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ABSTRACT

) Synthesis of Spiroindenes by Enolat®irected Ruthenium-Catalyzed
Oxidative Annulation of Alkynes with 2-Aryl -1,3-dicarbonyl Compounds

The synthesis of carbocycles by the ruthentatalyzed oxidative annulation of
alkynes with 2aryl cyclic 1,3dicarbonylsubstrates is described. Proceeding by the
functionalization of @sp’)iH and Gspf)i H bonds, and the formation of -@hrbon
guaternary centers, the reactions provide a diverse range of spiroindenes in good

yields and high levels of regioselectivity.

(6] Me

/

N Ru (cat.)
>:0 Cu(OAc),

N, dioxane, 90 °C

m 30 examples
m up to 84% yield

(e} Me

Me————Ph

Angew. Chem. Int. E@012 51, 1211512119

II) Synthesis of Benzopyrans by Pd(Ib or Ru(ll) -Catalyzed Q' H Alkenylation
of 2-Aryl -3-hydroxy-2-cyclohexenones

We have explorethe 2-aryl-3-hydroxy-2-cyclohexenoneascompetent substrates for
palladium- and rutheniuntatalyzed CH alkenylation reactions with terminal

alkenes. This procesdfords benzopyrans most casesyith good functionagroup

tolerance.
R 1 1
(@) (0] R (0] R
R’ R’ R'
X X
R2+ Pd or Ru (cat.) R2+ or R2+

pZ OH  Cu(OAc)y, A Pz o = OH
+ (K,CO4 often |

S R3 required) R3 R3

Org. Lett 2013 15,570'573
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[II) Synthesis of Spiroindanes by PalladiunCatalyzed Oxidative Annulations of

1,3-Dienes Involving Q H Functionalization

1,3-Dienes have been an underexplored class of substrates in catalytic oxidative
annul ation react i onlzation.Thesynthasia of spltointthnes u n c t |
by the palladiurrcatalyzed oxidative annulation of i¢Benes with 2aryl cyclic 1,3

dicarbonyl compounds is described. Several examples of the dearomatizing oxidative

annulation of 1,3lienes with laryl-2-naphtholsare also presented.

Chem Commun2015, 51, 2613 2616

IV) Enantioselective SpiroindeneFormation via C H Functionalization Using

Chiral CyclopentadienylRhodium Catalysts

A chiral cyclopentadienyl rhodiutigand with an atropchiral biarydackbone enables
an asymmetric synthesis spiroindenes from-2ryl-1,3-dicarbonyl compounds and
alkynes. The process affords a range of prodwits all-carbon quaternary center

high yields andexcellentenantiselectivitiesThe good functional groufplerance and

broadsubstrate generality atiee advantages of this reaction.

R = OTBDPS (5 mol%)
Cu(OAc), (2.1 equiv)

MeO

DMF, 50 °C

85%, 95% ee
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Chapter 1: Synthesis of Spiroindenes by Enolat®irected
Ruthenium-Catalyzed Oxidative Annulation of Alkynes with 2Aryl -
1,3-dicarbonyl Compounds

1. Introduction

1.1. The Significance of Indenes

Indene ring frameworks are diverse and significant scaffolds occupying a
considerable place in the realm of carbocyclic chemistry because these structural
motifs have been found in nuno@is natural productk2 and bioactive compounds

512 These derivatives also find wide applications in metal complexes,
pharmaceuticals, catalysis, polymer chemistry and for the synthesis of natural
products® In addition, indene derivatives are alsbwaide interest in the field of
material chemistry. Moreover, these structures have also been used as estrogen
receptor ligands,and H antihistamines.®° Some indene derivativesich as7 also

possess photochromic properfig@Sgure 1.1)

Figure 1.1.Representative example§some pharmacologically active indene

1



Several reduced bergfindene derivatives are structurally related to steroids and
some analogues played an essential role in enhancing the actions of inhibitory
neurotransmitter-aminobutyric acid (GABA) at GABA receptors. Due to this
pharmacological action, indene composiradte of high interest as leatbleculesfor

the identification of new drug candidates showa@road spectrum of biological
activities including analgesic, anticonvulsant and-arftammatory agent8 Sulindac,
possessingnindene framework, is a nesteroid with remarkable antnflammatory
activity 8.*° Indene derivatives also possess a mild growth inhibitory activity to L1210
and CCRFCEM leukemia cell$! and showed interaction with DNASSome indene
derivatives also find wide practical applications in lightitting diode device¥.
Several spiroindene derivativessich as9 have alsobeenidentified as novel and
selective estrogen receptors modulators (SERfs).

1.2. Q H Activation

Carborrthydrogen bonds are ubiquitous in orgammwlecules with a tremendous
potential for transformation into a diversity of other functional grolrpghis context,

CiH functionalization has emerged as a significant tool for the development of
carboncarbonand carborheteroatonbonds and has brought a revolution in synthetic
methodologies to access a wide range of pharmaceuticals, natural products and
medicinally releant and attractive scaffoldand also opened new routes to material
and polymer chemistr{/. The important featuresf CiH bond functionalization
includes the shortening of reaction pathways, tinysroving the steconomy by
avoiding the use of functi@h groupinterconverons as well as time and solvent
consumption for the preparation of starting materials. This prdeess to more
efficient methods for the production of desired framewogksl in some casegp
achieve unique regioselectivitpatterrs that are often unattainable by classical
methods® A remarkable diversity of structures is accessed tirdwansitiormetat
catalyzed CH functionalizations involving several metals including rhodium,
palladium, ruthenium, iridium, copper, nidketc. for the development of carbon

carbon bond from relatively inexpensive and easily available stannerials:"*



1.2.1. MetalCatalyzed Oxidative Annulation of Alkynes

Construction of carbeoarbon, carbomitrogen and carbeoxygen bonds under
oxidative conditions is of vital significance framfundamental research point of view

as well afrom anindustrial stand pointnspired by the literature findingguring the

past decade, remarkable progrieas been witnesseén organometallic chemistrgnd
several research groups have succeeded in constructing theseusorglgiable
metal catalystdor CiH bond activation reacti@ and many privileged synthetic
methodologes have been developed starting from substrates with or without chelation
assistance in which the coupling partners are alkenes, alkynes, arenes and hetero
arene$’ Among these, e metalcatalyzed oxidative annulation of alkynes has
proven to be a versatile, efficient, and ateaonomic strategy to access a range of
useful heterocyclic productd® These processes generally rely upon coordination of
the metal center to the hetemakcontaining functional group which directs site
selective @sp’)iH bond cleavage to form a metallacycl® (Scheme 1.13
Migratory insertion of the alkyne followed byi& (X = heteroatom) reductive
elimination then forms the heterocyclic product.

o X M] r;ﬁ:\\ r:::\\ X
|g m oxidant :k\ | X :‘:\ ,l =
- e [M] et R?
+

——R?

~

32

k‘\:\
R’I

Scheme 1.1Alkyne oxidative annulations by ¥/C(sp’)i H bond cleavage.

There is a high volume of publications reporting the use of alkynes as coupling
partnersin oxidative processesdirected by a variety ofunctional groups using
differentmetalprecatalysts However,in the subsequent discussiong will highlight

some of therepresentative examplder the construction of GC and GX bonds

involving metalcatalyzed CH functionalization methods.
1.2.11. Palladium-Catalyzed Oxidative Annulation of Alkynes

Chen et al. demonstrated the synthesis of pyridine substituted indi?eby the
oxidative coupling ofN-2-aryl-2-aminopyridinesl1 and internal alkynegia ortho-Ci

H activation under palladiursatalysis. CuGlwas employed as an oxidant in this
process (Scheme?2).?® A diverse range of products were obtained from the coupling



reactions of symmetrical as well as unsymmetrical alkynes and a variety of substrates.
Heteroarylsubstituted alkynes we also good under these reaction conditions
affording indoles in high vyields. It is noteworthy that in casematasubstituted

substrates, indole products were obtained exclusively at the less hindered site.

s DWa
X X Pd(MeCN),Cl, (4 mol% /
| | R+ R—=—FR? (MeCN).Cl, (& moe) N
N 7 CuCl, (2.1 equiv), DMF —
105 °C, 12 h R
11 12 R2
Selected products T
X X X X
| | | me || F
_ _ _ _
N N N N N N N N
— — — —
Ph nPr Ph Ph
Ph hPr Ph Ph
89% 83% 80% 85%

Scheme 12. Synthesis of indole derivatives.

In the same time period, Jiang, Wang andwvookers demonstrated the synthesis of
benzazepine heterocycldst through simple and readily available isatih3 and
internal alkynesThe strategy involves the oxidative cydigiition through activation
of CiH/NiH bonds under palladium catalysis (Schem®).?f. Having optimized
conditions in hand, they evaluated the reaction scope with eletdrating, neutral
and electrorwithdrawing substituents at the%position of isatis providing access
to well-decorated benzazepine products in high yields. The substituents omitbe C
C-7 position of isatin were also toleratéd.addition, arange of alkynes that could be
the potential coupling partners, were also investigated.trBledch tolanes were
found to be more reactive as compared to the eleckefinient alkynesHeteroaryl,
estercontaining and aliphatic alkynes were also examined in these coupling reactions.

In case of unsymmetrical alkynes, two regioisomers wererautai



X Pd(OAc), (10 mol%)
R— O + Ph—=——Ph > R4o—
= AgOAc (2.0 equiv), 100 °C, N,
MeCN/1,4-dioxane (1:1)

Iz

OMe php

96% 88% 81%

Scheme 13. Synthesis of benzazepine derivatives.
On the basis of weknown metaicatalyzed oxidative processes, a proposed catalytic
cycle isillustrated inFigure 12. The annulation into benzazepine starts with the
palladation of isatinl3 to give palladium intermediat&5. Next, intermolecular
insertion of alkyne td.5 produces vinypalladium intermediat&6 which on another
addition of alkyne generates intermediate Finally, intramoleculapalladation ofL7

leads to the formationf palladabenzocycloheptatried®, which cansubsequently

undergo reductivelimination to yield benzazepirig!.

[o) (o) @E&O
N

Ph 13 H

Pd' ym
7 Gy

P
(AcO)P Ph

h//Ph

Figure 1.2. Proposed catalytic cycle fllenzazepine formation



Sahoo and cavorkershave devalped a novel onstep synthesisf 2,3-disubstituted
berzofurans 20 involving Pdcatalyged oxidative annulations of commercially
available phenold9 with unactivaed internal alkynes (Scheme 1?4 A range of
substituents were tolerated in this proceBse substituents includehalo, nitro,
cyano, ketone, aldehyde and ester functionalities on the phenolThegroducts
were obtained in goodjields. The reaction also proceeds well with phenolariog

electrondonating groups providing access to benzofurans in ample yields.

OH Ph Ph
1 N Conditions A q X N\
R'-r + R2——R3 - R1_I R2 / \
= Conditions B Z~0
=N N=
19 20

Bathophen

Conditions A: [Pd,(dba);] (5 mol%), Bathophen (10 mol%), Cu(OAc),H,0 (2.0 equiv)
AgOAC (2.0 equiv), 1,4-dioxane, 130 °C 74 A\
Conditions B: [Pdy(dba)s] (5 mol%), 1,10-Phen (10 mol%), Cu(OAc)y H,0O (2.0 equiv) =N N=
NaOAc (5.0 equiv), 1,4-dioxane, 130 °C

1,10-Phen

Selected products

Ll Lo (Lo

92% (A), 24 h 90% (B), 48 h 63% (B), 24 h 76% (B), 48 h

Scheme 1.4Synthesis of benzofurans.

The plausible mechanistaycle Figure 13) suggests tha®d0) is readily oxidized to
Pd1) in the presencef Cu(OAc) to generat@l. At this stage, attack of phenol onto
the electrophilic Pd(Il) species mapccur in two different waysviechanistic cycle A
involves the attack of phen@b to produce Pd(li)phenoxide speciez? and liberate
AcOH. Sulsequently,the coordination of the alkyngo 22 would induce its
phenoxypalladation to affor23. Baseassisted intramoleculartho-Ci H insertion by
the RI catalyst then leads t84,>® which on reductive eliminationdelivers the
benzofurar20 andregenerates the HY) species fortie next catalytic cycle. On the
other hand, mechanistic cycle iBvolves theortho-palladationof phenol 19 by
electrophilic Pdll) species21, giving the quinonetype intermediate25. Alkyne
coordination followedby carbopalladation then afford@6, which on baseinduced
rearomatization yield®7. Finally, reductive elimination delivers produ2® along
with thePd(0) species.



Ph
o Ph o

w, LK,
TN

©/ | . 2P, 0hc
Lpg” Cycle A Cycle B _

Ph
23 Oph Cu(OAc), H b 26

Ph /@ Pd''L, (OAc),
N, 2 L @ ~_CrL A
\© 19 25 bn

base
Figure 1.3. Possible mechanistic pathways for benzaid@mation.

Guan and cavorkers reported a novel and efficient oxidativenaation procedure
involving Ci' H functionalization of enamide®8 with internal alkynes as coupling
partners under palladium catalysis. The process aftbesh array of substituted
pyrroles 29 in good yield with a diverse range of functiorgroup compatibility
(Scheme 1) After an extensive screening of palladium souraed phosphine
ligands in various solvents, they identified that Pd(QAwprks bestwith catalytic
amount of xantphos and Cu(OA@&s an oxidant itlAmOH as solvent.

Having optimized reaction conditions, the process was extended to a range of
enamide substrates to investigate the reaction scope. The results demonstrated that
this transfomation is quite general with high functional group tolerance affording
triaryl-substituted pyrrole skeleton. The structural variations include electron
donating, electronvithdrawing and electreneutral groups on aryl ring in addition to

the phenyl, metbxyl, [1,3]dioxolyl, andamino groups. All these substrates were
found as efficient starting materials for the preparationNedcetytsubstituted
pyrroles. Ortho-substituted enamides were also well transformed itite
corresponding productsSterically demanding substrates were insensitive to the
reaction conditions and gave corresponding pyrroles in moderate Viegver,the
aliphatic enamides as well akectrondeficient enamidewere foundo beunreactive

substrates. On the other hanbis transformation showed broad tolerance among

7



internal alkynes. Symmetrical diargubstituted alkynes, diallkydubstituted alkynes
as well as unsymmetrical alkynegere all identified as efficient coupling partners

leading tathe desired products in aderate to good yields.

PPh, PPh, |

3 Pd(OAc), (5 mol%)

R R? ©
N NHAG y Xantphos (10 mol%) R0 X '\{
R1-- 7 Cu(OAc), (1.0 equiv) = Ac
RZ

F + -AmOH, 120 °C Me” Me
28 29 Xantphos
-S-e-lt-e;:ied prod;x-c-t;
Ph Ph CO,Et nPr
’ \ Ph ’ \ Ph ’ \ Ph ’ \ nPr
N N N N
\ \ \ \
Ac Ac Ac Ac
Ph
86% 81% 78% 43%

Scheme 1.5Synthesis of pyrrole derivatives.

Jiang and cavorkers developed an efficient palladitgatalyzed oxidative annulation

of acrylic acid30 and amide81 with a range of internal alkynes ppoduceU-pyrones

32 and pyridones33 using oxygen as a sahiometric oxidant (Scheme 1.& The
process affords good yields of products with high levels of regioselectivity with the
liberation of HO as the only byroduct.Usingthe optimized reaction conditions, the
scope of this process in terms of alkynes and acrylates or amides was investigated.
Initially, a range ofpara-substituted diphenylethynes, including electvathdrawing

and electrondonating groupswere tested affordin the correspondingtpyrones in
good yields The unsymmetrical diarylethynesere alsoconvered to the U-pyrone
productswith high levels ofregioselectivityin addition to thediheteroarylethynes
which afforded desired product in 77% yield. Furthermorestiope of this oxidative
annulation was furtheextended toacrylic amide with internal alkyneaffording

pyridone products.



o Pd(OAc), (10 mol%) R! X [e)
CuBr;, (30 mol%
Vj\ + R—R? 2( ) - |
XR EtsN (1.0 equiv) R? %

30 XR = OH 32/33
31 XR = NHAc, NHOMe

Selected products

69% 77% 82% (>20:1) 74%

Scheme 1.6 Synthesis of pyrone drpyridone derivatives.

The plausible catalytic cycle for Rutalyzed oxidative annulation is illustrated in
Figure 14. Initially, the coordination and ligarekchange of the acrylic derivatid®

or 31 with Pdl) provided intermediate34.3**? followed by thecoordination ad
insertion of the alkyne affordetthe vinyl-palladium complex35. Subsequently, the
intramolecularHecktype procesgjavethe alkykpalladiumintermediate36,% which
on b-hydride elimination releasethe product32 or 33 and Pd0) species which was

reoxidized to generatbeactive catalytic species.

PH Ph
36
=)o
o Pd-X
>\ // AcO

X PdOAc
PH Ph ph—=—=""Fh

35

Figure 14. Proposed catalytic cycle for pyrone and pyridone formation.



Wang and ceworkers developed a novel palladiteatalyzed annulation procedure
usingferrocenecarboxamid&¥ with internal alkynesnd air as an oxidant delivering

racemic ferrocene[1;2]pyridine-3(4H)-ones 38 in good vyields (Scheme 2.7

Having estabthed the optimal reaction conditions, variousubstituted
ferrocenecarboxamides weréolerated with diphenylacetylene prodiug the
correspondingerrocene[l,X]pyridone derivativesn good yields. Variousalogen
substitutedanalogues such a&fluoro-, 4-chloro, and4-bromoanilineswere well
toleratedaffording thedesireda nnul ati on products Aism good
amides with different electrondonating or electromvithdrawing groups at theN-

phenyl ring, gve products ingoodyields. In addition, a range of alkynes were also

employed and identified as effective coupling partners.

7 \_R!
~ ~
N o N
H R3 Pd(OAc), (10 mol%) ~—ph
/ NaHCO; (4.0 equiv)
/ Cu(

.
OAC),* H,0 (0.5 equiv) Fe

@ R? toluene, 90 °C, air @

Selected products

Me
g I 0 3 QO
N N N
& Ph > —Fph & =Ph
Fe Ph P
70% 55% 60% (3:1)

Scheme 1.7Synthesis of pyrone and pyridone derivatives.
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1.2.12. Copper-Catalyzed Oxidative Annulation of Alkynes

In 2012 Jiao and ac-workers demonstrated a copjatalyzed aerobic direct
dehydrogenative annulation df-iminopyridinium ylides 39 with alkynes using
oxygen as an oxidant to access a diverse range of pyrazeddpyridines 40
(Scheme 1.8%° Under tte optimized reaction conditions, a wide substrate scope was
observed with respect to terminal alkynes. A variety of substrates bearing either
electronrich or electron poor substrates were tolerated leaditigetdesired products

in good yield.

