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“Talking nonsense is the sole privilege mankind possesses over the other
organisms. It's by talking nonsense that one gets to the truth! | talk nonsense,
therefore I'm human”

Fyodor Dostoievsky: Notes from Underground, White Nights, The Dream of a
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“The darker the night, the brighter the stars,
The deeper the grief, the closer is God!”
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Introduction

1. INTRODUCTION

Chirality has profound implications in the biologi@ctivity of organic molecules.
Agrochemicals and drugs interact with biologicaltmeas or drug targets such as
proteins, nucleic acids or biomembranes that dyspiamplex three-dimensional
structures capables of recognizing specifically @lecule in only one of the many
possible arrangements in the three dimensionalespigtermining the binding mode
and affinity of a drug molecufeAs the drug target is made of small fragments with
chirality, biological systems in most cases, retogm pair of enantiomers as different
substances, and the two enantiomers will elicitfedsint responses. Thus, one
enantiomer may act as a very effective therapeitig whereas the other enantiomer is
totally inactive or even highly toxic. Thalidomide a classical example with this
regards. This drug was synthesized as a racemdtavigiely prescribed for morning
sickness from 1957 to 1962 in the European cowntaied Canada. This led to an
estimated over 10.000 babies born with defectstaltiee teratogenic properties of tBe
enantiomer. Although further studies demonstratedt tthe stereogenic center of
thalidomide is easily racemized vivo and that the teratogenic effects would not have
been avoided by using enatiomerically pRrthalidomide, the chirality story about this
drug had a great impact on modern chiral drug &msgo and development. Drug
agencies are imposing more regulation constrainstife approval of new racemic
drugs. Similarly, chirality may determine the meuical, optical or electromagnetic
properties of materials by imposing determined il arrangements.

Although the majority of natural products are imgie enantiomeric form, for
example, amino acids and carbohydrates, there tdtegseat demands for chiral
artificial products in high enantiomeric purity be used in different ways, especially in
the pharmaceutical industry. Accordingly, chemisés’e developed different methods
to obtain enantiomerically enriched compounds whictiolve the conversion or
derivatization of readily available natural chicampounds (chiral pool), the resolution
of racemates or asymmetric synthésis.

Asymmetric synthesis refers to the conversion ofahiral starting material to a
single enantiomeric form of a chiral product byngsa properly dessigned reaction. It is
currently the most powerful and most commonly useethod for chiral molecule
preparation. In asymmetric synthesis a certain arhotia chiral substance is required
to induce enantioselectivity to the reaction. Amdhg types of asymmetric reactions,
the most desirable and the most challenging idyteEtasymmetric synthesis, in which
a molecule of a chiral catalyst can create milliohghiral product molecules, just as
enzymes do in biological systems. Catalytic asymimsinthesis often has significant
economic advantages over stoichiometric asymmaelyithesis of enantiomerically
pure compounds, since it requires less chiral n@tand minimizes the production of
chemical wasté'
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On the other hand, C-C bond formation is a procoéssost importance in organic
synthesis for the construction of the carbon skelah organic molecules. Among
them, the conjugate addition of carbon nucleophiteslectrophilic double bonds,
usually referred as Michael addition, is one of thest attractive and frequently used
methods for this purpose (Scheme 1). The reseancthis transformation has been
boosted by the wide diversity of compounds that samnve as nucleophiles and
electrophiles to generate a varied array of prafuuch reactions often result in the
generation of a new stereocenter, and consequanttgnsiderable effort has been
devoted to the development of asymmetric catabgisions of 1,4-addition reactiofs.
Unsaturated carbonyl compounds, nitroalkenes asxliffequently unsaturated sulfones
have been used as electrophilic partners in asynor=injugate additions of easily
enolizable nucleophiles such as 1,3-dicarbonylrafeted compounds.

NuH + gio\ EWG _catalyst | J\/EWG

Scheme 1 Nucleophilic conjugate addition to electrophgi&enes

In this context, a,f-unsaturated imines (1-azabutenes), readily prepara
condensation ofN-substituted amines with the parent unsaturatecnlest have
emerged as an interesting family of compounds witportant applications in the
synthesis of nitrogen-containing molecules. Howgirecontrast to carbonyl substrates
and nitroalkenes, the asymmetric conjugate addtbanp-unsaturated imines has been
scarcely explored probably due to the lower elgttilicity of these substrate§This
thesis is aimed to developing new catalytic asymimegactions using,p-unsaturated
imines as electrophiles. In particular the addittdrmalonate ester derivatives will be
explored (Scheme 2).

O R' R2

N
MR + R1/\)J\ _catalyst WNHPG
o)

R

Scheme 2Conjugate addition of malonate ester derivatieasp-unsaturated imines
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2. LITERATURE REVIEW

In this chapter the most relevant literature inviidvconjugate imines as reaction
substrates will be reviewed. Only reactions invadyithe participation of the whole
moiety will be considered, therefore simple 1,24aaphilic additions to the imine
group will not be reviewed. Because of length reasaeactions involving conjugate
oximes or hydrazones will be only exceptionally t@med. Similarly, examples in
which the double C=N bond is a part of an aromdtéterocycle, such as 2-
vinylpyridines, or where the electrophilicity ofeéiC=C double bond arises primarily
from conjugation with a carbonyl group as in virgyrrolidinones will neither be
considered.

2.1. 1-Aza-1,3-butadienes as simple Michael accepo
2.1.1. Reactions involving carbon nucleophiles
2.1.1.1. Conjugate addition of carbonyl and related compounds

Owing to their ambident electrophilic character,-unsaturated imines can
undergo either 1,2- or 1,4- (conjugate) nucleoplatidition processes. However control
of the regioselectivity is generally difficult, améry often double nucleophilic addition
products are obtained. One of the first conjugalditeons of carbon nucleophiles to
unsaturated C=N double bonds was described by Mdhgdo reported in 1990 the
addition of 1,3-pentanedione and methyl acetoaedtal-styryl-2(1H)quinoxalinones
in the presence of triethylamifie.

In 2013, as a part of their research addressdteteynthesis of pyridines, the group
of Palacios reported the related addition of matatnde and phenylacetonitrile to
fluorinated imines to give the corresponding enawjnwhich can be further
transformed into amino pyridines after treatmenthwNaH and dehydrogenation
(Scheme 3§.

N R?, CN
hH RR_CN |R2 Il o | HO " H2 tNaH R A
N —~ - N | ——
R CFs  Lpa, 78eC P R1 CFs 2 2000
’ R

! CFy R' = aryl
R2 = Ph, CN

Scheme 3Conjugate addition of nitriles to fluorinateg-unsaturated imines

In 2014, the group of Hu developed a formal 1,4jugate addition ofx-alcoxy
esters t@,y-unsaturatedN-sulfonylimino esters (Scheme 4).
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ROH RO A T
CO,M %/ HNT S
/&2 e . Rhy(OAc), MeOL—" HN
AN 27N
> NT RT Ar CO,Me
S
& R = alkyl, benzyl,
Ar’-/\)J\COZMe 2-(trimethylsilyl)ethyl

Scheme 4Formal 1,4-conjugate addition e@falcoxy esters t@,y-unsaturated-
sulfonylimino esters

This three-component process catalyzed by Rh(ldwad the synthesis of a wide
variety of conjugate addition products from imiresd diazo esters having aromatic
groups and alkyl or benzyl alcohols, with yieldsngmg from 5% to 95% and
diastereomeric ratios higher than 95:5 in all cases

The authors propose a mechanism where the alcodah& diazo ester react in the
presence of Rh to give an oxonium ylide in equilibr with an enolate, which is
trapped by the unsaturated imine in a transitiatesivhere an intramolecular hydrogen
bond interaction is the key factor for the contodl the diastereoselectivity of the
reaction (Scheme 5).

1
MeOzé "\OR Ts

N o NTs | Rhy(OAQ), HN
2 + RoH 1+ - P
Ar'” CO,Me AP CORE | Ar2 CO,Me
L S ; Z-anti
conjugate
Rthl'NZ I adddition
© R H
R@H 1 @ L.RhO° L,RhO \
o Ar o’R "\ _H_ArINTS N'; O/K H \o/gNTs
Ar1+002Me Meo—( H MeO, ZWCO o ArZQ;\L/(CO Me
RhL, ORhL, " o, 2Me Ar’ 2
S © R'@H favoured

disfavoured
Scheme 5Proposed mechanism for the diastereoselectiee twmponent reaction

The resulting products could be subjected to déffetransformations. For instance,
the enamine could be hydrogenated on Pd/C to geedrresponding amine with only
a slight loss of diastereisomeric ratio. Dependdngthe R group, the hydroxyl group
can be deprotected under different conditions. I§inghe products with the free
hydroxyl group, can lead to the corresponding 2i8«tofuransvia cyclization withp-
toluenesulfonic acid under reflux in tolueffe.

Silyl enol ethers as nucleophiles in the Mukaiyaviahael addition with
unsaturated aldimines have been extensively use8hbyizu. This group has carried
out several examples of double nucleophilic addifio which a silyl enol ether first
attacks thg-carbon followed by the 1,2-addition of a secord &nol ether or another
carbon nucleophile. The reaction is performed eflresence of a Lewis acid such as a
Ti(1V) halides or AICE in the presence of a controlled amount of wated, @ermitted a
variety of nucleophiles (Scheme 6).
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Examples:
1. AICl3 (1 equiv.), H,O (1 equiv.) R3 EtO0, CO-Et CO,Et
NR? CH,Cl, 4AMS, 0°C R4fiﬁ§tm2 e NHRO NHR?
CO,Et
R1/\)kH R®  OFt R’ RS R’ sBu R 2
2. V= | RSTMS, CH,Cl,

R' = alkyl, aryl Et0 CO,Et CO,Et
R4 OTMS R2 = aryl, benzyl EtOURz U—Rz
-78°C — 1t R! CN R’ CN
Scheme 6 Double nucleophilic addition of silyl enol etheand other nucleophiles

The double addition products can be transformeal dittydropyrroles and pyrroles
with good to excellent yields (Scheme'¥}*

Eo. COZEt o HSOs-H,0  EtOC o) BOC o 1
EtOM (3:1) 1,@; DDQ (1.0 equiv) 1/@\’ R' = alkyl, aryl
R Y .. > R 2=
R Nu2 0°C,1.5h Ny2 1:4-dioxane, it PN N2 R® = aryl, benzyl

Scheme 7 Synthesis of dihydropyrroles and pyrroles by Shim

The same group has also reported the double adldéarction of different silyl enol
ethers and trimethylsilyl cyanide tg-allylidene amines prepared from acrolein and
diphenylethyl- or tritylamine. Work-up with TFA allved obtaining homoglutamic acid
derivatives or, in the case of the product obtaiinech the ketene silyl thiocetal derived
from S-cyclohexyl propanothioate, a valerolactam deria{iScheme 8y

OTMS
1) — TMSCN
OEt
Si0, gel (dry), CH,Cl, CN
EtO,C
2) TFA 78 % NH
R=CCH3Ph2
N.
AR —— OTMS
- 1 /=< TMSCN H
R = CCH3Phy, CPh ) scy o. N en
SiO, gel (dry), CH,Cl, Ij/

2)TFA 8% R=CPh
Scheme 8 Synthesis of homoglutamic acid derivatives andradactams from acrolein
Imines

2.1.1.2. Conjugate addition of cyanide

Shimizu has also applied the double nucleophiliditamh methodology in the
enantioselective synthesis of chiral 2-aminopenitrides. The bis-cyanation of
unsaturated aldimines derived fromR){phenylglycinol with TMSCN catalyzed by
AICl 3 provided the expected products with high diastskaxtivities in almost all the
cases (Scheme 9, Table'}).
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Ph Ph

B 1 : )

Rz NOR w2 R? H’:‘/\/OR
RZJ\/lH TMSCN (3.0 e_quiv,) NCX/\CN (R,S)

AICl3 (0.5 equiv.)
or  ph - Y, . Ph
CH,CI )
1 2Ll OR
R2 Nl/\/OR 7890 — 1t R2 R2 HN/\/

RSNH NC on  RR)

Scheme 9Diastereoselective bis-cyanation Bj-phenylglycinol-derived imines

Table L Asymmetric bis-cyanation of chiralp-unsaturated aldimines.

Entry R! R° R Yield (%) (R9S:(RR)
1 Me Me - 76 93:3
2 CH,CH=CH, Me - 71 96:4
3  (E)-CH,CH=CHMe Me - 68 86:14
4  (E)-CH,CH=CHPh Me - 50 90:10
5 CHy(Me)C=CH, Me - 73 92:8
6 CH,CH=CH, H TMS 54 91:9
7  (E)-CH,CH=CHMe H TMS 64 81:19
8 CH,C=CH H TMS 47 79:21

2.1.1.3. Conjugate addition of organometallic reagents.

The first example involving the conjugate additmnan organometallic reagent to
a,f-unsaturated aldimines was reported in 1997 bygthap of Ricci. These researchers
studied the nucleophilic addition of different ongauprates to 1-aza-1,3-butadienes
derived from bis- and mono(trimethylsilyl)methylarai in the presence of a
stoichiometric amount of BfEt,O (Scheme 10).

N__SiMe
1) RM-BF4 /W Y 3
/\NNYSiM% -78°C -->rt R' R
_—
R 2) NaOH 1M +
M = CuLi, Cu(CN)Li,

H .
R=H, SiMe; R' = Bu, Ph, thiophenyl, AN SiMes
furanyl, SiMe,Ph /\/T l/
Scheme 10Nonenantioselective addition of organocupratasaturated silylmethyl
aldimines

The reaction performed in a 1,4- regioselective meann the majority of the
examples studied, except with cuprates having batematic ligands (thiophene or
furan) that favored the 1,2-addition prodfct.

In 2001, Tomioka efal. reported the regioselective addition of organalith
reagents toa,p-unsaturated aldimines. The regioselectivity of treaction was
determined by the electronic and steric properbeshe N protecting group. Imines
having electron-withdrawing aryl groups on the agn favor the 1,2-addition product
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while alkyl or bulky aryl groups (2,6-diisopropylehyl) favored the 1,4-addition
process. The reaction allowed the preparation afhalls after hydrolysis of the imine
and reduction. The enantioselective 1,4-additiophanyllithium was achieved in 93%
ee by performing the reaction in the presence ofxaess of a C2 symmetric ether as
chiral inducer (Scheme 11). This example consstutbe first enantioselective
conjugate addition of an organometallic reageritrta,f-unsaturated imin&

/@\ i. Ph.  Ph /@\
] ] /’ ( iPr iPr
iPr iPr Med OMe I i

=N (2.3 equiv) " =N
toluene, -45 °C ©ul __Ph
+ PhLi ——— 2
ii. Mel, HMPA
97 %
Me CHO Me CHQOH

_TFATHF Ph _ NaBH, Ph
HQO Na2804 O‘ MeOH
93 % ee

Scheme 11Regio- and enantioselective 1,4-addition of Rbld,B-unsaturated
aldimines and subsequent derivatization to theespwwnding alcohol

The asymmetric conjugate addition of organocopmagents to chiraN-tert-
butanesulfinylo,-unsaturated imines was described by Ellman in 200&® different
reaction conditions involving the use of BWCN-BR-ELO or MeCuli were tested
with a few ketimines and one aldimine, the reactmoducts being obtained with
moderate yields and diastereoselectivities (Schizhe

\l/ Examples:
L R'=R2= Me, R® = Bu
é O/S R3 R'=Ph, R?=Me, R® = Bu
O"N R3[Cu]L | R'=Me, R2= Ph, R® = Me
RJ\/\RZ - R1J\/LR2 R'=R2=Ph, R®=Me
Yield = 55-91% R'-R? = cyclohexyl, R® = Me
dr = 87:13-96:4 R'=H, R2= Me, R3= Bu

Scheme 12Diastereoselective conjugate addition of orgapeates to chiraN-sulfinyl
a,p-unsaturated imines

The authors rationalized the facial selectivitytlodé reaction following a model in
which, the cuprate coordinates to the sulfinyl axygn the opposite face from tteet-
butyl group. Coordination activates the moleculetfee conjugate addition and at the
same time aligns the cuprate for the addition reacDelivery of the cuprate is only
possible through one of the imine isomers accessilal equilibration of the imine
isomers (Scheme 13).
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v ¥ ¥

_S. Sy . Sy
O”°N N7 OmLi, N0
L | _— JI\ R3 _— |
|-|\43 R! | R’ Lo \CuL X, R’ R
CulnXn R2 N R2 SR2

Scheme 13Proposed model of diastereofacial selectivitytih@ conjugate addition to
chiral N-sulfinyl imines

The first asymmetric catalytic conjugate additidran organometallic reagent to a
unsaturated imine was developed by Tomioka in 200%is group reported the
conjugate addition of dialkylzinc reagents 1§-2,4,6-triisopropylphenylsulfonyl
aldimines using a complex of Cu(MeCBJ-, with a chiral amidophosphine ligand as
catalyst. The resulting enamines were hydrolyzetraduced to give the corresponding
B-alkylated alkanols with moderate to high enantinomexcesses. The use of the bulky
2,4,6-triisopropylphenyl group attached to the ienmtrogen was essential to favor the
conjugate addition by hampering the approach ofélagent to the azomethinic carbon
due to steric hindrance (Scheme 3%).

5 mol % Cu(MeCN),BF,

N
6.5 mol % o The
NHBoc
ATWN s + Rzzn Ar\l/\/OH
0 4 A MS, toluene, -30 °C R
1) Al,O3, 2) NaBH, R = Et, iPr

Scheme 14Conjugate addition of dialkylzinc reagentdNarylsulfonyl aldimines

One of the authors of this work (Soeta) and othepsrted in 2016 the 1,2-addition
of dialkylzinc reagents to relatédtosyl aldimines using a Cu-NHC catalyst. Although
the regioselectivity could be shifted to the 1,4thpvay by changing the copper source
and the NHC catalyst, the enantioselectivities iokthwere low in all the casés.

Also in 2005, the group of Carretero described fifst catalytic enantioselective
1,4-addition of dialkylzinc reagent ta,p-unsaturated ketimines. A copper(l)-
phosphorimidite complex catalyzed the conjugatateatdof dimethylzinc to a variety
of substitutedN-(2-pyridylsulfonyl) a,f-unsaturated imines derived from chalcones to
give the corresponding enamines with excellentdgieind diastereisomeric ratios, and
moderate enantiomeric excess for the majority ofipcts (Scheme 15). The enamines
could be hydrolyzed or subjected to ozonolysis authloss of the optical purity.
Addition of bulkier dialkylzinc reagents such asettlyl- or dibutylzinc, at low
temperatures, took place with similar yields buthwower enantiomeric excesses than
in the case of M&n. The presence of the coordinating 2-pyridylsuylogroup proved
to be essential for the reaction to procé&ed.
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Ph
>—Me

O-p-N
(@) >..u||v|e
Z PH ~ |
o | NN
NN (10 mol %) o’/S\ N
o~ N + MeyZn NH Me

I (2.0 equiv.) CuTC (10 mol %) S
Ar1)\%\Ar2 Toluene, -20 °C Aﬂ)\/'\Ar2

Scheme 15Copper-phosphorimidite-catalyzed enantioseleatorgugate addition of
dimethylzinc toN-(2-pyridyl)sulfonyl imines derived from chalcones

Palacios and Vicario have developed a copper(Blgzed enantioselective
conjugate addition of diethylzinc td-aryl a,p-unsaturated imines derived frasrketo
esters. The best results in this case were obtawtadch phosphoramidite ligand derived
from TADDOL, which lead regioselectively to the dgdduct, obtaining exclusively the
Z-a-dehydroaminoesters bearing a stereogenic centeeipposition, with high yields
and fair to good enantiomeric excesses (Scheme 16).

Ph_Ph
Qv
4 P-N

1
R o~ ¢ \ R!
A
Ph" pn
N
N Eiz Cu(CH5CN)PF NH  Et
+ EtyZn N
Etozc)\/\©\ oluene, 40°C EtOZC)\/\©\
R2

R'= Me, MeO, NO,
R%=Me, NO,

R2

Scheme 16Enantioselective synthesis@lehydroaminoesters

The reaction worked with substrates having elecpoor or electron rich aromatic
rings attached at either the double bond or thegein atom. The authors demonstrated
the possibility of transforming the resultingdehydroaminoesters into chiral carboxylic
acids byozonolysis, or inta-aminoestersia hydrogenatiorf>2*

The alkylation of imines derived from cyclic enorfess been studied by the group
of Zezschwitz and Westmeier. In 2014, they desdrilblee first enantioselective
conjugate addition of dialkylzinc reagents to cy®itosyl imines employing the same
copper(l)-phosphorimidite catalyst previously usgdCarretero. In this way, different
five or six member cyclic enamines were prepareth vmoderate to good vyields,
diastereoselectivities and with excellent enantiaenexcesses. The enamines could be
transformed into chiral cyclopentyl- and cyclohexyines using different reductive
methods (Scheme 17). The reaction was also testbdhe N-tosyl imine derived from
chalcone although with a moderate yield and ee.td$@ amines can be detosylated by
treatment with Bog®O and Mg®
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Ts.. Ph
N 1) CuTC (2 mol %), L (4 mol %) NHTs OO o )

,/l ZnEt, (1.5 equiv.), toluene, - "P—N
L] _-80cc : / >

\ o
2) Reduction TRt OO L Ph

Scheme 17Enantioselective synthesis chiral cyclic enanimes

The same group developed a procedure for the esafdgctive 1,4-conjugate
addition of aryl groups to cyclie,p-unsaturated\-tosyl imines using in this case
arylzinc halides as reagents and a Rh-BINAP comatezatalyst. After stereodivergent
reduction of the intermediate enamines with a Rmmex and formic acid, the
corresponding 3-arylcycloakylamines were obtainedth whigh yields, high
diastereoselectivity (dr > 97:3) and excellent ¢iomelectivities (Scheme 18j.

Ts
“N NHTs OO
[Rh(COD)CI], (1.0 mol %) I N o NHTs PPh,

|
@ (S)-BINAP (2.4 mol %) @ (rac) O\ OO PPhy
PhznCl (1.5 equiv.) Ph HCO,H, Et3N (5:2) Ph

THF, 30 min, rt CH3CN, 16 h, rt (S)-BINAP

Scheme 18Enantioselective synthesis of 3-arylcycloalkylaas by rhodium-catalyzed
1,4-addition and subsequent stereodivergent remtucti

The same Rh-BINAP catalyst has been applied irettamtioselective 1,2-addition
of MesAl to cyclic N-tosyl imines. The authors noticed that a changsadvent to
toluene inverted the regioselectivity favoring th@-addition product (6:1) with the
tosyl imine derived from 2-cyclohexenone. The 1gdiiaon pathway was also favored
with imines derived from substituted cyclohexanores/ing a stereogenic center
(mismatched catalyst) or with the imine derivechrd,4-dimethyl-2-cyclopentenoré.

Recently, Ansoo and Hyunwoo reported the conjugdtition of arylboronic acids
to imines fromp,y-unsaturated-keto esters using a rhodium(l) complex with thaath
bicyclic bridgehead phosporamidite ligari®)-priphos (Scheme 19).

| | | § 9
o 0 i ey
_N & [Rh]/briphos N . | @ FE\I

g N Ar?B(OH), ¢ NH Ar
—_ >

O  (R)-briphos

Scheme 19Rh-catalyzed asymmetric 1,4-addition of arylbecacids tou,f3-
unsaturatedN,N-dimethylsulfamoyl imino esters

The reaction has a wide scope, permitting variadionoth they-aryl substituent on
the substrate and the aryl group on the boronid. athe resulting enamines were
obtained with good yields, good diastereoseleadwitfavoring theZ-isomer, and
excellent enantioselectivities regardless of tHesstution on the aromatic groups. The

10
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authors showed the synthetic utility of the resgjti products with several
transformations.

Based on DFT calculations and X-ray analysis of Riebriphos complex, the
authors proposed a transition state to explairmbserved stereochemistry (Figure?d).

Si face O”S\/N (unfavorable)

(favorable) /

Figure 1. Stereochemical model for the Rh-briphos catalyeadtion

The same catalyst proved to be useful for the gatgi addition of arylboronic
acids to enones amgp-unsaturated imines derived from chalcones, as aglin the
1,2-addition to imine§’

2.1.1.4. Friedel-Crafts alkylation

The only example of Friedel-Crafts alkylation inviolg 1,4-addition to unsaturated
imines reported to date was described by Hu ana Ztn2015. These authors carried
out the alkylation at the C2 position of C3-sulgét! indoles usin@,y-unsaturated-
ketimino esters catalyzed by a chiral phosphond.&ubstitution on the C3 position of
the indole, which is the most reactive positioriftet the reaction to the C2 position.
Both the indole and the imine were amenable totguben, providing products with
good enantiomeric excesses in most of the examplhesreaction could be scaled up to
one gram without erosion of optical purity (Sche20§>°

Oe

SlPh
/N

tquene/DCM (2:1)
= Aryl R2 = Me, Et, NHBoc ,72h R2 = Me, Et. NHBoc
R3 =H, Me, BnO, Cl R3 =H, Me, BnO, Cl

Scheme 20Enantioselective Friedel-Crafts alkylation of ahes and3,y-unsaturated-
ketimino esters

11



Literature Review

2.1.1.5. Nitro-Michael reaction

In 2011, the group of Liu reported the aza-Henmgcton of nitromethane with
chiral N-tert-butanesulfinylimines derived from 1,1,1-trifluorethyl enones. The
authors discovered that conjugated imines havipgréuoropropyl group attached to
the azomethinic carbon reacted in a 1,4-regiosetechanner to give two 1,4-adducts
with excellent diastereoselectivities (Scheme®1).

_8=0 8
N +  CHsNO K2CO3 (0.2 eq) o> N N2 "5 N2
LGP LCF.C7 P o J\/i )\/i
3CF2CF; rt, 3h F3CF,CF,C Ph F3CFCF,C Ph
35%; dr>95:5 52%; dr>95:5

Scheme 21Diastereoselective conjugate addition of nitrdmaae to perfluorex,f3-
unsaturated-tert-butanesulfinyl ketimines

On the other hand, Jiang and Wang have reportearijgnocatalytic conjugate
addition of nitroalkanes to 2-iminochromenes yiegfi2-amino-4H-chromenes which
have a wide application in medicinal chemistry. Tdesired products were obtained
with excellent yields and enantioselectivities whertromethane was used as
nucleophile. Bulkier nitroalkenes provided the estpd products with good yields and
high enantioselectivities but with poor diasterdestivities (Scheme 22f

@1
MeO
N
\ Q/ R'g-NO;
CN  NO CN
AN L L (10 mol%) _C(\/[
i [}

R
R'=H, Me, Et  toluene, rt, 12 h

0" "NH NH2

Scheme 22Enantioselective synthesis of 2-amino-4H-chrorsene
2.1.1.6. Radicalary conjugate addition reactions

The group of Tomioka reported in 2008 the reacwbrihe tetrahydrofuran-2-yl
radical, generated directly by addition of dime#yt to THF in air, witha,p-
unsaturatedN-tosyl aldimines to give the 1,4-adducts as majardpcts. The slow
addition of the imine and the use of dimethylzinstead of diethylzinc were proved
essential to favor the 1,4-addition (Scheme®23).

o}
C 1. MeyZn, air 0
+ H H
N _Ts
2. NaBH,4, MeOH Ar® H

NS
I

IZIO

Scheme 23Addition of the tetrahydrofuran-2-yl radical ég3-unsaturated\-tosyl
aldimines
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2.1.2. Reactions involving nitrogen and phosphorousucleophiles

In 2004 the group of Shimizu described the doubieleophilic addition of azides
and tetraallyl tin reagents te@,f-unsaturated aldimines promoted by Sp&H0O to
obtain good yields of 1,3-hydroxy azides in a reectvhere the unsaturated aldimine
played as a latent unsaturated aldehyde (Schenté 24)

R3
2 )\% n
N,R ( P 5 R'= Me, Et, n-Pr, Ph, TMS
U TMSN;, SnCly-5H,0 N; OH R R? = cHex, Bn
R H  CH,Cl,, AcOH R’ R®=H, Me

Scheme 24Double nucleophilic addition of azide and tetigdln reagents to
unsaturated aldimines

The reaction most probably proceeda reaction of TMSN with acetic acid to
give HN; which adds to the unsaturated imine in a 1,4-taghiollowed by hydrolysis
of the imine effected by the liberated HCI from $36H,0, and addition of the tin
reagent to the resulting aldehyde.

In 2009, the group of Palacios reported the corigigddition of amines to anp-
unsaturated imine derived from ano-aminophosphonate to afforda-
dehydroaminophosphonates withy-stereogenic center bearing an amino group with
excellent yields. Depending on the amine, diffedmible bond isomers were obtained,
which could be isomerized to thE isomer by treatment with triethylamine in
dichloromethane. The reaction could also be perdrmm a multicomponent fashion
generating the iminin situ and subsequently adding the amine (Schemé®25).

Os R'=H,R?=H
Os H SP(EtO) :
P(EtO), r1N-R2 Are 2 R'=H, R?= p-CH3-CgH,
AI’\N/)\/\CHS - = H X 1 R'=H, R?= p-NO,-CgHy
CH,Cl, e N R R'=H,R?=CH,
Ar = p-NOz-CGH4 éz R‘l = R2 - (CH2)4
R'=R? = (S)-meth thyl lidi
exclusively E-isomer 1 P (S)-methoxyme y.pyrr0| ne
Ao R"=R* = (S)-pseudoephedrine
H,N” "R
CH,Cl,
O\\P(EtO)z
Ar\N X
P 1 H
(OEt,P CH3; R H3C/\N/\R1
AN Et;N, CH,Cl, H
H H R'= CH,CH;3 CH(CHa),
R'= CgHs, CH=CH, C=CH E/Z:62/38, 63/37
exclusively Z-isomer Diastereoisomeric mixture
o\\P(EtO)Z
A A R'= CgHs, CH=CH, C=CH
H CH,CH3 CH(CHa),
HsC N R exclusively E-isomer

Scheme 25Synthesis of-aminoe-dehydroaminophosphonates
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Later, in 2015, Maruoka developed a highly enaetedive aza-Michael reaction
of hydroxamic acid to quinone imine ketals catatiybg chiral boronic acids, allowing
the synthesis of densely functionalized cyclohezdSeheme 26

cC ™
OH
OH
NBz
(10 mol %)

+ Bz.

.Bz Bz
OH N O-N
N~ o-hitrobenzoic acid (50 mol %) O andlor 0
o o R 0\7 & )

) ¢ CH,Cl, -10°C, 16-68 h

R =H, alkyl,
alkynyl, aryl

Scheme 26Enantioselective aza-Michael addition of hydroi@atid to quinone imine
ketals

Even though different conjugate additions of phagshto a,$-unsaturated imines
have been reported during the last twenty y&atsthe first enantioselective example
involving a phosphorous nucleophile was not describntil 2012. That year, the group
of Leung reported the enantioselective hydrophosgitan ofa,p-unsaturated ketimines
with diphenylphosphine catalyzed by a chiral paltagtle yielding the desired enamino
phosphines with high yields and high enantiomexizesses (Scheme 27).

Ph_ Ph
'c.PI
N ¥ /NCMe
Pd_
o e
Nl *  Ph,PH oo PhoP HN
ArV\)\Ar2 : THF, Et;N, -80 °C AN a2

Scheme 27Enantioselective conjugate addition of diphengkythine to unsaturated
imines
2.1.3. Reactions involving sulfur nucleophiles
The first example found in the literature regardihg conjugate addition of sulfur
nucleophiles tax,f-unsaturated imines was reported by Shimizu in 200fs group

performed the double addition of thiols and tetyhdin to o,B-unsaturated aldimines to
give 1,3-amino sulfurs with variable yields and pdiastereoselectivity (Scheme 28).

TiCly (0.5 equiv.)
R2 R3SH (1.8 equiv.), R2 R'! = Me, "Pr, Ph
N| < Sn (0.5 equiv.) TR R = pMeOCet, PhyCH
R1MH R .  R®=alkyl, aryl, benzyl, ketone

EtCN-CH,Cl, (6:1), -85 °C - rt

Scheme 28Double addition of thiols and tetraallyl tin dgB-unsaturated aldimines
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The reaction most probably proceedi® a mechanism involving the initial
conjugate addition of the thiol promoted by TiCGbubsequent protonation is carried out
by the HCI liberated from TiGland the thiol to generate an imino species, wimahrn
is attacked by the allyltin to give the double maghilic addition product (Scheme 29).

B i ' TiCl
R2 3e ‘/«TIC|4 TIC|3 4
- . S 2 2 \ R2 2
/\)NI\ ﬂ, ) (N’R -HCl SR QN'R sr3 { |NR H,0 SR3 NHR
| W
R HoRsH o AU R1)\§kH RN " “
O H (AllysSn A J

Scheme 29Mechanism for the double nucleophilic addition

In 2008, Naito reported the regioselective hydrokgnylation ofa,B-unsaturated
oxime ethersvia a radical mechanism using triethylborane, thiopheand oxygen
(Scheme 30).

R': Me, Ph, CO,tBu

R2 EtsB (0.5 equiv_.) R2 OH
RWNOBn PhSH (35 equiv) RWNOBn CO,Et, SPh
3 02, CHchZ H 3 Rz: H’ Me
R RT, 15h SPh R R2 H, Me

Scheme 30Hydroxysulfenylation o#,-unsaturated oxime ethers

The authors proposed a radical mechanism in wHSBE} acts as an initiator for
the reaction with triplet oxygen leading to thenfation of the final products (Scheme
31)%

PhSH + Et;B PHSBEL,
CHs 0, j Et0,C._~_NOBn
Et0,c._J.__NOBn Lo
SPh o,
PhSSPh j
2 PhSH _ .
O/O O/O
PhSH
EtO,C _NOBn ~——1 EtOZCWNOBn
SPh SPh

Scheme 31Proposed mechanism for the hydroxysulfenylateaction
2.1.4. Reactions involving boron nucleophiles

In 2009, the group of Fernandez published the gatgs addition of
bis(pinacolato)diboron to differentp-unsaturated imines. The reaction was carried out
in the presence of MeOH as additive, an alcoxidehydroxide as base, and a
combination of copper chloride and a phosphinenligas catalyst, to obtain the
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corresponding-boryl imines with good conversions except in tlase of unsaturated
oximes (Scheme 32).

CuCl/PCy3 (3 mol %)
R =Bz (syn/anti = 3:7) NaO¢{Bu/MeOH
R = Ph (anti isomer)
R = nBu (syn/anti = 1:9)
R = OH (syn/anti = 1:1) B B

Scheme 32Cu-mediated conjugate addition ofpi1, to a,f-unsaturated imines

The corresponding imino boronates (except when@® could be oxidized with
sodium borate affording differerft-imino alcohols with excellent yields (Scheme
33)14

\

OH NR

@)\)‘\ NaBO; O)\)‘\ R =Bz, Ph, nBu

Scheme 330xidation of imino boronates with sodium perberat

In a later research, the same group studied tleetedff iron salts in the reaction.
They showed that the iron salt coordinates withrtifi@gen of the imine, increasing the
electrophilicity on theB-position. In this reaction, the boron nucleophdegenerated
upon interaction of bis(pinacolate)diboron and &f8CO; organocatalyst. Both, the
iron salt and the organocatalyst play in a syné@geay and none of them alone can
activate the substrates (Scheme*34).

JFe(acac),
NR RND . Bpin NR
@/\)LR- Fe(acac), G R B;(pin),/MeOH ©/\)LR.
PPhg/base
or R = Ph, nBu
base R'=Me

Scheme 34Iron-activated conjugate addition of boron nuplaites

In 2011, the group of Fernandez developed a highintio- and diastereoselective
synthesis of-amino alcohols frona,-unsaturated imines. The reaction was carried out
in a one-pot fashion involving a copper-catalyzedreioselective conjugate addition of
B,(pin), to the imine, followed by reduction of the imineiety with BH; or DIBAL-H
and oxidation of the borane with,®, in basic medium. The chirgtamino alcohols
were obtained with excellent yields, gosgh (reduction with BH) or anti (reduction
with DIBAL-H) diastereoselectivity and high enanmtieric excesses (Scheme 35§’
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o O

BB, #_k 1) BHy THF PCy,

6o O Ph,P /nMe

b MeOH 0., 0 W OH NHR <
e B DIBAL-H H
B" NR

P . - I =)
R=Bz Ph nBu  CUL"(@mol%)  Ar 2) NaOHMH,0, ' L*

base/rt

Scheme 35Enantioselective one pot synthesis of chiramino alcohols

Finally, in 2014, Kobayashi &dl. reported another example of enantioselective
conjugate addition of bis(pinacolato)diboron tgp-unsaturatedN-benzyl imines
catalyzed by a chiral copper-bipyridine complex vimter. After oxidation of the
resulting imino boronates with sodium perborgténino alcohols were obtained with
excellent enantiomeric excesses (Schemé®36).

N7 N
\
_ \
Bu=_ (6mol %) )=Bu
OH

Bn HO Bn
- Cu(OAc), (5 mol %) OH N~

N 1-
| +  By(pin), H,O, Tt 12 h z | R'= aryl
RV\)\Rz 2 RV\)\RZ R2 = Me, aryl

2) NaBO3-4H,0
H,O/THF, rt, 3 h

Scheme 36Copper-bipyridine-catalyzed enantioselective sgsis of chiraB-imino
alcohols in water

2.2. 1-Aza-1,3-butadienes as substrates in cycloatioin reactions
2.2.1. Diels-Alder and formal [4+2] cycloaddition eactions
2.2.1.1. Diels-Alder reaction

With minor exceptions, in this section we will ontpnsider reactions involving
conjugate imines and alkenes as substrates t®Ggmwembered aza-cycles.

a) Nonenantiosel ective reactions

The participation of simple,f-unsaturated imines as heterodienes in Diels-Alder
reactions typically suffers from low conversionempetitive imine additions or imine
tautomerization hampering or precluding [4+2] cylditions?®*°In 1989, the group of
Boger introduced the use af,-unsaturatedN-benzenesulfonyl imines with the
expectation that the presence of an electron-wathioirg substituent would accentuate
the electron-deficient nature of the 1-aza-1,3-thetae and accelerate the [4+2] reaction
with electron-rich dienophiles. This group reportkd reaction of these substrates with
different alkenes to give the correspondindN-benzenesulfonyl-1,2,3,4-
tetrahydropyridines with moderate yields and exrlldiastereoselectivities (Scheme
37)%
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SO,Ph

Rl _ N OR'
|
T

R3

heat and pressure

B

+

SO,Ph
Rl_N_ _OR'
|
R? R
R3

=H, CHz Ph
R2 H, CH,
R®=Ph

R' = Et, CH,Ph
R=H, CH,

Scheme 37Diels-Alder reaction of,p-unsaturatedN-benzenesulfonyl imines with
vinyl ethers

The scope of the Diels-Alder reaction withB-unsaturatedN-benzenesulfonyl
imines has been expanded with different dienophdésaining a wide range of
tetrahydropyridines with a high control of diastselectivity (Scheme 38§,°*and the
reaction has been applied in the synthesis of mhinyogically active natural

products®®°
OEt SO,Ph
H,Ph
oy OCH,
OEt SO,Ph
OEt SO,Ph I OAc \ 2 oR
o N.__OCH,Ph oY
| OCH,Ph
OAc [ OR Ph
Ph OAc W
AcO
OCH,Ph OR
OEt SO,Ph [ Ot SOzPh
OEt SO,Ph o _N e OR
N__OMe
© | |"om RV
€ MeO OMe Me
Ph / \/(j
OEt SOzPh OFt SOzPh
N
o7 I R
“Me
Ph Ph

Scheme 38Synthesis of tetrahydropyridines frang-unsaturated-benzenesulfonyl
imines

On the other hand, Fowler introduced in 1990 the o N-acyl-a-cyano-1-
azadienes, which have been applied as dienophileza-Diels-Alder reactions with
different kinds of dienes obtaining the cyclic adduwith variable yields (Scheme
39)5¢
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x
RS otepms  TMscN R OTBDMS R X
ﬂv'l‘ AICI, LN x\)' 1L
_ — = \ — N0 —> &N

R = Ph, CH, /\/XTCI CN O CN o
o) X = CH, CH,CH, O
Ph
1) Ii KT
NC™ N 7 =
Ac R

Ph
95% T f - R= CHzCHzCHzCHa

Ph, OC,Hs CO,CH;

CN"SN
Ph Ph HiC Ay, Ac Ph
Ph WPHO Ph
| o 0 ooC I I
80°C
NC” >N~ ™CH; NC~ "N~ “CH, N~ ™CH; NC
| | I
Ac Ac
5:1 (80%)

<1:10 (5%)
Scheme 39Examples of aza-Diels-Alder reactions wikacyl-a-cyano-1-azadienes

Recently, the reaction between,-unsaturated N-sulfonyl imines and 2-
trimethylsilyloxyfuran catalyzed by nickel(ll) hd®en described by the group of Wang.
For this reaction, the authors propose a cascaddansm involving a vinylogous
Mukaiyama 1,6-Michael/Michael addition sequencewkich 2-silyloxyfuran performs
as nucleophile and electrophile sequentially. Thgthodology combined with
subsequent reduction provides a facile access tdodically important fused

piperidine/butyrolactone skeletons in good yieldthwexclusive diastereoselectivity
under mild reaction conditions (Scheme 20).

o. R
0=% R' = akyl, aryl, styryl
: OTBS »anyl,
N-SOR Nil) 5mol %) Rz _N_J R2 = H, Me, aryl
- —_— T
RN | R2 ' ~©  MeCN, 80°C | . o R’ = p-tolyl, pyridin-2-yl,
MS4A 1830 h §1 H (dr > 20:1) thiophen-2-yl, 4-nitrophenyl

Scheme 40Diastereoselective synthesis of fused piperithumgtolactone compounds

Highly reactive benzines have also been used asopléles in the [4+2]
cycloaddition of benzyne and different 1-azadigiwesbtain 1,4-dihydroquinolines with

moderate to good yields (Scheme %1Jhe resulting dihydroquinolines were converted
into 2,4-diarylquinolone&®

[ lge
/—R
PhCI R' = aryl, benzyl, Ts, Boc
co reflux | R?=H, 4-MeOCgH,
2 12 2
N R N R
R

Scheme 41Synthesis of 1,4-dihydroquinolines
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b) Asymmetric diastereosel ective reactions

In 1998, Tietze reported the synthesis of tetrabtydnd dihydropyridines by the
hetero Diels-Alder reaction of enantiopurg-unsaturatedN-sulfinyl imines and enol
ethers (Scheme 42). The reaction was performedl &ldar of pressure and led to
tetrahydropyridines in high yield, gooshdo/exo selectivities, but with low induced
diastereoselectivities (up to 2.1:1). The reactthd not work with tetrasubstituted
alkenes. The sulfinyl group could be removed witkLiifollowed by treatment with
acetyl chloride or dimethyl sulfate. An example ioframolecular reaction was also

reported’’
Ph Eh
“__CN _CN
R“JJ R%Q(
R? R?
Tol”$ 0" Tol* S 0"
CN RlOH 11 Kbar
— endo | endo Il
+ + —
Ph\/vN\S/O R2>—<H N o oh
Tol CN
1
R' = EtO, PhS, tBUO, MeS, MeO, Me R R
R2= H, MeS, Me R & R o
Tol”+ 0 Tol”+"0
exo | exoll

Scheme 42Diastereoselective Diels-Alder reaction witfi-unsaturated-sulfinyl
imines

In 2005, Barluenga described a single example a$tdreoselective Diels-Alder
reaction between an unsaturated aldimine and aynwllcarboxy)carbene complex
derived from (-)-8-phenylmenthol. The resulting ydilhopyridine was obtained with
98:2 diastereomeric ratio and the chiral auxiliaopld be removed by treatment with
[Cu(MeCN)]BF, in wet CHCl, to give an aldehyde group with 99.5%’&e.

Boger has developed a procedure for the diastdesmise Diels-Alder reaction of
N-sulfonyl-1-aza-1,3-butadienes with optically aetienol ethers derived from chiral
benzyl alcohols on-hydroxy lactams as dienophiles (Scheme 43). Theti@n was
highly endo selective and the highest facial selectivity whtamed with the enol ether
derived from 3-hydroxypyrrolidin-2-one (48:1). Tipeotecting group on the nitrogen
can also be amenable to variation although the bestlts were obtained with
arylsulfonyl groups. The high diastereoselectivitgs attributed to a highly organized
[4+2] cycloaddition transition stafé.

SOzPh 0 SO,Ph 0o
|
N o, é N._O
+ TN —— : NH
A W CHC, q —~/
CO,Et COLE

Scheme 43Diastereoselective Diels-Alder reaction with ehienol ethers
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A similar strategy has been reported by Palacidsubing enamines derived from
a-amino acids as dienophiles obtaining modest diasselectivities>

c) Asymmetric catalytic reactions

A first attempt of enantioselective Lewis acid-¢gtad Diels-Alder reaction with
1l-azadienes was carried out by Motorina in 199% ifitramolecular reaction of a 1-
cyano-l-aza-1,3-butadiene was achieved in the pcesef Cu(ll)-BOX complexes.
Although the reaction proceeded under smootheritiond than the thermal process,
very low enantiomeric induction was observed (84)./*"°

In 2007, Carretero &l. developed the first highly enantioselective azaldiAlder
reaction of vinyl ethers witiN-sulfonyl a,p-unsaturated imines derived from chalcone
using a DBFOX-Ni complex as catalyst. The choicetla# N-(8-quinolinesulfonyl)
group attached to the imine nitrogen was cruciablitain the cycloadduct with high
stereocontrol (Scheme 44).

\
L8 | N Cr (3
R /N—S / Ni(ClO,4),'6H,0 0O
\L‘ o DBFOX-Ph 0.S o o
™ Pr o 2 2

CH,Cly 1t,3-5d | ‘;h P

R = alkenyl, aryl _
R2 = alkyl, alkenyl, aryl R? DBFOX-Ph

(5 equiv)

Scheme 44Enantioselective synthesis of chiral lactams

In most cases, the products were obtained with natelgields (61-73%) and good
to excellent enantiomeric excesses (77-92%). [ffervinyl ethers including
dihydrofuran were good substrates for the reactiryl substituents of different
electronic and steric nature at fheosition (R) were tolerated. In contrast, substitution
compatibility at the imine carbon was more limitedh a dramatic drop of yield and
enantioselectivity being observed with bulky gro@®5= naphthyl)’®"’

Recently, Rovis has developed an enantio- and esteastelective formal [4+2]
cycloaddition involving nitroalkenes and l-azaderas two electron-deficient partners
(Scheme 45).

PoP POP " Z "N S "
_ 0
R 1. Zn(OTf),, F-BOPA (20 mol %) L R2 t\/ \ H N)/j)

\
Z_

2
“ ¥ ]\ toluene, -38 °C, 4 AMS R/\(
R®” "NO, 2.2ZnCl, NaCNBH; MeOH \'"NO, 3
R! ’ 51 R3 Bn Bn
F-BOPA

Scheme 45Formal [4+2] addition of 1-azadienes and nitreaks
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The resulting nitropiperidines were obtained withod yields, diastereoselectivity
and variable enantioselectivity (46-92% ee). Theetebnic properties of the aryl rings
at the 4-position of the azadiene have no appa&féett on the yield and enantiomeric
excesses remained high in all the cases. Howexthig substitution, although tolerated,
produced lower yields and enantioselectivities pditic enal-derived azadienes were
not competent substrates and chalcone derived smagpired higher catalyst load and
gave the cycloadducts with lower yield and enaetedivity. Only nitroalkenes
bearing aliphatic substituents at tpgosition of the double bond were reactive, and
sterically more-demanding nitroalkenes requiredgé@nreaction times. The reaction
uses zinc as catalyst and a novel BOPA ligand. gresence of two fluorine atoms in
the ligand was essential, by limiting the undesicedrdination of the azadiene to the
Lewis acid, thus allowing the reaction to be carmut at lower temperature. The
reaction seems to proceed in a stepwise mechanigoiving initial conjugate addition
of the imine nitrogen to the nitroalkene followeg dbnjugate addition of the resulting
nitronate to the unsaturated iminidfh.

A bifunctional organocatalytic strategy for the Bti@selective construction of aza-
spirocyclic skeletons has been developed by Warmgugih the Diels-Alder reaction
between cyclic keto/enolate salts and 1-aza-1,aebemes. The desired products were
obtained with good yields, diastereo- and enangosgities (Scheme 46). The use of a
bifunctional organocatalyst bearing a primary anand a thiourea moiety was essential
for the success of the reaction, which is beliet®@dake place through a double
activation mechanism in which the primary aminevates the enolate via iminium
formation while the thiourea moiety activatesMisulfonyl azadiene through hydrogen
bond formatior(?

NTs cat (10 mol %) OH_/

ACOH 20 mol %) TeN~ oo M
R —
COR’ A13°C RY 0
X=CH, O,S R = Aromatic COsR'
heteroaromatic
R' = Me, Et

X

Scheme 460rganocatalytic Diels-Alder reaction between iykkto/enolate salts and
1l-aza-1,3-butadienes

On the other hand, Masson has reported the enalgabise Diels-Alder reaction of
l-aza-dienes with enecarbamates catalyzed by ghiv@éphoric acids to give 4,5,6-
trisubstituted 1,4,5,6-tetrahydropyridines. Theuli#sg products were obtained with
high diastereoselectivity favoring the &lbns isomer and with excellent
enantioselectivities in most of the examples (Sahefid). The authors proposed a
highly asynchronous concerted mechanism with thelcbhosphoric acid serving as a
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bifunctional catalyst with the OH group activatitigg 1-azadiene as Brgnsted acid and
the phosphoryl oxygen atom activating the enecasbams a Lewis base.

R’ R?
3 3 ' 4
R\ﬁ JI/NHcozR4 cat(10mol %) ROLC |N NHCOR
+ —_—
N RS CH,Cl, RS
R2 R2

R'=Ar, R?= Ar, R® = CO,R, Ar
R*= ArCH,, tBu, R5= Me, nPr

Scheme 47Enantioselective Diels-Alder reaction of 1-azardis with enecarbamates
catalyzed by chiral phosphoric acids

2.2.1.2. Base-promoted formal [4+2] cycloadditions with carbonyl compounds

The sequential Michael addition of carbonyl endate 1-aza-1,3-butadienes
followed by a intramolecular nitrogen nucleoph#ittack to the carbonyl group allows
the synthesis of 6-membered aza-cyclic compound&sfexample reported by Jones
in 1988 involved the Michael addition of diethyl lmaate to 2-(1-alkenyl)-2-
imidazolines to give the 1,4-adduct which cyclizkding chromatography on silica gel
to a hexahydroimidazol[1,2-a]pyridiffé.

This strategy has been employed by Palacios irsyn¢hesis of fluorinated 3,4-
dihydropyridin-2-ones from azadienes and est&gisa Michael addition/lactamization
reaction. The reaction with dimethyl malonate had¢ carried out at rt to avoid 1,2-
addition to the imine. The required fluorinated atusated imines were preparéad a
Wittig-Horner reaction. Both, the Wittig-Horner atite cyclization reactions could be
achieved in a one pot manner (Scheme®48).

R2 COMe 1. BuLi, 0°C
Y 2
il R® R, NH W 0 NH,
R1 \ RF LDA 78 oC R3 € R (OEt)zllDl\/\
IOTRON RPN SR, RA__COMe Re
R = CFa, CF,H  NaH/THF, 25°C \fa
R"=aryl R2 = alky, CO,Me R
RS =H alkyl 2. LDA, -78°C or
' NaH, 25°C

Scheme 48Synthesis of dihydropyridin-2-ones and pyridinesMichael/cyclization
strategy

The same authors extended this methodology toytmhesis of pyridines by using
nitriles instead of esters and performing the fieaait rt (Scheme 49Y.
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NH NH,
LDA R2
R1&\)J\RF + RR_CN — - | N
780 >
Re = CF3, CF,H, CoFs  R2=Ph, CN 78°Ctort R Re

R = aryl
Scheme 49Synthesis of fluorinated pyridines

However, when malononitrile was reacted wiilp-unsaturatedN-tosyl imines
derived from chalcone under dual hydrogen-bondegjth catalysis, Lu and Xie
obtained chiral cyclohexa-1,3-dienes instead oketkgected dihydropyridines. By using
cinchonine as catalyst moderate yields (31-53%)gaudl enantioselectivities (81-91%)
were obtained (Scheme 50).

Ts MeO
| CN
| XX | A + 2<
S P X CN
R! R2

Scheme 50Reaction betweeN-tosyl B,y-unsaturated imines and malononitrile to
obtain the corresponding cyclohexa-1,3-dienes

The authors propose a stepwise mechanism involanljlichael addition of
malononitrile to give an intermediate that undesy@e Knoevenagel condensation,
followed by an intramolecular cyclization and a tpro transfer resulting in the
corresponding cyclohexa-1,3-dienes (Scheméb1).

Scheme 51Proposed mechanism for the formation of cyclohe@adienes
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2.2.1.3. Acid-promoted formal [4+2] cycloadditions with carbonyl compounds

Under acidic conditions 1-aza-1,3-butadienes haeenbshown to undergo

cyclocondensation with3-keto esters and 1,3-diketones to give acyl suhstt
dihydropyridine$>8

The first enantioselective version of this reactiaas reported by Gong in 2008 in a
three-component manner using-unsaturated aldehydes, primary amines and 1,3-
dicarbonyl compounds (Scheme 52). The proposed amésth for this reaction
involves thein situ formation of the unsaturated imine by condensabetween a
primary amine and the unsaturated aldehyde, whidengo a 1,4- conjugate addition
with a 1,3-dicarbonyl compound followed by condeimaand dehydration. The use of
a chiral phosphoric acid that activates the imatetb the formation of enantioenriched
products. The reaction allowed variation in all teactants and the dihydropyridines
were obtained with excellent enantiomeric excesBes.procedure is also applicable to
2,4-pentanedione as nucleophile, although in tasedower enantioselectivities were

obtained®’
oy
o. 0O
Pl
, ~OH
(o}
‘O (10 mol %) R
o o Ar COR,
R1/\/CHO + RNH, + RSJ\/U\R“ Ar = 9-phenanthrenyl ]
3
R' = aryl, nP 2 3_ PhCN N” R
aryl, ner Rs=aryl R°=Me, Et 50°C, 36 h R2
R* = OMe, OEt,OiPr,
Oallyl, Me ee = 66-97%

Scheme 52Three component asymmetric synthesis of dihydidmes

Later, Zheng and Zhang reported a similar reactuath p,y-unsaturated-keto
esters instead of enals and pentanedione instdest@esters, using in this case a chiral
imidodiphosphoric acid as catalyst (Scheme 53). fdection performed with high
enantioselectivities but low yields in most of tteses.

Ph Ph
Sedgrvee
OR' O;ﬁ\N_—:—_ﬁ\’g
© 994 SO
S NH, Ph Ph
= o 0 (5 mol %) |
+ 1
Ar ©\ - AN N OR

X toluene, 50 °C, 48 h

o}
R'=Bn, alkyl X =Hal, MeO /©
X

Scheme 53Reaction betweeffyy-unsaturated-keto esters, aryl amines and
pentanedione

A mechanistic proposal by the authors involveddbedensation between tRe-
unsaturatedi-keto ester and the aryl amine to giveB,g-unsaturatec-imino ester
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which is activated by hydrogen bonding with thedophosphoric acid at the same time
as the pentanedione. Michael addition followed bwck of the amino group to the
carbonyl group and dehydration would deliver theath,4-dihydropyridines (Scheme
54)88

N
OpN._ 07
o) \ ﬁ\o\
o0, 0O
H\ ®
-cat (O Q
-~ |
s U
o R
R2Z O

Scheme 54Mechanistic proposal for the cyclization reaction

A formal [4+2] cycloaddition reaction betweetp-unsaturatedN-tosyl imines and
aldehydes to give dihydropyridines catalyzed byuenenium porphyrin complex as
Lewis acid has been developed by the group of Nbaisu The reaction provided the
cycloaddition products with unprecedented subsbitupatterns. Reduction with Sgnl
yielded the detosylated dihydropyridines (Scheme 55

Ar
TfO

Ar

Ts Ar 1e R"= aryl
2 R2. N -
R2__N ) HTO A R2= H, aryl
e R3 Ar (2mol %) R3 R3 = alkyl, aryl
1
R toluene, 80 °C, 3 h R

Scheme 55Ruthenium catalyzed synthesis of unsymmetridayatiopyridines

The authors proposed a mechanism in which theysathbth activates the imine
and forms the enolate. After the 1,4-addition stbp, corresponding dihydropyridines
would be obtained upon attack of the nitrogen atonthe carbonyl group and water
elimination (Scheme 56¥.

26



Literature Review

+

OH Ru (0]
R3 7 H - Rg\)J\ H
tautomerization
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RU-OH2 ?"H
RS _R
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3
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Scheme 56Reaction mechanism for the ruthenium catalyzedhggis of
dihydropyridines

2.2.1.4. Formal [4+2] cycloadditions with carbonyl compounds via enamine activation

Nucleophilic activation of carbonyl compounds candehieved by conversion into
enamines upon treatment with catalytic secondarpronary amines. The group of
Chen reported in 2008 the aza-Diels-Alder reacbetweena,B-unsaturated\-tosyl
imines and aliphatic aldehydes in the presencehefHayashi-Jgrgensen catalyst, a
prolinol derivative (Scheme 5%.

Ph

O)(Ph

N OTMS OH
N/TOS H (10 mol %) Tos B \R2 R =H, Me, alkenyl, aryl
! + R2_CHO AcOH (10 mol %) N" " R'=Me, COEL anyl
RJ\/\W ~ — > g \u Nt RP=H, Me, Et iPr, BiO(CHy),
CH3CN/H,0
RT, 24 h

Scheme 57Enantioselective Diels-Alder reaction betw@éetosyl a,f-unsaturated
imines and aliphatic aldehydes

The obtained hemiaminals were subjected to diffetesemsformations such as
oxidation of the hydroxyl group to give pyrimidonesehydrogenation to pyridines,
hydrogenation to dihydro- or tetrahydropyridinest bydrolysis to dicarbonyl
compounds keeping intact the integrity of the dhiemter (Scheme 58).
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Tos\N WS Et,SiH PCC. N N
BFgEtzo 40°C, 6h «

Bh X Bh w C, 4h / Ph Ph

55% yield, 99% ee oH 67% yield, 98% ee

EbSH OSSN MnO, CHCly 2
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Tos,\N AN 2t
FeCly-6H,0, o Ph
o . CyzCIZ’ Phw
72% yield, 9% ee 0°C, 8h r
91% yield, 95% ee

Scheme 58Synthetic transformations of a chiral hemiaminal

Over the following years, these authors have expdrttie applicability of this
methodology with different aldehydes, obtaining &evrange of chiral aza-cyclic
compounds with high enantiomeric excesses (Schéyg %'

X, R'= aryl, CO,Et
\( R2 = Me, aryl CO,Et
R R2 R® = Me, Et, nPr
R4=H, Me
Ph X=OH,Y=H
N OTMS | R3_ -~ _CHO
H (10 mol %) W4/\/
R 1) Ph
1) BzOH (10 mol %)
Ph
CH4CN/H,0
Okom CNH, L s
H (10mol %)  -10°C, 8-12h H (10 mol %)
PhCO,H (10 mol %) or o-fluorobenzoic acid
i, 2-6 h 0
CHLCN (10 mol %) 7
\Q “ j 2) IBX, 35°C N-TOS CH3CN/H,0, RT N-TOS
—_——————
| 2) TMSOTY (20 mol %
H R1J\/\R2 D)CM’ RT ( 0) R”’ — R2

0 x_CHO
R'= aryl, CO.Et " o YV
R? = Me, CO,Et, aryl Ph
WOTMS

N _Tos
H (10 mol %) Ar~ N~_CHO N
BA (10 mol %) RIY NP g2
CH5CN/H,0, rt
2) DCM, TFA, rt R = aryl, CO,Et
R? = Ph, CO,Et
R'=Ph, CO,Et \
= aryl, CH=CH,Ph, CO,Et T X
X = CHy, NMs, S Tos. QY
Y=CH,, O R X R2

Scheme 590rganocatalytic enantioselective Diels-Alder teats with aldehydes

The same authors have also studied the enaminatat strategy in the reaction
of 1-azadienes derived from saccharin and inteedipyclic 2,5-dienones. The reaction
catalyzed by 9-amino-9-deoxyepiquinidine and benzmid yields the cycloadducts
with exclusive d,e-regioselectivity, and excellent diastereo- and népaelectivity.
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Remarkably, the reaction does not work with fullgngigate 2,4-dienones. The
substrate scope is wide and besides saccharinatlees, 1-azadienes with the 1,2,3-
benzoxathiazine-2,2-dioxide motif and acyclic uosated N-tosyl imines are
appropriate substrates in this reaction (Schemé&®60)

“NH,
(20 mol %)
R2 2-hydroxybenzoic acid
N X (40" mol %)
| _ N toluene, 35 °C
= Q R' = alkyl, aryl
X=-S0,- Rt 7@\/\/ R®= H, nPentyl, Ph,
> 3 CO,Me
- - R4 xR 2
0S0; R R4=H, Me

Scheme 60Cycloaddition of 1-azadienes and interruptedicyZJ5-dienones

Moreover, the group of Chen reported the enangasee synthesis of
hydropyrano[2,3]pyridinesvia a sequential aza-Diels-Alder/oxa-Michael reaction
between enone enals and unsatur&tédsyl imines with variable yields but excellent
enantiomeric excesses (Scheme 61). The reactiom alswed the synthesis of
hexahydrofuro[2,3-b]pyridines enantioselectivelyowéver, attempts to construct a
fused oxepane ring were not successtul.

o)
0
5 )V\M/\/CHO Ph o)
n [HPh R

R F
R = Me, aryl, OEt H OTMS l ( o)
. (20 mol %)  ( _ OH TFA n
> - . NTs CO,H
NTs OFBA (20 mol %) NTs P OFBA
MeCN/H,0, 30 °C R” E
RV\)J\cozEt R1" 7 CO,Et COEt
R'=aryl

Scheme 61Asymmetric sequential aza-Diels-Alder/oxa-Micheection

Very recently, Liu etal. accomplished the asymmetric synthesis of ringduse
piperidines in a one-pot operation from cyclic haminals and,-unsaturatedN-tosyl
imines using the Hayashi-Jgrgensen catalyst (Schéf)e The piperidine fused
products containingyl,O- or N,N- acetal moieties were obtained with variable yiehdg
with full diastereoselectivity and enantiomeric esses above 99%.
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Ph

X _+OH N
RS—Q v "o oM T X LS R2
I HX _HO. _N_ _R2 p-TsOH
n RV\)\RZ _ Gomol) R3w R3w

X=NTsorO _ 4-NO,PhCOOH CH.Cl, '
n=0or1 R’ = aryl, styryl CH4CN, 1t, 12-16 h n = 40°C,4h n i
a_ R? = CO,Et, CO,iPr R’
R* = alkyl, aryl
COan

Scheme 62Synthesis of piperidine fused products

Finally, the group of Chen has reported the cydidszh between 1-aza-1,3-
butadienes containing a 1,2-benzoisothiazole-lokide or 1,2,3-benzoxathiazine-2,2-
dioxide motif and conjugate linear dienals in thregence of the Hayashi-Jgrgensen
catalyst to give chiral cyclohexene derivativesmaekably, in this case the 1-azadienes
react as regio- and chemoselective dienophilesormal-electron-demand Diels-Alder
reactions with HOMO-raised trienamines (Scheme®3).

Ph
[y Lo
N OTMS

H (20 mol %)

salycylic acid (20 mol %)
CHCI; 40°C
R’ RS
X=0,8 Al CHO
R"= alkyl, aryl
R2= H, 6-Br R®=aryl

Scheme 631-Azadienes as dienophiles in Diels-Alder reaxdio
2.2.1.5. Formal [4+2] cycloadditions with carbonyl compounds via acyl activation

Nucleophilic addition of tertiary nitrogen atoms @cid derivatives yield-acyl
ammonium derivatives, increasing the acidity of thdiydrogens and therefore
activating the nucleophilicity of the carbonyl coogymd. Chiral guanidines and
isothioureas have been frequently used as acylaticin catalysts in asymmetric
synthesis. In 2012, the Smith group reported trengoselective conjugate addition of
carboxylic acids td\-tosyl a,p-unsaturated imines catalyzed by a chiral isotl@auo
yield dihydropyridones (Scheme 64)In a later work, the same authors extended this
methodology to imines derived froyoxo-o,p-unsaturated esters with excellent results
using (-)-tetramisole hydrochloride as the catal¥st

o

Phu. N
Ar' C
' \)J\OH N/Ls (20 mol %) o

Arl,, _Ts
+ Ts\lN (CH3);CCOCI (2.0 equiv.) J)\j“\
v\ AN NG

ARTSAProNEt (4.5 equiv.)
THF, RT, 2 h

Scheme 64[4+2] Cycloaddition of carboxylic acids and unsated imines catalyzed
by isothioureas
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The authors postulate a mechanism in which nucliéo@udition of the catalyst to
a mixed anhydride formemh situ is followed by deprotonation by a base to give an
ammonium enolate which undergoes a Michael additith the unsaturated imine, to
give an acyl ammonium cation which is intramoledylattacked by the imine nitrogen
to give the final dihydropyridone (Scheme 8%).

O

Ar1//,, Ts

AN S At
dihydropyridone V N ;<Nj©

lizati

A cyclization o )\/ N-acylation

S)
TsN™ X

@4 .y vt““ A0

acyl ammonium

Michael
addition iProNEt
%w e
Arz/\/lkArs iProNEt - HCI
ammonium enolate

Scheme 65Mechanism of dihydropyridone formation

The group of Smith has also described the enatictsee formal cycloaddition of
bench-stableN-acyl imidazoles withB-trifluoromethyl a,f-unsaturated ketimines and
a,f-unsaturated saccharin derivatives catalyzed himarea hydrochloride salts in the
absence of base with moderate to excellent enahidsvities (Scheme 66). Detailed
mechanistic studies revealed the importance ofith&lazolium effect” in promoting
reactivity and highlighted key differences withditional base-promoted process&s.

}—N ‘HCI
o) o \) “'Ph (0]
R o+ (20 mol %) R,
N\\N Ph/\)J\CFS 4>M o /O
(1.5 equiv) e Ph CF,
R = aryl, styryl
o NF—g’ HCl

(0]
RJJ\N/\\N ' F>hc)28\|N A (égr(:o:%) iv.) R NSO,Ph
_ c 1 equiv. >
(15 equiv)\\/ Etozc/\)\Ph - 0,0
Et N

Ph

MeCN, rt

@\}—N HC
O

.

(15 equw)\\/ ArN@ (20 mol %)

R= aryl, styryl EtOAC, rt

Scheme 66Enantioselective cycloaddition between acyl immas and different
Michael acceptors
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Pericas and lzquierdo have developed a PS-suppeadtdourea catalyst that has
been used in batch and flow processes for the agidiion of carboxylic acid esters
anda,B-unsaturatedN-tosyl imines derived from chalcones or conjugatenes derived
from saccharin with excellent enantiomeric exce¢Seseme 67)%2

AT
thNS) .

NTs 3 R'=aryl
A, T R CoE (15 m°' %) T \J’“\)tfR R? = a?;l

R R > ) =
(1 equiv.) (2 equiv.) PivCI (1.75 equiv.) RIVX"R2 R3=anl

iPr,NEt (2.0 equiv.)
CH,Cl, (0.2 M), 2 h, 0°C to rt

Scheme 67Enantioselective synthesis of chiral lactams \&ifRS-supported
isothiourea catalyst

N-acyl activation has also been employed for thahsgis of pyridines when the
acid derivative bears a leaving group on thearbon. According to this strategy, the
group of Smith reported the synthesis of functiaeal pyridines by reacting
(phenylthio)acetic acid and-tosyl a,f-unsaturated ketimines @rtrifluoromethyl a,f3-
unsaturatedN-tosyl imines in the presence of an achiral isatlea catalyst (Scheme
68).103

R sph @ (CHa)sCCOCI (1.5 equiv.) R
iProNEt (1.5 equiv.)
7 + > X R = CO,Me,
N HO X0 b) N < | _50,ar  COsBn, CFy
R SOLAr (20 mol %) N" "0 R'=aryl, tBu, CF3

/PerEt (1 equiv.)
THF, 80°C, 16 h

Scheme 68Synthesis of pyridines fromm,-unsaturated\-tosyl imines and
(phenylthio)acetic acid

The reaction takes place through acyl activation iasthe synthesis of
dihydropyridones, but after the cyclization stepg tresulting lactam undergoes
elimination of thiophenol followed by a thermigd} to O- sulfonyl migration affording
the corresponding pyridines (Scheme 69).

R

N- to O-
Base | B sulfonyl fj\
'PhSh R N transfer ~SOLAr
SOzAr SOQAT

Scheme 69Elimination and sulfonyl migration affording pglines

A similar strategy for the synthesis of trisubgetl pyridines starting fronp-
chlorophenyl chloroacetate amgB-unsaturatedN-tosyl imines has been employed by
Chi using 4-dimethylaminopyridine (DMAP) instead afi isothiourea as the catalyst
(Scheme 70y%*
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R
o NO, )
Cl\)koji ] AN
R” R

~ b)60°C, (CH,Cl),, 6

R R =aryl
X R' = aryl, alkenyl
| R"=Ts, SO,CHj
' “ SOZ-p-CH3OCGH4

R™ 'N° "OR"

h

Scheme 70DMAP catalyzed synthesis of trisubstituted pyres

The mechanism of this reaction is similar to thattlee reaction catalyzed by
isothiurea, with the DMAP activating the acid thgbuthe formation of arN-acyl

pyridinium cation (Scheme 71).

R
o Vo
/N
Ts" O N\
N\ @
N/
/

base

o
C|\)'L’\®\
©
X \N/

l base ~
(0]

R OR

0]

CI\)kOAr

R

Scheme 71Mechanism for the formation of pyridines catalyisgy DMAP

Recently, Du and Lu reported a similar reactiomlyaed by DMAP using-bromo
acetic acid instead of the-chloro acetic ester justified by the lower prick the
nucleophile. This new methodology was also exteriddelle synthesis of fused pyridin-
2-ones using cyclic 1-azadienes derived from saotha electrophiles (Scheme 79).

ji (1.2 equiv.)
NN Ny
\% \Q/ R1
DIPEA (5.0 equiv.)
Nl/TS DMAP (1.2 equiv.) S
OH & NN
Br Y + R1/\/I\R2 12-DCE, 70°C, air, 8-12h R* N~ O
0 R' = aryl o
R2 = aryl, alkyl P (1.2 equiv.)
NTTNT Ny
=\ 0
XN DIPEA (5.0 equiv.) XN
OH / DMAP (1.2 equiv.)
N G . \
0 g R® 1,2-DCE, 70°C, air, 3-5 h R?
X =-S0,- X = -SO,-
X =-0SO,- X = -0S0,-

R® = aryl, alkeny!

Scheme 72Synthesis of pyridines and pyridin-2-ones frethromoacetic acid
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2.2.1.6. NHC-catalyzed formal [4+2] cycloadditions with carbonyl compounds

In 2006, in the context of N-heterocyclic carbemHC) catalysis studies, the
group of Bode recognized that protonation or tragpaf Breslow-type intermediates
should lead to catalyst-bound enols or enolatesggoior C-C bond formation (Scheme
73).

OH
O ( J .
RN X N /\/l\(
o~ RSN —
RN—7 proton transfer
enal Breslow homoenolate
intermediate equivalent
N)\( or R1W C-C bond formation
RN\/X and catalyst turnover
enolate enol

Scheme 73NHC activation of enals

By implementing this strategy, this group used thenerated enolates as
dienophiles and developed the first NHC catalyzadldDAlder reaction witha,f-
unsaturatedN-sulfonyl aldimines. To increase the electrophijicdf the enaltrans-4-
0Xx0-2-butenoates were used as substrates. Hindigaedlium catalysts were required
to avoid formation ofy-lactams resulting from 1,2-addition to the imitdnder the
optimized conditions, dihydropyridones were obtdinveith fair yields and excellent
enantioselectivities (Scheme 74).

- Mes
N
(10 mol%) (/+/\N
N
S \S le) R1
0o ArO,S o i
r N iy
__ R s N Lo A0Sy R'= Me, OEt, OtBu, Ph
H HJ\/\R2 DIPEA (10 mol %) « R2= aryl, n-Pr
(o] R2

10:1 Tol/THF, rt
Scheme 74NHC catalyzed Diels-Alder reaction of enals andaturated imines

The authors postulated a mechanism in which theddrZ-enolate reacts as the
dienophile with theo,f-unsaturated imine through amdo transition state (Scheme
75).106
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Scheme 75Mechanism for the NHC catalyzed cycloadditiorenéls and unsaturated
imines
In 2011, the group of Ye described the Diels-Aldédition of ketenes to 1-aza-1,3-
butadienesvia NHC catalysis obtaining chiral dihydropyridoneshid procedure
represents the first example of enantioselectiveloegldition reaction witha,p-

unsaturated\-tosyl imines in which a quaternary chiral centergenerated (Scheme
76).107

0
1) XN@ BF,
N

Gl
Ts (20 mol %) Ts
0 N Ar2 Cs;CO3 (40mol %) O _N_ A  R'=Et nPr, nBu
ji + ’/;[ \ benzene, rt, 12 h R1-U R2= H, CO,Et
ARy D R 2) DME, rt, 24 h Al L R®  R®=H, COt

Scheme 76NHC catalyzed synthesis of chiral dihydropiriderieom ketenes and
unsaturated imines

Later, they applied this methodology for the asyrmmimeconjugate addition ofi-
chloro aldehydes toB-trifluoromethyl B,y-unsaturated iminessia NHC catalysis
obtaining the correspondingi-tosyl or N-boc protected lactames with excellent
diastereomeric ratios (dr > 20:1) and enantiomeximesses (96-99%). According to the
exclusivecis-stereoselectivity observed in the obtained lactains authors suggested
that the reaction takes place through a conceded][cycloaddition reaction pathway
instead of a stepwise mechanism involving a Michiyple reaction followed by
intramolecular cyclization (Scheme 77§:1%°
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L Ol BF4 R/\)J\H 03\ BF4

N N 1+
1= N = =N
R :'\r A(;O . = “Ph/Mes R = Ph, alkyl \= “Mes
2 (5-10 mol %) (10 mol %)
Cs,CO;4 (10 mol %) Cs,CO; (10 mol %)
DIPEA (3.0 equiv.) DIPEA (3.0 equiv.)
DCM, 0 °C/rt 1,4-dioxane, 4 A MS, rt

Scheme 77Enantioselective synthesis of trisubstitutedalHactams fronuo-
chloroaldehydesia NHC-catalysis

In 2012, the group of Rovis developed a procedaretfie NHC asymmetric
cycloaddition of simple aliphatic aldehydes witf-unsaturatedN-tosyl imines derived
from chalcones, obtaining dihydropyridones with alent yields, diastereo- and
enantioselectivity (Scheme 78f. The use of an oxidant allowed the generation ef th
enolate intermediates from simple aldehydes insté@&thals o-chloroaldehydes.

OAc OAC

“/ﬁ
Ac
fo) /TS o OA8
+
. el
\)J\H R1/\)\R2 KyCO3, THF/CHACN, ﬁ‘\/k L( “Me

4AMS, 23°C, 10 h,
R = alkyl R’ = aryl,CO,Et AcOH, oxidant
R? = Me. anyl oxidant

Scheme 78NHC catalyzed asymmetric oxidative cycloadditadraliphatic aldehydes
with N-tosyl o,f-unsaturated imines

Almost simultaneously, the group of Chi developgddQNcatalyzed cycloadditions
of unsaturated imines with esters instead of aldebyIn these cases the NHC catalyst
activates the ester favoring formation of the eteolsy a base in a similar manner as in
the acyl activation catalysis with isothiourea®MAP (Scheme 79).

Qe S
(base) y\(NQ electrophiles
RJJ\OR - W)J\W Q +'\} / ————— reactions
deprotonation Ar ~N

enolate

Scheme 79NHC activation of esters
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This group first reported the cycloaddition mhitrophenyl arylacetic esters with
N-tosyl imines derived from chalcones (Scheme 8@thBthe arylacetic ester and the
imine were amenable to different substitution, #relresulting chiral dihydropyridones
were obtained with fair to good vyields, good diestselectivity and moderate to good

enantiomeric excesses (60-98%3).
_ N BF,
N.oN-pPn
(30 mol %)

N/Ts Ph (0]
0-R Me,NCI (100 mol %) Ar Ts
AT t oA /\)I\Arz DIEA (500 mol %) N
(0] o ~ =
CH,Cly, rt, 24h Ar Ar?

R= 4-N02-CGH4
Scheme 80NHC catalyzed reaction of arylacetic esters @fielinsaturated imines

Later, the group extended the scope of the reaetiinalkylacetic or acetic esters
and chalcones ar,f-unsaturatedN-tosyl imines derived from chalcones, obtaining in
all the cases the corresponding lactones or lactathsexcellent enantiomeric excesses
(Scheme 8134113

N . BF
O - \ + 4
k‘/N , N—-Mes
30 mol % O
0 N|/TS Bn K R Ts
. Ka N~
R\)kO—Ar + Ar1/\/l\Ar2 DBU (1.5-2 equiv.) P
—_—
Ar' Ar?
R =H, alkyl, CH,Ar, THF (0.1 M)
rt, 24 h

N-succinimide
Ar =4-NO,-CgH,

Scheme 81NHC catalyzed reaction of alkylylacetic and acetid esters with,[3-
unsaturated imines

A variation of this reaction was reported in 203&lwe group of She. These authors
proposed the use of 1,3-dioxoisoindolin-2-yl acetsters as nucleophiles because the
required catalyst loading is lower than the requikith 4-nitrophenol esters and
because th&l-hydroxy-phthalimide from the ester can catalyzeubhsequeni- to C-
sulfonyl migration reactiofi**

2.21.7. Formal [4+2] cycloadditions via Rauhut-Currier reaction catalyzed by
phosphines or amines

In 2012, the group of Chi employed a chiral aminmgghine catalyst to achieve the
first enantioselective intramolecular [4+2] annidatof electron-deficient alkenes and
N-sulfonyl a,f-unsaturated imines (Scheme 82).
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PPh,

/Q/ O\}S/R3 \H: Ts i R _R®
- N~
N
? O\ | © H (5 mol %) o
A X X
", 24h (>99:1 dr)

R® = Me, p-MeCgHy, p-NO,CgH,4, p-MeOCgH,

Scheme 82Intramolecular phosphine catalyzed enantioseled¢t+2] annulation of
acrylates and\-sulfonyl o,3-unsaturated imines

Furthermore, the reaction can be carried out watitreenes having a second vinyl
substituent instead of the B aromatic ring. Thegesgates can undergo a second [4+2]
to provide polycyclic chiral sulfonyl enamines.

