika veikta sausos apstiklos zem
argona. Sausa 25 ml divkaklu apalkolba, kas
aprikota ar Teflona parklatu magnétisko maisitaju
un atteces dzesinataju, pievieno N-(3-(ferc-
butildimetilsilil)pent-4-in-1-il)anilinu  (S-1) (115
mg, 0.42 mmol, 1.0 ekv.), abs. DCM (10 ml), EtzN
(0.18 ml, 1.26 mmol, 3.0 ekv.) un atdzese lidz -
20 °C temperatiirai NaCl / ledus (1:3) vanna. Talak
atdzesetajam Skidumam pievieno fenilhlorformatu
(0.11 ml, 0.84 mmol, 2.0 ekv.) un maisa 15 minates.
P&c tam reakcijas maisTjumu uzsilda ellas vanna Iidz
vir§anas temperatirai un turpina varit 15 h.
Reakcijas uzstradei maisijumu atdzesg lidz istabas
temperattrai (20 °C), organisko dalu mazga ar
piesatinatu  NH4Cl skidumu, piesatinatu NaCl



Skidumu, zavé virs beziidens NaxSOs, filtré un
ickoncentré pie pazeminata spiediena. Maistjumu
attira hromatografiski uz silikagela (50—60%
DCM/Hex). Karbamatu 11i iegiist ka dzeltenu ellu
(174 mg, 73% tiriba, y = 77%).

Savienojuma 11i raksturojums:

'H KMR (500 MHz, CDCls): 8 7.40 (t, Jus= 7.7
Hz, 2H, H-C(3”)), 7.34 (d, *Jun= 7.7 Hz, 2H, H-
C(27)), 7.34 - 7.27 (m, 3H, H-C(4”, 2°/3"), 7.17
(t, Vnn= 7.1 Hz, 1H, H-C(4”)), 7.10 (br s, 2H, H-
C(27/37)), 4.19 — 3.78 (m, 2H, H,C(1)), 1.97 (d,
“un = 2.5 Hz, 1H, HC(5)), 1.93 — 1.84 (m, 1H,
H.C(2)), 1.82 — 1.68 (m, 2H, HC(3), HxC(2)), 0.93
(s, 9H, 3 x H3C(1°)), 0.07 (s, 3H, H;C(2*)), -0.01 (s,
3H, H:C(2)).

13C KMR (126 MHz, CDCls): 5 154.0, 151.5, 141.8,
129.3, 129.3, 127.3, 127.0, 125.4, 121.8, 86.1, 70.0,
51.1,28.4,27.2,17.7, 14.5, 7.0, -7.3.

AIMS: Cz4H3zNOszr [M + HTr
394.2197, atrasts 394.2181.

aprekinats

Sintétiska procediira 6-(1-(terc-
butildimetilsilil)vinil)-3-fenil-1,3-oksazinan-2-
ona (24) un fenil-4-(1-(terc-
butildimetilsilil)vinil)-3,4-dihidrohinolin-
1(2H)-karboksilata (17h) iegiiSanai

10 ml pudelite, kas aprikota ar Teflona parklatu
magnétisko maisitaju, istabas temperatira (20 °C)
pievieno  fenil(3-(ferc-butildimetilsilil)pent-4-in-1-
il)(fenil)karbamatu (11i) (61 mg, 0.15 mmol, 1.0
equiv), MeNO; (2 ml), HNTf, skidumu MeNO, (0.07
ml, 0.43 M, 0.03 mmol, 20 mol%) un maisa 1 h.
Reakciju dz@§, pievienojot EtzN (3 pil), un
iekoncentré pie pazeminata spiediena. Maisijumu
attira hromatografiski uz silikagéla. Hinolinu 17h
(eluents: 40—50% DCM/Hex) iegiist ka bezkrasainu
ellu (7 mg, vy = 12%), un 1,3-oksazinan-2-onu 24
(eluents: 0—5% EtOAc/DCM) iegiist ka baltu, cietu
vielu (36 mg, y = 76%).

6-(1-(terc-Butildimetilsilil)vinil)-3-fenil-1,3-
oksazinan-2-ons (24)

o o
4 g
2 5 N

' Noteikts pec HMBC spektra.

S3

Savienojuma 24 raksturojums:

'"H KMR (500 MHz, CDCls): § 7.39 (t, Jun= 7.8
Hz, 2H, H-C(3")), 7.33 (d, *Ju.u = 7.8 Hz, 2H, H-
C(27)), 7.26 (t, *Jun= 7.8 Hz, 1H, H-C(4")), 6.14
(s, 1H, H,C(8)), 5.66 (s, 1H, HyC(8)), 5.04 (br d,
3Jun= 9.3 Hz, 1H, HC(6)), 3.72 (td, >*Juu=11.3
Hz, 3Juu= 5.0 Hz, 1H, H.C(4)), 3.64 (dt, 2Juu=
11.3 Hz, 3Jun= 5.0 Hz, 1H, Hy,C(4)), 2.31 —2.19
(m, 1H, H,C(5)), 2.00 (dtd, 2Ju.n= 14.5 Hz, *Jyn=
9.3, 5.0 Hz, 1H, HyC(5)), 0.93 (s, 9H, 3 x H;C(17)),
0.16 (s, 3H, H;C(2")), 0.14 (s, 3H, H;C(2")).

BC KMR (126 MHz, CDCL3): & 153.1, 146.9,
143.1, 129.3, 128.4, 126.9, 126.0, 79.8, 47.7, 29.1,
26.9,17.3,-4.9,-5.3.

AIMS: C]gHngOzSiJr [M + HTr
318.1884, atrasts 318.1875.

aprekinats

Fenil-4-(1-(terc-butildimetilsilil)vinil)-3,4-
dihidrohinolin-1(2H)-karboksilats (17h)

1 2
L 3
74

8

g

N
o]
5 8
6 7
Savienojuma 17h raksturojums:

TH KMR (500 MHz, CDCLy): § 7.87 — 7.72 (m, 1H,
H-C(8)), 7.38 (t, *Jin= 7.8 Hz, 2H, H-C(3")), 7.25
~7.13 (m, 4H, H-C(2”, 47, 6)), 7.08 (d, *Jiru= 7.1
Hz, 1H, H-C(5)), 7.04 (t, *Jun= 7.4 Hz, 1H, H-
C(7)), 5.63 (d, Yn= 2.2 Hz, 1H, HiC(8)), 5.47 (s,
1H, HyC(8)), 3.98 — 3.82 (m, 2H, H,C(2)), 3.78 (t,
3wn = 6.3 Hz, 1H, HC(4)), 2.13 (tt, 2 Jun = 13.5
Hz, *Jin = 6.3 Hz, 1H, H,C(3)), 1.92 (dtd, 2 =
13.5 Hz, 3Jua = 6.3, 4.5 Hz, 1H, H,C(3)), 0.97 (s,
9H, 3 x H3C(1°)), 0.12 (s, 3H, H;C(2°)), 0.11 (s, 3H,
H;C(2%)).

13C KMR (126 MHz, CDCl3): § 153.4,152.5, 151.3,
138.2, 133.0, 129.9, 129.5, 129.3, 126.5, 125.6,
124.2, 123.9, 121.9, 43.8, 43.1, 29.9, 27.2, 17.6, -
4.9, -5.1.

AIMS: Cz4H32NOszr [M + H]+
394.2197, atrasts 394.2185.

apréekinats



Synthesis procedures and characterization data for starting materials S-1 and 11i
1) PhNH, (1.3 equiv),

PhOCOCI (2 equiv),

SiMe,t-Bu AcOH (1.0 equiv) SiMe,t-Bu Et;N (3 equiv)
_Ph
FZ SO 2)NaBH(OAc); (1.5 equiv), & N DCM (abs.),
10 THF (abs.), 20 °C, 1h $-1,49% 207G Tt
SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu
HNTf, (1.0 equiv _Ph
. 7 2( q ) // )N\
N O\ H (o) N\ MeNOZY 20 °C,
17h, 3 Ph 24, ) Ph 1h 1i, 07O
12% ] 76% O 7% Ph

Scheme E1. Synthetic route towards 1,3-oxazinan-2-one 24 and quinoline 17h.

