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SUMMARY

Carbe and heterocyclic architectures occur in many bioactive natural products
and synthetic drugs, and these structural uawes also known teerve as important
intermediates in orgac synthesis. Although numerous methods exist to condtrase
skeletons, theyften requireelevatedreaction temperatuseand/or prolonged reaction
times, stoichiometric or excess amosndf reaction promotersand harsh reaction
conditions. Theselimitations severely restrictheir applicationand thus constitute a
challenge in targeted synthesekhis thesis documents our recent progress in the
development of novel In(OTf)s-catalyzed reactionsto construct useful comple
carbocycles and heterocycless well as their applications inghsynthesis of natural
productsand related molecular analogs.

Donoii acceptor cyclopropanes serve as synthetic buildahgcks for the
construction ofvariouscabo- and heterocyclic compounds due to threlative eas of
ring-opening undemilder conditions. Along these lines, we report the development of a
new formal homoNazarov cyclization of alkenyl cyclopropyl ketones and heteroaryl
cyclopropyl ketones catalyzed byIn(OTf);. The eactiors provided functionalized
cyclohexenones/@johexenols and heteroaromatic rfuged cyclohexanones good to
excellent yields. The studies show#tat electrorrich, electronneutral, and electren
poor aromatis, heteroators silylmethyl groups omhe cyclopropyl arevell tolerated.

As an extension of the scopand applicability of doneacceptor cyclopropyl
based cyclizatiors, we explored thdn(OTf)s-catalyzed tandem cyclopropane Hng

opening/FiredelCrafts alkylation reaction of methyl 2(1H-indolecarbonyhl-

XXVil



cyclopropanecarboxylas The reactionfound to be tolerant of electroiich, electron

neutral, and electrepoor aromatis, heteroaromat& heteroators and silylmethyl
groups on the cyclopropanes.The protocol affords functionalized hydropyrido[1-,2
alindole-6(7H)-ones inup to 99%yield from readilyavailable indoles and alkene$his

skeletonappeardn the core structures of an impressive numbenaifirallyoccurring

indole alkaloids and pharmaceuticalglevantcompounds

The functionalized pyrrolo[1,A]indoles and pyrroloB,2-1-ij]quinolines are
unique structural features present in a wide range of heterocyclic compounds tlaat play
important role in medicinal chemistry and organic synthesis. A simple and efficient
approach to the synthesis of these useful skeletns utilize N-indolyl alkylidene
malonate monoamides as cyclization precursors. An kd#talyzed intramolecular
FriedelCrafts  alkylation reaction of substituted methyl 2(1H-indole-1-
carbonyl)acrylatesvas developedThe reaction occsrunder mild condibns affording
the correspondingproducts in good to acellent yields (up to 98%) with high
diastereoselectivities (up t®9:1dr).

Finally, the versatility of oucyclization method islemonstrated by its successful
application in he diastereoselectivgynthesis oft)-deethyleburnamonin@dhe keysteps
of the synthesis involve: (a) a tandem ropening/FriedeCraftsakylation to assemble
thetetracyclic ABDE ring system with @s D/E fused ring junction; (b) a TRAromoted
N-Boc deprotectioril-alkylation to generate the -fing; and (3) a Krapcho
decarbalkoxylation to generate ttarget. Using this protocol, (#eethyleburnamonine

wasaccomplishedn 18% overall yield over six steps.
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CHAPTER 1

INDIUM(IIl) -TRIFLATE CATALYSIS | N ORGANIC SYNTHESIS

1.1.INTRODUCTION

In 1861, German scientist Ferdinand Reich and Hieronymus Theoder Richter
were the yrst to discover Indium, which wa
of aBunsen burnet This accidently discovered metal was narimetium for the brilliant
unique indigo lines seen in its atomic spectrum. Since then, indium has been primarily
used in alloys for the electronics industry and as a medical diagnostic agent. Although it
belongs to the same group as boron and aluminum which has a humber citiapysli
since their discoveries, indium remained largely unexplored in organic syrfti@ses.
hundred and fourteenears later,Rieke and cavo r k éiscldssireof an indium
mediated Reformatskiype reaction of ethyl bromoacetate with carbonyl compounds
initiated a strong interest amg synthetichemists’ In 1988, Butsugaet.al reportedthe
allylation of carbonyl compounds using organoindium species under mild conditions.
However, indium metal emerged as a one of high potential in organic synthesis when
Chan and coworkers reported Emmediated allylation of aldehydes and ketones in
agueous media and demonstrated the use of organoindiums to achieve a @ymmard
reaction in the presence of wate8ince then, the intriguingroperties of this metélave
led toan enormous developmentindium catalysishemistry,as evidencedybthe large

number of monographs, accounts, amdews®



The intriguing property of indium that makes it unique in its application as
reagent/catalyst is its firgbnization potentialFIP). When compared to the elements of
group 13 and the metal elements near it the periodic table, indium has the lowest first
ionization potential. Surprisingly, the ionization potential of indium is not only much
lower than that oboron, aluminum, tin, zinc, magnesium, copper, thallium, gallium but

also as low as most active alkali metals such as sodium and lithium (Table 1.1).

Table 1.1. First lonization Potentials (FIP) of Some Elements

Metal In B Al Ga Tl Sn Zn Mg Cu Na Li

FIP (eV) 5.78 829 598 599 6.10 734 939 7.64 772 5.13 539

When oxidation potentialéE®) of two most common oxidation states of indium
(In* and If*) are compared against other aietlementsthe oxidation potential of fn
and I were found to be relatively low (Table 1%2Jhese values become important as
they directly relate to the reactions taking plac the solutions. Despite loRIP andE°
values, indium metal is inert to boiling water or alkali and does not oxidize readily upon
exposure toair. This is contrary to reactive alkali metals (Na, Li, and K). The
organoindium compounds are known to be less reactive than alkyllithiums and Grignard
reagents. Thesecharacteristic features makesetal indium-catalyzed reactions more
interesting to explore as they offer more control with respect to ségcteactivity, and

air-sensitivity°



Table 1.2. Oxidation Potentials (E°) of Some Elements

Element In" In** Cr Al Ga TI Zn Mg Na Li K

E°(V) 0.14 044 074 166 054 074 076 237 271 3.04 293

1.2CARBO- AND HETEROCYCLIC COMPOUND SYNTHESIS

Carbe and heterocyclicompoundsccur in many bioactive natural products and
synthetic drugs, and these structural units are also known to serve as important
intermediates in organic synthedidumerous methods described in the literature utilize
the unparalleled reactivity of organoindium species and IrgHl)s in Lewis acid
promoted reactio to generate diversified carband heterocyclic skeletons. The
intention is to highlight some of thhecent work rather thaoresentan exhaustie review.
More specifically In(OTf); catalyzed reactions are covered in this dissertation. Therefore,
it is recommended to the reader that the reviews of previous researchers be read for

additional information.

1.2.1. HYDROTHIOLATION OF ALKYNES

In(lll) -catalyzed substratgelective hydrothiolation of terminal alkynes was
developed recently by Prajapati andworkers’* When 2mercaptobenzothiazole1
was reacted with phenylacetyleh€, Markovn i k chydéothiolationproductl-3 was
isolated in 90% vyield (Figure 1.1) Prajapati also screened a wide variety of
heteroaromatigsthiols and alkynes, and a smooth reaction was observed in all cases,

providing product in excellent yields. However, when cyclohexyl thidlwas reacted



with phenylacetylend -2 under identical reactiorconditions, it furnishedthe antr
Markovnikov hydrothiolation product-5 in 85% yield. Various aliphatic and aromatic
thiols under similar conditions afforded a mixtureedZ-vinyl sulfides in &cellent yield,
however it was determined thahese conditions were substralependent. As
anticipated, the thermodynamically stalléesomer was predominantly favored ovér

isomer in almost all the cases.

Clie
@ Q I N

In(OTf); (10 mol% In(OTf)3 (10 mol%)
3\2 ‘n( )3 (10 mol%) - \>—S
O/ toluene, 110°C toluene, 110°C S )/—Q

1-5 -2 -3

Figure 1.1. Indium(III)-Catalyzed Hydrothiolation of Alkynes

1.2.2. MULTI -COMPONENT REACTION

The isocyanide basddasserini three component reaction has been well studied
due toits ability to synthesize compounds with structural diversftyThis reaction
g e n e r -acylexgamidés from the reaction of aldehydes, isocyanides, and carboxylic
acids™ In 2009, Taguchétal. developeda Passerini three component reactibat forms
U alkoxyamides in good yields frorthe In(OTf)s-catalyzed reaction of aldehydes,
isocyanides, and free aliphatic alcohBls.In continwation of their efforts, Taguchi
reported four componemeactions of aldehydds6, isocyanided-7, and trimethylsilyl
azidel -8 in alcoholic solvents$o give highly substitutedH-tetrazole I-9 in good yields

(Figure 1.2)



R'-CHO

- 3
-6 2mol%InOT;  RY R, R
RZ_NC + RS‘OH > N + NHR2
17 HC(OMe); (1 equiv.) R1J\(/ N R’
80 °C, 2-6 h N=N o)
TMSN,
1-8 1-9 1-10

Figure 1.2. Indium(III)-Catalyzed Multi-Component Reaction

1.2.3. CARBON NUCLEOPHILIC ADDITION REACTION

Recently, Matsuo and eworkers reporte@n In(lll) -catalyzedaddition of carbon
nucleophile to nitrones® While attempting to generate a sesmembered ring
compoundsl-14 by the nucleophilic addition of cyclobutanohell to nitronesl-12
followed by the ring cleavage of founembered ring intermediatspecies, Matuso
observed t he une x pbatgrolactdne deovatived-13i(Fagare 18X a 9
Further investigation to expand the scope of the reaction various nitrones were employed

to generate products in moderate to good yields and with vdmnydragtereoselectivities.

Q - . In(OTf) O
o o) COMe O R' (10 mom) . 1
NR' < \]t( + _ NHR
2 iH
R2

R MgSO
954 MeO,C R?
MeO,C 1-11 1-12 toluene
I-14 45°C, 24-48 h 1113
desired product observed product

Figure 1.3. Indium(III)-Catalyzed Carbon Nucleophilic Addition Reaction



1.2.4. INTRAMOLECULAR PRINS CYCLIZATION

The intermolecular Prins cyclization has emerged as a powerful synthetic strategy
to generate highly functionalized tetrahydropyran scafffidghereas its intramolecular
version is very useful in the stereoselective synthesis of angularly fusdacgrkes and
tricycles!” In continuation of their research on the Prins cyclization, the Yadav group
recently reported the stereoselective Bgsts oftrans and cis-fused hexahydr@H-
furo[3,2-c]pyran and octahydropyrano[48pyran scaffolds® When benzyl ethet-15
was reated with DDQ in the presence of In(O7#) furnished products$-16 andl-17 in
good yields and excellent stereoselecti(fygure 1.4) This is reaction is proposed to
proceedthrough oxidative cyclization with DDQ followed by a sequentiaH®ond

activation and an intramolecular Prins cyclization.

OMe
In(OTf)3 \/©/ In(OTf)3
(1.1 equiv.) O (1.1 equiv.)

— [ RS
DDQ DDQ
)n
n=2 HO n=1
117 n=1, 1-15a
OMe n=2, 1-15b

Figure 1.4. Indium(III)-Catalyzed Intramolecular Prins Cyclization Reaction

1.2.5. OXONIUM -ENE REACTION

Oxoniumene reactions are important in organic synthesis due to their ability to
construct a wide variety of functionalized cyclic ethers namely, tadrabyrans,

tetrahydrofurans, and oxabicyclic compounds that are known to exhibit interesting



biological activities:’ The Saikia group recently reported the stereoselective synthesis of
oxabicyclo[3.2.1]octene viaa (3,5)oxoniumenetype reactiof’ Under In(OTf}
catalysis, oxabicyclé-21 or 1-22 was generated by the reaction gftérpinen4-ol 1-20

with aldehydes-18 or epoxides-19, respectively (Figure 1.5).

H 10 mol% In(OTf), 10 mol% In(OTf); H
. H DCM,0°C tort DCM, 0 °C to rt H
R = - ‘
- - . -~ R
o] L /OP 'OH RCHO I-18 o]
R
Rl
1-22 - -
119 1-20 1-21

Figure 1.5. Indium(III)-Catalyzed Oxonium-Ene Reaction

1.2.6. ALLYLIC C -H OXIDATION

Allylic C-H oxidation of olefins provides a&ery powerful synthetic tooto
introducewide variety offunctionality into molecule&' Recently, Shi used In(OEfto
successfully promote allylic €1 oxidation of aryl cycloalkaned-23 with N-
propylthiosuccinimidell -24 in the presence of various nucleophiles to provide allylic
ethers, esters, and sulfonamide25 in 49-83% vyields(Figure 1.6)* Shi proposed that
the reaction proceeds through the formation of a thiirarspewges to generatean allyl
sulfide intermediate which then reacts with the requisite nucleophiles taliemesired

allylic productsl-25.



0
.Pr In(OTf)3 (1-10 mol%)  Nu
@/Ar . SON DCM,0°Ctort Ar 4 HN + (n-PrS),
o NuH (n

I-25
( NuH= ROH, RCO,H, RSO,NH, )

1-23 1-24 ©

Figure 1.6. C-H Oxidation via Indium(III)-Catalysis

1.2.7. ERIEDEL -CRAFTS/CONJUGATE ADDITION REACTION

FriedelCrafts alkylation isthe most commonly used method for synthesis of
elaborate heteroaromatic compoufitiélong these lines, Trost and-emorkers reported
the tandem ruthenium/indium catalysis of propargylic alcoffoM/hen propargylic
alcoholsl-26 wereexposed tahe mixture ofruthenium complex, indium triflate, ari®t
camphorsulfonic acidCSA), followed by addition to heteroamnl-27, provided an
atomeconomical acces t-leterdarylated ketonds28 (Figure 1.7) The reaction is
proposed to go through a Ratalyzed redox isomerization of propargylic alcohols to
enones (electrophile), followed by In(O3f)atalyzed FriedeCrafts/conjugate addition
reaction. Trost demonstrated that both eleetioim andneutral heteroarenes undergo this
tandem reaction sequences smoothly to generate products in yields up to 97%.

!nd

N R
PhaP” ben,

P
RS X R*  (2.5-5mol%) o
=z R+
R S Ar-het

5 mol% In(OTf),

R1
1-26 1-27 5 mol% CSA 1-28
THF, 64 °C

\

Figure 1.7. Ru/In-Cocatalyzed Redox Isomerization/F-C/Conjugate Addition Reaction



1.2.8. CONIA-ENE REACTION

A large number of metalatalyzed Coni®ne reactions have been described for
the preparaon of heterocycles such asn®ethylene pyrrolidines and tetrahydrofurans.
In 2008, Hatakeyama reported an indipnomoted Conignetype reaction of nitrogen
and oxygertethered acetylenic malonic estdr29 to form pyrrolidinones and other
heterocyclic products-30 (Figure 1.8f° Further in their studies, Hatakeyama elegantly
illustrated the power of this methodology towards the synthegig-sélinosporamide A

1-31, ahighly potent 20S proteasome inhibitor

YYXYCOZMG 5-10 mol % In(OTf); Y%/\x COMe
R. CO,Me > L CO,Me
\ DBU (5-10 mol %) N\
R1 toluene, reflux R
1-2 I-
? 30 salinosporamide A, 1-31

Figure 1.8. Indium (III)-Catalyzed Conia-Ene Reaction

1.2.9. [2+2] CYCLOADDITION

The [2+2] cycloaddition presents a straightforward and efficient method for the
synthesis of cyclobutane and their derivati¥e€yclobutane fragments are a key motif
found in a large number of biologically important natural prodtfcihe Loh group
reported an indium(likcatalyzed highly efficient intramolecular [2+2] cycloaddition
reaction between the distal allenic double bond and unactivated alkene moietBes’of
The reaction is propesl to go through a 2s+ 2, ] concerted mechanism involving a

vinylic cation species. Further investigation demonstrated that the reaction is highly



chemo and regioselective and also tolerates a variety olaieaoned-32 to furnish the
strained bicya[n.2.0] skeletones 1-33 in high vyields and with excellent

diastereoselectivitie@-igure 1.9)

R2
( Dy |l 5 mol% In(OTf); (
2 >
o) rR
. MeNOz, rt 0O
I 5-30 min. R
-32 n=1,2 1-33

Figure 1.9. [2+2] Intramolecular Cycloaddition of Ene-Allenones via In(II1)-Catalysis

1.2.10HETERO DIELS-ALDER REACTION

The heteroDiels-Alder reaction is one of the most powerful tools used in
generating highly sultisuted dihydropyranones, a key structural element present in many
bioactive products and important pharmaceutitalseng and cavorkers reported
In(OTf); catalyzed heter®iels-Alder reactions® The reaction of aldehydds35 with
diene 1-34 in the presence of5 mol% of an aromatic amide deriveN,NG&
dioxide/In(OTfy (1:1) complexin anisole formed heter@iels-Alder productsl-36
(Figure 1.10) The Feng group also demonstrated the uftilftthis reaction through their
gramscale synthesis of a triketide. In a continuation of asymmetric irdatdyzed
heteroDiels-Alder work, the Feng group recently reported an efficient synthedis of
methoxyo-methyl U ,-umsaturatedi-lactonesl -39.3 The heterdDiels-Alder reaction of
the Brassardype diene$-37 and aldehydes-38 furnishedi-lactoned -39 in good yields

as wel asdr andeevalues.

1C



Additionally, Feng showed that these products can be easily transformed into the methyl

protectecepiprelactones upon hydrogenation.

OMe @® O
P i) L1-In(OTf)3 (5 mol%), O (Qn N,f)\/O\J“E )n
0

. )OL 0°C, PhOMe, 48 h : Q0
TMSO™ X R™H 1A | 07 >N-H H-N
ii 0O” "R 2 2 2
R R2, R
I-34 I35 136

R® R3
L1: n=2, R'=R?= jPr,R®=H
- )
OTMS L2-In(OTf)3 (5 mol%), (ﬁ/\/\ﬁ
0 °C, toluene/THF (0] ,o@ oG
~ "OMe O anhydrous Na,SO, o /:
+ N - | O >NH  HNT O
MeO™ ™ R™ "H MeO R /< )\
e
Ph™ e P TPh
1-37 1-38 1-39 L2

Figure 1.10. Hetero Diels-Alder Reactions Between Dienes and Aldehydes

1.2.11.NUCLEOPHILIC AROMATIC SUBSTITUTIONS

Heteroaromatic compounds &eg heteroaryheteroaryl bonds ara privileged
class of building blocks found ia wide variety of areas such as liquid crystals,
optoelectronic materials, biological molecules, and ligands for asymmetric catalysis.
Even though nucleophilic aromaticksiitutions (RAr) reactionshave beerknown since
the 1940,the majority of these compounds have recently been synthesized using a
transition metatatalyzed crossoupling reactiorf®> Within this context, the Tsuchimoto
group reported indiurcatalyzed heteroaryieteroaryl bond fornmieon through
nucleophilic aromatic substitution in 2031Starting from 2 or 3-methoxythiopheneb-

41, theaddition of 1.3 equivof substituted indoles-40in thepresence of indium triflate

11



underwent a GAr reaction to afford heteroaryl produdtgi2 (Figure 1.11). The author
also showed that quartBeteroaryl compounds can easily be synthesized using this

strategy.

R3 R2
/

4
IN(OTf); (2-5 mol%) R N

. R
bOMe R %

1,4-dioxane/PhMe 6 2N\
o R ‘v S
85-100 °C, 1-48 h _

1-40 1-41 1-42

Figure 1.11. In(IlT)-Catalyzed Aromatic Nucleophilic Substitution Reaction

1.2.12 ALLYLATION

Allylation of aldehydes is one of the most commonly used strategies to generate
homoallylic alcohols, which are versatile building blocks in organic syntfiesis.
Allylsilanes and allylstannanes have beesed as potential reagents for allylation
reactions due to thefascinatingand excellent reactivit} Along these lines, Yoda and
co-workers developed an efficient synthetic method for chikadethyleneo-lactones! -

463" An In-catalyzed enantioselective aHgion takes place when aldehyded4 was
r eact e darbonyltallylstémnanes43. The resulting products, upon subjecting to
acidi c hydr olactorses is high wdldé (Figuded.d?2). o

10 % HCI

RHN. O [In(S, S)-iPr-pybox](OTf)3 1,4-dioxane
O (10 mol%) RHN 65 °C
+ )J\ > © QH _— O
SnBuz 4 : ~o0

R'  DCM, Ms, rt R R

1-43 1-44 1-45 1-46

Figure 1.12. In(II1)-Catalyzed Enantioselective Allylation of Aldehydes
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1.2.13.C-S CROSSCOUPLING REACTIONS

Aryl sulfides are a key motif found in numerous pharmaceutically active
compounds as well as in a large number of drugs in therapeutic areass sochume,
infl ammatory, diaalle tAd sz,h e P snnk 2008, s R0l anek @ s e s .
workers developed indiwmatalyzed €S crosscoupling reactiori® When aryl halides-
47 were treated with alkane thiolk48 in the presence of In(OTf)the reactions
proceeded smoothly to afford the corresponding aryl sulfiek®in good to excellent

yields (Figure 1.13).

In(OTf) (10 mol%)

! TMEDA (20 mol%) X SR
| + R-SH - I/ P
R KOH (2.0 equiv.) R
1-48 DMSO, 135 °C
-49
1-47 R' = alkyl, aryl

Figure 1.13. C-S Cross-Coupling Reaction of Aryl Halides with Alkane Thiols

1.3.SCOPE OF WORK

Over the last two decades, indium triflate has emerged as a promising catalyst for
various types of organic reactions involving carsanbon bond formation and other
organic transformations to construct carbod heterocyclienoleculesIndium catalysis
is of great interest to synthetic organic chemist primarily due to its stability in air and
water, reactivities, selectivities,low toxicity, recyclability, and milder reaction
conditions. Due to the unique advantages of indium over other oatymased metals,
the France group decided to explore further utility of indium catalysis in organic

synthesis.
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Chapter 2 in this thesis is focused on developingnghil) -catalyzedefficient
protocol for theformal homoNazarov cyclizations of alkenyl clopropyl ketonesand
heteroaryl cyclopropyl ketones. In this reaction, vinyl cyclopropyl ketones (or heteroaryl)
cyclopropyl ketones are converted into cyclohexenones and heteroarylusedw
cyclohexanone derivativé8 These viabl@pproaches remaineelativdy underexplored
Previous approaches suffer from one or many of the following drawbacks: (a) narrow
substrate scope; (b) longer reaction times; (c) poor yields; (dpcharsh reaction
conditions a large excess of acid and high temperattft€@ne reasonable approach to
circumvent all these drawbacks is to utilize deaoceptor cyclopropyl vinyl ketonds
50 bearing a secondary electron acceptor group (such as an ester)Jipdsition. The
France group strongly believed that teecondary acceptor group would facilitate
coordination with Lewis acids, thereby allowing milder reaction conditions for
cyclopropane ringppening A. An ester acceptor group would also serve to further
polarize the resulting cyclic oxyallyl catidd by localizing the charge density (Figure

1.14).
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R3 R?
1-50
o O
X
75
’ \/ R
\\:;_J
1-52: X = 0O,S, NMe 1-53

Figure 1.14. Proposed Formal homo-Nazarov Cyclization Reaction

The hydropyrido[1,23]indole skeletonand, more specificallyits C(6-oxidized
cogenersare key structural motifthat appear in the core structures of an impressive
number of naturallyoccurring indole alkaloids and pharmaceuticallglevant
compound$? Despiteseveral reportedpproaches to construtydropyrido[1,2a]indole-
based polycyclicskeletons an efficient synthesis still remains a formidable goal for
organic chemist*? Chapter3 in this thesis reports the synthesis of densely functionalized
hydropyrido[1,2a]indole-6(7H)-ones derivatives-55 via In(OTf);-catalyzed tadem
cyclopropane ringpeningFriedel Crafts alkylation sequence omethyl 2(1H-
indolecarbonyB1-cyclopropane c#oxylates 1-54, thereby potentially providing a
method that is highly modular, operationally simple and amenable to a large variety of

functional groups and substitution patte(Rgjure 1.15)
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Figure 1.15. Proposed Tandem Cyclopropane Ring-Opening/Friedel-Crafts Alkylation

[a]-Annelated indolessuch as the pyrrolo[1,2a]-indoles are unique structural
featurespresent in a wide range of heterocyclic compoundsplagt important roles in
medicinal chemistry and organisynthesis® Numerous routes to the pyrrolo[1,2
alindoles have beereported in recent yearslowever, these methods do not allfoaw a
variety of functionality to be incorporated about tté-pyrrolo[1,2alindole skeletor*
In chapter 4we report an In(OT§mediated diastereoselectivetramolecularriedet
Crafts gclizations of substituted rathyl 2(1H-indole-1-carbonyl)acrylatesl-56 to

generate functionaled1H-pyrrolo[1,2a]indole derivatived -57 (Figure 1.18.

_ Ln _
(@] (@] O/M\O
- MLn |
®
R2 R1 R2 =H \ R1
R3 rs H
I-56 . .

aza-cationic intermediate

Figure 1.16. Proposed Intramolecular Friedel-Crafts Cyclization Reaction

The tetrahydroquinoline (THQ) moiety is one of the most privileged class of
nitrogerrcontaining compounds, being widespread in nature and found as a keyratructu

unit in a large number of therapeutic agénté/ithin the THQ class of compounds, the
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4H-pyrrolo[3,2,%ij]Jquinolines, as well as their reduced and oxidized derivatives have
garnered considerable attention in the area of drug discovery and agroch&mistry.
Chapter 5 includes our efforts to develop an effective strategy to a¢tensrélo[3,2,k
ijJquinoline derivatived-59 using In(OTf}-catalyzed diastereoselective intrdetular
FriedelCrafts cyclizations reaction of substituted methy(22nethyl1H-indole-

carbonyl)acrylates-58 (Figure 1.17).

