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ABSTRACT 

I)  Synthesis of Spiroindenes by Enolate-Directed Ruthenium-Catalyzed 

Oxidative Annulation of Alkynes with 2-Aryl -1,3-dicarbonyl Compounds 

The synthesis of carbocycles by the ruthenium-catalyzed oxidative annulation of 

alkynes with 2-aryl cyclic 1,3-dicarbonyl substrates is described. Proceeding by the 

functionalization of C(sp
3
)ïH and C(sp

2
)ïH bonds, and the formation of all-carbon 

quaternary centers, the reactions provide a diverse range of spiroindenes in good 

yields and high levels of regioselectivity. 

 

Angew. Chem. Int. Ed. 2012, 51, 12115ï12119 

 

II)  Synthesis of Benzopyrans by Pd(II)- or Ru(II) -Catalyzed CïH Alkenylation 

of 2-Aryl -3-hydroxy-2-cyclohexenones 

We have explored the 2-aryl-3-hydroxy-2-cyclohexenones as competent substrates for 

palladium- and ruthenium-catalyzed CïH alkenylation reactions with terminal 

alkenes. This process affords benzopyrans, in most cases, with good functional group 

tolerance.  

 

Org. Lett. 2013, 15, 570ï573 

 



 

xii 
 

III) Synthesis of Spiroindanes by Palladium-Catalyzed Oxidative Annulations of 

1,3-Dienes Involving CïH Functionalization 

1,3-Dienes have been an underexplored class of substrates in catalytic oxidative 

annulation reactions involving C H functionalization. The synthesis of spiroindanes 

by the palladium-catalyzed oxidative annulation of 1,3-dienes with 2-aryl cyclic 1,3-

dicarbonyl compounds is described. Several examples of the dearomatizing oxidative 

annulation of 1,3-dienes with 1-aryl-2-naphthols are also presented. 

 

Chem. Commun. 2015, 51, 2613ï2616 

IV) Enantioselective Spiroindene Formation via C H Functionalization Using 

Chiral Cyclopentadienyl Rhodium Catalysts 

A chiral cyclopentadienyl rhodium ligand with an atropchiral biaryl backbone enables 

an asymmetric synthesis of spiroindenes from 2-aryl-1,3-dicarbonyl compounds and 

alkynes. The process affords a range of products with all-carbon quaternary center in 

high yields and excellent enantiselectivities. The good functional group tolerance and 

broad substrate generality are the advantages of this reaction. 
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Chapter 1: Synthesis of Spiroindenes by Enolate-Directed 

Ruthenium-Catalyzed Oxidative Annulation of Alkynes with 2-Aryl -

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 numerous natural products 1,2 and bioactive compounds 3-

5.
1,2

 These derivatives also find wide applications in metal complexes, 

pharmaceuticals, catalysis, polymer chemistry and for the synthesis of natural 

products.
3
 In addition, indene derivatives are also of wide interest in the field of 

material chemistry.
4
 Moreover, these structures have also been used as estrogen 

receptor ligands,
5
 and H1 antihistamines 6.

6
 Some indene derivatives such as 7 also 

possess photochromic properties
7 
(Figure 1.1). 

 

Figure 1.1. Representative examples of some pharmacologically active indenes. 
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Several reduced benz[e]indene derivatives are structurally related to steroids and 

some analogues played an essential role in enhancing the actions of inhibitory 

neurotransmitter ɔ-aminobutyric acid (GABA) at GABAA receptors.
8
 Due to this 

pharmacological action, indene compounds are of high interest as lead molecules for 

the identification of new drug candidates showing a broad spectrum of biological 

activities including analgesic, anticonvulsant and anti-inflammatory agents.
9
 Sulindac, 

possessing an indene framework, is a non-steroid with remarkable anti-inflammatory 

activity 8.
10

 Indene derivatives also possess a mild growth inhibitory activity to L1210 

and CCRF-CEM leukemia cells,
11

 and showed interaction with DNAs.
12

 Some indene 

derivatives also find wide practical applications in light-emitting diode devices.
13

 

Several spiroindene derivatives such as 9 have also been identified as novel and 

selective estrogen receptors modulators (SERMs).
14

      

1.2. CïH Activation  

Carbon-hydrogen bonds are ubiquitous in organic molecules with a tremendous 

potential for transformation into a diversity of other functional groups. In this context, 

CïH functionalization has emerged as a significant tool for the development of 

carbon-carbon and carbon-heteroatom bonds and has brought a revolution in synthetic 

methodologies to access a wide range of pharmaceuticals, natural products and 

medicinally relevant and attractive scaffolds, and also opened new routes to material 

and polymer chemistry.
15

 The important features of CïH bond functionalization 

includes the shortening of reaction pathways, thus improving the step-economy by 

avoiding the use of functional group interconversions, as well as time and solvent 

consumption for the preparation of starting materials. This process leads to more 

efficient methods for the production of desired frameworks, and in some cases, to 

achieve unique regioselectivity patterns that are often unattainable by classical 

methods.
16

 A remarkable diversity of structures is accessed through transition-metal-

catalyzed CïH functionalizations involving several metals including rhodium, 

palladium, ruthenium, iridium, copper, nickel, etc. for the development of carbon-

carbon bond from relatively inexpensive and easily available starting materials.
17-21
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1.2.1. Metal-Catalyzed Oxidative Annulation of Alkynes 

Construction of carbon-carbon, carbon-nitrogen and carbon-oxygen bonds under 

oxidative conditions is of vital significance from a fundamental research point of view 

as well as from an industrial stand point. Inspired by the literature findings, during the 

past decade, remarkable progress has been witnessed in organometallic chemistry and 

several research groups have succeeded in constructing these bonds using viable 

metal catalysts for CïH bond activation reactions, and many privileged synthetic 

methodologies have been developed starting from substrates with or without chelation 

assistance in which the coupling partners are alkenes, alkynes, arenes and hetero-

arenes.
22

 Among these, the metal-catalyzed oxidative annulation of alkynes has 

proven to be a versatile, efficient, and atom-economic strategy to access a range of 

useful heterocyclic products.
23

 These processes generally rely upon coordination of 

the metal center to the heteroatom-containing functional group which directs site 

selective C(sp
2
)ïH bond cleavage to form a metallacycle 10 (Scheme 1.1).

24
 

Migratory insertion of the alkyne followed by CïX (X = heteroatom) reductive 

elimination then forms the heterocyclic product. 

 

Scheme 1.1. Alkyne oxidative annulations by XïH/C(sp
2
)ïH bond cleavage. 

There is a high volume of publications reporting the use of alkynes as coupling 

partners in oxidative processes directed by a variety of functional groups using 

different metal precatalysts. However, in the subsequent discussion, we will highlight 

some of the representative examples for the construction of CïC and CïX bonds 

involving metal-catalyzed CïH functionalization methods. 

1.2.1.1. Palladium-Catalyzed Oxidative Annulation of Alkynes  

Chen et al. demonstrated the synthesis of pyridine substituted indoles 12 by the 

oxidative coupling of N-2-aryl-2-aminopyridines 11 and internal alkynes via ortho-Cï

H activation under palladium catalysis. CuCl2 was employed as an oxidant in this 

process (Scheme 1.2).
25

 A diverse range of products were obtained from the coupling 
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reactions of symmetrical as well as unsymmetrical alkynes and a variety of substrates. 

Heteroaryl-substituted alkynes were also good under these reaction conditions 

affording indoles in high yields. It is noteworthy that in case of meta-substituted 

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

 

Scheme 1.2. Synthesis of indole derivatives. 

In the same time period, Jiang, Wang and co-workers demonstrated the synthesis of 

benzazepine heterocycles 14 through simple and readily available isatins 13 and 

internal alkynes.
 
The strategy involves the oxidative cycloaddition through activation 

of CïH/NïH bonds under palladium catalysis (Scheme 1.3).
26

 Having optimized 

conditions in hand, they evaluated the reaction scope with electron-donating, neutral 

and electron-withdrawing substituents at the C-5 position of isatins providing access 

to well-decorated benzazepine products in high yields. The substituents on the C-4 or 

C-7 position of isatin were also tolerated. In addition, a range of alkynes that could be 

the potential coupling partners, were also investigated. Electron-rich tolanes were 

found to be more reactive as compared to the electron-deficient alkynes. Heteroaryl, 

ester-containing and aliphatic alkynes were also examined in these coupling reactions. 

In case of unsymmetrical alkynes, two regioisomers were obtained. 
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Scheme 1.3. Synthesis of benzazepine derivatives. 

On the basis of well-known metal-catalyzed oxidative processes, a proposed catalytic 

cycle is illustrated in Figure 1.2. The annulation into benzazepine starts with the 

palladation of isatin 13 to give palladium intermediate 15. Next, intermolecular 

insertion of alkyne to 15 produces vinyl-palladium intermediate 16 which on another 

addition of alkyne generates intermediate 17. Finally, intramolecular palladation of 17 

leads to the formation of palladabenzocycloheptatriene 18, which can subsequently 

undergo reductive elimination to yield benzazepine 14. 

 

Figure 1.2. Proposed catalytic cycle for benzazepine formation. 
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Sahoo and co-workers
 
have developed a novel one-step synthesis of 2,3-disubstituted 

benzofurans 20 involving Pd-catalyzed oxidative annulations of commercially 

available phenols 19 with unactivated internal alkynes (Scheme 1.4).
27

 A range of 

substituents were tolerated in this process. The substituents included halo, nitro, 

cyano, ketone, aldehyde and ester functionalities on the phenol ring. The products 

were obtained in good yields. The reaction also proceeds well with phenols bearing 

electron-donating groups providing access to benzofurans in ample yields. 

 

Scheme 1.4. Synthesis of benzofurans. 

The plausible mechanistic cycle (Figure 1.3) suggests that Pd(0) is readily oxidized to 

Pd(II) in the presence of Cu(OAc)2 to generate 21. At this stage, attack of phenol onto 

the electrophilic Pd(II) species may occur in two different ways. Mechanistic cycle A 

involves the attack of phenol 19 to produce Pd(II)ïphenoxide species 22 and liberate 

AcOH. Subsequently, the coordination of the alkyne to 22 would induce its 

phenoxypalladation to afford 23. Base-assisted intramolecular ortho-CïH insertion by 

the Pd catalyst then leads to 24,
28

 which on reductive elimination delivers the 

benzofuran 20 and regenerates the Pd(0) species for the next catalytic cycle. On the 

other hand, mechanistic cycle B involves the ortho-palladation of phenol 19 by 

electrophilic Pd(II)  species 21, giving the quinone-type intermediate 25. Alkyne 

coordination followed by carbopalladation then affords 26, which on base induced 

rearomatization yields 27. Finally, reductive elimination delivers product 20 along 

with the Pd(0) species. 
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Figure 1.3. Possible mechanistic pathways for benzofuran formation. 

Guan and co-workers reported a novel and efficient oxidative annulation procedure 

involving CïH functionalization of enamides 28 with internal alkynes as coupling 

partners under palladium catalysis. The process afforded an array of substituted 

pyrroles 29 in good yield with a diverse range of functional group compatibility 

(Scheme 1.5).
29

 After an extensive screening of palladium source, and phosphine 

ligands in various solvents, they identified that Pd(OAc)2 works best with catalytic 

amount of xantphos and Cu(OAc)2 as an oxidant in t-AmOH 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 transformation is quite general with high functional group tolerance affording 

triaryl-substituted pyrrole skeleton. The structural variations include electron-

donating, electron-withdrawing and electron-neutral groups on aryl ring in addition to 

the phenyl, methoxyl, [1,3]dioxolyl, and amino groups. All these substrates were 

found as efficient starting materials for the preparation of N-acetyl-substituted 

pyrroles. Ortho-substituted enamides were also well transformed into the 

corresponding products. Sterically demanding substrates were insensitive to the 

reaction conditions and gave corresponding pyrroles in moderate yields. However, the 

aliphatic enamides as well as electron-deficient enamides were found to be unreactive 

substrates. On the other hand, this transformation showed broad tolerance among 
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internal alkynes. Symmetrical diaryl-substituted alkynes, dialkyl-substituted alkynes 

as well as unsymmetrical alkynes were all identified as efficient coupling partners 

leading to the desired products in moderate to good yields. 

 

Scheme 1.5. Synthesis of pyrrole derivatives. 

Jiang and co-workers developed an efficient palladium-catalyzed oxidative annulation 

of acrylic acid 30 and amide 31 with a range of internal alkynes to produce Ŭ-pyrones 

32 and pyridones 33 using oxygen as a stoichiometric oxidant (Scheme 1.6).
30

 The 

process affords good yields of products with high levels of regioselectivity with the 

liberation of H2O as the only by-product. Using the optimized reaction conditions, the 

scope of this process in terms of alkynes and acrylates or amides was investigated. 

Initially, a range of para-substituted diphenylethynes, including electron-withdrawing 

and electron-donating groups, were tested affording the corresponding Ŭ-pyrones in 

good yields. The unsymmetrical diarylethynes were also converted to the Ŭ-pyrone 

products with high levels of regioselectivity in addition to the diheteroarylethynes 

which afforded desired product in 77% yield. Furthermore, the scope of this oxidative 

annulation was further extended to acrylic amide with internal alkynes affording 

pyridone products. 
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Scheme 1.6. Synthesis of pyrone and pyridone derivatives. 

The plausible catalytic cycle for Pd-catalyzed oxidative annulation is illustrated in 

Figure 1.4. Initially, the coordination and ligand exchange of the acrylic derivative 30 

or 31 with Pd(II) provided intermediate 34.
31,32

 followed by the coordination and 

insertion of the alkyne afforded the vinyl-palladium complex 35. Subsequently, the 

intramolecular Heck-type process gave the alkyl-palladium intermediate 36,
33 

which 

on ɓ-hydride elimination released the product 32 or 33 and Pd(0) species which was 

reoxidized to generate the active catalytic species. 

