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Introduction

Organocatalysis has received a lot of attention in organic synthesis and in addition to
other catalytic systems due to the advantages of these processes in terms of synthetic
efficiency and sustainability’. Small enantiopure molecules are utilized as catalysts to
achieve the target synthesis in a short and stereoselective manner in a wide range of
solvents and for a broad scope of substrates.

An organocatalytic Michael reaction is the nucleophilic addition of a carbanion or
another nucleophile to an a,B-unsaturated carbonyl compound, catalyzed by primary or
secondary amines via enamine intermediates. During the reaction a new carbon-carbon
bond is formed.? In year 1963 Stork et al®> demonstrated the use of enamines in
stoichiometric reactions for a-functionalization of carbonyl compounds. The first
catalytic approach to enamines was published in the early 1970’s simultaneously by two
groups: Hajos and Parrish,* and Eder, Sauer and Wiechert.?

There are several methods for generating a new carbon-carbon bond, but the
development of an asymmetric organocatalytic conjugate addition remains an important
challenge in organic synthesis.

This doctoral thesis is focused on an enantioselective organocatalyzed Michael
addition applied for the synthesis of a cyclopropyl group containing compounds.
A cyclopropane ring fragment can be found in many natural and synthetic compounds,
and exhibit a wide range of biological activities. In the course of the work a general and
straightforward method for the synthesis of B- and y-amino acid precursors was
developed. The reaction allowed the one-step introduction of a cyclopropane ring and
two different nitrogen-containing functional groups into the target compound
(Publications | and Il). Additionally, the selective [3+2] annulation of cyclopropenones
was investigated in order to afford chiral butenolides (Publication Il1).



Abbreviations

Ar aryl

Asn Asparagine

Asp L-aspartic acid

Bn benzyl

Boc tert-butyloxycarbonyl

Bu butyl

Cy cyclohexyl

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCE 1,2-dichloroethane

DCM dichloromethane

DMAP N,N-dimethylaminopyridine
DME 1,2-dimethoxyethane

d.r. diastereomeric ratio

ee enantiomeric excess

e.r. enantiomeric ratio

EWG electron-withdrawing group
GABA y-aminobutyric acid

Gln Glutamine

HFIP hexafluoroisopropanol

Et ethyl

LG leaving group

Me methyl

MIRC Michael-initsiated ring closure



nBu
NMM
iPr
nPr
PCC
PG
Ph
pKa
Pro
PPTS
PTC

p-TsOH

rt
TADDOL
TBAI
tBu
TBS
TCICA
TEA
TFA
TEMPO
THF
TMS

TS

normal butyl

N-methylmorpholine

isopropyl

normal propyl

pyridinium chlorochromate
protecting group

phenyl

acid dissociation constant at logarithmic scale
L-proline

pyridinium para-toluene sulfonate
phase transfer catalyst
para-toluenesulfonic acid
unspecified substituent

room temperature
o,a,a',a'-tetraaryl-1,3-dioxolane-4,5-dimethanol
tetrabutylammonium iodide
tert-butyl

tert-butyldimethysilyl
trichloroisocyanuric acid
triethylamine

trifluoroacetic acid
2,2,6,6-tetramethylpiperidinoxy
tetrahydrofuran

trimethylsilyl

transition state
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1 Literature overview

The Michael addition of aldehydes to nitroalkenes is of particular interest because of the
valuable synthetic intermediates y-nitro carbonyl compounds® that are generated.
The nitro group allows various asymmetric transformations into other functional groups
leading to a variety of useful building blocks, such as chiral y-amino alcohols’, y-amino
acids®, y-butyrolactones® and substituted pyrrolidines®L,

The literature overview covers the Michael reaction catalyzed by proline-based
organocatalysts following the enamine pathway.

1.1 Aminocatalytic Michael reaction

The Michael reaction is a powerful tool in organic chemistry; during the Michael addition
a new carbon-carbon bond is formed. The reaction itself is the nucleophilic addition of a
carbanion or another nucleophile to an a,B-unsaturated carbonyl compound or to a
double bond connected to a strongly electron-withdrawing substituent. In the
asymmetric aminocatalytic Michael reaction, a chiral catalyst is used and the catalytic
system involves enamine or iminium activation with chiral secondary or primary amines
(Scheme 1).22 In the catalytic cycle an iminium ion | is generated by the reversible
reaction between a chiral amine catalyst and a carbonyl compound. The formation of
nucleophilic enamine intermediate Il occurs because of the deprotonation at the
a-position of the iminium ion, due to the increase of C-H acidity. Then a nucleophilic
addition of the obtained enolate equivalent Il to an electron poor double bond
connected with a strongly electron-withdrawing substituent affords an a-substituted
iminium ion Ill. After hydrolysis the Michael adduct IV is formed and the regenerated
catalyst is ready to start a new catalytic cycle.
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v H
R

Scheme 1. Catalytic cycle of the Michael reaction.

The stereochemistry of the product is determined by facial selectivity of the
nucleophilic attack of the enamine and can be explained by the limiting "electronic" or
"steric" transition states (Figure 1). The geometry of the enamine (E or Z) is determined
by the catalyst structure. The E-enamine is thermodynamically favored due to steric
shielding and is predominant unless other interactions favor the Z-enamine (Figure 1).
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The relative size of the two sides of the E-enamine depends on the carbonyl substituent
X. The hydrogen from aldehyde starting material leads to the formation of the relatively
more stable anti-rotamer; in the case of ketones, the less-hindered moiety is the double
bond, which gives syn-rotamer, as long as other interactions are not involved. However,
the stabilizing H-bonding in the transition state can force the formation of syn-rotamer
in the case of aldehyde and anti-rotamer in the case of ketones.'?

" A -

Z-enamine E-enamine

anti-rotamer syn-rotamer
favored with X=H favored with X=CH,R'

Yo = Lo

N .
%\H NO, H)ﬁ-_\oz"‘l
“ E-enamine R

R
anti-rotamer syn-rotamer
Re, Re attack Si, Si attack

| |

NO, R NO,
Figure 1. The geometry of the enamine and transition states.’?

It may be concluded that in the catalytic enantioselective conjugate addition the
preferred diastereoselectivity and enantioselectivity depend on electronic or steric
interactions and the absolute configuration of the chiral catalyst.

In 1981 the Michael addition of achiral enamines with aliphatic, alicyclic and
arylsubstituted nitro olefins affording y-nitroketones in good vyields and excellent
diastereoselectivities was published by Seebach and co-workers*3. Morpholine was used
to generate the (E)-enamine 1 (Scheme 2). To explain the excellent diastereoselectivity,
they proposed a rule known as Seebach's topological rule.!®* (This general rule is
applicable to many donor-acceptor m-systems.)

)

1) Et,0 O Ph
xNO, —— NO
\)ﬁ + ph/\/ 2 2) EtZO:HCllo%aq\)JYk/ 2
1:1
84%
! 2a 3a d.r 99:1

Scheme 2. Michael addition of (E)-enamine to (E)-nitro olefin.
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As shown in Figure 2, in aprotic media, under kinetic control, the preferred approach
of two prochiral centers can be predicted (Figures 2a, 2b and 2c). All the existing bonds
are staggered. The donor (enamine) (C=D)-bond is in a gauche (synclinal) arrangement
between the (C=A) and the (C-H)-bonds of the acceptor (a,B-unsaturated system), with
the H-atom, the smaller substituent on the donor component, in an anti (antiperiplanar)
position with respect to the (C=A)-bond (Figure 2a). If the components can exist in (E/2)
(anti/syn)-isomeric forms (Figures 2b and 2c), the actual donor and acceptor atoms are
situated close to each other (to minimize the charge separation or to allow for chelation
of metal ions).

2) P b) T ©) oy
A A ) A )
R2 b r (e H (
Rs Rs
R H R’ H R’ H
H H R2
Re*Si*-approach syn-donor anti-donor
Re*Si*-approach Re*Re*-approach
guasi-chair guasi-chair

Figure 2. Seebach's topological rule.*?

In a Michael addition of enamine derived from the amine and carbonyl group to nitro
olefin, the enamine double bond is in a gauche arrangement between the C=C and C-H
bond (Figure 3). As the donor (enamine) and acceptor (a,B-unsaturated system) atoms
are situated close to each other, the bigger substituent on enamine is an antiperiplanar
position with respect to the C=A bond (Figure 1c), leading to the Re, Re approach and
affording syn product.

NO,

o
[P

|

anti-donor/anti-acceptor syn-product
Re*Re*-approach

Figure 3. Seebach's topological rule for a Michael addition of enamine to the acceptor.’®

The rule may not hold when very bulky groups R%, R? and substituents on Y are present
or the protic solvent is used an anti- rather than gauche-relationship, allowing better
solvation of the donor and acceptor heteroatoms, is kinetically preferred.

1.1.1 Asymmetric aminocatalytic Michael reaction

Over the years, a significant number of different catalytic systems for a Michael reaction
have been used'; in 2001 the organocatalytic version of a Michael reaction was
developed independently by List et al*> and Betancourt and Barbas 111*®. The List group
reported the proline-catalyzed Michael addition of unmodified ketones to nitro olefins
with modest enantioselectivities (Scheme 3).*

13



5
O—cow
0 N
H

O Ph
15 mol % ~_NO,
/\/Noz —_— B
+ Ph DMSO, 16 h :
4 2a 94 %

ee=23%,d.r. >20:1
Scheme 3. An L-proline 5 catalyzed Michael addition of ketones 4 to nitrostyrene 2a.

Only a few months later, Betancourt and Barbas Ill published an
(5)-2-(morpholinomethyl)-pyrrolidine 8 catalyzed Michael addition of aldehydes 7 to
nitro olefins 2 (Scheme 4).%% The reaction proceeded in good yield (up to 96%) and in a
high syn-selective manner (d.r. up to 98:2). They explained the high obtained
syn-selectivity through an acyclic synclinal model, in which there are favorable
electrostatic interactions between the partially positive nitrogen of the enamine and the
partially negative nitro group in the transition state. The approach of the nitro olefin from
the less hindered Si-face of the enamine would produce the observed stereochemistry.®
The proposed transition state is depicted in Scheme 4.

O

20 mol ¢

o e eesonee 2w LA o, 0
R THF, r.t.

7 ? 9 R yield up to 96%

R = alkyl d.r. up to syn:anti 98:2

ee up to 78%
R! =alkyl, aryl

Scheme 4. (S)-2-(morpholinomethyl)-pyrrolidine 8 catalyzed Michael addition of
aldehydes to nitro olefins.

In 2005 Hayashi et al'’ reported a diphenylprolinol silyl ether 10a catalyzed
asymmetric Michael addition of aldehydes 7 and nitro alkenes 2 (Scheme 5); the adducts 9
were obtained in nearly optically pure forms in almost all cases. The introduction of a
siloxy group into the proline structure led to an increase in the catalytic activity, allowing
a decrease in catalyst loading and shorter reaction times. The increase in catalytic activity
can be explained by the effective formation of the corresponding enamine without the
generation of the aminal, which would be formed in the case of diphenylprolinol. And
the bulky diphenylsiloxymethyl group on the pyrrolidine ring promoted the selective
formation of the anti-enamine and selective shielding of the Re-face of the enamine
double bond.

14



Ph TMSOPh,C'" : I,
_ NN
D—éph 10a o)
H
N ®R1

OTMS
1
Q 10-20 mol % o R R
NO
+ 1/\/ N02 _— )H/k/ P
H J\ R hexane, 0-23 °C H
; R 2 1-96 h o R 12cxamples
yield 52-85%
R = Me, Me,, Et, iPr, nPr d.r. 84:16-96:4

0 99%
= Ph, 2-furyl, 2-naphthyl, e up o7

Cy, CgH4-4-Br, C¢H,-4-OMe
Scheme 5. Catalytic asymmetric Michael reaction of aldehydes 7 and nitro alkenes 2.

At the same time Jgrgensen et al discovered that diphenylprolinol silyl ether is an
effective organocatalyst for the Michael addition of aldehydes 7 to methylvinyl ketone
11.'® They found that S-diarylprolinol silyl ether 12 catalyzed a Michael addition of
aldehydes 7 to methylvinyl ketone 11 is highly stereoselective and all products were
obtained in high yields and excellent enantiomeric excesses (Scheme 6).

CF3

F,C O CF,
Ch
” OTMS CF;
0o )J\/ 10 mol %
_—
+
HJ\H EtOH, 40 °C, 64 h )J\/
R 4 11 13 R yleld 80-83%

ee 92-95%
R = Et, Me, n-Pr

Scheme 6. Organocatalyzed enantioselective Michael addition of aldehydes 7 to
methylvinyl ketone 11.

They also investigated the effect of catalyst structure on the enantioselectivity of the
reaction. They concluded that the asymmetric induction observed with catalyst
S-diarylprolinol silyl ether completely relies on selective enamine conformation and
steric shielding. The bulky aryl and silyl substituents of the catalyst can efficiently shield
the Re-face of the favored E-configuration of the enamine leading to a Si attack.

Seebach and Hayashi®® investigated various acidic additives in the Michael addition of
propanal 7a to B-nitrostyrene catalyzed by prolinol ether 10a. Their results showed that
4-nitrophenol acts as the best additive in the addition of propanal to a series of different
nitro alkenes, causing rate accelerations (reaction time decrease from 6 h to 15 min when
nitrostyrene 2a was used), with retention of excellent stereoselectivity (Scheme 7).
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Ph
> <Ph 10a

N OTMS

0 5 mol“:A) H . o R
H)H v R _AUNO, 5 mol% 4-Nitrophenol ! )H/bN 0,
toluene, r.t.
7a 2 9
R= Ph, 4-Br-C4H,, 4-MeO-C4H,, yield up to 99%
4-CF3-CgHy, 3,4-(OCH,0),-C¢Hs, dr upto 15
Ph(CH,),, tBuO,C, cyclohexyl, iPr ee up to 98%

Scheme 7. The Michael addition in the presence of 4-nitrophenol.

Ni et al?® designed a new water-soluble recyclable and highly active organocatalyst 14
(Scheme 8). The reaction was carried out under mild conditions using 3 mol% of catalyst.
The catalytic system was easily recovered and reused at least six times without significant
loss of catalytic activity or stereoselectivities.

N  oTm™mS 1
@) H 3 mol% Q R
JJ\/ R + R1 /\/ NO, H )H/k/ NO;
H PhCOOH 30 mol%
H,0, rt R
7 2 2 ? 12 examples
] _0Qo,
R = Bn, nBu, iPr, nPr, nCsH,;, nC;H,s, Yyi‘/‘jj; ;2.2_99/;3’.2
R! = Ph, 4-Br-C4H,, 2-Cl-C¢H,, 2-CF5-C¢H,, e 98-99%

3-MeO-C¢Hy, 4-MeO-Cy¢Hy, 2-furyl, n-Bu
Scheme 8. Diarylprolinol silyl ether salt catalyzed Michael addition on water.?

Wennemers et al?? used the TFA salt of their tripeptide catalyst H-D-Pro-Pro-Xaa-NH,
15 (Xaa=acidic amino acid) in the Michael addition of aliphatic aldehydes to nitro alkenes
(Scheme 9). They showed that carboxylic acid plays a crucial role in coordinating and
thereby orienting the nitro olefin into a position that allows for the excellent
stereochemical induction that was observed for peptidic catalyst. Also the D-Pro-Pro
motif was the major contributor to the high asymmetric induction of peptidic catalysts
of the type H-D-Pro-Pro-Xaa-NH; in which Xaa is an amino acid with a carboxylic acid in
the side chain.
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L0
1 mol% %N\:)J\NHZ 15

ne (0] :
O o “CH,CO,H
NH-TFA
(0] 0 R1
1mol% NMM R
H )J\ + R1 /\/ N02 ° H )J\/\/ N02
R CHCl,/iPrOH 1:9 =
7 2 rt. 12-24h 9+ R
1.5 equiv 1 equiv 13 examples
yield 84-98%
R = Me, Et, Bn, nBu, iPr, CH,CO,Me syn/anti up to > 99:1
R! = Ph, 2,4-diCI-C4Hj, 2-CF3-CgH,, 4-MeO-CgH,, ce 90-98%

Cy, CH,CH(CH3),, CH(OMe),

Scheme 9. Michael addition reactions of aldehydes to nitro olefins catalyzed by tripeptide
TFA salt 15.

They investigated the additive effects on the catalytic efficiency of peptides.
The obtained results showed that no additives were necessary for the high catalytic
efficiency of this tripeptide catalytic system.

Wennemers and Duschmalé?? used tripeptides of the type Pro-Pro-Xaa as catalysts for
a Michael addition of aldehydes 7 to a,B-disubstituted nitro olefins 16. In the presence
of 5 mol% of either H-Pro-Pro-D-GIn-OH or H-Pro-Pro-Asn-OH, y-nitroaldehydes 17
bearing three consecutive stereogenic centers were obtained in good to excellent yields,
diastereoselectivities, and enantiomeric excesses (Scheme 10).

O 5 mol% H-Pro-Pro-D-OH o R2
NO or
H )J\ + Rz/\/ 2 5 mol% H-Pro-Pro-Asn-OH H )H/'\/ NO,
R4 R3 1 R3 .
; 1 CHCly/iPrOH 1:9 RY RY yield up to 98%
rt 1-3d 17 d.r. up to 87:8:4:1

R' = Bn, Et, iPr, nPr, (CH,);CO,Me ee up to 99%
R? = Ph, 4-NO,-C¢Hy, 2,4-diC1-CgH,
R3=Me, Et, Bn

Scheme 10. Tripeptide catalyzed Michael addition of aldehydes to a,B8-disubstituted nitro
olefins.

Eymur and Demir?* used a proline-thiourea self-assembled organocatalyst for the
enantioselective Michael addition of aldehydes 7 to nitro alkenes 2 (Scheme 11). In the
presence of 20 mol% of L-proline 5 and 5 mol% of thiourea 18, moderate to good
enantioselectivity and high syn-selectivity were obtained in both branched and
unbranched aliphatic aldehydes. When the reaction was carried out without the thiourea
additive, the reaction was very slow (36 h, conversion < 6%), with low stereoselectivity.
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CF3
COOH 5
N 20mol% CFs
CF3
Q Jit
FsC N
(0] 3 H
H)H + R1/\/ NO,
R benzene, rt
7 2
yield up to 88%
R = Me, Et, Pr, iPr d.r. up to syn/anti 38:1
R!=aryl ee up to 76%

Scheme 11. Achiral thiourea 18 and L-proline 5 catalyzed Michael reaction.

To explain higher syn-diastereoselectivities and enantioselectivities with respect to
proline, they proposed a TS (Scheme 11). Due to hydrogen bonding between thiourea
and carboxylic group of proline the selective formation of the anti-enamine is favored
and its Re-face is shielded, leading to a Si attack.

Various other chiral proline-based organocatalysts*?® have been developed and
screened for the Michael addition of aldehydes to nitro alkenes. As a powerful tool
creating a new carbon-carbon bond, the aminocatalyzed Michael addition will remain
developing field of research.

1.1.2 Revised mechanism for the Michael addition of aldehydes to nitroalkenes
catalyzed by diaryl prolinol silyl ether

Mechanistic studies and the origin of stereoselectivity in the a-functionalization of
aldehydes have been investigated by several research groups.®2% Seebach and Hayashi'®
investigated an organocatalyzed Michael addition of aldehydes to nitroalkenes, in situ
NMR studies led to the identification of a stable cyclobutane species, existing as a single
diastereomer. They proposed that cyclobutane is an off-cycle resting state of the catalyst,
by which the zwitterion intermediate is removed from the catalytic cycle resulting from
a reversible attack of the enamine on the nitro olefin (Scheme 12).

Scheme 12. The cyclobutane is an off-cycle resting state of the catalyst and reversibility
of the formal [2 + 2] cycloaddition.*®

18



Pihko et al?” published the revised mechanism for the Michael addition of aldehydes
to nitroalkenes catalyzed by diaryl prolinol silyl ethers. They proposed that the
dihydrooxarine oxide (OO) is the key intermediate in an organocatalytic Michael addition
of aldehydes to nitroalkenes (Scheme 13). They demonstrated that the sluggish reaction
rates observed in reactions with a-alkyl-substituted nitroalkenes are in fact due to slow
protonation of the OO intermediate and not a result of the intrinsically lower reactivities
of the nitroalkenes (Scheme 13).

OTMS N OTMS N OTMS
h _ Ph Ph
-HA ZH
S . +H,0
Art AR NO, 2
A

R
HA slow A i
rate-determining step NN~ NO,
Ph

Ar

.

N

| P
NO,

R

dihydrooxarine oxide
(00)

cyclobutane (off-cycle)
Scheme 13. Revised mechanism for the Michael addition of aldehydes to nitroalkenes
catalyzed by diphenylprolinol silyl ether.?”

In conclusion, dihydrooxarine oxides (OO) are key on-cycle intermediates in the
Michael additions of aldehydes to nitroalkenes catalyzed by diaryl prolinol ethers.

1.2 Synthesis of cyclopropane ring-containing amino acid precursors

The highly strained cyclopropane moiety is an important motif in many biologically active
compounds.?® Several methods have been developed to obtain chiral cyclopropane ring-
containing compounds, such as the Simmons—Smith reaction?®, using a transition
metal-catalyzed reaction starting from carbene intermediates®® or organocatalysis.3!
This chapter will give a short overview of the use of organocatalytic Michael-initiated ring
closure and the Kulinkovich reaction as a method of choice.
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1.2.1 Michael-initiated ring closure (MIRC)

The Michael-initiated ring-closing reaction is an efficient tool for the synthesis of
cyclopropanes.3? Using chiral auxiliaries linked to the Michael acceptor has been the
choice for asymmetric induction;>? recently the growing popularity of organocatalysis has
merged: enantiomeric H-bond, amino- and PTC-catalysts have been used to achieve high
enantioselectivity of the cyclization. Cyclopropanation reactions involving a conjugate
addition to an electrophilic alkene to produce an enolate, which then subsequently
undergoes an intramolecular ring closure, are defined as Michael-initiated ring-closure

H LG H LG
Y o— P
“H H” “EWG

(MIRC) reactions (Scheme 14).33

HOR D
“CH,LG

L
EWG

H EWG

EWG =NO,, CN, COOR
LG =1, Br, OH,

Scheme 14 . Michael-initiated ring-closure cyclopropanation reaction.

Gaunt et al** reported an enantioselective organocatalytic cyclopropanation reaction.
During the reaction an a-bromo carbonyl compound undergoes Sy2 displacement with
tertiary amine catalyst to form a quaternary ammonium salt I: deprotonation with base
will afford the ylide I, which undergoes conjugated addition to alkene to form enolate
IIl, and intramolecular cyclization generates the cyclopropane (Scheme 15).
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Scheme 15. Proposed catalytic cycle.
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The reaction was carried out in acetonitrile in the presence of 10-20 mol% of the
quinine or quinidine series of cinchona alkaloid as catalysts. Cyclopropane derivatives 23
were obtained in high yield and enantioselectivity (Scheme 16). The opposite enantiomer
was also synthesized by using the quinidine-derived catalyst. Using acetamide as a
Michael donor afforded cyclopropane in excellent yield and 93% ee.

=
OMe
21
0 0] 10-20 mol% cat. 0

CsCO; (1.3 3
R1ﬂ\ + YJ\RZ sCO; (1.3 eq) RPKA,/T R2

Br R MeCN, 80°C I

19 20 23 o

yield 60-96%
ee 80-97%
R! = OrBu, NEt,, NMe(OMe) OMe
R? = Ph, 4-NEt,C¢H,, 4-BrC¢H,,
3-BrC4Hy, OBn, OMe, nPent
R?=H, Me, NBoc,

MeO

Scheme 16. Enantioselective organocatalytic cyclopropanation.

Aitken et al*> showed that cyanosulfone 26 can be used as a Michael acceptor in the
MICR cyclopropanation with methyl bromomalonate 27a. Using 10 mol% of bifunctional
cinchona alkaloid 28, they obtained highly functionalized cyclopropane derivatives 29 in
high yields and enantioselectivities (Scheme 17).

74
OMe
N
5 28
‘OH
10 mol% MeO,C, ,CO,Me
0,0 o o 20400
Ph/s CN 1 eq K,CO4 .
| *  MeO OMe ———> PhO,S" Ar
-10°C, CH,Cl CN
Ar Br 2
26 27a 1200 29
Ar = Ph, 4-C1-CgHy, 3-Br-CgHy, 3,5-diMeO-CHs, y?;;‘z’g;;
4-MeO-Cg¢Hy, 4-NO,-C4H,, 2-thiophenyl, e.rupto91:1
2-naphthyl, 3-pyridyl e.r. after single recrystallisation 98:2

Scheme 17. Asymmetric cyclopropanation of conjugated cyanosulfones.
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Wang et al reported the synthesis of chiral diester substituted cyclopropanes 31 from
o,B-unsaturated aldehydes 30 with bromomalonate 27.36 The reaction was catalyzed by
chiral diphenylprolinol TMS ether 10a in the presence of 2,6-lutidine.

Cyclopropanecarbaldehydes 31 were obtained in high enantio- and diastereo-selectivities
(Scheme 18).

