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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Teémas aktualitate

Ciklopropans ir visvienkarSakais cikloalkans, tacu ta tris atomos ir iekod@ts augsts
derivatizésanas potencials. Tas izriet no C-C sp® hibridiz&to orbitalu nepilnigas parklasanas, kas
molekularo orbitali padara lidzigaku olefina z-saitei (1. att.)."»2
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1. att. Ciklopropana C-C saites molekularo orbitalu salidzinajums ar alkana un olefina orbitalem.

Neklasiska ciklopropilmetilkatjona aminéSana

Ciklopropana C-C saites molekularas orbitales parklasanas ar blakus esoSo kabkatjona
vakanto orbitali nosaka ciklopropilmetilkatjona neklasisko dabu. Ola (G. A. Olah) veiktajos
petijumos (NMR, DFT aprékini) paradits, ka ciklopropilmetilkatjons visticamak pastav ka zo-
delokalizéts ciklopropilkarbinilkatjons 1A lidzsvara ar neklasisko biciklobutonija jonu 1B
(2. att.).>4

2. att. Neklasiskais ciklopropilmetilkatjons un ta reakcijas ar nukleofiliem.

Ciklopropilmetilkatjona 1 neklasiska daba izskaidro ta sp&ju reakcija ar nukleofilu veidot
strukturali  atSkirigus homoalil-, ciklopropilmetil- un ciklobutilatvasinajumus 2-4. Lai
ciklopropilmetilkatjona reakcijas butu sintetiski lietderigas, nepiecieSams kontrolét nukleofila
pievienoSanas regioselektivitati. Literatira ir zinami vairaki pieméri gan selektivai, gan
neselektivai produktu 2-4 iegiiSanai katjona 1 reakcija ar skabekla nukleofiliem un halogenidiem,
savukart ta aming$anas reakcijas ir pétitas loti maz.>” Lidz ar to, més sava darba pievérsamies
neklasiska katjona 1 generSanai un ta regioselektivas amin&$anas izpétei. Sim nolikam ka
substratu izvel&jamies bis-trihloracetimidatu 5, kas satur gan labu aizejos$o grupu (imidata funkcija,
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ko var aktivét, kompleksgjot ar Luisa skabi), lai veidotu katjonu 6, gan ieck$molekularo
trihloracetimidata funkciju ka N-nukleofilu (3. att.). Atkariba no nukleofila uzbrukuma virziena
neklasiskajam ciklopropilmetilkatjonam 6’ var veidoties trs strukturali atskirigi produkti 7-9.

Nu X
—
7
X _ B Y
LS H,C _ =
ChC. O X —» = —1T
X u X
N _/ Nu X
NH Nu— ~ 8
5 6 6'
ClC_ O = Nu
jz g x__/
Nu - NH
N-nukleofils 9

3. att. Ciklopropilmetilkatjona reakcija ar iekSmolekularo N-nukleofilu.

Protolitiska ciklopropanu C-C saites uzSkelSana

Otrais petTjuma virziens ietvéra protolitisku ciklopropana C-C saites Skel$anas izpéti. Cikla
sprieguma del relativi vaja C-C saite ciklopropana paklaujas skelSanai ar elektrofiliem, veidojot
funkcionalizétus savienojumus 11 un 12 (4. att.).*!° Ciklopropanu uzskel$anas galvena probléma
ir panakt regioselektivu elektrofila uzbrukumu.!!

E® e E N
2 3 @ 2 A3 N Nu u E
R,/A\\R‘1 E R;‘ _‘\Rd u RzU'_("RS + R2,._ <"'R3
R’ R R1 R R! R4 R R4
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B2 = Hg, e, TP, Pd¥, Br', W'

pamatprobléma- regioselektivitate

4. att. Elektrofilu inducéta ciklopropana C-C saites uzskelSana.

Ciklopropanu protolizes regioselektivitate paklaujas modificétam Markovnikova likumam,
kas nosaka, ka cikla uzskelSana pamata notiks starp oglekla atomiem, kas satur vislielako un
vismazako aizvietotaju skaitu. Tom@r protolizes selektivitate ir samera zema, ka tas tika
nodemonstréts Wiberg un Kass pétijuma (5. att.).!!
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lepriek$&jie dati:"! R Misu darbs:
- s H* :szrukums: RS/ 3 lekémolekulars H*
67 % pa C(a) NH uzbrukums pa C(b)
Me’C b "Me 259 paC(b) HO(®
13 6% paC(c) 140+ R

5. att. Ciklopropanu protolizes regioselektivitate.

Mé&s sava darba pievérsamies regioselektivas ciklopropana C-C saites uzskel$anas reakcijas
pétTjumiem, balstoties uz iek§molekularu protona parnesi no protonéta amida 14*H*.

Pétijuma merkis un uzdevumi

Promocijas darba mérkis ir jaunu sint€zes metozu izveidoSana, balstoties uz neklasiska
ciklopropilmetilkatjona unikalo reagétsp&ju un ciklopropana C-C saites regioselektivu protolitisku
uzskel§anu.

Darba mérka TstenoSanai izvirziti §adi uzdevumi:

1) 1izpetit ciklopropilmetilkatjona amin&$anas virzienu atkariba no aizvietotaja dabas un
atraSanas vietas izejviela;

2) demonstrét ciklopropilmetilkatjonu amin&sanas produktu izmantoSanas iespgjas, tos
transform&jot par biivblokiem ar augstu derivatizéSanas potencialu;

3) izpetit ciklopropanu protolizi, izmantojot proton&tu amidu ka iekSmolekularu protona
donoru;

4) nodemonstrét ciklopropanu protolizé generéto karbkatjonu iekSmolekularu un
starpmolekularu aminéSanu.

Zinatniska novitate un galvenie rezultati

Petijumu rezultata izstradatas metodes homoalilamina, 1-amino-1-ciklobutilkarbinolu un
I-amino-1-ciklobutankarbonskabju atvasinajumu sintézei, kas balstitas uz neklasiska
ciklopropilmetilkatjona ick$molekularu amingSanas reakciju, genergjot katjonu in situ no bis-
trihloracetimidatiem. Demonstréta ciklopropilgrupu saturosu heterociklu sintéze, selektiva
ciklopropil-ciklopropil- pargrupésanas reakcija no 1,2-diaizvietotiem ciklopropaniem. Izstradata
regioselektiva ciklopropana C-C saites protolitiska uzskelSanas metode, izmantojot proton&tu
amidu ka iekSmolekularo protona donoru. Atrastas arT vairakas citas funkcionalas grupas, kas spgj
veikt regioselektivu iekSmolekularu protona parnesi uz ciklopropana C-C saiti, tadas ka ketoni,
esteri, diimidi, urinvielas, karboksamidi un karbamati. Demonstréta ciklopropana uzskelSana
generéta karbkatjona ick§molekulara un starpmolekulara amingsana, veidojot strukturali at8kirigus
produktus.



Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienota zinatnisko publikaciju kopa par

neklasiska ciklopropilmetilkatjona amingSanas reakcijam, iegiito produktu atvasinasanas iespgjam

un ciklopropanu regioselektivo protolizi ar tai sekojosu karbkatjona amingsanu.

Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti Cetras zinatniskajas originalpublikacijas,

viena originalpublikacijas manuskripta, ka ar ir sagatavots viens apskatraksts. P&tijuma rezultati

prezentéti septinas konferences.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Neklasiska ciklopropilmetilkatjona aminéSana

Paklaujot bis-trihloracetimidatus 15 Luisa skabes iniciétai neklasiska karbkatjona 16
generéSanai, var iegit spirocikliskus oksazolinus 18 ka ciklobutilkatjona 17 amin&$anas produktus
(6. att.). Neaizvietota imidata 15a (R = H) gadijuma regioselektivi tika iegtits oksazolins 18a ar
labu iznakumu (1. tabula). Ievadot substrata oksimetilkeéde alifatiskus aizvietotajus (bis-
trihloracetimidati 15b-g), reakcijas selektivitate samazinajas — novérojam ciklobutil- un
ciklopropilmetilkatjonu aminéSanas produktu — oksazolinu 18 un oksazinu 19 veidoSanos.
Produktu attieciba bija atkariga no aizvietotaju licluma — telpiski lielaku aizvietotaju gadijuma
produktu attieciba ievérojami uzlabojas par labu oksazolinam 18 (ja R = n-Pr, tad 18/19 attieciba
bija 2:1, savukart, ja R = neo-pentil, tad 18/19 — 11:1). Interesanti atzimét, ka aromatiska
aizvietotdja gadfjuma (R = Ph) reakcijas regioselektivitati var€ja pilniba apvérst — no bis-
trihloracetimidata 15h selektivi ieguvam oksazinu 19h, ko var skaidrot ar fenilgrupas spgju
stabilizet karbkatjonu 17°.

— - R
@
—
HN R o
R 10 mol-% O 17 ci,c 18
Luisa skabe - ClyC ¢ +
HNYO O\fNH vai temp. HNYO X(R
Cl;C CCls ClC &R
15 16 HN. 6 - OYN
- C|3C 17 - CCI3
19

6. att. Oksazolinu un oksazinu veidoSanas ciklopropilmetilkatjona amin&Sana.
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1. tabula

Luisa skabes katalizéta bis-imidatu 15 iek§molekulara aminé$ana

Savienojumi R LS Skidinatajs  Produkti 18/19° Iznakums®, %
15-19a H AIClL, Et,0 >99:1 75
15-19b n-Pr AlCI, Dioksans 2:1 75
15-19¢ i-Pr 4:1 70
15-19d c-Hex 3:1 70°
15-19g CH,OBn 3:1 49°
15-19h Ph BF,- OEt, DCM 1:>99 75

#KMR iznakums noteikts, izmantojot 1,4-bis(trihlormetil)benzolu ka ieksgjo standartu; ® produktu attieciba 18/19 noteikta,
reakcijas maistjumam izmantojot GC-MS; ¢ produktu maisTjuma 18+19 izdalitais iznakums.

Mgs paradijam, ka So reakciju var inici€t ari termiski, karsgjot imidatus 15 toluola bez Luisa
skabes klatbiitnes (2. tabula). ArT $aja gadijuma veidojas abi aminéSanas produkti 18 un 19. Tomer
jaatzime, ka metoksimetil- un benziloksimetilaizvietotaju gadijuma (substrati 15f un 15g) termiski
iniciéta reakcija produktu attieciba ieveérojami uzlabojas, laujot iegiit vélamos oksazolinus 18f,g ar
labu iznakumu.

2. tabula

Termiski iniciéta bis-imidatu 15 ick§molekulara aminé$ana

Savienojums R Produkti 18/19°  Iznakums®, %
15-19b n-Pr 2:1 64
15-19¢ i-Pr 4:1 88
15-19d c-Hex 3:1 70
15-19e neo-Pent 1:1 60*
15-19f CH,OMe 9:1 80
15-19¢g CH,OBn 7:1 85

2KMR iznakums noteikts, izmantojot 1,4-bis(trihlormetil)benzolu ka ieksgjo standartu;
b produktu attieciba 18/19 noteikta, reakcijas maisijumam izmantojot GC-MS; ¢ produktu
maisijuma 18+19 izdalitais iznakums.

Verts pieminét, ka bis-trihloracetimidatu 15 transformacija par ciklobutana atvasindjumiem
notiek ar augstu diastereoselektivitati — veidojas tikai trans-diastercomérs 18 (7. att.). Sadu
stereokimisko iznakumu var skaidrot ar to, ka ciklobutilkarbkatjona 17 amingSana notiek no
steriski mazak traucétas puses.
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7. att. Trans-aizvietota ciklobutana atvasinajuma veidosanas stereoindukcijas modelis.

Lai demonstrétu metodes izmantoSanas iesp&jas, oksazolini 18 tika transforméti par
ciklobutanu saturoSiem N-aizsargatiem aminospirtiem 20, tos hidroliz&jot un secigi paklaujot
reakcijai ar Boc20 (8. att., 3. tabula).

R
R
_ 1.6 M HCI Gd., EtOH, A, 7 h
N O 2 Boc,O, pies. NaHCO, 0d., :
EtOAG, it, 12 h BocHN  OH
ccl,
18a-c,f.g 20a-c,f,g

8. att. 1-Aminociklobutana karbinolu iegtisana.

3. tabula

1-Aminociklobutilkarbinolu iegliSanas iznakumi

Nr. p. k. R 20, iznakums, %
1 H 20a, 59
2. n-Pr 20b, 89
3. i-Pr 20¢, 70
4 CH20Me 20f, 73
5 CH20Bn 20g, 69

Ievietojot ciklopropana cikla karbkatjonu stabilizéjosu aizvietotaju, bis-trihloracetimidats
21 Luisa skabes Cu(OTf): klatbuitng regioselektivi veidoja tetrahidro-1,3-oksazepinu 23 ka
ciklopropilmetilkatjona 22 homoalil-reakcijas produktu. (9. att., 4. tabula). Sadu reakcijas virzienu
var skaidrot ar karbkatjonu stabilizgjosas grupas ietekmi uz elektronu blivumu sadalijumu, novirzot
to tuvak homoalilkatjona mezomérajai struktiirai 22°.
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NH NH
CLET " 0T “Col,

DCM, 4 A

R
21
R = karbkatjonu stabiliz&jo$a grupa
(Ar, Het-Ar, u.c.)

10 mol-% Cu(OTf),

MS, i.t.

R o=

22' =

R

/N
O’<CCI
23 g
metilén-&aminospirti,

v-butirolaktami, pirolidini
u.c. atvasinajumi

9. att. Oksazepinu 23 iegiiSana no bis-trihloracetimidatiem 21.

4. tabula

Bis-imidata 21 aizvietotaji un oksazepinu 23 iznakumi

Nr. p. k. R 23, iznakums (%)
1. CeHs 23a, 85
2. 4-MeOCsH4 23b, 96
3. 4-MexNCsHa 23c¢, 87
4. 4-FCeHa 23d, 83
5. 1-Naftil 23e, 90
6. 3-(N-Tozil)indolil 23f, 94
7. (E)-CeHsCH=CH 23g, 96
8. Vinil 23h, 91
9. 2-Tienil 23i, 89
10. 2-(N-Metil)pirolil 23j, 64°
11. 3-Furil 23k, 79°
12. Ph(Me)2SiCH2 231, 81
13. Et -¢
14. CeHsC=C -¢
15. 3,5-(di-C1)-C¢H3 -¢

21 mol-% Cu(OTf)2; ® 10 mol-% (CuOTH)2CsHe; © produktu maisijums.

Bis-trihloracetimidati 21a-k, kas satur§ja tadas karbkatjonu stabiliz&josus aizvietotajus ka
arilgrupas (4. tabula, 1.-5. aile), heteroarilgrupas (6., 9.—11. aile), vinilgrupas (7. un 8. aile), veidoja
oksazepinus 23a-k ar augstiem iznakumiem (6496 %). Arf sililmetilgrupu satuross aizvietotajs —
ka p-karbkatjonu stabiliz&joSa grupa substrata 211 — sekméja oksazepina 231 veidoSanos ar loti labu
iznakumu — 81 % (12. aile). Savukart bis-trihloracetimidati 21m-o, kas saturgja alifatiskos un
alkinilaizvietotajus vai elektroniem nabadzigas aromatiskas sisteémas (13.—15. aile), cikliz€Sanas
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reakcija veidoja produktu maisTjumu, kas visticamak ir saistits ar §adu aizvietotaju nepietickamu
sp&ju stabilizét karbkatjonu.

Tetrahidro-1,3-oksazepini 23 ir potenciali izmantojami ka multifunkcionali baivbloki
kompleksu savienojumu sintézg. Lai demonstrétu to sintétisko pielietojumu, tika izstradata &rta
vienas kolbas divu stadiju procediira nepiesatinatu aminospirtu 25 iegiiSanai (10. att., 5. tabula). Ta
ietvera oksazepina 23 cikla uzskel$anu ar etikskabi un sekojoSu estera 24 metanolizi.

R
R O o R O
N _AcOH Aco\)L/‘\Jk KOs HO\)L)\NJLCC
o< A0, 60°C N™ "CCls | MeOH, it. 's
cel H "
3

23 24 25

10. att. N-Aizsargatu aminospirtu 25 iegiiSana no oksazepiniem 23.

5. tabula

Aminospirtu 25 iznakumi no oksazepiniem 23

Nr. p. k. R 25, iznakums, %
1. CeHs 25a, 94
2. 4-MeOCesH4 25b, 96
3. 2-Tienil 25i, 91
4, Vinil 25h, 89
5. CH2SiMe2Ph 251, 89

MEs ar paradijam, ka no bis-trihloracetimidatiem 21g-i, izmantojot ekvimolaru daudzumu
FeCls, ar loti labiem iznakumiem var iegiit alilhloridus 26, kurus var ciklizét par 4-exo-
metilénpirolidiniem 27 (11. att., 6. tabula).

NH NH
cl c)Lo o’chm i
3 ®  FeCly (1 ekviv) CI\)-L/KNH K2CO; R
X DCM, 4 A MS, it P DMF, i. N
: ’ "' 0% >cel o O}\CCl3
21 26 27

11. att. 4-exo-Metilénpirolidinu 27 iegiiSana.
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Alilhloridu 26 un pirolidinu 27 iznakumi

Nr. p. k. R 26, iznakums (%) 27, iznakums (%)
1. (E)-CeHsCH=CH 26g, 87 27g, 89
2. Vinil 26h, 77 27h, 90
3. 2-Tienil 26i, 86 27i, 93

6. tabula

Hiralitates parneses p&tijumos tika noskaidrots, ka enantiobagatinata bis-trihloracetimidata
S-21a ciklizesana par oksazepinu 23a liela mera (bet ne pilniba) notiek hirala centra racemizacija

(12. att.).
ClC”™ "0 07 “cCly 10 mol-% Cu(OTf), \(\{N
——— /
DCM, 4 A MS, i.t. 0’<
E CCl,
Ph
S-21a 23a
SRS ee=42%

12. att. Hiralitates parnese no enantiobagatinata bis-imidata S-21a uz oksazepinu 23a.

Paklaujot deitérija iezimes saturoSus Cis- un trans-imidatus dz-21a Luisa skabes iedarbibai,
noverojam selektivu imidata grupas eliminésanos, kas atrodas trans pret Ph grupu (13. att.). Tas
nozime, ka zema hiralitates parnese no substrata S-21a uz produktu 23a nav saistita ar neselektivu
imidata funkciju eliminé$anos. Savukart dalgju hiralitates saglabasanos ciklizéSanas reakcija var
izskaidrot ar neklasisko karbkatjonu 22 ka starpproduktu un ta nepilnigu racemizgsanos, jo planara

homoalilkatjona 22’ veido$anas raditu pilnigi racémisku produktu 23a.

ChG
Cl,C ccl 3
3)\ DD £ 3 0 %o D
HNZ 07 S oSy 10 mol-% Cu(OT), N 5
DCM, 4 AMS, it
Ph 005 Ph
cis-d,-21a ° cis-d»-23a
ClyC
CCl; [ DCKC 10 mol-% Cu(OTf), -0
10 mok-% Cu(OTh, N
HN)\O \\\\\LO/&NH DCM, 4 A MS, it.
88 % Ph XD
Ph
trans-d>-21a trans-d»-23a

13. att. Selektiva trans-imidata funkcijas elimin&Sana bis-imidata 21a.
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Ievadot papildu aizvietotaju ciklopropana cikla 28, més paradijam, ka
ciklopropilmetilkatjona 22/22° amin&Sana noris ar augstu diastereoselektivitati — tika selektivi
ieglts trans-aizvietots oksazepins 29 (14. att.).

NH NH _OTBDMS
Clc” "0 07 “CCl = Ph
10 mol-% Cu(OTf), N
/)
““ph DCM, 4 A MS, it. o
90 % CCly
OTBDMS
28 29
579 |1 Ac:0, AGOH, 80°C

2. KoCO3, MeOH, i.t.

2 Y 3 stadijas X
HI'L-\“ 3. TBAF, THF, i.t.
%r Ph
It @ o L1
R AN = : j\"'
s L L Z
‘—'\-‘J\ / HO™ 07 >ccl,

e 30
(rentgenstruktiranalize)

14. att. Diastereoselektiva bis-imidata 28 ciklizé$ana un oksazepinu 29 uzskel$ana.

Produkta 29 konfiguracija tika pieradita, atvasinot to trs stadijas par diolu 30 un veicot ta
rentgenstruktiras analizi.

No bis-trihloracetimidata 31a, kas veidots uz 1,2-diaizvietota ciklopropana bazes, Luisa
skabes (B(CcFs)3) klatbutng realizgjas selektiva ciklopropil-ciklopropil- pargrup@sanas, veidojot
oksazolmu 33a ar augstu iznakumu. Lai paplasinatu reakcijas izmantoSanas iespgjas, viena no
imidata funkcijam ciklopropana atvasinajuma 31 tika aizstata ar citiem iekSmolekulariem
nukleofiliem (fenols, aromatiska vai heteroaromatiska funkcija u. tml.) (15. att.). Sada veida no
1,2-diaizvietotiem ciklopropana substratiem 31 tika iegiita virkne ciklopropilgrupu saturosu
produktu 33a-k.
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¥ ¥
R
32
»‘”'/OYCCI%O 1% B(CqFs) 3
A morse Bllelsly = e W
X\_/Y NH MeNO,, i.t. m@ B
31 ‘\"*CH2 33
Y = nukleofila grupa
grup: X_ X
| 32a |
0
‘ / e N)Lcch
O H
CCI
33a, 85 % 33b, 91 % 33¢,38%  33d, 98 % 33e, 70 % 33f, 85 %
H(OMe
) R(OMe) R(OMe)
o
OMe (H) R1(H) R'(H)
33g, 92 % 33h 80% 33,61 % (331, 21 %) 33}, 71 % (33]", 17 %) 33k, 34 % (33k’, 32 %)

15. att. IekSmolekulara nukleofila ciklopropilmetilésana ciklopropil-ciklopropil- pargrupésanas
reakcija.

Lai parbaudttu, vai reakcija notiek ar hiralitates parnesi vai racemiz&Sanos, tika izmantots

enantiobagatinats substrats (-)-31e, kas atrastajos reakcijas apstaklos deva racémisku produktu 33e
(16. att.).

7O coly

y & ?
HN" "0  10mol-% (CeFs)sB O
———— .
o~ MeNO, i.t.
(-)-31e 33e (72 %)
ee =98 % ee=0%

16. att. Ciklopropil-ciklopropil-pargrup&sanas hiralitates parneses petyjums.

Sie petijumi paradija, ka ciklopropilmetilé§anas reakcija nav stereospecifiska, kas rosinaja
izpetit katalizatora kontrol&tas stereoindukcijas iespgjas. Savienojuma 33e iegliSanai no racEmiska
substrata 31e tika izm&ginatas vairakas hiralas Brensteda (A,B) un Luisa skabes (C-E) (17. att.),
diemzgl stereoindukciju panakt mums neizdevas.
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R CuoT, R

f 0 CClg “
% HN)‘o hiralas LS/BS I
O""% DCM, i.t.
A% 33e
rac. nav stereoindukcijas!
hiralas LS/BS: f
Oe N (}.—T 0.,.__ (l Cu(OTf),
e =) .
0 S P o
CsA L s ; o Ow)\/g\ro
P\ CU“ l <,
: R
B

=
| P
| |
N + N
E

17. att. Ciklopropil-ciklopropil-pargrup&sanas stereoselektivitates inducésana ar hiralu
katalizatoru.

Protolitiska ciklopropanu C-C saites uzskelSana

Amidgrupu saturo$a ciklopropana 34a ickSmolekularai C-C saites protolizei
izméginajam vairakas Luisa un Brensteda skabes. Tika atklats, ka TFA lauj selektivi iegt
pirolidinu 37a, kas ir rezultats anti-Markovnikova H" uzbrukumam (35A) un sekojosai katjona
36A aminéSanai (18. att.,, 7. tabula). Stiprakas skabes, tadas ka MsOH un TfOH, uzradija
samazinatu selektivitati, veidojot arT oksazinu 38a. Tas, visticamak, veidojas no katjona 36B, kas
savukart rodas konkurgjosa starpmolekularas C-C saites protonolizes reakcija (35B). Vajakas

skabes, tadas ka BF3Et20 un (CuOTf)2CsHe, nespéja iniciét reakciju.

[ Eo OEt
H%)/\OH HN™ 0 Me>[_>
\\V/.LME ¥ @ _Me Me ,'L
M
= 4 Me Et0” S0
Me)A\/H g - 35A 36A 37a
N.__O
Me bl =) 0 7 !
OEt )\ Me
2y KR? OH EIO” "NH Me N
Me — @ Me J\
kvéme Me Me (0] OEt
L CH,H
L 358 H 368 i 38a

18. att. Ciklopropana 34a C-C saites protolize un sekojosa katjona ciklizésana.
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7. tabula

Skabes veicinata ciklopropanu uzskelsana

Nr. p. k. Skabe (skidinatajs) Produkts (iznakums %)?
1. TFA (neatsk.) 37a (98)
2 MsOH 1 vol% (DCM) 37a (70),38a (17)
3 TfOH 1 vol% (DCM) 37a (47), 38a (25)
4. Fe(OTf)3 1.0 ekviv (DCM) 37a (61),38a (17)
5 BF3OEt2 1.0 ekviv (DCM) nereagg
6 (CuOTf)2C6He 1.0 ekviv (DCM) nereage

*KMR iznakums noteikts, izmantojot 1,4-bis(trihlormetil)benzolu ka iek$gjo standartu.

P&tijuma gaita tika atklats, ka nozimiga loma ir arT aizvietotajam, kas substrata 34 atrodas
pie N-atoma. Sai funkcijai ir jabiit pietickami baziskai, lai veiksmigi virzitu ciklopropana C-C
saites regioselektivu protonolizi un pietieckami nukleofilai, lai reagétu ar protolizé izveidoto
katjonu. Karbamata 34a, urinvielas 34b un vairaki karboksiamida atvasinajumi 34c-e veidoja
pirolidinus 37a-e ar augstiem iznakumiem (19. att., 8. tabula). Trihloracetamids 34f veidoja
pirolidina 37f un acikliska produkta 39f maisijumu, ko var skaidrot ar samazinatu N-atoma
nukleofilitati trihloracetamida. Tioamida 34g, trifluoracetata 34i un sulfonamida 34j grupu
saturo$ie substrati veidoja vairaku produktu maisjjumu. Tas, visticamak, ir saistits ar o grupu
samazinatu protongSanas sp&ju, ka rezultata tiek veicinatas dazadas blakus reakcijas.

O,
R
Me R Me>£_> N CFs Me, Me O
A,{,H 25 tilp-% CF4COOH s V\T/Me . R. /\Ra A

Me DCM, i.t. Me T N 07 "CF,
R H M
Me e

34 37 39 40

19. att. N-Aizvietotaja ietekme uz ciklopropana protolizi.
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8. tabula

Aizvietotaji un iznakumi

Nr. p. k. 34, R Produkts (iznakums, %)
1 34a, EtOCO 37a (92)
2 34b, PANHCO 37b (99)
3 34¢, PhCO 37¢ (99)
4 34d, MeCO 37d (74)*°
5 34¢,CICH2CO 37e (99)*
6 34f, CI3CCO 37f : 39f attieciba 1:1 (97)>¢
7 34g, MeCS 37g (17)° un neidentificéti piemaisijumi
8 34h, 4-NO2CsHa 34h° nereage
9 34i, CF;CO produktu 37i, 39i un 40i maisijums
10 34j, PhSO2 produktu 37j, 40j un PhSO2NH2 maistjums

250 tilp-% TFA dihlormetana, i. t.; ® gaistoss produkts; ¢ neatsk. TFA; ¢ KMR iznakums noteikts, izmantojot
1,4-bis(trihlormetil)benzolu ka ieksgjo standartu.