 

Figure 1.4. Proposed catalytic cycle for pyrone and pyridone formation. 
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Wang and co-workers developed a novel palladium-catalyzed annulation procedure 

using ferrocenecarboxamides 37 with internal alkynes and air as an oxidant delivering 

racemic ferrocene[1,2-c]pyridine-3(4H)-ones 38 in good yields (Scheme 1.7).
34

 

Having established the optimal reaction conditions, various substituted 

ferrocenecarboxamides were tolerated with diphenylacetylene producing the 

corresponding ferrocene[1,2-c]pyridone derivatives in good yields. Various halogen-

substituted analogues such as 4-fluoro-, 4-chloro-, and 4-bromoanilines were well 

tolerated affording the desired annulation products in good yields (52ī65%). Also, 

amides with different electron-donating or electron-withdrawing groups at the N-

phenyl ring, gave products in good yields. In addition, a range of alkynes were also 

employed and identified as effective coupling partners. 

 

Scheme 1.7. Synthesis of pyrone and pyridone derivatives. 

 

 

 

 

 

 



 

11 
 

1.2.1.2. Copper-Catalyzed Oxidative Annulation of Alkynes 

In 2012, Jiao and co-workers demonstrated a copper-catalyzed aerobic direct 

dehydrogenative annulation of N-iminopyridinium ylides 39 with alkynes using 

oxygen as an oxidant to access a diverse range of pyrazole[1,5-a]pyridines 40 

(Scheme 1.8).
35

 Under the optimized reaction conditions, a wide substrate scope was 

observed with respect to terminal alkynes. A variety of substrates bearing either 

electron-rich or electron poor substrates were tolerated leading to the desired products 

in good yield.  

 

Scheme 1.8. Synthesis of pyrazole-pyridine derivatives. 

On the basis of observed results, a possible mechanism is suggested for this reaction 

and is depicted in Figure 1.5. Initially, copper acetylide 41 is generated from alkyne 

with Cu(I) catalyst assisted by Ag2CO3. Then, the oxidative insertion of copper 

acetylide 41 into the pyridinium ylide 39 gives Cu(III) intermediate 42 via CïH bond 

activation. Subsequently, intermediate 42 undergoes reductive elimination to aǟord 

the direct alkynylation intermediate 43, in which the alkyne can be activated by 

copper catalyst. Then, 5-endo cyclization of 43 via the anti-aminocupration of the 

alkyne attacked by the amido nitrogen generates 44, which can be converted into 45 

via a protonation process. Finally, product 40 is obtained via the rearomatization of 

45. 
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Figure 1.5. Proposed catalytic cycle for pyrazole[1,5-a]pyridine formation. 
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1.2.1.3. Nickel-Catalyzed Oxidative Annulation of Alkynes 

In 2011, the research group of Chatani achieved the first example of nickel-catalyzed 

transformation of ortho-CïH bond that takes the advantage of chelation assistance. As 

a result, a wide range of isoquinolone derivatives 47 by cycloaddition of aromatic 

amides 46 to alkynes, is accessed (Scheme 1.9).
36

 A diverse range of functional 

groups, such as methoxy, triþuoromethyl, amino, cyano, acetyl, and acetal groups, 

were tolerated under the reaction conditions. Substrates with electron-withdrawing 

groups were found to be more reactive as compared to substrates with electron-

donating groups. The reaction produces highly regioselective products with 

unsymmetrical alkynes.  

 

Scheme 1.9. Synthesis of isoquinolone derivatives. 

Mechanistic approach adopted to establish the reaction pathway is depicted in Figure 

1.6. Initially, coordination of amide 46 to the nickel center as an N,N-donor followed 

by activation of the NïH bond gives nickel hydride complex 48. Then, the insertion of 

the alkyne into the HïNi bond of 48 generates vinylnickel complex 49 which on 

cleavage of an ortho CïH bond generates another complex 50. Finally, insertion of 

alkyne into complex 50, and subsequently, reductive elimination gave isoquinolone 

47. 
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Figure 1.6. Proposed catalytic cycle for isoquinolone formation. 
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1.2.1.4. Rhodium-Catalyzed Oxidative Annulation of Alkynes 

In 2007, the research group of Miura and Satoh carried out an efficient waste-free 

direct oxidative coupling of benzoic acids 51 with internal alkynes. The reaction 

proceeds best in the presence of rhodium/copper catalyst system under air affording 

the corresponding isocoumarin derivatives 52 (Scheme 1.10).
37

 The process also 

tolerates a wide variety of benzoic acids and internal alkynes incorporating 

symmetrical as well as unsymmetrical substituents producing the isocoumarin 

products with high regioselectivity.  

 

Scheme 1.10. Synthesis of isocoumarin derivatives. 

A possible catalytic cycle for this oxidative coupling is illustrated in Figure 1.7. 

Coordination of the carboxylate oxygen to [Cp*Rh(OAc)2] affords a rhodium(III) 

benzoate intermediate 53 which undergoes ortho-rhodation to give a five-membered 

rhodacycle 54. Subsequently, alkyne insertion generates another seven-membered 

rhodacycle 55 which on reductive elimination produces iocoumarin 52. The resulting 

Rh(I) species is oxidized by the Cu(OAc)2 under air to regenerate the Rh(III) active 

catalyst. 
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Figure 1.7. Proposed catalytic cycle for isocoumarin formation. 

In the following year, the same research group accomplished the synthesis of 

naphthalene derivatives 57 under rhodium-catalyzed oxidative coupling of 

triarylmethanols 56 with internal alkynes. Also, the role of the ligand was found to be 

crucial for this transformation and the presence of a tri- or tetraphenylcyclopentadiene 

ligand increased the efficiency of the reaction (Scheme 1.11).
38

 

The possible catalytic cycle depicted in Figure 1.8 involves the coordination of the 

alcoholic oxygen to a Rh(III) species generating a rhodium(III) alcoholate 

intermediate 58. Subsequently, ortho-rhodation generates a five-membered 

rhodacycle 59, which on alkyne insertion generates another seven-membered 

rhodacycle 60 and successive reductive elimination produces another rhodacycle 61 

with the elimination of Ph2CO. The subsequent second alkyne insertion and reductive 

elimination produces naphthalene 57. The presence of Cu(OAc)2 may be used for the 

oxidation of Rh(I) species to regenerate Rh(III) species. 
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Scheme 1.11. Synthesis of naphthalene derivatives. 

 

Figure 1.8. Proposed catalytic cycle for naphthalene formation. 

In a continuation of previous studies, the same research group demonstrated new 

findings that a heterocycle can function as an effective directing group. The use of 

phenylazoles 62 with internal alkynes under rhodium catalysis and a copper oxidant 
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produced 1,2,3,4-tetraarylnaphthalen-5-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 polyarylated 

anthracene (Scheme 1.12).
39

 It is notable that the mechanistic steps for this annulation 

are consistent with those observed previously.
37

 

 

Scheme 1.12. Synthesis of poly-aromatic compounds. 

The research groups of Satoh and Miura, in a continuation of their previous studies, 

reported rhodium catalyzed oxidative annulation of aromatic imines 64 with internal 

alkynes. The reaction proceeded effectively via regioselective bond cleavage to 

provide indenone imine derivatives 65 which are valuable intermediates for medicines 

and organic materials (Scheme 1.13).
40
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Scheme 1.13. Synthesis of indenone imine derivatives. 

The possible catalytic approach is illustrated in Figure 1.9. In the ýrst step, 

coordination of the nitrogen atom of 64 to a Rh(III ) species generates intermediate 66. 

It is notable that this step is vital for the regioselective CïH bond cleavage. Then, 

alkyne insertion generates another seven-membered rhodacycle 67, which on 

intramolecular insertion of the imino moiety forms 68. Subsequently, reductive 

elimination provides access to product 65. The copper species may be used to 

regenerate Rh(III) species by oxidation. 

 

Figure 1.9. Proposed catalytic cycle for indenone imines. 
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In 2010, Li  and co-workers have successfully demonstrated that N-aryl-2-

aminopyridines 69 are suitable substrates for CïH activation reactions. They have 

used pyridine as a directing group for the oxidative coupling of these substrates with 

internal alkynes using [Cp*RhCl2]2 as a catalyst and copper acetate as an oxidant. 

This cyclization furnished N-pyridyl substituted indoles 70 that may find applications 

in the costruction of complex molecules (Scheme 1.14).
41

 A range of aminopyridine 

substrates with a broad substitution pattern was tolerated against a variety of alkynes. 

The bulkier substrates produced indoles in moderate yields and in case of meta- 

substituents, CïH functionalization occurred at the least sterically hindered position 

which was consistent with those observed previously in rhodium-catalyzed oxidative 

couplings.
42

 

 

Scheme 1.14. Synthesis of N-aryl-2-aminopyridine compounds. 

A wide range of isoquinolone derivatives 72 has been accessed by Hyster and Rovis 

via CïH/NïH activation of benzamides 71 and alkynes under rhodium catalysis using 

Cu(OAc)2 as an oxidant. A variety of substrates with extensive substitution, and 

symmetrical as well as unsymmetrical alkynes were tolerated to understand the 

transformation mechanism and reasons for selectivity (Scheme 1.15).
43

 The electron-

rich tolanes produced compounds in good yield whereas electron-deficient systems 

were found to be little reluctant towards coupling reaction and gave compounds with 

moderate yields. Heteroaryl and aliphatic alkynes were also a part of the studies. With 

unsymmetrical alkynes, the reaction was highly regioselective producing only one 

isomer in good yield.  
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Scheme 1.15. Synthesis of isoquinolone derivatives. 

In 2012, Wang and co-workers described the cascade oxidative annulation strategy 

involving benzoacetonitrile 73 and internal alkynes providing access to a number of 

substituted naphtho[1,8-bc]pyrans 74 through cleavages of sp
2
, sp

3
 and OH bonds 

under rhodium catalysis and using copper acetate as an oxidant. These cascade 

annulation reactions showed high levels of regioselectivity with unsymmetrical 

alkynes. Moreover, a number of these naphtho[1,8-bc]pyran derivatives exhibited 

intense fluorescence in the solid state (Scheme 1.16).
44

  

 

Scheme 1.16. Synthesis of naphtho-pyran derivatives. 

On the basis of previous findings related to metal catalyzed CïH functionalizations, 

they have proposed a possible catalytic cycle to access naphthopyran derivatives 

(Figure 1.10). Initially, C(sp
3
)ïH activation process affords a Rh-C(sp

3
)ïH 

intermediate 75, which forms a five membered rhodacycle 76 by ortho-C(sp
2
)ïH 
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activation (Path I ), followed by alkyne insertion into Rh-C(sp
2
) or Rh-C(sp

3
) bond 

leads to another seven-membered rhodacycle 77 or 78, respectively. On the other 

hand, intermediate 75 has been suggested to afford a vinyl activation leading to 

intermediate 79 (Path II ). Subsequently, aromatization-driven reductive elimination 

of 77 or 78 results 1-naphthol 80 as the first-step product. Furthermore, the annulation 

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

to afford product 74. 

 

Figure 1.10. Proposed catalytic cycle for naphthopyran formation. 

In the same year, the research group of Li developed the synthesis of sulfonylated 

pyridines 82 and cyclopentenones 83 through the oxidative coupling of N-ally 

arenesulfonamides 81 with internal alkynes under the action of rhodium catalysis.
46

 

The role of oxidant was found to be crucial for the reaction selectivity. When reaction 

was performed using AgOAc as an oxidant, pyridines were obtained as final products, 

whereas, use of AgOPiv led to cyclopentenones. The reaction was observed as highly 

selective and both the substrates provided broad scope of reactivity (Scheme 1.17). 

With optimal coupling conditions in hand, dialkyl-substituted alkynes were tolerated 

against N-allyl sulfonamides providing access 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 derivatives 83 exclusively, with high regio- and diastereoselectivity. 

 

Scheme 1.17. Synthesis of pyridine and cyclopentenone derivatives. 

The proposed catalytic cycle for this coupling is illustrated in Figure 1.11, which 

involves the cyclometallation of 81 to produce five-membered rhodacycle 84 which 

on subsequent regioselective insertion of alkyne affords another seven-membered 

rhodium intermediate 85. This rhodacycle can then proceed through two possible 

pathways. The pathway I involves the CïN reductive elimination to produce a 

dihydropyridine derivative 86 in the presence of small amount of Ag
I
 salt. The second 

pathway involves a ɓ-hydride elimination of 85 in the presence of excess Ag
I
 salt to 

give cyclometalated imine 87 which on migratory insertion of the alkenyl rhodium 

ligand into the NTs imine produces a rhodium(III) hydride species 88. At this stage, a 

second ɓ-hydrogen-atom elimination produces intermediate 89 and a rhodium(III) 

dihydride species, which on oxidation regenerates the Rh(III)  active catalyst. The 

intermediate 89 affords 90 on conjugate addition of water which on cyclopentadiene 

isomerization produce 91. The final product 83 could be accessed from 91 by ketoï

enol tautomerization. 
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Figure 1.11. Proposed catalytic cycle for pyridine and cyclopentenone formation. 

The research group of Cramer made use of acylated sulfonamides 92 as suitable 

directing groups for CïH functionalization under well-developed rhodium catalysis 

providing access to a range of structurally diverse aryl sultams 93 in good yields 

(Scheme 1.18).
47

 The reaction was found to be compatible with electron-rich or 

electron-poor substituents as well as ortho and meta substitutions producing good 

results. On the other hand, a range of alkynes were also tolerated and the 

unsymmetrical alkynes displayed moderate to good regioselectivities. 

 

Scheme 1.18. Synthesis of sultam derivatives. 
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Huckins et al. reported an efficient synthesis of naphthyridinone derivatives 95 

catalyzed by Rh(III)-catalyst using nicotinamide N-oxides 94 as substrates. This 

process relies on a double-activation and directing approach affording heterocyclic 

products in high yields and selectivities using low catalyst loadings under mild 

reaction conditions (Scheme 1.19).
48

 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 5-position of the ring had little effect on the outcome of the 

reaction, providing heterocyclic products in good yield and Ó20:1 regioselectivity. 

Electron-donating and electron-withdrawing substituents were also tolerated 

delivering desired products with no effect on the yields. On the other hand, this 

process proved to be general for a variety of terminal and internal alkynes to afford 

naphthyridinone N-oxides in good yields.  

 

Scheme 1.19. Synthesis of naphthyridinone N-oxide derivatives. 

A possible catalytic cycle for this annulation is illustrated in Figure 1.12. Initially, Cï

H activation at the 2-position of the N-oxide ring of 94 afforded five-membered 

metallacycle 96. Regioselective alkyne insertion into the RhïC bond would then 

provide another rhodacycle 97, which on reductive elimination gave the 

naphthyridinone N-oxide product 95 with concomitant NïO bond cleavage to re-

oxidize the rhodium species. 
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Figure 1.12. Proposed catalytic cycle for naphthyridinone N-oxide formation. 