Ph 10a
Ph

N OTMS

C02R2 H 10 mol% , __QHO
2,6-lutidine R<0,C
R‘I\/\ 2 —_— 2
CHO + R“0,C Br 2
2 CH,Cl,, 0°C R70,C PRt
30 27 31
R! = Ph, 4-NO,C¢H,, 2-NO,C¢H,, 2-CIC(H,, 16 examples
yield 42-95%
2-MeOCH,, 4-MeOC4H,, 4-CF4C¢H,, 0e 90.98%
2-MeOC¢Hy, 2-furanyl, Et, n-CsHy; dr >30/1

R? = Me, Et, iPr, Bn
Scheme 18. Diphenylprolinol TMS ether catalyzed cyclopropanation.

Two groups simultaneously published a method for the enantioselective
cyclopropanation of enals using benzyl chlorides as nucleophilic and electrophilic
reagents.3”38n general, benzyl halides are considered to be an electrophilic species, but
adding strong EWGs, such as —NO,, on the ortho and/or para-positions of the aromatic
ring changes the reactivity as a result of strong inductive and resonance effects, and in
the presence of a weak base they could act as nucleophiles. Meazza et al*® reported the
enantioselective cyclopropanation of enals using benzyl chlorides 32 as bifunctional
reagents; cyclopropane derivatives 33a-c were obtained in good vyields and
enantioselectivities and with moderate to excellent diastereoselectivities (Scheme 19).

Ph o 10a
Ph

N OTMS
20 mol% CHO CHO CHO
A Cl \ R ~cn DIPEA (1.1 eq) A . . % |
CHCI;, 0°C  pAp YR A YR Ar "R
32 30
33a 33b 33c

Ar=2,4-(NO,),C¢H3, 2-NO,-4-CF;3-C(Hj, 16 examples
R = Me, Et, nPr, nC;H,5, CO,Et, Ph, 4-CN-C¢H,, yield for major product 47-99%

4-NO,-C¢Hy, 4-F-C¢Hy, 4-C1-CgH,, 4-Br-CgHy, ee up to 99/95/98

4-Me-CgHy, 4-MeO-CgH,, dr up to 8:3:1

Scheme 19. Asymmetric cyclopropanation catalyzed by diphenylprolinol silyl ether 10a.

Screening of the substrate bearing other aromatic substituents showed that the
cyclopropanation reaction requires two strong EWGs on the aromatic ring of the benzylic
chloride in order to enhance the acidity and nucleophilicity of the benzylic position.
They also proposed a plausible catalytic cycle for asymmetric cyclopropanation (Scheme
20). The iminium ion I was generated by the reversible reaction between a,B-unsaturated
aldehyde and chiral amine. The bulky group of catalyst shielded the Si-face of an
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a,B-unsaturated iminium ion I. Intermediate Il was formed by a nucleophilic attack of
benzyl chloride predominantly on the Re-face of iminium ion | via a Michael addition,
followed by an intramolecular ring-closing reaction between the enamine and the
secondary alkyl chloride. After the hydrolysis of iminium ion lll the desired product was
formed and the catalyst was regenerated.

O2N /A\V/CHO

R \ % o

..,,

NO I}
R c;\ 2

Scheme 20. Plausible catalytic cycle for the enantioselective intermolecular
cyclopropanation.

Wang et al used diphenylprolinol TBS ether 10b for the synthesis of chiral
trisubstituted diarylcyclopropanecarbaldehydes 35a-c from substituted benzyl chloride
32 and a,B-unsaturated aldehydes 30.3” The reaction was carried out under mild
conditions using 30 mol% of diphenylprolinol TBS ether 10b as a catalyst (Scheme 21).
Trisubstituted diarylcyclopropane-carbaldehydes 35a-c were obtained in good to high
yields and excellent enantioselectivities.

Ph 10a
Ph
OoTBS
R2 I 30 mol%
TEA (2 eq) ©\
Cl R
J@/\ ~NCHO T peE N DCE, N,, 1t
R3
30 * *
32 R1 “'GHO R’ CHO
R!=2-BrC¢H,, 2-CICGH,, 35a 35b 35¢
2-MeOCgHy,, 4-CICH, 6 examples
R? = NO,, CO,Me overall yield 61-86%
R’ = NO,, CF5, CO,Me ee up to 90/95/94

d.r. up to 3.4:2.4:1
Scheme 21. Diphenylprolinol TBS ether-catalyzed cyclopropanation.
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Rapi et al*®* reported the synthesis of cyclopropane derivatives 38 in high
enantioselectivities using monosaccaharide-base chiral crown ether 37 as a phase
transfer catalyst; four types of Michael acceptors were used: chalcones,
2-acrylidenemolonitriles, 2-acrylidene-1,3-indandiones and 2-benzylidene-1,3-diphenyl-
1,3-propanediones. The reaction of benzylidenemalononitriles 36 with diethyl
bromomalonate 27b in the presence of 15 mol% of sugar-based crown ether 37 resulted
in chiral cyclopropane derivatives 38 with modest to good yields and with variable
enantioselectivities (Scheme 22). The proposed mechanism for the formation of trans
product under a phase transfer catalyzed condition is depicted in Scheme 23.

0CHs A\ 37

.\‘O

N_(CH2)3OH
Q o
CN EtOOC.__COOEt OX o Et00G
Ar” + Y Ph™ H 15mol% COOEt
CN Br Ar
Na,COj CN
36 27b Et,0:THF 38 CN

4:1 20 examples
Ar = Ph, 2-Me-C4Hy, 3-Me-C¢Hy, 4-Me-C¢Hy, yield 41-86%
2-MeO-CgHy 3-MeO-CgHy, 4-Me-CgHy, ee up to 99%

2-Cl-Cg¢Hy, 3-C1-C¢Hy, 4-C1-C4Hy, 4-F-C¢Hy,
2-NO,-C¢Hy,3-NO,-C¢Hy, 4-NO,-C¢Hy,
2-(CH3),N-C4Hy, 1-Naphthyl, 2-Naphthyl,
Piperonyl, 2-Furyl, 2-Thienyl

Scheme 22. Crown ether catalyzed MIRC reaction of diethyl bromomalonate with
benzylidenemalononitriles.
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Scheme 23. Proposed mechanism for the formation of trans-product.
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Our research group has previously investigated an enantioselective
spiro-cyclopropanation reaction in collaboration with Prof. Malkov, the results of a
Michael-initiated ring closure between oxindole derivative 39 (alkylidene oxindoles and
3-chlorooxindoles) and unsaturated a-halo-B-dicarbonyl compounds 40 (Scheme 24)* or
o,B-unsaturated aldehydes®! were reported.

OMe
N
= | NH
N
= s)\ NH
iPr:
R2
/ o 0 10 mol%
1 3 4 T >
R N o+ R MR NaHCO; (1 eq)
Boc cl CHClj, rt
39 40
_ 15 examples
2 B g(’)cli/’[BLCI;O];t’ OCF, yield up to 97%
=0 Me, CO, d.r. up to 99:1
R3 = Me, OEt, OMe ee up to 98%

R*=Me, OMe
Scheme 24. Quinine-derived thiourea catalyzed spirocyclopropanation.

Quinine-derived thiourea was the best for this reaction, providing high
stereoselectivity in both cascade steps. Si-facial selectivity for the major diastereoisomer
was observed. To broaden the scope of spirooxindoles 42, a Michael-initiated ring
closure cascade reaction between 3-chlorooxindole 43 and unsaturated 1,4-dicarbonyl
44 compounds was developed (Scheme 25).4

CF
3 45
X
N
H
10 mol%
m w _ NaHCO; (2 eq)
Toluene, rt
43 44
1
RZHBr yield 53-81% 5-20% in crude
R™=Ar ee 68-87% mixture
R3 = Me, OMe d.r 8:1-20:1

Scheme 25. Michael-initiated ring closure.
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The chlorooxindole nitrogen atom was protected with Boc to increase the acidity of
the C-H bond at C3 and provide the opportunity for the formation of additional H-bonds
between the catalyst and the substrate. The spiro-products 42 were obtained in
moderate yields and with very high diastereo- and enantioselectivities; in all cases,
uncyclized Michael adduct was observed.

1.2.2 Kulinkovich reaction

In the Kulinkovich reaction**#44> 3 Grignard reagent reacts with titanium(IV)isopropoxide
affording a thermally unstable diethyltitanium compound, which undergoes B-hydride
elimination, leading to the formation of titanacyclopropane Al which then reacts with
the ester, affording the intermediate C. The 1,2-insertion of the carbonyl group of the
ester occurs at the less hindered carbon-titanium bond, because of unfavorable
repulsion between the ester and R! group in the transition state. After elimination of an
alkoxy group a B-metallated ketone D is formed. An intramolecular nucleophilic addition
to the keto function leads to the formation of complex E titanium(IV)tetraalkoxide, which
then reacts with 2 equivalents of Grignard reagent to regenerate a
dialkoxytitanacyclopropane. The product F exists in the form of a magnesium alkoxide;
after hydrolysis the expected product G is formed (Scheme 26).

" Ti(OiPr),
““_LOH H;0" R'
> B [>/0M9 2R vgx
R2 R2 (o)
G F J]\
R?" “OMe
R!
2 \/\ng B
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“~_O-Ti-OR Tis

[>‘«/ 2 /5 OR
R2 OMe R~
RU  oR
E \hl'Ti: OMe
OR
A2
RO OR RO, OR
R1__Ti R1_ i
I‘:OMe -~ (O/‘
o OMe
R2
D R? c

Scheme 26. Catalytic cycle of titanium-mediated cyclopropanation reaction.*

The first report on enantioselective Kulinkovich hydroxycyclopropanation was
published by Corey et al;*® enantiomeric excesses of up to 78% were achieved with the
TADDOL-derived chiral catalyst; since then there has been progress in the development
of asymmetric Kulinkovich hydroxycyclopropanation. Kulinkovich et al*’ investigated
the dependence of the stereoselectivity of the cyclopropanation reaction of
v,y-diphenyl-y-butyrolactone and carboxylic esters 47 with alkylmagnesium bromides in

26



the presence of titanium(lV)TADDOLates 49. An improved enantioselectivity of
cis-1,2-disubstituted cyclopropanols 48 was obtained (Scheme 27).

1. R"MgBr (2 eq)
complex* (2 eq)

0 ! ,
L 2.H,0 HO ! 0 QT_,O:Pr
o . i
R* “OCH(CFa), e ! ><o“' o
47 48 |
2 , I 49
R* =-(CH,),Cl, -(CH,);Cl, R”=Me, Et, iPr, nBu E complex*
Me, Et, -CHOBn yield 45-87% |
R! = Me, Et, iPr, nBu d.r83:17-97:3 :
ee 40-84%

Scheme 27. Cyclopropanation of trifluoroisopropyl alkanoates 47.

Recently Hurski et al*® reported the diastereoselective hydroxycyclopropanation of
alkenes 50 bearing a stereocenter in the allylic position. Cyclopropanols 52 were
obtained with up to 94:6 diastereoselectivity and in good yields (up to 86%).

CIMg@ (4 eq)
S Q Ti(OiPD); (1 eq) R, A\, OH
H + JI\ R? 3
R! R® TOR* * R
10 examlpes

R2 THF H
yield 42-86%
50 st 52 d.r. up to 94:6

R*=Me, Et
Scheme 28. The diastereoselective synthesis of cyclopropanols 52 from alkenes 50.

There are two modifications from the Kulinkovich reaction for the direct synthesis of
cyclopropylamines 56. In the Kulinkovich-Szymoniak reaction*® alkylnitriles 53 are used
for the synthesis of primary cyclopropylamines 56 (Scheme 29).

(iPrO),Ti + 2 EtMgBr

(PrO) T'<] R o H,N
iPr i h 2
R__CN ’ N=\  BFsOEt, R
\/ . .
(OiPr),Ti (OiPr) 2T|
56

53 54
Scheme 29. Synthesis of cyclopropylamines from alkanen/tr//es.

Szymoniak et al®® demonstrated the application of the reaction by synthesizing
Boc-protected aminocyclopropanecarboxylic acid (Scheme 30).
Aminocyclo-propanecarboxylic acid (ACC), its ethyl-substituted derivative and
(guanidinylmethyl)-substituted derivative are natural products and have important
biological activities (Figure 4).>
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H
EtMgBr (2.2 eq) I KMnO !
NaCN + HCHO ——= BocO.__CN ——— =9, BooN, ~qy MO BoeN, COOH
Ti(OiPr), (0.2 eq)

Et,0, 0°C, 1h 58% 88%
58 59

Scheme 30. Synthesis of Boc-protected aminocyclopropanecarboxylic acid 59.

NH, NH, NH NH,
[>SZ/OH %/OH HN—4 OH
Y Y HN—

o

Boc,O 57 10,

60 61 62
Figure 4. 1-aminocyclopropanecarboxylic acid and its naturally occurring derivatives.

In the second reaction known as a Kulinkovich-de Meijere reaction,%>3°%
N,N-dialkylamides and dialkylformamides 63 are used for the preparation of
cyclopropylamines 64 (Scheme 31). The reaction required 1 equivalent of Ti(OiPr)s, as
using standard Kulinkovich reaction conditions 0.2 equivalents afforded poor yield
compared to the reaction, when a stoichiometric amount of titanium(lV)iso-propoxide
was used.

1. Ti(OiPr),
o RI MgBr RS
2 1
R1JJ\N,R 2. H;0" “Ll "R )
R2 THF /N -R
RZ
63 64 16 examlpes
R!=H, Me, Et, Pr Yield 20-74%
R2 = Me, iPr, /Bu, Bn,-(CH,)s-,-(CH,),0(CH,),- d.r. 70:30, when R! = H, R?= Bn, R® = nBu

R3= H, Me, nBu
Scheme 31. Synthesis of cyclopropylamines from N,N-dialkylamides.

Kordes et al*> reported the synthesis of methanoamino acid starting from
N,N-dibenzylcarboxamides 65. The amide was cyclopropanated by the addition of
various alkylmagnesium bromides, affording a mixture of two expected diastereomers
66 with moderate yield. Over several steps, the obtained cyclopropylamines were
transformed to N-Boc-protected aminocyclo-propanecarboxylic acid methyl esters 67
(Scheme 32).

MeTi(OiPr),

O
BnO\)J\ THE, 1t NBn, R NHBoc
NBn OBn R
2 o~ MgBr H > REDS]/OMG’
65 0
66 67
R =H, Me, Et, nPr, yield 33-48%
iPr, nBu E:Z 1:2-1:5

Scheme 32. Cyclopropanation of N,N-dibenzylcarboxamides.
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They also developed a method for the synthesis of y-aminobutyric acid (GABA)
analog 74. One example is depicted in Scheme 33.° The inclusion of two of the
y-aminobutyric acid backbone carbon atoms into a cyclopropane ring provides
conformationally restricted GABA analogs (Figure 5); its structural analogues are of great
interest for the treatment of diverse neurodegenerative disorders, including Parkinson’s
and Alzheimer’s diseases.*®

HOOC\V/\NH /v/\NH
2 2 NH
HOOC Hooc N\ A\ NH2 HOOC/\A

NH,
68  CAMP 6  TAMP 70 7
Figure 5. Cis and trans isomers a,6-methano-GABA.>”
MeTi(OiPr);
O guo M NBn, [>—NBoc

JJ\ _ > Q S
H™ "NBn, . —_— >_\

BnO 67% MeO .

E:Z1.7:1 overall yield 55%
72
73 74

Scheme 33. Synthesis of GABA analog.

Aitken et al’” reported a Kulinkovich—de Meijere reaction where they used a chiral
amide 75; the reaction showed high trans stereoselectivity, providing access to
non-racemic trans cyclopropylamines 76. Enantiomerically pure N-protected
trans-B,y-methano-GABA derivative 77 was synthesized over four steps (Scheme 34).

Z"MgBr (1.5 eq) o
CHO MeTi(O:Pr) =5 HOOC—
i 3 (1.2
Ph._N._Ph (20 ANJ\ — 'ANHBOC
T Et,0, THF, 0°C P — .
Ph
s 76

E:Z 9:1 overall yield 26%

Scheme 34. Synthesis of enantiomerically pure trans-8,y-methano-GABA derivative 77.

1.2.3 Summary of the synthesis of cyclopropane ring-containing amino acid
precursors

Amino acids containing cyclopropane moiety>® in their backbone are versatile building
blocks for the synthesis of bioactive compounds. However, the synthesis often requires
several steps and enantiopure starting material, and thus the methods for the
preparation of cyclopropane ring-containing compounds in enantiomerically pure form
are still evolving.

1.3 [3+2] annulation of cyclopropenones

Cyclopropenone® is an amphiphilic molecule, which can react with both nucleophilic and
electrophilic reagents. In the resonance structure a negative charge on an oxygen atom
leads to enhanced nucleophilicity of the oxygen atom compared to ordinary carbonyl
compound. Cyclopropenones can undergo various types of ring-opening annulation.
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A — AL
Scheme 35. The resonance structure of cyclopropenone.

During the ring-opening [3+2] annulation, in which C=N, C=C, C=0, C=S, N=N, N=0,
and C=C bonds couple with cyclopropenones, five-membered rings are formed.
The insertion of a carbonyl group into a cyclopropenone C—C bond will afford
2-furanones (butenolides). The butenolide core is an important motif of various natural
compounds.®® This chapter will give a short overview of the [3+2] annulation of
cyclopropenones with a carbonyl group.

Kroner et al found that cyclopropenone 78 and its alkyl- and aryl-substituted
derivatives dimerize upon heating (100 °C) to a spirolactone 79 with yields between 40%
and 50%. In the model system they investigated catalytic amount of Pd(ll), Pt(0) and
Ru(0); in most cases the yield of spiroproduct 79 was low.%! But by changing the catalytic
system to Cu(l) bromide, the spirolactone 79 was obtained in 84% yield. They also
proposed a possible mechanism for the generation of spirolactones from two equivalents
of cyclopropenone 78 in the presence of Cu(l) bromide (Scheme 36).

(0]

CuBr 0.05 mol% R
A \ P

DCE, 75°C 12h R 84%

v -
R R -Cu' R ‘\R R R
R
R
+cu" 0. 0—% NG}
S, . M
|
-Cu R R R R

Scheme 36. Cu(l)-catalyzed [3+2] annulation of cyclopropenone 78 and proposed
mechanism.

Recently, two groups have published the Ag(l)-catalyzed [3+2] annulation of
cyclopropenones 78 with amides. Ren et al®? reported the AgSbFs-catalyzed annulation
of cyclopropenones 78 with formamides 80; the reaction occurs via B-carbon elimination
followed by an intramolecular nucleophilic attack affording y-aminobutenolides 81 with
high yields. The reaction is limited by the substituents on the nitrogen atom; bulkier
groups afforded low yield and with free formamide there was no reaction. The plausible
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reaction mechanism is shown in Scheme 37. The species | was produced by the reaction
of cyclopropenone with Ag catalyst, and then the 1,2-addition of carbonyl of formamide
to cyclopropenone followed by a ring-opening process generated amphiphilic
intermediate Ill, which underwent intramolecular nucleophilic addition to release the
[3+2] annulation product.®?

0 @) (o]
H + HJI\I}I/R1 AgSbF4 10 mol% R \ o
R R Ry 80°C, 20h, Ar
78 80 R N-R'
2
R = Ph, 4-MeCgH,, 4-FCgl,, R 17 examples
81 yield up to 97%

4-CIC4H,, 4-BrCg¢H,
R!=Me, Et, nBu
R2=H, Et, nBu, Ph

(0]
R . e}
| o Ag H
R
N~R1Y \< R R
R2
N N
e O F ]
\—~N A
R A9 R R R
1
R1 ’RZ
Ag< + o
N JU R
N N
2
R Rl R

Scheme 37. Ag(l)-catalyzed [3+2] annulation of cyclopropenones 78 and formamides 80.

Suzuki et al®® used the AgOTf for the ring-opening [3+2] annulation of
cyclopropenones 78a with amides, obtaining 5-amino-2-furanones with moderate to
high yield up to 98%. They also showed that N,N-dimethylthioformamide 82 can react
under similar conditions (Scheme 38). The presence of a 10 mol% of AgOTf resulted in
the formation of the expected [3+2] annulation product 83 and product 84 with
eliminated dimethylamino group.

o] S 0
0,
%{ + HJJ\NMez AgOTf 10 mol% Ph { s
Ph Ph 26% 27%
PhCl, 130°C, 4h PH
78a 82 84

Scheme 38. AgOTf catalyzed annulation of cyclopropenones 78a with thioformamide 82.
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Lin et al®* published an organocatalyzed [3+2] annulation of cyclopropenones 78 and
B-ketoesters 85 (Scheme 39). The reaction mechanism is explained by the formation of
enol intermediate | through the deprotonation of B-ketoester by base; then in
situ-formed nucleophilic oxygen anion attacks the carbonyl group of cyclopropenone,
realizing the ring-opening process and affording a Michael addition acceptor Il, and then
an intramolecular Michael addition takes place affording intermediate Ill, after
protonation racemic product is formed.

Ar

o]

A :

Ar

78

?J\/ 20 mol% o Y Ar
it EWG —————  Ewe;
DME, 1t Ar
85 86
R! = aryl, alkyl 24 examples
EWG = COOR, CN, Bz yiled up to 92%
o o
a DBU
O >/ \( Ph)l\/u\o/\

Scheme 39. Organocatalyzed [3+2] annulation of cyclopropenones 78 and 8-ketoesters

85.

Du et al® used a chiral Lewis base to catalyze a [3+2] cycloaddition of cyclopropenones

with

isatins.

A chiral

prolinol-derived pyridine catalyst afforded spirooxindole

furan-2-ones in high yields and good e.r. values (Scheme 40).
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N (0] 88
X
N Ar A
(0] R3 0 HO Ar o] | R1
q + o 20 mol% 0
N PhMe, 50°C N
R2

R R’
-8 R? 8-10 h
87 89 6 examples
yield up to 88%
Ar = 3,5-CF;C4H; e.r. up to 87:13

R! = Ph, 4-CIC4H,, 4-MeCgH,
R2, R?=Bn, 5-F; Bn, 5-Br; Bn,
5-Me; Bn, 5-OMe; Bn, H

Scheme 40. [3+2] cycloaddition of diaryl cyclopropenones 78 with isatins 87 catalyzed by
chiral Lewis base 88.

There are different ways to synthesize butenolides, the above-mentioned
cyclopropane-carbonyl coupling, which was conducted under basic conditions using
organic base®*%> or a metal catalyst, but the straightforward method for the synthesis of
enantiomerically enriched butenolides through a [3+2] annulation of cyclopropenones

has remained mostly unexplored.
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2 Aims of the present work

The general aim of the present work was to broaden the scope of Michael donors for
asymmetric organocatalytic Michael reaction to obtain amino acid precursors and to
investigate various organocatalytic activation modes for the synthesis of chiral
butenolides. Specific aims of this thesis were:

e Investigate the asymmetric organocatalytic synthesis of a cyclopropane-containing
Michael adduct starting from 1-(2-oxoethyl)cyclopropyl acetate 93;

e Use amine-functionalized cyclopropylacetaldehyde derivative in a Michael
reaction to obtain - and y-amino acid precursors;

e Investigate different catalytic systems for the [3+2] annulation of
1,2-diphenylcyclopropen-3-one 78 and 3-oxo-3-phenylpropanoate 85.
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3 Results and discussion

3.1 Synthesis of alkylidenecyclopropanes (Article I)

The scope of the carbonyl Michael donors used in an asymmetric aminocatalytic reaction
is wide, but to the best of our knowledge, aldehydes containing cyclopropane moiety had
not previously been used at the time we started this project. The general idea of the
synthesis of cyclopropane-containing aldehydes through a catalytic Michael addition is
depicted in Scheme 41.

PG.
(0)

. _NO catalyst
PG‘oX/\o RO ——— vjjo

R!'=Ar

Scheme 41. Proposed reaction for the formation of cyclopropane-containing Michael
adduct.

We started the synthesis of 1-(2-oxoethyl)cyclopropyl acetate 93 from commercially
available starting material 3,3-diethyloxypropionate 90. A Kulinkovich reaction of
3,3-diethyloxypropionate furnished the cyclopropanol 91 in quantitative yield. Acylation
of the hydroxyl group afforded cyclopropyl acetate 92, which was treated with PPTS to
cleave the acetal and aldehyde 93 was formed with a 46% overall yield (Scheme 42).

EtMgBr i
QEt O Ti(0iPr), OEt OH Cl OEt OAc
EtO OEt EtO )\/b
THF, 1t Pyridine, DMAP, ~ EtO 80%
20 91 CH,Cl, 92
quantitative PPTS
crude product Acetone:H,O
O OAc
HJW
93 58%

Scheme 42. The synthesis of 1-(2-oxoethyl)cyclopropyl! acetate.

The preliminary experiments for the Michael addition were carried out between
aldehyde 93 and nitrostyrene 2a in DCM at room temperature in the presence of
20 mol% catalyst and 20 mol% of co-catalyst. In the first attempt to obtain a Michael
adduct, 20 mol% of pyrrolidine and 20 mol% of diethylthiourea were used. The racemic
product was obtained in 58% vyield (Table 1, entry 1). The NMR spectroscopic data
showed the B-elimination of the acetate group and the formation of double bond
(Scheme 43), affording a,B-unsaturated carbonyl compound 95a derived from Michael
adduct 94a via elimination. To avoid the elimination, we tried to protect the hydroxyl
group in compound 91 as benzyl ether, using 2 equivalent benzyl bromide, 1.5 equivalent
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sodium hydride and a catalytic amount of TBAI; unfortunately a mixture of products was
obtained. We decided to move on to an acyl-protected aldehyde.

aminocatalyst

(20 mol%)
H-bonding catalyst o OAc 0
(0] OAc o *
s~ _NO (20 mol%) H H =
H)W "oPhTN :_NO NO
CH,Cl,, rt 2 N 2
93 2a 22 Ph Ph
94a 95a

Scheme 43. Michael addition of 1-(2-oxoethyl)cyclopropy! acetate to nitrostyrene.