RZ R8
O O __
MLn
N)K[U\O/ N
Z~NR2 “R! RZZH
R3 R1
1-58 - 1-59

Figure 1.17. Proposed Protocol to Access 4H-Pyrrolo[3,2,1-ij]quinoline derivatives

Chapter &liscusses our efforts in the synthesis ofdegthyleburnamonine, using
our catalgic tandem ringopening/FriedeCrafts alkylation protocol. (%)
Deethyleburnamonine chosen because representshie simplest example of both the
eburnanvinca and tacamanalkaloids, with interesting pharmacological activiti&sin
comparison to the previously described synthetic routes todhisalproduct,our highly
modular, operationally simple In(IHatalyzed protocol allows for a large variety of

functional group and substitution modificatgoim the molecular architecture
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CHAPTER 2

INDIUM (lll) -CATALYZED FORMAL HOMO -NAZAROV
CYCLIZATIONS OF ALKENYL CY CLOPROPYL KETONES AND

HETEROARYL CYCLOPROPYL KETONES °

2.1.INTRODUCTION AND BACKGROUND OF CYCLOPROPANES

The smallest cycloalkanehe cyclopropane was first synthesized by W. H.
Perkirt through the attack of a diethyl malonate dianion upordihgmoethane in 1984.
Since then manic chemists have always beatrigued by the cyclopropane suburdit.
Cylopropanes arthe basiccore ofawide rangeof natural products and compounds with
interesting biological activitie$Furthermore, severalclopropanecontainingunnatural
products have been tesed for their bonding featuréd® and enzyme
medanisminhibition.® Additionally, these Ighly strained cycloalkanesavebeen used
as versatile intermediatan the synthesis ofeveralfunctionalized cycloalkaneand
acyclic compound&®’ The following section will provide a brief overview dhe

theoretical basis for the unusual reactivity and properties of cyclopropanes.

" This work was performed in collaboration with Lien H. Phud Marchello A. Cavitt, fellow graduate
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2.1.1 BONDING IN CYCLOPROPANES

Among cycloalkanes, theyclopropaneand its derivativesrepresenta unique
class ofcompounds by virtue of their unusustructural, spectroscopic, and chemical
properties? In its simplest graphical representation, the cyclopropane can be viewed as a
planar equilateral triangle with internal angles beinyy B@wever, these bond aeglare
considerably less than the ideal value of 10®6sp™-hybridized orbitals. This deviation
imparts considerable angular (Bayer) strain. Additionally, cyclopropanes suffer from
torsional (Pitzer) strain due to the rigid, coplanar arrangement difithe carbon atoms,
thereby causing eclipsing of rirgubstituents (Figure 2.1Jhe release othe ring strain
(27.5 kcal/mol) associated with riggpening provides the rationalization for high

reactivity and the thermodynamic driving force for thesetieas®

Rs R, Ri Ry RoR,
/‘ i R
R3 R4 R} R, °
R2 L)

Figure 2.1. Torsional (Pitzer) Strain in Cyclopropanes

The cyclopropanes havegher perentage of character of the <€ bond forming
orbitals, shortened interatomic bond distanees] weakelC-C bonds They also have
theabi |l ity to i nt ereraron systenmsrangelectrog tebtars, formg
metal complexes, adreagents (strong acids, halogens, ozoaedl undergo catalytic
hydrogenatiorand cycloaddition reactions. To accommodate all of these, two alternativ

models have been presented: the Couldoffit ° and Walsh modet8 (Figure 2.2).
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Coulson-Moffit Model Walsh Models E

Figure 2.2. The Coulson-Moffit and Walsh Model for Cyclopropane Bonding

Unactivated cyclopropanes have been directly employed for certain useful
chemical transformations. However, he ringopening reactions of monoactivated
cyclopropans are in general sluggish due to their loeactivities. Thereforesevere
conditions are required. For exanl cyclopropanes areither treated with strong
nucleophiles(such as),*? stronger Lewis acidésuchas TiCk),*® or assistd by theb-
stabilizing effect 6the silicon atom ofrimethylsilyl group™ To facilitate ringopening
under mild reaction conditions, these strained cycloalkaegsire further activation
from electrondonating or acceptingubstituentsThe facile cyclopropane ringpening
towards nucleophiles or electrophiles is often dictated by the electronidheof
substituents on the riAg For example, cyclopropanes substituted with eleeti@mating
groups are activated for-C bond cleavage in the presence of electrophiles affording the
cation equivalent for further reactions (Figure 2.3, Eqg.1l). Wkeresgclopropane
substituted with electreaccepting groups behave more like hellichael acceptors in
the nucleophile initiated rirgpening to generate an anion equivalent for further

chemical transformations (Figure 2.3, Eq.2).
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The reactivity of cycloppanes is further enhanced by substituting it with both
donor and acceptor (B) groups, guaranteeing activation of the cyclopropanes and a
high versatility of the products after rismpening®® This is achieved by placing-B
groups on the cyclopropane either geminally or vicinally. The use of gemusal D
substituted cyclopropanes wrganic synthesis has been restricted due to the cargpeti
electronic effects of the two substituetitat offer litter to no bond polarizatio®n the
contrary, vicinal DA cyclopropanes have been extensively studied over the past two
decade$??“*® Such an arrangement of substituentsith opposite electronic effects
imparts reactivity to the cyclopropanesbyasymgei st i ¢ epektoonefpaubsabrl
These results in an improved ability of vicinalADsubstituents on theyclopropanes to
stabilize the dipolamitermediate species formed upon heterolyt€ C-hdnd cleavage.
For this reason, under Lewis acideonditions, vicinal DA cyclopropanes undergo
formal retrealdol rearrangement to form 1z8vitterionic intermediates species that could
served as 1;8ipolar synthons in several valuable chemical transformations (Figure 2.3,

Eq.3).
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Figure 2.3. Effect of Donor-Acceptor Substituents on the Cyclopropane Reactivity

2.2. VICINAL DONOR-ACCEPTOR CYCLOPROPANES IN ORGANIC
SYNTHESIS
The pioneering work of Cram and Danishefsky on vicinal Ryclopropanes
provided better insight into the mechanistic understanding of theogaging reactions
of D-A cyclopropaes®®’ Owing to tte relative ease of ringpeningunder a variety of
mild Lewis-acid conditions, vicinal EA cyclopropanes gained considerable attention as
powerful synthetic building blocks towards the construction of highly functionalized
carbe and heterocyclic compound¥he chemistry of vicinal BA cyclopropane is so
extensive that a full discussion of all rlegening and cyclization reactieis beyond the
scope of this thesis. Therefore, only a short selection of relatively new methods for the
synthesis of carboand heterocycles will be presented, with a focus on cycloaddition

cyclodimerizatios, andformalhomoNazarov chemistry.
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2.21. CYCLOADDITIONS/ANNULATIONS OF CYCLOPROPANES

2.2.1.1[3+2] CYCLOADDITION

In 2003, Kerr and cavorkers reported the first homo+3] dipolar cycloaddition
reaction of nitronedl -1 with cyclopropane diesterd -2 to generate tetrahydib 2-
oxazinesll -3.'® In this seminal publication, Kerr elegantly utilized the reactivity of 1,1
cyclopropanediesters as ooa&bon homologues of electroleficient olefins.
Ytterbium(lll) triflate was identified as an effective Lewis apr@moter for this reaction.
The Kerr group was also able to screen a wide variety of nitrones and 1,1
cyclopropanediesters. In every case examined, onlgithproduct was observed with
yields ranging from 5®6%. The reaction is proposed to proceed thinoa stepwise
mechanism, involving nucleophilaitiated cyclopropane rinrgpening followed by a
Mannichtype ring closure. Further in their studies, the utility of the reaction was
demonstrated through the preparation of tricyclic precuisdrfor anttumor antibiotic

compound FRB00482 (Figure 2.4).

o+R R Yb(OTf), R2 O .R®
JN|\ CO,R® (5 mol%) N
+
I CO,Me
R “H CO,R®  pcm, rt R! O 2
RO,C CO,R COMe
I1-1 -2
II-3 FR-900482 skeleton, l1-4

Figure 2.4. Synthesis of Tetrahydro-1,2-oxazines via Homo [3+2] Dipolar Cycloaddition
of Nitrones and 1,1-Cyclopropanediesters
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2.21.2.[3+3] CYCLOADDITION

Charette and cworkers developed a Ni(Ckpi mediated [3+3] cycloaddition
reaction of aromatic azomethine iminés5 with 1,1-cyclopropaediesterdl -6 in 2008
(Figure 2.5)"° The reaction afforded unique tricyclpyridazino[1,6a]quinolines based
compoundsll -7 in moderate to high yields and modest diastereoselectivities. gherhi
yields were obtained when electron rich aromatic substituted cyclopropanes were
employed in the reaction. However, electron poor aromatics, vinyl, and unsubstituted
cyclopropanes gave significantly lower yields. Further stereochemical studies showed
that the reaction proceeded in a stape fashion which involves nucleophilic ring

opening of cyclopropane followed by a diastereoselective ring closure reaction.

X
N | o NI(CIO), CO,Me
N R 92V 10 mol %) N"Z ~co,Me
- + HJ>\ ————————> 0N
N R? COMe 15, 3p0, THF L$
0 16 h, rt
I1-5 -6 -7

R1

Figure 2.5. [3+3] Cycloaddition of Aromatic Azomethine and 1,1-Cyclopropanediesters

2.21.3.[3+4] CYCLOADDITION

In 2008, the Ivanova group eveloped an analogue of the Didlkler reaction
with a cyclopropme as the dienophile. This formal [3+4ycloaddition between
isobenzofuranl -8 with cyclopropanesl -09 proceeds in the presence of Yb(QT®)

yield two isomeric cycloadducts-10in a mmbined yieldf 84-92% (Figure 2.6).
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The reaction is proposed to proceed through a concerted mechanism, prtwedess
stableexoisomer as the major producthi§ argument was confirmed whemethyl
methylenemalonatevas formed as a decompositiproduct upon subjecting the major
product toprolonged heatingn the presence of catalyst. lvanova observed a similar
reaction when anthracerle-11 and aryl substituted cyclopropanés9 were reacted in

the presence of Tiglfurnishing cycloadduct -12in high yields.

Ph Yb(OTf)s Ph

o)
_ COzR (5 mol%) &CO2R
0 D S
~ + CO.R - S\OZR
" Ar 84-92% yield PH AT
s o 11-10
Ar
CO.R T|CI4 (1.2 equiv.) RO,C CO5R
~|OOO ; ‘COR  72-85% yield 0 Q
1111 -9 112

Figure 2.6. [3+4] Cycloaddition Reaction with 1,1-Cyclopropanediesters

2.21.4.[4+1] CYCLOADDITION

Investigations by Zhang and-@wrkers into the reactivity of-ubstituted or 2;3
disubstituted 4(1-alkynyl)-cyclopropyl ketonedl-13 revealed that carbon moxide
could act as a dipolarophiie a[4+1] cycloaddition reaction with £ cyclopropanes to
afford 1,3,5tri- and 1,3,5,8etrasubstituted 5;@8ihydrocyclopentaf]furan-4-onesll -14
(Figure 2.7.2° In the presence of 5 mol% of Rh(l) catalyst, regimd stereospecific

carbonylation ofl-(1-alkynyl)cyclopropyl ketones occurred.
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Alkyl, electrondonating group (BG) and electronwithdrawing group EWG)
substitutedaryl, alkene, cyclopropyl, esters, and ketone groups are well tolerated in this
highly modular, atoreconomical reaction with cycloadditi yields varying from 38 %
to 95%. The reaction is proposed to proceed through regioselective oxidative addition of
Rh(l) across CIL2 bonds ofthe cyclopropane forminga rhodacyclobutane which
immediately isomerizes tafurano-fused rhodacyclopentanenglly, insertion of carbon
monoxide generatesthe furanfused rhodacyclohexanone derivative, which on

subsequent reductive elimination furnishes the carbonylation products.

R3
3
R iR Rh(CO),Cl, (5 mol%) R @
L — R? >
A CO (1 atm), " /\ -
R0 1,2-DCE, 70 °C 0
13 lI-14

Figure 2.7. [4+1] Cycloaddition Reaction of D-A Cyclopropane with Carbon Monoxide

2.2.1.5[4+2] CYCLOADDITION

The [4+2] cycloadition chemistry developed b¥hanget al. for the synthesis
carbe and heterocycles elegantly utilizes the reaction ofcéntaining allcarbon 1,4
dipoles generated froni-(1-alkynylcyclopropyl) ketonesll-15 (Figure 2.8f' The
reaction of DA cyclopropanell -15 with indoles under IPrAuNT$ promotion affords
tetracyclic furanll-16 in good to high yields, however in low diastereoselectivities.
Various substituents including cyclopropyl, cyclohexyl, phenyl, alkyl ether grops

weretoleratedat the alkyne terminus arad the carbonyl group
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However, a sterically demanding cyclohexyl grougt the alkyne terminus
lowered the yield. Further studies by Zhang showed that aldehydes/ketones can also work

as a dipolarophile to farsh fused furanH -17 high yields.

$ N
1 0 IPrAUNTY
R R® G R® IPrAUNTY,
\ / (5 mol%) .
R4 [ — o (5 mol%)
g RS 1,2—DOCE, R 1,2-DCE,
RY 80 °C o) 70°C
17 115 16

Figure 2.8. [4+2] Cycloaddition of D-A Cyclopropane with Indoles/Aldehydes/Ketones

2.2.1.6[4+3] CYCLOADDITION

The synthesis of 5;fused heterobicycliéuro[3,4-d]-[1,2]oxazepinesl -18 from
the [4+3 cycloaddition ofD-A cyclopropyl ketonesl -17 andnitroneswas described by
Zhang in 2010 (Figure 2)8° The regioselectivity of & reaction was achieved by
making subtle changes in the choice of Lewis acid. Whéi-alkynyl)cyclopropyl
ketonell -17 was reacted with nitrones in the presence of 10 mol% Sc{@¥)yeaction
afforded tetrahydrd,2-oxazinesll -19 through 1,3dipolar (formal [3+3]) cycloaddition
reaction, whereas upon reacting in the presence of 2 mokPABOTT it fashioned 5,7
fused productdl -18. The reaction is effective witEDG- and EWG substitutedaryl,
styryl, heteroaryl, and benzyl groups on the nitroreasqd aryl, alkyl, biaryl, and
cycloalkanes on the cyclopropanes furnishgrgducts ingoodto excellentyields and
moderate to high diastereosdleities. The regioselectiveljunable cycloaddition was
possible due to the difference in reactivity of thewlis acids. The scandium catalyst

primarily coordinated the carbonyl group whereas gold coordinated to the alkyne.
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Figure 2.9. Lewis Acid Catalyzed Regioselectively Tunable Cycloaddition

2.2.2.CYCLODIMERIZATION OF CYCLOPROPANES

2.2.21.[3+2] CYCLODIMERIZATION

Recently, the Melnikov group reported a novel Lewis acigtatalyzed [3+2]
cyclodimerization otyclopropanes$l -13.%* The cyclopropanes, upon subjecting to harsh
reaction conditions involving Yb(OTfpr Sn(OTf} in refluxing chloroberene, afforded
highly functiondized cyclopentanedl-14 (Figure 2.1). The proposed mechanism
includesa Lewis aid catalyzed cyclopropane risgpening with the formation afynthon
| (umplung) and its transformation into synthdh (normal reactivity) which provides
only two-carbonunits for the newly formed cyclopentane ring. The reaction worked well

with aromatic, heteroaromatic, and diasylbstituted cyclopropanes, providing products

in high yields.
CO,R
Yb(OTf); or Ar ®/ ¥
CO,R 3 Ph CO,R
i Sn(OTh synthon |
CO,R

Ar 2 MS, 45-132 °C, CO,R
PhCl or DCM or o CO.R

13 1,2-DCE Ph 2

synthon Il

Figure 2.10. [3+2] Cyclodimerization of 1,1-Cyclopropanediesters
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2.2.2.2[3+3] CYCLODIMERIZATION

In 2011, he Ivanova groupdemonstrated [3+3] cyclodimerization df,1-
cyclopropanediestefs.Interestingly, this reaction process provigesightforward one
stepaccess to tieedifferent types of simembered cyclicompounds such asis-1,4-
diarylcyclohexanes 11-16, 1l-aryl-1,2,3,4tetrahydronaphthalenesll-17 or 9,10
dihydroanthracends$-18 (Figure 2.11) The product outcome was completely dependent
on the reaction conddns and substituent pattern in the parent cyclopropane. The
cyclodimerization leading to lidiarylcyclohexanes proceeded with excellent
diastereoselectivitjurnishingthe cis-isomerexclusively, while the reactioleading tol-
aryl-1,2,3,4tetrahydronapthalenes and 9,idihydroanthracenes proceeded with

moderate to higkiastereoselectivityith thetransisomer as thenajor product.

//EDG JEDG snCl, COR gney, or Ticl,
s 100-120 mol% - 9
« | | P ( mo oéDG N CO,R ( 120-240 mol%) RO,C
T
Co,R MeNO, = MeNO, RO,C
40-90% 11-15 45-86%
RO.C" COR ‘co,R ’
MeNO, | SnCls
117 (10 mol%) EDG—
61-88%
EDG = 4-MeOCgH,, °
3,4-(Me0),CqHs CO,R
2-thienyl, 5-Me, 2-thienyl RO-C EDG = 2,4,6-(MeO),, 4-MeO,
2 4-MesN, 4-piperidino, 4-pyrrolidino
4-morpholino
N A
EDG— | -—EDG
= =

EDG =1,2,5,6-(MeO),, :
1,3,5,7-(MeO),, CO,R
1,2,3,5,8,7--(MeO)g RO, 18

Figure 2.11. [3+3] Cyclodimerization of 1,1-Cyclopropanediesters
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The DA cyclopropans were also known to undergodifferent set of reactions
when te nucleophile is intramolecularly located in the form of eitheelantronrich
doublebond or aromatic grougOne suchreaction is referred to as the formal hemo
Nazarov cyclization reaction. In the next section, a brief survey of the history and curren

state of the formal homNazarov cyclization will be outlined.

2.3 FORMAL HOMO -NAZARQOV CYCLIZATION REACTION

2.3.1.BACKGROUND AND INTRODUCTION

The abundance of useful compounds bearing functionalized cyclopentyl rings has
led to the development ofivetrse methods for the construction of fimeembered
carbocyclesAmong these methods, the Nazarov cyclization has gained prominence as a
one of the most powerful methedor the construction of unsaturated fimembered
rings due to the stereoselectiviigd controllable regioselectivity of the reactfdrt is a
4’ -electron procesmvolving the conversion of divinyl ketonds-19to cyclopentenones
by activation with protic or Lewis acidgigure 2.12)The individual mechanistic steps
involved in the Nazarov cyclizaticare thought to proceeas follows: i) a diinyl ketone
Il -19 complexes to the acid form a pentadienyl catioA; ii) a conrotatory ring closure
of A gives an oxyallyl cation intermediaBewith ananti relationship between’rand R;

iii) removal of proton fronB (eliminative pathway) otrappingof the cation in the
presence of &uitablenucleophile (interrupted pathway). Both pathways terminate the
reaction, leading to cyclopentenorés20 or dense functionalized cylopentanoihe2l,

respectively
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Figure 2.12. Classical Nazarov Cyclization Reaction of Divinyl Ketones

The Nazarw cyclization has gained recent attention in the literature due to several
advances that have improved the synthetic utility of this transformation: (1) reactive
substrates undergo cyclization using catalytic Lewis sf€id(2) trapping of the
intermediate cation was found to be efficient, allowing preservation of both stereocenters
created during conrotatory electrocyclizatfdrn(3) chiral auxiliaries allow asymmetric
cyclization®® (4) axial to tetrahedral chirality transfer is possfland (5) chiral Lewis
acids afford enantioselectivif} The reaction has been featured as the key step of several
syntheses of natural products and other bioactive molecules, further demonshmting t
utility of the cyclization for application to complex molecule synth&sis.

While the traditional Nazarov reaction (using divinyl ketones) has begrwell
studied much less is known about tfermal homoNazarov cyclization, a homologous
variation In contrast to the concerted Nazarov reactitms reactionproceeds in a
stepwise fashionin this reaction,one double bond from divinyl ketones system is
masked as a cyclopropyl gn@uThus, the reaction of suclyclopropyl vinylketonedl -
22provi des

an

similar cyclic oxyallyl carbocatioA gFigure 2.13.
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Figure 2.13. Formal Homo-Nazarov Cyclization of Cyclopropyl Vinyl Ketones

2.3.2.PREVIOUS METHOD SOF ALKENYL FORMAL HOMO -NAZAROV

CYCLIZATION

The first example of a formal homidazarov cyclization was reported Murphy
and Watanasinin 1980* Murphy reported the synthesis of tetraloriés25 from
activated aryl aroylcyclopropanéls-24 using a large excess of SpC86tudies showed
cleavage of only thé bond, since produch -25b was not observed. Formation of
carbocationicintermediatesint-a, and Int-b has been propose(Figure 2.14. The
products yields were obtained in the range 6B0%. Wherthe R? group was incapable
of stabilizing the benzyl catiolmt -a, the reaction was slow and thus further supports the
proposed ationic mechanism Tetralone derivative$l -25a were obtained only when
both ring substituents were suitably activated. This observation was bolstered when
successful cyclization was observed only when the cyclopropane was substituted with an

electronrich aromatic group.
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SnCl,
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DCM, 24 h

11-24
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1.7 R1_/ |
R'-— | X
X | S
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1I-25b

(not observed) ll-25a

Figure 2.14. Murphy's Formal Homo-Nazarov Cyclization

Tsuge and coworkers reported the first example of formal Heamarov cyclization
of alkenyl cyclopropyl ketones in 1888 In this seminal report, Tsuge reported the
cyclization of several vinytyclopopyl ketones in the presence of a large excess of
polyphosphoric acid to generate cyclohexenones. In one representative example, cyclization
of ketonell -26 proceeded successfully to provide cyclohexenones prdthtl in 63%
yield (Figure 2.5). However the reaction had three major drawbackk) lack of
generality- only five out of sixteensubstrates providethe desired cyclohexenones; (2)
poor product yields (263%);and (3) harsh reaction conditiorexcess PPA in refluxing
benzene for >24 .PAll of these limitationgesulted insparse application of the alkenyl

formalhomoNazarov protocol.

39
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reflux, 30 h
63% yield Ph
11-26 -27

Figure 2.15. Tsuge's Formal Homo-Nazarov Cyclization

In 2009, he Wasergroup greatly expanded the scope of formal heNexzarov
cyclization of alkenyl cyclopropyl ketones byilizing crosspolarized substratds-28.3*
Frontier and cavorkers have demonstrated the benefit of cpudarized substrates in
the related classical Nazarov cyclization reactfoMarious hetereatom activated vinyl
cyclopropyl ketonesll -28 cyclized successfully to provide carband heterocyclic
products I -29 in high yields under catgic amount of TsOH (Figure 2.16The
substituti on -tofhe ketoneseby & sily graup waksdiblerated. When
unactivated vinyl ketondl-30 (cyclohexyl based) was subjected ftihe reaction
conditions, none of the desired product formation was observed. The subdtrate ei
polymerizedll -31 or gave alcoholl -32 product in 32% yieldThis study has provided
invaluableinsight into the potential of the alkenyl reaction wityo majorlimitations: i)
simple alkenes did not work (adheteroatomwas requiredto activate te alkenyl
group); andii) the necessity of having an electroich aromatic substituendn the

cyclopropanes to promote the cyclization.
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Figure 2.16. Waser's Catalytic Formal Homo-Nazarov Cyclization Approach

The examples of heteroaromatiormal homoNazarov cyclization reaction

involvingthe use of

het er oar o-systdmita generate lgeteroaayks

fusedcyclohexanones ring skeletons will be discussed sepaiiatehjis chaptemunder

the section oformalhomaoNazarov cyclization of heteroaryl cyclopropyl ketones
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2.4.INDIUM (1) -CATALYZED FORMAL HOMO -NAZAROV CYCLIZATION
OF ALKENYL CYCLOPROPYL KETONES *

As described in the previous sectiomlyotwo reportson the cyclization of
alkenyl {inyl)-cyclopropyl ketones were mentioned in the literatur€hese
methodologes suffer from one or more of these limitations: i) harsh reaction corsdition
use of a large excess of acdheating at high temperatures; ii) lower product yields; iii)
lack of generality; iv) use of a heteroatom in #position on the vinyl groupard v)
requires electron rich aryl group on the cycloproparie promote cyclization
Unfortunately, these restrictions severely limit the scapd utility of the reactionin
organic synthesisTherefore, the development of an efficient and highly versatile
protocol for theformal homoNazarov cyclization that can circumvent all these issues

would be highly beneficial to the synthetic community.

2.41.REACTION DESIGN

To facilitate theformal homeNazarov cyclization of alkenyl cyclopropyl ketones
and ultimaely expand the scope and applicability of treaction, the France lab
envisioned that the froduction of a secondary etean-acceptor (an ester) in the
position of the cyclopropandl -33 would guarantee the activation of the cyclopropanes
andcircumwent the necessary reaction barrier by strongly coordinating with Lewis acids.
Cyclopropanes bearing one dorardtwo geminal acceptors group {&-A) are known
to undergo a rapid ringpening due to increased polarizatenmd elongatiorof the GC

bond (a-bond) between thenWe also postulated that it would allow milder reaction

AThis work was performed in collaboration with Lien H. Phun, a fellow graduate student in the France
research group.
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conditions for cyclopropane rinpgpening. Substituting EWG- and EDG groups
strategically on thecyclopropane would serve to furthpolarize theresulting cyclic
oxyallyl cationInt-d by localizing the charge density, which could favor the desired
cyclization to furnish cyclohexenonel$-34 (Figure 2.17. Frontier has similarly
demonstrated the benefit of using esters as acceptups to polarize the classic

Nazarov cyclizatiori®

Ln Ln
O O M M o)
R ol’ 0 o| o) MeO,C R’
MeO MLn 1 1
a | ~0 Pz R =0 ANE R ,
R3 R2 | R
® “R2 R2 R3
3 3
11-33 — R R — 11-34
Int-c Int-d

Figure 2.17. Proposed Reaction Design for the Formal Homo-Nazarov Cyclization

2.4.2 MODEL SUBSTRATE SYNTHESIS

To test the rationale of using-®-A cyclopropanes t@romote catalysis, we set
out to probe the reactivity dodlkenyl cyclopropyl substratesWe chose to begin our
investigation usingamo d el s u b s t r-alkyleubdiitaentrandrelgctraach aryl
substituent on the cyclopropane. This substrate was chosen for initial examination due to
the concernsbout the stabilityf the resulting oxyallyl cation as compared to that of the
benzylic cation(Figure 2.18. Thus,requisitealkenyl substratdl -33awas synthesizeuh
three steps startinjom the malonate derived Weinreb amidle35. The amidell -35
was transformed intothe diazo species which upon subsequent Riatalyzed

cyclopropanationwith 4-methoxystyrene yielded cyclopropyl Weinreb amidle36a
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Finally, the addition of a Grignard nucleophile afforded alkenyl cyclopropyl ketones in

good vyields.
BrMg Me
O O Q Q \[ i i M
|) TSN3, Et3N OMe Me 4 e
\OMN’OMe = "= 0 N~ . Me~ o |
| i) Rh(Oct)4 | THF,0°Ctort  pyp Me
p-methoxy PMP
1-35 styrene 1-36a lI-33a

Figure 2.18. Synthesis of Model D-A-A Formal Homo-Nazarov Substrate

2.4.3 PROOF OF PRINCIPLE

With model subsate in hand,He initial reaction withll -33awas conducted in
dichloromethanat room temperature in the presence of 30 m@OTf; as a Lews
acid promoter (Figure 2.J9The reaction progress was monitored by TLC and the
reaction showed complete digpearance of starting material in less than 50 min. The
crude’H NMR was taken using an aliquot of the reaction mixture. As anticipated, the
cyclization predominantly afforded the cyclohexendn&4abased on a formal homo
Nazarovtype eliminative pathwa Furthermore, wewere intrigued to findanother
putativeformal homoNazarovproduct a crossconjugated enol system with an exocyclic
alkenell -37a Beyond these two products, dihydrofular38, which presumably arises
from the enolate attaakpon theacyclic benzylic cation, wasbserved (Figure 2.20The
reaction affordedl -37a and Il -34a with a combined vyield of 70%, accompanied by

~30% of dihydrofuran product (crude yields).
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Figure 2.19. Test Reaction of Alkenyl Cyclopropyl Ketones with Sc(OTf);
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Figure 2.20. Proposed Mechanism for the Formation of Dihydrofuran Product

2.4.4 REACTION OPTIMIZATION

With substrates in hand, it wasperativeto identify conditions that allowed for
the successfuformal homeNazarovcyclization of thealkenyl cyclopropyl ketoneH -
33. Based on preliminary results from the Sc(@T8action a torough Lewis acid
screening was performed using substoichiometric amounts of various metal catalyst,
primarily focusing on readily available triflate salt. Each reaction was performed using
Il -33a with 30 mol% Lewis acid salin dichloromethane at room rtgperature. The
reaction progress was monitored BC. Each reaction was stirred from 1 h up to a
maximum time of 105 h. An aliquot of the reaction mixture was concentrated and a
crude 'H NMR was for each reactiorBased on the crud&H NMR spectra of the
individual screening reactions, the ratios fofmal homoNazarov productsl -34a and
Il -37awere compared directly against thosdleB3a andll -38a (Figure 2.2). To our
satisfaction, In(OTH emerged as the most efficient promoter (full conversioh -&3a
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to Il -34aandll -37awithin 3 h), while Zn(OTf) and Cu(OTf) were the next best Lewis
acids, although neither gave falbnversion ofll -33a even after 105 h. Pd(0) and Pd(ll)

complexes did not give arfgrmal homoNazarov products.

