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ABSTRACT

During the past twenty years, vast progress has laebieved in the field of
organocatalysis. One of the fruitful areas is imini catalysis using, B-unsaturated
aldehydes as essential reactants. Enals involvedtieselective reactions (including
single-step reactions and cascade/tandem reactiepgsent an enormous and fruitful
research branch. In contrast, the protocols forctreesponding alkynals, even in single-

step conjugate addition reactions, are extremegy ra



Toward this end, my Ph. D research work mainlyusas on the development of
alkynal involved organocatalytic reactions and exjszathe scope of organocatalysis by
uncovering new activation modes. Unlike enals, ynath sp hybridized €C bonds are
much less studied and the related chemistries arehntess understood. Within the
context, firstly, we have developed an organoctitategio- and stereoselective Michael
additions of H-1, 2, 3-triazole to alkynals which afford the tiistituted alkenes. It is
found that the reaction conditions are critical foe 1- vs 2-isomers. Furthermore, we
have discovered several novel asymmetric oxa-Miekehael/aldol and aza-Michael-
aldol(-aromatization) reaction sequences initidbgdthe Michael addition to alkynals.
Notably, an unprecedented chiral iminium-allenantascade is disclosed for the first
time. Significantly, these processes serve as iefficand straightforward entries to
biologically significant chiral Bl-chromenes, polysubstituted quinolines and chiré} 1
dihydroquinolines with excellent yield and enangiestivity, as well as broad substrate
compatibility. The proposed iminium-allenamine aation mode adds a new domain in
the field of organocatalytic enantioselective cdscaeactions. Finally, unprecedented
organocatalytic 1,6-conjugated addition to yenals, unmet challenging problem in

organic synthesis, also has been realized.

Vi
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Chapter 1

Development of Organocatalysis

1.1 Introduction

We live in a world that new chemicals, materialsl dherapeutics come from
synthsis, while many chemical processes heavily oel catalysis. As reported, 90% of
all commercially produced chemical products invobetalysts at some stages in the
process of their manufactdre Particularly, the application of catalysis to the
pharmaceutical industry has steadily increased theepast two decadesdue to the facts
that 80% of small-molecule drugs approved by thé\FRdechiral and syntheses using
conventional asymmetric methods cannot meet theaddmTherefore, the development
of new synthesis strategies becomes essentialbNavaganocatalysis using pure small
organic molecules has been an important player ¢erpast 20 years in organic

synthesid

Organocatalysis has a rich history. The first reggbasymmetric organocatalytic
reaction dated as early as 1812n enantioselective catalytic addition of HCN to
benzaldehyde in the presence of alkaloids quinimee quinidine was realized although
the optical activities of the resulting cyanohydrimere less than 10%. Subsequently, in
1960, Pracejus reported that the addition of meth&m phenylmethylketene using-

acetylquinine as catalyst again can getu{phenyl methylpropionate with synthetically



useful levels of enantioselectivity (74% ®€cheme 1.1). Further breakthroughs were
achieved between 1970s and 1980s. The most fanxanspée is the discovery of the L-
proline promoted asymmetric Robinson annulatiorctrea which is also called Hajos-
Parrish-Eder-Sauer-Wiechert reacfiorlowever, the catalytic potential of proline was
ignored until 2000, the seminal works were publisisemultaneously by List, Barbas
and MacMillaf. Since then, it has grown at an explosive pace thepast decade and
the number of publications on the topic of orgamayais has increased remarkably.

Organocatalysis currently seems to be in the stfaae‘gold rush’®.

Scheme 1.Pracejus’ Enantioselective Ester Synthesis Catdlppze-acetylquinine

~
(@]
N
" 1OAC H, ,CHs
\ .
HaC | \ Ph/<”/00H3
>='=O +  MeOH N.= (1 mol%)

Ph o

Toluene, -111°C 93%, 74% e.e.

Compared with traditional approaches includinghgiion metal catalysis and
enzymatic transformations, organocatalysts haveratwadvantagé®™® First, they are
relatetively inert toward moisture and oxygen, gspegimental operations are simple and
no demanding reaction conditions such as inert sppmere, dry solvents are required in
most cases. Second, they are relatively non-taxicemvironmentally benign because of
the absence of transition metals. This is partitulattractive for the preparation of

pharmaceutical products, which do not toleratedoxétal contamination. The increasing



focuses on the development of environmentally susitde manufacturing processes also
make organocatalysis as one of the most appealesparch subjects. Third,
organocatalysts are readily available and inexpenstcause most of their precursors are
directly obtained from naturally occurring optigapjure molecules, such as amino acids
and alkaloids. Finally, enzymes are usually substaad reaction specific; however, one
kind of organocatalyst usually can catalyze a ¥ara# reactions with broad range of
substrate scopes. Although the impact of transith@tal catalysis on synthetic chemistry
cannot be understated, the advent of organocatalyseed has brought the prospect of a

complementary mode of cataly&is

1.2 Classification of Organocatalysts
The field of organocatalysis has been a rapidigwgng research area which

evolved from its infancy through the “gold rushage over the last decddeNot only
have the scopes and applications of enantioseteaiganocatalytic reactions been
expanded dramatically, but also the fundamental hax@sms and catalytic modes
underlying each type of organocatalytic reactiomvehbeen deeply comprehended.
Obviously, it is relatively straightforward and ieddle to apply the established activation
modes as a platform to rationally design new epagtective organocatalytic reactions
and discover novel activation mod&sEncouraged by the significant value of catalytic

mechanisms, herein, | will briefly summarize thientwo categories.



Generally speaking, based on the typical intepastibetween anorganocatalyst
and substrates within the catalytic cycle, the vasajority of organocatalytic
transformations can be divided into the two subpgsotcovalent organocatalysis” and
“non-covalent organocatalysis”. In the former cas®alent adducts are formed between
the substrates and the catalyst. Whilst, in thierdatase, non-covalent interactions such
ashydrogen bonding or the formation of ion paies/@ part in the catalytic procésk is
worthy of point out thata bunch of combined catalgtrategies have emerged as a new

branch in the field of organocatalyst very recently

1.2.1 Covalent Organocatalysts

Aminocatalysts are probably the most commonly usgdanocatalysts in
asymmetric transformatiotfs Their properties are closely related with thetipatar
reactivity of the nucleophilic nitrogen, wherebyetmitrogen atom condenses with a
substrate which is usually a carbonyl compound give rise either to enamine or
iminium intermediates. Besides that, SOMO (Singlgc@pied Molecular Orbital)
catalysis and dienamine catalysis are also fullxestigated very recently. As to other
types of covalent catalysts which are not closelated with my Ph. D research work
such as planar-chiral heterocycles as nucleophiidysis, N-heterocyclic carbine

catalyst will not be discussed in my dissertation.

1.2.1.1 Enamine Catalysts
In 1971, the proline-catalyzed intramolecular &l@action in the synthesis of the
Wieland—Miescher ketone was reported simultaneobglyoltan Hajos, David Parrish

and Rudolf Weichert, Gerhard Sauer, Ulrich EdehéBee 1.%) The wonderful reaction



scenario was recognized by the synthetic commuhiyyever, the underlying catalytic
mechanistic detail was not explored until more tB@nyears later. In 2000, the great
potential of activation mode — enamine catalysis vealized by the synthetic community
along with the seminal work of intermolecular aldekction catalyzed by secondary
amine via enamine by List and Barbars researchpg(®@cheme 1.3) Since then, a
number ofnew types of enamine catalystsave been identified and a broad range of
asymmetric chemical transformatidhs'* with aldehydes and ketones via enamine
catalysis have been achieved such as Mannich oeacii*’, Michael addition reaction%
a-functionalization of carbonyl compounds with aarenany of electrophiles, namely,
a-amination®?®  a-oxygenatiod',  o-halogenatioff ™  a-sulfenylatio®,  a-

I’2|6~27

selenylatio and intramoleculaw-alkylation of aldehydég (Scheme1l.4).

Scheme 1.2Proline Catalyzed Intramolecular Asymmetric Aldokedtion (Hajos-

Parrish-Eder-Sauer-Wiechert Reaction)

O &COOH 0o 0

(30 mol%) p-TsOH é(%
@]
@]

DMF, r.t., 20h OH CeHe
Quant. 93% e.e.

Scheme 1.3roline Catalyzed Intermolecular Aldol Reaction

Q‘COOH

0 o) H O OH
+ (30 mol%)
)J\ H)J\R1 )J\/'\R1
. DMSO, r.t.
R' = Ar, Alkyl Yield 54~97%
ee 60~96%



Scheme 1.0Dther Examples of Enantioselective Enamine Catalysi

.PMP
1 0 PMP< HN
+ 20 mol% L-Proline :
" TCO,Et
Rl R2 H COEt  pmso,rt2-24h R R2
RL, R2=H, Akyl Yield 47~86%
ee 61~>99%dr >19:1
2. [3/\ O Ar
NO,
R | N~ NHSO,CF; JBQ\/NOZ
H H (20 mol%) N,
R? Ar > R*™ R
1 R2- i-PrOH, 0 °C Yield 63~99%
R%, R = Allyl ee 89~99%, dr > 20:1
3. 0 O  COR
+ RO, C. =N« 10 mol% L-Proline N.
Rl& N~ CO.R = R Y7 UNHCO,R
2 MeCN, r.t -
R R2
RY, R? = Alkyl R =t-Bu, Bn, Et Yield 67~92%
ee 79~99%
4 0 0

9
H Ph/N

R
R = Alkyl

0 7 w
N
H)H H
R

5 mol% L-Proline R{ON
o H NHPh
CHCl;, 4°C, 4h

TMS
Ar

R

Yield 60~95%
ee 97~99%

OH

R

R = Alkyl

(1 mol%) 0 Kr':
AT Ar = 3,5-(CF3),-Ph H)H,F NaBH,

NFSI, MTBE, r.t.

MeOH, r.t. Yield 55~95%

R ee 91~97%

OTMS OH
N Ar (10 mol%) K(S\/Ph
R

H Ar Ar= 3,5'(CF3)2'Ph
Ph
Toluene, r.t., 3h, Yield 60~94%
then NaBH,, MeOH, r.t. ee 95~98%



7. Ph

(0]
0 Q\‘,Ph OH
0 SePh
H + N—SePh H oTMmS (20 mol/o)' K(
R Toluene, -20~0°C R
(0]

- then, NaBH,, MeOH Yield 66~93%

R= Al ee 93~96%
8- o
X OHC,,

OHC | U ScoH

EtOZC/" H (lo mOI%) Et02C/':
EtO,C
EtO,C

EtzN, CHCl3, -30°C, 24h 9294 Yield, 95% ee

In the enamine catalytic cycle, the LUMO loweriaffect results in dramatic
increase in C-H acidity of the initial iminium idn(Figure 1.1). Then the active enamine
Il species is reversibly generated. The resultingnerall reacts with the electrophile
via nucleophilic substitution or nucleophilic addit to form iminium ionlll which is
then hydrolyzed to afford the desired prodtidh short, the essence of enamine catalysis

is generation of the more nucleophilic enamine gsewhose HOMO energy is increased.



Figure 1.1Enamine Catalytic Cycle

@
9 N

@

0 H /LR1
2
X 1 R enamine Il
R » o
2
R o X\Am N

+HY R2 X R1 or II

H,O

1.2.1.2 Iminium Catalysts

Although the iminium-catalysis strategy had neveerb documented until 2000,
the experimental basis for this organocatalyticcegn probably can be stretched back
toseveral well-established methodological invesiogs. One of the well-known
examples is the Knoevenagel condensaliorediated by primary or secondary amines.
In 1931, Blanchard et al. suggested that an iminiomspecies reversibly generated by
an aldehyde and an amine is involved in the prétes1953, Crowell and co-worker
presented the kinetic evidence for imine/iminiuntermediates in the Knoevenagel
condensatio’s. The key point for this process is that only tmeinium ion is of
suficient electronic deficiency to undergo the followingcleophilic attack which is

closely related with LUMO-lowering activatiof.



The iminium catalysis concept was first raised MacMillan for the
enantioselective Diels-Alder reaction between elrahophiles and dienes in the presence
of chiral imidazolidinone in 2000 (Scheme #%5Yhereafter, the potential of the iminium
catalysis was further explored. A myriad of tramsfations related with enals or enones,
for example, [3+2] cycloadditid [4+3]-cycloadditior’, Friedel-Crafts alkylatiof,
Mukaiyama Michael additiofi, Michael additiof’, hydrogenatioff, cyclopropanatioft

and epoxidatioff have been extensively exploited (Scheme 1.6).

Scheme 1.9midazolidinone Catalyzed Diels—Alder Reaction

j /(5 mol%) Lb Lb

RMO H HCI CHO
(2s)-endo- (2s)-exo-
MeOH-H,O r.t.
R = Alkyl, Aryl ? ee 90-93%  ee 84-93%

Yield 75-99%

Scheme 1.60ther Examples of Enantioselective Iminium Catalysi

1.
RZ
” )/ (20 mol%) N—Q
& \+ ' . o
RN+ _,N;R H HCI R ‘R
(@]
L MeNO,-H,0 -20°C CHO
R™=Me, H R2 Bn, Me, Allyl 2z endo-
= Ayl Yield 66-98%
ee 90-99%
2. Q 0
iﬁNMe (20 mol%)
mol% CHO
OTMS . Me— O~ -Me Bn N)\t-Bu
M U TFA
CHO H Me Me

_ O,
CHCly, -78°C, 96h 64% yield, 89% ee



M S iy comony [P
+
N R = Alkyl, -Aryl H TFA - He R
Me -COzMe o) .
THF-H,0 -60~-30°C Yield 72-90%
ee 87-93%

(20 mol%)
I fasu
TMSO™ g~ ~Me

R = Alkyl, -Aryl, DNBA
-CO,Me

CH,Cl»-H,0 -70~-20°C Yield 77-87%
ee 84-99%

0
|
w; Ar = 3,5-(CF3),-Ph J)
N r 0 , 2
RNy + Rlo,c_cCO,R? _H_oTms (10mol%) ri” " COR

EtOH, 0°C CO,R?

Yield 31-95%
ee 86-95%

R = Aryl R2 = Bn, Me

o EtOZC CO,Et Rl
T e T
N Tra R? ~o

Rl R2 — Alkyl Ary| CHC|3, -30°C Yield 74-95%
ee 90-97%
RY \R?
Me CO,H \/
R]'MO . é R2 ©\/N>< 2 :
) Me” ¥~ b (20 mol%) CHO
R* = Akyl, Ph 2_ ) CHCla, -10°C Yield 63-85%
R“= COPh,COt-Bu 3 ce 89-96%.
dr 6:1~72:1

R? wr Ar = 35-(CF3),-Ph R2
N Ar 0,
RIMO H OTMS (10 mol%) RlMO
o)
RY = Alkyl, Aryl H202 CHoCly, 1., 4h Yield 60->90%

R2 = H, Me ee 75-98%,
dr 9:1~98:2
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These reactions all share the same iminium aativamechanism. In the iminium
catalytic cycle, the condensation of enals or esonigh chiral amines results in the
reversible formation of active iminium ion¥ whose LUMO energy is loweréd
Accordingly, the iminium ions are more electroptally subjected to attack by a variety
of suitable nucleophiles or electron rich dienaghsgequently, Michael addition results in
an enamineV followed by iminiumVI and cycloaddition results in an iminium ion
intermediateVIl . These intermediates/ and VII ) are then hydrolysed to give the

desired product and regenerate chiral amine cat@igure 1.2).
Figure 1.2Iminium Catalytic Cycle for Michael Addition and €lpaddition

Nu-H

|

J)kH J)\H J)\ @

R +H® R iminium 1V iminium 1V Diene
(0

/H

iminium VI

Michael Addition Cycloaddition

In summary, the HOMO-raising enamine activation amel LUMO-lowering iminium

activation are two divergent activation modes igamocatalysis despite the fundamental
analogies in the structure of these catalysts abdteates. On the other hand, enamine
and iminium catalysis are closely interrelated watich other which can be seen from

their catalytic cycles. Enamine catalysis alwaysults in the formation of iminium ion

11



and iminium catalysis proceeds via the enaminerrimtdiaté?. The combinations of
enamine and iminium catalysis in a cascade readeaing to the formation of
molecules of higher level complexity constituteeaand milestone in the field of amine-

based organocataly&fs

Meanwhile, many new types of chiral amine catalysave been identified.
Remarkably, the diarylprolinol silyl ether catakydtave emerged as highly powerful,
potentially general organocatalysts in promotinghesi enamine catalytic cycle or
iminium catalytic cycl&®. In general, secondary amine is suitable for leisslered
carbonyl compounds serving as either enamine onium catalysis. However, these
catalysts have the inherent difficulties in genaratcongested covalent intermediates
with sterically demanding substrates. Fortunatéhg, problem was overcome by less
hindered primary amine based catalysts which warecttly derived from natural
cinchona alkaloid$. And this strategy has been successfully demdaestia some cases

for activating challenging keton®anda,p-disubstituted enal8(Scheme 1.7).

Scheme 1.Primary Amine Based Catalyst in Enamine / Iminiuatalysis

1. A
o) 9 GOkt \/M

Catalyst (20 mol%), N« N
Rl& N_N,COzEt p-TSA (40 mol%) _ R* NH
+ = 2
R EO.C 2-PrOH, 40°C, R™  COEt “INH
RY=Anyl, 2 4A MS, 72h Yield 39-77% | 2
R2 = Akyl ee 88-99% Nx
Catalyst
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R2

R30,C. Catalyst (20 mol%),
“CHO \ N TFA (30 mol%)
W * N RY T N-co,r3  CHClg 0.5M, r.t, 48h
H
R1=H, Me, RS =Et, Bn, t-Bu OMe
R?=H, Cl, OMe, Me Yield 43-80%
NH, ee 91-99%, dr 3:1~11:1

AT
\/\' 2N catalyst

N
H

1.2.1.3 SOMO Catalysis

In 1992, K. Narasaka and co-workers reported tithtian reactions of enamine
cation radicals generated in the presence of storadtric amount of oxidant ammonium
cerium (IV) nitrate(CAN) to olefins (Scheme 1.8) About 15 years later, the MacMillan
research group proposed a novel SOMO (single oedupmolecular orbital)
organocatalysis concéfit SOMO catalysis is based on the idea that singietren
oxidation of a transiently produced, electron-ristamine selectively generates a three
electrons radical cation with a single occupied eunolar orbital (Figure 1.3). This
intermediate readily reacts with a variety of weakicleophilic carbon-based
“SOMOphiles” to afford enantioselectiivea-functionalized carbonyl-containing
compounds (Scheme 1%8) Although SOMO catalysis is one of the most relgent
discovered activation modes, it has already beetended to many asymmetric

transformation® >*which are complementary to those via enamine ysital
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Scheme 1.8Addition Reaction between Enamine Cation Radicdl @fefine

o
L] - i
N ;  QSiMeBu CAN )th
__©CAaN
& %\ph CH. N, rt.  BY
But 0
Yield 63%

Figure 1.3 SOMO Catalysis via Single-Electron Oxidation of eafsiently Formed

Enamine
R - Hz0 N +2¢" N

R
LUMO activation HOMO activation SOMO activation

+eo
. N
I _-lee
- o g
% R R
N
H

Scheme 1.9 Representative SOMO Catalysis in Enantioselectivallylation of

Aldehyde
Q. 7/ o)
0 iB\TFA HJ\/Rl
R2 Bn™ ~\~ Tt-Bu H

H)H + /‘\/snwe?, H (20 mol%)_ \’/

RL CAN (2eq), NaHCO, R2

1 ) DME, -20°C _

R* = Alkyl R?= Akyl, Aryl, CO,Et Yield 70-88%

ee 87-95%

1.2.1.4 Dienamine Catalysis
Enamine, iminium and SOMO catalysishave providedfaasible methods for
stereoselective functionalization of carbonyl conmpas at thein and/orf3 positions. In

2006, the seminal work about the correspondiafunctionalization of carbonyl
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compounds was reported by Jagrgensen and co-woskerdaunch the unique dienamine
organocatalysf concept for the first time. When they undertds®NMR spectroscopic
investigationsin the attempt to characterize th@eeted electrophilic iminium-ion
intermediatéA formed by the reaction of 2-pentenal and chiralrenoatalyst, contrary to
their expectations, electron-rich dienamine spe&@iewas observed (Scheme 1.%0)
Inspired by the observation, Jargensen demonsttiaéefirst organocatalytig-amination
of a,B-unsaturated aldehydes with high enantioselectifaty inverting the normal

electrophilic alkene into electron-rich diene (Suieel.115%

Scheme 1.10Formation of the Dienamine Intermediate in the Reacbetween 2-

Pentenal and the Chiral Amine Catalyst

o A xS wr N o
S N Ar
Ar = 3,5-(CF3),-Ph N Ar
H %Ar (10 molvs) | OTMS OTMS

H OTMS H - Z"
CeDe | EZz=1:2
2-Pentenal L A _ B

Scheme 1.1Drganocatalytig-Amination ofa, f-Unsaturated Aldehyde

0

0 AT Ar=35-(CFa)p-Ph |l

I EtO,C- Oﬁ/\ =3, 3)2 .CO,Et
22 N N Al (10 molog) HN

| + I H OTM N
N« ~NTCO,Et
CO,Et PhCO2H (10 mol%), Toluene
R
R Yield 40~58%
R= AIkyI ee 88~93%

Since the initial studies, the potential of dieiacatalysis was further exploited.

Many dienamine catalytic transformations were desigto expand the scope of
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activation such as the intramolecular cyclizatidnunsaturated dialdehyd&s primary
amine catalyzed vinylogous Michael addition of ay@nones to nitroalkengScheme
1.12). The common character for the substrat@-adiphatic-substitutedy-enolizable

unsaturated carbonyl compounds.

Scheme 1.1Dther Examples of Dienamine Catalytic Transformraio

1.
OH
O\g’;‘h (20 mol%) ’
N
: N~CHO W ormsBZOH
0_X_CHO n =0, CH,Cl,, -18°C, 2days |
n =1, Toluene,rt. q
Then NaBH4, EtOH =0, 60%yield, 94%ee
=1, 60%yield, 95%ee
2 OH
NH,
Rz/\/Noz
' |
2 _ NN N N
R* o \/\‘ oo Yi IdR:4 90%
1_ 2F-PhCO5,H or 2-OH-PhCO,H e —~IJ70
R®=Me, Bn, Allyl, 2 £ > e 85~95%,
Propyl, Ph Toluene, 0.2M, r.t. dr 2:1~13.5:1

1.2.1.5 Oxidative Enamine Catalysis

Enamine and SOMO catalysis representwepml approaches toa-
functionalization of aldehydes. In 2011, Wang grogjported the seminal work about the
direct B-functionalization of simple aldehydes rather thanals in a catalytic
enantioselective mannér Although the strategy involving transformationasf iminium

ion to an enamine in iminium catalysis has enjoyethendous successes (Figure 1.4, eq
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(1)), the reverse process in which an enaminenseaxed to an iminium species has not
been explored. Dr. Wang and co-worker reported tiatuse ofo-iodoxybenzoic acid
(IBX) as an oxidant in the presence of a secondatine catalyst serves as an effective
system for promoting rapid conversion of enamimeisinium ions (Figure 1.4, eq (25)
The preparative power of this process has been neinaded in the context of direct
asymmetric B-functionalization of simple aldehydes. Furthermora variety of
enantioselective cascade transformations, inclutiipte and quadruple cascades, have
been developed for the ‘one-pot’ synthesis of wdesachiral building blocks and

structural frameworks (Scheme 1.33)

Figure 1.4 Aminocatalysis: (1) Iminium Catalysis. (2) OxidaitEnamine Catalysis.

(e | e e
N N
: N
| H ‘H=~ Nu
-H,0
R

(1)

~"H
R = d
Nu R” “Nu
Iminium Enamine

®
. Vel el | el
H | *Nu )
R\)J\H -H,0 J%H -2e J)\H ij\Hf
-H .

Enamine Iminium
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Scheme 1.1®xidative Enamine Catalysis in Multiple Cascada®iens

1. Ph
F H oPhS hOS so.ph PhO,S.] -SO,Ph
T™MS P P
R7NACHO P (30 mol%) 2 27 NaBH,
PhO,S” “SO,ph — " > CHO R oH
= Alkvi | IBX (2.0 eq) R .
R = Alkyl, Ary FBSM o Yield: 41~68%
toluene, 0°C e.e.. 92~96%
2.
()ﬁ/\P
N Ph
CHO |Bx (1.2 eq), DCM, -10°C

CH,OH
55% yield, 90% ee

3.
(}*Ph
CHO N Ph Xy CHO
Ph/\/CHO N @ H  oTMS (30 mol%)
O  'Ph

OH IBX (1.2 eq), 4A MS, .
DCE, 5 days 55% yield, 85% ee

1.2.2 Non-Covalent Organocatalysts

Understanding of the mechanism of enzymatic caislgentified the key-role for
non-covalent interaction® Now, non-covalent interactions-particularly H-bamg has
emerged as a widely applicable approach in orgdalysss. Unlike covalent catalysts
which rely on strong convalent interactions witlswates, non-covalent catalysts active

substrates and stabilize the transition state tiirovell-defined non-covalent interactions.

The simultaneous donation of two hydrogen bonds fraven to be a highly

successful strategy for electrophile activationawse such interactions benefit from

increased strength and directionality relative tcsimgle hydrogen bord In 1998,
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Sigman and Jacobsen reported that urea and thiodesatives can catalyze
enantioselective Strecker reaction (Scheme 1140 2002, a mechanistic analysis
revealed that the thiourea functionality is resplgesfor catalytic activity and that the
imine substrate can interacts with the catalystavidual H-bond interaction to the urea
protons®. Shortly later, Jacobsen’s group identified theb@al (thio)urea as highly
versatile, effective catalysts for Mannich react{@cheme 1.15), launching the generic
use of enantioselective hydrogen-bonding catdlsédong this line, several examptés

%L have been presented such as Aza-Baylis--Hillmaati@?, hydrophosphonylation of
imine$® and Acyl-Pictet Spengler reactf8ifScheme 1.16). It should be noted that the
Jacobsen (thio)ureas are monofunctional catalliatsork through the sole activation of

electrophiles.

Scheme 1.1& hiourea-Catalyzed Asymmetric Strecker Reaction

tBu S Q
§ Ay
=
N Catalyst (2 mol%) Fscoc\/\/ Bn” \ﬂ/\N N
PR + HCN N
R™ 'H TFAA, Toluene, -70°C R™CN HO
=Ph, 91% ee
= t-Bu, 85% ee Catalyst Byt OCHs

Scheme 1.19 hiourea-Catalyzed Asymmetric Mannich Reaction

| t-Bu s Q
.Boc 0 N
N OTBS Catalyst (5 mol%), 0 NHBoc \ﬂ/\

/l . Toluene, -30°C NS
H R OPr " jren, TFA Pro R Ho
Yield 84~99%
~ 0,
ee 86~98% Catalyst Byt Buf
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Scheme 1.1®ther Examples of Thiourea Catalyst as Double Heldug Catalyst

1. | E—Bu S
Catalyst (10 mol% Hy Bn/N\n/.\NJ\N\\‘
Ns atalyst (10 mol%), B N H

)NI\ WCOZMe xylenes, 4°C Ar/\H/COZMe (e} N s
+
Ar H DABCO, 3A Sieves, HO
Yield 25~49%
ee 87~99%
Catalyst Byt Bu'
2.

N o I : .
PR O O//P\/R /NT(\N N
N~ “Ph o Py o : H H
P& . o Catalyst (10 mol%) HN~ o Nx
R H Et,0, 4~23°C NO, Pph HO
R = Alkyl, Aryl NO,
Catalyst  But OCOt-Bu

Yield 52~93%

ee 81~99%
3.
NH2 1) RCHO (1.05eq), 3A MS or Na,SO, ) Bu g'Bui
R = Alk NAc o N
i y N FBu” Y NN
2) AcCl (1.0eq), 2,6-utidine (1.0eq) H R o H H 4
N Catalyst (5-10 mol%), Et,0 _ \UF’“
H Yield 65~77%
ee 85~95% Catalyst

The amino acid arginine possessing a guanidiniunctfonal group, frequently
acts as a double H-bond donor in biological systemsilarly, in synthetic chemistry,
guanidinium ion is also capable of participatingidoble H-bonding interactiofs
Pioneering work in this area was reported by Camey Grogan, who demonstrated that
chiral bicyclic guanidine mediates asymmetric Stezcreactions (Scheme 1.3%)The
utilizations of chiral guanidines as catalysts iany different kinds of reactions such as
Henry reactiof’, Michael reactioff, Diels—Alder reactiof?, and Mannich reactidh

havebeen investigated thoroughly in the past feavg/e
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Scheme 1.1Bicyclic Guanidine Catalyst for Asymmetric Streck&zaction

N PhoHC
Ph""@%Ph 2N
~CHPh, NN P

P - HCN H (10mol%) ~ Ph” "CN

Ph Toluene, -40°C 96% vyield,
86% ee

Recently, inspired by enzyme-mediatathlysis, which relies on the synergistic
cooperation of a number of functional groups, orgachemists have developed
bifunctional organocatalysts which commonly comitime H-bond donors and Brgnsted
or Lewis base functionalities in a chiral scaffol&tarting with Jacobsen’s
monofunctional (thio)ureas catalyst, in 2003, Tak&mand co-workers developed novel
bifunctional catalyst with the introduction of additional basic, nucleophile-activating
group in the thiour€d As reported, the thiourea catalygiromoted the Michael reaction
of malonates tovarious nitroolefins with high enaselectivities (Scheme 1.18). In the
bifunctional catalyst, thiourea moiety activates tMichael acceptor through H-bonding
interaction with nitro group and the tertiary amgreup serves as Lewis base to activate
the nucleophilic enol species simultaneously (S&hdni8)°. The scope of Takemoto
catalyst has also been expanded to transformatimisg substantially different
electrophiles and nucleophiles, such as aza-Heeactiorf®>, Mannich reactioff,

cyanosilylatiod®, Baylis—Hillman reactioff and various Michael additioffs
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Scheme 1.18Vlichael Additions of Malonates to Nitroolefins Citeed by Takemoto

Thiourea Catalyst

EtO,C CO,Et

Catalyst | (10 mol%

RX-NO2 . E0,C._-CO,E ysti( ‘) :(/No2
Toluene, r.t. R

R = Aryl, Alkyl CF; Yield 74~95%

e.e. 81~-93%
O\ )SJ\ \N/
H H =
: CFs  fFc N\H/N :
g

AN~
O,H \lo ‘ﬁ CF4

N Catalyst |
J\)\OEt v

EtO

The natural products cinchona alkaloids have laésn utilized for the creation of
a new class of bifunctional organocatalysts by ipoation of thiourea moieti€s
Pioneering work was reported by Soés and co-wofkefsout Michael addition of
nitromethane to chalcones catalyzed by cinchonal@tk derived bifunctional thioureas

catalystll (Scheme 1.19).

Scheme 1.19Michael Addition of Nitromethane to Chalcones Cgtald by Cinchona

Alkaloid Derived Bifunctional Thioureas Catalyt

0 NO,
P (e}
A
| X
X \
1 2 Catalyst I (0.5~10 mol% ~
R R® + MeNO, ystil( ) R X,
. Toluene, r.t. R
R* = p-Cl, p-F, 0-MeO, H Yield 80~94%
2 —989
R“=H, p-MeO e.e. 89~08% Catalyst Il CF3

Since then, cinchona alkaloid derived bifunctiotiabureas catalysts have been
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intensively explored for asymmetric organic tramsfations. Notable examples include

Mannich reactioff, Diels-Alder reactioff and a wide range of Michael additfan

Wang and co-workers identified chiral naphthylided bifunctional thiourea
catalystlll . It has been demonstrated to promote the asynurdurita-Baylis-Hillman
reactions of cyclohexenone with a varietyof aldedsydo afford highly functionalized,
synthetically useful chiral allylic alcohols (Scherh.20§°,

Scheme 1.2Catalystlll Promoted Asymmetric Morita-Baylis-Hillman Reaction

Fs

o 0 yNH
)J\ Catalyst Il (10 mol%)

* RTH CFs

CH4CN, 0°C

R = Alkyl

Y|eld 63~84%
e.e. 80~94% Catalyst Il

1.3 Summary and Outlook

Over the past ten years, the field of enantiosekearganocatalysis has had a
significant impact on chemical synthesis and hasldeed into a practical synthetic
paradigm crucial for many applications includingigidiscovery’®® *® In principle, the
most pivotal to the success of organocatalysikérnpiast decade has been the invention or
identification of generic modes of catalyst actival’. Based on them, a myriad of
asymmetric reactions have been developed and théeruof publications on the topic of

organocatalysis has recently increased markedlyerGithe significance of new
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activation modes, it is desirable for chemistsorus their research efforts on uncovering

new modes.

Very recently, another valuable achievement is ¢benbination of different
activation modes or catalytic strategies into omggle transformation to generate
previously unattainable molecuf&sA number of multicatalysis mechanisms have been
identified including cooperative metal-organocasalysysted® and organocatalytic
photoredox strated§, Although multicatalysis concept is still in itsfancy and it has
inherent problems such as catalyst compatibility,believe that it will continue to grow
and offer solutions to the challenges; ultimatetywill be recognized as a powerful

catalysis strategy.
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Chapter 2

Organocatalytic Regio- and Stereoselective Michaélddition of 1H-1, 2,

3-Triazole to Alkynals

2.1 Background and Significance

The catalytic Michael addition reactions which @#ntly construct C-C and C-
heteroatom bonds held persistent interest in tlea &f asymmetric organocatalysis.
Notably, high effective asymmetric organocatalgaditions of various nucleophiles do
B-unsaturated cyclic and acyclic enals, enonesp ratefins, vinyl sulfones and vinyl
phosphonates have been develdpégnong those, Michael additions to enals represent
an enormous and fruitful research branctm contrast, the protocols for conjugate
additions to the corresponding alkynals are reddyivare. This is due to the fact that (i)
alkynals possess no prochiral center atftlvarbon atom; (ii) alkynals are known to be a
challenging class of electrophiles in asymmetrintilsgsis, and it is expected that they
would behave differently to the well-establishedlsrin terms of reactivity and stereo-
control, because they adopt different structured gaometry (linear sp hybridized
alkynes versus trans spybridized olefins). There are only a very smalimber of
reports dealing with Michael additions to alkynomesacetylenic esters which introduce
chiral centers by the Michael donors (Scheme®*Z:¥) And the examples of substituted

alkynals or alkynones act as acetylenic dienophiid3iels-Alder reactions are sporadic
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(Scheme 2.3§3"

Scheme 2.1Examples of Catalytic Asymmetric Michael Additions Alkynones or

Acetylenic Esters
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2.2 Research Design

Motivated by the dearth of applications of alkymeld organocatalysis (versus the
widely explored enals), we are pursuing to devedtiynals involved organocatalytic
single-step reaction. To the best of our knowledgéhe case of these Michael additions
to alkynals or alkynones, the iminium-ion activatimechanism which facilitates the
addition of the nucleophile to thg&carbon atom has not been reported although the

similar mechanism for activation of enals is alreactll-established.

In order to successfully develop the conjugatetamidto alkynal, we surmise that
the key issue is to choose the Michael donor. Adterief screening, we chose to test the
Michael addition of H-1, 2, 3-triazole to alkynals. This is based on fé& thatN-(1-
Alkenyl)azoles are involved in the synthesis ofypoérs and heteropentalene mesomeric
betaines of type B Moreover, N-(1-Alkenyl)azoles have found to display intriguing

biological activitie.

