IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Graduate Theses and Dissertations . )
Dissertations

2012

Synthesis of Bioactive Nitrogen-Containing
Heterocycles via Aryne Methodologies

Yuesi Fang

Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/etd
& Part of the Chemistry Commons

Recommended Citation

Fang, Yuesi, "Synthesis of Bioactive Nitrogen-Containing Heterocycles via Aryne Methodologies" (2012). Graduate Theses and
Dissertations. 12674.
https://lib.dr.iastate.edu/etd /12674

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F12674&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Fetd%2F12674&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F12674&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F12674&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Fetd%2F12674&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd?utm_source=lib.dr.iastate.edu%2Fetd%2F12674&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=lib.dr.iastate.edu%2Fetd%2F12674&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/etd/12674?utm_source=lib.dr.iastate.edu%2Fetd%2F12674&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

Synthesis of bioactive nitrogen-containing heteobey via aryne methodologies

by

Yuesi Fang

A dissertation to the graduate faculty
in partial fulfillment of the requirements for thegree of

DOCTOR OF PHILOSOPHY

Major: Organic Chemistry

Program of Study Committee:
Richard C. Larock, Co-Major Professor
George A. Kraus, Co-Major Professor
Yan Zhao
Malika Jeffries-EL

Klaus Schmidt-Rohr

lowa State University
Ames, lowa

2012

www.manaraa.com




To my family and everyone who supported me.

www.manaraa.com




TABLE OF CONTENTS

LIST OF ABBREVIATIONS ......ooiiiiiiiiiieeieeeimmmm s vi

CHAPTER 1. General Introduction

1.1. Dissertation OrganiZatiON..............ceeeeereeeeeiiieeeeiieeeeeeeieeeeeeeeeeeeeaeeeeeeeeeaaaaeaaaeeaeeeeeeeees 1
1.2. The Nature Of BENZYNE .........cccooiimmm ettt smmmee e e e 3
1.3. A Brief Review Of Aryne GENEIatioN ......ccccevieeiiiiiiiiiiiiiie e ee e 3
1.4. A Brief Introduction t0 Aryne REACIONS .........uuuumuiiiaieaeea e 4
1.5, CONCIUSIONS ...ttt e e e e e e e e s s e e e e e e e e e aannes 8
1.6, REIEIEINCES ... e ettt e e e e e e e e e e e e e e e e e e s 8

CHAPTER 2. Nucleophilic Addition to 2,3-PyridynedaBynthesis of Benzonaphthyridinones

A I o 11 = T PP PP PP PPPPPPPR 13
2.2, INTTOQUCTION ..ttt e e e e e e e en e e e e e e e e e e e es 13
2.3. RESUIS @Nd AISCUSSION...........uuitieeemeae e e e et e e e e e e eesn e e e e e e e e e e annes 15
2.4, CONCIUSIONS ....eeeeiieeeee ettt ettt e e e e et e e e e e e e eenmmr e et e e e e e e e e e e e eeeas 25
2.5, EXPerimental SECHON ......u ettt e 25
2.6. ACKNOWIEAGMENT.......uiiiiiiiiiee e ermmee et e e e e eees e e e e e e e e naaannes 33
2.7, REIBIEINCES ...t ettt e e e e e e e e e e e e 33

CHAPTER 3. Formation of Acridones by Ethylene Egiom in the Reaction of Arynes with

B-Lactams and Dihydroquinolinones

G T 2N o 1] 1 = (o1 ST 37
2 011 (o Yo 16 (o1 (] o [FU TP 37
3.3. RESUILS AN DiSCUSSION .....eeueei et eeeeeeeet ettt e et e e e e ee e e e e et e e eaermaeeneeenreenreareens 39

www.manaraa.com



3.4, CONCIUSIONS ...ttt ettt e e e e e e e et e e eeess e e e e e e e e e e e annnnnees 50
3.5, EXperimental SECHON .......uuu et 51
1 TSI o] (T 111 =T [ V=T o | PP 64
3.7 REIBIENCES ...t ettt e e e e e e e e e e e e e n e 64

CHAPTER 4. Synthesis oft2Indazoles by the [ 3 + 2 ] Dipolar CycloadditiohSydnones

with Arynes

N I 0] 1 =Tt SRR PP PP PPPPPPPRI 68
i [ 1 0T [ U T i o o I PP PPPPPPPPRPPPPR 68
4.3. RESUILS AN DISCUSSION......ccceiiiiiimmeeeeeee ittt e e e e e s eeseenr e e e e e e e e e e annnnes 70
4.4, CONCIUSIONS ...ttt ettt e e et e e e e e e e e et e e eeess e e e e e e e e e e e e nnnnnnees 83
4.5, EXPerimental SECHON .......uu it 84
ST o] (T 1Vl =T [ 1T o | R 103
O = (=T =] (oL PP PPPPPPPPRPPPP 104

CHAPTER 5. Synthesis of Isoindoles and 9,10-Dihy@lit0-epiminoanthracenes by Aryne

Dipolar Cycloaddition with Miinchnones

T Y 1] 1 =Tt PP PP PP PPPPPPP 110
5.2, INETOTUCTION ...ttt e e e e e e e e e r e e e e e e e e aenne 110
5.3. RESUILS @Nd DISCUSSION......cccceiiiiimemeeee ettt e e e e e s e e s s re e e e e e e e annes 111
5.4, CONCIUSIONS ...ttt ettt e e e e et e e e e e e eas e e e e e e e e e e e annnnees 118
5.5. EXperimental SECHON ...........uuiiiiiieeee et 118
5.6. ACKNOWIEAGEMENT ... oo 127
5.7, REIEIENCES ... et e e e e e e e e 127

www.manaraa.com



CHAPTER 6. General CONCIUSIONS ..........oiimtreae ittt emme e e e e 129
AKNOWLEDGEMENTS ...ttt e e e e e e e e nme e e e e e aeees 131
APPENDIX A. CHAPTER 2H AND C NMR SPECTRA .......cooeioeieeeeeee s 132
APPENDIX B. CHAPTER 3H AND C NMR SPECTRA ........ceiiieeeeeee e 155
APPENDIX C. CHAPTER 4 COMPUTATIONAL DATA'H AND *C NMR SPECTRA........ 175
APPENDIX D. CHAPTER 5H AND 3C NMR SPECTRA ......cociieeieeeeeee e oo 218

www.manaraa.com




Vi

LIST OF ABBREVIATIONS

Atm atmospheres of pressure

Br broad (spectral)

°C degrees Celsius

A chemical shift in ppm

cat. catalytic amount

J coupling constant (spectral)
D doublet (spectral)

Dd doublet of doublets (spectral)
eq. Equation

Equiv Equivalent

G Gram

GC gas chromatography

H Hour

HRMS high resolution mass spectrometry
Hz Hertz

IR infrared spectrometry

M multiplet (spectral)

M Meta

Mg Milligram

Min Minute

www.manaraa.com




vii

mL Milliliter

Mmol Millimole

Mp melting point

NMR nuclear magnetic resonance
O Ortho

OoTf Triflate

P Para

Ppm parts per million

Q guartet (spectral)

Rt room temperature

TMS Trimethylsilyl

TBAF tetrabutylammonium fluoride
TBAT tetrabutylammonium triphenyldifluorosilicate
TFAA trifluoroacetic anhydride
TfOH trifluoromethanesulfonic acid
Td triplet of doublets (spectral)
Tq triplet of quartets (spectral)

www.manaraa.com




CHAPTER 1

General Introduction
1.1. Dissertation Organization

The six chapters of this dissertation exemplify &pplication of aryne chemistry in
medicinally-relevant, nitrogen-containing heterdeysynthesis. The arynes discussed in this
dissertation are generated from Kobayashi's aryaeypsorSthat leads to novel synthetic
methodology. Chapter 1 begins by detailing theaVerganization of this dissertation and
follows with a brief review of arynes, which proeglthe reader with a general understanding of
this highly reactive intermediate and its applicatin various organic transformations.

Chapter 2 is an article publishedTetrahedrorin 2012 (Scheme £). This chapter describes
the chemical reactivity of 2,3-pyridyne in the mese of amines. We have found that amines
attack the 2-position of 2,3-pyridyne exclusivalyatfford the corresponding 2-aminopyridines.
In addition, a series of benzonaphthyridinones Heen synthesized by reacting 2,3-pyridyne
with o-aminobenzoates.

Scheme 1The pyridyne project.

M602C
5
'\ | R R'R2NH (:/‘| Ny TMS R3R*N
N - - 1
N" N 2CsF S-S ot 2 CsF

R2 MeCN, rt MeCN, rt
slow addition slow addition

yields: 36% - 65% yields: 32% - 72%
Chapter 3 describes a project involving the ieaaif -lactams and arynes, which has been
submitted taThe Journal of Organic Chemist($cheme 2). In this process, the aryne inserts

into carbon-nitrogen bond of tifielactam to form a 2,3-dihydroquinolin-4-one, which
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subsequently reacts with another molecule of aryfierm an acridone by extrusion of a molecule
of ethylene. 2,3-Dihydroquinolin-4-ones react unitie same reaction conditions to afford
acridones. This is the first example of ethylexiusion in aryne chemistry.

Scheme 2The reaction of-lactam and aryne.

oTf oTf
T R P
™S Q ™S N N
O F F A =

N

-C,H
P kK 214
-TR
X

Chapter 4 describes a project, which was putdigh®©rganic Lettersn 2016 and inThe

Journal of Organic Chemistrip 2011 (Scheme 3). This project involves a rapid and efficient
synthesis of B-indazoles using a [3 + 2] dipolar cycloadditionsgtinones and arynes. A series
of 2H-indazoles have been prepared in good to excsfields using this protocol, and subsequent
Pd-catalyzed coupling reactions can be appliede¢dalogenated products to generate a
structurally diverse library of indazoles. Thisthmdology has been highlighted$ynfacts

Scheme 3The sydnone project.

3 TBAF 3
Ru_(\;ETMSJr Rzﬂ/\i,' THF, rt _ /R
ANoTH 'u\o 0 -CO, R1©:§NR2

Chapter 5 describes a project soon to be subnfdtguuiblication that details a methodology for
synthesizing B-isoindoles and 9,10-dihydro-9,10-epiminoanthraseneom arynes and
munchnones (Scheme 4).H2soindoles have been generated from arynes andhmones by a
[3 + 2] dipolar cycloaddition process under veryldnieaction conditions. Due to the high
reactivity of H-isoindoles with arynes, 9,10-dihydro-9,10-epimintbaacenes are ultimately
formed in the presence of arynes in good to excejlields.

Scheme 4The munchnone project.
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R2 + TBAF
NN g ——— Rl NR o VYT g
Al THF N N -
R 1
R
RT

Lastly, Chapter 6 makes some general conclusiomstdbe previous chapters.
1.2. The Nature of Benzyne

Benzyne or 1,2-dehydrobenzene is an extremetfiveaspecies due to the nature of its strained
triple bond (see Figure 1). This intermediate cae isolated under most reaction conditions;
thus, it must be trapped situ.  The pair of p orbitals that make up the benzyipée bond are
unlike typical alkyne p orbitals, which are parbteeach other. Instead, one pair of benzyne p
orbitals is parallel to each other (and part ofthgystem), whereas the other pair of p orbiwls i
strained in order to accommodate the triple bortiwithe ring system.

Figure 1. Two pairs of benzyne triple bond p orbitals.
& O

Generally speaking, arynes are thought to be géictrophilic. Thus, a broad range of
nucleophiles are capable of reacting with an argind,this reactivity has been exploited to a great
extent in organic synthesis. Thus, the major tygfesactions, which involve arynes, are briefly
reviewed in section 1.4. Additionally, there agseral excellent reviews that cover various

aspects of aryne chemisfry.
1.3. A Brief Review of Aryne Generation

Benzyne was first proposed by Wittig in 1942d confirmed by Roberts in 1956 A numbers

of methods have been developed to generate arymeesteen. A major method of generating
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arynes involves 1,2-elimination as shown in equustib; 2,'° and 3*. Another strategy that has
been employed for the generation of arynes invadivesetro-cycloaddition of

1-aminobenzotriazoles (eq. 4).

strong

X base X -X
o0 —Q

X=F,Cl, Br, |, OTf

X M
Cr,—CL -0
Y Y

M = Metal: Li, Mg, Zn, Pd, La
X=Cl,Br, |
Y =F, Cl, OTf, OTs

+
CL =0 —O @
CO.H 5 Ny

CO,
€O,

N
CLy = 2 @

NH,

In 1983, Kobayashi first introduced a new mildtinoel for generating benzyne by the
fluoride-induced 1,2-elimination af-(trimethylsilyl)ary! triflates (eq 5§. Synthetic chemists
have been attracted to Kobayashi's method forateenience, efficiency, tolerance of
functional groups, and mild reaction conditions.hu$, aryne chemistry has quickly developed

into a hot field.
Corf
Gy 5 = ) e o
"

1.4. A Brief Introduction to Aryne Reactions

The synthetic applications of arynes are remdyl@diverse, and a large number of aryne
reactions found in the literature can be classiinto several main categories: arylations,
insertions, annulations, and transition metal-gatd reactions.

1.4.1. Arylation Reactions
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Due to the electrophilicity of the aryne triplertal, a number of nucleophiles can react with
arynes leading to arylated products. Kobayashéthiod for aryne formation lends itself
particularly well to arylation reactions, and owogp has reported a mild and efficient method to

achieve this (eq. 6.

AN OTf CsF | AN
R{I + NNH —— Ry ®)
MeCN Z>Nu

Z TS
rt

NuH = amines, sulfonamides, phenols, thiophenols, and arenecarboxylic acids

1.4.2. Insertion Reactions

When the nucleophile is tethered to an electtepttie nucleophilic addition can trigger
subsequent electrophilic trapping of the aryl anleading to a format-bond cleavage. Amide
functionality is one such tethered nucleophile-etgghile pair, where the nitrogen and the
carbonyl group serve as the nucleophile and tharefshile, respectively: One typical example

reported by Greandg shown in equation

TBAT

0
0 TIO_ Toluene
N [ e g
RHN" “R2 % o AT
™S 50°C

Z > NHR!

A C-H unit can act as a nucleophile when it's adfgdo one or two strong
electron-withdrawing groups. Thus, C-C insertigalso possibl& > The insertion of arynes
into Te-Te}® S-S;” Si-Si;*® N-Si,” C-Si?° C-Sn?! Sn-S?* Se-Sé’ I, C-S* C-Cl* and C-G’
bonds have also been reported.

1.4.3. Annulation Reactions

Aryne annulation reactions involve several ddfgrreaction types. One typical reaction
arises when the aryl anion generated by nucleegpdiilack on an aryne is trapped by an
intramolecular electrophile to form a ring struetur This type of aryne reaction can rapidly

produce various heterocycles under mild reactiorditions. For example, the synthesis of

www.manaraa.com



xanthones, thioxanthones, and acridones by thieaddias been reported by our group (eg® 8).
Five-membered ring heterocycles can also be adthigweugh a similar mechanism as shown in

equation &?

COzMe TfO P
™S > ~

X
X=0, S, NMe
o
o OTf CO,Me CsF N R’
RHL + — = gilC X ©
F ™S HoN R? MeCN, rt P H R?

Another type of annulation, which involves 1,®ales, follows a [3 + 2] cycloaddition
mechanism. Many examples with 1,3-dipoles exemtié utility and generality of arynes in
cycloaddition reactions. It is common that 1,3eligs contain heteroatoms. Thus, this
methodology appears to be a useful way to prepanieus heterocycles. For example,
substituted benzotriazoles have been preparededth 2] cycloaddition of azides and arynes
as shown in equation 8. Our group has developed a methodology for the sighof

benzisoxazoles using nitrile oxides (generatesitu from a chloroxime, eq. 1.

OTf
1_:(\/[ PNRE R (10)

™S MeCN, rt
2
oTf Cl__R? R R?
TN Y
R1L + | | + |l — X (n
Ams oM Meont N R'T LN
o- Z 0

Arynes, due to their triple bonds, can also ac dienophile in Diels-Alder reactions. This
method has proven valuable in the constructioruaferous polycyclic systems. When
Kobayashi first introduced his benzyne precursogr was used as the reacting partner to trap
the benzyne generatausitu (eq. 12)> An example of an intramolecular Diels-Alder réawt

can be seen in Danheiser’s work in which a higllydensed polycyclic structure is formed (eq.
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13)%

OTf )
S E
_ O‘a
TMS
Me

Me
N\ N\ Me
f TBAT / TN ‘
TIN  OTf —— | TN — O (13)

\ ™S THF, rt \ S

1.4.4. Transition Metal-Catalyzed Aryne Reactions
The triple bond of an aryne should be able toadioate with a transition metal catalyst.

Kobayashi’s fluoride-induced aryne generation Hiasvad for the development of many useful
transition metal-catalyzed aryne reactions, becatige mild reaction conditions. Palladium
is one of the most widely used metals for catalyzemctions involving arynes. As an early
example reported by Pefa, the use of catalytic atsmf Pd(PPJ), enabled the process of
aryne cyclotrimerization (eq. 14). Many examples of transition metal-catalyzed psses
using aryl halides and catalytic palladium havenbeported” One example involves the
three-component coupling of arynes, an alkyne,aayidhalides to afford a variety of

3:4e

functionally diverse phenanthrenes in good yieéts (5) A useful annulation for the

synthesis of fluorenones is also made possiblatpi@ying catalytic amounts of palladium (eq.

16)>°

R

X
oTf CsF |

= C[ MeCN X & 4
i S
Z>1Ms 10 mol % Pd(PPhs), “

&%

R

(15)

IO~ 5 mol % Pd,(dba)s
R1@I + RR—=—R® + | R4
F CsF

TMS
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o o)
Tfo:@ CsF
N H o+ | R (16)
1
R ™S NF at.pdo) ¢ \ /N

I(Br) R = —IR?

1.5. Conclusions

Arynes have proven very useful intermediatesmumber of important organic
transformations. The chemistry community has veseel tremendous growth in the field of
aryne chemistry since the discovery and utilizabbKobayashi’s method for aryne generation.
The potential application of arynes in organic kgsis is sure to be a very active area of

research for the foreseeable future.
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CHAPTER 2
Nucleophilic Addition to 2,3-Pyridyne and Synthesi®©f Benzonaphthyridinones
Reprinted fronTetrahedror2012 68, 2819, Copyright (2012), with permission from Eige.
Yuesi Fang and Richard C. Lardck

Department of Chemistry, lowa State University, Amé 50011, U.S.A.

2.1. Abstract

M602C
5
'\ | R R'R2NH (:/‘| X RR*N
N - - 1
N" N 2CsF S-S ot 2 CsF

R2 MeCN, rt MeCN, rt
slow addition slow addition

yields: 36% - 65% yields: 32% - 72%
A study of the nucleophilic addition of amines t@B-pyridyne has been carried out. 2-
-Aminopyridines have been generated exclusivelgeAes of benzonaphthyridinones have been

synthesized by reacting 2,3-pyridyne ar@minobenzoates.
2.2. Introduction

Heterocyclic compounds have attracted significatténtion for decades, because of their
considerable biological activity and potential noiol applications. Among the various
heterocycles, benzonaphthyridinones and dibenzangidtinones (Figure 1) are known as
antimicrobial alkaloids, anticancer agenfs,and compounds that can reverse multidrug
resistancé.

Figure 1. A Representative Benzonaphthyridinone and a Dibesyzhthyridinone.
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Me Me

10-methylbenzo[b][1,8]naphthyridin-5(10H)-one  6-methyldibenzo[b,g][1,8]naphthyridin-11(6H)-one

However, synthetic approaches to these hetereey@main limited. Quéguiner reported a
process involving nucleophilic aromatic substitatito afford the benzonaphthyridinone core
(Scheme 1¥.This ring system can also be prepared from 2-(plerino)nicotinic acid using
either the strong acid PPAr microwave irradiatich(Scheme 2). Dibenzonaphthyridinones
have also been synthesized using PPA and a highetaiare’.

Scheme 1Synthesis of Benzonaphthyridinone Involving Nugleitic Aromatic Substitution.

2

O NH o
@\ 1. LDA 1. MnO,, Tol N Spontaneously N
—_—
N" F 2. 0N 2.Hypdc | |N/ N
OHC

Scheme 2Synthesis of Benzonaphthyridinone under Harsh @iond.

(0]
CO,H PPA
DA
“ or microwave >
N NHPh irradiation N ”

Benzyne, a highly reactive intermediate, wad firsposed by Wittijin 1942 and confirmed
by Robert8in 1956. Kobayashi in 1983 reported a novel wagdaerate arynes from silylaryl
triflates in the presence of fluoridéThe Larock group has had an extensive ongoingareise
program in aryne chemistry in recent yeandle have reported nucleophilic addition reactiohs o
arynesl,2 and later, a synthesis of xanthones, thioxanthoaed acridones from substituted
benzoates involving nucleophilic attack on aryrfedipwed by ring closuré® The exciting
possibility of extending this methodology to hetseg” to generate polyheterocycles has now
been examined.

2,3-Pyridyne has been the target of consideralsieareh for decadé3Classic approaches to

www.manaraa.com



15

this interesting intermediate include oxidatioraafaminotriazolopyridiné and a halogen-metal
exchange-elimination sequence starting from 3-br@rebloropyridine and employing a lithium
reagent’ 3-(Trimethylsilyl)pyridin-2-yl triflate (@) has been prepared by Effenberger and its
fluoride-induced desilylation-elimination procesangrating 2,3-pyridyne has been repotfdd.

a classic elimination-addition reaction of 3-haldgine using KNH/NH,'* both 2- and
3-adducts have been reported with the former preuaiing. Fleming reported one example of
the addition of acetic acid to 2,3-pyridyne to fotine 2-substituted produttOne example of
the amination of 2,3-pyridyne has been reporte20id, but not fully investigated.Herein, we
report a study of the nucleophilic addition reatsi@f 2,3-pyridyne and amines, and a synthesis

of benzonaphthyridinones from 2,3-pyridyne anaiminobenzoates.
2.3. Results and discussion

Our initial work began with a study of the nucletighaddition of N-methylaniline to
2,3-pyridyne. The 2,3-pyridyne precursor, 3-(trinydsilyl)pyridin-2-yl triflate, was prepared
using a literature proceddfeand the method was extended to the preparatiorthef
2,3-quinolyne precursor 3-(trimethylsilyl)quinol#wy! triflate (Scheme 3). We first allowed
3-(trimethylsilyl)pyridin-2-yl triflate to react wh 2.0 equiv of CsF and 1.0 equiv of
N-methylaniline in acetonitrile (MeCN) at room temgkaire for 24 h (eq 1). The tertiary amine
N-methylN-phenylpyridin-2-amine was obtained in a 33% yiedthough two possible
regioisomers could be formed in this reaction, weeinfl that nucleophilic attack occurs
exclusively at the 2-position of the 2,3-pyridynend the 2-pyridinylamine was the only

observed product, albeit in only a relatively loielg.
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Scheme 3Preparation of the 2,3-Pyridyne and 2,3-Quinolypnecursors.

Me

X
1.2.2 LDA in THF l —

. o TMS
BN 2.2.2 TMSCI ] X Bu” N7 MBu 2t TMS
L\\\ . | ~ Sy IL\ | Pz

¥7 "N” TOH 3. Stir with SiO, in ethyl acetate e ﬂ 0 Tf,0, CH,Cl, L SN OTE

80% overall yield for 3-(trimethylsilyl)pyridin-2-yl triflate (1a)
36% overall yield for 3-(trimethylsilyl)quinolin-2-yl triflate (1b)

X

o TMS 2CsF |
(\/E +PANHCH; —— = (2N P ™)
N o MeCN .
33% Me

Computational chemists have reported years agotligatumulenic structure (structuBe
Figure 2) is favored for 2,3-pyridyrié,which makes the 2-position more susceptible to be
attacked by nucleophiles. This cumulenic strucaise makes pyridyne extraordinarily reactive,
which apparently results in unexpected side reastleading to a low yield. We have actually
stirred the pyridyne precursor with the fluorideusee in the absence of any other reagents to
check the reactivity and relative stability of mlymne. It appears that the precursor disappears
within an hour, and the pyridyne generated immedifaturns into intractable tars, which we
believe are the major by-products of the pyridyhergistry.

Figure 2. The Cumulenic Structure of 2,3-Pyridyne.

/||:> - /J_
N N

~_ _~ Nu

A B

We have examined a number of different reactiorditimms in an attempt to eliminate any
undesired side reactions and improve the yielthefaminopyridine (Table 1). The yield was not
improved when we changed the solvent (entries 246¢. product was, in fact, totally different
when we used tetrahydrofuran (THF) as the solMenTHF, the THF acted as the nucleophile

apparently attacking the pyridyne first to affohe tfinal ring-opened, amine-containing product
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3aa’ in up to a 58% vyield (entries 7-9, Scheme 4). Vieéd was also not improved when we
tried a different fluoride/base system (entry 10yeaction temperature (entry 11). We did find
that higher yields can be achieved when we chatigedtoichiometry of the reactarita and2a.
Ayield of 50% has been achieved when employingévwds much of the pyridyne precurder
(entry 12). The yield also improved when we reverge ratio oflaand2a (entry 13), although
the improvement was not as large as in the prewass (44% vs 50% in entry 12). Since the
pyridyne precursor is less readily available tham amine, we decided to employ an excess of
the amine in all further studies. However, thedidid not increase further when we used 3 equiv
and 4 equiv oRa (entries 14 and 15). The vyield did, however, re4@to when we diluted the
reaction solution (entries 16 and 17). It appebhed the pyridyne itself is so reactive that it
causes side reactions. Thus, a lower concentrafipyridyne appears to reduce unwanted side
reactions.

Table 1. Optimization of the Nucleophilic Amination of 2B¢ridyne®

S ™ . L
EI + PhNHCHS P
P N

N,Ph
N~ "OTf I\Ille
1a 2a 3aa
la 2a fluoride T (°C)ltime  yield”
entry solvent (mL)
(equiv)  (equiv) source (equiv) (h) (%)
1 1 1 CsF (2) MeCN (4) rt, 24 33
2 1 1 CsF (2) DME (4) rt, 24 18
3 1 1 CsF (2) DMF (4) rt, 24 trace
4 1 1 CsF (2) MeCN (3)/Tol (1) rt, 24 32
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Table 1 continued

5 1 1 CsF (2) MeCN (2)/Tol (2) rt, 24 30
6 1 1 CsF (2) MeCN (1)/Tol (3)  rt, 24 29
7 1 1 CsF (2) THF (4) rt, 48 36"
8 1 1 CsF (2) THF (4) 50, 24 %8
9 1 1 TBAF (2) THF (4) rt, 24 trace
CsF
10 1 1 MeCN (4) rt, 24 35
(2)/CsCO; (2)
11 1 1 CsF (2) MeCN (4) 0—rt, 24 31
12 2 1 CsF (4) MeCN (4) rt, 24 50
13 1 2 CsF (2) MeCN (4) rt, 24 44
14 1 3 CsF (2) MeCN (4) rt, 24 43
15 1 4 CsF (2) MeCN (4) rt, 24 43
16 1 2 CsF (2) MeCN (8) rt, 24 49
17 1 4 CsF (2) MeCN (8) rt, 24 49

2 All reactions were carried out on a 0.25 mmol ecalsolated yield® The pyridyne precursor
remained unreactefiProduct3aa’.

Scheme 4Nucleophilic Attack of THF and the Formation ofr@pound3aa’.

PhNCH,

S .
@| o) . PANHCH; [ ] ) @
3aa’

A second round of optimization has been carried lbased on the idea that a lower

concentration of pyridyne reduces side reactioabler2). We prepared a solutionlafin 4 mL
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of MeCN (solution A) and a solution & and CsF in 4 mL of MeCN (solution B). Solution A
was slowly added to solution B by using a syringenp over a long period of time. We found
that the yield improved significantly (compare gritrand entry 2), because of the slow addition.
The loading oRa was subsequently reduced to 1 equiv, which didaffett the yield very much
(entry 3). A longer addition time also did not irape the yield (entry 4). Therefore, we decided
to use this optimized slow addition approach (eB)rin all further investigations of this process.

Table 2. Further Optimization of the Nucleophilic Aminatiofi 2,3-Pyridyné.