Ph 0 o) CF,
W L= )
N N OR
H H N N
97

96 10a R =TMS C
10b R = TBS

O,N COOH

/©/COOH

NO, 101a 101b 102

Figure 6. Catalysts and co-catalysts screened for the synthesis of alkylidene cyclopropane
derivatives.

Then various organocatalysts were investigated in a model reaction between
aldehyde 93 and nitrostyrene 2a (Scheme 43). To our surprise, using the most widely
used diphenylprolinol silyl ether 10a, there was no reaction (Table 1, entry 4).
The additional activation of the Michael acceptor (nitrostyrene) with achiral thiourea 100
was necessary (Table 1, entry 2). The combination of an achiral secondary amine 96 with
chiral squaramide derivatives 98 and 99 resulted in racemic product with slow reaction
(Table 1, entries 5 and 6). The chiral squaramide derivative 97, which contained both
aminocatalytic and H-bonding catalytic moieties, was also found to be inactive (Table 1,
entry 7). A stronger H-bond donor thiourea 18 as a co-catalyst afforded similar yield and
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enantioselectivity to diethylthiourea 100 (Table 1, compare entries 2 and 8). Using
dichloroethane as a solvent decreased the yield to 24% (Table 1, entry 9). The optimal
ratio of aldehyde 93 and nitrostyrene 2a was 3:1 (compare entries 10 and 11)
respectively.

Tabel 1. Screening of the reaction conditions.®

aminocatalyst (20 mol%) 0
(0] OAc H-bonding catalyst (20 mol%)
! )J\/b b N0, H™
CH,Cl,, rt « _NO,
93 2a Ph
95a
Entry Amino- H-bonding Time, d Solvent Yield, % ee," %
catalyst catalyst
1 96 100 4 CH,Cl, 58 rac
2 10a 100 4 CH.Cl, 34 90
3 10a 100 8 toluene 15 89
4 10a - 4 CH2C|2 =€ nd
5 96 99 1 CH.Cl; 52 rac
6 96 98 6 CH,Cl, 38 rac
7 97 - 9 CH,Cl, -¢ nd
8 10a 18 3 CH.Cl, 32 92
9 10a 18 1 CoH4Cly 24 87
10¢ 10a 18 1 CH,Cl, 58 93
11° 10a 18 1 CH,Cl, 41 89

3Reaction conditions: compound 93 (1.0 equiv.), compound 2a (1.0 equiv.),
aminocatalyst (20 mol%) and H-bonding catalyst (20 mol%) in CH,Cl, were stirred at
ambient temperature. "Enantiomeric excess was determined by chiral HPLC analysis
from isolated product. °No reaction. The ratio between aldehyde 93 and nitrostyrene 2a
was 3:1. *The ratio between aldehyde and nitrostyrene was 1:3.

Next, we screened the effects of various co-catalysts on the model reaction (Table 2).
It is known from the literature that an acidic co-catalyst accelerates the reaction
considerably, affording Michael adducts in high yields and selectivities.’®2® We
investigated the effect of additional basic and acidic additives. Adding 20 mol% of K,CO3
afforded lower enanioselectivity (ee 81%, Table 2, entry 3) while an additional amount
of p-TsOH (Table 2, entry 4) resulted in a mixture of products. An aminocatalyst 10b
containing a sterically more demanding tert-butyldiphenylsilyl group did not influence
the stereoselectivity and a minor decrease in the yield was observed (Table 2, entry 5).
Benzoic acid 101 or its derivatives afforded similar enantioselectivities (ee from 91-92%)
and yields (Table 2, entries 6-8), except 3,5-dinitrobenzoic acid 101a, which gave a very
slow reaction and the yield was not determined. The best results were obtained in the
presence of 4-nitrophenol 102 (Table 2, entries 9 and 11), a minor decrease in the yield
was observed when tert-butyldiphenylsilylprolinol 10b was used as a catalyst (Table 2,
entry 11).
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Tabel 2. Screening of the co-catalyst.®

Entry Amino- Co- Time, d Solvent Yield, % ee," %
catalyst catalyst
1 10a 18 3 CH.Cl, 32 92
2¢ 10a 18 1 CH.Cl, 41 89
3d 10a 18 1 CH.Cl, 43 81
4¢ 10a 18 1 CH,Cl, mixture nd
5¢ 10b 18 1 CH,Cl, 36 89
6° 10a 101 1 CH,Cl, 43 91
7 10a 101a 1 CH,Cl, i 91
8 10a 101b 1 CH,Cl, 40 92
9 10a 102 1 CH.Cl, 60 93
10¢ 10a 102 1 CH.Cl, 58 93
11°¢ 10b 102 1 CH,Cl, 56 92

®Reaction conditions: compound 93 (1.0 equiv.), compound 2a (1.0 equiv.),
aminocatalyst (20 mol%) and co-catalyst (20 mol%) in CH,Cl, were stirred at ambient
temperature for 24 h. "Enantiomeric excess was determined by chiral HPLC analysis from
isolated product. ‘The ratio between aldehyde and nitrostyrene was 1:3. “An additional
amount of K,CO;3 (20 mol%) was added to the reaction mixture. ®An additional amount
of p-TsOH (20 mol%) was added to the reaction mixture. 'The yield was not determined.

With optimal conditions in hand, aldehyde 93 (1 equiv.), nitrostyrene 2a (1 equiv.),
diphenylprolinol silyl ether 10a (0.2 equiv.) and 4-nitrophenol 102 (0.2 equiv.) in DCM at
room temperature, the influence of different substituents in the aromatic core of nitro
olefins 2 was investigated (Table 3). We were also interested in the catalytic activity of
thiourea 18 and did parallel scope screening with it (Table 3, entries 3, 5, 8, 11, 13
and 15).
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Table 3. Scope of the reaction.®

Ph 10a
Ph

N OTMS
H (20 mol%) o
O OAc 4-nitrophenol (20 mol%)
H)J\/v + Ar/\/ NO, H =
CH,Cl,, rt + NO
93 2a-i Ar 2
95a-i
Entry Ar Time, d Product Yield, % ee,® %

1 Ph 1 95a 60 93
2 4-CICgH4 1 95b 38 95
3¢ 4-CICgH4 1 95b 50 93
4 2-ClCgH4 1 95¢ 38 95
5¢ 2-ClCgH4 1 95¢ 50 91
6 2-BrCgHs 1 95d 42 99
7 4-MeOCgH4 1 95e 27 87
8¢ 4-MeOCgH4 6 95e 23 84
9 4-(F3CO)CeHs 1 95f 50 96
10 4-NO,CgH4 1 95g 35 97
11°¢ 4-NO,CeHa 4 95g 36 86
12 2-naphthyl 1 95h 34 92
13¢ 2-naphthy 4 95h 42 87
14 2-thienyl 1 95i 27 85
15¢ 2-thienyl 4 95i 39 81

@Reaction conditions: compound 93 (1.0 equiv.), compounds 2a-i (1.0 equiv.),
aminocatalyst 10a (20 mol%) and co-catalyst 102 (20 mol%) in CH,Cl, were stirred at
ambient temperature for 24 h. "Enantiomeric excess was determined by chiral HPLC
analysis from isolated product. ‘Thiourea 18 was used instead of 4-nitrophenol and the
ratio between the aldehyde and nitro olefin was 1:3.

Electron-donating and -withdrawing groups of the nitro olefins did not have a
noticeable effect on the reaction and the obtained products were isolated in similar
yields (from 23-60%) and enantioselectivities (ee from 81-99%). Slightly decreased
selectivities were observed in the reaction with methoxy- and 2-thienyl substituted nitro
olefins (Table 3, entries 7,8,14 and 15). Using thiourea 18 as a co-catalyst and a higher
ratio of nitro olefins afforded better yields (Table 3, entries 3,5,13 and 15).

In conclusion, the synthesis of alkylidenecyclopropane aldehydes 95 via an
aminocatalytic Michael addition to nitro olefins 2 with moderate yields and in high
enantiomeric purity up to 99% was described. The stereoselectivity of the reaction is
determined by the nonracemic aminocatalyst and additional activation of the Michael
acceptor is needed.
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3.2 Synthesis of B- and y-amino acid precursors (Article Il)

Having obtained good results with the 1-(2-oxoethyl)cyclopropyl acetate 93, we
investigated a similar organocatalytic approach; we intended to synthesize
amine-functionalized cyclopropylacetaldehyde derivative to avoid B-elimination of the
acetate group and achieve a direct synthesis of B- and y-amino acid precursors
(Scheme 44).

NH, OH
p
o

PG.
NH RN

catalyst p
PG\NZ/\O s RN —— So
H 1 Y N02
R l:)G\NH OH
R!=Ar ‘\

(6]
R1 Y NH2
Scheme 44. Proposed reaction for the synthesis of amino acid precursors.

Amine-functionalized cyclopropylacetaldehyde derivative 108 was prepared from
benzyl alcohol 103.%¢ The Michael addition of benzyl alcohol to acrylonitrile was followed
by a Kulinkovich-Szymoniak reaction.®’” Then the amino group was protected with a
Boc-protection group. The benzyl group was removed from the oxygen atom. The
oxidation of the hydroxyl group with Dess-Martin periodinane afforded the desired
amine-containing cyclopropanecarbaldehyde 108 in an 18% overall yield (Scheme 45).

EtMgBr

ZCN CN /\X
A~ BF4.OEt
©/\OH ©/\o i 0o NH;
40% aq NaOH, rt

Ti(0iPr),, EL,O
97% 65%
103 104 105

Boc,0, rBuOH
NaOH, water, rt

/\y Dess-Martin

_Boc periodinane /\X _Boc /\y .Boc

o“ H - HO ” H,, Pd/C o H
NaHCO5, 3A MS MeOH, rt

84% CH,Cly, 1t 99% 82%
108 107 106

Scheme 45. Synthesis of amine-containing cyclopropanecarbaldehyde 108.
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Table 4. Screening of oxidation reagents.

Boc. Zﬂ o M~
N

CH,Cl, N e
107 108
(0]
(0]
M — 0
CIN” "NCI o o-Cr-cl
SEPN MO 0
N 07N 0 - >~ 0Ac
0 PCC OAc
Dess-Martin periodinane
TEMPO TCICA
Entry Oxidation Additive T,°C Time, min Yield, %
reagent
1 TEMPO TCICA -20>0 35 59
2 PCC Celite® rt 260 66
3 Dess-Martin ~ NaHCOs, 3A MS rt 30 84
periodinane

There are examples where TEMPO is used as an oxidation reagent to obtain aldehyde
from primary alcohols.?® Using TEMPO for oxidation led to the formation of an expected
aldehyde 108 with a moderate 59% yield. We turned our attention to other oxidation
reagents. PCC afforded a higher yield of 66%, but the crude mixture contained
inseparable side products with polarities similar to those of aldehyde 108 (Table 4,
entry 2). Finally, when Dess-Martin periodinane was used an 84% yield of aldehyde 108
was obtained.

Next, we focused our attention on screening for reaction conditions, we knew from
our previous work (Publication I) that a reaction between the cyclopropane containing
aldehyde and nitro olefins would not proceed without a co-catalyst. Different
aminocatalysts and co-catalysts were screened for the model reaction between the
aldehyde 108 and nitrostyrene 2a (Scheme 46). As is shown in the reaction scheme, the
obtained aldehyde 109a was reduced in situ for the corresponding alcohol 110a, because
isolating the aldehyde 109a in small scale afforded insufficient yield. Later, the isolation
of aldehyde 109a was demonstrated in a larger 1.0 mmol scale.

.Boc
Boc aminocatalyst HN
O HN~ co-catalyst NaBH, (1.5 e
qulv) *
H solvent, rt MeOH (0 05M) *
Ph
108 2a NO,
109a 110a

Scheme 46. Synhesis of 8- and y-amino acid precursors.

Jgrgensen-Hayashi type catalysts 10a and 10b with various H-bonding co-catalysts
were tested, such as 4-nitrophenol, achiral thioureas and Takemoto’s thioureas

(Figure 7). The best diastereoselectivity and enantioselectivity were achieved with the
combination of tert-butyldiphenylsilylprolinole 10b and thiourea 18. The study revealed
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that a prolinol derivative 10b with a sterically more demanding TBS-group is clearly
beneficial in terms of diastereoselectivity and enantioselectivity and decreasing the
catalyst loading to an equal amount of co-catalyst did not affect the selectivity; only a
minor decrease in the yield was observed. A detailed optimization procedure is described
in Article II.

Aminocatalysts:

OTMS OTMS OTBS

10a 12 10b

Co-catalysts:

S S
OH
Ars J\ _Ar Arw J\
N° N N~ N 112a (RR)
O,N H H H H

AN 112b (S.9)
102 18

Ar = 3,5-(CF3),CH,

Figure 7. Aminocatalysts and co-catalysts screened for the synthesis of 8- and y-amino
acid precursors.

Next, the scope of the reaction was investigated. The yields and ee values of the
conjugated addition of cyclopropylacetaldehyde derivative 108 and nitro alkenes are
presented in Table 5. Electron-donating and -withdrawing groups of the nitro olefins did
not have any noticeable effect on the reaction selectivity; the obtained products were
isolated in similar yields (from 56-78%), in high diastereoselectivities (dr 89:11-95:5) and
in high enantioselectivities (ee 98-99%). In the case of meta- and ortho-bromo phenyl
substituted nitro olefins, the reaction times were longer and the yields were lower due
to steric hindrance (Table 5, entries 3 and 5). The cause of the long reaction time in the
reaction between aldehyde 108 and para-nitro-phenyl substituted nitro olefin (Table 5,
entry 6), was low solubility of the nitro olefin in DCM.

Heteroaromatic nitro olefins afforded lower diastereoselectivities (dr 80:20-88:12,
Table 5, entries 7-9) which is distinctive to electron-rich aromatic substituents.
The lowest enantioselectivities were obtained with pyridyl- and naphthyl-substituted
nitro alkenes (Table 5, entries 9, 10); in the case of nitro alkene 2m, higher catalyst
loadings were needed to obtain the full conversion and the product was isolated as an
aldehyde 109m due to its high polarity. With ester-substituted nitro alkene 2o (Table 5,
entry 12), an excellent enantioselectivity was retained for both isomers (ee 99% and
ee 92%); the low diastereoselectivity might have been due to epimerization of the
a-position of the carboxyl group. To avoid possible lactonization, the product was
isolated as an aldehyde 1090. The reaction proceeded more slowly with aliphatic
substrate 2p (table 5, entry 13) and the product was isolated as an aldehyde 109p.
An a-substituted nitro olefin did not react, which corresponds to previously published
work by Pihko et al.?’
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Table 5. Scope of the reaction between aldehyde 108 and nitro alkenes 2.°

Boc 1) 10b/18 (10 mol%) un-Bo°
O HN~ o CH,Cl,, 1t
2 HO
H/U\)V * R1/\/2 2) NaBH, (1.5 equiv) NO
R MeOH (0.05M), 1t Ri 2
108 2 R2 (major)
110
Entry R! R? Time Product Yield, % dr’ ee, "%
1 CeHs H 25 h 110a 74 95:5 99
2 4-MeO-CgHa H 28 h 110e 70 89:11 98
3 2-Br-CgHy H 49 h 110j 65 95:5 99
4 4-Cl-CgH4 H 2d 110b 78 95:5 98
5 3-Br-CgHa H 46 h 110k 56 94:6 99
6 4-NO,-CgHy H 79h 110g 69 95:5 98
7 furan-2-yl H 1d 110l 79 80:20 97
8 2-thienyl H 29% 110i 75 86:14 94
9 pyridine-3-yl H 6d 110m 56°¢ 88:12 93
10 naphthalene-1- H 5d 110h 74 85:18 93
yl
11 CgHs-C=C H 1d 110n 86 69:31 97/65
12 CH3CH,0(0)C H 47 h 1100 57¢ 72:28 99/92
13 CeH11 H 7d 110p 47¢ 83:17 99
14 CeHs CHs 7d 110q —8 — —
15 —(CH2)4— 7d 110r -8 = =

2Reaction conditions: compound 108 (1.2 equiv.), compounds 2a-r (1.0 equiv.),
aminocatalyst 10b (10 mol%) and co-catalyst 18 (10 mol%) in CH,Cl,(0.38 M) were stirred
at ambient temperature for 24 h. For the reduction NaBH, (1.5 equiv) was used in MeOH
at room temperature. PDiastereomeric ratio was determined from the crude mixture by
'H NMR spectroscopy for aldehyde 109. ‘Enantiomeric excess was determined by chiral
HPLC analysis from isolated product 110. 15 mol% of 10b/18 was used. *Product was
isolated as aldehyde 109 m/o/p. éNo reaction.
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The relative and absolute stereochemistry of the alcohol 110j was established by
single-crystal X-ray diffraction and the other compounds in the series were assigned by
analogy (Figure 8).

Figure 8. X-ray structure of alcohol 110j.

Based on the geometry of the anti-product (2R,3S configuration), a possible
mechanism of a Michael addition between the cyclopropylacetaldehyde derivative 108
and nitro olefin 2 was proposed (Figure 9). The anti-configured Michael products are not
very common. In 2004 Alexakis et al published a Michael addition of hydroxyacetone and
nitro olefins, where they obtained anti-selectivity.®® The formation of anti-configuration
Michael products can be explained by the Z configuration’ of the reactive enamine,
which can be stabilized by intramolecular hydrogen bonding.”* Z-configuration of
enamine is caused by hydrogen bonding between the nitrogen atom of the pyrrolidine
ring and the NH of the HNBoc group (Figure 9, 1). According to Seebach’s topological rule,
the absolute stereochemistry is determined by a sterically less hindered nucleophilic
attack from the Re-face of the enamine on the Si-face of the nitro olefin to give the
product with a 2R,3S configuration (Figure 9, TS). From previous mechanistic studies?® it
is known that the key intermediate in the Michael reaction is a six-membered
dihydrooxazine oxide OO; in our case its supports the C2 R-configuration. The OO
intermediate hydrogen bonding between the carbamoyl group from the cyclopropane
species and the nitrogen atom from the enamine will force the cyclopropyl- and aryl- (RY)
substituents in cis to each other Il.
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HA

rate-determining step

slow

HA = acid, co-catalyst

H R' dihydrooxazine oxide

(00)
cyclobutane (off-cycle)

Figure 9. Proposed mechanism for the Michael addition.

The synthesis of B- and y-amino acid was continued by MSc Mikk Kaasik and published
in his master theses (Scheme 47). The aldehyde 109a was converted to the
corresponding Boc-protected B-amino acid 113; further reduction of the nitro group
afforded y-amino acid 114, and two different methods were used for the reduction.

(0] Ph
H,, Pd/C HOJ\/KI/ NH;
MeOH, rt, 7d B
aq NaH,PO, . .Boc
O Ph 35% aq H,0, O Ph 114 H 55%
NO, 2qNaClO, NO
w0, wanacio, I no,
V:\N’BOC MeCN, rt = BN/BOC H,, Raney-Ni 10 Ph
30 min MeOH, rt, 23 h
> v _NH
H L . HOJ\:/k/ 2
109a 113 86% V-\N/BOC
114 H 82%

Scheme 47. Synthesis of 8- and y-amino acid.”?

In conclusion, we have developed a method for the synthesis of B- and y-amino
precursors 109/110 via an aminocatalytic Michael addition to nitro olefins 2 with

moderate to good yields (47-86%) and in good to high diastereo- and enantioselectivities
(dr 69:31-95:5; ee 93-99%).
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3.3 Study of the asymmetric organocatalalyzed [3+2] annulation of
cyclopropenone and B-ketoester (Article Ill)

Inspired by the study of the non-asymmetric organocatalyzed [3+2] annulation of
cyclopropenone and B-ketoester reported by Lin et al®, we were interested in the
asymmetric version of the reaction. To explore the activation methods of the synthesis
of chiral butenolide 86, four different catalytic approaches were investigated:
bifunctional thiourea catalysis, chiral base catalysis, aminocatalysis and phase-transfer
catalysis.

S<_NH ¥ CF, |
HN CF, CyoN NCy,
CFs 117
CF, 115 116
= “Br
B +
/ S PPhy
M\w.é NH; O<__NH
NT N 120
121

122aR =Ph

122b R = 3,5-(CF;),Ph
122¢ R = 2-naphthyl
122d R = 9-anthracenyl

Scheme 48. Catalysts screened for the synthesis of butenolide 86.

In the first approach, we assumed the enolization of the B-ketoester 85 in the
presence of a bifunctional catalyst. Unfortunately, product 86 was not formed by the
amino acid-derived thiourea 115 and alkaloid-based thiourea 116 (Table 6, entries 1 and
2). We concluded that the nitrogen atoms in catalysts structures were not basic enough
to enolize the B-ketoester. The addition of a base did not improve the situation (Table 6,
entry 3). This might have been due to the similar pK, values of catalyst 116 and
B-ketoester 85 (respectively 12.3973 and 14.27% in DMSO0), as the deprotonation by DBU
is competitive between the catalyst and B-ketoester 85.
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Table 6. Catalyst screening for the asymmetric synthesis of butenolide 86.°

o} O O Ph

(0]
. Ph)J\/u\OEt catalyst, base Oﬁ/\COOEt
Ph Ph solvent o on
78 85 86
Entry Catalyst Base Yield, % ee," %

1 115 - - -
2 116 - - -
3 116 DBU - -
4 117 - 62¢ ract
5¢ 118 - 31 6
6' 119 DABCO nd rac
7f 120 K2CO3 31 6
8f 120 DIPEA traces rac
98 120 DBU 52 rac
10 121 50% aq KOH 28 10
11" 122a 50% aq KOH 13¢ 6
12 122b 50% aq KOH 17¢ rac
13 122c 50% aq KOH 22¢ 14
14 122d 50% aq KOH 8 24
15! 122d 50% aq KOH 49 rac
16/ 122d 50% aq KOH 40 rac
17¢ 122d 50% aq KOH 18 rac
18 123 50% aq KOH 12 10
19 124 50% aq KOH 29¢ rac

3Reaction conditions: compound 78 (1.5 equiv.), compound 85 (1.0 equiv.), catalyst (20
mol%) and the base (20 mol%) in CH,Cl, (0.1 M) were stirred at rt for 24 h. °Enantiomeric
excess was determined by chiral HPLC from the isolated product 86. ‘Conversion was
determined from the ratio of compound 86 to 85 by H NMR spectroscopy in the crude
mixture. “Enantiomeric excess was determined by chiral HPLC for the sample isolated by
preparative TLC from the crude mixture. ®Reaction at 60 °C. fReaction time 10 days.
8Reaction time 5 h. "Reaction time 1 h. 'Reaction in THF. IReaction in DME. Reaction in
toluene at 0 °C.

Then we investigated the catalytic activity of chiral bases. The catalyst 117 was chosen
due to its high Brgnsted basicity and its ability to act as a hydrogen bond donor (primary
hydroxyl group in the core structure). The strong bases 117 and 118 afforded racemic
product with moderate (Table 6, entry 4) or low (Table 6, entry 5) yields.

Amino-catalysts 119 and 120 turned out to also be unsuitable for this reaction,
affording product in very low selectivity (Table 6, entries 6-9). The obtained results
proved the proposed reaction mechanism.®*

Next, we turned our attention to phase-transfer catalysis. Four different
phase-transfer catalysts were tested. An amino acid-derived phosphonium salt 121
catalyzed reaction with additional base afforded product 86 with low vyield and
enantioselectivity (Table 6, entry 10). The highest enantiomeric purity of 86 was achieved
with Cinchona alkaloid derived ammonium salt 122d with additional base (Table 6,
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entry 14). However, bifunctional Cinchona alkaloid-based thiourea 123 and codeine
derivative 124 failed to perform (Table 6, entries 15-16).

Having determined the potential catalytic system (122d in CH,Cl,/aq KOH), we started
exploring the influence of various substituents at the nitrogen atom of the alkaloid
catalyst 122. Four different R-groups were tested and all four catalysts 122a-d performed
quite similarly (Table 6, entries 11-14), the conversion varied between 13-22%.
The bulkiest, anthracen-9-yl group at the nitrogen atom made the catalyst more
selective, affording the highest ee value (24%). The reaction was also conducted in
different solvents (Table 6, entries 15-17). This had some effect on the reaction rate
(conversions were between 18% and 49%), while the obtained product 86 was racemic.

Finally, in order to improve the conversion, the influence of the loading of the base
was investigated. Increasing the amount of base to a 0.6 equivalent afforded almost full
conversion; the isolated yield was 54% without loss in selectivity. Further increasing it
made the reaction faster, but selectivity dropped to 15%. We concluded, that a 0.6
equivalent of aqueous KOH was optimal in our catalytic system. There are two
competitive pathways for the reaction: a base-catalyzed background reaction leading to
the racemic product, and a PTC-catalyzed asymmetric reaction. The stronger the base we
used, the higher conversion of the product 86 we got, while the enantioselectivity of the
reaction declined.

