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SYNOPSIS

The thesis entitledDevelopment of Transition-Metal-Catalyzed C-C andC-O Bond
Forming Reactions: Synthesis of Aryl Vinyl Ethers ad Benzofurans”, consists of
three chapters:1f Gold-catalyzed intermolecular hydrophenoxylatioh unactivated
internal alkynes, 4) Direct access to benijfurans through palladium-catalyzed
oxidative annulation of phenols and unactivatedrimtl alkynes,3) Design, synthesis and
optoelectronic properties of fused furo-indole datives.

In this thesis, each chapter is subdivided intedlparts: (a) Introduction (literature
survey), (b) Results and Discussion (including fetwork), and (c) Experimental Section.
All the new compounds are characterized'ByNMR, *C NMR, IR, MS, and HRMS
spectral data followed by elemental analyses. Thetsire of the some of the compounds
is unambiguously elucidated by X-ray crystallogmaptudies.

Chapter 1

Gold-Catalyzed Intermolecular Hydrophenoxylation of Unactivated
Internal Alkynes

In this chapter, a general and simple strategyhfersynthesis of functionally diverse aryl
vinyl ethers is reported through gold-catalyzeckimtolecular addition of electronically
and sterically substituted phenols with unactivateernal alkynes (Figure 1).
% S Econ;,my
© %\.2'““‘“‘

Unactwated Alkynes] Z—Selectnnty

Figure 1. The gold-catalyzed synthesis of aryl vinyl ethieesn phenols and unactivated
internal alkynes.

The chapter begins in highlighting the importande GO bond in organic
synthesis. The precedence on the transition-matalyzed GO bond forming reactions
is described in brief. The shortcomings in thisveyrinspired us to develop an addition
reaction betweerphenol and unactivated internal alkyneshich to the best of our
knowledge is the first report. Gratifyingly, an emsive screening of various combinations
of catalysts, ligands, and bases led to an effectatalytic systems: Condition A [AugClI

(i)



(3 mol%), JohnPhos (3 mol%), and A§; base in CHCIl, at 100 °C] useful for the
hydrophenoxylation of activated phenols with unaaied internal alkynes and Condition
B comprising of [AuC4 (5 mol%), JohnPhos (5 mol%), and@O; base in THF at 100
°C] employed for the hydrophenoxylation of non-aatitd phenols with unactivated
internal alkynes. This one-step synthetic protoathbws accessing a wide array of
vinyl(1,2-disubstituted)aryl ethers easily. Additi@f phenols to unsymmetrical alkynes
provides the corresponding mixture of regioisonraryl-vinyl ethers with appreciable
selectivity. The multiple hydrophenoxylations oflyjghenols with diphenylacetylene are
successfully demonstrated, highlighting the velisatand synthetic utility of the current
strategy. The exclusive formation @faryl-vinyl ethers suggestihe anti-attack of the

phenoxide on the gold-activated alkyne.

AuCl3 (3-5 mol%)

0. Ho
R1_:(j/ H , =& R JohnPhos (3-5 mol%) R O\ ;
Z A92CO3/KQCO3 E

P(t-Bu),

CH,CI,/THF, 100 °C JohnPhoo2
R
R Ph._H Ph._H o /Ph
oL, SO o O
R Q" "Ph Ph —
O” "Ph Y
para-substituted meta-substituted ortho-substituted With alkyl or aryl
phenols phenols _ phenols symmetrical alkynes
yields ~ 69-90% yields ~ 50-85% yileds ~ 22-90% yields ~ 55-94%
H Ph o Ph H. _Ph
[ j /@\ Ph
o Ph o)\(H
55% 94% Ph
Ph Ph Ph Ph
H—\ Q ) Q H\%\o o)\(H
O O HO Q Ph Ph
Ph 6%

7% 34%
multiple hydrophenoxylations

Scheme 1Substrate scope for the synthesis of aryl-virlyees.

(ii)



Chapter 2

Direct Access to BenzdjJfurans through Palladium-Catalyzed Oxidative
Annulation of Phenols and Unactivated Internal Alkynes

Chapter 2 describes the palladium-catalyzed oxidatnnulation between commercially
available phenols and readily accessible unactivatéernal alkynes to provide 2,3-
disubstituted benzb]furans (Figure 2).

1
. H B

- [Pd] f Ligand a0 ] ;
L Hase, Cuadant E' R2 = L .h_F'I'-
OH ‘52 salvent 130 °C i | Ph W
Mo Pralunctionalization of Phanals - E!!j.al'l'lFf 83 ﬁ@
Unactivated Internal Alkynes 22-92% yield  PT -{fl =

Figure 2. The Pd-catalyzed synthesis of bergfnfrans from phenols and unactivated
internal alkynes.

The ubiquitous benzofuran skeleton is a privilegadcture found in numerous natural
products, biologically active compounds, and organaterials. Owing to the importance
of benzop]furans and its derivatives, various syntheticallgble strategies have been
devised for the construction of bengldfirans. Some of the conceptually most interesting
synthetic strategies including the transition-metatalyzed €H activation/C-O bond
forming processes for benbdfurans are detailed at the beginning of this chapt
Pleasingly, the annulation between the phenolstia@dliphenyl acetylene is successfully
achieved under the influence of Pd-catalysts. Aneresive screening of various
combinations of catalysts, bases and oxidantsdevd effective catalytic systems: the
Condition A [Pd(dba}, L3 (bathophenanthroline), AgOAc base, and Cu(QAgD
oxidant in 1,4-dioxane at 130 °C] is suitable foe t[3+2] annulations between the
activated p-nitrophenol and unactivated internal diphenyl weste, whereas the
Condition B [Pd(dba}, L4 (phenanthroline), NaOAc base, and Cu(QAt)O oxidant in
1,4-dioxane at 130 °C] is selected for the [3+2jwdations between the non-activaied
methoxyphenol and internal diphenylacetylene. Tleetenic properties and acidity of
the phenols significantly influence the reactivityhile the reaction of electron-poor
phenols with alkynes proceeds in the presence @Ay the base NaOAc is required in
case of electron-rich phenols. This one-step me#togs efficient access to a wide array
of benzop]furans. The reaction conditions tolerated a vgrieft common functional

(iii)



groups which greatly enhances the synthetic vditgadf this strategy. Furthermore, the
reaction of phenols with aryl-alkyl-substituted wmsnetrical alkynes resulted in
regioselective benzofurans. The protocol couldcedfitly be applied in the installation of
the benzofuran skeleton on biologically active ct@mpmolecules. The oxidative
annulation ofa-naphthol with internal unactivated alkynes resuiliea naphthofurans
rather than naphthopyrans. The preliminary invasiops on a plausible reaction

mechanism confirmed the involvement of a bis(arg)palladium(ll) complex andrtho-

Ph Ph
L3 </ \Q \5
=N N=
</ Q \>
L4 =N N=

With unsymmetrlcal

C-H bond cleavage of phenol.

Pd,(dba)s ( 5 mol%) R
\

H
R{j + R-—=-R L3/L4 (10 mol%) PN
A OH AgOAc/NaOAc R R
Cu(OAc),"H,0 Z~0
1,4-Dioxane, 130 °C

para-substituted meta-substituted ortho-subst|tuted alkynes naphthof#tr:n instead of
naphthopyrans
phenols phenols phenols regioselective products yie|dps 353 %

yields ~ 50-92% yields ~ 54-90% Yields ~ 34-45% yields ~ 64-81%

Scheme 2 Substrate scope for the synthesis of benzofurans

Chapter 3

Design, Synthesis and Optoelectronic Properties dfused Furo-Indole
Derivatives

Chapter 3 depicts the synthesis of fused furo-indole deiwest using the
developed method for benbdfurans described in Chapter 2. The optoelectrpnaperty

of the newly synthesized fused furo-indoles is @iscussed in this chapter.

R [
Ac LA
AcHN H 1) Pd-catalysis N A M A
+ » R \ R
H OH 2) Rh-catalysis (0] EA
R

]

R = 4-MeQ-CgHy, 4-Me-CgHy etc Blue Light Emitting Diode

Figure 3: Synthesis of fused furo-indoles with the sequentiatallation of benzofuran
and indole skeleton d4-acetyl-4-amino phenols.
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Various fused furo-indole extendedconjugated frameworks are successfully fabricated
involving the multiple activations of C(§p-H bonds. The synthesis of fused furo-indole
skeleton is initiated with the installation of befidfurans onN-acetyl-4-amino phenols

employing the recently developed palladium-catalyzidative annulation between

phenols and unactivated internal alkynes (Chapter 2

Figure 4: Extendedtconjugated molecular frameworks

The survival of the NHAc group allows the constroictof indole-skeleton following the

Fagnou’s Rh-catalyzed oxidative annulations ofided with internal alkynes. These two-
step synthetic procedures useful in accessing & widay of fused furo-indoles. The
optical and electronic properties of these new mgd& entities are studied by UV-vis and
fluorescence spectroscopy. All the molecules shostdng absorption at UV range
(300-400 nm) and strong blue emission. We thereforeetelthese molecules may find

possible applications as blue light emitting diodes



Gold-Catalyzed Intermolecular
Hydrophenoxylation of Unactivated
Internal Alkynes

Abstract

@ N\ _ —|Aul-

.
| Unactivated Alkynenl

A general and simple strategy for the synthesiné€tionally diverse arylvinyl ethers is

reported through gold-catalyzed intermolecular &oldiof electronically and sterically

substituted phenols with unactivated alkynes. Additof phenols to unsymmetrical

alkynes provides the corresponding mixture of rnsgimers with appreciable selectivity.

Multiple hydrophenoxylations of polyphenols withptlenylacetylene are demonstrated
successfully.
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Chapter 1

1.1. Introduction

Oxygen containing heterocyclic moieties are widigynd in many important structural
motifs of naturally occurring and pharmacologicatlgtive compounds (Figure 13)).
Therefore development of novel methods for the &irom of CG-O bond is always
demandind® In particular, the enol-ethers are valuable prems to cycloaddition,
cyclopropanation, metathesis, and hydroformylatieactions; they are useful building
blocks in the fabrication of complex natural protuand its analogué$. The addition of
an alcoholic GH bond across alkynes either through inter- oramilecular fashion
provides general access to enol ethers or cydiierstwith 100 % atom-efficiené$l. Due
to the decrease of disorder in the system, intexoubthr reactions are entropically
unfavorable over intramolecular reactions. Gengré#tlle precursors for the intramolecular
reactions are obtained through specialized prosogololving multiple synthetic steps,

whereas simple starting materials are adequathdointermolecular reactiof.

3, antitumor agent 4, ebenfuran | 5, GR117289

Figure 1.1 Representative oxygen-containing heterocyclicvdéres

The transition-metal-catalyzed—C and CG-X (X = N, O, S etc) bond forming reactions
have shown profound impact in organic synthesigh@lgh transition-metal-catalyzed
intramolecular hydroalkoxylations to alkynes arelatigely well-known® the

intermolecular version is little exploré@i.The challenge lies in effecting the nucleophilic
attack of the hard alkoxides obtained from the esponding alcohols, on soft electron-
rich alkynes. Since both the reactants are eleatidn species, the attack of oxygen-
nucleophiles to carbon-carbon multiple bonds aeeetiore not facile; unlikely the carbon-
carbon multiple bonds are activated by electromdvawing groups. A solution would be



Gold-Catalyzed Intermolecular . . .

to use soft and alkynophilicatalystsfor the activation of carbon-carbon multiple bonds.
The soft gold and platinum complexes are carbaphiBwis acid catalysts efficiently
activate the carbon-carbonebonds and useful in accomplishing complicated
transformations with ead®. For instance: the strong-donor and weaktacceptor of
alkyne allows strong activation by gold complexniamg the gold complexed alkyr&
(Scheme 1.1). The gold complexed alkyes intrinsically electrophilic. The anti attack
of nucleophile to6 forms gold-vinyl complex?. Finally protodeauration o7 results the
product8 (Scheme 1.1).

A" RX RX

RXH == — — — \—
~—7 [AuL] "

6 7 8
Scheme 1.1General schematic representation of activatioallofnes by gold-catalysts

On the basis of the frontier orbitals and relatigigffect, gold is soft and carbophilic in
nature’” The relativistic contraction of the 6s orbital aexpanded 5d orbitals in gold
accounts attributing the strength of the Au-Ligdmahds. Based on the computational
studies of enthalpies of formation, the complexeswben alkyne and gold catalyst
showed the strongest binding energies over the ibgntletween the alkynes with
electrophiles such as iodine and Ag saffsAs a consequence, gold salts have emerged as
powerful and versatile Lewis acid catalysts invialaused for the €C and G-X (X = O,

N, S etc) bond formatiorn¥.

1.2. Precedents

The transition-metal catalyzed addition of oxygerlaophiles to unactivted alkynes is a
powerful strategy for direct formation of-@Q(sp’) bond. Accordingly, the development of
novel methods for the hydroalkoxylation of unadidh alkynes has received much

attentiont®!

1.2.1. Intramolecular Addition of Phenols and Alcolols to Alkynes

The transition-metal catalyzed intramolecular maxfeattack of alcohol/pheneDH

moiety to the unactivated alkynes readily credtesoixygen-bearing heterocycles.
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Utimoto and co-workers reported the palladium (Patglyzed intramolecular addition of
alcohol moiety to alkynes for the synthesis of sitled-furans from 2-methoxy-3-alkyn-
1-ols @).*Y The reaction proceeds with the attack of the altththe Pd-activated alkyne
for the formation of the intermediafd. Subsequently, elimination of methanol frdm
generatesll. Finally, trapping of an electrophile affords 2li3ubstituted furansl2
(Scheme 1.2).

MeO
© OH  PdCI,(PhCN), MeO o AL
N g < T Py’ S —’/\)QO
THF, rt Pd(ll
Hex W Hex Hex Z Hex
9 10 11 12

Scheme 1.2Pd(ll)-Catalyzed synthesis of di-substituted iwdrom alkynols

The highly-substituted furans are readily accessid the intramolecular 8&xodig
nucleophilic attack of the hydroxyl group D8 to the Pd-activated triple bond. Finally, the
alkoxycarbonylation ofl5 followed by the aromatization deliver 2,3,5-tristituted furan
16 (Scheme 1.3}2

_Pdl ;a _ P
™ Y / \__CO,Me
OH CO MeOH ) 0

13 14 15 16
Scheme 1.3Synthesis of tri-substituted furans from alkynols

Ph

The 4-trimethylsilyl-3-alkyn-1-ols 1(7) swiftly transformed toy-butyrolactones20. The
reaction occurs through the intramolecular —OHcétta the activated alkyne-Pd species.
The demetalation followed by coordination of Pdtie dihydrofuran formsy-olefin
complex18. Then attack of water ob8 and elimination of PdX/SiMgedelivers19. The

enolization ofL9 produces lacton20 (Scheme 1.4

Pd(OAc), (5 mol%) TMS O
C mo L
OH_ Sitle; " Qagp [EXAP% —XJ
O > QC(
MeCN, O,,1N HCI
17 20

Scheme 1.4Pd(ll)-Catalyzed formation ofbutyrolactones from alkynols

Trost and co-workers demonstrated the synthesig-lmityrolactones from propargyl

alcohols under the influence of ruthenium catdfystThe reaction initiates with the

5
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oxidative insertion of Ru to the alkyne-moiety fong the vinylidene carbene
intermediate22. Intramolecular —OH attack on the vinylidene carbdakowed by

hydrolysis of23 produces thgbutyrolactone24 (Scheme 1.5).

OH Cat. [Ru] & <:></\/|/[Ru] <:><):|/O
— ='=[RU]

21 24
Scheme 1.5Ru-Catalyzed cycI0|somer|zat|on and OX|dat|on fgargyl alcohols

The Genet group reported the Ir-catalyzed cyclimatand hydroalkoxylation of bis-
homopropargyl alcohol$® The reaction initiates with the formation# by the attack of
—OH group to the Ir-metal activated alkyne-moi26y Intermolecular addition of MeOH

to 27 and proton transfer leads to cyclic ke8Scheme 1.6).

[Ir] HO’>Q\\ o
HO =
HoXg,  WeoH 3(\ gl Bu D ome
25 27 28

Scheme 1.6Ir-Catalyzed cycl|zat|on/hydroalkoxylatlon of H®mo propargyl alcohols

The intramolecular cyclization of alkynol is sucsiedly demonstrated under the influence
of Pt-catalysts. For example: 2-methoxy-2'-alkygpyi32 is obtained from29 in the
presence of Pt-catalyst in methanol (Scheme 1.¢. darbophilic activation of alkyne
moiety by Pt-catalyst triggers the attack of ththeéeed alkytOH delivering31. The

hydromethoxylation 081 deliversacetals32.!*®!

OH_R [Pt]
9 [Pt] (} (\/l\/\/\
% 1 (\/E OTHP

"MeOH [Pt]
THPO © One

29 30 31 32
Scheme 1.7Pt-Catalyzed cyclization of alkynyl alcohols

Recently, Marks and co-workers have shown the lamties assisted intramolecular
hydroalkoxylation of alkynoBB3 towards the formation of tetrahydrofuraBS (Scheme

1.8).[17] Authors have demonstrated the participation ofLineO bond 84) rather than the

conventional Ln-alkyne activation in this study.
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+

OH - -0, O
C " [Ln{N(SMey)zk) fﬁ . RFO

— R
33 34 35

Scheme 1.8Lanthanides mediated hydroalkoxylation/cyclizataf alkynyl alcohols

Interestingly, the gold-catalyzed cyclization ofeyals efficiently produces the oxygen-
bearing heterocycles under mild reaction conditiohbe reaction initiates with the
electrophilic activation of the acetylene moiety ggld(l) catalyst. This triggers the
nucleophilic attack of the tethered-alcohol to fleemation of the reactive oxonium

species38. Finally, protodeauration &8 generates furaB9.'®

OBn  AuCl (10 mol%) OH H OBn
K,CO3 (10 mol%) Q
e , |
BnO  Av OBn
36 37 38 39

Scheme 1.9Cyclization of acetylenic alcohols

The Hashmi and co-workers demonstrated the systtidssocromened?2 from alkynyl
benzyl alcohols40.* The attack of the —OH group to the carbophilic @utivated
alkyne-moeity deliverssocromenes (Scheme 1.10).

Ph [Au] __Ph
Z [(MessPAu),CIIBF, Z ~rFh
> ) — o
OH MeCN OH
40 41 42

Scheme 1.10Cyclization of acetylenic benzyl alcohols

The transition-metal catalyzed intramolecular addibf phenol GH to alkynes is a well
developed method useful in the construction of tkkggen-bearing heterocycles. For
example: palladium, platinum, rhodium, zinc and/arthenium catalyst assisted
cyclization of 2-alkynyl phenold3 readily deliver benzofuran and its derivati{i@sThe
activation of alkyne by metal catalysts allows thramolecular mode of attack of the
oxygen nucleophile forming the oxygen-bearing hetgcles with ease (Scheme 1.11).
The ortho-alkynyl phenol precurso3 are easily accessed through Sonogashira coupling

of 2-iodophenols.
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(4) [Rh] R (1) [Pd]
\/ 2) [A
mR (5) [Zn] ©\/ ©\/ (2) [Ad] mR
O 0]
R OH 3) [Pt]
45 ~(6) [Rul © .

R =H, Ph, or aIkyI
Scheme 1.11Cyclization of 2-alkynyl phenols to the formatiohbenzofurans

1.2.2. Intermolecular Addition of Phenols and Alcobls to Alkynes

Yamamoto group described the palladium-catalyzeditiad of phenols to conjugated
diynes @7a)producing alkoxylated enynds (Scheme 1.12). The reaction proceeds with
the participation of either’—coordinated Pd(0) comple49 or the actives—cumulenyl

palladium intermediatg0.*

Ph E

OH _FPhi d(O)
Il PdPPhy), OZ |

RE ) YL TEmeor R ML //

Z 3F= i | Ph
I Toluene PR Ph3PPd Ph
Ph ; PhyP

46 47a 48 49 50

Scheme 1.12Addition of phenols to diynes

The Pd-catalyzed addition of phenols to propargylic oxead7b furnishes phenol-
substituted alkene83. The n-propargyl andsr-allyl palladium complexe$l and 52,
obtained from oxirane through Pd-activation, aregbssible intermediates participated in
this reaction (Scheme 1.183

Ol

4+

Pd

OH 0 O:; o) J Ph

Pd,(dba)s-CHCI —

N G Pecos T |y

O dppb, dioxane HO °, R
Pd Ph

46 47b <j\=-‘//— 53

L 52 _
Scheme 1.13Addition of phenols to propargylic oxiranes

Under the influence of Mo(C@)atalyst,a specific ruthenocene bearing alkyd@éc
undergo regioselective addition with activated #rtphenol 46f) producing the desired

hydropenoxylation produ@4 (Scheme 1.14¥”

8
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e oo
Me Me
ﬁ/ [Mo(CO)g mH
e
> Ru Me

Me Ru Me refluxing toluene Me @

47c 54
Scheme 1.14Addition of 4-chlorophenol to ruthenocene beaafig/ne
The transannular addition of 4-chlorophenol to-tljalkynylferroceneb5 proceeds in the
presence of Mo(CQJ** The reaction involves the participation of vinylaationic

intermediatéb7 (Scheme 1.15).
OH R |

OAr : .
- LN+ !
L= Ne Phel - e Y Me = \Me:
F + TS / . e :
e _ Ve 135°C, 15 h :<> Me =<4 Ve
5= y = Ve
Cl : !

55 46f 56 ; 57

..................

Scheme 1.15Addition of 4-chlorophenol to 1,1'-dialkynylfelcene

Kato group demonstrated the palladium(ll)bis(oxam)l catalyzed intermolecular
methoxy-carbonylation of terminal alkyn@¥. The box ligand61 is thought to enhance
the T—electrophilicity of Pd(Il) and activate the “softiple bond. The nucleophilic attack
of methanol58 to the Pd-coordinated-alkyne forms a vinylpalladiintermediate. The
CO insertion into the €Pd bond followed by methanolysis of the resultioglpalladium

complex affordg—methoxyacrylatessQ) (Scheme 1.16).

Pd(TFA), (5 mol%)

_ (S)-Phbox (7.5 mol%) CO,Me
MeOH + CO + @TH —> =

p-benzoquinone MeO H S(

RT (S)- Phbox
58 59 60 61

Scheme 1.16Pd-Catalyzed methoxycarbonylation of alkynes

The base-assisted Michael-type addition of phenolsactivated dimethylacetylene
dicarboxylates (DMAD,47d) offers a straightforward approach for the-GC bond
formation®® The reaction is diastereoselective, exclusivetyniag Z-aryl vinyl ethers62
(Scheme 1.17).
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S" MeO,C——CO,M Pyridine ( 20 mol%) /MiozC _ H

R_: + €0, — -Me °)
= THF, RT K O CO,Me
46 47d N

Scheme 1.17Addition of phenols to DMAD

The intermolecular addition of oxygen nucleophilethanol §8) to the unactivated
phenyl methyl acetylene4?e is successfully performed for the first time undkle
gold(ll) salts!*”! This reaction deliver a mixture of two regioisoiatimethylacetal$3
and64 (Scheme 1.18).

NaAuCl,-2H,0 OMe Ph OMe
MeOH + Ph—Me (20 mol %) Ph——. + —Me

Reflux OMe Me OMe
58 47e 63 64

Scheme 1.18Addition of alcohols to alkynes

The addition of primary and secondary alcoholsiphenylacetylene4(7f) was efficiently
conducted under the influence of Au(l)-catalystrabm temperature (Scheme 1.19).
Unfortunately,the tertiary alcohols and phenols failed to readthvwunactivated internal

alkynesunder the reported conditiok&.

PhsPAUCH; OMe
VeoH  +  ph—ph B RN
RT
58 47f 65

Scheme 1.19Addition of alcohols to alkynes using cationiddyspecies

Recently, gold(l)-catalyzed annulation @hydroxy benzaldehydes with terminal alkynes
for the synthesis of isoflavanones is reported eithdirect formation of ©C bond
Oxidative addition of the aldehyde—8 bond with Au-catalyst forms acyl gold(lll)
hydride at first, which simultaneously activates thlkyne triple bond forming the
intermediate68. Hydrometalation of the activaté&B forms the enon€9. Subsequently,
conjugate addition of hydroxyl group to enofi@ followed by reductive elimination

affords isoflavanone derivativés.

10
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o o AUCN (1 mol %) Qo 9 u 9
@fLH . l PBuj; ( 25 moI°Q @ﬁ‘j/l:’hi d[Au\] Ph mPh
OH [ Toluene, 150 °C 0 i OLn Z O-[Au]Ln
36 h ' H H
46s 66 67 68 69

Scheme 1.20Addition of salicylaldehydes to terminal alkynes

Survey of these reports reveals that the intranutdechydroalkoxylation to alkynes is
relatively well known, while the intermolecular nedf addition of oxygen nucleophiles
to unactivated alkynes is little explored.

1.3. Problems and Design Plan

The addition of alcohols and phenols to activalk&grees has been well studied. Under the
influence of gold-catalyst, the primary and secopndalcohols underwent 1,2-addition
successfully with unactivated alkynéhe careful survey of literature revealed that the
intermolecular mode of addition of phenols to unated alkynes remains elusive until
20098 The problem lies in effecting the nucleophilic ekeof the hard phenoxides
obtained from the corresponding phenols, on sadttedn-rich alkynes. We therefore
envision the carbophilic activation of the unacdidh alkynes by Lewis acid metal
catalyst; this would trigger the attack of nucleibplsuch as phenol and forms the metal-
vinyl intermediate71a/71b The oxidative cyclization o71 would then generate the

interesting benzofurans in a single step (Sche®)l.

M = Lewis

Ph
TN Ph M acidic metal TN M [O] X Ph
OH Ph 0 pp oxidant Z 0" ph
46 70 7 72

Scheme 1.21Synthesis of benzofurans from phenols and alkynes

11
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1.4. Results and Discussion

1.4.1. Reaction Optimization

During the course of our studies on the oxidativewuation between phenols and
unactivated internal alkynes for the synthesiserfanfurans (discussed in Chapter 2), we
decided to evaluate the influence of carbophiliovise acid gold-catalysts for the
activation of alkynes. The reaction of 3-nitrophle(w6a) with diphenylacetylene4{’f)
under a catalytic mixture of Aug€hnd biaryl ligand (2-biphenyl)dicyclohexylphospéin
(CyJdohnPhos, L1)/ (2-biphenyl)tert-butylphosphingJohnPhos, L2), and AGOs; base

in nitromethane solvent surprisingly resulted thyelrbphenoxylation productZj-(1-(3-
nitrophenoxy)ethene-1,2-diyl)dibenzen&3§ as observed in GC-MS analysis (entries 1
and 2, Table 1.1)lo the best of our knowledge, the gold-catalyzeditiad of phenols to
unactivated alkynes is not yet disclos&terefore, we sought to develop this interesting
transformation and the optimization details areicted in Table 1.1. Not even a trace of
73awas detected in the absence of ligands (entryt®).use of phosphine ligands such as
PPh and PCy did not yield the product (entries 4 and 5). WAD,CO; base and L2
ligand, different solvents were then screened. &ubt/such as toluene, 1,4-dioxane, THF,
DMF and 1,2-dichloroethane (1,2-DCE) provided lowenounts of7/3a as detected in
GC, whereas C¥Cl, appeared effective providing 98% conversion irhZéntries 611).
With the optimal condition entry 11 in hand, wertteereened other ligands, catalysts and
bases. Among other Buchwald ligands examined @mnttil-14), L2 (JohnPhos) was
found to be the best, and the yield 48a was 98% by GC (entrgl). In general, the
sterically encumbered ligartBuXPhos (L4) is more active than L2 in the crosaptmg
reactiond®® however, the reverse trend of ligand activity (24) was observed in the
current study. Explorations of various gold catEysuch as AuCl, PRAuCI,
PPhRAUOTf, PPRAUSbK;, and AuBg with ligand L2 also led to poor yields af3a
(entries 1519). Next we screened the effect of silver saltthig reaction. The silver salts,
such as AgOTf, AgOAc, AgBf and AgNQ, were found to be ineffective (entries
20-23). With the inorganic base,&O;, only trace amount of product was observed (entry
24). Therefore, the reaction condition in entry ddve optimal yield of73a from 3-
nitrophenol 468 and diphenylacetylene.

12



Chapter 1

Table 1.I Reaction between 3-nitrophenol and diphenylaeeyl Reaction
optimizatiorf”

Catalyst (3.0 mol%)

/@\ . Ph\ Ligand (3.0 mol%) @\PhIH
O,N O,N 0

OH Ph Base, Solvent Ph
[¢]
46a 47§ 100 °C 73a
NMe2 R
QO
P(Cy), P(t-Bu), P(t-Bu), bR, R=iPr
L1 L2 L3 L4
entr 46 catalyst ligand base solvent time yield of
y y g (h) 73a (%)
1 46a AUC& L1 Agch3 CH3;NO» 36 4
2 46a AuC} L2 AgCOs CH3NO, 36 16
3 46a AuC4 - Ag,COs CH3NO, 48 n.d.
4 46a AuC} PP  AQg.COs CH3NO, 48 n.d.
5 46a AuC4 PCy  Ag.CO; CH3NO, 48 n.d.
6 46a AuC} L2 AgCO; Toluene 48 trace
7 46a AuC} L2 Ag.CO; 1,4-dioxane 48 10
8 46a AuCls; L2 Ag.CO;3 THF 48 12
9 46a AuCl; L2 Ag.COs DMF 48 n.d.
10 46a AuCls; L2 Ag.CO; 1,2-DCE 48 20
11 46a AUCI; L2 Ag2003 CHzC|2 24 98
12 46a Aud L1 AgCOs CH.CI, 36 11
13 46a Aud{ L3 Ag.CO; CH.Cl, 36 39
14 46a Aud L4 AgCOs CH.CI, 36 52
15 46a AuCl L2 Ag.COs CH,Cl; 48 trace
16 46a PP{AUCI L2 Ag.COs CH.CI, 48 trace
17 46a AuBg L2 AgCOs CH.CI, 36 13
18 46a  PHPAUOTS L2 AgCOs CH.CI, 48 trace
19 46a PKPAUSDbK L2 Ag.COs CH.CI, 48 trace
20 46a Aud{ L2 AgNQG; CH,Cl; 48 trace
21 46a Aud{ L2 AgOTf CH.CI, 36 28
22 46a Audd L2 AgOAC CHCI, 48 trace
23 46a Aud{ L2 AgBF, CH.CI, 36 35
24 46a AuC L2 K>COs CH.CI, 48 <5

[ Reactions were carried out usialixyne (0.25 mmol) phenol (0.5 mmol) and base (0.5 mmol)
in solvent (0.3 mL) at 108C. ™ GC yields based on alkynes using dodecane amattstandard.
n.d. = not detected.

13
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Table 1.2 Reaction between 4-methoxyphenol and diphenyssst: Reaction
Optimization?

Catalyst (5.0 mol%)

Meo\@\ Ph\ Ligand (5.0 mol%) _ Meo\@\ I
+

OH Ph Base, Solvent
[o]
46b 47f 100°C
NMez
P(Cy)2 P(t Bu), P(t-Bu), P(t—Bu)2 R=i-Pr
L3 L4
. , yield of
entry 46 catalyst  ligand base solvent time (h)73b (%)
1T 46b AuCl; L2 Ag.CO;s CH,Cl, 24 7
2 46b AuCls L2 K2COs CHxCl; 36 trace
3 46b AuCls; L2 NaCOs CH.Cl; 48 trace
4 46b AUC|3 L2 K3PO4 CH2C|2 48 20
5 46b AuCl; L2 KsPOy THF 48 84
6 46b AuCls L2 CsCOs THF 48 51
7 46b AuCk L2 K2COs3 THF 48 95
8 46a AuCl; L2 K>CO;3 THF 36 15

[l Reactions were carried out usialixyne (0.25 mmol),phenol (0.5 mmol) and base (0.5 mmol)
in solvent (0.3 mL) at 108C. ™ GC yields based on alkynes using dodecane amattstandard.
[l AuCl; and ligand (3 mol% each) were used for 24 h.

The acidic nature of phenols varies with the stistit on the aromatic ring. With this in
mind, the optimized reaction condition is appliedtihe reaction of electron-rich phenol
with diphenylacetylen@47f) (Table 1.2). Indeed, under the optimized condisbown in
entry 11 (Table 1.1), addition of unactivated 44mostyphenol 46b) with 47f produced
(2)-(1-(4-methoxyphenoxy)ethene-1,2-diyl)dibenze@8h() in only 7% vyield (entry 1).
Further screening of various bases revealed tlmagamic bases are found to be better
compared to silver salts (entries4). Better conversion of reaction was observed,nvhe
THF was employed instead of @El, (entries 57). Further screening of bases revealed
that KCOs in THF improved the yield 073bto 95% (entry 7). With disappoint, when the
optimal conditions for the unactivated 4-methoxymdiein entry 7 was applied for the
activated 3-nitrophenol, only 15% vyield was obsdr¢entry 8). Therefore, the reaction

conditions are very selective for the acidic natiréhe phenols. In addition, the effective

14
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addition of respective phenols to alkynes solelpehels on the nature of bases and
solvents used. Such divergence in the behavioasédis interesting; however, the origin
of this effect is unclear. It appears that reldtivegrong bases, such as®0O;, are required

in the case of electron-rich phenols having higi&; and a milder base, such as,&@s,

is sufficient for activated phenols with lowe g% 3%

1.4.2. Reaction Scope

To investigate the generality of the addition ofi@as phenols with symmetrical and
unsymmetrical alkynes, Condition A [AW3B mol%), ligand L2 (3 mol%), AGO; base

in CH.Cl, at 100°C] is used for activated phenols and Condition BI{A (5 mol%),
ligand L2 (5 mol%), KCO; base in THF at 106C] is employed for non-activated
phenols. The effect of substitution on the phenalsthe hydrophenoxylations with
diphenylacetylene 4(7f) was surveyed at firsfThe results are detailed in Table 1.3.
Electron-donating substituent at the 4-positionpbenols reacted effectively widh/f in
good yields; 4-methoxypheno#i§b), p-cresol 460, and 4secbutylphenol 46d) were
reacted with 47f under the conditions B, effectively produced therresponding
hydrophenoxylation produc3b, 73¢ and73d, respectively. Th&-selectivity of 73b is
established based on the NOESY studies; intramialeBlDEs between vinyl-Hi(= 6.62
ppm; H) and theortho-hydrogens { = 7.60, 7.68 ppm; kl Hy) of the phenyl groups of
73b are clearly seen, whereas the NOEs between virghdhortho-hydrogens { = 6.78
ppm; H) of the 4-methoxyphenyl moiety of3b are not observed (Figure 1.2). The
reaction of47f with para-halo groups bearing phenols such as 4-fluoroph@ts and 4-
chlorophenol 46f) under the conditions B furnish&@®e and73f in excellent yields. The
Z-selectivity of73f is established based on the NOESY studies (Fib@e

__________________________________________________________________________________________________________

NOEs  NoEs

, T Hp

| h

e R

| - S

i H

: OMe ' Cl :
. Z-product (73b) E-product (73b) i Z-product (73f) E-product (73f) :

Figure 1.2 NOESY studies of3band73f
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Table 1.3 Hydrophenoxylation of phenols with diphenylacetyd®"’

0. Ph AuClj; (3-5 mol%) Ph. _H
" @/ e 7 Ligand (3-5 mol%) R1©\ I
Z Ph Ag,CO4/K,CO4 Z 0" Ph
46, phenol 47f CH,Cl/THF 73, aryl vinyl ether
(2.0 equiv.) (1.0 equiv.) 100 °C A = Reaction Condition A

B = Reaction Condition B

Me
OO OO Med{j’“f houd
I
O~ "Ph O~ "Ph 0" “Ph O~ "Ph

73b, 96 h, 73c, 96 h, 73d, 96 h, 73e, 84 h,
B, 83% B, 69% B, 71% B, 90%
hohiastdnoldinshNobs
O O O O Ph O~ "Ph
73f, 46 h, 739, 24 h, 73h, 72 h, 73i, 24 h, 73j, 144 h,
B, 88% A, 86% A, 87% A, 82% B, 35%
PhIH Ph _H Ph_H
o O X JSN
MeO O Ph F O~ "Ph OoN O~ "Ph OHC O” "Ph
73k, 120 h, 731, 96 h, 73a, 24 h, 73m, 24 h,
B, 51% B, 72% A, 85% A, 50%
F Ph Me Ph NO, Ph Ph Ph Me Ph
Ph Ph Ph Ph udh
73n, 120 h, 730, 146 h, 73p, 96 h, 73q, 144 h, 73r, 146 h,
B, 90% B, 45% A, 22% B, 68% B, 0%

[ Reactions were performed employid§ (2.0 mmol),47f (1.0 mmol) at 100C; Condition A:
Ag,CO; (2.0 mmol), AuCf andL2 (3 mol% each) in CKCl, (1.0 mL) was used. Condition B:
K,CO; (2.0 mmol), AuC} andL2 (5 mol% each) in THF (1.0 mL) was usé¥lsolated yields
based on alkynes; average of two runs

Similarly, the electron withdrawing groups beariactivated phenols reacted efficiently
with 47f under the conditions A, furnishing excellent yeldf the desired addition
products. The presence of common electron withdrgwroups such as nitro, cyano, and
trifluromethyl on phenols 46g 46h and 46i) was well-tolerated, and the respective
products73g, 73h, and73i were obtained in excellent yields. However, thdit@oh of
electronically neutral pheno#€j) to 47f proceeded with poor yield @Bj, and incomplete

conversion ofl6j was observed even with the extended reaction time.
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In the case oimetasubstituted phenols, the reaction proceeded witradl moderate
yields. The addition of electron donating 3-methahxgnol @6k) to 47f afforded the
corresponding produdt3k in 51% vyield; incomplete conversion 47f was noticed even
with prolonged reaction time, justifying the modergield encountered in this reaction.
However, activated phenols bearing -F, IN@ -CHO groups at the 3-positior5(, 46a
and 46m) gave the desired hydrophenoxylation produw&§ 73a and 73m in good to
excellent yields, respectively. The Z-configuratioh73m is established based on the
NOESY studies (See page 36).

These experimental results reveal that plaea-substituent's on phenol leads to better
yield, while meta and unsubstituted phenols are less effectiveerhyydrophenoxylations
of alkynes. Presumably, the electronic effect @ filmnctional group in thpara-position
decides the rate and stability of the phenolate thredefore influences the attack on
alkynes. To evaluate the steric effect in the hgtemoxylation, theortho-substituted
phenols were reacted wi#h/f. The presence of a compact electron-pesubstituent,
such as -F group46n), did not affect the reaction efficiency, and gpmduct73n was
obtained in 90% yield under the optimized condit®nThe Z-configuration o7 3n is
established based on the NOESY studies (See pagel@xever, the bulkyrtho-moiety
on phenols inhibits the effective addition4df. Reaction o#47f with sterically demanding
substrates such as 2-methyl- and 2-nitrophend® @nd 46p) proceeded in low to
moderate yields7@Bo and 73p). Similarly, hydrophenoxylation of 2-phenylphendi6q)
with 47f gave73q in 68% vyield. Unfortunately, the reaction failednepletely when the
sterically encumbered substrate 2,6-dimethylphét@r) was run with47f.

