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PREFACE

Organocatalysis can be defined as the acceleratiohemical reactions by
the addition of a substoichiometric quantity of amg compound which does not
contain an inorganic element. Organocatalysis hageral advantages over
transition metal catalysis and enzymatic transfoiona. Presently organocatalysis
is an area of great interest in synthetic orgah&nustry. The catalysts are usually
robust, inexpensive and readily available smalaarg molecules. In this scenario,
N-heterocyclic carbenes (NHCs) have been studiedHeir ability to catalyze
organic reactions. In recent years NHCs have assumeortance due to the
progress made in umpolung reactivity of aldehydes @specially in generating
homoenolates, a species containing anionic capba@o a carbonyl group. Several
research groups including our own have employetttitee carbon synthon in the
synthesis of various carbo— and heterocycles.

In the context of our continuing interest in thewchstry of NHCs, we have
carried out a detailed and systematic investigatidnthe reactivity of the
homoenolate, generated in situ from enals and NHsyards various
electrophiles. The results of our studies in thiealion constitute the subject
matter of the thesis entitledEXploration of Novel Organic Reactions Catalyzed
by Nucleophilic Heterocyclic Carbenes (NHCS)

The thesis is composed of five chapters which aesgnted as independent
units and therefore the structure formulae, scherfigsres and references are
numbered chapterwise.

Exploration of the reactivity of NHC-bound homoeaiel towards various
electrophiles for the construction of novel carlwanbon and carbon-heteroatom
bonds was selected as the general theme of thlesthi@® put things in perspective,
an overview of the chemistry of NHCs and homoerslas provided in the first
chapter of the thesis and the definition of thesprne research problem is also
provided in this chapter.

The second chapter presents the results of oustigations of the reaction

of homoenolate, generated from enal by NHC, withrious substituted

iX



nitrostyrenes. General information on the experim@eprocedures is given in this
chapter.

The reaction of NHC with chromene-3-carboxaldehybjch revealed a
novel reactivity pattern, constitutes the subjeetiter of the third chapter of the
thesis. Our original objective was to extend thambenolate generation to
endocyclic systems, but the reaction took an unebepe path leading to an
efficient synthesis of 3-alkylcoumarins.

The results of our investigations on the intramolac reaction of NHC-
homoenolate witha,-unsaturated esters, leading to the facile syrgheti4-
alkylcoumarin derivatives are disclosed in the fowhapter.

The final chapter describes an unexpected transfitom of 1,6-
disubstituted hexa-1,5-diene-3,4-diones (Cinnamitsitalyzed by NHCs to
vinylfulvenes and terphenyls.

A summary of the work is given towards the endhef thesis.
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CHAPTER 1

-
Chemistry of N-Heterocyclic Carbenes and Homoenolates:

An Introduction

1.1. Introduction

Carbenes are neutral divalent carbon species with valence electrons.
Investigations carried out by Staudinger on theodemosition of diazo compounds can be
considered as the preliminary work in the field mkthylenes (original name for
carbenes). The development in carbene chemistry began wheeribp introduced
carbenes to organic chemistry in 195@ince then, these fascinating species have played
a crucial role in many important synthetic orgam@actions. Depending on the spin
multiplicity, carbenes are classified into singhed triplet states. Singlet carbenes feature
a filled and a vacant orbital, thereby showing grhblic character while triplet carbenes

have two singly occupied orbitals and are generaljyarded as diradicals (Figure 1.1).

. N
singlet Y
triplet

Figure 1.1 Spin multiplicity of carbenes
Nucleophilic carbenes are characterized by theepias of heteroatoms such as
oxygen, nitrogen and sulfur. These heteroatomscapable of donating their lone pair
electrons to the vacant p-orbitals of carbene aarfdis lone pair electron donation
brings nucleophilicity to the carbene species anohgly stabilizes the singlet state and

imparts dipolar character (Scheme 1.1).

@ ©)
RXXR RX._XR<—» RX__XR
@ o0 @

X=0,8, N
Scheme 1.1

Among various nucleophilic carbends;heterocyclic carbenes (NHCs) are the
most widely studied ones. Due to their steric atetteonic properties, NHCs are a

rapidly growing area of research in transition reteemistry and in synthetic organic
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chemistry® Due to the excellens-donating properties and their close resemblance to
trialkyl phosphines, NHCs are well exploited ashds for transition metals. The stability
of the transition metal complexes Mtheterocyclic carbenes is often cited as one of the
key advances of these ligands versus their phosptounterparts. NHC-incorporated
organometallic catalystsre found to be much more effective than conveaticatalysts

in many reactions, including Heck reactfbalefin metathesiéand a number of coupling
reactiong This allows the constitution of organometallicatgsts of enormous utility in
organic synthesi$.Recently, chemists are more interested in expjotire utility of
NHCs as nucleophilic reagents and organocatalys®resently NHCs occupy a
distinguished position both as a reagent and csttafy organic synthesfs. The focal
theme of the present thesis is exploration of naeslctions catalyzed by NHCs.
Therefore, in this introductory chapter, after eebhistory ofN-heterocyclic carbenes, an

overview of NHC catalysis is presented.

1.2. History of N-Heterocyclic Carbenes (NHCs)

The origin of NHC catalysis can be traced to thaigiinary experiments of Ugai
as well as Mizuhar&:** Ugai found that, instead of cyanide ions thiazulisalts can be
used for the benzoin condensation. From his studiesihara identified that, catalytic
property of natural thiamine is based on the tHiamo unit present. In 1958, Breslow
presented a mechanism for the thiamine action mzdia condensatiotf. In his proposal
he demonstrated that a thiazol-2-ylidene, a carimetiee catalytically active species. This
thiazol-2-ylidene belongs to the class Nheterocyclic carbene. Subsequently, several
attempts were made to isolate stable carbeneshdnl®60s Wanzlick et al. made a
deliberate attempt to isolate stable carbéndsthough Wanzlick was unsuccessful in his
objective, his recognition that a carbene centéh@®-position of the imidazole ring will
be stable due to the electron donating effectsdgdcant nitrogen atoms provided the
conceptual framework for the development of thentisry of these specié8.The first
stable carbenes coordinated to metal atoms werthesimed by Wanzlick and co-
workers'’ The isolation of a stable liquid dicarbene waortgd in 1989 by Bertrand et
al’® In 1991, Arduengo and co-workers isolated a stabtgstalline, N-adamantyl
substituted carbene (Scheme 12).
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Ad Ad
EN\> c®  NaH [N>:
N DMSO (cat) N Ad = adamantyl
1 Ad 25°C Ad 2.96%
Scheme 1.2

The structure of the carbene isolated was uneqailyoestablished by single
crystal X-ray analysis. A number of factors vihetlarge singlet-triplet energy gap in
imidazol-2-ylidene (~336 kJ/mol),rinteractions in the imidazole ring, and
electronegativity effect from the nitrogen conttidbuo the unusual stability d. In
addition to the electronic factors, it was believeitially that steric effects also play a
major role in stabilizing the carbei2e Later, Arduengo demonstrated that stable NHCs
could be prepared by the deprotonation of imidamolisalts bearing less bulky
substituents at first and third positicfis.

1.3. NHC as an Organocatalyst

Organocatalysis can be defined as the accelerafimmemical reactions by the
addition of a substoichiometric quantity of an argacompound which does not contain
an inorganic element. Because of their lower cost and benign environaieintpact;
organocatalyzed reactions serve an attractivenaltee to metal-catalyzed processes.
The classical Knoevenagel condensation reportedbaaly in 1894 can be considered as
the first organocatalytic reactiéf.Investigations by Langenbeck in the 1920s provided
sufficient momentum to research in this area and tarm “Organic Catalysts”
(“Organische Katalysatoren”) was coined by Langehl5@ The catalysts are usually
robust, inexpensive and readily available smalloig molecules. Work in early 1970s
signaled the onset of another era of intensive arebe activity called asymmetric

organocatalysi&*®

The elegant work of ListMacMillan, Jacobsen and many other
researchers in the 1990s and early 2000s, revisisgtinmetric organocatalysis as a
powerful strategy for the diastereoselective/ einaptective construction of complex
molecular skeletor®. In this scenario, the role of NHCs as organocataigceived great

attention.

1.3.1. Benzoin Reaction
Benzoin reaction is the cyanide mediated coupleagtion of aldehydes that leads
to the formation ofi-hydroxy ketones. This reaction was first reporgdWohler and

Leibig?’ An acceptable mechanism for this reaction was qse@ by Lapworth in
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190328 in which an intermediate aldehyde-cyanohydrin wegrotonated to generate an
acyl anion equivalent with inverted reactivity (uofyng) at the carbonyl carbon. In 1943,
Ugai et al. reported that the combination of thimgo salt and a base could also
effectively catalyze the benzoin condensatfomhis work along with studies of reactions
catalyzed by thiamine dependent enzymes indicdtat] &cyl anion equivalents are also
likely intermediates in these thiazolium/base gat@dl processes. It was Breslow who
proposed the pathbreaking mechanism for this toameftion. In 1958, from his model
studies he suggested that the catalytically actppecies is a thiazolin-2-yliden@2, a
carbene compound, which is formed in situ by theraot®nation of thiazolium salt1.
The catalytic process is demonstrated in schentee(Be 1.3).

1

R
R2 @N' X@
o T o
R3 S
-H®
R1
RZ N
i Ph |N>‘ )OJ\
Ph 37 S
R Ph”_"H
7 OH y c2 3
R' R
RZ_® OH 3

R:_ N

N® O

o J T
S S

R3 Ph R3

!

RE_N  OH
I >:< Breslow intermediate
R3 S 5 Ph

Scheme 1.3

In this mechanism it is assumed that the thiazolsathC1 is deprotonated at its
most acidic position (C2-carbon) to form the thiarn-2-ylideneC2, originally drawn
as a mesomeric zwitterion. Nucleophilic additionybfieneC2 to the carbonyl group of
an aldehyde3 generates a thiazolium salt adddctDeprotonation at C-position and
reprotonation at O leads to the active aldehydéhéenform of the resonance-stabilized
enaminol intermediat® (presently known as the Breslow intermediate)sThicleophilic
acyloin reagent reacts again with an electroplsilibstrate such as the carbonyl group of
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a second aldehyde molecule. The subsequent eliominaf benzoin7 regenerates the
original carbene catalyst. NHCs derived from a nembf azolium species viz.,
thiazolium, imidazolium and triazolium salts haveeh shown to catalyze the benzoin
condensation analogous to the thiamine reactioeminidchemical conditions.

In 1966, Sheehan and Hunneman reported the figshragtric benzoin reaction
using chiral thiazolium precatalyS3. However, the observed enantiomeric excess of the
benzoin was only 22% (Scheme 1?%)Several groups have attempted to improve the

enantioselectivity of thiazolium catalyzed benzeaction.

: Q//( o
(0] 0 : //<*
C3 (10 mol %) Ph | Me ® Ph
Ph™ “H Et,N (1 equiv) Ph o*H E | N\> 5
3 ¢ C3 r
MeOH 7.22% | S
Scheme 1.4

A breakthrough in the asymmetric benzoin reacti@s achieved in 1996 when
Enders and co-workers introduced chiral triazoladghe carbene instead of
thiazolylidene carbene (Scheme %Y hey have utilized a variety of triazolium salts,
which provided increased yield and enantioseleci

Ph
N
Y e,
o 5 N
Q  c4(10 mol %) Ph | A
oh K,CO Ph)l\( MG
2 3 '
3 THF.r,60n (R-7 OH 07/,
' Me
66%, ee 75% ! Me

Scheme 1.5

In 1997 Leeper and co-workers developed a seffieggid bicyclic thiazolium
salts for asymmetric benzoin condensaffbfRawal and Dvorak synthesized a bicyclic
thiazolium salt and utilized it to increase the rei@selectivity of the benzoin reactich.
Later, Leeper and co-workers observed increasedtiesalectivities up to 80% when
they exchanged the thiazole frame-work of the azetie more reactive triazole systé.
In 2002, Enders and co-workers took the advantégleeobicyclic restriction introduced
by Leeper and Rawal to develop catalgé Use of this catalyst provided a number of

benzoin derivatives with enantioselectivities u®58% (Scheme 1.6.
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o

(o)
0,
C5 (10 mol %) R1JK:/R1

E ® Ph
- BF
R SH  KOt-Bu Cs5 4

THF, 18 °C OH | Ri-pMP, 8%, ce 95%
' R'=Ph, 83%, ee 90%

Scheme 1.6
In continuation of NHC-catalyzed addition of alddkg to formaldehyde towards
an efficient synthesis of hydroxymethyl ketoriésecently Khul and Glorius reported a
mechanistic study of this-heterocyclic carbene-catalyzed hydroxymethyla{ioheme
1.7)3® Coupling of several aldehydes with paraformaldehydirectly provided the

corresponding valuable hydroxymethyl ketones.

Q  (CH,0), (3 equiv)
H  C6(10mol %)
= @
N(i-Pr),Et (20 mol %) . - ,N~Mes
B 8 THF, 60 °C, 24 h 9, 85% S
r ' C6 clo,
Scheme 1.7

1.3.2. Cross-Benzoin Reaction

The benzoin reaction is typically a homocouplingwb aldehydes, which results
in the formation of dimeric compounds; consequentliimits the scope of this method.
Recent developments in the benzoin condensatiotharsynthesis of non-symmetrical
benzoins by cross coupling of two different aldeds/dThis can provide four products
viz., two homocoupled and two cross-benzoin prasluto ensure the success, Breslow
intermediate has to be formed predominantly on afdehyde and it should add
selectively to the second aldehyde. Several siegdgve been employed to develop this
method, including the use of donor acceptor aldebydcyl silanes and aryl imines;
intramolecular reactions have also been exploited.

Muiller and co-workers reported the first exampleaof enantioselective cross-
benzoin reaction that takes the advantage of danoeptor concept (Scheme 138%°
The ortho-substitution on the aldehyde hinderddhmation of Breslow intermediate and

thereby facilitates selectivity.
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o) o)

o enzyme (BFD H281 A)
H H Mg?* KPi buffer O
+
ol DMSO, 30 °C OH ¢l
CN
10 11 CN 42, >99%, ee 90%
Scheme 1.8

In 2001, Murry et al. extended the scope of benzoindensation to the in situ
formed acyl imines (Scheme 1.9). Due to the stgbdnd ease of formation of acyl
imines, the authors usedamido sulfones. This method is suitable for atgehydes
with electron-rich and electron-deficient aryl stifoents. Reaction with acetaldehyde

afforded the corresponding amido ketone in 62%dyt&l

Tol H Bn
o ~s0, O Ph. _N_ _Cy . M ]
. T2 er@omol%) T ar TN o0
A o | S
| PN Y v oo D ' s
NZ 13 14 M, CRCl ! HO
35 °C, 30 min 15. 98% !
Scheme 1.9

Scheidt and co-workers utilized the acyl silanes sidiphenylphosphinoylimines
to form a-amino ketones (Scheme 1.10)The asymmetric version of the aldehyde-imine

cross-coupling was reported with thiazolylalaniregirged catalysts by Miller and co-

workers™
o I
\\P/Ph H O . Me g
0 N C8(30mol%) o. N R
Ph)J\ SiMe, )'\ eh base \?:Ph Ph . N/ o,
* PN "H  CHCI, i-PrOH Ph Ph i M DO
16 17 18 ' Me
Scheme 1.10

Extension of NHC catalyzed cross-benzoin condemsdt ketones offered only
limited success; a few intramolecular exampleshmfound in the literatur®.In 2009, a
direct intermolecular cross-benzoin type condenratiatalyzed by am-heterocyclic
carbene was developé&d.The cross-coupling of commercially available artma
aldehydes and trifluoromethyl ketones resultsathydroxy-o-trifluoromethyl ketones
bearing a quaternary stereocenter with excelleatncselectivity and good to excellent
yields (Scheme 1.11).
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0 i N.© .Ph
)OL o C9 (20 mol %) oH | A J|N
Ph H ™ )]\ o Ph ! N BF,
FsC~ “Ph DBU (20 mol %) Pt CE. | c
3 19 THF, rt, 15 h 3 °
20, 93%
Scheme 1.11

Recently a significant improvement in this strategas reported by the groups of
Connon and Zeitler; they utilized-ketoesters as the cross-coupling partner (Scheme
1.12)# Use of relatively electron deficient triazoliumepcatalysts avoided the un-
desired hydroacylation pathways already reported melated substratés.

9 ? €10, (5 mol %) 79 E N-R-CeFs
s mol % i Y =
Me)J\H + Me)k[(o\/“"e Me 0 "Me ! A g
by O cho3(1oo mol %) me OH | N 4
21 THF, 40 C, 20 h 23’ 92% c10
Scheme 1.12

Very recently, Thai et al. showed that an eleculefieient, valine-derived
triazolium salt catalyzed, highly chemo- and erasdiective cross-benzoin reaction

between aliphatic aldehydes andtetoesters (Scheme 1.18).

Q ? C11 (10 mol %) 1 | /\(/N‘ﬁ CeF
oM ° 1 e
Ph/\)]\H + Ph)%]/ e . : Ph/\)g,,/u\OMe :0 N—/
24 25 0 i-ProNEt (1 equiv) PhH OH ' \\( ©OBF,
4A MS, CH2CI2 | i-Pr Cc11
23 °C 26, 80%, 91% ee |
Scheme 1.13

1.3.3. Stetter Reaction

In the 1970s Stetter reported the direct additibnammatic aldehyde ta,B-
unsaturated nitriles and ketones in the present#ytia amount of sodium cyanidé.
Later this method was successfully applied to alighaldehydes by the use of catalytic
amount of thiazolium salts in presence of basesier@é azolium salts such as
imidazolium, thiazolium and triazolium salts areifiol to be effective as catalysts for this
transformation’? Whena,B-unsaturated ketones are employed, the reactiofteis called
Michael-Stetter reaction; a representative readtiwnlving an imidazolium salt, ae,f-

unsaturated ketone and an aldehyde is shown imszhel4.
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(0] .
' Mes
Mes 2/\)J\ o : Oy O
o R EWG ! N cf
j)]\ Cc12 | N OH RJJ\/\WEWG : [\>
R SH base [ RZ O ! \
NM R ;C12 Mes
es
Scheme 1.14

The first asymmetric version of the Michael-Stetteaction employing a chiral
azolium salt for the synthesis of the benzopyraivdgve 28 was reported by Enders and
co-workers (Scheme 1.1%5)Independently, Rovis and co-workers have shown ttre
use of a fused chiral triazolium salt leads to tmweduct in higher yield and

enantioselectivity’

(0] o '
L Me, O P
. : SN
H c4 “">CO,Et ! me "None
/\/\ ' 0 - N\
o CO,Et K;COs3, THF o ; 2 Ph
27 '

c4 Ph ©
28, 69%, 56% ee

Scheme 1.15
In 2008, Enders et al. reported the first generddlCNcatalyzed enantioselective
intermolecular addition of aldehydes to chalcor@&zhéme 1.16)"

o 0 0 5 N-ng"
. 2
I oo s, Stecoma P o
Ph™ “H Ph Ph Ph™ - N™ SBr
29 Cs,CO5 (10 mol %) = ' / 4
3 o Ph O ' -
THF,0°C, 6 h ' C13 “~—OTBDPS
30, 65%, ee 66%
Scheme 1.16

An asymmetric intermolecular Stetter reaction adlenvith nitroalkenes catalyzed
by chiralN-heterocyclic carbenes was developed Rovis and @i&®&(Scheme 1.17). The
presence of catechol profoundly impacted the reaatate and efficiency. The reaction
proceeded with high selectivities and afforded ggietd of the Stetter product. Internal
redox products were not observed despite the protiditions>?

. N~y SeFs

(o) N02 : F. 7 J @@BF

(0] C14 (10 mol % 1 N 4
/\)J\ + C X NO; ( " Ph/\)J\;) !

Ph H o+ Oy -Pr,NEt (1 equiv) ey M N
31 32 catechol (1 equiv) 33.80% 93% ee ' Me
MeOH, 0°C T i
Scheme 1.17

Chi and co-workers reported &theterocyclic carbene catalyzed enantioselective

Stetter reactions of enals and modified chalcoréshéme 1.18)° The selective
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capturing of the enal acyl anion intermediates weatized by an alteration of the reaction
partners and the proper choice of the NHC catalyst.

N_© .Mes
o} Ph Me. 0 i N o
A C15 (30 mol %) : N—
Me H + Ph™ ™ o — Ph\“ o . Q N
DBU (20 mol %) L
34 35 Ph™ O THF, 0°C Ph™ Yo ! c15
36,90%, ee 94% !

Scheme 1.18
Recently, the authors disclosed a catalytic actwatof carbohydrates as
formaldehyde equivalents to generate acyl anionsnascarbon nucleophilic units for a
Stetter reaction (Scheme 1.P9)This activation involvesN-heterocyclic carbene-
catalyzed carbon—carbon bond cleavage of carboteglv@a a retro-benzoin-type process

to generate the acyl anion intermediates.

0 |
OH (0] P M S
C8 (20 mol %) pnh | Me
0 PhMPh ° H)K(\[( : \S\\> 1©
HO K,CO5 (20 mol %) Ph O ' e @N\Me
OH 37 OH 29 MeCN, MW, 130 °C 38 81% E cs8
10 min '
Scheme 1.19

1.3.4. Transesterification Reactions
Stable NHCs have been found to be very efficietdalgsts for transesterification
and acylation reactions. The first example of anON¢htalyzed transesterification type
reaction was reported by Hedrick et al. in 200zhé®ee 1.205°
o)

0 Me | -Mes
OJK(Me C16 (3 mol %) o | @N
Bn (0] ! /N /.
Me)ﬁ(0 BnOH (10 mol %) Me O | Mes
o THF, 25 °C noo c16
39 40, 99% conv.
Scheme 1.20

Following these reports, the groups of Nolan, Hzdriand Waymouth
independently reported the NHC catalyzed transéistion of a wide range of esters
(Scheme 1.213°°7

i c16 )oL i
Me)Lo/\ + Ph” “OH Me” ~0” “Ph * Me/“\,_,
THF, rt, 5 min
41 42 97% 43 a4

Scheme 1.21
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An NHC catalyzed amidation of unactivated esteith amino alcohols was
reported by Movassaghi and Schmidt (Scheme £%28)addition to the synthetic utility,

these studies have thrown light on the mechanisNHE catalyzed transesterifications.

o) o)
C16 (5 mol %)
+ oH C16(mol%)
ph. L ote . HNT : Ph\)LN/\/OH
THF, 23°C N
45 46 47, 100%
Scheme 1.22

1.3.5. Internal Redox Reaction

Internal redox esterification reaction is anothmeeging area of research in NHC
catalysis. The diastereoselective synthesig-bjydroxy esters from 2,3-epoxyaldehydes
by Chow et al. is an excellent illustration of thimtocol (Scheme 1.23y.The proposed

reaction mechanism involves NHC mediated epoxiag opening.

0 OH O |
o N, on crromin L AN g1 Me s
Me * FE] i-ProNEt (8 mol % ) Me IN/> Cle
Ph CH,Cl,, 1t, 15 h Come QN
48 42 49,(10:1)89% | . Bn
Scheme 1.23

In conjunction with the efforts to extend the dyilof the umpolung reactivity,
Rovis reported the conversion athaloaldehyde into an acylating agent catalyzed by
NHCs® In this process an activated carboxylate has bearrated at the expense @-a

leaving group (Scheme 1.24).

0 o ! Ph
H : N-No
Br /—OH C18 (20 mol %) oBn : AL\ o
+ '
Ph EtsN (1 equiv ) LN e
50 42 PhMe, 1t, 24 h 51 c18

Scheme 1.24
Bode et al. have shown an efficient catalytic mdtfay the redox esterification of
formylcyclopropanes, which involves the ring openof cyclopropane via carbon-carbon

bond cleavage (Scheme 1.55).

' N ® Mes
? <”>\ O Ph O 5 /‘E
3 J €19 (5 mol % M AN !
oy Oma%) _ pp OMe ! CN S
Y 52 v 53,90% , ee 89% |
DBU (20 mol % ) L90% , ee 89% |
Ph THF, rt, 15 h | €19

Scheme 1.25
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Recently, Enders and co-workers developed a new -N&t@lyzed one-pot
reaction. Hydroxamic esters were formed by thetr@aof nitroso benzenes, aldehydes
and enals in a one-pot, two step reaction (Sche@®)¥initially, an aza-benzoin-type
condensation reaction between nitroso benzenesldettydes catalyzed by NHC took
place. The resultingl-arylhnydroxamic acids subsequently reacted witisetraough an
NHC catalyzed redox esterification reaction.

o]
S ~=Ne
oAy o N-CeFs
0 )0]\ C10 (5 mol %) 31 Ph\/\H/O\NJ\Ph ' NN
: S)
phN ¥ Ph” H TMEDA (10 mol %) O Ph ; BF4
Scheme 1.26

1.4. Homoenolates

Carbon—carbon bond formation constitutes the akmtrent in organic synthesis.
The vast majority of carbon—carbon and carbon-batem bond forming reactions
occurring in Nature and in the laboratory are at¢hrbon adjoining the carbonyl group
of ketones and aldehydes. Among the plethora ohoust developed over the years, a
large number of them take advantage of the actimadf methyl/methylene, imparted by
the electron withdrawing effect of an adjacent oaglh group, and proceed via the
intermediacy of enol/enolate or enamine. Enolateoranis a versatile reactive
intermediate, and it is usually generated in thwidatory by the removal of theproton
of a carbonyl compound, often with the aid of alkaletal reagents. Addition of a
secondary amine to the carbonyl compound followedhle elimination of water affords
enamines. Just as a carbonyl would facilitate #ection of an electrophile at the
carbon via enol/enolate, the reaction at thecarbon viaa potentially reactive
intermediate, a homoenolate is conceptually feasibBy analogy to enolate,
homoenolat® is a species containing anionic carlfpto a carbonyl group or a moiety

that can be transformed to a carbonyl group (ScHe@i®.