Cul (10 mol%) R

O Ag,COj4 (10 mol%) N =|=
+ \ / DABCO (2.0 equiv) ~ N\N/ N\ /
NBz

PhClI, 125 °C, O,

Selected products

Me

-0 O CF
/ / / F

xN~N xN~N x-N~N

74% 82% 7%

Scheme 18. Synthesis of pyrazolpyridine derivatives.

On the basis of observed results, a possible mechanism is suggested for this reaction
and is depicted ifrigure 1.5 Initially, copper acetylidél is generated fromllayne

with Cu(l) catalyst assisted by AQ@Os;. Then,the oxidatie insertion of copper
acetylide4l into the pyridinium ylide39 gives Culll) intermediate42 via Ci H bond
activation. Subsequentlyntermediate42 undergoes reductive elimination taad

the direct alkynylation intermediatd3, in which the alkyne can bactivated by
copper atalyst. Then, fndo cyclization o#43 via the anti-aminocupratia of the

alkyne attacked by themido nitrogen generatdsgl, which can be converted intb

via a protonation process. Finally, produtd is obtainedvia the rearomatization of

45,

11



=N\ 1 Rl———H
+N |
45 l R Cu base
R?" o Ag*
base R'———cu/
/ N cu' 4
Z— —N \ X
Vel INT TR |
- N~N 44 iy
PN 0, N
40 o base NCOR?
39
| A
+ 2
X N cu''——R’
cu' | l !
N +_~ N\ (o]
s ; D
A I 42

R N
43

he
P

Figure 1.5 Proposed catalytic cycle f@yrazole[1,5a]pyridine formation
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1.2.13. Nickel-Catalyzed Oxidative Annulation of Alkynes

In 2011, the research group of Chatani achieved the first example of-cat&bized
transformation obrtho-Ci H bond that takes the advantage of chelation assistance. As

a result, a wide range of isoquinolone derivatid&sby cycloaddition of aromatic
amides46 to alkynes, is accessd@cheme 1).3 A diverse range of functional
groups, such as met h ocyayo, acdtytandpacetal groops,t hy |
were toleratedunder the reaction conditions. Substrates veidgttron-withdrawing

groups were found to be more reactive as compared to substratesleuition

donating group. The reaction produces highly regioselective products with

unsymmetrical alkynes

(0] (¢}
R Ni(cod), (10 mol%) R
N~ PPhj (4.0 equiv) N~
H + R'—/]/R? >
toluene, 160 °C, 6 h =
H R?
46 47 R
Selected products
() (e} (e}
M
© N | X N | A N | A
N N N
Z nPr 7 Z Ph Z Z nPr Z
nPr Me NMe, nPr
90% 52% (13:1) 92%

Scheme 19. Synthesis ofsoquinolone derivatives.

Mechanistic approach adopted to establish the reactithhwpay is depicted in Figure
1.6. Initially, coordinationof amide46 to the nickel ceter as arN,N-donor followed

by activation of the NH bond gives nikel hydride complexX8. Then,the in®rtion of

the alkyne into the HNi bond of 48 generatessinylnickel complex49 which on
cleavage of amrtho Ci H bond generates another compkX Finally, insertion of
alkyne into complexs0, and subsequently, reductive elimination gave isoquinolone
47.

13



Figure 1.6 Proposed catalytic cycle fegoquinolone formation
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1.2.14. Rhodium-Catalyzed Oxidative Annulation of Alkynes

In 2007, the research group of Miura and Satoh carried out an efficientfresste
direct oxidative coupling of benzoic acidd with internal alkynes. The reaction
proceeds best in the presence of rhodium/copper catalyst system under air affording
the coresponding isocoumarin derivativé® (Scheme 1.10° The process also
tolerates awide variety of benzoic acids anthternal alkynes incorporating
symmetrical as well as unsymmetricalubstituentsproducing theisocoumarin

products with high regioselewity.

R? R? o] Me
5 5 Me Me
R CO,H R6 R :
/ [Cp*RhCly], (1 mol%) o Mgl,Rp o
+ o -
R 7 Cu(OAc),H,0 (0.05 equiv) g3 e M‘;"Rh-%e
RS DMF, 120 °C, air, 2 h -
R4 R* RS Me Me|
51 52 Me
[Cp*RhCl;];
J
Selected products
o o) o} o}
MeO
o o o o
Zen Me A pn ol e e
Me Ph Ph OMe Ph
79% 84% 76% 92%

Scheme 1.10Synthesis of isocoumarin derivatives.

A possible catalytic cycle for this oxidative coupling is illustratedFigure 17.

Coordination of the carboxylate oxygea [Cp*Rh(OAc),] affords a rhodium(lll)
benzoatantermediate53 which undergoesrtho-rhodation togive a five-membered
rhodacycle54. Subsequently, alkynensertion generates another severembered
rhodacycles5 which onreductive elimination produseéocoumarin52. Theresulting
Rh(l) speciess oxidized bythe Cu(OAc), under air toregeneratehe Rh(lll) active

catalyst

15



air
2AcOH

2 CuOAc
H,0 ‘%/ [Cp*Rh(OACc),]
% Cp Rh

2 Cu(OAc), AcOH
, O
RhCp 53
0}
o
= R2
52 R AcOH
*Cp— R th
O
54
R' 55
R1 =——R?

Figure 1.7. Proposed catalytic cycle for isocoumaianmation

In the following year, the same research group accomplished the synthesis of
naphthalene derivatives7 under rhodiuncatalyzed oxidative coupling of
triarylmethanol$6 with internal alkynesAlso, the role of the ligand was found to be
crucial for thistransformation anche presence of a tror tetraphenylcyclopentadiene

ligand increased the efficiency of the reaction (Scherh®. 1

The possible catalytic cycle depicted Rigure 1.8involves the coordination of the
alcoholic oxygento a Rh(lll) spedes generating a rhodium(lll) alcoholate
intermediate 58. Subsequently, ortho-rhodation generates a fivenembered
rhodacycle 59, which on alkyne insertion generates another sevembered
rhodacycle60 and successive reductivelimination produce anotherrhodacycle6l
with the elimination oPh,CO. The subsequesecond alkyne insertion and reductive
eliminationproducesaphthalen&7. The presence of Cu(OAgmay be used for the

oxidation ofRh(l) species to regenerate Rh(lll) species

16



" C

R2

Ph_ Ph Q [RhCl(cod)], (1 mol%) O

oH * // CsH,Phy (0.04 equiv)
Cu(OAc),* HyO (1 mol%) ]

R! o-xylene, 170 °C, 2 h R O

R2
57

Selected products

H H Cl
H H Cl

65% 85% 86%

Scheme 111. Synthesis of naphthalene derivatives.

< > _Ph
2 Cubhe [CP"RN(OAC),] s6 O
2 Cu(OAc),
AcOH
OAc

RhCp* *cp-RN

R
Ph ph o}
Ph,CO
’ ° 4/( P Ph
*Cp—Rh
S R———R
R R 60

Figure 1.8. Proposed catalytic cycle for naphthaléoemation

In a continuation of previous studiethe same research group demonstrated new
findings thata heterocyclecan functionas an effective directing group. The use of

phenylazole$2 with internal alkynes under rhodium catalysis and a copper oxidant

17



produced 1,2,3/4etraarylnaphthaleb-yl-azoles 63 with enhanced fluorescent
properties. Furthermore, a suitable phenylazole substrate with four equivalents of an
alkyne under similar reaction conditions afforded a highly fluorescent ytdyeda
anthracene (Schemel®).*® It is notable that the meahistic steps for this annulation

are consistent with those observed previatisly

A LN
AN R4 [Cp*RhCl,], (1 mol%) R °N7 R®

R® N CsH,Ph, (0.04 equiv)

Cu(OAc),-H,0 (1.0 equiv)
DMF, 80 °C

%,
N
y
Z o2

I\ J /A
/N /N /N
N Ph N Me N Ph
CoC CoC CcoC
Ph Ph Ph
Ph Me Ph
93% 20% 87%

Scheme 1.12Synthesis of pokaromatic compounds.

The research grogwf Satoh and Miurain a continuation of their previous studies,
reported rhodium catalyzed oxidative annulation of aromatic intdesith internal

alkynes. The reaction proceeded effectiveig regioselective bond cleavage to
provide indenone imine derivativés which ae valuable intermediates for medicines

and organic materials (Schemé&3.*
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Ph

N N Ny [Cp*RhCl,], (1 mol%) oL A oh
i 74 0
4 H - _

Cu(OAC),- HoO (1.0 equiv) \
| Ph DMF, 80 °C \

Selected products

o Me

CI CI

99% 86% 91% 65%

Scheme 113. Synthesiof indenone imine derivatives.

The possible catalytic approach is illustrated Rigure 1.9 In t h e yrst st
coordination of the nitrogen atom & to a Rh{ll) speciegeneratestermediates6.
It is notable that this step is vital félne regioselective TG bond cleavageThen,
alkyne insertion generates anothesevemmembered rhodacycle 67, which on
intramolecular insertion of the iminanoiety forms 68. Subsequentlyreductive
elimination provides access tproduct 65. The copper species mae used to

regenerate Rh(llI¥pecies by oxidation.

20ux RhX #
3
2 cux, %

Ph’ R
Ph R
/ R
- ) Q —
Q XoRH,
R 68 N=
\_/
R PH 67

Figure 1.9. Proposed catalytic cycle for indenone imines.
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In 2010, Li and coeworkers ha&e successfully demonstrated that-aryl-2-
aminopyridines69 are suitable substratdor CiH activationreactions They have

used pyridine as a directing group for thadative couplingof these substratesith

internal alkynes using [CRNhCI,], as a catalyst and copper acetate as an oxidant.
This cyclization furnished-pyridyl substituted indoleg0 thatmay find applications

in the costruction of complex moleculexcf®me 114).** A range of aminopyridine
substrates with a broad substitution pattern was tolerated against a variety of alkynes.
The bulkier substrateproducedindoles in moderateyields and in case ofeta
substituentsCi H functionalizationoccurredat the least sterically hindered position
which was consistent with thosdserved previously in rhodivcatalyzedoxidative

couplings*

[Cp*RhCl,], (2 mol%)

H R
X \/\ Cu(OAc), (2.2 equiv)

| | + R—=-R -
_N Pz DMF, 100 °C, 12 h

Scheme 114. Synthesis oN-aryl-2-aminopyridinecompounds

A wide range of isoquinolone derivativé® has been accessed by Hyster and Rovis
via Ci H/Ni H activation of benzamide&l and alkynes under rhodium catalyssng
Cu(OAc) as an oxidant. A variety of substrates with extensive substitution, and
symmetrical as well as unsymmetricalkynes were tolerated to understand the
transformation mechanism and reasons for selectivity (SchekBg*iThe electron

rich tolanes producedompounds in good yield whereas electdaficient systems

were found tdoe little reluctant towards coupling reaction and gave compounds with
moderate yields. Heteroaryl and aliphatic alkynes were also a part of the studies. With
unsymmetrical alkyneshe reaction was highly regioselective producorgy one

isomerin goodyield.
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O
R [CP*RhCl,], (2.5 mol%) R
A N~ - Cu(OAc), - H,0 (2.1 equiv) A N~
R—T H + Ph—==—vPh R—T
pZ t-AmOH, 110 °C, 16 h N Ph
7

o] o] o
N/Me N/Ph N,Me O N,Me
MeO Z e Zpp OHC Zpn Zpn
Ph Ph Ph Ph
98% 65% 61% 78%

Scheme 115. Synthesis of isoquinolone derivatives.

In 2012 Wang and cavorkers described the cascade oxidative annulaticategy
involving benzoacetonitrileg3 and internalalkynes providing access to a number of
substituted naphtho[1-J8]pyrans 74 through cleavages of $psp and OH bonds

under rhodium catalysis and using copper acetate as an oxidant. These cascade
annulation reactions showed high levels of regioselégtiwith unsymmetrical
alkynes. Moreovera number of thes@aphtho[1,8bc|pyran derivatives exhibited

intense fluorescenda the solid state (Schemel6).**

0 ZZNe)
ewg R [Cp*RhCl,], (5 mol%) EWG
ra i N . || Cu(OAc),* H,0 (2 equiv) 7
- DMF, 100 °C, 10 h U »
2
73 R 74 R2

Selected products

Ph Ph
Ph Ph
ZZNo) = 0 72
O O CN ! ! l l CO,Et
Ph MeO Ph
Ph Ph

82% 92% 47%

Scheme 1.16Synthesis of naphthpyran derivatives.

On thebasis of previous findings related to metal catalyzéti @inctionalizations,
they have proposed a possible catalytic cycle to access naphthopyran derivatives
(Figure 1.10). Initially, @sp’)iH activation process affords a fsp’)iH
intermediate75, which forms a five membered rhodacydlé by ortho-C(spf)i H
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activation (Path 1), followed by alkyne insertion into RB(sp’) or RhC(sp’) bond

leads to another sevenembered rhodacycl@7 or 78, respectively. On the other
hand, intermediat&5 has been suggested to afford a vinyl activation leading to
intermediate79 (Path 11). Subsequently, aromatizatiainiven reductive elimination

of 77 or 78 results tnaphthol80 as the firststep product. Furthermore, the annulation

of 1-naphthol with alkme adopts the same mechanistic steps as described in literature

to afford produc?4.

[CP*RACly],

Ph
Me p Cu(OAc),
O CuCl,
CN
O‘ 2 Cu(OAc) [Cp*Rh(OAC),]
Ph
74
Me
Cu(OAc), AcOH
Ph————Me
Cp*RhCl Ref. 45
[Cp 22 CoRh( Path Il Rth (OAc)

Cu(OAc),

o
o] pZ
Ph O
(AcO) CpRH

Me

80 CN
Rh
AcOH 76 Cp~
o} oN / Ph
Rh
Cp* Me
78

Figure 1.10. Proposed catalytic cycle for naghopyran formation

In the same yearthe research group of Li developed the synthesisutibnylated
pyridines 82 and cyclopentenone83 through the oxidative coupling of-ally
arenesulfonamide81 with internal alkynes under the action of rhodium catafifsis.
The role of oxidant was found to be crucial for the reaction selectitvfiyen reaction

was performed using AgOAc as an oxidant, pyridines were obtained as final products,
whereas, use of AgOPIled to cyclopentenone$he reaction wasbserved akighly
selective and both the substrates provided broad scope of reactivity €&i&n

With optimal coupling conditions in hand, dialkstibstituted alkynes were tolerated
against N-allyl sulfonamides providingaccess to pyridine derivatives. When the

unsymmetrical alkynes were employed, two separable regioisomers were obtained
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which showed a slight preference of bulkier group to be distal to nitrogen. On the
other hand, replacement of AgOAc with AgOPiv led to the formation of

cyclopentenone derivativé exclusively, with high regioand diastereoselectivity.

R'——R?
R [Cp*RNCly], (4 mol%)
W AgOAC (4.5 equiv) 7N\
N
TsHN acetone, 100 or 130 °C, 30 h
81 R=H
‘ R1 82 RZ

R'——R?
[Cp*RACly]5 (4 mol%)
AgOPiv (4.2 equiv)

acetone, H,0 (3.0 equiv), 100 °C
R = alky, aryl

Selected products

Ts Ts Me Me
/ i TsHN,, TsHN,,
N \ N \ o o
— — Ph Ph
Et Et Ph Me Ph Et
71% 68% 69% 79%

Scheme 117. Synthesis of pyridine and cyclopentenone derivatives.

The proposed catalytic cycle for this couplingillastrated in Figure 1.1, which
involves the cyclometallation 081 to produce fivenembered rhodacyclg which
on subsequent regioselective insertion of alkyne affords ansthemmembered
rhodium intermediate85. This rhodacyclecan then proceethroughtwo possible
pathways The pathwayl involves the Ci N reductive elimination to produce a
dihydropyridne derivative86 in the presence of small amountAd' salt The second
pathway involvesa b-hydride eliminationof 85 in the presence of excess 'Agltto
give cyclometalated imin&87 which onmigratory insertion of the alkgl rhodium
ligand into the NTs imine producesrhodium(lll) hydride specie®8. At this stage, a
secondb-hydrogenatom eliminationproduces intermediat89 and a rhodium(lIl)
dihydride species, whiclon oxidation regenerates thh(lll) active catalyst.The
intermediateB9 affords 90 on conjugate addition of water which ogclopentadiene
isomerizationproduce9l. The final produci83 could beaccessedrom 91 by ketdi

enol tautomerization.
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N AgP
Me 9 RhXg 81
oh 2 HX
89
Ts
R thH2 N\
H,0 RhX
e ga Ph
Me NHTs XHRh Pathway |
| Rex
patn® Ph
Me \N\Ts R 85

87
Ph

Figure 1.11. Proposed catalytic cycle fpyridine and cyclopentenotiermation

The research group of Cramer made use of acylated sulfonafSfidas suitable
directing groups for CH functionalization under welleveloped rhodium catalysis
providing access to eange of structurallydiverse aryl sultam®3 in good vyields
(Scheme 118).*” The reaction was found to be compatible with electiom or
electronpoor substituents as well astho and meta substitdions producinggood
results. On the other hand, a ramgof alkynes were also tolerated and the
unsymmetrical alkynes displayed moderate to good regioselectivities.

N [CP*RN(OAC),] (5 mol%) AP
C 2 | ~
il X \H/ . /R Cu'OAc (20 mol%), O, (50 mbar) 0 X NAc
L R -AmOH (0.2 M), 110 °C, 18 h A =
R2
92 93 R!
-S-(-;I;z;:-t;;:l-[-);c;t-i;l-c-t; """""""""""""
% // N //
/@H\ AC/@H\”PY' Meo/@ﬁ\‘ /%\‘
99% 99% 76% 77%

Scheme 118. Synthesis of sultam derivatives.
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Huckins et al reported an efficient synthesis of naphthyridinone derivatBies
catalyzed by Rh(lll}catalyst usingnicotinamide N-oxides 94 as substrates. This
process relies on a doukdetivation and directing approa&ifording heterocyclic
products in high yieldsand selectivities using low catalyst loadingader mild
reactionconditions 6chemel.19).*® The scope and generality of this method was
explored using a range of substituents on the nicotinamide core. The electronic nature

of a substituent at the-fosition of the ring had little effect on the outcome of the

reaction, providingheterocyclicproductsi n good yield and 020:

Electrondonating and electrewithdrawing substituents were also tolerated
delivering desired productwith no effect on th yields. On the other hand, this
processproved to be general for a variety of termiaald internal alkynes to afford
naphthyridinonéN-oxides in good yields

o)
R! OPiv R* R!
jl\/j)l\u/ [CP*RNCl,], (1 mol%) | X NH
R? C:\)l/ * % Na(OAc), (0.5 equiv) S~
I R3
o)

2 4
MeOH, 20 °C RN R
o R
© o4 © 95
Selected products T
o}
MeO,C
A NH S NH | S NH 2 | S NH
®_ @ @ @
N NP pr SNT N Me” SNT NF Si(Et); N Si(Et);
| | OH | |
(e} nPr (e} (e] (e]
€] €] €] (€]
90% (17:1) 82% (20:1) 90% 92%

Schemel.19. Synthesis of naphthyridinoridé-oxide derivatives.