Substrata  klasta  pétjjumos  tika  paradits, ka no  aizvietotiem  N-
etoksikarbonilaminometilciklopropaniem 34a,41a-h var selektivi iegiit pirolidina atvasinajumus
37a,44a-h ar labiem iznakumiem (20. att.). Monoalkilaizvietots ciklopropans 41i (R! = n-Hex,
R?% = H) nereaggja pat skarbakos reakcijas apstaklos (neatsk. TFA, varot ar atteci). Parsteidzosi,
ka difenilaizvietots ciklopropans 41j (R'?= Ph, R**=H) arT nedeva vélamo produktu. ST substrata
zema reag€tspéja liecina, ka karbkatjona stabilitate ir tikai viens no faktoriem, kas veicina
ciklopropana C-C saites protolizi, jo $aja gadijjuma vajadz&tu veidoties loti stabilam
difenilkarbénija jonam. Visticamak, C-C saites protolizi spécigi ietekmé arT elektronu blivums $aja
saite.
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4+ RS
R2 Rs Riﬁ('::5 R2 H R5 RSR
25% CFsCOOH | R"/ ki ® 5
_—_—

R! . R
OEt |— N
OYNH DCM, i.t. HO-f'® R 3\ HN—( R
Okt
OEt OEt o] 0
34a, 41a+ 42 43 37a, 44a-j

Me
Mep Php d\/B & Mej\/\
N N
Me Me
)‘OE )‘OEt /Ot o o OE Me )_\OE
t

37a,93 % 44a, 92 % no cis-41a 44b, 97 % 44c, 77 % 44d, 97 %
99 % no trans-41a

Me
Ph n-Pent p
RZ
P TR {.
Me OEt
)’*OEt OEt OEt )‘OE? (e]
44e, 95 % no cis-41e 44f, 17 % 449, 79 % 44h, 97 % 44i,j, 0 %
0, .
92 % no frans-41e kopéjais iznakums 96 %, (44j: R'2 = Ph;
produktu attieciba 44f:44g 1:4 44i: R'=p-Hex, R2=H)

20. att. Pirolidinu iegtisana ciklopropana ickSmolekularas protolizes reakcija.

Paklaujot deitérija iezimi saturoSu substratu D-34a deiterétas trifluoretikskabes iedarbibai,
tika noverteta gandriz pilnigu deitérija ievietoSanos pirolidina 3-CH-pozicija, kas atbilst protona
uzbrukumam pa C(b) (21. att.). Tika nov&rots arT neliels deiterija saturs pirolidina 2-CH-pozicija
un abas metilgrupas. Tas liecina, ka karbkatjona 45 starpprodukts proton&$anas/deprotonésanas

rezultata pastav lidzsvara ar alkéniem D-46 un D-47.
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MeA/? CF,CO0D ﬁe/ Me' 4

NO —— "

me Y DCM  Eo bD"%%

OEt hig
D-34a © D-37a

1

Me Me
Me—"\ D D Me
+ o Me@«jn
D,IL DN

o EtO/gO oN

EtO/l§

D-46 D-47 45

EtO

21. att. Deitgrija iezimi saturosa ciklopropana D-34a protolize.

Interesanti atzimét, ka substrata 41h gadijuma tika novérots relativi mazs deitérija saturs
pirolidina D-44h 2-CH-pozicija un abas metilgrupas, pie tam novérojam ari konfiguracijas
saglabaganos ogleklim, pa kuru notiek protona uzbrukums (22. att.). Sis rezultats liecina, ka protona
parnese proton&ta amida 48 notiek pa saites (edge) trajektoriju.

n-Pent D<5%
Me N-Pent
Me, /\ .Me CF3CO0D MeﬂH (D<5%)
Me NYO DCM EtOYN ME > 85 %
OEt

41h O Dp-44n
e
n-Pent Hl’n-Pent Me N-Pent
Me Me Me Me Me-1 | H
) ¥ o H
H Sl
Me H< @ Me EtO. _N
Y NH HN._O T Me
(o} \f o
48 49 44h

(2D KMR)

22. att. Protona parneses stereoktmija ciklopropana 41h.

Turpinot pétfjumu, nolémam paradit metodes iesp&jas arl starpmolekularai karbkatjona
amind$anai. Sim nolikam ka substrdtus izmantojam tresSjos amidus 50, kuros slapekla
nukleofilitate ir blok&ta, tadgjadi noversot cikliska produkta veidoSanos. Ciklopropanu 50a-m
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protolizé gener&tos karbkatjonus 52 sekmigi amin&jam Ritera reakcijas apstaklos, veidojot diamina

atvasinajumus 53a-m (23. att.).

1 H
S o | Beg, 1o | ;
&1 N)T H_ |R H‘g MNoge — R' o= N-grg RICN OYN?{/F},\&,N'F@
- “gz k2 S
50 51 52 53

0 0
L Py a N a
NH COyEt NH co.
Me” “NH COEt  Ph” “NH CO,Et v ﬁ12
N QA/ R Mazk/\/ ‘B
n

N

"Me "Me
53a, 84 % 53b, 77 % 53c-i 53j, 71 %
R =H, Bn, Me, alil,
propargii, PMB, Ph
(e} 63-90 % o
cl Q
\)J\NH CO,Et cl \)J\ Cl\)L
Me N NH COEt NH Me COEt
‘Me
Me Me N. N.
Me Pj\/\/ Bn Me
53k (41 % no cis-50k un 531,45 % 53m, 55 %

32 % no trans-50k)
23. att. Ciklopropana C-C saites protolizé generéta karbkatjona amin&$ana Ritera reakcijas
apstak]os.

P&tjuma gaita demonstréjam arT virkni citu virzoSo grupu ka ketona, estera, diimida,
urinvielas, karboksamidu atvasinajumus, kas sp€j nodroSinat augstu ciklopropana C-C saites
SkelSanas selektivitati Ritera reakcijas apstaklos (24. att.). Rezultata tika ieglita virkne amina

atvasinajumu 55a-k.
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|
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55a, 44 % 55b, 47 % 55¢, 92 % 55d, 63 %
(0]
Me
L = MeAl/\/\/‘CQzEt b
N 860
tn H CIARCNH 7 ~ng, CIACNH CIACNH COzMe
55e, 58 % cis-55f, 80 % 55g, 93 % 55h, 81 %
trans-55f, 0 %
o] e CO,Me
M"“e CO,Me Me S
Me c::\ i : CIACNH NHCO,Et
c N
ClACNH H(ac)CO2Et cis-55k
55i, 79 % 55j (84 % no cis-54k un

(kopéjais iznakums - 43 %) 82 % no trans-54k)

24. att. VirzoSu grupu klasts ciklopropana protolizei un sekojosai karbkatjona aminéSanai Ritera

reakcija.

Interesanti atzimét, ka slapekli saturosa funkcija selektivai protona parnesei nav obligati

nepiecieSama, ka liecina Ritera reakcija ar esteru un ketonu atvasinajumiem 54g-i, kas lava iegiit

velamos aminésanas produktus 55g-i ar augstu iznakumu.
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SECINAJUMI

Veidojot neklasisko ciklopropilmetilkatjonu no bis-trihloracetimidatiem, atkariba no
aizvietotaja dabas un atraSanas vietas izejviela, ar augstu selektivitati var iegit tris strukturali
atskirfgus aminé&$anas produktus — ciklopropil-, ciklobutil- vai homoalilavasinajumus.

Neklasiska ciklopropilmetilkatjona amingSanas produktus — spirocikliskus oksazolinus un
tetrahidro-1,3-oksazepinus — var &rti transformét par atbilstoSiem aminospirtiem, kas ir
potenciali bavbloki dazadu farmaceitiski nozimigu savienojumu sinteze.

1, 2-Diaizvietotu ciklopropanu gadijuma var veiksmigi realizét ciklopropil-ciklopropil-
pargrupésanos selektiva ciklopropilmetilkatjona reakcija ar iek§molekularo nukleofilu. Sada
pieeja lauj aizstat klasiskas ciklopropilgrupas ievadiSanas metodes, kas biezi vien nav
savietojamas ar funkcionalajam grupam kompleksas molekulas.

Ciklopropanu C-C saiti var selektivi uzskelt, izmantojot proton&tu amidu ka iekSmolekularu
protona donoru. Protolizé izveidotais karbkatjons reagé ar amidu ka iekSmolekularu
nukleofilu, veidojot pirolidina atvasinajumus. Protona uzbrukuma trajektorija noris no
ciklopropana saites (edge) puses, ko pierada konfiguracijas saglabasanas ogleklim, pa kuru
notiek protona uzbrukums.

Ciklopropanu protolizé generéto karbkatjonu amin&$anu var realiz&t arT starpmolekulari Ritera
reakcijas apstaklos, ka virzosas grupas protolizei izmantojot ketonu, esteru, diimidu, urinvielu,
karboksamidu un karbamata atvasinajumus.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Cyclopropane is the simplest cyclic hydrocarbon. All three cyclopropane carbon atoms
have a high derivatization potential. In cyclopropane the overlap of C-C bond forming electrons is
less efficient which makes the character of the molecular orbital more similar to m-bond (Fig. 1).!:2

e F#

spi-sp?  “spi-sp¥ sp2-sp?

Fig. 1. Molecular orbital of cyclopropane C-C bond vs orbitals of alkane and alkene.

Nonclassical cyclopropylmethyl cation amination

Overlapping of molecular orbital of cyclopropane C-C bond with the neighbouring vacant
orbital of cation determines the non-classical nature of cyclopropylmethyl cation. Studies by Olah
(NMR, DFT calculations) have shown that cyclopropylmethyl cation most likely exists as a zo-
delocalized cyclopropyl carbinyl cation 1A in equilibrium with non-classical bicyclobutonium ion
1B (Fig. 2).>4

Fig. 2. Nonclassical cyclopropylmethyl cation nature and reactivity with nucleophiles.

Non-classical nature of cyclopropylmethyl cation 1 explains its ability to form structurally
different homoallyl-, cyclopropylmethyl- and cyclobutyl derivatives 2—4 in reaction with
nucleophile. Several examples in literature are known for selective, as well as non-selective
formation of 2—4 in cation 1 reaction with O-nucleophiles and halogenides. Although, only few
amination reactions have been studied.’” It encouraged us to examine regioselective generation
and subsequent amination of non-classical cation 1. For this purpose, bis-trichloroacetimidate 5
was used. In substrate 5, imidate function can act as a leaving group when activated with Lewis
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acid. This would generate carbenium ion 6, which will be trapped with other imidate as N-
nucleophile (Fig. 3). In this reaction three structurally different products 7-9 can be formed,
depending on the regioselectivity of intramolecular imidate attack to the carbenium ion 6’.

Nu X
R
7
X _ B h%¢
LA | HC s
ChC._ O X —» = —T
X u X
N _/ Nu X
NH Nu— ~ 8
5 6 6'
Cl,C.._O = Nu
X 3
— x_/
o= .

N-nucleophile

Fig. 3. Reaction of cyclopropyl methyl cation with intramolecular N-nucleophile.

Protolytic cleavage of cyclopropane C-C bond

The second part of the research includes protolytic cleavage studies of cyclopropane C-C
bond. Due to the ring strain, bonds between the carbon atoms are considerably weaker than in
typical alkane and can undergo C-C bond cleavage leading to functionalized compounds 11 and 12
when exposed to strong electrophilic reagents (Fig. 4).51° The challenge is to achieve regioselective
electrophilic attack to cyclopropane.

@
® E ® Ew Nu Nu E
REALRY E RZ/\WR? Nu 27—( j—(
’ i 7 ok I CoR3 2y 5
1AR4 i ; . — R ; 5 + R .4R3
R R R R R1 R
10 10E 1 12

E®—Hg"’. RES: 01 PO B

main problem- regioselectivity

Fig. 4. Electrophilic cleavage of cyclopropane C-C bond.
Regioselectivity in the cyclopropane protonolysis tends to follow modified Markovnikov’s
rule, which predicts that preferential ring opening will occur between carbons bearing the largest

and the smallest number of substituents. However, typically the selectivity is modest, as
demonstrated by Wiberg and Kass systematic studies (Fig. 5).!"
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Fig. 5. Regioselectivity in protonolysis of cyclopropanes.

In our work, we focused attention on regioselective cleavage of cyclopropane C-C bond using
protonated amide 14*H™ as intramolecular proton donor.

Aims and objectives

The aim of the Thesis is to develop new synthetic methods based on unique reactivity of
cyclopropylmethyl cation and regioselective cleavage of cyclopropane C-C bond.

The following tasks were set:

1) to investigate cyclopropylmethyl cation amination reaction depending on the nature of
substituents and their position in the substrate;

2) to demonstrate the utility of cyclopropylmethyl cation amination products by
transforming them into building blocks with high derivatization potential;

3) to investigate protonolysis of cyclopropanes using protonated amide as internal proton
donor;

4) to demonstrate the intramolecular and intermolecular amination of carbenium ions
generated by protonolysis of cyclopropane.

Scientific novelty and main results

As the result of the Thesis, several methods based on intramolecular amination of
nonclassical cyclopropylmethyl cation for synthesis of homoallylamine, 1-amino-1-
cyclobutylcarbinol and 1-amino-1-cyclobutane carboxylic acid derivatives were developed.
Synthesis of cyclopropyl-containing heterocycles from 1,2-disubstituted cyclopropanes was
demonstrated based on selective cyclopropyl-cyclopropyl rearrangement. Regioselective
protonolysis of cyclopropane C-C bond using protonated amide as internal proton donor was
developed. Directing groups such as carbamate, carboxamide, urea, ester and ketone were found
efficient for regioselective anti-Markovnikov cleavage of cyclopropane. An intramolecular and
an intermolecular amination of carbenium ions generated by directed regioselective protonolysis
of cyclopropane were demonstrated.
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Structure of the Thesis

The thesis is a collection of scientific publications focused on the amination of nonclassical

cyclopropylmethyl cation, derivatization of obtained products and regioselective protonolysis of

cyclopropane with subsequent amination of formed carbenium ion.

Publications and approbation of the Thesis

Main results of the thesis were summarized in four scientific publications, a manuscript of a

scientific publication, and a review article. Results of the research were presented at seven

conferences.

Scientific publications:

L.

Skvorcova, M., Grigorjeva, L., Jirgensons, A. Tetrahydro-1,3-oxazepines via
Intramolecular Amination of Cyclopropylmethyl Cation. Org. Lett. 2015, 17 (12), 2902—
2904.

Skvorcova, M., Jirgensons, A. Allylic Amination via Acid Catalyzed Leaving Group
Activation. Current Green Chemistry. 2016, 3 (2), 145—-159.

Skvorcova, M., Jirgensons, A. Amide group directed protonolysis of cyclopropane. An
approach to 2,2-disubstituted pyrrolidines. Org. Lett. 2017, 19 (10), 2478-2481.
Skvorcova, M., Jirgensons, A. Intramolecular cyclopropylmethylation via non-classical
carbenium ion. Org. Biomol. Chem. 2017, 15, 6909—6912.

Skvorcova, M., Grigorjeva, L., Jirgensons, A. 1-Amino-1-hydroxymethyl cyclobutane
derivatives via intramolecular amination of nonclassical cyclopropylmethyl cation. Chem.
Heterocycl. Compd. 2017, 53, 989-996.

Skvorcova, M., Lukasevics, L., Jirgensons, A. Ritter-type Amination of Carbenium Ions
Generated by Directed Protonolysis of Cyclopropane. Manuscript.

Results of the thesis were presented at the following conferences:

1.

Skvorcova, M., Jirgensons, A. Amination of cyclopropylmethyl cation. Paul Walden 9"
Symposium on Organic Chemistry, Riga, 21-22 May 2015.

Skvorcova, M., Jirgensons, A. Amide Directed Protolytic Cleavage of Cyclopropane C-C
Bond. Proceedings of 9" Biennial Balticum Organicum Syntheticum conference (BOS
2016), Riga, Latvia, 3—6 July 2016.

Skvorcova, M., Jirgensons, A. Pyrrolidine Derivatives via Protolytic Cleavage of
Cyclopropane C-C bond. Proceedings of 15" Belgian Organic Synthesis Symposium (BOSS
2016), Antwerp, Belgium, 10—15 July 2016.
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Skvorcova, M., Jirgensons, A. Amide group directed protonolysis of cyclopropane. En
route to 2,2-disubstituted pyrrolidines. Latvian University 75th International Scientific
Conference: Section: Chemistry. Riga, Latvia, 10 February 2017.

Skvorcova, M., Jirgensons, A. Intramolecular Cyclopropylmethylation via Non-Classical
Carbenium Ion. 10" Paul Walden Symposium on Organic Chemistry. Riga, Latvia, 15-16
June 2017.

Skvorcova, M., Jirgensons, A. Amide group directed protonolysis of cyclopropane. An
approach to 2,2-disubstituted pyrrolidines. Blue Danube Symposium on Heterocyclic
Chemistry. Austria, Linz, 28 August — 2 September 2017.

. Lukasevics, L. T., Skvorcova, M., Jirgensons, A. Ritter-type Amination of Carbenium Ions
Generated by Directed Protonolysis of Cyclopropane. Balticum Organicum Syntheticum
(BOS 2018), Tallinn, Estonia, 1—4 July 2018.
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MAIN RESULTS OF THE THESIS

Amination of non-classical cyclopropylmethyl cation

Bis-trichloroacetimidates 15 provided spirocyclic oxazolines 18 as intramolecular
amination products of intermediate cyclobutyl carbenium ion 17 when exposed to Lewis acid
catalyst (Fig. 6). Using unsubstituted imidate 15a (R = H) (Table 1) regioselectively oxazoline 18a
was obtained. Using substrate bearing aliphatic substituent in the oxymethyl group (bis-imidates
15b-g) selectivity of the reaction decreased. Formation of cyclobutyl carbenium ion and
cyclopropylmethyl carbenium ion amination products were observed. Ratio of both amination
products depended primarily on the size of the substrate substituent in alkoxymethyl group. In the
case of bulky substituents (if R = n-Pr, ratio of 18/19 was 2:1; if R = neo-pentyl, ratio of 18/19 was
11:1) oxazoline 18 formed as a major product. It is interesting that using substrate bearing aromatic
substituent (R = Ph) regioselectivity of the reaction was reversed — selectively oxazine 19h was
obtained. It could be explained by stabilizing effect of phenyl group on the carbenium ion that
induced electron distribution in the favour to cyclopropylmethyl carbenium ion 17°.

= = R
®
>
HN R _— 0
R 10 mol-% N0 17 clC 18
Lewis acid catalyst = ClsC I +
HNYO O-_-NH orthermal activation | "Ny, 0
T I )
ClsC CCly ClsC % R
—_—
15 16 HN 0 OYN
L ace 7T CCly
19

Fig. 6. Oxazoline Vs oxazine formation via amination of cyclopropylmethyl cation.
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Table 1

Lewis Acid Catalysed Intramolecular Amination of Bis-imidate 15

Compound R LA Solvent Ratio of 18/19°  Yield®, %
15-19a H AlClL, Et,0 >99:1 75
15-19b n-Pr AICL, Dioxane 2:1 75
15-19¢ i-Pr 4:1 70
15-19d c-Hex 3:1 702
15-19¢ neo-Pent . 11:1 86"
15-19f  CH,OMe SOk, e 4:1 55%
15-19¢g CH,OBn 3:1 49°
15-19h Ph BF.- OEt, DCM 1:>99 75

2NMR yield, determined using 1,4-bis(trichloromethyl)benzene as an internal standard; ®ratio of 18/19, determined using
GC-MS; © Isolated yield for mixture of products 18 and 19.

It was demonstrated that the reaction can be initiated in thermal ionization conditions by
refluxing imidates 15 in toluene without Lewis acid catalyst (Table 2). In this case, both amination
products 18 and 19 were formed. However, it should be noted that using methoxymethyl- and
benzyloxymethyl substituents (substrates 15f and 15g), the thermal activation significantly
improved the yield of desired oxazoline 18f, g.

Table 2

Thermal Ionization of Bis-imidate 15

Compound R Ratio of 18/19° YieldS, %
15-19b n-Pr 2:1 64
15-19¢ i-Pr 4:1 88
15-19d c-Hex 3:1 70
15-19¢ neo-Pent 1:1 60°
15-19f CH,OMe 9:1 80
15-19g CH,OBn 7:1 85

*NMR yield, determined using 1,4-bis(trichloromethyl)benzene as an internal standard; *ratio
of 18/19, determined using GC-MS; € isolated yield for mixture of products 18 and 19.

It is noteworthy that bis-imidates 15 provided oxazolines 18 as a single diastereomers with
trans configuration. Such a stereochemical outcome could be explained by stereoinduction model
where the amination takes place from the sterically less hindered face of close-to-planar cyclobutyl
carbenium ion 17 (Fig. 7).
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Fig. 7. Stereoinduction model for the formation of oxazolines 18 as trans-isomers.

In order to demonstrate the utility of oxazolines 18, products were transformed to Boc-
protected cyclobutane-based amino alcohols 20 in moderate to good yields (Fig. 8), (Table 3). For
this purpose, oxazolines 18 were hydrolysed in acidic conditions and the resulting amino alcohols
were treated with Boc2O under basic conditions.

R

R
CQ 1.6 M aq HCI, EtOH, A, 7 h Q\

No O 2.Boc,0,sat. agNaHCO;  goouni  OH
ol EtOAG, t, 12 h

18a-c,f.g 20a-c,f,g

Fig. 8. Synthesis of 1-aminocyclobutylcarbinols.
Table 3

Yields of 1-aminocyclobutylcarbinols

Entry R 20, yield, %
1 H 20a, 59
2 n-Pr 20b, 89
3 i-Pr 20c, 70
4 CH0Me 20f, 73
5 CH20Bn 20g, 69

Bis-trihloracetimidate 21 bearing carbocation stabilizing group efficiently provided
tetrahydro-1,3-oxazepine 23 as homoallyl amination product of cyclopropylmethyl cation 22 when
exposed to Lewis acid catalyst (Fig. 9), (Table 4). Such a direction of the reaction can be explained
by the effect of carbocation-stabilizing group inducing electron distribution in favour of the
classical homoallylcation 22°.
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Fig. 9. The cyclization of bis-imidates 21 to tetrahydro-1,3-oxazepines 23.

Table 4

Substrate Scope for the Cyclization of Bis-imidates 21 to Tetrahydro-1,3-oxazepines 23

Entry R 23, yield (%)
1 CeHs 23a, 85
2 4-MeOCsH4 23b, 96
3 4-Me2NCeHa 23c¢, 87
4 4-FCeHa 23d, 83
5 1-Naphthyl 23e, 90
6 3-(N-Tosyl)indolyl 23f, 94
7 (E)-CsHsCH=CH 23g, 96
8 Vinyl 23h, 91
9 2-Thienyl 23i, 89
10 2-(N-Methyl)pyrrolyl 23j, 64°
11 3-Furyl 23k, 79°
12 Ph(Me)2SiCH2 231, 81
13 Et -

14 CeHsC=C -
15 3,5-(di-Cl)-CeH3 -

21 mol-% Cu(OTf)2; ® 10 mol-% (CuOTH)2-CsHs; ¢ mixture of products.

Bis-trihloracetimidates 21a-k bearing carbocation stabilizing groups as aryl (Table 4, Entry
1-5), electron-rich heteroaryl (Table 4, Entry 6, 9—11) and vinyl substituents (Table 4, Entry 7, 8)
selectively formed oxazepines 23a-k with high yields (64-96 %). Substrate 211 containing silyl
group as a f-cation-stabilizing substituent afforded oxazepine 231 in very good yield — 81 % (Table
4, Entry 12). Notably, substrates 21m-o0 containing groups with lower carbenium ion stabilizing
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ability such as ethyl-, alkynyl- or electron poor aryl group led to the formation of product mixture
(Table 4, Entry 13—15).

Tetrahydro-1,3-oxazepines 23 are potentially used as multifunctional building blocks for
the synthesis of complex compounds. In order to demonstrate the synthetic utility of oxazepines
23, these were transformed to unsaturated amino alcohol derivatives 25 via one pot two step
procedure, which involves cleavage of cyclic imidate function with acetic acid followed by
methanolysis of the intermediate 24 (Fig. 10), (Table 5).

R
R 0] co R 0]
. N PP G S BTN G
0+ Ac,0,60°C N "CCli | MeoH, . CCls
CCl H H
3

23 24 25

Fig. 10. Transformation of tetrahydro-1,3-oxazepines 23 to amino alcohols 25.

Table 5
Reaction Yields
Entry R 25, yield, %
1 CeHs 25a, 94
2 4-MeOCsH4 25b, 96
3 2-Thienyl 25i, 91
4 Vinyl 25h, 89
5 CH2SiMe:Ph 251, 89

It can be seen that allylchlorides 26 can be ecasily obtained from bis-trichloracetimidates
21g-i when exposed to stoichiometric amount of FeCls (Fig. 11), (Table 6). Further, these can be
cyclized to 4-exo-methylene-pyrrolidines 27.

NH NH
cl c)ko o’chm i
: ®  FeCls (1 equiv) CI\)-L/KNH K,CO5 R
X DCM, 4 A MS, rt P DMF, rt N
. ’ ks 07 >cel b O}\cm3
21 26 27

Fig. 11. Synthesis of allylchlorides 26 and 4-exo-methylene-pyrrolidines 27.
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Table 6

Yields of Allylchlorides 26 and 4-exo-methylene-pyrrolidines 27

Entry R 26, yield (%) 27, yield (%)
1 (E)-CeHsCH=CH 26g, 87 27g, 89
2 Vinyl 26h, 77 27h, 90
3 2-Thienyl 26i, 86 271, 93

The cyclization studies using enantioenriched bis-imidate S-21a showed that formation of
tetrahydro-1,3-oxazepine 23a proceeds with considerable degree of racemization (Fig. 12).

ClkC” O 0O CCl 4 mol-% Cu(OTf), Y\ﬂ\'
—_—mn /
DCM, 4 AMS, t. o=
CCly
Ph
S-21a Fa
ee =87 % i

Fig. 12. Chirality transfer in cyclization of enantioenriched bis-imidate S-21a to oxazepine 23a.

To investigate if the racemization is associated with unselective abstraction of imidate
group in bis-imidate, substrates Cis-0d2-21a and trans-dz-21a with deuterium labelling at methylene
groups were prepared (Fig. 13). In both substrates, the imidate group situated trans to the phenyl
group was abstracted selectively to give the corresponding deuterium labeled regioisomers Cis-d2-
23 and trans-dz-23, respectively. Having established that abstraction of the imidate is selective, the
partial loss of enantioselectivity in the product 23a formation could be linked to partial nature of
non-classical carbenium ion intermediate 22 as the planar homoallyl carbenium ion 22° would lead
to completely racemic product 23a.
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Fig. 13. Selective abstraction of trans-imidate function in deuterium-labeled bis-imidate 21a.

