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ACID MEDIATED DOMINO TRANSFORMATIONS: ONE-POT SYNTHESIS OF HETEROCYCLIC AND CARBOCYCLIC COMPOUNDS


Organic chemistry deals with bond cleavage and bond forming reactions during the course of achieving target compounds. In organic synthesis, construction of CC or Cheteroatom bond is considered to be of paramount interest. Development of strategies towards synthesis of various annulated products has been a vital part of synthetic chemistry. The ring/cyclic structures are very essential, due to their prominent presence in various naturally occurring compounds. Dating back to the early times in synthesis, ring forming and annulation reactions have been very widely reported. To name a few, Diels-Alder reaction, Nazarov cyclization, Robinson annulation, Paal-Knorr synthesis, ring closing metathesis (RCM) have been some of the versatilely modified and employed reactions to afford the ring systems.  In addition, closing the tethered chains into rings, locks particular atoms into specific stereochemistry and chirality engendering unique complexity and three-dimensional shapes. Furthermore, the cyclic compounds, due to their structural features and biological significance, comprise a majority of biomolecules involved in the functioning of living organisms and synthetic molecules (e.g., drugs, herbicides, etc.). The traditional methods of synthesis have endured a gradual evolution in the course of discovering more effective, efficient and environmentally benign approaches. Sustainable research has turned into a core concern in contemporary organic synthesis. To address this, multistep reaction sequences are performed in an effective single reaction vessel to accomplish the synthesis of the targets. Domino or one-pot transformations have emerged to facilitate the multiple bond construction in a single reaction vessel. These reactions are also termed as cascade reactions, pseudo domino strategies, and tandem catalysis. Several advantages are attributed to such processes as they avoid the isolation of intermediate species and reduce the waste generation. This results in minimizing the solvent usage and resources. Also, these methods save time and energy and ultimately increase the efficiency of the synthetic process. Various emerging domains of organic chemistry like transition metal catalysis, acid catalysis, pericyclic reactions, have utilized the domino processes, to facilitate effective construction of bonds resulting in formation of various heterocyclic/carbocyclic products with a high degree of complexity.

One-pot pathways have been well documented in synthetic organic chemistry. Although, one-pot transformations are known from a long time, Tietze et al, broadcasted their significance in the early 90’s.  Even before this, reports on domino transformations were prevalent. For example, Gassman et al developed a one-pot synthetic strategy, for the synthesis of substituted indoles from anilines, by clubbing three steps into a single reaction vessel for the synthesis of variedly substituted indoles.  Complex natural product syntheses have also been boosted by employing the one-pot methods, as the key transformations. In this context, Hayashi et al synthesized ‘Tamiflu’, a neuraminidase inhibitor, for the treatment of type A and type B human influenza, by combining a nine-step process into a noteworthy three “one-pot” operations. Even from an industrial perspective, the synthesis of the key intermediates in one-pot protocols are highly demanded and economically advantageous. Merck laboratories reported a four step one-pot preparation of 7-hydroxyquinoline starting from 3-N-tosylaminophenol, in fair yields. Apart from these classical illustrations, there have been tremendous elaborations in single-pot applications, especially in mimicking the biosynthesis. The research group of Johnson developed the biomimetic synthesis of progesterone, while Nicolaou et al employed a one-pot process, for the synthesis of endiandric acid.

In view of the recent modifications emerging in this broad domain of synthetic organic chemistry, domino transition metal mediated reactions, non-conventional techniques and alternative approaches have been evolved. Also, in particular, the acid mediated domino reactions have gained popularity as a vital development in organic synthesis era. In continuation of our research interests in the development of domino transformations, either through transition metal catalysis or acid mediated reactions, herein, in this thesis, some versatile one-pot synthetic methodologies for the synthesis of heterocyclic, spiro heterocyclic and carbocyclic compounds, have been described. The thesis is divided into five chapters, describing the acid mediated or catalyzed one-pot strategies, for the synthesis of heterocyclic as well as carbocyclic compounds. The first chapter deals with the efficient domino one-pot dual bond formation, for the synthesis of dihydrocoumarins starting from phenols and cinnamic acid esters. While the second chapter presents the accomplishment of novel spirolactones upon the reaction of phenols with alicyclic esters. The third chapter describes a concise approach towards the chemoselective synthesis of fused tricyclic ketones through domino intramolecular dual CC bond formation. Synthesis of 3-aryl-1H-indenes and regioselective benzyl styrenes has been discussed in chapter four. Finally, chapter five comprises the synthetic protocol, for the synthesis of indenes bearing a quaternary carbon atom.
THESIS OBJECTIVE:


One-pot synthetic approaches have been indispensable in organic chemistry. They contribute to one of the sustainable and step economy strategies, as they permit construction of multiple bonds in a single step by avoiding the isolation of intermediates. Herein, in this thesis, facile and amenable one-pot dual bond forming strategies are presented, for the synthesis of heterocyclic as well as carbocyclic compounds. Significantly, the designed products constitute major core structure of a wide range of bioactive molecules.
CHAPTER I: LEWIS ACID MEDIATED SYNTHESIS OF FUNCTIONALIZED       DIHYDROCOUMARINS:


The coumarin derivatives, with the core skeleton of 4-aryl-3,4-dihydrocoumarin, are present in several classes of plants (neoflavanoids) exhibiting some interesting biological activities such as antiherpetic, aldose reductase inhibition and protein kinases. Some tannins possess the dihydrocoumarin unit, which are used in the treatment of infections and diseases. Some of the synthetically prepared dihydrocoumarins have gained popularity for their biological significances. For example, the compound 1 is a key intermediate in the synthesis of an endothelin antagonist, as well as the drug tolterodine, which is an antagonist formulated to treat overactive bladder (Figure 1), whereas, the dihydrocoumarins 2-4 act as bactericides with in vitro activity against members of the Tripanosoma family (Figure 1). Moreover, they are recognized for exhibiting natural bioactivity. The naturally occurring dihydrocoumarins, such as 5, is known for its ability to protect low-density lipoproteins from oxidative attack and recent studies have revealed its ability to control chronic heart and colon-rectal cancer. Calomelanols 6 and 7 are dihydrocoumarin based natural products, obtained as exudates of Pityrogramma genus, are termed as ‘tertiary metabolites,’ as they are assumed to be modified from secondary metabolites due to in vitro physical factors. Cinchonain lb 8, is reported to show potent antimicrobial activity (Figure 1). The dihydrocoumarin 9 obtained from Aloe vera, showed anti-inflammatory and antioxidant activities. Similarly, Shen et al reported that recedensolide 10, showed significant activity against human oral epidermoidal and cervical epitheloid tumor cell lines. In continuation to the isolation of compounds bearing the dihydrocoumarin, as the core part, compound 11 was extracted from the twigs of Dorstenia poinsettifolia. Significantly, Akiyama et al reported that the dihydrocoumarin 12, obtained from twigs of Pistacia chinensis, as potent estrogen agonists. This bisflavonoid 12 is the first example to be proven as an estrogen agonist (Figure 1).
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Figure 1: Natural and unnatural dihydrocoumarins possessing biological activity


The existence of dihydrocoumarins in numerous bioactive compounds have inspired many synthetic chemists towards their synthesis and different research groups have developed various methods. A few to mention are, the transition metal-catalyzed hydrogenation, protic acid induced hydroarylation of the cinnamic acids with phenols, Lewis acid mediated cyclization between highly activated phenols with the use of oxidants along with acids, synthesis assisted by ionic liquids, solid state catalysts, Lewis acid catalysis, Baeyer-Villiger oxidation of 1-indanones, microwave assisted synthesis starting from phenols and cinnamoyl chloride in the presence of montmorillonite K-10 catalyst.

Following the reported routes on the synthesis of dihydrocoumarins, we envisioned the synthesis of dihydrocoumarins from the less reactive and easily availed starting materials, such as cinnamic acid esters.  It was contemplated that intermolecular Friedel-Crafts alkylation and intramolecular Friedel-Crafts acylation of alkyl cinnamates with phenols, would trigger the formation of dihydrocoumarins. The methodology employs Lewis acid (FeCl3), for the direct treatment of less active alkyl cinnamates with phenols, to afford 3,4-dihydrocoumarins via dual bond (C(C and C(O) formation. Particularly, the other striking facet is the facile formation of a stereogenic quaternary carbon atom at the benzylic position, and as of today, there is no report on dihydrocoumarins with a quaternary carbon atom under such mild Lewis acidic transformations. Significantly, this report is first of its kind on the use of less reactive cinnamic acid esters under mild Lewis acid conditions through Friedel-Crafts reaction.
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Scheme 1: Lewis acid mediated one-pot dual bond synthesis of dihydrocoumarins 18

In continuation to the above strategy, synthesis of spirotetracyclic dihydrocoumarins was also devised by employing bicyclic tetralone ester as an electrophilic agent. This ester, produced the byproduct ethyl α-naphthyl acetate, under acidic conditions, posing a major hurdle for the facile formation of spirotetracyclic dihydrocoumarin. Thus, after several optimizations were studied to suppress the formation of competitive aromatization byproduct, and the synthesis of spirotetracyclic dihydrocoumarins were accomplished.
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Scheme 2: Synthesis of spirotetracyclic dihydrocoumarin 20

Overall, the method was highly amenable and successfully delivered a number of dihydrocoumarins dextrously with tertiary as well as quaternary carbon atoms at the benzylic position containing dense functionalities on the aromatic ring. Significantly, the method was also extended to the successful synthesis of spirotetracyclic dihydrocoumarins.

CHAPTER II: ONE-POT CC & CO BONDS FORMATION: SYNTHESIS OF SPIROCYCLIC LACTONES:

In continuation to the interest in Lewis acid mediated reactions, as an application to our established method of activating the otherwise inert cinnamic acid esters, we pictured the possible formation of spirocyclic lactones. The spirocyclic compounds are advantageous and the twist around the centrally placed carbon atom discloses some unique properties mostly applicable in the pharmaceuticals. The conformational rigidity of these spirocyclic systems has an added advantage in binding to the protein molecules and as they form the integral part of various naturally occurring compounds having biological significance and hence, their synthesis has been of immense interest. A few naturally occurring compounds like 21, 22, and 23 show bicyclic spirolactone as a part structure, which is in close resemblance to that present in our designed molecules. In addition, these natural products 21-23, are known to mimic neurotrophin activity useful in treating Alzheimer’s disease & Parkinson’s disease and show antifungal & antibacterial properties (Figure 2). Quite interestingly, the natural product yuccaone A 24, possess a spirotetracyclic core, and we were highly motivated to design the entire tetracyclic core of the compound, as it is one of the very rare and naturally occurring phenolic spiro-derivatives having C-17 core (Figure 2).
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Figure 2: Natural products possessing spirolactone core


Thus, with this background, we have developed a practical method for the one-pot synthesis of novel spiro-(tri/tetra)cyclic lactones. This domino process proceeds via the formation of dual CC and CO bond beginning from the alicyclic esters, mediated by Lewis acid. The method showed a broad substrate scope and was applicable to the synthesis of novel spiro-(tetra/penta)cyclic lactones (26 & 28) bearing simple to dense functionalities on the aromatic rings (Scheme 3). Significantly, the lactones 28 constitute the complete tetracyclic carbon core of yuccaone A 24. 


[image: image8.emf]OH

O O

CO

2

Et

n

R

1

R

1

n

n = 1,2,3

Lewis acid

CO

2

Et

R

3

R

2

R

3

R

2

O

O

R

1

Lewis acid

17

25

27

26 28

11 examples

upto 75% yield

12 examples

upto 84% yield

 Scheme 3: One-pot synthesis of spirocyclic lactones 26 or 28 
CHAPTER III: BRØNSTED ACID MEDIATED DOMINO ONE-POT DUAL C-C BOND FORMATION: CHEMOSELECTIVE SYNTHESIS OF FUSED TRICYCLIC KETONES:


In continuation to our interest in activating the esters to undergo acid induced cyclizations, we planned for an efficient synthesis of novel fused tricyclic systems. The fused tricyclic core is present as an integral part of a wide variety of naturally occurring compounds (Figure 3). For example, the diterpenoid salviaprione 29, diterpene alkaloid ileabethoxazole 30 and sesquiterpenoid neomangicol C 31 constitute a very distinctive fused tricyclic core structure and are reported to show significant biological properties against bacillary dysentery, diarrhea, abdominal pain, influenza and anti-bacterial properties. Incarviatone A 32 was isolated from Incarvillea delavayi with a structurally unique natural product hybrid possessing a fused tricyclic core. The fused tricyclic moiety also forms the part structure in some secondary metabolites like hypoxylonol B 33,  daldinone A 34 and hypoxylonol C 35 that exhibit cytotoxic activities and antiangiogenic activity against endothelial cells (Figure 3). 
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Figure 3: Representative examples of natural products comprising fused tricyclic core

In this context, we presumed the synthesis of fused tricyclic motifs could be facilitated via domino intramolecular cyclization via the construction of dual C(C bond formation from suitably placed -alkyl tethered esters. We envisaged that these fused tricyclic ketones could be conceived via chemoselective domino cyclization strategy. The process would involve the dual bond formation via intramolecular Friedel-Crafts alkylation followed by acylation to accomplish the anticipated fused tricyclic ketones. Herein, in chapter three, the superacid mediated synthesis of fused tricyclic compounds (tetrahydroacenaphthylenones), is described (Scheme 4). Notably, the inert and readily accessible cinnamic acid esters 36 have been employed for this domino strategy in the presence of strong Brønsted acid (triflic acid).
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Scheme 4: Domino dual CC bond formation for synthesis of tetrahydroacenaphthylenones 39
CHAPTER IV: [Pd]-CATALYZED INTERMOLECULAR COUPLING AND ACID MEDIATED INTRAMOLECULAR CYCLODEHYDRATION: ONE-POT SYNTHESIS OF INDENES:


In view of the varied properties and omnipresence of the indene moiety in numerous biologically relevant molecules, we were inspired to devise a one-pot route for the synthesis of indenes. Substituted indene derivatives are identified as antitubercular agents, antihistamine drugs, aldosterone synthase inhibitors, anti-inflammatory drugs and hence, are very significant in medicinal chemistry. Some indenes have been employed as active ligands in organometallics. Due to the existence of loosely held -electrons, they have also found a place of utility in functional materials (Figure 4).
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Figure 4: Representative examples of applications of indenes


In view of the merits of the one-pot synthesis, chapter four accounts the domino telescopic synthetic sequence for 3-aryl indenes 45, starting from allylic alcohols 43, that involves a dual C(C bond formation. Among the many reports available, there is no general strategy for the one-pot synthesis of indenes using a combination of transition metal catalyzed formation of carbonyl compounds and their acid induced intramolecular condensation. Herein, a generalized and efficient one-pot synthetic strategy, for the formation of 3-aryl indenes 45 via Heck coupling followed by acid mediated cyclodehydration on the resulted ketones, starting from simple allylic alcohols 43 is elucidated as chapter four. The strategy was amenable to variedly substituted aromatics to give indenes. Alongside, the regioselective synthesis of benzyl styrenes 46 was accomplished, in a single column purification technique via in situ reduction of Heck products (ketones), followed by acid mediated dehydration of the crude reaction mixture (Scheme 5).
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Scheme 5: Telescopic synthesis of indenes 45 and benzylstyrenes 46
CHAPTER V: LEWIS ACID CATALYZED DUAL BOND FORMATION: ONE-POT SYNTHESIS OF INDENES:

After a successful one-pot 3-aryl indene synthesis, our focus was oriented towards designing a more effective route towards the synthesis of indenes, owing to their omnipresence in several natural products of biological importance and pharmacological properties. To the best of our knowledge, there are no reports using tert-benzyl alcohols as electrophilic species to combine with internal alkynes to give indenes with a quaternary carbon atom, in a single step. Moreover, tert-benzyl alcohols in comparison to the corresponding secondary benzyl alcohols pose some challenges, as they undergo unwanted rapid side reactions due to their more reactive nature. For example, head-to-tail-cyclodimerization of tert-benzyl alcohols is very much feasible, under acidic conditions. To overcome this hindrance, we presumed that the reaction could be conducted in the presence of suitable competitive nucleophilic agents. In continuation towards the acid mediated annulations, herein, a one-pot method for the synthesis of indenes using Lewis acid catalysis is presented, as the fifth chapter of the thesis.  This results in affording the target products 49 via effective formation of two C(C bonds in a one-pot protocol starting from readily accessible tert-benzyl alcohols 47 and diaryl acetylenes 48 (Scheme 6). The scope of the reaction has been well studied on varied tertiary benzylic alcohols bearing simple to electronically rich aromatic systems. The designed methodology has been effective on symmetrical and unsymmetrical alkynes. Notably, the present protocol works under mild conditions, to override the formation of competitive homocyclodimerization and afforded a variety of indenes 49 constituting a quaternary carbon atom.
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Scheme 6: Lewis acid catalyzed one-pot synthesis of indenes 49
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CHAPTER I

Lewis Acid Mediated Synthesis of

Functionalized Dihydrocoumarins
I.1 INTRODUCTION:


Focus of synthetic chemistry has been aimed towards architecting effective routes to tailor suitable array of bonds to accomplish the synthesis of novel compounds. In this context; i) designing new and effective approaches, ii) employing new catalysts, and iii) performing the reaction under milder and environmentally benign conditions are of contemporary interest in synthetic organic chemistry. In this regard, one-pot synthetic processes have been proved to be versatile, wherein, reactants are mixed and successive transformations occur in a single reaction vessel.1 This helps in avoiding lengthy purification and isolation of the intermediates, thus, saves time and resources.2

Most often, majority of the synthetic methodologies are directed towards the formation of, particularly, the hetero-annulated products due to their varied valuable properties.3 Two third of organic compounds are heterocyclic compounds, and one-third of modern literature reports account on the synthesis of heterocyclic products. Heterocyclic compounds form an important class and are widely present in the nature. A vast collection of heterocycles are constituted in biomolecules, drugs, natural products and biologically active moieties. Heterocyclic compounds display a broad range of biological properties, such as, antimicrobial, antibacterial, anti-inflammatory, antibiotic, anti-HIV, antifungal, antiviral, herbicidal and insecticidal activities.4 They are frequently found as core unit in many pharmaceutics.5 In addition, their applications are known in supramolecular and polymer chemistry. They are also prominent in material chemistry, as organic conductors, semiconductors, photovoltaic cells, organic light-emitting diodes, optical data carriers and liquid crystalline compounds.6 Heterocyclic compounds are also of considerable interest because of their utility as synthetic intermediates, protecting groups, organocatalysts, chiral auxiliaries and metal ligands, as asymmetric catalysts in organic synthesis.7 Hence substantial focus has been placed to develop new and efficient strategies, for the synthesis of heterocycles. Among the several classes of compounds, coumarins are widely prevalent in nature, and show a broad range of biological activities,8 such as, anti-inflammatory, anti-aging, anti-oxidative and anti-cancer activities.9

The 4-aryl-3,4-dihydrocoumarin is a ubiquitous structure of neoflavanoids, which is omnipresent in numerous natural and unnatural compounds (Figure I.1). These compounds exhibit interesting biological activities such as antiherpetic,10 aldose reductase inhibition,11 and protein kinases.12 Some tannins possessing this dihydrocoumarin unit are known to be used in the treatment of infections and diseases.13 Some of the synthetically prepared dihydrocoumarins have gained popularity, for their interesting biological features. They are also beneficial, as synthetic intermediates.14 For example, the compound 1 is a key intermediate in the synthesis of an endothelin antagonist,15 as well as the drug tolterodine,16 which is an antagonist formulated to treat overactive bladder (Figure I.1).17 Whereas, the dihydrocoumarins 2-4 act as bactericides with in vitro activity against members of the Tripanosoma family (Figure I.1).18 Moreover, they are recognized for exhibiting natural bioactivity. The naturally occurring dihydrocoumarins, such as, the dihydrocoumarin 5, is known for its ability to protect low-density lipoproteins from oxidative attack19 and recent studies have revealed its ability to control chronic heart and colon-rectal cancer. Calomelanols 6 and 7 are dihydrocoumarin based natural products, obtained as exudates of Pityrogramma genus, are termed as ‘tertiary metabolites,’ as they are assumed to be modified from secondary metabolites due to in vitro physical factors. Cinchonain lb 8, is reported to show potent antimicrobial activity (Figure I.1). The dihydrocoumarin 920 obtained from Aloe vera,21 showed anti-inflammatory and antioxidant activities.22 Similarly, Shen et al reported that recedensolide 10, showed significant activity against human oral epidermoidal and cervical epitheloid tumor cell lines. In continuation to the isolation of compounds bearing the dihydrocoumarin, as the core part, compound 11 was extracted from the twigs of Dorstenia poinsettifolia. Significantly, Akiyama et al reported that the dihydrocoumarin 12, obtained from twigs of Pistacia chinensis, as potent estrogen agonists.23 This bisflavonoid is the first example to be proven as an estrogen agonist (Figure I.1).24
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Figure I.1: Natural and unnatural dihydrocoumarins possessing biological activity
I.2 BACKGROUND:

Owing to the diverse advantages of the dihydrocoumarins, development of various methodologies, for their synthesis has received tremendous attention. There have been a reasonable number of reports on their synthesis. A few to mention include: i) the transition-metal-mediated catalytic hydrogenation,25 ii) protic acid induced hydroarylation of the cinnamic acids with phenols,26 iii) Lewis acid mediated cyclization between activated phenols and arylonitriles,27 iv) Use of oxidants along with acids,28 v) synthesis mediated by ionic liquids, vi) promoted by solid state catalysts, vii) molecular iodine as catalyst, viii) 5-alkylidene Meldrum’s acids induced reactions,29 ix) Baeyer-Villiger oxidation of 1-indanones30 and x) microwave assisted synthesis starting from phenols and cinnamoyl chloride, in the presence of heterogeneous catalyst.31
The hydrogenation/1,4-addition (Michael addition) over the internal olefin of coumarin, results in the formation of the corresponding dihydrocoumarin. Among the many reported routes, recently, Pan et al described triethylamine catalyzed synthesis of coumarin-3-carboxylic acids 15 through Knoevenagel cyclization. The reaction involved the condensation of ortho-hydroxyaryl aldehydes 13 with Meldrum’s acid 14 (Scheme I.1).32
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Scheme I.1: Synthesis of coumarin-3-carboxylic acids 15

As explained, the major approach, for the synthesis of dihydrocoumarins is the transition metal mediated catalytic 1,4-additions on coumarins. Hayashi et al reported a [Rh]-catalyzed asymmetric 1,4-addition of arylboronic acids 17 on coumarin 16, gave the corresponding (R)-4-arylchroman-2-ones 18 with high enantioselectivity, which was successfully derived towards the synthesis of antimuscarinic drug (R)-tolterodine 19 (Scheme I.2).16
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Scheme I.2: Asymmetric synthesis of 3,4-dihydrocoumarins 18

In another protocol of 1,4-addition on the 4-substituted coumarins 20 was disclosed by Yun group, in which, copper(I) based complex led to the effective formation of enantioenriched dihydrocoumarins 21 (Scheme I.3).33
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Scheme I.3: Asymmetric reduction of coumarins to give 3,4-dihydrocoumarins 21

During the same time, Youn et al developed a protocol based on Rh(I) catalyzed conjugate addition and cyclocondensation of ortho-hydroxycinnamic acid esters 22 with organoboroxines 23, to yield various 3,4-dihydrocoumarins 18 (Scheme I.4).34
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Scheme I.4: [Rh]-catalyzed domino synthesis of 3,4-dihydrocoumarins


Murakami and group applied rhodium catalysis in an interesting intramolecular ring forming and ring opening cascade reaction of ortho-hydroxyaryl cyclobutanones 24, for enantioselective generation of 3,4-dihydrocoumarins 25 (Scheme I.5).35
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Scheme I.5: Synthesis of 25 from ortho-hydroxyaryl cyclobutanones 24

Frost and co-workers have also developed rhodium catalyzed 1,4-addition of silyl-protected organoboron reagents 27 to arylidene Meldrum’s acids 26, to access 4-arylchroman-2-ones 18 (Scheme I.6).36
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Scheme I.6: Enantioselective synthesis of 4-aryl dihydrocoumarins 18


Apart from rhodium catalysts, palladium based catalysts were also employed for 1,4-addition. Córdova and Ibrahem established the enantioselective conjugate addition (ECA) on ,-unsaturated aldehydes 29, by aryl boronic acid 17a, as the  key step in the preparation of 3,3-disubstituted carbonyl product 30, which was further extended to the synthesis of biologically active substance 18 (Scheme I.7).37
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Scheme I.7: Asymmetric synthesis of dihydrocoumarin 18 via [Pd]-catalyzed ECA


In a very latest version of enantioselective synthesis of 4-aryl-3,4-dihydrocoumarins 21, You et al presented annulation of phenols 33 with enals 34 catalyzed by N-heterocyclic carbene X (Scheme I.8).38
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Scheme I.8: N-heterocyclic carbene catalyzed annulation of phenols 33 with enals


In continuation to the enantioselective synthesis of dihydrocoumarins, Shi et al sprung an effective [Pd]-catalyzed hydroesterification of alkenylphenols 35. In this reaction, phenylformate 36 served as the CO source. A wide range of optically active products 21 were formed, in high yields and excellent enantiomeric excess (Scheme I.9).39
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Scheme I.9: Asymmetric hydroesterification of alkenylphenols 35

Zhao et al  achieved the synthesis of dihydrocoumarin 18 via Baeyer-Villiger oxidation of the enantiorich 3-arylindanones 38, which in turn was formed by enantioselective intramolecular reductive Heck reaction of haloarenyl enone 37 (Scheme I.10).40
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Scheme I.10: Enantioselective synthesis of 18 from haloarenyl enone 37

Apart from the 1,4-additions, many non-conventional routes have also been designed towards the synthesis of 3,4-dihydrocoumarins. Romanelli et al described the microwave assisted solvent free synthesis of dihydrocoumarins 18 via Pechmann reaction between phenols 33 and phenylpropiolic acid 39, catalyzed by silica-supported Wells-Dawson heteropolyacid (Scheme I.11).41
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Scheme I.11: Microwave assisted solvent-free synthesis of dihydrocoumarins 18

Ionic liquids also induced synthesis of dihydrocoumarins 18. For example, Hosseinnejad et al used acidic ionic liquid, N-methyl-2-pyrrolidonum hydrosulfate ([H-NMP]HSO4), for the hydroarylation of cinnamic acid 39 with various phenols 33 (Scheme I.12).42
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Scheme I.12: Hydroarylation of cinnamic acids 39 catalyzed by ionic liquid


In yet another category of synthesis of the dihydrocoumarins, Wilkinson et al described allylation of the activated CH of prochiral aryl methanes 40 using sec-BuLi and ()-sparteine. These enantioselective allylated products 41 were converted to lactones 18 without the loss of enantiomeric excess (ee). The allyl ether 41 upon oxidative cleavage of the double bond followed by BBr3 mediated deprotection and concomitant cyclization resulted in the formation of lactones 18 (Scheme I.13)43
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Scheme I.13: Alkylation of prochiral diarylmethanes 40 to form 18

Meldrum’s acid has been a versatile coupling partner, which serves as a nucleophile. For example, Meldrum’s acid 14 reacts with in situ generated electrophilic ortho-quinone methides (ortho-QMs) 43, to give dihydrocoumarins 21, as described by Bernardi et al (Scheme I.14).44
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Very recently, Fan et al, for the first time, applied 1,6-conjugate addition on  para-QMs 44, for the asymmetric synthesis of 4-aryl-hydrocoumarins 45 via intramolecular Rauhut-Currier reaction catalyzed by bifunctional chiral amine-phosphine (Scheme I.15).45
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Scheme I.15: Coumarin 45 synthesis via Rauhut-Currier reaction of para-QMs 44

Synthesis of 3,4-dihydrocoumarins under acidic conditions, also gained great recognition. Among them, Wu et al demonstrated the synthesis of 4-aryl-3,4-dihydrocoumarins 48 promoted by Brønsted acid through Friedel-Crafts alkylation and cycloaddition reaction on 46 (Scheme I.16).46
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Scheme I.16: Brønsted acid promoted one-pot synthesis of dihydrocoumarins 48

Tunge et al developed a trifluoroacetic acid mediated high yielding protocol of hydroarylation and condensation of phenols 33 with cinnamic acids 39, to construct dihydrocoumarins 18 (Scheme I.17).47
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Scheme I.17: TFA promoted one-pot synthesis of 18
 
para-Toluenesulfonic acid (p-TSA) has also been extensively employed for intermolecular hydroarylation of 39 by Sudalai and co-workers. Further intramolecular cyclization of the arylated product led to formation of 18 (Scheme I.18).48
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Scheme I.18: Hydroarylation of cinnamic acids 39 catalyzed by p-TSA

Jun et al also prepared dihydrocoumarins 18 from aryl cinnamates 49 by intramolecular cyclization (Michael addition) induced by para-toluenesulfonic acid (p-TSA), under solvent free conditions (Scheme I.19).49
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Scheme I.19: Solvent free synthesis of dihydrocoumarins 18 from cinnamates 49


Lewis acid catalysis has also been explored and significant number of protocols have been established. In this category, Fillion et al developed Yb(OTf)3 catalyzed annulation of phenols 33 with 5-alkylidene Meldrum’s acids 50, to enable structurally diversified 4-substituted 3,4-dihydrocoumarins 21 (Scheme I.20).50
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Scheme I.20: Synthesis of 21 from 5-alkylidene Meldrum’s acids 50 and phenols 33

A mild Lewis acid (I2) catalyzed route for the synthesis of 4-aryl-3,4-dihydrobenzopyran-2-ones 18 via [3+3] cyclocoupling was presented by Tilve et al. The reaction involved a tandem esterification, hydroarylation in solvent free conditions between phenols 33 and cinnamic acids 39, catalyzed by molecular iodine (Scheme I.21).51
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Scheme I.21: Iodine mediated reaction of phenol 33 with cinnamic acid 39

Salunkhe et al developed a mild, solid acid based general strategy, for the synthesis of substituted dihydrocoumarins 18 from cinnamic acid 39 and phenol 33 via esterification 51 followed by ring closure catalyzed by H-Y zeolite (Scheme I.22).52
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Scheme I.22: H-Y zeolite catalyzed dihydrcoumarin 18 synthesis


Lee et al applied montmorillonite K-10, for synthesis of neoflavonoids 54 from cinnamic acids 52 via their acid chloride intermediates 53 (Scheme I.23).53
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Scheme I.23: Montmorillonite K-10 catalyzed synthesis of 54

Ma et al reacted phenols 33 and cinnamoyl chloride 55 with solid-acid catalyst montmorillonite K-10 under non-conventional microwave irradiation (Scheme I.24).54
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Scheme I.24: Microwave assisted synthesis of 18 catalyzed by montmorillonite K-10


Similarly, Gu et al disclosed a direct oxidative intramolecular cyclization of 3-arylpropionic acids 56 using PIFA or oxone in the presence of BF3·OEt2, for forming 3,4-dihydrocoumarins 18, in excellent yields (Scheme I.25).55
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Scheme I.25: Oxidative cyclization of 3-arylpropionic acids 56 to form 18

Very recently, Hwu et al reported a kinetically controlled domino synthesis of 3-aminochroman-2-ones 58 of biological relevance with high efficiency and diastereoselectivity. The reaction was successful on the treatment of phenols 33 with (Z)-azlactones 57, in the presence of Lewis acid AlCl3. The process involved Friedel-Crafts alkylation, 1,4-AlCl3 shift, transesterification and proto-dealumination (Scheme I.26).56a


[image: image40.emf]R

1

OH

O

N

O

Ph

R

2

+

AlCl

3

R

1

O O

R

2

N

H

Ph

O

toluene,80C

33 57 58


Scheme I.26: Synthesis of cis-chroman-2-ones 58

Tang and co-workers developed a solid phase synthesis of dihydrocoumarins 21 by using polystyrene supported succinimidyl selenide 59 as the selenium source. The reaction involves seleno-arylation, catalyzed by TMSOTf (Scheme I.27).57 
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Scheme I.27: TMSOTf catalyzed solid phase synthesis of dihydrocoumarins 21
Due to the interesting biological properties and existence as a core unit in many natural products, the skeleton of dihydrocoumarin 18, directed our attention towards its synthesis. With the understanding of the science of synthesis of dihydrocoumarins 18 and interest to develop synthetic methods based on acid mediated reactions, we aimed at the synthesis using acid mediated reactions as the key steps. In this regard, we recently reported superacid mediated dual C‒C bond formation, for the efficient synthesis of indanones 62 using ethyl cinnamates 61 and external arene 47 (Scheme I.28).58
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Scheme I.28: Superacid (TfOH) mediated synthesis of indanones 62

Herein we report an efficient and practical method, for the facile synthesis of the dihydrocoumarins promoted by Lewis acid (FeCl3). Notably, the present approach is significant when compared to those reported earlier. For example, the method is quite successful upon treatment of simple and inert cinnamic acid esters with phenols. Particularly, the other striking facet is the facile formation of a stereogenic quaternary carbon atom at the benzylic position and to the best of our knowledge, there is no report on dihydrocoumarins with a quaternary carbon atom under such mild acidic conditions. Significantly, this method was extended to the synthesis of novel spirotetracyclic lactones, which are otherwise difficult to achieve, starting from cyclohexanone derivatives, since self-aromatization is a serious problem either under strong acidic or basic conditions. Moreover, the present study is broadly applied to check the scope and limitations of the method by employing on different cinnamic acid esters and phenols with varying functionalities on both the aromatic rings. Significantly, the strategy proposed towards the synthesis of dihydrocoumarins involved a domino dual CC and CO bond formations and the details are presented in the results and discussion section of this chapter. 