A possible catalytic cycle for this annulation is illustraiedrigure1.12. Initially, Ci

H activation at the -position of theN-oxide ring of 94 afforded fivemembered
metallacycle96. Regioselecte alkyneinsertion into the RhC bond would then
provide another rhodacycle7, which on reductive elimination gave the
naphthyridinoneN-oxide product95 with concomitant O bond cleavage to +e

oxidize therhodium species
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N NH _
—,\@/ _ X N/OPIV
N R3 1 H
Rh(IlNL,, R'Te
| , O
0 R N~ H
© o5 S 94
©
0] )
OPiv
N 0
R @\ Rh(iL, N
N R'T o N—OPiv
! R3 \N/ Rh
0 R? , (L,

Figure 1.12. Proposed catalytic cycle for naphthyridindw@xide formation.

The research group of Satoh and Miura developed an efficient protocol for the
synthesis of phosphaisocoumarB by therhodiumcatalyzed oxidativennulation
of phenylphosphonic acid derivative8 with internal alkynegScheme 20).*° The
scope of thereaction was explored using various phenylphosphonic agitls
alkynes. Bigfara-substitutegohenyl)phosphinic acidslsounderwentnnulaion with
alkyneto afford the corresponding phosphaisocoumainngood yields.The reaction
of phenylphosphonicacid monoethyl esteralso proceededsmoothly to give

corresponding heterocycie 78%yield.

R H [CP*Rh(MeCN)3][SbFg] (1 mol%) Rt RS
. s AgOAc (3.0 equiv) X
R*———R >
_OH * diglyme or 1,4-dioxane, 120 °C _0O
3N N
R? R (6] R2 RS O
98 99
Selected products
Ph Ph Ph Me
Ph M Ph Ph Ph
X © X X X
(e} (e} o o
¢ 2 ¢ ¢
N\ N\ A N\
pr/ O pr/ O Et0 O pr/ O
79% 69% 78% 66% (93:7)

Schemel.20 Synthesis of phosphaisocoumarin derivatives.
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In 2013,Bolm and ceworkers demonstrated the synthesisl@benzothiazined01

from sulfoximines100 and alkynesunder a rhodiuntatalyed system involving the
combination of simplé&e(OAc) and Q as an oxidan(Scheme 1.21)° The scope of
this process wasvaluatd by treaing substituted sulfoximines wittdiphenyl
acetylene under the optimizedaction conditionsin general, all transformations
proceeded well to afford thewesponding 1;:benzothiazinesn 721 89% yield The
reaction ofthe metasubstituted sulfoximine revealed high regioselectiintyavor of
activation of the leadtindered €H bondto provide the two regioisomens a 90:10
ratio in 88% combined yieldOther alkynes were also tolerated in this process and

proved to be the good reaction partners.

2 " O\ /R2
o R Rt [CP*Rh(MeCN)3][BF,], N s
N SSNH . // (5 mol%) RI-- N
RS- Fe(OAG), (20 mol%) L2
T 2 R4
RS 0,, toluene, 100 °C
R3
100 101
Selected products T
Oy Me Og_Ph O Me o Ph
N S Ss >s{
N N N O N
Zpn Z el Zpn =
Ph Ph Ph Ph
89% 85% 79% 78% (1:1)

Schemel.21 Synthesis of 1:benzothiazine derivatives.

Ma s ¢ a anel fewvakershave developed the first example of a metghlyzed (5

+ 2) cycloadlition involving a G H activation process. The methpdovides a fast,
efficient, and practical route to bemxephes 103 using commercial or readily
available o-vinylphenols 102 and alkynes as starting materiglScheme1.22.>
Having optimied conditions, the scope of this annulation with regard to alkyne and
phenol components was then explored. A wide rarigggmmetrical alkynes bearing
eledronrich or electrordeficient aryl substituentaffordedthe desiredproducts in
good yields Dialkyl-substituted alkynes algmarticipat& in a similar manner, but the
obtained products werm slightly lower yields. The reaction withunsymmetrical
aryl-alkyl alkyneswashighly regioselective, leading f@roducts in which the phenyl
group is in the carbon tetheredttte oxygen group of the produ@n the other hand,
the reaction islsocompatible witha wide range o$ubstituentsn the aryl group of
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the vinylphenal In addition, eplacement of the alkg component by carbon

monoxideallows assembly of coumariredvatives in a straightforward fashion.

/ [Cp*RhCl,], (2.5 mol%)
Cu(OAc),°H,0 (0.5 eqUIv)
MeCN, 85 °C, air

Selected products

CO,Et

&&&&

85% (14:1) 99% (8:1)

Schemel.22 Synthesis obenzoxepine derivatives.

The propo®d catalytic cycle isoutlined in Figurel.13 The piocess starts witkthe
phenolic substratd 02 replecing one of the acetates of tlwatalyst 104 to give
intermediatel 05.°%>® This complex might lead tthe rhodacycld.07 either through a
concerted metalatiedeprotonation step (CMD) or by an intramolecwdbactrophilic
attack of the conjudad alkene to the electrophilic rhodi(iinfollowed by a base
assisted deprotonation to vyielthe rearomatzed intermediate 107. Alkyne
coordination to the intermediat®7, followed by migatory insertion then afforded
intermediatel08, which on reductiveelimination give the final productl03 and a

Rh(l) speciesl09 which is therreoxidizedto generate active Rh specib34.
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Figure 1.13. Possible catalytic cycle for benzoxepine formation.

In another studyM a s ¢ a and fam sesearch groups independently investigated the
dearomatiing oxidativeannulation of 2alkenylphenold 10 with alkynesand enynes
respectively This transformation proceeds with higields and regioselectivities
under RI(lIl) catalysis The processnvolves the cleavage of therminal G H bord

of the alkenyl moiety and trdeaomatizationof the phenol ringproviding a versatile

and efficient approacto spirocyclicskeletonsl11 (Schemel.23.>** Scope of this
reaction was assessed using bogmmetricaland unsymmetricahlkynes bearing
eledron-rich or electrordeficientaryl substituentsvhichled to the expeted products

in good yields Similar results werebtained with symmetrical dialkadubstituted
alkynes In case ofnonsymmetrical alkynes, the reactiggmoduced spirocyclic
products withhigh regioselectivity(>20:1). The scope of reaction with respeot t
alkenylphenol was also examined. Several substituents such as methyl, ethyl, phenyl
or other aromatic groups at internal position of alkene were tolerated affording desired
products in good vyields. Substrates with various substituents on the phenagl moiet

were also found to be the competent partners.
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[CP*RhCl,l, (2.5 mol%) ,
Cu(OAc), (0.5 equiv) R4,

air, MeCN, 40 °C

Ph Ph Ph
0 Ph o Ph 0 Ph
T K e
Et i Me
94% 70% 85% 78% (>20:1)

MeO
Schemel.23 Synthesis of spirocyclic products.

A proposedcatalytic pathwayfor this process is presented figure 1.14. Rhodium
diacetate compleX04 is formed by the e@action of Cp*RhChL], with Cu(OAc)
which onphenoldirected CH functionalization of the alkene of thsubstratel10
affords rhodacycle112. Coordnation and migratoryinsertion of the alkynegave
another sevemembered rhodacyclatermediatel 13. Here, if the substituer*= H,
benzoxepinelO03 is accessed by & O bondforming reductive elimination of
intermediatel 13, as reported previousfy.Otherwise, whe R* i H, the rhodacycle
114 is formed by theisomerizationof 113, by relieving an unfavorable steric
interaction between Rand the phenoxide ringrhich onCi C bondforming reductive
eliminationgives the spirocyclienoneproduct111 along withCp*Rh(1) 109, which
may bere-oxidizedby Cu(OAc) to regeneraté 4.
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OH
0.5 [Cp*RhCl,],

Cu(OAc), R!
°'5+02 CuCl, 110
2 AcOH 2CU0AC | A .
2 p*
H20 104 '
O/Rh
2 Cu(OAc), 2 AcOH
R1
Cp*Rh(l)
109 112

R3
R2

c R
“Cp .
Cr\ R2 Rh R R3

RE N A o

{ Ty \

Y R?
—_—
1 \__ R1 —
114 R \f\ e

unfavorable
113  steric interaction 103 (not observed)

Figure 1.14. Proposed catalytic cycler spirocyclic compound1l

Jin and ceworkers reported a facile and unique mode of naphthylcarbarhtider

the regioselective 1 functionalization involving alkynes as coupling partners under
Rh(lll)-catalysis. The process undergoeperi-CiH bond functionalization of
arylcabamates to give benzoquinoline compoub#when neutral rhodium catalyst
systean is employed, whereasyrtho-CiH functionalization affords benzoindole
derivativesl 17 with cationic rhodium cataly§Scheme 1.24°°

R
1
R2 _CO,Et EtO,C_ R
N\ R'——R? H NHCO,Et R'——R? N
[CP*RhCly], (2.5 mol%) b [CP*RACll, (1.5 mol%) \ R?
X Ag,CO5 (2.0 equiv) N AgSbFg (6 mol%) X
X¢ DMF, 70 °C,12 h X¢ Cu(OAc),-H,0 (50 mol%) X
R R DCE, 100 °C, 12 h, O,
116 peri C-H functionalization 115 ortho C-H functionalization 117
Selected products OMe

P

EtO,C Ph
N
EtO,C_

h
Ph CO,Et
Ph ZNia Ph
F>hi : CO,Et Ph : CO,Et
ZaNd OO N7 l l \ Ph N
98% 97% 85% 85% 99%

Schemel.24 Synthesis of benzoquinoline and benzoindole compounds.
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First, scope ofperi-Ci H functionalization with a range of substrates and internal
alkynes was investigated and the results demonstrated the good functional group
tolerance affordingcorrespondingoenzoquinoline derivativeg good yields. The
reaction also tolerated ethyl quirolin-5-ylcarbamate, producing the
benzo[j][2,7]naphthyridine producin 64% yield underthe prolonged reaction time

(48 h).It is also worth noting thahe process is also applicable to thegeraromatic
substrateslike fluoranthenr3-ylcarbamate,anthracerl-ylcarbamate and pyrenl-
ylcarbamateyielding the desired products in higher yields.

Next, the scope was extended to the varioasylcarbamateswhich afforced
benzoindole productthroughortho-Ci H functionalization. Pleasingly, the reaction
was found to be tolerant of a diverse variety of substituents including electron
donating and electrewithdrawing groups on naphthyl ring and desired products were
obtained inhigh yields. The reaction of polycyclic arylcarbamates wélkyne also
proceededsmoothly to producéhe resulting polyheterocyclés good to high yelds

with exclusive selectivity. The key mechanistic step for the regioselective formation
of products involve the coordination néutral Rh(lll) complex preferentially to the
N-atom of carbamate115 generating a Rh(llfgmine complex! followed by
cyclorhodation at theeri-Ci H bond to afford a fivanembered azarhodacycléd8.
Whereas,the cationic Rh(lll)complex coordinates to the Lewis basic carbamate
oxygen priorto nitrogenpresumably due to the Lewis acidity of the Rh(tiétalyst!®
generating intermediat#19, followed by cyclorhodation at thertho-Ci H bondas

depicted inFigurel.15

OEt

*CpRh——NCO,Et NHCOzEt HN™ ™0

|
neutral Rh( III) Catlonlc Rh(ll) OO RhCp*®

119

Figure 1.15. Proposed intermediates involved in tlegioselective synthesis of

benzoquinoline and benzoindole compounds.
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1.2.15. Ruthenium-Catalyzed Oxidative Annulation of Alkynes

In 2011, the research group of Ackermann developed the first oxidative annulation of
internal alkynes with benzamidd20 to access isoquinolond®1 under ruthenium
catalysis(Scheme 25).°® The reaction provides ample scope with remarkable high
chema and regioselectivityWith the standard conditions in hand, a rangeargt-
substituted benzamides were tolerated to establish the scope of rdagtibermore,
N-alkyl, N-benzyl or N-aryl derivatives were also compatible under optimized
reaction conditionsSimilarly, heteroaromatic benzamides were also found to be

viable for his coupling

-

o o i-Pr—C O>—Me
s R* [RuCly(p-cymene)], (5 mol%) R2 ,Rlu.,
N R || Cu(OAc),- H,0 (2.0 equiv) N N~ ca=rya
R1_| H + . » R'4— Cla: _cl
L t-AmOH, 100 °C, 22 h NP g Ru
3 .
120 R RE 121 Me—o—é’*’r
________________________________________________________________________________________ [RuCl,(p-cymene)],
Selected products
F
(6] (e}
~Me _Me
N N
Cl Z Ph Z Ph
Ph Me
78% 60% 73% 62%

Scheme 125. Synthess of isoquinolone derivatives.

Based onmechanistic studies, thegropose the rutheniuntatalyzed oxidative
annuation to proceed by an initihtermolecular carboruthenation of alkywvia rate
limiting acetateassisted TH bond ruthenationto form 123 Subsequent

intramolecular oxidative TN bond formatiorgave the desired produt?l

33



R? o)
-
R N R?
NG N N~
R* Ru(ll) R1- P H
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123
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Figure 1.16. Proposedatalytic cycle for isoquinolone formation.

In 2012, Ackermann and Lygin reported the first efficient synthesis of indole
derivatives 125 involving internal alkynes and aniline$24 bearing removable
directing groups, catalyzed by cationic ruthenium catalfhe reaction provides
ample substrate scope using water as a soli@&dieme 126).>° The mechanistic
studies indicated that the reaction involves the six membered ruthenacycle as a key

intermediate

H

2 R2 R2
Y R®  [RuCly(p-cymene)], (5 mol%)
R KPFg (20 mol %) A NaOEt N
ey +|| 6 o - rl N_g? rifL N_g?
Cu(OACc),H,0 (2.0 equiv) Z~N DMSO Z~N
H
125 )\N

)\N R3 H,0, 100 °C, 22 h 120°C, 24 h

124 X=CHorN
U x\\)
va—< =

| @
fN,RU
N/)\N
via |1|

Scheme 126. Synthesis of indole derivatives.
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In another study, the research group of Jeganmohan deatedsan inexpensive
rutheniumcatalyzed coupling of substituted ketoxinte26 with internal as well as
terminal alkynes in a highly regioselective manner to afford the isoquinoline
derivatives 127 (Scheme 27).%° A range of ketoximes with a wide substitution
pattern was found to be compatible for this cyclization reaction. Oothige hand,

the effect of changinthe methyl group in acetophenone oxime with other groups like
ethyl, isopropyl and phenwerealso investigated. In addition, alkyne scope was also
studied. The reaction was found to be highly regioselective when unskicahet
alkynes were used and cyclization takes place at sterically more accessible site
exclusively. The mechanistic studies performed for this cyclization were consistent

with those observed previousty

R3 R3
~ _R' [RuCl,(p-cymene)], (2.5 mol%)
N7 . R RS NaOAc (25 mol%) XN
R MeOH, 100 °C, 16 h 2 = Ré
126 127 RS
R' = OH, OMe
Selected products
Me Me Ph Ph
SN SN SN SN
Br Z Ph MeO Z Ph Z Ph Br Z nPr
Me Ph CO,Me nPr
81% 78% 65% 76%

Scheme 127. Synthess of isoquinoline derivatives.

Ackermann and cwvorkers reportedthe first inexpensive rutheniucatalyzed
oxidative annulation of internal alkynes with naphtHd?8 and129through hydroxyl
assistance to deliver fluorescent pyrai0 and 131 (Scheme 1.28)" With the
optimized catalytic conditions in hand, a range of diversely decorated naphthols were
able to undergo coupling reactions. This process displayed a remarkable tolerance of a
large number of substituents. Apart from naphtholdyydoxycoumarin and 4
hydroxyquinoline were also examined under the same set of reaction conditions

affording annulated pducts in good yield
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R2

R1
H  OH Z "o
NS
I —
R'——R?
128 [RuCl,(p-cymene)], (5 mol%) R? 130
R1
d OH Cu(OAC),-H,0 (1.0 equiv) 20
AN m-xylerle, 80-110 °C S
X =0, NMe X
X 6]
X (@)
129 131

Selected products

Me
Ph O Ph Ph
Me B Pr.
o nBu 2o n| T Ph o
D O oL OO
O O N O
Me
67% 76% 45% 92%

Scheme 128. Synthesis of pyran derivatives.

In 2012 Wang and Ackermann reported a versatile synthesis of diversely decorated
pyrrole derivativesl33 by the oxidative coupling of electraich enamined32 and
internal alkynes under effient ruthenium catalysis. Thisi @/Ni H functionalization
strategy preided access to pyrrole in the presence of Cu(@Awy air as an oxidant
(Scheme 19).°2 The scope of this annulation was assessed by making use of
numerous electrophilic functional groups including esters, bromo, vinyl, cyano and

nitro substituents and gattlee desired products in good yiald

3 4
R3__H R* [RuCl,(p-cymene)], (5 mol%) R R
Cu(OAc), (30 mol%)
I /H * | l o 2 / \ 5
R2 N t-AmOH, 100 °C, 22 h R N R
) -
R RS air ||?1
132 133

Selected products

Ph Ph NC Ph Ph
S S s SN
r\ll Ph EtO,C l}l Ph Me l}l Ph\ l}l Ph
NC Ac Ac Ac S Ac

74% 68% 43% 63%

Scheme 129. Synthesis of pyrrole derivatives.
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In 2013,Luan and ceworkers reported the first example afermoleclar annulation
reactions of Jaryl-2-naphthols134 with internal alkynesunder ruthenium catalysis
using Cu(OAc) as an oxidant. The process efficiently generates a library of
spirocyclic compound435 involving the dearomatization of naphthyl rig§cheme
1.30.%® An additional advantage of this method is the formation of acaation
guaternary stereocenter in @tth to the wide range of functional group tolerance
ability. The envisioned oxidative annulation strategy was used to explore the scope of
reaction under optimized reaction conditions. Initially, the substituent pattern on
naphthol ring wasnvestigatedwhich afforded a number afpirocyclic productsn

good yields (up to 96%) with excellent levels of regioselectivity in case of
unsymmetrical alkynes. A range of substituents including elecicbnand electron
deficient groups on phenyl ring were alskena into account. It is also noteworthy to
mention that the replacement of phenyl ring with heteroaryl group did not affect the
reaction and products with good yields are obtained. Furthermore, the scope of
alkynes with symmetrical as well as unsymmetrgdbstitution pattern was explored

and satisfactory results were obtained.

R®  [RuCly(p-cymene)], (2.5 mol%)

| Cu(OAc), (2.0 equiv)
K,CO5 (2.0 equiv)

R4 1,4-dioxane, 90 °C, 48 h

76% 92% 71% 79% (19:1)

Scheme 130. Synthesis of spirocyclic compounds.