Diastereoselective amination of carbenium ion 22/22° bearing additional substituent next to

the reaction centre was explored. Exposure of bis-imidate 28 to Lewis acid catalyst provided trans-
substituted tetrahydrooxazepine 29 as the only detectable isomer (Fig. 14). To prove the
configuration, the reaction product 129 was transformed to diol 30 that could be analysed by X-ray

spectroscopy.
i g _OTBDMS
ClyC o] O CCly H Ph
10 mol-% Cu(OTf), \
/
“Ph DCM, 4 AMS, rt. o
90 % CCls
OTBDMS
28 20
579 |1-Ac20, AcOH, 80°C
in 3 steps | 2 K2CO3, MeOH, rt.
A 3. TBAF, THF, rt.
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" -
U mo X
: - : o —
ar” R AN R T = : )Nl_'
i el e N1 N i i
Dk /. HO”~ 07> CCly
e 30 (x_ray)

Fig. 14. Diastereoselective cyclization of bis-imidate 28 and cleavage of oxazepine 29.

The cyclopropyl-cyclopropyl rearrangement selectively can be achieved from the bis-
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trichloroacetimidate 31a, based on the 1,2-disubstituted cyclopropane base. Catalytic amount of
the Lewis acid (B(CsFs)3) promoted amination of CPM ions and provided oxazoline 33a in high
yield. In order to extend the application of the reaction, one of the imidate functions in the
cyclopropane derivative 31 was replaced by other intramolecular nucleophiles (phenol, aromatic



or heteroaromatic function, etc.) (Fig. 15). This way, a series of cyclopropyl-containing products
33a-k were obtained from 1,2-disubstituted cyclopropane derivatives 31.

X\JY
32
-.,,/o\"/omam 1-% B(CgFs) I
mol-Yo 6F5)3 e K Y
—_—
x\/Y A MeNOQ,, rt. m@ Wil
31 ™ “CH, 33
¥ = nucleophile
P R A
L 32A |
i (o]
N Y,
/
o o M 5
CCly o}
33a,85% 33b, 91 % 33c, 38 % 33d, 98 % 33e, 70 % 33f,85 %
H(OMe)
33g, 92 % 33h, 80 % 33i,61% (33", 21 %) 33}, 71 % (33", 17 %) 33k, 34 % (33K’, 32 %)

Fig. 15. Substrate scope for intramolecular cyclopropylmethylation.

In order to find whether the reaction proceeds with chirality transfer or racemization, the
enantioenriched substrate (-)-31e was used. Under the given reaction conditions, racemic product
33e was formed (Fig. 16).

0 CCly o
> 7]
HN™ "O 10 mol-% (CgF5)3B 0
o~ MeNO,, rt
(-)-31e 33e (72 %)
ee =98 % ee=0%

Fig. 16. Investigation of chirality transfer from enantioenriched

substrate (-)-31e.
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This investigation has shown that cyclopropylmethylation is not a stereospecific
transformation. It lead to exploring catalyst-controlled stereoinduction capabilities. Unfortunately,
it was not possible to obtain chiral compound 33e from racemic 31e using several chiral Lewis
(Fig. 17, C-E) or Brensted acids (Fig. 17, A, B).

@] CCl
q 5 4 0
(f HN"Q  chiral LABA -
o ) DCM, rt.
31e 33e
rac. no stereoinduction!
chiral LA/BA:
R e Cu(0T)
2
. n NS
OO Qo (;‘}c: .f(F’j_ o__. 0\@\(0
CSA pe e j@ &mo T ONTY
R e __Q 3 R Cu(QTf), R
B

c D E

Fig. 17. Induction of stereoselectivity in cyclopropyl-cyclopropyl rearrangement reaction using
chiral catalysts.

Protolytic cleavage of cyclopropane C-C bond

Amide group-containing substrate 34a was subjected to the range of Bronsted and Lewis
acids. It was found that trifluoroacetic acid (TFA) was superior for selective and high yielding
formation of the pyrrolidine 37a (Fig. 17), (Table 7). This product obviously results from an anti-
Markovnikov H" attack (35A) of cyclopropane 34a and subsequent amination of the intermediate
carbenium ion 36A. Stronger acids such as MsOH and TfOH proved to be less selective and
provided considerable amount of oxazine 38a. The formation of oxazine 38a could be explained
by the competitive intermolecular protonolysis of the cyclopropane C-C bond (35B) followed by
trapping of the carbenium ion 36B with amide oxygen. Weaker Lewis acids such as BF3'Et20 and
(CuOTY)2CeHs were unreactive.

42



&y, wo o )
B2 A 4
Me LR EtO/gO

Me H H* - 35A 36A 37a
N._O )

Me
st N7 OoH Et0” "NH Me N
e Me — @® — Me J\
k:74|\,1e Me Me” 0~ “OE
\ ., CH,H
L 38 H 6B 38a

Fig. 18. Acid promoted cleavage of cyclopropane and subsequent amination of the intermediate
carbenium ion.

Table 7

Acid Promoted Cleavage of Cyclopropane

Entry Acid (solvent) Product (yield, %)*
1 TFA (neat) 37a (98)
2 MsOH 1 vol% (DCM) 37a(70),38a (17)
3 TfOH 1 vol% (DCM) 37a (47), 38a (25)
4 Fe(OTf);3 1.0 equiv (DCM) 37a(61),38a (17)
5 BF3OEt2 1.0 equiv (DCM) no reaction
6 (CuOT1)2CeHe 1.0 equiv (DCM) no reaction

2NMR yield using 1,4-bis(trichloromethyl)benzene as an internal standard.

During the investigation, it was discovered that nitrogen substituent in substrate 34 plays
an important role. This function should be both, enough basic to successfully direct regioselective
protonolysis of cyclopropane C-C bond and enough nucleophile to react with the intermediate
carbenium ion. Ethoxycarbonyl derivative 34a, also urea 34b and several carboxamides 34c-e
proved to be suitable substrates for the formation of pyrrolidine derivatives 37a-e in good to
excellent yields (Fig. 19), (Table 8). Trichloroacetamide 34f gave mixture of pyrrolidine 37f and
the ring-opening product 39f, which could be explained by reduced nucleophilicity of the
carboxamide 34f. Thioamide 34g, trifluoroacetamide 34i, and sulfonamide 34j were reactive under
protonolytic conditions, however formed mixture of products with low content of expected
pyrrolidine 37. In these substrates, protonation of carboxamide and sulfonamide function is
minimized which could prevent them to act as directing groups for intramolecular proton delivery.
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Fig. 19. Scope of the cyclopropane N-substituent.
Table 8

Substituents and Yields

Entry 34, R Product (yield, %)
1 34a, EtOCO 37a (92)
2 34b, PANHCO 37b (99)
3 34¢, PhCO 37¢ (99)
4 34d, MeCO 37d (74)*P
5 34e,CICH2CO 37e (99)*
6 34f, CI3CCO 37f:39f in ratio 1:1 (97)%¢
7 34g, MeCS 37g (17)¢ and unidentified by-products
8 34h, 4-NO2CsH4 no conversion of 34h°
9 34i, CF;CO mixture of 37i, 39i and 40i
10 34j, PhSO2 mixture of 37, 40j and PhSO2NH>

250 vol% TFA in CHaCla, rt; ® volatile compound; © neat TFA; ¢ NMR yield using 1,4-
bis(trichloromethyl)benzene as an internal standard.

Range of substituted N-ethoxycarbonyl aminomethyl cyclopropanes 34a, 41a-h gave
pyrrolidines 37a, 44a-h in good yields (Fig. 20). Monoalkyl-substituted cyclopropane 41i (R'=n-
Hex, R?®=H) was unreactive even in neat TFA under reflux. Surprisingly, diphenyl-substituted
cyclopropane 41j (R'>=Ph, R3*=H) failed to give the expected product. Low reactivity of substrate
41j implies that the stability of intermediate carbenium ion is not the only factor that enables
cyclopropane C-C bond protonolysis, as in this case very stable diphenyl carbenium ion should
form. Apparently, electron density in the scissile C-C bond may also play an important role.

44



R® RY R R* 5
5 2 5 R4 R
2 X R " Qgéi . HES o]
1 25 % CF3COOH | R! . 2
Ro NH > Hé LN 1 oet =R N
Y DCM, rt. \{ ® R R3 R HNj( R )‘
OEt
OEt OEt le] 0
34a, 41a+ 42 43 37a, 44a-j
Me
. ML L ER
Me Me
)‘OE )‘OEt oet © OEt Me
0 o] )‘*OEt
37a,93% 44a, 92 % from cis-41a  44b, 97 % 44c¢, 77 % 44d, 97 %

99 % from trans-41a
Me

Ph n- PentI,g
Me N
Me

)’LOEi § OEt OEt )\OB

44e, 95 % from cis-41e 44f, 17 % 449, 79 % 44h, 97 %
0,
92 % from trans-41e total 96 %,
(44f:44g = 1:4)

Fig. 20. Substrate scope for the synthesis of pyrrolidines.

When deuterium labeled substrate D-34a was subjected to the deuterated TFA, almost
complete deuterium incorporation at the 3-CH position of pyrrolidine was observed (Fig. 21). As
expected, such result is relevant to the proton attack at C(b) of cyclopropane. Deuterium
incorporation was observed in both methyl groups and in 2-CHz position of product D-37a as well.
This indicates that certain portion of intermediate carbenium ion 45 undergoes equilibration with

alkenes D-46 and D-47 via deprotonation/protonation.
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Fig. 21. Mechanism of cyclopropane D-34a protonolysis based on deuterium incorporation into
the product D-37a.

Interestingly, when substrate 41h, was subjected to deuterated TFA, a relatively small
amount of deuterium incorporation was observed in the methyl groups and in 2-CH position of
product D-44h (Fig. 22). At the same time, the retention of configuration for the carbon that is
undergoing a proton attack was observed. This result is consistent with the “edge” trajectory of the
proton transfer from the protonated amide 48.
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n-Pent n-Pent
Me H, Me Me n-Pent
Me Me % Me ﬂH
H
Me 1 2 @ Me H EtO_ _N
5. . NH HN._.O hig Me
O\r/ \f o
OEt OFt
4 49 44h
(2D NMR)

Fig. 22. Stereochemistry of proton transfer in cyclopropane 41h.



To extend the application of carbenium ions generated by cyclopropane cleavage, the
Ritter-type intermolecular amination was explored. For this purpose, tertiary amides 50 were used.
To suppress the cyclization reaction, the carbamate nitrogen was blocked by introduction of
additional substituent on it (R*£H). Carbenium ions 52 generated by protonolysis of cyclopropanes
50a-m were successfully aminated under Ritter-type reaction conditions to form diamine
derivatives 53a-m (Fig. 23).

H
R R' AR R!
Rk}ﬁ%) @ 1 a )n 1&\);‘\)’] 4 H R 3
& o H_ | R/ R Oﬁ/N-.Rs R'CN OYN%/\}/\)\,-,N'R

O Nore Ho\f%Ra 2 R R' R

RZ RZ R O)\Rz
50 51 52 53

0 0 0 0

‘,”\ )L ()I\/,“\N CO.Et (:I\)J\
1 2 NH CO.
Me”™ "NH (?OQEt Ph™ "NH i.'T:OzEt l 7K/\/ A 2
~ Me .
N‘Me O\/\,N,Me O\/\/N R y R %
53a, 84 % 53b, 77 % 53c-i 53j, 71 %

R =H, Bn, Me, allyl,
propargyl, PMB, Ph

(o] 63-90 % o
| (0]
c \)kNH CO4Et a a
Me N NH CO4E NH Me COEt
‘Me
Me Me N. N.
Me Ph7|\/\/ Bn Me
53k (41 % from cis-50k and 531,45 % 53m, 55 %
32 % from trans-50k)

Fig. 23. Ritter-type amination of carbenium ions generated by protonolysis of cyclopropane.

In addition, it was demonstrated that several other functional groups such as carbamate
carboxamide, urea, ester and ketone can efficiently direct regioselective protonolytic cleavage of
cyclopropane C-C bond to generate the carbenium ion (Fig. 24). As a result, a series of amine
derivatives 55a-k was obtained.
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] Me CO,Me
MM"' CO,Me Me e
Me c::\ i . CIACNH NHCO,Et
c N
SAGHH H(ac)CO2Et cis-55k
55i, 79 % 55j (84 % from cis-54k and
(overall 43 %) 82 % from trans-54k)

Fig. 24. Scope of directing groups.

The results with amides 54d, cis-54f, esters 54g, h, and ketone 54i strongly indicates that
oxygen rather than nitrogen in the amide function is involved in the intramolecular proton transfer
to cyclopropane.
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CONCLUSIONS

Amination of the non-classical cyclopropylmethyl cation depending on cyclopropane
substitution pattern in bis(trichloroacetimidate) system can selectively provide one of three
structurally different products (cyclopropyl-, cyclobutyl or homoallylderivatives).

Amination products of non-classical cyclopropylmethyl cation — spirocyclic oxazolines and
tetrahydro-1,3-oxazepines can be efficiently transformed into corresponding amino acids,
which are potential building blocks for the synthesis of various pharmaceutically significant
compounds.

In the case of 1,2-disubstituted-cyclopropanes, the cyclopropyl-cyclopropyl-rearrangement
can be selectively achieved by intramolecular trapping of cyclopropylmethyl cation with an
internal nucleophile.

The regioselective protonolytic C-C bond cleavage of acylated aminomethyl cyclopropanes
can be achieved. The intermediate tertiary carbenium ion undergoes intramolecular amination
to give 2,2-substituted pyrrolidines. The cyclopropane cleavage proceeds with the retention of
configuration at the carbon to which the proton is attached. This observation is consistent with
the “edge” protonation trajectory of the C-C bond.

Carbenium ions generated by directed protonolysis of cyclopropane can be intermoleculary
aminated under Ritter-type reaction conditions using such functional groups as carbamate
carboxamide, urea, ester and ketone.
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ABSTRACT: An efficient synthesis of tetrahydro-1,3-oxaze-
pines was developed involving the regioselective intra-
molecular amination of cyclopropylmethyl cation. The cation
was generated by the abstraction of one imidate group in bis-
imidate bearing a carbocation-stabilizing substituent. Using
1,1,2,3-tetrasubstituted cyclopropane substrates, highly diaster-
eoselective intramolecular amination to trans-tetrahydro-1,3-

clie
ceh cely D'HC% e 5
A\ )% cat. Lewis acid 3 HN
4N o e ey Ammniatieimla
yield 64 - 84% «E;:
R R =%
R

R = carbocation stabilizing group

oxazepines was achieved. The resulting tetrahydro-1,3-oxazepines were transformed to the homoallylamine derivatives in high

yields.
S tructural investigations of cyclopropylmethyl cation 1 have
shown that it exists as an equilibrating mixture of zo-
delocalized bisected cydopropylmethyl cation 1A and non-
classical bicyclobutonium ion 1B (Figure 1)."” The carbocation

R D_/N“ o
4

H 3

1

Figure 1. Regi
nudcleophiles.

tivity in cycloprop hyl cation reaction with

1 is often represented as 1C which is a hybrid of the proposed
discrete structures 1A and 1B. The reaction of cyclo-
propylmethyl cation 1C with nucleophiles can occur at any of
the three possible sites bearing p;n'tigl positive charge leading to
homoa]lyl,3 cyclopropylmethyl, @3t op cyclobutyl 'S deriva-
tives 2—4. Several regioselective reactions of cyclopropylmethyl
cation 1 with nucleophiles have been reported as a useful
approach to products based on structures 2—4.*~

Although not systematically studied, the available exper-
imental data suggest that regioselectivity of intramolecular
cyclization is mainly controlled by the geometric constraints
and/or effects of cycopropane substituents. A carbocation
stabilizing group can be used to direct the addition of
nucleophile to cyclopropylmethyl cation 1C presumably via
inducing electron distribution in favor of the classical
carbocation.

Few studies have been reported for amination reactions of
qrclol:vropylmethjrlcarbocal:ion.s"‘t‘sc The reason for that could
be the limited range of amine nudeophiles compatible with
acidic conditions typically used to initiate the reaction.
Previously, we® as well as others’ have demonstrated that bis-
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imidates are convenient systems for amination of carbocations.
In bis-imidates, one of the imidates serves as the leaving group
when activated with an acid catalyst while the other acts as an
N-nucleophile. Following this approach, it was explored
whether carbenium ion 6C derived from readily available bis-
imidate § can be regioselectively aminated depending on the
cyclopropane substituent (Table 1).

Initial studies showed that substrate 5a containing phenyl
substituent selectively forms homoallyl carbocation amination
product 7a when exposed to Lewis acid catalyst (Table 1, entry
1). Screening of catalysts revealed that relatively weak Lewis

acids such as Cu(OTE), and (CuOTY), CiH, were the optimal
catalysts for the reaction. Stronger Lewis acids or acids
containing nucleophilic counterions led to decomposition of
product 7 (see the Supporting Information for details). Further,
the substrate scope with respect to the cyclopropane
substituent was explored. Bis-imidates $ bearing aryl substituent
with electron donating groups (entries 2, 3, and 5) afforded
tetrahydro-1,3-oxazepines in excellent yields. Amination of bis-
imidates § having electron-poor aryl groups (entries 4 and 15)
gave satisfying results only for substrate $d (entry 4). Bis-
imidates 5 bearing electron-rich heteroaryl substituents also
provided the expected product 7 (entries 6 and 9—11). The
reaction was not limited only to aryl carbocation stabilizing
groups. Substrates bearing vinyl substituent (entries 7 and 8)
gave high product yield. Bis-imidates 5b containing groups with
lower carbocation stabilizing ability such as ethyl (entry 13) or
alkynyl (entry 14) led to the formation of a product mixture.
However, if the alkyl group contained a silyl group as a fi-
cation-stabilizing substituent, the amination product was
obtained in good yield (entry 12).

Tetrahydro-1,3-oxazepine derivatives 7 are masked unsatu-
rated amino alcohols which are valuable multifunctional
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Table 1. Substrate Scope for the Cyclization of Bis-imidates Scheme 1. Chirality Transfer in the Cyclization of
= .

§ to Tetrahydro-1,3-oxazepines 7" iched Sub §-5a
el cely CisC, o
O, cal 0,
HNA\D/JK\DANH cat, Cu(OTh; ﬁ/L X s j:b U N/%
= CHiCly, 4 AMS, it " m OX\O N CHaC, 4 AMS, 1 e
5 7
Ph
Ci;C S-5a, ee = 87% 7a ee =42%
CliC
HN)\O o . - - -
== HN To determine if the racemization is associated with
.8 2 unselective abstraction of the imidate group, substrates cis-d,-
6C B e 5a and transd,-5a with deuterium labeling at the methylene
5 = ) position were prepared (Scheme 2). In both substrates, the
1 Ph 7a, 85 x : = £
- FMeOCH, g Scheme 2. Selective Abstraction of frans-Imidate Function in
sl ' Deuterium-Labeled Bis-imidate 5a
3 4Me;NCH, 7c, 87
4 HECH, 7d, 83 Cohp. p ccly 8
o p
5 1-naphthyl 7e, 90 HN%\D ..... \OANH 10 mol % Cu(QTh, N>/7 R
6 3-(N-tosyl Jindolyl 7 94 Cracts FAME,
7 (E)-CH,CH=CH 78 9% . 90% Gl
8 vinyl 7h, 91 cis-ty5a dy7a’
9 2-thienyl 7i, 89 Cie
10 2(N-methylpyrrolyl 7j, 64 GCh o p GOk 10mel%CuoTr, o
. T N
1 Sfuryl 71,79 ng\o _,KOANH CH,Cl; 4 AMS, 1t
I Ph(Me),SiCH, 7k, 81 % i i N
134 Et Ph
144 CH,C=C trans-d,5a dTa"
157 3,5-(di-Cl)-C H,
“Bis-imidate (0.5 mmol), Cu(OTf), (0.05 mmol), CH,Cl, (5 mL). imidate group trans to the phenyl group was selectively
Yields are isolated yields. Please see the Supporting Information for abstracted to give the corresponding deuterium labeled
o b L. ..
details. “Cu(OTf), (0.005 mmel). “(CuOTf),-C4Hs (0.05 mmol). regioisomers dy-rac-7a' and dy-rac-7a”, respectively (only one
Mixture of products. isomer in each case was detected by "H NMR). The exclusive

trans-imidate elimination would be difficult to explain by the
accessibility of the sterically less hindered imidate group to the
catalyst. More likely, these results point to specific stereo-
intermediates. However, there is a limited numb;r of methods electronic requirement for the leaving group to facilitate the
available to access this type of amino alcohol.” In order to formation of cyclopropylmethyl cation/homolallyl eation.

demonstrate the utility of tetrahydro-1,3-oxazepines 7, several Having established that abstraction of the imidate is selective,
examples were transformed to amino alcohol derivatives 9 the partial loss of enantioselectivity in the product 7a formation

(Table 2). The one-pot, two-step procedure involved cleavage obviously stems from the availability of both faces of
of cyclic imidate function with acetic acid followed by carbocation 6C/6C’. Nevertheless, the chirality was preserved
methanolysis of the intermediate 8. to some extent which is difficult to explain. This could be

The cyclization studies with enantioenriched bis-imidate §-5a related to a partial nature of nonclassical carbocation
showed that tetrahydro-1,3-oxazepine 7a forms with consid- intermediate since the planar homoallyl cation would lead to

erable degree of racemization (Scheme 1). complete racemization.

Diastereoselective amination of carbocation 6C/6C" bearing

Table 2. Transformation of Tetrahydro-1,3-oxazepines 7 to an additional substituent was explored (Scheme 3). Bis-imidate
Amino Alcohols 9 11 was prepared from readily accessible stereochemically
r defined dicarboxylic acid derivative 10.° Amination of bis-
AcOH Dhe H kco, O H imidate 11 gave trans-substituted tetrahydro-1,3-oxazepine 12
7 6,0, 60°C H‘/YNTCCH MeOH Tt H‘/\(NYCC'“ as the only detectable isomer. Configuration of the reaction
L R O R O product 12 was determined by X-ray analysis of the
8 9 derivatization product—diol 13.

entry R product, yield (%) In summary, we have demonstrated that a cyclopropylmethyl
1 h 9a, 94 cation generated by the abstraction of one imidate group in bis-
3 4MeOCH, 9b, 96 imidates undergoes regioselective intramolecular amination. A
3 2thienyl 9,91 homoallylamine derivative was formed selectively if cyclo-
4 vingl 9h, 89 propane contained a carbocation stabilizing substituent. The
5 Ph(Me),SiCH, 9k, 89 resulting tetrahydro-1,3-oxazepines were transformed to
unsaturated amino alcohol derivatives. It was demonstrated
“Key: (1) tetrahydro-1,3-0xazepine (1.0 mmol), A0 (1 mL), AcOH that highly diastereoselective cyclization to trans-substituted
(1 mL); (2) K,CO; (3.0 mmol), MeOH (2 mL). Yields are isolated tetrahydrooxazepine could be achieved starting from 1,1,2,3-

yields. Please see the Supporting Information for details. tetrasubstituted cyclopropane substrates.
2903 DOI: 10.1021/acs orglett.5b01014
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Scheme 3. Diastereoselective Cyclization of Bis-imidate 11
to Oxazepine 12 and Derivatization to Amino Alcohol 13
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ABSTRACT: Regioselective protonolytic C—C bond cleavage of

acylated aminomethyl cyclopropanes can be achieved using H e 27[%
trifluoroacetic acid. The intermediate tertiary carbenium ion ‘P\’N‘f CHyCly or neat f R — R
undergoes an intramolecular amination to give 2,2-substituted upto 99%

pyrrolidines. The strength of the acid and the amine substituent are

important factors to achieve high regioselectivity, suggesting intramolecular proton transfer from the protonated amide function.
Preliminary mechanistic studies revealed that cyclopropane cleavage proceeds with retention of configuration at the carbon to
which the proton is attached. This observation is consistent with the “edge” protonation trajectory of the C—C bond.

ecause of the ring strain, the cyclopropane C—C bonds , Previous work:= This work:
. i
exhibit increased reactivity compared with those of larger \’IEA :T;'::g;] :;r::cw
cycles or acyclic systems.] Introduction of a donor and/or e’ b Me 2g3 ot oib) '
acceptor group on the cyclopropane enables ring opening 3 6% atCle)

under rr:lativ:ly mild conditions with predictable rcgioselcc-
tivity.” However, unactivated cyclopropanes 1 also can
undergo C—C bond cleavage leading to functionalized e : .
products 2 when exposed to strong electrophilic remgents”“‘ containing substmte 4a was subjected to a range of Brensted
such as Bronsted acids,” Br;,- diborane,” and acetyl chloride/ and Lewis acids (Table 1).

AICIY as well as Hg(m),* Pd(Ir),” Pt(I),'" TI(IID),"‘and
TI(N)] salts (Figure 1).

Figure 2. Regioselectivity of protonolysis of cyclopropanes 3 and 4.

Table 1. Acid-Promoted Cleavage of Cyclopropane 4a“

Mel)&\/H Horlh Moo/ | Mo~

K N._-O Me” N+ I\A

X ¥ e hid e

e & om corty Mo 07 TOE
Sa

1 2
] b
Figure 1. Electrophilic cleavage of cyclopropanes 1. enty s el (6 720
1 TFA (neat) 5a (98)
2 MsOH (1 vol %)/CH,Cl, 5a (70), 6a (17)
3 TROH (1 vol %)/CH,CI, sa (47), 62 (25)
Certain electrophiles induce high levels of regioselectivity 4 Fe(OTH), (10 equiv)/CH,C, 5a (61), 6a (17)
by attacking the cydopropane at the least-substituted carbon. 5 BF‘-OE[: (10 equi\-)#CH._Cl._ no Teaction
This approach was recently demonstrrated by the Vgroupsrof P (C;:D’TFL—Cde (L0 equi\-'};‘;ZH!Cl! no reaction
l[;ljnneckcf :mcf'[ Ycung, Wh‘:_u Exﬁloltei &}c frleglos C‘lEC]t;l‘\]Fi “Reactions were performed on a 0.1 mmol scale at rt for 24 h. ENMR
ogenation of cyclopropane for the synthesis of lactones, yields using 1,4-bis(trichloromethyl )benzene as an internal standard,

tetmhydmﬁlmns,] N pyrrolidines,h and oxazolines."”

The regioselectivity of the cyclopropane })rotonolysl.s tends
to follow the modified Markownikoffs rule, "' which predicts
the preferential ring opening to occur between the carbons
bearing the largest and smallest numbers of substituent-

subbek However, typically the selectivity is modest, as
demonstmted by the systematic studies of Wiberg and Kass™*
for toluenesulfonic acid-catalyzed acetolysis of cyclopropanes
with different substitution patterns (Figure 2, using cyclo-
propane 3 as a representative example).

We have investigated whether intramolecular proton
delivery from the protonated amide function in cyclopropanes

According to these studies, trifluoroacetic acid (TFA) was
superior for selective and high-yielding formation of
pyrrolidine Sa (Table 1, entry 1). This product obviously
results from selective proton attack at C(b) of cyclopropane
4a (Figure 2) and subsequent cyclization of the intermediate
carbenium ion. Stronger acids such as MsOH or TfOH
proved to be less selective, providing considerable amounts of
oxazine 6a (Table 1, entries 2 and 3). The formation of
oxazine 6a could be explained by proton attack at C(a) of the

4 (Figure 1) can direct regioselective protonolysis of the Received: February 26, 2017
cyclopropane C—C bond. For this purpose, carbamate- Published: April 28, 2017

ACS Publications @ 2017 American Chemical Society 2478 DO 10.1021/acs orglett 7h00584
A4 Org. Lett. 2017, 19, 2478-2481
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cyclopropane (Figure 2) followed by trapping of the
carbenium ion with the amide oxygen. On the basis of
these results, it can be proposed that TFA can induce
cyclopropane C—C bond cleavage via amide protonation and
intramolecular proton transfer, while in the case of stronger
acids intermolecular proton transfer is a competing process.
Several Lewis acids were also screened (Table 1, entries 4—6).
Only Fe(OTt); induced the cleavage of cyclopropane 4a but
did so in an unselective manner, providing both products 5a
and 6a. Weaker Lewis acids such as BF;-Et,0 and (CuOTf),
CgH; were unreactive.