The research group of Satoh and Miura developed an efficient protocol for the 

synthesis of phosphaisocoumarins 99 by the rhodium-catalyzed oxidative annulation 

of phenylphosphonic acid derivatives 98 with internal alkynes (Scheme 1.20).
49

 The 

scope of the reaction was explored using various phenylphosphonic acids with 

alkynes. Bis(para-substituted phenyl)phosphinic acids also underwent annulation with 

alkyne to afford the corresponding phosphaisocoumarins in good yields. The reaction 

of phenylphosphonic acid monoethyl ester also proceeded smoothly to give 

corresponding heterocycle in 78% yield. 

 

Scheme 1.20. Synthesis of phosphaisocoumarin derivatives. 
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In 2013, Bolm and co-workers demonstrated the synthesis of 1,2-benzothiazines 101 

from sulfoximines 100 and alkynes under a rhodium-catalyzed system involving the 

combination of simple Fe(OAc)2 and O2 as an oxidant (Scheme 1.21).
50

 The scope of 

this process was evaluated by treating substituted sulfoximines with diphenyl 

acetylene under the optimized reaction conditions. In general, all transformations 

proceeded well to afford the corresponding 1,2-benzothiazines in 72ï89% yield. The 

reaction of the meta-substituted sulfoximine revealed high regioselectivity in favor of 

activation of the least hindered CïH bond to provide the two regioisomers in a 90:10 

ratio in 88% combined yield. Other alkynes were also tolerated in this process and 

proved to be the good reaction partners. 

 

Scheme 1.21. Synthesis of 1,2-benzothiazine derivatives. 

Mascare¶as and co-workers have developed the first example of a metal-catalyzed (5 

+ 2) cycloaddition involving a CïH activation process. The method provides a fast, 

efficient, and practical route to benzoxepines 103 using commercial or readily 

available o-vinylphenols 102 and alkynes as starting materials (Scheme 1.22).
51

 

Having optimized conditions, the scope of this annulation with regard to alkyne and 

phenol components was then explored. A wide range of symmetrical alkynes bearing 

electron-rich or electron-deficient aryl substituents afforded the desired products in 

good yields. Dialkyl-substituted alkynes also participated in a similar manner, but the 

obtained products were in slightly lower yields. The reaction with unsymmetrical 

aryl-alkyl alkynes was highly regioselective, leading to products in which the phenyl 

group is in the carbon tethered to the oxygen group of the product. On the other hand, 

the reaction is also compatible with a wide range of substituents in the aryl group of 
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the vinylphenol. In addition, replacement of the alkyne component by carbon 

monoxide allows assembly of coumarin derivatives in a straightforward fashion. 

 

Scheme 1.22. Synthesis of benzoxepine derivatives. 

The proposed catalytic cycle is outlined in Figure 1.13. The process starts with the 

phenolic substrate 102 replacing one of the acetates of the catalyst 104 to give 

intermediate 105.
52,53

 This complex might lead to the rhodacycle 107 either through a 

concerted metalation-deprotonation step (CMD) or by an intramolecular electrophilic 

attack of the conjugated alkene to the electrophilic rhodium(I) followed by a base-

assisted deprotonation to yield the re-aromatized intermediate 107. Alkyne 

coordination to the intermediate 107, followed by migratory insertion then afforded 

intermediate 108, which on reductive elimination give the final product 103 and a 

Rh(I) species 109 which is then reoxidized to generate active Rh species 104. 
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Figure 1.13. Possible catalytic cycle for benzoxepine formation. 

In another study, Mascare¶as and Lam research groups independently investigated the 

dearomatizing oxidative annulation of 2-alkenylphenols 110 with alkynes and enynes, 

respectively. This transformation proceeds with high yields and regioselectivities 

under Rh(III ) catalysis. The process involves the cleavage of the terminal CïH bond 

of the alkenyl moiety and the dearomatization of the phenol ring, providing a versatile 

and efficient approach to spirocyclic skeletons 111 (Scheme 1.23).
54,55

 Scope of this 

reaction was assessed using both symmetrical and unsymmetrical alkynes bearing 

electron-rich or electron-deficient aryl substituents which led to the expected products 

in good yields. Similar results were obtained with symmetrical dialkyl-substituted 

alkynes. In case of nonsymmetrical alkynes, the reaction produced spirocyclic 

products with high regioselectivity (>20:1). The scope of reaction with respect to 

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 yields. Substrates with various substituents on the phenol moiety 

were also found to be the competent partners. 
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Scheme 1.23. Synthesis of spirocyclic products. 

A proposed catalytic pathway for this process is presented in Figure 1.14. Rhodium 

diacetate complex 104 is formed by the reaction of [Cp*RhCl2]2 with Cu(OAc)2 

which on phenol-directed CïH functionalization of the alkene of the substrate 110 

affords rhodacycle 112. Coordination and migratory insertion of the alkyne gave 

another seven-membered rhodacycle intermediate 113. Here, if the substituent R
1 
= H, 

benzoxepine 103 is accessed by a CïO bond-forming reductive elimination of 

intermediate 113, as reported previously.
51

 Otherwise, when R
1 
Í H, the rhodacycle 

114 is formed by the isomerization of 113, by relieving an unfavorable steric 

interaction between R
1
 and the phenoxide ring, which on CïC bond-forming reductive 

elimination gives the spirocyclic enone product 111 along with Cp*Rh(I) 109, which 

may be re-oxidized by Cu(OAc)2 to regenerate 104. 
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Figure 1.14. Proposed catalytic cycle for spirocyclic compound 111. 

Jin and co-workers reported a facile and unique mode of naphthylcarbamates 115 for 

the regioselective CïH functionalization involving alkynes as coupling partners under 

Rh(III)-catalysis. The process undergoes peri-CïH bond functionalization of 

arylcarbamates to give benzoquinoline compounds 116 when neutral rhodium catalyst 

system is employed, whereas, ortho-CïH functionalization affords benzoindole 

derivatives 117 with cationic rhodium catalyst (Scheme 1.24).
56

  

 

Scheme 1.24. Synthesis of benzoquinoline and benzoindole compounds. 
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First, scope of peri-CïH functionalization with a range of substrates and internal 

alkynes was investigated and the results demonstrated the good functional group 

tolerance affording corresponding benzoquinoline derivatives in good yields.  The 

reaction also tolerated ethyl quinolin-5-ylcarbamate, producing the 

benzo[ij ][2,7]naphthyridine product in 64% yield under the prolonged reaction time 

(48 h). It is also worth noting that the process is also applicable to the larger aromatic 

substrates like fluoranthen-3-ylcarbamate, anthracen-1-ylcarbamate, and pyren-1-

ylcarbamate yielding the desired products in higher yields. 

Next, the scope was extended to the various arylcarbamates which afforded 

benzoindole products through ortho-CïH functionalization. Pleasingly, the reaction 

was found to be tolerant of a diverse variety of substituents including electron-

donating and electron-withdrawing groups on naphthyl ring and desired products were 

obtained in high yields. The reaction of polycyclic arylcarbamates with alkyne also 

proceeded smoothly to produce the resulting polyheterocycles in good to high yields 

with exclusive selectivity. The key mechanistic step for the regioselective formation 

of products involve the coordination of neutral Rh(III) complex preferentially to the 

N-atom of carbamate 115 generating a Rh(III)-amine complex,
57 

followed by 

cyclorhodation at the peri-CïH bond to afford a five-membered azarhodacycle 118. 

Whereas, the cationic Rh(III) complex coordinates to the Lewis basic carbamate 

oxygen prior to nitrogen presumably due to the Lewis acidity of the Rh(III) catalyst,
46

 

generating intermediate 119, followed by cyclorhodation at the ortho-CïH bond as 

depicted in Figure 1.15. 

 

Figure 1.15. Proposed intermediates involved in the regioselective synthesis of 

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

In 2011, the research group of Ackermann developed the first oxidative annulation of 

internal alkynes with benzamides 120 to access isoquinolones 121 under ruthenium 

catalysis (Scheme 1.25).
58

 The reaction provides ample scope with remarkable high 

chemo- and regioselectivity. With the standard conditions in hand, a range of aryl-

substituted benzamides were tolerated to establish the scope of reaction. Furthermore, 

N-alkyl, N-benzyl or N-aryl derivatives were also compatible under optimized 

reaction conditions. Similarly, heteroaromatic benzamides were also found to be 

viable for this coupling.  

 

Scheme 1.25. Synthesis of isoquinolone derivatives. 

Based on mechanistic studies, they proposed the ruthenium-catalyzed oxidative 

annulation to proceed by an initial intermolecular carboruthenation of alkyne via rate-

limiting acetate-assisted CïH bond ruthenation to form 123. Subsequent 

intramolecular oxidative CïN bond formation gave the desired product 121. 
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Figure 1.16. Proposed catalytic cycle for isoquinolone formation. 

In 2012, Ackermann and Lygin reported the first efficient synthesis of indole 

derivatives 125 involving internal alkynes and anilines 124 bearing removable 

directing groups, catalyzed by cationic ruthenium catalyst. The reaction provides 

ample substrate scope using water as a solvent (Scheme 1.26).
59

 The mechanistic 

studies indicated that the reaction involves the six membered ruthenacycle as a key 

intermediate. 

 

Scheme 1.26. Synthesis of indole derivatives. 
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In another study, the research group of Jeganmohan demonstrated an inexpensive 

ruthenium-catalyzed coupling of substituted ketoximes 126 with internal as well as 

terminal alkynes in a highly regioselective manner to afford the isoquinoline 

derivatives 127 (Scheme 1.27).
60

 A range of ketoximes with a wide substitution 

pattern was found to be compatible for this cyclization reaction. On the other hand, 

the effect of changing the methyl group in acetophenone oxime with other groups like 

ethyl, isopropyl and phenyl were also investigated. In addition, alkyne scope was also 

studied. The reaction was found to be highly regioselective when unsymmetrical 

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 previously.
58

 

 

Scheme 1.27. Synthesis of isoquinoline derivatives. 

Ackermann and co-workers reported the first inexpensive ruthenium-catalyzed 

oxidative annulation of internal alkynes with naphthols 128 and 129 through hydroxyl 

assistance to deliver fluorescent pyrans 130 and 131 (Scheme 1.28).
61

 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 naphthols, 4-hydroxycoumarin and 4-

hydroxyquinoline were also examined under the same set of reaction conditions 

affording annulated products in good yield. 
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Scheme 1.28. Synthesis of pyran derivatives. 

In 2012, Wang and Ackermann reported a versatile synthesis of diversely decorated 

pyrrole derivatives 133 by the oxidative coupling of electron-rich enamines 132 and 

internal alkynes under efficient ruthenium catalysis. This CïH/NïH functionalization 

strategy provided access to pyrrole in the presence of Cu(OAc)2 and air as an oxidant 

(Scheme 1.29).
62

 The scope of this annulation was assessed by making use of 

numerous electrophilic functional groups including esters, bromo, vinyl, cyano and 

nitro substituents and gave the desired products in good yields.  

 

Scheme 1.29. Synthesis of pyrrole derivatives. 
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In 2013, Luan and co-workers reported the first example of intermolecular annulation 

reactions of 1-aryl-2-naphthols 134 with internal alkynes under ruthenium catalysis 

using Cu(OAc)2 as an oxidant. The process efficiently generates a library of 

spirocyclic compounds 135 involving the dearomatization of naphthyl ring (Scheme 

1.30).
63

 An additional advantage of this method is the formation of an all-carbon 

quaternary stereocenter in addition 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 was investigated which afforded a number of spirocyclic products in 

good yields (up to 96%) with excellent levels of regioselectivity in case of 

unsymmetrical alkynes. A range of substituents including electron-rich and electron-

deficient groups on phenyl ring were also taken 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 unsymmetrical substitution pattern was explored 

and satisfactory results were obtained. 

 

Scheme 1.30. Synthesis of spirocyclic compounds. 

The proposed mechanistic pathway starts with the initial deprotonation and 

irreversible CïH bond cleavage of substrate affording a six-membered ruthenacycle 

136. The coordination and regioselective migratory insertion of alkyne then produced 

an eight-membered intermediate 137 which on enol-keto tautomerization of the 
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phenol ring delivered intermediate 138. Finally, reductive elimination affords the 

desired product 135 with concomitant regeneration of Ru(II) catalyst (Figure 1.17). 

 

Figure 1.17. Proposed catalytic cycle for spirocyclic product formation. 

Ackermann and co-workers developed a facile procedure for the synthesis of 1-

aminoisoquinolines 140 using amidines 139 and internal alkynes under ruthenium 

catalysis (Scheme 1.31).
64

 This oxidative process was found to be tolerant of diverse 

functional groups providing desired products in good yields. Based on the 

optimization studies, they identified a ruthenium(II) p-cymene complex with KPF6 

and Cu(OAc)2 as an oxidant works best in DME solvent at 120 °C. Under these set of 

optimal conditions, they further explored 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 afforded desired isoquinolines when symmetrically alkyl substituted 

alkynes were used as coupling partners. In the case of unsymmetrical alkynes, the 

corresponding products were obtained in high regioselectivity with the initial CïH 

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 

sterically hindered substrates produced compounds with lower yields. Also, it is 
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noteworthy to mention that the heterocycles based substrates were also viable starting 

materials for CïH/NïH functionalization process delivering the corresponding 

products in moderate yields. 

 

Scheme 1.31. Synthesis of aminoisoquinolines. 

Very recently, the same group described an aerobic oxidative CïH functionalizations 

of benzoic acids 141 using ruthenium(II) biscarboxylates under ambient oxygen or air 

as an oxidant. This process is advantageous in terms of step- and atom-economy 

liberating water as the only by-product (Scheme 1.32).
65

 Initially, the oxidative Cï

H/OïH functionalization of 2-methylbenzoic acid with diphenylacetylene occurred in 

a variety of solvents delivering isocoumarin product 142 but methanol was identified 

as the best and optimal solvent. Under optimized reaction conditions, the general 

applicability of this aerobic oxidative annulation was tested and the in-situ generated 

ruthenium(II) biscarboxylate complex broadly tolerated ortho-, 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 tolerated 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 the aliphatic substituents distal to the oxygen heteroatom. 
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Scheme 1.32. Synthesis of isocoumarin derivatives. 