S ™ . L
+ pZ
EI PhNHCH;
P N

N,Ph

N~ "OTf I\Ille

1a 2a 3aa
entry la(equiv) 2a(equiv) solvent (mL) time (h) yieli(%)
1 1 2 MeCN (8) 24 49
2 1 2 MeCN (4+4) 8+16' 66
3 1 1 MeCN (4+4) 8+16' 65
4 1 1 MeCN (4+4) 12+12 65

2 All reactions were carried out on a 0.25 mmol swaith 2 equiv of CsF at room temperatdre.
Isolated yield® A solution oflain 4 mL of MeCN (solution A) and a solution 24 and CsF in 4
mL of MeCN (solution B) were prepared separateSolution A was slowly added to solution B
with a syringe pump over a period of time; the hasgy solution was stirred for an additional
period of time.

A number of 2-pyridinylamines have been syntheskaedeacting 2,3-pyridyne with a number
of simple amines (Table 3). As can be seen, botlorekary and tertiary amines have been

obtained. However, tertiary amine products have been observed in the reaction of
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2,3-pyridyne and primary amines (entries 2-8). lgafts, such as iodine, can be tolerated under

our reaction conditions to afford the correspondiagpgenated products (entries 3 and 4). Both

an electron-rich (entry 5) and an electron-deficianiline (entry 6) have reacted well with

pyridyne, although the electron-deficient anilileel ko a lower yield. The yield was somewhat

lower when the amine bears a sterically bulky groegt to the amino group (entry 7). Aliphatic

amines react as well under our reaction conditiorafford the corresponding products (entries 8

and 9). The quinolyne precurshio reacted in the same fashion, again tolerating@gka (entry

10). Unfortunately, we failed to achieve ethersaisatisfactory yield by reacting 2,3-pyridyne

and phenols due to the lower nucleophilicity of gewy than nitrogen.

Table 3. Synthesis of 2-Aminopyridines from 2,3-Pyridynelafarious Amines.

s A A TMS
! | + R'R2NH
Oso L =

SR
R2

>SN oTf
slow addition
1 3
aryne yield"
entry amine product
precursor (%)
™S ~
Cr PhMeNH P P
1 N~ "OTf l\llle 65
la 2a
3aa
X
PhNH, L AP
2 : 58
2b 3ab
I ~ |
|
HZND N Njlij
3 . 57
2c
3ac
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Table 3 continued

4 64
2d 3ad
Me | N Me
HZNQ - NQ
5 Me H me 61
2e 3ae
NO, N NO,
|
H2N/©/ Nig N/©/
6 H 47
2f
3af
| X
H2N/© NN
7 t-Bu H o teu 46
29 3ag
X
|
HzN/\/Q N/ H
8 60
2h 3ah
Bn,NH le o
9 ’ 57
2i 3ai
TS Br X Br
| L
N ot HzN/©/ N ﬁ/©/
10 36
1b 2j .
) 3bj

& All reactions were carried out on a 0.25 mmol eegith 2 equiv of CsF at room temperature. A

solution of1 in 4 mL of MeCN (solution A) and a solution &fand CsF in 4 mL of MeCN

(solution B) were prepared separately. Solutionaswlowly added to solution B with a syringe

pump over 8 h, the resulting solution was stirtada additional 16 I.Isolated yield.

Next, a

polycyclic system has been achieved bytirea@,3-pyridyne and-aminobenzoates.
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In this process, a plausible mechanism is propas&theme 5. The deprotonated (Scheme 5,
Route A) or neutral amino group (Scheme 5, RoutatBcks the 2-position of the pyridyne,
generating a carbanion, which is then trapped nmbtacularly by the ester group of the
o-aminobenzoate to form the benzonaphthyridinone.

Scheme 5Proposed Mechanism for the Formation of Benzorgypiainone.

MeO
MeOQC

£ 6P

MeO MeO,C O_ OMe
X
Route A RHN Route B | .
N~ N
& H
OMe o
'OMe A
| - +
N"N

é\H

Using this basic process, a variety of benzonaptuimpnes and a dibenzonaphthyridinone
have been synthesized from 2,3-pyridyne and 2,B8ajyme using our slow addition reaction
conditions (Table 4). It is worth noting that primeaamines led to a complex mixture in this
chemistry; therefore, only secondary amines havenbemployed for this synthesis.
N-Methylbenzonaphthyridinone has been synthesizedh imodest 56% vyield by reacting
2,3-pyridyne and methyl 2-(methylamino)benzoatdrgem). N-Allylbenzonaphthyridinone has
been generated from the correspondik@llylamino)benzoate in a 48% yield (entry 2). ldab
from chloride to iodide are tolerated under ourctiea conditions (entries 2-6). The yields are
moderate in these cases. It is interesting to coeneatries 3-5 and entry 6, where we observe

that the yield is higher when the halogen atompara to the ester group of the benzoate. This
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trend is more obvious in entry 7, where an eleewaghdrawing group is presemtara to the

ester group, which makes the ester group moreref#utic, leading to a higher yield. A tertiary

amine (entry 8) reacted as well as the secondaigesmaffording the same produgda as in

entry 1. This example shows that the neutral aniiself is nucleophilic enough for this

transformation to take place (Scheme 6), suggestiagRoute B in Scheme 5 is perhaps more

favorable. 2,3-Quinolyne reacts the same way apy@lyne, and the dibenzonaphthyridinone

5bahas been formed by reacting the quinolyne wilientry 9).

Table 4. Synthesis of Benzonaphthyridinones and a Diberduthgridinon€’,

o]
PN TMS  MeO,C .
’a X X - X
L | _ + | _R3 —>|r | | _R3
S USNTNoTE RIRNT N MeCN, rt S NN
slow addition "?1
1 4 5
aryne yield"
entry amine product
precursor (%)
o}
(\/ETMS MeO,C N
» ) ®
N OTf MeHN N N
1 Ve 56
la 4a
Saa
MeO,C Q
]@ ®
HN Br N N Br
2 ﬁ K 48
4b 5ab
o}
MeO,C | N |
T ®
MeHN N N
3 Me 53
4c
5ac
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Table 4 continued

MeOZCD/Br
MeHN

4
4d
MeO,C cl
5 MeHNj@/
4e
MeO,C
6 MeHND\Br
Af
MeO,C
7 MeHND\COZMe
49
MeO,C
8 MeZN]@
4h
~TMS MeO,C
|
9 N ot MeHNj@
1b 4a

N” "N CO,Me
5ag
0]
LD
|
NN
Me
X
—

5aa

(0]
Me

5ba

52

48

66

72

50

32

& All reactions were carried out on a 0.25 mmol eeeith 2 equiv of CsF at room temperature. A

solution of1 in 4 mL of MeCN (solution A) and a solution dfand CsF in 4 mL of MeCN

(solution B) were prepared separately. Solutionaswlowly added to solution B with a syringe

pump over 8 h, the resulting solution was stirtada additional 16 I.Isolated yield.

Scheme 6The Reaction of 2,3-Pyridyne and Methyl 2-(Dimddmgino)benzoate.
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We have also tested a 2-hydroxybenzoate and a Gaptebenzoate in this annulation process
(Scheme 7). Again, the phenol group did not reaast with the pyridyne apparently due to its
lower nucleophilicity, while the sulfur-containimmplyheterocyclésai has been formed from the
2-mercaptobenzoate, but in only a 34% yield.

Scheme 7The Reaction of 2,3-Pyridyne and 2-Hydroxy- andi@-captobenzoate.

N TMS MeO,C 2 CsF
| + _— > | X
/
N” OTf HX MeCN, rt -
slow addition N X
1a X = 0; trace
X =S§; 5ai, 34%

2.4. Conclusions

Some nucleophilic amination reactions of 2,3gyme and 2,3-quinolyne have been studied.
We have found that nucleophilic attack of the amipnecurs at the 2-position of
2,3-pyridyne/2,3-quinolyne exclusively, which is nststent with previous computational
conclusions. 2,3-Pyridyne and 2,3-quinolyne appedre so reactive that they cause unwanted
side reactions. A slow addition procedure has teen employed to reduce the side reactions. A
variety of 2-pyridinylamines have thus been pregawsing primary and secondary amines.
When secondary and tertiaryo-aminobenzoates are employed in this process,

benzonaphthyridinones can be synthesized in rebkoyilds.

2.5. Experimental section

General information. All reagents purchased from commercial sourcegwsed as received.
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The solvent THF was distilled over Na/benzophendmhydrous toluene and MeCN were used
as received. The aryne precursors were prepareudaag to a literature procedut&Silica gel
for column chromatography was supplied as 230-488mirom commercial source. Powdered
CsF was used as received and stored in a desiccator

All melting points were measured and are uncortectdieH and**C NMR spectra were
recorded and are referenced to the residual sosignals (7.26 ppm foiH in CDCk and 77.2
ppm for'*C in CDCE).

All aryne nucleophilic addition reactions and aratioins were carried out in oven-dried
glassware and were magnetically stirred. A nitrogémosphere was not used, except that a
balloon of nitrogen was attached to the reactiaskilto allow for the extra volume of added
solution. A syringe pump was employed for the séldition reaction conditions.

Preparation of pyridyne and quinolyne precursors.These aryne precursors were prepared
following the literature procedur&.

3-(Trimethylsilyl)pyridin-2-yl triflate (1a). Colorless oil*H NMR (300 MHz, CDCJ) & 8.33
(dd,J= 4.8, 2.1 Hz, 1 H), 7.92 (dd,= 7.2, 2.1 Hz, 1 H), 7.31 (dd,= 7.2, 5.1 Hz, 1 H), 0.37 (s,
9 H).

3-(Trimethylsilyl)quinolin-2-yl triflate (1b). Colorless oil: R = 0.33 (20:1 petroleum
ether/EtOAC)*H NMR (400 MHz, CDCJ) § 8.36 (s, 1 H), 7.98 (d = 8.4 Hz, 1 H), 7.85 (d] =
8.4 Hz, 1 H), 7.76 (td) = 7.6, 0.8 Hz, 1 H), 7.59 (8,= 7.2 Hz, 1 H), 0.43 (s, 9 H*C NMR
(100 MHz, CDC}) 6 158.6, 148.8, 146.3, 131.4, 128.5, 127.7, 1272%,4, 124.4, 118.8 (GF
123.6, 120.4, 117.2, 114.1), -1.2; LRMS (El) 349(MRMS (EI) calcd for GH1FsNO;SSi (M)

349.0416, found 349.0422; IR (KBr, &)n3064 (w), 2959 (m), 2904 (w), 1590 (m).
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General procedure for the synthesis of 2-pyridinylenines. To an oven-dried 4 dram vial
equipped with a stir bar were added 0.25 mmol ofnanand 76 mg of CsF (0.5 mmol, 2.0
equiv). MeCN (4 mL) was added and the vial waseskalith a rubber septum equipped with a
balloon of nitrogen. A solution of 0.25 mmol of agyprecursor in 4 mL of MeCN was prepared
separately, and was added to the reaction viallgloy using a syringe pump while stirring.
After the addition was complete, the reaction migtwas allowed to stir for additional time and
guenched with water, and extracted with EtOAc thmees. The combined organic layers were
washed with brine, dried over pBO,, filtered, and concentrated under vacuum. Thelveswas
purified by column chromatography (petroleum et&&D/Ac) to afford the 2-pyridinylamine.

N-Methyl- N-phenylpyridin-2-amine (3aa). Following the general procedure, this product
was isolated as a yellow oiR; = 0.24 (20:1 petroleum ether/EtOACH NMR (300 MHz,
CDCly) § 8.23 (ddJ = 4.8, 0.9 Hz, 1 H), 7.40 (m, 2 H), 7.30 (m, 2 AR1 (m, 2 H), 6.60 (td]
=6.0, 0.9 Hz, 1 H), 6.53 (d,= 8.4 Hz, 1 H), 3.48 (s, 3 H)C NMR (75 MHz, CDCJ)  159.0,
148.0, 147.0, 136.7, 129.9, 126.5, 125.6, 113.9,4188.6; LRMS (El) 184 (M), 183 (M-H);
HRMS (El) calcd for GHi;N, (M-H) 183.0922, found 183.0928. The structure bist
compound was assigned based on HeNMR coupling pattern and was confirmed by
comparison with the reportétl and*C NMR spectral dat&.

N-Phenylpyridin-2-amine (3ab). Yellow oil: R = 0.11 (20:1 petroleum ether/EtOACH
NMR (300 MHz, CDC}) § 8.21 (dtJ = 5.1, 0.9 Hz, 1 H), 7.49 (td,= 7.8, 1.2 Hz, 1 H), 7.33 (d,
J=4.5Hz, 4 H), 7.05 (m, 1 H), 6.88 (#i= 8.4 Hz, 1 H), 6.82 (s, 1 H), 6.73 (b= 3.6, 0.9 Hz,

1 H); *C NMR (75 MHz, CDCJ) 5 156.2, 148.6, 140.7, 137.9, 129.5, 123.0, 125,21 108.4;

LRMS (EI) 170 (M), 169 (M-H); HRMS (EI) calcd for;@H:0N, (M) 170.0844, found 170.0847.
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N-(2-lodophenyl)pyridin-2-amine (3ac). Yellow solid: mp 65-67 °C;R; = 0.35 (5:1
petroleum ether/EtOAcHH NMR (300 MHz, CDCJ)  8.25 (ddJ = 5.1, 1.2 Hz, 1 H), 7.83 (td,
J=7.2,1.2 Hz, 2 H), 7.52 (td,= 7.2, 1.8 Hz, 1 H), 7.31 (td,= 7.8, 1.2 Hz, 1 H), 6.80 (m, 3 H),
6.65 (s, 1 H);*C NMR (75 MHz, CDCJ) & 155.4, 148.6, 141.3, 139.6, 138.0, 129.2, 124.4,
120.4, 116.1, 109.7, 91.6; LRMS (El) 296 (M); HRNE) calcd for GiHeIN, (M) 295.9810,
found 295.9816; IR (KBr, cit) 3380 (s), 3192 (w), 3012 (m), 2954 (m), 2925 (2§66 (M),
1599 (s), 1573 (m), 1515 (s).

N-(3-lodophenyl)pyridin-2-amine (3ad). Yellow oil: R = 0.33 (5:1 petroleum ether/EtOAc);
'H NMR (300 MHz, CDC}J) § 8.22 (dJ = 4.5 Hz, 1 H), 7.75 (s, 1 H), 7.52 (= 7.8, 1.5 Hz, 1
H), 7.33 (t,J = 8.4 Hz, 2 H), 7.02 (m, 2 H), 6.85 @z 8.4 Hz, 1 H), 6.77 (dd,= 6.9, 5.1 Hz, 1
H); **C NMR (75 MHz, CDC}) § 155.4, 148.5, 142.2, 138.0, 131.5, 130.8, 128.9,0] 115.8,
109.1, 94.8; LRMS (EI) 296 (M); HRMS (EI) calcd f6;HsIN, (M) 295.9810, found 295.9816;
IR (KBr, cm?) 3378 (s), 3190 (w), 3012 (m), 2929 (m), 2860 (1595 (s), 1573 (m).

N-(2,4-Dimethylphenyl)pyridin-2-amine (3ae). Yellow oil: R = 0.22 (2:1 petroleum
ether/EtOAC);*H NMR (300 MHz, CDCJ) 6 8.15 (d,J = 4.2 Hz, 1 H), 7.41 (td] = 7.2, 1.8 Hz,

1 H), 7.25 (tJ = 3.6 Hz, 1 H), 7.08 (s, 1 H), 7.01 (M= 7.8 Hz, 1 H), 6.60 (m, 2 H), 6.31 (s, 1
H), 2.32 (s, 3 H), 2.23 (s, 3 HYC NMR (75 MHz, CDCJ) § 157.5, 148.6, 137.8, 135.8, 134.7,
131.9, 131.3, 127.6, 124.2, 114.4, 107.2, 21.11;A1RMS (EI) 198 (M); HRMS (EI) calcd for
Ci3H14N> (M) 198.1157, found 198.1159.

N-(4-Nitrophenyl)pyridin-2-amine (3af). Yellow solid: mp 167-168 °C (fit 174-176 °C)R
= 0.41 (1:1 petroleum ether/EtOA¢H NMR (300 MHz, CDCJ) & 8.34 (d,J = 4.2 Hz, 1 H),

8.20 (d,J = 9.3 Hz, 2 H), 7.64 (m, 3 H), 6.94 (m, 3 KJC NMR (75 MHz, CDC)) § 153.9,
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148.5, 147.1, 141.4, 138.3, 125.9, 117.6, 116.9,511 RMS (EI) 215 (M), 214 (M-H); HRMS
(EI) calcd for GiHgNzO, (M) 215.0695, found 215.0699.
N-(2-tert-Butylphenyl)pyridin-2-amine (3ag). White solid: mp 122-123 °G% = 0.18 (5:1
petroleum ether/EtOACHH NMR (300 MHz, CDCJ) & 8.16 (d,J = 4.2 Hz, 1 H), 7.46 (d] =
7.5 Hz, 1 H), 7.40 (t) = 7.2 Hz, 1 H), 7.32 (d] = 7.5 Hz, 1 H), 7.20 (m, 2 H), 6.66 {t= 6.0
Hz, 1 H), 6.45 (dJ = 8.4 Hz, 1 H), 6.30 (s, 1 H), 1.41 (s, 9 ¢ NMR (75 MHz, CDC}) 5
158.3, 148.7, 145.9, 138.8, 137.8, 128.8, 127.4,31226.1, 114.3, 107.2, 35.2, 30.8; LRMS (EI)
226 (M); HRMS (EI) calcd for GH1eN, (M) 226.1470, found 226.1475.
N-[2-(Cyclohex-1-en-1-yl)ethyl]pyridin-2-amine (3ah) Yellow oil: R = 0.13 (5:1 petroleum
ether/EtOAC);*H NMR (300 MHz, CDCJ) § 8.08 (dd,J = 4.5, 1.2 Hz, 1 H), 7.42 (td,= 7.2,
1.8 Hz, 1 H), 6.55 (t) = 5.7 Hz, 1 H), 6.37 (dl = 8.4 Hz, 1 H), 5.53 (s, 1 H), 4.50 (s, 1 H), 3.30
(dd,J = 12.3, 6.9 Hz, 2 H), 2.27 ,= 6.6 Hz, 2 H), 1.98 (m, 4 H), 1.60 (m, 4 FiC NMR (75
MHz, CDCk) 6 159.0, 148.4, 137.6, 134.8, 124.0, 112.8, 10@8,37.8, 28.0, 25.4, 23.0, 22.6;
LRMS (EI) 202 (M); HRMS (ElI) calcd for GH;eN, (M) 202.1470, found 202.1474.
N,N-Dibenzylpyridin-2-amine (3ai). Yellow oil: R; = 0.27 (20:1 petroleum ether/EtOALH
NMR (300 MHz, CDC}) 6 8.20 (dt,J = 5.1, 0.9 Hz, 1 H), 7.31 (m, 11 H), 6.58 (ics 5.1, 0.9
Hz, 1 H), 6.45 (dJ = 8.7 Hz, 1 H), 4.79 (s, 4 H}’C NMR (75 MHz, CDCJ) § 158.8, 148.2,
138.6, 137.6, 128.8, 127.2, 127.1, 112.4, 106.10;3RMS (EI) 274 (M); HRMS (EI) calcd for
CioH1gN> (M) 274.1470, found 274.1473.
N-(4-Bromophenyl)quinolin-2-amine (3bj). Brown solid: mp 143-145 °CR = 0.56 (2:1
petroleum ether/EtOACHH NMR (400 MHz, CDCJ) & 7.94 (d,J = 8.8 Hz, 1 H), 7.80 (d] =

8.0 Hz, 1 H), 7.61 (m, 4 H), 7.46 (@= 8.8 Hz, 2 H), 7.32 (] = 7.2 Hz, 1 H), 6.90 (d] = 8.8
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Hz, 1 H), 6.75 (s, 1 H)**C NMR (100 MHz, CDGJ) § 153.8, 147.6, 139.6, 138.0, 132.2, 130.1,
127.6, 127.1, 124.4, 123.7, 121.6, 115.2, 112.2MBR(El) 299 (M); HRMS (EI) calcd for
CysH1BrN, (M) 298.0106, found 298.0111.

N-Methyl- N-[4-(pyridin-2-yloxy)butyl]aniline (3aa’). Yellow oil: R = 0.49 (20:1 petroleum
ether/EtOAC)H NMR (400 MHz, CDCJ) § 8.14 (d,J = 4.0 Hz, 1 H), 7.54 (td] = 10.0, 4.0 Hz,

1 H), 7.20 (m, 2 H), 6.84 (m, 1 H), 6.69 (m, 4 K31 (t,J = 6.0 Hz, 2 H), 3.38 (] = 8.0 Hz, 2
H), 2.93 (s, 3 H), 1.77 (m, 4 HC NMR (100 MHz, CDGJ) 5 164.1, 149.5, 147.0, 138.7, 129.3,
116.7, 116.2, 112.4, 111.3, 65.7, 52.7, 38.5, Z89/; LRMS (ESI) 257 (M+H); HRMS (ESI)
calcd for GeHxN,O (M+H) 257.1648, found 257.1654; IR (KBr, 4n3091 (w), 2945 (m),
2884 (m), 2867 (M), 1596 (s), 1569 (m).

General procedure for the synthesis of benzonaphthiginones. The
benzonaphthyridinones were prepared from the qooreting o-aminobenzoates and aryne
precursors following the same procedure used fer dpnthesis of 2-pyridinylamines. The
residue was purified by column chromatography (@detrm ether/EtOAc + 1% TEA) to afford
the benzonaphthyridinones.

10-Methylbenzop][1,8]naphthyridin-5(10H)-one (5aa).Yellow solid: mp 214-215 °QR =
0.24 (3:1 petroleum ether/EtOAc + 1% TEA) NMR (300 MHz, CDCJ)) § 8.79 (m, 2 H), 8.55
(dd,J = 8.1, 1.5 Hz, 1 H), 7.79 (td,= 7.2, 1.5 Hz, 1 H), 7.63 (d,= 8.4 Hz, 1 H), 7.35 (] =
7.5 Hz, 1 H), 7.25 (m, 1 H), 4.15 (s, 3 HJC NMR (75 MHz, CDCJ)) § 178.6, 153.5, 151.3,
142.6, 137.0, 134.6, 127.8, 122.8, 122.1, 117.6,411115.6, 31.0; LRMS (El) 210 (M), 209
(M-H); HRMS (ElI) calcd for GaHoN,O (M) 210.0793, found 210.0796.

10-Allyl-8-bromobenzolb][1,8]naphthyridin-5(10H)-one (5ab). Yellow solid: mp 145-146
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°C; R = 0.25 (5:1 petroleum ether/EtOAc + 1% TEA), NMR (400 MHz, CDCJ) § 8.78 (d.,J
= 6.4 Hz, 2 H), 8.38 (d] = 8.4 Hz, 1 H), 7.71 (s, 1 H), 7.43 (M= 8.4 Hz, 1 H), 7.29 (m, 1 H),
6.08 (m, 1 H), 5.41 (s, 2 H), 5.26 @= 10.0 Hz, 1 H), 5.07 (dl = 17.2 Hz, 1 H)**C NMR
(100 MHz, CDC}) 6 178.0, 154.0, 150.9, 142.6, 137.0, 131.7, 1299,41 125.6, 121.5, 119.1,
118.5, 117.34, 117.32, 46.0; LRMS (El) 314 (M); HRMEI) calcd for GsHyBrN,O (M)
314.0055, found 314.0053; IR (KBr, &)n3084 (w), 2954 (m), 2924 (m), 2870 (w), 1639 (m),
1587 (s).

7-lodo-10-methylbenzop][1,8]naphthyridin-5(10H)-one (5ac).Yellow solid: mp 198-199
°C; R = 0.13 (8:1 petroleum ether/EtOAc + 1% TEAY; NMR (400 MHz, CDCJ) § 8.78 (m, 3
H), 7.99 (d,J = 9.2 Hz, 1 H), 7.38 (d] = 9.2 Hz, 1 H), 7.25 (m, 1 H), 4.11 (s, 3 HC NMR
(100 MHz, CDC}) 6 177.2, 153.8, 151.1, 142.8, 141.9, 137.0, 13@4,4, 118.0, 117.8, 117.4,
85.5, 31.1; LRMS (El) 335 (M); HRMS (EI) calcd f653HoIN,O (M) 335.9760, found 335.9765;
IR (KBr, cmi?) 3083 (w), 2954 (m), 2915 (m), 2869 (w), 1635 (AH85 (s).

7-Bromo-10-methylbenzop][1,8]naphthyridin-5(10H)-one  (5ad). Yellow solid: mp
202-203 °CR; = 0.18 (5:1 petroleum ether/EtOAC + 1% TEA) NMR (400 MHz, CDCJ) &
8.73 (m, 2 H), 8.55 (s, 1 H), 7.78 (= 8.8 Hz, 1 H), 7.46 (d] = 8.8 Hz, 1 H), 7.26 (m, 1 H),
4.09 (s, 3 H);®*C NMR (100 MHz, CDGJ) & 177.3, 153.8, 151.1, 141.3, 137.2, 136.9, 130.1,
123.9, 118.0, 117.6, 117.2, 115.6, 31.1; LRMS @88 (M); HRMS (EI) calcd for GHyBrN,O
(M) 287.9898, found 287.9904.

7-Chloro-10-methylbenzop][1,8]naphthyridin-5(10H)-one  (5ae). Yellow solid: mp
210-212 °C{R = 0.5 (2:1 petroleum ether/EtOAc + 1% TEA) NMR (400 MHz, CDC)) &

8.76 (m, 2 H), 8.45 (s, 1 H), 7.68 @= 9.2 Hz, 1 H), 7.57 (d] = 9.2 Hz, 1 H), 7.25 (m, 1 H),
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4.13 (s, 3 H);®*C NMR (100 MHz, CDGJ) & 177.5, 153.8, 151.1, 141.0, 137.0, 134.6, 128.2,
126.9, 123.6, 118.0, 117.4, 117.2, 31.2; LRMS &4 (M); HRMS (EI) calcd for GHoCIN,O
(M) 244.0403, found 244.0408.

8-Bromo-10-methylbenzop][1,8]naphthyridin-5(10H)-one (5af).Yellow solid: mp 234-235
°C; R = 0.4 (3:1 petroleum ether/EtOAc + 1% TEA) NMR (400 MHz, CDC}) § 8.77 (m, 2
H), 8.37 (d,J = 8.8 Hz, 1 H), 7.80 (s, 1 H), 7.44 (= 8.4 Hz, 1 H), 7.28 (] = 6.0 Hz, 1 H),
4.12 (s, 3 H);®*C NMR (100 MHz, CDGJ) & 178.0, 153.7, 151.2, 143.3, 136.9, 129.8, 129.3,
125.5,121.4, 1185, 118.1, 117.5, 31.1; LRMS @88 (M); HRMS (EI) calcd for GHoBrN,O
(M) 287.9898, found 287.9901; IR (KBr, &n3084 (w), 2951 (w), 2917 (m), 2870 (m), 2849
(w), 1637 (m), 1587 (m).

Methyl 10-methyl-5-0x0-5,10-dihydrobenzad][1,8]naphthyridine-8-carboxylate (5ag).
Yellow solid: mp 225-226 °CR = 0.12 (5:1 petroleum ether/EtOAc + 1% TEAY, NMR (400
MHz, CDCE) 6 8.78 (m, 2 H), 8.56 (d] = 8.0 Hz, 1 H), 8.34 (s, 1 H), 7.92 (i= 8.4 Hz, 1 H),
7.27 (m, 1 H), 4.20 (s, 3 H), 4.02 (s, 3 B¢ NMR (100 MHz, CDGJ) 6 178.2, 166.4, 153.9,
151.4, 142.1, 136.9, 135.0, 128.1, 125.0, 122.8,011117.6, 117.5, 52.9, 31.2; LRMS (EI) 268
(M); HRMS (El) calcd for GsH;.N,0; (M) 268.0848, found 268.0854; IR (KBr, 3082 (w),
2954 (m), 2923 (m), 2871 (w), 1730 (s), 1638 (8),4L(m), 1593 (s).