The study revealed that in principal the use of phase-transfer catalysis could be the
method of choice as the highest enantiomeric purity of compound 86 was achieved with
cinchona alkaloid-derived ammonium salt 122d in a CH,Cl,/ag KOH biphasic system, but
further investigation is needed.
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Conclusions

The organocatalytic Michael reaction of a cyclopropane-ring containing compounds was
investigated and conditions for the selective formation of different addition products
were established. Various asymmetric organocatalytic methods for [3+2] annulations of
diphenylcyclopropenone and B-ketoester were investigated. The following features of
organocatalytic Michael addition and [3+2] annulation were explored and improved:

A method for the asymmetric synthesis of alkylidenecyclopropane derivatives 95a-i
through the organocatalytic Michael addition was developed. Alkylidenecyclopropane
derivatives 95a-i were obtained in high enantiomeric purities (85-99% ee). All reactions
were highly enantioselective and the substitution pattern did not influence the
selectivity.

A general straightforward method for the synthesis of B- and y-amino acid precursors
110 was developed. The reaction allowed the one-step introduction of a cyclopropane
ring and two different nitrogen-containing functional groups into the target compound.

The organocatalytic conjugate addition of cyclopropylacetaldehyde derivative 108 to
nitro olefin 2 was used to synthesize Boc-protected B-amino acid 113 and y-amino acid
114.

Various asymmetric organocatalyzed [3+2] annulations of diphenylcyclopropenone 78
and PB-ketoester 85 were investigated, resulting in the formation of chiral ethyl
2-(5-o0x0-2,3,4-triphenyl-2,5-dihydrofuran-2-yl) acetate 86 with moderate to high yield.

In spite of various asymmetric organocatalytic methods and optimization procedures
applied to achieve enantioselectivity, the enantiomeric purity of the product 86
remained low. The best results were obtained using sterically demanding PTC catalyst
122d in a biphasic system of DCM and aqueous KOH. A dependence between the base
loading, reaction time and selectivity was observed: a higher base loading afforded faster
reaction and lower enantioselectivity.
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4 Experimental

Full assignment of *H and *3C chemical shifts was based on the 1D and 2D FT NMR spectra
measured on a Bruker Avance Il 400 MHz instrument. Residual solvent signals were used
[CDCI3 6 =7.26 (*H NMR), 77.16 (*3C NMR)] as internal standards. The *H NMR peaks are
reported as follows: s = singlet, br = broad singlet, d = doublet, t = triplet, q = quartet and
m = multiplet. High resolution mass spectra were recorded on an Agilent Technologies
6540 UHD Accurate Mass Q-TOF LC/MS spectrometer using AJ-ESI ionization. IR spectra
were recorded on a Bruker Tensor 27 FT infrared spectrophotometer. Optical rotations
were obtained using an Anton Paar GWB Polarometer MCP 500. Chiral HPLC was
performed using ether Chiralpak AS-H (250 x 4.6 mm), Lux Amylose-2, Chiralcel OD-H
(250 x 4.6 mm) or Chiralpak AD-H (250 x 4.6 mm) columns. Precoated silica gel 60 Fyss
plates from Merck were used for TLC, whereas for column chromatography silica gel
Kieselgel 40-63 um was used. Purchased chemicals and solvents were used as received.
DCM and EtOAc were distilled over phosphorous pentoxide. Reactions sensitive to
oxygen or moisture were conducted under an argon atmosphere in flame-dried
glassware.

General method for the aminocatalytic Michael addition of cyclopropane-containing
aldehyde to nitroalkenes (Publication I)

To aldehyde 93 (0.35 mmol) was added 4-nitrophenol 102 (0.07 mmol), nitro alkene 2
(0.35 mmol), and a solution of catalyst 10a (0.07 mmol) in CH,Cl; (0.2 mL). The mixture
was stirred at r.t. until completion of the reaction (TLC monitoring). The mixture was
diluted with CH,Cl, (6 mL) and washed with ag 1M NaOH (6 mL) and brine (6 mL). After
concentration under reduced pressure, the crude product was purified by column
chromatography (EtOAc-hexane, 1:10) to afford alkylidenecyclopropane 95.

2-Cyclopropylidene-4-nitro-3-phenylbutanal 95a

Yellow oil; yield 60% (46 mg); Ry= 0.42 (EtOAc-hexane, 2:5); ee 93%, determined by HPLC
[Chiralcel OD-H; hexane:iPrOH 8:2; 1 mL/min, 230 nm, t, = 27.19 min (major), t, = 24.69
min (minor)]. [«] ZDS= -84.0 (c 0.075, MeOH); IR (neat): v = 2831, 1680, 1553, 1431, 1216,
700 cm™. H NMR (400 MHz, CDCl3): 6 = 9.67 (s, 1 H), 7.34-7.21 (m, 5 H), 5.11 (dd, J = 12.7,
8.9 Hz, 1 H), 4.97-4.90 (m, 1 H), 4.83 (dd, J = 12.7, 7.1 Hz, 1 H), 1.58-1.44 (m, 4 H) ppm.
13C NMR (101 MHz, CDCls): § =192.0, 149.4, 137.8, 130.3, 129.1, 128.0, 127.9, 77.2, 42.5,
3.5, 1.8 ppm. HRMS (ESI): calcd. for C;3H14NOs* [M + H]* 232.0968; found 232.0971.

General methods for the organocatalytic Michael addition of cyclopropylacetaldehyde
derivative to nitroalkenes (Publication II)

General Procedure A: In a 1.5 mL reactor, aldehyde 108 (1.2 equiv., 37 mg, 0.19 mmol),
nitro olefin 2 (1 equiv., 0.15 mmol), cocatalyst 18 (10 mol%, 7.7 mg, 0.015 mmol), and
catalyst 10b (10 mol%, 5.7 mg, 0.015 mmol) were dissolved in CH,Cl, (0.4 mlL).
The reaction mixture was stirred for 1-7 d at room temp. and then it was diluted with
MeOH (3 mL), and cooled to 0 °C. NaBH, (8.8 mg, 0.23 mmol) was added, and the reaction
mixture was stirred at room temp., for 25 min. The reaction was quenched with satd. aq.
NH,Cl solution (3 mL), and then the mixture was diluted with water (3 mL), and extracted
with CH,Cl, (3 x 10 mL). The combined organic extracts were dried with Na,SQ,, filtered,
and concentrated. The crude product was purified by silica gel column chromatography
using a mixture of CH,Cl,/EtOAc or hexane/EtOAc.
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tert-Butyl N-{1-[(2R,3S)-1-Hydroxy-4-nitro-3-phenylbutan-2-yl]cyclopropyl}-
carbamate 110: Synthesized according to general procedure A. The product was isolated
(41 mg, 74 %) as a white crystalline solid, as a mixture of diastereoisomers (dr 95:5) with
an ee of 99 % for the major diastereoisomer [HPLC: Lux Amylose-2; hexane/iPrOH, 85:15;
1 mL/min; 25 °C; 230 nm; tz = 7.4 (minor), tz = 8.9 (major) min]. [a] ZDS= -9.5 (c = 1.00,
acetone), m.p. 173-176 °C. IR: v =3349, 3270, 1681, 1556, 1368, 1285, 1257, 1166, 1066,
1032, 763 cm™. *H NMR (400 MHz, [D¢]acetone): 6 = 7.35-7.26 (m, 4 H), 7.26-7.20 (m, 1 H),
6.84 (s, 1 H), 5.68-5.57 (m, 1 H), 4.96 (t, /= 12.5 Hz, 1 H), 4.35 (dd, J = 7.5, 4.5 Hz, 1 H),
3.58 (td,J= 11.7, 4.2 Hz, 1 H), 3.36-3.24 (m,J= 10.1 Hz, 1 H), 3.23-3.09 (m, 1 H),
1.49-1.45 (m, J = 4.2 Hz, 1 H), 1.44 (s, 9 H), 1.05-0.94 (m, 3 H), 0.94-0.87 (m, 1 H) ppm.
3C NMR (101 MHz, [D¢lacetone): 6 = 158.6, 140.3, 129.4, 129.1, 128.1, 80.2, 80.0, 63.7,
51.7, 45.4, 32.0, 28.5, 14.85, 14.77 ppm. HRMS (ESI): calcd. for CjsH,;N,Os*
[M + H]*351.1914; found 351.1895.

General Procedure B: In a 1.5 mL reactor, aldehyde 108 (1.2 equiv., 37 mg, 0.19 mmol),
nitro olefin 2 (1 equiv., 0.15 mmol), cocatalyst 18 (10 mol-%, 5.7 mg, 0.015 mmol), and
catalyst 10b (10 mol%, 5.7 mg, 0.015 mmol) were dissolved in CH)Cl; (0.4 mL).
The reaction mixture was stirred for 1-7 d at room temp., and then the mixture was
directly purified by silica gel column chromatography using a mixture of heptane/EtOAc.

tert-Butyl N-{1-[(2R,3S)-4-nitro-1-oxo-3-phenylbutan-2-yl]-cyclopropyl}-carbamate
109: Synthesized according to general procedure B. The product was isolated (299 mg,
86 %) as a white solid. The enantiomeric purity was retained as 98 % ee [HPLC: Chiralpak
AD-H; hexane/EtOH, 9:1; 1 mL/min; 25 °C; 210 nm; tz = 6.44 (minor), tx = 7.28 (major)
min]. IR: v = 3384, 2979, 1715, 1555, 1434, 1367, 1270, 1161, 1031, 701 cm™.'H NMR
(400 MHz, CDCl3): 6 =9.44 (d, J = 2.1 Hz, 1 H), 7.35-7.27 (m, 3 H), 7.25-7.21 (m, 2 H), 5.65
(dd, J=13.0, 4.4 Hz, 1 H), 5.02 (s, 1 H), 4.83 (dd, J = 12.9, 9.9 Hz, 1 H), 3.96 (td, J = 10.5,
4.2 Hz, 1 H), 2.25 (d,J = 11.5 Hz, 1 H), 1.45 (s, 9 H), 1.35-1.29 (m, 1 H), 0.97-0.80 (m, 3 H)
ppm. 3C NMR (101 MHz, CDCl5): 6§ = 201.2, 155.9, 136.9, 129.4, 128.4, 128.3, 80.4, 79.0,
61.4, 42.8, 31.0, 28.4, 15.2, 14.2 ppm. HRMS (ESI): calcd. for CisHzsN,0Os*
[M + H]* 349.1758; found 349.1794.

(2R,3S)-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-4-nitro-3-phenyl-butanoic acid
11372

tert-Butyl N-{1-[(2R,3S)-4-Nitro-1-oxo-3-phenylbutan-2-yl]-cyclopropyl}-carbamate 109
(41 mg, 0.12 mmol) was dissolved in MeCN (350 pL, 0.33 M), and aq NaH,PO,4 (90 pL, 0.83
M) was added. The reaction mixture was cooled to 0°C. 35% aq H,0, (10 pL) and aq
NaClO; (216 pL, 0.94 M) were added. The mixture was stirred for 30 min at room. temp.,
and then Na;S,0; was added, and the reaction mixture was stirred at room temp. for 1 h.
Then it was diluted with ag NaHCOs (3 mL, 1 M) and aq NaH,PO4 (3 mL, 0.83 M), and
extracted with CH,Cl, (5 x 4.5 mL). The combined organic extracts were dried with
MgSQ,, filtered, and concentrated to give the product (38 mg, 86%) as a white solid.
[a] %=-31.0 (c =0.05, CHCl5), m.p. 95-97 °C. IR: v = 3445, 2979, 1712, 1553, 1498, 1456,
1368, 1165, 1078, 759, 700 cm™.*H NMR (400 MHz, CDCl3): 6 = 7.25-7.09 (m, 5H),
5.68-5.60 (m, 1 H), 4.74-4.62 (m, 1 H), 3.90 (td, /= 10.8, 4.3, Hz, 1 H), 2.18 (d, J = 11.5,
Hz, 1 H),1.62 (s, 1 H), 1.46 (s, 9 H), 0.94 (dtJ=11.2, 6.4 Hz, 1 H), 0.85 (dt, /= 10.0, 6.5 Hz,
1 H), 0.76 (dt, J = 11.0, 5.5 Hz, 1 H) ppm. 3C NMR (101 MHz, CDCl3): & = 182.2, 156.1,
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138.0, 128.8, 128.3, 128.0, 80.4, 79.1, 56.8, 43.9, 32.0, 28.5, 16.9, 13.7 ppm. HRMS (ESI):
calcd. for CigH24N206Na* [M + Na]* 387.1527; found 387.1529.

(2R,3S)-4-amino-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-3-phenyl-butanoic
acid 114 (method 1)
(2R,3S)-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-4-nitro-3-phenylbutanoic acid 113
(48 mg, 0.13 mmol) was dissolved in MeOH (4.8 mL, 0.55 M), and a suspension of
Raney-Ni (300 mg) was added. The mixture was stirred for 23h at ambient temperature,
under an H, atmosphere. The reaction mixture was filtered through Celite®, and the
filtrate was washed with ag MeCN (75 mL, MeCN/H,0 2:1). The filtrate was concentrated
and the crude product was purified by reversed phase column chromatography [gradient
H,O/AcOH (2000/1)/MeCN] to give the product (36 mg, 82%) as a white solid.
[a] 2;= —2.2 (c=0.26, H,0), m.p. 150-155 °C. IR: v = 3419, 2978, 2931, 2879, 1713, 1581,
1496, 1455, 1391, 1367, 1170, 1076, 762, 701 cm™. *H NMR (400 MHz, D,0): § =7.43-7.28
(m, 5H), 4.28-4.14 (m, 1 H), 3.33-3.15 (m, 2 H), 2.19 (d, J = 10.8, Hz, 1 H), 1.45 (s, 9 H),
1.27-1.17 (m, 1 H), 1.01 (dt, J = 11.9, 6.4 Hz, 1 H), 0.90 (dt, /= 10.3, 6.3 Hz, 1 H),
0.82-0.72 (m, 1 H) ppm. 3C NMR (101 MHz, D,0): 6 =178.1, 157.5, 138.3, 129.1, 128.4,
128.0, 80.8, 59.2, 43.9, 43.2, 31.6, 27.7, 15.7, 12.6 ppm. HRMS (ESI): calcd. for
CisH27N204% [M + H]* 334.1965; found 335.1973.

(2R,3S)-4-amino-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-3-phenyl-butanoic
acid 114 (method 2)7?
(2R,35)-2-(1-((tert-butoxycarbonyl)amino)cyclopropyl)-4-nitro-3-phenylbutanoic  acid
113 (24 mg, 0.07 mmol) was dissolved in MeOH (5 mL) under an argon atmosphere, and
Pd/C (5%, 27 mg) was added. The reaction mixture was stirred for 7 d under H,
atmosphere. The reaction mixture was filtered through Celite®, and the filtrate was
washed with CH,Cl,/(MeOH/NHs) (4:1). The filtrate was concentrated to give the product
(12 mg, 55%) as a white solid.

General method for the synthesis of ethyl 2-(5-oxo-2,3,4-triphenyl-2,5-dihydrofuran-2-
yl)-acetate 86 (Publication Il1)

To a 4 ml test tube was sequentially added cyclopropenone 78 (30.9 mg, 0.15 mmol),
B-ketoester 85 (19.2 mg, 0.1 mmol), catalyst (0.02 mmol, 20 mol%), base (0.2-5.0 equiv),
and solvent (1 ml). The reaction mixture was stirred at room temperature for the
indicated time. Completion of the reaction was monitored by TLC and 'H NMR
spectroscopy. The solvent was removed under reduced pressure and the crude mixture
was purified by flash column chromatography on silica gel to afford the pure product 86,
eluent petroleum ether — EtOAc, 20:1. Colorless oil. *H NMR spectrum (400 MHz, CDCls),
6 =7.34-7.42 (m, 5H), 7.29-7.34 (m, 1H), 7.20-7.27 (m, 7H), 6.82—6.85 (m, 2H), 4.16
(qd, J = 7.1, J = 4.7 Hz, 2H), 3.40 (d, J = 15.4 Hz, 1H), 3.28 (d, J = 15.4 Hz, 1H), 1.22
(t, J = 7.1 Hz, 3H) ppm. 3C NMR spectrum (101 MHz, CDCls), § = 171.9, 168.3, 162.9,
137.2, 131.7, 129.7, 129.4, 129.3, 129.0, 128.8, 128.7, 128.3, 127.5, 125.7, 87.0, 61.3,
40.1, 14.3 ppm. HRMS (ESI): calcd. for Cy6H2304 [M + H]* 399.1591; found 399.1599.
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Table 7. Supporting information concerning compounds discussed in the thesis but not
presented in the Experimental section can be found in the corresponding publications.

Entry | Compound number Compound number in publication
in thesis
I Il I
1 2a 5a 2a
2 10a 6a 3
3 10b 6b 7
4 12 12
5 18 10b 10
6 78 1
7 85 2
8 86 3
9 90 1
10 91 2
11 92 3
12 93 4 1a
13 95a 11a
14 95b 11b
15 95c¢ 11c
16 95d 11d
17 95e 11e
18 95f 11f
19 95g 11g
20 95h 11h

53



21 95i 11i

22 97 9

23 98 8

24 99 7

25 100 10a

26 102 9

27 108 1b
28 109 5a
29 110a 6a
30 110b 6d
31 110e 6b
32 110g 6f
33 110h 6j

34 110i 6h
35 110j 6¢
36 110k 6e
37 110l 6g
38 110m 6i

39 110n 6k
40 1100 6l

41 110p 6m
42 110q 6n
43 110r 60
44 111 8

54




45 112a 13a

46 112b 13b

47 115 |
48 116 Il
49 117 1l
50 118 v
51 119 \'J
52 120 \'
53 121 Vil
54 122a Vlilla
55 122b Viilb
56 122c Vllic
57 122d Viiid
58 123 IX
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Abstract
Organocatalytic Asymmetric Michael Addition to Cyclopropyl
Derivatives

There is a continuous demand for new efficient methods that can be applied for the
synthesis of enantiopure compounds. Asymmetric organocatalytic synthesis is widely
used method for the synthesis of chiral compounds. This thesis is focused on an
enantioselective organocatalyzed Michael addition applied for the synthesis of a
cyclopropyl group containing compounds. During the study conditions for the selective
formation of different addition products were established. The highly strained
cyclopropane moiety is an important motif in many biologically active compounds.
Several methods have been developed to obtain chiral cyclopropane ring-containing
compounds. Quite often the synthesis requires several steps and enantiopure starting
material, thus the preparation methods of cyclopropane ring-containing compounds in
enantiomerically pure form still pose a challenge.

The results of this thesis are divided into three chapters. The first study describes the
synthesis of alkylidenecyclopropane derivatives via an asymmetric aminocatalytic
Michael addition of aldehyde to nitroalkene derivatives. The novelty of the approach lies
in the use of 1-(2-oxoethyl)cyclopropyl acetate 93, as an aldehydes containing
cyclopropane moiety had not been previously used as Michael donor in the Michael
reaction. The developed method offers a new possibility to obtain several
multifunctional compounds that have a broad synthetic utility.

The second chapter presents the use of  amine-functionalized
cyclopropylacetaldehyde as Michael donor for the synthesis of amino acid precursors.
This allows the one-step introduction of the cyclopropane ring, as well as two different
nitrogen-containing functional groups into the target compound. We have developed a
general straightforward route to B- and y-amino acid precursors.

The third chapter describes the study of the asymmetric organocatalyzed [3+2]
annulation of cyclopropenone and B-keto ester. The aim of the study was to investigate
various organocatalytic activation modes for the synthesis of chiral butenolides. Four
different catalytic approaches were investigated: bifunctional thiourea catalysis, chiral
base catalysis, aminocatalysis and phase-transfer catalysis. The study revealed that in
principal the use of phase-transfer catalysis could be the method of choice, but further
investigation is needed.
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Liihikokkuvote
Tsiiklopropaani derivaatide asiimmeetriline organokata-
liutiline Michaeli liitumisreaktsioon

Aina kasvav ndudlus enantiomeerselt puhaste ainete jarele sunnib teadlasi otsima nii
uusi meetodeid kui ka leidma sobivaid ldhtethendeid nende slinteesimiseks.
Astimmeetrilised organokataliiitilised reaktsioonid on laialt levinud meetodid kiraalsete
Uhendite saamisel. Organokatallilisi kdrval on kdesolevas doktoritdos teiseks labivaks
teemaks tsiklopropaani ringi sisaldavad Ghendid. Tsiiklopropaani fragment on levinud
struktuurielement bioloogiliselt aktiivsetes hendites. Sageli h6lmab tsiiklopropaani
fragmenti sisaldava kiraalse UGhendi slintees mitut etappi ja enantiomeerselt puhta
lahteaine kasutamist. Seega on aktuaalne t66tada vélja slinteesimeetodeid uute seda
tllpi Uhendite saamiseks.

Antud t00s uuriti asiimmetrilist organokatalitilist Michaeli liitumisreaktsiooni
tsuklopropaani fragmenti sisaldava aldehiitdi 93 ja nitroolefiinide vahel. To6tati valja
enantioselektiivne organokatalliltiline meetod kasutades kiraalset aminokatallisaatorit,
mille efektiivsust tOstis sobiva vesinikdonoorse akiraalse ko-katalUsaatori lisamine.
Michaeli liitumisreaktsiooni tulemusena saadi alkilideen tstiklopropaani derivaate kdrge
enantiomeerse puhtustega (ee 85-99%), reaktsiooni kaigus elimineerius atstilrihm.

Valtimaks vdimalikku elminieerumisreaktsiooni slinteesiti aminoriihma sisaldav
tsiikloropaankarbaldehiiid 108, ning viidi |abi organokataltitiline Michaeli
liitumis-reaktsioon slinteesitud aldehiidi ja niroolefiinide vahel. Reaktsiooni
tulemusena saadi B- ja y-aminohapete eeliihendid kdrge diastereo- ja enantiomeerse
puhtusega (d.r. kuni 95:5 ja ee 93-99%).

Asimmeetrilised organokataliitilised kaskaadreaktsioonid on levinud meetodid
kiraalsete heteroaromaatsete Gihendite saamiseks. Seet&ttu keskenduti t60 teises osas
asiimmeetrilise organokatalltilise slinteesimeetodi leidmisele tsiiklopropenooni ja
B-ketoestri vahelise liitumisreaktsiooni jaoks. Uuriti nelja erinevat asimmeetrilise
aktiveerimise meetodit kiraalse produkti saamiseks: bifunktsionaalne tiouurea katallis,
aluskatallilis, aminokataliits ja faaside-vaheline katalliis.

Uuritud meetoditest osutus sobivaks asiimmeetriline faaside-vaheline kataliiUs.
Valitud meetod vajab tdiendavat uurimist, kuna kataltitsi kaigus saadud produkti
enantiomeerne puhtus jai madalaks.
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Abstract: An asymmetric aminocatalytic approach to alkylidene-
cyclopropane derivatives via Michael addition of aldehydes to ni-
troalkene derivatives was developed.

Key words: asymmetric catalysis, Michael addition, amines, or-
ganocatalysis, alkylidenecyclopropane

The asymmetric organocatalytic Michael addition of nu-
cleophiles derived from carbonyl compounds to nitroole-
fins is a well-studied reaction.! The scope of the carbonyl
Michael donors used in the reaction is wide, also includes
derivatives of aldehydes and ketones. To the best of our
knowledge, cyclopropane-containing aldehydes have not
previously been used as Michael donors.

The asymmetric synthesis of cyclopropane-containing
compounds is still a challenge so, considering the high
synthetic utility of the derived compounds, new strategies
to synthesize nonracemic functionalized cyclopropane de-
rivatives are needed.” The Michael addition of cyclopro-
pane-containing aldehydes to nitroolefins is an attractive
option to synthesize such derivatives, especially consider-
ing the variety of efficient catalytic systems known for the
asymmetric Michael reaction.> We report here the results
of a-functionalization of aldehydes with nitrostryrene de-
rivatives, which is a part of our ongoing research on or-
ganocatalysis.*

The synthetic route to the starting aldehyde 4 is depicted
in Scheme 1. Kulinkovich reaction’ of ethyl 3,3-diethoxy-
propanoate (1) led to cyclopropanol 2 in quantitative
crude yield. Acetylation of the hydroxy group of crude 2
afforded cyclopropyl acetate 3 that underwent deacetal-
ization with pyridinium 4-toluenesulfonate (PPTS) to af-
ford aldehyde 4.

The reaction between aldehyde 4 and nitrostyrene 5a in
the presence of various organocatalysts (Figure 1) was in-
vestigated as a model process (Table 1).

Surprisingly, no reaction occurred with the most widely
used diphenylprolinol silyl ether 6a® (Table 1, entry 1).
The reaction proceeded only when the H-bonding catalyst
N,N'-diethylthiourea (10a) was added, affording the prod-
uct in low yield but with high stereoselectivity (entry 2).
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Scheme 1 Synthesis of 1-(2-oxoethyl)cyclopropyl acetate 4

N OR
OMe

6a: R=TMS
6b: R=TBS

Ar = 3,5-(F5C),CeHs

H H
NSy 102 R=Et
\ﬂ/ 10, 10b: R = 3,5-(F4C)sCoHs
s

Figure 1 Catalysts and co-catalysts screened

In all cases elimination of the acetoxy group occurred, af-
fording alkylidenecyclopropane derivative 11a.