The proposed mechanistic cycle for the aerobic oxidative annulation initiates with the 

formation of ruthenium(II) bisacetate complex 143 which on CïH activation of 

benzoic acid generates ruthena(II)cycle 144 with two equivalents of acetic acid. 

Subsequent coordination and migratory insertion of an alkyne delivered the seven-

membered ruthena(II)cycle 145,
66

 which on reductive elimination yielded the 

ruthenium(0) sandwich complex 146. The re-oxidation of this species generates the 

desired product along with the liberation of H2O as sole by-product (Figure 1.18). 

 

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

The activation and subsequent functionalization of aromatic CïH bonds attached to 

directing groups has emerged as a growing area of research.
67

 A wide range of 

functional groups such as amides, anilides, ketones, imines, azoles, phenols, 

carbamates, and carboxylic acids were reported, focusing on the utility of the same Cï

H functionalization concept.
37,43,44,50,60,68 

In addition, alkyne oxidative annulation 

reactions are effective in forming aromatic carbo- and azacycles (Scheme 1.33), the 

scope and utility of the general process would be considerably enhanced if variants 

involving the functionalization of C(sp
3
)ïH bonds could be developed, resulting in 

partially saturated cyclic products. However, progress in this area has been limited. 

The only existing report comes from the group of Nakao and Hiyama,
69

 who 

described the oxidative annulation of formamides with alkynes, in which an extra 

equivalent of alkyne acts as the stoichiometric oxidant (Scheme 1.34). Also, during 

the course of our investigations, Wang and co-workers published a cascade oxidative 

annulation strategy using sp
2
, sp

3
 and OH bonds leading to naphtho[1,8-bc]pyran 

products (Scheme 1.16).
44

 

 

Scheme 1.33. Alkyne oxidative annulations by double C(sp
2
)ïH bond cleavage. 

 

Scheme 1.34. Alkyne oxidative annulation by C(sp
3
)ïH/C(sp

2
)ïH bond cleavage. 

In view of these fascinating results, we looked to develop a new mode of catalytic 

alkyne oxidative annulation involving the (formal) functionalization of one C(sp
3
)ïH 

bond and one C(sp
2
)ïH bond. At the outset of this work, we hypothesized that Ŭ-

arylcarbonyl compounds might be suitable substrates for alkyne oxidative annulations 

by virtue of the acidic nature of the Ŭ-protons; deprotonation would generate an 
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enolate that could serve as an efficient directing group for C(sp
2
)ïH 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, forming a six-membered metallacycle in readiness for migratory 

insertion of the alkyne and spiroindene formation. This ruthenium-catalyzed process 

would result in the formation of indenes, which are important structures in various 

biologically active compounds
1-14,70

 and functional materials.
71 

A notable feature of 

this process is the formation of an all-carbon quaternary center, which has not been 

described at the time of beginning of this research in alkyne oxidative annulations 

(Scheme 1.35).  

 

Scheme 1.35. Synthesis of carbocycles by (formal) C(sp
3
)ïH/C(sp

2
)ïH bond 

cleavage. 
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1.4. Results and Discussion 

In order to test our hypothesis illustrated in Scheme 1.35, synthesis of appropriate 1,3-

dicarbonyl substrates was necessary. A range of these compounds was synthesized 

using literature reported protocols as described herein in order to undertake the 

investigation of the proposed mode of catalytic alkyne oxidative annulation. 

1.4.1. Preparation of 2-Aryl -1,3-dicarbonyl Substrates 

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

A variety of 3-hydroxy-2-aryl-cyclohex-2-en-1-ones 149 were synthesized by using a 

literature protocol (Scheme 1.36).
72

 The appropriate aryl iodide 147 was added to a 

stirred solution of CuI, L-proline, K2CO3, and the appropriate 1,3-dicarbonyl 

compound 148 in anhydrous DMSO, and the reaction mixture was then stirred at 90 

°C for 48 h. The work-up and purification by column chromatography afforded the 

corresponding 2-aryl-1,3-dicarbonyl compound 149. 

 

Scheme 1.36. Synthesis of 3-hydroxy-2-aryl-cyclohex-2-en-1-ones. 

A range of functional group tolerance has been observed on the synthesized 

substrates. The substrates with various electron-donating 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 1,3-dicarbonyl compounds
[a]

 

Entry  Product 
Yield 

[%]
[b]

 
Entry  Product 

Yield 

[%]
[b]

 

1 

 

64 5 

 

65 

2 

 

23 6 

 

61 

3 

 

73 7 

 

20 

4 

 

67 8 

 

35 

[a]
Substrates synthesized by Dr. Suresh R. Chidipudi and Martin D. Wieczysty. 

[b]
Cited yields are of 

isolated material. 

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

The Meldrumôs acid derivatives 151 were prepared according to a literature procedure 

(Scheme 1.37).
73-75

 To a stirred suspension of corresponding arylmalonic acid 150 in 

Ac2O was added conc. H2SO4 dropwise, which caused complete dissolution. The 

product began to precipitate within one minute after the addition of acetone. The 

appropriate work-up and purification gave the corresponding 1,3-dicarbonyl 

compounds 151 (Table 1.2). 

 

Scheme 1.37. Synthesis of 2,2-dimethyl-5-aryl-1,3-dioxane-4,6-dione. 
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Table 1.2. Synthesis of Meldrumôs acid derivatives
[a]

 

Entry  Product 
Yield 

[%]
[b]

 
Entry  Product 

Yield 

[%]
[b]

 

1 

 

60 3 

 

55 

2 

 

67    

 [a]
Substrates synthesized by Dr. Suresh R. Chidipudi. 

[b]
Cited yields are of isolated material. 

 

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

The 1,3-dimethyl-5-aryl-1,3-diazinane-2,4,6-triones 153a and 153b were prepared 

according to a literature procedure (Scheme 1.38)
76

 from 1,3-dimethylurea 152 and 

appropriate arylmalonic acid 150 (Table 1.3). 

 

Scheme 1.38. Synthesis 1,3-dimethyl-5-aryl-1,3-diazinane-2,4,6-trione. 

Table 1.3. Synthesis of Barbituric acid derivatives
[a]

 

Entry  Product 
Yield 

[%]
[b]

 
Entry  Product 

Yield 

[%]
[b]

 

1 

 

50 2 
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 [a]
Substrates synthesized by Dr. Suresh R. Chidipudi. 

[b]
Cited yields are of isolated material. 
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1.4.2. Preparation of Alkynes 

The following alkynes were purchased from commercial sources (Figure 1.19). 

 

Figure 1.19. Alkynes from commercial sources. 

In addition to those commercially available akynes (Figure 1.19), a range of 

unsymmetrical alkynes 156 were accessed by using Sonogashira coupling procedure 

from appropriate haloarene 154 and terminal alkyne 155 in THF under palladium 

catalysis (Scheme 1.39).
77,78

 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 include electron-

rich and electron-deficient functional groups. Several alkynes with heteroaryl 

component have also been accessed apart from sterically demanding naphthyl group 

(Table 1.4).    

 

Scheme 1.39. Synthesis of internal alkynes by Sonogashira coupling. 
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Table 1.4. Synthesis of internal alkynes 

Entry  Alkyne 
Yield 

[%]
[a]

 
Entry  Alkyne 

Yield 

[%]
[a]

 

1 

 

96 6 

 

99 

2 

 

98 7 

 

45 

3 

 

90 8 

 

99 

4 

 

93 9 

 

98 

5 

 

98 10 

 

96 

 [a]
Cited yields are of isolated material. 
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1.4.3. Reaction Optimization 

We began our study with 2-aryl-1,3-diketones, which exist predominantly in the enol 

tautomer, the feasibility of the coupling reaction was initially examined using 3-

hydroxy-2-phenyl-2-cyclohexenone 149a with 1-phenyl-1-propyne (157a; Table 1.5). 

The reactions were conducted at 90 °C and Cu(OAc)2 (2.2 equivalents) was employed 

as the stoichiometric oxidant. Although rhodium, ruthenium, and palladium 

precatalysts have proven to be highly effective in a range of oxidative annulations of 

alkynes,
25-34,37-65,79-81

 the ruthenium complex [RuCl2(p-cymene)]2 (2.5 mol%) was 

examined first on the basis of its much lower cost compared with rhodium and 

palladium complexes. In the presence of K2CO3 (2.5 equivalents), we were pleased to 

find that successful formation of spiroindene 157a occurred in a variety of solvents, 

(Table 1.5, entries 1ï3). Consistent with literature precedent,
58-62,82

 the reactions were 

highly regioselective, with initial CïC bond formation occurring exclusively at the 

methyl-substituted carbon of the alkyne.
83

 The use of NaOAc instead of K2CO3 did 

not help to improve the reaction yield (Table 1.5, entry 4). Subsequently, base was 

found to be unnecessary; in dioxane as the solvent, the yield of 157a increased to 80% 

in the absence of K2CO3 or NaOAc (Table 1.5, entry 5). The catalytic reaction in 

other solvents such as DMF gave lower product yield (Table 1.5, entry 6). The 

screening of other ruthenium sources such as [RuCl2(PPh3)3] as well as  Pd(OAc)2 in 

1,4-dioxane proved to be totally ineffective (Table 1.5, entries 7ï9). Whereas, the 

Rh(III ) complex [Cp*RhCl2]2 provided 88% yield of 157a in the absence of K2CO3 

(Table 1.5, entry 11). The use of K2CO3 led to the spiroindene product in 74% yield 

(Table 1.5, entry 10). 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*Cl2} 2] provided the highest yield of 157a, [RuCl2(p-cymene)]2 

was selected for further experimentation on the basis of its lower cost. 
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Table 1.5. Optimization of reaction conditions for the synthesis of 157a
[a]

 

 

Entry  [M]  [mol%] Base Solvent Yield [%]
[b]  

1 [RuCl2(p-cymene)]2 2.5 K2CO3 t-AmOH 60 

2 [RuCl2(p-cymene)]2 2.5 K2CO3 THF 55 

3 [RuCl2(p-cymene)]2 2.5 K2CO3 dioxane 62 

4 [RuCl2(p-cymene)]2 2.5 NaOAc dioxane 57 

5 [RuCl2(p-cymene)]2 2.5 ð dioxane 80 

6 [RuCl2(p-cymene)]2 2.5 ð DMF 15 

7 [RuCl2(PPh3)3] 5 K2CO3 dioxane ð 

8 Pd(OAc)2 5 ð dioxane <5 

9 Pd(OAc)2 5 K2CO3 dioxane <5 

10 [RhCp
*
Cl2]2 2.5 K2CO3 dioxane 74 

11 [RhCp
*
Cl2]2 2.5 ð dioxane 88 

[a]
Reactions were conducted using 0.25 mmol of 149a. 

[b]
Yield of isolated compounds. Cp* = C5Me5, 

DMF = N,N'-dimethylforamide, t-Am = tert-amyl, THF = tetrahydrofuran. 
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1.4.4. Evaluation of Reaction Scope 

With the optimized reaction conditions in hand (Table 1.5, entry 5), an assessment of 

the reaction scope was conducted by varying the alkyne, and the aryl group of the 3-

hydroxy-2-cyclohexenone (Table 1.6). It was noticed that the substituent on the 

phenyl ring of compound 149 as well as the alkyne partner affected the productǋs yield 

significantly. These experiments revealed that the process demonstrates good 

generality.  

Initially, under standard reaction conditions, a range of internal alkynes including 

symmetrical and unsymmetrical were tolerated affording moderate to good yields of 

products. In certain cases, the inclusion of K2CO3 (2.5 equivalents) provided higher 

yields (products 157d).
84

 Oxidative annulation occurred smoothly with various 

alkyl/(hetero)aryl-substituted alkynes. Again, regioselectivity was high with 

unsymmetrical alkynes, with initial CïC bond formation occurring at the alkyne 

carbon bearing the alkyl substituent.
83

 With respect to the alkyne substituents, phenyl 

rings containing methoxy, ester, or trifluoromethyl groups were tolerated (products 

157e, 157f and 157i). Heteroarenes on the alkyne, such as 2-thienyl (product 157j ) or 

indole (product 157k) were also tolerated resulting in good yield of spiroindenes. 

However, terminal alkynes were unsuitable substrates, leading to complex mixtures of 

products. 
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Table 1.6. Ru-catalyzed oxidative annulation (alkyne scope)
[a]

 

 

Entry  Spiroindene 
Yield 

[%]
[b]

 
Entry  Spiroindene 

Yield   

[%]
[b]

 

1 

 

80 7 

 

77 

2 

 

76 8 

 

66 

3 

 

78 9 

 

71 

4 

 

50
[c]

 10 

 

70 

5 

 

70 11 

 

67 

6 

 

81    

 [a]
Reactions were conducted using 0.50 mmol of 149a. 

[b]
Cited yields are of isolated material. 

[c]
Reactions conducted with the addition of K2CO3 (2.5 equiv). 
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Regarding the phenyl group of the 3-hydroxy-2-cyclohexenone, substrates containing 

para-methoxy, para-methyl, or para-carbomethoxy groups underwent efficient 

reaction (Table 1.7; products 158c-f). In these reactions, the inclusion of K2CO3 (2.5 

equivalents) provided higher yields. With meta-substituted phenyl groups, C(sp
2
)ïH 

functionalization occurred exclusively at the least sterically encumbered site (products 

158a and 158b).
85

 The high site selectivity observed in the formation of 158b is 

notable, given that mixtures of isomers were formed when substrates containing meta-

methoxyphenyl groups were employed in related reactions.
25

 We found substrates 

containing ortho-substituted phenyl groups were unreactive (product  158g). On the 

other hand, a range of alkynes bearing indole, naphthyl and substituted aryl groups 

were also found as effective coupling partners. 
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Table 1.7. Ru-catalyzed oxidative annulation of various alkynes with a range of 2-

aryl-3-hydroxy-2-cyclohexenones
[a]

 

 

Entry  Spiroindene 
Yield 

[%]
[b]

 
Entry  Spiroindene 

Yield   

[%]
[b]

 

1 

 

66 5 

 

66
[c]

 

2 

 

64 6 

 

72 

3 

 

74
[c]

 7 

 

0 

4 

 

66
[c]

    

[a]
Reactions were conducted using 0.50 mmol of 149aïg. 