6-Methyldibenzolb,g][1,8]naphthyridin-11(6 H)-one (5ba).Yellow solid: mp 229-231 °(R
= 0.27 (5:1 petroleum ether/EtOAc + 1% TEA) NMR (400 MHz, CDCJ) § 9.32 (s, 1 H),
8.53 (d,J = 7.6 Hz, 1 H), 8.00 (m, 2 H), 7.80 (m, 2 H), 7(60J = 8.4 Hz, 1 H), 7.47 (1 = 7.6
Hz, 1 H), 7.31 (tJ = 7.6 Hz, 1 H), 4.22 (s, 3 H¥*C NMR (100 MHz, CDG)) § 179.7, 157.1,

150.1, 143.7, 139.2, 135.2, 132.8, 129.7, 128.7,8,20124.8, 122.4, 121.6, 121.5, 117.8, 115.4,
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31.0; LRMS (EI) 260 (M); HRMS (EI) calcd for:@41:N,0 (M) 260.0950, found 260.0955; IR
(KBr, cm?) 3064 (w), 2954 (w), 2917 (m), 2871 (m), 2850 (2608 (S).
5H-Thiochromeno[2,3b]pyridin-5-one (5ai). White solid: mp 236-238 °C ({ft233-234 °C);
R = 0.24 (5:1 petroleum ether/EtOASH NMR (400 MHz, CDGJ) § 8.83 (m, 2 H), 8.60 (d} =
8.0 Hz, 1 H), 7.70 (m, 2 H), 7.53 (tdl= 8.0, 1.6 Hz, 1 H), 7.46 (dd,= 8.0, 4.4 Hz, 1 H)*'C
NMR (100 MHz, CDC}) 6 180.8, 158.9, 153.5, 138.0, 137.7, 133.2, 13(29,0, 127.0, 126.65,
126.62, 121.8; LRMS (El) 213 (M); HRMS (EI) calcdrfC,H,NOS (M) 213.0248, found

213.0253.
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CHAPTER 3
Formation of Acridones by Ethylene Extrusion in theReaction of Arynes withB-Lactams
and Dihydroquinolinones
Yuesi Fand, Donald C. RognessRichard C. Larock;* and Feng Shi*
TDepartment of Chemistry, lowa State University, & 50011, U.S.A.
*Key Laboratory of Natural Medicine and Immuno-Ergiring of Henan Province, Henan

University, Jinming Campus, Kaifeng, Henan 475@M4ina PR

3.1. Abstract

N-Unsubstitute@-lactams react with a molecule of aryne by insariigo the amide bond to
form a 2,3-dihydroquinolin-4-one, which subsequengacts with another molecule of aryne to
form an acridone by extrusion of a molecule of &hg. 2,3-Dihydroquinolin-4-ones react
under the same reaction conditions to afford idahtiesults. This is the first example of

ethylene extrusion in aryne chemistry.
3.2. Introduction

Benzyne is a highly reactive intermediate, whicls fiest proposed by Wittig in 1942nd
confirmed by Roberts in 1956Since the discovery of the Kobayashi aryne preriirsarious

nucleophiles have been shown to react with arygesibleophilic addition to open the strained,
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triple bond of the arynéWhen the nucleophile is tethered to an electrepkiile nucleophilic
addition can trigger subsequent electrophilic tragf the aryl anion, leading to a fornmbond
cleavage€.Amide functionality is one such tethered nucletsskiectrophile pair, where the
nitrogen and the carbonyl serve as the nucleophitethe electrophile, respectively. Although
amides typically undergo simple NH arylatibhamides with more electrophilic carbonyl groups,
including trifluoroacetamides, trifluoromethanesudimides’ ureas and DMP have been shown
to undergo carbonyl-nitrogen cleavage. Anothersctdsubstrates that could potentially exhibit
such reactivity is a strained or twisted anfiti@here the poor meconjugation makes the amide
behave more like an independent amine and ketanthelbest of our knowledge, the reactivity of
such amides towards arynes has received littlataite'* We wish to report our initial results in
this interesting area.

The substrates we have chosen to studfdaetams. The angular strain @flactams renders
poor conjugation of the nitrogen to the carbonyiug, B-lactams have a stronger C=0 double
bond and a more basic nitrogen than regular anifd&& envisioned that the nitrogen atom of the
B-lactam should exhibit greater nucleophilicity tadraryneghan normal amides, thus leading to
eventual C(O)-N bond cleavage to afford dihydroglimones (Scheme 1). While this outcome
proved correct, we have observed some interestibgesjuent chemistry, which we now report.

Scheme 10riginally anticipated reaction offalactam with an aryne
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3.3. Results and Discussion

Initial discovery. We initiated our study using tid¢unsubstitute@-lactamla as the starting
material (Scheme 2). Stirring lactaba with 1.0 equiv of the parent aryne precurgarin the
presence of 2.0 equivs of CsF as the fluoride soafforded three products in addition to
unreactedla the simpleN-arylation productlb, product3a’ resulting from C(O)-N bond
insertion and subsequentarylation, and acridonda. Much to our surprise, not only was the
originally anticipated produ@a not observed, but dihydroquinolino8a’ was identified as only
a minor product by GC-MS analysis. The major pradiichis reaction was acridode. It thus
appeared that the initial insertion produgssand/or3a’ were also reactive toward arynes, if not
even more so than lactata, and thus served merely as intermediates, evéntaading to
acridoneda. For this to happen, however, tG2-C3 unit of the dihydroquinolinonga and/or3a’
must have been lost as a molecule of ethylene gitine course of the reaction. It is very rare that
aryne reactions lead to the extrusion of a nemtréecule!® To the best of our knowledge, this is
the first example of ethylene extrusion in arynerafstry.

Scheme 2Initial Results Leading to an Acridone frondd.actam
0 OTf  coF CsF (2.0 equiv). @fﬁ ©\)ﬁ “
lj\m * @[TMS MeCN, r.t.

1a 2a 1b 3a 3a 4a
minor none minor major
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To test our hypothesis that 2,3-dihydroquinolinpkes3a/3a’ are reactive with arynes, pusa

from a commercial source was subjected to our st@aryne reaction conditions. We thus found

that as long as sufficient aryne was present, anéda was indeed formed under quite mild

conditions, regardless of the fluoride source ergblvent used (Table 1). Thus, the intermediacy

of dihydroquinolinone8a during the generation of acridosa from -lactamlais confirmed.

Table 1.Formation of an Acridone from a 2,3-Dihydroquinefi(iH)-one?

3a

o)

1,

H

2a, fluoride
conditions

]

I
Ph
4a

entry equiv of2a fluoride source (equiv) conditions yield (%)
1 2 CsF (4) MeCN, rt, 1d 65
2 24 CsF (4.8) MeCN, rt, 1d 77
3 24 CsF (4.8) THFe5 °C, 1d 72
4 24 TBAF (4.8) THF, rt, 1d 59
5 2.4 TBAT (4.8) toluene, rt, 1d 50

2 All reactions were carried out on a 0.25 mmol sdal 4 mL of solvent® Isolated yield of

acridoneda

To gain further evidence for the mechanism, gregrment was carried out to trap the extruded

ethylene (theC2-C3 unit of the 2,3-dihydroquinolin-4-one). Thus, tleaction was repeated in a

sealed vessel, and bromine was injected into teselafter 10 h. GC-MS analysis of the crude

reaction mixture revealed the presence of a laugentity of 1,2-dibromoethane, which supports

the generation of ethylene in this reaction (Sch8jne
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Scheme 3Ethylene Trapping

(0]
2a, CsF, then Br, Br
/—/ + 4a
MeCN, r.t. Br
N
H detected by GC-MS

3a

Scope of the3-lactam. Encouraged by these findings, we first studiedsttape of the reaction
between varioug-lactams and arynes. Although we have suggestadhbaeaction proceeds
through the intermediacy of a dihydroquinolinonects as3a and/or itsN-arylated producBa’),
all attempts to isolate such an intermediate hlws tar been unsuccessful, even when usinga 1 :
1 stoichiometry of th@-lactam and the aryne precursor. The best yieldswflone4 have been
achieved by employing 3.5 equivalents of the argrexursor (Fig. 1) for th&l-unsubstituted
B-lactamla or 2.4 equivalents for the-substituted3-lactamslb and1lc. As seen in Table 2,
compoundglb and4c can be obtained in reasonable yields from the sgtmical aryne precursors
2b and 2c (entries 2 and 3), respectively. The aryne deriiveth 2e is known to be attacked
preferentially by nucleophiles at theeta position (with respect to the OMe group) for both
electronic and steric reasot.In our studies, compount was formed in a surprisingly high
yield as a single regioisoméentry 4).N-Substituted3-lactams have also been examined in this
reaction (entries 5-7). However, tiephenyl lactamlb proved unreactive under our standard
reaction conditions, and the-allyl lactam1c was only marginally reactive, affording no more
than a trace of the desired prodd& The N-benzyl lactamld was slightly more reactive,
affording compoundf in a 13% isolated yield (entry 7). It is worth pting out that the yields of
these three reactions did not improve very much evieen the reactions were performed at a
higher temperature. We also examined aredisubstituted3-lactamle (entry 8). In this case,

the anticipated chemistry would require the extmsof an olefin much larger than ethylene.
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Gratifyingly, we were able to identify the desirptbduct4a in a 30% vyield, indicating that
extrusion of a molecule as large as 4-methylenahgit-diene is possible.

Figure 1. Aryne Precursors.
oTf MeO oTf OTf ot oTf OTf
L II L, X we AL X
™S Me T™MS MeO ™S ™S Lo Me TMS MeO ™S
2 2¢ 2d 2 2f 2
Table 2.Scope of th@-Lactam®

oTf
0 R1:_
E( TMS I \
N /

2 CsF, MeCN, nt, 1d @
R1
when R2 #H when R? = H
1 4 4
entry  [-lactam  aryne precursor product yield (%)
0
i L0
NH N
1 2a Bh 50
la
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OMe O OMe

4 la 2e @\ 83
OMe

4d
Table 2 continued
o)
o
5 Ph 2a 4a nred
1b
0

=4
6 l\ 22 H| trace'

1c

4e
0
0
Y
7 Bn 2a é 13;]
n
1d
Af
\
0
8 NH 2a 4a 30
le

& All reactions were carried out on a 0.25 mmole@ak mL of MeCN with 3.5 equiv of the aryne
precursor and 7 equiv of CsHsolated yield® All lactam starting material was recover@@.4
Equiv of 2aand 4.8 equiv of CsF were employé®etected by GC-MS.

Scope of the dihydroquinolinoneDue to the limited availability @#-lactams and the fact that
incorporation of three molecules of aryne resultignited variability in the substitution patterf o

the acridone product, we felt that the use of 2hg«roquinolin-4-ones (seried) as the starting

Ol LAC U Zyl_ilsl
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material would be more synthetically useful. Thas, next focused our efforts on studying the
reaction of dihydroquinolinoneswith arynes.

We first examinedN-unsubstituted substrates (Table 3). As shown pusly, we have had
preliminary success in the reactior3afwith 2a (cf. entry 2, Table 1). Expanding the scope of the
dihydroquinolinones3 revealed that alkyl, ether, and chloride substitsieare well tolerated,
affording the corresponding acridones in good tced#znt yields (entries 1-3). However,
6-fluorodihydroquinolinone 3¢) proved unreactive (entry 4), presumably due t@ th
electron-withdrawing nature of the fluoride. Diiéert aryne precursors (cf. Fig. 1) have also been
shown to react smoothly (entries 5-8), and compaumiuks been obtained as a single regioisomer
in a 90% yield (entry 8).

Table 3.Scope of théN-Unsubstituted 2,3-Dihydroquinolin-4-ongs.

OTf

CsF, MeCN, rt, 1d

5
N
3 4
entry dihydroquinolinone aryne precursor product yield (%)
o o}
N N
1 H 2a Bh
3b
49
0 0
N N
2 H 2a |I3h
3c
4h
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o o)
o "L
N N
3 N 2a N 80
3d
4i

Table 3 continued

0
) LT

N 2 N

N a tracé

3e

6 3a 2c 85
MeO'

©\0Me
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4n
& All reactions were carried out on a 0.25 mmol ewdth 2.4 equiv o2 and 4.8 equiv of CsF in 4
mL of MeCN." Isolated yield® Detected by GC-MS.

N-Substituted 2,3-dihydroquinolin-4-ones were nesamined (Table 4). Compared with the
results in Table 3, the yields usiNgsubstituted 2,3-dihydroquinolin-4-ones are notidgower.
Thus, theN-methyl dihydroquinolinonesf reacted with 1.2 equivs of benzyne precuizato
afford acridoneto in a 63% yield (entry 1), a 14% drop from the espondingN-unsubstituted
precursor3a (cf. entry 2, Table 1). Similarly, substrat8g through 3i were all smoothly
transformed into the corresponding acridofygthroughdr in moderate yields (entries 2-4). Other
than a methyl group on the nitrogen, an allyl groap also be tolerated as seen in the reaction of
substrate3j, which afforded acridoréein a 48% yield (entry 5). However, placing a pHegrpup
on the nitrogen resulted in much lowered reactiasy dihydroquinolinon8a’ afforded only a
trace of acridonda, as detected by GC-MS (entry 6), indicating tiat mucleophilicity and/or
steric hindrance of the nitrogen is crucial tora&ction. This chemistry has also been extended to
substituted aryne precursors. Thus, silyl triflé&#eand2g reacted with dihydroquinolinori#f to
afford the desired products in 57% and 60% yieleispectively (entries 7 and 8). Not surprisingly,
since these two precursors are neither electrdyicedr sterically biased, mixtures of two
regioisomers were obtained.

Table 4.Scope of théN-Substituted 2,3-Dihydroquinolin-4-onés.

OTf
X
X TMS

11 11 A 3
RS- R'- | =R
Y CsF, MeCN, rt, 1d Z N
R? R2
3 4
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yield"
entry dihydroquinolinone aryne precursor product
(%)
(0] (0]
X L2
! Ve 2a N 63
3f 40
(0] (0]
) "L
N N
2 Me 2a Ve 62
39 4p
(0] (0]
Meo\@fjj MeO O O
N N
3 Ve 2a o 55
3h 4q
(0] (@]
“CL) “CLC
N N
4 Ve 2a N 50
3i ar
(@] O
C0)
5 ﬁ 2a ﬁ 48
3j de
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o} 0
O
6 B 2a bh tracé
3a’ 4a

Table 4 continued

(0] (0]
Me
CL -, s
N N e
Me Me

7 3f 2
(1:2)
4s + 45’
o) 0
OMe
CL -, e
(2:2)
4t + 4t

& All reactions were carried out on a 0.25 mmoleeeth 1.2 equiv o2 and 2.4 equiv of CsF in 4
mL of MeCN..” Isolated yield® Detected by GC-MS!.Inseparable mixtures of regioisomers. The
ratios were obtained bfH NMR spectroscopy. No attempts were made to itietiie major
isomer.

Mechanistic discussion Based on the above results, we propose the fimitpwechanistic
picture for this overall process (Scheme 4). Firg hitrogen atom of tHelactam (a) reacts with
one molecule of the aryne to form intermediAteAlthough A could undergo a simple proton
transfer to afford lactamdb (as shown in Scheme 2), this is apparently a mioate and a
non-productive one with respect to the formatiomaidoneda, since lactanib does not readily
react with arynes (see entry 5, Table 2). Thus,ahg anion of intermediaté apparently

nucleophilically adds to the carbonyl, and the sy highly strained intermediat collapses to
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furnish dihydroquinolinone3a with release of the ring strain. Compousa presumably then
reacts with a second molecule of aryne to affoterimediateC. Once again proton transfer from

C to form dihydroquinolinon@a’ is apparently a minor and non-productive route (etry 6,
Table 4). In a fashion similar to the conversior\db B, intermediateC most likely cyclizes t®,

and subsequent extrusion of ethylene either bgiteev-pushing sequence described in Scheme 4
or by a retro-Diels-Alder process leads to thedmre E. Finally, acridoneE undergoes NH
arylation by a third molecule of aryne to affore fimal major product acridor. In other words,

the formation of acridonéa from lactamla proceeds through the intermediacy of compowads
andE, and compoundsb and3a’ are much less important intermediates en roudeticloneda.

Scheme 4Mechanistic pathway

)

N 1b (not reactive with benzyne)
"Ph

1a A B 3a
(o
(0] (0]
o) ®
D~ L0
/ _ +
H N N N
H C,oHy H Ph
C D E 4a

@ﬁjj 3a’ (less reactive with benzyne)
N

I
Ph

Possibilities for the extrusion of small moleculesther than ethylene.Inspired by the finding
that dihydroquinolinon8aapparently reacts with an aryne to afford strueguike intermediat®

(Scheme 4), we were prompted to investigate otlisteates that might afford a similar
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intermediate. It has been shown that a 5-membéngdurea can undergo C(O)-N cleavage upon
reaction with arynes to afford products similacempound.? Thus, we examined the reaction of
the cyclic carbamate 3-methyloxazolidin-2-oBgWith benzyne generated fra2a. Gratifyingly,

we were able to isolate acridofein a 33% yield (Scheme 5). This reaction is guiteresting on

its own, because mechanistically, the first C(O)dleavage presumably results in a
seven-membered ring intermedi@ewhose subsequent reaction with benzyne must epihar
extrude a molecule of ethylene oxide. Again, to ltlest of our knowledge, such a process is
unprecedented in aryne chemistry.

Scheme 5. Extrusion of Ethylene Oxide in the Reaction of Bgm with

3-Methyl-2-oxazolidinone.

o}

0 2a (2.4 equiv)
o J( CsF (4.8 equiv) O O
k/N—Me MeCN, rt, 1d N
0, |
33% Me
5 40

of =
S20530-h

O

3.4. Conclusions

In summary, we have demonstrated that the reaofi-lactams or 2,3-dihydroquinolin-4-ones
with arynes could afford respectable yields of dames through the extrusion of ethylene. This
chemistry speaks for the tendency of intermedigtesA andC to readily undergo intramolecular
nucleophilic cyclization rather than the seemiregigier proton transfer process. Further study has

suggested that the extrusion of molecules largeran th ethylene, such as
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4-methylenehepta-1,6-diene and an epoxide, argralssible in aryne processes.
3.5. Experimental Section

General Information. The solvent THF was distilled over Na/benzophenoaed
dichloromethane was distilled over Gakinhydrous MeCN, DMF, and DCE were used as
received. The aryne precursors were used as rec&uea gel for column chromatography was
supplied as 230-400 mesh from a commercial soltoedered CsF and TBAF (8 in THF
solution) were used as received and stored iniaaiger.

All melting points are uncorrected. THel and *C NMR spectra were recorded and are
referenced to the residual solvent signals (7.26 fiy 'H and 77.2 ppm fol°C in CDCE, 2.05
ppm for'H and 30.19 ppm for’C in acetonad;). A QTOF analyzer was used for all of the HRMS
measurements.

B-Lactams. Compoundlawas commercially available and was used as redeivee rest were
prepared as follows.

1-Phenylazetidin-2-one (1b}’ To a suspension of 1.8 mL (20 mmol) of aniline &c&lg (24
mmol) of K;CO; in 20 mL of DCM at 0 °C was added dropwise 2.5 (@4 mmol) of
3-bromopropanoyl chloride. The mixture was stiraed °C for minutes and allowed to warm up to
room temperature for another 3 h. The reaction guenched with water and extracted with
EtOAc three times. The combined organic layers weveporated and the residue was
recrystallized in a hot solution of 1:1 petroleutinez/EtOAc to afford 3.42 g (ca. 15 mmol, ~75%
as is) of 3-bromdN-phenylpropanamide as white crystals. This solid t@n dissolved in DMF

and cooled to 0 °C. To this solution was added ¢.66.5 mmol) of sodiurtert-butoxide in one

www.manaraa.com



52

portion and the mixture was allowed to warm upatmnn temperature gradually. The reaction was
guenched with water after 3 h and extracted wit@A¢t. The combined organic layers were
evaporated and the residue was recrystallized & &t solution of 1:1 petroleum ether/EtOAc to
afford 1.76 g (60% overall yield) of 1-phenylaz@ti@-one as a red solid: mp 78-80 °C'{It8-79
°C);'H NMR (400 MHz, CDC}) § 7.53-7.32 (m, 5 H), 3.72 1,= 6.4 Hz, 1 H), 3.63 (] = 4.8 Hz,
1 H), 3.12 (tJ = 4.8 Hz, 1 H), 2.95 (] = 6.4 Hz, 1 H).

1-Allylazetidin-2-one (1c).The above procedure was applied to 1.14 g (20 jnohallylamine
and 2.5 mL (24 mmol) of 3-bromopropanoyl chloritt#lowed by 1.52 g (16 mmol) of sodium
tert-butoxide to afford 1.22 g (55% overall yield) attamlc as a colorless oitH NMR (400
MHz, CDC}) § 5.80-5.70 (m, 1 H), 5.22 (d= 5.2 Hz, 1 H), 5.19 (s, 1 H), 3.82 (s 6.0 Hz, 2 H),
3.22 (t,J= 4.0 Hz, 2 H), 2.94 (] = 4.0 Hz, 2 H).

1-Benzylazetidin-2-one (1d).The above procedure was applied to 2.14 g (20 mmiol
benzylamine and 2.5 mL (24 mmol) of 3-bromoproparatyoride, followed by 1.57 g (16.5
mmol) of sodiuntert-butoxide to afford 1.87 g (58% overall yield) attamld as a colorless oil:
'H NMR (300 MHz, CDCY) § 7.39-7.23 (m, 5 H), 4.38 (s, 2 H), 3.14)t 3.9 Hz, 2 H), 2.95 (0
=3.9 Hz, 2 H).

3,3-Diallylazetidin-2-one (1e)-” A mixture of 0.71 g (10 mmol) of azetidin-2-oris), 2.25 g
(15 mmol) oftert-butyldimethylsilyl chloride, and 2.08 mL (15 mmad} triethylamine in 20 mL
of DCM was stirred for 12 h at room temperaturee Thxture was then washed with water and the
agueous phase was extracted with EtOAc three tifrflescombined organic layers were washed
with brine, dried over N&Q,, filtered, and concentrated to afford a colorlessconsisting of

N-tert-butyldimethylsilylazetidin-2-one and residual TBISThis mixture was dissolved in THF,
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cooled to -78 °C under an, Btmosphere, and charged with 6.67 mL .BHF solution) of LDA.
After being stirred for 2 h at -78 °C, 1.04 mL (fnol) of allyl bromide was added and the
mixture was gradually warmed up to room temperaforeanother 12 h. The reaction was
guenched with water and extracted with EtOAc. Tomluined organic layers were washed with
brine, dried over N&O,, filtered, and concentrated. The residue was ipdriby column
chromatography (5:1 petroleum ether/ EtOAc) to raffo0.52 g (2.3 mmol) of
3-allyl-1-(tert-butyldimethylsilyl)azetidin-2-one. This intermetkawas treated with the above
allylation procedure again to afford 0.3 g (11 nmo  of
3,3-diallyl-1-¢ert-butyldimethylsilyl)azetidin-2-one. This product svalissolved in 10 mL of
methanol and 0.334 g (2.2 mmol) of CsF was addé&er Aeing stirred for 2 h, the mixture was
guenched with water and extracted with EtOAc. Tomluined organic layers were washed with
brine, dried over N&Q,, filtered, and concentrated to afford 0.15 g fhriol, 10% overall yield
from 1a) of 3,3-diallylazetidin-2-one as a red diHf NMR (400 MHz, CDC)) & 6.32 (s, 1 H),
5.85-5.74 (m, 2 H), 5.12 (d,= 6.4 Hz, 2 H), 5.08 (s, 2 H), 3.07 (s, 2 H), 289f ABq,Jas = 14.1
Hz,Jax = 6.7 Hz,Jgx = 7.9 Hz, 2 H), 2.31 (d of AB@ag = 14.1 HzJax = 6.7 Hz,Jgx = 7.9 Hz, 2
H).

N-Unsubstituted 2,3-Dihydroquinolin-4-ones.Compounds3a and 3e were commercially
available and used as received. The remaining dagygnolinones were prepared as follows.

6-Methyl-2,3-dihydroquinolin-4(1H)-one (3b)**!® Following the procedure described above
for the synthesis of compourtb, 2.14 g (20 mmol) ofp-toluidine, 2.5 mL (24 mmol) of
3-bromopropanoy! chloride, and 1.57 g (16.5 mmél¥adiumtert-butoxide were employed to

obtain 1.92 g of N-(p-tolyl)azetidin-2-one. To a solution of 1.61 g (1@mol) of

www.manaraa.com



54

1-(p-tolyl)azetidin-2-one in 20 mL of DCE at 0 °C waddad 2 mL (22 mmol) of TfOH. The
mixture was allowed to warm up to room temperatame stirred for 2 h. The reaction was
guenched with ag. NaHG@nd extracted by EtOAc three times. The combimgdrac layers
were washed with brine, dried over JS&, filtered, and concentrated. The residue was ipdrif
by column chromatography (2:1 petroleum ether/Et{é@fford 1.19 g (40% overall yield from
p-toluidine) of dihydroquinolinon8b as a yellow solid: mp 80-82 °C {fit82-84 °C);'H NMR
(400 MHz, CDCY) 5 7.65 (s, 1 H), 7.13 (dd,= 8.4, 1.6 Hz, 1 H), 6.59 (d,= 8.4 Hz, 1 H), 4.26 (s,
1 H), 3.55 (tdJ = 8.0, 1.6 Hz, 2 H), 2.68 (1,= 6.8 Hz, 2 H), 2.24 (s, 3 H).

6-Methoxy-2,3-dihydroquinolin-4(1H)-one (3c).Following the procedure described above
for the synthesis of compourth, 2.46 g (20 mmol) ofp-anisidine, 2.5 mL (24 mmol) of
3-bromopropanoyl chloride, and 1.62 g (17 mmol}sodiumtert-butoxide were employed to
obtain 2.3 g of N-(4-methoxyphenyl)azetidin-2-one. Next, 1.77 g (I1@mol) of
N-(4-methoxyphenyl)azetidin-2-one was treated witmP (22 mmol) of TfOH as described
above to yield 1.28 g (47% overall yield from 4-heetyaniline) of dihydroquinolinon8c as a
yellow solid: mp 110-112 °C (ft 113-114 °C)*H NMR (400 MHz, CDC}) § 7.32 (d,J = 2.8 Hz,
1 H), 6.98 (ddJ = 8.8, 2.8 Hz, 1 H), 6.64 (d,= 8.8 Hz, 1 H), 4.17 (s, 1 H), 3.77 (s, 3 H), 3(64
J=6.0 Hz, 2 H), 2.69 (] = 6.0 Hz, 2 H).

6-Chloro-2,3-dihydroquinolin-4(1H)-one (3d).Following the procedure described above for
the synthesis of compounth, 2.55 g (20 mmol) o#-chloroaniline, 2.5 mL (24 mmol) of
3-bromopropanoy! chloride, and 1.57 g (16.5 mmély¥adiumtert-butoxide were employed to
obtain 2.18 g of N-(4-chlorophenyl)azetidin-2-one. Next, 1.82 g (10maf) of

N-(4-chlorophenyl)azetidin-2-one was treated witml2 (22 mmol) of TfOH as described above
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to yield 1.12 g (37% overall yield from 4-chlorolme) of dihydroquinolinone8d as a yellow
solid: mp 123-125 °C ({it 125-126 °C){H NMR (300 MHz, CDC}) § 7.81 (d,J = 2.7 Hz, 1 H),
7.23(ddJ=8.4,2.7 Hz, 1 H), 6.63 (d= 8.4 Hz, 1 H), 4.40 (s, 1 H), 3.58 (fk 7.8, 1.5 Hz, 2 H),
2.69 (t,J= 7.5 Hz, 2 H).

N-Substituted 2,3-Dihydroquinolin-4-ones.Compound3a’ was commercially available and
used as received. The otissubstituted dihydroquinolinones were preparecHls\s.

1-Methyl-2,3-dihydroquinolin-4(1H)-one (3f). To an oven-dried vial was added 0.367 g (2.5
mmol) of 2,3-dihydroquinolin-4()-one @a) and 5 mL of DMF, followed by 0.15 g (3.75 mmol,
60% dispersed in mineral oil) of NaH. The mixturasastirred under a Natmosphere at room
temperature for 2 h, and charged with 0.31 mL (5ofmof Mel. The vial was then capped and
heated in an 80 °C oil bath for 12 h. After beingmched with water, the mixture was extracted
with EtOAc three times. The combined organic layeese washed with brine, dried overJS&),
filtered, and concentrated. The residue was pdrifig column chromatography (2:1 petroleum
ether/EtOACc) to afford 0.173 g (1.07 mmol, 43% g)edf dihydroquinolinongf as a yellow oil:
'H NMR (400 MHz, CDCJ) § 7.90 (dd,J = 8.0, 1.2 Hz, 1 H), 7.40 (td,= 4.4, 1.6 Hz, 1 H),
6.77-6.70 (M, 2 H), 3.47 (,= 7.2 Hz, 2 H), 2.99 (s, 3 H), 2.74Jtz 7.2 Hz, 2 H).