100
B 11-34a - [1-37a
80 D1-38
B I-33a )
§ 60
g 40
o
20
0

AI(OTH),
Zn(OT1),
Yb(OTf),

-
[
=
a
o
-]
a

Figure 2.21. Results of Lewis Acid Screen for Alkenyl Cyclopropyl Ketones

Cu(OTT),
AgOTf
Mg(OTT),

S &
o ©
g E

Pd(OAc),
Pd(PPhs),Cl,

Next, the effect of solvent on product outcome was examiffeese experiments
showed that the reactivity of substrédite33ais strongly dependent on tmature of the
solvent. Of the solvents screened, acetonitrile, THF, and nitrbamet afforded relatively
lower yields and thusvere less promising. However, good yields were obtained in
aromatic and halogenated solvents, indicating that the reaction progresses very smoothly

in non-coordinating solvents. Of the solvents investigatechldromethaneemained the
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best choice and no observable changes in the product distribution were observed with any

other solvents (Table 2.1).

Table 2.1. Influence of Solvents on the Reaction Outcome

% yield® % yield?

entry solvent time (I-34a+1I-37a) (11-38)
1 dichloromethane 40 min. 75 <1

2 1,2-dichloroethane 50 min. 72 <1

3  benzene 1h 70 <1
4  nitromethane 1h 65 <1
5 acetonitrile 5h 40 <1

6 tetrahydrofuran 105 h 55 <5

@ Reactions run with 1 equiv of substrate 11-33a and 30 mol %
In(OTf); in solvents at 25 °C and complete within 1 h.
b Percentages are based on product ratios calculated from crude
"H NMR spectra for each individual reaction.

2.4.5 EXAMINING THE REACTION SCOPE AND LIMITATIONS

Havingidentifiedtha 30 mol%In(OTf)s in dichloromethanat room temperature
was the best overall catalyst system to promote frenal homeNazarov cyclization
reaction ofll -33, adiverse set of alkenyl cyclopropkktone substratesere screenetb
determine the reacticstope andipplicability. WhenU-alkyl substrates are subjected to
the reaction conditions, mixtures lbf34 andll -37 are observedModel substratdl -33a
provided the cyclohexene derivativl -34a and cyclohexenol productl -37a in 75%
yield as a 1.5:1 mixtureT@ble 2.2,entry 1). for 1l -37a the methyl group anghenyl

werefound to be orientingn atransrelationship (5:1 trans/cir) as confirmed by NMR.
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Similarly, cyclohexenybasedketonell -33b also proved to be a good substrate,
affording productsll -34b and 11 -37b in 1.5:1 mixture with a combined yield of 75%
(Table 2.2entry 2).With ketonell -33c, both productdl -34candll -37cwere formedn
a combined yield o77% yield as a 1.5:1 mixtur@dble 2.2 entry 3). Electron deficient
aryl substituted cyclopropyl ketonggsoved to be morehallenging than those that were
electron rich.For example, cyclopropanes substituted witlerpth or 4fluorophenyl
(Table 2.2 entries 4 and 5)J -37d andll -37e werethe only cyclized products observed
in 46% (80% BRSMpand 56% yield477% BRSM), respectively. The reactiodisl not
go to completioneven after 24 h, only offering startingnaterial I1-33. These
observations can be rationalized basedhendecreased cation stabilizing ability of the
phenyl and 4-fluorophenyl groups in auoparison to thestrongly donating 4
methoxyphenybroup Inspired fromthe pioneeringwork of Denmarkand coworkersn
silicon-directed Nazarov reactioiSa si | y | g rsabstipuentoofil -33f was U
installedto furtherstabilize the resulting oxylgl cation. An allyl silane group tavould
also serve t@nhance the nucleophilicity of the doublend and favocyclizationwith a
potentially altered product ratio. Gratifyingly, upon submitting silyl ketbr&3f to the
optimized conditions, the reaah proceeded rapidly to form produtt37cin 92% vyield
within 0.5 h Table 2.2 entry 6).The regioselectivity of the double bond formatiorilin
37cwas completely governed by the elimination of the silyl grdiye formation of this
productalsoagres with the mechanistibypothesis of carbocation formation due to the
b-silyl effect. To furtherincrease the versatility of our formabmaoNazarov processt
was decided to test substrate derived from dihydropyran. This was chosen for two

reasons: 1) @ction would furnish bicycylic pyrafused cyclohexenones as a product; 2)
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a pyranyl heteroatom ring would govern the regioselectivity of the double bond formation
in the product. As anticipated, the cyclization of dihydropyran based kétedgg
proceedd efficiently providing I1-34d as the onlyobservableproduct in 93% yield
(Table 2.2,entry 7). Finally, weinspected a substrate bearing-phenyl group Table
2.2, entry 8). We anticipated that thetroduction of Uphenyl group wouldpromote
reactivity both by favoring the formation of the reactpseudos-trans conformationll -
33h(c) and further stabilizing the resulting cyclic oxyallghtion (Figure 2.2R By
avoiding any potentiainfavorable steric interactions in thseudaos-cis conformationl| -
33h(@), -phknylsubstitutionf a v oborsd rofiation to populate the reactive conformer
II-33h(c), which affords the correct geometry fayclopropane ringppening and
subsequent ringlosure in the formal homdbazarov cyclization.Also, an electron
withdrawing group (i.e. FG = ester) in this position has the potential to bind a Lewis acid
in a bidentate fashion, further promoting teactivepseudos-trans conformation When
I1-33h (bearing aU-phenyl substituent) wasubjected tathe reaction conditions, only
30% yield (50%BRSM) of the expected cyclized produict34e was observedfter 35 h.
Along with unreacted starting material, the magomponent was the dihydrofuran-by
product. This maks the only instance in which this bgroduct is observed when
In(OTf)3 is used as theewis acid promoterThis can be rationalized If -33h exists in
the less reactivpseudos-cis enone conformationMMFF calculations revealed that the
pseudacs-cis corformationll -33h(@) is more stable than theseudcs-trans conformation
II-33h() by more than 6kcal/mol due to the presence of stabilizingnteractions

between thé&}phenyl substituent and the oxygen lone pairthe adjacent ester group.
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Table 2.2. Scope of Homo-Nazarov Cyclization of Alkenyl Cyclopropyl Ketones”

entry substrate product (s) (% yield)?
o O O OH O O
1
\oé)\( ~o o
PMP Il-37a “ (45%) NI-34a (30%)
11-33a PMP PMP
o O O OH O O
2 ~o
(45%) 11-34b (30%)
I1-33b PMP PMP
o O O OH O O
3 \oé)\( ~o ~o
PMP 1-37¢ (46%)  11-34c (31%)
o O O OH
Ph 11-37d (46%)9
I1-33d Ph
o O O OH
50
(55%)¢
CeHaF-4 1-37e
11-33e 4-FCgHy
o O O OH
\OWTMS \O
6
PMP I1-37¢ (92%)
11-33f PMP

\,
/
o
o
o
o
&
a
/
0
o

(93%)
I1-33g PMP
o O O OH
Ph
\O Ph \O
8 I1-34e (29%)?

11-33h PMP

@Reactions run with 1 equiv of substrate 1I-33 and 30 mol % In(OTf); in DCM at 25 °C and
complete within 1 h. ?lIsolated yields after column chromatography. ¢ Reaction did not go to
completion over 24 h. 9 Yields based on recovered starting material are as follows: I-37d (80%);
lI-37e (77%); and ll-34e (50%).
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Consequently, upon cyclopropanag-opening, enolate trapping of the acyclic
cation directly outpaces thdormal homoNazarov cyclization pathway du the

difficulty in rotating into the more reactiyesseudas-transenone conformer.

IMn

O o

Ar N |

(@]
(|) o Ar
11-33h(a) 11-33h(b) 11-33h(c)
pse:udo S-cis pseudo s-cis pseudo s-trans
unreactive conformer unreactive conformer reactive conformer

Figure 2.22. Steric Impact of Phenyl Substitution Alpha to the Ketones
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2.4.6 DERIVATIZATION OF PRODUCTS

As a further ilustration of the utility our formal homNazarov cyclization of
alkenyl cyclopropyl ketoneslkenyl products were usexs synthetic buildingplocks by
converting them into other useful compour{ggure 2.23. For instance, whet -37c
was treated with thiophendhioetherll -39 was obtainedn 58% vyield as a 1:1 mixture
of diastereomers. Similarly]l -34a was subjected to Krapchdecarbalkoxylation

conditions to generaté-40in 74% vyield.

O OH o O
o Et;N, PhSH - \o) SPh
(58% yield)
4-MeOCgH, (1:1.dr) 4-MeOCgH,
I1-37¢ -39
O O NaCl/H,0/DMSO o
~o 150°C, 12h
(74% yield)
4-MeOCH, 4-MeOCgH,
I1-34a 11-40

Figure 2.23. Facile Derivatization of the Formal Homo-Nazarov Cyclization Products
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2.5 FORMAL HOMO-NAZAROV CYCLIZATION OF CYCLOPROPYL

HETEROARYL KETONES”

2.5.1.INTRODUCTION AND BACKGROUND

The acidcatalyzedring closure of heteroaryl vinyl ketones keteroaromatic
ring-fused cyclopentanoness referred as theheteroaromatic Nazaroeyclization®’
Analogous to thisan acidcatalyzedtrandormation of a cyclopropyl heteroarietone
into aheteroaromatic rindused cyclohexanoneould constitute a homologous variation
of above reaction and thusay bereferred as théeteroaromatiéormal homaoNazarov
cyclization (Figure 2.24. A viable appoach to generate heteroaryl fused skeletons
remained sparselgxploredeven today, with prior appearance in only three literature
reports.

Heteroaromatic Nazarov Cyclization Heteroaromatic Formal Homo-Nazarov Cyclization

o O 5

Figure 2.24. Heteroaromatic Nazarov vs Heteroaromatic Formal Homo-Nazarov Cyclization

Y This work was performed in collaboration with Lien H. Rtand Marchello A. Cavitt, fellow graduate
students in the France research group.
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In 2005, Otto and cwvorkers disclosed the first report on the hofNazarov
cyclization of heteroaryl substituted cyclopropyl ketones to generatebjhenglated
cyclohexenone® When 2furanyl and 2thienyl cyclopropyl ketonel -41 were reacted
with SnCl,, and subsequentcidic work-up, ketones furnished the desired rfnged
cyclohexenone derivative$-42 with yields of 94% and 54% respectively. However,
when the reactions were performed on an identical substrate but with subsequeup work

under basic condition, ketones furnished hydroxyl produic43 in 40-70% yields

(Figure 2.25.
SnCly, SnCl, o
X 0] (1.5 equiv.) O (1.5 equiv.)
PMP  CgHq, rt X CeHe, 1t X
\ L \ —

basic work-up PMP acidic work-up

40-70% yield 54-94% yield PMP
lI-43a: X=0 ll-441a: X=0 lI-42a: X=0
1-43b: X=S I-41b: X=S 1-42b: X=S

Figure 2.25. Otto's Heteroaromatic Formal Homo-Nazarov Cyclization

The scope of heteroaromatic formal hehazarov cyclization was greatly
expanded byradav andco-workers in 2008° The reaction of heteroarytdlylmethyl
substituted cyclopropanes in the presence of 4 eGuiC} in 1,2dichloroethane at 8C
furnished 2,3heteroaromatic rindused 4silylmethyl substituted cyclohexanones.
Several 2 or 3-substituted furanyl, thienyl, and indolyl ketories44a (or b) efficiently
cyclized to provide corresponding produttsd5a (or b) in good to high yields. Yadav
elegantly utilizeda bulky silyl group to stabilize the carbocationic intermediatened
upon ringopening (Scheme2.26. More importantly, this work also reportefirst

example ofan oxygen substituenderived fom dihydrofuranas a donor groupmn
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cyclopropandl -44cin formal homeNazarov chemistry to generate tricyclic produet

45a

80-85% yield

TBDPS
SnCl, (4.0 equiv.)

> 1,2-DCE, 80 °C <

12 h

I-44b TBDPS

ll-45a

Figure 2.26. Yadav's Heteroaromatic Formal Homo-Nazarov Cyclization

More recently, the \&ser group reported acatalytic formal homoNazarov
cyclization of activad vinyl cyclopropyl ketoneusing p-TsOH3* In this report, Waser
disclosed thewgcessfukyclization d only one heteroaryl substrate46 derived from 2

subsituted indole to generate tricyclic cyclohexanone produd? quantitative yield

(Figure 2.27.
o) 0
Me p-TsOH (20 mol %) Me
N ‘ MeCN, rt N |
PMP 5h
>99 % yield PMP
11-46 1-47

Figure 2.27. Waser's Heteroaromatic Formal Homo-Nazarov Cyclization
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All of these reports suffer from one or more major limitations: 1) use of huge
excess of Lewis acids; 2) harsh reaction conditisses of elevated temperature; 3)
generality of the reaction; and 4) tolerance to a washgye of functionalityThus, a need
remains for a general heteroaromdtional homoNazarovcyclization protocothat will
generate heteroaromatic rifigsed cyclohexanonesnore efficiently in highyields and
under mild conditionsln the following sectons of thischapter, In(OTf)s-catalyzed
cyclization of heteroaryl cyclopropyl ketonethat allows for the synthesis of

heteroaromatic rinfused cyclohexanoneompounds will be discussed.

2.5.2.REACTION PROPOSAL

In 2010, the France lab developedrdOTf)s-catalyzedefficient formal homo
Nazarov cyclizations of alkenyl cyclopropietones to generateyclohexenones and
methylenecyclohexanols under mild conditiofSMore importantly, our report utilizes
cyclopropane bearing a secondary electron accéatoester group) for thirst time in
homaoNazarov chemistry. The introduction of an acceptor group markedly changed the
reactivity of the cyclopropyl ketone substrates allowing cyclopropylomgning under
catalytic amount of the Lewis acid promoterDXM at room temperature. With this
concept in mind, the France group began examining additional heteroaromatic structures
that might be targeted using our dom@ceptoracceptor (BA-A) based formal homo
Nazarov approach. The France and coworkers pdstuldhat by replacing the
unactivated vinyl group of the alkenyl cyclopropyl ketones previously used in the
synthesis of cyclohexenones and methylengyclohexanolswith an electrofrich

heteroaromatic group as reactivesystems Il -48 capable of attacking cationic
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intermediate generated upon cyclopropane-dpgning, a synthesis of heteroaromatic
ring-fused cyclohexanonel -49 could be achievedFigure 2.28. If successful, this
would open avenues to thmonvergent assnbly of an even wider class of natural

producs and medicinally active molecutargets

O @] O O
X O/
7V % |
RV R
11-48 L . 11-49
X=0, NMe, S

Figure 2.28. Proposed Heteroaromatic Formal Homo-Nazarov Cyclization

2.5.3.SUBSTRATE SYNTHESIS

To begin our investigations, a variety of and 3heteroaryl substituted
cyclopropyl ketone substra@ere synthesizedynthesis of the appropriate cyclopropyl
ketones was achieved in three steps starting from readily availatle 2substitued
heteroaromatic acid chloride. Addition wf-situ prepared lithium dmethoxyethenolate
species to the appropte 2 or 3-substitded heteroaromatic acid chloride generdbed
ketoesterdl -50. Subsequentidzo transfer reaction then furnishektliazcestersl| -51.
Finally, Rh(ll)-catalyzed cyclopropanation in the presence of the requisite alkenes
provided cyclopopyl ketonesll-48 as the heteroaromatiéormal homoNazarov

precursorgFigure 2.29.
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o LDA, MeOAc O O

o — 1

Arm Cl o ThE 78°Cc A o~
11-50
lTSNg, Et3N

o 0O Rhy(esp); o 0o

s - ~
Ar)%o ©1mol%) AT | ©
2
11-48 11-51

Figure 2.29. Synthesis of Heteroaromatic Formal Homo-Nazarov Precursors

25.4.INITIAL STUDIES

Our initial investigations focused on cyclopropyl ketone substrate derived
thiophene Zcarboxylic acid.This sibstrate was chosen for optimization of our protocol
due to thiophenebs stability in the prese
promising substrate in the heteroaromatic Nazarov cyclization red¢fitve. initial work
began by examining the condits previously used in the France lab to promote alkenyl
formal homeNazarov cyclization. The-thienyl substratdl -48a was treated with 30
mol% In(OTf) in dichloromethane at room temperatui@ our delight, this initial
attempt produced the desiregtlohexanonél -49ain 88% yield thereby confirming the
feasibility of our D-A-A based heteroaromatic formal hotNazarov cyclization
approachd heteroaryl ringfused cyclohexanones (Table 2.3, entry 1). Next, the effect of
lowering the amount of catalystas examined. Treatment with 5 mol% and 1 mol% of
In(OTf)s promoted formation of the desired products in 86% and 77% respectively (Table
2.3, entry 2 and 3). As anticipated, the reaction time gradually increased as the catalyst

loading lowered. When theeaction was performed using 5 mol %Io€ls, cyclization
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was observed which was comparable in time to In(@Wf)h a significant decrease in
yield (Table 2.3, entry 4). Influenced by successful use of LIG© an additiven
Sc(OTfy- and In(OTfy-catayzed FriedelCrafts acylationd® and Nazarov
cyclizations®>®’ LiClO, salt was examined. When 1 equiv. of LiGl®as used with
either In** salt disappointingly both reactions resulted in poor conversibhss, 5 mol
% In(OTf)3 in dichloromethane at roo temperatureemained as the optimal reaction

condition.

Table 2.3. Effects of Catalyst Loading on the Reaction Outcome

o O O O
InX3
S OMe —_— S OMe
\ pcM, it & |
PMP
PMP
catalyst loadin ti .

entry Lewis acid (3r/no|%) ° (Ir:T;e % yield
1 IN(OTf)3 30 25 88%
2 IN(OTf)s 5 5 86%
3 IN(OTf)s3 1 6.5 77%
4 InCl3 5 4.5 78%

2.5.5.REACTION SCOPE EXAMINATION

Having identified the optimal reaction conditionise scope of this reaction was
examined by subjecting series of 2or 3-sulstituted heteroaryl cyclopropyl ketones
under identical conditionsThe 3thienyl substratdl -48c was found to produce the

expected cyclohexanone product in 73% yiébever than 2hienyl cyclopropanél -48a
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which affordedil -49ain 86% vyield(Table 2.4entry 1 and 3)When 3furanyl substrate
Il -48d was reacted, it generatedrresponding produdt -49d in 73% vyield (entry 4).
However, its Zuranyl counterpartll-48b readily cyclized at room temperature
furnishing productl -49b in only 28% yield. Theobserved lower yields were attributed
to the formation of several fyroducts. To attenuate this issllie48b was refluxed in
1,2-DCE. Interestingly, subjecting tb,2-DCE reflux, the reaction afforded its prodiict
49b in 67%, and no side product fornmat was observedentry 2) The higher
temperature probably allowthe 2substituted furayl substrate to achieve thequisite
transition statehat leads tdhe productive pathwayThe success with the-suibstituted
furarnyl and thienylsubstrates is in@e noteworthy, since the general observation of the
literature examples clearly indicates thatedectrophilic substitution &-position is less
facile than an electrophilic substitution2aposition inheteroaromatic compounds except
the indoles. The 2- and 3substituted indolyl cyclopropandis48eandll -48g generated
the desired products-49e andll -49gin 63% and61% yields, respectivelgentries 5 and
7). Similarly, the 2and 3s ubst i t ut ed b e n zleaflycyclzedyolgivepr ec ur
I1-49f and 11 -4%h in 91% and 71% yields respectivelerftry 6 and §. This result is
notablebecause benzofuraterived substratdsad beerunsuccessful asfarmal homo
Nazarov substrate due tompeting polymerization issueshe successful reaction bf-
48g/h demonstrates a remarkable Helgsing efficiency of theheteroaromatic formal
homaNazarov protocol.

To further expand the scope of this reaction in constructing other highly
substituted heteroaryl rirlgised cyclohexanones, we examined-suBstitutedsubstrate

with the 2position blocked, as in thetomo thienyl cyclopropani -48i. With the 2
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position unavailable, the only site for the electrophilic substitution would be -the 4
position.If successful, this would yield the 3fdsed heteroaryl cycleexanondl -49i. As
envisaged, the reaction bf-48i generated the desired cyclization prodiied9i in 56%
yield (entry 9). This synthesis of 3fdsed systems is reported for the first time in hemo
Nazarov chemistry as it mainly generatedyd,3-ring-fused heteroaromatichlext, the
effect of donor substituents about cyclopropane on reactivity investigatedTable
2.5). The phenyl derivativel -48j andll -48k did not cyclize efficiently under optimized
conditions. To alleviate this issue, the dulites were subjected to heating in-1,2
dichloroethane at 8Q, to afford the desired rinfysed products$l -49j andIl -49k in 81

and 83% vyield respectivelgitry 1 and 2). Whethe U-methyl styrenederived 2thienyl
cyclopropanell -48|l was treated with In(OTH) at room temperature, the reaction
proceeded smoothly to generate prodLet9lin 71% yield (entry 3), wheredlse phenyl
derivativell -48j did not cyclize at room temperagurThus, with the introduction of a
methyl group geminal to the phenyl a strong accelerating effect was observed. A
plausible explanation would be a faster ropening of the cyclopropane ring due to
release of steric strain and higher stability of tteulteng tertiary benzylic carbocationic
intermediate.Similarly, the indanyl substratdl -48m gave tetracycldl -49m in 87%
yield (entry 4. Encour aged by Yadavos recent wor k
silyilmethyl group and oxygen substituent as a donoougr on the cyclopropanes, silyl
derivativell -48n and dihydropyran derivativié -48owas synthesized. The reaction with
silyimethyl derivative afforded produdt-49nin 72% vyield(entry 5).Disappointingly,

no cyclization occurred when dihydropyran detiva was subjected tehe reaction
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conditions. Even at higher catalyst loadings or elevated temperatures, only starting
material was recovered (entry 6).

This lack of reactivity can be rationalized if no chelation event was occurring at
the two carbonylgFigure 2.30) To support thigpostulation MMFF calculations were
performed forthe lowest energy conformers bf48a In each of these coofmers, the
two carbonyl oxygenarefound to beanti to one another, thus eliminating te-point
chelation to lhe Lewis acid Without this activation, cyclopropane riogening does not
occur. Additionally, this effect seems to arise from the stereoelectronic influence of the
methyl ester on the confoation of the fused pyran rind.his effect can arguably be
seenin the 'H NMR spectrum ofl -480 where the hydrogen at the fused ring junction
adjacent to the oxygen is located at 6.5 ppm, which repres®8ppm downfield shift
from the analogous pyranyedvative without the estefhis downfield shift suggesthe

strong influence of the electramithdrawing ester on the conformation of the fused ring.

lack of two-point catalyst

catalyst o .
binding site binding site
/\ \ g
O O 0]
ST YT —— (]
N\
< O (@]
O |
II-48o(a) "'480(b)
pseudo s-trans pseudo s-trans
reactive conformer unreactive conformer

Figure 2.30. Proposed Lowest Energy Conformer of 11-480
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Table 2.4. Scope of Heteroaryl Substituents on the Reaction?

entry substrate product % yield? dr (cis:trans)®
O O O O
X o~ X ‘ o~
- PMP \
PMP
1 ll-48a: X=S lI-49a: X=S 86% 1.5:1
29 I1-48b: X=0 I1-49b: X=0 67% 1.1:1
O O O O
e
X PMP X
PMP
3 lI-48c: X=S lI-49¢c: X=S 73% 1.7:1
4 11-48d: X=0 11-49d: X=0 73% 1.1:1

>
o
\
X
o
o
o
\

PMP

PMP
5 1I-48e: X=NMe 11-49e: X=NMe 63% 1.2:1
6 11-48f: X=0 11-49f: X=0 91% 1.4:1

X
2
'UO\
X
(@]
(@)
(@]
\

PMP
7 11-48g: X=NMe 11-49g: X=NMe 61% 1.21
8 11-48h: X=0 [1-49h: X=0 71% 1.2:1
Br (@] (0] (@] O
9 S — | 56% ""e
PMP X
11-48i PMP 140

4Reactions run with 1 equiv of substrate 1I-48 and 5 mol% In(OTf); in DCM at 25 °C
bisolated yields after column chromatography. °Diastereoselectivities as determined by
crude 'H NMR. 9Reaction performed in 1,2-dichloroethane at 80 °C. €2:1 Mixture of
keto and enol forms.