[b]
Cited yields are of isolated material. 

[c]
Reactions conducted with the addition of K2CO3 (2.5 equiv). 

 

 

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

dicarbonyl substrates (Table 1.8). Again, a wide range of unsymmetrical alkynes were 
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tolerated, and the reactions were highly regioselective. While successful formation of 

product 159a was not surprising given the results presented in Table 1.7, we were 

pleased to find that a range of Meldrum's acid derivatives containing various 2-aryl 

substituents (which exist predominantly in their ɓ-dicarbonyl form rather than the 

enol form) also underwent oxidative annulation (products 159b-h). In these cases, the 

presence of K2CO3 (2.5 equivalents) was required to obtain the products in acceptable 

yields (products 159b-d; 40ï59%).
84

 These products incorporate either an 

unsubstituted aryl ring or a para-methoxy substituent in addition to the 

unsymmetrical, symmetrical alkyl groups at alkyne moiety. Moreover, the aryl groups 

at alkyne also contain electron-deficient groups like carbomethoxy and bis- 

trifluoromethyl functionalities. The replacement of para-methoxy substituent with a 

meta-trifluoromethyl group also produced spiroindenes (products 159f-h) but the 

yields were much lower as compared to the products obtained previously.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

55 
 

Table 1.8. Ru-catalyzed oxidative annulation (substrate scope)
[a]

 

 

Entry  Spiroindene 
Yield 

[%]
[b]

 
Entry  Spiroindene 

Yield 

[%]
[b]

 

1 

 

76
[c]

 5 

 

40 

2 

 

54 6 

 

30 

3 

 

48 7 

 

28 

4 

 

59 8 

 

22 

[a]
Reactions were conducted using 0.50 mmol of 149h and 151a-c. 

[b]
Cited yields are of isolated 

material. 
[c]

Reaction conducted without K2CO3. 
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Moreover, the reaction scope was further extended by using barbituric acid 

derivatives, which also exist in the ɓ-dicarbonyl form, and were also found to be 

effective in this process (Table 1.9; products 160aïe formed in 73ï84% 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 1.9. Ru-catalyzed oxidative annulation of various alkynes with 1,3-dimethyl-5-

aryl-1,3-diazinane-2,4,6-triones
[a]

 

 

Entry  Spiroindene 
Yield 

[%]
b]

 
Entry  Spiroindene 

Yield 

[%]
[b]

 

1 

 

76 4 

 

80 

2 

 

75 5 

 

73 

3 

 

84    

[a]
Reactions were conducted using 0.50 mmol of 153a and 153b. 

[b]
Cited yields are of isolated material.  

 



 

57 
 

1.4.5. Regiochemical Determination 

The structures of compounds 158a and 158b were determined by X-ray 

crystallography in order to confirm the regioselectivity of the meta-substituted 

spiroindenes (Figure 1.20). The structures of other meta-substituted compounds were 

assigned by analogy. 

 

 

 

 

Figure 1.20. Crystal structures of spiroindenes 158a and 158b. 
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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, substrate 149c was subjected to the standard 

reaction conditions with the inclusion of D2O, but in the absence of alkyne [Scheme 

1.40 (a)]. After only 15 min, recovered 149c 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 

experiment suggests that in the presence of D2O and 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. 

Repeating this experiment in the presence of alkyne 156a gave spiroindene [D]n-158b 

(45% yield) that contained minimal (~5%) deuteration at the indene, but was partially 

deuterated in the cyclohexane [Scheme 1.40 (b)]. 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 of [D]n-149c from 

Scheme 1.40 (b), which is in contrast with [D]n-149c obtained from Scheme 1.40 (a); 

this is consistent with migratory insertion of the alkyne being more rapid with the 

ruthenacycle derived from functionalization at the least hindered site of 149c, thus 

depleting deuterium at this site preferentially. 

Finally, cycloruthenation was found to be largely irreversible in the reaction of 149a 

with 156c, as evidenced by a reaction run to partial completion in the presence of 

D2O, in which no deuteration was detected at the indene of the annulation product, 

and only minimal deuteration (~5% at each site) was observed in recovered [D]n-149a 

[Scheme 1.40 (c)]. 
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Scheme 1.40. Deuterium labeling experiments. 

 

On the other hand, deuteration at the cyclohexane ring most likely occurs by 

reversible enolization after the formation of spiroindene 158b, as evidenced by the 

control experiment shown in Scheme 1.41.  

 

Scheme 1.41. Control experiment involving 158b. 
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1.4.7. Possible Catalytic Cycle 

In line with catalytic cycles put forth for related processes,
58-62,82

 a possible 

mechanism for these oxidative annulations is illustrated in Figure 1.21. Under the 

reaction conditions, deprotonation of the cyclic 1,3-dicarbonyl substrate 149a 

generates an enolate, which is then able to direct cycloruthenation with complex 161 

to form six-membered ruthenacycle 162. It should be noted that with one exception,
59

 

all ruthenium-catalyzed alkyne oxidative annulations reported to date involve initial 

cyclometallation to form five-membered ruthenacycles. Coordination and migratory 

insertion of the alkyne 156 with 162 then occurs with preference for CïC bond 

formation at the alkyne carbon bearing the alkyl substituent to form a second 

ruthenacycle 163, which although depicted as an oxa- -́allylruthenium species, could 

exist in the O- or C-bound forms.
86

 Finally, CïC reductive elimination of 163, with 

concomitant Cu
II
-promoted oxidation of Ru

0
 back to the Ru

II
 species 161, releases the 

product 157.
87

 

 

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

In addition to the mechanism presented in Figure 1.21, another possibility is that 

reductive elimination of 163 occurs to first generate benzoxepine 164, which then 

rearranges to spiroindene 157 under the reaction conditions (Figure 1.22). The 

conversion of benzoxazepines to indenes, along with related rearrangements, have 

been observed previously under photochemical conditions.
88

 However, oxidative 

annulations conducted with the rigorous exclusion of light still led to the formation of 

spiroindenes rather than the corresponding benzoxazepines, which suggests that this 

pathway is less likely. 

 

 

Figure 1.22. Alternate possible mechanism for spiroindene formation. 

 

 

 

 

 

 

 

 

 

 



 

62 
 

1.5. Conclusions and Future Work 

In summary, we have developed an inexpensive ruthenium-catalyzed oxidative 

annulation of alkynes involving (formal) functionalization of C(sp
3
)ïH and C(sp

2
)ïH 

bonds. Under the action of ruthenium catalysis, the process provides a diverse range 

of spiroindenes with high levels of regioselectivity. A notable feature of this process 

is the formation of products with all-carbon quaternary centers. These experiments 

revealed that the process demonstrates good substrate generality and functional group 

tolerance as well. Our future work will involve the development of diastereo- and 

enantioselective variants of this process as well as the utilization of enolate directing 

group into other types of carbo- and heterocycle-forming oxidative annulations. 
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Chapter 2: Synthesis of Benzopyrans by Pd(II)- or Ru(II) -Catalyzed 

CïH Alkenylation of 2-Aryl -3-hydroxy-2-cyclohexenones 

2. Introduction  

2.1. The Significance 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 profile.
89

 In this 

perspective, an important class of oxygenated heterocyclic scaffolds such as 

benzopyrans represents key structural units of diversified natural compounds with 

useful biological activities.
90

 These moieties possess diverse biological activities,
91

 

and are used as key intermediates in organic and natural product synthesis.
92

 Certain 

benzopyrans possess photochromic and thermochromic properties.
93

 Some 

representative examples of biologically active benzopyran derivatives 165-167 are 

shown in Figure 2.1.
94-96

  

 

Figure 2.1. Some representative examples of biologically active benzopyrans. 

2.2. Dehydrogenative Olefination Reactions 

Atom-economical construction of carbon-carbon and carbon-heteroatom bonds under 

oxidative conditions is of vital significance and has emerged as an increasingly 

important synthetic strategy.
97

 Among these, the metal-catalyzed alkenylation of 

aromatic C(sp
2
)ïH bonds, directed by a coordinating functional group, has proven to 

be a versatile strategy in organic synthesis
98

 successfully complementing alternatives 

such as the MizorokiïHeck reaction,
99

 and the FujiwaraïMoritani reaction.
100

 The use 

of directing groups not only offers enhanced reactivity but also provides reaction 

products with high site-selectivity, by minimizing the formation of positional 
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isomers.
101

 Strategically, however, the use of directing groups can also be a limitation, 

especially if several steps are required to convert the directing group into the final 

desired functional group.
102

 Nevertheless, this drawback is mitigated by the continued 

development of new procedures that employ an ever expanding range of directing 

groups, thus increasing the toolbox of methods available for catalytic C H 

alkenylation and allowing access to a greater diversity of products. The literature 

investigations have revealed that there is a diverse range of directing groups that have 

been involved to perform these transformations, however, in the following discussion, 

we will highlight some representative examples of C H olefination reactions using 

various metal precatalysts.  

2.2.1. Rhodium-Catalyzed Dehydrogenative Olefination Reactions 

Glorius and Patureau developed an efficient and attractive strategy affording the 

direct ortho-olefination of acetanilides 168 under the action of rhodium catalysis. Low 

catalytic loadings, good yields of products 169, hydrolysis of acetanilides to 

corresponding anilines and high levels of regio- and chemoselectivity make this 

methodology useful and may find many applications in natural product and total 

synthesis in the future (Scheme 2.1).
103

 

 

Scheme 2.1. Alkenylation of acetanilide derivatives. 

In 2011, the same research group carried out a selective rhodium-catalyzed oxidative 

ortho-olefination of benzamides and acetophenones 170 (Scheme 2.2).
104

 A variety of 



 

65 
 

electron-donating and electron-withdrawing styrenes were tolerated. They have also 

shown that the high yields and high selectivities are strongly dependent on the nature 

of the aromatic system. On the other hand, a benzamide core bearing both electron-

rich and electron-deficient groups was proved to be an effective substrate for C H 

alkenylation. The reaction of tertiary benzamide with n-butyl acrylate led to the 

desired oxidative Heck product in 95% yield with good selectivity.  

 

Scheme 2.2. Alkenylation of acetophenone and benzamide derivatives. 

The proposed mechanism for the olefination reaction is illustrated in Figure 2.2. The 

initial step is the activation of C H bond of 170 by coordinating with rhodium 

complex generating a 5-membered rhodacycle 172, which on alkene insertion 

generates another intermediate 173. Subsequently, ɓ-hydrogen elimination gives the 

desired olefinated product 171. 

 

Figure 2.2. Possible catalytic cycle for acetophenone and benzamide alkenylation. 
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Bergman, Ellman and co-workers demonstrated an efficient strategy for the oxidative 

coupling of unactivated alkenes to oximes 174 involving C H bond functionalization 

using a cationic rhodium catalyst. This process provides access to a diverse range of 

olefinated products 175 in good yields (Scheme 2.3).
105

 Under optimal reaction 

conditions, oximes with diverse substitution pattern were tolerated against a variety of 

alkenes to afford a range of products. The substrates with electron-donating and 

electron-withdrawing substituents at the meta- and para-positions were found to be 

the effective coupling partners. Alkene scope was also explored and ɓ-branched 

alkenes were found to be more productive compared to Ŭ-branched alkenes. The 

reaction was also compatible with activated olefins such as ethyl acrylate affording 

olefinated products in good yields. 

 

Scheme 2.3. Alkenylation of oxime derivatives. 

In 2012, Xu and co-workers demonstrated an efficient tandem CH olefination of 

sulfonylhydrazones 176 with alkenes under rhodium catalysis. This process involves a 

copper acetate promoted intramolecular CN bond formation, leading to a variety of 

l,2-dihydrophthalazines 177 in good to excellent yields (Scheme 2.4).
106

 Under the 

optimized conditions, a variety of hydrazones with electron-rich and electron-

deficient substituents at meta- and para-position proved to be efficient substrates 

yielding products in good to excellent yields. The regioselectivity of this reaction was 

shown to be dependent on the steric hindrance of the substrates, however, alkenes 

conjugated with alkyl or aryl acrylates were found to be effective coupling partners 

affording products in good yields.  
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Scheme 2.4. 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 to the Rh(III) species generating 

rhodacycle 178, which, on insertion, of alkene give another eight-membered 

rhodacycle 179. Subsequently, reductive elimination of 179 affords intermediate 180 

and a Rh(I) species which is oxidized to regenerate the active Rh(III) species. The 

intermediate 180 on reaction with copper acetate gives intermediate 181 which on 

Michael addition afforded 182 followed by subsequent enolate protonation to give 

final product 177. 

 

Figure 2.3. Possible catalytic cycle for dihydrophthalazine formation. 
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Cui and co-workers developed a Rh(III) -catalyzed CïH activation/cycloaddition of 

benzamides 183 and methylenecyclopropanes, with CïC double bonds and CïC 

proximal bonds as selective coupling partners, for the divergent synthesis of 

biologically interesting spiro dihydroisoquinolinones 184 (Scheme 2.5) and furan-

fused azepinones 186 (Scheme 2.6).
107

 This process features simple starting materials, 

mild conditions, and high efficiency and is external oxidant free. Under the optimized 

reaction conditions, generality of the reaction was investigated. Various benzamides 

with valuable functional groups, such as methoxy, bromo, cyano and nitro, reacted 

smoothly with the olefins to afford the corresponding spiro dihydroisoquinolinone 

products in moderate to excellent yields (55ï90%). Electron-withdrawing groups on 

the benzamides somewhat retarded the reaction, however, worked efficiently by 

elevating the reaction temperature to 60 °C. In addition, various polysubstituted furan-

fused azepinones 186 were obtained in moderate to good yields using various furan-

based substrates. 

 

Scheme 2.5. Synthesis of spiro dihydroisoquinolinones. 
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Scheme 2.6. Synthesis of furan-fused azepinones. 