2.3 Introduction

The efficient regio- and stereoselective constauctf trisubstituted alkenes is a
long standing goal in organic synthesis. Carbotsfimation such as Wittigand Horner-
Wadsworth-Emmons reactidiis the most classical strategy. Transition-metatiimted
carbometallation of alkynésnd cross-coupling reactidfisias emerged as most widely
used methods for formation of trisubstituted alleerla all above strategies, regio- and

stereocontrol are the two key issues and remaamraidable challenge. Accordingly, we
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envisioned to develop a regio- and stereoseledrehetic strategy for trisubstituted
alkenes starting from alkynals by employing orgatalyst via an iminium-ion activation

mechanism.

2.4 Results and Discussion

At the outset of our investigations, the modektiem between phenyl-propynal
laand H-1, 2, 3-triazole was examined in dichloromethanemam temperature in the
presence of 20 mol% organocatalyst (Figure 2.1 @ablle 2.1). Several types of
secondary amine catalysts/Il (Figure 2.1) were screened because they can axtivat
alkynal via iminium-ion mechanism. It was found tttihe catalysts tested exhibited
significantly different catalytic activity in thevent. The diarylprolinol silyl ethers
catalystl andll promoted the process to achieve 100% conversi@rhimvith good yield
(~93%) and goodtE/Z ratio (1:0.19 and 1:0.18 respectively) (Table 2dtry 1, 2). It is
worthy of point out that the reaction also procekdath pretty good regioselectivity,
affording the N-2-alkenyl substituted triazole derivativea as the major product.
However, the either moieties had little impact ba E/Z ratio due to the small Michael
donor H-1, 2, 3-triazol&". The reaction proceeded to aff@din 83% yield and a little
poor E/Z ratio (1:0.23) after 60 h using diphenylprolintl as catalyst (Table 2.1, entry
3). Pyrrolidine-based diamine catalydt was also good promoter for the reaction,
resulted in high yield (94%), goddlZ ratio (1:0.17) and excellent regioselectivity-2-
addition). The stereoselectivity between catalysand IV was nearly the same for the

above model reaction (Table 2.1, entry 2, 4). Sga$ necessary to change the Michael
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acceptor phenyl-propynala to (4-methoxy-phenyl)-propynalb to evaluate which
catalyst was more tolerate to versatile substra@esrespondingly, thé=/Z ratio was
1:0.29 and 1:.0.20 when cataly$t and IV were employed respectively. Poor
regioselectivity for Wang's catalystl was observed (Table 2.1, entry 6). The catalytic
activity of L-prolineV and MacMillan’s catalysVIl were very poor; the conversion is
only 58% and 29% after 60 h respectively. MoreoeatalystV andVIl affordedN-1-
alkenyl substituted triazole derivatida. Thereby, the diamine cataly&t was chosen
for further optimization reaction condition. Thehe effects of additives on tl&Z ratio
were probed. Th&/Z ratio can be improved slightly by adding 1eq. a¥Mc (Table 2.1,
entry 8). It is considered as the result of faailitg the deprotonation ofHt1, 2, 3-
triazole. Generally, the relatively strong basehsas KCO; was considered as a
detriment to thd=/Z ratio (Table 2.1, entry 9). The steric organicebgsinine (Table 2.1,
entry 10) and DABCO (Table 2.1, entry 11) canndtiene better results. #4 (Table 2.1,
entry 12) is also a poor additive although withsatrificing the yield. In the iminium-ion
activation model, PhC additive usually favors the formation of iminiuom, as a
consequence, improve the reactivity of Michael ptme However, in this instance,
PhCQH (20 mol%) additive can react with phenyl-propyhalcompletely in 1 h which
lead to more complicated reaction system and logldy{(Table 2.1, entry 13). The
screening of the reaction solvent indicated the afsedichloromethane gave the best
results (Table 2.1, entry 14, 15 and 16). At |lagt, found unexpectedly lowering the
reaction temperature to -40°C, tB#Z ratio became worse along with the prolonged

reaction time (Table 2.1, entry 17). The configatof the dominant component of
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compound 2a prepared under the optimal condition was deterchi®y X-ray
crystallography to beE configuration; in other words, the organocatalylitichael

addition process was kinetic controlled process.

Figure 2.1Secondary Amine Catalysts Screened

o /
o m Ph O 0 NHTf j'\'
<—>ﬁﬁph Ph Oﬁ( O\/N O\( O\/ B
N N Ph N N N N
H HoO H H OoH H H
I [ v Vv Vi viI

N
H oTms H otBS
|

Table 2.1 Optimization Reaction Conditions for the Organolaia Regio- and

Stereocontrolled Michael Addition di and H-1, 2, 3-Triazole to Affor@a®.
(% N,
o o
N—N N

N
N
+ [ \N Catalyst (20 mol%) — N __
z :O —
H Additive, Solvent, r.t. O
a a

la 2 3

Entry Catalyst Additve Solvent t(h) Yield (%) " E/Zratio®

1 | None  CHCl, 2 93 1:0.19
2 I None CHCI, 2 93 1:0.18
3 1 None  CHCl, 60 83 1:0.23
4 \Y; None  CHCl, 2 94 1:0.17
5 \Y; None  CHCl, 60 <5 NDS

6 VI None CHCl, 24 64 1:0.46
7 VII None  CHCl, 60 <5 \[o}
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8 IV NaOAc CHCl, 2 94 1:0.16
9 \Y, K,CO; CH.Cl, 2 92 1:0.24
10 \Y quinine CHCI, 3 90 1:0.16
11 \Y, DABCO CHCl, 2 85 1:0.26
12 IV EtN®  CHCl, 2 92 1:0.26
13 \Y, PhCOOH CH.Cl, 2 58 1:0.28

14 \Y, None DMSO 9 4% 1:0.56
15 \Y None toluene 5 93 1:0.23
16 IV None THF 48 <5 NB

17" \Y, NaOAc CHCl, 48 85 1:0.26

& Reaction conditions: unless specified, a mixtur@tenyl-propynalla (0.05mmol), H-1, 2, 3-triazole
(0.06mmol), catalyst (0.01mmol) and additive (0.@%al) in solvent was stirred at r.t. for a speciftede.
® |solated yields® Determined byHNMR of crude reaction solution based on the iraegf hydrogen of
aldehydes or the integral of hydrogen of alkefieNot determined.Calculated frontHNMR of crude
reaction solution based on the integral of hydrogkaldehyde of two regioisomerl0 mol% E{N was
employed? 20 mol% PhCOOH was employeétPerformed between (4-Methoxy-phenyl)-propybhaland

1H-1, 2, 3-triazole at -40°C.

As mentioned above, L-proliné and MacMillan’s catalys¥Il afforded N-1-
alkenyl substituted triazole derivatida althoughthe conversion was low. The results
encouraged us to further explore optimal protocot efficient synthesis of the
regioisomer3a. An extensive screening of catalysts (Figure 2.2),2additives and
solvents were carried out and some representa@galts are shown in Table 2.2.
Generally speaking, acid additives usually favorth@ formation of N-1-alkenyl

substituted triazole derivatives for most secon@amne catalysts. It was found that TFA
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additive lead to remarkable reaction rate acceterabgether with improvement in the
regio- and stereoselectivity. As seen from the Itestemploying imidazolidine-2-
carboxylic acidlX as catalyst, TFA as additive and dichloroethansahgent afforded

the best outcome (Table 2.2, entry 8).

There exit tautomerism forHt1, 2, 3-triazole (Figure 2.3 and Figure 2.4). In a
neutral solution]1B-configuration was more stable thhA-configuration due to the lone
pair/lone pair repulsion of adjacent nitrogen ato®s the predominant more electron
rich specieslB can be deprotonated, followed by Michael additioralkynals atN-2
position. By contrast, under an acidic conditidB,exists as a dominant protonated form,
which renders less nulecophilic. Therefd@A,serves as a nucleophile fdrladdition. It
should be noted that the bifunctional catalg¢stlso afforded thé\-1 addition product
exclusively (Table 2.2, entry 11). This might becdngse the thiourea part of catalyst
form H-bonding with two adjacent nitrogen atomslbif1, 2, 3-triazole, which rendered
them less nucleophilicity. The stereoconfiguratioh the major component of the
compound 3a prepared under the optimal condition was deterchingy X-ray
crystallography to b& configuration based on endlderived from3a. The observed

configuration is consistent with the proposed mea@m of the process.

Figure 2.2 Other Secondary Amine Catalysts Screened
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Table 2.2 Optimization Reaction Conditions for the Organobaia Regio- and

Stereocontrolled Michael Addition daand H-1, 2, 3-Triazole to Affor®Ba’.

N\
N [ N
LN N
~o N N
+ [\\N Catalyst (20 mol%) —
H Addltlve Solvent, r.t. 6—\ —OH
4

Entry Catalyst Additive Solvent t(h) Yield (%)°® E/Zratio®

la

1 VIl HCI DCM 60 83 1:0.89
2 I TFA DCM 30 85 1:0.69
3 VI TFA DCM 7 89 1:0.60
4 IX pTsOH*HO  DCM 10 84 1:0.49
5 IX TFA DCM 8 87 1:0.45
6 IX CH3SO;H DCM 10 85 1:0.63
7 IX CFR:SO:H DCM 6 91 1:0.53
8 IX TFA DCE 9 88 1:0.41
9 IX TFA toluene 10 83 1.0.45
10 IX TFA MeOH 60 49 1:0.45°
11 X None DCM 48 90 1.0.83

& Reaction conditions: unless specified, a mixtur@tenyl-propynalla (0.05mmol), H-1, 2, 3-triazole
(0.058mmol), catalyst (0.01mmol) and additive (@@iol) in solvent was stirred at r.t. for a speciftane.
® |solated yields® Determined by*HNMR of isolated product based on the integral géirogen of

aldehydes or the integral of hydrogen of alkefi&etermined byHNMR of crude reaction solution.
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Figure 2.3Tautomerism of NeutralH-1, 2, 3-Triazole
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Having established the optimal protocols for tleactions, we proceeded to
examine the substrate scope with the results surmedam Table 2.3. In general, the
additions of H-1, 2, 3-triazole to alkynald which afforded compound2 proceeded
with high yields (75%-96%) and good stereoseletsti{ie/Z ratio ranged from 82:18 to
95:5) within 2 hours. It is notable that alkynalsre& more active toward the nucleophile
1H-1, 2, 3-triazole under the present condition comgavith the corresponding enals;
for example, cinnamaldehyde gave only low convessi¢<20%3>. Phenyl-propynal
derivatives bearing electron-withdrawing group @e meta and para-position of the
benzene ring gave slightly poor stereoselectivitgble 2.3, entry 9-12). The similar
stereoselectivity were observed foeta andpara- position halogen substituted phenyl-
propynal (Table 2.3, entry 4-7). Only strong elestdonating group resulted in a little
poor stereoselectivity (Table 2.3, entry 3). To our surprise, among the substrates we

surveyed,ortho-fluoro andmetatrifluoromethane substituted phenyl-propynal adfent
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distinctive stereoselectivitye(Z ratio were 95:5 and 91:9 respectively). The aligha
alkynal also works well with good stereoselectivajthough the reaction yield is

relatively low (Table 2.3, entry 14).

As for the reactions which synthesized compo@ndonger reaction time was
required. For aromatic alkynald4, regardless of electron-donating and electron-
withdrawing substitutents on the phenyl ring, ma#ptted in the process in moderate
yield (79%-90%). However, thE/Z ratio ranged from 66:34 to 77:23. It is worthy of
point out that the reaction proceeded with muchebedtereoselectivityH/Z ratio was

89:11) for aliphatic alkynal (Table 2.3, entry 14).

Table 2.3Scope of the Organocatalytic Regio- and StereaseteMichael Addition of
1H-1, 2, 3-Triazole to Substituted Phenyl-propynd-m to Afford 2* and 3°

Respectively.

N N\
S [N IV (20 mol %) n\l(\\'N N [N IX (20 mol %) [ N
/\ o + N — N /\ o . N ——— " N
R N NaOAc (1 eq) )= R N TFA (20 mol %) ):71
R =0 —
R o
3

DCM, r.t. DCE, r.t.

1 2 1
2 3
Entry R
t(h) VYield (%)¢ FE/Zratidd t(h) Yield (%) E/Zratid

1 Ph 2 94 86:14 9 88 71:29
2 p-CH;OCH, 2 92 84:16 10 89 69:31
3 p-CH;CeH4 2 89 85:15 10 87 70:30
4 p-BrCsH, 2 90 85:15 10 88 71:29
5 p-CICeH, 2 93 84:16 10 90 70:30

43



6 p-FCeH, 2 90 86:14 10 83 68:32
7 mM-FCeH, 2 96 86:14 10 91 77:23
8 o-FCGH,4 2 96 95:5 10 86 73:27
9 M-NO,CgH,4 2 95 82:18 11 89 69:31
10 p-NO,CsH, 2 88 84:16 10 83 68:32
11 M-CNGCgH, 2 90 83:17 10 79 69:31
12 p-CNGCH, 2 92 82:18 10 80 66:34
13 M-CF;CeH, 2 93 91:9 10 82 66:34
14 n-CsHiy 2 75 92:8 11 67 89:11

 Reaction conditions: unless specified, a mixtursubstituted phenyl-propynal(0.08mmol), H-1, 2, 3-
triazole (0.096mmol), catalysV/ (0.016mmol) and NaOAc (0.08mmol) in dichloromethd0.15ml) was
stirred at r.t. for 2 h” Reaction conditions: unless specified, a mixtufsubstituted phenyl-propynal
(0.08mmol), H-1, 2, 3-triazole (0.092mmol), catalysiX (0.016mmol) and trifluoroacetic acid
(0.016mmol) in DCE (0.15ml) was stirred at r.t. frspecified time® Isolated yields® Determined by
MNMR of isolated product based on the integral ydrogen of aldehydes or the integral of hydrogen of

alkenes.

2.5 Conclusions

In summary, we have developed a new strategy dgiof and stereocotrolled
synthesis of trisubstituted alkenes by employingrapriate organocatalysts and
additives via iminium-ion mechanism starting frotkyaals with high efficiency and
good stereoselectivity. Under the catalysisSM()-1-(2-pyrrolidinylmethyl) pyrrolidine
and sodium acetate as additive, M addition product can be achieved in very good

yield and theZ/E ratio is up to 5:95. Under the catalysis of imiolaine-2-carboxylic
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acid and TFA as additive, tid1 addition product can be obtained in good yield the

Z/E ratio is nearly 1:2.

2.6 Supporting Information

General information: (This information is valid for all the experimentzdrts)

All commercial reagents and solvents were used owitHfurther purification unless
otherwise noted. Analytical thin-layer chromatodraTLC) was performed on Sorbent
Technologies silica gel plates with fluorescencess Findicator. And column
chromatography was performed using the indicatéeesbon Merck 60 silica gel (230-
400 mesh¥H NMR and**C NMR spectra were recorded on Bruker Avance 380.
NMR data were reported as follows: chemical shiftppm using 7.26 signal of CD£I
and 2.50 signal of DMS@; as reference respectively, multiplicity (s = singld =
doublet, t = triplet, g = quartet, m = multiplehdabr = broad), coupling constad,(and
integration. And*C NMR data were reported in ppm using 77.0 sigriaCBCl; and

39.50 signal of DMSQJs as reference respectively.

General procedure for Michael addition of H-1, 2, 3-triazole to substituted
phenylpropynal to afford compound 2

To a solution of substituted phenylpropynal (0.08mm(s)-(+)-1-(2-pyrrolidinylmethyl)
pyrrolidine (2.61ul, 0.016mmol) and sodium acetate.56mg, 0.08mmol) in
dichloromethane (0.15ml) was adde#i-1, 2, 3-triazole (5.56ul, 0.096mmol). The

resulting solution was stirred at room temperafarea specified time. Then the reaction
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mixture was directly purified by column chromatqgng, eluted with hexane/EtOAc to
afford the desired product.

The following spectra information is related witletmajor isomer.

N
N-N

dﬂo

3-Phenyl-3-[1, 2, 3] triazol-2-yl-propenal (2a) (Tale 2.3, Entry 1)

The title compound was prepared according to timeige procedure, as described above
in 94% vyield.'"H NMR (CDCk, 500 MHz):d 9.51 (d,J = 8.0 Hz, 1H), 7.87 (s, 2H),
7.59~7.56 (m, 1H), 7.53~7.50 (m, 2H), 7.47J¢&; 7.5 Hz, 2H), 7.06 (d] = 8.0 Hz, 1H);

¥C NMR (CDCb, 125 MHz):0 192.1, 155.5, 137.8, 131.1, 129.8, 128.5, 118.7.

3-(4-Methoxy-phenyl)-3-[1, 2, 3] triazol-2-yl-propaal (2b) (Table 2.3, Entry 2)

The title compound was prepared according to tmeige procedure, as described above
in 92% vyield.*H NMR (CDCk, 500 MHz):6 9.54 (d,J = 7.5 Hz, 1H), 7.87 (s, 2H), 7.40
(d, J = 8.0 Hz, 2H), 7.01(dJ = 8.5 Hz, 2H), 6.97 (d] = 8.0 Hz, 1H), 3.87 (s, 3H}*C

NMR (CDCk, 125 MHz):6 192.2, 161.9, 155.5, 137.7, 132.9, 121.9, 118.8,0. B5.4.
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3-p-Tolyl-3-[1, 2, 3] triazol-2-yl-propenal (2c) (Tabk 2.3, Entry 3)

The title compound was prepared according to tmeige procedure, as described above
in 89% vield.'"H NMR (CDCk, 500 MHz):6 9.53 (d,J = 8.0 Hz, 1H), 7.86 (s, 2H),
7.37~7.31 (m, 4H), 7.02 (d,= 8.0 Hz, 1H), 2.44 (s, 3H}C NMR (CDCE, 125 MHz):

0192.2,155.7, 141.6, 137.7, 131.1, 129.2, 126.8,6,21.5.

3-(4-Bromo-phenyl)-3-[1, 2, 3] triazol-2-yl-propen&(2d) (Table 2.3, Entry 4)
The title compound was prepared according to timeige procedure, as described above
in 90% vield."H NMR (CDCk, 500 MHz):6 9.51 (d,J = 8.0 Hz, 1H), 7.87 (s, 2H), 7.66
(d,J = 8.5 Hz, 2H), 7.34 (d] = 8.5 Hz, 2H), 7.06 (d] = 8.0 Hz, 1H)*C NMR (CDCE,
125 MHz):6 191.4, 154.2, 137.9, 132.5, 131.9, 128.7, 125.8,8

N

N-N

=0

Cl

3-(4-Chloro-phenyl)-3-[1, 2, 3] triazol-2-yl-properal (2e) (Table 2.3, Entry 5)
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The title compound was prepared according to timeigeé procedure, as described above
in 93% yield.'H NMR (CDCk, 500 MHz):5 9.51 (d,J = 8.0 Hz, 1H), 7.87 (s, 2H), 7.50
(d,J = 8.0 Hz, 2H), 7.41(d] = 8.5 Hz, 2H), 7.06 (d] = 8.0 Hz, 1H);**C NMR (CDCE,

125 MHz):0 191.4, 154.2, 137.9, 137.2, 132.4, 129.8, 128.8,911

3-(4-Fluoro-phenyl)-3-[1, 2, 3] triazol-2-yl-properal (2f) (Table 2.3, Entry 6)

The title compound was prepared according to tmeige procedure, as described above
in 90% vyield.'H NMR (CDCk, 500 MHz):6 9.46 (d,J = 8.0 Hz, 1H), 7.82 (s, 2H),
7.43~7.41 (m, 2H), 7.19~7.15 (m, 2H), 7.01J& 8.0 Hz, 1H):**C NMR (CDC}, 125
MHz): 0 191.6, 164.3J = 251 Hz), 154.3, 137.9, 133.2% 8.6 Hz), 118.9, 115.9 € 22

Hz).

3-(3-Fluoro-phenyl)-3-[1, 2, 3] triazol-2-yl-properal (2g) (Table 2.3, Entry 7)
The title compound was prepared according to tmeige procedure, as described above
in 96% yield.'"H NMR (CDCk, 500 MHz):6 9.51 (d,J = 8.0 Hz, 1H), 7.87 (s, 2H),

7.52~7.48 (m, 1H), 7.30~7.27 (m, 2H), 7.20~7.18 (m), D6 (d,J = 8.0 Hz, 1H)C
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NMR (CDCl, 125 MHz):6 191.4, 162.3J = 247 Hz), 153.8, 137.9, 131.7 % 7.8 Hz),

130.2 0 = 8.1 Hz), 127.0, 118.9, 118.2% 21 Hz).

3-(2-Fluoro-phenyl)-3-[1, 2, 3] triazol-2-yl-properal (2h) (Table 2.3, Entry 8)

The title compound was prepared according to timeige procedure, as described above
in 96% yield.'H NMR (CDCk, 500 MHz): 5 9.50 (d,J = 8.0 Hz, 1H), 7.89 (s, 2H),
7.60~7.56 (m, 1H), 7.47~7.44 (m, 1H), 7.32~7.29 (m), R5~7.21 (m, 1H), 7.15 (d,

= 8.0 Hz, 1H):**C NMR (CDCE, 125 MHz):6 191.2, 160.4J = 250 Hz), 150.0, 137.8,

133.1 0 = 8.0 Hz), 132.7, 124.2, 119.2, 118J1=(15 Hz), 116.2J = 21 Hz).

3-(3-Nitro-phenyl)-3-[1, 2, 3] triazol-2-yl-propend (2i) (Table 2.3, Entry 9)

The title compound was prepared according to timeige procedure, as described above
in 95 % yield.*H NMR (CDCk, 500 MHz):6 9.50 (d,J = 8.0 Hz, 1H), 8.44 (d] = 8.5
Hz, 1H), 8.36 (s, 1H), 7.89 (s, 2H), 7.82 Jd 7.5 Hz, 1H), 7.74 (] = 8.0 Hz, 1H), 7.17
(d, J = 8.0 Hz, 1H);:**C NMR (CDCE, 125 MHz):d 190.4, 152.4, 148.2, 138.2, 136.7,

131.4,129.7, 126.0, 125.6, 119.2.
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3-(4-Nitro-phenyl)-3-[1, 2, 3] triazol-2-yl-propend (2)) (Table 2.3, Entry 10)

The title compound was prepared according to tmeige procedure, as described above
in 88 % yield."H NMR (CDCk, 500 MHz):6 9.49 (d,J = 8.0 Hz, 1H), 8.39 (d] = 9.0
Hz, 2H), 7.89 (s, 2H), 7.68 ((d, = 8.5 Hz, 2H), 7.16 (d) = 7.5 Hz, 1H);**C NMR

(CDCls, 125 MHz):0 190.4, 152.6, 149.2, 138.2, 136.0, 132.2, 123.9,211

3-(3-0Ox0-1-[1, 2, 3] triazol-2-yl-propenyl)-benzonrile (2k) (Table 2.3, Entry 11)

The title compound was prepared according to timeige procedure, as described above
in 90 % yield.*H NMR (CDCk, 500 MHz):5 9.48 (d,J = 8.0 Hz, 1H), 7.89 (s, 2H), 7.86
(d,J = 7.5 Hz, 1H), 7.78 (s, 1H), 7.72 @z 8.0 Hz, 1H), 7.66 (t) = 7.5 Hz, 1H), 7.14
(d,J = 7.5 Hz, 1H);:**C NMR (CDCE, 125 MHz):d 190.5, 152.6, 138.2, 135.1, 134.4,

134.2,131.2,129.5, 119.2, 117.5, 113.3.
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4-(3-Oxo-1-[1, 2, 3] triazol-2-yl-propenyl)-benzortrile (2I) (Table 2.3, Entry 12)

The title compound was prepared according to timeige procedure, as described above
in 92 % yield.'H NMR (CDCk, 500 MHz):6 9.47 (d,J = 8.0 Hz, 1H), 7.88 (s, 2H), 7.82
(d,J = 8.0 Hz, 2H), 7.61 (d] = 8.0 Hz, 2H), 7.13 (d] = 8.0 Hz, 1H);*C NMR (CDCE,

125 MHz):0 190.6, 153.0, 138.2, 132.2, 131.7, 129.2, 119.1,711114.9.

3-[1, 2, 3] Triazol-2-yl-3-(3-trifluoromethyl-phenyl)-propenal (2m) (Table 2.3, Entry

13)

The title compound was prepared according to timeige procedure, as described above
in 93% yield.'H NMR (CDCk, 500 MHz): 5 9.48 (d,J = 8.0 Hz, 1H), 7.89 (s, 2H),
7.84~7.83 (m, 1H), 7.74 (s, 1H), 7.68 (dr 4.5 Hz, 2H), 7.13 (d] = 8.0 Hz, 1H)"*C
NMR (CDCh, 125 MHz):6 191.1, 153.6, 138.1, 134.3, 130.7, 129.2, 1278 8.8 Hz),
122.2 0 = 50 Hz), 119.1.

O

N=N

—0

3-(2H-1,2,3-triazol-2-yl)oct-2-enal(2n) (Table 2.3ntry 14)
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The title compound was prepared according to timeige procedure, as described above
in 75% yield.'"H NMR (CDCk, 500 MHz):510.09 (d,J = 7.5 Hz, 1H), 7.85 (dJ = 6.0
Hz, 2H), 6.94 (dJ = 7.5 Hz, 1H), 3.30 (t}= 7.5 Hz, 2H), 1.75~1.68 (m, 2H), 1.43~1.32
(m, 4H), 0.89 (tJ = 7.0 Hz, 3H).X*C NMR (CDCk, 125 MHz):6190.1, 156.8, 137.3,

116.3, 31.4, 29.2, 27.5, 22.3, 13.8.

General procedure for Michael addition of H-1, 2, 3-triazole to substituted
phenylpropynal to afford compound 3

To a solution of substituted phenylpropynal (0.08m)mmidazolidine-2-carboxylic acid
organocatalyst (3.52mg, 0.016mmol) and trifluordiacacid (1.23ul, 0.016mmol) in 1,
2-dichloroethane (0.15ml) was adde#i-1, 2, 3-triazole (5.33ul, 0.092mmol). The
resulting solution was stirred at room temperatare2 hours. Then the reaction mixture
was directly purified by column chromatography,tetlwith hexane/EtOAc to give the

desired product.

N\
Lo

N
o
3-Phenyl-3-[1, 2, 3] triazol-1-yl-propenal (3a) (Thale 2.3, Entry 1)

The title compound was prepared according to tmeigeé procedure, as described above
in 88% yield.'"H NMR (CDCk, 500 MHz):6 9.54 (d,J = 8.0 Hz, 1H), 7.76 (s, 1H),

7.57~7.53 (m, 2H), 7.47~7.44 (m, 4H), 7.01Jd& 8.0 Hz, 1H)*C NMR (CDC}, 125
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MHz): 6 191.4, 152.3, 134.5, 132.3, 130.6, 129.3, 127.2,11220.2.

3-(4-Methoxy-phenyl)-3-[1, 2, 3] triazol-1-yl-propaal (3b) (Table 2.3, Entry 2)

The title compound was prepared according to tmeige procedure, as described above
in 89% vyield.'H NMR (CDCk, 500 MHz):6 9.56 (d,J = 8.0 Hz, 1H), 7.76 (s, 1H), 7.53
(s, 1H), 7.36 (dJ = 8.5 Hz, 2H), 7.03 (d] = 8.5 Hz, 2H), 6.87 (d] = 7.5 Hz, 1H), 3.88

(s, 3H);13C NMR (CDCE, 125 MHz):6 191.5, 162.5, 152.3, 134.4, 132.4, 126.3, 124.2,

119.8, 114.7, 55.6.

3-p-Tolyl-3-[1, 2, 3] triazol-1-yl-propenal (3c) (Table 2.3, Entry 3)

The title compound was prepared according to tmeige procedure, as described above
in 87% yield.*H NMR (CDCk, 500 MHz):6 9.55 (d,J = 8.0 Hz, 1H), 7.75 (d] = 0.5 Hz,
1H), 7.49 (dJ = 1 Hz, 1H), 7.34 (dJ = 8.5 Hz, 2H), 7.32 (d] = 8.5 Hz, 2H), 6.96 (d]

= 7.5 Hz, 1H), 2.45 (s, 3H}*C NMR (CDC}, 125 MHz):6 191.5, 152.5, 142.6, 134.4,

130.6, 129.9, 127.6, 124.1, 120.0, 21.5.
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3-(4-Bromo-phenyl)-3-[1, 2, 3] triazol-1-yl-propen&(3d) (Table 2.3, Entry 4)

The title compound was prepared according to tmeige procedure, as described above
in 88% yield."H NMR (CDCk, 500 MHz):d 9.55 (d,J = 8.0 Hz, 1H), 7.78 (s, 1H), 7.70
(d, J = 8.5 Hz, 2H), 7.52 (s, 1H), 7.32 @ = 8.0 Hz, 2H), 6.95 (d] = 8.0 Hz, 1H);**C

NMR (CDCk, 125 MHz):6 190.6, 151.0, 134.6, 132.6, 132.0, 128.9, 126.3,71.220.4.

3-(4-Chloro-phenyl)-3-[1, 2, 3] triazol-1-yl-properal (3e) (Table 2.3, Entry 5)

The title compound was prepared according to tmeige procedure, as described above
in 90% yield."H NMR (CDCk, 500 MHz):6 9.55 (d,J = 8.0 Hz, 1H), 7.78 (s, 1H), 7.54
(d, J = 8.0 Hz, 2H), 7.52 (s, 1H), 7.39 @z 8.0 Hz, 2H), 6.95 (d] = 7.5 Hz, 1H);**C

NMR (CDCk, 125 MHz):6 190.7, 151.0, 138.5, 134.7, 131.9, 129.7, 128.8,8,220.5.
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3-(4-Fluoro-phenyl)-3-[1,2,3]triazol-1-yl-propenal(3f) (Table 2.3, Entry 6)

The title compound was prepared according to tmeige procedure, as described above
in 83% vyield.'H NMR (CDCk, 500 MHz):6 9.53 (d,J = 7.5 Hz, 1H), 7.77 (s, 1H), 7.51
(s, 1H), 7.46~7.43 (m, 2H), 7.26~7.22 (m, 2H), 6.83X = 8.0 Hz, 1H);**C NMR
(CDCl3, 125 MHz):0 190.8, 164.7J = 253 Hz), 151.2, 134.6, 132.8% 8.8 Hz), 126.1,

123.8, 120.4, 116. 3 22 Hz).

3-(3-Fluoro-phenyl)-3-[1, 2, 3] triazol-1-yl-properal (3g) (Table 2.3, Entry 7)

The title compound was prepared according to timeige procedure, as described above
in 91% vyield.'H NMR (CDCkL, 500 MHz):6 9.57(d,J = 8.0Hz, 1H), 7.80 (s, 1H),
7.60~7.55 (m, 1H), 7.54 (s, 1H), 7.37~7.34 (m, 1HR0?#7.27 (m, 1H), 7.19 (d =
8.5Hz, 1H), 7.01 (dJ = 8.0Hz, 1H);**C NMR (CDCk, 125 MHz):6 190.7, 162.7J =
249 Hz), 150.6, 134.6) 25Hz), 131.2J = 8Hz), 126.5, 123.8, 120.5, 1190 21Hz),

117.6 ( = 23Hz).
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3-(2-Fluoro-phenyl)-3-[1, 2, 3] triazol-1-yl-properal (3h) (Table 2.3, Entry 8)

The title compound was prepared according to tmeige procedure, as described above
in 86% vyield.'"H NMR (CDCk, 500 MHz):6 9.55 (d,J = 7.5 Hz, 1H), 7.80 (s, 1H),
7.68~7.64 (m, 1H), 7.58 (s, 1H), 7.49~7.47 (m, 1H387t,J = 7.5 Hz, 1H), 7.32~7.28
(m, 1H), 7.08 (dJ = 8.0 Hz, 1H)*C NMR (CDCE, 125 MHz):5 190.5, 160.2J = 251
Hz), 146.6, 134.6, 133.9 € 8.1 Hz), 132.4, 125.0 ¢ 15 Hz), 123.1, 120.7, 116.8 £

21 Hz).

N
[y

N

dxo

NO,
3-(3-Nitro-phenyl)-3-[1, 2, 3] triazol-1-yl-propend (3i) (Table 2.3, Entry 9)

The title compound was prepared according to timeige procedure, as described above
in 89% yield.*H NMR (CDCk, 500 MHz):d 9.54 (d,J = 7.5 Hz, 1H), 8.48 (d] = 7.5 Hz,
1H), 8.34 (s, 1H), 7.84~7.77 (m, 3H), 7.65 (s, 16195 (d,J = 7.5 Hz, 1H)**C NMR
(CDCl3, 125 MHz):0 189.6, 149.6, 148.5, 136.2, 133.0, 131.6, 130.6,41225.4, 123.4,

120.8.
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3-(4-Nitro-phenyl)-3-[1,2,3]triazol-1-yl-propenal 3j) (Table 2.3, Entry 10)

The title compound was prepared according to timeigeé procedure, as described above
in 83% vyield.'H NMR (CDCk, 500 MHz):5 9.53 (d,J = 7.5 Hz, 1H), 8.40 (d] = 8.5 Hz,
2H), 7.81 (s, 1H), 7.69 (d = 8.5 Hz, 2H), 7.62 (s, 1H), 6.96 (@ = 7.5 Hz, 1H):**C

NMR (CDCk, 125 MHz):6 189.7, 149.7, 135.9, 135.0, 131.8, 128.6, 124.8,31220.8.

CN
3-(3-Oxo-1-[1, 2, 3] triazol-1-yl-propenyl)-benzoririle (3k) (Table 2.3, Entry 11)

The title compound was prepared according to timeige procedure, as described above
in 79% vield."H NMR (DMSO-d°, 500 MHz):6 9.42 (d,J = 8.0 Hz, 1H), 8.65 (d] = 1.0
Hz, 1H), 8.21 (s, 1H), 8.11 (d,= 8.0 Hz, 1H), 8.02 (d] = 1.0 Hz, 1H), 7.92 (d] = 8.0
Hz, 1H), 7.78 (tJ = 8.0 Hz, 1H), 6.95 (d] = 8.0 Hz, 1H):*C NMR (DMSO+°, 125
MHz): ¢ 191.3, 150.2, 135.5, 134.7, 134.6, 134.5, 131.9.9.2125.1, 119.7, 118.0,

112.0.

57



4-(3-Ox0-1-[1, 2, 3] triazol-1-yl-propenyl)-benzoririle (3I) (Table 2.3, Entry 12)

The title compound was prepared according to timeige procedure, as described above
in 80% yield.*H NMR (CDCk, 500 MHz):d 9.52 (d,J = 7.5 Hz, 1H), 7.86 (d] = 8.0 Hz,
2H), 7.81 (s, 1H), 7.60 (d = 8.5 Hz, 2H), 7.58 (s, 1H), 6.95 (@= 7.5 Hz, 1H)**C
NMR (CDCk, 125 MHz):0 189.8, 150.0, 134.9, 134.2, 132.8, 131.3, 123.8,71217.3,

115.7.