/M
o 0,M O M (o)
M e)J\/M Ve /& Me)J\) Me/v
Enolate Homoenolate
Scheme 1.27

In 1962 Nickon introduced the concept of homoemslato organic chemistry

community®® and he proved the existence of such a speciesebyomstrating the
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racemization of (+)-camphenilo®® by alkaline treatment and its deuterium exchaoge t
produce57 and58, consistent with the symmetrical intermediag The racemization is
attributed to the deprotonation of C6-H to form @anstlassical anion, termed
homoenolate anion whose charge is stabilized bgcdékation to the carbonyl group
(Scheme 1.28).

Me Me
Ai( KOt-Bu, +-BUOH M® .
Me 250°c,4h  Mé 5 Me

D

56 © O 57 58 ©
Me_ Me
Me
Me@ =
Q@ ® o
Scheme 1.28

1.4.1. Metal Homoenolates

The application of homoenolates in organic synthess limited, presumably due
to the difficulty in directly generating homoenaat The use of homoenaol silyl ether, in
the form of cyclopropanone ketdl, was the simplest solution offered to this problém
was Nakamura and Kuwajima who first described ttemtial utility of this homoenolate
equivalent in carbon—carbon bond-formation (Sch&r28)® In their report, the addition
of 61 to a carbonyl compound in the presence of Jd@&liversy-lactones in high yield.

Presumably this is the first example of a homoatdattion.

0]
Me/\)J\H + I>< Me o

oSiMe;  CH2Cly, o
60 61 -78-0°C 62, 88%
Scheme 1.29

An important innovation to circumvent the problefncblorinated side-products
associated with trichlorotitanium homoenolates ima®duced by Helquist The acetal-
embedded Grignard reage68 was used as homoenolate equivalent (Scheme 1.30).
Copper catalyzed conjugate addition6¥ to cyclohexenone, followed by deprotection
and subsequent intramolecular aldol condensatidord&fd bicyclic cyclopentene

derivative66 in good yield.
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o
O,
(o]
e [ e (D
o) Br 28°C MgBr |) CuBr
63 THF, -78 -0 °C 66
ii) dil. HCI

Scheme 1.30
Another important event in the area of homoenabtateurred when Nakamura et
al. developed a method for the catalytic generatibhomoenolat&’ They showed that
zinc homoenolate can be generated by the reactiosilaxycyclopropane6l with
catalytic amount of zinc chloride; synthetic ugiliof 61 was demonstrated by its
participation in homoaldol reaction (Scheme 1.31).

o OSiMe
OEt 3
)J\ + |>< ZnC|2 OEt

H 0SiMe; CH,Cl,. rt Ph
iMe ,
3 61 3 Yhizvz 67 84% O

Ph

Scheme 1.31

Induction of chirality in homoenolate reaction w#se main challenge to
accomplish stereocontrolled homoaldol reactionsstFeéxample of a chiral homoenolate
equivalent and its application in asymmetric reatti was reported by Albrecht and
Enders>® The most advanced and synthetically useful chicshoenolate equivalents are
the 2-alkenyl-1-metallocarbamates introduced by pd¢opn his elegant work, Hoppe has
shown that these species react with aldehydes atwhés with virtually complete 1,3-
transfer of chirality to form optically active homidol product$® An illustrative example
is given in Scheme 1.32. Analogous work was subestyu reported by Whisler and
Beak alsd?

R’ Me\/\'ﬁl_. Me R
M - sH i ! N
e _ sBuli o) Transmetalation e
O. _o (-)-Sparteine O~ 0o o o o
s L. R'=H 69 (ppy,y  M=TOPDL LI
N( Pr)z 2 (I-Pr) N 70
OH Me

MeMR1 HSO Q
Me Me OCb

72, 95%, ee 85% Cb- -(CO)N(i-Pr),

Scheme 1.32
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Fry et al. synthesized the first metal free homdsteoby the reaction of-
trimethylsilyl propionate with tetrabutylammoniumphenyldifluorosilicate (TBAT). It

was found to be reactive enough to add to imineshgdes and ketones (Scheme 1/33).

Ph Ph
TMS TBAT
+ PhoNop, I\Fo
0 dyTHF  pp” N
MeO 73 74 75,60% PN
Scheme 1.33

1.4.2.N-Heterocyclic Carbene (NHC) Derived Homoenolates

Based on the mechanistic pathways available td'Bheslow intermediate” two
research groups led by Glorfasind Bodé& independently and simultaneously reported a
conceptually new approach to generate homoendlate enal usingN-heterocyclic
carbene. They surmised that, just as the addiid¥HC to aldehyde would generate an
enol/enaminol (Breslow intermediate), the additadiNHC to a,3-unsaturated aldehyde
can, in principle, generate a conjugated acyl aniorore appropriately called
homoenolate (Scheme 1.34).

/_\

0} R
o RN VY 2 e
RIS R! =
R1/\)J\H Conjugate \7 ,N\/)
umpolung R
76 77 Homoenolate

78
Scheme 1.34
The homoenolate intermedialie formed by NHC catalysis on reaction with an
aldehyde culminated in the synthesis wpbutyrolactones. The formation of-
butyrolactones can be depicted as the additioronfdenolate to aldehyde to generate an
alkoxide intermediate80, which undergoes an intramolecular lactonizatiomhwhe
activated carboxylate surrogate (Scheme 1.35hdmbsence of other electrophiles, enal

undergoes homodimerization.
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N o
(o) (o) | \> Cl Ph
(8 mol%)
ﬁH . H C12 pyes o)
Ph B DBU, 10:1 THF/tBuOH 0
r 25°C, 15 h

31 79

Mes = 2 4,6-trimethylphenyl

Br
81, 79% (4:1)

S
OH Mes @ OH MeS| R O o
Ph/\/S/N Ph/\/\/N . |,V|es
- > |
Mes Mes ® \/)
Homoenolate 80 N
L | o Mes
Scheme 1.35

Subsequent work by Bode has shown that this hontatenannulation can be

extended to the synthesisefactams (Scheme 1.36).

SO,PMP
o} Ny Ph
Ph/\)J\H + C12 (15 mol %) b‘@M
e
31 DBU (10 mol %) o” N
82 t-BuOH, 60 °C, 14 h SO,PMP

Me

83, 70%

Scheme 1.36
In his original work, Glorius has reported that,ttwithe exception ofy,a,a-

trifluoroacetophenone, ketones failed to undergmdenolate annulations. Work from
our laboratory has shown that homoenolate reactipmmceed well with activated
carbonyl compounds viz., 1, 2-diones, yielding apibutyrolactones in high yields and
excellent diastereoselectivities (Scheme 1’37.was found that the spiroannulation
strategy could be extended to isatins also, whifdrded a diastereomeric mixture (1:1)
of spiroy-butyrolactone oxindole derivative. Spirooxindolerigatives are known to be
important structural units of biologically activataral products such as the mycotoxin
triptoquivaline.

Q o)
. cx
o
MeO 84 85

Scheme 1.37

C12 (6 mol %)

DBU (12 mol %)
THF, 1t, 12 h

86, 78%
OMe



Chapter 1 17

Further investigations in our laboratory have shdhat acyclic 1,2-diones also
undergo this NHC catalyzed homoenolate annulatiogield y-butyrolactones in high
yields (Scheme 1.385.

N
~./ €12 (6 mol %)
\ s DBU (12 mol %)

THF, 12 h 86% 10 1)

MeO
Scheme 1.38

In a related study, the reaction of homoenolatenf@é® underwent an uncommon

[8+3] annulation with tropone to afford bicycléelactone derivativ®2 (Scheme 1.39).

Interestingly, aliphatic enals could also be coteetto the correspondinglactones by

this method.’
o o o. .0
©\/ka . © C12 (7 mol %) Q
OMe KOt-Bu (10 mol %)
90 THF, 12 h, 1t OMe
9 92, 63% O

Scheme 1.39
Inspired by the homoenolate annulation to an awd/acarbonyl to afford a

lactone, we were intrigued by the possibility offmenolate annulation with an activated
carbon—carbon double bond such as that of a chalcAn attempted synthesis of
cyclopentanone from chalcone and enal resultechénserendipitous synthesis of 3,4-

trans-disubstituted-1-aryl cyclopentene (Scheme)’%

cl
C12 (6 mol %) O O
¢l DBU (12 mol %)
93 THF rt, 8 h 94 90%
PMP

Scheme 1.40
Mechanistic rationale for the cyclopentene formatan considered as occurring

via the initial Michael addition of homoenolatettee enone. Subsequent intramolecular
aldol reaction set the stage for the formation pflactone. Thig-lactone is unstable and
it undergoes a retro [2+2] process to yield thdapentenes.

Subsequently, an asymmetric version of cyclopendéemeilation usingN-mesityl-

substituted chiral triazole carbene was reporte@tge and coworkers (Scheme 1.471).
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They attributed the cis-cyclopentene formation to AHC-catalyzed oxy-Cope

rearrangement.
o
PhMH
€20 (10 mol %)
M.,
DBU (15 mol %) MeO.C c20 4\@ N
AN e
MeOZC/\)kPh CICH,CH,CI, 0-23 °C 2 Ph
95 40 h 96, 78%, ee 99% | Mes
Scheme 1.41

Interestingly, B-lactone intermediate invoked in our cyclopentaahah has
accrued additional support from the work of Schewdto isolated a bicycli@-lactone
from an intramolecular variant of this reactfSriThe enantioselective formation afu-
disubstituted cyclopenten89 was interpreted by invoking the intramolecular céld
reaction of achiral tricarbonyl compou®d catalyzed by chiraN-heterocyclic carbene
(Scheme 1.42).

o
\ 1
\ 0._0 Ph | N
o C21(10mo%) | Q Ph ? | OK//\F N-Mes
b N/

Me CH,Cl, 12 h, i-PrNEt| o /e ) Ph e PR o
Ph O 70%, ee 93% -CO, . c21 Ph 4
97 © 98 99

Scheme 1.42

When the annulation reaction of homoenolates amttohes was conducted in a
protic solvent, a new facet of homoenolate reastivias revealed* The annulation of
homoenolates with chalcones catalyzed by imidarosaltC12 in methanol proceeded
to afford B-hydroxycyclopentane carboxylai®1 as the major product along with acyclic
d-ketoesterl02 as minor product. It is noteworthy that the cyeofane producfiOl

possesses four contiguous stereocenters includijpgt@rnary one (Scheme 1.43).

(0] OMe
Ph
100 C12 (10 mol %)
—_— H,CO
Br "o DBU (15 mol %) s
S MeOH, rt, 48 h
H 101
MeO 84 Br
Scheme 1.43

Recent work in our group on the reactions of horotaas with different kinds of

cross-conjugated dienones demonstrated that sehé@ges in the structure of the
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reactants would lead to reactive intermediatesrtiegt differ considerably in stability and
thus alter the outcome of the reaction completeébchéme 1.44). For example,
stereoselective formation of spirocyclopentanoneodpets was observed when
dibenzylidine cyclopentanonekd3 were employed as dienone components. However,
homoenolate annulation of acyclic dienones resultedhe formation of separable
mixtures of cyclopentene$06 and cyclopentanones07.2? On the other hand, under
similar reaction conditions dibenzylidine cyclohergaes 108 afforded cyclopentene
derivatives110 as the only product with exclusive diastereosalitgi®® A facile Diels—
Alder reaction of110 with dimethylacetylene dicarboxylate (DMAD) andbsequent
oxidation of the Diels—Alder adduct delivered a &sbstituted benzene derivativél
NHC mediated annulation of enals to 2,4-dien-1-deésto efficient diastereoselective

synthesis of 1,3-diaryl-4-styrenyl cyclopentefies.

wph /\éA T oM Phh

| P 105 PR Ph

=
e 79% (1.5:1) é/kﬂ
84

(o} OMe

N
PMP. PR Z>Ph | Mes
< W N
1) DMAD, PhMe o, X [ N"Mes /\/\)L
A Z>ph 108,X=CH,, 85% | €12 ' ¢© Ph" 12
2) DDQ, CH,Cl, 0 =

s 1 109, X = NCOPh, 75%|  DBU, ﬁHZCIz 87%

CO,Me —
MeO,C Ph PMP = 4-Methoxyphenyl

PMP:- 111

Ph
Scheme 1.44

In an extension of their previous work, Bode andworkers synthesized bicyclic
B-lactams from enals and unsaturabédulfonyl ketimine$” They invoked a tandem, or
possibly concerted, crossed-benzoin/oxy-Cope mactio explain the cis-relative
configuration of the cyclopentane substituents. fiigh preference for this process was
due to the slowB-protonation of unactivated enals to generate treesponding enolate
(Scheme 1.45).
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o \-SOPMP ! 0
| C20 (10 mol%)  H Ph !
MeMH + Ph/\/l\Ph \ N
DBU (15mol%) Me  c20  lLoN
34 114 EtOAc, rt, 15 h Ph ' N’
! cl®
115, 94%, ee 99%" Mes

Scheme 1.45
1,3-dipoles such as azomethine imines and nitrdake part in formal [3+3]
cycloaddition reactions with NHC-homoenolate. Sesis of pyridazinon&8 and y-
amino estef€ by the addition of azomethine imines and nitrorespectively to enals

catalyzed by NHC was reported (Scheme 1.46).
o) (o]

o o : Mes
C22 (20 mol % ! N o
S oy L N TS
Ph" X" H + Ph No 0 N .
. )Nl\ DBU, CH,Cl, 40 °C Ph : N
H Ph 2 h, Ph Ph i c22 Mes
116 117, 79%, dr 20:1
S i i N
! o =N e
o} 0.®ph . MeO OH ! Bs N-Mes
/\)J\ N c21 (20 mol A)) ﬁ ' Ph\\‘ N\//
+ ~ ' z
Ph" " "H ph)J\H 1. CH,Cl,, NEts, 25 °C Ph Ph bh  BF,
31 118 2. NaOMe/MeOH Ph L c21
119, 70%, ee 93% dr 20:1 '
Scheme 1.46

A direct electrophilic amination of homoenolatestatgzed by N-heterocyclic
carbenes was developed by Scheidt and co-wofkédtse addition of a carbene derived
from triazolium saltC23 to an o,p-unsaturated aldehyde generates a homoenolate
intermediate which undergoes a formal [3+2] cyctbhadn with an 1-acyl-2-aryldiazene

to afford pyrazolidinone as a single regioisomerh@ne 1.47).

o] !
(0] (o) Ph i+ Me
Ph ! —N
Ph/\)J\H * ph )]\N/,N\Ph C23 (20 mol%) N-N Z/ N

' _N__N-Mes

DBU 20 mol %) O + Me™ "~
31 120 CH,Cl, 0 °C Phi cas  r,

4 A'MS 121, 63%
Scheme 1.47

In 2012 Jiao et al. demonstrated tNaadryl isatin imines can be used as stable and
useful electrophiles in the NHC-catalyzed additiohenals to imine&® They have
developed an efficient one-pot protocol for thetbgsis of spirocyclig-lactam oxindoles
by a synthetically challenging addition of homoetelequivalents thl-aryl isatin imines

and subsequent acid hydrolysis (Scheme 1.48).
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1. C12 (10 mol %)

Ph\N K,CO3, MeOH
/ Dioxane/PhMe (1:1)
NN
Ph H N 2.1 M HCI, MeOH \ o
a1 199 BO 65°C, 24 h Bn 123,78%
Scheme 1.48

Yadav and Santhosh reported a noMeheterocyclic carbene catalyzed direct
dithiolation of enals with organic disulfides (Safe 1.49Y° In this catalytic method
thioesterification take place in a one-pot operatio

fo) C12 (10 mol %)  Phy

S ©0
+
. _S__Ph
Ph/\)kH Ph™ S DBU (10 mol % ) pth/Ph
31 124 THF, 1t, 17 h 125, 81%
Scheme 1.49

Recently, Cheng’s group and our group reportedNaheterocyclic carbene
catalyzed spirobislactone synthesis by the anmuiatf benzofuran-2,3-diones and enals
via homoenolate intermediate (Scheme 1%0Jhe ketone-carbonyl group annulated
products and the ester-carbonyl group annulatediuste can be obtained as major
products with good yields by convenient catalygputation. Furthermore, commercially

available thiazolium salt can also catalyze thacten with modest yield.

Me o)
o 0,
. /\)L €12 (20 mol %)
O Ph H ¢BuOK (60 mol %)
Me o 31 PhMe, rt, 4 h
87% (12:1)

Me 126

Scheme 1.50

1.4.3. Dual Activation inN-Heterocyclic Carbene Organocatalysis

Recently, NHC-involving dual catalytic approachesd received much attention. In
such cases, typically, combination Igfheterocyclic carbene with a second catalyst that
may be another organocatalyst, or a metal-basedystaor another NHC is used. The
appropriate combination of catalysts allows two patible yet independent catalytic
systems in one-pot to undergo tandem processa$efmore, simultaneous action of two
activators in a bond-forming event enables new tng which often cannot be

achieved by mono catalytic approaches.
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Hamada and co-workers effectively utilized thisasgy for the first time in the
synthesis of dihydroquinolinones by a one-pot setiaePd-catalyzed allylic amination

and thiazolylidene-catalyzed Stetter reaction (Swhé.51)>

o (0]
C7 (20 mol %)
Pd(OAc), (5 mol %) CO,Et
Ho Ac0™>F"co,Et
N,Ms PPhs (12 mol %) N
. . |
129 H i-Pr,NEt (5 equiv) Ms 131,98%
130 t-BuOH, 50°C
Scheme 1.51

In the area of NHC catalysis, Scheidt group hasemadnumber of important
contributions, demonstrating the simultaneous gatahctivation of two reaction partners
in the same step using NHC and metal catalyst. & regude the cooperative catalysis
by carbenes and Lewis acids in a highly stereosedecoute toy-lactams from acyl
hydrazones and enals (Scheme 1%2) this reaction NHC activates the enal and co-

catalyst [Mg(Ot-Buj] activates the acyl hydrazine.

o o}
(o) p-tol (o) tol H :
he c24(Gmol%) PO Ny : N e
Mg(Ot-Bu), ( 5 mol % ! N \
| H . N/NH a( )2 ( o) E?o . : \§N®

| TBD (5 mol %) 2 oh o

Ph EtOzC/kH THF, 60 °C . ) B BF, _,

31 132 24 h 133, 78%, ee 97%, dr 9:1 : c24
Scheme 1.52

The continuous quest for new types of NHC-catalygextesses has found some
important synergetic actions of NHC-and other oogatalysts. Vora and Rovis reported
an orthogonal amide formation by NHC- and 1-hydr@xgzabenzotriazole (HOAL) relay
catalysis’® Lathrop and Rovis reported an NHC-catalysis in lsio@tion with iminium
catalysis, culminating in the enantioselective Bgsis of functionalized cyclopentanols
(Scheme 1.53%°

Ar

e
! oTMS
i § HQume | NH
0O o C10 (20 mol %) P 136
ML+ e 1300 mol %) Me™ |
Me Me e NaOAc (10 mol %)  Me | O;N‘N@)
° P AN N-cF
134 3 CHCIL 22°C. 14N 435630, coge% ' g \?@B; s
4

Scheme 1.53
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1.5. Definition of the Problem

Introduction of NHC mediated generation of homoat®la three carbon synthon
directly from enals has made it possible to expltve synthetic utility of this unique
reactive intermediat€. Work from different research groups including awn has
revealed the versatility and usefulness of NHC-ldohomoenolate annulation with a
wide range of electrophiles leading to various oayisles and hetrocycles. Homoenolates
have also been shown to add efficiently to sulfones leading to precursors of novel
aminobutyric acid (GABA) derivatives. However, NH@talysis is an emerging area and
it will be very interesting to explore the potetitiaof homoenolates in the construction
of novel carbon—carbon and carbon-heteroatom bardtisately leading to viable routes
for carbo- and heterocycles.

In the initial phase of our study we undertookyatematic investigation of the
reactivity of homoenolate, generated from enalsNIHC catalysis, towards varioys
nitrostyrenes, powerful Michael acceptors. Theselte comprise the subject matter of
second chapter. Third chapter deals with an NH@hatd transformation leading to the
synthesis of 3-alkyl coumarins. The next chaptescdbes an efficient intramolecular
homoenolate reaction of 2-O-alkenoate appendedamiaidehydes. In the fifth and final

chapter, transformation of cinnamils to vinylfuhesnand-terphenyls is described.
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CHAPTER 2
P ————————

N-Heterocyclic Carbene Catalyzed Reaction of Enalsiti
Nitroalkenes via Homoenolate: Stereoselective Syrdhis ofo-

Nitro Esters

2.1. Introduction

Carbon-carbon bond forming reactions constitutehallenging area in organic
chemistry; hence, the discovery of new, efficient syntheti¢hrods for the construction of
C-C bond remains a topic of great interest. Froelitlerature, it is evident that most of
the carbon-carbon bond forming reactions proce@ashe intermediacy of enol/enolate
or enamine. The versatile reactive intermediatdadé@@nion is generated by the removal
of alpha proton of carbonyl compounds, often with &id of alkali metal reagents. As we
have already discussed in the introductory chaj@beapter 1), it is possible to facilitate
the reaction of an electrophile at fpposition of a carbonyl group by the intermediaty o
homoenolate. The introduction of NHC for the getieraof homoenolate from enals
made it possible to explore the synthetic utilifytiois uniquely reactive intermediate.
Since the subject matter of this chapter isNHeeterocyclic carbene catalyzed conjugate
addition of homoenolate to nitroalkenes, a briekeroiew of Michael additions to

nitroalkenes is presented first.

2.1.1. Michael Addition to Nitroalkenes

Conjugate addition of nucleophiles to electron defit alkenes, generally called
Michael addition, is an important tool for the drea of carbon-carbon and carbon-
heteroatom bonds. These reactions proceed undgrmgd reaction conditions and
tolerate various functional groups. Nitroalkenes powerful Michael acceptors, due to
the presence of a strong electron withdrawing ngroup. Because of the ease of
conversion of nitro group to various functional gps, nitro compounds have been used
extensively in organic synthedis.

Oxygen, sulfur, nitrogen and phosphorous anionsga heteroatom-centered
nucleophiles for the Michael addition to nitroalkenUse of such nucleophiles renders a
useful method for the introduction of two heter@asoat vicinal positions. The addition
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of thiols and alcohols has frequently found useorganic synthesis because of the
stability of the addition product. For examplee tteaction of thiols with nitroalkenes
readily proceeds in the presence of catalytic armotibase to gives-nitro sulphides in
quantitative yield$. The stereoselectivity of this type of reactionsldsv and the

diastereomers are formed in 1:1 ratio (Scheme 2.1).

base Me NO,
Mo M. mx ——
1;<N02 X  Me x=Rs RO, R5N,R,P

2 syn:anti = 1:1
Scheme 2.1
B-nitrosulphides are useful intermediates for theeppration of various
heterocycles containing sulphur atoms. Clark anedvotkers reported the synthetic
application of conjugate addition of thiols to opdtkenes in a stereospecific total
synthesis of bioti (Scheme 2.2J.

SH
J/ . J|/(C|'|2)4(:02Me S (CH,),CO,Me S (CH,)4,CO,Me
O s —
2 O,N 0,N"O,N HNTNH
4
3 5, 80% o 6
Scheme 2.2

Kamimura et al. reported a very simple method foe stereo-control of the
Michael addition of thiols, selenols and alcohdlfie Michael addition of thiols to
nitroalkenes followed by protonation at -%8 gives anti3-nitrosulphides. This process

was then extended to afthitro selenides and arfiinitro ethers (Scheme 2.3).

PhSLi Me ~ NO; Me  NO,
e + .
AcOH, -78°C  PhS Me PhS Me 88%, anti/syn 91/9
Me Me 7 8
1 NO2 Me  NO, Me NO,
| _PhSeNa N+ 64%, anti/syn 91/9
AcOH,-78°c PhSe  Me Phse’  Me
9 10
Me NO, Me  NH,
Me  Ph . PR R Pd/C, H2 : 3
( AcOH,-78°C  BnO  Ph EtOH,HCI HO Ph
11 NO: 12 13 14
73%, anti/syn 91/9 72%, anti/syn 91/9
Scheme 2.3

The Michael addition of alkoxide to nitroalkenesngrally gives a complex

mixture of products due to the polymerization of@alkenes. The effect of alkoxides



Chapter 2 31

has been examined carefully and it was found tbtagsium and sodium alkoxides give

purep-nitroethers in excellent yields (Scheme 2.4).

Ph
OH 1. KF, THF, 1t o)vNoz
~/NO
e+ P NO R Me)\/
15 16 17 96%
Scheme 2.4

The Michael addition of oxygen nucleophiles to adikenes and subsequent
cyclization or cycloaddition of adducts providesiamportant method for the preparation
of oxygen-heterocycles. For example, various stuisti 3-nitro-2-chromenes have

synthesized by the reaction of salicylaldehyde witroalkenes (Scheme 2.5).