N-(3-(tert-Butyldimethylsilyl)pent-4-yn-1-
yl)aniline (S-1)

;‘NQ

Synthesis procedure:

The reaction was performed in dry
conditions and under argon. Preparation
NaBH(OAc);: In a dry 25 ml two-neck round
bottom flask, equipped with a Teflon-coated
magnetic stirrer and a reflux condenser, NaBH4 (87
mg, 2.29 mmol, 1.5 equiv) was suspended in abs.
THF (6 ml). AcOH (0.39 ml, 6.88 mmol, 4.5 equiv)
was added to the suspension at ambient
temperature and refluxed for 60 minutes. The in
situ generated NaBH(OAc); suspension in THF
was left to cool to room temperature before further
use. Reductive amination: In a dry 25 ml flask,
equipped with a Teflon-coated magnetic stirrer, 3-
(tert-butyldimethylsilyl)pent-4-ynal  (10f) (300
mg, 1.53 mmol, 1.0 equiv) was dissolved in abs.
THF (10 ml). PhNH; (0.18 ml, 1.99 mmol, 1.3
equiv) and AcOH (0.09 ml, 1.53 mmol, 1.0 equiv)
were added to the solution at ambient temperature
(20 °C). After stirring the solution for 60 minutes,
the freshly prepared NaBH(OAc); (1.5 equiv) in
abs. THF was added dropwise via syringe. The
reaction was stirred for 2.5 hours, before
quenching with aq. NaHCO; (10 ml). Extraction
with DCM (3 x 10 ml), drying over anhydrous
Na,S0y, filtering and concentrating under reduced
pressure afforded the crude product. Purification
by column chromatography (40 g silica gel,
20—30% DCM/Hex) afforded the aniline S-1 (274
mg, 74% purity, y = 49%) as a yellow oil.

Characterization data for S-1:

'H NMR (500 MHz, CDCL3): 8 7.17 (¢, *Jiuai= 7.7
Hz, 1H, H-C(3™)), 6.69 (t, *Jiu= 7.7 Hz, 1H, H-

S4

C(47)), 6.64 (d, 3Jun= 7.7 Hz, 1H, H-C(2”)), 3.46
(ddd, 2Jun = 12.7 Hz, *Juu = 7.9, 4.6 Hz, 1H,
H.C(1)), 3.27 (dt, 2Jun= 12.7 Hz, 3Ju.u= 7.6 Hz,
1H, HyC(1)), 2.05 (d, “Jun= 2.9 Hz, 1H, HC(5)),
1.87 (dt, *Jum = 12.1 Hz, 3*Jyn = 2.9 Hz, 1H,
HC(3)), 1.84 — 1.76 (m, 1H, H.C(2)), 1.74 — 1.62
(m, 1H, Hy,C(2)), 0.95 (s, 9H, 3 x H3C(17)), 0.09 (s,
3H, H3C(2”)), 0.02 (s, 3H, H3C(2")).

BC NMR (126 MHz, CDCL): & 148.4, 129.4,
117.4, 113.0, 86.7, 70.0, 43.7, 29.4, 27.3, 17.8,
14.6, -7.0, -7.3.

HRMSZ C17H28N5i* [M + H]Jr calc. 2741986,
found 274.1977.

Phenyl (3-(tert-butyldimethylsilyl)pent-4-yn-1-
yl)(phenyl)carbamate (11i)

Synthesis procedure:

The reaction was performed in dry
conditions and under argon. A 25 ml two-neck
round bottom flask, equipped with a Teflon-coated
magnetic stirrer and a reflux condenser, was
charged with N-(3-(fert-butyldimethylsilyl)pent-4-
yn-1-yl)aniline (S-1) (115 mg, 0.42 mmol, 1.0
equiv), abs. DCM (10 ml), EtsN (0.18 ml, 1.26
mmol, 3.0 equiv) and cooled to -20 °C in a NaCl /
ice (1:3) bath. Next, phenyl chloroformate (0.11 ml,
0.84 mmol, 2.0 equiv) was added to the cooled
solution. After stirring for 15 minutes, the solution
was heated to reflux temperature in an oil bath and
boiled for 15 h. For work-up, the reaction was
cooled to ambient temperature (20 °C), the organic
layer was washed with saturated aqueous NH4Cl



and saturated aqueous NaCl, dried over anhydrous
Na,SO,, filtered, and concentrated under reduced
pressure. Purification by column chromatography
(50—60% DCM/Hex) afforded the carbamate 11i
(174 mg, 73% purity, y = 77%) as a yellow oil.

Characterization data for 11i:

'H NMR (500 MHz, CDCl;): 8 7.40 (t, 3Jun= 7.7
Hz, 2H, H-C(3”)), 7.34 (d, *Jun= 7.7 Hz, 2H, H-
C(27)), 7.34 - 7.27 (m, 3H, H-C(4”, 2°/3"), 7.17
(t, Vi = 7.1 Hz, 1H, H-C(4”)), 7.10 (br s, 2H, H-
C(27/37)), 4.19 — 3.78 (m, 2H, H,C(1)), 1.97 (d,
“Jua = 2.5 Hz, 1H, HC(5)), 1.93 — 1.84 (m, 1H,
H.C(2)), 1.82 — 1.68 (m, 2H, HC(3), HxC(2)), 0.93
(s, 9H, 3 x H3C(17)), 0.07 (s, 3H, HC(2*)), -0.01 (s,
3H, H:C(2)).

3C NMR (126 MHz, CDCl3): § 154.0, 151.5, 141.8,
129.3, 129.3,127.3, 127.0, 125.4, 121.8, 86.1, 70.0,
51.1,28.4,27.2,17.7, 14.5, -7.0, -7.3.

HRMS: Co:H3NO,Si+ [M + HI* cale. 394.2197,
found 394.2181.

Synthesis procedure for 6-(1-(tert-
butyldimethylsilyl)vinyl)-3-phenyl-1,3-
oxazinan-2-one (24) and phenyl 4-(1-(tert-
butyldimethylsilyl)vinyl)-3,4-
dihydroquinoline-1(2H)-carboxylate (17h)

A 10 ml vial, equipped with a Teflon-coated
magnetic stirrer, was charged with phenyl (3-(tert-

butyldimethylsilyl)pent-4-yn-1-yl)(phenyl)carbamate

(11i) (61 mg, 0.15 mmol, 1.0 equiv) and MeNO, (2
ml). A solution of HNTf, in MeNO; (0.07 ml, 0.43 M,
0.03 mmol, 20 mol%) was added to the carbamate 11i
solution at ambient temperature (20 °C). After stirring
for 1 hour, the reaction was quenched by addition of

EtsN (3 drops). The resulting

solution was

concentrated under reduced pressure and purified by
column chromatography to afford quinoline 17h
(eluent: 40—50% DCM/Hex) as a colorless oil (7 mg,
vy = 12%) and 1,3-oxazinan-2-one 24 (eluent: 0—5%

EtOAc/DCM) as a white solid (36 mg, y = 76%).

6-(1-(tert-Butyldimethylsilyl)vinyl)-3-phenyl-1,3-
oxazinan-2-one (24)
3

2" ar
4 gq
N

2 Determined by HMBC spectra.

S5

Characterization data for 24:

'"H NMR (500 MHz, CDCl3): § 7.39 (t, *Jun= 7.8
Hz, 2H, H-C(3”)), 7.33 (d, *Ju.u= 7.8 Hz, 2H, H-
C(27)), 7.26 (t, *Ju.u= 7.8 Hz, 1H, H-C(4”)), 6.14
(s, 1H, H,C(8)), 5.66 (s, 1H, HyC(8)), 5.04 (br d,
3Jun= 9.3 Hz, 1H, HC(6)), 3.72 (td, >*Jun=11.3
Hz, 3Juu= 5.0 Hz, 1H, H,C(4)), 3.64 (dt, 2/uu
11.3 Hz, 3Juu = 5.0 Hz, 1H, H,C(4)), 2.31 — 2.19
(m, 1H, H,C(5)), 2.00 (dtd, 2Ju.n= 14.5 Hz, *Jyn=
9.3, 5.0 Hz, 1H, HyC(5)), 0.93 (s, 9H, 3 x H;C(17)),
0.16 (s, 3H, H3C(2")), 0.14 (s, 3H, H;C(2")).