The proposed mechanistic pathway starts with the initial deprotonation and
irreversible CH bond cleavagef substrate affording sixmembereduthenacycle
136. The coordinationandregioselective migratory insertiaf alkyne then produced

an eightmembered intermediat@37 which on enolketo tautomerization of the
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phenol ringdelivered intemediate 138. Finally, reductiveelimination affords the

desiredproductl135with concomitant regeneratiaf Ru(ll) catalyst(Figure 1.17.

N
2 CuOAc oA 134
2 Cu(OAc),

R' 2 AcOH iPr

5
T 9
138 R!
;
N\ R2 iPr % R
/Ru /
SO
137 M€

Figure 1.17. Proposed catalytic cycle for spirocyclic product formation.

Ackermannand coeworkers developed a facile procedure for the synthesis- of 1
aminoisoquinolinesl40 using amidinesl39 and internal alkynes under ruthenium
catalysis(Scheme 1.8).%* This oxidative process was found to be tolerant of diverse
functional graips providing desired products in good vyields. Based on the
optimization studies, they identified a ruthenium@tcymene complex with KRF

and Cu(OAc) as an oxidant works best in DME solvent at 120 °C. Under these set of
optimal conditions, they furthexxplored the scope of amidines and internal alkynes.
A careful investigation revealed that the arylalkynes bearing various functional groups
were tolerated in addition to the alkynes with heteroaryl functional groups. Moreover,
this process also affordetksired isoquinolines when symmetrically alkyl substituted
alkynes were used as coupling partnersthmcase of unsymmetrical alkynes, the
corresponding products were obtained in high asglectivity with the initial CH
functionalization occurring at the sterically least hindered site. With regard to the
amidines scope, several useful electrophilic functional groups like nitro, fluoro,
chloro, bromo, and iodo were well investigated using ruthenium catalyst. The

stericaly hindered substrates produced compounds with lower yields. Also, it is
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noteworthy to mention that the heterocycles based substrates wevehlscstarting
materials for CH/NiH functionalization process deliverinthe corresponding

products in moderatyields.

~tBu o _tBu
HN ) [RuCl,(p-cymene)], (5 mol%) HN
~ _H R Cu(OAc), (2.0 equiv)
N7 l | KPFg (30 mol%) NN
+ -
R H i DME, 120-140 °C, 22 h R %% R
R R2
139 140

Selected products

tBu tBu tBu tBu
HN” HN” HN” HN”
SN SN SN SN
Z \ S MeO Zpn, O,N Zpn o P ppr
N / Ph Ph \—O nPr
s
" 75% 70% 59% 60%

Scheme 131. Synthesis of aminoisoquinolines.

Very recently, the same group described arhic oxidative CH functionalizations

of benzoic acid441 using ruthenium(llpiscarboxylates under ambiamtygen orair

as an oxidantThis process is advantageous in terms of-steq atorreconomy
liberating water as the only hyroduct(Scheme 1.3).°° Initially, the oxidative Ci

H/Oi H functionalization of 2nethylbenzoic acid with diphenylacetyleoecurred in

a varety of solvents delivering isocoumarin prod@d® but methanol was identified

as the best and optimal solvent. Under optimized reaction conditions, the general
applicability of this aerobic oxidativenaulation was tested and thesitu generated
ruthenum(ll) biscarboxylate complex broadly toleratedtho-, meta, and para-
substituted benzoic acids with good conversion to the corresponding isocoumarin
products. Several electrophilic substituents like bromo, iodo and amino groups on aryl
ring were well téerated in addition to the heteroaromatic substrates like indoles,
thiophenes and furans. In addition, alkynes were also well employed and in case of
unsymmetrical alkynes, the desired products were obtained with high levels of

regioselectivity placing thaliphatic substituents distal to the oxygen heteroatom.
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R? [RuCl,(p-cymene)], (5 mol%)
7 OH NaOAc (1 mmol) 7 o
R1_I + | | R1_I
Y MeOH, 45 °C, 18 h PN g
R3 O, (1 atm) R?
14 142
(e} Me O
J | o o
S e Me Zpwp
Ph
78% 64% 93% 58%

Scheme 132. Synthesis ofsocoumarin derivatives

The proposed mechanistic cycle for the aerobic oxidative annulation initiates with the
formation of ruthenium(l) bisacetate complex43 which on GH activation of
benzoic acid generatasithena(ll)cycle144 with two equivalents of acetic acid.
Subsequent coordinaticend migratory insertion of an alkyrdeliveredthe seven
membered ruthena(ll)cycle 145°® which on reductive elimination vyieled the
ruthenium(0)sandwich complex46. The reoxidation of this species generates the

desired product along with the liberation giCHas sole byroduct(Figure 1.B).

1/, [RuCly(p-cymene)],

o)
2 NaOAc [e)
1 ~ 0
R'—=+ +H,0
L I gl
R iPr—@—Me L
137 R3 ] H
1,0, Me0,C-RU0 136
2 HOAG 02 2 AcOH
143 Me
Pr—C >—Me
] iPr—C >—Me
u
]
R1\’ﬁ\/\ 3 onn! RU L
N R2
o) _
146 © D g
L N
144
R2
P—< Ve /é\ ///
o mIRU\L L R3
iPr Me
| R?

L = MeOH, HOAc

Figure 1.18. Proposed mechanism for isocoumarin formation.
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1.3. Aims and Objectives

The activation and subsequent functionalization of aromdtld Bonds attached to
directing groups has emerges a growing area of researthA wide range of
functional groups suchas amides, anilides, ketones, iminesazoles, phenols,
carbamatesand carboxylic acideere reported, focusing on the utility of the sanie C

H functionalization concept**#+°%%8 |n addition, alkyne oxidativeannulation
reactions are effective in forming aromatic caraad azacycle§Schemel.33), the

scope and utility of the general process would be considerably enhanced if variants
involving the functionalization of Bp’)i H bonds could be developed, resuitiin
partially saturated cyclic products. However, progress in this area has been limited.
The only existing report comes from the group of Nakao and Hiyamo
described the oxidative annulation of formamides with alkynes, in which an extra
equivalentof alkyne acts as the stoichiometric oxidg8theme 1.4). Also, during

the course of our investigations, Wang andwarkers published aascade oxidative
annulationstrategy usingspf, sp’ and OH bonddeading tonaphtho[1,8c]pyran
products(Scheme 1.16Y

7\
' X R2
N
Pd] H [Rh] N
™ |
OX|dant oxidant
: R!
X Y=CH,N
or vice versa

benzenes R azacycles

Scheme 1.3. Alkyne oxdative annulations by double(§}f)i H bond cleavage

Me O R2
)\ )J\o [Ni] )\
Ar N + 2 || azacycles
“MeAl

R!

Scheme 1.8. Alkyne oxidative annulation by (€p’)i H/C(sp’)i H bond cleavage

In view of these fascinating results, u@ked todevelopa new mode of catalytic
alkyne oxidative annulation involving the (formal) functionalization of o&p) H

bond and one @p)i H bond. At the outset of this work, we hypothesized thht
arylcarbonyl compounds might be suitable substrates for alkyne oxidative annulations

by virtue of the acidic nature of the-protons; deprotonation would generate an

41



enolate that could serve as an efficient directing group s )TH bond cleavage.-2

Aryl cyclic 1,3-dicarbonyl compounds were selected for investigation on the basis of
their high acidity and the permanent close proximity of the aryl and carbonyl groups.
This latter feature renders these substrates conformationally predisposed for
cyclometallation, forrmg a sixmembered metallacycle in readiness for migratory
insertion of the alkyne and spiroindene formatidhis rutheniuracatalyzed process
would resultin the formation of indenes, which are important structures in various

470 and functional materiale.A notable feature of

biologically active compound:
this process is the formatiorf an allcarbon quaternary center, which has not been

describedat the time of beginning of this researchalkyne oxidativeannulations

(Scheme 15).
Q 2 center
—_— —_— N
oxidant
R
O . + ) O R2

2
— R b spiroindenes

Scheme 1.8. Synthesis otarbocycles by (formal) @p’)i H/C(spf)i H bond
cleavage
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1.4. Results and Discussion

In order to test our hypothesis illustrated in Scheme 1.35, synthesis of approf¥iate 1
dicarbonyl substrates was necessarytaAge ofthese compounds waynthesized
using literature reported protocols as described hareinrder to undertake the

investigation of the proposed mode of catalgtioyne oxidative annulation
1.4.1.Preparation of 2-Aryl-1,3-dicarbonyl Substrates

1.4.1.1. Preparation of 3Hydroxy-2-aryl-cyclohex2-en-1-one

A variety of 3hydroxy-2-aryl-cyclohex2-en1-onesl49 were synthesized by usirag
literature protocol $cheme 136).” The appropriate aryl iodid#47 was added to a
stirred solution of Cul,L-proline, K,COs;, and the appropriate Zdcarbonyl
compoundl48 in anhydrous DMSO, and the reaction mixture was then stirred at 90
°C for 48 h. The worlup and purification by column chromatography affordeel
corresponding -aryl-1,3-dicarbonyl compound49.

O o
] Cul (10 mol%) 4
R L-proline (20 mol%) R
Arl + Ar
R! K,COj3 (4.0 equiv) R!
DMSO, 90 °C, 48 h
(@) HO
147 148 149

Scheme 136. Synthesis of 3wydroxy-2-aryl-cyclohex2-en-1-ones.

A range of functional group tolerance has been observed on the synthesized
substrates. The substrategh various electromlonating groups as well as electron
withdrawing substituents have been synthesized successfully in moderate to good
yields(Table 1.1)
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Table 1.1.Synthesis of 18licarbonyl compound

Yield Yield

Entry Product 9] Entry Product 9]

e S
23 6 61

‘ 73 7 ‘ 20
OH

O,
™
® ® >
OH
MeO oH

149d

BISubstrates synthesized by Dr. Suresh R. Chidipudi and Martin D. WiecZ\@tied yields are of
isolated material.

1.4.1.2. Preparation of 2,2Dimethyl-5-aryl-1,3-dioxane-4,6-dione

TheMe |l dr umé s a dblderedpecpared accondimgetcsa literature procedure
(Scheme R7).”*™ To a stirred suspension obrresponding arghalonic acid150 in

Ac,O was added conc. ,BO, dropwise, which caused complete dissolution. The
product began to precipitate within one minute after the addition of acetone. The
appropriate  workup and purification gave the corresponding -diGarbonyl
compoundd51 (Table 1.2)

(¢] OH (¢) (¢]
acetone \#Me
Ac,0, H,SO,
OH 2 o o
N TR g A
R—=- R—
% ] = o
150 151

Scheme 137. Synthesis oR,2-dimethyt5-aryl-1,3-dioxane4,6-dione
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Table 12. SynthesisoMe | dr umds allid derivati ve

Yield Yield
Entry Product 9] Entry Product 9]
1 © 60 3 FoC ° 55
o o
151a 151¢c
Me
2 ° 67

MeO 151b

lISubstrates synthesized by Dr. Suresh R. Chidipt@dited yields are of isolated material.

1.4.1.3. Preparation of 1,imethyl-5-aryl -1,3-diazinane-2,4,6triones

The 13-dimethyl5-aryl-1,3-diazinane2,4,6triones 153a and 153b were prepared
according to a literature procedure (Scheng&8)1® from 1,3-dimethylureal52 and
appropriatearylmalonicacid 150 (Table 1.3)

O l\llle
O OH MeHN” “NHMe © N\fo
o 152 |
R i X AcOH, Ac,0, CF;CO,H - R N “Me
P i CHCls, 80 °C T o
150 153

Scheme 1.8. Synthesis 1 &limethyt5-aryl-1,3-diazinane2,4,6trione.

Table 1.3 Synthesis oBarbituric acid derivativd®

q Yield g Yield
Entry Product %] o] Entry Product %] o]
I\I/Ie I\I/Ie
O N (@] O, N (0]
h Y
1 NS 50 2 NS e 42
(o] (o]
153a MeO 153b

lISubstrates synthesized by Dr. Suresh R. Chidipt@ited yields are of isolated material.
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1.4.2. Preparation ofAlkynes

The following alkynes were purchased from commercial soFigarel.19.

Ph Ph Et Ph Ph nPr
Me/ Ph/ Et/ nBu/ Et/ nPr/

156a 156b 156¢ 156d 156e 156f

Figure 1.19. Alkynes fom commercial sources

In addition to those commercially available akynes (Figure 1.19amge of
unsymmetrical alkyne&56 were accessed by using Sonogashira coupling procedure
from appropriatehalcarene154 and terminal alkynel55 in THF under palladium
catalysis Scheme B9).”""® A range of haloarenes has been utilized to produce a
diverse variety of alkynes which are used as key coupling partners for oxidative
annulation process. The substituents tolerated on aryl part of alkynes incktdenele

rich and electromeficient functional groups. Several alkynes with heteroaryl
component have also been accessed apart from sterically demanding naphthyl group
(Table 1.4).

Cul (10 mol%)
PACI,(PPhs), (5 mol%)

ArX + —/—R Ar————R
Et3N (2.5 equiv)
154 155 THF, RT 156
(2.5 equiv) X=1,Br

Scheme 1.39Synthesis of internalkynesby Sonogashira coupling
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Table 14. Synthesis of internal alkynes

Ik Yield ke Yield
Entry Alkyne (%] @l Entry Alkyne (%] [a]
nPr
é nPr é
1 96 6 / 99
MeO 1569 /N 1561
EtO,C

nPr nPr
7 Z
=
2 Q/ 08 7 OO ~ 45
MeO,C 156h 156m
P nBu OB
FsC Z4 Z "
3 55 90 8 99
156n
MeO,C
CF,4
_ nBu
nBu =
=
4 s AZ 93 9 (j@/ 98
\ | 156 N 1560

/
EtO,C

nBu OBn
= =
5 | 98 10 156p 96
N 156k MeOC

EtO,C

lICited yields are of isolated material.
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1.4.3. Reaction Optimization

We began our study witk-aryl-1,3-diketones, which exist predominantly in the enol
tautomer,the feasibility of the coupling reaction was initially examined us3ng
hydroxy-2-phenyt2-cyclohexenond49a with 1-phenytl-propyne(157a; Table1.5).

The reactions were conducted at 90 °C and Cu(&®&c2 equivalents) was employed

as the stoichiometric oxidantAlthough rhodium, ruthenium, and palladium
precatalysts have proven to be highly effective in a range of oxidative annulations of

al kyn es25-34,37-65,79—81

the ruthenium complexRuChk(p-cymeng], (2.5 mol%) was
examined first on the basis of its much lower cost compared with rhodium and
palladium complexedn the presence of ICO; (2.5 equivalents), we were pleased to
find that successful formation of spiroindeb®7a occurred in a variety of solvents,
(Table1.5, entries 13). Consistent with literatunerecedent®®%®? the reactions were
highly regioselective, with initial BC bond formation occurring exclusively at the
methytsubstituted carbon of the alkyffeThe use of NaOAc instead of KOs did

not help to improve the reaction yiel@iable 1.5, entry4). Subsequentlybasewas

found to be unnecessary; in dioxane as the solvent, the yigé@fncreased to 80%

in the absence of &0O; or NaOAc (Table 1.5, entry5). The catalyticreaction in

other solvents such as DMgave lower producyield (Table 1.5 entry 6). The
screening of other ruthenium sources sucfRasCl(PPh)s] as well asPd(OAc) in
1,4-dioxaneproved to be totallyneffective (Table 1.5entries 79). Whereasthe
Rh(lll') complex Cp*RhCl;], provided 88% yield ofi57a in the absence of O3
(Table 1.5, entry 11). The use of KCO;s led to the spiroindene product in 74% vyield
(Table 1.5 entry10). We noted that there is no catalytic activity with other oxidants
such as benzoquinone and AgOAc. We also observed that the formation of
spiroindene did not occur below 90 °C and poor reaction yield was obtained at 120
°C. Although [{RhCp*CkL},] provided the highest yield df57a, [RuCh(p-cymene),

was selected for further experimentation on the basis of its lower cost.
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Table 1.5.0ptimization of reaction conditions for the synthesi¢%#al®

(6]
Q ' . /F’h
HO Me’

[M] (cat.)
Cu(OAc), (2.2 equiv)

base (2.5 equiv)
solvent, 90 °C, 4 h

1492 156a (1.5 equiv)
Entry [M] [mol%] Base Solvent Yield [%]
1 [RuCk(p-cymene)} 2.5 K,CO; t-AmOH 60

2 [RuCh(p-cymene)} 2.5 Ko.CO;  THF 55

3 [RuChk(p-cymene)} 2.5 K,CO; dioxane 62

4 [RuCk(p-cymene)} 2.5 NaOAc dioxane 57

5 [RuCly(p-cymene)} 2.5 o} dioxane 80

6 [RuCh(p-cymene)} 2.5 3 DMF 15

7 [RuCL(PPh)3) 5 K,CO; dioxane o}

8 Pd(OAc) 5 o} dioxane <5

9 Pd(OAc) 5 Ko,CO; dioxane <5
10 [RhCpCly]» 2.5 K,CO; dioxane 74
11 [RhCp’ClJ; 2.5 8 dioxane 88

l[IReactions were conducted using 0.25 mmol4fia. P'Yield of isolatedcompounds. Cp* = Mes,
DMF = N,N'-dimethylforamidet-Am = tert-amyl, THF = tetrahydrofuran.
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1.4.4. Evaluation of Reaction Scope

With the optimized reaction conditions in haricple1.5, entry5), an assessment of

the reaction scope was conducted by varying the alkyne, and the aryl group of the 3
hydroxy-2-cyclohexenone (Tabld.6). It was noticed that the substitueoh the
phenyl ring of compound49 as well as the alkyne partraffected the produ ¢ yigld
significantly. These experiments revealed tthéne process demonstrates good

generality.