(0]

R’ | 1.Et;N, it R ~NO:
2. Al,O
x~._NO, _&"™2~3 _
AT X2 O~ TAr
OH )
R 20
R2
18 19

R', RZ=H, Cl, OMe
Ar = Ph, PMP, Naphthyl

Scheme 2.5
Tandem Michael addition of oxygen nucleophiles tee®ived much attention for
the construction of octahydro benzo[b] furans. fmesnt of 1-nitro-1-cyclohexene with
methyl 4-hydroxy-2-butynoate in the presence ofapsium tert-butoxide gave 3a-
nitrooctahydrobenzo[b]furan in excellent yield thgh a tandem conjugate addition
initiated by the oxygen nucleophile (Scheme 2.6).

NO, HO
KOt-Bu
O/ + \%COOMe

0,
21 22 0°C

Scheme 2.6
A Convenient method for the preparation of 1,2-drerfrom the corresponding
nitroalkene was accomplished by Imagawa, by suoeessactions of Michael addition
of ethoxyamine to nitroalkene and reduction withdtogen (Scheme 2.7). This

preparative method is applicable to various niteaés in one-pot procedute.

1. EtONH,.HCI, NaHCO3 NH,
THF
Ph/\/NOZ Ph)\/NHz
. 2. Hy, Pd/C, EtOH 24

Scheme 2.7
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Conjugate addition of chiral nitrogen nucleophilesitro alkenes provides access
to chiral compounds having nitrogen functionali@wicinal positions (Scheme 2.38).
OMe

@ ‘“(Nj\/OMe_> QJ

N~
NO; H THF, rt \—
25 26 27 NO,

Scheme 2.8
Amino alcohols like (s)—prolinols react with nittkanes very rapidly with very
high facial selectivity. Rapid and stereoselecti@duction of nitro group is essential for
the conversion of products to 1,2-diamine derivegiwith retention of configuration.
Smkb is utilized in the stereoselective reduction oé tthermally unstable 2-amino
nitroalkenes to give a range of useful 1,2-diamiiB=heme 2.9)°

HO HO
NO,
a. G o
Y OH “chcny it MeOH-THF N
H 30 min
28 29 30 31
Scheme 2.9

In 2006, Won et al. reported a cinchona alkalowhpoted Michael addition afi-

heterocycles to nitro alkenes, with moderate td kigantioselectivities (Scheme 2.1b).

H
~ = ~
o ’
@E N . pp\NO, 33(10mal%) N No, | ho H
N CH,Cl,, -25 °C e 2
24h :
32 16 34,87%, ee 70% | 33 N
Scheme 2.10

Substituted pyrazoles are important synthetic targa the pharmaceutical
industry because numerous biologically active commgis possess the pyrazole motif. A
regio and stereoselctive synthesis of 1,3,5-trd &8,4,5-tetra substituted pyrazoles by
the reaction ofN-aryl hydrazones and nitroalkens has been repoitéé. reaction
mechanism involves a stepwise cycloaddtion pathi@aiieme 2.11%

Cl
Me\N/Nx/Iij/+ <OI>/\/N02 MeOH/H,0
H .
35 (o] 36 rt, air, 48 h

Scheme 2.11
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2.1.2. Michael Addition of Carbon Centered Nucleopites

Classically, the reaction of nitroalkenes with @arbcentered nucleophiles has
been limited to reactions carried out under mildibaondition using relatively acidic
reaction partners such as malonate derivatives laBdliketones® For example, the
reaction of acetylacetone or ethyl acetate withostiyrene proceeds in the presence of
triethylamine at room temperature to give adducthigh yield. Yoshikoshi and co-
workers have found that the potassium fluoride lga¢al addition of 1,3-diketones to
nitroalkenes leads to the formation of furans oci\dl adducts and their Nef products
(Scheme 2.12Y*

o]

(0]
A\
\H/ xylene reflux Mem Me
Me M o
Me €
38 39 40, 52%

Scheme 2.12
Michael addition of nitroalkanes to nitroalkenescatalyzed by triehylamine to
give 1,3-dinitrocompounds. In some cases intranubdecdisplacement of nitro group
take place to give cyclic nitronates (Scheme 2'13).

Me N02
Et3N or K2003
phe Xx-NOz + Me” “NO, O,N
16 41 Ph 42
\o pn  COEt
2 NO, KF/A|203 \ YN
* PR M N-o
Wew Me coEt  MeCN I\:e o ©
43 44 2 45, 70%

Scheme 2.13
Seebach and co-workers have developed the Miclypel addition of lithium
enolates to nitroalkenes (Scheme 244).

OMe
MeO OMe
OLi
MeO X NO,
/\O/\MG + —oC> (o]
THF, -78
MeO O:N 0" “Me
46 OMe
47 48, 100%

Scheme 2.14
Pyroglutamic acid is a useful starting material ttoe synthesis of several natural

products, such as pyrrolidine alkaloids, kainoidsd aother unnatural amino acids.
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Interesting chemoselective Michael addition of gyutamate anions to indole-derived
nitroalkenes was reported by Brafia et’aBy choosing appropriate amide protecting
groups, the reaction can be carried out either2abrGC4 position (Scheme 2.15).

NO, CO,Me

PG =Bn 51, 59%

1. LIHMDS/THF

-78°C
N NO, (0]

(o] \

49 PG

NO, 52, 55%

Scheme 2.15

Valentine and co-workers have extensively studiedreaction of enamines with
nitroalkenes? The reaction of morpholino-cyclohexene with nitmpenes proceed under
mild conditions to givey-nitroketones (Scheme 2.16).The morpholine-enamine of
monoprotected butane-2,3-dione reacts with cyelat @acyclic conjugated nitroalkenes in
a Michael-type reaction to yield nitro-substitutedliketones, after acidic hydrolysis of
the mononitroalkylated enamine adducts. Cyclopemtanhexahydrof-pentalen-2-one
and octahydro43-inden-2-one derivatives are readily obtained bysebeatalyzed

intramolecular nitroaldol reaction of the acyclidnolysis product$®

[oj [0] O Me
NO
10% HCI 2
N™ L e SuoNo,  Fetethel - N7 e Bhdihiod
0°C, 24 h NO,
54
56, 80%
53 55, 85%

Scheme 2.16
The reaction of enamin®g7 with 2-nitro-2-propen-1-yl pivaloates gives 4-pitr
cyclohexenon&9 via route that can be regarded as formal [3+3] @aytlization®* With
proper substitution of reactants, up to five stgegc centers can be installed in this

reaction (Scheme 2.17).

o NO,
[Nj . /Noz 0. tBy - CHCl-78°C Ph
Me - 58 59, 59% (de >95%)

Scheme 2.17
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A binaphthyl-derived amine thiourea catalyzed Mu@haddition reaction of
diketones to nitroalkenes with high enantioselagtiwas developed by Wang and co-
workers. Because of high catalytic activity, usiliion of the catalyst in an amount as low

as 1 mol % is sufficient for the process (Schem®&)??

L1, OO
o o Me)‘ﬁme ! NN CF,
Ph

61 (1 mol %)
No, 81 mol%) !
MeMMe f N2 NO, | Me

Et,0, rt, 26 h | N
60 16 | O e 61
62, 87%, 60 95% |

Scheme 2.18
Optically active 2-indolyl-1-nitro derivatives inogd yield and enantioselectivity
can be synthesized by a novel catalytic enantioBeée Friedel-Crafts alkylation of
indoles with nitroalkenes using a simple thiouregaaocatalyst (Scheme 2.78)The
high synthetic versatility of the products rendeais thew approach highly appealing for
the synthesis of optically active target compousdsh as tryptamines and 1,2,3,4-

tetrahydroB-carbolines.

Ph i CF,
NO, s
64 (20 mol %) !
@ - o N2 " J R NN
N CH,Cl,, 24 °C N | Fy NT N
H 72 h H ! OH
63 16 65, 78%, e 85% ! 64
Scheme 2.19

Highly enantio- and diastereoselective Michael addireactions of ketones and
aldehydes with nitroalkenes in water has been gelidy the reusable fluorous (S)-
pyrrolidine sulfonamide organocatalyst (Scheme R.Zthe catalyst is conveniently
recovered from the reaction mixture by fluorousidsphase extraction and can be
subsequently reused (up to six cycles) withoutiBagnt loss of catalytic activity and

stereoselectivit§?

80,-n-C4Fy
o] NH O Ph
N _~UNO; H 66, (10 mol %) ij:/VNOz
Ph H.,0, rt g
65 16 67. 95%, ee 90%
Scheme 2.20

Enders and co-workers reported a chemo-, diastemed-enantioselective three-

component domino reaction of nitroalkene and aldeky This proline derived
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organocatalytic reaction afforded tetra-substitgdohexene carbaldehydes in moderate
yield. The four stereogenic centers are generatéarée consecutive carbon—carbon bond
formations with high diastereo- and complete emawotitrol (Scheme 2.275.

o]

Ph
Me/\)J\H N0, D—{—

Ph/\)LH PhMe, 0 °C-rt

71, 58%, ee > 99%
Scheme 2.21
Prolinol silyl ether catalyzed highly enantioseieet Michael reaction of

acetaldehyde with nitroalkenes was reported byatist (Scheme 2.235.

o O Ph
0,
Me)LH . o\ NOz 70 (20 mol %) HMNOZ
72 16 MeCN, 0°C, 62 h

73, 51%, ee 92%
Scheme 2.22
Recently, Namboothiri et al. reported a novel reactof curcumins with
nitroalkenes (Scheme 2.2%).Highly functionalized cyclohexanones possessingeh
contiguous chiral centers with complete diasterecteity have been synthesized
through an inter—intramolecular double Michael tiac involving curcumin and
nitroalkene under extremely simple experimentaldaions (K.COs; in aqueous THF).
Under identical conditions, curcumins react witkbromonitroalkenes to afford
dihydrofurans through an intermolecular Michael iadd-intramolecular nucleophilic
substitution (O-alkylation), which is analogousao ‘interrupted’ Feist—Benary reaction.
Later the authors have reported the asymmetridorers this reaction by a combination

of a dihydrocinchonine-thiourea organocatalyst Kp@03.22
PMP

) ‘o PMP
AN 2
PMP. pup N0z g
_ s 77 Br  PMP™ X\
.y o
PMP” " “PMP K,CO K CO Ph”
NO, THF-H,0, rt 74 Pmp THEHO NO
76, 85% 78,90%
PMP = 4-methoxyphenyl o

Scheme 2.23

2.2. Background to the Present Work
In the context of our recent discovery of synihetiutes for cyclopentanones and

related organic compounds by the reaction of homlaées with chalcones in methanol
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(see Chapter 1), it was of interest to investighée prospect of homoenolate addition to
nitroalkenes. Evidently, the nitroalkenes are uaidflichael accepters endowed with the
powerful electron-withdrawing group (EWG), whichasenable to a variety of synthetic
transformations. A successful Michael addition afmwoenolate top-nitroalkene as
envisioned above would provide access to functipedlfive-carbon synthons potentially
useful in the synthesis @éfamino acid derivatives and related compounds efaiheutic
value. The results of our work constituting thevelosynthesis ob-nitro esters are

presented in the following sections.

2.3. Results and Discussion

Against the above backdrop, in a pilot experimentnamaldehyd&9 and 2,5-
dimethoxyg-nitrostyrene 79 were exposed to imidazolin-2-ylidene, generateoimfr
catalytic amount of imidazolium chloride, by potass carbonate in THF—methanol. The
reaction mixture was processed after 24 h and thdecproduct on purification by
chromatography afforded a crystalline sd@flas the major product (Scheme 2.24).

Mes
N
[\> Cle
O Ome N\ )OJ\/FQ/\
x._NO C1 Mes -
on /\)J\H . 2 (15mol %) MeO g NO,
79 K,CO3 (20 mol %) \©\
69 . . 0,
e THF:MeOH (9:1), 70°C g9 409 oo
Scheme 2.24

The structure of the product was assigned on tlsés lmf spectroscopic datéH
NMR spectrum showed two sets of methoxy proton agrato 3.75 andd 3.57
respectively. The methylene protons appeared adletowf doublets. The benzylic
protons were found to resonate as multiplets. T8teregroup displayed’C resonance
signal atd 172 and it was supported by the carbonyl absarmin1730 crit in the IR
spectrum. The nitro group showed its characterigbsorption 1552 cth The mass

spectrum obtained was in good agreement with tbegsed structure.
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Figure 2.1. "H NMR spectrum of 80
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Figure 2.2. °C NMR spectrum of 80
The final confirmation of the structure and relative stereochemistry of 80 was

obtained from single crystal X-ray analysis.
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Figure 2.3. Single crystal X-ray structure of 80. CCDC number: 743837.
In view of the success of the reaction, it was obligatory to assess the usefulness of
other commonly available NHC catalysts in this reaction. A number of experiments were
conducted, and the results are summarized in Table 1.

Table 2.1. Catalyst Screening

o 1
@) R
2 o)
1%)1\ R N catalyst (15 mol %) J\/‘\/\
R H o+ Oz MeO NO
20 mol %, K2CO3 . 2
THF:MeOH (9:1), R2
70 °C
R1= Ph, R? = 4-methyl pheny!
Mes Mes Et i
! @ / @
Ly O oy ™
N N N ph” N
Mes Mes \Et Ph
Cl Cc2 C3 Cc4
Entry Catalyst Condition Yield(%)2
1 c1 THF:MeOH(9:1), 70 °C, 24 h 56
2 C2 THF:MeOH(9:1), 70°C, 24 h 70
3 C3 THF:MeOH(9:1), 70 °C, 24 h 20
4 C4 THF:MeOH(9:1), 70°C, 36 h -

ajsolated yield

Among the four catalysts investigated, imidazolinium catalyst C2 gave the best
result. The benzimidazolium catalyst C3 gave low yield of the product, while the
triazolium catalyst, C4, was completely ineffective. Although it is not possible to

rationalize the superior performance of C2 vis a vis other catalysts, it is noteworthy that
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C2 is the most nucleophilic one in this group.

With a view to optimize the yield of the producte wstudied the influence of
different bases in generating the NHC catalyst #a results are shown in Table 2.
Interestingly the best results were obtained witlhagsium carbonate in THF/MeOH
(9:1).

Table 2.2. Condition optimization

(0] (o) R1
RIS, RZ_/~NO, C2(15ma R Meo)j\/k;/\Noz
base (20 mol %) R?
R'= Ph, R?2= 4-methylphenyl
Entry Base Condition Yield® %

1. DBU THF:MeOH (9:1), 70 °C, 24 h -

2. K,CO, THF:MeOH (9:1), 70 °C, 24 h 70

3. CsCO, THF:MeOH (9:1), 70 °C, 24 h 34

4, Na,CO; THF:MeOH (9:1), 70 °C, 24 h 37

5. BaCOj THF:MeOH (9:1), 70 °C, 24 h -

6. Li,CO; THF:MeOH (9:1), 70 °C, 24 h -

7. K,CO3 THF:MeOH (7:2), 70 °C, 24 h 56

8. K,CO»4 THF:MeOH (1:1), 70 °C, 24 h 34

9. K,COs THF:MeOH (1:1), t, Ar, 24 h -

10. K,CO, THF ,70°C, 24 h -

11. K,CO,4 MeOH , 70 °C, 24 h -

12. K,CO4 PhMe:MeOH (7:2), 70 °C, 24h 15

@ isolated yield
After having reasonably established the optimumaipaters, the reaction was
extended to a number of nitroalkenes and the sesu# summarized in Scheme 2.25.
Inevitable polymerization of nitroalkenes may be tkason for a substantial decrease in
the product formation. In our studies, useful ysetd products were obtained only with
aryl substituted enals aifid nitrostyrenes.
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Scheme 2.25Substrate scopé

Mes

Q
Y Cl 1
2 [ ’ (15 mol %) o R

N
R1/\)J\H + Rz_//_N02 C2 Mes

K2CO3 (20 mol %) R?
THF:MeOH (9:1)
70°C, 24 h

& /?‘\9/\
MeO Y NO2 MeO NO2 MeO : NO2

~_ _OMe y ~_ _Me
80, 50% (5:1) /©/ 81,70% (15:1C O 82 70% (10:1)©/

MeO
&% i &
MeO T NO2 MeO NO2 MeO Y NO2
85, 63% (5:1) @
OMe

83,63% (101) © 5 g4 63% (101)
MeO :

86, 61%(10:1)@ 87, 60% (3:1)

OMe

=

g@g@

e

88, 57% (6: 1)
Me

02 Meo)&?/\

90, 47% (5:1) O‘ 91, 40% (3: 1)

Me Cl

MeO

Sl

@

89, 53% (10:1)

3 isolated yield, Pdr is determined by 'H NMR analysis
2.4, Mechanism
Mechanistically the reaction may be viewed as imvig the initial formation of
homoenolate by the reaction of NHC with the endbfeed by its Michael addition tf-
nitrostyrene. The stereoselectivity observed ingiegluct formation may be attributed to
the trans-selective Michael addition (Scheme 2.26).
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Mes Mes R
MeO N02

N- N
Mes’g\ Mes Mes I\?es o
N O~H 2
MeOH ~~o [ R meon| F N
R2 R! N.®
Mes
R2 NO,
O,N

Scheme 2.26Proposed mechanism

2.5. Conclusion

In conclusion, the first report on the efficientHN catalyzed stereoselective
Michael addition of enals t@-nitrostyrenesvia the intermediacy homoenolate is
developed. The saturated imidazolinium chloridased as a catalyst for the first time to
generate homoenolate from enals. It is reasonabéssume that since the products are
doubly functionalized five carbosynthons; this reaction will find application in organic
synthesi<?® especially in the synthesis of biologically actipiperidinone ands-amino

acid derivatives.

2.6. Experimental Details

NMR spectra were recorded at 5061 or 300 {H) and 126 {’C) or 75 t°C)
MHz respectively on Brucker Avance DPX - 500 or 38z NMR spectrometer.
Chemical shifts §) are reported relative to TMSH) and CDC} (*°C) as the internal
standards. Coupling constad) (s reported in Hertz (Hz). Mass spectra were neeod
under EI/HRMS or FAB using JEOL JMS 600H mass gpewotter. IR spectra were
recorded on Brucker Alpha-T or E FT-Hgectrophotometer; absorbencies are reported in
cm®. Commercially available enals were purchased faslidrich Chemical Co. and
others were synthesized by Wittig reaction betwgaphosphoranylidene)acetaldehyde
and the corresponding aldehyd@sThe nitrostyrenes were easily prepared by the
condensation of corresponding aldehydes with nigthiane (Henry reaction). The
carbene precursor 1,3-dimesityl-imidazolinium cilde was also prepared according to
known literature proceduré.Commercial grade solvents were distilled priouge. All

reactions were carried out in oven-dried glasswiaregress of reactions was monitored
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by Thin Layer Chromatography. Gravity column chréoogaaphy was performed using
60-120/100-200 mesh silica gel, and mixtures ofgbetim ether-ethyl acetate were used
for elution. Melting points were recorded on a Biotelting point apparatus and are

uncorrected.

2.6.1. General Experimental Procedure

Synthesis of methyl 4-(2, 5-dimethoxyphenyl)-B+8tphenylpentanoateé0:-
K2CO; (13.8 mg, 20 mol %) was added to a solution ofdindesityl imidazolinium
chlorideC2 (26 mg, 15 mol %), cinnamaldehyde (132 mg, 1 mranf) 2,5-dimethoxy-
nitrostyrene (104.5 mg, 0.5 mmol) in 9:1 dry THikethanol, this solution was stirred for
24 h at 70°C under reflux condition. After the completion dietreaction, the reaction
mixture was acidified by 1:1 HCI. After the remowail the solvent, the residue was
extracted with ethyl acetate and organic layer didsd with anhydrous N&Oy. The
concentrated residue was subjected to column chliogregphy on a silica gel (100-200
mesh) column using 93:7 hexane: ethyl acetate sblwexture as eluent to afforél0
(50% vyield)

2.6.2. Characterization Data of Compounds
Methyl-4-(2,5-dimethoxyphenyl)-5-nitro-3-phenylpentinoate(80)
Following the general procedure, the reaction 6fdimethoxyp-nitrostyrene
(1045 mg, 0.5 mmol), cinnamaldehyde (132 mg, 2 ithmd,3-dimesityl
imidazolinium chloride (26 mg, 15 mol %) and®0; (13.8 mg, 20 mol %) in 9:1
THF:MeOH solvent mixture afforded methyl 4-(2,5vdithoxyphenyl)-5-nitro-3-
phenylpentanoate in 50% (93 mg) yield as whitetetlse solid.
Chemical Formula: CygH23NOg
m p 112-114 °C.
IR (film) vmax1730,1552,1377,1265, 1046 ¢m
~“No, 'H NMR (500 MHz, CDCl3) & = 7.22-7.15 (m, 3H) 6.95-
MeO. __~ 6.93 (m, 2H) 6.73 (dJ =9 Hz, 1H) 6.66-6.68 (m, 1H) 6.05
\©\ (d,J =3 Hz, 1H) 4.68 (dd]) =13 Hz, 7 Hz, 1H) 4.63 (dd,=
13 Hz, 8.5 Hz, 1H) 4.277-4.319 (m, 1H) 3.746 (s) 3t64-
3.69 (m, 1H) 3.57(s, 3H) 3.57(s, 3H) 2.76(dds 16 Hz, 7
Hz, 1H) 2.60 (dd, = 16.5 Hz, 8.5 Hz, 1H)*C NMR (126
MHz, CDCl3) 6 = 171.9, 152.9, 151.5, 139.4, 128.5, 128.0,

MeO,C

OMe
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127.1, 125.5, 115.6, 113.3, 111.6, 55.7, 55.4,,513@, 41.9,

37.0. HRMS-EI Calculated for GH23NOg: 373.1525,

Found: 373.1528.
Methyl-4-(furan-2-yl)-5-nitro-3-phenylpentanoate (8L)

Following the general procedure, the reaction dR-Bitrovinyl)furan (69.5
mg, 0.5 mmol), cinnamaldehyde (132 mg, 1 mmol),-difBesityl imidazolinium
chloride (26 mg, 15 mol %) and,€0O; (13.8 mg, 20 mol %) in 9:1 THF:MeOH
solvent mixture afforded methyl 4-(furan-2-yl)-8Bfn-3-phenylpentanoate in 70%
(106 mg) yield as yellow viscous liquid.

Chemical Formula: CygH17NOs
IR (film) vmax 1738,1557,1377,1261,1013 ¢m
'H NMR (500 MHz, CDCl3) 6 = 7.33-7.3 (m, 1H) 7.24-7.25
(m, 3H) 6.87-6.89 (m, 2H) 6.29-6.30 (m, 1H) 5.99J¢ 3.5
MeO,C No, Hz, 1H) 4.56(dd) = 13.5 Hz, 7 Hz, 1H) 4.51 (dd,= 13 Hz,
CO 8.5 Hz, 1H) 4.07-4.11 (m, 1H) 3.63 (s, 3H) 3.5383(&, 1H)
— 2.87 (dd,J = 16 Hz, 7.5 Hz, 1H) 2.72 (dd= 16 Hz, 8Hz,
1H). °C (126 MHz, CDCk) & = 171.6, 150.0, 142.1, 138.4,
128.3, 128.2, 127.5, 110.4, 108.6, 75.7, 51.7,,48.%, 37.4.
HRMS-EI Calculated for GH;7/NOs: 303.1107, Found:
303.1128.
Methyl-5-nitro-3-phenyl-4-p-tolylpentanoate (82)

Following the general procedure, the reaction of methyl-4-(2-
nitrovinyl)benzene (81.5 mg, 0.5 mmol), cinnamalaih (132 mg, 1 mmol), 1,3-
dimesityl imidazolinium chloride (26 mg, 15 mol %hd KCO; (13.8 mg, 20 mol %)
in 9:1 THF:MeOH solvent mixture afforded methyl nBro-3-phenyl-4-p-
tolylpentanoate in 70% (114.5 mg) yield as whitkdso

Chemical Formula: CygH21NO4

m p 79-81°C.

