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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

10 10E 1 12

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,
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prezentéti septinas konferences.

Zinatniskas publikacijas

1.

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 lons
Generated by Directed Protonolysis of Cyclopropane. Manuskripts.

Darba rezultati prezentéti $adas konferencés

L.

Skvorcova, M.; Jirgensons A. Amination of cyclopropylmethyl cation. Paul Walden 9%
Symposium on Organic Chemistry, Riga, Latvia, May 21-22, 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, July 3-6, 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, July 10-15, 2016.



Skvorcova, M.; Jirgensons A. Amide group directed protonolysis of cyclopropane. En
route to 2,2-disubstituted pyrrolidines. Latvijas Universitates 75. zinatniska konference;
Kmijas sekcija, Riga, Latvija, 2017. gada 10. februaris, 24. Ipp.

Skvorcova, M.; Jirgensons A. Intramolecular Cyclopropylmethylation via Non-Classical
Carbenium Ion. 10" Paul Walden Symposium on Organic Chemistry. Riga, Latvia, June
15-16, 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, August 28—September 2, 2017.

. Lukasgvics, L. T.; Skvorcova, M.; Jirgensons A. Ritter-type Amination of Carbenium lons
Generated by Directed Protonolysis of Cyclopropane. Balticum Organicum Syntheticum
(BOS 2018), Tallinn, Estonia, July 1-4, 2018.



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.

21



a D~8 % \\D ~50 %

H

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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|
CIACNH Me Me NHAC CIACNH Me CIACNH
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
acid. This would generate carbenium ion 6, which will be trapped with other imidate as N-
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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
7
H%)2 ‘3&\' y\
LA X e
e 0 X —» = —
X X
_/ Nu X u
NH Nu— 7 P
5 6 6
Cl;C (:) Nu
3
j: i x_/
Nu - NH 9

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.

R? R3 E@ R2 ’IEES NL? Ez Nu Nu E
Sy s 7 " . R D_(.,Ra + R2:., <“'R3
R R = R R! R4 R R4
10 10E 11 12
E®—Hsj'. BEL TR Bt Bt HY
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-d2-21a 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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" -
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: - : 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-

40

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.
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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.
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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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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).
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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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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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