The authors postulated the reaction mechanism tasdem Rauhut-Currier{3-
substitution sequence in which the high diasteleoseity likely results from a
favorable {2 reaction of intermediatéd and reversible interconversion between
intermediate®\ andB (Scheme 83)

(0]
(0] NTs
e o
o +
\_
Ph,P NHTs L mismatch _
o proton transfer
OJ\/ NTs Q
X ph r;‘]h_ + o) NHTs
Ol-jx'"P Z>ph
o

Re-face attack

Scheme 83Tandem Rauhut-Currien{ mechanism

The same year, the group of Zhong reported annnatieccular version for this
reaction with vinyl ketones in both nonenantiostlecand enantioselective fashion
affording a wide range of substituted tetrahydragigies (Scheme 84}%1
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0 R?
Q _Bs I, R = alkyl, aryl
) N PPh; (20 mol %) R1” ”
| R'" . /\/Ik . | R3 = aryl, styryl
2 —
RES R 4-methoxyphenol (30 mol %) N R® R”=Ph, 4-ICcH,, styryl
Bs
Ph,P. o
° TBDPSO N 0 R 1
/\)’\foszP H R1)|,,“4 R2 = Me, Et
R? + (10 mol %) R = Me, aryl
H RPN R | s R¥=Ph, CO,Pr
CHCI; RT N R
With or without SO,PMP

10 mol % benzenesulfonamide

Scheme 84Intermolecular phosphine catalyzed [4+2] annafabf vinyl ketones and
a,p-unsaturated imines

Later, Wei and Shi applied a thiourea-phosphinalgstt derived from a natural
amino acid in the reaction between vinyl ketone arithdole derivedx,B-unsaturated
imines in the enantioselective synthesis of 2’ Bydro-1'H-spiro[indoline-3,4’-
pyridin]2-ones:®

Other chiral aminophospine catalysts have beenrtegphdoy Wu to perform the
enantioselective cycloaddition of methyl vinyl ke¢otoa,-unsaturatedN-tosyl imines
with variable vyields, moderate to good diasteremgalities and moderated
enantiomeric excessé&s.

Finally, the triphenylphosphine catalyzed reactadnenones and.,p-unsaturated
imines has been applied by Fan and Bakulev in yié¢hesis of tetrahydropyridines
containing a thiazole moiety. These compounds wéudied for their fungicidal and
insecticidal propertie¥?°

On the other hand, the group of Loh reported in32@ie synthesis of highly
functionalized pyridines from allenoate esters amsaturated iminesia an aza-
Rauhut-Currier/cyclization/desulfonylation sequensing a tertiary amine (TMEDA)
instead of a phosphine as catalyst (Schemé?85).

R'OC \-SOPMP COEt  R'=O0Bn, OEt, Ph
1 4 2
+ | 20mol % TMEDA ~ R'OC AR Rs H, Me
EtO,C™ X RS R2 | R3 = aryl, alkyl
R2 R4 toluene, RT N“>R® R4=H,Me

Scheme 85Synthesis of pentasubstituted pyridines catalyge@MEDA

In the proposed mechanism, TMEDA reacts with tHenalte ester to give an
ammonium ylide which undergoes 1,4-addition to timesaturated imine. After
intramolecular proton transfer, intramolecular azéaddition yields the cyclized
product which expulses the TMEDA catalyst and ssffgesulfonylation to afford the
pyridine (Scheme 86).
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Scheme 86Proposed mechanism for the synthesis of pyridiaéslyzed by TMEDA
2.2.1.8. Other formal [4+2] cycloadditions

Saito and coworkers developed cross-conjugatediezas as substrates in diene-
transmissive Diels-Alder reactionse., two sequential (tandem) cycloadditions that
involve and initial Diels-Alder reaction of a cressnjugated triene (or equivalent) with
a dienophile, followed by a second Diels-Alder teat of the mono-adduct on the
newly formed diene unit to give a bis-adduct. Ieithfirst example, these authors
performed the hetero Diels-Alder cycloaddition teat using tosyl isocyanate and the
cross-conjugated azatrienes, obtaining the correpg dihydropyrimidones with a
diene system that allowed a second cycloadditioth wifferent dienophiles to give
bicyclic products (Scheme 8%

X-Y
o]
NC),C-C(CN
. C o )J\ R . S\NJ\NfR1 (NC),C-C(CN),
W EtO,CN-NCO,Et
R? XYIene rt, ' Solvent T R2" X
R1 R2 = Ph 0.5-1h : H X. T MeOQCHC-CCHCC)2Me
R'= p-Tol, R2= Ph Y R HC-CH
R"=PhCH,, R* = Ph OJ\N\A\O
Ph

Scheme 87Diene-transmissive Diels-Alder reactions usirngytasocyanate and cross-
conjugated azatrienes

Over the next years, this group enlarged the sobfigs reaction using ketenes and
alkenes as dienophiles to obtain lactams and tgtrapyridines which can undergo a
second cyclization reaction with a wide range @ndphiles. In the first case, the first
[4+2] cycloaddition is believed to take place thgbhwa [2+2] cycloaddition followed by
[1,3]-sigmatropic rearrangement of the resultirgdan (Scheme 88§
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R R2 R2 i R!
N| Toluene R2 N~
A = reflux
Ph Ph Ph"2>7 7" ph
Ph, Me, CI H

R2
R'=Ph, p-MeoCgHz, R2= or CHyCl, rt
Benzyl, i-Pr, MesN

R2 N .
I~ Toluene
Ph”: Ph reflux

H

Scheme 88Examples of diene-transmissive hetero Diels-Algerctions of cross-
conjugated azatrienes with ketenes or alkenes

In 2006 the group of Orru reported a multicomporapygroach for the synthesis of
dihydropyrimidones. The reaction involves timesitu generation of 1-azadienem a
Horner-Wadsworth-Emmons reaction from phosphonatkkehydes and isocyanides,
and their ulterior cycloaddition with isocyanat&siieme 8932

o R"=H, Me, Ph, CH=CH,,
P_ R R® R® PO(OEt),, CO,Me
SN 1 1 4 2 2
(EtO); o M RiA R-NcO R NT R2=alkyl, aryl
—_—
+ I ) /g R® = alkyl, myrtenal, aryl
R2-CN  R3”“y R® “NH R* = alkyl, aryl, ketone,

ester

Scheme 89Horner-Wadsworth-Emmons/aza-Diels-Alder synthesis
dihydropyrimidones

On the other hand, the group of Palacios has reghoat related cycloaddition
betweenN-tosyl isocyanate and fluoroalkylatedB-unsaturated imines yielding 3,4-
dihydropyridin-2(H)-ones with good yields under mild conditions (Soke90). The
use of N-tosyl isocyanate was essential in this reactidnces phenylisocyanate
promoted 1,2-addition to give triazinane-2,4-diones

NH

R'= p-CHaCgH, 0 0

p-FCeHs, 2-furyl | R s/ m L
1

R

RF = CF3’ CHFZ’
CoFs

Scheme 90Synthesis of fluorinated 3,4-dihydropyridin-2{tones
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Supported by computational studies, the authorpge® a mechanism involving a
first nucleophilic attack of the unsaturated imingrogen to the electron-deficient
carbon of the isocyanate followed by an intramdi@caza-Michael addition leading to

the formation of the 3,4-dihydropyridin-24)-one’?’

2.2.2. Formal [4+1] cycloaddition reactions

The use of azadienes in [4+1] annulation reacttongive pyrrole derivatives has
been barely explored compared with the [3+2] apgrodhe first [4+1] annulation
using unsaturated imines was reported in 1999 bsaMand coworkers. The reaction of
a,pB-unsaturated imines with carbon monoxide catalyméd Ruy(CO),, providedp,y-
or a,p-unsaturateq-lactams:?®

In 2009, Masson and Zhu reported the synthesisarhido-5-cyanopyrrolesia a
[4+1] cycloaddition between 2-cyano-1-azadienes iandyanides in the presence of a
catalytic amount of AIGl with good to excellent yields. The required azadgewere
prepared in a multicomponent fashion from enalsinammand TMSCN involving an
IBX/TBAB-mediated oxidative Strecker reaction (Sotee91).

3
NC.__NR? R R'=H, Me
+ RECN AlCly NC \N/ NHR* R?=Me, Ph
R
3 =
R2TX toluene, 90 °C R3 = alkyl
R RZ R! R* = alkyl, aryl

Scheme 91[4+1] Cycloaddition of isocyanides and 2-cyanazadienes

The authors proposed a mechanism for this reaatnawnlving 1,4-addition of the
isocyanide to the imine coordinated to Aldbllowed by attack of the nitrogen atom to
the nitrilium and a subsequent [1,3]-H shift in lesulting cycloadduct to produce the
pyrrole (Scheme 927°

° Aol R
NC._ _NR3 NC._ _N-AICI N_ _CN NC._ _N-AICI
AICl; 2 ° RiCN R& i L4
08 . RN | NR | NRY
R27X R27X R2 R2
R1 R1 R1H R1H
R3 RS
\ 1,3]-H shif \
Ne N Onge [PHH SO o NC NHR®
\ /)
H
R2 R1 R2 R1

Scheme 92Proposed mechanism for the [4+1] cycloadditiactien

A similar strategy for the synthesis of pyrrolesnfr alkyl or acyl isocyanides and
unsaturated imines has been reported by Liu usmgrCl,. The reaction is thought to
proceed through the formation of circonocene 143abutadiene complexé®:3!
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Simultaneously, lwasawa et al. developed a [4+tlaaddition of terminal alkynes
with N-benzyl orN-methyl o,f-unsaturated imines catalyzed by rhodium(l) giviisg
to pyrroles with moderate to good yields (Scheme'#3

[{RhCl(coe),},] (5 mol %) l13n
~. BN PCys; (20 mol %) N
= v
J|/\ r =R toluene, 110 °C \_/ R
™S R = alkyl
{RhCI(coe)s},] (5 mol %)
R PCys; (20 mol %)
) Me
R2 ~ H,0 (3 equiv.) ) N
NMe . NBuj; (3 equiv.) R
| + =—=—nHex 3 w/\nHex
TMS toluene, 110 °C

R'= Ph, C=C(Me),, propynyl, 2-furyl, 2-thienyl
R?=H, Me

Scheme 93Synthesis of pyrroles from alkynes anfl-unsaturated imines catalyzed by
Rh(l)

In 2014, Wang and Xu reported a novel methodology the synthesis of
trifluoromethylated pyrroles from unsaturated insnand trifluoroacetic anhydride.
Excellent yields were obtained for a number of ifawromethyl pyrroles having
differently substituted aromatic rings at the 5ipos (Scheme 94).

NTs CO,Me TFA (1.5equiv) MeO2C CO,Me

< )H/ PPhs (1.0 equiv.) M
FyC R

CO,Me CHzCl Ny N

Ts R =aryl
Scheme 94Synthesis of trifluoromethylated pyrroles

The authors proposed a reaction mechanism involtheginitial 1,4-addition of
triphenylphosphine to the imine, subsequent attdidke negatively charged nitrogen to
a TFA molecule to form an amide and intramolecuslalbstitution to give the pyrrole
(Scheme 953

CF4CO,
NTs CO;Me 002Me MeOZC COzMe
R / + PPhg PPh3
COZMe CO,Me
CF3COZ Ph3PO + TFA

Scheme 95Proposed mechanism for the synthesis of trifloethylated pyrroles

In 2010, Xiao and Chen reported the diastereoseéept+1] annulation of sulfur
ylides with a,f-unsaturatedN-sulfonyl imines derived from keto esters. The wude
chiral sulfur ylides prepared from an atropoisomdrinapthyl-derived sulfide allowed
the preparation of chiral pyrrolines with high tecellent yields, diastereoselectivities
and enantiomeric excesses (Scheme 96). The ullesoffonyl imines was crucial as
PMP-protected imines did not react with the sujfiicte.***
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.TIPBS toluene g )
* CH.CI < s — S
R COAr, /Vl\ ALl | oce \NB\COZRZ *R/s
P R’ CO,R? 80 °C to rt )
R TIPBS
R = alkenyl, aryl
R? = Me, Et, iPr

Scheme 96Synthesis of chiral pyrrolines from chiral sulfdides

A study rationalized the stereoinduction of thecteen on the basis of two effects:
a) the preferential approach of the imine from $héace of the ylide to avoid the steric
repulsion between the TIPBS group of the imine &mel naphthalenyl ring of the
atropoisomeric sulfide, and b) the favorable CouWmminteractions between the
negative charged N of the imine and the positivargbd S of the ylide, leading to a
cisoid/quasi [4+2]-addition conformation (Schemg. 97

1) Steric Effect

TIPBS,;

.
2) Coulombic ~(\.
Interaction

- Ph//
; . ﬂ
% PhOC™ \? ~CO,Me

i |
O\\I)@\H TIPBS
Si attack

4S,5R,
Ar favored ¢ )

=z

Cisoid/Quasi [4+2]-addition
conformation

Scheme 97Rationalization of the origin of stereoselecivit

Another diastereoselective synthesis of dihydrogge via a [4+1] annulation
reaction was described by Tang in 2084Tosyl imines derived from chalcone reacted
with tert-butyl diazoacetate in the presence of catalytiowams of Fe(Tcpp)Cl and 4-
methylpyridine to produce 2-alcoxycarbonyl dihydyoples with good yields and
excellent diastereoselectivities (>50:1). Aliphatrines were not suitable substrates for
this reaction (Scheme 98). The reaction with unsétd diesters also allowed the
synthesis of dihydrofurans>

Arl

NTs F 0
b~ t e(Tcpp)Cl (0.5 mol %) b\
N# ~CO,Bu \
Arl /\)J\Arz 2 2 FBUO,C™ A2

4-methylpyridine (5 mol % ) N

|

Ar' = Ph, 4-CIC¢H, 4-MeOCgH, 60°C Ts

Ar2= Ph, 4-BrCgH,4
Scheme 98[4+1] cycloaddition of unsaturated imines d@ad-butyl diazoacetate

Simultaneously, the group of He reported the diastelective [4+1] annulation of
allylic carbonates and,p-unsaturatedN-tosyl imines derived from chalcone catalyzed
by triphenylphosphine. The reaction with cyckcB-unsaturated imines gave the
corresponding cyclic fused pyrrolines (Scheme'§9).
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PPh3 Ar1
N/Ts OBoc (20 mol %) 7 CO.R
| * CO,R > 2
Ar1/\)\Ar2 H‘/ ’ AF/Q\(
Ts
dr > 20:1
mol 7
WPh + H(COZEt O N CO,Et
Ts
dr > 20:1

Scheme 99Cycloaddition of allylic carbonates ah&tosyl a,f-unsaturated imines

The authors proposed two plausible mechanismdéofdrmation of the pyrrolines
involving a- or y-addition of the initially formed allylic phosphars ylide to the imine
(Scheme 100).

Ts
N 1 3 PPh
[ R CO5R 3
S
R! ’\)\ R?

e D I Y
a-addition @PPh3

£BuOH

3
BocoﬁrCOZR 1 __coRr? s

4L, @\\\[ ]ﬁ PPh;

Le
PPh, * PPhs R CO,R? R'" CO,R?

Y-addltlon ﬁ\/%@ M
PPh, PPh3

R1’\)\R2

Scheme 100Possible mechanisms for thesPltatalyzed cycloaddition

Finally in 2015, the group of Chen developed thst fcatalytic enantioselective
[4+1] annulation reaction between ammonium ylidesivied from 3-bromooxindoles
and a,p-unsaturated imines catalyzed by cinchona alkadi@dvatives. Moreover, the
reaction could be extended to acydidoromo esters with slight modification of the
reaction conditions (Scheme 1033.

Me
e
N
20 mol %
Br ( ‘) R'=Me, Bn, Ph
N TsN HO R2 = tBu, aryl
|/ _ N O 4 . R3 BzOK (1.5 equiv.) R3 = COzMe, COzEt,
R! PhCFs, 15 °C CO,iPr, Ph

Scheme 101Catalytic enantioselective [4+1] annulation dir®mooxindoles and, -
unsaturated imines
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2.2.3. Formal [3+2] and [2+3] cycloaddition reactins

One of the first examples of [3+2] cycloadditionacgons involving a,p-
unsaturated imines was reported by the group ofBan. This group utilized cobalt
dinitrosyl/alkene adducts as the two atom compantrdt underwent [3+2] annulation
reaction with eithen,-unsaturated aldehydes or imines catalyzed by SR¢@3d give
tri- or tetracycles, which after retrocycloadditiafith bicyclo[2.2.1]hepta-2,5-diene led
to the formation of bicyclic olefins (Scheme 16%).

{ ) 9 Me Me o
@—@ N/Sv,,,’< /E{ I X
| AN
Il we S, TGS
Me N NS(O)Bu
Me Me ©
Sc(OTH),,
LHMDS
Me CP_C
Me N X
’ Sc(OTf,
M
X =0, NTs LHMDS /e?\{ 0
— 0 Me C

Scheme 102[3+2] Cycloaddition involving cobalt dinitrosylkene adduct and,f-
unsaturated imines

In 2008, the group of Bode reported the enantictigke synthesis of cyclopentane
fusedp-lactams using NHC catalysis. By changing fr@racyl substituted enals {&
alkyl or B-aryl substituted enals, from unsaturated aldimiwesnsaturated ketimines,
and the base, a shift of reactivity from the pregly described [4+2] reactiofi to a
formal [3+2] reaction was observed (Scheme 163)he resulting products were
obtained with moderate to excellent yields, gooastireomeric ratios and excellent

enantiomeric excesses.
cl
/§+,Mes
anN N
/ =N o) _SOLAr
N

o N-SOAr o 9y ,

Ar
rr Ay AN, 2 10 mol %

r r 15 ol % DBU R’ >10:1 dr
1.4 equiv. 1.0 equiv mol % i up to 99% ee
: ' 0.1 M EtOAc, rt Ar
1= )
R™=H, alkyl, Ar = 4-MeOCgH, 15 h
alkenyl, aryl

Scheme 103NHC catalyzed enantioselective synthesis of bafgc2.0]lactams

Supported by the atlis substitution observed in the bicydlalactams, the authors
proposed a mechanism involving a crossed-benzojrlmpe rearrangement as the key
bond-forming step. The preference for this reactr@chanism instead of a Diels-Alder
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reaction is probably due to the use of nonactivatels in which the protonation on the
B-carbon is too slow (Scheme 104.

AO,S. 0
N
Ph H e%_
Me T
E/N ~ " "~Mes
i O Ph Ph
D R
i R N
—N B-lactam /
H ‘Mes formation ArOS Me Mannich
| Ph

nucleophilic

addition cl N
0] /<[ -Mes =N
S NS =N Ph

R N-Mes .,
N | (0] o\~
HO | Bt e T T T T N7
: (0]

rﬁ‘r E ATOZSl Me

aza-benzoin- =N, Ph
: oxy-Cope 2N N-Mes
. reaction Ph '
Ph ' - ~

: O i tautomerization

!\l - | 1 H!\l \ :

ArO,S Ph ArO,S Me
Ar = 4-MeOCqgH, 5 Ph

Scheme 104Proposed mechanism for the formation of bicyc@[dlactams

Later in 2013, Chi discovered that by ustigenals and phenol-derived additives,
the NHC catalyzed reaction withu,B-unsaturated N-sulfonyl imines delivered
cyclopentanones instead of lactams as reporteddale Bwith excellent diastereo- and
enantioselectivity (Scheme 105}. The use of additives was essential to avoid

iIsomerization of theis- to thetrans-enal that led to the fused lactam products observe
by Bode**

_N BF,
N_Npp
Ph i
N SOA ’ 20 mol% " o O NHSO,Ar
S m 20mol% 100 mol % &Ph
Ar = p-MeOCsH, R=anylalkyl e 4 pan R ph

Scheme 105Enantioselective synthesis of chiral cyclopentesvia NHC catalysis

The authors attributed the change of reactivitythe formation of different
diastereomeric intermediates, which would preferutmlergo a final Mannich-type

reaction in the case dfans enals or a Claisen-type reaction in the casei®tnals
(Scheme 106).
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trans-homoenolate trans-enal
equivalent R cis-enal Cis-:(?l:?VC;elgr?tlate
R kﬁ R/Qﬁ
X CHO CHO N
o ~—— INHC} — & /
HO » (Bode 2008)  ~----  (Chi2013) HO Y N/>
NN N-N
N-SOAT N SOAT

l Michael addition |
oA, oy

(——= (or benzoin/Cope Rearrangement) —)

Ar = p-MeOCsH, Ar = p-MeOCsH,4
@®
Ny-N -N
N >
HO N HO N
. \
R 9 Ru. o
NSOAr different diastereomer NSOAr
Ph Ph different reactivity Ph Ph
H* H*
transfer transfer
\ﬁ/N (0] \N®‘N
N\
o |l > R [ »
0] N n N
L J |
NSO,Ar Ph™ N8
NSOzAr
Ph Ph Ph
-NHC l Mannich/ Claisen -NHC
lactamization
R R//«,
H o o
Ph—tt_ﬁ Ph
Ph \SozAr PH NHSOQAT

Scheme 106Compared mechanistic pathways for the reactiamsofindtrans-enals

Previous to the work of Chi, He and Tian descrithexl[3+2] annulation reaction of
a-benzyl allenoates with,B-unsaturatedN-tosyl imino esters catalyzed by phosphines
to yield cyclopentenes with @ans exocyclic enamine moiety with moderate to high
diastereoselectivities and moderate yields (SchEdg.

2 R

R CO,Et N/Ts (2|\gepplho§) R“0,C " §1= aIkyII, b;nzlyl

+ | mol % TeHN” = = aryl, styry

W RV\)\cozR2 “olvene COEt R?=Me, Et, iPr
rt, 12 h (trans, E)

Scheme 107Phosphine catalyzed [3+2] annulation betweemad&es and,f3-
unsaturatedN-tosyl imino esters
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Based on a deuterium-labelled experiment the asitpooposed the mechanism
outlined in Scheme 108 for the formation of thelopentenes™?

T
NS

. |
PR Ts-y Ph
Bn s Bn Ph/v\COZEt s

N
]a \ o _Bn
/\COZEt s Y\%\CozEt —~— EtO,C CH,0,Et
. Y

PR’ AR
‘ H-shift
Ts e
P an Ph T P
P < ONEBn fapHshit N Y
EtO,C CO.Et  EtO,C COEt = o c}ﬁ%o Et
T PRy PR, T bRy
3
PR3 )

1
R20,c R

R
TSHN/\\@”COZEt

Scheme 108Mechanism for the synthesis of cyclopentenes

Later, the group of Huang reported the sequenfiaB] and [3+2] annulation
domino reaction of allenoates angp-unsaturatedN-tosyl imines derived from
chalcones, using triphenylphosphine as a catalgstgive cyclopentane fused
dihydropyrroles with moderate to high yields anaadlent diastereoselectivities. The
presence of the phenyl group attached toytbarbon of the allenoate was required for
the reaction to proceed, probably due to activatibthe methylene bw-conjugative
effect (Scheme 109}3

N-TS Ph,
| o /
A MA PR PPh 20mol %) 5.1 N—_co,me

CO,Me  CHCI5 60°C H er\TS
Scheme 109Sequential [2+3] and [3+2] annulation domino teascbetween methyl 6-
phenylhexa-2,3-dienoate ang-unsaturatedN-tosyl imines

Finally, Shi reported recently the enantioselec{®€2] or [3+2]/ [4+2] cascade
reaction betweena,f-unsaturated imines and 3-isothiocyanato oxinddiesgive
spirocyclic oxindoles using a bifunctional thiourderived from cinchona alkaloid as
the  catalyst. Furthermore,  when N-((1E,4E)-1,5-diphenylpenta-1,4-dien-3-
ylidene)methane-sulfonamide was used as electmptiie first [3+2] cycloaddition
reaction was followed by a subsequent [4+2] cydiiitemh reaction to give tricyclic
compounds (Scheme 114
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F3C CF3

MeO
RZ = aryl benzyl,
allyl, alkyl

NMs (20 mol %) R?=aryl
A Yield (92-98%)
NCS R A dr (15:1-20:1)
“ DCI\({I, 4AMS ee (90-99%)
Rit o + or -40°C, 96 h
<N DCM, 4A MS
L NMs -40°C, 96 h R?
RSWRS .
FiC CF, NMs
. RZ = aryl benzyl,
R! allyl, alkyl
HN__S R®=aryl
Al R

Yield (74-94%)
(20mol %) gr>20:1
ee (61-97%)

MeO

Scheme 110Enantioselective synthesis of spirocyclic oxiresol
2.2.4. Formal [3+3] cycloaddition reactions

In 2015, the group of Zhou and Wang reported theapnulation [3+3] between
l-azadienes derived from saccharin and indolinek@es using a thiourea bifunctional
catalyst. A wide range of different products cob&lobtained with this methodology in
82-99% yield and 76-99% ee (Scheme 111).

§
9.0 hig
[
S S
X N
R'r s ., 7 N CF,
Z N — (10 mol %)
R2
R® \ .
toluene, 4 AMS, -10 °C 2 (dr>20:1)
R2=alkyl, allyl, aryl  R3 = aryl, alkenyl R

Scheme 111Synthesis of chiral spiro[thiopyranoindole-bersnthiazole] heterocycles

Furthermore o,B-unsaturatedN-tosyl imines derived from chalcone could also be
used as substrate to give the corresponding proutitt90% yield, >20:1 dr and 94%
145
ee.

Simultaneously, the group of Chen developed a [&y8loaddition using the same
kind of imines derived from saccharin with diffetelketonesvia enamine-enamine
catalysis. After optimization of reaction condit®onthey obtained the desired

50



Literature Review

cycloadducts with excellent yields and enantiomericesses in most of the cases, using
9-amino-9-deoxyepiquinine as the catalyst and @aliacid as an additive (Scheme
112).

90 NHz 50 R'=H, alkyl, aryl
T = (20 mol %) R NH_R' R2=H, alkyl, aryl, OTBS,
R\)k/R + R AN Salicylic acid (40 mol %) ! SBn
— o R®=aryl styryl
L RT or 40 °C RY %

Scheme 112Enamine-enamine catalysis in the [3+3] cycloaddibf ketones to
unsaturated imines

The analogous cyclid)-4-styryl-benzo[e][1,2,3]oxathiazine-2,2-dioxidis@ gave
the [3+3] adduct with good yield and ee. Howevenew an acyclig,y-unsaturatedN-
tosyl imino ester was used, hydrolysis to the apomding keto ester was observéd.

2.2.5. Cyclopropanation and other cyclization rea@ns

In 2005, the group of Tang, described the cyclopngpion ofa,B-unsaturated
imines via a Michael addition-elimination reaction of telm ylides to give vinyl
cyclopropanecarbaldehydes with high diastereoseilges and good vyields in the
majority of examples. Enantiomerically enriched darots (95-99% ee) could be
obtained by using enantiomerically enriched chigllrium ylides (Scheme 113).

i-Bu,TeCH,CH=CHTMS CHO CHO
" Br 1) NaHMDS
+ - "y
or 1 R CH=CHTMS R CH=CHTMS
2) Rl =~ N.
N ) W Ph major minor
TeCHCH=CHTMS 3) silica gel

dr (36:1 to 99:1)

"BPh,

Scheme 113Diastero- and enantioselective cyclopropanatiom@unsaturatedi-
phenyl imines with tellurium ylides

Furthermore, the major vinyl cyclopropanecarbaldiehgould be transformed into
a cycloheptadiengia a Wittig reaction followed by a [3,3] sigmatropiearrangement
(Scheme 114y

Ph

FHo PhsP=CHCO,Me @
Ph\“"A% CH,Cl,, rt

™S ™S  CO,Me

Scheme 114Synthesis of a cycloheptadiene
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As a part of a study addressed to the synthesdihydrofurans, Zhue and Xie
described two examples of cyclopropanation of umsééd imines with diethyl
bromomalonate in basic medium (Scheme 115). Thetiogaproceeded through a
Michael addition/intramolecular substitution domipmcess:*®

NTs

R R
D §
R R

. KOH (120 mol %) R "R
- = N
EtOOC acetone, rt, 6 h EtOOC COOEt
Br
Et0OC R=HCl

Scheme 115Cyclopropanation dil-tosyl imines with diethyl 2-bromomalonate

When 2-halo-1,3-diketones were used as substrateler uthe same reaction

conditions functionalized 2,3-dihydrofurans insteafdcyclopropanes were obtained.
(Scheme 116)*

Ar'

(0]
NTs 6 0
KOH (120 mol %)
+ N\ Ar?
Ar1/\)J\Ar2 MR S
acetone, rt, 6 h
0= g N

HTs

Scheme 116Base-promoted synthesis of dihydrofurans frona®41,3-diketones and
N-tosyl imines

The authors proposed a domino sequence involvipgotienation of the dione
followed by a Michael addition to the unsaturatednie and intramolecular alkylation
to give a cyclopropane. Base-promoted fragmentatidhe cyclopropane ring and oxa-
Michael addition to the resulting unsaturated imitee gave corresponding 2,3-
dihydrofurans (Scheme 117).

Ar?
Bf\' © Michael TsN
deprotonatlon addltlon e -
Lg \/ L
o Ar'
B
\S"f 3 NTs
A 1
' Ar?
Ar' ( o
Arl NHTs oxa-Michael Ar NTs R
protonatlon addition (’\

Z A fragmentatlon

Scheme 117Proposed domino mechanism for the formation &dydrofurans
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The group of Cheng has developed several cascadtomsvia NHC catalysis
involving a,B-unsaturatedN-sulfonyl ketimines and 2-acylvinyl cinnamaldehydes
the stereoselective synthesis of highly functiaeaiindane derivatives. Depending on
the structure of the catalyst, indeno[2,1-c]pyraorg derivatives or indenocyclopenta-
l-ones were obtained selectively and with excellenantioselectivity (Scheme
118).149’150

a\\\o
NHTSs @leN CHO
\—yf K
0 C? NhC;IDes l/ INF NL\
: (20 mol %) X g N @
Mes = 2,4,6-(Me)sPh- + (20 moI %)
Ts
o 1 DBU (20 mol %) °N 9
Ar 0 DBU (20 mol %)
. CH,Cly, 1t J\/\ CH,Cl,, rt 37-58%
42-68% Ard Ar2 ee 90-99%

ee > 99%

Scheme 118Diastereo- and enantioselective synthesis ofnadterivatives

2.3. Reactions involving C-H activation or metalatn of 1,3-butadienes

Bergman and Ellman have described the alkylatiod alkenylation at the
position of conjugated imines by using alkenes lkyrees, respectively, catalyzed by
rhodium salts. After alkylation, the resulting puats were hydrolyzed to unsaturated
aldehydes. Hydrolysis with aqueous acid favoredftheation of theE isomer, while
the Z isomer could be obtained by hydrolysis under mnilcenditions with AcOH in
THF. The procedure allows the synthesi$ @fsubstituted enals, which are difficult to
obtain by other methods (Scheme 119).

N/Bn 1. [RhCl(coe),],

o 0}
| " FcPCy, Rl R
R! + RS |
| toluene | +
RONORY RN R?

2. Chromatography

R'=H,Me R3=alkyl, Ph, CO,Me
R?=H, Me

Scheme 119Formation of unsaturated aldehydes from unsadratines and alkenes

The reaction is believed to proceed coordination of the imine to the Rh catalyst
followed by oxidative addition to the C-H bond. Asgtion of the alkene followed by
migratory insertion of the Rh-H bond and subsequedtictive elimination gives the
alkylated aza-diene or the aza-triene in the readiiith alkynes (Scheme 120).
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B
oxidative

RhLCI addton —R
\HANB” + LgRhCI —>/& - )i/\R,T'CI I
reductive
Z R

l migratory |

N} insertion \,
e = o

elimination

Scheme 120Rh-catalyzed alkylation of unsaturated imines

On the other hand, when terminal alkynes were usexlead of the expected
azatrienes the reaction delivered dihydropyridinekjch could be converted into
pyridines by oxidation and deprotection of the agen’®> Formation of the
dihydropyridine most likely happens through ftinesitu electrocyclization of the aza-
triene (Scheme 121).

.Bn

o 1. [RhCl(coe) ), .
o \ \I Bn (B 2.PdC o
S /N PEt, ’ | toluene TFE ¢ ° | =N

+ \‘\/" | —_— k R 3 H2 k\\v‘/ / R'
R R

R——=—R' toluene, 100 °C

R = alkyl, benzyl
R' = alkyl, Ph, CO,Me, TMS

Scheme 1210ne-pot synthesis of dihydropyridines and pyedin

A similar cycloaddition of alkynes angp-unsaturated iminegia C-H activation
catalyzed by cobalt has been reported by Yosh@di¢me 1223

5 1-
CoBr, (5-10 mol %) L R, = alkoyl, aryl
N-FMP rs  PBCICH,); (10-20mol %) R N-PMP - RE=H alkyl
| r iPrMgBr (22.5-45 mol %) | R3=H, Me, Et, Ph
RV\(LR” / R17N RS R*= alkyl, aryl
R2 R4 THF, 40 OC, 3h R2 R5= aIkyI, aryl

Scheme 122Synthesis of unsymmetrical dihydropyridines catatl by cobalt

Recently, the group of Walsh also reported thessomaipling reaction of arylboromides
and unsaturatedN-(biphenylmethyl) imines catalyzed by palladium gdexes,

obtaining the corresponding 1,2- or

1,4-additionodoicts  with  excellent

regioselectivities and high yields by properly ching the reaction conditions (Scheme
123)3 The use of acidic (biphenylmethyl)amines was aiireqnent to generate the

allyl intermediate.
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O NHMe
Y
Pd-L
OMs

Ph Ph Ar
(10 mol %)
P
Ph)\N/\/\Ph + Ar—Br Ph)\\N/\)\Ph

) NaN(SiMes); (1.5 equiv.)
toluene 23 °C, 6 h

(2 equiv

Scheme 123Pd-catalyzed cross coupling of aryl bromides amshturated aldimines
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3. OBJETIVES

a,p-Unsaturated imines (1-azabutenes) have been asestarting materials in the
synthesis of nitrogen-containing molecules sineglobme ago. The conjugate addition
of carbon nucleophiles to this kind of compoundansefficient way to form a new C-C
bond giving rise to enamines with the concomitarimfation of a new stereogenic
center. However, in contrast to unsaturated carbomypounds and nitroalkenes, the
asymmetric conjugate addition of carbon nucleoghtlea,f-unsaturated imines has
been more scarcely explored and, in particular,aspgmmetric examples with 1,3-
dicarbonyl compounds as nucleophiles appeareceititdrature prior to the start of our
research.

The development of asymmetric conjugate additiamsy,p-unsaturated imines
poses several challenges:

a. Low electrophilicity of the substrate due to tbes electronegativity of the N
atom.

b. Control of regioselectivity: 1-azabutenes offgefer to undergo 1,2-addition or
give double nucleophilic addition.

c. Control of diastereoselectivity: the enamine ldeubond can be obtained with
eitherE or Z geometry.

d. Control of enantioselectivity: the newly formetereogenic center should be
formed in only one configuration.

Considering these challenges, this thesis has fueeised in the development of
new diastereo- and enantioselective conjugate iaddi¢actions of carbon nucleophiles
to a,p-unsaturated imines employing metal catalysis fos purpose. The following
reactions have been studied:

1. Asymmetric conjugate addition of malonate esters:,f-unsaturatedN-tosyl
imines catalyzed by La(lll) complexes.

0O R' R?2

O O NTs
catalyst =
5 NG W ﬁkﬁ
(0]

R

2. Asymmetric conjugate addition of malonate estersp-trifluoromethyl a,p-
unsaturatedN-tosyl imines catalyzed by Cu(ll) and Mg(ll) comypds.

o o NTs O F:C R
catalyst =
RMR + F3C/\)LR1 s RWNHTS
R” ™0
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3. Diastereoselective Mukaiyama-Michael reactionsibylketene acetals witN-
tosyl imines derived frorfi,y-unsaturated-keto esters.

OTMS NTs CO,Me ,
— COzR
: OoMe RV\)J\COzR2 > _

R! NHTs

4. Asymmetric conjugate addition of malonate estefs-tosyl imines derived from
B,y-unsaturated-keto esters catalyzed lha(lll) complexes.

O R' CO,R?
Ts

o o N
+ Catalyst RO = NHTs
ROMOR R1/\)J\002R2 —

RO™ ~O

5. Diastereodivergent enantioselective conjugathtiad of 2-chloromalonate esters
to N-tosyl imines derived frond,y-unsaturatedi-keto esters catalyzed by La(lll)
or Ca(ll)complexes.

O R' COR?
o 0 NTs 2

catalyst RQ =
ROMOR * R1/\)J\002Rz — "al NHTs
Cl RO™ ~O

6. Catalytic asymmetric [3+2] cycloaddition of tyanatomalonate esters anfl-
unsaturated imines through a tandem Michael addititamolecular addition to
isocyanate process.

RO,C. H

MeO N_o
RO,C.__CO,R j@ RO,C
Y + N catalyst Rf NH OMe
NCO @

| —_—
RPSAS R?
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4. RESULTS AND DISCUSSION

4.1. Asymmetric conjugate addition of malonate estse to a,p-
unsaturated N-tosyl ketimines catalyzed by pyBOX-La(OTf}

At the onset of our research there where only #dunnumber of methods for the
enantioselective conjugate addition of carbon rapides too,B-unsaturated imines
reported in the literature, most of them involvitige reaction of organometallic
reagents. These include the asymmetric conjugati@u of organocuprates to chiral
N-tert-butylsulfinyl imines reported by Ellmahand the copper(l)-catalyzed additions
of dialkylzinc reagents to different unsaturatedines reported by Tomiok&,
Carreteré” and Palacio$** respectively. Besides these examples, a conjaghtition
of malonate esters or related 1,3-dicarbonyl comgeuto unsaturated imines in an
enantioselective fashion had not been reportethedest of our knowledge, although
Palacios had described the nonenantioselectivaigatg addition of malonate esters to
fluorinated unsaturated imines followed by lactaatian to give pyridone¥ In this
chapter, we will describe our efforts to develo tfirst example of asymmetric
conjugate addition of malonate esters to unsatiiatenes as an efficient procedure to
access chirad-amino acid derivatives (Scheme 124).

O O NTs et o R R
catalys
A RPN A At RWNHTS
1 2

Scheme 124Conjugate addition of malonate esters,Ryunsaturated\-tosyl imines

4.1.1. Synthesis odi,p-unsaturated N-tosyl imines 2

In this investigation we have uséditosyl imines2 as electrophiles since the
reactivity of imines toward nucleophilic attack ssgnificatively increased by the
presence of strong electron-withdrawing groups ¢ tazomethinic nitrogen.
Compound® were prepared from the corresponding enones aN#iZ8pon treatment
with TiCl, and EN following the procedure described by Carreterchg@ne 1255 A
number of tosyl imine8 derived from chalcones tRind R = Ar) or B-alkyl substituted
aryl imines (R = Ar, R = alkyl) were prepared following this procedure7i5-85%
yield. However, the synthesis of the unsaturateihémvhere R is aliphatic (Me) was
not possible because of enolization of Keulfonyl imine during the preparation of the
starting material.
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NTs

Eth T|C|4
+ H,N— «@» 17X 2
R’ R2 2 CH,Cl, R R

0 °C to reflux

2a,R"=Ph, R?=Ph 2i, R =Me, R2=Ph

2b, R" = 4-FC¢H, R%=Ph 2j, R'=tBu, R?=Ph

2¢, R' = 4-CIC¢H, R?=Ph 2k, R" = Ph, R? = 4-FCgH,,
2d, R = 4-BrCgH, R?=Ph 21, R" = Ph, R?= 4-CICgH,
2e, R" = 4-NO,CgH, R? = Ph 2m, R' = Ph, R?= 4-NO,CgH,4
2f, R' = 4-MeOC¢gH, R?=Ph 2n, R' = Ph, R?= 4-MeOCgH,,
2g, R" = 2-furanyl, R?= Ph 20, R' = Ph, R?= 2-FCgH,,
2h, R = 3-furanyl, R2= Ph 2p, R" = Ph, R2= 3-NO,CgH,4

Scheme 125Synthesis ofi,-unsaturated\-tosyl imines2

4.1.2 Optimization of the reaction conditions

For the optimization of the reaction conditions, stedied the addition of dimethyl
malonate {a, R = OMe) toN-tosyl imine 2a (R* = R* = Ph). Following previous
experience of the group on the conjugate additibmimomethan&® to unsaturated
imines we decided to test complexes of trivalentalseand pyBOX ligands as potential
catalysts in our reaction (Table 2).

When the reaction was carried out in the preserficheopyBOX1-La(OTf)z in
dichloromethane we did not observe any advancé&efréaction after 24 h (Table 2,
entry 1). However, after addition of 4A moleculéeves (MS) the reaction proceeded
smoothly to give compoun8aa (R = MeO, R = R? = Ph) in 81% yield (Table 2, entry
2). The combined use of Lewis acid and MS has lkmumented in a number of
reactions involving metal enolates as intermediadds MS most likely works as an
effective proton scavenger favoring the generatimin metal enolates in high
concentratior”® Compound3aa was obtained as ea. 9:1 mixture of diastereomers
with 86% enantiomeric excess for the major diastees (Table 2, entry 2). The
geometry of the double bond was assigne fts the major diastereomer addor the
minor one by NOESY experiments (Figure 2). Partidyl relevant for the assignment
of this stereochemistry was the interaction betwteenNH of the sulfonamide group at
0 7.81 ppm and the triplet benzylic proton&B.89 ppm observed in the mingr
diastereomer. These results contrast with thosertexg for the Cu(l)-catalyzed addition
of diethylzinc to related unsaturated imines, whgitie theZ-isomers as the major
products’?On the other hand, no cyclization to the correspanthctam was observed
under the reaction conditions. Yb(lIl), Sc(lll) ama{lll) triflates in combination with
pyBOX1 were also tested (Table 2, entries 3-5) althoughdid not observe any
advance of the reaction.
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Table 2 Enantioselective addition of 1,3-dicarbonyl compdsl to unsaturated imine
2a(R'= R = Ph)?

o O NTs
RJ\/U\R + Ph/\)LPh
1 2a

N
R

B
Ri. 30/, N7

B
4

pyBOX1, R = Ph, R'= H
pyBOX2, R = iPr, R'= H

pyBOX5, R = BnCH,, R'= H

pyBOX6, R = 1-naphthyl-CH,, R'= H
pyBOX7, R = Me, R'= Ph

M(OTf)3
ligand

MS, CH,Cl,

O Ph

0

Ph

Z NHTs
3

entry M ligand 1 R T(CC) t(h) 3 vyield (%) ee (%f
1¢ La pyBOX1 la MeO rt 48 3aa -€ -

2 La pyBOX1 la MeO 1t 24  3aa 81 86
3 Yb pyBOX1 la MeO rt 48 3aa - -

4 Sc pyBOX1 l1la MeO rt 48 3aa - -

5 In  pyBOX1 1la MeO rt 48 3aa - -

6 La pyBOX2 l1la MeO 1t 24  3aa 65 -8
7 La pyBOX5 la MeO 1t 16 3aa 60 -6
8 La pyBOX6 la MeO 1t 42  3aa 59 12
9 La pyBOX7 la MeO 1t 24  3aa 86 56
10 La pyBOX8 1a MeO rt 106 3aa 25 12
11 La pyBOX1 1a MeO O 64 3aa 63 92
12 La pyBOX1 1b EtO rt 48 3ba 73 83
13 La pyBOX1 1c iPrO rt 120 3ca 16 -
14 La pyBOX1 1d Me rt 170 3da 69 36
15 La pyBOX1 o rt 48 £ -

@ Reaction conditionst (0.3 mmol),2a (0.125 mmol), ligand (0.0125 mmol), M(OT1)0.0125
mmol), 4A MS (20 mg), CkCl, (0.8 mL).” Yield of isolated product.Only for the major E)-

diastereomer. Determined by HPLC with chiral staiy phases; opposite sign indicates

different enantiomerg$ Reaction carried out without M&No reaction observed after 48'h.

Malononitrile was used as nucleophile.

61



Results and Discussion
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Figure 2. NOESY experiments carried out with the minor (agdaand major
(below) diastereomers of compouBaa
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We also tested different pyBOX ligands with La(QT{Yable 2, entries 6-10),
although none of them provided better results fha@OX1. The use of toluene, hexane
or THF was prevented due to the low solubility leé imine in these solvents. Finally,
the enantioselectivity of the reaction could beéased up to 92% ee by carrying out
the reaction at 0 °C, although with a loss of yi@dble 2, entry 11). The effect of the
substituent R attached to the carbonyl group ohtieophile was also tested. First, we
tested the use of other malonate esters. Diethybmate (b, R = EtO) performed
similarly to dimethyl malonate providing the expattaddition product3pa, R = EtO,

R' = R = Ph) with 73% yield and 83% &&able 2, entry 12). However, increasing the
bulk of the alkoxy group as in diisopropyl malonéte, R =iPrO) produced a serious
decrease on the reaction rate and the conjugaigoaddroduct was obtained in only
16% yield after 120 h (Table 2, entry 13). Moreov&d-pentanedioneld, R = Me)
reacted slowly with imin@a to give the corresponding produgdé, R = Me, R = R

= Ph) with 59% yield but with low diastereo- andptioselectivity (Table 2, entry 14).
Finally, malononitrile did not react under the optied conditions.

4.1.3 Scope of the reaction

Next, we studied the scope of the addition of dihylenalonate 1a, R = MeO) to
different imines2a-p under the optimized conditions. The results atbayad in Table
3. The reaction could be carried out with iminearlrgg an aromatic ring attached to the
3 carbon, substituted with either electron-donatinglectron-withdrawing substituents
(Table 3, entries 1-8) to give the expected praxlwath good diastereoselectivities
(from 71:29 to 97:3) favoring thE-diastereomer and high enantiomeric excesses (70-
92%). The group Rcan be also a heterocyclic furanyl ring (Tableyies 9 and 10).
When R was a phenyl group substituted with electron-witkng groups, good yields
of the addition products could be obtained afteri24However, when Rwas an
aromatic ring substituted with an electron-donatiggoup, or an electron-rich
heterocycle (Table 3, entries 8-10), the reactiequired longer times and the
corresponding products were obtained with slighdlyer yields. Finally, the reaction
allowed imines with R being an aliphatic group. Imin2i (R* = Me) reacted with
dimethyl malonate to give the expected prodietin almost quantitative yield, with
good diastereoselectivity and 75% ee for the mdjastereomer (Table 3, entry 11).
However, imine2j bearing a bulkytert-butyl group did not react under similar
conditions (Table 3, entry 12). Thé Broup attached to the imine was also amenable to
variation (Table 3, entries 13-18). Aromatic ringsaring either electron-donating or
electron-withdrawing groups were permitted withoaotuch influence on the
enantioselectivity of the reaction.
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Table 3. Enantioselective addition of dimethyl malonateitsaturated imines
catalyzed byyBOX1-La(OTf)z.2

T
PR pyBOX1  Ph 1 2 R'  NHTs
COMe N NT; La(OTf); Me0,C g /R o Meose 2N
coMe C‘It-lf\Cl\I!,Srt MeO,C MeO,C
1a 2 (SE)-3 (5,2)-3

entry 2 R! R? t(hy 3 yield(%)" dr (E/2) ee E/2)°
1 2a Ph Ph 24 3aa 81 89:11 86/-
2 2aPh Ph 64 3aa 63 955 92/-
3 2b 4-FGH, Ph 24 3ab 88 90:10 86/-
4° 2b 4-FGH, Ph 64 3ab 66 97:3 90/-
5 2c 4-CICsH, Ph 24 3ac 93 88:12 86/-
6 2d 4-BrCsH, Ph 24 3ad 99 77:23 85/-
7 2e 4-NO,C¢H; Ph 24 3ae 97 87:13 90/-
8 2f 4-MeOGH, Ph 72 3af 80 71:29 69/-
9 2g 2-furanyl Ph 45 3ag 78 79121 94/52
10  2h 3-furanyl Ph 45 3ah 66  84:16 85/60
11 2i Me Ph 24 3ai 98 88:12 75/54
12 2j t-Bu Ph 64 3aj - - -
13 2k Ph 4-FCGH, 24 3ak 67 88:12 86/55
14 2l Ph 4-CICsH, 24 3al 80 84:16 80/46
15 2mPh 4-NO,CgH, 24 3am 84 80:20 82/49
16 2n Ph 4-MeOGH, 24 3an 86 71:29 80/42
17 20 Ph 2-FCH4 24 3ao 84 76:24 82/28
18 2p Ph 3-NOCHs, 24 3ap 99 82:18 84/48

 Reaction conditionsta (0.3 mmol),2 (0.125 mmol) pyBOX1 (0.0125 mmol), La(OT$)(0.0125
mmol), 4A MS (20 mg), ChCl, (0.8 mL), rt.” Yield of isolated producf. Determined by HPLC
with chiral stationary phaseSReaction carried out at 0 °€No reaction was observed after 64 h.

4.1.4 Determination of the absolute stereochemistyf compound 3aa

The absolute stereochemistry of compowdah was established by chemical
correlation with compound of known stereochemistry. A sample of compouBd3a
(ee = 82% ee) was hydrolyzed upon treatment withiRl@THF at 40 °C to give ketone
4 in quantitative yield without loss of optical piyri(Scheme 126). By comparison of
the optical rotation sign and chiral HPLC retentiones of compound! obtained in
this way with those described in the literature 1®-4,"°" we established the
configuration of the stereogenic center Bf-Baa(Table 3, entry 1) to b8 Hydrolysis
of the minor Z)-3aadiastereomer provided agaif){4 but with only 20% ee. For the
other compound8ab-ap, the stereochemistry was assigned upon the asgumgita
common stereochemical mechanism.
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Ph O
MeO,C o /Ph conc. HCI MeO,C Ph
2
NHTs — — .~
Foe T THE, 40°C Me0,C
2 99% (S)-4
EeE)e-zasaz%) [a]p25 = +13 (CHCl,, ee = 82%)

Lit. [o]p2® = + 18 (CHCl5, ee = 90%)
for the S-enantiomer

Scheme 126Hydrolysis and determination of the absoluteesienemistry of
compound [f)-3aa

These results indicate the preference of methybnaé to attack from thiee face

of the double bond of the unsaturated inndaking into account previous studies on
La(lll)-pyBOX catalyzed reaction's>**%we propose a plausible catalytic cycle with the
participation of an octa-coordinated La(lll) specld with both the 1,3-dicarbonyl
compound and the imine coordinated to the metalecdfigure 3)>°In this complex,
the unsaturated imiri& in its strans conformation would be oriented to avoid the steric
interaction with the phenyl group of the ligandysheading to the conjugate addition
product3 having theS-configuration at the stereogenic center ancBiggometry at the
double bond.

N/—\ " /—\N

La(OTf
0 NHTs 2(0TDs

MeO

1
3 N ~— L,a _— N
MS-TOH Tr0” | “ott MS-TIoH
OTf
I

Attack from the Re-face
(favored)

=z

N
\ _— N
La~grt >|ac
0 TN L O \~OTf
o ot MeO—7" [ brr
MeO — 0
S
R? I
MeO R! OMe MeO O- / Z\N—Ts
[o] O RZ. K
N
iv k N ‘/-\ \g/ )
NTs
N—_ ' _~N Me
O——La=O0Tf A
MeO—7" /| ots R! R? R
SN O NTs 2 Attack from the Si-face
(disfavored)
MeOR? |
m R

Figure 3. Plausible mechanism and stereochemical model
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4.1.5 Synthetic transformations

Enamines3 can be used as starting materials for the syrsthasoptically active
nitrogenated compounds such&amino esters and piperidones. Thus, hydrogenation
of (SE)-3aa over Pd/C gave a 75:25 mixture of two diasterecam®amino diester®
and6 in 95% vyield, favoring theR)-diastereomeb. Both diastereomefsand6 could
be separated after column chromatography and geljéc chemical transformations
separately. Decarboxylation of eithgror 6 upon treatment with tetraethylammonium
hydroxidé® in DMSO gave the monoestétsind8 in 70% and 60% yield, respectively
(Scheme 127).

Ph Ph Ph  NHTs Ph  NHTs
H,, PdIC  MeO,C MeO.C
MeO-C Z“NHTs 4>I2£tOH 2 Ph + 2 Ph
MeO,C o5 MeO,C MeO,C
0
(S,E)-3aa (SRS (S.5)-6
5:6 =75:25
Ph  NHTs Ph  NHTs
MeO,C o Et,N* HO MeO,C
DMSO, 85 °C Ph
MeOQC 70%
(SR)-5 (S,R)-7
Ph NHTs ) Ph NHTs
MeO,C L, —EuNTHO veosc
Vool Ph " pmso, 85 °c Ph
€0, 0,
(5,56 63% (5.5)8

Scheme 127Hydrogenation and decarboxylation of compoGad

On the other hand, lactamization of compoubdsnd 7 by basic treatment with
LiHMDS in toluené®* gave the chiral piperidon@and10, respectively (Scheme 128).

o
Ph NHTs MeO,C
MeOﬁN LiHMDS NTs
MeO,C tquene/ToHF, 90 °C Ph Ph
(SRS o (RS,R)-9
0
Ph NHTs  LiHMDS i‘;NCS
MeO,C LN
o2 \/k/LPh toluene/THF, 90°C  ppe on
90%
(SR (S,R)-10

Scheme 128Synthesis of chiral piperidon8sand10

The relative stereochemistry of compoufid was established considering the
coupling constants of the ring-attached protongufé 4). The signal corresponding to
H3 appeared at 3.72 ppm as a doublet with=a12.0 Hz (ax-ax), indicating its axial
disposition as well as that of H4. Moreover H6 appd as a dd at 5.90 ppm showing
coupling constant values of 5.1 Hz (ax-ax) and Bz (eg-eq) which indicated the
equatorial disposition of this proton. Accordingtife stereochemistry of compoufd
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was assigned to beR31S6R. Hence, the stereochemistry of compoules0 was
assigned as indicated in Schemes 126 and 127.

H? $=372(d) Jsa=12.0Hz (ax-ax)

H4 8=3.50(td) Ja4=12.0Hz (ax-ax), J4.5=12.0 Hz (ax-ax), J4.5=3.0 Hz (ax-eq)
H¥ 5=259 (td) Js5 = 13.5 Hz (gem), J4.5=12.0 Hz (ax-ax), J5.6=5.4 Hz (ax-eq)
HY  §=221(dt) Js.5 = 13.5 Hz (gem), J45-=3.0 Hz (ax-eq), J5.6=2.5 Hz (eq-eq)

He 5=5.90 (dd) Js6 = 5.1 Hz (ax-ax), J5.6=2.4 Hz (eg-eq)

Figure 4. NMR coupling constants in compoufid

In summary, in this chapter we have developed itse énantioselective conjugate
addition of dimethyl malonate to,3-unsaturatedN-tosyl imines, catalyzed by La(lll)-
pyBOX complexes, to give the correspondipgehydrod-amino diesters bearing a
stereogenic center at the allylic position. Thectiea provided theH)-enamine as the
major diastereomer with good yields and enantiateides. The enamino esters were
shown to be effective synthons for the preparatbroptically actived-amino esters
bearing two stereogenic centers at fhand d positions, and for the preparation of
optically active lactams.
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4.2. Enantioselective Michael addition of malonateesters to f-
trifluoromethyl- a,p-unsaturated imines

The interest in the chemistry of chiral organofinercompounds has experienced a
tremendous growth in the last years due to thaedewange of applications in medicinal
and agricultural chemistry, as well as in matesigience'®? Among organofluorinated
compounds, those having a trifluoromethyl groupdted to a stereogenic center
deserve special attention due to the occurrencthisfstructural motif in bioactive
compound¥? and chiral reagents (Figure .

~ H,NO,S N
TR, o diRe:
CF; Ph
Odanacatib

Fluoxetine Celebrex
serotonin reuptake inhibitor COX inhibitor MeO,S cathepsin K inhibitor
antidepressant arthritis pain osteoporosis

o
H cl %,
N OH

° 4
“CF, Ph” >CO,H
O Befloxatone
MAO inhibitor

Mosher's acid

Efavirenz
anti-AIDS

Figure 5. Examples of drugs and chiral auxiliaries beaarigfluoromethyl group

These stereocenters are most frequently prepareddgophilic addition reactions
to trifluoromethylated prostereogenic groups such tafluoromethyl ketones and
trifluoromethyl imines:®® In this context, several carbon nucleophiles hasenbalso
reported to undergo enantioselective Michael-tygsetionswith B-trifluoromethyl a,f3-
unsaturated carbonyl compouffor with nitroalkene¥’ to obtain compounds with a
trifluoromethylated sterogenic center not connecteda heteroatom. However, no
examples of enantioselective conjugate addition cafbon nucleophiles td3-
trifluoromethyl a,p-unsaturated imines have been reported previotsijne best of our
knowledge. Considering this, and keeping in min& timportance of fluorine-
containing amino acids in medicinal chemisfy, we decided to study the
enantioselective conjugate addition of malonateersstto B-trifluoromethyl a,p-
unsaturated N-tosyl imines as an efficient procedure to access chiral f-
trifluoromethyl-d-amino acid derivatives, a reaction that has nacements in the
literature (Scheme 129).

le) le) NTs alvst O FsC R
catalys
RJ\/U\R * Fgc/\)J\R1 il RJ]I\%NHTS
1 11 R 0 12

Scheme 129Conjugate addition of malonate esterg-toifluoromethyla,p-unsaturated
N-tosyl imines
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4.2.1. Synthesis of-trifluoromethyl a,p-unsaturated N-tosyl imines 11

The imines to be used in this stutlya-l were synthesized by condensation of the
corresponding 4)-p-trifluoromethyl enones ang-toluenesulfonamide in the presence
of TiCl, and E$N, following the procedure described by A. D. Snifthimines 11,
specially those containing nitro groups, were demsito hydrolysis by silica gel and
their purification was difficult. In most of the ®@s, after a fast column
chromatography, further purification by crystaliba from hexane-EtOAc or ED-
EtOAc was required giving rise to moderate or laelds. Following this procedure we
were able to prepare a set of twelve imines ha@ngaromatic ring with different
substitution and electronic character attachedh& azomethinic carbon, with yields
ranging from 24-74% (Scheme 130). Again, the prapam of unsaturated imineksl
having an aliphatic (Me) group attached to the en@arbon was not possible due to
enolization of theN-sulfonyl imine.

Ts<
N

Et3N T|C|4 I
c H2C|2 F3C Ar

0 °C to reflux 11

O

+H2 |

_(/)

o

1la, Ar=Ph

11b, Ar= 4-MeCgH,
1lc, Ar =4-CICgH,
11d, Ar= 4-BrC6H4

1le, Ar=4-NO,CgH,4
11f, Ar= 4-MeOCgH,
119, Ar = 3-MeCgH,
11h, Ar=3-CIC6H4

11i, Ar = 3-NO,CgH,
11j, Ar = 3-MeOCgH,
11k, Ar = 2-MeOCgH,
111, Ar = 2-naphthyl

Scheme 130Synthesis and structure ®trifluoromethyla,p-unsaturatedN-sulfonyl
imines11

Imines 11 were obtained as only one C=N geometric isomewds$ possible to
obtain a monocrystal of imingla suitable for X-ray analysis (CCDC 1535016) that
showed thee,E geometry for the C-C and C-N double bonds in tesipound (Figure
6).

Figure 6. Ortep plot for the X-ray structure of compoutith The thermal ellipsoids
are drawn at the 50% probability level
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4.2.2. Optimization of the reaction conditions withcopper(ll) triflate

The reaction between dimethyl malonateand the iminel1lawas firstly attempted
by using pyBOX-La(OTH complexes as in our previous reaction with tosyines
derived from chalcone (Section 4.1). However, wtiegs catalytic system was applied,
the expected Michael addition produi?aa was obtained with good yields but low
enantioselectivities (Table 4). Other pyBOX compiexwith trivalent metal triflates
such as Yb(OTf Sc(OTfy or In(OTf); performed similarly or even worse than
La(OTf)s.

Table 4. Enantioselective conjugate addition of dimethg@lomatelato iminella
catalyzed by pyBOX-M(IIl) complexées.

O FC  Ph
(o} (e} NTs M(OTf);, pyBOX P
M MeO NHTs
+ B ——
MeO OMe Fsc/\)kph 4AMS, CH,Cl,
MeO~ ~O
11a 12aa

ﬁ/[j\r | b
O — fo)
\)‘R Ph . <// N \ Ph
s N N
PR Ph
pyBOX1: R = Ph, R'= H BOX9
pyBOX2: R = i-Pr, R'= H pyBOX8 PyBO

pyBOX5: R = BnCH,, R'=H
pyBOX6: R = 1-naphthyl-CH,, R'=H
pyBOX7: R = Me, R'= Ph

entry M(OTI() pyBOX t(h) yield (%)° dr (E/Z) ee (%) E/Z)°
1 La(OTf) pyBOX1 16 99 72:28 75/34
2 La(OTf) pyBOX2 43 99 78:23 -15/-2
4 La(OTfy pyBOX4 40 99 82;18 -18/-9
5 La(OTfy pyBOX5 40 99 82:18 -28/-11
6 La(OTfy pyBOX6 37 79 89:11 -16/5
7 La(OTf) pyBOX7 44 86 73:27 -76/-39
3 La(OTf) pyBOX8 48 99 77:23 45/-3
8 Sc(OTf) pyBOX1 96 A - -

9 Yb(OTf); pyBOX1 96 19 43:57 69/42
10 In(OTf) pyBOX1 96 A - -

% Reaction conditionsia (0.3 mmol),11a (0.125 mmol), ligand (0.0125 mmol), M(OFf)
(0.0125 mmol), 4A MS (110 mg), GBI, (1.1 mL), rt.” Yield of isolated producf Determined
by HPLC with chiral stationary phaséilittle advance of the reaction was observed after t
indicated time.

The low stereocontrol obtained with pyBOX-trivalenetal complexes led us to
test the reaction in the presence of other potecaialysts. First, we tested the reaction
in the presence of BOX-Cu(ORfromplexes, which are very commonly used chiral
Lewis acids (Table 5%°
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Table 5 Enantioselective conjugate addition of dimethydlomatela to imine 11a
catalyzed by BOX-M(Il) complexés.

O F,C Ph
NTs M(OTf), BOX

Pz
M . /\)L - = MeO NHTs
MeO OMe FsC Ph  4AMS, CH,Cl,

BOX1, R =Ph

BOX2, R = jPr BOX5 BOX6, R=H
BOX3, R={Bu BOX7, R = Me
BOX4, R = 1-naphthyl-CH,

o ‘%Q @ﬂ”%

N N

PR

PR Ph

BOX11
BOX8,R=H
BOX9, R = Me

entry M BOX t (h) vyield (%) dr (E/2)° ee (%) E/Z)"

1° Cu BOX1 24 L - -

2 Cu BOX1 96 60 80:20 -33/35
3 Cu BOX2 96 85 66:34 -85/71
4 Cu BOX3 96 ! - -

5 Cu BOX4 96 31 70:30 -55/54
6 Cu BOX5 72 77 80:20 67/-41
7 Cu BOX6 96 Y - -

8 Cu BOX7 72 93 90:10 95/-75
9 Cu BOX8 96 58 36:64 30/-70
10 Cu BOX9 96 92 72:28 -21-7
11 Cu BOX10 96 47 80:20 -32/25
12¢ Cu BOX7 96 b - -

1¥ Cu BOX7 72 36 47:53 76/-65
14 Cu BOX7 24 23 38:62 417
15 Zn BOX7 96 36 92:8 57/-43
166 Mg BOX7 20 99 92:8 86/-52
17 Ca BOX7 96 81 84:16 69/-49

% Reaction conditionsia (0.3 mmol),11a (0.125 mmol),BOX (0.0125
mmol), M(OTf), (0.0125 mmol), 4A MS (110 mg), GBI, (1.1 mL).” Yield

of isolated product Determined byH NMR. ¢ Determined by HPLC with
chiral stationary phases; opposite sign within mesaliastereomer indicates
opposite enantiomer8MS was not used Little advance of the reaction was
observed after the indicated tinfeEtN (0.016 mmol)." Hydrolysis of the
imine was observeEt;N (0.3 mmol).
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All the BOX ligands with the exception &OX8 favored the formation of thi-
enamine. Indene-derived bis-oxazoliB&X7) lead to the best results in terms of yield
and stereoselectivity providing enamibh2aain 93% vyield, as &a. 90:10 mixture of
E/Z-diastereomers and 95% ee for the m&atiastereomer, after 96 hours (Table 5,
entry 8). Addition of a catalytic amount of trietAgnine in an attempt to speed up the
reaction brought about a decrease in the yieldtdueydrolysis of the imine, as well as
an erosion in the stereoselectivity, which could @ avoided even in the presence of
MS (Table 5, entries 12 and 13). Addition of oneieglent of triethylamine produced
an inversion in diastereoselectivity, tdasomer being obtained as the major one in
almost racemic form (Table 5, entry 14).

We also tested the reaction in the presence oBthE7 complexes with Zn(ll),
Mg(ll) and Ca(ll) triflates. The reaction with tl#(Il) complex proceeded sluggishly
and gave compounti2aain only 36% yield after 96 hour (Table 5, entry).16n the
other hand, in the presence of the Ca(ll) complexmoundl2aawas obtained with
good vyield (81%), fair diastereo- and poor enastiectivity after 96 h (Table 5, entry
17). Remarkably, the reaction in the presenc&©0X7-Mg(OTf), proceeded fast in
absence of MS and was completed after only 20 hproducing compound2aain
quantitative yield with good diastereoselectiviiy.4 = 92:8) although with a slighly
lower enantiomeric excess (Table 5, entry 16) ti@nobtained with th8OX7-Cu(ll)
catalyst.

4.2.3. Scope of the reaction catalyzed by the BOXQu(OTf), catalyst

The conditions established in Table 5, entry 8, ewapplied to thep-
trifluoromethyl-a,p-unsaturatedN-tosyl imineslla-I previously synthesized, all of them
having an aromatic ring attached to the imine carlidne results are gathered in Table
6. The reaction could be carried out with iminearbrg an aromatic ring attached to the
imine carbon substituted with either electron-dowpbr electron-withdrawing groups.
Good to excellent yields of compounti® were obtained in almost all the cases except
when the phenyl group is substituted with a strelegtron donating group (MeO) at the
ortho or para positions (Table 6, entries 6 and 11). Howevas, dinawback is not found
when this group is inmeta position (Table 6, entry 10). A bulky 2-naphthylogp
attached to the azomethinic carbon was also telér@fable 6, entry 12). Compounds
12a-l were obtained with fair to good diastereoseletsigi (from 60:40 to 90:10)
favoring theE-diastereomer and with high enantiomeric excedses(83% to 97% ee
for the majorE-diastereomer) regardless of the electronic charattthe substituent on
the aromatic ring, although para-substituted rings gave slightly higher
enantioselectivities (Table 6, entries 2-6).
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Table 6. Enantioselective conjugate addition of dimethglomate {a) to -
trifluoromethyl-, B-unsaturatecN-tosyl imines11 catalyzed byBOX7-Cu(OTf),.?

coMe N BOX7 % O FC  Ar O FC  NHTs
< + C“(OTf)z WNHTS + MeOWA
CO,Me F3C 4A MS, CH,Cl, o
la 11
(S.E)-12aa (S.2)-12aa
entry 11  Ar t (h) 12 yield (%)° dr (E/2)° ee (%) E/2)°
1 11a Ph 68 12aa 93 90:10 95/75
2 11b 4-MeGH, 89 12ab 86 89:11 94/40
3 11c 4-CIGH, 112 12ac 82 87:13 97/32
4 11d  4-BrCgH, 89 12ad 75 89:11 95/43
5 1lle 4-NO.C¢H, 89 12ae 86 74:26 90/54
6 11f  4-MeOGH, 112 12af 34 84:16 94/56
7 11g 3-MeGH, 136 12ag 97 87:13 94/41
8 11h  3-CIGH, 89 12ah 86 82:18 91/49
9 11i 3-NO.C¢H, 64 12ai 94 60:40 83/58
10 11j 3-MeOGH, 89 12aj 87 83:17 87/82
11 11k 2-MeOGH, 112 12ak 23 72:28 89/17
12 111 2-naphthyl 112 12al 60 87:13 93/27

2 1a (0.3 mmol),11 (0.125 mmol),BOX7 (0.0125 mmol), Cu(OT$)(0.0125 mmol), 4A MS (110
mg), CHCl, (1.1 mL), rt.” Yield of isolated product Determined by'H NMR. ¢ Determined by
HPLC with chiral stationary phases.

4.2.4. Determination of the absolute stereochemistiof compound 12aa

Compoundl2aaobtained in the presence of tBOX7-Cu(OTf), ligand could be
crystallized (CCDC 1535017) and subjected to Xaaglysis (Figure 7).

“u

i

Xt
P

Figure 7. Ortep plot for the X-ray structure of compoutZzha The thermal ellipsoids
are drawn at the 50% probability level. Flack pagtamn0.01(3)
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From this analysis it could be established theigom&tion of the stereogenic center
as S and also confirmed thE-geometry of the enamine double bond in the major
diastereomer, similarly as in the major productaot#d in the addition of malonate
esters to imines derived from chalcone under Dad#italysis. The stereochemistry of
all compoundd.2 was assigned by analogy.

4.2.5. Optimization of the reaction conditions withmagnesium(ll) triflate

As indicated previously in section 4.2.2., tB®X7-Mg(OTf), complex showed
high catalytic activity in the reaction between diimyl malonate {a) and iminellaa
(Table 5, entryl16). Accordingly, we decided to sttlde application of magnesium(ll)-
BOX complexes in the conjugate addition of dialkydlonates t@-trifluoromethyla,f-
unsaturatedN-tosyl imines. Further optimization of the reacti@onditions was
achieved by testing Mg(OTf)n combination with several BOX complexes (Table 7

Table 7. Enantioselective conjugate addition of dimethg@lomatelato iminella
catalyzed by BOX-Mg(OTf)complexes.

O FC  Ph
NTs Mg(OT¥),, BOX

CH2C|2

MeO (0]
12aa

&%J QW><V Q % P h@%

BOX1, R=Ph BOX5
BOX2,R=/Pr BOX8, R H
BOX4, R = 1-naphthyl-CH,

enty BOX T(°C) t(h) yield (%) dr(E/Z)° ee (%) E/2)°

1 BOX1 rt 20 82 92:8 51/44
2  BOX2 rt 15 99 88:12 -74/66
3 BOX3 rt 46 40 65:35 0/0
4  BOX4 rt 20 99 92:8 -29/18
5 BOX5 rt 15 92 90:10 55/-39
6 BOX6 rt 16 96 95:5 85/-44
7  BOX7 rt 20 99 92:8 86/-52
8 BOX8 rt 5 99 91:9 68/-57
9  BOX9 rt 50 63 91:9 59/-38
100 BOX7 0 40 99 96:4 89/-75
11" BOX7 0 16 98 96:4 89/-55
1% BOX7 0 4d 56 89:11 91/-83
1¥ BOX7 -10 41 93 96:4 91/-49

 Reaction conditionsta (0.3 mmol),11a(0.125 mmol)BOX (0.0125 mmol), Mg(OT#
(0.0125 mmol), CKCl, (1.1 mL).” Yield of isolated producf. Determined byH NMR. ®
Determined by HPLC with chiral stationary phasegpasite sign within a same
diastereomer indicates opposite enantionfetsA MS was used.3 A MS was used?®5
A MS was used.
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Unfortunately, none of the BOX ligands tested inyai the enantioselectivity of
the reaction (Table 7, entries 1-9). Only ligaB@X6 provided compound2aa with
similar diastereo- and enantioselectivityBSX7. A decrease of temperature t¢©
almost completely stopped the reaction, which meguithe addition of 4 A MS to
proceed. In this way (Table 7, entry 10), compod@da was obtained with slightly
improved enantiomeric excess (89%) and diasterdomatio (96:4). 3 A MS led to
similar results (Table 7, entry11). On the othemdhahe reaction in the presence of 5 A
MS was notably slower and, although a slight ineeeaf ee (91%), was observed,
productl2aawas obtained with low yield and poorer dr (Tableeidtry 12). We tried
further optimization in the presence of 4 A MS. $hperforming the reaction at -1G
gave compound2aain 96:4 dr and 91% ee for the major diastereorable 7, entry
13). Other solvents (CHgIDCE, THF, acetonitrile, toluene @PrOH) were tested but
none of them improved the results obtained in dicrhethane.

4.2.6. Scope of the reaction catalyzed by the BOXMg(OTf) , catalyst

Although performing the reaction at -1Q allowed to increase the ee in the case of
compoundl2ag reactions carried out with other imines proved thas not a general
trend, no improvement being observed in many caftes decreasing the temperature
from 0°C to -10°C. Therefore, Table 8 shows the results obtain€f @t

Table 8 Enantioselective conjugate addition of dimethglomate {a) to -
trifluoromethylﬂ,B-unsaturate(N-tosyI iminesl1 catalyzed byBOX7-Mg(OTf),.2

COMe NTe Box-,% O FC  Ar O F;C  NHTs

< + /\)J\ Mg(OTf)2 )Jr\/kNHTs * MeOJf\/k

010:'\"6 FsC AT LAMS, CH,Cly 0°C MS, CH,Cl, 0°C o

" (S,E)-12aa (S,2)-12aa

entry 11  Ar t (h) 12 vyield (%)° dr (E/Z)° ee (%) E/Z)°
1 1la Ph 68 12aa 99  96:4 89/75
2 11b  4-MeGH, 16 12ab 99 955 89/61
3 11c  4-CICH, 18 12ac 93 955 97/63
4 11d 4-BrCH, 72 12ad 85 955 91/43
5 1le 4-NOCeH, 17 12ae 97  84:16 89/78
6 11f  4-MeOGH, 40 12af 92 937 93/69
7 11g 3-MeGH, 16 12ag 91 955 86/58
8 11h  3-CICH, 19 12ah 99 937 83/96
9 11i  3-NOCeH, 16 12ai 97  78:22 79/62
10 11j 3-MeOGH, 16 12aj 99 937 86/62
11 11k 2-MeOGH, 72 12ak 91 946 92/11
12 11l 2-naphthyl 20 12al 99 946 88/49
13F 1la Ph 100 12ba 94  88:12 85/35

21a (0.3 mmol),11 (0.125 mmol),BOX7 (0.0125 mmol), Mg(OT#) (0.0125 mmol), 4A MS (110
mg), CHCl, (1.1 mL), 0 °C” Yield of isolated producf. Determined byH NMR. ¢ Determined by
HPLC with chiral stationary phasé€seaction carried out with diethyl malonafiby.
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In general, the reaction witBOX7-Mg(OTf), gave compound42 with better
diastereomeric ratios but slightly lower enantioimesxcesses than the reaction with
BOX7-Cu(OTf),. The best enantioselectivities were observed wiiihes havingpara
substitution in the aromatic ring attached to tméne (Table 8, entries 2-6), especially
in the cases of a 4-Cl or a 4-MeO substituent. Giiedtereomeri®&/Z ratios above
90:10 were obtained in all the cases except wiihasihaving nitrophenyl substituents
(Table 8, entries 5 and 9). The reaction of dietinglonate and iminéla was also
carried out to give compouritba with good dr and ee (Table 8, entry 13), although
these results were inferior to those obtained wdiimethyl malonate. Finally,
diisopropyl malonate did not react withaunder the optimized conditions.

4.2.7. Synthetic transformations

Some transformations on compoufdaa that show the potential application of
enaminedl2 in the synthesis of optically active trifluoromgltizontaining nitrogenated
compounds are displayed in Scheme 131. For instaadection of compound2aa
could be efficiently achieved by treatment witkethylsilane in the presence of boron
trifluoride to gived-amino esterd3and14 in 92% vyield with good diastereoselectivity
(dr 88:12) and without noticeable erosion in the @a the other hand, treatment of
compoundl13 with triethylammonium hydroxide in DMSO broughtaalt cyclization
instead of decarboxylation giving the trifluoromgdted piperidoneba with good
yield.