IR (film) vmax 1732, 1557, 1379, 1263, 1021 ¢tm

'H NMR (500 MHz, CDCk) & = 7.19-7.21 (m, 3H) 7.00 (d,
NO;  J =8 Hz 2H) 6.83-6.85 (m, 2H) 6.68 (@= 8 Hz, 2H) 4.67
@ (dd, J= 13 Hz, 7 Hz, 1H) 4.51 (dd} = 13 Hz, 8.5 Hz, 1H)

Me 3.83-3.85 (m, 1H) 3.60 (s, 3H) 3.52-3.54 (m, 1H)22(dd,J

MeO,C
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= 15.5 Hz, 7.5 Hz, 1H) 2.59 (dd,= 15.5 Hz, 7.5 Hz, 1H)
2.29 (s, 3H)C NMR (125MHz, CDCl;) & = 171.8, 138.5,
137.3, 132.4, 128.9, 128.8, 128.8, 128.1, 127.39,791.7,
47.3, 43.8, 37.5, 21.HRMS-EI Calculated for GH21NOg:
327.1471, Found 327.1479.
Methyl-5-nitro-3-phenyl-4-(thiophen-2-yl)pentanoate(83)
Following the general procedure, the reaction gf2-2itrovinyl)thiophene
(77.6 mg, 0.5 mmol), cinnamaldehyde (132 mg, 1 myigB-dimesityl imidazolinium
chloride (26 mg, 15 mol %) and,&Os (13.8 mg, 20 mol %) in 9:1 THF:MeOH
solvent mixture afforded methyl 5-nitro-3-pheny(thiophen-2-yl)pentanoate in 63%
(100.5 mg) yield as white solid.
Chemical Formula: Ci6H17NO4S
m p 61-63°C.
IR (film) vmax 1736,1556,1379,1258,1018 ¢m
'H NMR (500 MHz, CDCls) § = 7.25-7.27 (m, 3H) 7.18-
NO, 7.19 (m, 1H) 6.94-9.96 (m, 2H) 6.89-6.91 (m, 1H)6.56
CS (m, 1H) 4.68 (dd) = 13 Hz, 7 Hz, 1H) 4.51 (dd,= 13 Hz,
8.5 Hz, 1H) 4.25-4.27 (m, 1H) 3.64 (s, 3H) 3.57%B(f, 1H)
2.85 (dd,J = 16 Hz, 7.5 Hz, 1H) 2.72 (dd,= 16 Hz, 7.5 Hz,
1H). **C (126 MHz, CDCk) 6 = 171.6, 138.1, 137.9, 128.7,
128.3, 127.6, 126.7, 126.7, 124.8, 78.2, 51.8,,481, 37.4.
HRMS-EI Calculated for @H1;NO,S: 319.0878, Found:
319.0868.
Methyl-4-(4-methoxyphenyl)-5-nitro-3-phenylpentanode (84)

MeO,C

Following the general procedure, the reaction ofmethoxy-4-(2-
nitrovinyl)benzene (89.5 mg, 0.5 mmol), cinnamale (132 mg, 1 mmol), 1,3-
dimesityl imidazolinium chloride (26 mg, 15 mol %Hhd KCOs (13.8 mg, 20 mol %)
in 9:1 THF:MeOH solvent mixture afforded methyk4-methoxyphenyl)-5-nitro-3-
phenylpentanoate in 63% (108 mg) yield as whitielso

Chemical Formula: CygH21NOs

m p 67-69°C.

IR (film) vmax 1732,1556,1379,1252,1032 dm

'H NMR (500 MHz, CDCls) § = 7.22-7.23 (m, 3H) 6.84-
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6.86 (M, 2H) 6.72-6.76 (m, 4H) 4.7 (db= 13 Hz, 7 Hz, 1H)
4.52 (dd,J = 12.5 Hz, 9 Hz, 1H) 3.83-3.87 (m, 1H) 3.77 (s,

NO,  3H) 3.63 (s, 3H) 3.51-3.55 (m, 1H) 2.75 (dds 15.5 Hz, 7.5
Hz, 1H) 2.62 (dd,J) = 16 Hz, 7.5 Hz, 1H)"*C NMR (126
MHz, CDCl3) & = 171.8, 159.0, 138.5, 130.0, 129.1, 128.8,
128.1, 127.3, 113.6, 78.0, 55.0, 51.7, 46.9, 4R96.
HRMS-EI Calculated for GH>;NOs: 343.1420, Found:
343.1405.

MeO,C

OMe

Methyl-4-(4-fluorophenyl)-5-nitro-3-phenylpentanoate (85)

Following the general procedure, the reaction offludro-4-(2-
nitrovinyl)benzene (83.6 mg, 0.5 mmol), cinnamale (132 mg, 1 mmol), 1,3-
dimesityl imidazolinium chloride (26 mg, 15 mol %hd KCOs; (13.8 mg, 20 mol %)
in 9:1 THF:MeOH solvent mixture afforded methyl(4Hluorophenyl)-5-nitro-3-
phenylpentanoate in 63% (104 mgq) yield as yelloscous liquid.

Chemical Formula: CigH1gFNO,4

IR (film) vmax 1738,1556,1379,1228,1015 ¢m

'H NMR (500 MHz, CDCl3) & = 7.19-7.213 (m, 3H) 6.87-

6.91 (m, 2H) 6.76-6.82 (m, 4H) 4.71 (ddl= 13 Hz, 7 Hz,
NO,  1H) 4.53 (dd,) = 13 Hz, 9 Hz, 1H) 3.85-3.89 (m, 1H) 3.62 (s,
@ 3H) 3.51-3.52 (m, 1H) 2.72 ( dd,= 15.5 Hz, 7.5 Hz, 1H)

2.61 (ddJ = 15.5 Hz, 7.5 Hz, 1H)**C NMR (126 MHz,
CDCl3) 6 =171.9, 152.9, 151.5, 139.4, 128.5, 128.0, 127.1,
125.5, 115.6, 113.3, 111.6, 77.9, 55.7, 55.4, H434), 41.9,
37.0. HRMS-EI Calculated for GgHigFNO,: 331.1220,
Found: 331.1237.
Methyl-3-(4-methoxyphenyl)-5-nitro-4-phenylpentanode (86)

MeO,C

Following the general procedure, the reaction ehi{Bvinyl)benzene (74.6
mg, 0.5 mmol), 4-methoxycinnamaldehyde (162 mg, oty 1,3-dimesityl
imidazolinium chloride (26 mg, 15 mol %) and®0; (13.8 mg, 20 mol %) in 9:1
THF:MeOH solvent mixture afforded methyl 3-(4-metlyphenyl)-5-nitro-4-
phenylpentanoate in 60% (104.6 mg) yield as yell@gous liquid.

Chemical Formula: Cy9H21NOs
IR (film) vmax 1732, 1556, 1379,1251, 1033¢m
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OMe 1H NMR (500 MHz, CDCl3) § = 7.20-7.21 (m, 3H) 6.79 -
6.81 (m, 2H) 6.72 (m, 4H) 4.6 (dd,= 13 Hz, 7.5 Hz, 1H)
4.53 (dd,J = 12.5 Hz, 8.5 Hz, 1H) 3.32-3.86 (m, 1H) 3.75 (s,
NO, 3H) 3.60 (s, 3H) 3.48-3.52 (m, 1H) 2.69 (dds 15.5 Hz, 7
© Hz, 1H) 2.55 (ddJ = 15.5 Hz, 8 Hz, 1H)"*C NMR (126
MHz, CDCI3) & = 171.8, 158.7, 135.6, 130.1, 129.8, 129.0,
128.2, 127.79, 113.5, 77.8, 55.0, 51.7, 47.7, 43D8.
HRMS-EI Calculated for GH>1NOs: 343.1420, Found:
343.1425.
Methyl-4-(naphthalen-1-yl)-5-nitro-3-phenylpentanode (87)

M902C

Following the general procedure, the reaction dR-hitrovinyl)naphthalene
(99.6 mg, 0.5 mmol), cinnamaldehyde (132 mg, 1 migB-dimesityl imidazolinium
chloride (26 mg, 15 mol %) and,&Os (13.8 mg, 20 mol %) in 9:1 THF:MeOH
solvent mixture afforded methyl 4-(naphthalen-E5Anitro-3-phenylpentanoate in
60% (109 mgq) yield as brown viscous liquid.
Chemical Formula: C;2H21NO4
IR (film) vmax 1732, 1553, 1377, 1259, 1017 tm
'H NMR (500 MHz, CDCl3) § = 8.1 (d,J = 10 Hz, 1H)
7.81(d,J = 10 Hz, 1H) 7.71 (dJ = 10 Hz, 1H) 7.56-7.53 (m,
NO, 1H) 7.48-7.45 (m, 1H) 7.37-7.38 (m, 1H) 7.16-7.29, GH)
6.995 (d,J = 5 Hz, 2H) 6.83-6.85 (m, 1H) 4.94 (bs, 1H)
4.80-4.73 (m, 2H) 3.84-3.81 (m, 1H) 3.49 (s, 3H)9R22.66
(m, 1H) 2.63-2.60 (m, 1H}3C NMR (126 MHz, CDCls) & =
171.9, 140.4, 134.0, 132.6, 129.2, 128.4, 128.3,9,2127 .4,
126.6, 125.8, 124.6, 122.6, 77.5, 51.6, 44.1, 33®5.
HRMS-EI Calculated for @H»;NO4: 363.1471, Found:
363.1472.
Methyl 3-(2-methoxyphenyl)-5-nitro-4-p-tolylpentancate (88)

MeOZC

Following the general procedure, the reaction ofméthyl-4-(2-
nitrovinyl)benzene (81.5 mg, 0.5 mmol), 2-methoxy@maldehyde (162 mg, 1
mmol), 1,3-dimesityl imidazolinium chloride (26 mt mol %) and KCO; (13.8 mg,
20 mol %) in 9:1 THF:MeOH solvent mixture affordedethyl 3-(2-methoxyphenyl)-
5-nitro-4-p-tolylpentanoate in 57% (101.8 mg) yiaklyellow viscous liquid.
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Chemical Formula: CyoH23NOs
IR (film) vmax 1732, 1557,1379,1244,1026 ¢m
'H NMR (500 MHz, CDCls) 6 = 7.19-7.21 (m, 1H) 7.02 (d,
OMe J = 7.5 Hz, 2H) 6.87 (d) = 7.5 Hz, 1H) 6.74-6.79 (m, 3H)
NO,  6.50-6.6.51 (m, 1H) 4.72 (dd,= 13.5 Hz, 6.5 Hz, 1H) 4.51
(dd,J = 13.5 Hz, 9.5 Hz, 1H) 4.10 (m, 1H) 3.95 (m, 1H3&
(s, 3H) 3.63 (s, 3H) 2.69 (dd= 16 Hz, 8 Hz, 1H) 2.54 (dd,
= 15.5 Hz, 7.5 Hz, 1H) 2.31 (s, 3HYC NMR (126 MHz,
CDCls) & = 172.2, 157.0, 137.0, 133.1, 129.7, 129.4, 128.8,
128.2, 127.1, 120.1, 110.4, 77.3, 55.2, 51.6, 48638, 36.5,
21.0. HRMS-EI Calculated for GH.aNOs: 357.1576,
Found: 357.1524.

MeOZC

Me

Methyl-3-(4-methoxyphenyl)-5-nitro-4-p-tolylpentancate (89)

Following the general procedure, the reaction of methyl-4-(2-
nitrovinyl)benzene (81.5 mg, 0.5 mmol), 4-methoxy@maldehyde (162 mg, 1
mmol), 1,3-dimesityl imidazolinium chloride (26 mth mol %) and KCO; (13.8 mg,
20 mol %) in 9:1 THF:MeOH solvent mixture affordedethyl 3-(4-methoxyphenyl)-
5-nitro-4-p-tolylpentanoate in 53% (94.6 mg) yiakllyellow viscous liquid.

Chemical Formula: CygH23NOs
OMe IR (film) vmax1737,1603,1556,1378,1251,1033tm

'H NMR (500 MHz, CDCls) § = 7.03 (dJ = 8 Hz, 2H) 6.78-

6.74 (m, 4H) 6.71 (d) = 8 Hz, 2H) 4.68 (ddJ = 13 Hz, 7.5
NO, Hz, 1H) 4.52 (dd) = 12.5 Hz, 8.5 Hz, 1H) 3.80-3.84 (m, 1H)

3.79 (s, 3H) 3.62 (s, 3H) 3.52-3.48 (m, 1H) 2.74, = 15.5

Hz, 7 Hz, 1H) 2.56 (dd) = 16 Hz, 8 Hz, 1H) 2.32 (s, 3H).

13C NMR (126 MHz, CDCh) & = 171.9, 158.7, 137.3, 132.4,

130.2, 130.2, 129.9, 128.9, 114.5, 113.4, 77.90,551.7,

47.3, 43.0, 37.8, 21.H{RMS-EI Calculated for GoH23NOs:

357.1576, Found: 357.1581.
Methyl-3-(4-methoxyphenyl)-4-(naphthalen-1-yl)-5-niropentanoate (90)

Me02C

Me

Following the general procedure, the reaction dR-bitrovinyl)naphthalene
(99.6 mg, 0.5 mmol), 4-methoxycinnamaldehyde (16§ mh mmol), 1,3-dimesityl
imidazolinium chloride (26 mg, 15 mol %) and®0s; (13.8 mg, 20 mol %) in 9:1
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THF:MeOH solvent mixture afforded methyl 3-(4-matlgphenyl)-4-(naphthalen-1-
yl)-5-nitropentanoate in 47% (92.3 mgq) yield adgwlviscous liquid.
Chemical Formula: Cy3H23NOs
IR (film) vmax 1732, 1553, 1377, 1252, 1032¢tm
OMe 'H NMR (500 MHz, CDCls) & = 8.20 (d,J = 8.5 Hz, 1H)
7.86 (d,J = 7.5 Hz, 1H) 7.75 (d] = 8.5 Hz, 1H) 7.57-7.6 (m,
1H) 7.49-7.54 (m, 1H) 7.30-7.33 (m, 1H) 7.31)& 8.5 Hz,
H 1H) 6.93 (dJ =7 Hz, 2H) 6.84 (d) =7 Hz, 1H) 6.77 (dJ =
7 Hz, 2H) 4.95 (m, 1H) 4.72-4.78 (m, 1H) 3.79-3(84 1H)
3.77 (s, 3H) 3.53 (s, 3H) 2.65-2.70 (m, 1H) 2.5892(m,
1H). *C NMR (126 MHz, CDCl) & = 171.9, 158.7, 134.0,
132.6, 132.1, 131.0, 129.5, 129.2, 128.9, 128.8,5,2125.7,
124.5, 122.6, 114.5, 113.7, 77.6, 55.0, 51.6, 4328.
HRMS-EI Calculated for &H»3NOs: 393.1576, Found:
393.1560.
Methyl-4-(4-chlorophenyl)-3-(4-methoxyphenyl)-5-nitopentanoate (91)

Following the general procedure, the reaction ofchibro-4-(2-
nitrovinyl)benzene (91.5 mg, 0.5 mmol), 4-methoxy@maldehyde (162 mg, 1
mmol), 1,3-dimesityl imidazolinium chloride (26 mt5 mol %) and KCO; (13.8 mg,
20 mol %) in 9:1 THF:MeOH solvent mixture affordedethyl 4-(4-chlorophenyl)-3-
(4-methoxyphenyl)-5-nitropentanoate in 40% (75.4 wigld as yellow viscous liquid.

Chemical Formula: CygH20CINOs

OMe IR (film) vmax 1732,1556,1378,1251,1033 ¢m

'H NMR (500 MHz, CDCl3) & = 7.16 (d,J = 8.5 Hz, 1H)

MeO,C o, 7.12 (d,J = 8.5 Hz, 2H) 6.67-6.69 (m, 5H) 4.62 (dd= 13
~ Hz, 7 Hz, 1H) 4.43 (dd) = 13 Hz, 9 Hz, 1H) 3.75-3.78 (m,

1H) 3.70 (s, 3H) 3.55 (s, 3H) 3.40-3.42 (m, 1H) @4,J =
16 Hz, 8 Hz, 1H) 2.48 (dd] = 15.5 Hz, 7.5 Hz, 1H)}*C
NMR (126 MHz, CDCl3) & = 171.6, 159.1, 158.8, 134.1,
133.8, 130.2, 129.8, 129.7, 129.4, 128.4, 114.8,61177.9,
55.0, 51.8, 47.1, 43.0, 37.&dRMS-EI Calculated for
C19H20CINOs: 377.1030, Found: 377.1020.

Cl
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CHAPTER 3

I
Novel Transformation of 2H-Chromene-3-carboxaldehydes to

3-Methyl-2H-chromen-2-ones Catalyzed biN-Heterocyclic

Carbenes

3.1. Introduction

Coumarin (H-chromen-2-one or-1-benzopyran-2-one) belongs to a group of
benzopyrones, which consists of a benzene ringdftisea pyrone nucleus. Coumarins
possess a number of biological activities like @dgulant, antimicrobial, anti-
inflammatory, analgesic, antioxidant, anticancetivéral, antimalarial eté.In addition to
biological activities, they have found use as adelt to food and cosmeticSas dyes
and optical brightening agentsThe potent antibiotics like novobiocin, clorobiocind
coumermycin are coumarin derivativesSome examples of naturally occurring

biologically active coumarin derivatives are shawifigure 3.1.

OH Ph O
RO o 0 o Yo
1 2
R=H, Umbelliferone Warfarin Dicoumarol

R = Me, Herniarin

i"fm

Clorobiocin

NH2

Novobiocin

Figure 3.1 Biologically active coumarin derivatives

3.2. Methods of Coumarin Synthesis
A number of synthetic routes to the coumarins hbeen developed. These
include use of the Pechmann, Claisen, Perkin, Kenagel, Reformatsky, and Wittig

reactions; some of them are discussed in the fatigwection.
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3.2.1. Pechmann Reaction

This reaction was first reported by Pechmann anigti2ug in 1883.1t is an acid-
promoted synthesis of coumarin derivatives by tbedensation of phenols arft
ketoesters off-keto carboxylic acids. Pechmann reaction is a lyidsed method for
preparing coumarins in good yield. This reaction @ done with homogene&uand
heterogeneous catalystsThe use of microwave irradiation has also beenliegppo
accelerate this reactidn.

Zhang et af. reported the synthesis of coumarins via the Penhmraaction
catalyzed by montmorillonite K-10 or KSF in higlelds (Scheme 3.1). This procedure is
environmentally friendly and inexpensive comparegtevious methods. They reported
that K-10 worked better than KSF in terms of reactime and yield. Furthermore, this

method has the advantages of easy separation gbrdukict and recyclability of the

catalyst.
Me
(0] (0]
HO OH )J\/u\ K-10 or KSF A
* Me OEt
PhMe, reflux Ho (o) o)
6 7 8h 8, 94%

Scheme 3.1
Bekkum et al. have reported the synthesis of 7dwyghoumarin in good yield
using a solid-acid catalyzed reaction of phenolshwdarboxylic acid$® Equimolar
amounts of resorcinol and acrylic acid, in the pneg of zeolite H beta or Amberlyst-15,
undergo esterification followed by ring closure li8me 3.2) to give both 7-hydroxy-3,4-
dihydrocoumariril and 3,4,6,7-tetrahydropyrano[3,2-g]chromene-2¢8ei2.

O — ey — O

) N
| (jj o ~Po g
6 9 10 ll 11
OMO

12
Scheme 3.2

Microwave initiated energy-efficient protocol haselm developed for solvent-free

Pechmann coumarin synthesis (Scheme®.3).
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Et

\©/ * Et OEt  mw HO o o
6 13 14, 96%

Scheme 3.3
Recently, Khaligh reported the synthesis of counsmaria Pechmann reaction
catalyzed by 3-methyl-1-sulfonic acid imidazoliunydnogen sulfate as an efficient,

halogen-free and reusable acidic ionic liquid (Sca&8.4)™°

OH Me
HO OH o o N
7.8, wewso (T
N
15 OH 7 16, 94%

Scheme 3.4
In 2013, a simple and highly efficient grinding pedure for the synthesis of
coumarins via Pechmann condensation was reportete® 3.5} Different phenols
andp -ketoesters in the presence of silica support§ghauc acid at room temperature,

under solvent free conditions afforded coumarinvasives.

Me
HO T OH o Q H,SO, SiO XX
2 4 2
D N .
grinding, rt HO o Yo
OH
17 7 18, 95%
Scheme 3.5

3.2.2. Perkin Reaction

Perkin reaction is the direct preparation of cinmamcid derivatives by the
thermal condensation between aromatic aldehydes amhatic carboxylic acid
anhydrides or carboxylic derivatives in the pregeoica base catalyst (Scheme 3.6). This

reaction was first reported by Perkin in 1868.

o) o o o Q
Ar)J\ H + HJ\oJ\ base Ar/ﬁ)kmq * HO)H
R R R R
Scheme 3.6
When the reaction is applied to salicylaldehydesintarins are obtained (Scheme

3.7). The disadvantage of this approach is the rgéiyepoor yield of the coumarins
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obtained, due to the production of tarry matenaider the severe reaction conditions of
the Perkin synthesis.

o MeO N
MeO , _1-NaOAG A0 m
2. H0* HO o Yo
OH

HO

19 20
Scheme 3.7
Coumarin is also formed in the reaction of acetibyaride and salicylaldehyde in

presence of trimethylamine as the catalyst (Sch@g)e*

o o]
o oo oo
OH EtsN OCOMe 0" o
21 22 23
Scheme 3.8

Recently, Augustine et al. reported an efficieniroarin synthesis via the Perkin
condensation> This one-pot synthesis was mediated by propylphosic anhydride
(T3P), a mild and low toxic peptide coupling agé&theme 3.9).

|
(o}
©\)\H . NC\)I\OH T3P (2.0 equiv) ©\/\ICN
OH TEA, n-BuOAc
21 24 120°C,6-10h oo
25,97%

Scheme 3.9
3.2.3. Claisen Rearrangement

Drewes et at® reported the synthesis of 4-methyl-3-methylene-3,4
dihydrocoumarir28 via the intramolecular Claisen-rearrangement efdtyl ethe27 in
the presence of trifluoroacetic acid (Scheme 3.D@g¢wes method is more efficient than
earlier synthetic methods, because the precurkgk 2dacetoxy-2-methylene butanoate is
readily prepared via acetylation of a Baylis-Hillmaroduct and cyclization may be
effected in the presence of trifluoroacetic acié@fford the coumari28in 86% yield in a
one-pot procedure.

OAc o Me
M e)\[fCOZR PhOH/NaOH Ej CFCO,H /32 °C @ff
, Z>CO,R [3,3] o o
R = alkyl 27 Me 28, 86%

Scheme 3.10
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Previously, a similar approach to 3-methylenecoumavas reported, which
involves Lewis-acid catalyzed Claisen rearrangenw#nan a-aryloxy methyl acrylate
ester29 (Scheme 3.1 A small amount of a dimer is also produced, whichssumed

to form via an ene reaction of the highly reactivethylenecoumarifO.

OO
co,Mme CH:2Cl AN

30
Scheme 3.11

3.2.4. Knoevenagel Condensation

The Knoevenagel reactibhinvolves the condensation of benzaldehydes with
activated methylene compounds in the presence af@ne. Knoevenagel condensation
is one of the most important methods of coumarirttsgsis in organic chemistry.

In 2001 Sugino and Tanaka reported a simple anclezit synthesis of coumarins
via the Pechmann and Knoevenagel condensationaesaainder solvent-free conditions
(Scheme 3.12Y

o o)
O O
Piperidine e
@fj\ + MeM OEt ——————
OH solvent-free (o Yo)
21 7 rt, 5 min 31 99%
Scheme 3.12

A facile synthesis of 3-alkanoyl/aroyl/heteroar@ii-chromene-2-thiones has
been developed by Singh and co-workers (Schemé.%.The reaction was carried out
by condensation of easily accessiplexodithioesters and salicylaldehyde under solvent-

free conditions. The newly synthesized compoundbibéed profound antioxidant

activities.
o (0]
H (0] S
Piperidine X
+ MeMSMe Me
OH 90°C,2h
21 32 0" "S 33 91%

Scheme 3.13
3.2.5. NHC Catalyzed Coumarin Synthesis
In 2008 Wang and Du reported afheterocyclic carbene (NHC) catalyzed
reaction of formylcyclopropane 1,1-diesters withicséaldehydes! This domino redox
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esterification/cyclization reaction afforded coumarin good to excellent yields (Scheme
3.14).

o

dLH EtO,C_ COEt €1 (20 mol %) @(\IYCOzEt : =M
+ : — —Nles
OH &?0 DBU (70 mol %) oo CO,Et | N/

DABCO (30 mol %)
21 34 THF, 55 °C, 1.5 h, N, 35

Scheme 3.14

Zeitler and Rose reportéd:a mild, atom-economicN-heterocyclic carbene-
catalyzed redox lactonization of cinnamaldehy@e8,4-dihydrocoumarins in a one-pot
domino procedure in the presence of oxidants (Seh&db).

(0]
@(\)J\H C2 (5 mol %) ©\/l m p-Anisyl /
N Ph
OH DMAP (8 mol %) o Yo /
36

EtOAc, 80 °C,
7-15 h, 78%, (96: 4) ¢ C2 CI04

Scheme 3.15
Recently, it was reported that NHC-catalyzed artrariaof enals witho-hydroxy
chalcones afforded cyclopentane-fused coumarirnvakgres with an excellent level of
diastereocontrol (Scheme 3.F8)The reaction tolerates a broad range of functional
groups.
o]
@fj\/\Ph 2 H C1(10 mol %)
OH ’ /:>L DBU (20 mol %)

Ph
39 DME, 12 h,25°C

38
Scheme 3.16
A facile and experimentally simple and mild reaaticof 2-chloro-2-
arylacetaldehyde with salicylaldehyde catalyzed\BiC leading to 3-arylcoumarin was
reported?* A number of 3-arylcoumarin derivatives were obggirin good to excellent
yields via this umpolung reaction (Scheme 3.17).

