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1. UVOD

Tato rigorozni prace je Clenéna do tii hlavnich casti. Kapitola Seznameni
s tématikou obsahuje pichled popsanych stercoselektivnich reakci na pevné fazi,
komentaf k predlozené publikaci s dopliujicimi informacemi a shrnuti. Nasleduje
¢lanek publikovany v Casopise ChemistrySelect, ktery se zabyvd porovnanim
enantioselektivnich podminek nitroso-Diels-Alderovy (NDA) reakce vedouci
k 3,6-dihydro-1,2-oxazinim na pevné fazi a Vvroztoku. Posledni ¢ast obsahuje

experimentalni data a dalsi doplnujici informace k publikaci (Supporting information).

2. SEZNAMENI S TEMATIKOU

2.1. Stereoselektivni syntéza na pevné fazi

Syntéza na pevné fazi je G€inny prostiedek k syntéze organickych sloucenin
predevsim ve vys$im poctu, ¢asto s vyuZzitim principtit kombinatorialni chemie. Mnoho
technik bylo vyvinuto a znacné mnoZzstvi reakci vyuZivanych v roztokové chemii bylo
adaptovano na syntézu na pevné fazi. Pfesto jsou praveé stereoselektivni syntézy
na pevné fazi, které nevyuzivaji chiralni stavebni jednotky, stale malo prozkoumany.
Vroce 2006 Lessmann a Waldmann publikovali review  zabyvajici
se enantioselektivnimi reakcemi na pevné fazi,' od t¢ doby bylo dale studovano pouze
malé mnozstvi reakci. Déle bude uveden piehled uspéSnych stereoselektivnich reakcich

na pevné fazi.

Jednou z popsanych metodik jsou stereoselektivni aldolové reakce vedouci
ke knihovné spiro[S.S]ketah"l.z'4 Tento strukturni motiv se ¢asto nachéazi v ptirodnich
latkach. Aldehyd | imobilizovany na Wangové linkeru reagoval s piipravenym
Z-enolatem Il zatvorby aldolového aduktu Il (Schéma 1). Finalni produkt V byl
pfipraven odsStépenim z nosi¢e béhem oxidativniho odchrdnéni p-methoxybenzylové
skupiny. Vysledné spiroketaly byly pfipraveny bcéhem 12-ti krokoveé syntéze
ve vysokych celkovych vytézcich s vysokou stereoselektivitou.>® Analogicky byly

ptipraveny latky s vyuzitim imobilizace na silylovém linkeru ve vysledném



diastereoizomernim poméru > 20 : 1. Podminky z roztokové chemie zde mohly byt

aplikovany, pro Uplnou konverzi vSak bylo potfebné provést reakci ve dvou cyklech.

O/B(|p0)2
NN S o _A©
L /\/U\ I TBSO Q e z
Qo H ———— O/L‘O — O/L\o/\/H/u\r\/'\R
| ab
1] v
TBSO,,
L.
Ipc =
TBSO R &
\" L = Wang linker

pouze 1 isomer

a) Il (6 ekv.) DCM, -78°C az 0°C, poté H,O,, DMF/MeOH, pufr, 2 cykly; b) TBSCI; ¢) DDQ,
DCM/pufr

Schéma 1: Syntéza spiro[5.5]ketalti pomoci stereoselektvini aldolové reakce.

Mezi dalsi stereoselektivni reakce patii allylace aldehyda. Aldehyd VI
imobilizovany na silylovém linkeru reagoval s chiralnim allylchlorsilanem VI
za vzniku slouceniny VI v enantiomerni Cistot¢ 80 % (Schéma 2). Stejného vysledku
bylo dosazeno pii paralelni reakci v roztoku, avSak pro uplnou konverzi na pevné fazi

bylo opé&t nutné reakci opakovat dvakrat.”

Ph, o
SIS
N/ /CI
i Vil
L. TBDPSO _~_ ~ .~
Q O/\/U\H :
a,b OH
Vi Vil

L = silylovy linker 80 % ee

a) VII, toluen, —20°C (2 cykly); b) Stépeni a protekce
Schéma 2: Asymetricka allylace aldehydi
Otevirani epoxidového kruhu bylo dalsi studovanou stereoselektivni reakci.
Na TentaGel S-PHB pryskyfici imobilizovany epoxi ester bylo pusobenou nadbytkem
TMSN3 v pritomnosti [(salen)CrN3z] komplexu (R,R)-X (Schéma 3). Produkt XII byl

izolovén ve vytézku 92 % s enantiomerni €istotou 95 %.°
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O\OJ/,Q\ an O\o) "Q"‘NS ———> MeO Q,”NS
O

OH OH
IX Xl XII

Q =90 um Tentagel S PHB 92 % ee
HQ'H

_N\ /N_
/Cr\
tBu 0|0 tBu
tBu tBu
X

a) TMSN; (20 ekv.), (R, R)-X (20 mol%), Et,0, 24 h; b) TFA, MeOH:; ¢) MeOH/DMF/Et;N
(9/1/1), 60°C

Schéma 3: Otevirdni epoxidového kruhu

Pro syntézu aryl substituovanych cyklopropanovych derivatd lze vyuzit
stereoselektivni cyklopropanace. 1,1-Diarylethylen X1l imobilizovany
na polystyrenové pryskyfici se silylovym linkerem reagoval se sedmi rlznymi
aryldiazoacetaty X1V zakatalyzy Rhy-(S-DOSP); XV (Schéma 4). Cyklopropanové
derivaty XVI byly pfipraveny ve vysoké diastereo a enantioselektivité (E : Z>3 : 1; az

96 % ee). Vysledky byly srovnatelné s reakcemi v roztoku.’

10



Et\S Ft o Ar)J\COOMe
Qo XIV
_—
Ph
a,b
X1 +
o)
OH™ >
Ph
4150Y MeOOC ‘Ar

Z-XVI

E-XVI: Z-XVI >3 : 1
Rhy-(S-DOSP), 86-93 % ee
XV

a) XIV (5 ekv.), Rh,-(S-DOSP), XV (1 mol%), DCM; b) HF-pyridin, MeOTMS
Schéma 4: Stereoselektivni cyklopropanace

Rozsitenou metodou stereoselektivni reakce na pevné fazi je dihydroxylace
dvojné vazby.*™® Az 99% enantioselektivity bylo dosaZeno na TentaGelové pryskyfici
za katalyzy (DHQ)ZPHAL.8 Studovany byly podminky Sharplessovy asymetrické
dihydroxylace a jejich u¢inek v souvislosti s pouzitou pryskyftici. Vyuziti reoxidujiciho
¢inidla K3Fe(CN)s ve smési rozpoustédel tert-butanol/voda vedlo ke konverzi pouze
na TentaGelové pryskyfice XVIIIc s enantioselektivitou 99 % (Schéma 5). Naopak
vyuziti N-methylmorfolinu v rozpoustédlech aceton/voda vedlo ke konverzi
i na Merrifieldové a Wangové pryskyfici (XVIlla, XVIIIb) se srovnatelnou
enantioselektivitou 87 % - 90 % ee.

11



O\H/\/© P
e a
- /O
R — R
0 O OH

xvi XVIII
. CH
R: O/ 2 Metoda A: Metoda B:
- 88 % ee
XVllla
CH,
/©/ - 90 % ee
O/\O
XVIliib

CH,
l: I 99 % ee 87 % ee
O/éo\/\)O
n

XVliic

a) 0sO, (1 mol%), (DHQ),PHAL (2,5 mol%), Metoda A: KzFe(CN)e, tBuOH/voda (1/1), RT;
Metoda B: NMO, aceton/voda (10/1), 4°C.

Schéma 5: Sharplessova asymetricka dihydroxylace

Vyuziti katalytické hydrogenace je u reakci na pevné fazi znacné omezené.
Pfesto byla popsana asymetricka hydrogenace dehydropeptidu XIX (Schéma 6).
Redukce byla provedena vodikem pii tlaku 150 psi za katalyzy 10 mol% [Rh(Ph-
CAPP)(NBD)]BF; na Wangové pryskyfici. Produkt XX vznikl v diastereomernim

poméru 95:5.*" Dalsi usp&sna hydrogenace na podobném substratu byla provedena

na Rinkové amidové pryskyfici za katalyzy Rh-Me-DuPHOS s vysokou selektivitou
>94 : 4 u 20 z 36 pripadi.*?

O PhO (0] PhO
Ho H ab H H
O\O N\H):”J\/N\Fmoc HO N\[([H)K/N\Fmoc
(@] (0]
XIX XX

90 % de

a) H, (150 psi), [Rh(Ph-CAPP)(NBD)]BF, (10 mol%), toluen/iPrOH, 40°C; b) TFA, RT

Schéma 6: Asymetrickd hydrogenace
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Studovana  byla  také  enantioselektivni  alkylace  imobilizovanych
aminokyselin.®**® Nejvyssi enantioselektivity 92 % ee bylo dosaZzeno pii alkylaci
slouceniny XXI za katalyzy cinchonidinovym derivatem XXII ve vodném roztoku

hydroxidu cesného (Schéma 7).%°

MCUS F e 6 U

XXI XX

R =Bn vytézek 70 %, 92 % ee
R = CH,=C(Me)CH,  vytézek 62 %, 92 % ee

XXII
a) XXII (10 mol%), RBr, 50% aqg. CsOH, 0°C, 96 h

Schéma 7: Enantioselektivni alkylace

Enantioselektivni syntéza na pevné fazi byla vyuzita pro pfipravu kyanhydring.
Pouzit byl titanovy(salen) komplex XXV pro kyanhydrinovou syntézu aromatického
aldehydu XXIV véazaného na Wangové pryskyfici (Schéma 8).'° Vysledny produkt
vznikl v 91% ee. Narozdil od reakce v roztoku bylo nutné zdvojnasobit mnozstvi

katalyzatoru na 2 mol% a zvysit teplotu z —90°C az —40°C na 0°C.