The presence of an aminocatalyst is essential for the for-
mation of the Michael donor from the aldehyde. Nitrosty-
rene can be activated via an H-bonding catalyst. In
principal, if either of the catalysts is nonracemic, an enan-
tioselective reaction may occur. In our experiments, the
combination of an achiral secondary amine (pyrrolidine)
with chiral squaramide derivatives 77 and 8° resulted in a
racemic product after a very slow reaction (entries 4 and
5). Catalyst 9,° possessing both aminocatalytic and H-
bonding catalytic properties in the same molecule, was
also found to be inactive (entry 3). We concluded that the
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Table 1 Screening of Catalysts for Michael Addition

aminocatalyst

(20 mol%) 9
o) OAc H-bonding catalyst P
S NO (20 mol%)
> —
H + PR rt, CH,Cly Ph
NO,
4 5a 11a
Entry Aminocatalyst H-Bonding Time  Yield ee
catalyst (d) (%) (%)
1 6a - 4 = -
2 6a 10a 4 34 90
3 9 - 9 -2 -
4 pyrrolidine 8 6 38 rac
5 pyrrolidine 7 1.5 42 rac

2 No reaction.

stereoselectivity of the reaction is determined by the non-
racemic aminocatalyst and hence the influence of the co-
catalyst was investigated.

The mechanistic aspects of the Michael addition to nitro-
styrene have been thoroughly studied.'® It was proposed
that the rate-determining step of the reaction is the proton-
ation of the cyclobutane derivative of the iminium nitro-
nate intermediate. Recently Pihko and co-workers!!
suggested that the key intermediates of the reaction are
six-membered dihydrooxazine species. They also found
that the acidic co-catalyst 4-nitrophenol accelerates the re-
action considerably, affording Michael adducts in high
yields and selectivity, even with a-alkyl nitroalkenes.

Based on these observations, we screened the effects of
various co-catalysts on the yield and the stereoselectivity
of the model reaction (Table 2).

Table 2 Screening of Co-catalysts®

Entry Aminocatalyst Co-catalyst Yield (%) ee

of 11a (%)

1 6a 10a 43 90
2 6a 10b 41 89
3 6b 10b 36 89
4 6a benzoic acid 43 91
5 6a 3,5-dinitrobenzoic acid —° 91
6 6a 4-nitrobenzoic acid 40 92
7 6a 4-nitrophenol 60 93
8 6b 4-nitrophenol 56 92

 Conditions: aldehyde 4 (0.35 mmol), nitrostyrene 5a (0.35 mmol),
aminocatalyst (20 mol%), co-catalyst (20 mol%), CH,Cl,, r.t., 24 h.
b Not determined.
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Achiral thioureas 10a and 10b as co-catalysts revealed a
similar effect affording products in comparable yields and
stereoselectivities (Table 2, entries 1 and 2). Changing the
trimethylsilyl protective group of the aminocatalyst 6a to
the sterically more demanding tert-butyldiphenylsilyl
group in 6b did not influence the stereoselectivity, but
slightly lowered the yield (entry 3). Quite similar results
were obtained by adding benzoic acid or its derivatives
(entries 4-6). 4-Nitrophenol was found to be the most se-
lective and high-yielding co-catalyst (entries 7 and 8).

The reaction selectivity and yield depend on the acidity of
the co-catalysts and 4-nitrophenol has an optimal pK, val-
ue (pK, in DMSO: 10b, 8.5;'2 benzoic acid, 11.6;'3 3,5-di-
nitrobenzoic acid, 6.8;'4 4-nitrobenzoic acid, 8.9;'% 4-
nitrophenol, 10.8'%).

With optimal reaction conditions in hand, the substrate
scope for aldehyde 4 with different nitroolefins Sa—i was
explored (Table 3).

Table 3 Scope of the Reaction

6a (20 mol%) 0
o OAc 4-nitrophenol P>
+ N NO; (20 mol%) H

H Ar 1, CHoCly

4 5a-i 11a-i NO,
Entry Ar Time (d) Product Yield (%) ee (%)
1 Ph 1 11a 60 93
2 4-CIC,H, 1 11b 38 95
3 2-CIC H, 1 11c 38 95
4 2-BrC¢H, 1 11d 42 99
5 4-MeOCH, 4 11e 27 87
6 4-(F;,CO)C,H, 1 11f 50 96
7 4-O,NC¢H, 4 11g 35 97
8 2-naphthyl 4 11h 34 92
9 2-thienyl 1 11i 27 85

We observed that all reactions were highly enantioselec-
tive and the substitution pattern did not influence the se-
lectivity. Alkylidenecyclopropane derivatives 11 were
obtained in high enantiomeric purity (85-99% ee). How-
ever, the yields of the reactions remained moderate; in-
creasing the reaction time did not increase the yield of the
product.

We conclude that the above-described enantioselective
route to alkylidenecyclopropane aldehydes via aminocat-
alytic Michael addition to nitroalkenes offers a new possi-
bility of obtaining several multifunctional compounds
that have a broad synthetic utility.

© Georg Thieme Verlag Stuttgart - New York
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Alkylidenecyclopropanes 2681

Full assignment of 'H and '*C chemical shifts is based on the 1D and
2D FT NMR spectra measured on a Bruker Avance III 400 MHz in-
strument. Residual solvent signal was used [§ = 7.26 ('H NMR),
77.16 (*C NMR)] as an internal standard. Mass spectra were re-
corded by using an Agilent Technologies 6540 UHD Accurate-
Mass Q-TOF LC/MS spectrometer by using AJ-ESI ionization. IR
spectra were recorded on a Bruker Tensor 27 FT infrared spectro-
photometer. Optical rotations were obtained using an Anton Paar
GWB Polarimeter MCP 500. Chiral HPLC was performed using
Chiralcel OJ-H and Chiralpak AD-H columns. Precoated silica gel
60 F,s, plates from Merck were used for TLC, whereas for column
chromatography silica gel KSK 40-100 um was used. Chemicals
were purchased from the Aldrich Chemical Co and were used as re-
ceived. Reactions sensitive to oxygen or moisture were conducted
under an argon atmosphere in flame-dried glassware.

1-(2,2-Diethoxyethyl)cyclopropan-1-ol (2)

To a soln of ethyl 3,3-diethoxypropanoate (1, 10.315 g, 54 mmol)
in THF (54 mL) was added Ti(Oi-Pr), (3.29 mL, 11 mmol) at 0 °C
and 1.5 M EtMgBr in THF (105 mL, 157 mmol) over 6 h under an
argon atmosphere; the deep black soln was stirred at r.t. for 12 h.
The mixture was concentrated under reduced pressure. The precip-
itate was diluted with CH,Cl, (100 mL) and quenched with sat.
NH,CI (15 mL) and filtered through a Celite pad. The filtrate con-
taining aqueous and organic layers was extracted with CH,Cl,
(4 x 50 mL). The combined organic layers were extracted with sat.
NaHCO; (3 x 50 mL) and brine (50 mL), dried (Na,SO,), and con-
centrated under reduced pressure to give crude product 2 (9.408 g,
quant) as a slightly yellow liquid; R,= 0.31 (EtOAc-heptane, 3:10).

'H NMR (400 MHz, CDCl,): §=4.79 (t,J = 5.8 Hz, 1 H), 3.76-3.68
(m, 2 H), 3.60 (d, J=2.5 Hz, | H), 3.59-3.51 (m, 2 H), 1.88 (d,
J=5.8Hz,2 H), 1.22 (t,J=7.1 Hz, 6 H), 0.75 (q, J = 5.2 Hz, 2 H),
0.4 (q, J=5.2 Hz, 2 H).

NMR spectroscopic data were in agreement with literature data.'®

1-(2,2-Diethoxyethyl)cyclopropyl Acetate (3)

To a soln of 1-(2,2-diethoxyethyl)cyclopropan-1-ol (2, 9.408 g, 54
mmol) in CH,Cl, (50 mL) was added pyridine (8.730 g, 108 mmol)
and DMAP (0.112 g, 0.918 mmol) at 0 °C. A soln of AcC1(4.910 g,
81 mmol) in CH,Cl, (10 mL) was added dropwise at 0 °C and the
mixture was stirred for 8 h at r.t. The reaction was quenched by the
addition of H,O (50 mL). The aqueous layer was extracted with
CH,Cl, (5 x 25 mL). The combined organic layers were washed
with sat. NaHCO; (50 mL), dried (MgSO,), and concentrated in
vacuo. The crude product was distilled in vacuo (bp 72-74 °C/1.9
mbar), affording 3 (8.71 g, 74%) as a pale yellow liquid; R,= 0.49
(EtOAc-heptane, 3:10).

IR (neat): 2976, 1750, 1371, 1229, 1200, 1127, 1063 cm".

'H NMR (400 MHz, CDCL,): 8 =4.70 (t, J = 5.35 Hz, 1 H), 3.64 (q,
J=17.03Hz, 1 H),3.62 (q, J=7.16 Hz, 1 H), 3.52 (q, J = 7.16 Hz,
1 H), 3.50 (q, J = 7.03 Hz, 1 H), 2.07 (d,J = 5.4 Hz, 2 H), 1.98 (5, 3
H), 1.20 (t, J=7.09 Hz, 6 H), 0.87-0.79 (m, 2 H), 0.79-0.72 (m, 2
H).

13C NMR (101 MHz, CDCly): & = 171.0, 101.3, 61.5, 57.1, 38.9,
21.5,15.5, 11.8.

HRMS: m/z [M + Na]" caled for C;;H,,O4Na: 239.1254; found:
239.1255.

1-(2-Oxoethyl)cyclopropyl Acetate (4)

To a soln of 1-(2,2-diethoxyethyl)cyclopropyl acetate (3, 1.00 g, 4.6
mmol) in a mixture of acetone (9 mL) and H,O (0.25 mL) was add-
ed atr.t. PPTS (0.196 g, 0.782 mmol); the mixture was refluxed for
8 h. The mixture was concentrated under reduced pressure and the
precipitate was diluted with CH,Cl, (13 mL) and washed with sat.
NaHCO; (10 mL). The aqueous layer was extracted with CH,Cl,
(5 x5 mL). The combined organic layers were dried (MgSO,) and
concentrated under reduced pressure. The crude product was puri-
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fied by column chromatography (EtOAc-hexanes, 1.5:10) to afford
4 (0.364 g, 58%) as a colorless liquid; R,= 0.27 (EtOAc-heptane,
3:10).

IR (neat): 2841, 1747, 1729, 1371, 1223, 1172, 858 cm .

"H NMR (400 MHz, CDCl;): 8 = 9.84 (t, J=2.5 Hz, 1 H), 2.76 (d,
J=2.5Hz,2H), 1.98 (s, 3 H), 1.04-0.98 (m, 2 H), 0.88-0.81 (m, 2
H).

3C NMR (101 MHz, CDCly): § = 200.3, 171.2, 55.1, 48.9, 21.3,
11.7.

HRMS: m/z [M + H]" caled for C,H,,0;: 143.0703; found:
143.0705.

Alkylidenecyclopropanes; General Procedure

To aldehyde 4 (50 mg, 0.35 mmol) was added 4-nitrophenol (10
mg, 0.07 mmol), nitroalkene 5 (0.35 mmol), and a soln of catalyst
6a (23 mg, 0.07 mmol) in CH,Cl, (0.2 mL).The mixture was stirred
at r.t. until completion of the reaction (TLC monitoring). The mix-
ture was diluted with CH,Cl, (6 mL) and washed with aq 1 M NaOH
(6 mL) and brine (6 mL). After concentration under reduced pres-
sure, the crude product was purified by column chromatography
(EtOAc-hexanes, 1:10) to afford alkylidenecyclopropane 11.

2-Cyclopropylidene-4-nitro-3-phenylbutanal (11a)
Yellow oil; yield: 46 mg (60%); R = 0.42 (EtOAc-hexanes, 2:5);
[o]p* —84.0 (c 0.075, MeOH).

The ee of the product was determined by HPLC (Chiralcel OD-H,
250 x 4,6 mm, column, hexane—i-PrOH, 8:2, 1 mL/min, UV 230
nm): t = 27.19 (major), 24.69 min (minor).

IR (neat): 2831, 1680, 1553, 1431, 1216, 700 cm™'.

'H NMR (400 MHz, CDCLy): § = 9.67 (s, 1 H), 7.34-7.21 (m, 5 H),
5.11 (dd, J=12.7, 8.9 Hz, | H), 4.97-4.90 (m, 1 H), 4.83 (dd,
J=12.7,7.1 Hz, 1 H), 1.58-1.44 (m, 4 H).

13C NMR (101 MHz, CDCLy): 3= 192.0, 149.4, 137.8, 130.3, 129.1,
128.0, 127.9, 77.2,42.5, 3.5, 1.8.

HRMS: m/z [M + H]" caled for C;H;,NO;: 232.0968; found:
232.0971.

3-(4-Chlorophenyl)-2-cyclopropylidene-4-nitrobutanal (11b)
Yellow oil; yield: 39 mg (38%); R = 0.41 (EtOAc-hexanes, 2:5);
[0]p* —90.0 (c 0.081, MeOH).

The ee of the product was determined by HPLC (Chiralpak AD-H,
250 x 4.6 mm, column, hexane—i-PrOH, 9:1, 1 mL/min, UV 230
nm): t; = 10.03 (major), 11.54 min (minor).

IR (neat): 2833, 2725, 1680, 1553, 1376, 1217, 1092, 1014, 830
cm.

'H NMR (400 MHz, CDCLy): = 9.65 (s, 1 H), 7.30~7.25 (m, 2 H),
7.20-7.16 (m, 2 H), 5.06 (dd, J=12.28, 8.0 Hz, 1 H), 4.88 (dd,
J=18,7.6Hz, 1 H),4.82 (dd, J=12.37,7.51 Hz, | H), 1.59-1.42
(m, 4 H).

13C NMR (101 MHz, CDCLy): § = 191.91, 149.75, 136.29, 133.83,
129.99, 129.33, 129.21, 76.91, 41.95, 3.52, 1.91.

HRMS: m/z [M + H]" caled for C,3H,;CINO;: 266.0578; found:
266.0559.

3-(2-Chlorophenyl)-2-cyclopropylidene-4-nitrobutanal (11c)
Yellow oil; yield: 39 mg (38%); R,= 0.35 (EtOAc-hexanes, 2:5);
[o]p? =52.5 (¢ 0.072, MeOH).

The ee of the product was determined by HPLC (Chiralpak AD-H,
250 x 4.6 mm, column, hexane—i-PrOH, 95:5, 1 mL/min, UV 230
nm): z; = 11.02 (major), 10.33 min (minor).

IR (neat): 2834, 1681, 1555, 1279, 1177, 1135, 756 cm™.

'H NMR (400 MHz, CDCLy): = 9.68 (s, 1 H), 7.40-7.36 (m, 1 H),
7.25-7.18 (m, 3 H), 5.39-5.34 (m, 1 H), 5.07 (dd, J = 13.43, 8.95
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Hz, 1 H), 4.82 (dd, J= 13.49, 6.92 Hz, 1 H), 1.57-1.49 (m, 2 H),
1.47-1.38 (m, 1 H), 1.38-1.32 (m, 1 H).

13C NMR (101 MHz, CDCL): = 192.1, 151.7, 134.8, 134.2, 130.4,
129.1, 128.8, 128.7, 127.2, 75.4, 39.8, 3.8, 2.0.

HRMS: m/z [M + H]" calcd for C,3H;CINO;: 266.0578; found:
266.0582.

3-(2-Bromophenyl)-2-cyclopropylidene-4-nitrobutanal (11d)
Yellow oil; yield: 45 mg (42%); R,= 0.39 (EtOAc-hexanes, 2:5);
[a]p® =37.6 (¢ 0.104, MeOH).

The ee of the product was determined by HPLC (Chiralcel OJ-H,
250 x 4.6 mm, column, hexane—i-PrOH, 9:1, 1 mL/min, UV 230
nm): t = 35.62 (major), 34.29 min (minor).

IR (neat): 2848, 1681, 1553, 1437, 1375, 1225, 1024, 756 cm™'.

'H NMR (400 MHz, CDCl,): = 9.70 (s, 1 H), 7.59 (dd, J = 7.90,
1.2 Hz, 1 H), 7.28-7.19 (m, 2 H), 7.16-7.11 (m, 1 H), 5.40-5.33 (m,
1 H), 5.06 (dd, J = 13.6, 9.0 Hz, 1 H), 4.80 (dd, /= 13.6, 6.8 Hz, 1
H), 1.58-1.47 (m, 2 H), 1.47-1.39 (m, 1 H), 1.36-1.28 (m, 1 H).

3CNMR (101 MHz, CDCl,): §=192.1,151.7, 136.5, 133.8, 129.4,
128.8,128.8,127.8, 124.9, 75.4, 42.3, 3.9, 2.0.

HRMS: m/z [M + H]" caled for C3H,3BrNO;: 310.0073; found:
310.0088.

2-Cyclopropylidene-3-(4-methoxyphenyl)-4-nitrobutanal (11e)
Yellow oil; yield: 25 mg (27%); R,=0.30 (EtOAc-hexanes, 2:5);
[o]p® —43.0 (c 0.043, MeOH).

The ee of the product was determined by HPLC (Chiralpak AD-H,
250 x 4,6 mm, column, hexane—i-PrOH, 9:1, 1 mL/min, UV 230
nm): fz = 12.18 (major), 13.44 min (minor).

IR (neat): 2960, 1747, 1681, 1555, 1373, 1278, 1135, 897, 845, 702,
683 cm™'.

TH NMR (400 MHz, CDCLy): § = 9.66 (s, 1 H), 7.19-7.13 (m, 2 H),
6.85-6.79 (m, 2 H), 5.07 (dd, J = 12.4, 8.5 Hz, 1 H), 4.90-4.83 (m,
1 H), 4.79 (dd, J= 12.4, 7.3 Hz, 1 H), 3.77 (s, 3 H), 1.57-1.44 (m,
4 H).

13C NMR (101 MHz, CDCLy): 8 = 192.1, 159.2, 149.0, 130.6, 129.7,
129.0, 114.4, 77.4, 55.4,41.8, 3.5, 1.8.

HRMS: m/z [M + HJ" caled for C,,H;(NO,: 262.1074; found:
262.1084.

2-Cyclopropylidene-4-nitro-3-[4-(trifluoromethoxy)phenyl]bu-
tanal (11f)

Yellow oil; yield: 56 mg (50%); R,= 0.41 (EtOAc-hexanes, 2:5);
[0]p* —95.7 (¢ 0.061, MeOH).

The ee of the product was determined by HPLC (Chiralpak AD-H,

250 x 4.6 mm, column, hexane—i-PrOH, 95:5, 1 mL/min, UV 230
nm): t; = 9.94 (major), 11.64 min (minor).

IR (neat): 2835, 1681, 1555, 1263, 1220, 1166, 852, 677 cm™'.

"H NMR (400 MHz, CDCly): § = 9.66 (s, 1 H), 7.32-7.26 (m, 2 H),

7.17-7.13 (m, 2 H), 5.08 (dd, J = 12.6, 8.3 Hz, 1 H), 4.97-4.90 (m,
1 H), 4.84 (dd, J= 12.6, 7.4 Hz, 1 H), 1.60-1.43 (m, 4 H).

13C NMR (101 MHz, CDCL): 3 = 191.9, 149.9, 148.8, 136.5, 130.0,
129.4, 121.5, 120.6 (q, 'Jep = 257 Hz), 76.9, 41.9, 3.5, 1.9.

HRMS: m/z [M + HJ" caled for C,H,3F;NO,: 316.0791; found:
316.0786.

2-Cyclopropylidene-4-nitro-3-(4-nitrophenyl)butanal (11g)
Yellow oil; yield: 34 mg (35%); R,=0.26 (EtOAc-hexanes, 2:5);
[a]p? =52.9 (¢ 0.055, MeOH).

The ee of the product was determined by HPLC (Chiralpak AD-H,
250 x 4.6 mm, column, hexane—i-PrOH, 8:2, 1 mL/min, UV 230
nm): f = 14.25 (major), 19.13 min (minor).

IR (neat): 2838, 1681, 1556, 1521, 1375, 1349, 1177, 856, 717 cm.
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'H NMR (400 MHz, CDCL): 8= 9.65 (s, 1 H), 8.19-8.14 (m, 2 H),
7.64-7.42 (m, 2 H), 5.09 (dd, J = 12.3, 7.8 Hz, 1 H), 5.04-5.00 (m,
1 H), 491 (dd, J= 12.2, 7.3 Hz, 1 H), 1.64-1.48 (m, 4 H).

13C NMR (101 MHz, CDCL): § = 191.6, 150.7, 147.6, 145.1, 129.4,
129.0, 124.3, 76.4, 42.4, 3.6, 2.2.

HRMS: m/z [M + H]" caled for C3H,3N,O5: 277.0819; found:
277.0822.

2-Cyclopropylidene-3-(naphthalen-2-yl)-4-nitrobutanal (11h)
Yellow oil; yield: 34 mg (34%); R,= 0.40 (EtOAc-hexanes, 2:5);
[o]p® =171.9 (¢ 0.066, MeOH).

The ee of the product was determined by HPLC (Chiralpak AD-H,
250 x 4.6 mm, column, hexane—i-PrOH, 95:5, 1 mL/min, UV 230
nm): tp = 17.54 (major), 19.69 min (minor).

IR (neat): 2832, 1681, 1555, 1376, 1223, 856, 750 cm™".

'H NMR (400 MHz, CDCL): 8 =9.69 (s, 1 H), 7.82-7.76 (m, 3 H),
770 (d, J= 1.4 Hz, 1 H), 7.51-7.43 (m, 2 H), 7.33 (dd, J = 8.6, 1.9
Hz, 1 H), 5.19 (dd, J = 12.5, 8.8 Hz, 1 H), 5.13-5.07 (m, 1 H), 4.94
(dd, J=12.5, 6.8 Hz, 1 H), 1.59-1.46 (m, 4 H).

13C NMR (101 MHz, CDCLy): §=192.1, 149.7, 135.2, 133.4, 132.8,
130.3, 128.9, 128.0, 127.8, 126.9, 126.6, 126.4, 125.7, 77.1, 42.5,
3.6,18.

HRMS: m/z [M + H]" caled for C,;H;(NO;: 282.1125; found:
282.1132.

2-Cyclopropylidene-4-nitro-3-(thiophen-2-yl)butanal (11i)
Yellow oil; yield: 23 mg (27%); R,= 0.47 (EtOAc-hexanes, 2:5);
[a]p® ~76.7 (c 0.042, MeOH).

The ee of the product was determined by HPLC (Chiralpak AD-H,
250 x 4.6 mm, column, hexane—i-PrOH, 95:5, 1 mL/min, UV 230
nm): #z = 12.00 (major), 13.29 min (minor).

IR (neat): 2836, 2727, 1681, 1556, 1374, 1279, 1137, 1068, 703,
683 cm.

TH NMR (400 MHz, CDCLy): §=9.69 (s, 1 H), 7.18 (dd, J = 5.0, 1.4
Hz, 1 H), 6.94 (ddd, J=3.6, 1.4,0.7 Hz, 1 H), 6.92 (dd, J= 5.0, 3.6
Hz, 1 H), 5.27-5.20 (m, 1 H), 5.08 (dd, J = 13.0, 9.0 Hz, 1 H), 4.86
(dd, J=13.0, 7.1 Hz, 1 H), 1.58-1.49 (m, 4 H).

3C NMR (101 MHz, CDCly): § =191.6, 150.1, 140.5, 130.1, 127.3,
126.1,125.1,77.6,37.7, 3.5, 2.0.

HRMS: m/z [M + H]" caled for C,;H;,NO;S: 238.0532; found:
238.0540.
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Cyclopropane-containing amino acids are important phar-
maceuticals and biologically active compounds. A new or-
ganocatalytic asymmetric Michael reaction has been devel-
oped. This allows the one-step introduction of the cyclopro-
pane ring, as well as two different nitrogen-containing func-

tional groups (tert-butoxycarbonylamino and nitro) into the
target compounds. All the products were isolated in good
yields with moderate to excellent enantio- and diastereo-
selectivities.

Introduction

Cyclopropane stands out among other ring systems
(four-, five-, and six-membered rings) owing to its unique
reactivity profile. Various methods have been developed for
the asymmetric synthesis of cyclopropanes: the Simmons—
Smith reaction,'! MIRC (Michael-induced ring closure),?!
transition-metal-catalysed decomposition of diazo com-
pounds,®! the Kulinkovich reaction,* double alkylation of
glycine,P! rearrangement of lactones,!® and miscellaneous
other methods, which have been reviewed by Pellissier.”]
However, many of these methods are limited in their sub-
strate scope, and involve the use of expensive transition
metals or hazardous starting materials. Therefore, new and
efficient methods for the introduction of a cyclopropane
fragment under mild conditions continue to be very impor-
tant.

Amino acids play a central role as the “building blocks
of life”. They are the key starting materials for peptide syn-
thesis, and also for the synthesis of various lead compounds
for the pharmacological industry that contain amino acid
functionalities. Unnatural (and natural) B-amino acids have
been synthesised by aza-Michael additions,®! aziridine or
epoxide openings, carbene-catalysed umpolung reactions,
oxidation etc.”) Although numerous methods have been re-
ported for the formation of the C—N bond in B-amino acids,
the introduction of a cyclopropane ring at the position o to
the nitrogen remains a challenge.