OMe '
@fLH C3 (10 mol %) X 'N |
EtsN (4 equiv) cl© @ "Mes
EtOAc, 4A MS 42 85%

80°C,4h
Scheme 3.17
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3.2.6. Miscellaneous Reactions
The Mukaiyama esterification protocol has been ssgftlly exploited to provide
rapid access to a variety of 3-substituted coursarirsatisfactory yields using 2-chloro-

1-methylpyridinium iodide-triethylamine reagent (®me 3.185°

=
o Cl \@l
. OH
OH Ph/\ﬂ/ o "0

EtzN, CHCN
21 43 Ny, A 45

Scheme 3.18
An unusual one-pot synthesis of 3-benzoylcoumariasd coumarin-3-
carbaldehydes was reported by the reaction ofyeasailable 2-hydroxybenzaldehydes
and phenylpropiolyl chloride/propiolyl chloride usrdesterification condition (Scheme
3.19)%°

o]
y  OsCl  DMAP (10mol %) 0
W’/ Et;N (5 equiv) @E\/\f‘\m‘
.
OH CH,Cl,, rt, 8 h
Ph e 0”0
21 46 47, 71%
Scheme 3.19

The use of cyanuric chloride (2,4,6-trichloro-1;8jazine) and N-methyl
morpholine enables an efficient and general prdtémoa rapid synthesis of substituted
3-aryl coumarins. A series of substituted phenyttiacacids have been successfully
reacted with substituted 2-hydroxy benzaldehydesfftord 3-aryl coumarins in excellent
yield (Scheme 3.20Y.

X
omMe | TcT= NN
it OMe TCT (1 equiv) O /l PR
@fij j\/©/ NMM(1 5 equiv) N ; CI” °"N” “¢ci

+ '
HO DMF rt, 10 min O |

H : /N

° 48 reflux, 45 min 0" 70 42 95% | NMM=O N-Me

21 | \__/
Scheme 3.20
2-Hydroxy (MOM-protected) arylpropiolic acid methyksters underwent
hydroarylation with various arylboronic acids in ®lld at ambient temperature in the
presence of a catalytic amount of CuOAc, to afférarylcoumarins in high yields after

the acidic workup (Scheme 3.2%).
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Ph
1. CuOAc (2 mol %)
OMOM
0 X
- Ph-B(OH), — T m
N 2.6 M HCI, reflux o Yo

49 Ncome 6h 51, 89%

Scheme 3.21
A novel approach to coumarin derivatives startimgnf readily available 2-(1-
hydroxyprop-2-ynyl) phenols was reportéd.The reaction was based on an

unprecedented palladium-catalyzed dicarbonylatrocgss (Scheme 3.22).

OH
. oo s MeoH P2 X co,Me
OH PCO =90 atm o
52 MeOH, 100 °C 53,87%
15 h
Scheme 3.22

A versatile catalytic method for the synthesis esubstituted benzofuran and
various substituted coumarins through palladiunalgaed intermolecular annulation of
phenols and olefins has been reported recentlyef8et8.23)°

Pd(OAc),
OH
0] - i MeO
/©/ . /Y 1,10-phenanthroline m
MeO 54 55 OMe  Cu(OAc),, NaOAc o Yo
air, C|CH20H2C| 56. 81%
110 °C ’

Scheme 3.23
3.3. Present Work
In the context of our persistent interest in theralstry of homoenolates, and with
a view to extend the scope of the latter, we sotglgenerate endocyclic homoenolate

and examine its reactivity towards electrophilesh@ne 3.24).

NHC NHC
S E _
X H OH OH
+ NHC —— -
(o) (o) (0]
57 58 59
Scheme 3.24

3.4. Results and Discussion

In a prototype experiment,H2chromene-3-carboxaldehyd® was exposed to
saturated imidazole carbene (SIMes), generated finenchloride sal€4 by DBU, in the
presence of 4-flourobenzaldehyde in THF. It wasnssd that the homoenolate formed

from 57 would be trapped by the latter to formyd¢actone consistent with the known
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chemistry of homoenolate. In the event, the reactelded none of the expected
product, but surprisingly 3-methyk2chromen-2-one (3-methyl coumarif7a was
formed in 25 % yield (Scheme 3.25).

Scheme 3.25
The structure of the compound was obtained frommeomspectroscopic data. In
the 'H NMR spectrum a signal & 2.13 showed the presence of methyl proton. The
methyl group was confirmed from th&C NMR spectrum and a signal &tL61.9 can be
attributed to an ester carbonyl carbon. In the pRctrum an absorption signal at 1709
cm? confirmed the presence of a carbonyl group. Thesmspectrum was also in
agreement with the proposed structure.

2.136
-0.000

-

8 T 6 5 4 3 2 1 (1] PPmM
EEE=E 5

Figure 3.2."H NMR Spectrum o67a
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Figure 3.3.2*C NMR Spectrum o57a
The final confirmation of the structure of the campd was ascertained from the
single crystal X-ray analysis of an analogous coumgio67a derived from 6-methyl

chromene-3-carboxaldehyde (Figure 3.4).

Figure 3.4. Single crystal X-ray Structure 67a CCDC number:813059.

Although the expected reaction did not occur, gued by the novelty of the
reaction, we decided to pursue it in some detaldiflonal incentive for our studies was
accrued from the well documented and importantolgickl properties of coumarin
derivatives.

In an experiment in which the aldehyfi@ was exposed to the cataly34, in the
absence of 4-fluorobenzaldehyde, in £LH, the produc67awas formed in 30 % vyield.
Subsequent studies aimed at catalyst screeninglesléhat the best result was obtained

with C4; the results are summarized in Table 1
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Table 3.1.Catalyst Screening
o}

©\/j)1\|.| catalyst (15 mol %) ©\/\/\[Me
fo) DBU (20 mol %), THF o Yo

Mes Mes ® CeFs Et
@y @ SN B
o8 9 Ao, CLy P "™y
N N ‘NP
Mes Mes e HO S
c1 c4 c5 cé c7
Entry Catalyst Condition Yield (%)
1 C1 THF, rt, 8h 27
2 C4 THF, rt, 8h 94
3 C5 THF, rt, 8h -
4 C6 THF, rt, 8h 50
5 C7 THF, rt, 24h -

The reaction conditions were optimized by varyirtge tsolvents, base and
temperature; results are summarized in Table 2.

Table 3.2.Condition Optimization

(0] base, solvent o

o
temperature

Entry Base Solvent Temp. Time (h) Yield® (%)

1 DBU CHCl; rt 24 30
2 DBU THF rt 8 94
3 DBU PhMe rt 24 38
4 DBU CHCN rt 24 -
5 Ko,CO; CH,CN 82°C 12 -

6 DMAP THF rt 24 -
7 KoCOs THF rt 24 -

%isolated yield

In order to explore the generality of the reacti@n,number of substituted
chromene aldehydes were treated with the catalysd, the results are presented in
Scheme 3.26
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Scheme 3.26Substrate Scofe

R1 R1
2 C4 (15 mol %) 2 5
R Nr"X0  DBU (20 mol %) R R
R3 0" RS THF, rt, 8 h R3 o o
R4 R4
cl M
0”0 (S YN) o~ o
57a, 94% 62a, 82% 63a, 80%
Me
H,C M
0”0 Me 0" o 0" "o
64a, 70% 65a, 65% 66a, 64%
MemMe N Me ©\/I\Me
M
) © o0 Yo o0 o
67a, 53% Me 682, 45% 69a, 72%
c
0" o o~ o
70a, 70% 71a, 52%

@jsolated yield
3.5. Mechanism
A mechanistic rationalization for the transformatioeported herein may be

postulated as follows (Scheme 3.27).

Mes
CLE A e
~ ) N,
W' Mes
Mes o O-H B
T M\ o J
Mes Mes~ N\~ N-Mes Mes N/\\
ﬁ@ Mes
)N @
(o)f o
D C

Scheme 3.27



Chapter 3 64

Conceivably the initially formed Breslow intermewiaB transforms to the
homoenolate equivalen€ which on proton transfer followed by a ‘Grob type’
fragmentation afford&. The latter undergoes cyclization to provkeeelimination of the
carbene followed by isomerization of the exo-enaleéivers the 3-methyl coumarin

derivative.

3.6. Conclusion
In conclusion, we have uncovered a novel NHC catlyrearrangement of
chromene-3-carboxaldehydes to 3-alkyl coumarins. dbnceivable that the process will

find application in the synthesis of biologicallgtiwe coumarin derivatives.

3.7. Experimental Section

Melting points were recorded on a Buchi melting nboapparatus and are
uncorrected. NMR spectra were recorded at 380 4nd 126 °C) MHz respectively on
a Bruker DPX-500 MHz NMR spectrometer. Chemicaftshid) are reported relative to
TMS (*H) and CDC} (*°C) as the internal standards. Coupling constinis(reported in
Hertz (Hz). Mass spectra were recorded under EI/I3RiVIFAB using JEOL JMS 600H
mass spectrometer. IR spectra were recorded on wakeBr Alpha-T FT-IR
spectrophotometer. Gravity column chromatographyg performed using 100-200 mesh

silica gel and mixtures of petroleum ether-ethytate were used for elution.

3.7.1.General Experimental Procedures

3.7.1.1.Synthesis of #-chromene-3-carbaldehyde¥

To a solution of salicylaldehyde (10 mmol) in dioga(20 mL) taken in a round
bottom flask was added ,KO; (10 mmol) and acrolein (16 mmol). The mixture was
refluxed for 2 h, and then poured into water (100.nThe solution was extracted with
diethylether (30 mL x 3). The combined organic layeere washed with NaOH (0.1 N,
30 mL) and water (30 mL) successively. Then theoiglayer was dried over anhydrous
NaSO, and evaporated. Silica gel chromatography of thelermaterial using 95:5
petolium ether: ethyl acetate mixtures gawechromene-3-carbaldehydes as a yellow

solid.

3.7.1.2. Synthesis of 3-alkyl coumarins
DBU (20 mol %) was added to a suspension of timbere precursor 1,3-

dimesityl imidazolinium chloride (15 mol %) anddZhromene-3-carboxaldehyde (0.50
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mmol) in dry THF (5 mL) and the resulting solutiaas stirred at room temperature for
8-12 h. After the removal of the solvent by diatibn in vacuum using a rotary
evaporator, the residue was subjected to columoneditography on a silica gel (100-200
mesh) column using 95:5 petroleum ether: ethyladeetolvent mixtures to afford the 3-

alkyl coumarin derivatives.

3.7.2. Characterization Data of Compounds

3-methyl-2H-chromen-2-one (57a)

Following the general procedure, reaction éf-éhromene-3-carbaldehyde (80
mg, 0.5 mmol), 1,3-dimesityl imidazolinium chlorig27.5 mg, 15 mol%) and DBU
(15.2 mg, 15 pL, 20 mol%) afforded 3-methyi-2hromen-2-one in 94% (75.3 mg)
yield as white solid.

Chemical Formula: C;0HsO;
m p 90-92°C.

o Me IR (film) vmax 1709, 1638, 1447, 918 ¢m
@(I 'H NMR (500 MHz, CDCls): § = 7.42 (s, 1H) 7.39-7.35 (m,
© 1H) 7.32 (dJ = 8 Hz, 1H) 7.2 (dJ = 8 Hz, 1H) 7.17-7.14 (m,
1H) 2.14 (s, 3H)*C NMR (126 MHz, CDCl): & = 161.9,
153.3, 139.0, 130.4, 126.8, 125.9, 124.1, 119.%5.4,117.2
ppm.LRMS-FAB calcd. for GgHgO, [M+H]™: 161.06, found:
161.09.
6-bromo-3-methyl-2H-chromen-2-one (62a)

Following the general procedure, reaction of 6-bveAl-chromene-3-
carbaldehyde (119.5 mg, 0.5 mmol), 1,3-dimesityidemolinium chloride (27.5 mg,
15 mol%) and DBU (15.2 mg, 15 pL, 20 mol%) affordé@cdromo-3-methyl-Bi-
chromen-2-one in 82% (98.0 mg) yield as yellowdsoli

Chemical Formula: Cy0H7;BrO,
m p 152-153C.
Br ~Me IR (film) vmax 1726, 1599, 1478, 1248, 922, 815¢tm
mo 'H NMR (500 MHz, CDCls): 6 = 7.55-7.53 (m, 2H) 7.41 (s,
1H) 7.19 (d,J = 9.5 Hz, 1H) 2.23 (s, 3H)*C NMR (126
MHz, CDCl3): 6 = 161.2, 152.1, 137.6, 133.2, 129.2, 127.3,
121.1, 118.2, 116.8, 17.3 ppnLRMS-FAB calcd. for
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C10HgBrO; [M+H]": 238.97, found 239.11.
6-chloro-3-methyl-2H-chromen-2-one (63a)
Following the general procedure, reaction of 6-piM2H-chromene-3-
carbaldehyde (97.3 mg, 0.5 mmol), 1,3-dimesityldaziolinium chloride (27.5 mg, 15
mol%) and DBU (15.2 mg, 15 pL, 20 mol%) affordedtBero-3-methyl-H-chromen-
2-one in 80% (77.8 mg) yield as yellow solid.
Chemical Formula: C;0H-CIO;
m p 152-154C.

cl ~Me IR (film) vnax 1726, 1602, 1410, 1479, 925, 815tm

\©\/I 'H NMR (500 MHz, CDCls): § = 7.43 (s, 1H) 7.41-7.38 (m,
°© 0 2H) 7.25 (s, 1H) 2.23 (s, 3H)*C NMR (126 MHz, CDCly): &

=161.2, 151.6, 137.7, 130.4, 129.5, 127.4, 1210,6, 117.9,
17.3 ppmLRMS-FAB calcd. for GoHgCIO, [M+H]™: 195.02,
found:195.01.

6-isopropyl-3-methyl-2H-chromen-2-one (64a)

Following the general procedure, reaction of 6-epgl-2H-chromene-3-
carbaldehyde (101.1 mg, 0.5 mmol), 1,3-dimesityidemolinium chloride (27.5 mg,
15 mol%) and DBU (15.2 mg, 15 pL, 20 mol%) afford@asopropyl-3-methyl-Bi-
chromen-2-one in 70% (70.8 mg) yield as colourliegsd.

Chemical Formula: Cy3H140;
IR (film) vmax 1724, 1619, 1428 cf
Me 'H NMR (500 MHz, CDCls) § = 7.48 (s, 1H) 7.32-7.29 (m,
Me)mme 1H) 7.22-7.20 (m, 2H) 2.98-2.93 (m, 1H) 2.20 (s) 327 (d,
0" 0 J=7Hz, 6H).*C NMR (126 MHz, CDCls) § = 162.2, 151.5,
144.8, 139.2, 128.9, 125.5, 124.1, 119.3, 116.25,324.1,
17.2 ppm.LRMS-FAB calcd. for GsH150, [M+H]™: 203.11,
found 203.21.
3,7-dimethyl-2H-chromen-2-one (65a)

Following the general procedure, reaction of 7-yleBH-chromene-3-
carbaldehyde (87 mg, 0.5 mmol), 1,3-dimesityl imziglanium chloride (27.5 mg, 15
mol%) and DBU (15.2 mg, 15 pL, 20 mol%) afforded-8jmethyl-2H-chromen-2-one
in 65% (56.6 mg) yield as white solid.

Chemical Formula: C;1H100>
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m p 104-106C.
IR (film) vinax1710, 1623, 1437 cih
- Me 'H NMR (500 MHz, CDCl3) & = 7.69 (s, 1H) 7.33 (d] = 8
Memo Hz, 1H) 7.15 (dJ = 8 Hz, 1H) 7.11 (s, 1H) 2.52 (s, 3H) 2.24
(s, 3H).**C NMR (126 MHz, CDCl5) § = 161.8, 153.8, 138.9,
135.9, 130.1, 126.5, 124.6, 117.1, 114.6, 21.72 Jppm.
LRMS-FAB calcd. For GH1:0, [M+H]": 175.07, found
175.20.
6-methoxy-3-methyl-H-chromen-2-one (66a)

Following the general procedure, reaction of 6-ragykR2H-chromene-3-
carbaldehyde (95 mg, 0.5 mmol), 1,3-dimesityl imzlaium chloride (27.5 mg, 15
mol%) and DBU (15.2 mg, 15 pL, 20 mol%) affordednéthoxy-3-methyl-B&i-
chromen-2-one in 64% (60.9 mg) yield as white solid

Chemical Formula: C;1H1003
m p 114-116C.

MeO ~Me IR (film) vmax 1704, 1630, 1538 cm
@;Io 'H NMR (500 MHz, CDCl3) & = 7.45 (s, 1H) 7.23 (d] = 9

Hz, 1H) 7.03-7.00 (m, 1H) 6.82 (s, 1H) 3.83 (s, 381 (s,
3H). *C NMR (126 MHz, CDCly) § = 162.0, 155.9, 147.7,
138.8, 126.3, 119.9, 117.8, 117.4, 109.2, 55.63 Ippm.
LRMS-FAB calcd. for GjH1:03 [M+H]™: 191.07, found
191.27.

3,6-dimethyl-2H-chromen-2-one (67a)

Following the general procedure, reaction of 6-yledtH-chromene-3-
carbaldehyde (87 mg, 0.5 mmol), 1,3-dimesityl imolaium chloride (27.5 mg, 15
mol%) and DBU (15.2 mg, 15 pL, 20 mol%) afforde@-8jmethyl-2H-chromen-2-one
in 53% (46.2 mg) yield as white solid.

Chemical Formula: C11H100,
m p 114-116C.

Me ~oMe IR (film) vmax 1711, 1600 crh
mo 'H NMR (500 MHz, CDCls) § = 7.43 (s, 1H) 7.24-7.23 (m,
1H) 7.19-7.17 (m, 2H) 2.39 (s, 3H) 2.19 (s, 3tC NMR
(126 MHz, CDCk) & = 162.1, 151.4, 138.9, 133.7, 131.3,
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126.7, 125.7, 119.3, 116.2, 20.8, 17.2 ppoRMS-FAB
calcd. For GH1:0, [M+H]*: 175.07, found 175.23.
7-isopropyl-3-methyl-2H-chromen-2-one (68a)

Following the general procedure, reaction of 7-epgl-2H-chromene-3-
carbaldehyde (101.1 mg, 0.5 mmol), 1,3-dimesityidemolinium chloride (27.5 mg,
15 mol%) and DBU (15.2 mg, 15 pL, 20 mol%) affordedsopropyl-3-methyl-Bi-
chromen-2-one in 45% (45.5 mg) yield as colourliegsd.

Chemical Formula: Cy3H140;
IR (film) vmax 1706, 1627, 1533 ¢
'H NMR (500 MHz, CDCl3) & = 7.47 (s, 1H) 7.30 (d] = 8
~Me Hz, 1H) 7.17-7.15 (m, 1H) 7.11-7.09 (m, 1H) 3.092(m,
Memo 1H) 2.20 (s, 3H) 1.28 (d] = 7 Hz, 6H).**C NMR (126 MHz,
Me CDCly): 6 = 162.3, 152.3, 138.9, 135.3, 130.4, 126.6, 125.1,
117.5, 114.1, 34.2, 23.7, 23.6, 17.2 puRMS-FAB calcd.
For Ci3H1s0, [M+H]": 203.11, found 203.13.
3-ethyl-2H-chromen-2-one (68a)

Following the general procedure, reaction of 2-ijeftd-chromene-3-
carbaldehyde (87 mg, 0.5 mmol), 1,3-dimesityl imziglanium chloride (27.5 mg, 15
mol%) and DBU (15.2 mg, 15 L, 20 mol%) affordedtByl-2H-chromen-2-one 72%
(67.2 mq) yield as white solid.

Chemical Formula: C;1H100;
IR (film) vmax 1719, 1628, 1599 cf
~Et  'HNMR (300 MHz, CDCl3) § = 7.47-7.42 (m, 2H) 7.32-7.22

@(;\[ (m, 2H) 7.18 (s, 1H) 2.61 (¢,= 7.5 Hz, 2H) 1.27 )= 7.5
Hz, 3H). *C NMR (126 MHz, CDCl;) & = 160.9, 153.2,
139.0, 130.4, 126.8, 125.9, 124.1, 119.5, 116.48,2B1.9.
LRMS-FAB calcd. For GH1oCIO, [M+H]™: 175.07 found
175.09.

6-chloro-3-ethyl-2H-chromen-2-one (70a)

Following the general procedure, reaction of 6-otv®-methyl-2H-chromene-3-
carbaldehyde (104.3 mg, 0.5 mmol), 1,3-dimesityidemolinium chloride (27.5 mg,
15 mol%) and DBU (15.2 mg, 15 pL, 20 mol%) affordéechloro-3-ethyl-B-
chromen-2-one 70% (73.0 mq) yield as white solid.



Chapter 3 69

Chemical Formula: C11HoCIO,

cl ~Et IR (film) viax 1716, 1675, 1479 cihn
mo 'H NMR (300MHz, CDCl3) § = 7.42-7.26 (m, 3H) 7.24-7.14
(m, 1H) 2.61 (g = 7.5 Hz, 2H) 1.26 (1) = 7.5 Hz, 3H)*C
NMR (126 MHz, CDCIl3) 6 = 160.8, 151.4, 135.9, 132.8,
130.3, 129.4, 126.3, 120.6, 117.8, 24.0, 12.2 ppRMS-
FAB calcd. For GH1oCIO, [M+H]": 209.03 found 209.60.
6-bromo-3-ethyl-2H-chromen-2-one (71a)

Following the general procedure, reaction of 6-bveamethyl-H-chromene-3-
carbaldehyde (126.5 mg, 0.5 mmol), 1,3-dimesityidemolinium chloride (27.5 mg,
15 mol%) and DBU (15.2 mg, 15 pL, 20 mol%) affordéebromo-3-ethyl-Bi-
chromen-2-one 52% (65.8 mq) yield as white solid.

Chemical Formula: C11HgBrO,
m p 110-112C

Br ~Et IR (film) vimax 1719, 1628, 1599 ¢
mo 'H NMR (500 MHz, CDCl3) § = 7.50 (d,J = 2 Hz, 1H) 7.48-
7.46 (m, 1H) 7.31 (s, 1H) 7.13 (d,= 8.5 Hz, 1H) 2.57-2.52
(m, 2H) 1.19 (tJ = 7 Hz, 3H)."*C NMR (126 MHz, CDCls)
§ = 159.7, 150.9, 134.8, 132.1, 131.7, 128.4, 12011.1,

115.7, 22.9, 11.1 ppmLRMS-FAB calcd. For GiH1BrO,
[M+H] *: 252.99, found 253.28.
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CHAPTER 4

|
Intramolecular Homoenolate Reaction of Enals witho, -

Unsaturated Esters: Efficient Synthesis of Coumarin

Derivatives

4.1. Introduction

Discovery of novel and efficient synthetic methods essential for the
development of sustainable chemical transformatieapecially for carbon-carbon bond
formation. Hence, carbon-carbon bond formationtesn an area of constant interest and
remains a great challenge. During the past two dzaorganocatalysis became an
important tool in synthetic organic chemistry. Adpwith this, N-heterocyclic carbenes
(NHCs) have assumed a significant role. Following general trend, most of the NHC
catalyzed reactions are also intermolecular, the,reaction sites belong to two or more
molecules. This chapter presents a novel NHC cadlyintramolecular homoenolate
reaction for the efficient synthesis of coumarimieives. In this context, a brief survey
of N-heterocyclic carbene catalyzed intramoleculartreas is essential and is given in
the following section. Since coumarin derivativemstitute the target molecules of the
work described in this chapter, inclusion of reviefshe existing methods of coumarin
synthesis would be customary. However, a reviewcaimarin synthesis is already
available in the previous chapter (Chapter 3). &oee to avoid duplication; a review of

coumarin synthesis is excluded.

4.2. NHC Catalyzed Intramolecular Reactions

4.2.1. Intramolecular Benzoin Reactions

In 2003, Hachisu et al. reported a catalytic intvaular crossed aldehyde ketone
benzoin reaction for the synthesis of functionalizzeanthraquinones (Scheme 4.1).
This process offers a simple and remarkably milayeto useful, orthogonally protected
polycyclic quinones with a high degree of regiod atereoselectivity.



Chapter 4 73

O—N OMe 5 Et

[ ! Me |®
C1 (5 mol %) N 5 /\IN\> Br°
DBU (10 mol %) HO S
¢-BuOH, 40°C, 0.5 h HO o 2, 95% ! C1
Scheme 4.1

The same group extended the scope of this reaittiafiphatic substrat€sAfter
the optimization of reaction conditions, it was fiduthat the five and six membered
cyclic acyloins were formed in good to excellerglgls and the competing intramolecular
aldol reactions were suppressed (Scheme 4.2). INptisingly, the analogous formation

of seven membered rings was found difficult.

(0} o o
H
H C1 (25 mol %) Me
Me DBU (20 mol %)
t-BuOH, 40°C, 2 h 4
3 O

Scheme 4.2
First enantioselective intramolecular crossed binzeaction catalyzed biN-
heterocyclic carbene was reported by Enders andarkers® The tetracyclic triazole
carbene catalyzed cyclization afforded thketol with a quaternary stereocenter in high

yield and excellent enantioselectivity (Scheme .4.3)

(o) (0] .
C2 (10 mol %) oH @ S
H (1] Me E o N \N BF4
O KOt-Bu (9 mol %) - \=N.
: ® Ph
5 Me

PhMe 6, 93%, 94% ee Cc2

Scheme 4.3

Another triazole carbene catalyzed enantioselectr@ssed aldehyde ketone
benzoin cyclization was reported by Takikawa anewookers® Both aromatic and
aliphatic substrates underwent highly enantioseleatyclization; excellent selectivity
was observed for the formation of six memberedsriogmpared to the five membered
ones.