This may explain why substraié-480 failed to cyclize, even after extended
reaction timesand high catalyst loading3.o test confirm hypothesis, the acyclic ether
derivativell -48p (derived from ethyl vinyl ether) was synthesized. Whied8p was
subjected to the standard reaction conditions, the cyclization occurred to provide the
substituted benzothiophenell -49p in 51% vyield (entry7). The resulting product
seemingly arises from a rapid aromatization of the transient formal -Namnarov
cyclization product through an In(lHihduced elimination of EtOH. This result further

supported our hygbesis.

2.5.6. ONE-POT PROCEDURE FOR FORMAL HOMO -NAZAROV REACTION

Having confirmed that thi®-A-A based heteroaromatic formal horNazarov
cyclization was capable of constructing several substitutedteroaryl ringfused
cyclohexanones, the developmehtoonepot protocol that would occur in the presence
of both the rhodium (for cyclopropanation) and indium (for cyclization) catalyst was
examined. If successful, this route would enable a convergent approach to the assembly
of functionalized derivativesirom readily available starting materials, and ultimately
increasing the synthetic utility of this reaction. To verify the feasibility of this approach,
two key control reactionwere performedFirst, the stability of}diazoestetl -51 in the
presence of In(OT$)(5 mol %) was established by monitoring a stirring mixture of the
two components. Next, the stability of the alkenan@hoxy styrene) watested inthe

presence of both Résp and In(OTf}.
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Table 2.5. Effects of Cyclopropyl Substituents on the Reaction Outcome®

entry substrate product % yield? dr (cis:trans)®
(0] 0] O O
S O/ S O/
1 U N\ 81% 2.3:1
Ph
I1-48; I1-49)  ph
O 0] O O
od MO/ J | o~ 83% 1.2:1
\
O Ph o
11-48k 11-49k Ph
0] O O O
3 S o~ S | o7 1% 2:1
g N
Me™ b,
11-48I 11-491 Ph Me
O O O O
S o~ S 0" 87% e
4 S \
1-48m I1-49m
O O O O
5 S o~ S ’ o7 72% 241
g N
CH,TBDPS
11-48n 11-49n CH,TBDPS
O (0]
6 S o~ no reaction —_—
! o
11-480
O O OH O
o7 51%

\,

7))

0

m o
\

E/m

11-48p 1-490

@ Reactions run with 1 equiv of substrate 11-48 and 5 mol% In(OTf); in DCM at 25 °C
bisolated yields after column chromatography. ¢ Diastereoselectivities as determined
by crude '"H NMR. 9 Reaction performed in 1,2-dichloroethane at 80 °C. ©Only

one diastereomer visible by "H NMR
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To achieve an active indium catalyst loadingD&#0 mol%, 1 mol% of Rifesp
and 0.2 mol% of In(OTf)in DCM at 0°C were employedh the reactionGratifyingly,
subjectingU-diazoesteil -51 to these conditions afforded the desipddud Il -49d in
56% yield, which is higher than the yield for the tatep procedure and equates to an

average of about 75% yield for each individual gtegure 2.3).

Rhyesp,(0.1mol%) PMP
73% J
In(OTf)3
o,
3% 5 mol%
1 mol% Rhyesp, o
0.2 mol% In(OTf) J COMe
p-methoxy styrene o |
56% (One pot) PMP

53% (over 2 steps)

Figure 2.31. Example of Tandem Cyclopropanation/Formal Homo-Nazarov Cyclization
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2.6.CONCLUSION

In conclusion, an efficientrptocol for the formal hom&lazarov cyclization of
alkenyl cyclopropyl ketones was develop®de also demonstrated thdty utilizing the
donoracceptoracceptor cyclopropanes {®-A), a highyielding cyclization reaction
could be developedilkenes bearinghydrogenso n  asuobstitdent(or silyl groups)
provided 1.5:1 mixtures of methylene cyclohexenols and cyclohexenones. Wheh no
hydrogens (or silygroups) & present, only cyclohexenone based prodareobserved.
The productgapidly formed in gooda high yields (up to 93%) under mild conditions
and from readily available starting materials in only three steps. Finally, we have shown
that homeNazarov cyclization products could be readily derivatized into useful building
blocks. This method would fthits application towards the natural product synthesis in
the future.

A general protocol for the heteroaromdticmal homoNazarov cyclization has
also been reported.This methodology provides rapid access to functionalized
heteroaromatic rinfused rirgs to cyclohexanones. The products are formed in good to
excellent yields (5®1%) vyields. Expanding this scope of this result, we have
demonstrated the potential of transforming this-st&p process in orfgot method.
Therefore, this methodology could hesed for the synthesis of natural products

containing heteroaryling fused cyclohexanones.
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2.7. EXPERIMENTAL SECTION FOR FORMAL HOMO -NAZAROV

CYCLIZATION OF ALKENYL CYCLOPROPYL KETONES

2.7.1.General Methods

Infrared (IR) spectra were obtained usingNi@olet 4700 FTIR with an ATR
attachment from SmartOrbit Thermoelectronic Corporations and and are reported as cm
(w = weak, m= medium, s= strong, br= broad). Proton and carbon nuclear magnetic
resonance spectraH NMR and®*C NMR) were recorded oa Varian Mercury Vx 300
spectrometer with solvent resonance as the internal starftatdMR: CDCk at 7.26
ppm; *C NMR: CDCk at 77.0 ppm)’H NMR data are reported as follows: chemical
shift, multiplicity (s = singlet, bs = broad singlet, d = doubldt=ddoublet of doublets, dt
= doublet of triplets, dq = doublet of quartets, ddd = doublet of doublet of doublets, ddt =
doublet of doublet of triplets, dtd = doublet of triplet of doublets, t = triplet, bt = broad
triplet, td = triplet of doublets, g = quet, qd = quartet of doublets, gn = quintet, m =
multiplet), coupling constants (Hz), and integration. Mass spectra were obtained using a
VG-70SE instrument. Chromatographic purification was performed as flash
chromatography using Dynamic Adsorbentscailigel (3265um), using the solvents
indicated as eluent with G5 bar pressure. For quantitative flash chromatography
technical grades solvents were used. Analytical-ldyer chromatography (TLC) was
performed on EMD silica gel 60,4 TLC glass plags. Visualization was accomplished
with UV light, aqueous basic potassium permanganate (K)rgolution, iodine,
aqueous acidic dinitrophenylhydrazine (DNP) solution, aqueous geidigsaldehyde

(PAA) solution, and ethanol solution of phosphomolybdicd a@MA) followed by
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heatirg. Yields refer to isolated yields of analytically pure material unless otherwise
noted. All reactions were carried out in owmed glassware under an atmosphere Hf N
unless stated otherwise. Tetrahydrofuran and Diethyl ethere distilled from a
sodium/benzophenone ketyl undes &hd stored in a Schlenk flask. izhloroethane
and dichloromethane was purified by distillation from calcium hydride ungd@ribi to

use. Acetonitrile was dried by fractional distillation ovexHg. Benzene was purified by
drying with CaH. Nitromethane was distilled over Cabihd stored under nitrogen under
4A molecular sieves. All other reagents were purchased from Acros, -Bilgimeh,
Fluka, VWR, Merck, Alfa Aesar, TCI and Strem (for metatatgsts) and used without

further purification unless otherwise noted.

2.7.2.General Procedures
2.7.2.1.Formation of Diazo Reagentl -52

o O

_OMe
MeO N

N, Me

Diazo reagen Il -52 was prepared using a modified version of Charette's
protocol®? A solution of N,O-dimethylhydroxylamine (3.35 g, 54.9 mmol) in dry DCM
(10 mL ) was added dr opwi se t o -clloro® ol d (!
oxopropanoate (5.00 g, 36.6 mmol) in dry DCM (50 mL) under nitrogen atmosphere. The
resulting reaction mixt@ was stirred for 2 h at room temperature. Upon completion (as
monitored by TLC), the mixture was concentrated under reduced pressure. The resulting
residue was dissol ved tramideSebter, nokyl azideg10.8 g,i t r i |

54.9 mmol, 1.5 equ.) and triethylamine (7.41 gm, 73.2 mmol, 2.0 eguivere added.
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The mixture was stirred at room temperature for 16 h then ctyatesh under reduced
pressure. The resulting bright vyellow/orange residue was purified by flash

chromatography on silica gesing EtOAcHex (3:1) to givell -52 as yellow oil.

2.7.2.2 Formation of Racemic Cyclopropanesl -36a-c

A 100 mL flask was charged with Rbct) (5 mol%) and a magnetic stir bar. The
flask was purged with nitrogen. GEl, and the corresponding stye(5.0 equiy) were
then added and the reaction was stirred at room temperature. The diazo reagent (1.0
equiv) dissolved in CHCI, was added to the reaction mixture over a period of 4 h using
a syringe pump at 25eC. A fmixenre was etimgu foeane add
additional 30 h. The solvent was then removed under reduced pressure and the residue

was purified by flash chromatography (100% he¥an&% EtOAc:hexane).

MeO N~

MeO
Methyl 1-(methoxy(methyl)carbamoyl)-2-(4-methoxyphenyl) cyclopropane
carboxylate(ll -36a). To a solution of 4nethoxystyrene (9.82 mL, 73.86 mmol, 5 equiv.)
and Rh(oct), (0.575 g, 5 mol %), and GiEl, (60 mL) was added solution of diazoamide
I1-52 (2.75 gm, 14.77 mmol, 1 equiv.) in GEl, (40 mL) over a period of 6 hours via
syringe pump. Reaction progress was monitored by TLC. Reaction mixture was
concentrated in vacuo after 30 hours, followed by purification viaolamn

chromatographyHe x Y % EtOAcHeX) afforded cyclopropyl amidé -36a as an oil
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(3.29 g, 76.0%)."H NMR (CDCl;, 300MHz) i 7-A.% (d, 2H,J=12Hz), 6.74 (dd,
J=5.70, 5.12 Hz, 2H), 4.08.39 (m, 6H), 3.32.60 (m, 6H), 2.37..86 (m, 1H), 1.33 (m,
1H). ®C NMR (CDCl; 75MHz) U 16 7 138.1, 127.8,8413%,,77.8, 77.4, 76.9,
61.4, 55.2, 52.1, 36.7, 17./R: 3000.4(m), 2960.2(b), 2840.9(w), 2814.4(w), 1735.4(s),
1654.1(s), 1611.3(s)1514.9(s) cm. HRMS(ESI) M/Z+ Calc. 293.1363, Obs.

293.1273.

_OMe
MeO N

Me

Methyl  1-(methoxy(methyl)carbamoyl)2-phenylcyclopropanecarboxylatéll -36b).

To a solution of styrene (3/0mL, 26.85 mmol, 5 equiv.Rhy(oct), (214.8 mg, 4 mol %),

and CHCI; (20 mL) was added solution of amitle52 (1.00 gm, 5.37 mmol, 1 eq.)

in CH.CI, (20 mL) over a period of 3 hours via syringe pump. Reaction progress was
monitored by TLC. Reaction mixture was concentrateehcuoafter 30 hours, followed

by purification via column chromatogphy HexY 2 0 %EtOAcHex) afforded
cyclopropyl amiddl -36b as an oil (862.5 mg, 62.0%JH NMR (CDCls, 300 MHz) i

7.22 (m, 5H), 3.66 (s, 3H), 3.33 (s, 3H), 3330 (m, 1H), 3.20 (s, 3H), 2.9820 (dd,
J=7.97, 4.94 Hz, 1H), 1.47 (dd=9.18, 4.94 Hz, 14 *C NMR (CDCls, 75 MHz) i
167.4, 134.8, 128.8, 127.8, 126.8, 61.2, 51.8, 36.6, 32.9, 28.6, 17.2. All NMR shifts

match with reported values in the literature.
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Methyl 2-(4-fluorophenyl)-1-(methoxy(methyl)carbamoyl)cyclopropanecaboxylate
(I1-36¢). To a solution of 4luorostyrene (3.22 mL, 26.85 mmol, 5 equiv.) ang(Btt),
(167.25 mg, 4 mol %), and GBI, (20 mL) was added solution of amide52 (1.00 gm,

5.37 mmol, 1 equiv.) in C¥CI>»(20 mL) over a period of 3 hours via syga pump.
Reaction progress was monitored by TLC. Reaction mixture was conceritratsclio

after 30 hours, followed by purification via column chromaaphpy (He x Y20 %
EtOAcHeX) afforded cyclopropyl amidd -36¢ as an oil (815.7 mg, 54.0%JH NMR
(CDCl;, 300 MHz) U -7A45(r@, PH), 6.96.85(t, 2H,J =6Hz, 6Hz), 3.65(s, 3H),
3.33(s, 3H), 3.3@.22(m, 1H), 3.20(s, 3H), 2.20.10(q,J =3Hz, 3Hz, 3Hz, 3Hz), 1.40
1.50(q,J =3Hz, 3Hz, 3Hz, 3Hz)!*C NMR (CDCl;, 75MHz) & 167.5, 163.
130.7, 130.6, 130.5, 130.4, 115.0, 114.7, 61.3, 52.0, 36.6, 33.1, 27.9|RL73¥25.3

(m), 2949.8(m), 1733.9(s), 1652.9(s), a6Nm), 1558.1(s), 1511.6(s) ©cm

HRMS(ESI) M/Z+ Calc.281.1063, Obs. 281.1074.

2.7.2.3.Formation of Alkenyl Cyclopropyl Ketones 11-33(ah)

General Method AA solution of Grignard reagent (1.5 eqgiwas added slowly to a

stirred solution of Weinreb amidié-36 in THF (10 mL) at-7 8 ¢ C. Tidnevass o | u't
stirred at this temperature for the indicated time, gradually warming to room temperature.

The reaction was monitored by TLC. The solution was then quenched with saturated
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aqueous NBECI (5 mL/mmol), extracted with ED (3x10 mL/mmol of amide) and

washed with brine (2x5 mL/mmol of amide), dried over Mg@@d concetrated under

reduced pressure.

General Method BAdapted from a reported proceddfe;BuLi (1.7 M in pentane , 2.0

equiv.) was added dropwise in a solution of bromoalk@n2 equiv) in THF (0.10 M) at

-7 8eC. The react i78re Cmifxtrur3ed ontiinr.r efch eatf | ask
an ice bath (0eC). Af tceoled t3-08enC nand ha sehu
amide I11-36 (331 mg, 1.12 mmol, 1.0 equ)vin THF (0.20/) was added slowly

dropwise. The reaction was stirred-at8 e C f or anot her 1 h, gr ad
temperature. The solution was then quenched with saturated aqueo@ &H
mL/mmol), extracted with EO (3x10 mL/mmol of amide) and washed with bring52

mL/mmol of amide), dried over MgS@nd concentrated under reduced pressure.

O O

MeO ’Me

Me
MeO

(E)-Methyl  2-(4-methoxyphenyl)-1-(2-methylbut-2-enoyl)cyclopropanecarboxylate
(I1-33a). Method A was followed usinge)-but-2-en-2-ylmagesiumbromide (17.73 mL,
8.86 mmol, 0.5M in THF, 1.3 equjvand amiddl -36a (2.0 g, 6.81 mmol, 1.0 equjv
The reaction was quenched after 2 h to ¢iv83a (1.25 g, 64% vyield) after purification
via flash chromatgraphy (1:6 EtOAdlex) as acolorless oil.'"H NMR (CDCls, 300
MHz) 1 7.147.06 (d, 2H,J =12Hz), 6.806.74 (d, 2H,J = 12 Hz), 5.645.56 (m, 1H),
3.72 (s, 3H), 3.4B.38 (t, 1H,J = 9Hz, 3 Hz), 3.32 (s, 3H), 2.2820 (dd, 1H,) = 4.88,

8.09 Hz), 1.90 (s, 3H), 1.7B.70 (d, 3H,J =2.5 Hz), 1.681.62(dd, 1H,J =3 Hz, 6.3Hz).
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¥C NMR (CDCl;, 75 MHz) Ui 201.5, 195.7, 169.2, 168.5, 158.7, 158.5, 137.7, 137,6,
137.1, 133.4, 129.9,129.7, 128.6, 128.0, 127.2, 126.9, 126.6, 113.9, 113.4, 113.3, 83.1,
55.1, 55.0(2C), 52.0, 51.8, 50.8, 44.9, 41.3, 38.38,30.4, 22.0, 21.2, 20.3, 19.6, 15.3,
15.2, 14.6, 11.7IR: 3721(w), 2951(m), 2825(w), 1733(s), 1672(s), 1611(m), 1514(m)
cm*. HRMS(ESI) M/Z+ Calc.288.1362, Obs. 288.1367.

O O

MeO
~ X
MeO

Methyl  1-(cyclohex1-enecarbonyl}2-(4-methoxyphenyl)cyclopropanecarboxylate
(I-33b). Method Bwas followed using-BuLi (2.24 mmol, 1.7 M in pentan.0 equiv),
1-bromocyclohexen€).400 g, 2.48 mmol, 2.2 equvand Weinreb amid# -36a (0.331

g, 1.12 mmol, 1.0 equix Purification by column lwomatography (1:9 EtOAEtex)
affordedIl -33b (0.159 g, 45% yield) as a colorless it NMR (CDCls, 300MHz)
7.187.14 (d, 2HJ = 12Hz), 6.826.72 (d, 2H,J =12Hz), 3.76 (s, 3H), 3.38 (s, 3H), 3:34
3.24 (t, 1H,J = 12Hz), 2.422.30 (m, 1H), 2.2@.18 (m, 4H), 1.721.62 (m, 4H), 1.50
1.44 (m, 1H).13C NMR (CDCl;, 75MHz) 1 195.4, 169.4, 158.5, 139.9, 138.8, 129.9,
126.9, 113.4, 55.1, 52.1, 41.4, 29.3, 25.9, 23.6, 21.8, 21.5,IR9.2956(m), 2872(w),

1731(s) crit. HRMS(ESI) M/Z+ Calc.314.1518, Obs.&.1524.

Me
MeO

MeO
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Methyl  1-methacryloyl-2-(4-methoxyphenyl)cyclopropanecarboxylate (Il -33c).
Method A was followed using prep-en2-ylmagesium bromide (2.65 mL, 1.32 mmol,
0.5M in THF, 1.3 equiy and amidell -36a (0.300 g, 1.02mmol, 1.0 equiy). The
reaction was quenched after 2 h to di&3c (0.196 g, 70% yield) after purification via
flash chromatographyl(6 EtOAcHex) asa colorlessoil. *H NMR (CDCls, 300 MHz)
07.187.10 (d, 2H,J = 12Hz), 6.866.74 (d, 2H,J = 12Hz), 5.88 (s, 1H), 5.60 (s, 1H),
3.76 (s, 3H), 3.34(s, 3H), 2.3022 (m, 1H), 1.94 (s, 3H), 1.8246 (m, 1H).*C NMR
(CDCl;, 75MHz) 1196.5, 169.1, 158.6, 144.4, 129.9, 128.7, 126.7, 123.7, , 111334,
55.1, 52.1, 41.7, 29.8, 20.1, 17)®R: 2951(m), 2837(m), 1734(s), 1673(s), 1558(s),
1515(s) crit. HRMS(ESI) M/Z+ Calc.274.1305, Obs. 274.1305.

O O

Me
MeO

Methyl 1-methacryloyl-2-phenylcyclopropanecarboxylate [l -33d). Method A was
followed using progl-en2-ylmagesium bromide (8.69 mL, 4.34 mmol, 0.5M in THF,
2.2 equiv) and amidell -36b (0.520 g, 1.97 mmol, 1.0 equjv The reaction was
guenched after 2.5 h to give-33d (231.3 mg, 48% yield) after purification via flash
chromatography (1:6 EtOAdex) as colorless oifH NMR (CDCl;, 300MHz) ti 7.30
(m, 5H), 5.90 (s, 1H), 5.70 (s, 1H), 3:3236 (t, 1H,J = 9Hz, 9Hz), 2.362.28 (dd, 1H,]

= 3 Hz, 6 Hz), 1.94 (s, 3H), 1.7468 (dd, 1H,]) = 3Hz, 6 Hz)*C NMR (CDCls, 75Hz)
1190.1, 168.8, 144.2, 134.8, 128.8, 127.9, 127.0, 123.7, 52.0, 41.7, 30.1, 19.IR17.9.
3674(m), 2945(m), 2923(w), 2850(w), 1743(m), 1715(s), 1687(m), 1678(n7). cm

HRMS(ESI) M/Z+ Calc.244.1099, Obs. 244.1101.
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Me
MeO

E
Methyl 2-(4-fluorophenyl)-1-methacryloylcyclopropanecarboxylate [l -33e). Method

A was followed using profi-en2-ylmagesium bromide (6.3 mL, 3.128 mmol, 0.5M in
THF, 2.2 equiy) and amiddl -36¢ (0.400 g, 1.42 mmol, 1.0 equjv The reaction was
guenched a#ir 3 h to givell -33e (0.149 mg, 40% vyield) after purification vidagh
chromatography (1:6 EtOAc#%) as a colorless oifH NMR (CDCls, 300 MHz) i
7.227.16 (d, 2H,) = 18Hz), 6.986.90 (d, 2H,J = 18Hz), 5.90 (s, 1H), 5.70 (s, 1H), 3.36
(s, 3H), 3.363.30 (t, 1H,J = 12Hz, 6Hz), 2.2&@.22 (m, 1H), 1.94 (s, 3H), 1.5644 (m,
1H). *C NMR (CDCl;, 75Hz) 11195.9, 168.7, 136.5, 160.3, 144.2, 130.80.2, 115.1,
114.7, 52.1, 41.6, 29.3, 21.6, 19.9, 1TR8. 2953(m), 1740(s), 1678(s), 1509(s), 1435(w)

cmit. HRMS(ESI) M/Z+ Calc.262.1005, Obs. 262.0996.

O O
MeO TMS

MeO
Methyl 2-(4-methoxyphenyl}1-(2 ((trimethylsilyl)methyl)acry loyl) cyclopropane
carboxylate(ll -33f). A pre-cooled (78°C) solution of 2bromoallyltrimethylsilane (296
mg, 1.53 mmol, 1.5 equiyvin a solvent mixture of D (5 mL) and THF (0.25 mL) was
treated witht-BuLi (1.7 M in pentane, 1.80 mL, 3.0 eqyidropwiseover 10 min. The
light yellow reaction mixture was stirred -at8°C for 30 min. A solution of amidk -36a
(300 mg, 1.02 mmol, 1.0 equ)was added dropwise over 10 min. The resulting mixture

was stirred at78°C for another 1 h and warmed up to room penature. The reaction
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was quenched after 1 hr with saturated solution of,@dHAfter a usual workup and
purification by column chromatography (1:10 EtOHex) afforded| -33f (0.128 g, 36%
yield) as a yellowish oil*H NMR (CDCl;, 300MHz) & 7.187.08 (d, 2H,J = 12Hz),
6.806.74 (d, 2H,J = 16Hz), 5.82(s, 1H), 5.52(s, 1H), 3.70(s, 3H), 3.30(s, 3H)-3.35

(t, 1H,J = 15Hz), 2.362.20 (m, 1H), 2.10 (s, 1H), 1.70 (s, 1H), B30 (m, 1H), 0.00
(s, 9H).2*C NMR (CDCl;, 75 MHz) 1 195.5,169.1, 158.6, 150.4, 146.4, 129.9, 126.8,
121.4, 113.4, 108.6, 55.0, 51.9, 41.5, 30.1, 26.3, 21.8, B.8951(m), 1735(s), 1673

(s), 1612 (m), 1515 (s) ¢t HRMS(ESI) M/Z+ Calc.346.16000bs. 346.1629.

O O
MeO |

MeO

Methyl 1-(3,4-dihydro -2H-pyran-6-carbonyl)-2-(4-methoxyphenyl) cyclopropane
carboxylate(ll -33g). Method B was followed using dihydropyan (0.25 mL, 2.81 mmol,
2.2 equiv) and amiddl -36a (0.375 g, 1.28 mmol, 1.0 equjv The deprotonation time
was 30 min at T and theeaction was quenched after 2 h to dgiv&3g (0.222 g, 55%
yield) after purification vialdsh chromatography (1:9 EtOA®M) as a pale yellow oil.
'H NMR (CDCl;, 300MHz) U 7.157.09 (d, 2H,J = 12Hz), 6.866.75(d, 2H,J =
15Hz), 6.65.95 (t, 1H,J = 6 Hz, 9Hz), 4.181.05 (m, 1H), 4.68.9 (m, 1H), 3.75 (s, 3H),
3.40 (s, 3H), 3.38.30 (t, 1H,J = 6Hz, 6Hz), 2.22.18 (m, 3H), 1.9a..75 (m, 2H), 1.5
1.4 (dd, 1H,J = 3.9 Hz, 4.48 Hz, 4.8 Hz}°C NMR (CDCl;, 75MHz) 1190.7, 168.4,
158.6, 150.6, 129, 126.8, 113.4, 109.9, 66.3, 55.1, 51. 9, 41.2, 29.9, 21.7, IR0.6.
3622(m), 2951(br, m), 1737(s), 1726(m), 1665(w), 1611(m), 1540(3) BRMS(ESI)

M/Z+ Calc.316.1311, Obs. 316.1310.