§Fs Ph EtySiH CF, NHTs CFs NHTs
BF5 Et,0 :
MeOzC = NHTs 3 =2 M602C Ph + MeOZC Ph
MeO,C MeO,C
2% (S,E)-12aa CH200|2 MeO,C 2
E/Z = 96:4 92% (25,4R)-13 (25,45)-14
= 89% =87% ee =89%
ee = 89%/69% ee
13:14 = 88:12
CF; NHTs ENHO- oo o
Meozcw)\/'\F>h ty €0, NTs
MeO.C DMSO, 80 °C c o o
ey 3
78%
(28;4333 (3R4S,6R)-15
ee= ° ee = 87%

Scheme 131Synthetic transformations of compout2ha

As in the case of compound (section 4.1.5), the relative stereochemistry of
compoundl5, and hence, of its precursb8, was established considering the coupling
constants of the ring-attached protons (Figurelr8)particular the proton im to the
carbonyl group appeared as a doublet witk 11.4 Hz (ax-ax) indicating its axial
disposition, while the proton ia to the phenyl group appeared as a triplet With3.8
Hz characteristic of a proton in equatorial disposi
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H6  5.93 ppm (1) Jss5 = 3.8 Hz (eqg-eq), Jg 5 = 3.8 Hz (eg-ax)
H3  3.65 ppm (d) J34=11.4 Hz (ax-ax),

Figure 8. Significative coupling constants in compouttl

In summary, in this chapter we have developed itse énantioselective conjugate
addition of malonates tp-trifluoromethyl a,B-unsaturatedN-tosyl imines to give the
correspondingy-dehydrod-amino esters bearing a trifluoromethylated steseay
center at the allylic position. The reaction canchélyzed either by BOX-Cu(ll) and
BOX-Mg(ll) complexes. Both catalysts provided thHeenamine as the major
diastereomer with good yields, fair to good diasteelectivities and good to excellent
enantioselectivities. In general, best enantiosiwides were obtained with the copper
catalyst while the magnesium complex favored high@stereoselectivities. The
enamino esters have been proved to be effectivéhays for the preparation of
optically activep-trifluoromethyl &-amino esters and optically active trifluoromethyl
piperidones.
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4.3. Mukaiyama-Michael addition to N-tosyl imines derived from g,y-
unsaturated a-keto esters: E,Z-stereodivergent synthesis ofa,p-
dehydroamino esters

a,p-Dehydroamino acid derivatives are non-proteinogegmino acids that are
often found as structural subunits in natural potslyroduced by bacteria, fungi,
marine organisms and plants, and play an imporletin the biosynthesis of other
non-proteinogenic amino acids ag@mino acids (Figure 9y°

HO NH,
I o
Lo 8
\O O//,h ”
O
o Al

a,B-DehydroDOPA

2 10
HNG N

0"
Azinomycin A cl OH Phomopsin A

OAc

Figure 9. Examples of natural and bioactiwg-dehydroamino acid derivatives

Some of these compounds have shown antibiotic @ner antriguing biological
activities'* The presence of the double bond in the dehydraamiid residue reduces
the conformational flexibility of peptides, a profethat is useful for structure-activity
studies and for the design of secondary structreeptides,? and it also confers
resistance to enzymatic degradation and alters ti@activity!”® These properties are
affected by theE/Z configuration of the double bond of the dehydraammacid
moiety’* Furthermore p,-dehydroamino acid derivatives are widely usedtastisg
materials in the synthesis of natural and unnaturamino acids as well as in the
synthesis of heterocyclic compourtd®.According to these pharmacological and
synthetic potential, much synthetic effort has bemvoted to the preparation of
dehydroamino acids and their derivativ€sin most of the reported procedures the
thermodynamically stabl&-isomer is predominantly formedhile the synthesis of the
E-isomer normally takes place with lower selectiviy requires the use of
stereoisomerically pure starting materials that aswially prepared in multistep
sequences or involves difficult isomer separation.

On the other hand, the conjugate addition of dsfér nucleophiles toB,y-
unsaturatedi-keto esters has been applied as a new stratetheisynthesis o#,p-
dehydroamino esters by the groups of PalaciésLiu’® and Kim?® In all these cases
the reaction takes place stereoselectively to tfigecorresponding dehydroamino esters
with the Z-configuration at the double bond. Therefore, tegealopment of synthetic
procedures based on this approach that could leagloselectively to the eith&or Z
dehydroamino esters starting from a same set ofae& would represent an important
advance in the synthesis of this kind of compounds.
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In this chapter we report the development of newcedures for theE/Z
stereodivergent synthesis af,f-dehydroamino estervia a Mukaiyama-Michael
addition of silylketene acetals tbl-tosyl imines of B,y-unsaturateda-keto esters
(Scheme 132).

CO,Me

NTs
OTMS 2
>_< e S eor — ji;iOzR
OMe R NHTs
16 17 18

Scheme 132Mukaiyama-Michael reaction witR-tosyl imines of3,y-unsaturated-
keto esters

4.3.1. Synthesis oN-tosyl imines 17 derived fromp,y-unsaturated a-keto esters

The imines to be used in this section and in sestth4 and 4.5 were synthesized
by condensation of the corresponding)-f,y-unsaturatedo-keto esters andp-
toluenesulfonamide in the presence of Ti@hd EfN, following the same procedure
used in the synthesis of imin2ss described by Carreteéfd-ollowing this procedure a
number of differently substituted iminé3a-owere prepared in 36-76% yield from the
corresponding unsaturated keto esters (Scheme 133).

_Ts
0 0 EtN, TiCl N
I 3 4
_ { >; X
R1/§)J\002R2 + H2N ISOI CHZC|2 R‘]/\)kCOZRz
0 °C to reflux 17
17a, R'= Ph, R2 = Et 17f, R'= 3-CICgH,, R? = Et 17k, R'= 2-MeOCgH,, R? = Et
17b, R'= 4-MeCgH,, R? = Et 179, R'= 3-NO,CgH,, R? = Et 171, R'= 2-furanyl, R? = Et
17¢, R'= 4-CIC¢H,, R? = Et 17h, R'= 3-MeOC¢H,, R =Et  17m, R'= 2-thiophenyl, R? = Et
17d, R'= 4-NO,CgH,, R? = Et 17i, R'= 2-CIC¢H,, R? = Et 17n, R'= Ph, R = Me

17e, R'= 4-MeOCgH,, R? = Et 17j, R'= 2-NO,CgH,, R? = Et 170, R'=Ph, R? = jPr

Scheme 133Synthesis and structure Mftosyl iminesl7 derived fromB,y-unsaturated
a-keto esters

Imines 17 were obtained as only one diastereomer. X-rayyargabf imine Ib
(CCDC 1442206) indicated tiegeometry of the C=N in these imines, unlike in iagn
11 where the C=N bond geometry w& The X-ray analysis also showed the
preference for the gans conformation in the crystal structure (Figure 10).
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Figure 10. Ortep plot for the X-ray structure of compoutith. The thermal ellipsoids
are drawn at the 50% probability level

4.3.2.E/Z-stereodivergent Mukaiyama-Michael reaction with imnes 17

Our initial goal was to develop an enantioseleciigkaiyama-Michael reaction of
silylketene acetals with-tosyl imines derived fron,y-unsaturatedi-keto esters. We
expected that the 1,2-imino carbonyl moiety woultl @s a chelating scaffold or as a
double hydrogen-bond acceptor, improving the bigdh the substrate to the catalyst
and expediting the catalytic action by Lewis adidhgpdrogen-bonding catalysts.

Accordingly, we tested the reaction between trimisityl ketene acetall6 and
unsaturated imind7a (R* = Ph, R = Et, Scheme 132) catalyzed by different chiral
BOX-Cu(OTf), and pyBOX-La(OTf} complexes. In all the cases the reaction was
completed in 2 h to give compourd@a with good diastereoselectivity although with
low enantiomeric excess (best 31% ee obtained thithBOX1-Cu(OTf), catalyst).
This low enantioselectivity was attributed to atfasnenantioselective background
reaction. In fact, Cu(OT§)alone was able to catalyze the reaction to givepound
18ain 95% vyield as a 97:B/Z mixture of diastereomers after 45 minutes.

In the view of these results we attempted the m@adh the presence of several
hydrogen-bonding catalysts (Figure 11).

= (0] O
CF3 ﬁ
N

Bn Bn
S H H H  H
/©\ U NN CF3 N\Ke\” N N
F4C N~ TN i o} o
H H O N S ) N
N O~y \ N~
NG CF4 - g/

Figure 11 Hydrogen-bonding catalysts tested in the reaaiccompound4d6 and17a

In these cases, the reaction required longer ttmée completed and, remarkably,
delivered compound8a favoring the formation of th&-isomer, although in racemic
form. In fact, similar results were obtained whée teaction was carried out in the
absence of any catalyst, compouh8a being obtained as a 9:9/Z mixture of
diastereomers in 84% yield after 20 hours.

80



Results and Discussion

Thus, although we were not able to develop an @smlective method for this
Mukaiyama-Michael reaction, the fact that bd#Z diastereomers of compouri8
could be selectively prepared from the same se¢afents encouraged us to study the
scope of this diastereodivergent reaction.

a) Non-catalyzed Z-sel ective Mukaiyama-Michael reaction

The reaction between 2-methyl-1-methoxy-1-trimethybxyprop-1-ene 16) and
imines17 was carried out at room temperature in dichlortrauwe¢ as the solvent (Table
9).

Table 9. Non-catalyzed Mukaiyama Michael addition of trilmgsilyl ketene acetal6
to N-tosyl imines ofu-keto esterd 7.2

OTMS /\)Ts COzMgosz COZMI\THTS
>_<0'V'e RN ooR CH,Cly, 1t RI%NHTS ' RbCOZRz
16 17 (E)-18 (218
minor major
entry 17  Ar R 18 yield (%)°  dr (E/2)°
1 17a Ph Et 18a 84 9:91
2 17b  4-MeGH4 Et 18b 77 9:91
6 17¢  4-CICsH, Et 18c 80 9:91
9 17d  4-NO,CeH4 Et 18d 98 8:92
3 17e 4-MeOGH, Et 18e 56 14.86
7 17f  3-CICsH, Et 18f 87 11:89
10 17g 3-NOCeH,4 Et 18g 99 10:90
4 17h  3-MeOGH, Et 18h 82 11:89
8 171  2-CICsH, Et 18i 95 13:87
11 17)  2-NO,CeH, Et 18] 58 1.99
5 17k 2-MeOGH, Et 18k 72 15:85
12 171 2-furyl Et 18l 69 14:86
13 17n Ph Me 18n 82 11:89
14 170 Ph iPr 180 75 11:89

216 (0.6 mmol),17 (0.25 mmol), CHCl, (1.2 mL), rt, 20-24 h® Yield of the
diastereomer mixture after chromatogragtyetermined byH NMR.

The reaction conditions were applied to a numlied-tosyl imines derived from
ethyl y-aryl-B,y-unsaturatedu-keto estersl7a-k, bearing either electron-donating or
electron-withdrawing groups at tleetho, metha or para positions of the phenyl ring,
and to an heteroaryl-substituted esi&l. The reaction provided the expecte(-
dehydroamino esters favoring the formation of #hésomers Z)-18a-l in all the
examples studied, with diastereomeric ratios rapgnom 85:15 to 99:1 (Table 9,
entries 1-12). The methyl and isopropyl estiefe and170 gave similar results to ethyl
esterl7a(Table 9, entries 12-13).
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b) Copper (I11)-catalyzed E-selective Mukaiyama-Michael reaction

TheE-selective reaction was carried out using a 10%hé&bad of copper(ll) triflate
as catalyst in dichloromethane at room temperaflihe results are summarized in
Table 10.

Table 10 Mukaiyama Michael addition of trimethylsilyl kete acetall6 to N-tosyl
imines ofa-keto esterd 7 catalyzed by Cu(OTS)*

CO,Me CO,Me

>:<OTMS 1/\)']118 ] Cu(OTf), CO,R? . HTS
ome * R COR Chcnt g P Nt RN CoR?
16 17 (E}-18 (218
major minor
entry 17  Ar R 18 yield (%)°  dr (E/Z)°
1 17a Ph Et 18a 95 97:3
2 17b  4-MeGH, Et 18b 99 93.7
6 17¢ 4-CICsH, Et 18c 99 94.6
9 17d  4-NO,CgH,4 Et 18d 99 92:8
3 17e 4-MeOGH, Et 18e 95 88:12
7 17f  3-CICsH,4 Et 18f 99 97:3
10 179 3-NOCeH, Et 18g 99 94:6
4 17h  3-MeOGH, Et 18h 99 96:4
8 17i  2-CIGH, Et 18i 99 99:1
11 17) 2-NOCeH, Et 18] 99 86:14
5 17k 2-MeOGH, Et 18k 91 97:3
12 171 2-furyl Et 18I 80 91.9
13 17n Ph Me 18n 99 97:3
14 170 Ph iPr 180 87 96:4

816 (0.6 mmol),17 (0.25 mmol), Cu(OT# (0.025 mmol), CkCl, (1.9 mL), rt,
20-90 min. ® Yield of the diastereomer mixture after chromaspiry. ©
Determined byH NMR.

When the reaction between silyl ketene ack$ednd iminesl7a-owas carried out
in the presence of 10 mol % copper(ll) triflatedichloromethane at room temperature,
a faster reaction took place to give the expeatpadehydroamino esters in high yield,
favoring in these cases the formation of Eresomers E)-18a-oin all the examples
studied (Table 10). In general, better yields aladtdreoselectivities were observed for
the copper-catalyzed reaction compared with the -cadalyzed reaction, with
diastereomeric ratios/Z above 90:10 in most of the cases.
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4.3.3. Assignment of the stereochemistry of compods 18

Initial attempts to assign tHgZ configuration of the double bond in compouid@s
by *H NMR following four different spectroscopic criterestablished by Mazurkiewicz
et al*’ for relatedN-acyl-a,p-dehydroe-amino acid esters led to contradictory results
(Table 11).

Table 11 Application of'"H NMR spectroscopicriteria by Mazurkiewicz et al. to
determine the geometry of the double bond in comgsi8."®

criterion o for Z-18a o for E-18a concordance
1 e l<dont 7.31 6.91 -
2 BN <OnuE 6.16 6.65 +
OcH- (CDClIy) for Z-18a8ck- (TFA) for Z-18a
3 8c-2(CDClg)<dcy- (TFA) |7.31 7.64 +
OcH- (CDClIy) for E-18adck- (TFA) for E-183
4 3cy-" (CDCl)>8¢-F (TFA)|6.91 7.04 -

Thus, we performed NOESY experiments with sampleproducts18 obtained
under non-catalytic conditions and under coppealgsis. 4-Nitrophenyl derivatives
18d were used in these experiments in order to avoélapping of*H NMR signals in
the aromatic region. NOESY experiments with compbtBd (major compound in
non-catalytic conditions) showed a small interactlmetween the NH protord (6.16
ppm) and the benzylic protod 4.69 ppm), which indicated the possidkgeometry for
the double bond in this compound. No significaiivieractions were found however in
NOESY experiments with the Cu-catalyzed reactiadpct (Figure 12).

Furthermore, suitable crystals for X-ray analysStDC 1442362) of compound
18n (copper-catalyzed reaction) could be obtained whitowed us to unambiguously
establish theK)-configuration for the double bond in this compdyRigure 13).

Figure 13. Ortep plot for the X-ray structure of compoutth (copper catalyzed
reaction). The thermal ellipsoids are drawn at50% probability level
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Figure 12 NOESY experiments carried out with compouli&d obtained under non-
catalytic conditions (above) and under Cu(QTBtalysis (below)
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On the basis of these results &fdNMR characteristic chemical shifts (Table 12)
we established that all compouridresulting from the non-catalyzed reaction have the
Z-configuration at the double bond while those alsdi through the copper-catalyzed
reaction have thE-configuration. Thus, in all the cases the olefimgrogens appear at
higher field for theE-isomer fcy=> > dcn-") while the N-H proton appears at higher
field for the Z-isomer Pyt > Sny?). Similarly, the benzylic proton in thesubstituent
also appears at higher field for thésomer Bacn” > darch?).

Table 12 Comparation of significativetH NMR chemical shifts for compoundz)¢18
and E)-18°

6NH 6NH 6CH=C 6CH=C 6AI’CH 6AI’CH
entry 18 AT R 218 (B-18 (218 (B)118 (2-18 (B)-18
1 a Pn Et | 620 661 731 70l 441 481
> b 4MeGH, Et | 614 658 729 697 435 477
3 ¢ 4MeOGH, Et | 618 658 727 696 435 476
4 d 3-MeOGH, Et | 618 659 7.27 697 437 479
5 e 2MeOGH, Et | 619 657 734 7.06 469 518
6 f 4CIGH, Et | 628 662 726 691 446 477
7 g 3C-GH, Et | 630 667 723 68 441 475
8 h 2Cl-GH, Et | 611 665 735 693 503 535
9 i 4NOCH, Et | 616 671 731 690 469 488
10 | 3NOGCH. Et | 621 674 729 689 465 488
11 k 2NOCH, FEt | 665 6.69 7.03 688 493 542
12 1 24unyl Et | 640 671 704 669 456 504
13 m Ph Me | 623 657 730 7.00 435 472
14 n Ph iPr | 624 660 7.29 698 445 4.86

21 NMR carried out in CDGlat 300 MHz 3 values referenced to residual CH(@ = 7.26 ppm).

The results indicate that the unsaturated inlin@dopts the sts conformation in
the non-catalytic reaction while it prefers th&aas conformation during the copper-
catalyzed reaction. Although a full explanation flois preference is not possible at this
moment, our hypothesis is that the non-catalyzedtien takes place through a cyclic
Diels-Alder-like transition state (Figure 14, TSyith the incipient negative charge on
the nitrogen atom stabilizing the incipient po®tisharge at the acetal carbon, which is
only possible in the sis conformatior®>’® On the other hand, in the presence of
copper triflate, coordination of the copper iontlbe imine renders the substrate more
electrophilic and the reaction takes place throagtacyclic transition state (Figure 14,
TS-2) with the unsaturated imine having thieass conformation.
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TS-1 TS-2

Figure 14. Proposed transition states for the Mukaiyama-lslétmeaction. Non-
catalyzed (TS-1) and copper-catalyzed (TS-2)

In summary, we have developed new protocols forstaeeodivergent synthesis of
N-tosyl a,f-dehydroamino esterda a Mukaiyama-Michael addition. The reaction of
silylketene acetals witiN-tosyl imines derived fron,y-unsaturatedo-keto esters
provided the corresponding)ta,f-dehydroamino esters. Morover, tkasomers were
obtained when the reaction was performed in thegmee of a catalytic amount of
copper triflate. This strategy allowed the sterésd®e synthesis ofH)- or (£)-a,p-
dehydroamino esters from a same set of reactartshwas no precedents in the
literature. We have also established a correldtismveen théH NMR chemical shifts
and the stereochemistry of the double bond in thesgounds.
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4.4. Enantioselective conjugate addition of malonatesters toN-tosyl
imines derived from B,y-unsaturated a-keto esters

In the previous chapter we disclosed the synthesis,p-dehydroamino acid
derivativesvia nucleophilic conjugate addition to imines derivedni §3,y-unsaturated
a-keto esters. By a judicious election of the reacttonditions we were able to carry
out the Mukaiyama-Michael reaction of silylketereztals and\-tosyl imines derived
from B,y-unsaturated.-keto esters to selectively giee or Z- a,p-dehydroamino esters
from the same set of reactants. Unfortunately, héyels of enantiocontrol in these
reactions could not be obtained under the actioangfof the chiral catalysts that were
tested.

On the other hand, we have shown in sections 4dl4ap that 1,3-dicarbonyl
compounds are prone to catalysis by chiral Lewisl auch as pyBOX-M(lIl) and
BOX-M(Il) complexes, which efficiently promoted thenantioselective conjugate
addition of malonate esters to unsaturated ketisitee give chiral enamines. By
considering both strategies together, we envisiotted chirala,-dehydroamino esters
may be obtained in an enantioselective fashiondbyeaing the conjugate addition of
malonate esterg to imines17 derived fromp,y-unsaturateci-keto esters under the
proper enantioselective catalytic conditions (Schdi34).

1
o o NTs et O R' COyR?
catalys
ROMOR-'- R1/\)J\COZR2 —y> RO Z NHTs

RO™ 0
1 17 19

Scheme 134Conjugate addition of malonate esterdlttosyl imines derived frorfi,y-
unsaturated-keto esters

4.4.1. Optimization of the reaction conditions

A preliminary screening of catalytic complexes lthsa trivalent metal salts and
pyBOX ligands was undertaken using the reactiowéen dimethyl malonatd§, R =
Me) and thex,p-unsaturatedi-tosyl iminel7a(R' = Ph, B = Et) in the presence of 4 A
MS and dichloromethane as the solvent, accordingh&é conditions developed in
section 4.1 (Table 13).
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Table 13 Enantioselective addition of malonate esfiets unsaturated iminé7a (R* =
Ph, R = Et) catalyzed by pyBOX-M(Ill) complexés.

O Ph  CO,Et

O O NTs M(OTf); P
pyBOX RO NHT:
ROMOR + Ph/\/U\COZEt —_— s
MS, CH2C|2 RO 0

1
17a 19
X X
' (0] | ~ (9] o] | P le)
R | N q R . </, N |
N N—/ N N
R R S
pyBOX1, R=Ph, R=H
pyBOX2, R = iPr, R'=H pyBOX8

pyBOX5, R = BnCH,, R'= H
pyBOX7, R = Me, R'= Ph

entry M pyBOX 1 R solvent t(h) 19  vyield (%) dr (E/2)° ee (%)

1 La pyBOX1 1l1la Me CHCI, 16 19aa 94 2:98 -86
2 Yb pyBOX1 1la Me CH.Cl, 44 19aa 23 27:73 30
3 Sc pyBOX1 la Me CH,CIl, 46 19aa - - -

4 In  pyBOX1 1a Me CH)Cl, 46 19aa - - -

5 La pyBOX2 1la Me CH.Cl, 19 19aa a0 1:99 -52
6 La pyBOX5 1l1la Me CHCI, 26 19aa 91 4:96 -35
7 La pyBOX7 1a Me CHJ_Cl, 19 19aa 96 13:87 26
8 La pyBOX8 1l1la Me CHCI, 26 19aa 94 13:87 16
o° La pyBOX1 1l1la Me CHCI, 16 19aa 98 7:93 -74
1d La pyBOX1 la Me CHCl, 15 19aa 92 8:92 -73
11 La pyBOX1 1l1la Me CHCl, 17 19aa 99 5:95 -78
12 La pyBOX1 1a Me DCE 17 19aa 89 4:96 -86
13 La pyBOX1 1l1la Me toluene 16 19aa 93 4:96 -61
14 La pyBOX1 1l1la Me THF 16 19aa 99 2:98 -83
15 La pyBOX1 1l1la Me  dioxane 35 19aa 96 11:89 -55
16 La pyBOX1 1l1la Me Et,O 18 19aa 95 2:98 -86
17 La pyBOX1 1b Et CHCl, 18 19ba 94 1:99 91
18 La pyBOX1 1b Et Et,O 20 19ba 87 3:97 -76
19 La pyBOX1 1c iPr CHCI, 16 19ca 94 2:98 -73
20 La pyBOX1 1c iPr EtLO 15 19ca 99 3:97 -25
21° La pyBOX1 1l1la Me CHCIl, 41 19aa 94 5:95 -87
22 La pyBOX1 1b Et CHCl, 64 19ba 93 1:99 -86

2 Reaction conditionsl (0.6 mmol),17a (0.25 mmol), pyBOX (0.025 mmol), M(OEf(0.025 mmol), 4A
MS (110 mg), solvent (2.2 mLY.Yield of isolated producf Determined byH NMR. ¢ Only for the major
(2)-diastereomer. Determined by HPLC with chiral istary phases; opposite sign indicates opposite
enantiomers® 3 A MS was used.5 A MS was used.Reaction carried out at 0 °C.

The complexes of Sc(OE&for In(OTfi with pyBOX1 were completely inactive
and no significative progress of the reaction whseoved after 46 hours (Table 13,
entries 3 and 4) while the complex with Yb(QsIfromoted a sluggish reaction and
provided the expected produt®aawith low yield, fair diastereomeric ratio and low
30% ee (Table 13, entry 2). Pleasantly, gy@BOX1-La(OTf); complex was more
active and, after 16 h, allowed obtaining compour®da in excellent yield, with
outstanding diastereoselectivity and high 86% easbl@ 13, entry 1). Other pyBOX
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ligands were tested in combination with La(QTdut none of them improved the results
obtained withpyBOX1 (Table 13, entries 5-8). The pore size in the odbr sieves
seemed not to have any effect on the performantieeafeaction and either 3 A or 5 A
MS afforded similar results as 4 A MS (Table 13tries 9 and 10). Next we studied
different solvents. Unfortunately, none of themduwoed any upturn in the results; only
diethyl ether performed similarly to dichlorometlea(lable 13, entries 11-16). The
influence of the alcoxy group in the malonate egtas also assessed. Slightly enhanced
stereoselectivity was obtained with diethyl malen@tb, R = Et, Table 13, entry 17),
while diisopropyl malonatel¢, R =iPr) gave the reaction product with only 73% ee
(Table 13, entry 18). Surprisingly, the use of loytether with these two esters was
deleterious unlike with dimethyl malonate (Table, EBtries 19 and 20). Finally, a
decrease of temperature to O °C resulted in a dserm the reaction rate and a slight
loss of the optical purity in the resulting enamiiiable 13, entry 22)

Finally, it is worth remarking that compountaa was obtained as a single
diastereomer with excellent diastereoselectivity{®9:1) favoring th& configuration
in the double bond (see below).

4.4.2. Scope of the reaction

With the optimized conditions in hand, we studibd scope of the reaction with
different imines17. Since diethyl malonate was proved to give betemults than
dimethyl or diisopropyl malonate, most of the reskawas restricted to this
nucleophile. The results are gathered in Table 14.

Different imines17 having aromatic substitution at the double bopdatbon) of
the unsaturated ketimino ester were suitable satiestfor the reaction (Table 14, entries
1-10). In general the reaction took place with deo¢ diastereoselectivity favoring the
formation of the isomer having th& configuration at the enamine double bond, with
E/Z ratios higher than 10:90, except in the case ofpmund19bj that was obtained as
an E/Z 29:71 mixture (Table 14, entry 10). High enantoim excesses above 86%
were obtained when 'Rwas a phenyl group substituted with either neufiéé) or
electron donating (MeO) substituents at any ofgbsitions (Table 14, entries 2, 5 and
8). The best enantioselectivity was obtained whémwRs a 2- or 3-clorophenyl ring
(Table 14, entries 6 and 9). Nevertheless, wheitr@a group is attached to the aromatic
ring, a dramatic drop in the enantiomeric excesabld 14, entries 4, 7 and 10) was
observed. The substituent Ban also be a heteroaromatic ring (Table 14, etitjythe
corresponding enamine being obtained with excelligagtereoselectivity and still 84%
ee. Finally, the alkoxy group in compouad was also amenable to variation. Imines
17n and 170 derived from methyl or isopropyl keto esters gakie torresponding
products with excellent diastereo- and enantiosiglgc(Table 14, entries 12 and 13).
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Table 14 Enantioselective addition of dialkyl malonates upnsaturated imineg?7
catalyzed byyBOX1-La(OTf)z#

SO
N N 1 2 1

COR NTs PH pyBOX1 Pn R' CGOR R NHTs

COzR+ R1N\)kcozR2 L:A(O'\'lll'fs)a RO;;C Z SNHTs + RO;ELMCOZRZ
1 17 CH.Cly, rt (S,E)19 (S,2)19
minor major

entry 1 R 17 R! R® t(h) 19 vyield (%)° dr (E/2)° ee E/2)°
1 1b Et 17a Ph Et 18 19ba 94 1:99 7/91
2 1b Et 17b  4-MeGH, Et 39 19bb 99 1:99 -/88
3 1b Et 17¢ 4-CICsH, Et 30 19bc 97 6:94 21/88
4 1b Et 17d  4-NO,CeH,4 Et 72 19bd 99 5:95 24/69
5 1b Et 17e 4-MeOGH, Et 39 19be 99 1:99 22/86
6 1b Et 17f  3-CIGH, Et 39 19bf 97 1:99 44/90
7 1b Et 17g 3-NO,CgH, Et 72 19bg 99 7:93 38/52
8 1b Et 17h 3-MeOGH; Et 43 19bh 91 7:93 37/88
9 1b Et 17i  2-CICsH, Et 72 19bi 99 2:98 23/95
10 1b Et 17j  2-NO,CgH, Et 120 19bj 95 29:71 60/20
11 1b Et 171  2-furanyl Et 63 19bl 93 2:98 7/84
12 1b Et 17n Ph Me 21 19bn 99 1:99 14/87
13 1b Et 170 Ph iPr 20 19bo 98 1:99 44/89
14 la Me 17a Ph Et 16 19aa 94 2:98 2/86
15 1c iPr 17a Ph Et 16 19ca 94 3:97 83/73

& Reaction conditionst (0.6 mmol),17 (0.25 mmol) pyBOX1 (0.025 mmol), La(OT#H (0.025 mmol), 4
A MS (110 mg), solvent (2.2 mL), ft.Yield of isolated product. Determined byH NMR. ¢ Determined
by HPLC with chiral stationary phases.

To complete the study, we assessed the perfornadrdienethyl 2-methylmalonate
(1d) in the reaction with four different unsaturatednesl7 (Tablel5).

The reaction of dimethyl 2-methylmalonate with #hamines took place with
excellent yields in all the cases but variable Itesm terms of stereoselectivity. Quite
surprisingly, dimethyl 2-methymalonatdd) showed different behavior to that of
dimethyl malonatel(@. Thus, the best result was obtained with the #hme/phenyl
derivative 17e that provided the conjugate addition prod&ide with excellent
diastereoselectivty and 97% ee (Table 15, entryHé)vever, the reaction with the
clorophenyl derivativel 7c provided in this case the lower dr (32:68) andTesble 15,
entry 2), while the nitro derivativé7d gave the imine with good dr and 81% ee (Table
15, entry 3).

90



Results and Discussion

Table 15 Enantioselective addition of dimethyl 2-methylorate {d) to unsaturated
imines 17 catalyzecoyBOX1-La(OTf)3?

o \Te o prBOXl L RY  CO,Et RY  NHTs
2Me MeO,C Z +MeOZC Z
co,me Rl/kaOzEt 4_13_“;0';; Me0,C nre Me0,C o
1d 17 CH,Cly, 1t (S.E)-20 (5.2)-20
minor major
entry 17 R? t (h) 20 yield (%)°  dr (E/2)° ee E/2)°
1 17a Ph 92 20da 88 5:95 20/83
2 17¢ 4-CICsH, 67 20dc 99 32:68 14/40
3 17d 4-NOCeH,4 44 20dd 99 7:93 34/81
4 17e 4-MeOGH, 67 20de 92 3:97 97/97

# Reaction conditionsld (0.6 mmol),17 (0.25 mmol),pyBOX1 (0.025 mmol), La(OT#H (0.025
mmol), 4 A MS (110 mg), solvent (2.2 mL), Pt.Yield of isolated product Determined by‘H
NMR. ¢ Determined by HPLC with chiral stationary phases.

4.4.3. Determination of the stereochemistry of conqunds 19

The stereochemistry of the double bond in compou®dsas initially assigned as
Z on the basis NOESY experiments carried out with paund 19be The spectrum
showed an interaction between the NH enamine prattdi6.73 and the benzylic proton
atd 4.62, which is only possible if the double bond teeZ configuration (Figure 15).

qhq N

OCH; L
+0
(0} H(NHTS i " ’ .
j EtO Z > C0,Et j
2
Et0O” "0 [ ] !
19be L,
—= i *
_ﬁ (6A73,4.62K . ’é‘
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6
= {7.26,:‘.27&‘ ‘|' Ly
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9
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5
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Figure 15.NOESY experiments carried out with compourébe
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Furthermore, compountBbn could be crystallized and subjected to X-ray asialy
which allowed us to confirm the geometry of the loleubond ag and also to establish
the configuration of the stereogenic center &s(Figure 16). The absolute
stereochemistry for the other obtained enamitfewas assigned by analogy upon the
assumption of a uniform stereochemical pathway.

Figure 16. Ortep plot for the X-ray structure of compoutfgbn. The thermal ellipsoids
are drawn at the 50% probability level

Furthermore, compound9bn was hydrolyzed to the known ketod’” upon
treatment with 2 equivalents of benzylamine anditalgtic amount of La(OT§)and 4
A MS in dichloromethane (Scheme 135).

NHTs O Ph CO2Me
La(OTf)
COMe + : EtO o
4A MS, o

CH2C|2 rt E0

(s,z) -19bn (S)-21bn

ee = 86% 25 _ _

[a]p® = +14 (CHCl3, ee= 86%)

Lit. [a]p2® = - 9 (CHCI3, ee = 98%)
(undetermined stereochemistry)

Scheme 135Hydrolysis of compound9bn
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4.5. Diastereodivergent enantioselective conjugataddition of 2-
chloromalonate esters toN-tosyl imines derived from B,y-unsaturated
a-keto esters

The introduction of highly functionalized fragmemtto an organic molecule is of
paramount importance in organic synthesis sincedhows increasing the possibilities
of further functional or structural modifications later stages of the synthetic sequence.
Following the research on nucleophilic enantiogetec addition of malonic acid
derivatives to unsaturated imines disclosed inpttewious chapter, we decided to study
the reaction between dialkyl 2-chloromalonates Arsyl imines derived fronfs,y-
unsaturateda-keto esters to give the corresponding highly fiometlized chloro-
enamino esters (Scheme 136).

O R' COR?

O O NTs talvst
catalys
RoJ\/moR+ RM\Acosz s RO)%:\% NHTs
cl

o]
RO” O
1 17 22

Scheme 136Conjugate addition of 2-chloromalonate esterd-tosyl imines derived
from B,y-unsaturated-keto esters

4.5.1. Optimization of the reaction conditions withanthanum(lll) triflate

The conditions previously developed for the additad diethyl malonate with the
pyBOX1-La(OTf); catalyst were initially applied to the reactiontvieen diethyl 2-
chloromalonatel(e) and iminel7a giving theZ-enamine22eawith high dr (3:97) and
82% ee (Table 16, entry 1). It was also found ttteg amount of diethyl 2-
chloromalonate could be reduced to 1.5 equivaleiitsout any noticeable effect (Table
16, entry 2). Different pyBOX ligands were thentéels All of them led to poorer results
than pyBOX1 (Table 16, entries 3-9) excepyBOX9, which performed similarly
(Table 16, entry 10). A decrease in the reactiomprature in the presencemBOX1
or pyBOX9 had little impact on the enantioselectivity, alilgh thepyBOX9 complex
seemed to be slightly more active (Table 16, enti@ and 12). Decreasing the
temperature to -10 °C improved the ee up to 86%yeler, further decrease of
temperature to -20 °C slowed down the reactionitgpdo long times without a
noticeable effect on the enantioselectivity (Taldlé, entry 14). Other pyBOX
complexes with trivalent metal triflates such agQ®f);, Sc(OTf} or In(OTf); were
assessed but proved to be inactive and did nat gighmin€22ea
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Table 16 Enantioselective addition of diethyl 2-chloromadte to iminel7acatalyzed
by trivalent metal salts.

M(OTH), O Ph  NHTs

o O NTs
ligand =
EtOJ\(U\ OEt +PhA\)J\COZEt - = EOWCOZB
Cl

4 AMS, CH,Cl, Eto” Yo
A
O = le)
3// N \\>‘

17a

N N—/ Q
R R
pyBOX1, R = Ph, R'=H
i - pyBOX8 pyBOX9

pyBOX2, R = iPr, R'=H

pyBOX3, R=tBu,R'=H

pyBOX4, R = jPrCH,, R'=H
pyBOX5, R = BnCH,, R'=H
pyBOX®6, R = 1-naphthyl-CH,, R'= H
pyBOX7, R = Me, R'= Ph

entry ligand t(h)y T(°C) vyield (%) dr(E:2)° ee o)
1° pyBOX1 16 rt 97 3:97 -82
2 pyBOX1 14 rt 92 3:97 -82
3 pyBOX2 19 rt 89 4:96 -22
4 pyBOX3 16 rt 88 9:91 -16
5 pyBOX4 39 rt 90 7:93 -3
6 pyBOX5 40 rt 87 7:93 -44
7 pyBOX6 40 rt 91 8:92 -41
8 pyBOX7 16 rt 92 7:93 -46
9 pyBOX8 43 rt 92 10:90 13
10  pyBOX9 16 rt 93 2:98 82
11  pyBOX1 40 0 89 5:95 -82
12 pyBOX9 22 0 93 3:97 83
13 pyBOX9 40 -10 83 8:92 86
14  pyBOX9 92 -20 62 1:99 87
151 BOX1 16 rt 86 90:10 -73

? Reaction conditionsle (0.187 mmol),17a (0.125 mmol), pyBOX (0.0125 mmol),
La(OTf); (0.0125 mmol), 4 A MS (110 mg), GAI, (1.1 mL).” Yield of isolated product.
Determined byH NMR. ¢Only for the major diastereomer. Determined by HRir@lysis
with chiral stationary phases; opposite sign ingisaopposite enantiomer$.Reaction
carried out with 0.3 mmol of€/0.125 mmol ofl7a’ Reaction carried out with Cu(OBf)
instead of La(OTH

Furthermore, while performing this study, we alsstéd theBOX1-Cu(OTf)
complex as catalyst, which allowed obtaining commqb22eain 86% vyield after 16 h.
Quite surprisingly, theE- instead of theZ-enamine was obtained as the major
diastereomer with this catalyst, although with nratke 73% ee (Table 16, entry 15).
We will come back to thig-selective reaction in a next section of this chapt
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4.5.2. Scope of the reaction catalyzed by the pyBO®X_a(OTf); catalyst

With the optimized conditions in hand (Table 16trgri3), we proceeded to study
the scope of this reaction with a number of unsatar iminesl7 (Table 17).

Table 17 Enantioselective addition of dialkyl 2-chloromaddes to unsaturated imines
17 catalyzed bypyBOX9-La(OTf)3?

A
|
Phu, N
| \ Ph
<,N N\g‘

o CO,R /\)l\ﬂ's P pyBOX9 fo.0 Fi; /cosz o R; /NHTs
‘<COZR+ RN NCopR? ﬁﬁb_’ RO,C CI NS ¥ RO,C CI .
1 17 CH,Cl,, -10°C (SE)y-22 (8,222
minor major
entry 1 R 17 R R'  t(h) 22 vyield (%)’ dr (E:2)° ee (%) E/Z)°
1 le Et 17a Ph Et 40 22ea 83 8:92 83/86
2 le Et 17b 4-MeGH, Et 94  22eb 89 5:95 94/86
3 le Et 17c 4-CIGH, Et 91 22ec 89 6:94 52/86
4 le Et 17d 4-NO,CgH, Et 42  22ed 93 2:98 69/87
5 le Et 17e 4-MeOGH, Et 90 22ee 99 4:96 76/86
6 le Et 17f 3-CIGH, Et 91  22ef 91 11:89 94/82
7 le Et 17g 3-NO,CgH, Et 40 22eg 99 4:96 67/87
8 le Et 17h 3-MeOGH, Et 67 22eh 99 24:76 85/85
9 le Et 17i 2-CIGH, Et 45  22ei 91 3:97 77/88
10 le Et 17 2-NOCgH, Et 69 22¢j 99 6:94 95/88
11 le Et 17k 2-MeOGH, Et 63 22ek 99 1:99 50/87
12 le Et 17m 2-thiophenyl Et 40 22em 94 1:99 61/84
13 le Et 17n Ph Me 43 22en 91 8:92 84/83
14 le Et 170 Ph iPr 43  22eo0 84 2:98 80/92
15 1f Me 17a Ph Et 15 22fa 82 5:95 64/84

 Reaction conditionsi (0.187 mmol),17 (0.125 mmol),pyBOX9 (0.0125 mmol), La(OT§)(0.0125
mmol), 4 A MS (110 mg), CCl, (1.1 mL), -10 °C’ Yield of isolated product: Determined by*H
NMR. ¢ Determined by HPLC with chiral stationary phases.

The addition of diethyl 2-chloromalonatdel R = Et) could be successfully
achieved with a number of unsaturated imines hawngubstituted aromatic ring
attached to the double bongdosition). Excellent yields were obtained in &l tcases
regardless the position and electronic nature ef ghbstituent on the aromatic ring
(Table 17, entries 1-11). Thkisomer was obtained as the major diastereomdt thea
cases with very high diastereoselectivity (dr 28) except in the cases of the imines
substituted with a 3-chloro- or 3-methoxyphenyl upo(Table 17, entries 6 and 8).
Enantiomeric excesses above 80% were obtainedhéomiajor diastereomer in all the
cases. It is worth remarking that, unlike in theiaadn of diethyl malonate, the presence
of nitro groups did not lessen the stereoselegtivithe imine also allowed a 2-
thiophenyl group attached to the double bond (TaBleentry 12). A bulkierPr group
at the ester moiety produced a rise in the enamtimnexcess up to 92% ee, while the
methyl ester performed similarly to the ethyl dative (Table 17, entries 13-14).
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Finally, dimethyl 2-chloromalonatelf, R = Me) was also tested giving similar results
as diethyl 2-chloromalonate (Table 17, entry 15).

4.5.3. Optimization of the reaction conditions withcalcium triflate

As it has been advanced in section 4.5.1, the Uidee®OX1-Cu(OTf), instead of
pyBOX9-La(OTf); in the reaction ole andl1l7aproduced a shift of diastereoselectivity
towards the E-enamine. Although K)-22ea was obtained only with fair
enantioselectivity, this change of selectivity ppied us to check other catalysts based
on divalent metals (Table 18).

Table 18 Enantioselective addition of diethyl 2-chloromate toimine 17acatalyzed
by divalent metal salfs.

NTs M(OTf), O Ph NHTs
ROMOR +Ph/\)l\cozEt _feand ROG 7 cogt
C| 4 A MS, CH,Cl, RO
22ea
@@ 3 ;ﬂj pr
BOX1 pyBOX1 pyBOX8 pyBOX9
entry M ligand t(h)y T(°C) vyield(%)° dr(E/Z)° eeE)
1° Cu BOX1 16h rt 86 90:10 77
2 Mg BOX1 14h rt 91 90:10 -91
3 Zn BOX1 88h rt 69 56:44 72
4 Ca pyBOX1 14h rt 89 93:7 -96
5 Ca  pyBOX1  40h 0 95 96:4 -98
6 Ca  pyBOX8 16h 0 88 93:7 94
7 Ca pyBOX9  3%h 0 97 95:5 95
g Ca pyBOX1  25h 0 85 96:4 -97

 Reaction conditionsle (0.187 mmol),17a (0.125 mmol), ligand (0.0125 mmol), M(OFf)
(0.0125 mmol), 4 A MS (110 mg), GAI, (1.1 mL)." Yield of isolated product. Determined by
'H NMR. ?Only for the major diastereomer. Determined by HRir@lysis with chiral stationary
phases; opposite sign indicates opposite enant®mdeaction carried out with 0.3 mmol of
1€/0.125 mmol ofl7a’ Reaction carried out with 0.00625 mmol mfBOX1-Ca(OTf), /0.125
mmol of17a

The BOX1 complexes of Cu(ll), Mg(ll) and Zn(ll) triflates,nd pyBOX1-
Ca(OTf), were tested in the reaction bé and17a In all the cases the reaction showed
E-selectivity, thepyBOX1-Ca(OTf), catalyst giving the best result (Table 18, entry 4)
Decreasing the temperature to 0 °C allowed furittn@rovement of the stereoselectivity
(Table 18, entry 5pyBOX8 andpyBOX9 gave similar results tpyBOX1. Finally, it
should be remarked that the catalyst load coulddaeiced to 5 mol % without a
noticeable impact on the result (Table 18, entry(8) the view of these results, further
optimization was not considered necessary.
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4.5.4. Scope of the reaction catalyzed by the pyBQXCa(OTf), catalyst

The optimal conditions established for the Ca(@THtalyzed reaction (Table 18,
entry 8) were applied to the same setMNetosyl imines previously studied with
La(OTf)s. The results are shown in Table 19.

Table 19 Enantioselective addition of dialkyl 2-chloromaétes to unsaturated imines
17 catalyzed bypyBOX1-Ca(OTfp?

X

S(i'l“ ) ”}3» R'" CO,R? R'" NHTs
C|—<COZR+ R1/\J\TZO r2 B gZ(E:')OT)f(): i RO2C\(\/§\%;HTS + Rozcﬁg\chosz
COR 2 4ANS ROC © RO,C
1 17 CH,Clp, 0°C (S.E)-22 (S.2)-22
major minor
entry 1 R 17 R R'  t(h) 22 vyield (%)’ dr (E/2)° ee (%) E/Z)°
1 le Et 17a Ph Et 25 22ea 85 96:4 97/70
2 le Et 17b 4-MeGH, Et 38 22eb 94 96:4 98/61
3 le Et 17c 4-CIGH, Et 39 22ec 95 95:5 98/85
4 le Et 17d 4-NO,CgH, Et 23 22ed 99 92:8 98/78
5 le Et 17e 4-MeOGH, Et 38 22ee 99 95:5 98/71
6 le Et 17f 3-CIGH, Et 39  22ef 91 95:5 98/70
7 le Et 17g 3-NO,CgH,4 Et 40 22eg 99 93:7 93/58
8 le Et 17h 3-MeOGH, Et 44  22eh 98 96:4 96/77
9 le Et 17i 2-CIGH, Et 93 22ei 95 95:5 98/92
10 le Et 17 2-NO,CgH,4 Et 44  22ej 98 97:3 99/22
11 le Et 17k 2-MeOGH, Et 63 22ek 99 95:5 95/8
12 le Et 17m 2-thiophenyl Et 23  22em 99 97:3 97/47
13 le Et 17n Ph Me 42  22en 91 96:4 98/90
14 le Et 170 Ph iPr 66 22e0 84 94:6 98/79
15 1f Me 17a Ph Et 15 22fa 92 92:8 98/80

# Reaction conditionsl (0.187 mmol),17 (0.125 mmol),pyBOX1 (0.00625 mmol), Ca(OT)(0.0125
mmol), 4 A MS (110 mg), CKCl, (1.1 mL), 0 °C" Yield of isolated producf. Determined byH NMR.
¢ Determined by HPLC with chiral stationary phases.

In all the cases, produc®2 were obtained as the-enamines preferientally with
excellent yields, diastereomeric ratios and enargiic excesses, regardless of the
electronic nature and substitution pattern of theug attached to the double bond and
the alkoxy group of the ester moiety. Also, thestBaeomeric ratios and enantiomeric
excesses were higher than those obtained in thetioeeacatalyzed by La(OTf)as a
general trend.

After obtaining these results, we checked plyBOX1-Ca(OTf), catalyst in the
reaction of diethyl malonatell)) and a,p-unsaturatedN-tosyl iminoester17a
Unfortunately, no advance of the reaction was ofegskrafter 5 days at room
temperature (Scheme 137).
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o o NTs Ca(OTf), O Ph  CO,Et
+ pyBOX1 EtO =
EtO)J\/U\OEt Ph/\)J\COZEt 4X’ NriTS
4AMS Eo” YN0
1b 17a CHLCl, rt 19ba

Scheme 137Attempted reaction of diethyl malonatib) and iminel7aunder
pyBOX1-Ca(OTf), catalysis

4.5.5. Determination of the absolute stereochemistiof compounds 22

The absolute stereochemistry of the stereogeniecantheZ- or E-enamine2ea
obtained upon catalysis IpyBOX9-La(OTf); or pyBOX1-Ca(OTf), respectively, was
determined by chemical correlation with compounisnown stereochemistry. For this
purpose, enamine®2eaobtained by any of these two procedures were stdajeo a
two step sequence involving hydrogenolysis of th€l®ond to give enamineZOba,
followed by hydrolysis to give ketor&lba(Scheme 138).

@ [RE(ZC((S)S)a]I;)F @ BnNH, i o)
NHTs ‘ ¥~ NHTs ﬂ H

: dppp EtO,C. -

E : " EtO,C._A_~ CO,Et
EtO,C Cl 95% CO,Et 92%
(Z2)-22ea _ (R,2)-19ba (R)-21ba
PyBOX9-La catalysis (section 4.4.2)
QI G B g
2 Se)
; COGEt [ (dppp)] ! © (OF T, oo
EOC AN NiTs meon EtO,C P NHTs aAms 2 CO,Et
EtO,C Cl 97% CO,Et CQgE}'Z CO,Et
(]
(E)-22ea (RE)-19ba (R)-21ba

pyBOX1-Ca catalysis

Scheme 138Determination of the absolute stereochemistryoohpound22ea

Different attempts to carry out the hydrogenolysis(Z)- or (E)-22ea such as
hydrogenation on Pd/C or treatment with PhSH led ctampound 19ba with
considerable isomerization of the double bond. Ewdly, transformation of compound
22eawithout isomerization of the double bond nor eraseb the optical purity could be
achieved by homogeneous hydrogenation with theQRIY)|BF,-dppp complex. Upon
this treatment, compoundZ)22ea resulting from thepyBOX9-La(lll) catalyzed
reaction, was converted into a new enamine that idestified as R,Z)-19ba after
comparison with the features of the same compouwtdireed by addition of diethyl
malonate to iminel7a catalyzed bypyBOX1-La(OTf); (Section 4.4.2). Hydrolysis of
(R,2)-19ba by treatment with benzylamine gave ketoRgZ1bain 92% ee. According
to this synthetic correlation we assigned tB&)(stereochemistry tB2ea

A similar sequence carried out witk){22ega resulting from thepyBOX1-Ca(ll)
catalyzed reaction, gave again ketoR-Z1ba at the end of the sequence indicating
that the stereochemistry of the stereogenic cemtidye starting compound w&s
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The Z-configuration of the double bond of produc®-22 in the La-catalyzed
reaction indicates the preference of the unsatirat@nes 17 to adopt an sis
conformation in the transition state, while in tba-catalyzed reaction iminédg should
adopt the grans conformation to give theE-enamine. The configuration of the
stereogenic center in compoung8® would be the resultant of both: a topological
approach of the nucleophile dictated by the steeimgcenter of the chiral ligand, and
the conformation of the unsaturated imine dictabgdthe accommodation of the
reacting species in the TS (note that the reactioder La or Ca catalysis with the same
ligand pyBOX1 lead to opposite configuratiorR and S, respectively, in the final
products). At the current stage of the researdmastnot been possible to give a reliable
explanation of the stereochemical course of theti@a Further research, including
computational calculations, may be required.

4.5.6. Synthetic transformations

Besides the above transformation, we have achi¢hvedreaction betweerE}-
enamine $E)-22eaand hydroxylamine to give a chiral cyclopropanenmex23eain
90% yield (Scheme 139). The reaction provided glsidiastereomer without any loss
of enantiomeric excess with respect to the stariagerial. ThéH NMR of compound
23ea showed two doublets atd 3.67 and 3.27 ppm with 8 value of 9.0 Hz
corresponding to the two cyclopropanic protons.edagn similar] values reported in
the literature for related cycloproparté$!®? the cis geometry was assigned to

compound23ea
g L
N N
CO,Et 0 0

cl = —_—
NHTs  Et,N, DMSO
Et0,C CO,Et 0%

(S,E)-22ea (S)-23ea

oo o0

Scheme 139Synthesis of a chiral cyclopropane oxime

In summary, in sections 4.4 and 4.5 we have deeeloprocedures for the
conjugate addition of different malonate ester \g#ives toN-tosyl imines derived
from B,y-unsaturated.-keto esters to give chiralp-dehydroamino esters. The addition
of diethyl malonate and diethyl 2-chloromalonatdalged by pyBOX-La(OTH
complexes led to the corresponding dehydroamirerestith theZ-configuration at the
double bond with high enantiomeric excesses. Onother hand, pyBOX-Ca(OT{)
complexes catalyzed the addition of diethyl 2-ahioalonate favoring the formation of
the dehydroamino esters with thleconfiguration with excellent enantioselectivity.
Some synthetic transformation of the resulting potsl showed their potential
applicability in organic synthesis.
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4.6. Catalytic asymmetric formal [3+2] cycloadditimm of 2-
Isocyanatomalonate esters and unsaturated iminesyrgthesis of highly
substituted chiral y-lactams

Pyrrolidinones ¥-lactams) and, in particular, 2-alkoxycarbonylpjidimones
(pyroglutamic acid derivatives) have been extergiuesed as building blocks in
synthetic chemist®¥° and as chiral ligands in asymmetric cataly&sThey are also
structural units frequently encountered in numetaoogically active natural products
and pharmaceuticals (Figure 1%.

i CO,H
JPrO / )
a/_)\«OH NH,
0™ N
H (0]
acid L-pyroglutamic
salinosporamide A lactacystin
o /OH
’ H o nN 1
(0] N
o] 0 tl‘l){\,qme3 j;{‘ NHR
! ; CO,H
B S CO. MeO™ ¢ 2
o OH = HO 2 HO
neooxazolomycin core dysibetaine lipooligosaccharide IV core

Figure 17. Examples of bioactive natural compounds incoriogaa pyrrolidinone
unit

Given the widespread chemical significance of treesdfolds, the development of
new efficient and atom economy processes for thmestoaction of these heterocyclic
systems, especially in an enantioselective mamoastitutes an important challenge in
current organic synthesis. Besides procedures basdtie structural modification of
nitrogen-containing heterocycles such as pyrrotides, pyroglutamic acid or
succinimides® cyclization procedures in which the pyrrolidinometerocycle is
formed from acyclic precursors in an asymmetridif@as result especially appealing.
Examples include the enantioselective Michael amdfiactamization reaction of 2-
amino acids and unsaturated acid derivatitéthe NHC catalyzed coupling of imines
with unsaturated aldehyd& or the reaction between 2-aminomalonates and Morit
Baylis-Hillman carbonates catalyzed by chiral Letfis

On the other hand, the application of isocyatfand isothiocyanatd® esters in
asymmetric synthesis has experienced a growingesitein the last years. These
compounds can react with different unsaturated ggoto give a variety of five-
membered nitrogen containing heterocycles. In @adr, several examples involving
their participation in asymmetric catalytic [3+3}ctoaddition reactions with conjugate
carbonyl compounds to give enantiomerically enrichepyrrolidines®® or
thiopyrrolidinones-> respectively, have been reported in the literature
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In contrast, the use of isocyanato esters in asynmaatalysis is almost unknown.
The isocyanate group is more reactive than théisoganate and the application of 2-
isocyanato esters in reactions that combine botteophilic and electrophilic behavior
(1,3-dipole-like behavior) is challenging. In fa2tjsocyanato esters have been mainly
used as electrophiles for the preparation of ueeab carbamates; while reactions
making use of their 1,3-dipole-like character aeryvscarce. To the best of our
knowledge, the organocatalytic reaction of 2-isoeyamalonate esters and aldehydes
to give oxazolidinones developed by Takemdtds the only example reported in the
literature, so far.In this chapter we will disclose the development thé first
enantioselective formal [3+2] cycloaddition of &d¢yanatomalonates with alkenes to
give highly substituted,-unsaturateg-lactams (Scheme 140).

H

MeO ROC_ N
g 0
RO,C._COR N catalyst RO

+ | —_— 1 NH OMe
NCO R1/\)\Rz R

R2
24 25 26

Scheme 140Formal [3+2] cycloaddition between 2-isocyanattwmate esters and
unsaturated imines

4.6.1. Synthesis o#,p-unsaturated N-(o-methoxyphenyl)imines 25

Preliminary experiments on the reaction of dietRyisocyanatomalonate with
chalcone or itdN-tosyl imine 2a showed that these were not reactive substratdsein t
presence of different metal complexes. The reactas then tested withu,p-
unsaturatedN-(o-methoxyphenyl)imines25 that yielded the expected product. A
number of imine25a-n having different substitution were then prepane2-74%
yield from the corresponding enones andnisidine by treatment with Ti¢hnd EfN
following a similar procedure as described for firevious imines (Scheme 14%).
Imines 25 have theE-geometry at the C=C bond, but were obtained ast®:I:3
mixtures of C=N geometric isomers and used witlseyiaration.

Meo\©
MeO N

0 EtsN, TiCl
3N, TiCly |
RV\)J\RZ + H2N© - = R1/\)\R2

CH,Cl, 25
0 °C to reflux
25a, R'= Ph, R2= Ph 25f, R' = tBu, R2= Ph 25k, R' = Ph, R?= 2-CIC¢H,,
25b, R" = 4-CIC¢H, R?=Ph 25g, R" = Ph, R?=4-CIC4H, 251, R" = Ph, R?= 2-NO,CgH,4
25¢, R' = 4-NO,CgH, R?= Ph 25h, R" = Ph, R? = 4-NO,CgH,4 25m, R' = Ph, R2= 2-furanyl
25d, R" = 4-MeOC¢Hy R? = Ph 25i, R" = Ph, R?= 4-MeOCgH, 25n, R" = Ph, R?= 2-naphthyl
25e, R' = 2-furanyl, R?= Ph 25, R' = Ph, R2= 3-NO,CgH,

Scheme 141Synthesis ofi,-unsaturated\-(o-methoxyphenyl)imine&5
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4.6.2. Optimization of the reaction conditions

We initially investigated the activity of theyBOX1-La(OTf)s, pyBOX1-Ca(OTf)
and BOX1-Mg(OTf), complexes in the reaction between diethyl 2-isnay@malonate
(24b) and imine25aderived fromo-anisidine and chalcone (Table 20, entries 1-3).

Table 20 Enantioselective [3+2] cycloaddition of 2-isocgimmalonate este@4 with
unsaturated imin25a Optimization of reaction conditiofis.

H

MeO RoC K
oo oon | ) wem ROZCK
+
| —_— NH OMe
Neo o~ A AAMS PH @

Ph
solvent
24 25a 26

o I\/ o 0 © o) )
;, N yhj @MQ

|
T NJ » N N y
Ph P BOX1 R= Ph n n
BOX1
Py BOX2, R = iPr BOXS
: BOX7 1 BOX8 R= H
BOX9, R = Me

BOX10, R,R = CH,-CH,

entry M ligand 24 R solvent T(°C) t(h) 26 yield (%) ee (%)

1  La pyBOX1 24b Et CHCl, rt 3  26ba 81 3

2  Ca pyBOX1 24b Et CHCl, rt 35 26ba 89  -67
3 Mg BOX1 24b Et CHCl, rt 2  26ba 97 -67
4 Mg BOX2 24b Et CHCl, rt 25 26ba 83 5
5 Mg BOX5 24b Et CHCl, rt 25 26ba 89 5

6 Mg BOX7 24b Et CHCl, rt 3  26ba 94 63
7 Mg BOX8 24b Et CHCl, rt 3  26ba 97 29
8 Mg BOX9 24b Et CHCl, rt 25 26ba 97 71
9 Mg BOX9 24b Et CHCl, 0 3  26ba 9%6 80
10 Mg BOX9 24b Et CHCl, -20 45 26ba 68 43
11 Mg BOX9 24a Me CH,CI, 2  26aa 98 49

0
12 Mg BOX9 24c iPr CH.XCI, 0 2 26ca 98 89
13 Mg BOX9 24c iPr DCE 0 2.5 26ca 98 76
14 Mg BOX9 24c iPr CHCls 0 2.5 26ca 89 91
15 Mg BOX9 24c iPr Et0O 0 2.5 26ca 96 91
16 Mg BOX10 24c iPr EtO 0 1.5 26ca 97 97

 Reaction conditionst (0.19 mmol)25a(0.125 mmol)Jigand (0.0125 mmol), M(OT£)(0.0125 mmol),
4 A MS (110 mg), solvent (1.1 mLY. Yield of isolated product Determined by HPLC with chiral
stationary phases; opposite sign indicates oppes#aatiomers.

In all the cases, the reaction proceeded smoothlgite pyrrolidinone26ba, which

features a conjugated exocyclic double bond, actiral moiety that is present in a
large number of antitumor compounds. Compow@tha was obtained as a single
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geometric isomer having th& configuration at the double bond. Regarding
enantioselectivity, thgoyBOX1-La(OTf); complex gave compounéd6ba in almost
racemic form, while thggyBOX1-Ca(OTf) and BOX1-Mg(OTf), complexes showed
similar enantioselectivities (ee = 67%), althoudie tmagnesium complex seemed
slightly more active. Further research was, thesgfoontinued by testing several BOX-
Mg complexes. The best result was obtained BiDiX9 that provided compoun2bba

in 98% vyield with 71% ee (Table 20, entry 8). A se of temperature to 0 °C
increased the ee up to 80%, however further deemafatemperature to -20 °C produced
a dramatic drop in the enantioselectivity (Table &@tries 9 and 10). With the optimal
temperature (0 °C), the effect of the alkoxy graughe 2-isocyanatomalonate ester was
tested (Table 20, entries 9, 11 and 12). It wasndouhat diisopropyl 2-
isocyanatomalonate24c) underwent a more enantioselective reaction thametthyl
(248 or diethyl 2-isocyanatomalonate24p), giving lactam26ca with 89% ee. Next,
the solvent effect was checked. The use of diegthgr as the solvent in the addition of
isocyanate24c to imines25a allowed increasing the ee of compowgta up to 91%
(Table 20, entry 15). Finally, in view of the impamt effect of the substitution at the
central carbon of the BOX ligand on the enantiadeliy of the reaction, compare
BOX8 andBOX9 (Table 20, entry ¥s entry 8), the cyclopropaniBOX10 ligand was
prepared and tested providing compowt@ta in excellent 97% vyield and 97% ee
(Table 20, entry 16).

4.6.3. Scope of the reaction

With the best available conditions, the scope dctien of diisopropyl 2-
isocyanatomalonat@4c) anda,p-unsaturatedN-(o-methoxyphenyl)imine&5 using the
BOX10-Mg(OTf), complex as catalyst was studiddhe results are gathered in Table
20. The reaction could be carried out with iminearing at the3-carbon an aromatic
ring substituted with either electron-withdrawinigable 21, entries 2 and 3) or electron-
donating groups (Table 21, entry 4), to give theeeted product6cb-cd with
excellent yields and enantioselectivities: &n also be a heterocyclic furanyl ring
(Table 21, entry 5). In this case, compowGtewas obtained in almost quantitative
yield and slightly lower ee (88%). The introductioha bulkytert-butyl group on th-
carbon brought about a decrease on the reactierarat the expected lacté2ficf was
obtained with low vyield and enantioselectivity (Tal21, entry 6). The Rgroup
attached to the azomethinic carbon was also amenabariation (Table 21, entries 7-
14). Aromatic rings bearing either electron-witheliirgg or electron-donating groups
were permitted without showing much influence ore thnantioselectivity of the
reaction. Again, when Rwas a 2-furanyl group, compouécm was obtained with
lower ee, although with high yield (Table 21, eni). A naphthyl group attached to
the imine was also tolerated, compow@tn being obtained in 98% vyield and 98% ee
(Table 21, entry 14). As anticipated, dimethyl adigthyl 2-isocyanatomalonates
reacted with imine25a to give the expected lactan®6aa and 26ba with lower
enantioselectivity than diisopropyl 2-isocyanatoonaite (Table 21, entries 15 and 16).
In all the examples studied compourf&were obtained as single diastereomers with
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the Z-configuration at the exocyclic double bond, exdephe cases of iminezbk and
25|, bearing ano-substituted phenyl ring attached to the azomethaairbon, which
providedca. 1:1 mixtures of diastereomers (Table 21, entriearid 12).

Table 21 Enantioselective [3+2] cycloaddition of 2-isocgiwmmalonate este with
unsaturated imine25.®

o 2 o
P T “}Q‘Ph RO,C. H

MeO < N_o
j@ P BOX10 Ph ROLC
Neo s A 4AMS "R
24 25 Et,0,0°C 26
entry 24 R 25 R? R? t(h) 26 yield (%)°  ee (%f
1 24c iPr 25a Ph Ph 15 26ca 97 97
2 24c iPr 25b 4-CICGH, Ph 15 26¢b 93 96
3 24c iPr 25¢ 4-NO,CgH; Ph 15 26¢cc 98 98
4 24c iPr 25d 4-MeOGH,; Ph 15 26cd 98 96
5 24c iPr 25e 2-furanyl Ph 1 26ce 98 88
6 24c iPr 25f tBu Ph 20 26c¢f 26 23
7 24c iPr 25g Ph 4-CICeH, 15 26¢cg 94 99
8 24c iPr 25h Ph 4-NOCgH, 1 26¢ch 98 95
9 24c iPr 25i Ph 4-MeOGH,; 1 26ci 97 98
10  24c iPr25j Ph 3-NO,CeHs 3 26¢j 87 97
11 24c iPr 25k Ph 2-CICsH,4 15 26¢ck og" og
12 24c iPr 251 Ph 2-NO,CH, 27  26cl og’ 99
13 24c iPr 25m Ph 2-furanyl 1 26cm 98 83
14 24c iPr 25n Ph 2-naphthyl 1 26c¢cn 98 98
16 24a Me 25a Ph Ph 1 26aa 97 76
15 24b Et 25a Ph Ph 1 26ba 96 77
17 24c iPr25a Ph Ph 1.5 26ca 96 94

 Reaction conditions24 (0.19 mmol),25 (0.125 mmol),BOX10 (0.0125 mmol), Mg(OT$) (0.0125
mmol), 4 A MS (110 mg), EO (1.1 mL), 0 °C” Yield of isolated producf. Determined by HPLC with
chiral stationary phase§.Obtained as @a. 1:1 mixture ofE/Z isomers.® Determined after enamine
hydrolysis.” Reaction carried out with 1.6 mmol 26a

Remarkably, the reaction @#c and25acould be carried out on a 1.6 mmol scale
(500 mg) to give the expected prod@éicain 96% vyield with minimal erosion in the
enantioselectivity (94% ee, Table 21, entry 17)ndestrating the practicality of this
newly developed procedure.
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4.6.4. Determination of the absolute stereochemigtof compound 26cb

Compound26c¢cb could be crystallized and subjected to X-ray asialy(CCDC
1544707), what allowed to stablish the geometrthefenamine double bond Zsand
the configuration of the stereogenic center Rs (Figure 18). The absolute
stereochemistry of all compoun®@6 was assigned by analogy upon the assumption of a
uniform stereochemical pathway, as usually.

Figure 18 Ortep plot for the X-ray structure of compowtith. The thermal ellipsoids
are drawn at the 50% probability level. Flack pagtan-0.16(8)

4.6.5. Synthetic transformations

To illustrate the potential application of tlydactams resulting from this [3+2]
cycloaddition, we carried out some synthetic madiiions of compoun@6cb. First,
the hydrolysis of the enamine moiety was carriet lputreatment with concentrated
agueous HCI in THF to give keto@&cain 90% vyield (Scheme 142).

. H ) H
iProC N o IPrO,C_N__q
H 0,
'Pfozci_gm ome 3% aq HCI iPrOZCﬁ
P THF, rt pr! PP
90% o
26ca 27ca

Scheme 142Hydrolysis of compoun@6ca

The relative stereochemistry of compouBdca was determined by NOESY
experiments that showed the interaction betweetoprbl4 and one of the protons of
the phenyl ring attached to C3 (ring A), indicatiihgit both H4 and this phenyl group
are on the same side of the pyrrolidinone ring ({FedlL9)
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Figure 19. NOESY experiments carried out with compo@7da

On the other hand, reduction of the enamine dodlloled was performed by
treatment with NaBBCN-AcOH in EtOH, which provided two amin@8caand29ca
in 75% and 11% vyield, respectively (Scheme 143k $tereochemistry of the major
amine could be assigned after crystallization apr@yXanalysis (CCDC 1544708). The
stereochemistry of the minor amine remains unassign

. H .
PrO.C N o Pro,e, N . iPro,c_ N o
iPro,C H OMe NaBHZCN, AcOH iproz(:ijti_| + IProC
PH EtOH, 0 T, < PH N
Ph ® Pno M PhH/Q PR H
26ca 28ca MeO 29ca MeO
75% 11%

Scheme 143Reduction of the enamine moiety in compo@edaand X-ray structure
of compound8ca The thermal ellipsoids drawn at the 50% probghiével
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Also, the chemoselective transesterification ofdhgopropyl esteR6cato give the
mixed diester30ca was efficiently achieved in 89% vyield by treatmewith
NaOMe/MeOH. In théH NMR spectra of compoundicathere is a singlet signal at
3.81 ppm corresponding to the new methyl ester gravhile both methyls of the
remaining isopropyl ester show well separated detuidgnals at 0.92 and 0.57 ppm due
to the anisotropic effect of the phenyl group dietto C3, which is oriendted to the
same side of the molecule (Scheme 144).

iPro,c R iPro,c_ N

Ph
26ca

iPro,c N
iPrO,C H
N

Ph
Ph

26ca

89% Ph

o o
iPrOzCi_\g/H OMe NaOMe MeOZC“‘“ H
_ >
PH @ MeOH, 65 °C Ph NZ :<

T

Ph
31ca

87%

HO,C . N ~=0
Et,NOH H
_ >
DMSO, 80 °C, PH NZ f

OMe

Scheme 144Chemoselective transesterification and decarladioyl of compound
26ca

Finally, the pyroglutamic acid derivativélca was obtained in 87% vyield after
hydrolysis/decarboxylation upon treatment o26ca with an excess of
tetraethylammonium hydroxyde in DMSO at 80 °C (Scheld4). The relative
stereochemistrytifans) was assigned according to the coupling constaloies (2.0 Hz)
between H2 and H3 by comparison witlvalues reported in the literature for similar
compounds?®

All the above reactions took place without notidedbss of enantiomeric excess
with respect to starting6ca
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4.6.6. Mechanistic proposal

A simplified mechanistic proposal for the formatg cycloaddition is outlined in
Scheme 145. Thus, initial coordination of both teacpartners to the BOX-Mg(OTS)
complex would result in nucleophilic activation thie malonate estaia enolization
together with electrophilic activation of the imifiatermediatd). Conjugate addition
would then lead to enamine intermedilitavhich would undergo nucleophilic addition
to the isocyanate group giving lactdh. Finally, imine/enamine tautomerization and
decoordination would give the final products anéase the catalyst.

RochcozR
RO,C R ;ico
ROZC M + NAr
g*(OTf),
N\ NHAD/‘ RVVLRZ
26 R?
RO.C Mg(OTf) O—Mg
N Rok%oa .
RO,C NCO ,
R" i NAY RVVRZ
R2
\ ;
I
C
RO,C 1 Mg*(OTf)
RO,C NAr
RN R2

Scheme 145Simplified mechanistic proposal. Mg* = Mg-BOX

In summary, we have developed the first enantictegl formal [3+2]
cycloaddition of 2-isocyanatomalonate esters widtteophilic alkenes. Using a BOX-
Mg(OTf), complex as catalyst, diisopropyl 2-isocyanatomai@naacted witha,p-
unsaturatedN-(o-anisidyl) imines to give highly substituted chirglyrrolidinones
featuring a conjugate exocyclic double bond. Thactien products, which are
derivatives of pyroglutamic acid, were obtained hwéxcellent yields and high to
excellent enantioselectivities for a significatimember of unsaturated imines. The use
of the N-(o-anisidyl) group was essential for the successefreaction as neither the
unsaturated ketone nor the unsaturdtetsyl imine were reactive with this catalyst.
Furthermore, the reaction does not require theotideastereomerically pure imines.
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5. EXPERIMENTAL SECTION

General procedures

All catalytic reactions were carried out in glasssvaven-dried overnight at 120 °C.
Reactions were monitored by TLC analysis using M&itica Gel 60 F-254 thin layer

plates. After elution, TLC plates were observedainidV light and chemically revealed

using a solution prepared from Ce(@0O(10 g), phosphomolibdic acid (25 g) and
concentrated SO, (80 mL) in water (1L).

Flash column chromatography was performed on Msitada gel 60, 0.040-0.063 mm.
Solvents and reagents

Analytical quality solvents were used for genemagmses. The following solvents were
dried and purified when needed: &b, 1,2-dichloroethane and toluene were freshly
distilled from CaH under nitrogen. THF and diethyl ether were fredlktilled from
Na/benzophenone under nitrogen. EtOAc, EtOH, CHC}, acetonitrile and 1,4-
dioxane were dried and stored on 4 A molecularesiptriethylamine and tertiary
amines were dried and stored on Gakost reagents were commercially available and
used as purchased without further purification.

4 A molecular sieves for the enantioselective ieast (8-12 mesh, beads Aldrich
208604) were dried at the flame under vacuum (arhp) and stored in a closed flask
and used before a week.

Melting points

Melting points were measured in capillary tubes itBlichi M-560” instrument and are
uncorrected.

Nuclear magnetic resonance (NMR)

NMR spectra were run in a Bruker Avance 300 DPXcspeneter (300 MHz fotH, 75
MHz for **C and 282 MHz for'®F NMR). In some cases a Bruker Avance 400
spectrometer (400 MHz fdH) was used, especially for NOE and NOESY experisien

Samples were dissolved in deuterated solvents atedstusing the residual non-
deuterated solvent as internal standérd.26 for'H NMR and$ 77.00 for*C NMR in
the case of CDGJ$ 2.50 for'H NMR and$ 39.52 for**C NMR in the case of DMSO-
ds). For'®F NMR experiments, CFglvas used as internal standard. Chemical shiifts (
values) are given in ppm. Coupling constaniy &re given in Hz. The carbon
multiplicity was determined by DEPT experiments.

Polarimetry
Specific optical rotations were measured in a PeBtmer polarimeter using sodium

light (D line 589 nm) in a 1 dm cell. Concentragdp) are given in g/100 mL.
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Mass spectrometry

Electrospray ionization mass spectra (ESI) werertlsd on a Waters Q-TOF premier
mass spectrometer equipped with an electrospragasaouth a capillary voltage of 3.3
kV.

HPLC analyses

Chiral HPLC analyses were performed in an Agileb®Q series instrument equipped
with a refraction index detector or in a Hitachit&€lLachrom instrument equipped with
a Hitachi UV diode-array L-4500 detector using ahstationary columns from Daicel

or Phenomenex. Variable mixtures of hexane andrag@mol were used as eluents.
Retention times (f are expressed in minutes.

Chiral ligands

BOX and pyBOX ligands were commercially available synthesized following
procedures described in the literature. Some typicecedures follow:

Synthesis of ligands BOX9 and BOX1%#”

N! N3-bis((1R,25)-2-hydroxy-1,2-diphenylethyl)-2,2-dimethylmalonamide

Ph e, M2 NH HN
Ph™ ™ + CI/U><U\CI
OH 0 °C tort
(5.2 Ph”” “OH HO

(1S2R)-2-Amino-1,2-diphenylethanol (3.0 g, 14.0 mmol) swasuspended in
dichloromethane (36 mL), triethylamine (3.56 g, B3nmol) was added and the
reaction flask was introduced in a bath at 0 °GeAfL0 minutes, malonyl dichloride
(0.684 mL, 7.03 mmol) was added dropwise, and tltedune was stirred at room
temperature overnight. Then, the reaction mixtuees wliluted with dichloromethane
(200 mL), quenched with 2M HCI (2x40 mL) and br({d® mL). The organic layer was
dried over MgS@Q filtered and concentrated under reduced pres3ine crude product
was used in the next step without further purifaat
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(4R,4'R,55,5'S)-2,2'-(Propane-2,2-diyl)bis(4,5-diphenyl-4,5-dihydboxazole) BOX9

o O

NH,4)sMo07054-4H,0 O O
Pha NHHN__ Ph  (NHasMo7Oz44H, ph“,..&% Ph
:[ ) NN
Ph

p-xylene, reflux R
OHHO™ “Ph Ph Ph

A solution of the previous bis-hydroxyamide (3.74¢;.16 mmol) and
(NH4)sM07024- 4H,0O (1.13 g, 1.07 mmol) ip-xylene (215 mL) was heated at reflux in
a Dean-Stark system for 20 h. After cooling to romperature, the mixture was
concentrated under reduced pressure and the clographed on silica gel eluting with
hexane/EtOAc mixtures to givBOX9 (3.0g, 87%).'H NMR (300 MHz, CDC}) 5
7.01-6.96 (m, 20H), 5.97 (d,= 10.2 Hz, 2H), 5.60 (d} = 10.2 Hz, 2H), 1.93 (s, 6H).

Bis((4R,55)-4,5-diphenyl-4,5-dihydrooxazol-2-yl)methane (BOX3B

+ z
EtO OEt (1 S, 2R) OH reflux

NH2 O O
NH NH -2 Hc Et;N, DCE  pp
) [ Ph
ML Ph/'V:Ph — mf
Ph Ph

A solution of commercially available diethyl malandate dihydrochloride (0.61g, 2.66
mmol) and (52R)-2-amino-1,2-diphenylethanol (1.15 g, 5.31 mmoldry DCE (10.6
mL) was refluxed under Natmosphere for 1 hour. Afterwards, a solution BNHO0.74
mL, 5.31 mmol) dry DCE (2.8 mL) was added to thacten mixture over 30 minutes,
and the mixture was refluxed for additional 3.5 iso’he mixture was cooled down to
room temperature until precipitation of a whiteidoAfter filtration, the residue was
purified by column chromatography eluting with DQW&OH mixtures (98:2 to 95:5)
to give BOX8 (975 mg, 80%)'H NMR (300 MHz, CDCJ) & 7.02 (s, 10H), 6.99 (s,
10H), 5.99 (dJ = 10.2 Hz, 2H), 5.65 (dfi = 10.2, 0.9 Hz, 2H), 3.90 @,= 1.2 Hz, 2H).

(4R,4'R,55,5'S)-2,2'-(cyclopropane-1,1-diyl)bis(4,5-diphenyl-4,%lihydrooxazole)
BOX10'%®

BrCH,CH,Br
TMEDA, iPr,NH

@) (0] O] (0]
Phi. | \ Ph i Ph. &WXW Ph
&m 1.6 M BuLi \ N N

Ph Ph PR Ph

-65°C —rt

TMEDA (0.73 mL, 4.83 mmol) and diisopropyl amineZ® mL, 2.1 mmol) were added
to a solution of previously prepar&DX8 (963 mg, 2.1 mmol) in dry THF (30 mL),
under N atmosphere, and the solution was introduced irata kAt -65°C. After 10
minutes, BuLi 1.6 M in hexanes (2.62 mL, 4.2 mmeBs added to the reaction via
syringe and the solution was warmed to -20°C. A&@rminutes, the solution was
cooled again to -65 °C, 1,2-dibromoethane (0.19 &2, mmol) was added and the
reaction mixture was stirred for 16 h at room terapge. Then, the reaction was
quenched with saturated aqueous;8H(20 mL) and extracted with methtgrt-butyl
ether (15 mL). The extract was dried over MgS@ltered and concentrated under
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reduced pressure and purified by column chromapdyraluting with hexane/EtOAc
mixtures (50:50 to 40:60) to ghBOX10 (366 mg, 36%)*H NMR (300 MHz, CDCJ)

8 7.02-6.96 (m, 20H), 5.96 (d,= 10.2 Hz, 2H), 5.60 (d] = 10.2 Hz, 2H), 1.83-1.76
(m, 4H).