Next, we investigated the scope of the alkyneslgrall). Symmetrical dialkyl alkynes as
well as diaryl alkynes having electron-donating &tettron-withdrawing groups reacted
with various phenols. Electron-rich 4-methoxypherfébb) or electron deficient 3-
nitrophenol 463 reacted with 3-hexyned{g to produce hydrophenoxylation products
74a and 74b in 94% and 55%, under the optimized conditionsn8l &, respectively.
Formation of moderate amount @#b is a consequence of thmetasubstitution on
phenolsThe para-substituted phenols such ggresol 460, 4-phenylphenol46t) and 4-
fluorophenol 466 were efficiently added across 4-octyd@f) furnishing corresponding
hydrophenoxylation produc®4c 74d and74f, respectively in good yields. Interestingly,
the reaction of 3-methoxyphenof#gk) or 2-phenylphenol 46q9) with 4-octyne 47h)
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affords 74e (93%) and74g (67%), respectively. The Z-configuration &b and 74c are
established based on the NOESY studies (See page 40

These results suggest that the addition of phetolslkyl-substituted alkynes is more
effective than to aryl-substituted alkynes. We alsslieve that the efficiency of the
reaction depends primarily on the facile attackpbé&nol nucleophile on the activated
electrophilic Au-alkyner intermediate. Moreover, carbophilic gold prefeyabkttivates
the electron-rich alkynes over the electron-defitialkynes®¥! The inductively donating
alkyl group would enhance the electron density lagres, thereby promoting activation
by cationic gold. However, the electron density maigpn is reversed by neutral or
electron-deficient aryl group, diminishing the efige activation by cationic-gold.
Therefore, we conclude that electron-rich alkynesil show better reactivity in this
transformatior*®

Next, we explored the scope of the reaction by eminy the symmetrical electron-rich
and -deficient aryl substituted internal alkynesidAion of 4-nitrophenol 469) to the
electron-rich 4-methoxyphenyl-substituted alkynd7i( was performed under the
conditions A and@4h was isolated in 83% yield. The Z-configuration/dh is established
based on the NOESY studies (See page 43). Howewelerate yield of4i was produced
when electron-deficient 4-chlorophenyl-substitud#id/ne47j reacted with 4-cyanophenol
(46h) under the optimized condition A. Unfortunatelyteanpt to obtain the expected
product from the addition of 4-methoxyphendbk) to the electronically and sterically

demanding substrate bis(trimethylsilyl)acetylefiék] turned out futile 74j).

We have further explored the scope of the readiipexamining the utility of electron-
rich and electron-deficient aryl-substituted unsyetncal internal alkynes. It is very
important in the sense that it would provide twevrmaolecular entities corresponding to
the regioisomeric products. Preferential formatmfnregioselective products is highly
desirable in the application of synthetic chemis®yr observation of hydrophenoxylation
of symmetrical alkynes revealed that the gold gatahctivates electron-rich-substituted
alkynes efficiently. Therefore, we decided to ea#duthe reactivity of electron-rich
unsymmetrical alkynes toward the addition of phen®dhble 1.5 summarizes the scope of

the hydrophenoxylation of substituted phenols witkymmetrical alkynes.
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Table 1.4 Hydrophenoxylation of phenols with symmetricalyaled*"’

OH R2 AuClj (3-5 mol%) R2 H

R1_:<j/ . A Ligand (3-5 mol%) R1©\ T

Z R2 Ag,CO4/K,CO;4 Z>0" R?

46, phenol 47, alkyne CH,CI,/THF 74, aryl vinyl ether
e 000 G .
Et——FEt (479) MeO Q = O OMe (47i) Me;Si—=—SiMe; (47k)

_ — . A = Reaction Condition A
Pr——=—Pr (47n) Cl — Cl (47)) B = Reaction Condition B

o, LA, A, Q
(@) O5N (@) (@] O
H3C\/§/\CH3 HBC\&\CHs HBC/\MCH3 ch/\)\(\/CH3
H H

H H
74a,48h,B,94%  74b, 48 h, A, 55% 74c, 96 h, B, 79% 74d, 72 h, B, 96%
F Ph
MeO @) O O
H H H
74e, 50 h, B, 93% 74f 48 h, B, 95% 749, 120 h, B, 67%

Me0\©\
(@)

C oA Cr
N O N Me38i)\(S'Me3
H H

H
Cl
74h, 36 h, A, 83%° 74i,72 h, A, 68% 74j,146 h, B, NR

OZN\©\ NC
o OMe

MeO

[B] Reactions were performed employif§ (2.0 mmol),47 (1.0 mmol) at 100C; Condition A:
Ag,CO; (2.0 mmol), AuC{ and L2 (3 mol% each) in GBI, (1.0 mL) was used. Condition B:
K,CO;s (2.0 mmol), AuC} and L2 (5 mol% each) in THF (1.0 mL) was usBdlsolated yields
based on alkynes; average of two rlfhd7i (0.5 mmol) was used.

The reaction of 4-nitrophenofi§g with electron-rich unsymmetrical alkyne 1-methexy
4-(phenylethynyl)benzenetTl) afforded the corresponding mixture of products9#vo
yield with moderate regioselectivity (Table 1.5trgnl). Excellent yields of the desired
regioisomeric products were isolated in the hydevxylation of46g with phenyl alkyl
acetylenes47e and 47m) (entries 2 and 3); this observation clearly desti@ates the
effective addition of phenols to the unsymmetredétyl-substituted alkynes. Pure products
75b and75b’ (entry 2) could be successfully isolated by colushromatography. The Z-

configuration of75b and75b’ are established based on the NOESY studies (See469.
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Table 1.5 Hydrophenoxylation of phenols with unsymmetrialdynes

OH Ar AUC|3 (3-5 mol%) Ar H Ph H
X i - 0 X X
R1_: = ' / ngand oo A)) R1©\ I ¥ R1_:(;\ I
Ph 0~ “Ph 0" DAr

Ag,CO5/K,COs

46, phenol 47, alkyne CH,Clo/THF 75, aryl vinyl ether
(2.0 equiv.) (1.0 equiv.) 100°C A = Reaction Condition A; B = Reaction Condition B

entry phenol alkyne products!®
O,N L O:N Ph.__H O.N A _H
la] \@\ OMe \©\ I . @\ j[
OH 0~ Al 0~ “Ph
469 471 75a  Ar'=4-MeO-CgHy- 75a’

96 h; 94% [75a/75a' = 37/63]\]

O,N O,N Ph._H O2N Me._H
ola] ——Me \©\ I[ + \©\ I
- OH 0" "Me 0" 'Ph
9 47e 75b 75b'
72 h; 93% [75b:75b' = 32:68]14¢l

O2N O,N Ph. _H O,N n-Bu__H
= OO, X
OH
0~ “n-Bu 0~ “Ph
47m
469 75¢ 75¢'
72 h; 81% [75¢/75¢' = 38/62]!

Ph. _H Ar'_ _H
4Dl r
MeO OH MeO o~ MAr! MeO 0~ “Ph
46k 75d

471 75d’
120 h; 63% [75d/75d" = 91/9]

. CFs

h Ph h_H Ph A2 _H

O=v "X, - T

OH 0" AR o~ ph
46t 47n

P
75e Ar? = 3-F;C-CgH,-  75€
120 h; 35% [75e/75€' = 30/70]1

[l Reactions were carried out using condition”AReactions were performed employing condition
B. ! Isolated yields of the mixture of regioisoméfsRatios of regioisomers were determined by
HPLC analysisi® Regioisomers are purified.

When the reaction was run betweametasubstituted 3-methoxyphenoMgk) and
electron-rich unsymmetrical alkyn&/l, the product was obtained in modest yield with
better regioselectivity (91:9; Table 1.5, entry Tis again demonstrates the reduction in
reactivity with metasubstituted phenold.he regioselectivity observed in these reactions
warrants further investigations of the mode of &ddi of phenols to unsymmetrical
alkynes It is likely that electronic effects of unsymmeai alkynes and phenols contribute
to the moderate regioselectivity. Gold and othdalgic systems used in the hydration

and hydroalkoxylations of unsymmetrical alkyneséhbad to moderate regioselectivity in
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the product?®33*3*¥ and our current observations are consistent whil. tHowever,
electron-deficient alkynd7n reacted sluggishly witd6t, and an inseparable mixture of
regioisomers/5e and75€ was produced in poor yield (Table 1.5, entry S5)uastantial
amount of precursaet7n was recovered even after continuing the reactord fdays. This
indicates poor reactivity of phenolic—-OH to electimoor alkynes under the optimized
gold-catalyzed reaction condition. Hydrophenoxylas of phenols with terminal alkyne
was then explored; a reaction of 4-nitropherdi@g] with phenylacetylenesQ) under the
optimized catalytic condition A gave the correspagdMarkovnikov’'s addition product

73sin poor yield (eq. 1).

i O5N H__H
Condition A 2
o ron | - O o
Ph 0~ "Ph

469 59 73s, 24%

\

We envisaged that multiple hydrophenoxylation ofypbenols would result in enlarging
the molecular diversity which eventually extends ttonjugation. With this in mind, we
have evaluated the addition of electron-rich pogmiis with diphenylacetylene under the
optimized conditions B, and the results are shownTable 1.6. The addition of
hydroquinone 76a) to 47f gave the corresponding @Hvinylated product77a in 55%
yield along with trace amount of mono-adduct (ent)y The reaction could not be
completed even after 4 days; we assume that theiadadf the potential intermediate,
benzene-1,4-bis(olate), to the electrophilic Auyakkst complex is inefficient, leading in
producing moderate vyield of the prodfitt. X-ray crystallographic analysis
unambiguously elucidated the structure7@fa having Z-olefin stereochemistry (Figure
1.3). Efficient addition was observed in case dforeinol {6b) with 47f under the
optimized condition to furnish the desired@ivinylated producZ7b in 94% vyield. The
Z-configuration of77b is established based on the NOESY studies (Se=5Hg Further,
we were interested in examining the possibility hgidrophenoxylations of sterically
encumbered catecholf§g with 47f. Apparently, because of close proximity of the —OH
groups in the catechol, the bond formation betw&sand47f would be difficult. Indeed,
di-O-vinylated catechol77¢) was isolated in only 7% yield after continuing treaction
for 7 days (entry 3). Moderate yield of the cormsfing monoO-vinylated catechol
(77¢) was also produced along with unreaciéd
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Table 1.6 Hydrophenoxylation of polyphentg!

OH
AN AUC|3, L2 Ph | X Ph H
1 — O |
HO—+ + Ph—=——~Ph —_— H T
= K,COg, THF 0~ “Ph
100 °C Ph
76, phenol 47f 77, aryl vinyl ether
Phenol Product Phenol Product
OH H. _Ph O. _Ph HO OH H._Ph Ph H
O 1TJx O | XK
1| ho PR N0 ph” > H | 2 P N0 0~ > Ph
76a 77a (55%)° 76b 77b (94%)°
Q Ph Q oh Q Ph
H H H
3| wd  oH 4$\70 o—/gi HO of
Ph Ph Ph
76c 77¢ (7%)%¢ 77¢' (34%)
Ph
HO OH Ph
I j OH
4 Ph
OH H
HO 07
76d Ph
77d (6°/)e 77d' (9%) Ph 77d" (32%)

BIReactions were performed usii§ (1.0 mmol), THF (2.0 mL) in condition B Isolated yields
based orv6. [ Reaction was carried out employiagf & K,CO; (4.0 mmol each), AuGl& L2
(10 mol% each), and continued for 96°hReaction was continued for 168 h, mono-adddét}
was also obtained! Reaction was performed usidgf & K,CO; (6.0 mmol each), AuGl& L2
(15 mol% each), and continued for 168 h; @i#d") and mono@-vinylated phloroglucinols®7d")
were obtained.

77a

Figure 1.3: Thermal ellipsoidal plot of compound&3a and 77a with atom labeling

scheme
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More challenging substrate phloroglucinol6¢l) with 47f was then examined for
hydrophenoxylation. Tr®-vinylated phloroglucinol {7d) was obtained, although in poor
yield, when the reaction betweéf6d and 47f was performed under the optimized
condition B for 7 days; the corresponding di- anohmO-vinylated phloroglucinols were
also produced in 9% and 32% yield, respectivelyr{e#). To the best of our knowledge,
these new molecular entities are prepared for tingt time via gold-catalyzed

simultaneous addition of phenols to the alkynes.

1.4.3. Competition Experiment

O,N OoN
Meo— H—=— )—OMe 2\©\ 2\@\ CFs
47i Condition B 0) O OMe 0 O
+ ” N N
(=< oo C &
H H
C
Scheme 1.22Competition experiment between alky@gs and470.

MeO
47
°©  CR 469 74h CFs 74K

F3
A competition experiment was performed reactingitdbphenol 46g 0.2 mmol) with
1,2-bis(4-methoxyphenyl)ethyne  47j, 0.2 mmol) and 1,2-bis(3-
(trifluoromethyl)phenyl)ethyne4(o, 0.2 mmol) in the presence of AuCligand L2 , and
Ag,CO; at 100°C for 72 h. The respective vinyl-H integration imetcrude'H NMR
spectrum showed the formation of the correspongimaglucts74h and74k in 2:1 ratio.
This signifies that the reaction of 4-nitrophenathaelectron-rich alkynel7i is preferred

over the electron-deficient alkyd&o.

1.4.4. Mechanistic Studies

Even though the detailed mechanism of this reacisonot yet established, we have
proposed the following catalytic cycle, as showrrigure 1.4. The gold catalyst complex
with JohnPhos ligand (L2) forms the soft and cahilop JohnPhos ligated Au complex
which activates the alkyne to provide gold-alkyneemplex78*°3® This ligand is found
to be very crucial for the present reaction, sutyggsthat its bulkiness enhances the
reactivity and stability of the gold complex andggers the subsequent nucleophilic
addition of phenol€® Two mechanistic scenarios can be possible forntigeophilic

addition of phenols to gold-alkynmecomplex78. Following the path Aphenolate attacks
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R
RIH Hl
l
ArO” R ArO” R
82 (2)
LAu_R
H* H* I
Ar081R
RIA“L A B HBase
ArO” R /M) Basej
79 47 +
Y HCl)ArR
HBase ﬁ\ LAU“| |
R—==R
AFOH += /( R
: AuL ArOH 80
Base 78

Figure 1.4 Proposed catalytic cycle

from the opposite side 078 to yield O-vinyl-Au species79.2%3" Protodeauration
furnishes arylvinyl ethers wit#-olefins 82 and regenerates the active gold catalst.
alternate pathway Bvould involve coordination of phenols to gold cdex/78to produce

complex 802837

Deprotonation of80 by base and rearrangement for C-O bond
formation leads to th@®-vinyl-Au species81 with Z-configuration. Protodemetalation
would generateH)-arylvinyl ethers82. Even though the transformation&® to 81 should

be possible with any mild base, our observatiortierhydrophenoxylation reaction is that
it requires specific choices of base and solveatthérmore, exclusive formation &

olefins is observed in this reactiddn the basis of this evidence, route B appearkeiyli

Experimental results reveal that the gold(lll) ecide and ligand L2 mixture allows the
intermolecular addition of phenols to alkynes a® 2@ without losing its activity for at
least 4-6 days. In order to understand the plagisiblctive species involved in the
catalytic system, NMR experiment is performed bwcting 4-methoxyphenol46b),
diphenylacetylene4(rf), K,COs;, AuCls, and L2 in THF-g solvent at room temperature. In
the3'P NMR, three new signals &t 106.8, 59.6, and 55.0 ppm appear and the sagdal

= 17.4 ppm corresponding to the ligand L2 is abg8oheme 1.23). At about 30 min, the
signal aty = 106.8 ppm disappears. The peaks at55.0 and 59.6 ppm can be assigned to
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the phosphineoxide 88) and phosphine—Au(l) complex84), respectively (Figure
1 ] 5) .[363,38]

3P NMR Signals in THF-dg in CDCls

Initial after 30 min Initial
MeO \\ _ACl 51068 -- 5106.2
+
\©\OH h K2003 559.6 559.6 559.9
P(t-Bu), 555.0 555.0 518.0
46b 47f L2

Scheme 1.23%'P NMR studies

It is likely that a part of phosphine is involvedr fthe conversion of Au(lll) to Au(l)
species in the redox process with simultaneousdbom of phosphine oxide using trace
amount of adventitious water present in the systdowever, efforts to isolate the species
with a signal ab = 106.8 ppm failed; therefore, the structure ao$ gpecies cannot be
established. The sample of Ay4@ind L2 in THF-d at room temperature shows identical
results in theé’P NMR spectrum to that observed in the previoustiea Similarly, the
3P NMR spectrum of the sample of Ay@nd L2 in CDCJ at room temperature shows
three peaks at= 106.2, 59.9, and 18.0 ppm; the signaf at18.0 ppm corresponds to L2
in CDClk, and the peaks &t = 106.2 and 59.9 ppm resemble those from the quevi
reaction. We believe th&4 may be responsible for the hydrophenoxylationslkgnes at
the elevated temperature. The formation8dfcan also be expected in the reactions of
AuCl and PBPAUCI with L2 (entries 15 and 16, Table 1.1). Hoeewvthe*'P NMR
spectrum of a mixture of AuCl and L2 in CR&hows two signals at = 60.0 and 17.9
ppm in a 1:4 ratio corresponding & and L2, respectively, and the sample ofFuCl
and L2 in CDC4 shows no formation d84; the later shows signals ét= 18.2 (for L2)
and 29.0 ppnt? These observations account for the trace formatibi3a in these

reactions (entries 15 and 16 in Table 1.1).

31P NMR THF-dg 0 {-Bu
P(t-Bu), t-Bu~p-¢.Buy t-Bu~p-Aucl
5=17.4 5=55.0 5=596

Figure 1.5 %P NMR Chemical shifts of the mixture of JohnPhod AnCl
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1.5. Conclusion

In summary, we have demonstrated an efficient aodh-&conomical gold catalyzed
intermolecular hydrophenoxylation of alkynes. Thegent methodology provides a new
one-step protocol for the synthesis of a wide aofyinyl(1,2-disubstituted)aryl ethers.
We believe that the current strategy would trigggnthetic explorations of oxygen-
containing heterocycles of pharmaceutical inter&sforts are underway to optimize
milder reaction conditions, unravel mechanisticadetand investigate novel synthetic

applications.
1.6. Future Work

The present work successfully demonstrates thehegigt of hydrophenoxylations from
readily available precursors phenols and unacivateernal alkyneswhich to the best of
knowledge is the first reporHowever, the reaction need more amount of theg@keand
require 100°C to proceed. Therefore, development of mild reactonditions for the
synthesis of hydrophenoxylations from phenols amdctivated alkynes is always
desirable. Formidable challenges remain for thetiaddof tert-alcohols, amines, thiols to
the unactivated internal alkynes.

Recently, M. Stradiotto and K. D. Hesp have devetbihe regioselective hydroamination
of internal alkynes with dialkyl amines using the M:-ligand-bearing gold-cataly$f’
This reaction showed broad substrate scope inwlttie stereoselective addition of a

range of functionalized dialkylamines to internabativate-alkynes (Scheme 1.24).

...................

A (2.5 - 5.0 mol%) 2 p3 ! ada. ada :

R RZ R vada g

Ar Z . RR AgB(CeFs)a )N\ i P-Au-Cl
H oc ArT ; N E

toluene, 110 °C R : — :

47 85 86 * A ada = adamantyl }

Scheme 1.24Gold catalyzed hydroamination of internal alkymeth dialkyl amines

Very recently, a dual activation pathway for thedtophenoxylation of alkynes under
relatively mild conditions has been reported byPS.Nolan and co-workef$! The
catalyst digold hydroxide complex dissociates ihegwis acid ([Au(NHC)][BR]) and
Bronsted base ([Au(NHC)(OH)]) under the appropriatenditions. These species
independently react with alkynes and phenol to foamplexes87 and88 (Scheme 1.25).
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OH  [{Au(NHC)}(m-OH)I[BF,] Q """""""""" BF """" O ----- .

. Toluene, 80 - 100 °C d R [%u] 4 A

=Rt > Y= Ph—==—Ph :
R H 87 88

..................................

47 46 73
Scheme 1.25Dual activation in the hydrophenoxylation of atieg

The addition of alkyl and aryl thiols to internatactivated-alkynes for the formation of
hydrothiolation products remains obscure (Schen#6)1.The palladium catalyzed
hydrothiolation is limited to the additions of alkihiols to terminal alkynes with poor
regioselectivity? Therefore, regioselective hydrothiolation of im@r alkynes is a

challenging task.

M] /Ph
— S R
R H

89

90

Scheme 1.26Addition of thiols to internal unactivated alkyme

In addition, the hydrophenoxylation reactions depeld can be useful in the fabrication of

extended newrconjugated systems.

1.7. Experimental
1.7.1. General Experimental Information for all theWork Presented in this Thesis

All the reactions were performed in an oven-drietil&nk flask/ pressure tubes under an
argon atmosphere or in open air conditions. Comialegrade solvents were distilled
prior to use. Column chromatography was performsdgusilica gel procured from Merck
(100-200 Mesh) eluting with hexanes and ethyl deetmixture. Flash column
chromatography was performed using silica gel pedudrom Acme’s(230-400 Mesh)
eluting with hexanes and ethyl acetate mixture.in Tayer chromatography (TLC) was
performed on silica gel GF254 (Merck) plates. Vimaion of spots on TLC plate was
accomplished with UV light (254 nm) and stainingeoy chamber.

Proton and carbon nuclear magnetic resonance apgtNMR, *C NMR and**F NMR)
were recorded on a Bruker Avance 408 (N\MR, 400 MHz;*C NMR, 101 MHz;*F
NMR, 376 MHz) spectrometer, Bruker Avance 588 N\MR, 500 MHz;*C NMR, 126
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MHz; *F NMR, 470 MHz) spectrometer having solvent resoraas internal standartH(
NMR, CHCE at 7.26 ppm**C NMR, CDC} at 77.0 ppm). Few cases tetramethylsilane
(TMS) at 0.00 ppm was used as reference standath r'H NMR are reported as
follows: chemical shift (ppm), multiplicity (s =rgglet; bs = broad singlet; d = doublet; bd
= broad doublet, t = triplet; bt = broad triplet;gquartet; m = multiplet), coupling
constantsy, in (Hz), and integration. Data f&fC NMR, **F NMR were reported in terms
of chemical shift (ppm). GC analysis was perfornmeda Shimadzu GCMS QP2010
equipped with an ZB-1 column (30 m x 0.25 mm, puess 20.0 kPa, detector = EI, 300
°C) with helium gas as carrier. IR spectra were mded on JASCO FT/IR-5300
spectrometer and reported in ¢mLC-MS spectra were obtained with a Shimadzu 2010A
(El-positive/ nagative mode) with ionization volea@f 70eV; data was reported in the
form of m/z (intensity relative to base peak = 1Blemental (C, H, N) analysis were
carried out using THERMO FINNIGAN FLASH EA 1112 dywer. High resolution mass
spectrum (HRMS) was recorded on a Bruker maxis nsmectrometer using ESI
(electrospray ionization). Melting points were detmed on electro-thermal melting point
apparatus and are uncorrected. X-ray data wasctedleat 298K on a Bruker-Nonius
SMART APEX CCD single crystal diffractometer usiggphite monochromated MoeK
radiation (0.71073 A).

1.7.2. Materials

Unless otherwise noted, all the reagents and ieiaes were obtained commercially
and used without purification. Dichloromethane (DCMnitromethane and 1,2-
dichloroethane (DCE) were distilled over GaHTHF was freshly distilled over
sodium/benzophenone ketyl under dry nitrogen. Gidjdloride (AuCk, 99%) was
purchased from Sigma Aldrich Ltd. and used as veckiBuchwald biaryl ligands are
purchased from Aldrich Ltd. and Strem Chemicals. Irmmd used as received.
Diphenylacetylene 47f), 4-octyne 479, 1-phenyl-1-propyne4(/e are purchased from
Sigma Aldrich Ltd. Alkynes such as 1,2-bis(4-metyyatxenyl)ethyne 47i) [ 1,2-bis(4-
chlorophenyl)ethyne 4(j),*¥ 1,2-bis(3-(trifluoromethyl)phenyl)ethyne 470),*¥! 1-
methoxy-4-(phenylethynyl)benzene 47() 144 1-(phenylethynyl)-3-
(trifluoromethyl)benzene 47n)*Y were prepared according to the respective litegatu
procedure. Analytical and spectral data of alkth&nown alkynes are exactly matching

with the reported values.
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1.7.3. Experimental Procedure

General procedure for the reaction of activated pheols with alkynes (GP-1;

condition-A):

In an oven dried pressure tube, phenol (2.0 mnatkyne (1.0 mmol), and AG0Os (2.0
mmol) were taken. The tube was evacuated and lladkéith argon for three times. In a
separate Schlenk flask, heterogeneous solutionu@ls40.03 mmol) and ligand [L2, 2-
(di-tert-butylphosphino)biphenyl (JohnPhos), 0.03 mmolCid,Cl, (1.0 mL) was freshly
prepared and introduced to the parent reactionum@xtinder an argon atmosphere. The
resulting reaction mixture was heated at 100 Progress of the reaction was monitored
by GC analysis while noticing complete consumptidralkynes employed. Reaction was
continued for the time shown in the respective &apand brought to room temperature.
The reaction mixture was diluted with dichlorometeg5 mL), and filtered over a small
pad of Celite. Solvent was evaporated under redymedsure and the crude reaction

mixture was purified using silica gel column chraataaphy.

General Procedure for the reaction of unactivated penols to alkynes (GP-2;

condition-B):

In an oven dried Schlenk flask, phenol (2.0 mmalkyne (1.0 mmol), KCO; (2.0 mmol)
were taken. The flask was evacuated and backfiieid argon for three times. A solution
of AuClz (0.05 mmol) and LZAJohnPhos, 0.05 mmol) in THF (1.0 mL) was freshly
prepared in a separate Schlenk flask and introdt@elde parent mixture under an argon
atmosphere. The resulting reaction mixture wasedteat 100°C. Progress of the reaction
was monitored by GC analysis while noticing completonsumption of alkynes
employed. Reaction was continued for the time shawithe respective Tables, and
allowed to cool down to room temperature. The ifeacmixture was diluted with
dichloromethane (5 mL), and filtered over a smalll @f Celite. Solvent was evaporated
under reduced pressure and the crude reaction maixt@s purified using silica gel

column chromatography.
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1.7.4. Spectral and Analytical Data

(2)-(1-(4-Methoxyphenoxy)ethene-1,2-diyl)dibenzene 3b):

MeO Ph. _H ' Following the general procedure (GP-2) in conditiBn a
\©\ I : mixture of 4-methoxyphenol 46b; 248 mg, 2.0 mmol),

l 73b ’E diphenylacetylene4(7f, 178 mg, 1.0 mmol), ¥CO; (276 mg,
2.0 mmol) in the presence of AuGl5 mg, 0.05 mmol) and L2 (15 mg, 0.05 mmol) in
THF (1.0 mL) was heated at 10Q for 96 h. Upon usual work-up, the crude mixtugsw
purified by silica gel column chromatography elgtivith hexane: ethyl acetate (49:1) to
afford 73b (251 mg) in 83% vyield as colorless solid.

mp 1®-104 °C; R = 0.56 (49:1 hexane/EtOAc)H NMR (400 MHz, CDGC))
07.71-7.66 (m, 2H),7.63-7.58 (m, 2H), 7.38-7.28 (m, 5H), 727-7.21 (m, 1H),
7.01-6.93 (m, 2H), 82-6.75 (m, 2H), 6.62 (s, 1H), 3.74 (s, 3HJC NMR (101 MHz,
CDCl3) 0154.6, 150.2, 150.1, 136.1, 134.9, 128.9, 128.5, 12823.3, 126.2, 117.1,
116.5, 114.7, 55.5; IR (KBNmax 3074, 2928, 1630, 1502, 1444, 1205, 1103, 1039, 75
cm™; MS (El) m/z (%) 303 (Nk+1, 100), 211 (73), 197 (3); Elemental analysisadbr
Co1H180,: C 83.42, H 6.00. Found: C 83.56, H 5.95.
(2)-(1-(4-Methylphenoxy)ethene-1,2-diyl)dibenzene (€3:

_________________

‘Me Ph. _H ! Following the general procedure (GP-2) in conditiyra mixture
; \©\ E[ i of 4-methylphenol 46¢ 216 mg, 2.0 mmol)47f (178 mg, 1.0
mmol), K;CO; (276 mg, 2.0 mmol) in the presence of AuQI5

mg, 0.05 mmol) and L2 (15 mg, 0.05 mmol) in THR(nL) was heated at 10C for 96

h. Upon usual work-up, the crude mixture was pedifiby silica gel column
chromatography eluting with hexane to affaf8c (198 mg) in 69% yield as colorless
solid.

mp 90-92 °C; R = 0.43 (hexane)H NMR (400 MHz, CDC{) 67.67 (d,J = 8.0 Hz, 2H),
7.61 (d,J = 7.6 Hz, 2H), 7.8-7.19 (m, 6H), 7.04 (d] = 8.0 Hz, 2H), 6.95 (d] = 8.4 Hz,
2H), 6.66 (s, 1H), 2.26 (s, 3H}C NMR (101 MHz, CDGJ) 0154.1, 149.9, 136.1, 134.8,
131.2, 130.1, 128.9, 128.5, 128.4, 128.3, 127.8,112116.6, 116.1, 20.5; IR (KBWnax
3030, 2916, 2860, 1608, 1506, 1448, 1219, 1168, 888, 569 crt; MS (El) m/z (%)
287 (M" +1, 100), 211 (54), 179 (3); Elemental analysigdador G;H150: C 88.08, H
6.34. Found: C 88.16, H 6.28.
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(2)-(1-(4-sec-Butylphenoxy)ethene-1,2-diyl)dibenzen(@&3d):

____________________

E ' Following the general procedure (GP-2) in conditBna
iMe\)\©jthH . mixture of 4secbutylphenol 46d;, 300 mg, 2.0 mmol)47f

E 73d (@) Phi (178 mg, 1.0 mmol), CO; (276 mg, 2.0 mmol) in the
presence of AuGl(15 mg, 0.05 mmol) and L2 (15 mg, 0.05 mmol) inFFEd.0 mL) was
heated at 100C for 96 h. Upon usual work-up, the crude mixtur@svpurified by silica
gel column chromatography eluting with hexane fordf73d (233 mg) in 71% vyield as
colorless solid.

mp 78-79 °C; R = 0.75 (hexane)H NMR (400 MHz, CDCJ) 57.68 (d,J = 6.4 Hz, 2H),
7.62 (d,J = 6.4 Hz, 2H), B7-7.26 (m, 5H), 7.23 (t) = 6.0 Hz, 1H), 7.03 (d] = 6.8 Hz,
2H), 6.95 (d,J = 6.8 Hz, 2H), 6.65 (s, 1H),&3-2.45 (m, 1H), 161-1.47 (m, 2H), 1.19 (d,
J = 5.6 Hz, 3H), 0.81 (&) = 6.0 Hz, 3H);”*C NMR (101 MHz, CDGJ) d154.4, 150.0,
141.2, 136.3, 134.9, 129.0, 128.5, 128.3, 128.7,32126.2, 116.6, 116.0, 40.8, 31.3,
21.7, 122; IR (KBr) Vmax3028, 2957, 2918, 1604, 1504, 1221, 1020, 821,ci67; MS
(El) m/z (%) 329 (M +1, 100), 211 (86), 197 (7); Elemental analysisafor C4H,40: C
87.76, H 7.37. Found: C 87.58, H 7.41.
(2)-(1-(4-Fluorophenoxy)ethene-1,2-diyl)dibenzene (&3:

of 4-fluorophenol 46e 224 mg, 2.0 mmol)47f (178 mg, 1.0

F : Ph._H ' Following the general procedure (GP-2) in condit®na mixture
. mmol), K,CO; (276 mg, 2.0 mmol) in the presence of AuCl5

73e

h. Upon usual work-up, the crude mixture was pedifiby silica gel column
chromatography eluting with hexane to affaf8e (262 mg) in 90% yield as colorless
solid.

mp 62-65 °C; R = 0.71 (hexane)H NMR (400 MHz, CDC)) 07.71-7.64 (m, 2H),
7.62-7.58 (m, 2H), 739-7.31 (m, 5H), B30~7.22 (m, 1H), 703-6.89 (m, 4H), 6.68 (s,
1H); ¥c NMR (101 MHz, CDGJ) 4159.1, 156.7, 152.2, 149.8, 135.7, 134.6, 128.9,
128.6, 128.59, 128.54, 127.5, 126.1, 117.3, 11718,8, 116.2, 116.0;°F NMR (376
MHz, CDCI3) 0-1222; IR (KBr) vmax 3043, 1633, 1502, 1446, 1195, 1093, 516'cm
MS (El) m/z (%) 291 (M +1, 100), 211 (79), 197 (3), 179 (5); Elementallgsis calcd

for CooH1sFO: C 82.74, H 5.21, Found: C 82.57, H 5.26.
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(2)-(1-(4-Chlorophenoxy)ethene-1,2-diyl)dibenzene (73

'Cl Pho _H ! Following the general procedure (GP-2) in conditigina mixture

i \©\ | ' of 4-chlorophenol 46f; 257 mg, 2.0 mmol)47f (178 mg, 1.0
i 73f , mmol), K,CO; (276 mg, 2.0 mmol) in the presence of AuCl5
mg. 0.05 mmol) and L2 (15 mg, 0.05 mmol) in THFO(L) was heated at 10 for 46
h. Upon usual work-up, the crude mixture was pedifiby silica gel column
chromatography eluting with hexane to affof@f (270 mg) in 88% yield as colorless

solid.

mp 88-90°C; R = 0.75 (hexane)H NMR (400 MHz, CDCJ) 57.61 (d,J = 7.2 Hz, 2H),
7.57 (d,J = 8.4 Hz, 2H), B9-7.28 (m, 5H), 727-7.14 (m, 3H), 6.95 (dJ = 8.8 Hz, 2H),
6.67 (s, 1H);13C NMR (101 MHz, CDGJ) 0154.9, 149.4, 135.6, 134.5, 129.7, 128.9,
128.7, 128.6, 127.6, 127.0, 126.0, 117.5, 116.9(KBr) vmax 3072, 3020, 1591, 1485,
1446, 1221, 1093, 815 ¢ MS (El) m/z (%) 305 (M1, 44), 283 (82), 255 (84), 127
(100); Elemental analysis calcd fosgH,5CIO: C 78.30, H 4.93, Found: C 78.41, H 4.88.

(2)-(1-(4-Nitrophenoxy)ethene-1,2-diyl)dibenzene (73g

O] ST Following the general procedure (GP-1) in conditidn a

1 2 1

' \©\ | I mixture of 4-nitrophenol46g 278 mg, 2.0 mmol}7f (178 mg,

. 739 0" Ph: 1.0 mmol), AgCO; (551 mg, 2.0 mmol) in the presence of

AuCl3 (9.0 mg, 0.03 mmol) and L2 (8.9 mg, 0.03 mmolLid,Cl, (1.0 mL) was heated at
100°C for 24 h. Upon usual work-up, the crude mixtusvpurified by silica gel column
chromatography eluting with hexane: ethyl acetd81() to afford73g (273 mg) in 86%
yield as pale yellow thick liquid.

R = 0.43 (49:1 hexane/EtOACH NMR (400 MHz, CDGY) 8.14 (d,J = 8.8 Hz, 2H),
7.60-7.53 (bd,J = 7.6 Hz, 4H), A0-7.29 (m, 5H), 728-7.20 (m, 1H), 7.11 (d) = 8.8
Hz, 2H), 6.78 (s, 1H)**C NMR (101 MHz, CDGCJ) 5161.5, 148.5, 142.6, 134.8, 133.8,
129.0, 128.9, 128.7, 128.0, 126.1, 125.7, 117.6,31R (Nea} Vmax 3059, 2924, 1647,
1518, 1489, 1340, 750 ¢m MS (El) m/z (%) 318 (M+1, 98), 302 (7), 288 (30), 211
(100), 197 (8), 178 (8); Elemental analysis camdG,oHsNOs: C 75.70, H 4.76, N 4.41,
Found: C 75.62, H 4.81, N 4.48.
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(2)-4-(1,2-Diphenylvinyloxy)benzonitrile (73h):

e e e e, e — - ———

‘NC Ph._H ' Following the general procedure (GP-1) in condithgra mixture
i OI[P I of 4-cyanophenol46h; 238 mg, 2.0 mmol)47f (178 mg, 1.0
:l 73h i mmol), AgCO; (551 mg, 2.0 mmol) in the presence of AuClI

e e e, e — e, —m—————

(9.0 mg, 0.03 mmol) and L2 (8.9 mg, 0.03 mmol) id,Cl, (1.0 mL) was heated at 100
°C for 72 h. Upon usual work-up, the crude mixturaswpurified by silica gel column
chromatography eluting with hexane:ethyl acetage1(4to afford73h (259 mg) in 87%

yield as colorless solid.

mp 88-89 °C, R = 0.37 (49:1 hexane/EtOAc) NMR (400 MHz, CDCY) §7.71-7.65
(m, 2H), 764-7.58 (m, 2H), 738-7.27 (m, 5H), 726-7.18 (m, 3H), 6.95 (dt) = 8.8, 2.0
Hz, 2H), 6.74 (s, 1H)**C NMR (101 MHz, CDGJ) §159.8, 148.5, 134.9, 134.3, 133.9,
129.0, 128.9, 128.88, 128.7, 127.9, 125.7, 118.3,31 116.9, 105;8R (KBr) Vmnax 3045,
2226, 1601, 1502, 1331, 918, 777 ¢nMS (EI) m/z(%) 298 (M+1, 88), 211 (100), 197
(2), 179 (5), 165 (2); Elemental analysis calcd @tH;sNO: C 84.82, H 5.08, N 4.71,
Found: C 84.75, H5.12, N 4.76.

(2)-(1-(4-(Trifluoromethyl)phenoxy)ethene-1,2-diyl)dbenzene (73i):

_________________

{FsC Ph._H ' Following the general procedure (GP-1) in conditfgra. mixture
\©\ I i 4-trifluoromethylphenol 46i; 324 mg, 2.0 mmol)47f (178
73i _, mg, 1.0 mmol), AgCO; (551 mg, 2.0 mmol) in the presence of
AuCl3 (9.0 mg, 0.03 mmol) and L2 (8.9 mg, 0.03 mmolTid,Cl, (1.0 mL) was heated at
100°C for 24 h. Upon usual work-up, the crude mixtusvpurified by silica gel column
chromatography eluting with hexane to affaf@i (279 mg) in 82% yield as colorless

solid.

mp 58-60 °C; R; = 0.78 (hexane):H NMR (400 MHz, CDCY) §7.66-7.57 (m, 4H), 7.51
(d,J = 8.4 Hz, 2H), 7.447.31 (m, 5H), 7.297.22 (m, 1H), 7.12 (d) = 8.4 Hz, 2H), 6.76
(s, 1H); °C NMR (101 MHz, CDGCJ) 5158.9, 148.9, 135.2, 134.2, 129.0, 128.8, 128.7,
128.6, 127.7, 127.2, 127.1, 125.8, 117.2, 118RNMR (376 MHz, CDG)) -61.7; IR
(KBI) Vmax 3061, 1612, 1512, 1325, 1232, 1066, 839, 692",cMS (El) m/z (%) = 341
(M* +1, 100), 211 (82), 197 (2), 179 (8); Elementallgsis calcd for gH1sF0: C 74.11,

H 4.44,Found: C 74.23, H 4.48.
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(2)-(1-Phenoxyethene-1,2-diyl)dibenzene (73)):

—_ e m e m e ———

Following the general procedure (GP-2) in conditi&na mixture of

- Ph_H 1

i©\ | i phenol @46j; 188 mg, 2.0 mmol}7f (178 mg, 1.0 mmol), ¥CO; (276

E 73] 1 mg, 2.0 mmol) in the presence of Ay@l5 mg, 0.05 mmol) and L2
15 mg, 0.05 mmol) in THF (1.0 mL) was heated & 10 for 144 h. Upon usual work-
up, the crude mixture was purified by silica geluoon chromatography eluting with

hexane to afford3j (96 mg) in 35% yield as colorless solid.

mp58-61 °C; R = 0.27 (hexane)H NMR (400 MHz, CDCJ) 7.66 (dt,J = 7.6, 1.6 Hz,
2H), 7.62 (dtJ = 8.4, 1.6 Hz, 2H), 7.3§.19 (m, 8H), 7.087.01 (m, 2H), 6.996.93 (m,
1H), 6.68 (s, 1H)C NMR (101 MHz, CDCJ): §156.3, 149.6, 136.0, 134.7, 129.6,
128.9, 128.6, 128.5, 128.4, 127.4, 126.1, 122.6,711116.3; IR (KBr)vmax 3055, 3022,
1591, 1487, 1222, 1167, 1020, 763 tMMS (EI) m/z(%) 273 (M+1, 100), 211 (33), 179
(4); Elemental analysis calcd fopdEl160: C 88.20, H 5.92, Found: C 88.31, H 5.86.