77



Methyl 2-(4-methoxyphenyl)1-(2-phenylacryloyl)cyclopropanecarboxylate (I -33h).
The title compound was prepared following a previously reported proc&duByLi
(.M in pentane, 2.4 mL, 2.4 equvwas added dropwise in a solution of- (1
bromovinyl)benzene (375 mg, 1.2 eqgyivn Trap-mixture (THF/EtO/Pentane 4:1:1,
0.20M) at -120°C bath [ligroin(3650), isopropanol, acetone (4:1:1)/liquid;)N The
temperature was kept betwed2(C and-110°C for 1 hour, and then raised #90°C. A
solution of amidell -36a (500 mg, 1.0 equiy in THF (0.20M) was added slowly
dropwise. The reaction was stirred-@86°C for 30 min. The reaction controlled via TLC.
The solution was finally warmed upto room temperature (ginched with saturate
solution of NHCI (5 mL/mmol), and dllowed up by usdaworkup. Purification by
column chromatographyl(© EtOAc:Hex) affordedll -33h (124 mg, 22% yield) as a
white solid.’H NMR (CDCl;, 300MHz) U 7-7.24+ Zm, 5H), 7.1§.12 (d, 2H,J =
12Hz), 6.826.76 (d, 2H,J = 12Hz), 5.98 (s, 1H), 5.84 (s, 1H) 3.763sl), 3.583.40 (m,
1H), 3.24 (s, 3H), 2.32.30 (ddd, 1HJ = 1.05Hz, 4.64Hz, 8.22 Hz), 1.8870 (dd, 1H,

= 5.17Hz , 9.65Hz).13C NMR (CDCl;, 75 MHz) U 197.6, 168.4, 158.7, 149.7, 136.6,
129.9, 129.0, 128.4, 128.0, 127.8, 126.5, 124.0, 121.5, 1833/,5%.1, 52.0, 43.7, 32.2,
22.2.IR: 3721(m), 3630 (m), 2951 (m), 2844(m), 1737 (m), 1729(s), 1687(s), 1678(w),

1646(w), 1635(m) cih. HRMS(ESI) M/Z+ Calc.336.13620bs. 336.1365.
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2.7.2.4Lewis Acid Screening Method

Alkenyl cyclopropyl ketonell -33a (0.36 mmol, 1.0 equiy was added to a
solution of a Lewis acid (0.30 equjvin anhydrous dichloromethane (2 mL) at room
temperature. Each reaction was stirred from 1 h up to a maximum time of 105 h. An

aliquot of the reaction mixture was concentratédcrude’™ NMR was taken for each

Lewis acid.
o O Lewis Acid O OH O O Me
\OJ%)J\[Me GOmol%) - Me e j\ﬁpw
+ +
PMP Me DCM,rt Me Me  MeO,C
PMP
lI-33a 11-37a lI-34a PMP 11-38
Methyl 2-hydroxy-5-(4-methoxyphenyl}4-methyl-3-methylenecyclohexl-
enecarboxylate (IF37a). '"H NMR (CDCls;, 300MH z ) U 12. &30(¢,s, 1H)

2H, J = 9Hz), 6.906.80(d, 2H,J = 15Hz), 6.025.88(d, 1H,J = 36Hz), 5.345.24 (d, 1H,
J=30Hz), 3.82 (s, 3H), 3.78 (s, 3H), 3.76 (s, 3H), 3.72 (s, 3H);RAM(s, 1H), 2.80

2.40 (m, 4H), 1.00 (d, 3H] = 12Hz).**C NMR (CDCl;, 75SMH z ) U 173.5,
163.6, 158.4, 14.7, 143.7, 137.0, 135.2, 128.9, 122.6, 114.2, 113.9, 98.9, 55.2, 52.2,
46.4, 42.1, 41.3, 39.3IR: 2928 (m), 1717(w), 1654(m), 1628(w), 1512(s) tm
HRMS(ESI) M/Z+ Calc.288.1362, Obs. 288.1360.

Methyl 5-(4-methoxyphenyl)3,4-dimethyl-2-oxocyclohex3-enecarboxylate (lI-34a).

'H NMR (CDCl;, 300MH z ) -7.00 (d, 2H,) 6681z), 6.886.81(d, 2H,J =10.5Hz),

3.78(s, 3H), 3.68(s, 3H), 3.4236(m, 1H), 2.78.64 (m, 1H), 2.38.30(m, 1H), 2.10

2.02(m, 1H), 1.90(s, 3H), 1.80(s, 3HJC NMR (CDCl;, 75MHz) & 193.6, 171
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158.7, 156.7, 155.9, &3¢, 132.3, 132.0, 129.2, 128.7, 122.2, 114.3, 114.2, 113.8, 55.3,
55.2, 53.2, 52.2, 52.1, 49.1, 47.3, 45.5, 34.5, 33.7, 20.9, 20.4, 11.6|R12D29(m),
1717(w), 1654(s), 1627(w), 1586(m), 1512(m)tnHRMS(ESI) M/Z+ Calc.288.1362,
Obs. 288.1367.

(E)-Methyl  2-(but-2-en-2-yl)-5-(4-methoxyphenyl}4,5-dihydrofuran -3-carboxylate
(I1-38). *H NMR (CDCls, 300MH z ) 7.30 (@,J = 8.39 Hz, 2H), 6.90 (dJ = 8.39 Hz,

2H), 5.705.56 (m, 1H), 3.81 (s, 3H), 3.8074 (m, H), 3.65(s, 3H), 3.38 (dd = 14.87,

10.72 Hz, 1H), 3.02 (dd} = 14.88, 8.64 Hz, 1H), 2.61.88 (m, 3H), 1.64..60 (m, 3H).

C NMR (CDCl;, 75MHz) & 166. 6, 165.3, 159.5, 133.

102.8, 83.2,55.3, 50.9, 38.1, 21.4, 15.4R: 3648.6(w), 2947.0(m), 2847.6(m),
179145(s), 1709.75(s), 1@5(m), 1618.4(w), 1576.1(w) ClHRMS(ESI) M/Z+ Calc.

288.1362, Obs. 288.1364.
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Scandium (64-screening-1)

X4

Figure 2.32. Representative Crude NMR Spectra for Lewis Acid Screening

Determination of Product RatiosThe ratios of Il -37a:ll -34a:711 -38:11 -33a were

determined by examining the 5606 ppm region of each NMR spectrum and comparing
the relative integrations representihg37a, Il -38 andll -33a(Figure2.32. The amount

of Il -34awas extrapolated based on the 1.5:1 ratibh <¥7a:ll -34a, which is determined
from isolated yields. The fagral value foill -33awas set to 1 and the relative integrals
for Il -37a, and I -38, as well as the calculated integral fb¥r34a, were subjected to the
following calculations:

II-37a+11-34a + 11 -38 + 1 -33a= Total

% Il -37a: (Il -37a /Total)*100
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% Il -34a: (Il -34a/ Total)*100
% I -38: (11 -38/ Total)*100
% 11 -33a (Il -33a/ Total)*100

Final ratios are based on: ([%437a+% 11 -34a):% 11 -38:% Il -33a

2.7.2.5.In(OTf) 3-Catalyzed Cyclizations

General ProcedureAlkenyl cyclopropyl ketone (0.36 mmol, 1duiv.) was added to a
solution of an In(OTH (41 mg, 72 umol, 0.30 equivin anhydrous dichloromethane (2
mL) at room temperature. The reaction was stirred during the indicated time. The
reaction mixture was quenched with water (5 mL) and extractedditiioromethane
(3x10 mL). The combined organic layers were washed with brine (3x 10 mL), dried over

MgSQO,, and the solvent was removed under reduced pressure.

0 O
M
o o MeO MeO ‘ ©
Me ,
MeO | In(OTf)3 (30 mol %) Me Me
Me CH,Cl, O
MeO I-33a

lI-37a OMe II-34a  OMe

II-33a (50 mg, 0.19 mmol) was added to a remperaturedution of In(OTf) (30.8
mg, 0.056 mmol, 0.3 equiv.). After 3 hours, reaction was completed, and the standard
work-up was performed. Column chromatography afforded produ€d3a (23.4 mg)
andll -34a (14 mg) as yellow oil (74.8% yield)Rs (20% EtOAc¢Hex): Il -37a: 0.6; 11 -

34a:0.25.
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MeO

MeO™ "X ‘ In(OT)3 (30 mol %)

O CH,Cl,
MeO

11-33b 376 Syve -34b  OMe

II-33b (50 mg, 0.16 mmol) was added to a retemperature solution of In(OEf}61.5

mg, 0.11 mmol, 0.3 equiv.) at room temperature. After 40 minutes, reaction was
completed, and the staawdl workup was performed. Column chromatography afforded
productsll -37b (29 mg) andll -34b (9.6 mg) as a yellow oils (77% yield)R; (20%
EtOAc/Hex):Il -37b: 0.6;11 -34b: 0.2.

Methyl 1-hydroxy-4-(4-methoxyphenyl)3,4,4a,5,6,7hexahydronaphthalene-2-
carboxylate(ll -37b). *H NMR (CDCl;, 300MH z ) g 12-7.05(k2HI£H) ,
15Hz), 6.96.8 (d, 2HJ = 24Hz), 3.8 (s, 3H), 3.7 (s, 3H), 2755 (m, 1H), 2.4 (s, 3H),
2.32.1 (m, 2H), 1.78..65 (m, 1H), 1.8.35 (m, 2H), 1.0®.85 (m, 1H).**C NMR
(CDCl3, 75MHz) U 17 3. 2, 13%.3,.182,6, 130981284, 1138, 97.6, 55.2,
51.5, 46.5, 40.0, 31.9, 28.2, 26.1, 21IR: 3654(b), 3445(m), 3021(w), 2924(m),
2841(m), 1733(s), 1654(s), 1611(w), 1512(w) crHRMS(ESI) M/Z+ Calc.314.1518,

Obs. 314.1522.

Methyl 4-(4-methoxyphenyl}1-oxo-1,2,3,4,5,6,7 &ctahydronaphthalene-2
carboxylate (11-34b). *"H NMR (CDCls, 300 MHZ.D0 (d, 2Hj = T2HZ), 8.88

6.82 (d, 2H,J = 9Hz), 3.78 (s, 3H), 3.7 (s, 3H), 3336 (M, 1H), 2.8.64 (m, 1H), 2.50

2.30 (m, 3H), 2.1&.00 (m, 2H), 1.74.60 (m, 5H). *C NMR (CDCl;, 75 MH z ) U

193.6, 171.1, 158.7, 158.6, 157.8B414, 133.4, 132.2, 129.3, 128.9, 128.7, 114.2, 55.3,
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53.4, 52.1, 49.4, 46.4, 44.2, 34.4, 30.7, 30.5, 2R82929(s), 2854 (m), 1740 (s), 1666

(s), 1632(m), 1610(m) cih HRMS(ESI) M/Z+ Calc.314.1518, Obs. 384.1518.

O OH Q0

Me
O O MeO ‘ MeO ‘
Me
MeO In(OTf)3 (30 mol %)

-

CH,ClI, O
MeO

- . Il-
11-33¢c -37¢ e 34c  OMe

Il -33¢ (100 mg, 0.36 mmol) was added to a retemperature solution of In(OTEf}61.5

mg, 0.11mmol, 0.3 equiv.). After 40 minutes, reaction was completed, and the standard
work-up was performed. Column chromatography afforded prodiu&gc (45 mg) and

I1-34c (10 mg) as a yellow oils (75.6% yieldR; (20% EtOAc/Hex)1l -37c: 0.6; Il -34c:

0.2.

Methyl 2-hydroxy-5-(4-methoxyphenyl}3-methylenecyclohexl-enecarboxylate (I-
37c).'H NMR (CDCl;, 300 MHz) U -7.151(@ 2HY & 12(Hg ), 6.9D H )

6.80 (d, 2H,J =15 Hz ), 5.85 (s, 1H), 5.20 (s, 1H), 3.80 (s, 3H), 3.65 (s, 3H); 285

7.

(m, 1H), 2.752.45 (m, 3H), 2.42.30 (m, 1H).**C NMR (CDCl;, 75MH z ) u 173.

163.8, 158.2, 185, 136.9, 127.6, 116.5, 113.9, 99.6, 55.3, 51.7, 39.3, 38.2, R7.
3733 (m), 2951(m), 2850 (w), 1654, 1631, 15827 'crhiRMS(ESI) M/Z+ Calc.
274.1205, Obs. 274.1214.

Methyl 5-(4-methoxyphenyl)-3-methyl-2-oxocyclohex3-enecarboxylate (I+34c). 'H
NMR (CDCl;, 300 MH27.08 (d, 2H,J =712Hz)5 6.866.72 (d, 2H,J = 9Hz),
3.78 (s, 3H), 3.74 (s, 3H), 3.8146 (m, 1H), 2.742.62 (m, 1H), 2.42.36 (m, 1H),

2.202.10 (m, 1H), 1.85 (s, 3H)*C NMR (CDCl;, 75MH z ) U 194. 4,

84
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149.2, 148.0135.4, 133.9, 128.7, 122.2, 115.9, 114.7, 113.8, 55.3, 41.7, 39.2, 35.8, 16.2
IR: 2953, 2831, 1740, 1676, 1635, 1540 ciHRMS(ESI) M/Z+ Calc.274.1205, Obs.
274.1204.

O OH

Me MeO
MeO In(OTf)3 (30 mol %)

CH,Cl,
1-33d I1-37d O

Methyl 2-hydroxy-3-methylene5-phenylcyclohexl-enecarboxylate (I11-37d). 11-33d

(70 mg, 0.28 mmolyvas added to solution of indium triflate( 48.3 mg, 0.09 mmol, 0.3
equiv.) at room temperature. After 30 hours, reaction was quenched, and the standard
work-up was performed. Column chromatography affdrgeoductsll -37d (32 mg)

(45.7% vield). R0.6 (20% EtOAc/Hex}H NMR (CDCls, 300 MHz) U 7.40-7.20(m,

5H), 5.90 (s, 1H), 5.40 (s, 1H), 3.75 (s, 3H), 22980 (m, 1H), 2.7€2.60 (m, 3H), 2.40

2.30 (m, 1H). 3¢ NMR (CDCl;, 75 MHz) 1 173.0, 163.7, 144,7138.4, 128.5, 126.7,
126.5, 122.2, 116.6, 99.6, 5140.1, 37.9, 31.5, 14.3R: 3026(w), 2922(m), 2850(w),

1654(s), 1631(m), 1438(s) GTHRMS(ESI) M/Z+ Calc.244.1099, Obs. 244.1105.

O OH

O O MeO ‘
Me
MeO In(OTf)3 (30 mol %)

CH,Cl, O
F

11-33e 11-37e F
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Methyl 5-(4-fluorophenyl)-2-hydroxy-3-methylenecyclohexl-enecarboxylate (Il -

37e). 1-33e (55 mg,0.21 mmol)was added to solution of indium triflate( 35.3 mg, 0.06
mmol, 0.3equiv.) at room temperatur@fter 30 hours, reaction was quenched, and the
standard worlup was performed. @Qamn chromatography afforded produdits37e (30

mg) (54.5% vield).R; 0.6 (20% EtOAc/HexJH NMR (CDCl;, 300 MH z7)10 v
(d, 2H,J =15Hz), 7.006.90 (d, 2HJ = 12Hz), 5.9 (s, 1H), 5.2 (s, 1H), 3.75 (s, 3H),-2.8

2.7 (m, 1H), 2.7@.50 (m, 3H), 2-2.3 (m, 1H)."*C NMR (CDCls, 75MH z ) u 172,
163.7, 163.1, 159.8, 140.4, 138.1, 128.1, 116.8, 115.3, 99.4, 51.8, 39.4, 38.1R31.6
2950(m), 2854(w), 1654(m), 1634(m), 1585(m), 1509(s), 1440(mj. LHIRMS(ESI)

M/Z+ Calc.262.1005, Obs. 262.1014.

O OH
O O MeO ‘
MeO ™S In(OTf)3 (30 mol %)‘
CH,Cl, O
MeO
11-33f -37¢  oMme

II-33f (50 mg, 0.14 mmol) was added to solution of indium triflate (24.33 mg, 0.043
mmol, 0.3 equiv.) at room temperature. After 20 minutes, reaction was completed, and
the standard workip was performed. Column chromgtaphy afforded produdt -37c

(36.4 mg, 92%) as a yellow 0iR; (20% EtOAc/Hex): 0.6.
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O O

0
6 O MeO ‘
MeO Oy In(OTf)3 (30 mol %)

| -

CH,Cl, O
MeO

1-33g I1-34d  OMe

Methyl 5-(4-methoxyphenyl)8-ox0-3,4,5,6,7,8hexahydo-2H-chromene 7-
carboxylate (11-34d). 11 -33g (90 mg, 0.28 mmol) was added tdwmn of indium triflate

(31.9 mg,0.09 mmol, 0.3 equiv.) &°C. After 30 min, reaction was completed, and the
standard workup was performedColumn chromatography afforded produdts34d

(27.8 mg) (92.6% vyield). R25% EtOAc/Hex) = 0.2'H NMR (CDCl3, 300 MHz) i
7.127.04 (d, 2H,J = 12Hz), 6.846.82 (d, 2H,J = 12Hz), 4.104.06 (t,1H, J = 12Hz,

6Hz), 3.72 (s, 3H), 3.70 (s, 3H), 38042 (m, 2H), 2.7€.62 (m, 1H), 2.42.28 (m,

1H), 2.182.08 (m, 1H), 2.04.96 (m, 1H), 1.94..75 (m, 3H)."*C NMR (CDCls;, 75

MHz) 1 187.6, 170.1, 158.7, 146.0, 133.7, 132.9, 132.5, 129.2, 128.9, 114.3, 66.0, 55.3,
53.3, 52.4, 50.1, 44.7, 42.8, 34.2, 25.1, 21R8. 2952 (m), 1738(s), 1681(s), 1610(s),

1582(w) cni. HRMS(ESI) M/Z+ Calc.316.1311, Obs. 316.1303.

Ph
MeO ‘ =
(0]
In(OTf)3 (30 mol %)

Py

CH,Cl, O

I1-33h II-34e OMe MeO |.38p

\

II-33h (23 mg, 0.07 mmol) was added to solution of indium triflate (11.54 mg, 0.02

mmol, 0.3 equiv.) at room temperature. After 12 hours, the reaction was stopped, and the
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standard workup was performed. Column chromatography affordedidgsered product

Il -34e (6.67 mg, 29% vyield) as the minor component@m® (20% EtOAc/Hex)Il -38b

(9.4 mg, 41%) was isolated as the major component. Starting m#te8&d (7 mg) was

also recovered from the reaction mixture.

Methyl 2-hydroxy-5-(4-methoxyphenyl)-3-phenylcyclohexal,3-dienecarboxyhte

(11 -34e).'H NMR (CDCls, 300 MHz) 1i12.2 (s, 1H), 7.4.2(m, 6H), 7.27.1 (d, 2H,J

= 12Hz), 6.96.8 (d, 2H,J = 9Hz), 3.85 (s, 1H), 3.75 (s, 1H), 3:33L (t, 1H,J = 9Hz,
12Hz), 2.9 (s,1H), 2.7 (m 1H), 2.42.2 (m, 2H), 2.08..96 (m, 1H).*C NMR
(CDCl;, 75MHz) 10172.9, 169.8, 158.1, 145.2, 136.6, 128.3, 127.4, 124.9, 114.4, 113.8,
100.7, 55.3, 51.9, 47.4, 35.9, 31IR: 2952(m), 2836(w), 1723(s), 1678(s), 1610(m),
1510(m) crit. HRMS(ESI) M/Z+ Calc.336.1362, Obs. 336.1361.

Methyl 5-(4-methoxyphenyl)2-(1-phenylvinyl)-4,5dihydrofuran -3-carboxylate (l1-

38b). R; 0.45 (20% EtOAc/Hex)'H NMR (CDCls, 300 MHz) & 7 . 5 % 8.11 dHz,

2H), 7.457.28 (m, 5H), 6.92 (d] = 8.2 Hz, 2H), 5.75.61 (m,1H), 3.81 (s, 3H), 3.80 (s,
3H), 3.42 (dtJ = 8.11, 8.11, 8.11 Hz, 1H), 3.07 = 8.93Hz, 16.18 Hz, 1H}>C NMR
(CDCl;, 75 MHz)UT 164 . 8, 159. 8, 147. 0, 132. 6, 132. .
111.4, 98.2, 84.1, 79.3, 55.3, 51.4, 3TR. 2950.4(w), 2924.9(m), 2851.3(m), 1689.8(s),
1614.0(s), 1514.4(m), 1439.0(m) ¢mHRMS(ESI) M/Z+ Calc. 336.1362, Obs.

336.1370.
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2.7.2.6.Derivatization of Products

OH OH /@
MeO,C
o2 NEts, PhsH Me02C s

_—

PMP PMP
I-37¢ -39
Methyl 2-hydroxy-5-(4-methoxyphenyl)}3-(phenylthiomethyl)cyclohex 1-

enecarboxylate (IF39). EN (13.9 pL, 1.1 equiy was added dropwise at room
temperature to a stirred solutionlbf37c (25 mg, 0.09 mmol, 1.0 equ)vand thiophenol

(14 pL, 1.5 equiy in CHCk (1 mL). After 14 h, the reaction mixture wasetitly

purified by flash chromatography using 1:11 EtGAex) to give the thioethetl -39

(20.3 mg, 58% yield)'H NMR (CDCl3;3 00 MHz ) 0 17.100(m,(7d), 1H),
6.90-6.80 (d, 2H,J =12Hz), 3.80 (s, 1H), 3.70 (s, 3H), M0 (M, 2H), 2.7¢2.60 (M,

2H), 2.352.20 (m, 2H), 1.9@.78 (m, 1H).**C NMR (CDCl; 75 MHz) i 172.8, 171.6,

158.1, 137.1, 129.01, 127.7, 127.6, 126.04, 113.8, 98.3, 55.3, 51.6, 38.3, 35.7, 34.4, 31.6,
30.8.IR: 3625(w), 2926(m), 2850(w), 1716(m), 1654(s), 1611(m), 1512(s)(} 861"

HRMS(ESI) M/Z+ Calc.384.1395, Obs. 384.1401.

O O
MeO,C Me Me
NaCl, DMSO
_—
Me Me
PMP PMP
lI-34a 11-40

89



4-(4-M ethoxyphenyl)}2,3-dimethylcyclohex2-enone (II-40). A 10 mL flask open to air

was charged with diestél-34a (50 mg, 0.17 mmol), NaCl (10.63 mg, 0.182 mol

water (6.25 pL, 0.346 mmol) and DMSO (2 mL) at room temperature. The flask was

fitted with a reflux condenser and heatedlt® 0 e C wi t h vi gorous stir
for 12 h TLC analysis indicated consumption of starting material, and the reaction was
cooled to 22e¢eC. The r eac t0(@nmmLvaadsvasttad witht e d w
water (3x 5 mL). The organic layer wdsed over MgS@ concentrated, and purified by

silica gel chromatography (2:3 EtOAXx) to affordil -40 (30 mg, 74% yield)'H NMR

(CDCl;, 300 MHz) i 7.10:7.00 (d, 2HJ = 12Hz), 6.866.82 (d, 2H,J =12Hz), 3.78 (s),

3.60-3.50 (s, 1H), 2.4@.24 (m, 3H) 1.84 (s, 3H), 1.76 (s, 3H}*C NMR (CDCl; 75

MHz) G 198.8, 158.6, 155.4, 133.5, 130.6, 129.2, 114.2, 55.3, 47.2, 33.9, 31.1, 20.6,
17.45.1R: 2925(m), 2835(w), 1661(s), 1609(w), 1509(s), 1453(w)'cHRMS(ESI)

M/Z+ Calc.230.1307, Obs. 230.1313.
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2.8 EXPERIMENTAL SECTION FOR FORMAL HOMO -NAZAROV

CYCLIZATION OF HETEROARYL CYCLOPROPYL KETONES

2.8.1.General Methods

Infrared (IR) spectra were obtained using a Nicolet 4700 FTIR with an ATR
attachment from SmartOrbit Thermoelectronic Corp. Pratwhcarbon nuclear magnetic
resonance spectraH{ NMR and**C NMR) were recorded on a Varian Mercury Vx 300
spectrometer with solvent resonance as the internal starfttatdMR: CDCk at 7.26
ppm; *C NMR: CDCk at 77.0 ppm)’H NMR data are reported aslifiws: chemical
shift, multiplicity (s = singlet, bs = broad singlet, d = doublet, dd = doublet of doublets, dt
= doublet of triplets, dq = doublet of quartets, ddd = doublet of doublet of doublets, ddt =
doublet of doublet of triplets, dtd = doublet aptet of doublets, t = triplet, bt = broad
triplet, td = triplet of doublets, g = quartet, qd = quartet of doublets, gn = quintet, m =
multiplet), coupling constants (Hz), and integration. Mass spectra were obtained using a
VG-70SE instrument. Chromatogtap purification was performed as flash
chromatography using Dynamic Adsorbents silica gelg32m), using the solvents
indicated as eluent with G5 bar pressure. For quantitative flash chromatography
technical grades solvents were used. Analyticad-fdyer chromatography (TLC) was
performed on EMD silica gel 60,8 TLC glass plates. Visualization was accomplished
with UV light, aqueous basic potassium permanganate (Kyrgdlution, iodine,
aqueous acidic dinitrophenylhydrazine (DNP) solution, agsegcidicp-anisaldehyde
(PAA) solution, and ethanol solution of phosphomolybdoid a(PMA) followed by

heating. Yields refer to isolated yields of analytically pure material unless otherwise
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noted. All reactions were carried out in owémed glassware wer an atmosphere of;N

unless stated otherwiséletrahydrofuran and diethyl ether were distilled from a
sodium/benzophenone ketyl undes &hd stored in a Schlenk flask. izhloroethane

and dichloromethane was purified by distillation from calciumriggdunder N prior to

use. Acetonitrile was dried by fractional distillation over GaBenzene was purified by

drying with CaBh. Lithium bis(trimethylsilyl)lamide (LHMDS) was purchased from
SigmaAldrich as a 1.0 M solution in THR-Butyllithium was purbased from Sigma

Aldrich as a 2.5 M solution in hexanetsButyllithium was purchased from Sigma

Aldrich asa 1.7 M solution in hexanellitromethane was distilled over CaHnd stored

under nitrogen under 4A molecular sieves. All other reagents were agecthrom

Acros, SigmaAldrich, Fluka, VWR, Merck, Alfa Aesar, TCl and Strem (for metal
catalysts) and used without further purification unless otherwise noted. Comgdbunds
50a, Il -50b, I1-50c, I1-50e, II-50f, I-50gwer e made via a muti fied
Compound 11-50d wa s prepared by a modi fied vers]

Compoundl-5thwas prepared base®™ on Kandads protoc

2.8.2. General Procedures

2821For mat i-Keto estef II-56i

S Br

%OMG

O O
Methyl  3-(2-bromothiophen-3-yl)-3-oxopropanoatdll -50i)).  2-Bromo-3-thiophene
carboxylic acid chloride was prepared from a solution-bfd&neo 3-thiophene carboxylic

acid (0.50 g, 2.41 mmoin DCM( 0.5M) and was added a catalytic amouniNgié
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dimethylformamide (0.2 mL) The solution was cooled td©, and to itwas added

oxallyl chloride (0.25 mL 2.9 mmol)LHMDS (5.1mL, 5.1 mmol) was added to a
solution of methyl acetate (0.21 mL, 2.5mol) in THF at-78°C and albwed to stir for

45 minutes.To the solution of the enolate was added tHerdIno3-thiopheneacid

chloride in 10 mL of THF.Reaction was allowek to stir for 30 minutes at78°C,
guenched with saturated ammonium chlerideacton was then allowed to warm up to

rt, extracted with EO, washed with brine, and dried with anhydrous,3@. The

solution was then concentrdt@and column chromatography @h5EtOAcHex, R 0.3)
afforded |l -50i as an oil (0.31g, 50.4%). (4:1 mixture ofester and enol) 'H NMR

(CDCk, 300 MHz) U 12. 4J<585Hzp1HR B24 (de=rb®4Hz, 7. 3 4
1H), (5.80, s, 0.23, enol), 4.4BL96 (s, 2H), 3.78.69 (s, 3H);**C NMR (CDCl;, 75

MHz ) a 186. 489, 167. 498, 128.921, 126.578
3103(w), 2940(w), 2021(m), 1957(m), 1731(m), 1658(m), 1512(w), 1402(w), 1309(m),

1213(m) cmi*. HRMS(ESI) M/Z+ Calc. 261.929®bs. 261.9299.