Next, the impact of the nitrogen substituent was
investigated (Table 2). In addition to ethoxycarbonyl

Table 2. Scope of the Cyclopropane N Substituent”

9
e " Me. Rnm S—CFy Me, Me O
MeA/NH B Mﬂ%_’:‘) * K/\T/“"e o R Ko,
4 R T e
5 7 Me
entry 4, R product (% yield)
1 4a, EIOCO Sa (92)
2 4h, PANHCO 5b (99)
3 4¢, PhCO 5S¢ (99)
4 4d, MeCO 5d (74)"
5 4¢,CICH,CO Se (99)"
13 46, CLCCO 5676, 1:1 ratio (97)%¢
7 4g, MeCS 5g (17)° and unidentified byproducts
& 4h, 4NO,CH, no conversion of b
9 4i, CF,CO mixture of i, 71, and 8i
10 4, PRSO, misture of 3j, 8, and PhSO,NH,

“Reaction conditions: a solution of 4 (¢ = 0.1 M) in TEA (25 vol %) in
CH,Cl, rt, 24 h, unless otherwise stated (see Table 52 for the impact
of the TFA concentration). Isclated yields are given. PTFA (50 vol %)
in CH,Cl,, rt. “Volatile compound. 4TFA (neat). “NMR yield using
1,4-bis(trichloromethyl )benzene as an internal standard.

derivative 4a (entry 1), also urea 4b (entry 2) and several
carboxamides 4c—e (entries 3—5) proved to be suitable
substrates for the formation of pyrrolidine derivatives Sa—e in
good to excellent yields. Trichloroacetamide 4f gave a mixture
of pyrrolidine $f and the ring-opening product 7f (entry 6),
which could be explained by the reduced nucleophilicity of 4£.
Thioamide 4g was reactive under the protonolytic conditions
but formed a mixture of products with a low content of the
expected pyrrolidine 5g (entry 7). Aniline derivative 4h was
unreactive even in neat TFA (entry 8). In the case of
trifluoroacetamide 4i (entry 9) and sulfonamide 4j (entry 10),
considerable amounts of products 8i and 8j, respectively,
resulting from unselective proton attack at the less-substituted
carbon of cyclopropane were formed. In these substrates,
protonation of the carboxamide/sulfonamide function is
minimized, which could prevent it from acting as a directing
group for intermolecular proton delivery.

A range of substituted N-ethoxycarbonyl aminomethyl
cyclopropanes 4a and 9a—i were investigated as substrates
for the synthesis of pyrrolidines $a and 10a—i (Table 3).
Differences in reactivity were observed for diastereomeric
amides cis- and trans-9a bearing a phenyl group. Surprisingly,
while trans-9a smoothly gave the product 10a, the conversion
of cis-9a required neat TFA as a reaction medium. The
formation of spirocyclic pyrrolidine 10b from cyclopropane
derivative 9b was achieved efficiently with diluted TFA.
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Table 3. Substrate Scope for the Synthesis of Pyrrolidines”

RY

. Method A: TFA (25 vol %) in CH,Clo it RS
i - Method B: TFA (neat), rt Rz
H_ o Method C: TFA (nest), 70 °C =
-~ i N
R reaction time 24 h R ¢L
42,04 H 07 "B
Sa, 10a-i
entry  substrate praduct, method (yield %)
1 MBAH M 5“
N 0
e cs e
4a QEt 5a, A(82)
Ph H Ph=F=p
e
2 ?A\JN o
i o}-oa
cis-oa  OFt 10a, B (92 from cis-8a)
trans-8a A (99 from drans-9a)
"o QDM
3 b Fogt
Ot 2
s 10b, A (97)
+ N o
N.
bl o
86 OFt 10, C (77
Ph
Ph wil?
Me H 7N
s N\Fo e O)‘DE!
dsgd; OEL 10d, B (95 from cis-9d)
trans-Bd A (92 from frans-9d)
Me
Me, Me Msp
Me. H Me
6 N o N
M i e %\OE\
OEt o
S0 10e, A (97)
Me,
Me._He “Eﬂ
H N Me—
e L e, '
Ot St
o OFt o o}
W0E(17)  10F {79)
A (lotal 957
Me
n-Pent, -Pent I
Me
& M. * o M;?;‘
He ‘O{; Fac:
ag 10g, A (97)
Pir
Ph H N
Ph
? ?A\/N Q Aot
PH [+}
on OFt 10h, B (0
/—\\,N o N
Hi n-Hex
10 hex hd -
OEt d
e 101,807

“Reactions were performed on a 0.07—0.8 mmol scale, ¢ = 0.1 M.
Isolated yields are given. "10f/ 10f" = 1:4, as determined by GC—MS.
“No reaction at rt in neat TFA; mixture of products at higher
temperature.

However, to achieve the ring cleavage in oxygen analogue 9c,
harsher reaction conditions were required, leading to
pyrrolidine 10c in good yield.

2,2,3-Trisubstituted pyrrolidine 10d was prepared from
both diastereomers cis- and trans-9d. Again a notable
difference in reactivity was observed for the isomers: harsher
conditions were required to achieve the deavage of substrate

DOk 10.1021/acs.orglett.7b005 84
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as-9d. 2,2,3,3-Tetrasubstituted pyrrolidine 10e was formed in
high yield from the corresponding substrate 9e.

The cleavage of the similar substrate 9f bearing two
nonequal quaternary centers provided a mixture of isomeric
pyrrolidines 10f and 10f" with a preference for product 10f
2,2,3,4-Tetrasubstituted pyrrolidine 10g was
obtained as a single cis diastereomer starting from stereo-
defined substrate 9g (vide infra). Diphenyl- and hexyl-
substituted cyclopropanes 9h and 9i failed to give the
expected products 10h and 10i The low reactivity of
substrate 9h implies that the stability of the intermediate
carbenium ion is not the only factor that enables the
protonolysis of the cyclopropane C—C bond, as in this case a
very stable diphenyl carbenium ion should form. Apparently
the electron density in the scissile C—C bond may also play
an important role.

N-Methyl substrate 11 was also subjected to the
protonolytic cleavage conditions using diluted TFA (Scheme
1). The reaction efficiently provided the corresponding
trifluoroacetate 12, indicating that N substitution does not
prevent the regioselective proton attack on the cyclopropane.

formation.

Scheme 1. Protonolytic Cleavage of Cyclopropane 11
Bearing N-Substituted Carbamate and Homologous
Substrate 13

MEA,ME TEA (26 vol %) Me, /K
N._O ————
Mé t CH,Cl, Jr/\/\

" OEt % 12 ),: o Me

TFA (neat)

’I (conversion 75%) 1

MeA/\ O TFA(25wol %)  Me N om

)\0 Me;l/‘\/\v T b Me

e NToEt ooy 6_CF O A
» ik u \Tor 13 ElO)§:0

Substrate 13 with the two-carbon chain between the
cyclopropane and carbamate could also be regioselectively
deaved. However, in this case a mixture of trifluoroacetatate
14 and piperidine 15 was formed. Trifluoracetate 14 could be
transformed to piperidine 15 with good conversion using neat
TFA as the reaction medium. To gain insight into the
mechanistic details for the protonolytic cleavage of cyclo-
propanes 4, deuterium-labeled substrate D-4a was subjected
to deuterated TFA (Scheme 2). The analysis of the reaction
product D-5a revealed almost complete deuterium incorpo-
ration at the 3-CH position of pyrrolidine, as expected for the
proton attack at C(b) of cydopropane (Figure 2). Deuterium

Scheme 2. Mechanism of Cyclopropane D-4a Protonolysis
Based on Deuterium Incorporation into the Product D-5a

H\D ~50%

D-8%

Me A/I? d-TFA /"‘:"mjj
N0 —
Me F cHty  eo.n./ D9
D4a  OE g

o D-5a

™ e

e

Et0” "0

D 18 D17

>
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incorporation was also observed in the methyl groups and at
the 2-CH, position of product D-5a. This indicates that a
certain portion of intermediate carbenium ion A undergoes
equilibration with alkenes D-16 and D-17 via deprotonation/
protonation. In contrast, when substrate 9g was subjected to
deuterated TFA, a relatively small amount of deuterium
incorporation was observed in the methyl groups and at the
2-CH position of product D-10g (Scheme 3). This confirms

Scheme 3. Deuterium Incorporation into the Product D-
10g and Stereochemistry of Proton Transfer in
Cyclopropane 9g”

n-rent,

nPe-nl
M, N e, d-TFA < Vete T |aH(D <s%)
e Ny? ohck  eo, N AR
OEt
g O p-10g
n-Pent, n=Pent, H,"Pent
Me. J
ag H+ Me _.,Me o Me. Me ) 2 10
e Me H) Me H
e S "
e
OFt OFt o
B B c

“See the Supporting Information for the X-ray structure determination
of 9g and NOESY structure determination of 10g.

the high degree of stereointegrity at the chiral center of
carbenium ion C, which allows the determination of the
stereoselectivity of C—C bond protonolyis. The cis config-
uration of the starting material 9g and the cis configuration of
the product 10g are consistent with the “edge” trajectory of
the proton transfer from protonated amide B or imine
tautomer B’.'

The protonolytic cleavage of ester 18 was also performed in
order to investigate the role of nitrogen in amides 4 and 9 for
the selective proton delivery (Scheme 4). Selective formation

Scheme 4. Regioselective Protonolytic Cleavage of Ester 18
Q

Me>Av\f TFA (25 vol %) WW\)L
0 ——————= Me OEt
e CH,Cly o
18 CEt §7% =0 19
Fil

of trifluoroacetate 19 was observed. This result together with
the unselective clr::w:lgr: of substrates 4i and 4j and the low
reactivity of substrate 4h indicates that oxygen rather than
nitrogen in the amide function is involved in the intra-
molecular proton transfer to cydopropane (tautomer B’ in
Scheme 3).

In summary, we have shown that the rcgiosclective
protonolytic C—C bond cleavage of acylated aminomethyl
cyclopropanes can be achieved. The intermediate tertiary
carbenium ion undergoes intramolecular amination to give
2,2-substituted pyrrolidines. The strength of the acid and the
amine substituent are important factors to achieve high
regioselectivity, suggesting intramolecular proton transfer from
the protonated amide function. Preliminary mechanistic
studies revealed that cyclopropane cleavage proceeds with
retention of configuration at the carbon to which the proton
is attached. This observation is consistent with the “edge”
protonation trajectory of the C—C bond.

DOL 10.1021/acs orglett 7h005 84
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Cyclopropyl—-cyclopropyl rearrangement can be achieved selectively
by intramolecular trapping of cyclopropylmethyl carbenium ions with
an internal nucleophile. This can be exploited as a useful method for
the introduction of a cyclopropyl group into complex molecules
using readily accessible disubstituted cyclopropane intermediates.

Cyelopropylmethyl (CPM) carbenium ion A can be represented
as a set of resonance hybrids B1-3 reflecting the contribution
of CPM, cyclobutyl and homoallyl carbenium ions (Fig. 1)."™*
Consequently, the selective nucleophilic attack at the non-
classical ion™'" is a useful approach for the synthesis of
eyelopropane,' ™ eyelobutane' ™ or homoallylie!! %228
derivatives. However, there are limited examples for the cyclo-
propane based product formation resulting from the
rearrangement of CPM ion A to ion C. Such a cyclopropyl-
cyclopropyl rearrangement has been observed in the mechan-
istic investigations using isotope labelled substrates.”" " The
intermolecular reaction products of rearranged CPM ion C
have also been isolated, typically as a mixture with other pro-
ducts of CPM ion reaction.”™** In addition, cyclopropyl-cyclo-
propyl rearrangement involving a CPM ion has been proposed
for the biosynthesis of cyclopropane containing sterols,**
Nevertheless, according to our literature survey, this rearrange-
ment has not been used for the selective introduction of a
cyclopropyl group into complex molecules. We explored the
feasibility of this reaction type via generation of CPM ions
from substrate 1 containing an internal nucleophile which

R/&]—'

®

@
- B 2
B3 c

@ ee [
R CH; rR”
A B1

Fig. 1 Cyclopropyl-cyclopropyl rearrangement via non-classical CPM
carbenium ions.
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Intramolecular cyclopropylmethylation via
non-classical carbocationst

M. Skvorcova and A. .]irgensons@*

could be assembled from readily available building blocks
[Scheme 1; for the synthesis of substrates 1 see the ESIf). It
was expected that, in the intramolecular version, the 5- or
6-membered ring formation would constrain the nucleophile
(Y) addition to CPM ion C leading to products 2 (Scheme 1).
This approach would constitute an alternative to commonly
used cyclopropanation reactions’®*? which often involve
expensive reagents and can be incompatible with functional
groups in the substrate. There is a strong motivation to
develop new methods of cyclopropyl group installation as it
plays an important role in drug discovery.™ In addition, cyclo-
propane can serve as a precursor of an isopropyl group vie C-C
bond hydrogenolysis.”

Trichloroacetimidate (OTIm) in substrates 1 was found to
be an appropriate leaving group for the generation of CPM
ions when activated with acid catalysts.”*® A range of acids
and solvents were tested using model substrate 1a (see the
ESIT for details). These studies revealed B(CyFs); as the
optimal catalyst and CH;NO, as the reaction media at room
temperature to achieve the best yield of product 1a (Table 1).

Trichloroacetimidate can serve not only as a leaving group
but alse as an N-nucleophile. This group was used to achieve
amination of CPM ions derived from bis-imidate 1b providing
oxazoline 2b. The structure of product 2b was proved by X-ray
(see the ESIf). The phenyl group can also be used as an
internal nucleophile for cyclopropylmethylation as demon-
strated by the transformation of O-benzyl derivative 1c to iso-
chromane 2¢ in medium yield. The introduction of a methoxy
group to the aromatic system in substrate 1d was beneficial to

(A\’on"‘mm /—?

— X ¥
LY see Table 1
1. ¥ = nucleophilic group F

Tim = C(=NH)CCly

Scheme 1 Intramolecular cyclopropylmethylation via activation of tri-
chloroacetimidate 1.
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Table 1 Substrate scope of intramolecular cyclopropylmethylation”
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Entry Substrate 1 Product 2 Yield of 2, % Entry Substrate 1 Product 2 Yield of 2, %
1 80 8 92
(Am.,cmm i ,ﬁ _OTim OMe
OMe:
hooo Q o o
O 0 REA
2
a . e 2h
2 85 9 Mixture of products —
., AOTIm 24.,_/OTW p
O..__NH N o
o Q
CClz 1b cel, 2o p
OMe
3 3z 10 76
/ﬁm./‘lﬂm Y A _OTim
0, o 79 %
a \"C) s} d
1c 2 1j 2
4 71 (2d) 11 91
{/A'--./OT"” N 17 (2a) .., OTim
Q o 9 T
[N - 0. o
OMe 2d,R=H,R = MeO 1k %
d 2d' R=MeO,R'=H
5 61 (2e) 12 98
(A,_,,/cmm R 21 (2) KA'"‘/DTIM
MsN | i = o ;s B
MsN A = o. s
1°M° 2e, R=H, R =MeQ " 2
° 2¢',R=MeO,R' =H
6 34 (2f) 13 85
., ~0TIm V R 22 (2f) o, A0TIm
1 o
OMe R m
af 2f, R=H,R' = MeO

2f R=MeO,R'=H
No reaction —

T A om
N

OMe
1g

o

“ Reaction conditions: 10 mol% B{CgFs)s, CHyNO,, r.t., 0.5 h.  Reaction conditions: 10 mol% BF; OEty, CH,Cla, 1t 2.5 h.

improve the yield of cyclopropylmethylation products which
formed as a mixture of two isomers 2d and 2d'. Substrates 1e,f
with nitrogen and carbon atoms in the linker part provided
the corresponding tetrahydroisoquinoline and tetralin deriva-
tives 2efe’ and 2f/f. Surprisingly, the sulphide analogue 1g was
unreactive - no conversion was achieved even with a stoichio-
metric amount of Lewis acid. The O-benzyl group with two
methoxy substituents in substrate 1h acted as an efficient
nucleophile to give the expected product 2h in high yield.
However, substrate 1i with the cyclopropylmethyl group linked
to the phenolic oxygen provided mixture of products instead of
the expected dihydrobenzofuran. Cyclopropyl-methylation of
furan and thiophene in substrates 1j-1 proceeded efficiently
leading to the fused dihydropyrane derivatives 2j-1. Substrate

6910 | Org. Biomal Chemn, 2017, 15, 6909-6912

1m with the linker attached to the 2™ position of furan gave
the spirocyclic derivative 2m. Interestingly, only two diastereo-
mers of compound 2m formed with different configurations at
the carbon bearing an acetamido group. The other two stereo-
centers at the tetrahydrofuran ring of spirocycle 2m have
formed with high stereoselectivity - according to NOESY
spectra only the isomer with the oxy group cis- to the cyclo-
propyl group could be detected.

Cyclopropyl-cyclopropyl rearrangement is expected to
proceed via configurationally labile carbenium ion formation
which should destroy the defined stereochemistry at the reac-
tion centre. This was in agreement with the experimental
results using enantioenriched substrate (—)-1j which led to the
racemie produet 2j (Scheme 2).
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Scheme 2 Investigation of chirality transfer from enantioenriched
substrate (—)-1j.

Conclusions

In summary we have demonstrated that cyclopropyl-cyclo-
propyl rearrangement can be achieved selectively by intra-
molecular trapping of CPM ions with an internal nucleophile.
This can be exploited as a useful method for the introduction
of a eyclopropyl group into complex molecules using readily
accessible disubstituted cyclopropane intermediates.
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Bis(trichloroacetimidoyloxymethyl)jcyclopropanes provide intramolecular amination products of intermediate cyclobutyl or cyclopropyl-
methyl carbenium ion when exposed to Lew id catalyst or thermal jonization. The ratio of the two amination products of cyclobutyl
tuent at the alkoxymethyl group of the substrate and can be altered by the solvent used and
s. An oxazoline derivative forms as the major amination product in the case of unsubstituted bis(trichlo-
roacetimidoyloxymethyl)cyclopropane or if the substrate contains isopropyl or alkoxymethyl substituents. The amination of cyclobutyl
carbenium ion formed in situ proceeds with high diastereoselectivity leading to exclusive formation of trans-cyclobutane derivatives.
The latter can be transformed to N-Boc-protected cyclobutane-based amino alcohols in high yields.

Keywords: amino alcohol, carbenium ion, cyclobutane, 5-oxa-7-azaspiro[2.5]oct-6-ene, 5-oxa-7-azaspiro[3.4Joct-5-ene, 1,3-oxazine,
oxazoline, trichloroacetimidate, Lewis acid.

Cyclopropylmethyl cation, due to its nonclassical nature, ~ Scheme 1
can be attacked at three possible sites leading to —

homoallyl,""! cyclopropylmcthyl,lﬁu 2 or cyclobutylt'!'% @)&
derivatives. As a part of our ongoing interest to develop the f R N
I . . . 2124 fo) _— i R
amination reactions of carbenium ions, we have HN cre
investigated amination of the cyclopropylmethyl cation® &
dependi ituti in bi CBC a1 2
epending on the cyclopropane substitution pattern in bis-
(trichloroacetimidate) system 1. Based on our previous
research it could be predicted that in substrate 1, the “
imidate function at the most substituted carbon will act as a HN
leaving group when activated with Lewis acid.*'*** This R )—cch Y@,R R
" i i hich i i Activation
Yaululd gcncram carbenium ion ‘WhlGh is trapped with ul#]cr HNL O H -5 N
imidate moiety as N-nucleophile (Scheme 1). Depending \(_‘r
on the regioselectivity of the intramolecular imidate attack >/—CC\3 CkC a2 Ch
on the carbenium ion the following products could be HN 3
expected: [3.4]-spirocyclic oxazoline 2 if cyclobutyl 1 ”
carbenium ion Al is aminated: [2.5]-spirocyclic dihydro- @
oxazine 3 if cyclopropylmethyl carbenium ion A2 is HLC CkC. N
aminated; tetrahydrooxazepine derivative 4 if homoallylic R 2//
ion A3 is aminated. Oxazoline derivatives 2 are precursors —_—
of cyclobutane-based B-amino alcohols and e-amino acids HN, O b
with potential .utihry in ‘mcqicinal chemistry.”  This che 4 R
prompted us to investigate if this type of products can be L A3 _

prepared from readily available bis(imidates) 1.
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Diol 7a for the synthesis of bis(imidate) 1a is com-
mercially available. The synthesis of other diols 7b-f was
started from P-ketoesters Sb—f which were alkylated with
dibromocthane to give esters of l-acyleyclopropane
carboxylic acids 6b—f (Scheme 2). The latter were reduced
to diols 7b—f and all the diols 7a—f were transformed to bis-
(imidates) 1a—f in DBU-catalyzed reaction.

Scheme 2
o o (CH2Brz)2
j/\f KoCOjy, cat. TBAB O, LiAH,
—_— —i
R'O R DMF, rt Rlo0 R THF,0°C—rt
Sb_f 70-97% Gbf 72-97%
Cl3CCN R
. R cat. DBU
— " HN H
H DGCM, 0°C Y \H"
oy T1E3% g &ch
T 1a-f
1,7aR=H;

1,57bR=Ph,R' =Et;c R =n-Pr,R'=Et; d R=i-Pr,R" = Me;
e R=CH:OMe, R =Me; f R= CH;OBn, R' =Et

Bis(trichloroacetimidate) 1a derived from 1,1-bis(thydroxy-
methyl)cyclopropane (7a) was subjected to a range of acid
catalysts to induce the carbenium ion formation (Table 1).
Under these conditions, the formation of two main
amination products — spirocyclic oxazoline 2a and dihydro-
oxazine 3a, was observed by NMR spectroscopy while
tetrahydrooxazepine derivative 4 was no detected.

The ratio of oxazoline 2a and dihydrooxazine 3a varied
depending on the acid catalyst and the solvent used.
Brensted acid catalyst (TsOH) provided products 2a and 3a
in equal ratio (Table 1, entry 1). Out of the two mono-

Table 1. Bis(imidate) 1a rearrangement product 2a vs
oxazine 3a formation depending on acid catalyst and solvent

Catalyst (10 mol %) % g b
———
N
T

HN O~ =NH “Solvent, 4 A MS, rt z/ -
ClsC Cly Ch CCls
1a 2a 3a
Eniry Catalyst Solvent Time,h Conversion,%* ,Fo0
1 p-TsOH DCM 24 =99 1:1
2 TMSOTT DCM 1.5 =99 1.7:1
3 BF:-OFEt; DCM 24 =09 6.6:1
4 FeCls MeCN 24 ~50 43:1
5 FeCls Et.0 24 =99 3:1
6 FeCls DCM 24 =09 5.6:1
7 AlCl; MeCN 24 50 26:1
8 AlCl; Et.0 24 =09 (75%*) =99:1
9 AlCl; DCM 0.1 =09 =09:1
*TLC and GC-MS data.
** Isolated yield of compound 2a.
wkk (GC-MS data.
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Table 2. Bis(imidate) 1b rearrangement product 2b vs oxazine 3b

formation depending on Lewis acid and solvent used
Ph

%

+

Catalyst (10 mol %) %
—_— NY

HN,
0 NH Solvent, 4 AMS, rt O =N
e cely CChL  CCh
2b 3b
Entry Catalyst Solvent Ratio 2b:3b*
1 BF;-0EL, DCM 1:8.4 (85%%*)
2 AlCI DCM 1:299
3 AlCI PhMe 1:299
* GC-MS data.

** Yield of oxazine 3b.

coordinating Lewis acid catalysts investigated (entries 2, 3),
BF:-Et;0 induced considerably improved amination
product ratio in favor to compound 2a. The efficiency of
multicoordinating Lewis acids FeCl; and AICL was
investigated in several solvents. Acctonitrile inhibited the
reaction leading to incomplete conversion of starting
material 1a (entries 4, 7). In the case of FeCl; as a Lewis
acid, DCM was superior to Et,0 for more sclective
oxazoline 2a formation (entries 5, 6) while in the case of
AICl, oxazoline 2a formed exclusively in both solvents
(entries 8, 9). From the experiment using AICL as catalyst
in Et,0, product 2a was isolated in 75% yield.

Next, bis(imidate) 1b bearing phenyl substituent was
subjected to the action of BF,'EtO and AICL as Lewis
acid catalysts (Table 2). For this substrate, both catalysts
induced preferential formation of dihydrooxazine 3b as a
product of cyclopropylmethyl carbenium ion A2 amination.
Such regioselectivity could be explained by stabilizing
effect of the phenyl substituent on the carbenium ion that
induced clectron distribution in the favor to cyclopropyl-
methyl carbenium ion A2 (Scheme 1).

When bis(imidate) 1c bearing n-propyl substituent
was treated with the catalysts, such as TMSOTT,
Cu(OTh); CeHg, the desired oxazoline 2¢ formed as the
minor product (Table 3, entries 1, 2). Surprisingly, in the
case of AICly the ratio of products 2¢ and 3e¢ was found to
be highly favorable to oxazoline 2¢ (entry 3). However, the
isolated yield of product 2¢ was low (37%) which
prompted us to investigate the reaction more carefully.
When the reaction was performed at lower temperature
(=50°C, 2 h) in the presence of AICI,, the ratio of products
2¢ and 3¢ was 1:1 and NMR yield of oxazoline 2¢c was 45%
(using 1,4-bis(trichloromethyl)benzene as an internal
standard). Increasing the temperature (rt, 3 h) led to
selective formation of oxazoline 2e¢ (product ratio 2e/3e
>99:1) with the same NMR yield — 45%. This implies that
dihydrooxazine 3¢ slowly decomposes under the reaction
conditions resulting in the increased content of oxazoline
2c. The performance of several Lewis acid catalysts was
also investigated in diethyl ether as a solvent. In the case of
TMSOTT, almost exclusive formation of dihydrooxazine 3¢
was observed (entry 4), while nonselective reaction took
place in the case of FeClyand BFyEtO (entries 5, 6).
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Table 3. Bis(imidate) ¢ rearrangement product 2¢ vs
oxazine 3¢ formation depending
on the reaction conditions

Table 4. Bis(imidate) 1d rearrangement product 2d vs
dihydroxazine 3d formation depending
on the reaction conditions

n-Pr Pr
Xrn—l:’r Catalyst (10 mol %) C]_:\ %,rmr X{,J’-Pr Cata\yst(WOAmol %) L Pr
Solvent, 4AMS, it _ 3 Sclvent, 4AMS, it =
— e - O+ Hi ———— = N.. _O+0__N
NG O\fNH or no catalyst e o O‘fNH or no catalyst = =
Clc . CClh Solvent, A CClz  CCly ChC CCh Solvent, A CCly  CCly
¢ 2 3¢ 2d 3d
Entry Catalyst Solvent Time Ratio 2e:3¢* Entry  Catalyst Solvent  Time 2':’”3"‘;; ”rm:'xtni';ﬁ”‘ v,
! TMSOTE DCM 10 min 1:3.8 1 TMSOTT  PaMe 3min  29:1 66
2 CuOTH-GHe  DEM 10 min 157 2 BFOE,  PhMe 3min 9.l 67 (70%%4%)
3 AICI DCM I5h 4007 (37%%0%) . )
3 AICL PhMe  3min 4601 70
4 TMSOTE ELO 15h 1:299
4 TMSOTT DCM  3min  19:1 67
5 FeCl; ELO 55h 14:1
) . ) 5 BFELO  DCM  dmin 231 73
3 BE,-OFL, ELO 3min 14:1
; ™ ELO 2dys 1721 (59%%%) 6 AlC DCM  2min 301 76
8§ _wd THF 20h 1:2(26%*%) 7 — PhMe 3h 71 89 (85*H¥)
9 _wd PhMe 30 min 2.1 (64%*) 8 A Dioxane  35h 21 60
¥ GO-MS data, * GC-MS data.