(2)-(1-(3-Methoxyphenoxy)ethene-1,2-diyl)dibenzene 8K):

e

O~ "Ph i
73k !

mixture of 3-methoxypheno#igk; 248 mg, 2.0 mmoly7f (178

E mg, 1.0 mmol), KCO; (276 mg, 2.0 mmol) in the presence of
A\\UC|3 (15 mg, 0.05 mmol) and L2 (15 mg, 0.05 mmol) inFTHL..0 mL) was heated at
100 °C for 120 h. Upon usual work-up, the crude mixtwas purified by silica gel
column chromatography eluting with hexane: ethytate (49:1) to afford3k (155 mg)

in 51% vyield as colorless solid.

mp 98-100 °C; R = 0.62 (49:1 hexane/EtOACH NMR (400 MHz, CDCY) 57.69-7.58
(m, 4H), 738-7.27 (m, 5H), 726-7.20 (m, 1H), 7.13 (] = 8.4 Hz, 1H), 6.67 (s, 1H),
6.66-6.60 (m, 2H), B6-6.50 (m, 1H), 3.75 (s, 3H)**C NMR (101 MHz, CDG))
0160.9, 157.5, 149.5, 136.0, 134.7, 130.0, 128.8,61228.5, 128.4, 127.4, 125.9, 116.8,
108.7, 107.5, 102.7, 55.2; IR (KBPhax 2959, 1591, 1491, 1446, 1259, 1020, 758%cm
MS (El) m/z (%) 303 (M+1, 100), 211 (26), 179 (5); Elemental analysiscaafor
C21H180,: C 83.42, H 6.00, Found: C 83.35, H 5.97.
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(2)-(1-(3-Fluorophenoxy)ethene-1,2-diyl)dibenzene (13

of 3-fluorophenol 46l;, 224 mg, 2.0 mmol)47f (178 mg, 1.0
mmol), KCO; (276 mg, 2.0 mmol) in the presence of AuCl5
mg, 0.05 mmol) and L2 (15 mg, 0.05 mmol) in THR(nL) was heated at 10C for 96

/@\Ph H ' Following the general procedure (GP-2) in conditi®na mixture
J O

h. Upon usual work-up, the crude mixture was pedifiby silica gel column
chromatography eluting with hexane to affaf@l (209 mg) in 72% yield as colorless
solid.

mp 80-82 °C; R = 0.75 (hexane)!H NMR (400 MHz, CDC}) §7.68-7.57 (m, 4H),
7.41-7.28 (m, 5H), 728-7.21 (m, 1H), 721-7.13 (m, 1H), 6.83 (bd) = 8.2 Hz, 1H),
6.81-6.73 (m, 1H), 6.71 (s, 1H), B-6.62 (m, 1H);**C NMR (101 MHz, CDG)
0164.6, 162.7, 157.8, 157.7, 149.3, 135.6, 134.49.5.3130.4, 129.0, 128.7, 128.61,
128.59, 127.6, 125.9, 117.0, 112.03, 112.01, 10808,9, 104.2, 104.7°F NMR (376
MHz, CDCk) d-111.2; IR (KBr) Vmnax 3080, 1608, 1485, 1446, 1338, 1263, 1126, 1020,
835, 688 cniT; MS (El) m/z (%) 291 (M+1, 100), 211 (65), 197 (2), 179 (8); Elemental
analysis calcd for gH1sFO: C 82.74, H 5.21, Found: C 82.65, H 5.26.
(2)-(1-(3-Nitrophenoxy)ethene-1,2-diyl)dibenzene (73a

H Ph._H ' Following the general procedure (GP-1) in conditién a
E /©\ | : mixture of 3-nitrophenol46a 278 mg, 2.0 mmol}¥7f (178 mg,
02N o P : 1.0 mmol), AgCO; (551 mg, 2.0 mmol) in the presence of AuCl
(9.0 mg, 0.03 mmol) and L2 (8.9 mg, 0.03 mmol) id,Cl, (1.0 mL) was heated at 100

°C for 24 h. Upon usual work-up, the crude mixturaswpurified by silica gel column
chromatography eluting with hexane: ethyl acetd81() to afford73a (270 mg) in 85%

yield as pale yellow solid.

mp 112-114 °C; R = 0.53 (49:1 hexane/EtOACH NMR (400 MHz, CDC}) 57.66-7.58
(m, 4H), 7.51 (dJ = 8.8 Hz, 2H), A41-7.30 (m, 5H), 729-7.22 (m, 1H), 7.12 (d] = 8.8
Hz, 2H), 6.75 (s, 1H)**C NMR (101 MHz, CDGJ) 156.9, 149.3, 148.7, 134.8, 134.0,
130.3, 129.0, 128.9, 128.8, 128.6, 127.8, 125.8,31217.4, 117.1, 111.3; IR (KBDhax
3080, 2932, 1645, 1521, 1446, 1350, 1269, 1022 ci6¥ MS (EI) m/z(%) 318 (M+1,
68), 302 (2), 288 (18), 211 (100), 197 (4); Elemakmnalysis calcd for £gH1sNOs: C
75.70, H 4.76, N 4.41, Found: C 75.68, H 4.81, #464.
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(2)-3-(1,2-Diphenylvinyloxy)benzaldehyde (73m):

Ph. _H i Following the general procedure (GP-1) in conditién a
/©\ . mixture of 3-hydroxybenzaldehyddgm; 244 mg, 2.0 mmol),
OHC :

47f (178 mg, 1.0 mmol), AEO; (551 mg, 2.0 mmol) in the
presence of AuGI(9.0 mg, 0.03 mmol) and L2 (8.9 mg, 0.03 mmolCiH,Cl, (1.0 mL)
was heated at 100C for 24 h. Upon usual work-up, the crude mixturaswpurified by
silica gel column chromatography eluting with hexaethyl acetate (49:1) to affo8m

(151 mg) in 50% yield as yellow solid.

mp 78-81 °C; R = 0.43 (49:1 hexane/EtOACH NMR (400 MHz, CDGY) 9.90 (s, 1H),
7.69-7.59 (m, 4H), B5-7.46 (m, 2H), 75-7.20 (m, 8H), 6.75 (s, 1H)C NMR (101
MHz, CDCkL) 0191.7, 157.0, 149.1, 138.0, 135.3, 134.3, 130.3, 12928.7, 128.6,
128.5, 127.6, 125.9, 124.0, 122.4, 117.1, 116.2(KBr) vmax 3059, 2924, 2845, 1697,
1591, 1446, 1244, 761, 692 TmMS (El) m/z (%) 301 (M+1, 77), 211 (100), 179 (4);
Elemental analysis calcd for{H160,: C 83.98, H 5.37, Found: C 84.12, H 5.33.

The Z-configuration of73m is established based on the NOESY
studies; NOEs between vinyl-HO (= 6.73 ppm, k) with the
ortho-hydrogens = 7.63, 7.61 ppm; ¥Hy) of the phenyl groups
of 73mis clearly seen while the NOEs between vinylé+ 6.73
ppm, H) with ortho-hydrogens § = 7.23 ppm, B of 3-

hydroxybenzaldehyde moiety @8mis not observed.

(2)-(1-(2-Fluorophenoxy)ethene-1,2-diyl)dibenzene (A3

Following the general procedure (GP-2) in conditigyna mixture of

P F Ph !
: N~ H: 2-fluorophenol 46n; 224 mg, 2.0 mmol)47f (178 mg, 1.0 mmol),
i Ph 1 K,CO; (276 mg, 2.0 mmol) in the presence of AyuCl5 mg, 0.05
: 73n :
Sommmmmmmmme mmol) and L2 (15 mg, 0.05 mmol) in THF (1.0 mL) wasated at

100 °C for 120 h. Upon usual work-up, the crude mixtwas purified by silica gel
column chromatography eluting with hexane to aff@&h (262 mg) in 90% yield as

colorless thick liquid.
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R = 0.68 (hexane)H NMR (400 MHz, CDC}) 07.71 (dt,J = 7.2, 1.6 Hz, 2H), 7.63 (dt,
J = 7.2, 1.6 Hz, 2H), 40-7.27 (m, 5H), 725-7.22(m, 1H), 719-7.11 (m, 1H),
6.95-6.83 (m, 3H), 6.69 (s, 1H)**C NMR (101 MHz, CDGCJ) §153.6, 151.7, 149.7,
144.0, 143.9, 135.5, 134.5, 128.9, 128.7, 127.&2,.5DB, 125.9, 124.4, 124.3, 122.7,
122.6, 117.4, 116.8, 116.7, 1168 NMR (376 MHz, CDG)) 5-1344; IR (Neat) Vnax
3059, 3026, 1645, 1610, 1500, 1448, 1199, 1018, SR cm*; MS (El) m/z (%) 291
(M*+1, 100), 211 (94), 197 (3), 180 (5); Elementallysia calcd for GoH1sFO: C 82.74,

H 5.21, Found: C 82.65, H 5.28.

cTTmmmTmmmLITTC ~, The Z-configuration of73n is established based on the NOESY
studies; NOEs between vinyl-H € 6.69 ppm, K) with theortho-

hydrogens §= 7.70, 7.68 ppm; ¥Hy) of the phenyl groups af3n
is clearly seen while the NOEs between vinyléH 6.69 ppm, K)
with ortho-hydrogens § = 6.88 ppm, | of 2-fluorophenyl moiety

e mEmm e e m—m - —————-

of 73nis not observed.

(2)-(1-(o-Tolyloxy)ethene-1,2-diyl)dibenzene (730):

T Me ph  Following the general procedure (GP-2) in conditi®yra mixture of
i OF >y 2-methylphenol 460 216 mg, 2.0 mmol}47f (178 mg, 1.0 mmol),
i Ph i KoCO; (276 mg, 2.0 mmol) in the presence of AyCl5 mg, 0.05
" 730 -
! )

————————————— mmol) and L2 (15 mg, 0.05 mmol) in THF (1.0 mL) wasated at
100 °C for 146 h. Upon usual work-up, the crude mixtwas purified by silica gel
column chromatography eluting with hexane to aff@8b (129 mg) in 45% vyield as

colorless solid.

mp 72-73°C; R = 0.37 (hexane)H NMR (400 MHz, CDC{) §7.70 (d,J = 8.0 Hz, 2H),
7.65-7.58 (m, 2H), %42-7.31 (m, 5H), 731-7.22 (m, 2H), 6.99 (tdJ = 8.0, 4.0 Hz, 1H),
6.92 (td,J = 8.0, 4.0 Hz, 1H), 6.79 (d, = 8.0 Hz, 1H), 6.73 (s, 1H), 2.59 (s, 3H5C
NMR (101 MHz, CDC}) §154.3, 150.0, 136.1, 135.0, 131.1, 128.9, 128.8,5,2128.4,
127.4, 126.9, 126.6, 125.9, 121.8, 116.7, 114.36; 1K (KBr) Vmax 3057, 2924, 1639,
1489, 1448, 1180, 1116, 1076, 754, 69Z'crS (EI) m/z (%) 287 (M +1, 100), 211
(73), 197 (4), 179 (8), 165 (3); Elemental analysatcd for GiH160: C 88.08, H 6.34,
Found: C 88.21, H 6.29.
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(2)-(1-(2-Nitrophenoxy)ethene-1,2-diyl)dibenzene (73p

{"NO, "~ "Ph ! Following the general procedure (GP-1) in condithgra mixture of
E O~ Hi 2-nitrophenol 46p; 278 mg, 2.0 mmol)47f (178 mg, 1.0 mmol),
! 73pPh ! Ag>CO; (551 mg, 2.0 mmol) in the presence of Au(3.0 mg, 0.03

N e m e — - = - —

mmol) and L2 (8.9 mg, 0.03 mmol) in GEl, (1.0 mL) was heated at
100°C for 96 h. Upon usual work-up, the crude mixtuesvpurified by silica gel column
chromatography eluting with hexane to affai8p (70 mg) in 22% yield as pale yellow
thick liquid.
R = 0.28 (hexane)H NMR (400 MHz, CDCJ) 07.93 (dd,J = 8.4, 1.6 Hz, 1H), 7.65 (bd,
J = 8.4 Hz, 4H), B9-7.20 (m, 7H), 705-6.96 (m, 2H), 6.78 (s, 1H )*C NMR (101
MHz, CDCkL) 6149.5, 148.3, 139.6, 134.8, 134.2, 133.8, 129.1, 12928.9, 128.7,
127.9, 125.8, 121.8, 117.6, 117.1; IR (Naaf) 3059, 2930, 1732, 1602, 1352, 1089, 920
cm' Y MS (El) miz (%) 318 (M+1, 47), 286 (13), 225 (9), 211 (100), 197 (54)% 183);
Elemental analysis calcd for,H:5sNOs: C 75.70, H 4.76, N 4.41, Found: C 75.62, H
4.81, N 4.51.
(2)-(2-(1,2-Diphenylvinyloxy)biphenyl (73q):

U

' Ph ph | Following the general procedure (GP-2) in conditijna mixture of

N~ Hi 2-phenylphenol 46q; 340 mg, 2.0 mmol)47f (178 mg, 1.0 mmol),
E g Ph | K,CO; (276 mg, 2.0 mmol) in the presence of AuCl5 mg, 0.05
| q :

""""""" mmol) and L2 (15 mg, 0.05 mmol) in THF (1.0 mL) weaesated at 100
°C for 144 h. Upon usual work-up, the crude mixtwas purified by silica gel column
chromatography eluting with hexane to affaf8q (237 mg) in 68% vyield as colorless
solid.
mp 84-86 °C; R = 0.50 (hexane)H NMR (400 MHz, CDCJ) 7.74 (dt,J = 7.2, 1.2 Hz,
2H), 7.63 (dtJ = 7.2, 1.2 Hz, 2H), B4-7.44 (m, 3H), 743-7.38 (m, 3H), 33-7.18 (m,
6H), 7.10 (ddd,) = 9.6, 7.6, 1.6 Hz, 1H), 7.03 (ddil= 9.6, 7.6, 1.6 Hz, 1H), 6.92 (dd=
8.0, 1.2 Hz, 1H), 6.64 (s, 1H)*C NMR (126 MHz, CDCJ) §153.0, 150.1, 138.2, 135.9,
134.9, 131.4, 131.0, 129.7, 128.9, 128.5, 128.28,41 128.3, 128.1, 127.3, 127.2, 126.0,
122.3, 116.5, 115.5; IR (KBmmax 3032, 2922, 1628, 1475, 1446, 1332, 1253, 1022, 74
690 cm?; MS (El) m/z (%) 349 (M+1, 100), 271 (65), 257 (21), 211 (44); Elemental
analysis calcd for £&H»00: C 89.62, H 5.79, Found: C 89.55, H 5.83.
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(2)-1-(Hex-3-en-3-yloxy)-4-methoxybenzene (74a):

_____________________

! Following the general procedure (GP-2) in condit®na
mixture of 4-methoxyphenolgb; 248 mg, 2.0 mmol), 3-
H3CVS/\CH ' hexyne 47g 82 mg, 1.0 mmol), KCO; (276 mg, 2.0 mmol)
35 in the presence of Augl15 mg, 0.05 mmol) and L2 (15
"""""""""" mg, 0.05 mmol) in THF (1.0 mL) was heated at 2Q0for
48 h. Upon usual work-up, the crude mixture wasifigar by silica gel column
chromatography eluting with hexane to affatda (194 mg) in 94% vyield as colorless
liquid.
R = 0.43 (hexane)H NMR (400 MHz, CDCY) J6.94-6.81(m, 4H), 4.99 (bt] = 7.2 Hz,
1H), 3.79 (s, 3H), 29-2.05 (m, 4H), 1.07 (1) = 7.6 Hz, 3H), 0.99 (] = 7.6 Hz, 3H):°C
NMR (101 MHz, CDC4) 6154.2, 152.1, 150.5, 116.8, 115.9, 114.5, 55.8,288.4, 14.2,
11.5; IR (Neat)vmnax 3043, 2966, 2935, 2878, 2835, 1684, 1504, 14626,12211, 1101,
1039, 829 crt; MS (El) m/z(%) 207 (M+1, 100), 194 (2), 165 (2), 115 (14); Elemental
analysis calcd for GH150,: C 75.69, H 8.80, Found: C 75.88, H 8.75.
(2)-1-(Hex-3-en-3-yloxy)-3-nitrobenzene (74b):

: v Following the general procedure (GP-1) in conditdna
iozN /©\O i mixture of 3-nitrophenol46a 278 mg, 2.0 mmol), 3-hexyne
i HSC\A,/\CHgi (47g 82 mg, 1.0 mmol), AgO; (551 mg, 2.0 mmol) in the

: 74b  H ' presence of AuGl(9.0 mg, 0.03 mmol) and L2 (9.0 mg, 0.03
rﬁ_rﬁél_)_iﬁ_c_il_—éc_:l_z_(_l_.(_)_rﬁl__’) was heated at 10Q for 48 h. Upon usual work-up, the crude
mixture was purified by silica gel column chromatmgghy eluting with hexane to afford
74b (122 mg) in 55% yield as pale yellow liquid.

R = 0.32 (hexane)H NMR (400 MHz, CDC}) 47.82 (d,J = 8.0 Hz, 1H), 7.72 (s, 1H),
7.43 (t,J = 8.0 Hz, 1H), 7.24 (bd] = 1.2 Hz, 1H), 5.12 () = 6.8 Hz, 1H), 2.16 (q] = 7.2
Hz, 2H), 1.98 (gJ = 7.2 Hz, 2H), 1.06 (tJ = 7.6 Hz, 3H), 0.94 (t) = 7.6 Hz, 3H)**C
NMR (101 MHz, CDC4) 0157.6, 150.9, 149.3, 130.1, 122.1, 118.0, 116.9,21125.4,
18.6, 13.9, 11.4; IR (Neabhax 3082, 2970, 2937, 2879, 1685, 1614, 1531, 1350712
1232, 1024, 796 cilt MS (EI) m/z (%) 222 (M+1, 100), 206 (53), 192 (54), 156 (53),
115(54); Elemental analysis calcd fog,8:sNO3s: C 65.14, H 6.83, N 6.33, Found: C
65.10, H 6.88, N 6.45.
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i e ——

Y The Z-configuration of74b is established based on the NOESY
studies; NOEs between vinyl-H € 5.12 ppm, k) with theortho-
hydrogens § = 2.16, 1.98 ppm; #H;) of the methylene groups of
74bis clearly seen while the NOEs between vinyléH 5.12 ppm,
Hyx) with ortho-hydrogens § = 7.25 ppm, B of 3-nitrophenyl

gy
N e, e e e — - — -

moiety of74b is not observed.
(2)-1-Methyl-4-(oct-4-en-4yloxy) benzene (74c):

‘Me. ~~ 7 y Following the general procedure (GP-2) in condit®na

Me -
\©\ i mixture of 4-methylphenol46c 216 mg, 2.0 mmol), 4-
O .

E S CH... octyne @47h; 110 mg, 1.0 mmol), ¥CO; (276 mg, 2.0
\ HSC&/\/\/ 3 )
: ' mmol) in the presence of Aug15 mg, 0.05 mmol) and L2

e e e e m, e, e, —— - ——

(15 mg, 0.05 mmol) in THF (1.0 mL) was heated & 10
for 96 h. Upon usual work-up, the crude mixture vpasified by silica gel column
chromatography eluting with hexane to affafdc (172 mg) in 79% yield as colorless
thick liquid.

R = 0.71 (hexane)!H NMR (400 MHz, CDCI3)s 7.09 (d,J = 8.4 Hz, 2H), 6.85 (d] =
8.4 Hz, 2H), 5.02 (t) =7.2 Hz, 1H), 2.32 (s, 3H), 2.11 {t= 7.2 Hz, 2H), 2.03 (¢] = 7.2
Hz, 2H), 153-1.43 (m, 2H), 143-1.33 (m, 2H), 096-0.87 (m, 6H):}*C NMR (101 MHz,
CDCI3) ¢ 154.6, 150.6, 130.5, 129.9, 115.9, 34.3, 27.28,220.6, 20.1,13.9, 13.6; IR
(Neat) Vmax 3028, 2962, 2868, 1684, 1506, 1222, 1167, 920,d45; MS (El) m/z (%)
219 (M'+1, 100), 178 (3), 161 (5), 143 (67), 129 (14); rEdmtal analysis calcd for
Cy5H220: C 82.52, H 10.16, Found: C 82.61, H 10.10.

The Z-configuration of74c is established based on the NOESY
studies; NOEs between vinyl-kd € 5.02 ppm, K) with theortho-
hydrogens § = 2.11, 2.03 ppm; ¥H,) of the methylene groups of
74cis clearly seen while the NOEs between vinyléH 5.02 ppm,

Hx) with ortho-hydrogens § = 6.85 ppm, | of 4-methylphenyl

moiety of74cis not observed.

________________
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(2)-4-(Oct-4-en-4-yloxy)biphenyl (74d):

'Ph . Following the general procedure (GP-2) in condit®na

. \©\O ' mixture of 4-phenylphenol46t, 340 mg, 2.0 mmol), 4-
HaC N CHgi octyne @7h; 110 mg, 1.0 mmol), ¥CO; (276 mg, 2.0
! 74d H ' mmol) in the presence of Aug(15 mg, 0.05 mmol) and L2

(15 mg, 0.05 mmol) in THF (1.0 mL) was heated & 10 for 72 h. Upon usual work-up,
the crude mixture was purified by silica gel colusimomatography eluting with hexane
to afford74d (268 mg) in 96% yield as colorless liquid.

R: = 0.6 (hexane)*H NMR (400 MHz, CDCY) 7.62-7.50 (m, 4H), 7.44 (t) = 7.2 Hz,
2H), 737-7.31 (m, 1H), 7.03 (dt]) = 6.8, 2.0 Hz, 2H), 5.08 (@,= 7.2 Hz, 1H), 2.16 (] =
7.2 Hz, 2H), 2.05 (¢ = 7.6 Hz, 2H), 58-1.48 (m, 2H), 147-1.38 (m, 2H), (88-0.89
(m, 6H); *C NMR (101 MHz, CDGJ) J156.4, 150.5, 140.8, 134.4, 128.7, 128.2, 126.8,
126.7, 116.3, 116.2, 34.4, 27.2, 22.7, 20.1, 1B39%; IR (Neat)Vmax 2959, 2928, 2868,
1684, 1606, 1514, 1230, 1167, 835, 761, 696 tMS (EI) m/z(%) 281 (M+1, 100), 161
(7), 143 (76), 129 (19); Elemental analysis calmd@,H,,0: C 85.67, H 8.63, Found: C
85.61, H 8.70.

(2)-1-Methoxy-3-(oct-4-en-4yloxy)benzene (74e):

' Following the general procedure (GP-2) in conditizjra
Me0/©\o i mixture of 3-methoxyphenolgk; 248 mg, 2.0 mmol), 4-
HSCWCHgi octyne @7h; 110 mg, 1.0 mmol), ¥CO; (276 mg, 2.0
74e H K mmol) in the presence of Aug(1l5 mg, 0.05 mmol) and
L_2_(-1-5_;n_g_,_o-.z)_S_r_n_r;;)I-)-i;]_THF (2.0 mL) was heated@d°C for 50 h. Upon usual work-
up, the crude mixture was purified by silica geluoon chromatography eluting with
hexane to afford4e(217 mg) in 93% yield as colorless liquid.
R = 0.44 (hexane}H NMR (400 MHz, CDCY) 57.16 (t,J = 8.4 Hz, 1H), &7-6.48 (m,
3H), 5.01 (t,J = 6.4 Hz, 1H), 3.78 (s, 3H), 2.10 {t= 7.2 Hz, 2H), 1.99 (q] = 7.2 Hz,
2H), 154-1.41 (m, 2H), 141-1.31 (m, 2H), 094-0.84 (m, 6H);*°*C NMR (101 MHz,
CDCl) 6160.9, 158.0, 150.4, 129.8, 116.3, 108.3, 106.2,11(65.2, 34.4, 27.2, 22.7,
20.1, 13.9, 13.6; IR (Neat)ax 2959, 2872, 1684, 1602, 1454, 1280, 1143, 962, 838
cmt; MS (El) m/z (%) 235 (M+1, 100), 143 (63), 125 (5); Elemental analysisador

C1sH220,: C 76.88, H 9.46, Found: C 76.95, H, 9.39.
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(2)-1-Fluoro-4-(oct-4-en-4-yloxy)benzene (74f):

Following the general procedure (GP-2) in condit®na
mixture of 4-fluorophenol 46e 224 mg, 2.0 mmol), 4-
octyne 47h; 110 mg, 1.0 mmol), ¥CO; (276 mg, 2.0
_____________________ mmol) in the presence of Aug(15 mg, 0.05 mmol) and L2
(15 mg, 0.05 mmol) in THF (1.0 mL) was heated & 1O for 48 h. Upon usual work-up,
the crude mixture was purified by silica gel colusiwmomatography eluting with hexane
to afford74f (210 mg) in 95% yield as colorless liquid.

R = 0.55 (hexane)H NMR (400 MHz, CDC}) §6.99-6.91 (m, 2H), 89-6.82 (m, 2H),
4.99 (t,J = 7.2 Hz, 1H), 2.06 () = 7.6 Hz, 2H), 1.98 (q] = 7.2 Hz, 2H), B2-1.41 (m,
2H), 141-1.31 (m, 2H), 03-0.86 (m, 6H);"*C NMR (101 MHz, CDGJ) J158.8, 156.4,
152.74, 152.72, 150.7, 117.0, 116.9, 116.1, 113.9,7, 34.2, 27.2, 22.7, 20.1, 13.8, 13.5;
F NMR (376 MHz, CDGCJ) J-123.4; IR (Neat)Vmax 2959, 2928, 1682, 1502, 1201,
922, 829 crit; MS (El) m/z (%) 223 (M+1, 75), 161 (6), 143 (100), 129 (18); Elemental
analysis calcd for GH1oFO: C 75.64, H 8.61, Found: C 75.59, H 8.67.
(2)-2-(Oct-4-en-4-yloxy)biphenyl (749):

e e A

Following the general procedure (GP-2) in conditi®na
mixture of 2-phenylphenol46g;, 340 mg, 2.0 mmol), 4-
octyne 47h; 110 mg, 1.0 mmol), ¥COs; (276 mg, 2.0 mmol)
____________________ in the presence of Aug(15 mg, 0.05 mmol) and L2 (15 mg,
0.05 mmol) in THF (1.0 mL) was heated at 1@ for 120 h. Upon usual work-up, the
crude mixture was purified by silica gel column amnatography eluting with hexane to
afford 749 (187 mg) in 67% yield as colorless thick liquid.

R = 0.57 (hexane):H NMR (400 MHz, CDCY) 47.61 (d,J = 7.6 Hz, 2H), 47-7.31 (m,
4H), 7.26 (tJ = 7.2 Hz, 1H), 7.06 (] = 7.2 Hz, 1H), 6.97 (d] = 8.4 Hz, 1H), 5.01 (] =
7.2 Hz, 1H), 2.09 (t) = 7.2 Hz, 2H), 2.02 (q] = 7.2 Hz, 2H), ¥4-1.32 (m, 4H), 0.89 (t,

J = 7.2 Hz, 3H), 0.84 (tJ = 7.2 Hz, 3H):**C NMR (101 MHz, CDGCJ) J153.5, 150.7,
138.4, 131.0, 129.5, 128.3, 127.9, 126.8, 121.8,611114.7, 34.3, 29.7, 27.3, 22.7, 20.1,
13.9, 13.5; IR (Neatymax 3061, 2959, 2934, 2872, 1682, 1583, 1477, 121781150,
698 cm?; MS (El) m/z (%) 281 (M +1, 100), 161 (5), 143 (46), 129 (11); Elemental
analysis calcd for £&H»40: C 85.67, H 8.63, Found: C 85.74, H 8.59.
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(2)-4,4'-(1-(4-Nitrophenoxy)ethene-1,2-diyl)bis-metheybenzene (74h):

' Following the general procedure (GP-1) in condition
. A; a mixture of 4-nitrophenol 46g 139 mg, 1.0
mmol), 1,2-bis(4-methoxyphenyl)ethyn&7{;, 119 mg,

i 0.5 mmol), AgCO; (275 mg, 1.0 mmol) in the
: presence of AuGl(4.5 mg, 0.015 mmol) and L2 (4.5
mg, 0.015 mmol) in CkCl, (0.5 mL) was heated at 10Q for 36 h. Upon usual work-up,

the crude mixture was purified by silica gel colusimomatography eluting with hexane:
ethyl acetate (19:1) to affoi@#h (157 mg) in 83% yield as thick yellow liquid.

R = 0.43 (95:5 hexane/EtOACH NMR (400 MHz, CDCJ) 48.14 (dt,J = 8.0, 1.2 Hz,
2H), 751-7.45 (m, 4H), 7.10 (dt) = 8.0, 1.2 Hz, 2H), 1-6.75 (m, 4H), 6.62 (s, 1H),
3.80 (s, 3H), 3.79 (s, 3H}C NMR (101 MHz, CDG) J161.8, 159.9, 159.0, 146.8,
142.4, 130.2, 127.4, 126.8, 126.1, 116.2, 115.6,111114.3, 114.1, 55.3, 55.2; IR (Neat)
Vmax 2930, 2843, 1608, 1342, 1242, 1176, 1032, 833;ckS (EI) m/z (%) 378 (M+1,
52), 271 (100), 240 (3); Elemental analysis catrdG;,H;0NOs: C 70.02, H 5.07, N 3.71,
Found: C 69.95, H 5.12, N 3.76.

The Z-configuration of74h is established based on the
NOESY studies; NOEs between vinyl-Hd € 6.62
ppm, H) with the ortho-hydrogens § = 7.46, 7.49

seen while the NOEs between vinyltBl= 6.62 ppm,

i ppm; H/Hy) of the phenyl groups of4h is clearly
i Hyx) with ortho-hydrogens § = 7.11 ppm, B of 4-

________________________ nitrophenyl moiety o74his not observed.
(2)-4-(1,2-bis(4-Chlorophenyl)vinyloxy)benzonitrile {4i):

Following the general procedure (GP-1) in conditfgra
mixture of 4-cyanophenolgh; 238 mg, 2.0 mmol), 1,2-
bis(4-chlorophenyl)ethyne 47j; 247 mg, 1.0 mmol),
Ag.COs; (551 mg, 2.0 mmol) in the presence of AuCl
(9.0 mg, 0.03 mmol) and L2 (8.9 mg, 0.03 mmol) in
CH.CI, (1.0 mL) was heated at 16Q for 72 h. Upon usual work-up, the crude mixture
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was purified by silica gel column chromatographutiely with hexane: ethyl acetate
(49:1) to affordr4i (250 mg) in 68% yield as colorless thick liquid.

R: = 0.40 (49:1 hexane/EtOACH NMR (400 MHz, CDCY) d7.54 (dt,J = 6.8, 2.0 Hz,
2H), 751-7.44 (m, 4H), 7.32 (dt) = 6.8, 2.0 Hz, 2H), 7.27 (di,= 6.8, 2.0 Hz, 2H), 7.05
(dt, J = 6.8, 2.0 Hz, 2H), 6.68 (s, 1H}}C NMR (101 MHz, CDGJ) §159.3, 147.9, 135.0,
134.4, 133.7, 133.1, 132.1, 130.2, 129.2, 128.%.9.2118.6, 116.8, 116.52, 116.51,
106.1; IR (Neat)nax 3335, 3067, 2926, 2856, 2226, 1901, 1601, 14981,1831 cni;
MS (El) m/z (%) 366 (M +1, 61), 298 (76), 279 (96), 211 (100), 185 (20)9 140);
Elemental analysis calcd for{E;3CI,NO: C 68.87, H 3.58, Found: C 68.92, H 3.91.

(2)-1-Methoxy-4-(1-(4-nitrophenoxy)-2-phenylvinyl)berzene (75a); Z)-1-Methoxy-4-
(2-(4-nitrophenoxy)-2-phenylvinyl)benzene (75a’):

i 0
'

mg, 1.0 mmol), AgCOs; (551 mg, 2.0 mmol) in the presence of Au(3.0 mg, 0.03
mmol) and L2 (8.9 mg, 0.03 mmol) in GEl, (1.0 mL) was heated at 10C for 96 h.

Following the general procedure
(GP-1) in condition A; a mixture of
4-nitrophenol 46g 278 mg, 2.0
mmol), 1-methoxy-4-

1
I
1
1
1
1
1
1
1
1
1
I
1
1
1
’

(phenylethynyl)benzene 47I, 208

Upon usual work-up, the crude reaction was puriigailica gel column chromatography
eluting with hexane: ethyl acetate (49:1) to affarchixture of75a+75a'(326 mg) in 94%
yield as yellow thick liquid. Purification of thendiseparable regioisomerba and 75a'

was failed through repeated flash column chromaiaiuy.

Ratio of both regioisomergsa75a’ was determined based on the characteristiprbiton
integration. Furthermore HPLC data reconfirms theant of regioisomers obtained in
the reaction.

'H NMR (400 MHz, CDC}) H* for 75a75a" 5= 6.73 (s, 1H, 31%; minor) / 6.64 (s, 1H,

69%; major).

HPLC analysis (Daicel Chiralpak AS-H column, hexanrOH = 97:3 for elution, flow
rate = 1.0 mL/min} = 254 nm) for75a75a’ = &g (7.87 min, 37%; minor)/(8.47 min, 63%;
major).
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R = 0.40 (49:1 hexane/EtOACH NMR (400 MHz, CDC}) olefin-H for 75a75a" J6.73
(s, 1H, 31%; minor) / 6.64 (s, 1H, 69%; majoti NMR (400 MHz, CDC)) for
75at+75a" 08.12 (bd,J = 9.2 Hz, 4H; 2H (for major) + 2H (for minor)),58-7.44 (m,
8H; 4H (for major) + 4H (for minor)), 36-7.28 (m, 4H; 2H (for major) + 2H (for
minor)), 722-7.18 (m, 2H; 1H (for major) + 1H (for minor)), I2-7.05 (m, 4H; 2H (for
major) + 2H (for minor)), @9-6.80 (m, 4H; 2H (for major) + 2H (for minor)), 6.48,
1H, minor), 6.64 (s, 1H, major), 3.78 (s, 3H, maj&77 (s, 3H, minor)**C NMR (101
MHz, CDCk) for 75at75a" 0161.5, 160.1, 148.4, 142.4, 134.0, 130.6, 128.8B.512
127.5, 127.0, 125.9, 125.2, 116.2, 114.2, 55.2 rffajor regioisomer); and 159.2, 146.7,
134.8, 130.6, 128.8, 128.5, 127.0, 126.4, 126.6,212116.8, 116.0, 115.4, 114.0, 55.1
(for minor regioisomer); IR (Neat) for5a+75a" vmax 3080, 2934, 2837, 1637, 1591,
1342, 1238, 1022, 846 ¢l MS (El) m/z (%) for 75a+75a’ 348 (M +1, 100), 241 (97),
209 (11), 165 (3); Elemental analysis calcd feiHz/NO,: C 72.61, H 4.93, N 4.03,
Found (as a mixture @bat75a’): C 72.55, H 4.88, N 4.07.

(2)-1-Nitro-4-(1-phenylprop-1-en-2-yloxy)benzene (79b (2)-1-Nitro-4-(1-
phenylprop-1-enyloxy)benzene (75b"):

' Following the general procedure

EOZN@O __ph OGN O_ Mei (GP-1) in condition A; a mixture of
E Me H!? Ph  H'! 4-nitrophenol 46g 278 mg, 2.0
' 75b (minor) 75b' (major)

______________________________________ » mmol), 1-phenyl-1-propyne 4{e
116 mg, 1.0 mmol), AgO; (551 mg, 2.0 mmol) in the presence of Ax(8.0 mg, 0.03
mmol) andL2 (8.9 mg, 0.03 mmol) in Cil, (1.0 mL) was heated at 10C for 72 h.
Upon usual work-up, the crude reaction was puribigailica gel column chromatography
eluting with hexane: ethyl acetate (49:1) to affamhixture of75b+75b' (237 mg) in 93%
yield as yellow thick liquid. Purification of thegioisomers5b (minor) and75b' (major)

was successfully carried out through repeated taflmn chromatography.

Ratio of both regioisomergsh:75b" was determined based on the characteristiprbton
integration. Furthermore HPLC data reconfirms theant of regioisomers obtained in

the reaction.
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'H NMR (400 MHz, CDC}) olefin-H for 75b:75b": 6.06 (s, 1H, 30%; minor) : 6.02 (d,
= 7.2 Hz, 1H, 70%; major); HPLC analysis (Daicel ir@ktel OD-H column,
hexanei—PrOH = 99:1 for elution, flow rate = 1.0 mL/mik;= 267 nm) for75b/75b" = tx
(4.33 min, 32%; minor)/(4.62 min, 68%; major).

75b' (major product) was obtained as light yellow thlickiid.

light yellow thick liquid; R = 0.60 (49:1 hexane/EtOAc)H NMR (400 MHz, CDC}))

08.14 (d,J = 8.8 Hz, 2H), 7.42 (d] = 7.6 Hz, 2H), 7.337.24 (m, 3H), 7.03 (dJ = 9.2

Hz, 2H), 6.02 (g, = 7.2 Hz, 1H), 1.73 (d] = 6.8 Hz, 3H);"*C NMR (101 MHz, CDG) &
162.4, 149.2, 142.2, 134.3, 128.7, 128.4, 126.4,8,2115.5, 113.2, 11.4; IR (Neat)ax

3080, 2989, 2920, 1666, 1591, 1342, 1109, 750;cMS (EI) m/z(%) 256 (M +1, 100),
240 (22), 149 (46), 135 (3); Elemental analysieadbr GsHi13NOsz: C 70.58, H 5.13, N
5.49, Found: C 70.49, H 5.10, N 5.55.

The Z-configuration of75b' is established based on the NOESY
studies; NOEs between vinyl-Kd € 6.01 ppm, K) with theortho-

hydrogens § = 7.42, 1.74 ppm) of the phenyl and methyl groups
respectively of75b' is clearly seen while the NOEs between vinyl-

H (0= 6.01 ppm, K) with ortho-hydrogens § = 7.03 ppm, k&) of

NO,

_ 750 (major) ! 4-nitrophenyl moiety o¥5b’ is not observed.