Many natural and synthetic chiral amino acids contain-
ing a cyclopropane core have been identified (Figure 1).[']
Inspired by the unique properties introduced by the cyclo-
propane ring to a wide variety of different compounds, we
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recently reported a simple Michael-addition reaction of cy-
clopropylacetaldehyde derivative l1a to nitro alkenes 2
(Scheme 1).1'! This simple reaction, promoted by chiral sec-
ondary amine 3 and p-nitrophenol, delivered a series of alk-
ylidene cyclopropanes 4 in moderate to good yields (27—
60%) with high enantioselectivities (85-97% ee). The B-eli-
mination of the acetate group excluded the possibility of
the formation of diastereoisomers, and the products could
be used as building blocks for further transformations, pro-
viding an excellent starting point for further studies.

0

) HN=— HOOC, N
N HoocT<l=,, \i\—/ _<NH

Coronatine Carnosadine

/©u, COOH H coon
HO N\ : lv%
NH, NH,

(+)-(E)-2,3-methano-m-tyrosine
DDC inhibitor

Figure 1. Cyclopropane-containing amino acids; DDC = Dopa de-
carboxylase.

Ph
OTMS
H 3 Ph
(20 mol-%)
p-nitrophenol

X o
17X NO;
(20 mol-%)

rt., CH,Clp 4

o
)J\OZA\O * RIVXANO;
1a 2R'=Ar
Scheme 1. Previous work; TMS = trimethylsilyl.

Wiley Online Library 1745



FULL PAPER

M. Kaasik, A. Noole, K. Reitel, I. Jarving, T. Kanger

We realised that by replacing the acetate group with an
amino functionality we could not only eradicate the elimi-
nation pathway, but also achieve a direct synthesis of - and
y-amino acid precursors.['?]

Results and Discussion

In this paper, we report a simple, one step organocata-
lytic asymmetric Michael reaction between amine-function-
alised cyclopropylacetaldehyde derivative 1b and nitro alk-
enes 2. Inspired by the considerations mentioned above, as
well as by our previous work (Scheme 1), we envisioned that
replacing the acetate moiety by a protected amino group
could provide an easy route to precursors of f-amino acids
(Scheme 2). Not only that, but y-amino acids could also be
prepared from the Michael adducts by reduction of the ni-
tro group.

HN'PG
M A, :
PG‘N o +R1/\/N02 catalyst ~o
H R Y_NO,
1b 2R"=Ar 5

Scheme 2. Proposed reaction for the formation of amino acid pre-
cursors; PG = protecting group.

Aldehyde 1b was synthesised starting from cheap, com-
mercially ~available starting materials (Scheme 3).[13]
Michael addition of benzyl alcohol to acrylonitrile followed
by Kulinkovich cyclopropanation, Boc (fert-butoxycar-
bonyl) protection, debenzylation, and Dess—Martin oxid-
ation gave amine-functionalised aldehyde 1b in five steps.
The Boc protecting group allows the two nitrogen-contain-
ing functionalities to be discriminated in the further deriv-
atisation of amino acid precursors 11.

Based on our previous findings with acetate-containing
aldehyde 1a, preliminary experiments for the Michael ad-
dition were carried out in CH,Cl, at room temperature in
the presence of a chiral catalyst and an acidic cocatalyst
(Table 1; Figure 2).[1%

Table 1. Screening for the reaction between amino aldehyde 1b and
nitrostyrene 2a.

catalyst*
Ph (20 mol-%)
Boc. ZA + 1
N (6] NO. cocatalyst
H 2 (10 mol-%)
1b 2a solvent, r.t.
HN[;BOC HN Boc
“ NaBH R
RN o aBHy “Noy
Phj”"’y/ NO,  MeOH, r.t. Phj'””/ NO,
5a 6a (major)
Entry Catalyst/  Solvent Time  Yield drtel ee
cocatalyst [h] [%o]td! [%o]t1
1 319 CH,Cl, 20 53 86:14 70
2 3/10 CH,Cl, 17 49 88:12 96
3 39041 CH,Cl, 23 74 75:25 98
4 3/10 CH,Cl, 24 69 83:17 92
5 12/10( CH,Cl, 4d traces n.d. n.d.
6 8104  CH,Cl,  7d - - -
7 71108 CH,Cl, 20 85 94:6 97
8 711011 toluene 30 72 90:10 95
9 71101 CHCly 24 63 90:10 95
10 711011 CH,Cl, 26 74 95:5 98
11 711011 CH,Cl, 29 60 95:5 98
12 7/13alb CH,Cl, 7d 30 58:42 55
13 7/13b] CH,Cl, 7d traces n.d. n.d.

[a] 20 mol-% of cocatalyst was used. [b] 10 mol-% of catalyst was
used. [c] 5 mol-% of cocatalyst was used. [d] Isolated yield of 6a.
[e] Determined from the crude mixture by 'H NMR spectroscopy
for aldehyde 5. [f] Determined by chiral HPLC for alcohol 6a.

Treatment with Jorgensen—Hayashi type catalyst 3 in the
presence of p-nitrophenol followed by in situ reduction gave
the corresponding alcohol (i.e., 6) in 53% yield with moder-
ate selectivity (Table 1, entry 1). The aldehydes (i.e., 5) can
be isolated, as was later demonstrated for a large scale syn-
thesis of 5a. However, on a small scale, the yields of alde-
hyde 5 were inconsistent. A great improvement in enantio-
selectivity was observed by switching to thiourea-based co-
catalyst 10 (Table 1, entry 2). Increasing the cocatalyst load-
ing to 20 mol-% increased the yield significantly for reac-
tions cocatalysed by both p-nitrophenol 9 and thiourea 10

EtMgBr
@AOH ZeN BF;-OFt o/\XNHZ
40% NaOH O~y Ti(OPr), ELO
(v 0,
rt, 97% 65% Boc,0, tBUOH
NaOH, water
rt, 82 %
Dess—Martin
/\X periodinane /\X H,, Pd/C d
2 - - O NH
°© NH " Nahco, sams  HO N T MeoH, rit. g Boc
Boc Boc 99%

b CH,Cly, rt., 84%

Scheme 3. Synthesis of amine-containing cyclopropanecarbaldehyde 1b.
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Organocatalytic Conjugate Addition

Catalysts:
Ph
O O
OTMS OTBS
3 7

P

OTMS
12
Cocatalysts:
S S
O,N
z Ar< J\ LAr AR J\
N N N~ N
oH H H HOoH
9 PN
10 13a: (R,R)
Ar =3,5-(CF3),-CgH;  13b: (S,S)

Figure 2. Catalysts and cocatalysts used during the reaction op-
timisation; TBS = ferz-butyldimethylsilyl.

(Table 1, entries 3 and 4). Chiral amines 12 and 8 failed to
give the expected product, and almost no reaction was seen
after 4-7d (Table 1, entries 5 and 6). Significant enhance-
ments of both diastereoselectivity and enantioselectivity
were observed with combinations of catalyst 7 and cocata-
lyst 10 (Table 1, entry 7). Switching the solvent to toluene
or chloroform had a detrimental effect on the yield and
diastereoselectivity (Table 1, entries 8 and 9). However, the
catalyst loading for both chiral amine 7 and thiourea 10
was successfully lowered to 10 mol-% (Table 1, entry 10). A
further decrease in catalyst loading resulted in a drop in
the reaction rate and yield (Table 1, entry 11). Replacing the
achiral cocatalyst with Takemoto’s thiourea (both enantio-
mers were tested) resulted in the isolation of the product
with a diastereoisomeric ratio of almost 1:1 and moderate
enantioselectivity, or no reaction at all (Table 1, entries 12
and 13).

Having established the optimal conditions (10 mol-% of
both amine 7 and thiourea 10 in CH,Cl, at r.t.) we went on
to explore the full scope of the reaction. Nitro alkenes with
both electron-donating and electron-withdrawing groups
gave the expected Michael adducts in good yields and high
diastereo- and enantioselectivities (Table 2, entries 1-6).
With a para-nitrophenyl-substituted nitro alkene, the reac-
tion time increased due to the low solubility of 2f (Table 2,
entry 6).

Heteroaromatic nitro olefins 2 were also compatible with
the reaction conditions, although in some cases prolonged
reaction times (Table 2, entries 9 and 10) or higher catalyst
loadings (Table 2, entry 9) proved necessary to achieve full
conversion. Propargyl-substituted nitro alkene 2k gave the
corresponding product with a lower diastereoselectivity, but
in a high yield, and with an excellent enantioselectivity for
the major diastereomer (Table 2, entry 11). With ester-sub-
stituted nitro olefin 21, complete regioselectivity was ob-
served (Table 2, entry 12). Although the diastereoselectivity

Eur. J. Org. Chem. 2015, 1745-1753
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Table 2. Screening for the reaction between aldehyde 1b and nitro
alkenes 2.

HN,Boc
1) 7/10 (10 mol-%) o
BOC\NZ/%O +R1/\/N02 _DCM.rt. L NO
H R2 2) NaBHy4 R! “w 2
MeOH, r.t. . R2
1b 2 6 (major)
Entry 2 R! R? Time  Yield a4 ee
) A [V
1 2a  CgHs H 25 74 95:5 99
2 2b  4-MeO-C¢Hy H 28 70 89:11 98
3 2¢  2-Br-C¢Hy H 49 65 95:5 99
4 2d  4-Cl-CgHy H 48 78 95:5 98
5 2e  3-Br-C¢Hy H 46 56 94:6 99
6 2f  4-NO,-C¢Hy H 79 69 95:5 98
7 2g  furan-2-yl H 24 79 80:20 97
8 2h  thiofuran-2-yl H 290l 75 86:14 94
9 2i  pyridine-3-yl H 6d 561 88:12 931
10 2j  naphthalene-1-yl H 5d 74 85:15 93
11 2k C¢Hs-C=C H 24 86 69:31 97165
12 21 CH;CH,O0)C H 47 5701 72:28  99/9211
13 2m CH,, H 7d 4700 8317 99f
14 2n  CgHs CH; 7d - - -
15 20 ~(CHa)s~ 7d - - -

[a] 15 mol-% of 7/10 was used. [b] Product was isolated as aldehyde
5. [c] Isolated yield of 6a. [d] Determined from the crude mixture
by "H NMR spectroscopy for aldehyde 5a. [e] Determined by chiral
HPLC for alcohol 6. [f] Determined by chiral HPLC for aldehyde
5.

was moderate, an excellent level of enantiocontrol was re-
tained for both isomers.

Aliphatic substrate 2m proved considerably less reactive
than the aromatic nitro alkenes, but nevertheless, the prod-
uct was isolated in moderate yield, with good diastereo-
selectivity and high enantioselectivity (Table 2, entry 13).
An o-substituted nitro olefin (c-methyl nitrostyrene 2n) and
a o,B-disubstituted aliphatic nitro olefin (l-nitrocyclohex-
ene 20) did not react, even after 7d in the presence of
30 mol-% of catalyst and cocatalyst (Table 2, entries 14 and
15).

The formation of the anti-configured Michael products
can be rationalised by the Z configuration of the reactive
enamine (Figure 3). It has been shown that enamine forma-
tion can be substrate controlled, and that the Z-enamine
can be stabilised by intramolecular hydrogen bonding.['4]
We suppose that a hydrogen bond between the nitrogen
atom of the pyrrolidine ring and the NH of the NHBoc
group is responsible for the Z configuration of the enamine.
As predicted by Seebach’s synclinal transition state model,
the anti-configured Michael product is obtained.['*] The ab-
solute stereochemistry is determined by a sterically less hin-
dered nucleophilic attack from the Re-face of the enamine
onto the Si-face of the nitrostyrene to give the product with
a 2R,3S configuration. Based on previous studies of the
mechanism of the Michael addition of aldehydes to nitro
olefins!'®! (most recently by Pihko et al.),l!”) the key inter-
mediate in the reaction is a six-membered dihydrooxazine
oxide (OO). Although according to Pihko et al. the OO
1747
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Boc.
NE' ﬁ Oxone (1.2 equiv.)
VY MeOH, rt., 3 d
r1” “t-NO2 48%
5a

Scheme 4. Formation of ester 11 from aldehyde 5a.

species are in equilibrium with cyclobutanes, only the OO
intermediates can be protonated in the rate-determining
step, thus leading to the expected Michael adducts. The
great importance of an acidic additive was also supported
by our work, as no reaction occurred without an acidic co-
catalyst. However, with acetate-substituted aldehyde 1a, p-
nitrophenol 9 proved to be the most active and selective
cocatalyst, but for aldehyde 1b, thiourea 10 gave the prod-
ucts with higher diastereoselectivities.

()
BocN N Ph
H

1 NO2 O Ph

\f R 0°

R!
O*OR AH ~
BocNH --N Ph
Ph

=

H
OR
BocNH N Ph
[ON , h
HNBoc Ph
oR H,O/AH R
N  Ph NO,
AH = acid,
cocatalyst

NO,

Figure 3. Proposed mechanism for the Michael addition.

To further investigate the feasibility of forming B-amino
acids from Michael adducts 5, aldehyde 5a was converted
into the corresponding methyl ester (i.e., 11) under oxidat-
ive conditions (unoptimised; Scheme 4). Saponification of
the ester group in 11 and deprotection of the amine would
lead to the corresponding cyclopropane B-amino acids.[8]
A formal synthesis of y-amino acids can be achieved by
reduction of the nitro group!!”l in ester 11 (Scheme 4). Also,
cyclopropyl-substituted pyrrolidine derivatives could be ob-
tained from aldehyde 5 through intramolecular reductive
amination,’?”) or the corresponding y-lactams from ester
11.21

The absolute and relative stereochemistry of the products
was established by single-crystal X-ray diffraction of one
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of the products (i.e., 6¢). The stereochemistry of the other
compounds in the series was assigned by analogy (Fig-
ure 4).

Figure 4. X-ray structure of alcohol 6¢.1*?! The absolute configura-
tion was determined based on the anomalous dispersion effect.

Conclusions

In summary, we have developed a general, straightfor-
ward route to - and y-amino acid precursors 5/6, as well as
to unsaturated cyclopropane-containing aldehydes 4. Both
series of products can serve as building blocks for further
chemical transformations. We have shown that aldehyde 5a
can be converted into the corresponding ester (i.e., 11),
which can serve as the starting material for the formation
of amino acids.

Experimental Section

General Information: Commercially available reagents were used
without further purification. CH,Cl, and chloroform were dried by
distillation from P,Os, diethyl ether from LiAlH,, and MeOH and
toluene from sodium metal. All air- or moisture-sensitive reactions
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were carried out under an argon atmosphere using oven-dried
glassware. The reactions were monitored by thin-layer chromatog-
raphy (TLC) with silica-gel-coated aluminum plates (Merck 60
F254), which were visualised with KMnO,, anisaldehyde, or ninhy-
drin stains, yields refer to chromatographically purified or crystal-
lised products. 'H NMR spectra were recorded at 400 MHz, and
are reported in parts per million () relative to tetramethylsilane.
Spectra were calibrated using residual solvent signals. Data for 'H
NMR spectra are given as follows: chemical shift ¢ (ppm), multi-
plicity (s = singlet, br. = broad, d = doublet, t = triplet, q = quartet,
dd = doublet of doublets, m = multiplet), coupling constant J [Hz],
and relative integration. '3C NMR spectra were recorded at
100 MHz, and are reported in parts per million (9) relative to tet-
ramethylsilane. Spectra were calibrated using solvent signals.
HRMS spectra were recorded with an Agilent Technologies 6540
UHD accurate-mass Q-TOF LC-MS spectrometer using AJ-ESI
ionisation. Optical rotations were measured with an Anton Paar
GWB MCP500 polarimeter. Chiral HPLC was carried out using
either a Lux Amylose-2, a Chiralcel OD-H, a Chiralcel OJ-H, a
Chiralpak AD-H, or a Chiralpak AS-H column.

3-(Benzyloxy)propanenitrile: Synthesised according to a literature
procedure. Analytical data matched those reported in the litera-
ture.?? Yield 13.4 g, 97%. '"H NMR (400 MHz, CDCl,): 6 = 7.42—
7.27 (m, 5 H), 4.59 (s, 2 H), 3.69 (t, J = 6.4 Hz, 2 H), 2.62 (t, J =
6.4 Hz, 2 H) ppm.

1-[2-(Benzyloxy)ethyl]cyclopropan-1-amine: Synthesised according
to a literature procedure. Analytical data matched those reported
in the literature.”*! Yield 8.5 g, 65%. 'H NMR (400 MHz, CDCl5):
0 =17.36-7.27 (m, 5 H), 4.53 (s, 2 H), 3.68 (t, J = 6.3 Hz, 2 H), 1.87
(s, 2 H), 1.73 (t, J = 6.3 Hz, 2 H), 0.60-0.55 (m, 2 H), 0.45-0.41
(m, 2 H) ppm.

tert-Butyl  N-{1-2-(Benzyloxy)ethyl]cyclopropyl}carbamate: 1-(2-
Benzyloxyethyl)cyclopropylamine (4.533 g, 23.7 mmol) was dis-
solved in water (40.5 mL) and zert-butanol (28.3 mL), and the mix-
ture was cooled to 0 °C. NaOH (1.043 g, 26.1 mmol) was added,
followed by di-tert-butyl dicarbonate (5.69 g, 26.1 mmol) over
10 min. The reaction mixture was stirred for 17 h at ambient tem-
perature. The resulting crystals were collected by filtration, washed
with cold water and dried under vacuum to give the product. To
obtain further product, the aqueous washings were extracted with
Et,0 (2 X 50 mL), and the combined organic extracts were concen-
trated. The resulting residue was purified by silica gel column
chromatography (CH,CL,/EtOAc, 30:1) to give further product.
The total yield was 5.6 g (82%), m.p. 78-79 °C. IR: ¥ = 3367, 1694,
1509, 1254, 1171, 1029 cm™'. 'H NMR (400 MHz, CDCl;): § =
7.38-7.31 (m, 4 H), 7.31-7.26 (m, 1 H), 4.90 (s, 1 H), 4.51 (s, 2 H),
3.63 (1, J = 6.5Hz 2 H), 1.85 (1. J = 5.7Hz 2 H), 1.41 (s, 9 H),
0.81-0.69 (m, 2 H), 0.68-0.59 (m, J = 5.8 Hz, 2 H) ppm. '*C NMR
(101 MHz, CDCly): 6 = 155.6, 138.6, 128.4, 127.5, 79.1, 72.9, 68.3,
36.2, 31.3, 28.4, 13.6 ppm. HRMS (ESI): caled. for C,;H,oNO5*
[M + HJ]* 292.1907; found 292.1910.

tert-Butyl N-[1-(2-Hydroxyethyl)cyclopropyljcarbamate: zerz-Butyl
N-{1-[2-(benzyloxy)ethyl]cyclopropyl}carbamate (326 mg,
1.12 mmol) was dissolved in methanol (21 mL) in a pressure reac-
tor under an argon atmosphere, and Pd/C (5%; 28 mg) was added.
The reaction mixture was stirred for 3 d under H, gas (up to 21 bar
pressure). The reaction mixture was filtered through Celite®, and
the filtrate was concentrated to give the product (224 mg, 99%) as
a white solid. The analytical data matched those reported in the
literature. "H NMR (400 MHz, CDCl5): § = 4.97 (s, 1 H), 4.05 (t,
J=6.8Hz, 1 H),3.71 (q, J = 6.0 Hz, 2 H), 1.63 (t, J = 54 Hz, 2
H), 1.44 (s, 9 H), 0.87-0.70 (m, 4 H) ppm. '3*C NMR (101 MHz,
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CDCLy): 6 = 157.4, 80.0, 59.7, 41.1, 29.7, 28.3, 14.1 ppm. HRMS
(ESI): caled. for CioHaoNO5* [M + HJ* 202.1438; found 202.1432.

tert-Butyl N-[1-(2-Oxoethyl)cyclopropyllcarbamate (1b): rerz-Butyl
N-[1-(2-hydroxyethyl)cyclopropyl]carbamate (347 mg, 1.72 mmol)
and molecular sieves (3 A) were suspended in CH,Cl, (33 mL) and
NaHCO; (1.065 g, 12.68 mmol) and then Dess—Martin periodinane
(1.567 g, 3.69 mmol) were added. The mixture was stirred for
30 min at room temp., then it was diluted with CH,Cl, (30 mL),
and poured into saturated NaHCOj; solution (50 mL) containing
sodium thiosulfate (9 g). The resulting mixture was stirred for
10 min, and then it was filtered through Celite®. The phases were
separated, and the aqueous layer was extracted with CH,Cl, (2 X
30 mL), and passed through a phase separator. The residue was
purified by silica gel column chromatography (heptane/EtOAc, 4:1)
to give 1b (290 mg, 84%). '"H NMR (400 MHz, CDCls): § = 9.85
(t, J=1.5Hz, 1 H), 5.11 (s, 1 H), 2.67 (s, 2 H), 1.42 (s, 9 H), 0.92—
0.87 (m. 2 H), 0.72 (q. J = 5.4 Hz. 2 H) ppm. 3C NMR (101 MHz,
CDCly): 6 = 201.5, 155.7, 79.8, 51.1, 28.51, 28.46, 13.6 ppm.
HRMS (ESI): caled. for C;oH ;sNOs* [M + HJ* 200.1281; found
200.1278.

General Procedure A: In a 1.5 mL reactor, aldehyde 1b (1.2 equiv.,
37 mg, 0.19 mmol), nitro olefin 2 (1 equiv., 0.15 mmol), cocatalyst
10 (10 mol-%, 7.7 mg, 0.015 mmol), and catalyst 7 (10 mol-%,
5.7 mg, 0.015 mmol) were dissolved in CH,Cl, (0.4 mL). The reac-
tion mixture was stirred for 1-7 d at room temp., and then it was
diluted with methanol (3 mL), and cooled to 0 °C. NaBH, (8.8 mg,
0.23 mmol) was added, and the reaction mixture was stirred at
room temp. for 25 min. The reaction was quenched with satd. aq.
NH,CI solution (3 mL), then the mixture was diluted with water
(3mL), and extracted with CH,Cl, (3X 10 mL). The combined
organic extracts were dried with Na,SO,, filtered, and concen-
trated. The crude product was purified by silica gel column
chromatography using a mixture of CH,Cl,/EtOAc or hexane/
EtOAc.