#* Dihydrooxazine 3¢ decomposes during the reaction.

##% [solated yield of oxazoline 2e.

+ Refluxing.

** NMR yield determined using 1.4-bis(trichloromethyDbenzene as an
intemal standard.

Bis(imidate) le was also subjected to thermal ionization
conditions by refluxing in the selected solvents (entries 7-9).
The reactions in Et;0 and THF required long reaction time
to achieve full conversion of starting material 1e, while the
reaction proceeded in acceptable time in toluene. Thermal
reaction conditions induced the formmation of both
oxazoline 2¢ and dihydrooxazine 3¢ with little preference
for the rearrangement product 2¢ in EtO and toluene as the
solvents. The NMR yields of oxazoline 2¢ were determined
in crude reaction mixtures which were in accordance with
the ratio of compounds 2¢ and 3c.

Bis(imidate) 1d bearing bulky isopropyl substituent
gave the mixture of products 2d and 3d with preference for
oxazoline 2d formation in Lewis acid-catalyzed (TMSOTH,
BF;-Et;0, AICL,) reaction (Table 4). The NMR yiclds of
product 2d were determined in the crude reaction mixture.
These were similar for all the reaction conditions
investigated, however the ratio of products 2d and 3d was
different. This indicates the difference in stability of
dihydrooxazine 3d depending on Lewis acid, as it was
observed in the case of analog 3c¢. Using BFyEt:0 as a
catalyst, the best ratio of products 2d and 3d was obtained
and in this case, the product 2d was isolated in the yield
which matched the NMR yield (entry 2). Thermal bis-
(imidate) 1d cyclization in two solvents was also per-
formed (entries 7, 8). The reaction in toluene provided
products 2d and 3d with high preference for the desired
oxazoline 2d which was isolated in high yield.

Oxymethyl group-containing imidates lef were
subjected to both Lewis acid-catalyzed (BF,-Et;O) (Table 5,
entries | and 3) and thermally induced (toluene at reflux)

#* Determined using 1 4-bis(trichloromethyljbenzene as an intemal standard.
#x# Isolated yield of compound 2d.
“* Refluxing.

cyclization (entries 2 and 4). Comparing both the ratio of

cyclization products 2e,f and 3ef and the NMR yields, it

was observed that thermally induced reaction leads to
higher yields of oxazolines 2ef. This was confirmed by
high isolated yields of these compounds. It is an interesting
to note that oxymethyl group-containing bis(imidates) le.f
give higher yield of oxazolines 2e,f compared to propyl-
substituted bis(imidate) 2c. This could be explained by
destabilizing (~I) effect of oxygen on carbenium ion which
shifts the electron density in favor to cyclobutyl carbenium
ion Al.

Table 5. Bis(imidate) 1e,f rearrangement product 2e,f vs
dihydroxazine 3e f formation depending
on the reaction conditions

OR?
WRZ BF3ELO (10 mol %) OR?
CHxCh, 4 AMS, 1t X‘)
H O ORFNH or PhMe, A I‘i\ * O_ N
Cle Ccls cch  CCh
Tef eR?=Me, fRZ=Bn zef 3ef
Enry  R? t':;:tlt:::::s Ratio 2e(f):3e(*  Yield, %**
I Me  BFOELn 39:1 55
2 Me  PhMe 115°C 91 68 (80*+%)
3 Bn  BF,OEL 1t 321 49
4 Bn  PhMe, 115°C 7.0 708544
* GO-MS data.
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** Summary yield of compounds 2 and 3 determined by NMR spectro-
scopy, using 1 4-bis{trichloromethyljhenzene as an intemal standard.

wik Isolated yield of mixture of products 2e.f and 3e.f.
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Scheme 3. Stereoinduction model for the formation
of oxazolines 2¢-f as trans-isomers

ClaC._y

H <
A NoE
o @
1c—Ff —= ¢ — 3 H
N O
K T
Al CCl3
2c-f
Table 6. Hydrolysis of oxazolines 2a,e-f
to l-aminocyclobutylcarbinols 8a,e—f
R R
EZ:\ 1.6 MagHCI,EtOH, A, Th
H —_—
N.. O 2. BogO,sat.agNaHCO; 3
EtDAc.1t, 12h BocHN  OH

CCly

2ac—f 8a,c—f

Entry Product R Yield, %
1 8a* H 59
2 8¢ n-Pr 89
3 8d i-Pr 0
4 8e CH-OMe 73
5 8r CH>OBn 69

* Commercially available.

It is noteworthy that bis(imidates) le—f provided
oxazolines 2c—f as a single diastercomers with frans confi-
guration. The configuration of these products was con-
firmed by 2D NMR NOESY experiments (see Scheme 3
for diagnostic interactions). Such a stereochemical outcome
could be explained by stereoinduction model where the
amination takes place from the sterically less hindered face
of close-to-planar cyclobutyl carbenium ion Al.

In order to demonstrate the utility of oxazolines, these
were transformed to Boc-protected cyclobutane-based
amino alcohols 8a,c—f in moderate to good yields (Table 6).
For this purpose, oxazolines 2a,c—f were hydrolyzed in
acidic conditions and the resulting amino alcohols were
treated with Boc,O in weakly basic conditions.

Bis(trichloroacetimidoyloxymethyl)cyclopropanes  provide
an intramolecular amination products of intermediate
cyclobutyl carbenium ion or cyclopropylmethyl carbenium
ion when exposed to acid catalysis or thermal ionization.
The ratio of the two amination products depends primarily
on the substituent at the oxymethyl group of the substrate
and can be altered by the solvent and the ionization
conditions. Amination product of cyclobutyl carbenium ion —
oxazoline, forms as a major product in the case of
unsubstituted bis(trichloroacetimidoyloxymethyl)cyclopro-
pane or if the substrate contains isopropyl or oxymethyl
substituent. The amination of in siru formed cyclobutyl
carbenium ion proceeds with high diastercoselectivity
leading to exclusive formation of #rans-cyclobutane-
containing oxazolines. These can be transformed to N-Boc-
protected cyclobutane-based amino alcohols in high yields.
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Experimental

'H and “C NMR spectra were recorded on a Varian
Mercury spectrometer (400 and 100 MHz, respectively)
using the residual chloroform signal as internal standard.
LC/ESI-MS were performed on a Waters 2695 Alliance
instrument, column: Phenomenex, Gemini 5u C18 110A,
50 » 2 mm, 5 pm; mobile phase: acctonitrile — 0.1% aq
HCOOQH. Flash chromatography was carried out using
Merck Kieselgel (230-400 mesh). Elemental analyses were
performed wusing a Carlo-Erba EA1108  Elemental
Analyzer. Thin-layer chromatography was performed on
silica gel and was visualized by staining with KMnO.. All
reactions were carried out under argon atmosphere.
Solvents were purified and dried by standard procedures
prior to use; petroleum cther of boiling range 60-80°C was
used. Reagents and starting materials were obtained from
commercial sources and used as received.

Ethyl  1-benzoyleyclopropanecarboxylate  (6b).*
K:COs (6.910 g, 50.0 mmol) followed by 1,2-dibromo-
cthane (2.25 ml, 26.0 mmol) and TBAB (0.032 g,
0.1 mmol) were added to a solution of f-oxoester 5b (3.844 g,
20.0 mmol) in DMF (12 ml). The mixture was stirred at
room temperature for 20 h till the full consumption of
starting material (TLC control: cluent petroleum ether —
EtOAc, 10:1). To the reaction mixture, EtOAc (25 ml) and
H,0 (35 ml) were added and the organic phase was separated.
The ageuous phase was washed with EtOAc (3 x 25 ml)
and the combined organic phases were washed with
saturated agenous NaCl (2x30 ml). Combined organic
phase was dried over Na»SO,, filtered, and concentrated
under reduced pressure. Yield 4.250 g (97%). Colorless oil.
Compound 6b was used for the next step without additional
purification. '"H NMR spectrum, &, ppm (J, Hz): 0.95 (3H,
t,J = 7.0, OCH,CHz): 1.51-1.55 (2H, m, CH:CH>): 1.59—
1.62 (2H, m, CH:CH>); 4.04 (2H, q, J = 7.0, OCH,CHa);
7.42-746 (2H, m, H Ph); 7.53-7.56 (1H, m, H Ph); 7.89—
7.91 (2H, m, H Ph).

Ethyl 1-butyrylcyclopropanecarboxylate (6c) was
prepared analogously to compound 6b from B-oxoester 5S¢
(3.704 g, 20.0 mmol), K,CO; (6.910 g, 50.0 mmol),
(CHy),Br; (2.25 ml, 26.0 mmol), TBAB (0.032 g,
0.1 mmol), DMF (15 ml). Yield 2.865 g (80%). Colorless
oil. "HNMR spectrum, 6, ppm (/. Hz): 0.91 (3H. t, J= 7.3,
CH,CH.CH.); 1.28 (3H, t, /= 7.1, OCH,CH,); 1.42 (4H, s,
CH,CH,); 1.58-1.66 (2H, m, CH,CH,CH,); 2.81 (2H, t,
J =73, CH,CH,CH,); 4.20 (2H, q. J = 7.1, OCH,CHa).
'*C NMR spectrum, 8, ppm: 13.9; 14.3; 17.8; 18.5; 35.0;
44.0; 61.4; 171.3; 205.5. Found, m/z: 185.1197 [M+H] .
CoH50s. Calculated, m/z: 185.1178.

Methyl  1l-isobutyrylcyclopropanecarboxylate (6d)
was prepared analogously to compound 6b from B-oxoester
5d (4.040 g, 28.00 mmol), K2COs (9.682 g, 70.00 mmol),
(CH:2):Br: (3.15 ml, 3640 mmol), TBAB (0.045 g,
0.14 mmol), DMF (20 ml). Yield 3.425 g (73%). Yellow
oil. "H NMR spectrum, 8, ppm (J, Hz): 1.10-1.12 (6H, m,
CH(CHs),): 1.41-1.44 (4H, m, CH.CH,); 3.38 (1H, septet,
J = 68 CH(CHy)); 3.74 (3H, s, OCHy). ""C NMR
spectrum, &, ppm: 18.2; 19.2; 33.9; 39.3; 52.5; 171.9;
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209.4. Found, m/z: 171.1015 [M+H]*l CyH,50. Calculated,
miz: 171.1021.

Methyl 1-(2-methoxyacetyl)cyclopropanecarboxylate
(6e) was prepared in analogy to compound 6b from
B-oxoester Se (1.470 g, 10.00 mmol), K,CO, (3470 g,
25.11 mmol), (CH;),Br; (1.57 ml, 13.00 mmol), TBAB
(0.016 g, 0.05 mmol), DMF (15 ml). Yield 1.198 g (75%).
Colorless oil. "H NMR spectrum, 8, ppm (J, Hz): 1.51-1.58
(4H, m, CH,CH,); 341 (3H, s, CH,OCH,); 3.73 (3H, s,
OCH,); 4.50 (2H, s, CH,OCH;). “C NMR spectrum, &, ppm:
19.6; 32.9; 52.3; 59.3; 77.8; 171.0; 202.7. No ionization in
HRMS or GC/MS.

Ethyl 1-|2-(benzyloxy)acetyl]cyclopropanecarboxylate
(6f) was prepared analogously to compound 6b from
B-oxoester 5f (1.000 g, 4.23 mmol), K:CO; (146 g,
10.58 mmol), (CH2):Br: (0.66 ml, 5.50 mmol), TBAB
(0.01 g, 0.02 mmol), DMF (10 ml). Yield 0.776 g (70%).
Colorless oil. "H NMR spectrum, 8, ppm (J, Hz): 1.21 (3H,
t,.J =72, OCH:CH:); 1.48-1.54 (4H, m, CH;CHz); 4.14 (2H,
q..J =72, OCH:CH:); 4.57 (4H, s, OCH:Ph, OCH:C(=0));
7.27-7.35 (5H, m, H Ph). C NMR spectrum, &, ppm: 4.0;
19.3; 33.3; 61.3; 73.5; 75.3; 127.9 (2C); 128.5; 137.5;
170.6; 202.9. Found, m/z: 285.1103 [M+Na]". C;sH;;O;Na.
Calculated, m/z: 285.1103.

[1-(Hydroxymethyl)cy clopropyl] (phenyhmethanol (7b).**
A solution of B-oxoester 6b (1.000 g, 4.58 mmol) in THF
(20 ml) was cooled in an ice bath, and LiAIH, (0.696 g,
18.33 mmol) was added in small portions. The reaction
mixture was warmed to room temperature and stirred for
~0.5 h until full consumption of the starting material (TLC
control, eluent EtOAc). The reaction mixture was cooled in
an ice bath and quenched with saturated aqueous Segnet's
salt (20 ml). The mixture was extracted with EtzO (3=30 ml).
The combined organic phase was dried over Na:SOy4 and
cvaporated under reduced pressure to give product 7h.
Yield 0.794 g (97%). Colorless oil. 'H NMR spectrum,
8, ppm (J, Hz): 0.50-0.56 (1H, m), 0.63-0.69 (2H, m), and
0.70-0.75 (1H, m, CH:CH;); 2.20 (1H, t,./ =4.9, CH;OH);
3.06 (IH, d, J = 4.4, CHOH); 3.23 (1H, dd, J = 11.4,
J=44)and 3.76 (1H, dd, J= 11.4, J= 4.4, CH,OH); 4.50
(1H, d,J=3.8, CHOH); 7.27-742 (5H, m, H Ph).

1-[1{Hydroxymethyl)cyclopropyl|butan-1-0l (7¢) was
prepared analogously to compound 7b from [-oxoester 6c
(2.86 g, 15.5 mmol), LiAlH, (1.76 g, 46.5 mmel), THF
(40 ml). Yield 2.030 g (92%). Yellowish oil. '"H NMR
spectrum, 8, ppm (J, Hz): 0.33-0.39 (2H, m, CH,CH,);
0.52-0.59 (2H, m, CH.CH;); 090 (3H, t, J 7.2,
CH>CHa); 1.28-1.68 (4H, m, CH>CH>CHa,); 3.02 (2H, dd.
J=11.6,J = 5.1, CH,OH ); 3.33-3.56 (2H, br. s, 20H);
4.06 (1H, d, J= 12.0, CHOH). BC NMR spectrum, 8, ppm:
8.1; 10.5; 14.2; 19.6; 26.1; 36.8; 67.7; 78.8. Found, m/z:
167.1090 [M+Na]+. CyoH; 704, Caleulated, m/z: 167.1048.

1-[1-(Hydroxymethyl)cyclopropyl|-2-methylpropan-
1-ol (7d)* was prepared analogously to compound 7b from
p-oxoester 6d (1.300 g, 7.64 mmol), LiAlHs (1.159 g.
30.55 mmol), THF (20 ml). Yield 0.722 g (72%). Colorless
oil. "H NMR spectrum, 8, ppm (J, Hz): 0.47-0.61 (4H, m,
CH,CHs); 0.94 (3H, d, /= 6.9) and 1.06 (3H, d, J = 6.4,
CH(CHs)y): 1.60 (1H, br. s, OH); 2.00-2.09 (1H, m,
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CH(CHa)): 2.44 (1H, br. s, OH); 2.50 (1H, d, J = 9.6,
CHOH); 2.95 (1H, d, J =11.4) and 426 (1H, d, J = 11.4,
CH:OH).
1-[1-(Hydroxymethyl)cyclopropyl]-2-methoxyethanol
(7e) was prepared analogously to compound 7b from
p-oxoester 6e (1.07 g, 6.21 mmol), LiAlHy (0.94 g,
2.49 mmol), THF (35 ml). Yield 0.69 g (74%). Colorless
oil. "H NMR spectrum, 8, ppm (J, Hz): 0.45-0.52 (2H, m,
CH,CH,); 0.59-0.66 (2H, m, CH,CH,); 2.68 (lH, d,
J=3.6,0H);2.84 (1H, dd, J = 6.3, /= 5.0, OH); 3.25 (1H,
dt, J = 72, J = 3.5, CH,OCH,); 337343 (4H, m,
CHROCH,); 3.53-3.67 (3H, m, CH,OH, CHCH,OCHs,).
“C NMR spectrum, 8, ppm: 7.7; 10.7; 24.5; 59.2; 67.1;
75.2; 76.6. Found, m/z: 169.0875 [M+Na]+. CiHsNaOa.
Calculated, m/z: 169.0841.
2-(Benzyloxy)-1-[ 1<(hydroxymethylcyclopropyl]ethanol
(7f) was prepared analogously to compound 7b from
B-oxoester 6f (0.430 g, 1.64 mmol), LiAlHy (0.249 g,
6.56 mmol, 4 equiv), THF (15 ml). Yield 0.340 g (93%).
Crystaline white solid. Mp 69-70°C. "H NMR spectrum,
8, ppm (J, Hz): 0.42-0.49 (2H, m, CH,CH,); 0.56-0.63
(2H, m, CH,CH;); 3.06 (2H, s, CH,OH); 3.30 (2H, br. s,
20H): 3.62-3.70 (3H, m, OCH,CHOH); 4.58 (2H, d.
J = 2.0, OCH,Ph); 7.27-7.37 (SH. m, H Ph). *C NMR
spectrum, 8, ppm: 7.7; 10.7: 24.3; 67.3; 72.8; 73.7; 76.7;
127.9; 128.0; 128.6; 137.7. Found, %: C 70.29; H 8.20.
C3Hg0s. Caleulated, %: C 70.24, H 8.16.
Cyclopropane-1,1-diyldimethanediyl bis(2,2,2-trichloro-
ethanimidoate) (1a). Molecular sieves (4 A) and DBU
(25 ml, 0.17 mmol) were added to a solution of diol 7a
(0.086 g, 0.84 mmol) in DCM (5 ml). The resulting
mixture was cooled in an ice bath and trichloracetonitrile
(0.34 ml, 3.36 mmol) was added. The reaction was stirred
while cooling in an ice bath for 4 h until complete
consumtion of the starting material (TLC control, cluent
EtOAc—hexane, 1:10). The reaction mixture was filtered
through a short pad of Celite and the filtrate was evapo-
rated. The residue was purified by flash chromatography on
silica gel column (eluent EtOAc — petroleum ether, 1:20) to
give product Ia. Yield 0.270 g (82%). Colorless oil.
"H NMR spectrum, 8, ppm: 0.76 (4H. s, CH,CH,); 4.27
(4H. s, 2CH,OC(=NH)); 8.25 (2H, s. 2NH). “C NMR
spectrum, 8, ppm: 9.2; 19.7; 72.5; 91.6; 163.1. The product
is unstable in the HRMS conditions.
[Phenyl(1-{[(2,2,2-trichloroethanimidoyl)oxy|methyl}-
cyclopropyl)methyl 2,2,2-trichloroethanimidoate (1b)
was prepared analogously to compound la from diol 7b
(0.190 g, 1.07 mmol), DBU (32 ml, 0.213 mmol), CClL,CN
(0.33 ml, 3.20 mol), DCM (7 ml). Yield 0.354 g (71%).
Yellow oil. "H NMR spectrum, &, ppm (J, Hz): 0.67-0.81
(3H, m) and 0.92-0.96 (1H, m, CH.CH:); 4.02 (1H, d,
J=11.6) and 4.34 (1H, d, J = 1 1.6, CH;OC(=NH)); 6.11
(1H, s, CHPh); 7.27-7.42 (5H, m. H Ph): 8.21 (1H, s, NH):
8.27 (1H, s, NH). "C NMR spectrum, &, ppm: 7.6; 8.4;
24.1; 73.2; 80.8; 91.6; 91.8; 126.9; 128.3; 128.4; 137.3;
161.4; 163.0. The product is unstable in the HRMS conditions.
(1-{1-](2,2,2-Trichloroethanimidoyl)oxy|butyl}cyclo-
propyl)methyl 2,2,2-trichloroethanimidoate (Ic) was
prepared analogously to compound 1a from diel 7e (1.72 g,
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11.91 mmol), DBU (0.36 ml, 2.38 mmol), CCl:CN (4.81 ml,
47.64 mmol), DCM (35 ml). Yield 420 g (82%). Yellowish
oil. "H NMR spectrum, 6, ppm (J, Hz): 0.62-0.67 (1H, m),
0.71-0.76 (1H, m), and 0.77-0.82 (1H, m, CH;CH>); 0.88—
095 (4H, m, CH,CH, CH,CH,): 140-1.52 (2H, m,
CH,CH,CH,); 1.80-1.98 (2H, m, CH,CHOC(=NH)); 3.96
(1H, d, /=12.0) and 4.65 (1H, d, J = 12.0, CH,OC(=NH));
4.74 (1H. dd, J= 8.5, /= 5.0, CH;,CHOC(=NH)): 8.24 (2H.
s, 2NH). “C NMR spectrum, &, ppm: 8.7; 10.7 14.1; 19.3;
22.9; 35.1; 72.9; 83.3; 91.6; 92.1; 162.9; 163.1. The
product is unstable under the HRMS conditions.

2-Methyk1-(1-{[(2,2,2-trichloroethanimidoyhoxy| me-
thyl}cyclopropyl)propyl 2.2.2-trichloroethanimidoate (1d)
was prepared analogously to compound la from diol 7d
(2.04 g, 14.1 mmol), DBU (2.10 ml, 14.1 mmol), CCl,CN
(2.84 ml, 28.3 mmol), DCM (30 ml). Yield 4.34 g (71%).
Colorless oil. "H NMR spectrum, &, ppm (J, Hz): 0.52-0.57
(1H, m), 0.76-0.82 (1H, m), 0.83-0.88 (1H, m), and 0.90—
0.97 (1H, m, CH:CH:); 0.99 (3H, d, J = 7.2, CHCHa); 1.10
(3H, d, J = 7.2, CHCHL.); 2.24-2.39 (1H, m, CH(CHa),); 3.84
(1H, d, J = 12.1, CH\OC(=NH)): 447 (1H, d, J = 9.8,
CHOC(=NH)); 4.71 (1H, dd, /= 12.1,J =12, CHyOC(=NH));
8.23 (2H, s, 2NH). BC NMR spectrum, 8, ppm: 9.8; 9.9;
19.6; 20.0; 21.8; 32.3; 73.1; 88.7; 9L.6; 92.2; 163.1; 163.3.
The product is unstable under the HRMS conditions.

(1-{2-Methoxy-1-[(2,2,2-trichloroethanimidoyl)oxy|-
ethyl}cyclopropyl)methyl 2.2.2-trichloroethanimidoate
(le) was prepared analogously to compound 1a from diol
Te (0.400 g, 2.74 mmol), DBU (82 ml, 0.55 mmol),
CCLCN (0.82 ml, 8.21 mmol), DCM (10 ml). Yield 0.952 g
(80%). Colorless oil. "H NMR spectrum, 8, ppm (J, Hz):
0.64-0.69 (1H, m), 0.77-0.84 (2H, m) and 0.97-1.02 (1H,
m, CH;CH:); 3.35 (3H, s, OCH;); 3.80-3.82 (2H, m), 3.89
(1H, d, J = 12.1), and 4.65 (1H, dd, J = 11.9, J = 1.0,
2CHo); 4.97 (1H, dd, J = 4.2, J = 7.0, CHOC(=NH)); 8.26
(1H, s, NH); 8.34 (1H, s, NH). BC NMR spectrum, 8, ppm:
8.7; 10.6; 21.4; 59.3; 72.9; 73.8; 81.7; 91.5; 92.0; 162.9
(2C). Found, miz: 4549072 [M+Na]. CH:CIgN2NaOs.
Calculated, 54.9033.

(1-{2-(Benzyloxy)-1-[ (2,2,2-trichloroethanimid oyljoxy|-
ethyl}cyclopropyl)methyl 2,2,2-trichloroethanimidoate
(1f) was prepared analogously to compound 1a from diol
7f (0291 g, 1.31 mmol), DBU (39 ml, 0.26 mmol),
CCLCN (0.4 ml, 3.93 mmol), DCM (10 ml). Yield 0.550 g
(83%). Yellowish oil. '"H NMR spectrum, 8, ppm (J, Hz):
0.64-0.69 (1H, m). 0.76-0.84 (2H, m), and 1.02-1.07 (1H,
m, CH>CH,); 3.85 (1H, d, J = 11.3), 3.89-3.94 (2H, m),
4.54-4.61 (2H, m), and 4.66 (1H, dd, J = 11.3, J =09,
3CHy); 5.04 (1H, dd, J = 74, J = 44, OCH,CHOC(=NH));
7.23-7.33 (5H, m, H Ph); 8.23 (1H, s, NH); 8.38 (1H, s,
NH). "C NMR spectrum, 8, ppm: 8.6: 10.8; 21.4; 71.3;
72.9; 73.3; 82.1: 9L.4; 92.0; 127.6; 127.7; 128.4; 138.3;
162.8 (2C). Found, m/z: 530.9393 [M+Na]". C;7H;sN:NaOs.
Calculated, m/z: 530.9346.

Cyclization of bis(imidate) 1 (General method A). Bis-
(imidate) 1 (1.00 mmol) was dissolved in the selected
solvent (10 ml) under argon atmosphere. To this solution,
4 A molecular sieves were added followed by Lewis acid
(0.10 mmol, 10 mol %). The mixture was stirred at room
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temperature until full consumption of the starting material.
(TLC control, cluent EtOAc—hexane, 1:8). The reaction
mixture was filtered through the short Celite column, and
the filtrate was evaporated. The residue was purified by
flash chromatography on silica gel column (eluent EtOAc —
petroleum ether, 1:8) to give products 2 and/or 3.

(General method B). Bis(imidate) 1 (1.00 mmol) was
dissolved in the selected solvent (10 ml) under argon
atmosphere; 4 A molecular sieves were added to this
solution. The reaction mixture was set to reflux until
complete consumption of the starting material (TLC
control, eluent EtOAc-hexane, 1:8). The reaction mixture
was filtered through the short Celite column, and the
filtrate was evaporated. The residue was purified by flash
chromatography on silica gel column (eluent EtOAc —
petroleum ether, 1:8) to give products 2 and/or 3.

6-(Trichloromethyl)-7-oxa-5-azaspiro|3.4|oct-5-ene (2a)
was prepared using general method A from bis(imidate) 1a
(See Table 1). Colorless oil. '"H NMR spectrum, &, ppm:
1.74-1.86 (1H, m) and 2.06-2.22 (3H, m, CH.CH:CH:);
2.47-2.55 (2H, m, CH,CH:CH»): 4.56 (2H, s, CHx0).
C NMR spectrum, 8, ppm: 14.9; 34.9; 72.8; 82.1; 86.9;
161.5. Found, m/z: 227.9747 [M+H]. CH,CLNO.
Calculated, m/z: 227.9750.

6-(Trichloromethyl)-5-oxa-7-azaspiro|2.5]oct-6-ene (3a)
was isolated as by-product using general method A from
bis(imidate) la (see Table 1). Colorless oil. 'H NMR
spectrum, &, ppm: 0.67-0.68 (4H, m, CH,CH,); 3.46 (2H,
s, CH»0); 4.10 (2H, s, CH,N).