75b (minor product) was obtained as light yellow thiicluid.

light yellow thick liquid; Ry = 0.58 (49:1 hexane/EtOAcjH NMR (400 MHz, CDC))
08.19 (d,J = 8.0 Hz, 2H), 7.39 (d] = 7.6 Hz, 2H), 28-7.20 (m,
2H), 7.17 (d,J = 7.6 Hz, 1H), 7.07 (d) = 8.8 Hz, 2H), 6.06 (s,
1H), 2.04 (s, 3H)*C NMR (101 MHz, CDGJ) 5160.7, 147.5,
142.7, 134.0, 128.5, 128.3, 127.3, 126.1, 117.4,51119.7; IR

e m e ————————

He (Neat) vmax 3082, 2922, 2849, 1682, 1591, 1340, 1240, 1108, 74
cm'l MS (El) m/z (%) 256 (M +1, 36), 241 (10), 154 (55), 138
NO, (100); Elemental analysis calcd fogsH;3NOs: C 70.58, H 5.13, N
\__75b (minor) __ .+ 5.49, Found: C 70.65, H 5.10, N 5.43.
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The Z-configuration of75b is established based on the NOESY studies; NOEgeka
vinyl-H (0= 6.06 ppm, K) with theortho-hydrogens § = 7.39, 2.04 ppm) of the phenyl
and methyl groups respectively tBb is clearly seen while the NOEs between vinyléH
= 6.06 ppm, K) with ortho-hydrogens § = 7.06 ppm, B of 4-nitrophenyl moiety o75b

is not observed.

(2)-1-Nitro-4-(1-phenylhex-1-en-2-yloxy)benzene (75c{Z)-1-Nitro-4-(1-phenylhex-1-

enyloxy)benzene (75c'):

' ' Following the general procedure
EOZN@OHPh OZN@O _ B (GP-1) in condition A; a mixture of
4-nitrophenol 46g 278 mg, 2.0
mmol), hex-1-ynylbenzene 47{m,
158 mg, 1.0 mmol), AgO; (551 mg, 2.0 mmol) in the presence of Ax(®.0 mg, 0.03
mmol) and L2 (8.9 mg, 0.03 mmol) in GEl, (1.0 mL) was heated at 10C for 72 h.

Upon usual work-up, the crude reaction was purifigailica gel column chromatography

7
9]
c
I
[
R v)
N
I
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O

eluting with hexane: ethyl acetate (49:1) to affarthixture of75¢c+75c'(241 mg) in 81%
yield as yellow thick liquid. Purification of the4iseparable regioisomerscand75c' was

failed through repeated flash column chromatography

Ratio of both regioisomerg5c75c' was determined based on the characteristiprbiton
integration. Furthermore HPLC data reconfirms theant of regioisomers obtained in

the reaction.

Ri = 0. 40 (49:1 hexane/EtOAc)H NMR (400 MHz, CDGJ) olefin-H for 75075c"
06.08 (s, 1H, 57%; major) / 5.95 (s, 1H, 43%; min&tPLC analysis (Daicel Chiralpak
AS-H column, hexane—-PrOH = 97:3 for elution, flow rate = 1.0 mL/miN;= 254 nm)
for 75075¢' = tz (6.96 min, 38%; minor)/(7.45 min, 62%; majot NMR (400 MHz,
CDCl) for 75¢t+75c" 08.25-8.15 (m, 4H; 2H (for major) + 2H (for minor)), 48-7.38
(m, 4H; 2H (for major) + 2H (for minor)), 32-7.20 (m, 4H; 2H (for major) + 2H (for
minor)), 718-7.12 (m, 2H; 1H (for major) + 1H (for minor)),¥-6.99 (m, 4H; 2H (for
major) + 2H (for minor)), 6.08 (s, 1H, major), 5.@5J = 7.6 Hz, 1H, minor), 2.33 (& =
7.2 Hz, 2H; 1H (for major) + 1H (for minor)), 2.Xd, J = 7.2 Hz, 2H; 1H (for major) +
1H (for minor)), 168-1.50 (m, 4H; 2H (for major) + 2H (for minor)),49-1.27 (m, 4H;
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2H (for major) + 2H (for minor)), @6-0.81 (m, 6H; 3H (for major) + 3H (for minor));
3c NMR (101 MHz, CDG) for 75c+75c" 0160.9, 151.4, 142.5, 133.9, 128.7, 128.5,
128.4, 126.1, 124.9, 116.3, 33.2, 29.1, 22.1, 1B® major regioisomer); and 162.7,
148.3, 142.1, 134.2, 128.4, 127.3, 119.1, 117.8,7,1115.6, 31.2, 25.6, 22.4, 13.9 (for
minor regioisomer); IR (Neat) for5ct75c" vmax 3082, 3026, 2957, 2930, 1668, 1591,
1516, 1342, 1242, 1111, 850, 750 ¢MS (EI) m/z (%) for 75¢+75¢' 296 (M'-1, 86),
278 (11), 154 (17), 138 (100); Elemental analysisd for GgH1gNOs: C 72.71, H 6.44,
N 4.71, Found (as a mixture ©bct+75c): C 72.65, H 6.41, N 4.76.

(2)-1-Methoxy-3-(1-(4-methoxyphenyl)-2-phenylvinyloxjypenzene  (75d); Z)-1-
Methoxy-3-(2-(4-methoxyphenyl)-1-phenylvinyloxy)bemene (75d'):

""""""""""""""""""""" " Following the general procedure
Me0/©\o Meo/@ OMeE (GP-2) in condition B; a mixture

O 1
Ph@/ ' of 3-methoxyphenol 46k, 119

mg, 0.96 mmol), 1-methoxy-4-

/
o
=

_________________________________________ (phenylethynyl)benzene47l, 100
mg, 0.48 mmol), KCO; (133 mg, 0.96 mmol) in the presence of Au(1.3 mg, 0.024
mmol) and L2 (7.3 mg, 0.024 mmol) in THF (1.0 mLasvheated at 108 for 120 h.
Upon usual work-up, the crude mixture was puritigdsilica gel column chromatography
eluting with hexane: ethyl acetate (19:1) to affamhixture of75d+75d' (101 mg) in 63%
yield as pale yellow solid. Purification of the separable regioisomer&d and75d" was
failed through repeated flash column chromatography

Ratio of both regioisomergsd/75d’ was unable to determine based on the characteristi
H* proton integration. However, HPLC data confirms &mount of regioisomers obtained

in the reaction.

Ri = 0.26 (95:5 hexane/EtOAcfH NMR (400 MHz, CDCJ) olefin-H for 75d/75d":
06.58 (s, 2H; 1H (for major) + 1H (for minor)); HPL&halysis (Daicel Chiralpak AS-H
column, hexaneg—-PrOH = 19:1 for elution, flow rate = 0.3 mL/miA;= 254 nm) for
75d/75d" = t (13.9 min, 91%; major) / (14.49 min, 9%: minoly NMR (400 MHz,
CDClg) for 75c+75d": 07.67-7.59 (m, 6H; 3H (for major) + 3H (for minor)), 7.8, J =
8.0 Hz, 2H; 1H (for major) + 1H (for minor)),36-7.25 (m, 4H; 2H (for major) + 2H (for

48



Chapter 1

minor)), 7.21 (tJ = 8.0 Hz, 2H; 1H (for major) + 1H (for minor)),124 (t,J = 8.0 Hz, 2H;
1H (for major) + 1H (for minor)), 6.87 (dl = 8.0 Hz, 4H; 2H (for major) + 2H (for
minor)), 6.65 (bs, 4H; 2H (for major) + 2H (for nair)), 6.58 (s, 2H; 1H (for major) + 1H
(for minor)), 6.53 (dJ = 8.0 Hz, 2H; 1H (for major) + 1H (for minor)),&88 (s, 6H; 3H
(for major) + 3H (for minor)), 3.75 (s, 6H; 3H (fonajor) + 3H (for minor));*C NMR
(101 MHz, CDC}) for 75c¢+75d": 0160.9, 159.8, 157.6, 149.4, 134.9, 130.4, 130.1, 130.0
128.8, 128.6, 127.4, 115.1, 114.0, 108.7, 107.2,7.(%5.3, 55.2. (for major regioisomer);
and 158.9, 147.8, 136.2, 130.4, 130.1, 128.8, 12®8.0, 127.5, 127.4, 127.1, 125.6,
116.3, 114.0, 108.5, 102.6, 55.3, 55.2 (for miregigisomer); IR (KBr) for75d+75d"
Vnax 2926, 2852, 1604, 1510, 1251, 1141, 835, 6925cMS (El) m/z (%) for 75c+75d"
333 (M’ +1, 100), 241 (38), 209 (5), 165 (3); Elementallgsia calcd for GH,00s: C
79.50, H 6.06. Found (as a mixture7&ict75d"): C 79.44, H 6.12.

(2)-4-(2-Phenyl-1-(3-(trifluoromethyl)phenyl)vinyloxy)biphenyl  (75e);  @)-4-(1-
Phenyl-2-(3-(trifluoromethyl)phenyl)vinyloxy)biphenyl (75€"):

Following the general procedure
(GP-2) in condition B; a mixture of
4-phenylphenol 46t, 139 mg, 0.82
mmol), 1-(phenylethynyl)-3-

(trifluoromethyl)benzene4(n, 100
mg, 0.41 mmol), KCO; (112 mg, 0.82 mmol) in the presence of Au@E.2 mg, 0.02
mmol) and L2 (6.2 mg, 0.02 mmol) in THF (1.0 mL) svaeated at 100C for 120 h.
Upon usual work-up, the crude mixture was puritigdsilica gel column chromatography
eluting with hexane: ethyl acetate (49:1) to affarthixture of75e+75e'(147 mg) in 35%
yield as pale yellow thick liquid. Purification d¢ifie in-separable regioisomerse and

75e'was failed through repeated flash column chronragay.

Ratio of both regioisomerg5e/75e'was determined based on the characteristiprbiton
integration. Furthermore HPLC data reconfirms theant of regioisomers obtained in

the reaction.

R = 0.17 (hexane)!H NMR (400 MHz, CDC)) olefin-H for 75¢75e* J6.79 (s, 1H,
31%; minor) / 6.73 (s, 1H, 69%; major); HPLC anay®aicel Chiralcel OD-H column,
hexanei—PrOH = 19:1 for elution, flow rate = 1.0 mL/mik;= 254 nm) for75d75e"' = tr
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(5.58 min, 30%; minor)/(5.99 min, 70%; majord NMR (400 MHz, CDCJ) for
75et75e" 07.96 (br s, 2H; 1H (for major) + 1H (for minor)),92 (d,J = 7.6 Hz, 1H,;
major), 7.80 (d,J = 8.0 Hz, 1H, minor), 7.74 (d,= 7.6 Hz, 1H, major), 7.68 (d,= 6.8
Hz, 2H, major), 7.667.25 (m, 25H; 11H (for major) + 14H (for minor)),18 (t,J = 8.4
Hz, 4H; 2H (for major) + 2H (for minor)), 6.79 (§H, minor), 6.73 (s, 1H, major):*C
NMR (101 MHz, CDCJ) for 75e+75e" o= 155.7, 151.4, 140.5, 135.5, 135.4, 131.8,
129.2, 129.0, 128.8, 128.6, 128.5, 128.0, 126.8,812126.2, 125.9, 123.9, 118.4, 116.6
(for major regioisomer); 155.5, 148.2, 137.0, 134.31.4, 131.0, 130.7, 129.0, 128.8,
128.5, 128.0, 126.8, 126.2, 125.1, 122.8, 122.8,611115.2 (for minor regioisomery’F
NMR (376 MHz, CDCJ) for 75675e" d- 62.67/ -62.75; IR (Neat) for75e+75€" Viax
3061, 3034, 2959, 1892, 1641, 1604, 1514, 14463,19@8, 761, 694 ciy MS (EI) m/z
(%) for 75e+75e'417 (M +1, 89), 315 (7), 279 (100), 265 (9), 247 (2); Ebenal analysis
calcd for G7H19F30: C 77.87, H 4.60, Found (as a mixture’bé+75€’): C 77.92, H 4.56.

1,4-bis[(Z)-1,2-Diphenylvinyloxy]benzene (77a):

E " Following the general procedure (GP-2) in conditigjra
iph>:<04®—o Phi mixture of hydroquinone76a, 110 mg, 1.0 mmol)46f
] i (712 mg, 4.0 mmol), KCO; (553 mg, 4.0 mmol) in the
presence of AuGl(30.3 mg, 0.1 mmol) and L2 (30.3 mg, 0.1 mmolJHF (2.0 mL) was
heated at 100C for 96 h. Upon usual work-up, the crude mixtur@svpurified by silica
gel column chromatography eluting with hexane: ketogtate (95:5) to afford7a (256

mgq) in 55% yield as colorless solid.

mp 197-199°C; R = 0.36 (95:5 hexane/EtOACH NMR (400 MHz, CDCY) 57.61 (d,J

= 7.2 Hz, 4H), 7.56 (d] = 7.2 Hz, 4H), B4-7.25 (m, 10H), 24-7.17 (m, 2H), 6.86 (bs,
4H), 6.58 (s, 2H)**C NMR (101 MHz, CDCJ) J151.1, 150.0, 136.0, 134.8, 128.9, 128.5,
128.3, 127.3, 126.1, 117.2, 116.5; IR (KBRax 2924, 2849, 1494, 1197, 1020, 758, 690
cm ', MS (El) m/z (%) 467 (M +1, 46), 430 (8), 411 (11), 313 (11), 289 (13)1. 2100),
143 (14); Elemental analysis calcd fogsd,60,: C 87.52, H 5.62, Found: C 87.61, H
5.58.
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1,3-bis[(Z)-1,2-Diphenylvinyloxy]benzene (77b):

______________________

Ph ph | Following the general procedure (GP-2) in conditi&na
©\ i mixture of resorcinol {6b, 110 mg, 1.0 mmol)47f (712

mg, 4.0 mmol), KCOs (553 mg, 4.0 mmol) in the presence
of AuCl; (30.3 mg, 0.1 mmol) and L2 (30.3 mg, 0.1 mmolY kF (2.0 mL) was heated at
100°C for 96 h. Upon usual work-up, the crude mixtuesvpurified by silica gel column
chromatography eluting with hexane: ethyl acet@teX) to afford77b (440 mg) in 94%

yield as colorless solid.

mp 116-117 °C; R = 0.45 (95:5 hexane/EtOACH NMR (400 MHz, CDCJ) §7.56 (d,J

= 7.2 Hz, 4H), B1-7.46 (m, 4H), 730-7.18 (m, 12 H), 7.02 (] = 8.4 Hz, 1H), 6.75 (1

= 2.4 Hz, 1H), 6.61 (bs, 3H), 6.58 (d,= 2.0 Hz, 1H);**C NMR (101 MHz, CDG))
0157.6, 149.7, 135.9, 134.6, 130.3, 129.0, 128.8,512128.4, 127.4, 126.0, 116.6, 110.1,
]:05.6; IR (KBr) vmax 3057, 2926, 1597, 1483, 1446, 1257, 1132, 690 ;S (El) m/z
(%) 467 (M +1, 100), 357 (4), 315 (11), 289 (8), 211 (94), 197
(5); Elemental analysis calcd forfl,60,: C 87.52, H 5.62,
Found: C 87.41, H 5.66.

The Z-configuration of 77b is established based on the
NOESY studies; NOEs between vinyl-d € 6.60 ppm, K)
with the ortho-hydrogens § = 7.57, 7.49 ppm; ¥Hy) of the

phenyl groups o¥7b is clearly seen while the NOEs between
vinyl-H (6 = 6.60 ppm, K) with ortho-hydrogensd = 6.75 ppm, | of resorcinol moiety

of 77bis not observed.

1,2-bis[(Z)-1,2-Diphenylvinyloxy]benzene (77c):

' Ph Ph \I Following the general procedure (GP-2) in conditiBn a
EH \ O O / HI mixture of catecholq6¢ 110 mg, 1.0 mmol¥7f (712 mg, 4.0
, Ph @ Ph &\ mmol), K,CO; (553 mg, 4.0 mmol) in the presence of AuCI
=/ _TIc_, | (30.3 mg, 0.1 mmol) and L2 (30.3 mg, 0.1 mmol) #HFT (2.0
mL) was heated at 100 for 168 h. Upon usual work-up, the crude mixtweaes purified

by silica gel column chromatography eluting withxaee: ethyl acetate (19:1) to afford di-
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substituted77c (33 mg) in 7% yield as colorless solid and monbssituted77c' (97 mg)

in 34% vyield as colorless thick liquid.

mp 142-143 °C; R = 0.39 (95:5 hexane/EtOACH NMR (400 MHz, CDCY) 47.78 (dd,
J=7.2, 4.4, Hz, TH), #2-7.32 (m, 10H), B1-7.25 (m, 3H), 6.87 (dd) = 6.0, 2.0 Hz,
2H), 6.76 (s, 2H), 6.68 (dd, = 6.2, 3.4 Hz, 2H)**C NMR (101 MHz, CDGCJ) 5149.9,
145.4, 135.9, 134.9, 129.1, 128.9, 128.7, 128.8,52128.0, 127.5, 126.1, 125.6, 122.5,
121.3, 116.9, 116.2, 108.5; IR (KBDhax 3024, 1637, 1591, 1493, 1446, 1244, 1111,
1018, 920, 690 ci; MS (El) m/z (%) 467 (M +1, 6), 303 (22), 289 (69), 211 (59), 197
(100), 167 (4), 65 (13); Elemental analysis calmd@s4H,60,: C 87.52, H 5.62, Found: C
87.45, H 5.66.

(2)-2-(1,2-Diphenylvinyloxy)phenol (77¢)

"""""""" v 97 mg, 34% yield. colorless thick liquid® = 0.18 (95:5,
hexane/EtOAc)*H NMR (400 MHz, CDCJ) §7.65 (d,J = 7.6 Hz,
2H), 7.57 (dtJ = 6.8, 1.6 Hz, 2H), 41-7.25 (m, 6H), 7.10 (dd] =

----------- H . 8.0, 1.2 Hz, 1H), 6.92 (td,= 8.0, 1.6 Hz, 1H), 6.81 (dd,= 8.0, 1.6
Hz, 1H), 6.75 (s, 1H), 6.69 (td,= 7.6, 1.6 Hz, 1H), 6.01 (s, 1H, -OHJC NMR (101
MHz, CDCk) J0149.1, 145.6, 143.0, 135.1, 134.3, 128.7, 128.B.5% 127.6, 125.6,
123.0, 120.4, 117.2, 115.6, 114.9; IR (Neat)x 3524, 3055, 2976, 1641, 1448, 1203,
1018, 918, 740 cit; MS (EI) m/z(%) 289 (M +1, 100), 287 (12), 225 (3), 211 (63), 197
(11), 179 (5); Elemental analysis calcd foph;6O.: C 83.31, H 5.59, Found: C 83.21, H
5.56.

O
T 3
~
U

>

1,3,5-tris[(Z)-1,2-Diphenylvinyloxy]benzene (77d):

E Following the general procedure (GP-2) in condit®na
o , mixture of phloroglucinol 76d, 126 mg, 1.0 mmol)47f
(2.07 g, 6.0 mmol), BCOs; (828 mg, 6.0 mmol) in the
' presence of AuGl(45 mg, 0.15 mmol) and L2 (45 mg, 0.15
--------------------- ; mmol) in THF (2.0 mL) was heated at 100 for 168 h.
Upon usual work-up, the crude mixture was puritigdsilica gel column chromatography
eluting with hexane: ethyl acetate (19:1) to afforésubstituted77d (38 mg) in 6% yield

<,
@)
? s
et
T
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as colorless solid, di-substitutg@d’ (44 mg) in 9% yield as pale-brown thick liquid and
mono-substituted7d" (99 mg) in 32% vyield as pale brown thick liquid.

mp 194-196 °C; R = 0.21 (95:5 hexane/EtOACH NMR (400 MHz, CDCJ) §7.45 (br
s, 6H), 7.33 (dJ = 7.2 Hz, 6H), 28-7.16 (m, 18H), 6.52 (s, 3H), 6.29 (s, 3Hjc NMR
(101 MHz, CDC}) 0158.2, 149.6, 135.6, 134.5, 128.9, 128.4, 128.2,21225.9, 116.3,
99.7; IR (KBr) Vmax 2922, 2851, 1738, 1601, 1446, 1134, 761, 692:cMS (EI) m/z(%)
662 (M" +1, 100), 483 (47), 412 (35), 369 (16), 313 (211 (51), 178 (14), 149 (9);
Elemental analysis calcd fongi3603: C 87.25, H 5.49, Found: C 87.16, H 5.54.

Compound 77d") was purified through column chromatography elyitivith hexane:ethyl

acetate (9:1) mixture.

OH . 44 mg, 9% vyield; pale-brown thick liqui@® = 0.18 (90:10
' Ph Ph ! hexane/EtOAc)'H NMR (400 MHz, CDC)) 67.57 (d,J =
H o O H 7.6 Hz, 4H), 7.51 (dJ = 3.4 Hz, 4H), B4-7.18 (m, 13H),
. Ph o7g  Phigeo (s 2H) 638 (s, 1H, -OH), 6.14 (s, 2% NMR

(101 MHz, CDC}) 0158.4, 157.6, 149.5, 135.7, 134.5, 129.0, 128.8,512128.4, 127 .4,
125.8, 116.7, 98.3, 97.9; IR (Neat)ax 3537, 3400 (-O-H), 2924, 1695, 1601, 1448, 1128,
916, 827 crit; MS (El) m/z (%) 483 (M+1, 100), 305 (5), 211 (8), 178 (8), 127 (3);
Elemental analysis calcd forgE603: C 84.62, H 5.43, Found: C 84.71, H 5.39.

' Compound T7d") was purified through  column
/@\ Ph . chromatography eluting with hexane:ethyl acetat®) @ixture.
HO © i

99 mg, 32% yield; pale-brown thick liquidR = 0.43 (60:40
------------------ hexane/EtOAc)*H NMR (400 MHz, CDCJ) 57.62 (d,J = 7.6
Hz, 2H), 7.56 (d,) = 6.8 Hz, 2H), B7-7.17 (m, 6H), 6.64 (s, 1H), 6.14 (s, 2H), 5.85 (s,
1H), 5.65 (bs, 2H, -OH)**C NMR (101 MHz, CDGJ) §158.3, 157.4, 149.2, 135.7, 134.5,
128.9, 128.6, 128.5, 128.4, 127.5, 125.7, 116.81,96.6; IR (Neatymax 3385 (-O-H),
2930, 1697, 1606, 1132, 1049, 825 &nMS (E) m/z(%) 305 (M+1, 100), 291 (4), 211
(8), 179 (8), 127 (8); Elemental analysis calcd @ggH1605: C 78.93, H 5.30, Found: C
78.85, H 5.26.
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1-Nitro-4-(1-phenylvinyloxy)benzene (73s) :

: ' Following the general procedure (GP-1) in conditidn a
'OZN@OHHE mixture of 4-nitrophenol 46g 278 mg, 2.0 mmol),
l____Z§S____P_h____|:|:: phenylacetylene59, 102 mg, 1.0 mmol), A€O; (551 mg, 2.0
mmol) in the presence of AugL(9.0 mg, 0.03 mmol) and L2 (8.9 mg, 0.03 mmol) in
CH.CI, (1.0 mL) was heated at 10C for 48 h. Upon usual work-up, the crude mixture
was purified by silica gel column chromatographutiel with hexane to afford the

desired product (58 mg) in 24% vyield as pale yeltmid.

mp 116-117 °C; R = 0.35 (49:1 hexane/EtOAc)H NMR (400 MHz, CDGC))
58.23-8018 (m, 2H), 761-7.50 (m, 2H), 742-7.25 (m, 3H), 7.167.10 (m, 2H), 5.43 (d,
J = 2.4 Hz, 1H), 4.93 (d] = 2.4 Hz, 1H);**C NMR (101 MHz, CDGJ) 5162.3, 156.9,
142.6, 133.6, 129.3, 128.7, 125.8, 125.5, 117.%,21198.9; IR (KBr)Vnax 3109, 3082,
2930, 2851, 1637, 1340, 1163, 1026, 920°cMS (EI) m/z(%) 240 (M -1, 16), 234 (5),
213 (18), 197 (9), 154 (9), 138 (100).

1.7.5. Competition experiment:

o e e e e e e e e e e e e e M e e e e e e e e e e e =

» Following the general
i procedure (GP-1) in

O condition A; a mixture of
E 4-nitrophenol 46h; 30 mg,
1 0.21 mmol), 1,2-bis(4-

I methoxyphenyl)ethyne

______________________________________________

(47i, 50 mg, 0.21 mmol) and 1,2-bis(3-(trifluoromethyl@plyl)ethyne 470, 65 mg, 0.21
mmol), AgpCO; (115 mg, 0.42 mmol) in the presence of Au(.9 mg, 0.0063 mmol)
and L2 (1.8 mg, 0.0063 mmol) in GEl, (0.5 mL) was heated at 160G for 72 h. Upon
usual work-up, the crude mixture was analyzed'HyNMR. The respective vinyl-
hydrogen integration in the crud#éi NMR spectrum showed the formation of the

corresponding produc®th and74k in 2:1 ratio, respectively.
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1.7.6. X-ray Crystallographic Data:

Single crystal X-ray data for the compourka and 77awere collected at on a Bruker
SMART APEX CCD area detector syste(flo-Ka) = 0.71073 A] at 100K, 73a) and
298K (77a) respectively, graphite monochromator withwascan width of 0.3 crystal
detector distance 60 mm, collimator 0.5 mm. The SMAsoftwar&® was used for the
intensity data acquisition and the SAINTPLUS Sofeld was used for the data
extraction. In each case, absorption correction peaformed with the help of SADABS
program*®! an empirical absorption correction using equivatefiections was performed
with the program. The structure was solved usindES¥5-97*®! and full-matrix least-
squares refinement against Was carried out using SHELXL-9%! All non-hydrogen
atoms were refined anisotropically. Aromatic andhyehydrogens were introduced on
calculated positions and included in the refinenmehing on their respective parent atoms.

Table 1.7:Crystal data for3aand77a

Identification code 73a 77a

Formula CooH15sNO3 Cz4H2602

Fw 317.33 466.55

T (K) 100(2) 298(2)

A (R) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group C2/c P2,/c

a(A) 23.1476(16) 7.7422(8)

b (A) 11.0330(8) 14.6183(15)
c(RA) 16.6135(11) 10.9539(11)
a (9 90 90

B0 132.3450(10) 94.865(2)
y(©) 90 90

V (A% 3135.9(4) 1235.3(2)

Z 8 2

Deaica (Mg mi™) 1.344 1.254
u(mmh 0.091 0.076

F (000) 1328 492

Crystal Size (mm) 0.60 x 0.24 x 0.10 0.24 x 0.20 x 0.14
20 range/deg 2.20/25.02 2.33/25.09
Reflections collected 14736 11710
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Unique reflections 2768 2191
Completeness tof2(%) 25.02 (100.0) 25.09 (99.9)
Tinax Tmin 0.9910, 0.9475 0.9894 , 0.9819
Parameters 217 163

GOF (B) 1.087 1.036

R1 wR2[I>2 o(l)] 0.0798, 0.1912 0.0366, 0.0870
R1, wR2(all data) 0.0829, 0.1932 0.0500, 0.0940
Largest diff. Peak 1.029 and -0.928 0.120 and -0.126

and hole (e- &)
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Direct Access to Benzo[b]furans through
Palladium-Catalyzed Oxidative Annulation
of Phenols and Unactivated Internal
Alkynes

Abstract

Ph

[Pd] / Ligand l

~ \\ Base, Oxidant << S
: R2 Solvent, 130 °C 2 I @

No Prefunctionalization of Phenols axainnes m
Unactivated Internal Alkynes 22-92% yield Ph—g O

The palladium-catalyzed oxidative annulation of cwmencially available phenols with

readily accessible unactivated internal alkynegrtwide 2,3-disubstituted benijfurans

is successfully demonstrated. The one-step methowsaefficient access to a wide array
of benzop]furans. The electronic properties and acidity bé tphenols significantly
influence their reactivity: while the reaction ofeetron-poor phenols with alkynes
proceeds in the presence of AgOAc, the base Na®Aequired in case of electron-rich
phenols. A variety of common functional groups mlerated which greatly enhances the
synthetic versatility of this strategy. Furthermattge reaction of phenols with aryl-alkyl-
substituted unsymmetrical alkynes resulted in msgjective benzofurans. The protocol
could efficiently be applied in the installation thie benzofuran skeleton on biologically
active complex molecules. Interestingly, oxidatareulation ofa-naphthol with internal
unactivated alkynes resulted in naphthofurans rathan naphthopyrans. Preliminary
investigations on a plausible reaction mechanismficoned the involvement of a

bis(aryloxo)palladium(ll) complex armrtho-C-H bond cleavage of phenol.
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Chapter 2

2.1. Introduction

The benzdj]furan is ubiquitous in natural produttsand a privileged structure found in
numerous biologically active compour@isHighly substituted benzbffuran motifs are
furthermore present in various leading dllﬂmd found wide applications in material
sciences$’ A few representative molecules bearing the besjzofan skeleton are shown
in Figure 2.1.

(0]
N\ MeO
Me NR

Obovaten (1) R = 2-ethylhexyl, DPP(TBFu), (2) MeO  Hue
Antitumor agent Bulk heterojunction solar cell 3

(3)
(o) Inhibitor of tubulin
F(’\/ N< polymerization
(4

)
PET Imaging of B-amyloid plaques

OMe OMe
Lo
R . HO OH
OO
XH-14 (7)
(5) Amurensin H (6) Coronary heart diseases

S1P, receptor agonist anti-inflammatory

Figure 2.1 Biologically important benzofuran derivatives

Obovaten ) is an active antitumor agent isolated from theavés of Persea
Obovatifolia®® The benzofuran skeleton bearing molecules inanghsifound wide
spread applications in materials chemistry. Fotamse: small molecule based bulk
heterojunction solar cell DPP(TBRu(2) with a diketopyrrolopyrrole chromophore has
been achieved high power conversion efficiency (PafE2.4%> The 2,3-disubstituted
benzop]furan anologue3 identified as a inhibitor of tubulin polymerizati&® A
fluorinated benzofuran derivativd was evaluated as a potential tracer for positron
emission tomography (PET) targetiBeamyloid plaques for the Alzheimer's dise&Sk.
An orally active S1Preceptor agonist benzofuran derivativevas developed by Saha
group?® Amurensin H 6) extracted fromVitis Amurensisis a natural product useful as
Chinese folk medicine for many years and showeashgtanti-inflammatory actiom vitro

andin vivo in mice model&! XH-14 (7) isolated from the roots ddalvia miltiorrhiza
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Bunge (Danshen), is a non nucleoside adenosine ghhist applicable in treating the
coronary heart diseas€d. As a result, there is considerable interest froi gynthetic

organic community to nurture the benaldfiran motif by efficient methodologié@.

2.1.1. Precedents and Strategies for Benzofuran Syiesis

The transition-metal (TM)-catalyzed annulations t@re trust-worthy methods useful for
the synthesis of complex heterocycles by synthigtiefficient, step and atom-economical
routes. Owing to the importance of berzajrans and its derivatives, various
synthetically viable strategies have been devisedhe construction of benzifuranst®

Some of the conceptually most interesting TM-catatly synthetic strategies for

benzop]furans are shown in Scheme 2.1.

=
...... . 7
X KWR ©\/ X
RN 0z
X = halides : \ ]!

Y = OH, halides etc ! MR Z =H, alkyl, allyl etc
\‘ O I"
P AP

e ” IV
. O, |
OH R

X = OH,CH,Br or halides
Y = COPh or CH,COR X= halides or CHO etc

Scheme 2.1Strategies toward the synthesis of beblfafans

The typical method for the synthesis of benzofunamslves acid catalyzed condensation
or transition-metal (TM)-catalyzed reactiaf phenols or halo arenes with ketones as

shown in Path I, Scheme 2.1.

1. Pd(OAGC), (5 mol%)
Br O rac-DTBPB (10 mol%) Ph| H* N
)J\/ """"""""""""""""" > Ph
oH N NaO'Bu Toluene, 80 °C 0 g

OH
8 g 2 TFA/CH,Cly, 23°C 10 11

Scheme 2.2Intermolecular reaction afrtho-halophenols with ketones

Burch group reported the Pd-catalyzed one pot sgiglof 2-phenyl-3-methylbenzofurans
(11 via enolate arylation ob-bromophenols §) with ketone9 (Scheme 2.2§! The

reaction proceeds with the acid-catalyzed cycliratf the intermediate-arylketoneslO.
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Ph CuOAc (50 mol%) Ph

0 0 8- Hydroxyqumollne X-COOR COOR
AN %o @\)T/ (1)
OH | ,CO3 (1 equw)
140°C, 24 h OH
12 13 16

FeCl; (10 mol%)
Ph  cuCl, (0.0088 mol%) ~ph \
X = m ------ Cym @
Br THMD (20 mol%), Cs,COs3, ML~© O
DMF,120 °C, 24 h
17 18 19

Scheme 2.3Intramolecular cyclization af-hydroxyaryl/o-bromobenzyl ketones

The desired benzofurans are smoothly accessedgthriatramolecular cyclization af-
hydroxyaryl ketones ob-bromobenzyl ketonegPath Il, Scheme 2.1§. Interestingly,
reaction of 2-hydroxybenzophenonE) with N,N-dimethylacetamide (DMAL3) in the
presence of Cu-catalyst and 8-hydroxyquinoline gaplenylbenzofurarilg). The attack
of intermediate ketene, generated from DMA and 8rbyyquinoline, to the carbonyl of
benzophenonel@) led to the unsaturated estiet. Then copper catalyzed epoxidation of
14 generates the epoxidé® in situ. Intramolecular cyclization of the hydroxyl groupttee
epoxide, followed by decarboxylation and dehydratadfords 3-phenylbenzofurarig)
(eq. 1, Scheme 2.3). Similarly, cyclization of 2K@mophenyl)-1-phenylethanon&7j
delivers the 2-phenylbenzofurad9 in good yields with the participation of enolate

intermediatel8 (eq. 2, Scheme 2.3).

Br Pd,(dba); (0.5 mol%)  Br Pd,(dba)s (0.5 mol%)
Xantphos (1.2 mol% DPEphos (1.2 mol%
Cs,CO3, PhMe, 80 OC O Cs,CO3, PhMe, 110 OC

20

Pd2(dba)3 (5 mol%)
IPr (10 mol%) m
Cs,COg3, o-xylene

100 °C

Scheme 2.4Intramolecular cyclization af-bromobenzylketones

The palladium catalyzed oxidative cyclizationooftho-disubstituted arene precursors such
as 1,2-dihaloarenes amebromobenzyl bromides with ketones or aldehydesessfully

delivered benzdfjfurans (Scheme 2.4J. The reaction initiates with the-arylation of
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ketone; for instance: reaction of cyclohaxano2® (with 1,2-dihaloarene0 provides
substituted keton@2. Finally, intramolecular Pd-catalyzed cyclizatioh 22 produces
benzofurar23 (eq. 1, Scheme 2.4. Similarly, the cyclization ob-bromobenzyl ketone
17, obtained fromo-bromobenzyl bromide2d) and benzaldehyde2%), gavel9 (eq. 2,
Scheme 2.4).

A notable strategy for the single-step synthesipatybenzofurans was reported utilizing
the Fe-catalyzed oxidative Pechmann-type condemsafiphenolsZ6) with [3-keto esters
(27) (Scheme 2.5§! The reaction proceeds via initial formation of Fmtermediate29.
The reductive elimination and tautomerization pdes 30. Finally, intramolecular
condensation a30 in the presence of iron catalyst generates beraof8 in good yields.
However, the mandatory requirement of an estertfoimality does not allow accessing the

2,3-diarylbenzdj]furans in this method.

OH o o FeCly (10 mol%) COE! ne~ CO%.
(t-BuO), (1 equiv) \ oY i

+ pr ot DCE, 100°C, 1 h Ph - Ph |

’ ’ O :PhML‘COZEt OH " .

26 27 28 o 29 . 30

Scheme 2.50xidative Pechmann type condensation of phenitls fvketo esters

The regioselective cyclization a@kralkynylphenols is one of the useful pathway foe th
synthesis of 2,3-disubstituted bertd@firans (Path Ill, Scheme 2.8}.As shown in eq. 1,
Scheme 2.6, the reaction of aryl halid&# with o-alkynylphenols 81) under the Pd-
catalyst gave 2,3-di-susbtituted benzofur@8&®° The reaction initiates with the
oxidative addition of Pd(0) on aryl halid82). Next, the coordination of ArPdLnX to
unsaturated bond forms compld4 Finally, intramolecular nucleophilic attack oftho-
oxygen moiety to the activated carbon-carbon tijged and reductive elimination results
2,3-diaryl-substituted  benzofuran 33.  Similarly, intramolecular Pt-catalyzed
carboalkoxylation of alkynes furnished the 2,3-Ostituted benzofurans (eq. 2, Scheme
2.6)°"™ Nucleophilic attack of the oxygen atom of the pfiecetal moiety oB5 to Pt-
activated triple bond gavd7. The 1,3-migration of the methoxymethyl group to the
carbon center generates the intermede elimination of PtCl finally deliver the

product36.
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sz(dba)3 (10 moI%
K>COs3, CH3CN

50°C,5h
! PtCl - OMe
PtCl, (5 mol%) OMe ! ?  ChPt
CO (1 atm) . i N + )
| (o] e
Toluene, 80 °C | +
0 " OMe . . OMe
35 37 38

Scheme 2.6Cyclization ofo-alkynylphenols

Recently, Stoltz group and others have successtidgd palladium-catalyzed oxidative
cyclization of o-allylphenols for the synthesis of benzofurans (eb 2.7} This
Fujiwara-Moritani/oxidative Heck cyclization inites through the formation of aryl-
palladatiod1. Thesynolefin insertion to ArPd(OAc) id1 then generate$2; finally syn

B-hydride elimination o#2 followed by rearrangement deliv40.

(:( Y\ Pd(OAc)

Pd(OAc)
42 H

Pd(OAc), (10 mol%)
ethyl nicotinate (40 mol%)

o benzoquinone (1 equiv) 0,
©/ K tAMOH:ACOH (4:1) 7
39 80-120 °C, 12-24 h 40
Scheme 2.7Cyclization ofo-allylphenols

Larock and others demonstrated an elegant apptoastnzob]furans involving the Pd-
catalyzed intermolecular cyclization adrtho-halogenated phenols with unactivated
alkynes (Path IV, Scheme 21}. The reaction proceeds via the oxidative additibthe
2-iodophenol 43) with Pd(0),syrrinsertion of arylpalladium to the alkyne, and tradide
displacement on Pd with oxygen nucleophile to thkenftion of46. Finally, reductive
elimination of the six membered palladacygtprovides45 (Scheme 2.8).

t-B Pd(OAC)2 5 mol%) o) ! t-B
| u \ PPh; (5 mol%) m By | u
+ ]
©i \ n-Bu,NCl (1 equiv). i ~
OH Me Na,CO; (5 equiv) Me i o Fd
" s DMF, 120 °C, 24 h 45 46

Scheme 2.8Larock benzofuran synthesis
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Recently, Zn(OTf}catalyzed coupling and cyclization of phenols wehminal propargyl

alcohols for the synthesis of 2-methyl-3-aryl-befuzans was reported (Scheme 24§

The activation of triple bond ¢f7 with Zn(OTf), allows the attack of phenol to the C2-

position of propargyl alcohol47 and generates ketond9. Lewis acid assisted

intramolecular cyclization of9 forms48.

C[H . <OH Zn(OTh, (10 mol%). wMe @Ehfo
OH Ph  Toluene, 100 °C, 16 h Ph 0~ Me

26 47 48 49

Scheme 2.9Coupling of phenols with terminal propargyl alots

A facile and efficient transformation of poly furanalized benzofurans is realized from
the three component coupling betweetho-hydroxybenzaldehyes(), secondary amines
51, and alkynylsilane52) with the aid of copper catalyst (Scheme 214%) The Lewis
acid Cu(OTf) assists in the generation of iminium intermedeatd facilitates the attack
of the copper acetylide to form propargyl amié Finally, intramolecular ®xodig
attack of hydroxyl group to the Cu-activated-alkyeads tdb3.