OCOEt tBu tBu

o o AT, e A,
N (0] "o (0] N
XXIV XXVI | Bu  1Bu |
91 % ee
tBu tBu
XXV

a) KCN (8 ekv.), (EtCO),0 (8 ekv.), XXIV (2 mol%), tBuOH (1 ekv.), H,O (1 ekv.), DCM 0°C; b)
TFA; c) TMSCHN,

Schéma 8: Enantioselektivni kyanhydrinova syntéza
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Rozsitenou skupinou stereoselektivnich reakci na pevné fazi jsou cykloadicni
reakce. Popsana byla 1,3-dipolarni cykloadice nitriloxida XXVII s allyl alkoholem
XXVII (Schéma 9).*" Ve studii byl pouzit (—)-diiosopropyl tartrat jako chiralni ¢inidlo
a EtMgBr jako baze. Na Wangové pryskyfici vazané slouceniny XXVII byly pfevedeny
na prislusné isoxazolinové derivaty XXIX ve vytézcich 50 — 70 % s enantioselektivitou

az 95 % ee.

N,OH /\/OH N—O
| XXVIII | on
0 Cl HO
O/ a,b
R R
XXVII XXIX
62-95 % ee

a) EtMgBr, (-)-diiosopropyl tartrat, CHCI;, -50°C; b) 10% TFA/DCM, RT
Schéma 9: Enantioselektivni 1,3-dipolarni cykloadice

Dalsi enantioselektivni reakci vedouci ke tvorbé péti¢lenného cyklu je
[3+2] cykloadice. Aromaticky azomethin ylid XXX imobilizovany na polystyrenové
pryskytici reagoval stert-butyl akrylatem XXXI za katalyzy komplexem acetat
sti{brny/(S)-QUINAP XXXI1 (Schéma 10).*® Preferovany endo-izomer XXXI11 vznikl
ve vytézku 79 % a enantioselektivite 90 %. Oproti analogické reakce v roztoku bylo

nutné zvysit mnozstvi katalyzatoru z 3 mol% na 10 mol%.

COOMe COOMe O N
N) Z>COoO0tBu HN =N
| ! XXXI PPh,
O\ a,b COOtBu OO
o HO

XXX XXX XXXII
90 % ee (S)-QUINAP

a) XXXI, iPr,NEt, AgOAC (10 mol%), /(S)-QUINAP (10 mol%), THF, -45°C; b) HF .py/py/THF,
TMSOEt

Schéma 10: [3+2] cykloadice

Mezi [4+2] cykloadicemi byly studovany tzv. ,,inverse electron-demand‘ hetero-
Diels-Alderova reakce a oxa-Diels-Alderova reakce.’®? Reakce imobilizovanych enol

ethert  XXXIV s heterodieny XXXV byla katalyzovana chirdlnim katalyzatorem

14



XXXVI (Schéma 11).2  Vysledné slouSeniny XXXVII byly pfipraveny
v enantioselektivité¢ az 96 %. Oproti reakci v roztoku vSak bylo nutné pouzit az

desetinasobné mnozstvi katalyzatoru.

0]

RZWOAIIyI

0 Q 0o 0

_R! _R' 0, O j><f
O\o \/07 XXXV O\O '_O.. oAl L
, a | \\Cu//

XXXIV ;i Bu (5T, B
R2
XXXVII XXxvi

80 - >96 % ee

a) XXXVI (20 mol%), THF, RT

Schéma 11: Enantioselektivni hetero-Diels-Alderova reakce

Oxa-Diels-Alderova reakce byla vyuzita k pfipravé substituovanych

2021 Na Wangové pryskyfici imobilizovany aldehyd XXXVIII

tetrahydropyrant.
reagoval s Danishefskyho dienem XXXIX za katalyzy chromovym katalyzatorem XL

(Schéma 12).2! Vysledné tetrahydropyranové derivaty vznikly s 50 az 98% ee.

/ OMe

R! TMSO

Q © R? XXXIX

_0
a,b

XXXV

XLI
50 -98 % ee

a) XXXIX (3 ekv), XL (5 mol%), DCM, MS 4A; b) 10% TFA/DCM, 3 h, RT
Schéma 12: Oxa-Diels-Alderova reakce

Mezi dal$i studované stereoselektivni reakce na pevné fazi s enantioselektivitou
mensi nez 80 % ee patfi adice acetylenii na iminiové ionty s 75% ee® a adice alkyl

zinkového ¢inidla na aldehydy s maximalné 60% ee.?
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2.2.Komentar k predloZené publikaci

Cislovani struktur v nasledujici kapitole bude chronologicky uvedeno arabskymi

Cisly, ¢islo v zavorce bude odpovidat ¢islu struktury v publikaci, pokud se v ni nachazi.

Cilem piedlozené publikace bylo pripravit imobilizované
3,6-dihydro-1,2-oxazinové derivaty pomoci nitroso-Diels-Alderovy reakce ve snaze
rozsifit mnozstvi stereoselektivnich reakci na pevné fazi. Tyto derivaty jsou dilezité
meziprodukty v syntéze pfiirodnich latek a biologicky aktivnich slou¢enin. Jelikoz
enantioselektivni verze této reakce na pevné fazi dosud nebyla studovana, vychazelo se

z popsanych podminek analogické reakce v roztoku, kde bylo dosaZeno az 97% ee.”

2.2.1. Optimalizace podminek enantioselektivni nitroso-Diels-Alderovy

reakce na pevné fazi

Prvni ¢ast publikace se zabyva optimalizaci podminek na modelové reakci
(Schéma 13). Studovany byly vlivy chirdlniho ligandu, jeho koncentrace a pomér
ke komplexa¢nimu ¢inidlu CuPFg(MeCN), dale vlivy teploty a rozpoustédla. Na rozdil
od reakce v roztoku®® nejvhodn&jsim chiralnim ligandem byl (S)-2-furyl-MeOBIPHEP
3(C) v koncentraci 13 uM a v poméru ku CuPFg(MeCN), 1:1, optimalni teplotou reakce
bylo —20°C a vhodnym rozpoustédlem dichlormethan (Schéma 13).

(0] (0] O?
Loy BN 0
Q" == Oty N erey
o

1(4) 2(5)

3(C)
(S)-2-Furyl-MeOBIPHEP

b > Jn HQNJ\Q
L = Rink linker

Q = PS/PVB resin
4a(6a) 5a(7a)

a) jodistan tetrabutylamonny, DCM, 1 h, —20°C; b) ligand 3(C)/CuPF¢(MeCN), komplex, DCM,
1 h, —20°C c¢) 1,3-cyklohexadien, 1 h, —20°C; d) TFA/DCM, 30 min, RT.

Schéma 13 Syntéza modelového 1,2-oxazinového derivatu
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Oproti publikaci byla dale studovana zména komplexa¢niho ¢inidla, nicméné ani
jedna zvolend latka nevedla ke tvorbé komplexu a reakce tudiz probéhla

nestereoselektivne.

Tabulka 1: Porovnani komplexaénich ¢inidel®

Pokus Komplexa¢ni ¢inidlo  HPLC ¢istota’(%6) ee (%)
1 CuPFs(MeCN), 89 76
2 1) 88 0
3 FeCls; 71 10
4 Pd(OACc), 67 0
5 Pd(PPhs), 87 0
6 Zn(OAC); 94 0
7 Cu(OAC), 94 0
8 Co(OAC): 95 0

*pti koncentraci 13 uM chiréalniho fosfinového ligandu 3(C) a komplexaé¢niho ¢inidla, teploté
—20°C, v DCM "Stanoveno pomoci HPLC/PDA

2.2.2. Aplikace enantioselektivnich podminek NDA reakce na dalSi

derivaty

Druhé ¢ast publikace se vénuje aplikaci optimalizovanych podminek na dalsi
derivaty. Nejprve byly zkoumany reakce riznych nitrosolatek s cyklohexadienem,
nasledné pak reakce nitroso latky 2(5) s riznymi dieny (Obrazek 1). Pfed samotnou
aplikaci enantioselektivnich podminek vSak bylo potfeba vybrat a nasyntetizovat
vhodné nitroso derivaty, vybrat rtizné komeréné dostupné dieny a ovéfit tvorbu

3,6-dihydro-1,2-oxazinovych derivati pomoci nekatalyzované NDA reakce.
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nitroso slouceniny:
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2(5) R = B-Ala 6(9) 8(16)
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Obrazek 1: Zvolené nitrosolatky a dieny

Syntéza nitrosolatek

Syntéza nitrosolatek 2(5), 6(9), 7(13) a 8(17) spocivala v oxidaci odpovidajicich
hydroxylaminovych derivati (Schéma 14), jejichz syntézou a optimalizaci jsem se
zabyvala ve své diplomové praci.”® Na Rinkovu pryskyfici 12(22) byla nejprve
navazana jedna nebo dvé molekuly p-alaninu. Dale byla provedena acylace kyselinou
6-flournikotinovou nebo 4-fluor-3-nitrobenzoovou. Nakonec byl fluor substituovan
hydroxylaminem (Schéma 14). Po oxidaci hydroxylaminovych derivatd jodistanem

tetrabutylamonnnym byly nitrosolatky pouzity ihned do dalsi reakce.
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Fmoc .