3-[1, 2, 3] Triazol-1-yl-3-(3-trifluoromethyl-phenyl)-propenal (3m) (Table 2.3, Entry

13)

The title compound was prepared according to timeige procedure, as described above
in 82% yield.*H NMR (CDCk, 500 MHz):6 9.52 (d,J = 7.5 Hz, 1H), 7.89 (d] =7.5 Hz,
1H), 7.80 (s, 1H), 7.72 (s, 2H), 7.67 (& 7.5 Hz, 1H), 7.54 (s, 1H), 7.00 (@= 8.0 Hz,
1H); **C NMR (CDCE, 125 MHz):6 190.3, 150.5, 134.9, 133.8, 130.8< 9.3 Hz),

130.0, 128.5, 127.2, 124.4, 123.6, 120.7.
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3-(1H-1,2,3-triazol-1-yl)oct-2-enal(3n) (Table 2.3ntry 14)

The title compound was prepared according to timeige procedure, as described above
in 67% yield.'H NMR (CDCk, 500 MHz):610.11 (d,J = 7.5 Hz, 1H), 7.94 (s, 1H), 7.82
(s, 1H), 6.44 (dJ = 7.5 Hz, 1H), 3.32 () = 8.0 Hz, 2H), 1.71~1.65 (m, 2H), 1.42~1.27
(m, 4H), 0.87 (tJ = 7.5 Hz, 3H).2*C NMR (CDCE, 125 MHz):5 189.5, 154.9, 134.8,

121.5,117.7, 31.3, 28.8, 28.4, 22.2, 13.8.

Determination of Configuration:

N, N
[ N [ 'N
N

NaBH,, CeCls.7H,0 N

—0 MeOH —OH

3a 4

The compound was prepared according to the general procedure:
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The obtained compounga (39.8mg, 0.2mmol) in 2ml anhydrous MeOH &COwas

treated with cerium (lll) chloride heptahydrate .@fg, 0.24mmol) and sodium
borohydride (9.1mg, 0.24mmol). After 1 hour, thaaton was quenched by the addition
of saturated aqueous ammonium chloride solution [)(2rand extracted with

dichloromethane (3 x 20ml). The combined organiyetavas then washed once with
brine (50ml), dried over anhydrous #$&,, filtered and concentrated on vacuo.
Purification of the residue by column chromatogsapffords the two isomeric enols in

72% yield totally.

'H NMR (CDCk, 500 MHz):6 7.79 (s, 1H), 7.56 (s, 1H), 7.35 Jt= 8.0 Hz, 3H), 7.14 (d,
J = 7.0 Hz, 2H), 6.40 (t) = 7.0 Hz, 1H), 4.11 (dJ = 7.0 Hz, 2H), 2.96 (br, 1H)C

NMR (CDCk, 125 MHz):6 137.5, 135.3, 133.7, 129.7, 128.9, 126.6, 126.5,1157.9.

The title compound was prepared according to timeige procedure, as described above.
'H NMR (CDClk, 500 MHz):6 7.67 (s, 1H), 7.43~7.41 (m, 3H), 7.39 (s, 1H), 1@3 =
6.0 Hz, 2H), 6.68 (dJ = 7.0 Hz, 1H), 4.30 (d) = 7.5 Hz, 2H).}*C NMR (CDCE, 125

MHz): 6 137.2, 133.5, 132.4, 129.9, 129.3, 128.8, 123.3,6.58.8.

60



2.7 Reference

[1] For recent reviews on organocatalytic asymmoeliichael additions, see: (a) D.
Almasi, D. A. Alonso, C. Najeraetrahedron: Asymmetr200718, 299-365; (b) S. B.
Tsogoeva,Eur. J. Org. Chem.2007, 11, 1701-1716; (c) D. Enders, C. Wang, J. X.
Liebich, Chem. Eur. J2009 15, 11058-11076; (d) J. L. Vicario, D. Badia, L. Gléor
Synthesif2007, 2065-2092; (e) S. Sulzer-Mossé, A. Alexakihiem. Commun2007,

3123-3135.

[2] For selected examples of organocatalytic asytrimblichael additions to enals, see:
(a) S. Brandau, A. Landa, J. FranzM. Marigo, K. A. JagenseAngew. Chem. Int. Ed.,
2006 45, 4305-4309; (b) H. Gotoh, H. Ishikawa, Y. Hayagsbig. Lett, 2007, 9, 5307-
5309; (c) S. Bertelsen, P. Dinr, R. L. JohansenAKlggensen]. Am. Chem. Sq007,
129 1536-1537; (d) P. Dinér, M. Nielsen, M. Marigo, K JggenserAngew. Chem. Int.
Ed. 2007, 46, 1983-1987; (e) U. Uria, J. L. Vicario, D. Badia, Carrillo, Chem.
Commun.2007, 2509-2511; (f) X.-W. Wang, B. Lisingew. Chem. Int. EQ00§ 47,
1119-1122; (g) S.-L. Zhang, Y.-N. Zhang, Y.-F. Hi, Li, W. Wang,Chem. Commun.

2009 4886-4888.

[3] There are few examples of substituted acetglearbonyls as Michael acceptors in
asymmetric catalysis. For alkynones, see: (a) MlaBK. A. Jagensen]. Am. Chem. Soc.
2004 126, 5672-5673; (b) Z.-H. Chen, M. Furutachi, Y. Kats, Matsunaga, M.

ShibasakiAngew. Chem. Int. E@Q009 48, 2218-2220; For acetylenic esters, see: (c) X.

61



Wang, M. Kitamura, K. MaruokaJ. Am. Chem. So007, 129 1038-1039; For
substituted acetylenic aldehydes and ketones irsBPAdder reactions, see: (d) K.
Ishihara, S. Kondo, H. Kurihara, H. Yamamoto, Saé€h, S. Inggaki,J. Org. Chem.
1997, 62, 3026-3027; (e) E. J. Corey, T.W. L@etrahedron Lett1997 38, 5755-5758;
(f) K. Ishihara, M. FushimiJ. Am. Chem. So2008 130, 7532-7533; (g) J. N. Payette, H.
Yamamoto,Angew. Chem. Int. ER009 48, 8060-8062; (h) S. B. Jones, B. Simmons,

D.W. C. MacMillan,J. Am. Chem. So2009 131, 13606-13607.

[4] N. L. Mazyar, V. V. Annenkov, V. A. Klugova, $41. Ananev, E. N. Danilovtseva, A.

V. Rokhin, S. V. ZinchenkdRuss. Chem. Bull200Q 109, 2013-2017.

[5] Y.-A. Choi, K. Kim, Y.-J. ParkTetrahedron Lett.2003 44, 7507-7511.
[6] M. Ogata, H. Matsumhimizu, S. Kida, M. Shiro, Kawara,J. Med. Chem1987, 30,

1348-1354.

[7] (a) G.Wittig, G. GeisslerJustus LiebigsAnn. Chem953 580 44-57; (b) B. E.

Maryanoff, A. B. ReitzChem. Rev1989 89, 863-927.

[8] (a) W. S. Wadsworth, W. D. Emmonk,Am. Chem. So&961, 83, 1733-1738; (b) J.
Boutagy, R. ThomasChem. Re. 1974 74, 87-99; (c) W. S. Wadsworth, Jorg. React.
1977, 25, 73-253; (d) S. E. Kelly, l€omprehensive Organic Synthedss M. Trost, |.
Fleming, Ed.; Pergamon: Oxfor@991, 1, 729-817. For applications in natural product
synthesis, see: (e) K. C. Nicolaou, M. W. Harter,LJ Gunzner, A. NadinLiebigs

Ann./Recueil997 97, 1283-1301.

62



[9] For selected examples of transition-metal miediacarbometallation of alkynes, see:
(a) D. G. Hall, D. Chapdelaine, P. Préville, P. IbagchampsSynlett,1994 660-662; (b)
E. Shirakawa, K. Yamasaki, H. Yoshida, T. Hiyanda,Am. Chem.Soc999 121,
10221-10222 ; (c) Z. Lu, S.-M. M4, Org. Chem2006§ 71, 2655-2660; (d) D.-H. Zhang,

J. M. ReadyJ. Am. Chem. So2006 128 15050-15051.

[10] (a) E.-i Negishi,ln Metal-catalyzed Cross-coupling Reactipis Diederich, P. J.
Stang, Eds. Wiley-VCH: New Yorld,998 pp. 167-202; (b) A. Arefolov, N. F. Langille, J.
S. PanekQrg. Lett.2001, 3, 3281-3284. For other alkene stereocontrol relatek, see

also (c) C. McFarland, J. Hutchison, M. C. McIntoSing. Lett.2005 7, 3641-3644.

[11] In fact, in the cases with larger Michael dogrtbe ether moieties had great influence
on the E/Z ratio. In order to prove this point, we investggtthe Michael addition
between phenyl-propyndla and 5-phenyl-f#-tetrazole in DCM at r.t. in the presence of
20 mol% catalysts andll . When changing from less bulkyTMS catalysb bulky TBS

catalystll, theE/Z ratio can be enhanced significantly from 1:1.08:@32.

[12] P. Dinér, M. Nielsen, M. Marigo, K. A. Jggensé&ngew. Chem. Int. EQ0Q7, 46,

1983-1987.

63



Chapter 3

Alkynal Involved Organocatalytic Cascade Reactions

3.1 Background and Significance

Highly efficient constructions of complex orgamiwlecules continue to receive
paramount attention in modern synthetic realm.&pdrganocatalytic cascade or tandem
reactions have grown into one of the most robudtappealing synthetic methodologies
which enable rapid assemble versatile biologicadlgvant compounds containing higher
levels of molecular complexity with high enantiomepurity in an economically and
environmentally friendly mannkr Of crucial importance is that the remarkable

achievements definitely accelerate the developmpharmaceutical industry

Chiral secondary amines are probably the mostessfgl organocatalyst in
organocatalytic asymmetric cascade reactions ®, dstsecondary amines are capable of
both enamine and iminium catalysidhe versatile possibilities of combination ofshe
two catalytic activation modes in one protocol akofor rapid conversion of simple
achiral starting materials into complex, highly eti@enriched products although their
scope is mainly limited to carbonyl systém#&mong them, the iminium-enamine
combination has turned out to be very powerful. Bmal substrate is first activated
through iminium-ion formation, and then facilitaté® nucleophilic conjugate addition.

The resulting enamine can then undergo a secomtioravith an electrophile to afford
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the products, which in general contain two newesteenters (Scheme 3.1). In 2004,
Jargensen and co-workers developed an orgacatdWitbael-aldol cascade for the
assembly of optically active cyclohexanche3oday, numerous examples of this

combination can be found in the literattire

Scheme 3.xhe Iminium-Enamine Combination

0 [ (e el (e s
SR g s ey

R “~— Nu R Nu

Scheme 3.20rgacatalytic Michael-aldol Cascade for the Assgndifl Optically Active

Cyclohexanones

Me
IN i
2
o 0 Bn N)““COZH o Al NRp R2,,
: 2
l/\)K/RZ + )K/cozR H (10 mol%) 2 xR | ——— » HOu,
Ar Ar? Ar’ 1
d Intermolecular 2 T Ar
Intermolecular O.R Aldol Reacti Ar? =
R2=H, Me R = Me, Et, Bn Michael Reaction 2 ol Reaction CO.R

Yield: 22~84%
e.e.: 83~99%, d.r.>97:3

Besides the widely explored iminium-enamine cascadquence, many other
cascade reactions were achieved by simply chartgemgrder of activation modes such

as enamine-enamine activation, enamine-iminiunvattin®*

The concept of organocatalytic cascade reactioalse extended to a more
complex scenario later. The leading example isnteddoy Enders and co-workers about
the three component triple cascade reaction for dtezeocontrolled formation of

tetrasubstituted cyclohexene carbaldehyde beanintpufour stereogenic centfesThe
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reaction proceeds through a Michael-Michael-aldmdensation cascade which can be

explained as enamine-iminium-enamine sequence BEBRe3).

Scheme 3.3rgacatalytic Michael-Michael-aldol Triple Cascdgleaction

Ph 0
? N Ph RY
H . Rz/\/No2 + RSMO H OTMS . ,
R : R
R! =
Rl = Me, Et, i-Pr, Bn NO,
R2 = Aryl Yield: 25~58%
e.e. 99%,
R3 = Ph, H, Me, n-Bu d.r. 6.8:3.2~9.9:0.1

i
R1
+ H,0 Ph \)lo . NO
R2 H R3 N Ph Rl + RZ/\/ 2
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H,O
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o Lo Ph N Ph
o N Ph H OTMS
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Ph N
Cl) N H OTMS
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1 (Immlum CataIyS|sJ
‘ H,O
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NO,
This strategy was substantially extended to quadraascade reactions such as

Michael-Michael-Michael-aldol condensation reactishich go through an iminium-
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enamine-iminium-enamine catalytic cycle. They eadbk consecutive formation of four
new bonds and provide efficient methods for comsion of highly functionalized
trisubstituted cyclohexene carbaldehydapirooxindole motif and marine meroterpene

(+)-conicof.

3.2 Research Design

Recently, tremendous efforts have been directedexpand the scope of
organocatalyzed cascade reactions triggered by adictadditions to enals which
efficiently furnish valuable chiral building blocksia combined iminium-enamine
activation strategy (Figure 3.1, Eq.(1)) to control the enantioseléttiat thep-carbon
atom ofa, f-unsaturated aldehydes. Importantly, the geomditlgestrans-enals controls
the Michael-initiated cascade reactions to affaghtenantio and/or diastereoselectivity.
To the best of our knowledge, in contrast to thesgely reported iminium-enamine
catalyzed systems, the paradigms for organocatatgscade/tandem reactions involving
conjugate additions to the corresponding alkyrmalan asymmetric fashion have not yet
been reported so far presumably owing to the fa&t the alkynal substrates process no
prochiral center at thg-carbon atom. Recently, MacMillan and co-workensoréed the
use of propynal as the dienophile in an efficianinium activated [4+2] cycloaddition

reactior.

To perform an enantioselective cascade reactioramralkynal substrate, we

envision that their use instead of an enal in thigal Michael addition to an iminium ion
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formedin situwould afford an unprecedented chiral allenamitermediate (Figure 3.1,
Eq. (2)}°™*® The allenamine formed would then act as the mptide in a subsequent
enantioselective reaction with an electrophilertodpice a new stereogenic center. In this
context, the stereochemistry is governed by a goaenderstood chiral allenamité™
that is formedin situ in the second step of the cascade reaction, winilshe classic
iminium-enamine cascade processes, the enantitiseélets generally controlled by the

initial conjugate addition step.

Figure 3.1 Conventional Iminium-Enamine (1) and Novel Iminivkiilenamine (2)

Activation Strategies in Organocatalytic Enantiesél/e Cascade Reactions.

Q % % OO
Cat N + N N
J)LH Ej\/KH 1)
R

f?

R Nu R Nu
trans-enalls
cat E
— ‘\/]\ — g @)
R/\H R\I/. H | H
=i Nu Nu R” Nu
alkynals chiral allenamine
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3.3 Iminium-Allenamine Cascade Catalysis: One-Pot écess to Chiral 4-

Chromenes by a Highly Enantioselective Michael-Michel Sequenc¥

3.3.1 Introduction

4H-Chromenes are a core structural feature of ary asfafascinating natural
products that have intriguing biological activitiefrigure 3.2). For example,
rhodomyrtone and rhodomyrtosone B show potent mmiibactivities®, whereas the
dimeric 4H-chromene acylphloroglucinol, myrtucommulone Eyesras a promising-
glucosidase inhibitor with antibacterial activity These frameworks have become
attractive targets in organic synthési$® and despite significant advances having been

made, asymmetric methods for their constructiorstiieextremely rar¥.
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Figure 3.2 Selected Examples ofHAChromenes as Substructures in Biologically

Interesting Natural Products

Rhodomyrtonne: R' = Me,CHCH,CO, R2=H
Rhodomyrtosone B: R = H, R% = Me,CHCH,CO Myrtucommulone E Miroestrol
3.3.2 Results and Discussion

Motivated by the above idea and in continuatiomwf previous research interest
in organocatalytic asymmetric cascade reactionstifer construction of chromanes or
chromene®, we ventured into the development of the new dewdichael additions
between 24)-(2-Nitrovinyl)-phenols and alkynals consideringet nitroalkenes are
among the most reactive Michael acceptors to egplbe feasibility of the iminium—

allenamine cascade catalysis.

We started our investigations by conducting thel@hoeaction between phenyl-
propynalla and 2-E)-(2-Nitrovinyl)-phenol2a in dichloromethane at room temperature
in the presence of 20 mol% organocatalysh view of the fact that chiral secondary
amine, especially, diarylprolinol silyl ether orgmatalysts are capable of both iminium
and enamine catalysis in promoting enals cascautioas" (Figure 3.3 and Table 3.1).
Encouragingly, the reaction proceeded to completigthin 1 h to yield the desired

product3ain an excellent yield (95%) and in an excellen{®&%) (Table 3.1, entry 1).
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This reaction shows that alkynals are more achem enals. Despite all that good results,
we still made a careful optimization. A screen tifev diarylprolinol silyl ether analogues
lI-IV revealed that the more bulky TBDMS catalydt gave slightly higher
enantioselectivities (Table 3.1, entries 2-4), @ligh diamineV, reported by Barbas and
Betancort, showed poor enantiocontrol (Table 3ntrye5F2 Accordingly, catalystil
was chosen for further optimization of the reacttonditions. A brief survey of different
reaction solvents revealed toluene to be the matilde for this procedure (Table 3.1,
entries 6 and 7). The process displayed low depereden the base additive (Table 3.1,
entry 8). Lowering the reaction temperature to (af@ the catalyst loading to 15 mol%
resulted in a higher ee (>99%) and higher yiel®4PWithout considerably prolonging

the reaction time (Table 3.1, entry 9 and 10).

Figure 3.3Secondary Amine Catalysts Screened

Ao | :Ar=Ph,R=TMS O
N Ar Il Ar=Ph,R=TES QVN
H OR . Ar=pPh,R=TBS H
IV: Ar = 3, 5-(CF4),CgHs, R = TMS v

Table 3.10ptimization Reaction Conditions for the Organolydita Asymmetric Cascade
Oxa-Michael-Michael Reaction between Phenyl-propyte and 2-E)-(2-Nitrovinyl)-

phenol2a®.

/ ~N
Z ™ ‘ Catalyst (20 mol%)
+ _ >
Additive (0.2eq),
OH Solvent, rt
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Entry Catalyst Additive Solvent t(h) Yield (%)° ee (%)¢

1 | None CHCl; 1 95 97
2 Il None CHCI, 1 93 98
3 1] None CHCI, 1 92 98
4 v None CHCl; 1 90 96
5 \% None CHCl; 1 91 66
6 1] None Toluene 1 94 99
7 [l None DCE 1 92 98
8 1] NaOAc Toluene 1 92 99
9 I ¢ None  Toluene 5 88 99
10 1 © None Toluene 4 97 >99

@ Reaction conditions: unless specified, a mixtdrphenyl-propynafla (0.11mmol), 2-E)-(2-Nitrovinyl)-
phenol2a (0.10mmol), catalyst (0.02mmol) and additive (@d2ol) in solvent (0.8ml) was stirred at r.t.
for a specified time® Isolated yields® Determined by chiral HPLC analysis (Chiralpak A%-H10 mol%

of catalystlll was applied® Performed at and 15 mol% of catalyfii was applied.

Having established the optimal conditions for ttescade oxa-Michael-Michael
reaction, we then investigated the scope of thiegss. As shown in Table 3.2, the one-
pot reaction promoted by organocatalilét serves as a general and atom economical
approach to “privileged” chiral H-chromenes, with formation of two C-C bonds, one
new stereogenic center, and the incorporation aj tersatile nitro and aldehyde
functionalities that are available for further edadtion. Notably, in all cases, the
reactions were completed in 4-5 hours, with exogllevels of enantioselectivity (98->99%

ee) and in high vyields (92-98%). Moreover, a brcadbstrate scope was observed.
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Aromatic alkynalsl that have electron-donating (Table 3.2, entried 2, and 13) or
electron withdrawing substituents (Table 3.2, esti3-6 and 11) were investigated, and
the effects of the substituent on the reaction f@asd to be very limited. These reactions
proceeded very smoothly, affording excellent yield82-98%) and excellent
enantioselectivities (99->99%). A similar trend wabserved with the structural
variations of substrat@ (Table 3.2, entries 7-9 and 11-13). Heteroaromaliynal
thiophen-2-yl-propynal also effectively engagedhe cascade process (Table 3.2, entry
10). Finally, the reaction of the highly stericafinmdered aliphatic alkynal also proceeded
successfully, in 93% vyield and 98% ee (Table 3nryeld). The absolute configuration
of product3g prepared under the optimal condition was determindzeR configuration

by using single crystal X-ray diffraction (Figuret

Table 3.2 Catalystlll Promoted Asymmetric Cascade Oxa-Michael-MichaelcReas

of Propynall with 2-(E)-(2-Nitrovinyl)-phenol2?.

NO, O,N o
P 5. \1\ 15 mol% Il A~ ‘\
R T oluene, 071 (
X 3/2 OH e ° Xz O R
1 2 3a~k
Entry R X t(h) Yield (%)° ee (%)°
1 Ph H 4 97 >99
2 4-MeOGH4 H 5 93 99
3 4-ClIGH4 H 4 97 99
4 4-BrGH4 H 4 95 99
5 4-NOG,CgH4 H 4 95 99
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6 3-NOCeHa4 H 4 93 99

7 Ph 5-Cl 4 92 99
8 Ph 3-MeO 4 95 98
9 Ph 5-MeO 4 97 99
10 Thienyl H 4 92 99
11 4-BrGHa 5-MeO 4 98 99
12 4-MeGH, 5-Cl 4 94 99
13 4-MeGHs  5-MeO 4 98 99
14 t-Bu H 4 93 98

# Reaction conditions: unless specified, a mixtudrpropynall (0.11mmol), 2-E)-(2-Nitrovinyl)-phenol2
(0.10mmol), catalystil (0.015mmol) in Toluene (0.8ml) was stirred & dor a specified timé.Isolated

yields.® Determined by chiral HPLC analysis (Chiralpak AS#+C).

Figure 3.4the Single-Crystal X-ray Structure of Compoug) with Ellipsoids Set at 20%

Probability
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3.3.3 Conclusion

In conclusion, we have developed a novel asymmeixia-Michael-Michael
reaction involving an unprecedented chiral imini@henamine cascade. Ynals are used
for the first time in organocatalyzed asymmetrisazale reactions. This process is a
viable one-pot approach to synthetically and bimally significant chiral #-chromenes
in high yields and with excellent enantioselectest A broad substrate scope has been
successfully employed in this reaction, includingnaatic and aliphatic alkynals as
Michael acceptors, and EX-(2-nitro-vinyl)-phenols as Michael donors/acceptavith
significant structural variation. The proposed imm-allenamine activation mode has
potential applications in the development of negamiocatalytic enantioselective cascade

reactions.

3.3.4 Supporting Information

General procedure for Cascade Michael-Michael addion reaction:

To a solution of alkynal (0.12mmol), organocatalyst(5.51mg, 0.015mmol) in toluene
(0.8ml) was added ZJ-(2-Nitrovinyl)-phenol (0.10mmol). The resultinglstion was
stirred at OC for a specified time. Then the reaction mixturesvedrectly purified by

column chromatography, eluted with hexane/EtOAaftord the desired product.

(R)-4-Nitromethyl-2-phenyl-4H-chromene-3-carbaldehyde (3a) (Table 3.2, Entry 1):
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The title compound was prepared according to timeige procedure, as described above
in 97% vyield.'"H NMR (CDCk, 500 MHz):d 9.59 (s, 1H), 7.61 (d) = 7.5 Hz, 2H),
7.58~7.56 (m, 1H), 7.51 (] = 7.5 Hz, 2H), 7.34~7.29 (m, 2H), 7.24~7.17 (m, 2H)
4.73~4.69 (m, 2H), 4.66~4.62 (m, 1HYC NMR (CDCk, 125 MHz):6 190.2, 169.8,
150.6, 131.7, 130.6, 130.3, 129.3, 128.6, 128.5,92119.7, 117.1, 111.5, 79.6, 32.2;
HPLC (Chiralpak AS-Hj-PrOH/hexane = 30/70, flow rate = 0.7 mL/minz 254nm):

tminor = 31.00 MiN, dajor = 21.57 min, ee > 99%q]p°’= +15.7 (c = 1.0 in CHG).

(R)-2-(4-Methoxy-phenyl)-4-nitromethyl-4H-chromene-3-carbaldehyde (3b) (Table
3.2, Entry 2):

The title compound was prepared according to timeige procedure, as described above
in 93% vield.'"H NMR (CDCk, 500 MHz):J 9.62 (s, 1H), 7.58 (d) = 8.5 Hz, 2H),
7.36~7.29 (m, 2H), 7.23~7.19 (m, 2H), 7.02J&; 8.5 Hz, 2H), 4.73~4.62 (m, 3H), 3.90
(s, 3H);**C NMR (CDCE, 125 MHz):6 190.1, 169.7, 162.6, 150.7, 132.1, 129.2, 128.5,
125.8, 122.8, 120.1, 117.1, 114.1, 110.7, 79.75,582.3; HPLC (Chiralpak ICi-
PrOH/hexane = 30/70, flow rate = 0.6 mL/mins 254nm): finor = 104.07 min, dajor =

39.79 min, ee = 99%¢]p>'= -16.0 (c = 1.0 in CHG).
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(R)-2-(4-Chloro-phenyl)-4-nitromethyl-4H-chromene-3-carbaldehyde (3c) (Table 3.2,

Entry 3):

The title compound was prepared according to timeige procedure, as described above
in 97% vield."H NMR (CDCk, 500 MHz):6 9.59 (s, 1H), 7.57 (d] = 8.5 Hz, 2H), 7.51
(d,J= 8.5 Hz, 2H), 7.37~7.31 (m, 2H), 7.26~7.18 (m, 2H}6~4.64 (m, 3H)}*C NMR
(CDCl, 125 MHz):6 189.7, 168.5, 150.6, 138.2, 131.6, 129.4, 12289 126.1, 119.6,
117.1, 111.8, 79.6, 32.3; HPLC (Chiralpak ASHPrOH/hexane = 30/70, flow rate = 0.7

mL/min, A = 254nM): finor = 34.53 Min, fajor = 25.80 min, ee = 99%qu]p°'= +14.0 (c =

1.0 in CHCY).

(R)-2-(4-Bromo-phenyl)-4-nitromethyl-4H-chromene-3-carbaldehyde (3d) (Table 3.2,

Entry 4):

The title compound was prepared according to timeigeé procedure, as described above
in 95% vyield."H NMR (CDCk, 500 MHz):6 9.59 (s, 1H), 7.68 (d] = 8.5 Hz, 2H), 7.50

(d, J = 8.0 Hz, 2H), 7.36~7.31 (m, 2H), 7.26~7.23 (m, 1A)8 (d,J = 8.0 Hz, 1H),
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4.76~4.64 (m, 3H)*C NMR (CDCE, 125 MHz):6 189.7, 168.5, 150.5, 132.0, 131.7,
129.5, 129.4, 128.5, 126.6, 126.1, 119.5, 117.1,9,779.6, 32.3; HPLC (Chiralpak AS-
H, i-PrOH/hexane = 30/70, flow rate = 0.7 mL/mirs 254nm): finor = 41.68 min, dajor

= 26.58 min, ee = 99%y]p>'= -6.9 (c = 0.86 in CHG).

NO,

(R)-4-Nitromethyl-2-(4-nitro-phenyl)-4H-chromene-3-carbaldehyde (3e) (Table 3.2,

Entry 5):

The title compound was prepared according to timeige procedure, as described above
in 95% yield.'H NMR (CDCk, 500 MHz):5 9.59 (s, 1H), 8.39 (d] = 8.5 Hz, 2H), 7.83
(d,J =8.5Hz, 2H), 7.39~7.34 (m, 2H), 7.28Jt 7.5 Hz, 1H), 7.19 (d] = 8.5 Hz, 1H),
4.83~4.79 (m, 1H), 4.72~4.67 (m, 2HFC NMR (CDC}, 125 MHz):5 189.0, 166.8,
150.4, 149.6, 136.6, 131.3, 129.6, 128.5, 126.8,8.2119.1, 117.2, 113.1, 79.5, 32.3;
HPLC (Chiralpak ICj-PrOH/hexane = 40/60, flow rate = 0.7 mL/mins 254nm): tinor

= 112.58 min, dajor = 93.90 min, ee = 99%¢]»°’= -5.6 (c = 1.0 in CHG).
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(R)-4-Nitromethyl-2-(3-nitro-phenyl)-4H-chromene-3-carbaldehyde (3f) (Table 3.2,

Entry 6):

The title compound was prepared according to tmeigeé procedure, as described above
in 93% yield.'H NMR (CDCk, 500 MHz):5 9.60 (s 1H), 8.51 (s, 1H), 8.46 (@= 8.5
Hz, 1H), 7.96 (dJ = 7.5 Hz, 1H), 7.76 () = 8.0 Hz, 1H), 7.39~7.33 (m, 2H), 7.27J&

7.5 Hz, 1H), 7.21 (dJ = 8.0 Hz, 1H), 4.83~4.78 (m, 1H), 4.72~4.68 (m, 2£0; NMR
(CDCls, 125 MHz):6 189.0, 166.7, 150.4, 148.4, 136.2, 132.4, 1229,6], 128.5, 126.4,
126.2, 124.8, 119.1, 117.2, 112.9, 79.5, 32.3; HRCGiralpak IC,i-PrOH/hexane =
40/60, flow rate = 0.7 mL/mirk, = 254nm): finor = 110.28 min, dajor = 87.38 min, ee =

99%: [o]p?’= +42.4 (¢ = 1.0 in CHG).

(R)-6-Chloro-4-nitromethyl-2-phenyl-4H-chromene-3-carbaldehyde (3g) (Table 3.2,

Entry 7):

The title compound was prepared according to tmeigeé procedure, as described above
in 92% vyield.*H NMR (CDCk, 500 MHz):6 9.59 (s, 1H), 7.62~7.51 (m, 5H), 7.31~7.30
(m, 2H), 7.15~7.13 (m, 1H), 4.79~4.76 (m, 1H), 4.6834m, 2H);**C NMR (CDC},
125 MHz):6 190.1, 169.6, 149.3, 131.9, 130.9, 130.3, 1228,7, 128.2, 121.5, 118.6,

111.0, 79.3, 32.2; HPLC (Chiralpak 1EZPrOH/hexane = 30/70, flow rate = 0.7 mL/min,
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A = 254nM): hinor = 27.23 MiN, kajor = 22.94 min, ee = 99%p]p*’= +68.3 (¢ = 1.0 in

CHCly).

(R)-8-Methoxy-4-nitromethyl-2-phenyl-4H-chromene-3-carbaldehyde (3h) (Table

3.2, Entry 8):

The title compound was prepared according to timeige procedure, as described above
in 95% yield.'H NMR (CDCkL, 500 MHz):5 9.62 (s, 1H), 7.66 (d) = 8.0 Hz, 2H),
7.60~7.57 (m, 1H), 7.52 (8,= 7.5 Hz, 2H), 7.16 () = 8.0 Hz, 1H), 6.93 (d] = 8.5 Hz,
1H), 6.87 (d,J = 7.5 Hz, 1H), 4.74~4.62 (m, 3H), 3.91 (s, 3t NMR (CDC}, 125
MHz): ¢ 190.2, 169.7, 148.3, 140.4, 131.8, 130.6, 1282K.8, 121.0, 119.6, 111.6,
111.3, 79.6, 56.1, 32.3; HPLC (Chiralpak iERrOH/hexane = 40/60, flow rate = 0.7

mL/min, A = 254nM): finor = 49.63 MiN, fajor = 19.57 min, ee = 98%qu]p°'= +90.2 (¢ =

1.0 in CHCY).
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(R)-6-Methoxy-4-nitromethyl-2-phenyl-4H-chromene-3-carbaldehyde (3i) (Table 3.2,

Entry 9):

The title compound was prepared according to tmeigeé procedure, as described above
in 97% yield.*H NMR (CDCk, 500 MHz):6 9.59 (s, 1H), 7.62~7.57 (m, 3H), 7.52)t&

7.5 Hz, 2H), 7.13 (dJ = 9.0 Hz, 1H), 6.89~6.86 (M, 1H), 6.79 (s, 1H)442.65 (m, 3H),
3.81 (s, 3H);13C NMR (CDCs, 125 MHz):6 190.3, 170.0, 157.3, 144.7, 131.7, 130.8,
130.3, 128.6, 120.6, 118.1, 115.2, 112.4, 110.R,85.7, 32.6; HPLC (Chiralpak I,
PrOH/hexane = 40/60, flow rate = 0.7 mL/min= 254nm): inor = 27.12 min, hajor =

21.48 min, ee = 99%u]p*’= +50.6 (c = 1.0 in CHG).

(R)-4-Nitromethyl-2-thiophen-2-yl-4H-chromene-3-carbaldehyde (3)) (Table 3.2,

Entry 10):

The title compound was prepared according to timeige procedure, as described above
in 92% vyield'H NMR (CDCk, 500 MHz):5 9.90 (s, 1H), 7.70 (dl = 5.0 Hz, 1H), 7.55
(d,J = 3.5 Hz, 1H), 7.37~7.34 (m, 1H), 7.30~7.20 (m, 4H}3 (t,J = 5.5 Hz, 1H), 4.64
(d, J = 5.5 Hz, 2H);**C NMR (CDC}, 125 MHz):¢ 189.2, 163.0, 150.4, 133.6, 132.2,

131.7,129.4, 128.5, 127.8, 126.0, 120.0, 117.1,5.779.5, 32.4; HPLC (Chiralpak IG,
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PrOH/hexane = 30/70, flow rate = 0.7 mL/minz 254nm): finor = 70.58 min, fajor =

31.78 min, ee = 99%u]p>'= -8.8 (c = 1.0 in CHG).

(R)-2-(4-Bromo-phenyl)-6-methoxy-4-nitromethyl-4H-chromene-3-carbaldehyde (3k)

(Table 3.2, Entry 11):

The title compound was prepared according to timeige procedure, as described above
in 98% vyield."H NMR (CDCk, 500 MHz):6 9.57 (s, 1H), 7.66 (d] = 8.5 Hz, 2H), 7.49
(d,J = 8.0 Hz, 2H), 7.12 (d] = 9.0 Hz, 1H), 6.89~6.86 (m, 1H), 6.79 (& 2.5 Hz, 1H),
4.76~4.71 (m, 1H), 4.68~4.64 (m, 2H), 3.81 (s, 3f3; NMR (CDCE, 125 MHz): 6
189.7, 168.7, 157.4, 144.6, 132.0, 131.7, 129.%8,5.220.4, 118.1, 115.3, 112.4, 111.0,
79.4, 55.8, 32.6; HPLC (Chiralpak IGPrOH/hexane = 40/60, flow rate = 0.7 mL/min,

= 254nm): hinor = 31.79 Min, dajor = 25.25 min, ee = 99%p]p°’= +20.7 (¢ = 1.0 in

CHCly).
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(R)-6-Chloro-4-nitromethyl-2-p-tolyl-4 H-chromene-3-carbaldehyde (3I) (Table 3.2,

Entry 12):

The title compound was prepared according to tmeige procedure, as described above
in 94% vyield.'H NMR (CDCk, 500 MHz):§ 9.60 (s, 1H), 7.50 (d] = 8.0 Hz, 2H),
7.34~7.29 (m, 4H), 7.15~7.13 (m, 1H), 4.77~4.72 (m), ¥-66~4.62 (m, 2H), 2.46 (s,
3H); 3¢ NMR (CDCB, 125 MHz):0 190.1, 169.8, 149.3, 142.7, 130.8, 130.3, 129.4,
128.2, 127.4, 121.7, 118.5, 110.6, 79.3, 32.2,;4F_C (Chiralpak ICj-PrOH/hexane

= 30/70, flow rate = 0.7 mL/mirk, = 254nm): finor = 30.28 Min, dajor = 25.69 min, ee =

99%: [o]p?’= +36.5 (¢ = 1.0 in CHG).