3C NMR (126 MHz, CDCL): & 153.1, 146.9,
143.1, 129.3, 128.4, 126.9, 126.0, 79.8, 47.7, 29.1,
26.9,17.3,-4.9,-5.3.

HRMS: CjsHxsNO,Si* [M + H]* calc. 318.1884,
found 318.1875.

Phenyl 4-(1-(tert-butyldimethylsilyl)vinyl)-3,4-
dihydroquinoline-1(2H)-carboxylate (17h)

2

1 ‘I 2" 3"
%8«
s o
5 8
6 7

Characterization data for 17h:

'H NMR (500 MHz, CDCls):  7.87 — 7.72 (m, 1H,
H-C(8)), 7.38 (¢, *Jus= 7.8 Hz, 2H, H-C(3")), 7.25
—7.13 (m, 4H, H-C(2”, 47, 6)), 7.08 (d, *Jiru= 7.1
Hz, 1H, H-C(5)), 7.04 (¢, *Jun = 7.4 Hz, 1H, H-
C(7)), 5.63 (d, Yhn= 2.2 Hz, 1H, H,C(8)), 5.47 (s,
1H, HyC(8)), 3.98 — 3.82 (m, 2H, H,C(2)), 3.78 (t,
3Jwn = 6.3 Hz, 1H, HC(4)), 2.13 (tt, > Jin = 13.5
Hz, *Jun = 6.3 Hz, 1H, H,C(3)), 1.92 (dtd, 2y =
13.5 Hz, *Jin = 6.3, 4.5 Hz, 1H, H,C(3)), 0.97 (s,
9H, 3 x H3C(1°)), 0.12 (s, 3H, H;C(2*)), 0.11 (s, 3H,
H;C(2%)).

13C NMR (126 MHz, CDCl3): § 153.4,152.5, 151.3,
138.2, 133.0,2 129.9, 129.5, 129.3, 126.5, 125.6,
124.2, 123.9, 121.9, 43.8, 43.1, 29.9, 27.2, 17.6, -
4.9, -5.1.

HRMS: C24H3:NO,Si* [M + H]" cale. 394.2197,
found 394.2185.
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N-(3-(terc-Butildimetilsilil)pent-4-in-1-il)anilins / N-(3-(tert-Butyldimethylsilyl)pent-4-yn-1-yl)aniline (S-1)
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Fenil(3-(terc-butildimetilsilil)pent-4-in-1-il)(fenil )karbamats / Phenyl (3-(tert-butyldimethylsilyl)pent-4-yn-
1-yl)(phenyl)carbamate (11i)

"H-KMR (500 MHz, CDCl3) / 'H-NMR (500 MHz, CDCls)
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Phenyl 4-(1-(fert-butyldimethylsilyl)vinyl)-3,4-dihydroquinoline-1(2H)-carboxylate (17h)

'H-KMR (500 MHz, CDCls) / 'H-NMR (500 MHz, CDCls)
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13C {'H} KMR (126 MHz, CDCl3) / 3C {'"H} NMR (126 MHz, CDCl;)

[Ny i ¥

o

I

-5.0 -5.5

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 o 10

1 (ppm)
Phenyl 4-(1-(fert-butyldimethylsilyl)vinyl)-3,4-dihydroquinoline-1(2H)-carboxylate (17h)

'H-KMR (500 MHz, CDCl3) / "H-NMR (500 MHz, CDCls)

012
011

<

012
~oa1

547

563
<se3

—
0.12 0.06
m in ,
' I
i AN Wy

2.0
1.0:

T T T T T T T T
65 60 55 50 45 40 35 30 25 20 15
1 (ppm)

~
@
~
PS
~
by
~
Ny
~
~
5
o
&
0]
2
L00s ——
2]
5
w
o
w ]
&
g 2 =~

~ )
[y
v

. o

~

r T T T T
L0 105 100 95 9.0 85

S10



13C {'H} KMR (126 MHz, CDCl3) / 3C {'"H} NMR (126 MHz, CDCl;)
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Abstract: Herein, we report an unprecedented
cascade Ritter-type reaction featuring a 1,3-
difunctionalization strategy for the synthesis of
allylamine-containing  products. This approach
employs propargylsilanes as stereodefined allyl
cation precursors, enabling access to
difunctionalized Ritter-type products with fixed (E)- or
(2)-geometry of the newly formed C=C bond.
Trapping of the key nitrilium intermediate with arange
of external nucleophiles (H20 or R'R?NH) affords allyl
amide and amidine derivatives through a one-step,
four-bond-forming  process.  Electron-rich  aryl
substituents on the silanes promote intramolecular
nucleophilic capture, leading to the formation of
dihydroisoquinoline scaffolds. Overall, this study
highlights the versatility of propargylsilanes in Ritter-
type chemistry and provides efficient access to

Introduction

The Ritter reaction is a classic synthetic route
towards amides, which has found application for the
synthesis of numerous amide functionality bearing
bioactive compounds!™ and functional materials.[9
Modifications of this reaction, substituting alkenes and
alcohols as primary carbocation sources with other
functionalities, are referred to as the Ritter-type
reaction."

The key mechanistic steps of the Ritter-type
reaction involve carbocation (RsC*) generation,
followed by interception with a nitrile (R'CN) to form a
nitrilium ion intermediate (R3C-N*=C-R’). This
intermediate is subsequently trapped by an external or
internal nucleophile to afford an array of products,
including amides,['*'?  amidines,['*'¥ imidates!'>l

structurally  diverse and

frameworks.

acyclic

heterocyclic

thioimidates,['®'1  imides,['®  ketimines!"'?1  or

heterocyclic structures.20-22

More complex molecular architectures are
accessible via tandem Ritter-type reactions, among
which difunctionalization of unsaturated systems
remains comparatively underexplored.!'l Most reported
examples of olefin difunctionalization rely on radical-
mediated pathways.[23-29 In contrast,
difunctionalizations proceeding exclusively through
cationic mechanisms are much less common. In these
reactions, the key intermediate is typically a halonium®*-
31 or sulfonium ion.®? To date, olefin difunctionalization
via halonium-ion intermediates in Ritter-type reaction
context has been demonstrated only for a limited scope
of substrates, including allyl ethers,® allyl amides, 3"
and vinyl  silanes.’*%  Unactivated  alkyne
difunctionalizations in Ritter-type reaction context are
particularly rare.[%8


mailto:maris.turks@rtu.lv

Due to the scarcity of examples discussing cationic
Ritter-type  difunctionalizations, especially those
involving alkynes,’®® we wanted to look further into
acyclic T-systems, which could act as possible
nucleophilic partners for such transformations.
Allylsilanes have been reported even less frequently
than vinyl silanes in the context of Ritter-type reactions.
In one notable example, they were employed as
nucleophilic partners in a Prins—Ritter-type cyclization
cascade.’" To the best of our knowledge, there are no
reports on the use of allenyl- or propargylsilanes in
Ritter-type difunctionalization reactions.

Propargylsilanes, however, are well established as
effective precursors to B-silicon-stabilized allyl
cations.*® Upon electrophile-induced 1,2-silyl migration,
propargylsilanes are transformed into allyl cations,
thereby generating highly reactive formal 1,3-dipoles.
Subsequent nucleophilic trapping furnishes 1,3-
difunctionalized products,®*4'l a transformation that is
considerably less common in organic synthesis than its
1,2-counterpart, which predominates in alkene- and
alkyne-based tandem Ritter-type difunctionalizations.["
This process is enabled by the ability of silicon to
stabilize positive charge at the B-position, either through
hyperconjugation with the C-Si o-bond (vertical
stabilization) and / or via formation of a silonium ion
intermediate (non-vertical stabilization), collectively
referred to as the B-silicon effect.*?