Synthesis of ligands pyBOX9 and pyBOX4
Dimethyl pyridine-2,6-bis(carbimidate)

AN X

| ] NeHMeoH o Il ome

NC” >N~ CN N
NH NH

Sodium hydride (60% dispersion in mineral oil, 2§, 0.51 mmol) was added to a
solution of pyridine-2,6-dicarbonitrile (0.6 g, 46mol) in anhydrous MeOH (5 mL)
and the mixture was stirred at rt overnight. Aceited (34.6uL, 0.61 mmol) was added
and after 90 minutes, the solvent was removed uretkrced pressure to give the title
compound which was dried overnight in a desiccatmtaining POs before use.

2,6-Bis((4R,59)-4,5-diphenyl-4,5-dihydrooxazol-2-yl)pyridine (pyBOX9)

NH,
~ Ph/'\é/Ph B
NH NH CH,Cl, reflux

Ph Ph

A solution of dimethyl pyridine-2,6-bis(carbimidatg61 mg, 1.87 mmol) and $PR)-
2-amino-1,2-diphenylethanol (812 mg, 3.75 mmol)diohloromethane (20 mL) was
heated under reflux for 5 days. The reaction m&tuwvas then cooled to r.t.,
dichloromethane was evaporated under reduced peessul the product was filtered
and washed with water and methanol. The residuepua$ed by silica gel column
chromatography to giveyBOX9 (663 mg, 68%)*H NMR (300 MHz, CDCJ) & 8.45
(d,J = 8.1 Hz, 2 H), 8.04 (] = 7.8 Hz, 1 H), 7.06-6.96 (m, 20 H), 6.15 Jd; 10.2 Hz,

2 H), 5.83 (dJ=10.2 Hz, 2 H).

2,6-Bis((S)-4-isobutyl-4,5-dihydrooxazol-2-yl)pyridine (pyBOX4)
| A Was prepared in 70% vyield following the same procedH NMR
0 N0 (300 MHz, CDC}) & 8.16 (d,J = 7.8 Hz, 2H), 7.84 (1) =7.5 Hz,
N h}J_ 1H), 4.60 (ddJ = 9.3, 8.1Hz, 2H), 4.43-4.33 (m, 2H), 4.081t
\< 8.4 Hz, 2H), 1.89-1.68 (m, 4H), 1.89-1.80 (m, 2H)/7-1.68 (m,

2H), 1.43-1.34 (m, 2H), 0.97 (d,= 5.7 Hz, 6H), 0.96 (d] = 5.7
Hz, 6H).
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5.1. Asymmetric conjugate addition of malonate ests to a,p-
unsaturated N-tosyl ketimines catalyzed by pyBOX-La(OTf}

5.1.1. Synthesis and characterization a,p-usaturated N-tosyl imines 2

The procedure reported by Carretero was folloffed: a solution of enone (4.8 mmol)
and p-toluenesulfonamide (820 mg, 4.8 mmol) in dry docbimethane (60 mL) at 0 °C
under nitrogen atmosphere, was added via syringld @t5 mL, 1.07 g, 10.6 mmol)
followed by TiClL (0.58 mL, 1.0 g, 5.3 mmol). The reaction was heae reflux
temperature for 20 h. Then it was cooled to roompierature and quenched with water
(50 mL). The two layers were separated and the aaudéayer was extracted with
dichloromethane (&0 mL). The combined organic layers were dried dvgSQ,,
filtered and concentrated under reduced pressutgifiddtion by flash column
chromatography on silica gel eluting with hexan€&t mixtures afforded the
corresponding imine 2 (70-85% vyield). The imines were recrystallized from 1:1
hexane/EtOAc mixtures and stored in the freezer.

(E)-1,3-Diphenyl-N-tosylprop-2-en-1-imine (2aj?

\Te Mp 153-154°C (hexane-EtOAc)*H NMR (300 MHz,CDCY) &
7.94 (d,J = 7.8 Hz, 2H), 7.66 (d) = 7.2 Hz, 2H), 7.59-7.39 (m,
8H), 7.32 (dJ = 8.1 Hz , 2H), 7.07 (dI = 15.9 Hz, 1H), 2.43 (s,
3H); 1°C NMR (75 MHz, CDCJ) & 177.7 (C), 148.9 (CH), 143.6

(C), 138.8 (C), 134.6 (C), 132.1 (CH), 131.2 (CH}0.4 (CH), 129.5 (CH), 129.1,
(CH) 128.8 (CH), 128.5 (CH), 127.3 (CH), 21.7 (§fH

(E)-3-(4-Fluorophenyl)-1-phenylN-tosylprop-2-en-1-imine (2b°

Mp 138-139°C (hexane-EtOAc)'H NMR (300 MHz, CDC})
NTs § 7.92 (d,J = 7.8 Hz, 2H), 7.64 (d] = 6.9 Hz, 2H), 7.59-7.52
O N (m, 3H), 7.46-7.41 (m, 2H), 7.32 (d= 8.1 Hz, 2H), 7.10 (1)
. = 8.4 Hz, 2H), 7.03 (dJ = 16.2 Hz, 1H), 2.43 (s, 3HJ*C
NMR (75 MHz, CDC}) 5 177.5 (C), 164.5 (dlc.r = 251.3 Hz,
C), 147.5 (CH), 143.6 (C), 138.8 (C), 132.1 (C).B® (d,Jc.r = 3.0 Hz, CH), 130.90
(d, Jo.r = 8.3 Hz, CH), 129.6 (CH), 128.5 (CH), 127.3 (C#}6.4 (dJc.r = 22.5 Hz,
CH), 21.7 (CH); **F NMR (282 MHz, CDGJ) 5 -108.5 (s, 1F);

(E)-3-(4-Chlorophenyl)-1-phenylN-tosylprop-2-en-1-imine (2cf°

Mp 141-142 °C (hexane-EtOAc);'"H NMR (300 MHz,
CDCl) 6 7.92 (d,J = 7.5 Hz, 2H), 7.64 (d] = 7.5, 2H), 7.58-
7.37 (m, 7H), 7.32 (d) = 8.1 Hz, 2H), 7.01 (d) = 15 Hz,
cl 1H), 2.43 (s, 3H)**C NMR (75 MHz, CDCJ) & 147.2 (C),
143.7 (C), 143.4 (C), 138.7 (C), 137.2 (C), 13T HY, 132.2 (CH), 130.2 (CH), 130.0
(CH), 129.7 (CH), 129.6 (CH), 129.5 (CH), 128.8 (C#28.5 (CH), 127.3 (CH), 21.7
(CHs).

NTs
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(E)-3-(4-Bromophenyl)-1-phenylIN-tosylprop-2-en-1-imine (2d}°

Mp 133-134 °C (hexane-EtOAc);'H NMR (300 MHz,

NTs CDCl) § 7.92 (d,J = 7.8 Hz, 2H), 7.64 (d) = 7.8 Hz, 2H),

/‘/\/“\‘ 7.58-7.53 (m, 3H), 7.44 (d§,= 7.5, 1.2 Hz, 4H), 7.32 (d,=

B O O 8.1 Hz, 2H), 6.99 (dJ = 16.2 Hz, 1H), 2.43 (s, 3H}’C
NMR (75 MHz, CDC}) & 177.3 (C), 147.2 (C), 143.7(C),

138.7 (C), 133.6 (C), 132.4 (CH), 132.2 (CH), 13(CH), 130.1 (CH), 129.6 (CH),
128.6 (CH), 127.3 (CH), 125.7 (CH), 123.3 (CH), 2(CHb).

(E)-3-(4-Nitrophenyl)-1-phenyl-N-tosylprop-2-en-1-imine (2e)
NT Mp 150-151°C (hexane-EtOAc):'H NMR (300 MHz,
® CDCly) § 8.27 (d,J = 8.7 Hz, 2H), 7.92 (d] = 7.8 Hz, 2H),
7.74-7.67 (m, 4H), 7.58 (i = 7.5 Hz, 1.2, 1H), 7.46 (m,
O,N 2H), 7.34 (dJ = 7.8 Hz, 2H), 7.07 (d] = 16.2 Hz, 1H), 2.44

(s, 3H):°C NMR (75 MHz, CDCJ) 5 176.5 (C), 148.8 (CH), 144.3 (C), 144.0 (C),
140.7 (C), 138.3 (C), 132.7 (C) 130.3 (CH), 12€H), 129.2 (CH), 128.7 (CH), 127.4
(CH), 126.5 (CH), 124.4 (CH), 21.7 (GH HRMS (ESI) miz 407.1076 [M],
CooH10N>O4S required 407.1060.

(E)-3-(4-Methoxyphenyl)-1-phenylN-tosylprop-2-en-1-imine (2f°
NTs Mp 96-98°C (hexane-EtOAc)*H NMR (300 MHz, CDCJ))
’/\)\‘ §7.92 (dJ=7.8 Hz, 2H), 7.61 (d] = 7.2 Hz, 2H), 7.56-7.50
oo O O (m, 3H), 7.45-7.40 (m, 2H), 7.31 @@= 8.1 Hz, 2H), 7.04 (d,
J =10.5 Hz, 1H), 6.92 (df] = 8.7, 3 Hz, 2H), 3.86 (s, 3H),
2.42 (s, 3H);®*C NMR (75 MHz, CDCJ) 5 178.1 (C), 162.4 (C), 149.5 (CH), 143.42

(C), 139.0 (C), 131.7 (CH), 130.9 (CH), 130.2 (CHi29.5 (CH), 128.4 (CH), 127.4
(CH), 127.3 (CH), 114.7 (CH), 55.6 (GH21.7 (CH).

(E)-3-(Furan-2-yl)-1-phenyl-N-tosylprop-2-en-1-imine (2g}*°
NTs Mp 125-126°C (hexane-EtOAc)’H NMR (300 MHz, CDC)) &
N 7.92 (d,J = 7.8 Hz, 3H), 7.60-7.58 (m, 3 H), 7.52 (it= 7.2, 1.5
@o/\/U\@ Hz, 1H), 7.42 (ttJ = 7.5, 1.8 Hz, 2H), 7.30 (d, = 7.8 Hz, 2H),
6.83 (d,J = 15.7 Hz, 1H), 6.67 (d] = 3.6 Hz, 1H), 6.51 (o] = 1.8
Hz, 1H), 2.42 (s, 3H)*C NMR (75 MHz, CDCJ) & 177.4 (C), 166.9 (C), 151.1 (CH),

146.4 (C), 143.5 (C), 138.9 (C), 135.0 (CH), 13(CH), 131.7 (CH), 130.0 (CH),
129.5 (CH), 128.5 (CH) , 127.3 (CH), 117.2 (CH)311L(CH), 21.7 (Ch).

(E)-3-(Furan-3-yl)-1-phenyl-N-tosylprop-2-en-1-imine (2h)

NTs Mp 120-121°C (hexane-EtOAc)*H NMR (300 MHz, CDC)) &
/S 7.91 (d,J = 7.5 Hz, 3H), 7.62-7.58 (m, 3H), 7.53 (dt= 7.5, 2.4
o) Hz, 1H), 7.48 (unresolved t, 1H), 7.42 @t= 6.9, 1.5 Hz, 2H),
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7.31 (d,J = 8.1 Hz, 2H), 6.99 (dJ = 15.6 Hz, 1H), 6.78 (br, 1H), 2.42 (s, 3HjC
NMR (75 MHz, CDC}) & 177.8 (C), 145.9 (CH), 145.0 (CH), 143.6 (C), B3@CH),
138.8 (C), 131.9 (CH), 130.1 (CH), 129.5 (CH), B28CH), 127.3 (CH), 123.6 (C),
122.6 (C), 107.7 (CH), 21.7 (GH HRMS (ESI)nvz 352.1.013 [M], CyH1gNOsS
required 352.1002.

(E)-1-phenylN-tosylbut-2-en-1-imine (2i§?

NTs Mp 102-103°C (hexane-EtOAc)*H NMR (300 MHz, CDCJ) & 7.90
(d,J = 7.8 Hz, 2H), 7.56 (br dl = 7.2 Hz, 2H), 7.49 (tt) = 7.2, 2.4
Hz, 1H), 7.41-7.35 (m, 2H), 7.31 (d,= 8.1 Hz, 2H), 6.43 (dg) =
15.9, 6.6 Hz, 1H), 2.42 (s, 3H), 2.04 (&5 6.6 Hz, 3H)*C NMR (75

MHz, CDCk) 8 177.9 (C), 150.3 (CH), 143.5 (C), 138.9 (C), 139, 132.0 (CH),

130.2 (CH), 129.5 (CH), 128.3 (CH), 127.6 (CH), B{CH), 21.7 (CH), 19.6 (CH).

(E)-4,4-Dimethyl-1-phenylN-tosylpent-2-en-1-imine (2j§°’

NTs Mp 158-163°C (hexane-EtOAc)‘*H NMR (300 MHz, CDC}) § 7.90
X (d,J=7.8 Hz, 2H), 7.57 (d] = 6.6 Hz, 2H) 7.51 (ttJ = 7.2, 2.1 Hz,
1H), 7.39 (ttJ = 6.3, 1.2 Hz, 2H), 7.31 (d,= 17.7 Hz, 3H), 6.35 (d,
J = 15.9 Hz, 1H), 2.42 (s, 3H), 1.13 (s, 94 NMR (75 MHz, CDCJ) 5 178.8 (C),
163.9 (CH), 143.5 (C), 138.9 (C), 132.1 (CH), 13(CH), 129.5 (CH), 128.3 (CH),
127.3 (CH), 35.2 (C), 28.7 (GH 21.7 (CH). HRMS (ESI) mVz 342.1534 [M],
Co0H24NO,S required 342.1522.

(E)-1-(4-Fluorophenyl)-3-phenylN-tosylprop-2-en-1-imine (2k)

NTs Mp 173-174°C (hexane-EtOAc)'H NMR (300 MHz, CDCY)
M § 7.92 (d,J = 8.1 Hz, 2H), 7.71-7.67 (m, 2H), 7.59-7.56 (m,
O O 2H), 7.46-7.38 (m, 3H), 7.32 (d,= 8.1 Hz, 2H), 7.13 (tt) =

F 8.7, 2.1 Hz, 2H), 7.04 (d] = 15.9 Hz, 1H), 2.43 (s, 3HJ*C
NMR (75 MHz, CDC}) & 176.4 (C), 165.2 (dlc. = 250.0 Hz, C), 148.7 (CH), 143.7
(C), 138.7 (C), 134.5 (C), 133.4 (C), 132.7 (br,)CH31.3 (CH), 129.6 (CH), 129.2
(CH), 128.9 (CH), 127.3 (CH), 122.6 (br, C), 116d8Jc.c = 21.8 Hz, CH), 21.7 (CH};

F NMR (282 MHz, CDGJ) & -107.2 (s, 1F); HRMS (ESlin'z 380.1132 [M],
CooH1gFNGO,S required 380.1121.

(E)-1-(4-Chlorophenyl)-3-phenylN-tosylprop-2-en-1-imine (2I7°

Mp 139-140°C (hexane-EtOAc)*H NMR (300 MHz, CDCJ)
NTs § 7.92 (d,J = 8.1 Hz, 2H), 7.61-7.56 (m, 4H), 7.43-7.38 (m, 5
O N O H), 7.32 (dJ = 7.8 Hz, 2H), 7.04 (d] = 15.9 Hz, 1H), 2.43 (s,
ci 3H); *C NMR (75 MHz, CDCJ)) & 176.4 (C), 148.9 (CH),
143.8 (C), 138.6 (C), 138.4 (C), 134.5 (C), 13T6l), 131.4 (CH), 129.6 (CH), 129.2
(CH), 128.9 (CH), 128.8 (CH), 127.3 (CH), 21.7 (§iH
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(E)-1-(4-Nitrophenyl)-3-phenyl-N-tosylprop-2-en-1-imine (2m)

NTs Mp 121-123 °C (hexane-EtOAc);'"H NMR (300 MHz,
CDCl) & 8.29 (d,J = 8.4 Hz, 2H), 8.15 (br d] = 15.3 Hz,
1H), 7.92 (br dJ = 6 Hz, 2H), 7.79 (br d) = 6.6 Hz, 2H),
7.57 (br s, 2H), 7.44-7.42 (m, 3H), 7.34 {ds 8.1 Hz, 2H),
7.01 (br d,J = 15.6 Hz, 1H), 2.44 (s, 3H}*C NMR (75 MHz, CDCJ) 5 175.1 (C),
150.0 (CH), 149.6 (C), 144.2 (C), 143.2 (C), 13&), 134.1 (C), 131.9 (CH), 131.1
(CH), 129.7 (CH), 129.3 (CH), 129.1 (CH), 127.4 (CH23.6 (CH), 121.9 (CH), 21.7
(CHs); HRMS (ESI)m/z 406.0994 [M], Co2H18N204S required 406.0987.

]

NO,

(E)-1-(4-Methoxyphenyl)-3-phenylN-tosylprop-2-en-1-imine (2n§°

NTs Mp 128-129 °C (hexane-EtOAc);'H NMR (300 MHz,
N CDCl) & 7.93 (d,J = 8.4 Hz, 2H), 7.70 (d] = 8.7 Hz, 2H),
O ome 7-59-7.56 (m, 2H), 7.43-7.40 (m, 3H), 7.30 §d= 8.1 Hz,
2H), 7.05 (dJ = 15.9 Hz, 1H), 6.93 (dt] = 9, 2.1 Hz, 2H),
3.87 (s, 3H), 2.41 (s, 3H}*C NMR (75 MHz, CDCJ)) & 167.9 (C), 163.4 (C), 147.5
(CH), 143.4 (C), 139.0 (C), 134.8 (C), 132.7 (CHR0.9 (CH), 129.5 (CH), 129.1
(CH), 128.7 (CH), 127.2 (CH), 113.9 (CH), 55.6 ({+21.7 (CH).

(E)-1-(2-Fluorophenyl)-3-phenylN-tosylprop-2-en-1-imine (20)

An oil; *H NMR (300 MHz, CDC}) 5 7.95 (br s, 1H), 7.80 (br s,
1H), 7.58-7.23 (m, 10H), 7.19-7.13 (m, 1H), 7.1036(m, 2H),
2.44 (s, 3H)C NMR (75 MHz, CDGJ) & 173.7 (C), 149.7 (CH),

F 148.9 (CH), 143.8 (C), 134.5 (C), 132.6 (CH), 13(C#H, d,Jc.r =
18.0 Hz), 129.6 (CH), 129.1 (CH), 128.8 (CH,Jd,- = 7.5 Hz), 127.4 (CH, dlcr=
11.3 Hz), 124.4 (CH), 122.7 (CH), 116.5 (CH), 11881), 21.7 (CH3)*F NMR (282
MHz, CDCk) 8 -112.5 (s, 1F); HRMS (ESHvz 380.1132 [M], C,;H1sFNO,S required
380.1121.

(9
/

7
W

(E)-1-(3-Nitrophenyl)-3-phenyl-N-tosylprop-2-en-1-imine (2p)

NTs Mp 134-135°C (hexane-EtOAc);'H NMR (300 MHz,

N NO, CDCl) § 8.38 (dgJ = 8.4, 1.2 Hz, 1H), 8.15 (d,= 16.5 Hz,
O 1H), 7.94-7.92 (m, 3H), 7.66 (@, = 7.8 Hz, 1H), 7.63 (br s,

2H), 7.45-7.42 (m, 3H), 7.34 (d,= 8.1 Hz, 2H), 7.03 (d] =
15.6 Hz, 1H), 2.44 (s, 3H}*C NMR (75 MHz, CDC}) & 174.8 (C), 149.7 (CH), 148.2
(C), 144.2 (C), 140.0 (C), 138.1 (C), 135.8 (CH342 (C), 131.8 (CH), 129.8 (CH),
129.7 (CH), 129.3 (CH), 129.1 (CH), 127.4 (CH), B6CH), 124.9 (CH), 121.9 (CH),

21.7 (CH); HRMS (ESI)m/z 406.0992 [M], Co2H18N»04S required 406.0987.
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5.1.2. Enantioselective conjugate addition of metthynalonate to a,p-usaturated N-
tosyl imines 2

5.1.2.1. General procedure for the enantiosel ective conjugate addition

Anhydrous La(OTH) (7.3 mg, 0.0125 mmol) angyBOX1 (4.6 mg, 0.012 mmol) were
introduced in a Schlenk tube and it was filled wititrogen. CHCI, (0.4 mL) was
addedvia syringe and the mixture was stirred for 30 minwBered 4A MS (20 mg)
was then added followed by a solution of imihéd.12 mmol) dissolved in dry GBI,
(0.4 mL), and dimethyl malonatdd, 35 uL, 0.3 mmol). The mixture was stirred at
room temperature for the indicated time and chrograiphed on silica gel eluting with
hexane/EtOAc mixtures to give compounglsin general the minoZ-diastereomer
eluted first from the column followed by the makediastereomer.

5.1.2.2. General procedure for the synthesis of the racemic products

Racemic compounds for comparative purpose wereapedpby following the same
procedure, using picolylamine insteadpgBOX1.

5.1.2.3. Characterization of products 3
See Table 3 (Page 64) for yield, dr and ee.

Dimethyl 2-[(S,E)-1,3-diphenyl-3-(tosylamino)allyllmalonate (3aa).

Ph  Ph Chiral HPLC analysis: Chiralpak AD-H, hexarferOH 80:20, 1
MeO,C A NNHTs mL/min, E-diastereomenmajor enantiomer t; = 13.9 minminor
MeO,C enantiomer t; = 18.3 min;Z-diastereomer unresolved £ 65.3
min.

Major E-diastereomer. an oil; [o]p?° -76.0 € 1.0, CHC}, ee = 86%)H NMR (300
MHz, CDCk) & 7.57 (d,J = 8.4 Hz, 2H), 7.35-7.18 (m, 6H), 7.16 (b= 8.4 Hz, 2H),
6.96 (dd,J = 8.1, 2.4 Hz, 2H), 6.90 (dd,= 8.1, 1.5 Hz, 2H), 6.05 (s, 1H), 5.95 (&=
10.8 Hz, 2H), 4.00 () = 10.5 Hz, 1H), 3.77 (dl = 10.5 Hz, 1H), 3.67 (s, 3H), 3.40 (s,
3H), 2.41 (s, 3H)*C NMR (75 MHz, CDCJ) & 168.0 (C), 167.7 (C), 143.7 (C), 141.2
(C), 136.4 (C), 135.8 (C), 135.3 (CH), 129.6 (CH29.1 (CH), 128.70 (CH), 128.69
(CH), 128.6 (CH), 127.7 (CH), 127.0 (CH), 117.2 (CH8.1 (CH), 52.6 (Ch), 52.4
(CHs), 44.1 (CH), 21.7 (CH. Minor Z-diastereomer. an oil; [o]p?° -23.4 ¢ 0.95,
CHCl;, ee = n.d.)*H NMR (300 MHz, CDCJ) § 7.81 (s, 1H), 7.50 (dl = 8.1 Hz, 2H),
7.36-7.32 (m, 2H), 7.22-7.05 (m, 8H), 6.70-6.69 @hi), 5.45 (dd,J =10.8, 0.3 Hz,
2H), 3.89 (tJ = 10.5 Hz, 1H), 3.74 (dl = 10.2 Hz, 1H), 3.63 (s, 3H), 3.37 (s, 3H), 2.30
(s, 3H);**C NMR (75 MHz, CDCJ) 5 169.7 (C), 167.7 (C), 143.4 (C), 138.8 (C) , 137.8
(C), 137.3 (C), 136.5 (C), 129.7 (CH), 128.8 (CH8.6 (CH), 128.1 (CH), 127.8
(CH), 127.6 (CH), 127.4 (CH), 123.0 (CH), 57.8 (CHHB.3 (CH), 52.8 (CH), 43.3
(CH), 21.6 (CH); HRMS (ESI) m/z 516.1453 [M+Na], Co/H»/NNaQ:;S required
516.1451.
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Dimethyl 2-[(S,E)-1-(4-fluorophenyl)-3-phenyl-3-(tosylamino)allyljmalonate (3ab)

F Chiral HPLC analysis: Chiralpak AD-H, hexaife-OH 80:20,
1 mL/min, E-diastereomermajor enantiomer t; = 14.7 min,
minor enantiomer t; = 18.0 min.;Z-diastereomerunresolved,t

o = 68.3 min.

MeOQC = NHTs

MeO,C Major E-diastereomer: an oil; [a]p?° -30.6 € 1.0, CHC}, ee
= 86%);'H NMR (300 MHz, CDC}) 6 7.58 (d,J = 8.1 Hz, 2H), 7.33-7.24 (m, 4H),
7.19 (d,J = 8.1 Hz, 2H), 6.94-6.87 (m, 6H), 6.04 (br s, 16RO (d, 10.8 Hz, 1H), 3.98
(t, J =10.5 Hz, 1H), 3.72 (d) = 10.5 Hz, 1H), 3.66 (s, 3H), 3.42 (s, 3H), 2.423H);
3C NMR (75 MHz, CDCJ) 5 167.9 (C), 167.7 (C), 161.7 (.- = 250.0 Hz, C), 143.9
(C), 137.1 (C), 136.4 (C), 136.0 (C), 135.2 (C)9X2(CH), 129.3 (dJcr = 4.8 Hz,
CH), 129.2 (dJcr = 7.9 Hz, CH), 128.7 (CH), 128.6 (CH), 127.7 (CH)6.4 (CH),
115.5 (d,Jcr = 26.2 Hz, CH), 58.1 (CH), 52.7 (GH 52.5 (CH), 43.3 (CH), 21.7
(CHs); *F NMR (282 MHz, CDG)) & -115.7 (s, 1F)Minor Z-diastereomer an oil;
[a]p°-39.8 € 0.44, CHC}, ee = n.d.)*H NMR (300 MHz, CDCJ) 5 7.88 (s, 1H), 7.57
(d, J = 8.1 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.29-7(88 3H), 7.14 (d,]) = 8.4 Hz,
2H), 6.95-6.83 (m, 2H), 6.77-6.73 (m, 2H), 5.47Jd; 10.8 Hz, 1H), 4.00 (1) = 10.8
Hz, 1H), 3.72 (s, 3H), 3.70 (d, J = 10.8 Hz, 1H}73(s, 3H), 2.38 (s, 3H}*C NMR
(75 MHz, CDC}) 8 169.5 (C), 167.6 (C), 143.5 (C), 137.6 (C), 13{C3, 136.7 (C),
134.7 (d,Jcr = 3.0 Hz, CH), 129.7 (CH), 129.3 (d&.r = 8.3 Hz, CH), 128.9 (CH),
128.1 (CH), 127.8 (CH), 127.4 (CH), 122.9 (CH), BL&, Jc.r = 21.0 Hz, CH), 57.7
(CH), 53.4 (CH), 52.9 (CH), 42.8 (CH), 21.6 (CH); *F NMR (282 MHz, CDGJ) & -
115.3 (s, 1F); HRMS (EShm/z 534.1373 [M+Na], CyH.,sFNNaQS required
534.1357.

Dimethyl 2-[(S,E)-1-(4-chlorophenyl)-3-phenyl-3-(tosylamino)allyljnalonate (3ac)

o Chiral HPLC analysis: Chiralpak AD-H, hexai®OH 80:20, 1
mL/min, E-diastereomenmajor enantiomer t; = 14.9 min,minor

enantiomer t, = 18.0 min.;Z-diastereomerunresolvedt= 63.5
min.

Ph

MeOZC % NHTs

MeO,C Major E-diastereomer:an oil; [0]p?° -17.6 € 1.0, CHC}, ee =
86%): *H NMR (300 MHz, CDG)) 5 7.57 (d,J = 8.4 Hz, 2H), 7.35-7.16 (m, 7H), 6.91-
6.84 (m, 4H), 6.15 (s, 1H), 5.88 (@= 10.8 Hz, 1H), 3.97 (] = 10.5 Hz, 1H), 3.74 (d,
J=10.5 Hz, 1H), 3.67 (s, 3H), 3.43 (s, 3H), 2.833H):°C NMR (75 MHz, CDCJ) &
167.8 (C), 167.6 (C), 144.0 (C), 139.9 (C), 13&3, (136.2 (C), 135.1 (C), 132.7 (C),
129.6 (CH), 129.2 (CH), 129.0 (CH), 128.8 (CH), T26CH), 128.6 (CH), 127.7 (CH),
116.0 (CH), 57.7 (CH), 52.7 (GH 52.5 (CH), 43.4 (CH), 21.7 (Ck). Minor Z-
diastereomer an oil; [o]o?° -4.1 € 0.56, CHC}, ee = n.d.);'H NMR (300 MHz,
CDCl) § 7.85 (s, 1H), 7.56 (d] = 8.1 Hz, 2H), 7.39 (dd] = 7.2, 1.5 Hz, 2H), 7.29-
7.12 (m, 8H), 6.72 (dJ = 8.4 Hz, 2H), 5.45 (d] = 10.8 Hz, 1H), 3.99 (] = 10.8 Hz,
1H), 3.71 (s, 3H), 3.70 (d = 10.8 Hz, 1H), 3.49 (s, 3H), 2.38 (s, 3MC NMR (75
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MHz, CDCk) & 169.4 (C), 167.6 (C), 143.5 (C), 137.6 (C), 133 137.3 (C), 136.9
(C), 133.2 (C), 129.7 (CH), 129.0 (CH), 128.8 (CHP8.1 (CH), 127.8 (CH), 127.3
(CH), 122.5 (CH), 57.5 (CH), 53.4 (GH 53.0 (CH), 42.8 (CH), 21.7 (CK); HRMS
(ESI)m/z 550.1065 [M+Nal, Co7H26CINNaGsS required 550.1062.

Dimethyl 2-[(S,E)-1-(4-bromophenyl)-3-phenyl-3-(tosylamino)allyllmdonate (3ad)

Br Chiral HPLC analysis: Chiralpak AD-H, hexaiferOH 80:20, 1
mL/min, E-diastereomer: major enantiomert15.8 minminor
enantiomer t, = 19.3 min.;Z-diastereomerunresolvedt= 64.0

oo Ph min.
Y2 Z > NHTs

MeO,C Major E-diastereomer:an oil; [o]p*° -70.5(c 0.9, CHC}, ee =
85%) for the mixture of diastereomefs{ NMR (300 MHz, CDCJ) & 7.56 (d,J = 8.1
Hz, 2H), 7.38-7.25 (m, 6H), 7.18 (d,= 8.7 Hz, 2H), 6.87 (dd] = 6.3, 1.2 Hz, 2H),
6.80 (d,J = 8.4, Hz, 2H), 6.07 (s, 1H), 5.88 (@= 10.5 Hz, 1H), 3.95 (1] = 10.5 Hz,
1H), 3.74 (d,J = 10.5 Hz, 1H), 3.68 (s, 3H), 3.44 (s, 3H), 2.433H);**C NMR (75
MHz, CDCk) 6 167.8 (C), 167.6 (C), 144.0 (C), 140.5 (C), 136(23, 136.17 (C),
135.1 (C), 131.8 (C), 129.7 (CH), 129.3 (CH), 12@ZH), 128.8 (CH), 128.6 (CH),
127.7 (CH), 120.9 (CH), 115.9 (CH), 57.6 (CH), 52;), 52.6 (CH), 43.5 (CH),
21.7 (CH). Minor Z-diastereomer:*H NMR (300 MHz, CDC}J), significative signals
taken from théH NMR spectra of the diastereomer mixt5€,.86 (s, 1H), 7.14 (dl =
8.7 Hz, 2H), 6.67 (d) = 8.4 Hz, 2H), 5.46 (d) = 11.1 Hz, 1H), 3.98 (1] = 10.5 Hz,
1H), 3.75 (s, 3H), 3.69 (d, J = 10.5 Hz, 1H), 3(493H), 2.38 (s, 3H)**C NMR (75
MHz, CDCh), significative signals taken from tf&C NMR spectra of the diastereomer
mixture, 4 169.3 (C), 167.5 (C), 143.5 (C), 137.9 (C), 13(CH, 137.2 (C), 136.9 (C),
131.8 (CH), 129.7 (CH), 129.3 (CH), 128.9 (CH), 1I2@CH), 127.8 (CH), 127.3 (CH),
122.4 (CH), 121.3 (CH), 57.4 (CH), 53.4 (§H53.0 (CH), 41.3 (CH), 21.7 (C¥;
HRMS (ESI)m/z 594.0546 [M+Na], C,7H26BrNNaGsS required 594.0556.

Dimethyl 2-[(S,E)-1-(4-nitrophenyl)-3-phenyl-3-(tosylamino)allyllmaonate (3ae)

NO, Chiral HPLC analysis: Chiralpak AD-H, hexaife-OH 80:20, 1
mL/min, E-diastereomenmajor enantiomer t; = 25.9 minminor

Ph enantiomer t; = 30.3 min.;Z-diastereomerunresolved,t= 58.9

min.
MeO,C ZNNHTs

MeO,C Major E-diastereomer: an oil; [u]p™ 9.4 € 1.1, CHC}, ee =
90%) for the mixture of diastereomets} NMR (300 MHz, CDCJ) & 8.06 (d,J = 8.7
Hz, 2H), 7.61 (dJ) = 8.4 Hz, 2H), 7.35-7.31 (m, 2H), 7.07 (& 8.7 Hz, 2H), 6.89 (dd,
J=6.6, 1.2 Hz, 2H), 6.25 (bs, 1H), 5.88 Jd; 10.5 Hz, 1H), 4.09 (1] = 10.2 Hz, 1H),
3.78 (d,J = 10.5 Hz, 1H), 3.69 (s, 3H), 3.45 (s, 3H), 2.423H);**C NMR (75 MHz,
CDCl) 6 167.5 (C), 167.3 (C), 149.0 (C), 146.8 (C), 1442, 137.3 (C), 136.3 (C),
134.8 (C), 129.7 (CH), 129.4 (CH), 128.8 (CH), B28CH), 128.5 (CH), 127.7 (CH),
123.8 (CH), 113.8 (CH), 57.4 (CH), 52.9 (§H52.7 (CH), 43.6 (CH), 21.6 (CBH).
Minor Z-diastereomer:an oil;*H NMR (300 MHz, CDGJ), significative signals taken
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from the’H NMR spectra of the diastereomer mixtuse7.84 (s, 1H), 7.54 (d] = 8.4
Hz, 2H), 7.14 (dJ = 9.0 Hz, 2H), 5.48 (d] =11.1 Hz, 1H), 4.29 (t) = 10.5 Hz, 1H),
3.75 (s, 3H), 3.51 (s, 3H), 2.38 (s, 3HJC NMR (75 MHz, CDCJ), significative
signals taken from th€C NMR spectra of the diastereomer mixtu¥é,69.0 (C), 167.3
(C), 147.1 (C), 146.4 (C), 143.6 (C), 137.7 (C)713(C), 129.5 (CH), 129.1 (CH),
128.7 (CH), 128.1 (CH), 127.8 (CH), 127.4 (CH), I2{CH), 123.5 (CH), 121.5 (CH),
56.9 (CH), 53.5 (CH), 53.1 (CH), 43.2 (CH), 21.1 (Ck); HRMS (ESI)m/z 539.1498
[M+H] +, Co7H27N-OsS required 539.1483.

Dimethyl 2-[(S,E)-1-(4-methoxyphenyl)-3-phenyl-3-(tosylamino)allylinalonate
(3af)

OMe Chiral HPLC analysis: Chiralpak AD-H, hexar&OH 80:20, 1
mL/min, E-diastereomenmajor enantiomer t; = 18.0 min,minor
enantiomer t, = 23.4 min.;Z-diastereomerunresolved,t= 37.3

min.
NHTs

MeO,C Major E-diastereomer:an oil; [o]p* -67.8 € 1.0, CHC}, ee =
69%) for the mixture of diastereometst NMR (300 MHz, CDCJ) & 7.59 (d,J = 8.4
Hz, 2H), 7.32-7.29 (m, 3H), 7.18 (d,= 7.8 Hz, 2H), 6.95-6.65 (m, 6H), 5.96 (s, 1H),
5.92 (d,J = 10.8 Hz, 1H), 3.96 (§ = 10.5 Hz, 1H), 3.80 (s, 3H), 3.72 = 10.5 Hz,
1H), 3.66 (s, 3H), 3.43 (s, 3H), 2.42 (s, 3T NMR (75 MHz, CDCJ) 5 168.1 (C),
167.8 (C), 158.5 (C), 143.8 (C), 136.5 (C), 13%2%, 135.3 (C), 133.4 (C), 129.6 (CH),
128.70 (CH), 128.67 (CH), 128.61 (CH), 127.7 (CH)/.5 (CH), 114.1 (CH), 58.3
(CH), 55.3 (CH), 52.6 (CH), 52.4 (CH), 43.3 (CH), 21.7 (Ck. Minor Z-
diastereomer: an oil; '"H NMR (300 MHz, CDC}J), significative signals taken from the
'H NMR spectra of the diastereomer mixtuser.86 (s, 1H), 7.41 (dd, = 8.1, 1.5 Hz,
2H), 7.15 (dJ = 8.4 Hz, 2H), 5.51 (d] = 10.8 Hz, 1H), 3.94 (1] = 10.5 Hz, 1H), 3.79
(s, 3H), 3.71 (s, 3H), 3.47 (s, 3H), 2.38 (s, 3HE NMR (75 MHz, CDCJ) & 169.6
(©), 167.7 (C), 158.7 (C), 143.3 (C), 137.8 (C)7.43(C), 136.1 (C), 130.8 (C), 129.7
(CH), 129.1 (CH), 128.1 (CH), 127.8 (CH), 127.3 (¢H#H23.4 (CH), 114.0 (CH), 57.9
(CH), 55.3 (CH), 53.2 (CH), 52.8 (CH), 53.1 (CH), 42.7 (CH), 21.2 (Ck}; HRMS
(ES1)m/z524.1742 [M+H], CgH30NO-S required 524.1737.

Ph
MeOZC %

Dimethyl 2-[(S,E)-1-(furan-2-yl)-3-phenyl-3-(tosylamino)allyllmalonate (3ag)

— Chiral HPLC analysis: Chiralpak AD-H, hexarferOH 80:20, 1

O Ph mL/min, E-diastereomemmajor enantiomer t, = 17.9 minminor
MeO,C A NNHTs enantiomer t, = 26.6 min.; Z-diastereomemajor enantiomer t;
MeO,C = 20.1 minminor enantiomer t; = 23.5 min

Major E-diastereomer. an oil; [o]p?° -78.8 € 1.0, CHC}, ee = 94%)*H NMR (300
MHz, CDCk) & 7.67 (d,J = 8.4 Hz, 2H), 7.32-7.25 (m, 6H), 7.09-7.04 (m,)2B123
(dd,J = 3.3, 1.2 Hz, 1H), 6.16 (br s, 1H), 5.83 (it 3.3, 0.6 Hz, 1H), 5.76 (d,= 10.8
Hz, 1H), 4.12 (ddd) = 10.8, 9.3, 0.6 Hz, 1H), 3.77 (@= 9.3 Hz, 1H), 3.61 (s, 3H),
3.52 (s, 3H), 2.43 (s, 3H}*C NMR (75 MHz, CDCJ) & 167.7 (C), 167.6 (C), 153.7
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(C), 143.9 (C), 141.9 (CH), 137.1 (C), 136.5 (C34D (C), 129.7 (CH), 129.2 (CH),
128.7 (CH), 128.6 (CH), 127.8 (CH), 113.4 (CH), BLOCH), 106.3 (CH), 55.6 (CH),
52.6 (CH), 38.1 (CH), 21.7 (CH). Minor Z-diastereomer: an oil; [¢]p*° -30.2 € 0.8,
CHCl;, ee = 52%)*H NMR (300 MHz, CDCJ)  7.87 (s, 1H), 7.57 () = 8.4 Hz, 2H),
7.50-7.47 (m, 2H), 7.33-7.25 (m, 5H), 7.11 Jcs 8.1 Hz, 2H), 6.20 (dd] = 5.1, 1.9
Hz, 1H), 5.66 (dJ = 3.3 Hz, 1H), 5.58 (dd} = 10.8, 0.6 Hz, 1H), 3.99 (dd,=10.8 9.0
Hz, 1H), 3.76 (dJ = 9.0 Hz, 1H), 3.67 (s, 3H), 3.62 (s, 3H), 2.343(4); 1°C NMR (75
MHz, CDCE) & 168.9 (C), 168.1 (C), 151.5 (C), 143.4 (C), 14€CH), 137.62 (C),
137.60 (C), 136.9 (C), 129.6 (CH), 129.0 (CH), 126CH), 127.8 (CH), 127.2 (CH),
119.5 (CH), 110.2 (CH), 106.7 (CH), 55.8 (CH), 58CH,), 53.1 (CH), 37.2 (CH),
21.6 (CH): HRMS (ESI)n/z 506.1237 [M+Nal, CosHasNNaO;S required 506.1244.

Dimethyl 2-[(S,E)-1-(furan-3-yl)-3-phenyl-3-(tosylamino)allyllmalonate (3ah)

Chiral HPLC analysis: Chiralpak AD-H, hexarfe-OH 80:20, 1

\\ mL/min, E-diastereomenmajor enantiomer t; = 15.3 min,minor
Ph enantiomer t; = 27.8 min;Z-diastereomenmajor enantiomer t, =
MeO,C Z“NHTs 19.7 min,minor enantiomer t, = 33.8 min
MeO,C

Major E-diastereomer:an oil; [o]p?° -49.1 € 0.9, CHC}, ee =
85%);'H NMR (300 MHz, CDCY) 6 7.67 (d,J = 8.1 Hz, 2H), 7.32-7.25 (m, 6H), 7.01-
6.96 (m, 3H), 6.13 (dd] = 1.8, 0.9 Hz, 1H), 6.06 (br s, 1H), 5.79 Jd; 10.8 Hz, 1H),
3.97 (dd,J = 10.8, 9.0 Hz, 1H), 3.63 (s, 3H), 3.57 J&& 9.0 Hz), 3.53 (s, 3H), 2.44 (s,
3H); **C NMR (75 MHz, CDCJ) & 167.9 (C), 167.8 (C), 144.0 (C), 143.1 (CH), 139.5
(CH), 136.6 (C), 136.1 (C), 135.1 (C), 129.7 (CHP9.2 (CH), 128.7 (CH), 128.6
(CH), 127.8 (CH), 125.1 (C), 115.9 (CH), 109.5 (CHY.5 (CH), 52.6 (CH}, 52.5
(CHs), 35.2 (CH), 21.7 (CH. Minor Z-diastereomer:an oil; [o]p?°-3.8 ¢ 0.6, CHC},
ee = 60%)H NMR (300 MHz, CDCJ) § 7.79 (s, 1H), 7.57 (dl = 8.1 Hz, 2H), 7.44-
7.41 (m, 2H), 7.30-7.22 (m, 5H), 7.13 (dds 8.1, 0.6 Hz, 2H), 6.84 (§,= 0.6 Hz, 1H),
6.04 (ddJ = 1.8, 0.6 Hz, 1H), 5.44 (d,= 10.8 Hz, 1H), 3.94 (] = 10.8 Hz, 1H), 3.68
(s, 3H), 3.62 (s, 3H), 3.58 (d,= 10.5 Hz, 1H), 2.35 (s, 3H}’C NMR (75 MHz,
CDCl;) 8 169.1 (C), 168.2 (C), 143.6 (C), 143.0 (CH), 13@#H), 137.6 (C), 137.2
(C), 136.7 (C), 129.6 (CH), 128.9 (CH), 128.2 (CH27.8 (CH), 127.3 (CH), 123.2
(C), 122.3 (CH), 109.3 (CH), 57.2 (CH), 53.2 (§H53.0 (CH), 34.4 (CH), 21.6
(CHs); HRMS (ESI)mVz 506.1241 [M+Na], CsH-sNNaO;S required 506.1244.

Dimethyl 2-[(S,E)-1-methyl-3-phenyl-3-(tosylamino)allyllmalonate (ai)

Chiral HPLC analysis: Chiralpak AD-H, hexairfe-OH 80:20, 1

mL/min, E-diastereomenmajor enantiomer t; = 12.1 min,minor

enantiomer t, = 15.5 min.;Z-diastereomermajor enantiomer t;
NHTs = 15.3 min,minor enantiomer t, = 19.8 min.

Me
MeO,C _
CO,Me
Major E-diastereomer:an oil; [a]p?° 10.4 € 1.0, CHC}, ee = 74%):'H NMR (300
MHz, CDCE) 8 7.74 (d,J = 8.1 Hz, 2H), 7.33-7.29 (m, 5H), 7.07-7.04 (m) 25187 (br
s, 1H), 5.52 (dJ = 10.8 Hz, 1H), 3.66 (s, 3H), 3.62 (s, 3H), 3.84J = 8.7 Hz, 1H),
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2.98-2.89 (m, 1H), 2.46 (s, 3H), 0.97 {d 6.9 Hz, 3H);*C NMR (75 MHz, CDCY) 5
168.6 (C), 168.5 (C), 144.0 (C), 136.8 (C), 13539, (135.0 (C), 129.7 (CH), 129.0
(CH), 128.7 (CH), 128.6 (CH), 127.9 (CH), 119.4 (CH7.5 (CH), 52.50 (Ch), 52.48
(CHs), 33.1 (CH), 21.7 (CH), 19.6 (CH). Minor Z-diastereomer:an oil; [o]p?° -33.6
(c 0.45, CHC}, ee = 44%)*H NMR (300 MHz, CDC}) & 7.75 (br s, 1H), 7.63 (d,=
8.4 Hz, 2H), 7.46-7.43 (m, 2H), 7.30-7.27 (m, 3AR5-7.23 (m, 2H), 5.13 (dd, =
10.5, 0.9 Hz, 1H), 3.74 (s, 3H), 3.67 (s, 3H), 3(@9J = 9.0 Hz, 1H), 2.81-2.72 (m,
1H), 2.40 (s, 3H), 0.57 (dl = 6.6 Hz, 3H);"*C NMR (75 MHz, CDC}) & 169.6 (C),
168.8 (C), 143.5 (C), 137.7 (C), 137.1 (C), 136C), (129.5 (CH), 128.7 (CH), 128.1
(CH), 127.7 (CH), 127.6 (CH), 125.8 (CH), 57.4 (CBB.0 (CH), 52.9 (CH), 32.4
(CH), 21.6 (CH), 18.2 (CH). HRMS (ESI)m/z 454.1301 [M+Na], CrHosNNaGsS
required 454.1295.

Dimethyl 2-[(S,E)-3-(4-fluorophenyl)-1-phenyl-3-(tosylamino)allyljmalonate (3ak)

F Chiral HPLC analysis: Chiralpak AD-H, hexaif&-OH 80:20, 1
mL/min, E-diastereomemmajor enantiomer t; = 14.0min, minor
Bh enantiomer t, = 17.1 min.;Z-diastereomermajor enantiomer t,

MeO,C N \Ts = 22.5min, minor enantiomer t; = 47.4 min.

COMe Major E-diastereomer:an oil; [0]p?°-92.9 € 1.0, CHC}, ee =
86%); *H NMR (300 MHz, CDC}) 8 7.53 (d,J = 8.4 Hz, 2H), 2.27-7.19 (m, 3H) , 7.15
(d,J = 8.4 Hz, 2H), 6.98-6.87 (m , 6H), 6.02 (br s, 16190 (d,J = 10.5 Hz, 1H), 3.95
(t, J = 10.5 Hz, 1H), 3.75 (dl = 10.5 Hz, 1H), 3.66 (s, 3H), 3.41 (s, 3H), 2.403H);
13C NMR (75 MHz, CDCJ) 6 168.1 (C), 167.7 (C), 163 (dc.r = 247.6 Hz, C), 143.9
(C), 141.0 (C) 136.4 (C), 135.0 (C), 131.20J¢lr = 3.4 Hz, C), 130.8 (dlc.r = 8.3 Hz,
CH), 129.7 (CH), 128.8 (CH), 127.6 (CH), 127.2 (CH)8.2 (CH), 115.7 (dJc-r =
21.5 Hz, CH), 58.0 (CH), 52.7 (GH 52.5 (CH), 44.1 (CH), 21.7 (CH; *F NMR
(282 MHz, CDC}) 6 -105.7 (s, 1F)Minor Z-diastereomer:an oil; [o]p?° -54.9 € 0.4,
CHCl;, ee = 55%)*H NMR (300 MHz, CDCJ) 8 7.94 (s, 1H), 7.57 (dl = 8.4 Hz, 2H),
7.40-7.36 (m, 2H), 7.20-7.14 (m, 5H), 6.94)t 8.7 Hz, 2H), 6.76-6.73 (m, 2H), 5.46
(d,J = 10.8 Hz, 1H), 3.94 (f] = 10.2 Hz, 1H), 3.74 (d] = 10.5 Hz, 1H), 3.71 (s, 3H),
3.45 (s, 3H), 2.38 (s, 3H}*C NMR (75 MHz, CDCJ) 5 169.9 (C), 168.0 (C), 163.5 (d,
Jo.r = 246.2 Hz, C), 143.8 (C), 139.0 (C), 137.5 (355 (C), 134.1 (dJc.r = 3.1 Hz,
C), 130.0 (CH), 129.9 (dJcr = 8.2 Hz, CH), 128.9 (CH), 127.9 (CH), 127.7 (CH),
127.5 (CH), 122.9 (CH), 115.3 (de.r = 21.6 Hz, CH), 57.9 (CH), 53.6 (GH 53.1
(CHs), 43.7 (CH), 21.9 (CH; *F NMR (282 MHz, CDG)) & -113.5 (s, 1F); HRMS
(ESI)m/z 534.1373 [M+Nal], Co7H26FNNaQsS required 534.1357.
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Dimethyl 2-[(S,E)-3-(4-chlorophenyl)-1-phenyl-3-(tosylamino)allyljnalonate (3al)

Cl Chiral HPLC analysis: Chiralpak AD-H, hexaif&OH 90:10, 1
mL/min, E-diastereomemmajor enantiomer t; = 39.6min, minor

Ph enantiomer t; = 42.0 min.

MeO,C Z“NHTs Chiral HPLC analysis: Chiralpak AD-H, hexaiferOH 80:20, 1
COzMe mL/min, Z-diastereomennajor enantiomer t, = 20.8min, minor
enantiomer t, = 43.6 min.

Major E-diastereomer:an oil; [o]p?° -111.6 € 1.0, CHC}, ee = 80%)*H NMR (300
MHz, CDCk) 8 7.56 (d,J = 8.4 Hz, 2H), 7.30-7.24 (m, 5H), 7.19 (b= 8.4 Hz, 2H),
6.99-6.96 (m, 2H), 6.90 (d,= 8.4 Hz, 2H), 6.15 (s, 1H), 5.95 (= 10.8 Hz, 1H), 3.99
(t, J = 10.8 Hz, 1H), 3.78 (d] = 10.2 Hz, 1H), 3.70 (s, 3H), 3.45 (s, 3H), 2.453H).
13C NMR (75 MHz, CDCY) 4 168.0 (C), 167.6 (C), 143.9 (C), 140.9 (C), 133,
135.1 (C), 134.9 (C), 133.6 (C), 130.2 (CH), 126CH), 128.8 (CH), 127.6 (CH),
127.2 (CH), 118.8 (CH), 58.0 (CH), 52.7 (gH52.5 (CH), 44.1 (CH), 21.7 (C¥h).
Minor Z-diastereomer: an oil; [o]p?° -56.3 € 0.6, CHC}, ee = 46%)H NMR (300
MHz, CDCk) 8 7.94 (s, 1H), 7.57 (d] = 8.1 Hz, 2H), 7.34 (d] = 8.7 Hz, 2H), 7.24-
7.14 (m, 7H), 6.75-6.71 (m, 2H), 5.51 (dd> 10.8, 0.6 Hz, 1H), 3.94 (@,= 10.8 Hz,
1H), 3.74 (dJ = 10.8 Hz, 1H), 3.71 (s, 3H), 3.45 (s, 3H), 2.883H);*°C NMR (75
MHz, CDCk) & 169.6 (C), 167.7 (C), 143.7 (C), 138.6 (C), 13}, 136.4 (C), 135.6
(C), 134.7 (C), 129.8 (CH), 129.1 (CH), 128.7 (CHi28.3 (CH), 127.6 (CH), 127.5
(CH), 127.3 (CH), 123.3 (CH), 57.7 (CH), 53.4 (§H52.8 (CH), 43.5 (CH), 21.7
(CHs). HRMS (ESI)m/z 550.1062 [M+Nal, C,7H2¢CINNaGOsS required 550.1062.

Dimethyl 2-[(S,E)-3-(4-nitrophenyl)-1-phenyl-3-(tosylamino)allyllmaonate (3am)

NO, Chiral HPLC analysis: Chiralpak AD-H, hexarferOH 80:20, 1
mL/min, E-diastereomemajor enantiomer t, = 24.2min, minor
enantiomer t; = 32.0 min;Z-diastereomermajor enantiomer t;

= 44.6min, minor enantiomer t, = 76.1 min.
NHTs

CO,Me Major E-diastereomer:an oil; [o]p?° -87.9 € 1.0, CHC}, ee =
829%): *H NMR (300 MHz, CDCJ) 5 8.11 (d,J = 8.7 Hz, 2H), 7.50 (d] = 8.4 Hz, 2H),
7.28-7.21 (m, 3H), 7.16 (d,= 9 Hz, 4H), 6.92-6.89 (m, 2H), 6.45 (br s, THPE(d,J
= 11.1 Hz, 1H), 3.92 (] = 10.8 Hz, 1H), 3.73 (d} = 9.9 Hz, 1H), 3.65 (s, 3H), 3.41 (s,
3H), 2.41 (s, 3H)**C NMR (75 MHz, CDCJ) 5 167.9 (C), 167.4 (C), 147.9 (C), 144.2
(C), 141.6 (C), 140.2 (C), 136.0 (C), 134.1 (C)0A3(CH), 129.8 (CH), 129.0 (CH),
127.5 (CH), 127.4 (CH), 123.7 (CH), 121.7 (CH),&TCH), 52.8 (CH), 52.6 (CH),
44.0 (CH), 21.7 (Ch). Minor Z-diastereomer:an oil; [o]o?° -37.8 € 0.6, CHC}, ee =
49%):*H NMR (300 MHz, CDCY) 38.12 (d,J = 8.7 Hz, 2H), 8.08 (br s, 1H), 7.59 (,
= 8.4 Hz, 4H), 7.22-7.15 (m, 5H), 6.74-6.70 (M, 261¥0 (d.J = 10.8 Hz, 1H), 3.94 {,
J=10.5 Hz, 1H), 3.76 (d] = 9.9 Hz, 1H), 3.72 (s, 3H), 3.46 (s, 3H), 2.403); 1°C
NMR (75 MHz, CDC) & 169.6 (C), 167.7 (C), 148.0 (C), 144.5 (C), 1400, 138.1

Ph
Me02C =
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(C), 137.0 (C), 134.9 (C), 130.0 (CH), 128.8 (CHP8.5 (CH), 127.6 (CH), 127.3
(CH), 126.5 (CH), 123.5 (CH), 121.7 (CH), 57.5 (CHB.4 (CH), 53.0 (CH), 43.5

(CH), 21.7 (CH); HRMS (ESI) miz 539.1497 [M+H], CoH»N,OsS required

539.1483.

Dimethyl 2-[(S,E)-3-(4-methoxyphenyl)-1-phenyl-3-(tosylamino)allylinalonate
(3an).

Chiral HPLC analysis: Chiralpak AD-H, hexaif&-OH 80:20, 1

OMe mL/min, E-diastereomermajor enantiomer t, = 20.3 min,
minor enantiomer t, = 24.6 min.; Z-diastereomer: major
Ph enantiomer t, = 34.8min, minor enantiomer t, = 82.7 min.
MeO,C Z NHTs : : , 20
CoMe Major E-diastereomer:an oil; [a]p” -29.6 € 0.9, CHC}, ee =

80%); 'H NMR (300 MHz, CDC}) 5 7.54 (d,J = 8.5 Hz, 2H),
7.26-7.19 (m, 3H), 7.14 (d,= 8.5 Hz, 2H), 6.97-6.94 (m, 2H), 6.84 (&= 9.0 Hz, 2H),
6.77 (dt,J = 9.0 Hz, 2H), 5.96 (s, 1H), 5.86 (@= 10.8 Hz, 1H), 4.01 (] = 10.5 Hz,
1H), 3.80 (s, 3H), 3.75 (d,= 10.2 Hz, 1H), 3.65 (s, 3H), 3.40 (s, 3H), 2.403H);**C
NMR (75 MHz, CDC}) & 168.1 (C), 167.8 (C), 160.0 (C), 143.7 (C), 143 136.5
(C), 135.6 (C), 130.1 (CH), 129.6 (CH), 128.7 (CH7.7 (CH), 127.6 (CH), 127.5
(C), 127.0 (CH), 116.8 (CH), 114.0 (CH), 58.1 (CI8B8.4 (CH), 52.7 (CH), 52.4
(CHs), 44.2 (CH), 21.7 (CH). Minor Z-diastereomer:[o]p?° -2.0 € 0.74, CHC}, ee =
42%);'H NMR (300 MHz, CDCY) 5 7.89 (s, 1H), 7.57 (dl = 8.1 Hz, 2H), 7.36 (d] =
9.0 Hz, 2H), 7.19-7.12 (m, 5H), 6.79 (b5 9.0 Hz, 2H), 6.73-6.70 (m, 2H), 5.40 (&
10.8 Hz, 1H), 3.91 (t) = 10.2 Hz, 1H), 3.86 (d] = 6.0 Hz, 1H), 3.80 (s, 3H), 3.71 (s,
3H), 3.43 (s, 3H), 2.37 (s, 3H}C NMR (75 MHz, CDCJ) & 169.6 (C), 167.8 (C),
160.3 (C), 143.4 (C), 139.0 (C), 137.3 (C), 136C), (130.3 (CH), 129.7 (CH), 129.2
(CH), 128.6 (CH), 127.6 (CH), 127.3 (CH), 121.1 (CH16.8 (CH), 113.5 (CH), 57.9
(CH), 55.4 (CH), 53.3 (CH), 52.8 (CH), 43.5 (CH), 21.7 (CH; HRMS (ESI)m/z
524.1740 [M+H], CgH30NO;S required 524.1737.

Dimethyl 2-[(S,E)-3-(2-fluorophenyl)-1-phenyl-3-(tosylamino)allyl]malonate (3a0)

Chiral HPLC analysis: Chiralpak AD-H, hexaife-OH 80:20, 1
Ph e mL/min, E-diastereomenmajor enantiomer t; = 18.9 min,minor
MeO,C P enantiomer t, = 34.1 min.;Z-diastereomermajor enantiomer t;

NHTs 39.7min, minor enantiomer t, = 49.7 min.
CO,Me

Major E-diastereomer: an oil; [¢]p*° -75.4 € 1.0, CHC}, ee = 82%)*H NMR (300
MHz, CDCk) & 7.54 (d,J = 8.4 Hz, 2H), 7.34-7.27 (m, 1H), 7.25-7.19 (m)3H11 (d,
J=8.1 Hz, 2H), 7.03 (td] = 7.5, 1.2 Hz, 1H), 7.00-6.94 (m, 3H), 6.83 (¢ 7.5, 1.8
Hz, 1H), 6.15 (br s, 1H), 6.04 (d,= 10.2 Hz, 1H), 3.82 (t, 10.5 Hz, 1H), 3.73 I
10.2 Hz, 1H), 3.62 (s, 3H), 3.39 (s, 3H), 2.383H); **C NMR (75 MHz, CDCJ) &
167.8 (C), 167.6 (C), 159.8 (de.r = 247.7 Hz, C), 143.7 (C), 140.6 (C), 136.1 (C),
131.4 (d,Jer = 3.0 Hz, CH), 131.2 (djc.r = 8.1 Hz, CH), 130.4 (CH), 129.5 (CH),
128.7 (CH), 127.8 (CH), 127.7 (CH), 127.1 (CH), 124d, Jor = 3.5 Hz, CH), 122.5
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(d, Jor = 15.2 Hz, C); 120.3 (CH), 115.9 (der = 21.2 Hz, CH), 58.1 (CH), 25.7
(CHs), 52.4 (CH), 44.4 (CH), 21.6 (CH: °F NMR (282 MHz, CDGJ) 3 -116.3 (s,
1F). Minor Z-diastereomer: an oil; [o]p?° -33.3 € 1.0, CHC}, ee = 28%) NMR
(300 MHz, CDC}) 8 7.67 (br s, 1H), 7.48 (d,= 8.4 Hz, 2H), 7.32 (td] = 7.5, 1.8 Hz,
1H), 7.25-7.18 (m, 4H), 7.09 (d,= 8.4 Hz, 2H), 7.04 (dt] = 7.5, 1.8 Hz, 1H), 6.92-
6.83 (m, 3H), 5.60 (dJ = 10.8 Hz, 1H), 4.11 ( = 9.9 Hz, 1H), 3.75 (dJ = 9.9 Hz,
1H), 3.73 (s, 3H), 3.49 (s, 3H), 2.34 (s, 3 NMR (75 MHz, CDC)) & 169.3 (C),
167.8 (C), 160.2 (dc.r = 248.3 Hz, C), 143.3 (C), 138.7 (C), 137.2 (G312 (d.Jer

= 2.6 Hz, CH), 130.4 (C), 130.2 (d.r = 8.4 Hz, CH), 129.6 (CH), 128.7 (CH), 127.6
(CH), 127.4 (CH), 127.2 (CH), 126.2 (@ = 3.2 Hz, CH), 123.8 (dlcr = 3.6 Hz,
CH), 115.7 (dJer = 21.9 Hz, CH), 57.6 (CH), 53.2 (GH52.8 (CH), 43.2 (CH), 21.6
(CHs): 9F NMR (282 MHz, CDGJ) 3 -113.9 (s, 1F); HRMS (ESljz 534.1372
[M+Na]”, C7H6FNNaGsS required 534.1357.

Dimethyl 2-[(S,E)-3-(3-nitrophenyl)-1-phenyl-3-(tosylamino)allyllmdonate (3ap)

No, Chiral HPLC analysis: Chiralpak AD-H, hexarferOH 80:20,
1 mL/min, E-diastereomermajor enantiomer t, = 23.1 min,
minor enantiomer t. = 31.7 min.; Z-diastereomer:major

NHTs  enantiomer t, = 37.5min, minor enantiomer t, = 54.8 min.

Ph
MeOZC =

CO,Me

Major E-diastereomer:an oil; [o]p?° -69.5 € 1.0, CHC4, ee
= 84%);'H NMR (300 MHz, CDC}) & 8.18-8.12 (m, 2H), 7.56-7.46 (m, 5H), 7.31-7.22
(m, 3H), 7.14 (d,) = 8.4 Hz, 2H), 6.97-6.94 (m, 2H), 6.51 (br s, 1600 (d,J = 10.8
Hz, 1H), 3.91 (tJ = 10.8 Hz, 1H), 3.76 (d = 10.2 Hz, 1H), 3.67 (s, 3H), 3.41 (s, 3H),
2.41 (s, 3H);*C NMR (75 MHz, CDCY) 8 167.9 (C), 167.4 (C), 140.1 (C), 144.3 (C),
140.1 (C), 136.6 (C), 135.9 (C), 135.3 (CH), 133, 129.8 (CH), 129.6 (CH), 129.0
(CH), 127.6 (CH), 127.5 (CH), 127.4 (CH), 123.9 (CH23.8 (CH), 121.9 (CH), 57.9
(CH), 52.8 (CH), 52.5 (CH), 44.1 (CH), 21.6 (CkJ. Minor Z-diastereomer:an oil;
[a]p® -21.8 € 0.5, CHC}, ee = 48%)H NMR (300 MHz, CDC}) & 8.13-8.07 (m,
3H), 7.81 (dtJ = 8.4, 1.5 Hz, 1H), 7.57 (d,= 8.4 Hz, 2H), 7.45 (dd] = 8.7, 1.2 Hz,
1H), 7.25-7.21 (m, 3H), 7.16 (d,= 8.4 Hz, 2H), 6.83-6.77 (m, 2H), 5.67 (dds 10.8
Hz, 1H), 4.02 (tJ = 10.8, 0.6 Hz, 1H), 3.77 (d,= 9.9 Hz, 1H), 3.73 (s, 3H), 3.47 (s,
3H), 2.38 (s, 3H)**C NMR (75 MHz, CDCJ) & 169.6 (C), 167.7 (C), 148.2 (C), 144.0
(C), 139.8 (C), 138.2 (C), 137.0 (C), 134.6 (C)4IB(CH), 130.0 (CH), 129.1 (CH),
128.9 (CH), 127.7 (CH), 127.6 (CH), 127.3 (CH), ®28CH), 123.4 (CH), 122.4 (CH),
57.5 (CH), 53.4 (Ch), 52.9 (CH), 43.5 (CH), 21.6 (Ck); HRMS (ESI)nvVz 539.1487
[M+H] +, Co7H27NH-0sS required 539.1483.
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5.1.3. Synthetic transformations from compound 3aa
Dimethyl 2-[(S)-3-oxo-1,3-diphenylpropyllmalonate (43°’

Ph O 37% Hydrochloric acid (6 drops) was dropwise aduted solution

MeOzCNPh of compound3aa (26.2 mg, 0.053 mmol, ee = 82%) in THF 2mL

CO,Me under nitrogen. The reaction flask was introduced bath at 40 °C
for 2 h. After this time, the reaction was lefrabm temperature and water (5 mL) was
added. The mixture was extracted with dichlorome¢h§3 x 20 mL), dried over
MgSQ,, filtered and concentrated under reduced pressuggve 18.0 mg (100%) of
ketone4 with identical spectroscopic features as thoseriesd in the literatur&®’
Chiral HPLC analysis: Chiralpak AS-H, hexaf¥OH 90:10, 1 mL/min,major
enantiomer t; = 14.3 min,minor enantiomer t; = 19.1 min. §]p?° +13.1 € 0.96, CHC},
ee = 82%), Lit®"[a]p?° +18 (CHCE, ee = 90%) for th&enantiomer.

Dimethyl 2-[(1S,3R)-1,3-diphenyl-3-(tosylamino)allyllmalonate (5) anddimethyl 2-
[(1S,39)-1,3-diphenyl-3-(tosylamino)allyllmalonate (6)

Ph  NHTs Ph  NHTs A solution of §E)-3aa (140 mg, 0.29
MeO,C Ph MeO,C oh mmol, ee = 86%) in MeOH (12 mL) was
CO,Me ' CO,Me stired under hydrogen atmosphere

(balloon) in the presence of 5% Pd/C (4
mg) for 4 h. Then, the reaction mixture was filtetarough a short pad of silica gel
eluting with EtOAc. The solvent was removed undstuced pressure to give 134 mg
(95%) of aca. 25:75 mixture of compoundsand6 which were separated after column
chromatography on silica gel eluting with hexan€&/&t (90:10 to 60:40). Order of
elution: compoundé (minor diastereomer) first, compourtdl (major diastereomer)
second.

Chiral HPLC analysis: Chiralpak IC, hexai®OH 80:20, 1 mL/min, Major
diastereomeb: major enantiomer t, = 55.6 min,minor enantiomer t. = 63.6 min.; Minor
diastereome6: major enantiomer t. = 39.7 min,minor enantiomer t. = 46.6 min.

Major diastereomer (1S3R)-5: an oil; [u]p?° -3.4 € 1.0, CHC}, ee = 86%)*H NMR
(300 MHz, CDC}) & 7.34 (d,J = 8.4 Hz, 2H), 7.30-7.27 (m, 3H), 7.24-7.17 (m,)3H
7.08 (d,J = 8.4 Hz, 2H), 7.00-6.97 (m, 2H), 6.84-6.81 (m)24#61 (d,J = 6.0 Hz, 1H),
3.77-3.70 (m, 1H), 3.72 (s, 3H), 3.59 M= 10.5 Hz, 1H), 3.32 (s, 3H), 2.91 (=
11.2 Hz, 1H), 2.45-2.26 (m, 2 H), 2.37 (s, 3HE NMR (75 MHz, CDC}) 5 168.5 (C),
167.9 (C), 143.2 (C), 138.9 (C), 138.7 (C), 1370, (129.5 (CH), 129.0 (CH), 128.7
(CH), 128.6 (CH), 128.4 (CH), 127.6 (CH), 127.3 (CH27.2 (CH), 58.4 (CH), 56.4
(CH), 52.7 (CH), 52.3 (CH), 42.3 (CH), 39.7 (CH), 21.6 (CH). Minor diastereomer
(1S39-6: an oil; [0]p*° -2.0 € 0.6, CHC}, ee = 86%)*H NMR (300 MHz, CDCJ) &
7.54 (d,J = 8.4 Hz, 2H), 7.25-7.21 (m, 3H), 7.15-7.08 (m,)56194-6.87 (m, 4H), 5.45
(d,J = 6.6 Hz, 1H), 4.08-4.01 (m, 1H), 3.77 (s, 3HESB(d,J = 10.2 Hz, 1H), 3.42 (td,
J=10.2, 3.0 Hz, 1H), 3.41 (s, 3H), 2.38 (s, 3HP&1.92 (M, 2H)**C NMR (75 MHz,
CDCl;) 8 169.3 (C), 168.0 (C), 143.0 (C), 142.0 (C), 13&5, 137.8 (C), 129.5 (CH),
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128.8 (CH), 128.5 (CH), 128.4 (CH), 127.7 (CH), ®2{CH), 127.3 (CH), 126.1 (CH),
57.7 (CH), 56.1 (CH), 53.0 (G} 52.5 (CH), 43.4 (CH), 43.3 (CH), 21.6 (CH);
HRMS (ESI)m/z 518.1613 [M+Nal], Co/H29NNaQsS required 516.1608.

(3S,5R)-Methyl  3,5-diphenyl-5-(tosylamino)pentanoate (7) A 25% solution of
tetraethylammonium hydroxyde in MeOH (1%, 0.23 mmol)
was added to a solution of compoum(P5.4 mg, 0.19 mmol, ee =
82%) in dimethylsulfoxide (5.2 mL) under nitrogeand the
reaction flask was introduced in a bath at 80 °@difAonal tetraethylammonium
hydroxyde was added after 6 h (1pk, 0.23 mmol) and 24 h (5L, 0.08 mmol).
After a total reaction time of 24h, the reactiorxtare was diluted with EtOAc (60 mL),
washed with water (& 4 mL), brine (4 mL), and dried over MgaQPurification by
column chromatography eluting with hexane/EtOAc eg& mg (10%) of lactan9,
followed by 58.0 mg (70%) of compound Chiral HPLC analysis: Chiralpak IC
hexanetPrOH 80:20, 1 mL/minmajor enantiomer t, = 26.5 min,minor enantiomer t, =
29.1 min. Oil; f]p*°-9.1 € 1.0, CHC}, ee = 82%)*H NMR (300 MHz, CDCJ) 5 7.40
(d, J = 8.4 Hz, 2H), 7.35-7.25 (m, 3H), 7.21-7.12 (m,)3A.08 (d,J = 8.4 Hz, 2H),
7.05-6.97 (m, 2H), 6.91-6.82 (m, 2H), 5.09 {&; 6.6 Hz, 1H), 3.88 (ddd,= 10.5, 6.6,
5.4 Hz, 1H), 3.52 (s, 3H), 2.73 (m. 1H), 2.52 (rHl)22.37 (s, 3H), 2.35-2.12 (m, 2H);
3¢ NMR (75 MHz, CDGJ) 5 172.2 (C), 143.0 (C), 142.2 (C), 139.6 (C), 13(C3,
129.4 (CH), 128.76 (CH), 128.75 (CH), 128.0 (CH2/B (CH), 127.2 (CH), 127.1
(CH), 127.0 (CH), 56.4 (CH), 51.5 (GH 42.2 (CH), 41.7 (CH), 38.7 (CH), 21.6
(CHz); HRMS (ESI)mVz 460.1560 [M+Nal], CosHo/NNaQS required 460.1553.

Ph

MeOQC Ph

(3S,55)-Methyl 3,5-diphenyl-5-(tosylamino)pentanoate (8)

Ph NHTs Following the same procedure as for the synthekig, starting

- from compound6 (23.7 mg, 0.058 mmol, ee = 82%), it was
obtained 15.9 mg of compour@l(63%): Chiral HPLC analysis:
Chiralpak IC, hexan&rOH 80:20, 1 mL/minmajor enantiomer t, = 55.5 min,minor
enantiomer t, = 34.6 min. Oil; f]p*° -16.3 € 1.0, CHC}, er = 82%):*H NMR (300
MHz, CDCk) 6 7.50 (d,J = 8.4 Hz, 2H), 7.30-7.19 (m, 1H), 7.24 (U= 8.4 Hz, 2H),
7.13-7.04 (m, 5H), 7.05-6.82 (m, 4H), 5.34 (d, 2.2 Hz, 1H), 4.11 (ddd] = 10.8, 7.2,
3.9 Hz, 1H), 3.63 (s, 3H), 3.17 (m, 1H), 2.56 (H)22.36 (s, 3H), 2.01 (ddd,= 14.2,
10.2, 3.9 Hz, 1H), 1.93 (ddd,= 14.2, 9.9, 4.0 Hz, 1H}’C NMR (75 MHz, CDC}) &
173.0 (C), 143.0 (C), 142.8 (C), 141.7 (C), 1378, (129.4 (CH), 128.8 (CH), 128.5
(CH), 127.6 (CH), 127.29 (CH), 127.28 (CH), 127CHj}, 126.2 (CH), 56.3 (CH), 51.9
(CHg), 45.0 (CH), 41.0 (CH), 38.6 (CH), 21.6 (Ck; HRMS (ESI)n/z 460.1562
[M+Na]”, CxsHo7/NNaQ;S required 460.1553.

MeO,C o
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(3R,4S,6R)-Methyl 2-ox0-4,6-diphenyl-1-tosylpiperidine-3-caboxylate (9)

o) A solution of compound (27.7 mg, 0.056 mmol) in toluene (1.2

MeOZC\iL/NGS mL) under nitrogen was treated with 1M LIHMDS in FH112pL,
0.112 mmol). The mixture was stirred at 90 °C f8rH Then, the

reaction was quenched with 1M HCI (1 mL), dilutedhmvater (4
mL), extracted with dichloromethanex@ mL), dried over MgS@Qand concentrated
under reduced pressure to give 19 mg (73%) of comg®: an oil; [a]p*° 2.1 € 0.8,
CHCl;, ee = 82%)H NMR (300 MHz, CDCY) & 7.56 (d,J = 8.4 Hz, 2H), 7.40-7.20
(m, 8H), 7.14 (dJ = 8.4 Hz, 2H), 7.10-6.98 (m, 2H), 5.90 (dds= 5.1, 2.4 Hz, 1H),
3.72 (d,J = 12.0 Hz, 1H), 3.58 (s, 3H), 3.50 (i#l= 12.0, 3.0 Hz, 1H), 2.59 (id, J =
13.5, 5.4 Hz, 1H), 2.40 (s, 3H), 2.21 (ddd= 13.5, 3.0, 2.5 Hz, 1H)°C NMR (75
MHz, CDCk) 4 169.2 (C), 166.8 (C), 144.3 (C), 140.0 (C), 13&% 135.9 (C), 129.8
(CH), 128.9 (CH), 128.7 (CH), 128.0 (CH), 127.7 (CH26.8 (CH), 59.9 (CH), 58.3
(CH), 52.6 (CH), 37.8 (CH), 37.4 (CH), 21.6 (Ck; HRMS (ESI) m/z 464.1529
[M+H] ", Co6H26NOsS required 464.1526.

Ph*

(4S,6R)-4,6-Diphenyl-1-tosylpiperidin-2-one (10)

A solution of compound (31.3 mg, 0.072 mmol) in toluene (1.4 mL)
under nitrogen was treated with 1M LIHMDS in THH8LuL, 0.143
‘ mmol). The mixture was stirred at 100 °C for 19hei, the reaction
Ph* Ph was quenched with 1M HCI (4 mL), diluted with wafdrmL), extracted
with dichloromethane ¢80 mL), dried over MgS®and concentrated under reduced
pressure to give 26.2 mg (90%) of compod Oil; [a]p?° -5.6 € 0.95, CHCY, ee =
82%);*H NMR (300 MHz, CDCY) & 7.35 (d,J = 8.1 Hz, 2H), 7.32-7.25 (m, 3H), 7.19-
7.16 (m, 3H), 7.10-6.90 (m, 4H), 6.86 (m, 2H), 5(@0,J = 6.6, 2.7 Hz, 1H), 3.87 (dd,
J = 14.7, 7.8 Hz, 1H), 2.70 (m, 1H), 2.55 {t,= 7.2 Hz, 1H), 2.60-2.27 (m, 2H
overlapped), 2.34 (s, 3H}*C NMR (75 MHz, CDC}) & 176.3 (C), 143.2 (C), 142.0
(C), 139.5 (C), 137.1 (C), 129.4 (CH), 128.9 (CH28.8 (CH), 128,0 (CH), 127.8
(CH), 127.21 (CH), 127.20 (CH), 126.2 (CH), 56.4(C42.0 (CH), 41.3 (C}h), 38.5
(CH), 21.6 (CH); HRMS (ESI)nVz 406.1469 [M+H], C:4H24NOsS required 406.1471.

NTs
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5.2. Enantioselective Michael addition of malonateesters to B-
trifluoromethyl- a,p-unsaturated N-tosyl imines

5.2.1. Synthesis and characterization di-trifluoromethyl a,p-unsaturated N-tosyl
imines 11

The procedure by A. D. Smith was followtd.A solution of the corresponding
trifluoromethyl enon¥®®%%(2.8 mmol) and TsNK(465 mg, 2.7 mmol) in dry Ci€l,
(15 mL) under nitrogen atmosphere was introduced lrath at O °C (ice-water). After
10 min, dry triethylamine (1.18 mL, 8.4 mmol) waddad via syringe followed by
TiCls (0.46 mL, 4.2 mmol). After 15 min, the bath wasnoved and the reaction
mixture was stirred for 24 h at room temperatutteerT; the solvent was removed under
reduced pressure, water (100 mL) was added annhitttere was extracted with ethyl
acetate (3x50 mL). jj interphases may form !l. Hx¢ract was dried over MgSQO
filtered and concentrated under reduced pressorgelll was obtained after quick
column chromatography eluting with hexane-EtOAc tnigs. In most of the cases an
additional purification by crystallization from haxe-EtOAc or BO-EtOAc mixtures
was required. Nitro-containing iminddeandl11i hydrolyzed almost completely when
chromatographed. They could only be obtained in I|gield after repeated
crystallizations.