(R)-6-Methoxy-4-nitromethyl-2-p-tolyl-4H-chromene-3-carbaldehyde (3m) (Table

3.2, Entry 13):

The title compound was prepared according to tmeige procedure, as described above
in 98% vyield.*H NMR (CDCk, 500 MHz):6 9.59 (s, 1H), 7.51 (dl = 8.0 Hz, 2H), 7.32
(d, J=8.0 Hz, 2H), 7.13 (d] = 8.5 Hz, 1H), 6.88~6.86 (m, 1H), 6.78 {d 2.5 Hz, 1H),
4.71~4.63 (m, 3H), 3.81 (s, 3H), 2.45 (s, 3¢ NMR (CDCh, 125 MHz):5 190.3,
170.2, 157.2, 144.8, 142.4, 130.3, 129.3, 127.9,82118.1, 115.2, 112.4, 110.4, 79.5,

55.7, 32.6, 21.6; HPLC (Chiralpak IGPrOH/hexane = 30/70, flow rate = 0.7 mL/nin,
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= 254nm): hinor = 38.12 min, dajor = 29.81 min, ee = 99%p]p°'= +30.8 (¢ = 1.0 in

CHCly).

(R)-2-tert-Butyl-4-nitromethyl-4 H-chromene-3-carbaldehyde (3n) (Table 3.2, Entry

14):

The title compound was prepared according to tmeigeé procedure, as described above
in 93% yield. 'H NMR (CDCk, 500 MHz): § 10.38 (s, 1H), 7.31~7.28 (m, 1H),
7.24~7.22 (m, 1H), 7.19~7.16 (m, 1H), 7.10 Jd= 8.5 Hz, 1H), 4.72~4.70 (m, 1H),
4.49~4.43 (m, 2H), 1.51 (s, 9HFC NMR (CDCk, 125 MHz):d 188.6, 178.5, 150.6,
129.0, 128.1, 125.7, 120.1, 116.5, 110.4, 79.9,3R.5, 31.0; HPLC (Chiralpak AS-H,
i-PrOH/hexane = 30/70, flow rate = 0.6 mL/minF 254nm): kinor = 14.16 min, dajor =

12.08 min, ee = 98%p]p°'= -44.9 (c = 1.0 in CHG).

3.4 Development of Organocatalytic Asymmetric Cascie Double Michael Addition

Reactions of 2-(2, 2-bis-benzenesulfonyl-vinyl)-phel to Alkynals

3.4.1 Introduction
Sulfones are widely useful intermediates in syithand medicinal chemisty

due to the fact that the sulfonyl moiety can beaeed by reductioffor transformed into
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other useful functionalitiéd In spite of the great chemical versatility of tselfonyl
group, only recently have the sulfones begun tanberporated systematically into the
field of organocatalysis. In particular, the vinylonosulfones or vinyl bis(sulfoné8)
have been used as very appealing Michael accepptangganocatalytic enantioselective
conjugate additiorf§ due to the strong electron-withdrawing nature té sulfonyl

groups (Scheme 3.4).

Scheme 3.46elected Examples of Michael Additions to Vinyl feakes

Et0,C.0.CN O
F1O2C~-CN Catalyst (20 mol% . ) 0
Y+ Zsopn a 25°c0 Ar S0,Ph : R=
AT oluene, - Yield 89-96% N (PHN)
ee 93-97% /
Catalyst
2. Ar o)
0,
Q Sso,ph N Ar (10 mol%) H SOPh
. :( H  OTMS Ar=35-(CF3),-CeHy
: SO,Ph 5 R SO,Ph
R ’ CHCl, 0°C Yield 93-97%
R = Alkyl ee 94->99%
3 \g/
v ou N
O,N SO,Ph
SO,Ph 2 Ph o HoH
ON — 27 Catalyst (20 mol%) W 3 i H
1 o o aoc - R _so@n U T M ome
R 2 ' Yield 71-87% |
ee 72-84% CF3 >

N
Catalyst

Despite all of the aforementioned excellent adeanthe employment of vinyl
sulfones as one of the Michael acceptors in orgatabdic enantioselective cascade
reactions remains an unexplored field and a chgillentask. In continuation of our
efforts on developing more general and variablaatjies for construction of biologically
relevant compounds, we envisioned that if the \t#essulfonyl group were incorporated

into the compounds formed via enantioselective a@dsceactions, a variety of analogues
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can be readily available by taking advantage of ¢hameleonic ability of sulfones.
Undoubtedly, the strategy has paramount importamecethe rapid development of

pharmaceutical industry.

Although the wonderful reaction scenario on tha-bkichael-Michael sequence
of 2-(E)-(2-nitrovinyl)-phenols with alkynals using imini4-allenamine cascade
catalysis has been recognized by our group recéntly is more fascinating to
incorporate sulfonyl groups instead of nitro groupo the “privileged” chiral #-
chromene motifs in view of the fact that prior emluctive desulfonylation, miscellaneous

electrophiles can be readily introduced to effilfegenerate a great many of analogues.

3.4.2 Results and Discussion
To fulfill our expectation, we proposed to develoganocatalytic asymmetric
cascade reactions between 2-(2, 2-bis-benzenegliforyl)-phenol and alkynalsto

synthesize versatile biologically interesting-éhromene scaffolds.

We started our investigations by conducting thel@hoeaction between phenyl-
propynal 1a and 2-(2, 2-bis-benzenesulfonyl-vinyl)-phentd in dichloromethane at
room temperature in the presence of 20 mol% orgaatystlV (Figure 3.5 and Table
3.3). To our gratification, the initial trial gae®couraging result: the reaction betwéen
and4a finished within 2 h to yield the desired prodetwith a moderate isolated yield
(80%) and a moderate ee value (78%) (Table 3.3y eljt A brief investigation of

reaction medium revealed that dichloromethane s rifost suitable solvent for the
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process (Table 3.3, entry 1-6). The screening okrs¢ other organocatalystsVi
revealed that the bulky TBDMS catalyt gave a slightly higher enantioselectivity and
a slightly lower yield (Table 3.3, entry 9). Howey¢he Barbas’s catalys3f does not
show enantioselectivity (Table 3.3, entry 10). TMacMillan catalystVI shows poor
enantioselectivity (Table 3.3, entry 11). Therethe catalystlll and dichloromethane
solvent were chosen for further optimization reactcondition. Basic additives screen
including both inorganic and organic base indicatieat NaOAc additive lead to a
slightly increased enantioselectivity (Table 3.%wtrg 12-14). Further lowering the
reaction temperature to -20°C and increasing thedysa loading to 30 mol% resulted in

better ee (92%) and yield (78%) (Table 3.3, enfy 1

Figure 3.5Secondary Amine Catalysts Screened

N Ar
OR ll: Ar=Ph,R =TBS

IV: Ar =3, 5-(CF3)2CgH3, R = TMS v \Y

o 7/
CAr= = N )\
Il: Ar=Ph,R =TES N Bn™ Ny~ t-Bu
H
H
Table 3.3 Optimization Reaction Conditions for the Organolaia Asymmetric

Cascade Michael-Michael Reaction between Phenyymal la and 2-(2, 2-Bis-

benzenesulfonyl-vinyl)-phendia®.

= o PhO,S._SO,Ph PhO,S._ SO,Ph

. Catalyst (20 mol%) - o
Additive (0.5eq), ‘
(6]

OH Solvent, rt

la 4a 5a !
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Entry Catalyst Additve Solvent t(h) Yield (%)® ee (%)°

1 A\ None DCM 2 80 78
2 v None DCE 2 78 74
3 v None Toluene 2 83 60
4 v None CHCN 23 69 73
5 v None E:O 6 71 69
6 v None MeOH 17 62 78
7 | None CHCl; 2 78 82
8 Il None CHCl; 2 76 83
9 1] None CHCl; 2 76 85
10 \% None CHCl; 2 77 0
11 VI None CHCl; 20 68 50
12 1 NaOAc DCM 1 77 86
13 1 NaxCOs DCM 1 75 79
14 1 EtsN DCM 1 76 84
15 I NaOAc DCM 48 78 92

& Reaction conditions: unless specified, a mixtufepbenyl-propynalla (0.055mmol), 2-(2, 2-bis-
benzenesulfonyl-vinyl)-phenala (0.050mmol), catalyst (0.01mmol) and additive 2&@mol) in solvent
(0.4mL) was stirred at r.t. for a specified tifidsolated yields® Determined by chiral HPLC analysis

(Chiralpak OD-H)? Performed at -20°C.30 mol% of catalysiil was applied.

With the optimal reaction condition in hands, weamined the scope of the
cascade oxa-Michael-Michael process with the resulsummarized in
Table 3.4. As shown, the reaction has rather begamlicability. Aromatic alkynall,
regardless of neutral substituent (entries 1, é@gtron-donating substituents (entries 2,

3) and electron-withdrawing substituents (entri@g4participated in the process in
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moderate yield (60%~83%) and with excellent enaefiectivities (87%~94%). On the
other hand, 2-(2, 2-bis-benzenesulfonyl-vinyl)-pblerbearing electron-withdrawing
group is tolerated although relatively low yieldokserved (entry 10). Furthermore, low
yield and enantioselectivity were observed for teteomatic alkynal such as thiophen-2-
yl-propynal (entry 11). It is worthy of point outdt the highly branched aliphatic alkynal
was compatible with this methodology (entry 12).eTabsolute configuration dda
prepared under the optimal condition was determinged-ray crystallography to b8

configuration (Figure 3.6).

Table 3.4 Catalystlll Promoted Asymmetric Cascade Michael-Michael Reastiof

Propynall with 2-(2, 2-Bis-benzenesulfonyl-vinyl)-pherl

PhO,S.__SO,Ph PhO,S._ SOoPh
e T | sz:lz/ot D o
5 1 OH (e} R
1 4 S5a~|
Entry R X t(h) 5 Yield (%)" ee(%)"
1 Ph H 48 5a 78 92
29  4-MeOGH; H 70  5b 63 89
3 4-MeGH, H 70 5c 68 92
4 4-BrGsHg H 46  5d 82 94
5 4-CIGH, H 46  5e 81 92
6 2-FGH4 H 46 5f 83 91
7 3-FGHq H 46  5g 78 92
8 3-CRCeHs  H 46  5h 80 91
9 3-CNGH, H 46 5 77 90
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10° Ph 3-Cl 50 5j 60 87
11¢ Thienyl H 48 5k 65 77
12 t-Bu H 47 5l 83 88

& Reaction conditions: unless specified, a mixtdrpropynall (0.055mmol), 2-(2, 2-bis-benzenesulfonyl-
vinyl)-phenol 4 (0.050mmol), NaOAc (0.025mmol) and catalyi$t (0.015mmol) in DCM (1.0ml) was
stirred at -20 °C for a specified tinfelsolated yields® Determined by chiral HPLC analysis (Chiralcel

OD-H or Chiralpak AS-H )? Reaction was performed at -13°C.

Figure 3.6the Single-Crystal X-ray Structure of Compolsad

To demonstratethe synthetic utility of the obtaie@éntioenrichedH-chromene
motifs 5, related post-modifications were carried out ($ehe3.5). In general, the
reduction of the aldehyde functionality may be m®seey for minimizing the side
reactions of the reductive desulfonylation stepeafiment of adductba-1 with
magnesium/methanol/dichloromethane gave the desitesulfonated producba-2
bearingone chiral methyl group in moderate yieldfottunately, the enantioselectivity

was serious dropped from 92% to 17% (Scheme 3.§1)@qSince fluorine-containing
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compounds usually widely exit in pharmaceutical agtochemical produc the
efficient and selective incorporation of fluorinentaining moieties into organic
compounds to modulate their biological properties become a powerful strategy in
drug design. Considering the significance of flaerin drug discovery, we incorporated
the fluorine atom in compoun8a, in combination with subsequent reduction and
desulfonylation, giving access to optically actimenofluoromethylation analogusa-5

without erosion of enantioselectivity (Scheme 86 (2)).

Scheme 3.5ynthetic Utility of AdducH

PhO,S~_-SOzPh PhOZS\/SOZPh

- N NaBHs, CeCly7H;0_ _Mg(active) _
‘ MeOH/DCM MeOH/DCM o (1)
[¢] quantitative 41%
92% ee 17% ee
5a

F
PhO,S._-SOZPh phozg\ﬁsozph PhOZS\//SOZPh !

: ~o Selectflour, t-BuOK _NaBH,, CeCly7H,0 _Mg(active) " oH (2)
‘ DMF MeOH/DCM MeOH/DCM o
o O 92% quantitative 84% O
93% ee

92% ee
5a 5a-5

3.4.3 Conclusion

In summary, we have disclosed the first organdygataenantioselective oxa-
Michael-Michael cascade reaction applying vinyl fenés as one of the Michael
acceptors. This reaction proceeded with moderagiel yind excellent enantioselectivity,
as well as broad compatability. The described aggrotogether with facile post-
modifications represents an efficient strategy ¢tceas versatile enantioenricheHi-4

chromene motifs although further investigationdlmutilities of the adduct are needed.
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3.4.4 Supporting Information
General procedure for the synthesis of 2-(2,2-bisfgnylsulfonyl)vinyl)phenol:

PhO,S.__SO,Ph

CHO ® O
Et,NH,Cl, NaF |
T PhO,S<_-SO,Ph

OAc Toluene, reflux

OH

To a solution of 2-acetoxybenzaldehyde (1.11g, &Rfol), Bis(phenylsulfonyl)methane
(1g, 3.37 mmol) and sodium fluoride (21.3mg, 0.5hal) in toluene (20ml) was added
diethylamine hydrochloride (0.74g, 6.75 mmol). Thsulting solution was refluxed with
Dean-Stark apparatus for 3days. Then evaporategolnene and the resulting crude
solution was purified directly by running columnraimatography to give the product

with 45% isolated yield.

General procedure for Cascade Oxa-Michael-Michaelddition reaction (Table 3.4):

To a solution of alkynal (0.055 mmol), organocatalydt (5.51mg, 0.015 mmol) and
sodium acetate (2.05mg, 0.025 mmol) in dichlororae¢h (0.8ml) was added 2-(2,2-
bis(phenylsulfonyl)vinyl)pheno#t (0.05 mmol). The resulting solution was stirred- at
20°C for a specific time. Then the reaction mixtureswdirectly purified by column

chromatography, eluted with hexane/EtOAc to affibiel desired product.
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PhO,S_-SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-2-phenyl-4-chromene-3-carbaldehyde (5a)
(Table 3.4, Entry 1):

The title compound was prepared according to tmeigeé procedure, as described above
in 78% vyield.*H NMR (CDCk, 500 MHz):5 9.56 (s, 1H), 8.10~8.09 (m, 2H), 7.85 {d,

= 8.0 Hz, 1H), 7.71~7.55 (m, 10H), 7.48 {t,= 7.5 Hz, 1H), 7.31~7.24 (m, 3H),
7.16~7.10 (m, 2H), 5.82 (s, 1H), 5.46 {d= 1.5 Hz, 1H)X*C NMR (CDC}, 125 MHz):
0191.0, 170.7, 151.0, 140.5, 138.6, 134.0, 133.8,7.330.9, 130.8, 130.6, 129.7, 129.5,
129.1, 128.55, 128.50, 128.3, 125.6, 117.1, 11618,5, 85.5, 31.7. HPLC (Chiralcel
OD-H, i-PrOH/hexane = 20/80, flow rate = 0.6 mL/mins 254nm): tinor = 29.19 min,

tmajor = 23.12 min, ee = 92%q]»*°= -80.6 (c = 1.0 in CHG).

PhO,S._SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-2-(4-methoxyphenybB4H-chromene-3-

carbaldehyde (5b) (Table 3.4, Entry 2):

The title compound was prepared according to tmeige procedure, as described above
in 63% yield.'H NMR (CDCk, 500 MHz):6 9.51 (s, 1H), 8.06 (d] = 8.0 Hz, 2H), 7.78

(d,Jd = 7.5 Hz, 1H), 7.65 (1 = 7.5 Hz, 1H), 7.59 (d] = 8.5 Hz, 4H), 7.55 (1] = 8.0 Hz,
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2H), 7.42 (tJ = 7.5 Hz, 1H), 7.24~7.18 (m, 3H), 7.09 {ds 8.5 Hz, 1H), 7.04 (| = 7.5
Hz, 1H), 7.00 (dJ = 8.5 Hz, 2H), 5.74 (s, 1H), 5.41 (s, 1H), 3.893Hl). **C NMR
(CDCls, 125 MHz):6 190.8, 170.6, 162.5, 150.9, 140.6, 138.6, 134.8,81332.4, 130.7,
129.7, 129.4, 129.1, 128.6, 128.3, 125.5, 123.0,111117.0, 114.0, 111.6, 85.7, 55.5,
31.8. HPLC (Chiralcel OD-Hj-PrOH/hexane = 20/80, flow rate = 0.7 mL/min,=

254nM): hinor = 60.09 MiN, hajor = 28.98 min, ee = 89%qu]*°= -28.1 (c = 1.0 in CHG).

PhO,S._ SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-2-p-tolyl-4H-chromene-3-carbaldehyde (5c) (Table
3.4, Entry 3):

The title compound was prepared according to tmeige procedure, as described above
in 68% yield.H NMR (CDCk, 500 MHz):5 9.51 (s, 1H), 8.06~8.05 (m, 2H), 7.79 {d,

= 7.5 Hz, 1H), 7.65 (t) = 7.5Hz, 1H), 7.61~7.59 (m, 2H), 7.57~7.53 (M, 4H¥2 (t,J =
7.5Hz, 1H), 7.31 (d) = 7.5 Hz, 2H), 7.24~7.19 (m, 3H), 7.09~7.05 (m, ZJ5 (s, 1H),
5.41 (d,J = 1.5 Hz, 1H), 2.45 (s, 3H}*C NMR (CDCk, 125 MHz):6 191.0, 170.9,
151.0, 142.4, 140.5, 138.6, 134.0, 133.8, 130.8,6,329.7, 129.5, 129.3, 129.1, 128.6,
128.3, 128.0, 125.5, 117.1, 116.8, 112.1, 85.67,321.6. HPLC (Chiralcel OD-Hi-
PrOH/hexane = 20/80, flow rate = 0.6 mL/min= 254nm): inor = 37.56 Min, hajor =

20.30 min, ee = 92%¢[p>= -22.9 (c = 1.0 in CHG).
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PhO,S._ SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-2-(4-bromophenyl)-4-chromene-3-carbaldehyde
(5d) (Table 3.4, Entry 4):

The title compound was prepared according to tmeigeé procedure, as described above
in 82% vyield.*H NMR (CDCk, 500 MHz):6 9.50 (s, 1H), 8.02 (d] = 8.0 Hz, 2H), 7.79
(d,J=7.5 Hz, 1H), 7.67~7.63 (m, 3H), 7.59 {c= 8.5 Hz, 2H), 7.56~7.52 (m, 4H), 7.43
(t, = 7.5 Hz, 1H), 7.23~7.19 (m, 3H), 7.09~7.05 (m, ZHY5 (s, 1H), 5.37 (s, 1HYC
NMR (CDCk, 125 MHz):6 190.4, 169.5, 150.9, 140.5, 138.6, 134.0, 133.9,01331.9,
130.8, 129.7, 129.6, 129.1, 128.5, 128.4, 126.5,8217.1, 116.7, 112.9, 85.5, 31.7.
HPLC (Chiralcel OD-H,-PrOH/hexane = 20/80, flow rate = 0.6 mL/minz= 254nm):

tminor = 72.60 MiN, dajor = 25.63 min, ee = 94%qu]5*%= -45.0 (c = 1.0 in CHG).

PhO,S._-SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-2-(4-chlorophenyl)4H-chromene-3-carbaldehyde
(5e) (Table 3.4, Entry 5):
The title compound was prepared according to tmeige procedure, as described above

in 81% yield.*H NMR (CDCk, 500 MHz):4 9.50 (s, 1H), 8.01 (d] = 7.5 Hz, 2H), 7.79
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(d, J = 8.0 Hz, 1H), 7.65 (] = 7.5 Hz, 1H), 7.61~7.58 (m, 4H), 7.54Jt 8.0 Hz, 2H),
7.50 (d,J = 8.0 Hz, 2H), 7.43 (t) = 7.5 Hz, 1H), 7.27~7.24 (m, 1H), 7.21Jt 8.0 Hz,
2H), 7.10~7.05 (m, 2H), 5.76 (s, 1H), 5.37 Jd; 1.5 Hz, 1H).**C NMR (CDCE, 125
MHz): 6 190.4, 169.4, 150.9, 140.4, 138.5, 138.1, 1343R.9, 131.8, 130.8, 129.7,
129.6, 129.3, 129.1, 128.9, 128.43, 128.35, 128.8,1, 116.7, 112.8, 85.4, 31.7. HPLC
(Chiralcel OD-H,i-PrOH/hexane = 20/80, flow rate = 0.6 mL/minz 254nm): tinor =

63.73 Min, fajor = 24.12 min, ee = 92%q]»*%= -55.5 (¢ = 1.0 in CHG).

PhO,S._SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-2-(2-fluorophenyl)4H-chromene-3-carbaldehyde

(5f) (Table 3.4, Entry 6):

The title compound was prepared according to tmeigeé procedure, as described above
in 83% vyield.'H NMR (CDCk, 500 MHz):6 9.42 (s, 1H), 7.98 (d] = 8.0 Hz, 2H), 7.83
(d,J = 7.5 Hz, 1H), 7.66~7.61 (m, 4H), 7.57~7.50 (m, 3H¥5 (t,J = 7.0 Hz, 1H), 7.30

(t, = 7.5 Hz, 2H), 7.27~7.21 (m, 3H), 7.10~7.07 (m, ZH}3 (s, 1H), 5.31 (s, 1H)C
NMR (CDCk, 125 MHz):0 190.4, 161.5, 159.4, 151.2, 140.2, 138.8, 134.3,91333.4,
133.3, 132.7, 130.8, 129.7, 129.1, 128.5, 128.8,71,224.4, 119.2, 119.1, 117.2, 116.5,
116.3, 114.2, 85.4, 31.7. HPLC (Chiralcel ODHPrOH/hexane = 20/80, flow rate = 0.6
mL/min, & = 254nM): finor = 29.83 MiN, tajor = 21.14 min, ee = 91%¢[p*°= -70.0 (c =

1.0 in CHCY).
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PhO,S<_-SO,Ph

(9)-4-(bis(phenylsulfonyl)methyl)-2-(3-fluorophenyl)4H-chromene-3-carbaldehyde
(59) (Table 3.4, Entry 7):

The title compound was prepared according to timeige procedure, as described above
in 78% vyield."H NMR (CDCk, 500 MHz):6 9.53 (s, 1H), 8.01 (d] = 8.0 Hz, 2H), 7.79
(d,J = 7.5 Hz, 1H), 7.65 () = 7.0 Hz, 1H), 7.59 (d] = 8.0 Hz, 2H), 7.54 (t] = 8.0 Hz,
2H), 7.50~7.47 (m, 1H), 7.45~7.42 (m, 2H), 7.37)d, 7.5 Hz, 1H), 7.30~7.25 (m, 2H),
7.21 (t,J = 8.0 Hz, 2H), 7.11~7.06 (m, 2H), 5.76 (s, 1H),75(8, 1H)."*C NMR (CDCE,
125 MHz): o 190.5, 169.0, 163.4, 161.4, 150.9, 140.4, 138.%.(13133.9, 132.82,
132.76, 130.7, 130.3, 130.2, 129.7, 129.1, 1281£8.38, 126.6, 125.8, 118.8, 118.7,

117.4, 117.2, 117.1, 116.6, 113.0, 85.4, 31.6. HCRiralcel OD-H,i-PrOH/hexane

20/80, flow rate = 0.6 mL/mirk, = 254nm): inor = 37.31 MiN, hajor = 22.88 min, ee

92%; [u]p>°= -47.5 (c = 1.0 in CHG).
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PhO,S._SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-2-(3-(trifluoromethyl)phenyl)-4H-chromene-3-
carbaldehyde (5h) (Table 3.4, Entry 8):

The title compound was prepared according to timeige procedure, as described above
in 80% yield.'"H NMR (CDCkL, 500 MHz): 5 9.48 (s, 1H), 8.02 (dJ = 8.0 Hz, 2H),
7.87~7.84 (m, 3H), 7.80 (d,= 7.5 Hz, 1H), 7.68~7.64 (m, 2H), 7.59 {cs 8.0 Hz, 2H),
7.54 (t,J = 8.0 Hz, 2H), 7.44 (t) = 7.5 Hz, 1H), 7.29 (d] = 7.5 Hz, 1H), 7.22 (] = 8.0
Hz, 2H), 7.13 (dJ = 8.5 Hz, 1H), 7.09 (t) = 7.5 Hz, 1H), 5.79 (s, 1H), 5.36 (s, 14C
NMR (CDCk, 125 MHz):0 190.2, 168.8, 150.9, 140.4, 138.5, 134.1, 134.0,71.331.5,
131.2, 130.8, 129.7, 129.3, 129.1, 128.4, 128.8,9225.9, 117.2, 116.6, 113.4, 85.4,
31.6. HPLC (Chiralcel OD-Hj-PrOH/hexane = 20/80, flow rate = 0.6 mL/min,=

254nM): inor = 25.84 Min, hajor = 19.40 min, ee = 91%qu]p*"= -79.1 (c = 1.0 in CHG).

PhO,S._SO,Ph

(9)-3-(4-(bis(phenylsulfonyl)methyl)-3-formyl-4H-chromen-2-yl)benzonitrile (51)

(Table 3.4, Entry 9):
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The title compound was prepared according to timeige procedure, as described above
in 77% vyield."H NMR (CDCk, 500 MHz):5 9.47 (s, 1H), 7.97~7.94 (m, 3H), 7.91 {d,

= 8.0 Hz, 1H), 7.87 (d] = 7.5 Hz, 1H), 7.80 (d] = 8.0 Hz, 1H), 7.68~7.62 (m, 2H), 7.58
(d,J = 8.0 Hz, 2H), 7.52 (t}= 8.0 Hz, 2H), 7.45 () = 7.5 Hz, 1H), 7.29 (t) = 7.5 Hz,
1H), 7.24~7.21 (m, 2H), 7.13~7.09 (m, 2H), 5.78 &), 5.33 (s, 1H)**C NMR (CDC},
125 MHz):0 189.7, 168.0, 150.8, 140.3, 138.4, 134.8, 134.4,113.34.0, 133.7, 132.3,
130.8, 129.8, 129.7, 129.6, 129.1, 128.4, 128.8,112417.6, 117.1, 116.5, 113.7, 113.3,
85.2, 31.6.HPLC (Chiralcel OD-H;PrOH/hexane = 20/80, flow rate = 0.7 mL/mins

254nM): hinor = 99.49 Min, hajor = 58.73 min, ee = 90%q]o*'= -82.6 (c = 1.0 in CHG).

PhO,S._-SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-6-chloro-2-phenyl-4-chromene-3-carbaldehyde

(5j) (Table 3.4, Entry 10):

The title compound was prepared according to tmeige procedure, as described above
in 60% yield.'H NMR (CDCk, 500 MHz):6 9.50 (s, 1H), 8.02 (d] = 8.0 Hz, 2H), 7.78
(s, 1H), 7.65~7.63 (m, 5H), 7.60~7.47 (m, 6H), 7.2857m, 2H), 7.20 (dJ = 8.5 Hz,
1H), 7.03 (dJ = 9.0 Hz, 1H), 5.69 (s, 1H), 5.38 (s, 1FC NMR (CDC}, 125 MHz):6
190.8, 170.4, 149.6, 140.2, 138.5, 134.1, 131.0,7.3.30.6, 130.5, 129.7, 129.4, 129.2,
128.9, 128.6, 128.5, 128.4, 118.4, 112.1, 85.36.3HPLC (Chiralcel OD-H,i-

PrOH/hexane = 20/80, flow rate = 0.6 mL/min= 254nm): inor = 51.19 min, hajor =
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21.46 min, ee = 87%p]p’'= -110.4 (c = 1.0 in CHG).

PhO,S~_-SO,Ph

(S)-4-(bis(phenylsulfonyl)methyl)-2-(thiophen-2-yl)-4H-chromene-3-carbaldehyde

(5k) (Table 3.4, Entry 11):

The title compound was prepared according to timeige procedure, as described above
in 65% vyield."H NMR (CDCk, 500 MHz):6 9.78 (s, 1H), 8.04 (d] = 7.5 Hz, 2H), 7.80
(d, J = 7.5 Hz, 1H), 7.69~7.68 (m, 1H), 7.66 Jt= 7.5 Hz, 1H), 7.59~7.54 (m, 4H),
7.47~7.46 (m, 1H), 7.42 (§,= 7.5 Hz, 1H), 7.28 (d] = 7.5 Hz, 1H), 7.21 () = 7.5 Hz,
2H), 7.18~7.16 (m, 1H), 7.13 (d,= 8.0 Hz, 1H), 7.08 (t) = 7.5 Hz, 1H), 5.73 (s, 1H),
5.37 (d,J = 2.0 Hz, 1H).”*C NMR (CDCk, 125 MHz):é 190.0, 164.0, 150.7, 140.4,
138.8, 134.2, 134.1, 133.9, 131.8, 130.7, 129.8,41229.1, 128.9, 128.6, 128.4, 127.6,
125.7, 117.1, 116.8, 112.3, 85.5, 31.9. HPLC (QtetaOD-H, i-PrOH/hexane = 20/80,
flow rate = 0.7 mL/minj = 254nm): finor = 49.19 min, dajor = 30.01 min, ee = 77%;

[a]o?’= -42.3 (c = 1.0 in CHG).

PhO,S_SO,Ph

| o

(0]

(S)-4-(bis(phenylsulfonyl)methyl)-2-tert-butyl-4H-chromene-3-carbaldehyde (51)
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(Table 3.4, Entry 12):

The title compound was prepared according to timeige procedure, as described above
in 83% vyield."H NMR (CDCk, 500 MHz):6 10.3 (s, 1H), 7.90 (d] = 7.5 Hz, 2H), 7.77
(d,J=8.0 Hz, 1H), 7.60 (t) = 7.5 Hz, 1H), 7.54 (d] = 7.5 Hz, 2H), 7.49~7.43 (m, 3H),
7.27~7.21 (m, 3H), 7.09~7.05 (m, 2H), 5.68 (s, 1H)55d,J = 1.0 Hz, 1H), 1.54 (s,
9H). **C NMR (CDCE, 125 MHz):6 189.2, 180.1, 150.9, 140.4, 139.0, 133.83, 133.75,
130.3, 129.6, 129.3, 129.0, 128.3, 125.5, 116.6,71110.9, 86.1, 38.9, 32.0, 31.1.HPLC
(Chiralpak AS-H,i-PrOH/hexane = 20/80, flow rate = 0.6 mL/minz 254nm): tinor =

14.66 min, ajor = 18.88 min, ee = 88%¢[»°"= -83.0 (c = 1.0 in CHG).

PhO,S._SO,Ph PhO,S._-SO,Ph :

NaBH,, CeCly7H,0

MeOH/DCM
quantitative

Mg(active)

MeOH/DCM
41%

17% ee
5a-2

92% ee
5a

(S)-(4-methyl-2-phenyl-4H-chromen-3-yl)methanol (5a-2)

A round-bottom flask is charged with 100 rbg(0.188 mmol, 92 % e.e.) in methanol (5
ml) and dichloromethane (1 ml). To the well-stinsmution at 0°C is added CeCH,O
(240.4 mg, 0.377 mmol), then sodium borohydride3Img, 0.377 mmol). The reaction
mixture is stirred at 0°C for 1h and monitored ByCT After the reaction finish, 20 ml of
saturated ammonium chloride aqueous solution i®@dd 0°C to quench the reaction.
Evaporating solvent and the resulting residue ssalved in dichloromethane. Then it is
transferred to a separatory funnel. The aqueouseplgseparated and extracted with

dichloromethane (3x10ml). The organic layers armlwoed and washed with brine,
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dried with MgSQ, filtered, and concentrated. The crude produgusfied by column

chromatography to give the alcol@-1in quantitative yield.

Compound5a-1 (100 mg, 0.188 mmol) was dissolved in 5 mL MeOHttivated Mg
(prepared from Mg and BrG&H,Br in ELO) (90 mg, 3.76 mmol) was added to this
solution and the mixture was stirred at room terapee for 2 h. HCI (25 mL, 1 mol/L)
was added and extracted with EtOAc for three tinié® combined organic layers were
then washed with water and brine, dried {8l&;), and concentrated. The residue was
then purified by column chromatography to give 19i¢ the desired produba-2in 41%
yield and 17% e.éH NMR (CDCk, 500 MHz):6 7.50 (d,J = 7.5 Hz, 2H), 7.42~7.41 (m,
3H), 7.21~7.16 (m, 2H), 7.08 @,= 7.5 Hz, 1H), 7.00 (d] = 7.5 Hz, 1H), 4.32~4.25 (m,
2H), 3.80~3.76 (m, 1H), 1.46 (d,= 6.5 Hz, 3H)X*C NMR (CDC}, 125 MHz):6 151.4,
148.8, 134.2, 128.9, 128.2, 128.1, 127.2, 127.8,6,.A16.1, 113.9, 61.6, 31.4, 24.4.

PhO,S._-SO,Ph PhOZS\IESOZPh Phozs\z/sozph
NaBHj, CeCI3 7H,0 Mg(actlve

_Selectflour, t-BuOK ‘ OH
‘fﬁ/i\‘ DMF m MeOH/DCM m MeOH/DCM o
9206 quantitative 84% O
92% ee 93% ee

5a-5

(S)-(4-(fluoromethyl)-2-phenyl-4H-chromen-3-yl)methanol (5a-5)

A round-bottom flask is charged with 100 rbg (0.188 mmol, 92 % e.e.) in anhydrous
DMF (3 ml). To the well-stirred solution is addeBuOK (63.4 mg, 0.564 mmol) in one
portion, then stir at r.t. for 20 min. Selectfld@00.3 mg, 0.564 mmol) in 2 ml anhydrous
DMF is added dropwise. The reaction mixture isratirat r.t. for 8h and monitored by

TLC. After the reaction finish, water and EtOAc added to extract the reaction solution.
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The aqueous layer is separated and extracted WQAE for three times. The combined
organic layers were then washed with water ancebdnied (NaSQ,), and concentrated.
The residue was then purified by column chromafolgyao give the desired produsa-

3 in 92% vyield. The compounBa-4 and 5a-5 are prepared according to the general

procedure described féa-1and5a-2

For compoundsa-5 *H NMR (CDCk, 500 MHz):6 7.60~7.59 (m, 2H), 7.44~7.43 (m,
3H), 7.29~7.25 (m, 2H), 7.14~7.09 (m, 2H), 4.66~4m8ZH), 4.34 (d) = 12 Hz, 1H),
4.23 (d,J = 12 Hz, 1H), 4.01~3.95 (m, 1H), 1.91 (s, 1K} NMR (CDCE, 125 MHz):6
152.2, 151.6, 133.7, 129.4, 129.0, 128.8, 128.8,2,223.8, 120.8, 120.7, 116.3, 108.8,
87.5, 86.1, 62.6, 39.8, 39.6. HPLC (Chiralpak AS-RyOH/hexane = 20/80, flow rate =
0.5 mL/min,A = 254nM): hinor = 15.28 Min, kajor = 11.38 min, ee = 93%q]p>°= -13.7 (c

= 1.0 in CHCY).