Existing literature precedents for carbocation
rearrangement in tandem Ritter-type reaction context

Ph 5
Me/N

1-Naphthyl |

Naftifine (Exoderil / Naftin)
- antifungal drug

Dihydroisoquinoline
functionality ;

- pharmacologically
relevant scaffolds
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predominantly consist of Wagner-Meerwein
rearrangements (1,2-shift of an adjacent skeletal C-C
bond)“*471 and the Prins—Ritter reaction.“® In rare
examples, a combination of the two latter is observed
(i.e. the Prins—Wagner—Ritter reaction),“® as well as
allylic rearrangements®®! and other.l' We envisioned
that by combining the unique 1,3-dipolar reactivity
characteristic to propargyl silanes with conditions
suitable for a Ritter-type reaction, we could achieve a so
far unprecedented cascade Ritter-type reaction,
featuring 1,3-difunctionalization for the synthesis of allyl
amide functionality containing products.

The cascade 1,2-silyl shift — Ritter reaction strategy
enables the synthesis of compounds featuring the
allylamine functionality — a commonly found motif in
antifungal compounds (Scheme 1).5%2 [ikewise,
another pharmacologically significant structure — the
amidine group — can be accessed by introducing
external N-nucleophiles to capture the intermediate
nitrilium ion species.[® We were also interested in
exploring the Bischler—Napieralski-type modifications
that feature ring closure by an internal C-nucleophile
attack as observed with electron-rich arenes.’®*5% This
enables the synthesis of dihydroisoquinoline scaffolds,
which mimic a series of natural alkaloids!®®%"! and
bioactive molecules.®®6" Dihydroisoquinolines also
serve as synthetic precursors to chiral bioactive
tetrahydroisoquinolines (THIQs),82-%4! further illustrating
their significance in pharmacology.

Amidine functionality

Propamidine
i - antiseptic and disinfectant

NH,
NH

Y = OMe, OH

I OMe OMe

' - synthetic precursors Bioactive THIQs, e.g.
to chiral THIQs (S)-reticuline, (S)-almorexant,
' (R)-carnegine, etc.

Scheme 1. Introduction to allylamine, amidine and dihydroisoquinoline prevalence in biologically active products.

For the cascade 1,2-silyl shift — Ritter reaction
strategy we propose a reaction pathway in which the
propargyl silane becomes activated through attack by

an electrophile, such as a Brgnsted acid or a halogen
source. This leads to the formation of a vinyl cation
intermediate, which then rearranges into a more stable



allyl cation species A, as commonly seen in related
systems.[3%-4218% The nitrile then serves as the primary
nucleophile, attacking to generate the nitrilium ion
intermediate B. Finally, quenching with secondary N-,
O- or C-nucleophiles can produce a variety of products,

Si si R!

| E*
A e A e
X RZCN E @

1 A

X=H,Cl

R', R2 = Alkyl, Ar

Scheme 2. Propargy! silane application in the Ritter-type reaction as ally!

Results and Discussion
Allylamides

Before proceeding to the synthesis of more
complicated scaffolds, namely amidines 3 and
dihydroisoquinolines 4, we tested the reactivity of
propargylsilanes 1 under the classical Ritter reaction
conditions, leading to amides (Scheme 3). We
compared two sets of conditions for the Bransted acid-
promoted amide 2a-f synthesis: 1) TsOH (20 mol%),
H20 (2.2 equiv), MeCN, 60 °C; and 2) HNTf2 (1.0 equiv),
H20 (2.2 equiv), MeCN, 60 °C. The latter conditions
gave significantly higher amide 2a-f yields (52-67%).
Heating at 60 °C was also preferential to performing the
reaction at room temperature, as the reaction
proceeded rather slowly (18 - 24 h). Interestingly, no
allylamide 2 products were observed when using NBS
as electrophile source (conditions: silane 1a, 1b or 1g,
1.2 equiv NBS, 2.2 equiv H20, MeCN, 60 °C, 3h).

Aryl silanes 1a and 1b, when subjected to the
Bregnsted acid-catalyzed Ritter reaction, afforded
allylamides 2a and 2b, respectively. In these cases, no
intramolecular cyclization occurred (see
“Dihydroisoquinoline synthesis”), even under
anhydrous conditions. Aliphatic chain-containing
silanes reacted similarly well to afford Ritter amides 2¢
(65%) and 2f (66%). Terminally halogenated silanes 1d
and 1e gave a mixture of C=C bond isomers (Z/E = 9:1
in the crude mixture), which were separated by column
chromatography to afford the pure (Z)-isomers 2d and
2e.

WILEY . vcH

including amides 2, amidines 3 and
dihydroisoquinolines 4 (Scheme 2).
Si
+ + X )l
E*=H iy R’
———> H HN 2
;0 VOl
Si )R“ Si o
X
z )
W/I\I(D E*=Ha* T | R
E INI g | —f——> Hal Ng_R2
| R3NHR* Tr
Y R3N‘R4 3
Si
E+=H+
> X Y : OMe
H N
RZ 4
|-cation source.
H,0 (2.2 equi Si
Si 2 .2 equiv) ,
|\ HNTf, or TFOH (0.2-1.0 equiv) X A\ R
R! > |
x/// MeCN, 60 °C, 18-24 h H HN
1a-flal 2af
Me,t-BuSi Me,t-BuSi Si(i-Pr);
(/‘!\I J Z I/\/\
H HNY H H'!‘Y H HNY
2a o) 2b 0 2c O
33%[01 | 5209[c] 41%01 7% 65%°]
Me,t-BuSi Me,t-BuSi SiMe,Bn
S i 7 I NSNS
H HN\n/ H HN\n/ H HN\n/
2d o] 2e o] 2f O
60%!°! 63%!°! 66%°!

[a] List of silanes 1: 1a (X = H, R' = Bn, Si = t-BuMe,Si), 1b (X
= H, R' = CHy(3,5-(CH3)2-CsHs), Si = t-BuMe;Si), 1c (R’
CsHe, Si = (i-Pr)sSi), 1d (X = Cl, R'= Bn, Si = +-BuMe:Si), 1e
(X = Cl, R"= CHy(3,5-(CHs),-CsH3), Si = t-BuMe,Si), 1f (R" =
C4Hg, Si = BnMe2Si). [b] 0.2 equiv TfOH as H* source. [c] 1.0
equiv HNTf, as H* source.

Scheme 3. Reaction scope for allylamides 2a-f.
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Scheme 4. Mechanistic rationale for the formation of (Z)-olefin geometry in allylamides 2.

Allylamide 2d-e (Z)-isomer formation can be
explained by alkyne 1 protonation in an antiperiplanar
position to the silyl group, and simultaneous silyl
migration in a concerted process without a pronounced
vinyl cation intermediate E to afford the most stable allyl
cation F (Scheme 4).

Dihydroisoquinolines

In the case of methoxysubstituted arylsilane 1g,
the aromatic system was nucleophilic enough to trap the
intermediate nitrilium ion B in intramolecular fashion,
resulting in dihydroisoquinolines 4 (Scheme 5).

SiMe,t-Bu
Si N OMe
\/@ HNsz (1.1 equiv) Xw//l\ OMe bll\
4 o ! 4a
R*CN, 20 °C, 18 h H Ny
41%[!
1g-hf 4a-i R4
SiMe,t-Bu SlMezt -Bu S|Mezt'BU SiMe,t-Bu
Ccl OMe C| = A
I
4b de
55% 78% 30% cl 35% cl
Rildeo -4 SiMe,t-Bu SiMe,t-Bu SiMe,t-Bu
2! 2!
)\ OMe )\ OMe
| )\ )\l |
Na N < Na
af
45% 60% Et 41% Pr

[a] List of silanes 1: 1g (X = H), 1h (X = Cl). [b] 1.2 equiv of nitrile, DCM as solvent.

Scheme 5. Reaction scope for dihydrosiloquinolines 4.