4-Methyl-N-((1Z,2E)-4,4,4-trifluoro-1-phenylbut-2-en-1-ylidene)benzea-
sulfonamide (11aj%

Ts,,  'HNMR (300 MHz, CDCY) § 8.00-7.65 (5H, m, Ar, =CH), 7.59 (1H, tt,
~ N 3=75,1.8Hz, A, 7.46 (2H, § = 7.5 Hz, Ar), 7.35 2H, d] = 8.1
e "M Hz, Ar), 6.12 (1H, dgJ = 16.5, 6.0 Hz, =CH), 2.45 (s, Me-Ar}’F
NMR (282 MHz, CDC4) § = -65.6 (s, CB.

4-Methyl-N-((1Z,2E)-4,4,4-trifluoro-1-(p-tolyl)but-2-en-1-ylidene)benzene-
sulfonamide (11b}%

'H NMR (300 MHz, CDCJ) 4 7.89 (2H, dJ = 7.8 Hz, Ar), 7.77
TS\ (1H, m, =CH), 7.63 (2H, dJ = 8.1 Hz, Ar), 7.35 (2H, d] = 7.8
G Hz, Ar), 7.25 (2H, dJ = 8.1 Hz, Ar), 6.10 (1H, dq] = 16.2, 6.3
Hz, =CH), 2.45 (3H, s, Me-Ar), 2.42 (3H, s, Me-AlfF NMR
(282 MHz, CDCH}) & = -65.5 (s, CB).

N-((1E,2E)-1-(4-Chlorophenyl)-4,4,4-trifluorobut-2-en-1-ylidene)-4-methyl-
benzenesulfonamide (11c)

'H NMR (300 MHz, CDC}) 5 7.88 (2H, dJ = 8.1 Hz, Ar), 7.80
(1H, m, =CH), 7.65 (2H, unresolved d, Ar), 7.44 (2, J =

mm 6.9, 2.1 Hz, Ar), 7.37 (2H, d,= 7.8 Hz, Ar), 6.11 (1H, dq] =
¢ 16.5, 6.0 Hz, =CH), 2.45 (3H, s, Me-AffF NMR (282 MHz,
CDCl) & = -65.6 (s, CE); HRMS (ESI) m/z 388.0378 [M+H], C;7H15CIFsNO,S
requires 388.0380.

FsC

Ts.
SN
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N-((1E,2E)-1-(4-Bromophenyl)-4,4,4-trifluorobut-2-en-1-ylidene)-4-methyl-
benzenesulfonamide (11d§?

'H NMR (300 MHz, CDC}) 5 7.88 (2H, d,J = 7.5 Hz, Ar), 7.87-
N 7.84 (1H, m, =CH), 7.62-7.58 (4H, m, Ar), 7.36 (2H,J = 8.4
Hz, Ar), 6.11 (1H, dgJ = 16.5, 6.3 Hz, =CH), 2.45 (3H, s, Me-
s Ar); F NMR (282 MHz, CDGJ) & = -65.6 (s, CF).

N-((1E,2E)-1-(4-Nitrophenyl)-4,4,4-trifluorobut-2-en-1-ylidene)-4-methyl-
benzenesulfonamide (11e)

Ts<

FsC

;

This compound could not be obtained pure and wasl us
N contaminated with enone and TshNHH NMR (300 MHz,
CDCls) 6 8.30 (2H, dJ = 7.5 Hz, Ar), 8.00-7.80 (5H, m, =CH,
No, Ar), 7.37 (2H,dJ=8.1Hz, Ar), 6.11 (1H, m, =CH), 2.46 (3H,
s, Me-Ar);*F NMR (282 MHz, CDG)) 6 = -65.6 (s, CB).

4-Methyl-N-((1E,2E)-4,4,4-trifluoro-1-(4-methoxyphenyl)but-2-en-1-yldene)-
benzenesulfonamide (11f)

Ts. 'H NMR (300 MHz, CDC)) 5 7.89 (2H, d,J = 8.4 Hz, Ar),
7.76 (2H, dJ = 9,0 Hz, Ar), 7.70-7.60 (1H, m, =CH), 7.34 (2H,
d,J = 8.4 Hz, Ar), 6.93 (2H, d] = 9.0 Hz, Ar), 6.09 (1H, dq]
OMe =16.5, 6.0 Hz, =CH), 3.87 (3H, s, MeO), 2.44 (3HMe-Ar);
F NMR (282 MHz, CDG)) § = -65.5 (s, CB; HRMS (ESI)m/z 384.0878 [M+H],
C18H17F3NO3S requires 384.0876.

4-Methyl-N-((1E,2E)-4,4,4-trifluoro-1-(m-tolyl)but-2-en-1-ylidene)benzene-
sulfonamide (119)

Ts. 'H NMR (300 MHz, CDC}) & 7.89 (2H, d,J = 7.8 Hz, Ar),
7.77 (1H, m, =CH), 7-55-7.25 (6H, m, Ar), 6.10 (1dy, J =
16.2, 6.0 Hz, =CH), 2.45 (3H, s, Me-Ar), 2.39 (3,Me-Ar);
F NMR (282 MHz, CDGJ) 6 = -65.6 (s, CE); HRMS (ESI)
m/z 368.0935 [M+H], CigH17F3NOSS requires 368.0927.

N-((1E,2E)-1-(3-Chlorophenyl)-4,4,4-trifluorobut-2-en-1-ylidene)-4-methyl-
benzenesulfonamidg€11h)

Ts. 'H NMR (300 MHz, CDCY) 3 7.89 (2H, dJ = 8.7 Hz, Ar), 7.81

(1H, m, =CH), 7.71 (1H, m, Ar), 7.55 (2H, m, An)A41 (1H, t,J
= 7.8 Hz, Ar), 7.36 (2H, dJ = 8.7 Hz, Ar), 6.13 (1H, dq] =
16.2, 6.0 Hz, =CH), 2.46 (3H, s, Me-A)’F NMR (282 MHz,
CDCl) & = -65.6 (s, CE); HRMS (ESI) m/z 388.0378 [M+H], CiH14CIFsNO,S
requires 388.0380.

Ts<

;

FsC

éz

FsC 3

/
==z
2
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N-((1E,2E)-1-(3-Nitrophenyl)-4,4,4-trifluorobut-2-en-1-ylidene)-4-methyl-
benzenesulfonamide€11i)

Ts, 'H NMR (300 MHz, CDC}) 5 8.52 (1H, s, Ar), 8.43 (1H, ddd,
« N o, J=81,2.1,1.0 Hz, Ar), 8.10-7.75 (4H, m, =CH)AZ.69 (1H,
Fac/\)\©/ ? t,J=8.1Hz, Ar), 7.37 (2H, d,= 8.1 Hz, Ar), 6.15 (1H, dgl =
16.5, 6.0 Hz, =CH), 2.46 (3H, s, Me-Af'F NMR (282 MHz,

CDCly) & = -65.6 (s, CB; HRMS (ESI)m/z 399.0628 [M+H], Ci7H14FaN,O4S requires
399.0621

4-Methyl-N-((1E,2E)-4,4,4-trifluoro-1-(3-methoxyphenyl)but-2-en-1-yldene)-
benzenesulfonamide (11j)

e, IH NMR (300 MHz, CDC}) 3 7.88 (2H, d,J = 7.8 Hz, An),
| ove 7-81 (1H, m, =CH), 7.48-7.20 (6H, m, Ar), 7.13 (1d,J =
FSCV\@( 8.1, 2.4 Hz, Ar), 6.13 (1H, dg} = 16.2, 6.3 Hz, =CH), 3.82
(3H, s, MeO), 2.45 (3H, s, Me-Ar'F NMR (282 MHz,

CDCls) & = -65.6 (s, CE); HRMS (ESI)nVz 384.0877 [M+H], CigH17FaNOsS requires
384.0876.

4-Methyl-N-((1E,2E)-4,4,4-trifluoro-1-(2-methoxyphenyl)but-2-en-1-yldene)
benzenesulfonamide (11k)

SN ome 'H NMR (300 MHz, CDCJ) & 7.89-7.53 (2H, m, Ar, =CH), 7.47
U (1H, dt,J = 8.3, 1.5 Hz, Ar), 7.30-7.20 (3H, m), 7.04-6.8%1(3n),
Fs"% 6.04 (1H, m, =CH), 3.75 (3H, s, MeO), 2.42 (3HMg-Ar); °F
NMR (282 MHz, CDCY) § = -65.4 (s, CE; HRMS (ESI) m/z
384.0877 [M+H], CigH17FsNO5S requires 384.0876.

4-Methyl-N-((1E,2E)-4,4,4-trifluoro-1-(naphthalen-2-yl)but-2-en-1-ylidene)
benzenesulfonamide (111§

'H NMR(300 MHz, CDCJ) & 8.19 (1H, s, Ar), 7.94-7.86 (7H,

Tso
« \ m, Ar, =CH), 7.64-7.55 (2H, m, Ar), 7.36 (2H, = 8.1 Hz ,
FsC Ar), 6.18 (1H, dgJ = 16.4 , 6.0 Hz, =CH), 2.45 (3H, s, Me-Ar).
% NMR (282 MHz, CDGJ) & = -65.5 (s, CB).
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5.2.2. General procedure for the enantioselectiveonjugate addition of methyl
malonate top-trifluoromethyl a,B-unsaturated N-tosyl imines 11

5.2.2.1. General procedure for the enantiosel ective conjugate addition

Cu(OTfy (4.5 mg, 0.0125 mmol) was dried in a Schlenk tubhder vacuumBOX7
(4.4 mg, 0.0125 mmol) was added and the tube Wlad fvith nitrogen. CHCI, (0.55
mL) was addedia syringe and the mixture was stirred for 30 minsd@ution of imine
11 (0.125 mmol) dissolved in dry GBI, (0.5 mL), was addeda syringe, followed by
4 A MS (110 mg) and dimethyl malonate (@4, 0.3 mmol). The mixture was stirred at
room temperature for the indicated time and chrograiphed on silica gel eluting with
hexane/EtOAc mixtures to give compourids

For the Mg(ll)-catalyzed reaction, Mg(O%fwas used instead of Cu(OZf)The
reaction tube was introduced in a bath &€ Mmefore the addition of the imine.

5.2.2.2. General procedure for the synthesis of the racemic products

Racemic compounds for comparative purpose wereapedpby following the same
procedure, using La(OTHpyBOX (rac) at 40 °C.

5.2.2.3. Characterization of products 12

See Table 6 (Page 73) and Table 8 (Page 75) fut, yle and ee. The following data
refers to product$2 obtained with th@&OX7-Cu(OTf), catalyst.

Dimethyl (S,E)-2-(1,1,1-trifluoro-4-((4-methylphenyl)sulfonamidg-4-phenylbut-3-
en-2-yl)malonate (12aa)

CF, Ph Chiral HPLC analysis: Chiralpak AD-H, hexarfe-OH 80:20, 1
MeO,C P NNHTs mL/min, E-diastereomermajor enantiomer (S t = 8.4 min,
MeO,C minor enantiomer (R) t = 14.0 min; Z-diastereomermajor

enantiomer t; = 12.4 minminor enantiomer t, = 9.4 min.

Major E-diastereomer White solid, mp 159-161C (hexane-EtOAc);d]p?° -54.0 €
1.0, CHC}, ee = 95%) for the mixture of diastereoméks;NMR (300 MHz, CDCY) &
7.76 (2H, dJ = 8.4 Hz, Ar), 7.40-7.27 (5H, m, Ar), 7.10 (2H, AT), 6.21 (1H, s, NH),
5.57 (1H, d,J = 10.8 Hz, =CH), 3.73 (3H, s, MeO), 3.68 (1H,Jd= 8.4 Hz, CH-
CO,Me), 3.64 (1H, m, CH-C§, 3.63 (3H, s, MeO), 2.45 (3H, s, Me-AIfC NMR (75
MHz, CDCk) & 166.7 (C), 166.4 (C), 144.2 (C), 141.3 (C), 13&Y 134.0 (C), 129.6
(CH), 129.5 (CH), 128.7 (CH), 128.6 (CH), 127.7 (C#25.4 (C, qJcr= 264.8 Hz),
102.9 (CH, qJc.r= 2.4 Hz), 52.93 (ChJ, 52.90 (CH), 51.0 (CH), 42.7 (CH, glcr =
27.9 Hz), 21.5 (CH):; **F NMR (282 MHz, CDGJ) § = -70.1 (s, CE); HRMS (ESI)m/z
486.1197 [M+HI, CooHo3F3NOS requires 486.1193.

Minor Z-diastereomer: *H NMR (300 MHz, CDC}, ee = 75%) 7.95 (s, 1H), 7.59
(2H, d,J = 8.4 Hz, Ar), 7.41 (2H, dd] = 8.1, 1.5 Hz, Ar), 7.36-7.26 (3H, m, Ar), 7.22
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(2H, d,J = 8.4 Hz, Ar), 5.22 (1H, dJ =11.1 Hz, =CH), 3.81 (3H, s, MeO), 3.76-3.48
(2H, m, CH-CR, CH-COMe), 3.68 (3H, s, MeO), 2.39 (s, 3H, Me-AlfF NMR (282
MHz, CDCk) & = -69.8 (s, CB).

Dimethyl (SE)-2-(1,1,1-trifluoro-4-((4-methylphenyl)sulfonamidg-4-(p-tolyl)but-
3-en-2-yl)malonate (12ab)

Chiral HPLC analysis: Lux Amylose-1, hexari&OH 85:15, 1
mL/min, E-diastereomermajor enantiomer (S t, = 13.4 min,
FsC minor enantiomer (R) t- = 16.1 min; Z-diastereomer:major
MeO,C = enantiomer t, = 14.5 minminor enantiomer t, = 11.9 min.

NHTs
MeOQC . . . .
Major E-diastereomer White solid, mp 138-148C (hexane-

EtOAC); [0]p?° -38.6 € 0.95, CHC}, ee = 94%) for the mixture of diastereométs;
NMR (300 MHz, CDC}) & 7.75 (2H, dJ = 8.4 Hz, Ar), 7.32 (2H, d] = 8.4 Hz, Ar),
7.13 (2H, dJ = 8.1 Hz, Ar), 6.97 (2H, d] = 8.1 Hz, Ar), 6.18 (1H, s, NH), 5.52 (1H, d,
J=10.8 Hz, =CH), 3.72 (3H, s, MeO), 3.67 (1H,)& 8.1 Hz, CH-CGMe), 3.64 (1H,
m, CH-CR), 3.63 (3H, s, MeO), 2.45 (3H, s, Me-Ar), 2.33 (3 Me-Ar); *C NMR
(75 MHz, CDC}) & 166.8 (C), 166.5 (C), 144.2 (C), 141.3 (C), 1363, 135.9 (C),
131.2 (C), 129.6 (CH), 129.5 (CH), 128.4 (CH), T2{CH), 125.4 (C, QJc.r = 249.7
Hz), 102.6 (CH, gJc.r = 2.0 Hz), 52.94 (Ch), 52.91 (CH), 51.0 (CH), 42.7 (CH, gl

F = 27.9 Hz), 21.5 (CH), 21.3 (CH); *F NMR (282 MHz, CDQ) & = -70.2 (s, CB)
ppm; HRMS (ESIM/z 500.1356 [M+H], CasHosFsNOgS requires 500.1349.

Minor Z-diastereomer *H NMR (300 MHz, CDC}, ee = 40%), representative signals
taken from théH NMR of the diastereomer mixtures7.91 (1H, s, NH), 7.86 (2H, d,

= 8.1 Hz, Ar), 7.60 (2H, d] = 8.1 Hz, Ar), 7.25 (2H, d] = 8.1 Hz, Ar), 7.22 (2H, d] =
8.1 Hz, Ar), 5.16 (1H, dJ = 10.8 Hz, =CH), 3.82-3.60 (2H, m, CH-EEEH-COMe),
3.76 (3H, s, MeO), 3.67 (3H, s, MeO), 2.43 (3HM®-Ar), 2.39 (3H, s, Me-Ar)'F
NMR (282 MHz, CDC}) 6 = -69.9 (s, Ch).

Dimethyl (S,E)-2-(4-(4-chlorophenyl)-1,1,1-trifluoro-4-((4-methyphenyl)-
sulfonamido)-but-3-en-2-yl)malonate (12ac)

o] Chiral HPLC analysis: Lux Amylose-1, hexar&OH 95:05, 1
mL/min, E-diastereomermajor enantiomer (S t; = 38.4 min,
F.C minor enantiomer (R) t- = 47.9 min; Z-diastereomer:major
3

MeO,C P enantiomer t, = 48.4 minminor enantiomer t, = 33.9 min.
NHTs

Me0,C Major E-diastereomer White solid, mp 142-150C (hexane-
EtOAC); [0]o?° -21.3(c 0.95, CHC4, ee = 97%) for the mixture of diastereométs;
NMR (300 MHz, CDCY) & 7.70 (2H, d.J = 8.4 Hz, Ar), 7.34-7.24 (4H, m, Ar), 7.04
(2H, d,J = 8.7 Hz, Ar), 6.42 (1H, s, NH), 5.52 (1H, &= 10.8 Hz, =CH), 3.72 (3H, s,
MeO), 3.67 (1H, dJ = 8.4 Hz, CH-CGMe), 3.64 (3H, s, MeO), 3.55 (1H, m, CH-gF

2.44 (3H, s, Me-Ar)*C NMR (75 MHz, CDC)) & 166.6 (C), 166.5 (C), 144.3 (C),
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140.4 (C), 135.9 (C), 135.6 (C), 132.3 (C), 13CCR), 129.7 (CH), 129.0 (CH), 127.6
(CH), 125.4 (C, gJcr = 278 Hz), 104.3 (CH, dlcr = 2.5 Hz), 53.04 (CkJ, 52.99
(CHs), 50.9 (CH), 42.6 (CH, qJcr = 28.0 Hz), 21.6 (CH); *F NMR (282 MHz,
CDC|3) o = -70.1 (S, CB, HRMS (ES|) m/z 520.0795 [M+H], CooH22CIFSNO6S
requires 520.0803.

Minor Z-diastereomer:*H NMR (300 MHz, CDC}, ee = 32%), representative signals
taken from théH NMR of the diastereomer mixtures8.01 (1H, s, NH), 7.57 (2H, d, J
= 8.4 Hz, Ar), 7.40-7.19 (6H, m, Ar), 5.19 (1H, 3= 11.4 Hz, =CH), 3.80 (3H, s,
MeO), 3.76 (1H, d, J = 7.2 Hz, CH-GKe), 3.68 (3H, s, MeO), 3.51 (1H, m, CH-gF
2.39 (3H, s, Me-Ar'F NMR (282 MHz, CDG)) 5 = -69.8 (s, CB).

Dimethyl (S,E)-2-(4-(4-bromophenyl)-1,1,1-trifluoro-4-((4-methyphenyl)
sulfonamido)but-3-en-2-yl)malonate (12ad)

Br Chiral HPLC analysis: Chiralpak IC, hexar®&OH 95:05, 1

mL/min, E-diastereomermajor enantiomer (S t, = 47.9 min,

F.C minor enantiomer (R) t- = 57.1 min; Z-diastereomer:major
3

MeO,C P enantiomer t, = 31.9 minminor enantiomer t, = 40.2 min.
NHTs

MeO,C _ . .
o Major E-diastereomer Yellow solid, mp 130-133C (hexane-

EtOAC); [0]p?° -12.8 € 1.02, CHCL, ee = 95%) for the mixture of diastereométs;
NMR (300 MHz, CDC}) & 7.71 (2H, dJ = 8.4 Hz, Ar), 7.45 (2H, d] = 8.4 Hz, Ar),
7.31 (2H, dJ = 8.4 Hz, Ar), 7.04 (2H, d] = 8.4 Hz, Ar), 6.29 (1H, s, NH), 5.53 (1H, d,
J=10.8 Hz, =CH), 3.73 (3H, s, MeO), 3.68 (1H,)& 8.4 Hz, CH-CGMe), 3.65 (3H,
s, MeO), 3.55 (1H, m, CH-GF, 2.45 (3H, s, Me-Ar)*C NMR (75 MHz, CDC}) &
166.6 (C), 166.5 (C), 144.4 (C), 140.4 (C), 1359, (132.8 (C), 132.0 (CH), 130.4
(CH), 129.7 (CH), 127.6 (CH), 125.4 (C,J3,r = 278 Hz), 124.0 (C), 104.3 (CH, &

£ = 2.3 Hz), 53.07 (ChJ, 53.01 (CH), 50.9 (CH), 42.6 (CH, glc.r = 28.0 Hz), 21.6
(CHs); °F NMR (282 MHz, CDGJ) § = -70.0 (s, CE); HRMS (ESI)m/z 564.0295
[M+H] ", CooH2:BrFsNQOgS requires 564.0298.

Minor Z-diastereomer:*H NMR (300 MHz, CDC}, ee = 43%), representative signals
taken from théH NMR of the diastereomer mixtureis8.01 (1H, s, NH), 7.58 (2H, d,
=8.4 Hz, Ar), 7.41 (2H, d] = 8.4 Hz, Ar), 7.31 (2H, d] = 8.4 Hz, Ar), 7.25 (2H, d] =
8.4 Hz, Ar), 5.21 (1H, dJ = 11.4 Hz, =CH), 3.80 (3H, s, MeO), 3.77 (1H, & 3.2 Hz,
CH-CO:Me), 3.68 (3H, s, MeO), 3.52 (1H, m, CH-§F2.40 (3H, s, Me-Ar)!*F NMR
(282 MHz, CDC}) 6 = -69.8 (s, Ch).
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Dimethyl (SE)-2-(1,1,1-trifluoro-4-((4-methylphenyl)sulfonamidg-4-(4-
nitrophenyl)but-3-en-2-yl)malonate (12ae)

NO, Chiral HPLC analysis: Chiralpak IC, hexar®&OH 90:10, 1

mL/min, E-diastereomermajor enantiomer (S t, = 60.4 min,

E.C minor enantiomer (R) t- = 69.2 min; Z-diastereomer:major
3

MeO,C P enantiomer t, = 50.2 minminor enantiomer t, = 94.8 min.
NHTs

MeO,C : . .
-2 Major E-diastereomer Orange oil; §]p?° 1.1(c 1.0, CHC}, ee

= 90%) for the mixture of diastereomefs; NMR (300 MHz, CDCY) § 8.14 (2H, dJ =
9.0 Hz, Ar), 7.68 (2H, d) = 8.1 Hz, Ar), 7.37.34-7,28 (4H, m, Ar), 6.80 (18],NH),
5.58 (1H, d,J = 11.1 Hz, =CH), 3.73 (3H, s, MeO), 3.68 (1H,Jd= 8.4 Hz, CH-
CO,Me), 3.65 (3H, s, MeO), 3.49 (1H, m, CH-2.45 (3H, s, Me-Ar)**C NMR (75
MHz, CDCk) 6 166.5 (C), 166.4 (C), 148.2 (C), 144.6 (C), 14@@), 139.6 (C), 135.7
(C), 130.2 (CH), 129.7 (CH), 127.6 (CH), 125.2 (CJc-r = 279 Hz), 123.8 (C), 106.5
(CH, q,JcFr= 2.1 Hz), 53.2 (CH), 53.1 (CH), 50.7 (CH), 42.6 (CH, qlc.r = 28.2 Hz),
21.6 (CH); *F NMR (282 MHz, CDGJ) § = -69.9 (s, CF); HRMS (ESI)m/z 531.1034
[M+H] +, C22H22C|F3N2088 requires 531.1043.

Minor Z-diastereomer:*H NMR (300 MHz, CDC}, ee = 54%), representative signals
taken from théH NMR of the diastereomer mixturé8.19 (1H, s, NH), 8.14 (2H, d,

= 9.0 Hz, Ar), 7.60 (4H, m, Ar), 7.25 (2H, d= 8.0 Hz, Ar), 5.40 (1H, d] = 10.8 Hz,
=CH), 3.83 (3H, s, MeO), 3.80 (1H, d,= 5.7 Hz, CH-C@Ve), 3.69 (3H, s, MeO),
3.49 (1H, m, CH-Cp), 2.40 (3H, s, Me-Ar)**C NMR (75 MHz, CDC}) 5 168.2 (C),
166.9 (C), 148.2 (C), 144.4 (C), 143.2 (C), 1400, (136.5 (C), 129.7 (CH), 128.7
(CH), 126.9 (CH), 125.2 (C, dc.r = 279 Hz), 123.3 (C), 114.8 (CH, 8s-r = 2.1 Hz),
54.0 (CH), 53.4 (CH), 50.7 (CH), 41.8 (CH, glc.r = 29.0 Hz), 21.4 (Ch); *F NMR
(282 MHz, CDC}) 6 = -69.9 (s, Ch).

Dimethyl (S,E)-2-(1,1,1-trifluoro-4-(4-methoxyphenyl)-4-((4-metlylphenyl)
sulfonamido)but-3-en-2-yl)malonate (12af)

OMe Chiral HPLC analysis: Chiralpak IC, hexar®&OH 90:10, 1
mL/min, E-diastereomermajor enantiomer (S t, = 44.2 min,
minor enantiomer (R) t- = 63.8 min; Z-diastereomer:major

F ) L. ) )
:C enantiomer t; = 38.0 minminor enantiomer t, = 50.9 min.

MeOZC = NHTs

MeO,C Major E-diastereomer Yellow oil; [o]p*° -16.3(c 1.0, CHC})
for the mixture of diastereomer$s NMR (300 MHz, CDCJ, ee = 94%) 7.75 (2H, d,
J=8.1Hz, Ar), 7.32 (2H, dl = 8.1 Hz, Ar), 7.03 (2H, d] = 8.7 Hz, Ar), 6.84 (2H, d]
= 8.7 Hz, Ar), 6.16 (1H, s, NH), 5.48 (1H, 8= 10.8 Hz, =CH), 3.79-3.66 (2H, m, CH-
CFs, CH-COMe), 3.80 (3H, s, MeO), 3.73 (3H, s, MeO), 3.64 (3HMeO), 2.45 (3H,
s, Me-Ar); *C NMR (75 MHz, CDCJ) & 166.8 (C), 166.5 (C), 160.3 (C), 144.1 (C),
141.2 (C), 136.0 (C), 130.0 (CH), 129.6 (CH), 12(CH), 125.6 (C, gJc.r= 279 Hz),
114.1 (CH), 102.7 (C, glc.r= 2.0 Hz), 55.2 (ChH), 52.96 (CH), 52.91 (CH), 51.1
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(CH), 42.6 (CH, gJc.r= 27.8 Hz), 21.6 (CH); *°F NMR (282 MHz, CDG)) § = -70.2
(s, CR); HRMS (ESI)mVz 516.1294 [M+H], Cy3H2sFsNO-S requires 516.1298.

Minor Z-diastereomer:*H NMR (300 MHz, CDC}, ee = 56%), representative signals
taken from the’H NMR of the diastereomer mixturg,7.60 (2H, d,J = 8.1 Hz, Ar),
7.23 (2H, dJ = 8.1 Hz, Ar), 6.93 (2H, dJ = 9.0 Hz, Ar), 6.79 (2H, d] = 9.0 Hz, Ar),
5.09 (1H, dJ = 11.4 Hz, =CH), 2.43 (3H, s, Me-AY’F NMR (282 MHz, CDGJ) & = -
69.9 (s, CB).

Dimethyl (SE)-2-(1,1,1-trifluoro-4-((4-methylphenyl)sulfonamidg-4-(m-tolyl)but-
3-en-2-yl)malonate (12ag)

CH; Chiral HPLC analysis: Lux Amylose-1, hexaita-OH 80:20, 1
mL/min, E-diastereomermajor enantiomer (S) t, = 7.0 min,
minor enantiomer (R) t = 10.7 min; Z-diastereomermajor

NHTs  enantiomer t, = 9.5 min,minor enantiomer t, = 7.8 min.

FsC

MeO,C ~
MeO,C

Major E-diastereomer White solid, mp 117-120C (hexane-EtOAc);d]o?° -40.7 €
1.0, CHC}, ee = 94%¥or the mixture of diastereomer$d NMR (300 MHz, CDCJ) &
7.75 (2H, d,J = 8.1 Hz, Ar), 7.32 (2H, d] = 8.1 Hz, Ar), 7.21-7.13 (2H, m, Ar), 6.89
(1H, d,J = 7,5 Hz, Ar), 6.81 (1H, s, Ar), 6.18 (1H, s, NH)55 (1H, dJ = 10.8 Hz,
=CH), 3.76-3.67 (2H, m, CH-GFCH-CQMe), 3.73 (3H, s, MeO), 3.63 (3H, s, MeO),
2.45 (3H, s, Me-Ar), 2.28 (3H, s, Me-Ar’C NMR (75 MHz, CDCJ) & 166.8 (C),
166.5 (C), 144.2 (C), 141.4 (C), 138.5 (C), 1367), (134.0 (C), 130.2 (CH), 129.6
(CH), 129.1 (CH), 128.7 (CH), 127.7 (CH), 125.6 (CHZ25.4 (C, gJcr = 255 Hz),
102.9 (CH, qJc.r = 2.0 Hz), 52.93 (CH), 52.91 (CH), 51.1 (CH), 42.6 (CH, glor =
27.9 Hz), 21.5 (Ch), 21.3 (CH): °F NMR (282 MHz, CDG)) § = -70.2 (s, CB):;
HRMS (ESI)m/z 500.1354 [M+H], Co3H25FsNOsS requires 500.1349.

Minor Z-diastereomer:*H NMR (300 MHz, CDC}, ee = 41%), representative signals
taken from théH NMR of the diastereomer mixtur&,7.90 (1H, s, NH), 7.58 (2H, d,

= 8.4 Hz, Ar), 7.35-6.75 (6H, m, Ar), 5.22 (1H,1E5 11.4 Hz, =CH), 3.82-3.60 (2H, m,
CH-CF;, CH-COMe), 3.80 (3H, s, MeO), 3.68 (3H, s, Me0), 2.43 (3HMe-Ar), 2.26
(3H, s, Me-Ar);**F NMR (282 MHz, CDG)) 5 = -69.8 (s, CB).

Dimethyl (S,E)-2-(4-(3-chlorophenyl)-1,1,1-trifluoro-4-((4-methyphenyl)
sulfonamido)but-3-en-2-yl)malonate (12ah)

Cl  Chiral HPLC analysis: Lux Amylose-1, hexariaOH 80:20, 1
mL/min, E-diastereomermajor enantiomer (S t = 7.2 min,
minor enantiomer (R) t, = 11.1 min; Z-diastereomermajor

NHTs  enantiomer t, = 9.5 min,minor enantiomer t; = 8.2 min.

FsC
MeO,C Z
MeO,C
Major E-diastereomer yellow solid, mp 100-107C (hexane-EtOAc);d]o>° -20.8 €
0.96, CHC}, ee = 91%jor the mixture of diastereomer$i NMR (300 MHz, CDC}) &
7.71 (2H, dJ = 8.4 Hz, Ar), 7.32 (2H, d] = 8.4 Hz, Ar), 7.31-7.17 (2H, m, Ar), 7.05
(1H, dt,J=7.2, 1.5 Hz, Ar), 6.93 (1H, §,= 1.5 Hz, Ar), 6.34 (1H, s, NH), 5.58 (1H, d,
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J =10.8 Hz, =CH), 3.74 (3H, s, MeO), 3.68 (1H, & 8.1 Hz, CH-CGMe), 3.64 (3H,
s, MeO), 3.56 (1H, m, CH-GF, 2.45 (3H, s, Me-A)XC NMR (75 MHz, CDC}) &
166.6 (C), 166.4 (C), 144.4 (C), 140.1 (C), 13E3, (L35.5 (C), 134.5 (C), 130.0 (CH),
129.7 (CH), 129.6 (CH), 128.8 (CH), 127.6 (CH), I2fCH), 125.4 (C, gJc.r = 280
Hz), 104.9 (CH, qJc.r = 2.0 Hz), 53.03 (CkJ, 52.98 (CH), 50.9 (CH), 42.6 (CH, Glc.

F = 28.0 Hz), 21.5 (CH); *F NMR (282 MHz, CDGJ) 5 = -70.0 (s, CR); HRMS (ESI)
M/z 520.0801 [M+H], Co2H2,CIFsNOgS requires 520.0803.

Minor Z-diastereomer:*H NMR (300 MHz, CDC}, ee = 49%), representative signals
taken from théH NMR of the diastereomer mixturé8.00 (1H, s, NH), 7.57 (2H, d,

= 8.4 Hz, Ar), 7.33-7.20 (6H, m, Ar), 5.26 (1H, dds 10.8, 0.6 Hz, =CH), 3.81 (3H, s,
MeO), 3.78 (1H, dJ = 6.3 Hz, CH-C@Me), 3.69 (3H, s, MeO), 3.56 (1H, m, CH-§F
2.39 (3H, s, Me-Ar'F NMR (282 MHz, CDG)) 5 = -69.7 (s, CB).

Dimethyl (SE)-2-(1,1,1-trifluoro-4-((4-methylphenyl)sulfonamidg-4-(3-
nitrophenyl)but-3-en-2-yl)malonate (12ai)

NO, Chiral HPLC analysis: Lux Amylose-1, hexari&OH 95:05, 2
mL/min, E-diastereomermajor enantiomer (S) t; = 42.9 min,
minor enantiomer (R) t, = 78.2 min;Z-diastereomermajor

NHTs  enantiomer t, = 50.6 minminor enantiomer t, = 30.9 min.

FsC
MeO,C =

MeO,C
Major E-diastereomer. Yellow oil; [0]p?° -9.5 € 0.97, CHC}, ee = 83%)for the
mixture of diastereomersH NMR (300 MHz, CDCJ) 6 8.18 (1H, m, Ar), 7.82 (1H,
ddd,J = 7.8, 1.8, 1.2 Hz, Ar), 7.76 (1H,1= 1.8 Hz, Ar), 7.65 (2H, d] = 8.0 Hz, Ar),
7.54 (1H, tJ = 8.0 Hz, Ar), 7.30 (2H, d] = 8.0 Hz, Ar), 6.62 (1H, s, NH), 5.63 (1H, d,
J=11.1 Hz, =CH), 3.76 (3H, s, MeO), 3.67 (1H,)& 7.4 Hz, CH-CGMe), 3.65 (3H,
s, MeO), 3.48 (1H, m, CH-GF; 2.44 (3H, s, Me-Ar)}*C NMR (75 MHz, CDCJ) &
166.5 (C), 166.4 (C), 148.1 (C), 144.7 (C), 13T, (135.7 (C), 135.2 (CH), 135.1 (C),
129.8 (CH, overlaped signals), 127.5 (CH), 125.3qClc.r = 279 Hz), 124.2 (CH),
124.1 (CH), 106.9 (CH, glc.r = 2.0 Hz), 53.17 (CH), 53.12 (CH), 50.7 (CH), 42.6
(CH, g,Jc.r = 28.2 Hz), 21.5 (CH; **F NMR (282 MHz, CDG)) § = -69.9 (s, CB);
HRMS (ESI)mVz 531.1036 [M+H], C,sH2,CIFsN,0sS requires 531.1043.

Minor Z-diastereomer:*H NMR (300 MHz, CDC}, ee = 58%), representative signals
taken from theH NMR of the diastereomer mixturg,8.19 (1H, s, NH), 8.16 (1H, m,
Ar), 8.11 (1H, tJ = 1.9 Hz, Ar), 7.63-7.53 (3H, m, Ar), 7.50 (1HJt= 8.1 Hz, Ar),
7.23 (2H, dJ = 8.0 Hz, Ar), 5.38 (1H, ddl = 10.8, 0.6 Hz, =CH), 3.83 (3H, s, MeO),
3.81 (1H, dJ = 6.3 Hz, CH-C@Me), 3.71 (3H, s, MeO), 3.58 (1H, m, CH-§F2.39
(3H, s, Me-Ar);**C NMR (75 MHz, CDCJ) & 168.2 (C), 167.0 (C), 148.0 (C), 144.4
(C), 139.8 (C), 138.5 (C), 136.6 (C), 134.1 (CH)9T CH), 129.2 (CH), 126.9 (CH),
125.3 (C, qJcr = 279 Hz), 123.9 (CH), 122.7 (CH), 113.8 (CH,)Jgf = 2.4 Hz), 54.0
(CHs), 53.4 (CH), 50.7 (CH), 41.9 (CH, dlc.r = 28.29 Hz), 21.4 (CH; **F NMR (282
MHz, CDCk) 6 = -69.6 (s, Ck).
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Dimethyl (SE)-2-(1,1,1-trifluoro-4-(3-methoxyphenyl)-4-((4-metlylphenyl)
sulfonamido)but-3-en-2-yl)malonate (12aj)

oMe Chiral HPLC analysis: Lux Amylose-1, hexar&aOH 90:10,
1 mL/min, E-diastereomermajor enantiomer (S t, = 19.4
min, minor enantiomer (R) t. = 30.7 min; Z-diastereomer:

NHTs  major enantiomer t, = 26.5 min,minor enantiomer t, = 21.8
min.

FsC
MeO,C /

MeO,C

Major E-diastereomer Yellow solid, mp 102-105C (hexane-EtOAc);d]o?° -40.3 €
0.95, CHC4, ee = 87%jor the mixture of diastereomer$i NMR (300 MHz, CDC}) &
7.82 (2H, dJ = 8.4 Hz, Ar), 7.38 (2H, d] = 8.4 Hz, Ar), 7.28-7.25 (1H, m, Ar), 6.93
(1H, ddd,J = 8.4, 2.4, 1.2 Hz, Ar), 6.71-6.69 (2H, m, Ar)36.(1H, s, NH), 5.65 (1H,
d,J = 10.8 Hz, =CH), 3.88 (1H, &, = 8.7 Hz, CH-C@QMVe), 3.80 (3H, s, MeO), 3.79
(3H, s, MeO), 3.76-3.75 (1H, m, CH-§F3.70 (3H, s, MeO), 2.50 (3H, s, Me-AlfC
NMR (75 MHz, CDC}) 6 166.8 (C), 166.6 (C), 159.6 (C), 144.2 (C), 14}, 135.9
(C), 135.3 (C), 129.9 (CH), 129.6 (CH), 127.7 (CH25.4 (C, qJcr = 257.3 Hz),
120.6 (CH), 115.7 (CH), 113.6 (CH), 102.9 (CHJgf = 2.0 Hz), 55.2 (Ch), 52.95
(CHs), 52.94 (CH), 51.0 (CH), 42.6 (CH, glc.c = 27.9 Hz), 21.5 (CH); **F NMR (282
MHz, CDCk) § = -70.2 (s, CE); HRMS (ESI)mVz 516.1294 [M+H], CpsH,sFsNO;S
requires 516.1298.

Minor Z-diastereomer *H NMR (300 MHz, CDC}, ee = 82%), representative signals
taken from thdH NMR of the diastereomer mixtur&,7.99 (1H, s, NH), 7.65 (2H, 4,

= 8.4 Hz, Ar), 7.37-7.32 (1H, m, Ar), 7.06 (dt= 7,8, 1,2 Hz, Ar), 6.75-6.65 (2H, m,
Ar), 5.31 (1H, d,J = 11.4 Hz, =CH), 3.89-3.67 (2H, m, CH-EFCH-COQMe), 3.86
(3H, s, MeO), 3.80 (3H, s, MeO), 3.75 (3H, s, Me@X5 (3H, s, Me-ArnF NMR
(282 MHz, CDC}) 6 = -69.8 (s, Ch).

Dimethyl (SE)-2-(1,1,1-trifluoro-4-(2-methoxyphenyl)-4-((4-metlylphenyl)-
sulfonamido)but-3-en-2-yl)malonate (12ak)

Chiral HPLC analysis: Chiralpak AD-H, hexaiterOH 90:10,
1 mL/min, E-diastereomermajor enantiomer (S t, = 21.6

FsC OMe . . . . .
MeO,C N\ min, minor enantiomer (R) t, = 47.2 min; Z-diastereomer:
MeOLC major enantiomer t, = 38.3 min,minor enantiomer t, = 32.7
2 .
min.

Major E-diastereomer Yellow solid, mp 129-133C (hexane-EtOAc);d]n?° -32.2 €
0.92, CHC}) for the mixture of diastereomer$d NMR (300 MHz, CDC}, ee = 89%p
7.72 (2H, dJ = 8.4 Hz, Ar), 7.28-7.25 (2H, m, Ar), 7.03-7.00H2m, Ar), 6.89 (1H, dt,
J=7.5,1.2 Hz, Ar), 6.82 (1H, dd,= 8.4, 1.2 Hz, Ar), 6.18 (1H, s, NH), 5.69 (1H,d,
= 10.8 Hz, =CH), 3.75 (3H, s, MeO), 3.69-3.55 (2H, CH-Ck, CH-CG:Me), 3.65
(3H, s, MeO), 3.60 (3H, s, MeO), 2.42 (3H, s, M&:A’C NMR (75 MHz, CDCJ) &
166.8 (C), 166.6 (C), 156.7 (C), 143.8 (C), 13&$, (136.1 (C), 131.2 (C), 131.0 (C),
129.3 (CH), 128.9 (CH), 127.9 (CH), 127.1 (CH), IREC, q,Jc.F = 258.8 Hz), 120.6
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(CH), 111.0 (CH), 113.6 (CH), 105.6 (CH, dg.r = 2.0 Hz), 55.1 (CH), 52.9 (CH),
51.1 (CH), 42.8 (CH, qlc.r = 27.8 Hz), 21.5 (CH); **F NMR (282 MHz, CDCJ) § = -
70.2 (s, CE); HRMS (ESI)MV/z 516.1302 [M+H], Cy3H2sFsNO-S requires 516.1298.

Minor Z-diastereomer *H NMR (300 MHz, CDC}, ee = 17%), representative signals
taken from the'H NMR of the diastereomer mixtur&,7.81 (2H, d,J = 8.1 Hz, Ar),
7.38-6.49 (7H, m, Ar, NH), 5.44 (1H, d= 10.8 Hz, =CH), 3.82-3.60 (2H, m, CH-§F
CH-COMe), 3.83 (3H, s, MeO), 3.73 (3H, s, MeO), 3.55 (3:HMeO), 2.31 (3H, s,
Me-Ar); *F NMR (282 MHz, CDGJ) & = -69.5 (s, CE).

Dimethyl (S,E)-2-(1,1,1-trifluoro-4-((4-methylphenyl)sulfonamidg-4-(naphthalen-
2-yl)but-3-en-2-yl)malonate (12al)

Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
mL/min, E-diastereomermajor enantiomer (S t. = 11.3 min,
minor enantiomer (R) t, = 13.8 min; Z-diastereomermajor

enantiomer t, = 12.3 minminor enantiomer t, = 9.4 min

MeO,C Major E-diastereomer Yellow solid, mp 98-103C (hexane-
EtOAC); [#]p® 1.0 € 0.96, CHC}, ee = 93%) for the mixture of diastereoméis;
NMR (300 MHz, CDC}) 8 7.80-7.74 (5H, m, Ar), 7.59-7.58 (1H, m, Ar), 7-B319
(2H, m, Ar), 7.30 (2H, dJ) = 8.1 Hz Ar), 7.14 (1H, dd] = 8.1, 1.8 Hz, Ar), 6.38 (1H, s,
NH), 5.65 (1H, dJ = 10.8 Hz, =CH), 3.82-3.69 (2H, m, CH-EFCH-COMe), 3.76
(3H, s, MeO), 3.60 (3H, s, MeO), 2.44 (3H, s, M&:A’C NMR (75 MHz, CDCJ) &
166.7 (C), 166.5 (C), 144.2 (C), 141.4 (C), 136&, (133.3 (C), 132.8 (C), 131.2 (C),
129.6 (CH), 128.64 (CH), 128.57 (CH), 128.3 (CH)7X (CH), 127.1 (CH), 126.6
(CH), 125.5 (CH), 125.4 (C, dc.r = 264.8 Hz), 123.7 (CH), 104.0 (CH, &+ = 2.0
Hz), 53.0 (CH), 52.9 (CH), 51.1 (CH), 42.7 (CH, glc.r = 28.5 Hz), 21.5 (Ck); *°F
NMR (282 MHz, CDC}) § = -70.0 (s, CR; HRMS (ESI)mVz 536.1346 [M+H],
CogH25F3NO6S requires 536.1349.

Minor Z-diastereomer *H NMR (300 MHz, CDC}, ee = 27%), representative signals
taken from the'H NMR of the diastereomer mixturd, 8.05 (1H, s, NH), 7.87-6.94
(11H, m, Ar), 5.37 (1H, dJ = 11,1 Hz, =CH), 3.82 (3H, s, MeO), 3.80-3.60 (2hi,
CH-CFR;, CHCOMe), 3.68 (3H, s, MeO), 2.34 (3H, s, Me-AffF NMR (282 MHz,
CDCls) 6 = -69.6 (s, C¥).
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5.2.3. Synthetic transformations from compound 12aa

Dimethyl 2-((2S,4R)-1,1,1-trifluoro-4-((4-methylphenyl)sulfonamido)-4phenyl-
butan-2-yl)malonate (13) and 2-((83,49)-1,1,1-trifluoro-4-((4-
methylphenyl)sulfonamido)-4-phenyl-butan-2-yl)malorate (14)

To a sample of compoundSE)-12aa
(52.0 mg, 0.11 mmolE/Z 96:4, ee =
Ph 8996/69%), dissolved in dry GBI, (3.3

mL) under nitrogen atmosphere was
added triethylsilane (5QL, 0.428 mmol) followed by BFELO (67 pL, 0.471 mmol).
After stirring for 48 h at room temperature, thextuare was chromatographed on silica
gel eluting with hexane/EtOAc (80:20) to give 4&i (92%) of aca. 88:12 mixture of
two diastereomeric compounds3 and 14. Chiral HPLC analysis: Lux Amylose-1,
hexanedPrOH 90:10, 1 mL/min, @4R)-13 (ee = 87%)major enantiomer t, = 16.4
min, minor enantiomer t; = 15.0 min; (&49)-14, unresolved,t= 8.3 min. Chiralpak IC,
hexanetPrOH 95:05, 2 mL/min, @4R)-13, t; > 120 min; (549-14 (ee = 89%)major
enantiomer t. = 37.6 minminor enantiomer t, = 35.8 min;

CF3; NHTs CF3 NHTs

MeO,C MeO,C

Ph
MeO,C MeO,C

(2S4R)-13 (major): colorless oil; d]p*° 7.8 € 0.97, CHC}) for the diastereomer
mixture; '"H NMR (300 MHz, CDCJ) § 7.52 (2H, dJ = 8.1 Hz, Ar), 7.20-7.13 (3H, m,
Ar), 7.10 (2H, dJ = 8.1 Hz, Ar), 7.02-6.90 (2H, m, Ar), 5.13 (1H,Xs 8.1 Hz, NH),
4.47 (1H, g,J = 7.8 Hz, CH-Ph), 3.73 (3H, s, MeO), 3.69 (1HJds 5.4 Hz, CH-
CO;Me), 2.83 (1H, m, CH-C§, 2.34 (3H, s, Me-Ar), 2.32-2.10 (2H, m, gH**C
NMR (75 MHz, CDC}) & 167.1 (C), 167.0 (C), 143.1 (C), 138.8 (C), 13C?, 129.3
(CH), 128.6 (CH), 128.5 (C), 127.9 (CH), 127.0 (CH26.8 (CH), 126.6 (C, Gc.r =
278 Hz), 56.4 (CH), 53.1 (C§{ 52.8 (CH), 49.9 (CH), 40.0 (CH, glcr = 26.8 Hz),
33.4 (CH), 21.4 (CH); *F NMR (282 MHz, CDGJ) & = -68.5 (s, CB; HRMS (ESI)
Mz 488.1357 [M+H], Co2H2sFsNOsS requires 488.1349.

(2S49-14 (minor): *H NMR (300 MHz, CDCJ), representative signals taken from the
diastereomer mixturé 7.58 (2H, dJ = 8.4 Hz, Ar), 7.40-6.90 (7H, m, Ar), 5.95 (1H, d,
J=6.9 Hz, NH), 4.45 (1H, m, CH-Ph), 3.81 (3H, £®), 3.72 (3H, s, MeO), 2.83 (1H,
m, CH-CR), 2.34 (3H, s, Me-Ar), 2.32-2.10 (2H, m, @H'F NMR (282 MHz,
CDCls) 6 =-70.1 (s, CB).

Methyl (3R,4S,6R)-2-0x0-6-phenyl-1-tosyl-4-(trifluoromethyl)piperidine-3-
carboxylate (15)

0 A 25% solution of tetraethylammonium hydroxyde ie®H (24uL,
MeOZC\iL/NCS 0.14 mmol) was added to a solution of compoL8@28.0 mg, 0.037
. mmol, ee = 87%) in dimethylsulfoxide (1.6 mL) unatrogen, and
the reaction flask was introduced in a bath at@0After 14 h, the
reaction mixture was diluted with EtOAc (75 mL), sked with water (% 5 mL), brine
(5 mL), and dried over MgSQOPurification by column chromatography eluting hwit
hexane/EtOAc (80:20) gave 13.2 mg (78%) of compoimdChiral HPLC analysis:

Ph
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Lux Amylose-1, hexan&@rOH 90:10, 1 mL/minmajor enantiomer tr = 24.0 min,
minor enantiomer tr = 22.1 min. White solid, mp 177-17€ (hexane-EtOAc);d]p?°
-4.5 € 1.0, CHC}, ee = 87% )*H NMR (300 MHz, CDC}) & 7.56 (2H, dJ = 8.5 Hz,
Ar), 7.40-7.32 (3H, m, Ar), 7.20-7.14 (4H, m, AB.93 (1H, t, J = 3.8 Hz, CH-Ph), 3.78
(3H, s, OMe), 3.65 (1H, dJ = 11.4 Hz, CH-C@Me), 3.11 (1H, m, CH-C§}, 2.40 (3H,
s, Me-Ar), 2.35-2.28 (2H, m, G} **C NMR (75 MHz, CDCJ) 5 168.3 (C), 164.3 (C),
145.4 (C), 138.1 (C), 134.5 (C), 129.7 (CH), 12€CB{), 128.5 (C), 126.5 (CH), 125.6
(C, g,Jc.F= 278 Hz), 58.3 (CH), 53.4 (GH 52.8 (CH), 50.2 (CH), 37.1 (CH, qlcr=
28.5 Hz), 29.9 (Ch), 21.7 (CH); F NMR (282 MHz, CDGJ) & = -73.1 (s, CB);
HRMS (ESI)m/z 456.1087 [M+H], C,1H21FsNOsS requires 456.1077.
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5.3. Mukaiyama-Michael addition with N-tosyl imines derived from
B.y-unsaturated a-keto esters: E,Z-stereodivergent synthesis ofa,-
dehydroamino esters

5.3.1. Synthesis and characterization af,p-unsaturated N-tosyl imines 17

The procedure reported by Carretero was follof#éBCl, (0.45 mL, 5.6 mmol) was
added dropwise to a solution of keto ester (5.6 thAdp-toluensulfonamide (0.95g,
5.6 mmol) and triethylamine (1.55 mL, 11.2 mmoldity dichloromethane (17 ml) at O
°C under nitrogen. The mixture was heated at refamperature for 24 h and, after
cooling to room temperature, treated with water O(15nl), extracted with
dichloromethane (4 x 80 mL), dried over MgS@nd concentrated under reduced
pressure. Column chromatography on silica gel mdutvith hexane/EtOAc mixtures
afforded iminedl7.

Ethyl (2Z,3E)-4-phenyl-2-(tosylimino)but-3-enoate (17a)

NS Yellow oil; *H NMR (300 MHz, CDCJ) 5 7.90 (d,J = 8.5 Hz,
M ot 2H), 7.60-7.28 (m, 6H), 7.36 (d,= 8.5 Hz, 2H), 6.83 (d, J = 16.5
m Hz, 1H), 4.54 (q,) = 7.2 Hz, 2H), 2.44 (s, 3H), 1.49 {t= 7.2 Hz,
3H); **C NMR (75 MHz, CDCY)) 5 167.6 (C), 164.4 (C), 149.4
(C), 144.7 (C), 135.8 (C), 133.9 (CH), 131.7 (CH29.7 (2CH), 129.6 (3CH), 129.1

(CH), 128.7 (CH), 128.0 (CH), 123.5 (CH), 63.1 (21.6 (CH), 14.0 (CH); HRMS
(ESI)mVz 357.1037 [M], CioH1sNO4S requires 357.1035.

Ethyl (2Z,3E)-4-(p-tolyl)-2-(tosylimino)but-3-enoate (17b)

TS Yellow solid, mp 112-116 °C (hexane-EtOAUt NMR (300

« 1 om MHz, CDCE) 5 7.90 (d,J = 8.4 Hz, 2H), 7.39 (d] = 8.4 Hz,
m 2H), 7.36 (d, J = 16.4 Hz, 1H overlapped), 7.34)(d8.4 Hz,
Me 2H), 7.20 (d,J = 8.4 Hz, 2H), 6.78 (d] = 16.4 Hz, 1H), 4.55
(9, = 7.2 Hz, 2H), 2.43 (s, 3H), 2.38 (s, 3H), 1.48)(t 7.2 Hz, 3H):°C NMR (75
MHz, CDCE) & 168.0 (C), 164.8 (C), 149.7 (C), 144.7 (C), 14&9, 131.5 (2CH),

130.1 (4CH), 129.8 (2CH), 128.9 (CH), 128.1 (CHP2D (C), 63.3 (Ch), 21.8
(2CHs), 14.1 (CH); HRMS (ESImz 371.1195 [M], CooH21NO,S requires 371.1191.

Ethyl (2Z,3E)-4-(4-chlorophenyl)-2-(tosylimino)but-3-enoate (1Q)
N-TS Yellow solid, mp 70-73 °C (hexane-EtOACH NMR (300
~ M ort MHz, CDCk) $ 7.89 (d,J = 8.4 Hz, 2H), 7.50-7.27 (m, 7H),
m 6.78 (d,J = 16.5 Hz, 1H), 4.54 (q] = 7.2 Hz, 2H), 2.44 (s,
ci 3H), 1.48 (t,J = 7.2 Hz, 3H);*C NMR (75 MHz, CDC}J) §
167.2 (C), 164.4 (C), 147.5 (C), 144.8 (C), 1373, (135.7 (C), 132.4 (CH), 129.7

(3CH), 129.5 (4CH), 128.0 (CH), 124.0 (CH), 63.3H&; 21.6 (CH), 14.0 (CH);
HRMS (ESI)m/z 391.0645 [M], Ci1gH1sCINO,S requires 391.0645.
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Ethyl (2Z,3E)-4-(4-nitrophenyl)-2-(tosylimino)but-3-enoate (11d)

NS White solid, mp 119-121 °C (hexane-EtOA®); NMR (300

M ort MHz, CDCk) & 8.26 (d,J = 8.4 Hz, 2H), 7.90 (dJ = 8.1,
m 2H), 7.66 (d,J = 8.4 Hz, 2H), 7.40 (dJ = 16.5 Hz, 1H
ON overlapped), 7.36 (d] = 8.1 Hz, 2H), 6.91 (dJ = 16.5 Hz,
1H), 4.56 (qJ = 7.0 Hz, 2H), 2.45 (s, 3H), 1.50 {t= 7.0 Hz, 3H);*C NMR (75 MHz,
CDCl) & 166.4 (C), 164.0 (C), 149.0 (C), 145.1 (C), 13@}, 129.8 (4CH), 129.1

(CH), 128.2 (CH), 127.4 (C), 124.3 (4CH), 63.5 @H21.69 (CH), 14.0 (CH);
HRMS (ESI)miz 425.0083 [M+Nal], CioH1sN-NaGsS requires 425.0078.

Ethyl (2Z,3E)-4-(4-methoxyphenyl)-2-(tosylimino)but-3-enoate (4e)

NS Yellow oil; *H NMR (300 MHz, CDC}) § 7.89 (d,J = 8.3

< ort Hz, 2H), 7.46 (dJ = 8.4 Hz, 2H), 7.34 (d) = 16.5 Hz, 1H

m overlapped), 7.32 (d, J = 8.3 Hz, 2H), 6.90 I 8.4 Hz,

MeO 2H), 6.69 (dJ = 16.5 Hz, 1H), 4.53 (gl = 7.2 Hz, 2H), 3.83

(s, 3H), 2.42 (s, 3H), 1.47 d,= 7.2 Hz, 3H)*C NMR (75 MHz, CDC}) § 167.9 (C),
164.7 (C), 162.7 (C), 149.4 (C), 144.4 (C), 13@H], 129.6 (2CH), 127.8 (CH), 126.7

(2CH), 120.9 (C), 114.7 (4CH), 63.0 (©H55.4 (CH), 21.6 (CH), 13.9 (CH); HRMS
(ESI)m/z 388.1215 [M+H], CooH2:NOsS requires 388.1213.

Ethyl (2Z,3E)-4-(3-chlorophenyl)-2-(tosylimino)but-3-enoate (1

N-TS Pale yellow solid, mp 84-86 °C (hexane-EtOA®); NMR (300
<« ort MHz, CDCk) & 7.89 (d,J = 8.4 Hz, 2H), 7.47 (s, 1H), 7.41-7.26
m (m, 4H), 7.34 (d,) = 8.4 Hz, 2H), 6.80 (d] = 16.4 Hz, 1H), 4.54
(9, J = 7.1 Hz, 2H), 2.43 (s, 3H), 1.48 {t,= 7.1 Hz, 3H);**C
cl NMR (75 MHz, CDC}) § 167.0 (C), 164.2 (C), 147.1 (C), 144.8
(C), 135.6 (C), 135.2 (C), 131.4 (CH), 130.3 (3CH29.7 (2CH), 128.3 (CH), 128.0

(CH), 126.6 (CH), 124.8 (CH), 63.3 (G 21.6 (CH), 13.9 (CH); HRMS (ESI)m/z
391.0646 [M], C1gH16CINO,S requires 391.0645.

Ethyl (2Z,3E)-4-(3-nitrophenyl)-2-(tosylimino)but-3-enoate (17

N-TS White solid, mp 124-125 °C (hexane-EtOACH NMR (300
<« ) ogt MHz, CDCk) § 8.35 (s, 1H)8.27 (d,J = 8.0 Hz, 1H), 7.90 (d] =
m 8.4 Hz, 2H), 7.82 (dJ = 8.0 Hz, 1H), 7.61 (&) = 8.0 Hz, 1H),
7.38 (d J = 16.5 Hz, 1H overlapped), 7.36 (@ = 8.4 Hz, 2H),
NO, 6.91 (d,J = 16.5 Hz, 1H), 4.56 (q] = 7.0 Hz, 2H), 2.45 (s, 3H),
1.49 (t,J = 7.0 Hz, 3H)*C NMR (75 MHz, CDC}) 5 166.5 (C), 164.0 (C), 148.7 (C),
145.3 (C), 145.1 (C), 135.6 (C), 133.7 (2CH), 13@€H), 129.8 (2CH), 128.1 (CH),

126.3 (CH), 125.6 (CH), 123.0 (CH), 63.5 (§H21.7 (CH), 14.0 (CH); HRMS (ESI)
m/z 425.0080 [M+Nal], C;gH1gN2NaGsS requires 425.0078.
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Ethyl (2Z,3E)-4-(3-methoxyphenyl)-2-(tosylimino)but-3-enoate (ah)

N-TS Yellow oil; *H NMR (300 MHz, CDGJ) & 7.90 (d,J = 8.4 Hz,
s A ot 2H), 7.34 (dJ = 8.4 Hz, 2H), 7.40-7.27 (m, 2H overlapped), 7.09
m (d,J =7.2 Hz, 1H), 6.99 (s, 1H overlapped), 6.98)d 8.7 Hz,
1H), 6.81 (d,J = 16.5 Hz, 1H), 4.55 (q] = 7.1 Hz, 2H), 3.80 (s,
3H), 2.43 (s, 3H), 1.48 (1] = 7.1 Hz, 3H):**C NMR (75 MHz,
CDCl) 6 167.6 (C), 164.4 (C), 160.0 (2C), 149.3 (C), 144}, 135.4 (CH), 130.1
(2CH), 129.7 (2CH), 128.0 (CH), 123.7 (CH), 121CGH|, 117.9 (CH), 113.0 (CH),

63.1 (CH), 55.3 (CH), 21.6 (CH), 14.0 (CH); HRMS (ESI)m/z 388.1215 [M+H],
CooH21NOsSrequires 388.1213.

OMe

Ethyl (2Z,3E)-4-(2-chlorophenyl)-2-(tosylimino)but-3-enoate (1ij

T White solid, mp 117-120 °C (hexane-EtOACH NMR (300

« ) opt MHz, CDCk) § 7.90 (d,J = 8.4 Hz, 2H), 7.82 (dJ = 16.6 Hz,
m 1H), 7.61 (dJ = 6.9 Hz, 1H), 7.43 (d] = 7.7 Hz, 1H), 7.38-7.28

Cl (m, 2H overlapped), 7.35 (d,= 8.4 Hz, 2H), 6.81 (d]) = 16.6

Hz, 1H), 4.57 (qJ = 7.2 Hz, 2H), 2.44 (s, 3H), 1.50 {t= 7.2 Hz, 3H)!C NMR (75
MHz, CDCk) & 167.6 (C), 164.2 (C), 144.9 (C), 144.8 (C), 13&¥, 135.5 (C), 132.3
(CH), 132.0 (CH), 130.4 (2CH), 129.7 (2CH), 128QH{, 127.5 (CH), 127.4 (CH),

125.8 (CH), 63.2 (Ch), 21.7 (CH), 14.1 (CH); HRMS (ESI)m/z 391.0647 [M],
C19H18CINO4S requires 391.0645.

Ethyl (2Z,3E)-4-(2-nitrophenyl)-2-(tosylimino)but-3-enoate (17)

NS Pale yellow solid, mp 161-162 °C (hexane-EtOAE):NMR (300

<« ot MHz, CDCk) 6 8.09 (d,J = 7.8 Hz, 1H), 7.92 (d] = 8.4 Hz, 1H),

m 7.89 (d,J = 8.1 Hz, 2H), 7.76-7.50 (m, 3H), 7.35 (= 8.1 Hz,
NO, 2H), 6.72 (dJ = 16.4 Hz, 1H), 4.56 (q] = 7.2 Hz, 2H), 2.44 (s,
3H), 1.50 (t,J = 7.2 Hz, 3B **C NMR (75 MHz, CDCJ) § 167.1 (C), 163.9 (C), 147.9
(C), 145.1 (C), 144.3 (CH), 135.2 (C), 133.9 (CH31.3 (CH), 130.0 (C), 129.8 (2CH),

128.9 (CH), 128.2 (2CH), 128.1 (CH), 125.3 (CH),46CH), 21.7 (CH), 14.0 (CH);
HRMS (ESI) 425.0076vz [M+Na]*, CioH1sN,NaGsS requires 425.0078.

Ethyl (2Z,3E)-4-(2-methoxyphenyl)-2-(tosylimino)but-3-enoate (ak)

NS Yellow oil; *H NMR (300 MHz, CDCJ) & 7.90 (d,J = 8.4 Hz,

. opt 2H), 7.73 (dJ = 16.5 Hz, 1H), 7.45-7.30 (m, 2H), 7.32 {d; 8.4
@f\)\g Hz, 2H), 7.03-6.84 (m, 3H), 4.55 (@= 7.2 Hz, 2H), 3.86 (s, 3H),

OMe 2.42 (s, 3H), 1.48 (f] = 7.2 Hz, 3H)*C NMR (75 MHz, CDC})
§ 168.6 (C), 164.7 (C), 158.7 (C), 145.2 (C), 14&€% 133.3 (CH), 129.6 (2CH), 129.5
(C), 129.1 (CH), 128.0 (CH), 123.8 (CH), 122.9 (CH20.9 (CH), 111.3 (2CH), 62.9

(CH,), 55.6 (CH), 21.6 (CH), 14.0 (CH); HRMS (ESI) 388.1215mz [M+H]",
CooH21NOsSrequires 388.1213.
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Ethyl (2Z,3E)-4-(furan-2-yl)-2-(tosylimino)but-3-enoate (171)

NS Brown oil; *H NMR (300 MHz, CDCJ) § 7.89 (d,J = 8.1 Hz, 2H),

AN | ot 7.55 (s, 1H), 7.33 (d] = 8.1 Hz, 2H), 7.15 (d = 16.1 Hz, 1H),
\_6 5 6.75 (s, 1H overlapped), 6.69 @@= 16.1 Hz, 1H), 6.53 (s, 1H),

4.51 (9,d = 7.0 Hz, 2H), 2.43 (s, 3H), 1.46 {t= 7.0 Hz, 3H);*C

NMR (75 MHz, CDC}) & 167.2 (C), 164.5 (C), 150.8 (2CH), 146.7 (CH), .B4€C),
136.0 (C), 134.3 (CH), 129.6 (2CH), 127.9 (CH), B(C), 118.1 (CH), 113.3 (CH),

63.1 (CH), 21.6 (CH), 14.0 (CH); HRMS (ESI)m/z 348.0898 [M+H], C;7H1sNOsS

requires 348.0900.

Ethyl (2Z,3E)-4-(thiophen-2-yl)-2-(tosylimino)but-3-enoate (17m

T Yellow oil; *H NMR (300 MHz, CDCJ) & 7.89 (d,J = 8.4 Hz,
~A_oEt 2H), 7.53-7.48 (m, 2H), 7.33 (d,= 8.4 Hz, 2H), 7.09 (d) = 4.8
! I Hz, 1H), 6.60 (d,) = 16.2 Hz, 1H), 4.53 (q] = 6.3 Hz, 2H), 2.43

(s, 3H), 1.47 (tJ = 7.2 Hz, 3H);*C NMR (75 MHz, CDC}) 5
167.2 (C), 144.6 (C), 144.5 (C), 141.38 (CH), 161(3), 139.6 (C), 133.2 (CH), 131.5
(CH), 129.7 (2CH), 128.7 (2CH), 127.9 (CH), 122CH], 63.2 (CH), 21.6 (CH), 13.9
(CHs); HRMS (ESI)m/z 364.0674 [M+H], C17H1sNO,4S; requires 364.0672.

Methyl (2Z,3E)-4-phenyl-2-(tosylimino)but-3-enoate (17n)
TS Brown oil; *"H NMR (300 MHz, CDCJ) & 7.89 (d,J = 8.1 Hz,
M ome 2H),7.66-7.29 (m, 6H), 7.34 (d,= 8.1 Hz, 2H), 6.83 (d] = 16.4
I Hz, 1H), 4.07 (s, 3H), 2.44 (s, 3HJC NMR (75 MHz, CDC}J) 5
167.4 (C), 164.9 (C), 149.6 (C), 144.8 (C), 13&Y, (L33.9 (CH),

131.8 (CH), 129.7 (2CH), 129.1 (4CH), 128.7 (CH?8D (CH), 123.4 (CH), 53.0
(CHs), 21.7 (CH); HRMS (ESI)m/z343.0880 [M], C1gH:17/NO,S requires 343.0878.

Isopropyl (2Z,3E)-4-phenyl-2-(tosylimino)but-3-enoate (170)
N-TS Orange oil;'"H NMR (300 MHz, CDC}) 5 7.90 (d,J = 8.4 Hz,
~ A oipr 2H), 7.64-7.29 (m, 6H), 7.34 (d,= 8.4 Hz, 2H), 6.81 (d] = 16.4
m Hz, 1H), 5.45 (hept) = 6.3 Hz, 1H), 2.43 (s, 3H), 1.48 (@ 6.3
Hz, 6H); *C NMR (75 MHz, CDCJ) & 167.8 (C), 164.0 (C),
149.1 (C), 144.6 (C), 135.9 (C), 133.9 (2CH), 13(CH), 129.7 (2CH), 129.1 (3CH),

128.6 (CH), 128.0 (CH), 123.7 (CH), 71.58 (CH),68.(CHy), 21.62 (CH); HRMS
(ESI)mVz 371.1196 [M], CooH21NO,4S requires 371.1191.
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5.3.2. General procedure for the non-catalyzed Mukgama-Michael reaction

2-Methyl-1-methoxy-1-trimethylsilyoxyprop-1-en&q 122 uL, 0.6 mmol) was added
to a solution of iminel7 (0.25 mmol) in CHCI, (1.2 mL) at rt under nitrogen
atmosphere and the mixture was stirred overnight tne reaction was complete (20-
24h). The reaction producfis8 were isolated by column chromatography on silieh g
eluting with hexane/EtOAc mixtures.

5.3.2.1. Characterization of products (Z)-18
See Table 9 (Page 81) for yield and dr.

(2)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-phenylhex-2-
enedioate Z)-18a

MeO._O Colourless oil*H NMR (300 MHz, CDC}) § 7.50 (d,J = 8.4 Hz,
NHTs 2H) 7.31 (d,J = 11.4 Hz, 1H overlapped), 7.30-7.27 (m, 3H),
AN_OEt 7.17-7.15 (m, 2H overlapped), 7.16 ®d= 8.4 Hz, 2H), 6.20 (s,
o 1H), 4.41 (dJ = 11.4 Hz, 1H), 3.96 (2 overlappedX= 7.2 Hz,
2H), 3.65 (s, 3H), 2.36 (s, 3H), 1.18 (s, 3H), 1(4,73H), 1.09 (tJ
= 7.2 Hz, 3H)*C NMR (75 MHz, CDC}) § 176.9 (C), 164.2 (C), 143.7 (C), 140.5 (C),
138.1 (C), 136.0 (C), 129.5 (CH), 129.3 (CH), 128CH), 127.6 (CH), 127.2 (CH),
125.9 (C), 61.8 (Ch), 51.9 (CH), 50.5 (C), 47.1 (CH), 23.9 (GH 22.4 (CH), 21.5
(CHs), 13.9 (CH); HRMS (ESI)mVz 458.1641 [M-H], C,4H-gNOsS requires 458.1643.

(2)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-(p-tolyl)hex-2-
enedioate Z)-18b

MeO.__O Pale yellow oil;"H NMR (300 MHz, CDC}) § 7.51 (d,J = 8.1
NHTs  Hz, 2H), 7.29 (dJ = 11.1 Hz, 1H), 7.16 (dJ = 8.4 Hz, 2H),
_A__OEt 7.10 (d,J = 8.1 Hz, 2H), 7.03 (d] = 8.1 Hz, 2H), 6.14 (s, 1H),
0 4.35 (d,J = 11.4 Hz, 1H), 3.96 (2 overlappeddy: 7.2 Hz, 2H),
3.64 (s, 3H), 2.36 (s, 3H), 2.33 (s, 3H), 1.166(3), 1.08 (tJ =
7.2 Hz, 3H):"*C NMR (75 MHz, CDGJ) § 177.0 (C), 164.2 (C), 143.7 (C), 140.9 (C),
136.8 (C), 136.1 (C), 135.0 (C), 129.3 (CH), 12&8l), 127.6 (CH), 125.8 (CH), 61.7
(CHy), 51.8 (CH), 50.1 (C), 47.1 (CH), 23.8 (GH 22.4 (CH), 21.5 (CH), 21.1
(CHs), 13.9 (CH); HRMS (ESI)mVz 472.1782 [M-H], CsH3oNOsS requires 472.1799.

(2)-1-Ethyl 6-methyl 4-(4-chlorophenyl)-5,5-dimethyl2-(4-
methylphenylsulfonamido)hex-2-enedioateZ)-18c

MeO.__O Pale yellow oil;*H NMR (300 MHz, CDCJ) § 7.47 (dJ= 8.4
NHTs  Hz, 2H), 7.27 (dJ = 8.4 Hz, 2H), 7.26 (dJ = 11.4 Hz, 1H),
_N\_OEt 7.15 (d,J = 8.4 Hz, 2H), 7.13 (d] = 8.4 Hz, 2H), 6.28 (s, 1H),
o 4.46 (d,J = 11.4 Hz, 1H), 3.84 (m, 2H), 3.63 (s, 3H), 2.35 (s
3H), 1.17 (s, 6H), 1.06 (8= 7.2 Hz, 3H)*C NMR (75 MHz,
CDCly) 8 176.5 (C), 163.9 (C), 143.8 (C), 139.9 (C), 13&Y, 135.7 (CH), 132.9 (C),

Cl
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130.7 (CH), 129.3 (CH), 128.1 (CH), 127.5 (CH), 12¢C), 61.8 (CH), 51.8 (CH),
49.8 (CH), 47.0 (C), 23.5 (G} 22.5 (CH), 21.4 (CH), 13.8 (CH); HRMS (ESI)m/z
492.1255 [M-H], C,4H27CINOgS requires 492.1253.

(2)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-(4-
nitrophenyl)hex-2-enedioate Z)-18d

MeO. _O Pale yellow oil:'H NMR (300 MHz, CDCJ) 6 8.18 (d,J =

s 90 Hz, 2H), 7.45-7.40 (m, 4H), 7.31 @5=11.4 Hz, 1H),

M opt 7.17 (d,J = 8.4 Hz, 2H), 6.16 (s, 1H), 4.69 (@= 11.4 Hz,

i 1H), 3.93 (m, 2H), 3.65 (s, 3H), 2.36 (s, 3H), 1(813H),

O-N 1.20 (s, 3H), 1.05 (t) = 6.9 Hz, 3H);**C NMR (75 MHz,
CDCls) 6 176.0 (C), 163.4 (C), 147.0 (C), 146.1 (C), 14&), 139.1 (CH), 135.5 (C),

130.4 (CH), 129.4 (CH), 127.5 (CH), 126.8 (C), 228CH), 62.1 (CH)), 52.0 (CH),
50.6 (CH), 47.3 (C), 23.5 (G} 23.0 (CH), 21.5 (CH), 13.8 (CH); HRMS (ESI)m/z
503.1489 [M-H], Co4H27N20gS requires 503.1494.

(2)-1-Ethyl 6-methyl 4-(4-methoxyphenyl)-5,5-dimethy2-(4-
methylphenylsulfonamido)hex-2-enedioateZ)-18e

MeO.__O Yellow oil; *H NMR (300 MHz, CDCJ) 6 7.51 (d,J = 8.1
NHTs  Hz, 2H), 7.27 (dJ = 11.4 Hz, 1H), 7.17 (d] = 8.1 Hz, 2H),
__OEt 7.09 (d,J = 8.7 Hz, 2H), 6.83 (dJ = 8.7 Hz, 2H), 6.18 (s,
o 1H), 4.35 (dJ = 11.4 Hz, 1H), 3.96 (2 overlappedXy 7.2
Hz, 2H), 3.80 (s, 3H), 3.64 (s, 3H), 2.37 (s, 3HL6 (s, 6H),
1.08 (t,J = 7.2 Hz, 3H);:*C NMR (75 MHz, CDC}) § 177.1 (C), 164.2 (C), 158.6 (C),
143.7 (C), 140.8 (C), 136.0 (C), 130.4 (CH), 130)1(129.3 (CH), 127.6 (CH), 125.6
(CH), 113.5 (CH), 61.7 (C}), 55.1 (CH), 51.9 (CH), 49.7 (C), 47.2 (CH), 23.7 (GH
22.4 (CH), 21.5 (CH), 13.9 (CH); HRMS (ESI)mVz 488.1747 [M-H], CsHzoNO;S
requires 488.1748.

MeO

(2)-1-Ethyl 6-methyl 4-(3-chlorophenyl)-5,5-dimethyl2-(4-
methylphenylsulfonamido)hex-2-enedioateZ)-18f

MeO.___O White oil; *"H NMR (300 MHz, CDC}) § 7.47 (d,J = 8.1 Hz, 2H),
NHTs  7.23 (d,J = 11.4 Hz, 1H), 7.22-7.03 (m, 4H), 7.16 (& 8.4 Hz,
AN_OEt 2H), 6.30 (s, 1H), 4.41 (d,= 11.4 Hz, 1H), 3.95 (2 overlapped q,
0 J=7.2 Hz, 2H), 3.62 (s, 3H), 2.35 (s, 3H), 1.166d), 1.07 (tJ

= 7.2 Hz, 3H)*C NMR (75 MHz, CDC}) 6 176.5 (C), 163.9 (C),

143.8 (C), 140.2 (C), 139.4 (C), 135.8 (CH), 138C), 129.3
(CH), 129.18 (CH), 129.15 (CH), 127.8 (CH), 127CHj(, 127.3 (CH), 126.4 (CH),
125.2 (C), 61.9 (Ch), 51.9 (CH), 50.1 (CH), 47.1 (C), 23.5 (GH 22.5 (CH), 21.4
(CHs), 13.8 (CH); HRMS (ESI) m/iz 492.1255 [M-H], CosH»:CINOeS requires
492.1253.

Cl
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(2)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-(3-
nitrophenyl)hex-2-enedioate Z)-18g

MeO.__O Yellow oil; *H NMR (300 MHz, CDC}) § 8.13 (ddd,J = 8.1, 2.4,
NHTs 1.2 Hz, 1H), 8.03 (tJ = 2.1 Hz, 1H), 7.61 (dtJ = 7.8, 1.2 Hz,
___OEt 1H), 7.49 (tJ = 8.1 Hz, 1H), 7.43 (d] = 8.4 Hz, 2H), 7.29 (d] =
o 11.4 Hz, 1H), 7.16 (d) = 8.4 Hz, 2H), 6.21 (s, 1H), 4.65 @~
11.4 Hz, 1H), 4.10-3.93 (m, 2H), 3.65 (s, 3H), 2(853H), 1.21
(s, 3H), 1.20 (s, 3H), 1.07 @,= 7.2 Hz, 3H)**C NMR (75 MHz,
CDCl) & 176.0 (C), 163.6 (C), 147.9 (C), 144.1 (C), 14009, 138.8 (CH), 136.3
(CH), 135.6 (C), 129.4 (CH), 128.9 (CH), 127.4 (CH6.9 (C), 123.6 (CH), 122.2
(CH), 62.1 (CH), 52.0 (CH), 50.3 (CH), 47.2 (C), 23.2 (G} 23.0 (CH), 21.4 (CH),
13.8 (CH); HRMS (ESI)m/z 503.1497 [M-H], Co4H27N,0gS requires 503.1494.