3.5 “One-Pot” Access to #l-Chromenes with Formation of a Chiral Quaternary
Stereogenic Center by a Highly Enantioselective Imium-allenamine Involved Oxa-

Michael Aldol Cascadé®

3.5.1 Introduction
Quaternary stereogenic centers are essentiafwtalicinit in many biologically
active natural products and pharmaceuti®alBhe catalytic enantioselective construction

of complex molecules containing quaternary stenetace still pose a demanding
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challenge for synthetic organic chemists althouigimiBcant improvements have been
achieved in this aréh Notably, organocatalytic formation of quaternary
stereocenterS®3'%ith impressive levels of stereocontrol has reaispecial attention
over the past decade by virtue of relative simpied mild catalytic system. Among the
developed organocatalytic methods suitable for phigpose, the chiral functionalized
tertiary alcohol¥ which are known to be important building blockshidactive natural
products and drugs are commonly obtained by thectialdol reactions of prochiral

ketoned®,

4H-chromenes are an important class of core strusti@@&ured in a number of
naturally occurringand biologically active molecife ** The ability to access the
complex members of the chiraH4chromene family in an enantioselective and cascade
manner allows chemists to explore their potentialdgical properties. Therefore, the
development of catalytic asymmetric strategies the efficient construction of
structurally diverse chiral H-chromenes is highly valuable to the fields of miga

synthesis and chemical biology/medicinal chemistry.

Toward this end, our group has recently reportesl dnantioselective cascade
oxa-Michael Michael reactions of ynals involving @mprecedented iminium-allenamine
activation mode (Scheme 3.6, eq“1)Despite the extensively investigated iminium-
enamine strategy with cascade sequéficé® respective iminium-allenamine chemistry
is much less appreciated. Expanding the scopeeo€lemistry will not only add a new
domain in organocatalysis but also, more imporyardffford new potentially useful

platforms for the facile assembly of important noolar scaffolds. We questioned

104



whether the conceptually novel tactic could be maéel to an oxa-Michael aldol cascade
sequence, which would generate the structurallgrder 44-chromenes with installation
of new functionalities. Herein, we wish to repoetthesults which have led to an
asymmetric iminium-allenamine approach to chirdl-ehromenes bearing chiral-
hydroxy carboxylate functionality in high yields 489%) and with excellent
enantioselectivities (93~>99% ee) for a wide ranfjsubstrates (Scheme 3.6, eq 2). A
powerful “one-pot” oxa-Michael aldol cascade reactbetween (2-hydroxy-phenyl)-2-
oxoacetates and ynals is realized for the first.tifugthermore, a quaternary stereogenic
center involving formation of versatitehydroxy carboxylate motif, a still synthetically

unmet issue in organic synthesis, is created highantioselectively.

Scheme 3.6Alkynals Participating in Enantioselective Casc#&bea-Michael-Michael
and Aldol Reactions Promoted by a Chiral Secondanyne Involving a Novel Iminium-

allenamine Activation Mode

Oxa-Michael-Michael Cascade (Eq. 1)
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3.5.2 Results and Discussion
Initial efforts on the proposed organocatalytiamtinselective oxa-Michael-aldol

cascade reaction of simple salicylaldehyde or +ketwith phenyl ynal in the presence of
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20 mol % @-diphenylpyrrolinol TMS ethel in toluene were frustrated by the failure of
delivering the desired products as a result of yawgr reaction yield. These studies
underscored the completely different reaction bafrdwetween ynals and enals since we
have shown that enals can efficiently engage inMluhael aldol cascade process with
salicylaldehyde®®. We turned our attention to the more reactive heteste6a (Scheme
3.6 and Table 3.83. To our delight, the oxa-Michael-aldol cascadeusege proceeded
smoothly to give the desired produta in an excellent yield (97%) and with excellent
enantiomeric excess (ee) (97%) under the samdaaeraxinditions in toluene at r.t. in the
presence of 20 mol % catalyistithin 3 h (Table 3.5, entry 1), albeit the higldteric
ketoester substrate employed. Notably, the propesades an efficient entry to useful
chiral a-hydroxycarboxylates with formation of a quaternatgreogenic center in a
cascade fashion. The screening of other diarylpoblisilyl ether analoguedl -1lI
revealed that the bulky TBDMS catalydt gave a slightly higher enantioselectivity
(Table 3.5, entries 2~3). Quinine alone was notcéffe for this transformation (Table
3.5, entry 4). Therefore, the catalyit was defined as the optimal promoter for this
process. A survey of solvents led to choose tolugmeéhe reaction medium for the
process (Table 3.5, entries 5~7). Better e.e. (98%9 observed when decreasing the
reaction temperature to -4510 °C and lowering the catalyst loading to 15 mdlPable

3.5, entry 8).
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Table 3.5Development and Optimization of Reaction Conditiohsan Organocatalytic

Enantioselective Cascade Oxa-Michael-aldol CasBadetiod

EtOOC,, ,OH

0 O
CHO
= H COOEt  Cat. (20 mol%) |
Ph MeO OH Solvent, r.t. MeO e} Ph
la fa 7a

Cat. ~o 74
| :R=TMS
H OR :r=TBS B N
N~ ()-Quinine
Entry Catalyst Solvent t(h) Yield (%) " ee (%)°
1 | Toluene 3 97 97
2 Il Toluene 3 98 98
3 1] Toluene 3 98 98
4 (-)-quinine THF 2 <5 NDS
5 11 Xylene 3 96 98
6 1l CH.CI, 3 99 97
7 I CI(CHp.Cl 3 94 96
8° 11 Toluene 6 98 99

#Reaction conditions: unless specified, a mixturpranyl-propynalla (0.080 mmol), ethyl 2-(2-hydroxy-
4-methoxyphenyl)-2-oxoacetatga (0.080 mmol), and catalyst (0.016 mmol) in solvédts mL) was
stirred at r.t. for a specified tim&lsolated yields® Determined by chiral HPLC analysis (Chiralcel AB).

Not determined’Performed at -15-10 °C, and 15 mol % of catalyit was applied.
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With the optimal conditions in hand, the scopehaf cascade oxa-Michael-aldol
reaction was investigated. Remarkably, as showrahle 3.6, the cascade process
exhibits a broad substrate tolerance, and a quaterstereogenic center is generated
highly enantioselectively in all cases. A full rengf aromatic ynalsl, including
electron-neutral (entries 1~5), -donating (entriean@ 7), and -withdrawing substituents
(entries 8~15), as well as heterocyclic examplesiéanl6 and 17), can participate in the
cascade reactions in excellent yields (849%) and with excellent enantioselectivities
(93~>99%). It is noteworthy that the substrate scope also be expanded to highly
steric demanding aliphatic alkynal, providing thesided productin 91% vyield and 98%
ee (entry 18). Moreover, alkyl alkynals (R=g&FH,Ph andn-CsH;;, entries 19 and 20,
respectively) were also probed for the cascadegssodt was found that they efficiently
participated in the reaction with excellent enasgiectivities (97 and 99% e.e.,
respectively), although the reaction occurred sto@@® h) than aryl ones and higher
catalyst loading (25 mol %) was needed as a reduliheir poorer reactivity. The
variation in ethyl 2-(2-hydroxyphenyl)-2-oxoaceta@mponent$ was also possible, as
demonstrated by the aromatic structures carryiagtin-donating (entries 1, 3, 4, 6 10,
and 12~18), -neutral (entries 2 and 11), and -wawitg (entry 5) groups. It is observed
that with respect to substraée having electron-with drawing Cl (entry 5) poor.exas
observed. However, we found that quinine as cobgsitavas essential to ensure high
enantioselectivity presumably due to its interacttiwith the ketone moiety in the
ketoester. The absolute configurationdf was determined to be configuration by X-

ray crystallographic analysis (Figure 3.7).
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Table 3.6Catalystlll Promoted Enantioselective Cascade Oxa-Michael-&dactions

of Alkynals 1 with Ethyl 2-(2-Hydroxyphenyl)-2-oxoacetatés

0 EtOOC, ,OH
4 . N CHO
o o e T
R 1 OH , O R
1 6 Ta~Tt
Entry R X t(h) Yield (%)° ee (%)°
1 Ph 5-MeO 6 98 99
2 Ph H 8 97 99
3 Ph 4-MeO 8 84 96
4 Ph 4-Me 9 93 08
5" Ph A-Cl 6 99 93
6 4-MeOGH; 5-MeO 6 99 99
7 4-MeGH; 5-MeO 6 99 99
8 4-CIGH, 5-MeO 6 97 99
9 4-BrGH; 5-MeO 6 99 99
10 4-BrGH;  4-Me 10 92 98
11 4-BrGsHs H 9 98 08
12 4-FGH, 5MeO 6 99 >99
13 3-FGH. 4-Me 9 93 98
14  4-NQCeHs 5-MeO 6 98 99
15 3-NQCeHs 5-MeO 6 98 99
16 2-thienyl  5-MeO 10 92 99
17 2-furanyl 5-MeO 10 97 96

18 t-Bu 5-MeO 10 91 98

110



19° PhCHCH; 4-Me 60 69 97
20¢F n-CsHi11 4-Me 60 75 99

2 Reaction conditions: unless specified, see footadteTable 3.5 and Supporting Informatidtisolated
yields. Determined by chiral HPLC analysis (Chiralcel AD@hiralpak IC).%15 mol % ofl and 10 mol %

of (-)-Quinine were used.25 mol % oflll was used.

Figure 3.7 X-ray Structure ofh

CLl

3.5.3 Conclusion

In conclusion, we have described a new protocob&ymmetric organocatalysis
through the first iminium-allenamine engaged oxatMel-aldol cascade reaction. In
addition to the potential of this powerful “one-papproachto the catalytic generation of
chiral 4H-chromenes bearing a quaternary stereogenic cahisra rare example of a
highly enantioselective cascade reaction with ynaéle operationally friendly reaction

conditions and high efficiency (cascade, high yieldd e.e., and readily available achiral

111



starting materials) render the process particulatlyactivein the practice of organic
synthesis and medicinal chemistry. Chirdl-dhromene products with a versatike
hydroxycarboxylate moiety are valuable structumediie synthesis of biologically active

molecules.

3.5.4 Supporting Information

General procedure for Cascade Michael-Aldol additia reaction:

To a solution of alkynall (0.08mmol), organocatalystl (4.41mg, 0.012 mmol) in
toluene (1.0 mL) was added ethyl 2-(2-hydroxyphg@ybxoacetatec (0.08 mmaol).
The resulting solution was stirred at -15~-10 °€ dospecified time. Then the reaction
mixture was directly purified by column chromatagng, eluted with hexane/EtOAc to

afford the desired product.

(R)-Ethyl3-formy-4-hydroxy-7-methoxy-2-phenyl-4H-chromene-4-carboxylate (7a)

(Table 3.5, entry 1).

The title compound was prepared according to timeigeé procedure, as described above

in 98% vield.'HNMR (CDCk, 300 MHz):6 9.56 (s, 1H) ,7.51~7.65 (m, 5H), 7.45 Jc&
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9.0 Hz,1H), 6.82 (ddJ) = 9.0, 2.4 Hz,1H), 6.72 (d=2.4 Hz,1H), 4.76 (s,1H), 4.13~4.29
(m, J = 7.2 Hz,2H), 3.81 (s,3H), 1.18 (t,= 7.2 Hz, 3H);"*CNMR(CDCI3, 75 MHz):6
191.6, 173.3, 166.8, 160.8, 150.0, 131.4, 130.9,113.28.6, 128.1, 116.2, 113.6, 113.2,
101.3, 68.0, 62.6, 55.5, 13.9; HPLC (Chiralcel ADPrOH/hexane = 20/80, flow rate =
1.0 mL/min,A = 254 NM): hinor = 48.86 min, tajor = 51.31 min, ee = 99%;0]p™ = -2 €

= 1.0 in CHC}); HRMS (ESI): GoH180stNa, calcd: 377.0996, found: 377.0989; IR
(CHCl,, cm"): 3478, 2978, 2935, 2860, 1738, 1663, 1635, 15884, 1306, 1236, 1197,

1173, 1114, 1067, 1032, 887, 775, 701.

(R)-Ethyl 3-formyl-4-hydroxy-2-phenyl-4H-chromene-4-carboxylate (7b) (Table 3.5,

entry 2).

The title compound was prepared according to tmeiged procedure, as described above
in 99% yield. *HNMR (CDCl, 300 MHz):6 9.57 (s,1H), 7.22~7.67 (m,9H), 4.85 (s,1H),
4.14~4.31 (m,J = 7.2 Hz, 2H), 1.18 (t,J = 7.2 Hz, 3H);**CNMR (CDCk, 75 MHz):
0191.6, 173.2, 167.0, 149.1, 131.5, 130.7, 130.2,11328.6, 127.2, 125.8, 121.4, 117.2,
116.0, 68.2, 62.8, 13.9; HPLC (Chiralcel AD, EtOeane = 10/90, flow rate = 1.0
mL/min, & = 254 nM): dinor = 44.92 Min, hajor = 46.69 min, ee = 99%q¢p> = -5 € = 1.0

in CHCL); HRMS (ESI): GoH160s+Na, calcd: 347.0890, found: 347.0895; IR (CECI
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cm): 3483, 2981, 2932, 2860, 1740, 1664, 1578, 13884, 1239, 1219, 1192, 1118,

1071, 1039, 890, S3 838, 765, 702.

(R)-Ethyl 3-formy-4-hydroxy-6-methoxy-2-phenyl-4H-chromene-4-carboxylate (7c)

(Table 3.5, entry 3).

The title compound was prepared according to tmeige procedure, as described above
in 96% yield. *HNMR (CDCl, 300 MHz):5 9.56 (s,1H), 7.51~7.66 (m,5H), 7.16 {d=

9.0 Hz,1H), 7.01 (dJ = 3.0 Hz, 1H), 6.95 (dd) = 9.0, 3.0 Hz, 1H), 4.87 (s,1H),
4.14~4.31 (mJ) = 7.2 Hz, 2H), 3.81 (s,3H), 1.19 {t= 7.2Hz, 3H)*CNMR(CDCk, 75
MHz): ¢ 191.8, 173.2, 167.1, 157.2, 143.3, 131.4, 13038.2, 128.6, 121.8, 118.4,
113.6, 117.6, 115.1, 109.6, 68.7, 62.8, 55.8, 14RL.C (Chiralcel AD, EtOH/hexane =
20/80, flow rate = 1.0 mL/mir}, = 254 nmM): finor = 25.17 Min, dajor = 31.75 min, ee =
96%; [1]p?® = -18 € = 1.0 in CHCY); HRMS (ESI): GoH1s0s+Na, calcd: 377.0996,
found: 377.0991; IR (CHG] Cm'l): 3473, 2980, 2923, 2855, 1738, 1654, 1619, 1331,

1303, 1235, 1198, 1153, 1098, 1060, 1038, 817, 793, 700, 664.

114



(R)-Ethyl 3-formy-4-hydroxy-6-methyl-2-phenyl-4H-chromene-4-carboxylate (7d)

(Table 3.5, entry 4).

The title compound was prepared according to thmeige procedure, as describedabove
in 93% yield."HNMR (CDCk, 500 MHz):8 9.55 (s, 1H), 7.65~7.63 (m, 2H), 7.60~7.57
(m, 1H), 7.53 (tJ = 7.5 Hz, 2H), 7.34 (s, 1H), 7.18 @= 8.0 Hz, 1H), 7.11 (d] = 8.5
Hz, 1H), 4.82 (s, 1H), 4.32~4.26 (m, 1H), 4.19~4(A2 1H), 2.35 (s, 3H), 1.18 (§,=

7.0 Hz, 3H);13CNMR (CDCk, 125 MHz):6 191.7, 173.3, 167.0, 147.1, 135.6, 131.3,
131.0, 130.8, 130.1, 128.6, 127.1, 120.9, 116.%.81168.3, 62.7, 20.9, 13.9; HPLC
(Chiralpak IC,i-PrOH/hexane = 20/80, flow rate = 0.6 mL/min= 254nm): tinor =

57.56 min, tajor = 44.41 min, ee = 98%;0]p*°= -45.6 € = 1.0 in CHC}).

(R)-Ethyl 6-chloro-3-formy-4-hydroxy-2-phenyl-4H-chromene-4-carboxylate (7€)

(Table 3.5, entry 5).

The title compound was prepared according to timeige procedure, as described above
in 99% yield.'HNMR (CDCl, 300 MHz):d 9.56 (s, 1H),7.51~7.66 (m, 6H), 7.34 (dd,

= 8.7, 2.4 Hz, 1H), 7.18 (d, = 8.7 Hz, 1H), 4.87 (s,1H), 4.13~4.36 (#+7.2 Hz, 2H),
1.20 (t,J = 7.2 Hz, 3H);®*CNMR (CDCk, 75 MHz): 6 191.4, 172.7, 166.6, 147.6, 131.6,

130.8, 130.4, 130.3, 130.2, 128.7, 127.1, 122.8,7.1115.6, 68.1, 63.0, 13.9; HPLC
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(Chiralcel AD, EtOH/hexane = 15/85, flow rate  InL/min,X = 254 nm): inor =
20.54 min, hejor = 22.93 min, ee = 93%u]p>° = -49 € = 1.0 in CHCY); HRMS (ESI):
C1H1505Cl+Na, calcd: 381.0500, found: 381.0499; IR (Ck€hi’): 3475, 2980, 2925,

2858, 1741, 1662, 1632, 1478, 1331, 1238, 1184,10%69, 1037, 890, 771, 701.

(R)-Ethyl 3-formy-4-hydroxy-7-methoxy-2-(4-methoxy-ptenyl)-4H-chromene-4-

carboxylate (7f) (Table 3.5, entry 6).

The title compound was prepared according to tmeige procedure, as described above
in 99% yield."HNMR (CDCk, 300 MHz): ¢ 9.57 (s,1H),7.59 (dd] = 6.6, 1.8 Hz, 2H),
7.43 (d,J = 8.7 Hz, 1H), 7.04 (dd] = 6.6, 1.8 Hz, 2H), 6.81 (dd,= 8.7, 2.7 Hz, 1H),
6.72 (d,J = 2.7 Hz, 1H), 4.76 (s,1H), 4.12~4.28 (dn= 7.2 Hz, 2H), 3.89 (s,3H), 3.81
(s,3H), 1.17(tJ = 7.2 Hz, 3H)*CNMR (CDCk, 75 MHz):5 191.6, 173.4, 166.7, 162.1,
160.8,150.0, 131.8, 128.0, 122.8, 115.7, 114.6,741133.0, 101.3, 68.2, 62.5, 55.5, 55.4,
21.5, 13.9; HPLC (Chiralcel ADj-PrOH/hexane = 20/80, flow rate = 1.0 mL/mih,=
254 nM): finor = 116.37 min, kajor = 97.17 min, ee = 99%;a]p®>® =+1 € =1.0in
CHCl); HRMS (ESI):GiH200;+Na, calcd: 407.1101, found: 407.1110; IR (CHCI
Cm'l): 3469, 2958, 2926, 2850, 1738, 1632, 1600813333, 1292, 1254, 1197, 1174,

1116, 1066, 1032, 889, 834.
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(R)-Ethyl 3-formy-4-hydroxy-7-methoxy-2-p-tolyl-4H-chromene-4-carboxylate (79)

(Table 3.5, entry 7).

The title compound was prepared according to &meral procedure, as described above
in 99% yield.'"HNMR (CDCk, 300 MHz):6 9.55(s, 1H),7.53(d] = 8.1Hz, 2H), 7.44 (d,
J=8.7 Hz, 1H), 7.33 (d] = 8.1 Hz, 2H), 6.81 (dd] = 8.7, 2.4 Hz, 1H), 6.71(d) = 2.4

Hz, 1H), 4.76(s, 1H), 4.12~4.28 (nd, = 6.9 Hz, 2H), 3.82 (s,3H), 2.45 (s, 3H), 1.8,7(

= 6.9 Hz, 3H);"*CNMR (CDC}, 75 MHz):6 191.8, 173.4, 167.0, 160.8, 150.0, 142.0,
130.1, 129.3, 128.1, 127.8, 116.0, 113.7, 113.1,.31068.2, 62.6, 55.6, 21.5, 14.0.;
HPLC (Chiralcel AD, EtOH/hexane = 15/85, flow ratel.0 mL/min,A = 254 nm): inor

= 62.05 min, tajor = 54.31 min, ee = 99%u]»*° = -4 € = 1.0 in CHCY); HRMS (ESI):
CoiH2006+Na, calcd: 391.1152, found: 391.1149; IR (CEH@mY): 3483, 2957, 2921,

2851, 1739, 1663, 1634, 1506, 1332, 1236, 119/2,11715, 1067, 1033, 889, 827.
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(R)-Ethyl 2-(4-chloro-phenyl)-3-formy-4-hydroxy-7-metoxy-4H-chromene-4-

carboxylate (7h) (Table 3.5, entry 8).

The title compound was prepared according to tmeige procedure, as described above
in 97% yield. *HNMR (CDCl, 300 MHz):6 9.54 (s, 1H),7.69 (m,2H), 7.52 (m, 2H), 7.44
(d, J=8.7 Hz, 1H), 6.83 (dd] = 8.7, 2.7 Hz, 1H), 6.72 (d,= 2.7 Hz, 1H), 4.75 (s, 1H),
4.11~4.29(mJ = 6.9 Hz, 2H), 3.82(s, 3H), 1.18 (t,= 6.9 Hz, 3H);'*CNMR (CDCE,
300 MHz):0 191.0, 173.2, 165.6, 160.9, 149.9, 137.8, 13129,11, 129.0, 128.1, 116.5,
113.5, 113.3, 101.3, 68.0, 62.7, 55.6, 14.0; HPCGiralcel AD, EtOH/hexane = 15/85,
flow rate = 1.0 mL/minA = 254nm): finor = 73.10 min, $ajor = 61.60 min, ee = 99%;
[a]p® = -2 € = 1.0 in CHC}); HRMS(ESI): GoH1706Cl+Na, calcd: 411.0606, found:
411.0617; IR (CHG] Cm'l): 3481, 2976, 2932,2855, 1739, 1665, 1635, 1583311237,

1197, 1173, 1115, 1067, 1032, 888, 838, 762.

(R)-Ethyl 2-(4-Bromo-phenyl)-3-formy-4-hydroxy-7-mehoxy-4H-chromene-4-

carboxylate (7i) (Table 3.5, entry 9).

The title compound was prepared according to thmeige procedure, asdescribed above

in 99% yield.'HNMR (CDCl, 300 MHz):6 9.54 (s,1H), 7.68 (d,= 8.3 Hz, 2H), 7.52 (d,
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J=8.3 Hz, 2H), 7.44 (d) = 8.7 Hz, 1H), 6.83 (ddl = 8.7, 2.4 Hz, 1H), 6.71 (d,= 2.4
Hz,1H), 4.73 (s, 1H), 4.14~4.29 (d= 6.9 Hz, 2H), 3.82 (s, 3H), 1.18 {t= 6.9 Hz,3H);
YCNMR(CDCk, 75 MHz): 6 191.0, 173.2, 165.6, 160.9, 149.9, 132.0, 131286
128.1, 126.2, 116.5, 113.4, 113.3, 101.3, 68.07,635.6, 13.9; HPLC (Chiralcel AD,
EtOH/hexane = 20/80, flow rate = 1.0mL/min= 254 nm): tinor = 65.97 min, fajor =
56.51 min, ee = 99%; a]p>> = -5 € = 1.0 inCHCY); HRMS (ESI): GoH17/BrOs+Na,
calcd: 455.0101, found: 455.0110; IR (CHQIm™): 3480, 2977, 2933, 2861, 1738, 1664,

1634, 1507, 1331, 1237, 1197, 1173, 1115, 10672188/, 834, 757.

(R)-Ethyl 2-(4-bromo-phenyl)-3-formy-4-hydroxy-6-methyl-4H-chromene-4-

carboxylate (7j) (Table 3.5, entry 10).

The title compound was prepared according to tmeige procedure, as described above
in 92% yield."HNMR (CDCk, 500 MHz):5 9.54 (s, 1H), 7.67 (d] = 8.5 Hz, 2H), 7.51
(d, J = 8.0 Hz, 2H), 7.32 (s, 1H), 7.18 @= 8.5 Hz, 1H), 7.10 (d] = 8.5 Hz, 1H), 4.80
(s, 1H), 4.30~4.14 (m, 2H), 2.35 (s, 3H), 1.18](t 7.0 Hz, 3H)>CNMR(CDCk, 125
MHz): ¢ 191.0, 173.1, 165.7, 147.0, 135.8, 131.9, 1313,d 129.7, 127.1, 126.1,

120.8, 116.8, 116.1, 68.2, 62.7, 20.9, 13.9; HPCGiralpak IC, i-PrOH/hexane = 20/80,
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flowrate = 0.6 mL/minA = 254nm): finor = 58.48 min, hajor = 46.10 min, ee = 98%;

[0]p?°= -24.3 €= 1.0 in CHC})).

(R)-Ethyl 2-(4-bromo-phenyl)-3-formy-4-hydroxy-4H-chromene-4-carboxylate (7k)

(Table 3.5, entry 11).

The title compound was prepared according to thmeige procedure, as describedabove
in 98% yield.'HNMR (CDChk, 500 MHz):é 9.55 (s, 1H), 7.68 (dJ = 8.0 Hz, 2H),
7.55~7.52 (m, 3H), 7.41~7.38 (m, 1H), 7.28~7.21 (m), 2:B3 (s, 1H), 4.30~4.16 (m,
2H), 1.18 (t,J = 7.5 Hz, 3H)*CNMR (CDCE, 125 MHz):6 190.9, 173.0, 165.6, 148.9,
131.9, 131.6,130.2, 129.6, 127.2, 126.2, 125.9,312117.1, 116.2, 68.1, 62.8, 13.9;
HPLC (Chiralpak ICj-PrOH/hexane = 10/90, flow rate = 0.6 mL/mins 254nm): tinor

= 125.31 min, dajor = 87.56 min, ee = 98%q]*° = -11.3 € = 1.0 in CHC}).
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(R)-Ethyl 2-(4-Fluoro-phenyl)-3-formy-4-hydroxy-7-methoxy-4H-chromene-4-

carboxylate (71) (Table 3.5, entry 12).

The title compound was prepared according to tmeige procedure, as described above
in 99% yield.'HNMR (CDClL, 300 MHz):6 9.54 (s,1H) ,7.66 (m, 2H), 7.44 @= 8.7
Hz, 1H), 7.22 (m,2H),6.83(dd,= 8.7, 2.4 Hz, 1H), 6.72 (d,= 2.4 Hz, 1H), 4.77 (s,1H),
4.14~4.29 (m)) = 7.2 Hz, 2H), 3.82(s, 3H), 1.18 (8 = 7.2 Hz, 3H);**CNMR (CDCE,

75 MHz): ¢ 191.2, 173.3, 165.8, 160.9, 149.9, 132.4, 1328,11, 126.8, 116.2, 115.8,
113.5, 113.3, 101.3, 68.0, 62.7, 55.6, 14.0; HPCGiralcel AD, EtOH/hexane = 20/80,
flow rate = 1.0 mL/min)\ = 254nm): inor = 48.76 min, dajor = 43.86 min, ee = >99%;
[a]p® = 0 € = 1.0 in CHCY); HRMS (ESI): GoH1706F+Na, calcd: 395.0901, found:
395.0905; IR (CHGI Cm'l): 3483, 2962, 2933,2856, 1740, 1666, 1636, 1583311235,

1198, 1172, 1115, 1068, 1033, 891, 846, 814, 647,51

(R)-Ethyl 2-(3-Fluoro-phenyl)-3-formy-4-hydroxy-6-methyl-4H-chromene-4-

carboxylate (7m) (Table 3.5, entry 13).

The title compound was prepared according to timeigeé procedure, as described above
in 93% yield.*HNMR (CDCl, 500 MHz):8 9.56 (s, 1H), 7.53~7.48 (m, 1H), 7.42~7.38

(m, 2H), 7.33 (s, 1H), 7.31~7.26 (m, 1H), 7.19 Jd= 8.0 Hz, 1H), 7.11 (dJ = 8.0
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Hz,1H), 4.80 (s, 1H), 4.32~4.26 (m, 1H), 4.19~4.13 1), 2.35 (s, 3H), 1.18 (§,= 7.0
Hz, 3H); *CNMR (CDCk, 125 MHz):6 191.1, 173.1, 165.3, 163.4, 161.5, 147.0, 135.8,
132.7 ( = 8.3Hz), 131.0, 130.3)(= 8.1 Hz), 127.1, 126.2, 120.8, 1181 21 Hz),
117.1, 116.9J = 7.9 Hz), 116.2, 68.2, 62.7, 20.9, 13.9; HPLC i(@lpak IC, i-
PrOH/hexane = 20/80, flow rate = 0.6mL/min= 254nm): tinor = 53.52 min, hajor =

44.73 min, ee = 98%p]p?° = -42.4 € = 1.0 inCHC}).

(R)-Ethyl 3-formy-4-hydroxy-7-methoxy-2-(4-nitro-phenyl)-4H-chromene-4-

carboxylate (7n) (Table 3.5, entry 14).

The title compound was prepared according to thmeige procedure, asdescribed above
in 98% yield.'"HNMR (CDCk, 300 MHz):5 9.53 (s, 1H),8.40(d,= 8.7 Hz, 2H), 7.85 (d,

J = 8.7 Hz, 2H), 7.44(dJ=8.7 Hz, 1H), 6.86(ddJ=8.7, 2.4 Hz, 1H), 6.72 (d] = 2.4
Hz,1H), 4.74 (s, 1H), 4.16~4.30 (d= 7.2 Hz, 2H), 3.83 (s, 3H), 1.18 {£7.2 Hz, 3H);
13CNMR(CDC[;,, 75 MHz): 6 191.1, 172.9, 164.0, 161.0, 149.7, 149.4, 13631,.2,
128.2, 123.8, 117.4, 113.6, 113.4, 101.3, 67.89,625.6, 13.9; HPLC (Chiralcel AD,
EtOH/hexane = 30/70, flow rate = 1.0 mL/minz 254 nm): finor = 78.30 min, dajor =

102.15 min, ee = 99%;0]p?° = -10 € = 1.0 in CHCY); HRMS (ESI): GoH17/NOg+Na,
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calcd: 422.0846, found: 422.0838; IR (CHQIm*"): 3472, 2976,2931, 2861, 1738, 1666,

1637, 1524, 1347, 1238, 1197, 1174, 1114, 106711932, 851, 753, 702.

(R)-Ethyl 3-Formy-4-hydroxy-7-methoxy-2-(3-nitro-phenyl)-4H-chromene-4-

carboxylate (70) (Table 3.5, entry 15).

The title compound was prepared according to tmeigeé procedure, as described above
in 98% yield.'HNMR (CDCl, 300 MHz):6 9.54(s, 1H),8.56 (s, 1H), 8.45 (#= 8.1 Hz,
1H), 7.96 (d,J = 7.5 Hz, 1H), 7.75 (dd] = 8.1, 7.5 Hz, 1H), 7.44 (d,= 8.7 Hz, 1H),
6.85 (dd,J = 8.7, 2.4 Hz, 1H), 6.74 (d,= 2.4 Hz, 1H), 4.74 (s, 1H), 4.16~4.30 (in=

6.9 Hz, 2H), 3.83 (s, 3H), 1.17 (t) = 6.9 Hz, 3H)"*CNMR (CDCk, 75 MHz):J
190.0, 172.9, 163.8, 161.0, 148.3, 136.0, 1329,8, 128.1, 126.0, 124.9, 117.3, 113.7,
113.4, 101.3, 67.8, 62.9, 55.7, 13.9; HPLC (ChekkD, EtOH/hexane = 20/80, flow
rate = 1.0 mL/min} = 254 nM): hinor = 65.94 MiN, hajor = 51.11 min, ee = 99%;a],> =

+2 (€ =1.0in CHC}); HRMS (ESI): GoH17NOg+Na, calcd: 422.0846, found: 422.0840;
IR (CHCl, Cm'l): 3423, 3088, 2966, 2931, 2867, 1738, 1666, 16333, 1348, 1237,

1198, 1174, 1114, 1067, 1033, 935, 854, 814, 748, G99.
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Et00C, ,OH

MeO

(R)-Ethyl 3-formy-4-hydroxy-7-methoxy-2-thiophen-2-yt4H-chromene-4-

carboxylate (7p) (Table 3.5, entry 16).

The title compound was prepared according to tmeigeé procedure, as described above
in 92% yield.*HNMR (CDCl, 300 MHz):5 10.02 (s, 1H), 9.84 (s, 1H), 7.81 (= 3.9
Hz, 1H), 7.54 (dJ = 3.9 Hz, 1H), 7.41 (d] = 8.7 Hz, 1H), 6.83 (dd] =8.7, 2.7 Hz, 1H),
6.73 (d,J = 2.7 Hz, 1H), 4.73 (s, 1H), 4.13~4.28 (m, 2H),33(8, 3H), 1.17 (tJ = 7.2 Hz,
3H); BCNMR (CDCk, 75 MHz):0 189.8, 182.8, 172.8, 161.0, 149.5, 147.1, 14(84,9,
133.1, 128.0, 117.7, 113.7, 113.2, 101.2, 68.09,625.6, 13.9; HPLC (Chiralcel AD,
EtOH/hexane = 20/80, flow rate = 1.0 mL/min= 254 nm): inor = 74.02 min, dajor =
66.40 min, ee = 99%p]p?° = -50 € = 1.0 in CHCY); HRMS (ESI): GgH160sS+Na,
calcd: 383.0565, found 383.0561; IR (CId,Qim'l): 3470, 3094, 2954, 2925, 2853, 1740,

1665, 1631, 1507, 1341, 1286, 1236, 1211,1169,,11065, 1029, 854, 818.

EtOOC, ,OH

MeO

(R)-Ethyl  3-formy-2-furan-2-yl-4-hydroxy-7-methoxy-4H-chromene-4-carboxylate

(7q) (Table 3.5, entry 17).
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The title compound was prepared according to tmeige procedure, as describedabove
in 97% yield.*HNMR (CDCl;, 300 MHz):5 10.30 (s, 1H), 7.69 (d,= 1.8 Hz, 1H), 7.42
(d,J = 8.7 Hz, 1H), 7.15 (d] = 3.0 Hz, 1H), 6.80 (dd] =8.7, 2.4 Hz, 1H), 6.73 (dJ =

2.4 Hz,1H), 6.64 (dd) = 3.0, 1.8 Hz, 1H), 4.11~4.26 (th= 7.2 Hz, 2H), 3.83 (s,3H),
1.15 (t,J = 7.2 Hz, 3H);*CNMR (CDCk, 75 MHz):6 191.5, 173.3, 160.9, 154.1, 149.4,
146.5, 146.0, 128.0, 116.8, 115.2, 113.3, 113.2.111101.1, 68.0, 62.6, 55.6, 13.9;
HPLC (Chiralcel AD, EtOH/hexane = 20/80, flow ratel.0 mL/min,A = 254 nm): inor

= 46.07 min, tajor = 38.55 min, ee = 96%y]p>° = -27 € = 1.0 in CHC}); HRMS (ESI):
CigH1607+Na, calcd: 367.0788, found: 367.0782; IR (CEH@m™): 3455, 3148, 2973,

2927, 1735, 1631, 1400, 1234, 1208, 1111, 1064/,1832, 764.

Et0OC, ,OH

MeO

(R)-Ethyl  2-tert-butyl-3-formy-4-hydroxy-7-methoxy-4 H-chromene-4-carboxylate

(7r) (Table 3.5, entry 18).