2.8.2.2 General procedure forthe  f o r ma 4diazo-esters @I-518m)

I n a flame dried f | asidketocestanin acetonitrieg0.2a s ol
M) was added BN (1.2 equiv.).After vigorous stirring for 5 minutes, tosyl azide (1.2
equiv.) was added, and the reactimas allowed to stir for 3 hrsAfter complete
disappearance of starting material, mixture was coreteakin vacuq followed by

column chromatography to furnish the desired diazo comp8und.
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S

, OMe
\ N,

Methyl 2-diazo-3-oxo-3-(thiophen-2-yl)propanoate (lI-51a). According to the general
procedur e, t o-kao estatl}50at(1.50 gy 8.131 imnmal) ineacetonitrile was
added EMN (1.4 mL, 9.77 mmol) and &yl azide (1.93 g, 9.77 mmololumn
chromatography (10% EtOAdéx, R 0.25) furnished compounidl-51a as a yellow oil
(1.20 g, 69.5%)H NMR (CDCl, 300 MHz ) J3.91,8.1204, 1K)d7c56
(dd,J = 4.99, 1.12 Hz, 1H), 7.12 (dd,= 4.98, 3.92 Hz, 1H), 3.93.82 (s, 3H) ppm:>C
NMR (CDChL, 75 MHz) i, 141261338, 121.6 B52.2R: 3100(m),
2947(m), 2146(s, Nstretch), 1721(s), 1712(s), 1692(s), 1617(s), 1604(s), 1433(m),
1299(s) cmi'. HRMS(ESI) M/Z+ Calc. 210.0099, Obs. 210.0095.

O O
0

/ OMe
\ N,

Methyl 2-diazo-3-(furan-2-yl)-3-oxopropanoate (I-51b). According to the general
procedur e, t o-keo estail500t(0.76 g 4.46 fmmal) hneacetonitrile was
added BN (0.75 mL, 5.35 mmol) andosyl azide (1.06 g, 5.35 mmol)}Column
chromatography (10% EtOAdex, R: 0.20) furnishedll -51b as a bright gllow oll
(0.614 g, 71.0%)H NMR (CDCl;, 300 MHZ4 (M) 1HY, 7.8520 (m, 1H),
6.726.19 (m, 1H)3.903.82 (s, 3H)!® C NMR (CDCl;;, 75 MHz) U 170.
146.0, 145.9, 119.4, 112.3, 52IR: 3102(w), 2953(w), 2140(sdN 1717(s), 584(s),

1514(m), 1434(m), 1410(w) ¢ HRMS(ESI) M/Z+ Calc. 194.028, Obs. 194.0323.
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s ~ OMe

N
Methyl 2-diazo-3-oxo-3-(thiophen-3-yl)propanoate (Il -51c). According to the general
procedur e, t o-keao estatll50ct(1i50 gy 8.1a inmdl) inecetonitrile was
added EN (1.4 mL, 9.77 mmol) and tgk azide (1.93 g, 9.77 mmol)Column
chromatography (10% EtOAdéx, Rr 0.20) furnishedl -51c as a yellow oil (1.10 g,
64.7%)."H NMR (CDCl;, 300 MHz ) J=2.98 1.26Hz, 1H) H47 (dd) =
5.12, 1.15 Hz, 1H), 7.26 (dd, = 5.11,2.96 Hz, 1H), 3.88.77 (s, 3H).}*C NMR
(CDCl, 75 MHz) a 1.9,9320, 127196 124.94 2.8l 3B2 (w),
2943(w), 2126 (br s, Nstretch), 1721(s), 1212(s), 1604(m), 1498(n33(m), 1299(s)
cm ™. HRMS(ESI) M/Z+ Calc. 210.01010bs. 210.0106.

O O

o OMe
_ N,

Methyl 2-diazo-3-(furan-3-yl)-3-oxopropanoate (Il -51d). According to the general
procedur e, t o-ketoestatll-50d(1.50 g, 8.6 tmot)rhaeetofitrile was

added BN (1.5 mL, 10.7 mmol) and syl azide (2.1 g, 10.7 mmol)}Column
chromatography (10% EtOAc/Hex; ®20) furnishedl -51d as a bright yellow oil (1.17

g, 68.0%).H NMR (CDCl;, 300 MH-8.35 (i, 1H),&.52.28 (m, 1H), B8

6.81 (m, 1H), 3.88.76 (s, 3H):'*C NMR (CDCl;, 75 MHz) U 177.5,
142.7, 124.9, 110.2, 52.2R: 3143(w), 2957(w), 2133(s, Mstretch), 1721(s), 1711(s),
1604(s), 1509(m), 1369(m), 1323(s), 1284(s), 1178(m), 1119(s)'.cMRMS(ESI)

M/Z+ Calc. 194.03280Dbs. 194.0323
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Methyl 3-(benzofuran-2-yl)-2-diazo-3-oxopropanoate (Il-51f). According to the

gener al procedur e, -ketb esterd -5065 (0.¥6ug, B.sOnmmal)fin t h e
acetonitrile was added 48 (0.60 mL, 4.22 mmol) and tosyl azide (0.81 g, 4.22 mmol).

Column chromatography (10% EtOAt#x, R 0.20) furnishedl -51f as a bright yellow

oil (0.48 g, 57.0%)H NMR (CDCl, 300 MHz) i 7.37416s, 1H)
2.91, 0.69 Hz, 1H), 7.68.45 (n, 2H), 7.427.28 (m, 1H), 3.938.80 (s, 3H)*C NMR

(CDCl, 75 MHz) a 172. 1, 161. 4, 155. 0, 150. 5
52.6. IR: 3129(w), 2950(w), 1737(s), 1671(s), 1555(s), 1446(m), 1316(w), 1246(m),

1123(s), 1088(m) cih HRMS(ESI) M/Z+ Calc. 244.04840bs. 244.0479.

| N
OMe
O o

Methyl 3-(benzofuran-3-yl)-2-diazo-3-oxopropanoate (Il-51h). According to the

gener al procedur e ,ketda esterHl -5 @0l26 ¢§,i14&q mmolf in t he ¢
acetonitrile was atkd EtN (0.2 mL, 1.41 mmol) and tosyl azide (0.28 g, 1.41 mmol).

Column chromatography (10% EtOAt#x, R 0.25) furnishedl -51h as a bright yellow

oil (0.25 g, 86.3%)'H NMR (CDCl;, 300 MH-8.71 (siilH), 8288D0(m, 1H),

7.567.44 (m, 1H), 1387.28 (m, 2H), 3.88B.83 (s, 3H)3 C NMR (CDCl;, 75 MHz)
177.8, 161.5, 154.6, 152.8, 130.2, 127.5, 125.5,412®2.8, 119.2, 111.4, 52.1R:

2955(m), 2924(w), 2138(br s,,Mtretch), 1721(s), 1711(s), 1635(m), 1570(m), 1385(s),

1168(s) crit. HRM S(ESI) M/Z+ Calc. 244.0484, Obs. 244.0491.
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Methyl 3-(2-bromothiophen-3-yl)-2-diazo-3-oxopropanoate (I-51). According to

the gener al pr oc ed ukete estedt -80i (@317sgp 1.21 mmal)rin o f t
acetonitrie was added BN (0.20 mL, 1.45 mmol) and tosyl azide (0.285 g, 1.45 mmol).

Column chromatography (10% EtOAd=x, R: 0.25) furnishedll -51i as a yellow oll

(0.213 g, 61.0%)'H NMR (CDCl,, 300 MHz )J=68.44 HZ, 1H),5.01((d] =

5.72 Hz, 1H),3.79 (s, 3H)®C NMR (CDCl;, 75 MHz) 180.8, 160
126.1,114.9, 77.4, 77.0, 76.6, 52.8R: 3096(w), 2953(w), 2134(br s, sNstretch),

1735(s), 1726(s), 1629(s), 1625(m), 1620(m), 1435(m), 1407(m)*.cHRMS(ESI)

M/Z+ Calc. 287.92210bs 287.9204.

2.8.2.3.General procedure for the formation of g/clopropyl heteroaryl ketones (II-

48a to 11-48n)*°

In a flame dried flask containing a solution of .B$p (0.1 mol %) in DCM
(0.2M) at 0 °C was added the corresponding alkene (1.0 equiv.). Aftengstior 5
minutes, asel t i o n -diakzo estdr (0)vas added in one shot, and allowed to stir
for 10 minutes at 0OC. At this time, the ice bath was removed and the reaction was
allowed to warm up to rt. After two hours, the reaction was quenched with saturated aq.
thiourea and allowed to stir for 30 minutes. The mixture was transferred to a separatory

funnel and extracted with GBI, (3x). The organic layer was washed with brine, dried
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with N&SQO, concentrated, and column chromatography afforded the desired

cyclopropy heteroaryl ketones.

MeO

Methyl 2-(4-methoxyphenyl)1-(thiophene-2-carbonyl)cyclopropanecarboxylate (I-
48a). According to the general procedure, to a solution ceRf (3.8 mg, 5.12 umol)

in DCM was added 4nethoxy styrea (0.68 mL, 5.12 mmol), followed by a solution of
Udiazo esterll-51a (1.4g, 6.66 mmol). The reaction was quenched and column
chromatography (10% EtOAd£X) affordedll -48a as a solid (1.32 g, 82%)'H NMR
(CDCk, 300 MHz)J=8.9271.14 Hz1H),d.d7 (dJ =1.15 Hz, 1H), 7.46 (d,

J = 1.15 Hz, 1H), 7.00 (d) = 8.70 Hz, 2H), 6.67 (dJ = 8.80 Hz, 2H), 3.81 (dd] =
10.96, 5.19 Hz, 3H), 3.71 (s, 3H), 3.41 (dds 10.72, 6.55 Hz, 1H), 2.36 (dd,= 8.01,

5.16 Hz, 1H), 1.82 (ddJ = 9.26, 5.16Hz, 1H).®*C NMR (CDCl;, 75 MHz) U
168.7, 158.7, 143.1, 133.7, 132.4, 130.0, 128.0, 126.5, 113.5, 104.9, 55.1, 52.3, 42
30.0, 19.6.IR: 3002(w), 2951(m), 2923(w), 1721(s), 1682(s), 1661(s), 1558(w),
1444(m), 1430(s), 1386(m) MHRMS(ESI) M/z+ Calc. 316.0762, Obs. B10769.

O O
O

OMe
\ |

MeO
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Methyl 1-(furan-2-carbonyl)-2-(4-methoxyphenyl)cyclopropanecarboxylate (1F48b).

According to the general procedure, to a solution gERf (1.8 mg, 2.36 pmol) in DCM

was added 4nethoxy styrene (0.32 g, 2.36 rolj) followed byae | ut i o ndiapof t he
esterll -51b (0.75g, 3.07 mmol)The reaction was quenched and column chromatography

(10% EtOAcHex) afforded I1-48 as a solid (0.467 g, 66 %). (1.5ttans/cis
diastereomeric mixture}H NMR (CDCl, 300 MHz) U 7(m6a59m, 0. 9
7.337.21 (m, 2.98), 6.99 (dd,= 17.71, 6.22 Hz, 1.02), 6.87 (@= 6.22 Hz, 2.10), 6.60

(dd,J = 3.59, 1.70 Hz, 1.15), 6.35(m,0.80), 3.83 (s, 3.50), 3.70(m, 3.41}3%21(dd,J

= 17.96, 8.88 Hz, 1.74), 3.40 (s, 3H), 2234 (dd,J = 8.11, 4.94 Hz, 2.40), 1.61.55

(dd,J = 9.20, 4.93 Hz, 2.62)°C NMR (CDC, 75 MHz) U 182.4, 168
130.0, 129.1, 117.9, 113.4, 112.1, 55.0, 52.4, 41.7, 33.0, 30.0, 20.1|R7.3139 (w),

2953(w), 2827(w), 1726(s), 1672(s), 1612(m), 1542 (m), 1513(s), 1436(w), 1309(s),
1248( s), 1159(s) cth HRMS(ESI) M/Z+ Cdc. 300.1004, Obs. 300.0998.

O O

/ ] OMe
S

MeO

Methyl 2-(4-methoxyphenyl)1-(thiophene-3-carbonyl)cyclopropanecarboxylate (I-

48c). According to the general procedure, to a solution gERb (3.6 mg, 4.76 pmol) in

DCM was added4nethoxy t yr ene (0. 49¢g, 3.65 mmotlt), fol
diazo esterll-51c (1.0 g, 4.76 mmol).The reaction was quenched and column
chromatography (10% EtOAdex) affordedll -48c as a solid (0.86 g, 75.09%H NMR

(CDCk, 300 MH-8.02 (mj 1H),852 (0,8 = 3.87 Hz, 1H), 7.33 (d] = 2.59 Hz,
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1H), 7.21 (dJ = 8.22 Hz, 2H), 6.83 (d] = 8.78 Hz, 2H), 3.78 (s, 3H), 3.33 (s, 3H), 3.44

(t, J = 8.56, 8.56 Hz, 1H), 2.32 (dd,= 8.04, 4.92 Hz, 1H), 1.63 (dd,= 9.16, 4.91 Hz,
1H).**NMR (CDCl;, 75 MHz ) U 187.980, 169.036, 158. 72
128.928, 127.067, 126.639, 126.322, 113.529, 55.155, 52.312, 43.010, 29.854, 19.739.
IR: 3113(w), 2947(w), 2831(w), 1726(s), 1671(s), 1665(m), 1608(w), 1552(m), 1513(s),
1117(m), 1034(m)cih HRMS(ESI) M/Z+ Calc. 316.0762, Obs. 316.0769.

O O
OMe

N

MeO

Methyl 1-(furan-3-carbonyl)-2-(4-methoxyphenyl)cyclopropanecarboxylate (1+48d).
According to the general procedure, to a solution geRf (3.0 mg, 3.96 pumol) in DCM

was aded the 4methoxy styrene (0.53 g, 3.96 mmdl)o| | owed by a- sol ut
diazo esterll-51d (1.0 g, 5.15 mmol).The reaction was quenched and column
chromatography (10% EtOAdEx) affordedll -48d as a yellow sotl (0.86 g, 7%).
(2.12:1tran/cis diastereomeric mixture)}H NMR (CDCls, 300 BI6Rz9, 0.711),
7.807.75 (s, 0.72), 7.52.43 (s, 0.85), 7.20.05 (m, 1.81), 7.04.97 (m, 0.69), 6.87 (dd,

J = 8.76, 2.83 Hz, 1.37), 6.77 (s, 0.86), 6@&55(m, 0.65), 6.40(s, 0.32), 3:8779 (s,
2.45), 3.60 (tJ = 8.58, 8.58 Hz, 1.89), 3.43.39 (m 3.34), 2.31 (dddJ = 7.74, 7.33,

4.87 Hz, 1.13), 1.75(m, 0.47), 1.65 (ddb= 8.94, 4.89, 3.13 Hz, 1.00}°C NMR
(CDCl, 75 NI88A,)16818, 158.7, 147.2, 143.9, 141.7, 140.8, 129.9, 128.9, 126.5,

113.5, 109.1, 55.1, 52.3, 32.9, 29.9, 19R: 3139 (w), 2953(w), 2827(w), 1726(s),
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1672(s), 1612(m), 1542 (m), 1513(s), 1436(w), 1309(s), 1248( s), 1159() cm

HRMS(ESI) M/Z+ Calc. 300.1004, Obs. 300.0998.

MeO

Methyl  1-(benzofuran-2-carbonyl)-2-(4-methoxyphenyl)cyclopropanecarboxylate
(I1-48f). According to the general procedure, to a solution ofeRf (1.1 mg, 1.46
pmol) in DCM was addedhe 4methoxy styrene (0.2 g, 1.46 mmol), followed by a
sol ut i o-diazo éstett-Filfe(0.48 g, 1.9 mmol)The reaction was quenched and
column chromatography (10% EtOAt=X) affordedll -48f as a solid ( 0.323 g, 664).
HNMR (CDCl;, 300 MHZd)J=8.51HZ, 1H), 7.62.40 (m, 2H), 7.3§.15

(m, 2H), 7.02 (d,J) = 8.84 Hz, 2H), 6.85 (d] = 8.54 Hz, 1H), 6.59 (d] = 8.59 Hz, 1H),
3.803.77 (s, 3H), 3.55 () = 8.59, 8.59 Hz, 1H), 3.48.38 (s 3H), 2.38 (dd] = 8.23,
5.16 Hz, 1H), 1.71 (dd] = 9.37, 5.11 Hz, 1H)'*C NMR (CDCl;, 75 MHz) U
183.6, 168.5, 158.8, 155.6, 152.1, 130.1, 129.2, 128.3, 128.0, 127.5, 126.4, 123.9, 123.3,
113.4, 112.3, 55.152.6, 42.1, 34.3, 30.2, 20.R: 2940(w), 2831(w), 1721(s), 1658(s),
1513(s), 1432(m), 1246(s), 1246(m), 1162(m) triiRMS (ESI) M/z+ Calc. 350.1154

Obs. 350.1163.
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Methyl  1-(benzofuran-3-carbonyl)-2-(4-methoxyphenyl)cyclopropanecarboxylate
(I1-48n). According to the general procedure, to a solution gEBf (2.2 mg, 2.9 pumol)

in DCM was aded the 4methoxy styrene (0.4 g, 2.92 mmol), followed by a solution of
t h ediazd estedl-51h (0.92 g, 3.8 mmol)The reaction was quenched and column
chromatography (10% EtOAdex) affordedll -48h (0.646 g, 66.%). 'H NMR (CDCl,
300 MHz) {i=7.86Hz71H), 1.6.,38 (m, 2H), 7.3&.14 (m, 2H), 7.02 (d]

= 8.86 Hz, 1H), 6.84 (dJ = 8.76 Hz, 2H), 6.7%6.45 (m, 1H), 3.8B.77 (s, 3H), 3.58
3.47 (m, 1H), 3.468.36 (s, 3H), 2.38 (dd| = 8.19, 4.97 Hz, 1H), 1.70 (dd,= 9.23, 4.97
Hz, 1H);®*CNMR (CDCls, 75 MHz) i 184.5, 168.4, 158.
128.3, 128.0, 123.9, 123.4, 113.6, 113.5, 112.4, 55.2, 55.0, 52.4, 42.0, 33.4, 30.3, 20.5.
IR: 2940(w), 2840(w), 1729(s), 1737(s), 1672(s), 1553(m), 1514(s), 1442(m), 1305(m),
1282(m), 1248(mym . HRMS(ESI) M/Z+ Calc. 350.11540bs. 350.1163.

OMe

OMe

Methyl-1-(2-bromothiophene 3-carbonyl)-2-(4-methoxyphenyl)cyclopropane
carboxylate(ll -48i). According to the general procedure, to a solution ofeRf (0.51
mg, 6.65umol) in DCM was added the-mhethoxy styrene (0.089 g, 0.665 mmol),
foll owed by adiagooestatlt5li (025 god.864t ntmel)THe reaction was
gquenched and column chromatography (10% Et®GlAx) afforded|l-48 as a solid
(0.15g, 57.96). '"H NMR (CDCl;, 300 TR28%d)J = 8.77 Hz, 1H), 7.19.12 (m,

2H), 7.036.94 (m, 1H), 6.82 (d] = 8.77 Hz, 2H), 3.71 (s, 3H), 3.56 (s, 3H), 3.38 (@d,
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= 15.27, 10.72 Hz, 1H), 3.03 (ddl= 15.27, 8.99 Hz, 1H), 2.38.25 (m, 1H), 1.64 (dd]

= 8.89, 515Hz, 1H).®*C NMR (CDCl;, 75 MHz) U 165.0, 159. 6,
128.7, 128.0, 127.5, 126.3, 125.6, 125.5, 118603, 51.2, 38.5, 32.0, 211 3103(w),

2933(m), 2827(w), 1688(m), 1602(w), 1512(s), 1429(m), 1245(s), 1167(m), 1110(m),
1088(w), D31(m) cn. HRMS(ESI) M/Z+ Calc. 393.9841, Obs. 393.9831.

O O
S

OMe
\ |

Methyl 2-phenyl-1-(thiophene-2-carbonyl)cyclopropanecarboxylate (Il -48j).
According to the general procedure, to a solution ofeRf (0.83 mg, 0.1 mol %) in
DCMwas added styrene (0.113 g, 1. edkwzommol ) ,
ester 11-51a (0.30 g, 1.43 mmol). The reaction was quenched and column
chromatography (10% EtOAdex) afforded 1l -48 as a solid (0.198 g, 81.0 %)
NMR (CDCl;, 300 MH@,)J = .13 Hz, 1H), 7.677.65 (d,J = 1.12 Hz, 1H),
7.457.30 (d,J = 1.12 Hz, 5H), 7.067.00(m,1H), 3.49 (dd,) = 8.98, 8.32 Hz, 1H), 3.37
3.28 (s, 3H), 2.38 (dd] = 8.10, 5.05 Hz, 1H), 1.67 (dd, = 9.17, 5.04 Hz, 1H)*C
NMR (CDCls, 75 MH z2pP6, 168.6318 $43.043, 134.674, 133.877, 132.471,
128.982, 128.101, 127.530, 127.242.3F5, 42.519, 30.402, 19.42IR: 3036 (w),
2947(w), 1745(s), 1656 (s), 1409(s), 1271(s), 1141(s), 1197(s), 1040(s), 957(s) cm

HRMS(ESI) M/Z+ Calc. 286.06700bs. 28.0697
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Methyl 1-(furan-3-carbonyl)-2-phenylcyclopropanecarboxylate(IF48k): According

to the general procedure, to a solution obd®p (1.1 mg, 1.19 umol) in DCM was

added the styrene (0.154 g, 1.83 mmol), followgd ba s o | u t-diaporestedlf t he |
51d (0.30 g, 1.54 mmol). The reaction was quenched and column chromatography (10%
EtOAcHeX) affordedll -48k as an oil (0.18 g, 43.0%)H NMR (CDCl, 300 MHz) U
8.02 (dd,J = 1.46, 0.86 Hz, 1H), 7.43 (dd, = 1.93, 147 Hz, 1H), 7.327.20 (m, 5H),

6.76 (dd,J = 1.94, 0.85 Hz, 1H), 3.58.42 (m, 1H), 3.34 (s, 3H), 2.31 (dH= 8.05, 4.95

Hz, 1H), 1.62 (ddJ = 9.15, 4.95 Hz, 1H) *H NMR (CDCl;, 7 5 MN&7.8,)168i7,

147.2 (2C), 143.9(2C), 134.6, 128.8, 128.1, 227126.7, 109.0, 52.2, 43.3, 30.2, 19.5.

IR: 3121.1(m), 2990.4(w), 1844.1 (w), 1829(m), 1772.1(s), 1700.0(s), 1684.0(m),
1665.8( m), 1635.8(w) cth HRMS (ESI) Calc. 270.08920bs. 270.0893.

O O
S

OMe
\ |

Me

Methyl 2-methyl-2-phenyl-1-(thiophene2-carbonyl)cyclopropanecarboxylate(ll-

48)). According to the general procedure, to a solution geRf (0.83 mg, 1.09 pmol)

in DCM was added the alpha methyl stye (0.13 g, 1.09 mmol), followed by a solution
of tdam estktl -51a (0.30 g, 1.43 mmol). The reaction was quenched and column

chromatography (10% EtOAdex) affordedll -48l as a solid (0.2, 65.0%).*H NMR
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(CDCl,, 300 MHz) J=U3.81,1715 BiA) 1HJ, @.6D (dd] = 4.95, 1.15 Hz, 1H),
7.437.38 (m, 5H), 7.19 (dd] = 4.94, 3.82 Hz, 1H), 3.38.33 (s, 3H), 2.35 (d] = 4.98

Hz, 1H), 1.81 (dJ = 4.98 Hz, 1H), 1.43.40 (s, 3H)*C NMR (CDCl, 75 MHz)
186.157, 169.698, 145.168, 141.38734.034, 133.560, 128.351(2C), 128.191(2C),
128.106, 127.079, 52.2593401, 37.888, 25.659, 25.168R: 3002 (w), 2951(w),
2923(w), 1721(s), 1682(s), 1661(s), 1515(w), 1444(s) 1410(rf) BIRMS(ESI) M/Z+

Calc. 300.08200Dbs. 300.0830.

Methyl-1-(thiophene-2-carbonyl)-1,1a,6,6atetrahydrocyclopropala)indene-1-
carboxylate(ll-48m). According to the general procedure, to a solution gERf (1.08
mg, 1.43 umol) in DCM was added indene (0.128 g, 1.10 mmol), followeld bydiaro
ester 11-51a (0.30 g, 1.43 mmol). The reaction was quenched and column
chromatography (10% EtOAdeX) affordedll -48m as an oil (0.20 g, 62%)*H NMR
(CDCl,, 300 MH-Z.Y5 (i, 1H),7.70(6dd] = 4.98, 1.45, 0.84 Hz, 1H), 7.55
7.33 (m,1H), 7.307.19 (m, 3H), 7.19.07 (m, 1H), 3.69 (ddd] = 18.20, 12.11, 0.73
Hz, 1H), 3.483.30 (m, 1H), 3.30 (dd] = 2.31, 1.77 Hz, 1H), 2.74 (df, = 6.54, 6.54,
0.74 Hz, 1H).®*C NMR (CDCl;, 75 M86D) 1678, 143.6, 143.2, 139.3, 134.0,
132.3, 18.2, 127.1, 126.6, 125.3, 124.82.0, 44.6, 39.5, 33.6, 33.6R: 3060(w),
2943(m), 1735(s), 1657(s), 1648(s), 1640(s), 1434(w), 1410(s), 1353(m), 1301(s),

1264(s) crif. HRMS(ESI) M/Z+ Calc. 298.06700bs. 298.0697
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OMe
TBDPS

Methyl 2-((tert-butyldiphenylsilyl)methyl) -1-(thiophene-2-carbonyl) cyclopropane
carboxylate (11-48n). According to the general procedure, to a solution ceRfh (1.4
mg, 1.83 pumol) in DCMwas added TBDPS allylsilane (0.513 g, 1.83 mmol), followed
by asolutb n o f-diazorestetl b1a (0.50 g, 2.40 mmol). The reaction was quenched
and column chromatography (10% EtOWek) afforded Il -48n as an oil (0.375 g,
44.3%6)."HNMR (CDCl, 300 MHz ) J=17.54, 1.906H8, 4H),07 $2.54 (m,
3H), 7.457.30 (n, 4H), 7.06 (dd,) = 4.83, 3.95 Hz, 2H), 3.66 (s, 3H), 2:209 (m,
1H), 1.62 (ddJ = 14.80, 3.19 Hz, 1H), 1.45.23 (m, 1H), 1.16 (dd] = 9.13, 4.77 Hz,
1H), 1.10 (s, 9H). ®H NMR (CDCl;, 75 MHz) 4 186.9, 170. 2,
134.1, 133.8, 133, 131.9, 129.1, 129.1, 127.8, 127.6, 127.5, 52.3, 20.Z, 24.1, 23.4,
18.0, 8.2.IR: 3013.6, 2928.5, 2855.8, 1725.4, 1657.75718, 1426.9, 1310.2, 1275.3

cm™. HRMS (ESI) Calc. 462.17190bs. 462.1681.