NH
OMe H a,b H a,c
—_— N ’ i
O O = O\L/ “Fmoc — > NgFmee ——
O/\O
OMe 12(22) 13(23)
a"bE14(24)

Rink resin

O L0 | L0 L0
Z “NHOH

|/ -0

=
F N
15: R=@, X=N 19(4): R=0, X=N 2(5): R=@, X=N
16(25): R=p-Ala, X=N 20(8): R=B-Ala, X=N 6(9): R=B-Ala, X=N
17(26): R=p-Ala-p-Ala, X=N 21(12): R=B-Ala-B-Ala, X=N 7(13): R=B-Ala-B-Ala, X=N
18: R=@, X=C-NO, 22(16): R=@, X=C-NO, 8(17): R=, X=C-NO,

a) 50% piperidin/DMF, 20 min, RT; b) Fmoc-B-Ala-OH, HOBt, DIC, DCM/DMF, 1 h, RT;
c¢) 6-fluoronikotinova kyselina/4-fluoro-3-nitrobenzoova, HOBt, DIC, DCM/DMF, 1 h, RT; d) Pro
15-17: NH,OH.HCI, DBU, DMSO, on, 80°C, pro 18: NH,OH.HCI, Py, on, RT; e) TBAPI, DCM,
1h, -20°C

Schéma 14: Syntéza hydroxylaminovych prekurzor pro nitrosolatky 2(5), 6(9), 7(13) a
8(17)

Pro syntézu nitrosolatek 9-11 byla zvolena oxidace Oxonem podle analogické
reakce Vv roztoku (Schéma 15).%" Pii této reakci byla po 2 hodinich pfipravena
nitrosolatka 24 ve vytézku 89 %. Pfi reprodukci popsanych podminek byl produkt 24
pfitomen ve smési pouze z 16 %, proto bylo nutné prodlouzit reakéni dobu. Reakce byla
michéana pies noc a po 21 hodinach byla vychozi latka zcela odreagovana a produkt 24
byl ptipraven v HPLC cistoté 75 %. Po filtraci a promyti vodou byl produkt izolovan
v HPLC cistoté 99 % a ve vytézku 60 %.

o O

HO NH, i, HO
COOMe COOMe
23 24
a) Oxone® (KHSO:s. 2KHSO,. ¥2K,S0,), voda, DCM, 2 h, RT
Schéma 15: Popsana oxidace Oxonem v roztoku

Omezeni této reakce miZe spocivat v pouziti heterogenni smési
voda/dichlormethanu, jelikoz je voda nekompatibilni rozpoustédlo s Rinkovou

pryskyfici. JelikoZ jiz byla popsana uspéSna redukce nitro skupiny dithioni¢itanem
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sodnym ve stejné smési rozpouétédel,28 rozhodli jsme se vyuzit tuto reakci a rozsifit tak
portfolio pouzitelnych reakci na pevné fazi. Na Rinkovu pryskyfici byla standardnimi
acylaénimi podminkami navadzana latka 23, latka 25 byla ziskana v HPLC C(istoté
100 %. Nasledovala oxidace Oxonem se soucasnym piidavkem 1,3-cyclohexadienu
pro okamzité zachyceni vzniklé nitrosolatky 9. Reakce bézela za laboratorni teploty,

avSak po 22 h byla na pryskyfici pfitomna pouze vychozi latka 25.

P 2%
L.,-Fmoc  ab ~ NH, c,d N
COOMe
25 26

a) 50% piperidin/DMF, 20 min, RT; b) 23, HOBt, DIC, DCM/DMF, 1 h, RT; ¢) Oxone®,
1,3-cyklohexadien, voda, DCM, on, RT; d) TFA/DCM, 30 min, RT

Schéma 16: Oxidace aminoskupiny a nasledna in situ NDA reakce
Pfistoupeno bylo k varianté, kdy byla v roztoku piipravena nitrosolatka 24
navazana na  Rinkovu  pryskyfici.  Nasledn¢  probéhla  NDA  reakce

s 1,3-cyklohexadienem (Schéma 17), kdy pozadovany oxazinovy derivat 26 vznikl
v HPLC cistoté 98 %.

(0] o) O O
L., .F ab L N d N
<, ,~-mocC ’ \N C, H-N
Q™ - @y ER
COOMe COOMe
12(22)
26
9 HPLC Gistota 98 %

a) 50% piperidin/DMF, 20 min, RT; b) 24, HOBt, DIC, DCM/DMF, 1 h; c¢) 1,3-cyklohexadien,
DCM, 1 h, RT; d) TFA/DCM, 30 min, RT

Schéma 17: Syntéza nitrosolatky 9 a ovétfeni naslednou NDA reakci

Pro pfipravu nitrosolatky 10 byla nejprve analyticky ovéfena analogicka reakce

v roztoku (Schéma 18). Reak¢ni doba zistala pies noc.
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HOOC a HOOC
\©\ \©\ o)
NH N

2

27 28

a) Oxone®, voda, DCM, on, RT
Schéma 18: Oxidace kyselina p-aminobenzoové

Na rozdil od ptedchoziho prekurzoru, oxidace latky 29 na pevné fazi Castecné
prob¢hla, avsak vysledny oxazinovy derivat 30 byl ptipraven v HPLC dCistoté pouze
34 % (Schéma 19).

o 0 0
L., . Fmoc ab L c L de N
N7 — N — N — M2
o O HJ\@ o ﬁK@ 0 /OZ
NH, N* N

12(22)

29 10 30
HPLC distota 34%

a) 50% piperidin/DMF, 20 min, RT; b) 27, HOBt, DIC, DCM/DMF, 1 h, RT; ¢) Oxone®, voda,
DCM, on, RT d) 1,3 cyklohexadien, DCM, 1 h, RT; e) TFA/DCM, 30 min, RT

Schéma 19: Oxidace Oxonem na pevné fazi

Opét bylo piistoupeno K piipravé nitrosolatky 28 v roztoku a jejimu naslednému
navazani na pryskyfici (Schéma 20). Doslo k nepatrnému zvySeni HPLC C(istoty
oxazinu 30 na 50 %. Oproti standardnim podminkam acylace byla vyzkousena reakce
bez HOBt, ktery je nezbytny pouze acylaci aminokyselin k zachovani konfigurace
chiralniho centra. Tato reakce vedla ke tvorbé oxazinu 31 v HPLC C(istoté 84 %

(Obrazek 2). Nitrosolatku 11 se pfipravit nepodafilo.

0] 0
b d
L.. _Fmoc _& L. S,
N
Q N a2 T HN
o) .0
N N ]

12(22)

10 30
Metoda A: HPLC distota 50 %
Metoda B: HPLC cistota 84 %

a) 50% piperidin/DMF, 20 min, RT; b) Metoda A: 28, HOBt, DIC, DCM/DMF, 1 h, RT; Metoda B:
28, DIC, DCM/DMF, 1 h, RT c) 1,3 cyclohexadiene, DCM, 1 h, RT; d) TFA/DCM, 30 min, RT

Schéma 20: Navézani nitrosolatky 10 a ovéfeni naslednou NDA reakci

21



Jelikoz se nitrosolatky 9-11 nepodatilo pfipravit pfimo na pryskyfici, rozhodli
jsme se z diuvodu bezpecnosti nemanipulovat s nenavazanymi nitroso slou¢eninami
V preparativnim méfitku a proto byly latky 9-11 ze studie vyfazeny. Pouzity byly pouze
derivaty kyseliny 6-fluornikotinové 2(5), 6(9), 7(13) a derivat kyseliny 4-fluor-3-

nitrobenzoové 8(16).

Vybér dieni

Z vysledkt studie enantioselektivni katalyzy nitrosolatky 2(5) sdieny a-f
a trienem g (viz kapitola 3. Publikace k rigor6zni praci, Table 8) vyplyva, ze acyklické
dieny nejsou zcela vhodné pro danou reakci z divodu dosazeni nizké enantioselektivity.
Pro vétsi pocet piikladii reakce s cyklickymi dieny byly vybrany 1-methoxy-1,3-

cyklohexadien h a cyklopentadien i.

Pii NDA reakci s 1-methoxy-1,3-cyklohexadienem h a nasledném Stépeni
trifluoroctovou kyselinou doslo analogicky jako u 2-TMSO-1,3-cyklohexadienu f
ke stépeni C-O vazby a stabilizaci produktu za vzniku latky 31 v HPLC c¢istoté 69 %
(Obrazek 2). Cyklopentadien poskytoval ptislusny oxazinovy derivat 32 v HPLC cistoté
60 %. Hlavnim problémem byl ale vznik necistoty, kterou se nepodafilo
chromatograficky oddé¢lit, a tudiz nebylo mozné urcit presny pomér enantiomert béhem

katalyzované reakce. Tyto dieny tak byly pro studii nepouzitelné.

O 0]
.0
= N/OH = N E
0
31 32
HPLC Cistota 69 % HPLC Cistota 60 %

Obrazek 2: Produkty NDA reakce s 1-methoxy-1,3-cyklohexadienem h a

cyklopentadienem i

Celkové je mozné fici, Ze stejné€ jako vyber nitroso sloucenin byl zna¢né omezen
i vybér vhodnych diend. Méné reaktivni acyklické dieny poskytovali nizkou

enantioselektivitu. Substituované 1,3-cyklohexadieny zase nebyly stabilni b&hem
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Sté€peni s trifluoroctovou kyselinou a dochéazelo tak k modifikaci oxazinového kruhu

Stépenim C-O vazby.