Initially, under standard reaction conditions, a range of internal alkynes including
symmetrical and unsymmetrical were tolerated affording moderate tb \gelols of
products.In certain cases, the inclusion of®0; (2.5 equivalents) provided higher
yields (products157d).2* Oxidative annulation occurred smoothly with various
alkyl/(hetero)arydsubstituted alkynes. Again, regioselectivity was high with
unsymmetrical alkynes, with initial i€ bond formation occurring at the alkyne
carbon bearing the alkyl substituhtVith respect to the alkyne substituents, phenyl
rings containing methoxy, ester, or trifluoromethyl groups were tolerated (products
157e, 157 and157). Heteroarenes on the alkyne, such dki@nyl (productl57) or
indole (product 157) were also toleratedesulting in good yield of spiroindenes
However, terminal alkynes were unsuitable substrates, leading to complex mixtures of

producs.
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Table 16. Ru-catalyzed oxidative annulatiqalkyne scopéy

Cu(OAc), (2.2 equiv)

(¢]
RZ
Q ' . / [RuCl,(p-cymene)], (2.5 mol%)
/ dioxane, 90 °C, 4 h
R!
HO

149a 156 (1.5 equiv)

iroind Yield iroind Yield
Entry Spiroindene %] o] Entry Spiroindene %] o]
1 80 7 77
2 76 8 66
3 78 9 71
4 50 10 70
5 70 11 67

6 81

CO,Me

llReactions were conducted using 0.50 mmol1dfa. ®'Cited yields are of isolated material.
IReactions conducted with the additioik,CO; (2.5 equiv).
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Regarding the phenyl group of theh@droxy-2-cyclohexenone, substrates containing
paramethoxy, para-methyl, or para-carbomethoxy groups underwent efficient
reaction Table 1.7;products158cf). In these reactionghe inclusion oK,CGO; (2.5
equivalents) provided higher yieldsVith meta-substituted phenyl groups,(&¥)i H
functionalization occurred exclusively at the least sterically encumbered site (products
158a and 1580).%° The high site selectivity observed in the formation16fb is
notable, given that mixtures of isomers were formed when substrates coniasteng
methoxyphenyl groups were employed in related reacfibkiée found substrates
containingortho-substituted phenyl groups were unreacfjpeoduct 158g). On the

other hand, a range of alkynes bearing indodghthyland substituted aryl groups

were also found as effective coupling partners
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Table 17. Ru-catalyzed oxidative annulation of various

aryl-3-hydroxy-2-cyclohexenonéd

alkynes with a range of 2

R!

o) N
R \ R3 Cu(OAc), (2.2 equiv) / o
g [RuCl,(p-cymene)], (2.5 mol%) NN
— * % dioxane, 90 °C, 4 h
R2 R2
HO . R3
149 156 (1.5 equiv) 158
o Yield . Yield
Entry Spiroindene [9%] Entry Spiroindene (9]
1 66 5 66
2 64 6 72
3 74° 7 0
4 66°

/
EtO,C

llReactions were conducted using 0.50 mmoll4®ai g. "'Cited yields are of isolated material.

IReactions conducted with the addition O, (2.5 equiv).

Next, we further extended the reaction scope by varyirg 2aryl cyclic 1,3

dicarbonyl substrage(Table1.8). Again, a wide range of unsymmetrical alkymwesre
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tolerated, and the reactions were highly regioselective. While successful formation of
product159% was not surprising given the results presented in Tallewe were
pleased to find that a range of Meldrum's acid derivatives containing varays$ 2
substituents (which exist predominantly in thbidicarbonyl form rather than the
enol form) also underwerixidativeannulation (product&59b-h). In these cass, the
presence of BCOs; (2.5 equivalents) was required to obtain the products in acceptable
yields products 15%-d; 40i59%)3* These products incorporate either an
unsubstituted aryl ring or apara-methoxy substituent in addition to the
unsymmetrical, ymmetrical alkyl groups at alkyne moiety. Moreover, the aryl groups
at alkyne also contain electroleficient groups like carbomethoxy and -bis
trifluoromethyl functionalities. The replacement mdra-methoxy substituent with a
metatrifluoromethyl group also produced spiroindenes (produ&d-h) but the

yields were much lower as compared to the products obtained previously.
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Table 18. Ru-catalyzed oxidative annulatigeubstratescope}®

O
R X RS Cu(OAc); (2.2 equiv)
7 .
X \ \Y . / [RuCl,(p-cymene)], (2.5 mol%) .
_ S K,CO5 (2.5 equiv)
4 R2 1,4-dioxane, 90 °C, 4 h
151

156 (1.5 equiv)

Yield Yield

Entry Spiroindene Entry Spiroindene %] 1

N c]
1 o 5 40
Ph
159a
O¥ Me
2 N 4
. K 5 6 30
Ph
159b
3 48 7 28
Et
4 o 59 8 22

CO,Me

l@IReactions were conducted using 0.50 mmol1déh and 151a-c. ”'Cited yields are of isolated
material “’Reactionconducted witbut K,COs.
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Moreover, the reaction scope was further extended by ubarpituric acid
derivatives, which also exist in tHedicarbonyl form,and were also found to be
effective in this processTéble 1.9;products160ai e formed in 7384% yield).
Interestingly, substrates containing only one carbonyl group, such -as 2
phenylcyclohexanone, do not undergo oxidative annulation under these conditions.

Also, acyclic substrates such as diethyl phenylmalonate were unreactive.

Table 19. Ru-catalyzed oxidative annulation of various alkynes WiBdimethyl5-
aryl-1,3-diazinane2,4,6trione$’

N
< Q N/Me RS Cu(OAc), (2.2 equiv) / _lo. we
NG [RuCl,(p-cymene)], (2.5 mol%) >—N
\ _\ >=O * % dioxane, 90 °C, 4 h N\"__o
X R2 R2 0" Me
153 O Me 156 (1.5 equiv) 160 R
o Yield o Yield
Entr Spiroindene Entr Spiroindene
y p %] b] y p [%] [b]
1 76 4 80
2 75 5 73
3 BnO 84

CO,Me

l@IReactions were conducted using 0.50 mmdl&8a and153b. P!'Cited yields are of isolateuaterial.
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1.4.5. Regiochemical Determination

The structures ofcompounds 158a and 158 were determined by -Xay
crystallography in order to confirm the regioselectivity of timetasubstituted

spiroindenegFigure 1.20). The structures of othenetasubstituted compounds were

assigned by analogy.

Ph
158a

CCDC: 894550

Ph
158b

CCDC: 897478

Figure 1.20. Crystal structures of spiroinden&s8a and158b.
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1.4.6. Deuterium Labeling Experiments

To gain insight into the mechanism and regioselectivity of these reactions, deuteration
experiments were carried out. First, substrtd8c was subjected to the standard
reaction conditions with the inclusion ot®, but in the absence of alkyne [Scheme
1.40 (a)]. After only 15 min, recovereti49c contained significant deuteration (~79%)

at the eventual site of spiroindene formation, as expected. Deuteration was also
observed at the more sterically hindered site, albeit to a lower extent (~24%). This
experment suggests that in the presence oD Dand the absence of alkyne,
cycloruthenation is rapid, reversible, and faster at the more sterically accessible site.
The recovery was relatively modest (68% yield) due to competitive substrate

decomposition.

Repeang this experiment in the presence of alk{®€a gave spiroindene [[}158b

(45% yield) that contained minimal (~5%) deuteration at the indene, but was partially
deuterated in the cyclohexan8cheme 1.4Qb)]. In addition, recovered starting
material was partially deuterated. These observations are consistent with
cycloruthenation being partially reversible in the presence of alkyne. Slightly higher
deuterium incorporation was observed at the more hindered site p148] from
Scheme 1.4Qb), whichis in contrast with [D}149c obtained fromScheme 1.4Qa);

this is consistent with migratory insertion of the alkyne being more rapid with the
ruthenacycle derived from functionalization at the least hindered sitd9of thus
depleting deuterium at thisite preferentially.

Finally, cycloruthenation was found to be largely irreversible in the reacti@A9af

with 156c, as evidenced by a reaction run to partial completion in the presence of
D,0O, in which no deuteration was detected at the indene ddrthelation product,

and only minimal deuteration (~5% at each site) was observed in recovesedifB]
[Scheme 1.4(c)].
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~24% D j

MeO (0] . MeO D O
Cu(OAc); (2.2 equiv)

[RuCl,(p-cymene)], (2.5 mol%)
P 0 7\ /) e a
7.5/1 dioxane/D,0O @

90 °C, 15 min
149¢ HO ~79% D—> (DHO [D],-149¢

68% reisolated

~14% D

<« ~5%D
as above
\ :|_‘ ................. (b)

149¢ HO ~9% D—> (DHO
Me Ph [D],-149¢ [D]n 158b ~31%D
156a (1.5 equiv) 10% 45%
deuteration

~5% D & o not detected

) <~
as above D
: — C2 ................. (c)
C>

149a HO ~5% D—>(H O D,
Et
Et Et [Dl,- 149a [D],-157g ~33%D
26% 40%

156¢ (1.5 equiv)

Schemel.4Q Deuterium labeling experiments

On the other hand, deuteration at the cyclohexane ring most likely occurs
reversible enolization after the formation of spiroinddb8b, as evidenced by the

controlexperiment shown iGcheme 1.41.

OMe OMe
O o Cu(OAc), (2.2 equiv) O o D,
‘\\ [RuCly(p-cymene)], (2.5 mol%) ‘&%
7.5/1 dioxane/D,0 C
(e 2 o D
Me 90 °C, 15 min Me 2
Ph Ph
158b [D],-158b ~19% D

80%

Schemel.41 Control experimeninvolving 158h.
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1.4.7. Possible Catalytic Cycle

In line with catalytic cycles put forth for related proces§88® a possible
mechanism for these oxidative annulations is illustrate@igure 1.21. Under the
reaction conditions,deprotonation of the cyclic 1-@carbonyl substratel49a
generates an enolate, which is then able to direct cycloruthenation with calplex
to form sixmembered ruthenacyclé?. It should be noted that with one excepfidn,
all rutheniumcatalyzed alkge oxidative annulations reported to date involve initial
cyclometallation to form fivenembered ruthenacycle€oordination and migratory
insertion of the alkynel56 with 162 then occurs with preference fori C bond
formation at the alkyne carbon bearing the alkyl substituent to form a second
ruthenacyclel63, which although depicted as an exallylruthenium species, could
exist in the @ or C-bound forms? Finally, G C reductive elimination ofl63, with
concomitant Clrpromoted oxidation of Riback to the Rlispeciesl61, releases the
product157.%’

[0}

iPr—CO>—Me
|
+ 2 CuDAc AcO‘RE'i)O
1 RN 149a
R Me (@)
157 R? 161
2 AcOH
2 Cu(OAc), cO
o)
Y

Figure 1.21. Possible catalyticycle for spiroindene formation.
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1.4.8.Photocatalytic Rearrangement of Benzoxazepine

In addition to the mechanismpresented inFigure 1.21, anotherpossibility is that
reductive elimination ofL63 occurs to first generate benzoxepitb4, which then
rearranges to spiroindents7 under the reaction conditiondigure 1.22) The
conversion ofbenzoxazepinesto indenes, along with related rearrangements, have
been observed previously under photochemical conditfotowever, oxidative
annulations conducted with the rigorous exauasof light still led to the formation of
spiroindenes rather than the corresponding beazemires, which suggests that this

pathway is less likely.

(@)
Me -
R/o 9 rearrangement
NL U e ——
Y Y —
o N M
164

(0]
iPr 163 [Ru ]

Figure 1.22. Alternate possible mechanism for spiroindene formation.
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1.5. Conclusions and Future Work

In summary we have develope@n inexpensive rutheniwgatalyzed oxidative
annulationof alkynes involving (formal) functionalization of(§p*)i H and Gsp)i H
bonds Under the action of rutheniuatalysis, the process provides a diverse range
of spiroindenes with high levels of regioselectividynotable feature of this process
is the formation of products withll-carbon quaternary centefBhese experiments
revealed that the process demonssrgi@od substrate generality and functional group
tolerance as wellOur future work will involve he development of diastereand
enantioseledte variants of this process as wellths utilization of enolate directing

groupinto other types of carb@nd heterocyckorming oxidative annulations

(6] Me

/
N Ru (cat.)
>:O Cu(OAc),

N, dioxane, 90 °C
(@] Me

m 30 examples
m up to 84% yield

Me————Ph
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Chapter 2: Synthesis of Benzopyrans by Pd(IHor Ru(ll) -Catalyzed
Ci H Alkenylation of 2-Aryl -3-hydroxy-2-cyclohexenones

2. Introduction
2.1. TheSignificance of Benzopyrans

Heterocycles are of immense importance and exhibit a key role for the design and
discovery of new chemical structures with broad spectrum biological ptdfitethis
perspective, an important class of oxygenated heterocycladfolds such as
benzopyrans represents key structural units of diversified natural compounds with
useful biological activitie® These moieties possess diverse biological activities,
and are used as key intermediates in organic and natural produasigiitCertain

benzopyrans possess photochromic and thermochromic properti€sme

representative examples of biologically active benzopyran derival&®467 are
oo

shown in Figure 2.

NMe,

inonotusin B (165): X = Me (167) (glucocorticoid receptor modulator)
phellibaumin B (166): X = OH

Figure 2.1.Somerepresentative examples of lmgically active benzopyrans
2.2. Dehydrogenative Olefination Reactions

Atom-economicalconstruction of carbowcarbonand carborheteroatonbonds under
oxidative conditions is of vital significance and has emerge@msicreasingly
important synthetic strategy. Among these, the metahtalyzed alkenylation of
aromatic Cspf)i H bonds, directed by a coordinating functional group, has proven to
be a versatile strategy in organic synth&ssiccessfully complementing alternatives
such as the MizorokHeck reactiort? and the FujiwaraMoritani reaction®° The use

of directing groups not only offerenhanced reactivity but algarovides reaction
products with high siteselectivity, by minimizing the formation of positional
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isomers'* Strategically, however, the use of directing groupsatanbe a limitation,
especially if several steps are required to convert the directing group into the final
desired functional groufy? Nevertheless, thidrawback is mitigated by the continued
development of new procedures that employesar expandng range of directing
groups, t hus i ncreasing t he t ool box of
alkenylation and allowing access to a greater diversity oflymts. The literature
investigationhave revealed that thereadiverse range of directing groups thatda

been involved to perform thesansformatios, however, in the following discussion,

we will highlight some representative examptdsC H olefination reactionsising

various metal precatalysts.
2.2.1 Rhodium-Catalyzed Dehydrogenative Olefination Reactions

Glorius and Patureau developed an efficient and attractive strategy affording the
directortho-olefination of acetanilides68under he action of rhodium catalysis. Low
catalytic loadings, good yields of producf®9 hydrolysis of acetanilides to
corresponding anilines and high levels of regamd chemoselectivity make this
methodology useful and maynd many applications in naturgroduct and total

synthesisn the future(Scheme 2).%

Me Me

HN/&O

) [CP*RhCl], (0.5 mol%) ) HN™ ~0 .
R + e AgSbFg (2 mol%) R xR
Cu(OAc), (2.1 equiv)
R2 -AmOH, 120 °C, 16 h R?
3 3
168 N R 169

Selected products

Me

HN/gO

80% 86% 51%

Scheme 2. Alkenylation of acetanilide derivatives.

In 2011, he same research growarried out a selective rhodivoatalyzed oxidative

ortho-olefination ofbenzamides and acetophenof@é (Scheme 2).%* A variety of
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electrondonating and electrewithdrawing styrenes were tolerated. They have also
shown that the high yields and high selectivities are strongly depieod the nature

of the aromatic systen©n the other handy benzamide core bearifgpth electron

rich and electromdeficient groupswas proved to bean effective substratéor C H
alkenylation. The reaction of tertiary benzamide withbutyl acrylate led to the

desred oxidative Heck producahi95%yield with goodselectivity.

DG DG
R! [Cp*RhCl,], (0.5 mol%) R! R
. /\R“ AgSbFg (2 mol%) .
) Cu(OAc), (2.1 equiv) )
R t-AmOH, 120 °C, 16 h R
3 3
R 170 R 171

X _-CO,nBu

95% 85%
Scheme 2. Alkenylation of acetophenone and benzamide derivatives.

The proposed mechanism for thiefinationreactionis illustrated in Figure 2.2The
initial step is the activatiomf C H bond of 170 by coordinating with rhodium
complex generatinga 5-membered rhodacycld72 which on alkene insertion
generates another intermedidfé3 Subsequentlyb-hydrogen elimination iges the
desired olefinated produt 1

X o

H
O
+ 2 CuOAc Rh!! X

170
X = Me, NH,
2 Cu(OAc),

0O--[Rh]

& &%

/\R

Figure 2.2.Possible catalytic cycle for acetophenone and benzamide alkenylation.
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Bergman, Ellman and eworkers demonstrateah efficient strategy for the oxidative
coupling of unactivated alkenes to oxinmieglinvolving C H bondfunctionalization
usinga cationic rhodium catalysThis process providgeaccess t@ diverse range of
olefinated products 175 in good vyields (Scheme 3.'% Under optimal reaction
conditions, oximes with diverse substitution pattern were t@dratjainst a variety of
alkenes to afforda range ofproducts. The substrates with electdonating and
electronwithdrawing substituentat themeta and para-positiors were found to be
the effective coupling partnerg\lkene scope was also explored amtbranched
alkenes were found to be more productive comparettticanched alkenesThe
reaction wasalso compatible with activated olefins such as ethyl acrylate affording

olefinated products in good yields.

[Cp*RhCl,], (5 mol%)
f H\/\ AgSbFg (20 mol%)
Cu(OAc), (2.1 equiv)
THF (0.1 M), 75 °C, 20 h

174

Selected products

nBu Ph nBu nBu
MeO\N = MeO\N = MeO\N = MeO\N =
Me Me
CO,Me CF,

75% 98% 70% 45%
Scheme Z. Alkenylation of oxime derivatives.

In 2012 Xu and ceworkers demonstrated an efficient tandemHColefination of
sulfonylhydrazoned 76 with alkenes under rhodium catalysis. This process inv@ves
copper acetate promoted intramoleculaNCbond formationleading to a variety of
|,2-dihydrophthalazined77 in good to excellent yields (Scheme)2:°® Under the
optimized conditions, a variety of hydrazonesth electronrich and electron
deficient substituents ameta and para-position proved to befficient substrates
yielding products in good to excellent yisld'he regioselectivity othis reaction was
shown to bedependenbn the steric hindrance of the substratesvever alkenes
conjugated with alkyl or aryl acrylates were found to be effectioupling partners
affording products in good yietd
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R2-L N
=

Cp*RhCl 2.5 mol%
LTSRS+ AR [CPTRNCEL | R
R'=r Cu(OAc),-H,0 (2.0 equiv)
= DMF, 80 °C, N,

176

Selected products

Me

Ph Ph Ph
AN l}l N r}‘ NN N ,}j
{
NTs NSO,Ph NTs NTs
Me
CO,nBu CO,nBu CONH, CO,Ph
87% 85% 85% 93%

Scheme 24. Alkenylation of sulfonylhydrazone derivatives.

A possible catalytic cycle for this reaction is depicted in Figure 2.3. The reaction was
initiated with the coordination of hydrazone the Rh(lll) species generating
rhodacycle 178 which on insertion of alkene give another eightembered
rhodacyclel79. Subsequently, reductive elimination 1f9 affords intermediaté 80

and a Rh(l)species which is oxidized to regenertie active Rh(lll) species. The
intermediatel80 on reaction with copper acetate gives intermedld@® which on

Michael addition affrded 182 followed by subsequent enolate protonation to give
final productl77.