O O
S

OMe
\ |

o)
Methyl 7-(thiophene2-carbonyl)-2-oxabicydo[4.1.0]heptane7-carboxylate(ll-480):
According to the general procedure, to a solution ofeRf (1.4 mg, 1.83 pmol) in
DCM was added the dihydropyran (0.154 g, 1.83 mnioh,| | owed by & sol ut
diazo esterll-51a (0.50 g, 2.37 mmol). The reaction was guenched and column

chromatography (10% EtOAdeX) affordedll -480 as an oil (0.32 g, 66 %)*H NMR
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(CDCl, 300 MHz)J=iB.851.18 Az, {H), @.66 (dd,= 4.95, 1.13 Hz, 1H),
7.187.06 (m, 1H), 6.52 (s, 1H), 4.68 (s, 1H), 4800 (m, 1H), 3.74 (s, 3H), 3.73.64
(m, 1H), 2.432.19 (m, 1H), 2.14..94 (m, 1H), 1.96L.72 (m, 1H)*H NMR (CDCls, 75
MHz) U0 186.7, 169.3, 144. 8,657197,.534, 22D34. 5,
21.4. IR: 3137.0(m), 2950.9(m), 1734.5(s), T72(m), 1672.2(s), 1462.0(m) &m

HRMS (ESI) Calc. 266.06470bs. 266.0624.

O O
OMe

//o
Methyl 2-ethoxy-1-(thiophene-2-carbonyl)cyclopropanecarboxylate (IH48p):
According to the general procedure, to a solution ofeRf (1.8 mg, 2.37 umol) in
DCM at 0 °C was added the ethyl vinyl ether (0.132 g, 1.83 mmol), followed by a
sol ut i o-tiazwdstetlt-F1a(0.50 g, 2.37 mmol)The reaction was quencherdda
column chromatography (10% EtOAtgx) affordedll -48p as an oil (0.43 g, 72 %)H
NMR (CDCl;, 300 MHz )J=08.82H8 1H),7.46((dt], = 5.05, 1.15 Hz, 1H),
7.06 (dd,J = 5.05, 3.87 Hz, 1H), 5.57 (dd,= 7.16, 2.58 Hz, 1H), 3.89 (qd,= 9.57,
7.08, 7.08, 7.07 Hz, 1H), 3.71 (s, 3H), 3.60 (@, 9.57, 7.08, 7.08, 7.07 Hz, 2H), 3.20
(dd,J = 16.75, 7.17 Hz, 1H), 2.92 (dd,= 16.75, 2.56 Hz, 1H), 1.21 @ = 7.09, 7.09
Hz, 3H).13H NMR (CDCls, 75 N6bA,)1560v, 132.1, 131.4, 130.2,711, 104.0,
99.8, 77.6, 77.2, 76.7, 64.1, 51.0, 38.2, 13R: 3138.1(w), 2950.9(w), 1736.7(s),
1726.4(s), 162.2(s), 1506.8(m), 1462.2(m) émHRMS (ESI) Calc. 252.0456 Obs.

252.0462.
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Methyl 2-(4-methoxyphenyl)1-(1-methyl-1H-indole-2-carbonyl)cyclopropane

carboxylate (11-48e). t-BuLi (1.3 mL, 1.70 mmol) wasdded over 15 minutes to-a

78°C solution ofn-methyl indole (0.24 mL, 1.87 mmol) in THF (8.52 mL). Afstirring

for 45 minutes at78 °C, a solution of the Wareb amide cyclopropane (0.2§00.852

mmol) in 2 mL THF was added slowly to the reaction and allow to warm up to rt. After

3 hours, the reaction was quenched with saturated aque@,Nitract 3x with BO,

dried with NaSQ,, and column chromatograph{10 % EtOAcHex, R 0.25) afforded
cyclopropandl -48e (0.21 g, 68%)'H NMR (CDCls, 300 MHz ) J&11.39,. 69 (
5.62, 4.54 Hz, 1H), 7.48.27 (m, 3H), 7.12 (d) = 9.50 Hz, 2H), 6.83 (dJ = 8.76 Hz,

1H), 6.71 (d,J = 8.75 Hz, 2H), 4.07 (s, 3H), 3.81 (s, 3H), 3.71 (s, 3H), 33T (m,

1H), 3.183.02 (m, 1H), 2.77 (dd] = 16.96,8.66 Hz, 1H), 2.39 (dd] = 8.03, 5.07 Hz,

1H), 1.99 (dd,J = 12.26, 5.65 Hz, 1H)"*C NMR (CDCl;, 75 MHz) & 186. 9
158.6, 139.9, 138.7, 130.0, 126.8, 123.0, 122.3, 121.0, 119.8, 113.5, 111.6, 110.3, 103.5,
55.1, 52.4, 43.2, 32.0, 32.0, 29.1, 19R: 2924.2, 1728.3, 1699.8, 1684.1, 1656.3,

1363.5, 1248.3 cth HRMS (ESI) Calc. 363.1471, Obs. 363.1479.
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Methyl  3-(4-methoxyphenyl)}2-(1-methyl-1H-indole-3-carbonyl)acrylate®” A
solution of thef -ketoesterll -50g (0.75 g, 3.24 mmol)p-anisaldehyde (0.56 g, 4.09
mmol), glacial acetic acid (80 pL, 1.49 mmol), piperidine (32 pL, 0.324 mmol) was
refluxed in benzene (30 mL) using a Destark apparatus for 16 hourBhe residual

dark red brown mixture was dissolved ie-idnized water and extracted with ethyl
acetate (3x). The combined organic layers were then washed with 1N hydrochloric acid
followed by a subsequent wash with saturated sodium bicarbonate solution. The mixture
was concentrated under high vacuum afteying with magnesium sulfateColumn
chromatography (25% EtOAdEx) furnished the desired alkenyl substrate as an orange
oil (0.724 g, 63%)!H NMR ( CDCI 3, 300 -7M®{n) 1H)Y 7.59.30 (&1

1H), 7.45 (d,J = 8.95 Hz, 2H), 7.47.27 (m, 4H), 6.71d, J = 8.89 Hz, 2H), 3.74 (s,

3H), 3.70 (s, 3H), 3.70 (s, 3HYCNMR (CDCl;, 75 MHz) U 189.2, 166
138.0, 137.8, 132.4, 129.7, 126.2, 125.7, 123.7, 122.9, 122.6 (2C), 114.3, 109.8,

55.2, 52.4, 33.6IR: 3051.8, 2949.5, 2182.9, 2035 1709.6, 1599.3, 1511.5, 1250.3,

1173.6 cnt. HRMS (ESI) M/Z+ Calc. 349.1314, Obs. 349.1307.

OMe

Methyl 2-(4-methoxyphenyl)1-(1-methyl-1H-indole-3-carbonyl)cyclopropane
carboxylate (11-489).>*F ol | owi ng a WeBsleé (0.858 mmof) wds @dded| |
dropwise to a solution of trimethylsulfoxonium iodide (0.193 g, 0.944 mmol) in
anhydrous THF (0.75 M) at. The solution was allowed to warm to rt and stirring was

continued under nitrogen for 1 hour. A solution of thedVsof ylide was obtainedThe
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ylide (1.74 mL, 0.943 mmol) was added dropwise to a solution of the alkene (0.300g,
0.858 mmol) in anhydrous THF (0.10 M) at rt and stirred for 3 hours. The reaction was
guenched with NaHC£and extracted with ED (3x). Thecombined organic layers were
washed with brine (2x), dried over Mgi@nd the solvent wagmoved under reduced
pressure.Column chromtography (10%EtOAcHex, R; 0.15) afforded the indolyl
cyclopropane! -48g (0.168 g, 54.0%)H NMR (CDCls, 300 MHz) U 8.914
(ddd,J = 7.74, 1.39, 0.75 Hz, 1H), 6.84 @ = 8.76 Hz, 2H), 7.447.24 (m, 3H), 7.22 (d,

J =8.74 Hz, 2H), 4.88 (dd] = 9.75, 8.95 Hz, 1H), 4.51 (dd,= 8.92, 3.86 Hz, 1H), 4.43
(dd, J = 9.77, 3.83 Hz, 1H), 3.87 (s, 3H3.79 (s 3H), 3.60 (s, 3H), 1.84(m,1H}C

NMR (CDCls, 75 NI8Y5,)16919, 158.5, 137.3, 135.5, 129.9, 127.3, 126.6, 123.5,
122.8, 122.5, 115.4, 113.4, 109.6, 55.1, 52.3, 43.1, 33.6, 28.6,1K8.2924.2, 1728.3,
1699.8, 1684.1, 1656.3, 1363.524B.3 cn. HRMS (ESI) Calc. 363.1471, Obs.

363.1479.

2.8.2.4.Procedure for Catalyst Screening

To a flame dried flask containing the indium catalyst with therapriate loading
(1, 5, or 30mol%) in anhydrous CCl, (0.2 M) was added cycloproparie-48a. The
reaction was monitored via TLC, and upon complete disappearance of the starting
material, the reaction was quenched witfOH The mixture was extracted with gEl,,

dry with Na&SOy, and column chromatography (10% EtOWeK) providedll -4%.
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2.8.2.5.General Procedure for the LewisAcid catalyzed cyclization of teteroaryl
cyclopropyl ketones (Il-48a to 11-48n)
To a flame dried flask containing In(O%f5 mol %) in anhydrous Ci€l,
(0.2M) was added the corresponding cyclopropane. The reaction was monitored via
TLC, and upon complete disappearance of the starting material, the reaction was
guenched with bD. The mixture was extracted with gEl,, dried with NaSQOy, and

column chromatography provided the fused heteroaromatic cyclohexanones.

MeO S
W

OMe
Methyl-4-(4-methoxyphenyl)-7-oxo-4,5,6, #tetrahydrobenzo[b]thiophene-6
carboxylate (l1-49a). According to the general procedure, a solution of In(@#)42
mg, 8.33 pumol) in DCM was added cyclopropdhe48a (0.050 g, 0.17 mmol). The
reaction was quenched after 4.5 h, and column chromatography (15% H&©AdR
0.25) providedil -49 as a solid (0.043 g, 864). (Diastereomeric ratio 1.5} *H
NMR (CDCl;, 300 MHz )J=4.94HZ 0.8 7.50 (J,= 4.93 Hz, 1.13), 7.13
(d, J = 8.48 Hz, 2.82), 7.03 (d] = 8.55 Hz, 2.02), 6.88 (dd, = 10.85, 8.57 Hz, 4.46),
6.71 (d,J = 5.00 Hz, 0.90), 6.58 (d] = 5.01 Hz, 1.14), 4.38 (dd} = 7.49, 4.81 Hz,
1.00), 4.10 (ddJ = 11.85, 4.48 Hz, 1.528.82-3.73 (m, 15.44), 3.68 (dd,= 7.19, 4.84
Hz, 1H), 2.922.62 (n, 2.72), 2.58.32 (m, 2.32)"°C NMR (CDCl;, 75 MN6538,)
159.8, 133.0, 130.1, 129.1, 127.5(2C), 125.4, 114.0(2C), 113.5, 104.9, 83,/5%5,3

51.2, 38.5.IR: 3086(w), 2950(m), 2827(w), 1736(s), 1664(s), 1602(w), 1510(m),
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1413(s), 1244(s), 1175(s), 1151(s), 1014(m)'cMRMS (ESI) M/Z+ Calc. 316.07609,

Obs. 316.0771.

OMe

Methyl 4-(4-methoxyphenyl)7-oxo-4,5,67-tetrahydrobenzofuran-6-carboxylate (I -

49%). A solution of In(OTf} (8.15 mg, 0.015 mmol) in DCE was added cycloprogane

48b (0.088 g, 0.29 mmol) and the reaction was heated to reflux. After 6 h, the reaction
was cooled to room temperature, Iéwled by the general work up.Column
chromatography (15% EtOAdex, R: 0.25) provided! -49% as a solid (0.059 g, 67.0 %).
(Diastereomeric ratio 1.1)1*H NMR (CDCls, 300 MHZ2z7)30 (in, 1.91),7.143 8
7.08 (d,J = 0.58 Hz, 1.98), 7.0Z.01 (d,J = 0.58 Hz,2.24), 6.926.86 (m, 4.29), 6.76

6.72 (m, 2.02), 4.53.39 (m, 1.00), 4.3@.19 (m, 0.95), 3.83.78 (m, 6.23), 3.76
3.70(m, 6.28), 3.68.58(m, 2.56), 2.92.83 (m, 1.23), 1.30.18(m, 2.27), 2.42.30(m,
1.22)."*C NMR (CDCl;, 75 MB8i7z7) 17000, 66.8, 159.1, 151.0, 129.8, 128.8,
114.3, 113.9, 110.9, 106.9, 104.8, 55.3, 54.4, 52.4, 51.6, 51.3, 40.2, 35.5, 29.TR22.7.
3116 (W), 2947(w), 2824(w), 1735(m), 1685(s), 1602(m), 1525(m), 1439(m), 1247(br s)

cm™™. HRMS (ESI) M/Z+ Calc. 300.1004, Ob800.0998.
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OMe

Methyl-7-(4-methoxyphenyl}4-oxo-4,5,6, #tetrahydrobenzo[b]thiophene-5-

carboxylate (Il -49c). According to the general procedure, a solution containing IngOTf)
(8.9 mg, 0.158 mmol) was added cyclopropah&8c (0.10 g, 0.316 mmol). The
reaction was quenched after 5 h, and column chromatography (15% E€XAB 0.25)
provided Il -49¢ as a solid (0.073 g, 734). (Diastereomeric ratio 1.7 H NMR
(CDCl, 300 MMBZ36 (mjl.96), 7.27.11 (m, 2.65), 70-7.00 (m, 2.67), 6.99
6.80 (m, 3.59), 4.55 (dd} = 8.04, 4.66 Hz, 0.58), 4.29 (dd,= 11.87, 4.30 Hz, 1.00),
3.803.56 (m, 13.8), 2.92.67 (m, 2.11), 2.62.39 (m, 2.04)**C NMR (CDCl, 75
MH z )1876, 170.4, 161.6, 159.2, 135.9, 134.4, 12928B,9,124.9, 114.2, 55.%2.5,
42.4, 42.6, 39.6, 37.0R: 3086(w), 2950(m), 2827(w), 1736(s), 1664(s), 1602(w),
1510(m), 1413(s), 1244(s), 1175(s), 1151(s), 1014(m}. ¢4RMS (ESI) M/Z+ Calc.
316.0769, Obs. 316.0771.

O O

MeO ‘ N\
(0]

OMe
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Methyl 7-(4-methoxyphenyl)}4-oxo-4,5,6, #tetrahydrobenzofuran-5-carboxylate (II-
49d). According to the general procedure, to a solution containing In§@3136 mg,
0.017 mmol ) was added cyclopropahet8d (0.100 g, 0.33 mmol). The reaction was
guenched afte6 h, and column chromatography (15% EtGAeX, R; 0.25) providedI -
49d as a solid (0.073 g, 734). (Diastereomeric ratio 1.131 *H NMR (CDCls;, 300
MHz) U J= 305 HZ #.03), 7.32 (dd = 1.45, 0.60 Hz, 1.12), 7.17.07 (m,
2.32), 7.066.98(m, 2.21), 6.965.84 (m, 4.31), 6.76.70 (m, 2.20), 4.46 (dd, = 3.76,
3.07 Hz, 1.00), 4.24 (dd, = 10.49, 5.79 Hz, 1.09), 3.8.72 (m, 12.77), 3.73.54 (m,
3.25), 2.87 (s, 1.29), 2.7546 (m, 2.61), 2.48.26 (m, 1.44)3*C NMR (CDCl;, 75
MH z )188¥, 170.0, 167.2, 159.2, 144.1, 131.0, 129.1, 128.6, 121.1, 114.5, 106.8, 55.3,
54.5, 52.6, 52.451.6, 40.5, 37.9, 36.0, 35.BR: 3060(w), 2947(w), 2834(w), 1745(m),
1687(s), 1679(m), 1442(m), 1264(s), 1249(s), 1180(w), 1117(w), 1027(W) EIRMS

(ESI) M/Z+ Calc. 300.0998, Obs. 300.0998.

0
Me I CO,Me

OMe
Methyl-4-(4-methoxyphenyl)}9-methyl-1-oxo-2,3,4,9tetrahydro-1H-carbazole 2-
carboxylate (11-49). According to the general procedure, to a solution containing
In(OTf)s (3.85 mg, 6.85 pml) was added cyclopropanke-48e (0.049 g, 0.137 mmol).
The reaction was quenched after 5.5 h, and column chromatography (20% HQ A/
0.20) providedil -49 as a solid (0.031 g, 63.0 %).Diéstereomeric ratio 1.2 *H

NMR (CDCl, 300 MHZ.B3 (i, 3.96Y, 7.33128 (m, 2.23), 7.16 (d = 8.63
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Hz, 2.81), 7.127.01 (m, 1.29), 6.96.81 (dd,J = 7.89, 4.16 Hz, 4.52), 6.69 (td,= 8.18,

0.95, 0.95 Hz, 1.06), 4.62 (t,= 5.63, 5.63 Hz, 1.00), 4.37 (dii= 11.21, 4.71 Hz, 1.21),

4.09 (d,J = 9.30 Hz, 4.97), 3.88.60 (m, 12.85), 2.99.84 (m, 1.39), 2.6@.48 (m,

2.52), 2.40 (m, 1.63)°C NMR (CDCl;, 75 MN862,)170W, 158.6, 140.4, 135.2,
134.2, 131.1, 130.3, 127.0, 124.3, 122.9, 120.1, 114.0, 110.3, 55.6, 52,8%6,487.4,
31.6.IR: 3030.6, 2924.2, 2850.4, 1791.7, 1771.8, 1737.9, 1657.6, 1623.3 1518.8, 1540.0,

1511.3, 1246.4, 1246.4 ¢t HRMS (ESI) Calc. 363.1471 Obs. 363.1478.

OMe

Methyl 1-(4-methoxyphenyl}4-oxo-1,2,3,4tetrahydrodi benzol[b,d]furan-3-
carboxylate (I1-49ff). According to the general procedure, a solution containing In¢OTf)
(6.55 mg, 0.01'mmol) was added the cyclopropaihe48f (0.078 g, 0.233 mmol)The
reaction was quenched after 5 h, and column chromatography (15% E€XAB 0.25)
provided Il -49f as a solid (0.071 g, 9246). (Diastereomeric ratio 1.4)1 'H NMR

(CDCl;, 300 B £dyl,J =8.45, 3.57 Hz, 2.41), 7.47.40 (m, 2.73), 7.22.01
(m,5.41), 6.966.70 (dd,J = 14.89, 6.23 Hz, 4.67), 4.60 (dd,= 8.46, 4.96 Hz, 1.00),

4.38 (dd,J = 10.88, 4.98 Hz, 0.73), 3.9080 (m, 12.35), 3.73.74 (m, 3H), 2.91 (m,

1.19), 2.692.56 (m, 1.94), 2.5&.41 (m, 1.37)"*C NMR (CDCl;, 75 M2263, U
158.994, 156.447, 133.151, 132.548, 129.394, 128.978, 125.526, 123.590, 123.286,

114.303, 112.833, 55.294,2%39, 52.351, 39.608, 37.871R: 2942(w), 2831(w),
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1731(s), 167(s), 1608( 1511(s), 1426(m), 1245(s) dmHRMS (ESI) M/Z+ Calc.
350.1154 Obs. 350.1163.

O

Q ' COZMe

N
Me

OMe
Methyl-1-(4-methoxyphenyl)}9-methyl-4-oxo-2,3,4,9tetrahydro-1H-carbazole 3-
carboxylate (I1-49g). According to the general prodare, to a solution containing
In(OTf)3 (2.86 mg, 5.0 umol) was added cyclopropahel8g (0.037 g, 0.102 mmol).
The reaction was quenched after 6 h, and column chromatography (20% H&QAR/
0.25) providedil -49g as a solid (0.022 g, 624). ([Diasterromeric ratio 1.2:1 *H
NMR (CDCl;, 300 MH-7Z.30 (dJ = 3.34.H3, 8.70), 7.1:8.10 (d,J = 8.60 Hz,
3.50), 7.077.00 (m,J = 8.64 Hz, 2.68), 6.98 (dd, = 8.02, 3.98 Hz, 0.92), 6.98.78 (m,
4.05), 4.64 (tJ = 5.61, 5.61 Hz, 1.00), 4.38 (dd,= 10.76, 5.06 Hz, 0.87), 4.12 (m,
4.68), 3.823.70 (m, 11.75), 2.93 (ddd, = 13.51, 8.75, 5.04 Hz, 1.20), 2:286(,
3.14).130 NMR (CDCls, 75 MB8I7z1) 17100, 158.5, 135.2, 134.2, 130.3, 129.2,
127.0, 122.9, 122.3, 120.3, 120.1, 114.0, 110.3, T2 &, 40.338.5, 37.4, 36.9, 31.6,
29.6. IR: 3000.6, 2924.2, 2850.4, 1791.7, 1737.9, 1657.6, 1623.4, 1540.0, 1511.3,

1246.4, 1218.7 crit. HRMS (ESI) Calc. 363.1471 Obs. 363.1478.
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Methyl 4-(4-methoxyphenyl}1-oxo-1,2,3,4tetrahydrodibenzo[b,d]furan -2-
carboxylate (I1-4%h). According to the general procedure, to a solution containing
In(OTf)3 (5.8 mg, 0.103 pmol) was added cyclopropdndsh (0.075 g, 0.206 mmol).
The reaction was quenched after 5.5 h, and column chrgraptoy (15% EtOAdfex, Ry
0.25) provided! -49h as a solid (0.053 g, 724). (Diastereomeric ratio 1.2)1 '"H NMR
(CDCl, 300 MH-Z.52 (nd, 2.40% 7.559 42 (dd,J = 13.96, 7.11 Hz,2.73), 7.22
7.00 (m, 6.82), 6.96.82 (m, 5.51), 6.76.69 (m, 1.1 4.654.55(m, 1.00), 4.36 (dd,
= 10.80, 4.86 Hz, 1.21), 3.9R70 (m, 15.76), 2.98.84 (m, 1.15), 2.8@.56 (m, 2.66),
2.53-2.40 (m, 1.25)°C NMR (CDCl;, 75 M8Rz8) 1698, 169.6, 159.0, 158.9,
156.4, 146), 136.9, 132.6, 129.4, 129.225.6,123.7, 123.6, 114.3112.8,55.3, 54.5,
52.3, 39.6, 38.0IR: 2960(m), 2923(m), 2844(w), 1721(s), 1675(m), 1615(w), 1552(m),
1505(w), 1459(m), 1426(m) cih HRMS (ESI) M/Z+ Calc. 350.11540bs. 350.1163.

Br o]

CO,Me

~z
S

_—

OMe
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Methyl 3-bromo-7-(4-methoxyphenyl}4-oxo-4,5,6, #tetrahydrobenzo[c]thiophene 5-
carboxylate (11-49). According to the general procedure, to a solution containing
In(OTf)3 (3.55 mg, 6.32 umol ) was added cyclopropédnd8 (0.050 g, 0.126 mmol).

The reaction was quenchafter 8 h, and column chromatography (15% Et®#( R

0.25) provided! -49i as a solid (0.028 g, 56.0 %JH NMR (CDCl;, 300 MHz)
(d,J = 8.80 Hz, 1H), 6.96.79 (m, 1H), 6.4%.40 (m, 1H), 3.98.84 (m, 1H), 3.838.77

(s, 3H), 3.793.73 (s, 3H, 2.912.76 (m, 1H), 2.7€2.55 (m, 1H).**C NMR (CDCl;, 75

MHz ) 17310, 163.1, 158.7, 146.7, 144.7, 133.8, 131.8, 130.0, 129.2, 122.7, 121.2,
114.3, 57.4,56.6, 55.3, 51.8, 43.0, 30.8R: 2920(m), 2840(m), 1735(m), 1598(m),
1511(s), 1440(m), 1353(m), 48(s), 1176(m) cm. HRMS (ESI) M/Z+ Calc. 393.9841,

Obs. 393.9869.

Methyl 7-oxo-4-phenyl-4,5,6,#tetrahydrobenzol[b]thiophene-6-carboxylate (11-49):

A solution containing In(OT§)(5.2 mg, 9.24 pmol) in DCE was addeygtclopropandl -

48 (0.050 g, 0.19 mmol) and the reaction was heated to reflux. The reaction was
guenched after 6 h, followed by general work up, and column chromatography (15%
EtOAcHex, R 0.25) providedl -49 as a solid (0.041 g, 824). ([Diastereomdc ratio

2.3:1) HNMR (CDCl, 300 MHZ)p0 (i, 1.26), 7.%925 (m, 5.26), 7.25

6.98 (m, 6.06), 4.78.48 (m, 0.42), 4.32 (dd, = 11.93, 4.36 Hz, 1.00), 3.8854 (m,
13.78), 3.062.63(m, 4.33), 2.62.31 (m, 4.05)°C NMR (CDCl;, 75 M&'5) U

170.3, 160.7, 142.4, 136.4, 135.2, 134.9, 129.8,912827.8, 125.0, 124.9, 54.8].9,
118
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40.7, 37.2IR: 3030(w), 2957(w), 2840(w), 1737(s), 1671(m), 1409(m), 1399(s)'cm

HRMS (ESI) M/Z+ Calc. 286.06640bs. 286.0674.
O O
MeO ‘ N\
(0]

Methyl 4-oxo-7-phenyl-4,5,6, #tetrahydrobenzofuran-5-carboxylate (I1-49).
According to the general procedure, a solution containing In¢@I2.4 mg, 0.23 pumol,
5 mol %) was added cycloproparie-48k (0.12 g, 0.44 mmol)The reaction was
guenchedafter 6 h, and column chromatography (20% Et®#x, R; 0.25) providedI -
49k as a solid (M99 g, 82.%6). (Diastereomeric ratio 1.2)1 *H NMR (CDCls;, 300
MHz) 47.20 (@, 545 7.11 (dd] = 7.98, 1.57 Hz, 1H), 7.02 (dd,= 7.78, 1.77 Hz,
1H), 4.44(dd, J = 6.35, 5.92 Hz, 1H), 4.21 (dd, = 10.39, 5.78 Hz, 1H), 3.67 (s, 3H),
3.66 (s, 3H), 3.68.49 (m, 1H), 2.84 (g, 1H), 2.6547 (m, 1H), 2.442.23 (m, 1H) ).
¥C NMR (CDCl, 75 M8Bz) 1702, 166.7, 143.8, 139.1, 128.9, 127.7, 121.4,
106.8,54.4, 52.5,51.5, 41.1, 38.7, 36.0, 35.8R: 3121.1 (w), 2937.3(w), 1772.0 (s),
1729.7(s), 1684.0(m), 1605.2(w), 1583.6(m) triiRMS (ESI) Calc. 270.08920bs.