In 2007, Takikawa and Suzuki utilized this methadpyl for the synthesis of (+)-
Sappanone B (Scheme 4°4Fommercially available 2-hydroxy-4-methoxybenzalgiie
7 was transformed into aldehy8ewhich upon treatment with triazolium salt in prese
of base affordedR)-9 in 92% yield and 95% ee. Subsequently the latees tnansformed
to (+)-Sappanone B.
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0\>\
=N

N '@
\=N CF,
(0] Cle

(o}
OH MeO om Et;N, PhMe, rt, 12 h
8 OMe

ool =
MeO OMe HO

0, (+)-sappanone B

92% y|eId
95% ee

Scheme 4.4
Later, a bio-inspired acyl-anion equivalent macabegation and synthesis of a
trans-resorcylide precursor was reported (ScheB) Zhe electron-deficient triazolium
salts served as precatalysts for the cyclizatioa,N-pentafluorophenyl triazole carbene

derived fromC4 led to cyclization at room temperature within arshime.

(o]
(o]
C4 (100 mol %) C( N Cst
Ox DBU (200 mol %)
CH,Cly, rt,, 90 min
~o
11

12, 43%

Scheme 4.5
In 2008, You and co-workers showed that the efficyeof intramolecular crossed
benzoin reaction can be improved by using D-campleoived triazolium salt (Scheme
4.6)" The NHC catalyst derived front5 and DBU is found to be efficient for
intramolecular crossed aldehyde—ketone benzointioeacand a-ketol containing a

quaternary stereocenter was formed in excelletd yweh up to 93% ee.

E Me._Me BF@
_ C5(6mal%) ON ° 5 S Q-CoFs
o DBU (5mol %) : N
THF rt f

14, 95%, 93% ee |

Scheme 4.6
A stereoselective synthesis of bicyclic tertiarycadlols with quaternary
stereocenter was developed Weheterocyclic carbene catalyzed intramolecular s#ds
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benzoin reaction (Scheme 4%7)ater the scope of the reaction was explored whiinal

catalysts.
o o)
&E\/{I C4 (6 mol %) Me
Et;N (20 mol %)
(o] 3
o THE, 66 °C, 241 HO
15 O 16
Scheme 4.7

A facile one-pot synthetic route to naphthalenoaseld bicyclic tertiary alcohol
from chalconel? via intramolecular aldehyde—ketone crossed benzoimdensation

reaction catalyzed by NHC was reported (Scheme'4.8)

o .
: @ t
X-"“ph €6 (10 mol %) ! s~N-BY
o - Ph BINE
DBU (10 mol %) oH | N— ClI
CH2C|2, N2, 20 min (o) . t-Bu C
17 H 18, 92% | 6
Scheme 4.8

Recently, Greatrex et al. reported NHC-catalyzedrbaayclization of
carbohydrate-derived dialdehydes for the synthefsadlo- and epi-inositol. The inososes
were stereospecifically reduced using sodium batabg and then deprotected to give
inositol in good yield (Scheme 4.9).

0] OH
O, H O H C4(20mol %)  BnO.. ~OH 1. NaBH, HO,, ~._ .OH
BnO" \ OBn EtN(15mol%) gpo" oBn 2 Hz PdCl, HO“'Q\OH
BnO OBn OBn OH
19 20, 75%, dr > 20:1 21, 81%
Scheme 4.9

4.2.2. Intramolecular Stetter Reaction

Almost 20 years after the initial report of the t&ereaction? Ciganek reported
an intramolecular variant of this reaction in 19@&th thiazolium precatalysiC7
providing chromanon@3 in 86% yield (Scheme 4.16§.In 1996, Enders and co-workers
illustrated the first asymmetric variant of therarholecular Stetter reaction utilizing

chiral triazolinylidene derived frorg8.**
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; " Bn
: e _N®
: /\)IN\> ci®
0 0 : s’ Et;N, DMF, 25 °C
, HO 86%
H catalyst CO,Et | c7
o/\/\COZEt o ! Me,, o) AN
22

\ /< N
23 R
' Ph S0 " K,CO, THF
cs Clo, MLl
73%, 60% ee
Scheme 4.10

In 2002 Rovis and co-workers synthesized a sefiésa@olium precatalysts, e.g.,
C9 and these were utilized for the intramoleculatt8teeaction of variety of substrates.
The products were obtained in good yields with feghantioselectivities (Scheme 4.13).
Among those catalysts, the tetracyclic structurehef catalystC9 provided sufficient

steric bulk on reaction centre.

o) ; 01
o) | &N <
H C9 (20 mol %) @fﬁ-“\\cozﬂ TN @N
0" co,Et KHMDS (20 mol %) o ; \©\
Phivie : co B,
24 25, 94%, 94% ee ' OMe
Scheme 4.11

The reaction works well with a number of acceptsugh asa,p-unsaturated
esters, amides, alkyl ketones, and phosphine oxidder suitable reaction conditions to
afford products in more than 90% %e.

Aliphatic substrates also performed well for thenstouction of five membered
rings in good vyield and high enantioselectivity. eTlcorresponding six membered
cyclization product was formed from substrate englbwvith the more electrophilic

Michael acceptor, alkylidene malonate (Scheme 4:12)
o)

0 :
/ CO,Et _ €10 (20 mol %) Eé /COzEt :
KHMDS (20 mol %) 5 N.®.Ph
2 PhMe, 25 °C, 24 h 27,81%, 95% ee | SN
NS BE
O CO,Et : 4
B o ! c10
Z>CO,Et  KHMDS (20 mol %)
PhMe, 25 °C, 24 h 29, 97%, 82% ee !
28
Scheme 4.12

The scope of this strategy was expanded to enafdms/e formation of

guaternary stereocenters by inducing the intranoddecaddition of aromatic as well as
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aliphatic aldehydes t@,8-disubstituted Michael acceptors (Scheme 4'13hey also
demonstrated sensitivity of intramolecular Stetgsaction to the nature and geometry of

the Michael acceptdr.

i 1
Et C11 (20 mol %) ©\)g$co " <\
Me |
o\ CO,Me EtN (20 mol %) N Fe
BF,

20 PhMe, 25°C, 24 h 31, 96%, ee 97% !

Scheme 4.13
Utilizing prochiral a,a-disubstituted Michael acceptors, the Stetter react
catalyzed byC10 has proven to be both enantio- and diastereosadeetlowing control

of the formation of contiguous stereocenters (Sehdrh4)™°

O , CO,Et | Ng-Ph
2 H : 4 ]
@EL H Me C10 (20 mol %) @fjj) “Me N~ BF;
PhMe, 23 °C, 24 h ;
32 33, 88%, 90% ee

Scheme 4.14
Rovis and Liu have accomplished the desymmetriaatfocyclohexadienones by
using triazolinylidene carbene generated fro89 (Scheme 4.15 Multiple
hydrobenzofuranones were synthesized in good yieitth excellent enantio- and
diastereoselectivity. Up to three stereocenters/igls as a quaternary stereocenter were

formed from polysubstituted substrates.

o)
t-Bu tBu  c9 (10 mol %) t-Bu
KHMDS (10 mol %)
PhMe, 25 °C Me
@Ba

Me 0‘>:
y o 35, 80% >99% ee ' OMe

Scheme 4.15
Marké and co-workers utilized the Stetter reaction the synthesis of

bicycloenediones, proceeding in moderate yieldaigusitoichiometric thiazolium pre-
catalystC7 (Scheme 4.16}* Morita-Baylis-Hillman adduc88 was formed in three steps
from commercially available starting materials, ehxfenal 36 and the corresponding
cyclic enone37. The carbene induced Stetter reaction followeddstate elimination and

alkene isomerization delivered bicyclic enedi@%e
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o pn
/\/\f o C7 (100 mol%) 5 Me | N\>®C|®
o + N3 —— EtsN, EtOH ; AIS
78°C ; HO
o)
37 39, 50%
Scheme 4.16

Trost and co-workers relied on Stetter reactiosdbthe relative stereochemistry
for the core of hirsutic acid C (Scheme 4.%%7).

Me
N® ©
\> |
o_ 0O 4
H  E4N, i-ProH
Meozc Me02C (o]
CN 40 42 43, (+)-hirsutic acid C
Scheme 4.17

Nicolaou and co-workers reported a formal synthesis (x)-platensimycin
utilizing Stetter methodology (Scheme 4.38pldehyde44 when treated with achirdl-
pentafluorophenyl pre-cataly§i4 readily underwent cyclization to yieb as a single

diastereomer.

o)
o
o)
C4 (100 mol % HO JL o
H ( 0) . HO H , Me
Br Et;N, -
g CH,Cl,, 45 °C Br S /
44 45, 81% 46, (X)-platenimycin Me

Scheme 4.18
Rovis and Orellana have reported the progress tbitar synthesis of FD-838.
In four steps, the Stetter substrdfewas obtained, and it endured cyclization under the
influence of aminoindanol derived pre-catalyst3 to produce spirocycld8 in good
yield and 99% ee (Scheme 4.19).
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\=N_
% ® “CgFs
H /QNBn C13 (20 mol %)
O)\ﬁo KHMDS, PhMe
o
a7
Ph.__O
~~
OHO ?OMe

Scheme 4.19

4.2.3. Intramolecular Hydroacylation Reactions
In 2010, Liu and co-workers reported an NHC catadlyimtramolecular aldehyde-

nitrile cross coupling reaction for the synthegi8-@minochromenones (Scheme 4.20).

(I) o} N.® pp
| ~ \N’
Meo\d CN €14 (10 mol %) Meo\@\)j/""'ﬁ CE\// o
— | BF
o) DBU (10 mol %) o . c1a
51 CH,Cl, 52, 95% |

Scheme 4.20
The authors extended this strategy to an intramtdeStetter type hydroacylation

reaction between an aldehyde and activated alkyoleeme 4.213°

C ' Bn
o fO* . O COEt | Me. N® o
Me I C7 (20 mol %) Me\@f‘j) : J =
Et;N, DMF | E S
o 1, 24 h o ; HO
53 54, 90%
Scheme 4.21

A 1,4-dicarbonyl compound carrying a phosphonateugrwas synthesised by
utilizing a dually NHC-catalyzed domino hydroacyat of salicyl alkynylphosphonates
(Scheme 4.2/

(0]

0
Meo\cfkl_l . /©/\LH C15 (5 mol %) MeO
Br K>COj (10 mol %)
0/\ 56 THF, 15-17°C

55 PO(OEt),

Scheme 4.22
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Glorius et al. reported an unprecedented reactofitsicyl anion generated vid:
heterocyclic carbenes, towards hydroacylation oéctimated double bonds (Scheme
4.23)%8

o) o !
’ C16 (20 mol %) Me 5 o
DBU (40 mol %) ST\ ¢l
ANF (o} ! S__N-<
o 1,4-dioxane oM i N7 Mes
OMe 58 120°C, 2 h € 59,85% c16
Scheme 4.23

In 2010 this methodology was extended to the hyojiiasion of unactivated
alkynes to provide:, B-unsaturated ketone products (Scheme £2#).addition, these
authors and Zeitler et al. reported a rare casanoéfficient and selective dually NHC-
catalyzed cascade reaction involving the hydrodioylaof alkynes and a subsequent
intermolecular Stetter reactidh.

o 0]

C16 (5 mol %) ~ “Ph E
o K,CO5 (10 mol %) o :

S N\
N ~z " "Mes

Scheme 4.24

4.2.4. Nucleophilic Substitution Reaction

A novel intramolecular nucleophilic substitutionaction catalyzed by NHC
leading to the synthesis of benzopyrones was repdoy He et al. (Scheme 4.25). When
R! was a phenyl group, the cyclization product un@envwisomerization, resulting in the
benzofuranone. A variety of substrates underwest rigaction in good yields. The
formation of benzopyrone was achieved by a diredeophilic substitution reaction of
NHC-aldehyde umpolung. Mechanism of benzofuranarendtion was explained by
invoking rearrangement of the intermediate catiosllofved by intramolecular
cyclization

o}
@H C12(25mol %) @fﬁ ©jlg< itef’>
/]\/ “Tos DBU (70 mol%
62 63,72%, R'=H 64, 82% R'=

Scheme 4.25
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Recently Zhao et al. reported the first NHC-catatlzintramolecular &’

substitution reaction of aldehydes with allylic @lephiles (Scheme 4.26). The reaction

exhibited excellent functional group tolerance affdrded good vyield of products.

o !
C16 (15 mol %) = !
o DBU (1.2 equiv) 0 s

N-
B 4 dioxane, 60 °C 0 ~7 " Mes
65 66, 86%

Scheme 4.26
A variety of benzodioxepinone products were syrifees by an efficient,
oxidative carbene-catalyzed lactonization reac{®cheme 4.273 The thiazole carbene
catalyzed reaction afforded products in good toebent yield. The selective oxidation
was done by azobenzene, which can easily be remdbvand reused after applying

inexpensive FeGlas a formal terminal oxidant.

(o0}
C17 (5 mol %) :
H ' Me
Et,N (8 mo %) ) : A\
o ™" THF so°C : N/
67 PhN=NPh (68) (1equiv) . 69, 94% : Mes @ o
. CIO
H L C17 4
FeC|3X 6 H20 Ph/N\N/Ph '
90% H 70
Scheme 4.27

4.2.5. Homoenolate Reactions
Glorius and co-workers extended the NHC mediatechdemolate reaction to

intramolecular homoenolate addition in modest y{&dheme 4.28%*

o)
| H
C18 (15 mol %) K\N D Mes
Me  KOt-Bu, THF ~e®
60°C
71 O

Scheme 4.28
In 2007, Scheidt and co-workers reported the intdaoular desymmetrization of

1,3-diketones utilizing triazolium precatalyst (8ofe 4.29¥° The formation ofa,a-
disubstituted cyclopentenes was rationalized byoking the initial formation of
homoenolate followed bfy-protonation and aldol reaction, and subsequestdbgarbon

dioxide, along the lines suggested by us previotisly
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o Ph : _N
€19 (10 mol %) Q 0T ‘N—Mes
Ph B o SN2 O
Me 0 i-Pr,EtN (1 equiv) 5 Ph Fi’h

Phan.s C)
M B
0™Np, i  CHiCl,40°C € ! "
73 74, 80%, 93% ee ' c19
Scheme 4.29

NHC-catalyzed intramolecular cyclization—lactoniaat of enals to ketones
tethered by an amide bond, produced densely fumatiedy-lactamy-lactone adduct¥.
To demonstrate the utility of this method, the amhaccomplished a formal synthesis of

salinosporamide A, a potent 20S proteasome inhibéiod anti-cancer therapeutic
(Scheme 4.30).

©BF,

Mes\ﬁA
\ N
N

0 \Q_ H O Cl
OY\)LN’P%% C20 (15 molc')’/) ;
n (J _
LPBn LAMOR) , o o N-PMB
M

H Me .
\fo(KCOZMe DBU,THF/t-BuCH

e ,_-0OBn
40°C,3h CO;Me
75 88% (1:1.1d.r) 76
77, salinosporamide A
Scheme 4.30

4.3. Present Work

The above discussion makes it clear that, in sgithe enormous progress in the
area of NHC mediated intermolecular homoenolatemistey, there are only a few
intramolecular homoenolate reactions known in tieedture. In view of this, intrigued by
the possibility of designing an intramolecular teat it was conceptualized that
cinnamaldehyde appended with 2-O-alkenoate, orintexa with NHC, was likely to
undergo a cascade reaction triggered by the initiahation of homoenolate and its
intramolecular Michael addition, and a series adrgg culminating in the formation of a
coumarin derivative (Scheme 4.31).
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OH Mes
XN
- N\/)
O Mes
N EWG
78 _
X=H or EWG 7 ' IMR followed by
; alkene transfer
EWG
X ewe
-
o "o
81 80
Scheme 4.31

4.4. Results and Discussion

The present studies were initiated by synthesiZZn@-alkenoate substituted
cinnamaldehydes by the reaction of 2-hydroxycinfdeteyde and dimethyl
acetylenedicarboxylate (DMAD) (Scheme 4.32).

(o]
H C02Me
‘ ‘ DBU
+ —_—
CH3CN, 82°C
OH C02MG 1h
82 83
Scheme 4.32

In a preliminary experiment, the 2-substituted emaldehyde84 was treated
with the imidazolium precataly€18 and DBU in dry THF under an argon atmosphere
(Scheme 4.33). After 24 hours the solvent was restdoand the crude product when

subjected to column chromatography on silica gidrdéd 15% of the product, 4-alkyl
substituted coumari@4a

/ |
o /N®Mes
N"g MeO,C
H o Mes cl 02 CO,Me
C18 (15 mol %)
OMe DBU (20 mol %) b
mol 7
o X»C0:Me e i i oah )
84 84a

Scheme 4.33
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The structure of the product was established bynsomspectroscopic techniques.
The proton NMR spectrum showed singlet &.27 corresponding to the alkenyl proton.

The final confirmation was obtained from singlesta} X-ray analysis.
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Figure 4.2.*C NMR Spectrum o84a
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Figure 4.3Single crystal X-ray Structure 8fta, CCDC number903579

In view of the success of the reaction, we examitiexl usefulness of other
commonly available NHC catalysts in this reacti@gn.number of experiments were
conducted, and the results are summarised in Tabldmong the four catalysts
investigated, imidazolinium cataly821 gave the best result (table 1, entry 7).

Table 4.1.Condition optimization

(o]
MeO,C
H o0z CO,Me
CO,Me catalyst N
x..CO,Me
o ()
Mes Mes Et Bn
N O N o© @y O Me &N ¢°
\, Cl cl I \
LY (3 > [
N N N S
\ \ \ HO
Mes Mes Et
C18 Cc21 C22 Cc7

Entry Catalyst Base  Solvent,tempC) Time (h)  Yield® (%)

1 ci18 DBU THF, rt 24 15
2 cis DBU  THF, 65°C 24 45
3 c1s8 DBU PhMe, 110C 24 56
4 c21 DBU THF, rt 24 20
5 cz21 DBU THF, 65°C 24 68
6 C21 DBU PhMe, rt 24 48
7 c21 DBU PhMe, 110C 2 93
8 c21 DMAP  PhMe, 110C 24 40
9 c21 Ko,CO; PhMe,rt 24 -
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10 c21 EtzN PhMe, rt 24 -
11 Cc22 DBU PhMe, 110C 24 42
12 Cc7 DBU PhMe, 110C 24 50
13 - DBU PhMe, 110C 24 -
14 c21 DBU CHCIy, rt 24 -

%isolated yield

After having reasonably well established the optimparameters, the reaction
was extended to other substituted cinnamaldehydeatiges, Table 2.

Table 4.2 Reaction of mixture of & Z isomers

o
1

R'0,C COR’

R3 C21 (15 mol %) R3
CO,R’ X
DBU (20 mol %)
o PhMe, 110 °C (o) o)
R? CO,R’ Ar,2h R?
Entry E:Z ‘?‘L[“er R! R? R® Product  Yield® (%)
ratio

1 11 Me H H 84a 93
2 0.65: 1 Me H Br 85a 78
3 0.88: 1 Me H t-Bu 86a 70
4 0.65:1 Me H i-Pr 87a 66
5 11 Me OMe H 88a 60
6 0.75: 1 Me H OMe 89a 60
7 1: 0.68 Me H Cl 90a 55
8 11 Me Me H 9l1a 47
9 11 Me H Me 92a 46
10 1:1 Me I H 93a 46
11 0.6:1 Me H NQ@ 94a -
12 1.0.61 t-Bu H Br 95a 21
13 1:1 Et H H 96a 81

3E: Zratio calculated fromH NMR, ? isolated yield

In order to establish advantages, if any, in subjgcthe E and Z isomers

separately to the cascade process, we prepared ithgmre form. When these were
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subjected to the reaction conditions identicaliiose experienced Hy-Z mixtures, the
same products were obtained in comparable yields.r&sults are summarised in table 3.

Table 4.3 Reaction oE & Z isomers

CO.R!
c21 (15 mol %) R? N
DBU (20 mol %) o Yo
PhMe, 110 °C R2
Ar,2h
Entry R* R? R® Product Z;ﬁeld (%éb
1 Me H H 84a 83 66
2 Me OMe H 88a 63 81
3 Me H Cl 92a 69 60
4 Me H Br 85a 75 69
5 Me H OMe 89a 65 78
6 Et H H 96a 68 72
7 Et H Cl 97a 65 58
8 Et H Br 98a 85 89
9 Et H OMe 99a 62 76
10 Et OMe H 100a 67 74

3isolated yield fromZ) isomer” isolated yield fromF) isomer.

In order to explore the scope of the coumarin s3si) we conducted the reaction
with substrates derived from other acetylenic sstiée results are presented in Table 4.

Table 4.4 Reaction of acetylenic esters

o CO,Me

COZMe
H
;
R! | c21(20mol%) R N L R N
. _CO,M DBU, PhMe
0TI 0oc Ar, 8 h, 0”0 , 20
R2 RZ R
a b
—
Entry R* R? Product Yield” (%)
a b
1 H H 101 30 50
Me H 102 21 14

Cl H 103 60 35
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4 Br H 104 39 41
5 H Me 105 19 32
6 t-Bu H 106 14 04

%isolated yield

When the reaction was carried out with 2-O-phenylate substituted
cinnamaldehydd 07, methyl 3-(2-oxo-Bi-chromen-4-yl)-3-phenylpropanoai®7a was
obtained (Scheme 4.34).

o C02M6
H Ph
C21 (15 mol %)
> A
o X DBU (20 mol %)
o.M PhMe, 110 °C (0] (o]
2Y€  Ar 1 h, 45%
107 (E: Z=1:0.29) 107a
Scheme 4.34

The above results suggest that 1,2-substitutidheficetylenic esters is crucial to
the selective formation of the homoenolate prodwet the enolate product.

4.5. Mechanism

The proposed catalytic cycle begins with the ihigadition of NHC to the
aldehyde leading to the generation of the homoémapeciedl . The latter is suitably
positioned for a Michael addition to the olefinister resulting in a five-membered
intermediatdll which on fragmentation renders the phenoxidel¥onThe formation of
this phenoxide ion may provide the driving force fbis reaction. Conceivably can
endurec-bond rotation and subsequent cyclization concarhitéth the ejection of the

catalyst to delive¥Il ; the latter on isomerization affords the finalgwot (Scheme 4.35).
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CO,Me COo,Me
R R _—~
NS C02Me
I,VIes
>
N i’ﬁ OH Mes
Mes N N
1)
/N‘
ges
R C02Me
‘ |
RN C)
Mes"‘l /N‘Mes
-N /g‘Mes =~ ~OH
S
o = /0H<—HO\O)<— YR
R R O/Q\l‘/{oj
I | I OMe
(o] C02Me (0] C02Me
v © © v
Scheme 4.35

The formation of 3-alkylsubstituted coumarins candxplained as follows; the
homoenolatdl undergoes $-protonation leading to the enola#e which on Michael
addition forms a chromane type intermediatd he phenoxide iol€, formed by the ring
fragmentation ofB undergoes an intramolecular acylation. Subseqebmination of

carbene followed an isomerization delivers thelfpraduct (Scheme 4.36).
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4.6. Conclusion

The coumarin synthesis reported herein is notéwofor its efficiency, novel
cascading process involving an intramolecular Métreaddition of homoenolate, alkene
transfer via Grob type fragmentation, and intraroolar cyclization. It may also be
mentioned that the coumarins obtained are endow#darMunctionalized carbon chain,
thus allowing their further transformation to diserproducts of potential value.

4.7. Experimental Section

Melting points were recorded on a Buchi melting nboapparatus and are
uncorrected. NMR spectra were recorded at 380 4nd 126 °C) MHz respectively on
a Bruker DPX-500 MHz NMR spectrometer. Chemicaftshd) are reported relative to
TMS (*H) and CDC} (*°C) as the internal standards. Coupling constinis(reported in
Hertz (Hz). Mass spectra were recorded under EI/I3RiVIFAB using JEOL JMS 600H
mass spectrometer. IR spectra were recorded on wakeBr Alpha-T FT-IR
spectrophotometer. Gravity column chromatographyg performed using 100-200 mesh

silica gel and mixtures of petroleum ether-ethytate were used for elution.

4.7.1. General Experimental Procedures
4.7.1.1. Syntheses of Methyl 3-(2-formylphenoxy) gdates, dialkyl 2-(2-formyl-

phenoxy)maleate
o]
0 |
0 DABCO X R O
X H I oY |
|// + R——= Z CH,Cl,, 0 °C V& )\/U\ .R
X OH o X o o]
/ 1h
R
R'=H, R= Me

R' = CO,Me, CO,Et, R = Me, Et

Methyl propiolate/dialkyl acetylenedicarboxylatel(4nmol, 1 equiv.) was added
to a solution of salicylaldehyde (0.5 g, 4.1 mmblequiv.) in 5mL dichloromethane.
Then a solution of DABCO (0.459 g, 4.1 mmol, 1 equin 5 mL dichloromethane was
added to the above solution drop wise with stirringan ice bath for 1 h. After the
completion of the reaction, water was added tontheéure and swirled, and the aqueous
layer was extracted with dichloromethane (3x5 nillje organic layer was separated and
dried over anhydrous sodium sulfate. After the remhoof the solvent, the residue
obtained was subjected to column chromatographg sifica gel (60-120 mesh) column
using 95:5 hexane: ethyl acetate solvent mixtueftard the product.