The reaction towards dihydroisoquinolines 4a-i
proceeded well at room temperature (20 °C) (scheme
5). Generally higher yields were obtained by using
terminally halogenated substrates 1h (up to 78%).
Exclusive (Z)-geometry formation for the resulting C=C
bond in dihydroisoquinolines 4b-d was observed.

Nitriles containing alkyl chains of various lengths
(C1-C3) were applicable for dihydroisoquinoline 4
synthesis. Terminally chlorinated nitriles also gave the
desired dihydroisoquinolines 4d-e, albeit in more
modest yields (30-35%). The use of benzonitrile
derivatives as reaction solvents was problematic, as
they are either high-boiling liquids®® or solids.l*”! The
application of solid nitriles in the Ritter reaction is
generally rare, as most literature methods rely on the
use of nitrile as solvent.!"! To overcome this challenge,
we performed the Ritter-type reaction under slightly
modified conditions: DCM as solvent and nitrile (1.2
equiv) as reactant. This allowed us to obtain
dihydroisoquinolines 4a and 4i from benzonitrile and 4-
fluorobenzonitrile, respectively, affording yields up to
45%.

Amidine synthesis

Having confirmed the utility of propargyl silanes as
allyl cation precursors under the classical Ritter
(amidation) and Bischler—Napieralski-type reaction
(dihydroisoquinoline  synthesis)  conditions, we
proceeded to more complex synthetic targets —
amidines 3. For this we subjected silane 1¢ to Brgnsted
acid-promoted conditions, such as TfOH (H* source) to
induce the transformation to amidines 3 (conditions: 1.2
equiv TfOH, 2.0 equiv TsNHz, MeCN, -45 °C), but the
only obtained product was (E)-hepta-1,3-dien-2-
yltriisopropylsilanel®® (30% by NMR). No reaction was
observed with HNTf2 (conditions: silane 1c, 1.2 equiv
HNTf2, 2.0 equiv TsNH2, MeCN, -45 °C). To our delight,
when NBS (1.2 equiv) was used as an electrophilic Br*
source, TsNH2 as a secondary nucleophile and MeCN
as both reactant and a solvent, the desired amidine
product 3a was formed at room temperature with 56%
NMR vyield (Table 1, entry 1).

Further optimization of the reaction conditions
demonstrated that sub-zero temperatures were more
favourable. The highest yields for amidine 3a were
obtained when performing the reaction in a liquid
N2 / acetonitrile cooling bath (-45 °C). This allowed us to
increase the product 3a yield to 75% by NMR (Table 1,
entry 12). The optimal starting material 1¢ concentration
in the reaction mixture was found to be 0.10 mmol/ml.
Using TsNH: in slight excess (2 equiv) also benefited
the reaction (Table 1, entry 2-3). Acetonitrile could be
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used either as solvent or in reactant quantities (2.0
equiv), while other solvents served as reaction media
(DCM, hexanes, toluene). The product 3a yield in these
cases was considerably reduced, e.g. DCM as solvent
with the addition of 2 equiv of MeCN afforded amidine
3ain 40% NMR yield (Table 1, entry 8). Using the nitrile
in reactant quantities can be useful in cases where the
nitrile is a solid or possesses a high boiling point,
making it difficult to remove from the reaction mixture by
standard laboratory techniques, as this was
demonstrated in dihydroisoquinoline 4a / 4i synthesis.
Although various other solvent systems could be used
to attain amidine 3a, such as MeCN / HFIP (Table 1,
entry 6) or MeCN saturated with SOz (Table 1, entry 7),
we found that pure acetonitrile gave the highest product
3a yields.

With our optimized conditions (T =-45 °C, RCN as
solvent, ¢ = 0.1 M, 2 equiv TsNH2) we proceeded to
explore the reaction scope (Scheme 6). First, we
considered alternative electrophile sources to achieve
amidine formation. A series of N-halogenated
succinimides (NBS, NCS, NIS,) promoted the proposed
transformation, introducing various halides (Br, ClI, 1) to
the resulting double bond. In the case of NCS (CI*
source) longer reaction times were required as chlorine
is more electronegative and thus less reactive in
electrophilic addition reactions. The iodinated product
3b, obtained in the reaction with NIS (I* source),
displayed poor stability at room temperature, as
indicated by the formation of l2. As an alternative to
succinimide-based halogen electrophile sources we
also tested TsNBrz, which afforded the desired amidine
product 3a, but in a slightly reduced yield (55% by NMR)
than previously with NBS (73% isolated). Overall,
bromination afforded the highest results, therefore we
continued exploring the rest of the scope with NBS as
Br* electrophile source.

We compared aliphatic chain-containing propargyl
silanes 1c (Si = (i-Pr)sSi) / 1f (Si = BnMe2Si) / 1i (Si = t-
BuMe2Si) in terms of reactivity depending on the
installed silyl group. Among the explored silyl groups, (i-
Pr)sSi provided the highest amidine 3 yields (Scheme 6).
The BnMezSi group, however, is more synthetically
useful — it is directly employable in cross coupling
reactions.[®® Aliphatic chain-containing silanes 1c, 1f,
1i and 1k performed significantly better than silanes
derived from arenes 1j (short alkyl chain > long alkyl
chain > aromatic). We hypothesized that additional
stabilization of the intermediate carbocation by an
adjacent aryl group could slow down addition of the
nitrile, which is indirectly confirmed by prolonged
reaction times (e.g. for alkyl silane 1c, the reaction time
was 45 minutes, but for aryl silane 1j — 1.5 hours). We
also explored functional group tolerance for this reaction.
Substrates which were terminally functionalized with an
aryl ether 11, azide 1m, mesylate 10 and even a free



alcohol group 1n afforded the desired amidine product
3 with 30-47% vyields.

Table 1. Optimization of reaction parameters for the synthesis of amidine 3a.
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Si(iPr) TsNH, (1.1 - 2.0 equiv) (ﬂ"iﬂ\a/\
NBS (1. i
I stz 2y
MeCN
1c T °C, solvent 3a \p(,f)
45 min 6,5\©\
Starting material 1c 3
entry (,,TC) Solvent Additives (1(; STIT‘IIZ) concentration f':?n; 3;:;';;]
q (mmol / ml) o
1 20 MeCN - 1.1 0.10 56
2 0 MeCN - 1.1 0.10 61
3 0 MeCN - 2.0 0.10 66 (620])
4 0 MeCN (4 A MS) - 2.0 0.10 64
5 0 MeCN (4 A MS) - 2.0 0.10 550!
6 0 MeCN / HFIP (5:1) - 2.0 0.10 54
MeCN (saturated
7 0 with SO2) - 2.0 0.10 45
8 0 DCM @ (')V':qcu'}'v)[d] 2.0 0.10 40
9 0 Hexanes @ c')\/l:ﬁv)wl 2.0 0.10 32
MeCN
10 0 Toluene (2.0 equiv)¥ 2.0 0.10 36
11 -10 MeCN - 2.0 0.10 65
12 -45 MeCN - 2.0 0.10 75 (739)
13 -45 MeCNL - 2.0 0.20 73
14 -45 MeCNU - 2.0 0.04 64
[d]
15 70  DCM/MeCN - 2.0 0.10 60

(1:1)

[a] Internal standard — PhoCHy>. [b] The reaction was performed under inert atmosphere (Ar). [c] Isolated yield. [d] MeCN was

dried over 4 A molecular sieves prior to use.
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H N H N & o H N.g N.g
A QU é S, ¢
: i 5u (R" = Ph): 22 %[ }
i P 5

Nitriles: alyphatic > vinyl > aromatic

[a] NMR yield. [b] T = -45 °C — 20 °C. [c] NBS

-BuMesSi), 1j (R! = Ph, Si = (i-Pr)sSi), 1k (R" = CoHre, Si = -BuMe;Si), 11 (R = CH,CH,0Ph, Si = t-BuMe;Si), 1m (R’

as Br* source. [d] TsNBr; as Br* source. [€] List of silanes 1: 1i (R' = C4Hy, Si =

CHCH2Ns, Si= t-BuMe2Si), 1n (R' = CH,CHZOH, Si = t-BuMeSi), 10 (R = CH,CH,OMs, Si = -BuMe,Si). [f] A modified solvent

system of PhCN / DCM (4:3 v/v) was used.