O Cu(OTf), (5 mol%) <N/>

CHO N N
@ , H CuCl (5 mol%) { : SHOT:
51 N : S
OH DMAP, CH,CN : A
MesSi——=—Ph  reflux © Pho on b
50 52 53 54

Scheme 2.10Three component coupling of phenol, amine angredk

Although these developed approaches have exparuedynthetic versatility of the

cyclization protocol for the synthesis of benzohgaunfortunately, the synthetic potential
of these strategies are limited by the requireneérfunctionalized precursors, such as
halogen or alkynyl bearing substrates, which caly twe obtained through specialized

protocols involving multistep procedur@ks.
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2.1.2. Background for Transition Metal (TM)-Catalyzed C-H Activation/C-O Bond
Forming Reactions

The TM-catalyzed oxidative annulation of anilindgpols/thiols with activated/
unactivated alkynes is the direct and ideal prdtomw the synthesis of various
heterocycles. These processes do not need thetpratad substrateshereby enhancing
the efficiency of the methdd? One such example is the Rh- and Ru-catalyzed tixila
annulation of a-naphthol §5) with diphenylacetylene 56) for the synthesis of
naphthopyrans, independently reported khura and Ackermann groups (Scheme
2.11)™ The hydroxy! directing group assists the cleavafythe G-H bond at theperi-
position forming five membered rhodacyd&8. The alkyne insertion 088 followed by

reductive elimination leads to naphthopyraiis

Ph
Ph tmTenmTemee e .
OH H ||| Rh-catalysis (Miura) O Ph P O—Rh/RuXE
+ - : : :
Ph Ru-catalysis (Ackermann) OO i 5 .
55 56 57 I

Scheme 2.110xidative coupling of 1-naphthol with internakghes

An interesting disclosure from Trost group demaates Pd-catalyzed annulation between
phenols and alkynoates for the synthesis of coursg&fl The reaction initiates witthe
formation of hydropalladium intermediaté2 from Pd(0) and formic acid.The
hydropalladium intermediate2 reacts with alkyne60 forming vinyl palladium
intermediate64. The reaction of64 with phenol §9) generates thertho-hydroxyl
cinnamate ester, which on lactonization deliversncarin61l. An alternate pathway for the
formation of ortho-hydroxyl cinnamate ester involves the reactionatdyne 60 with
hydridopalladium phenoxid&3 (Scheme 2.12).

0
Qe Pd,(dba)s CHCly OMe |  HPd-OCH 62
COEt (2.5 mol%) N HCO,Pd  H
' > : N _
||I NaOAc 10%, : @ PdH \_<
MeO OH HCOOH, 25°c  MeO e} CO,Et
59 60 61 63 64

Scheme 2.12Annulation of phenols with alkynoates

Recently, the Yu group reported the first examgleuo intramolecular aliphatic alcohol
directed GH activation/G-O cyclization method for dihydrobenzofura6é (Scheme
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2.13)!* The reaction initiates with the coordination of tralio-donor hydroxyl group to
Pd(ll); this provokes cleaving the proximat& bond towards the formation of the active
intermediate67. Finally, the oxidation of Pd(ll) to Pd(IV) and-O reductive elimination
of 67 deliver the dihydrobenzofuran prod&&

Pd(OACc), (5 mol%)

Li,CO5 (1.5 equiv)
% Phl(OAc), (1.5 equiv); ©\/O><

65 CsFs, 100°C, 36 h

..................

m()ﬁ(ux

.................

66 67

Scheme 2.13Intramolecular aliphatic alcohol directedt€ activation/G-O cyclization

An efficient approach to dibenzofurar@9 is realized via intramolecular phenol directed
C-H activation/G-O cyclization protocols from 2-phenylpheno&8) (Scheme 2.14%
With the isolation and X-ray crystallography chaesization of the anionic pivolate
ligand bearing four-coordinated Pd(Il) compl& it is believed that the in-situ generated
catalyst70 is actively participated in this reaction. The glate-group acts as a proton
shuttle and promotes activating the neighboringHCbond; this clearly reflects the

coordination of phenol —OH group to Pd(ll) as atredw-donor.

.....................

Pd(OAc), (5 mol%) Lo !
O IPr (10 mol%) O o :
O MesCOONa (0.5 equiv) O b

n OH K,COy, dafone, air o O Pd~o)\§

68 mesityl, 120°C IPr 2o

.....................

69

Scheme 2.14Intramolecular phenol directed-8 activation/G-O cyclization

The Ru-catalyzed dehydrativ@tho-C—H alkenylation and cyclization of phenol26f
with 1,2-cycloalkanediols/(l) is a direct route to benzofurar2 disclosed from Yi-group
recently (Scheme 2.15)! The reaction proceeds with the involvement of ¢aéonic

ortho-metalated Ru speci&dl, derived from the activation @rtho-C—H bond of phenol.

OH
[Ru] (1 mol%) ' HO—IRU HO:
@H , HOD cyclopentene @E@ i [H? \[R%]
OH HO Toluene, 100°C o i —->
26 71 72 73 74

Scheme 2.15Dehydrative cyclization of phenols with 1,2-diols
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2.1.3. Problems and Design Plan

While the TM-catalyzed annulation between anilimal ainactivated alkynes provides
indole and its derivatives with ed$8,a detailed survey of the literature reveals that t
one-step synthesis of benzofurans from readilylabi® phenols and unactivated alkynes
has so far remained elusive untill 2012 (Schem@)2.1

A
=|=
\ 7/
©)
I
+
/
A
/l\
Py

Scheme 2.16Benzofurans from phenols and alkynes

Therefore, the TM-catalyzed—-E activation/GC-O coupling reactions for the heterocycle

synthesis is a challenging problem.

specially designed metal-
ligated species can overcome

_________________________ thisstep ~ .
0O O"M_>
@ A O

W - S

unfavoured difficult to undergo prone to dimerize
four membered reductive elimination in oxidative

metallacycle for C—O bond formation conditions

Figure 2.2 Cumulative Challenges

The reactivity of phenol toward unactivated alkym@ssents the following challenges
(Figure 2.2):

1) the participation of an unfavorable four-membesgygen-metallacycld,*®

2) difficulties associated with the formation ofethC—O bond through reductive
elimination of the putative Pd(l1) intermedia®$"® and

3) sensitivity of phenols to strong oxidants, whigkldergo homocoupling in the presence
of TM.[26a.20]
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We thus became interested encountering this clyatigrproblem. To find a reasonable
solution, we envisioned the following possible palys shown in Figure 2.3ortho-
metalation of the phenol with highly electrophiliM species would generate the quinone-
type intermediate C, which then would generate D dligyne insertion. Finally,
aromatization and reductive elimination of D wouldliver the desired benzofuran. An
alternative approach for benzofuran synthesis wouldlve alkyne insertion on the TM-
aryloxide species E, to produce F, followed dmgho-C—H insertion of the TM and

reductive elimination.

................................................................................................

U O R e ®
quinone alkyne insertion alkyne insertion transition metal
type aryloxide

intermediate
Figure 2.3 Plausible solutions
Despite these cumulative challenges, herein wertrdpe development of an one-step
synthetic protocol for benzbffurans by the palladium-catalyzed oxidative antiataof

readily accessible phenols and unactivated inteihghes.

2.2. Results and Discussion

2.2.1. Reaction Optimization

We initiated our study by reacting 4-nitrophentbg) with diphenylacetylenesga) in the
presence of different combinations of palladium)(Patalysts and phosphine ligands as
shown in Table 2.1. The preliminary effort resultBmming either dimerization of
phenol/alkyne or no reaction, when the reactiondooted in the presence of Pd(O4c)
JohnPhos (L1)/dppe (L2) ligands,®0s/Ag.CO; bases, and Cu(OAcH,O oxidant in
1,4-dioxane (entries 1 and 2he reactions were performed at 130 °C in thisnojzétion
studies. Screening of various catalytic condititets us to observe that the phosphorus
ligands are not suitable. Recently, nitrogenouands were extensively employed for the
aerobic oxidation reactios? these ligands help in reducing the formation dfagéum
black and facilitate the € reductive elimination. To our delight, the degiteezofuran
product 5-nitro-2,3-diphenylbenzofurai6@) was noticed by GC, when Pd(0)-catalyst
was employed in combination with the bidentateogién-containing ligands.
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Table 2.1 Reaction between 4-nitrophenol and diphenylaeesd Optimization studi&s

Catalyst (5 mol%) Ph
O2N Ph Ligand (10 mol%) O,N
T, * \ e
OH Ph Base, Oxidant o
Solvent, 130 °C
75a 56a 76a
P(t-Bu)  Ph ph Ph Ph Ph Ph
P_F C{ >—_</ % \ ¢ \ A=
Ph /\’P\Ph /—N N—\ =N N= =N N= m
L1 L2 L3 L4 L5 L6
JohnPhos dppe Bathophen 1,10-phen  Bathocuproine 2,2'-bipy
entry catalyst ligand base oxidant solvent 7322230?[{,]

1 Pd(OAc) L1 K.CO;  Cu(OAcy-H,O 1,4-dioxane n.d.
2 Pd(OAc) L2 Ag.CO; Cu(OAcy H,O 1,4-dioxane n.d.
3 Pd(dba) L3 AgCO; AgOAC 1,4-dioxane 40
4 Pd(dba)} L3 Ag.CO; Cu(OAcy H,O 1,4-dioxane 60

5 Pd(dba) L3 K.,CO;  Cu(OAcy-H,O 1,4-dioxane n.d.
6 Pd(dba) L3 NaCO; Cu(OAcy HO 1,4-dioxane n.d.

7 Pd(dba) L3 CsCO; Cu(OAcy H,O 1,4-dioxane n.d.
8 Pd(dba) L3 KsPO,  Cu(OAcy-H,O 1,4-dioxane n.d.
9 Pd;(dba)s L3 AgOAc Cu(OAc),-H,O 1,4-dioxane 100 (98
10 Pd(dba) L4 AgOAc Cu(OAc» H,O 1,4-dioxane 90
11 Pd(dba) L5 AgOAc Cu(OAc)-H,O 1,4-dioxane 10
12 Pd(dba) L6 AgOAc Cu(OAc)-H,O 1,4-dioxane trace
13 Pd(dba) L3 AgOAc K2S,04 1,4-dioxane trace
14 Pd(dba) L3 AgOAC Oxone 1,4-dioxane trace
15 Pd(dba) L3 AgOAc Phl(OAc) 1,4-dioxane n.d.
16 Pd(dba) L3 AgOAC Cu(OAc) 1,4-dioxane trace
17 Pd(dba) L3 AgOAc TEMPO 1,4-dioxane 20
18 Pd(dba) L3 AgOAC G (1 atm) 1,4-dioxane 20
19 Pd(dba) L3 AgOAc Cu(OAc)-H,O 1,4-dioxane trace
20 Pd(PP¥)4 L3 AgOAc Cu(OAc)-H, O 1,4-dioxane 30
21 Pd(OAc) L3 AgOAc Cu(OAc)-H,O 1,4-dioxane 60
22 Pd(dba) L3 AgOAc Cu(OAc)-H.O DMF n.d.
23 Pd(dba) L3 AgOAc Cu(OAc)-H,O DMSO n.d.
24  Pd(dba) L3 AgOAc Cu(OAc)-H.O CH:CN n.d.
25 Pd(dba) L3 AgOAc Cu(OAc)-H,O Toluene 20
26 Pd(dba) -- AgOAc Cu(OAc» H,O 1,4-dioxane n.d.
27 -- L3 AgOAc Cu(OAcg)H,O 1,4-dioxane n.d.

[Bl Reaction conditions75a (2.0 equiv),56a (20 mg, 1.0 equiv, 0.11 mmol), catalyst (5.0 mql%)
ligand (10 mol%), base (2.0 equiv), oxidant (2.Qieyy and solvent (2.0 mL) at 13 for
24-48h."! Conversion based on crude GC using dodecane asahg&tandard® Yield of isolated
product on 1.0 mmol scale. n.d. = not detected.
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For example: the catalytic condition comprisingRab(dba), bathophenanthroline (L3),
Ag,CO;, and AgOAc oxidant in dioxane producetba in 40% vyield (entry 3).
Interestingly, the use of Cu(OAd,O oxidant and AgCOs; base under the identical
conditions led to produc@é6a with enhanced vyield (entry 4). The oxidants, basesl
solvents play critical role to the reactivity; wiketefore examined the effect of these
reagents. Inorganic bases such a&€®, NaCO;, CsCO; and KPO, were totally
ineffective (entries 58), whereas AgOAc was superior producirgéa in 92% isolated
yield (entry 9). We then examined the effect odhds in this transformation. Examination
of other bidented ligands revealed that the 1,1€1phthroline (L4) was equally efficient
(entry 10), while bathocuproine (L5) and 2,2'-bigyt (L6) produced trace amount é6a
(entries 11 and 12). The oxidarKsS,0s, oxone, PhlI(OAg) Cu(OAc) were ineffective
(entries1316). The desired product was observed in 20% yielen TEMPO and ©(1
atm) were used as oxidants (entries 17 and 18er@t(0)-catalysts such as Pd(dkza)d
Pd(PPB), were ineffective (entries 19 and 20), whereasRO@l) precursor Pd(OAg)
produced 60% of’6a (entry 21). Next, we examined the effect of sotvérhe strong
coordinating solvents like DMF, DMSO and gEN were failed to produce the desired
product (entries 2224). The reaction in toluene delivers 20% 0ba (entry 25).
Therefore, 1,4-dioxane was found optimal in thigcteon (entry 9). The Pd(0)-catalysts
and the N-bearing bidentate ligands are pivot#hi®transformation; the produg¢6éawas
not produced in the absence of either of(étob} or L3 (entries 26 and 27).

Recently, we have demonstrated the hydrophenogylatf electron-rich and electron-
poor phenols with unactivated internal alkynes tfer synthesis of arylvinyl ethers (the
results are discussed in ChaptefP3)The acidity of the phenol plays crucial role ifisth
reaction, provoking the requirement of the diffeareambination of base and solvent for
this reaction to proceed. We thus studied the i@adbetween the electron-rich 4-
methoxyphenol{5b) and56a under the optimized conditions shown in entry&)l€ 2.1.
Indeed only a trace amount of desired benzofuraneBioxy-2,3-diphenylbenzofuran
(76b) was noticed by GC (entry 1). Thus, various coratioms of bases, catalysts, ligands
and solvents were screened to find the acceptalbédytic conditions for the synthesis of
76b (Table 2.2). Among the bases examined, use of Na@stead of AQOAc resulted
76b in 20% vyield (entry 2), whereas other bases KOAd &sOPiv were ineffective

(entries 3 and 4). Yield of6b was marginally enhanced to 25%, when L4 was emgloye
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in the presence of NaOAc base (entry 5), wherelrerotigands were not successful
(entries 6 and 7). Under the prevailing oxidatieaditions, we observed the formation of
substantial amounts of alkyne-dimerization produect most cases. Interestingly,
performing the reaction with 4.0 equiv of phendioeded 76b in 40% vyield (entry 8).
Notably, the efficiency of the reaction was sigrafitly enhanced with the formation of
88% 76b, when an increased amount of 4-methoxyphenol €§uiv) with respect t&6a
(1.0 equiv) was used (entry 9). Under this conditimrmation ofalkyne dimerization
product was dramatically reduced. The catalyst Radj® was found to be moderate,

under the identical conditions (entry 10).

Table 2.2 Reaction between 4-methoxyphenol and diphenysss: Optimization
studied®

Catalyst (5 mol%) Ph

MeO Ph Li 1 ) MeO
O\ , \ igand (10 mol%) \mph
OH Base, Oxidant o)

Y

Ph
Solvent, 130 °C
75b 56a 76b
Ph Ph
P(t-Bu),  Ph ph Ph Ph

1 7 N N

,P’\,p\ 74 \ 4 \ / \ _ _

L1 L2 L3 L4 L5 L6
JohnPhos dppe Bathophen 1,10-phen  Bathocuproine 2,2'-bipy
, , yield of

entry catalyst ligand base oxidant solvent 760(%6)

1 Pd(dba} L3 AgOAc Cu(OAc)-H,O 1,4-dioxane trace

2 Pd(dba) L3 NaOAc Cu(OAc)-H,O 1,4-dioxane 20

3 Pd(dba} L3 KOAc Cu(OAc) H,O 1,4-dioxane trace

4 Pd(dba) L3 CsOPiv  Cu(OAgH,O 1,4-dioxane trace

5 Pd(dba)} L4 NaOAc Cu(OAc)- H,O 1,4-dioxane 25

6 Pd(dba) L5 NaOAc Cu(OAc)-H,O 1,4-dioxane trace

7 Pd(dba} L6 NaOAc Cu(OAc) H,O 1,4-dioxane 10
89  pdg(dba) L4 NaOAc Cu(OAc)H,O 1,4-dioxane 40
99  pdydba); L4 NaOAc Cu(OAc)-H,O 1,4-dioxane 100 (8%Y
109 Pd(OAc) L4  NaOAc Cu(OAc)H,O 1,4-dioxane 100 (5

[B] Reaction conditions75b (2.0 equiv),56a (20 mg, 1.0 equiv, 0.11 mmol), catalyst (5.0 mql%)
ligand (10 mol%), base (2.0 equiv), oxidant (2.Qie}y and solvent (2.0 mL) at 13 for
24-48h."! Conversion based on crude GC using dodecaneasahstandard® 75b (4.0 equiv)
and base (4.0 equiv) was us&l75b (5.0 equiv) and base (5.0 equiv) was us8dyield of
isolated product on 1.0 mmol scale. r=dhot detected.
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An extensive screening of various combinationsatélysts, bases and oxidants led to an
effective catalytic systems [Condition A: fdba), L3 (bathophenanthroline), AgOAc
base, and Cu(OAgH-O oxidant in 1,4-dioxane at 130 °C] for the preparaof 76a
(92% vyield) from the [3+2] annulations between thetivated p-nitrophenol and
unactivated internal diphenyl acetylene as showthénentry 9, Table 2.1. The Condition
B comprising of [Pg(dba}, L4 (1,10-phenanthroline), NaOAc base, and Cu(QAgD
oxidant in 1,4-dioxane at 130 °C] is selected k& preparation of6b (88% yield) from
the [3+2] annulations between the non-activatpanethoxyphenol and internal

diphenylacetylene as shown in the entry 9, Talile 2.

2.2.2. Scope of the Reaction

Having the optimized reaction conditions in hane, mext turned our attention to explore
the scope and functional group tolerance of tlaegformation. Table 2.3 summarizes the
annulation of various phenols with diphenylacetgldB6d). The substrate containing
highly electron withdrawing nitro group, 4-nitropta (758 reacted withb6a produced
nitro-substituted benzofurai6a in excellent yield under the condition A in 24 h.
Previously known methods for the synthesis of birzofurans involves multiple steps
with overall poor yield showing the efficiency dfet present reaction conditioRd. The
presence of cyano group on phe@bt did not affect the reaction outcome, providifge

in 70% vyield. Next the phenols bearing kefdbd), aldehyde 756, or ester 15f)
functional groups were subjected to annulate vé@a Interestingly, these common
functional groups were inert to the reaction cdondg, and the desired benzofuran
products76d, 76e and 76f were isolated in good vyields. The conditions B evesund
superior over conditions A in case of the reactiohd-hydroxybenzaldehyde%e or 4-
hydroxy methylbenzoate7%f) with 56a the reason to this observation is unclear.
Interestingly, the halogen functional groups (F &iylcontaining 4-fluorophenol76g) /
4-chlorophenol 715h) reacted with56a under the conditions B delivering the desired
benzofurans76g (74%) and76h (53%), respectively. X-Ray crystallographic anadysi
confirms the structure of6g (Figure 2.5). Next we investigated the relative stability of
common N- and O-protecting groups under the cuatalytic conditions. Unfortunately,
the 4-aminophenol76i) or N-methyl-4-aminophenol7j) failed to react wittb6a under
the present reaction conditions.
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Table 2.3 Substrate scope of phenéfs.

Ph Pdy(dba)z ( 5 mol%) Ph
M L3/L4 (10 mol%) N
RT + \ - Ry | )—Ph
= OH AgOAc/NaOAc Z~0
Ph Cu(OAc),"H,0
75 56a 1,4-Dioxane, 130 °C 76
Ph Ph % Ph Ph
O,N NC Vo OHC
N—ph N—ph N—ph N—ph
o o o o
76a, 92%, A, 24 h 76c, 70%, A, 24 h 76d, 52%, A, 48 h 76e, 90%, B, 48 h
Ph Ph Ph Ph
M902C F. Cl H2N
S—ph S—ph S—ph N—ph
o o o o
76f, 61%, B, 48 h 769, 74%,B,24h  76h, 53%, B, 24 h 76i,0 %
Ph Ph 0 Ph Ph
MeHN AcHN Ph—( \ PhOCO
S—ph S—ph o Ph N—ph
o o PH o
76j, 0 % 76k, 60%, B, 48 h  76l, complex mixture 76m, 50%, B, 24 h
Ph Ph Ph Ph
MeO Me
o
o] o] MeO o FsC
76b, 88%, B, 24 h 76n, 70%, B, 24 h 760, 90%, B, 24 h 76p, 54%, B, 24 h
Ph Ph Ph
N—pr, N—ph N—ph Ph
o O O \
Me Ph o~ "Ph
76q, 55%, B, 24 h 76r, 45%, B, 48 h 76s, 34%, B, 48 h 76t, 22%, A, 72 h
Ph
0 Ph Ph Ph
Ph N O
HﬁOWPh N6 N/
76u, 91%, B, 72 h 76v,0%, B, 72 h 76w, 0%, B, 72 h

[l Reaction conditions A75 (2.0 equiv),56a (178 mg, 1.0 equiv, 1.0 mmol), Rdba) (5.0
mol%), L3 (10 mol%), AgOAc (2.0 equiv), Cu(OAeH,O (2.0 equiv), and 1,4-dioxane (8.0 mL)
at 130°C; conditions B75 (5.0 equiv),56a(178 mg, 1.0 equiv, 1.0 mmol), fdba} (5.0 mol%),

L4 (10 mol%), NaOAc (2.0 equiv), Cu(OAeH,O (2.0 equiv), and 1,4-dioxane (8.0 mL) at 130
°C.
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Gratifyingly, the annulation betwedd-acetyl-4-aminophenol76k) and 56a proceeded
smoothly under the conditions B, leaving tRelAc moiety untouchednd the desired
benzofuran76k was exclusively isolated in 60% yield. We envisionedaeging the
molecular diversity by the reaction of hydroquindigl) with 56aunder the conditions B;
however, we could not isolate the product with iipidt benzofurans on hydroquinone
from the complicated reaction profile. To our dbtigthe benzofuran produZém was
obtained from the mono-O-benzoyl protected hydnogoe 75m) and56ain good yield
with the O-benzoatprotecting group intactinder the conditions B.

Excellent yields were obtained when the electroh-ri-methoxyphenol76b) and 4-
methylphenol T5n) were independently reacted wiiba under the conditions B and
provided 76b and 76n in 88% and 70% vyields, respectively. Remarkabihg meta
substituted phenolg50 75p and/or 75q were efficiently annulated with6a and the
corresponding highly regioselective benzofuran potsl76a 76p and76q were produced
through the formation of €C bonds at the less hindered side of the phenbl€Ta3).
Because of the steric effects, the reaction @ with the structurally demandingrtho-
substituted 2-methylpheno¥V%r) and 2-phenylphenol769 led to moderate amounts of
the corresponding benzofuraiér and 76sas expected. In contrast, the electron neutral
phenol 75t) reacted sluggishly even with the prolonged reactime with56a under both
the optimized conditions, providing poor yield @t. Heterocyclic core contained phenol
75u efficiently annulated witfb6a and afforded’6u in 91% yield. However, the other N-
containing heterocyclic substrates such as 3-hydryndine (7/5v) and 4-(1H-1,2,4-
triazol-1-yl)phenol 75w) were unsuccessful under the present optimizecttiosa
conditions, presumably because of the strong coratidn ability of the nitrogen atom.

To further demonstrate the scope of the reactianext examined the effect of electron-
rich and electron—deficient aryl substituted alkgiif@able 2.4). Reaction of electron-rich
4-methoxyphenyl substituted alky®®b with electron deficient 4-fluorophenofgf) or
electron rich 4-methoxyphenolgb) proceeds smoothly producing7aand77bin 69%
and 67% vyields, respectively. Similarly, the elentpoor 4-chlorophenyl substituted
alkyne 56¢ underwent annulation with electron rich 4-methdxsgmol (75b) efficiently
giving 77cin 75% vyield. Symmetrical heteroaromatic alkyn2-di(thiophen-2-yl)ethyne
(56d) was efficiently reacted witf5aresulting in77d in 55% vyield, under the conditions
B. Lack of conjugation makes the alkyl-substitutatkyne relatively less reactive

compared to aryl alkyné¥’
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Table 2.4 Substrate scope of alkyn&s.

H Condition A

R3
R + R3=-R? - 7N
Z“OH or Condition B R R?
75 56 270

R2 = R3 = 4-MeO-C¢H, (56b): R, =R =nPr (86e)
= R? = 4-MeO-CgH4 (56b); R? = CgHs, R® = n-Bu (56f);

R? = R® = 4-CI-CgH, (56¢); R2 = 1-Naphthyl, R? = n-Bu (569):
R? = R® = 2-Thiophen (56d);  R?= 4-MeO-CgH,, R® = n-Bu (56h)

R OMe MeOMe MeC
O OMe O O Cl

OMe
77b, 67%, B, 48 h 77c, 75%, B, 24 h
cl n-Pr O.N n-Bu
2
TS -0
O (@)

77d, 55%, A, 96 h 77e, 63%, B, 24 h 77f, 81%, A, 48 h

n-Bu n-Bu n-Bu

O,N MeO
N Ar N Ar \ Ar
O MeO O (@)
Ar = 1-naphthyl Ar = CgH5 Ar = 4-MeO-CgH,4
779, 64%, A, 48 h 77h, 76%, B, 48 h 77i, 68%, B, 48 h

[ Reaction conditions A75 (2.0 equiv),56 (1.0 equiv), Pg(dba) (5.0 mol%), L3 (10
mol%), AgOAc (2.0 equiv), Cu(OAg)H,O (2.0 equiv), and 1,4-dioxane (8.0 mL) at 130
°C; conditions B:75 (5.0 equiv),56 (1.0 equiv), Pgldba) (5.0 mol%), L4 (10 mol%),
NaOAc (2.0 equiv), Cu(OAg)H,O (2.0 equiv), and 1,4-dioxane (8.0 mL) at £80

Figure 2.4: NOESY studies
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To study the effect of the present conditions dtyladubstituted alkynes, 4-octynb6g
was therefore subjected to this transformationerbstingly, the desired 2,3-dialkyl
substituted benzofuran/e was delivered from 4-chlorophenalgh) in 63% vyield under
conditions B. Gratifyingly, highly regioselectivemzofurans were formed when alkyl-aryl
substituted unsymmetrical alkynes were employedenibhenyl anah-butyl substituted
alkyne 56f, was reacted with 4-nitrophenoV5a), 3-butyl-5-nitro-2-phenylbenzofuran
(77f) was obtained exclusively in 81% vyield. The stouetof77f is established based on
the NOESY studies (Figure 2.4) and X-ray diffrantanalysis (Figure 2.5NOE between
08.51 (s) and2.95 (t);07.83 (d) andd 2.95 (t) are clearly seen while no NOE between
aryl-aryl hydrogen’s are observed (Figure 2.4). sTtastablishes the structure of
regioisomer77f. The use of bulky internal alkyne, such as 1-(hepyl)naphthalene
(569 did not affect the regioselectivity, giving/g in 64% yield. NOE betwees8.61
(bd) ando 2.75 (t);07.57 (m) and 2.75 (t) are clearly seen while no NOE betweett ary
aryl hydrogen’s are observed; accordingly the stmecof regioisomer7gis established
(Figure 2.4).Similarly, the desired regioselective prodd@h was isolated in the reaction
of metasubstituted 3-methoxy-phenoV50 with 56f. NOE betweend7.77 (bd) and
02.87 (t); 67.38 (bd) andd2.87 (t) are clearly seen while no NOE between-aryl
hydrogen’s are observed; accordingly the structfregegioisomer77h is determined
(Figure 2.4). Both electron rich 4-methoxyphenol79b) and 1-(hex-1-ynyl)-4-
methoxybenzene56h) were reacted to produc®i in good yield. NOE betweed7.05
(bs) ando2.89 (1);07.74 (bd) and2.89 (t) are clearly seen while no NOE between-aryl
aryl hydrogen’s are observed; this establishestheture of regioisomef7i (Figure 2.4).
We were pleased to observe that our results censigtagree with the observations of the
groups of Larock and Fagnol!%?¥ the aryl-moiety is incorporated adjacent to the
oxygen functionality in benzofurans. Unfortunatelyjth present reaction conditions
terminal alkynes were incompatible and largely pistli the corresponding alkyne
homocoupling producté?

Encouraged by the wide substrate scope of phendlisikynes, the synthetic potential of
this strategy was examined by various complex pheeavatives of pharmaceutical
importance (Table 2.5). The amino acid derivatirBoc-L—tyrosine methyl ester7g8a)
successfully underwent annulation wiiea and the desired benzofuran derivatik@a
was isolated in 65% yiel@®
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Table 2.5 Derivatives of biologically important molecufds

H Ph Pds(dba)s ( 5 mol%) Ph

N 4 L3/L4 (10 mol%) _

Rt \ NaOAc RC [ D—Ph
OH A
Ph Cu(OAc),.H,0 0]
78 56a 1,4-Dioxane, 130 °C
alkyne product
Ph———~Ph moc
56a 79a, 65%, B, 48 h

0O

Ph—=—Ph Ph—
o)
56a 79b, 62%, B, 48 h
—n I
56a 79¢, 53%, B, 72 h
o — o )‘\/\Qfg—Ph
56a 79d, 0%, B 96 h

[ Reaction conditions B78 (5.0 equiv),56 (1.0 equiv), Pg(dba) (5.0 mol%),L4 (10
mol%), NaOAc (5.0 equiv), Cu(OAgH.O (2.0 equiv), and 1,4-dioxane (8.0 mL) at 130
(o]

C.

WS/
¥ce 02 o
F . . c =
~& G2 csc’ @ ., U/{b‘i-.. L /‘:\ ___Drn
P T L) :
18 f es q
s e B NG 4 \
“ (- ° cfs-h"c-'-‘\;, = tt;z “ cid b‘"‘;r?/

Figure 2.5 ORTEP diagrams of6g, 77f and 79b with 30% probability level except for
the H atoms, which are omitted for the clarity.
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Gratifyingly, the base mediated reactions did niféca the stereointegrity of the L-
tyrosine even at the elevated temperature. Theres{r8h), despite its complex structure,
when reacted witfh6a smoothly underwent annulation furnishééb in good yieId.ZSb]
The coumarin derivative umbelliferon@8c) reacted wittb6ga resulting79cin moderate
amount® Notably, the present reaction conditions did rifetca the lactone functionality
of coumarin. Pleasingly, thertho-substituted vanillylidenacetone78d), the chief
constituent of the fragrant vanilla derivatf¢®’ reacted sluggishly witts6a providing
79din poor yield, as a consequence of dno-substituted phenols.

The interesting results by Miura and Ackermann geodlemonstrate the synthesis of
naphthopyrans through the Rh- and Ru-catalyzed ativiel annulation betweem-
naphthol and alkynes, respectivEf. Therefore, we have applied our optimized reaction
conditions to these substrates; to our delight thagflrans were obtained in contrast to
naphthopyrans. Under the catalytic conditions Bemr-naphthol §5) reacted withb6a

the naphthofuran produ@0a was exclusively isolated, albeit in poor yield lime
2.17)*® Pleasingly, with an electron-rich alky®b, an enhanced yield of the desired
naphthofurarB0b was obtained. Similarly, the electron-poor alkyée reacted withb5
under the conditions B and delivered the napthof@&@c in moderate yield. Thus, two

distinct products can be produced independentheuRdth or Pd catalysis.

L, %
Q O™ SAr Th|swork “/ I‘I Ref [13] Ar .0

Ar
naphthofuran naphthopyran

80a, 36%, B, 48 h 80b, 53%, B, 48 h 80c, 41%, B, 48 h
Scheme 2.17 Switching the site selectivity. Reaction condisoB summarized in Table
2.3
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2.2.3. Mechanistic Studies

To gain insight into the reaction mechanism, weisaged performing the deuterium
labeling experiment to find the involvement ofl& bond cleavage. Thus, we performed
an intermolecular kinetic isotope experiment inwadvphenol 75t) and phenol-d575t-
d5) (1:1). As shown in Scheme 2.18, reaction amgiy 75t-d5, and56awas carried out
under the standard reaction conditions B for 24nkerestingly, a significant kinetic
isotope effect was observed{/Kp = 3.0). This observation supports the participatd

Pd-mediated €H bond cleavage in the mechanistic cytie.

OH OH Ph Pd,(dba); (5 mol%) Ph D pn
D D 1,10-phen (10 mol%) { D N
"5 5 |’| AgOAG (4.0 equiv) g 5 g
D Ph  Cu(OAc),-H,0 (2.0 equiv) D
-di 76t 76t-d4
75t 75t-d5 56a 1,4-dioxane, 130 °C Ko/Kg = 3.0

Scheme 2.18Kinetic isotope study

Based on this KIE data and literature precedengalaasible mechanism is shown in
Scheme 2.19. The reaction proceeds with Pd(ll) eb & Pd(0) sources as shown in
optimization studies. It is well known that Pd(®) readily oxidized to Pd(ll) in the
presence of Cu(OAg) Therefore, we assumed that the reaction is tadidby Pd(ll)
intermediate, even though a Pd(0) source was useer wptimized reaction conditioHs.
Thus, coordination of the N-bearing bidentate Igyém Pd(dba}, followed by Cu(OAQ)
assisted oxidation &1 generates the active Pd(ll) spe@es

At this stage, attack of phenol onto the electrbph?d(ll) species may occur in two
different ways. Mechanistic cycle | (Scheme 2.1fpives the attack of phenol oré@to
produce Pd(ll)-phenoxide specie83 and liberate AcOF?” Subsequently, the
coordination of the alkyne 83 would induce its phenoxypalladation to aff@d Base-
assisted intramoleculartho-C-H insertion by the Pd catalyst then leads8¥o Finally,
reductive elimination delivers the desired benzafuproduct76t and regenerates the
Pd(0) species for the next catalytic cycle. Ondtier hand, mechanistic cycle Il involves
the ortho-palladation of phenol by electrophilic Pd(Il)-spesc82, gives thequinone-type
intermediate86.1*%%! Alkyne coordination followed by carbopalladatidren affords7,
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whereuponbase-induced rearomatization yiel@® The catalytic cycle is completed by

the liberation of the product along with Pd(0) tngb reductive elimination @&8.

Ph

o‘F,d N @— o Ph
' )/ Ph TN 6 d Ph ‘\QBHJ(
| Ph .
B 88 e Pd(O) NN 85

M N'gy

Ol}l N O Ph
O b oA l[Cu(OAc)z] ©/
 Ph 1 I
H o Ngld),OAc NN OPh
87 N~ ""OAc
82
Ph \ 0 / \ N ||)O© /
HO
ngh F;qOAC ( 568
Base
s NN RO

Scheme 2.19Proposed mechanistic cycle

Even though the TM—oxygen bond is relatively wdake-TM alkoxides and phenoxides
have successfully been employed in various metalcaed organic transformatiots.
The van Koten grodff’ and others recently demonstrated elegant methodshe
synthesis of TM alkoxides and phenoxides. Theaktialculations have predicted the
existence and relative strength of-® bonds?®! Importantly, the strength of the D
bond depends solely on the electron density thairésent on the oxygen; electron-
withdrawing groups on the phenol lower electronat@n of oxygen to the metal,
forming a weak MO bond.In contrast, electron-donating groups on phenotease
electron density on oxygen, forming a strong®bond. Furthermore, hydrogen bonding
between phenol and metal phenoxide is crucial enféhmation of bis(phenol) adducts, so
that an additional amount of phenol is requiredrige the reaction to completion. These

facts clearly support the need of an excess phenol.

In order to clarify the present possible oxidataenulation mechanisms, we further
investigated the mechanism by synthesizing bisgap)palladium(ll) complex 89
following van Koten's proceduf®” Then, the complex89 was subjected to reaction

conditions B , gratifyingly, the desired benzofurést was obtained in 31% vyield. This
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result corroborates the requirement of additionglivalents of phenols to form
bis(aryloxo)palladium(ll) complexes, which interaatith phenols through hydrogen
bonding to form the bis(phenol) addié® As a consequence, the reaction between
phenol and unactivated internal alkynes most likalgceeds via participation of active

bis(aryloxo)palladium complexes and subsequoetito-C-H bond cleavage, i.e., cycle | is

more likely.
L0 o
Ph u C)o.M> Ph
SN0 (2.0 equiv)
APy | > N—ph
7N O L Dioxan, 130 °C o
X 96 h
89 56a 76t, 31%
2.0 equiv 1.0 equiv

Scheme 2.20Stoichiometric reaction d@6awith complex89

2.3. Conclusions

In summary, we have developed a novel one-stefnatratmethod for the construction of
2,3-disubstituted benzofurans involving palladiuatatyzed oxidative annulations of
commercially available phenols with readily accelesunactivated internal alkynes. The
catalytic conditions are optimized with respectdiectron-deficient and electron-rich
substituted phenols. The reaction exhibits a bre#uktrate scope and various common
functional groups are tolerated under optimizedalgdt conditions. A single
regioisomeric benzofuran is obtained in the anmriatof phenols with aryl-alkyl-
substituted unsymmetrical alkynes, whereas reactdn 1-naphthol with alkynes
exclusively produced the naphthofurans rather thaphthopyrans. Furthermore, the
benzofuran skeleton is successfully installed ommlex molecules that contained the
phenolic OH group. A preliminary mechanistic invgation reveals the participation of a
bis(aryloxo)-palladium(ll) complex and the involvent of ortho-C-H bond cleavage of
the phenal Given the ready availability of the catalyst systand the broad substrate
scope, we believe this new synthetic approach tofhdility in the fabrication of novel

frameworks.
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2.4. Future Work

The present work successfully demonstrates théhsgigt of benzdjffurans from readily
available precursors phenols and unactivated iateatkynes,which to the best of
knowledge is the first reporHowever, the reaction need more amount of the gleeand
130 °C is the required temperature. We hope this nos@ttion would be useful in the
fabrication of extendedrconjugated benzofuran structural motifs. Howeveg, assume
the harsh reaction conditions would impose hurdlas the broad synthetic utility.
Therefore, development of mild reaction conditibmsthe synthesis of benzofurans from
phenols and unactivated alkynes is always desirable

Interestingly, a sequential nucleophilic additidrpbenols to alkynes promoted by Cu(ll)
and Lewis acid catalyzed intramolecular electraphisubstitution and oxidative
cyclization for the synthesis of benzofurans isorésd by H. Jiang and co-workE&ré
(Scheme 2.21).

Cu(OTH), (10 mol%) Ph

©\ Ph\ ZnCl, (1.5 equiv) m
OH * \ 02 ballon B O Ph

PhNO,, 120 °C
75q 56a 76t

_____________________________

Scheme 2.21Cu-Catalyzed benzofuran synthesis from phenoladkyhes

The copper mediated oxidative coupling of phenals alkynes have been recently shown
by Z. Shi and co-workef€” The reaction proceeds involving the reversibletedphilic
carbocupration of phenol followed by alkyne insartand cyclization (Scheme 2.22).