Chapter 4 91

4.7.1.2. Syntheses of Methyl 3-(2&}-3-oxoprop-1-enyl)phenoxy)acrylates, dialkyl 2-
(2-((E)-3-oxoprop-1-enyl) phenoxy)maleate

(o]
! H
X R O
+ PhyP
[ L AU R PP
X o o THF, 66 °C

3h
R' = CO,Me, CO,Et, H

R = Me, Et
In a 50 mL round bottom flask, methyl 3-(2-formy§stoxy)acrylate (0.983 g, 4.7
mmol) and (Triphenylphosphoranylidene)-acetaldehild¢66 g, 4.8 mmol) were taken.
Into this was added 10 mL dry THF and refluxed 3oh. After the completion of the
reaction monitored by TLC, solvent was removed #mal residue on purification by
column chromatography (using 100-200 mesh silidaagd 10: 90 ethyl acetate: hexane

mixtures) gave the corresponding phenoxy acrylataleates.

4.7.1.3. Synthesis  of  3-(2-Hydroxyphenyl)  acrylaldgde  (2-hydroxy

cinnamaldehyde)

0]
0] | H
D PP~y ———— D
~
/" “oH THF, 66 °C A7 0H
3h

In a round bottom flask, salicylaldehyde (4.7 mmmoind (Triphenyl-
phosphoranylidene)-acetaldehyde (4.8 mmol) werertakto this was added 10 mL dry
THF and refluxed for 3 h. After the completion bétreaction monitored by TLC, solvent
was removed and the residue on purification bymolchromatography (using 100-200
mesh silica gel and 90:10 hexane: ethyl acetatd¢unaex afforded the corresponding 2-

hydroxy cinnamaldehydes.

4.7.1.4. Syntheses of Dialkyl 2-(2H{-3-oxoprop-1-enyl)phenoxy)fumarates

R'= COzMe, COzEt
R = Me, Et
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2-hydroxycinnamaldehyde (2 mmol) was dissolvedquoemus solution of NaOH
(2.5 mmol) in a round bottom flask and DMAD (0.284 2 mmol) was added. The
reaction mixture was stirred vigorously at room pemature for 1 h. After the completion
of the reaction, the solid product formed was safear by vacuum filtration. In the case
of liquid products, the reaction mixture was extedowith dichloromethane (3x5 mL) and
washed with water. The organic layer was dried @vdrydrous sodium sulfate. After the
removal of the solvent, the crude product was mdiby column chromatography on 60—

120 mesh silica gel using 90:10 hexane: ethyl éeataxture.

4.7.1.5. Syntheses of mixture oE & Z isomers (dialkyl 2-(2-(E)-3-oxoprop-1-
enyl)phenoxy) fumarate/maleate)

(o]
| H COOR
| | DBU
X * —_—
| . R CHsCN, 82°C R' = CO,Me, CO5Et, Ph, COst-Bu
X OH 1h R=Me, Et, t-Bu

2-hydroxycinnamaldehyde (2 mmol) was dissolved mL7acetonitrile in a round
bottom flask. To this was added DBU (0.20 mmol)daed by DMAD (0.284 g, 2
mmol). The reaction mixture was refluxed for 1 Hteh the completion of the reaction,
crude mixture was purified by column chromatography60-120 mesh silica gel using

90:10 hexane: ethyl acetate mixture.

4.7.1.6. Synthesis of Coumarin Derivatives

R'0,C
H 0 CO.R!

R3 ot SMesCl (15 mol %) R N
2
DBU (20 mol %) 0o
. 9% Phve 110°C 18
R CO.R Ar,2h

Methyl 3-(2-(E)-3-oxoprop-1-enyl)phenoxy)acrylate (100 mg) ance darbene
precursor-1,3-dimesityl imidazolinium chloride (ol %) were taken in a round bottom
flask; into this was added 7 mL dry toluene follawky DBU (20 mol %) and the
reaction mixture refluxed for 2 h under argon atpiese. The completion of the reaction
was monitored by TLC, and the reaction mixture wssbjected to column

chromatography on silica gel (100-200 mesh) usii@d®hexane- ethyl acetate mixture.
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4.7.2. Characterization Data of Compounds

Dimethyl 2-(2-((E)-3-oxoprop-1-enyl)phenoxy)fumarate (8&)
Chemical Formula: C35H1406
'H NMR (500 MHz, CDCk) 6 = 9.73 (d,J = 7.8 Hz,
1H), 7.92 (dJ = 16.1 Hz, 1H), 7.65 (dl = 7.6 Hz, 1H),
7.33 (t,J = 7.8 Hz, 1H), 7.14 (t) = 7.5 Hz, 1H), 6.79
(dd,J = 16.5 Hz, 7.9 Hz, 2H), 6.69 (s, 1H), 3.77 (s, 3H)
3.72 (s, 3H).

Dimethyl 2-(2-((E)-3-oxoprop-1-enyl)phenoxy)maleate (&4)

Chemical Formula: C;5H140s

'H NMR (500 MHz, CDCl) & = 9.64 (d,J = 7.6 Hz,
1H), 7.66 (dJ = 7.9 Hz, 1H), 7.56 (d] = 16.1 Hz, 1H),
7.42 (t,J = 7.7, 1H), 7.28 (tJ = 7.6 Hz, 1H), 7.11 (d)
= 8.0 Hz, 1H), 6.67 (dd] = 16.1 Hz, 7.6 Hz, 1H), 5.01
(s, 1H), 3.87 (s, 3H), 3.60 (s, 3H).

Dimethyl 2-(4-bromo-2-((E)-3-oxoprop-1-enyl)phenoxy)fumarate (8&)

Chemical Formula: Cy5H13BrOg

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.6 Hz,
1H), 7.81 (dJ = 16.2 Hz, 1H), 7.75 (d] = 2.2 Hz, 1H),
7.41 (dd,J = 8.7 Hz, 2.3 Hz, 1H), 6.76 (dd, = 16.2
Hz, 7.7 Hz, 1H), 6.71 (s, 1H), 6.66 @= 8.7 Hz, 1H),
3.79 (s, 3H), 3.73 (s, 3H).

Dimethyl 2-(4-bromo-2-((E)-3-oxoprop-1-enyl)phenoxy)maleate (85)

Chemical Formula: CysH13BrOe.

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.5 Hz,
1H), 7.83 (dJ = 1.9 Hz, 1H), 7.59 (dd] = 8.7 Hz, 2.2
Hz, 1H), 7.54 (dyJ = 16.2 Hz, 1H), 7.08 (d] = 8.7 Hz,
1H), 6.73 (ddJ = 11.2 Hz, 4.9 Hz, 1H), 5.15 (s, 1H),
3.94 (s, 3H), 3.70 (s, 3H).

Dimethyl 2-(4-tert-butyl-2-((E)-3-oxoprop-1-enyl)phenoxy)but-2-enedioate (86)
Chemical Formula: C;gH220s.
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tBu

'H NMR (500 MHz, CDCl) § = 9.72 (dd,J = 7.7 Hz,
6.0 Hz, 1.9H), 7.91 (d] = 16.1 Hz, 0.98H), 7.68 (d,=
2.3 Hz, 1H), 7.61 () = 9.5 Hz, 2H), 7.50 (dd] = 8.6
Hz, 2.3 Hz, 1H), 7.34 (dd = 8.6 Hz, 2.4 Hz, 1H), 7.10
(d, J = 8.6 Hz, 1H), 6.81 (ddJ = 16.1 Hz, 7.8 Hz,
0.98H), 6.76 (ddJ = 16.1 Hz, 7.7 Hz, 1H), 6.69 (d,=
8.6 Hz, 0.94H), 6.67 (s, 0.88H), 5.05 (s, 1H), 3(86
3H), 3.77 (s, 2.67H), 3.72 (s, 3H), 3.68 (s, 2.82H}6
(s, 9H), 1.32 (s, 8H).

Dimethyl 2-(4-isopropyl-2-((E)-3-oxoprop-1-enyl)phenoxy)but-2-enedioate (87)

iPr

Chemical Formula: CygH2¢0s.

'H NMR (500 MHz, CDCk) & = 9.72 (ddJ = 7.7 Hz,
5.6 Hz, 1.64H), 7.91 (dl = 16.1 Hz, 0.62H), 7.60 (d,
16.1 Hz, 1H), 7.54 (d) = 2.0 Hz, 0.63H), 7.48 (d]

= 2.0 Hz, 1H), 7.35 (dd) = 8.4 Hz, 2.0 Hz, 1H), 7.18
(dd,J = 8.4 Hz, 2.1 Hz, 0.64H), 7.10 (d,= 8.4 Hz,
1H), 6.78 (dddJ = 23.6 Hz, 16.1 Hz, 7.7 Hz, 1.7H),
6.70 (d,J = 8.4 Hz, 0.64H), 6.67 (s, 0.57H), 5.05 (s,
1H), 3.96 (s, 3H), 3.77 (s, 1.98H), 3.72 (s, 2.09%i%8
(s, 3H), 2.96 (dtJ = 13.8 Hz, 6.9 Hz, 0.72H), 2.90 (dt,
J=13.8 Hz, 6.9 Hz, 1H), 1.29 (d,= 6.9 Hz, 6H), 1.25
(d,J =6.8 Hz, 3.9H).

Dimethyl 2-(2-methoxy-6-(E)-3-oxoprop-1-enyl)phenoxy)fumarate (8&)

OMe

COZMG
o
COzMe

Chemical Formula: Ci6H1607.

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.8 Hz,
1H), 7.88 (dJ = 16.1 Hz, 1H), 7.26 (d] = 4.6 Hz, 1H),
7.08 (t,J = 8.0 Hz, 1H), 6.93 (d) = 8.1 Hz, 1H), 6.73
(dd,J = 16.1 Hz, 7.8, 1H), 6.23 (s, 1H), 3.76 (s, 3H),
3.75 (s, 3H), 3.67 (s, 3H).

Dimethyl 2-(2-methoxy-6-(E)-3-oxoprop-1-enyl)phenoxy)maleate (8B)
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Chemical Formula: C;6H1605.

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.7 Hz,
1H), 7.61 (d,J = 16.1 Hz, 1H), 7.30 — 7.28 (m, 1H),
7.26 (d,J = 4.3 Hz, 1H), 7.10 — 7.05 (m, 1H), 6.72 (dd,
J = 16.1 Hz, 7.6 Hz, 1H), 4.93 (s, 1H), 3.97 (s, 3H),
3.90 (s, 3H), 3.67 (s, 3H).

Dimethyl 2-(4-methoxy-2-(E)-3-oxoprop-1-enyl)phenoxy)fumarate (8&)

MeO
€ CO,Me

o
COZMG

Chemical Formula: Ci6H1607.

'H NMR (500 MHz, CDCk) & = 9.73 (d,J = 7.7 Hz,
1H), 7.90 (dJ = 16.1 Hz, 1H), 7.12 (d] = 2.9 Hz, 1H),
6.87 (dd,J = 8.9 Hz, 2.9 Hz, 1H), 6.81 — 6.70 (m, 2H),
6.61 (s, 1H), 3.81 (s, 3H), 3.75 (s, 3H), 3.73@).

Dimethyl 2-(4-methoxy-2-(E)-3-oxoprop-1-enyl)phenoxy)maleate (88)

MeO

Chemical Formula: C;6H1605.

'H NMR (500 MHz, CDCl) & = 9.71 (d,J = 7.6 Hz,
1H), 7.57 (dJ =16.1 Hz, 1H), 7.16 (d] = 2.9 Hz, 1H),
7.11 (d,J = 8.9 Hz, 1H), 7.02 (ddJ = 8.9 Hz, 2.9 Hz,
1H), 6.71 (ddJ = 16.1 Hz, 7.6 Hz, 1H), 5.01 (s, 1H),
3.96 (s, 3H), 3.86 (s, 3H), 3.67 (s, 3H).

Dimethyl 2-(4-chloro-2-((E)-3-oxoprop-1-enyl)phenoxy)fumarate (9&)

cl
CO,Me

o X
CO,Me

Chemical Formula: C35H13ClOg,

'H NMR (500 MHz, CDCk) & = 9.73 (d,J = 7.7 Hz,
1H), 7.83 (dJ = 16.2 Hz, 1H), 7.60 (d] = 2.5 Hz, 1H),
7.28 (dd,J = 8.8 Hz, 2.5 Hz, 1H), 6.80 — 6.76 (m, 1H),
6.73 (t,J = 4.3 Hz, 2H), 3.78 (s, 3H), 3.73 (s, 3H).

Dimethyl 2-(4-chloro-2-((E)-3-oxoprop-1-enyl)phenoxy)maleate ()

Chemical Formula: C;5H13CIOg,

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.5 Hz,
1H), 7.68 (dJ = 2.4 Hz, 1H), 7.55 (d] = 16.2 Hz, 1H),
7.44 (dd,J = 8.7 Hz, 2.3 Hz, 1H), 7.14 (d, = 8.7 Hz,
1H), 6.73 (dd,J = 16.2 Hz, 7.6, 1H), 5.14 (s, 1H), 3.94
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(s, 3H), 3.70 (s, 3H).

Dimethyl 2-(2-methyl-6-(([E)-3-oxoprop-1-enyl)phenoxy)but-2-enedioate (91)

Chemical Formula: Ci6H160s.

'H NMR (300 MHz, CDCl) 6 = 9.69 (dd,J = 11.5 Hz,
7.8 Hz, 2H), 7.80 (dJ = 16.1 Hz, 0.56H), 7.62 — 7.54
(m, 1.2H), 7.45 (dJ = 7.0 Hz, 0.57H), 7.36 (dl = 7.0
Hz, 1.53H), 7.31 — 7.20 (m, 1.54H), 7.11 Jds 7.6 Hz,
0.53H), 7.08 — 6.98 (m, 2.68H), 6.76 — 6.62 (MAH)L
6.22 (s, 1H), 4.80 (s, 1H), 3.99 (s, 3H), 3.9234),
3.79 (s, 3H), 3.66 (s, 3H), 2.29 (s, 6H).

Dimethyl 2-(4-methyl-2-(([E)-3-oxoprop-1-enyl)phenoxy)but-2-enedioate (92)

Chemical Formula: Ci6H160s.

'H NMR (500 MHz, CDCk) 6 = 9.71 (ddJ = 7.3 Hz,
6.0, 2H), 7.89 (dJ = 16.1 Hz, 1H), 7.58 (dJ = 16.1
Hz, 1H), 7.51 (s, 1H), 7.44 (s, 1H), 7.30 — 7.26 1),
7.12 (d,J = 8.3 Hz, 1H), 7.07 (d) = 8.3 Hz, 1H), 6.80
— 6.69 (m, 2H), 6.67 (d] = 8.4 Hz, 1H), 6.65 (s, 1H),
5.05 (s, 1H), 3.95 (s, 3H), 3.76 (s, 3H), 3.723H),
3.67 (s, 2H), 2.41 (s, 3H), 2.34 (s, 3H).

Dimethyl 2-(2-iodo-6-((E)-3-oxoprop-1-enyl)phenoxy)but-2-enedioate (93)

Chemical Formula: Cy5H131O0s.

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.7 Hz,
1H), 9.67 (d,J = 7.7 Hz, 0.4H), 7.95 (dd] = 7.9 Hz,
1.3 Hz, 1.20H), 7.83 (dd] = 7.9 Hz, 1.4 Hz, 0.42H),
7.75 (d,J = 16.1 Hz, 0.45H), 7.71 — 7.66 (m, 3.12H),
7.61 (s, 0.57H), 7.59 (d] = 1.4 Hz, 0.25H), 7.57 (s,
0.86H), 7.21 (ddJ = 7.6 Hz, 0.9 Hz, 1.93H), 7.12 {,
= 7.9 Hz, 1.32H), 6.98 (] = 7.8 Hz, 0.47H), 6.86 (1]
= 7.8 Hz, 1.87H), 6.68 (ddd, = 21.5 Hz, 16.1 Hz, 7.6
Hz, 1.88H), 6.34 (s, 0.33H), 4.81 (s, 1H), 4.013(d),
3.76 (s, 1.35H), 3.71 (s, 1.34H), 3.68 (s, 3H).
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Dimethyl 2-(4-nitro-2-((E)-3-oxoprop-1-enyl)phenoxy)but-2-enedioate (94)
Chemical Formula: CysH13NOsg

'H NMR (500 MHz, CDCl) & = 9.78 (d,J = 7.3 Hz,
1.58H), 8.57 (dJ = 2.3 Hz, 1H), 8.54 (dJ = 2.4 Hz,
0.50H), 8.31 (ddJ = 9.0 Hz, 2.5 Hz, 1H), 8.21 (dd,=
9.0 Hz, 2.5 Hz, 0.52H), 7.85 (d,= 16.2 Hz, 0.52H),
7.68 (d,J =16.2 Hz, 1H), 7.29 (d] = 9.0 Hz, 1H), 7.26
(s, 0.87H), 6.94 — 6.86 (m, 1.68H), 6.86 (s, 1H}B(s,
1H), 3.90 (s, 3H), 3.84 (s, 1.4H), 3.76 (s, 3HY43(s,
1.46H).

Di-tert-butyl 2-(4-bromo-2-((E)-3-oxoprop-1-enyl)phenoxy)but-2-enedioate (95)

Chemical Formula: Cy1H2sBrOg.

'H NMR (500 MHz, CDCk) & = 9.65 (ddJ = 7.6 Hz,

4.8 Hz, 1.6H), 7.77 (s, 0.59H), 7.73 (d= 1.8 Hz, 1H),

CO,tBu 7.67 (d,J = 2.3 Hz, 1H), 7.53 (d) = 16.2 Hz, 0.69H),

J\F,VCOzt-Bu 7.48 (dd,J = 8.6 Hz, 2.3 Hz, 0.69H), 7.36 (dd,= 8.7
Hz, 2.3 Hz, 1H), 6.98 (d] = 8.7 Hz, 0.68H), 6.70 (d
= 7.7 Hz, 0.62H), 6.68 (dd] = 7.6 Hz, 3.4 Hz, 1H),
6.64 (dd,J = 8.1 Hz, 2.8 Hz, 1H), 6.48 (s, 1H), 5.11 (s,
0.58H), 1.43 (s, 5.7H), 1.38 (s, 5.8H), 1.33 (s),9H29
(s, 9H).

Br

o)

Diethyl 2-(2-((E)-3-oxoprop-1-enyl)phenoxy)fumarate (9&)

Chemical Formula: C;7H150s.

'H NMR (500 MHz, CDCl) & = 9.73 (d,J = 7.8 Hz,

1H), 7.93 (dJ =16.1 Hz, 1H), 7.64 (d] = 7.7 Hz, 1H),

7.33 (t,J =7.8 Hz, 1H), 7.13 (t) = 7.6 Hz, 1H), 6.85 —
6.72 (m, 2H), 6.68 (s, 1H), 4.29 (@,= 7.1 Hz, 2H),

4.18 (q,d = 7.1 Hz, 4H), 1.34 (t) = 7.1 Hz, 3H), 1.21
(t, J=7.1 Hz, 3H).

Diethyl 2-(2-((E)-3-oxoprop-1-enyl)phenoxy)maleate (96)
Chemical Formula: C;7H150s.
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'H NMR (500 MHz, CDCl) & = 9.72 (d,J = 7.6 Hz,

1H), 7.72 (dJ = 7.8 Hz, 1H), 7.65 (d] = 16.1 Hz, 1H),
7.49 (t,J = 7.8 Hz, 1H), 7.34 (t) = 7.8 Hz, 1H), 7.20
(d, J = 8.1 Hz, 1H), 6.75 (dd) = 16.1 Hz, 7.7, 1H),
5.08 (s, 1H), 4.39 (gl = 7.2 Hz, 2H), 4.14 (g) = 7 Hz,

2H), 1.38 (tJ = 7.2 Hz, 3H), 1.24 (t) = 7.1 Hz, 3H).

Diethyl 2-(4-chloro-2-((E)-3-oxoprop-1-enyl)phenoxy)fumarate (9E)
o Chemical Formula: C37H17ClOg,
H 'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.7 Hz,
CO,Et 1H), 7.84 (dJ = 16.2 Hz, 1H), 7.60 (d] = 2.5 Hz, 1H),
o 7.28 (dd,J = 8.7 Hz, 2.5 Hz, 1H), 6.79 — 6.73 (m, 2H),
COEt 671 (s, 1H), 4.23-4.16 (m, 4H), 1.24-1.20 (m, 6H).

Cl

Diethyl 2-(4-chloro-2-((E)-3-oxoprop-1-enyl)phenoxy)maleate (92)

Chemical Formula: C;7H17CIOg,

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.5 Hz,
1H), 7.67 (dJ = 2.4 Hz, 1H), 7.57 (d] = 16.2 Hz, 1H),
7.44 (dd,J = 8.6 Hz, 2.4 Hz, 1H), 7.14 (d, = 8.7 Hz,
1H), 6.73 (ddJ = 16.4 Hz, 7.8 Hz, 1H), 5.13 (s, 1H),
4.38 (q,d = 7.2 Hz, 2H), 4.15 (q) = 7.1 Hz, 2H), 1.37
(t,J=7.2 Hz, 3H), 1.25 (1) = 7.2 Hz, 3H).

Diethyl 2-(4-bromo-2-((E)-3-oxoprop-1-enyl)phenoxy)fumarate (98)

Chemical Formula: C;7H17BrOg.

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.7 Hz,
1H), 7.82 (dJ =16.2 Hz, 1H), 7.74 (d] = 2.1 Hz, 1H),
7.42 (dd,J = 8.7 Hz, 2.2, 1H), 6.76 (dd, = 16.2 Hz,
7.7 Hz, 1H), 6.71 (s, 1H), 6.69 (d,= 8.7 Hz, 1H),
4.24-4.16 (m, 4H), 1.23 (m, 6H).

Br
CO,Et

o
CO,Et

Diethyl 2-(4-bromo-2-((E)-3-oxoprop-1-enyl)phenoxy)maleate (9B)
Chemical Formula: Cy7H17BrOe.
'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.5 Hz,
1H), 7.83 (d, = 2.0 Hz, 1H), 7.58 (dd] = 16.5 Hz, 9.0
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Hz, 2H), 7.08 (d,) = 8.6 Hz, 1H), 6.73 (dd) = 16.0
Hz, 7.5 Hz, 1H), 5.14 (s, 1H), 4.38 @= 7.1 Hz, 2H),
4.15 (dd,J = 14.3 Hz, 7.1 Hz, 2H), 1.37 @,= 7.1 Hz,
3H), 1.25 (tJ = 7.0 Hz, 3H).

Diethyl 2-(4-methoxy-2-(E)-3-oxoprop-1-enyl)phenoxy)fumarate (9€)

MeO

Chemical Formula: C;gH2005.

'H NMR (500 MHz, CDCl) & = 9.73 (d,J = 7.7 Hz,
1H), 7.91 (dJ =16.1 Hz, 1H), 7.11 (d] = 3.0 Hz, 1H),
6.87 (ddJ = 8.9 Hz, 3.0, 1H), 6.78 — 6.72 (m, 2H), 6.60
(s, 1H), 4.30 (qJ = 7.1 Hz, 2H), 4.18 (gJ = 7.0 Hz,
2H), 3.81 (s, 3H), 1.34 (§ = 7.1 Hz, 3H), 1.18 (t) =
7.1 Hz, 3H).

Diethyl 2-(4-methoxy-2-(E)-3-oxoprop-1-enyl)phenoxy)maleate (9B)

MeO

Chemical Formula: C;gH2005.

'H NMR (500 MHz, CDCl) & = 9.71 (d,J = 7.6 Hz,
1H), 7.58 (dJ = 16.1 Hz, 1H), 7.15 (d] = 2.9 Hz, 1H),
7.12 (d,J = 8.9 Hz, 1H), 7.01 (ddJ = 8.9 Hz, 2.9 Hz,
1H), 6.71 (ddJ = 16.1 Hz, 7.7 Hz, 1H), 5.00 (s, 1H),
4.40 (q,d = 7.2 Hz, 2H), 4.13 (q) = 7.1 Hz, 2H), 3.85
(s, 3H), 1.40 (tJ = 7.1 Hz, 3H), 1.23 (tJ = 7.2 Hz,
3H).

Diethyl 2-(2-methoxy-6-(E)-3-oxoprop-1-enyl)phenoxy)fumarate (108)

Chemical Formula: C;gH2005.

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.8 Hz,
1H), 7.89 (dJ =16.1 Hz, 1H), 7.24 (d] = 7.9 Hz, 1H),
7.08 (t,J = 8.0 Hz, 1H), 6.92 (d) = 8.1 Hz, 1H), 6.74
(dd,J = 16.1 Hz, 7.8 Hz, 1H), 6.21 (s, 1H), 4.19-4.12
(m, 4H), 3.76 (s, 3H), 1.25 @,= 7.2 Hz, 3H), 1.18 (tJ

= 7.1 Hz, 3H).

Diethyl 2-(2-methoxy-6-(E)-3-oxoprop-1-enyl)phenoxy)maleate (100

Chemical Formula: CigH2q07.
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OzEt
I cosEt

'H NMR (500 MHz, CDCl) & = 9.72 (d,J = 7.7 Hz,
1H), 7.63 (d,J = 16.1 Hz, 1H), 7.29 — 7.27 (m, 2H),
7.07 (dd,J = 6.5 Hz, 2.9 Hz, 1H), 6.73 (dd, = 16.1
Hz, 7.6 Hz, 1H), 4.92 (s, 1H), 4.41 @= 7.1 Hz, 2H),
4.13 (g, = 7.1 Hz, 2H), 3.90 (s, 3H), 1.41 (,= 7.3
Hz, 3H), 1.23 (tJ = 7.0 Hz, 3H).