8-Phenyl-6-(trichloromethyl)-5-o0xa-7-azaspiro|2.5]oct-
6-ene (3b) was prepared using general method A from bis-
(imidate) 1b. Yield 0.062 g (85%) (see Table 2). Yellow
oil. "H NMR spectrum, 3, ppm (J, Hz): 0.48-0.53 (1H, m)
and 0.63-0.73 (3H, m, CH»CHz): 4.00 (1H, dd, J = 10.9,
J=1.0) and 422 (1H, d, J = 10,9, CH:0); 449 (1H, s,
CHPh); 7.15-7.38 (5H, m, H Ph). BC NMR spectrum,
8, ppm: 6.8; 10.2; 19.5; 62.3; 72.8; 92.6; 127.7 (2C); 128.4;
139.6; 155.0. Found, m/z: 304.0102 [M+H] . C13H:CLNO.
Calculated, m/z: 304.0063.

1-Propyl-6-(trichloromethyl)-7-0xa-5-azaspiro|3.4]oct-
5-ene (2c) was prepared using general method A from bis-
(imidate) le (see Table 3). 'H NMR spectrum, &, ppm
(J. Hz): 090 (3H, t, J = 7.2, CHs): 1.18-1.48 (5H, m,
CHCH,CH,CH;); 1.95-2.01 (1H, m) and 2.05-2.13 (1H,
m, CH,CH,CH); 2.50-2.57 (1H, m) and 2.67-2.75 (1H, m,
CH,CH,CH): 4.36 (1H, d, /=9.0) and 4.85 (1H, d. /= 9.0,
CH,0). “C NMR spectrum, 8, ppm: 14.2; 20.0; 22.5; 32.4;
33.0; 44.0; 75.0; 76.9; 86.8; 161.1. Found, m/z: 270.0259
[M+H]". CiyH;sCLNO. Calculated, m/z: 270.0219.

8-Propyl-6-(trichloromethyl)-5-oxa-7-azaspiro[2.5]oct-
6-ene (3c) was isolated as by-product using general method
A from bis(imidate) 1c (see Table 3). Colorless oil. "H NMR
spectrum, 8, ppm (J, Hz): 0.56-0.72 (3H, m) and 0.68-0.75
(1H, m, CH>CH>); 0.93-0.97 (3H, m, CH>CH,CHs); 1.44—
1.68 (4H, m, CH,CH»CH3); 3.03-3.06 (1H, m, CHN); 3.67
(1H, dd, J=108,J=1.7) and 443 (1H, dd, /= 10.8,J=1.2,
CH,0). BC NMR spectrum, 8, ppm: 6.4; 11.6; 14.4; 18.1;
19.8; 37.0; 59.5; 72.3; 152.7. Found, m/z: 270.0259 [M+H]".
CpHsCLNO. Calculated, m/z: 270.0219.
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1-Isopropyl-6-(trichloromethyl)-7-oxa-5-azaspiro|3.4|oct-
5-ene (2d) was prepared using general method A or B from
bis(imidate) 1d (see Table 4). Coloress oil. 'H NMR
spectrum, 8, ppm (J, Hz): 0.79 (3H, d. J = 6.5, CHCH:); 0.84
(3H, d, J=6.5, CHCH,); 1.22-1.32 (1H, m, CH-CH,CH);
1.54-1.64 (1H, m, CH(CH3)); 1.87-1.92 (1H, m) and 1.97-
2.04 (1H, m, CH,CH,CH); 2.30-2.38 (1H, m) and 2.51-
2.59 (1H, m, CH>CH,CH); 4.37 (1H, d, J = 9.0) and 4.91
(1H, d, J = 9.0, CH,0). C NMR spectrum, &, ppm: 19.5;
19.7; 21.6; 29.9; 32.2; 51.9; 74.7; 86.8; 160.9. Found, m/z:
270.0253 [M+H]". CyyH;sCLNO. Calculated, m/z: 270.0219.
8-Isopropyl-6-(trichloromethyl)-5-oxa-7-azaspiro[2.5]-
oct-6-ene (3d) was isolated as by-product using general
method A or B from bis(imidate) 1d (see Table 4).
Colorless oil. "H NMR spectrum, 8, ppm (J, Hz): 0.46-0.51
(1H, m) and 0.55-0.60 (1H, m, CH-CH>); 0.68-0.73 (1H,
m) and 0.85-0.91 (1H, m, CHCH>); 1.05-1.09 (6H, d.J = 7.0,
CH(CH:)2): 1.81-1.89 (1H, m, CH(CHs)z); 2.65 (1H, dd,
J=8.0,J=22, CHN); 3.51 (1H, dd, /= 10.7, J=2.2), and
4.61 (1H, dd, J=10.7, J=2.2, CH,0). *C NMR spectrum,
8, ppm: 7.5; 11.8; 17.1; 20.1; 20.6; 34.3; 65.7; 72.6; 77.4;
1524. Found, m/z 270.0240 [M+H]". C,H;;CLNO.
Calculated, m/z: 270.0219.
1-Methoxymethyl-6-(trichloromethyl)-7-oxa-5-azaspiro-
|3.4]oct-5-ene (2e) was prepared using general method B
from bis(imidate) le (see Table 5). '"H NMR spectrum,
8, ppm (J, Hz): 1.61-1.70 (1H, m), 2.07-2.20 (2H, m), and
240-2.49 (1H, m, CH.CH,CH); 2.85-2.92 (lH, m,
CH,CH,CH); 3.33 (3H, s, OCH;); 3.42-3.50 (2H, m,
CH,OMe); 4.37 (1H, d, J=9.2) and 4.82 (1H, d, J = 9.2,
CH-OC(=N)). “C NMR spectrum, &, ppm: 182: 33.3:
43.6; 59.0; 71.9; 74.4; 77.9; 86.9: 161.3. Product 2e is
unstable in the HRMS conditions.
1-Benzyloxymethyl-6-(trichloromethyl)-7-0xa-5-aza-
spiro[3.4|oct-5-ene  (2f) was prepared using general
method B from bis(imidate) 1f (see Table 5). '"H NMR
spectum, &, ppm (J, Hz): 1.68-1.72 (1H, m), 2.13-2.19
(2H, m), and 2.42-2.50 (1H, m, CH>CH-CH); 2.91-2.98
(IH, m, CH,CH,CH); 3.50-3.60 (2H, m. CHCH,OCH,);
4.37 (1H, d, J = 9.4, CH,OC(=N)); 446-4.56 (2H, m,
OCH,Ph); 4.84 (1H, d, J = 9.4, CHgOC(=N)); 7.27-7.37
(5H, m, H Ph). BC NMR spectrum, 8, ppm: 18.1; 33.2;
43.5; 69.2; 73.2; 74.3; 77.9; 86.9; 127.5; 127.8; 128.5;
138.1; 161.4. Found, m/z: 348.0325 [M+H]". CH;;0s
Calculated, m/z: 348.0346.
tert-Butyl-1-(hydroxymethyl)-2-propylcyclobutyl
carbamate (8c). 6 M aqueous HCI (2 ml) was added to a
solution of oxazoline 2e¢ (0.158 g, 0.58 mmol) in EtOH
(2 ml), and the mixture was stirred for 1 h at room
temperature, then it was refluxed for 7 h. The solvents were
removed in vacuo, and saturated aq NaHCO; solution
(10 ml) was added to the residue followed by di-tert-butyl
dicarbonate (0.275 g, 2.00 mmol) solition in EtOAc
(10 ml). The reaction mixture was stirred for 12 h at room
temprature. The organic phase was separated, and the
aquoeus phase was extracted with EtOAc (3 » 10 ml). The
combined, organic phases were washed with saturated aq
NaCl (10 ml) and dried over Na,SO,;. The extract was
evaporated and the residue was purified by flash chromato-
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graphy on silica gel (eluent EtOAc — light petroleum ether,
gradient from 1:4 to 1:1). Yield 0.130 g (89%). Colorless
solid, mp 58-61°C. 'H NMR spectrum, &, ppm (J, Hz):
0.87 (3H, t, J = 7.2, CHCH,CH3); 1.12-1.30 (3H, m,
CH,CH,CH;); 1.35-1.48 (10H, m, C(CH,);, CH,CH,CH,);
1.51-1.58 (1H, m, CHCH,CH,); 1.88-2.03 (2H, m,
CHCH,CH,): 2.14-2.19 (1H, m) and 2.29-2.37 (1H, m,
CHCH-CH,); 3.53-3.65 (1H, br. s, OH); 3.77-3.85 (2H, m,
CH,OH); 4.87-4.95 (1H, br. s, NH). "C NMR spectrum,
&, ppm: 14.3; 20.9; 21.6; 28.5; 28.6; 32.2; 45.3; 59.4; 65.1;
80.1; 156.2. Found, %: N 35.80: C 6420 H 1040.
C3H,sNO,. Caleulated, %: N 5.76; C 64.16; H 10.36.
tert-Butyl-| 1-(hydroxymethyl)cyclobutyl] carbamate (8a)
was prepared in analogy to compound 8c from oxazoline
2a (0.228 g, 1.00 mmol), EtOH (2 ml), 6 M HCI aqueous
solution (2 ml), di-ferz-butyl dicarbonate (0437 g,
2.00 mmol), and EtOAc (10 ml). Yield 0.119 g (59%).
Compound physical and chemical data are consistent with
commercially available sample.
fert-Butyl-1-(hydroxymethyl)-2-isopropyleyclobutyl
carbamate (8d) was prepared in analogy to compound 8¢
from oxazoline 2d (0.100 g, 0.41 mmeol), EtOH (2 ml), 6 M
HCl aqueous solution (2 ml), di-tert-butyl dicarbonate
(0.179 g, 2.00 mmol), and EtOAc (10 ml). Yield 0.063 g
(70%). Colorless solid, mp 61-63°C. 'H NMR spectrum,
8, ppm (J, Hz): 0.72 (3H, d, J = 6.4) and 0.86 (3H, d,

J =64, CH(CH,),); 1.34-1.45 (10H, m, OC(CH,),, CH(CH)

1); 1.51-1.61 (1H. m) and 1.83-1.97 (3H, m, CH,CH,CH);
2.20-2.34 (1H, m, CH,CH,CH); 3.82 (2H, s, CH,OH);
4.12 (IH, br. s, OH); 4.95 (1H, br. s, NH). C NMR
spectrum, 8, ppm: 20.0; 20.5; 22.1; 27.8; 28.5; 28.7; 53.4;
59.5; 64.8; 80.1; 1564. Found, %: N 5.79; C 64.19;
H 10.39. C;3H::NOs. Caleculated, %: N 5.76; C 64.16:
H 10.36.
tert-Butyl-1-(hydroxymethyl)-2-(methoxymethyl)cyclo-
butyl carbamate (8e) was prepared in analogy to
compound 8¢ from oxazoline 2e (0.198 g, 0.73 mmol),
EtOH (2 ml), 6 M HCl aqueous solution (2 ml), di-rert-
butyl dicarbonate (0.319 g, 1.46 mmol), and EtOAc
(10 ml). Yield 0.130 g (73%). Colorless solid, mp 70-73°C.
'H NMR spectrum, &, ppm (J, Hz): 1.37-1.45 (11H, m,
C(CHas);, CH,CH,CH); 1.77-1.83 (1H, m) and 1.88-1.97
(1H, m, CH,CH,CH); 2.36-2.50 (1H, m, CH,CH,CH):
2.95 (1H, br. s, OH); 3.32 (3H, s, OCH.): 3.41-3.50 (2H,
m, CH,OMe); 3.54-3.59 (1H, m) and 3.81 (1H,d, /= 10.2,
CH,OH); 5.14 (1H, br. s, NH). “C NMR spectrum, 8, ppm:
17.3; 27.1; 28.5; 42.1; 58.9 (2C); 64.5; 72.9; 79.4; 155.3.
Found, %: N 5.76; C 5875, H 949. C;Hx»NO,.
Calculated, %: N 5.71; C 58.75: H 9.45.
tert-Butyl-2-(benzyloxymethyl)-1-(hydroxymethyl)cyclo-
butyl carbamate (8f) was prepared in analogy to
compound 8c from oxazoline 2f (0.172 g, 0.49 mmol),
EtOH (2 ml), 6 M HCl aqueous solution (2 ml), di-terz-
butyl dicarbonate (0.214 g, 0.98 mmol), and EtOAc
(10 ml). Yield 0.110 g (69%). Colorless solid, mp 96-97°C.
'"H NMR spectrum, 8, ppm (J, Hz): 1.41-1.51 (10H, m,
C(CH,);, CH,CH,CH); 1.81-1.87 (2H, m, CH,CH,CH):
1.91-1.99 (1H, m, CH,CH,CH); 2.41-2.50 (1H, m,
CH,CH,CH); 3.00 (IH, br. s, OH); 3.56-3.61 (3H, m,
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CH>OCH,, CH,OH); 3.86 (1H, d, J = 8.8, CHgOH); 4.52
(2H, s, OCH;Ph); 5.12 (1H, br. s, NH); 7.26-7.38 (5SH, m,
H Ph). Be NMR spectrum, &, ppm: 17.3; 27.1; 28.5; 42.2;
59.0; 64.6; 70.3; 73.4; 79.5; 128.0; 128.1; 128.7; 137.5;
155.4. Found, %: N 4.40: C 67.29: H 8.51. C;;H,;NO,.
Calculated, %: N 4.36; C 67.26; H 8.47.
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Abstract: Background: Allylic amination via acid catalyzed activation of a leaving
group is promoted by non-expensive and low toxicity Lewis acid and Bronsted acid
catalysts to give valuable allyl amine derivatives. In many cases, non-toxic by-
products such as water or acetic acid are generated. Moreover catalysts that perform
the reactions in water as a solvent and the use of recyclable catalysts have been de-

ARTICLEHISTORY

veloped.

Methods: Peer-reviewed research literature methods on allylic amination via acid
catalyzed activation were compiled using data bases such as Sci-Finder and Scopus.

v The mini-review summarizes the most important methods for allylic amina-
tion via acid catalyzed activation of a leaving group in the recent decade. These are
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divide in two main groups - Lewis acid and Bronsted acid catalysed reactions.
Conclusion: Allylic amination vie acid catalyzed activation of a leaving group meet criteria of the green
chemistry paradigm which has motivated method development for this type of reaction in recent years.

Keywords: Allylic substitution, allylic amination, lewis acids, bronsted acids, green chemistry, allylic alcohols, carbenium ion.

INTRODUCTION

Allylic substitution in substrates 1 bearing an allylic leav-
ing group is a useful transformation to generate allyl amine
derivatives 2 which po high synthetic utility (Scheme 1)
[1-6]. There are four principal approaches to achieve the
allylic substitution with amine nucleophiles: Pathway A in-
volves oxidative addition of a substrate 1 to a transition
metal, ligand exchange and reductive elimination to give Sy
or Sy’ products 2 or 2'; Pathway B relies on the activation of
a double bond in the substrate 1 by coordination with
m—acidic metals followed by attack of a nitrogen nucleophile
to the double bond. Subsequent de-metalation vie
PB-heteroatom elimination gives Sy product 2'; Pathway C
involves nucleophilic displacement of a good leaving group
in sul ¢ 1 with strong nitrogen nucleophiles and can pro-
ceed via Sy or Sy’ mechanism to give product 2 or 2'; Path-
way D involves activation of a leaving group in substrate 1
with an acid followed by the substitution with a non-basic
nitrogen nucleophile to give product 2 or 2".

The green chemistry initiatives aim to develop more eco-
friendly and economic alternatives to the current methods. In
this regard, allylic amination via pathways C and D are more
attractive as these avoid the use of toxic and expensive tran-
sition metals. Pathway D has additional benefits from the
green chemistry perspective because it requires only a cata-
Iytic amount of Lewis or Bronsted acid to promote the

*Address correspondence to this author at the Latvian Institute of Organic
Synthesis, Riga, LV-1006, Latvia; Tel/Fax: + 371 67014840/ + 371 754
1408; E-mail: aigars@osi.lv
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reaction. Moreover substrates that participate in this reaction
often bear a poor leaving group such as alcohol or acetate
which makes them more stable and less toxic than allyl hal-
ides or pseudo halides. These features have motivated the
development of number of methods for this type of allylic
amination in the recent years. Several examples of this reac-
tion type have been included in the review articles covering
specific areas in organic synthesis [7-12]. However, to the
best of our knowledge, there is no review article focused on
the allylic amination reactions via an acid catalyzed leaving
group activation. In this mini-review we have compiled the
most important contributions on this topic in the recent dec-
ade. The methods are divided in two main groups - Lewis
acid and Bronsted acid catalysed allylic amination reactions.

1. Lewis Acid Catalysed Allylic Amination

Bismuth Lewis acid catalysis. The groups of Matsunaga
and Shibasaki have developed Bi(OTf); catalyzed substitu-
tion of the hydroxy group in allylic alcohols 3.8-11 with
non-basic nitrogen nucleophiles [13]. Allylic alcohol 3 was
used as the model substrate to investigate the amination reac-
tion with sulfonamides 4, carbamates 5, and carboxamides 6
(Scheme 2). The addition of KPFg in the catalytic amounts
significantly reduced the reaction time and improved the
yield of product 7. The addition of drierite™ as a water
scavenger enabled a reduction in the amount of catalyst and
co-catalyst. In this reaction, sulfonamides 4 and carbamates
5 were found to be considerably more reactive then carbox-
amides 6. Allylic amination of enantioenriched allylic alco-
hol 3 with tosylamide 4a and carbamate 5b led to racemic
product 7. This indicated that the reaction proceeds via car-

©2016 Bentham Science Publishers
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benium ion A which is formed by abstraction of hydroxy
group in substrate 3 after coordination with a catalyst.

LG .
cat. Met Met RARNH
- P
PathA | ™=~
[ Met LG 5
cat Met v RRENH
LG RAREN R*REN
Path B =
s J —] - = i s .
2 2 2
1 RARENH + Base 2 z
Path C
catt | Cat-LG| RARBNH
=
Path D

(Scheme 1). Types of allylic substitution with amine nucleophiles.

2-5 mol% Bi(OTf);

o 2-5 mol% KPF g R% RE
= AN .y
Ph h H Dioxane, r.t. Ph Ph
3 46 Yield 86-99% 7
A RE
R% R _ o

5a, R=Bn
5b, R=n-Bu
5¢c, R=Me

(Scheme 2). Bi(OTf); catalysed amination of allylic alcohol 3.

A wide range of allylic alcohols including the eyclic al-
cohols 8 as well as primary, secondary and tertiary alcohols
9-11 were investigated as substrates for the allylic amination
with sulfonamide 4a,d and carbamate 5b (Scheme 3). The
yields of the amination products 12 were good to excellent.
In the case of unsymmetrically substituted substrates, the
formation of both Sy2 and/or Sy2' products 12 and 12" was
observed. The regioselectivity was in the favour to the less
substituted product or to the product with double bond con-
jugated to aryl group.

Uenishi’s group has reported the Lewis acid catalysed
intramolecular substitution of enantioenriched allylic alco-
hols 13 with Boc-amine to give products 14 with high chiral-
ity transfer (Scheme 4) [14-16]. A range of metal salts were
screened for this transformation i addition to Bi(OTf)s.
From these, SnCly and FeCl; also gave high yield of the
product 14. However, Bi(OTf); gave the best yield and im-
portantly, almost quantitative chirality transfer. Addition of
molecular sieves was crucial to obtain the high yield of
product 14. Dichloromethane as the solvent was important to

Skvorcovaand Jirgensons

achieve high chirality transfer while considerable erosion of
both yield and chirality transfer was observed performing the
reaction in toluene or nitromethane. From several N-
substituents explored, N-Boc derivatives provided the high-
est chirality transfer. Substitution on the aromatic ring also
had significant impact on chirality transfer. Electron donat-
ing groups such as methoxy and hydroxy in the para position
to alkeny! substituent or ortho-methyl groups significantly
decreased the enantioselectivity.

The observed stereochemical results for the formation of
enantioenriched products 14 were explained by the concerted
syn-Sy2' reaction mechanism (Scheme 5). According to this,
Bi(OTf); activates hydroxy leaving group by forming bis-
muth alkoxide 15 in which bismuth directs the incoming
nucleophile by coordination with Boc group. Electron donat-
ing group enables ionization of intermediate 15 to allyl car-
benium ion which leads to non-stereoselective Syl pathway.

The above described Bi(OTf); catalyzed allylic amination
was applied for the stereoselective synthesis of tetrahydroi-
soquinoline alkaloids: (—)-tolline (18), (+)-crispin A (19),
(H)-oleracein =~ E  (20), (H)-dysoxyline  (21), (+)-
colchiethanamine (22), and (+)-colchiethine (23) (Scheme 6)
[17, 18]. For this purpose, the S - and R- enantiomers of re-
sorcine derivative 16 were subjected to Bi(OTf); catalyst
resulting in tetrahydroisoquinoline enanatiomers 17 with
high chirality transfer. The cyclization products were used as
key intermediates for the synthesis of natural products 18-23.

Acid catalysed allylic amination of enantioenriched al-
Iylic alcohol 24 to tetrahidroisoquinoline 25 was the key step
for synthesis of (-)-schulzeine B (26) (Scheme 7) [19]. The
use of Bi(OTI); as catalyst for the cyclization at 0°C gave
high chirality transfer, but a poor yield of the product 25.
Increasing the temperature improved the yield of product 25,
but slightly decreased the chirality transfer. Using HCIO; as
catalyst, good yield and high chirality transfer for key inter-
mediate 25 was obtained.

The successful performance of HCIOy is not consistent
with the chelation controlled Sy2" mechanism proposed for
Bi(OTf); induced chirality transfer (Scheme 5). Obviously,
chirality transfer in these reactions would require another
explanation.

Iron catalysts. Jana et al. have shown several examples
for intermolecular allylic amination with tosylamide (4a) and
primary  carboxamides 6a,b,d promoted by sub-
stoichiometric amount of FeCly (Scheme 8) [20]. Allylic al-
cohols 10 po: ing at least one phenyl substituent were
used as the substrates. In the case of methyl group as sub-
stituent in the substrate 10 (R = Me, R' = Ph), regioselective
formation of products 12 with conjugated double bond were
formed.

Najera’s group have performed comparative studies of
FeCly6H,0 and TfOH as catalysts for allylic amination of
alcohols (Scheme 9) [21]. Using alcohol 3 as model substrate
the efficiency of various nitrogen nucleophiles such as sul-
fonamides 4, carbamates 5, carboxamides 6, anilines 27 and
benzotriazole (28) were investigated. Both catalysts
FeCly-6H,0 and TfOH were suitable for this transformation,
however in the case of TIOH lower catalyst loadings and
milder reactions conditions could be applied compared to the
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2-5 mol% Bi(OTf);

RE

B
OH 5 2-5mol% KPFG RY R RY
/\A\ RAWF Drierite™ /\/T\ U
\ + N
3 R! H =  t =
R R? Dioxane, rt. R° RzR R* R2
8-11 4a,d, 5b 12 12'
Yield 60- 99%
regioselectivity 7 : 1to >99: 1
R OH OH
o
OH Ra/\\)\ﬁz Ra/\/i?m
)I'I
8 n=1-3,R=H,Ph 9,R®=AlArRZ=H  11,R'Z=Ph;R?=Me
10, R3 = H, Alk, Ar;
RZ = Alk,vinyl, Ar

(Scheme 3). Bi{OT(); catalysed amination of structurally different allylic alcohols 8-11.

FeCly6H20 catalyzed reactions. On the other hand, for cer-
tain amino components 4d, 5d, 27b, 28 better yields were
achieved with FeCly-6H,0 as a catalyst.

NHBoc

S cat. Bi(OTf)3 ;O
R P R+ NEoc
| CH,Cly, -15°C
OH  vield 60-99% x5
Me Me
13, e >98% 14, ee >B4%;
ifR = H, 6-Me, 6-Cl, 7-Me, 7-Cl;

ee <54%;

if R = 6-MeQ; 6-OH 8-Me, 2-Mel
(Scheme 4). Bi(OTf): catalysed intramolecular amination of allylic
aleohols 13 with chirality transfer.

Ot-Bu

Bi(OTf), _ N0 14

-HOTf R== | O--Bi(OTfs |-HOBI(OTf),
15 e

(Scheme 5). Proposed mechanism for chirality transfer in Bi(OTf)s
catalysed allylic amination.

Structurally diverse allylic alcohols 8-10 were subjected
to the reaction with tosylamide (4a) using either FeCly 6H,0
or TfOH as catalysts (Scheme 10). For these substrates,
THOH appeared to be the more efficient catalyst. In the case
of regioisomers of alcohols 9,10 (R = Ph, R'=H,MeorR=
H, Me; R' = Ph) the isomer 12 with the conjugated double
bond formed (R = Ph) exclusively. In the case of allyl alco-
hol 9a (R = Me, R'=H), the mixture of both isomers 12 and
12’ formed.

The lack of chirality transfer from enantioenriched alco-
hol 10 (R=Ph, R' = Et) and the single regioisomer 12 forma-
tion from isomeric allylic alcohols 9 and 10 led to conclusion
that the reaction proceeds via a carbenium ion intermediate.

Najera’s group has also reported the allylic amination of
allylic alcohols 3 catalyzed by FeCly6H>O in water as the

78

solvent (Scheme 11) [22]. These conditions allows the allylic
substitution of alcohol 3 with a wide range of N-nucleophiles
such as sulfonamides 4, carbamate 5a, amide 6b, anilines 27,
benzotriazole (28) and trimethylsilyl azide 29, to give amides
7 and azide 30.

Fiv0 NHBoe 10 mol% Bi(OTf)y Fro
MeO CHzClp, -15°C, 4AMS ~ MeO SN
l «OH  Yield 17a, 79%; 17b, 81% T
Me Me

(S)-16a, ee 98%
(R)-16b, ee 97%

(S)-17a, ee 88%
(R}-17b, ee B6%

-(-)-trolline (18)

(R)-(+)-crispine A (18)  (R)-(+)-cleracein E (20)

(+)-dysoxyline (21)

R', R? = OCH,0; R%= OMe
(+)-colchigthanamine (22)
RIRZ=0H;RI=H
(+)-colchiethine (23)

Rl R'=0Me: R? =H;R%=OH
(Scheme 6). Bi{OTI), catalyzed allylic amination as a key step for
the stereoselective synthesis of alkaloids 18-23.

The allylic amination reaction of alcohol 3 in water pro-
ceeded efficiently, but required higher temperature and gave
slightly lower yields than the FeCly6H>O catalyzed proc-
esses in organic solvents (Scheme 9). This could be ex-
plained by formation of less Lewis acidic species in water —
[Fe[Hzﬂ)a_,,[DH],,]'3'"['.13_,, and also by the limited solubility
of organic compounds in aqueous media.

Under the optimized reaction conditions FeCly6H,0
catalyzed amination of regioisomeric alcohols 10a, E-10b
and Z-10b with tosylamide (4a) in water afforded sulfona-
mide 12b as a single regioisomer (Scheme 12). This indi-
cates a carbocation intermediate which can isomerize to
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a) 10 mol% Bi(OTf)s, 0°C

b) 10 mol% Bi(OTf)s, r.t.

‘ PivO.
PivO NHBoC 10 mol HCIO,, rt.
S NBoc
| CH,Cly, 4A MS
PivO OH PO N
a) Yield 31%; ee 86%
Me b) Yield 61%: ee 80% Me

(S)-24, ee >99%

HO

c) Yield 84%; ee 88%

(S)-25

0SO;Na
(-)-schulzeine B (26)

(Scheme 7). Bi(OTY), catalyzed allylic amination as a key step for the stereoselective synthesis of alkaloid 26.

thermodynamically more stable #rans-allyl carbenium ion
which preferentially gives the product 12b with the conju-
gated double bond.