Scheme 6. Substrate scope for amidines 3.



Regarding alternative secondary nucleophiles for
amidine 3 synthesis, sulfonamides (NsNHz, TsNHz)
reacted to afford the highest product 3 yields (73-76%).
Some nitrogen heterocycles were also applicable, such
as 2,6-dichloropurine, 1,2,4-triazole and imidazole,

albeit providing more modest amidine 3 yields (15-46%).

In more sterically challenging cases, such as when
using aromatic silane 1j as starting material, only direct
1,3-addition products 5p were obtained. Interestingly,
for compound 5p C=C bond isomerization occurred,
providing an (E/Z)-isomer mixture (88:12). Strongly
nucleophilic  species, such as cyclohexanol,
cyclohexylthiol and cyclohexylamine as secondary
nucleophiles under standard reaction conditions (silane
1c, 1.2 equiv NBS, -45 °C, MeCN as solvent) failed to
provide the imidate / thioimidate / amidine product.

Lastly, we explored the scope of nitriles applicable
in this reaction (Scheme 6). We tested aliphatic nitriles
with varying C-chain length. Longer C-chain signified a
slight decrease in the amidine 3 yield (73—55%). When
using butyronitrile in combination with aryl silane 1j, the
direct 1,3-addition product 5u was also obtained.
Acrylonitrile also reacted to give the amidine product 3v
in 41% vyield. We slightly adjusted the reaction
conditions for benzonitrile to avoid freezing of the
solvent at -45 °C (benzonitrile m.p.= -13.8 °Cl). A
solvent mixture of PhCN / DCM (4:3 v/v) was used to
afford amidine 3w with 22% yield. The main byproduct
observed in the reaction with benzonitrile was ((1E,3E)-
1-bromohepta-1,3-dien-2-yl)triisopropylsilane (detected
by the characteristic signals on NMR), indicating that
benzonitrile was not reactive enough, and the substrate
reacted predominantly according to the B-H elimination
pathway. 6%

In solution, both the configurational isomerism of
the amidine C=N bond (E/Z), as well as rotational
isomerism (syn/anti) with respect to the C-N bond, are
possible. Tautomerism is also a factor to consider.l’
When performing NMR spectral analysis of amidines
3a-w in CDCIs, typically two sets of signals were
observed, whereas only one isomer was seen in
DMSO-ds. In the case of amidine 3m, the major / minor
isomer ratio in CDCls was 96:4 (integral ratio). The N-H
signal in '"H NMR appeared as a doublet, with a 3J
coupling constant of 9.6 Hz between N-H and C(3)-H,
suggesting that the N-H is tautomerized into the vicinal
position in regard to C(3) (Figure 1). The same was
observed for all other amidines 3 bearing a free N-H
group. While the respective amidine tautomer could be
determined using spectroscopic methods, the correct

C=N bond configuration was more challenging to assign.

To gain further insights into the structural properties of
amidines 3, we performed single crystal X-ray diffraction
(SCXRD) analysis of compound 3m (Figure 1).'"1 (E)-
Geometry for the allylic C=C bond was confirmed by the
absolute structure obtained from SCXRD (represented
by thermal ellipsoids with 50% probability) and spatial
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interactions between C(1)-H and the (i-Pr)sSi- fragment
in 2D-NOESY NMR spectra. This observation
complements to our previous findings regarding
electrophilic halogenation of propargyl silanes, resulting
in olefins.3¥ In the ellipsoid structure of 3m, the sulfonyl
group is oriented in trans-position with respect to the
RNH-fragment, i.e., the (E)-amidine isomer was
obtained.

6.85 6.80 6.75 6.70 4.90 4.85 4.80
f1 (ppm)

$InH-c@H = 9.6 Hz

NOESY/L i-Pr
Si—i-Pr

(H 1<E>/2 3 CqHg

Figure 1. Structural elucidation of amidine 3m using NMR and
SCXRD techniques.

Oxazine synthesis

Under standard amidine synthesis conditions, the
alcohol-group containing silane 1n reacted according to
our desired pathway to form amidine 3k (Scheme 7).
We were interested to see whether in the absence of an
external nitrogen nucleophile, the nitrilium ion would be
trapped intramolecularly to form an oxazine ring instead
(Scheme 6). We found that small quantities (up to 23%
yield) of the desired oxazine product 6 can be isolated,
but due to stability issues in acidic media (silica gel) it
readily hydrolyzes to afford amide 2g (39% without
isolation of the oxazine intermediate).



SiMe,t-Bu
SiMe,t-B
MetBU  \BS (1.2eq) Z
= OH MeCN Br Ny O
-45-525°C, 22 h T
1n glal
SiMe,t-Bu H*/H,0
z
Br HN
2g O 39%

[a] Isolation of 6 gave 23% yield after column chromatography.

Scheme 7. Ritter-type reaction for alcohol 1n in the absence of an
external nucleophile.
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Scheme 8. Ritter-type reaction for mesylate 10, followed by
intramolecular cyclization.

Tetrahydropyrimidines

Lastly, we wanted to explore the application of
acyclic Ritter-type reaction products for the synthesis of
heterocyclic structures. We were inspired by the work of
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Shainyan and coworkers, who synthesized imidazolines
from vinyl silanes in a Ritter-type reaction — cyclization
sequence.®¥ For tetrahydropyrimidine synthesis we
subjected mesylate 1o to the Ritter amidine synthesis
conditions (1.2 equiv NBS, 2.0 equiv TsNH2, R*CN as
solvent, T =-45 °C). The obtained amidine intermediate
7 was then heated in the presence of a mild base
(NaHCO3) to achieve an intramolecular Sn2 type
reaction, forming the tetrahydropyrimidine ring 8
(Scheme 8). By using acetonitrile as solvent and TsNH:
as secondary nucleophile the tetrahydropyrimidine
product 8a was obtained with 56% yield over two steps.
An analogous structure 8b obtained from using NsNH2
displayed lower stability, therefore the isolated yield was
only 33%. Other nitriles, such as butyronitrile or
acrylonitrile, were also applicable in this reaction.

Conclusion

In conclusion, we have developed a new approach
for carbocation generation under Ritter-type reaction

conditions. Propargyl silanes, serving as highly
stereoselective and functionalized allyl cation
precursors, enabled the synthesis of allylamine

functionality-containing products with a fixed (E)- or (2)-
configuration of the resulting C=C bond. Terminally
halogenated propargyl silanes 1, when activated by
Brgnsted acids, predominantly afforded Ritter-type
reaction products (amides 2d-e and
dihydroisoquinolines 4b-d) with a (Z)-configured olefin
side chain. In contrast, when non-halogenated
propargyl silanes 1 were activated by electrophilic
halogenation reagents (NBS, NIS, etc.), the Ritter-type
reaction products (amidines 3a-w) were obtained with
reversed stereoselectivity for the resulting olefin side
chain.

In combination with sulfonamides or N-
heterocycles as secondary nucleophiles for quenching
the intermediate nitrilium ion, a variety of amidine
derivatives 3a—w were obtained. This transformation
proceeds through the formation of four new bonds in a
single step — a process that is notably challenging from
an entropic standpoint. In the presence of an internal
leaving group, such as a mesylate, the amidines
undergo further intramolecular cyclization to furnish
tetrahydropyrimidines ~ 8a—d. Furthermore, we
demonstrated that intramolecular trapping of the
nitrilium ion by an aromatic moiety to form
dihydroisoquinolines 4 is feasible under these
conditions; however, this requires an electron-rich
aromatic system—otherwise, amides 2 are formed
instead.

Overall, these results highlight the versatility of
propargyl silanes as reaction partners in the Ritter-type



reaction, giving access to a broad range of acyclic and
heterocyclic products, including allylamides 2a-g,
amidines 3a—w, dihydroisoquinolines 4a-i. oxazine
derivatives 6 and tetrahydropyrimidines 8a—d.