The title compound was prepared according to thmeige procedure, as describedabove
in 91% vyield.'HNMR (CDClk, 300 MHz):6 10.35 (s, 1H), 7.39 (d, = 8.7Hz, 1H), 6.76
(dd, J = 8.7, 2.4 Hz, 1H), 6.63 (d, = 2.4 Hz, 1H), 4.67 (s, 1H), 4.05~4.24 (¥ 7.2
Hz,2H), 3.81 (s, 3H), 1.54 (s, 9H), 1.14J7.2 Hz, 3H);**CNMR (CDC}, 75 MHz):

o 1905, 174.7, 173.6, 160.7, 149.3, 127.8, 11818,1, 113.0, 100.8, 68.8, 62.2, 55.5,
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38.5, 31.3, 13.9; HPLC (Chiralcel AD, EtOH/hexan&5#85, flow rate = 1.0 mL/mir,
= 254 nm): hinor = 17.29 min, dajor = 21.26 min, ee = 98%pu]p*°> = -34 € = 1.0 in
CHCls); HRMS (ESI): GgH22:06+Na, calcd: 357.1309, found: 357.1318; IR (CEHCMm
): 3511, 2959, 2923, 2853, 1739, 1653, 16BF71, 1508, 1291, 1231, 1205, 1178,

1117, 1036, 934, 757.

(R)-Ethyl 3-formyl-4-hydroxy-6-methyl-2-phenethyl-4H-chromene-4-carboxylate (7s)

(Table 3.5, Entry 19)

The title compound was prepared according to tmeige procedure, as described above
in 69% vyield.'H NMR (CDCk, 500 MHz):5 9.66 (s, 1H), 7.29~7.26 (m, 3H), 7.22~7.18
(m, 3H), 7.14 (dJ = 8.0 Hz, 1H), 7.03 (d] = 8.5 Hz, 1H), 4.64 (s, 1H), 4.24~4.18 (m,
1H), 4.13~4.07 (m, 1H), 3.14~3.08 (m, 4H), 2.32 (3),3L.13 (t,J = 7.0 Hz, 3H);**C
NMR (CDCk, 125 MHz):0 188.8, 173.3. 168.0, 146.7, 139.4, 135.4, 13@8,7, 128.5,
127.0, 126.7, 121.0, 116.5, 116.0, 67.8, 62.5,,32D, 20.8, 13.9; HPLC (Chiralpak IC,
i-PrOH/hexane = 20/80, flow rate = 0.6 mL/minF 254nm): kinor = 126.8 min, dajor =

78.9 min, ee = 97%pp = -32.2 € = 1.0 in CHC)).
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EtOOC, ,OH

Hscmio\/\
|
O

(R)-Ethyl 3-formyl-4-hydroxy-6-methyl-2-pentyl-4H-chromene-4-carboxylate (7t)

(Table 3.5, Entry 20)

The title compound was prepared according to timeige procedure, as described above
in 75% yield.*H NMR (CDCk, 500 MHz):6 9.93 (s, 1H), 7.28 (s, 1H), 7.14 @= 8.5
Hz, 1H), 7.03 (dJ = 8.0 Hz, 1H), 4.71 (s, 1H), 4.28~4.21 (m, 1H),444.07 (m, 1H),
2.89~2.78 (m, 2H), 2.32 (s, 3H), 1.81~1.76 (m, 2H3141.35 (m, 4H), 1.15 (8 = 7.0
Hz, 3H), 0.91 (tJ = 7.0 Hz, 3H):**C NMR (CDCE, 125 MHz):6 189.2, 173.4, 169.7,
146.7, 135.3, 130.8, 127.0, 121.0, 116.5, 115.8,632.5, 31.1, 29.8, 27.7, 22.3, 20.8,
13.9; HPLC (Chiralpak 1G-PrOH/hexane = 20/80, flow rate = 0.6 mL/nmis 254nm):

tminor = 75.1 MiN, hajor = 50.4 min, ee = 99%qu]p''= -48.0 € = 1.0 in CHCY).

3.6 Efficient Synthesis of Polysubstituted Quinoliass and Chiral 1,4-
Dihydroquinolines by a Divergent Organocatalytic Ca&cade Approach. An

Unexpected Effect of N” Protecting Groups on Formed Products

3.6.1 Introduction
The development of new synthetic metihogies that enable to facilely construct
synthetically and biologically important complex l@cular architectures in an efficient

way from readily available starting materials iscohsiderable significance in chemical
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synthesis. QuinolinedA and related chiral hydroquinolineB-D are ‘privileged’
structures, widely distributed in natural produatsl synthetic substances with a broad
spectrum of intriguing biological properties (Figu8.8Y>. Therefore, they have long
been a mainstay of organic synth&sisThe general strategies for the construction of
quinoline scaffolds include FriedlandérSkraup®, Doebner-VonMillet®, Pfitzingef®,
and Combe® annulation reactions. Moreover, recently, new imprg catalytic
approaches also have been developed to meet yhifiresic demaritf. On the other hand,
while significant efforts have been made toward ¢heal hydroquinoline8****and
1,2-dihydroquinolinesC***® surprisingly asymmetric synthesis of 1,4-dihydriogline
architecturedD remains elusivé and only a single example, reported by Mangeney,
Alexakis and co-workers, was found by using chénatiliary as stereo-contfl To our

knowledge, a catalytic version has not been redorte

Figure 3.8 Skeletons of Quinoline& and Hydroquinoline8-D

N N N
H H H
quinolines hydroquinolines 1,2-dihydroquinolines 1,4-dihydroquinolines
A B C D

In this part, we would like to report a powerfuvergent organocatalytic cascade
approach involving an unprecedented aza-Michaealladdd/or aromatization sequence
to both chiral 1,4-dihydroquinolines and quinolinegspectively. Notably, in the study
we have made an unexpected discovery that theenatyoroducts formed is governed by

the form ofN-protective groupS. When aryl sulfonyls bearing electron-donatingugps
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are used as protecting groups for the nitrogedjchael-aldol-aromatization cascade
proceeds to give polysubstituted quinolines; wagrechiral 1,4-dihydroquinolines are
produced instead via a highly enantioselective lslédtaldol cascade with electron-

withdrawing moieties such as trifilic group.

3.6.2 Results and Discussion

3.6.2.1 An unexpected organocatalytic aza-Michaeldol-aromization cascade
1) Exploration of aza-Michael-aldol cascade: an undicipated effect of

“N”protecting groups on products formed.

As shown above, recently we have uncovered orgdalytic enantioselective
allenamine involved oxa-Michael-aldol (Scheme 3Ef. 1) and -Michael cascade
reactiond”. In our continuing effort on expanding the effiiecascade strategy, we
envisioned that the use of nitrogen-centered nptiges instead of ©” could lead to a
new aza-Michael-aldol cascade approach to chigebdihyydroquinolines, a synthetically

much less studied class of compounds (Scheme §.2)E
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Scheme 3.7 Organocatalytic Michael-aldol Cascade Reactionsolinmg Chiral

Allenamines
Ph
Ph EtOOC, ,OH
OTBS XN CHO
COOEt (15 mol%) i |
> Z Eq. 1
toluene, -15~-18C O R o
R Aryl and Alkyl 6~60h 93~>99% e.e.
Oxa-Michael-Aldol 69~99% yield N R' N

Y =0,NPg

R*, ,OH R
S CHO Chiral Allenamines
Y ‘ Eq. 2
H Cat xi _
NHPg N R

"Aza-Michael-Aldol
Pg: protecting group

g
1,4-dihydroquinolines

Our initial investigation focused on the model atgan of N-tosyl (Ts) 2-
aminobenzaldehyd®&a with phenylpropargyl aldehydka in the presence of 30 mol% of
diphenylpyrrolinol TMS ether in CHCL at r.t. (Table 3.7, entry 1). It is noteworthyth
the Ts was selected as protecting group fét Since its strong electron-withdrawing
capacity enhances the NH acidity for easy ionizatm produce more nucleophilidN”
anion for the initial Michael additidf® TLC and crudéH NMR analysis showed that
the seemingly aza-Michael-aldol prod@etawas produced. However, when the reaction
mixture was subjected to purification on silica,gehexpected compounti0a was
obtained instead in 54% yield (Table 3.7, entry It)appeared that the prod8aa was
transformed intd.Oain the presence of silica gel. The unanticipatisdovery prompted
us to investigate the interesting process in depthe the successful realization of the
reaction could generatea new approach to the sycahlg valuable polysubstituted

guinolines.
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Table 3.7 Exploration of Organocatalytic Aza-Michael-aldobaratization Cascade

Reactioft
0 wgh OH
CHO N CHO
e O e O - O
Ph NHR temp., solvent N oh N/ Ph
la R 10a
R = p'CH3C6H4SOZ, 8a R= p'CH3C6H4SOZ, 9aa
R = CF3S0,, 8b R = CF3S0,, 9ab
R = p'CH30C6H4SOZ, 8c R = p-CH30CgH4SO,, 9ac
R = C6H4SOZ, 8d R= C6H4SOZ, 9ad
R = p'N02C6H4SOZ, 8e R= p'NOZC6H4SOZ, 9ae
R = CH3S0,, 8f R = CH3S0,, 9af
R = Cbz, 8g R = Cbz, 9aq
Entry R Additive Solvent Cat. T t (h) % Yield ° % Yield
Loading (°C) and ee” 9a 10d
1 8a none CHC 30 rt 30 0 54
2 8b none CHCJ 30 rt 28 64 (79%6) 0
3 8c none CHC{ 30 rt 35 0 51
4 8d none CHC 30 rt 30 0 46
5 8e none CHCJ 30 rt 5 65 (896) 0
6 8f none CHC{ 30 rt 120 0 19
7 89 none CHCJ 30 rt 120 0 0
8 8c none CHCJ 30 60 5 0 <10
9 8c none EtOAC 30 rt 48 0 44
10 8c none CHCN 30 rt 48 0 9
11 8c none toluene 30 rt 48 0 24
12 8c none MeOH 30 rt 48 0 io
13 8c none THF 30 rt 48 0 37
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14 8c none CHCJ 30 rt 4 0 32

15° 8c none CHCJ 30 rt 4 0 28

16 8c CsCO;(1.0 CHCl 30 rt 5 0 31
equiv.)

17 8c NaCO;(1.0 CHCl 30 rt 42 0 45
equiv.)

18 8c K,C0;(1.0 CHCl 30 rt 7 0 56
equiv.)

19 8c K,CO;(0.1 CHCl 10 50 16 0 99
equiv.)

@ Reaction conditions: unless specified, a mixtifrgnal 1a (0.16 mmol) and compour&l(0.15 mmol) and
cat.l (0.045 mmol) and an additive in a solvent (1.0 mias stirred at specified temperature for a defined
time and see Experimental Section and Supportifayrimation. ° Isolated yields® Determined by chiral
HPLC (Chiralpak AS-H column)? In parenthesis, ee valué Calculated based on crutlé NMR. "1ain
chloroform (1.0 mL, 0.013 mol/L) was injected intbe reaction solution at 0.05 mL/mif.8c in
chloroform (1.0 mL, 0.006 mol/L) was injected irttee reaction solution at 0.03 mL/mifi.After reaction
completion, then silica gel (80 mg) was added dinckd at r.t. for 24 h. BN (0.18 mmol) was added and

stirred at r.t. for 3 h to get free deprotonatethgline 10a

2) Optimization of reaction conditions.

(1)Effect of “N” protecting groupslt is believed that acidic silica gel promotes an
aromatization process through a dehydration-degtiote of the sulfonyl group cascade
sequence (Scheme 3.8). The driving force for theerved product may come from the
dehydration of the aromatization tending 1,4-dilogpinolines under an acidic
condition. An aromatic sulfonamide bearing an etecidonating moiety assists the
carbocation character development for a favoraleeydration-aromatization process;

while a strong electron-withdrawing one will retatd Indeed, as shown, when Tf was
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used, no aromatization produbba was formed (Table 3.7, entry 2). Instead, a stabl
chiral 1,4-dihydroquinolin®ab (R = CRESQO,) was obtained in 64% yield but with only 7%
ee after silica gel chromatography. We also fouhdt tthe Michael-aldol cascade
proceeded rapidly (5 h) presumably due to the namieic TfNH moiety to easier
produce TfN. The electronic effect was further demonstratedcases of aromatic
sulfonyls bearing electron-donatingc( Table 3.7, entry 3), -neutra88d, Table 3.7, entry
4), and -withdrawing8e, Table 3.7, entry 5) substituents. With the etecidonating §c,
Table 3.7, entry 3) and -neutrad, Table 3.7, entry4) groups, quinoliri®a was
obtained exclusively when treated with silica gelowever, the electron-withdrawing
NO,CeH4SO,- moiety dictated product 1,4-dihydroquinoli@ae Moreover, it should be
noted that there is an essential electronic balasfcéghe ‘N’ protecting form for
nucleophilic reactivity and stabilizing the carbtea feature. It is anticipated that
although a sulfonyl functionality having an electidonating group facilitates the
aromatization process, the initial conjugate additbecomes more difficult as a result of
reducing NH acidity. As shown, only 19% vyield abduct10a (Table 3.7, entry 6) and
no reaction was observed when Ms- (Table 3.7, e®jrnand Cbz- (Table 3.7, entry 7)
were used, respectively. We decided to chgqoédeOCGH4SO, as masking group to

further optimize the reaction conditions.
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Scheme 3.8rganocatalytic aza-Michael-aldol-aromatization &iea

OH OH2
CHO xCHO
| — X
N~ Ph N/A Ph N Ph
R 10a

9a
2) Effects of reaction temperature, solvents, raaictaddition sequence and

additives.In consideration of higher temperate facilitatingeaction, accordingly we
raised the reaction temperature to 60 °C (Tableehify 8). However, it became worse
and a significant amount dfa was decomposed with only 50% conversion observed.
The desired product was calculated basedrbiNMR in <10% yield. Solvents play an
important role in governing the reaction rate anadputs formed. Therefore, we probed
the effect of reaction medium on theromoted cascade process. Solvents including
commonly used EtOAc, MeCN, toluene, MeOH and THRewnscreened (Table 3.7,
entries 9-13). It was found that CHGVas a preferred medium for the process. Since
substrate yndlais relatively labile, its slow addition in CH{lvas employed (Table 3.7,
entry 14). Disappointingly, a lower reaction yie(@7%) was obtained. A similar
outcome was observed in a reverse order additiabl€T3.7, entry 15). We envisioned
that due to the relatively weak acidic property Nifl group induced by theara
methoxysulfonyl group, addition of a base may ashis deprotonation to produce more
nucleophilic negative nitrogen species, which mpgesl up the process. Accordingly,
base additives G8O;, KyCOs;, and NaCO; were examined in CHgl Indeed, it

appeared that they were beneficial to the proceéabl¢ 3.7, entries 16~18). The best
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condition was identified that the use ofGO; (0.1 equiv.) at 50 °Cwith 10 mol% catalyst
loading (Table 3.7, entry 19). It should be nateat pretreatment of the reaction mixture
with TEA was necessary in order to get a consistesid of the free deprotonated

quinoline productlOa

3) Scope of the cascade Michael-aldol-aromatizahaeactions.

The optimal reaction conditions, uncovered ingkploratory effort, are exploited
to probe the scope of the organocatalysatalyzed Michael-aldol-aromatization cascade
reactions. As revealed in Table 3.8, the tandemgss serves as a general approach to
the preparation of ploysubstitued quinolines. ke tcascade process, notably the
reactions proceeded in high yield (76-99%) withreald substrate scope. It seems that
the electronic effect of aromatic alkyndlshas limited influence on the process. The
neutral (Table 3.8, entries 1, 15, 17-20, and @@ctron-donating (entries 3-4, 9, and 11)
and -withdrawing (entries 2, 5-8, 12, 16, 21-22] 24) substituents could be tolerated
with a significant structural variation. A similtirend was observed for heteroaromatic
alkynals, as shown with thiophen-2-yl-propynal ([EaB.8, entry 10). Furthermore, the
reaction also worked well with less reactive aligghalkynalsl (Table 3.8, entries 13-14)
although a higher catalyst loading (20 mol%) wasdaeel and relatively low yields were
observed. On the other hand, the reaction couldpipéied to substratéswith a broad
structural scope. Again the survey of the electragffect reveals that such impact is
limited. Both electron-donating (Table 3.8, ergrib-16) and -withdrawing (Table 3.8,

entries 17-18) groups can be well tolerated. Moeeosignificantly more hindered and
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less reactive ketones instead of aldehydes in subs8 (e.g., R+ H) are compatible

with this methodology (Table 3.8, entries19-24)u8turally diverse ketones can be
engaged in the process to give trisubstituted dumes10 in high efficiency. A trend of
increase of the steric hindrance of goup from H- to -CH, (E)-CH=CHGsHs and —Ph
requiring more drastic conditions for aromatizatisnseen, but still relatively mild

conditions with achieving high yields (76-98%).

Table 3.8Substrate Scope dfCatalyzed “one-pot” Synthesis of Quinolinkd

/EH . XdLRZ 1) H OT,\T; I, 10 mol% x@fj:wo
Rl 475 NHS0,CeH,OMep  K2CO3 (0.1eq), CHCl3, 50°C N~ CR!
1 8 2) silica gel, r.t. 10
3) TEA, rt.
Entry R R X 10 tthy % yield
1 Ph H H 10a 16 99
2 4-Br-GgH, H H 10b 16 97
3 4-CH;-CgHy H H 10c 24 92
4 4-CHO-CeH, H H 10d 21 95
5 2-Cl-GH,4 H H 10e 16 96
6 4-F-GH, H H 10f 16 98
7 4-CN-GH, H H 10g 20 91
8 4-Cl-GH,4 H H 10h 16 92
o 2-CH;O-CgH, H H 10i 16 95
10 2-thienyl H H 10j 16 92
119  3-CH;O-GeH, H H 10k 16 97
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1 3-CN-GH,4 H H 10l 13 95

13 n-CsHys H H 10m 16 80
14 PhCHCH, H H 10n 20 83
15° Ph H 6-CH 100 24 08
16 4-Cl-CgH,4 H 6-CH; 10p 24 90
17 Ph H 4-Cl 10q 16 94
18 Ph H 5-Cl 10r 16 91
19 Ph CH H 10s 22 84
20°¢ Ph €)-CH=CHPh H 10t 12 80
21°¢ 4-Cl-CgH,4 (E)-CH=CHPh H 10u 12 78
2% 4-F-GH, (E)-CH=CHPh H 10v 16 76
23 Ph Ph H 10w 16 96
24 4-Br-GH, Ph H 10x 16 08

& Reaction conditions: unless specified, a mixtufgrmpynal 1 (0.16mmol), compoun@ (0.15mmol),
specific amount of organocatalysand K,CO; (0.015mmol) in chloroform (1.0 mL) was stirreds&C for
a specified time. After reaction finish, then 80silgal gel was added and stirred at r.t. for 2hntEtN
(0.18mmol) was added and stirred at r.t. for 3hsolated yields.® 20 mol%I use. ¢ 15 mol%! used. ®
Aromatization step required heating at 50 °C fdr i& the presence of silica g&ll.0 eq of NaHSQH,0O

was added and stirred at 50 °C for 24 h.

3.6.2.2 Organocatalytic enantioselective Michael-abl cascade reactions
1) Optimization of reaction conditions for one-potsynthesisof chiral 1,4-

dihydroquinolines.
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Having established an efficient protocol for tegaration of quinolines using an
organocatalytic aza-Michael-aldol-aromatizationce@® process, we turned our attention
on the optimization of aza-Michael-aldol cascade tlee “one-pot” preparation of
structurally different chiral 1,4-dihydroquinolineBhe above study unveiled that the use
of Tf as masking group led to the product withouibsequent aromatization (Table 3.7,
entry 2). However, only 7% ee was obtained wittalgat|. We found that when more
bulky ketonella was used, the enantioselectivity induced Bydijphenylpyrrolinol
TMS etherl under similar reaction conditions was improvedntcally (Table 3.9,
entry 1, 76% ee, 99% yield). A range of chirab-diaryl prolinol silyl ether catalysts |
IV) were probed accordingly. Disappointedly, the ltsswere not encouraging (Table
3.9, entries 2-4). It should be pointed out thatthee model reaction of phenylpropargyl
aldehydela with 2'-(trifluoromethanesulfonyl)aminochalcordda the formed product
12a and1la have the same polarity which rendered the op#tron process tedious
because of difficult purification. To minimize tiveork load, we chose more polar 3-
nitrophenyl propargyl aldehyde as model substratethie subsequent optimization. A
similar level of enantioselectivity was attendedhwgatalystl (Table 3.9, entry 5, 72%
ee). Gratifyingly, whenC,-symmetry catalyst2R 5R)-diphenylpyrrolidine X >* was
employed, the enantioselectivity was significarghhanced to 87% and full conversion
was obtained in only 1 h (Table 3.9, entry 6). Rernnore, solvent screening revealed
that the enantioselectivity was highly solvent defsnt. Remarkably, compared with
dichlomethane, significantly higher enantioselattiwas observed for toluene and

TBME (t-BuOMe) (Table 3.9, entries 8 and 10). Polar prstitvent, such as MeOH, had
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a deleterious effect on both the reaction yield endntioselectivity (Table 3.9, entry 9).

Given the fast reaction rate and the practical athge of carrying out the reaction at

0 °C, the catalyst loading was dramatically redutcetl mol% at 0 °C in toluene and the

reaction afforded the desired product in almosingjtative yield and with 99% ee within

only 3 h (Table 3.9,entry 11).

Table 3.9 Optimization of Reaction Conditions for Organocyial Enantioselective

Aza-Michael-aldol Cascade Reactidns

%Cfv

NHTf

Ph
=/
HOLS
CHO
Cat 20 mol% |
N R

Catalysts screened:

Ar
N Ar
H or

I: Ar=Ph,R'=TMS

Ph N "Ph
H

IX

Ros. “Néi’csm Lediyaroquinolnes ilvi;_‘)i;_EERgTEB%Ms )

R = 3-NO2CgHa, 12b PAr=3,5-(CFa)Ceta, R'=TMS
Entry R Cat. Solvent  t(h) Yield (%)" ee (%)°

1 Ph | CH,Cl, 12 99 76

2 Ph [ CH,Cl, 12 93 75

3 Ph 1l CH,Cl, 12 92 71

4 Ph IV CH,Cl, 12 84 40

5 3-NO:CeHs | CH,Cl, 12 93 72

6 3-NO:CsHs  IX CH,Cl, 1 97 87

7 3-NOCeHs IX  CICHp)Cl 1 99 94

8 3-NG,CgH4 IX Toluene 1 99 98

9 3-NOCeHs  IX MeOH 6 61 75

10 3-NOQCeHs X TBME 4 96 08
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11° 3-NO,CsH4 IX Toluene 3 99 99

& Reaction conditions: unless specified, a solutibalkynal 1 (0.08 mmol), organocatalyst (0.016 mmol)
in a solvent (0.8 mL) was addédprotected 2'-aminochalcoriela (0.08 mmol). The resulting solution
was stirred at r.t. for a specified tim8Isolated yields.® Determined by chiral HPLC analysis (Chiralpak

AS-H or IB column).® Reaction performed at 0 °C with 1 mol% of catalgsiding.

2) Scope of IX-catalyzed aza-Michael-aldol cascadeactions.

As revealed in Table 3.10, the optimized protdtas been demonstrated to be
general to a variety of ynald and 2'-(trifluoromethanesulfonyl)aminoketoné4.
Notably, the reactions served as synthetically ceffit “one-pot” access to
enantioenriched diverse 1,4-dihydroquinolines vateation of a quaternary stereogenic
center. They proceeded in high yields (70-99%) amith excellent levels of
enantioselectivities (94-99%). Both substrates gkl and aminoketoned1l with
significant structural variations can be toleratddhe electronic and steric factors
associated with thex,p-unsaturated ketone moieties of 2'-(trifluorometrgrifonyl)
aminochalcond 1 appeared to have minimal impact on the reactificiencies in terms
of enantioselectivity and yields (Table 3.10, esdril-14). It is observed that electronic
effect of ynalsl play a role in the reaction rate. The electron-dn#twing groups on
aromatic ynal substrates tended to accelerate ¢hetion illustrated by the higher
turnover (1 mol% of catalyst loading and short tigactime (Table 3.10, entries 3-9, 3-9
h). While for the ynald bearing neutral (Table 3.10, entries 1 and 2)exten-donating
substitutents (Table 3.10, entry 2), increase tdlgst loading is necessary to assure full

conversion. Less reactive aliphatic ynals can affioiently participate in the process to
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give desired product$2]l and12m in excellent yields (99 and 98%, respectively) and
with excellent ee values (96 and 97%, respectivekgept relatively slow reaction rates
(Table 3.10, entries 13 and 14). We have also tigaed more steric aliphatic alkynals,
such agert-butyl propynal and cyclopentyl propynal, howevar,reaction was observed.
Structural alternation of ketones besides chalcormeties in 11, as shown with
acetophenone and benzophenone is also amenaliie fwdtocol with high efficiency
(Table 3.10, entries 15 and 16). The absolute gardition of12g prepared under the

optimal condition was determined by X-ray crystgtiphy (Figure 3.9).

Table 3.10 Enantioselective Organocatalytic Cascade Aza-Miehm®l Reactions

between Ynald and 2'-(Trifluoromethanesulfonyl)aminoketoriegi§

0O HO R? Catalyst IX:
> Catalyst IX (1-20 mol%) ~_-CHO
R
é H + I (o} | Ph(@'/Ph
Rl NHTF Toluene, 0°C N R1 H
1 Tf
11 12 IX
Entry R R 12 t(h) % yield® % ee°
1¢ Ph transPhCH=CH 12a 18 95 97
2 Ph trans4-BrCH,CH=CH  12b 18 93 08
3 3-NG,CgH4 transPhCH=CH 12c 3 99 99
4 3-NGO,CgH4 trans-4-BrCsH,CH=CH 12d 3 99 98
5 4-CIGH, transPhCH=CH 12e 4 99 98
6 4-CNGH,4 trans4-BrCsH,CH=CH 12f 3 91 99
7 4-CNGH,4 trans-3-MeOGH,CH=CH 129 8 98 98
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8 4-BrGH, trans4-NO,CqH,CH=CH  12h 5 %6 98

9 4-BrGH, trans2-MeGH,CH=CH 12 9 99 97
1¢° 4-MeOGH, transPhCH=CH 12j 18 92 96
11 2-thienyl transPhCH=CH 12k 9 90 96
12 PhCHCH, transPhCH=CH 12| 12 99 96
13 n-CsHyy transPhCH=CH 12m 20 98 97
14 transPhCH=CH transPhCH=CH 12n 18 70 94
15 Ph CH 120 18 96 95

16%¢ 3-NO,CeH, Ph 12p 3 84 99

@ Reaction conditions: unless specified, a solutibalkynall (0.08mmol), organocatalygX (1~20 mol%)
in toluene (0.8mL) was added 2'-(trifluoromethari@syl)aminoketonesll (0.08mmol). The resulting
solution was stirred at°C for a specified time® Isolated yields® Determined by chiral HPLC analysis
(Chiralpak AS-H or IB column)!5 mol% of catalystX used.220 mol% of catalystX used. 8 mol% of

catalyst IX used? Reaction carried out at r.t..
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Figure 3.9 X-ray Crystal Structure of Compouid@g

3.6.3 Conclusion

While organocatalytic cascade reactions have betblished as a viable route in
organic synthests the examples of combining powerful divergent bgsts and
organocatalytic cascade strategy are’fara this investigation, we have illustrated a
divergent organocatalytic cascade approach to stinthvaluable polysubstituted
quinolines and highly enantioenriched 1,4-dihydioglines. The key to the fate of
products formed depends on the protecting sulfongkd for the N” initiated an aza-
Michael-aldol cascade. The electron-donating aryllfosamides facilitate the
dehydration-aromatization of the aza-Michael-aldalducts to give polysubstituted
guinolines in good to high yields (76-99%) with i&d substrate scope. However, when
strong electron-withdrawing Tf (GEO,-) is used, chiral 1,4-dihydroquinolines products

are produced. Notably, the process, efficienthalyaed by 2R 5R)-diphenylpyrrolidine
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using as low as 1 mol% loading, leads to the Gegalytic enantioselective access to the
chiral scaffold with excellent level of enmselectivity (94-99% ee). The studies
show a scarce example of the electronic effect henrtature of reaction course and

producté®.

3.6.4 Supporting Information

General Procedure for aza-Michael-aldol-aromatizon Cascade Reactions (Table
3.8): To a solution of ynall (0.16 mmol), organocatalyst (10~20 mol%) in
chloroform (1.0 mL) was added compoui¢D.15 mmol) and KCO; (0.015 mmol). The
resulting solution was stirred at 50 °C for a speditime. After reaction finish monitored
by TLC, then silica gel (80 mg) was added and edirat r.t. for 24h, then g (0.18
mmol) was added and stirred at r.t. for 3h. Thettea mixture was directly purified by

column chromatography, eluted with hexane/EtOAafford the desired product.

2-phenylquinoline-3-carbaldehyde (10a) (Table 3.&ntry 1): The title compound was
prepared according to the general procedure, asibled above in 99% yieldH NMR
(CDCls, 500 MHz):6 10.19 (s, 1H), 8.85 (s, 1H), 8.22 (= 8.5 Hz, 1H), 8.02 (d] =
8.5 Hz, 1H), 7.90~7.86 (m, 1H), 7.70~7.69 (m, 2H{6%7.63 (M, 1H), 7.59~7.54 (m,
3H); **C NMR (CDCk, 75MHz):6 191.5, 160.3, 149.6, 138.1, 137.8, 132.6, 139,68,

129.43, 129.38, 128.7, 127.6, 127.5, 126.4.

144



~CHO
=
¢

2-(4-bromophenyl)quinoline-3-carbaldehyde (10b) (Thle 3.8, Entry 2): The title

Br

compound was prepared according to the generatgue, as described above in 97%
yield. 'H NMR (CDCk, 500 MHz):6 10.17 (s, 1H), 8.84 (s, 1H), 8.19 (tk 8.5 Hz, 1H),
8.02 (d,J = 8.0 Hz, 1H), 7.90~7.87 (m, 1H), 7.70 {c& 8.5 Hz, 1H), 7.67~7.64 (m, 1H),
7.57 (d,J = 8.0 Hz, 1H),13C NMR (CDC§, 75MHz):6 190.9, 158.9, 149.6, 138.6, 136.7,

132.8, 131.9, 131.8, 129.6, 129.4, 127.7, 127.6,42124.1.

O SN CHO

=

¢
2-p-tolylquinoline-3-carbaldehyde (10c) (Table 3.8Entry 3): The title compound was
prepared according to the general procedure, asibed above in 92% yieldH NMR
(CDCls, 500 MHz):0 10.19 (s, 1H), 8.82 (s, 1H), 8.20 = 8.5 Hz, 1H), 8.00 (d] =
8.0 Hz, 1H), 7.87~7.84 (m, 1H), 7.63~7.58 (m, 3H3}71d,J = 8.0 Hz, 2H), 2.46 (s, 3H);
¥C NMR (CDCk, 75MHz): 6 191.7, 160.3, 149.6, 139.5, 138.0, 134.9, 132.5,213

129.5,129.4,127.7, 127.3, 126.3, 21.3.
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2-(4-methoxyphenyl)quinoline-3-carbaldehyde (10d)Table 3.8, Entry 4): The title
compound was prepared according to the generakgue, as described above in 95%
yield. '"H NMR (CDCk, 500 MHz):6 10.19 (s, 1H), 8.80 (s, 1H), 8.18 (= 8.5 Hz, 1H),
7.99 (d,J = 8.5 Hz, 1H), 7.86~7.83 (m, 1H), 7.64 {d= 8.5 Hz, 2H), 7.62~7.59 (m, 1H),
7.08 (d,J = 8.5 Hz, 2H), 3.90 (s, 3H}*C NMR (CDC}, 75MHz):6 191.7, 160.7, 159.8,

149.7, 138.2, 132.5, 131.7, 130.2, 129.5, 129.4,61427.2, 126.2, 114.2, 55.4.

b
"

Cl
2-(2-chlorophenyl)quinoline-3-carbaldehyde (10e) @ble 3.8, Entry 5): The title
compound was prepared according to the generak@uoe, as described above in 96%
yield. '"H NMR (CDCk, 500 MHz):6 9.95 (s, 1H), 8.86 (4H), 8.21 (d,J = 8.5 Hz, 1H),
8.04 (d,J = 8.0 Hz, 1H), 7.90~7.87 (m, 1H), 7.69~7.65 (m, 1HB1~7.59 (m, 1H),
7.54~7.51 (m, 1H), 7.49~7.47 (m, 2H€ NMR (CDC}, 75MHz):6 190.4, 158.0, 149.7,

137.5, 136.9, 133.1, 132.7, 131.4, 130.6, 129.@9.61, 129.5, 127.9, 127.7, 127.4,

126.8.
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2-(4-fluorophenyl)quinoline-3-carbaldehyde (10f) (@ble 3.8, Entry 6): The title

F

compound was prepared according to the generatgue, as described above in 98%
yield. '"H NMR (CDCk, 500 MHz):6 10.17 (s, 1H), 8.83 (s, 1H), 8.19 (= 8.5 Hz, 1H),
8.01 (d,J = 8.0 Hz, 1H), 7.88 () = 8.0 Hz, 1H), 7.69~7.62 (m, 3H), 7.26Jt= 8.5 Hz,
2H); 3C NMR (CDCk, 75MHz):6 191.1, 165.3, 161.9, 159.0, 149.5, 138.5, 133.9,8.3

132.2, 132.1, 129.5, 129.4, 127.6, 126.4, 116.9,711

X CHO
pZ
T

4-(3-formylquinolin-2-yl)benzonitrile (10g) (Table 3.8, Entry 7): The title compound

CN

was prepared according to the general procedurdessribed above in 91% vyieltH
NMR (CDCk, 500 MHz):5 10.16 (s, 1H), 8.88 (s, 1H), 8.21 (= 8.5 Hz, 1H), 8.05 (d,
J = 8.5 Hz, 1H), 7.94~7.91 (m, 1H), 7.86 (d= 8.0 Hz, 2H), 7.81 (d] = 8.0 Hz, 2H),
7.70 (t,J = 7.5 Hz, 1H)*C NMR (CDC}, 75MHz):d 190.2, 157.8, 149.5, 142.4, 139.4,

133.2, 132.4, 130.8, 129.7, 129.5, 128.2, 127.8,6.218.4, 113.2.

147



2-(4-chlorophenyl)quinoline-3-carbaldehyde (10h) (@ble 3.8, Entry 8): The title
compound was prepared according to the generak@uoe, as described above in 92%
yield. 'H NMR (CDCk, 500 MHz):6 10.17 (s, 1H), 8.84 (s, 1H), 8.19 (= 8.5 Hz, 1H),
8.01 (d,J = 8.5Hz, 1H), 7.90~7.87 (m, 1H), 7.66~7.63 (m, 3H54 (d,J = 8.5 Hz, 2H);
3C NMR (CDCk, 75MHz): § 190.9, 158.9, 149.6, 138.6, 136.2, 135.8, 132.4,5.3

129.6, 129.4, 128.9, 127.7, 127.5, 126.4.

2-(2-methoxyphenyl)quinoline-3-carbaldehyde (10i) Table 3.8, Entry 9): The title
compound was prepared according to the generak@uoe, as described above in 95%
yield. 'H NMR (CDCk, 500 MHz):d 9.99 (s, 1H), 8.77 (S, 1H), 8.20 (= 8.5 Hz, 1H),
8.00 (d,J = 8.0 Hz, 1H), 7.85~7.82 (m, 1H), 7.69 (dH,= 1.5 Hz,J, = 7.5 Hz, 1H),
7.63~7.60 (m, 1H), 7.52~7.49 (m, 1H), 7.20)(t 8 Hz, 1H), 7.01 (dJ = 8.5 Hz, 1H);
3%C NMR (CDCk, 75MHz): § 191.5, 157.6, 156.6, 150.1, 136.2, 132.0, 131.4,23

129.6, 129.4, 128.2, 127.3, 126.9, 126.6, 121.0,7155.3.