General Procedure B: In a 1.5 mL reactor, aldehyde 1b (1.2 equiv.,
37 mg, 0.19 mmol), nitro olefin 2 (1 equiv., 0.15 mmol), cocatalyst
10 (10 mol-%, 5.7 mg, 0.015 mmol), and catalyst 7 (10 mol-%,
5.7 mg, 0.015 mmol) were dissolved in CH,Cl, (0.4 mL). The reac-
tion mixture was stirred for 1-7d at room temp., and then the
mixture was directly purified by silica gel column chromatography
using a mixture of heptane/EtOAc.

tert-Butyl N-{1-](2R,3S)-1-Hydroxy-4-nitro-3-phenylbutan-2-
yllcyclopropyl}carbamate (6a): Synthesised according to general
procedure A. The product was isolated (41 mg, 74%) as a white
crystalline solid, as a mixture of diastercoisomers (dr 95:5) with an
ee of 99% for the major diastereoisomer [HPLC: Lux Amylose-2;
hexane/iPrOH, 85:15; 1 mL/min; 25 °C; 230 nm; fz = 7.4 (minor),
8.9 (major) min]. [a] = 9.5 (¢ = 1.00, acetone), m.p. 173-176 °C.
IR: ¥ = 3349, 3270, 1681, 1556, 1368, 1285, 1257, 1166, 1066, 1032,
763 cm™'. '"H NMR (400 MHz, [Dglacetone): 6 = 7.35-7.26 (m, 4
H), 7.26-7.20 (m, 1 H), 6.84 (s, 1 H), 5.68-5.57 (m, 1 H), 4.96 (t,
J =12.5Hz, 1 H), 435 (dd, J = 7.5, 45Hz, 1 H), 3.58 (td, J =
11.7, 42 Hz, 1 H), 3.36-3.24 (m, J = 10.1 Hz, 1 H), 3.23-3.09 (m,
1 H), 1.49-1.45 (m, J = 4.2 Hz, 1 H), 1.44 (s, 9 H), 1.05-0.94 (m,
3 H), 0.94-0.87 (m, 1 H) ppm. 3C NMR (101 MHz, [Dg]acetone):
0 = 158.6, 140.3, 129.4, 129.1, 128.1, 80.2, 80.0, 63.7, 51.7, 45.4,
32.0,28.5, 14.85, 14.77 ppm. HRMS (ESI): calcd. for C;3H,7N,O5™
[M + HJ*" 351.1914; found 351.1895.

tert-Butyl  N-{1-|(2R,35)-1-Hydroxy-3-(4-methoxyphenyl)-4-nitro-
butan-2-yl|cyclopropyl}carbamate (6b): Synthesised according to ge-
neral procedure A. The product was isolated (42 mg, 70%) as a
white crystalline solid, as a mixture of diasterecoisomers (dr 89:11)
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with an ee of 98% for the major diastereoisomer [HPLC: Chiralcel
AS-H; hexane/EtOH, 85:15; 1 mL/min; 25°C; 230 nm; fz = 7.5
(minor), 9.0 (major) min]. IR: v = 3342, 3246, 1681, 1557, 1381,
1368, 1287, 1177, 1072, 1033 cm™. '"H NMR (400 MHz, CDCl5):
§=705(, J=8.7Hz 2 H), 6.82 (d, J = 8.7 Hz, 2 H), 5.01 (dd,
J=127,56Hz 1 H), 495 (s. | H), 4.54 (dd, J = 12.7, 9.7 Hz, 1
H), 4.29-4.19 (m, 1 H), 3.76 (s, 3 H), 3.53 (td, J = 10.0, 5.7 Hz, 1
H), 3.37-3.26 (m, 2 H), 1.41 (s, 9 H), 1.32-1.24 (m, 1 H), 1.11 (ddt,
J =158, 12.6, 6.2 Hz, 2 H), 0.85-0.77 (m, 1 H), 0.66-0.58 (m, 1
H) ppm. 3C NMR (101 MHz, CDCly): 6 = 159.3, 157.4, 129.8,
128.9, 114.6, 80.7, 80.0, 62.9, 55.4, 51.4, 44.1, 31.6, 284, 15.2,
14.7 ppm. HRMS (ESI): caled. for CjoHyN,O4* [M + HIJ*
381.2020; found 381.2023.

tert-Butyl N-{1-|(2R,35)-3-(2-Bromophenyl)-1-hydroxy-4-nitro-
butan-2-yl|cyclopropyl}carbamate (6¢): Synthesised according to ge-
neral procedure A. The product was isolated (43 mg, 65%) as a
white crystalline solid, as a mixture of diastereoisomers (dr 95:5)
with an ee of 99% for the major diastereoisomer [HPLC: Lux Amy-
lose-2; hexane/iPrOH, 85:15; 1 mL/min; 25 °C; 230 nm; tr = 7.7
(minor), 8.5 (major) min]. [a]y = ~10.8 (¢ = 1.00, CHCls), m.p.
191-193 °C. IR: v = 3401, 3324, 1685, 1554, 1515, 1380, 1367, 1167,
1071, 1027, 762 cm™. '"H NMR (400 MHz, [DgJacetone): § = 7.58
(dd, J = 8.0, 1.2 Hz, 2 H), 7.37 (t, J = 8.1 Hz, 1 H), 7.20-7.13 (m,
1 H), 7.02 (s, 1 H), 5.60 (dd, J = 13.4, 4.5 Hz, 1 H), 5.06 (t, J =
12.5Hz, 1 H), 4.36 (dd, J = 9.9, 4.6 Hz, 1 H), 4.30 (td. J = 11.7,
5.0 Hz, 1 H), 3.63-3.50 (m, 1 H), 3.02 (td, J = 11.6, 4.5 Hz, 1 H),
1.51 (td, J = 10.6, 4.6 Hz, 1 H), 1.45 (s, 9 H), 1.06-0.93 (m, 3 H),
0.91-0.84 (m, 1 H) ppm. '*C NMR (101 MHz, [DgJacetone): § =
158.7, 140.0, 133.9, 129.7, 129.1, 128.9, 126.8, 80.0, 79.3, 62.7, 53.1,
43.0, 31.3, 28.6, 149, 14.1 ppm. HRMS (ESI): calcd. for
C3H,sBrN,OsNa* [M + Na]* 451.0839; found 451.0839.

tert-Butyl N-{1-[(2R,35)-3-(4-Chlorophenyl)-1-hydroxy-4-nitro-
butan-2-yl|cyclopropyl}carbamate (6d): Synthesised according to ge-
neral procedure A. The product was isolated (47 mg, 78%) as a
white crystalline solid, as a mixture of diastereoisomers (dr 95:5)
with an ee of 98% for the major diastereoisomer [HPLC: Chiralcel
OJ-H; hexane/iPrOH, 90:10; 1 mL/min; 25 °C; 230 nm; tr = 16.4
(minor), 18.4 (major) min]. [a]y = ~15.8 (¢ = 1.00, CHCl3), m.p.
163-166 °C. IR: v = 3400, 1689, 1555, 1494, 1368, 1165, 1087, 1015,
833 cm™!'. '"H NMR (400 MHz, CDCly): 6 = 7.29 (d, J = 8.3 Hz, 2
H), 7.10 (d, J = 8.3 Hz, 2 H), 5.09 (dd, J = 12.9, 5.3 Hz, 1 H), 5.04
(s, 1 H), 4.56 (dd, J = 12.8, 10.0 Hz, 1 H), 4.22 (s, 1 H), 3.60 (td,
J=10.2,54Hz, 1 H), 3.30 (s, 2 H), 1.43 (s, 9 H), 1.34-1.26 (m, 1
H). 1.20-1.11 (m, 1 H), 1.07 (dt, J = 10.2. 6.4 Hz, 1 H), 0.94-0.79
(m, 1 H), 0.71-0.56 (m, 1 H) ppm. 3C NMR (101 MHz, CDCl5):
0 = 157.4, 136.6, 134.0, 129.4, 129.3, 80.9, 79.7, 62.9, 51.2, 44.2,
31.6, 284, 1513, 15.08 ppm. HRMS (ESI): caled. for
CsHyCIN,O5* [M + HJ* 385.1525; found 385.1522.

tert-Butyl N-{1-[(2R,35)-3-(3-Bromophenyl)-1-hydroxy-4-nitro-
butan-2-yl|cyclopropyl}carbamate (6e): Synthesised according to ge-
neral procedure A. The product was isolated (37 mg, 56%) as a
pale yellow crystalline solid, as a mixture of diastereoisomers (dr
94:6) with an ee of 99% for the major diastereoisomer [HPLC:
Chiralpak AD-H; hexane/iPrOH, 95:5; 1 mL/min; 25 °C; 210 nm;
tg = 15.2 (minor), 17.0 (major) min]. [a]y = —-11.9 (¢ = 1.00,
CHCl3), m.p. 74-76 °C. IR: v = 3254, 1689, 1555, 1367, 1286, 1256,
1165, 1074, 789, 670 cm™'. '"H NMR (400 MHz, CDCls): § = 7.40
(d, J=79Hz, 1 H), 7.31 (s, | H), 7.19 (t, J = 7.8 Hz, 1 H), 7.10
(d, J=17.7Hz, 1 H), 5.19-5.03 (m, 2 H), 4.56 (dd, J = 13.0, 9.8 Hz,
1 H), 3.56 (td, J = 10.2, 5.5 Hz, 1 H), 3.38-3.22 (m, 2 H), 1.43 (s,
9 H), 1.29 (tdd, J = 15.2, 10.0, 5.0 Hz, 1 H), 1.11 (ddt, J = 28.4,
9.9, 6.2 Hz, 2 H), 0.92-0.80 (m, 1 H), 0.69-0.59 (m, 1 H) ppm. '3C
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NMR (101 MHz, CDCly): § = 157.5, 140.5, 131.3, 130.9, 130.8,
126.7, 123.3, 80.9, 79.5, 62.9, 51.2, 44.3, 31.4, 28.4, 15.1, 15.0 ppm.
HRMS (ESI): caled. for C sH,,BrN,Os* [M + H]* 429.1020; found
429.1012.

tert-Butyl N-{1-[(2R,3S)-1-Hydroxy-4-nitro-3-(4-nitrophenyl)butan-
2-yllcyclopropyl}carbamate (6f): Synthesised according to general
procedure A. The product was isolated (42 mg, 69%) as a white
crystalline solid, as a mixture of diastereoisomers (dr 95:5) with an
ee of 98% for the major diastereoisomer [HPLC: Chiralpak AD-
H; hexane/iPrOH, 85:15; 1 mL/min; 25°C; 210 nm; tx = 13.5
(minor), 22.8 (major) min]. [a] = —12.3 (¢ = 1.00, CHCls), m.p.
170-176 °C. IR: ¥ = 3231, 1678, 1557, 1524, 1378, 1348, 1290, 1256,
1162, 700 em™'. '"H NMR (400 MHz, CDCly): 6 = 8.19 (d, J =
8.7Hz, 1 H), 7.38 (d, J = 8.7 Hz, 2 H), 5.24 (dd, J = 13.1, 5.0 Hz,
2 H), 5.12 (s, 1 H), 4.63 (dd, J = 13.1, 10.4 Hz, 1 H), 4.09 (t, J =
6.9 Hz, 1 H), 3.79 (td, J = 10.6, 5.0 Hz, 1 H), 3.38-3.17 (m, 2 H),
1.44 (s, 9 H), 1.36-1.27 (m, 1 H), 1.15 (dt, J = 10.4, 6.3 Hz, 1 H),
1.06 (dt, J = 9.8, 6.2 Hz, 1 H), 1.01-0.94 (m, 1 H), 0.69 (ddd, J =
10.0, 6.6, 5.3 Hz, 1 H) ppm. 3C NMR (101 MHz, CDCl;): 6 =
157.4, 147.7, 145.8, 129.1, 124.4, 81.1, 79.2, 62.8, 51.1, 44.3, 31.8,
28.4,15.7, 15.0 ppm. HRMS (ESI): caled. for C3sH,N3O0;" [M +
H]* 396.1765; found 396.1760.

tert-Butyl  N-{1-[(2R,3R)-3-(Furan-2-yl)-1-hydroxy-4-nitrobutan-2-
yllcyclopropyl}carbamate (6g): Synthesised according to general
procedure A. The product was isolated (41 mg, 79%) as a white
crystalline solid, as a mixture of diastereoisomers (dr 80:20) with
an ee of 97% for the major diastereoisomer [HPLC: Lux Amylose-
2; hexane/iPrOH, 90:10; 1 mL/min; 25°C; 230 nm; fx = 12.0
(minor), 12.7 (major) min]. IR: ¥ = 3337, 3250, 1678, 1558, 1538,
1368, 1288, 1166, 1090, 751 cm™'. For major diastereoisomer: 'H
NMR (400 MHz, CDCls): 6 = 7.36 (d, J = 1.3 Hz, 1 H), 6.31 (dd,
J=3.1,19Hz 1 H), 6.18 (d, J = 3.1 Hz, 1 H), 4.90 (dd, J = 12.9,
5.7Hz, 1 H), 4.85 (s, 1 H), 4.66 (dd, J = 12.8, 9.5 Hz, 1 H), 4.31
(dd, J = 9.4, 5.1 Hz, 1 H), 3.88-3.74 (m, 1 H), 3.47 (pd, J = 12.2,
4.8 Hz, 2 H), 1.40 (s, 9 H), 1.39-1.35 (m, 1 H), 1.10 (ddt, J = 25.2,
9.9, 6.1 Hz, 2 H), 0.84-0.76 (m, 1 H), 0.61 (ddd, J = 9.9, 6.8,
5.3 Hz, 1 H) ppm. '3C NMR (101 MHz, CDCl;): 6 = 1574, 151.1,
142.6, 110.7, 108.6, 80.6, 77.4, 62.2, 50.2, 38.7, 32.0, 28.3, 15.9,
14.1 ppm. For minor diastereoisomer: 'H NMR (400 MHz,
CDCl3): 6 =7.38 (d, J = 1.3Hz, | H), 6.33 (dd, J = 3.2, 1.9 Hz, 1
H), 6.20 (d, /= 3.2Hz, | H), 485 (s, 1 H), 473 (d, J/ = 2.2 Hz, 1
H), 4.71 (s, | H), 4.58 (dd, J = 8.5, 6.6 Hz, 1 H), 3.88-3.74 (m, 2
H), 3.64 (ddd, J = 12.3, 8.5, 6.6 Hz, 1 H), 1.43 (s, 9 H), 1.34-1.28
(m, 1 H). 1.03-0.96 (m, 1 H), 0.90 (dt, J = 10.0, 6.5 Hz. 1 H), 0.29
(ddd, J = 10.3, 6.8, 5.6 Hz, 1 H), 0.22-0.15 (m, 1 H) ppm. 13C
NMR (101 MHz, CDCly): o = 157.8, 151.9, 142.1, 110.9, 108.0,
80.9, 76.6, 62.5, 50.3, 38.0, 32.3, 28.4, 14.5 ppm. HRMS (ESI):
caled. for CsHysN,O6™ [M + H]* 341.1707; found 341.1708.

tert-Butyl N-{1-[(2R,3R)-1-Hydroxy-4-nitro-3-(thiophen-2-yl)butan-
2-yl|cyclopropyl}carbamate (6h): Synthesised according to general
procedure A using 15 mol-% of both catalyst and cocatalyst. The
product was isolated (41 mg, 75%) as a white crystalline solid, as
a mixture of diastereoisomers (dr 86:14) with an ee of 94% for
the major diastereoisomer [HPLC: Lux Amylose-2; hexane/iPrOH,
85:15; 1 mL/min; 25 °C; 230 nm; 7 = 8.3 (minor), 9.8 (major) min].
IR: v = 3346, 3253, 1679, 1558, 1440, 1368, 1090, 714 cm™'. 'H
NMR (400 MHz, CDCl3): 6 = 7.23 (d, J = 5.1 Hz, 1 H), 6.94 (dd,
J=15.1,35Hz 1 H), 6.88 (dd, J = 3.4, 0.8 Hz, 1 H), 5.04 (dd, J
=129, 5.7Hz, 1 H), 4.87 (s, 1 H), 4.58 (dd, J = 12.9, 9.3 Hz, |
H), 423 (t, J = 7.3 Hz, 1 H), 4.00 (td, J = 9.5, 5.9 Hz, 1 H), 3.50
(t, J=7.0Hz, 2 H), 1.42 (s, 9 H), 1.31 (dt, J = 9.6, 6.8 Hz, 1 H),
1.20-1.05 (m, 2 H), 0.89-0.82 (m, 1 H), 0.66 (ddd, J = 10.0, 6.8,
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5.4 Hz, 1 H) ppm. '*C NMR (101 MHz, CDCls): § = 157.4, 140.8,
127.3, 126.6, 125.3, 80.8, 80.4, 62.6, 52.3, 40.3, 31.8, 28.4, 15.5,
14.6 ppm. HRMS (ESI): caled. for C;H,5sN,OsS* [M + H]*
357.1479; found 357.1477.

tert-Butyl N-{1-|(2R,3S)-4-Nitro-1-ox0-3-(pyridin-3-yl)butan-2-
yllcyclopropyl}carbamate (5i): Synthesised according to general
procedure B. The product was isolated (30 mg, 56%) as a yellow
viscous resin, as a mixture of diastereoisomers (dr 88:12). IR: ¥
= 3213, 1714, 1556, 1368, 1252, 1166, 1078, 756 cm™'. For major
diastereoisomer: 93% ee [HPLC: Chiralcel AS-H; hexane/EtOH,
93:7, 1 mL/min; 25°C; 210 nm; tg = 18.8 (minor), 23.8 (major)
min]. 'H NMR (400 MHz, CDCl5): § = 9.54 (d, J = 1.7 Hz, 1 H),
8.53-8.47 (m, 2 H), 7.59 (d, J = 7.5 Hz, 1 H), 7.25-7.22 (m, 1 H),
5.61 (dd, J = 13.2, 3.7Hz, 1 H), 5.17 (s, 1 H), 4.85 (dd, J = 12.9,
10.4 Hz, 1 H), 4.02 (td, J = 10.0, 3.7 Hz, 1 H), 2.30 (d, J = 10.7 Hz,
1 H), 1.42 (s, 9 H), 1.34-1.25 (m, 1 H), 1.02-0.92 (m, J = 17.7,
9.3Hz, 2 H), 0.92-0.85 (m, 1 H) ppm. *C NMR (101 MHz,
CDCl;): 0 = 199.76, 156.0, 149.7, 149.5, 136.2, 133.4, 124.0, 80.6,
78.3,61.1, 40.0, 30.8, 28.3, 15.2, 14.2 ppm. For minor diastereoiso-
mer: 91% ee [HPLC: Chiralcel AS-H; hexane/EtOH, 93:7; 1 mL/
min; 25 °C; 210 nm; g = 14.4 (minor), 16.2 (major) min]. '"H NMR
(400 MHz, CDCl;): 0 = 9.95 (s, 1 H), 8.58-8.45 (m, 2 H), 7.59 (d,
J=7.5Hz, 1 H), 7.30 (dd, J = 7.8, 4.9 Hz, 1 H), 5.17 (s, 1 H), 5.02
(dd, J = 13.2, 2.7Hz, 1 H), 4.80-4.72 (m, 1 H), 4.144.07 (m, |
H), 2.17 (d, 7 = 9.8 Hz, 1 H), 1.41 (s, 9 H), 1.13-1.01 (m, 2 H),
0.42 (dt, J = 10.2, 6.4 Hz, 1 H), 0.26 (dt, J = 10.0, 6.5Hz, 1 H)
ppm. *C NMR (101 MHz, CDCl5): 6 = 199.83, 155.8, 150.0, 149.6,
135.6, 133.8, 123.9, 80.6, 77.8, 59.9, 39.8, 31.7, 28.3, 16.5,
13.3 ppm. HRMS (ESI): caled. for C;;HuN;Os* [M + HJ*
350.1710; found 350.1709.

tert-Butyl N-{1-[(2R,35)-1-Hydroxy-3-(naphthalen-1-yl)-4-nitro-
butan-2-yl|cyclopropyl}carbamate (6j): Synthesised according to ge-
neral procedure A. The product was isolated (46 mg, 74%) as a
yellow-brown crystalline solid, as a mixture of diastereoisomers (dr
85:15) with an ee of 93% for the major diastereoisomer [HPLC:
Lux Amylose-2; hexane//PrOH, 90:10; 1 mL/min; 25 °C; 230 nm;
tr = 13.7 (minor), 18.2 (major) min]. IR: v = 3417, 1689, 1555,
1500, 1368, 1256, 1162, 781 cm™'. "H NMR (400 MHz, CDCls): §
=821(d, J=85Hz 1 H),7.87(d,J=82Hz | H),7.78 (d, J =
82Hz, 1 H), 7.59 (t, J = 74 Hz, | H), 7.52 (t, J = 7.5Hz, 1 H),
7.44 (t, J = 7.7Hz, 1 H), 7.33 (d, / = 7.3 Hz, 1 H), 5.21-5.11 (m,
1 H), 5.01 (s, 1 H), 4.76-4.65 (m, 2 H), 4.18 (dd, J = 9.1, 4.1 Hz,
1 H), 3.33 (dtd, J = 15.7, 12.4, 4.1 Hz, 2 H), 1.55-1.49 (m, 1 H),
1.42 (s, 9 H), 1.21-1.08 (m, 2 H), 0.87-0.72 (m, 2 H) ppm. '3C
NMR (101 MHz, CDCl,): § = 157.5, 134.8, 134.3, 131.9, 129.4,
128.5, 127.0, 126.2, 125.5, 124.1, 122.4, 80.6, 79.8, 62.6, 52.8, 37.2,
31.6, 28.4, 15.6, 14.8 ppm. HRMS (ESI): caled. for C5,HoN>O5™
[M + HJ]* 401.2071; found 401.2071.

tert-Butyl N-{1-[(2R,35)-1-Hydroxy-3-(nitromethyl)-5-phenylpent-4-
yn-2-yl|cyclopropyl}carbamate (6k): Synthesised according to gene-
ral procedure A. The product was isolated (50 mg, 86 %) as a beige
crystalline solid, as a mixture of diastereoisomers (dr 69:31). IR: ¥
= 3264, 1681, 1558, 1367, 1170, 757, 692 cm™'. For major dia-
stereoisomer: 97% ee [HPLC: Chiralcel OD-H; hexane/iPrOH,
90:10; 1 mL/min; 25°C; 210 nm; tg = 9.6 (minor), 10.6 (major)
min]. '"H NMR (400 MHz, CDCly): 6 = 7.43-7.37 (m, 2 H), 7.34—
7.27 (m, 3 H), 5.26 (s, 1 H), 4.71-4.55 (m, 2 H), 3.94 (dd, J = 11.9,
10.1 Hz, 1 H), 3.84 (dd, J = 12.1, 4.7 Hz, 1 H), 3.81-3.71 (m, 1 H),
1.38 (s, 9 H), 1.24-1.18 (m, 2 H), 1.16-1.09 (m, 1 H), 0.92-0.76 (m,
1 H), 0.60 (ddd, J = 9.9, 6.9, 5.3Hz, 1 H) ppm. '3C NMR
(101 MHz, CDCl;): 6 = 157.4, 131.80, 128.84, 128.46, 122.2, 86.6,
84.5, 80.7, 77.6, 61.3, 49.7, 33.2, 32.7, 28.3, 17.0, 13.1 ppm. For
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minor diastereoisomer: 65% ee [HPLC: Chiralcel OD-H; hexane/
iPrOH, 90:10; 1 mL/min; 25 °C; 210 nm; fr = 12.8 (major), 14.7
(minor) min]. '"H NMR (400 MHz, CDCl;): 6 = 7.43-7.37 (m, 2
H), 7.34-7.27 (m, 3 H), 5.23 (s, | H), 4.71-4.55 (m, 2 H), 3.81-3.71
(m, 2 H), 3.62 (td, J = 8.1, 6.0 Hz, 1 H), 1.40 (s, 9 H), 1.30-1.25
(m, 1 H), 1.16-1.09 (m, 1 H), 1.03 (dt, J = 9.8, 6.4 Hz, 1 H), 0.92—
0.76 (m, J = 15.7, 11.6, 11.1, 5.9 Hz, 2 H) ppm. '*C NMR
(101 MHz, CDCly): 6 = 157.7, 131.78, 128.79, 128.51, 122.4, 86.3,
85.4,80.9, 77.4, 62.7, 49.3, 32.6, 31.9, 28.3, 16.2, 14.5 ppm. HRMS
(ESI): caled. for CooH»7N,O5" [M + H]" 375.1914; found 375.1911.

Ethyl (2R,3R)-3-{1-|(tert-Butoxycarbonyl)amino]cyclopropyl}-2-
(nitromethyl)-4-oxobutanoate (51): Synthesised according to general
procedure B. The product was isolated (30 mg, 57%) as a yellow
viscous liquid, as a mixture of diastereoisomers (dr 72:28). IR: ¥ =
3377, 1714, 1557, 1371, 1251, 1166, 1078 em™'. For major dia-
stereoisomer: 99% ee [HPLC: Chiralcel OD-H; hexane/iPrOH,
90:10; 1 mL/min; 25°C; 210 nm; tg = 7.6 (major), 10.3 (minor)
min]. '"H NMR (400 MHz, CDCl5): 6 = 9.89 (s, 1 H), 5.26-5.17
(m, 1 H), 5.00 (dd, J = 14.7, 2.6 Hz, 1 H), 4.88 (s, | H), 4.29-4.11
(m, 2 H), 3.71-3.63 (m, 1 H), 2.35(d, J = 9.0 Hz, 1 H), 1.40 (s, 9
H), 1.26 (t, J = 7.1 Hz, 3 H), 1.16-1.11 (m, 1 H), 1.09-1.02 (m, 1
H), 1.01-0.94 (m, 1 H), 0.86-0.75 (m, 1 H) ppm. '*C NMR
(101 MHz, CDCl;): 6 = 199.2, 171.2, 155.9, 80.7, 73.4, 62.17, 57.3,
41.8, 30.4, 28.3, 14.6, 14.1, 14.0 ppm. For minor diastereoisomer:
92% ee [HPLC: Chiralcel OD-H; hexane/iPrOH, 90:10; 1 mL/min;
25°C; 210 nm; 7z = 9.1 (major), 20.5 (minor) min]. 'H NMR
(400 MHz, CDCl3): 6 = 9.86 (s, 1 H), 4.88 (s, 1 H), 4.75-4.69 (m,
2 H), 4.29-4.11 (m, 2 H), 3.79 (td, J = 8.8, 5.8 Hz, 1 H), 1.97 (d,
J=9.8Hz, 1 H), 1.40 (s, 9 H), 1.32 (t, J = 7.1 Hz, 3 H), 1.26 (t, J
=7.1Hz, 1 H), 1.22-1.17 (m, 1 H), 0.86-0.75 (m, 1 H), 0.69-0.64
(m, 1 H) ppm. '*C NMR (101 MHz, CDCl;): 6 = 198.0, 171.4,
155.6, 80.5, 73.5, 62.2, 58.3, 41.0, 29.8, 28.3, 15.1, 14.1, 14.0 ppm.
HRMS (ESI): caled. for C;sH,sN,O," [M + HJ]* 345.1656; found
345.1652.

tert-Butyl N-{1-[(2R,3R)-3-Cyclohexyl-4-nitro-1-oxobutan-2-yl]-
cyclopropyl}carbamate (5m): Synthesised according to general pro-
cedure B using 15 mol-% of both catalyst and cocatalyst. The prod-
uct was isolated (26 mg, 47%) as a yellow solid, as a mixture of
diastereoisomers (dr 83:17) with an ee of 99% for the major dia-
stereoisomer [HPLC: Chiralpak AD-H; hexane//PrOH, 98:2; 1 mL/
min; 25 °C; 210 nm; tg = 25.7 (minor), 29.0 (major) min]. IR: ¥ =
3390, 2929, 1707, 1555, 1368, 1169 cm™'. 'H NMR (400 MHz,
CDCl3): 0 =9.78 (d, J = 3.4 Hz, 1 H), 4.99 (s, 1 H), 4.74 (dd, J =
13.7, 48 Hz, 1 H), 4.59 (dd, J = 14.0, 6.3 Hz, 1 H), 2.99 (d, J =
9.5Hz, 1 H), 1.87 (dd, J = 10.6, 3.4 Hz, 1 H), 1.79-1.63 (m, 5 H),
1.58-1.44 (m, 1 H), 1.42 (s, 9 H), 1.28-0.73 (m, 9 H) ppm. '*C
NMR (101 MHz, CDCly): 6 = 201.4, 155.7, 80.3, 75.1, 59.7, 40.6,
39.4,31.4,31.2,28.4,27.7, 26.7, 26.5, 26.3, 16.3, 14.0 ppm. HRMS
(ES): caled. for C;3sH3N,Os™ [M + H]* 355.2227; found 355.2221.