_NNTS

Cu(OAc), NNHTs Ph
AcO— C“ -AcOH _— + 2 CuOA
UDAC - [Cp*Rh(0AC),] NNHTs

III
-0
2 Cu(OAc),
l 2ACOH
P

h

\N Rth N
— NTs
Rh
w\« 178 Cpr
O-CuOAc

A cor

Figure 2.3.Possible catalytic cycle for dihydrophthalazine formation.
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Cui and ceworkersdeveloped a R[l)-catalyzed CH activation/cycloaddition of
benzamies 183 and methylenecyclopropanewith Ci C double bonds and CC
proximal bonds asselective coupling partners, for the divergent synthesis of
biologically interesting spiro dihyadisoquinolinonesl84 (Scheme2.5 and furan
fusedazepinoned 86 (Scheme2.6).2%” This procesdeatures simple starting materials,
mild conditions, and high efficiency and is external oxidant fteelerthe optimized
reaction conditionsgenerality of the reactiowas investjated. Various benzamides
with valuable functional groupsuch asmethoxy,bromo, cyanacand nitro, reaced
smoothly withthe olefins to afford the corresponohg spiro dihydroisoquinolinone
productsin moderate to excellent yields (B8%). Electronwithdrawing goups on
the benzamides somewhat retarded the reachomever, worked efficiently by
elevating the reaction temperature to 60IMCaddition various polysustituted furan
fused azepinonek86 were obtained in moderate to good yieldsngvarious furan

based substrates.

[CP*RhCl,], (2 mol%)

N A NHOPiv 4 [>=\ CsOAc (1.0 equiv)
R R2 MeOH, 30 °C

183

82% 84% 95% 1%

Scheme2.5. Synthesis of spiro dihydroisoquinolinones.
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) A= y
[CP*RhCl], (2 mol%) oo
S NHOPiv 4+ [>_\ CsOAc (1.0 equiv)
\J _— -
R1/\\/0 R2 MeOH, 60 °C 0Ny
H
185 186
Selected products T
O,N
Me Br_  Eto,C
O yZ / O yZ / O yZ / O yZ /
o N o N 9) N (@) N
H H H H
80% 53% 49% 54%

Scheme2.6. Synthesis of furafiused azepinones.

The proposed mechanism for this transformatisnllustrated in Figure 2.41t
suggests thathe intial rhodium dicarboxylate wa®btained from the reaction
betweenCp*RhCly], and CsOACA carboxylateassistedCi H activationof substrate
183 via a concerted metalation/deprotonatig@MD) pathway then generates
rhodacycle187,'°® which oncoordinationand insertiorto C=C double bondielivers
another rhodacycl&88. Ci N bondformation takes place to affod89 along with N
O bond cleavagd-inally, product184is obtained by the protonation ®89 with the

release ofictiveRh(lIl) species®

For the azepinone formation, therst step is als a CMD involvingCi H activation
generatingntermediate190 which, on coordinatiorand subsequent insertioiorms
rhodacycle 192 This intermediate192 undergoesa cyclopropylcarbinybutenyl
rearrangement to generat®83'° Ci N bond formationaffords 194 along with N O
bond cleavage. Therfal step isprotonation 0f194 to furnish theproduct186 with
Rh(ll) catalyst regeneratiof? For this reaction the ring opening of
(cyclopropylcarbinyl)rhodiunil92 to give (3-butenyl) rhodium moietyl 93 is faster
than the generation of &Rh(lll) intermediate The fused electrenich furan moiety
mustslow down the Rh(lll) generain making the rearrangemanretatvely thefaster

stepwhile formation of the azepinone produmcomeghelimiting step.
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*Rh R
[CP"RA(OCORY)] NH

Figure 2.4.Proposed mechanism for dihydroisoquinolinone and azepinone formation.
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2.2.2.Cobalt-Catalyzed DehydrogenativeDlefination Reactions

Recently, Ackermannand Ma reported the first example of cokmdtalyzed CH
alkenylation of benzamide$95 using electrordeficient alkenes antin(OAc), or
AgOPIv asthe oxidant. The procesaffords a range ofsbindolin1-one derivatives

196 with good regie and siteselectivity (Scheme.7).***

With optimized catalytic
reactionconditions the general scope of this oxidative annulation straveqyy tested
with a range of substituted amides. The results revealed thatathitic system
efficiently transformgara-substituted substrates as well as sterically hindertab-

substituted arene#. variety ofelectroplfilic functional groups, such ahloro, bromo,
iodo, cyano or nitro substituentwere tolerated affording the desil cyclized
products in good yieldsn addition, severatlectrondeficientalkeneswvere found a

compatible coupling partners.

Q Co(OAC), (20 mol%)
ril H 4 /\RZ AgOPiv (2.0 equiv) . R1—' N—Q
= PEG/CF;CH,OH (4/1) L
100 °C, 18 h, air

195

Selected products

0 Me o o) o)
N—Q N—Q N—Q N—Q
Me
CO,Et CO,Et CO,Bn c

N

85% 61% 77% 75%
Scheme 2.7Synthesis of isoindolinone derivatives.

The proposed mechanistic cycle is illustrated in Figlfe The initial carboxylate
assistetf? Ci H cobaltationof benzamidel95 affords intermediatel 97 which on
migratory insertion of theolefin, along with b-hydrideelimination delivers the
alkenylatedbenzamide199. Compound 199 undergoes an intramoleculalkene

hydroamidatiof®to furnish the desired isoindolinones
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.Q
2 A 1_I N H
(¢} R
[Co(OPiv),] = 195
2 AgOPiv
o 2 PivOH
A N/Q
Ri4L H [Co]

= | o
199 R2 X N
R | |
= [Col—=N
197
o}
0
N 2
O O N | / NR
R'5r P N-Q R1— _ [Col—N s
H R?
198

196 R?

Figure 2.5.Proposed mechanism for isoindolinone formation.
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2.23. Ruthenium-Catalyzed Dehydrogenative Olefination Reactions

In 2011, Ackermann and Pospech disclosed an effiGehi alkenylationof benzoic
acids 200 providing access to versatile phthalide derivati2@4 under ruthenium
catalysis.Additionally, the reaction is environment friendly owing to the use gD H
as asolvent (Scheme 8. It is noteworthy that a variety dfenzoic acids bearing
substituents with electrophilic functional group such as fluoro and besmeell as

sterically hindereartho-substituted acids were found to be viable for this oxidative

coupling.
o o]
[RuCl,(p-cymene)], (2 mol%) N
A . )
R1—: OH . /\RZ Cu(OAc),* H,0 (2 equiv) R1—: o
= H H,0, 80 °C, 12-24 h =
200 201 R2
Selected products T
Me o Me o) Ph fo) O
o) o) o) o
Br Me
CO,nBu CO,Et CO,Et CN
90% 67% 72% 52%

Scheme 8. Alkenylation of benzoic acid derivatives.

Li, Wang and ceworkers reported an oxidative CH alkenylation of N-
methoxybenzamide®02 They have performed the studies using an oxidizing
directing grougusingan inexpensive ruthenium catalyScheme 2.9%'° The reaction
provided good results and a broad substrate scope with only-namaoortho-
olefination selectivelyBoth electrorrich and electrofpoor benzamideperformed
equally in this reactionThe reaction afforded benzamides with acrylate esters
whereas with styrenes or norbornadiene dihydroisoquinolinone deriv&ideand

205 were obtained
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[RuCl,(p-cymene)], (5 mol%)

NaOAG (30 mol%) aifl N NH,
MeOH (0.2 M), 60 °C, 4-24 h AP 2
o A g2 203
X _OMe Q
R H N NH
/ 1=
H [RuCl,(p-cymene)], (10 mol%) 2 Ar
202 NaOAc (200 mol%) 204 o
CF4CH,OH (0.25 M), 50 °C o
24-36 h
A
P> A or lb R NH
Pz
205
Selected products T
o o o) o
F CO,nBu AcO = CO,nBu ‘
75% 56% 62% OMe 80%

Scheme 2. Alkenylation of N-methoxybenzamide derivatives.

To further broaden the scope of alkenylatitme Jeganmohan and Padakde use of
the aromatic as well as heteroaromatic aldehy2i@8 under the same reaction
conditions to afford alkeiated products207 in highly regic and stereoselective
fashion (Scheme2.10)*'® The corresponding alkenes were further transformed into

four-membered cyclic ketones or a polycyclic isochromanafes photochemial

rearrangement.
[RuCl,(p-cymene)], (3 mol%)

X H o A H

R1—: . /\R2 AgSbFg (20 mol%) _ R1—:
= H Cu(OAc), -H,0 (0.5 equiv) N R3

DCE, 100 °C, 16 h, air
206 207
Selected products T
(0] (0] OMe O (o]
MeO
o 7 CO,Et MeO 7 CO,Me 7 CO,Me Cl 7 CO,nBu
o
78% 72% 40% 25%

Scheme 210. Alkenylation of aldehyde derivatives.

The proposed catalytic cycle is illustrated in Figuré. 2nitially, the reaction is

initiated by theremoval of chloride ligand bthe silver salt from rutheniuncomplex.
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Then, coordination of the carbongkygen of206 to the ruthenium cationic species
followed by ortho-metalation generates a fivenembered ruthenacycle 208
Coordinative insertion of alkeneto the Rucarbon bond of ruthenacyc®98 affords
intermediate209which, on b-hydrideelimination gives the final produc07.

[CyRuCly], =——== CyRuCl,
2 Ag*
H $ AGCl H
(e} (e]
+ AcOH
T CyRu(OAC)[SbFg] H
207 Cy = p-Cymene 206
Cu(OAc),
AcOH
H
H
=0
'
200 R R

uCy

‘\( 208

AR
Figure 2.6. Possible catalytic cycle for aldehyde alkenylation.

Ackermann and cavorkers deviped an oxidative alkenylatioof aryl carbamates

210 using ruthenium catalysis. The reaction produces good results under aerobic
conditions with ambient air as an external oxidant (Schet®.2 The ruthenium
catalyst was found to be highly valuable and tolerated a range of functional groups
including alkyl, aryl fluorides, chlorides and bromides. Additionally, eleeticmand
electrondeficient arenes were also proved to be effective countegeiveringtheir
corresponding products in good yield.

(0] NMe [RuCl,(p-cymene)], (2.5 mol%) (o) NMe
\ 2 2 2 2
rill \ﬂ/ RN AGSHFg (10mo%) - oofl ~ \n/
Z~y © Cu(OAc), - H,0 (2.0 equiv) = o}
DME, 110 °C, 24 h |
210 211 )
R
Selected products
F
O\n/NMez O\n/NMez Ph O\n/NMeZ Me O\n/NMez
o o] o] o] o]
| | | |
CO,Et CO,Et CO,Et CO,nBu
59% 73% 68% 97%

Scheme 211. Alkenylation of aryl carbamate derivatives.
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In 2014 Ackermann and cworkers developed an efficient Ratalyzed CH
activation protocol usingmidinesubstrated 39 with substituted acrylatesffording a
diverse range of new-itninoisoindoline derivative®12 (Scheme 2.12¥" With the
optimized reaction conditionshe scope of the ruthenium(ipatalyzedprocess was
examined withdifferently substituted benzamidineand alkenesSeveral valuable
electrophilic functional groups, such as fluoro, chldrmo, and nitro substituents
were toleratedThe Q H-bond functionalization alsoccurred efficiently withpara-

and more stericaliinderedortho-substituted amidines.

RZ
HN” N—R?
N \N,H [RuCly(p-cymene)], (2.5 mol%) N /A
0,
R1—: . H\/\R3 AgOAc (50 mol%) R1—: NH
2 Cu(OAc),+H,0 (2.0 equiv) Pz
DME, 100 °C, 22 h \
139 212 R3
Selected products
NH Me N—{Bu N—{Bu N—Bu
/ FsC ! !
NH NH NH NH
Me’ \ \ \ MeO \
CO,Et CO,Et CO,Et CO,nBu
7% 64% 50% 1%

Scheme 212. Synthesis of iminoisoindoline derivatives.
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2.24. Palladium-Catalyzed Dehydrogenative Olefination Reactions

Vries, Leeuwen and eworkers carried out a selective and oxidative olefination of
aniline derivative213 under palladium atalysisconditions The reaction produced
products214 with good yield at room temperature witthe use of benzoquinones
anoxidant (Scheme 23).1*® It is notable that the substituents on the aryl ringhef
acetanilide substrate influence the coupling reaction significa@tiyro-substitution
hampered the reaction whereas the substrates with elemhosubstituents were
significantly higrer yielding, compared to the substrates with electderficient

substituents.
N R Pd(OAC), (2 mol%) N e
A BQ (1.0 equiv) A
R1—: \ﬂ/ + /\COZnBu - R1—: \ﬂ/
_ o AcOH, 20 °C _— o]
213 214 |
CO,nBu
Selected products T
H H H H
N_ _Me N_ _Me N_ _H N_ _Ph
b b hig hig
o] o o] o
Me F3C
l | | |
CO,nBu CO,nBu CO,nBu CO,nBu
85% 29% 26% 55%

Scheme 2.3. Alkenylation of aniline derivatives.

Yu and ceworkers demonstrated a simple and atronomical CH olefination
reaction of phenylacetic acid and phenylpropionic acid substraiés under
palladium catalysisisingoxygen asn oxidant at room temperaty@®cheme 24).*°

A wide range of phenylacetic acid substrates were found to be operative under this
protocol affording alkenylated produc&l6in good yield. Several drugs, including
ketoprufen, naproxen, and ibuprofen were foundetctunder these condition&

variety of alkenes were also compatible with this protocol as coupling partners.
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R? R
Pd(OAc), (5 mol%)
. i A CO,H
N XN COM . /\R“ BQ (0.05 equiv) ‘ R1—: 2
R'T _ KHCO3 (2.0 equiv), t-AmOH =
H 85 °C, O, (1 atm), 48 h
215 216

Selected products

Me Me
Me
CO,H CO,H CO,H CO,H
MeO Me Cl F

CO,Et CO,Et CO,Et Co,Et

96% 92% 91% 93%

Scheme 214. Alkenylation of phenylagtic and phenylpropionic acids.

The same groupleveloped an efficient protocol for direct olefination ofiE)i H

bonds using palladium cédyais. The reaction provides a diverse scope of lactam

compound£18 in good yield (Scheme 25).*® Using optimizedreaction conditions,

an array of-hydrogen containing substrat2$7 were tolerated affording olefinated

products in good to excellent yields.

o) Pd(OAc), (10 mol%) o

R Ar Cu(OAc), (1.1 equiv) R .
1 - . . _Ar
R ” N /\Coan LiCl (2.0 equiv) R N
AgOAc (1.1 equiv)
H DMF, 120 °C, 12 h O8N
217 218
F F F CF,
Ar = or
* F * F
Selected products
F E -
F F F. F F CF3
O o) o
e Me MeO
Me N F Et N E N .
F F o !
COZBT‘I COZBn Coan
e 78% 66%

Scheme 215. Alkenylation of amide derivatives.
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2.3. Aims and Objectives

Ol ey ns r e porgenglauiding blbeks, and stereoselective methods for their
preparation are highly valued. A promising method for the preparation of alkenes

combines CH bond functionalization with a Hedlgpe alkenylatiort**

The aim of our present study was based on mrewious finding that 2aryl-3-
hydroxy-2-cyclohexenones areffective substrates for rutheniucatalyzed oxidtive
annulations with alkynes produciregrange of spiroindenesga sequential Gpf) H

and Qsp’) H functionalizationin generally good yield¥? In light of these results,

we speculatedvhether replacement of the alkyne with a terminal alkene would enable
the corresponding Gp°) H alkenylation of these substrates to proceed (Figufe 2.

If successful, the initially formed produgi9would likely undergo cyclization of an
enolate oxyge atom ontoan electronrdeficient alkene. This process would be
attractive as the resulting benzopyr&29 resemble the core structuresaohumber

of biologically active natural products and drug candid¥t&%s

o o 0
RI—L N —> Rt N —> R o
N OH = OH L 0
149
. 219 220
EWG EWG

Z Ewe
Figure. 2.7. Proposed benzopyran synthesis byHGlkenylation.

Recently,the synthesis of benzopyrans under metdhlyzed processes has been

developed by usingalladium*?*'® ruthenium®?® rhodium*?’ gold**®

and copper
complexes? with a range ofalkynes as coupling partnerfhe direct and related
precedent foanalkenylationapproach comes in the form of a study by Miura ard co
workers, whodemonstrated that a range of benzopyrans could be easily accessed by

the palladiurcataly2 d C H al k ephepyiphendlgai(Figaré 28)2*°
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Pd(OAc), (cat.)
Cu(OAc),- Hy0 (cat.) R
air, DMF, 100 or 120 C
221 |
222

/\EWG e
Figure 28. Palladiumc at al yzed C H-plehylplenosl ati on of

Yu and ceworkers also reportedn efficient palladiurcatalyzedhydroxytdirected
C H al k eusingla tertiaryoaltohol as a directing group aad inexpensive
menthotleucine carbamate ligar{@igure 29).**

Me Me

5o

"0 >N > Cco,H
H

R? Me” “Me (cat.) R?
il X R3 Pd(OAc), (cat.) R A R3
|
= OH Li,CO3, AgOAG Z ©
224 CeFe, 80 °C 225
+ R4
A Re

Figure 2.9. Palladiumcatalyzed hydroxyd i r ect ed C H al kenyl

To our knowledge, the use ofatyl-3-hydroxy-2-cyclohexenones as substrates for
metalc at al yzed directed C H al kenyHeseini on ha
we danonstratethe successful use of these substrates in the strategy presented in
Figure 27. Furthermore, these reactions proceed using not only-es&blished

palladium catalysis;*®***° but also with more recently developed ruthenium
catalysis-*#*’

80



2.4. Results and Discussion

2.4.1.Reaction Optimization

Our investigatiorbegan withthe studyof metal precatalysts and reaction conditions
using 3-hydroxy-2-phenyl2-cyclohexenond49aas a standard substratgh phenyl

vinyl sulfone as an alkenylation partner to give the corresponding benzopyran
product. Baed on the previous understanding of substrate reactt§OAc) (2.1

equiv) was usedas the oxidant (Table 2.1\ range ofmetal precatalystsolvents,
temperaturesnd additives were screened to obtain the desired benzopyran product in
good yield. Pleasingly,the initial experiment of substrate49a with olefin using
Pd(OAc) (5 mol%)was successfuydroviding benzopyrar220ain 78% yield in DMF

at 120 °C (entry 1)The reaction conducted usifiBuCl(p-cymene)} (2.5 mol%),

which had proven successfin our previous study of spiroindene synthé&isyas

less effective, anted to a decrease in chemical yiel8q%9 of 220a (entry 2).The

use of base (JCOs, 2.0 equiv) as an additive also had a detrimental effect on the
reaction producing benzopyramonly 7% vyield (Entry 3). Although, the exchange of
DMF for t-AmOH as the solvent offered no improveménthe reaction efficiency
(entry 4), the addition of ¥COs; (2.0 equiv) to thee reactionconditions led to the
isolation of220ain a significantyield (61%, entry 5).In addition, he use of rhodium
precatalysts also afforded benzopyran in an isolated yield of 69% using DMF as the
reactionsolvent Thebeneficial effect of KCO; was not replicated usingAmOH as

the solvent (entry, compare withrentry5). Although, rhodium precatalysts provided
comparable results to palladium, further experimentation was carried out by using

palladium and ruthenium catalysts due to their lower cost.
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Table 2.1 Evaluation ofreactionconditiong®

(0] (0]
‘ [M] (cat.)
Cu(OAc), (2.1 equiv)

+ N
O OH Z” 7S0Ph solvent, temp, 5 or 15 h

149a (1.5 equiv)
SO,Ph

Temp  Time Yield
Entry [M] [mol%] Solvent b

[°C] [h] [%]
1 Pd(OAc), 5 DMF 120 5 78
2 [RuCly(p-cymene), 2.5 DMF 120 15 30
3° [RuCk(p-cymene), 2.5 DMF 120 15 7
4 [RuCly(p-cymene), 25 t-AmOH 90 15 8
5° [RuCly(p-cymene], 2.5 t-AmOH 90 15 61
6 [RhCp*Cly> 2.5 DMF 120 15 69
7 [RhCp*Cl), 25 t-AmOH 90 15 51

lBIReactions were conducted using 0.50 mofol49a. P'Cited yields are of isolatedmaterial t-Am =

tert-amyl.’'Reaction conducted in thgesence of KCO; (2.0 equiv)“Experiments performed by Dr.
Suresh R. Chidipudi & Martin DVieczysty.
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2.4.2. Comparison of Rutheniumand Palladium-Catalyzed Alkenylations

From the optimizedconditions, we pleasingly observed that theHColefination
reactionproceee@d both under the ruthenium and palladium catalysis affordtlireg
benzopyran product in good yield was therefore ouaim to investigate the reaction
scope under botlses of conditions. With the optimized reaction conditions for
palladium(Table 2.1, Entry 1)andruthenium(Table 2.1, Entry 5)catalysis,a study

was established to assess the differenceatalytic reactivity between the two
precatalystsising a range of terminal olefinkitially, the reaction of substrafiet9a

and methyl vinyl ketone waonductedunder palladiuntonditions (Schem2.16).