2.3.Shrnuti

Predlozena  publikace si  kladla za cil pfipravit imobilizované
3,6-dihydro-1,2-oxazinové derivaty pomoci nitroso-Diels-Alderovy reakce a rozsitit tak
portfolio stereoselektivnich reakei pouzitelnych na pevné fazi. Optimalizace vhodnych
podminek byla provedena s porovnanim podminek analogické reakce v roztoku.”
Nejlepsi podminky zahrnovali pouziti chiralniho ligandu 3(C) s komplexa¢nim ¢inidlem
CuPFg(MeCN),4 v koncentraci 13 umol/ml v poméru 1:1, dale pouziti konstantni reak¢ni
teploty —20 °C a rozpoustédla dichlormethan. Piesto bylo dosazeno maximalné 76%
enantioselektivity. Pro aplikaci optimalizovanych podminek na dalsi derivaty bylo
nejprve nutné navrhnout a nasyntetizovat vhodné nitrosolatky a vybrat vhodné dieny.
Jelikoz se nitrosolatky 9-11 nepodafilo pfipravit piimo na pryskyfici, byly zvoleny
pouze dfive studované derivaty kyseliny nikotinové 2(5), 6(9), 7(13) a derivat kyseliny
3-nitrobenozoové 8(16).22*3! Pro zvoleny katalyticky systém byly vhodné pouze
a-nitrosopyrimidinové derivaty, u latky 8(16) nedochazelo ke koordinaci nitroskupiny
S chirdlnim komplexem a NDA reakce probihala zcela nestereoselektivng. Vybér
cyklickych a acyklickych diend byl také omezen. Z cyklickych dient poskytovaly vedle
modelového  1,3-cyklohexadienu  pfislusny  oxazin  pouze  cykloheptatrien
a cyklopentadien. Produkt s cyklopentadienem 32 se podafilo pfipravit pouze
s neoddélitelnou necistotou, a tudiz bylo znemoZnéno stanoveni piesného poméru
vzniklych enantiomert.. Pfi NDA reakci se substituovanymi 1,3-cyklohexadieny f a h
a nasledném $tépeni v trifluoroctové kyselin¢ dochazelo ke §tépeni C-O vazby a vzniku
derivata (20), (21) (Schéma 4 v publikaci) a 31. U acyklickych dienti bylo z divodu
nizsi reaktivity potfeba prodlouzit ¢as a zvysit teplotu, coZ mohlo vést k vyraznému

poklesu enantioselektivity < 17 %.
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Nitroso-Diels-Alder (NDA) reaction is used as a tool for the
synthesis of 3,6-dihydro-1,2-oxazine derivatives, which are im-
portant intermediates in the synthesis of natural products and
biologically active compounds. In this work, we investigated
the enantioselective version of this reaction on a solid support.

Introduction

Solid-phase synthesis is a useful tool in the efficient preparation
of organic compounds, especially in a higher number and/or in
a combinatorial manner. Many techniques have been devel-
oped, and a great portfolio of reactions applied in solution-
phase chemistry has been adapted to solid-phase reactions.
However, the application of stereoselective synthesis on solid-
supported substrates is still less explored. In 2006, Lessmann
and Waldmann presented a review'" on enantioselective syn-
thesis on solid phase describing the aldol®” reaction, aldehyde
allylation®® and crotylation®, epoxide opening,"” cyclopropana-
tion,"" dihydroxylation,"*'¥ hydrogenation,"*'® alkylation,"”
cyanohydrin synthesis,"® addition of acetylenes to imminium
salts"? or alkyl zinc reagents to aldehydes.”” Stereoselective
cycloaddition reactions on solid support involve 1,3-dipolar
cycloadditions of nitrile oxides to allyl alcohols”" [3+2]
cycloaddition of immobilised azomethine ylides to tert-butyl
acrylate,”? [4+2] cycloaddition including Diels-Alder reaction
of immobilised chiral diene and dienophile,”*¥ oxa Diels-Alder
reaction of resin-bound aldehydes with the Danishefsky's
diene™' and enantioselective inverse-electron-demand hetero-
Diels—Alder reaction of immobilised enolethers as dienophiles
with enonesas heterodienes affording library counting 4320
derivatives of dihydropyran.”® Later studies on stereoselective
solid phase synthesis using the catalytic ligands were con-
cerned on alkylation reaction,”” aldehyde allylation”® and oxa
Diels-Alder reaction.””
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We studied various catalysts, concentrations, temperatures and
solvents and compared them with the best conditions reported
for solution-phase chemistry. The best conditions were also
applied to other 1,2-oxazine derivatives.

One of the reactions of general interest is nitroso-Diels-
Alder (NDA) reaction. This reaction is used as a tool for
synthesis of 3,6-dihydro-1,2-oxazine derivatives, which are im-
portant intermediates in the synthesis of natural products and
biologically relevant structures.**?¥ In this reaction, nitroso
dienophile 1 attacks diene 2 affording a mixture of stereo-
isomers and possibly regioisomers 3a-3d (Scheme 1).°%

regioisomers
— — R( RZ
R' R?
SN (| e
] R\, 0 R'Y O N NR
1
§ N RaR || R'a
0 " N R R —
&N ? or or R' >RZ
2 0 0 \ /
1 2 R 1‘\'/ R’ Q’N N 3 NR
2. R R!
RE R R3¢ 3
enantiomers

Scheme 1. Formation of two stereoisomers during the NDA reaction.

Although the solid-phase NDA reaction has been already
studied and the regioselectivity was discussed,**” its enantio-
selective performance has been described only in the solution-
phase manner.?**

Here, we report the first study on the enantioselective
synthesis of polymer-bound 3,6-dihydro-1,2-oxazine derivatives
via NDA reaction with the aim to expand the number of solid-
phase reaction methodologies.

Results and Discussion
The model NDA reaction for initial study was performed

according to Scheme 2 between immobilised nitroso com-
pound 5 as a dienophile and 1,3-cyclohexadiene as a diene.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of model 1,2-oxazine derivative: a) tetrabutylammonium
(meta)periodate, DCM, 1 h, (see Table 4); b) chiral phosphine ligand/CuPF,
(MeCN), complex (see Table 1,2,3,5), 1 h, various temperature (see Table 4); c)
1,3-cyclohexadiene, 1 h, various temperature (see Table 4); d) TFA/DCM, RT,
30 min.

1,3-Cyclohexadiene was selected for the optimisation of the
reaction because of its symmetry avoiding the regioisomers
formation. Aryl nitroso derivative 5, which is not stable for
a long time, was prepared from the resin-bound hydroxylamine
4 by oxidation with tetrabutylammonium periodate (Scheme 2).
Nitroso derivative 5 was then treated with complex of chiral
phosphine ligand and complexation agent CuPF,MeCN),,
similar to Yamamoto solution-phase procedure.*** Subse-
quently, 1,3-cyclohexadiene was added to this complex after
one hour to produce compound 6a. After the cleavage from
the resin by TFA in DCM, we obtained compound 7a, which
was analysed as a crude mixture, using LC-MS and chiral HPLC
or SFC with previously described conditions.*"

First of all, we performed the reaction with (S)-SEGPHOS A
(Figure 1) as a chiral phosphine ligand in complex with
equivalents of CuPF4,(MeCN), in various concentrations as this
complex provided the best results in the solution.®® The
reaction temperature was initially set up to —20°C. The crude
purity of resulting 1,2-oxazine 7a was found to be dependent
on the concentration of this complex. Although the crude
purity of the product 7a increased with the lower concen-
tration of the chiral complex up to acceptable 88 %, the ee was
much lower than that reported for solution-phase synthesis®®
(Table 1).

To confirm, that the low ee value could be caused by low
efficiency of SEGPHOS rather than by other factors, we
investigated more chiral phosphine ligands of biphenyl type
(Figure 1).

The reaction was performed at two different concentra-
tions: 1.6 umol/ml for which the SEGPHOS afforded the best ee,
and 13 umol/ml for which the SEGPHOS afforded the lowest
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Figure 1. Structures of chiral phosphine ligands.

Table 1. Optimisation of concentration of (S)-SEGPHOS/CuPF,(MeCN), com-
plex used for reaction of 5 to 7a according to Scheme 2/

Entry ¢ (umol/ml) Purity of 7a™ (%)  ee of 7a" (%)
SEGPHOS/CuPF,(MeCN),

1 25 9 n/a

2 13 6 n/a

3 6.3 10 n/a

4 31 58 9

5 1.6 80 20

6 0.8 88 10

[a] Reaction temperature was — 20 °C, the solvent was DCM. [b] Determined

by HPLC/PDA. [c] Not determined because of low purity of 7a

3988

purity. The goal was to compare the efficiency of individual
chiral phosphine ligands and (dis)prove the generality of
significant purity decrease. The ratio of chiral phosphine ligand
and CuPF,(MeCN), remained equivalent, and the reaction
temperature was —20°C. The concentration 1.6 pmol/ml
afforded the product in high purity but did not provide high
values of enantiomeric excess. When the concentration
13 umol/ml of chiral phosphine ligand/CuPFs(MeCN), was
applied, the efficiency of chiral phosphine ligands C and E
significantly increased (Table 2).