1,6-Dimethyl-2,3-dihydroquinolin-4(1H)-one (3g). The above procedure used for the
synthesis of dihydroquinolinorgf was applied to 0.402 @.5 mmol) of dihydroquinolinonab,
0.15 g (3.75 mmol,) of NaH, followed by 0.31 mLr{#nol) of Mel to afford 0.197 g (45% overall
yield) of compoundg as a yellow oil*H NMR (400 MHz, CDCJ) 6 7.72 (s, 1 H), 7.23 (dd,=
8.0, 1.2 Hz, 1 H), 6.65 (d,= 7.6 Hz, 1 H), 3.42 (] = 7.2 Hz, 2 H), 2.95 (s, 3 H), 2.72 = 7.2

Hz, 2 H), 2.25 (s, 3 H).
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6-Methoxy-1-methyl-2,3-dihydroquinolin-4(1H)-one (3h). The above procedure used to
synthesize compourf was applied to 0.442(@.5 mmol) of dihydroquinolinongc, 0.15 g (3.75
mmol) of NaH, followed by 0.31 mL (5 mmol) of Meb &fford 0.205 g (43% overall yield) of
compound3h as a yellow oil*H NMR (300 MHz, CDCJ) § 7.41 (dJ = 2.4 Hz, 1 H), 7.07 (dd,
=8.1, 2.4 Hz, 1 H), 6.70 (d,= 8.1 Hz, 1 H), 3.79 (s, 3 H), 3.39dt= 7.5 Hz, 2 H), 2.94 (s, 3 H),
2.73 (t,J= 7.5 Hz, 2 H).

6-Chloro-1-methyl-2,3-dihydroquinolin-4(1H)-one (3i). The above procedure used to
synthesize compourf was applied to 0.454(@.5 mmol) of dihydroquinolinongd, 0.15 g (3.75
mmol) of NaH, followed by 0.31 mL (5 mmol) of Meb &fford 0.200 g (41% overall yield) of
compoundsi as a yellow oil*H NMR (300 MHz, CDC}) § 7.83 (dJ = 2.7 Hz, 1 H), 7.31 (dd,=
9.0, 2.7 Hz, 1 H), 6.65 (d,= 9.0 Hz, 1 H), 3.46 (] = 7.2 Hz, 2 H), 2.97 (s, 3H), 2.72 = 7.2
Hz, 2 H).

1-Allyl-2,3-dihydroquinolin-4(1H)-one (3j). The above procedure used to synthesize
compound3f was applied to 0.367(@.5 mmol) of dihydroquinolinona, 0.15 g (3.75 mmol) of
NaH, followed by 0.605 g (5 mmol) of allyl bromide afford 0.182 g (39% overall yield) of
compoundsi as a yellow oil*H NMR (400 MHz, CDCJ) § 7.90 (dd,J = 8.0, 1.6 Hz, 1 H), 7.36 (td,
J=4.4,1.6 Hz, 1 H), 6.73-6.70 (m, 2 H), 5.90-5(82 1 H), 5.28-5.20 (m, 2 H), 3.99 @= 5.2
Hz, 2 H), 3.52 (tJ = 7.2 Hz, 2 H), 2.72 (] = 7.2 Hz, 2 H).

3-Methyloxazolidin-2-one (5). This compound was commercially available and uasd
received.

General procedures for aryne reactions affording agdones.

Compoundsgta through4d were prepared according to the following procedtepresentative
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procedure fo-lactams where 3.5 equiv of arynes were used)ntoven-dried vial was added
0.875 mmol of aryne precursor, 0.25 mmopdactam, 4 mL of MeCN, and 0.266 g (1.75 mmol)
of CsF sequentially. A nitrogen atmosphere wasemtired, except that a balloon of nitrogen was
attached to the reaction vial for the ventilatidrethylene. The reaction was allowed to stir for 24
h before being quenched with aq..86s; and extracted with EtOAc. The combined organietay
were washed with brine, dried over JS&, filtered, and concentrated. The residue was ipdrif
by column chromatography (petroleum ether/ EtOAg@ftord the desired products.

10-Phenylacridin-9(1M)-one (4a).The representative procedure was employed toch#8r9
mg (0.13 mmol, 50% yield) ofa as a yellow solid: mp 271-273 °C {{i276 °C);R; = 0.38 (2:1
petroleum ether/EtOAciH NMR (400 MHz, CDCJ) & 8.58 (dd,J = 8.0, 1.2 Hz, 2 H), 7.71 d,=
8.0 Hz, 2 H), 7.65 (] = 8.0 Hz, 1 H), 7.49 (tdl = 8.0, 1.6 Hz, 2 H), 7.37 (d= 7.6 Hz, 2 H), 7.27
(t, J=8.0 Hz, 2 H), 6.75 (d] = 8.4 Hz, 2 H)**C NMR (75 MHz, CDC}) 5 178.3, 143.3, 139.2,
133.4, 131.3,130.2,129.8, 127.5, 122.0, 121.7,0d HRMS (APCI) calcd for gH1,NO (M+H)
272.1070, found 272.1076.

10-(3,4-Dimethylphenyl)-2,3,6,7-tetramethylacridin9(1CH)-one (4b). The representative
procedure was employed to afford 39.9 mg (0.11 mdfeib yield) ofdb as a yellow solid: mp
306-308 °CR; = 0.37 (2:1 petroleum ether/EtOAHY NMR (400 MHz, CDCJ) & 8.31 (s, 2 H),
7.42 (dJ=8.0 Hz, 1 H), 7.06-7.04 (m, 2 H), 6.53 (s, 2 %5 (s, 3 H), 2.37 (s, 3 H), 2.35 (s, 6 H),
2.23 (s, 6 H)**C NMR (100 MHz, CDGCJ) 6 177.7, 143.2, 141.9, 140.0, 138.1, 137.0, 1330,8,
130.4, 127.3, 127.0,120.2, 117.3, 21.0, 20.2,,193B; HRMS (ESI) calcd for £H,sNO (M+H)
356.2009, found 356.2012.

10-(3,4-Dimethoxyphenyl)-2,3,6,7-tetramethoxyacridi-9(10H)-one (4c). The
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representative procedure was employed to affortiigg. (0.10 mmol, 40% yield) dic as a brown
solid: mp 256-257 °CR = 0.25 (2:1 petroleum ether/EtOAUY NMR (400 MHz, CDCJ) § 7.92
(s, 2 H), 7.14 (d) = 8.0 Hz, 1 H), 6.98 (dd,= 8.0, 1.2 Hz, 1 H), 6.85 (d,= 1.6 Hz, 1 H), 6.18 (s,
2 H), 4.04 (s, 3 H), 4.01 (s, 6 H), 3.87 (s, 3348 (s, 6 H)**C NMR (100 MHz, CDGJ) § 175.2,
154.0, 151.0, 149.9, 145.7, 139.2, 132.0, 122341112.4,112.3, 106.4, 98.4, 56.51, 56.49, 56.3,
56.1; HRMS (ESI) calcd for H,eNO; (M+H) 452.1704, found 452.1708.
1,8-Dimethoxy-10-(3-methoxyphenyl)acridin-9(1Bl)-one  (4d). The representative
procedure was employed to afford 74.9 mg (0.21 mB@fo yield) of4d as a brown solid: mp
250-253 °CR; = 0.11 (pure EtOAc)H NMR (400 MHz, acetones) § 7.65 (t,J = 8.0 Hz, 1 H),
7.39 (t,J = 8.4 Hz, 2 H), 7.25 (d = 8.0 Hz, 1 H), 6.96-6.94 (m, 2 H), 6.79 {d 8.4 Hz, 2 H),
6.27 (d,J = 8.4 Hz, 2 H), 3.96 (s, 6 H), 3.87 (s, 3 HI; NMR (100 MHz, CDCJ) § 179.2, 163.1,
161.6, 145.7,142.1,134.1,123.7,122.8, 1206.4115.0, 110.0, 104.8, 57.1, 56.3; HRMS (ESI)
calcd for G,H,NO,4 (M+H) 362.1387, found 362.1389.

Compoundsgif through4n were prepared according to the following procedtepresentative
procedure forN-substitutedp-lactamsN-unsubstituted 2,3-dihydroquinolin-4-ones where 2.4
equiv of arynes were used): the general procedsgd above for the synthesis of compodad
was applied to 0.6 mmol of aryne precursor, 0.25%hohN-substitute-lactamN-unsubstituted
2,3-dihydroquinolin-4-one starting material, 4 miLMeCN, and 0.182 g (1.2 mmol) of CsF to
afford the desired products.

10-Benzylacridin-9(1MH)-one (4f). The representative procedure was employed todafi@@
mg (0.03 mmol, 13% yield) eff as a brown solid: mp 178-180 °Cit76-179 °C)R; = 0.37 (2:1

petroleum ether/EtOAcIH NMR (400 MHz, CDCJ)  8.60 (dd,J = 8.0, 1.2 Hz, 2 H), 7.64 (td,
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=8.0, 1.6 Hz, 2 H), 7.38-7.15 (m, 9 H), 5.61 (8))2'°C NMR (100 MHz, CDGJ) 5 178.5, 142.8,
135.7, 134.3, 129.5, 128.1, 125.9, 122.8, 121.%,411109.5, 51.1; HRMS (ESI) calcd for
CooH16NO (M+H) 286.1226, found 286.1229.

2-Methyl-10-phenylacridin-9(10H)-one (49).The representative procedure was employed to
afford 62.7 mg (0.22 mmol, 88% vyield) 4§ as a yellow solid: mp 220-221 °Q; = 0.38 (2:1
petroleum ether/EtOAciH NMR (400 MHz, CDCY) 6 8.57 (d,J = 7.2 Hz, 1 H), 8.36 (s, 1 H),
7.71-7.63 (m, 3 H), 7.46 (3,= 7.6 Hz, 1 H), 7.35-7.29 (m, 3 H), 7.23X& 7.6 Hz, 1 H), 6.73 (d,
J=8.8Hz, 1 H), 6.66 (d] = 8.4 Hz, 1 H), 2.44 (s, 3 H*C NMR (100 MHz, CDG)) § 178.1,
143.1,141.4, 139.2,134.9, 133.2, 131.3, 131.2,201329.6, 127.4, 126.6, 121.82,121.77, 121.4,
116.9, 116.8, 20.9; HRMS (ESI) calcd fosd;sNO (M+H) 286.1226, found 286.1233.

2-Methoxy-10-phenylacridin-9(1H)-one (4h).The representative procedure was employed
to afford 56.4 mg (0.19 mmol, 75% vyield) 4ifi as a yellow solid: mp 158-159 °&;= 0.24 (2:1
petroleum ether/EtOAcIH NMR (400 MHz, CDCJ) 6 8.58 (d,J = 7.2 Hz, 1 H), 7.96 (dl = 1.2
Hz, 1 H), 7.69-7.63 (m, 3 H), 7.47 {t= 7.6 Hz, 1 H), 7.36 (d= 8.8 Hz, 2 H), 7.24 (dl= 7.6 Hz,
1 H), 7.13 (ddJ = 7.6, 1.2 Hz, 1 H), 6.76 (d,= 8.4 Hz, 1 H), 6.72 (dl = 8.4 Hz, 1 H), 3.93 (s, 3
H); *C NMR (100 MHz, CDGJ) § 177.7, 154.8, 142.8, 139.2, 138.2, 133.1, 13132,2], 129.7,
127.3, 124.2, 122.5, 121.4, 121.2, 118.7, 116.8,21(66.0; HRMS (ESI) calcd for,gH;sNO,
(M+H) 302.1176, found 302.1182.

2-Chloro-10-phenylacridin-9(1H)-one (4i). The representative procedure was employed to
afford 61.1 mg (0.20 mmol, 80% yield) 4ff as a yellowsolid: mp 228-230 °C (fit 229-230 °C);
R = 0.45 (2:1 petroleum ether/EtOAH NMR (400 MHz, CDCJ) 6 8.52 (d,J = 8.4 Hz, 1 H),

8.49 (d,J = 2.8 Hz, 1 H), 7.73-7.67 (m, 3 H), 7.51 (s 8.0, 1.2 Hz, 1 H), 7.42-7.37 (m, 3 H),
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7.26 (t,J=7.6 Hz, 1 H), 6.76 (dl = 8.4 Hz, 1 H), 6.71 (d = 8.4 Hz, 1 H)**C NMR (100 MHz,
CDCly)6177.1,143.2,141.7,138.8, 133.7, 133.5, 1318@,d, 127.6, 127.4, 126.5,122.7,122.1,
121.8,118.8, 117.6, 117.1; HRMS (ESI) calcd fgyHzCINO (M+H) 306.0680, found 306.0688.

10-(3,4-Dimethylphenyl)-2,3-dimethylacridin-9(1®)-one  (4k). The representative
procedure was employed to afford 59.8 mg (0.18 mif@fo yield) ofdk as a yellow solid: mp
245-247 °CR; = 0.37 (2:1 petroleum ether/EtOAdY NMR (400 MHz, CDC}) § 8.56 (d,J = 8.0
Hz, 1 H), 8.31 (s, 1 H), 7.46-7.41 (m, 2 H), 7.2 € 8.0 Hz, 1 H), 7.08-7.05 (m, 2 H), 6.77 {d,
= 8.4 Hz, 1 H), 6.58 (s, 1 H), 2.43 (s, 3 H), 2863 H), 2.35 (s, 3 H), 2.23 (s, 3 HC NMR (100
MHz, CDCk) 6 177.9, 143.7, 143.3, 142.0, 139.8, 138.2, 13&8,8, 132.0, 130.8, 127.3, 127.2,
127.0, 121.9, 121.1, 120.0, 117.4, 117.3, 117.(9,280.1, 19.9, 19.3; HRMS (ESI) calcd for
Ca3H2oNO (M+H) 328.1696, found 328.1704.

10-(3,4-Dimethoxyphenyl)-2,3-dimethoxyacridin-9(18)-one  (4l). The representative
procedure was employed to afford 83.2 mg (0.21 mB&ho yield) ofdl as a yellow solid: mp
234-235 °CR; = 0.62 (pure EtOAc}H NMR (400 MHz, CDCJ) § 8.51 (dd,J = 8.0, 1.2 Hz, 1 H),
7.86 (s, 1 H), 7.43 (td,= 8.0, 1.2 Hz, 1 H), 7.21 @,= 8.0 Hz, 1 H), 7.11 (dl= 8.4 Hz, 1 H), 6.95
(dd,J=8.4, 1.6 Hz, 1 H), 6.84 (d,= 1.6 Hz, 1 H), 6.79 (dl = 8.8 Hz, 1 H), 6.18 (s, 1 H), 4.00 (s,
3 H), 3.95 (s, 3 H), 3.86 (s, 3 H), 3.66 (s, 3, NMR (100 MHz, CDGJ) § 176.5, 154.5, 151.0,
149.8, 145.7, 143.0, 139.7, 132.5, 131.7, 127.0,2221.4, 121.3, 116.8, 115.7, 112.5, 112.4,
106.4, 98.5, 56.4, 56.32, 56.28, 56.0; HRMS (ES&l¢at for GsH,,NOs (M+H) 392.1492, found
392.1490.

5-(2,3-Dihydro-1H-inden-5-yl)-2,3-dihydro-1H-cyclopentap]acridin-10(5H)-one (4m).

The representative procedure was employed to af@rél mg (0.17 mmol, 69% yield) dm as a
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yellow solid: mp 176-178 °@; = 0.48 (2:1 petroleum ether/EtOA4Y NMR (400 MHz, CDC}))
§8.57 (dJ=8.0 Hz, 1 H), 8.41 (s, 1 H), 7.51-7.43 (m, 2 HP4-7.21 (m, 1 H), 7.15 (s, 1 H), 7.07
(d,J=8.0 Hz, 1 H), 6.79 (dl = 8.0 Hz, 1 H), 6.66 (s, 1 H), 3.10-2.98 (m, 6 g7 (tJ = 7.6 Hz,
2 H),2.24 (t)=7.6 Hz, 2 H), 2.08 (| = 7.6 Hz, 2 H)**C NMR (100 MHz, CDGJ) 5 178.2, 151.5,
147.6, 145.8, 143.4, 142.9, 138.5, 137.5, 132.8,71227.3, 126.6, 125.9, 121.9, 121.8, 121.1,
121.0, 117.1, 112.4, 33.8, 33.2, 33.0, 32.0, 25M; HRMS (ESI) calcd for £H,,NO (M+H)
352.1696, found 352.1705.

1-Methoxy-10-(3-methoxyphenyl)acridin-9(181)-one (4n). The representative procedure
was employed to afford 74.6 mg (0.22 mmol, 90%djielf 4n as a pale white solid: mp 221-222
°C;R = 0.52 (2:1 petroleum ether/EtOA4! NMR (400 MHz, CDCJ) § 8.52 (dJ= 7.6 Hz, 1 H),
7.56 (t,J=8.0 Hz, 1 H), 7.41 (1= 7.6 Hz, 1 H), 7.32 (1= 8.4 Hz, 1 H), 7.20 (§ = 7.2 Hz, 1 H),
7.13(dJ=8.0 Hz, 1 H), 6.91 (dl = 7.2 Hz, 1 H), 6.84 (s, 1 H), 6.66Jt= 9.6 Hz, 2 H), 6.33 (d,
J=8.4Hz, 1H),4.01 (s, 3H), 3.82 (s, 3 ML NMR (100 MHz, CDGJ) § 177.9, 161.9, 161.6,
145.7, 142.2, 140.7, 133.4, 132.8, 131.8, 127.3,6222.0, 121.7, 116.5, 115.5, 115.3, 112.7,
109.3, 102.9, 56.4, 55.7; HRMS (ESI) calcd feiHzsNO; (M+H) 332.1281, found 332.1285.

Compoundste 40 through4r, and the inseparable mixtures 48 + 4s’ and4t + 4t" were
prepared according to the following procedure (@spntative procedure fdX-substituted
2,3-dihydroquinolin-4-ones where 1.2 equiv of ayweere used): the general procedure used
above for the synthesis of acridof@was applied to 0.3 mmol of aryne precursor, 0.2%ihof
N-substituted 2,3-dihydroquinolin-4-one, 4 mL of MeéCGnd 0.091 g (0.6 mmol) of CsF to afford
the desired product.

10-Allylacridin-9(10H)-one (4e).The representative procedure was employed toca#8r2
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mg (0.12 mmol, 48% yield) ofe as a yellow solid: mp 131-132 °C {{it.32-134 °C)R; = 0.36
(2:1 petroleum ether/EtOACH NMR (400 MHz, CDCJ) & 8.55 (d,J = 7.6 Hz, 2 H), 7.69 (f] =
7.6 Hz, 2 H), 7.39 (d] = 8.8 Hz, 2 H), 7.28 (] = 7.6 Hz, 2 H), 6.18-6.09 (m, 1 H), 5.31 {c;
10.8 Hz, 1 H), 5.10 (d = 17.2 Hz, 1 H), 4.96 (s, 2 HfC NMR (100 MHz, CDG)) 5 178.4, 142.4,
134.1, 130.8, 127.6, 122.7, 121.4, 117.6, 115.5;49RMS (ESI) calcd for gH1,NO (M+H)
236.1070, found 236.1067.

10-Methylacridin-9(10H)-one (40).The representative procedure was employed toch&2r9
mg (0.16 mmol, 63% yield) ofo as a yellow solid: mp 201-203 °C {fi201-203 °C)R; = 0.22
(2:1 petroleum ether/EtOACH NMR (400 MHz, CDCJ) § 8.53 (dJ = 7.2 Hz, 2 H), 7.68 (f] =
6.4 Hz, 2 H), 7.46 (d] = 8.0 Hz, 2 H), 7.25 (| = 6.4 Hz, 2 H), 3.82 (s, 3 HY'C NMR (100 MHz,
CDCly) 6 178.2, 142.7, 133.9, 127.9, 122.6, 121.4, 118%R;HRMS (ESI) calcd for LH;.NO
(M+H) 210.0913, found 210.0918.

2,10-Dimethylacridin-9(1(H)-one (4p).The representative procedure was employed todaffor
34.6 mg (0.16 mmol, 62% vyield) dp as a yellow solid: mp 149-151 °C {{it.53 °C);R; = 0.25
(2:1 petroleum ether/EtOACH NMR (400 MHz, CDCY) § 8.53 (dJ = 8.0 Hz, 1 H), 8.31 (s, 1 H),
7.66 (t,J = 7.2 Hz, 1 H), 7.49-7.43 (m, 2 H), 7.36 {5 8.8 Hz, 1 H), 7.22 (dl = 7.6 Hz, 1 H),
3.80 (s, 3 H), 2.44 (s, 3 HC NMR (100 MHz, CDGJ) $ 178.1, 142.6, 140.8, 135.3, 133.7, 131.0,
127.9, 127.2, 122.6, 122.5, 121.1, 114.9, 114.87{,3%.8; HRMS (ESI) calcd for ;6H;,NO
(M+H) 224.1070, found 224.1075.

2-Methoxy-10-methylacridin-9(1)-one (4q). The representative procedure was employed
to afford 32.9 mg (0.14 mmol, 55% yield) 44 as a yellow solid: mp 139-141 °C {iii.38 °C):R;

= 0.12 (2:1 petroleum ether/EtOAS) NMR (400 MHz, CDCJ) § 8.54 (d,J = 8.0 Hz, 1 H), 7.92
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(d,J=2.8 Hz, 1 H), 7.66 (tdl = 7.6, 1.2 Hz, 1 H), 7.46-7.42 (m, 2 H), 7.31 (@¢,9.2, 3.2 Hz, 1
H), 7.23 (d,J = 7.6 Hz, 1 H), 3.92 (s, 3 H), 3.82 (s, 3 g NMR (100 MHz, CDGJ) § 177.6,
154.5, 142.2, 137.5, 133.7, 127.9, 124.5, 123.3,912121.0, 116.7, 114.8, 106.8, 55.9, 33.8;
HRMS (ESI) calcd for gH14/NO, (M+H) 240.1019, found 240.1021.

2-Chloro-10-methylacridin-9(1H)-one (4r). The representative procedure was employed to
afford 30.5 mg (0.13 mmol, 50% yield) 4f as a yellow solid: mp 171-173 °Q; = 0.21 (2:1
petroleum ether/EtOAciH NMR (400 MHz, CDCY) 6 8.44 (d,J = 7.6 Hz, 1 H), 8.39 (s, 1 H),
7.68 (t,J = 8.0 Hz, 1 H), 7.53 (dd,= 9.2, 2.0 Hz, 1 H), 7.43 (d,= 8.8 Hz, 1 H), 7.36 (dl = 9.2
Hz, 1 H), 7.23 (dJ = 7.2 Hz, 1 H), 3.79 (s, 3 H)®C NMR (100 MHz, CDGJ) 5 177.0, 142.4,
140.9, 134.2, 133.8, 127.8, 127.3, 126.8, 123.2,4.2121.7, 116.7, 115.0, 34.0; HRMS (ESI)
calcd for G4H1;CINO (M+H) 244.0524, found 244.0523.

2,10-Dimethylacridin-9(1H)-one and 3,10-dimethylacridin-9(16)-one (4s + 4s’).The
representative procedure was employed to affor@l 3y (0.14 mmol, 57% total yield) 46+ 4s’
as a yellow solidR; = 0.25 (2:1 petroleum ether/EtOA&Y NMR (400 MHz, CDC}) § 8.54-8.51
(m, 2 H), 8.39 (dJ = 8.0 Hz, 1 H), 8.30 (s, 1 H), 7.65Jt= 7.6 Hz, 2 H), 7.47 (dd,= 8.4, 2.0 Hz,
1 H), 7.43 (dJ = 8.8 Hz, 2 H), 7.35 (dl = 8.8 Hz, 1 H), 7.22 (dl = 10.0 Hz, 3 H), 7.05 (d,= 8.0
Hz, 1 H), 3.79 (s, 3 H), 3 78 (s, 3 H), 2.48 (${)32.43 (s, 3 H)**C NMR (100 MHz, CDCJ) 5
178.1, 177.9, 144.8, 142.8, 142.7, 142.6, 140.8,31333.7, 131.0, 127.8, 127.4, 123.1, 123.0,
122.7, 122.6, 122.5, 121.2, 121.0, 120.7, 114.88,8P, 33.73, 33.71, 22.8, 20.8; HRMS (ESI)
calcd for GsH14,NO (M+H) 224.1070, found 224.1072.

2-Methoxy-10-methylacridin-9(1H)-one and 3-methoxy-10-methylacridin-9(18)-one

(4t + 4t"). The representative procedure was employed toca§6r9 mg (0.15 mmol, 60% total
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yield) of 4t + 4t as a yellow solidR = 0.18 (2:1 petroleum ether/EtOA&] NMR (400 MHz,
CDCly) 5 8.53 (d,J = 8.0 Hz, 1 H), 8.49 (dl = 7.6 Hz, 0.5 H), 8.43 (d,= 8.8 Hz, 0.5 H), 7.91 (d,
J=2.8Hz, 1H), 7.67-7.61 (m, 1.5 H), 7.44-7.38 @b H), 7.30 (ddJ = 9.2, 3.2 Hz, 1 H),
7.25-7.21 (m, 1.5 H), 6.81 (ddl= 8.8, 2.0 Hz, 0.5 H), 6.72 (s, 0.5 H), 3.91 (51)33.90 (s, 1.5 H),
3.81 (s, 3 H), 3.72 (s, 1.5 HYiC NMR (100 MHz, CDGJ) 5 177.6, 177.2, 164.3, 154.5, 144.5,
142.8, 142.2, 137.5, 133.6, 133.4, 127.8, 124.8,4223.2, 122.7, 121.8, 121.0, 117.2, 116.7,
114.7, 106.8, 98.0, 56.0, 55.7, 33.9, 33.8; HRMSI)Ealcd for GsH1,NO, (M+H) 240.1019,

found 240.1020.
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CHAPTER 4
Synthesis of Bi-Indazoles by the [ 3 + 2 ] Dipolar Cycloaddition 6Sydnones with Arynes
Reprinted with permission froth Org. Chem2011, 76, 8840, Copyright (2011) American
Chemical Society.
Yuesi Fand,Chunrui Wu,* Richard C. Larock;* and Feng Shi*
TDepartment of Chemistry, lowa State University, & 50011, U.S.A.
*Key Laboratory of Natural Medicine and Immuno-Eregring of Henan Province, Henan

University, Jinming Campus, Kaifeng, Henan 475@H4ina PR

4.1. Abstract
1 @ETMS R, R® TTﬁlan _ R
R oTt E;\gfé -CO, R1©f§NR2
A rapid and efficient synthesis oH2Zindazoles has been developed using a [3 + 2] dipol
cycloaddition of sydnones and arynes. A seriestbirZlazoles have been prepared in good to

excellent yields using this protocol, and subsetddhcatalyzed coupling reactions can be

applied to the halogenated products to generateictsrally diverse library of indazoles.
4.2. Introduction

The synthesis of heterocyclic compounds has attiagignificant attention for decades. Among
the various heterocycles, the indazole systemdxasivied significant attention due to its diverse
bioactivity* Although a number of methods for the preparatibindazoles are known, most

methods target H-indazoles. Those focused on the selective andiefti preparation of
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2H-indazoles, which also appear to have pharmacéyircenise’ remain limited. Recently,
significant efforts have been devoted to the dguakent of synthetic routes towards
2H-indazoles’ as highlighted by the elegant chemistry develdpgdalland (eq 1% and Song (eq
2).3b However, it should be noted that most of thesdnou still have significant limitations. Thus,

new routes are still desirable.

PdCl, (5 mol %)
R tBuzPHBF, (10 mol %) CH,R

= 1.4 Cs,CO;,
+ PANHNH, 5 )
al DMF, 3h SN

Pd(OAC); (5 mol %)

R2 dppf (7.5 mol %)
: & 1.5 tBuONa R! i
p D N @
X N - /N \ /
| _ \NHQ toluene, 90 °C, 15 h X N

Our two groups have extensive ongoing researchrgnagin aryne chemistry directed toward
biologically important heterocycles, including apaches involving Pd-catalyzed annulation
reactions’ electrophilic and nucleophilic reactionster- or intramolecular annulation reactiéns,
and insertion reactiorlsAryne dipolar cycloadditions have provided synttwity useful methods
for the synthesis of benzotriazofemdazoles, and benzisoxazolE€sby reactions with azides,
diazo compounds, and nitrile oxides, respectively.