Experimental

General procedure for the synthesis of allylamides
2a-f. A round-bottom flask, equipped with a Teflon-
coated magnetic stirrer, was charged with silane 1a-f
(0.20 - 2.15 mmol, 1.0 equiv), dest. H20 (2.2 equiv), a
pre-made solution of HNTf2/ MeCN (c = 0.3 M, 1.0
equiv), and heated to 60 °C in an oil bath. The resulting
mixture was stirred for 18 to 24 hours, then cooled to
ambient temperature (20 °C), neutralized with EtsN (0.3
ml, ~5 equiv), filtered through a silica plug using EtOAc,
and concentrated in vacuo. Column chromatography
(0—100% DCM / Hex) afforded amide 2a-f.

General procedure for the synthesis of amidines 3a-
w. A round-bottom flask, equipped with a Teflon-coated
magnetic stirrer, was charged with silane 1c / 1f / 1i-o
(0.18 - 3.96 mmol, 1.0 equiv), NBS / NCS / NIS (1.2
equiv), RZNHR?® (2.0 equiv), and cooled to -45 °C in an
acetonitrile / liquid N2 bath. Cold R*CN (2-39 ml) was
added to the reaction, and the resulting mixture was
stirred at -45°C for 20 min to 24 hours, then warmed to

ambient temperature (20 °C) and concentrated in vacuo.

Column chromatography
afforded amidine 3a-w.

(0—40% EtOAc / Hex)

General procedure for the synthesis of
dihydroisoquinolines 4a-i. The reaction was
performed in 10 ml flask (dried at 120 °C), equipped with
a Teflon-coated magnetic stirrer, under inert
atmosphere (argon). A pre-made solution of HNTf2 /
RCN (c = 0.3 M, 1.1 equiv) was added to the silane
1g-h (0.18 - 0.36 mmol, 1.0 equiv) at ambient
temperature (20 °C). The resulting mixture was stirred
for 18 hours, then cooled to ambient temperature
(20 °C), neutralized with EtsN (~5 equiv), filtered
through a silica plug using EtOAc, and concentrated in
vacuo. Column chromatography (0—5% EtOAc / DCM
or 50—100% DCM/Hex) afforded dihydroisoquinoline
4a-i.

General procedure for the synthesis of
tetrahydropyrimidines 8a-d. A round-bottom flask,
equipped with a Teflon-coated magnetic stirrer, was
charged with mesylate 10 (0.17 - 1.00 mmol, 1.0 equiv),
R?CN (2 - 10 ml) and R'SO2NHz (2.0 equiv). The
resulting mixture was cooled to -45 °C in an
acetonitrile / liquid N2 bath. NBS (1.2 equiv) was added
to the cooled mixture. After continuously stirring for 40
min, the reaction mixture was warmed to ambient
temperature (20 °C). The reaction mixture was diluted

10
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with MeCN (6 - 8 ml). Dest. H20 (10 ml), NaHCOs (6-10
equiv) and n-BusNBr (0.3 - 0.4 equiv) were added, and
the resulting mixture was heated at 70 °C in an oil bath
for 1 - 5 hours. For work-up, the reaction mixture was
diluted with EtOAc (30 ml), the water layer was
separated, and the organic layer was washed with a
saturated aqueous NaHCOs solution (2 x 20 ml),
saturated aqueous NaCl solution (20 ml), dried over
anhydrous Naz2SO0s, filtered and concentrated in vacuo.
Column chromatography (30—50% DCM / Hex or
5—10% EtOAc / Hex) afforded tetrahydropyrimidine 8a-
d.
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7. pielikums

Appendix 7

Sintézes procediiras un raksturojumi jodétiem hromanu atvasinajumiem

Synthesis procedures and characterization data for iodinated chromane
derivatives

Kronkalne, R.; Turks, M.

Nepublicetie rezultati / Unpublished results



Sintézes procediiras un raksturojumi jodetiem hromanu
atvasinajumiem

(Z)-terc-Butil(1-(6-jodhroman-4-il)-2-(m-
tolil)vinil)dimetilsilans (16i)

Sintézes procediira:

Reakciju veic tumsa. 10 ml apalkolba, kas
aprikota ar magnétisko maisitaju, pievieno (Z)-
terc-butil(1-(hroman-4-il)-2-(m-
tolil)vinil)dimetilsilanu (16e) (50 mg, 0.14 mmol,
1.0 ekv)) un CF;CH,OH (5 ml). Iegitajai
suspensijai pievieno NIS (62 mg, 0.28 mmol, 2.0
ekv.). Reakciju maisa 17.5 h istabas temperattra
(20 °C), tad pievieno papildus NIS (46 mg, 0.21
mmol, 1.5 ekv.) un turpina maisit 19 h. Reakciju
dzes ar 10% NayS;03 Gdens skidumu (5 ml), un
produktu ekstrahé ar DCM (3 x 8 ml). Organisko
slani 7avé virs bezidens Na,SOg4, Mfiltré, un
iekoncentr€ in vacuo. P&c kolonnu hromatografijas
(5-10% DCM/Hex) iegust ariljodidu 16i (44 mg, y
= 66%) ka bezkrasainu ellu.

Savienojuma 16i raksturojums:

"H KMR (500 MHz, CDCl3): § 7.40 (dd, */i.u=
2.2 Hz, *Jun= 0.9 Hz, 1H), 7.35 (dd, *Juu= 8.6,
2.2 Hz, 1H, H-C(7)), 7.13 (t, *Jun= 7.5 Hz, 1H,
H-C(5”)), 7.02 (d, *Jin= 7.5 Hz, 1H, H-C(4™)),
6.99 (s, IH, HC(2)), 6.92 (s, 1H, H-C(2")), 6.90
(d, *Jun= 7.5 Hz, 1H, H-C(6™)), 6.57 (d, *Juu=
8.6 Hz, 1H, H-C(8)), 4.29 (ddd, */iu= 11.0 Hz,
3Jun= 8.6, 2.9 Hz, 1H, H.C(2)), 4.17 (ddd, 2Jun
=11.0 Hz, *Juu= 6.1, 3.2 Hz, 1H, H,C(2)), 3.86
(t, = 6.1 Hz, 1H, HC(4)), 2.31 (s, 3H,
H;C(77)), 2.17 (dddd, *Ji.ui= 14.0 Hz, *Jun = 8.6,
6.1, 3.2 Hz, 1H, H,C(3)), 1.86 (dtd, 2Jun= 14.0
Hz, *Jun= 6.1, 2.9 Hz, 1H, H,C(3)), 0.96 (s, 9H,
H;C(1°)), -0.02 (s, 3H, H;C(2"”)), -0.19 (s, 3H,
H;C(2")).

3C KMR (126 MHz, CDCL): & 155.6, 148.3,
146.0, 140.1, 139.1, 137.2, 136.3, 129.3, 129.1,
127.7,127.6, 125.6, 119.1, 82.4, 63.3, 40.1, 29.96,
28.0, 21.4, 18.6, -2.6, -3.1.
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AIMS: Co4H3IOSi™ [M + H]" aprekinats
491.1262, atrasts 491.1266.

(2)-6-Jod-4-(1-jod-2-(m-tolil)vinil)hromans (16j)

Me
o

Sintezes procediira:

Reakciju veic tumsa. 10 ml apalkolba, kas
aprikota ar magnétisko maisitaju, pievieno (Z)-terc-
butil(1-(hroman-4-il)-2-(m-tolil)vinil)dimetilsilanu
(16e) (45 mg, 0.12 mmol, 1.0 ekv.) un CF;CH,OH
(4 ml). legiitajai suspensijai istabas temperatiira (20
°C) pievieno NIS (84 mg, 3.0 ekv.), un reakcijas
maisTjumu vara attecé 6.5 h. Reakciju dzes ar 10%
NayS;0; tdens $kidumu (4 ml) un produktu
ekstrahé ar DCM (3 x 5 ml). Organisko slani zavé
virs beziidens Na,SOs, filtré, un iekoncentré in
vacuo. Péc  apgrieztas fazes  kolonnu
hromatografijas  (90-95% MeOH/H20) iegust
dijodéto produktu 16j (58 mg, y= 93%) ka
bezkrasainu ellu.