Since the chiral phosphine ligand C in equivalent ratio with
CuPF4(MeCN), at a concentration of 13 umol/ml had the best
enantiomeric excess, we used it for further experiments to
optimise the concentration. When the concentration of the
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Table 2. Comparison of chiral phosphine ligands at two different concen-
trations used for reaction of 5 to 7a according to Scheme 2

Entry Chiral phosphine ¢ (umol/ml) Purity of ee of 72"

ligand ligand-CuPF, 7a" (%) (%)
(MeCN),

1 A 1.6 80 20

2 A 13 6 n/a

3 B 1.6 87 6

4 B 13 0 n/a

5 C 1.6 97 0

6 C 13 89 76

7 D 1.6 96 0

8 D 13 42 13

9 E 1.6 87 23

10 E 13 76 60

n F 1.6 78 4

12 F 13 29 n/a

[a] Reaction temperature was — 20 'C, the solvent was DCM. [b] Determined

by HPLC/PDA. [b] Not determined because of low purity or absence of 7a

complex C/CuPF4s(MeCN), is almost twice bigger, the ee
significantly decreased (Table 3, entry 1), whereas the decrease

Table 3. Optimisation of concentration of C/CuPF,(MeCN), complex used
for reaction of 5 to 7a according to Scheme 2°/
Entry ¢ (umol/ml) Purity of 7a" (%) ee of 7a(%)
C/CuPF¢(MeCN),
1 25 74 48
2 18 83 68
3 13 89 76
4 9.4 90 68
5 78 93 72
6 6.3 95 66
7 1.6 97 0
[a] Reaction temperature was — 20 °C, the solvent was DCM. [b] Determined
by HPLC/PDA.

in ee with concentration lowering was not so dramatic up to
half of the basic concentration (Table3, entry 3-6). In
accordance with the results of the above-mentioned study (see
Table 1), it was found that the total purity increased with
lowering of C/CuPF,(MeCN), complex concentration, as well.

The original solution-phase protocol for chiral NDA reac-
tion® used the temperature gradient from —85°C to —20°C
for 5 h and additional 1 hour at —20°C. Unfortunately, with the
use of this gradient, we achieved the product of high purity
but low ee (Table 4, entry 1). Therefore, the reaction was
studied with respect to temperature kept at a constant level.
While product purity was satisfactory between —50 to —20°C,
the enantioselectivity increased with increasing temperature.
The highest 76 % ee was reached at —20°C. When a higher
temperature was applied, the reaction failed, and ee was not
determined. The temperature could negatively affect the
formation of a complex with the chiral catalyst at low temper-
atures as well as its stability at higher temperatures.
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Table 4. Optimisation of reaction temperature used for reaction of 5 to 7a
according to Scheme 2!

Entry T(°C) t® (h)  Purity of 7a (%)  ee of 72" (%)
1 -85->-20 5 93 26

2 —-50 1 97 14

3 —40 1 88 62

4 -30 1 92 72

5 -20 1 89 76

6 -10 1 6 n/a

7 0 1 0 n/a

[a] Concentration of chiral phosphine ligand C/CuPF(MeCN), was 13 pmol/
ml, the solvent was DCM. [b] Reaction time of NDA reaction. [c] Determined
by HPLC/PDA. [d] Not determined because of low purity of 7a.

3989

As the reactivity on the solid support is dependent on the
concentration of reactants rather than their equivalency, we
tried to explore if 1:1 ratio of chiral phosphine ligand and
complexation agent can affect the ee of the product. Interest-
ingly, when the concentration of complexation agent CuPFg
(MeCN), is higher than the optimal concentration of chiral
phosphine ligand C, the enantiomeric excess decreased,
although all ligands had to be complexed. On the other hand,
when the concentration of CuPF,(MeCN), was a half, no
stereoselectivity was observed, although there should be a
concentration of complexed ligand (6.5 umol/ml) effective
enough for significant ee (see Table 5 and compare to Table 3).

Table 5. Optimisation of C/CuPF,(MeCN), ratio used for reaction of 5 to 7a
according to Scheme 2'*!

Entry c ratio® Purity of 72" (%) ee of 7a (%)
CuPF(MeCN), : C

1 221 82 59

2 1351 89 76

3 05:1 96 0

4 0:1 88 0

[a] Ratio of concentrations. The concentration of chiral phosphine ligand C
was always 13 umol/ml, the reaction temperature was — 20 °C, the solvent
was DCM. [b] Determined by HPLC/PDA.

The explanation of these phenomena can lie in the formation
of structurally different complexes with and without the
assistance of solid support when CuPF4(MeCN), : C ratio is not
equal. The necessity of copper agent for catalysis on the solid
support was confirmed by 0% ee when it was omitted from
the reaction. Therefore, the equivalent ratio of complexation
agent to the chiral phosphine ligand is necessary to get the
best values of ee.

Finally, the influence of solvent was tested (Table 6). The
reaction in original solution-phase protocol® was held in
strictly anhydrous conditions. Therefore, we compared reaction
in regular dichloromethane under air atmosphere (Entry 1) and
reaction in anhydrous dichloromethane under nitrogen (En-
try 2). The obtained enantioselectivity (76 % and 75 %, respec-
tively) showed that strictly anhydrous conditions are not
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Table 6. Comparison of various solvents used for reaction of 5 to 7a
according to Scheme 2™

Table 7. Reactivity of various nitroso derivatives with 1,3-cyclohexadiene
according to Scheme 3"

Entry Solvent Purity of 7a™ (%) ee of 7a (%) Entry Product HPLC purity™ (%) ee (%)

1 DCM 89 76 1 7a 89 76

2 anhydrous DCM 92 75 2 n 42 76

3 DMF 88 7 3 15 46 55

4 THF 920 35 4 19 56 0

5 Py 88 9 R > N =

6 DCE 89 12 [a] Concentration of chiral phosphine ligand C/CuPF,(MeCN), was 13 pmol/

[a] Concentration of the chiral phosphine ligand C as well as CuPFg(MeCN),
was 13 umol/ml, the reaction temperature was — 20 °C. [b] Determined by
HPLC/PDA.

necessary for the reaction. Other solvents compatible with solid
phase synthesis and suitable for reaction at —20°C were
selected (Table 6). Reaction in tetrahydrofuran provided nearly
half enantiomeric excess as dichloromethane. Enantioselectivity
in other solvents dropped rapidly, although the reaction was
performed with similar purity (see Table 6).

The above-mentioned study for model reaction revealed
that the chiral phosphine ligand C with the equivalent of CuPF,
(MeCN), provided the best results among the selected chiral
phosphine ligands. The optimum conditions were the concen-
tration 13 umol/ml of both reagents, the reaction temperature
at — 20 °C, and dichloromethane as a solvent.

The optimised reaction conditions were applied to other a-
nitrosopyridine derivatives 9 and 13 (Scheme 3). The previously

0]

o
H Q H
O\L/N‘R1 Sx i eNge X be
.0
T4 N°
8 | =)
4R <@, XN 5:R'=0, X=N
8: R'=p-Ala, X=N 9: R'=p-Ala, X=N

12: R'=p-Ala-B-Ala, X=N
16: R'=@, X=C-NO,

- N
> NO
6a: R'=@, X=N
10: R'=p-Ala, X=N

14: R'=p-Ala-B-Ala, X=N
18: R'=@, X=C-NO,

13: R'=p-Ala--Ala, X=N
17: R'=@, X=C-NO,

(o]

7 N’O
7a: R'=@, X=N

11: R'=p-Ala, X=N
15: R'=p-Ala-B-Ala, X=N
19: R'=g, X=C-NO,

Scheme 3. Reaction with various nitroso derivatives. a) tetrabutylammonium
(meta)periodate, DCM, 1 h, -20°C; b) C/CuPF4(MeCN),, DCM, 1 h, —20°C; c)
1,3-cyclohexadiene, DCM, 1 h, —20°C; d) TFA/DCM, 30 min, RT.

reported study on the chiral ligand-substrate complex was
conducted between a-nitrosopyridine and SEGPHOS and
the complex structure involving pyridine nitrogen-Cu coordina-
tion was described.”® Therefore, we include also one nitro-
benzene derivative 17 to see if the catalytic system could have
a broader scope when applied to solid support reaction, where

ChemistrySelect 2017, 2,3987-3992  Wiley Online Library

ml. [b] Determined by HPLC/PDA.
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coordination can be different. Reaction with this nitro deriva-
tive 17 proceeded in the non-enantioselective way (Table 7).
Therefore, the nitro group is not suitable for the formation of
the complex, and nitrogen from the pyridine ring is essential
for the enantioselective reaction.