For the synthesis oftindazoles, we have previously communicated a (3 eycloaddition
approach involving arynes and readily accessibimeyes (eq 3. This chemistry, which offers
very mild reaction conditions, high yields, and ecantamination by H-indazoles, presumably
involves an initial [3 + 2] cycloaddition to affora bicyclic adduct, followed by spontaneous
extrusion of a molecule of Gn a retro-[4 + 2] fashion. Herein, we wish toogghe full details
on this project, and demonstrate its potential isppbn to the construction of a small library

utilizing palladium-catalyzed cross-couplings ofldgenated B-indazoles prepared by our
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methodology.
3 3
N TMS R, |} 1.5 TBAF R
1-2R1l—(;[ YNNG T RE O ON-R? ©)
THF, rt, 12 h T~ ~
oTf N-g NN
1 2 3

4 .3. Results and Discussion

Preparation of the sydnonesSydnones are readily prepared from the correspgnalinino
acidg”® by a sequence which involvésnitrosation/cyclodehydration. Three different s,
namely Protocol 1A [1.5 equiv of NaNQO °C, 1 h, then acidify], Protocol 1B [2.0 equ¥
NaNG;, HCI, then 0 °C, 1 h], and Protocol 1C [1.5 equfiv-amyl nitrite, DME, rt, 2 d] have
been used in the nitrosation step, and two othl@opols, namely 2A [Af© as solvent, 110 °C, 2 h]
and 2B [2 equiv of TFAA, EO, rt, 2 h] have been used for the cyclodehydragtep. A variety of
sydnones have been synthesized starting from yeadiilable amino acids (Scheme 1, see the
Experimental Section for details). However, prepanaof some sydnones, especially those with
an alkyl group at th€-4 position have not been successful.

Scheme 1Synthesis of Sydnones.

R+
1 Protocol 1A, 1B or 1C R Protocol 2A or 2B N _
RY J\ N~ "COH ——————— '}‘, A\
N~ “CO,H ) (0]
H NO N-o

Sydnones not readily derived from amino acids eaadressed by further functionalization of
preformed monosubstituted sydnones. Thus, arylagioth vinylation at theC-4 position of
sydnones can be achieved from monosubstituted sgdnoy Pd-catalyzed cross-coupling with
aryl or vinylic halides using literature proceduteg 4)** Alkynylation at theC-4 position can be
performed using the same protocol or by oxidatisepting with terminal alkynes (eq 5.

Monosubstituted sydnones can also be iodinatdacylatedf at theC-4 position by reacting
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sydnones with ICI buffered with NaOAc/AcOH (eq 6)aetic anhydride combined with NBS (eq

7) respectively.

5 mol % Pd(OAc),
10 mol % PPh3 R2

RL+ 2.0 K,CO4 1
N _ 5 R+ ~ 4)
’u\/},o +1.5 R2X r}{/\&o

DMF, air, 120 °C N-g

R' = Ph, R? = vinyl, X = Br; 2I, 40%
R’ = 4-chlorophenyl, R? = 4-methoxyphenyl, X = I; 20, 48%
For more examples, see the Experimental Section

10 mol % Pd(OAc),

10 mol % CuCl,
o 2.0 Ag,0 / /
+15 =—Ph (5)

.
N/\>_ -
r{ll\o o Toluene, 75 °C Illl\
69% 0
2s

Cl

R

\@+ e @ﬂy ®)

N0 " NaOAGIACOH
N-g rt,1h

R=H; 2t, 63%
R =Br; 2u, 60%

0
1.0 NBS Me
N/\>_ - T N\ )
N O ACQO I
~0 N N-g
110°C, 4 h A
52% v

o}

Reaction optimization. The reaction of o-(trimethylsilyl)phenyl triflate {a) and
N-phenylsydnone2a) was investigated as the model reaction for ogttidon (Table 1). In the
beginning, we found that using CsF in acetonitaldy afforded a 69% yield oBaa with
incomplete conversion @a, even upon a prolonged reaction time (entry 1hritug the reaction
in THF led to complete conversion with a much imya 90% yield (entry 2). We quickly found
that better results and shorter reaction timesdcbhelrealized by changing the fluoride source from
CsF to TBAF (entries 3 and 4). With this change FT&hd acetonitrile exhibited no apparent
difference in yields. However, THF is slightly peefed, because it appeared to afford a pure

product (white vs. yellow in acetonitrile). In atldin, when using THF as the solvent, the loadings
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of bothlaand fluoride could be reduced while maintainingear quantitative yield (entries 5 and
6). The reaction provides a clean, spot-to-spotst@mation with perhaps only a trace of the
starting material; no other spots were observed Ti€C analysis. This sydnone-aryne
cycloaddition appears to represent one of the bpptoaches toF-indazoles in terms of
efficiency and yield. The reaction conditions répdrin Table 1, entries 5 and 6, which employ the
same stoichiometry and concentration, but usetbéesolid TBAF or a THF solution of TBAF
afford similar results. Thus, the procedures regmbih entries 5 and 6 have been chosen as our
standard reaction conditions for our study of addél substrates.

Table 1.Reaction Optimizatich

T™MS  Ph_. - _
OO Miye O
oTf N-g N
a 2a

1 3aa

la fluoride source

entry | | solvent /t;rrrfce):c()h) yield” (%)
(equiv) (equiv)
1 1.5 CsF (2.5) MeCN rt, 36 69
2 1.5 CsF (2.5) THF 70, 24 a0
3 15 TBAF (25) MeCN  rt, 12 g5
4 15 TBAF (25)  THF i, 12 94
5 12 TBAF (1.5)  THF ft, 12 08
6 12 TBAF (15)  THF i, 12 97

2 All reactions were carried out on a 0.4 mmol sel®.1 M concentratior. Isolated yield °
Incomplete conversion @a even after 2 day8 Solid anhydrous TBAF was uséd:he product is

significantly yellow, although no apparent impunits detected b{H NMR spectroscopy. A
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THF solution of TBAF (1 M) was used.

Scope and limitations.The scope and limitations of our approach kbi2dazoles have been
tested, first using a range of structurally divesggnones (Table 2). For monosubstituted sydnones
with an aryl group, the reaction smoothly affordexicellent yields of the corresponding
2H-indazoles (entries 1-6), with a variety of funoi@b groups tolerated, including halogens
(entries 2 and 3), and alkyl (entry 4), ether (g5, and acetal (entry 6) groups. However, the
electron deficienN-(4-nitrophenyl)sydnon@g (entry 7) was found to be unreactive. Even with
the addition of a second batch of 1.2 equitaffter the first 1.2 equiv dfa was consumedg
remained unreacted\-Alkylsydnones (entries 8 and 9) also worked weltdlemour reaction
conditions, but in somewhat lower yields.

With substitution in theC-4 position of the sydnone, we have observed lim#ieccess with
alkyl groups. Except for the proline-derived sydadj (entry 10), which has the 3- and
4-substitution tethered into a ring, other sydnomese found unstable under our reaction
conditions and afforded a fairly complex reactioixtare in the end. For example, sydndtie
derived from leucine (entry 11) afforded only a 28#ld with ~10% recovery of the sydnone
under our standard conditions, and 1.6 equillaaddnd 2.4 equiv of TBAF had to be employed for
the full conversion o2k. On the other hand, sydnones wé{f- or sp- carbon units in th€-4
position, including a vinyl group (entry 12), difeat aryl groups varying in their electronics
(entries 13-16), different heterocyclic groups (@st17 and 18), and an alkynyl group (entry 19),
were all tolerated and the desired products wetairdd in good to excellent yields, although in
some cases (entries 18 and 19), incomplete cooverss observed. Successful substitution at the

C-4 position of the sydnone has been extended tgyeak) as illustrated in sydnor&tsand2u
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(entries 20 and 21), where 88% and 90% yields haee obtained. However, substitution of other
electron-withdrawing groups at th€-4 position has not been tolerated. For example,
4-acetylsydnon@v was found to be unreactive with benzyne undestarrdard conditions (entry
22), leading to complete recovery of the startingdnene. The adverse effect of
electron-withdrawing groups has also been obsemedntry 13, where a lower yield was
obtained.

Table 2. Synthesis of B-Indazoles from Benzyne and Sydndhes

3 3
™S R, R 1.5 TBAF R
+ N _ _—
(:[oﬂ NJO\VO THF, 1t, 12 h CE;N—RQ

1a 2 3
Entr ield | entr ield
sydnone Product Z sydnone Product Z
(%) vy (%)
Ph_+ =
NN g ~ 'N—Ph Ph‘ﬁ{ -
1 e 9% 98 | 12 i 79
2a 3aa
2l
Q Me
Cl
(1 . ~ N—< >—CI
2 m/\>_o_ CEI\: 95 13 Ph_+ 71
2b © 3ab ,{Lo\ 0
2m
OMe
Br.
(1 ; N B
3 g CEN " 93 14 e (. 90
- © 3ac Neg O
2n
OMe
Me\@ o
| N >7M
4 N5 5 " 94 15 Qﬁ L. 03
od ° 3ad 'lll\o °
20

Table 2 continued
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MeO,
\©\+ N )—om
5 N6 9 " 92 | 16 01
~0
3
2e ae
(0]
¢ _
@,q ) ©:N'N 9
6 N Mo - 91 | 17 ~79
~0
3af
2f
OoN
7 (Iﬂx—o‘ @N@NOZ treice 18 72f
=0
3
29 ad
Me. + Cl
1" \ y /N—Me
8 1o 5 77 | 19 (v
2h 3ah
Bn\+
NN—g ~ N-B
9 e CCN " 70 | 20 88
2i 3ai
Br.
10 %o <" 70 | 21 R ' 90
3ai
7 a
Cl
Qﬁ ) — h
11 N \N,N@a 63 | 22 n.r.
2k 3ak

& All reactions were carried out on approximatel @mol of sydnone at a concentration of 0.1
M. ® Isolated yield® A trace amount of product was detected by GC-MfhsBate2g was still
unreactive upon heatind.This reaction was performed with 1.6 equivlafand 2.4 equiv of
TBAF. ® The reaction afforded a 52% yield of p@ay, together with another fraction of impure
3aq (32% by weight, approximately 80-85% purity) theas very hard to purify. With 15%

recovery ofr. ¢ With 19% recovery a2s. " With total recovery o2v, lawas consumed. Substrate
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2v was still unreactive upon heating.

Next, a variety of different aryne precursors haeen tested under our optimized reaction
conditions (Table 3). As can be seen, excellentlgiean be achieved regardless of the aryne
structure. Symmetrical aryne precursaits and 1¢ have been converted to the corresponding
2H-indazoles3ba (entry 1) and3ca (entry 2), respectively in almost quantitative lgge
Unsymmetrical aryne precursd, which is neither electronically nor stericallyabed, afforded
mixtures of two possible regioisomers in nearlyaqmountgentry 3). Unsymmetrical aryne
precursorle which is partially biased electronically, ledan inseparable mixture of two isomers
inal:0.8ratio (entry 4). Unsymmetrical arymeqursorlf, which is slightly biased by sterics,
led to an inseparable mixture of two isomers in a@7 ratio (entry 5). An unsymmetrical
naphthalyne precursdig was also reactive and led to an inseparable naxfitwo isomers in
equal amounts (entry 6). However, 2,3-pyridyne preer 1h'’ proved unsuccessful using our
standard reaction conditions. We observed thayalhone starting material was recovered when
compoundLh was consumed (entry 7).

An interesting observation was made when we caaigdhe reaction using the unsymmetrical
aryne precursofli, which is both sterically and electronically bids&Vhile we isolated two
products, we were only able to assign one as tMe@-isomer 8ia) (33% vyield) through
extensive NMR spectroscopic analysis and compaistimliterature value$:*®*We were unable
to identify the other product. While HRMS suggestied identity as the desired regioisomeric
product, the presence of extra aromatic protonsyedisas two aliphatic methyl groups in the
NMR spectrum, clearly suggested otherwise. It watuntil we reactedi with another sydnone

2d that we realized what had happened. In the legtmtion, we again obtained two products. One
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was the desired 4-MeO isom@id) in a 44% vyield, and the other product was agaidantified.
However, we were able to observe exactly the sattta aromatic protons and exactly the same
extra methyl signals that were observed in the ipusly unidentified product, but here the
integration no longer involved integers. That deauggested that these “unidentified” products
were in fact mixtures of two compounds. The mixtwigtained fromli and 2a involved
approximately a 1:1 ratio of two products. Therefahe HRMS information was correct. The
“unidentified” product fromli and 2a actually contained the 7-MeO isomgia’. The other
component in the mixture was later attributedntanisidine based ofH NMR spectral analysis
and comparison with literature values. The existentmranisidine was also confirmed by
GC-MS. Thus, by stirring this “unidentified” produwith an excess of acetic anhydride and
pyridine, followed by a regular work-up and siligal chromatography, the pure 7-MeO isomer
(3ia’) could be obtained in a 40% yield. Thé NMR spectral data now matched the literature
values'® Similarly, compoundid’, the 7-MeO isomer from the reaction ifand2d, could be
isolated pure in about a 42% yield.

Table 3.Reaction with Other Aryne Precursbrs

Aryne Precursor (1, 1.2 equiv.)

Ak 1.5 TBAF =
Nl/\>70 R+- ~ N-Ar
N-g THF, 1t, 12 h SN
2 3
Entry sydnone aryne precursor product yi8lo)
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Ar = Ph

2a

Table 3 continued

Me:©:TMS

Me oTf

1b

MeOJC(TMS

MeO OTf

lc

Me\©:TMS

OTf

1d

Meo\©:'rms

OTf

1f

™S

OTf
1g

\TMS
|

N~ "OTf

Me _
3ba

MeO
_—
o0
MeO N

3ca

5/ =
Met= | N
6N

3da + 3da’
MeOZ@N@

3ea + 3ed’

4

Me—(g/\i’;N@

3fa + 3fa’
RIS
) @Y

3ga + 3ga’
3ha + 3ha’

oM

o0

3ia
-0
OMe

3ia’

97

95

9F

o¢f

og

09

33

40
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Ar = OMe . OMe
™
9 p-Tol CEOH @NOW 44
od 1i 3id
OMe 42
3id’

2 All reactions were carried out on 0.4 mmol of isyde at a concentration of 0.1 Risolated
yield. © A 1:1 mixture of the 5-Me isomer and the 6-Me isprwas obtained! An inseparable
0.8:1 mixture of two isomers (5-MeO and 6-MeO) vadtained. The major isomer was not
identified.® A 0.7:1 mixture of two inseparable isomers (4-Me @-Me) was obtained. The major
isomer was not identified.A 1:1 mixture of3gaand3ga’ was obtained® All sydnone starting
material was recovered when precursbrwas consumed.See the Supporting Information for
the structure assignmeritThe structures were assigned based on the potamiy'H NMR
coupling pattern of the two isomers obtained frarine6.

The regioselectivity in this cycloaddition, espdyiavith the aryne derived frondi, can be
explained as shown in Scheme 2. For a sydnone #nerthree resonance structukesy, andC,
Scheme 2), and cycloaddition with the aryne shauigse from the latter two. Since the aryne
derived fromli is known to be attacked preferentially by nuclégshat the meta position (with
respect to the OMe group) for both electronic aetisreasons’ resonance structui should
lead to formation of the 7-OMe regioisom@ia’, while resonance structuf@ should lead to
formation of the 4-OMe regioisom@&ia. While we typically draw the structure of sydnorass

either A or B, computational chemists long ago realized thapitkeshe enolate nature and the
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observed nucleophilic reactivity @-4, theN-2 position actually carries a significant negative
chargé® and may serve as the nucleophile in the aryneioadilthough the charge distribution
of sydnones has been controverSiaxperimental results involving the cycloadditidrspdnones
with unsymmetrical alkynes have clearly suggestet bothN-2 and C-4 can react as the
nucleophilic site¢? Moreover, the molecular orbital analysis of sydemindicates that the LUMO
of sydnones has very similar coefficients kb2 andC-4,% rendering thé\-2 andC-4 positions of

a sydnone similar in reactivity. All these litersguesults support the formation of both isomers
3ia and 3ia’ through cycloaddition, and the side-produntanisidine, appears to arise from a
separate path during the formation of isoiar Possibly, due to steric hindrance of the methoxy
group, the [3 + 2] cycloaddition to forBia is partially disrupted and therefore occurs stepwi
which stopsat betaind.? The addition of water may lead to the formatiofEpivhich is attacked
by hydroxide to form a ring-opened intermedi&telntermediateF can further decompose to
nitroso compounds, which is then reduced ta-anisidine.

Scheme 2.Regioselectivity in the Cycloaddition Reaction aRtbposed Mechanism for the

Formation ofm-Anisidine.
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Mechanistic investigation. To gain further insight into this reaction, we danted a brief

Density Functional Theory andb initio calculation of the reaction path using Gaussian 09

Geometry optimizations were performed with hybri8LBP functions in conjunction with the

6-31G(d) basis set. Higher-level relative energiese computed at the MP2/6-311+G(d,p) level

based on the B3LYP/6-31G(d) optimized geometrié® Schematic potential energy surface of

the reaction with zero-point energy correctionglétted in Figure 1. As can be seen, the initial [3

+ 2] cycloaddition is an exothermic step. A subssquetro-[4 + 2] reaction is again exothermic.

Since we were not able to find the transition staikthese cycloaddition and cycloreversion
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processes, a relatively smooth potential energiaseimmay exist.
Figure 1. Schematic potential energy surface with zero-pemtrgy (ZPE) corrections at the
MP2/6-311+G(d,p) level (units in kJ MYl The values in parentheses are those obtaint at

B3LYP/6-31G(d) level. The energy of the reactastsat to zero as a reference.

(-283.8)

P1+CQ
-625.75
(-605.12)

Elaboration of 2H-Indazoles.As our approach tolindazoles tolerates halogen substituents,
those halogen atoms offer an ideal site for furtbkboration by subsequent Pd-catalyzed
cross-couplings. Such a strategy can quickly affartibrary of structurally diverse, highly
functionalized ®-indazoles. In this regard, we have demonstrated feéasibility of such
elaborations by convertirgat to the corresponding 3-aryl- and 3-(1-alkynyH-thdazoles using

Suzuki-Miyaurd® and Sonogashifa reactions, respectively (Scheme®3By modifying the
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structure of the sydnones and aryffethis approach can be easily exploited to provideem
derivatives for potential biological activity screeg. It should be noted that our direct new
synthesis of alkynylsydnon#ss unable to prepare indazoles liat, and, therefore, the route
described in Scheme 3 provides an effective ramveartds such compounds.

Scheme 3Suzuki-Miyaura and Sonogashira Coupling Bfiddazoles

5 mol % Pd(PPhs),

' o B(OH), 3 KOH
= +15 < D/
\N/N_Ph o) 20 : 5: 1 toluene/ethanol/water

80°C, Ar
99%

3at 4at

3 mol % PdClz(PPh3)2
I 3 mol % Cul

©f<N_ph *+12  OMe 11 DMF/Et,NH
=N’ — 60 °C, Ar

50%

4.4. Conclusions

This work affords an efficient, new, synthetic @t 24-indazoles by the [3 + 2] cycloaddition
of arynes and sydnones. The reaction is applidabdevariety of sydnones and silylaryl triflates
and affords the corresponding cycloadducts in naideto excellent yields. Compared with
literature protocols, our approach offers very miehction conditions, high yields, and no
contamination by H-indazoles. The resulting halogen-substitutéttidazoles are readily
elaborated to more complex products using knowramypgalladium chemistry. Thus, the
versatility of the cycloaddition and the tolerammehalogen make this methodology ideal for

pharmaceutical chemistry.
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4.5. Experimental Section

General Information. All reagents purchased from commercial sourcegwsed as received.
The solvents THF and MeCN were distilled over Na#mphenone and CaHespectively. The
aryne precursors were used as received; thosemohercially available were prepared according
to literature proceduréd’” The sydnones were prepared as outlined below.siliva gel for
column chromatography was supplied as 300-400 roet30-400 mesf. Powdered CsF was
used as received and stored in a desiccator. TB#e( 1 M in THF solution or anhydrous solid)
was used as received. The solid TBAF was storeddiesiccator as well.

All melting points were measured and are uncortectdieH and**C NMR spectra were
recorded and are referenced to the residual sosignals (7.26 ppm foiH in CDCk and 77.2
ppm for'*C in CDCE).

All aryne cycloaddition reactions were carried duot oven-dried glassware and were
magnetically stirred. A nitrogen atmosphere wasuseid, except that a balloon of nitrogen was
attached to the reaction flask for the ventilabdiCO,.

Computational methods. All electronic structure calculations involved imig work utilized
the Gaussian 09 program packdg&he geometries and frequencies of all the statjopaints
(including reactants, intermediates, and produatsie calculated by Becke's three-parameter
nonlocal-exchange functional with the nonlocal etation functional of Lee-Yang-Parr (B3LYP)
using the 6-31G(d) basis set. To get more relieddetion energies, single-point corrections were
performed by restricted or unrestricted second+oMeller-Plesset perturbation theory (MP2)
with the 6-311+G(d, p) basis set using the B3LYBmoged geometries.

Preparation of the sydnonesAll the sydnones were prepared as follows. DueotwyIT1
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relaxation times, the acquisition 8% NMR spectra for many sydnones could not be aeliev
even after an overnight acquisition of 8000 scana 400 MHz instrument.

3-Phenylsydnone (2a}*To a suspension of 5.00 glgphenylglycine (33 mmol) in 60 mL of
water at 0 °C was added dropwise a solution of §80NaNQ (51 mmol, 1.5 equiv) in 20 mL of
water. The mixture was stirred at 0 °C for an adid#l 20 min and the resultant clear red solution
was filtered while cold. A scoop of activated claaio(ca. 200-300 mg) was added and the mixture
was stirred for a few minutes before being filteregigain. The intermediate
N-nitrosoN-phenylglycine was precipitated from the filtratg the addition of 10 mL of
concentrated HCI and was then collected by filbratilt was washed with cold water and dried
overnight under a high vacuum. The resulting selas then dissolved in 25 mL of acetic
anhydride and the mixture was heated to 100 °C.foh. After being cooled to room temperature,
the resulting mixture was poured into 300 mL of weater. A yellow solid formed, which was
triturated by stirring for a few minutes in thiddevater. The solid was filtered, washed thoroughly
with water until no smell of acetic acid remainadd dried under a high vacuum overnight to
afford 3.37 g of product (63% yield) as off-whiteystals. This representative procedure for
preparing sydnones from the corresponding aminm iaddentified asrotocol 1: '"H NMR (400
MHz, CDCE) § 7.77-7.58 (m, 5 H), 6.75 (s, 1 H).

3-(4-Chlorophenyl)sydnone (2b)A mixture of 5.10 g of 4-chloroaniline (40 mmol),18 mL
of ethyl chloroacetate (48 mmol, 1.2 equiv), arsB&) of NaOAc*3HO (48 mmol, 1.2 equiv) in
10 mL of ethanol was refluxed in a 100 °C oil batrernight. After being cooled to room
temperature, the mixture was poured into ice wata,the precipitate was filtered and dried. The

crude productN-(4-chlorophenyl)glycine ethyl ester, after cryktaltion from ethanol (4.01 g,
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47% yield), was an off-white solid. It is stronglyggested that this intermediate be purified, eithe
through recrystallization or column chromatographye resulting ester (3.00 g, 14 mmol) was
stirred with 1.01 g of LIOH (3.0 equiv) in 30 mL ®HF/water (1:1) at 0 °C. After 2 h at 0 °C, the
reaction mixture was gradually warmed up to roomgderature, where the pH was adjusted to 3-4
with concentrated HCI. The precipitate was filteresdd dried to afford 2.53 g of
N-(4-chlorophenyl)glycine (98% vyield) as an off-whitsolid (62% overall yield). This
representative procedure for preparing an amint iaddentified aRoute 13 Sydnone2b was
then synthesized as an off-white sqli@% overall yield) from the resulting amino acadlédwing
Protocol I *H NMR (400 MHz, CDCJ) § 7.74-7.67 (m, 2H), 7.64-7.56 (m, 2H), 6.79 (s, 1H)
3-(4-Bromophenyl)sydnone (2c). The corresponding amino acid was prepared from
4-bromoaniline followingRoute 1lin a 65% overall yield. Sydnorge was synthesized from this
amino acid followingProtocol 1 as an off-white solig50% overall yield)*H NMR (400 MHz,
CDCly) 6 7.78 (d,J = 8.4 Hz, 2 H), 7.62 (dl = 8.8 Hz, 2 H), 6.73 (s, 1 H).
3-(4-Methylphenyl)sydnone (2d). The corresponding amino acid was prepared from
4-methylaniline followingRoute 1in a 53% overall yield. Sydnorgsl was synthesized from this
amino acid followingProtocol 1as an off-white to cream sol{0% overall yield)*H NMR (400
MHz, CDCE) & 7.61 (d,J = 8.5 Hz, 2 H), 7.42 (dl = 8.2 Hz, 2 H), 6.72 (s, 1 H), 2.49 (s, 3 H).
3-(4-Methoxyphenyl)sydnone (2e).The corresponding amino acid was prepared from
4-methoxylaniline followingRoute 1in a 50% overall yield. Sydnorge was synthesized from
this amino acid followingProtocol 1 as an off-white solid78% overall yield)*H NMR (400
MHz, CDCE) & 7.65 (d,J = 9.2 Hz, 2 H), 7.08 (dl = 8.8 Hz, 2 H), 6.64 (s, 1 H), 3.91 (s, 3 H).

3-(3,4-Methylenedioxyphenyl)sydnone (2f)The corresponding amino acid was prepared
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from 3,4-methylenedioxyaniline followingRoute 1in a 60% overall yield. Sydnon2f was
synthesized from this amino acid followifgotocol 1 as a brown solig27% overall yield)H
NMR (400 MHz, CDC}) § 7.25-7.15 (m, 2 H), 6.96 (d,= 8.3 Hz, 1 H), 6.64 (s, 1 H), 6.14 (s, 2
H).

3-(4-Nitrophenyl)sydnone (2g).To 0.75 g of glycine (10 mmol) was added 10 mL of
tetrabutylammonium hydroxide in methanolM110 mmol, 1.Cequiv.); the solvent was removed
under vacuum, and the residue was dissolved inl20fidMSO. p-Fluoronitrobenzene (1.55 g,
11 mmol, 1.1 equiv) and 1.51 g 0f®&O; (11 mmol, 1.1 equiv ) were added and the mixtuas w
allowed to react under gentle warming (45 °C) wtitring until completion (monitored by TLC).
The mixture was then poured into cold water, a@difvith HCI, and extracted with ethyl acetate.
The combined organic layers were evaporated undenum and the residue was purified by
column chromatography (5:1 petroleum ether/EtOAcafford 1.2 g (65% yield) of the desired
amino acid as a yellow solfd Sydnone2g was then synthesized from this amino acid follayin
Protocol 1as an off-white solig36% overall yield)*H NMR (400 MHz, CDCJ) § 8.52 (d,J = 8.8
Hz, 2 H), 7,98 (dJ = 8.8 Hz, 2 H), 6.84 (s, 1 H).

3-Methylsydnone (2h).To an ice-cold solution of 6.7 mL of conc. HCI eéh86 g of sarcosine
(40 mmol) in 10 mL of water, was added a saturat#dtion of 5.52 g of NaN©(80 mmol) in
water. The mixture was stirred at 0 °C for 1 h #naoh extracted with ethyl acetate three times. The
combined organic layers were concentrated undacaum to obtaifN-nitrosoN-methylglycine
as a yellow oil. The resulting oil was dissolveddimL of dry ether and charged dropwise with
~500 pL of trifluoroacetic anhydride (3.6 mmol, &uiv) at 0 °C. The reaction was stirred at 0 °C

for a few minutes and gradually warmed to room terajure and stirred for another 1 h. The
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solvents were evaporated and the residue was desbol EtOAc. Solid NaHC®was added to
neutralize the excess acid and was removed bwtfdtr. The EtOAc was evaporated and the
residue was purified by chromatography (2:1 petnwiesther/EtOAC) to yield 300 mg of the
desired sydnone (8 % overall yield) as a yellow Bilis representative precedure for preparing
sydnones from the corresponding amino acid is ifietitas Protocol 2 *H NMR (400 MHz,
CDCl) §6.32 (s, 1 H), 4.07 (s, 3 H).

3-Benzylsydnone (2i).This sydnone was synthesized frddvbenzylglycine as a white solid
(39% overall yield) followingProtocol 2 *H NMR (400 MHz, CDCJ) & 7.45 (overlap, 3 H),
7.39 (overlap, 2 H), 6.21 (s, 1 H), 5.36 (s, 2 H).

3,4-Cyclopentaf]sydnone (2j)This sydnone was prepared according to a literature
procedur& as a brown oil (~11% overall yield).