OH 50 mol% FeCly NHRA
Ay + RNH, —— P
R R MeNOy, r.t R R?
3,10 486 Yield 48-85% 712
10, R = Ph, 4-CICgH,, Me, R = Ph or 4-CICgH,,
R'= Me, Ph;3, R=R!=Ph R' = Me; Ph;
0 0 0
x
R*™Hz=  TsNH;  Me” “NHj Ph)LNHg \ANHz
4a 6a &b 6d

(Scheme 8). FeCls catalysed amination of allylic alcohols 3 and 10.

Cossy’s group has developed FeCly catalyzed diastereo-
selective synthesis of substituted piperidines 32 which in-
volved intramolecular allylic substitution of a hydroxyl
group or acetate by the carbamate or tozylamide in substrates
31 [23]. The simplest substrate 31 (R, R', X = H) gave very
poor yield of the cyclization product even with high catalyst
loading. However, introduction of a substituent on the allylic
chain enabled the substitution of both acetate and hydroxyl
groups. If the substrate 31 contained an amine function at the
secondary carbon, the reaction gave the disubstituted
piperidine 32 with very high diastereoselectivity. It was
proved that the diastercoselectivity is thermodynamically
controlled by exposing the mixture of both rrans- and cis-
isomers of the cyclization product 32 to the reaction condi-
tions. Equilibration of the mixture to give cis-isomer was
observed implying that the reversible reaction takes place via
zwiterionic intermediate B.

Wang et al. have developed the synthesis of dihydroqui-
nolines 34 and quinolones 35 based on FeCly 6H,O catalyzed
intramolecular allylic amination (Scheme 14)[24]. Both sec-
ondary and tertiary alcohols 33a.,33b could be used as the
substrates to give dihydroquinolines 34 in good to excellent
yields. In the case of secondary alcohols 33a all the exam-
ples contained carbenium ion stabilizing aryl or vinyl sub-
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stituents at the double bond. If the reaction mixture, after the
cyclization, was treated in strongly basic conditions, elimina-
tion of tosyl- or mesyl group was achieved leading to qui-
nolones 35.

Enantionriched enantiomers of secondary alcohol 33a (R
= Ph, R'“*=H, Pg =Ts) gave no chirality transfer leading to
racemic product 34. This indicated Syl type reaction mecha-
nism via allyl carbenium ion intermediate.

The group of Kim has performed FeCl; catalysed allylic
amination of Baylis-Hillman adducts 36 with tosyl and me-
syl amides 4a and 4f to give allylamines 37 (Scheme 15)
[25]. The aryl group adjacent to the reaction center in sub-
strates 36 was crucial for the successful allylic amination as
in the case of pentyl substituent the reaction failed.

Abhiminium Lewis acid catalysis. Ohshima et al. reported
Al(OTf); as a powerful catalyst for the amination of allylic
alcohols 3,10 with tosylamide (4a), carbamates 35, carbox-
amides 6 and aniline 27b (Scheme 16) [26]. For most of the
amine components, the reaction took place at room tempera-
ture, while for less reactive carboxamides 6a,d,e microwave
heating was required to promote the reaction. In the case of
isomeric methyl, phenyl substituted substrates 10a and 10b
the amination product 12 with conjugated double bond was
obtained which was explained by cationic intermediate for-
mation.

Magnesium Lewis acid catalysis. Jia’s group has reported
Mg(Cl04)> as a mild Lewis acid catalyst for intramolecular
allylic amination of allylic alcohols 38,40,42 [27] (Scheme
17). Tertiary alcohol 38a was more reactive then secondary
alcohol 38b while the reaction of primary alcohol 38¢c was
sluggish even using equimolar amount of Mg(ClOy),. The
allylic acetates 38 were more reactive than the free alcohols.
N-Tosyl derivatives, exhibited better reactivity than N-Boc-
analogues. The reaction could also be used to form the seven
membered ring 41 from amide 40. Acyclic N-Ts-N Boc pro-
tected substrates 42ab could also be subjected to in-
tramolecular allylic amination leading to pyrrolidine and
piperidine derivatives 43a,b as mixtures of diastercomers. In
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OH A: 5 mol % FeCly8Hz0, R{N,RB
RA RE  Dioxane, 25° or 50°C
/\)\ N /\\\)\
Ph N
Ph H B: 1 mol% TFA, Pn Ph
3 4.6,27,28 Dioxane, 25° or 50°C 7
A:Yield 32-93%
B:Yield 42-92%
RA RY
N =
C& 43 C% JD
S“NHZ SnHme RO~ NH: ArNH
M 0 27a, Ar= p-Cl-CgHy4
R e -
o e Mo s 5a,R=Bn 27D Ar=p-NO:GeHs
4b R= NO3 5d, R=1-Bu PhNHMe
4e,R=OMe ‘ 0, |
S,
o, 0 MezN NH, PP \nrNHZ
Me” "NHz 0
4f 4g 6b 28

(Scheme 9). FeCly6H,0 catalysed amination of allylic alcohol 3.

this case in sifu Boc cleavage took place generating N-Ts
amine as the nucleophile for the ntramolecular allylic substi-
tution.

NHTs
OH A: 5 mol% FeCly6H,0, R S R!
Dioxane, 50° or 90°C
R/\\\/I‘R* + TsNH, 12
8a, 9,10 4a B: 1 mol% TFA, +
Dioxane, 25% or 50°C NHTs
A: Yield 25-90% R”F R
B: Yield 70-92%
12’
OH

9,R¥=Ak,ArR*=H
10, Ri= H, Alk, Ar; R* = Alkvinyl, Ar

(Scheme 10). FeCly-6H,0 catalysed amination of structurally dif-
ferent allylic alcohols 8a, 9, 10.

OH R RB
A RYRE 10 mol% FeCly6H,0
Ph Ph * H — e, Ph/\/kph
water, 90°C
3 4-6,26-28 7, amides
Yield 15-90% 30, azide
RA R®
SN 4ab,d-g; 5a, 6b; 26a-c; 27  TMSN;
H (see Scheme 9) 29

(Scheme 11). FeCly-6H,0 catalysed allylic amination in water.

The method was applied to the total synthesis of de-
methoxyfumitremorgin C (46) which involved intramolecu-
lar allylic amination of bis-Boc substrate 44 as a key step
(Scheme 18). When subjected to Mg(ClO,); catalyst,
monodeprotection and subsequent cyclization gave product
45 as a mixture of diastercomers. The cis-diastercomer was
isolated by flash chromatography and transformed to de-
methoxyfumitremorgin C (46).
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0 10 mol% FeCly6H,0 Me
PN TsNH; (4a) “
P oy Ph NHTs

E-10b H0, 90°C 12b

Yield 33-68%

Ph/j

Me” OH

Z10b

(Scheme 12). Formation of single amination product 12b from dif-
ferent alcohol isomers 10a, E-10b, Z-10b.

5 mol% FeCly
. T (R
, Ll €
R? Pg e 1 Pg R? o
OoX Yield 61-99%
3 dr.>08:2 32 B
X =H, Ac;

Pg=Boc, Cbz, Ts
R=Ak Ph: R'=H, Me, Ph

(Scheme 13). Diastereoselective synthesis of piperidines 32 vig
FeCl, catalysed intramolecular allylic amination.

R
2 mol% FeClyBH,0 | S
Ho_ R' CHyCly, 1.t N R?
R2 e I
R | Yield47-98% a4 PO
NH R
2 mol% FeClz6Hz0 7S
33a, R1=2Ar,fury'l PhCH=CH; CHyCl, 1t then Rt -
RM=H NaOH in EOH, reflux
33b,R =H, R'= Me, Ph; P <Ts Ms vield67 . 0% 35
2 o g =Ts, Ms, yiel -
RZ=HorCl Pg - B, oy 34
Pg=Ts, Ms, Bz

(Scheme 14). Synthesis of dihydroquinolines 34 and quinolones 35
via FeCly6H,0 catalyzed intramolecular allylic amination.



150 Current Green Chemistry, 2016, Vol. 3, No. 2 Skvorcova and Jirgensons

o]

ey
oH O R-STNH O
5 mol% FeCly
[ = * R-SOMNH; —— = [
vy =12 CICH;CHzCl rt. L, = h=12
R 36 daf R 37
Yield 80-93%
36, R = H, p-Cl, p-MeO, 0-OMe, p-Me
da, R' = MeCgH. 4f, R' = Me
(Scheme 15). FeCl; catalyzed allylic amination of Baylis-Hillman adducts 36.
ARB
OH 1 mol% AI(OTHs NRTR COzMe COMe
R/J\/\R«, +  RARENH W" R = R 10 mol% Mg(ClOq4)2 [
" S Meoe e T NN
3,R=R'=Ph 4-6,27b  Yield 83-98% 12 N \ Me \‘j 8 Bod
lel
108, R= e, R =Pl Bot OH ’ e
10b, R = Ph, R = Me w  Me s Ve
o (cis:trans=1:1)
RORENH=
N
TsNHz  RO™ “NH, I NTHD
N
4a 5a, R =Bn H
5¢,R = Me Me_z O
5d.R=tBu Me demethoxyfumitremorgin C (46)
(Scheme 16). Al(OTf)s catalyzed amination of allylic alcohols (Scheme 18). Mg(ClO,), catalyzed allylic amination as the key step
3,10a,b. for the synthesis of demethoxyfumitremorgin C.
NHP o] ™ J—
0 9 10 mot% Mg(CIOa): P
< _— NPg Ph Ny
MeCN, 80°C o
o] | eCN, ) 10¢ Ph/“‘\‘—/!\R
OH (AC)  Yield 26 - 98% % R OH "
R* R R? ph/%)\R —15mol% Mo(OTf)x(acac),
38a R'Z = Me; b) R' = H, R? = Me 3%a-c
) P F'g=Boc)T5 9, R=H; 108, R=Me | MoNs 29)
' ' 0 oH CHyCly, rt.
8 HN_% Az —| vieldssse% L Mez N
WUNHBOS 40 o Mg(CIO4)2 Me T~ Me
o] _ NBoc Me "
I MeCN, B0°C 47
OH Yield 41% M N3
Me Me Me — 7
40 M R \ J=12
n R!
R 10 mol% Mg(ClDa)z M‘(“}_R 50
MEMWBM MeCN, 80°C o
OH Ts Yield 43a, 82 % Me: Ts (Scheme 19). Mo(OTf)s(acac), catalysed azidation of structurally
42a,n=1,R=C0O,Me Yield43b,85% 43ab diverse allylic alcohols.
420.n=2R=H The group of Zhu has reported MoOa:(acac)> catalyzed
(Scheme 17). Mg(ClO); catalyzed intramolecular amination of allylic substitution in alcohol 3 with various non-basic amine
allylic alcohols 38,40,42. ; nucleophiles 4,6.27 (Scheme 20) [29]. The model reaction

o . . with formamide (6f) showed that acetonitrile is the solvent of
Molybdenum Lewis acid catalysis. The seminal work by choice and the activity of the catalyst can be increased with

the group of Kocovsky demonstrated Mo(OTf)(acac), as an NH,PF, as an additive.

efficient Lewis acid catalyst for azidation of allylic alcohols X

8-10.47 to form azides 48-50 (Scheme 19) [28]. Isomeric Silver Lewis acid catalysis. Rueping’s group has demon-
strated direct azidation of primary, secondary and tertiary
allylic alcohols in the presence of catalytic amount AgOTf
and TMSN; (29) as the azide source (Scheme 21) [30]. Pri-
mary alcohols 9 gave primary azides 51 with high regiose-
lectivity. Secondary alcohols 10 gave azide isomer 48 with
conjugated double bond irrespective whether isomer 10a or
10b was used as a staring material. Cyclic substrate 10d gave
a mixture of regioisomers. Tertiary alcohols 11 (R'= Alk)

alcohols 10¢ and 9 (R = H) and unsymmetrically substituted
alcohol 10a (R = Me) gave single azide regioisomer 48 with
conjugated double bond. Tertiary alcohol 47 gave azide 49
as Sy' product, while cyclic alcohols 8 provided azides 50 as
Sy products. These results suggest that the azide attack oc-
curs at the less substituted carbon in putative carbenium ion
intermediate.
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gave tertiary azide 52 as the major isomer. However if one of
the substituents at the tertiary carbon was phenyl group (R'=
Ph, R’= Me), mixtures or regioisomers were formed.

/\j\l-! 10 mol% MoOs(acac), R{NH
“ . RA_np, _10mol% NH.PFg o
Ph Ph ? T MeCN, 65°C Ph/\/j\ Ph
3 46,27 Yield 68-90% 7
NO,

NH; NH

RA-NH,= TsNH, RWN“Z @ 2
o] ON
4a  6a,R=Ph 27b 27¢
6, R=H

(Scheme 20). Mo(OTf):(acac), catalysed amination of allylic alco-
hol 3.

Chirality transfer was investigated with enantiomerically
pure allylic alcohol 10b (R'=Ph, R**=H, R*=Me), however
racemic azide 48 was obtained This observation is consistent
with Syl type reaction mechanism via carbenium ion inter-
mediate.

Copper Lewis acid catalysis. Mild and efficient synthesis
of azides 48,51 directly from the corresponding allylic alco-
hols 9,10 could be achieved in the presence of
Cu(Cl04); 6H20 as catalyst and TMSN; (29) as a nitrogen
source (Scheme 22) [31].

Isomeric alcohols E,Z-9a and 10c¢ were subjected to the
optimal reaction conditions to give the primary azide Sla as
the sole product (Scheme 23). These results suggest an in-
volvement of a carbocation intermediate in the azidation of
alcohols 9.10.
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Another interesting example provided by the authors was
the azidation of Baylis-Hillman adduct 53 using
Cu(Cl04);6H,0 as catalyst (Scheme 24). In contrast to the
amination of ketone derivatives 36 (Scheme 15), azidation of
the ester gave primary azide 54 as the major product. It was
observed by in situ NMR reaction monitoring that the mix-
ture of regioisomeric azides 54 and 55 is formed first. Re-
gioisomer 55 undergoes slow rearrangement to the thermo-
dynamically more stable isomer 54.

Rana er al. reported an efficient one-pot process for direct
azidation of allylic alcohols 56 or their methy! ethers 57 fol-
lowed by a click reaction to give substituted 1,2 3-triazoles
58 [32]. They described two methods involving the sequen-
tial reactions (Scheme 25). Method A involved magnetically
separable nano Fe;Oq catalyzed azidation of allylic alcohols
with TMSN; (29) as the first step followed by CuSO4H,0
catalyzed click reaction of azides with alkynes. In the
method B, Cu(OTY),; served as a single catalyst for both reac-
tion steps.

Powell and Pelletier have reported several examples of
the amination of allylic acetates 59-61 with sulfonamides 4
promoted by the catalytic system consisting of Cu(OTf). and
r-BuOOACc (Scheme 26) [33]. Although detailed mechanistic
studies were not performed, it was hypothesized that the re-
ion proceeds via formation of carbenium ion species by
action of the acetate by the catalyst.

Boron Lewis acid catalysis. Srihari’s group presented
facile approach for the synthesis of allylic azides 66 from
readily available aryl vinyl carbinols 65 (Scheme 27) [34].
These substrates were subjected to nucleophilic substitution
reaction with TMSN; (29) in the presence of catalytic
amount of BFyOEL; to leading to regioselective formation of

OH 1-5 mol% AgOTS Ny
Py TMSN; (29)

RTST R toluene, rt. R/\\)\R

3,8-11 51 from 9

Yield 48-97% 48 and 50 from 3,10 and 8
Regioselectivity up to =20 :1 52 from 11
Ry R? OH OH
o S

R /J\/\OH R R3 R,”\/J{‘;Ra
9,R'=Ar,R?=H or Me R

3,R'¥=Pn;R¥ =H

10a,R' = Me; R? = Ph; R¥#=H
10b, R' = Ph; R® = Me; R34=H
10¢, R'= Ar, alkenyl; R* = Alk RZ4=H

e

11, R! =Ar, alkenyl;
R23 = Alk, Ar

8 10d, R' = Ar, R2= H; R3= R*= -(CHy)s-
10e, R'=R*=-(CHy)s-, R2= H R3*= Me,

(Scheme 21). AgOT T catalysed azidation of structurally different allylic alcohols.

5 mol% Cu(ClO, ) BH0 N3
TMSN; (29) AN g
_ TWOMs&) | ¢
CHoClz. 1t R

Yield 72-90%

9, R' = Me, NO,, CF3, Hal; RZ = H

10, R' = Me, NOj, CF3, Hal: R? = Ar, Me

(Scheme 22). Cu(C10y), 6H,0 catalysed azidation of allylic alcohols 9 and 10.
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primary allylic azides 66. The formation of intramolecular
allylic substitution product 67 was not observed. Authors
propose that first both hydroxyl groups in substrates 65a are
silylated with TMSN; leading to intermediate 68 (Scheme
28). Next, BF; activates the silyloxy group in allylic position
which is substituted by the attack of azide ion.

Ph/\\/\OH
E9a
PR
/\L Ph/‘:\'\/\N_';
zgp OH TMSN3, CHyCly, rt. 51a
OH the only product

PhM

10¢

2.5 mol% Cu(Cl0,)y6H,0

(Scheme 23). Formation of single azidation product 51a from dif-
ferent alcohol isomers 9a, Z-9bh, E-10¢.

2.5 mol% Cu(ClO4)y6H,0

OH COzMe
TMSN3 (29 2
o CoMe 5 (29) ph/\E
CHsCly, rt. Na
53 Yield 76% 54

\ 3 /
54 + CO.Me
/Ljr

55

(Scheme 24). Cu(ClO,),6H,O catalysed azidation of Baylis-
Hillman adduct 53.

The scope of the method was demonstrated also for the
azidation of several allylic alcohols 10 lacking the phenolic
hydroxyl group.

Calcium Lewis acid catalysis. Haubenreisser and Nigge-
mann have reported a Ca(NTf),/BuyNPF, catalytic system
for the amination of allylic alcohols [35]. Addition of
BusNPF; as co-catalyst was crucial for the catalytic activity
which was presumably due to formation of active

Method A:
15 mol% nano Fe;0,

1 3
RY R ImsN, (29)

Skvorcovaand Jirgensons

CaNTf:PF; species vig anion exchange. The model substrate
8a reacted with a wide range of non-basic nitrogen nuleeo-
hiles such as sulfonamides 4, carbamates 5, carboxamides 6
and anilines 27 forming allylamine derivatives 12 (Scheme
29). The scope of the method was demonstrated for the ami-
nation of three different allylic alcohols 8b, E-10b and 69
with both carbamate Sh and aniline 27b to give allylamine
derivatives 12 (Scheme 30). Substrates 8b, E-10b gave Sy
prooducts 12d and 12b, while in the case of alcohol 69 an
Sy’ product 12¢’ was obtained.

Equilibration of carbamate 12e with tosyl amide (4a un-
der the reaction conditions produced the mixture of products
12e and 121 (~1 : 1, after 48 h) indicating that the allylic sub-
stitution 1s reversible (Scheme 31).

Investigation of the influence of water content revealed
that the reaction does not proceed under strictly anhydrous
conditions. This observation was not well explained, but may
be linked to the reversible formation of ether ROR as an in-
active species in the reaction mixture. The presence of water
may shift this equilibrium to the more reactive alcohol ROH.
The addition of 1, 2 and 5 equivalents of water required heat-
ing to facilitate the reaction, which might be associated to the
coordination of water to the calcium ion.

Lewis acid catalysed allylic bis-imidate cyclization.
Jirgensons’s group have developed the Lewis acid catalyzed
cyclization of bis-imidates 70 to give oxazolines and oxazi-
nes 71 which are precursors of unsaturated amino alcohols
(Scheme 32) [36-38]. The reaction was proposed to proceed
via generation of the most stable carbenium ion C by ab-
straction of one imidate group followed by the trapping with
another imidate as N-nucleophile. This group of reactions
was reviewed previouslv [391.

Recent work by Jirgensons’s group has demonstrated the
synthesis of stereodefined disubstituted oxazolines cis-73
and trans-73 (Scheme 33) [40]. The stereochemistry of the
product formation was defined mainly by the configuration
of the double bond in the substrate 72: E-configuration imi-
date E-72 gave preferentially cis-oxazoline cis=73, while Z-
configuration imidate £-72 gave preferentially trans-
oxazoline trans-73.

cat. CuSO45H;0
cat. Na ascorbate
alkyne

2 o
R OH ' GICH,CH,Cl,, 70°C
56

R'8=H; R23=Ar, alkenyl; R®=Ar, Alk, CO-R

Method B: 5 mol% Cu(OTf),
R' R3 TMSN3(29)
RZ S OR? CH:Clz rt.
57

THF/HZO, rt.

cat. Na ascorbate
alkyne

THF/Hz0, rt.

R'" R? RS
—— RzJ%\V/LN)\y—-RG
1
sg NN

Method A: Yield 45-98%
Method B: Yield 42-98%

R'=H; R%=H, Ar, alkenyl; R3=Ar, Me; R*=H, Me; R°=H, CO,R; RP=Ar, CO4R, Alk

(Scheme 25). Nano Fe,0, and Cu(OTf), catalyzed azidation of allylic alcohols.
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Me
N
ORe_ — 7 O/’S‘E)
50 5 mol%Cu(OTf), 62
10 mol% t-BuOOAC Ve cl
ArSO;NHMe | /@’
Ohc dah,i Neg
A
CICH;CH,CI o6

60 25%0r60°C 63
Yield 76-89% Me
4 OAc e
— o (o]
H H
61 64

(Scheme 26). Cu(OTf), catalyzed amination of allylic acetates.

6 R® RS
. RLOHRY a0 mor BFy0EY At N,
R Zgs TMSN; (29) 7 RS
4 —_— 4
o CH3Cly, 09C-r.t. ol
R? e Yield 65-95% R? 6
R'=H, Br, Cl, NO,, OMe; R%=H, OMe; R .
R¥=H, Me Rl N R
R5
0" RS

67 (not formed)

(Scheme 27). BFyOEt; catalysed azidation of allylic alcohols 65.

FB-
OH Fotms
OH OTMS Ny OH
65a 68 66a

(Scheme 28). The proposed intermediate 68 in azidation of alcohols
65.

5 mol% Ca(NTf), R

U
OH A RS 5mol% BusNPFg N-g8
’ \N' O/
H

CH2Cl, rt.

8a 4627 Yield 39-03% 12
RA RE o, 0 0\3,10 '
N = g7 5 RO.__NH; O_ _NH
H NH; D’ Nbtie RO~ Hz O
R’O/ Me 0 0
4a, R=Me 4ad 5a, R=Bn 5d
de, R=0OMe 5¢. R = Me
0,0 5e,R = t-Bu
R NH, Me” “NHs 5f R=FEt
e af 5g. R = PhCH:CH:
0 ANH,

6b,R=Ph 27b, Ar=pNO,;CeH,
6d,R=iPr 27c, Ar = 3,5-CF4-CgHs
27d, Ar= p-CN-GgH,

(Scheme 29). Ca(NT£;), catalysed amination of allylic alcohol 8a.
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5 mol% Ca(NTf),

8b 5 mol% Bu;NPF, 12d
Me RANH, He
Ph/‘\\\/J\OH Ph” S NHRA
CHCl,. rit.
E100 Yield 64-62% 1
e -
OH Me
Me
NHR*
69
12¢"
o)
A ] =
RA—NH, ROJLNHQ ArNH;
5h,R=Ph  27b, Ar= p-NOyGeHa

(Scheme 30). Ca(NTL:): catalysed amination of structurally differ-
ent allylic alcohols 8b, E-10b, 69.

H 5 mol% Ga(NTf)2
N.__.OBn NHTS  H,N__OBn
Q/ e + TeNH, 5 mol% BuyNPFg N e
o CHyCly, .t 0
12e 4a 12f 5a

(Scheme 31). The proof of reversibility in Ca(NTfz); catalysed al-
lylic amination.

HN._cal
R* 3 cat. AICI5, FeCla, R? CCly
R! R? T BF*Et:0, TMSOT R? N=
= e N
9 Solvent, r.t o
RS RS olvent, r.t. R
HNJ\CCIBRB R Rps e
70 HN 7
R Rt chg
- 8. o
via: R1 Lo
RIRS RO
c R
R.# # /\I/\
D ne by
- ~ =
CCly CCly CCly CCly
a 1b Tie T1d

(Scheme 32). Lewis acid catalysed cyclization of allylic bis-
imidates 70.

DFT calculations indicated that the cyclization of carbe-
nium ion D has very low activation energy which is compa-
rable to the energy of bond rotations. Based on this the
stereoselectivity trends were explained by the formation of
the most stable carbenium ion conformations E E-D or E Z-
D followed by the cyclization via the energetically most fa-
vourable bond rotations.

The intramolecular allylic amination of his-imidates was
applied to the stereoselective syntheses of oxazolines 75
which are precursors of threoninol derivatives (Scheme 34)

[41].

In analogy to the cyclization of bis-imidates 72 (Scheme
33), the diasteroeselective cyclization of substrates E-74 to
syn-oxazoline syn-75 was explained by the formation of the
most stable carbenium ion conformation E,E-E followed by
cyelization vig most favourable bond rotations (Scheme 34).
The most stable conformation of carbenium ion E,E-E was
proposed where R group is perpendicular to the plane of car-
benium ion to minimize the steric interactions while the posi-
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R cel
0" "NH = via: 3
= R? >'=NH
R’ Cat. ACl; N. O x O
HN. O or TMSOTS Y R MRZ
Y or spontaneous CCls @7 5
CCly cyclization cis-T3 EED
E-72
Solvent, rt. o *
2
ccl CCly Yield 70-99% \:-\ﬁ\_ﬁ VIE XN oy
Y 3
= 2
HNT™O 07 SNH Ny O RI—& }%R
H
R = R2 CCly EzD
Z72 trans-73
a)R'"2=FEt from anti-E-imidates, cis/trans up to 30 : 1

b)R" = Ph, R? = Alk, Ph

from anti-Z-imidates, cisftrans up to 1 : 98

(Scheme 33). Synthesis of stereodefined disubstituted oxazolines cis-73 and #rans-73.

tion of TBSO group is determined by minimized dipole-
dipole interaction with imidate and/or repulsive interaction
of C-O o* orbital with carbenium ion. It could be assumed
that at the cyclization stage, imidate C-O bond rotation in
carbenium ion E E-E is energetically most favorable leading
to syn-oxazoline syn-75. This hypothesis was further sup-
ported by comparing the cyclization selectivity of double
bond isomers E-74a and Z-74a (Scheme 35). In carbenium
ion E,E-E generated from bis-imidate £-74a, rotation around
C-C bond is restricted preventing to form oxazoline anti-75a.
In carbenium ion E,Z-E generated from the bis-imidate E-
T4a, rotation around C-C bond is facilitated which may ex-
plain the lack of selectivity in oxazoline 75a formation for
this substrate.

R
oPg s
. cat. Fe(OTf); or : o
o o HCI04-Si0, /"i Pa
C\JC{ ),'—Cc‘a CHyNO, ClaC™ g
NH HN
d.r. : -
£7a rupto94:6 syn-75
Yield 15-89%
R= Alkyl, aryl, allyl, homoallyl
Pg = TBS, TIPS, TBDPS via:  CCls
HN o
HoOTBS,
= l
R @
EEE

(Scheme 34). Diastereoselective synthesis of threoninol derivatives
syn-75 via acid catalysed cyclization of bis-imidates E-74.