NO,

(2)-1-Ethyl 6-methyl 4-(3-methoxyphenyl)-5,5-dimethy2-(4-
methylphenylsulfonamido)hex-2-enedioateZ)-18h

MeO.___O Yellow oil; *H NMR (300 MHz, CDC}) § 7.52 (d,J = 8.4 Hz,
NHTs  2H), 7.27 (dJ = 11.1 Hz, 1H), 7.24-7.16 (m, 3H), 6.85-6.70 (m,
AN__OEt 3H), 6.18 (s, 1H), 4.37 (d,= 11.1 Hz, 1H), 3.97 (2 overlapped q,
5 J = 7.2 Hz, 2H), 3.80 (s, 3H), 3.65 (s, 3H), 2.363H), 1.18 (s,
3H), 1.17 (s, 3H), 1.08 (1] = 7.2 Hz, 3H);**C NMR (75 MHz,
CDCly) & 176.9 (C), 164.2 (C), 159.2 (C), 143.8 (C), 1451,
139.6 (C), 136.0 (C), 129.3 (CH), 128.9 (CH), 12{3H), 126.0 (C), 121.8 (CH),
115.8 (CH), 112.2 (CH), 61.8 (GH 55.1 (CH), 51.9 (CH), 50.5 (CH), 47.1 (C), 23.9
(CHs), 22.5 (CH), 21.5 (CH), 13.9 (CH); HRMS (ESI) mVz 488.1746 [M-H],
CosH3oNO;S requires 488.1748.

OMe

(2)-1-Ethyl 6-methyl 4-(2-chlorophenyl)-5,5-dimethyl2-(4-
methylphenylsulfonamido)hex-2-enedioateZ)-18i

MeO.__O Yellow oil; *H NMR (300 MHz, CDCJ) & 7.62 (d,J = 8.4 Hz,
NHTs  2H), 7.38-7.35 (m, 1H), 7.35 (d,= 10.5 Hz, 1H), 7.19 (d] = 8.4
_A__oEt Hz, 2H), 7.17-7.09 (m, 3H), 6.11 (s, 1H), 5.03 Jd& 10.5 Hz,
o 1H), 3.95 (2 overlapped q4,= 7.2 Hz, 2H), 3.66 (s, 3H), 2.36 (s,
cl 3H), 1.26 (s, 3H), 1.22 (s, 3H), 1.01J& 7.2 Hz, 3H):*C NMR
(75 MHz, CDC}) 6 176.7 (C), 164.1 (C), 143.6 (C), 140.0 (CH), 13&J, 136.6 (C),
135.2 (C), 130.1 (CH), 129.9 (CH), 129.3 (CH), 228CH), 127.4 (CH), 126.7 (C),
126.4 (CH), 61.7 (Cb), 52.0 (CH), 47.4 (CH), 45.4 (C), 24.5 (GH 22.0 (CH), 21.4
(CHs), 13.8 (CH); HRMS (ESI) mz 492.1255 [M-H], Co,sH2:CINOGS requires
492.1253.

148



Experimental Section

(2)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-(2-
nitrophenyl)hex-2-enedioate Z)-18j

MeO.__O Yellow oil; *H NMR (300 MHz, CDCJ) § 7.77 (dd,J = 8.1, 1.5
NHTs  Hz, 1H), 7.67 (d,J) = 8.4 Hz, 2H), 7.51 (td) = 7.8, 1.5 Hz, 1H),
I __oet 7.38 (td,J=7.8, 1.5 Hz, 1H), 7.31 (dd,= 7.8, 1.2 Hz, 1H), 7.21
5 (d,J = 8.4 Hz, 2H), 7.03 (d) = 10.2 Hz, 1H), 6.65 (s, 1H), 4.93
NO, (d, J = 10.2 Hz, 1H), 4.06 (q] = 7.2 Hz, 2H), 3.59 (s, 3H), 2.36
(s, 3H), 1.18 (s, 3H), 1.15 @,= 7.2 Hz, 3H), 1.08 (s, 3H}*C NMR (75 MHz, CDC}))
§ 175.9 (C), 164.01 (C), 150.6 (C), 143.7 (C), 13&Y, 134.0 (CH), 133.0 (C), 132.1
(CH), 130.6 (CH), 129.3 (CH), 129.1 (C), 128.1 (CHR7.4 (CH), 124.9 (C), 61.8
(CH,), 52.1 (CH), 47.0 (CH), 42.8 (C), 23.3 (GH 23.2 (CH), 21.5 (CH), 13.8
(CHs); HRMS (ESI)mVz 503.1496 [M-H], Co4H»7N,OsS requires 503.1494.

(2)-1-Ethyl 6-methyl 4-(2-methoxyphenyl)-5,5-dimethy2-(4-
methylphenylsulfonamido)hex-2-enedioateZ)-18k

MeO._O Yellow oil; *H NMR (300 MHz, CDCJ) & 7.60 (d,J = 8.4 Hz,
NHTs  2H), 7.34 (dJ = 10.8 Hz, 1H), 7.22-7.17 (m, 3H), 7.04 (dd=
A_OEt 7.8, 1.8 Hz, 1H), 6.86 (2 overlappeditz 8.1 Hz, 2H), 6.19 (s,
o 1H), 4.69 (d,J = 10.8 Hz, 1H), 4.00 (q] = 6.9 Hz, 2H), 3.82 (s,
3H), 3.64 (s, 3H), 2.37 (s, 3H), 1.15 (s, 3H), 1(433H), 1.09 (tJ
= 6.9 Hz, 3H);*C NMR (75 MHz, CDC}) § 177.2 (C), 164.4 (C), 157.4 (C), 143.4 (C),
140.2 (CH), 136.8 (CH), 130.0 (C), 129.2 (CH), 228C), 127.5 (CH), 127.0 (CH),
126.1 (C), 120.3 (CH), 111.1 (CH), 61.5 (§H55.6 (CH), 51.8 (CH), 46.7 (C), 43.5
(CH), 24.6 (CH), 22.3 (CH), 21.5 (CH), 13.9 (CH); HRMS (ESI)m/z 488.1752 [M-
H]", CosH3oNO-S requires 488.1748.

OMe

(2)-1-Ethyl 6-methyl 4-(furan-2-yl)-5,5-dimethyl-2-(4
methylphenylsulfonamido)hex-2-enedioateZ)-18l

Yellow oil; *H NMR (300 MHz, CDCJ) & 7.56 (d,J = 8.4 Hz,
2H), 7.33 (ddJ = 1.8, 0.9 Hz, 1H), 7.18 (d,= 8.7 Hz, 2H), 7.04
(d, J = 11.4 Hz, 1H), 6.40 (s, 1H), 6.30 (dii= 3.3, 1.8 Hz, 1H),
6.12 (dt,J = 3.3, 0.6 Hz, 1H), 4.56 (d,= 11.4 Hz, 1H), 4.02-3.90
(m, 2H), 3.66 (s, 3H), 2.36 (s, 3H), 1.19 (s, 3HL5 (s, 3H), 1.08
(t, J= 7.2 Hz, 3H):*C NMR (75 MHz, CDC}) § 176.8 (C), 164.0 (C), 151.6 (C), 143.8
(C), 141.7 (CH), 137.1 (CH), 136.0 (C), 129.3 (CHR7.5 (CH), 126.4 (C), 110.1
(CH), 108.3 (CH), 61.8 (CH, 52.1 (CH), 46.9 (CH), 44.5 (C), 23.5 (GH 22.3 (CH),
21.4 (CH), 13.8 (CH); HRMS (ESI) m/z 448.1437 [M-H], CxH»6NO;S requires
448.1435.
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(2)-Dimethyl 5,5-dimethyl-2-(4-methylphenylsulfonamid)-4-phenylhex-2-
enedioate Z)-18n

MeO.__O Yellow oil; *H NMR (300 MHz, CDG}) & 7.50 (d,J = 8.4 Hz,
NHTs 2H), 7.30 (d,J = 11.1 Hz, 1H overlapped), 7.30-7.25 (m, 3H),
_A_OMe 7.17-7.11 (m, 4H), 6.23 (s, 1H), 4.35 (= 11.1 Hz, 1H), 3.64
o (s, 3H), 3.52 (s, 3H), 2.37 (s, 3H), 1.17 (s, 3H)5 (s, 3H);*C
NMR (75 MHz, CDC}) & 177.0 (C), 164.7 (C), 143.7 (C), 140.6
(CH), 137.9 (C), 136.0 (C), 129.5 (CH), 129.3 (CHZ8.1 (CH), 127.5 (CH), 127.2
(CH), 125.8 (C), 52.5 (C}), 51.9 (CH), 50.4 (C), 47.1 (CH), 24.0 (G} 22.2 (CH),
21.5 (CH); HRMS (ESI)m/z 444.1492 [M-H], C3H2¢NOgS requires 444.1486.

(2)-1-1sopropyl 6-methyl 5,5-dimethyl-2-(4-methylpherlsulfonamido)-4-
phenylhex-2-enedioate4)-180

MeO.__O Yellow oil; *H NMR (300 MHz, CDC}) § 7.49 (d,J = 8.4 Hz,
NHTs 2H), 7.31-7.26 (m, 3H), 7.29 (d,= 11.4 Hz, 1H overlapped),
_A_OiPr 7.19-7.14 (m, 4H), 6.24 (s, 1H), 4.79 (hept 6.3 Hz, 1H), 4.45
o (d, J = 11.4 Hz, 1H), 3.65 (s, 3H), 2.36 (s, 3H), 1.1948sl),
1.11(d,J = 6.3 Hz, 3H), 1.04 (d] = 6.3 Hz, 3H);"*C NMR (75
MHz, CDCk) § 176.8 (C), 163.7 (C), 143.7 (C), 140.1 (C), 13&}, 135.9 (C), 129.4
(CH), 129.3 (CH), 128.0 (CH), 127.6 (CH), 127.1 (CH26.1 (C), 69.7 (CH), 51.8
(CHs), 50.4 (C), 47.1 (CH), 23.7 (GH 22.5 (CH), 21.4 (CH), 21.3 (CH); HRMS
(ES)mVz472.1784 [M-H], CsH30NOgS requires 472.1799.

5.3.3. General procedure for the copper-catalyzed Wkaiyama-Michael reaction

A solution of iminel7 (0.25 mmol) in dry CKICl, (1 mL) was added to a suspension of
anhydrous Cu(OT$) (9 mg, 0.025 mmol) in dry Ci€l, (0.9 mL) contained in a
Schlenck tube under nitrogen at rt, followed by @tmyl-1-methoxy-1-
trimethylsilyoxyprop-1-enel, 122 uL, 0.6 mmol). The mixture was stirred until the
reaction was complete (30-90 min). The reactiondpets E)-18 were isolated by
column chromatography on silica gel eluting wittxdee/EtOAC mixtures.

5.3.3.1. Characterization of products (E)-18
See Table 10 (Page 82) for yield and dr.

(E)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-phenylhex-2-
enedioate E)-18a

0 Colourless oil'H NMR (300 MHz, CDC}) § 7.52 (d,J = 8.1 Hz,
MeO ON-CEt 2H), 7.29-7.22 (m, 3H), 7.14-7.09 (m, 4H), 7.01Jd; 11.4 Hz,
\te 1H), 6.61 (s, 1H), 4.81 (d,= 11.4 Hz, 1H), 4.00 (q] = 6.9 Hz,
2H), 3.59 (s, 3H), 2.36 (s, 3H), 1.173 (s, 3H),6B.1s, 3H), 1.12
(t, J = 6.9 Hz, 3H);"*C NMR (75 MHz, CDCJ) & 176.2 (C),
162.9 (C), 143.8 (C), 139.7 (C), 136.3 (C), 13%9, (129.4 (CH), 129.3 (CH), 128.0
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(CH), 127.5 (CH), 127.0 (CH), 124.8 (C), 61.8 ({+51.7 (CH), 50.4 (C), 46.8 (CH),
23.1 (CH), 22.3 (CH), 21.4 (CH), 13.9 (CH); HRMS (ESI)m/z 458.1644 [M-H],
Ca4H2eNOgS requires 458.1643.

(E)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-(p-tolyl)hex-
2-enedioate E)-18b

0 Pale yellow oil;'H NMR (300 MHz, CDC}) § 7.53 (d,J = 8.4

MeO ONCF'  Hz, 2H), 7.13 (dJ = 8.4 Hz, 2H), 7.06 (dJ = 8.1 Hz, 2H),
N\t 6974 (d,J = 11.4 Hz, 1H), 6.972 (d = 8.1 Hz, 2H), 6.58 (br

s, 1H), 4.77 (dJ = 11.4 Hz, 1H), 4.00 (2 overlapped X+ 7.2

Hz, 2H), 3.59 (s, 3H), 2.36 (s, 3H), 2.31 (s, 3HL5 (s, 6H),
1.12 (t,J = 7.2 Hz, 3H);*C NMR (75 MHz, CDC}) § 176.8 (C), 163.0 (C), 143.7 (C),
136.54 (C), 136.51 (C), 129.4 (CH), 129.1 (CH), .T2&H), 127.5 (CH), 124.6 (CH),

124.5 (CH), 61.8 (Ch), 51.6 (CH), 50.0 (C), 46.8 (CH), 23.2 (GH 22.3 (CH), 21.5

(CHs), 21.0 (CH), 13.9 (CH); HRMS (ESI) m/z 472.1782 [M-H], CosH3oNOsS

requires 472.1799.

(E)-1-Ethyl 6-methyl 4-(4-chlorophenyl)-5,5-dimethyl2-(4-
methylphenylsulfonamido)hex-2-enedioateH)-18c

0 Colourless oil:*H NMR (300 MHz, CDCJ) § 7.52 (d,J = 8.4
MeO ON-OBt  Hz, 2H), 7.23 (dJ = 8.7 Hz, 2H), 7.15 (dJ = 8.7 Hz, 2H),
S\mTe  7-02 (d,J = 8.4 Hz, 2H), 6.91 (dJ = 11.4 Hz, 1H), 6.62 (s,
1H), 4.77 (dJ = 11.4 Hz, 1H), 4.00 (q] = 7.2 Hz, 2H), 3.59
(s, 3H), 2.37 (s, 3H), 1.14 (s, 6H), 1.11)& 7.2 Hz, 3H)*C
NMR (75 MHz, CDC}) § 176.5 (C), 162.6 (C), 144.0 (C), 138.4 (C), 13&9, 135.3
(CH), 132.8 (C), 130.6 (CH), 129.5 (CH), 128.2 (CHP7.4 (CH), 125.2 (C), 61.9
(CHy), 51.8 (CH), 49.7 (CH), 46.7 (C), 23.2 (GH 22.1 (CH), 21.5 (CH), 13.9
(CHs); HRMS (ESI)m/z 492.1257 [M-H], C24H27CINOgS requires 492.1253.

Cl

(E)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-(4-
nitrophenyl)hex-2-enedioate E)-18d

0 Pale yellow oil;'H NMR (300 MHz, CDC}) & 8.09 (d,J =

Meo” . ONCEt 8.4 Hz, 2H), 7.57 (dJ = 8.4 Hz, 2H), 7.24 (d] = 8.4 Hz.

wite 2H), 7.18 (dJ = 8.4 Hz, 2H), 6.90 (d] = 10.8 Hz, 1H), 6.71
(s, 1H), 4.88 (d,J = 10.8 Hz, 1H), 4.00 (q] = 7.2 Hz, 2H),
3.60 (s, 3H), 2.37 (s, 3H), 1.16 (s, 3H), 1.153¢4), 1.10 (tJ

= 7.2 Hz, 3H)C NMR (75 MHz, CDCY) § 176.1 (C), 162.2 (C), 147.7 (C), 146.7 (C),

144.2 (C), 135.9 (C), 133.3 (CH), 130.1 (CH), 12€@), 127.4 (CH), 126.0 (C),

123.0 (CH), 62.1 (Ch), 52.0 (CH), 50.1 (CH), 46.8 (C), 23.4 (GH 22.1 (CH), 21.5

(CHs), 13.9 (CH); HRMS (ESI)mz 503.1491 [M-H], C4H27N-0sS requires 503.1494.

O,N
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(E)-1-Ethyl 6-methyl 4-(4-methoxyphenyl)-5,5-dimethy2-(4-
methylphenylsulfonamido)hex-2-enedioateK)-18e

0 Yellow oil; *H NMR (300 MHz, CDCJ) § 7.52 (d,J = 8.4
MeO ONCF'  Hz, 2H), 7.13 (dJ = 8.4 Hz, 2H), 7.02 (d] = 8.7 Hz, 2H),
whre 6:96 (d,J = 11.4 Hz, 1H), 6.80 (d] = 8.7 Hz, 2H), 6.58 (s,

1H), 4.76 (dJ = 11.4 Hz, 1H), 3.99 (] = 7.2 Hz, 2H), 3.78

(s, 3H), 2.35 (s, 3H), 1.14 (s, 6H), 1.11Jt 7.2 Hz, 3H);

13C NMR (75 MHz, CDCJ) 5 176.8 (C), 162.9 (C), 158.5 (C), 143.8 (C), 1363,
136.0 (C), 131.7 (C), 130.2 (CH), 129.4 (CH), 12{CH), 124.5 (CH), 113.4 (CH),
61.8 (CH), 55.2 (CH), 51.7 (CH), 49.6 (C), 46.8 (CH), 23.1 (GH 22.2 (CH), 21.5
(CHs), 13.9 (CH); HRMS (ESI)m/z 488.1741 [M-H], CsHaoNO;S requires 488.1748.

MeO

(E)-1-Ethyl 6-methyl 4-(3-chlorophenyl)-5,5-dimethyl2-(4-
methylphenylsulfonamido)hex-2-enedioateH)-18f

White oil; *H NMR (300 MHz, CDCY) § 7.56 (d,J = 8.4 Hz,
O« _OEt 2H), 7.20-7.19 (m, 2H), 7.17 (d= 8.4 Hz, 2H), 7.04 () = 0.9
Hz, 1H), 6.98 (m, 1H), 6.89 (d,= 11.1 Hz, 1H), 6.67 (s, 1H),
NHTS 4,75 (d,d = 11.1 Hz, 1H), 4.02 (g1 = 7.2 Hz, 2H), 3.60 (s, 3H),
2.36 (s, 3H), 1.16 (s, 3H), 1.15 (s, 3H), 1.12&, 7.2 Hz, 3H);
Cl 13C NMR (75 MHz, CDCJ) § 176.4 (C), 162.7 (C), 144.0 (C),
141.9 (C), 135.9 (C), 134.4 (CH), 133.8 (C), 129GH), 129.4 (CH), 129.2
(CH),127.44 (CH), 127.38 (CH), 127.1 (CH), 125.4,(62.0 (CH), 51.8 (CH), 50.0
(CH), 46.8 (C), 23.3 (CH), 22.1 (CH), 21.5 (CH), 13.9 (CH); HRMS (ESI)m/z
492.1255 [M-H], Co4H27CINOGS requires 492.1253.

0
MeO

(E)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-(3-
nitrophenyl)hex-2-enedioate E)-18g

0 Pale yellow oil:'"H NMR (300 MHz, CDCJ) & 8.09-8.05 (m,
MeO On-OBt  1H), 7.91 (tJ = 1.4 Hz, 1H), 7.59 (dJ = 8.4 Hz, 2H) 7.44-7.42
\hte (M, 2H), 7.18 (dJ = 8.4 Hz, 2H), 6.89 (d] = 10.8 Hz, 1H), 6.74

(s, 1H), 4.88 (dJ = 10.8 Hz, 1H), 4.03 (q] = 6.9 Hz, 2H), 3.62

(s, 3H), 2.36 (s, 3H), 1.16 (s, 6H), 1.12J& 6.9 Hz, 3H);**C

NMR (75 MHz, CDC}) § 176.1 (C), 162.3 (C), 147.8 (C), 144.2
(C), 142.2 (C), 135.9 (C), 135.3 (CH), 132.8 (CH}9.6 (CH), 128.8 (CH), 127.3
(CH), 126.1 (C), 124.0 (C), 122.0 (CH), 62.2 {+562.0 (CH), 50.0 (CH), 46.8 (C),
23.5 (CH), 21.9 (CH), 21.4 (CH), 13.9 (CH). HRMS (ESI)m/z 503.1495 [M-H],
Co4sH27N>OgS requires 503.1494.

NO,
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(E)-1-Ethyl 6-methyl 4-(3-methoxyphenyl)-5,5-dimethy2-(4-
methylphenylsulfonamido)hex-2-enedioateK)-18h

0 Yellow oil; *H NMR (300 MHz, CDCJ) & 7.52 (d,J = 8.4 Hz,
Meo” L ON-OFt o1y 7,17 (10 = 8.1 Hz, 1H), 7.12 (d] = 8.7 Hz, 2H), 6.97 (d]
it = 11.4 Hz, 1H), 6.77 (ddd,= 8.1, 2.7, 0.9 Hz, 1H), 6.67 (d, J =

8.1 Hz, 1H), 6.66 (s, 1H overlapped), 6.59 (s,,14HJ9 (d,J =

11.4 Hz, 1H), 4.00 (¢] = 7.2 Hz, 2H), 3.78 (s, 3H), 3.60 (s, 3H),

2.35 (s, 3H), 1.167 (s, 3H), 1.165 (s, 3H), 1.1 & 7.2 Hz, 3H);
13C NMR (75 MHz, CDCY) § 176.9 (C), 164.1 (C), 159.2 (C), 143.8 (C), 14(C3,
139.6 (CH), 136.0 (C), 129.3 (CH), 128.9 (CH), BR{CH), 126.0 (C), 121.8 (CH),
115.8 (CH), 112.2 (CH), 61.8 (GH 55.1 (CH), 51.9 (CH), 50.5 (CH), 47.1 (C), 23.9
(CHs), 22.5 (CH), 21.5 (CH), 13.9 (CH); HRMS (ESI) m/z 488.1749 [M-H],
CosH3oNO,S requires 488.1748.

OMe

(E)-1-Ethyl 6-methyl 4-(2-chlorophenyl)-5,5-dimethyl2-(4-
methylphenylsulfonamido)hex-2-enedioateH)-18i
o Pale yellow oil:'H NMR (300 MHz, CDC}) & 7.48 (d,J = 8.4
MeO Oy OEt  Hz, 2H), 7.35 (ddJ = 8.5, 1.5 Hz, 1H), 7.23-7.14 (m, 3H), 7.11
NNhTe (d,J=8.7 Hz, 2H), 6.93 (d) = 11.4 Hz, 1H), 6.65 (s, 1H), 5.35
(d,J = 11.4 Hz, 1H), 4.10 (q] = 7.2 Hz, 2H), 3.62 (s, 3H), 2.35
cl (s, 3H), 1.22 (s, 3H), 1.20 (s, 3H), 1.10Jt 7.2 Hz, 3H):**C

NMR (75 MHz, CDC}) § 176.3 (C), 163.2 (C), 143.8 (C), 137.7 (C), 13&3}, 134.8
(CH), 134.7 (C), 130.4 (CH), 129.8 (CH), 129.4 (CE}8.1 (CH), 127.5 (CH), 126.5
(CH), 125.2 (C), 62.2 (C§), 51.9 (CH), 47.4 (CH), 45.4 (C), 24.0 (GH 22.3 (CH),
21.5 (CH), 13.9 (CH); HRMS (ESI)m/z 492.1258 [M-H], Co4H»7CINOGS requires
492.1253.

(E)-1-Ethyl 6-methyl 5,5-dimethyl-2-(4-methylphenylsifonamido)-4-(2-
nitrophenyl)hex-2-enedioate E)-18|

o Yellow oil; *H NMR (300 MHz, CDCJ) 8 7.74 (dd,J = 7.8 Hz,

MeO On-OFt  1H), 7.56-7.53 (m, 1H), 7.46-7.31 (m, 3H), 7.44 Jd; 8.4 Hz,
A \Hts 2H), 7.10 (dJ = 8.4 Hz, 2H), 6.88 (d] = 11.4 Hz, 1H), 6.69 (s,

1H), 5.42 (dJ=11.4 Hz, 1H), 4.11 (2 overlappedds 7.2 Hz,
2H), 3.60 (s, 3H), 2.34 (s, 3H), 1.24 (s, 3H), 1(483H), 1.13 (t,
J = 7.2 Hz, 3H);:**C NMR (75 MHz, CDCJ) § 175.9 (C), 163.0 (C), 150.5 (C), 144.0
(C), 135.6 (C), 134.0 (C), 132.6 (CH), 132.0 (CHIB0.4 (CH), 129.5 (CH), 127.8
(CH), 127.4 (CH), 126.0 (C), 124.5 (CH), 62.5 (H52.0 (CH), 47.3 (CH), 42.9 (C),
23.6 (CH), 23.3 (CH), 21.5 (CH), 13.8 (CH); HRMS (ESI)m/z 503.1496 [M-H],
C24H27N208S requires 503.1494.

NO,
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(E)-1-Ethyl 6-methyl 4-(2-methoxyphenyl)-5,5-dimethy2-(4-
methylphenylsulfonamido)hex-2-enedioateR)-18k

0 Yellow oil; *"H NMR (300 MHz, CDCY) & 7.54 (d,J = 8.4 Hz,

MeO ON-CFt  2H), 7.19 (tdJ = 7.8, 1.8 Hz, 1H), 7.12 (d,= 8.7 Hz, 2H), 7.06
Awure (d,3=11.1 Hz, 1H), 7.04 (dd} = 7.8, 1.8 Hz, 1H), 6.87 (8 =

7.8 Hz, 1H), 6.83 (dJ = 7.8 Hz, 1H), 6.57 (s, 1H), 5.18 (@=
11.1 Hz, 1H), 4.00 (q] = 7.2 Hz, 2H), 3.76 (s, 3H), 3.60 (s, 3H),
2.34 (s, 3H), 1.14 (s, 6H), 1.08 Jt= 7.2 Hz, 3H);**C NMR (75 MHz, CDCJ) § 176.8
(C), 163.4 (C), 157.2 (C), 143.6 (C), 137.0 (CH36D (C), 130.4 (CH), 129.3 (CH),
128.2 (C), 127.9 (CH), 127.5 (CH), 124.3 (C), 12(CH), 110.5 (CH), 61.7 (CH)
55.1 (CH), 51.6 (CH), 46.8 (C), 43.7 (CH), 23.9 (G} 22.4 (CH), 21.4 (CH), 13.8
(CHs); HRMS (ESI)mVz 488.1752 [M-H], CosH3oNO-S requires 488.1748.

OMe

(E)-1-Ethyl 6-methyl 4-(furan-2-yl)-5,5-dimethyl-2-(4
methylphenylsulfonamido)hex-2-enedioateH)-18l

0 Yellow oil; *H NMR (300 MHz, CDC}) 6 7.62 (dJ = 8.4 Hz,
MeO ON-CEt 2H), 7.29 (d,J = 1.8 Hz, 1H), 7.21 (d] = 8.4 Hz, 2H), 6.71 (s,
~ ~~NuTs L1H overlapped), 6.69 (d,= 11.4 Hz, 1H), 6.26 (dd} = 3.3, 1.8
\_6 Hz, 1H), 5.98 (dJ = 3.3 Hz, 1H), 5.04 (d] = 11.4 Hz, 1H), 4.07
(2 overlapped gJ = 7.2 Hz, 2H), 3.62 (s, 3H), 2.37 (s, 3H), 1.17J(t 7.2 Hz, 3H),
1.13 (s, 3H), 1.12 (s, 3H}’C NMR (75 MHz, CDGJ) & 176.6 (C), 163.0 (C), 153.1
(C), 143.9 (C), 141.5 (CH), 135.9 (C), 131.5 (CH)9.5 (CH), 127.5 (CH), 125.7 (C),
111.0 (CH), 107.2 (CH), 62.1 (GH 51.9 (CH), 46.7 (CH), 44.4 (C), 23.3 (GH 21.7
(CHs), 21.5 (CH), 13.8 (CH); HRMS (ESI) m/z 448.1437 [M-H], CyHeNO;S
requires 448.1435.

(E)-Dimethyl 5,5-dimethyl-2-(4-methylphenylsulfonamid)-4-phenylhex-2-
enedioate E)-18n

0 Pale yellow solid, mp 126-129 °C (hexane-CH): *H NMR
Meo” L O5-Me (300 MHz, CDCY) 5 7.52 (d,J = 8.4 Hz, 2H), 7.26-7.21 (m, 3H),
e 713 (d,J = 8.4 Hz, 2H), 7.07 (ddl = 7.6, 2.4 Hz, 2H), 7.00 (d,
= 11.1 Hz, 1H), 6.57 (s, 1H), 4.72 @= 11.1 Hz, 1H), 3.59 (s,
3H), 3.52 (s, 3H), 2.37 (s, 3H), 1.17 (s, 3H),61(&, 3H);*°C
NMR (75 MHz, CDC4) § 176.7 (C), 163.4 (C), 144.0 (C), 140.0 (CH), 13€3 136.0
(C), 129.6 (CH), 129.4 (CH), 128.1 (CH), 127.7 (CHP7.1 (CH), 124.8 (C), 52.4
(CHs), 51.9 (CH), 50.7 (C), 46.9 (CH), 23.1 (GM 22.7 (CH), 21.6 (CH); HRMS
(ESI)mz 444.1491 [M-H], CosHasNOGS requires 444.1486.
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(E)-1-Isopropyl 6-methyl 5,5-dimethyl-2-(4-methylphelsulfonamido)-4-
phenylhex-2-enedioatek)-180

0 ~ Yellow oil; *H NMR (300 MHz, CDC}) § 7.49 (d,J = 8.4 Hz,
Meo” 05O oHy, 7.31-7.23 (m, 3H), 7.14-7.08 (m, 4H), 6.98 ¢ 11.7 Hz,
hre 1H), 6.60 (s, 1H), 4.89-4.83 (m, 2H), 3.59 (s, 3BiB4 (s, 3H),
1.17 (s, 6H), 1.15 (d] = 6.3 Hz, 3H), 1.04 (dJ = 6.3 Hz, 3H):;

13C NMR (75 MHz, CDG)) & 176.7 (C), 162.6 (C), 143.7 (C),

139.6 (C), 136.0 (C), 135.9 (C), 129.4 (CH), 126CH), 128.0 (CH), 127.5 (CH),
127.0 (CH), 125.0 (C), 70.1 (CH), 51.7 (§H50.2 (C), 46.8 (CH), 23.3 (GY 22.1
(CHs), 21.6 (CH), 21.43 (CH), 21.41 (CH); HRMS (ESI) m/z 472.1780 [M-H],

CosH3oNOgS requires 472.1799.
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5.4. Enantioselective conjugate addition of malonatesters toN-tosyl
imines derived from B,y-unsaturated a-keto esters

5.4.1. General procedure for the enantioselective onjugate addition of
diethylmalonate to a,p-usaturated N-tosyl imino esters catalyzed by La(OTH.

5.4.1.1. General procedure for the enantiosel ective conjugate addition

La(OTf); (14.7 mg, 0.025 mmol) was dried in a Schlenk tubgen vacuumpyBOX1
(9.24 mg, 0.025 mmol) was added and the tube Jiasg fivith nitrogen. CHCI, (1.1
mL) was addedia syringe and the mixture was stirred for 30 minsdution of imine
17 (0.25 mmol) dissolved in dry GBI, (1.1 mL), was addeda syringe, followed by 4
A MS (110 mg) and diethyl malonate (92, 0.63 mmol). The mixture was stirred at
room temperature for the indicated time and chrograiphed on silica gel eluting with
hexane/EtOAc mixtures to give compout

5.4.1.2. General procedure for the synthesis of the racemic products

Racemic compounds for comparative purpose wereapedpby following the same
procedure, using La(OTfpyBOX (rac) at 40 °C.

5.4.1.3. Characterization of products 19 and 20
See Table 14 (Page 90) and Table 15 (Page 91)diol; ¥ir and ee.

(S,2)-Triethyl 4-(4-methylphenylsulfonamido)-2-phenylbu-3-ene-1,1,4-
tricarboxylate (19ba)

Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
NHTs mL/min, E-isomer: major enantiomer t, = 25.8 min, minor
EtO,C P enantiomer t, = 18.6 min.Z-isomer:major enantiomer t, = 46.8

CO,Et min, minor enantiomer t, = 23.8 min.
CO,Et

Colorless oil; §]p?° 21.5 € 1.0, CHC}, ee= 91 %for the major diastereomer) *H
NMR (300 MHz, CDCY) § 7.69 (d,J = 8.4 Hz, 2H), 7.30-7.21 (m, 5H), 7.16-7.13 (m,
2H), 6.90 (dJ = 11.1 Hz, 1H), 6.72 (s, 1H), 4.64 (dt= 11.1, 9.6 Hz, 1H), 4.17 (4=
7.2 Hz , 2H), 4.01 (q) = 7.2 Hz , 2H), 3.974 (d} = 7.2 Hz, 1H), 3.968 (g} = 6.9 Hz,
1H), 3.81 (d,J = 9.6 Hz, 1H), 2.39 (s, 3H), 1.22 {t= 7.2 Hz, 3H), 1.12 (1 = 6.9 Hz,
3H), 1.02 (tJ = 7.2 Hz, 3H)**C NMR (75 MHz, CDCJ) 5 168.1 (C), 166.9 (C), 164.2
(C), 143.6 (C), 138.5 (CH), 137.8 (C), 136.9 (9% (CH), 128.6 (CH), 128.4 (CH),
127.53 (CH), 127.49 (CH), 126.4 (C), 62.0 ({i+61.8 (CH), 61.6 (CH), 57.2 (CH),
43.0 (CH), 21.5 (Ch), 13.9 (CH), 13.7 (CH); HRMS (ESI)m/z 518.1836 [M+H],
Co6H31NOgS requires 518.1843.
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(S,2)-Triethyl 4-(4-methylphenylsulfonamido)-2-(p-tolyl)but-3-ene-1,1,4-
tricarboxylate (19bb)

Chiral HPLC analysis: Chiralcel AD-H, hexarfeOH 80:20, 1
mL/min, E-isomer: major enantiomer t, = 25.6 min, minor
NHTs enantiomer t; = 19.4 min.Z-isomer:major enantiomer t, = 57.4

EtO,C = min, minor enantiomer t, = 25.6 min.
CO,Et
CO,Et

Colorless oil; §]o*° 8.9 € 1.0, CHC}, ee= 88%for the major
diastereomer): *H NMR (300 MHz, CDCJ) 5 7.70 (d,J = 8.4 Hz, 2H), 7.23 (d] = 8.4
Hz, 2H), 7.09-7.01 (m, 4H), 6.88 (@= 11.1 Hz, 1H), 6.74 (s, 1H), 4.60 (db= 11.1,
9.9 Hz, 1H), 4.17 (q) = 7.2 Hz , 2H), 4.04-3.95 (m, 2H), 4.00 {5 7.2 Hz, 2H), 3.79
(d,J = 9.9 Hz, 1H), 2.39 (s, 3H), 2.30 (s, 3H), 1.22)(t 7.2 Hz, 3H), 1.11 (1) = 6.9
Hz, 3H), 1.04 (tJ = 7.2 Hz, 3H)X*C NMR (75 MHz, CDCJ) 5 168.2 (C), 167.0 (C),
164.3 (C), 143.6 (C), 138.8 (CH), 137.2 (C), 13@9, 134.8 (C), 129.4 (CH), 129.3
(CH), 128.1 (CH), 127.5 (CH), 126.1 (C), 62.0 (IH61.7 (CH), 61.6 (CH), 57.3
(CH), 42.7 (CH), 21.5 (CH), 21.0 (CH), 13.9 (CH), 13.7 (CH); HRMS (ESI)m/z
532.1987 [M+H], C,7H33NOgS requires 532.2000.

(S,2)-Triethyl  2-(4-chlorophenyl)-4-(4-methylphenylsulionamido)but-3-ene-1,1,4-
tricarboxylate (19bc)

cl Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
mL/min, E-isomer: major enantiomer t, = 21.5 min, minor
NHTs enantiomer t; = 19.7 min.Z-isomer:major enantiomer t, = 67.8

Et0,C _ min, minor enantiomer t, = 23.5 min.
CO,Et

CO,Et Colorless oil; §]p*° 24.5 € 1.0, CHC}, ee= 88%for the major
diastereomer); *H NMR (300 MHz, CDCY) & 7.66 (d,J = 8.4 Hz, 2H), 7.27-7.21 (m,
4H), 7.15 (dJ = 8.4 Hz, 2H), 6.89 (d] = 10.8 Hz, 1H), 6.65 (s, 1H), 4.72 (dik 11.1,
9.6 Hz, 1H), 4.17 (o) = 7.2 Hz , 2H), 4.04-3.95 (m, 4H), 3.78 (d= 9.6 Hz, 1H), 2.39
(s, 3H), 1.22 (tJ) = 7.2 Hz, 3H), 1.10 () = 6.9 Hz, 3H), 1.07 () = 7.2 Hz, 3H)*C
NMR (75 MHz, CDC}) 5 167.8 (C), 166.8 (C), 164.0 (C), 143.8 (C), 13&8), 136.6
(C), 136.5 (C), 133.4 (C), 129.7 (CH), 129.4 (CH)B.8 (CH), 127.5 (CH), 126.5 (C),
62.1 (CH), 61.9 (CH), 61.7 (CH), 57.1 (CH), 42.4 (CH), 21.5 (GH 13.89 (CH),
13.86 (CHy), 13.76 (CH); HRMS (ESI)m/z 552.1443[M+H]*, C6H30CINOgS requires
552.1453.

(S,2)-Triethyl  4-(4-methylphenylsulfonamido)-2-(4-nitrophenyl)but-3-ene-1,1,4-
tricarboxylate (19bd)

NO, Chiral HPLC analysis: Chiralcel OD-H, hexari®&OH 90:10, 1
mL/min, E-isomer: major enantiomer t, = 38.3 min, minor
NHTs enantiomer t; = 41.3 min.Z-isomer:major enantiomer t; = 80.5

Et0,C _ min, minor enantiomer t, = 33.7 min.
CO,Et

COLEt Yellow oil; [0]p?° 27,0 € 1.0, CHC}, ee = 69%for the major
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diastereomer); *H NMR (300 MHz, CDCY) § 8.17 (d,J = 9.0 Hz, 2H), 7.62 (d] = 8.4
Hz, 2H), 7.48 (d,J = 9.0 Hz, 2H), 7.23 (d] = 8.4 Hz, 2H), 6.98 (d] = 10.8 Hz, 1H),
6.52 (s, 1H), 5.00 (dd] = 10.8, 9.3 Hz, 1H), 4.18 (d,= 7.2 Hz, 1H), 4.17 (¢] = 7.2
Hz, 1H), 4.04 (gJ) = 6.9 Hz, 1H), 4.03 (¢) = 7.2 Hz, 1H), 3.96 (q] = 7.2 Hz, 1H),
3.95 (q,J = 7.2 Hz, 1H), 3.86 (d] = 9.3 Hz, 1H), 2.39 (s, 3H), 1.22 Jt= 7.2 Hz, 3H),
1.10 (t,J = 7.2 Hz, 3H), 1.07 () = 7.2 Hz, 3H):*C NMR (75 MHz, CDC)) § 167.3
(C), 166.6 (C), 163.6 (C), 147.2 (C), 145.7 (C}4D4(C), 137.6 (CH), 136.2 (C), 129.5
(2CH), 127.5 (CH), 123.8 (CH), 62.2 (GH62.1 (CH), 61.9 (CH), 56.8 (CH), 42.7
(CH), 21.5 (CH), 13.9 (CH), 13.8 (2CH); HRMS (ESI) m/z 563.1681[M+H]",
CoeH30N2010S requires 563.1694.

(S,2)-Triethyl 2-(4-methoxyphenyl)-4-(4-methylphenylsufonamido)but-3-ene-
1,1,4-tricarboxylate (19be)

OMe Chiral HPLC analysis: Lux Amylose-1, hexar&OH 90:10

(70 min), 85:15 (5 min), 80:20, 1 mL/mirg-isomer: major

NHTs enantiomer t; = 29.9min, minor enantiomer t, = 35.2 min.Z-

EtO,C _ isomer:major enantiomer t, = 97.1min, minor enantiomer t, =

CO,Et .
Co,Et 33.0 min.

Yellow oil; [0]p?° 11.6 € 1.0, CHC}, ee= 86%for the major diastereomer); *H NMR
(300 MHz, CDC}) 5 7.69 (d.J = 8.4 Hz, 2H), 7.23 (d] = 8.7 Hz, 2H), 7.08 (d] = 8.7
Hz, 2H), 6.87 (dJ = 11.1 Hz, 1H), 6.80 (d] = 8.7 Hz, 2H), 6.74 (s, 1H), 4.60 (dlii=
11.1, 9.6 Hz, 1H), 4.17 (d,= 7.2 Hz , 2H), 4.04-3.95 (m, 4H), 3.77 (s, 3H}).&(d,J =
9.6 Hz, 1H), 2.39 (s, 3H), 1.22 (t= 7.2 Hz, 3H), 1.11 () = 6.9 Hz, 3H), 1.05 (4 =
6.9 Hz, 3H);°C NMR (75 MHz, CDC}) 5 168.1 (C), 167.0 (C), 164.3 (C), 158.9 (C),
143.6 (C), 138.9 (CH), 136.9 (C), 129.8 (C), 126GH), 129.3 (CH), 127.5 (CH),
126.0 (C), 114.0 (CH), 62.0 (GH 61.7 (CH), 61.6 (CH), 57.4 (CH), 55.2 (CH}, 42.3
(CH), 21.5 (CH), 13.9 (CH), 13.8 (CH); HRMS (ESI)m/z 548.1930 [M+H],
Co7H33NOgS requires 548.1949.

(S,2)-Triethyl  2-(3-chlorophenyl)-4-(4-methylphenylsulionamido)but-3-ene-1,1,4-
tricarboxylate (19bf)

of Chiral HPLC analysis: Chiralcel AD-H, hexairferOH 80:20, 1
mL/min, E-isomer: major enantiomer t, = 22.7 min, minor

enantiomer t; = 17.3 min.Z-isomer:major enantiomer t, = 35.7
COEt  min, minor enantiomer t, = 28.6 min.

NHTs

EtO,C —
CO,Et
Yellow oil; [0]p?° 20.7 € 1.0, CHC}, ee= 90%for the major diastereomer); *H NMR

(300 MHz, CDC}) & 7.67 (d,J = 8.4 Hz, 2H), 7.26-7.20 (m, 4H), 7.12-7.09 (m,)2H
6.87 (d,J = 11.1 Hz, 1H), 6.73 (s, 1H), 4.65 (db= 11.1, 9.3 Hz, 1H), 4.17 (d,= 6.9
Hz, 2H), 4.05-3.98 (m, 4H), 3.77 (d,= 9.3 Hz, 1H), 2.40 (s, 3H), 1.22 &= 7.2 Hz,
3H), 1.12 (t,J = 7.2 Hz, 3H), 1.06 (t) = 6.9 Hz, 3H):**C NMR (75 MHz, CDC)) &

167.8 (C), 166.7 (C), 164.1 (C), 143.8 (C), 140CH), 137.6 (CH), 136.7 (C), 134.3

(C), 129.9 (CH), 129.5 (CH), 128.3 (CH), 127.8 (CHP7.5 (CH), 126.9 (C), 126.6
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(CH), 62.1 (CH), 61.9 (CH), 61.8 (CH), 57.1 (CH), 42.6 (CH), 21.5 (GH 13.9
(CHs), 13.7 (CH); HRMS (ESI) m/z 552.1445 [M+H], CoH3oCINOsS requires
552,1453.

(S,2)-Triethyl  4-(4-methylphenylsulfonamido)-2-(3-nitrophenyl)but-3-ene-1,1,4-
tricarboxylate (19bg)

O,N Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
mL/min, E-isomer: major enantiomer t, = 28.4 min, minor

enantiomer t, = 25.1 min.Z-isomer:major enantiomer t, = 58.2
COEt  min, minor enantiomer t, = 39.1 min.

NHTs

EtO,C =

CO,Et
Yellow oil; [0]p?° 20.3 € 0.97, CHC}, ee= 52%for the major diastereomer); *H NMR
(300 MHz, CDC}) § 8.14-8.11 (m, 2H), 7.68 (di,= 7.8, 1.5 Hz, 1H), 7.62 (d,= 8.4
Hz, 2H), 7.52-7.47 (m, 1H), 7.23 (@= 8.4 Hz, 2H), 7.00 (d] = 10.8 Hz, 1H), 6.56 (s,
1H), 4.98 (dd, = 10.8, 9.0 Hz, 1H), 4.18 (d,= 7.2 Hz, 2H), 4.043 (q} = 6.9 Hz, 1H),
4.036 (q,J = 7.2 Hz, 1H), 3.982 (gl = 7.2 Hz, 1H), 3.978 (q] = 7.2 Hz, 1H), 3.87 (d,
J =9 Hz, 1H), 2.38 (s, 3H), 1.22 (t= 7.2 Hz, 3H), 1.094 (f] = 7.2 Hz, 3H), 1.087 (t,
J = 6.9 Hz, 3H):**C NMR (75 MHz, CDC}) 5 167.3 (C), 166.6 (C), 163.7 (C), 148.3
(C), 144.1 (C), 140.5 (C), 137.4 (CH), 136.3 (C35% (CH), 129.54 (CH), 129.49
(CH), 127.5 (CH), 127.2 (C), 122.9 (CH), 122.6 (CB2.15 (CH), 62.09 (CH), 61.9
(CHy), 57.0 (CH), 42.5 (CH), 21.5 (G} 13.9 (CH), 13.85 (CH), 13.80 (CH); HRMS
(ES|) m/z563,1680 [M+H],C26H30N20108 requires 563.1694.

(S,2)-Triethyl 2-(3-methoxyphenyl)-4-(4-methylphenylsulonamido)but-3-ene-
1,1,4-tricarboxylate (19bh)

MeO Chiral HPLC analysis: Chiralcel AD-H, hexarfeOH 80:20, 1
mL/min, E-isomer: major enantiomer t, = 30.2 min, minor

enantiomer t, = 21.2 min.Z-isomer:major enantiomer t, = 45.4
COzEt  min, minor enantiomer t, = 33.0 min.

NHTs
EtO,C =

CO,Et
Colorless oil; {]p*° 15.1 € 0.96, CHC}, ee= 88% for the major diastereomer); *H
NMR (300 MHz, CDC4)  7.70 (d,J = 8.4 Hz, 2H), 7.22 (d] = 8.1 Hz, 2H), 7.17 (d]
= 7.8 Hz, 1H), 6.88 (d] = 10.8 Hz, 1H), 6.75-6.73 (M, 3H), 4.63 (dcs 10.8, 9.9 Hz,
1H), 4.17 (qJ = 6.9 Hz, 2H), 4.04-3.96 (m, 4H), 3.81 (= 9.9 Hz, 1H), 3.79 (s, 3H),
2.39 (s, 3H), 1.22 (1 = 7.2 Hz, 3H), 1.11 () = 7.2 Hz, 3H), 1.05 (8 = 7.2 Hz, 3H);
13C NMR (75 MHz, CDCJ) & 168.1 (C), 166.9 (C), 164.2 (C), 159.7 (C), 14&],
139.3 (C), 138.5 (CH), 136.8 (C), 129.6 (CH), 126GH), 127.5 (CH), 126.4 (C),
120.2 (CH), 114.3 (CH), 112.8 (CH), 62.0 (§H61.7 (CH), 61.6 (CH), 57.1 (CH),
55.2 (CH), 43.0 (CH), 21.5 (C), 13.9 (CH), 13.7 (CH); HRMS (ESI)m/z 548.1941
[M+H] ¥, G7H33NOeS requires 548,1949.
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(S,2)-Triethyl 2-(2-chlorophenyl)-4-(4-methylphenylsulionamido)but-3-ene-1,1,4-
tricarboxylate (19bi)

Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20, 1
ol NHTs mL/min, E-isomer: major enantiomer t; = 23.4 min, minor
Et0,C P enantiomer t, = 26.9 min.Z-isomer:major enantiomer t, = 58.8

CO,Et . i . .
2= min, minor enantiomer t, = 25.2 min.
CO,Et

Colorless oil; §]o®° 44.4 € 1.0, CHC}, ee= 95% for the major diastereomer); *H
NMR (300 MHz, CDC}) & 7.65 (d,J = 8.4 Hz, 2H), 7.35-7.31 (m, 1H), 7.26-7.16 (m,
6H), 6.70 (s, 1H), 5.02 (dd,= 10.5, 8.1 Hz, 1H), 4.19-4.00 (m, 7H), 2.35 (4),3L.17

(t, J = 7.2 Hz, 3H), 1.13 (t) = 6.9 Hz, 3H), 1.11 (d] = 7.2 Hz, 3H):**C NMR (75
MHz, CDCk) & 167.8 (C), 167.3 (C), 164.2 (C), 143.5 (C), 13633, 136.0 (CH),
135.7 (C), 133.7 (C), 130.5 (CH), 130.2 (CH), 12¢CH), 128.7 (CH), 127.5 (C),
127.3 (CH), 126.9 (CH), 61.8 (GH 54.8 (CH), 40.4 (CH), 21.5 (GH 13.90 (CH),
13.87 (CH), 13.78 (CH); HRMS (ESI)mVz 552.1441 [M+H], Cy¢H3CINOsSrequires
552.1453.

(S,2)-Triethyl  4-(4-methylphenylsulfonamido)-2-(2-nitrophenyl)but-3-ene-1,1,4-
tricarboxylate (19bj)

Major Z-diastereomer: Chiral HPLC analysis: Chiralcel OD-
ON NHTs H, hexanagPrOH 80:20, 1 mL/minmajor enantiomer t, = 37.6

Et0,C _ min, minor enantiomer t, = 16.1 min.
CO,Et

COEt Orange oil; §]p>°33.4 € 1.0, CHC}, ee= 20%);'H NMR (300
MHz, CDCk) & 7.94 (dd,J = 8.1, 1.2 Hz, 1H), 7.59-7.49 (m, 4H), 7.45-7.44 (LH),
7.22 (dJ = 9.6 Hz, 1H), 7.32 (d] = 8.4 Hz, 2H), 6.63 (s, 1H), 5.32 (db= 9.6, 7.2 Hz,
1H), 4.21-4.05 (m, 5H), 4.00 (d,= 7.2 Hz, 2H), 2.34 (s, 3H), 1.18 {t= 7.2 Hz, 3H),
1.14 (t,J = 7.2 Hz, 3H), 1.09 (d] = 7.2 Hz, 3H):**C NMR (75 MHz, CDC}) & 167.6
(C), 167.3 (C), 163.8 (C), 149.3 (C), 143.7 (C)6 R3(C), 135.4 (CH), 133.8 (C), 133.0
(CH), 131.2 (CH), 129.2 (CH), 128.4 (CH), 127.7 (C27.4 (CH), 125.3 (CH), 61.93
(CH,), 61.91 (CH), 61.8 (CH), 56.1 (CH), 38.6 (CH), 21.4 (GH 13.9 (CH), 13.82
(CHs3), 13.80 (CH); HRMS (ESI) m/z 563.1674 [M+H], CygH3oN201S requires
563.1694.

Minor E-diastereomer: Chiral HPLC analysis: Lux Amylose-1, hexari&aOH 80:20,
1 mL/min,major enantiomer t, = 28.2min, minor enantiomer t. = 55.7 min.

Orange oil; {]p*° 35.5 € 1.0, CHC}, ee= 60%);*H NMR (300 MHz, CDCJ) & 7.82
(dd,J = 8.1, 1.5 Hz, 1H), 7.56 (td,= 7.5, 1.5 Hz, 1H), 7.50-7.46 (m, 3H), 7.43-7.38
(m, 1H), 7.10 (d,J = 8.7 Hz, 2H), 6.93 (d] = 9.9 Hz, 1H), 6.68 (s, 1H), 5.59 (dii=
10.2, 7.8 Hz, 1H), 4.15 (d,= 7.2 Hz, 1H), 4.14 (q] = 6.9 Hz, 1H), 4.08-3.99 (m, 5H),
2.34 (s, 3H), 1.20 (] = 7.2 Hz, 3H), 1.10 () = 7.2 Hz, 3H), 1.05 (d] = 7.2 Hz, 3H);
13C NMR (75 MHz, CDCJ) 5 167.3 (C), 167.0 (C), 162.6 (C), 149.4 (C), 1488,
135.6 (C), 135.2 (C), 132.8 (C), 131.5 (CH), 13(CH), 129.4 (CH), 128.0 (CH),
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127.4 (CH), 126.2 (C), 124.5 (CH), 62.4 (§H51.7 (CH), 61.6 (CH), 56.2 (CH), 37.9
(CH), 21.4 (CH), 13.9 (CH), 13.74 (CH), 13.70 (CH): HRMS (ESI)m/z 563.1685
[M+H] +, CoeH30N2010S requires 563,1694 .

(S,2)-Triethyl 4-(4-methylphenylsulfonamido)-2-(thiophen-2-yl)but-3-ene-1,1,4-
tricarboxylate (19bl)

- Chiral HPLC analysis: Chiralcel AD-H, hexaiferOH 80:20, 1

O~ . . . : . .
NHTs mL/min, E-isomer: major enantiomer t. = 17.0 min, minor
EtO.C ZNco,et enantiomer t, = 28.0 min.Z-isomer:major enantiomer t, = 23.5
CO,Et min, minor enantiomer t, = 20.5 min.

Orange oil; §]p*° 11.9 € 1.01, CHC}, ee= 84% for the major diastereomer); 'H
NMR (300 MHz, CDCY) & 7.68 (dt,J = 8.1 Hz, 2H), 7.32 (dd] = 2.1, 0.9 Hz, 1H),
7.22 (d,J = 8.1 Hz, 2H), 6.90 (d] = 10.8 Hz, 1H), 6.72 (s, 1H), 6.28 (dbi= 3.3, 1.8
Hz, 1H), 6.11 (dtJ = 3.3, 0.6 Hz, 1H), 4.76 (d,= 10.8, 8.4 Hz, 1H), 4.16 (d,= 7.2
Hz, 2H), 4.14-4.07 (m, 2H), 4.02 (@= 7.2 Hz, 2H), 3.89 (d] = 8.4 Hz, 1H), 2.38 (s,
3H), 1.21 (t.J = 6.9 Hz, 3H), 1.17 (tJ = 6.9 Hz, 3H), 1.13 (t) = 7.2 Hz, 3H):*C
NMR (75 MHz, CDC}) 5 167.5 (C), 167.1 (C), 164.1 (C), 150.5 (C), 14KJ, 142.0
(CH), 136.5 (C), 135.4 (CH), 129.4 (CH), 127.5 (CH27.1 (C), 110.4 (CH), 107.8
(CH), 61.88 (CH), 61.85 (CH), 55.2 (CH), 37.1 (CH), 21.5 (G} 13.89 (CH), 13.86
(CHas); HRMS (ESI)mVz 508.1629 [M+H], Co4H29NOoS requires 508.1636.

(S,2)-1,1-Diethyl  4-methyl  4-(4-methylphenylsulfonamid®-2-phenylbut-3-ene-
1,1,4-tricarboxylate (19bn)

Chiral HPLC analysis: Chiralcel AD-H, hexaiferOH 80:20, 1
NHTs mL/min, E-isomer: major enantiomer t. = 28.1 min, minor
EtO,C _ enantiomer t, = 26.0 min.Z-isomer:major enantiomer t, = 76.5

CO,Me . i ) .
2 min, mnor enantiomer t, = 32.8 min.
CO,Et

White solid, mp 94-95C (hexane-EtOAc);d]p?° 20.2 € 0.98, CHC}, ee= 87% for
the major diastereomer); *H NMR (300 MHz, CDC}) § 7.71 (d,J = 8.4Hz, 2H), 7.32-
7.23 (m, 5H), 7.12-7.09 (m, 2H), 6.90 (s, 1H), 6(88J = 11.1Hz, 1H), 4.56 (dd] =
10.8, 9.9 Hz, 1H), 4.179 (d,= 7.2 Hz , 1H), 4.177 (4l = 7.2 Hz , 1H), 3.972 (q] =
7.2 Hz, 1H), 3.966 (q) = 6.9 Hz, 1H), 3.80 (dJ = 9.9 Hz, 1H), 3.58 (s, 3H), 2.41 (s,
3H), 1.22 (t,J = 7.2 Hz, 3H), 1.01 (t) = 7.2 Hz, 3H):**C NMR (75 MHz, CDC)) &
168.2 (C), 166.9 (C), 164.8 (C), 143.6 (C), 138C3H]), 137.6 (C), 136.8 (C), 129.5
(CH), 128.6 (CH), 128.2 (CH), 127.6 (CH), 127.4 (CH26.3 (C), 62.1 (Ch), 61.7
(CH,), 57.1 (CH), 52.5 (Ch), 43.0 (CH), 21.5 (CH), 13.9 (CH), 13.7 (CH); HRMS
(ESI)m/'z504.1673M+H] ", CpsH2oNOsS requires 504.1687.
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(S,2)-1,1-Diethyl 4-isopropyl 4-(4-methylphenylsulfonando)-2-phenylbut-3-ene-
1,1,4-tricarboxylate (19bo)

Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20, 1
NHTs mL/min, E-isomer: major enantiomer t. = 20.8 min, minor
EtO,C P enantiomer t; = 15.0 min.Z-isomer:major enantiomer t, = 35.1

CO,iPr . i . .
2 min, mnor enantiomer t, = 22.4 min.
CO,Et

Colorless oil; §]p?° 18.4 € 1.0, CHC}, ee= 89% for the major diastereomer); *H
NMR (300 MHz, CDC}) & 7.68 (dt,J = 8.1 Hz, 2H), 7.32-7.16 (m, 7H), 6.89 (=
10.8 Hz, 1H), 6.71 (s, 1H), 4.83 (hept= 6.3 Hz, 1H), 4.69 (dd] = 10.8, 9.6 Hz, 1H),
4.18 (q,J = 6.9 Hz, 2H), 3.983 (G} = 7.2 Hz, 1H), 3.977 (G} = 7.2 Hz, 1H), 3.82 (d]

= 9.6 Hz, 1H), 2.39 (s, 3H), 1.23 {t= 7.2 Hz, 3H), 1.11 (d] = 6.3 Hz, 3H), 1.08 (d]

= 6 Hz, 3H), 1.03 (tJ = 7.2 Hz, 3H):*C NMR (75 MHz, CDGJ) § 168.0 (C), 166.9
(C), 163.7 (C), 143.6 (C), 138.3 (CH), 137.9 (C36T (C), 129.4 (CH), 128.6 (CH),
128.3 (CH), 127.49 (CH), 127.46 (CH), 126.5 (C),76@CH), 62.0 (CH), 61.6 (CH),
57.3 (CH), 43.0 (CH), 21.47 (GM 21.43 (CH), 21.36 (CH), 13.9 (CH), 13.7 (CH):
HRMS (ESI)m/z532.1982 [M+H], C,7H33NOgSrequires 532.2000.

(S,2)-4-Ethyl  1,1-dimethyl  4-(4-methylphenylsulfonamid@-2-phenylbut-3-ene-
1,1,4-tricarboxylate (19aa)

Chiral HPLC analysis: Chiralcel AD-H, hexarfe-OH 80:20, 1
NHTS mL/min, E-isomer: major enantiomer t, = 34.5 min, minor
MeO,C P enantiomer t; = 22.9 min.Z-isomer:major enantiomer t, = 34.5

COEt min, minor enantiomer t; = 26.8 min.
CO,Me

Colorless oil; §]p*° 5.5 € 1.0, CHCE, ee= 86% for the major diastereomer); *H
NMR (300 MHz, CDCJ) & 7.68 (d,J = 8.4 Hz, 2H), 7.32-7.16 (m, 7H), 6.97 @®z=
11.1 Hz, 1H), 6.60 (s, 1H), 4.75 (d#i= 10.8, 9.6 Hz, 1H), 3.99 (d,= 7.2 Hz, 2H),
3.87 (d,J = 9.6 Hz, 1H), 3.72 (s, 3H), 3.54 (s, 3H), 2.393H), 1.11 (tJ = 7.2 Hz,
3H); **C NMR (75 MHz, CDCJ) § 168.4 (C), 167.4 (C), 164.1 (C), 143.7 (C), 138.8
(CH), 137.9 (C), 136.7 (C), 129.5 (CH), 128.7 (CHi28.1 (CH), 127.6 (CH), 127.5
(CH), 126.3 (C), 61.8 (C}), 57.0 (CH), 52.9 (Ch), 52.6 (CH), 43.1 (CH), 21.5 (CH),
13.9 (CH); HRMS (ESI)m/z 490.1524 [M+H], Co4H27NOgSrequires 490.1530.

(S,2)-4-Ethyl 1,1-diisopropyl 4-(4-methylphenylsulfonanido)-2-phenylbut-3-ene-
1,1,4-tricarboxylate (19ca)

Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20, 1
NHTs mL/min, E-isomer: major enantiomer t, = 17.2 min, minor
iPro,C P enantiomer t, = 14.6 min.Z-isomer:major enantiomer t, = 28.9

E . . ) .
) COEL min, minor enantiomer t, = 18.7 min.
CO,iPr

Colorless oil; §]o*° 25.1 € 1.0, CHCk, ee= 73% for the major diastereomer); *H
NMR (300 MHz, CDCY) & 7.70 (d,J = 8.4 Hz, 2H), 7.28-7.20 (m, 5H), 7.11-7.08 (m,
2H), 6.94 (s, 1H), 6.82 (d, = 10.8 Hz, 1H), 5.02 (hepd,= 6 Hz, 1H), 4.79 (heptl =
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6.3 Hz, 1H), 4.52 (dd] = 10.8, 9.9 Hz, 1H), 4.04 (d,= 6.9 Hz, 2H), 3.73 (dJ = 9.9
Hz, 1H), 2.39 (s, 3H), 1.21 (d,= 6.6 Hz, 3H), 1.18 (d] = 6.3 Hz, 3H), 1.13 (J = 7.2
Hz, 3H), 1.03 (d,) = 6.3 Hz, 3H), 0.99 (d] = 6.0 Hz, 3H);*C NMR (75 MHz, CDCJ)

§ 167.8 (C), 166.4 (C), 164.3 (C), 143.5 (C), 13&H), 137.8 (C), 137.0 (C), 129.4
(CH), 128.5 (CH), 128.3 (CH), 127.4 (CH), 126.5 ,(69.8 (CH), 69.3 (CH), 61.7
(CH,), 57.5 (CH), 42.9 (CH), 21.52 (GH 21.48 (CH), 21.4 (CH), 21.2 (CH), 13.9
(CHs); HRMS (ESI)mVz 546.2144 [M+H], CogH3sNOgSrequires 546.2156.

(R,Z2)-Dimethyl 2-(3,3-bis(4-methylphenylsulfonamido)-1phenylallyl)-2-
methylmalonate (20da)

Chiral HPLC analysis: Lux Amylose-1, hexari&aOH 80:20, 1
NHTs mL/min, E-isomer: major enantiomer t, = 14.2 min, minor
MeO,C _ enantiomer t; = 23.4 min.Z-isomer:major enantiomer t, = 14.9

CO,Et . . . .
Me 2 min, minor enantiomer t, = 12.7 min
CO,Me

Colorless oil; §]o*° 71.3 € 1.0, CHC}, ee= 83% for the major diastereomer); *H
NMR (300 MHz, CDCY) & 7.62 (d,J = 8.4 Hz, 2H), 7.26-7.23 (m, 3H), 7.18-7.14 (m,
3H), 7.06-7.03 (m, 2H), 6.94 (s, 1H), 4.52 fc= 11.1 Hz, 1H), 4.06 (q] = 7.2 Hz,
2H), 3.71 (s, 3H), 3.60 (s, 3H), 2.37 (s, 3H), 1(803H), 1.15 (] = 7.2 Hz, 3H)XC
NMR (75 MHz, CDC}) § 171.4 (C), 171.2 (C), 164.5 (C), 143.5 (C), 13C8i), 136.9
(C), 136.5 (C), 129.34 (CH), 129.26 (CH), 128.3 JCHR7.6 (CH), 127.3 (CH), 126.6
(C), 61.7 (CH), 58.6 (C), 52.8 (CK), 52.7 (CH), 47.6 (CH), 21.5 (Cl), 18.7 (CH),
13.9 (CH): HRMS (ESI)mz 504.1684 [M+H], CosHadNOsS requires 504.1687.

(R,Z)-1-Ethyl 4,4-dimethyl 3-(4-chlorophenyl)-1-(4-
methylphenylsulfonamido)pent-1-ene-1,4,4-tricarboxiate (20dc)

Cl Chiral HPLC analysis: Lux Amylose-1, hexari&aOH 80:20, 1
mL/min, E-isomer: major enantiomer t, = 22.4 min, minor
NHTs enantiomer t; = 48.9 min.Z-isomer:major enantiomer t; = 13.1

MeO,C P min, minor enantiomer t, = 13.8 min
Ve CO,Et

CO,Me Colorless oil; §]p*°17.8 € 1.0, CHC}, ee= 40%for the major
diastereomer): 'H NMR (300 MHz, CDCJ) § 7.60 (d,d = 8.4 Hz, 2H), 7.27-7.07 (m,
7H), 6.77 (s, 1H), 4.64 (d,= 10.8 Hz, 1H), 4.02 (q} = 6.9 Hz, 2H), 3.72 (s, 3H), 3.64
(s, 3H), 2.38 (s, 3H), 1.42 (s, 3H), 1.12XE 7.2 Hz, 3H)X3C NMR (75 MHz, CDCJ)

5 171.2 (C), 171.1 (C), 164.2 (C), 143.7 (C), 13(CH), 136.6 (C), 135.3 (C), 133.6
(C), 130.8 (CH), 129.4 (CH), 128.4 (CH), 127.4 (CE6.7 (C), 61.8 (Ch), 58.5 (C),
52.82 (CH), 52.76 (CH), 47.1 (CH), 21.5 (Ck), 18.8 (CH), 13.9 (CH): HRMS (ESI)
m/z 538.1298 [M+HT, C,5H2sCINOgS requires 538.1297.
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(R,2)-1-Ethyl 4,4-dimethyl 1-(4-methylphenylsulfonamidg-3-(4-nitrophenyl)pent-
1-ene-1,4,4-tricarboxylate (20dd)

NO, Chiral HPLC analysis: Lux Amylose-1, hexari&OH 90:10, 1
mL/min, E-isomer: major enantiomer t. = 52.8 min, minor
NHTs enantiomer t, = 96.5 min.Z-isomer:major enantiomer t, = 81.8

MeO,C _ min, minor enantiomer t. = 69.5 min.
Me CO,Et

CO,Me Pale yellow oil; f]p®° 77.1 € 1.0, CHCk, ee= 81% for the
major diastereomer); *H NMR (300 MHz, CDGJ) § 8.14 (d,J = 9 Hz, 2H), 7.53 (d) =
8.4 Hz, 2H), 7.42 (dJ = 8.7 Hz, 2H), 7.28 (d) = 10.5 Hz, 1H), 7.18 (d] = 8.1 Hz,
2H), 6.56 (s, 1H), 4.93 (d, = 10.8 Hz, 1H), 3.97 (q] = 7.2 Hz, 1H), 3.96 (q] = 7.2
Hz, 2H), 3.70 (s, 3H), 3.66 (s, 3H), 2.36 (s, 3H¥5 (s, 3H), 1.07 (] = 7.2 Hz, 3H);
3C NMR (75 MHz, CDCJ) § 170.8 (C), 170.7 (C), 163.7 (C), 147.2 (C), 1445,
143.9 (C), 137.2 (CH), 136.1 (C), 130.7 (CH), 120GH), 127.4 (CH), 127.2 (C),
123.2 (CH), 62.0 (Cb), 58.4 (C), 52.9 (Ch), 52.8 (CH), 47.6 (CH), 21.4 (Ch), 19.1
(CHs), 13.8 (CH); HRMS (ESI) m/z 549.1542 [M+H], GCuHagN-OwS requires
549,1537.

(R,2)-1-Ethyl 4,4-dimethyl 3-(4-methoxyphenyl)-1-(4-
methylphenylsulfonamido)pent-1-ene-1,4,4-tricarboxiate (20de)

OMe Chiral HPLC analysis: Lux Amylose-1, hexari&-OH 90:10, 1
mL/min, E-isomer: major enantiomer t. = 22.4 min, minor
NHTS enantiomer t, = 39.9 min.Z-isomer:major enantiomer t, = 25.6

MeO,C _ min, minor enantiomer t, = 34.9 min
Me CO,Et

CO,Me Yellow oil; [a]p* 57.8 € 0.83, CHC}, ee= 97% for the major
diastereomer); *H NMR (300 MHz, CDCY) § 7.64 (d,J = 8.1 Hz, 2H), 7.18 (d] = 8.1
Hz, 2H), 7.13 (d,J = 11.1 Hz, 1H), 6.99 (d] = 8.7 Hz, 2H), 6.90 (s, 1H), 6.78 @=
8.7 Hz, 2H), 4.49 (dJ = 11.1 Hz, 1H), 4.05 (q] = 6.9 Hz, 2H), 3.78 (s, 3H), 3.71 (s,
3H), 3.62 (s, 3H), 2.38 (s, 3H), 1.40 (s, 3H), 1(1,4) = 7.2 Hz, 3H):*C NMR (75
MHz, CDCk) & 171.6 (C), 171.3 (C), 164.5 (C), 159.0 (C), 1483, 137.7 (CH),
137.0 (C), 130.4 (CH), 129.4 (CH), 128.5 (C), 12(C#), 126.2 (C), 113.7 (CH), 61.7
(CH,), 58.7 (C), 55.1 (CH), 52.8 (CH), 52.7 (CH), 46.9 (CH), 21.5 (C}j, 18.7
(CH3), 13.9 (CH); HRMS (ESI) m'z 534.1785 [M+H], CyH3iNOsS requires
534.1792.

164



Experimental Section

5.4.2.Synthetic transformations from compound 19bn
(S9)-1,1-Diethyl 4-methyl 4-oxo-2-phenylbutane-1,1,4rdtarboxylate (21bn)

A solution of §2)-19bn (14.0 mg, 0.04 mmol, ee = 86%)
o dissolved in dry CKCl, (0.8 mL), was addedia syringe to

Et0,C Coume La(OTf); (14.6. mg, 0.025 mmol), previously dried in a Scklen

tube, under nitrogen atmosphere, followed by 4 A {8Sng)

and benzylamine (AL, 0.08 mmol). The mixture was stirred at
rt for 18 hours and chromatographed on silica geirey with hexane/EtOAc (85:15)
mixture to give compoundlbn (11.8 mg, 84%). Chiral HPLC analysis: Chiralcel AD
H, hexanePrOH 80:20, 1 mL/minmajor enantiomer t; = 16.5min, minor enantiomer
t, = 13.3 min. Colorless oilp]p*° 14.9 € 0.70, CHC}, ee = 86%):'H NMR (300 MHz,
CDCl3) 6 7.31 - 7.17 (m, 5H), 4.20 (d,= 7.2 Hz, 2H), 4.08-4.00 (m 1H), 3.95 M=
7.2 Hz, 2H), 3.81 (s, 3H), 3.74 (d,= 10.2 Hz, 1H), 3.43 (dd] = 18.0, 8.7 Hz, 1H),
3.33 (g,J = 18.0, 5.1 Hz, 1H), 1.26 @ = 6.9 Hz, 3H), 1.01 (t) = 7.2 Hz, 3H)**C
NMR (75 MHz, CDC}) 8 191.3 (C), 168.1 (C), 167.4 (C), 160.9 (C), 13y 128.5
(CH), 128.2 (CH), 127.4 (CH), 61.8 (GH61.4 (CH), 57.2 (CH), 53.0 (Ck), 43.4
(CH), 39.9 (CH), 14.0 (Ck, 13.7 (CH); HRMS (ESI) m/z 351.1430[M+H]",
C18H2207 requires 351.1438.

CO,Et
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5.5. Diastereodivergent enantioselective conjugataddition of 2-
chloromalonate esters toN-tosyl imines derived from B,y-unsaturated
a-keto esters

5.5.1. Enantioselective conjugate addition of diejth 2-chloromalonate to a,p-
unsaturated N-tosyl imino esters catalyzed by La(OTH

5.5.1.1. General procedure for the enantiosel ective conjugate addition

La(OTf); (7.3 mg, 0.0125 mmol) was dried in a Schlenk tubgen vacuumpyBOX9
(6.5 mg, 0.0125 mmol) was added and the tube Wlad fivith nitrogen. CHCI, (0.55
mL) was added via syringe and the mixture wasestifor 30 min. A solution of imine
17 (0.125 mmol) in dry CkCl, (0.5 mL) was addeuia syringe, followed by 4 A MS
(110 mg), and the mixture was introduced in a -1068@. After 10 minutes, diethyl 2-
chloromalonatele 32 puL, 0.187 mmol) was added to the reaction. The méxtuas
stirred at -10 °C for the indicated time and chrtwgeaphed on silica gel eluting with
hexane/EtOAc mixtures to give compou-p2.

5.5.1.2. General procedure for the synthesis of the racemic products

Racemic compounds for comparative purpose wereapedpby following the same
procedure, using La(OTf)n absence of chiral ligand and performing the tieacat
room temperature.

5.5.1.3. Characterization of products (S,2)-22
See Table 17 (Page 95) for yield, dr and ee.

(S,2)-Triethyl  1-chloro-4-(4-methylphenylsulfonamido)-2phenylbut-3-ene-1,1,4-
tricarboxylate, (S,2)-22ea

@ Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 90:10, 1
NHTSs mL/min, E-isomer: major enantiomer t, = 54.5 min, minor

cl A coet enantiomer t. = 36.4 min.Z-isomer:major enantiomer t. = 29.3
Et0,C CO,Et 2~ min, minor enantiomer t = 69.7 min.

White oil; [0]p?°-30.3 € 0.98, CHC}, ee = 86%for the major diastereomer); *H NMR
(300 MHz, CDC}) & 7.64 (dt,J = 8.4, 1.8 Hz, 2H), 7.27-7.26 (m, 5H), 7.21J& 10.2
Hz, 1H), 7.20 (ddJ = 8.4, 0.9 Hz, 2H), 6.65 (s, 1H), 5.07 {d; 9.9 Hz, 1H), 4.34-4.22
(m, 2H), 4.12-4.04 (m, 2H), 4.01 (@= 7.2 Hz, 1H), 2.38 (s, 3H), 1.28 {t= 7.2 Hz,
3H), 1.13 (t,J = 7.2 Hz, 3H), 1.11 (t) = 7.2 Hz, 3H):**C NMR (75 MHz, CDC)) &
166.4 (C), 164.8 (C), 164.1 (C), 143.6 (C), 1360H), 136.6 (C), 135.2 (C), 129.7
(CH), 129.4 (CH), 128.2 (CH), 127.5 (CH), 126.5 (CH4.3 (C), 63.4 (Ch), 63.3
(CHy), 61.8 (CH), 48.1 (CH), 21.5 (Ch), 13.9 (CH), 13.7 (CH), 13.6 (CH); HRMS
(ESI)m/z 552.1459M+H] ¥, Co6H3sCINOgS requires 552.1453.
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(S,2)-Triethyl (Z)-1-chloro-4-((4-methylphenyl)sulfonamido)-2-(p-tolyl)but-3-ene-
1,1,4-tricarboxylate, S,2)-22eb

mL/min, E-isomer: major enantiomer t. = 38.8 min, minor
> enantiomer t. = 26.4 min.Z-isomer:major enantiomer t, = 22.7

Cl N CO,Et min, minor enantiomer t; = 44.5 min.
EtO,C CO,Et

Chiral HPLC analysis: Lux Amylose-1, hexar&OH 90:10, 1
NHTs

White oil; [0]p® -31.8 € 0.87, CHCH4, ee = 86% for the major
diastereomer), *H NMR (300 MHz, CDCY) § 7.65 (dt,J = 8.1, 2.1 Hz, 2H), 7.20 (d,=
9.9 Hz, 3H), 7.15 (dJ = 8.4 Hz, 2H), 7. 07 (d] = 8.1 Hz, 2H), 6.64 (s, 1H), 5.02 (@,
= 9.9 Hz, 1H), 4.29 (g) = 7.2 Hz, 1H), 4.26 (q] = 7.2 Hz, 1H), 4.09 (q] = 6.9 Hz,
1H), 4.06 (qJ = 7.2 Hz, 1H), 4.00 (q] = 7.2 Hz, 2H), 2.38 (s, 3H), 2.30 (s, 3H), 1.27
(t, J = 7.2 Hz, 3H), 1.15 (t) = 7.2 Hz, 3H), 1.11 (dJ = 7.2 Hz, 3H);"*C NMR (75
MHz, CDCk) & 166.4 (C), 164.8 (C), 164.1 (C), 143.6 (C), 139, 137.2 (CH),
136.6 (C), 132.1 (C), 129.5 (CH), 129.3 (CH), 12&8#), 127.4 (CH), 126.3 (C), 74.4
(C), 63.4 (CH), 63.3(CH), 61.8 (CH), 47.7 (CH), 21.5 (CH), 21.1(CH), 13.9 (CH),
13.71 (CH), 13.67 (CH); HRMS (ESI)m/z 566.1606 [M+H], C,7H3,CINOgS requires
566.1610.