I.3. RESULTS AND DISCUSSION:
In the designed retrosynthetic analysis, we envisioned that the dihydrocoumarin 18 could be achieved by an acid mediated domino CO bond formation via condensation (or acid mediated transesterification) and CC bond formation via Michael addition type Friedel-Crafts alkylation from readily accessible esters 61/66 and bench-top phenols 33.   Thecinnamic acid esters 61/66, could in turn be easily prepared from the readily available benzaldehydes 63 or acetophenones 64 via Wittig-Horner-Wadsworth-Emmons reaction (Scheme I.29).
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Scheme I.29: Retrosynthetic approach for the synthesis of dihydrocoumarins 18
I.3.1 SYNTHESIS OF DIHYDROCOUMARINS:

To begin with, the required cinnamic acid esters 61 & 66 were prepared from the corresponding benzaldehydes 63/acetophenones 64 respectively using standard Wittig-Horner-Wadsworth-Emmons reaction. In order to determine the best optimized reaction conditions, initially, the simple ethyl cinnamic ester 61a was chosen as model to study the reaction with phenol 33a, under various conditions, as described in Table I.1. The initial trials with catalytic amounts of Lewis acid (FeCl3) did not facilitate the product 18aa formation, rather furnished the Michael addition product 65aa along with the recovery of starting material 61a (Table I.1, entries 1 to 3). The reaction with other Lewis acid catalysts, such as, Sc(OTf)3, Cu(OTf)2 and AuCl3 in their catalytic amounts, was found to be futile and led to the starting material recovery (Table I.1, entries 4 to 6). Thus, the reaction may prefer intermolecular Friedel-Crafts alkylation, as the first reaction step rather than transesterification. This sort of reactivity was even evident in our earlier report on the synthesis indanones from cinnamic acid esters and arenes, promoted by strong protic acid (TfOH).58 Though, the precise mechanism is not certain at this stage. The regioselective formation of Michael addition product 65aa, under catalytic loading of Lewis acid, could be explained due to selective activation of carbonyl oxygen of ester functionality by the Lewis acid, which inturn polarizes the enoate double bond of the ester and hence, facilitate the Friedel-Crafts para-alkylation of phenol at the -carbon (i.e. Michael addition) of the cinnamic acid ester. Gratifyingly, increasing Lewis acid concentration to 3 equiv, at 80 (C in 1,2-dichloroethane, furnished the required lactone 18aa, in fair yields along with the minor Michael addition product 65aa (Table I.1, entry 7). The predominant formation of cyclic product 18aa, under stoichiometric amount of Lewis acid, may be justified based on simultaneous activation of enoate double bond via chelation of carbonyl group of cinnamic acid ester 61a as well as the phenol 33a by the Lewis acid that might facilitate Michael addition/condensation to give the dihydrocoumarin 18aa. Further increase of FeCl3 from 3 equiv to 5 equiv, gave 18aa, as the only isolable product, albeit, in moderate yield of 55% (Table I.1, entry 8). Use of dichloromethane as solvent was found to be inferior (Table I.1, entry 9). Stoichiometric use of AlCl3 neither gave the lactone product 18aa nor allowed the recovery of starting material (Table I.1, entry 10). It was concluded that the temperature played an important role, as, when the reaction was conducted at ambient temperature, slowed down the reaction (Table I.1, entry 11). While in benzene, it better facilitated the formation of byproduct 65aa (Table I.1, entry 12), wheras, the reaction with superacid (TfOH), gave the product 18aa, in moderate yield (Table I.1, entry 13). 

The structure of 18aa was established from its spectral data. In the 1H-NMR spectrum (Figure I.2), a multiplet in the region ( 7.34(7.22 for four aromatic protons, another multiplet at  ( 7.22(7.00 due to three aromatic protons, a doublet of doublet of doublet at ( 7.05 on account of one aromatic proton, a doublet at ( 6.96 owing to an aromatic proton  and three doublet of doublets at ( 4.31, 3.04 and 2.98 ppm, due to one aliphatic methine proton and two geminal protons of methylene group, respectively, elucidated the structure of dihydrocoumarin 18aa.

Table I.1: Screening conditions for synthesis of dihydrocoumarin 18aaa,b
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	Entry
	Lewis Acid
	Solvent

(mL)
	Temp

(oC)
	Yield (%)

	
	
	
	
	18aa
	65aa

	1c
	FeCl3 (10 mol%)
	DCE (2)
	80
	0
	0

	2
	FeCl3 (20 mol%)
	DCE (2)
	80
	0
	10

	3
	FeCl3 (60 mol%)
	DCE (2)
	80
	0
	30

	4c
	AuCl3 (10 mol%)
	DCE (2)
	80
	0
	0

	5c
	Sc(OTf)3 (10 mol%)
	DCE (2)
	80
	0
	0

	6c
	Cu(OTf)2 (10 mol%)
	DCE (2)
	80
	0
	0

	7
	FeCl3 (3 equiv)
	DCE (2)
	80
	60
	20

	8
	FeCl3 (5 equiv)
	DCE (2)
	80
	55
	0

	9
	FeCl3 (3 equiv)
	DCM (2)
	rt
	20
	0

	10d
	AlCl3 (3 equiv)
	DCE (2)
	80
	0
	0

	11
	FeCl3 (3 equiv)
	DCE (2)
	rt
	20
	0

	12
	FeCl3 (3 equiv)
	benzene (2)
	80
	0
	35

	13
	TfOH (3 equiv)
	DCE (2)
	80
	50
	0


a All reactions were carried out on 0.5 mmol scale of 61a and 1.5 equiv (0.75 mmol) of 33a, in solvent DCE (2 mL). b Isolated yields of chromatographically pure products. c Only starting material was recovered. d Neither the product 18aa nor starting material 61aa was isolated.
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 Figure I.2: 1H NMR (400 MHz) spectrum of 18aa in CDCl3
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 Figure I.3: 13C NMR (100 MHz) spectrum of 18aa in CDCl3

In addition, the 12 lines in 13C-NMR spectrum (Figure I.3), showing the presence of four quaternary carbon resonance at  167.5, due to a lactone carbon, three resonances at 151.6, 140.2 and 125.7, due to three quaternary aromatic carbons, methines resonances at  129.0, 128.7, 128.2, 127.4, 124.5 and 117.0, due to nine aromatic C-H carbons, one aliphatic methine resonance at  40.5 and an aliphatic methylene resonance at  36.8 ppm confirmed the structure of the dihydrocoumarin 18aa (Figure I.3).

Among all the screened conditions, the reaction conditions of the entry 7 of Table I.1 were found to be the best with regards to the formation of 18aa. Therefore, to check the scope and generality of the method, these conditions were applied to different cinnamic acid ester 61a-61f and phenols 33a-33c containing various functional groups on both aromatic rings. Gratifyingly, the method was found to be amenable and gave dihydrocoumarins 18aa-18cc bearing a tertiary carbon atom, as summarized in Table I.2. In contrary to our prediction, in the case of electron rich cinnamic acid esters 61d-61f, under standard conditions, could not afford the products, rather, furnished the clean lactones products 18da-18fc, at ambient temperature and in relatively shorter reaction times (Table I.2). This could be attributed to the relatively more reactive nature of cinnamic acid esters due to the presence of electron rich aromatic aromatic ring.

I.3.2 SYNTHESIS OF DIHYDROCOUMARINS WITH QUATERNARY CENTRE:

Further, to check the feasibility of the method, -alkyl (methyl/ethyl) ethyl cinnamic acid esters 66a-66d were explored. Interestingly, it was noticed that the reaction is temperature and system dependent. For example, the reaction was not clean, when - methyl cinnamic acid ester 66a, derived from the corresponding acetophenone, was treated with the phenol 33a using the above optimized reaction conditions at 80 (C (Table I.1, entry 7). However, the reaction was successful at room temperature and furnished the desired product 67aa bearing a quaternary carbon atom (Table I.3). This would be justified owing to the slightly increased reactivity of 66a. This may be due to the presence of -methyl substituent, which could facilitate the polarization of enoate double bond by the Lewis acid. After optimizing the reaction conditions, for the cinnamic acid ester 66a, at room temperature, the generality of the reaction was established by employing the reaction between -alkyl cinnamic acid esters 66a-66d and the phenols 33a-33f.
Table I.2: Scope on the synthesis of dihydrocoumarins 18 from cinnamic acid esters 61a-d
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a All reactions were carried out on 0.5 mmol scale of 61 and 1.5 equiv (0.75 mmol) of 33, in solvent DCE (2 mL). b Isolated yields of chromatographically pure products 18. c For compounds 18aa-18cc, the reaction was carried out at 80 (C for 24 h. d For compounds 18da-18fc, the reaction was carried out at room temperature for 16 h.

In general, the method was smooth and furnished the dihydrocoumarins 67aa-67dc possessing varying functionality on both the aromatic rings, in moderate to very good yields (Table I.3).

Table I.3: Scope of the synthesis of dihydrocoumarins 67 from esters 66a,b
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 a All reactions were carried out on 0.5 mmol scale of 66 and 1.5 equiv (0.75 mmol) of 33, in solvent DCE (2 mL). b Isolated yields of chromatographically pure products 67.

The structure of the dihydrocoumarins 67 with a quaternary carbon centre, was confirmed by studying the spectral data of 67bc. In the 1H-NMR spectrum (Figure I.4), a doublet at ( 7.26 for two aromatic protons, a doublet of doublet at ( 7.12 due to one aromatic proton, three doublets at ( 7.10, 7.01 and 6.99 for four aromatic protons, two doublets at ( 3.20 and 2.80 for two aliphatic methylene protons, two singlets at ( 2.35 and 1.72 ppm on account of six methyl protons of an aromatic and an aliphatic methyls, respectively, interpreted the structure of dihydrocoumarin 67bc (Figure I.4).  
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Figure I.4: 1H NMR (400 MHz) spectrum of 67bc in CDCl3
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Figure I.5: 13C NMR (100 MHz) spectrum of 67bc in CDCl3


In addition, the 15 lines in 13C-NMR spectrum (Figure I.5), showing the presence of one quaternary carbon resonance at  167.4 due to carbonyl carbon of lactone moiety, five aromatic quaternary carbon resonances at  149.1, 142.6, 134.5, 133.1 and 129.8 for five carbons, five aromatic CH resonances at  129.5, 128.8, 127.7, 126.7 and 117.2 accounts for seven carbons, one aliphatic methylene resonance at  43.8, one aliphatic quaternary carbon resonance at  40.8, and two methyl resonances at  27.5 and 21.0 ppm confirmed the structure of the compound 67bc (Figure I.5).

Table I.4: Unexpected formation of coumarins 66 from electron rich esters 68 a
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a Isolated yields of chromatographically pure products 68.

As a continuation, to study the scope of the methodology, when the reaction was attempted on -methyl cinnamic acids esters 66e-66f, it did not furnish the expected dihydrocoumarins, rather, to our surprise, furnished simple coumarins 68ea-68fc (Table I.4).


The formation of simple coumarins 68ea, 68fb and 68fc can be rationalized based on the more reactive nature of the electron rich aromatic ring derived from cinnamic acid esters 66e-66f, with suitably positioned electron donating groups.

To analyse the possibilites towards the anomalous formation of coumarins 68, we performed the experiment and analyzed the 1H-NMR of the crude work-up mixture without the column chromatography. It was observed that the electron rich aromatic compound peaks were present along with product coumarin peaks.  These fragmented electron rich arenes, being simple and volatile in nature, thus, support the fragmentation of electron rich aromatic moieties derived from cinnamic acid esters.

 
Though the precise reaction mechanism cannot be drawn at this stage, but based on the observations from the studies, the coumarin formation is believed to be via the formation of the usual dihydrocoumarin product 67 followed by ipso type of aromatic substitution through internal rearrangement/cleavage of either X or Y intermediates, resulting in the fragmentation of the neutral arene as shown in the Scheme I.30. In support, aryl(Fe)-H species is reported in the literature.61
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Scheme I.30: Plausible mechanism for the formation of 68ea


The 1H-NMR and 13C-NMR spectral data proved the structure of the formed coumarin 68fb. The 1H-NMR spectrum (Figure I.6), a doublet at ( 7.43 for an aromatic proton, a singlet at ( 7.07 and a doublet at ( 7.06 owing to two aromatic protons, a singlet at ( 6.17 on account of olefin proton and two singlets at ( 2.40 and 2.37 ppm due to six methyl protons demonstrated the structure of coumarin 68fb (Figure I.6).
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Figure I.6: 1H NMR (400 MHz) spectrum of 68fb in CDCl3
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Figure I.7: 13C NMR (100 MHz) spectrum of 68fb in CDCl3

In addition, the 11 lines in 13C-NMR spectrum (Figure I.7), showing the existence of one quaternary carbon resonance at  161.0 due to carbonyl of lactenone, four quaternary carbon resonances at  153.4, 152.4, 142.8 and 117.4 for three aromatic and a olefinic carbons, four CH resonances at  125.3, 124.2, 117.0 and 113.8 on account of three aromatic and one olefinic carbons and two methyl resonances at  21.5 and 18.5 ppm confirmed the structure of the coumarin 68fb (Figure I.7).


Further, to study the regiochemical preference (i.e. the effect of ortho-substituent on Friedel-Crafts alkylation), 2-phenylphenol 33g was used as an external phenol and subjected to the reaction with cinnamic acid esters 66a and 66b. 

As anticipated, the cyclized dihydrocoumarins 67ag and 67bg were obtained, albeit, in poor yields, while, the respective Michael addition adducts 65ag and 65bg were formed as major byproducts, in moderate yields. This can be attributed to the steric crowding of 2-phenylphenol 33g that prefers para-attack on the Michael acceptor cinnamic acid esters 66 (Scheme I.31). 
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Scheme I.31: Regioselective Michael addition of 2-phenylphenol 33g on esters 66
I.3.3 SYNTHESIS OF SPIRODIHYDROCOUMARINS:

Upon accomplishing the dihydrocoumarins (18 & 67) in a wide generality, we envisioned to use this method in a more applicable facet by performing the reaction on the cinnamic acid ester 69a derived from the tetralone. Nevertheless, one could easily realize that such systems derived from six membered ketones would pose a serious problem of self-aromatization either, under strong acidic or basic reaction conditions. As expected, the reaction of cinnamate ester 69a, under standard conditions at 80 (C was unclear, whereas, at room temperature, gave only the self-aromatized product 71 (Table I.5, entries 1 to 2). This made us to realize that the phenol is not sufficient to compete with usual self-aromatization. Therefore, upon performing the reaction with increased amount (5 equiv) of the phenol 33a, led to the formation of novel tetracyclic lactone 70aa, in 33% yield along with the aromatized product 71 (Table I.5, entry 3). On the other hand, interestingly, when benzene was used as the solvent, it afforded product 70aa, albeit, in poor yield, with 1.5 equiv of phenol 33a, at ambient temperature (Table I.5, entry 4). Gratifyingly, with 5 equiv of phenol 33a, furnished the product 70aa in moderate yield along with the aromatized product 71 (Table I.5, entry 5). However, further increase of phenol 33a quantity (10 equiv) could not able to improve the yield of the product drastically (Table I.5, entry 6). It is noteworthy that the amount of Lewis acid is slightly increased from 3 equiv to 4 equiv wherever more amount of phenol has been used, in order to maintain the reasonable reactivity to promote the reaction. This is because phenol could also chelate with the Lewis acid and would decrease overall reactivity. 

Table I.5: Screening conditions for synthesis of spirodihydrocoumarin 70aaa, b 
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	70aa
	71

	1
	3
	1.5
	DCE 
	80
	0
	0

	2
	3
	1.5
	DCE 
	rt
	0
	38

	3
	4
	5
	DCE 
	rt
	33
	10

	4
	3
	1.5
	benzene
	rt
	15
	40

	5
	4
	5
	benzene
	rt
	40
	23

	6
	4
	10
	benzene
	rt
	42
	20


a All reactions were carried out on 0.5 mmol scale of 69a. b Isolated yields of chromatographically pure products.


Among the screened conditions, the conditions with 5 equiv of phenol 33a in benzene, at room temperature (Table I.5, entry 5) were found to be the best with respect to the formation of spirotetracyclic lactone 70aa. Therefore, these conditions were used to furnish different novel spirotetracyclic lactones 70aa-70bb. The results have been summarized in Table I.6.

Table I.6: Scope on the synthesis of spirodihydrocoumarins 70a, b
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a All reactions were carried out on 0.5 mmol scale of 69 and 5 equiv (2.5 mmol) of 33, in solvent benzene (2 mL). b Isolated yields of chromatographically pure products 70.


The structure of the spirotetracyclic compound was confirmed from the spectral data of 70ad. In the 1H-NMR spectrum (Figure I.8), a multiplet in the region ( 7.25–7.12 owing to three aromatic protons, two doublets at ( 7.08 and 7.05 for two aromatic protons, a doublet of doublet at ( 6.87 due to one aromatic proton, a doublet at ( 6.45 for an aromatic proton, two doublets at ( 3.20 and 2.92 for two aliphatic methylene protons, a doublet of doublet at ( 2.87 due to two aliphatic methylene protons, a singlet at ( 2.35 because of three methyl protons, two multiplets in the regions ( 2.05–1.90 and  ( 1.85–1.65 ppm accounting of four methylene protons deduced the structure of spirotetracyclic 70ad (Figure I.8). 
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Figure I.8: 1H NMR (400 MHz) spectrum of 70ad in CDCl3
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Figure I.9: 13C NMR (100 MHz) spectrum of 70ad in CDCl3

In addition, the 19 lines in 13C-NMR spectrum (Figure I.9), showing the presence of one quaternary carbon resonance at  168.0 due to carbonyl of lactone group, five resonances at  149.0, 138.4, 138.2, 132.2 and 126.2 for five aromatic quaternary carbons, seven aromatic CH resonances appear at  129.8, 129.6, 128.1, 127.0, 126.4, 126.2 and 123.6, one aliphatic methylene resonance at  43.3, one aliphatic quaternary carbon resonance at  41.2, three aliphatic methylene resonance at 35.8, 30.0 and 18.6 and one methyl resonance at  15.9 ppm confirmed the structure of the spirotetracyclic 70ad (Figure I.9).
I.4 CONCLUSIONS AND SUMMARY:

In summary, we have developed a simple and practical method, for the synthesis of dihydrocoumarins, a ubiquitous system present in many natural products. Notably, the method was successful upon the treatment of simple and relatively inert cinnamic acid esters with phenols. Significantly, to the best of our knowledge, the formation of dihydrocoumarins with a quaternary carbon atom is first of its kind. It was also extended to the synthesis of novel spirotetracyclic lactones, wherein self-aromatization is a serious concern either under strong acidic or basic conditions. The strategy is efficient and successful for the synthesis of a number of analogues bearing wide range of functional groups on either aromatic rings. 
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I.5 EXPERIMENTAL SECTION:

IR spectra were recorded on a Bruker Tensor 37 (FTIR) spectrophotometer. 1H NMR spectra were recorded on Bruker Avance 400 (400 MHz) spectrometer at 295 K in CDCl3; chemical shifts (δ ppm) and coupling constants (J in Hz) are reported in standard fashion with reference to either internal standard tetramethylsilane (TMS) (δH=0.00 ppm) or CHCl3 (δH=7.25 ppm). 13C NMR spectra were recorded on Bruker Avance 400 (100 MHz) spectrometer at rt in CDCl3; chemical shifts (δ in ppm) are reported relative to CHCl3 [δC = 77.00 ppm (central line of triplet)]. In the 13C NMR, the nature of carbons (C, CH, CH2 and CH3) was determined by recording the DEPT-135 spectra, and is given in parentheses and noted as s = singlet (for C), d = doublet (for CH), t = triplet (for CH2) and q = quartet (for CH3). In the 1H-NMR, the following abbreviations were used throughout: s = singlet, d = doublet, t = triplet, q = quartet, qui=quintet, m = multiplet and br. s = broad singlet. The assignment of signals was confirmed by 1H, 13C CPD and DEPT spectra. High-resolution mass spectra (HR-MS) were recorded on an Agilent 6538 UHD Q-TOF using multimode source. All small scale dry reactions were carried out using standard syringe-septum technique. Regarding Wittig-Horner-Wadsworth-Emmons reaction, TEPA from Avra Synthesis with a purity of 98%, NaH from Sigma-Aldrich (60% immersion in mineral oil), and benzaldehydes/acetophenones from Sisco Research Laboratories having 97-98% purity were used. Solvent THF was dried over sodium metal. Similarly, for dihydrocoumarins synthesis, anhydrous FeCl3 from Merck Chemicals and phenols from Sisco Research Laboratories were used. DCE was dried over calcium hydride and used. Reactions were monitored by TLC on silica gel using a mixture of petroleum ether and ethyl acetate as eluents. Reactions were generally carried out under an argon or nitrogen atmosphere. Solvents were distilled prior use; petroleum ether with a boiling range of 60 to 80 (C was used. Acme’s silica gel (60–120 mesh) was used for column chromatography (approximately 20 g per one gram of crude material). 

I.5.1 GENERAL PROCEDURE (GP-1) FOR THE SYNTHESIS OF DIHYDROCOUMARINS (18/67):

To an oven dried schlenk tube under nitrogen atmosphere, was added cinnamic acid ester 61 or 66 (88‒133 mg, 0.5 mmol), phenol 33 (70‒81 mg, 0.75 mmol) and anhydrous FeCl3 (243.0 mg, 1.5 mmol) followed by DCE (2 mL). The resulting reaction mixture was stirred at 80 (C, for 61a-61c for 24 h (for other esters 61d-61j and 66a-66d, the reaction was carried out at room temperature, for 6 to 16 h). Progress of the reaction was monitored by TLC until the reaction was completed. The reaction mixture was brought to room temperature, quenched by the addition of aqueous NaHCO3 and extracted with ethyl acetate (3 × 20 mL). The combined organic layers were dried (Na2SO4) and concentrated in vacuo. Purification of the residue on silica gel column chromatography using petroleum ether/ethyl acetate as eluent furnished lactones 18 or 67 (41‒90%), as viscous liquid/solid.
I.5.2 GENERAL PROCEDURE (GP-2) FOR THE SYNTHESIS OF SPIROTETRACYCLIC LACTONES (70):

To an oven dried schlenk tube under nitrogen atmosphere, was added cinnamic acid ester 69 (88‒133 mg, 0.5 mmol), phenol 33 (235-360 mg, 2.5 mmol) and anhydrous FeCl3 (405.0 mg, 2.5 mmol) followed by benzene (2.0 mL). The resulting reaction mixture was stirred at rt for 4 h. Progress of the reaction was monitored by TLC until the reaction was completed. The reaction mixture was quenched by the addition of aqueous NaHCO3 and extracted with ethyl acetate (3 × 20 mL). The combined organic layers were dried (Na2SO4) and concentrated in vacuo. Purification of the residue on silica gel column chromatography using petroleum ether/ethyl acetate as eluent furnished spirotetracyclic lactones 70 (39‒62%), as viscous liquid/solid.


Ethyl cinnamate 61a is commercially available and the other following cinnamic acid esters 61a-61f, 66a-66d and 69a are known in the literature.59
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The following Michael addition ester product 65a is known in literature.59g
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The following 4-aryl-3,4-dihydrocoumarins 18aa-18da and 18db-18dc are known in the literature.20, 34, 48, 51, 59g,60

[image: image65.emf]O O O O O O O O Me

Me Me

Cl

O O O O O O

OMe OMe

Me

OMe

Me

18aa 18ab 18ac 18bc

18da 18db 18dc



The following 4-aryl-3,4-dihydrocoumarins 68ea-68fc are known in the literature.48, 51, 60
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4-(3-Methoxyphenyl)-6-methylchroman-2-one (18cc):
GP-I was carried out on the ester 61c (103 mg, 0.5 mmol), para-cresol 33c (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulting reaction mixture was stirred at 80 (C for 24 h. [TLC control Rf(61c)=0.83, Rf(18cc)=0.66, (petroleum ether/ethyl acetate 88:12, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 85:15 as eluent) furnished the lactone 18cc (66 mg, 51%), as viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2924, 1765, 1511, 1493, 1462, 1245, 1199, 1179, 1145, 1033, 820 cm-1.

1H NMR (CDCl3, 400 MHz): δ=7.26 (dd, 1H, J=7.8 and 7.8 Hz, ArH), 7.08 (dd, 1H, J=8.3 and 2.0 Hz, ArH), 7.01 (d, 1H, J=7.8 Hz, ArH), 6.81 (dd, 1H, J=8.3 and 2.0 Hz, ArH), 6.79 (s, 1H, ArH),  6.73 (d, 1H, J=7.8 Hz, ArH), 6.68 (dd, 1H, J=2.0 and 2.0 Hz, ArH), 4.25 (dd, 1H, J=7.8 and 6.4 Hz, ArCHCH2CO), 3.77 (s, 3H, ArOCH3), 3.03 (dd, 1H, J=16.1 and 6.4 Hz, ArCHCHaHbCO), 2.98 (dd, 1H, J=16.1 and 7.8 Hz, ArCHCHaHbCO), 2.25 (s, 3H, ArCH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.8 (s, O–C=O), 160.0 (s, ArC), 149.6 (s, ArC), 142.1 (s, ArC), 134.3 (s, ArC), 130.1 (d, ArCH), 129.3 (d, ArCH), 128.6 (d, ArCH), 125.1 (s, ArC), 119.7 (d, ArCH), 116.8 (d, ArCH), 113.6 (d, ArCH), 112.5 (d, ArCH), 55.2 (q, ArOCH3), 40.7 (d, ArCHCH2CO), 37.0 (t, CH2CO), 20.7 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H16NaO3]+=[M+Na]+: 291.0992; found 291.0991.
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4-(3,4-Dimethoxyphenyl)-7-methylchroman-2-one (18eb):
GP-I was carried out on the ester 61e (118.0 mg, 0.50mmol), meta-cresol 33b (81.0 mg, 0.75mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulting reaction mixture was stirred at room temperature for 16 h. [TLC control Rf(61e)=0.75, Rf(18eb)=0.50, (petroleum ether/ethyl acetate 80:20, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 95:5 to 75:25 as eluent) furnished the lactone 18eb (79.0 mg, 53%), as liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2922, 2852, 1762, 1591, 1516, 1463, 1419, 1253, 1219, 1142, 1025, 817 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=6.93  (s, 1H, ArH), 6.89 (d, 1H, J=8.3 Hz, ArH), 6.85 (d, 1H, J=7.8 Hz, ArH), 6.81 (d, 1H, J=7.8 Hz, ArH), 6.67  (dd, 1H, J=8.3 and 1.9 Hz, ArH), 6.65 (d, 1H, J=1.9 Hz, ArH), 4.23 (dd, 1H, J=7.8 and 6.4 Hz, ArCHCH2CO), 3.85 (s, 3H, ArOCH3), 3.81 (s, 3H, ArOCH3), 3.03 (dd, 1H, J=16.1 and 6.4 Hz, ArCHCHaHbCO), 2.96 (dd, 1H, J=16.1 and 7.8 Hz, ArCHCHaHbCO), 2.34 (s, 3H, ArCH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=168.0 (s, O–C=O), 151.5 (s, ArC), 149.3 (s, ArC), 148.4 (s, ArC), 139.0 (s, ArC), 132.9 (s, ArC), 127.9 (d, ArCH), 125.4 (d, ArCH), 122.9 (s, ArC), 119.7 (d, ArCH), 117.4 (d, ArCH),  111.5 (d, ArCH), 110.5 (d, ArCH), 55.9 (q, 2C, 2 × ArOCH3), 40.0 (d, ArCHCH2CO), 37.3 (t, CH2CO), 21.0 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C18H18NaO4]+=[M+Na]+: 321.1097; found 321.1098.

[image: image69.emf]O

MeO

OMe

O

18ec

Me


4-(3,4-Dimethoxyphenyl)-6-methylchroman-2-one (18ec):
GP-I was carried out on the ester 61e (118.0 mg, 0.50mmol), para-cresol 33c (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulting reaction mixture was stirred at room temperature for 16 h. [TLC control Rf(61e)=0.75, Rf(18ec)=0.57, (petroleum ether/ethyl acetate 80:20, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 95:5 to 75:25 as eluent) furnished the lactone 18ec (99.8 mg, 67%), as liquid.

IR (MIR-ATR, 4000–600 cm-1): (max=2924, 2852, 1762, 1592, 1493, 1420, 1243, 1137, 1025, 813 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.07  (dd, 1H, J=8.3 and 1.9 Hz, ArH), 7.00 (d, 1H, J=8.3 Hz, ArH), 6.82 (d, 1H, J=7.8 Hz, ArH), 6.78 (d, 1H, J=1.9 Hz, ArH), 6.67  (dd, 1H, J=7.8 and 1.9 Hz, ArH), 6.66 (s, 1H, ArH), 4.23 (dd, 1H, J=7.8 and 6.4 Hz, ArCHCH2CO), 3.85 (s, 3H, ArOCH3), 3.82 (s, 3H, ArOCH3), 3.03 (dd, 1H, J=16.1 and 6.4 Hz, ArCHCHaHbCO), 2.96 (dd, 1H, J=16.1 and 7.8 Hz, ArCHCHaHbCO), 2.25 (s, 3H, ArCH3) ppm.

13C NMR (CDCl3, 100 MHz): δ=168.0 (s, O–C=O), 149.5 (s, ArC), 149.3 (s, ArC), 148.4 (s, ArC), 134.3 (s, ArC), 132.9 (s, ArC), 129.2 (d, ArCH), 128.5 (d, ArCH), 125.6 (s, ArC), 119.7 (d, ArCH), 116.8 (d, ArCH),  111.5 (d, ArCH), 110.5 (d, ArCH), 55.9 (q, 2C, 2 × ArOCH3), 40.4 (d, ArCHCH2CO), 37.3 (t, CH2CO), 20.7 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C18H18NaO4]+=[M+Na]+: 321.1097; found 321.1100.