Methyl  (2R,3S5)-2-{1-|(tert-Butoxycarbonyl)amino]cyclopropyl}-4-
nitro-3-phenylbutanoate (11)

Step 1: tert-Butyl N-[1-(2-oxoethyl)-cyclopropyljcarbamate (1b)
(1.05 equiv., 209 mg, 1.05mmol), (E)-(2-nitrovinyl)benzene (2a)
(1 equiv., 149 mg, 1.00 mmol), (S)-2-{[(terz-butyldimethylsilyl)oxy]-
diphenylmethyl} pyrrolidine (7) (10 mol-%, 37 mg, 0.10 mmol), and
1,3-bis[3,5-bis(trifluoromethyl)phenyl]thiourea  (10) (10 mol-%,
50 mg, 0.10 mmol) were dissolved in CH,Cl, (2.5 mL). The mixture
was stirred at room temp. until TLC indicated full conversion. Af-
ter 24 h, the reaction was complete. The mixture was directly puri-
fied by silica gel column chromatography using a mixture of hept-
ane and EtOAc as eluent to give compound 5a (299 mg, 86%) as
a white solid, dr 95:5 and 98% ee. '"H NMR (400 MHz, CDCl5): §
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=944 (d, J = 2.1 Hz, 1 H), 7.35-7.27 (m. 3 H), 7.25-7.21 (m. 2
H), 5.65 (dd, J = 13.0, 4.4 Hz, 1 H), 5.02 (s, 1 H), 4.83 (dd, J =
12.9, 9.9 Hz, 1 H), 3.96 (td, J = 10.5, 42 Hz, 1 H), 2.25 (d, J =
11.5Hz, 1 H), 1.45 (s, 9 H), 1.35-1.29 (m, 1 H), 0.97-0.80 (m, 3
H) ppm. 3C NMR (101 MHz, CDCls): 6 = 201.2, 155.9, 136.9,
129.4, 128.4, 128.3, 80.4, 79.0, 61.4, 42.8, 31.0, 28.4, 152,
142 ppm. HRMS (ESI): caled. for C;gH,sN,Ost [M + HJ*
349.1758; found 349.1794.

Step 2: tert-Butyl N-{1-[(2R,3S)-4-nitro-1-0x0-3-phenylbutan-2-yl]-
cyclopropyl}carbamate Sa (35 mg, 0.1 mmol) and oxone (74 mg,
0.120 mmol) were suspended in MeOH, and the mixture was stirred
at room temp. until TLC indicated full conversion. The mixture
was filtered, the filter residue was washed with CH,Cl,, and the
combined filtrates were concentrated. The resulting residue was
purified by silica gel column chromatography (heptane/EtOAc, 10:1
to 5:1) to give the product (18 mg, 48%) as a white solid. The
enantiomeric purity was retained as 98% ee [HPLC: Chiralpak
AD-H; hexane/iPrOH, 90:10; 1 mL/min; 25°C; tg (minor) =
6.44 min; fr (major) = 7.28 min]. IR: ¥ = 3384, 2979, 1715, 1555,
1434, 1367, 1270, 1161, 1031, 701 cm™'. 'H NMR (400 MHz,
CDCly): 0 = 7.31-7.15 (m, 5 H), 5.78 (dd, J = 12.9, 4.1 Hz, 1 H),
5.33 (s, 1 H), 4.74 (dd. J = 12.9, 10.5 Hz, 1 H), 3.97-3.87 (m, 1 H),
3.35(s, 3 H), 2.20 (d, J = 11.9 Hz, 1 H), 1.68-1.58 (m, 1 H), 1.48
(s, 9 H), 0.96 (ddd, J = 7.6, 6.2, 1.7 Hz, 1 H), 0.79-0.72 (m, 2 H)
ppm. 3C NMR (101 MHz, CDCly): 6 = 172.5, 155.9, 137.4, 128.8,
128.2, 128.1, 80.3, 78.6, 56.8, 51.9, 44.0, 31.7, 28.5, 16.6, 13.5 ppm.
HRMS (ESI): caled. for CioHayN>Og* [M + HJ* 379.1864; found
379.1839.

Supporting Information (see footnote on the first page of this arti-
cle): '"H and '3C NMR spectra, HPLC chromatograms.
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Catalyst ol
Q (@] (@] Base Ph |
+ - O CO.Et
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Various asymmetric organocatalytic approaches for the [3+2] annulation of 1,2-diphenylcyclopropen-3-one and ethyl 3-oxo-3-phenyl-
propanoate have been investigated, resulting in the formation of ethyl 2-(5-0x0-2,3,4-triphenyl-2,5-dihydrofuran-2-yl)acetate in moderate

yield and low enantiomeric purity.

Keywords: chiral ammonium salt, cyclopropenone, asymmetric reaction, organocatalyzed [3+2] annulation, phase-transfer catalysis.

Cyclopropenones' are versatile three-carbon synthons in
numerous chemical transformations due to their amphi-
philic properties — they can react with both electrophiles
and nucleophiles. So far, the organocatalytic [3+2] cyclo-
addition® with the cleavage of the C—C single bond has
been used to synthesize pyrrolinone derivatives.’” The
organocatalyzed [3+2] annulation of cyclopropenones and
B-keto esters provides a direct approach to highly substi-
tuted butenolides* with excellent chemoselectivity. The
butenolide core has been identified as the structural motif
in many pharmaceutical and natural products, such as
butyrolactone I,” triptolide® and its water soluble prodrug
analog.”

Lin et al. developed a nonasymmetric organocatalyzed
[3+2] annulation of cyclopropenone 1 and B-keto ester 2
for the construction of highly substituted butenolide 3 in
racemic form with excellent chemoselectivity (Scheme 1).*
They proposed a plausible mechanism of the reaction. The
key intermediate is obtained via a ring opening of the
cyclopropenone by an O-nucleophile attack of the enolate.
The quaternary stereogenic center is formed in the
following intramolecular Michael addition, leading to
butenolide 3.

Organocatalysis offers a range of asymmetric methods
for the activation of the reaction including the formation of
covalently bound discrete intermediates or the creation of
hydrogen-bonded networks to induce enantiodiscrimination
of the transition state. Both starting compounds can be
activated independently or fixed via a bifunctional catalyst

0009-3122/18/54(10)-0929©2018 Springer Science+Business Media, LLC

into one catalytic complex. For carbonyl or 1,3-dicarbonyl
compounds, thioureas or squaramides are often used;® for
the formation of enolates, chiral bases are exploited.’
Bifunctional catalysts,' such as cinchona alkaloid-based
thioureas, make possible the simultaneous activation of
electrophiles via the hydrogen bonds and nucleophiles via
the protonation of a basic tertiary amine in a quinuclidine
fragment. Considering the ionic nature of the key inter-
mediate, phase-transfer catalysis with a chiral quaternary
ammonium'" or phosphonium salts'? are also an option.

Scheme 1

Ph
42> \”)J\O o —_—
DBU -C
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> \ o O
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PH Ph OEt
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Herein we describe our studies on the asymmetric
organocatalytic synthesis of butenolide 3. Catalysts
explored for the synthesis are depicted in Figure 1.

We started our studies with an H-bonding catalysis. The
model reaction between diphenylcyclopropenone 1
(0.15 mmol) and B-keto ester 2 (0.1 mmol) was carried out
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Figure 1. Catalysts explored for the synthesis of compound 3.

Vi

in the presence of 20 mol % thiourea" I in CH,CI, (1 ml)
at room temperature. The structure of an alkaloid
containing thiourea allows for simultaneous combination of
the chiral base (tertiary amine) for the enolate formation
and H-bonding for the activation of the cyclopropenone
(thiourea unit). Unfortunately, there was no reaction during
24 h at ambient temperature in the presence of catalyst I or
IT (20 mol %). Even the addition of 20 mol % of DBU
afforded no product.

Therefore, we shifted our attention to chiral base
catalysis. Bifunctional catalyst III is based on a cyclo-
propenimine scaffold and its basicity is comparable to
guanidines."* In addition to its high Lewis basicity, it is
also a hydrogen bond donor."” The reaction catalyzed by
cyclopropenimine III gave racemic product 3 in moderate
yield (Table 1, entry 1). Monofunctional chiral guanidine
IV (Table 1, entry 2) afforded low yield and selectivity.

Table 1. Catalytic methods for the asymmetric synthesis
of compound 3*

Catalyst Ph
Base O O
)I\/ll\ _ CO,Et
Et CHZC[z
rt, 24 h Ph Ph
3
Entry Catalyst Base Isolateojl yield, ee,** %
o

1 111 - 6244 rac**
2%° v E 31 6
3¢ \% DABCO ND rac
46 VI KoCOs 31 6
5%7 VI DBU 52 rac
6 vl 50% aq KOH 28 10
7 VIIid 50% aq KOH 8 24
8 X 50% aq KOH 12 10

* Reaction conditions: compounds 1 (0.15 mmol), 2 (0.1 mmol), catalyst
(20 mol %), base (20 mol %) in CH,Cl, (1.0 ml).

** Enantiomeric excess was determined by chiral HPLC analysis.

*** Conversion was determined from the ratio of compound 3 to 2 by
"H NMR spectroscopy in the crude mixture.

#* Enantiomeric excess was determined by chiral HPLC for the sample
isolated by preparative TLC from the crude mixture.

*3 Reaction was carried out at 60°C.

*® Reaction time 10 days.

*7 Reaction time 5 h.

The aminocatalysts V and VI were also tested, but the
racemic product 3 was obtained in low or moderate yields
over a very long reaction time (Table 1, entries 3, 4). In the
presence of DBU, a nonselective background reaction
dominated leading to the fast formation of the racemic
product (Table 1, entry 5).

The use of chiral ammonium salt-based phase-transfer
catalysts (PTCs) has contributed significantly to the field of
asymmetric catalysis.'' PTCs are capable of stereoselective
and noncovalent activation of enolates, and the vast majority
of such catalysts contain an additional hydroxyl group as
the second coordination site.'® Chiral phosphonium salts
possess similar properties and are also widely used in
asymmetric catalysis.'? In the presence of PTC, a biphasic
system of 50% aqueous solution of KOH and CH,Cl, was
used. Reaction catalyzed by phosphonium salt VII'
afforded product 3 with low yield and enantioselectivity
(Table 1, entry 6). The highest enantiomeric purity of
compound 3 was achieved with cinchona alkaloid-derived
ammonium salt VIIId under basic conditions (Table 1,
entry 7). The bifunctional thiourea — cinchona alkaloid-
containing catalyst IX afforded low enantioselectivity with
low yield (Table 1, entry 8).

The obtained results revealed that the use of PTCs could
be the method of choice. Next, the influence of various
substutents at the nitrogen atom of the alkaloid catalyst was
investigated (Table 2). A benzyl-derived catalyst gave low
conversion to compound 3 and low enantioselectivity
(Table 2, entry 1). The catalyst with electron-withdrawing
trifluoromethyl groups in the aromatic ring (Table 2, entry 2)
provided racemic product 3 with low conversion. A minimal
change in selectivity and conversion was obtained with
2-naphthyl-substituted catalyst (Table 2, entry 3). The
bulkier R group at the nitrogen atom made the catalyst
more selective (Table 2, entry 4) with similar results in
terms of conversion to compound 3. A catalyst containing
anthracen-9-yl moiety VIIId was chosen for further
screening; the yield increased when DME and THF were
used, but the selectivity dropped, affording racemic product
3 in both cases (Table 2, entries 5, 6). Using PhMe as a
solvent made the reaction slower and the enantioselectivity
decreased (Table 2, entry 7). In most cases, the elongation
of the reaction time did not improve the outcome.

930
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Table 2. Catalyst screening for the asymmetric synthesis
of compound 3* “Br
SN

&\\/N R

HoC

Villa—d

50% aq KOH Ph

o o
o 0O (20 mol %) O. N
+ )]\/IJ\ — T\ CO,Et
Ph OEt  Solvent
Ph™ 4 'Ph 2 m,24h  PH  Ph
3
Entry Solvent T,°C R Conversion,** % ee,*** %
1 CH,Cl, 1t Ph 134 6
2 CH,Cl, rt 3,5-(CF;),CeHs 17 rac
3 CH.Cl, It 2-Naphthyl 22 14
4 CH,Cl, rt  Anthracen-9-yl 22 24
5 DME rt  Anthracen-9-yl 40 rac
6 THF Anthracen-9-yl 49 rac
7 PhMe 0  Anthracen-9-yl 18 4

* Reaction conditions: compounds 1 (0.15 mmol), 2 (0.1 mmol), catalyst
(20 mol %), solvent (1.0 ml).

** Conversion was determined from the ratio of compound 3 to 2 by
"H NMR spectroscopy in the crude mixture.

*** Enantiomeric ratio was determined by chiral HPLC analysis of the
sample isolated by preparative TLC from the crude mixture.

** Reaction time, 1 h.

We then turned our attention to improving the efficiency
of the reaction and investigated the influence of the base on
the selectivity of the model reaction in the presence of
20 mol % of catalyst VIIId. The results of the screening
experiments are presented in Table 3.

Table 3. Base screening for the asymmetric synthesis
of compound 3*

Entry Solvent Base (equiv) Conversion,** % ee,*** %

1 CH,Cl, 50% aq KOH (0.2) 22 24
2 PhMe 50% aq KOH (0.2) 18% 4
3 PhMe KOH (2) 99 8
4  CH)Cl, CsCO;s (5) 99%° rac
5  PhMe CsCO; (5) 99%3 rac
6 PhMe CsCOs(0.2) 42 rac
7  CH)CL CsCO0; (0.2) 14 4
8  CH,CL, K;3PO4-H,0 (0.2) 14 19
9 CH,Cl, Potassium citrate ND rac
tribasic monohydrate (0.2)
10 CH,Cl, -BuOLi (0.2) 89 rac
11 CH)ClL, LiOH-H,0 (0.2) 90 rac
* Reaction conditions: compounds 1 (0.15 mmol), 2 (0.1 mmol), catalyst

VIIId (20 mol %), and base in solvent (1.0 ml) were stirred at ambient
temperature for 24 h.

** Conversion was determined from the ratio of compound 3 to 2 by
"H NMR spectroscopy in the crude mixture.

*** Enantiomeric excess was determined by chiral HPLC analysis of the
sample isolated by preparative TLC from the crude mixture.

** Reaction was carried out at 0°C.

#° Reaction time 1 h.
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A 0.2 equiv of the 50% aqueous solution of KOH in
CH,(l, afforded low conversion to compound 3 with 24%
enantioselectivity (Table 3, entry 1). When the reaction was
conducted in PhMe, the conversion was similar to the one
in the aforementioned entry, but the selectivity decreased
(ee of compound 3 is 4%, Table 3, entry 2). The use of
solid KOH afforded high yield but decreased the enantio-
selectivity (Table 3, entry 3). Almost full conversion was
obtained at room temperature in the presence of 5 equiv of
Cs,CO;, but the product was racemic (Table 3, entries 4, 5).
Lowering the amount of the base decreased the conversion
to 42% affording racemic product 3 (Table 3, entry 6). The
only reaction in the presence of Cs,CO; that led to
nonracemic product was carried out in CH,Cl,, but the
enantiomeric purity of the product was still low (Table 3,
entry 7). Then, different potassium salts were screened
(Table 3, entries 8, 9), but the conversions and selectivities
were lower compared to that obtained with KOH (Table 3,
entry 1). Next, Li salts were evaluated (Table 3, entries 10, 11);
the conversion determined by 'H NMR spectroscopy
increased and racemic products were obtained.

The highest enantiomeric purity of compound 3 was
achieved with cinchona alkaloid-derived ammonium salt
VIIId in the presence of a 0.2 equiv of 50% aq KOH
(Table 4, entry 1). We decided to investigate the influence
of the 50% aq KOH loading on the yield and selectivity.
Results are shown in Table 4. Increasing the amount of the
base to 0.5 equiv afforded product 3 with the same
selectivity, but in higher yield (Table 4, entry 2).

When the base loading was increased to 0.6 equiv,
product 3 was formed in 2 h with no change in enantio-
selectivity or yield (Table 4, entry 3). Further increasing of
the base loading up to 1 equiv led to a faster reaction and after
1 h, full conversion was achieved sacrificing enantioselectivity,
which decreased from 24 to 15% (Table 4, entry 4).

In conclusion, the organocatalyzed [3+2] annulation of
2,3-diphenylcycloprop-2-en-1-one and ethyl 3-oxo-3-phenyl-
propanoate was investigated, resulting in the formation of

Table 4. Influence of the KOH amount on the conversion,
yield, and ee of compound 3*
Catalyst VIlid

o o o (20 mol %) o Ph
50% aq KOH O.
_ ] CO,Et
A " Ph)J\/u\OEt
Ph™ , Ph 2 PH Ph
3
50% aq KOH, . . 4o, Isolated ee***
Entry equiv Time, h Conversion,** % yield, % %
1 0.2 24 22 8 24
2 0.5 2 84 54 24
3 0.6 2 94 54 24
4 1 1 99 60 15

* Reaction conditions: compounds 1 (0.15 mmol), 2 (0.1 mmol), catalyst
VIIId (20 mol %), 50% aq KOH in CH,Cl, (1.0 ml) were stirred at room
temperature.

** Conversion was determined from the ratio of compound 3 to 2 by
"H NMR spectroscopy in the crude mixture.

**% Enantiomeric excess was determined by chiral HPLC analysis.
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chiral ethyl 2-(5-ox0-2,3,4-triphenyl-2,5-dihydrofuran-
2-yl)acetate with low to moderate yield. In spite of various
asymmetric organocatalytic methods and optimization
procedures applied to achieve enantioselectivity, the
enantiomeric purity of the target compound remained low.
The best results were obtained using sterically demanding
phase-transfer catalyst 1-{(1S)-[(25,4S,5R)-1-benzyl-5-ethyl-
azabicyclo[2.2.2]octan-2-yl](6-methoxyquinolin-4-yl)methyl} -
3-[3,5-bis(trifluoromethyl)phenyl]thiourea bromide in
CH,Cl,/aq KOH biphasic system. The dependence between
the base loading, reaction time, and selectivity was
observed — a higher base loading afforded faster reaction
and lower enantioselectivity.

Experimental

'H and *C NMR spectra, as well as all 2D experiments,
were recorded on a Bruker Avance III 400 instrument (400
and 100 MHz, respectively) in CDCl; or CD;0D, using
TMS or residual solvent signals as internal standards
(CDCls: 7.26 ppm for 'H nuclei, 77.16 ppm for *C nuclei;
CD;0D: 3.31 ppm for 'H nuclei, 49.00 ppm for "*C nuclei).
All peak assignments were confirmed by 'H-'H COSY,
'H-C HSQC and 'H-"C HMBC experiments. High-
resolution mass spectra (ESI) were recorded on an Agilent
Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS
spectrometer. Optical rotations were measured on an Anton
Paar GWB Polarimeter MCP500. Enantiomeric excess of
compound 3 was determined by chiral HPLC (Chiralcel
OD-H 250 x 4.6 mm column, eluent hexane—i-PrOH, 9:1,
flow rate 1 ml/min, A 254 nm). Retention time of the major
enantiomer fz 8.72 min, minor enantiomer fz 12.65 min.
TLC was performed on precoated silica gel 60 F,s4 plates,
and Kieselgel 40-63 pm silica gel was used for column
chromatography. The reactions were carried out under air
atmosphere without additional moisture elimination unless
stated otherwise.

Purchased chemicals and solvents were used as
received. Chiral catalysts L7 L a2 v, vi”
VIII?! were prepared according to the corresponding litera-
ture procedures. Analytical data were in accordance to the
reported. Atom numbering in the assignments of the
synthesized compounds is depicted in the Supplementary
information file.

Ethyl 2-(5-0x0-2,3,4-triphenyl-2,5-dihydrofuran-2-yl)-
acetate (3) (General method). To a 4-ml test tube, cyclo-
propenone 1 (30.9 mg, 0.15 mmol), B-keto ester 2 (19.2 mg,
0.1 mmol), catalyst (0.02 mmol, 20 mol %), base (0.2—
5.0 equiv), and solvent (1 ml) were sequentially added. The
reaction mixture was stirred at room temperature for the
indicated time. Completion of the reaction monitored by
TLC and 'H NMR spectroscopy. The solvent was removed
under reduce pressure and the crude mixture purified by
flash column chromatography on silica gel to afford the
pure product, eluent petroleum ether — EtOAc, 20:1.
Colorless oil. '"H NMR spectrum (CDCLy), 8, ppm (J, Hz):
122 3H, t, J = 7.1, CH3); 328 (1H, d, J = 154,
CCH,C=0); 3.40 (1H, d, J = 15.4, CCH,C=0); 4.16 (2H,
qd, J=17.1,J = 4.7, OCH,CHj3); 6.82-6.85 (2H, m, H Ph);
7.20-7.27 (7H, m, H Ph); 7.29-7.34 (1H, m, H Ph); 7.34—

7.42 (5H, m, H Ph). *C NMR spectrum (CDCl3), §, ppm:
14.3 (OCH,CH;); 40.1 (CH,); 61.3 (OCH,CHj); 87.0
(C-3); 125.7 (2C Ph); 127.5 (Ph); 128.3 (2C Ph); 128.7
(3C Ph); 128.8 (4C Ph); 129.0 (C Ph); 129.3 (2C Ph); 129.4
(C Ph); 129.7 (C Ph); 131.7 (C Ph); 137.2 (C-4); 162.9
(C-5); 168.3 (C(1)=0); 171.9 (C(7)=0O). Found, m/z:
399.1599 [M+H]". CyH,30,. Calculated, m/z: 399.1591.
1-{(15)-[(25,4S,5R)-1-Benzyl-5-ethylazabicyclo[2.2.2]-
octan-2-yl](6-methoxyquinolin-4-yl)methyl}-3-[3,5-bis-
(trifluoromethyl)phenyl]thiourea bromide (IX) was synthe-
sized by a reported method.”** Yellow solid, mp 134°C,
[alp? —67.2 (¢ 0.09 CHCl;). "H NMR spectrum (CD;0D),
S, ppm (J, Hz): 0.87 (3H, t, J = 7.4, CH,CHs); 1.12-1.20
(1H, m, 7-CH,); 1.41-1.53 (2H, m, CH,CHj3); 1.85-1.89
(2H, m, 3,4-CH); 1.92-2.02 (1H, m, 5-CH,); 2.06-2.20
(1+1H overlapping signals, m, 5,7-CH,); 3.18-3.27 (1H,
m, 6-CHy); 3.40-3.51 (1H, m, 2-CH,); 3.75-3.84 (1H, m,
6-CH,); 4.08 (3H, s, OCH3); 4.68 (1H, d, J = 12.8, CH,Ph);
4.88-4.92 (2H, m, 2-CH,, 8-CH); 5.21 (1H, d, J = 12.7,
CH,Ph); 7.30 (1H, d, J = 10.5, 9-CH); 7.52 (1H, dd,
J=9.3,J=23, H-7"); 7.55-7.57 (3H, m, H-3,5 Ph, H-4");
7.60-7.65 (3H, m, H-2,4,6 Ph); 7.75 (1H, d, J = 4.8, H-3");
7.93 (2H, br. s, H-2",6"); 8.02 (1H, d, J = 9.2, H-8"); 8.15
(1H, br. d, H-5"; 8.81 (1H, d, J = 4.7, H-2"). °C NMR
spectrum (CD;0D), 6, ppm (J, Hz): 11.5 (CH,CHj3); 25.6
(C-4); 26.0 (C-5); 26.1 (CH,CHs); 28.8 (C-7); 36.4 (C-3);
51.2 (C-2); 55.7 (C-9); 56.9 (OCHj); 63.7 (C-6); 66.9
(CH,Ph); 70.6 (C-8); 103.8 (C-5"; 119.1 (br. s, C-4");
121.0 (C-3"); 124.5 (q, J = 272.0, 2CF3); 124.6 (C-7";
124.7 (br. s, C-2",6"); 128.6 (C-4a"); 128.8 (C-1 Ph); 130.5
(C-3,5 Ph); 131.8 (C-8); 131.9 (C-4 Ph); 132.9 (q, J = 34.0,
C-3",5"); 134.7 (C-2,6 Ph); 142.3 (C-1"); 145.1 (C-4");
145.9 (C-8a'); 148.7 (C-2"; 160.6 (C-6"). Signal of the C=S
atom was not identified due to the weak peak signal (low
solubility of the compound in CD;OD). Found, m/z:
687.2587 [M-Br]". C3¢H3,F¢N,OS. Calculated, m/z: 687.2586.

Supplementary information file containing 'H and *C
spectra of both compounds and HPLC chromatogram of
racemic compound 3 is available at the journal website at
http:/link.springer.com/journal/10593.
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