On examination ofhe reaction, it was observed that the corresponding benzopyran
220b was successfully obtained in 72% vyield. The remaining mass balance of the
reactionwasa complex mixture of unidentified bgroducts which is possibly due to
substrate decomposition undgre reaction conditions. Further examination of the

reactionat lower emperatures resulted adecreased yield of the desit benzopyran

220h.
Pd(OAc), (5 mol%)
\)j\ Cu(OAc), (2.1 equw)
DMF, 120 °C

149a (1.5 equiv)

Reaction performed byr. Suresh R. Chidipudi/Martin D. Wieczysty
Scheme 216. Pd-catalyzed alkenylation of substrdté9awith methyl vinyl ketone.

Whenthe same reaction was conductesing [RuC}(p-cymene)} asthe precatalyst,
the formation ofbenzopyran produ@20bwas inefficient (19%yeliveringaddition
product219Ngsthe major produc54% yield, Scheme 2.17).

[RuCl,(p-cymene)], (2.5 mol %)
\)j\ Cu(OAc), (2.1 equiv)
K,CO3 (2.0 equiv)

149a (1.5 equiv) +-AmOH, 90 °C

Reaction performed by Dr. Suresh@idipudiMartin D. Wieczysty
Scheme 2.17Ru-catalyzed alkenylation of substréaté9awith methyl vinyl ketone.
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Based on these observationgpstrate149a was then subjected tpalladium and
rutheniumreaction conditionswith a range of other terminal alken€Bable 2.2)
Electrondeficient alkenes including methyl acrylate (entryl), N,N-
dimethylacrylamide (entr), and acrylonitrile (entryb) were effective i
alkenylation of149ausing pall@ium catalysis In general, the yields of annulated
products were slightly higher when the reactions were conducted under ruthenium
catalysis. The use of methyl acrylate as coupling partner afforded corresponding
benzopyran in 65% yieldusing palladium calysis whereasa 76% vyield was
observed using ruthenium conditions. Similarly, ineca$ N,N-dimethylacrylamide

and acrylonitrile the corresponding benzopyrans were obtaimed 7?0 and 45%
isolaied yieldsrespectively.The same coupling partners wearere efficient under
ruthenium conditions affording desired products ifoGhd 61% yields.

In the case ofstyrene as a reaction partner, tfeactiontemperature (palladium
catalysis) vas unfavorable leading to lower chemical yield®wever, when the
reaction temperature was lowered to 90, product219b was obtained in higher
yield. In this case, the unsaturated alkenylation addition product was obtaine¥in 59
and 52% vyield, respectively, under both palladium and ruthenium condigoine$

7 and 8). The formation dhe noncyclized addition product is most probably due to
the minimal electrotwithdrawing properties ofhe benzene ring which reduces the

oxacyclization efficiency to fornthebenzopyran.
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Table 22. CatalyticC  tkenylation of1494*"

O PO S
Conditi AorB
. /\R onditions A or or
OH O OH
149a (1.5-2.0 equiv) 220 219 |
R R

Conditions A: Pd(OAc), (5 mol %)
Cu(OAc), (2.1 equiv), DMF, 120 °C, 2-24 h
Conditions B: [RuCl,(p-cymene)], (2.5 mol %), Cu(OAc), (2.1 equiv)
K,COj3 (2.0 equiv), -AmOH, 90 °C, 2-24 h

Entry Product(s) Conditions Yield[%]
1 65
5 B 76

A 47
4 B 64
. .
) B 61

220e

CN
(@)

] O ’ A 59
3 OH B 52

219b

Ph

lIReactions were conducted using 0.50 mmolldBa. Cited yields are of solated material
IReaction conducted at 90 °C as the reaction conducted at 120 °C led to a complex mixture.
MExperiments performed by Dr. Suresh R. Chidipfdilartin D. Wieczysty.
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2.4.3.Preparation of 2-Aryl-1,3-dicarbonyl Compounds

Based on the initial investigations, the -ljidBarbonyl compounds showed general
reactivity under palladiumand ruthenium catalysis. To further prottee reaction
scope, it was proposed to investigate a rangeasy/Pcyclic 1,3dicarbonyl substrates
and couple them with electrateficient olefins under palladivimand ruthenium
conditions to gnerate a library of benzopyran compour@lstange of prewusly
accessed 1;8icarbonyl substrates were investigated in addition to newly synthesized

aryl substituted analoguéBigure 2.10)

(0] (0] (¢] (¢] (¢]
e T o 9 9
O OH O OH O OH O OH O OH
MeO Me

149a 149b 149¢ 149d 149¢
o o o Me 0 °
Me Me
S
O OH O OH O OH O OH OH
MeO,C F
149f 1499 149h 226 2277

*Experimentperformed by Martin D. Wieczysty

Figure 2.10. Synthesis of 1 8licarbonylcompounds.
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2.44. Evaluation of Reaction Scope

2.4.4.1.Pd-CatalyzedC H Alkenylation of 2-Aryl -1,3-dicarbonyl Compounds

Having established thé H alkenylationprotocol thereactions ofa range oR-aryl-
3-hydroxy-2-cyclohexenonesvere carried outising a numberof different electron
deficientalkenes undethe optimizedpalladiumconditions(Table 2.3). Pleasingly, a

range of substituents were well tolerat@dh phenyl vinyl sulfone, methyl vinyl

ketone andtert-butyl vinyl ketoneproducing desired benzopyran puats (220a

220h) in moderate to good yieldShe substratel49c featuring ametamethoxy
substituentdelivered benzopyra@20ain 64% vyield as a single regioisomer. In this

caseC H functionalizati on o c callyacoessibleskec | us i \
(product220a), which is consistent with our previous studyX-ray crystallography

allowed unambiguous confirmation of the sstdectivity in the formation c220a. In

addition to metasubstituted substrategara-substituentsvere also tolerated well. In

case ofparafluoro substitded substrate226, the intendedbenzopyran220b was

produced in 50% yieldAdditional para-substituents incluglelectronrich methyland
electrondeficientmethyl estelandwere also well toleratedeliveringcorresponding
benzopyrans in 73% ar&B% vyield, respectivelylhe coupling of substrate4d with

phenyl vinyl sulfonewas inefficient, producing th@esiredoenzopyras 220h in 26%

yield. In addition, a dimedonederived substrate was also effective, providing
benzopyran220c in 65% yield No C H al kenyl ation occurr
containing arortho-methylphenyl grougproduct220i).
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Table 2.3.Pd(Il)-catalyzedalkenylation(reactionscope}!

1 1
0. RR1 O RR1
N Pd(OAc), (5 mol %)
RZ—: N Cu(OAc), (2.1 equiv) rell X
Z 149 M DMF, 120 °C, 2-5 h L o)
(1.5-2.0 equiv) 220
R3
Yield Yield
Entry Benzopyran Entry Benzopyran
(9] [o6]
(6}
MeO
X
1t OEE; 64 6l 68
220a
SO,Ph
(0]
2 /©3[:; 50 7 47
F
220b
SO,Ph
o Me
Me
3 \O 65 gl 26
220c
SO,Ph
(0]
MeO. N
4l o 70 9 0
220d (0]
Me
5 73

llReactions were conducted with 0.50 mnodl149c, 149di 14%h, and 226. 'Cited yields are of
isolated material’Experiments performed by Dr. Suresh R. Chidipudi & Martibeczysty.
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2.4.4.2. RuCatalyzedC H Alkenylation of 2-Aryl -1,3-dicarbonyl Compounds

Pleased with the synthesis of benzopyrans with good functional group tolerance and
generality in terms of substrate diversity and olefins as coupling partners under
palladium catalysis,ufther examination of the scope of the proogas performed
Methyl acrylate,N,N-dimethyl acrylamide and acrylonitrile as the alkene reaction
partner wasused undemruthenium catalysis T@able 2.3, utilizing the previously

optimized conditions (Tabl2.1, entry5).

The para-methoxy aryl substratd49d successfullyunderwentthe alkenylation
reactionwith methyl acrylateproducingbenzopyrar20j in 66% yield.Other para-
substituted substratedor example parafluoro aryl afforded corresponding
benzopyrar220k in acceptablgield when reacedwith the electrordeficientmethyl
acrylate. The substrates with carbometharpup (49f) and methyl substituent
(1499 were also efficient undethe standard reaction conditions deliveritige
corresponding benzopyran products in 74% and 45% vyieldectgegly. In this case
however, the reaction was performed without addition 0fCIO;, as under the
previously optimied conditions,lower yield of productswas observedWith the
metamethoxy and meta(trifluoromethyl)phenyic ont ai ni ng Ssubstra
alkenylation occurred exclusively at the more sterically accessible site (p&fpct

and 220l). A poor vyield of 30% was obtainedwith substrate149 using an
acrylonitrile coupling partner to produce benzopyr220p. The reaction of a
dimedonederived substrate with acrylonitrile gave benzopy2afn in 64% vyield.

This resultimplies that a delicate balance of the electronic nature of both coupling
partners is required in some cadesobtain high yields Substrate227 bearing a
thiophene moietyalso underwent similar cyclization with acrylonitrile but the yield
was quite poor(product 220g 13%) The remaining mass balance wsbstrate

recoverywith a complex, inseparable mixture of-pyoducts.
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Table 2.4. Ru(ll) -catalyzed alkenylatio(reactionscope}?!

o R1R1 ° R1R1
Cu(OAc), (2.1 equiv) N
X [{RuCly(p-cymene)},] (2.5 mol %) _ it
R BN AR KoCO3 (2.0 equiv) Ry o
(2.0 equiv) t-AmOH, 90 °C, 3-24 h 220
R3
. 5 Yield £ . Yield
ntr enzopyran ntr enzopyran
y py (%] [b] y py [%)] [b]
o Me
Me
[d] [d] A
1 Voo 66 5 ! 64
220n
CN
(@]
X
2 57 6 ! 744
MeO,C
2200 CN
O,
MeO
X
3] 55 7 C(E; 30
220p cN
(@)
S
4 45 gld <\;§; 13
220q on

NMe,

lIReactions were conducted with 0.50 mmol1dBbi 14%h and 227. Cited yields are of isolated
material./Reaction conducted in the absence @€®s, as2200 was formed in a low yield when
K,CO; was employed”Experiments performed by Dr. Suresh R. Chidipudi & MartiDeczysty.
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2.45. Site-Selectivity Determination

The structure of compoun220a was determined by -Xay crystallographyFigure
2.11), and the structussof compound 220d, 220g, 220l and220p were assigned by
analogy.This structure demonstrated the occurrence dfl @inctionalization at the

more sterically accessible site.

Reaction performed by Dr. 8&sh R. Chidipudi

Figure 2.11. Crystal structure of benzopyra20a.

The structure of compour2R0l was assigned on the basis of teNMR spectrum,
in which the indicated proton gave rise to a singlet. The alternative pragdQtt

would not give rise to such a signal.

8.74 ppm (1H, s)
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2.46. Proposed Catalytic Cycle

A possible catalyticycle for this proceswas proposed based on previously reported
mechanims Figure2.12). It is assumd that reaction ofl49 with the metal acetate
complex228"*? leads to deprotonation to generate the corresponding enolate, which is
able to direct cyclometallation to form metallacyc®9. This complex then
coordindge with the alkene anda migratory insertionstepthen provide a second

metallacycle230,'%2

which is protonated by AcOH to give speci@81l b-Hydride
elimination of231 releases metal hydride spec32 and furnishes the alkenylated
product219which then cyclizes to the benzopyr220. Reductive elimination 0232
and Cu(OAc)-promoted oxidation of the resulting Pd(0) or Ru(0) spe&gs

regenerates the metal acetate compi&

0]

2 CuDAc L MOAG 1493 ho
C
2 Cu(OAc), " 2 2 AcOH
228
L,M°
233 0
AcOHY
WG
H
II/
L,M \

H oH
LM" 231
/
AcO EWG

Figure 2.12. Proposed catalytic cycle for benzopyran formation.
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25. Conclusiorns and Future Work

In summary we have demonstrated that®/l-3-hydroxy-2-cyclohexenones, which
have been reported to undergo meilyzed oxidative annulations with alkyrtés,
are also highly effective subst.Thdse s
reactions proceed not only under the action of sesiablished palladium catalysis,
but also with more recently developed ruthenium catalysis to provide benzopyrans
variety of 2aryl cyclic 1,3dicarbonyl compounds were successfully coupletth a
range of electrowleficient olefins to form benzopyrans with high levels of functional
group toleranceFuture investigations will focusn the variatiorof coupling partners

in order to expand the directing ability of enolates itHQunctionalizaion chemistry

to access a variety of heterocycles as agtlarbocycles

R 1 1
o 1 o R o R
R R1 R1
X
R2+ Pd or Ru (cat.) R2+ or R2+
% OH  Cu(OAc),, A o] OH
+ (K,COg often
S R3 required) R3 R3
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Chapter 3: Synthesis of Spiroindanes by PalladiurCatalyzed
Oxidative Annulations of 1,3Dienes Involving Q H

Functionalization
3. Introduction
3.1. The Significance of Indaes

Indane ring frameworks areonsidered asliverse and significant scaffolda the
carbocyclic chemistrydomain because these structural motifs have been fdand
possess outstandifplogical properties and a wide range of utility in pharmaceutical
industry and as synthetic intermediaté&These derivativeexhibit promising levels

of biological potential like anticancer, antitumor, aatergenic and significant
increased mastetl stabilizationactivities™*****Moreover, these structures also act as
aspartic protease inhibitorsmooth muscle relaxant@ndantiretroviral agentand are
involved in the melatonin reg#or agonism, inhibition of theproduction of
inflammation factor TNFU, inhibition of HIV integreaseindependent of COX
inhibitor s and t r eat nsalisease arfd asthinz Some repeeseNiative
example234-237 are depicted ifrigure3.1

Ph
O}/ND/CFS
N
0" Et

fredericamycin E (234) HIV-1 capsid assembly inhibitor (235) serotonin transporter (236)

endothelin receptor antagonists (237)

Figure 3.1. Representativexamples of some tliogically active indaes.
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3.2 1,3Dienes in Organic Chemistry

1,3-Dienes are important strucadrmotifs in organic chemistry due to their great
potential to be readily transformed into a diverse range of synthetic products. These

$37139 peroxides*® mono*! andbiscyclopropane$®?

include carbeandheterocycle
and b-lactams'** 1,3-Dienesalso serve agnportant synthetic intermediates, finding
particular application in the Dielslder reactiom* In the recent years, tdenes
have also been shown to act as efficient coupling partners khf@hctionalization

chemistry for the synthesis of useful compoundsstepeconomidashion’4>*48

3.3.Metal-Catalyzed Annulation of 1,3-Dienes

Nishimuraand ceworkers reported an efficient synthesis of aminoindane derivatives
240 by Ir-catalyed [3 + 2] annulation of cyclitN-sulfonyl ketimines238 with 1,3
dienes239 (Scheme3.1).*** This transformatiorwas foundto involve an aryliridium
intermediatevia C H activation The obtained products weire high yields with high
regio anddiastereoselectivitynder optimzed reaction conditions, a diverse range
of 1,3dienes participated efficiently in this annulatioraction Also, several
ketimines werenvestigated having diverse substitution pattertheraryl ring.

O\\s 0
N R® [IrCl(cod)], (2 or 5 mol%)
\ ¥ RZ/\)\/\ &S NaBAr, (4 mol%)
" o Ry
— 238 239 Ar = 3,5-(CF3),CgH3

96% 53% 96%

Scheme3.1.Ir-catalyzed synthesis of spirocyclic compounds.

The proposed catalytic cycle (FiguBe?) suggests thatetimine 238 coordinages to
iridium and undergoes cyclometalationfewm arylhydridoiridium(lil) specie241®

Deprotonation of241 promoted by DABCO forms aryliridium(l) speciez42
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Nucleophilic attack of the electmerich terminal carbon of dienat the imine carbon
in intermediate243 where the othedlouble bond of the dne coordinates to Ir, forms
“-allyliridium(lll) intermediate244 via oxidative cyclization™® The intermediat@44
undergoes reductive eliminatio to form a carbowarbon bond, giving
imidoiridium(l) species245. Subsequent protonolysigives aminoindane€40 and
regenerates the cationic Ir compleXlternatively, protonation oR44 to form a
cationic " -allyliridium(lll) species and wbsequent reductive eliminatiomould give
the annulation product.

[Ir]\ \\ /

/
& ‘1, N
HBAr" - DABCO Q
[IF]BArF,

245

0
A/\ S
HBArF,

DABCO

Figure 3.1.Proposed catalytic cycle for spiroindane synthesis.