[image: image70.emf]O

MeO

OMe

OMe

Me O

18fb


7-Methyl-4-(3,4,5-trimethoxyphenyl)chroman-2-one (18fb):
GP-I was carried out on the ester 61f (133.0 mg, 0.50mmol), meta-cresol 33b (81.0 mg, 0.75mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulting reaction mixture was stirred at room temperature for 16 h. [TLC control Rf(61f)=0.80, Rf(18fb)=0.55, (petroleum ether/ethyl acetate 85:15, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 95:5 to 85:15 as eluent) furnished the lactone 18fb (57.4 mg, 35%), as a semi-solid.

IR (MIR-ATR, 4000–600 cm-1): (max=2923, 2852, 1767, 1508, 1461, 1235, 1126, 1008, 818 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=6.93  (s, 1H, ArH), 6.90 (d, 1H, J=7.8 Hz, ArH), 6.88 (d, 1H, J=7.8 Hz, ArH), 6.34 (s, 2H, ArH), 4.22 (dd, 1H, J=7.8 and 6.4 Hz, ArCHCH2CO), 3.82 (s, 3H, ArOCH3), 3.79 (s, 6H, 2 × ArOCH3), 3.03 (dd, 1H, J=16.1 and 6.4 Hz, ArCHCHaHbCO), 2.98 (dd, 1H, J=16.1 and 7.8 Hz, ArCHCHaHbCO), 2.35 (s, 3H, ArCH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.8 (s, O–C=O), 153.6 (s, 2C, 2 × ArC), 151.5 (s, ArC), 139.2 (s, ArC), 136.2 (s, ArC), 128.0 (d, ArCH), 125.4 (d, ArCH), 122.5 (s, ArC), 117.5 (d, ArCH), 104.5 (d, 2C, 2 × ArCH), 60.8 (q, ArOCH3), 56.1 (q, 2C, 2 × ArOCH3), 40.7 (d, ArCHCH2CO), 37.2 (t, CH2CO), 21.1 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H20NaO5]+=[M+Na]+: 351.1203; found 351.1206.
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6-Methyl-4-(3,4,5-trimethoxyphenyl)chroman-2-one (18fc):

GP-I was carried out on the ester 61f (133.0 mg, 0.50mmol), para-cresol 33c (81.0 mg, 0.75mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulting reaction mixture was stirred at room temperature for 16 h. [TLC control Rf(61f)=0.80, Rf(18fc)=0.60, (petroleum ether/ethyl acetate 85:15, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 95:5 to 80:15as eluent) furnished the lactone 18fc (67.2 mg, 41%), as liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2921, 2850, 1764, 1591, 1460, 1243, 1124, 1006, 815 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.08  (dd, 1H, J=8.3 and 1.9 Hz, ArH), 7.01 (d, 1H, J=8.3 Hz, ArH), 6.81 (d, 1H, J=1.9 Hz, ArH), 6.34 (s, 2H, 2 × ArH), 4.21 (dd, 1H, J=7.8 and 6.3 Hz, ArCHCH2CO), 3.83 (s, 3H, ArOCH3), 3.79 (s, 6H, 2 × ArOCH3), 3.04 (dd, 1H, J=16.1 and 6.3 Hz, ArCHCHaHbCO), 2.96 (dd, 1H, J=16.1 and 7.8 Hz, ArCHCHaHbCO), 2.27 (s, 3H, ArCH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.8 (s, O–C=O), 153.6 (s, 2C, 2 × ArC), 149.5 (s, ArC), 137.3 (s, ArC), 136.2 (s, ArC), 134.4 (s, ArC), 129.4 (d, ArCH), 128.6 (d, ArCH), 125.2 (s, ArC), 116.8 (s, ArC), 104.5 (d, 2C, 2 × ArCH),  60.8 (q, ArOCH3), 56.1 (q, 2C, 2 × ArOCH3), 41.1 (d, ArCHCH2CO), 37.2 (t, CH2CO), 20.7 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H20NaO5]+=[M+Na]+: 351.1203; found 351.1204.
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4-Methyl-4-phenylchroman-2-one (67aa):

GP-I was carried out on the ester 66a (95.1 mg, 0.5 mmol), phenol 33a (69.8 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66a)=0.60, Rf(67aa)=0.45, (petroleum ether/ethyl acetate 94:6, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67aa (76 mg, 64%), as colorless viscous liquid.

IR (MIR-ATR, 4000–600 cm-1): (max=2922, 1774, 1586, 1487, 1448, 1283, 1202, 1135, 1051, 910, 758, 700 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.34 (dd, 1H, J=7.8 and 1.5 Hz,  ArH), 7.30 (dd, 2H, J=7.8 and 1.5 Hz, ArH), 7.27–7.21 (m, 2H, ArH), 7.21–7.16 (m, 3H, ArH), 7.11 (dd, 1H, J=8.3 and 1.5 Hz, ArH), 3.29 (d, 1H, J=15.6 Hz, CHaHbCO), 2.84 (d, 1H, J=15.6 Hz, CHaHbCO), 1.76 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.4 (s, O–C=O), 151.2 (s, ArC), 143.9 (s, ArC), 130.8 (s, ArC), 128.7 (d, 3C, 3 ( ArCH), 127.1 (d, ArCH), 126.6 (d, ArCH), 126.1 (d, 2C, 2 ( ArCH), 124.7 (d, ArCH), 117.3 (d, ArCH), 43.7 (t, CH2CO), 41.1 [s, ArC(CH2CO)CH3], 27.5 [q, ArC(CH2CO)CH3] ppm. 

HR-MS: (ESI+) m/z calculated for [C16H15O2]+=[M+H]+: 239.1067; found: 239.1067.
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4,7-Dimethyl-4-phenylchroman-2-one (67ab):

GP-I was carried out on the ester 66a (95.1 mg, 0.5 mmol), meta-cresol 33b (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66a)=0.60, Rf(67ab)=0.45, (petroleum ether/ethyl acetate 94:6,UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67ab (107.5 mg, 85%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2972, 2926, 1763, 1623, 1578, 1445, 1413, 1215, 1199, 1164, 1150, 1047, 820, 764, 699 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.29 (ddd, 2H, J=7.8, 7.3 and 1.9 Hz, ArH), 7.22 (t, 1H, J=7.3 Hz, ArH), 7.17 (dd, 2H, J=7.8 and 1.9 Hz, ArH), 7.11 (d, 1H, J=7.8 Hz, ArH), 6.98 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 6.92 (d, 1H, J=1.0 Hz, ArH), 3.26 (d, 1H, J=15.6 Hz, CHaHbCO), 2.80 (d, 1H, J=15.6 Hz, CHaHbCO), 2.36 (s, 3H, ArCH3), 1.72 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.7 (s, O–C=O), 151.0 (s, ArC), 144.1 (s, ArC), 139.0 (s, ArC), 128.6 (d, 2C, 2 ( ArCH), 127.6 (s, ArC), 127.0 (d, ArCH), 126.3 (d, ArCH), 126.1 (d, 2C, 2 ( ArCH), 125.4 (d, ArCH), 117.7 (d, ArCH), 43.9 (t, CH2CO), 40.8 [s, ArC(CH2CO)CH3], 27.6 [q, ArC(CH2CO)CH3], 21.0 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H16NaO2]+=[M+Na]+: 275.1048; found 275.1043.
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4,6-Dimethyl-4-phenylchroman-2-one (67ac):

GP-I was carried on the ester 66a (95.1 mg, 0.5 mmol), para-cresol 33c (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66a)=0.60, Rf(67ac)=0.45, (petroleum ether/ethyl acetate 94:6, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67ac (107.5 mg, 85%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2974, 2921, 1763, 1598, 1493, 1266, 1202, 1124, 1049, 913, 824, 732, 698 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.30 (ddd, 2H, J=7.8, 7.3 and 2.0 Hz,  ArH), 7.23 (t, 1H, J=7.3 Hz, ArH), 7.18 (dd, 2H, J=7.8 and 2.0 Hz, ArH), 7.11 (dd, 1H, J=8.3 and 2.0 Hz, ArH), 7.02 (d, 1H, J=2.0 Hz, ArH), 6.99 (d, 1H, J=8.3 Hz, ArH), 3.25 (d, 1H, J=15.6 Hz, CHaHbCO), 2.80 (d, 1H, J=15.6 Hz, CHaHbCO), 2.34 (s, 3H, ArCH3), 1.73 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.7 (s, O–C=O), 149.1 (s, ArC), 144.0 (s, ArC), 134.3 (s, ArC), 130.3 (s, ArC), 129.2 (d, ArCH), 128.6 (d, 2C, 2 ( ArCH), 127.1 (d, ArCH), 126.9 (d, ArCH), 126.1 (d, 2C, 2 ( ArCH), 117.0 (d, ArCH), 43.8 (t, CH2CO), 41.0 [s, ArC(CH2CO)CH3], 27.5 [q, ArC(CH2CO)CH3], 20.9 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H16NaO2]+=[M+Na]+: 275.1048; found 275.1042.
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4,8-Dimethyl-4-phenylchroman-2-one (67ad):

GP-1 was carried out on the ester 66a (95.1 mg, 0.5 mmol), ortho-cresol 33d (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66a)=0.65, Rf(67ad)=0.50, (petroleum ether/ethyl acetate 94:6, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 98:2 to 94:6) as eluent furnished the lactone 67ad (81.9 mg, 65%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2967, 2921, 1765, 1463, 1445, 1266, 1192, 1101, 915, 751, 699 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.29 (ddd, 2H, J=8.8, 7.3 and 1.5 Hz, ArH), 7.23 (dd, 1H, J=8.3 and 1.5 Hz, ArH), 7.18 (dd, 3H, J=8.3 and 2.0 Hz, ArH), 7.07 (d, 2H, J=4.9 Hz, ArH), 3.28 (d, 1H, J=15.6 Hz, CHaHbCO), 2.81 (d, 1H, J=15.6 Hz, CHaHbCO), 2.32 (s, 3H, ArCH3), 1.73 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.7 (s, O–C=O), 149.4 (s, ArC), 144.0 (s, ArC), 130.5 (s, ArC), 130.2 (d, ArCH), 128.6 (d, 3C, 3 ( ArCH), 127.1 (d, ArCH), 126.6 (s, ArC), 126.1 (d, 2C, 2 ( ArCH), 124.1 (d, ArCH), 43.6 (t, CH2CO), 41.1 [s, ArC(CH2CO)CH3], 27.7 [q, ArC(CH2CO)CH3], 15.9 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H16O2Na]+=[M+Na]+: 275.1048; found: 275.1040.


[image: image76.emf]O O

Me

67ae


4-Methyl-4-phenyl-3,4-dihydro-2H-benzo[h]chromen-2-one (67ae):

GP-1 was carried out on the ester 66a (95.1 mg, 0.5 mmol), 1-naphthol 33e (108.0 mg, 0.75 mmol), anhydrous FeCl3 (243.0 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66a)=0.60, Rf(67ae)=0.50, (petroleum ether/ethyl acetate 94:6,UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 98:2 to 94:6) as eluent furnished the lactone 67ae (84.9 mg, 59%), as white solid, which was recrystallized with dichloromethane/hexane, m. p. 144-146 (C.

IR (MIR-ATR, 4000–600 cm-1): (max=2970, 2928, 1769, 1494, 1468, 1190, 1150, 1068, 816, 750, 700, 625 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=8.29 (dd, 1H, J=8.8, and 2.0 Hz, ArH), 7.84 (dd, 1H, J=7.3 and 2.0 Hz, ArH), 7.64 (d, 1H, J=8.8 Hz, ArH), 7.59–7.51 (m, 2H, ArH), 7.34–7.18 (m, 6H, ArH), 3.34 (d, 1H, J=15.6 Hz, CHaHbCO), 2.93 (d, 1H, J=15.6 Hz, CHaHbCO), 1.82 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.3 (s, O–C=O), 146.1 (s, ArC), 144.2 (s, ArC), 133.6 (s, ArC), 128.7 (d, 2C, 2 ( ArCH), 127.4 (d, ArCH), 127.2 (d, ArCH), 126.8 (d, ArCH), 126.7 (d, ArCH), 126.3 (d, 2C, 2 ( ArCH), 125.1 (s, ArC), 124.2 (d, ArCH), 123.7 (s, ArC), 123.6 (d, ArCH), 121.5 (d, ArCH), 44.2 (t, CH2CO), 41.4 [s, ArC(CH2CO)CH3], 27.4 [q, ArC(CH2CO)CH3] ppm.

HR-MS: (ESI+) m/z calculated for [C20H16O2Na]+=[M+Na]+: 311.1048; found: 311.1045.
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1-Methyl-1-phenyl-1,2-dihydro-3H-benzo[f]chromen-3-one (67af):

GP-1 was carried out on the ester 66a (95.1 mg, 0.5 mmol), β-naphthol 33f (108.1 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66a)=0.65, Rf(67af)=0.50, (petroleum ether/ethyl acetate 94:6, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67af (81 mg, 56%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2920, 2851, 1775, 1599, 1512, 1494, 1459, 1336, 1210, 1163, 1019, 982, 912, 814, 733, 701 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.79 (dd, 2H, J=8.8 and 7.3 Hz, ArH), 7.40–7.19 (m, 7H, ArH), 7.13 (d, 1H, J=8.3 Hz, ArH), 7.08 (ddd, 1H, J=8.8, 7.8 and 1.4 Hz, ArH), 3.07 (d, 1H, J=15.6 Hz, CHaHbCO), 2.86 (d, 1H, J=15.6 Hz, CHaHbCO), 1.94 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=166.5 (s, O–C=O), 149.9 (s, ArC), 147.0 (s, ArC), 131.9 (s, ArC), 130.4 (s, ArC), 130.1 (s, ArC), 129.0 (d, 2C, 2 ( ArCH), 128.8 (d, ArCH), 127.0 (d, ArCH), 126.0 (d, 2C, 2 ( ArCH), 125.9 (d, ArCH), 125.8 (d, ArCH), 124.4 (d, ArCH), 122.8 (s, ArC), 117.8 (d, ArCH), 48.0 (t, CH2CO), 42.9 [s, ArC(CH2CO)CH3], 24.7 [q, ArC(CH2CO)CH3] ppm. 

HR-MS: (ESI+) m/z calculated for [C20H16NaO2]+=[M+Na]+: 311.1048; found 311.1042.
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4-(4-Chlorophenyl)-4-methylchroman-2-one (67ba):

GP-1 was carried out on the ester 66b (112 mg, 0.5 mmol), phenol 33a (69.8 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66b)=0.60, Rf(67ba)=0.35, (petroleum ether/ethyl acetate 94:6, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67ba (90 mg, 66%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2973, 2925, 1763, 1586, 1487, 1449, 1279, 1232, 1198, 1134, 1095, 1012, 910, 828, 756, 683 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.32 (ddd, 1H, J=8.3, 7.3 and 2.0 Hz, ArH), 7.25 (d, 2H, J=8.3 Hz, ArH), 7.22 (dd, 1H, J=7.8 and 2.0 Hz, ArH), 7.18 (ddd, 1H, J=8.3, 7.8 and 2.0 Hz, ArH), 7.10 (dd, 1H, J=7.3 and 2.0 Hz, ArH), 7.09 (d, 2H, J=8.3 Hz, ArH),  3.22 (d, 1H, J=15.6 Hz, CHaHbCO), 2.82 (d, 1H, J=15.6 Hz, CHaHbCO), 1.72 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.2 (s, O–C=O), 151.1 (s, ArC), 142.5 (s, ArC), 133.1 (s, ArC), 130.2 (s, ArC), 129.0 (d, ArCH), 128.8 (d, 2C, 2 ( ArCH), 127.6 (d, 2C, 2 ( ArCH), 126.4 (d, ArCH), 124.8 (d, ArCH), 117.4 (d, ArCH), 43.6 (t, CH2CO), 40.8 [s, ArC(CH2CO)CH3], 27.5 [q, ArC(CH2CO)CH3] ppm. 

HR-MS: (ESI+) m/z calculated for [C16H13ClNaO2]+=[M+Na]+: 295.0502; found 295.0500.


[image: image79.emf]O

Me

O

67bb

Me

Cl


4-(4-Chlorophenyl)-4,7-dimethylchroman-2-one (67bb):


GP-1 was carried out on the ester 66b (112 mg, 0.5 mmol), meta-cresol 33b (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66b)=0.60, Rf(67bb)=0.40, (petroleum ether/ethyl acetate 94:6,UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67bb (103 mg, 72%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2964, 2925, 1766, 1579, 1494, 1413, 1257, 1213, 1162, 1096, 1048, 1012, 820, 736 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.24 (d, 2H, J=8.8 Hz, ArH), 7.09 (d, 2H, J=8.8 Hz, ArH), 7.08 (d, 1H, J=7.8 Hz, ArH), 6.98 (d, 1H, J=7.8 Hz, ArH), 6.91 (s, 1H, ArH), 3.20 (d, 1H, J=15.6 Hz, CHaHbCO), 2.79 (d, 1H, J=15.6 Hz, CHaHbCO), 2.36 (s, 3H, ArCH3), 1.69 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.4 (s, O–C=O), 151.0 (s, ArC), 142.8 (s, ArC), 139.4 (s, ArC), 133.0 (s, ArC), 128.8 (d, 2C, 2 ( ArCH), 127.6 (d, 2C, 2 ( ArCH), 127.1 (s, ArC), 126.1 (d, ArCH), 125.6 (d, ArCH), 117.8 (d, ArCH), 43.8 (t, CH2CO), 40.6 [s, ArC(CH2CO)CH3], 27.6 [q, ArC(CH2CO)CH3], 21.0 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H15ClO2Na]+=[M+Na]+: 309.0658; found 309.0656.
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4-(4-Chlorophenyl)-4,6-dimethylchroman-2-one (67bc):
GP-1 was carried out on the ester 66b (112 mg, 0.5 mmol), para-cresol 33c (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66b)=0.60, Rf(67bc)=0.45, (petroleum ether/ethyl acetate 94:6, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67bc (99 mg, 69%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2972, 2924, 1761, 1592, 1491, 1413, 1278, 1199, 1124, 1095, 1012, 914, 824, 717, 671 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.26 (d, 2H, J=8.8 Hz, ArH), 7.12 (dd, 1H, J=8.3 and 1.4 Hz, ArH), 7.10 (d, 2H, J=8.8 Hz, ArH), 7.01 (d, 1H, J=1.4 Hz, ArH), 6.99 (d, 1H, J=8.3 Hz, ArH), 3.20 (d, 1H, J=15.6 Hz, CHaHbCO), 2.80 (d, 1H, J=15.6 Hz, CHaHbCO), 2.35 (s, 3H, ArCH3), 1.72 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.4 (s, O–C=O), 149.1 (s, ArC), 142.6 (s, ArC), 134.5 (s, ArC), 133.1 (s, ArC), 129.8 (s, ArC), 129.5 (d, ArCH), 128.8 (d, 2C, 2 × ArCH), 127.7 (d, 2C, 2 × ArCH), 126.7 (d, ArCH), 117.2 (d, ArCH), 43.8 (t, CH2CO), 40.8 [s, ArC(CH2CO)CH3], 27.5 [q, ArC(CH2CO)CH3], 21.0 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H15ClO2Na]+=[M+Na]+: 309.0658; found 309.0650.
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4-(4-Chlorophenyl)-4,8-dimethylchroman-2-one (67bd):

GP-1 was carried out on the ester 66b (112.3 mg, 0.5 mmol), ortho-cresol 33d (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.0 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66b)=0.65, Rf(67bd)=0.56, (petroleum ether/ethyl acetate 94:6,UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67bd (85.8 mg, 60%), as colorless viscous liquid.

IR (MIR-ATR, 4000–600 cm-1): (max=2965, 2923, 1770, 1493, 1465,  1195, 1098, 1012, 828, 787, 754 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.26 (dd, 2H, J=8.8, and 2.4 Hz, ArH), 7.18 (dd, 1H, J=7.3 and 2.4 Hz, ArH), 7.10 (dd, 2H, J=8.8 and 2.4 Hz, ArH), 7.06 (dd, 2H, J=8.8 and 2.4 Hz, ArH), 3.22 (d, 1H, J=15.6 Hz, CHaHbCO), 2.80 (d, 1H, J=15.7 Hz, CHaHbCO), 2.31 (s, 3H, ArCH3), 1.70 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.3 (s, O–C=O), 149.4 (s, ArC), 142.7 (s, ArC), 133.0 (s, ArC), 130.5 (d, ArCH), 130.0 (s, ArC), 128.6 (d, 2C, 2 ( ArCH), 127.7 (d, 2C, 2 ( ArCH), 126.8 (s, ArC), 124.3 (d, ArCH), 123.9 (d, ArCH), 43.5 (t, CH2CO), 40.9 [s, ArC(CH2CO)CH3], 27.7 [q, ArC(CH2CO)CH3], 15.9 (q, ArCH3) ppm. 

HR-MS:  (APCI+) m/z calculated for [C17H16O2Cl]+=[M+H]+: 287.0833; found: 287.0824.
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4-(4-Chlorophenyl)-4-methyl-3,4-dihydro-2H-benzo[h]chromen-2-one (67be):

GP-1 was carried out on the ester 66b (112.3 mg, 0.5 mmol), 1-naphthol 33e (108.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66b)=0.60, Rf(67be)=0.50, (petroleum ether/ethyl acetate 94:6,UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:2 to 94:6) as eluent furnished the lactone 67be (77.8 mg, 56%), as white solid, which was recrystallized with dichloromethane/hexane, m. p. 152–154 (C. 

IR (MIR-ATR, 4000–600 cm-1): (max=2958, 2921, 2851, 1767, 1493, 1463, 1374, 1247, 1191, 1151, 1068, 1012, 816, 751, 699, 660 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=8.28 (dd, 1H, J=6.8, and 2.4 Hz, ArH), 7.84 (dd, 1H, J=6.8 and 2.4 Hz, ArH), 7.66 (d, 1H, J=8.8 Hz, ArH), 7.60–7.52 (m, 2H, ArH), 7.25 (dd, 3H, J=8.8 and 2.0 Hz, ArH), 7.15 (dd, 2H, J=8.8 and 2.0 Hz, ArH), 3.29 (d, 1H, J=15.6 Hz, CHaHbCO), 2.94 (d, 1H, J=15.6 Hz, CHaHbCO), 1.81 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.0 (s, O–C=O), 146.2 (s, ArC), 142.8 (s, ArC), 133.7 (s, ArC), 133.2 (s, ArC), 128.9 (d, 2C, 2 ( ArCH), 127.8 (d, 2C, 2 ( ArCH), 127.5 (d, ArCH), 127.0 (d, ArCH), 126.9 (d, ArCH), 124.5 (s, ArC), 124.5 (d, ArCH), 123.7 (s, ArC), 123.2 (d, ArCH), 121.6 (d, ArCH), 44.2 (t, CH2CO), 41.1 [s, ArC(CH2CO)CH3], 27.4 [q, ArC(CH2CO)CH3] ppm. 

HR-MS: (APCI+) m/z calculated for [C20H16O2Cl]+=[M+H]+: 323.0833; found: 323.0822.
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1-(4-Chlorophenyl)-1-methyl-1,2-dihydro-3H-benzo[f]chromen-3-one (67bf):

GP-1 was carried out on the ester 66b (112 mg, 0.5 mmol), β-naphthol 33f (108.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66b)=0.60, Rf(67bf)=0.50, (petroleum ether/ethyl acetate 94:6, UV detection)].  Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67bf (110 mg, 68%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2964, 2925, 1777, 1600, 1513, 1492, 1458, 1336, 1212, 1096, 1012, 913, 814, 748 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.80 (dd, 2H, J=8.8 and 7.3 Hz, ArH), 7.36–7.30 (m, 2H, ArH), 7.28 (d, 2H, J=8.3 Hz, ArH), 7.20 (d, 2H, J=8.3 Hz, ArH), 7.14 (ddd, 1H, J=8.8, 8.8 and 1.5 Hz, ArH), 7.11 (d, 1H, J=8.8 Hz, ArH),   3.00 (d, 1H, J=15.6 Hz, CHaHbCO), 2.84 (d, 1H, J=15.6 Hz, CHaHbCO), 1.93 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=166.2 (s, O–C=O), 149.8 (s, ArC), 145.5 (s, ArC), 132.8 (s, ArC), 131.9 (s, ArC), 130.3 (d, ArCH),130.1 (s, ArC), 129.2 (d, 2C, 2 × ArCH), 129.0 (d, ArCH), 127.4 (d, 2C, 2 × ArCH), 126.0 (d, ArCH), 125.7 (d, ArCH), 124.6 (d, ArCH), 122.0 (s, ArC), 117.8 (d, ArCH), 47.8 (t, CH2CO), 42.6 [s, ArC(CH2CO)CH3], 24.7 [q, ArC(CH2CO)CH3] ppm. 

HR-MS: (ESI+) m/z calculated for [C20H15ClNaO2]+=[M+Na]+: 345.0658; found 345.0655.
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4-Methyl-4-(4-methylphenyl)chroman-2-one (67ca): 

GP-1 was carried out on the ester 66c (102.0 mg, 0.50 mmol), phenol 33a (69.8 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulting reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66c)=0.70, Rf(67ca)=0.50, (petroleum ether/ethyl acetate 95:5, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 94:6 as eluent) furnished the lactone 67ca (68.1 mg, 54%), as liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2924, 1761, 1596, 1494, 1418, 1281, 1250, 1201, 1136, 1125, 1052, 915, 813 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.31 (ddd, 1H, J=7.8, 7.8 and 1.5 Hz, ArH), 7.21 (dd, 1H, J=7.8 and 1.5 Hz, ArH), 7.16 (ddd, 1H, J=7.8, 7.8 and 1.5 Hz, ArH), 7.13(7.07 (m, 3H, ArH), 7.05 (d, 2H, J=8.3 Hz, ArH), 3.26 [d, 1H, J=15.6 Hz, ArC(CH3)CHaHbCO], 2.80 [d, 1H, J=15.6 Hz, ArC(CH3)CHaHbCO], 2.30 (s, 3H, ArCH3), 1.72 [s, 3H, ArC(CH3)CH2CO] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.7 (s, O–C=O), 151.1 (s, ArC), 140.9 (s, ArC), 136.8 (s, ArC), 131.0 (s, ArC), 129.4 (d, 2C, 2 × ArCH), 128.6 (d, ArCH), 126.6 (d, ArCH), 126.0 (d, 2C, 2 × ArCH), 124.7 (d, ArCH), 117.3 (d, ArCH), 43.8 (t, CH2CO), 40.8 [s, ArC(CH3)CH2CO], 27.5 [q, ArC(CH3)CH2CO], 20.8 (q, ArCH3) ppm.

HR-MS: (ESI+) m/z calculated for [C17H17O2]+=[M+H]+: 253.1229; found 253.1219.
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4,7-Dimethyl-4-(4-methylphenyl)chroman-2-one (67cb):

GP-1 was carried out on the ester 66c (102.0 mg, 0.50 mmol), meta-cresol 33b (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulting reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66c)=0.70, Rf(67cb)=0.50, (petroleum ether/ethyl acetate 95:5, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 94:6 as eluent) furnished the lactone 67cb (90.4 mg, 68%), as yellow viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max= 2922, 1766, 1578, 1506, 1449, 1414, 1253, 1200, 1164, 1124, 1048, 815 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.11 (d, 1H, J=7.8 Hz, ArH), 7.10 (d, 2H, J=8.3 Hz, ArH), 7.05 (d, 2H, J=8.3 Hz, ArH), 6.98 (d, 1H, J=7.8 Hz, ArH), 6.91 (s, 1H, ArH), 3.24 [d, 1H, J=15.6 Hz, ArC(CH3)CHaHbCO], 2.78 [d, 1H, J=15.6 Hz, ArC(CH3)CHaHbCO], 2.36 (s, 3H, ArCH3), 2.30 (s, 3H, ArCH3), 1.70 [s, 3H, ArC(CH3)CH2CO] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.8 (s, O–C=O), 150.9 (s, ArC), 141.1 (s, ArC), 138.8 (s, ArC), 136.6 (s, ArC), 129.3 (d, 2C, 2 × ArCH), 127.8 (s, ArC), 126.2 (d, ArCH), 126.0 (d, 2C, 2 × ArCH), 125.3 (d, ArCH), 117.6 (d, ArCH), 43.9 (t, CH2CO), 40.4 [s, ArC(CH3)CH2CO], 27.5 [q, ArC(CH3)CH2CO], 20.9 (q, ArCH3), 20.8 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C18H18NaO2]+=[M+Na]+: 289.1199; found 289.1197.
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4,6-Dimethyl-4-(4-methylphenyl)chroman-2-one (67cc):

GP-1 was carried out on the ester 66c (102.0 mg, 0.5 mmol), para-cresol 33c (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulting reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66c)=0.70, Rf(67cc)=0.48, (petroleum ether/ethyl acetate 95:5, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 94:6 as eluent) furnished the lactone 67cc (107.7 mg, 81%), as yellow viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2921, 1763, 1594, 1493, 1416, 1279, 1199, 1134, 1123, 1051, 913, 814 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.15–7.08  (m, 3H, ArH), 7.06 (d, 2H, J=8.3 Hz, ArH), 7.01 (d, 1H, J=1.5 Hz, ArH), 6.98 (d, 1H, J=8.3 Hz, ArH), 3.33 [d, 1H, J=15.6 Hz, ArC(CH3)CHaHbCO], 2.78 [d, 1H, J=15.6 Hz, ArC(CH3)CHaHbCO], 2.33 (s, 3H, ArCH3), 2.30 (s, 3H, ArCH3), 1.71 [s, 3H, ArC(CH3)CH2CO] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 149.1 (s, ArC), 141.0 (s, ArC), 136.7 (s, ArC), 134.2 (s, ArC), 130.6 (s, ArC), 129.3 (d, 2C, 2 × ArCH), 129.1 (d, ArCH), 126.9 (d, ArCH), 126.0 (d, 2C, 2 × ArCH), 117.0 (d, ArCH), 43.9 (t, CH2CO), 40.7 [s, ArC(CH3)CH2CO], 27.5 [q, ArC(CH3)CH2CO], 20.9 (q, ArCH3), 20.8 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C18H18NaO2]+=[M+Na]+: 289.1199; found 289.1199.
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4-Ethyl-7-methyl-4-phenylchroman-2-one (67db):

GP-1 was carried out on the ester 66d (102.0 mg, 0.5 mmol), meta-cresol 33b (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66d)=0.60, Rf(67db)=0.45, (petroleum ether/ethyl acetate 94:6, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67db (107.5 mg, 85%), as colorless viscous liquid.

IR (MIR-ATR, 4000–600 cm-1): (max=2970, 2924, 1762, 1623, 1577, 1446, 1412, 1208, 1192, 1161, 1150, 1061, 814, 759, 698 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.27 (dd, 2H, J=7.3 and 7.3 Hz, ArH), 7.22‒7.10 (m, 4H, ArH), 6.99 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 6.88 (d, 1H, J=1.0 Hz, ArH), 3.25 (d, 1H, J=15.6 Hz, CHaHbCO), 2.81 (d, 1H, J=15.6 Hz, CHaHbCO), 2.34 (s, 3H, Ar-CH3), 2.25‒2.00 (m, 2H, CH2CH3), 0.88 (t, 3H, J=7.3 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=168.3 (s, O–C=O), 151.4 (s, ArC), 143.1 (s, ArC), 138.8 (s, ArC), 128.5 (d, 2C, 2 × ArCH), 126.8 (d, ArCH), 126.7 (d, ArCH), 126.6 (d, 2C, 2 × ArCH), 126.0 (s, ArC), 125.0 (d, ArCH), 117.9 (d, ArCH), 44.5 [s, ArC(CH2CO)Et], 39.8 (t, CH2CO), 32.1 (t, CH2CH3), 20.9 (q, ArCH3), 8.8 (q, CH2CH3),  ppm. 