X CHO

~

N S
|

2-(thiophen-2-yl)quinoline-3-carbaldehyde (10j) (Tale 3.8, Entry 10): The title

compound was prepared according to the generakgue, as described above in 92%
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yield. '"H NMR (CDCk, 500 MHz):6 10.45 (s, 1H), 8.77 (s, 1H), 8.18, ¢ = 9.0 Hz, 1H),
7.96 (d,J = 8.5 Hz, 1H), 7.86~7.83 (m, 1H), 7.61~7.58 (m, 2HR53~7.346 (m, 1H),
7.23~7.21 (m, 1H)}*C NMR (CDCk, 75MHz): 6 191.2, 153.0, 149.6, 141.2, 138.5,

132.7,130.8, 129.6, 129.3, 128.0, 127.5, 127.8,112

2-(3-methoxyphenyl)quinoline-3-carbaldehyde (10k)Table 3.8, Entry 11): The title
compound was prepared according to the generakgue, as described above in 97%
yield. '"H NMR (CDCk, 500 MHz):6 10.18 (s, 1H), 8.84 (s, 1H), 8.21 (= 8.5 Hz, 1H),
8.02 (d,J = 8.0 Hz, 1H), 7.89~7.86 (m, 1H), 7.65~7.62 (m, 1H46 (t,J = 8.0 Hz, 1H),
7.26 (s, 1H), 7.19 (dl = 7.5 Hz, 1H), 7.09~7.07 (m, 1H), 3.90 (s, 3L NMR (CDC},
75MHz): 0 191.5, 160.2, 159.9, 149.5, 139.1, 138.0, 132.8,71.2129.6, 129.4, 127.7,

127.5, 126.4, 122.8, 115.4, 115.3, 55.4.

CN

3-(3-formylquinolin-2-yl)benzonitrile (10l) (Table 3.8, Entry 12): The title compound
was prepared according to the general procedurdessribed above in 95% vyieltH

NMR (CDCl, 500 MHz): 10.17 (s, 1H), 8.88 (s, 1H), 8.21 (tz 8.5 Hz, 1H), 8.05 (d,
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J = 7.5 Hz, 2H), 7.94~7.91 (m, 1H), 7.89~7.87 (m, 1HB4~7.82 (m, 1H), 7.71~7.66
(m, 2H);**C NMR (CDCk, 75MHz): 6 190.2, 157.4, 149.5, 139.5, 139.3, 134.4, 133.5,

133.2, 132.7, 129.6, 129.4, 129.4, 128.2, 127.4,6.218.2, 113.2.

~CHO
=
N

2-pentylquinoline-3-carbaldehyde (10m) (Table 3.8Entry 13): The title compound
was prepared according to the general procedurdessribed above in 80% vyieltH
NMR (CDCl, 500 MHz):6 10.39 (s, 1H), 8.62 (s, 1H), 8.08 (= 8.5 Hz, 1H), 7.93 (d,
J=8.5Hz, 1H), 7.83 (8= 8.0 Hz, 1H), 7.57 (§ = 7.5 Hz, 1H), 3.35 (1 = 8.0 Hz, 2H),
1.81~1.75 (m, 2H), 1.49~1.43 (m, 2H), 1.42~1.36 (m), ZHP1 (t,J = 7.5 Hz, 3H)**C
NMR (CDCl, 75MHz):0 191.1, 162.5, 149.4, 142.0, 132.5, 129.1, 128.9,62126.8,

126.1, 36.4, 31.9, 30.1, 22.5, 14.0.

2-phenethylquinoline-3-carbaldehyde (10n) (Table 8, Entry 14): The title compound
was prepared according to the general procedurdessribed above in 83% vyieltH
NMR (CDCk, 500 MHz):5 10.27 (s, 1H), 8.60 (s, 1H), 8.13 (= 8.5 Hz, 1H), 7.95 (d,
J = 8.0 Hz, 1H), 7.88~7.85 (m, 1H), 7.60Jt= 7.5 Hz, 1H), 7.33~7.28 (m, 4H), 7.21 (t,
J=7.0 Hz, 1H), 3.69~3.66 (m, 2H), 3.13Jt 8.0 Hz, 2H)*C NMR (CDC}, 75MHz):

0 191.0, 161.0, 149.3, 142.7, 141.4, 132.6, 129.28,9V/, 128.6, 128.4, 127.8, 127.0,
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126.1, 38.2, 35.7.

5-methyl-2-phenylquinoline-3-carbaldehyde (100) (Tale 3.8, Entry 15): The title
compound was prepared according to the generak@uoe, as described above in 98%
yield. 'H NMR (CDCk, 500 MHz):6 10.20 (s, 1H), 9.02 (s, 1H), 8.05 (= 8.5 Hz, 1H),
7.76~7.73 (m, 1H), 7.70~7.68 (m, 2H), 7.58~7.53 (m), 344 (d,J = 7.0 Hz, 1H), 2.80
(s, 3H);13C NMR (CDCk, 75MHz): 0 191.7, 159.9, 150.1, 137.7, 136.9, 134.6, 132.5,

130.3, 129.3, 128.7, 127.8, 127.0, 125.9, 18.7.

.~ CHO
=
T

2-(4-chlorophenyl)-5-methylquinoline-3-carbaldehyde(10p) (Table 3.8, Entry 16):

Cl

The title compound was prepared according to tmeigeé procedure, as described above
in 90% vyield.*H NMR (CDCk, 500 MHz):6 10.18 (s, 1H), 9.01 (s, 1H), 8.03 (= 8.5
Hz, 1H), 7.76 (t, J = 8.0 Hz, 1H), 7.64 (b= 8.5 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 7.46
(d, J = 7.0 Hz, 1H), 2.79 (s, 3H)Y’C NMR (CDC}, 75MHz): § 191.2, 158.5, 150.1,

136.9, 136.2, 135.8, 135.1, 132.7, 131.6, 128.8,0,227.8, 126.9, 126.0, 18.7.
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7-chloro-2-phenylquinoline-3-carbaldehyde (10q) (Tele 3.8, Entry 17): The title
compound was prepared according to the generak@uoe, as described above in 94%
yield. 'H NMR (CDCk, 500 MHz):5 10.16 (s, 1H), 8.80 (s, 1H), 8.20 (s, 1H), 7.94)(d
= 9.0 Hz, 1H), 7.68~7.67 (m, 2H), 7.58~7.56 (m, 4HE, NMR (CDCE, 75MHz): &

191.1, 161.3, 149.8, 138.8, 137.9, 137.3, 130.6,2.329.7, 128.8, 128.7, 127.7, 124.7.

Cl X CHO
L,
¢

6-chloro-2-phenylquinoline-3-carbaldehyde (10r) (Tale 3.8, Entry 18): The title
compound was prepared according to the generak@uoe, as described above in 91%
yield. '"H NMR (CDCk, 500 MHz):6 10.17 (s, 1H), 8.74 (s, 1H), 8.14 (ts 9.0 Hz, 1H),
7.98 (s, 1H), 7.79 (d] = 9.0 Hz, 1H), 7.69~7.67 (m, 2H), 7.57~7.56 (m, 3% NMR
(CDCls, 75MHz):6 191.1, 160.4, 147.9, 137.4, 137.1, 133.4, 133.3,23.30.2, 129.6,

128.8, 128.2, 127.7, 126.9.

4-methyl-2-phenylquinoline-3-carbaldehyde (10s) (Tale 3.8, Entry 19): The title
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compound was prepared according to the generak@uoe, as described above in 84%
yield. 'H NMR (CDCk, 500 MHz):5 10.12 (s, 1H), 8.25 (d} = 8.0 Hz, 1H), 8.19 (d] =
8.5 Hz, 1H), 7.85~7.82 (m, 1H), 7.66~7.63 (m, 3H33%7.52 (m, 3H), 3.02 (s, 3HYC
NMR (CDCk, 75MHz):6 194.2, 160.4, 148.04, 147.98, 139.0, 131.6, 13(83,1, 129.2,

128.7,127.1, 127.0, 125.2, 14.8.

(E)-2-phenyl-4-styrylquinoline-3-carbaldehyde (10t) Table 3.8, Entry 20): The title
compound was prepared according to the generak@uoe, as described above in 80%
yield. 'H NMR (CDCk, 500 MHz):5 10.21 (s, 1H), 8.41 (d,= 8.5 Hz, 1H), 8.23 (d] =
8.5 Hz, 1H), 7.93 (d, J = 16.5 Hz, 1H), 7.89~7.86 {H), 7.67 (d, J = 7.5 Hz, 4H),
7.64~7.61 (m, 1H), 7.56~7.52 (m, 3H), 7.47~7.44 (m), ZHL0~7.37 (m, 1H), 6.89 (d,

= 17 Hz, 1H);**C NMR (CDC}k, 75MHz): 6 193.1, 160.4, 149.2, 148.2, 139.5, 139.0,

136.3, 132.0, 130.1, 129.2, 128.9, 128.6, 127.2,11225.4, 125.1, 123.1.
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(E)-2-(4-chlorophenyl)-4-styrylquinoline-3-carbaldényde (10u) (Table 3.8, Entry 21):
The title compound was prepared according to timeige procedure, as described above
in 78% yield.*H NMR (CDCk, 500 MHz):6 10.23 (s, 1H), 8.38 (d, = 8.5 Hz, 1H), 8.20
(d,J = 8.5 Hz, 1H), 7.92~7.86 (m, 2H), 7.66~7.59 (m, 5H51 (d, J = 8.5 Hz, 2H), 7.45
(t, J=7.5Hz, 2H), 7.39 () = 7.5 Hz, 1H), 6.88 (d, J = 16.5 Hz, 1H}C NMR (CDC},
75MHz): 9 192.6, 158.9, 149.0, 148.6, 140.1, 137.6, 136.5,513132.2, 131.3, 130.1,

129.0, 128.9, 128.8, 127.4, 127.2, 127.0, 125.5,112422.5.

Ph

X CHO
=
e

(E)-2-(4-fluorophenyl)-4-styrylquinoline-3-carbaldehyde (10v) (Table 3.8, Entry 22):

F

The title compound was prepared according to timeige procedure, as described above
in 76% yield.*H NMR (CDCk, 500 MHz):6 10.22 (s, 1H), 8.39 (d,= 8.5 Hz, 1H), 8.21
(d, J = 8.5 Hz, 1H), 7.91 (dJ = 16.5 Hz, 1H), 7.88~7.86 (m, 1H), 7.67~7.61 (m, ,5H)
7.45 (t,J = 8.0 Hz, 2H), 7.39 (t) = 7.5 Hz, 1H), 7.23 () = 8.5 Hz, 2H), 6.89 (d, J =
16.5 Hz, 1H);13C NMR (CDCE, 75MHz): ¢ 192.8, 165.1, 159.1, 149.0, 148.5, 139.9,
136.2, 135.2, 132.1, 132.0, 131.9, 130.0, 129.8,9.227.3, 127.1, 127.0, 125.4, 125.2,

122.7, 115.8, 115.5.
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2,4-diphenylquinoline-3-carbaldehyde (10w) (Table 8, Entry 23): The title
compound was prepared according to the generakgue, as described above in 96%
yield. *H NMR (CDCk, 500 MHz):d 10.04 (s, 1H), 8.25 (d] = 8.5 Hz, 1H), 7.86~7.82
(m, 1H), 7.66~7.65 (m, 2H), 7.61 @ = 8.5 Hz, 1H), 7.57~7.49 (m, 7H), 7.39~7.37 (m,
2H); 3C NMR (CDCh, 75MHz):6 192.5, 159.0, 151.9, 148.5, 139.5, 134.6, 131.9,812

129.7,128.9, 128.6, 128.4, 128.3, 127.3, 126.6,3L2

Ph

\~CHO
=
T

2-(4-bromophenyl)-4-phenylquinoline-3-carbaldehyde(10x) (Table 3.8, Entry 24):

Br

The title compound was prepared according to tmeigeé procedure, as described above
in 98% yield.*H NMR (CDCk, 500 MHz):6 10.01 (s, 1H), 8.22 (d, = 8.0 Hz, 1H), 7.85
(t,J= 7.0 Hz, 1H), 7.64~7.61 (m, 3H), 7.56~7.50 (m, 6H39~7.38 (m, 2H)**C NMR
(CDCl3, 75MHz):0 192.2, 157.5, 152.9, 148.5, 138.7, 134.1, 13231,5], 131.2, 129.8,

128.9, 128.5, 127.5, 127.2, 126.3, 123.4.

General procedure for the preparation of substrated1:

Substrates were synthesized via the following tteps
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Step 1: Claisen-Schmidt condensation of benzaldehyith 2’-amino acetophenone to

trans-2’-amino-chalcona

A mixture of 2’-amino acetophenone (3.0 mmol, On36) and benzaldehyde (3.0 mmol)
in ethanol was added sodium hydroxide (15%, 0.9 umder stirring with ice-bath. Then
the solution was stirred at r.t. for 24h. The reactnixture was neutralized with 1M HCI.

The solid was filtrated and crystallized from etblan
Step 2: Synthesis of corresponding trifluorometisaifenamide¥’

A solution of trans-2'-amino-chalcone (1.5 mmoly anethylamine (0.23 mL, 1.65 mmol)
in dry CHCl, at -78°C was treated dropwise with trifluoromethanesuléoanhydride

(0.28 mL, 1.65 mmol). The mixture was stirred a8 °C for 1.5h and then at room
temperature for 2.5h. The reaction was partitiobetiveen dichloromethane and water.
The aqueous phase was extracted with dichloromethand the combined organic
phases was washed with brine, dried and concedirdiee residue was purified by

column chromatography, eluted with hexane/EtOAaftord the desired product.

0

e,
?
N—S—CF;

H |

o

(E)-N-(2-cinnamoylphenyl)-1,1,1-trifluoromethanesulfonande

The title compound was prepared according to timeige procedure, as described above

in 57% yield for two stepsH NMR (CDCk, 500 MHz):6 8.07 (d,J = 8.0 Hz, 1H), 7.92
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(d, J = 15.5 Hz, 1H), 7.83 (d] = 8.5 Hz, 1H), 7.68~7.67 (m, 2H), 7.64~7.58 (m, 2H),
7.48~7.45 (m, 3H), 7.33 (3,= 7.5 Hz, 1H);*C NMR (CDC}, 125 MHz):6 192.9, 147.3,
138.3, 134.9, 134.1, 131.3, 130.9, 129.0, 128.8,6,2124.0, 123.6, 121.0, 120.8, 119.9,

118.4, 115.9.

(E)-N-(2-(3-(4-bromophenyl)acryloyl)phenyl)-1,1,1-trifluoromethanesulfonamide

The title compound was prepared according to timeige procedure, as described above
in 52% vyield for two stepssH NMR (CDCk, 500 MHz):6 8.05 (d,J = 8.0 Hz, 1H),
7.84~7.81 (m, 2H), 7.63~7.56 (m, 4H), 7.52J¢; 8.5 Hz, 2H), 7.33 () = 7.5 Hz, 1H);
13C NMR (CDCE, 125 MHz):6 192.7, 145.8, 138.4, 135.1, 133.1, 132.4, 13038, 11,

125.8, 124.6, 124.1, 123.6, 121.6, 121.0, 120.83,5.115.9.

@] CHs

==
9:0
@)
()

o=

(E)-1,1,1-trifluoro- N-(2-(3-o-tolylacryloyl)phenyl)methanesulfonamide

The title compound was prepared according to timeigeé procedure, as described above
in 47% vyield for two stepsH NMR (CDCk, 500 MHz):6 8.23 (d,J = 15.5 Hz, 1H),

8.08 (d,J = 7.5 Hz, 1H), 7.83 (d] = 8.5 Hz, 1H), 7.72 (d] = 7.5 Hz, 1H), 7.62 (] =
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7.5 Hz, 1H), 7.53 (dJ = 15.0 Hz, 1H), 7.37~7.32 (m, 2H), 7.30~7.26 (m, ,2M51 (s,
3H); **C NMR (CDCE, 125 MHz):d 193.0, 144.9, 138.9, 138.5, 135.0, 133.2, 131.1,

130.9, 126.6, 126.5, 124.6, 124.2, 123.6, 122.0,11220.1, 118.5, 115.9, 19.7.

0
=
(7 C
N=§~CFs NO,
o)

(E)-1,1,1-trifluoro- N-(2-(3-(4-nitrophenyl)acryloyl)phenyl)methanesulforamide

The title compound was prepared according to timeige procedure, as described above
in 41% vyield for two stepsH NMR (CDCk, 500 MHz):6 8.30 (d,J = 8.0 Hz, 2H), 8.08
(d, J = 8.0 Hz, 1H), 7.91 (d] = 15.5 Hz, 1H), 7.85~7.82 (m, 3H), 7.72~7.64 (m, ,2H)
7.36 (t,J = 7.5 Hz, 1H):"*C NMR (CDC}k, 125 MHz):6 192.3, 149.0, 143.8, 140.2,

138.6, 135.6, 131.0, 129.3, 125.0, 124.8, 124.3,9221.0, 120.4, 118.4.

0
= OCHs
CLy T
N~§~CFs
o)

(E)-1,1,1-trifluoro- N-(2-(3-(3-methoxyphenyl)acryloyl)phenyl)methanesutinamide

The title compound was prepared according to timeigeé procedure, as described above
in 69% vyield for two stepssH NMR (CDCk, 500 MHz):6 8.06 (d,J = 8.0 Hz, 1H),
7.87~7.81 (m, 2H), 7.62~7.55 (m, 2H), 7.38~7.31 (m), Z&26 (d,J = 7.5 Hz, 1H), 7.16

(s, 1H), 7.02~7.00 (m, 1H), 3.86 (s, 3HJC NMR (CDCk, 125 MHz):6 192.9, 160.0,
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147.3, 138.4, 135.5, 135.0, 130.9, 130.1, 124.8,2223.6, 121.4, 121.3, 121.0, 120.1,

118.5, 117.1, 115.9, 113.8, 55.3.

O

L

N
H

n =0

N-(2-acetylphenyl)-1,1,1-trifluoromethanesulfonamide

The title compound was prepared according to timeige procedure, as described above
for step 2 in 75% vieldH NMR (CDCk, 500 MHz):6 7.95 (d,J = 7.5 Hz, 1H), 7.77 (d,
J=8.5 Hz, 1H), 7.58 (] = 8.0 Hz, 1H), 7.26 () = 7.5 Hz, 1H), 2.69 (s, 3H}*C NMR
(CDCls, 125 MHz):6 203.2, 138.1, 135.5, 132.0, 124.5, 123.6, 122.6,001219.4, 118.4,

115.9, 28.0.

General Procedure for Cascade aza-Michael-aldol Retdon (Table 3.10): To a
solution of ynall (0.08 mmol), organocataly$X (1 mol%) in toluene (0.8 mL) was
added 2'-NHTf ketonell (0.08 mmol). The resulting solution was stirred&C for a
specified time. Then the reaction mixture was diyecpurified by column
chromatography, eluted with hexane/EtOActo affdné tesired product and ees are

determined by chiral HPLC analysis.
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(R)-(E)-4-hydroxy-2-phenyl-4-styryl-1-(trifluoromethylsul fonyl)-1,4-
dihydroquinoline-3-carbaldehyde (12a) (Table 3.1CEntry 1):

The title compound was prepared according to timeige procedure, as described above
in 95% vield.'"H NMR (CDCk, 500 MHz):d 9.35 (s, 1H), 7.94 (d) = 7.5 Hz, 1H),
7.58~7.51 (m, 7H), 7.47~7.44 (m, 1H), 7.37J¢; 7.0 Hz, 2H), 7.29 () = 7.5 Hz, 2H),
7.26~7.22 (m, 1H), 6.58 (d,= 16.0 Hz, 1H), 6.45 (dl = 16.0 Hz, 1H), 5.50 (s, 1H}°C
NMR (CDCk, 125 MHz):0 193.1, 153.3, 137.2, 135.9, 133.9, 133.7, 131.8,113.30.8,
130.3, 128.7, 128.5, 128.4, 128.3, 128.1, 127.6,99222.6, 120.2, 117.6, 72.3; HPLC
(Chiralpak AS-H,i-PrOH/hexane = 10/90, flow rate = 0.45 mL/ming 254nm): finor =

19.16 min, fajor = 24.81 min, ee = 97%0]p>°= +117.1 (c = 1.0 in CHG).

Br

(R)-(E)-4-(4-bromostyryl)-4-hydroxy-2-phenyl-1-(trifluoro methylsulfonyl)-1,4-
dihydroquinoline-3-carbaldehyde (12b) (Table 3.10Entry 2):

The title compound was prepared according to tmeige procedure as described above
in 93% vyield.'H NMR (CDCk, 500 MHz):6 9.34 (s, 1H), 7.92 (dJ = 7.5 Hz, 1H),
7.58~7.55 (m, 1H), 7.52~7.44 (m, 7H), 7.41J& 8.5 Hz, 2H), 7.22 (d] = 8.5 Hz, 2H),
6.48 (d,J = 16.0 Hz, 1H), 6.42 (d] = 15.5 Hz, 1H), 5.53 (s, 1H)*C NMR (CDCE, 125

MHz): ¢ 193.2, 153.5, 137.1, 134.9, 133.8, 131.8, 131.2,413130.7, 129.2, 128.7,
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128.5, 128.4, 125.9, 122.6, 122.1, 120.1, 117.63;7HPLC (Chiralpak IB,i-
PrOH/hexane = 15/85, flow rate = 0.45 mL/mins 254nm): kinor = 11.90 min, dajor =

19.76 min, ee = 98%y]p>°= +97.1 (c = 1.0 in CHG).

(R)-(E)-4-hydroxy-2-(3-nitrophenyl)-4-styryl-1-(trifluoro methylsulfonyl)-1,4-
dihydroquinoline-3-carbaldehyde (12c) (Table 3.10&ntry 3):

The title compound was prepared according to tmeige procedure as described above
in 99% vyield.'H NMR (CDCk, 500 MHz):6 9.35 (s, 1H), 8.43 (d] = 8.0 Hz, 1H), 8.38
(s, 1H), 7.94 (dJ = 7.0 Hz, 1H), 7.85 (dJ = 6.5 Hz, 1H), 7.73 () = 8.0 Hz, 1H),
7.55~7.50 (m, 3H), 7.37~7.35 (m, 2H), 7.30J(t 7.5 Hz, 2H), 7.26~7.25 (m, 1H), 6.54
(d, J=16.0 Hz, 1H), 6.45 (dl = 15.5 Hz, 1H), 5.23 (s, 1H}*C NMR (CDC}, 75 MHz):
0191.6, 149.7, 147.9, 136.6, 135.5, 133.2, 132.6,8.330.5, 129.6, 129.0, 128.6, 128.5,
128.3, 126.9, 126.2, 125.8, 122.5, 120.9, 116.62.7RIPLC (Chiralpak AS-H,-
PrOH/hexane = 15/85, flow rate = 0.55 mL/mirg: 254nm): finor = 24.82 min, hajor =

47.05 min, ee = 99%p]p>’= +104.9 (c = 1.0 in CHG).
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(R)-(E)-4-(4-bromostyryl)-4-hydroxy-2-(3-nitrophenyl)-1-(trifluoromethylsulfonyl)-
1,4-dihydroquinoline-3-carbaldehyde (12d) (Table 3.0, Entry 4):

The title compound was prepared according to timeige procedure, as described above
in 99% yield.'H NMR (CDCk, 500 MHz):5 9.35 (s, 1H), 8.43 (d] = 7.0 Hz, 1H), 8.38
(s, 1H), 7.93 (dJ = 7.5 Hz, 1H), 7.85 (d] = 7.0 Hz, 1H), 7.75~7.72 (m, 1H), 7.56~7.50
(m, 3H), 7.43~7.41 (m, 2H), 7.22 (d,= 8.5 Hz, 2H), 6.47~6.41 (m, 2H), 5.26 (s, 1H);
13C NMR (CDCE, 125 MHz):6 191.6, 150.0, 148.0, 136.5, 135.5, 134.5, 133.2,5.3
131.8, 131.3, 129.8, 129.7, 129.1, 128.8, 128.56,312426.0, 122.6, 122.3, 120.1, 117.5,
72.2; HPLC (Chiralpak AS-Hi-PrOH/hexane = 15/85, flow rate = 0.55 mL/ming=

254nM): finor = 25.76 Min, dajor = 44.58 min, ee = 98%qu]5°’= +59.5 (¢ = 1.0 in CHG).

(R)-(E)-2-(4-chlorophenyl)-4-hydroxy-4-styryl-1-(trifluor omethylsulfonyl)-1,4-
dihydroquinoline-3-carbaldehyde (12e) (Table 3.1&Entry 5):

The title compound was prepared according to tmeiged procedure as described above
in 99% vield.'"H NMR (CDCk, 500 MHz):d 9.35 (s, 1H), 7.93 (dJ = 7.5 Hz, 1H),
7.53~7.44 (m, 7H), 7.35 (d,= 7.5 Hz, 2H), 7.29 () = 7.5 Hz, 2H), 7.25~7.22 (m, 1H),
6.54 (d,J = 15.5 Hz, 1H), 6.43 (d] = 16.0 Hz, 1H), 5.39 (s, 1H)*C NMR (CDCE, 125
MHz): ¢ 192.5, 151.8, 137.9, 137.1, 135.8, 134.5, 133.6©.9,3130.5, 129.3, 128.8,

128.6, 128.4, 128.2, 127.0, 126.1, 122.6, 120.72,6.172.3; HPLC (Chiralpak IBi-
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PrOH/hexane = 5/95, flow rate = 0.40 mL/minz 254nm): finor = 19.14 min, ajor =

37.65 min, ee = 98%p[p>’= +123.4 (c = 1.0 in CHG).

Br

(R)-(E)-4-(4-(4-bromostyryl)-3-formyl-4-hydroxy-1-(triflu oromethylsulfonyl)-1,4-
dihydroquinolin-2-yl)benzonitrile (12f) (Table 3.10, Entry 6):

The title compound was prepared according to tmeiged procedure as described above
in 91% vyield."H NMR (CDCk, 500 MHz):6 9.32 (s, 1H), 7.92 (d] = 7.5 Hz, 1H), 7.81
(d, J= 8.0 Hz, 2H), 7.64 (d] = 8.0 Hz, 2H), 7.55~7.48 (m, 3H), 7.41 (& 8.0 Hz, 2H),
7.20 (d,J = 8.0 Hz, 2H), 6.44 (d] = 16.0 Hz, 1H), 6.40 (d} = 16.0 Hz, 1H), 5.26 (s, 1H);
13C NMR (CDCE, 125 MHz):6 191.8, 150.5, 136.5, 135.3, 135.2, 134.5, 133.2,213
132.1, 131.8, 131.3, 130.1, 129.7, 129.1, 128.8,51226.3, 125.4, 123.7, 122.5, 122.3,
120.0, 117.5, 115.3, 72.2; HPLC (Chiralpak iB3rOH/hexane = 15/85, flow rate = 0.45
mL/min, A = 254nM): finor = 27.43 MiN, hajor = 93.65 min, ee = 99%q]p> = +142.2 (c =

1.0 in CHCY).
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HsCO

(R)-(E)-4-(3-formyl-4-hydroxy-4-(3-methoxystyryl)-1-(trif luoromethylsulfonyl)-1,4-
dihydroquinolin-2-yl)benzonitrile (12g) (Table 3.1Q Entry 7):

The title compound was prepared according to tmeige procedure as described above
in 98% vyield.*H NMR (CDCk, 500 MHz):6 9.32 (s, 1H), 7.93 (d] = 7.5 Hz, 1H), 7.81
(d, J= 8.0 Hz, 2H), 7.65 (d] = 7.5 Hz, 2H), 7.55~7.47 (m, 3H), 7.21Jt 7.5 Hz, 1H),
6.94 (d,J = 8.0 Hz, 1H), 6.87 (s, 1H), 6.81~6.79 (m, 1H),06(8,J = 16.0 Hz, 1H), 6.42
(d, J = 16.0 Hz, 1H), 5.24 (s, 1H), 3.79 (s, 3fC NMR (CDCE, 125 MHz):6 191.7,
159.8, 150.4, 137.0, 136.7, 135.3, 133.3, 132.0,9.3130.8, 129.6, 129.0, 128.8, 128.6,
126.3, 122.5, 120.1, 119.6, 117.5, 115.2, 114.23.61112.1, 72.2, 55.2; HPLC
(Chiralpak IB,i-PrOH/hexane = 15/85, flow rate = 0.50 mL/min= 254nm): tinor =

79.73 Min, hajor = 65.06 min, ee = 98%q]5°°= +156.1 (c = 1.0 in CHG).

NO,

(R)-(E)-2-(4-bromophenyl)-4-hydroxy-4-(4-nitrostyryl)-1-(trifluoromethylsulfonyl)-
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1,4-dihydroquinoline-3-carbaldehyde (12h) (Table 3.0, Entry 8):

The title compound was prepared according to timeige procedure, as described above
in 96% yield.'H NMR (CDCk, 300 MHz):5 9.35 (s, 1H), 8.17~8.14 (m,2H), 7.93~7.90
(m, 1H), 7.67 (dJ = 8.7 Hz, 2H), 7.57~7.54 (m, 1H), 7.53~7.46 (m, 4H39 (d,J= 8.4
Hz, 2H), 6.60~6.54 (m, 2H), 5.56 (s, 1HJC NMR (CDCE, 125 MHz):6 192.6, 152.5,
147.4, 142.2, 136.5, 135.2, 133.9, 133.6, 131.9,41229.0, 128.8, 128.3, 127.6, 126.5,
126.0, 124.0, 122.7, 120.1, 117.5, 72.2; HPLC @pak 1B, i-PrOH/hexane = 15/85,
flow rate = 0.50 mL/minj = 254nm): finor = 19.13 min, fajor = 50.19 min, ee = 98%;

[a]p3°= +122.7 (c = 1.0 in CHG).

(R)-(E)-2-(4-bromophenyl)-4-hydroxy-4-(2-methylstyryl)-1-
(trifluoromethylsulfonyl)-1,4-dihydroquinoline-3-carbaldehyde (12i) (Table 3.10,
Entry 9):

The title compound was prepared according to tmeige procedure as described above
in 99% vyield.*H NMR (CDCk, 500 MHz):6 9.36 (s, 1H), 7.94 (d] = 7.0 Hz, 1H), 7.67
(d, J= 8.5 Hz, 2H), 7.53~7.44 (m, 3H), 7.41~7.38 (m, 3H)5~7.12 (m, 3H), 6.79 (d,

= 16.0 Hz, 1H), 6.35 (d] = 15.5 Hz, 1H), 5.33 (s, 1H), 2.30 (s, 3fC NMR (CDCE,

125 MHz):0 192.5, 151.6, 137.0, 136.1, 134.7, 134.4, 133.2,2,3131.8, 130.3, 129.8,
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128.8, 128.4, 128.3, 128.1, 126.2, 126.1, 126.@,5,2120.1, 117.6, 72.3, 19.7; HPLC
(Chiralpak AS-H,i-PrOH/hexane = 5/95, flow rate = 0.40 mL/minz 254nm): tinor =

21.89 min, hajor = 39.93 min, ee = 97%q[p>°= +127.0 (c = 1.0 in CHG).

(R)-(E)-4-hydroxy-2-(4-methoxyphenyl)-4-styryl-1-(trifluoromethylsulfonyl)-1,4-
dihydroquinoline-3-carbaldehyde (12)) (Table 3.10Entry 10):

The title compound was prepared according to tmeige procedure as described above
in 92% vield.'H NMR (CDCk, 500 MHz):6 9.34 (s, 1H), 7.92 (dJ = 7.5 Hz, 1H),
7.51~7.49 (m, 2H), 7.46~7.43 (m, 3H), 7.36J¢& 7.5 Hz, 2H), 7.30~7.27 (m, 2H), 7.22
(t, J= 7.0 Hz, 1H), 7.01 (d] = 8.5 Hz, 2H), 6.56 (dJ = 16.0 Hz, 1H), 6.43 (d] = 15.5
Hz, 1H), 5.53 (s, 1H), 3.89 (s, 3HJC NMR (CDCE, 125 MHz):6 193.2, 162.2, 153.4,
137.5, 136.0, 133.8, 133.3, 131.2, 130.2, 128.8,3,228.2, 128.1, 127.0, 125.9, 122.9,
122.7, 120.2, 117.7, 113.9, 72.3, 55.5; HPLC (Qpala AS-H,i-PrOH/hexane = 10/90,
flow rate = 0.45 mL/minjk = 254nm): finor = 25.85 MinN, fajor = 71.24 min, ee = 96%;

[0]p>%= +126.3 (c = 1.0 in CHG).

HO

(R)-(E)-4-hydroxy-4-styryl-2-(thiophen-2-yl)-1-(trifluoro methylsulfonyl)-1,4-
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dihydroquinoline-3-carbaldehyde (12k) (Table 3.10Entry 11):

The title compound was prepared according to timeige procedure, as described above
in 90% vyield."H NMR (CDCk, 500 MHz):6 9.50 (s, 1H), 7.92 (d] = 7.0 Hz, 1H), 7.67
(d,J=5.0 Hz, 1H), 7.52~7.49 (m, 2H), 7.46~7.44 (m, ZH36 (d,J = 7.5 Hz, 2H), 7.29

(t, J = 7.5 Hz, 2H), 7.25~7.23 (m, 1H), 7.18~7.16 (m, 16{55 (d,J = 15.5 Hz, 1H),
6.42 (d,J = 16.0 Hz, 1H), 5.36 (s, 1H}°C NMR (CDC}, 125 MHz):5 192.5, 146.0,
137.2, 135.8, 135.5, 134.5, 133.5, 131.5, 131.8,8.330.7, 128.8, 128.5, 128.4, 128.2,

127.4, 127.0, 126.0, 123.0, 120.3, 117.8, 72.6; EiRChiralpak IB,i-PrOH/hexane

5/95, flow rate = 0.40 mL/mir, = 254nm): hinor = 18.93 min, fajor = 21.13 min, ee

96%; [u]p>’= +76.3 (c = 1.0 in CH@).

(R)-(E)-4-hydroxy-2-phenethyl-4-styryl-1-(trifluoromethyl sulfonyl)-1,4-
dihydroquinoline-3-carbaldehyde (12I) (Table 3.10Entry 12):

The title compound was prepared according to tmeige procedure as described above
in 99% vyield.*H NMR (CDCk, 500 MHz):6 9.67 (s, 1H), 7.87 (d] = 7.5 Hz, 1H), 7.49

(t, J= 7.5 Hz, 1H), 7.42 (d] = 8.0 Hz, 1H), 7.36 (d] = 8.0 Hz, 1H), 7.30~7.24 (m, 4H),
7.21~7.19 (m, 4H), 6.94~6.93 (m, 2H), 6.40 Jd& 15.5 Hz, 1H), 6.25 (d] = 16.0 Hz,
1H), 5.46 (s, 1H), 3.45~3.39 (m, 1H), 3.24~3.18 (i), 3.11~3.06 (m, 1H), 2.83~2.77
(m, 1H);13C NMR (CDC§, 125 MHz):6 191.0, 153.8, 138.3, 137.7, 135.8, 135.1, 133.3,

130.5, 130.0, 128.7, 128.6, 128.52, 128.47, 12828.0, 127.0, 126.9, 125.7, 122.4,
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120.4, 117.8, 115.2, 72.4, 35.5, 32.7; HPLC (CpaklIB,i-PrOH/hexane = 15/85, flow
rate = 0.45 mL/min). = 254nm): finor = 14.17 min, tajor = 23.86 min, ee = 96%gu]5 =

+10.8 (c = 1.0 in CHG).