Savienojuma 16j raksturojums:

'"H KMR (500 MHz, CD:CL): § 7.45 (s, 1H, H-
C(5)), 7.46 — 7.43 (dd, *Jun= 8.4, 2.2 Hz, 1H, H-
C(7)), 7.31 = 7.22 (m, 3H, H-C(2”, 57, 6™)), 7.14
(d, *Jun = 7.4 Hz, 1H, H-C(4")), 6.74 (s, 1H,
HC(2")), 6.62 (d, *Juu = 8.4 Hz, 1H, H-C(8)), 4.28
(ddd, 2un = 10.8 Hz, *Jun = 7.1, 3.3 Hz, 1H,
H.C(2)), 4.20 (ddd, 2Ji.u= 10.8 Hz, 3Juu= 7.9, 2.8
Hz, 1H, HyC(2)), 3.83 (t, *Ju.u= 6.1 Hz, 1H, HC(4)),
2.37 (s, 3H, H:C(1")), 2.37 —2.30 (m, 1H, H.C(3)),
2.07 (dddd, 2Jun= 14.0 Hz, 3Juu=7.1, 6.1, 2.8 Hz,
1H, HyC(3)).

13C KMR (126 MHz, CDyCl): & 155.6, 139.1,
138.7, 138.4, 1383, 137.6, 129.7, 129.1, 128.3,
126.1, 126.1, 119.7, 112.6, 82.5, 63.9, 49.29, 29.0,
21.5.

AIMS: CigHi71O™ [M + H]* aprekinats 502.9363
atrasts 502.9326.



Synthesis procedures and characterization data for iodinated
chromane derivatives

(Z)-tert-Butyl(1-(6-iodochroman-4-yl)-2-(m-
tolyl)vinyl)dimethylsilane (16i)

Synthesis procedure:

In a 10 ml round-bottom flask, equipped with a
magnetic stirrer and shielded from light with
aluminum foil coating, (Z)-tert-butyl(1-(chroman-
4-yl)-2-(m-tolyl)vinyl)dimethylsilane (16e) (50 mg,
0.14 mmol, 1.0 equiv) was suspended in
CF3CH,OH (5 ml). NIS (62 mg, 0.28 mmol, 2.0
equiv) was added to the reaction mixture. After
stirring for 17.5 hours at ambient temperature
(20 °C), additional NIS (46 mg, 0.21 mmol, 1.5
equiv) was added to the mixture and stirred for
another 19 hours. The reaction was quenched by
addition of 10% aqueous Na,S,03 solution (5 ml),
extracted with DCM (3 x 8 ml), the organic layer
was dried over anhydrous Na,SOs, filtered, and
concentrated in vacuo. Column chromatography (5-
10% DCM/Hex) afforded the aryl iodide 16i (44
mg, y = 66%) as a colorless oil.

Characterization data for 16i:

"H NMR (500 MHz, CDCl3): § 7.40 (dd, *Juu= 2.2
Hz, *Jun= 0.9 Hz, 1H), 7.35 (dd, *Ju.n=8.6,2.2 Hz,
1H, H-C(7)), 7.13 (t, *Jun= 7.5 Hz, 1H, H-C(57)),
7.02 (d, *Jun= 7.5 Hz, 1H, H-C(4™)), 6.99 (s, 1H,
HC(2%)), 6.92 (s, 1H, H-C(2")), 6.90 (d, *Juu= 7.5
Hz, 1H, H-C(6™)), 6.57 (d, *Juu= 8.6 Hz, 1H, H-
C(8)), 4.29 (ddd, 2Jiu=11.0 Hz, *Jun= 8.6, 2.9 Hz,
1H, H,C(2)), 4.17 (ddd, 2Juu=11.0 Hz, *Junu=6.1,
3.2 Hz, 1H, HyC(2)), 3.86 (t, *Jun = 6.1 Hz, 1H,
HC(4)), 2.31 (s, 3H, H;C(7”)), 2.17 (dddd, 2un=
14.0 Hz, *Juu= 8.6, 6.1, 3.2 Hz, 1H, H.C(3)), 1.86
(dtd, Yuu = 14.0 Hz, 3Jun = 6.1, 2.9 Hz, 1H,
HyC(3)), 0.96 (s, 9H, HsC(17")), -0.02 (s, 3H,
H;C(27)), -0.19 (s, 3H, H;C(2"")).

BCNMR (126 MHz, CDCl3): 8 155.6, 148.3, 146.0,
140.1, 139.1, 137.2, 136.3, 129.3, 129.1, 127.7,
127.6, 125.6, 119.1, 82.4, 63.3, 40.1, 29.96, 28.0,
21.4,18.6,-2.6,-3.1.

HRMS: CyH3IOSi" [M + H]* calc. 491.1262,
found 491.1266.

(2)-6-lodo-4-(1-i0do-2-(m-tolyl)vinyl)chromane
(16j)

Me
P

Synthesis procedure:

In a 20 ml pressure flask, equipped with a
magnetic stirrer and shielded from light with
aluminum foil coating, (Z)-tert-butyl(1-(chroman-
4-yl)-2-(m-tolyl)vinyl)dimethylsilane (16e) (45 mg,
0.12 mmol, 1.0 equiv) was suspended in
CF3;CH,0H (4 ml). NIS (84 mg, 3.0 equiv) was
added to the suspension (at room temperature), and
the reaction mixture was refluxed for 6.5 hours. The
reaction was quenched by addition of aqueous 10%
Na,S,0s solution (4 ml), extracted with DCM (3 x
5 ml). The organic layer was dried over anhydrous
Na,SO,, filtered, and concentrated under reduced
pressure to afford the crude product. Reversed-
phase  column  chromatography  (90-95%
MeOH/H;0) afforded the diiodinated product 16j
(58 mg, y = 93%) as a colorless oil.

Characterization data for 16j:

"H NMR (500 MHz, CD>CL): § 7.45 (s, 1H, H-
C(5)), 7.46 — 7.43 (dd, *Jun= 8.4, 2.2 Hz, 1H, H-
C(7)), 7.31 —7.22 (m, 3H, H-C(2”, 57, 6™)), 7.14
(d, Jun = 7.4 Hz, 1H, H-C(4™)), 6.74 (s, 1H,
HC(2%)), 6.62 (d, 3Ju.u= 8.4 Hz, 1H, H-C(8)), 4.28
(ddd, Yy = 10.8 Hz, *Jun = 7.1, 3.3 Hz, 1H,
H.C(2)), 4.20 (ddd, 2u=10.8 Hz, *Jun="7.9, 2.8
Hz, 1H, HyC(2)), 3.83 (t, *Ju.u= 6.1 Hz, 1H, HC(4)),
2.37 (s, 3H, H;C(1°”")), 2.37 — 2.30 (m, 1H, H,C(3)),
2.07 (dddd, Y= 14.0 Hz, *Jun=17.1, 6.1, 2.8 Hz,
1H, HoC(3)).

BC NMR (126 MHz, CD,ChL): § 155.6, 139.1,
138.7, 138.4, 138.3, 137.6, 129.7, 129.1, 128.3,
126.1, 126.1, 119.7, 112.6, 82.5, 63.9, 49.29, 29.0,
21.5.

HRMS: Ci5Hi71,O" [M + H]J" calc. 502.9363, found
502.9326.



'H un *C KMR spektri / 'H and '*C NMR spectra

(Z)-terc-Butil(1-(6-jodhroman-4-il)-2-(m-tolil)vinil)dimetilsilans (16i) / (Z)-tert-Butyl(1-
(6-iodochroman-4-yl)-2-(m-tolyl)vinyl)dimethylsilane (16i)

'H-KMR (500 MHz, CDCl;) / 'H-NMR (500 MHz, CDCl)
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(2)-6-Jod-4-(1-jod-2-(m-tolil)vinil)hromans (16j) / (£)-6-Iodo-4-(1-iodo-2-(m-
tolyl)vinyl)chromane (16j)

"H-KMR (500 MHz, CDCl3) / 'H-NMR (500 MHz, CD,Cl»)
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