HR-MS: (ESI+) m/z calculated for [C18H18NaO2]+=[M+Na]+: 289.1199; found 289.1200.
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4-Ethyl-6-methyl-4-phenylchroman-2-one (67dc):

GP-1 was carried out on the ester 66d (102.0 mg, 0.5 mmol), para-cresol 33c (81.0 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66d)=0.60, Rf(67dc)=0.45, (petroleum ether/ethyl acetate 94:6, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67dc (107.5 mg, 85%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2970, 2924, 1764, 1598, 1491, 1259, 1197, 1124, 1060, 922, 823, 734, 698 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.29 (dd, 2H, J=7.8 and 7.3 Hz, ArH), 7.23‒7.14 (m, 3H, ArH), 7.12‒7.05 (m, 2H, ArH), 6.96 (d, 1H, J=8.8 Hz, ArH), 3.25 (d, 1H, J=15.6 Hz, CHaHbCO), 2.81 (d, 1H, J=15.6 Hz, CHaHbCO), 2.36 (s, 3H, Ar-CH3), 2.21‒2.02 (m, 2H, CH2CH3), 0.90 (t, 3H, J=7.3 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=168.4 (s, O–C=O), 149.5 (s, ArC), 143.0 (s, ArC), 133.9 (s, ArC), 129.0 (d, ArCH), 128.8 (s, ArC), 128.6 (d, 2C, 2 × ArCH), 127.3 (d, ArCH), 126.9 (d, ArCH), 126.7 (d, 2C, 2 × ArCH), 117.2 (d, ArCH), 44.7 [s, ArC(CH2CO)Et], 39.7 (t, CH2CO), 32.1 (t, CH2CH3), 21.0 (q, Ar-CH3), 8.8 (q, CH2CH3)  ppm. 

HR-MS: (ESI+) m/z calculated for [C18H18NaO2]+=[M+Na]+: 289.1199; found 289.1198.
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4-Methyl-4,8-diphenylchroman-2-one (67ag):

GP-1 was carried out on the ester 66a (95.0 mg, 0.5 mmol), 2-phenylphenol 33g (127.5 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperaturefor 20 h. [TLC control Rf(66a)=0.60, Rf(67ag)=0.50, (petroleum ether/ethyl acetate 94:6,UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67ag (54.9 mg, 35%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=3342, 2922, 2852, 1770, 1680, 1640, 1454, 1426, 1256, 1198, 1120, 1068, 1023, 762, 699, 653 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.52 (dd, 2H, J=8.3, and 1.5Hz, ArH), 7.42 (dd, 2H, J=7.8 and 7.3Hz, ArH), 7.37 (dd, 2H, J=6.4and 2.4Hz, ArH), 7.32 (dd, 2H, J=7.8 and 1.5 Hz, ArH), 7.24 (ddd, 5H, J=7.8, 6.4 and 1.5 Hz, ArH), 3.32 (d, 1H, J=15.6 Hz, CHaHbCO), 2.86 (d, 1H, J=15.6 Hz, CHaHbCO), 1.78 [s, 3H, ArC(CH2CO)CH3] ppm.

13C NMR (CDCl3, 100 MHz): δ=167.2 (s, O–C=O), 148.0 (s, ArC), 144.0 (s, ArC), 136.6 (s, ArC), 131.5 (s, ArC), 130.8 (s, ArC), 130.4 (d,ArCH), 129.6 (d, 2C, 2(ArCH), 128.8 (d, 2C, 2(ArCH), 128.3 (d, 2C, 2(ArCH),127.6 (d, ArCH), 127.2 (d, ArCH), 126.3 (d, 2C, 2(ArCH), 125.9 (s, ArCH), 124.6 (d, ArCH),43.5 (t, CH2CO), 41.4 [s, ArC(CH2CO)CH3], 27.8 [q, ArC(CH2CO)CH3] ppm. 

HR-MS: (APCI+) m/z calculated for [C22H19O2]+=[M+H]+: 315.1380; found: 315.1372
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4-(4-Chlorophenyl)-4-methyl-8-phenylchroman-2-one (67bg):

GP-1 was carried out on the ester 66b (112.3 mg, 0.5 mmol), 2-phenylphenol 33g (127.5 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 6 h. [TLC control Rf(66b)=0.60, Rf(67bg)=0.50, (petroleum ether/ethyl acetate 94:6,UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the lactone 67bg (64.5 mg, 37%), as white solid, which was recrystallized with dichloromethane/hexane, m. p. 172–174 (C.

IR (MIR-ATR, 4000–600 cm-1): (max=3342, 2922, 2852, 1770, 1680, 1640, 1454, 1426, 1256, 1198, 1120, 1068, 1023, 762, 699, 653 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.50 (ddd, 2H, J=9.8, 8.8  and 1.5 Hz, ArH), 7.41 (dd, 2H, J=7.3 and 1.5 Hz, ArH), 7.36 (dd, 2H, J=6.4 and 2.9 Hz, ArH), 7.31 (dd, 2H, J=7.8 and 1.5 Hz, ArH), 7.22 (dd, 5H, J=8.3 and 2.0 Hz, ArH), 3.31 (d, 1H, J=15.6 Hz, CHaHbCO), 2.85 (d, 1H, J=15.6 Hz, CHaHbCO), 1.77 [s, 3H, ArC(CH2CO)CH3] ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.2 (s, O–C=O), 147.9 (s, ArC), 143.9 (s, ArC), 136.5 (s, ArC), 131.5 (s, ArC), 130.5 (s, ArC), 130.3 (d,ArCH), 129.6 (d, 2C, 2(ArCH), 128.7 (d, 2C, 2(ArCH), 128.2 (d, 2C, 2(ArCH), 127.5 (d, ArCH), 127.2 (d, ArCH), 126.2 (d, 2C, 2(ArCH), 125.8 (d, ArCH), 124.5 (d, ArCH), 120.7 (s, ArC), 115.8 (s, ArC), 43.4 (t, CH2CO), 41.4 [s, ArC(CH2CO)CH3], 27.5 [q, ArC(CH2CO)CH3] ppm. 

HR-MS: (ESI+) m/z calculated for [C22H18O2Cl]+=[M+H]+: 349.0995; found: 349.0993.
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ethyl 3-(6-hydroxy-1,1'-biphenyl-3-yl)-3-phenylbutanoate (65ag):

GP-1 was carried out on the ester 66a (95.1 mg, 0.5 mmol), 2-phenyl phenol 33g (127.5 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 12 h. [TLC control Rf(66a)=0.60, Rf(65ag)=0.30, (petroleum ether/ethyl acetate 92:8, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the Michael addition ester 65ag (94.0 mg, 52%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=3412, 2978, 2926, 1712, 1507, 1490, 1406, 1369, 1322, 1273, 1222, 1157, 1095, 1012, 829, 700 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.50–7.40 (m, 3H, ArH), 7.36 (t, 1H, J=7.3 Hz, ArH), 7.30–7.13 (m, 6H, ArH), 7.08 (d, 1H, J=2.4 Hz, ArH), 7.04 (dd, 1H, J=8.3 and 2.4 Hz, ArH), 6.86 (d, 1H, J=8.3 Hz, ArH ), 5.28 (s, 1H, ArOH), 3.88 (q, 2H, J=7.3 Hz, OCH2CH3), 3.11 (s, 2H, CH2COOEt), 1.86 [s, 3H, ArC(CH2CO)CH3], 0.97 (t, 3H, J=7.3 Hz, OCH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=171.4 (s, O–C=O), 150.6 (s, ArC), 148.5 (s, ArC), 140.5 (s, ArC), 137.4 (s, ArC), 129.1 (d, 2C, 2 × ArCH), 129.0 (d, 2C, 2 × ArCH), 128.9 (d, ArCH), 128.0 (d, ArCH), 127.9 (d, 2C, 2 × ArCH), 127.7 (d, ArCH), 127.4 (s, ArC), 127.0 (d, 2C, 2 × ArCH), 126.0 (d, ArCH), 115.3 (d, ArCH), 60.0 (t, OCH2CH3), 46.8 (t, CH2COOEt), 45.0 (s, ArCCH2COOEt), 28.5 [q, ArC(CH2COOEt)CH3], 13.9 (q, OCH2CH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C24H24NaO3]+=[M+Na]+: 383.1618; found 383.1630.

[image: image92.emf]COOEt

Me

Ph

OH

65bg

Cl


Ethyl 3-(4-chlorophenyl)-3-(6-hydroxy-1,1'-biphenyl-3-yl)butanoate (65bg):
GP-1 was carried on the ester 66b (112 mg, 0.5 mmol), 2-phenyl phenol 33g (127.5 mg, 0.75 mmol), anhydrous FeCl3 (243.3 mg, 1.5 mmol) and followed by addition of DCE (2 mL). The resulted reaction mixture was stirred at room temperature for 12 h. [TLC control Rf(66b)=0.60, Rf(65bg)=0.30, (petroleum ether/ethyl acetate 92:8, UV detection)].  Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 96:4 to 94:6) as eluent furnished the Michael addition ester 65bg (80.0 mg, 54%), as colorless viscous liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=3429, 2978, 2922, 1712, 1507, 1490, 1464, 1406, 1369, 1273, 1222, 1157, 1095, 1012, 829, 700 cm-1.

1H NMR (CDCl3, 400 MHz): δ=7.52–7.30 (m, 5H,  ArH), 7.22 (d, 2H, J=8.8 Hz, ArH),7.15 (d, 2H, J=8.8 Hz, ArH), 7.03 (d, 1H, J=2.4 Hz, ArH), 7.00 (dd, 1H, J=8.8 and 2.4 Hz, ArH), 6.84 (d, 1H, J=8.8 Hz, ArH ), 5.38 (br. s, 1H, ArOH), 3.88 (q, 2H, J=7.3 Hz, OCH2CH3), 3.07 (s, 2H, CH2COOEt), 1.83 [s, 3H, ArC(CH2COOEt)CH3], 0.98 (t, 3H, J=7.3 Hz, OCH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=171.2 (s, O–C=O), 150.8 (s, ArC), 146.9 (s, ArC), 140.1 (s, ArC), 137.2 (s, ArC), 131.8 (s, ArC), 129.1 (d, 2C, 2 × ArCH), 129.0 (d, 2C, 2 × ArCH), 128.8 (d, ArCH), 128.5 (d, 2C, 2 × ArCH), 128.1 (d, 2C, 2 × ArCH), 127.8 (d, 2C, ArCH), 127.6 (s, ArC), 115.5 (d, ArCH), 60.2 (t, OCH2CH3), 46.6 (t, CH2COOEt), 44.7 [s, ArC(CH2COOEt)CH3], 28.5 [q, ArC(CH2COOEt)CH3], 13.9 (q, OCH2CH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C24H23O3ClNa]+=[M+Na]+: 417.1228; found 417.1229.
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3',4'-Dihydro-2'H-spiro[chromene-4,1'-naphthalen]-2(3H)-one (70aa):

GP-2 was carried out on the ester 69a (108.0 mg, 0.50 mmol), phenol 33a (235.0 mg, 2.5 mmol), anhydrous FeCl3 (405.0 mg, 2.5 mmol) and benzene (2 mL). The resulting reaction mixture was stirred at room temperature for 2 h. [TLC control Rf(69a)=0.73, Rf(70aa)=0.56, (petroleum ether/ethyl acetate 95:05, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 97:3 to 95:5 as eluent) furnished the spirolactone 70aa (52.8 mg, 40%), as liquid.

IR (MIR-ATR, 4000–600 cm-1): (max=2923, 2852, 1774, 1484, 1449, 1252, 1197, 1068, 920 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.30–7.12 (m, 4H, ArH), 7.10 (dd, 1H, J=8.3 and 1.0 Hz, ArH), 7.05 (d, 1H, J=7.8 Hz, ArH), 6.98 (ddd, 1H, J=7.8, 7.3 and 1.5 Hz, ArH), 6.64 (dd, 1H, J=7.8 and 1.5 Hz, ArH), 3.20 (d, 1H, J=15.6 Hz, CHaHbCO), 2.95 (d, 1H, J=15.6 Hz, CHaHbCO), 2.88 (dd, 2H, J=7.8 and 5.4 Hz, ArCH2CH2CH2), 1.95 (dd, 2H, J=5.9 and 5.4 Hz, ArCH2CH2CH2), 1.87–1.65 (m, 2H, ArCH2CH2CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.8 (s, O–C=O), 150.8 (s, ArC), 138.4 (s, ArC), 137.9 (s, ArC), 132.4 (s, ArC), 129.6 (d, ArCH), 128.6 (d, ArCH), 128.3 (d, ArCH), 128.1 (d, ArCH), 127.1 (d, ArCH), 126.5 (d, ArCH), 124.3 (d, ArCH), 117.0 (d, ArCH), 43.4 (t, CH2CO), 41.2 (s, ArCCH2CO), 36.0 (t, CH2), 30.0 (t, CH2), 18.6 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C18H17O2]+=[M+H]+: 265.1223; found 265.1216.
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7-Methyl-3',4'-dihydro-2'H-spiro[chromene-4,1'-naphthalen]-2(3H)-one (70ab):

GP-2 was carried out on the ester 69a (108.0 mg, 0.50 mmol), meta-cresol 33b (270.0 mg, 2.5 mmol), anhydrous FeCl3 (405.0 mg, 2.5 mmol) and benzene (2 mL). The resulting reaction mixture was stirred at room temperature for 2 h. [TLC control Rf(69a)=0.75, Rf(70ab)=0.55, (petroleum ether/ethyl acetate 95:5, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 97:3 to 95:5 as eluent) furnished the lactone 70ab (86.2 mg, 62%), as liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2920, 2851, 1769, 1578, 1490, 1448, 1163, 1065, 759 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.25–7.09  (m, 3H, ArH), 7.05  (d, 1H, J=7.8 Hz, ArH), 6.91 (d, 1H, J=1.0 Hz, ArH), 6.80 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 6.52 (d, 1H, J=7.8 Hz, ArH), 3.17 (d, 1H, J=15.6 Hz, CHaHbCO), 2.93 (d, 1H, J=15.6 Hz, CHaHbCO), 2.87 (dd, 2H, J=7.8 and 5.4 Hz, ArCH2CH2CH2), 2.32 (s, 3H, ArCH3), 1.92 (dd, 2H, J=6.4 and 5.4 Hz, ArCH2CH2CH2), 1.85–1.65 (m, 2H, ArCH2CH2CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=168.0 (s, O–C=O), 150.7 (s, ArC), 138.5 (s, ArC), 138.4 (s, ArC), 138.1 (s, ArC), 129.5 (d, ArCH), 129.3 (s, ArC), 128.3 (d, ArCH), 128.1 (d, ArCH), 127.0 (d, ArCH), 126.4 (d, ArCH), 125.0 (d, ArCH), 117.4 (d, ArCH), 43.5 (t, CH2CO), 40.9 (s, ArCCH2CO), 36.1 (t, CH2), 30.0 (t, CH2), 20.9 (q, ArCH3), 18.6 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H19O2]+=[M+H]+: 279.1380; found 279.1371.


[image: image95.emf]O O

70ac

Me


6-Methyl-3',4'-dihydro-2'H-spiro[chromene-4,1'-naphthalen]-2(3H)-one (70ac):

GP-2 was carried out on the ester 69a (108.0 mg, 0.50 mmol), para-cresol 33c (270.0 mg, 2.5 mmol), anhydrous FeCl3 (405.0 mg, 2.5 mmol) and benzene (2 mL). The resulting reaction mixture was stirred at room temperature for 2 h. [TLC control Rf(69a)=0.73, Rf(70ac)=0.58, (petroleum ether/ethyl acetate 95:5, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 97:3 to 95:5 as eluent) furnished the lactone 70ac (61.2 mg, 44%), as liquid.

IR (MIR-ATR, 4000–600 cm-1): (max=2921, 2851, 1766, 1578, 1446, 1202, 1162, 962, 729 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.25–7.10 (m, 3H, ArH), 7.05 (d, 1H, J=7.3 Hz, ArH), 7.03 (dd, 1H, J=8.3 and 1.5 Hz, ArH), 6.98 (d, 1H, J=8.3 Hz, ArH), 6.43 (d, 1H, J=1.5 Hz, ArH), 3.15 (d, 1H, J=15.6 Hz, CHaHbCO), 2.92 (d, 1H, J=15.6 Hz, CHaHbCO), 2.91–2.80 (m, 2H, ArCH2CH2CH2), 2.18 (s, 3H, ArCH3), 1.93 (dd, 2H, J=5.9 and 5.4 Hz, ArCH2CH2CH2), 1.87–1.65 (m, 2H, ArCH2CH2CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 148.9 (s, ArC), 138.4 (s, ArC), 138.1 (s, ArC), 133.9 (s, ArC), 132.1 (s, ArC), 129.6 (d, ArCH), 128.8 (d, ArCH), 128.7 (d, ArCH), 128.2 (d, ArCH), 127.0 (d, ArCH), 126.5 (d, ArCH), 116.8 (d, ArCH), 43.6 (t, CH2CO), 41.3 (s, ArCCH2CO), 36.1 (t, CH2), 30.0 (t, CH2), 20.8 (q, ArCH3), 18.7 (t, CH2) ppm. 
HR-MS: (ESI+) m/z calculated for [C19H19O2]+=[M+H]+: 279.1380; found 279.1369.
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8-Methyl-3',4'-dihydro-2'H-spiro[chromene-4,1'-naphthalen]-2(3H)-one (70ad):

GP-2 was carried out on the ester 69a (108.0 mg, 0.50 mmol), ortho-cresol 33d (270.0 mg, 2.5 mmol), anhydrous FeCl3 (405.0 mg, 2.5 mmol) and benzene (2 mL). The resulting reaction mixture was stirred at room temperature for 2 h. [TLC control Rf(69a)=0.73, Rf(70ad)=0.58, (petroleum ether/ethyl acetate 95:5, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 97:3 to 95:5 as eluent) furnished the lactone 70ad (54.2 mg, 39%), as liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2921, 2851, 1773, 1462, 1243, 1192, 1085, 920 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.25–7.12  (m, 3H, ArH), 7.08  (d, 1H, J=7.3 Hz, ArH), 7.05 (d, 1H, J=7.8 Hz, ArH), 6.87 (dd, 1H, J=7.8 and 7.3 Hz, ArH), 6.45 (d, 1H, J=7.8 Hz, ArH), 3.20 (d, 1H, J=15.6 Hz, CHaHbCO), 2.92 (d, 1H, J=15.6 Hz, CHaHbCO), 2.87 (dd, 2H, J=7.3 and 5.9 Hz, ArCH2CH2CH2), 2.35 (s, 3H, ArCH3), 2.05–1.90 (m, 2H, ArCH2CH2CH2), 1.85–1.65 (m, 2H, ArCH2CH2CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 149.1 (s, ArC), 138.4 (s, ArC), 138.2 (s, ArC), 132.2 (s, ArC), 129.8 (d, ArCH), 129.6 (d, ArCH), 128.1 (d, ArCH), 127.0 (d, ArCH), 126.4 (d, ArCH), 126.2 (1s and 1d, 2C, ArC and ArCH), 123.6 (d, ArCH), 43.3 (t, CH2CO), 41.2 (s, ArCCH2CO), 35.8 (t, CH2), 30.0 (t, CH2), 18.6 (t, CH2), 15.9 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H19O2]+=[M+H]+: 279.1380; found 279.1362.
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3',4',7,10-Tetrahydro-2'H-spiro[benzo[f]chromene-1,1'-naphthalen]-3(2H)-one (70af):

GP-2 was carried out on the ester 69a (108.0 mg, 0.50 mmol), phenol 33f (360.0 mg, 2.5 mmol), anhydrous FeCl3 (405.0 mg, 2.5 mmol) and benzene (2 mL). The resulting reaction mixture was stirred at room temperature for 2 h. [TLC control Rf(69a)=0.73, Rf(70af)=0.55, (petroleum ether/ethyl acetate 95:5, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 97:3 to 95:5 as eluent) furnished the lactone 70af (80.7 mg, 51%), as liquid. 

IR (MIR-ATR, 4000–600 cm-1): (max=2917, 2849, 1773, 1600, 1461, 1210, 1174, 1025, 812 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.79  (d, 1H, J=9.3 Hz, ArH), 7.78  (d, 1H, J=8.3 Hz, ArH), 7.28 (ddd, 1H, J=8.3, 7.8 and 1.5 Hz, ArH), 7.27 (d, 1H, J=9.3 Hz, ArH), 7.22 (d, 1H, J=7.8 Hz, ArH), 7.15 (ddd, 1H, J=7.8, 7.8 and 1.5 Hz, ArH), 7.08 (ddd, 1H, J=8.8, 8.3 and 1.5 Hz, ArH), 7.05 (d, 1H, J=8.8 Hz, ArH), 6.95 (dd, 1H, J=8.3 and 7.8 Hz, ArH), 6.77  (d, 1H, J=7.8 Hz, ArH), 3.31 (d, 1H, J=15.6 Hz, CHaHbCO), 3.13–2.92 (m, 2H, ArCH2CH2CH2), 2.98 (d, 1H, J=15.6 Hz, CHaHbCO), 2.35–2.20 (m, 1H, CHaHb), 2.16–1.90 (m, 3H, CHaHb and CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=166.7 (s, O–C=O), 150.1 (s, ArC), 141.8 (s, ArC), 136.0 (s, ArC), 132.1 (s, ArC), 130.1 (d, ArCH), 130.0 (s, ArC), 129.5 (d, ArCH), 128.9 (d, ArCH), 128.3 (d, ArCH), 126.9 (d, ArCH), 126.7 (d, ArCH), 125.8 (d, ArCH), 125.6 (d, ArCH), 124.3 (d, ArCH), 123.5 (s, ArC), 117.7 (d, ArCH), 44.5 (t, CH2CO), 42.4 (s, ArCCH2CO), 33.4 (t, CH2), 29.8 (t, CH2), 18.8 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C22H19O2]+=[M+H]+: 315.1380; found 315.1369.
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7,7'-Dimethyl-3',4'-dihydro-2'H-spiro[chromene-4,1'-naphthalen]-2(3H)-one (70bb):

GP-2 was carried out on the ester 69b (115.0 mg, 0.50mmol), meta-cresol 33b (270.0 mg, 2.5 mmol), anhydrous FeCl3 (405.0 mg, 2.5 mmol) and benzene (2 mL). The resulting reaction mixture was stirred at room temperature for 2 h. [TLC control Rf(69b)=0.73, Rf(70bb)=0.55, (petroleum ether/ethyl acetate 95:5, UV detection)]. Purification of the residue on a silica gel column chromatography (petroleum ether/ethyl acetate 97:3 to 95:5 as eluent) furnished the lactone 70bb (62.8 mg, 43%), as liquid. 

1H NMR (CDCl3, 400 MHz): δ=7.07 (d, 1H, J=7.8 Hz, ArH), 7.01 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 6.91 (d, 1H, J=1.0 Hz, ArH), 6.85 (s, 1H, ArH), 6.80 (d, 1H, J=7.8 Hz, ArH), 6.52 (d, 1H, J=7.8 Hz, ArH), 3.18 (d, 1H, J=15.6 Hz, CHaHbCO), 2.91 (d, 1H, J=15.6 Hz, CHaHbCO), 2.82 (dd, 2H, J=5.9 and 5.4 Hz, ArCH2CH2CH2), 2.32 (s, 3H, ArCH3), 2.23 (s, 3H, ArCH3), 1.89 (dd, 2H, J=6.3 and 5.4 Hz, ArCH2CH2CH2), 1.84–1.62 (m, 2H, ArCH2CH2CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=168.1 (s, O–C=O), 150.7 (s, ArC), 138.5 (s, ArC), 137.8 (s, ArC), 135.9 (s, ArC), 135.3 (s, ArC), 129.5 (s, ArC), 129.4 (d, ArCH), 128.4 (d, ArCH), 128.3 (d, ArCH), 128.0 (d, ArCH), 125.0 (d, ArCH), 117.3 (d, ArCH), 43.5 (t, CH2CO), 40.9 (s, ArCCH2CO), 36.2 (t, CH2), 29.6 (t, CH2), 21.1 (q, ArCH3), 20.9 (q, ArCH3), 18.7 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C20H21O2]+=[M+H]+: 293.1536; found 293.1525.
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CHAPTER II



One-Pot CC & CO Bonds Formation: Synthesis of Spirocyclic Lactones
II.1 INTRODUCTION:


Construction of CC and/or Cheteroatom bond(s) has led to explorations of innovative and alternate methods in organic synthesis. As a more sustaining approach, one-pot multiple bond forming reactions by employing one or more catalysts1 have been very interesting modification in synthetic chemistry. In this context, domino one-pot methods2 like telescoping synthesis have evolved, for the construction of two or more bonds in a single vessel, that reduces the chemicals required for a sequence of product purifications. It also lowers the loss in yield, thus saving time and resources.


Lewis acid catalysis or Lewis acid mediated transformations have been an important area in organic synthesis resulting in more milder and effective routes towards the synthesis of varied organic molecules. Acids and bases have been long known in the history of chemistry. Svante A. Arrhenius defined acids as proton (H+) producing agents and bases as hydroxide (OH-) producers in aqueous medium.3 Johannes N. Brønsted and Thomas M. Lowry modified this concept and extended the acid‐base theory by characterizing acids as proton donors and bases as proton acceptors.4 However, the non-protic acids still remained uncategorized, till, Gilbert N. Lewis in 1938, presented a critical and essential explanation on acidic and basic nature of compounds on the basis of the electron lone pair.5 Gilbert Lewis defined an acid as a compound with an electron deficiency and an unoccupied orbital capable of accepting an electron pair. Whereas, Lewis base donates an electron pair from an occupied orbital. Overall, the reaction transformations involve the formation of Lewis adducts, through a coordinative bond. Ralph G. Pearson, proposed the HSAB theory in which he segregated Lewis acids and bases as hard and soft acids and bases. The theory describes the bond quality of a Lewis adduct in terms of ionic radii, charge distribution and polarizability. This has in turn aided to a qualitative understanding of the chemical reaction in particular, for the reactivity of Lewis acids and their application to activate molecules bearing Lewis basic centers. Lewis acids play a very important role in the activation of σ‐ and π‐bonds. For example, the σ‐complex is evidently seen in the activation of carbonyl compounds.6 Owing to the versatile impact of the Lewis acids to activate the otherwise difficult to activate inert functionalities, Lewis acid mediated domino reactions have been highly promoted in the synthetic field to aid the synthesis of varied novel compounds.


Spirocyclic structures have profound utility in the pharmaceutics and most often, it is reported that due to the twist around the centrally placed carbon atom, they display some unique properties mostly applicable in the pharmaceuticals. The conformational rigidity of these spirocyclic systems has an added advantage in binding to the protein molecules. The spirocyclic molecules form the integral part of various naturally occurring compounds with biological significance. Some of them are reported to display narcotic, skeletal muscle relaxant, hypotensive and anti-viral properties.7 Very commonly used antihypertensive diuretic drug (aldactone) and aldosterone antagonist (eplerenone) comprise the spirocyclic core responsible for depicting these properties. Significantly, the spiro chiral ligands are also extensively implemented in the asymmetric catalysis, for the synthesis of spiro heterocyclic compounds.8 Amongst the various spirocyclic systems, the spiro heterocyclic compounds are known to be highly significant for their drug like properties9 and also for their structural novelty.10 The nitrogen containing spirocyclic compounds like the spirolactams11 and spirooxindoles have been synthesized diversely owing to their restricted conformational flexibility and interesting biological properties. The oxygen containing spirocyclics like the spiroketals and spirolactones form an important class of compounds possessing biological relevance. The spiroketal ring system is a structural subunit that is often found in many naturally occurring substances of bacterial, insect, marine or plant origin12 and these assemblies have triggered immense interest in the synthesis owing to their pharmacological benefits.12a-d Also, the spirolactone based compounds are reported to show antibacterial,13 birth control,14 dehydrogenase type 2 inhibition15 formulations etc. We became very fascinated by the omnipresence of the spirolactone structure in many of the naturally occurring compounds, some of which are depicted in Figure II.1. For example, the naturally occurring compounds like pentalenolactone 1, asperaculin 2 and majucin 3 are representative examples possessing bicyclic spirolactone based core structure. On the other hand, the natural product yuccaone A 4, comprises a unique spirotetracyclic core unit possessing a phenolic spiro derivative having C-17 core (Figure II.1). These spirocyclic compounds are known to mimic neurotrophin activity and are useful in treating Alzheimer’s disease & Parkinson’s disease and show antifungal & antibacterial properties.19b Other moieties like acorenone B 5, -vetivone 6, shizuca-acordienol 7, are some of the naturally occurring spirocyclic compounds depicting some unique structural properties on the basis of the spiro centre integrated in the core of the molecule (Figure II.1).16
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Figure II.1: Natural products containing the spirolactone core
II.2 BACKGROUND:

Owing to the benefits of the spirocyclic systems, numerous methods were reported towards their synthesis.17 Manabe et al presented [Ru]-catalyzed hydroesterification of 8 containing internal alkenes and formates leading to a range of lactones 9 (Scheme II.1).17a
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Scheme II.1: Intramolecular hydroesterification of 8 


Grigg presented palladium catalyzed one-pot synthetic route for the formation of tetracyclic spirolactones through cyclization anion capture methodology (Scheme II.2).17b
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Scheme II.2: Intramolecular Heck reaction to form spirotetracyclics 12

Coutts and co-workers reported anodic oxidation for spirolactonization. They prepared spirocyclic lactones 15 from sulphanilines 13 using carbon felt anode oxidation assisted by lead tetraacetate (Scheme II.3). 17c
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Scheme II.3: Anodic oxidation for spirolactonization


Further, Kita and coworkers established spirolactonization by PIFA oxidation of para-alkoxyphenols 16. The intramolecular ipso-trapping by nucleophiles such as carboxyl and amide groups, led to the corresponding spirolactones 17 (Scheme II.4). 17e
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Scheme II.4: PIFA oxidation of para-alkoxyphenols 16


Very recently, Ramana et al described palladium or iridium catalyzed Tsuji-Trost allylation and olefin dihydroxylation/acid catalyzed lactonization to synthesize the spirolactone core 20 (Scheme II.5). 17f
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Scheme II.5: Palladium catalyzed lactonization


Some of the well reported approaches towards the synthesis of spirocoumarins have been via the cycloaddition reactions. As a part of Lewis acid catalysis, Lewis and Barancyk presented a [2+2] photocycloaddition of alkene 22 to coumarin 21 promoted by BF3·OEt2, to afford the formation of fused tricyclics 23 (Scheme II.6).18c
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Scheme II.6: Lewis acid mediated intermolecular [2+2] photocycloaddition of 21

Inspired by the Lewis acid effectiveness in photochemical reactions, Bach et al employed chiral Lewis acid and reported enantioselective synthesis of novel tetracyclic compounds 25 starting from coumarins 24.18a Significantly, the oxazaborolidine–AlBr3 complex was employed as the chiral catalyst (Scheme II.7).
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Scheme II.7: Intramolecular [2+2] photocycloaddition of coumarins 24 to give chiral 25

Lupton et al, described the synthesis of a range of spirocyclic γ-lactones 27 employing radical catalyzed Beckwith-Dowd ring expansion using cyclopentanone 26 or cyclohexanone followed by 5-exo-trig or 5-exo-dig cyclization (Scheme II.8).18d
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Scheme II.8: Intramolecular [2+2] photocycloaddition of 26


Very recently, synthesis of spirotetracyclic indanones 29 was reported from our research group. These indanones were attained from α,β-unsaturated cinnamic acid esters 28 via superacid mediated domino one-pot dual CC bonds formation through Friedel-Crafts acylation/alkylation (Scheme II.9).19
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Scheme II.9: Synthesis of spirotetracyclic-1-indanones 29 from 28

An insight into the literature showed a reasonable number of reports on the synthesis of varied spirolactones,20-22 but significantly, to the best of our knowledge, there have been no reports for a direct access to spirocyclic lactones from simple aliphatic exocyclic enoate esters.