The study was extended to reactions of derivative 5 with
various dienes a-f and one triene g (Scheme 4, Table 8) to

Table 8. Reactivity of various dienes with derivative 5 according to
Scheme 4°!
Entry Diene t(h)/ Product HPLC puri- ee
T(°C) ty™ (%) (%)
1 a @ 1/-20 7a 89 76
5/—-20
2 b N CO0H g1 7p 69 14
on/RT
9. 5/—20
3 c &Y s>RT 7¢ 31 10
Dy on/RT
N
4 d @A\/\/C 5/0 7d 75 4
x
5/—-20
5 e \/K/ ->RT  7e 61 17
on/RT
0,25/ 20 and n/a
6 f @.\ " n/alc
OTMS -20 21 L [}
= 5/-20
7 g « 7 ->RT 79 25 49
on/RT
[a] Concentration of chiral phosphine ligand C/CuPF4(MeCN), was 13 pmol/
ml. [b] Determined by HPLC/PDA. [c] Determined for 1,2-oxazine deriva-
tives only.

evaluate their efficiency. Due to the different reactivity and
properties of each diene, the reaction time and temperature
had to be modified (Table 8). Acyclic dienes had to be treated
at elevated temperature, and they provided the cycloadducts
7b-e in very low enantioselectivities (4 -17 %), which could be
caused by lower stability of complex at higher temperature. 2-
Trimethylsilyloxycyclohexadiene cycloadduct 6f formed deriva-
tives 20 and 21 by C-O bond cleavage” followed by
deprotection of silyl group and incomplete oxidation and,
therefore, enantioselectivity was not determined. Enantioselec-
tivity of cycloadduct 7 g was 49 %.
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conditions of NDA reaction on a solid support. The best
conditions reported for solution phase chemistry have not
been successful here. The chiral phosphine ligand (S)-SEGPHOS
A, as well as very low starting temperature, showed worse
efficiency. The chiral phosphine ligand C in a concentration of
13 mM in equivalent ratio with CuPF,(MeCN), was found to be
the most effective on a solid support. The reaction is temper-
ature dependent with an optimum at —20 °C. The stereo-
selectivity is also influenced by the type of solvent, but the
anhydrous conditions are not crucial. The maximal ee 76 % was
found to be the limit of catalysed solid-phase reaction probably
because of the bulkiness of ligand and substrate complex
unable to be formed in narrower parts of matrix pores. The
catalytic system is suitable for a-nitrosopyrimidines and cyclic
dienes forming 1,2-oxazines stable under cleavage conditions.
For aliphatic dienes lower values of ee were achieved.

Supporting Information Summary

The supporting information includes experimental details
regarding sample preparation, the general procedure for
enantioselective catalysis of NDA reaction and synthetic
procedures for new derivatives. The conditions for HPLC and
SFC chiral analyses, LC-MS, HRMS and NMR spectra data can be
also found in the supporting information.
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1. Materials and methods

LC/MS analyses were performed by UHPLC/MS using an Acquity UHPLC chromatograph equipped with a Photodiode
Array (PDA) detector and a single quadrupole mass spectrometer (Waters) with an X-Select C18 column at 30 °C at a
flow rate of 600 pL-min-1. The mobile phase consisted of (A) 0.01 M ammonium acetate in water and (B) acetonitrile,
with linearly programmed gradient over the course of 2.5 min and then maintains this concentration for 1.5 min. Two
methods with various solvent gradients were used for the measurements (change of % A): method 1 (from 80 to 20),
method 2 (from 100 to 50). The column was re-equilibrated at 10 % B for 1 min. The ESI ionisation operated at a
discharge current of 5 pA, a vaporiser temperature of 350 °C and a capillary temperature of 200 °C. Purity of compounds
was determined as the ratio of appropriate peak area to sum of areas of all peaks of the mixture. Areas were determined
by integration of the peaks from PDA detector response.

HPLC chiral analyses were performed using an HPLC Alliance Waters 2695 system equipped with a Waters PDA
detector 2998 and several 250 x 4.6 mm (i.d.) Chiracel columns, including CHIRALPAK IA and CHIRALPAK ID with
sorbents based on amylose immobilised on 5 pm silica particles. The eluting strength of the mobile phases was adjusted
in such a way so that each racemic compound could be eluted within a reasonable time window. The proportion of each
mobile phase component or mobile phase additive was always measured by volume. The chromatographic runs were
performed at a flow rate of 1.0 mL/min and at a column temperature of 25 °C.

Supercritical fluid chromatography (SFC) chiral analyses were performed using an Acquity UPC? system (Waters)
consisting of a binary solvent manager, sample manager, column manager, column heater, convergence manager, PDA
detector 2998, QDa mass detector and 4.6x100mm, 3 pm particle chiral analytical columns CHIRALPAK IA3 and
CHIRALPAK IC3 and CHIRALPAK ID3. The eluting strength of the mobile phases was adjusted in such a way so that
each racemic compound could be eluted within a reasonable time window. The chromatographic runs were performed at
a flow rate of 2.2 mL/min and at a column temperature of 38 °C.

Purification was performed by semipreparative HPLC using a Waters 1500 series HPLC equipped with an Autosampler
2707, a Binary HPLC pump 1525, a Waters Photodiode Array Detector 2998 and a Waters Fraction Collector Il with a
20x100 mm, 5 pm particle YMC C18 reverse phase column. The mobile phase consisted of acetonitrile and a 10 mM
aqueous ammonium acetate gradient over 6 min.

NMR spectra were measured in DMSO-d6 using a Jeol ECX-500 (500 MHz, 'H) spectrometer. Chemical shifts (5) are
reported in parts per million (ppm) relative to DMSO resonance signal, and coupling constants (J) are reported in Hertz
(Hz2). In the "H spectrum, residual signals of acetic acid at 1.86 ppm from buffer or acetonitrile at 2.05 ppm and water at
3.29 ppm can be found.

HRMS analyses were performed using LC-MS an Orbitrap high-resolution mass spectrometer (Dionex Ultimate 3000,
Thermo Exactive plus, MA, USA) operating at positive full scan mode in the range of 100-1000 m/z. The settings for
electrospray ionisation were as follows: oven temperature of 150 °C, the source voltage of 3,6 kV. The acquired data
were internally calibrated with phthalate as a contaminant in methanol (m/z 297.15909). Samples were diluted to a final
concentration of 0,1 mg/mL in methanol. The samples were injected to mass spectrometer over autosampler after HPLC
separation: column kinetex phenomenex 50x2.0 mm, 3 um C18. Mobile phase isocratic acetonitrile/ammonium acetate
10 mM 80/20, flow 0,3 mL/min.

Solvents and chemicals were purchased from Sigma-Aldrich (Milwaukee, IL, www.sigmaaldrich.com) or Aapptec (USA,
http://www.aapptec.com).
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2. Sample preparation

For the analysis of the product immobilised on the resin following procedure was used: analytical sample of resin (~5
mg) was treated with 1 mL of CF3COOH in DCM (50% vol) for 30 min at room temperature, the cleavage cocktail was
evaporated under a stream of nitrogen, and cleaved compound extracted into 1 mL of MeOH/H,O (50% vol) and
analysed on LC/MS. For HPLC purification of final compounds, resin (~ 0.4 g) was treated with 4 mL of CF;COOH in
DCM (50% vol) for 1 hour and then twice for 30 minutes. The combined extracts were evaporated under a stream of
nitrogen, the residue was dissolved in MeOH and filtrated. Crude samples for HPLC chiral analysis and SFC chiral
analysis were prepared by cleavage of 30 mg of dried resin in 1 mL of CF3COOH in DCM (50% vol) for 30 minutes and
evaporation the solvent with a stream of nitrogen. The samples were then extracted with 1 mL of HPLC grade
EtOH/hexane (50% vol) (for HPLC) or EtOH (for SFC) and filtered before being used for chiral analysis. Pure samples
for HPLC chiral analysis and SFC chiral analysis were prepared by dissolving of a solid in HPLC grade EtOH/hexane
(50% vol) (for HPLC) or EtOH (for SFC) and diluted to a concentration of 1mg/mL. Pure samples (~ 10 mg) for NMR
analysis were dissolved in deuterated DMSO-d6 (600 pl).

3. Synthetic procedures

3.1. Enantioselective catalysis of NDA reaction — general procedure:

Step 1: Immobilised hydroxylamine derivative (30 mg) was swelled with DCM and oxidised with tetrabutylammonium
(meta)periodate (51 mg, 0,12 mmol) in DCM (2 mL) by stirring 1 hour at =20 °C. The resin with immobilised nitroso
derivative was washed 5x with DCM and immediately used for next step.

Step 2: Chiral phosphine ligand and CuPFg¢(MeCN); were complexed in an appropriate solvent (1 mL) for 1 hour
at room temperature. Immobilised nitroso derivative (see Step 1) was mixed with this solution and reaction mixture was
stirred for 1 hour at chosen temperature. To this reaction mixture solution of diene (1 mmol) in DCM (1 mL) was added.
After completion of the reaction, the resin was washed with 5x DCM, 5x DMF and 3x DCM. The sample was cleaved
and analysed by chiral HPLC or SFC.

Combination of type and concentration of chiral phosphine ligands, concentration of CuPFg(MeCN), reaction
temperatures and solvents as well as crude purity and ee values are depicted in Tables 1-6.

6-(2-oxa-3-azabicyclo[2.2.2]oct-5-en-3-yl)nicotinamide (7a): Nitroso derivative 5 and 1,3-cyclohexadiene were used
to the reaction. MS calcd for C12H12N3O2+H": 232.10 [M+H"]; found 232. HPLC purity: 0-89 %. Enantiomeric excess: 0-
76 %, determined by HPLC (Daicel Chiralpak IA, hexane/2-PrOH/DEA = 85/15/0,1, 300 nm): tz1 = 14.39 min (major), fr2
=15.97 min (minor) or determined by SFC (Daicel Chiralpak ID3, CO,/(MeOH/TFA/DEA/H,0) = 85/15 (=100/0,1/0,1/1),
300 nm): fry = 8.00 min (minor), tz> = 8.39 min (major).