3-(4-Chlorophenyl)-4-(isobutyl)-sydnone (2k)To a round-bottom flask equipped with a stir
bar, was added 1.32 g of L-leucine (10 mmol), fe#d by 190 mg of Cul (1 mmol, 10 mol %),
3.04 g of anhydrous C0O; (22 mmol, 2.2 equiv.), 2.87 g of 4-bromochlorobemz (15 mmol, 1.5
equiv.), and 9 mL of undistilled DMSO. The reactgystem was flushed with nitrogen. The flask
was sealed with a Teflon stopper and placed in C70il bath. The suspension was vigorously
stirred. After 15 h, the stirring was found to bficult, and another 4 mL of DMSO was added.
The reaction was stopped at 40 h when the colongdth from a purple-brown to blue. The
reaction was poured into ice water and concentrdt@dvas added until the pH reached 3-4. The
precipitate was filtered, washed thoroughly witthdomater (slightly acidified by HCI to pH ~4)
and dried under a high vacuum to yield 2.6 g otlemN-(4-chlorophenyl)leucine as a slightly

green solid (yield >1009%¥"9 It should be noted that this method did not warkMet or Thr. This
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crude amino acid was used in the next step withotiter purification.

To a solution of 500 mg (-2 mmol considering pdssibmpurities) of crude
N-(4-chlorophenyl)leucine in 3 mL of undistilled DMEas added dropwise ~4QQ of isoamyl
nitrite (3 mmol, 1.5 equiv) at room temperaturee Tiixture was allowed to stir for 2 d before the
solvent was removed under reduced pressure. Thewgas triturated with petroleum ether and
filtered. The cake was washed with petroleum edinerair dried. The solid was dissolved in 4 mL
of dry ether and was charged dropwise with ~pD@f trifluoroacetic anhydride (3.6 mmol, 1.8
equiv) at 0 °C. The reaction was stirred at 0 9Gaféew minutes and gradually warmed to room
temperature and stirred for another 1 h. The stdverere evaporated and the residue was
dissolved in EtOAc. The excess acid present watraleaed by the addition of solid NaHGO
which was then removed by filtration. The EtOAc veaaporated and the residue was purified by
chromatography (3:1 petroleum ether/EtOAc) to yi86 mg of the desired sydnone (26% overall
yield) as a light brown oi*H NMR (400 MHz, CDCJ) § 7.62 (dJ = 8.6 Hz, 2 H), 7.46 (d|= 8.7
Hz, 2 H), 2.37 (dJ = 7.4 Hz, 2 H), 1.88 (dil = 13.6, 6.8 Hz, 1 H), 0.80 (d,= 6.6 Hz, 6 H).

3-(4-Chlorophenyl)-4-(4-methoxyphenyl)sydnone (2d}. To a mixture of 197 mg of
N-(4-chlorophenyl)sydnone (1.0 mmol), 351 mg of daanisole (1.5 mmol, 1.5 equiv), 11 mg of
Pd(OAc) (0.05 mmol, 5 mol %), 26 mg of PP{®.1 mmol, 10 mol %), and 276 mg of anhydrous
K,CGO; in a 10 mL round-bottom flask was added 2 mL dfistiled DMF. The flask was fitted
with an air condenser and placed in a 120 °C dh baernight, during which time the reaction
mixture was stirred open to the air. The mixtures waoled to room temperature, poured into 30
mL of water, and extracted three times with EtORwe combined extracts were washed once with

brine, dried over MgS§) filtered, and evaporated. The residue was pdrifiy column
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chromatography (petroleum ether/EtOAc) to affor® bdg of20 as a yellow solid (48% yield).
This representative procedure for preparing funetized sydnones is identified Bsotocol 3 *H
NMR (400 MHz, CDC}) § 7.57-7.51 (m, 2 H), 7.47-7.40 (m, 2 H), 7.24-7(i& 2 H), 6.87-6.79
(m, 2 H), 3.79 (s, 3 H).

3-Phenyl-4-vinylsydnone (2I)This sydnone was prepared from sydn2aand vinyl bromide
as a brown solid (40% yield) followirrotocol 3 *H NMR (300 MHz, CDCJ) § 7.79-7.60 (m, 3
H), 7.59-7.50 (m, 2 H), 6.40-6.16 (m, 2 H), 5.41J¢ 10.6 Hz, 1 H).

4-(4-Acetylphenyl)-3-phenylsydnone (2m)This sydnone was prepared from sydn@aend
4-bromoacetophenone as a yellow solid (30% yiedtipding Protocol 3 *H NMR (300 MHz,
CDCly) § 7.83 (dJ=7.7 Hz, 2 H), 7.76-7.56 (m, 3 H), 7.54-7.44 pnij), 7.43-7.33 (m, 2 H), 2.54
(s, 3 H).

4-(4-Methoxyphenyl)-3-phenylsydnone (2n)This sydnone was prepared from sydn@ae
and 4-iodoanisole as a yellow solid (46% yield)daing Protocol 3 *H NMR (400 MHz, CDC})
§7.66 (tJ=7.2Hz, 1 H), 7.58 (| = 7.2 Hz, 2 H), 7.48 (dl = 7.6 Hz, 2 H), 7.22 (dl = 8.8 Hz, 2
H), 6.81 (d,J = 8.8 Hz, 2 H), 3.78 (s, 3 H).

3,4Bis(4-chlorophenyl)sydnone (2p).This sydnone was prepared from sydndie and
4-bromochlorobenzene as a brown solid (44% vyiatiping Protocol 3 *H NMR (400 MHz,
CDCly) 6 7.60-7.55 (m, 2 H), 7.47-7.42 (m, 2 H), 7.31-7(&7 2 H), 7.24 7.20 (m, 2 H).

3-(4-Chlorophenyl)-4-(2-thiophenyl)sydnone (2q)This sydnone was prepared from sydnone
2b and 2-iodothiophene as a brown solid (50% yiaiipiving Protocol 3 *H NMR (400 MHz,
CDCly) 6 7.65 (dJ = 8.4 Hz, 2 H), 7.53 (dl = 8.4 Hz, 2 H), 7.35 (d= 3.7 Hz, 1 H), 7.28 (dl =

5.0 Hz, 1 H), 7.02 () = 4.5 Hz, 1 H).
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3-(4-Chlorophenyl)-4-(2-pyridyl)sydnone (2r).This sydnone was prepared from sydn@he
and 2-bromopyridine as a brown solid (60% yield)ofeing Protocol 3 'H NMR (400 MHz,
CDCly) 6 8.25 (d,J = 4.6 Hz, 1 H), 8.11 (d= 8.0 Hz, 1 H), 7.75 (1 = 7.8 Hz, 1 H), 7.52 (dl =
8.7 Hz, 2 H), 7.45 (d] = 8.7 Hz, 2 H), 7.13 (dd, = 7.4, 4.9 Hz, 1 H).

3-(4-Chlorophenyl)-4-(phenylethynyl)sydnone (2s})* A solution of 79 mg of sydnorb (0.4
mmol) in 2 mL of toluene was charged with 4.5 m&d{OAc) (5 mol %), 6.8 mg of Cuci2H,O
(20 mol %), and 186 mg of A@ (2.0 equiv), and then heated to 75 °C in an épsk. A solution
of 88 uL of phenylacetylene (0.6 mmol) in 3 mL of toluewas added over 6 h using a syringe
pump while the reaction was stirred open to the Hie reaction was allowed to stir for an
additional 2 h after the addition, and then EtOAd water were added. The layers were separated
and the EtOAc was washed with brine, dried over ®lg$iltered, and evaporated. The residue
was purified by column chromatography (petroleumegEtOAC) to afford 82 mg o2s as a
yellow solid (69% yield)*H NMR (400 MHz, CDC}) & 7.87-7.81 (m, 2 H), 7.67-7.61 (m, 2 H),
7.44-7.31 (m, 5 H).

4-lodo-3-phenylsydnone (2t} To a solution of 243 mg of sydno8a (1.5 mmol) in 2.5 mL of
acetic acid was added 185 mg of NaOAc (2.25 mmbleduiv.), followed by a solution of 366 mg
of ICI (2.25 mmol, 1.5 equiv.) in 1.5 mL of acetcid. The mixture was allowed to stir for 3 h,
then quenched with water and the solid was coliebtefiltration. The cake was washed with
drops of cold ethanol and dried under vacuum tardf272 mg of product (63%) as a brown solid.
This representative procedure for preparing funetized sydnones is identified Bsotocol 4 *H
NMR (400 MHz, CDC}) § 7.73 (tJ = 7.2 Hz, 1 H), 7.67 (] = 7.6 Hz, 2 H), 7.60 (dl = 7.6 Hz,

2 H).
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3-(4-Bromophenyl)-4-iodosydnone (2u)This sydnone was prepared from sydn@oeas a
brown solid (60% yield) followingrotocol 4 mp 160-162 °CH NMR (400 MHz, CDCJ) § 7.81
(d,J = 8.8 Hz, 2 H), 7.50 (d] = 8.8 Hz, 2 H); LRMS (ESI) 367 (M+H); HRMS (ESljicd for
CgHsBrIN,O, (M+H) 366.8574, found 366.8574.

4-Acetyl-3-phenylsydnone (2v§° To a solution of 0.81 g of sydnogea (5 mmol) in 5 mL of
acetic anhydride was added 0.89 g of NBS (5 mnidig mixture was allowed to stir for 4 h,
poured into 20 mL of ice water, and extracted b@At. The combined organic layers were
washed with saturated NaHg®plution, dried over N&O,, and evaporated under vacuum. The
residue was purified by column chromatography &ttoleum ether/EtOAc) to afford 529 mg of
product (52% yield) as colorless crystatld:NMR (400 MHz, CDC}) § 7.83 (d,J = 7.6 Hz, 2 H),
7.43 (t,J=8.0 Hz, 2 H), 7.23 (dl = 7.6 Hz, 1 H).

General procedure for the synthesis of l2-indazoles.To an oven-dried 10 mL round-bottom
flask equipped with a stir bar were added 140 migemizyne precursor (~0.48 mmol, ~1.2 equiv)
and 0.4 mmol of sydnone. THF (4 mL) was added &edniixture was stirred until all solid
dissolved. To this solution was added TBAF (~160ahgolid or ~630 pL of M THF solution,
~1.6 equiv) in one portion. The flask was sealath wiseptum and a nitrogen balloon was attached.
The reaction mixture was stirred at room tempeeativernight. Upon completion, the reaction
mixture was poured into saturated NaHGDd extracted three times with EtOAc. The combined
extracts were washed once with brine, dried oveB@gfiltered, and evaporated. The residue
was purified by column chromatography (petroleunegEtOAc) to afford thel2-indazole.

2-Phenyl-H-indazole (3aa).Following the general procedure, this product isatated as a

white solid: mp 79-81 °C (ft81-82 °C)R._= 0.45 (6:1 petroleum ether/EtOA¥)'H NMR (400
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MHz, CDCk) § 8.41 (s, 1 H), 7.92-7.89 (m, 2 H), 7.81 (d¢; 8.8, 0.9 Hz, 1 H), 7.72 (d= 8.5 Hz,

1 H), 7.56-7.50 (m, 2 H), 7.43-7.38 (m, 1 H), 7(8dd,J = 8.8, 6.6, 1.1 Hz, 1 H), 7.12 (ddbl=
8.4, 6.6, 0.8 Hz, 1 H)*C NMR (100 MHz, CDGJ) § 149.7, 140.5, 129.5, 127.9, 126.8, 122.7,
122.4, 120.9, 120.40, 120.37, 117.9; LRMS (ESIY. @+Na), 195 (M+H); HRMS (ESI): calcd
for CigHuN, (M+H) 195.0917, found 195.0916.

2-(4-Chlorophenyl)-2H-indazole (3ab).White solid: mp 141-143 °@®; = 0.50 (6:1 petroleum

ether/EtOAC)® 'H NMR (400 MHz, CDCJ) 5 8.39 (s, 1 H), 7.89-7.84 (m, 2 H), 7.77 Jd&; 8.8
Hz, 1 H), 7.71 (dJ = 8.5 Hz, 1 H), 7.53-7.48 (m, 2 H), 7.33 (ddds 8.6, 6.6, 0.8 Hz, 1 H),
7.17-7.09 (m, 1 H)**C NMR (100 MHz, CDGJ)) § 149.8, 138.9, 133.5, 129.7, 127.1, 122.8, 122.7,
122.0, 120.35, 122.30, 117.8; LRMS (ESI) 251 (M+N299 (M+H); HRMS (ESI) calcd for
C1aH1CIN, (M+H) 229.0527, found 229.0525.

2-(4-Bromophenyl)-H-indazole (3ac). Yellow solid: mp 146-148 °CR; = 0.38 (5:1
petroleum ether/EtOAciH NMR (400 MHz, CDC)) 6 8.36 (s, 1 H), 7.79-7.75 (m, 3 H), 7.68 (d,
J=8.4Hz, 1H),7.63(dl=9.2 Hz, 2 H), 7.32 (dd,= 7.6, 6.8 Hz, 1 H), 7.11 @,= 7.6 Hz, 1 H);
%C NMR (100 MHz, CDGJ)) § 150.1, 139.7, 132.8, 127.3, 123.1, 122.9, 1224.6], 120.6, 120.4,
118.1; LRMS (ESI) 273 (M+H); HRMS (ESI) calcd for48;,BrN, (M+H) 273.0022, found
273.0030.

2-(4-Tolyl)-2H-indazole (3ad). White solid: mp 101-103 °CR;_ = 0.44 (6:1 petroleum

ether/EtOAC)® '*H NMR (400 MHz, CDC}) 5 8.37 (d,J = 0.9 Hz, 1 H), 7.83-7.76 (m, 3 H), 7.71
(dt,J=8.5, 1.0 Hz, 1 H), 7.38-7.29 (m, 3 H), 7.11 (diid 8.4, 6.6, 0.8 Hz, 1 H), 2.43 (s, 3HC
NMR (100 MHz, CDC}J) § 149.6, 138.3, 137.9, 130.1, 126.6, 122.7, 1228,8] 120.30, 120.28,

117.9, 21.0; LRMS (ESI) 231 (M+Na), 209 (M+H): HRMESI) calcd for GHiN, (M+H)
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209.1073, found 209.1072.

2-(4-Methoxyphenyl)-2H-indazole (3ae). Yellow solid: mp 130-132 °CR: = 0.25 (5:1
petroleum ether/EtOACIH NMR (400 MHz, CDCJ) 5 8.30 (s, 1 H), 7.79 (dl = 8.8 Hz, 3 H),
7.69 (d,J=8.4Hz, 1 H), 7.31 (dd,= 7.6, 7.2 Hz, 1 H), 7.10 @,= 7.4 Hz, 1 H), 7.01 (dl = 8.8
Hz, 2 H), 3.85 (s, 3 H)**C NMR (100 MHz, CDGJ) § 159.4, 149.7, 134.3, 126.7, 122.8, 122.6,
122.4,120.5,120.4,117.9, 114.8, 55.8; LRMS (BSH) (M+Na), 225 (M+H); HRMS (ESI) calcd
for C14H13NL,O (M+H) 225.1022, found 225.1026.

2-(3,4-Methylenedioxyphenyl)-H-indazole (3af).Pale white solid: mp 117-118 °R;= 0.31

(6:1 petroleum ether/EtOASS *H NMR (400 MHz, CDC}) 6 8.29 (s, 1 H), 7.77 (dd,= 8.8, 0.9

Hz, 1 H), 7.69 (dJ = 8.5 Hz, 1 H), 7.41 (d|= 2.2 Hz, 1 H), 7.35-7.29 (m, 2 H), 7.11 (ddd; 8.4,
6.6, 0.8 Hz, 1 H), 6.91 (d,= 8.4 Hz, 1 H), 6.07 (s, 2 H)°C NMR (100 MHz, CDGJ) § 149.1,
148.4, 147.3, 135.2, 126.7, 125.6, 122.3, 120.6,2217.7, 114.4, 108.4, 103.1, 101.9; LRMS
(ESI) 261 (M+Na), 239 (M+H); HRMS (ESI) calcd for£,0,N, (M+H) 239.0815, found
239.0812.

2-Methyl-2H-indazole (3ah).Yellow oil: R = 0.21 (2:1 petroleum ether/EtOACH NMR
(400 MHz, CDC}) 5 7.88 (s, 1 H), 7.70 (d,= 8.4 Hz, 1 H), 7.64 (dl = 8.4 Hz, 1 H), 7.28 (] =
7.2 Hz, 1 H), 7.07 () = 7.4 Hz, 1 H), 4.21 (s, 3 HY'C NMR (100 MHz, CDGJ) § 149.2, 126.0,
123.7, 122.3, 121.8, 120.1, 117.4, 40.5; LRMS (APT33 (M+H); HRMS (APCI) calcd for
CgHoN, (M+H) 133.0760, found 133.0762.

2-Benzyl-H-indazole (3ai).Yellow oil: R = 0.31 (5:1 petroleum ether/EtOA& NMR (300
MHz, CDClL) 5 7.86 (s, 1 H), 7.73 (dd,= 8.7, 0.9 Hz, 1 H), 7.61 (d,= 8.4 Hz, 1 H), 7.34-7.30 (m,

3 H), 7.27-7.23 (m, 3 H), 7.06 (dil= 8.1, 7.5 Hz, 1 H), 5.57 (s, 2 HjC NMR (100 MHz, CDG))
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6 149.0, 135.9, 129.1, 128.5, 128.1, 126.2, 122R,2, 121.9, 120.3, 117.7, 57.6; LRMS (APCI)
209 (M+H); HRMS (APCI) calcd for GH1aN, (M+H) 209.1073, found 209.1078.

2,3-Dihydro-1H-pyrrolo[1,2-blindazole (3aj). Off-white solid: mp 99-100 °QR; = 0.31 (1:1
CH,CI,/EtOAC);** *H NMR (400 MHz, CDC}) § 7.67 (dJ= 8.7 Hz, 1 H), 7.57 (d,= 8.3 Hz, 1 H),
7.26 (tJ=7.6 Hz, 1 H), 7.03 (1= 7.5 Hz, 1 H), 4.42 (1 = 7.3 Hz, 2 H), 3.18 (| = 7.2 Hz, 2 H),
2.84-2.63 (m, 2 H)**C NMR (100 MHz, CDGJ) 5 153.5, 138.8, 125.5, 120.3, 119.8, 117.6, 116.1,
48.9, 25.7, 23.0; LRMS (ESI) 181 (M+Na), 159 (M+H)RMS (ESI) calcd for GHuN, (M+H)
159.0917, found 159.0915.

2-(4-Chlorophenyl)-3-isobutyl-H-indazole (3ak).Slightly orange solid: mp 77-79 °®& =

0.47 (6:1 petroleum ether/EtOA¥)'H NMR (400 MHz, CDCY) § 7.72-7.68 (m, 1 H), 7.65 (di,

=8.5,1.0 Hz, 1 H), 7.55-7.44 (m, 4 H), 7.33 (d#id,8.8, 6.6, 1.1 Hz, 1 H), 7.08 (ddk 8.5, 6.6,
0.8 Hz, 1 H), 2.91 (d] = 7.4 Hz, 2 H), 2.04-1.89 (m, 1 H), 0.83 Jd; 6.6 Hz, 6 H):*C NMR (100
MHz, CDCL) 6 148.6, 138.7, 136.3, 134.8, 129.3, 127.6, 1268,5], 121.1, 120.4, 117.5, 34.1,
29.2, 22.5; LRMS (ESI) 307 (M+Na), 285 (M+H); HRMESI) calcd for GH:sCIN, (M+H)
285.1153, found 285.1151.

2-Phenyl-3-vinyl-H-indazole (3al). Yellow gel: R = 0.18 (5:1 hexanes ether/EtOAH
NMR (400 MHz, CDC}) § 7.92 (dJ = 8.5 Hz, 1 H), 7.79 (dl= 8.7 Hz, 1 H), 7.64-7.48 (m, 5 H),
7.43-7.34 (m, 2 H), 7.23-7.15 (m, 1 H), 6.81 (@d,17.8, 11.6 Hz, 1 H), 6.04 (d#i= 17.8, 0.8 Hz,
1 H), 5.53 (ddy = 11.6, 0.9 Hz, 1 H)**C NMR (100 MHz, CDGJ)) § 148.8, 139.6, 133.2, 129.1,
128.8, 126.7, 126.2, 124.9, 122.7, 120.6, 120.8,011117.7; LRMS (EI) 220 (M), 219 (M-H);
HRMS (EI) calcd for GsHiN, (M) 220.1000, found 220.0990.

3-(4-Acetylphenyl)-2-phenyl-H-indazole (3am).Yellow solid: mp 135-137 °C (fft 136-138
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°C); R = 0.36 (2:1 hexanes/EtOACH NMR (300 MHz, CDC}) § 7.97 (d,J = 8.1 Hz, 2 H), 7.82
(d,J=8.8 Hz, 1 H), 7.72 (d = 8.5 Hz, 1 H), 7.47-7.36 (m, 8 H), 7.18)t 7.6 Hz, 1 H), 2.61 (s,
3 H); *C NMR (100 MHz, CDGJ) § 197.3, 149.0, 139.9, 136.2, 134.4, 133.9, 1228,11, 128.6,
128.6, 127.1, 125.9, 123.2, 121.8, 120.0, 117.%;2RMS (EI) 312 (M); HRMS (EI) calcd for
Co1H16N0 (M) 312.1263, found 312.1262.

3-(4-Methoxyphenyl)-2-phenyl-H-indazole (3an).Yellow solid: mp 103-105 °CR = 0.52
(2:1 hexanes/EtOAcIH NMR (400 MHz, CDCY) § 7.79 (dJ = 8.4 Hz, 1 H); 7.69 (dl = 8.4 Hz,
1 H), 7.39 (dJ = 2.4 Hz, 2 H), 7.38-7.33 (m, 4 H), 7.27 Jc5 8.8 Hz, 2 H), 7.12 (1= 7.6 Hz, 1
H), 6.91 (d,J = 8.8 Hz, 2 H); 3.82 (s, 3 HJ’C NMR (100 MHz, CDGJ) § 159.7, 149.0, 140.4,
135.5,131.1,129.1,128.3,127.1,126.1, 122.221221.7,120.8, 117.8, 114.4, 55.4; LRMS (EI)
300 (M); HRMS (EI) calcd for gH;gN,O (M) 300.1263, found 300.1272.

2-(4-Chlorophenyl)-3-(4-methoxyphenyl)-#H-indazole (3ao). Slightly brown solid: mp

122-124 °CR, = 0.39 (6:1 petroleum ether/EtOAE)'H NMR (400 MHz, CDCJ) § 7.77 (d,J =

8.8 Hz, 1 H), 7.68 (d] = 8.5 Hz, 1 H), 7.42-7.33 (m, 5 H), 7.30-7.26 @), 7.13 (ddd, = 8.4,
6.6, 0.7 Hz, 1 H), 6.99-6.91 (m, 2 H), 3.86 (s, 3} NMR (100 MHz, CDCJ) 5 159.7, 149.0,
138.8, 135.4, 133.9, 130.9, 129.2, 127.2, 127.2,42121.8, 121.7, 120.6, 117.6, 114.4, 55.3;
LRMS (ESI) 357 (M+Na), 335 (M+H); HRMS (ESI) calddr CyH1cCIN,O (M+H) 335.09486,
found 335.0942.

2,3Bis(4-chlorophenyl)-2H-indazole (3ap).Pale white solid: mp 126-129 °g; = 0.52 (6:1

petroleum ether/EtOACF *H NMR (400 MHz, CDCY) § 7.79 (d,J = 8.8 Hz, 1 H), 7.66 (d= 8.5

Hz, 1 H), 7.43-7.35 (m, 7 H), 7.32-7.27 (m, 2 H)L77(ddd,J = 8.5, 6.6, 0.7 Hz, 1 Hf’C NMR

(100 MHz, CDC}) 6 149.1, 138.4, 134.7, 134.3, 134.1, 130.8, 129.29,29, 128.0, 127.4, 127.1,
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123.1, 121.8, 120.1, 117.8; LRMS (ESI) 361 (M+Na39 (M+H); HRMS (ESI) calcd for
C19H15CIoN, (M+H) 339.0450, found 339.0448.
2-(4-Chlorophenyl)-3-(2-thiophenyl)-H-indazole (3aq).Yellow solid: mp 99-101 °CR; =

0.49 (6:1 petroleum ether/EtOA®) The product spot overlapped with a highly fluosrgcspot

that immediately follows the product spot. Perfargnicolumn chromatography with 8:1:0.4
petroleum ether/C}CI,/EtOAC offers some help in separation and purifccatof the desired
product:*H NMR (400 MHz, CDCJ) § 7.82 (d,J = 8.5 Hz, 1 H), 7.77 (d] = 8.8 Hz, 1 H),
7.49-7.35 (m, 6 H), 7.19 (ddd= 8.4, 6.6, 0.8 Hz, 1 H), 7.10 (dbi= 5.1, 3.6 Hz, 1 H), 7.03 (dd,
=3.6, 1.1 Hz, 1 H)**C NMR (100 MHz, CDGJ) 5 148.9, 138.4, 134.7, 129.9, 129.6, 129.3, 128.4,
127.69, 127.65, 127.5, 127.3, 123.0, 121.9, 120.%,7; LRMS (ESI) 333 (M+Na), 311 (M+H);
HRMS (ESI) calcd for GH;,CISN, (M+H) 311.0404, found 311.0404. The contaminane (th
fluorescent spot) shows a series of non-overlagpgthls as follows: 7.87 (d,= 8.5 Hz), 7.50
(apparent t) = 9.0 Hz), 7.13 (d) = 3.8 Hz), 6.88 (d] = 3.8 Hz).
2-(4-Chlorophenyl)-3-(2-pyridyl)-2H-indazole (3ar). Slightly brown solid: mp 137-139 °C;

R.= 0.25 (6:1 petroleum ether/EtOAE)'H NMR (400 MHz, CDCJ) § 8.71-8.67 (m, 1 H), 7.93 (d,

J=85Hz, 1H),7.81(dl=8.8 Hz, 1 H), 7.71 (tdl = 7.8, 1.8 Hz, 1 H), 7.44-7.36 (m, 5 H), 7.32
(d,J=7.9 Hz, 1 H), 7.29-7.24 (m, 1 H), 7.21 (ddd 8.5, 6.6, 0.7 Hz, 1 H}*C NMR (100 MHz,
CDCly) 6 150.2, 149.2, 149.1, 139.1, 136.5, 134.3, 13£29,21 127.3,127.1, 124.6, 123.6, 122.6,
122.3, 120.7, 117.8; LRMS (ESI) 328 (M+Na), 306 (¥)+HRMS (ESI) calcd for GH1sCIN;
(M+H) 306.0793, found 306.0790.

2-(4-Chlorophenyl)-3-phenylethynyl-H-indazole (3as).Yellow solid: mp 141-144 °CR; =

0.50 (6:1 petroleum ether/EtOA®)The product spot overlapped with some spots tna b long
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wavelength UV absorption. Performing column chraygeaphy with 8:1:0.4 petroleum
ether/CHCI,/EtOAc offers some help in separation and puriftcabf the desired product. The
impurities do not show more than minimum contanmaraby 'H NMR spectroscopy'H NMR
(400 MHz, CDC}) 6 8.01-7.95 (m, 2 H), 7.87-7.78 (m, 2 H), 7.58-7(40 4 H), 7.43-7.36 (m, 4
H), 7.25-7.21 (m, 1 H)**C NMR (100 MHz, CDGJ) 5 148.7, 138.6, 134.3, 131.3, 129.19, 129.14,
128.6, 127.6, 125.6, 125.5, 123.5,121.9, 1202,21100.7, 77.7 (one overlapped signal); LRMS
(ESI) 329 (M+H); HRMS (ESI) calcd for£H;,CIN, (M+H) 329.0840, found 329.0837.

3-lodo-2-phenyl-H-indazole (3at).Off-white solid: mp 104-105 °Q: = 0.42 (5:1 petroleum
ether/EtOAC)*H NMR (400 MHz, CDCJ) § 7.74 (d,J = 8.8 Hz, 1 H), 7.62 (dl = 7.2 Hz, 2 H),
7.50 (M, 4 H), 7.36 (dd,= 7.6, 6.8 Hz, 1 H), 7.16 (,= 7.6 Hz, 1 H)}*C NMR (100 MHz, CDG))
6 150.1, 140.6, 129.4, 129.1, 128.4, 127.7, 12&28,3, 121.2, 118.4, 76.2; LRMS (ESI) 321
(M+H); HRMS (ESI) calcd for GH;oIN, (M+H) 320.9883, found 320.9884.