In continuation to Chapter I and inspired by the versatility of the spirosystems, we devised an efficient one-pot intermolecular Michael addition and intramolecular condensation of the aliphatic exocyclic ,-unsaturated esters with phenols, for the direct construction of the spirocyclic lactones. 

II.3 RESULTS AND DISCUSSION:


Based on the synthesis of dihydrocoumarins (Chapter I), we anticipated that the spirocyclic lactones 32 could be achieved via acid mediated dual (CC/CO) bond formation starting from cyclic ,-unsaturated esters 30 and readily accessible phenols 31, as depicted in the retrosynthetic analysis (Scheme II.10). These cyclic ,-unsaturated esters 30 could be in turn obtained from the Wittig-Horner-Wadsworth-Emmons reaction on bench top cyclic ketones 33.
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Scheme II.10: Retrosynthetic approach for the anticipated spirolactones 32

To initiate the synthetic study, the requisite cyclic ,-unsaturated esters 30 were prepared from the commercially available cyclic ketones 33 by implementing the standard Wittig-Horner-Wadsworth-Emmons reaction. Initially, the acid promoted lactonization was explored on ethyl-2-cyclohexylidene acetate 30b with para-cresol 31d, as an external phenol, under the conditions that are similar to the synthesis of dihydrocoumarins (Chapter I).23 However, the reaction was not clean (Table II.1, entries 1 & 2). This directed us to explore the other conditions to optimize the reaction. Assuming that the expected spirolactone 32bd might be sensitive to strong and excess Lewis acid, we investigated on catalytic loading of Lewis acid FeCl3 with increased phenol 31d concentration (3 equiv), but, it did not assist the reaction and led to the recovery of starting materials (Table II.1, entry 3). While, other Lewis acids like AlCl3, Sc(OTf)3, BF3·OEt2 and AuCl3 also could not result in any product formation when used in the catalytic quantities (Table II.1, entries 4 to 7). This observation is accountable based on the fact that ester moiety requires more acid concentration to drive the activation. Thus, we approached the problem by gradually increasing the acid concentration under moderate temperature. The reaction with 1 equiv of the Lewis acid FeCl3 proved inefficient to initiate the reaction (Table II.1, entry 8). When the reaction was performed with increased amount of BF3·OEt2 (3 equiv), at 50 C, showed only starting material (Table II.1, entry 9). Surprisingly, neither starting material 30b nor product 32bd was observed with FeCl3 (3 equiv) at 50 (C (Table II.1, entry 10). Hence, we performed the reaction at room temperature using FeCl3 (3 equiv) in DCE, interestingly, the required product 32bd was obtained, albeit in 40% yield (Table II.1, entry 11). Delightfully, the yield of tricyclic lactone 32bd was improved to 67% when benzene was used as the solvent (Table II.1, entry 12). However, further increase in FeCl3 to 5 equiv, did not increase the yield of product 32bd (Table II.1, entry 13). When benzene was replaced by toluene, the reaction was smooth, however, resulted in lesser yield (Table II.1, entry 14). 

The chemical structure of 32bd was confirmed based on its spectral data. In the 1H-NMR spectrum (Figure II.2), absence of olefinic proton resonance of ,-unsaturated ester 30b, the presence of two doublets at ( 7.14 and 6.93 resulting from two aromatic protons, a doublet of doublet at 7.03 due to an aromatic proton, a singlet at ( 2.76 for two protons of -methylene group flanked between spirocarbon and carbonyl group, a singlet at ( 2.33 for three protons effecting from methyl group of aromatic ring and two multiplets in the regions ( 1.85(1.45 & 1.35(1.15 owing to the ten protons of five aliphatic methylene groups elucidated the structure of  spirolactone 32bd.
Table II.I: Optimizations for the formation of spirotricyclic lactone 32bda, b
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	Entry
	Acid

(equiv)
	Phenol 

(equiv)
	Solvent

(1.5 mL)
	Temp

(C)
	Yield of 

32bd (%)

	1.
	FeCl3 (3)
	1.5
	DCE
	80
	0c

	2.
	FeCl3 (3)
	1.5
	benzene
	80
	0c

	3.
	  FeCl3 (0.5)
	3
	DCE
	50
	0d

	4.
	AlCl3 (0.5)
	3
	DCE
	50
	0 d

	5.
	Sc(OTf)3 (0.1)
	3
	DCE
	50
	0 d

	6.
	BF3·OEt2 (0.5)
	3
	DCE
	50
	0 d

	7.
	AuCl3 (0.1)
	3
	DCE
	50
	0 d

	8.
	FeCl3 (1)
	3
	DCE
	50
	0 d

	9.
	BF3·OEt (3)
	3
	DCE
	50
	0d

	10.
	FeCl3 (3)
	3
	DCE
	50
	0c

	11.
	FeCl3 (3)
	3
	DCE
	rt
	40

	12.
	FeCl3 (3)
	3
	benzene
	rt
	67

	13.
	FeCl3 (5)
	3
	benzene
	rt
	60

	14.
	FeCl3 (3)
	3
	toluene
	rt
	52


a All reactions were performed on a 0.5 mmol scale of ester 30b and 3 equiv (1.5 mmol) of phenol 31d. b Yields mentioned are of chromatographically purified compounds. c Neither starting material nor the product were seen on TLC. d Only starting material was isolated.

In addition, the 13 lines in 13C-NMR spectrum (Figure II.3), showing the presence of a quaternary carbon resonance at  168.6, due to carbonyl carbon of lactone, quaternary carbon resonances at 148.9, 134.2 and 132.2 accounts for three aromatic carbons, three aromatic methine carbons appear at  128.4, 124.5 and 116.9, four resonances at  37.3, 35.0, 25.6 & 21.5 due to six methylenes, one quaternary resonance at  36.1 and one aromatic methyl resonance at  21.0 ppm confirmed the structure of the spirolactone 32bd.
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Figure II.2: 1H NMR (400 MHz) spectrum of 32bd in CDCl3
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Figure II.3: 13C NMR (100 MHz) spectrum of 32bd in CDCl3
Among all the screened conditions, those mentioned in entry 12 of Table II.1 were best with regards to yield of spirocyclic lactone 32bd. Therefore, to check the scope and limitations of the method, these established conditions were applied to other cyclic ,-unsaturated esters 30a-30c and phenols 31a-31f. The method was amenable and furnished the corresponding spiro(tri/tetra)cyclic lactones 32aa-32ce that are tabulated in Table II.2. It is important to mention that the similar methodology when attempted with the ester 30d derived from cyclooctanone failed to furnish the desired product. This might be probably due to the peculiar tub shaped 

conformational structure of the cyclooctanone moiety, which might have hindered the product formation or would facilitate some unwanted reactions/rearrangements under these Lewis acidic conditions.
Table II.2: Synthesis of spiro(tri/tetra)cyclic lactones 32 from ,-unsaturated esters 30 a, b
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a All reactions were carried out on 0.5 mmol scale of ester 30 and 3 equiv (1.5 mmol) of phenol 31, in solvent benzene (1.5 mL). b Isolated yields of chromatographically pure products 32.


After successful accomplishment of novel spiro(tri/tetra)cyclic lactones 32aa-32ce, to further broaden the scope of the methodology, we applied it on various indanone based esters 35a-35e. Various indanones 34a-34c were prepared from the corresponding aldehydes X using Wittig-Horner-Wadsworth-Emmons followed by reduction of the double bond of the resulted cinnamic acid esters Y to form Z and subsequent acid mediated cyclization to yield indanone 34, as summarized in Scheme II.11.
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Scheme II.11: Stepwise approach for the synthesis of indanones 34
Delightfully, it was found that the method suited to these systems as well and furnished the spiro(tetra/penta)cyclic compounds 36aa-36ec bearing simple to dense functionalities on the aromatic rings. Interestingly, the products 36aa-36ec were obtained in good to excellent yields, as summarized in Table II.3. It is worth mentioning that the reaction of the phenyl substituted indanone 34e, furnished the spirotetracyclic product 36ec wherein it is expected that the phenol attacks the double bond from the less hindered exo-face of the ,-unsaturated ester 35e. Hence, the stereochemistry of 36ec would be as shown in Table II.3. Significantly, all these spirocyclic lactones 36aa-36ec constitute the major spirotetracyclic carbon core of the natural product yuccaone A 4.

In addition to the spectroscopic evidence for structural elucidation of the spirocyclic compounds 32 and 36, the complete structure and expected stereochemistry of 36ec was further confirmed from the single crystal X-ray diffraction analysis (Figure II.4).
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Figure II.4: X-ray crystal structure of 36ec. Ellipsoids are drawn at 50% probability factor

Table II.3: Synthesis of novel spiro(tetra/penta)cyclic lactones 36 from esters 35
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a All reactions were carried out on 0.5 mmol scale of ester 35 and 3 equiv (1.5 mmol) of 31, in solvent benzene (1.5  mL). b Isolated yields of chromatographically pure products 36.

A plausible mechanism for the synthesis of spirocyclic compounds 32 or 36 is delineated in Scheme II.12. Their formation might be possible in two ways (path a or b). It may be either initial Friedel-Crafts acylation (transesterification) followed by intramolecular Michael addition (path a) or Michael addition followed by intramolecular acylation (path b) (Scheme II.12). The carbonyl of the enoate esters may be activated by Lewis acid FeCl3, triggering the attack of phenol at the carbonyl carbon to give B (Friedel-Crafts acylation via path a). The adduct B would further get transformed into the transesterification product C in which the carbonyl is again activated by the Lewis acid and internal Michael addition at the -carbon of -unsaturated ester might lead to the D, which is finally converted into the final product 32aa. On the other hand, in path b, initially FeCl3 mediated Michael addition might lead to the formation of E, which further forms F. Intramolecular Friedel-Crafts acylation of F, generates the product 32aa via the intermediate G.
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Scheme II.12: Plausible mechanism for formation of spirocyclic lactones 32 and 36
II.4 CONCLUSIONS AND SUMMARY:


In summary, an efficient and concise method has been developed for the synthesis of novel spiro tricyclic lactones via the construction of CC and CO bonds in one-pot using the Lewis acid (FeCl3). The strategy was successful starting from simple and inert aliphatic exocyclic ,-unsaturated esters as reacting partners to phenols. Remarkably, the usual self-aromatization of cyclohexanone based enoate esters, under such Lewis acidic conditions is overridden by intermolecular coupling. In addition, the method was amenable on indanone derived ,-unsaturated esters as well, and furnished novel spiro(tetra/penta)cyclic lactones bearing simple to dense functionalities on the aromatic rings. Significantly, these spirocyclic lactones constitute major spirotetracyclic core of yuccaone A 4.
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II.5 EXPERIMENTAL SECTION:


General: IR spectra were recorded on a Bruker Tensor 37 (FTIR) spectrophotometer. 1H NMR spectra were recorded on Bruker Avance 400 (400 MHz) spectrometer at 295 K in CDCl3; chemical shifts (δ ppm) and coupling constants (J in Hz) are reported in standard fashion with reference to either internal standard tetramethylsilane (TMS) (δH =0.00 ppm) or CHCl3 (δH = 7.25 ppm). 13C NMR spectra were recorded on Bruker Avance 400 (100 MHz) spectrometer at RT in CDCl3; chemical shifts (δ in ppm) are reported relative to CHCl3 [δC = 77.00 ppm (central line of triplet)]. In the 13C NMR, the nature of carbons (C, CH, CH2 and CH3) was determined by recording the DEPT-135 spectra, and is given in parentheses and noted as s = singlet (for C), d = doublet (for CH), t = triplet (for CH2) and q = quartet (for CH3). In the 1H-NMR, the following abbreviations were used throughout: s = singlet, d = doublet, t = triplet, q = quartet, qui =quintet, m = multiplet and br. s = broad singlet. The assignment of signals was confirmed by 1H, 13C CPD and DEPT spectra. High-resolution mass spectra (HR-MS) were recorded on an Agilent 6538 UHD Q-TOF using multimode source. All small scale dry reactions were carried out using standard syringe-septum technique. Regarding Horner-Wadsworth-Emmons reaction, TEPA from Avra Synthesis with a purity of 98%, NaH from Sigma-Aldrich (60% immersion in mineral oil), and benzaldehydes/acetophenones from Sisco Research Laboratories having 97-98% purity were used. Solvent THF was dried over sodium metal. Similarly, for cyclization reaction anhydrous FeCl3 from Merck Chemicals and phenols from Sisco Research Laboratories were used. DCE was dried over calcium hydride and used. Reactions were monitored by TLC on silica gel using a mixture of petroleum ether and ethyl acetate as eluents. Reactions were generally run under an argon or nitrogen atmosphere. Solvents were distilled prior use; petroleum ether with a boiling range of 60 to 80 (C was used. Acme’s silica gel (60–120 mesh) was used for column chromatography (approximately 20 g per one gram of crude material). 

II.5.1 GENERAL PROCEDURE (GP) FOR THE SYNTHESIS OF SPIROCYCLIC LACTONES (32/36):


 To an oven dried schlenk tube under nitrogen atmosphere, ,-unsaturated ester 30 or 35 (77‒146 mg, 0.5 mmol), phenol 31 (141‒216 mg, 1.5 mmol) and anhydrous FeCl3 (243 mg, 1.5 mmol) were added followed by benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. Progress of the reaction was monitored by TLC until the reaction was completed. The reaction mixture was quenched with aqueous NaHCO3 and extracted with ethyl acetate (3 × 20 mL). The combined organic layers were dried (Na2SO4) and concentrated in vacuo. Purification of the residue on silica gel column chromatography using petroleum ether/ethyl acetate as eluent furnished novel spirolactones 32 or 36 (45‒87%), as viscous liquid/solid.


The required ,-unsaturated esters 30a-30c and  35a-35e were prepared and known in the literature.21
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Spiro[chromene-4,1'-cyclopentan]-2(3H)-one (32aa):

GP was carried out on the ester 30a (77 mg, 0.5 mmol), phenol 31a (141.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30a)=0.83, Rf(32aa)=0.66, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32aa (51 mg, 51%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=3054, 1767, 1422, 1264, 895, 731 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.30‒7.20 (m, 2H, ArH), 7.14 (ddd, 1H, J=7.8, 7.8 and 1.5 Hz, ArH), 7.07 (dd, 1H, J=7.8 and 1.5 Hz, ArH), 2.69 (s, 2H, CH2CO), 2.05–1.90 (m, 2H, 2 × CHaHb), 1.86 (d, 1H, J=10.3 Hz, CHaHb), 1.85 (d, 1H, J=6.8 Hz, CHaHb), 1.83 (d, 1H, J=7.3 Hz, CHaHb), 1.82 (d, 1H, J=10.3 Hz, CHaHb), 1.77–1.62 (m, 2H, 2 × CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.4 (s, O–C=O), 150.9 (s, ArC), 131.5 (s, ArC), 128.0 (d, ArCH), 124.5 (2 ( d, 2C, 2 ( ArCH), 117.1 (d, ArCH), 43.8 (s, Cq), 41.3 (t, CH2CO), 37.8 (t, 2C, 2 ( CH2), 24.5 (t, 2C, 2 ( CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C13H14NaO2]+=[M+Na]+: 225.0886; found 225.0886.
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7-Methylspiro[chromene-4,1'-cyclopentan]-2(3H)-one (32ac):

GP was carried out on the ester 30a (77 mg, 0.5 mmol), phenol 31c (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30a)=0.83, Rf(32ac)=0.70, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32ac (73.2 mg, 68%), as viscous liquid.

 
IR (MIR-ATR, 4000–600 cm-1): (max=2954, 1766, 1505, 1415, 1256, 1219, 1166, 966, 815, 776 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.11 (d, 1H, J=7.8 Hz, ArH), 6.93 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 6.86 (d, 1H, J=1.0 Hz, ArH), 2.65 (s, 2H, CH2CO), 2.32 (s, 3H, ArCH3), 2.05–1.86 (m, 2H, 2 × CHaHb), 1.83 (d, 1H, J=10.8 Hz, CHaHb), 1.82 (d, 1H, J=7.3 Hz, CHaHb), 1.80 (d, 1H, J=6.8 Hz, CHaHb), 1.79 (d, 1H, J=10.8 Hz, CHaHb), 1.75–1.60 (m, 2H, 2 × CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.7 (s, O–C=O), 150.7 (s, ArC), 138.2 (s, ArC), 128.4 (s, ArC), 125.2 (d, ArCH), 124.3 (d, ArCH), 117.5 (d, ArCH), 43.5 (s, Cq), 41.4 (t, CH2CO), 37.8 (t, 2C, 2 ( CH2), 24.4 (t, 2C, 2 ( CH2), 20.9 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C14H17O2]+=[M+H]+: 217.1223; found 217.1215.
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6-Methylspiro[chromene-4,1'-cyclopentan]-2(3H)-one (32ad): 

GP was carried out on the ester 30a (77 mg, 0.5 mmol), phenol 31d (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30a)=0.83, Rf(32ad)=0.70, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32ad (77.0 mg, 71%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2954, 1767, 1492, 1416, 1271, 1207, 1153, 822 cm-1.


1H NMR (CDCl3, 400 MHz): δ=7.07–6.97 (m, 2H, ArH), 6.93 (d, 1H, J=8.8 Hz, ArH), 2.65 (s, 2H, CH2CO), 2.33 (s, 3H, ArCH3), 2.00–1.87 (m, 2H, 2 × CHaHb), 1.84 (d, 1H, J=10.3 Hz, CHaHb), 1.83 (d, 1H, J=6.8 Hz, CHaHb), 1.81 (d, 1H, J=7.3 Hz, CHaHb), 1.80 (d, 1H, J=10.3 Hz, CHaHb), 1.75–1.60 (m, 2H, 2 × CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.6 (s, O–C=O), 148.8 (s, ArC), 134.0 (s, ArC), 131.1 (s, ArC), 128.4 (d, ArCH), 124.9 (d, ArCH), 116.8 (d, ArCH), 43.7 (s, Cq), 41.4 (t, CH2CO), 37.8 (t, 2C, 2 ( CH2), 24.5 (t, 2C, 2 ( CH2), 21.0 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C14H17O2]+=[M+H]+: 217.1223; found 217.1218.
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Spiro[benzo[f]chromene-1,1'-cyclopentan]-3(2H)-one (32af):

GP was carried out on the ester 30a (77 mg, 0.5 mmol), phenol 31f (216.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30a)=0.83, Rf(32af)=0.68, (petroleum ether/ethyl acetate 97:3, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32af (69 mg, 64%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2924, 1766, 1511, 1466, 1257, 1119, 1046, 823 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.98 (d, 1H, J=8.8 Hz, ArH), 7.84 (d, 1H, J=8.3 Hz, ArH), 7.72 (d, 1H, J=8.8 Hz, ArH), 7.50 (dd, 1H, J=8.8 and 8.3 Hz, ArH), 7.43 (dd, 1H, J=8.8 and 8.3 Hz, ArH), 7.19 (d, 1H, J=8.8 Hz, ArH), 2.78 (s, 2H, CH2CO), 2.58–2.45 (m, 2H, CH2), 2.20–1.90 (m, 4H, 2 ( CH2), 1.85–1.70 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.5 (s, O–C=O), 149.3 (s, ArC), 131.8 (s, ArC), 130.3 (s, ArC), 129.4 (2 ( d, 2C, 2 ( ArCH), 126.0 (d, ArCH), 124.4 (d, ArCH), 124.0 (d, ArCH), 123.3 (s, ArC), 117.7 (d, ArCH), 44.8 (s, Cq), 43.9 (t, CH2CO), 39.1 (t, 2C, 2 ( CH2), 26.6 (t, 2C, 2 ( CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C17H16NaO2]+=[M+Na]+: 275.1043; found 275.1039.
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8-Methylspiro[chromene-4,1'-cyclohexan]-2(3H)-one (32bb):

GP was carried out on the ester 30b (84 mg, 0.5 mmol), phenol 31b (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30b)=0.85, Rf(32bb)=0.72, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32bb (71 mg, 62%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2927, 1770, 1460, 1263, 1186, 1155, 919, 749 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.18 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 7.10 (dd, 1H, J=7.3 and 1.0 Hz, ArH), 7.04 (dd, 1H, J=7.8 and 7.3 Hz, ArH), 2.77 (s, 2H, CH2CO), 2.30 (s, 3H, ArCH3), 1.83–1.47 (m, 8H, 4 × CH2), 1.35–1.22 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.5 (s, O–C=O), 149.2 (s, ArC), 132.4 (s, ArC), 129.6 (d, ArCH), 126.4 (s, ArC), 124.2 (d, ArCH), 121.5 (d, ArCH), 37.2 (t, CH2CO), 36.2 (s, Cq), 35.0 (t, 2C, 2 ( CH2), 25.6 (t, CH2), 21.5 (t, 2C, 2 ( CH2), 16.0 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C15H19O2]+=[M+H]+: 231.1380; found 231.1373.
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7-Methylspiro[chromene-4,1'-cyclohexan]-2(3H)-one (32bc):

GP was carried out on the ester 30b (84 mg, 0.5 mmol), phenol 31c (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30b)=0.85, Rf(32bc)=0.72, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32bc (77 mg, 67%), as viscous liquid.


IR (MIR-ATR, 4000–600 cm-1): (max=2923, 1767, 1505, 1454, 1416, 1242, 1191, 1155, 953, 815 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.26 (d, 1H, J=7.8 Hz, ArH), 6.99 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 6.90 (d, 1H, J=1.0 Hz, ArH), 2.80 (s, 2H, CH2CO), 2.36 (s, 3H, ArCH3), 1.87–1.45 (m, 9H, 4 × CH2 and CH2a), 1.40–1.25 (m, 1H, CH2b) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.6 (s, O–C=O), 150.8 (s, ArC), 138.3 (s, ArC), 129.6 (s, ArC), 125.4 (d, ArCH), 123.9 (d, ArCH), 117.6 (d, ArCH), 37.5 (t, CH2CO), 35.9 (s, Cq), 35.1 (t, 2C, 2 ( CH2), 25.6 (t, CH2), 21.5 (t, 2C, 2 ( CH2), 20.9 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C15H18NaO2]+=[M+Na]+: 253.1199; found 253.1194.
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6-Methylspiro[chromene-4,1'-cyclohexan]-2(3H)-one (32bd): 


GP was carried out on the ester 30b (84 mg, 0.5 mmol), phenol 31d (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30b)=0.85, Rf(32bd)=0.72, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32bd (63 mg, 55%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2923, 1765, 1491, 1454, 1256, 1187, 1156, 914, 811 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.14 (d, 1H, J=1.5 Hz, ArH), 7.03 (dd, 1H, J=8.3 and 1.5 Hz, ArH), 6.93 (d, 1H, J=8.3 Hz, ArH), 2.76 (s, 2H, CH2CO), 2.33 (s, 3H, ArCH3), 1.85–1.45 (m, 8H, 4 × CH2), 1.35–1.15 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.6 (s, O–C=O), 148.9 (s, ArC), 134.2 (s, ArC), 132.2 (s, ArC), 128.4 (d, ArCH), 124.5 (d, ArCH), 116.9 (d, ArCH), 37.3 (t, CH2CO), 36.1 (s, Cq), 35.0 (t, 2C, 2 ( CH2), 25.6 (t, CH2), 21.5 (t, 2C, 2 ( CH2), 21.0 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C15H18NaO2]+=[M+Na]+: 253.1199; found 253.1190.
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Spiro[benzo[f]chromene-1,1'-cyclohexan]-3(2H)-one (32bf):

GP was carried out on the ester 30b (84 mg, 0.5 mmol), phenol 31f (216.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30b)=0.85, Rf(32bf)=0.66, (petroleum ether/ethyl acetate 97:3, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32bf (68.3 mg, 51%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2923, 1765, 1599, 1511, 1456, 1259, 1200, 1161, 1000, 813, 746 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=8.42 (d, 1H, J=8.8 Hz, ArH), 7.83 (dd, 1H, J=8.3 and 1.5 Hz, ArH), 7.73 (d, 1H, J=8.8 Hz, ArH), 7.50 (ddd, 1H, J=8.8, 8.3 and 1.5 Hz, ArH), 7.42 (dd, 1H, J=8.8 and 8.8 Hz, ArH), 7.18 (d, 1H, J=8.8 Hz, ArH), 2.98 (s, 2H, CH2CO), 2.85–2.65 (m, 2H, CH2), 1.97–1.32 (m, 8H, 4 ( CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 149.3 (s, ArC), 132.1 (s, ArC), 130.9 (s, ArC), 129.8 (d, ArCH), 129.5 (d, ArCH), 125.5 (d, ArCH), 125.1 (s, ArC), 124.3 (d, ArCH), 123.4 (s, ArC), 117.9 (d, ArCH), 39.2 (s, Cq), 38.9 (t, CH2CO), 34.1 (t, 2C, 2 ( CH2), 25.3 (t, CH2), 21.5 (t, 2C, 2 ( CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C18H19O2]+=[M+H]+: 267.1380; found 267.1373.
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7-Methylspiro[chromene-4,1'-cycloheptan]-2(3H)-one (32cc):

GP was carried out on the ester 30c (91 mg, 0.5 mmol), phenol 31c (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30c)=0.83, Rf(32cc)=0.72, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32cc (89.1 mg, 73%), as viscous liquid.


IR (MIR-ATR, 4000–600 cm-1): (max=2920, 1766, 1504, 1460, 1415, 1211, 1168, 1134, 968, 814 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.25 (d, 1H, J=7.8 Hz, ArH), 6.93 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 6.84 (d, 1H, J=1.0 Hz, ArH), 2.63 (s, 2H, CH2CO), 2.31 (s, 3H, ArCH3), 2.00–1.85 (m, 2H, CH2), 1.75–1.45 (m, 10H, 5 ( CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.6 (s, O–C=O), 150.3 (s, ArC), 138.0 (s, ArC), 130.4 (s, ArC), 125.3 (d, ArCH), 124.4 (d, ArCH), 117.6 (d, ArCH), 41.5 (t, CH2CO), 38.8 (s, Cq), 38.5 (t, 2C, 2 ( CH2), 30.3 (t, 2C, 2 ( CH2), 23.2 (t, 2C, 2 ( CH2), 20.8 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C16H21O2]+=[M+H]+: 245.1536; found 245.1525.
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6-Methylspiro[chromene-4,1'-cycloheptan]-2(3H)-one (32cd):

GP was carried out on the ester 30c (91 mg, 0.5 mmol), phenol 31d (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30c)=0.83, Rf(32cd)=0.72, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32cd (82.9 mg, 68%), as viscous liquid.


IR (MIR-ATR, 4000–600 cm-1): (max=2919, 1765, 1490, 1461, 1203, 1167, 818 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.15 (d, 1H, J=1.5 Hz, ArH), 7.01 (dd, 1H, J=7.8 and 1.5 Hz, ArH), 6.91 (d, 1H, J=7.8 Hz, ArH), 2.63 (s, 2H, CH2CO), 2.33 (s, 3H, ArCH3), 2.02–1.85 (m, 2H, CH2), 1.80–1.50 (m, 10H, 5 ( CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.7 (s, O–C=O), 148.4 (s, ArC), 134.1 (s, ArC), 133.2 (s, ArC), 128.3 (d, ArCH), 125.1 (d, ArCH), 116.9 (d, ArCH), 41.4 (t, CH2CO), 39.1 (s, Cq), 38.5 (t, 2C, 2 ( CH2), 30.4 (t, 2C, 2 ( CH2), 23.3 (t, 2C, 2 ( CH2), 21.0 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C16H21O2]+=[M+H]+: 245.1536; found 245.1524.
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Spiro[benzo[h]chromene-4,1'-cycloheptan]-2(3H)-one (32ce):

GP was carried out on the ester 30c (91 mg, 0.5 mmol), phenol 31e (216.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(30c)=0.83, Rf(32ce)=0.68, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 32ce (105 mg, 75%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2922, 1770, 1506, 1457, 1257, 1220, 1167, 1095, 815 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=8.25 (d, 1H, J=7.8 Hz, ArH), 7.80 (d, 1H, J=8.8 Hz, ArH), 7.64 (d, 1H, J=8.3 Hz, ArH), 7.57‒7.47 (m, 3H, ArH), 2.78 (s, 2H, CH2CO), 2.12–1.97 (m, 2H, CH2), 1.84–1.52 (m, 10H, 5 ( CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.5 (s, O–C=O), 145.1 (s, ArC), 133.1 (s, ArC), 128.2 (s, ArC), 127.3 (d, ArCH), 126.5 (d, ArCH), 126.4 (d, ArCH), 124.3 (d, ArCH), 123.7 (s, ArC), 122.0 (d, ArCH), 121.5 (d, ArCH), 41.3 (t, CH2CO), 39.3 (s, Cq), 38.7 (t, 2C, 2 ( CH2), 30.5 (t, 2C, 2 ( CH2), 23.6 (t, 2C, 2 ( CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C19H20NaO2]+=[M+Na]+: 303.1356; found 303.1351.
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2',3'-Dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36aa):

GP was carried out on the ester 35a (101 mg, 0.5 mmol), phenol 31a (141.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35a)=0.80, Rf(36aa)=0.55, (petroleum ether/ethyl acetate 95:5, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36aa (77.5 mg, 62%), as viscous liquid.


IR (MIR-ATR, 4000–600 cm-1): (max=2923, 1767, 1505, 1457, 1253, 1153, 1016, 815 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.45‒7.22 (m, 4H, ArH), 7.13 (dd, 1H, J=8.3 and 1.0 Hz, ArH), 7.10 (d, 1H, J=7.3 Hz, ArH), 7.03 (ddd, 1H, J=8.8, 8.8 and 1.0 Hz, ArH), 6.74 (dd, 1H, J=7.8 and 1.5 Hz, ArH), 3.10‒2.95 (m, 3H, CH2 and CH2aCO), 2.69 (d, 1H, J=15.6 Hz, CH2bCO), 2.40–2.15 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.7 (s, O–C=O), 151.1 (s, ArC), 144.7 (s, ArC), 144.0 (s, ArC), 130.2 (s, ArC), 128.5 (d, ArCH), 128.1 (d, ArCH), 127.3 (d, ArCH), 126.2 (d, ArCH), 125.0 (d, ArCH), 124.6 (d, ArCH), 123.6 (d, ArCH), 117.1 (d, ArCH), 49.6 (s, Cq), 41.0 (t, CH2CO), 39.7 (t, CH2), 29.9 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C17H14NaO2]+=[M+Na]+: 273.0886; found 273.0882.
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8-Methyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36ab):

GP was carried out on the ester 35a (101 mg, 0.5 mmol), phenol 31b (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35a)=0.80, Rf(36ab)=0.65, (petroleum ether/ethyl acetate 95:5, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36ab (88.4 mg, 67%), as viscous liquid.  