(S,2)-Triethyl  1-chloro-2-(4-chlorophenyl)-4-(4-methylphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,2)-22ec

cl Chiral HPLC analysis: Lux Amylose-1, hexar®&OH 95:05, 1.6
@ mL/min, E-isomer: major enantiomer t. = 93.8 min, minor

NHTs enantiomer t, = 58.0 min.Z-isomer:major enantiomer t, = 47.6
min, minor enantiomer t, = 68.8 min.

cl Z > COo,Et

EtO,C COEt White oil; [0]p?° -37.9 € 1.0, CHC}, ee = 86% for the major
diastereomer); *H NMR (300 MHz, CDC}) § 7.62 (dt,J = 8.4, 1.8 Hz, 2H), 7.28-7.25
(m, 4H), 7.21 (ddJ = 8.4, 0.9 Hz, 2H), 7.20 (d,= 9.9 Hz, 1H), 6.52 (s, 1H), 5.18 (@,
= 9.6 Hz, 1H), 4.29 (q] = 6.9 Hz, 1H), 4.27 (q] = 7.2 Hz, 1H), 4.12 (q] = 7.2 Hz,
1H), 4.09 (qJ = 7.2 Hz, 1H), 3.98 (q] = 7.2 Hz, 2H), 2.38 (s, 3H), 1.28 {t= 7.2 Hz,
3H), 1.17 (t,J = 7.2 Hz, 3H), 1.09 (tJ = 7.2 Hz, 3H);**C NMR (75 MHz, CDC}) §
166.1 (C), 164.7 (C), 163.9 (C), 143.8 (C), 13€81), 136.3 (C), 134.2 (C), 133.9 (C),
131.2 (CH), 129.4 (CH), 128.4 (CH), 127.5 (CH), I2€C), 74.1 (C), 63.5 (CH, 63.4
(CH), 61.9 (CH), 47.5 (CH), 21.5 (CH), 13.8 (CH), 13.7(CH); HRMS (ESI)m/z
586.1074 [M+H], CyeH29CI,NOgSrequires 586.1064.
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(S,2)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(4-nitrophenyl)but-3-
ene-1,1,4-tricarboxylate, §,2)-22ed

NO, Chiral HPLC analysis: Lux Amylose-1, hexariOH 80:20, 1
@ mL/min, E-isomer: major enantiomer t, = 36.7 min, minor

NHTs enantiomer t. = 21.8 min.Z-isomer:major enantiomer t, = 24.6
min, minor enantiomer t, = 43.7 min.

|
c Z > Co,Et

EtO,C COoEt Pale yellow oil; f]p?° -52.3 € 1.0, CHC}, ee = 87% for the
major diastereomer); *H NMR (300 MHz, CDCY)  8.15 (dt,J = 8.7, 2.4 Hz, 2H), 7.59
(dt, J = 9.0, 2.1 Hz, 2H), 7.56 (df,= 8.4, 2.1 Hz, 2H), 7.26 (d,= 9.6 Hz, 1H), 7.21
(dd,J = 8.7, 0.6 Hz, 2H), 6.41 (s, 1H), 5.46 (d= 10.2 Hz, 1H), 4.30 (q] = 7.2 Hz,
1H), 4.28 (9] = 7.2 Hz, 1H), 4.14 (g] = 7.2 Hz, 1H), 4.12 (q] = 6.9 Hz, 1H), 3.95 (q,
J=7.2 Hz, 1H), 3.94 (q] = 7.2 Hz, 1H), 2.37 (s, 3H), 1.28 {t= 7.2 Hz, 3H), 1.19 (¢,
J=7.2 Hz, 3H), 1.05 () = 7.2 Hz, 3H)**C NMR (75 MHz, CDC}) § 165.6 (C), 164.5
(C), 163.4 (C), 147.5 (C), 144.1 (C), 142.9 (C)pH3(CH), 135.8 (C), 131.1 (CH),
129.4 (CH), 127.5 (CH), 127.3 (C), 123.1 (CH), 7838, 63.64 (CH), 63.59 (CH),
62.1 (CH), 47.8 (CH), 21.4 (CH), 13.8 (CH), 13.7 (CH); HRMS (ESI)m/z597.1310
[M+H]", CeH29CIN,OcSrequires 597.1304.

(S,2)-Triethyl 1-chloro-2-(4-methoxyphenyl)-4-(4-methyphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,2)-22ee

OMe Chiral HPLC analysis: Chiralcel AD-H, hexaiferOH 80:20, 1
@ mL/min, E-isomer: major enantiomer t, = 28.8 min, minor

NHTs enantiomer t. = 22.9 min.Z-isomer:major enantiomer t, = 17.4
min, minor enantiomer t, = 33.5 min.

cl Z > Co,Et

EtO,C COEL Yellow oil; [0]p?° -29.3 € 1.0, CHC}, ee = 86% for the major
diastereomer); *H NMR (300 MHz, CDCY) § 7.64 (dt,J = 8.4, 1.8 Hz, 2H), 7.20 (d,=
8.7 Hz, 4H), 7.12 (d) = 9.9 Hz, 1H), 6.79 (dt] = 8.7, 1.8 Hz, 2H), 6.65 (s, 1H), 5.03
(d,J = 9.9 Hz, 1H), 4.28 (q] = 7.2 Hz, 2H), 4.25 (q] = 7.2 Hz, 1H), 4.09 (g] = 6.9
Hz, 1H), 4.06 () = 7.2 Hz, 1H), 4.00 (q] = 7.2 Hz, 2H), 3.77 (s, 3H), 2.38 (s, 3H),
1.27 (t,J = 6.9 Hz, 3H), 1.15 () = 6.9 Hz, 3H), 1.10 (] = 7.2 Hz, 3H)*C NMR (75
MHz, CDCk) & 166.4 (C), 164.8 (C), 164.1 (C), 159.3 (C), 1483, 137.2 (CH),
136.6 (C), 130.8 (CH), 129.3 (CH), 127.4 (CH), 12{T), 126.1 (C), 113.6 (CH), 74.5
(C), 63.4 (CH), 63.2 (CH), 61.8 (CH), 55.1 (CH), 47.4 (CH), 21.4 (Ch), 13.8
(CHs), 13.7 (CH); HRMS (ESI) m/z 582.1565[M+H]", C,7H3,CINOeS requires
582.1559.
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(S,2)-Triethyl  1-chloro-2-(3-chlorophenyl)-4-(4-methylphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,2)-22ef

Cl Chiral HPLC analysis: Chiralcel AD-H, hexarfe-OH 85:15, 0.7
\© mL/min, E-isomer: major enantiomer t, = 33.3 min, minor
NHTs enantiomer t. = 25.4 min.Z-isomer:major enantiomer t, = 27.6

COzEt  min, minor enantiomer t, = 39.7 min.
Et0,C CO,Et

White oil; [#]p*° -31.6 € 1.0, CHC}, ee= 82%for the major diastereomer); *H NMR
(300 MHz, CDC}) & 7.62 (dt,J = 8.1, 1.8 Hz, 2H), 7.25-7.20 (m, 6H), 7.17 J&; 9.6
Hz, 1H), 6.59 (s, 1H), 5.11 (d,= 9.9 Hz, 1H), 4.29 (q] = 6.9 Hz, 2H), 4.27 (41 = 7.2
Hz, 1H), 4.12 (g = 7.2 Hz, 1H), 4.10 (q) = 7.2 Hz, 1H), 4.01 (q) = 6.9 Hz, 2H),
2.38 (s, 3H), 1.28 (] = 7.2 Hz, 3H), 1.17 (t) = 7.2 Hz, 3H), 1.11 () = 6.9 Hz, 3H);
3C NMR (75 MHz, CDCJ) & 166.0 (C), 164.6 (C), 163.9 (C), 143.8 (C), 13([C3,
136.4 (C), 136.2 (CH), 133.8 (C), 129.8 (CH), 120GH), 129.3 (C), 128.4 (CH),
128.2 (CH), 127.4 (CH), 127.0 (CH), 74.0 (C), 63(64), 63.46 (CH), 62.0 (CH),
47.7 (CH), 21.5 (CH), 13.8 (CH), 13.70 (CH), 13.68 (CH); HRMS (ESI) n/z
586.1067 [M+H], CxH29ClI.NOgS requires 586.1064.

(S,2)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(3-nitrophenyl)but-3-
ene-1,1,4-tricarboxylate, §,2)-22eg

mL/min, E-isomer: major enantiomer t, = 28.0 min, minor
enantiomer t, = 20.2 min.Z-isomer:major enantiomer t, = 17.3

Cl = ) . . )
COEt  min, minor enantiomer t, = 24.2 min.
Et0,C CO,Et

Yellow oil; [a]p* -59.0 € 1.0, CHC}, ee = 87%for the major diastereomer); *H NMR
(300 MHz, CDC§) & 8.21 (t,J = 2.1 Hz, 1H), 8.15 (dqg] = 8.1, 2.4, 1.2 Hz, 1H), 7.75
(dt,J = 7.8, 1.2 Hz, 1H), 7.55 (di,= 8.4, 1.8 Hz, 2H), 7.49 (§,= 7.8 Hz, 1H), 7.28 (d,
J = 9.3 Hz, 1H), 7.20 (dd] = 8.4, 0.9 Hz, 1H), 6.42 (s, 1H), 5.43 (d5 9.6 Hz, 1H),
4.31 (9,d = 7.2 Hz, 1H), 4.28 (q] = 7.2 Hz, 1H), 4.16 (q] = 7.2 Hz, 1H), 4.14 (q] =
7.2 Hz, 1H), 3.98 (qJ = 7.2 Hz, 1H), 3.97 (q] = 6.9 Hz, 1H), 2.36 (s, 3H), 1.29 Jt=
7.2 Hz, 3H), 1.21 (tJ = 7.2 Hz, 3H), 1.08 (t) = 7.2 Hz, 3H);*C NMR (75 MHz,
CDCly) § 165.5 (C), 164.5 (C), 163.5 (C), 147.8 (C), 144}, 137.6 (C), 136.7 (CH),
136.1 (CH), 135.9 (C), 129.4 (CH), 128.9 (CH), ®2{CH), 127.3 (C), 124.6 (CH),
123.1 (CH), 73.8 (C), 63.6 (GH 62.2 (CH), 47.7 (CH), 21.4 (CH), 13.8 (CH), 13.7
(CH3); HRMS (ES|)IT]/Z 597.1308 [M+H], C26H290INzoloSrequires 597.1304.

02N© Chiral HPLC analysis: Lux Amylose-1, hexari&aOH 80:20, 1
NHTs
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(S,2)-Triethyl 1-chloro-2-(3-methoxyphenyl)-4-(4-methyphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,2)-22eh

MeO Chiral HPLC analysis: Lux Amylose-1, hexari&aOH 90:10, 1
\© NHT mL/min, E-isomer: major enantiomer t, = 53.5 min, minor
® enantiomer t. = 39.6 min.Z-isomer:major enantiomer t, = 31.9

2Et min, minor enantiomer t, = 50.0 min.
Et0,C CO,Et

Yellow oil; [¢]p*° -8.7 (¢ 0.98, CHC}, ee = 85%for the major diastereomer); *H NMR
(300 MHz, CDC})  7.65 (dt,J = 8.1, 1.8 Hz, 2H), 7.20 (dd,= 8.1, 0.9 Hz, 2H), 7.18
(td,J=7.2, 0.9 Hz, 1H), 7.17 (d,= 9.9 Hz, 1H), 6.88-6.84 (m, 3H), 6.65 (s, 1HN®.
(d,J = 9.9 Hz, 1H), 4.29 (q] = 7.2 Hz, 2H), 4.26 (q] = 7.2 Hz, 1H), 4.10 (q] = 6.9
Hz, 1H), 4.07 (qJ = 7.2 Hz, 1H), 4.01 (q] = 7.2 Hz, 1H), 3.78 (s, 3H), 2.38 (s, 3H),
1.27 (t,J = 6.9 Hz, 3H), 1.14 (t) = 7.2 Hz, 3H), 1.11 (] = 7.2 Hz, 3H)}*C NMR (75
MHz, CDCk) & 166.3 (C), 164.8 (C), 164.1 (C), 159.2 (C), 148), 136.8 (CH),
136.64 (C), 136.58 (C), 129.3 (CH), 129.1 (CH), 22(CH), 126.6 (C), 122.0 (CH),
115.9 (CH), 113.3 (CH), 74.2 (C), 63.4 (g§H63.3 (CH), 61.8 (CH), 55.2 (CH), 48.0
(CH), 21.4 (CH), 13.9 (CH), 13.7 (CH), 13.6 (CH); HRMS (ESI)m/z 582.1566
[M+H]", C,7H3,CINOySrequires 582.1559.

(S,2)-Triethyl  1-chloro-2-(2-chlorophenyl)-4-(4-methylphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,2)-22ei

Chiral HPLC analysis: Chiralcel AD-H, hexaife-OH 90:10, 1
C|/© NHTs mL/min, E-isomer: major enantiomer t, = 46.1 min, minor
Clw Al enantiomer t. = 54.4 min.Z-isomer:major enantiomer t. = 50.3
Et0,C CO,Et €25 min, minor enantiomer t, = 71.5 min.

Colorless oil; §]p>° -37.1 € 0.97, CHC}, ee = 88% for the major diastereomer); *H
NMR (300 MHz, CDC}) 6 7.74 (dt,J = 8.4, 1.8 Hz, 2H), 7.65-7.62 (m, 1H), 7.35-7.32
(m, 1H), 7.23-7.20 (m, 4H), 6.99 (s, 1H), 6.94Jd; 9.9 Hz, 1H), 5.74 (d] = 9.6 Hz,
1H), 4.34 (qJ = 7.2 Hz, 1H), 4.30 (q) = 7.2 Hz, H), 4.12 (qJ = 7.2 Hz, 1H), 4.06-
3.96 (m, 3H), 2.38 (s, 3H), 1.29 &= 7.2 Hz, 3H), 1.11 () = 6.9Hz, 3H), 1.09 (d] =
6.9 Hz, 3H);**C NMR (75 MHz, CDCJ) § 166.6 (C), 164.6 (C), 163.9 (C), 143.3 (C),
137.7 (C), 134.8 (C), 133.7 (C), 133.4 (CH), 13(CH), 129.9 (CH), 129.2 (CH),
127.8 (C), 127.2 (CH), 126.8 (CH), 73.9 (C), 63CHf), 63.5 (CH), 61.7 (CH), 43.0
(CH), 21.5 (CH), 13.8 (CH), 13.7 (CH), 13.5 (CH); HRMS (ESI)m/z 586.1060
[M+H] ", C6H29CI-NOgS requires 586.1064.
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(S,2)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(2-nitrophenyl)but-3-
ene-1,1,4-tricarboxylate, §,2)-22¢j

Chiral HPLC analysis: Lux Amylose-1, hexariOH 80:20, 1
02N© NHTs mL/min, E-isomer: major enantiomer t, = 21.5 min, minor
cl " enantiomer t, = 18.8 min.Z-isomer:major enantiomer t, = 41.1
EtO,C CO,Et COREL min, minor enantiomer t, = 53.0 min.

Orange oil; §]p*° - 37.1 € 0.96, CHC4, ee = 88% for the major diastereomer); 'H
NMR (300 MHz, CDC}) & 7.88 (dd,J = 8.1, 1.2 Hz, 1H), 7.75 (dd,= 7.8, 1.2 Hz,
1H), 7.61-7.55 (m, 3H), 7.46 (ddd= 8.1, 7.2, 1.5 Hz, 1H), 7.17 (ddi= 8.1, 0.9 Hz,
2H), 6.97 (dJ = 8.7 Hz, 1H), 6.92 (s, 1H), 5.98 @@= 8.7 Hz, 1H), 4.31 (q] = 7.2 Hz,
1H), 4.30 (qJ = 7.2 Hz, 1H), 4.18-3.96 (m, 4H), 2.35 (s, 3HRI(t,J = 7.2 Hz, 3H),
1.14 (t,J = 7.2 Hz, 3H), 1.12 (d] = 7.2 Hz, 3H);*C NMR (75 MHz, CDC})  165.5
(C), 164.8 (C), 163.6 (C), 150.1 (C), 143.5 (C)713(C), 132.5 (CH), 131.5 (CH),
130.7 (C), 130.3 (CH), 129.3 (C), 129.1 (CH), 12603H), 127.2 (CH), 125.0 (CH),
73.9 (C), 63.8 (Ch), 63.7 (CH), 61.9 (CH), 40.7 (CH), 21.4 (Ck), 13.8 (CH), 13.7
(CH3), 13.5 (CH), HRMS (ES|) m/z 597.1316 [M+H], Co6H29CIN2O10S requires
597.1304.

(S,2)-Triethyl 1-chloro-2-(2-methoxyphenyl)-4-(4-methyphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,2)-22ek

mL/min, E-isomer: major enantiomer t, = 27.4 min, minor
cl o enantiomer t. = 22.1 min.Z-isomer:major enantiomer t, = 12.4
Et0,C CO,Et COEt min, minor enantiomer t, = 31.4 min.

/@ Chiral HPLC analysis: Lux Amylose-1, hexari®OH 80:20, 1
MeO NHTs

Yellow oil; [a]p?° -25.2 € 0.98, CHC}, ee = 87% for the major diastereomer); 'H
NMR (300 MHz, CDC}) & 7.72 (dtJ = 8.4, 1.8 Hz, 2H), 7.43 (dd,= 8.4, 1.8 Hz, 1H),
7.24-7.20 (m, 3H), 7.03 (s, 1H), 7.02 §cs 10.2 Hz, 1H), 6.89 (td] = 7.2, 1.2 Hz 1H),
5.55 (d,J = 9.9 Hz, 1H), 4.31 (q] = 7.2 Hz, 1H), 4.28 (] = 6.9 Hz, 1H), 4.07 (] =
7.2 Hz, 1H), 4.030 (q] = 7.2 Hz, 1H), 4.027 (q] = 7.2 Hz, 2H), 3.83 (s, 3H), 2.38 (s,
3H), 1.28 (t,J = 6.9 Hz, 3H), 1.11 (tJ = 7.2 Hz, 3H), 1.08 (dJ = 7.2 Hz, 3H):*C
NMR (75 MHz, CDC}) 5 166.5 (C), 165.2 (C), 164.1 (C), 156.9 (C), 14€), 138.0
(C), 134.3 (CH), 129.8 (CH), 129.2 (CH), 129.1 (CEQ7.2(CH), 127.0 (C), 124.1 (C),
120.5 (CH), 110.8 (CH), 73.7 (C), 63.3 (§H63.1 (CH), 61.5 (CH), 55.6 (CH), 40.6
(CH), 21.5 (CH), 13.8 (CH), 13.7 (CH), 13.5 (CH): HRMS (ESI)mz 582.1560
[M+H]", C,7H3,CINOoS requires 582.1559.
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(S,2)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(thiophen-2-yl)but-3-
ene-1,1,4-tricarboxylate, §,2)-22em

s@ Chiral HPLC analysis: Lux Amylose-1, hexari&OH 90:10, 1
2" NHTs mL/min, E-isomer: major enantiomer t, = 70.0 min, minor
C'NCOZB enantiomer t, = 41.7 min.Z-isomer:major enantiomer t, = 32.9
EtO,C CO,Et min, minor enantiomer t. = 58.9 min.

Yellow oil; [a]p?° -30.4 € 0.98, CHC}, ee = 84% for the major diastereomer); 'H
NMR (300 MHz, CDC}) § 7.63 (dt,J = 8.4, 1.8 Hz, 2H), 7.24 (dd,= 5.1, 1.2 Hz, 1H),
7.20 (dd,J = 8.7, 0.9 Hz, 2H), 7.12 (d,= 9.9 Hz, 1H), 7.01 (dq] = 3.6, 0.6 Hz, 1H),
6.93 (ddJ = 5.1, 3.6 Hz, 1H), 6.52 (s, 1H), 5.54 §cs 9.9 Hz, 1H), 4.28 (q] = 7.2 Hz,
1H), 4.27 (9J = 7.2 Hz, 1H), 4.18 (q] = 6.9 Hz, 1H), 4.16 (q] = 7.2 Hz, 1H), 3.99 (q,
J=7.2 Hz, 2H), 2.37 (s, 3H), 1.28 Jt= 6.9 Hz, 3H), 1.21 (t] = 6.9 Hz, 3H), 1.09 (1)

= 7.2 Hz, 3H);*C NMR (75 MHz, CDCJ) § 165.8 (C), 164.6 (C), 163.9 (C), 143.8 (C),
136.4 (C), 136.24 (C), 136.21 (CH), 129.3 (CH), .#2&H), 127.5 (CH), 126.4 (C),
126.2 (CH), 125.9 (CH), 74.3 (C), 63.5 (9H63.4 (CH), 61.9 (CH), 44.4 (CH), 21.4
(CHs), 13.8 (CH), 13.7 (CH); HRMS (ESI)m/z 558.1019 [M+H], CoH2sCINOsS,
requires 558.1018.

(S,2)-1,1-Diethyl 4-methyl 1-chloro-4-(4-methylphenylslionamido)-2-phenylbut-3-
ene-1,1,4-tricarboxylate, §,2)-22en

Chiral HPLC analysis: Chiralcel AD-H, hexarfe-OH 80:20, 1
@ NHTS mL/min, E-isomer: magjor enantiomer t, = 26.5 min, minor
enantiomer t, = 16.1 min.Z-isomer:major enantiomer t; = 14.1
min, minor enantiomer t. = 19.3 min.

cl Z > co,Me
Et0,C CO,Et

Pale yellow oil; {]p?°-31.9 € 0.98, CHC}, ee = 83%for the major diastereomer); *H
NMR (300 MHz, CDC})  7.65 (dt,J = 8.4, 2.1 Hz, 2H), 7.25 (s,5H), 7.20 (dd; 8.4,
0.6 Hz, 2H), 7.19 (dJ = 9.9 Hz, 1H), 6.75 (s, 1H), 5.00 @= 9.9 Hz, 1H), 4.34-4.21
(m, 2H), 4.11-3.99 (m, 2H), 3.57 (s, 3H), 2.393), 1.27 (tJ = 7.2 Hz, 3H), 1.12 (]

= 6.9 Hz, 3H);**C NMR (75 MHz, CDC}) § 166.4 (C), 164.7 (C), 164.6 (C), 143.6 (C),
136.9 (CH), 136.6 (C), 135.1 (C), 129.6 (CH), 126CH), 128.2 (CH), 127.4 (CH),
126.4 (C), 74.2 (C), 63.5 (GY 63.3 (CH), 52.5 (CH), 48.1 (CH), 21.5 (CH), 13.7
(CH3), 13.6 (CH); HRMS (ESI) miz 538.1298 [M+H], C,sH.sCINOsS requires
538.1297.
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(S,2)-1,1-Diethyl  4-isopropyl  (Z)-1-chloro-4-((4-methyphenyl)sulfonamido)-2-
phenylbut-3-ene-1,1,4-tricarboxylate, $,2)-22e0

Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
@ NHTs mL/min, E-isomer: major enantiomer t. = 16.0 min, minor
cl o CouPr enantiomer t. = 11.9 min.Z-isomer.major enantiomer t, = 10.4
Et0,C CO,Et . min, minor enantiomer t = 28.7 min.

Yellow oil; [a]p?° -30.8 € 0.96, CHC}, ee = 92% for the major diastereomer); 'H
NMR (300 MHz, CDC}) 6 7.63 (dt,J = 8.4, 1.8 Hz, 2H), 7.28-7.26 (m, 5H), 7.21 4d,
= 9.9 Hz, 1H), 7.19 (dd] = 8.7, 0.9 Hz, 2H), 6.59 (s, 1H), 5.13 [z 9.9 Hz, 1H),
4.82 (quint,d = 6.3 Hz, 1H), 4.30 (q] = 7.2 Hz, 1H), 4.27 (q] = 7.2 Hz, 1H), 4.08 (q,
J=7.2 Hz, 1H), 4.06 (q] = 6.9 Hz, 1H), 2.37 (s, 3H), 1.28 {t= 6.9 Hz, 3H), 1.14 (t,
J=7.2 Hz, 3H), 1.10 (d] = 6.6 Hz, 3H), 1.08 (d] = 6.3 Hz, 3H):*C NMR (75 MHz,
CDCl) § 166.3 (C), 164.8 (C), 163.6 (C), 143.6 (C), 13€H), 136.5 (C), 135.4 (C),
129.8 (CH), 129.4 (CH), 128.1 (CH), 127.5 (CH), I26C), 74.4 (C), 69.8 (CH), 63.4
(CH,), 63.3 (CH), 48.1 (CH), 21.44 (Ch), 21.40 (CH), 21.3 (CH), 13.72 (CH),
13.66 (CH); HRMS (ESI)m/z 566.1612 [M+H], C,7H3,CINOsS requires 566.1610.

(S,2)-4-Ethyl 1,1-dimethyl 1-chloro-4-(4-methylphenylsifonamido)-2-phenylbut-
3-ene-1,1,4-tricarboxylate, $,2)-22fa

@ Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
NHTs mL/min, E-isomer: major enantiomer t; = 24.9 min, minor

cl " COLEL enantiomer t, = 16.0 min.Z-isomer:major enantiomer t, = 17.0
MeO,C CO,Me ?~ min, minor enantiomer t. = 21.4 min.

Colorless oil; §]p>° -35.4 € 0.98, CHC}, ee = 84% for the major diastereomer); *H
NMR (300 MHz, CDC}) & 7.61 (dt,J = 8.1, 1.8 Hz, 2H), 7.27-7.25 (m, 5H), 7.24 1d,

= 9.9 Hz, 1H), 7.18 (dd] = 8.7, 0.9 Hz, 2H), 6.65 (s, 1H), 5.15 (= 9.9 Hz, 1H),
3.98 (g,J = 7.2 Hz, 2H), 3.81 (s, 3H), 3.61 (s, 3H), 2.363H), 1.09 (tJ = 7.2 Hz,
3H); **C NMR (75 MHz, CDCJ) § 166.7 (C), 165.3 (C), 164.0 (C), 143.7 (C), 137.1
(CH), 136.4 (C), 135.2 (C), 129.7 (CH), 129.4 (CH28.3 (CH), 128.2 (CH), 127.5
(CH), 126.6 (C), 74.2 (C), 61.9 (GH 54.1 (CH), 53.8 (CH), 48.2 (CH), 21.5 (C#H),
13.9 (CH); HRMS (ESI)mVz 524.1143 [M+H], Co4H26CINOgSrequires 524.1140.
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5.5.2. Enantioselective conjugate addition of dietth 2-chloromalonate to a,p-
unsaturated N-tosyl imino esters catalyzed by Ca(OT¥)

5.5.2.1. General procedure for the enantiosel ective conjugate addition

Ca(OTfp (2.1 mg, 0.00625 mmol) was dried in a Schlenk tuh@er vacuumpyBOX1
(2.3 mg, 0.00625 mmol) was added and the tube Mg Wwith nitrogen. CHCI, (0.55
mL) was added via syringe and the mixture wasestifor 30 min. A solution of imine
17 (0.25 mmol) dissolved in dry GBI, (0.5 mL) was added via syringe followed by 4
A MS (110 mg), and the mixture was introduced inie@m bath. After 10 minutes,
diethyl 2-chloromalonate (3@L, 0.187 mmol) was added to the reaction. The mextu
was stirred at 0° C for the indicated time and ofatographed on silica gel eluting with
hexane/EtOAc mixtures to give compoulit)-22.

5.5.2.2. General procedurefor the synthesis of the racemic products

Racemic compounds for comparative purpose wereapedpby following the same
procedure, using La(OTf)jn absence of chiral ligand and performing the tieacat
room temperature.

5.5.2.3. Characterization of products (S,E)-22
See Table 19 (Page 97) for yield, dr and ee.

(S,E)-Triethyl  1-chloro-4-(4-methylphenylsulfonamido)-2phenylbut-3-ene-1,1,4-
tricarboxylate, (S,E)-22ea

Chiral HPLC analysis: Chiralcel AD-H, hexarfeOH 80:20, 1
@ mL/min, E-isomer: major enantiomer t, = 22.2 min, minor
enantiomer t, = 15.4 min.Z-isomer: major enantiomer t, = 14.1
min, minor enantiomer t. = 28.4 min.

" CO,Et

cl Z NHTs
EtO,C CO,E
White solid; mp 75-77 °C;o]p® 60.7 € 1.00, CHC}, ee = 97% for the major
diastereomer); 'H NMR (300 MHz, CDCJ) 5 7.50 (dt,J = 8.4, 1.8 Hz, 2H), 7.31-7.25
(m, 5H), 7.12 (dJ = 10.2 Hz, 1H), 7.09 (dd, = 7.8, 0.9 Hz, 2H), 6.63 (s, 1H), 5.62 (d,
J=10.5 Hz, 1H), 4.19 (q = 7.2 Hz, 2H), 4.07 (q] = 7.2 Hz, 1H), 4.06 (q] = 6.9 Hz,
1H), 4.03 (q,) = 7.2 Hz, 2H), 2.34 (s, 3H), 1.23 {t= 7.2 Hz, 3H), 1.12 (0 = 6.9 Hz,
3H), 1.11 (tJ = 7.2 Hz, 3H)23C NMR (75 MHz, CDCJ) 5 165.7 (C), 165.1 (C), 162.6
(C), 143.7 (C), 136.8 (C), 135.7(C), 132.8 (CH)9R(CH), 129.4 (CH), 128.1 (CH),
127.9 (CH), 127.6 (CH), 124.9 (C), 74.4 (C), 63CH{), 63.0 (CH), 62.0 (CH), 48.2
(CH), 21.4 (CH), 13.9 (CH), 13.7 (CH), 13.6 (CH); HRMS (ESI)m/z 552.1456
[M+H]", C6H30CINOgS requires 552.1453.
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(S,E)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(p-tolyl)but-3-ene-1,1,4-
tricarboxylate, (S,E)-22eb

mL/min, E-isomer: major enantiomer t, = 46.5 min, minor
> CO,Et enantiomer t, = 27.9 min.Z-isomer:major enantiomer t, = 24.4
. min, minor enantiomer t, = 41.3 min.

Chiral HPLC analysis: Lux Amylose-1, hexari&OH 90:10, 1

cl Z > NHTs

EtO,C CO,Et _ 20
Pale yellow oil; §]p2° 70.6 € 0.98, CHC4, ee = 98% for the

major diastereomer); *H NMR (300 MHz, CDCJ) § 7.52 (dtJ = 8.4, 1.8 Hz, 2H), 7.16
(dt,J = 8.1, 1.8 Hz, 2H), 7.12-7.05 (m, 4H), 7.104& 10.2 Hz, 1H), 6.64 (s, 1H), 5.59
(d,J = 10.2 Hz, 1H), 4.19 (g = 7.2 Hz, 2H), 4.09 (q] = 7.2 Hz, 1H), 4.07 (g] = 7.2
Hz, 1H), 4.023 (gJ = 7.2 Hz, 1H), 4.022 (gl = 7.2 Hz, 1H), 2.35 (s, 3H), 2.30 (s, 3H),
1.23 (t,J = 6.9 Hz, 3H), 1.14 (t] = 7.2 Hz, 3H), 1.12 (d] = 7.2 Hz, 3H)*C NMR (75
MHz, CDCk) § 165.7 (C), 165.1 (C), 162.6 (C), 143.6 (C), 138, 135.7 (C), 133.7
(C), 132.9 (CH), 129.5 (CH), 129.3 (CH), 128.8 (CEQ7.6 (CH), 124.6 (C), 74.5 (C),
63.1 (CH), 62.9 (CH), 61.9 (CH), 47.7 (CH), 21.4 (CH, 21.0 (CH), 13.8 (CH),
13.69 (CH), 13.67 (CH); HRMS (ESI)mz 566.1616 [M+H], Co7H3,CINOsS requires
566.1610.

(S,E)-Triethyl  1-chloro-2-(4-chlorophenyl)-4-(4-methylphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,E)-22ec

Chiral HPLC analysis: Lux Amylose-1, hexari&OH 95:05, 1.6

T mL/min, E-isomer: major enantiomer t; = 95.9 min, minor
enantiomer t, = 61.2 min.Z-isomer:major enantiomer t, = 52.3
> COEt  min, minor enantiomer t, = 73.5 min.
O P SNhTs
Et0,C CO,Et White; mp 87-88 °C;d]p>° 77.8 € 1.0, CHC}, ee = 98%for the

major diastereomer); *H NMR (300 MHz, CDCJ) & 7.52 (dt,J =
8.4, 1.8 Hz, 2H), 7.23 (s, 4H), 7.13 (dds 8.4, 0.9 Hz, 2H), 7.03 (d,= 10.2 Hz, 1H),
6.65 (s, 1H), 5.60 (d] = 10.2 Hz, 1H), 4.19 (q] = 7.2 Hz, 2H), 4.10 (q] = 7.2 Hz,
1H), 4.09 (qJ = 7.2 Hz, 1H), 4.03 (q] = 7.2 Hz, 2H), 2.36 (s, 3H), 1.23 {t= 6.9 Hz,
3H), 1.14 (t,J = 7.2 Hz, 3H), 1.12 (t) = 7.2 Hz, 3H);"*C NMR (75 MHz, CDC}) &
165.5 (C), 165.0 (C), 162.3 (C), 143.9 (C), 13%3 (135.4 (C), 133.9 (C), 131.9 (CH),
131.2 (CH), 129.4 (CH), 128.2 (CH), 127.5 (CH), I2(C), 74.1 (C), 63.3 (CH) 63.2
(CH,), 62.1 (CH), 47.5 (CH), 21.5 (CH), 13.9 (CH), 13.7(CH); HRMS (ESI)m/z
586.1056 [M+H], CeH29Cl,NOgSrequires 586.1064.

175



Experimental Section

(S,E)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(4-nitrophenyl)but-3-
ene-1,1,4-tricarboxylate, §,E)-22ed

NO, Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
mL/min, E-isomer: major enantiomer t; = 34.2 min, minor
CO.Et enantiomer t, = 21.1 min.Z-isomer: major enantiomer t; = 27.6
Cle i ’ min, minor enantiomer t, = 43.5 min.
NHTs
EtO,C COoEt Yellow solid; Mp 128-129 °C;of]p?° 44.8 ¢ 1.0, CHC}, ee =

97% for the major diastereomer); *H NMR (300 MHz, CDCJ) 6 8.09 (dt,J = 9.0, 2.1
Hz, 2H), 7.57 (dt) = 8.4, 2.1 Hz, 2H), 7.44 (di,= 8.7, 1.8 Hz, 2H), 7.17 (di,= 8.7,
0.9 Hz, 2H), 6.98 (d]) = 9.9 Hz, 1H), 6.76 (s, 1H), 5.70 @= 9.9 Hz, 1H), 4.20 (q] =
7.2 Hz, 2H), 4.11 () = 7.2 Hz, 1H), 4.10 (g] = 7.2 Hz, 1H), 4.04 (q] = 7.2 Hz, 2H),
2.37 (s, 3H), 1.23 () = 7.2 Hz, 3H), 1.15 (tJ = 7.2 Hz, 3H), 1.12 ({J = 7.2 Hz, 3H);
3C NMR (75 MHz, CDCJ) & 165.1 (C), 164.8 (C), 161.9 (C), 147.2 (C), 144},
144.1 (C), 135.8 (C), 130.9 (CH), 129.8 (CH), 129CH), 127.5 (CH), 126.1 (C),
123.0 (CH), 73.7 (C), 63.5 (GH 63.4 (CH), 62.2 (CH), 47.8 (CH), 21.4 (CH), 13.8
(CH3), 13.7 (CH); HRMS (ESI) m/z 597.1281 [M+H], Co6H29CIN2O10S requires
597.1304.

(S,E)-Triethyl 1-chloro-2-(4-methoxyphenyl)-4-(4-methyphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §E)-22ee

OMe Chiral HPLC analysis: Chiralcel AD-H, hexaifeOH 80:20, 1
mL/min, E-isomer: major enantiomer t, = 28.7 min, minor
enantiomer t, = 23.1 min.Z-isomer: major enantiomer t, = 18.1

¥~ CO,Et ) . . .
: 2 min, minor enantiomer t, = 34.7 min.

CISeF NS
Et0,C CO,Et Yellow oil; [0]p?° 84.2 € 0.95, CHC}, ee = 98% for the major
diastereomer); *H NMR (300 MHz, CDCJ) & 7.51 (dt,J = 8.4, 1.8 Hz, 2H), 7.22 (di,
= 9.0, 3.0 Hz, 2H), 7.12 (dd,= 8.4, 0.9 Hz, 2H), 7.09 (d,= 10.5 Hz, 1H), 6.80 (dt]
= 8.7, 3.3 Hz, 2H), 6.60 (s, 1H), 5.59 (d+ 10.5 Hz, 1H), 4.19 (q] = 6.9 Hz, 2H), 4.
09 (q,J = 7.2 Hz, 1H), 4.08 (q] = 7.2 Hz, 1H), 4.03 (q] = 7.2 Hz, 2H), 3.78 (s, 3H),
2.35 (s, 3H), 1.23 () = 6.9 Hz, 3H), 1.14 () = 6.9 Hz, 3H), 1.13 (] = 7.2 Hz, 3H);
3C NMR (75 MHz, CDCJ) & 165.7 (C), 165.2 (C), 162.6 (C), 159.2 (C), 14&7,
135.8 (C), 133.3 (CH), 130.9 (CH), 129.4 (CH), B28CH), 127.6 (CH), 124.6 (C),
113.5 (CH), 74.6 (C), 63.1 (GH 63.0 (CH), 61.9(CH), 55.2 (CH), 47.3 (CH), 21.5
(CHs), 13.9 (CH), 13.7 (CH); HRMS (ESI)m/z 582.1547 [M+H], Co7H3,CINOgS
requires 582.1559.
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(S,E)-Triethyl  1-chloro-2-(3-chlorophenyl)-4-(4-methylphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,E)-22ef

Cl Chiral HPLC analysis: Chiralcel AD-H, hexaiferOH 85:15, 0.7
\© mL/min, E-isomer: major enantiomer t, = 39.2 min, minor
enantiomer t, = 29.8 min.Z-isomer: major enantiomer t, = 27.9

cl = o ) .
NHTs  min, minor enantiomer t, = 33.6 min.
EtO,C CO,Et

Colorless oil; §]o?° 44.5 € 1.0, CHC}, ee = 96% for the major diastereomer); *H
NMR (300 MHz, CDC}) & 7.55 (dt,J = 8.4, 1.8 Hz, 2H), 7.25-7.18 (m, 4H), 7.15 (dd,
= 8.4, 0.6 Hz, 2H), 7.01 (d, = 10.2 Hz, 1H), 6.71 (s, 1H), 5.57 @@= 10.2 Hz, 1H),
4.20 (q,J = 7.2 Hz, 2H), 4.11 (q] = 7.2 Hz, 1H), 4.10 (q] = 6.9 Hz, 1H), 4.05 (] =
6.9 Hz, 2H), 2.36 (s, 3H), 1.23 (t= 7.2 Hz, 3H), 1.15 (1) = 6.9 Hz, 3H), 1.13 () =
7.2 Hz, 3H):2C NMR (75 MHz, CDCJ) 5 165.4 (C), 164.9 (C), 162.3 (C), 143.9 (C),
138.9 (C), 135.7 (C), 133.7 (C), 131.1 (C), 1308}, 129.4 (CH), 129.3 (CH), 128.0
(CH), 127.9 (CH), 127.5 (CH), 125.4 (C), 74.1 (63,3 (CH), 63.2 (CH), 62.1 (CH),
47.8 (CH), 21.4 (CH), 13.8 (CH), 13.69 (CH), 13.68 (CH): HRMS (ESI) m/z
586.1057 [M+H], CeH29Cl,NOgSrequires 586.1064.

~” COEt

(S,E)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(3-nitrophenyl)but-3-
ene-1,1,4-tricarboxylate, §,E)-22eg

O,N Chiral HPLC analysis: Lux Amylose-1, hexaitrOH 80:20, 1
O mL/min, E-isomer: major enantiomer t. = 27.6 min, minor
:  COEt  enantiomer t = 20.0 min.Z-isomer: major enantiomer t, = 17.9

Cl . . . )
Z NHTs min, mnor enantiomer t, = 24.5 min.
EtO0,C CO,Et

Yellow solid; Mp 94-96 °C: {]p*° 2.6 € 1.0, CHC}, ee = 93% for the major
diastereomer); *H NMR (300 MHz, CDCJ) § 8.13 -8.08 (m, 2H), 7.67 (di,= 7.8, 1.2
Hz, 1H), 7.60 (dtJ = 8.4, 1.8 Hz, 2H), 7.45 (§ = 7.8 Hz, 1H), 7.17 (dd] = 8.7, 0.6
Hz, 2H), 6.99 (dJ = 9.9 Hz, 1H), 6.78 (s, 1H), 5.70 @z 9.9 Hz, 1H), 4.212 (q] =
7.2 Hz, 2H), 4.21 (9] = 7.2 Hz, 1H), 4.13 (q] = 7.2 Hz, 1H), 4.06 (q] = 7.2 Hz, 2H),
2.36 (s, 3H), 1.24 (] = 7.2 Hz, 3H), 1.17 () = 7.2 Hz, 3H), 1.15 () = 7.2 Hz, 3H);
¥C NMR (75 MHz, CDC}) & 165.2 (C), 165.1 (C), 162.2 (C), 149.4 (C), 144,
135.6 (C), 132.4 (CH), 132.3 (C), 131.8 (CH), 1283#), 128.6 (CH), 128.4 (CH),
127.4 (CH), 126.5 (C), 124.5 (CH), 74.1 (C), 63C3§), 63.2 (CH), 62.5 (CH), 40.9
(CHg), 21.4 (CH), 13.8 (CH), 13.7 (CH), 13.4 (CH); HRMS (ESI)m/z 597.1302
[M+H]", C6H29CIN,O10S requires 597.1304.
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(S,E)-Triethyl 1-chloro-2-(3-methoxyphenyl)-4-(4-methyphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,E)-22eh

MeO Chiral HPLC analysis: Lux Amylose-1, hexailrOH 90:10, 1

\© CO.E mL/min, E-isomer: major enantiomer t, = 53.3 min, minor

ol 2Ft enantiomer t; = 40.5 min.Z-isomer:major enantiomer t; = 34.1
Z NHTs

min, minor enantiomer t, = 51.3 min.
EtO,C CO,Et

Yellow solid; Mp 66-67 °C: d]p*° 76.9 € 1.0, CHC}, ee = 96% for the major
diastereomer); *H NMR (300 MHz, CDC}) 6 7.50 (dt,J = 8.4, 1.8 Hz, 2H), 7.18 (§,=
7.5 Hz, 1H), 7.10 (dd) = 8.4, 0.9 Hz, 2H), 7.09 (d, = 10.2 Hz, 1H), 6.88-6.80 (m,
3H), 6.63 (s, 1H), 5.61(dl = 10.5 Hz, 1H), 4.19 (q] = 7.2 Hz, 2H), 4.10 (q) = 7.2
Hz, 1H), 4.08 (g, = 7.2 Hz, 1H), 4.029 (g} = 7.2 Hz, 1H), 4.027 (q] = 7.2 Hz, 1H),
3.78 (s, 3H), 2.34 (s, 3H), 1.23 Jt= 6.9 Hz, 3H), 1.13 (1) = 7.2 Hz, 3H), 1.12 () =
6.9 Hz, 3H):"*C NMR (75 MHz, CDCJ)  165.7 (C), 165.1 (C), 162.6 (C), 159.8 (C),
143.7 (C), 138.1 (C), 135.8 (C), 132.8 (CH), 1260#), 129.0 (CH), 127.5 (CH),
124.9 (C), 122.1 (CH), 115.5 (CH), 113.0 (CH), 7€}, 63.1 (CH), 63.0 (CH), 62.0
(CH,), 55.1 (CH), 48.0 (CH), 21.4 (Ch), 13.9 (CH), 13.70 (CH), 13.67 (CH);
HRMS (ESI)m/z 582.1545 [M+H], C,7H3,CINOgS requires 582.1559.

(S,E)-Triethyl  1-chloro-2-(2-chlorophenyl)-4-(4-methylphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,E)-22ei

mL/min, E-isomer: major enantiomer t, = 52.9 min, minor

Clw A enantiomer t, = 47.9 min.Z-isomer: major enantiomer t, = 73.5

NHT L . _
Et0,C CO,Et * min, minor enantiomer t, = 51.6 min.

/@ Chiral HPLC analysis: Chiralcel AD-H, hexaifeOH 90:10, 1
cl CO,Et

White solid; Mp 73-75 °C; f|p®® 2.7 € 0.97, CHC}, ee = 98% for the major
diastereomer); *H NMR (300 MHz, CDCJ) & 7.55 (ddJ = 6.3, 1.5 Hz, 1H), 7.52 (di,

= 8.4, 1.8 Hz, 2H), 7.33-7.30 (m, 1H), 7.24-7.2Q AH), 7.12 (ddJ = 8.4, 0.9 Hz, 2H),
6.74 (s, 1H), 6.13 (dl = 10.2 Hz, 1H), 4.24- 3.99 (m, 6H), 2.35 (s, 3HR3 (t,J = 7.2
Hz, 3H), 1.11 (tJ = 7.2 Hz, 3H), 1.09 (d] = 7.2 Hz, 3H);*C NMR (75 MHz, CDC})

§ 165.5 (C), 165.0 (C), 162.7 (C), 143.8 (C), 138, 135.1 (C), 134.3 (C), 131.3
(CH), 130.0 (CH), 129.40 (CH), 129.38 (CH), 128GHy), 127.5 (CH), 126.7 (CH),
125.8 (C), 74.1 (C), 63.3 (G} 63.1 (CH), 62.4 (CH), 55.2 (CH), 43.2 (CH), 21.4
(CHs), 13.9 (CH), 13.7 (CH), 13.5 (CH); HRMS (ESI)mVz 586.1056 [M+H],
C26H290|2NOSS requires 586.1064.

178



Experimental Section

(S,E)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(2-nitrophenyl)but-3-
ene-1,1,4-tricarboxylate, §E)-22¢j

Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
mL/min, E-isomer: major enantiomer t; = 23.4 min, minor

ON™ Y7 CO,Et ) i i . .
cl o NHT enantiomer t; = 20.4 min.Z-isomer:major enantiomer t; = 45.5
Et0,C CO,Et ® min, minor enantiomer t, = 60.1 min.

Orange oil; §]p®° -117.4 € 1.0, CHC}, ee = 99% for the major diastereomer); *H
NMR (300 MHz, CDC}) 6 7.85 (dd,J = 8.1, 1.5 Hz, 1H), 7.79 (dd,= 8.1, 1.5 Hz,
1H), 7.59 (tdJ = 7.5, 1.5 Hz, 1H), 7.49 (d1,= 8.4, 1.8 Hz, 2H), 7.44 (ddd=8.1, 7.2,
1.2 Hz, 1H), 7.14 (dd] = 8.7, 0.9 Hz, 2H), 6.92 (d,= 9.9 Hz, 1H), 6.74 (s, 1H), 6.29
(d,J=9.9 Hz, 1H), 4.17 (q] = 7.2 Hz, 2H), 4.12- 3.98 (m, 4H), 2.36 (s, 3HRL(t,J
= 7.2 Hz, 3H), 1.12 (&) = 7.2 Hz, 3H), 1.05(d) = 7.2 Hz, 3H);**C NMR (75 MHz,
CDCly) § 165.2 (C), 165.1 (C), 162.2 (C), 149.4 (C), 14&D, 135.6 (C), 132.4 (CH),
132.3 (C), 131.8 (CH), 129.5 (CH), 128.6 (CH), ®28CH), 127.4 (CH), 126.5 (C),
124.5 (CH), 74.1 (C), 63.3 (GH 63.2 (CH), 62.5 (CH), 40.9 (CH), 21.4 (Ch), 13.8
(CHs), 13.7 (CH), 13.4 (CH); HRMS (ESI)mVz 597.1307 [M+H], CogH2eCIN2O16S
requires 597.1304.

(S,E)-Triethyl 1-chloro-2-(2-methoxyphenyl)-4-(4-methyphenylsulfonamido)but-3-
ene-1,1,4-tricarboxylate, §,E)-22ek

mL/min, E-isomer: major enantiomer t, = 26.3 min, minor

Cla_~_~ NHT enantiomer t, = 21.9 min.Z-isomer:major enantiomer t, = 12.7
Et0,C CO,Et * min, minor enantiomer t, = 32.0 min.

@ Chiral HPLC analysis: Lux Amylose-1, hexari&OH 80:20, 1
MeO CO,Et

Yellow oil; [0]p?° 15.9 € 0.97, CHC}, ee = 95%for the major diastereomer); *H NMR
(300 MHz, CDC}) § 7.56 (dt,J = 8.4, 1.8 Hz, 2H), 7.32 (dd,=7.5, 1.5 Hz, 1H), 7.23
(ddd,J = 8.1, 7.5, 1.8 Hz, 1H), 7.12 (ddi= 8.1, 0.9 Hz, 2H), 7.09 (d,= 10.2 Hz, 1H),
6.89 (td,J = 7.5, 1.2 Hz 1H), 6.79 (dd,= 8.1, 1.2 Hz, 1H), 6.67 (s, 1H), 5.90 (0=
9.9 Hz, 1H), 4.17-3.97 (m, 4H), 3.76 (s, 3H), 2(843H), 1.24 (t) = 7.2 Hz, 3H), 1.13
(t, J = 6.9 Hz, 3H), 1.06 (d] = 7.2 Hz, 3H):*C NMR (75 MHz, CDC}) § 165.8 (C),
165.4 (C), 162.9 (C), 156.8 (C), 143.5 (C), 1358, (132.4 (CH), 131.2 (CH), 129.3
(CH), 128.8 (CH), 127.6 (CH), 125.6 (C), 124.8 ({30.2 (CH), 110.0 (CH), 73.9 (C),
62.8 (CH), 62.7 (CH), 61.9 (CH), 55.2 (CH), 41.7 (CH), 21.4 (Ck), 13.7 (CH),
13.69 (CH), 13.57 (CH); HRMS (ESI)m/z 582.1552 [M+H], C,7H3,CINOsSrequires
582.1559.
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(S,E)-Triethyl 1-chloro-4-(4-methylphenylsulfonamido)-2(thiophen-2-yl)but-3-
ene-1,1,4-tricarboxylate, §,E)-22em

/j Chiral HPLC analysis: Lux Amylose-1, hexari&OH 90:10, 1
7 Co,et  mL/min, E-isomer: major enantiomer t = 68.7 min, minor

cl N NHTs enantiomer t, = 42.0 min.Z-isomer:major enantiomer t, = 37.5
EtO,C CO,Et min, minor enantiomer t. = 63.1 min.

Yellow oil; [0]p?° 64.3 € 1.0, CHC}, ee = 97%for the major diastereomer); *H NMR
(300 MHz, CDC}) § 7.53 (dt,J = 8.4, 2.1 Hz, 2H), 7.21 (dd,= 5.1, 1.2 Hz, 1H), 7.15
(dd,J = 8.7, 0.9 Hz, 2H), 7.02 (dd,= 3.9, 0.6 Hz, 1H), 6.94 (d,= 10.5 Hz, 1H), 6.93
(dd,J = 5.1, 3.6 Hz, 1H), 6.67 (s, 1H), 6.04 (d= 10.5 Hz, 1H), 4.17 (g] = 7.2 Hz,
2H), 4.12 (gJ = 7.5 Hz, 2H), 4.11 (q] = 6.9 Hz, 2H), 2.36 (s, 3H), 1.22 {t= 7.2 Hz,
3H), 1.19 (t,J = 7.5 Hz, 3H), 1.17 (t) = 7.2 Hz, 3H):**C NMR (75 MHz, CDC)) &
165.3 (C), 164.8 (C), 162.7 (C), 143.7 (C), 13T}, (135.7 (C), 130.2 (CH), 129.4
(CH), 127.5 (CH), 126.4 (CH), 125.3 (CH), 125.2,(@3.3 (C), 63.3 (Ch), 63.1 (CH),
62.2 (CH), 43.9 (CH), 21.4 (CH), 13.8 (CH), 13.7(CH); HRMS (ESI)m/z 558.1009
[M+H] +, C24H280|N0882 requires 558.1018.

(S,E)-1,1-Diethyl 4-methyl 1-chloro-4-(4-methylphenylslionamido)-2-phenylbut-
3-ene-1,1,4-tricarboxylate, $,E)-22en

Chiral HPLC analysis: Chiralcel AD-H, hexarfexOH 80:20, 1
@ mL/min, E-isomer: major enantiomer t, = 25.9 min, minor
enantiomer t, = 16.0 min.Z-isomer: major enantiomer t, = 14.7
min, minor enantiomer t. = 19.5 min.

Y CO,Me

cl Z SNHTs
EtO0,C CO,Et
Pale yellow oil; §#]p*° 56.9 € 1.0, CHC}, ee = 98% for the major diastereomer); *H
NMR (300 MHz, CDC}) & 7.52 (dt,Jd = 8.1, 2.1 Hz, 2H), 7.26 (s, 5H), 7.13 {d 9.9
Hz, 1H), 7.12 (dJ = 7.8 Hz, 2H), 6.65 (s, 1H), 5.56 @@= 9.9 Hz, 1H), 4.20 (g1 = 7.2
Hz, 2H), 4.07 (qJ = 7.2 Hz, 1H), 4.06 (q] = 7.2 Hz, 1H), 3.55 (s, 3H), 2.35 (s, 3H),
1.24 (t,J = 7.2 Hz, 3H), 1.11 (t) = 6.9 Hz, 3H)**C NMR (75 MHz, CDC}) & 165.7
(C), 165.1 (C), 162.8 (C), 143.7 (C), 136.8 (C)583(C), 133.2 (CH), 129.7 (CH),
129.4 (CH), 128.0 (CH), 127.9 (CH), 127.5 (CH), I2¢C), 74.3 (C), 63.1 (CH}, 63.0
(CHy), 52.4 (CH), 48.2 (CH), 21.4 (CH, 13.7 (CH), 13.6 (CH); HRMS (ESI)m/z
538.1288 [M+HI, C5H25CINOsS requires 538.1297.
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(S,E)-1,1-Diethyl 4-isopropyl 1-chloro-4-(4-methylphenisulfonamido)-2-
phenylbut-3-ene-1,1,4-tricarboxylate, $,E)-22e0

@ Chiral HPLC analysis: Lux Amylose-1, hexariOH 80:20, 1
CO,iPr mL/min, E-isomer: major enantiomer t, = 15.1 min, minor
Cle A enantiomer t, = 11.4 min.Z-isomer: major enantiomer t, = 10.2

NHTs . =~ . : .
Et0,C CO,Et min, minor enantiomer t. = 26.7 min.

Colorless oil; {]p*° 66.4 € 0.96, CHC}, ee = 98% for the major diastereomer); *H
NMR (300 MHz, CDCJ) § 7.45 (dt,J = 8.1, 2.1 Hz, 2H), 7.31-7.26 (m,5H), 7.10 {c:
10.5 Hz, 1H), 7.07 (dJ = 8.1 Hz, 2H), 6.65 (s, 1H), 5.67 (@= 10.5 Hz, 1H), 4.90
(quint,J = 6.3 Hz, 1H), 4.19 (q] = 7.2 Hz, 2H), 4.07 (q] = 7.2 Hz, 1H), 4.06 (q] =
6.9 Hz, 1H), 2.33 (s, 3H), 1.23 &= 7.2 Hz, 3H), 1.13 (d] = 6.0 Hz, 3H), 1.12 (0 =
6.3 Hz, 3H), 1.04 (dJ = 7.2 Hz, 3H)*C NMR (75 MHz, CDCJ) § 165.6 (C), 165.1
(C), 162.2 (C), 143.6 (C), 136.7 (C), 135.7(C), B3ECH), 129.8 (CH), 129.3 (CH),
128.1 (CH), 127.9 (CH), 127.5 (CH), 125.1 (C), 763}, 70.2 (CH), 63.1 (CH, 63.0
(CHy), 47.9 (CH), 21.5 (Cl), 21.46 (CH), 21.42 (CH), 21.39 (CH), 13.71 (CH),
13.67 (CH); HRMS (ESI)mVz 566.1598 [M+H], C,7H3,CINOgS requires 566.1610.

(S,E)-4-ethyl 1,1-dimethyl 1-chloro-4-(4-methylphenylslionamido)-2-phenylbut-3-
ene-1,1,4-tricarboxylate, §,E)-22fa

Chiral HPLC analysis: Lux Amylose-1, hexaii&OH 80:20, 1
© CO,Et mL/min, E-isomer: major enantiomer t, = 25.9 min, minor
cl o NHTs enantiomer t. = 16.3 min.Z-isomer:major enantiomer t, = 17.5
MeO,C CO,Me min, minor enantiomer t, = 22.8 min.

White oil; [0]p?° 50.1 € 1.0, CHC}, ee = 98%for the major diastereomer); *H NMR
(300 MHz, CDC}) § 7.52 (dt,J = 8.1, 1.8 Hz, 2H), 7.27-7.25 (m, 6H), 7.11 (dd; 8.1,
0.9 Hz, 2H) 7.08 (dJ = 10.2 Hz, 1H), 6.66 (s, 1H), 5.16 @ 9.9 Hz, 1H), 4.02 (g

= 7.2 Hz, 2H), 3.73 (s, 3H), 3.61 (s, 3H), 2.343sl), 1.10 (t,J = 7.2 Hz, 3H);"*C
NMR (75 MHz, CDC}) § 166.1 (C), 165.6 (C), 162.5 (C), 143.7 (C), 13}, 135.7
(C), 132.3 (CH), 129.6 (CH), 129.4 (CH), 128.1 (CH8.0 (CH), 127.6 (CH), 125.2
(C), 74.3 (C), 62.0 (C), 53.8 (CH), 53.7 (CH), 48.2 (CH), 21.4 (Ch), 13.8 (CH);
HRMS (ESnVz 524.1133 [M+H], Co4H26CINOgS requires 524.1140.
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5.5.3. Determination of the absolute stereochemigtiof compounds 22

(R,E)-Triethyl 4-(4-methylphenylsulfonamido)-2-phenylbu-3-ene-1,1,4-
tricarboxylate, (R,E)-19ba

A solution of Rh(COD)BE (0.88 mg, 0.0022 mmol) and dppp
© COLE (0.98 mg, 0.0024 mmol) in MeOH (1.5 mL) was stirfed 30

EtO,C A~ e minutes under nitrogen atmosphere. The&E)(22ea (30 mg,

0.054 mmol,E/Z = 96:4, ee = 97%/70%, obtained from the

pyBOX1-Ca catalyzed reaction) was added and the solwam
stirred under K atmosphere (5 atm) for 25 hours. Purification bglumn
chromatography on silica gel eluting with hexan@/&t (70:30) mixture gave 27.1 mg
(97%) of compoundR,E)-19ba Z/E : 5:95 ee= 48/97%). Chiral HPLC analysis: Lux
Amylose-1, hexané&rOH 80:20, 1 mL/minE-diastereomermajor enantiomer t, =
22.8 min,minor enantiomer t. = 16.7 min;Z-diastereomermajor enantiomer t, = 40.4
min, minor enantiomer t, = 21.7 min. Colorless oil;a]p® 1.44 € 1.0, CHC}, E/Z =
95:5, ee= 97%/48%):'H NMR (300 MHz, CDCJ) & 7.37 (dt,J = 8.4, 1.8 Hz, 2H),
7.35-7.23 (m,5H), 7.05 (d,= 8.1 Hz, 2H), 6.72 (d] = 10.8 Hz, 1H), 6.52 (s, 1H), 5.23
(t, J = 10.8, 1H), 4.15 (q) = 7.2 Hz, 2H), 4.06 (q) = 7.2 Hz, 2H), 3.95 (q¢) = 7.2,
1H), 3.94 (q,J = 7.2 Hz, 1H), 3.81 (dJ = 10.5 Hz, 1H), 2.33 (s, 3H), 1.22 {t= 7.2
Hz, 3H), 1.14 (tJ = 7.2 Hz, 3H), 0.99 (1] = 7.2 Hz, 3H)*C NMR (75 MHz, CDC}) &
167.4 (C), 167.1 (C), 162.9 (C), 143.6 (C), 1393, (136.1(CH), 135.6 (C), 129.4
(CH), 128.6 (CH), 128.3 (CH), 127.4 (CH), 127.3 (CHZ24.5 (C), 62.0 (Ch), 61.7
(CHp), 61.4 (CH), 57.9 (CH), 43.3 (CH), 21.4 (GH 14.0 (CH), 13.9 (CH), 13.7
(CHz); HRMS (ESI)mVz 518.1850 [M+H], C6H31NOgS requires 518.1843.

CO,Et

(R,Z)-Triethyl 4-(4-methylphenylsulfonamido)-2-phenylbu-3-ene-1,1,4-
tricarboxylate, (R,Z)-19ba

Following the above procedur§Z)-22ea(30 mg,E/Z = 8:92,
@ NHTs ee = 83%/86%, obtained from theyBOX9-La catalyzed
reaction) was transformed int&R Z)-19ba E/Z = 8:92,ee =
80%/86%), which showed the same spectroscopic riesatiout
inverted retention times for the major and minoargiomer as
compound §2)-19ba(Section 5.4.1.3).

EtO,C N coEt

CO,Et

(R)-Triethyl 4-oxo-2-phenylbutane-1,1,4-tricarboxylae (21ba)

A solution of RE)-19ba (17.6 mg, 0.034 mmol) dissolved in

@ dry CHCI; (0.8 mL), was added via syringe to La(Q8 mg,

Et0,C CO.Et 0.0034 mmol) previously dried in a Schlenk tubejemitrogen
Co,et 2='atmosphere, followed by 4 A MS (7 mg) and benzytami

(0.068 mmol). The mixture was stirred at rt for i8urs and
chromatographed on silica gel eluting with hexat@At (85:15) mixture to give 10.7
mg (86%) of compoundR)-21ba. Chiral HPLC analysis: Chiralcel AD-H, hexane-
iPrOH 80:20, 1 mL/minmajor enantiomer t; = 21.4min, minor enantiomer t. = 14.0

182



Experimental Section

min. Colorless oil; §]p?° -18.0 € 0.910, CHCJ, ee = 92%); *H NMR (300 MHz,

CDCly) § 7.26-7.17 (m, 5H), 4.232 (d,= 7.2 Hz, 1H), 4.230 (q] = 7.2 Hz, 1H), 4.19
(q,J = 7.2 Hz, 1H), 4.188 (g} = 6.9 Hz, 1H), 4.06 - 3.98 (m, 1H), 3.93 {o 7.2 Hz,
2H), 3.73 (d,J = 10.2 Hz, 1H), 3.41 (ddl = 17.7, 8.7 Hz, 1H), 3.30 (d,= 17.7, 5.1
Hz, 1H), 1.30 () = 7.2 Hz, 3H), 1.25 () = 6.9 Hz, 3H), 0.99 (1) = 7.2 Hz, 3H)®C

NMR (75 MHz, CDC}) § 191.6 (C), 168.0 (C), 167.4 (C), 160.4 (C), 13y, 128.5
(CH), 128.2 (CH), 127.3 (CH), 62.4 (GH 61.7 (CH), 61.3 (CH), 57.2 (CH), 43.3
(CH), 40.0 (CH), 13.9 (Ch), 13.8 (CH), 13.7 (CH); HRMS (ESI) m/z 365.1594
[M+H] *, CroH240; requires 365.1595.

Hydrolysis of R,Z)-19ba following a similar procedure gave a product widlentical
spectroscopic features and retention times in HPLC.

5.5.4. Synthetic transformations

(25,3S)-Diethyl  2-(2-ethoxy-1-(hydroxyimino)-2-oxoethyl)3-phenylcyclopropane-
1,1-dicarboxylate (23ea)

O O A solution of §E)-22ea (60 mg, 0.11 mmolE/Z = 94:6, ee =
EtO ot  96%/59%), NHOH-HCI (18.1 mg, 0.26 mmol) and &t (37 pL,
NOH 0.26 mmol) in DMSO (1.6 mL) was stirred at rt fohdurs under
POkt nitrogen atmosphere. Column chromatography onasdel eluting
with hexane/EtOAc (60:40) mixture gave 37.4 mg (9086
compound23ea Chiral HPLC analysis: Chiralpak IC, hexaif@OH 80:20, 1 mL/min,
major enantiomer t, = 7.9 min, minor enantiomer t, = 17.2 min. Colorless oil;(xI]D2° -
11.8 € 1.0, CHC}, ee = 92%)*H NMR (300 MHz, CDC}) 5 9.68 (br s, 1H), 7.31 -
7.22 (m, 5H), 4.26 (dql = 7.2, 3.3 Hz, 2H), 4.17 (dd,= 7.2, 4.5 Hz, 2H), 3.90 (dqd,=
6.9, 4.8 Hz, 2H), 3.67 (&, = 8.7 Hz, 1H), 3.27 (d] = 9.0 Hz, 1H), 1.28 (J = 6.9 Hz,
3H), 1.24 (t,J = 7.2 Hz, 3H), 0.89 () = 7.2 Hz, 3H);"*C NMR (75 MHz, CDC}J) &
167.6 (C), 165.8 (C), 162.4 (C), 146.9 (C), 13%H, (128.7 (CH), 128.2 (CH), 127.6
(CH), 61.94 (CH), 61.89 (CH), 61.5 (CH), 42.9 (C), 36.7 (CH), 25.8 (CH), 13.9
(2CHs), 13.7 (CH); HRMS (ESI)m/z 378.1547 [M+H], CigH2sNO; requires 378.1547.
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5.6. Catalytic asymmetric formal [3+2] cycloadditim of 2-
Isocyanatomalonate esters and unsaturated iminesyrgthesis of highly
substituted chiral y-lactams

5.6.1. Synthesis of dialkyl 2-isocyanatomalonated 2

0
o o o o
iPrO OiPr ) OiPr iPrO OiPr
NH,CI NCO

0O O

2. H, PdIC

a) Diisopropyl 2-aminomalonate hydrochloride®®* A 250 mL round bottom flask
containing diisopropyl malonate (30.0 g, 159.4 myweds introduced in an ice bath.
After 10 min, water (43 ml) was added followed bg@H (32.8 mL, 569 mmol).
NaNG; (39.6 g, 569 mmol) was added in portions over drhdhe mixture was stirred
for 24 h at room temperature and extracted witlthglleether (3x70 mL), washed with
aqueous saturated NaHgQntil basic pH (6x50 mL), dried over Mg%Cand
concentrated under reduced pressure. The resgltitg oxime was dissolved in EtOH
(130 mL), and hydrogenated over 10% Pd/C (0.2%gpR# hours until no remaining
oxime was observed in the reaction mixture (TLO)e Tmixture was filtered through
Celite to remove the catalyst. The filtrate wasasmirated under reduced pressure and
dissolved in diethyl ether (250 mL). Dry HCI wasbbled through the solution for 1
hour. The resulting white precipitate was filteredished with diethyl ether and dried
under vacuum to give 23.4 g (62%) of diisoprop@rnomalonate hydrochloride.

b) Diisopropyl 2-isocyanatomalonate (240).'% Diisopropyl 2-aminomalonate

hydrochloride (3.53 g, 14.7 mmol), was dissolvedlioxane (11 mL) and cooled to O
°C under nitrogen atmosphere. Active charcoal (1§)8was added followed by
triphosgene (4.36 g, 14.7 mmol). The reaction nmmextuas introduced in a bath at 80 °C
for one hour and then heated at reflux temperatwernight. After this time, the
reaction mixture was filtered to remove the char@ma concentrated under reduced
pressure. The concentrated was distilled underuracfoil pump) in a kugelrohr (T =
160-170 °C) to give 3.17 g (93%) of diisopropylsbéyanatomalonat@4c). *H NMR
(300 MHz, CDC}) 8 5.13 (2H, hept) = 6.3 Hz, CHO), 4.44 (1H, s, CH-CO), 1.30 (6H,
t,J=6.3 Hz, Me).

c) Diethyl 2-isocyanatomalonate (24b). Starting from commercially available diethyl 2-
aminomalonate hydrochloride, it was prepared in 988td. (T = 150 °C, oil pump)H
NMR (300 MHz, CDCY) 6 4.52 (1H, s, CH-CO), 4.32 (2H, §~= 7.2 Hz, CHO), 4.31
(2H, q,J=7.2 Hz, CHO), 1.32 (6H, tJ = 7.2 Hz, Me).

c) Dimethyl 2-isocyanatomalonate (24@. Starting from commercially available
dimethyl 2-aminomalonate hydrochloride, it was regl in 82% vyield. (T = 145 °C,
oil pump).*H NMR (300 MHz, CDCJ) 6 4.58 (1H, s, CH-CO), 3.87 (6H, s, MeO).
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5.6.2. Synthesis ofi,p-unsaturated N-(o-methoxyphenyl)imines 25

EtN (2.96 mL, 2.14 g, 21.3 mmol) followed by Ti&lL.16 mL, 2.0 g, 10.6 mmol) were
addedvia syringe to a solution of the requirédenone (9.6 mmol) and-anisidine
(1.18 g, 9.6 mmol) in dry dichloromethane (120 raL.p °C under nitrogen atmosphere.
The reaction was heated at reflux temperature 6oh.1Then it was cooled to room
temperature and quenched with water (500 mL). Welayers were separated and the
aqueous layer was extracted with ethyl acetatd§6 mL). The combined organic
layers were dried over MgSQfiltered and concentrated under reduced pressure.
Purification by flash column chromatography oncsiligel eluting with hexane/EtOAc
mixtures afforded the corresponding imirg&sas mixtures of C=N geometric isomers.

N-((E)-1,3-Diphenylallylidene)-2-methoxyaniline (25a)

MeO Obtained as a 63:37 diastereomer mixture. Yellolv'si NMR
Nj@ (300 MHz, CDC}) o (significant signals) 3.83 (s, 3H major

P diastereomer), 3.77 (s, 3H minor diastereomer); FKRESI)M/z
314.1532 [M+H], CooH1gNO requires 314.1539.
N-((E)-3-(4-Chlorophenyl)-1-phenylallylidene)-2-methoxyailine (25b)

MeO Obtained as a 61:39 diastereomer mixture. Yelloly i
N@ NMR (300 MHz, CDC}) & (significant signals) 3.80 (s, 3H

P! major diastereomer), 3.74 (s, 3H minor diasteregnt&iRMS
(ESI)mz 348.1145 [M+H], CpoH1sCINO requires 348.1150.
cl
2-Methoxy-N-((E)-3-(4-nitrophenyl)-1-phenylallylidene)aniline (25¢

Obtained as a 56:44 diastereomer mixture. RedtdilNMR
(300 MHz, CDCY) 6 (significant signals) 8.21 (df = 8.7,
N 1.8 Hz, 2H minor diastereomer), 8.15 (@t 9.0, 2.1 Hz, 2H
A major diastereomer), 3.80 (s, 3H major diasterepn®r5
ON O O (s, 3H minor diastereomer); HRMS (ESiyz 359.1388

[M+H] +, CyoH18N>0O3 requires 359.1390.

MeO

2-Methoxy-N-((E)-3-(4-methoxyphenyl)-1-phenylallylidene)aniline (8d)

MO Obtained as a 61:39 diastereomer mixture. Yelloly ti
© :@ NMR (300 MHz, CDC)) 6 (significant signals) 3.83 (s, 3H
N minor diastereomer), 3.80 (s, 3H major diasteredndir9

P (s, 3H major diastereomer), 3.74 (s, 3H minor @igsimer);
oo O O HRMS (ESI) m'z 344.1635 [M+H], Cy3H2:NO, requires
e

344.1645.
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N-((E)-3-(Furan-2-yl)-1-phenylallylidene)-2-methoxyanilne (24e)

MeO Obtained as a 66:34 diastereomer mixture. Brown 'bil NMR
N@ (300 MHz, CDC}) 6 (significant signals) 3.80 (s, 3H major
WL diastereomer), 3.73 (s, 3H minor diastereomer); FRESI)m/z
\\o 304.1325 [M+H], CyH17NO, requires 304.1332.

N-((E)-4,4-Dimethyl-1-phenylpent-2-en-1-ylidene)-2-methganiline (25f)

MeO Obtained as a 64:36 diastereomer mixture. Yelldw'di NMR (300

Kj MHz, CDCk) ¢ 3.79 (s, 3H major diastereomer), 3.72 (s, 3H minor
diastereomer), 1.08 (s, 9H minor diastereomer)6 @9 9H major
diastereomer); HRMS (ESIjwz 294.1845 [M+H] ", CH2:NO
requires 294.1852.

N-((E)-1-(4-Chlorophenyl)-3-phenylallylidene)-2-methoxyailine (25g)

NMR (300 MHz, CDCY) 6 (significant signals) 7.72 (dg =
8.4, 2.4 Hz, 2H major diastereomer), 3.80 (s, 3Hjoma
diastereomer), 3.74 (s, 3H minor diastereomer); FRMESI)

Meoj@ Obtained as a 64:36 diastereomer mixture. Yelloly o
‘ ¢l m/z348.1137 [M+H], C;2H1gCINO requires 348.1150.

2-Methoxy-N-((E)-1-(4-nitrophenyl)-3-phenylallylidene)aniline (25hH

MeO Obtained as a 66:34 diastereomer mixture. Orange'tdi
]@ NMR (300 MHz, CDCY) & (significant signals) 8.33 (df, =
. N| 9.0, 2.1 Hz, 2H major diastereomer), 8.13 Jdt,8.7, 2.1 Hz,
O O 1H major diastereomer), 7.94 (dt= 8.7, 2.4 Hz, 2H major

No, diastereomer), 3.82 (s, 3H major diastereomery 8s7 3H
minor diastereomer); HRMS (ESIwz 359.1385 [M+H], C,H1gN,Osz requires
359.1390.

2-Methoxy-N-((E)-1-(4-methoxyphenyl)-3-phenylallylidene)aniline (3i)

MeO Obtained as a 68:32 diastereomer mixture. Yelloly ‘&l
]@ NMR (300 MHz, CDC)) & (significant signals) 7.77 (dd,=
6.9, 2.1 Hz, 2H major diastereomer), 7.49 (dd; 8.1, 1.8
X O Hz, 1H major diastereomer), 3.88 (s, 3H major
OMe

—2Z

diastereomer), 3.80 (s, 3H major diastereomer) 87 3H
minor diastereomer), 3.75 (s, 3H minor diasteredmer
HRMS (ESI)m/z 344.1640 [M+H], CyH21NO, requires 344.1645.
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2-Methoxy-N-((E)-1-(3-nitrophenyl)-3-phenylallylidene)aniline (25)

NMR (300 MHz, CDCYJ) 6 (significant signals) 8.63 (1l =
1.8 Hz, 1H major diastereomer), 8.35 (de, 8.4, 1.2 Hz, 1H
major diastereomer), 8.15-8.08 (m, 2H major and amin
diastereomers), 7.67 (d,= 8.1 Hz, 1H major diastereomer),
7.65 (d,J = 7.8 Hz, 1H minor diastereomer), 3.82 (s, 3H mdjastereomer), 3.75 (s,
3H minor diastereomer); HRMS (ESiWz 359.1384 [M+H], CyH1gN-,Os requires
359.1390.

N

A

Meo]@ Obtained as a 68:32 diastereomer mixture. Yelloly ‘i
! NO,

N-((E)-1-(2-Chlorophenyl)-3-phenylallylidene)-2-methoxyailine (25k)

MeO Obtained as a 71:29 diastereomer mixture. OranigétdiNMR
(300 MHz, CDC}) & (significant signals) 3.84 (s, 3H minor
“ diastereomer), 3.80 (s, 3H mayor diastereomer); ISRESI)m/z
O 348.1143 [M+H], C,;H1sCINO requires 348.1150.
o

2-Methoxy-N-((E)-1-(2-nitrophenyl)-3-phenylallylidene)aniline (25)

—Z

MeO Obtained as a 60:30 diastereomer mixture. Oranig swp 48-49
j@ °C;'H NMR (300 MHz, CDC}J) & (significant signals) 8.16 (dd,

“ = 8.4, 1.2 Hz, 1H minor diastereomer), 8.07 (dle;, 8.1, 1.5 Hz,

O O 1H major diastereomer), 3.85 (s, 3H minor diastere), 3.77 (s,
O,N 3H major diastereomer); HRMS (ESiyz 359.1378 [M+H],

Ca2H1gN2Osrequires 359.1390.

N-((E)-1-(Furan-2-yl)-3-phenylallylidene)-2-methoxyanilne (25m)

o} Obtained as a 78:22 diastereomer mixture: Brownsil NMR

(300 MHz, CDC}) & (significant signals) 7.64 (¢,= 0.9 Hz, 1H
major diastereomer), 7.46 (dJ = 159 Hz, 1H minor
diastereomer), 7.12 (dd,= 7.2, 1.8 Hz, 1H minor diastereomer),
7.09 (dd,J = 7.2, 2.1 Hz, 1H minor diastereomer), 7.00 (dld;
3.3, 0.6 Hz, 1H major diastereomer), 6.72)d,16.5 Hz, 1H major diastereomer), 6.56
(g, J = 1.8 Hz, 1H major diastereomer), 6.30 Jg= 1.8 Hz, 1H minor diastereomer),
6.04 (ddJ = 3.6, 0.6 Hz, 1H minor diastereomer), 3.80 (s,m3&jor diastereomer), 3.74
(s, 3H minor diastereomer); HRMS (ESHz 304.1320 [M+H], CygH1/NO, requires
304.1332.