RA(IIl) and Ag()
Cu(OTf), Ph

©/OH L OH Ph—== -:' Ph O\Cu(II)L \
Cu(II)L g Ph

Conditions: [Cp*Rh(MeCN)3](SbFg), ( 5 mol%), Cu(OTf), (1.0 equiv), AgPFg (2.5 equiv),
Acetanilide (20 mol%), DTAC (Dodecyl trimethyl ammonium chloride) (50 mol%),
Decalin, 120 °C

Scheme 2.22Cu-Mediated benzofuran synthesis from phenolakghes
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A possible extension of this work is directed tosgathe synthesis of large macrocyclic-
units involving the intramolecular cyclization diet alkyne-tethered phenols (Scheme
2.23).

OH o O—PdL O | Ph O._Ph
©;v>/ Ct(ﬂéph @[MIM @[J
n n n n

n=123etc
Scheme 2.23Strategy for oxygen-bearing heterocycle synthesis

We therefore envision the synthesis of complexnahfaroducts such as beilshmiedin and

conioxepinol A etc using the recently developedtsty (scheme 2.245°!

0
O o)
OMe
H OH Q OH X
H
N L
Me (@)
H 0 o
Me OMe

beilshmiedin conioxepinol A ovalifoliolatin B

Figure 2.24 Selected natural products

2.5. Experimetal

2.5.1. Materials: Unless otherwise noted, all the reagents and irgeiaes were obtained
commercially and used without purification. Accargli to the standard procedures
solvents were dried and stored under moleculaesi\Ligands (L1-L6), and palladium
catalysts are purchased from Aldrich Ltd. and usedeceived. Diphenylacetylers6g),
4-octyne 566, 1-phenyl-1-hexyne56f) are purchased from Sigma Aldrich Ltd. Alkynes
such as 1,2-bis(4-methoxyphenyl)ethybél), 1,2-bis(4-chlorophenyl)ethyn&gc), 1,2-
di(thiophen-2-yl)ethyne 56d), 1-(hex-1-ynyl)naphthalene5§g), and 1-(hex-1-ynyl)-4-
methoxybenzene56h) are prepared following the respective literatymecedurd
Analytical and spectral data of all those knownyals are exactly matching with the

reported values.
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2.5.2. Typical procedure for the reaction of activeed phenols with alkynes (GP-1;

condition-A):

In an oven dried Schlenk tube, phenol (2.0 mmdKyre (1.0 mmol), Pgdba) (0.05
mmol), bathophenathroline (L3, 0.10 mmol), AgO&0 mmol), Cu(OAc) H,O (2.0
mmol), and 1,4-dioxane (8.0 mL) were introducede Thsulting reaction mixture was
stirred at 130°C. Progress of the reaction was monitored by TLGGr analysis, while
noticing complete consumption of alkynes employeeaction was continued for the time
shown in the respective Tables, and brought to réemperature. The reaction mixture
was diluted with dichloromethane (5.0 mL), andefitd over a small pad of Celite.
Solvent was evaporated under the reduced pressdréha crude reaction mixture was

purified using silica gel column chromatography.

2.5.3. Typical procedure for the reaction of unactiated phenols with alkynes (GP-2;

condition-B):

In an oven dried Schlenk tube, phenol (5.0 mmdKyre (1.0 mmol), Pgdba) (0.05
mmol), 1,10-phenathroline (L4, 0.10 mmol), NaO&c0 mmol), Cu(OAc) H,O (2.0
mmol), and 1,4-dioxane (8.0 mL) were introducede Thsulting reaction mixture was
stirred at 13C°C. Progress of the reaction was monitored by GQyaisa while noticing
complete consumption of alkynes employed. Reaatias continued for the time shown
in the respective Tables, and brought to room teatpee. The reaction mixture was
diluted with dichloromethane (5.0 mL), and filtereder a small pad of Celite. Solvent
was evaporated under the reduced pressure andutie reaction mixture was purified

using silica gel column chromatography.
2.5.4. Spectral and analytical data of the compoursd

5-Nitro-2,3-diphenylbenzofuran (76a):

Ph Following the general procedure (GP-1) in conditién a
OZNmPh mixture of 4-nitrophenol15g 278 mg, 2.0 mmol}k6a (178 mg,
o 1.0 mmol), AgOAc (333 mg, 2.0 mmol), Cu(OAd#,O (399

76a

mg, 2.0 mmol) in the presence of;Rtba} (45 mg, 0.05 mmol)
and L3 (33 mg, 0.1 mmol) in 1,4-dioxane (8.0 mL)sweeated at 130C for 24 h. Upon

usual work-up, the crude mixture was purified bljcai gel column chromatography
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eluting with hexane: ethyl acetate (49:1) to aff@@h (290 mg) in 92% vyield as pale

yellow solid.

mp 160-161°C; R = 0.44 (49:1 hexane/EtOACH NMR (400 MHz, CDCls) 8.39 (bd,

J = 4.0 Hz 1H), 8.26 (dd] = 12.0, 4.0 Hz, 1H), 7.77.59 (m, 3H), 7.557.43 (m, 5H),
7.35 (bt,J = 4.0 Hz, 3H);"*C NMR (101 MHz, CDCls) 0156.8, 153.7, 144.5, 131.2,
130.9, 129.6, 129.4, 128.7, 128.5, 127.2, 120.8,011116.7, 111.9R (KBr) Vmax 3046,
2915, 1600, 1517, 1446, 1347, 1271, 1063, 761auS (EI) m/z (%) 316 (M+1, 100),
302 (8), 286 (8), 238 (8), 222 (FHjemental analysiscalcd for GoH13NOs: C 76.18, H
4.16, N 4.44. Found: C 76.32, H 4.21, N 4.36.

2,3-Diphenylbenzofuran-5-carbonitrile (76c):

NG Ph Following the general procedure (GP-1) in condithgna mixture
mPh of 4-hydroxybenzonitrile {5¢ 238 mg, 2.0 mmol)56a (178 mg,

O
76¢ 1.0 mmol), AgOAc (333 mg, 2.0 mmol), Cu(OAdLO (399 mg,

2.0 mmol) in the presence of fdba) (45 mg, 0.05 mmol) and L3 (33 mg, 0.1 mmol) in
1,4-dioxane (8.0 mL) was heated at 13D for 24 h. Upon usual work-up, the crude
mixture was purified by silica gel column chromatgghy eluting with hexane: ethyl
acetate (49:1) to affordéc (207 mg) in 70% yield as pale yellow solid.

mp 109-110°C; R = 0.38 (49:1 hexane/EtOAC)H NMR (400 MHz, CDCls) §7.83 (bs,
1H), 7.7+7.65 (m, 2H), 7.647.58 (m, 2H), 7.557.46 (m, 5H), 7.397.32 (m, 3H);**C
NMR (101 MHz, CDCl3) 6155.6, 152.8, 131.3, 131.1, 129.6, 129.3, 129.8,61228.4,
128.3, 127.2, 125.2, 119.4, 117.1, 112.3, 10R(KBr) vmax 3057, 2222, 1653, 1462,
1373, 1265, 1197, 1057, 879, 808, 761, 696'cMS (EI) m/z (%) 296 (M+1, 100), 272
(1), 240 (10)Elemental analysiscalcd for GiH13NO: C 85.40, H 4.44, N 4.74. Found: C
85.32, H 4.36, N 4.81.

1-(2,3-Diphenylbenzofuran-5-yl)ethanone (76d):

0]
Ph Following the general procedure (GP-1) in condithgra mixture
)J\©f\ngh of 4'-hydroxyacetophenon&gd;, 272 mg, 2.0 mmol)56a (178
0]
76d mg, 1.0 mmol), AgOAc (333 mg, 2.0 mmol), Cu(OA¢),0 (399

mg, 2.0 mmol) in the presence of,Rtba) (45 mg, 0.05 mmol) and L3 (33 mg, 0.1
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mmol) in 1,4-dioxane (8.0 mL) was heated at 2@0for 48 h. Upon usual work-up, the
crude mixture was purified by silica gel column amnatography eluting with hexane:

ethyl acetate (49:1) to affo@bd (163 mg) in 52% yield as pale yellow solid.

mp 102-103°C; R = 0.41 (49:1 hexane/EtOACY NMR (400 MHz, CDCl3) 8.12 (d,

J = 1.6 Hz, 1H), 8.01 (dd] = 8.4, 1.6 Hz, 1H), 7.77.62 (m, 2H), 7.59 (d) = 8.8 Hz,
1H), 7.547.50 (m, 4H), 7.497.45 (m, 1H), 7.387.31 (m, 3H), 2.64 (s, 3H}’*C NMR
(101 MHz, CDCk) 6197.7, 156.6, 152.1, 132.9, 132.0, 130.5, 130.0,70229.2, 128.9,
128.6, 128.1, 127.1, 125.5, 121.3, 117.9, 111.29;2R (KBr) Vmax 2964, 1682, 1433,
1352, 1261, 1022, 800, 763, 692, 603 ¢rMS (EI) m/z (%) 313 (M+1, 100), 182 (5),
147 (5);Elemental analysiscalcd for GoH160,: C 84.59, H 5.16. Found: C 84.41, H 5.23.

2,3-Diphenylbenzofuran-5-carbaldehyde (76e):

Ph

OHC Following the general procedure (GP-2) in conditigra mixture
mph of 4-hydroxybnzaldehyde76e 610 mg, 5.0 mmol)56a (178 mg,

O
76e 1.0 mmol), NaOAc (410 mg, 5.0 mmol), Cu(OA¢).0 (399 mg,

2.0 mmol) in the presence of fdba) (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in
1,4-dioxane (8.0 mL) was heated at 13D for 48 h. Upon usual work-up, the crude
mixture was purified by silica gel column chromatgghy eluting with hexane: ethyl

acetate (49:1) to afford6e (269 mg) in 90% yield as colorless solid.

mp 137138°C; R = 0.38 (49:1 hexane/EtOACH NMR (400 MHz, CDCls) §10.04 (s,
1H), 8.04 (bs, 1H)7.91 (dd,J = 8.8, 2.0 Hz, 1H), 7.77.62 (m, 3H), 7.567.49 (m, 4H),
7.48-7.43 (m, 1H), 7.387.31 (m, 3H);**C NMR (101 MHz, CDCls) §191.8, 157.4,
152.4, 132.4, 131.8, 131.0, 129.8, 129.7, 129.9,012128.6, 128.2, 127.1, 126.3, 123.3,
117.8, 111.9IR (KBr) vmax3059, 2797, 2702, 1687, 1583, 1440, 1371, 134&5,17199,
1145, 1111, 1059, 102817, 758, 688 ci; MS (EI) m/z (%) 299 (M+1, 100), 289 (3),
209 (12);Elemental analysiscalcd for GiH140,: C 84.54, H 4.73. Found: C 84.42, H
4.77.

Methyl-2,3-diphenylbenzofuran-5-carboxylate (76f):

Following the general procedure (GP-2) in conditiBy a mixture of methyl-4-
hydroxybenzoate76f, 760 mg, 5.0 mmolk6a(178 mg, 1.0 mmol), NaOAc (410 mg, 5.0
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) o mmol), Cu(OAc)-H,O (399 mg, 2.0 mmol) in the presence of

MeO N Pd,(dba} (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-1,4
o Ph dioxane (8.0 mL) was heated at 13D for 48 h. Upon usual

76f

work-up, the crude mixture was purified by silical golumn
chromatography eluting with hexane: ethyl acetd&1() to afford76f (200 mg) in 61%

yield as colorless solid.

mp 165-166°C; R = 0.41 (24:1 hexane/EtOACH NMR (400 MHz, CDCls) 88.22 (bs,
1H), 8.07 (dd,J = 8.0, 4.0 Hz, 1H), 7.77.63 (m, 2H), 7.59 (dJ = 8.0 Hz, 1H),
7.55-7.42 (m, 5H), 7.397.30 (m, 3H), 3.92 (s, 3H)**C NMR (101 MHz, CDCly)
0167.3, 156.6, 151.9, 132.1, 130.4, 130.1, 129.8,21228.8, 128.5, 128.0, 127.1, 126.5,
125.4, 122.5, 117.8, 111.0, 52IR (KBr) vmax 2957, 2924, 1714, 1616, 1485, 1439,
1375, 1286, 1242, 1095, 1059, 1024, 985, 906, 863, cm’; MS (El) m/z (%) 329
(M*+1, 100), 289 (5), 255 (5), 223 (1Btemental analysiscalcd for G,H:¢03: C 80.47,

H 4.91 Found: C 80.28, H 4.86.

5-Fluoro-2,3-diphenylbenzofuran (76g9):

E Ph Following the general procedure (GP-2) in condityra mixture of

mph 4-fluorophenol 75f; 560 mg, 5.0 mmol)56a (178 mg, 1.0 mmol),
0]

769 NaOAc (410 mg, 5.0 mmol), Cu(OAcH,O (399 mg, 2.0 mmol) in

the presence of R@ba) (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-didxane
(8.0 mL) was heated at 13@ for 24 h. Upon usual work-up, the crude mixturasw
purified by silica gel column chromatography elgtiwith hexane to afford6g (214 mg)

in 74% vyield as colorless solid.

mp 115-116°C; R = 0.69 (hexane)H NMR (400 MHz, CDCl3) §7.69 (bd,J = 8.0 Hz,
2H), 7.56-7.35 (m, 6H), 7.347.21 (m, 3H), 7.18 (bd] = 8.0 Hz, 1H), 7.08 (bt) = 8.0
Hz, 1H); *C NMR (101 MHz, CDCls) §159.5 (d,J = 239 Hz), 152.3, 150.2, 132.4,
131.1 (dJ =11 Hz), 130.4, 129.6, 129.1, 128.7, 128.5, 12¥29.1, 117.7, 112.3 (d,=

26 Hz), 111.7 (dJ = 9.1 Hz), 105.6 (dJ = 25 Hz);®F NMR (470 MHz, CDCly)
0-120.5; IR (KBr) vmax 3065, 3028, 1601, 1469, 1444, 1213, 1141, 1062, 883, 758,
690 cm?; MS (EI) m/z (%) 289 (M +1, 100), 267 (10), 253 (13), 205 (21), 189 (2);
Elemental analysiscalcd for GoH13FO: C83.32, H 4.54. Found: C 83.19, H 4.59.
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5-Chloro-2,3-diphenylbenzofuran (76h)2%

cl Ph Following the general procedure (GP-2) in conditi&gina mixture
mPh of 4-chlorophenol 75h; 642 mg, 5.0 mmol)56a (178 mg, 1.0
76h mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAdH,O (399 mg, 2.0

mmol) in the presence of Rdba} (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-1,4
dioxane (8.0 mL) was heated at 13D for 24 h. Upon usual work-up, the crude mixture
was purified by silica gel column chromatographytiaely with hexane to afford@déh (162

mgq) in 53% yield as colorless solid.

mp 113-114°C; R = 0.67 (hexane)*H NMR (400 MHz, CDCls) d7.69-7.62 (m, 2H),
7.51-7.42 (m, 6H), 7.367.32 (m, 3H), 7.30 (d] = 2.4 Hz, 1H), 7.27 (bd] = 2.8 Hz, 1H);
¥C NMR (101 MHz, CDCl3) 0152.4, 151.9, 132.2, 131.7, 130.2, 129.7, 129.83,82
128.7, 128.5, 128.0, 127.1, 124.9, 119.7, 117.2,21R (KBr) vmax 3059, 1602, 1502,
1439, 1321, 1255, 1205, 1057, 966, 864, 804, 788,01 "; MS (E) m/z (%) 305 (M
+1, 100), 277 (2), 177 (2Elemental analysiscalcd for GoH13CIO: C 78.82, H 4.30.
Found: C 78.73, H 4.35.

N-(2,3-Diphenylbenzofuran-5-yl)acetamide (76Kk):

H Ph Following the general procedure (GP-2) in conditiBn a
\g/ (; Phl mixture of acetaminophery%k; 755 mg, 5.0 mmol)56a (178
76k mg, 1.0 mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAELO

(399 mg, 2.0 mmoal) in the presence obf@ba) (45 mg, 0.05 mmol) and L4 (18 mg, 0.1
mmol) in 1,4-dioxane (8.0 mL) was heated at 2@0for 48 h. Upon usual work-up, the
crude mixture was purified by silica gel column amatography eluting with hexane:
ethyl acetate (49:1) to affoi@bk (197 mg) in 60% yield as colorless solid.

mp 242243 °C; R = 0.52 (3:2 hexane/EtOAc)'H NMR (400 MHz, DMSO-ds)
09.98 (bs, 1H), 7.80 (bdJ = 4.0 Hz, 1H), 7.647.47 (m, 6H), 7.467.41 (m, 3H),
7.39-7.30 (m, 3H), 2.01 (s, 3H}*C NMR (101 MHz, DMSO-ds) 5168.5, 150.9, 150.0,
135.8, 132.5, 130.3, 130.0, 129.8, 129.7, 129.8,5,226.9, 117.8, 111.5, 110.0, 24R;
(KBr) Vimax 3254, 3068, 2925, 1660, 1627, 1578, 1473, 125@2,1865, 761, 690 crh
MS (El) m/z (%) 328 (M +1, 100), 292 (13), 277 (13), 191 (2Blemental analysis
calcd for GoH17NO,: C 80.71, H 5.23, N 4.28. Found: C 80.58, H 5182, 19.
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2,3-Diphenylbenzofuran-5-yl benzoate (76mj*

oh O Ph Following the general procedure (GP-2) in conditiBn a
\([)]/ mph mixture of 4-hydroxyphenyl benzoate/5m; 1.07 g, 5.0
76"? mmol),56a(178 mg, 1.0 mmol), NaOAc (410 mg, 5.0 mmol),

Cu(OAc)-H20 (399 mg, 2.0 mmol) in the presence of(Bda) (45 mg, 0.05 mmol) and
L4 (18 mg, 0.1 mmol) in 1,4-dioxane (8.0 mL) wasteel at 130C for 24 h. Upon usual
work-up, the crude mixture was purified by silicg golumn chromatography eluting with
hexane: ethyl acetate (49:1) to aff@i@im (196 mg) in 50% vyield as colorless solid.

mp 119-120°C; R = 0.51 (49:1 hexane/EtOAc)H NMR (400 MHz, CDCls) 68.26 (d,

J = 8.0 Hz, 2H), 7.72 (dd] = 8.0, 4.0 Hz, 2H), 7.6%.62 (m, 2H), 7.587.42 (m, 7H),
7.41-7.32 (m, 4H), 7.21 (dd] = 8.0, 4.0 Hz, 1H)**C NMR (101 MHz, CDCls) J165.8,
152.0, 151.7, 146.9, 133.6, 132.5, 131.2, 130.8,23129.8, 129.6, 129.1, 128.7, 128.6,
128.5, 127.9, 127.1, 118.7, 117.8, 112.8, 11IR7(KBr) vmax 3040, 2964, 2854, 1725,
1599, 1457, 1331, 1249, 1150, 1062, 1030, 695;04S (EI) m/z (%) 391 (M +1, 100),
364 (2), 265 (2), 236 (2Elemental analysiscalcd for G;H1503: C 83.06, H 4.65. Found:
C83.12, H4.71.

5-Methoxy-2,3-diphenylbenzofuran (76b)>*

MeO Ph Following the general procedure (GP-2) in conditigjra mixture

e
mph of 4-methoxyphenol7sb; 620 mg, 5.0 mmol)56a (178 mg, 1.0
76bo mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAd),0 (399 mg, 2.0

mmol) in the presence of {dba) (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-1,4

dioxane (8.0 mL) was heated at 13D for 24 h. Upon usual work-up, the crude mixture
was purified by silica gel column chromatographutialy with hexane: ethyl acetate

(49:1) to afford76b (264 mg) in 88% vyield as pale yellow solid.

mp 84-85°C; R = 0.58 (49:1 hexane/EtOAC) NMR (400 MHz, CDCls) 57.64 (dd,J

= 8.0, 1.2 Hz, 2H), 7.5%.41 (m, 6H), 7.357.29 (m, 3H), 6.96 (bd] = 2.4 Hz, 1H), 6.94
(bs, 1H), 3.82 (s, 3H)*C NMR (101 MHz, CDCl3) §156.3, 151.4, 149.0, 133.0, 130.8,
129.8, 129.1, 128.4, 128.3, 128.2, 127.6, 126.9.711113.6, 111.6, 102.3, 56.(R
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(KBI) Vmax 2692, 1601, 1471, 1261, 1226, 1026, 800, 6925cMS (EI) m/z (%) 301
(M* +1, 100), 287 (5), 255 (2), 227 (2).

5-Methyl-2,3-diphenylbenzofuran (76n)+°!

" Ph Following the general procedure (GP-2) in conditiina mixture
e

N pp| of p-cresol {5n; 540 mg, 5.0 mmol)56a (178 mg, 1.0 mmol),

76no NaOAc (410 mg, 5.0 mmol), Cu(OAcH,O (399 mg, 2.0 mmol)

in the presence of Raba) (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-didxane

(8.0 mL) was heated at 13@ for 24 h. Upon usual work-up, the crude mixturasw
purified by silica gel column chromatography elgtivith hexane: ethyl acetate (49:1) to

afford 76n (199 mg) in 70% vyield as colorless solid.

mp 112-113°C; R = 0.60 (hexane):H NMR (400 MHz, CDCls) 7.68 (dd,J = 8.4, 2.0
Hz, 2H), 7.557.42 (m, 6H), 7.3%7.29 (m, 4H), 7.17 (dd] = 8.4, 1.2 Hz, 1H), 2.45 (s,
3H); °C NMR (101 MHz, CDCl;) §152.5, 150.6, 133.1, 132.4, 130.8, 130.4, 129.8,
129.0, 128.4, 128.3, 127.6, 126.9, 125.9, 119.8,311110.6, 21.4tR (KBr) Vmax 3061,
2920, 1743, 1612, 1450, 1261, 1199, 1062, 873, 69B.cm™; MS (El) m/z (%) 285 (M

+1, 100), 267 (2), 243 (11Elemental analysiscalcd for G;H;60: C 88.70, H 5.60.
Found: C 88.59, H 5.72.

6-Methoxy-2,3-diphenylbenzofuran (760)>®

Ph Following the general procedure (GP-2) in conditigyra mixture
mph of 3-methoxyphenol15g 620 mg, 5.0 mmol)56a (178 mg, 1.0
MeO -,60O mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAd},0 (399 mg, 2.0

mmol) in the presence of {dba} (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-1,4

dioxane (8.0 mL) was heated at 13D for 24 h. Upon usual work-up, the crude mixture
was purified by silica gel column chromatographutialy with hexane: ethyl acetate

(49:1) to afford760 (270 mg) in 90% yield as colorless solid.

mp 116-117°C; R = 0.52 (49:1 hexane/EtOACK NMR (400 MHz, CDCls) 57.68 (dd,
J=8.0, 4.0 Hz, 2H), 7.597.47 (m, 4H), 7.467.39 (m, 2H), 7.387.27 (m, 3H), 7.14 (dJ
= 4.0 Hz, 1H), 6.93 (dd] = 8.0, 2.4 Hz, 1H), 3.92 (s, 3HYC NMR (101 MHz, CDCls)
5158.5, 155.1, 149.7, 133.0, 130.9, 129.7, 129.8,41227.9, 127.6, 126.7, 123.8, 120.3,
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117.5, 112.0, 95.7, 55.8 (KBr) vmax 3063, 2920, 2838, 1610, 1600, 1495, 1441, 1265,
1194, 1150, 1024, 816 cmMS (EI) m/z (%) 301 (M +1, 100), 287 (5), 255 (2), 239 (2),
227 (2);Elemental analysiscalcd for G;H160,: C 83.98, H 5.37. Found: C 83.91, H 6.14.

2,3-Diphenyl-6-(trifluoromethyl)benzofuran (76p):

Ph Following the general procedure (GP-2) in conditigyna mixture

mph of 3-(trifluoromethyl)phenol {5p; 810 mg, 5.0 mmol)56a (178

FsC o] mg, 1.0 mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAERLO (399
76p

mg, 2.0 mmol) in the presence ofRiba} (45 mg, 0.05 mmol)
and L4 (18 mg, 0.1 mmol) in 1,4-dioxane (8.0 mL)sweeated at 138 for 24 h. Upon
usual work-up, the crude mixture was purified blycai gel column chromatography
eluting with hexane to affordép (183 mg) in 54% yield as colorless solid.

mp 112114 °C; R = 0.69 (hexane)*H NMR (400 MHz, CDCls) 07.85 (bs, 1H),
7.71-7.65 (m, 2H), 7.627.57 (m, 1H), 7.557.43 (m, 6H), 7.397.32 (m, 3H):*C NMR
(101 MHz, CDCk) 0153.1, 153.0, 133.3, 132.0, 129.9, 129.7, 129.9,11228.6, 128.1,
127.2, 126.9, 126.6, 120.4, 119.9 J&; 3.2 Hz), 117.4, 108.7 (d,= 4.2 HZ);lgF NMR
(470 MHz, CDClk) 6-60.9; IR (KBr) vmax 3079, 3030, 1621, 1490, 1430, 1331, 1117,
1046, 882, 772 ci; MS (EI) m/z (%) 339 (M +1, 100), 325 (5), 311 (5), 233 (13);
Elemental analysiscalcd for GiH13F30: C 74.55, H 3.87. Found: C 74.41, H 3.82.

6-tert-Butyl-2,3-diphenylbenzofuran (76q):

Ph Following the general procedure (GP-2) in conditigina mixture

N _ph of 3-ert-butylphenol 75q; 751 mg, 5.0 mmol)56a (178 mg, 1.0

O mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAd#,O (399 mg, 2.0
76q

mmol) in the presence of {dba) (45 mg, 0.05 mmol) and L4 (18
mg, 0.1 mmol) in 1,4-dioxane (8.0 mL) was heated31°C for 24 h. Upon usual work-
up, the crude mixture was purified by silica geluoon chromatography eluting with

hexane to afford6q (180 mg) in 55% vyield as colorless solid.

mp 74-75°C; R = 0.68 (hexane)'H NMR (400 MHz, CDCls) §7.73-7.67 (m, 2H), 7.64
(bd,J = 1.6 Hz, 1H), 7.587.42 (m, 6H), 7.397.29 (m, 4H), 1.46 (s, 9H}’C NMR (101
MHz, CDCls) J154.4, 150.3, 148.9, 133.1, 130.9, 129.8, 128.8.412128.2, 127.7,
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127.6, 126.9, 120.8, 119.4, 117.4, 107.9, 35.17;3R (KBr) vmax 3057, 2961, 2866,
1599, 1577, 1489, 1442, 1421, 1363, 1278, 11946,10824, 966, 916, 873, 756 T
MS (El) m/z (%) 327 (M +1, 100), 312 (15), 284 (5), 210 (3), 196 (Blemental

analysiscalcd for G4H,,0: C 88.31, H 6.79. Found: C 88.25, H 6.71.

7-Methyl-2,3-diphenylbenzofuran (76r)$"

Ph Following the general procedure (GP-2) in condi8yra mixture ofo-

N _ph cresol 75r; 540 mg, 5.0 mmolk6a (178 mg, 1.0 mmol), NaOAc (410

o mg, 5.0 mmol), Cu(OAg)H,0O (399 mg, 2.0 mmol) in the presence of
Me 76r Pd(dba} (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-1,4

dioxane (8.0 mL) was heated at 1%D for 48 h. Upon usual work-up, the crude mixture
was purified by silica gel column chromatographytiely with hexane to affor@6r (128
mgq) in 45% yield as colorless thick liquid.

Ri = 0.71 (hexane)*H NMR (400 MHz, CDCl3) 47.71 (dd,J = 8.4, 1.6 Hz, 2H),
7.59-7.41 (m, 5H), 7.397.30 (m, 4H), 7.247.14 (m, 2H), 2.66 (s, 3Hf*C NMR (101
MHz, CDCls) 4153.0, 150.3, 133.1, 130.9, 129.8, 129.7, 128.8.412128.3, 127.6,
127.1, 125.6, 123.0, 121.4, 117.8, 117.5, 18RIL(Neat) vmax 3057, 3024, 2920, 2849,
1600, 1501, 1446, 1419, 1200, 1101, 767 ¢S (EI) m/z (%) 285 (M +1, 100), 267
(3), 243 (13).

2,3,7-Triphenylbenzofuran (76s):

Ph Following the general procedure (GP-2) in condit®&yra mixture of 2-

N_ph phenylphenol 755 851 mg, 5.0 mmol)56a (78 mg, 1.0 mmol),

o NaOAc (410 mg, 5.0 mmol), Cu(OAcH,O (399 mg, 2.0 mmol) in
Ph_76s the presence of R@bay (45 mg, 0.05 mmol) and L4 (18 mg, 0.1

mmol) in 1,4-dioxane (8.0 mL) was heated at 2G0for 48 h. Upon usual work-up, the
crude mixture was purified by silica gel column aiatography eluting with hexane to

afford 76s(118 mg) in 34% yield as pale yellow solid.

mp 144-145°C; R = 0.69 (hexane)'H NMR (400 MHz, CDCls) §8.02 (dt,J = 12.0, 4.0
Hz, 2H), 7.71 (dt) = 8.0, 4.0 Hz, 2H), 7.627.45 (m, 10H), 7.397.29 (m, 4H)*C NMR
(101 MHz, CDCl) 5151.2, 150.7, 136.6, 132.9, 131.2, 130.6, 129.9,3,2129.1, 128.7,
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128.5, 128.4, 127.8, 127.7, 127.0, 125.3, 124.3,6,219.3, 117.1R (KBr) vmax 3061,
2924, 1595, 1483, 1440, 1412, 1197, 1064, 1024, 898 cm®’; MS (El) m/z (%) 347
(M +1, 100), 314 (2), 279 (5), 257 (Blemental analysiscalcd for GgH1g0: C 90.14, H
5.24. Found: C 90.25, H 5.18.

2,3-Diphenylbenzofuran (76t)"®!

Ph Following the general procedure (GP-1) in conditAgna mixture of
@E\ngh phenol 75t, 188 mg, 2.0 mmol)56a 178 mg, 1.0 mmol), AgOAc
o] (333 mg, 2.0 mmol), Cu(OAg)H,O (399 mg, 2.0 mmol) in the

76t
presence of R@dba} (45 mg, 0.05 mmol) and L3 (33 mg, 0.1 mmol)

in 1,4-dioxane (8.0 mL) was heated at P8 for 72 h. Upon usual work-up, the crude
mixture was purified by silica gel column chromatghy eluting with hexane to afford
76t (60 mg) in 22% vyield as colorless thick liquid.

Rr = 0.68 (hexane)*H NMR (400 MHz, CDCls) 7.68 (dd,J = 8.0, 1.6 Hz, 2H), 7.57
(bd, J = 8.4 Hz, 1H), 7.557.39 (m, 6H), 7.387.24 (m, 5H);'*C NMR (101 MHz,
CDCl;) 4154.0, 150.5, 132.9, 130.7, 130.3, 129.8, 129.@.412128.3, 127.6, 127.0,
124.7,122.9, 120.0, 117.5, 111.1.

Methyl 5-(2,3-diphenylbenzofuran-5-yl)furan-2-carboylate (76u):

0 Following the general procedure (GP-2) in conditigin

/"M a mixture of methyl 5-(4-hydroxyphenyl)furan-2-

QA o
ved, N I 760 PN carboxylate 75u; 1.09 g, 5.0 mmol)56a (L78 mg, 1.0
mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAdH,O (399 mg, 2.0 mmol) in the presence

of Pd(dba} (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-didxane (8.0 mL) was

heated at 136C for 72 h. Upon usual work-up, the crude mixtur@svpurified by silica

gel column chromatography eluting with hexane: ettogetate (47:2) to affordéu (359
mgq) in 91% yield as colorless solid.

mp 142-143°C; R = 0.40 (47:2 hexane/EtOAcH NMR (500 MHz, CDCls) 08.00 (bs,
1H), 7.76-7.65 (m, 3H), 7.567.48 (m, 5H), 7.477.41 (m, 1H), 7.387.31 (m, 3H), 7.28
(d, J= 4.0 Hz, 1H), 6.78 (dJ = 4.0 Hz, 1H), 3.95 (s, 3H}*C NMR (101 MHz, CDCly)
0159.3, 157.9, 154.2, 152.0, 143.4, 132.4, 131.0,31329.7, 129.1, 129.0, 128.7, 128.5,
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127.9, 127.0, 126.3, 120.3, 120.2, 117.7, 107.5,8.(®1.9;IR (KBr) vmax 3055, 2949,
2851, 1705,1651, 1591, 1537, 1460, 1302, 1215, 11&24, 987, 810, 761ch MS (ED)

m/z (%) 395 (M +1, 100), 319(3), 251 (10Elemental analysiscalcd for GgH1g04: C

79.17, H 4.60. Found: C 79.26, H 4.53.

5-Fluoro-2,3-bis(4-methoxyphenyl)benzofuran (77a):

Following the general procedure (GP-2) in conditiBn a

mixture of 4-fluorophenol15g 280 mg, 2.5 mmol), 1,2-bis(4-
methoxyphenyl)ethynesgb; 119 mg, 0.5 mmol), NaOAc (205
mg, 2.5 mmol), Cu(OAg)H,O (199 mg, 1.0 mmol) in the
L presence of R@dbay (22 mg, 0.025 mmol) and L4 (9.0 mg,
0.05 mmol) in 1,4-dioxane (6.0 mL) was heated @ 3 for 24 h. Upon usual work-up,

the crude mixture was purified by silica gel colusimomatography eluting with hexane:
ethyl acetate (49:1) to affoi@Va (120 mg) in 69% yield as pale yellow solid.

mp 9798°C; R = 0.44 (49:1 hexane/EtOACY NMR (400 MHz, CDCl3) §7.60 (dt,J

= 6.8, 1.6 Hz, 2H), 7.43 (dd,= 8.8, 4.0 Hz, 2H), 7.39 (dd,= 6.8, 2.0 Hz, 1H), 7.12 (dd,
J=8.0, 4.0 Hz, 1H), 7.06.98 (m, 3H), 6.87 (dt] = 8.0, 1.8 Hz, 2H), 3.89 (s, 3H), 3.83
(s, 3H);**C NMR (101 MHz, CDCls) d159.5 (q,J = 84 Hz), 152.3, 149.9, 131.6 (#=
10 Hz), 130.8, 128.4, 124.6, 123.1, 115.8, 11418,9, 111.8, 111.5, 111.4, 105.4 Jck
25 Hz), 55.31, 55.28°F NMR (470 MHz, CDCl3) 0-120.9; IR (KBr) vmax 2964, 1610,
1518, 1504, 1462, 1259, 1174, 1097, 1026, 935, 868, 688 ciT; MS (EI) m/z (%)
349 (M +1, 100), 230 (13), 200 (10), 154 (1&emental analysiscalcd for G,H;7FOs:

C 75.85, H 4.92. Found: C 75.91, H 4.85.

5-Methoxy-2,3-bis(4-methoxyphenyl)benzofuran (770}

( oMme | Following the general procedure (GP-2) in condit®na
MeQ O mixture of 4-methoxyphenolgb; 310 mg, 2.5 mmol), 1,2-
O \ bis(4-methoxyphenyl)ethyne56b; 119 mg, 0.5 mmol),

0 O NaOAc (205 mg, 2.5 mmol), Cu(OAcH,O (199 mg, 1.0

L 77b oMe) mmol) in the presence of Rdbal (22 mg, 0.025 mmol)

and L4 (9.0 mg, 0.05 mmol) in 1,4-dioxane (6.0 mids heated at 131 for 48 h. Upon

usual work-up, the crude mixture was purified bljcai gel column chromatography
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eluting with hexane: ethyl acetate (49:1) to aff@ib (121 mg) in 67% vyield as yellow
thick liquid.

Rr = 0.48 (49:1 hexane/EtOAc)H NMR (400 MHz, CDCls) 47.61 (d,J = 8.0 Hz, 2H),
7.41 (d,J = 8.0 Hz, 3H), 7.0%7.01 (m, 2H), 6.956.85 (m, 4H), 3.90 (s, 3H), 3.83 (s, 3H),
3.82 (s, 3H);**C NMR (101 MHz, CDCls) §159.6, 159.0, 156.2, 151.4, 148.8, 130.9,
128.3, 125.3, 123.6, 122.4, 115.9, 114.5, 113.9,911111.4, 102.1, 55.9, 55.3, 55IR;
(Neat) Vinax 3002, 2931, 2832, 1649, 1600, 1446, 1331, 11030,1067 cni; MS (El)
m/z (%) 361 (M +1, 100), 301 (5), 275 (5), 180 (8), 111 (1B)emental analysiscalcd
for Co3H2004: C 76.65, H 5.59. Found: C 76.48, H 5.51.

2,3-bis(4-Chlorophenyl)-5-methoxybenzofuran (77c):

(MeO c1 )| Following the general procedure (GP-2) in conditiBn a
O mixture of 4-methoxyphenol76b; 310 mg, 2.5 mmol), 1,2-
O [ bis(4-chlorophenyl)ethynes6c 123 mg, 0.5 mmol), NaOAc
© O (205 mg, 2.5 mmol), Cu(OAg)H,O (199 mg, 1.0 mmol) in
77c cl the presence of R@lba) (22 mg, 0.05 mmol) and L4 (9.0 mg,

.

0.05 mmol) in 1,4-dioxane (6.0 mL) was heated d 3 for 24 h. Upon usual work-up,

the crude mixture was purified by silica gel colusimomatography eluting with hexane:
ethyl acetate (49:1) to affoi@¥c (138 mg) in 75% vyield as pale yellow solid.

mp 133-134°C; R = 0.54 (49:1 hexane/EtOAc)H NMR (400 MHz, CDCls) J7.54 (dt,
J=6.8, 1.6 Hz, 2H), 7.5%7.39 (m, 5H), 7.30 (dtJ = 6.8, 1.6 Hz, 2H), 6.96 (dd,= 8.8,
2.8 Hz, 1H), 6.87 (d] = 2.4 Hz, 1H), 3.82 (s, 3H}*C NMR (101 MHz, CDCls) §156.5,
150.4, 148.9, 134 .4, 133.8, 131.2, 131.0, 130.9,512128.9, 128.8, 128.1, 116.9, 114.0,
111.8, 102.0, 55.9R (Neat) vmax 2962, 2924, 1626, 1591, 1471, 1433, 1332, 12634,12
1153, 1087, 1028, 968, 798 cMMS (EI) m/z (%) 369 (M +1, 74), 367 (100), 339 (3),
325 (3), 311 (3), 271 (3Elemental analysiscalcd for G;H14Cl,0,: C 68.31, H 3.82.
Found: C 68.21, H 3.91.

5-Nitro-2,3-di(thiophen-2-yl)benzofuran (77d):

Following the general procedure (GP-1) in condithgra mixture of 4-nitrophenol7&a
278 mg, 2.0 mmol), 1,2-di(thiophen-2-yl)ethyrigs¢; 190 mg, 1.0 mmol), AgOAc (333
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- = ~ Mg, 2.0 mmol), Cu(OAg)H,O (399 mg, 2.0 mmol) in the
N\ _S presence of B@ba) (45 mg, 0.05 mmol) and L3 (33 mg, 0.1

O2N \_ /7 mmol) in 1,4-dioxane (8.0 mL) was heated at 1@0for 96 h.
(o] S Upon usual work-up, the crude mixture was purifimdsilica

\ rd / gel column chromatography eluting with hexane: etloetate

(49:1) to afford77d (181 mg) in 55% yield as yellow solid.

mp 149-150°C; R = 0.25 (hexane)H NMR (400 MHz, CDCls) §8.42 (d,J = 4.0 Hz,
1H), 8.25 (dd,) = 8.0, 4.0 Hz, 1H), 7.63.53 (m, 3H), 7.40 (dd] = 4.8, 0.8 Hz, 1H), 7.31
(dd, J = 3.6, 1.2 Hz, 1H), 7.29.22 (m, 1H), 7.127.07 (m, 1H);**C NMR (101 MHz,
CDCl3) 0156.4, 151.0, 144.7, 131.1, 130.7, 130.1, 129.8.112128.0, 127.8, 127.7,
127.6, 126.1, 120.7, 116.5, 111IR (KBr) vmax 3096, 2926, 2856, 1646, 1587, 1520,
1450, 1336, 1267, 1016, 823, 694 ¢nMS (EI) m/z (%) 328 (M+1, 100), 307 (10), 296
(32), 183 (16);Elemental analysiscalcd for GgHgNO3S,: C 58.70, H 2.77, N 4.28.
Found: C 58.49, H 2.72, N 4.41.