IR (MIR-ATR, 4000–600 cm-1): (max=2948, 1768, 1591, 1461, 1265, 1243, 1189, 1146, 921, 762 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.26 (d, 1H, J=7.3 Hz, ArH), 7.25‒7.12 (m, 2H, ArH), 7.02 (dd, 2H, J=8.3 and 7.3 Hz, ArH), 6.83 (dd, 1H, J=7.8 and 7.3 Hz, ArH), 6.47 (d, 1H, J=7.8 Hz, ArH), 3.00‒2.85 (m, 3H, CH2 and CH2aCO), 2.76 (d, 1H, J=15.6 Hz, CH2bCO), 2.29 (s, 3H, ArCH3), 2.26–2.05 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.8 (s, O–C=O), 149.3 (s, ArC), 144.9 (s, ArC), 144.0 (s, ArC), 130.1 (d, ArCH), 130.0 (s, ArC), 128.0 (d, ArCH), 127.2 (d, ArCH), 126.4 (s, ArC), 125.0 (d, ArCH), 124.0 (d, ArCH), 123.7 (d, ArCH), 123.6 (d, ArCH), 49.7 (s, Cq), 40.9 (t, CH2CO), 39.6 (t, CH2), 29.9 (t, CH2), 15.9 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C18H16NaO2]+=[M+Na]+: 287.1042; found 287.1043.
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7-Methyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36ac):

GP was carried out on the ester 35a (101 mg, 0.5 mmol), phenol 31c (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35a)=0.80, Rf(36ac)=0.66, (petroleum ether/ethyl acetate 95:5, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36ac (92.4 mg, 70%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2945, 1766, 1577, 1454, 1253, 1210, 1163, 1115, 816, 760 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.37‒7.20 (m, 3H, ArH), 7.08 (d, 1H, J=7.3 Hz, ArH), 6.94 (s, 1H, ArH), 6.83 (dd, 1H, J=7.8 and 1.0 Hz, ArH), 6.63 (d, 1H, J=7.8 Hz, ArH), 3.07‒2.92 (m, 3H, CH2 and CH2aCO), 2.84 (d, 1H, J=15.6 Hz, CH2bCO), 2.33 (s, 3H, ArCH3), 2.32–2.12 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 150.9 (s, ArC), 144.9 (s, ArC), 144.0 (s, ArC), 138.8 (s, ArC), 128.0 (d, ArCH), 127.2 (d, ArCH), 127.1 (s, ArC), 125.9 (d, ArCH), 125.3 (d, ArCH), 125.0 (d, ArCH), 123.5 (d, ArCH), 117.5 (d, ArCH), 49.3 (s, Cq), 41.1 (t, CH2CO), 39.7 (t, CH2), 29.9 (t, CH2), 21.0 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C18H16NaO2]+=[M+Na]+: 287.1042; found 287.1043.
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6-Methyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36ad):

GP was carried out on the ester 35a (101 mg, 0.5 mmol), phenol 31d (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35a)=0.80, Rf(36ad)=0.65, (petroleum ether/ethyl acetate 95:5, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36ad (162.6 mg, 77%), as viscous liquid.  


IR (MIR-ATR, 4000–600 cm-1): (max=2925, 1765, 1491, 1456, 1265, 1204, 1157, 1041, 922, 821, 761 cm-1.


1H NMR (CDCl3, 400 MHz): δ=7.42‒7.21 (m, 3H, ArH), 7.15‒6.95 (m, 3H, ArH), 6.55 (d, 1H, J=1.0 Hz, ArH), 3.15‒2.91 (m, 3H, CH2 and CH2aCO), 2.83 (d, 1H, J=15.6 Hz, CH2bCO), 2.40–2.10 (m, 2H, CH2), 2.21 (s, 3H, ArCH3) ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.8 (s, O–C=O), 149.0 (s, ArC), 144.8 (s, ArC), 143.9 (s, ArC), 134.3 (s, ArC), 129.8 (s, ArC), 129.0 (d, ArCH), 128.0 (d, ArCH), 127.2 (d, ArCH), 126.3 (d, ArCH), 125.0 (d, ArCH), 123.6 (d, ArCH), 116.7 (d, ArCH), 49.6 (s, Cq), 41.1 (t, CH2CO), 39.6 (t, CH2), 29.9 (t, CH2), 20.8 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C18H16NaO2]+=[M+Na]+: 287.1042; found 287.1047.
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2',3'-Dihydrospiro[benzo[f]chromene-1,1'-inden]-3(2H)-one (36af):

GP was carried out on the ester 35a (101 mg, 0.5 mmol), phenol 31f (216.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35a)=0.80, Rf(36af)=0.66, (petroleum ether/ethyl acetate 98:2, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36af (100.5 mg, 67%), as viscous liquid.  


IR (MIR-ATR, 4000–600 cm-1): (max=2925, 1761, 1599, 1514, 1460, 1248, 1213, 1169, 1044, 948, 731 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.82 (d, 1H, J=8.8 Hz, ArH), 7.81 (d, 1H, J=7.8 Hz, ArH), 7.40 (d, 1H, J=7.8 Hz, ArH), 7.35‒7.26 (m, 3H, ArH), 7.13 (dd, 1H, J=7.8 and 7.3 Hz, ArH), 7.10‒7.02 (m, 2H, ArH), 6.80 (d, 1H, J=7.8 Hz, ArH), 3.30‒3.15 (m, 2H, CH2), 2.93 (d, 1H, J=15.6 Hz, CH2aCO), 2.84 (dd, 1H, J=15.6 and 1.5 Hz, CH2bCO), 2.57–2.35 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=166.9 (s, O–C=O), 150.4 (s, ArC), 148.3 (s, ArC), 141.4 (s, ArC), 132.0 (s, ArC), 130.3 (d, 2C, 2 ( ArCH), 130.1 (s, ArC), 129.0 (d, ArCH), 127.8 (d, ArCH), 127.5 (d, ArCH), 125.7 (d, ArCH), 125.5 (d, ArCH), 124.5 (d, ArCH), 123.9 (d, ArCH), 120.9 (s, ArC), 117.7 (d, ArCH), 50.9 (s, Cq), 42.2 (t, CH2CO), 36.8 (t, CH2), 29.9 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C21H16NaO2]+=[M+Na]+: 323.1043; found 323.1042.
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6'-Isopropyl-8-methyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36bb):

GP was carried out on the ester 35b (122 mg, 0.5 mmol), phenol 31b (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35b)=0.85, Rf(36bb)=0.67, (petroleum ether/ethyl acetate 97:3, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36bb (128.5 mg, 84%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2957, 1768, 1461, 1264, 1188, 1146, 922, 829 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.26 (d, 1H, J=7.3 Hz, ArH), 7.18 (d, 1H, J=7.8 Hz, ArH), 7.11 (d, 1H, J=7.3 Hz, ArH), 6.95 (s, 1H, ArH), 6.92 (dd, 1H, J=7.8 and 7.3 Hz, ArH), 6.56 (d, 1H, J=7.3 Hz, ArH), 3.03 (d, 1H, J=15.6 Hz, CH2aCO), 2.98‒2.84 [m, 3H, CH2 and CH(CH3)2], 2.85 (d, 1H, J=15.6 Hz, CH2bCO), 2.37 (s, 3H, ArCH3), 2.34–2.12 (m, 2H, CH2), 1.22 [d, 6H, J=6.8 Hz, CH(CH3)2] ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 149.3 (s, ArC), 148.2 (s, ArC), 144.9 (s, ArC), 141.5 (s, ArC), 130.2 (s, ArC), 130.0 (d, ArCH), 126.4 (s, ArC), 126.2 (d, ArCH), 124.7 (d, ArCH), 124.0 (d, ArCH), 123.7 (d, ArCH), 121.5 (d, ArCH), 49.7 (s, Cq), 40.9 (t, CH2CO), 39.9 (t, CH2), 34.0 [d, CH(CH3)2], 29.4 (t, CH2), 24.1 [q, 2C, CH(CH3)2], 15.9 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C21H22NaO2]+=[M+Na]+: 329.1512; found 329.1512.
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6'-Isopropyl-7-methyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36bc):

GP was carried out on the ester 35b (162 mg, 0.5 mmol), phenol 31c (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35b)=0.85, Rf(36bc)=0.66, (petroleum ether/ethyl acetate 97:3, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36bc (125.5 mg, 82%), as viscous liquid.


IR (MIR-ATR, 4000–600 cm-1): (max=2958, 1766, 1491, 1456, 1253, 1213, 1163, 1036, 817 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.26 (d, 1H, J=7.8 Hz, ArH), 7.18 (d, 1H, J=7.8 Hz, ArH), 6.95 (2 ( s, 2H, 2 ( ArH), 6.85 (d, 1H, J=7.8 Hz, ArH), 6.65 (d, 1H, J=7.8 Hz, ArH), 3.00 (d, 1H, J=15.6 Hz, CH2aCO), 2.99‒2.85 [m, 3H, CH2 and CH(CH3)2], 2.85 (d, 1H, J=15.6 Hz, CH2bCO), 2.34 (s, 3H, ArCH3), 2.30–2.12 (m, 2H, CH2), 1.23 [d, 6H, J=6.8 Hz, CH(CH3)2] ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 150.9 (s, ArC), 148.2 (s, ArC), 144.9 (s, ArC), 141.3 (s, ArC), 138.6 (s, ArC), 127.2 (s, ArC), 126.2 (d, ArCH), 125.9 (d, ArCH), 125.3 (d, ArCH), 124.7 (d, ArCH), 121.3 (d, ArCH), 117.4 (d, ArCH), 49.2 (s, Cq), 41.0 (t, CH2CO), 40.0 (t, CH2), 34.0 [d, CH(CH3)2], 29.4 (t, CH2), 24.1 [q, 2C, CH(CH3)2], 20.9 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C21H22NaO2]+=[M+Na]+: 329.1512; found 329.1509.
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6'-Isopropyl-6-methyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36bd):

GP was carried out on the ester 35b (122 mg, 0.5 mmol), phenol 31d (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35b)=0.83, Rf(36bd)=0.66, (petroleum ether/ethyl acetate 97:3, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2 as eluent) furnished the lactone 36bd (133.1 mg, 87%), as viscous liquid.  


IR (MIR-ATR, 4000–600 cm-1): (max=2958, 1768, 1491, 1266, 1206, 1160, 923, 823 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.26 (d, 1H, J=7.8 Hz, ArH), 7.18 (dd, 1H, J=7.8 and 1.5 Hz, ArH), 7.05 (d, 1H, J=8.3 Hz, ArH), 7.01 (d, 1H, J=8.3 Hz, ArH), 6.95 (s, 1H, ArH), 6.57 (d, 1H, J=1.5 Hz, ArH), 2.98 (d, 1H, J=15.6 Hz, CH2aCO), 2.98‒2.75 [m, 3H, CH2 and CH(CH3)2], 2.83 (d, 1H, J=15.6 Hz, CH2bCO), 2.40–2.10 (m, 2H, CH2), 2.21 (s, 3H, ArCH3), 1.22 [d, 6H, J=6.8 Hz, CH(CH3)2] ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 149.0 (s, ArC), 148.2 (s, ArC), 144.9 (s, ArC), 141.4 (s, ArC), 134.2 (s, ArC), 129.9 (s, ArC), 128.9 (d, ArCH), 126.4 (d, ArCH), 126.2 (d, ArCH), 124.7 (d, ArCH), 121.5 (d, ArCH), 116.8 (d, ArCH), 49.6 (s, Cq), 41.1 (t, CH2CO), 39.9 (t, CH2), 34.0 [d, CH(CH3)2], 29.5 (t, CH2), 24.2 [q, CH(CH3)2a], 24.1 [q, CH(CH3)2b], 20.8 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C21H22NaO2]+=[M+Na]+: 329.1512; found 329.1512.
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6'-Isopropyl-2',3'-dihydrospiro[benzo[f]chromene-1,1'-inden]-3(2H)-one (36bf):

GP was carried out on the ester 35b (122 mg, 0.5 mmol), phenol 31f (216.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35b)=0.80, Rf(36bf)=0.61, (petroleum ether/ethyl acetate 97:3, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36bf (112.9 mg, 66%), as viscous liquid.  


IR (MIR-ATR, 4000–600 cm-1): (max=2957, 1773, 1513, 1460, 1248, 1212, 1166, 988, 814, 746 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.82 (d, 1H, J=8.8 Hz, ArH), 7.80 (d, 1H, J=8.8 Hz, ArH), 7.35‒7.26 (m, 3H, ArH), 7.16 (d, 1H, J=1.5 Hz, ArH), 7.07‒7.00 (m, 2H, ArH), 6.63 (d, 1H, J=1.5 Hz, ArH), 3.25‒3.05 (m, 2H, CH2), 2.94 (d, 1H, J=15.6 Hz, CH2aCO), 2.85 (dd, 1H, J=15.6 and 1.5 Hz, CH2bCO), 2.72 [sept, 1H, J=6.8 Hz, CH(CH3)2], 2.52–2.32 (m, 2H, CH2), 1.04 [d, 6H, J=6.8 Hz, CH(CH3)2] ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.1 (s, O–C=O), 150.3 (s, ArC), 148.6 (s, ArC), 148.2 (s, ArC), 138.8 (s, ArC), 132.0 (s, ArC), 130.2 (d, ArCH), 130.0 (s, ArC), 128.8 (d, ArCH), 125.9 (2 ( d, 2C, 2 ( ArCH), 125.5 (d, ArCH), 125.1 (d, ArCH), 124.5 (d, ArCH), 122.0 (d, ArCH), 121.2 (s, ArC), 117.6 (d, ArCH), 50.8 (s, Cq), 42.0 (t, CH2CO), 37.2 (t, CH2), 33.9 [d, CH(CH3)2], 29.5 (t, CH2), 24.1 [q, CH(CH3)2a], 23.8 [q, CH(CH3)2b] ppm. 


HR-MS: (ESI+) m/z calculated for [C24H22NaO2]+=[M+Na]+: 365.1512; found 365.1508.
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5',6'-Dimethoxy-7-methyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36cc):

GP was carried out on the ester 35c (131 mg, 0.5 mmol), phenol 31c (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35c)=0.80, Rf(36cc)=0.55, (petroleum ether/ethyl acetate 90:10, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 98:2 to 93:7 as eluent) furnished the lactone 36cc (116.6 mg, 72%), as viscous liquid. 


IR (MIR-ATR, 4000–600 cm-1): (max=2935, 1765, 1502, 1454, 1257, 1166, 1037, 823 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=6.92 (s, 1H, ArH), 6.84 (d, 1H, J=7.8 Hz, ArH), 6.83 (s, 1H, ArH), 6.64 (d, 1H, J=7.8 Hz, ArH), 6.55 (s, 1H, ArH), 3.89 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 2.95 (d, 1H, J=15.6 Hz, CH2aCO), 2.94‒2.86 (m, 2H, CH2), 2.81 (d, 1H, J=15.6 Hz, CH2bCO), 2.32 (s, 3H, ArCH3), 2.32–2.10 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=167.9 (s, O–C=O), 150.8 (s, ArC), 149.3 (s, ArC), 148.7 (s, ArC), 138.8 (s, ArC), 136.1 (s, ArC), 135.7 (s, ArC), 127.3 (s, ArC), 125.9 (d, ArCH), 125.3 (d, ArCH), 117.5 (d, ArCH), 107.6 (d, ArCH), 106.1 (d, ArCH), 55.9 (2 ( q, 2C, 2 ( OCH3), 49.5 (s, Cq), 41.2 (t, CH2CO), 40.1 (t, CH2), 29.8 (t, CH2), 20.9 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C20H20NaO4]+=[M+Na]+: 347.1253; found 347.1254.

[image: image141.emf]O O

OMe

OMe

Me

36dc

OMe

 

5',6',7'-Trimethoxy-7-methyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36dc):

GP was carried out on the ester 35d (146 mg, 0.5 mmol), phenol 31c (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35d)=0.81, Rf(36dc)=0.58, (petroleum ether/ethyl acetate 90:10, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 98:2 to 93:7 as eluent) furnished the lactone 36dc (136.3 mg, 77%), as viscous liquid.


IR (MIR-ATR, 4000–600 cm-1): (max=2937, 1767, 1583, 1464, 1413, 1338, 1226, 1165, 1115, 1062, 820 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=6.90 (s, 1H, ArH), 6.79 (d, 1H, J=7.8 Hz, ArH), 6.60 (s, 1H, ArH), 6.55 (d, 1H, J=7.8 Hz, ArH), 3.87 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 3.63 (s, 3H, OCH3), 3.57 (d, 1H, J=15.6 Hz, CH2bCO), 2.97‒2.85 (m, 2H, CH2), 2.80 (d, 1H, J=15.6 Hz, CH2bCO), 2.31 (s, 3H, ArCH3), 2.29–2.12 (m, 2H, CH2) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.5 (s, O–C=O), 154.6 (s, ArC), 150.4 (s, ArC), 150.2 (s, ArC), 140.8 (s, ArC), 139.7 (s, ArC), 138.5 (s, ArC), 128.3 (s, ArC), 127.3 (s, ArC), 125.4 (d, ArCH), 125.0 (d, ArCH), 117.5 (d, ArCH), 103.1 (d, ArCH), 60.8 (q, OCH3), 60.2 (q, OCH3), 56.1 (q, OCH3), 49.4 (s, Cq), 41.0 (t, CH2CO), 40.7 (t, CH2), 30.8 (t, CH2), 21.0 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C21H22NaO5]+=[M+Na]+: 377.1359; found 377.1353.
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7-Methyl-3'-phenyl-2',3'-dihydrospiro[chromene-4,1'-inden]-2(3H)-one (36ec):

GP was carried out on the ester 35e (139 mg, 0.5 mmol), phenol 31c (162.0 mg, 1.5 mmol), anhydrous FeCl3 (243 mg, 1.5 mmol) and benzene (1.5 mL). The resulting reaction mixture was stirred at rt for 12 h. [TLC control Rf(35e)=0.8, Rf(36ec)=0.66, (petroleum ether/ethyl acetate 95:5, UV detection)].  Purification of the residue on silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3 as eluent) furnished the lactone 36ec (76.5 mg, 45%), as white solid, which was recrystallized with hexane, m. p. 217-219 (C.

IR (MIR-ATR, 4000–600 cm-1): (max=2922, 1772, 1500, 1453, 1223, 1166, 1025, 820, 756 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.37‒7.26 (m, 4H, ArH), 7.25 (t, 1H, J=7.3 Hz, ArH), 7.20‒7.12 (m, 3H, ArH), 7.04 (d, 1H, J=8.3 Hz, ArH), 6.96 (s, 1H, ArH), 6.80 (d, 1H, J=7.8 Hz, ArH), 6.36 (d, 1H, J=7.8 Hz, ArH), 4.37 (dd, 1H, J=10.3 and 7.3 Hz, CHCH2), 3.29 (d, 1H, J=15.6 Hz, CH2aCO), 2.92 (d, 1H, J=15.6 Hz, CH2bCO), 2.66 (dd, 1H, J=12.7 and 7.3 Hz, CHCH2a), 2.33 (s, 3H, ArCH3), 2.27 (dd, 1H, J=12.7 and 10.3 Hz, CHCH2b) ppm. 


13C NMR (CDCl3, 100 MHz): δ=168.0 (s, O–C=O), 150.5 (s, ArC), 147.4 (s, ArC), 144.5 (s, ArC), 143.1 (s, ArC), 139.0 (s, ArC), 128.7 (d, 2C, 2 ( ArCH), 128.5 (d, ArCH), 128.3 (d, 2C, 2 ( ArCH), 127.9 (d, ArCH), 127.3 (s, ArC), 126.9 (d, ArCH), 125.6 (d, ArCH), 125.4 (d, ArCH), 125.2 (d, ArCH), 123.1 (d, ArCH), 117.7 (d, ArCH), 50.9 (t, CH2), 48.6 (t, CHCH2), 48.1 (s, Cq), 41.6 (t, CH2), 21.0 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C24H20NaO2]+=[M+Na]+: 363.1356; found 363.1358.
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CHAPTER III

    
Brønsted Acid Mediated Domino One-Pot Dual C-C Bond Formation: Chemoselective Synthesis of Fused Tricyclic Ketones

III.1 INTRODUCTION:

Acid mediated transformations play a crucial role in synthetic organic chemistry, reaching to the extent of activating the otherwise inert functionalities. As a major evolution in the field of acid induced transformations, superacids emerged as a potential media possessing the capacity to react with the highly inert hydrocarbons such as petroleum oil. A superacid is technically defined as an acid stronger than 100% sulfuric acid, i.e., a superacid has the chemical potential of proton much higher than pure sulfuric acid.1

The combination of Bronsted-Lowry acid with the Lewis acid concept has led to the emergence of superacid theory. James Bryant Conant coined the term superacid.2 George A Olah worked extensively in this area and prepared the magic acid antimony pentafluoride, with the ability to attack the hydrocarbons.3 Although the fundamentals of superacid upsurged a few decades back, the continuous evolution in reactivity and mechanistic aspects in superacid assisted reactions, has kept doors open for new developments. Very initially, superacids were employed for the protonation of carbonyl compounds and later extended for their potential to form stabilized cations, such as carbocations, acidic oxonium ions, halonium ions, and halogen cations, which has revived the interest in superacids. Typically, trifluoromethanesulphonic acid (triflic acid) is the most commonly available commercial superacid (pKa = (14) which is a thousand times stronger than sulfuric acid (pKa = (10). Triflic acid is the most commonly employed superacid, primarily advantageous for its interesting properties, namely, its considerably high acidity (pKa = (14) and the lack of any side reaction such as sulfonation or oxidation.

III.1.1 ROLE OF TRIFLIC ACID IN TRANSFORMATIONS:

Triflic acid was implemented extensively in a wide range of transformations ranging from alkylations leading to heterocyclic motifs, to, the cleavage of inert bonds in combination with other superacids. Olah and Klumpp were predominantly involved, in the studies on superacid mediated reactions. Their contributions are noteworthy and demonstrated the utility of superacid in Friedel-Crafts alkylations and cyclization reactions leading to the formation of carbocyclic compounds as well as heterocyclic poly ring systems. The varied explorations aided in better interpretation of the mechanistic aspects of the superacid mediated or catalyzed reactions.


In one of the earliest reports, dehydrative cyclization of aryl pinacols 1 and epoxides 2 were accomplished by superacid. Olah and Klumpp reported the formation of diphenylphenantrene 4 via dehydrative cyclization of benzopinacols mediated by triflic acid (Scheme III.1).4
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Scheme III.1: Benzopinacols/epoxides to 9,10-diphenylphenanthrene 4

In continuation to the superlectrophilic activation, heterocyclic compounds like diaryl oxindoles 7, were prepared from isatin 5. These oxindoles showed antibacterial, antiprotozoal and laxative properties (Scheme III.2).5
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Scheme III.2: Reaction of isatin with arenes under superacid conditions to give 7

Superacid played a significant role even in the synthesis of heterocyclic compounds, such as amidines 11, as reported by Caustard and co-workers (Scheme III.3).6

[image: image145.emf]H

N

NH

2

m n

+

NO

2

MeS

MeS

acetonitrile

40 C-reflux

12-72 h

N

NH

NO

2

m

n

1.CF

3

SO

3

H

60C, 24 h

2.Na

2

CO

3

H

2

O, 0 C

N

N

N

HO

+

H

CF

3

SO

3

m

n

8

9

10 11


Scheme III.3: Synthesis of amidines through triflic acid mediated cyclization of 10

Klumpp et al described the synthesis of 1,2-diaryl-1,2,3,4-tetrahydroisoquinolines 14 from N-acyliminium ions. Variedly substituted tetrahydroquinolines, were achieved by exploiting the superacid intramolecular cyclization of N-acyliminium ions derived from 12 and 13 (Scheme III.4).7
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Scheme III.4: Superacid mediated synthesis of tetrahydroquinolinone 14

Shudo et al disclosed the condensation reaction of 1,2-diketones 15 with benzene 6 to form diarylated ketones 16 (Scheme III.5).8

[image: image147.emf]CH

3

H

3

C

O

O

+

TfOH

CH

3

H

3

C

O

15 6 16


Scheme III.5: Condensation of 1,2-diketones with arenes to yield 16

Later, the electrophilic reactivity of chemically inert, but biosignificant -keto acids 17, were studied by Klumpp, which involved the generation of active superelectrophile and its reactivity towards the arenes 6, which are weak nucleophiles. The studies involved 1,2-dicarbonyl systems 17 such as isatins, parabanic acid and glyoxylic acid, pyruvic acid, keto-glutaric and succinic acid, under superacid conditions (Scheme III.6).9
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Scheme III.6: Electrophilic chemistry of -ketoacids to afford 18

Apart from the ketones, the amino acetals 19 were also explored as dicationic electrophiles for nucleophilic substitution by arenes 6, in the presence of Brønsted acid to form 20. It was presumed that the ammonium ion played a significant role in activating the neighbouring electrophilic position (Scheme III.7).10
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Scheme III.7: Amino acetals as dicationic electrophiles in superacid to furnish 20

On a similar concept, Klumpp et al described the addition reaction of olefinic amines 21 and 23 with inert arene 6, such as, benzene, to form the diarylated heterocyclic amines 22 and 24, respectively. The olefinic amines are diprotonated to form the reactive dicationic species that are capable of attracting the moderately deactivated arenes towards themselves (Scheme III.8).11
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Scheme III.8: Addition reaction on olefinic amines 21 & 23 in superacid

Following the studies on the olefinic compounds, Klumpp and co-workers made an extensive study on the superacid promoted reaction on alkynes with nitrogen based heterocyclic substituents on amines 25, 27 and 29. The process involved the vinylic cation formation and was recognised as one of the initial studies based on the dicatonic formation on alkynes (Scheme III.9).12
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Scheme III.9: Superacid mediated addition reaction on alkynes

Olah and Surya Prakash also explored the well renowned Friedel-Crafts reaction, for C(C bond formation, under superacid mediated reaction conditions. This involved the cyclic acyalkylation of aromatic rings leading to the generalized synthesis of 1-indanones and 1-tetralones 33 via dual CC bond formation (Scheme III.10).13
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Scheme III.10: Synthesis of tetralones 33 under superacid conditions

In continuation to the formation of annulated products, via superacid, Sommer et al employed 1,3-diaryl propynones 34, for the formation of 3-aryl indenones 35. This was observed only on the electron activating substituents on the diaryl propynones, whereas, under much more stronger superacid combination (CF3SO3H + SbF5) it resulted in the annulation even with non-activated propynones as well (Scheme III.11).14
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Scheme III.11: Synthesis of indenones 35 from propynones 34

These varied transformations have exposed the reactivity scope of triflic acid in synthetic processes and widened the further explorations on superacid catalyzed/mediated transformations.

III.1.2 FUSED TRICYCLIC KETONES IN NATURE:


Polycyclic fused ring structures are finding growing significance in polymer chemistry, materials science, and pharmaceutical chemistry. Amongst the fused systems, the tricyclic fused cores play a significant part as they form an integral part in a wide variety of naturally occurring compounds. For example, the diterpenoid salviaprione 36,15 diterpene alkaloid ileabethoxazole 3716 and sesquiterpenoid neomangicol C 38,17 constitute a very distinctive fused tricyclic core part and are reported to show significant biological properties against bacillary dysentery, diarrhea, abdominal pain, influenza and anti-bacterial properties. Zhang and his associate’s research on Incarvillea delavayi, led to the isolation of incarviatone A 39, with a structurally unique natural product hybrid with a fused tricyclic core.18 The fused tricyclic moiety also forms the part structure in some secondary metabolites like hypoxylonol B 40,19 daldinone A 4120 and hypoxylonol C 4221 that exhibit cytotoxic activities and antiangiogenic activity against endothelial cells.
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Figure III.1: Natural products comprising the fused tricyclic core part

Owing to the significance of such scaffolds, numerous reports are described that utilized various transition metals as well as acid catalysis/mediated reactions to accomplish the synthesis of fused systems.

The domino one-pot strategies have become crucial for the construction of multiple bonds in a single reaction vessel. Friedel-Crafts reaction has been long known as one of the classical methods, for the construction of C–C bonds.22 This reaction is popular for the synthesis of alkyl arenes and aryl ketones through Friedel-Crafts alkylation and Friedel-Crafts acylation, respectively. Over the time, a broad range of Lewis and Brønsted acids in stoichiometric or sub-stoichiometric amounts have been employed towards aromatic electrophilic substitutions.23,24,25,26 In particular, the Friedel-Crafts acylation, is an indispensible method for synthesis of feedstock chemicals, useful synthons, and fine chemicals.27 Of late, this facile method has been manipulated using novel precursors to afford varied annulated carbocyclic products. Among them, the fused tricyclic compounds28 and the spirocyclic compounds29 have been of great interest.
III.2 BACKGROUND:

Some interesting routes on the synthesis of tricyclic fused systems include cyclization of dienes, diynes and enynes through transition metal catalysis.30 For example, Mori et al described the synthesis of fused tricyclic ketones 45 from the diene systems, 43. In this method, the 3-azabicyclo[3.3.0]octane framework 44 was prepared by the intramolecular cyclization of diene 43, in the presence of Cp2ZrBu2 followed by treatment with carbon monoxide (Scheme III.12).31

[image: image155.emf]N

Bn

1. Cp

2

ZrBu

2

2. CO

N

O

H

H

H

Bn

N

ZrCp

2

H

H

H

Bn

H

43 44 45


Scheme III.12: Synthesis of azatricyclo fused ketone 45

Gybin et al presented a sequential electrophilic addition reaction on the cobalt complexed conjugated enynes 46. The corresponding carbonyl complexes 48, were reduced 49, and subjected to intramolecular Pauson-Khand cycloaddition, for the synthesis of polycyclic compounds 50. Various linearly and angularly fused polycyclic systems were achieved by this method (Scheme III.13).32
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Scheme III.13: Synthesis of angularly fused systems 50

Ogoshi and Hoshimoto reported nickel catalyzed enantioselective synthesis of fused tricyclic furans 53 via desymmetrization of alkynyl-cyclohexadienone 51 by oxidative cyclization followed by formal [4 + 2] cycloaddition processes (Scheme III.14).33
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Scheme III.14: Synthesis of fused tricyclic furan 53
Notably, many Lewis/Brønsted acid promoted routes to the synthesis of fused scaffolds have been broadcasted. In this regard, the research group of Reddy et al disclosed an acid mediated skeletal rearrangement of bicyclo-β-ketoester 54 to access fused tricyclic γ-butyrolactones 55. The process involved a one-pot aldol condensation, cyclopropyl ring opening followed by cyclization (Scheme III.15).34
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Scheme III.15: Acid mediated synthesis of γ-butyrolactones 55

Very initial studies towards synthesis of acenaphthenes, involved the zeolite catalyzed synthesis of tetrahydroacenaphthene 57 by Badri et al. It involved catalytic dual intramolecular Friedel-Crafts acylation of aryl-substituted carboxylic acids 56 over heterogeneous Y-faujasite-type zeolite (Scheme III.16).35
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Scheme III.16: Cyclization of aryl-substituted carboxylic acids 56 gives 57

Wade and Anderson presented the synthesis of pyracene 61, from 1-indanone 58. A multistep sequence, in which acid mediated intramolecular ring closure was employed as key step for the formation of tetrahydroacenaphthenone (Scheme III.17).36
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Scheme III.17: Stepwise synthesis of tetrahydroacenaphthenone 61

Later, Williamson and his co-researcher published a very similar methodology to synthesize the tetrahydroacenaphthenones 63 from 3-aryl-1-indanone 61 (Scheme III.18).37 The method suffered from the drawback, as it involved numerous steps and less scope studied.
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Scheme III.18: Multistep synthesis of acenaphthenone 63

In continuation to the synthesis of acid mediated fused tricyclic carbocyclics, Bunce and Cox reported the preparation of 1,1-disubstituted-1,2,3,4-tetrahydronaphthalenes 65, known to be RAR antagonists, by employing Amberlyst®15. During this study, the attempt to synthesize the fused tricyclic ketones 67 was futile and resulted in very low yield (Scheme III.19).38
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Scheme III.19: Synthesis of tetrahydronaphthalenes 65 and fused tricylic ketone 67

It is noteworthy to mention that although acid mediated approaches for various annulations are abundant,39 the studies on synthesizing structurally diversified fused molecules are scarcely explored. In this context, highly efficient synthetic routes to obtain diverse tricyclic fused carbocycles from readily available starting materials are still in great demand.