=
®
—=Z

-

0]
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2-Methoxy-N-((E)-1-(naphthalen-2-yl)-3-phenylallylidene)aniline (3n)

MeO Obtained as a 66:34 diastereomer mixture: Orantyé; sop
N:@ 53-55 °C; 'H NMR (300 MHz, CDC}J) 5 (significant signals)
s 6.99 (dt,J = 8.4, 1.5 Hz, 2H major and minor diastereomer),
O O 6.95 (d,J = 3.3 Hz, 2H major diastereomer), 6.91 Jd; 1.8
Hz, 2H minor diastereomer), 6.71 (dii= 8.1, 1.2 Hz, 1H
minor diastereomer), 6.64 (di,= 7.5, 1.2 Hz, 1H minor diastereomer), 6.56 (dic;
7.8, 1.5 Hz, 1H minor diastereomer), 3.83 (s, 3Homdiastereomer), 3.76 (s, 3H minor
diastereomer); HRMS (ESiWz 364.1678 [M+H], CosH2:NO requires 364.1696.
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5.6.3. Enantioselective [3+2] cycloaddition of 2-6g€yanatomalonate esters 24 and
unsaturated imines 25

5.6.3.1. General procedure for the enantiosel ective reaction

Mg(OTf), (4.0 mg, 0.0125 mmol) was dried in a Schlenk tubder vacuumBOX10
(6.1 mg, 0.0125 mmol) was introduced and the Séhtahe was filled with nitrogen.
Et,O (0.55 mL) was added via syringe and the mixtuas stirred for 30 min. The tube
was introduced in a bath at 0 °C, 4A MS (110 mg} ween added followed by the
imine 25 (0.125 mmol) dissolved in dry £ (0.5 mL), and by diisopropyl 2-
isocyanatomalonate4c 37 uL, 0.19 mmol). The mixture was stirred at 0 °C fioe
indicated time and chromatographed on silica gatirel with hexane/EtOAc mixtures
to give compound26.

5.6.3.2. General procedurefor the synthesis of the racemic products

Racemic compounds for comparative purposes wengaped by following the same
procedure, in absence of chiral ligand and perfogntine reaction at room temperature.

5.6.3.3. Characterization of products 26

See Table 21 (Page 104) for yield, dr and ee.

(R,Z2)-Dimethyl 4-(((2-methoxyphenyl)amino)(phenyl)methjene)-5-oxo-3-
phenylpyrrolidine-2,2-dicarboxylate (26aa)
MeO,C H Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20, 1
MeO,C 0 mL/min. major enantiomer t, = 11.0min, minor enantiomer t; =
PH \ NH 18.9 min.

|5|20~© Yellow solid, mp 72-74 °C (hexane-EtOAc)]§®° -129.5 €
1.0, CHC4, ee = 76%)H NMR (300 MHz, CDCJ) 5 10.60
(1H, s, NH), 7.22 (1H, ) = 7.5 Hz, Ar), 7.14 (2H, 1) = 7.5 Hz, Ar), 7.03-6.99 (m, 5H,
Ar), 6.84-6.81 (2H, m, Ar), 6.75-6.73 (2H, m, AB.38 (1H, m, Ar), 6.14 (1H, s, NH),
6.03 (dd,J = 8.1, 1.2 Hz, 1H, Ar), 4.85 (1H, s, CH-Ph), 3.881( s, MeO), 3.81 (3H, s,
MeO), 3.13 (3H, s, MeO):*C NMR (75 MHz, CDCJ) & 172.5 (C), 169.0 (C), 167.5
(C), 152.6 (C), 150.0 (C), 140.3 (C), 134.2 (C)9.12(C), 128.7 (CH), 128.31 (CH),
128.27 (CH), 127.5 (CH), 126.8 (CH), 121.9 (CH)9®L(CH), 119.7 (CH), 110.4
(CH), 101.4 (C), 71.8 (C), 55.7 (GH 53.4 (CH), 52.3 (CH), 49.2 (CH); HRMS (ESI)
m/z 487.1880 [M+H], CysH26N,Og requires 487.1864.
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(R,2)-Diethyl 4-(((2-methoxyphenyl)amino)(phenyl)methy&ne)-5-0xo-3-
phenylpyrrolidine-2,2-dicarboxylate (26ba)
Et0,c N Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20, 1
EtO,C 0 mL/min. major enantiomer t, = 13.1min, minor enantiomer t, =
P N\ _nH 22.9 min.

520@ Yellow oil; [0]o® -148.1 € 1.0, CHCh, ee = 77%)H NMR
(300 MHz, CDC}) 5 10.58 (1H, s, NH), 7.23 (1H, di= 7.5, 1.2

Hz, Ar), 7.15 (2H, tJ = 7.5 Hz, Ar), 7.01-6.96 (5H, m, Ar), 6.82-6.79 (2h, Ar),
6.74-6.72 (2H, m, Ar), 6.40-6.35 (1H, m, Ar), 6.{H, s, NH), 6.02 (1H, d] = 8.1 Hz,
Ar), 4.85 (s, CH-Ph), 4.36-4.20 (2H, m, BH,0), 3.88 (3H, s, MeO), 3.68-3.45 (2H,
m, CH-CH,0), 1.28 (3H, t,J = 7.2 Hz, Gls-CH,0), 0.74 (3H, tJ = 7.2 Hz, Gy
CH,0): °C NMR (75 MHz, CDCJ) 5 172.5 (C), 168.5 (C), 167.1 (C), 152.4 (C), 149.9
(C), 140.4 (C), 134.3 (C), 129.8 (C), 128.7 (CH)8B (CH), 127.5 (CH), 126.7 (CH),
121.9 (CH), 119.9 (CH), 119.5 (CH), 110.3 (CH), I0&), 71.6 (C), 62.5 (CH 61.8
(CH,), 55.7 (CH), 48.9 (CH), 13.9 (CH, 13.3 (CH); HRMS (ESI)m/z 515.2177
[M+H] +, CsoH30N20g requires 515.2177.

(R,Z)-Diisopropyl 4-(((2-methoxyphenyl)amino)(phenyl)méhylene)-5-oxo-3-
phenylpyrrolidine-2,2-dicarboxylate (26ca)
iPro,c_ 1 Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20, 1
iPro,C O mL/min. major enantiomer t, = 10.1min, minor enantiomer t, =
PH \ NH 22.8 min.

520@ Yellow solid, mp 70-72 °C (hexane-EtOAcH]§2°-197.4 € 1.0,
CHC, ee= 97%):*H NMR (300 MHz, CDCJ) § 10.60 (1H, s,
NH), 7.23 (1H, tJ = 7.2 Hz, Ar), 7.16 (2H, ] = 7.5 Hz, Ar), 6.99-6.95 (5H, m, Ar),
6.78-6.71 (4H, m, Ar), 6.39-6.34 (1H, m, Ar), 6.6, s, NH), 6.14 (1H, dd] = 8.1,
1.2 Hz, Ar), 5.09 (1H, heps,= 6.3 Hz, CHO), 4.85 (1H, s, CH-Ph), 4.50 (1H, hépt
6.3 Hz, CHO), 3.88 (3H, s, MeO), 1.29 (3HJd: 6.3 Hz,iPr), 1.23 (3H, dJ = 6.3 Hz,
iPr), 0.95 (3H, dJ = 6.3 Hz,iPr), 0.52 (3H, dJ = 6.3 Hz,iPr); *C NMR (75 MHz,
CDCL) 5 172.4 (C), 168.0 (C), 166.5 (C), 152.1 (C), 14&$, 140.4 (C), 134.4 (C),
129.9 (C), 128.6 (CH), 128.4 (CH), 128.35 (CH), B&H), 127.5 (CH), 126.6 (CH),
121.7 (CH), 119.8 (CH), 119.3 (CH), 110.3 (CH), TOK), 71.4 (C), 70.3 (CH), 69.7
(CH), 55.7 (CH), 48.6 (CH), 21.5 (Ch), 21.3 (CH), 21.2 (CH), 20.5 (CH); HRMS
(ES|) m/z543.2491 [M+H], CaoH34N506 requires 543.2495.
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(R,Z)-Diisopropyl 3-(4-chlorophenyl)-4-(((2-methoxyphegl)amino)(phenyl)
methylene)-5-oxopyrrolidine-2,2-dicarboxylate (26¢cp

Pro.C H o Chiral HPLC analysis: Chiralcel AD-H, hexaiferOH 80:20,
,-PrO;C y 1 mL/min. major enantiomer t; = 7.6 min, minor enantiomer t,
NN = 11.2 min.

Ph
Meo/® White solid, mp 179-181 °C (hexane-EtOA®)]f° -183.2 €

cl 1.0, CHC}, ee = 96%);'H NMR (300 MHz, CDCY) & 10.56
(1H, s, NH), 7.25 (1H, t] = 7.2 Hz, Ar), 7.19 (2H, 1] = 7.2 Hz, Ar), 7.04-6.97 (2H, m,
Ar), 6.94 (2H, ddJ = 8.7, 1.2 Hz, Ar), 6.75-6.70 (4H, m, Ar), 6.41-6.@H, m, Ar),
6.18 (1H, s, NH), 6.03 (1H, dd,= 8.1, 1.2 Hz, Ar), 5.09 (1H, hept= 6.3 Hz, CHO),
4.84 (1H, s, CH-Ar), 4.54 (1H, hegt= 6.3 Hz, CHO), 3.87 (3H, s, MeO), 1.28 (3H, d,
J=6.3 Hz,iPr), 1.23 (3H, dJ = 6.3 Hz,iPr), 0.97 (3H, dJ = 6.3 Hz,iPr), 0.59 (d,) =
6.3 Hz,iPr); **C NMR (75 MHz, CDCY) § 172.2 (C), 167.9 (C), 166.4 (C), 152.5 (C),
150.0 (C), 139.1 (C), 132.4 (C), 129.7 (CH), 126§, 128.8 (CH), 128.5 (CH), 128.3
(CH), 127.6 (CH), 122.0 (CH), 119.8 (CH), 119.6 (CH10.4 (CH), 102.0 (C), 71.3
(C), 70.4 (CH), 69.9 (CH), 55.7 (GH 47.9 (CH), 21.5 (CH}, 21.3 (CH), 21.2 (CH),
20.6 (CH); HRMS (ESI)m/z 577.2108 [M+H], Cs2H33CIN,Og requires 577.2100.

(R,Z)-Diisopropyl 4-(((2-methoxyphenyl)amino)(phenyl)méhylene)-3-(4-
nitrophenyl)-5-oxopyrrolidine-2,2-dicarboxylate (26cc)

PrOC H o Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20,
iPr02C: 1 mL/min. major enantiomer t, = 10.2min, minor enantiomer
2 H .
NN t. = 14.5 min.

IT\:I]eO/@ Orange solid, mp 225-227 °C (hexane-EtOAg)»1° -204.0 €
OoN 1.0, CHC}, ee= 98%);'H NMR (300 MHz, CDC}) & 10.58
(1H, s, NH), 7.83 (2H, dJ = 9.0 Hz, Ar), 7.26 (1H, t) = 6.9 Hz, Ar), 7.18 (1H, br s,
Ar), 6.93 (2H, dJ = 8.1 Hz, Ar), 6.74 (2H, dd] = 5.1, 1.2 Hz, Ar), 6.44 (1H, s, NH),
6.41-6.35 (1H, m, Ar), 6.05 (1H, d,= 7.8 Hz, Ar), 5.10 (1H, hepd = 6.3 Hz, CHO),
5.00 (1H, s, CH-Ar), 4.52 (1H, hegt= 6.3 Hz, CHO), 3.86 (3H, s, MeO), 1.29 (3H, d,
J=6 Hz,iPr), 1.23 (3H, dJ = 6 Hz,iPr), 0.96 (3H, dJ = 6.3 Hz,iPr), 0.53 (3H, dJ =
6.3 Hz,iPr); **C NMR (75 MHz, CDCJ) § 172.0 (C), 167.6 (C), 166.2 (C), 153.0 (C),
150.1 (C), 148.2 (C), 146.5 (C), 134.1 (C), 12922, (129.1 (CH), 129.0 (CH), 128.6
(CH), 128.2 (CH), 122.7 (CH), 122.5 (CH), 120.0 (CH19.8 (CH), 110.4 (CH), 101.2
(C), 71.0 (C), 70.7 (CH), 70.1 (CH), 55.7 (§H48.1 (CH), 21.4 (C¥}, 21.3 (CH),
21.1 (CH), 20.6 (CH); HRMS (ESI) m/z 588.2332 [M+H], Cs;Hz3N3sOg requires
588.2340.
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(R,Z)-Diisopropyl 3-(4-methoxyphenyl)-4-(((2-methoxypheyl)amino)
(phenyl)methylene)-5-oxopyrrolidine-2,2-dicarboxylde (26c¢d)

PrO.C H o Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20,
iPr022C y 1 mL/min. major enantiomer t; = 9.1 min, minor enantiomer t,
NN =16.2 min

Ph
Meo/® Yellow oil; [0]p® -133.3 € 1.0, CHC}, ee= 96%);'H NMR

MeO (300 MHz, CDCH¥) § 10.55 (1H, s, NH), 7.23 (2H, di,= 6.9,
1.2 Hz, Ar), 7.26 (1H, tJ = 6.9 Hz, Ar), 7.18 (1H, br s, Ar), 6.93 (1H, 3= 8.1 Hz,
Ar), 7.17 (2H, tJ = 6.9 Hz, Ar), 7.02 (2H, dJ = 6.9 Hz, Ar), 6.76-6.68 (4H, m, Ar),
6.51 (2H, dJ = 9.0 Hz, Ar), 6.39-6.34 (1H, m, Ar), 6.11 (1H,NH), 6.01 (1H, dd,) =
7.8, 1.2 Hz, Ar), 5.08 (1H, hept,= 6.3 Hz, CHO), 4.78 (1H, s, CH-Ar), 4.53 (1H, hept
J=6.3Hz, CHO), 3.88 (3H, s, MeO), 3.67 (3H, s, MeQ?7 (3H, dJ = 6.3 Hz,iPr),
1.22 (3H, dJ = 6.3 Hz,iPr), 0.97 (3H, dJ = 6.3 Hz,iPr), 0.61 (3H, dJ = 6 Hz,iPr);
%C NMR (75 MHz, CDCJ) & 172.4 (C), 168.1 (C), 166.6 (C), 158.3 (C), 15Q0,
149.8 (C), 134.4 (C), 132.7 (C), 129.9 (C), 129CHY], 128.6 (CH), 128.34 (CH),
128.32 (CH), 121.6 (CH), 119.8 (CH), 119.2 (CH)2BL(CH), 110.3 (CH), 102.8 (C),
71.6 (C), 70.2 (CH), 69.7 (CH), 55.7 (©H55.1(CH), 47.8 (CH), 21.5 (CkJ}, 21.3
(CHs), 21.2 (CH), 20.7 (CH); HRMS (ESI) mz 573.2598 [M+H], CzsH3sN2O;
requires 573.2595.

(R,Z)-Diisopropyl 3-(furan-2-yl)-4-(((2-methoxyphenyl)anino)(phenyl)methylene)-
5-oxopyrrolidine-2,2-dicarboxylate (26ce)

iPro,C H Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20, 1
iPro,C 0 mL/min. major enantiomer t, = 25.8 min, minor enantiomer t, =
\ 49.4 min

- NH

N0 “F,’,Zo@ Yellow oil: [0]o® -108.0 € 1.0, CHCh, ee = 88%)*H NMR
(300 MHz, CDC}) & 10.55 (1H, s, NH), 7.28-7.21 (3H, m, Ar),

7.11 (2H, br s, Ar), 7.04 (1H, d,= 0.9 Hz, Ar), 6.75-6.73 (2H, m, Ar), 6.39 (1H, m,
Ar), 6.06-6.02 (3H, m, Ar+ NH), 5.69 (1H, dd= 3.3, 0.6 Hz, Ar), 5.08 (1H, hept=
6.3 Hz, CHO), 5.02 (1H, s, CH-fur), 4.72 (1H, hept 6.3Hz, CHO), 3.87 (3H, s,
MeO), 1.27 (3H, dJ = 6.3 Hz,iPr), 1.23 (3H, dJ = 6 Hz,iPr), 1.06 (3H, dJ = 6.3 Hz,
iPr), 0.86 (3H, dJ = 6.3 Hz,iPr): °C NMR (75 MHz, CDC}) 5 171.8 (C), 167.7 (C),
166.5 (C), 152.9 (C), 152.2 (C), 150.0 (C), 140084}, 134.2 (C), 129.8 (C), 128.8
(CH), 128.4 (CH), 128.1 (CH), 122.0 (CH), 119.8 (CH19.7 (CH), 110.3 (CH), 110.0
(CH), 107.6 (CH), 99.0 (C), 70.4 (CH), 70.3 (C),@GCH), 55.7 (CH), 42.6 (CH),
21.4 (CH), 21.31 (CH), 21.28 (CH), 21.1 (CH); HRMS (ESI)m/z 533.2275 [M+HT,
C3oH3oNO7 requires 533.2282.
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(R,Z2)-Diisopropyl  3-(tert-butyl)-4-(((2-methoxyphenyl)amino)(phenyl)methyler)-
5-oxopyrrolidine-2,2-dicarboxylate (26c¢f)

iPro,c_ K Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 80:20, 1
iPrO,C o mL/min. major enantiomer t, = 18.5min, minor enantiomer t, =
\ NH 13.5 min
o White solid, mp 60-62 °C:a[o® 52.6 ¢ 0.71, CHC}, ee =

23%); 'H NMR (300 MHz, CDCJ) & 10.29 (1H, s, NH), 7.50-
7.30 (5H, m, Ar), 6.77 (1H, dd,= 8.1, 2.1 Hz, Ar), 6.73 (1H, td,= 8.1, 1.2 Hz, Ar),
6.42 (1H, tdJ = 8.1, 1.8 Hz, Ar), 6.02 (1H, d, J = 7.8 Hz, Ar)93 (1H, s, NH), 5.08
(1H, heptJ = 6.3 Hz, CHO), 5.07 (1H, hept= 6.3 Hz, CHO), 3.98 (1HI= 1.2 Hz, d,
CH-tBu), 3.90 (3H, s, MeO), 1.28 (6H,= 6.3Hz, d,iPr), 1.26 (6HJ = 6.3 Hz, d,Pr),
0.67 (9H, stBu); **C NMR (75 MHz, CDCJ) § 172.6 (C), 167.6 (C), 168.9 (C), 168.1
(C), 150.33 (C), 1450.30 (C), 135.8 (C), 131.0 (©¥9.9 (CH), 129.0 (CH), 128.5
(CH), 121.3 (CH), 120.2 (CH), 119.8 (CH), 110.3 (¢H02.9 (C), 71.3 (C), 70.5 (CH),
70.2 (CH), 55.7 (Ch), 53.8 (CH), 36.7 (C), 28.2 (GH 21.7 (CH), 21.5 (CH), 21.4
(CHa), 21.2 (CH); HRMS (ESI)m/z 523.2800 [M+HT, CagH3gN2Og requires 523.2803.

(R,Z)-Diisopropyl 4-((4-chlorophenyl)((2-methoxyphenylamino)methylene)-5-oxo-
3-phenylpyrrolidine-2,2-dicarboxylate (26c¢g)

iPrO,C H Chiral HPLC analysis: Chiralcel AD-H, hexarferOH
iPrO,C o 80:20, 1 mL/min.major enantiomer t, = 8.0 min, minor

orf \_ny OMe enantiomer t=18.7 min.

Yellow solid, mp 77-79 °C (hexane-EtOAc)]$*° -167.7 €
1.0, CHC4, ee= 99%):*H NMR (300 MHz, CDCJ) & 10.46
cl (1H, s, NH), 7.13 (2H, dJ = 8.4 Hz, Ar), 7.01-6.98 (5H, m,

Ar), 6.82-6.80 (2H, m, Ar), 6.76-6.73 (2H, m, A§.,45-6.39 (1H, m, Ar), 6.21 (1H, s,
NH), 6.07 (1H, ddJ = 7.8, 1.2 Hz, Ar), 5.09 (1H, hept,= 6.3Hz, CHO), 4.81 (1H, s,
CH-Ph), 4.50 (1H, hepf = 6.3Hz, CHO), 3.86 (3H, s, MeO), 1.28 (3H,Jd& 6.3 Hz,
iPr), 1.22 (3H, dJ = 6.3 Hz,iPr), 0.95 (3H, dJ = 6.3 Hz,iPr), 0.53 (3H, dJ = 6.3 Hz,
iPr); °C NMR (75 MHz, CDCJ) 5 172.2 (C), 167.9 (C), 166.4 (C), 150.9 (C), 150.1
(C), 140.2 (C), 134.6 (C), 132.9 (C), 129.8 (CH95X (C), 128.6 (CH), 128.4 (CH),
127.6 (CH), 126.8 (CH), 122.2 (CH), 119.9 (CH), BL€CH), 110.4(CH), 103.0 (C),
71.4 (C), 70.3 (CH), 69.8 (CH), 55.7 (©)H48.7 (CH), 21.5 (Ch}, 21.3 (CH), 21.2
(CH3), 20.5 (CH), HRMS (ES|) m/iz 577.2109 [M+H], Cs2H33CIN2Og requires
577.2100.
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(R,Z)-Diisopropyl 4-(((2-methoxyphenyl)amino)(4-nitroprenyl)methylene)-5-oxo-3-
phenylpyrrolidine-2,2-dicarboxylate (26c¢h)

iPro,C H Chiral HPLC analysis: Chiralcel AD-H, hexarfe-OH
iPro,C © 80:20, 1 mL/min.major enantiomer t; = 11.4 min, minor

pf N-NH OMe enantiomer t =32.9 min.

Orange solid, mp 80-82 °C (hexane-EtOAa)]pf®-189.8 €
1.0, CHC}, ee= 95%):'H NMR (300 MHz, CDCY) 5 10.40
ON (1H, s, NH), 7.98 (2H, d] = 8.7 Hz, Ar), 7.19 (1H, br s, Ar),

7.01-6.93 (3H, m, Ar), 6.81-6.71 (4H, m, Ar), 6.889 (1H, m, Ar), 6.37 (1H, s, NH),
6.07 (1H, dd,J = 8.1, 1.2 Hz, Ar), 5.09 (1H, hepl,= 6.3Hz, 1H), 4.81 (s, 1H), 4.48
(1H, hept,J = 6.3Hz, 1H), 3.84 (3H, s, MeO), 1.28 (3H,Jd: 6.3 Hz,iPr), 1.23 (3H, d,
J=6.0 Hz,iPr), 0.94 (3H, dJ = 6.3 Hz,iPr), 0.51 (3H, dJ = 6.3 Hz,iPr): C NMR
(75 MHz, CDC}) 5 172.0 (C), 167.8 (C), 166.3 (C), 150.6 (C), 14&8, 147.5 (C),
141.1 (C), 139.9 (C), 129.7 (CH), 129.0 (C), 1260H), 127.8 (CH), 127.1 (CH),
123.4 (CH), 123.1 (CH), 120.7 (CH), 119.9 (CH), BL(CH), 103.6 (C), 71.3 (C), 70.5
(CH), 70.0 (CH), 55.6 (CH, 48.3 (CH), 21.4 (Ch), 21.3 (CH), 21.2 (CH), 20.5
(CHs); HRMS (ESI)m/z 588.2333 [M+H], Cs2H33N30g requires 588.2340.

(R,2)-Diisopropyl  4-((4-methoxyphenyl)((2-methoxyphenylamino)methylene)-5-
oxo-3-phenylpyrrolidine-2,2-dicarboxylate (26c¢i)

Chiral HPLC analysis: Chiralcel AD-H, hexarfeOH
80:20, 1 mL/min.major enantiomer t; = 15.3 min, minor
enantiomer t, = 27.5 min.

iPrO,C N._O
iPrO,C H OMe
NN
Ph
Yellow oil; [0]p®® -165.1 € 1.0, CHC}, ee = 98%); 'H
NMR (300 MHz, CDC}) 5 10.50 (1H, s, NH), 7.00-6.96
MeO (5H, m, Ar), 6.83-6.80 (2H, m, Ar), 6.75-6.68 (4h, Ar),
6.42-6.37 (1H, m, Ar), 6.13 (1H, s, NH), 6.05 (1ddl, J = 7.8, 1.2 Hz, Ar), 5.09 (1H,
hept,J = 6.3 Hz, CHO), 4.86 (1H, s, CHPh), 4.50 (1H, hdpt 6.3Hz, CHO), 3.87
(3H, s, MeO), 3.76 (3H, s, MeO), 1.28 (3H,Jd; 6.3 Hz,iPr), 1.22 (3H, dJ = 6.3 Hz,
iPr), 0.95 (3H, d,J = 6.3 Hz,iPr), 0.53 (3H, dJ = 6.3 Hz,iPr); ®C NMR (75 MHz,
CDCly) § 172.4 (C), 168.1 (C), 166.6 (C), 159.8 (C), 159, 149.8 (C), 140.5 (C),
130.1 (C), 129.7 (CH), 129.1 (C), 128.4 (CH), 127CH), 126.8 (C), 126.6 (CH),
121.5 (CH), 119.9 (CH), 119.3 (CH), 113.7 (CH), BLQCH), 102.74 (C), 71.4 (C),
70.2 (CH), 69.7 (CH), 55.7 (G 55.1 (CH), 48.6 (CH), 21.5 (CH), 21.3 (CH), 21.2
(CHa), 20.5 (CH); HRMS (ESI)m/z 573.2592 [M+H], CaaH3sN,O7 requires 573.2595.
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(R,Z)-Diisopropyl 4-(((2-methoxyphenyl)amino)(3-nitroprenyl)methylene)-5-oxo-3-
phenylpyrrolidine-2,2-dicarboxylate (26c¢j)

Chiral HPLC analysis: Chiralcel AD-H, hexarfe-OH
o] 80:20, 1 mL/min.major enantiomer t, = 14.2 min, minor
enantiomer t, = 48.2 min.

iPro,C_ N
iPrOzC

Ph \ NH OMe
Orange oil; §]p?° -132.2 € 0.98, CHC}, ee= 97%); 'H
NMR (300 MHz, CDC}) & 10.40 (1H, s, NH), 8.03 (2H, dt,
NO, J=7.2,1.8 Hz, Ar), 7.74 (1H, br s, Ar), 7.36-7.¢2H, m,
Ar), 6.98-6.93 (3H, m, Ar), 6.81-6.71 (4H, m, A§.42 (1H, dtJ = 7.8, 1.8 Hz, Ar),
6.24 (1H, s, NH), 6.13 (1H, dd,= 8.1, 1.2 Hz, Ar), 5.11 (1H, hept= 6.3 Hz, CHO),
4.78 (1H, s, CH-Ph), 4.48 (1H, heptz 6.3 Hz, CHO), 3.84 (3H, s, MeO), 1.29 (3H, d,
J=6.3 Hz,iPr), 1.24 (3H, dJ = 6.3 Hz,iPr), 0.95 (3H, dJ = 6.3 Hz,iPr), 0.49 (3H, d,
J = 6.3 Hz,iPr); ®C NMR (75 MHz, CDC}J) 6 172.1 (C), 167.8 (C), 166.4 (C), 150.9
(C), 149.9 (C), 147.8 (C), 140.0 (C), 136.2 (C)4B3(CH), 129.3 (CH), 129.0 (C),
128.4 (CH), 127.8 (CH), 127.1 (CH), 123.7 (CH), ¥2@&H), 123.3 (CH), 121.2 (CH),
120.0 (CH), 110.7 (CH), 103.3 (C), 71.3 (C), 70}, 70.0 (CH), 55.6 (Ck), 48.4
(CH), 21.5 (CH), 21.3 (CH), 21.1 (CH), 20.5 (CH); HRMS (ESI)m/z 588.2338
[M+H] +, CaoH33N30g requires 588.2340.

(R,Z)-Diisopropyl 4-((2-chlorophenyl)((2-methoxyphenylamino)methylene)-5-oxo-
3-phenylpyrrolidine-2,2-dicarboxylate (26ck)

Pro.C Obtained as &a.1l:1 mixture of diastereomers. Yellow oil;
2

Pro,G =0 [a]o®° -168.8 € 1.0, CHCH, for the diastereomer mixture);
S 'H NMR (300 MHz, CDC}) § 10.75 (1H, s, NH), 10.70 (1H,
cl NH OMe s, NH), 7.62 (1H, dd) = 7.5, 1.5 Hz, Ar), 7.40 (2H, m, Ar),

7.22 (1H, tdJ = 7.5, 1.2 Hz, Ar), 7.11 (1H, td,= 7.5, 1.2

Hz, Ar), 7.04-6.94 (7H, m, Ar), 6.76-6.70 (m, 618)63 (1H,
td,J = 7.5, 1.2 Hz, Ar), 6.43-6.34 (2H, m, Ar), 6.2426.(3H, m, Ar,2NH), 6.07 (1H, d,
J=7.5Hz, Ar), 6.04 (1H, ddl = 7.5, 1.2 Hz, Ar), 5.08 (2H, hept= 6.3 Hz, 2CHO),
4.71 (1H, s, CH-Ph), 4.69 (1H, s, CH-Ph), 4.47 (Bept,J = 6.3 Hz, 2CHO), 3.88 (3H,
s, MeO), 3.87 (3H, s, MeO), 1.28 (3H,X& 6.3 Hz,iPr), 1.27 (3H, dJ = 6.3 Hz,iPr),
1.22 (3H, dJ = 6.3 Hz,iPr), 1.21 (3H, dJ = 6.3 Hz,iPr), 0.94 (3H, dJ = 6.3 Hz,iPr),
0.93 (3H, dJ = 6 Hz,iPr), 0.47 (3H, dJ = 6.3 Hz,iPr), 0.45 (3H, dJ = 6.3 Hz,iPr);
13C NMR (75 MHz, CDCJ) § 172.3 (C), 172.2 (C), 168.0 (C), 167.8 (C), 1667,
166.5 (C), 149.8 (C), 149.7 (C), 149.5 (C), 1450, (140.9 (C), 139.5 (C), 133.6 (C),
133.2 (C), 132.9 (C), 132.5 (C);30.6 (CH), 130.4 (CH), 130.1 (CH), 129.7 (CH),
129.55 (C), 129.52 (CH), 129.4 (CH), 128.3 (CH)7B2(CH), 127.0 (CH), 126.8 (CH),
126.6 (CH), 126.2 (CH), 122.1 (CH), 122.0 (CH), I2(CH), 119.9 (CH), 118.3 (CH),
117.7 (CH), 110.5 (CH), 110.3 (CH), 102.9 (C), B0(C), 71.7 (C), 71.4 (C), 70.28
(CH), 70.27 (CH), 69.7 (CH), 69.6 (CH), 55.8 (§H55.7 (CH), 48.8 (CH), 48.6 (CH),
21.5 (CH), 21.3 (CH), 21.2 (CH), 20.4 (CH), 20.3 (CH); HRMS (ESI)m/z577.2111
[M+H]", CsoH33CIN,Og requires 577.2100.
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Determination of the ee: Compourkk dissolved in THF was treated with 37%
hydrochloric acid at 40°C. The resulting ketone was obtained ascaa 78:22
diastereomer mixture. Chiral HPLC analysis: ChealaD-H, hexanaPrOH 80:20, 1
mL/min. major enantiomer (both diastereomers) t; = 12.9min, minor enantiomer (both
diastereomers) t, = 19.5 min. Major isomerti@ans): [a]p™° 32.4 € 1.0, CHC}, for the
diastereomer mixturefH NMR (300 MHz, CDC}) § 7.41-7.21 (2H, m, Ar), 7.18 (1H,
dd,J=8.1, 1.2 Hz, Ar), 7.12, (td,= 6.9, 1.8 Hz, Ar), 7.08-6.80 (5H, m, Ar), 6.63H1
s, NH), 5.11 (2H, hept] = 6.3 Hz, 2CHO), 4.89 (1H, d,= 7.5 Hz , CH-Ph), 4.81 (1H,
d,J = 7.5 Hz, CH-CO), 4.48 (2H, hept,= 6.3 Hz, 2CHO), 1.30 (3H, d, = 6.3 Hz,
iPr), 1.25 (3H, dJ = 6.3 Hz,iPr), 0.96 (3H, dJ = 6.3 Hz,iPr), 0.42 (3H, dJ = 6.3 Hz,
iPr); Minor isomer ¢is): *H NMR (300 MHz, CDCJ) & 7.58 (1H, ddd) = 7.5, 1.8, 0.9
Hz, Ar), 7.41-6.80 (8H, m, Ar), 6.60 (1H, s, NH)16 (2H, hept,) = 6.3 Hz, 2CHO),
4.94 (2H, s, CH-Ph+CH-CO), 4.61 (2H, hepts 6.3 Hz, 2CHO), 1.31 (3H, d,= 6.3
Hz,iPr), 1.25 (3H, dJ = 6.3 Hz,iPr), 1.03 (3H, dJ = 6.3 Hz,iPr), 0.56 (3H, dJ = 6.3
Hz,iPr).

(R,Z)-Diisopropyl 4-(((2-methoxyphenyl)amino)(2-nitroprenyl)methylene)-5-oxo-3-
phenylpyrrolidine-2,2-dicarboxylate (26cl)

PrO.C Obtained as aa.1:1 mixture of diastereomers. Chiral HPLC
2

iPro,C N_o analysis: Chiralcel AD-H, hexan®OH 80:20, 1 mL/min.
o\ major enantiomer (both diastereomers) t; = 19.7 min, minor
O,N NH OMe enantiomer (both diastereomers) t; = 26.4 min.

Orange solid, mp 98-100 °C (hexane-EtOAg]pf°-15.1 ¢

0.97, CHC}, for the diastereomer mixture); 'H NMR (300
MHz, CDCk) 5 10.81 (1H, s, NH), 10.70 (1H, s, NH), 8.02 (1H, dd 8.1, 1.2 Hz,
Ar), 7.74-7.63 (3H, m, Ar), 7.44 (1H, td,= 7.5, 1.5 Hz, Ar), 7.29 (1H, td,= 7.5, 1.5
Hz, Ar), 6.97-6.84 (7H, m, Ar), 6.71-6.60 (6H, M)A6.35-6.11 (6H, m, Ar+NH), 5.82
(1H, dd,J = 8.1, 2.4 Hz, Ar), 5.08 (2H, hepl,= 6.3 Hz, 2CHO), 4.51 (1H, s, CHO),
4.40 (2H, hept) = 6.3 Hz, 2CHO), 4.32 (1H, s, CH-Ph), 3.84 (3HM&0), 3.79 (3H,
s, MeO), 1.22 (3H, dJ = 6 Hz,iPr), 1.20 (3H, dJ = 6.3 Hz,iPr), 1.16 (3H, dJ = 6.3
Hz,iPr), 1.15 (3H, dJ = 6.3 Hz,iPr), 0.86 (3H, dJ = 6.3 Hz,iPr), 0.85 (3H, dJ = 6.3
Hz, iPr), 0.40 (d,) = 6.3 Hz,iPr); °C NMR (75 MHz, CDGJ) 5 172.1 (C), 171.8 (C),
168.0 (C), 167.4 (C), 166.4 (C), 150.2 (C), 15GC}, (149.9 (C), 148.2 (C), 147.7(C),
146.1 (C), 140.3 (C), 138.7 (C), 134.2 (CH), 138CH), 131.6 (CH), 130.8 (CH),
130.0 (CH), 129.6 (C), 129.5 (CH), 129.4 (C), 126CH), 128.5 (CH), 127.7 (CH),
127.1 (CH), 126.9 (CH), 124.5 (CH), 124.4 (CH), B@CH), 122.3 (CH), 120.0 (CH),
119.8 (CH), 118.4 (CH), 110.8 (CH), 110.5 (CH), BC), 99.7 (C), 715 (C), 71.4
(C), 70.5 (CH), 70.4 (CH), 69.8 (CH), 55.8 (§H55.7 (CH), 48.9 (CH), 48.3 (CH),
21.43 (CH), 21.39 (CH), 21.3 (CH), 21.1 (CH), 20.4 (CH); HRMS (ESI) m/z
588.2331 [M+H]', CaoH33N3Ogrequires 588.2340.
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(R,Z)-Diisopropyl 4-(furan-2-yl((2-methoxyphenyl)aminomethylene)-5-oxo-3-
phenylpyrrolidine-2,2-dicarboxylate (26cm)

iPro,c Chiral HPLC analysis: Chiralcel AD-H, hexaiferOH
iPrO,C N_o 80:20, 1 mL/min.major enantiomer t; = 14.3 min, minor

enantiomer t, = 26.6 min
Ph \ NH OMe r

=Y Orange oil; §]p*° -144.8 € 0.97, CHC}, ee= 83%): 'H

X NMR (300 MHz, CDC}) § 9.99 (1H, s, NH), 7.28 (1H, 4,
= 0.9 Hz, Ar), 7.10-7.07 (5H, m, Ar), 6.84-6.77 (2M, Ar), 6.56 (1H, m, Ar), 6.25
(1H, s, NH), 6.20 (1H, dd] = 3.6, 1.5 Hz, Ar), 6.16 (1H, dd,= 3.6, 0.9 Hz, Ar), 6.11
(1H, dd,J = 8.1, 1.2 Hz, Ar), 5.30 (1H, s, CH-Ph), 5.10 (Hépt,J = 6.3 Hz, CHO),
4.51 (1H, hept) = 6.3Hz, CHO), 3.86 (3H, s, MeO), 1.28 (3HJd; 6.3 Hz,iPr), 1.24
(3H, d,J = 6.4 Hz,iPr), 0.98 (3H, dJ = 6.3 Hz,iPr), 0.62 (3H, dJ = 6.3 Hz,iPr); **C
NMR (75 MHz, CDC}) § 172.3 (C), 167.9 (C), 166.6 (C), 150.1 (C), 14€&%, 142.7
(CH), 140.5 (C), 140.3 (C), 130.8 (C), 128.5 (CHR7.7 (CH), 127.0 (CH), 122.0
(CH), 120.2 (CH), 118.8 (CH), 113.3 (CH), 110.0 (CH10.4 (CH), 104.9 (C), 71.5
(C), 70.4 (CH), 70.0 (CH), 55.7 (GH 48.6 (CH), 21.5 (CH}, 21.3 (CH), 21.2 (CH),
20.6 (CH); HRMS (ESI)n/z 533.2278 [M+H], CsoH3N-O; requires 533.2282.

(R,Z)-Diisopropyl 4-(((2-methoxyphenyl)amino)(naphthal@-2-yl)methylene)-5-
oxo-3-phenylpyrrolidine-2,2-dicarboxylate (26c¢cn)

iPro,C H Chiral HPLC analysis: Chiralcel AD-H, hexarferOH
iPrO,C 0 80:20, 1 mL/min.major enantiomer t. = 9.1 min, minor
P NN oMe enantiomer t, = 17.5 min

O @ Yellow oil; [a]p®° -99.0 € 0.97, CHC}, ee = 98%); 'H
Q NMR (300 MHz, CDC}) § 10.67 (1H, s, NH), 7.77 (1H, dd,
J=7.8, 1.5 Hz, Ar), 7.62 (2H, d,= 8.4 Hz, Ar), 7.52-7.42

(3H, m, Ar), 7.04 (1H, br s, Ar), 6.97 (1H, dt= 7.2, 1.2 Hz, Ar), 6.87 (2H, 8, = 7.8
Hz, Ar), 6.76-6.67 (4H, m, Ar), 6.26 (1H, td,= 8.1, 1.5 Hz, Ar), 6.21 (1H, s, NH),
6.05 (1H, ddJ = 8.1, 1.5 Hz, Ar), 5.11 (1H, hept,= 6.3 Hz, CHO), 4.83 (s, CH-Ph),

4.49 (1H, hept) = 6.3 Hz, CHO), 3.90 (3H, s, MeO), 1.30 (3H,Jd; 6.3 Hz,iPr), 1.24

(3H, d,J = 6.3 Hz,iPr), 0.93 (3H, dJ = 6.3 Hz,iPr), 0.49 (3H, dJ = 6 Hz,iPr); **C

NMR (75 MHz, CDC}) § 172.4 (C), 168.0 (C), 166.5 (C), 151.9 (C), 143, 140.6
(C), 133.0 (C), 132.7 (C), 132.0 (C), 129.9 (C)8.B2(CH), 128.3 (CH), 128.1 (CH),
127.6 (CH), 127.5 (CH), 126.7 (CH), 126.5 (CH), IP@H), 125.5 (CH), 121.7 (CH),
119.9 (CH), 119.2 (CH), 110.3 (CH), 103.2 (C), 7(CJ, 70.3 (CH), 69.7 (CH), 55.7

(CHs), 48.6 (CH), 21.5 (CH), 21.3 (CH), 21.2 (CH), 20.5 (CH); HRMS (ESI)nvz

593.2650 [M+HI,C36H36N206 requires 593.2646.
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5.6.4. Synthetic transformations
Diisopropyl (3S,4S)-4-benzoyl-5-oxo-3-phenylpyrrolidine-2,2-dicarboxjate (27ca).

iPro,C H 37% Hydrochloric acid (0.3 mL) was added to a sofu of
iPrO,C O compound26ca (59.0 mg, 0.11 mmol, ee = 94%) in THF (4.3 mL).

o The reaction mixture was stirred for 30 min, questttvith water (60
Ph/_ mL), extracted with dichloromethane 46 mL) and dried over
MgSQ,. After evaporation of the solvent under reducedespure, column
chromatography eluting with hexane/EtOAc (80:20yegd3.0 mg (90%) of compound
27ca Chiral HPLC analysis: Chiralcel AD-H, hexarferOH 85:15, 1 mL/minmajor
enantiomer t, = 22.1min, minor enantiomer t, = 39.9 min. White solid, mp 58-60 °C;
[0]p®° 63.2 € 1.0, CHC}, ee= 92%):'H NMR (300 MHz, CDCJ) § 7.99 (2H, dd,) =
6.9, 1.2 Hz, Ar), 7.56 (1H, t1 = 7.5, 1.2 Hz, Ar), 7.46 (1H, d,= 7.8 Hz, Ar), 7.41-
7.38 (3H, m, Ar), 7.32-7.19 (3H, m, Ar), 6.81 (18J,NH), 5.13 (1H, hept] = 6.3 Hz,
CHO), 4.93 (1H, dJ = 7.2 Hz, CH-Ph), 4.81 (1H, d,= 7.2 Hz, CH-CO), 4.63 (1H,
hept,J = 6.3Hz, CHO), 1.26 (3H, d, = 6.3 Hz,iPr), 1.25 (3H, dJ = 6.3 Hz,iPr), 1.04
(3H, d,J = 6.3 Hz,iPr), 0.55 (3H, dJ = 6.3 Hz,iPr); **C NMR (75 MHz, CDCJ) 5
193.4 (C), 171.3 (C), 167.2 (C), 166.7 (C), 1367, (135.9 (C), 133.7 (CH), 129.4
(CH), 128.7 (CH), 128.6 (CH), 128.5 (CH), 128.2 (¢H1.8 (C), 70.7 (CH), 70.6
(CH), 56.5 (CH), 48.1 (CH), 21.4 (GH 21.37 (CH), 21.31 (CH), 20.5 (CH); HRMS
(ESI)mVz 438.1913 [M+H], CsH27NOg requires 438.1911.

Ph

Diisopropyl (3S,49)-4-((R)-((2-methoxyphenyl)amino)(phenyl)methyl)-5-oxo-3-
phenylpyrrolidine-2,2-dicarboxylate (28ca)

NaBH;CN (41.8 mg, 0.67 mg) and AcOH (1dL, 0.25

iPro,C N : :

" TN _o mmol) were successively added to a solution of cnmg

iPrO,C H 26ca (60 mg, 0.11 mmol, ee = 94%) in absolute EtOH (1.2
Ph" H PhH mL) at O °C under nitrogen atmosphere. The soluti@s

MeO stired at room temperature for 25 hours and
chromatographed on silica gel eluting with hexat@/A (80:20) mixture to give 45.3
mg (75%) of compoun@8caand 6.6 mg (11%) of its isom28ca

Chiral HPLC analysis: Chiralpak IC, hexai&OH 80:20, 1 mL/min.Major
diastereomer. major enantiomer t, = 11.2min, minor enantiomer t, = 14.2 min.Minor
diastereomer. major enantiomer t, = 27.4min, minor enantiomer t; = 19.9 min.

Major diastereomer 28ca White solid; mp 93-95 °C (hexane-EtOAc)]§%° -1.6 (c
1.0, CHCH, ee= 95%): *H NMR (300 MHz, CDCY) & 7.38 (2H, ddJ = 6.4, 1.5 Hz,
Ar), 7.34-7.17 (8 H, m, Ar), 6.66-6.53 (3H, m, AB.29 (1H, ddJ = 7.8, 1.8 Hz, Ar),
6.25 (1H, s, NH), 5.09 (1H, d,= 6.6 Hz, NH), 4.99 (1H, hepi,= 6.3 Hz, CHO), 4.94
(1H, dd,J = 6.6, 5.1 Hz, CH-NH), 4.59 (1H, hegt= 6.3 Hz, CHO), 4.17 (1H, d} =
9.0 Hz, CH-Ph), 3.67 (3H, s, MeO), 3.50 (1H, dd, 9.0, 5.1 Hz, CH-CO), 1.20 (3H, d,
J= 6.3 Hz,iPr), 1.18 (3H, dJ = 6.3 Hz,iPr), 1.03 (3H, dJ = 6 Hz,iPr), 0.49 (3H, dJ

= 6.3 Hz,iPr); ®*C NMR (75 MHz, CDCJ) § 174.8 (C), 167.5 (C), 167.0 (C), 146.9 (C),
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139.8 (C), 137.1 (C), 136.6 (C), 129.0 (CH), 1283), 128.5 (CH), 127.9 (CH),
127.52 (CH), 127.46 (CH), 121.0 (CH), 116.7 (CH)11L (CH), 109.4 (CH), 71.1 (C),
70.5 (CH), 70.4 (CH), 57.2 (CH), 55.4 (€}H53.2 (CH), 47.3 (CH), 21.41 (GH 21.36
(CHs), 21.3 (CH), 20.5 (CH); HRMS (ESI) m/z 545.2657 [M+H], CsH3gN2Og
requires 545.2646.

Minor diastereomer 29ca White solid, mp 83-85 °C (hexane-EtOAc)]4*° -12.8(c
0.47, CHC}, ee= 89%)*H NMR (300 MHz, CDCJ) § 7.39-7.15 (11H, m, Ar), 6.61-
6.57 (1H, m, Ar), 6.48-6.44 (2H, m, Ar), 6.40 (18),NH), 5.84-5.81 (1H, m, CH-Ph),
5.10 (1H, hept] = 6.3 Hz, CHO), 4.63 (1H, hepl,= 6.3 Hz, CHO), 4.56 (1H, d} =
7.5 Hz, CH-Ph), 4.32 (1H, d,= 9.3 Hz, NH), 3.76 (3H, s, MeO), 3.71 (1H, dd: 8.7,
8.1 Hz, CH-CO), 1.27 (3H, d,= 6.3 Hz,iPr), 1.24 (3H, dJ = 6.3 Hz,iPr), 1.02 (3H, d,
J=6.3 Hz,iPr), 0.55 (3H, dJ = 6.3 Hz,iPr);: *C NMR (75 MHz, CDCY) § 174.0 (C),
167.3 (C), 166.0 (C), 146.7 (C), 141.4 (C), 1363, (135.0 (C), 128.1 (CH), 128.0
(CH), 127.8 (CH), 127.5 (CH), 127.0 (CH), 120.8 (CE16.4 (CH), 111.1 (CH), 109.3
(CH), 70.8 (CH), 70.5 (C), 70.2 (CH), 55.4 (H55.0 (CH), 51.3 (CH), 49.8 (CH),
21.5 (CH), 21.4 (CH), 21.3 (CH), 20.5 (CH): HRMS (ESI)m/z 545.2650 [M+H],
Cs2H3sN20s requires 545.2646 .

2-Isopropyl 2-methyl (2R,3R,2)-4-(((2-methoxyphenyl)amino)(phenyl)methylene)-
5-0x0-3-phenylpyrrolidine-2,2-dicarboxylate (30ca).

Pro,c, H A 1 M solution of NaOMe in MeOH (55L, 0.055 mmol)
MeO,C o] was added to compourbca (30 mg, 0.055 mmol, ee =

X—g 94%) dissolved in MeOH (1 mL) under nitrogen

atmosphere. The solution was heated at 65 °C fdr, 1

diluted with EtOAc (70 mL), washed with water (5r8.)
and brine (5 mL), dried under Mg$@nd concentrated
under reduced pressure to give 25.2 mg (89%) ofpoarmd 30ca Chiral HPLC
analysis: Lux Amylose-1, hexanBfOH 80:20, 1 mL/minmajor enantiomer t, = 10.3
min, minor enantiomer t, = 26.0 min. Colorless oil:a]p*° -184.3 € 1.0, CHC}, ee=
94%): *H NMR (300 MHz, CDGCJ) & 10.55 (1H, s, NH), 7.28-7.20 (1H, m, Ar), 7.17
(2H, t,J= 7.5 Hz, Ar), 7.10-6.89 (5H, m, Ar), 6.85-6.63 (4, Ar), 6.38 (1H, ddd] =
8.4, 6.6, 2.7 Hz, Ar), 6.07 (1H, s, NH), 6.03 (1ddl,J = 8.1, 1.2 Hz, Ar), 4.83 (1H, s,
CH-Ph), 4.52 (1H, hepd = 6.3Hz, CHO), 3.89 (3H, s, MeO), 3.81 (3H, s, Me@P2
(3H, d,J = 6.3 Hz,iPr), 0.57 (3H, dJ = 6.3 Hz,iPr); *C NMR (75 MHz, CDCJ) 5
172.4 (C), 169.2 (C), 166.4 (C), 152.4 (C), 14y, 140.4 (C), 129.8 (C), 128.7 (CH),
128.4 (CH), 127.6 (CH), 126.8 (CH), 121.9 (CH), B18CH), 119.6 (CH), 110.4 (CH),
102.3 (C), 71.5 (C), 70.0 (CH), 55.8 (§H53.3 (CH), 48.9 (CH), 21.2 (Ckj, 20.6
(CHz); HRMS (ESI)mVz 515.2179 [M+H], CaoH3:N2Og requires 515.2177.

Ph NH OMe

Ph
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(2R,3R,2)-4-(((2-methoxyphenyl)amino)(phenyl)methylene)-5-oxo0-3-
phenylpyrrolidine-2-carboxylic acid (31ca).

’ A 25% solution of tetraethylammonium hydroxide in MeOH
HOLCu, N4 (38 pL, 0.22 mmol) was added to a solution of compound
/1{ 26ca (30.0 mg, 0.055 mmol, ee = 94%) in dimethylsulfoxide
NH OMe (1.5 mL) under nitrogen, and the reaction flask was introduced
in a bath at 80 °C. After 36 h, water was added (10 mL). The
mixture was acidified with 2M HCI until pH 2 and extracted
with dichloromethane ¢80 mL), the organic layer was washed with water (3x5 mL),
brine (5 mL), dried over MgS£and concentrated under reduced pressure to give 19.0
mg (87%) of acid 31ca. Yellow oil:a]p?° -88.9 € 1.0, CHCk, ee= 94%); 'H NMR
(300 MHz, DMSO-@) 6 10.53 (1H, s, OH), 8.01 (1H, s, NH), 7.26-7.20 (3K, Ar),
7.18-7.13 (1H, m, Ar), 7.11-7.07 (3H, m, Ar), 6.98 (2HJd; 6.6 Hz, Ar), 6.89 (1H,
dd,J = 8.1, 1.2 Hz, Ar), 6.80 (2H, dd,= 8.1, 1.8 Hz, Ar), 6.71 (1H, dj,= 7.5, 1.5
Hz, Ar), 6.38 (1H, ddJ = 7.8, 1.8 Hz, Ar), 5.96 (1H, dd,= 7.8, 0.9 Hz, Ar), 4.10 (1H,
s, CH-Ph), 3.83 (3H, s, MeO), 3.74 (1H, s, CH-CB}, NMR (75 MHz, DMSO-g) &
173.3 (C), 149.6 (C), 149.3 (C), 145.2 (C), 134.5 (C), 129.4 (C), 128.7 (CH), 128.4
(CH), 128.21 (CH), 128.17 (CH), 126.3 (CH), 126.2 (CH), 121.5 (CH), 119.8 (CH),
119.1 (CH), 110.9 (CH), 104.4 (C), 61.9 (CH), 55.6 {LH6.8 (CH);*"H NMR (300
MHz, CDCk) 6 10.56 (1H, s, NH), 7.25-6.80 (11H, m, Ar), 6.74 (BNH), 6.72 (1H,
m, Ar), 6.37 (1H, dddJ = 8.4, 6.6, 3.0 Hz, Ar), 6.01 (1H, d= 7.8 Hz, Ar), 4.27 (1H,
d, J = 2.0 Hz, CH-Ph), 4.04 (1H, d,= 2.0 Hz, CH-CO), 3.87 (3H, s, MedJC NMR
(75 MHz, CDC}§) 6 174.9 (C), 152.4 (C), 150.0 (C), 145.3 (C), 134, (129.9 (C),
128.5 (CH), 128.4 (CH), 128.2 (CH), 128.1 (CH), 126.7 (CH), 126.2 (CH), 121.8 (CH),
119.8 (CH), 119.7 (CH), 110.4 (CH), 101.9 (C), 62.4 (CH), 55.73(C&F.1 (CH):
HRMS (ESI) m/z415.1655 [M+H], CosH,.N,O,4requires 415.1655

Ph
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6. CONCLUSIONS

1. Several new asymmetric conjugate addition reastiof malonate ester
derivatives and,3-unsaturated imines have been developed usingdiffehiral metal
complexes as catalysts. In these reactions, thefuselecular sieves as an additive was
crucial to obtain the desired products with higklgs and stereoselectivity.

2. The enantioselective conjugate addition of dinyletnalonate tax,3-unsaturated
N-tosyl imines derived from chalcones was carried inuthe presence of a catalytic
amount of thepyBOX1-La(OTf); complex, achieving the corresponding chikal
enamines with excellent yields, good diastereomeiims and enantiomeric excesses
up to 93%. The reaction could be applied to uns&ddrimines bearing aromatic and
heteroaromatic substituents in both, fiwearbon of the alkene and the azomethinic
carbon. Also, the reaction tolerated aliphatic gowyielding the corresponding 1,4-
adducts with slightly lower enantiomeric excessisTieaction is the first example of
enantioselective conjugate addition of 1,3-dicagbhacompounds toa,-unsaturated
imines reported in literature. Th§E) stereochemistry of the resulting products was
established by NOESY experiments and chemical latiwa with a compound of
known stereochemistry.

3. A similar reaction involving the addition of datinyl malonate top-
trifluoromethyla,B-unsaturated-tosyl imines has also been developed. In this,chse
reaction performed better in the presence ofBRX7-Cu(OTf), or BOX7-Mg(OTf),
complexes than witlpyBOX1-La(OTf);. Better enantioselectivity was obtained with
the copper catalyst while the magnesium complexigea the reaction products with
better diastereoselectiviy. In both cases, théutmibmethylated $E)-enamines were
obtained, as it could be determined by X-ray anslgsone of the products.

4. We have developed a diastereodivergent Mukaiyisliichael reaction of
silylketene acetals to conjugatBetosyl ketimines derived frorfi,y-unsaturated:-keto
esters. Although the reaction could not be caroeidin an enantioselective fashion, the
E- or Z-dehydroamino esters were obtained in a stereadtedrmanner starting from a
same set of reactants. The non-catalytic reactivaréd theZ-diastereomer while in the
presence of a catalytic amount of copper trifléeHE-diastereomer was obtained. The
stereochemistry of the resulting products was detexd by both NOESY experiments
and X-ray analysis. Based on these results, weeslsdlished a correlation between the
'H NMR chemical shifts and the stereochemistry oé ttiouble bond in these
compounds.

5. The pyBOX1-La(OTf); complex catalyzed the enantioselective conjugate
addition of dialkyl malonates to conjugatsetosyl imines derived frori,y-unsaturated
o-keto esters to give the corresponding chirtdehydroamino esters with excellent
yields, diastereomeric ratios and high enantiomextesses. The reaction could be also
performed with dimethyl 2-methylmalonate. In aletbases, the reaction delivered the
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products with the& configuration at the enamine double bond as itddea determined
by NOESY experiments and X-ray analysis.

6. An extension of the above reaction involved #mantioselective conjugate
addition of diethyl 2-chloromalonate wp-unsaturatedN-tosyl imines derived from
B,y-unsaturatedo-keto esters. As with diethyl malonate, the additif diethyl 2-
chloromalonate catalyzed by pyBOX-La(Offomplexes led to the corresponding
dehydroamino esters with th&configuration at the double bond. Excellent yields
diasteromeric ratios and good enantiomeric excegases obtained for a number of
imines. On the other hand, the reaction catalyaethb pyBOX1-Ca(OTf) complex
provided the dehydroamino esters with #eonfigurationat the double bond, again
with excellent yields, high diastereomeric ratiosl @almost full enantioselectivity. Thus
both theE- and Z- chiral dehydroamino esters were available from same set of
reactants with high enantioselectivity by simphanging the catalyst.

The resulting chloro-derivatives could be subjected hydrogenolysis in the
presence of a Rh-dppp complex without isomerizatioerosion of the optical purity.
This reaction gave access to compourt)slO which were not directly available from
diethyl malonate.

7. The catalytic asymmetric formal [3+2] cycloaddlit of diisopropyl 2-
isocyanatomalonate and,p-unsaturatedN-(o-methoxyphenyl)imines to give highly
substituted chiral-lactams has been developed. The reaction wasyrathlby the
BOX10-Mg(OTf), complex, and the chiral pyrrolidinones featuringcanjugated
exocyclic double bond were obtained with excellgatds, full diastereoselectivity and
high to excellent enantioselectivities, for a sigative number of unsaturated imines.
The use of thé\-(o-methoxyphenyl) group was essential for the sucoé#ise reaction
as neither the unsaturated ketone nor the unsatiixatosyl imine were reactive with
this catalyst. Furthermore, the reaction did nqunee diastereomerically pure imines as
starting materials. Also, the bulky diisopropyl e¥stvas important to achieve high
enantioselectivity. The reaction is thought to pedt by a tandem Michael
addition/intramolecular addition to isocyanate @& The configuration of the chiral
center as well as the geometry of the alkene irghelting lactams was determined by
X-ray analysis.

8. The potential applicability of the products fiésig from the above reactions has
been proved by performing several synthetic transfbions to obtain nitrogen-
containing compounds such a&amino esters, piperidones, pyrrolidones or
cyclopropanic compounds.
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8. RESUMEN EN CASTELLANO

8.1. Objetivos

Las iminasa,p-insaturadas (1-azabutenos) han sido frecuentemsiliteadas como
moléculas de partida para la sintesis de diferentes compuestos nitrogenados. La adicion
conjugada de nucledfilos carbonados a este tipo de compuestos es una manera eficiente
de formar nuevos enlaces C-C dando lugar a la sintesis de enaminas con formacion
concomitante de un nuevo centro estereogenico. No obstante, al contrario de lo que
sucede con los compuestos carbonilicos insaturados y los nitroalquenos, la adicion
conjugada enantioselectiva de nucleodfilos carbonados a imjpéissaturadas ha sido

mucho menos estudiada y en particular, no existian ejemplos de adicién asimétrica de
compuestos 1,3-dicarbonilicos antes de del inicio de esta investigacion.

El desarrollo de reacciones de adicion conjugada enantioselectivas a iflnas
insaturadas plantea diferentes retos:

a. Menor reactividad del sustrato debido a la baja electronegatividad del &tomo de N.

b. Control de la regioselectividad: los 1l-azabutenos a menudo prefieren dar lugar a
productos de adicion 1,2 o productos de doble adicion.

c. Control de la diastereoselectividad: la geometria del doble enlace de las enaminas
formadas puede ser tantac&mo Z

d. Control de la enantioselectividad: el nuevo centro estereogénico debe ser sintetizado
preferentemente en una Unica configuracion.

Teniendo en cuenta estos desafios, esta tesis se centra en el desarrollo de nuevas
adiciones conjugadas diastereo- y enantioselectivas de nucledfilos carbonados a iminas
a,p-insaturadas mediante catalisis metalica. Las giggese reacciones han sido
estudiadas:

1. Adicién conjugada asimétrica de ésteres maldnidedasil iminasa,p-insaturadas
catalizada por complejos de La(lll).

2. Adicién conjugada asimétrica de ésteres malonigasriluorometil N-tosil iminas
a,pB-insaturadas catalizada por complejos de Cu(ll)ngpdejos de Mg(ll).

3. Reaccidén de Mukaiyama-Michael diastereoselectiva de silil acetales de cétena y
tosil iminas derivadas decetoésteres,f-insaturados.

4. Adicion conjugada asimétrica de ésteres maldnidgdasil iminas derivadas de
cetoésteres,p-insaturados catalizada por complejos de La(lll).
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5. Adicion conjugada asimétrica diastereodivergente de 2-cloromalonatos a iminas
derivadas dea-cetoésteresp,y-insaturados catalizada por complejos de La(lll) o
complejos de Ca(ll).

6. Cicloadicion [3+2] asirétrica entre ésteres 2-isocianatomaldnicos e imigfas
insaturadas mediante un proceso tandem adicion de Michael/adicion intramolecular
a isocianato.
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8.2. Resumen y conclusiones

1. Se han llevado a cabo diferentes reacciones de adicion conjugada enantioselectiva de
éderes malonicos a iminas-insaturadas utilizando diferentes complejos metalicos
quirales como catalizadores. En estas reacciones el uso de tamiz molecular como aditivo
es crucial para obtener los productos deseados con altos rendimientos vy
estereoselectividades.

2. La adicion conjugada enantioselectiva de malonato de dimédiwsil iminasa.,3-
insaturadas derivadas de chalconas se llevé a cabo en presencia de cantidades cataliticas
del complejopyBOX1-La(OTf);, obteniendo las correspondientes enaminas quirales
con excelentes rendimientos, buenas relaciones diasterecisoméricas y excesos
enantioméricos de hasta 93% (Tabla 3, pagina 64). La reaccién se puede llevar a cabo
con iminas que poseen sustituyentes aromaticos o heteroaromaticos unidos tanto al
carbono3 como al carbono azometinico. La reaccion también tolera sustituyentes
alifaticos dando lugar a los correspondientes aductos 1,4 con un ligero descenso en el
exceso enantiomérico. Esta reaccidn representa el primer ejemplo descrito en la
literatura de adicidbn conjugada enantioselectiva de compuestos 1,3-dicarbonilicos a
iminas a,B-insaturadas. La estereoquimic&E) de los productos resultantes se
establecio por experimentos de tipo NOESY y correlacion quimica con un compuestos
de estereoquimica conocida.

3. También se ha estudiado una reaccion similar consistente en la adicion conjugada de
malonato de dimetilo f-trifluorometil N-tosil iminasa,-insaturadas. En este caso, la
reaccion funciona mejor en presenciaBl@X7-Cu(OTf), o BOX7-Mg(OTf), que de
pyBOX1-La(OTf)s. En presencia del complejo de cobre se obtuvieron mejores
enantioselectividades (Tabla 6, pagina 73) mientras que en presencia del complejo de
magnesio los productos fueron obtenidos con mejor diastereoselectividad (Tabla 8,
pagina 75). En ambos casos, se obtuvieron las (SE)-enaminas trifluorometiladas, tal y
como se puedo determinar mediante analisis de rayos X.

4. Hemos desarrollado la reaccion de Mukaiyama-Michael diastereodivergente entre
silil acetales de cetenaN-tosyl cetiminas derivadas decetoéstere$,y-insaturados.
Aunque la reaccion no se pudo realizar de manera enantioselectivg; @sZ-
dehidroamino ésteres se obtuvieron de manera estereocontrolada, partiendo de los
mismos sustratos. La reaccion en ausencia de catalizador favorecio la obtencion del
diastereoiémero Z (Tabla 9, pagina 81) mientras que la presencia de una cantidad
catalitica de triflato de cobre favorecio el diastereoisoridibabla 10, pagina 82). La
estereoquimica de los productos resultaste determind mediante experimentos tipo
NOESY. También pudimos establecer una correlacion entre los desplazamientos
quimicos de RMN déH y la estereoquimica del doble enlace en estos compuestos.

5. El complejopyBOX1-La(OTf); catalizé la adicion conjugada enantioselectiva de
dialquil malonatos &l-tosil cetiminas derivadas decetoésterep,y-insaturados dando
lugar a los correspondienteg3-dehidroamino ésteres con excelentes rendimientos y
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relaciones diastereocisoméricas, y excesos enantioméricos elevados (Tabla 14, pagina
90). La reaccion también se pudo llevar a cabo utilizando 2-metilmalonato de dimetilo
(Tabla 15, pagina 91). En todos los casos, la reaccién proporcioné los productos con la
configuracionZ en el doble enlace de la enamina como se pudo determinar mediante
experimentos tipo NOESY y rayos X.

6. Una prolongacion de la reaccion anterior consisti6 en la adicion conjugada
enantioselectiva de 2-cloromalonato de dietiloNdosil iminas derivadas de-
cetoéstere$,y-insaturados. Al igual que con malonato de dietilcgad&cion conjugada

de 2-cloromalonato de dietilo catalizada por complejos de pyBOX-La{@ibfjugar a

los correspondientes dehidroamino ésteres con la configurdcem el doble enlace,
obteniéndose excelentes rendimientos y relaciones diastereoisoméricas y buenos
excesos enantioméricos para un conjunto de iminas (Tabla 17, pagina 95). Por otro lado,
la reaccion catalizada por el complegBOX1-Ca(OTf), dio lugar a los dehidroamino
ederes con la configuracioB en el doble enlace, con excelentes rendimientos, altas
relaciones diastereoisoméricas y excelente enantioselectividad (Tabla 19, pagina 97).
De esta forma fue posible obtener 6® Z dehidroamino esteres quirales partiendo de

los mismos reactivos simplemente cambiando el catalizador.

Los cloro-derivados obtenidos se pudieron someter a hidrogenolisis en presencia del
complejo de Rh-dppp sin isomerizacién en el doble enlace o erosion de la pureza éptica.
Esta reaccion permitio la obtencion de los compue&ip$q, lo cuales no pudieron ser
obtenidos directamente a partir de malonato de dietilo.

7. Se ha desarrollado una cicloadicion formal [3+2] catalitica enantioselectiva entre 2-
isocianatomalonato de diisopropiloN¢(o-metoxifenil)iminasa,-insaturadas para dar
y-lactamas quirales altamente sustituidas. La reaccion fue catalizada por el complejo
BOX10-Mg(OTf),, y las pirrolidinonas con un doble enlace exociclico resultantes se
obtuvieron con excelentes rendimientos, total diastereoselectividad y excelentes excesos
enantioméricos (Tabla 21, pagina 104). El uso del grupmNetoxifenilo) fue esencial

para el éxito de la reaccion, ya que ni las correspondientes enonablHto&isiminas
insaturadas reaccionaron en presencia de este catalizador. Ademas, la reaccion no
requiere el uso de iminas diastereoisoméricamente puras como sustratos de partida.
Igualmente, el uso del éster diisopropilico fue crucial para la obtencion de elevada
enantioselectividad. La reaccion posiblemente transcurre mediante un proceso tandem
que implica una adicion de Michael seguida de un proceso de adicion intramolecular a
isocianato. La configuracion del centro quiral asi como la getart doble enlace en

las lactamas resultantes se determind mediante difraccion de rayos X.

8. La potencial aplicabilidad de los productos obtenidos en las reacciones anteriores ha
sido demostrada mediante varias transformaciones sintéticas obteniendo diferentes
compuestos nitrogenados comd&-amino esteres, piperidonas, pirrolidonas o
ciclopropanos.
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Asymmetric Conjugate Addition of Malonate Esters to a,f-Unsaturated V-
Sulfonyl Imines: An Expeditious Route to Chiral 8-Aminoesters and
Piperidones

Miguel Espinosa, Gonzalo Blay,* Luz Cardona, and José R. Pedro*!*!

Abstract: The asymmetric conjugate addition of malonate esters to a.f-unsaturat-

ed N-sulfonyl imines is catalyzed by PyBOX/La(OTf); complexes in the presence
of 4 A MS. The reaction gives the corresponding £ enamines bearing a stereogenic
center at the allylic position with good yields and enantiomeric ratios up to 97:3.

Keywords: amino acids - asymmet-
ric catalysis - carbanions - conjugate
addition « imino compounds

This reaction provides a synthetic entry to chiral d-aminoesters and piperidones.

Introduction

Conjugate addition reactions have played a crucial role in
organic synthesis. The research on this transformation has
been boosted by the wide diversity of compounds that can
serve as nucleophiles and electrophiles to generate a varied
array of products."! Such reactions often result in the gener-
ation of a new stereocenter, and consequently a considerable
effort has been devoted to the development of asymmetric
catalytic versions of 1.4-addition reactions. Unsaturated car-
bonyl compounds,”! nitroalkenes,”! and less frequently unsa-
turated sulfones!® have been used as electrophilic partners
in asymmetric conjugate additions of easily enolizable nucle-
ophiles, such as 13-dicarbonyl and related compounds. In
this context, «.f-unsaturated imines (1-azabutenes), readily
prepared through condensation of N-substituted amines
with the parent unsaturated ketones, have emerged as an in-
teresting family of compounds with important applications
in the synthesis of nitrogen-containing molecules. Thus, nu-
merous applications of 1-azabutenes as heterodienes in
asymmetric cycloaddition reactions have been reported in
the literature.”

In contrast to carbonyl substrates and nitroalkenes, the
asymmetric conjugate addition to «.f-unsaturated imines
has been scarcely explored probably due to the lower elec-
trophilicity of these substrates. Furthermore, «.f-unsaturat-
ed imines are ambidented electrophiles that can either un-
dergo 1.2- or 14-nucleophilic addition processes.”) However,
generally, the control of the regioselectivity is difficult and
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Prof. Dr. J. R. Pedro
Department de Quimica Organica-Facultat de Quimica
Universitat de Valencia
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dependent on the nucleophile and reaction conditions, often
1.2-addition is preferred.” or double nucleophilic addition
products are obtained.®! On the other hand, only a much re-
duced number of examples regarding the enantioselective
1.4-nucleophilic addition of carbon nucleophiles to unsatu-
rated imines have been reported.” In 2005, Ellman’s group
reported the asymmetric conjugate addition of organocup-
rates to chiral N-tert-butylsulfinylimines with good yields
and diastereomeric ratios (d.r.) of up to 93:7." The first ex-
ample of catalytic enantioselective conjugate addition was
reported by Tomioka’s group in 2005. These authors carried
out the addition of diethylzinc to N-sulfonyl aldimines bear-
ing a bulky group on the azomethinic nitrogen atom in the
presence of a phosphine/Cu' complex to give the corre-
sponding 1.4-alkylation products with ee values in the 75—
91% range. The group of Carretero reported the conjugate
addition of diethylzinc to unsaturated N-sulfonyl ketimines
by using a Cu'/phosphorimidite complex, obtaining the alky-
lated products with moderate enantioselectivity (ee=70-
80%)." Later, Palacios described the Cu'-catalyzed conju-
gate addition of diethylzinc to a reduced number of N-aryl
imines derived from a-ketoesters, by using a different phos-
phorimidite ligand with enantiomeric excesses in the 76—
88% range.I” Besides these examples, a conjugate addition
of malonate esters or related 1.3-dicarbonyl compounds to
unsaturated imines in an enantioselective fashion has not
been reported so far, to the best of our knowledge
(Scheme 1)1 In this paper, we describe the first example
of asymmetric conjugate addition of methyl malonate to un-
saturated N-tosyl imines as an efficient procedure to access
chiral d-amino acid derivatives.

Results and Discussion

In this investigation we have used N-tosyl imines 2 as elec-
trophiles since the reactivity of imines toward nucleophilic
attack is significantly increased by the presence of strong
electron-withdrawing groups on the azomethinic nitrogen

WWILEY i@
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The stereodivergent synthesis of N-tosyl a,f-dehydroamino esters via
a Mukaiyama-Michael addition is reported. The reaction of silylketene
acetals with N-tosylimines derived from B,y-unsaturated a.-keto esters
in dichloromethane provided the corresponding (2)-a,B-dehy-
droamino esters while the (E)-isomers were obtained when the
reaction was carried out in the presence of 10 mol% copper(i) triflate.

a,B-Dehydroamino acid derivatives are non-proteinogenic
amino acids that are often found as structural subunits in
natural products produced by bacteria, fungi, marine organ-
isms and plants, and play an important role in the biosynthesis
of other non-proteinogenic amino acids and p-amino acids
(Fig. 1)." Some of these compounds have shown antibiotic and
other intriguing biological activities.*> The presence of the
double bond in the dehydroamino acid residue reduces the
conformational flexibility of peptides, a property that is useful
for structure-activity studies and for the design of secondary
structure in peptides,’ and it also confers resistance to enzy-
matic degradation and alters their bioactivity." These properties
are affected by the E/Z configuration of the double bond of the
dehydroamino acid moiety.” Furthermore, a,B-dehydroamino
acid derivatives are widely used as starting materials in the
synthesis of natural and unnatural a-amino acids through
catalytic hydrogenation,® or conjugate addition,” as well as in
the synthesis of heterocyclic compounds.® According to these
pharmacological and synthetic potential, much synthetic effort
has been devoted to the preparation of dehydroamino acids and
their derivatives. Literature antecedents include elimination
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C/Dr Moliner 50, E-46100 Burjassot, Valéncia, Spain. E-mail: jose.r.pedro@uv.es;
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E,Z-Stereodivergent synthesis of N-tosyl «,B-
dehydroamino esters via a Mukaiyama—Michael
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reactions of B-hydroxy-z-amino acids,” Horner-Wadsworth-
Emmons and Wittig reactions,' condensation of aldehydes
with N-protected glycine or 5-(4H)-oxazolone (Erlenmeyer
synthesis),"* condensation of carbonyl compounds with iso-
cyano acetates (Schollkopf method),”* aminohalogenation of
unsaturated esters followed by basic elimination,'* addition of
amines to alkynoates,'* and Heck reaction."” In most of these
procedures the thermodynamically stable Z-isomer is predom-
inantly formed, > 12bet34 while the synthesis of the
E-isomer normally takes place with lower selectivity”'**** or
requires the use of stereoisomerically pure starting materials
that are usually prepared in multistep sequences or involves
difficult isomer separation.”

Recently, Palacios described a new approach to a,B-dehy-
droamino acid esters consisting in the conjugate addition of
dialkyl zinc reagents to imines derived from B,y-unsaturated
a-keto esters catalysed by a copper(i)-phosphoramidite
complex.’ A similar strategy has been reported by Liu and Hu

HO.
HO
«,B-DehydroDOPA
o OAc
Azinomycin A
9 'j:fo S o
HoN H n 9 —OH
| [ [e]
HO }/\N/ ‘
[
°© H OH
Cl OH Phomopsin A

Fig. 1 Examples of natural and bioactive «,B-dehydroamino acid
derivatives.
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Copper triflate-BOX complexes catalyse the enantioselective
conjugate addition of methyl malonate to f-trifluoromethyl-
a,f-unsaturated imines to give the corresponding enamines
bearing a trifluoromethylated stereogenic centre with good yields,
and diastereo- and enantioselectivities. The usefulness of the
method has been shown with the synthesis of optically active
p-trifluoromethyl §-amino esters and optically active trifluoro-
methyl piperidones.

Interest in the chemistry of chiral organofluorine compounds
has experienced a tremendous growth in the last few years due
to their wide range of applications in medicinal and agricul-
tural chemistry, as well as in materials science." Among
organofluorinated compounds, those having a trifluoromethyl
group” attached to a stereogenic centre deserve special atten-
tion due to the occurrence of this structural motif in bioactive
compounds® and chiral reagents.® These stereocentres are
most frequently prepared by nucleophilic addition reactions to
trifluoromethylated prostereogenic groups such as trifluoro-
methylketones® and trifluoromethylimines.® In this context,
several carbon nucleophiles have also been reported to
undergo enantioselective  Michael-type reactions’  with
p-trifluoromethyl «,p-unsaturated carbonyl compounds® or
with nitroalkenes® to obtain compounds with a trifluoro-
methylated stereogenic centre not connected to a heteroatom.
In the last few years, a,p-unsaturated imines (1-aza-buta-
dienes) have emerged as interesting Michael acceptors'®'!
that have been used in several enantioselective conjugate
addition reactions providing chiral nitrogenated com-
pounds.">"* Following our interest in the chemistry of 1-aza-
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butadienes,”?**'*® and considering the importance of

fluorine-containing amino acids in medicinal chemistry,'* we
report in this communication the first example of enantio-
selective conjugate addition of malonate esters to
p-trifluoromethyl «,p-unsaturated N-tosyl imines as an efficient
procedure to access the chiral p-trifluoromethyl-8-amino acid
derivatives, a reaction that has no precedent in the literature.

Our group has previously reported the enantioselective con-
jugate addition of dimethyl malonate to unsaturated N-tosyl
imines derived from chalcone, using La(OTf);-pyBOX com-
plexes in the presence of 4 A molecular sieves (MS), with good
yields and stereoselectivity.'?¥* When this catalytic system was
applied to the reaction (Scheme 1) between dimethyl malonate
(1) and (E,E)-N-tosyl-4,4,4-trifluoro-1-phenylbut-2-en-1-imine
(2a), the expected Michael reaction product 3a was obtained
with good yields but low enantioselectivities with different
La(OTf);-pyBOX complexes (see the ESIT). Other pyBOX com-
plexes with trivalent metal triflates such as Yb(OTf);, Sc(OTf);
or In(OTf); performed similarly or worse than La(OTf);. Due
to the low stereocontrol obtained with trivalent metal-pyBOX
complexes, we proceeded to test the reaction in the presence
of Cu(OTf),-BOX complexes (Fig. 1 and Table 1).*

The reaction requires the presence of 4 A molecular sieves
(MS) to proceed (Table 1, entries 1 and 2). 4 A MS probably
work as an effective proton scavenger favouring the generation
of the dimethyl malonate enolate in sufficient concentration.'®
Under these reaction conditions, several BOX ligands were
tested (Table 1, entries 2-11). All BOX ligands with the excep-
tion of BOX8 favoured the formation of the E-enamine.
Indene-derived bisoxazoline (BOX7) led to the best results in
terms of yield and stereoselectivity providing enamine 3a in
93% yield, as a ca. 90:10 mixture of E/Z-diastereomers and

CO,Me NTs . CF3 Ph
cal
+ —» MeO,C Pz NHTI
coMe FiC Ph 4AMs s
1 2a CHCl,  MeO.C 4

Scheme 1 Conjugate addition of dimethyl malonate (1) to imine 2a.
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