(E)-Methyl 3-(2-((E)-3-oxoprop-1-enyl)phenoxy)acrylate (101)

Cﬁ)L CO,Me

Chemical Formula: Cy3H1204.

'H NMR (500 MHz, CDCk) & = 9.72 (d,J = 7.7 Hz,
1H), 7.79 (dJ = 12.2 Hz, 1H), 7.68 (dd] = 16.3 Hz,
12.0 Hz, 2H), 7.48 () = 7.8 Hz, 1H), 7.27 (dd] = 9.0
Hz, 6.2 Hz, 1H), 7.12 (d] = 8.2 Hz, 1H), 6.74 (dd] =
16.1 Hz, 7.6 Hz, 1H), 5.61 (d,= 12.2 Hz, 1H), 3.74 (s,
3H).

Methyl 3-(4-methyl-2-((E)-3-oxoprop-1-enyl)phenoxy)acrylate (102)

(o]
| H
Me
O/\/COZMe

Chemical Formula: C14H1404

'H NMR (500 MHz, CDCl3): 6 = 9.70 (d, 1HJ = 8
Hz), 7.75 (d, 1HJ = 12.5 Hz), 7.64 (d, 1H] = 16 Hz),
7.44 (s, 1H), 7.27-7.24 (m, 1H), 7.0 (d, 1H= 8.3),
6.72 (dd, 1H,J=16.1,7.7 Hz), 5.54 (d, 1H) = 12 Hz),
3.73 (s, 3H), 2.39 (s,3H).

Methyl 3-(4-chloro-2-((E)-3-oxoprop-1-enyl)phenoxy)acrylate (103)

0/\/C02Me

Chemical Formula: C;3H1,04Cl

'H NMR (500 MHz, CDCls): 6 = 9.72 (d, 1H J=7.5
Hz), 7.73 (d, 1H,J =12 Hz), 7.62 (d, 1H,J =2 Hz)
7.42 (dd, 1H,J = 8.5 Hz, 9Hz), 7.08 (d, 1H,= 8.7Hz),
6.72 (dd, 1H,) = 16.2,7.5 Hz), 5.61 (d, 1H) = 12Hz ),
3.75 (s, 3H)

Methyl 3-(4-bromo-2-((E)-3-oxoprop-1-enyl)phenoxy)acrylate (104)

Chemical Formula: C13H1104Br
'H NMR (500 MHz, CDClg): 6 = 9.71 (d, 1HJ = 7.5
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o Hz), 7.77 (d, 1HJ = 2 Hz), 7.73 (d, 1H] = 12 Hz),
M 7.62 (s, 1H), 7.59-7.57 (m, 1H), 7.03-7.01 (m, 16{)2
(dd, 1H,J = 16.2 , 7.5 Hz), 5.63 (d, 1H,=12 Hz), 3.75

o XCoMe (g 3y

Br

Methyl 3-(2-methyl-6-((E)-3-oxoprop-1-enyl)phenoxy)acrylate (105)
(o] Chemical Formula: C;4H1404
[ H 'H NMR (500 MHz, CDCls): & = 9.61 (d, 1H,) = 8 Hz),
7.69 (d, 1HJ = 12.5 Hz), 7.45 (d, 1H] = 5 Hz), 7.27
o XxC0:Me (4 11 3=75Hz),7.16 (t, 1H] = 1H), 6.63 (dd, 1H) ;
Me =16.1,J , = 7.7 Hz), 4.96 (d, 1H] = 12.5 Hz), 3.62 (s,
3H), 2.18 (s, 3H).

Methyl 3-(4-tert-butyl-2-( (E)-3-oxoprop-1-enyl)phenoxy)acrylate (106)
o Chemical Formula: C;7H2¢04
[ H 'H NMR (500 MHz, CDCl3): 6 = 9.7 (d, 1HJ = 7.5
Hz), 7.79 (d, 1H, = 12 Hz), 7.70 (s, 1H), 7.65 (d, 1H,
COMe  — 155 Hz), 7.50-7.48 (m, 1H), 7.05 (d, 1H= 8.5 Hz),
6.77 (q, 1H,J = 16 Hz), 5.57 (d, 1HJ = 12.5 H2z),
3.74(s, 3H), 1.35 (s, 9H).

tBu

{

Methyl 3-(2-((E)-3-oxoprop-1-enyl)phenoxy)-3-phenylacrylate (107)

Chemical Formula: CigH1604.

'H NMR (500 MHz, CDCk) & = 9.78 (d,J = 7.8 Hz,
1H), 9.69 (d,J = 7.6 Hz, 0.29H), 8.06 (d] = 16.1 Hz,
1H), 7.71 (ddJ = 7.8 Hz, 1.1 Hz, 0.33H), 7.67 — 7.62
(m, 2H), 7.60 — 7.56 (m, 2H), 7.49 — 7.43 (m, 1.%7H
7.42 (dJ =7.2 Hz, 1H), 7.37 (t) = 7.3 Hz, 2H), 7.30 (t,
J =7.5Hz, 0.33H), 7.23 — 7.18 (m, 1H), 7.17 Jd 8.0
Hz, 0.33H), 7.03 (t) = 7.5 Hz, 1H), 6.87 (dd) = 16.1
Hz, 7.8 Hz, 0.25H), 6.80 — 6.74 (m, 1H), 6.72Jd; 8.3
Hz, 1H), 6.24 (s, 1H), 5.12 (s, 0.28H), 3.63 (s),38156
(s, 0.85H).

Dimethyl 2-(2-oxo-2H-chromen-4-yl)succinate (84a)
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Following the general procedure, reaction of dirget®(2-((E)-3-oxoprop-1-

enyl)phenoxy)but-2-enedioate (100 mg), 1,3-dimésgitydazolinium chloride (15 mol
%) and DBU ( 20 mol %) afforded dimethyl 2-(2-oxb-2hromen-4-yl)succinate as

white solid.

c
WeO, CO,Me

Chemical Formula: Cy5H140s.

m p 86-88C.

Yield: 93 mg (93%); FoZ: 83 mg (83%); FoE: 66 mg
(66%).

IR (film) vnax 2954, 2921, 1723, 1712 &m

'H NMR (500 MHz, CDCk) & = 7.64 (d,J = 8.1 Hz,
1H), 7.49 (t,J = 7.7 Hz, 1H), 7.30 (dJ = 8.3 Hz, 1H),
7.26 (t,J = 7.6 Hz, 1H), 6.27 (s, 1H), 4.44 (ddl,= 9.3
Hz, 5.2 Hz, 1H), 3.67 (s, 3H), 3.65 (s, 3H), 3.d8,0 =
17.2 Hz, 9.3, 1H), 2.67 (dd,= 17.3 Hz, 5.1 Hz, 1H)**C
NMR (126 MHz, CDCI3) 6 = 170.9, 170.8, 159.8, 153.9,
151.2, 132.2, 1245, 124.1, 117.9, 117.7, 115.20,53
52.2, 42.3, 35.6.HRMS (FAB) calcd for [M+H]:
291.0860; found: 291.0873.

Dimethyl 2-(6-bromo-2-oxo-2H-chromen-4-yl)succinate (85a)

Following the general procedure, reaction of dinget®-(4-bromo-2-(E)-3-

oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU ( 20 mol %) affordedangthyl 2-(6-bromo-2-oxo42-
chromen-4-yl)succinate as white solid.

MeO,C
o2 CO,Me

Br

Chemical Formula: Cy5H13BrOg |

m p 90-92°C.

Yield: 78 mg (78%); FoZ: 75 mg (75%); FoE: 69 mg
(69%).

IR (film) Vmax 2954, 1721 ci.

'H NMR (500 MHz, CDCk) = 7.77 (s, 1H), 7.58 (dl

= 8.8 Hz, 1H), 7.18 (dJ = 8.8 Hz, 1H), 6.29 (s, 1H),
4.37 (dd,J = 9.0 Hz, 5.6, 1H), 3.68 (s, 3H), 3.66 (s, 3H),
3.17 (ddJ =17.2 Hz, 9.1 Hz, 1H), 2.69 (dd,= 17.3 Hz,
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5.5 Hz, 1H).°C NMR (126 MHz, CDCI3) § = 170.7,

170.4, 159.0, 152.8, 150.2, 135.0, 126.8, 119.0.311
117.4, 116.0, 53.1, 52.3, 41.9, 35RMS (FAB) calcd

for [M+H] ™ 368.9966; found: 369.5410.

Dimethyl 2-(6-tert-butyl-2-oxo-2H-chromen-4-yl)succinate (86a)
Following the general procedure, reaction of dingkti2-(4-tert-butyl-2-(E)-3-
oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU ( 20 mol %) affordedndithyl 2-(6-tert-butyl-2-oxo-
2H-chromen-4-yl)succinate as viscous liquid..

Chemical Formula: CygH22,0s.

Yield: 70 mg (70%).

IR (film) Vmax 2956, 1720 ci.

'H NMR (500 MHz, CDCk) & = 7.67 (s, 1H), 7.60 (d},

= 8.6 Hz, 1H), 7.29 (dJ = 8.6 Hz, 1H), 6.32 (s, 1H),

Me0CcoMe 4.52 (dd,J = 8.3 Hz, 5.7 Hz, 1H), 3.74 (s, 6H), 3.28 (dd,
tBu N J=17.1 Hz, 9.1 Hz, 1H), 2.74 (dd,= 17.1 Hz, 5.1 Hz,
o Yo 1H), 1.37 (s, 9H)}*C NMR (126 MHz, CDCI3) § =

171.0, 170.9, 160.0, 151.9, 151.4, 147.5, 129.0.4,2
117.2, 115.2, 52.9, 52.2, 42.7, 35.5, 34.7, 3HRMS
(FAB) calcd for [M+H]": 347.1495, found: 347.15109.

Dimethyl 2-(6-isopropyl-2-oxo-H-chromen-4-yl)succinate (87a)

Following the general procedure, reaction of dime®:(4-isopropyl-2-(E)-3-
oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) afforded @ittmyl 2-(6-isopropyl-2-oxo-2H-
chromen-4-yl)succinate as viscous liquid.

Chemical Formula: CygH200e.

Yield: 66 mg (66%).

IR (film) vmax 2956, 2917, 2850, 1736 ¢m

'H NMR (500 MHz, CDCk) & = 7.43 (d,J = 1.5 Hz,
cOoMe 1H), 7.36 (ddJ = 8.4 Hz, 1.9 Hz, 1H), 7.23 (d,= 8.6
iPr Hz, 1H), 6.25 (s, 1H), 4.44 (dd,= 9.4 Hz, 5.1 Hz, 1H),
3.67 (s, 6H), 3.18 (dd] = 17.2 Hz, 9.4 Hz, 1H), 2.97 -

MeOZC
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2.89 (m, 1H), 2.66 (dd) = 17.1 Hz, 5.2 Hz, 1H), 1.22
(dd, J = 6.9 Hz, 1.4 Hz, 6H)*C NMR (126 MHz,
CDCI3) & = 171.03, 171.0, 160.1, 152.3, 151.3, 145.2,
130.6, 130.58, 121.4, 117.6, 115.1, 52.9, 52.2,45.6,
33.8, 24.2, 24.1. HRMS (FAB) calcd for [M+H]+:
333.1330; Found: 333.1351.

Dimethyl 2-(8-methoxy-2-oxo-#-chromen-4-yl)succinate (88a)

Following the general procedure, reaction of dirnget(2-methoxy-6-(E)-3-
oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) afforded @itimyl 2-(8-methoxy-2-oxo42-
chromen-4-yl)succinate as white solid.

Chemical Formula: Ci6H1607.

m p 85-87°C.

Yield: 60 mg (60%); FoZ: 63 mg (63%); FoE: 81 mg
(81%).

IR (film) Vmax 2954, 1720 cih.

Me0:C~coMe  H NMR (500 MHz, CDCk) & = 7.17 (d,J = 6.5 Hz,
N 2H), 7.03 (ddJ = 6.5 Hz, 2.9, 1H), 6.26 (s, 1H), 4.41
o Yo (dd,J = 9.3 Hz, 5.1 Hz, 1H), 3.89 (s, 3H), 3.66 (s, 3H),
OMe 3.65 (s, 3H), 3.15 (ddl = 17.2 Hz, 9.4 Hz, 1H), 2.67 (dd,

J = 17.2 Hz, 5.2 Hz, 1H)**C NMR (126 MHz, CDCI3)
§=170.9, 159.2, 151.4, 147.9, 143.9, 124.1, 11816,4,
115.3, 113.9, 56.2, 52.9, 52.2, 42.6, 3HKMS (FAB)
calcd for [M+H]": 321.0966, found:321.0987.

Dimethyl 2-(6-methoxy-2-oxo-#-chromen-4-yl)succinate (89a)

Following the general procedure, reaction of dinge®(4-methoxy-2-(E)-3-
oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) afforded @itimyl 2-(6-methoxy-2-oxo42-
chromen-4-yl)succinate as white solid.

Chemical Formula: CygH1607.
m p 83-85°C.
Yield: 60 mg (60%); FoZ: 65 mg (65%); FoE: 78 mg
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MeO

MeO,C

CO,Me

(78%).

IR (film) vmax 2958, 2917, 2849, 1736, 1721¢tm

'H NMR (500 MHz, CDCk) & = 7.21 (d,J = 12.6 Hz,

1H), 7.07 (s, 2H), 6.27 (s, 1H), 4.39 (dd= 9.1 Hz, 5.2

Hz, 1H), 3.80 (s, 3H), 3.68 (s, 3H), 3.66 (s, 38119 (dd,

J =17.2 Hz, 9.2 Hz, 1H), 2.67 (dd,= 17.4 Hz, 4.9 Hz,
1H). *3C NMR (126 MHz, CDCly) & = 170.9, 170.8,
160.0, 156.2, 150.9, 148.3, 119.4, 118.6, 118.5.611
107.0, 55.8, 53.0, 52.3, 42.6, 35HRMS (FAB) calcd

for [M+H]™": 321.0966, found: 321.0977.

Dimethyl 2-(6-chloro-2-oxo-H-chromen-4-yl)succinate (90a)

Following the general procedure, reaction of dingket®-(4-chloro-2-(E)-3-

oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) afforded @ittmyl 2-(6-chloro-2-oxo-2-

chromen-4-yl)succinate as white solid.

Cl

MeO,C

COZMe

Chemical Formula: C;5H13ClOs.

m p 89-91°C.

Yield: 55 mg (55%); FoZ: 69 mg (69%); FoE: 60 mg
(60%).

IR (film) vmax 2955, 2917, 1726 cf

'H NMR (500 MHz, CDCk) & = 7.68 (d,J = 2.1 Hz,
1H), 7.52 (ddJ = 8.8 Hz, 2.2 Hz, 1H), 7.32 (d, = 8.9
Hz, 1H), 6.37 (s, 1H), 4.43 (dd,= 9.0 Hz, 5.6 Hz, 1H),
3.76 (s, 3H), 3.74 (s, 3H), 3.24 (dd= 17.2 Hz, 9.1 Hz,
1H), 2.75 (ddJ = 16.9 Hz, 5.6 Hz, 1H)"*C NMR (126
MHz, CDCl3) 6 = 170.7, 170.4, 159.0, 152.4, 150.3,
132.2,130.1, 123.8, 119.2, 119.0, 116.1, 53.3,52.0,
35.5.HRMS (FAB) calcd for [M+H]: 325.0471, found:
325.0439.

Dimethyl 2-(8-methyl-2-oxo-H-chromen-4-yl)succinate (91a)

Following the general procedure, reaction of dingeBi(2-methyl-6-(E)-3-oxoprop-1-

enyl)phenoxy)but-2-enedioate (100 mg), 1,3-dimésitydazolinium chloride (15 mol
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%) and DBU (20 mol %) afforded dimethyl 2-(8-met2ybxo-2H-chromen-4-
yl)succinate as viscous liquid.

M902c COZMe

Me

Chemical Formula: CyH160s.

Yield: 47 mg (47%)).

IR (film) vmax 2955, 2918, 1721 ¢

'H NMR (500 MHz, CDCkL) & = 7.53 (d,J = 8.0 Hz,
1H), 7.41 (d,J = 7.4 Hz, 1H), 7.21 (t) = 7.7 Hz, 1H),
6.32 (s, 1H), 4.50 (dd] = 9.3 Hz, 5.2 Hz, 1H), 3.73 (s,
3H), 3.72 (s, 3H), 3.23 (ddl = 17.2 Hz, 9.4 Hz, 1H),
2.73 (dd,J = 17.2 Hz, 5.2 Hz, 1H), 2.47 (s, 3HyC
NMR (126 MHz, CDCl3) & = 171.0, 170.9, 159.9, 152.3,
151.6, 133.5, 127.1, 123.9, 121.7, 117.6, 114.99,52
52.2, 42.5, 35.7, 15.844RMS (FAB) calcd for [M+H]:
305.1017, found: 305.1091.

Dimethyl 2-(6-methyl-2-oxo-24-chromen-4-yl)succinate (92a)

Following the general procedure, reaction of dinget®-(4-methyl-2-(E)-3-

oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) afforded dittmyl 2-(6-methyl-2-oxo-&-
chromen-4-yl)succinate as yellow solid.

MeO,C
e0; CO,Me

Me

Chemical Formula: CygH160s.

m p 87-89°C.

Yield: 46 mg (46%).

IR (film) vmax2951, 2922, 2854, 1736, 1720 tm

'H NMR (500 MHz, CDCk) = 7.46 (s, 1H), 7.36 (dd,
= 8.4 Hz, 1.5 Hz, 1H), 7.27 (s, 1H), 6.30 (s, 1450
(dd,J = 9.5 Hz, 5.1 Hz, 1H), 3.74 (s, 3H), 3.74 (s, 3H),
3.23 (ddJ = 17.2 Hz, 9.6 Hz, 1H), 2.73 (dd= 17.2 Hz,
5.1 Hz, 1H), 2.45 (s, 3H}C NMR (126 MHz, CDCL)
§=171.0, 170.9, 159.9, 152.2, 151.1, 134.2, 1323,8,
117.6, 117.5, 115.0, 52.9, 52.2, 42.1, 35.7, 2dRMS
(FAB) calcd for [M+H]+: 305.1017, found: 305.1046.

Dimethyl 2-(8-iodo-2-o0xo0-2H-chromen-4-yl)succinate (93a)
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Following the general procedure, reaction of dimketB-(2-iodo-6-(E)-3-

oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) afforded @itmyl 2-(8-iodo-2-oxo0-Bl-

chromen-4-yl)succinate as viscous liquid.

MeO,C

CO,Me

Chemical Formula: CysH13lOe.

Yield: 46 mg (46%).

IR (film) vmax 2955, 2917, 2850, 1734 &m

'H NMR (500 MHz, CDCl3) & = 7.96 (d,J = 7.9 Hz,
1H), 7.62 (dJ = 8.0 Hz, 1H), 7.01 (t) = 7.9 Hz, 1H),
6.28 (s, 1H), 4.42 (dd] = 8.9 Hz, 5.6 Hz, 1H), 3.66 (s,
3H), 3.66 (s, 3H), 3.18 (ddl = 17.2 Hz, 9.0 Hz, 1H),
2.67 (ddJ = 17.2 Hz, 5.6 Hz, 1H)**C NMR (126 MHz,
CDCl3) 6 = 170.8, 170.6, 158.8, 153.1, 150.9, 142.1,
125.7, 124.4, 118.8, 115.9, 85.2, 53.1, 52.3, 42525.
HRMS (FAB) calcd for [M+H]: 416.9827; found:
416.9880.

Di-tert-butyl 2-(6-bromo-2-oxo-2H-chromen-4-yl)succinate (95a)

Following the general procedure, reaction of di-bartyl 2-(4-bromo-2-()-3-

oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) affordedtdrt-butyl 2-(6-bromo-2-oxo42-

chromen-4-yl)succinate as white solid.

Br

t'BUOzC

CO,t-Bu

Chemical Formula: Cy1H25BrOg.

m p 89-91°C.

Yield: 21 mg (21%).

IR (film) vmax 2957, 2923, 1731 cf

'H NMR (500 MHz, CDCls) & = 7.90 (d,J = 2.1 Hz,
1H), 7.64 (ddJ = 8.8 Hz, 2.2 Hz, 1H), 7.25 (d, = 8.8
Hz, 1H), 6.36 (s, 1H), 4.28 (dd,= 8.9 Hz, 5.9, 1H), 3.08
(dd,J = 16.8 Hz, 9.0 Hz, 1H), 2.63 (dd,= 16.8 Hz, 5.8
Hz, 1H), 1.45 (s, 9H), 1.42 (s, 9HJC NMR (126 MHz,
CDCl3) & = 169.5, 168.9, 159.2, 152.7, 151.0, 134.7,
127.4, 119.9, 119.2, 117.1, 115.6, 82.8, 81.7,,43665,
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28.0, 27.8.HRMS (FAB) calcd for [M+HJ: 453.0905;
found: 454.4665.

Diethyl 2-(2-oxo-2H-chromen-4-yl)succinate (96a)
Following the general procedure, reaction of dieth3+(2-((E)-3-oxoprop-1-
enyl)phenoxy)but-2-enedioate (100 mg), 1,3-dimésgiydazolinium chloride (15 mol
%) and DBU (20 mol %) afforded diethyl 2-(2-oxétZhromen-4-yl)succinate as
viscous liquid.

Chemical Formula: C37H150s.

Yield: 81 mg (81%); FoZ: 68 mg (68%); FOE: 72 mg

(72%).

IR (film) vmax 2917, 2850, 1729 cf

'H NMR (500 MHz, CDCk) & = 7.65 (d,J = 7.9 Hz,

B0 L coet  1H), 7.52 — 7.47 (m, 1H), 7.30 (d,= 8.3 Hz, 1H), 7.25
N (t,J = 7.7 Hz, 1H), 6.28 (s, 1H), 4.41 (dil= 9.3 Hz, 5.3
0o Hz, 1H), 4.17 — 4.06 (m, 4H), 3.15 (dti= 17.1 Hz, 9.4

Hz, 1H), 2.65 (dd) = 17.1 Hz, 5.3 Hz, 1H), 1.20 @ =
7.1 Hz, 3H), 1.15 (tJ = 7.1 Hz, 3H)."*C NMR (126
MHz, CDCl3) & = 170.5, 170.4, 159.9, 153.9, 151.5,
132.1, 124.4, 124.2, 117.9, 117.7, 115.1, 62.@,612.6,
35.8, 14.1, 13.9.HRMS (FAB) calcd for [M+HJ:
319.1173; Found: 319.1127.

Diethyl 2-(6-chloro-2-oxo-24-chromen-4-yl)succinate (97a)

Following the general procedure, reaction of dietRy(4-chloro-2-(E)-3-
oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) afforded ttid 2-(6-chloro-2-oxo-Bi-
chromen-4-yl)succinate as viscous liquid.

Chemical Formula: C17H17ClOg,

Yield: ForZ: 65 mg (65%); FOE: 58 mg (58%).

IR (film) vmax 2919, 2851, 1731 cf

'H NMR (500 MHz, CDCk) & = 7.72 (s, 1H), 7.53 —
7.49 (m, 1H), 7.31 (dd] = 8.8 Hz, 1.4 Hz, 1H), 6.38 (s,
1H), 4.41 (dd,J = 8.6 Hz, 5.9 Hz, 1H), 4.19 (ddj, =
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EtO,C ot 142 Hz 127 Hz, 7.2 Hz, 4H), 3.21 (ddb= 17.1 Hz,

ci 9.1 Hz, 1.1 Hz, 1H), 2.74 (ddd,= 17.2 Hz, 5.6 Hz, 1.0
Hz, 1H), 1.26 (dddJ = 23.6 Hz, 7.1 Hz, 1.4 Hz, 6H)°C
NMR (126 MHz, CDCls) & = 170.2, 169.9, 159.2, 152.3,
150.5, 132.1, 130.0, 123.9, 119.2, 118.9, 116.02,62
61.3, 42.4, 35.7, 14.1, 13.$IRMS (FAB) calcd for

[M+H]™: 353.0784; Found: 353.0763.

Diethyl 2-(6-bromo-2-oxo-H-chromen-4-yl)succinate (98a)

Following the general procedure, reaction of diktRy(4-bromo-2-(E)-3-
oxoprop-1-enyl)phenoxy)but-2-enedioate (100 mg)3-dimesityl imidazolinium
chloride (15 mol %) and DBU (20 mol %) afforded tti 2-(6-bromo-2-oxo-B-
chromen-4-yl)succinate as viscous liquid.

Chemical Formula: Cy7H17BrOg.

Yield: ForZ: 85 mg (85%); FOE: 89 mg (89%).

IR (film) vmax 2981, 2936, 1730 cf

'H NMR (500 MHz, CDCk) & = 7.79 (d,J = 2.0 Hz,
1H), 7.57 (ddJ = 8.8 Hz, 2.1 Hz, 1H), 7.18 (d,= 8.8

B1O:CcoEt  Hz, 1H), 6.29 (s, 1H), 4.33 (dd,= 9.1 Hz, 5.6 Hz, 1H),
Br N 4.16 — 4.08 (m, 4H), 3.13 (dd,= 17.1 Hz, 9.1 Hz, 1H),
oo 2.66 (dd,J = 17.1 Hz, 5.6 Hz, 1H), 1.19 (d1,= 14.5 Hz,

7.1 Hz, 6H).**C NMR (126 MHz, CDCls) 8= 170.2,
169.9, 158.9, 152.