Thus, owing to the omnipresence of the fused and spirocyclic compounds in the nature, we were inspired to develop a facile route towards the synthesis of fused tricyclic and spirocyclic compounds. In continuation to our interest on the development of domino one-pot processes,40 particularly, using acid mediated annulations,41 recently, a practical strategy for novel spirotetracyclic compounds has been accomplished.41a Herein, we present an efficient chemoselective domino cyclization strategy, for the synthesis of novel fused tricyclic ketones. This process effectively involves the formation of dual CC bond via Friedel-Crafts alkylation and Friedel-Crafts acylation sequence. Notably, readily accessible and inert substituted aryl alkyl tethered cinnamic acid esters have been employed for this domino strategy in the presence of Brønsted acid. Significantly, these fused tricyclic ketones constitute a major structural core of natural products of biological relevance.

III.4 RESULTS AND DISCUSSION:


To begin with, we supposed that the electronic and steric effects of substituents on either aromatic rings of aryl alkyl tethered cinnamic acid esters 72, would play a crucial role on the chemoselective outcome of the products. Thus, it was envisioned that the reaction of 72 in the presence of a strong acid, would initially proceed via an intramolecular Friedel-Crafts alkylation to generate the bicyclic tetrahydronaphthalene intermediate 73. It was contemplated that the formation of fused [5,6,6] tricyclic ketone 74 could be feasible, via a chemoselective intramolecular acylation from the intermediate 73, by the aromatic ring of alkyl tether which is relatively more electron rich than the -aromatic ring of 72. 
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Scheme III.20: Retrosynthetic strategy for synthesis of fused 74 and spirocyclic 75 
Conversely, the reaction would also afford the spirotetracyclic ketone 75 from the same bicyclic intermediate 73, if the -aromatic ring is electron rich than the alkyl tethered aromatic ring of starting material 72, since the spirotetracyclic ketone 75 would be relatively more thermodynamically stable than rigid fused [5,6,6] tricyclic ketone 74. The required cinnamic acid esters 72 can be prepared using Heck coupling followed by Wittig-Horner-Wadsworth-Emmons protocol.

III.4.1 SYNTHESIS OF FUSED TRICYCLIC KETONES:


The synthesis of precursors, cinnamic acid ester derivatives 72, has been initiated from benzaldehydes 68. Thus, the reaction of benzaldehydes 68 with allylzinc bromide, under sonochemically accelerated Barbier conditions, furnished 
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Scheme III.21: Synthetic route for the preparation of precursor esters 72

the corresponding homoallylic alcohols 70, in near quantitative yields. The Heck coupling of homoallylic alcohols 70 with iodoarenes 69, gave the ketones 71. Finally, the aryl alkyl tethered β-aryl-α,β-unsaturated esters 72 were accomplished from 71, using standard Wittig-Horner-Wadsworth-Emmons reaction (Scheme III.21). It is worth noting that the cinnamic acid esters 72 were isolated as an inseparable mixture of geometrical (E + Z) isomers.


To initiate the synthetic study for the feasibility of final intramolecular domino cyclization, we explored the reaction on the ester 72ca with different acids. To begin with, the ester 72ca was treated with stoichiometric amounts of the Lewis acids. During these trials, FeCl3 in DCE solvent, under heating conditions yielded the required fused tricyclic product 74ca, albeit in very poor yield (Table III.1, entry 1). Whereas, ZnCl2 and AlCl3 did not furnish the desired product 74ca and inconclusive, as multiple spots were seen on TLC (Table III.1, entries 2 & 3). We realized that indeed a stronger acid is needed and thus, opted sulfuric acid for the task. The reaction did not progress under ambient conditions (Table III.1, entry 4), and in spite of refluxing the reaction mixture, very minimum conversion to the product 74ca, was observed on TLC (Table III.1, entry 5). The reaction with p-TSA was also unsuccessful to show any progress towards product 74ca formation (Table III.1, entry 6). While, the reaction with methanesulphonic acid, gave the product 74ca, albeit, in low yield (Table III.1, entry 7). Based on our experience on Brønsted acid mediated conversions, we checked for the feasibility of reaction with triflic acid (superacid). Although under ambient conditions, no progress was noted (Table III.1, entry 8), but delightfully, when refluxed, it led to the product 74ca formation, in moderate yield (Table III.1, entry 9). Further increase in the amount of triflic acid, led to a slight increase in the yield of product 74ca, however, accompanied with formation of many other undesirable spots (Table III.1, entry 10). To facilitate smoother conversion to product and improve the yield, the reaction with triflic acid was performed under slightly reduced temperature (50 (C). Gratifyingly, the fused tricyclic ketone product 74ca was obtained, in very good yield (Table III.1, entry 11). When chloroform was used as a solvent, even under prolonged reaction time, the yield of product 74ca was poor (Table III.1, entry 12).

Table III.1: Optimization for the fused tricyclic compound 74caa, b
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	Entry
	Acid

(equiv)
	Solvent 

(2 mL)
	Temp 

(°C)
	Time

(h)
	Yield (%)

74ca

	1
	FeCl3 (5)
	DCE
	80
	24
	20c

	2
	ZnCl2 (5)
	DCE
	80
	12
	-d

	3
	AlCl3 (5)
	DCE
	80
	12
	- d

	4
	H2SO4 (3)
	DCE
	rt
	12
	-

	5
	H2SO4 (3)
	DCE
	80
	24
	-e

	6
	p-TSA (3)
	DCE
	80
	24
	-

	7
	CH3SO3H (5)
	DCE
	80
	24
	37

	8
	TfOH (1)
	DCE
	rt
	24
	-

	9
	TfOH (1)
	DCE
	80
	24
	45c

	10
	TfOH (3)
	DCE
	80
	24
	55 c

	11
	TfOH (3)
	DCE
	50
	24
	86

	12
	TfOH (3)
	CHCl3
	50
	30
	35


aReactions were performed on 0.5 mmol scale of ester 72ca. bYields are of chromatographically purified compounds. cStarting material was present and not recovered. dInconclusive multiple spots seen on TLC.  eVery less conversion to product analyzed on TLC.


The structure of the formed product 74ca was deduced from the supporting proton and carbon spectral data. In the 1H-NMR spectrum (Figure III.2), a doublet at ( 7.27 for one aromatic proton, a doublet of doublet at ( 7.19 owing to two aromatic protons, a multiplet in the region ( 7.16(7.08 because of two aromatic protons, a doublet at ( 6.84 for two more aromatic protons, two doublets at ( 2.99 and ( 2.85, and a multiplet in the region ( 2.82(2.65 on account of four methylene protons, a 
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Figure III.2: 1H NMR (400 MHz) spectrum of 74ca in CDCl3
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Figure III.3: 13C NMR (100 MHz) spectrum of 74ca in CDCl3
singlet at ( 2.60 for three protons of aromatic methyl group, and three multiplets in the regions ( 2.60(2.52, 1.87(1.70 & ( 1.62(1.47 due to four methylene protons elucidated the structure of fused tricyclic 74ca (Figure III.2).  In addition, the 17 lines in 13C-NMR spectrum (Figure III.3), showing the presence of resonance at ( 205.4, due to a quaternary carbonyl group, five quaternary carbon resonances at ( 156.8, 147.4, 135.3, 133.5 and 133.0 due to aromatic carbons, seven aromatic CH resonances at ( 132.9, 130.2, 128.2, 127.1 and 126.0, four aliphatic methylene resonances at ( 56.7, 35.2, 24.6 and 18.6, an aliphatic quaternary carbon resonance at ( 46.6 and aromatic methyl carbon resonance at ( 17.7 ppm confirmed the structure of the fused tricyclic 74ca (Figure III.3).


By employing these optimized conditions (Table III.1, entry 11), we proceeded towards the study of the scope and applicability of the methodology and explored the strategy on other aryl alkyl tethered β-aryl-α,β-unsaturated esters 72. It is worth to mention that in all the substrates, purposefully, it was ensured that the aryl alkyl tethered aromatic ring is relatively more electron rich than -aryl moiety of the cinnamic acid esters 72ca-72ch. So that only this aromatic ring would compete chemoselectively in both cyclizations to give the desired fused tricyclic ketones 74. To our delight, the scope of the methodology was observed to be wide and delivered the expected fused tricyclic products 74ca-74ch, in moderate to excellent yields (Table III.2). Significantly, the method was amenable to the esters bearing simple to highly electron rich aromatic rings of aryl alkyl tether. The method was also studied on variedly substituted -aryl moiety of cinnamic acid esters. For example, the methodology was suitable even with electron deactivating groups, such as, F, Cl and Br substituents on the aromatic ring of -aryl moiety (Table III.2; 74af-74ch). Notably, the product 74ch with Br substituent is interesting, as the strategy could be further extended to the synthesis of various coupled products, under transition metal catalysis. Upon close observation, the formation of tricyclic ketone 74cd from the ester 72cd seems unusual. However, this can be explained based on the fact that the aromatic ring of the bicyclic naphthalene intermediate, is slightly electron rich than para-tolyl of it. Moreover, the methyl of bicyclic intermediate is suitably situated at ortho-position to the incoming acyl group, which could favor the formation of fused tricyclic ketone 74cd. At the same time, the methyl group of para-tolyl moiety is at meta-relation to the incoming acyl functionality that could disfavor the acylation on para-tolyl ring. 


Significantly, all tricyclic ketone products possess dense substitution pattern, particularly, on the aromatic ring of fused tricyclic systems (i.e. 1,2,3 or 1,2,3,4 or 1,2,3,4,5 substitution pattern). This seems unusual, as the steric thwart due to the 1,2,3…etc. substitutions is somehow superseded and this is probably due to the key role played by the electronic factors of the aromatic substituents. It is worth noting that in our previous results, the formation of tricyclic ketones were restricted due to severe conformational strain in fused [5,5,6] tricyclic system and hence, selectively afforded the less strained spirotetracyclic ketones.41a Whereas, the present strategy is based on one carbon homologated alkyl tethered cinnamic acid esters, in which it has become possible to achieve fused [5,6,6] tricyclic ketones. However, the formation of less strained spirotetracylic has been suppressed by taking into considerations of electronic effects of aromatic substituents.

Table III.2: Scope of the synthesis of fused tricyclic compounds 74 from esters 72.a, b, c
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aAll reactions were performed using 0.5 mmol of the ester 72, in solvent DCE (2 mL), at 50 (C for 24 h. bThe yields correspond to the chromatographically isolated compounds. cReaction was completed in 12 hrs (for OMe containing compounds).
In addition to the spectroscopic evidence for structural elucidation, the structure of the fused system 74dg was further confirmed by the single crystal X-ray diffraction analysis (Figure III.4).
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Figure III.4: X-ray crystal structure of 74dg. Ellipsoids are drawn at 50% probability factor
III.4.2 SYNTHESIS OF SPIROTETRACYCLIC KETONES:


Following the successful synthesis of fused tricyclic compounds, it was also contemplated that the spirotetracyclic compounds 75 could also be obtained. This is expected, particularly, when the -aryl moiety is relatively more electron rich than the aromatic ring of aryl alkyl tethered moiety. However, to our surprise, it was observed that the spirotetracyclic ketone 75aa was formed when both aromatic rings are same (i.e. phenyl). This may be due to the fact that both aromatic rings are not much electronically different, even after achieving the bicyclic tetrahydronaphthalene intermediate 73aa via initial Friedel-Crafts alkylation by the aromatic ring of aryl alkyl tether. Alternatively, the reaction might initially undergo an intramolecular acylation to give indenone followed by intramolecular alkylation by the aromatic ring of aryl alkyl tether. The latter can be reasoned based on the preference for the formation of five membered ring over the six membered one. Hence, in this case, thermodynamics would have been dominated to prefer the formation of thermodynamically stable spirotetracyclic ketone 75aa (Table III.3). As expected, the reaction of the cinnamic acid ester 72ad with relatively more electron rich -para-tolyl group, furnished the spirotetracyclic ketone 75ad (Table III.3). 

Table III.3: Formation of spirotetracyclic compounds 75 from esters 72a, b

[image: image170.emf]R

1

O TfOH (3equiv)

DCE(2mL),50C

72

O

75aa 

(90%)

75ad(84%)

75cb(79%)

75

COOEt

R

1

R

2

R

2

O O

Me

MeO

Me


aAll reactions were performed using 0.5 mmol of the ester 72, in solvent DCE (2 mL), at 50 (C for 24 h. bThe yields correspond to the chromatographically isolated compounds 75.


On the other hand, the ester 72cb containing more electron rich alkyl tethered anisyl group, still preferred the formation of spirocyclic ketone 75cb (Table III.3). At first glance, it looked like an exception, as, the electron rich alkyl tethered arene is expected to produce the fused tricyclic compound 74cb. However, on keen analysis, the formation of spirotetracyclic ketone 75cb seems reasonable, as the anticipated fused tricyclic ketone 74cb would suffer from steric thwart due to ortho-methyl group of -aryl moiety of the ester 72cb. This ortho-methyl steric effect might be compromised in the corresponding spirocompound 75cb, as the methyl group stays away from tetrahydronaphthyl residue, in which the indanone bicyclic part lies at right angle plane to that of the tetrahydronaphthalene portion (Scheme III.22).
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Scheme III.22: Preferential formation of spirotetracyclic 75cb from ester 72cb

Further, the structure of spirotetracyclic ketone 75cb was confirmed by the 1H and the 13C-NMR data. In the 1H-NMR spectrum (Figure III.5), a doublet of doublet at ( 7.64 due to one aromatic proton, a multiplet in the region ( 7.38(7.27 for two aromatic protons, a doublet at ( 7.05 for one aromatic proton, a doublet of doublet at ( 6.99 accounting one aromatic proton, a doublet at ( 6.21 owing to one more aromatic proton, a singlet at ( 3.59 for three protons of methoxyl group, a doublet at ( 2.99 and a multiplet in the region ( 2.90(2.75 due to four aliphatic methylene protons, a doublet of doublet of doublet at  ( 2.16 and two multiplets in the regions ( 2.07(1.97 and ( 1.90(1.77 on account of three methylene protons, a singlet at ( 1.87 for three protons of methyl group, and one multiplet in the region ( 1.72(1.62 due to one aliphatic methylene proton elucidated the structure of spirotetracyclic ketone 75cb (Figure III.5). In addition, the 20 lines in 13C-NMR spectrum (Figure III.6), showing a resonance at ( 206.5 represents a quaternary carbonyl carbon, six quaternary carbon resonances at ( 160.5, 158.4, 142.7, 136.9, 135.7 and 128.8 due to aromatic carbons, six aromatic CH resonances at ( 137.9, 130.0, 128.1, 121.0, 112.2 and 112.1, four aliphatic methylene resonances at ( 56.7, 36.7, 29.0 and 21.5, a methoxy carbon resonance at ( 55.2, an aliphatic quaternary carbon resonance at ( 47.1 and a methyl carbon resonance at ( 18.4 ppm confirmed the structure of the spirotetracyclic 75cb (Figure III.6).
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Figure III.5: 1H NMR (400 MHz) spectrum of 75cb in CDCl3
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Figure III.6: 13C NMR (100 MHz) spectrum of 75cb in CDCl3

III.5 CONCLUSIONS AND SUMMARY:


In conclusion, we have presented a chemoselective domino dual CC bond formation for the synthesis of novel fused tricyclic ketones. Inert and readily accessible aryl alkyl tethered (-aryl cinnamic acid esters were explored in the presence of superacid and the strategy proceeds through intramolecular Friedel-Crafts alkylation and acylation sequence. These tricyclic motifs constitute major structural core of naturally occurring compounds. In addition, it was demonstrated that the selective formation of spirotetracyclic ketones can be enabled by ensuring that the (-aryl moiety is relatively more electron rich than the aromatic ring from aryl alkyl tether. 
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III.6 EXPERIMENTAL SECTION:


General: IR spectra were recorded on a Bruker Tensor 37 (FTIR) spectrophotometer. 1H NMR spectra were recorded on Bruker Avance 400 (400 MHz) spectrometer at 295 K in CDCl3; chemical shifts (δ ppm) and coupling constants (Hz) are reported in standard fashion with reference to either internal standard tetramethylsilane (TMS) (δH =0.00 ppm) or CHCl3 (δH = 7.25 ppm). 13C NMR spectra were recorded on Bruker Avance 400 (100 MHz) spectrometer at rt in CDCl3; chemical shifts (δ ppm) are reported relative to CHCl3 [δC = 77.00 ppm (central line of triplet)]. In the 13C NMR, the nature of carbons (C, CH, CH2 and CH3) was determined by recording the DEPT-135 spectra, and is given in parentheses and noted as s = singlet (for C), d = doublet (for CH), t = triplet (for CH2) and q = quartet (for CH3). In the 1H-NMR, the following abbreviations were used throughout: s = singlet, d = doublet, t = triplet, q = quartet, qui =quintet, sept = septet, dd = doublet of doublet, m = multiplet and br. s = broad singlet. The assignment of signals was confirmed by 1H, 13C CPD and DEPT spectra. High-resolution mass spectra (HR-MS) were recorded on an Agilent 6538 UHD Q-TOF electron spray ionization (ESI) mode and atmospheric pressure chemical ionization (APCI) modes. All small scale dry reactions were carried out using Schlenk tubes under inert atmosphere. Reactions were monitored by TLC on silica gel using a combination of hexane and ethyl acetate as eluents. Reactions were generally run under argon or a nitrogen atmosphere. Solvents were distilled prior to use; petroleum ether with a boiling range of 60 to 80 (C was used. TfOH was purchased from local sources and used as received. Acme’s silica gel (60–120 mesh) was used for column chromatography (approximately 20 g per one gram of crude material).

III.6.1 GENERAL PROCEDURE (GP-1) FOR THE SYNTHESIS OF FUSED TRICYCLIC AND SPIROTETRACYCLIC KETONES (74 & 75):

In an oven dried Schlenk tube, were added ester 72 (147‒184 mg, 0.5 mmol), and DCE (2.0 mL) followed by TfOH (0.13 mL, 1.5 mmol) at room temperature under nitrogen atmosphere and allowed the reaction mixture to stir at 50 (C for 12-24 h. Progress of the fused ketones 74/spirotetracyclic ketones 75 formation was monitored by TLC till the reaction is completed. Then, the mixture was quenched by the addition of aqueous NaHCO3 solution and extracted with ethyl acetate (3 ( 20 mL). The organic layers were washed with saturated NaCl solution, dried (Na2SO4), and filtered. Evaporation of the solvent under reduced pressure and purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate) furnished the fused tricyclic system 74/spirotetracyclic system 75 (53‒91%), as viscous oil/semi-solid/solid.

The following commercially available iodoarenes 69 were employed for the study.
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The following homoallylic alcohols 70 were used for the intermolecular Heck reaction.
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The following esters 72 were employed for the synthesis of fused tricylic ketones 74 and spirotetracyclic ketones 75.
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The following spirotetracyclic ketones 75aa and 75ad are reported in the literature.42



[image: image178.emf]O O

Me

75aa 75ad



[image: image179.emf]O

Me

74ca


8-Methyl-2a-phenyl-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74ca): 


GP-1 was carried out with ester 72ca (154 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the fused tricyclic ketone 74ca (112.8 mg, 86%), as pale yellow highly viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(72ac)=0.50, Rf(74ca)=0.30, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2935, 1705, 1538, 1494, 1242, 702, cm-1. 
1H NMR (CDCl3, 400 MHz): δ=7.27 (d, 1H, J=7.8 Hz, ArH), 7.19 (dd, 2H, J=7.8 and 7.3 Hz, ArH), 7.16–7.08 (m, 2H, ArH), 6.84 (d, 2H, J=8.3 Hz, ArH), 2.99 (d, 1H, J=17.1 Hz, CHaHbCO), 2.85 (d, 1H, J=17.1 Hz, CHaHbCO), 2.82–2.65 (m, 2H, CH2), 2.60 (s, 3H, ArCH3),  2.60–2.52 (m, 1H, CHaHb), 1.87–1.70 (m, 2H, CH2), 1.62–1.47 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=205.4 (s, C=O), 156.8 (s, ArC), 147.4 (s, ArC), 135.3 (s, ArC), 133.5 (s, ArC), 133.0 (s, ArC), 132.9 (d, ArCH), 130.2 (d, ArCH), 128.2 (d, 2C, 2 × ArCH), 127.1 (d, 2C, 2 × ArCH), 126.0 (d, ArCH), 56.7 (t, CH2CO), 46.6 (s, Cq), 35.2 (t, CH2), 24.6 (t, CH2), 18.6 (t, CH2), 17.7 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C19H19O]+=[M+H]+: 263.1436; found: 263.1435.
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8-Methoxy-2a-phenyl-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74da): 


GP-1 was carried out with ester 72da (162 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic ketone 74da (114.1 mg, 82%), as yellow semi-solid. [TLC control (petroleum ether/ethyl acetate 85:15), Rf(72da)=0.75, Rf(74da)=0.0.30, UV detection]. 
IR (MIR-ATR, 4000–600 cm-1): (max=2937, 1705, 1587, 1493, 1280, 1041, 702, cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.35 (d, 1H, J=7.3 Hz, ArH), 7.19 (dd, 2H, J=7.8 and 7.3 Hz, ArH), 7.12 (t, 1H, J=7.3 Hz, ArH), 6.90‒6.80 (m, 3H, ArH), 3.94 (s, 3H, ArOCH3), 2.97 (d, 1H, J=17.1 Hz, CHaHbCO), 2.86 (d, 1H, J=17.1 Hz, CHaHbCO), 2.72–2.62 (m, 2H, CH2),  2.62–2.52 (m, 1H, CHaHb), 1.85–1.72 (m, 2H, CH2), 1.60–1.45 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=202.2 (s, C=O), 158.4 (s, ArC), 155.4 (s, ArC), 147.0 (s, ArC), 135.5 (d, ArCH), 128.2 (d, 2C, 2 × ArCH), 127.8 (s, ArC), 127.0 (d, 2C, 2 × ArCH), 126.1 (d, ArCH), 123.2 (s, ArC), 110.4 (d, ArCH), 56.6 (t, CH2CO), 55.8 (q, ArOCH3), 46.8 (s, Cq), 34.9 (t, CH2), 24.1 (t, CH2), 18.5 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C19H19O2]+=[M+H]+: 279.1385; found: 279.1383.
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7,8-Dimethoxy-2a-phenyl-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74ea): 


GP-1 was carried out with ester 72ea (177 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 75:25) furnished the fused tricyclic ketone 74ea (101.6 mg, 66%), as yellow viscous jelly liquid. [TLC control (petroleum ether/ethyl acetate 80:20), Rf(72ea)=0.70, Rf(74ea)=0.34, UV detection].


IR (MIR-ATR, 4000–600 cm-1): (max=2935, 1706, 1488, 1445, 1264, 1117, 1019, 703 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.20 (dd, 2H, J=7.8 and 7.3 Hz, ArH), 7.12 (t, 1H, J=7.3 Hz, ArH), 6.97 (s, 1H, ArH), 6.86 (d, 2H, J=7.8 Hz, ArH),  4.03 (s, 3H, ArOCH3), 3.89 (s, 3H, ArOCH3), 3.00 (d, 1H, J=17.1 Hz, CHaHbCO), 2.88 (d, 1H, J=17.1 Hz, CHaHbCO), 2.77–2.67 (m, 2H, CH2),  2.57–2.47 (m, 1H, CHaHb), 1.85–1.72 (m, 2H, CH2), 1.57–1.45 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=201.4 (s, C=O), 151.9 (s, ArC), 148.4 (s, ArC), 147.7 (s, ArC), 145.0 (s, ArC), 130.5 (d, ArCH), 128.5 (s, ArC), 128.2 (d, 2C, 2 × ArCH), 127.2 (s, ArC), 127.1 (d, 2C, 2 × ArCH), 126.1 (d, ArCH), 118.4 (d, ArCH), 62.6 (q, ArOCH3), 57.2 (q, ArOCH3), 56.8 (t, CH2CO), 46.3 (s, Cq), 35.6 (t, CH2), 25.0 (t, CH2), 18.6 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C20H21O3]+=[M+H]+: 309.1491; found: 309.1489.
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8-Methoxy-2a-(3-methylphenyl)-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74dc): 


GP-1 was carried out with ester 72dc (169 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic ketone 74dc (122.9 mg, 84%), as colorless liquid. [TLC control (petroleum ether/ethyl acetate 85:15), Rf(72dc)=0.80, Rf(74dc)=0.0.30, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2939, 1700, 1591, 1457, 1239, 1070, 815 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.35 (d, 1H, J=8.3 Hz, ArH), 7.06 (dd, 1H, J=7.8 and 7.3 Hz, ArH), 6.93 (d, 1H, J=7.8 Hz, ArH), 6.84 (d, 1H, J=8.3 Hz, ArH), 6.66 (s, 1H, ArH), 6.62 (d, 1H, J=7.3 Hz, ArH), 3.95 (s, 3H, ArOCH3), 2.96 (d, 1H, J=17.1 Hz, CHaHbCO), 2.85 (d, 1H, J=17.1 Hz, CHaHbCO), 2.70–2.62 (m, 2H, CH2), 2.61–2.52 (m, 1H, CHaHb), 2.23 (s, 3H, ArCH3),  1.85–1.72 (m, 2H, CH2), 1.62–1.45 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=202.2 (s, C=O), 158.6 (s, ArC), 155.3 (s, ArC), 147.0 (s, ArC), 137.8 (d, ArCH), 135.4 (s, ArC), 128.0 (d, ArCH), 127.8 (d, ArCH), 127.7 (d, ArCH), 126.9 (d, ArCH), 124.2 (d, ArCH), 123.3 (s, ArC), 110.4 (d, ArCH), 56.7 (t, CH2CO), 55.8 (q, ArOCH3), 46.8 (s, Cq), 34.9 (t, CH2), 24.1 (q, ArCH3), 21.5 (t, CH2), 18.6 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C20H21O2]+=[M+H]+: 293.1542; found: 293.1539.
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6-Methoxy-2a-(4-methylphenyl)-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74bd): 


GP-1 was carried out with ester 72bd (169 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic 74bd (106.4 mg, 73%), as yellow colour viscous liquid. [TLC control (petroleum ether/ethyl acetate 85:15 Rf(72bd)=0.70, Rf(74bd)=0.0.30, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2936, 1704, 1586,  1494, 1278, 1041, 728 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.34 (d, 1H, J=8.3 Hz, ArH), 6.99 (d, 2H, J=8.3 Hz, ArH), 6.83 (d, 1H, J=8.3 Hz, ArH), 6.74 (d, 2H, J=8.3 Hz, ArH), 3.94 (s, 3H, ArOCH3), 2.95 (d, 1H, J=17.1 Hz, CHaHbCO), 2.85 (d, 1H, J=17.1 Hz, CHaHbCO), 2.72–2.60 (m, 2H, CH2), 2.57–2.50 (m, 1H, CHaHb), 2.25 (s, 3H, ArCH3),  1.85–1.70 (m, 2H, CH2), 1.62–1.47 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=202.2 (s, C=O), 158.7 (s, ArC), 155.3 (s, ArC), 144.1 (s, ArC), 135.6 (s, ArC), 135.4 (d, ArCH), 128.9 (d, 2C, 2 × ArCH), 127.8 (s, ArC), 126.9 (d, 2C, 2 × ArCH), 123.2 (s, ArC), 110.4 (d, ArCH), 56.7 (t, CH2CO), 55.9 (q, ArOCH3), 46.5 (s, Cq), 34.9 (t, CH2), 24.1 (t, CH2), 20.8 (q, ArCH3), 18.6 (t, CH2) ppm. 
HR-MS: (ESI+) m/z calculated for [C20H21O2]+=[M+H]+: 293.1542; found: 293.1539.
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8-Methyl-2a-(4-methylphenyl)-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74cd): 


GP-1 was carried out with ester 72cd (161 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 93:7) furnished the fused tricyclic ketone 74cd (121.5 mg, 88%), as pale yellow semi-solid. [TLC control (petroleum ether/ethyl acetate 90:10), Rf(72cd)=0.70, Rf(74cd)=0.50, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2934, 1703, 1582, 1241, 816 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.26 (d, 1H, J=7.3 Hz, ArH), 7.13 (d, 1H, J=7.3 Hz, ArH), 7.00 (d, 2H, J=8.3 Hz, ArH), 6.73 (d, 2H, J=8.3 Hz, ArH), 2.98 (d, 1H, J=17.1 Hz, CHaHbCO), 2.83 (d, 1H, J=17.1 Hz, CHaHbCO), 2.77–2.62 (m, 2H, CH2), 2.59 (s, 3H, ArCH3),  2.60–2.50 (m, 1H, CHaHb), 2.26 (s, 3H, ArCH3),  1.85–1.67 (m, 2H, CH2), 1.65–1.50 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=205.5 (s, C=O), 157.1 (s, ArC), 144.5 (s, ArC), 135.6 (s, ArC), 135.2 (s, ArC), 133.4 (s, ArC), 133.0 (s, ArC), 132.9 (d, ArCH), 130.1 (d, ArCH), 128.9 (d, 2C, 2 × ArCH), 127.0 (d, 2C, 2 × ArCH), 56.8 (t, CH2CO), 46.3 (s, Cq), 35.1 (t, CH2), 24.6 (t, CH2), 20.8 (q, ArCH3), 18.6 (t, CH2), 17.7 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C20H21O]+=[M+H]+: 277.1592; found: 277.1593.
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8-Methoxy-2a-(4-methylphenyl)-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74dd): 


GP-1 was carried out with ester 72dd (169 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic ketone 74dd (127.3 mg, 87%), as pale yellow solid, which was recrystallized with ethyl acetate/hexane, m. p. 186-188 (C. [TLC control (petroleum ether/ethyl acetate 85:15), Rf(72dd)=0.80, Rf(74dd)=0.0.30, UV detection].

IR (MIR-ATR, 4000–600 cm-1): (max=2936, 1702, 1597, 1453, 1245, 1061, 812 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.62 (d, 1H, J=8.3 Hz, ArH), 6.99 (d, 2H, J=7.8 Hz, ArH), 6.93 (d, 1H, J=8.3 Hz, ArH), 6.73 (d, 2H, J=8.3 Hz, ArH), 3.94 (s, 3H, ArOCH3), 2.97 (d, 1H, J=17.1 Hz, CHaHbCO), 2.84 (d, 1H, J=17.1 Hz, CHaHbCO), 2.67–2.58 (m, 2H, CH2), 2.57–2.47 (m, 1H, CHaHb), 2.26 (s, 3H, ArCH3),  1.87–1.72 (m, 2H, CH2), 1.57–1.42 (m, 1H, CHaHb) ppm. 