The proposed mechanism for this transformation is illustrated in Figure 2.4. It 

suggests that the initial rhodium dicarboxylate was obtained from the reaction 

between [Cp*RhCl2]2 and CsOAc. A carboxylate-assisted CïH activation of substrate 

183 via a concerted metalation/deprotonation (CMD) pathway then generates 

rhodacycle 187,
108

 which on coordination and insertion to C=C double bond delivers 

another rhodacycle 188. CïN bond formation takes place to afford 189 along with Nï

O bond cleavage. Finally, product 184 is obtained by the protonation of 189 with the 

release of active Rh(III) species.
109

  

For the azepinone formation, the first step is also a CMD involving CïH activation 

generating intermediate 190 which, on coordination and subsequent insertion, forms 

rhodacycle 192. This intermediate 192 undergoes a cyclopropylcarbinyl-butenyl 

rearrangement to generate 193.
110

 CïN bond formation affords 194 along with NïO 

bond cleavage. The final step is protonation of 194 to furnish the product 186 with 

Rh(III) catalyst regeneration.
109 

For this reaction, the ring opening of 

(cyclopropylcarbinyl)rhodium 192 to give (3-butenyl) rhodium moiety 193 is faster 

than the generation of a Rh(III) intermediate. The fused electron-rich furan moiety 

must slow down the Rh(III) generation making the rearrangement relatively the faster 

step while formation of the azepinone product becomes the limiting step. 



 

70 
 

 

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

Recently, Ackermann and Ma reported the first example of cobalt-catalyzed CïH 

alkenylation of benzamides 195 using electron-deficient alkenes and Mn(OAc)2 or 

AgOPiv as the oxidant. The process affords a range of isoindolin-1-one derivatives 

196 with good regio- and site-selectivity (Scheme 2.7).
111

 With optimized catalytic 

reaction conditions, the general scope of this oxidative annulation strategy was tested 

with a range of substituted amides. The results revealed that the catalytic system 

efficiently transforms para-substituted substrates as well as sterically hindered ortho-

substituted arenes. A variety of electrophilic functional groups, such as chloro, bromo, 

iodo, cyano or nitro substituents were tolerated affording the desired cyclized 

products in good yields. In addition, several electron-deficient alkenes were found as 

compatible coupling partners. 

 

Scheme 2.7. Synthesis of isoindolinone derivatives. 

The proposed mechanistic cycle is illustrated in Figure 2.5. The initial carboxylate-

assisted
112

 CïH cobaltation of benzamide 195 affords intermediate 197 which on 

migratory insertion of the olefin, along with ɓ-hydride-elimination, delivers the 

alkenylated benzamide 199. Compound 199 undergoes an intramolecular alkene 

hydroamidation
113

 to furnish the desired isoindolinones. 
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Figure 2.5. Proposed mechanism for isoindolinone formation. 
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2.2.3. Ruthenium-Catalyzed Dehydrogenative Olefination Reactions 

In 2011, Ackermann and Pospech disclosed an efficient CïH alkenylation of benzoic 

acids 200 providing access to versatile phthalide derivatives 201 under ruthenium 

catalysis. Additionally, the reaction is environment friendly owing to the use of H2O 

as a solvent (Scheme 2.8).
114

 It is noteworthy that a variety of benzoic acids bearing 

substituents with electrophilic functional group such as fluoro and bromo as well as 

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

coupling. 

 

Scheme 2.8. Alkenylation of benzoic acid derivatives. 

Li, Wang and co-workers reported an oxidative CïH alkenylation of N-

methoxybenzamides 202. They have performed the studies using an oxidizing 

directing group using an inexpensive ruthenium catalyst (Scheme 2.9).
115

 The reaction 

provided good results and a broad substrate scope with only mono- and ortho-

olefination selectively. Both electron-rich and electron-poor benzamides performed 

equally in this reaction. The reaction afforded benzamides with acrylate esters 

whereas with styrenes or norbornadiene dihydroisoquinolinone derivatives 204 and 

205 were obtained. 
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Scheme 2.9. Alkenylation of N-methoxybenzamide derivatives. 

To further broaden the scope of alkenylation, the Jeganmohan and Padala
 
made use of 

the aromatic as well as heteroaromatic aldehydes 206 under the same reaction 

conditions to afford alkenylated products 207 in highly regio- and stereoselective 

fashion (Scheme 2.10).
116

 The corresponding alkenes were further transformed into 

four-membered cyclic ketones or a polycyclic isochromanones via a photochemical 

rearrangement. 

 

Scheme 2.10. Alkenylation of aldehyde derivatives. 

The proposed catalytic cycle is illustrated in Figure 2.6. Initially, the reaction is 

initiated by the removal of chloride ligand by the silver salt from ruthenium complex. 
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Then, coordination of the carbonyl oxygen of 206 to the ruthenium cationic species 

followed by ortho-metalation generates a five-membered ruthenacycle 208. 

Coordinative insertion of alkene into the Ru-carbon bond of ruthenacycle 208 affords 

intermediate 209 which, on ɓ-hydride elimination, gives the final product 207.  

 

Figure 2.6. Possible catalytic cycle for aldehyde alkenylation. 

Ackermann and co-workers developed an oxidative alkenylation of aryl carbamates 

210 using ruthenium catalysis. The reaction produces good results under aerobic 

conditions with ambient air as an external oxidant (Scheme 2.11).
117

 The ruthenium 

catalyst was found to be highly valuable and tolerated a range of functional groups 

including alkyl, aryl fluorides, chlorides and bromides. Additionally, electron-rich and 

electron-deficient arenes were also proved to be effective counterparts delivering their 

corresponding products in good yield.  

 

Scheme 2.11. Alkenylation of aryl carbamate derivatives. 
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In 2014, Ackermann and co-workers developed an efficient Ru-catalyzed CïH 

activation protocol using amidine substrates 139 with substituted acrylates affording a 

diverse range of new 1-iminoisoindoline derivatives 212 (Scheme 2.12).
64

 With the 

optimized reaction conditions, the scope of the ruthenium(II)-catalyzed process was 

examined with differently substituted benzamidines and alkenes. Several valuable 

electrophilic functional groups, such as fluoro, chloro, bromo, and nitro substituents 

were tolerated. The CïH-bond functionalization also occurred efficiently with para- 

and more sterically-hindered ortho-substituted amidines. 

 

Scheme 2.12. Synthesis of iminoisoindoline derivatives. 
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2.2.4. Palladium-Catalyzed Dehydrogenative Olefination Reactions 

Vries, Leeuwen and co-workers carried out a selective and oxidative olefination of 

aniline derivatives 213 under palladium catalysis conditions. The reaction produced 

products 214 with good yields at room temperature with the use of benzoquinone as 

an oxidant (Scheme 2.13).
118

 It is notable that the substituents on the aryl ring of the 

acetanilide substrate influence the coupling reaction significantly. Ortho-substitution 

hampered the reaction whereas the substrates with electron-rich substituents were 

significantly higher yielding, compared to the substrates with electron-deficient 

substituents. 

 

Scheme 2.13. Alkenylation of aniline derivatives. 

Yu and co-workers demonstrated a simple and atom-economical CïH olefination 

reaction of phenylacetic acid and phenylpropionic acid substrates 215 under 

palladium catalysis using oxygen as an oxidant at room temperature (Scheme 2.14).
119

 

A wide range of phenylacetic acid substrates were found to be operative under this 

protocol, affording alkenylated products 216 in good yields. Several drugs, including 

ketoprufen, naproxen, and ibuprofen were found to react under these conditions. A 

variety of alkenes were also compatible with this protocol as coupling partners. 
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Scheme 2.14. Alkenylation of phenylacetic and phenylpropionic acids. 

The same group developed an efficient protocol for direct olefination of C(sp
3
)ïH 

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

compounds 218 in good yield (Scheme 2.15).
120

 Using optimized reaction conditions, 

an array of Ŭ-hydrogen containing substrates 217 were tolerated affording olefinated 

products in good to excellent yields.  

 

Scheme 2.15. Alkenylation of amide derivatives. 
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2.3. Aims and Objectives 

Oleýns represent basic organic building blocks, and stereoselective methods for their 

preparation are highly valued. A promising method for the preparation of alkenes 

combines CïH bond functionalization with a Heck-type alkenylation.
121

 

The aim of our present study was based on our previous finding that 2-aryl-3-

hydroxy-2-cyclohexenones are effective substrates for ruthenium-catalyzed oxidative 

annulations with alkynes producing a range of spiroindenes via sequential C(sp
2
) H 

and C(sp
3
) H functionalization in generally good yields.

122
 In light of these results, 

we speculated whether replacement of the alkyne with a terminal alkene would enable 

the corresponding C(sp
2
) H alkenylation of these substrates to proceed (Figure 2.7). 

If successful, the initially formed product 219 would likely undergo cyclization of an 

enolate oxygen atom onto an electron-deficient alkene. This process would be 

attractive as the resulting benzopyrans 220 resemble the core structures of a number 

of biologically active natural products and drug candidates.
94-96

  

 

Figure. 2.7. Proposed benzopyran synthesis by CH alkenylation.  

Recently, the synthesis of benzopyrans under metal-catalyzed processes has been 

developed by using palladium,
123-125

 ruthenium,
126

 rhodium,
127

 gold,
128

 and copper 

complexes,
129

 with a range of alkynes as coupling partners. The direct and related 

precedent for an alkenylation approach comes in the form of a study by Miura and co-

workers, who demonstrated that a range of benzopyrans could be easily accessed by 

the palladium-catalyzed C H alkenylation of 2-phenylphenols 221 (Figure 2.8).
130
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Figure 2.8. Palladium-catalyzed C H alkenylation of 2-phenylphenols. 

Yu and co-workers also reported an efficient palladium-catalyzed hydroxyl-directed 

C H alkenylation using a tertiary alcohol as a directing group and an inexpensive 

menthol-leucine carbamate ligand (Figure 2.9).
131

 

 

Figure 2.9. Palladium-catalyzed hydroxyl-directed C H alkenylation. 

To our knowledge, the use of 2-aryl-3-hydroxy-2-cyclohexenones as substrates for 

metal-catalyzed directed C H alkenylation has not been reported previously. Herein, 

we demonstrate the successful use of these substrates in the strategy presented in 

Figure 2.7. Furthermore, these reactions proceed using not only well-established 

palladium catalysis,
118-120

 but also with more recently developed ruthenium 

catalysis.
114-117 
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2.4. Results and Discussion 

2.4.1. Reaction Optimization 

Our investigation began with the study of metal precatalysts and reaction conditions 

using 3-hydroxy-2-phenyl-2-cyclohexenone 149a as a standard substrate with phenyl 

vinyl sulfone as an alkenylation partner to give the corresponding benzopyran 

product. Based on the previous understanding of substrate reactivity, Cu(OAc)2 (2.1 

equiv) was used as the oxidant (Table 2.1). A range of metal precatalysts, solvents, 

temperatures and additives were screened to obtain the desired benzopyran product in 

good yield. Pleasingly, the initial experiment of substrate 149a with olefin using 

Pd(OAc)2 (5 mol%) was successful providing benzopyran 220a in 78% yield in DMF 

at 120 °C (entry 1). The reaction conducted using [RuCl2(p-cymene)]2 (2.5 mol%), 

which had proven successful in our previous study of spiroindene synthesis,
122

 was 

less effective, and led to a decrease in chemical yield (30%) of 220a (entry 2). The 

use of base (K2CO3, 2.0 equiv) as an additive also had a detrimental effect on the 

reaction producing benzopyran in only 7% yield (Entry 3). Although, the exchange of 

DMF for t-AmOH as the solvent offered no improvement in the reaction efficiency 

(entry 4), the addition of K2CO3 (2.0 equiv) to these reaction conditions led to the 

isolation of 220a in a significant yield (61%, entry 5). In addition, the use of rhodium 

precatalysts also afforded benzopyran in an isolated yield of 69% using DMF as the 

reaction solvent. The beneficial effect of K2CO3 was not replicated using t-AmOH as 

the solvent (entry 7, compare with entry 5). 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 of reaction conditions
[a,d]

 

 

Entry  [M]  [mol%] Solvent 
  Temp 

[°C]  

 Time 

[h]  

 Yield  

[%]
[b]

 

1 Pd(OAc)2 5 DMF 120 5 78 

2 [RuCl2(p-cymene)]2 2.5 DMF 120 15 30 

3
[c]

 [RuCl2(p-cymene)]2 2.5 DMF 120 15 7 

4 [RuCl2(p-cymene)]2 2.5 t-AmOH 90 15 8 

5
[c]

 [RuCl2(p-cymene)]2 2.5 t-AmOH 90 15 61 

6 [RhCp*Cl2]2 2.5 DMF 120 15 69 

7
[c]

 [RhCp*Cl2]2 2.5 t-AmOH 90 15 51 

[a]
Reactions were conducted using 0.50 mmol of 149a. 

[b]
Cited yields are of isolated material. t-Am = 

tert-amyl. [c]
Reaction conducted in the presence of K2CO3 (2.0 equiv). 

[d]
Experiments performed by Dr. 

Suresh R. Chidipudi & Martin D. Wieczysty. 
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2.4.2. Comparison of Ruthenium- and Palladium-Catalyzed Alkenylations 

From the optimized conditions, we pleasingly observed that the CH olefination 

reaction proceeded both under the ruthenium and palladium catalysis affording the 

benzopyran product in good yield. It was therefore our aim to investigate the reaction 

scope under both sets of conditions. With the optimized reaction conditions for 

palladium (Table 2.1, Entry 1) and ruthenium (Table 2.1, Entry 5) catalysis, a study 

was established to assess the difference in catalytic reactivity between the two 

precatalysts using a range of terminal olefins. Initially, the reaction of substrate 149a 

and methyl vinyl ketone was conducted under palladium conditions (Scheme 2.16). 

On examination of the reaction, it was observed that the corresponding benzopyran 

220b was successfully obtained in 72% yield. The remaining mass balance of the 

reaction was a complex mixture of unidentified by-products which is possibly due to 

substrate decomposition under the reaction conditions. Further examination of the 

reaction at lower temperatures resulted in a decreased yield of the desired benzopyran 

220b. 

 

Reaction performed by Dr. Suresh R. Chidipudi/Martin D. Wieczysty 

Scheme 2.16. Pd-catalyzed alkenylation of substrate 149a with methyl vinyl ketone. 

When the same reaction was conducted using [RuCl2(p-cymene)]2 as the precatalyst, 

the formation of benzopyran product 220b was inefficient (19%) delivering addition 

product 219ǋ as the major product (54% yield, Scheme 2.17).  