2-(5-carbamoylpyridin-2-yl)-3-methyl-3,6-dihydro-2H-1,2-oxazine-6-carboxylic acid (7b): Nitroso derivative 5 and
sorbic acid were used to the reaction. MS calcd for C12H13N3Os+H": 264.09 [M+H']; found 264. HPLC purity: 69 %.
Enantiomeric excess: 14 %, determined by SFC (Daicel Chiralpak IC3, CO./(MeOH/TFA/DEA/H,O) = 80/20
(=100/0,1/0,1/1), 300 nm): tr1 = 4.04 min (minor), frz = 4.39 min (major).

6-[6-Benzo[1,3]dioxol-5-yl-3-(piperidine-1-carbonyl)-3,6-dihydro-[1,2]oxazin-2-yl]-nicotinamide (7c): Nitroso
derivative 5 and piperine were used to the reaction. MS calcd for C23H24NsOs+H': 437,17 [M+H"]; found 437. HPLC
purity: 31 %. Enantiomeric excess: 10 %, determined by HPLC (Daicel Chiralpak IA, hexane/EtOH/DEA = 85/15/0,1, 288
nm): tr1 = 17.47 min (major), trz = 22.10 min (minor).

6-(3,6-diphenyl-3,6-dihydro-2H-1,2-oxazin-2-yl)nicotinamide (7d): Nitroso derivative 5 and trans,trans-1,4-diphenyl-
1,3-butadien were used to the reaction. MS calcd for C2H1gN2O2+H™: 358.15 [M+H']; found 358. HPLC purity: 75 %.
Enantiomeric excess: 4 %, determined by SFC (Daicel Chiralpak ID3, CO./(MeOH/TFA/DEA/H,O) = 80/20
(=100/0,1/0,1/1), 281 nm): tz1 = 3.90 min (minor), {z> = 4.41 min (major).

6-(3,4-dimethyl-3,6-dihydro-2H-1,2-oxazin-2-yl)nicotinamide (7e): Nitroso derivative 5 and 3-Methyl-1,3-pentadiene
were used to the reaction. MS calcd for CioHisN3Oo+H": 234.12 [M+H"]; found 234. HPLC purity: 61 %. Enantiomeric
excess: 17 %, determined by SFC (Daicel Chiralpak ID3, CO,/(MeOH/TFA/DEA/H,0) = 85/15 (=100/0,1/0,1/1), 276 nm):
tr1 = 2.69 min (major), fr> = 3.29 min (minor).

6-(7-oxa-8-azabicyclo[4.2.1]nona-2,4-dien-8-yl)nicotinamide (7g): Nitroso derivative 5 and cycloheptatriene were
used to the reaction. MS calcd for C13H14N3O2+H": 244.11 [M+H"]; found 244. HPLC purity: 25 %. Enantiomeric excess:
49 %, determined by HPLC (Daicel Chiralpak ID, hexane/EtOH/DEA = 80/20/0,1, 286 nm): tzy = 15.61 min (minor), frz =
22.31 min (major).
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N-(3-amino-3-oxopropyl)-6-(2-oxa-3-azabicyclo[2.2.2]oct-5-en-3-yl)nicotinamide (11): Nitroso derivative 9 and
1,3-cyclohexadiene were used to the reaction. MS calcd for CysHigN4Os+H™: 303.15 [M+H"]; found 303. HPLC purity
42 %. Enantiomeric excess: 76 %, determined by SFC (Daicel Chiralpak ID3, CO./(MeOH/TFA/DEA/H,0) = 70/30
(=100/0,1/0,1/1), 300 nm): try = 4.46 min (minor), frx = 6.79 min (major).

N-(3-((3-amino-3-oxopropyl)amino)-3-oxopropyl)-6-(2-oxa-3-azabicyclo[2.2.2]oct-5-en-3-yl)nicotinamide (15):
Nitroso derivative 13 and 1,3-cyclohexadiene were used to the reaction. HPLC purity 46 %. MS calcd for
CigH23NsO4+H": 374,18 [M+H"]; found 374. Enantiomeric excess: 55 %, determined by SFC (Daicel Chiralpak ID3,
CO,/(MeOH/TFA/DEA/H,0) = 70/30(=100/0,1/0,1/1), 300 nm): tz4 = 6.37 min (minor), tz> = 6.82 min (major).

3-nitro-4-(2-oxa-3-azabicyclo[2.2.2]oct-5-en-3-yl)benzamide (19): Nitroso derivative 17 and 1,3-cyclohexadiene were
used to the reaction. HPLC purity 56 %. MS calcd for C13H13N3Og+H": 276.10 [M+H']; found 276. Enantiomeric excess:
0 %, determined by SFC (Daicel Chiralpak IA3, CO2/(MeOH/TFA/DEA/H,O) = 80/20(=100/0,1/0,1/1), 270 nm): try =
4.42 min, tz> = 4.93 min.

3.2. Synthesis of immobilised hydroxylamine derivatives:

Immobilised hydroxylamine derivatives 4 and 16 were prepared according to described procedures.!"! Immobilised
hydroxylamine derivatives 8 and 12 according to Scheme S1.

o)
H o
H H b H
O\L/N‘Fmoc _a’O\L/N*RVF"‘“ — L’N‘R1J\@\ —= O\L’N‘R‘J‘\Cht
/
F Z NHOH

22 [: 23: R'=g-Ala 25: R'=p-Ala 8: R'=p-Ala
Rink resin 24: R'=g-Ala-B-Ala 26: R'=p-Ala-B-Ala 12; R'=g-Ala-B-Ala

Scheme S$1: Synthesis of resin bound hydroxylamine derivatives 8 and 12.

(a) Rink resin 22 (1 g) was washed 3x with DCM and 3 x with DMF, treated with 10 ml of piperidine in DMF (50% vol)
and the slurry was shaken for 15 min at room temperature. The resin was washed 5 x with DMF and 3 x with DCM and
the solution of Fmoc-p-Ala-OH (933 mg, 3 mmol), HOBt-H,O (459 mg, 3 mmol) and DIC (470 pl, 3 mmol) in 10 mi
DMF/DCM (50% vol) was added. The slurry was shaken for 1 h at room temperature. The resin was washed 3 x with
DCM, 3 x with DMF and 3 x with DCM. For the synthesis of dipeptide 24, the procedure was repeated to bind the second
amino acid. (b) The resin with amino acid 23 or dipeptide 24 linker (1 g) was washed 3 x with DCM and 3 x with DMF
and treated with 10 ml of piperidine in DMF (50% vol) for 15 min at room temperature. The resin was washed 5 x with
DMF and 3 x with DCM and a solution of 6-fluoronicotinic acid (493 mg, 3,5 mmol), HOBt-H20 (536 mg, 3,5 mmol) and
DIC (548 pl, 3,5 mmol) in 10 ml of DCM/DMF (50% vol) was added. The slurry was shaken 1 h at room temperature.
Then the resin was washed 3 x with DCM 3 x with DMF and 3 x with DCM. (c) The resin 25 or 26 (1 g) was washed 3x
with DCM and 3 x with DMSO and treated with a solution of NH,OH-HCI (1000 mg, 14,4 mmol) and DBU (890 pl,
5,95 mmol) in DMSO (10 mL). The slurry was stirred at 75°C for 20 h. The resin was washed 3 x with DMSO, 3 x with
DMF and 3 x with DCM.

23: LC/MS analysis of cleaved product (method 1): MS (ESI) exact mass calcd. for C1gH1sN2Os+H": 311.14 [M+H]";
found: 311.28, tr = 2.35 min, HPLC purity: 99 %.

24: LC/MS analysis of cleaved product (method 1): MS (ESI) exact mass calcd. for Ca1HzsN3O4+H": 382.19 [M+H]";
found: 382.31, tgr = 2.14 min, HPLC purity: 99 %.

25: LC/MS analysis of cleaved product (method 2): MS (ESI) exact mass calcd. for CoH1oFN3O2+H™: 212.08 [M+H]";
found: 212.71, tr = 2.71 min, HPLC purity: 92 %.

26: LC/MS analysis of cleaved product (method 2): MS (ESI) exact mass calcd. for CoHisFN4Os+H": 283.12 [M+H]";
found: 283.55, tr = 2.72 min, HPLC purity: 94 %.

8: LC/MS analysis of cleaved product (method 2): MS (ESI) exact mass calcd. for CgH12N4Oa+H™: 225.10 [M+H]"; found:
225.02, tr = 2.33 min, HPLC purity: 76 %.

12: LC/MS analysis of cleaved product (method 2): MS (ESI) exact mass calcd. for C1oH7NsOs+H": 296.14 [M+H]";
found: 296.19, tzr = 2.37 min, HPLC purity: 85 %.
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3.3. Synthesis and identification of racemic mixtures of 1,2-oxazine derivatives 7,11,15,19:

Derivatives 7al'l, 7b®, 7¢®® 7g® and 19!"! were prepared according to previously described procedures. Immobilised
hydroxylamine derivative (400 mg) was swelled with DCM and shaken with mixture of tetrabutylammonium
(meta)periodate (204 mg, 0,48 mmol) and diene (2 mmol) in DCM (4 mL) at room temperature overnight. Resin was
washed by 3x DCM, 3x DMF and 3x DCM. Resin was cleaved and purified on semipreparative HPLC.