The same group developed the annulation of aromatic aldiBdewith 1,3-dienes

using an iridium catalystto give aminoindane®47 in good yields(Scheme 3.2)*

The scope of the reaction was explored using a range of aromatic imines substituted at
the para-position with electrordonating groups (Me, MeO and NMend electron
withdrawing groups (F, Cl, Br, and gFgave good yields of the corresponding
annulation products. In casemetasubstituted substrates, the reaction occured at the

least sterically hindered € bond of the phenyl ring. Also, in case of 1
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naphthylimine, the annulation occurred at thpo8ition affordng product in 96%

yield.

R3

LS R? [ICl(coe);l; (2 mol%) R2,)
)|\ KOACc (20 mol%) R!
+ > 4
A H //\ fRa toluene, 80 °C, 3 h N
246 247
Selected products
M M M I
e e e /N ~
Me,, ) Me,, ) Me,) z 3
/Ms /Ms /Ts / /Ms
N N N N
’ ’ OO ’ ’
Me Cl Me
94% 96% 96% 92%

Scheme 3.2Synthesis of aminoindanes.

Glorius and ceworkers developed ma efficient strategy for the preparation of
isoquinolines249 from aromatic oxime este@t8and 1,3dienes underhodium(lll)-
catalyed redoxneutral GH activation/cyclzation/isomerzation sequence (Scheme
3.3).1 This transformation proceed without using any external oxidant under
simple and convenient conditiored delivered annulated products in good yields
with complete regioselectivity. The processs also tolerantto a wide range of
substratesUnder standard reaction conditions, a range of substituents at various
positiors (5, 6-, 7- and/or 8) were tolerated affording isoquinoline produitggood

to excelent yields. Substrates with electraoh, electronpoor, or sterically
encumberedsubstituents were also testéd.addition avariety of monesubstituted
electrondeficient dienes bearingester, ketone, sulfone,yano and phosphonate

functionalgroups could be efficientlysed as reaction coupling partners
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R2 R?

_ R® [Cp*RhCl,], (2.5 mol%)
X \N/OPIV /\%\ s AgSbFg (15 mol%) il Xr N RS
14 R —_
R _ + PivOH (3.0 equiv) A =

R? R DCE, 100 °C, 20 h R®
R® R*
248 249
Selected products T
Me Me
X X
@\/\ ) @\/\
= =
CO,Et = SO,Ph
2 CO,Et 2
88% 82% 66%

Scheme3.3. Synthesis of isoquinolines.

BookerMilburn, Lloyd-Jones, and cworkers developed a newoute tavardsthe
synthesis of indoline®51 by Pd(l)-catalyed dienel,2-carboamination reaction,
involving an ortho CiH insertion/carbopalladation/cyzétion sequencgScheme
34).1® The product®251 were obtained in high yields froneadily availableN-aryl
ureas250in a singlestep.Under optimized reaction conditions, a variety of electron
deficient dienes were successfulbactedeading tothe desired products in moderate
to good yieldsIn addition, different aryl ring substitutions were also well tolerated
case ofmetasubsttution with electrordonating groupsa single regioisomeof the
corresponding indoline product was obtaineldwever electrorwithdrawing CFR;)

substituton in themetaposition as well asortho-substitution retarded the reaction

completely.
Rl S PACI,(MeCN); (10 mol%) N y R
Pz N . N\Rs BQ (1.0 equiv) - R1—:
TsOH- H,0 (0.5 equiv) Z~N
ngo Ac,0 (1.0 equiv), THF, 50 °C 2\/\\O
250 R 251

Selected products

CORE
N
J=o

N

Me,N Me,N Me,N Q

O
82% 90% 0% 72%

Scheme3 4. Synthesis of indolines.

98



3.4. Aimsand Objectives

The siteselective metatatdyzed oxidative CH functionalzation of aromatic
Csf) TH bonds wi t h al kynes hetemadtonrcartakiagh e s |,
functional group, is now a wedistablished strategy for the preparation of a diverse
range of heterocyclés®**3In this context, & havedemonstrated the utility of cyclic
1,3-dicarbonyls as directing groups in catalytic oxidative annulations that produce
carbocyclic’?? and heterocyclic products® Using ruthenium or rhodium catalysis,
these reactions resulted in the formation of spdeires when alkynes were used as
the reaction partne(Schemes 5, top, see chapter)¥?? However, the use of electron
deficient alkenes in place of alkynes led to the formation of heteroqgdeeme 3.5,
bottom)>*resulting from intramolecular oxgorjugate addition of the initially formed
alkenylation products, which is in line with literature precedsee chapter 2y° The
ability to utilize other unsaturated compounds in oxidative annulations to prepare

further types of carbocycles woulepresent a useful advance.

Ref. [122]

carbocycles
from alkynes

R2——R3
[ [Ru]or [Rh] (cat.)
Cu(OAc),

Ref. [154]

R__~
| NS EWG heterocycles
f Ik
[Ru], [Pd], or [Rh] (cat.) rom alkenes
Cu(OAc),

Scheme3 5. Synthesis of spiroindenes and benzopyrans.

However, 1,2dienes have rarely been used as annulation partners in these types of
reactions(see section 3.3)Although currentlylimited in number, these processes
demonstrate the significant potential of -tljidnes as annulation partners iii HC
functionalization reactions. The development of new types of annulations involving
1,3-dienes to increase the range of products that caacbessed, is therefore an
important objectiveSo in view of these literature reportse Wwave developedhe
synthesis of carbocycléspiroindanesjrom the oxidative annulation of&ryl cyclic-

1,3-dicarbonyls with 1,3lienesunder palladium catalys{§cheme3.6).
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carbocycles
from 1,3-dienes

Scheme 3. Pd-catalyzed synthesis of spiroindanes fromdighes
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3.5. Results and Discussion

Pleased with the synthesis of spiroindenes and benzopyrans by the catalytic C
functionalization of 2Zaryl cyclic 1,3dicarbonyl compounds using internal alkynes
and electrordeficient alkeneswe hypothesized thathese compounds might be
suitable substrates for oxidative annulatiaigenless explored,3-dienes are used as
reaction coupling partnersesulting in the formation of carbocycles (spiroindanes)

which have not been accessed in the previously reported annulation processes.
3.5.1. Preparation of 2Aryl -1,3-dicarbonyl Substrates

In previous investigations,2-aryl-1,3-dicarbonyl compounds showed general
reactivity under various metal precatalysts. To undertake this new mode of oxidative
annulation of 1,3lienes, a range of previously accesseddicarbonyl substrates

were investigatd (Figure 3.3.%%™*

O O O o
e JJ 9 9
O OH O OH O OH O OH
Me MeO,C

149a 149b 149¢ 149f
l\llle
Me
o o Me o o [e) NYO
Me Me +Me
N{
(@) Me

O OH O OH (0] ©

149g 149h 151a 153a

Figure 3.3.1,3-Dicarbonyl substrates investigated herein.

Several dimedonderived 2-aryl dimedones(Scheme 3.7)were also synthesized

using previously described proceddfe™
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DMSO, 90 °C, 48 h !

Me
,© Me Cul (10 mol%) ° Me
| X L-proline (20 mol%)
R + . N
= K,CO3 (4.0 equiv) R
o =
147 252

(¢]
MeO.
(T (J T (T
Me MeO

253a, 64% 253b, 50% 253c, 65%
Scheme 3. Synthesis of dimedorderived 1,3dicarbonyl compounds.

3.5.1.1. Preparation of Unsymmetrical 1,3Dicarbonyl Substrate

To expand the substrate scope, unsymmetricaldita@bonyl compoun®56 was
synthesized frondiethyl 2(3,5dimethylphenyl)malonat€54 (1.0 equiv)and N-
methylaniline255 (1.0 equiv)by heating a220 °C (Scheme 8).*°’

CO,Et
Me MeHN o
CO,Et . 220 °C
neat
Me 254 255

Scheme 3. Synthesis of unsymmetrical t¢gdcarbonyl compound.
3.5.2. Preparation of 1-Aryl -2-naphthols

1-Aryl-2-naphthols259 have also been applied as substrates in oxidative annulation
reactions irthe literature'*® These compounds were obtained from the reaction of 1
bromonaphthale®-ol 258 and corresponding arylboronic a@8&7, under palladium

catlysis in a mixture of solven{Scheme 3).

O Pd(PPh3), (5 mol%) O
Na,CO3; (2.1 equiv)
ArB(OH), +
Br toluene:EtOH:H,0 (5:1:1.1)
oH 90 °C,20 h - OH

257 258 259a: R = H (85%)
259b: R = Me (64%)

Scheme3.9. Synthesis ofi-aryl-2-naphthols.
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3.5.3. Preparation of 1,3Dienes

Several synthetic pathways have bemsedto prepare a large variety of iddnes.
The Wittig olefination of Upb-unsatuated aldehydes  with methyl
triphenyphosphonium ylide was used to synthesize terminal olefline Ub-
unsaturated aldehydes were purchased from commercial soamceg,3-dienes
261a,"*° 261b,'%° 261c,'*° 261d,'%° 261e,*°* and 261f,'°? were prepared according to
previously reported procedures using the following reptesga synthetic pathway
(Scheme 3.0).

o) [Me(PPh,)*Br] (1.2 equiv)

n-BulLi (1.2 equiv)
H = SAr > /\K\Ar
THF,0°C,1h
R R
260 R=H, Me, Cl 261
NO,
= = =
PN ey A = NN /\K\Ph A/A Ph
W, Me cl
NO,
261a, 95% 261b, 43% 261c, 30% 261d, 68% 261e, 84% 261f, 67%

Scheme 310. Synthesis of 1&lienes by Wittig olefination.

In addition,diene264 was prepared by the olefination of benzopherg2awith allyl
magnesium bromid263 in the presence of diethyl phosphite as depicted in Scheme
3.11.13

Ph (EtO),P(O)H (1.2 equiv) Ph —
>=O + /\/MgBr > >J
THF, RT,5h

Ph Ph
262 263 264, 88%

Reactionperformed by Dr. Suresh Reddy Chidipudi

Scheme 3.1. Synthesis obutal,3-dienel,l-diyldibenzene.

Several other 1;8ienes(267a-c) were also synthesized by the synthetic pathway
illustrated in Scheme 31 The diene este265 werereduced to corresponding allylic
alcohok 266 using DIBAL and subsequent protection using benzyl or benzoyl

bromide under basic conditions afforded the desiredlie3es.
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DIBAL, Et,O/hexane NaH, R?-Br, BusNI

2
= 7 TCO,Et > OH > OR
/\(\ 2 0°CtoRT /\/\/ THF, 0°C to RT N\/

R R R
265a:R'=H 266a:° R'=H 267a: R' = H, R? = Bn (96%)
265b: R' = Me 266b:° R' = Me 267b: R' = H, R? = Bz (93%)

267c: R' = Me, R? = Bz (90%)
*Reactiongperformed by Dr. Suresh Reddy Chidipudi

Scheme3.12. Synthesis of 18lienes 267a-c).

Similarly, compound270 was synthesized using the following synthetic pathway
(Scheme3.13). The homoallylic alcohoR69 was obtained by theiAlH 4 reduction of

allylic ester268. The subsequent benzoylation280 affords compoun@69.

LiAIH, NaH, BzCl

NN COEt — NN — P PN
= Et,0, 0 °C to RT = OH  0°CtoRT = OBz
268 2697 270

®Reaction performed by Dr. Suresh Reddy Chidipudi

Scheme 3.3. Synthesis of 1&liene270.
3.5.4. Reaction Optimization

The feasibility of the coupling reaction was initially examined reacting 2-
phenyldimedong149h) with 1,3-diene261a (1.5 equiv) in the presence of various
metal precatalysts and Cu(OAdR.1 equiv) as an oxidant in DMF at 90 °C (Table
3.1). In the intial screeningthe well-established ruthenium and rhodium complexes
for Ci H functionalzations were found to be inactive (Tal8é, entries 1 and 2).
However, the palladiuaN-heterocyclic carbene complex PEP®S&I that was
previously employed fooxidative annulation of unsymmetricata2yl cyclic 1,3
dicarbonyld®” furnished spiroindane271a in 60% vyield (Table3.1, entry 3).
Subsequentoptimization of solventstAmOH, 1,4dioxane and MeCNientries 46)
and basealid not improve the yield (Tabl8.1, entries 10 and 31To our delight, a
slightly enhanced yiel{66%) of 271a was observed when the reaction was conducted
in degassed DMF (TabB.1, entry 7)'%* The remaining mass balance of the reaction
is the complex mixture of bgroducts due to substrate decompositidse of 2.5
mol% of PEPPSIPr gave27lain a more modest yield dd4% (entry12), while
increasing the catalyst loading from 5 mol& 10 mol% ledonly to a minimal

increase in yield (entr§3, compare with entry).
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Table 3.1. Evaluationof reaction conditions for the synthesis2gflal®!

solvent, 90 °C, 2 h

° Me [M] (cat.)
. Mph Cu(OAc); (2.1 equiv)

149h 261a (1.5 equiv)
Entry [M] [mol%]  Solvent Base Yield [%)] ™!
1 {RuCly(p-cymene)}] 2.5 DMF 0 0
2 [{Cp RhCl2} 4] 2.5 DMF 3 d
3 PEPPSIIPr 5 DMF B 60
4 PEPPSIIPr 5 tAmOH B 39
5 PEPPSIIPr 5 1,4-dioxane o} 46
6 PEPPSIIPr 5 MeCN B 38
7 PEPPSHPr 5 DMF B 66
g PEPPSIPr 5 DMF R 48
o PEPPSIPr 5 DMF R R
10 PEPPSIIPr 5 DMF NaOAc 36
11 PEPPSIIPr 5 DMF K,CO; 25
12¢ PEPPSIPr 25 DMF R 54
134 PEPPSIIPr 10 DMF B 68

lBlusing 0.25 mmol ofl49h "Yield of isolated product®Using degassed DMEIWith 1.1 equiv of
diene ¥without Cu(OAc). tAm = tert-amyl.
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3.5.5. Evaluation of Reaction Scope

With the optimeed catalytic system irmand (Table3.1, entry 7), thescope of
palladiumcatalyed annulatiomeactionwas explored by using substrdi9h with a
range of 1,3dienes. Table3.2 illustrates the scope of substituents present on the
various positins on 1,3ienes weested Various aryl (Table3.2, products27l1a and

271b) or alkyl substituents (Tabl&.2, products271c-e) at the Z2position were
successfully tolerated drgave modeate to good yieldDienes with a 1 Hipheny}t
substitution also smoothly underwent the annulation reaction and afforded
corresponding spiroindane product in 73% yield (T&®2eproduct271f). Moreover,

we found that dienes with electrolonating {Me) or electroawithdrawing ¢Cl)
groups at the -position are also competent reaction partners affortheglesired
productsin good yields(Table 3.2, products271g-i). The stereochemistry of the
internal olefin was preserved in the products and w@sirmed through Xay
crystallography(Figure 3.4).1°° The highly activatedl,3-dienes vere found to be
unsuccessful coupling partners in these annulation reactions resulting recovered

starting material¢product271j).1°®

271g
CCDC 992451

271i
CCDC 992452

Figure 3.4.Crystal structure ofompound71 and271j.
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Table 3.2. Oxidative annulation af49hwith various 1,3diene&

e N

o Me 5 i-Pr [T\ i-Pr
Me R PEPPSI-IPF (5 mol%) @/N N
o~ Cu(OAc); (2.1 equiv) i-Pn/i-Pr
+ R2 > Cl—Pd-CI
DMF, 90 °C, 2-24 h |
1 N
OH R z
149h 261 (1.5 equiv) |
X
Cl
L PEPPSI-IPr )

Entry  Spiroindane  Yield [%]™ Entry  Spiroindane  Yield [%] !

1 66 6 73
2 66 7 70
3 74 8 60
O\ Me
4 63 9 o Me 67
m;:%
5 73 10 0

OBz

'Ysing 0. B49immode pads' ¥e el @MB.f i sol ated product.
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Next, various substituted-ayl-cyclic 1,3dicarbonyl substrates were applied to this
process. As can be seen from TaBI8, the substrates derived frodimedone
successfullyunderwent the oxidative annulatioeaction (product272a-f). Several
substituents including methyl (produc®s2a-c and 272f) and methoxy(products
272d and 272e) at the para and metaposition of the 2phenyl ring were well
tolerated affording the desn spiroindane products in @1% vyield. Also, several
1,3-dienes with aryl and alkyl substituent were proved as efficient coupling partners.
Diene with a methyl substitution at@®sition was also successfully employed giving
spiroindane272d in 61% vyield. However, the methoxy substituentrataposition

gave the desired product272e in comparatively lower yield (46%) due to the
formation of complex mixture ofby-producs. Similarly, when a diene with a
heteroaryl group was coupled gubstrée 253a, the resulting producR72f was
obtained in 40% vyield only. The remaining mass balance of the reaction was a

complex mixture of the bproducts.
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Table 3.3. Oxidative annulation of varioudimedonederived substratewith various
1,3-diene&

DMF, 90 °C, 2-24 h

o
‘ Me PEPPSI-IPr (5 mol%)
Cu(OAc), (2.1 equi
. MRZ u(OAc), (2.1 equiv)
1
@ OH R
253 261 (1.5 equiv)

Entry  Spiroindane  Yield [%]™ Entry  Spiroindane  Yield [%] ™!

1 81 4 61
2 74 5 46
3 79 6l°! 40
OBz
llReactions were conducted with 0.50 mmoR63a-c in degassed DME.Yi el d of i sol at ed

[ Reaction performed by Dr. Suresh@hidipudi
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To further explore the reaction scope, the substdat@ved from cyclohexang,3
dione were also tested in this processere the resulting productgTable 34,
products272g-m), are of comparatively lower yield§’ This is probably due to the
lower stablity of these substratetowad acidcatalyzed decompositiorSeveral
substituents including methypioducts272i and 272j), and carbomethoxy groups
(product272k) at thepara-position of the Zohenyl ring were tolerated in this process.
The substratedearing a substient at metaposition of the phenyl ring offered
annulated produ@72l preferentially at the least sterically hindered position, which is
consisent with previous observatioh€™* The lower yield (34%) was obtained in
this case due to the formation of additionaimplexby-products This process is also
found to be tolerant obrtho-substituted substrate, affording i€ functionalzation
product(272m) in 60% yield,which isin contrastwith the Rucatalyed oxidative

annulations we reportgateviously(chapter 1 & 2)?%*>*

110



Table 3.4. Oxidative annulation of various-&yl-1,3-dicarbonyl conpounds with

various 1,3diene&

O
PEPPSI-IPr (5 mol%)
NG R2 Cu(OAc), (2.1 equiv)
+ -

/\(\ DMF, 90 °C, 2-24 h
OH R
261 (1.5 equiv)

149

Entry  Spiroindane  Yield [%] ™ Entry  Spiroindane [Z/:)?l[g]
MeO,C
1 61 5 54
NO,
2 47 6 34
3 73 60
7

4 59

lIReactions were conducted with 0.50 mmol49in degassed DME.¥'i el d of i sol ated pr
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