 

Reaction performed by Dr. Suresh R. Chidipudi/Martin D. Wieczysty 

Scheme 2.17. Ru-catalyzed alkenylation of substrate 149a with methyl vinyl ketone. 
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Based on these observations, substrate 149a was then subjected to palladium and 

ruthenium reaction conditions with a range of other terminal alkenes (Table 2.2). 

Electron-deficient alkenes including methyl acrylate (entry 1), N,N-

dimethylacrylamide (entry 3), and acrylonitrile (entry 5) were effective in the C H 

alkenylation of 149a using palladium 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% yield using palladium catalysis, whereas a 76% yield was 

observed using ruthenium conditions. Similarly, in case of N,N-dimethylacrylamide 

and acrylonitrile, the corresponding benzopyrans were obtained in 47% and 45% 

isolated yields respectively. The same coupling partners were more efficient under 

ruthenium conditions affording desired products in 64% and 61% yields. 

In the case of styrene as a reaction partner, the reaction temperature (palladium 

catalysis) was unfavorable leading to lower chemical yields, however, when the 

reaction temperature was lowered to 90 °C, product 219b was obtained in higher 

yield. In this case, the unsaturated alkenylation addition product was obtained in 59% 

and 52% yield, respectively, under both palladium and ruthenium conditions (entries 

7 and 8). The formation of the non-cyclized addition product is most probably due to 

the minimal electron-withdrawing properties of the benzene ring which reduces the 

oxa-cyclization efficiency to form the benzopyran.  
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Table 2.2. Catalytic C H alkenylation of 149a
[a,f]

 

 

Entry  Product(s) Conditions Yield[%]
[b]

 

1 

2 

 

A 

B 

65 

76 

3 

4 

 

A 

B 

47 

64 

5 

6 

 

A 

B 

45 

61 

7
[c]

 

8 

 

A 

B 

59 

52 

[a]
Reactions were conducted using 0.50 mmol of 149a. 

[b]
Cited yields are of isolated material. 

[c]
Reaction conducted at 90 °C as the reaction conducted at 120 °C led to a complex mixture. 

[f]
Experiments performed by Dr. Suresh R. Chidipudi & Martin D. Wieczysty. 
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2.4.3. Preparation of 2-Aryl -1,3-dicarbonyl Compounds 

Based on the initial investigations, the 1,3-dicarbonyl compounds showed general 

reactivity under palladium- and ruthenium catalysis. To further probe the reaction 

scope, it was proposed to investigate a range of 2-aryl cyclic 1,3-dicarbonyl substrates 

and couple them with electron-deficient olefins under palladium- and ruthenium 

conditions to generate a library of benzopyran compounds. A range of previously 

accessed 1,3-dicarbonyl substrates were investigated in addition to newly synthesized 

aryl substituted analogues (Figure 2.10). 

 

aExperiment performed by Martin D. Wieczysty 

Figure 2.10. Synthesis of 1,3-dicarbonyl compounds. 
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2.4.4. Evaluation of Reaction Scope 

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

Having established the C H alkenylation protocol, the reactions of a range of 2-aryl-

3-hydroxy-2-cyclohexenones were carried out using a number of different electron-

deficient alkenes under the optimized palladium conditions (Table 2.3). Pleasingly, a 

range of substituents were well tolerated with phenyl vinyl sulfone, methyl vinyl 

ketone and tert-butyl vinyl ketone producing desired benzopyran products (220a-

220h) in moderate to good yields. The substrate 149c featuring a meta-methoxy 

substituent delivered benzopyran 220a in 64% yield as a single regioisomer. In this 

case, C H functionalization occurred exclusively at the more sterically accessible site 

(product 220a), which is consistent with our previous study.
122

 X-ray crystallography 

allowed unambiguous confirmation of the site-selectivity in the formation of 220a. In 

addition to meta-substituted substrates, para-substituents were also tolerated well. In 

case of para-fluoro substituted substrate 226, the intended benzopyran 220b was 

produced in 50% yield. Additional para-substituents include electron-rich methyl and 

electron-deficient methyl ester and were also well tolerated delivering corresponding 

benzopyrans in 73% and 68% yield, respectively. The coupling of substrate 149d with 

phenyl vinyl sulfone was inefficient, producing the desired benzopyrans 220h in 26% 

yield. In addition, a dimedone-derived substrate was also effective, providing 

benzopyran 220c in 65% yield. No C H alkenylation occurred with a substrate 

containing an ortho-methylphenyl group (product 220i). 
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Table 2.3. Pd(II)-catalyzed alkenylation (reaction scope)
[a]

 

 

Entry  Benzopyran 
Yield 

[%]
[b]

 
Entry  Benzopyran 

Yield 

[%]
[b]

 

1
[c]

 

 

64 6
[c]

 

 

68 

2 

 

50 7 

 

47 

 

3
[c]

 

 

 

65 8
[c]

 

 

26 

4
[c]

 

 

70 9 

 

0 

5 

 

73    

[a]
Reactions were conducted with 0.50 mmol of 149c, 149dï149h, and 226. 

[b]
Cited yields are of 

isolated material.
 [c]

Experiments performed by Dr. Suresh R. Chidipudi & Martin D. Wieczysty.
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2.4.4.2. Ru-Catalyzed C 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, further examination of the scope of the process was performed. 

Methyl acrylate, N,N-dimethyl acrylamide, and acrylonitrile as the alkene reaction 

partner was used under ruthenium catalysis (Table 2.4), utilizing the previously 

optimized conditions (Table 2.1, entry 5).  

The para-methoxy aryl substrate 149d successfully underwent the alkenylation 

reaction with methyl acrylate, producing benzopyran 220j  in 66% yield. Other para-

substituted substrates for example para-fluoro aryl afforded corresponding 

benzopyran 220k in acceptable yield when reacted with the electron-deficient methyl 

acrylate. The substrates with carbomethoxy group (149f) and methyl substituent 

(149e) were also efficient under the standard reaction conditions delivering the 

corresponding benzopyran products in 74% and 45% yield, respectively. In this case, 

however, the reaction was performed without addition of K2CO3, as under the 

previously optimized conditions, lower yield of products was observed. With the 

meta-methoxy and meta-(trifluoromethyl)phenyl-containing substrate, C H 

alkenylation occurred exclusively at the more sterically accessible site (product 220p 

and 220l). A poor yield of 30% was obtained with substrate 149c using an 

acrylonitrile coupling partner to produce benzopyran 220p. The reaction of a 

dimedone-derived substrate with acrylonitrile gave benzopyran 220n in 64% yield. 

This result implies that a delicate balance of the electronic nature of both coupling 

partners is required in some cases to obtain high yields. Substrate 227 bearing a 

thiophene moiety also underwent similar cyclization with acrylonitrile but the yield 

was quite poor (product 220q, 13%). The remaining mass balance was substrate 

recovery with a complex, inseparable mixture of by-products. 
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Table 2.4. Ru(II) -catalyzed alkenylation (reaction scope)
[a]

 

 

Entry  Benzopyran 
Yield 

[%]
[b]

 
Entry  Benzopyran 

Yield 

[%]
[b]

 

1
[d]

 

 

66 5
[d]

 

 

64 

2 

 

57 6 

 

74
[c]

 

 

3
[d]

 

 

 

55 7 

 

30 

4 

 

45 8
[d]

 

 

13 

[a]
Reactions were conducted with 0.50 mmol of 149bï149h and 227. 

[b]
Cited yields are of isolated 

material. 
[c]

Reaction conducted in the absence of K2CO3, as 220o was formed in a low yield when 

K2CO3 was employed. 
[d]

Experiments performed by Dr. Suresh R. Chidipudi & Martin D. Wieczysty.
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2.4.5. Site-Selectivity Determination 

The structure of compound 220a was determined by X-ray crystallography (Figure 

2.11), and the structures of compounds 220d, 220g, 220l and 220p were assigned by 

analogy. This structure demonstrated the occurrence of CH functionalization at the 

more sterically accessible site. 

                 

Reaction performed by Dr. Suresh R. Chidipudi      

Figure 2.11. Crystal structure of benzopyran 220a. 

The structure of compound 220l was assigned on the basis of the 
1
H NMR spectrum, 

in which the indicated proton gave rise to a singlet. The alternative product 220ĺ  

would not give rise to such a signal. 
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2.4.6. Proposed Catalytic Cycle 

A possible catalytic cycle for this process was proposed based on previously reported 

mechanisms (Figure 2.12). It is assumed that reaction of 149a with the metal acetate 

complex 228
132

 leads to deprotonation to generate the corresponding enolate, which is 

able to direct cyclometallation to form metallacycle 229. This complex then 

coordinate with the alkene and a migratory insertion step then provides a second 

metallacycle 230,
122

 which is protonated by AcOH to give species 231. ɓ-Hydride 

elimination of 231 releases metal hydride species 232 and furnishes the alkenylated 

product 219 which then cyclizes to the benzopyran 220. Reductive elimination of 232 

and Cu(OAc)2-promoted oxidation of the resulting Pd(0) or Ru(0) species 233 

regenerates the metal acetate complex 228. 

 

Figure 2.12. Proposed catalytic cycle for benzopyran formation. 
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2.5. Conclusions and Future Work  

In summary, we have demonstrated that 2-aryl-3-hydroxy-2-cyclohexenones, which 

have been reported to undergo metal-catalyzed oxidative annulations with alkynes,
122

 

are also highly effective substrates in catalytic C H alkenylation reactions. These 

reactions proceed not only under the action of well-established palladium catalysis, 

but also with more recently developed ruthenium catalysis to provide benzopyrans. A 

variety of 2-aryl cyclic 1,3-dicarbonyl compounds were successfully coupled with a 

range of electron-deficient olefins to form benzopyrans with high levels of functional 

group tolerance. Future investigations will focus on the variation of coupling partners 

in order to expand the directing ability of enolates in CH functionalization chemistry 

to access a variety of heterocycles as well as carbocycles.  
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Chapter 3: Synthesis of Spiroindanes by Palladium-Catalyzed 

Oxidative Annulations of 1,3-Dienes Involving CïH 

Functionalization 

3. Introduction  

3.1. The Significance of Indanes 

Indane ring frameworks are considered as diverse and significant scaffolds in the 

carbocyclic chemistry domain because these structural motifs have been found to 

possess outstanding biological properties and a wide range of utility in pharmaceutical 

industry, and as synthetic intermediates.
133

 These derivatives exhibit promising levels 

of biological potential like anticancer, antitumor, anti-allergenic and significant 

increased mast cell stabilization activities.
134,135

 Moreover, these structures also act as 

aspartic protease inhibitors, smooth muscle relaxants, and antiretroviral agents and are 

involved in the melatonin receptor agonism, inhibition of the production of 

inflammation factor TNF-Ŭ, inhibition of HIV integrease independent of COX-

inhibitors and treatment of Alzheimerǋs disease and asthma.
136 

Some representative 

examples 234-237 are depicted in Figure 3.1. 

 

Figure 3.1. Representative examples of some biologically active indanes. 
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3.2. 1,3-Dienes in Organic Chemistry 

1,3-Dienes are important structural motifs in organic chemistry due to their great 

potential to be readily transformed into a diverse range of synthetic products. These 

include carbo- and heterocycles,
137-139

 peroxides,
140

 mono-
141

 and biscyclopropanes,
142

 

and ɓ-lactams.
143

 1,3-Dienes also serve as important synthetic intermediates, finding 

particular application in the Diels-Alder reaction.
144

 In the recent years, 1,3-dienes 

have also been shown to act as efficient coupling partners in CH functionalization 

chemistry for the synthesis of useful compounds in a step-economic fashion.
145-148

  

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

Nishimura and co-workers reported an efficient synthesis of aminoindane derivatives 

240 by Ir-catalyzed [3 + 2] annulation of cyclic N-sulfonyl ketimines 238 with 1,3-

dienes 239 (Scheme 3.1).
145

 This transformation was found to involve an aryliridium 

intermediate via C H activation. The obtained products were in high yields with high 

regio- and diastereoselectivity. Under optimized reaction conditions, a diverse range 

of 1,3-dienes participated efficiently in this annulation reaction. Also, several 

ketimines were investigated having diverse substitution pattern on the aryl ring. 

 

Scheme 3.1. Ir-catalyzed synthesis of spirocyclic compounds. 

The proposed catalytic cycle (Figure 3.2) suggests that ketimine 238 coordinates to 

iridium and undergoes cyclometalation to form arylhydridoiridium(III) species 241.
149

 

Deprotonation of 241 promoted by DABCO forms aryliridium(I) species 242. 
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Nucleophilic attack of the electron-rich terminal carbon of diene at the imine carbon 

in intermediate 243, where the other double bond of the diene coordinates to Ir, forms 

-́allyliridium(III) intermediate 244 via oxidative cyclization.
150

 The intermediate 244 

undergoes reductive elimination to form a carbon-carbon bond, giving 

imidoiridium(I) species 245. Subsequent protonolysis gives aminoindane 240 and 

regenerates the cationic Ir complex. Alternatively, protonation of 244 to form a 

cationic ́ -allyliridium(III) species and subsequent reductive elimination would give 

the annulation product. 

 

Figure 3.1. Proposed catalytic cycle for spiroindane synthesis. 

The same group developed the annulation of aromatic aldimines 246 with 1,3-dienes 

using an iridium catalyst to give aminoindanes 247 in good yields (Scheme 3.2).
146

 

The scope of the reaction was explored using a range of aromatic imines substituted at 

the para-position with electron-donating groups (Me, MeO and NMe2) and electron-

withdrawing groups (F, Cl, Br, and CF3) gave good yields of the corresponding 

annulation products. In case of meta-substituted substrates, the reaction occured at the 

least sterically hindered CH bond of the phenyl ring. Also, in case of 1-
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naphthylimine, the annulation occurred at the 2-position affording product in 96% 

yield.  

 

Scheme 3.2. Synthesis of aminoindanes. 

Glorius and co-workers developed an efficient strategy for the preparation of 

isoquinolines 249 from aromatic oxime esters 248 and 1,3-dienes under rhodium(III)-

catalyzed redox-neutral CïH activation/cyclization/isomerization sequence (Scheme 

3.3).
147

 This transformation proceeded without using any external oxidant under 

simple and convenient conditions and delivered annulated products in good yields 

with complete regioselectivity. The process was also tolerant to a wide range of 

substrates. Under standard reaction conditions, a range of substituents at various 

positions (5-, 6-, 7- and/or 8-) were tolerated affording isoquinoline products in good 

to excellent yields. Substrates with electron-rich, electron-poor, or sterically 

encumbered substituents were also tested. In addition, a variety of mono-substituted 

electron-deficient dienes bearing ester, ketone, sulfone, cyano and phosphonate 

functional groups could be efficiently used as reaction coupling partners.  
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Scheme 3.3. Synthesis of isoquinolines. 