270.0893.
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Methyl 4-methyl-7-oxo-4-phenyl-4,5,6, #tetrahydrob enzo[b]thiophene6-carboxylate
(I1-49). According to the general procedure, to a solution containing In§@a.)6 mg,
0.125 umol) was added cyclopropahe48l (0.075 g, 0.25 mmol)The reaction was
guenched after 4.5 h, and column chromatography (18%A&Hex, R: 0.25) provided
I1-49] as a solid (0.053 g, 71.0 %Diastereomeric ratio 2:1 *H NMR (CDCls, 300
MH z )7.91i (dd,J = 3.86, 1.09 Hz, 1H), 7.84.75 (m, 1H), 7.7&.67 (m, 1H), 7.44
7.25 (m, 2H), 7.247.09 (m, 1H), 7.1%6.93 (m, 1H), 4.32 @ J = 9.84, 9.00 Hz, 1H),
3.763.67 (s, 3H), 3.38.06 (m, 1H), 2.82.38 (n, 1H), 1.831.79 (s, 3H).**C NMR
(CDCl, 75 NI875,)1704, 157.5, 144.6, 135.5, 128.6, 128.3, 127.7, 126.9, 126.8,
126.3, 126.2,125.0,52.3, 51.8, 43.5, 42.1, 29.5R: 3002 (w), 2951(w), 2923(w),
1721(s), 1682(s), 1661(s), 1515(w), 1444(s) 1410(m).dHRMS (ESI) M/Z+ Calc.

300.0820 Obs. 300.0830.

MeO S
W

Methyl 4-0x0-5,5a,10,10aetrahydro-4H-fluoreno[2,1-b]thiophene-5-carboxylate
(I1-49m). According to the general procedure, a solution containing Ingd#fy1 mg,
8.38 umol) was added cyclopropatie48m (0.050 g, 0.17 mmol)The reaction was
guenched after 6 hours, and column chromatography (15% BHBRAcR: 0.25)
providedIl -49m as a satl (0.043 g, 87.0 %)H NMR (CDCls, 300 M™MBA@dJ U
= 3.86, 1.18, 1.18 Hz, 1H), 7.7662 (m, 1H), 7.50 (tdJ = 8.63, 3.74, 3.74 Hz, 1H),

7.457.31 (m, 1H), 7.377.05 (m, 1H), 6.9%.81 (m, 1H), 4.10 (s, 1H), 3.9262 (m,

1H), 3.623.41 (m, IH)®C NMR (CDCl;, 75 MHz) U 185.6, 168.
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135.1, 133.3, 132.6, 128.4, 126.3, 12523.6, 121.1, 57.7, 52.8, 40.R: 2930 (m),
2847(w), 1737(s), 1664(s), 1959(s), 1595(w), 1413(m), 1254(s), 1207(s), 1147(s),

1087(s) cmit. HRMS (ESI) M/Z+ Calc. 298.06700bs. 298.0697.

o)
S CO,Me
N
TBDPS
Methyl 4-((tert-butyldiphenylsilyl)methyl) -7-oxo-4,5,6, #tetrahydrobenzo[b]

thiophene-6-carboxylate (I1-49n). According to the general procedure, a solution
containing In(OTf) (12.1 ng, 0.21 pmol, 30 mol %) was added cyclopropdnd3n

(0.10 g, 0.429 mmoljThe reaction was quenched after 6 h, and column chromatography
(20% EtOAcHex, R 0.25) provided I1-49n as a solid (0.071 g, 71.0 %).
(Diastereomeric ratio 2.4 *H NMR (CDCk, 300 MH z }7.62i(m, B.34),5.60

7.53 (d,J = 5.05 Hz, 2.15), 7.48.29 (m, 14), 7.17.00 (dd,J = 8.49, 5.31 Hz, 1.69),

6.79 (d,J = 5.02 Hz, 0.65), 3.78.66 (d,J = 4.46 Hz, 2.23), 3.68.58 (m,1.09), 3.60

3.54(s, 2.46), 3.38.00 (m, 2.92), 2.39.98 (m, 1.39), 2.14.76(m, 4.81), 1.72.36 (n,

5.62), 1.150.99 (m, 18.39)*C NMR (CDCl;, 75 MHz) U 187. 7, 18¢
136.1, 136.0, 135.9, 135.9, 134.9, 129.6, 129.5, 129.4, 128.0, 127.9, 127.8, 127.7, 127.6,
52.2,51.1, 30.6, 27.8, 27.7, 1B IR: 2926.6, 2854.9, 1741.5, 1677.6, 1457.6, 1426.6,

1274.9, 1260.1 cih HRMS (ESI) Calc. 462.1719 Obs. 462.1681.

OH

COzMe
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Methyl 4-hydroxybenzofuran-5-carboxylate (11-490). According to the general
procedure, a solution coméang In(OTf); (11.8 mg, 0.21 umol) in C¥l, was added
cyclopropandl -48p (0.10 g, 0.4%2 mmol). The reaction was quenched after 24ahd
column chromatography (15% EtOAt#x, R: 0.25) provides the produdt-490 as a

white solid (0.081 g, 81%). All data matches literature.

2.8.2.6Tandem Cyclopropanation-Formal Homo-Nazarov Cyclization

O
CO,Me
o N Rhaesp,, |
\ 2 4-methoxystyrene
\ OMe »
OMe

To a flame dried flask containing Rsp (6.00 mg, 7.93 pumol) and In(OTf)
(2.01 mg, 1.79 pmol) in DCM (2 mL) was addeenéthoxystyrene (@06 g, 0.793
mmol ) at 0 AC. Af t ediazo®steih {5t (Ot2@0sy, 1.02mnmop | ut i o
in DCM (2mL) was added to the flask. The ice bath was removed after 10 minutes and
the reaction was allowed to warm up to RT. The reaction was quewtthedater after
12 hours, extracted with DCM (3x), dried with J$&,, and column chromatography

(10% EtOAc/hexane, M.15) affordedl -49d as a solid (0.060 g, 56.6%).
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CHAPTER 3

SYNTHESIS OF HYDROPYRIDO[1,2-a]INDOLE -6(7H)-ONES VIA
AN INDIUM (Il) -CATALYZED TANDEM CYCLOPROPANE RING -

OPENING/FRIEDEL -CRAFTS ALKYLATION SE QUENCE""

3.1. HYDROPYRIDOJ[1,2-a]INDOLES IN NATURE

A common motifpresent in an astonishing variety of natural products endowed
with potent and multiform biological activities anindole nucleus annulated to carlow
heterocyclic ring(s}® A large number of indole compounds aae the foréront as
pharmacologicallhactive lead compounds for drug discovery and development
proceses At present, more than 2000 indole alkaloid natural prodbhetge been
characterized which encomasses simple and more compl&nctionalized indole
derivatives’ Among [a]-annelated systems, the hydropyridofa]dole skeletonl{l -1)
and, more specifically, its C(@xidized cogenersll( -2) are key structural motifs that
appear in the core structures of an impressive number of natacallyring indole

alkaloids and pharmactcally relevant compounds (Fige3.1).

¥ his work was performed in collaboration with Marchello A. Cavitt, a fellow graduate student and Paul
Grzybowski an undergraduate student in the France research group.
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In 1818, Pelleter and Caventoureported the first isolation of the bioactive
pentacyclic alkaloid strychningll(-3) from Srychnos ignatif Vincaalkaloids comprise
a largenumberof biologically active, naturallyoccurring baseisolated from several
plants of the Vinca species. For example, vincaminell(-4) possesses strong
antihypertensive and sedative propertfesVinpocetine (Il -5)'' exhibits strong
cerebravascular, antihypoxic, antiamnesic, antiischemic, and cytoproteeffeets'>*
(-)-Eburnamonine Il -6) and (x}vindeburnol (Il -7) shows strang vasodilation
activity.” The structurally relatethcamanalkaloids represented by tacamitié {8), and
tacamonine I{l -9) show potential hypotensive and cerebral vasodilation effetfs.
Indole alkaloids mersicarpingll(-11),*° leuconoxine Kl -14),"” and arboloscinell( -
13)'8 are isolated from the plants of gerkispsia Novel pentacyclic indole alkaloids,
tronocarpine I{l -10)*° and dippinine I{l -12)?° are isolated from the plants of the genus

Tabernaemontana(-)-Goniomitine (Il -15) isolated from the root bark aBonioma

Malagasyhas shown strong antitumor activity against several types of cancer cefflines.
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A ~
COzMe\ MeO,C
(+)-vincamine, lll-4 vinpocetine, lll-5 (-)-eburnamonine, 1lI-6
COzMe
tacamine, 111-8 tacamonine, 11I-9 tronocarpine, 1lI-10
COzMe
A\
N COzMe
HO
mersicarpine, lll-11 dippinine, llI-12 arboloscine, 13 leuconoxine, lI-14  (-)-goniomitine, lll-15

MM

e

0 hydropyrido[1,2-aJindole, 1lI-1
-2

Figure 3.1. Representative Hydropyrido[1,2-a]indole Containing Natural Products

3.2.SYNTHESIS OF FUNCTIONALIZED HYDROPYRIDO[1,2 -a]INDOLES

Owing to hydropyrido[1,2a]indoles existence ina wide variety of natural
productsand moleculesvith interesting biological properties, extensive efforts have been
devoted towards the synthesis of functionalized annulated indoles. The majority of
synthetic approaches to constrtiese skeletons begin wigimindole frameworkandthe
piperidine ring vas installed through transitiometatcatalyzed @C bond formatiorf?
intra/intermolecular catrensation$? radical cyclization$? nucleophilic substitution$,
acidtinduced cyclization§® cycloadditions’’ PausorKhand reactioné® and domino

reactions”” Due to the sheer number of strategies reported, the following section grovide
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a lrief overview of some representative approaches to pydidn[1,2-ajindoles with an

example given for each synthetic route.

3.2.1.TRANSITION METAL -CATALYZED C -C BOND FORMATION

In 2007, the Zhang group elegantly presented Ptcatalyzed synthesis of
sulstituted indoles fused to cyclic keton@&gure 3.2F%° N-(2-alkynylphenyl)lactams
[Il -16 were heated to reflux in @chloroethane in the presencecatalytic amounts of
PtClL under an atmosphere of,@ furnish annulated indole product8l -17. This
reactionproceeds throudgan intramolecular insertioat oneend of the &C triple bond
into the lactam amide bonalith concurrent 1,zacyl migration of the substituent on the
triple bond When reactions were performed using either P&l under nitrogen
atmosphere, increasedantion time was observed. Studies indicated that the reaction
time was shortened upon the use of OGhe Zhang group also demonstrated that the
reaction works well when alkyl, cycloalkanes, aryl, and alkenyl groups were present at
the alkyne terminus. Theeaction did not show any electronic effect from the substituent
of the benzene ring on the product outcome. This chemistry was also extendeado 4

6-membered lactams.

o)
N f\hn PtCl, (10 mol%) N
R - il )n
| R ] /
ZN 0, (1 atm) %
Ny DCE, reflux R
m-16 1-48h m-17

n= 0, 85% vyield; n= 1, 50-95 % yield; n= 2, 45 % yield

Figure 3.2. PtCl, Catalyzed Cycloisomerization of N-(2-Alkynylphenyl)lactams
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3.2.2.INTRA/INTERMOLECULAR CONDENSATIONS

In 1998, Skiboet al. designed a system that could forntyalopropyl quinone
methide from a pyrrolo[1;2]-fused systemupon reduction of the quinonén the
continwation of their effort, the Skibo group utilizeplyrido[1,2-a]-fused system to
develop cycloprog quinone methide reductive alkylaginagents®® The required
annulated pyrido ring producthl -19 were synthesized by condensation of inddlel8

w i t-lutyrolactone followed by dehydrative cyclizatiomsing hot polyphosphoriccal

(Figure 3.3)
i) K,CO3, DMAC
H O
/ _— >
:i:;( (@]
MeO .. MeO
Me i) PPA Me
-18 N1-19, 91% yield

Figure 3.3. Pyrido[1,2-a]indole Synthesis via an Intermolecular Condensation Reaction

3.2.3RADICAL CYCLIZATION APPROACH

A more common approach in the synthesis of hydropyridedliriole
compounds is the construction of then@mbered ring via a radical cyclization. More
recently,the Kerr groupdemonstrated thatility of this route to generate lghnulated
indole/pyrroles.?*® A variety of N-acylated or alkylated indoles/pyrroles were subjected to
oxidative cyclization withexcessMn(OAc); in methanol to furnish productdl -21 in
high yields(Figure 3.4) However, the sbstraé derived from indol8-carbaldehydadid
not cyclize undethe optimized conditionsThe reaction is postulated to proceed through

the oxidation of a malonic enolate derived frdih-20 to yield a malonic radical
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Cyclization onto the position of an ind® or pyrrole yields a resonance stabilized
radical which undergoes further oxidation to carbonium ion. Aromatization via proton
loss gives the produtil -21. Further studies showed that indolines can also be employed
as substrate to form Ighnulated pyducts ina onepot fashion To showcase the
application of the methodhe tetracyclic core of tronocarpirld -22 was synthesized. In

2008, his sequence was first appligdthe successfubtal synthesis afmersicarping*?

X == X
Mn(OAc); R2—
(3 equiv.) N
_— >
R® MeOH, reflux
’ ’ 1 3 3
5 16-24 h R R® R e
R COzl\/le
111-20 l-21, 56 - 82 % yield

tronocarpine core, 111-22

X =0, or H, H; R3= CO,Me

Figure 3.4. Radical Cyclization Route to Pyrido[1,2-a]indole Synthesis

3.2.4.NUCLEOPHILIC SUBSTITUTION APPROACH

The Okda group reported the application of nucleophilic substitution approach
towards the synthesis of (d)hydroeburnamenine Il -25 and ()-
epidihydroeburnameninil -26 natural products in 2004 (Figure 3% Whenmesylate
[l -23 was treated wittNaOH in THEF it readily formedN-alkylated pentacyclic product
[l -24 in 88% yield.Reductio of lactamlll -24 was then performedith LiAIH 4 in THF
atr e pta providelll -25 in 91% vyield. Similarly, @duction of another isomef Ill -24

usingan excesamount of NaBHTFA in dioxaneaffordedlll -26in 87%yield.
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NaOH, THF

—_—
rt, 20 min
88% yield
In-24:
R=H NaBH,, TFA N-25, 91% yield

- N = 1=
ll1-23: X= OMs, R'=H dioxane, 100 °C

ll1-26, 87% vyield

Figure 3.5. Synthesis of Pyrido[1,2-a]indoles via a Nucleophilic Substitution Route

3.2.5 ACID-INDUCED CYCLIZATION ROUTES

In their synthetic studies towards tltisco ver y of novel prote
( P K)E<lective inhibitors possessing oral bioavailabifiya potential candidate in the
treatment of diabetes mellitus, the Inabauy designed and synthesizeyrido[1,2-
alindole derivatives’®® An intramolecular PicteSpengler cyclization oiN-alkylated
indole Il -27 in the presence of TFA allowed the formation of-arfhulated indole
derivative 111-28 (Figure 3.6) Ultimately, it was used in the synthesis of

conformationally restricted-anilino-4-(3-indolyl)maleimide derivativedl| -29.
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H

N
CONH, CONH, © ©
i. TFA, H,0 —
S PR VG
N OEt ii. PA/C, H, N —- N
TBDPSO - TBDPSO .
m-27 I1I-28 TeDPSG. M-29

Figure 3.6. Synthesis of Pyrido[1,2-a]indoles by Acid-Induced Cyclizations

3.2.6 CYCLOADDITIONS APPROACHES

The Bodwell groupdeveloped a novel transarar inverse electron demand
Diels-Alder (IEDDA) reaction that utilizes small cyclophanes as key intermediates to
natural producté’® ** When indolophandil -30 was heateavith N,N-dimethylaniline it
formed a pentaayjic pyrido[1,2-a]indole productlll -32, which appears to be well suited
as a precursor to a variety of indole alkalpigsich as strychnineThe reaction
presumably proceedsia an IEDDA reaction to give adductll -31, followed by
expulsion of N in a reto DielsAlder fashion (Figure 3.7) Furthermore Bodwell
disclosed a concise formal synthesis ofgttychnine with an overall yield of 2.6% over

twelve steps. Thus, making it the shortest synthetic route reported to strychnine.
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|
NR' N N\

Ny N.N-dimethylaniline \ N
Ny || >

N heat
N N

100% yield
11-30, R=CO,Me Ni-31

N H

-3 -32

Figure 3.7. Cycloaddition Reaction to Access Pyrido[1,2-a]indole Skeletons

3.2.7. PAUSON-KHAND REACTION APPROACH

The PausoiiKhand reactionis one of the least explored strategies in indole
chemistry More specifically, it remains an uncommon route in the synthesitheof
pyrido[1,2a]indole framework.In 2004 the Pe’re-Castells group demonstrated the
utility of this reaction towards the construction of tetracyclic compounds fased
positions 1 and (11l -35); 2 and3 (Il -34); and 3,3a and (Il -36) of the indole nucleus
(Figure 3.8f® Indoles bearingn alkenyl and alkynyl moietyll -37 was heated in the
presence of GECO)/TMANO to furnishthe 1,2-annulated indole product in high yield.
The group also showed the scope of the reaction by screening snakdeing a wide
variety of alkenyl and alkynyl meties to preide tetracyclic cyclopentenomgoducts in

moderate to high yield. Further studies showed tthettthe starting materials withulky
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groups such as TBDMS or Phthsingle diastereomevas observed. The bulkigroup

is found to be othe sane side as the hydrogenthéring junction(lll -38).

0
d NPhth
O \>n \ %

I1-34 Il 1-37 =
O \ (}j\//g; ICOZ(CO)S (1.1 equiv)

N n C — M TMANO, rt, 75% yield

N1-35 1133 o

S pogt.
0 i‘ , ]

-38

Figure 3.8. Synthesis of Pyrido[1,2-a]indoles by Pauson-Khand Reactions

3.2.8 DOMINO REACTION APPROACH

Domino reactions are considered to be one of the most valuable methods for an
efficient construction of complex skele®in contempoary organic synthesi¢.Wanget
al. reported NHCcatalyzed domino reactisn of 1,1-diactivated FCPs with
salicylaldehyde to generate coumarin skeleféris.a continuation of their studiethe
Wang group developed domino ringopeningfedoxamidation/cyclization reaction of
readily available formylcyclopropane ZXdiesterslll -40 with 2-chloro-1H-indole-3-
carboaldehydedll -39 to generate hydropyrido[1-Aindoles Ill -41 (Figure 3.9)°
Further studies on the reaction scope showed that substituent on the phenyl ring of the
indole significantly affectie reaction yield and conversions. Substrates with an EWG

showed low to moderate yields and conversi@sen 2chloro-1H-benzimidazole was
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found to be suitablsubstrate for theeaction.Finally, the utility of this efficient protocol

was established lgynthesizing the tetracyclic unit of tronocarpitié {42).

=0 R30,C CO,R®
Cat. (40 mol%)
RIC TN ¢+ — R
N R2 CHO DBU, PhMe,
H 40 h
-39 1-40
N\(ﬁ)’Ph NH
Ph— | A\ 0
N o
Cat. IIl-42

Figure 3.9. Domino Reaction in the Synthesis of Pyrido[1,2-a]indoles

Unfortunately, many of these strategies usuailtyvide products in modest yields,

requires high catalyst loadings, amtvolve either extensive multistep segences to

construct the 1;annulated indole ring system or do not allow for a large range of

functionality to be accessed. Therefore, the discovery of a more general and efficient

method for the facile construction of this polycyclic core remains a fobiadgoal for

organic chemistsin the following sectionthe France Lab efforts directeédwardsthe

development of an efficient methodology for the synthesis of densely functionalized

hydropyrido[1,2a]indole skeletonsvill be discussed
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3.3 THE DEVELOPMENT OF INDIUM (lll) -CATALYZED TANDEM

CYCLOPROPANE RING-OPENING/FRIEDEL -CRAFTS ALKYLATION

3.3.1.PRIOR CONTRIBUTIONS MADE BY THE FRANCE GROUP

The previous work from the France group demonstrétat theformal homo-
Nazarov cyclizatiorof alkenyl and bteroaryl cyclopropyl ketonesuld besignificantly

facilitated f the cyclopropanes were functionalized to bear an additional electron

acceptor ( suc h-pasiton @igure8.30f®er ) in the U
o o 0 OH
1 MeO,C
~o R InoTh, ™MeOC RY MMz
= + 152
Ar R2 (30 mol%) R? R
Ar Ar
o O 0
~
X o) X -
A INOTHz 5mol%) - | O
r /
i N R’ ’ %
C DCM, rt N
Neg=in = R1
X = NMe, O, S

Figure 3.10. Formal Homo-Nazarov Cyclization Developed in the France Lab

The successful synthesis of heteroaromatig fused cyclohexanone via the
formal homeNazarov cyclization of heteroaryl cyclopropyl ketones under mild reaction
conditions suggested thaby employing these dona@rcceptoracceptor (BA-A)
cyclopropanes withN-ac y | at ed i n d o-$ystesns, aveuld easilyg generatee

hydropyrido[1,2a]indole compounds.
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3.3.2.SUBSTRATE SYNTHESIS

In order to test our hypothesis, cyclopropane prasill -45 were prepared in
three $eps according to Figure 3.1N-Acylation of an indole with commerciaHy
available methyl malonyl chloride afforded theamidoester ampound IIl -43. Next,
diazo transfer provided}diazoesterlll -44. Lastly, cyclopropnatior* with Rhesp
(bis[rhodium{JUU 6 ;teti@methyll,3-benzenedipropionic acid)]) in the presence of a
requisite  alkene provided the desired methyl-(1H-indole-carbonyl}1-

cyclopropanecarboxylatéd -45 with a overall yieldgover three steps)p to 70%

O O
NaH, 0 °C
NH ————— NMO/
_ methyl malonly _
chloride 11-43 O O
R R
TsN3 Et;N Njkéko/
MeCN PMP
Rhyesp, Me
(0.1 mol %) )SKU\ model substrate, ll-45a
DCM, 0 °C
111-45 \\ ,’ 11-44
Figure 3.11. N-Substituted Indolyl Cyclopropanes Synthesis
Given the 3methytlH-i ndol eds ability to act as

stabilizing ability of4-methoxyphenyl an N-substituted indolyl cyclopropane bearing a
4-methoxyphenyl group was chosen as the model substrate for preliminasyigation.

TheN-substituted indolyl cyclopropanl -45awas synthesized.
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3.3.3 PROOF OF CONCEPT/REACTION OPTIMIZATION

With a diverse set of substrates in hand, it was necessary to find conditions that
allowed for the successful cyclization of the et 1-(1H-indole-carbonyl}1-
cyclopropanecarboxylate®ased onour recent success with In(OTfas an effective
catalystin the formal homeNazarov cyclization reaction of alkenyl and heteroaryl
cyclopropyl ketones, we utilized In(OEf)The model substtalll -45awas subjected to
30 mol% In(OTf) in dichloromethane at room temperatée were delighted to see a

guantitative conversion to the desired hydropyrideHli@dole productlll -46a (Figure

O O
In(OTf)
PMP
Me

lll-45a

3.12).

In(OTf)3 (30 mol%)

DCM, rt, 2 h
_ e
o) <|) ~ o~ “lo
W\ @
N J\o/ S e
-~ )
— \
H
Me  pwmp L Me 7 pyp -
lll-46a, 99% yield aza-cationic intermediate

Figure 3.12. Proof of Concept: In(Ill)-Catalyzed Tandem Cyclopropane Ring-Opening/
Friedel-Crafts Alkylation Sequence
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3.3.4.AN EXAMININATION OF THE REACTION SCOPE AND LIMITATIONS

With promising preliminary reaction conditions identified, the effects of various
aryl/heteroaryl substituents a@onor groups on the cyclopropameere examined. As
mentioned on previous pagsjclopropae 1l -45arapidly cyclized to afford the product
lll -46ain almost quantitative yield with 2.6ttans:cis dr(Table 3.1 entry 1). Likewise,
2-methoxy phenyl cyclopropankl -45b provided productll -46b in 95% yield with
3.2:1dr (Table 3.1, entry 2)Thus, electrordonating groups such as methoxy group in
both ortho- andpara-position favored the reaction, providitige corresponding products
in excellent yieldsNext, to probe the electronic effects of thera-substitutedaromatic
cyclopropanen the eaction outcome, cyclopropanes wiltle phenyl, 4luorophenyl, 4
chlorophenyl and the -ditrophenyl as the EWG donor groupvere synthesized
Disappointingly, when the phenyl derivativél -45c was subjected to theeaction
conditions, the reaction faileid produceany of thedesired produdtl -46c Instead, only
starting material was recovered even afteg reaction tims (>24 h). It was thought that
the use of higher temperature may prove more succe3sfeiefore, the substraté -
45c was heated toeflux in 1,2dichloroethane. As anticipated, it cyclized to provide
corresponding produdtl -46cin 52% yield with 2.6:1dr (Table 3.1entry 3).Similarly,
substrates with electremnithdrawing groups such as F, Cl, and N§doups on theara-
position d the phenyl ringlll -45(d-f) did not provide any of the desired products at
room temperatureHowever, upon subjectinthe substratéo reflux in 1,2-DCE, the
cyclized products were observed. Thdlubrophenyl and 4-chlorophenyl derivatives
furnished cytzed productslil -46d and Il -46e in 48% and 50% vyield, respectively

(Table 3.1entries 4 and 5).
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