5-Chloro-2,3-diethylbenzofuran (77e):

Following the general procedure (GP-2) in conditi&ina mixture
N\ of 4-chlorophenol {5h; 642 mg, 5.0 mmol), 4-octyné&ge 110
o mg, 1.0 mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAELO (399
mg, 2.0 mmol) in the presence of,Rtba)y (45 mg, 0.05 mmol)
and L4 (18 mg, 0.1 mmol) in 1,4-dioxane (8.0 mL)sweeated at 138 for 24 h. Upon

usual work-up, the crude mixture was purified bljcai gel column chromatography

Cl

77e

eluting with hexane to afford7e (149 mg) in 63% vyield as colorless thick liquid.

R: = 0.68 (hexane)H NMR (400 MHz, CDCls) 37.45 (bd,J = 2.0 Hz, 1H), 7.31 (d] =

8.8 Hz, 1H), 7.17 (ddJ = 8.0, 2.0 Hz, 1H), 2.72 (1 = 8.0 Hz, 2H), 2.58 (tJ = 8.0 Hz,
2H), 1.78 (sex) = 8.0 Hz, 2H), 1.68 (sexX, = 8.0 Hz, 2H), 1.020.89 (m, 6H):*C NMR
(101 MHz, CDCkL) 0156.2, 152.4, 131.3, 127.5, 122.9, 118.7, 114.2,51128.3, 25.5,
23.0, 21.6, 14.0, 13.8R (Neat) vmax 2961, 2932, 2872, 1604, 1485, 1460, 1263, 1228,
1101, 1024, 943, 802 ¢ MS (El) m/z (%) 235 (M, 10), 234 (M-1, 100), 221 (13),
209 (3) 141 (13)Elemental analysiscalcd for G4H;/ClO: C 71.03, H 7.24. Found: C
71.26, H 7.12.
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3-Butyl-5-nitro-2-phenylbenzofuran (77f):

n-Bu

o,N Following the general procedure (GP-1) in conditidn a
O ; O mixture of 4-nitrophenol 158 278 mg, 2.0 mmol), hex-1-
77f ynylbenzene §6f; 158 mg, 1.0 mmol), AgOAc (333 mg, 2.0

mmol), Cu(OAc)-H,O (399 mg, 2.0 mmol) in the presence ohb(Eda} (45 mg, 0.05
mmol) and L3 (33 mg, 0.1 mmol) in 1,4-dioxane (810) was heated at 13 for 48 h.
Upon usual work-up, the crude mixture was puritigdsilica gel column chromatography
eluting with hexane: ethyl acetate (49:1) to aff@itf (240 mg) as single regioisomeric

product in 81% yield as pale yellow solid.

mp 7172 °C; R = 0.42 (49:1 hexane/EtOAcjH NMR (400 MHz, CDCls) 68.48 (s,
1H), 8.22 (dd,J = 8.0, 2.0 Hz, 1H), 7.80 (dd, = 4.0, 2.0 Hz, 2H), 7.597.49 (m, 3H),
7.48-7.41 (m, 1H), 2.95 (t) = 8.0 Hz, 2H), 1.731.70 (m, 2H), 1.561.45 (m, 2H), 0.99
(t, J = 8.0 Hz, 3H):**C NMR (101 MHz, CDCls) §156.8, 153.9, 143.9, 131.1, 130.2,
129.0, 128.9, 126.9, 120.2, 117.1, 116.2, 111.33,343.8, 22.9, 13.9R (KBr) Vmax
3074, 2961, 2926, 2856, 1591, 1520, 1454, 13423,12699, 1020, 698 cth MS (EI
m/z (%) 296 (M +1, 100), 279 (5), 236 (10), 183 (34), 100 (1Bjemental analysis
calcd for GgH17NO3: C 73.02, H 5.80, N 4.74. Found: C 73.36, H 5M94,65.

NOESY: NOE betweend8.51 (s)
and 02.95 (t); 67.83 (d) andd2.95
(t) are clearly seen while no NOE

between aryl-aryl hydrogen’s are

observed. This establishes the

structure of regioisomef7f.

3-Butyl-2-(naphthalen-1-yl)-5-nitrobenzofuran (779g)

( \ Following the general procedure (GP-1) in conditna
O mixture of 4-nitrophenol{ba 278 mg, 2.0 mmol), 1-(hex-1-
O2N O N\ O ynyl)naphthalene 56g 208 mg, 1.0 mmol), AgOAc (333
o) mg, 2.0 mmol), Cu(OAg)H,O (399 mg, 2.0 mmol) in the
L “ presence of Rba) (45 mg, 0.05 mmol) and L3 (33 mg,
0.1 mmol) in 1,4-dioxane (8.0 mL) was heated at A3Gor 48 h. Upon usual work-up,
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the crude mixture was purified by silica gel colusimomatography eluting with hexane:
ethyl acetate (49:1) to affoi@¥g (221 mg) as single regioisomeric product in 64%d/as
yellow thick liquid.

Ri = 0.43 (49:1 hexane/EtOACY NMR (400 MHz, CDCls) 88.60 (bd,J = 2.4 Hz, 1H),
8.28 (ddJ=9.0, 2.4 Hz, 1H), 8.02 (d,= 8.0 Hz, 1H), 7.96 (d] = 8.0 Hz, 1H), 7.85 (dJ

= 8.0 Hz, 1H), 7.697.51 (m, 5H), 2.74 (tJ = 8.0 Hz, 2H), 1.66 (quin] = 8.0 Hz, 2H),
1.37-1.23 (m, 2H), 0.82 (1) = 8.0 Hz, 3H);*C NMR (101 MHz, CDCls) d157.6, 154.6,
143.9, 133.8, 132.0, 130.4, 130.2, 129.1, 128.3,11227.0, 126.4, 125.6, 125.1, 120.1,
119.4, 116.5, 111.6, 31.8, 23.7, 22.6, 1B (Neat) vmax 3057, 2930, 2862, 1728, 1589,
1525, 1454, 1265, 1093, 775, 671¢nMS (El) m/z (%) 346 (M+1, 100), 279 (3), 194
(5); Elemental analysiscalcd for GoH;9NOs: C 76.50, H 5.54, N 4.06. Found: C 76.61, H
5.48, N 4.15.

NOESY: NOE betweend8.61
(bd) ando 2.75 (t);07.57 (m) and
0 2.75 (t) are clearly seen while
no NOE between aryl-aryl

hydrogen’s are observed. This

establishes the structure of regioisomiég

3-Butyl-6-methoxy-2-phenylbenzofuran (77h):

-Bu Following the general procedure (GP-2) in conditi®na
O N\ O mixture of 3-methoxyphenol76g 620 mg, 5.0 mmol), 1-

O phenyl-1-hexyne56f;, 158 mg, 1.0 mmol), NaOAc (410 mg,
5.0 mmol), Cu(OAcrHO (399 mg, 2.0 mmol) in the
presence of Rfdba} (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-didxane (8.0

mL) was heated at 13 for 48 h. Upon usual work-up, the crude mixtur@svpurified

MeO
77h

by silica gel column chromatography eluting withxaee to afford’7h (213 mg) as single

regioisomeric product in 76% yield as colorlesskHiquid.
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Ri = 0.44 (49:1 hexane/EtOACH NMR (400 MHz, CDCls) 87.77 (bdJ = 7.6 Hz, 2H),
7.52-7.42 (m, 3H), 7.36 (bt) = 8.0 Hz, 1H), 7.06 (dJ = 2.4 Hz, 1H), 6.91 (ddJ = 8.8,
2.4 Hz, 1H), 3.89 (s, 3H), 2.91 (= 8.0, 2H), 1.76 (quin) = 7.6 Hz, 2H), 1.51 (sex},=
7.6 Hz, 2H), 0.99 () = 7.6 Hz, 3H);**C NMR (101 MHz, CDCls) 6158.1, 154.9, 149.7,
131.6, 128.6, 127.6, 126.4, 124.1, 119.8, 116.%,31195.7, 55.8, 31.9, 24.1, 22.9, 14.0;
~ IR (Neat) vmax 3057, 2957, 2932,
{?H Q 2870, 2841, 1614, 1493, 1442,
1195, 1153, 1097, 1028, 823, 696
\ cm;, MS (El) miz (%) 281
) (M™+1, 60), 280 (M, 100), 274
(3), 156 (8);Elemental analysiscalcd for GgH200,: C 81.40, H 7.19. Found: C 81.26, H
7.23.

NOESY: NOE betweend7.77 (bd) and2.87 (t); 57.38 (bd) and2.87 (t) are clearly
seen while no NOE between aryl-aryl hydrogen’s abserved. This establishes the

structure of regioisomet7h.

3-Butyl-5-methoxy-2-(4-methoxyphenyl)benzofuran (77:

n-Bu Following the general procedure (GP-2) in condition
MeO
e OMe B: a mixture of 4-methoxyphenol’%a 620 mg, 5.0
O-,-,i mmol), 1-(hex-1-ynyl)-4-methoxybenzen&6f; 188

mg, 1.0 mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAELO (399 mg, 2.0 mmol) in the
presence of R¢dba} (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in-didxan (8.0
mL) was heated at 13 for 48 h. Upon usual work-up, the crude mixtur@svpurified
by silica gel column chromatography eluting withxéee to afford77i (211 mg) as single

regioisomeric product in 68% vyield as colorlesskHiquid.

Rr = 0.48 (49:1 hexane/EtOACH NMR (400 MHz, CDCls) 67.72 (dd,J = 6.8, 2.0 Hz,
2H), 7.37 (dJ = 8.8 Hz, 1H), 7.056.98 (m, 3H), 6.88 (dd] = 8.4, 2.4 Hz, 1H), 3.90 (s,
3H), 3.87 (s, 3H), 2.86 (§,= 7.6 Hz, 2H), 1.74 (quin] = 7.6 Hz, 2H), 1.55-1.44 (m, 2H),
0.99 (t,J = 7.6 Hz, 3H);"*C NMR (101 MHz, CDCl;) J159.4, 155.7, 151.6, 148.8,
131.4, 128.2, 124.2, 115.2, 114.1, 111.9, 111.2,41(66.0, 55.3, 31.9, 24.0, 22.9, 14.0;
IR (Neat) Vinax 3057, 2957, 2932, 1614, 1493, 1442, 1277, 119%7,1961, 696 cit; MS
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(El) m/z (%) 311 (M+1, 100), 269 (10), 243 (5), 227 (Blemental analysiscalcd for
CooH2203: C 77.39, H 7.14. Found: C 77.26, H 7.21.

NOESY: NOE betweeno7.05
(bs) ando2.89 (t); 07.74 (bd)
and 02.89 (t) are clearly seen
while no NOE between aryl-aryl

hydrogen’s are observed. This

establishes the structure of regioisomieér

(S)-Methyl 2-((tert-butoxycarbonyl)amino)-3-(2,3-diphenylbenzofuran-5-
yl)propanoate (79a):

Ph Q Following the general procedure (GP-2) in conditizia
th OMe|  mixture of BocL-tyrosine methyl ester78a 1.47 g, 5.0
OC
© 79a mmol), 56a (78 mg, 1.0 mmol), NaOAc (410 mg, 5.0

mmol), Cu(OAc)-H,O (399 mg, 2.0 mmol) in the presence ohb(Eday (45 mg, 0.05
mmol) and L4 (18 mg, 0.1 mmol) in 1,4-dioxan (8.Q)mvas heated at 13T for 48 h.

Upon usual work-up, the crude mixture was puritigdsilica gel column chromatography
eluting with hexane: ethyl acetate (49:1) to aff@@h (307 mg) in 65% vyield as pale
yellow solid and the unreact@®a (982 mg).

HPLC analysis shows that the product and the pseculid not undergo racemization
during the reaction (Diacel Chiralpak AD-H colunirexane-PrOH = 80:20 for elution,
flow rate = 0.5 mL/min\ = 254 nm; & for 79a= 10.44 min, 100%).

mp 127128°C; R = 0.45 (3:2 hexane/EtOAcIH NMR (400 MHz, CDCl3) 67.67 (dd,

J = 8.0, 4.0 Hz, 2H), 7.55.40 (m, 6H), 7.367.23 (m, 4H), 7.11 (bd] = 8.0 Hz, 1H),
5.08 (bd,J = 8.0 Hz, 1H), 4.63 (bg) = 4.0 Hz, 1H), 3.71 (s, 3H), 3.20 (dd#i= 20.0,
14.0, 6.0 Hz, 2H), 1.42 (s, 9HJ’C NMR (101 MHz, CDCl;) §172.4, 155.0, 153.3,
151.0, 132.7, 130.6, 130.5, 129.7, 129.0, 128.4,71227.0, 125.9, 120.6, 117.3, 111.1,
79.9, 54.8, 52.2, 38.2, 28.R (KBr) vmax 3375, 2986, 2926, 2843, 1747, 1687, 1512,
1435, 1369, 1167, 1063, 761 CmMS (EI) m/z (%) 472 (M +1, 28), 471 (M, 19), 470
(M*-1, 100), 459 (5), 427 (5), 401 (5), 349 (6), 17% @emental analysiscalcd for
CooH29NOs: C 73.87, H 6.20, N 2.97. Found: C 73.98, H 6182.85.
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Benzofuranated Estrone (79b):

Following the general procedure (GP-2) in conditigna
mixture of estrone78b; 1.35 g, 5.0 mmol)56a (178 mg,
1.0 mmol), NaOAc (410 mg, 5.0 mmol), Cu(OA¢).O
(399 mg, 2.0 mmol) in the presence oh(@ba) (45 mg,
0.05 mmol) and L4 (18 mg, 0.1 mmol) in 1,4-diox&80(mL) was heated at 13C for 48

h. Upon usual work-up, the crude mixture was pedifiby silica gel column

chromatography eluting with hexane to affai@b (277 mg) in 62% yield as pale yellow
solid and the unreacté@b (990 mg).

mp 278-279°C; R = 0.41 (3:2 hexane/EtOAc)H NMR (400 MHz, CDCls) §7.67-7.60

(m, 2H), 7.537.36 (m, 6H), 7.357.24 (m, 4H), 3.08 (bq] = 4.0 Hz, 2H), 2.592.32 (m,
3H), 2.242.01 (m, 3H), 1.95 (bd] = 12.0 Hz, 1H), 1.721.44 (m, 6H), 0.92 (s, 3H}C
NMR (101 MHz, CDCl3) 0221.0, 152.7, 150.2, 135.2, 134.2, 133.1, 130.9,712.29.0,
128.4, 128.1, 127.6, 126.8, 117.5, 116.0, 110.6{,%8.0, 44.5, 38.4, 35.9, 31.5, 30.0,
26.6, 26.2, 21.7, 13.8R (KBr) vmax 3057, 2922, 2856, 1734, 1604, 1464, 1369, 1340,
1259, 1207, 1055, 761 ¢t MS (EI) m/z (%) 448 (M +2, 71), 447 (M +1, 100), 415
(8), 347 (3);Elemental analysiscalcd for G;H300,: C 86.06, H 6.77. Found: C 86.15, H
6.71.

2,3-Diphenyl-7H-furo[3,2-g]Jchromen-7-one (79c):

Following the general procedure (GP-2) in conditigina
79¢c O
Z O N\ O 56a (89 mg, 0.5 mmol), NaOAc (205 mg, 2.5 mmol),
o0 o o Cu(OAC:.H,0O (199 mg, 1.0 mmol) in the presence of
Pd(dba} (22 mg, 0.025 mmol) and L4 (9.0 mg, 0.05 mmol}lja-dioxan (4.0 mL) was

heated at 130C for 72 h. Upon usual work-up, the crude mixtur@svpurified by silica

mixture of 7-hydroxycoumarin78c 405 mg, 2.5 mmol),

gel column chromatography eluting with hexane: letgetate (49:1) to afford9c (90
mgq) in 53% yield as colorless solid and the unesdé8c (283 mg).
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mp 195196 °C; R = 0.44 (49:1 hexane/EtOAc)H NMR (400 MHz, CDCls) 07.73 (d,
J=12.0 Hz, 1H), 7.647.54 (m, 4H), 7.537.44 (m, 4H), 7.387.29 (m, 4H), 6.30 (d] =
12.0 Hz, 1H);"*C NMR (101 MHz, CDCls) 0160.1, 156.2, 151.9, 149.2, 144.3, 131.6,
130.5, 129.8, 128.8, 128.6, 128.5, 128.3, 127.4,112118.2, 117.0, 114.2, 113.9, 108.4;
IR (KBr) vmax 3061, 2922, 1730, 1601, 1485, 1377, 1265, 12151,11120, 1066, 829,
773, 696 cri; MS (El) m/z (%) 339 (M +1, 100), 324 (8), 309 (5), 269 (5), 245 (13);
Elemental analysiscalcd for GsH1403: C 81.64, H 4.17. Found: C 81.52, H 4.24.

(E)-4-(7-Methoxy-2,3-diphenylbenzofuran-5-yl)but-3en-2-one (79d)*°

Following the general procedure (GP-2) in conditijra
mixture of (E)-4-(4-hydroxy-3-methoxyphenyl)but-8-e
2-one {8d; 961 mg, 5.0 mmol)56a (178 mg, 1.0
mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAd}#,O
(399 mg, 2.0 mmol) in the presence obeda) (45 mag,
0.05 mmol) and L4 (18 mg, 0.1 mmol) in 1,4-diox&m0(mL) was heated at 13C for 96

h. Upon usual work-up, the crude mixture was pedifiby silica gel column

chromatography eluting with hexane: ethyl acetd&1() to afford79d (111 mg) in 30%

yield as colorless solid and the unreact8d (614 mg, 3.4 mmol).

mp 147148 °C; R = 0.46 (49:1 hexane/EtOAc)l,H NMR (500 MHz, CDCls)
07.72-7.66 (m. 2H), 7.55(bd, J = 16.0 Hz, 1H), B3-7.41 (m, 5H), 36-7.27 (m, 4H),
7.04 (bs, 1H), 6.67 (bd,= 16.0 Hz, 1H), 4.11 (s, 3H), 2.38 (s, 31} NMR (101 MHz,
CDCl3) 0198.4, 151.8, 145.6, 144.8, 144.4, 132.3, 132.D.613130.0, 129.7, 129.1,
128.7, 128.5, 127.9, 127.1, 126.3, 117.8, 114.5,91(66.3, 27.3|R (KBr) vmax 3065,
2961, 2926, 1950, 1880, 1684, 1599, 1494, 1442112668, 1024, 916, 756, 688 Tm
MS (El) m/z (%) 369 (M +1, 100), 349 (3), 203 (10Elemental analysiscalcd for
CosH2003: C 81.50, H 5.47. Found: C 81.36, H 5.56.

2,3-Diphenylnaphtho[2,3bjfuran (80a):*!!

Following the general procedure (GP-2) in conditiBn a
mixture of 1-naphtholg5; 720 mg, 5.0 mmol)6a(178 mg, 1.0
mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAdi,0 (399 mg,

130



Chapter 2

2.0 mmol) in the presence of fdba) (45 mg, 0.05 mmol) and L4 (18 mg, 0.1 mmol) in
1,4-dioxan (8.0 mL) was heated at 13D for 48 h. Upon usual work-up, the crude
mixture was purified by silica gel column chromatgghy eluting with hexane to afford
80a (115 mg) in 36% yield as colorless solid. The ltmal appears ad8.51 (bd); this

confirms the formation of regioisom8&0a

mp 10+102°C; R = 0.72 (hexane)*H NMR (400 MHz, CDCls) §8.51 (bd,J = 8.0 Hz,
1H), 7.99 (bd,J = 8.0 Hz, 1H), 7.83 (bd] = 4.0 Hz, 2H), 7.757.48 (m, 9H), 7.467.32

(m, 3H); °C NMR (101 MHz, CDCls) §149.3, 148.8, 132.2, 131.0, 130.2, 129.1, 128.3,
127.7, 127.6, 127.3, 126.9, 126.1, 125.7, 124.9,512122.9, 120.5, 119.5, 118.1, 117.8;
IR (KBr) vmax3049, 1633, 1601, 1574, 1481, 1442, 1375, 10630,1939, 817, 742, 694
cm'y; MS (El) m/z (%) 320 (M, 17), 319 (M-1, 100), 303 (5), 287 (10Elemental
analysiscalcd for G4H160: C 89.97, H 5.03. Found: C 89.82, H 5.11.

2,3-bis(4-Methoxyphenyl)naphtho[1,2b]furan (80b): %

OMe Following the general procedure (GP-2) in conditina
O mixture of 1-naphtholg5; 720 mg, 5.0 mmol), 1,2-bis(4-
QO \ methoxyphenyl)ethynes6b; 238 mg, 1.0 mmol), NaOAc
o} O (205 mg, 2.5 mmol), Cu(OAg)H.O (199 mg, 1.0 mmol)
L e omg in the presence of Rdiba) (45 mg, 0.025 mmol) and L4

(18 mg, 0.05 mmol) in 1,4-dioxan (6.0 mL) was hdat 130°C for 48 h. Upon usual
work-up, the crude mixture was purified by silicg golumn chromatography eluting with
hexane to afford®0b (202 mg) in 53% yield as colorless solid. The ltmal appears at
08.43 (d); this confirms the formation of regioisar8éb.

mp 106-107°C; Ry = 0.49 (49:1 hexane/EtOAc)H NMR (400 MHz, CDCls) 58.43 (d,
J=8.0 Hz, 1H), 7.95 (bd] = 8.0 Hz, 1H), 7.71 (bd] = 8.8 Hz, 2H), 7.697.56 (m, 3H),
7.54-7.47 (m, 3H), 7.05 (bd] = 8.8 Hz, 2H), 6.91 (bd] = 8.8 Hz, 2H), 3.91 (s, 3H), 3.85
(s, 3H);*°C NMR (101 MHz, CDCls) 5159.3, 158.9, 149.9, 149.0, 131.4, 130.9, 128.3,
128.1, 126.2, 125.8, 125.1, 124.9, 123.7, 123.3,112120.0, 118.4, 116.9, 114.4, 113.9,
55.2, 55.1]R (KBr) Vmax 3057, 2991, 2958, 1605, 1517, 1501, 1380, 13048,11035,
805, 745 crit; MS (EI) m/z (%) 381 (M +1, 100), 203 (5), 106 (5).
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2,3-bis(4-Chlorophenyl)naphtho[1,2b]furan (80c):

Following the general procedure (GP-2) in conditBna

Cl )
O mixture of 1-naphthol 5, 360 mg, 2.5 mmol), 1,2-bis(4-
QO | chlorophenyl)ethyne56¢ 123 mg, 0.5 mmol), NaOAc (205
o O mg, 2.5 mmol), Cu(OAg)H,O (199 mg, 1.0 mmol) in the
Ha goc cl) presence of Bbay (22 mg, 0.025 mmol) and L4 (9.0 mg,

0.05 mmol) in 1,4-dioxan (6.0 mL) was heated at 4G0or 48 h. Upon usual work-up,
the crude mixture was purified by silica gel colusiwmomatography eluting with hexane
to afford80c (80 mg) in 41% vyield as yellow solid. The Ha sigappears ab 8.41 (d);

this confirms the formation of regioison&dc

mp 136-131°C; R; = 0.61 (hexane)*H NMR (400 MHz, CDCl5) 08.41 (bd,J = 8.0 Hz,
1H), 7.95 (bdJ = 8.0 Hz, 1H), 7.747.61 (m, 4H), 7.587.44 (m, 6H), 7.34 (bd] = 8.0

Hz, 2H);l3C NMR (101 MHz, CDCl;3) 6149.6, 149.1, 134.1, 133.9, 131.9, 131.1, 129.5,
129.1, 128.9, 128.5, 127.9, 126.6, 125.6, 125.4,0,221.1, 120.2, 118.1R (KBr) Vmax
3057, 3013, 2952, 1495, 1473, 1375, 1090, 1008, 8@2 cm*; MS (El) m/z (%) 389
(M* + 1,100), 357 (20), 215 (11), 189 (Blemental analysiscalcd for G4H14Cl,0: C
74.05, H 3.63. Found: C 74.52, H 3.71.

2.5.5. Preliminary Mechanistic Studies:

2.5.5.1. Synthesis of complex [Pd(OP4{},10-phen)] (89):

% \ + PdOA), 4 — P,
=N N= (1.0 equiv)

Z°N O
J U
L4, 1.02 equiv 2.0 equiv

Following the procedure described by van Koten gfdtia solution of sodium phenoxide
(206 mg, 1.78 mmol) in a minimum of MeOH (ca. 2.Q)mvas added to a solution of
Pd(OAc) (200 mg, 0.89 mmol, 1.0 equiv) and 1,10-phenaffitted176 mg, 1.10 equiv)
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in DCM. The resulting dark red mixture was stirfed 1h, after which the solution was
evaporated under the reduced pressure. The residseextracted with DCM, and the
extracts were filtered over Celite. The orangedit was evaporated and the solid was
washed with pentane and dried in vacuum. The slalil brown comple89 was obtained

in 37% vyield (158 mg). We failed to get the crysib89.

IR (KBr) vmax 3052, 2915, 2849, 1583, 1473, 1402, 1331, 1282211145, 986, 843,
756, 712 cit; HRMS calcd for GsH1gN,O,Pd; [M']: 472.0403. Found: 472.04009.

2.5.5.2. Stoichiometric reaction of 56a with compie89:

2 /@ Naé),?é ,&2.)0 Ic:q(giv)
Ph U(LUAC)2.H3 Ph
N N\ e (2.0 equiv)
P + > N—ph
7N O\© L Dioxan, 130 °C o
N
89 56a 9% h 76t, 31%
2.0 equiv 1.0 equiv

Diphenylacetylene56a 18 mg, 1.0 mmol) was reacted with compkEX (50 mg, 2.0
mmol) in the presence of NaOAc (17 mg, 2.0 mmol(@Ac)- H,O (42 mg, 2.0 mmol)
in 1,4-dioxan at 130C for 96 h. Upon usual work-up, the crude mixtursvpurified by
silica gel column chromatography eluting with hexan afford76t (9.0 mg) in 31% yield

as colorless thick liquid.
2.5.5.3. Kinetic Isotope Effect:

OH OH Ph Pd,(dba)s ( 5 mol%) Ph D ph

D D |’| 1,10-phen (10 mol%) m D N
| | + + > Ph + Ph
D D AgOAc (4.0 equiv) o D o
D

Ph  Cu(OAc),-H,0 (2.0 equiv) b
1,4-dioxane, 130 °C 76t 76t-d4

75t 75t-d5 56a Ky/Kp = 3.0

Following the general procedure (GP-1) in conditfgra mixture of phenold5t; 188 mg,
2.0 mmol), phenol-(75-d5; 188 mg, 2.0 mmol), diphenylacetylerg6g 178 mg, 1.0
mmol), AgOAc (333 mg, 2.0 mmol), Cu(OAeH,O (399 mg, 2.0 mmol) in the presence
of Pd(dba} (46 mg, 0.05 mmol) and bathophenanthroline (33 &g, mmol) in 1,4-

dioxan (8.0 mL) was heated at 13D for 48 h. Upon usual work-up, the crude mixture
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was purified by silica gel column chromatographutiel with hexane to afford the
mixture of 76t and 76t-d4. The Ky/Kp was determined by the analysis followed by Yu et
al*¥ The benzofurans ratid6t and 76t-d4 was analyzed by'H NMR. The vyield of76t,

X, was determined by integration of theg slgnal of 76t, which appeared as a doublets
approximately at 7.59 ppm. The total yield o6t and 76t-d4, Y was determined by
integration of K of 76t and76t-d4, which appeared as dd at 7.69 ppm. The yield6df

d4, Z, could then be determined from the followingnaila: Z = Y-X.

Then Ky/Kp = X/Z =0.75/0.25 = 3.0

Ha  phb PhHb,

2
N |\vx N ) (i B
D

D
3 (> ) -
o\ 7 5 o Ve

HE Hb
//

D

Kin/Kp = 0.75/0.25 = 3.0 /

&
b TE
i
»
a
— s A
T T T T T

T
7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20 ppm
L J L J L L S L )
e - o - - R [T9) -

2.5.6.X-ray Crystallographic Data

Single crystal X-ray data for the compouiélg, 79band 77f (CCDC 916320-916332
were collected using the detector systextMo-Ka) = 0.71073 A] at 298K, graphite
monochromator with & scan width of 0.3 crystal-detector distance 60 mm, collimator
0.5 mm. The SMART softwafd was used for the intensity data acquisition arel th
SAINTPLUS Softwaré was used for the data extraction. In each cassorption
correction was performed with the help of SADAB@gnam[,“E’] an empirical absorption

correction using equivalent reflections was perfednwith the program. The structure was
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solved using SHELXS-9%¥ and full-matrix least-squares refinement agairfstwias

carried out using SHELXL-9%# All non-hydrogen atoms were refined anisotropically

Aromatic and methyl hydrogens were introduced doutated positions and included in

the refinement riding on their respective pareatret.

Table 2.6:Crystallographic data and structural refinementrfag, 79b and77f

Identification code 769 79b 77f

Formula CooH13FO GoH300- CisH17N O3
Fw 288.30 446.56 295.33

T (K) 298(2) 298(2) 298(2)

A (R) 0.71073 0.71073 0.71073
Crystal system orthorhombic monoclinic monoclinic
Space group Pbca P2(1) P2(1)/c

a(h) 11.1564(18) 6.887(2) 12.3688(16)
b (A) 7.9043(13) 8.017(3) 10.9706(14)
c(R) 32.896(5) 21.967(7) 11.0819(14)
a (9 90 90.00 90.00

B0 90 93.822(6) 93.787(2)
y(©) 90 90.00 90.00

V (A% 2900.9(8) 1210.3(7) 1500.5(3)

Z 8 2 4

Praicd (Mg m®) 1.320 1.225 1.307

u (mm?) 0.089 0.075 0.089

F (000) 1200 476 624

Crystal Size (mm) 0.80 x 0.80 x 0.600.60 x 0.24 x 0.14 0.32x 0.24 x 0.20
20 range/deg 1.24 /24.88 1.86/25.08 1.65/25.96
Reflections collected 25190 11634 14977
Unique reflections 2514 4265 2926

Completeness to2(%)
Tmax. Tmin

Parameters
GOF (P)

R1, wR2[I>2 o(1)]
R1, wR2(all data)

Largest diff. Peak
and hole (e- &)

24.88 (99.80)

0.9842, 0.9790

199
1.054
0.0375, 0.0941
0.0415, 0.0972

0.164 and -0.178

25.08(99.50)
0.9852, 0.9809

320
1.061

0.0515, 0.1114
0.0684, 0.1182

0.145 and -0.116

25.96(99.60)

0.9824, 0.9720

218
1.023
0.0495, 0.1256
0.056833D

0.195 and -0.332
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2.7. Spectra
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Design, Synthesis and Optoelectronic
Properties of Fused Furo-Indole

Derivatives
Abstract
R Y -
AC 5 :
AcHN H 1) Pd-catalysis M o 1+ L\
P R—R e Ry R 4y
H OH Z) Rh-catalysis o |
R i
R = 4-MeO-CgH,, 4-Me-CgH, atc Blue Light Emitting Dicde

The palladium-catalyzed oxidative annulation betweg-acetyl-4-aminophenol and
various unactivated internal alkynes readily defdethe corresponding benbfilirans
leaving the NHAc moiety untouched. The resultingnzmbjfurans are further
functionalized by the Rh-catalyzed Fagnou’s oxidatannulations of anilides with
internal alkynes to indoles. This two-step procedaltows efficient access to a wide array
of fused furo-indoles. The optical and electronmicgerties of these new molecular entities
are studied by UV-vis and fluorescence spectroscéfiythe molecules showed strong
absorption at UV range (36900 nm) and strong blue emission. Therefore, these

molecules may find possible applications in blghtiemitting diodes.



Design, Synthesis and Optoelectronic...

Reference:

Malleswara Rao Kuram, M. Bhanuchandra and Akhil&&hoo
(Manuscript under preparation)

160



Chapter 3

3.1. Introduction

Optoelectronics is an emerging field in science tmwthnology cohesively encompassing
the concepts of chemistry, physics, material se&eand engineering. Recently, the
optoelectronic devices such asganic photovoltaic device$OPV9,? organic light
emitting diodegOLEDS),"® andorganic field effect transistof©FETY™ have received a
great deal of attention because of their poterteghnological applications. Organic
photovoltaics silicon based thin film solar celis avidely used for water heating and solar
lighting in a daily basis. The OLEDs have foundagbical applications in mobile phones,
digital cameras, car audios etc. The radio freqguadentification (RFID) tags, smart
cards, electronic sensors etc. are the promisipticaions of OFETS’

The formation of charge, its transport, annihilatiand storage are the features essentially
required for the design of organic electronic matsr Interestingly, ther-conjugated
systems have the ability to accept or donate eotieages and therefore become a good
chromophoré® As a consequence, timeconjugated systems meet the requirements to be
useful in organic electronics. Because of the liglgight, low cost of production,
capability in making thin-film, large area and filebe device fabrication, the organic

materials are therefore find broad utilitythe field of optoelectronic$.

The design and development of renewable energycesunas attracted much attention
recently. The abundant, clean and economical sylargy is the possible alternative of
fossil fuel energy’ Interestingly, the photovoltaic cells or dye séimsil solar cells works
on the concept of charge separation and are usedhéo conversion of sunlight to
electricity. The metal based ruthenium sensitifd® 1, Figure 3.1) developed earlier by
Gratzel and others have achieved power conversifitieacy (PCE) up to ~11%)
unfortunately, the limited metal resources and deslipurification procedures possess
major drawbacks. Therefore, tremendous efforts haeer been devoted for the
development of metal free organic dye sensitizexsabse this requires inexpensive raw
materials and easy purification procedures. Sonteeoprominent organic dyes developed
for OPV applications are shown in Figure 8'1n general, the common structure of an
organic sensitizer is the combinations of an etectdonor,-conjugation linker, and

electron acceptor units. For an example: the oogaansitizersZ;, Figure 3.1), having
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diaryl amine donor, cyano carboxylic acid group axeptor and thiophene linker,

achieved power conversion efficiencies up to ~1%.

HOOC
7 \
COOH o
HOOC~75 \ n-Hex_ n-Hex
CN
/l N N SN AWAWP
// \ /s S CO,H
) COOH §:§
c 0O O
I o] 2
s /_/—gh
1, N3
Q 5 COzH
\ /1 CN
s M Y SSACN
VALY S
N CO,H
/ 3
MeO OMe

NO, CHs

Figure 3.1: Selected examples of Dyes for OPVs

Recently, organic light emitting diodes (OLEDs) aodhanic field effect transistors
(OFETs) have been used as semiconductors in digpplications.The self-emitting
property, high luminous efficiency associated wWiitv power consumption, wide viewing
angle, high contrast and fast switching speedteeey features of OLEDY. Generally,
the OLED device is the electron-transport organ@atamal that has been sandwiched
between an anode and cathode. The organic matkehts/e as a source of hole-transport,
electron transport, or emission; thus, the efficieaf this material depends solely on the
property of the molecules usedccordingly, anappropriate assembly of conjugated
donor-acceptor moieties would produce an effeabirganic-semiconductor. Some of the
recently developed small molecules based OFETdtDs are shown in Figure 3.2 and
Figure 3.3%* Although various red, blue and green OLEDs havenbgynthesized for
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display applications, but the intrinsic low envirsental stability, low lifetime are the
inherent limitations. Thus, the development of stable, solution processable organic

electroluminescent devices would broaden the peteutility of this material.

<) 'S \S/ 'S O’O SN O’O ‘/\ ’S‘S/\
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Figure 3.2: Selected examples for OFETs
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Figure 3.3: Selected examples for OLEDs
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Figure 3.4: Selected examples of benzofuran containing mégeria

Based on the above discussions, the developmentoweél materials having better
solubility, adequate stability with correct levédlroatching frontier molecular orbitals and
molecular packing is always demandinthe thiophene based organic materials are
widely used in the applications of optoelectroniig(@res 3.1 and 3.2). Although the
thiophene counterpart heterocycle furan exhibitsilar energy levels and comparable
degree of aromaticity, the utility of furan contiaig materials is still limited (Figure 3.4).
Recently, the furans-bearing materials have shoeny gimilar optical and electronic
properties in organic dyes for dye-sensitized soddis in comparison to thiophenes. Wu
and co-workers reported the furan containing oligb22 as efficient holetransport
material (Figure 3.4} Nakamura and co-workers have developed the befzads
(BDF) containing molecule®3, 25 and26, those are useful as hole- transporting materials
for the potential applications in OLEMS! Interestingly, one of the highest performing
small molecules for photovoltaics based benzofuraterocycle24 (PCE,n = 4.4%)

have been described by Nguyen and co-work@rs.

Apart from this considerable progress, the desighsynthesis of novel materials showing
effective applications to electronic and optoelaait properties is always desirable.

3.1.1. Transition-Metal-Catalyzed Synthesis of Hetecycles

The presence of ubiquitous nitrogen, oxygen anfiiisabntaining heterocycles motifs are
invariably found in biologically active moleculesadathe materials. As a results there is
continuous interest among the synthetic organienisis to fabricate novel heterocyclic

compounds through new and efficient synthetic fiemsations™™® The acid and/or base
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assisted condensation methods have traditionallgn bemployed accessing the
heteroaromatic compounds; however, these methoodupes unwanted corrosive by-
products?¥ Thus, development of environmentally benign meshfat the synthesis of
heteroaromatic compounds is always welcome. Thensittan-metal catalyzed
transformations can thus be an alternate methotulu® the direct construction of
complex heteroaryl structures from easily accessstdirting materials under neutral and

mild reaction conditions.

The oxidative annulation of halo-arenes with unsded molecules is a straightforward
and atom-economical approach useful in the consbruof substituted heteroaromatic
rings*® As shown in Scheme 3.1, the heterocyclic skeletamsbe constructed through
the intramolecular cyclization of unsaturated carbarbon bonds (alkene, alkynes or
allenes etc), or by intermolecular annulations mdaturated carbon-carbon bonds (alkene,
alkynes or allenes etc) with the functionalizednaatic compounds. These cyclizations

can be accessed by inducting direct catrfsanbon or carborheteroatom bonds.

4’:\\ x //, f’:¢ o f,’:‘\ s X ~
f s 3 ~ " s \ ! T '
L Mo LN — LD ~— 1+
T FG ¥ FG Y ““FG ’
29
27 28 Y=heteroatom 30 31
Intermolecular C-C/C-Y bond FG = heteroatom containing Intermolecular C-Y bond
formation functional group formation

Scheme 3.1Two major processes of heterocycle synthesis

Although intramolecular reactions are entropicélyorable than intermolecular reactions,
additional steps are required to prepare precufsoligitramolecular reactions. Therefore,
intermolecular reactions are advantageous thaanmlecular reactions. The transition-
metal-catalyzed intermolecular cyclizationsootho-halogenated anilines or phenols with
internal alkynes have emerged as a powerful metbodhe construction of indoles or

benzofurans, respectively (Scheme 89).