2. Bronsted Acid Catalysed Allylic Amination

For several of the Lewis acid catalyzed transformations
described above, Bronsted acids such as TfOH [21] and
HCIOs [19, 41] were also shown to be effective catalysts.
Bronsted acid catalyses may provide additional options such
as enantioselective reactions, and design of recyclable cata-
lysts including heterogeneous catalysts as discussed below.

Homogeneous Bronsted acid catalysis. The first enanti-
oselective intermolecular amination of allylic alcohols by a
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chiral phosphoramides was reported by Du and Zhuang
(Scheme 36) [42]. Screening of catalysts for the amination of
model substrate 3 with tosylamide (4a) revealed 76 as the
optimal catalyst for the enatioselective synthesis of ally-
lamine 7 in ee 65%. Using catalyst 76, a range of alcohols 10
were explored as substrates for the synthesis of enantioen-
riched allylamines 12. Generally good enantioselectivity was
achieved, which dropped in the case of bulky aryl substitu-
ents.

This method is based on the concept of chiral ion-pair
directed catalysis, which assumes the formation of chiral
contact ion pair F between the carbenium ion and chiral
Bronsted acid anion (Scheme 37).

The regioselectivity of amination on carbenium ion F is
mainly determined by the clectronic effect of the substitu-
ents. The reaction oceurred preferentially at the carbon adja-
cent to the electron rich aryl group.

The group of Chisholm demonstrated two examples of
allylic amination of electron poor dichloroaniline (27e) with
trichloracetimidates 77 and 78 catalysed by racemic cam-
phorsulfonic acid (CSA) (Scheme 38) [43]. The proposed
reaction mechanism involves generation of carbenium ion
intermediate by the protonation of imidate group m sub-
strates 77,78 with aniline CSA salt.

The group of Xia has introduced the sulfonic acid con-
taining ionic liquid [BsTdim][OTf] as an efficient catalyst
for amination of allylic alcohol 3 with sulfonamides 4, car-
bamates 5, carboxamides 6 and azoles 81 (Scheme 39) [44].
It was demonstrated that the catalyst 82 can be recovered and
re-used.

A protocol for C-N bond formation in water using a wa-
ter-soluble calyx[4]resorcinarene sulfonic acid 83 was re-
ported by Shimizu er al. (Scheme 40) [45]. Catalyst sereen-
ing with alcohol 3 as a model substrate revealed that acids
such as TIOH, MsOH and TsOH are not effective, while
catalyst 83 gave high yields of amination products 7 with
tosylamide (4a) benzyl carbamate (5b) and benzamide (6a).
Two additional substrates £E-10b and 8a were also success-
fully subjected to allylic amination with tosylamide (4a) us-
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\\: n-Bu via: CCly

A HN™O  oTBS
oo TBS Ri~==]>=H
n-Bu (o) Iy v
OTBS ;
— HClOgsio, Y753 EEE
O TCHNO, *
e via:
n-Bu
C‘C\C”\( HN E ich
o T Nores Meo_ oTBS
E-74a 0r Z-74a CIaC’<o Riefze O

from E-1b, syn :anti =88:12
from Z-1b, syn : anti=50 : 50

anti-715a

R
E.Z-E

(Scheme 35). The proposed stereoinduction model for the diastereoselective formation of oxazolines syn-75.

ing sulfonic acid 83 as a catalyst. Recycling of the catalyst
83 was demonstrated and no decrease in product 7 yield was
observed after several repeated uses for alcohol 3 amination.

NHTs Ph
R)'\'/\W Ph
o 10 mol% 76 112 Oe
TsNH, (4 ,
o T 0,0
R R cHel,, -60°C 0" “NHTi
3,10 NHTs OO
R/\/!\R‘ Ph
12 76 pn

R=R'=Ar, yield B0-88%, ee 18-85%
R =Ar, R'= Ar, vyield 16-87%, ee 13-94%, regioselectivity 3/1-20/1

(Scheme 36). Enantioselective amination of allylic alcohols pro-
moted by chiral Bronsted acid catalyst 76.

* X NHR
OH HX )76 X RNH; BN
- @
R Z~R H,0 T R R
10 chiral contact ion pair 12
F

(Scheme 37). The proposed intermediate chiral contact ion pair F in
enantioselective allylic substitution.

I °
=
07760 T 40 moiss csa Sy
77 3,5-diGI-CgHaNH, P
27¢
CH,Cly, r.t.
Q NH e cl
o)Lccwg Yield 77, 79% Q
78 N
LU

(Scheme 38). Camphorsulfonic acid catalysed amination of allylic
imidates.

The efficiency of the sulfonic acid 83 was ascribed to its
dual-function as a Bronsted acid catalyst and a phase-transfer
catalyst according to the plausible mechanism shown in
(Scheme 41). The water-soluble catalyst 83 forms host-guest

complexes with aleohols in the organic-aqueous nterfacial
layer. The dehydration reaction of alcohol is promoted by the
sulfonic acid moieties of catalyst 83 resulting in allylic
cation which is trapped by the amide to give the amination
product.

CiyHza-y "y

®
e/ d\/\/SO;qH

RA RB
OH 8 [BSTdim](OTf] 82 N
R4 R
s -+ %
PhMPh + N 1,4-Dioxane, 80°C Ph’f\)\Ph
4.6,81
3 Yield 79-99% 7
RA RE
= o0 0,0
H oy g R H, R. _NHz
NH; “NHMe | m
o (o]
R Me 5e,R=(-Bu 6a, R=Me
4a, R= Me 4d 5f, R= Et 6b, R =Ph
4b, R= NO; 0. .0 6d, R = vinyl
49, R=H ;‘s/:NH d \u  BeR=2Py
Me 2 e 6f, R = p-Me-Ph
4 o 6g, R =Et
H H I Bd -
H N - n=13
ITEDY IN NH
v N NN
81a 81b 81c O 6b

(Scheme 39). Sulfonic acid containing ionic liquid 82 catalysed
amination of allylic alcohol 3.

The group of Ren has reported dodecylbenzene sulfonic
acid (DBSA) as a surfactant-type catalyst for the in-
tramolecular allylic amination of triazenylaryl allylic alco-
hols 84 in water as the reaction medium. (Scheme 42) [46].
This provided 2-pyrorlidine 2-H indazoles 85 which can be
transformed to indazoles by reduction of the N-N bond with
Zn

The same transformation could be achieved with
Bi(OTf)s as a catalyst in CH2Cl; as a solvent, which in the
case of certain substrates 84 provided better yields of product
85 compared to the DBSA catalyzed reaction [47].

Heterogenous Bronsted acid catalysis. Sanz et al. dem-
onstrated an example of allylic alcohol 3 amination with p-
nitroaniline 26a using polymer-supported p-toluenesulfonic
acid as catalyst (Scheme 43) [48].
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OH NHPq (Ts, Cbz, Bz)
. 10 mol% catalyst 83 [
Ph Ph "] TsNH; (4a) CbzNH5 Ph Ph
3 (52) 7
oH BzNH, (6a) NHTs
e
Ph Me water, 60°C PR e
E-0b 12

Yield 63-97%

Ba

(Scheme 40). Calyx[4]resorcinarene sulfonic acid 83 catalysed
amination of allylic alcohols 3, E-10b, 8a.

RZ__OH RzYNHTs
! 38,10 R'712
organic phase o TsNH, '
: .l

agueous phase

R2__OH 2\ °

HO3S SOH HOsS ® S0,
-H,0

=Y =

catalyst 83

(Scheme 41). The proposed mechanism of sulfonic acid 83 cata-

lysed allylic amination.
“
N

h
Ny on 20 mol% DBSA NN R
= 7
i . 2 water, 35°C RI-
Rt Yield 62-99%
84 85

DBSA = dodecyl bezene sulfonic acid
R=Ar, ¢-Pr; R = H, p-CO;Et, p-CN, p-Me, p-Cl, p-Br, m-CO;Et

(Scheme 42). Dodecylbenzene sulfonic acid catalysed intramolecu-
lar allylic amination.

oM
J\/\ *©/ ZLO-SOH | \@NH
MeCN, rt. >
Yield 86% Ph N Ph

(Scheme 43). Polymer-supported p-toluenesulfonic acid catalysed
amination ofallylic alcohol 3.

Wang ef al reported an amination of allylic alcohol 3
with benzenesulfonamides 4a,h, carboxamide 6b and aniline

87

Skvorcovaand Jirgensons

27b by using an insoluble phosphotungstic acid (PWA) cata-
lyst (Scheme 44) [49]. Carbenium ion species were proposed
as intermediates for this reaction.

OH NHR*
PWA
o ORMNH, ——— .
Ph)\’/”\Ph 2 | 4 Dioxane, 80°C  ph” ~Fph
s s6zy  Yield 9198% .
9.0 a
57 NH;
e (0 w0 Y
R oN
4a,h, R =Me, H 6b 27b

(Scheme 44). Phosphotungstic acid catalysed amination of allylic
aleohol 3.

Liu at al developed the allylation of sulfonamide 4a.b.h,
carbamate 5a and carboxamides 6bh with allylacetate 86
using Amberlyst-15 as a recyclable heterogeneous catalyst

(Scheme 45) [50].

Amberyst-15

/\\\/T‘c (30 mg/1 mmol) HN-R
+ RA=NH, ———————
Fn Ph 2 MeCN,rt. phe S pp,
6 46 Yield 34-97% 7
o, .0
i RO _NH;  R_ _NH,
RA-NH; = NH; hig e
R 0 o]
4a, R= Me 5a, R=Bn 6b, R =Ph
4b, R=NO; 6h, R = 1-Me-vinyl
4h,R=H

(Scheme 45). Amberslyst-15 as catalysed amination of allylic ace-
tate 86.

Song er al. have demonstrated HCIO, impregnated SiO;
as another type of heterogencous catalyst for the allylic ami-
nation of allylic alcohols 3,10 with carboxamides 6b.i
(Scheme 46) [51].

OAc A
L 5mol% HEIO, - SI0, HN-R
R RI * RANH, —————— =2
1,4-Dioxane, r.t. R R’
3,R=R'=Ph yield 60-86% 7,12
10, R = Ar, R1 = Me
@A i, o Ro NH 8b,R=Ph

NH, =

Y 6i, R = p-NO;CgHs

o}

(Scheme 46). HCIO, impregnated Si0, catalysed amination of al-
lylic alcohols 3,10.

A combination of TMSCI and natural montmorillonite
clay was shown as an efficient solid acid catalyst for the azi-
dation of allylic alcohols 3,10b with trimethylsilyl azide (29)
(Scheme 47) [52].
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OH Na-Mont Ny

TMSN,, (29), 6 mol% TMSCI

ph/‘\/I\R —_— Ph/b\\)\R
CH,Cly, rit.

3,R=Ph 712b

£10b, R=Me Yield 92,98%

(Scheme 47). Montmorillonite clay catalysed azidation of allylic
alcohols 3,10.

A plausible reaction mechanism is shown in (Scheme
48). Trace of water in the solvent or Na-Mont catalyst most
likely mitiated generation of HCI from hydrolysis of TMSCI.
The absorbed HCI inside the Na-Mont catalyst promotes the
generation of a carbenium ion, which then reacts with
TMSN; (29) forming the corresponding azide 48 and
trimethylsilanol.

OH Ng

PhA\A Ph F'h/‘\«A Ph

3\_/43

TMSCI + trace H,O— H+ Na-Mont
TMSN; TMSOH
29

(Scheme 48). The proposed mechanism for montmorillonite clay
catalysed allylic azidation.

The proton exchanged montmorillonite (H-mont) can
efficiently catalyze allylic substitution of allylic alcohols
84,87 with electron deficient N-nucleophiles such as aniline
(27e) and p-toluenesulfonamide (4a). This afforded the cor-
responding allylic amines 12,88 in good yiclds (Scheme 49)
[53].

NHR

Dioxane, 100°C
Yield 80-76%

12,R=Ph,Ts

OH .+ Ph-NH.
f\r + 2 PANH .~
87 27e 88
(Scheme 49). Acidic montmorillonite catalysed amination of allylic
alcohols 8a, 87.

Acidic solvents. Najera’s group has demonstrated that
Bronsted acidic fluorinated alcohol solvents such as
1.1,1.3.3,3-hexafluoroisopropanol ~ (HFIP) and 22.2-
trifluorocthanol (TFE) induce the reaction of allylic alcohols
with nitrogen nucleophiles (Schemes 50, 51) [54]. The de-
veloped procedure is simple, works under mild conditions
(r.t., 50 and 70 °C) providing high yields, especially when
HFIP is used as a solvent and aryl group containing allylic
alcohols are used the substrates. Using allylic alcohol 3 as a
model substrate, it was shown that sulfonamide 4a, carba-
mates Sa.e, carboxamide 6b, and amines 27b,89a-¢ can be
successfully utilized as nitrogen nucleophiles. Trimethylsily-
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lazide 29 was also a suitable nucleophile to make allylic az-
ide 30.

B
oH HFIP 50°C RY R
A RE o
. R or TFE 70°C L
Ph Ph N — ~  Ph Ph
Yield 45-99%
3 4-6,27,89,90 7,30
NH;
RA RB RO.. _NH, Ph.__NH
NT = TsNH; D
H o] O oN
4a 5a,R=Bn, b 27b
5e, R=tBu
RNH, /N{E
89a, R=Bn, Ph” NHy TMSN
8b,R=Bu  gg; 29

(Scheme 50). Amination of allylic alcohol 3 in fluorinated alcohol
solvents.

Ts.
OH Ts NH NH R
RNTR + P
R? R? R R R?
11
HFIP 50°C 12 12
or TFE 70°C Ts
o O
2 Yield 30-79%
90
OH Ts. Me
o v Q-
e O~
91 Me N,Ts
92 92' H
3:1(HFIP)
3:1(TFE)

(Scheme 51). Amination of structurally different allylic alcohols in
fluorinated alcohol solvents.

The scope of the reaction was demonstrated for the al-
lylic amination of structurally diverse substrates 8a, 11, 91
with tosylamide (4a) (Scheme 51). The regioselectivity for
aryl group containing substrates 11 was in favour to the iso-
mer 12 with conjugated double bond (R* = Ar). In the case
substrate 11 with aliphatic substituents (R"=Me, R*=H)
poor regioselectivity in the amination was observed, while in
the case (R'*= Me) only the formation of allylamine deriva-
tive 12" was reported in low yield. Regioselectivity was poor
also in the case of cyclic substrate 91.

Iodine as catalyst. The group of Chan reported iodine-
catalyzed allylic alkylation of sulfonamides 4 and carba-
mates 5 with allylic alcohols 10 (Scheme 52) [55]. The for-
mation of an allylic carbenium ion intermediate was pro-
posed resulting from the reaction of the allylic alcohol 10
with in sifu generated HL In the case of the unsymmetrically
substituted substrates 10 (R = Me; R' = Ar), regioselective
formation of products 12 with conjugated double bond
formed; while in the case of substrates 10 (R = Ar; R'= Ar')
mixtures of isomers formed.
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NRARE
R R
5 mol% Iy 12
CaS0y, CH,Cly, 1.t *  NRARE
|
Yield 51-94% R/‘\‘:\\/ ~Rr1
1z

(Scheme 52). lodine catalysed amination of allylic alcohols 10.

Todine as catalyst for allylic amination transformations
was demonstrated by Wang ef al. and Liu er al. in acetoni-
trile as a solvent [56-58].

CONCLUSION

Allylic amination via acid catalyzed activation of a leav-
ing group involves non-expensive and low toxic Lewis acid
and Bronsted acid catalysts and in many cases non-toxic by-
products such as water or acetic acid are generated. Moreo-
ver the design of catalysts to perform the reactions in water
as a solvent and the use of recyclable catalysts has been ad-
vanced in recent years. Consequently, this reaction type
meets many criteria of the green chemistry paradigm. Less
developed are asymmetric transformations for this type of
allylic amination which are currently limited to few exam-
ples of chirality transfer, substrate controlled diastereoselec-
tivity and enantioselective catalysis. It is expected that the
next decade will bring achievements in asymmetric allylic
amination via acid catalyzed activation of a leaving group to
broaden the scope of this method for the synthesis of allyl
amine derivatives.
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Ritter-type Amination of Carbenium lons Generated by Directed
Protonolysis of Cyclopropane

Marija Skvorcova, Lukass T. Lukasevics, and Aigars Jirgensons”

A directed intramolecular protonolyis of cyclopropane C-C bond is demonstrated as a strategy to generate carbenium ion for the

amination with nitriles under Ritter reaction conditions.

Directing groups such as carbamate, carboxamide, urea, ester and ketone

were found efficient for regioselective anti-Markovnikov cleavage of cyclopropane. Depending on the directing group, the Ritter-type

amination provided orthogonally protected 1,4-diamine,

Introduction

Functionalization of C-C bond can provide an acess to useful
compounds from readlily availble starting materials and as
such has received an increased attention in recent years."
However, development of such a transformation is a very
challanging task due to the relative inertness of this sigma
bond. In cyclopropane, due to the ring strain, the overalp of C-
C bond forming electrons is less efficient which makes the
character of the molecular orbital more similar to n-bond.6-10
The reactivity of cyclopropane has been demonstrated in the
metal promoted reactions*!116 and at the exposure to
electrophiles such as halogenes, hypervalent iodine, Lewis and
Brensted acids.'”2> The
cyclopropane cleavage typically is high except for protonolysis.
Modified, anti-Markovnikov rule has been proposed to predict
the protolytic C-C bond cleavage between the most
substituted and least subsituted carbons of cyclopropane,
however with few exceptions the selectivity is moderate.'®

regioselectivity of electrophilic

Recently, we reported that the C-C bond of acylated
aminomethyl cyclopropanes can be regioselectively cleaved in
anti-Markovnikov fassion between the two most substituted
carbons. In this transformation, protonated amide 1-H* (DG =
NH(C=0)R3) served as a directing group for intramolecular
proton transfer to C-C bond via “edge” trajectory leading to
carbenium ion 2 formation (Scheme 1).24 Intramolecular
amination of the carbenium ion 2 with amide provided
pyrrolidines 3 in good yields.

Previous work: 1.
i N
g
R! o r ®R< H DG=NH(C=0)R® R O)::RJ
WY | o Y= )
406 40e® DG ) o
This work: Il
1 1-H* 2 RCN HN

"edge" protonation trajectory intermolecular

amination

Scheme 1.

To extend the application of carbenium ions 2 generated by
cyclopropane 1 cleavage, we explored the Ritter-type
intermolecular amination.?526 In the context of this reaction,
we also investigated the scope of directing groups for selective
cyclopropane C-C bond protolysis.
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g—amino carboxylic, and g-amino ketone derivatives.

Results and discussion

To examine the intermolecular amination of carbenium ion 2,
cyclopropane derivatives 5a,b were subjected to the reaction
with nitriles using TFA as a proton source (Table 1). The
reaction of carbamate 5a with acetonitrile provided the
desired product 6a, although in low yield (Table 1, entry 1). Not
unexpectedly, significant amount of pyrrolidine 3 (Scheme 1)
was produced from the substrate 5a. To suppress the
cyclization reaction, the carbamate nitrogen was blocked by
introduction of a methyl group. Consequently, the reaction of
N-methylated analogue 5b with acetonitrile provided diamine
derivative 6b in medium yield (Table 1, entry 2). The addition
of AcOH to the reaction mixture and increased temperature
was beneficial to improve the vyield of product 6b (Table 1,
entry 3). Chloroacetonitrile?” and benzonitrile were also found
as suitable amino components for the transformation of
substrate 5b to diamine derivatives 6¢ and 6d (Table 1, entries
4 and 5).

Table 1. Optimization of the Ritter-type Amination®
o

COEt HN)kR COEt
Neog TFA/RCN / AcOH N
OA\/ R 24, rtor 60°C O\N R
5a,R=H 5b,R=Me 6a-d
— ” . — ratio of Product,
TFA / RCN / AcOH yield (%)
1 H MeCN rt 4/1/0 6a,9
2 Me MeCN rt 4/1/0 6b, 62
3 Me MeCN 60 1/1/1 6b, 84
4 Me  CICH,CN 60 1/1/1 6¢, 84
5 Me PhCN 60 1/1/1 6d, 77

“Reactions were performed on a 0.22 - 0.47 mmol scale, ¢ = 0.1 M. Isolated yields are given.

With the efficient amination conditions in hand, the scope of
the carbamate N-substituents was examined (Table 2). In the
reaction with chloroacetonitrile, substrates 7a-d bearing
different types of N-substituents gave the desired amination
products 8a-d in good vyields (Table 2, entries 1-4).
Interestingly, N-PMB substituted carbamate 7e gave N-
acetylated product 9. Such a product formation can be
explained by the formation of acylium ion from acetic acid
which presumably attacks the carbamate function after the
cleavage of PMB group in acidic conditions (Table 2, entry 5).



The scope of cyclopropane substitution was investigated for
substrates 10a-e in the Ritter reaction with chloroacetonitrile
(Table 3). 2-Me,2-Ph-substituted substrate 10a gave product
11a in lower vyield (Table 3, entry 1) compared to 2,2-dialkyl
substituted cyclopropanes 5b and 7a-e (Tables 1, 2). The
introduction of an additional substituent at the 2,2-dialkyl
cyclopropane ring (substrates 10b,c) led to drop in the yields
of products 11b,c (Table 3, entries 2,3). 2,2,3,3-
Tetrasubstitued cyclopropane 10d failed to give amide 11d,
instead significant amount of C-N bond ionization product was
isolated (Table 3, entry 4). With cyclopropane 10e bearing only
Ph group in the 2-position, the reaction did not occur at all
(Table 3, entry 5).

Table 2. Scope of the Carbamate N-Substituent®

o o
GOEt  TFA/CICH,CN / ACOH P cost L] cosEt
N 1171
(:’A\/ R 24 h,60°C O\NN\R NTME
7ae 8ad 9 °
entry Substrate, R Product, yield (%)
1 7a,Bn 8a, 63
2 7b, allyl 8b,90
3 7c, propargy! 8¢,88
4 7d, Ph 8d,74
5 7e, PMB 9,87

*Reactions were performed on a 0.15 - 0.48 mmol scale, ¢ = 0.1 M. Isolated yields are given.

Table 3. Scope of cyclopropane substitution®

products 13b,d due to the side product formation (Table 4,
entries 2,3). The reaction of acetonitrile with substrate 12d
containing trichloroacetamido group gave considerably
improved yield of diamine 13d (Table 4, entry 4) compared to
analogues ethoxycarbamate 5a (Table 1). This can be
attributed to weaker nucleophilicity of trichloroacetamide
preventing the intramolecular amination.

Table 4. Scope of the Directing Groups®

o
R RY
s TFA/ CICH,CN / ACOH C‘\ANH RS COE
R R I
COE 1171 = Ry
4 N o R
R Lo 24h, 60°C Repd e
10a-e Mae
entry substrate product (yield %)
o
]
N Me,., COEt ¢ \)l\NH COZEt
pf "~ Bn M:j\/\/N\B,,
10a 11a (45)
o
, Meﬁoza cl\)KNH We coe
"Me OQ\/N\W
10b 11b (55)
\i
Me. cl
MeAQO;Et NH COEt
N. Me: N,
3 e Ve e I Ve
3
cis-10c 11c (41 from cis-10c and
trans-10c 32 from trans-10c)
o
Me, Me C‘\)I\NH Bn
Bn
Me COREt Mé Me
10d 1d (09
o
Me
. - oL e
Et
: Ph)\/\/N‘COZEl
10e 11e (0)

°Reactions were performed on a 0.12 - 0.25 mmol scale, ¢ = 0.1 M. Isolated yields are
given.°mixture of products. lonization of substrate 10d was observed leading to ethyl
acetyl(benzyl)carbamate as main product; fno reaction of susbtrate 10e.

Next, the scope of directing groups for intermolecular proton
transfer in substrates 12a-k were explored to generate
carbenium ions for the Ritter-type amination (Table 4). The
reaction of chloroacetonitrile with N-methylbenzamide 12a
provided the desired diamine derivative 13a in high vyield
(Table 4, entry 1). Phtalimide and urea in substrates 12b,c
were less efficient directing groups leading to lower yield of
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R TFA/RCN / AcOH
1171
R DG 24n,60°C
12ak 0 13ak
entry substrate product (yield %)
X
Me Me,
Me Y Ph
. AN P oy N
M HN Ve
12a © '
13a(92)
o
Me,
0, Mew
2 Meﬁ\/ HN Ve
e T
12p © 13b (47)
o
Me, AL pn
NG Moy N
3 7A\/N N, HN Me Me
Md \ror Ph ¥ o
12c O 43¢
o
H
N._CCly CCly
4 OA\/ T N e
o T
12d>¢ o 13d (58)
[
Me,
Me e NEY,
5 ", NEt, o
: Y
12¢¢ 13e (63)
Oy NEt, Q/Vj\
cis-12f I cis-13f (80°)
trans-12f trans-13f (0)
Me,
Me oA v -
7 e COLE HN\r(\m
129 O 13993
M
co,Me CozMe
HN M
8 coMe o COMe
12h 13h (81)
o
Me
9 OAV\(ME HN
cl
! G
12i O 13i(r9)
MZE N -COMe
COMe HN NHCOEL
|
10 Me P e
e NHCOEt 0
cis12j (84 from cis-12])
trans12j (82 from trans-12j)
Me,
COM
Ve 2Me
_COEt HN._O _.N.
11 Ve HN' j R”COEt
e COMe o 13k R=H (22)
12k 131, R =Ac (21)

Reactions were performed on 0.08 — 0.47 mmol scale, ¢ = 0.1 M. Isolated yields are given.
breaction conditions: 25% TFA in MeCN, rt; ‘addition of AcOH reduce the yield; “reaction was
performed at rt - mixture of products at higher temperature. °NMR yield determined by using
1,3-bis(trichloromethyl)benzene; 'no reaction.

Carboxamide 12e also proved to be competent substrate
providing the product 13e in medium yield (Table 4, entry 5).



Notable difference in the reactivity was observed for o,/
unsaturated amide isomers cis-12f and trans-12f (Table 4,
entry 6). Isomer cis-12f gave the desired product cis-13f
smoothly, while the other isomer trans-12f was unreactive.
Such a result is in accordance with intramolecular proton
transfer to C-C bond of cyclopropane in isomer cis-12f which is
not possible for isomer trans-12f. Ester and keto groups in
substrates 12g-i were found as very efficient directing groups
for the protolysis of cyclopropane leading to amination
products 13g-i in the reaction with chloroacetonitrile (Table 4,
entries 7-9). The results with amides 12e,cis-12f, esters 12g,h
and ketone 12i strongly indicates that the oxygen atom is
involved in intramolecular proton transfer to cyclopropane.
Both isomers of unsaturated amino acid cis-12j and trans-12j
were transformed to chloroacetamide 13j in good yields.
(Table 4, entry 10). The product 13j formation as a single
isomer can be explained by the acid promoted isomerization
of the double bond either in substrate or in the product to
the thermodynamically more
Saturated analogue 12k bearing more nucleophilic carbamate

form stable cis-isomer.
function gave the expected product 13k with significantly

reduced yield together with N-acylated by-product 13l.

Conclusions

Carbenium ions generated by directed protonolysis of
cyclopropane can be intermoleculary aminated under Ritter-
type reaction conditions. Several functional groups such as
carbamate carboxamide, urea, ester and ketone efficiently
direct regioselective protonolytic cleavage of cyclopropane C-

C bond to generate the carbenium ion.
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