2-(4-Bromophenyl)-3-iodo-H-indazole (3au).Yellow solid: mp 159-161 °C = 0.38 (5:1
petroleum ether/EtOAcIH NMR (400 MHz, CDC}) § 7.73 (d,J = 8.8 Hz, 1 H), 7.68 (d] = 8.4
Hz, 2 H), 7.54 (dJ = 8.8 Hz, 2 H), 7.47 (dl = 8.4 Hz, 1 H), 7.38 (] = 7.4 Hz, 1 H), 7.18 (] =
7.4 Hz, 1 H);}*C NMR (100 MHz, CDGJ) § 150.4, 139.6, 132.5, 132.4, 128.7, 128.4, 1228,6,
121.3,118.5, 76.0; LRMS (ESI) 399 (M+H); HRMS ([E&lcd for GsHeBrIN, (M+H) 398.8988,
found 398.8988.

5,6-Dimethyl-2-phenyl-H-indazole (3ba). White solid: mp 133-135 °CR; = 0.24 (5:1
hexanes/EtOAc):H NMR (400 MHz, CDCY) § 8.21 (s, 1 H), 7.87 (d,= 7.8 Hz, 2 H), 7.56 (s, 1
H), 7.49 (tJ = 7.8 Hz, 2 H), 7.40 (s, 2 H), 7.36Jt= 7.4 Hz, 1 H), 2.39 (s, 3 H), 2.34 (s, 3 Hg

NMR (100 MHz, CDC})) ¢ 149.6, 140.5, 137.2, 132.3, 129.4, 127.3, 12128,5, 119.0, 118.6,
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116.5, 21.1, 20.5; LRMS (El) 222 (M), 207 (M-Me)RMIS (EI) calcd for GsH1N, (M) 222.1157,
found 222.1155.

5,6-Dimethoxy-2-phenyl-H-indazole (3ca) White solid: mp 147-148 °C ({{t149-150 °C)R;
= 0.26 (2:1 hexanes/EtOACH NMR (400 MHz, CDCJ) § 8.21 (s, 1 H), 7.84 (d,= 7.7 Hz, 2 H),
7.49 (tJ=7.9Hz, 2 H), 7.34 (] = 7.4 Hz, 1 H), 7.06 (s, 1 H), 6.89 (s, 1 H), 3(873 H), 3.93 (s,
3 H); **C NMR (75 MHz, CDC}) § 152.0, 148.4, 146.6, 140.5, 129.5, 127.0, 120.9,11 117.4,
96.9, 95.8, 55.9; LRMS (El) 254 (M); HRMS (EI) cdlfor CisH1.N,0, (M) 254.1055, found
254.1059.

5-Methyl-2-phenyl-2H-indazole and 6-methyl-2-pheny2H-indazole (3da + 3da’) Slightly
yellow solid:R; = 0.26 (5:1 hexanes/EtOACH NMR (400 MHz, CDC}, mixture of isomers, two
sets of signalsj 8.32 (s, 1 H), 8.27 (s, 1 H), 7.89 (s, 2 H), A872 H), 7.71 (d) = 8.9 Hz, 1 H),
7.59 (d,J = 8.6 Hz, 1 H), 7.53-7.47 (m, 4 H), 7.55 (s, 1 H¥3 (s, 1 H), 7.41-7.34 (m, 2 H), 7.17
(d,J=8.6 Hz, 1 H), 6.96 (d] = 8.5 Hz, 1 H), 2.48 (s, 3 H), 2.43 (s, 3 HZ NMR (100 MHz,
CDCls, mixture of isomersy 150.3, 148.7, 140.5, 136.7, 131.7, 129.8, 1224.6, 125.4, 123.0,
121.1, 120.73, 120.70, 120.1, 119.8, 119.4, 111835, 116.1, 22.3, 21.8 (some overlap); LRMS
(EI) 208 (M); HRMS (EI) calcd for GH1.N, (M) 208.1000, found 208.1003.

5-Methoxy-2-phenyl-H-indazole and 6-Methoxy-2-phenyl-Bl-indazole (3ea + 3ea’).
Yellow solid:R = 0.25 (5:1 hexanes/EtOAé)ﬂ NMR (400 MHz, CDCJ, mixture of isomers, two
sets of signals) 8.27 (s, 1H), 8.22 (s, 0.8 H), 7.84 Jd; 8.4 Hz, 3.6 H), 7.68 (d,= 9.2 Hz, 0.8 H),
7.53 (d,J = 9.2 Hz, 1 H), 7.48 (f] = 7.8 Hz, 3.6 H), 7.36-7.32 (m, 1.8 H), 7.04-7(6% 1.8 H),
6.86 (d,J = 2.0 Hz, 0.8 H), 6.80 (dd,= 8.8, 1.6 Hz, 1 H), 3.87 (s, 3 H), 3.82 (s, 2)4'fC NMR

(100 MHz, CDC}, mixture of isomersy 159.5, 155.6, 151.0, 146.9, 140.7, 140.6, 1298,6],
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127.5, 122.9, 122.2, 121.4, 120.7, 120.53, 124.59.46, 119.41, 118.7, 118.0, 96.4, 94.7, 55.5,
55.4 (one overlapped signal); LRMS (ESI) 225 (M+HRMS (ESI) calcd for GH13N,0 (M+H)
225.1022, found 225.1022.

4-Methyl-2-phenyl-2H-indazole and 7-methyl-2-phenyRH-indazole (3fa + 3fa’). Yellow
oil: R=0.35(5:1 hexanes/EtOAé)ﬂ NMR (400 MHz, CDCJ, mixture of isomers, two sets of
signals)s 8.35 (s, 1 H), 8.32 (s, 0.7 H), 7.88(dcs 8.4, 2.0 Hz, 3.4 H), 7.62 (d= 8.8 Hz, 1 H),
7.52-7.46 (M, 4.1 H), 7.37-7.34 (m, 1.7 H), 7.2897(m, 1 H), 7.07-6.98 (m, 1.4 H), 6.84 {c=
6.8 Hz, 1 H), 2.68 (s, 2.1 H), 2.54 (s, 3 Il'f’);‘ NMR (100 MHz, CDd, mixture of isomersy
150.3, 150.0, 140.8, 140.7, 130.7, 129.7, 128.2,932 127.89, 127.4, 125.8, 124.3, 122.9, 122.7,
121.7,121.3,121.1,120.9, 119.7, 117.9, 115.8,19.3; LRMS (ESI) 209 (M+H); HRMS (ESI)
calcd for G4H13N, (M+H) 209.1073, found 209.1078.

2-Phenyl-H-benzolglindazole and 2-phenyl-H-benzolg]lindazole (3ga + 3ga’)Yellow gel:
R =042 (51 hexanes/EtOAdH NMR (400 MHz, CDC{, mixture of isomers, two sets of
signals)s 8.74 (dJ = 8.0 Hz, 1 H), 8.71 (s, 1 H), 8.33 (s, 1 H), 82 = 7.6 Hz, 1 H), 7.93 (]
= 7.2 Hz, 4 H), 7.83 (d] = 8.0 Hz, 2 H), 7.74 (d] = 9.2 Hz, 1 H), 7.62 (m, 2 H), 7.52 (m, 8 H),
7.38 (m, 3 H);*®*C NMR (100 MHz, CDGJ, mixture of isomers}p 148.9, 147.7, 140.7, 140.6,
132.9, 130.6, 129.72, 129.69, 129.3, 129.1, 1282%.6, 127.5, 127.4, 127.2,127.1, 126.9, 125.8,
125.6, 124.7, 123.6, 122.8, 121.2, 120.6, 120.8,2.220.0, 118.5, 117.9, 117.5; LRMS (ESI)
245 (M+H); HRMS (ESI) calcd for GHiaN, (M+H) 245.1073, found 245.1064.

4-Methoxy-2-phenyl2H-indazole (3ia).Following the general procedure, this product was
isolated as a white gel by collecting the firsttsfRo= 0.24 (5:1 hexanes/EtOACH NMR (400

MHz, CDCk) 5 8.48 (s, 1 H), 7.89 (d,= 8.1 Hz, 2 H), 7.51 (1= 7.7 Hz, 2 H), 7.44-7.33 (m, 2 H),
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7.31-7.18 (m, 1 H), 6.35 (d,= 7.3 Hz, 1 H), 3.96 (s, 3 H}*C NMR (100 MHz, CDGJ) 5 153.4,
151.2, 140.4, 129.5, 127.70, 127.65, 120.7, 119.6,8, 110.3, 98.8, 55.2; LRMS (EIl) 224 (M),
209 (M-Me); HRMS (EI) calcd for GHiN,O (M) 224.0950, found 224.0950. The 2D NMR
spectra and the analysis are included in the SI.

7-Methoxy-2-phenyl2H-indazole (3ia’). The second spot of the aforementioned column
chromatography afforded a yellow g&:= 0.12 (5:1 hexanes/EtOAc). This material wagedir
with 1 mL of AgO and 1 mL of pyridine at room temperature for 30.rMhen the volatiles were
evaporated under a vacuum, and the product putiffecblumn chromatographjf NMR (400
MHz, CDCl) 6 8.36 (s, 1 H), 7.93 (d,= 8.0 Hz, 2 H), 7.49 (] = 7.8 Hz, 2 H), 7.37 (1= 7.4 Hz,
1 H), 7.26 (d]) = 8.4 Hz, 1 H), 7.02 (dd,= 8.4, 0.8 Hz, 1 H), 6.58 (d,= 7.2 Hz, 1 H), 4.04 (s, 3
H); *C NMR (100 MHz, CDGJ) § 150.6, 143.5, 140.5, 129.6, 128.0, 124.5, 1223,2], 120.8,
112.5, 103.3, 55.7; LRMS (ESI) 225 (M+H), 247 (M9N&71 (2M+Na); HRMS (ESI) calcd for
C1H1sN,0 (M+H) 225.1022, found 225.1024. This regioisomatches the reportédl and™*C
NMR spectral data®

4-Methoxy-2-(4-methylphenyl)2H-indazole (3id). Following the general procedure, this
product was isolated as a white gel by collectimgfirst spotR; = 0.30 (5:1 hexanes/EtOACH
NMR (400 MHz, CDC}) § 8.43 (s, 1 H), 7.76 (d,= 7.6 Hz, 2 H), 7.36 (dl = 8.4 Hz, 1 H), 7.29
(d,J=7.6 Hz, 2 H), 7.24-7.20 (m, 1 H), 6.34 {5 7.2 Hz, 1 H), 3.94 (s, 3 H), 2.40 (s, 3 Hg
NMR (100 MHz, CDCYJ) § 153.6, 151.3, 138.3, 137.9, 130.2, 127.7, 128,11 116.9, 110.4,
98.9, 55.4, 21.2; LRMS (ESI) 239 (M+H); HRMS (E88lcd for GsHsN,O (M+H) 239.1179,
found 239.1179.

7-Methoxy-2-(4-methylphenyl)2H-indazole (3id’). The second spot of the aforementioned
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column chromatography afforded a yellow d&l= 0.22 (5:1 hexanes/EtOAc). This material was
stirred with 1 mL of AgO and 1 mL of pyridine at room temperature for 30.Mhen the volatiles
were evaporated under vacuum, and the productiguiify column chromatographif NMR
(400 MHz, CDC}) 5 8.31 (s, 1 H), 7.80 (d,= 8.4 Hz, 2 H), 7.26 (f] = 9.2 Hz, 3 H), 7.01 (] =

7.8 Hz, 1 H), 6.57 (d] = 7.6 Hz, 1 H), 4.03 (s, 3 H), 2.39 (s, 3 H; NMR (100 MHz, CDCJ) &
150.5, 143.3, 138.3, 137.9, 130.0, 124.4,1231,0220.6, 112.4, 103.1, 55.6, 21.2; LRMS (ESI)
239 (M+H), 261 (M+Na); HRMS (ESI) calcd for;&,N,ONa (M+Na) 261.0998, found
261.0999.

Procedure for the Suzuki-Miyaura Coupling with Boronic Acids. To a 4 dram vial were
added the starting materigat (~0.4 mmol), the boronic acid (1.5 equiv.), KOHQ(@quiv.) and
Pd(PPh)4 (5 mol %) in 20 : 5 : 1 toluene/ethanoj®(4 mL in total). The solution was vigorously
stirred for 5 min at room temperature, flushed waitpon and sealed, and then heated to 80 °C until
TLC revealed complete conversion of the startingenma. Upon cooling to room temperature, the
resulting reaction mixture was diluted with waterdaextracted with EtOAc. The combined
organic layers were dried over Mgs@oncentrated, and purified by column chromatolgyap
afford the following product.

3-(3,4-Methylenedioxyphenyl)-2-phenyl-Bi-indazole (4at).Following the general procedure,
this product was isolated as a brown solid: mp 158-°C;R; = 0.31 (5:1 hexanes/EtOACH
NMR (400 MHz, CDC}) § 7.78 (d,J = 8.8 Hz, 1 H), 7.68 (dl = 8.8 Hz, 1 H), 7.45 (dl = 6.8 Hz,

2 H), 7.42-7.33 (m, 4 H), 7.12 (ddi= 8.0, 7.2 Hz, 1 H), 6.87-6.81 (m, 2 H), 6.781($), 5.98 (s,
2 H); *C NMR (100 MHz, CDG)) 5 149.0, 148.1, 147.9, 140.2, 135.3, 129.2, 128%,2], 126.1,

124.0, 123.5, 122.5, 121.8, 120.6, 117.8, 110.8,910101.5; LRMS (ESI) 315 (M+H); HRMS
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(ESI) calcd for GoH1sN,O, (M+H) 315.1128, found 315.1125.

Procedure for the Sonogashira Coupling with a Termial Alkyne. To a 4 dram vial was
added the starting materigdt (~0.4 mmol), the alkyne (1.2 equiv.), Pe@Ph), (3 mol %), Cul
(3 mol %), DMF (1.5 mL) and EtH (1.5 mL). The solution was stirred at room tenapere,
flushed with argon and sealed, and then heat& t8C until TLC analysis revealed complete
conversion of the starting material. The solutiaswallowed to cool and diluted with EtOAc. The
combined organic layers were dried over MgS©oncentrated, and purified by column
chromatography to afford the following product.

3-(3-Methoxyprop-1-ynyl)-2-phenyl-2H-indazole (5at). Yellow oil: R = 0.25 (5:1
hexanes/EtOAc):H NMR (400 MHz, CDCJ) § 7.91 (d,J = 7.6 Hz, 2 H), 7.78 (ddl = 15.6, 8.8
Hz, 2 H), 7.53 (tJ = 7.8 Hz, 2 H), 7.46 (1= 7.2 Hz, 1 H), 7.36 (| = 7.6 Hz, 1 H), 7.20 (1 = 7.4
Hz, 1 H), 4.41 (s, 2 H), 3.43 (s, 3 HJC NMR (100 MHz, CDGJ) § 148.7, 140.2, 129.2, 128.9,
127.5,126.1, 124.7, 123.6, 120.2, 118.5, 117.77,9%%.4, 60.7, 58.0; LRMS (ESI) 263 (M+H);

HRMS (ESI) calcd for GH;sN,O (M+H) 263.1179, found 263.1180.
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CHAPTER 5
Synthesis of Isoindoles and 9,10-Dihydro-9,10-epimoanthracenes by Aryne Dipolar
Cycloaddition with Minchnones
Yuesi Fang, and Richard C. Larock,

Department of Chemistry, lowa State University, Amé 50010, U.S.A.

5.1. Abstract

N OTf
Rs@[ R2
TMS

,  EWG EWG N EWG
R2 + TBAF
NN g ———— RE TTNR + o N T g
Al THF X N N
R 1
R
R1

Miinchnones react with arynes under mild reactiortmns to afford 1:1 and 1:2 adducts. The
1:1 adduct, aB-isoindole, is formed by a [3 + 2] cycloadditionA42] cycloreversion sequence,
while the 1:2 adduct, a 9,10-dihydro-9,10-epimirtbagcene, is formed by a further [4 + 2]

cycloaddition of the isoindole with the aryne.
5.2. Introduction

Recently, we have reported that the cycloadditiverynes and sydnones affords high yields of
isoindazoles. As another representative cyclic 1,3-dipolmiinchnones have also attracted
significant attention from the synthetic communrityVith our continuing interest in aryne
cycloaddition chemistry, we were encouraged to éxarthe aryne cycloaddition chemistry of

miinchnones, which might hopefully lead to the fdiomaof 2H-isoindoles’
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5.3. Results and Discussion

Preparation of the MinchnonesMiinchnones can be prepared from amino acids asrsimo
Scheme 1. Minchnones with electron-withdrawing gsoat the 4-position can be isolated as
crystalline materials and exhibit satisfactory Wertop stability. We started by preparing
miinchnones from sarcosine and benzoyl chloriddovield by treatment with acetic and
trifluoroacetic anhydride, which lead to the minohesla (R' = Ph, B = Me, R = Me) andlb
(R' = Ph, R = Me, R = CR).” Using a number of other aroyl chlorides and buatgrihydride, we
were able to prepare a number of other closelyeg@leniinchnones in good to excellent yields.
Unfortunately, the preparation of minchnones witbrendiverse substitution has not been
successful. Because an agueous solution is usked fitst step, the range of starting materials tha
can be employed is quite limited due to rapid hiydie of the acyl chloride.

While keeping in mind that for sydnones the presewicelectron-withdrawing groups at the
4-position shuts down the aryne cycloaddition pss¢eve hoped that replacement of the nitrogen
of the sydnones by a carbon (position-2) in th@aration of minchnones would allow for a slight
increase in the electron density of the latter #uod provide the desired reactivity with arynes.

Scheme 1Preparation of Minchnones.

o}
o}
1 R3C0),0
1. R'COCI, aq. NaOH R1J\N/\ ( )2 R2 .

N

R3

H
R2 N~ -COMH — 2q, HCI N COH \_g
R2 A
R1 (0]
R' = Ph, R2 = Me, R® = Me; 1a, 82%
R" = Ph, R? = Me, R® = CF3; 1b, 85%
R" = 4-CICgH,4, R? = Me, R® = Me; 1c, 86%
R' = 4-FCgH,, R? = Me, R® = Me; 1d, 78%
R' = 4-MeCgH,4, R? = Me, R® = Me; 1e, 90%
R" = 3-MeCgHy4, R? = Me, R® = Me; 1f, 92%
R'=Ph, R2 = Me, R® =nPr; 1g, 45%
R' = Thiophen-2-yl, R? = Me, R® = Me; 1h, 79%

Reaction and Mechanism. Indeed, although minchnornkb proved unreactive towards
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benzyne under the standard reaction conditions wleae used for sydnones, miinchndre
reacted smoothly with benzyne to afford two produathich were identified as isoind@aand a
1:2 adduct 9,10-dihydro-9,10-epiminoanthracéaéTable 1, entry 1). The formation of these two
products can be explained by the mechanism illigstran Scheme 2. Thus, isoind@a is first
formed by a [3 + 2] cycloaddition/[4 + 2] cyclores®n sequence, while the 1:2 adddatis
apparently formed by further [4 + 2] cycloadditiofthe isoindole with benzyne, a process which
has been observed previou8yThe ratio of the two products depends on the i@acbnditions
and the stoichiometry as summarized in Table 1ndJsi 2-fold excess of the aryne led to the
exclusive formation oflain a high yield (entry 5).
Table 1.Survey of the Reaction Conditiohs.
oTf
o e g?ﬂs N Ac
o CQN “ 0\‘0

1a

entry la:2a Flequiv solvent, temp  3a(%’)  4a(%)
1 1:1 TBAF/1.5 THF, rt 25 31
2 1:1 CsF/1.5 MeCN, rt 24 27
3 1:15 TBAF/2.2 THF, rt 40 47
4 1:2 TBAF/3.0 THF, rt - 76
5 1:3 TBAF/4.5 THF, rt - 86
6 11:1 TBAF/1.6 THF, rt 21 27
7 15:1 TBAF/2.2 THF, -78 °C to rt 33 42

2 All reactions were carried out on a 0.25 mmols@ak mL of the solvent for 1 Bisolated yield.
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Scheme 2Reaction Mechanism.

Me
Ac | Me Ac | N Ac
Me_ + N Ac retro-[4 + 2] _
NN\ —— 5%40 e N-Me ———>
N g70 B2 & -co, ~ [4+2)
Ph PH Ph L
1a 3a 4a

Scope and Limitations.The scope of th®,10-dihydro-9,10-epiminoanthracene synthesis has
been briefly examined (Table 2). While the presesfcetrifluoroacetyl group in the 4 position of
the minchnone gave none of the desired tricycladyct (entry 1), an electron-withdrawing
acetyl group works well and the acetyl group canepdaced by a butyryl grougf( entry 6). The
reaction affords good vyields of 9,10-dihydro-9,Xr@noanthracenes with a variety of aryl
groups present in the 2 position '(Rof the miinchnone, including phenyl groups with
electron-withdrawing4b and4c, entries 2 and 3) and -donatirfgi@and4e entries 4 and 5) groups.
A heteroaryl group4g) can also be employed in this reaction (entrypifferent arynes have been
examined in this reaction and been found to affsmtiucts4h through4j in high yields (entries
8-10). Unfortunately, it is difficult to prepare mthnones with a wide variety of other substituents
present in order to more fully explore the scopthis process.

Table 2. Synthesis of 9,10-Dihydro-9,10-epiminoanthracehes.

5~ OTf
ReG P 2 Me,
" EWG 4 ™S N EWG
e, _ TBAF (4.5 equiv) _ _
j‘l\\ o " rLC | 1Rs
R1” O THF, rt, 1d X X
1 4 R
entry miinchnone aryne precursor product Vi€
R CF3
Me\Kl
-
| O
1 Ph*o 2a nr -
1b

www.manaraa.com



Table 2 continued

Me

2a

2a

2a

2a

2a

114

Ac. N-Me

oF

@)

N
o

Ac. N-Me

g

I
(@)

Ac. N-Me

o8

=
@

N
o

Ac. N-Me

75

76

88

89

92

www.manaraa.com



115

Table 2 continued

A Ac. N-Me
Me_+ ¢
o A
~ o
7 \_S 2a g 60
1h
49
Ac. N-Me
Me\‘* Ac Me N Me
o I
8 ph” O 2b Me Me 88
Ph
la
4h
Ac_ N-Me
BeYoN
Me Me
9 le 2b O 85
Me
4i
Ac_ N-Me
MeOOMe
MeO OMe
10 la 2c Bh 75
4

& All reactions were carried out on a 0.25 mmol sdal 4 mL of THF with 3 equiv of aryne
precursor and 4.5 equiv of TBAP. Isolated yield.© All miinchnone starting material was
recovered.

The scope of thelisoindole B) synthesis has also been briefly examined on teelec
miinchnones using only 1.5 equiv of two differentnar precursors (Table 3). Some reactions
afford modest yields to isoindoles, which exhilatious levels of instability. Although carefully

controlling the stoichiometry, we failed to obtaiecent amounts of the desirdd-Boindoles3b
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and 3c from minchnones bearing electron-deficient aromatic ggof{entries 1 and 2). Both
minchnones afforded predominantly the 1:2 adddiotand 4c under our reaction conditions.
Similar results have been seen when using a threghentaining starting material (entry 6).
However, modest amounts of thel-Bsoindoles3d, 3e and3f have been obtained when using
tolyl-substituted minchnones or a benzoyl-subsgtitigubstrate, although these products were
accompanied by large amounts of the correspondjh@-@&hydro-9,10-epiminoanthracends
(entries 3-5). A similar pattern of reactivity Hasen observed when using a dimethyl-substituted
aryne precursor (entries 7 and 8).

Table 3.Synthesis of B-Isoindoles’.
R Ac
Me_ + ~OTf  227TBAF =
NI N _g *15R _ _ N-Me +4
A P Z>1Ms  THF
r Ar
1 2 3

product4 (%
entry munchnone aryne precursor  product3 yield® (%)

yield®)

1 1c 2a O g 4b (52%)

2 1d 2a Q tracé 4c (55%)

3c
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3 le
4 1f
5 19
6 1h
7 la
8 le

2a

2a

2a

2a

2b

2b
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a

: N-Me
Q a1

= 33

Me
-
Me tracé

) 15

4d (48%)

de (46%)

4f (53%)

49 (42%)

4h (62%)

4i (57%)

& All reactions were carried out on a 0.25 mmol sdal4 mL of THF with 1.5 equiv of aryne

precursor and 2.2 equiv of TBAFIsolated yield® GC yield. Detected by GC-MS.
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5.4. Conclusions

In summary, we have shown that miinchnones amgangact under mild reaction conditions to
afford H-isoindoles by a [3 + 2] cycloaddition/[4 + 2] cgokversion sequence. However, these
compounds are highly reactive towards arynes uodiereaction conditions and can thus only be
obtained in relatively low yields. Instead, thewday react further with an excess of aryne to
afford 9,10-dihydro-9,10-epiminoanthracenes in gawod excellent yields by a [4 + 2]

cycloaddition.
5.5. Experimental Section

General Information. The solvent THF was distilled over Na/benzophenoaed
dichloromethane was distilled over GalAnhydrous MeCN and the aryne precursors were used
as received from commercial sources. Silica gelctdumn chromatography was supplied as
230-400 mesh from a commercial source. Powdereda@dH BAF (1 M in THF solution) were
used as received and stored in a desiccator.

All melting points are uncorrected. THel and *C NMR spectra were recorded and are
referenced to the residual solvent signals (7.26 fgr 'H and 77.2 ppm fot°C in CDCE). A
QTOF analyzer was used for all of the HRMS measards

Synthesis of the MinchnonesCompoundd athroughlh were prepared as follows.

4-Acetyl-3-methyl-2-phenylminchnone (1a)To a solution of 1.335 g (15 mmol) of sarcosine
and 1 g (25 mmol) of NaOH in 20 mL of water wasexdid.4 g (10 mmol) of benzoyl chloride in
one portion. The mixture was allowed to stir for Ldefore acidifying with 10% aq HCI and

extracting three times with EtOAc. The combinedaoig layers were evaporated under high
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vacuum to obtain 1.9 g (9.8 mmol) fmethylhippuric acid as a white solid. This compdwas
dissolved in 20 mL of acetic anhydride and allow®dgtir at 100 °C for 1 h before being poured
into ice water. Solid NaHCOwas added to neutralize the mixture and 1.78 3 if@nol, 82%
overall yield) of miinchnong&awas obtained as a yellow solid after filtratiorp &.8-120 °C'H
NMR (400 MHz, CDC)) 6 7.71-7.58 (m, 5 H), 4.14 (s, 3 H), 2.47 (s, 3 ¥, NMR (100 MHz,
CDCly) 6 186.5, 161.8, 133.3, 129.7, 129.3, 121.5, 10®8,87.2, 27.7; HRMS (ESI) calcd for
C12H1o,NO; (M+H) 218.0812, found 218.0810.

3-Methyl-2-phenyl-4-(2,2,2-trifluoroacetyl)minchnore (1b).This miinchnone was prepared
according to a literature procedties a pale white solid (85% overall yield).

4-Acetyl-2-(4-chlorophenyl)-3-methylmiinchnone (1c¢)The above procedure was applied to
1.335 g (15 mmol) of sarcosine and 1.75 g (10 miof)-chlorobenzoyl chloride, followed by 20
mL of acetic anhydride, to afford 2.16 g (8.6 mnt&#% overall yield) of minchnonkc as a
yellow solid: mp 101-103 °GH NMR (400 MHz, CDCJ) § 7.65 (d.J = 8.8 Hz, 2 H), 7.58 (dl =
8.8 Hz, 2 H), 4.14 (s, 3 H), 2.46 (s, 3 H; NMR (100 MHz, CDGJ)  186.6, 161.6, 148.5, 140.0,
130.5, 130.2, 119.8, 99.8, 37.2, 27.6; HRMS (E8yat for G,H1;CINO; (M+H) 252.0422, found
252.0415.

4-Acetyl-2-(4-fluorophenyl)-3-methylminchnone (1d).The above procedure was applied to
1.335 g (15 mmol) of sarcosine and 1.59 g (10 mwiof}-fluorobenzoyl chloride, followed by 20
mL of acetic anhydride, to afford 1.83 g (7.8 mn¥@% overall yield) of minchnoria as a soft
yellow material*H NMR (400 MHz, CDCJ) § 7.72 (t.J = 5.6 Hz, 2 H), 7.29 (] = 8.0 Hz, 2 H),
4.12 (s, 3 H), 2.45 (s, 3 H); tH&C NMR spectrum could not be obtained due to decaitipa;

HRMS (ESI) calcd for GH,;FNO; (M+H) 236.0717, found 236.0713.
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4-Acetyl-3-methyl-2-(p-tolyl)minchnone (1e).The above procedure was applied to 1.335 g
(15 mmol) of sarcosine and 1.54 g (10 mmol) of 4hykeenzoyl chloride, followed by 20 mL of
acetic anhydride, to afford 2.08 g (9.0 mmol, 908érall yield) of minchnongeas a yellow solid:
mp 135-137 °C*H NMR (400 MHz, CDC}) § 7.59 (d.J = 8.4 Hz, 2 H), 7.39 (dl = 8.0 Hz, 2 H),
4.13 (s, 3H), 2.47 (s, 3 H), 2.46 (s, 3 HE NMR (100 MHz, CDG)) 5 186.4, 161.8, 149.9, 144.5,
130.4, 129.2, 118.6, 99.7, 37.2, 27.6, 22.0; HRESI) calcd for GH;4/NO; (M+H) 232.0968,
found 232.0963.