' Ac
B % cat [Pd R A o
[Pd] R
o | —>@© e ULt
R D E Me Me
32 33 34 ! Indole Benzofuran

Scheme 3.2Larock type heterocycles synthesis
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The requirement obrtho-halogenated anilines or phenols in this reactiosdpces the
halide byproducts with limited scope of the readilsailable precursors. Interestingly, the
C-H activation methods offer the additional advansagéth the production of limited
waste byproducts accessing the broad substrateescapd therefore environmentally
benign. However, the presence of prefunctionaldselating/directing heteroatom allows
activating the €H bond with the aid of the transition-metal catalyRecently, TM-
catalyzed one-pot €C/C-X bond forming reactions allows the synthesis ofious

carbo/heterocycles (Scheme 313).

R
H cat. [TM] R
Clp + wmn =M )
35 33 36

Scheme 3.30xidative annulations for the synthesis of hetgotes

H
w OO
N [M] H
R Reductive Cyclometallation
Elimination

: H
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B M A

R
R / R
\ @H /
- II R
Carbometallation M Coordination
R—=R

Scheme 3.4General mechanism for the oxidative annulations

The proposed catalytic cycle for the transition-ah€TM) catalyzed oxidative coupling
between functionalized arenes and unsaturated aamoigois shown in Scheme 3.4. The
reaction initiates with the coordination of the dreitom in the directing group to the
transition-metal. This trigger activatingprtho-C-H bond to the formation of
cyclometallation specie&. Alkyne ligation and insertion of TM to theebond generates
an expanded metallacyci Finally, the oxidative coupled product is prodiicga the
reductive elimination from the active specisThe active TM catalyst is regenerated and

reused for the next catalytic cycle in the presesfaexidant.
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Following this strategy, a number of synthetic noelth have been developed towards the
formation of various heterocycles. Palladium, coppeéd rhodium catalysts have been

successfully employed for the synthesis of varioetgrocycles.

3.1.2. Oxidative Annulations of Heteroarenes with Wsaturated Carbon-Carbon
Multiple Bonds

A) Oxygen Heterocycles:The Satoh and Miura group have successfully agptiee
rhodium-catalyzed oxidative coupling of benzoicdaciwith internal alkynes for the

preparation of isocoumarins as shown in Schem&2.5.

0 O
{Cp*RhCl5},] 2.5 mol%
©\)LOH + Ph—=—ph - Q
Cu(OAc); H0 o,
H o-xylene, 120 °C Ph
37 33a 38

Scheme 3.5Intermolecular cyclization of benzoic acids watlkynes

The Miura and Ackermann groups have independentinahstrated the synthesis of
naphthopyrans from 1-naphthol and internal alkynesng Rh- and Ru-catalyst,
respectively (Scheme 3.6’

OH H [Cp*RhCly],, Ag,CO4
MeCN, 115 °C o

+ Ph—=—Ph ,
or [RuCl,(p-cymene)], Oe

Cu(OAc),'H,0, m-xylene, 110°C

39 33a 40
Scheme 3.6Intermolecular cyclization of 1-naphthols withkhes
)
i [{Cp*RhCly},] 1.0 mol%
©\): ' ~ CN Cu(OAc),'H,0, air
- o]
37 41 o-xylene, 120 °C 42 CN
OH H CO,Bn

[Cp*RhCly], (4 mol%) 0

+ ZCOBN  CuOAQ), (22 equiv) OO 2)

MeCN, 115 °C
39 43 44

Scheme 3.7Intermolecular cyclization of benzoic acids ondphthols with alkenes
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The coupling of benzoic acids with activated aonytide affords isobenzofurans (Scheme
3.7, eqg. 1J**”! The reaction involves the-C-H olefination of benzoic acid followed by
Michael cyclization. Similarly, the oxidative olation-Michael cyclization of 1-naphthol

with acrylates was recently reported by Li (Schée eq. 2J°%

The Glorius group reported the Rh-catalyzed redpatee dehydrogenative Heck
reaction of aldehyde €H bonds with olefins. The coordination of th®H group of
salicylaldehyde to Rh-species triggers oxidativeertion to the aldehyde -€& bond
forming the cyclometalated Rh-species. This rhodigcgoordinate to alkene to fora8;
alkene insertion and reductive elimination finafignerate49. Finally, alkoxy rhodation
on 49 and synp-hydride elimination affords oxidized cyclizatiorropluct 47 (Scheme
3.8)/#

[Rh(COD)Cl], o | 0 o Rh

CHO ! Lo
@ + 2R CsHoPhy ©f[$_\ :CE[(Rh A
OH R=CO,Et CUu(OAc), O R O 7R OH R
DCE, 120 °C ! ! :

Scheme 3.8Intermolecular cyclization af-hydroxybenzaldehydes with alkenes

B) Nitrogen heterocycles:The Rh (lll)-catalyzed oxidative coupling of acd@taes with
alkynes for the preparation of indoles is demonestidy Fagnou and co-workers for the
first time (Scheme 3.93 Inspired by this work, vast majority of annulateifrogen
heterocycles indolines, pyrroles, isoquinolineggignolones and pyridines etc were

successfully synthesized.

Hg [{Cp*RhCl,},] 2.5 mol%
H Cu(OAc),-H,0 N
t-AmOH, 120 °C O)\
50 33a 51

Scheme 3.9Intermolecular annulation of acetanilides witkyales

The oxidative annulation of anilines with activat@#tynes to achieve indoles under the
palladium catalysis is reported by Jiao grédpbThe aminopalladation 062 to the
palladium coordinated alkynB3 gives 55. The acid promoted electrophilic aromatic

attack on Pd generatB§; subsequently reductive elimination produsdgScheme 3.10).
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CcO,Me Pd(OAc); 10 mol% CO,Me XPd pdll !

@[H O, 1 atm mCOM ©\ I @(
+|‘| DMA/PIVOH (4.1) Ve N R'

NH
2 CO,Me 120°C, 12h
52 53 54 ; 55 56

_____________________________

Scheme 3.10Intermolecular annulation of anilines with actea alkynes

The single-step synthesis of isoquinolinés)(is reported through the Rh-catalyzed
annulation ofN-methoxy hydroxamic acids with alkynes. Similatiye reaction between
N-pivaloylhydroxamic acids and alkenes produces dlibigoquinolones59) (Scheme
3.11)k4

O
_ 9 Q
Ph———Ph 2
/NH e dH.R Ph mH
p 2l2 *
PN CsOAc, MeOH, H CoOAC MeTH eh
60 °C 57 RT 59
58 R = OMe R = OPiv

Scheme 3.11Intermolecular annulation ®-(pivaloyloxy)benzamide with alkynes

The Pd-catalyzed carbopalladation/cyclization o&dily available N-aryl urea with

conjugated-diene delivered indolii®. The coordination of ured/O-atom to metal

triggers the activation of thertho-C-H bond and form$&3. The oxidative Heck reaction
of 63 with 61 generates electrophilig®-allyl Pd(ll)-speciess4. Finally, the cyclization of
64 provides the indoliné2.

@ Pd(OAC)2 ©\/>_/7 Pd”L (’T‘ R;
by @ %'Li

BQ, TsOH, NM
Ac,0 M 2
Me2N R=COEt T14r 50 0c 'V'ezN ; MeZN’J*o .
60 61 62 N . 6; _________________ 6_4_ ______ ;

Scheme 3.12Intermolecular annulation &-aryl ureas with dienes

The Glorius group developed intermolecular additbibenzamide derivatives to allenes
for the synthesis of dihydroisoquinolinon@g The reaction begins with the coordination
of allene to cyclometalated rhodium species forn88gnext the carborhodation results
the seven membered speci@d Finally, reductive elimination furnishes the puot
(Scheme 3.135°!
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..................................

0 , 0 0 ;
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Scheme 3.13Intermolecular annulation ®™-(pivaloyloxy)benzamide with allenes
3.2. Design Plan

Recently, we have demonstrated the Pd-catalyzethessis of benzdjffurans from
phenols and internal unactivated alkynes (detame@hapter-2, Scheme 3.14). Various

functional groups are tolerated under the optimizadlytic conditions.

Pd(dba); Ph
R @OH Ph——_pn 1,10-phenanthroline I
( o= CuOAoH 0~ R yPh
H dioxane, 130 °C
70 33a 7

Scheme 3.14Synthesis of benzb]furans from phenols and alkynes

It is noteworthy mentioning that the catalytic cdiwhs did not affect the NHAc moiety
during the synthesis of benzofurans. Taking theaathge of the survival of the NHAc
moiety, we envisioned installing a carbazole omwiedskeletons on the parent benzofuran
molecular template (Scheme 3.15). Following thevikm synthetic protocols of €H
activation, we would like to fabricate highly cogpted fused heterocycles furo-

carbazoles and furo-indole derivatives.

Pd(OAc), (5 mol%) Oﬁ, Me
Ph Si(OMe); Cu(OTf); (2.0 equiv) Ph
AcHN AgF (2.0 equiv) ) NH
N—pPh + > Ph
H ') dioxane, 110 °C, 48 h O O
71a 72 Shi's Conditions 73. 75 %
Os_Me Pd(OAc), (5 mol%) oyMe
Ph Y Cu(OAC), (1.0 equiv) Ph
NH 0 N
/ 5 (1 atm) )
. n o D
9] O toluene, 120 °C, 24 h @)
73 Buchwald's Conditions 74, 65 %

Scheme 3.15Extending the molecular framework

170



Chapter 3

The amide groups assist in directing thetho-metalation followed by €H
functionalizations. The Shi and co-workers devetbfiee Pd-catalyzed anilide directed
arylations at the less-hindereattho-C-H bond. Following the Shi’'s conditions, the
reaction of71awith trimethoxyphenylsilane7@) successfully introduced a phenyl group
at the less hindered positiontho- to anilide moiety producing3 in 75% yield (Scheme
3.15)™ Finally, Buchwald’s intramolecular @ arylation of 73 delivered novel four-
ring-fused heteroaromatic compoundiwith ease (Scheme 3.15Y¢

Interestingly, Fagnou and co-workers have succkgsfiemonstrated the rhodium-
catalyzed NHAc-directed dehydrogenative cyclizatibetween arenes and internal
alkynes for the synthesis of inddfé® Therefore, the oxidative coupling between aniline
precursor7la and 33a under the Fagnou’s conditions delivered the thneg-iused
heterocycler5ain 60% yield (Scheme 3.16).

Ph Ph [Cp*RNClIy]; (5 mol%) Ac Ph
AcHN AgSbFg (20 mol%) N
S—ph + I‘I > ph—Q H—ph
H @) Cu(OAc),'Ho0 (2.1 equiv) 0
Ph t-AmOH, 120 °C, 3h Ph
71a 33a  Fagnou's Conditions 75a, 60 %

Scheme 3.160xidative annulation of acetamides and alkynes

The condensation between 2-hydroxy-1,2-diphenyteiha 76) and 4-hydroxy phenyl-
azanium sulfate7) in the presence of glacial acetic acid and antyslrZnC} under
reflux conditions delivered a furo-indole compoufialbeit in low yield. This is the only
example known. Unfortunately, this reaction hasitkoh scope of substrates (Scheme

3.17)k8
OH

OH O
5 HO—Q—OH glacial AcOH
O S * I ZnCl, anhyd
NH2 reflux
76 77

Scheme 3.17: Benzoin condensation yediminophenol
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We believe the fused furo-indoles derivatives wiitle extendedtconjugated system
would find broad applications in the optoelectreni@vith these views in our mind, we

became interested in the synthesis of various rfoged furo-indole derivatives.

3.3. Results and Discussion

3.3.1. SynthesisThe combination of two synthetic protocols i.®.,0kidative annulation
of alkynes and phenols for the preparation of bamaos and (ii) Rh-catalyzed synthesis
of indoles from anilides and internal alkynes aboaccessing the interesting conjugated
fused furo-indoles as shown in Scheme 3.16. Weetber explored the synthesis of
various novel fused furo-indoles. As shown in TaBlg, different symmetrical alkynes

were subjected for the preparation of bebifafans with 4-acetamidophendalda).

Reaction of electron rich 4-methyl and 4-methoxybsdiiuted alkynes, 1,2-qi-
tolylethyne B3b) and 1,2-bis(4-methoxyphenyl)ethyn83¢ with acetaminopheryOa
under optimized conditions B [Rdba} (5 mol%), 1,10-phenanthroline (10 mol%),
NaOAc (5.0 equiv), Cu(OAg)H,O (2.0 equiv) and 1,4-dioxan at 13G], produced the
benzofurang1lb and7l1cin 57% and 60% yields, respectively. Unfortunatéhe electron
poor alkyne, 4,4'-(ethyne-1,2-diyl)dibenzonitrile33¢l), failed to react with 70a
Presumably the electron withdrawing groups on angs makes the alkynes electron
deficient, which in turn hinders the effective alkeymetal coordination. The reaction
betweenN-(3-hydroxyphenyl)-acetamide and diphenylacetyliexeto trace amount of the
desired benzofuran productie(detected by GC).

Having various benzob]furans in our hand Table 3.1, we thus becameasted in the
fabrication of the indole skeleton employing thegi@u’'s conditions [[Cp*RhG]. (5
mol%), AgSbk (20 mol%), Cu(OAg} H,O (2.1 equiv),t-AmOH, 120°C for 3 h]. At
first, the reaction betwee¥(2,3-diphenylbenzofuran-5-yl)acetamid&l§), and 1,2-bis(4-
methoxyphenyl)ethyne 380 gave the desired fused furo-indofdb in 77% vyield.
Similarly, 71areacted with halo-substituted alkynes 1,2-bis@rtwphenyl)ethyne33@e),
producing 75c in 57% vyield; the reaction conditions did not affethe halogen
functionality. The survival of bromo-group allowket induction of aryl groups in the
molecular template through cross-couplings. Thel@twe annulations between 1,2-bis(4-

methoxyphenyl)ethyne38c¢) andN-(2,3-bis(4-methoxyphenyl)benzofuran-5-yl)acetamide
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(71c)yields 1-(2,3,6,7-tetrakis(4-methoxyphenyl)-5Hdi#, 3f]indol-5-yl)ethanone {5d)
in excellent yield. The desired furo-indole prodiébewas obtained froni1lb and 1,2-di-
p-tolylethyne 83b) in 82% vyield. Unfortunately, the electron pookyales 4,4'-(ethyne-
1,2-diyl)dibenzonitrile 83d) failed to react with71la under the Fagnou’s optimized

conditions.

Table 3.1 Synthesis of benzbJfurans from phenols and alkyrds

Pd,(dba)s (5 mol%)
1,10-Phen (10 mol%)

AcHN\©\ . Cu(OAc),-H,0 (2 equiv) AcHN
oH NaOAc ( 5 equiv) (:[o/

70a 33 1,4-dioxane, 130°C, 48 h 71

33b
33c
33d

ACHN\©\/ ACHN\©\/ AcHN
/ /
o] o [ :[O/

71a, 60% 71b, 57% 71¢, 60%

AcHN /@(
/
\@(o/ AcHN o

71d, N.R. 71e, trace

[l Reaction conditions B:70 (5.0 equiv), 33 (1.0 equiv), Pgdba) (5.0 mol%), 1,10-
phenanthroline (10 mol%), NaOAc (5.0 equiv), Cu(®Ad,0 (2.0 equiv), and 1,4-dioxane (8.0
mL) at 130°C for 48 h.
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Table 3.2: Synthesis of fused furo-indoles from benzofuramdtamides and alkyrids

Fagnou's Conditions

Ar' Ar? Ac Ar’
AcHN [RhCp*Cl,], (5 mol%) N
Soart + |l > Ar? N—Ar'
G , AgSbFg (20 mol%) \ G
Ar Cu(OAc),"H,0 Ar2
71 33 t-Amyl alcohol 75

Ar = 4-MG-C6H4 (33b)
Ar = 4-MGO-CGH4 (33C)
Ar = 4-Br-CgH, (33e)

<
Meo \8 Br
C)

MeO  75b,77%

OMe

75¢, 57%

Me

\:(\IO O e O
meo— ) \SOMe Me{“SMe
) O
0y
NC \8 O
$

NC

75e, 82%

75f, 0%

[ Reaction conditions71 (1.0 equiv),33 (1.1 equiv), [Cp*RhG. (5.0 mol%), Cu(OAG)H,O
(2.1 mmol) and AgShf{68 mg, 0.2 mmol, 20 mol%) tramyl alcohol (3.0 mL) at 12%C for 3-5
h.
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3.3.2. Optical and Electronic Properties

Absorption and Fluorescence SpectraThe UV-vis absorption spectra of the furo-
indoles in CHGJ solution (10™° M) are shown in Figure 3.5. The absorption spestiav
two major bands at ca. 26800 nm and ca. 36@00 nm. These UV absorptions attributes
to localized fused aromatie-1* transitions. The absorption maxima.,) of 75b—e were

at 340, 339, 345, and 336 nm, respectively. Thetrele withdrawing or electron donating

groups on fused furo-indoles doesn’t significamiffect the absorption maxima.

Absorbance (a.u.)

I . I ’ I ’ I ¥ I § I . I 4 I * 1

I T
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3.5 UV-vis absorption spectra of compourtib-ein 1 x 10°M of CHCl;
solution
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1.0- —T75b
i1+
— T5d
0.8 4 T5e
3
2 064
2
g
£ 0.4 -
a
0.2 5
0.0 4

. I K I : I v I v I . I * 1
350 400 450 500 550 600 650 700
Wavelength (nm)

Fig 3.6 Fluorescence spectra of compoufs—ein 1 x 10°M of CHC; solution

The photoluminescence emission spectra of the fs®dindoles75b-e in chloroform
solution (10° M) are shown in Figure 3.6. All the molecules shokve emission with
varying maximum for different molecules. The blurigsion with maximum of 42443
nm is observed. Therefore, these molecules maypipéicable as blue light emitting

diodes.

Thermal Properties (DSC and TGA studies):The thermal stability of organic materials
is crucial for device stability and lifetime in ODEapplications. Thermal instability may
result in degradation of organic devices due tophological changes. Therefore, thermal
properties of fused furo-indoles are examined Wfewdintial scanning calorimetry and
thermal gravimetric analysis (DSC-TGA). The DSC-TGAudies are performed at
temperature ranging from 30 to 60C under N atmosphere. The compounds are

thermally stable upto 38@00 °C. The decomposition temperature)&nd melting

points (T,) of the compoundg5b—-e are shown in Table 3.3.
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Figure 3.7. DSC-TGA graphs of5b and75c

Table 3.3: Optoelectronic and thermal properties of fused-ndoles

Entry | Compound Absorption Excitation Emission Thermal
Properties

Amax | € (M7em™) | Aex (NM) | Amax ("M) | Ty °C) | To (°C)
(nm)

1 75b 263, | 64,087 and 340 421, 445 | 209 402
340 37,636

2 75¢c 246, |66,136 and 339 436 258 428
339 49,927

3 75d 268, | 39,182 and 345 436 95 464
345 21,731

4 75e 272, | 23,472 and 336 425, 443 | 123 389
336 11,809

3.4. Conclusions

In summary, we have designed extendetbnjugated molecular entities, the fused furo-
indole derivatives for the possible applicationoptoelectronics. The synthesis of fused
furo-indole skeleton is initiated with the instaiken of benzop]furans onN-acetyl-4-
amino phenols employing the recently developed apalm-catalyzed oxidative
annulation between phenols and unactivated intatkghes. Subsequently, the survival
of the NHAc group allows the construction of indskeleton following the Fagnou’s Rh-

catalyzed oxidative annulations of anilides wittemal alkynes. These two-step synthetic
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procedures useful in accessing a wide array ofdfuseo-indoles. The optical and
electronic properties of these new molecular editare studied by UV-vis and
fluorescence spectroscopy. All the molecules shostehg absorption at UV range (300-
400 nm) and strong blue emission. We thereforeebelithese molecules may find

possible applications as blue light emitting diodes
3.5. Future Work

The present work successfully demonstrates thehegrst of fused furo-indoles and their
possible application as blue OLED. In general, #meine moiety is crucial for hole
transporting materials. We therefore envisionedodicing the amine moieties on the
fused furo-indole skeleton. This would enable theefl heterocycles in showing the

electron transport properties (Scheme 3.18).

o=

33

+ L
AcH NOOH
70

Scheme 3.18: Synthesis of arylamine containingddse-indoles

The other possible extension of this work is teadtice D-A (Donor-Acceptor) moieties
on the core molecule. This would enhance the elcticcepting or electron donating
ability of the molecule; as a result these molezulmay find applications in

optoelectronics (Scheme 3.19).

e~ HY—=— ,)—EDG (33) EDG
N

+

M
AcHN—@—OH (70) L»

+

EWG Q — O EWG (33)

Scheme 3.19: Synthesis of D-A type fused furo-iadol

EDG
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3.6. Experimental

3.6.1. General experimental and MaterialsUnless otherwise noted, all the reagents and
intermediates were obtained commercially and usethowt purification. Ligands,
catalysts, internal alkynes and other chemicalevperrchased or prepared as mentioned
in experimental section, chapter 2. UV-Visible ajpsion and fluorescence spectra were
recorded on a spectrophotometer (Cary-100, Vargang) a spectrofluorimeter (Horiba,

Jobin Yvon) respectively.

3.6.2. Typical procedure for the reaction of unactiated phenols with alkynes
(condition-B; GP 1):

In an oven dried Schlenk tube, phenol (5.0 mmdKyree (1.0 mmol), Pgdba} (0.05
mmol), 1,10-phenathroline (0.10 mmol), NaO@& mmol), Cu(OAc» H,O (2.0 mmol),
and 1,4-dioxan (8.0 mL) were added. The result@agtion mixture was stirred at 130.
Progress of the reaction was monitored by GC aisalyshile noticing complete
consumption of alkynes employed. Reaction was naetl for the time shown in the
respective Tables, and brought to room temperafline. reaction mixture was diluted
with dichloromethane (5.0 mL), and filtered oversmall pad of Celite. Solvent was
evaporated under the reduced pressure and the rradigon mixture was purified using

silica gel column chromatography.
3.6.3. Spectral and analytical data of the compoursd

N-(2,3,6-Triphenylbenzofuran-5-yl)acetamide (73):

Ph Si(OMe); Pd(OAc), (5 mol%)

Me Cu(OTf), (2.0 equiv)
Ph— T, v
o) 9) AgF (2.0 equiv)
_ dioxane, 110 °C, 48h
71a, 1.0 equiv 72, 2.0 equiv

ZT

Following the procedure shown by Zhang Jie Shil.dt’d acetanilide71a (327 mg, 1.0
mmol), Pd(OAc) (11 mg, 0.05 mmol), Cu(OTf)(722 mg, 2 mmol), AgF (254 mg, 2
mmol), and 1,4-dioxane (5.0 mL) were placed in bl&wk tube. Trimethoxyphenylsilane
(72, 396 mg, 2 mmol) was added via syringe, and théeddube was heated at 110 °C for

48 h. The resulting mixture was cooled to room terajure and filtered through Celite.
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The crude mixture was purified by silica gel colunimomatography eluting with hexane:

ethyl acetate (3:2) to affortB (303 mg) in 75% vyield as pale yellow solid.

mp 198-200 °C; Rs = 0.51 (3:2 hexan¢EtOAC); '"H NMR (400 MHz, CDCl;) 08.20 (bs,
1H), 7.66 (dd, J = 7.6, 2.0 Hz, 2H)7.57-7.47 (m, 6H),7.46-7.41 (m, 5H)7.35-7.29 (m,
3H), 7.10 (bs, 1H, NH)1.99 (s, 3H)®C NMR (101 MHz, CDCl;) 0168.5, 151.7, 151.2,
138.6, 132.4, 131.5, 130.5, 130.2, 130.1, 129.9,512129.1, 129.0, 128.5, 127.9, 127.8,
127.0, 117.8, 114.5, 112.2, 24I1R (Neat) vmnax 3254, 3051, 2920, 2849, 1660, 1528,
1446, 1260, 1068, 761, 690 cMMS (EI) m/z (%) 402 (M -1, 100), 348 (3), 302 (5),
246 (10);Elemental analysiscalcd for GgH21NO,: C 83.35, H 5.25, N 3.47. Found: C
83.15, H 5.34, N 3.51.

1-(2,3-Diphenyl-5H-furo[3,2b]carbazol-5-yl)ethanone (74):

(@)
Ph oY Pd(OAC), (5 mol%) Ph \=0
) NH Cu(OAc), (1 equiv») N
|O 4
eh 9] O, (1 atm) Ph o O
73 O toluene, 120 °C 74

Following the procedure depicted by S. L. Buchwetld!®’® compound’4 was obtained
from 73 in 65% isolated yield as a pale yellow soldp 193194 °C; R = 0.58 (49:1
hexane/EtOAc)! NMR (400 MHz, CDCls) §8.30 (s, 1H), 8.03 (d, J = 8.0 Hz, 1H),
7.99-7.91 (m, 2H), 7.68 (d] = 8.0 Hz, 2H), 7.597.41 (m, 6H), 7.467.31 (s, 4H), 2.76
(s, 3H);°C NMR (101 MHz, CDCl;) 5169.8, 151.8, 151.0, 139.2, 135.8, 132.6, 130.6,
129.8, 129.2, 128.5, 127.9, 127.1, 127.0, 126.8,712123.5, 119.8, 118.3, 115.9, 107.2,
101.1, 27.7JR (Neat) vmax 3055, 2924, 1689, 1496, 1427, 1369, 1298, 11764,11060,
1016, 945, 877, 763, 694 EMMS (El) m/z (%) 402 (M +1, 100), 383 (10), 368 (8), 312
(5), 279 (5), 213 (8)Elemental analysiscalcd for GgH1gNO,: C 83.77, H 4.77, N 3.49.
Found: C 83.61, H 4.82, N 3.43.
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1-(2,3,6,7-Tetraphenyl-5H-furo[2,3f]indol-5-yl)ethanone (75a):

Me
Ph H Ph  [CP*RhCL], (5mol%)  Ph FO
N.__Me AgSbFg (20 mol%) N
ph— ) G / ° > ph—~ )—Ph
0 o) PH CU(OAC)z'Hzo (2 eC]UIV) 9]
~ t-AmOH (4 mL), 120°C Ph
71a, 1.0 equiv 33a, 1.1 equiv 75a

Following the reported procedure by K. Fagnou ef*@ reaction betweerN-(2,3-
diphenylbenzofuran-5-yl)acetamidél@ 327 mg, 1.0 mmol) and diphenylacetyleB84
196 mg, 1.1 mmol) was carried out in the preserid€p*RhCl;]; (31 mg, 5.0 mol%),
Cu(OAc)-H,O (418 mg, 2.1 mmol) and AgSbE68 mg, 0.2 mmol, 20 mol%) iramyl
alcohol (3.0 mL). The resulting reaction mixturesweeated at 120C for 3 h. Upon usual
work-up, the crude mixture was purified by silic golumn chromatography eluting with
hexane: ethyl acetate (49:1) to aff@ish (301 mg) in 60% vyield as yellow solid.

mp 28+282°C; R = 0.56 (49:1 hexane/EtOAc)H NMR (500 MHz, CDCls) 58.59 (s,
1H), 7.76-7.64 (m, 3H), 7.647.56 (m, 2H), 7.557.49 (m, 2H), 7.487.42 (m, 1H),
7.41-7.34 (m, 5H), 7.357.27 (m, 8H), 1.99 (s, 3H)}*C NMR (101 MHz, CDCly)
5171.5, 151.7,151.1, 135.8, 134.3, 133.1, 133.0,91380.8, 130.7, 130.1, 129.9, 129.6,
129.2, 128.6, 128.4, 128.3, 128.2, 127.7, 127.6,9,223.7, 118.4, 106.9, 100.6, 28R
(Neat) vnax 3055, 3028, 2924, 2852, 1705, 1604, 1427, 13667,13277, 1163, 1060,
1026, 754 cit; MS (El) m/z (%) 504 (M +1, 100), 391 (3), 279 (8Elemental analysis
calcd for GeHosNO,: C 85.86, H 5.00, N 2.78. Found: C 85.68, H 5M02..85.

N-(2,3-dip-Tolylbenzofuran-5-yl)acetamide (71b):

4 Me \ Following the general procedure in condition B
21b O (GP1); a mixture of acetaminophefOg 755 mg, 5.0
mmol), 1,2-dip-tolylethyne @3b; 200 mg, 1.0

AcHN O N O Me mmol), NaOAc (410 mg, 5.0 mmol), Cu(OAd),O
L O ) (399 mg, 2.0 mmol) in the presence oL(@ba)y (45

mg, 0.05 mmol) and 1,10-phenanthroline (18 mg,rmol) in 1,4-dioxan (8.0 mL) was

heated at 136C for 48 h. Upon usual work-up, the crude mixtur@swvpurified by silica
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gel column chromatography eluting with hexane: ettogtate (49:1) to affordlb (202

mgq) in 57% yield as colorless solid.

mp 230-235 °C; Ry = 0.61 (3:2 hexane/EtOAc)!H NMR (400 MHz, CDCls)
0759 (s, 1H), 7.54 (d, J = 8.0 Hz 2H), 7.45 (d,J = 8.8 Hz, 1H), 7.467.33 (m, 3H),
7.28-7.22 (m, 2H), 7.12 (d) = 8.0 Hz, 2H), 2.42 (s, 3H), 2.35 (s, 3H), 2.153d), 1.82
(bs, 1H, NH);**C NMR (101 MHz, CDCls) 5168.4, 151.6, 151.0, 138.4, 137.3, 133.1,
130.8, 129.7, 129.5, 129.1, 127.8, 126.9, 118.6,911111.9, 111.1, 24.4, 21.8tS (El)
m/z (%) 356 (M +1, 100), 322 (13), 271 (9Elemental analysiscalcd for GsH2:NO,: C
81.10, H5.96, N 3.94, Found: C 81.23, H 5.91, 863.

N-(2,3-bis(4-Methoxyphenyl)benzofuran-5-yl)acetamid€71c):

4

OMe ) Following the general procedure in condition B
O (GP1); a mixture of acetaminopheri0§ 634 mg,
ACHN e 4.2 mmol), 1,2-bis(4-methoxyphenyl)ethyn83¢

O A\ O OMe 200 mg, 0.84 mmol), NaOAc (344 mg, 4.2 mmol),
O Cu(OAc)-H,O (335 mg, 1.7 mmol) in the presence
of Pd(dba} (38 mg, 0.04 mmol) and 1,10-phenanthroline (15 M9 mmol) in 1,4-

dioxan (6.0 mL) was heated at 13D for 48 h. Upon usual work-up, the crude mixture

-

\

was purified by silica gel column chromatographutiely with hexane: ethyl acetate
(49:1) to afford71c (195 mg) in 60% yield as colorless solid.

mp 175-180 °C; Ry = 0.54 (3:2 hexane/EtOAc)!H NMR (400 MHz, CDCls)
07.63-7.55 (m, 3H), 7.42 (d,J = 8.8 Hz, 2H), 7.37 (d) = 8.8 Hz, 2H), 6.97 (d) = 8.4

Hz, 2H), 6.84 (dJ = 8.8 Hz, 2H), 3.86 (s, 3H), 3.81 (s, 3H), 2.143H), 1.75 (bs, 1H,
NH): **C NMR (101 MHz, CDCls) 4168.5, 159.7, 159.0, 151.4, 150.9, 133.1, 130.9,
130.8, 128.3, 124.8, 123.3, 121.9, 120.8, 117.8,7,1114.5, 113.9, 111.8, 110.9, 55.3,
24.4;MS (EI) m/z(%) 388 (M +1, 100), 362 (7), 291 (6), 250 (1®temental analysis
calcd for G4H2:NO,: C 74.40, H 5.46, N 3.62, Found: C 74.32, H 5M B,68.

1-(6,7-bis(4-Methoxyphenyl)-2,3-diphenyl-5H-furo[23-f]indol-5-yl)ethanone (75b):
Following the reported procedure by K. Fagnou ef’4l reaction betweerN-(2,3-

diphenylbenzofuran-5-yl)acetamide 71 100 mg, 0.3 mmol), 1,2-bis(4-
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methoxyphenyl)ethyne3@¢c 78 mg, 1.1 mmol) was carried out in the presente
[Cp*RhCl]2 (9.0 mg, 5.0 mol%), Cu(OAg)H,O (125 mg, 2.1 mmol) and AgSbi20
O N Mg, 0.2 mmol, 20 mol%) in-amyl alcohol

O (3.0 mL). The resulting reaction mixture was

N heated at 120C for 3 h. Upon usual work-up,
o 3L TIHC0) e
o the crude mixture was purified by silica gel

O column chromatography eluting with hexane:
ethyl acetate (49:1) to afforgbb (131 mg) in
N MeO 730 J T7% yield as yellow solid.

mp 209°C; Ry = 0.53 (49:1 hexane/EtOAC)H NMR (400 MHz, CDCls) 8 8.59 (s,1H),
7.71-7.68 (m, 2H), 7.63 (s, 1H), 7.62.57 (m, 2H), 7.52 (tJ = 7.2 Hz, 2H), 7.497.42
(m, 1H), 7.3%7.25 (m, 5H), 7.22 (dJ = 8.0 Hz, 2H), 6.946.87 (m, 4H), 3.83 (s, 6H),
2.00 (s, 3H);**C NMR (101 MHz, CDCls) 5171.6, 159.7, 158.5, 151.6, 150.9, 135.5,
134.2, 132.9, 131.9, 131.1, 130.9, 129.9, 129.9,112128.6, 128.4, 128.2, 127.7, 126.9,
125.5, 125.3, 123.0, 118.4, 114.1, 113.9, 106.9,41(55.3, 55.2, 29.7, 28.01S (El) m/z
(%) 564 (M +1, 100), 505 (13), 445 (18), 345 (40), 329 (272 428); Elemental
analysiscalcd for GgH29NO4: C 80.97, H 5.19, N 2.49, Found: C 80.85, H 5122.42.

1-(6,7-bis(4-Bromophenyl)-2,3-diphenyl-5H-furo[2,3{indol-5-yl)ethanone (75c):

- o O ) Following the reported procedure by K. Fagnou
\/{I et all?™  reaction between N-(2,3-

Br Q \ O N O diphenylbenzofuran-5-yl)acetamide71g 100

© mg, 0.3 mmol), 1,2-bis(4-bromophenyl)ethyne

O (33e 110 mg, 0.33 mmol) was carried out in the

9 Br 75¢ ) presence of [Cp*Rh@], (9.0 mg, 5.0 mol%),

Cu(OAc)-H,O (125 mg, 2.1 mmol) and AgSbE20 mg, 0.2 mmol, 20 mol%) iramyl

alcohol (3.0 mL). The resulting reaction mixturesweeated at 120C for 3 h. Upon usual

work-up, the crude mixture was purified by silie golumn chromatography eluting with

hexane: ethyl acetate (49:1) to aff@istc (113 mg) in 57% yield as yellow solid.

mp 258°C; Ry = 0.48 (49:1 hexane/EtOAC)H NMR (400 MHz, CDCls) §8.59 (s,1H),
7.69-7.64 (m, 2H), 7.597.42 (m, 10H), 7.367.29 (m, 3H), 7.21 (d] = 8.4 Hz, 2H), 7.13
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(d,J = 8.4 Hz, 2H), 2.03 (s, 3H}*C NMR (101 MHz, CDCl;) 5170.9, 151.6, 151.5,
134.5, 134.3, 132.7, 132.1, 131.8, 131.7, 131.6,613129.9, 129.8, 129.2, 128.4, 127.8,
127.7,126.9, 123.2, 123.0, 121.5, 118.3, 106.0,4,29.7:MS (EI) m/z(%) 662 (M +1,
100), 606 (98), 550 (40), 464 (67), 279 (27), 2B0)( Elemental analysiscalcd for
CaeH23BroNO,: C 65.38, H 3.51, N 2.12, Found: C 65.47, H 3M&.18.

1-(2,3,6,7-Tetrakis(4-methoxyphenyl)-5H-furo[2,3-fjhdol-5-yl)ethanone (75d):

OMe Following the reported procedure by K.

Fagnou et af?’® reaction betweem-
(2,3-bis(4-methoxyphenyl)benzofuran-
5-yl)acetamide {1¢ 50 mg, 0.13
mmol), 1,2-bis(4-
methoxyphenyl)ethyne 3¢ 33 mg,

\ MeO 75d ) 0.14 mmol) was carried out in the

presence of [Cp*RhG], (4.0 mg, 5.0 mol%), Cu(OAg)H,O (26 mg, 2.1 mmol) and
AgSDbFs (8.0 mg, 0.2 mmol, 20 mol%) tamyl alcohol (2.0 mL). The resulting reaction
mixture was heated at 12Q for 3 h. Upon usual work-up, the crude mixtures\parified
by silica gel column chromatography eluting withxaee: ethyl acetate (49:1) to afford
75d (78 mg) in 95% yield as yellow solid.

mp 95 °C; R = 0.45 (49:1 hexane/EtOAc)H NMR (400 MHz, CDCls) 08.54 (s, 1H),
7.60 (t,J = 8.8 Hz, 3H), 7.48 (d) = 8.8 Hz, 2H), 7.21 (d) = 8.4 Hz, 2H), 7.04 (d) = 8.4

Hz, 2H), 6.926.82 (m, 8H), 3.91 (s, 3H), 3.83 (s, 3H), 3.823d), 3.81 (s, 3H), 1.99 (s,
3H); ¥ NMR (101 MHz, CDCl3) 8171.6, 159.7, 159.5, 159.0, 158.5, 151.4, 150.9,
135.1, 134.1, 131.9, 131.1, 131.0, 129.7, 128.8,612125.4, 125.3, 123.7, 123.0, 116.5,
114.6, 114.1, 113.9, 113.8, 106.6, 100.2, 55.3);28S (El) m/z (%) 624 (M +1, 100),
605 (6), 501 (3);Elemental analysiscalcd for GoH3sNOs: C 77.03, H 5.33, N2.25,
Found: C 77.13, H 5.41, N 2.31.

1-(2,3,6,7-Tetrap-tolyl-5H-furo[2,3- flindol-5-yl)ethanone (75e):

Following the reported procedure by K. Fagnoul€d reaction between N-(2,3-gi
tolylbenzofuran-5-yl)acetamider{b; 50 mg, 0.15 mmol), 1,2-gi-tolylethyne @3b; 32
mg, 0.16 mmol) was carried out in the presenceG*RhCL], (4.0 mg, 5.0 mol%),
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Cu(OAch-H,O (62 mg, 2.1 mmol) and
AgSbFs (10 mg, 0.2 mmol, 20 mol%) i
amyl alcohol (2.0 mL). The resulting
reaction mixture was heated at 1’ZDfor 3

h. Upon usual work-up, the crude mixture
was purified by silica gel column
chromatography eluting with hexane: ethyl
acetate (49:1) to affordse (68 mg) in 82%

yield as yellow solid.

mp 123°C; Ry = 0.48 (49:1 hexane/EtOAc)H NMR (400 MHz, CDCls) 8.55 (s,1H),
7.61 (s, 1H), 7.58 (d] = 8.4 Hz, 2H), 7.46 (d] = 8.0 Hz, 2H), 7.31 (d] = 8.0 Hz, 2H),
7.24 (d,J = 8.0 Hz, 2H), 7.247.10 (m, 8H), 2.47 (s, 3H), 2.39 (s, 3H), 2.373d), 2.35
(s, 3H), 1.98 (s, 3H)**C NMR (101 MHz, CDCls) 6171.6, 151.5, 151.1, 138.4, 138.1,
137.2, 136.6, 135.6, 134.2, 130.6, 130.2, 129.9,82129.7, 129.3, 129.1, 128.3, 128.2,
126.7, 123.4, 117.6, 106.7, 100.4, 29.7, 28.0,; 22 (EI) m/z (%) 560 (M +1, 100),
387 (6), 307 (3)Elemental analysiscalcd for GoHzsNO,: C 85.84, H 5.94, N 2.50,
Found: C 85.76, H 5.89, N 2.45.
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