Booker-Milburn, Lloyd-Jones, and co-workers developed a new route towards the 

synthesis of indolines 251 by Pd(II) -catalyzed diene 1,2-carboamination reaction, 

involving an ortho CïH insertion/carbopalladation/cyclization sequence (Scheme 

3.4).
148

 The products 251 were obtained in high yields from readily available N-aryl 

ureas 250 in a single step. Under optimized reaction conditions, a variety of electron-

deficient dienes were successfully reacted leading to the desired products in moderate 

to good yields. In addition, different aryl ring substitutions were also well tolerated. In 

case of meta-substitution with electron-donating groups, a single regioisomer of the 

corresponding indoline product was obtained. However, electron-withdrawing (CF3) 

substitution in the meta-position as well as ortho-substitution retarded the reaction 

completely. 

 

Scheme 3.4. Synthesis of indolines. 
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3.4. Aims and Objectives 

The site-selective metal-catalyzed oxidative CïH functionalization of aromatic 

C(sp
2
)īH bonds with alkynes and alkenes, directed by a heteroatom-containing 

functional group, is now a well-established strategy for the preparation of a diverse 

range of heterocycles.
151-153 

In this context, we have demonstrated the utility of cyclic 

1,3-dicarbonyls as directing groups in catalytic oxidative annulations that produce 

carbocyclic,
122

 and heterocyclic products.
154

 Using ruthenium or rhodium catalysis, 

these reactions resulted in the formation of spiroindenes when alkynes were used as 

the reaction partners (Scheme 3.5, top, see chapter 1).
122

 However, the use of electron-

deficient alkenes in place of alkynes led to the formation of heterocycles (Scheme 3.5, 

bottom)
154 

resulting from intramolecular oxa-conjugate addition of the initially formed 

alkenylation products, which is in line with literature precedent (see chapter 2).
155 

The 

ability to utilize other unsaturated compounds in oxidative annulations to prepare 

further types of carbocycles would represent a useful advance.
156

  

 

Scheme 3.5. Synthesis of spiroindenes and benzopyrans. 

However, 1,3-dienes have rarely been used as annulation partners in these types of 

reactions (see section 3.3). Although currently limited in number, these processes 

demonstrate the significant potential of 1,3-dienes as annulation partners in CïH 

functionalization reactions. The development of new types of annulations involving 

1,3-dienes to increase the range of products that can be accessed, is therefore an 

important objective. So in view of these literature reports, we have developed the 

synthesis of carbocycles (spiroindanes) from the oxidative annulation of 2-aryl cyclic-

1,3-dicarbonyls with 1,3-dienes under palladium catalysis (Scheme 3.6).  



 

100 
 

 

Scheme 3.6. Pd-catalyzed synthesis of spiroindanes from 1,3-dienes. 
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3.5. Results and Discussion 

Pleased with the synthesis of spiroindenes and benzopyrans by the catalytic CïH 

functionalization of 2-aryl cyclic 1,3-dicarbonyl compounds using internal alkynes 

and electron-deficient alkenes, we hypothesized that these compounds might be 

suitable substrates for oxidative annulations when less explored 1,3-dienes are used as 

reaction coupling partners, resulting in the formation of carbocycles (spiroindanes) 

which have not been accessed in the previously reported annulation processes. 

3.5.1. Preparation of 2-Aryl -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 1,3-dienes, a range of previously accessed 1,3-dicarbonyl substrates 

were investigated (Figure 3.3).
122,154

 

 

Figure 3.3. 1,3-Dicarbonyl substrates investigated herein. 

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

using previously described procedure.
122,154
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Scheme 3.7. Synthesis of dimedone-derived 1,3-dicarbonyl compounds. 

3.5.1.1. Preparation of Unsymmetrical 1,3-Dicarbonyl Substrate 

To expand the substrate scope, unsymmetrical 1,3-dicarbonyl compound 256 was 

synthesized from diethyl 2-(3,5-dimethylphenyl)malonate 254 (1.0 equiv) and N-

methylaniline 255 (1.0 equiv) by heating at 220 °C (Scheme 3.8).
157

 

 

Scheme 3.8. Synthesis of unsymmetrical 1,3-dicarbonyl compound. 

3.5.2. Preparation of 1-Aryl -2-naphthols 

1-Aryl -2-naphthols 259 have also been applied as substrates in oxidative annulation 

reactions in the literature.
158

 These compounds were obtained from the reaction of 1-

bromonaphthalen-2-ol 258 and corresponding arylboronic acid 257, under palladium 

catalysis in a mixture of solvents (Scheme 3.9). 

 

Scheme 3.9. Synthesis of 1-aryl-2-naphthols. 
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3.5.3. Preparation of 1,3-Dienes 

Several synthetic pathways have been used to prepare a large variety of 1,3-dienes. 

The Wittig olefination of Ŭ,ɓ-unsaturated aldehydes with methyl 

triphenylphosphonium ylide was used to synthesize terminal olefins. The Ŭ,ɓ-

unsaturated aldehydes were purchased from commercial sources and 1,3-dienes 

261a,
159

 261b,
160

 261c,
160

 261d,
160

 261e,
161

 and 261f,
162

 were prepared according to 

previously reported procedures using the following representative synthetic pathway 

(Scheme 3.10). 

 

Scheme 3.10. Synthesis of 1,3-dienes by Wittig olefination. 

In addition, diene 264 was prepared by the olefination of benzophenone 262 with allyl 

magnesium bromide 263 in the presence of diethyl phosphite as depicted in Scheme 

3.11.
163

 

 

Reaction performed by Dr. Suresh Reddy Chidipudi 

Scheme 3.11. Synthesis of buta-1,3-diene-1,1-diyldibenzene. 

Several other 1,3-dienes (267a-c) were also synthesized by the synthetic pathway 

illustrated in Scheme 3.12. The diene esters 265 were reduced to corresponding allylic 

alcohols 266 using DIBAL and subsequent protection using benzyl or benzoyl 

bromide under basic conditions afforded the desired 1,3-dienes. 
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aReactions performed by Dr. Suresh Reddy Chidipudi 

Scheme 3.12. Synthesis of 1,3-dienes (267a-c). 

Similarly, compound 270 was synthesized using the following synthetic pathway 

(Scheme 3.13). The homoallylic alcohol 269 was obtained by the LiAlH 4 reduction of 

allylic ester 268. The subsequent benzoylation of 269 affords compound 269. 

 

aReaction performed by Dr. Suresh Reddy Chidipudi 

Scheme 3.13. Synthesis of 1,3-diene 270. 

3.5.4. Reaction Optimization 

The feasibility of the coupling reaction was initially examined by reacting 2-

phenyldimedone (149h) with 1,3-diene 261a (1.5 equiv) in the presence of various 

metal precatalysts and Cu(OAc)2 (2.1 equiv) as an oxidant in DMF at 90 °C (Table 

3.1). In the initial screening, the well-established ruthenium and rhodium complexes 

for CïH functionalizations were found to be inactive (Table 3.1, entries 1 and 2). 

However, the palladium-N-heterocyclic carbene complex PEPPSI-IPr that was 

previously employed for oxidative annulation of unsymmetrical 2-aryl cyclic 1,3-

dicarbonyls
157

 furnished spiroindane 271a in 60% yield (Table 3.1, entry 3). 

Subsequent, optimization of solvents (tAmOH, 1,4-dioxane and MeCN) (entries 4-6) 

and base did not improve the yield (Table 3.1, entries 10 and 11). To our delight, a 

slightly enhanced yield (66%) of 271a was observed when the reaction was conducted 

in degassed DMF (Table 3.1, entry 7).
164

 The remaining mass balance of the reaction 

is the complex mixture of by-products due to substrate decomposition. Use of 2.5 

mol% of PEPPSI-IPr gave 271a in a more modest yield of 54% (entry 12), while 

increasing the catalyst loading from 5 mol% to 10 mol% led only to a minimal 

increase in yield (entry 13, compare with entry 7). 
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Table 3.1. Evaluation of reaction conditions for the synthesis of 271a
[a]

 

 

Entry  [M]  [mol%] Solvent Base Yield [%]
[b]  

1 [{RuCl2(p-cymene)}2] 2.5 DMF ð ð 

2 [{Cp
*
RhCl2} 2] 2.5 DMF ð ð 

3 PEPPSI-IPr 5 DMF ð 60 

4 PEPPSI-IPr 5 tAmOH ð 39 

5 PEPPSI-IPr 5 1,4-dioxane ð 46 

6 PEPPSI-IPr 5 MeCN ð 38 

7
[c]

 PEPPSI-IPr  5 DMF ð 66 

8
[d]

 PEPPSI-IPr 5 DMF ð 48 

9
[e]

 PEPPSI-IPr 5 DMF ð ð 

10 PEPPSI-IPr 5 DMF NaOAc 36 

11 PEPPSI-IPr 5 DMF K2CO3 25 

12
[c]

 PEPPSI-IPr 2.5 DMF ð 54 

13
[c]

 PEPPSI-IPr 10 DMF ð 68 

[a]
Using 0.25 mmol of 149h. 

[b]
Yield of isolated product. 

[c]
Using degassed DMF. 

[d]
With 1.1 equiv of 

diene.
 [e]

Without Cu(OAc)2. tAm = tert-amyl. 
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3.5.5. Evaluation of Reaction Scope 

With the optimized catalytic system in hand (Table 3.1, entry 7), the scope of 

palladium-catalyzed annulation reaction was explored by using substrate 149h with a 

range of 1,3-dienes. Table 3.2 illustrates the scope of substituents present on the 

various positions on 1,3-dienes we tested. Various aryl (Table 3.2, products 271a and 

271b) or alkyl substituents (Table 3.2, products 271c-e) at the 1-position were 

successfully tolerated and gave moderate to good yields. Dienes with a 1,1-diphenyl-

substitution also smoothly underwent the annulation reaction and afforded 

corresponding spiroindane product in 73% yield (Table 3.2, product 271f). Moreover, 

we found that dienes with electron-donating (-Me) or electron-withdrawing (-Cl) 

groups at the 3-position are also competent reaction partners affording the desired 

products in good yields (Table 3.2, products 271g-i). The stereochemistry of the 

internal olefin was preserved in the products and was confirmed through X-ray 

crystallography (Figure 3.4).
165 

The highly activated 1,3-dienes were found to be 

unsuccessful coupling partners in these annulation reactions resulting recovered 

starting materials (product 271j).
166

 

 

 

Figure 3.4. Crystal structure of compounds 271i and 271j . 
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Table 3.2. Oxidative annulation of 149h with various 1,3-dienes
[a]

 

 

Entry  Spiroindane Yield [%]
[b]

 Entry  Spiroindane Yield [%]
[b]

 

1  

 

66 6 

 

73 

2 

 

66 7 

 

70 

3 

 

74 8 

 

60 

4  

 

63 9 

 

67 

5 

 

73 10 

 

0 

[a]
Using 0.50 mmol of 149h in degassed DMF. 

[b]
Yield of isolated product. 
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Next, various substituted 2-aryl-cyclic 1,3-dicarbonyl substrates were applied to this 

process. As can be seen from Table 3.3, the substrates derived from dimedone 

successfully underwent the oxidative annulation reaction (products 272a-f). Several 

substituents including methyl (products 272a-c and 272f) and methoxy (products 

272d and 272e) at the para- and meta-position of the 2-phenyl ring were well 

tolerated affording the desired spiroindane products in 40-81% yield. Also, several 

1,3-dienes with aryl and alkyl substituent were proved as efficient coupling partners. 

Diene with a methyl substitution at 3-position was also successfully employed giving 

spiroindane 272d in 61% yield. However, the methoxy substituent at meta-position 

gave the desired product 272e in comparatively lower yield (46%) due to the 

formation of complex mixture of by-products. Similarly, when a diene with a 

heteroaryl group was coupled to substrate 253a, the resulting product 272f was 

obtained in 40% yield only. The remaining mass balance of the reaction was a 

complex mixture of the by-products.    
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Table 3.3. Oxidative annulation of various dimedone-derived substrates with various 

1,3-dienes
[a]

 

 

Entry  Spiroindane Yield [%]
[b]

 Entry  Spiroindane Yield [%]
[b]

 

1 

 

81 4 

 

61 

2 

 

74 5 

 

46 

3 

 

79 6
[c]

 

 

40 

[a]
Reactions were conducted with 0.50 mmol of 253a-c in degassed DMF. 

[b]
Yield of isolated product. 

[c]
Reaction performed by Dr. Suresh R. Chidipudi. 
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To further explore the reaction scope, the substrate derived from cyclohexane-1,3-

dione were also tested in this process where the resulting products (Table 3.4, 

products 272g-m), are of comparatively lower yields.
167 

This is probably due to the 

lower stability of these substrates toward acid-catalyzed decomposition. Several 

substituents including methyl (products 272i and 272j ), and carbomethoxy groups 

(product 272k) at the para-position of the 2-phenyl ring were tolerated in this process. 

The substrates bearing a substituent at meta-position of the phenyl ring offered 

annulated product 272l preferentially at the least sterically hindered position, which is 

consistent with previous observations.
122,154

 The lower yield (34%) was obtained in 

this case due to the formation of additional complex by-products. This process is also 

found to be tolerant of ortho-substituted substrate, affording CïH functionalization 

product (272m) in 60% yield, which is in contrast with the Ru-catalyzed oxidative 

annulations we reported previously (chapter 1 & 2).
122,154
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Table 3.4. Oxidative annulation of various 2-aryl-1,3-dicarbonyl compounds with 

various 1,3-dienes
[a]

 

 

Entry  Spiroindane Yield [%]
[b]

 Entry  Spiroindane 
Yield 

[%]
[b]

 

1 

 

61 5 

 

54 

2 

 

47 6 

 

34 

3 

 

73 
 

7 

 

60 

4 

 

59    

[a]
Reactions were conducted with 0.50 mmol of 149 in degassed DMF. 

[b]
Yield of isolated product. 

 

 