4-Acetyl-3-methyl-2-(n-tolyl)minchnone (1f). The above procedure was applied to 1.335 g
(15 mmol) of sarcosine and 1.54 g (10 mmol) of 3hykeenzoyl chloride, followed by 20 mL of
acetic anhydride, to afford 2.12 g (9.2 mmol, 92%rall yield) of miinchnongf as a yellow solid:
mp 108-109 °C*H NMR (400 MHz, CDC}) § 7.51 (d,J = 2.0 Hz, 1 H), 7.49-7.45 (m, 3 H), 4.13
(s, 3 H), 2.47 (s, 3 H), 2.46 (s, 3 HJC NMR (100 MHz, CDGJ) 5 186.4, 161.8, 149.8, 139.9,
134.2,129.8,129.5, 126.4,121.4, 99.8, 37.2,,Z0L.&; HRMS (ESI) calcd for€H;s,NO; (M+H)
232.0968, found 232.0965.

4-Butyryl-3-methyl-2-phenylminchnone (1g).The above procedure was applied to 1.335 g
(15 mmol) of sarcosine and 1.4 g (10 mmol) of bghzbloride, followed by 20 mL of butyric
anhydride, to afford 1.1 g (4.5 mmol, 45% over@lg) of miinchnoné&gas a soft yellow material:
'H NMR (300 MHz, CDC}) § 7.71-7.59 (m, 5 H), 4.15 (s, 3 H), 2.82)t 7.5 Hz, 2 H), 1.71 (tq,
J=7.5,7.2 Hz, 2 H), 1.00 @,= 7.5 Hz, 3 H)**C NMR (100 MHz, CDGJ) § 189.8, 161.5, 149.6,
133.2, 129.6, 129.3, 121.6, 99.7, 41.3, 37.3, 114l; HRMS (ESI) calcd for {H;NO3z (M+H)
246.1125, found 246.1118.

4-Acetyl-3-methyl-2-(thiophen-2-yl)minchnone (1h).The above procedure was applied to
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1.335 g (15 mmol) of sarcosine and 1.46 g (10 mwibihiophene-2-carbonyl chloride, followed
by 20 mL of acetic anhydride, to afford 1.76 g (f@hol, 79% overall yield) of miinchnodé as

a yellow solid: mp 142-143 °¢4 NMR (400 MHz, CDCJ) § 7.81-7.78 (m, 2 H), 7.29 (dd= 5.2,
4.0 Hz, 1 H), 4.28 (s, 3 H), 2.45 (s, 3 M2 NMR (100 MHz, CDG)) 5 186.1, 161.1, 144.9, 133.7,
133.6, 129.1, 122.2, 99.1, 35.9, 27.7; HRMS (E8Ipat for GoH;oNOsS (M+H) 224.0376, found
224.0370.

Synthesis of the 9,10-Dihydro-9,10-epiminoanthracess.

Compoundgta through4j were prepared according to the following represtére procedure.
To an oven-dried vial was added sequentially 0.1ohof the aryne precursor, 0.25 mmol of
munchnone, 3 mL of THF, and 1.125 mL of 1M TBAF/TH#&lution (1.125 mmol). A nitrogen
atmosphere was not required, except that a batiboitrogen was attached to the reaction vial for
ventilation of the C@ The reaction was allowed to stir for 24 h befoeeng quenched with aq
NaHCG; and extracted three times with EtOAc. The combiomghnic layers were washed with
brine, dried over N&O,, filtered, and concentrated. The residue was ipdriby column
chromatography (petroleum ether/ EtOAc) to affdérel desired products.

1-(11-Methyl-10-phenyl-9,10-dihydro-9,10-epiminoariiracen-9-yl)ethanone  (4a). The
representative procedure was applied to 54.3 n@% {@mol) of minchnongato afford 69.9 mg
(0.22 mmol, 86% vyield) of compoundh as a yellow solid: mp 111-113 °®& = 0.62 (2:1
petroleum ether/EtOAcfH NMR (400 MHz, CDCY) § 8.02 (br s, 1 H), 7.87 (d,= 8.0 Hz, 2 H),
7.56 (t,J=8.0 Hz, 2 H), 7.49 (f] = 6.8 Hz, 2 H), 7.18-7.02 (br m, 6 H), 2.55 ({)32.02 (s, 3 H);
¥C NMR (100 MHz, CDG)) § 207.0, 150.7, 150.0, 146.9, 146.2, 132.7, 13®8,9, 128.7,

126.05, 125.98, 125.88, 125.7, 125.6, 124.9, 1219,3, 84.3, 81.6, 32.4, 28.3; HRMS (ESI)
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calcd for GsH,NO (M+H) 326.1539, found 326.1532.
1-[10-(4-Chlorophenyl)-11-methyl-9,10-dihydro-9,1Gpiminoanthracen-9-yllethanone
(4b). The representative procedure was applied to 68.@m@5 mmol) of minchnorteto afford
67.5 mg (0.19 mmol, 75% yield) of compoudidas a yellow solid: mp 118-120 °R;= 0.4 (5:1
petroleum ether/EtOAcfH NMR (400 MHz, CDCY) § 7.99 (br s, 1 H), 7.80 (d,= 8.4 Hz, 2 H),
7.52 (dJ=8.4 Hz, 2 H), 7.42 (d,= 7.6 Hz, 1 H), 7.12-7.03 (br m, 6 H), 2.53 (${)31.99 (s, 3 H);
¥C NMR (100 MHz, CDGJ) 5 206.3, 151.2, 150.0, 147.0, 146.5, 134.8, 13&2.5, 129.1, 126.1,
125.83, 125.78, 124.6, 121.7, 119.4, 84.7, 81.4,38.1; HRMS (ESI) calcd for ,6H,sCINO
(M+H) 360.1150, found 360.1143.
1-[10-(4-Fluorophenyl)-11-methyl-9,10-dihydro-9,1@piminoanthracen-9-yllethanone
(4c). The representative procedure was applied to 5§.8r@5 mmol) of minchnoria to afford
65.2 mg (0.19 mmol, 76% vyield) of compoudd as a yellow gel-like materiaR: = 0.3 (5:1
petroleum ether/EtOAc}H NMR (400 MHz, CDC)) 6 8.00 (br s, 1H), 7.85 (td,= 7.2, 2.4 Hz, 2
H), 7.43 (br s, 1 H), 7.24 (1,= 8.4 Hz, 2 H), 7.10-7.06 (br m, 6 H), 2.53 ($/)31.99 (s, 3 H)*°C
NMR (100 MHz, CDC}) 6 206.3, 164.2, 161.7, 151.3, 150.1, 147.2, 14@&8,0b, 131.97, 130.5,
129.7,129.4, 129.3, 126.1, 124.7, 121.8, 119.8.91115.7, 84.6, 81.4, 32.3, 28.1; HRMS (ESI)
calcd for GsH1gFNO (M+H) 344.1445, found 344.1455.
1-[11-Methyl-10-(p-tolyl)-9,10-dihydro-9,10-epiminoanthracen-9-yllettanone (4d). The
representative procedure was applied to 57.8 na% (@dmol) of minchnongeto afford 74.6 mg
(0.22 mmol, 88% yield) of compourd as a yellow solid: mp 87-89 °&; = 0.28 (5:1 petroleum
ether/EtOAC)H NMR (400 MHz, CDCJ) 5 8.01 (br s, 1 H), 7.76 (d,= 8.0 Hz, 2 H), 7.47 (br s,

1 H), 7.37 (dJ = 8.0 Hz, 2 H), 7.26-7.06 (br m, 6 H), 2.55 ($J)32.48 (s, 3 H), 2.02 (s, 3 HfC
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NMR (100 MHz, CDCY) 6 206.6, 151.6, 150.2, 147.6, 146.7, 138.4, 13(80,a 129.5, 126.0,
125.7, 125.6, 124.8, 122.0, 119.3, 84.7, 81.7,,3841, 21.4; HRMS (ESI) calcd for,{E,,NO
(M+H) 340.1696, found 340.1694.
1-[11-Methyl-10-(m-tolyl)-9,10-dihydro-9,10-epiminoanthracen-9-yllettanone (4e). The
representative procedure was applied to 57.7 n&% ({@mol) of minchnongf to afford 75.5 mg
(0.22 mmol, 89% vyield) of compourdeas a yellow solid: mp 146-148 °R;= 0.3 (5:1 petroleum
ether/EtOAC)H NMR (400 MHz, CDCJ) 5 8.01 (br s, 1 H), 7.66 (d,= 8.8 Hz, 2 H), 7.50 (br s,
1 H), 7.45 (tJ = 8.0 Hz, 1 H), 7.31 (dl = 7.2 Hz, 1 H), 7.20-7.03 (br m, 6 H), 2.55 (${)32.47
(s, 3 H), 2.03 (s, 3 H}’C NMR (100 MHz, CDGJ) § 206.6, 151.6, 150.1, 147.5, 146.7, 138.5,
133.4, 130.6, 129.5, 129.4, 128.7, 127.2, 126.8,9.222.0, 119.3, 84.7, 81.9, 32.5, 28.1, 21.8;
HRMS (ESI) calcd for gH,,NO (M+H) 340.1696, found 340.1690.
1-[11-Methyl-10-phenyl-9,10-dihydro-9,10-epiminoartracen-9-yllbutan-1-one (4f). The
representative procedure was applied to 61.2 n@% {@mol) of minchnongg to afford 81.3 mg
(0.23 mmol, 92% vyield) of compoundf as a yellow solid: mp 160-161 °®& = 0.41 (5:1
petroleum ether/EtOAc}H NMR (400 MHz, CDCJ) 6 8.04 (br s, 1 H), 7.88 (dd,= 7.2, 1.6 Hz,
2 H), 7.56 (tJ= 7.2 Hz, 2 H), 7.49 (1] = 6.8 Hz, 2 H), 7.15-6.99 (br m, 6 H), 2.99-2.8% @ H),
2.01 (s, 3H), 1.82 (tg,= 7.6, 7.2 Hz, 2 H), 1.02 (,= 7.6 Hz, 3 H)}*C NMR (100 MHz, CDC))
6 208.6, 151.5, 150.5, 147.4, 147.0, 133.6, 138,81 128.6, 125.9, 124.8, 121.9, 119.4, 84.5,
81.9, 41.9, 32.5, 16.8, 14.0; HRMS (ESI) calcd@H,,NO (M+H) 354.1852, found 354.1862.
1-[11-Methyl-10-(thiophen-2-yl)-9,10-dihydro-9,16epiminoanthracen-9-yllethanone (4q).
The representative procedure was applied to 55.@0r2§ mmol) of miinchnonkh to afford 49.6

mg (0.15 mmol, 60% yield) of compoudd as a yellow gel-like materidR; = 0.5 (2:1 petroleum
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ether/EtOAC)*H NMR (400 MHz, CDC}) 6 7.99 (br s, 1 H), 7.58 (br s, 1 H), 7.53 (id; 4.8, 1.2
Hz, 2 H), 7.32 (br s, 1 H), 7.13-7.03 (br m, 5 61)72 (d,J = 7.2 Hz, 1 H), 2.53 (s, 3 H), 2.04 (s, 3
H); *C NMR (100 MHz, CDGJ) § 206.3, 156.0, 151.3, 149.4, 147.4, 145.7, 13@8,8], 129.4,
127.4,127.2, 126.2, 124.2, 121.7, 120.6, 119.8,51B4.4, 78.9, 32.4, 28.1; HRMS (ESI) calcd
for C,H1gNOS (M+H) 332.1104, found 332.1104.
1-(2,3,6,7,11-Pentamethyl-10-phenyl-9,10-dihydro-B)-epiminoanthracen-9-yl)ethanone
(4h). The representative procedure was applied to 54.@2§ mmol) of minchnorikato afford
83.9 mg (0.22 mmol, 88% yield) of compoufiulas a yellow solid: mp 226-227 °R;= 0.54 (2:1
petroleum ether/EtOACIH NMR (400 MHz, CDCJ) § 7.85 (d,J = 7.6 Hz, 2 H), 7.74 (s, 1 H),
7.52 (t,J=7.6 Hz, 2 H), 7.45 (1 = 7.2 Hz, 1 H), 7.21 (s, 1 H), 6.89 (= 4.0 Hz, 1 H), 6.85 (d,
J=6.8 Hz, 1 H), 2.51 (s, 3 H), 2.16-2.10 (br mH)21.99 (s, 3 H)**C NMR (100 MHz, CDGJ)
0 207.1, 149.3, 148.1, 145.1, 144.4, 133.9, 1338,41 130.2, 128.7, 128.5, 128.0, 127.0, 126.2,
123.4, 120.7, 116.8, 84.6, 81.7, 32.5, 28.1, 2@042; HRMS (ESI) calcd for £H,gNO (M+H)
382.2165, found 382.2175.
1-(2,3,6,7,11-Pentamethyl-10pftolyl)-9,10-dihydro-9,10-epiminoanthracen-9-yl)etlanon
e (4i). The representative procedure was applied to 5980125 mmol) of minchnonke to
afford 84.0 mg (0.21 mmol, 85% vyield) of compoutidas a yellow solid: mp 190-191 °&; =
0.31 (5:1 petroleum ether/EtOA¢H NMR (400 MHz, CDCY) § 7.76 (d,J = 8.0 Hz, 2 H), 7.37 (d,
J=8.0Hz, 2 H), 7.22 (s, 1 H), 6.94 (s, 1 H), 6(871 H), 6.38 (s, 1 H), 2.54 (s, 3 H), 2.48 (k)3
2.22-2.14 (br m, 12 H), 2.01 (s, 3 HJC NMR (100 MHz, CDGJ) § 207.2, 154.2, 149.4, 148.1,
145.2, 1444, 138.3, 137.8, 133.8, 133.6, 133.8,8.3130.1, 129.4, 128.0, 127.0, 126.3, 84.6,

81.5, 32.4, 28.1, 21.5, 20.1, 20.0; HRMS (ESI) @diar GgHzoNO (M+H) 396.2322, found
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396.2327.

1-(2,3,6,7-Tetramethoxy-11-methyl-10-phenyl-9,10-dydro-9,10-epiminoanthracen-9-yl)
ethanone (4j).The representative procedure was applied to 54.80:25 mmol) of miinchnone
lato afford 83.5 mg (0.19 mmol, 75% yield) of compddj as a yellow gel-like materiadR = 0.2
(2:1 petroleum ether/EtOACH NMR (400 MHz, CDCJ) § 7.84 (dd,) = 8.4, 1.6 Hz, 2 H), 7.67 (s,
1 H), 7.57 (tJ = 7.6 Hz, 2 H), 7.49 (dl = 7.6 Hz, 1 H), 7.04 (s, 1 H), 6.77 (s, 1 H), 6(671 H),
3.89-3.75 (br m, 12 H), 2.52 (s, 3 H), 1.99 (s,)3%C NMR (100 MHz, CDGJ) 5 207.4, 146.7,
146.5, 146.4, 146.2, 144.5, 143.5, 140.1, 140.6,7330.0, 129.0, 128.7, 110.3, 109.9, 107.3,
104.6, 84.8, 82.2, 56.6, 56.5, 32.6, 28.1; HRMSI)ESIcd for G;H,sNOs (M+H) 446.1962,
found 446.1966.

Compounds3a, 3d, 3¢ 3f, and 3i were prepared according to the following represtard
procedure. To an oven-dried vial was added seqlyn®.375 mmol of the aryne precursor, 0.25
mmol of miinchnone, 3.5 mL of THF, and 0.55 mL of TRAF/THF solution (0.55 mmol). A
nitrogen atmosphere was not required, except thadll@aon of nitrogen was attached to the
reaction vial for ventilation of the GOThe reaction was allowed to stir for 24 h befbesng
guenched with ag NaHG@nd extracted with EtOAc. The combined organiefayere washed
with brine, dried over N&Q,, filtered, and concentrated. The residue was ipdriby column
chromatography (petroleum ether/ EtOAc) to affdérel desired products.

1-(2-Methyl-3-phenyl-2H-isoindol-1-yl)ethanone (3a).The representative procedure was
applied to 54.3 mg (0.25 mmol) of minchndreeto afford 24.9 mg (0.10 mmol, 40% vyield) of
compound3a as a yellow solid: mp 105-107 °R;= 0.15 (5:1 petroleum ether/EtOACH NMR

(400 MHz, CDC4) 5 7.93 (d,J = 8.8 Hz, 1 H), 7.58-7.54 (m, 3 H), 7.52-7.48 @), 7.35 (tq,) =
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7.6, 1.2 Hz, 1 H), 7.11 (td,= 7.6, 1.2 Hz, 1 H), 4.18 (s, 3 H), 2.78 (s, 3 ¥} NMR (100 MHz,
CDCly) 6 186.7,135.9, 133.5,130.8, 130.0, 129.2, 1226.6], 124.3, 122.2,121.8, 121.4, 119.9,
37.4, 31.0; HRMS (ESI) calcd for,#HeNO (M+H) 250.1226, found 150.1227.

1-[2-Methyl-3-(p-tolyl)-2H-isoindol-1-ylJethanone (3d).The representative procedure was
applied to 57.8 mg (0.25 mmol) of munchndreto afford 24.4 mg (0.09 mmol, 37% vyield) of
compoundid as a green solid: mp 86-88 ;= 0.14 (5:1 petroleum ether/EtOA&H NMR (400
MHz, CDCk) § 7.92 ( = 8.8 Hz, 1 H), 7.57 (d] = 8.4 Hz, 1 H), 7.40-7.33 (m, 5 H), 7.10 (s
7.6, 0.8 Hz, 1 H), 4.17 (s, 3 H), 2.77 (s, 3 H472(s, 3 H)*C NMR (100 MHz, CDGJ) 5 186.5,
139.2,136.3, 130.6, 129.8, 129.2, 127.0, 126.46,31222.0, 121.6, 121.5, 119.8, 37.4, 30.9, 21.6;
HRMS (ESI) calcd for gH:gNO (M+H) 264.1383, found 264.1385.

1-[2-Methyl-3-(m-tolyl)-2H-isoindol-1-yllethanone (3e).The representative procedure was
applied to 57.8 mg (0.25 mmol) of minchndiido afford 27.0 mg (0.10 mmol, 41% vyield) of
compoundeas a green solid: mp 68-70 %= 0.19 (5:1 petroleum ether/EtOA&H NMR (400
MHz, CDCk) 6 7.92 (d,J = 8.8 Hz, 1 H), 7.57 (d] = 8.4 Hz, 1 H), 7.44 (t) = 7.2 Hz, 1 H),
7.37-7.26 (m, 4 H), 7.10 (,= 7.6 Hz, 1 H), 4.18 (s, 3 H), 2.78 (s, 3 H), 2(463 H);**C NMR
(100 MHz, CDC}) 6 186.6, 138.8, 136.3, 131.3, 130.0, 129.9, 1298,9, 127.9, 126.6, 124 .4,
122.0, 121.7, 121.5, 119.8, 37.4, 30.9, 21.7; HRKESI) calcd for GgH;gNO (M+H) 264.1383,
found 264.1384.

1-(2-Methyl-3-phenyl-2H-isoindol-1-yl)butan-1-one (3f).The representative procedure was
applied to 61.2 mg (0.25 mmol) of minchndigeto afford 22.9 mg (0.08 mmol, 33% vyield) of
compound3f as a blue solid: mp 79-81 °B;= 0.27 (5:1 petroleum ether/EtOA¢H NMR (400

MHz, CDCE) § 7.91 (d,J = 8.8 Hz, 1 H), 7.58-7.54 (m, 3 H), 7.51-7.48 @), 7.34 (tq,) = 7.6,
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1.2 Hz, 1 H), 7.10 (tq] = 7.6, 0.8 Hz, 1 H), 4.18 (s, 3 H), 3.08)t 7.2 Hz, 2 H), 1.89 (tq}= 7.6,
7.2 Hz, 2 H), 1.11 () = 7.2 Hz, 3 H)}*C NMR (100 MHz, CDGJ) 5 189.9, 135.8, 130.8, 130.2,
129.1, 129.0, 128.4, 126.5, 124.3, 122.1, 121.8,41220.0, 44.3, 37.6, 18.5, 14.4; HRMS (ESI)
calcd for GgH,NO (M+H) 278.1539, found 278.1540.
1-[2,5,6-Trimethyl-3-(p-tolyl)-2H-isoindol-1-yllethanone (3i). The representative procedure
was applied to 57.8 mg (0.25 mmol) of miinchnbat afford 10.9 mg (0.04 mmol, 15% yield) of
compound3i as a yellow solid: mp 110-112 °&;= 0.13 (5:1 petroleum ether/EtOACH NMR
(400 MHz, CDCY) § 7.66 (s, 1 H), 7.38-7.34 (m, 4 H), 7.29 (s, 1 #)2 (s, 3 H), 2.75 (s, 3 H),
2.47 (s, 3H), 2.42 (s, 3 H), 2.29 (s, 3 HE NMR (100 MHz, CDGJ) § 186.1, 139.0, 136.8, 135.6,
131.8, 130.6, 129.7, 128.8, 127.3, 123.7, 121.0,412119.4, 30.9, 21.62, 21.56, 21.50, 20.4;

HRMS (ESI) calcd for gH,,NO (M+H) 292.1696, found 292.1700.
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CHAPTER 6
General Conclusions

Due to their convenience, functional group tatess and the mild reaction conditions under
which they provide the corresponding arynes, Kobhytype aryne precursors, namely
o-(trimethylsilyl)aryl triflates, have been widelynployed in organic synthesis. In this thesis,
we have developed a number of new applicationkexfd aryne precursors in organic synthesis.

Chapter 1 provides the reader a brief overvievarghes, including their generation, and the
typical reactions they undergo.

Chapter 2 describes the development of 2,3-pgadpne type of hetaryne, generated from a
Kobayashi-type of aryne precursor. It is remarkatilat amine nucleophiles attack the 2
position of 2,3-pyridyne exclusively, affording Bamopyridines. Additionally, a series of
benzonaphthyridinones have been synthesized byirrg&;3-pyridyne withb-aminobenzoates.

Chapter 3 examines the reactionspdactams and arynes. Acridones are generated from
B-lactams, as well as from 2,3-dihydroquinolin-4-en€his unique process involves an unusual
extrusion of a molecule of ethylene.

Chapter 4 reports a rapid and efficient synthe$i2H-indazoles using a [3 + 2] dipolar
cycloaddition of sydnones and arynes. It is not#wothat H-indazoles are generated without
contamination by H-indazoles. Subsequent Pd-catalyzed couplingiogectan be applied to
the halogenated products to generate a librargdzfzoles.

Chapter 5 describes new methodology for synthesiz 2H-isoindoles and
9,10-dihydro-9,10-epiminoanthracenes from aryneab minchnones, which involves a [3 + 2]

dipolar cycloaddition very similar to the first ptef the sydnone reactions. After cycloreversion,
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the resulting B-isoindoles, being extremely reactive to arynes,mediately form
9,10-dihydro-9,10-epiminoanthracenes quite effitjen

The success of these reactions is made possjbtbebversatility of the Kobayashi aryne
precursors. Although elimination of the TMS and fGQjfoups reduces the effective atom
utilization of the benzyne precursor, the mild teac conditions under which the aryne is
generated have attracted significant attention @dributed to the rapid growth in synthetic
aryne chemistry. However, it is noticeable thaicsi 1983, when Kobayashi first introduced
this type of benzyne formation, little progress waade in this area until the early 2000’s.
Recently, aryne chemistry appears to be a partlgufaot” area in organic synthesis. So what

is likely to be the next powerful synthetic methlmdyy employing arynes to be disclosed?
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APPENDIX C. CHAPTER 4 COMPUTATIONAL DATA, 'H AND **C NMR SPECTRA
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Coordinates obtained from computational results:

R1 benzyne
C 0.70365 1.05843 0.00003
C -0.70358 1.05847 0.00003
C -1.46151 -0.13352 -0.00013
C -0.62556 -1.23765 0.00009
C 0.62546 -1.23764 0.00008
C 1.46151 -0.1336 -0.00013
H 1.22878 2.01132 0.00016
H -1.22865 2.01139 0.00016
H -2.54672 -0.13475 -0.00006
H 2.54673 -0.13491 -0.00005

R2, sydnona

C 2.81574 0.31815 -0.13556
C 1.514 0.85201 -0.334
@) 2.5172 -1.0016 0.38566
H 1.2161 1.78972 -0.76772
C -0.79846 -0.01409 0.0136
C -1.41618 1.20673 0.2868
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-1.53894

-2.80777

-0.82136

-2.92934

-1.0267

-3.56477

-3.29834

-3.51557

-4.64855

0.6343

1.1799

3.95146

-1.1576

1.28152

2.07531

-1.06831

-2.08914

0.14763

2.22631

-1.95122

0.21113

-0.0989

-1.21021

0.68979

177

-0.28968

0.24544

0.54927

-0.31762

-0.50068

-0.05559

0.45905

-0.55386

-0.08462

0.0442

0.48699

-0.29818
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Intermediate

C 1.11713
C 0.74732
C 1.2765

H 0.48957
C 1.8655

C 1.50332
C 2.24975
C 2.07237
H 2.02175
H 1.37175
N -0.30571
C -1.56801
C -2.09659
C -2.33141
C -3.37941
H -1.51996
C -3.6032
H -1.91821
C -4.13808
H -3.77863

0.5297

-1.03278

0.37694

-1.36369

1.37634

1.66386

2.55188

2.69401

1.2718

1.75505

-1.15909

-0.51804

-0.18532

-0.29362

0.35769

-0.35153

0.26138

-0.5562

0.58848

0.60741

178

-0.71018

0.91162

0.67049

1.91332

1.42447

-1.39216

0.75445

-0.62317

2.49425

-2.46535

-0.121

-0.00222

1.25088

-1.15847

1.34366

2.1549

-1.05157

-2.12588

0.19754

2.32302
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-4.18322

-5.13306

1.76602

2.56639

1.60086

0.49924

2.69132

2.37863

0.43412

1.01697

-1.94649

-2.72158

-1.69834

-0.69524

3.36619

3.61547

179

-1.95421

0.27432

0.19669

0.63655

-1.14845

-1.25091

1.32183

-1.1097
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P1, 2H-indazole 3aa

C

C

1.73401

0.51588

1.83934

3.11394

2.901

4.22816

4.12033

3.20516

2.81554

5.21762

5.03264

0.45094

-0.25882

-1.68101

-2.31749

-2.43253

-3.70921

-1.71211

-3.825

-1.93872

-0.64588

1.19706

0.76712

1.37977

-1.44218

0.58506

-0.81824

2.44582

-2.50741

1.02599

-1.40051

-1.04425

0.09431

0.03849

-1.17069

1.17894

-1.22773

-2.04201

1.11002

2.10554

180

0.11918

-0.19819

-0.12743

-0.2464

0.25601

-0.11286

0.1383

-0.43608

0.44688

-0.19778

0.23718

0.19444

0.00156

0.00631

-0.29223

0.30815

-0.29847

-0.5101

0.28763

0.58175
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C -4.46907

H -4.20155
H -4.40517
H -5.55408
H 0.08578
P2, CO,

C 0

@) 0

@) 0

-0.09029

-2.16772

1.99754

-0.14048

2.16405

181

-0.01562

-0.53162

0.52413

-0.02527

-0.40735

1.16917

-1.16917
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Copies of *H and **C NMR Spectra
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2D NMR Spectra foBia.

NOESY, showing OMe group close to the H at 6.35 ppm
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HMBC. The cross-peak of ¢C; supports this regioisomer. However, an equally artgmt

cross-peak of HC, is not ovserved.
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APPENDIX D. CHAPTER 5 'H AND *C NMR SPECTRA
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Temperature effect oitd NMR of 9,10-Dihydro-9,10-epiminoanthracene.
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Temperature effect ofiC NMR of 9,10-Dihydro-9,10-epiminoanthracene.
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