(R)-(E)-4-hydroxy-2-pentyl-4-styryl-1-(trifluoromethylsul fonyl)-1,4-
dihydroquinoline-3-carbaldehyde (12m) (Table 3.10Entry 13):

The title compound was prepared according to timeige procedure, as described above
in 98% vyield.*H NMR (CDCk, 300 MHz):6 10.1 (s, 1H), 7.88~7.85 (m, 1H), 7.49~ 7.42
(m, 2H), 7.40~7.36 (m, 1H), 7.34~7.29 (m, 4H), 7.2207m, 1H), 6.42 (dJ = 16.0 Hz,
1H), 6.27 (d,J = 16.0 Hz, 1H), 5.60 (s, 1H), 3.28~3.20 (m, 1HB722.77 (m, 1H),
1.75~1.72 (m, 1H), 1.55~1.52 (m, 1H), 1.334~1.3274Hf), 0.88 (t,J = 7.0 Hz, 3H) ;
13C NMR (CDCE, 125 MHz):6 191.2, 156.5, 137.7, 135.9, 134.0, 133.5, 130.6,0.3
128.6, 128.5, 128.3, 128.0, 126.9, 125.7, 122.8,412417.8, 72.4, 31.3, 30.7, 29.8, 22.2,
13.8; HPLC (Chiralpak IBj-PrOH/hexane = 15/85, flow rate = 0.45 mL/min,=

254nM): finor = 11.67 min, dajor = 12.83 min, ee = 97%qu]o°’= +35.8 (¢ = 1.0 in CHG).
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(R)-4-hydroxy-2,4-distyryl-1-(trifluoromethylsulfonyl )-1,4-dihydroquinoline-3-
carbaldehyde (12n) (Table 3.10, Entry 14):

The title compound was prepared according to timeige procedure, as described above
in 70% vield."H NMR (CDCk, 300 MHz):5 9.80 (s, 1H), 7.92~7.89 (m, 1H), 7.57~7.54
(m, 2H), 7.52~7.49 (m, 2H), 7.46~7.42 (m, 4H), 7.3837(m, 2H), 7.31~7.22 (m, 3H),
7.03 (d,J = 15.6 Hz, 1H), 6.87 (d] = 15.6 Hz, 1H), 6.50 (d] = 15.9 Hz, 1H), 6.39 (d]

= 15.9 Hz, 1H), 5.50 (s, 1H}*C NMR (CDC}, 75 MHz):5 191.3, 151.4, 145.1, 136.8,
135.9, 134.4, 134.2, 133.2, 131.1, 130.5, 130.9,1228.5, 128.2, 128.1, 127.8, 126.9,
125.8, 122.8, 121.3, 117.9, 117.1, 72.3; HPLC @pak 1B, i-PrOH/hexane = 10/90,
flow rate = 0.45 mL/minj = 254nm): finor = 16.66 MiN, fajor = 27.54 min, ee = 94%;

[a]p?°= +360.0 (c = 1.0 in CHG).

(R)-4-hydroxy-4-methyl-2-phenyl-1-(trifluoromethylsulfonyl)-1,4-dihydroquinoline-
3-carbaldehyde (120) (Table 3.10, Entry 15):

The title compound was prepared according to timeige procedure, as described above
in 96% yield.'H NMR (CDCk, 300 MHz):5 9.28 (s, 1H), 7.89~7.85 (m, 1H), 7.56~7.38
(m, 8H), 5.18 (s, 1H), 1.83 (s, 3HYC NMR (CDCE, 75 MHz): 6 193.3, 152.0, 139.4,
136.0, 133.1, 131.2, 130.8, 128.6, 128.3, 128.6,22122.5, 121.0, 116.8, 69.6, 31.6;
HPLC (Chiralpak IB,i-PrOH/hexane = 10/90, flow rate = 0.45 mL/minz= 254nm):

tminor = 10.48 mMin, dajor = 15.88 min, ee = 95%q]p*°= +187.2 (c = 1.0 in CHG).
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(R)-4-hydroxy-2-(3-nitrophenyl)-4-phenyl-1-(trifluoro methylsulfonyl)-1,4-
dihydroquinoline-3-carbaldehyde (12p) (Table 3.10Entry 16):

The title compound was prepared according to tmeige procedure, as described above
in 84% vyield.'H NMR (CDCk, 300 MHz):5 9.39 (s, 1H), 8.45~8.41 (m, 1H), 8.38 (s,
1H), 8.10~8.07 (m, 1H), 7.86 (d,= 7.5 Hz, 1H), 7.73 (t) = 7.8 Hz, 1H),7.59~7.48 (m,
3H), 7.45~7.29 (m, 5H), 5.38 (s, 1H)C NMR (CDC}, 75 MHz): § 191.9, 150.4,
148.0,143.3, 137.6, 136.5, 133.5, 132.7, 129.7,00228.7, 128.5, 126.6, 126.0, 122.4,
120.7, 116.5, 73.9; HPLC (Chiralpak IBPrOH/hexane = 20/80, flow rate = 0.45
mL/min, & = 254nM): finor = 17.52 Min, dajor = 51.50 min, ee = 99%q]p> = +136.7 (c =

1.0 in CHC).
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Chapter 4

Organocatalytic 1,6-Addition Reactions

4.1 Background and Significance

The catalytic 1, 4-additidrof various nucleophiles to electron-deficient ldfas
developed into one of the most reliable methodsefbiciently construction of C-C and
C-heteroatom bonds. In this field, attention hasnbocused on both metal-catalyzed
and organocatalyst-catalyZegrrocesses (Scheme 4.2, eq (1)). Furthermore, major
advances such as high regioselectivity (1,4- v&-atidition) and excellent control of

stereoselectivity have been achieved in catalytle 4ddition.

On the other hand, catalytic 1,6-addition to ed&zh conjugate systems has
developed less rapidly due to the fact that themonsiderable difficulties in controlling
both the regioselectivity (1,2-, 1,4- vs. 1,6-anat} and stereoselectivity. Except metal-
catalyzed nonasymmetric 1,6-selective conjugateitiadd successful reports of
asymmetric 1,6-addition to variousf,y,5-unsaturated Michael acceptors such as 2,4-
dienones, 2,4-dienoates and 2,4-dienamides cathlyzeoppet, rhodiunt, iridium’ and
iron® complex have recently appeared. In contrast, tiyarmcatalytic 1,6-addition to
extended conjugated systems remains underdevel®pedl,4-additions to active dienes
or enynes have been reporteld these cases, tifiecarbon is highly active in comparison

with &-carbon which accounts for the regioselectivity.yOmvo reports of asymmetric
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1,6-addition promoted by organocatalyst are dewsodn 2007, Jgrgensen and co-
workers® disclosed the first organocatalytic enantiosekecti,6-addition of-ketoesters
and benzophenone imine to electron-deficieansubstituted dienes using chiral phase-
transfer catalyst (Scheme 4.1). It is noteworthgt tthe strategy for the control of
regioselectivity here is to reduce the steric hande at thé-carbon to bias the system
towards 1,6-addition. Very recently, asymmetric reimee 1,6-conjugate addition of
aldehydes to1l,3-bis-(sulfonyl) butadienesin remilekastereoselectivity (99% e.e. and
1:99 d.r.) was reported by A. Alexakis and J. @p&enS$' (Scheme 4.1). The exclusive
regioselectivity is probably associated with theafic structural feature of the substrate
designed based on the fact that a single activatiffigne group was not strong enough to

activate the alkene to generate an enamine 1,4i@augiroduct.

Scheme 4. Examples of Organocatalytic 1,6-Addition

1. o
o)
7 T\ Pt COzt-Bu
S COABU + 4\_>: Catalyst (3 mol%), base_ .. y
S (G . O " o xylene/CHCI, (7:1) - '
n=1,2 R = Me, Ph, OMe, OEt, yield 66~99%
e.e. 79-99% R

Catalyst
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2. Ph
=N

Ph . :>ﬂ Catalyst (10 mol%), base Ph FCOzt—Bu
—N — X N
PH LCOZt—Bu R EWG Toluene/CH,Cl, 3:1 )
R,
EWG
Catalyst
Ph Ph Ph Ph Ph
TN =N L ¥ =N
PH  3—CO,t-Bu PR ) —CO,t-Bu CO,t-Bu COLBU b \—co,t-Bu
o SO,Ph
Me OMe OEt
Cs,CO3 (66%), -20°C, 60h  KOH (50%), -40°C, 1.5h  KOH (50%), -40°C, 1h  KOH (50%), -40°C, 1h KOH (50%), -40°C, 18h
73% yield, 96% e e. 49% yield, 60% e e. 84% yield, 95% e e. 98%yield, 92% e.e. ~ 89%yield, 93% e.e.

) )
Ph
. PhO,S R
Ar o N~ Ph 2
N SO,Ph H OTMS
70 30 mol% Ar

SO,Ph R CHClg, 1.t o SO,Ph
. Yield 70~98%
R = Et, n-Pr, i-Pr, allyl, .
Ph, (S)-Citronellal e.e.99%, dr. 1:99

4.2 Research Design

Due to the poor propagation of electronic effécotigh the extended conjugated
system, the development of catalytic 1,6-additiemain a challenging task and the
preliminary successful studies were strongly depahdn the nature and structure of the
substrates. Regioselective 1,6-conjugate addition,&y,6-unsaturated aldehydes face
even more significant obstacles. Unlike ketone®;atldition of aldehydes is favorable.
Moreover, in iminium catalysis, 1,4-addition occusclusively with dienic aldehydes
without 1,6-addition¥. Considering alkynal is more active than enalhia presence of
secondary amine (eq (2)), we hypothesized thattingeof another double bond between
carbonyl group and alkyne grodwhere the 1,6-acceptor carbon is sp-hybridizedevhil

the 1,4-carbon acceptor is’dpybridized would be able to promote the 1,6-additbver
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1,4-addition (eq (3)). The plausible reasons al¥tlfe sp hybridized carbon of &C
bond is more electron deficient tharf €p=C bond; (2) the steric effect may also favor

the addition to the €C bond.

Scheme 4.Proposal for Organocatalytic 1,6-Addition

Extensively studied 1,4-addition by iminium catalysis (Eq .1)
o
+ o
H cat. | :Nu H,0
- H ) Z “H >
B -H,0 | 1,4-addition
R 2 R Nu
R™ “—iNu R”* Nu
iminium

Rapid 1,4-addition of ynal (Eq. 2)

0 O\O O\O O\O 0
I
/H /\ : \/\ —> /f‘\ H @
RAPID
1,4-addition

R™ B
R »—:Nu Nu
iminium U allenamine
Unprecedented organocatalyzed 1,6-addition of yenals (Eq .3)

i % 0 % OH

-

H,O
} o Z " 2 | 3
& | Michael
R™ 0 = |
yenals \_, *Nu R Nu
iminium Nu allene enamine

4.3 Results and Discussion

1) Investigation of sulfur-based nucleophiles
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With the uncertainty and possibility of the chemjisfaced, we started to
investigate the simple conjugate addition of vasioucleophiles té-substituted-2-en-4-
ynal substrates. Our initial studies focused onsthiéur nucleophile. At first, the model
reaction betweenH)-5-phenylpent-2-en-4-yndla and thiophenol in dichloromethane at
room temperature in the presence of 20 mol% ofravgatalystt was investigated. To
my surprise, the reaction indeed happened withetodusive formation of 1,6-addition
product2a in high efficiency (87% vyield) although th&andE mixture were obtained
(Scheme 4.3). To improve tI#®E selectivity, catalysts with different steric reotigpn
were briefly screened. And it should make sensettieeZ/E selectivity was not affected
at all even simple pyrrolidine was applied becabgecatalyst is too far away from the
carbon position. One of the limitations relatedhwihe process is 1,4-addition product

was generated exclusively using aliphatic thiothsas ethanethiol and benzyl mercaptan.

Scheme 4.30rganocatalytic 1,6-Addition betweeB){5-Phenylpent-2-en-4-yndla and

Thiophenol
Ph
N
[ OTMS j\ﬂﬁ
gz ~ 20 mol%)
o = o . PhSH Rac- I( 0) \/\
1a DCM, r.t, 5h E:Z=53 2a

In effort to gain an insight into the reaction rnanism, the reaction was
conducted at lower temperature (-78 °C) or in tresgnce of lower catalyst loading (3

mol%) and monitored carefully by running cruldNMR. Unexpected, | found the
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reaction went through 1,4-addition prodde-I which then underwent 1,4-migration of
thio group resulted in an allene intermediagell. The active allene intermediata-I
would transformed into highly conjugated 1,6-aduhiti product 2a spontaneously
(Scheme 4.4, eq (1)). Another possibility is th8-rthigration of thio group to form

compound?aa(eq (2)f>.

Scheme 4.4roposed Mechanism for 1,6-Addition of Thiophermo(E)-5-Phenylpent-2-

en-4-ynalla

/\/\

Ph
ﬂ/\ S\/\AO SPh
Z/ 1 4-migration Ph&ﬂ\/%o

Ph

la la-ll 2a
(SPh
& % N
/\/\o _H & = N — > PhSY o/ r’N . Ph/\‘w\/%o @
PhSH o (+ | 1,3-migraton Ph-_~ \ SPh

H 2aa

At this moment, it is necessary to verify the stoue of 1,6-addition produ@a.
First, the compoun@a-ester-1was prepared through Michael addition of thiophdno
3-phenyl-2-propynal followed by Wittig chain extéms (Scheme 4.5, eq (1)). And the
'HNMR spectra of compoun@a-ester-I is the same as the compougd-ester-I|

transformed from the 1,6-addition prod@et
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Scheme 4.5/erification of the Structure of 1,6-Addition Prozti2a

Ph o

X H oTMms = o

Ph O  Pph4P Ph Pz
Z O 4 phsH @omoi%) ¥ : A i G
Ph DCM, rt. SPh SPh OMe

2a-ester-|

Ph a _— [0
= DDQ, Amberlyst 15 Ph~_~
SPh MeOH, r.t. SPh OMe
2a
2a-ester-ll

2) Investigation of oxygen-based nucleophiles

Then the oxygen nucleophile was investigated. Thdahreaction betweerk)-
5-phenylpent-2-en-4-yndla and phenol in dichloromethane at room temperatutbe
presence of 20 mol% of organocatallystvas tested. Different from thiophenol which is
more nucleophilic towards the yenal subatrate, toaversion of the reaction is
unsatisfactory. Ensuring the complete conversioa,amount of phenol was increased to
2 eq..Various base additives such a€®; CsCO;, LIOH, NaH andt-BuOK were
evaluated. Without base additive, the reaction ¢eded slowly with low yield (28%)
after 5 d (entry 1). By adding 0.1leq oh®O; additive, the reaction yield can be
improved a little (entry 2). Accordingly, 1.0 eq\arious base additives were tested with
results listed in Table 4.1, entries 3~7. Higheldyigas observed with 1.0 eq o803
additive (entry 3). The additional raising of theaction temperature to 45°C leads to

similar result as room temperature (entry 8).
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Table 4.1 Optimization of Reaction Condition of 1,6-Additiobetween [E)-5-
Phenylpent-2-en-4-yndla and Phendl

Ph
N

X H OTMS
= A Rac-I (20 mol% i,—lﬁ
= (0] + PhO ( 0) \/\

Ph
1a 2eq

Entry Temp. (°C) Time (h) Additive(eq) Yield (%)

1 r.t. 116 (5d) None 28
2 r.t. 116 (5d) KCOs(0.1eq) 36
3 r.t. 455 KCO; (1eq) 54
4 r.t. 69.5 CsLO; (Leq) 37
5 r.t. 65 LiOH (1eq) 23
6 r.t. 65 NaH (1eq) 32
7 r.t. 65 t-BuOK (1eQ) 29
8 45 22.5 KCO;s (1eq) 50

@ Reaction conditions: unless specified, a mixturéE)-5-phenylpent-2-en-4-yndla (0.05mmol), phenol
(0.10mmol), catalyst (0.01mmol) and additive in Qki@as stirred at rt for a specified tinfelsolated

yields.®Calculated yield based on crutNMR.

Crude'H NMR was conducted during the reaction procesthénpresence of 3
mol% of organocatalydt no 1,4-addition intermediate was observed atfationtrolled
study is also performed without catalystNo reaction occurs even heating for 60 h at 66

°C, indicating that the reaction indeed involvesmaimium catalysis.

3) Investigation of nitrogen-based nucleophiles
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As for the nitrogen nucleophile, | tried anilinethvvarious electron-withdrawing
protection groups such agara-methoxysulfonyl, 2,4-dinitrobenzenesulfonyl and
trifluoromethanesulfonyl protected aniline. Amorpse, only trifluoromethanesulfonyl
protected anilingla that has the strongest electron-withdrawing eleetrproperty and
smallest size act as excellent Michael donor. Giagly, the reaction betweerk)-5-
phenylpent-2-en-4-ynalla and trifluoromethanesulfonyl protected aniliga in
chloroform at room temperature in the presence0oi®|% of organocatalystgive the
1,6-addition producta in 90% yield with 6:1Z/E selectivity (Scheme 4.6, eq (1)).
However, in sharp contrast,®0O; base additive would retard the reaction processhwhi
is totally opposite with phenol nucleophile (onl9% conversion was observed in the
presence of additional 0.5eq of®0O;base additive). Besides that, triazole and teteazol
heterocycles were studied. Generally speakingntieeophilicity of tetrazole is better
than that of triazole. For the 5-phenyitetrazole nucleophile, in the presence of 20 mol%
of organocatalyst in chloroform at room temperature, the reactioscpeded slowly. As
expected, conducting the reaction at elevated teatyre (60 °C) gave the desired 1,6-

addition producbain 62% yield (Scheme 4.6, eq (2)).
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Scheme 4.6,6-Addition of Nitrogen Nucleophiles t&)-5-Phenylpent-2-en-4-ynaka

Ph
X H OT;g NTfPh
~
Z O . pynpf Racd ROmOI%) SN "
Ph la 4da CHC|3, r.t. 5a
90% vyield, 6:1 Z:E
Ph Ph
Ph NN\
N/N\ N // N
NN [ H  oTms N )
/\/\OH+ PhJ\N/N Rac.| (20 m0|0/0) N ( )
Ph Rac-I (20 mol%
la H CHClg, 60°C S N

5-phenyl-1H-tetrazole 62% yield, 1:1 ZZE 6a

4) Substrate scope of 1,6-addition to yenals

The generality of the 1,6-addition vgabsequently investigated. A diverse range

of aryl-substituted S, O, N nucleophiles arif)-%-phenylpent-2-en-4-ynalg& were

selected to evaluate the scope of the processevesled in Table 4.2, the 1,6-addition

processes were tolerant of Michael acceptbrwith significant structural variations.

Remarkably, the aromatic moieties bearing electvadhdrawing (entries 6, 10, 12), -

neutral (entries 1-3, 5, 9, 11) and —donating gemy substituents couldfféciently

participate in the process with higffieiency. Furthermore, heteroaromatic yenals also

effectively engaged in the 1,6-addition processr{dn8).

Table 4.2Scope of 1,6-Addition Proce8s
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O“w Ph
Ph -0

X N —
Z o H otms = N\
R 1 "Nu Rac-l, 20 mol% R #
Sol, temp
Entry R Nu Solvent T(°C) t(h) # Z:E % yield®
1 Ph PhSH DCM 25 5 2a 53 87
4-
2 Ph Methylbenze DCM 25 7 2b 54 92
nethiol
2-
3 Ph Chlorobenze DCM 25 7 2c 53 84
nethiol
4 2-Thienyl PhSH DCM 25 7 2d 31 84
5 Ph PhNHTf CHd 25 24 5a 61 90

6 4-BrGsHa PhNHTf CHC§ 25 24 5b 71 85

3- .
7 CHsCeHs PhNHTf CHCE 25 24 5c 71 91

8 2-Thienyl PhNHTf CHd 25 24 5d 54 95

5-Phenyl- ]
9 Ph 1H-tetrazole CHCl; 60 7 6a 11 62
5-Phenyl- )
10 4-BrGH,4 1H-tetrazole CHCl; 60 45 6b 1:1 65
11° Ph Phenol CHGaGl 25 45 3a 6:1 54
12 4-CICeH4 Phenol CHd 25 24 3b lf: 60

2Unless specified, see the Supporting Informatiariise for reaction conditiond. Isolated yield® 2eq of

phenol and 1eq of CO; were applied.
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4.4 Conclusions

In conclusion, we have discovered an unprecedesrigghocatalytic 1,6-addition
to yenals with exclusived-regioselectivity to generate synthetically useflienic
aldehydes. This chemistry can be extended to “Q”,dnd “N” based nucleophiles. The
cascade reactions initiated by the organocatalyieaddition to yenals will be further

developed in our lab.

4.5 Supporting Information

General procedure for the 1,6-addition reactions:

A solution of yenall (0.10 mmol), organocatalyBac-l1 (6.5 mg, 0.02 mmol) in a solvent
(0.1 mL) was added nucleophile (0.12 mmol). Theultexy solution was stirred at
specific temperature for a specified time as dbsdriin Table 4.2. Then the reaction
solution was directly purified by running columnraematography to give the desired

product.

=0
PhS 55:/_
Ph

(2E)-5-phenyl-5-(phenylthio)penta-2,4-dienal (2a) (Tale 4.2, Entry 1):

The title compound was prepared according to timeigeé procedure, as described above
in 87% vyield.*H NMR (CDCk, 300 MHz):5 9.68 (d,J = 8.1 Hz, 1H), 9.34 (d] = 8.1 Hz,

0.6H), 8.00 (ddyJ; = 11.1 Hz,J, = 15.3 Hz, 1H), 7.62~7.59 (m, 2H), 7.54~7.51 (mH),6
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7.44~7.39 (m, 5.6H), 7.28~7.25 (m, 3H), 7.20~7.08 @H), 7.04~6.98 (m, 1.6H),
6.41~6.33 (m, 1H), 6.13~6.09 (m, 0.6H), 5.97~5.89 Q6H); *C NMR (CDC}, 75
MHz): 6193.8, 193.6, 154.4, 148.1, 147.7, 138.3, 136.0,71333.7, 133.3, 131.3, 130.4,

130.0, 129.6, 129.53, 129.46, 128.9, 128.6, 128.22,38, 128.1, 126.8, 122.0.

Do

Ph
(2E)-5-phenyl-5-(p-tolylthio)penta-2,4-dienal (2b) (Téle 4.2, Entry 2)

The title compound was prepared according to timeige procedure, as described above
in 92% vyield.*H NMR (CDCk, 500 MHz):59.67 (d,J = 8.0 Hz, 1H), 9.32 (d] = 8.5 Hz,
0.8H), 8.00 (dd)J; = 11.0 Hz,J, = 15.5 Hz, 1H), 7.583~7.576 (m, 2H), 7.43~7.42 (m,
7H), 7.26~7.22 (m, 6H), 7.08 (d,= 8.0 Hz, 2H), 7.02 (dd} = 11.5 Hz,J, = 15.0 Hz,
1H), 6.94 (dJ = 9.0 Hz, 2H), 6.35 (dd); = 8.0 Hz,J, = 15.5 Hz, 1H), 6.03 (d] = 11.5
Hz, 1H), 5.90 (ddJ; = 8.0 Hz,J, = 15.0 Hz, 0.8H), 2.39 (s, 3H), 2.20 (s, 3HE NMR
(CDCls, 75 MHz):0193.8, 193.6, 155.2, 148.4, 148.2, 147.8, 139.8,4,3136.9, 136.1,
134.8, 133.0, 130.7, 130.5, 130.3, 129.9, 129.9,412129.3, 129.2, 128.5, 128.4, 128.3,

128.0, 126.6, 121.2, 21.3, 20.9.

Cl

o

Ph

(2E)-5-(2-chlorophenylthio)-5-phenylpenta-2,4-dienalZc) (Table 4.2, Entry 3):
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The title compound was prepared according to timeige procedure, as described above
in 84% vyield.*H NMR (CDCk, 500 MHz):5 9.69 (d,J = 8.0 Hz, 1H), 9.36 (d] = 8.0 Hz,
0.6H), 7.99 (ddJ, = 11Hz,J, = 15.0 Hz, 1H), 7.61~7.60 (m, 2H), 7.56 (&= 7.5 Hz,
0.6H), 7.49~7.46 (m, 2H), 7.41~7.40 (m, 2H), 7.32)(t 7.5 Hz, 1H), 7.30~7.27 (m,
5H), 7.08~7.02 (m, 4H), 6.99~6.96 (m, 1H), 6.38 (dd= 8.0 Hz,J, = 15.0 Hz, 1H),
6.12 (d,J = 11.5 Hz, 0.6H), 5.98 (dd; = 8.0 Hz,J, = 15.0 Hz, 0.6H)**C NMR (CDCE,

75 MHz): 0193.8, 193.6, 151.6, 147.9, 147.5, 146.4, 138.8,413136.7, 135.6, 134.1,

133.7, 133.0, 132.2, 131.6, 130.9, 130.5, 130.9,8.229.6, 128.5, 128.1, 127.9, 127.6,

127.0, 122.9.

=0
PhS :/_
S

(2E)-5-(phenylthio)-5-(thiophen-2-yl)penta-2,4-dienal(2d) (Table 4.2, Entry 4):

The title compound was prepared according to timeige procedure, as described above
in 84% yield.*H NMR (CDCk, 500 MHz):d 9.63 (d,J = 8.0 Hz, 1H), 9.47 (d] = 8.0 Hz,
0.3H), 7.93 (ddy; = 11.0 Hz,J, = 15.0 Hz, 1H), 7.50~7.46 (m, 1H), 7.41~7.39 (m, 2H)
7.29 (d,J = 5.0 Hz, 1H), 7.26~7.14 (m, 6H), 7.09J& 4.5 Hz, 0.3H), 6.94 (] = 4.5 Hz,
1H), 6.36 (dd); = 8.0 Hz,J, = 15.0 Hz, 1H), 6.19 (dl = 11.5 Hz, 0.3H), 6.01 (dd; =

8.0 Hz,J, = 15.0 Hz, 0.3H)>*C NMR (CDCE, 125 MHz):6193.6, 147.7, 145.2, 143.7,
138.3, 137.9, 134.7, 134.0, 133.3, 131.1, 130.%0,.4D, 129.9, 129.6, 129.3, 129.2,

128.8, 128.7, 128.3, 128.0, 127.6, 126.7, 123.6.
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1,1,1-trifluoro- N-((12)-5-oxo0-1-phenylpenta-1,3-dienyl)N-

phenylmethanesulfonamide (5a) (Table 4.2, Entry 5):

The title compound was prepared according to timeige procedure, as described above
in 90% yield.*H NMR (CDCk, 500 MHz):6 9.65 (d,J = 8.0 Hz, 1H), 9.47 (d] = 8.0 Hz,
0.15H), 7.60~7.59 (m, 2H), 7.54~7.37 (m, 9H), 7.3197, 2H), 7.14~7.03 (m, 1.2H),
6.91 (d,J = 11.0 Hz, 0.15H), 6.42 (ddy= 8.0 Hz,J, = 15.5 Hz, 1H), 6.38~6.36 (m,
0.12H); *C NMR (CDCE, 75 MHz): 6193.1, 192.9, 146.8, 146.6, 144.0, 143.7, 139.4,
136.9, 135.43, 135.35, 134.6, 133.2, 130.4, 13028.8, 129.4, 129.3, 129.1, 129.0,

128.7, 128.5, 127.7, 127.0, 126.5, 123.9, 122.9,711

Br

N-((12)-1-(4-bromophenyl)-5-oxopenta-1,3-dienyl)-1,1,1-tfluoro- N-

phenylmethanesulfonamide (5b) (Table 4.2, Entry 6):

The title compound was prepared according to timeigeé procedure, as described above
in 85% vyield.'H NMR (CDCk, 500 MHz):5 9.65 (d,J = 7.5 Hz, 1H), 9.48 (d] = 7.5 Hz,
0.1H), 7.54~7.51 (m, 3H), 7.48~7.38 (m, 6H), 7.32~71281.8H), 7.18 (dJ = 8.5 Hz,

0.4H), 7.11 (dJ = 11.0 Hz, 1H), 7.02~6.96 (m, 0.15H), 6.90 Jc& 11.5 Hz, 0.15H),
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6.43 (dd,J; = 8.0 Hz,J, = 15.5 Hz, 1H), 6.38~6.35 (m, 0.1HC NMR (CDC}, 125
MHz): § 192.9, 192.7, 145.7, 145.4, 143.5, 142.5, 13935.7, 135.1, 134.4, 132.2,
132.1, 131.3, 129.9, 129.6, 129.5, 128.93, 1281%B.4, 127.8, 127.0, 124.9, 124.8,

123.8, 121.1, 118.5.

=0
PhTIN :/_

1,1,1-trifluoro- N-((12)-5-ox0-1-m-tolylpenta-1,3-dienyl)N-

phenylmethanesulfonamide (5c¢) (Table 4.2, Entry 7):

The title compound was prepared according to tmeige procedure, as described above
in 91% yield.*H NMR (CDCk, 500 MHz):6 9.64 (d,J = 7.5 Hz, 1H), 9.47 (d] = 8.0 Hz,
0.14H), 7.53~7.50 (m, 1H), 7.47~7.45 (m, 2H), 7.42Z718, 4H), 7.31~7.28 (m, 3H),
7.23~7.18 (m, 1.5H), 7.13~7.07 (m, 1.5H), 6.88d; 11.0 Hz, 0.14H), 6.41 (dd; =

8.0 Hz,J, = 15.0 Hz, 1H), 6.37~6.34 (m, 0.1H), 2.37 (s, 3MB5 (s, 0.4H)*C NMR
(CDCls, 75 MHz):0 193.1, 193.0, 147.0, 146.9, 144.1, 143.9, 13%88,8, 138.5, 136.9,
135.4,135.2, 134.4, 133.1, 131.3, 131.0, 130.9,8,229.6, 129.4, 129.3, 129.1, 128.8,

128.5, 128.2, 127.6, 127.2, 126.3, 124.3, 123.8,4222.0, 117.7, 113.4, 21.4, 21.3.

=0
PhTN :/_
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1,1,1-trifluoro- N-((12)-5-oxo-1-(thiophen-2-yl)penta-1,3-dieny|N-

phenylmethanesulfonamide (5d) (Table 4.2, Entry 8):

The title compound was prepared according to tmeigeé procedure, as described above
in 95% yield.*H NMR (CDCk, 300 MHz):6 9.69 (d,J = 7.8 Hz, 1H), 9.58 (d] = 7.8 Hz,
0.8H), 7.58~7.46 (m, 4H), 7.43~7.31 (m, 9.8H), 7.1877m, 0.8H), 7.08 (dJ = 11.4
Hz, 1H), 7.05~7.01 (m, 1.8H), 6.95 (d,= 11.1 Hz, 0.8H), 6.47~6.39 (m, 1.8HJC
NMR (CDCk, 125 MHz):6 193.0, 192.9, 146.0, 143.9, 139.9, 139.5, 13&3,4, 137.2,
135.8, 135.2, 134.8, 132.0, 130.0, 129.9, 129.8.312128.9, 128.8, 128.5, 128.34,

128.26, 128.1, 127.7, 127.2, 124.4, 123.9, 1223,d1 118.7, 118.5.

Ph

A

N\ N =0
N~N —

(2E)-5-phenyl-5-(5-phenyl-H-tetrazol-2-yl)penta-2,4-dienal (6a) (Table 4.2, Bry

9):

The title compound was prepared according to timeige procedure, as described above
in 62% yield.*H NMR (CDCk, 300 MHz):6 9.58 (d,J = 7.8 Hz, 1H), 9.56 (d] = 7.8 Hz,
1H), 8.26~8.19 (m, 4H), 7.60~7.43 (m, 16H), 7.31~7(@7 2H), 7.23~7.15 (m, 2H),
7.07 (d,J = 11.4 Hz, 1H), 6.51 (ddy = 7.8 Hz,J, = 12.9 Hz, 1H), 6.46 (dd; = 7.8 Hz,

J, = 12.6 Hz, 1H);"*C NMR (CDC}, 125 MHz):6 193.1, 192.8, 165.6, 165.1, 145.4,
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143.5, 142.9, 141.5, 135.9, 135.7, 133.7, 131.@®.9.3130.9, 130.6, 130.1, 129.03,

128.95, 128.8, 127.19, 127.15, 127.1, 126.55, 7124.23.8, 120.7.

Ph

N \N =0
Ny =

Br

(2E)-5-(4-bromophenyl)-5-(5-phenyl-#-tetrazol-2-yl)penta-2,4-dienal (6b) (Table

4.2, Entry 10):

The title compound was prepared according to timeige procedure, as described above
in 65% yield.*H NMR (CDCk, 300 MHz):6 9.58 (d,J = 7.8 Hz, 1H), 9.58 (d] = 7.8 Hz,
1H), 8.24~8.17 (m, 4H), 7.75~7.66 (m, 3H), 7.61~7.60 OH), 7.39~7.33 (m, 2H),
7.22~7.13 (m, 3H), 7.04 (d,= 11.4 Hz, 1H), 6.52 (ddl = 7.8 Hz,J, = 13.8 Hz, 1H),
6.47 (dd,J; = 7.8 Hz,J, = 13.5 Hz, 1H)*C NMR (CDC}, 125 MHz):6 193.0, 192.7,
165.7, 165.2, 144.6, 143.2, 141.6, 140.3, 136.8,11332.7, 132.3, 132.2, 132.1, 131.1,

131.0, 129.1, 129.0, 128.6, 127.2, 126.4, 126.8,6.225.5, 124.0, 121.0.

Oe

(2E)-5-phenoxy-5-phenylpenta-2,4-dienal (3a) (Table 2. Entry 11):
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The title compound was prepared according to timeige procedure, as described above
in 54% yield.*H NMR (CDCk, 300 MHz):6 9.55 (d,J = 7.8 Hz, 1H), 9.41 (d] = 8.1 Hz,
0.15H), 7.62~7.57 (m, 3H), 7.54~7.49 (m, 0.8H), 7.4837m, 3.5H), 7.32~7.23 (m,
2.5H), 7.14~7.12 (m, 0.3H), 7.03~6.95 (m, 3H), 6.68)(= 11.4 Hz, 1H), 6.29 (dd; =

8.1 Hz,J, = 15.6 Hz, 1H), 6.02 (dd; = 8.1 Hz,J, = 15.3 Hz, 0.15H), 5.81 (d,= 11.4
Hz, 0.15H);**C NMR (CDCE, 125 MHz):6 193.8, 193.2, 165.6, 157.2, 149.9, 145.7,
133.5, 131.5, 130.4, 130.1, 130.0, 129.8, 129.8,51228.8, 128.6, 126.7, 125.2, 122.7,

120.8, 116.3, 114.6, 107.4.
=0
O

Cl
(2E)-5-(4-chlorophenyl)-5-phenoxypenta-2,4-dienal (3)Table 4.2, Entry 12):

The title compound was prepared according to timeige procedure, as described above
in 60% yield.*H NMR (CDCk, 300 MHz):6 9.54 (d,J = 8.1 Hz, 1H), 9.42 (d] = 7.8 Hz,
0.1H), 7.59~7.46 (m, 3.4H), 7.42~7.39 (m, 0.4H), ?B20 (m, 4H), 7.12~7.09 (m,
0.2H), 7.05~7.00 (m, 1H), 7.00~6.93 (m, 2H), 6.65)&, 11.1 Hz, 1H), 6.29 (dd); =

7.8 Hz,J, = 15.3 Hz, 1H), 6.03 (dd; = 8.1 Hz,J, = 15.3 Hz, 0.1H), 5.81 (d,= 11.7 Hz,
0.1H); *3C NMR (CDCE, 125 MHz):6 193.7, 193.0, 157.0, 156.0, 154.3, 149.0, 145.3,
136.5, 136.1, 132.1, 131.9, 130.7, 130.1, 130.0,9229.1, 129.0, 128.0, 125.3, 122.9,

120.7, 116.2, 114.9, 107.7.
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