6-(3,6-diphenyl-3,6-dihydro-2H-1,2-oxazin-2-yl)nicotinamide (7d): Immobilised hydroxylamine derivative 4 and
trans trans-1,4-diphenyl-1,3-butadiene were used to the reaction. Yield: 30 %; 'H NMR (500 MHz, DMSO-Dg) 6 = 8.69
(dd, J = 0.6, 2.3Hz, 1H), 8.08 (dd, J = 2.3, 8.6 Hz, 1 H), 7.87 (br. s., 1 H), 7.55 - 7.41 (m, 7 H), 7.33 - 7.21 (m, 4 H), 7.03
(dd,J=0.7,8.8Hz, 1 H),6.37-6.33 (m, 1H),6.19-6.17 (m, 1 H), 6.16 —=6.13 (m, 1 H), 5.72 - 5.71 (t, J = 3.1 Hz, 1 H);
3C NMR (126 MHz, DMSO-ds) & = 166.30, 159.69, 147.92, 139.29, 137.65, 137.37, 128.96, 128.75, 128.24, 128.10,
128.04, 127.31, 127.28, 127.12, 121.17, 106.74, 77.97, 56.52; HRMS calcd for C2,H1gN3O2+H": 358.1550 [M+H]", found:
358.1551.

6-(3,4-dimethyl-3,6-dihydro-2H-1,2-oxazin-2-yl)nicotinamide (7e): Immobilised hydroxylamine derivative 4 and
isoprene were used to the reaction. Yield: 14 %; 'H NMR (500 MHz, DMSO-D6) 6 8.69 (d, J = 2.6 Hz, 1 H), 8.09 (dd, J =
8.8,2.4Hz, 1H),7.88 (br.s,1H),7.26 (br.s, 1H),7.03 (d,J=8.3Hz, 1H), 557 -553(m,1H),4.73-4.68 (m, 1H),
452 — 468 (m, 1H), 434 — 430 (m, 1H), 1.78 (d, J = 1.6 Hz, 3 H), 1.18 (d, J = 6.6 Hz, 3 H); *C NMR (126 MHz,
DMSO-Dg) 6 = 166.9, 160.7, 148.6, 137.9, 135.5, 121.7, 118.8, 107.8, 68.2, 54.2, 20.3, 14.9; HRMS calcd for
Ci2H1sN302+H": 234.1237 [M+H]", found: 234.1236.

N-(3-amino-3-oxopropyl)-6-(2-oxa-3-azabicyclo[2.2.2]oct-5-en-3-yl)nicotinamide (11): Immobilised hydroxylamine
derivative 8 and 1,3-cyclohexadiene were used to the reaction. Yield: 33 %; 'H NMR (500 MHz, DMSO-D6) 6 = 8.62 (d,
J=3.0Hz,1H),842( J=56Hz 1H),7.99(dd, J=8.7,24Hz,1H),7.33 (br.s., 1H),6.79 (d, J = 8.6 Hz, 2 H), 6.54
-6.50(m, 1 H),6.39-6.35(m, 1H),531-528(m, 1H),4.84-479(m, 1H),343-3.39(m, 2H),233(, J=7.2Hz
2 H), 213 =2.01 (m, 2 H), 1.56 — 1.50 (m, 1 H), 1.39 — 1.32 (m, 1 H); "*C NMR (126 MHz, DMSO-D6) & = 173.1, 165.5,
165.2, 147.6, 137.2, 132.6, 132.0, 123.0, 109.8, 70.2, 51.6, 36.4, 35.6, 24.3, 20.6; HRMS calcd for CsHigNsOs+H":
303.1452 [M+H]", found: 303.1451.

N-(3-((3-amino-3-oxopropyl)amino)-3-oxopropyl)-6-(2-oxa-3-azabicyclo[2.2.2]oct-5-en-3-yl)nicotinamide (15):
Immobilised hydroxylamine derivative 12 and 1,3-cyclohexadiene were used to the reaction. Yield: 34 %; 'H NMR
(500 MHz, DMSO-D6) & = 8.61 (dd, J = 0.6, 2.4 Hz, 1 H), 8.40 (t, J = 5.6 Hz, 1 H), 7.98 (dd, J = 2.4, 8.7 Hz, 1 H), 7.90 (t,
J=56Hz 1H),7.30(br.s., 1H),6.79 (dd,J=06,87Hz 2H),6.53 -6.50 (m, 1 H), 6.39-6.35 (m, 1 H), 5.31 - 5.28
(m, 1H),4.83 -4.80 (m, 1H),3.41(dd,J=7.1,13.2Hz, 2H),3.22(dd,J=7.1,12.8 Hz,2 H), 232 (t, J=7.2 Hz, 2 H),
2.21 (t, J=7.2Hz, 2H),2.13-2.01 (m, 2 H), 1.57 - 1.50 (m, 1 H), 1.38 - 1.33 (m, 1 H); *C NMR (126MHz, DMSO-d6) &
=172.5, 170.9, 164.9, 164.6, 147.0, 136.7, 132.1, 131.4, 122.4, 109.2, 69.6, 51.1, 36.0, 35.4, 35.2, 35.1, 23.7, 20.0;
HRMS calcd for C1gH23NsO4+H": 374.1823 [M+H]", found: 374.1822.

Synthesis and identification of products 20 and 21: Immobilised hydroxylamine derivative 4 (500 mg) was swelled
with  DCM and shaken with mixture of tetrabutylammonium (meta)periodate (204 mg, 0,48 mmol) and
2-trimethylsilyloxycyclohexadiene (468 pl, 2,5 mmol) in DCM (5 mL) at room temperature 15 min. Resin was washed by
3x DCM, 3x DMF and 3x DCM. Resin was cleaved and purified on semipreparative HPLC. Two compounds 20 and 21
were isolated from the crude mixture with LC/MS purity 48 % and 29 % respectively.

6-(hydroxy(2-oxocyclohex-3-en-1-yl)amino)nicotinamide (20): Yield: 24 %; 'H NMR (500 MHz, DMSO-d6) & =9.39
(s, 1H),8.51(d, J=2.3Hz 1H),801(dd,J=23,86Hz 1H),7.78 (br.s., 1 H), 7.15 (br. s., 1 H), 7.10 - 7.05 (m, 1 H),
6.99 (d, J =86 Hz, 1 H), 5.91 (dd, J = 2.6, 10.0 Hz, 1 H), 5.37 (dd, J = 4.6, 13.7 Hz, 1 H), 269 - 2.59 (m, 1 H), 2.53 -
2.43 (m, 1 H) 2.35-2.24 (m, 1 H), 2.11 - 2.02 (m, 1 H); "*C NMR (126 MHz, DMSO-d6) 5 = 195.4, 167.2, 164.6, 152.2,
147.9, 137.5, 129.3, 120.6, 106.9, 64.3, 26.6, 26.1; HRMS calcd for C12H13N303+H": 248.1030 [M+H]", found: 248.1031.
Signal is overlapped by solvent signal.

6-((2-hydroxyphenyl)amino)nicotinamide (21): Yield: 16 %; 'H NMR (500 MHz ,DMSO-d6) & = 8.58 - 8.55 (m, 2 H),
7.91(dd, J=23,6,9Hz, 1H),7.77(d,J=7,4Hz, 1H),7.75 (br.s.,1H),7.14 (br. s., 1 H), 6.90 - 6.83 (m, 3 H), 6.78 -
6.72 (m, 1 H); "*C NMR (126 MHz DMSO-d6) 6 = 167.1, 158.3, 148.8, 148.1, 137.0, 128.8, 123.9, 122.5, 120.1, 119.6,
116.5, 110.0; HRMS calcd for C12H13N3O3-H": 228.0768 [M-H]", found: 228.0762.
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4. 'Hand "*C NMR spectra

6-(3,6-diphenyl-3,6-dihydro-2H-1,2-oxazin-2-yl)nicotinamide (7d):
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6-(3,4-dimethyl-3,6-dihydro-2H-1,2-oxazin-2-yl)nicotinamide (7e)
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'H-NMR, ds-DMSO, T = 25 °C, relatively TMS, & (ppm), J (Hz): 1.15, 3H, d, 6.6, HC'*; 1.75, 3H, q, 1.7, HC'*; 4.29, 1H,
dq, 15.3, 2.0, HaC® 4.48, 1H, dq, 15.3, 2.0, HbC®; 4.67, 1H, g, 6.6, HC?; 5.51, 1H, m, 1.3, HC®; 6.99, 1H, d, 8.8, HC'%
7.23, 2H, br, H:N?®; 7.85, 2H, br, HN*®; 8.06, 1H, dd, 8.8, 2.2, HC'"; 8.66, 1H, d, 2.2, HC®; L, Il - perpendicular and
parallel of -NH, (20) to =CO (17). "*C-NMR, ds-DMSO, t = 25 °C, relatively TMS, & (ppm): 14.93 (C13); 20.26 (C14);
54.15 (C3); 68.24 (C6); 107.82 (C12); 118.75 (C5); 121.65 (C10); 135.54 (C4); 137.88 (C11); 148.56 (C9); 160.70 (C7);
166.94 (C17). N-NMR, t = 25 °C, ds-DMSO, relatively nitromethan (electronic), & (ppm), J (Hz): 97.22 (N20); 169.91
(N2); 262.90 (N8); h., I. int. — high and low intensity.

Identified/assignment of 'H, "*C and '*N signals was done by 1D: '*C APT; 2D: 'H-'H gCOSY, 'H-'H gROESY (blue and
green darts — high and low intensity), 'H-"*C gHMQC, 'H-"*C gHMBC, 'H-"°N HMQC and 'H-'°N gHMBC.
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inamide (11):
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N-(3-((3-amino-3-oxopropyl)amino)-3-oxopropyl)-6-(2-oxa-3-azabicyclo[2.2.2]oct-5-en-3-yl)nicotinamide

(15)
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6-((2-hydroxyphenyl)amino)nicotinamide (21):
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