13C NMR (CDCl3, 100 MHz): δ=203.2 (s, C=O), 161.8 (s, ArC), 158.3 (s, ArC), 144.6 (s, ArC), 135.5 (s, ArC), 128.9 (d, 2C, 2 × ArCH), 128.6 (s, ArC), 127.0 (d, 2C, 2 × ArCH), 124.1 (s, ArC), 122.6 (d, ArCH), 110.0 (d, ArCH), 56.5 (t, CH2CO), 55.8 (q, ArOCH3), 46.5 (s, Cq), 34.8 (t, CH2), 20.8 (q, ArCH3), 20.2 (t, CH2), 18.2 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C20H21O2]+=[M+H]+: 293.1542; found: 293.1541. M. P.: 178-179 °C
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7,8-Dimethoxy-2a-(4-methylphenyl)-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74ed): 


GP-1 was carried out with ester 72ed (184 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 75:25) furnished the fused tricyclic ketone 74ed (85.5 mg, 53%), as dark yellow semi-solid. [TLC control (petroleum ether/ethyl acetate 80:20), Rf(72ed)=0.75, Rf(74ed)=0.30, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2931, 1711, 1492, 1268, 1021, 817 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.01 (d, 2H, J=8.3 Hz, ArH), 6.97 (s, 1H, ArH), 6.74 (d, 2H, J=8.3 Hz, ArH),  4.03 (s, 3H, ArOCH3), 3.90 (s, 3H, ArOCH3), 2.98 (d, 1H, J=17.1 Hz, CHaHbCO), 2.86 (d, 1H, J=17.1 Hz, CHaHbCO), 2.77–2.60 (m, 2H, CH2),  2.55–2.45 (m, 1H, CHaHb), 2.26 (s, 3H, ArCH3), 1.85–1.70 (m, 2H, CH2), 1.66–1.50 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=201.5 (s, C=O), 151.8 (s, ArC), 148.7 (s, ArC), 144.7 (s, ArC), 135.6 (s, ArC), 130.5 (s, ArC), 129.2 (s, ArC), 128.9 (d, 2C, 2 × ArCH), 127.2 (s, ArC), 127.0 (d, 2C, 2 × ArCH), 118.4 (d, ArCH), 62.6 (q, ArOCH3), 57.3 (q, ArOCH3), 56.8 (t, CH2CO), 45.9 (s, Cq), 35.4 (t, CH2), 25.0 (t, CH2), 20.8 (q, ArOCH3), 18.6 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C21H23O3]+=[M+H]+: 323.1647; found: 323.1645.
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2a-(4-Isopropylphenyl)-8-methyl-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74ce):


GP-1 was carried out with ester 72ce (175 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 93:7) furnished the fused tricyclic ketone 74ce (123.2 mg, 81%), as pale yellow viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(72ce)=0.60, Rf(74ce)=0.40, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2927, 1706, 1588, 1495, 1277, 1047, 827, 721 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.25 (d, 1H, J=7.8 Hz, ArH), 7.12 (d, 1H, J=7.8 Hz, ArH), 7.04 (d, 2H, J=8.3 Hz, ArH), 6.74 (d, 2H, J=8.3 Hz, ArH), 2.99 (d, 1H, J=17.1 Hz, CHaHbCO), 2.86–2.64 [m, 3H, CH2 and CH(CH3)2], 2.83 (d, 1H, J=17.1 Hz, CHaHbCO), 2.58 (s, 3H, ArCH3),  2.60–2.50 (m, 1H, CHaHb), 1.87–1.70 (m, 2H, CH2), 1.67–1.50 (m, 1H, CHaHb),  1.18 [d, 6H, J=6.8 Hz, CH(CH3)2] ppm. 


13C NMR (CDCl3, 100 MHz): δ=205.7 (s, C=O), 157.1 (s, ArC), 146.5 (s, ArC), 144.8 (s, ArC), 135.2 (s, ArC), 133.5 (s, ArC), 133.0 (s, ArC), 132.9 (d, ArCH), 130.1 (d, ArCH), 127.0 (d, 2C, 2 × ArCH), 126.2 (d, 2C, 2 × ArCH), 56.8 (t, CH2CO), 46.3 (s, Cq), 35.2 (t, CH2), 33.5 [d, CH(CH3)2], 24.7 (t, CH2), 23.9 [2 × q, 2C, ArCH3 and CH(CH3)2a], 18.7 (t, CH2), 17.7 [q, CH(CH3)2b] ppm. 


HR-MS: (ESI+) m/z calculated for [C22H25O]+=[M+H]+: 305.1905; found: 305.1906.
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2a-(4-Isopropylphenyl)-8-methoxy-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74de):

GP-1 was carried out with ester 72de (183 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic ketone 74de (116.7 mg, 73%), as pale yellow semi-solid. [TLC control (petroleum ether/ethyl acetate 80:20), Rf(72de)=0.75, Rf(74de)=0.20, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2951, 1705, 1586, 1494, 1273, 1043, 827, 734 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.34 (d, 1H, J=8.3 Hz, ArH), 7.03 (d, 2H, J=8.3 Hz, ArH), 6.83 (d, 1H, J=8.3 Hz, ArH), 6.73 (d, 2H, J=8.3 Hz, ArH), 3.94 (s, 3H, ArOCH3), 2.97 (d, 1H, J=16.6 Hz, CHaHbCO), 2.85–2.75 [m, 1H, CH(CH3)2], 2.84 (d, 1H, J=16.6 Hz, CHaHbCO), 2.72–2.62 (m, 2H, CH2), 2.57–2.50 (m, 1H, CHaHb), 1.85–1.70 (m, 2H, CH2), 1.62–1.50 (m, 1H, CHaHb), 1.17 [d, 6H, J=6.8 Hz, CH(CH3)2] ppm. 
13C NMR (CDCl3, 100 MHz): δ=202.4 (s, C=O), 158.7 (s, ArC), 155.3 (s, ArC), 146.5 (s, ArC), 144.4 (s, ArC), 135.4 (s, ArC), 127.8 (s, ArC), 126.9 (d, 2C, 2 × ArCH), 126.2 (d, 2C, 2 × ArCH), 123.2 (s, ArC), 110.3 (d, ArCH), 56.7 (t, CH2CO), 55.8 (q, ArOCH3), 46.5 (s, Cq), 34.9 (t, CH2), 33.5 [d, CH(CH3)2], 24.1 (t, CH2), 23.9 (q, CH3), 23.8 (q, CH3),  18.6 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C22H25O2]+=[M+H]+: 321.1855; found: 321.1852.
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2a-(4-Fluorophenyl)-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74af): 


GP-1 was carried out with ester 72af (156 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 93:7) furnished the fused tricyclic ketone 74af (121.2 mg, 91%), as pale yellow semi-solid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(72af)=0.60, Rf(74af)=0.35, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2940, 1711, 1489, 1265, 1098, 827 cm-1. 
1H NMR (CDCl3, 400 MHz): δ=7.60–7.54 (m, 1H, ArH), 7.45–7.35 (m, 2H, ArH), 6.88 (dd, 2H, J=8.8 and 8.3 Hz, ArH), 6.82–6.75 (m, 2H, ArH), 2.98 (d, 1H, J=17.1 Hz, CHaHbCO), 2.86–2.70 (m, 2H, CH2), 2.85 (d, 1H, J=17.1 Hz, CHaHbCO),  2.64–2.50 (m, 1H, CHaHb), 1.90–1.72 (m, 2H, CH2), 1.62–1.45 (m, 1H, CHaHb) ppm.


13C NMR (CDCl3, 100 MHz): δ=204.4 (s, C=O), 161.1 (d, J=245.0 Hz, ArC), 156.3 (s, ArC), 143.0 (s, ArC), 136.5 (s, ArC), 135.5 (s, ArC), 133.6 (d, ArCH), 128.6 (d, ArCH), 128.5 (d, 2C, J=7.9 Hz, 2 × ArCH), 120.8 (d, ArCH), 115.1 (d, 2C, J=21.2 Hz, 2 × ArCH), 56.3 (t, CH2CO), 46.6 (s, Cq), 35.1 (t, CH2), 24.7 (t, CH2), 18.4 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C18H16FO]+=[M+H]+: 267.1185; found: 267.1183.
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2a-(4-Fluorophenyl)-6-methoxy-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74bf): 


GP-1 was carried out with ester 72bf (171 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic ketone 74bf (105.2 mg, 71%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 80:20), Rf(72bf)=0.65, Rf(74bf)=0.20, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2939, 1709, 1590, 1494, 1278, 1045, 822 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.62 (d, 1H, J=8.3 Hz, ArH), 6.93 (d, 1H, J=8.3 Hz, ArH), 6.92–6.77 (m, 4H, ArH), 3.93 (s, 3H, ArOCH3), 2.95 (d, 1H, J=17.1 Hz, CHaHbCO), 2.85 (d, 1H, J=17.1 Hz, CHaHbCO), 2.67–2.57 (m, 2H, CH2), 2.55–2.45 (m, 1H, CHaHb), 1.90–1.72 (m, 2H, CH2), 1.52–1.35 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=202.8 (s, C=O), 161.9 (s, ArC), 161.1 (d, J=245.0 Hz, ArC), 157.7 (s, ArC), 143.2 (d, J=3.4 Hz, ArC), 128.6 (d, 2C, J=8.1 Hz, 2 × ArCH), 128.4 (s, ArC), 124.0 (s, ArC), 122.7 (d, ArCH), 114.9 (d, 2C, J=21.3 Hz, 2 × ArCH), 110.1 (d, ArCH), 56.5 (t, CH2CO), 55.8 (q, ArOCH3), 46.3 (s, Cq), 34.9 (t, CH2), 20.1 (t, CH2), 18.0 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C19H18FO2]+=[M+H]+: 297.1291; found: 297.1288.
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2a-(4-Fluorophenyl)-8-methyl-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74cf): 


GP-1 was carried out with ester 72cf (163 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 93:7) furnished the fused tricyclic ketone 74cf (119.3 mg, 85%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(72cf)=0.60, Rf(74cf)=0.45, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2930, 1708, 1492, 1260, 1085, 833  cm-1. 
1H NMR (CDCl3, 400 MHz): δ=7.27 (d, 1H, J=7.8 Hz, ArH), 7.14 (d, 1H, J=7.8 Hz, ArH), 6.88 (d, 2H, J=8.8 and 8.3 Hz, ArH), 6.84–6.76 (m, 1H, ArH), 2.96 (d, 1H, J=17.1 Hz, CHaHbCO), 2.85 (d, 1H, J=17.1 Hz, CHaHbCO), 2.80–2.67 (m, 2H, CH2), 2.59 (s, 3H, ArCH3), 2.57–2.47 (m, 1H, CHaHb), 1.87–1.75 (m, 2H, CH2), 1.60–1.45 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=205.1 (s, C=O), 161.1 (d, J=245.0 Hz, ArC), 156.5 (s, ArC), 143.2 (s, ArC), 135.4 (s, ArC), 133.3 (s, ArC), 133.1 (d, ArCH), 132.9 (s, ArC), 130.4 (d, ArCH), 128.6 (d, 2C, J=8.1 Hz, 2 × ArCH), 114.9 (d, 2C, J=21.3 Hz, 2 × ArCH), 56.7 (t, CH2CO), 46.1 (s, Cq), 35.3 (t, CH2), 24.5 (t, CH2), 18.5 (t, CH2), 17.6 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C19H18FO]+=[M+H]+: 281.1342; found: 281.1342.
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2a-(4-Fluorophenyl)-8-methoxy-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74df): 



GP-1 was carried out with ester 72df (171 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic ketone 74df (115.4 mg, 78%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 80:20), Rf(72df)=0.70, Rf(74df)=0.35, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2938, 1708, 1590, 1498, 1224, 1043, 836 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.36 (d, 1H, J=8.3 Hz, ArH), 6.92–6.75 (m, 5H, ArH), 3.94 (s, 3H, ArOCH3), 2.93 (d, 1H, J=16.6 Hz, CHaHbCO), 2.86 (d, 1H, J=16.6 Hz, CHaHbCO), 2.72–2.62 (m, 2H, CH2), 2.57–2.45 (m, 1H, CHaHb), 1.87–1.70 (m, 2H, CH2), 1.58–1.40 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=201.8 (s, C=O), 161.1 (d, J=245.0 Hz, ArC), 158.0 (s, ArC), 155.4 (s, ArC), 142.8 (s, ArC), 135.6 (d, ArCH), 128.5 (d, 2C, J=8.1 Hz, 2 × ArCH), 127.6 (s, ArC), 123.0 (s, ArC), 114.9 (d, 2C, J=21.3 Hz, 2 × ArCH), 110.6 (d, ArCH), 56.7 (t, CH2CO), 55.9 (q, ArOCH3), 46.3 (s, Cq), 35.0 (t, CH2), 24.0 (t, CH2), 18.4 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H18FO2]+=[M+H]+: 297.1291; found: 297.1293.
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2a-(4-Chlorophenyl)-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74ag): 


GP-1 was carried out with ester 72ag (164 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 93:7) furnished the fused tricyclic ketone 74ag (114.2 mg, 81%), as yellow solid which was recrystallized with dichloromethane/hexane, m. p. 194-196 (C. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(72ag)=0.65, Rf(74ag)=0.40, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2939, 1713, 1487, 1261, 1097, 827, 779 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.60–7.52 (m, 1H, ArH), 7.60–7.52 (m, 2H, ArH), 7.15 (d, 2H, J=8.8 Hz, ArH), 6.77 (d, 2H, J=8.8 Hz, ArH), 2.96 (d, 1H, J=17.1 Hz, CHaHbCO), 2.85 (d, 1H, J=17.1 Hz, CHaHbCO), 2.82–2.70 (m, 2H, CH2), 2.62–2.50 (m, 1H, CHaHb), 1.92–1.75 (m, 2H, CH2), 1.62–1.45 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=204.1 (s, C=O), 156.0 (s, ArC), 145.7 (s, ArC), 136.4 (s, ArC), 135.5 (s, ArC), 133.6 (d, ArCH), 132.0 (s, ArC), 128.7 (d, ArCH), 128.4 (d, 4C, 4 × ArCH), 120.7 (d, ArCH), 56.1 (t, CH2CO), 46.7 (s, Cq), 34.9 (t, CH2), 24.7 (t, CH2), 18.3 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C18H16ClO]+=[M+H]+: 283.0890; found: 283.0887.
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2a-(4-Chlorophenyl)-6-methoxy-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74bg):


GP-1 was carried out with ester 72bg (179 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic ketone 74bg (107.6 mg, 69%), as pale yellow viscous liquid. [TLC control (petroleum ether/ethyl acetate 80:20), Rf(72bg)=0.65, Rf(74bg)=0.20, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2938, 1701, 1596, 1485, 1353, 1247, 1061, 818, 730 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.63 (d, 1H, J=8.3 Hz, ArH), 7.15 (d, 2H, J=8.8 Hz, ArH), 6.94 (d, 1H, J=8.3 Hz, ArH), 6.77 (d, 2H, J=8.8 Hz, ArH), 3.94 (s, 3H, ArOCH3), 2.93 (d, 1H, J=16.6 Hz, CHaHbCO), 2.85 (d, 1H, J=16.6 Hz, CHaHbCO), 2.69–2.56 (m, 2H, CH2), 2.55–2.45 (m, 1H, CHaHb), 1.90–1.72 (m, 2H, CH2), 1.55–1.35 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=202.5 (s, C=O), 162.0 (s, ArC), 157.4 (s, ArC), 146.1 (s, ArC), 132.0 (s, ArC), 128.5 (d, 2C, 2 × ArCH), 128.5 (s, ArC), 128.4 (d, 2C, 2 × ArCH), 124.0 (s, ArC), 122.8 (d, ArCH), 110.2 (d, ArCH), 56.3 (t, CH2CO), 55.8 (q, ArOCH3), 46.5 (s, Cq), 34.8 (t, CH2), 20.1 (t, CH2), 18.1 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H18ClO2]+=[M+H]+: 313.0995; found: 313.0993.
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2a-(4-Chlorophenyl)-8-methyl-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74cg): 


GP-1 was carried out with ester 72cg(171 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the fused tricyclic ketone 74cg (121.4 mg, 82%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(72cg)=0.75, Rf(74cg)=0.55, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2938, 1701, 1596, 1485, 1247, 1061, 818, 730 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.27 (d, 1H, J=7.3 Hz, ArH), 7.20–7.10 (m, 3H, ArH), 6.77 (d, 2H, J=8.8 Hz, ArH), 2.93 (d, 1H, J=16.6 Hz, CHaHbCO), 2.84 (d, 1H, J=16.6 Hz, CHaHbCO), 2.77–2.65 (m, 2H, CH2), 2.58 (s, 3H, ArCH3), 2.57–2.48 (m, 1H, CHaHb), 1.87–1.72 (m, 2H, CH2), 1.57–1.42 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=205.0 (s, C=O), 156.3 (s, ArC), 146.0 (s, ArC), 135.5 (s, ArC), 133.4 (s, ArC), 133.2 (d, ArCH), 132.9 (s, ArC), 132.0 (s, ArC), 130.5 (d, ArCH), 128.6 (d, 2C, 2 × ArCH), 128.4 (d, 2C, 2 × ArCH), 56.6 (t, CH2CO), 46.3 (s, Cq), 35.1 (t, CH2), 24.6 (t, CH2), 18.5 (t, CH2), 17.7 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H18ClO]+=[M+H]+: 297.1046; found: 297.1047.
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2a-(4-Chlorophenyl)-8-methoxy-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74dg): 


GP-1 was carried out with ester 72dg (179 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 12 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the fused tricyclic ketone 74dg (123.6 mg, 79%), as yellow solid, which was recrystallized with ethyl acetate/hexane, m. p. 218-220 (C. [TLC control (petroleum ether/ethyl acetate 85:15), Rf(72dg)=0.75, Rf(74dg)=0.30, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2936, 1707, 1587, 1491, 1277, 1042, 823 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.36 (d, 1H, J=8.3 Hz, ArH), 7.15 (d, 2H, J=8.8 Hz, ArH), 6.85 (d, 1H, J=8.3 Hz, ArH), 6.79 (d, 2H, J=8.8 Hz, ArH), 3.94 (s, 3H, ArOCH3), 2.91 (d, 1H, J=17.1 Hz, CHaHbCO), 2.85 (d, 1H, J=17.1 Hz, CHaHbCO), 2.72–2.62 (m, 2H, CH2), 2.57–2.45 (m, 1H, CHaHb), 1.87–1.70 (m, 2H, CH2), 1.60–1.40 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=201.6 (s, C=O), 157.7 (s, ArC), 155.4 (s, ArC), 145.6 (s, ArC), 135.7 (d, ArCH), 132.0 (s, ArC), 128.4 (d, 4C, 4 × ArCH), 127.6 (d, ArCH), 123.1 (s, ArC), 110.7 (d, ArCH), 56.4 (t, CH2CO), 55.9 (q, ArOCH3), 46.5 (s, Cq), 34.9 (t, CH2), 24.0 (t, CH2), 18.4 (t, CH2) ppm. 


HR-MS: (ESI+) m/z calculated for [C19H18ClO2]+=[M+H]+: 313.0995; found: 313.0997.
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2a-(4-Bromophenyl)-8-methyl-2a,3,4,5-tetrahydroacenaphthylen-1(2H)-one (74ch): 


GP-1 was carried out with ester 72ch (193.5 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the fused tricyclic ketone 74ch (143.2 mg, 84%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(72ch)=0.80, Rf(74ch)=0.60, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2942, 1705, 1598, 1482, 1243, 1059, 816, 725 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.28 (d, 2H, J=8.3 Hz, ArH), 7.24 (d, 1H, J=7.8 Hz, ArH), 7.11 (d, 1H, J=7.8 Hz, ArH), 6.69 (d, 2H, J=8.3 Hz, ArH), 2.90 (d, 1H, J=16.6 Hz, CHaHbCO), 2.82 (d, 1H, J=16.6 Hz, CHaHbCO), 2.76–2.65 (m, 2H, CH2), 2.56 (s, 3H, ArCH3), 2.55–2.44 (m, 1H, CHaHb), 1.85–1.72 (m, 2H, CH2), 1.57–1.40 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=204.9 (s, C=O), 156.1 (s, ArC), 146.6 (s, ArC), 135.5 (s, ArC), 133.3 (s, ArC), 133.1 (d, ArCH), 132.9 (s, ArC), 131.3 (d, 2C, 2 × ArCH), 130.5 (d, ArCH), 128.9 (d, 2C, 2 × ArCH), 120.1 (s, ArC), 56.5 (t, CH2CO), 46.3 (s, Cq), 35.1 (t, CH2), 24.5 (t, CH2), 18.5 (t, CH2), 17.7 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H18BrO]+=[M+H]+: 341.0541; found: 341.0540.
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7'-Methoxy-7-methyl-3',4'-dihydro-2'H-spiro[indene-1,1'-naphthalen]-3(2H)-one (75cb): 


GP-1 was carried out with ester 72cb (169 mg, 0.5 mmol), DCE (2.0 mL) and TfOH (0.13 mL, 1.5 mmol) at 50 (C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 85:15) furnished the spiro tetracyclic ketone 75cb (115.3 mg, 79%), as colourless viscous liquid. [TLC control (petroleum ether/ethyl acetate 85:15), Rf(72cb)=0.75, Rf(75cb)=0.60, UV detection]. 


IR (MIR-ATR, 4000–600 cm-1): (max=2931, 1711, 1492, 1268, 1120, 1021, 818 cm-1. 


1H NMR (CDCl3, 400 MHz): δ=7.64 (dd, 1H, J=7.3 and 1.9 Hz, ArH), 7.38–7.27 (m, 2H, ArH), 7.05 (d, 1H, J=8.8 Hz, ArH), 6.99 (dd, 1H, J=8.3 and 2.9 Hz, ArH), 6.21 (d, 1H, J=2.9 Hz, ArH), 3.59 (s, 3H, ArOCH3), 2.99 (d, 1H, J=19.1 Hz, CHaHbCO), 2.90–2.75 (m, 3H, CHaHbCO and CH2), 2.16 (ddd, 1H, J=13.7, 2.4 and 2.0 Hz, CHaHb), 2.07–1.97 (m, 1H, CHaHb), 1.87 (s, 3H, ArCH3),  1.90–1.77 (m, 1H, CHaHb), 1.72–1.62 (m, 1H, CHaHb) ppm. 


13C NMR (CDCl3, 100 MHz): δ=206.5 (s, C=O), 160.5 (s, ArC), 158.4 (s, ArC), 142.7 (s, ArC), 137.9 (d, ArCH), 136.9 (s, ArC), 135.7 (s, ArC), 130.0 (d, ArCH), 128.8 (s, ArC), 128.1 (d, ArCH), 121.0 (d, ArCH), 112.2 (d, ArCH), 112.1 (d, ArCH), 56.7 (t, CH2CO), 55.2 (q, ArOCH3), 47.1 (s, Cq), 36.7 (t, CH2), 29.0 (t, CH2), 21.5 (t, CH2), 18.4 (q, ArCH3) ppm. 


HR-MS: (ESI+) m/z calculated for [C20H21O2]+=[M+H]+: 293.1542; found: 293.1540.
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CHAPTER IV

[Pd]-Catalyzed Intermolecular Coupling and Acid Mediated Intramolecular Cyclodehydration: One-Pot Synthesis of Indenes

IV.1 INTRODUCTION:
Indene (benzocyclopentadiene) moiety A, is a ubiquitous carbocyclic structure present in important classes of organic compounds possessing synthetic and pharmaceutical interests.


[image: image199.emf]A


Indene derivatives have shown important biological activities. These include antitumor, anti-hypercholesterolemic, antiallergic, anticonvulsant, antitubercular agents,1 antihistamine drugs,2 aldosterone synthase inhibitors,3 anti-inflammatory,4 antimicrobial, herbicidal and fungicidal activities.5 Substituted indene derivatives are reported to exhibit pharmacological properties and hence, are very significant in medicinal chemistry. Indenes are also widely recognized as privileged molecules, for their geometries, and suitably placed side chains leading to products that bind to different target proteins. Alcalde and his research group, reported the identification of a series of N-[3-(aminoethyl)inden-5-yl]sulfonamides with high binding affinity that act as potent 5-HT6 receptor agonists.6 Some indenes have been employed as active ligands in organometallics.7 Due to existence of loosely held (-electrons, they have also found a place of utility in functional materials8 (Figure IV.1).
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Figure IV.1: Representative examples that possess indene core

IV.2 BACKGROUND:

In view of the versatile and vital applications of indenes, they emerged as attractive synthetic targets. Various groups have approached the synthesis of indenes using transition metal and Lewis acid catalysis.9 In the recent past, many transition metal catalyzed synthetic approaches have been established for carboannulations from olefinic/alcohol compounds.10 Very recently, a number of reports have also appeared in the domain of Lewis acid catalyzed/assisted transformations.11 Among them, most prominent route involved ring expansion of substituted cyclopropanes or cyclopropenes aided by various Lewis catalysts.12 However, synthesis of indenes by acid mediated approaches, particularly; using carbonyl precursors have been scarcely explored.13 Some of the reported transition metal catalyzed routes for indene synthesis are presented below.

Palladium catalyzed C(H activation was reported by Xu and his research group. In this process, Baylis-Hillman acetates 6 were converted into indenes 8 by addition to Pd0 to give a probable (-allyl complex 7, followed by ortho-palladation and reductive carbocyclization (Scheme IV.1).14
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Scheme IV.1: [Pd]-catalyzed indene synthesis from Baylis-Hillman acetates 6
In another approach, 2-acylindenes 11 were synthesized by Li et al from aryl ketones 9 and enones 10, under rhodium catalysis. This strategy involved ortho-metalation, conjugate addition (Michael addition), and intramolecular aldol-type condensation (Scheme IV.2).15
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Scheme IV.2: [Rh]-catalyzed synthesis of 2-acylindenes 11
Lu et al presented the synthesis of functionalized indenes 13, from ortho-alkynylbenzylidene ketones 12.  The Pd(II)-catalyzed carboannulation facilitated the formation of indenes, via nucleophilic attack on activated triple bond, followed by double bond insertion and protonolysis (Scheme IV.3).16
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Scheme IV.3: Synthesis of indenes from ortho-alkynylbenzylidenones 12
The sp3 C(H bond activation is also possible, under platinum catalyzed conditions. For example, the enyne arenes 14 are converted into indenes 15 in the presence of PtBr2 catalyst (Scheme IV.4).17
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Scheme IV.4: [Pt]-catalyzed CH activation for indene 15 formation

Apart from transition metal catalyzed transformations, acids have also been employed, for indene synthesis, extensively. For example, Yadav et al reported intramolecular electrophilic aromatic substitution (EAS) of 1,3-diaryl propargyl alcohols 16, leading to indenes 18 via 17, using a combination of triethylsilane as hydride donor and iodine as Lewis acid (Scheme IV.5).18
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Scheme IV.5: Synthesis of indenes 18 from propargyl alcoholic derivatives 16

Clark et al disclosed the synthesis of indenes from the alkynes 19 via Rautenstrauch reaction in the presence of PtCl4. The reaction produced 1H-indenes 20, under kinetically controlled conditions, while, thermodynamically more stable regioisomers 21, were obtained using PtI2 (Scheme IV.6).19
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Scheme IV.6: Regiodivergent synthesis of indenes 20/21 by [Pt]-catalysis

Dienes are good precursors for intramolecular Friedel-Crafts alkylation, under Brønsted or Lewis acids to give indenes. Lee et al synthesized a variety of indenes 24 by treating diaryl/alkyl-aryl-1,3-dienes 22 with trifluoromethanesulfonic acid (TfOH), under mild reaction conditions (Scheme IV.7).20
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Scheme IV.7: Synthesis of indenes 24 induced by trifluoromethanesulfonic acid

In a similar approach, Yamazaki and researchers, employed 1,1-diarylallenes 25 with vinyl ketones 10 mediated by tin(IV) chloride to afford indene derivatives 26 (Scheme IV.8).21
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Scheme IV.8: SnCl4 promoted domino reaction to give indenes 26
In yet another development, cinnamaldehydes 27 were converted into 1H-inden-1-yl acetates 29 when treated with acetic anhydride, under solvent free iron catalysis. The process underwent through the formation of gem-diacetate 28 intermediates (Scheme IV.9).22
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Scheme IV.9: Synthesis of indenes 29 from 2-alkylcinnamaldehydes 27
Alternatively, the benzylic alcohols 30 reacted with the enols of 1,3-dicarbonyl compounds 31, to give 2-acylindenes 11. The protocol involved intramolecular aromatic electrophilic substitution (EAS) followed by dehydration leading to indene 11 (Scheme IV.10).23

[image: image210.emf]R

3

OH

R

4

O

R

5

O

R

1

R

2

+

TfOH

DCM,0C-rt

R

1

R

2

R

4

R

3

O

R

5

30 31 11


Scheme IV.10: Acid promoted synthesis of indenes from benzyl alcohols 30
Liu et al designed DDQ mediated route, in which 2-alkylidene-1,3-dithiolanes 32 and diarylmethanes 33, were transformed into spiroindenes 34. The transformation was proceeded through single electron transfer (SET) oxidation aided by DDQ (Scheme IV.11).24
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Scheme IV.11: Synthesis of indenes 34 by DDQ mediated reaction

The ring opening reaction of cyclopropane derivatives has been a convenient route for the preparation of indenes. The reaction between methylenecyclopropanes 35 and acetals 36, was triggered by BF3·OEt2 to yield indenes 37 (Scheme IV.12).25

[image: image212.emf]R

1

R

2

+

R

3

CH(OEt)

2

R

1

R

3

R

2

OEt

BF

3

OEt

2

DCE,rt, 8 h

35 36 37


Scheme IV.12: BF3·OEt2 catalyzed cyclopropane ring opening for indenes 37
On a similar note, Yu et al reported Ag(I) promoted ring opening of 1,2-diaryl substituted gem-dibromocyclopropanes 38, to afford bromoindenes 40. The unsymmetrical gem-dibromocyclopropanes gave a regioisomeric mixture (Scheme IV.13).26
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Scheme IV.13: [Ag]-promoted indenes 40 synthesis from gem-dibromocyclopropanes 38
In continuation, a very early report by Koo et al, based on acid promoted synthesis of indenes, involved polyphosphoric acid mediated synthesis of indenes 42. It is worth mentioning that the reaction was successful only with electron rich aromatic ring of carbonyl compounds 41.27 However, this study suffered from various drawbacks related to the substrate scope, use of excess regents and low yields (Scheme IV.14).
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Scheme IV.14: PPA mediated indenes 42 synthesis

Eventually, Shudo et al described intramolecular cyclodehydration of 1,3-diphenyl-1-propanones 43 in a mixture of TFA and TFSA, to produce 1H-indenes 44, however, the method had limited substrate scope and required very high equivalence of acid (100 equiv) (Scheme IV.15).28

[image: image215.emf]R

1

O

R

2

R

1

R

2

CF

3

SO

3

H-CF

3

COOH

43 44


Scheme IV.15: Intramolecular cyclodehydration of 43 to form indenes 44
Xu et al approached indene synthesis via aluminum chloride promoted Friedel-Crafts alkylation of arenes 45 on cinnamaldehydes 27. It is important to mention that although this methodology was studied on a wide scope, but the reaction was ineffective to deliver 3-aryl-1H-indene, exclusively (Scheme IV.16).29
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Scheme IV.16: Synthesis of substituted indenes 44, 44’ and 46 from cinnamaldehydes 27

In a rare approach, for the indene synthesis, Li et al proposed the FeCl3 catalyzed ring closing carbonyl-olefin metathesis for the formation of five-membered carbocycles. During this process, the benzene linked substrate 47 produced indene 44 (Scheme IV.17).30
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Scheme IV.17: Carbonyl-olefin metathesis to form indenes 44
 
Recently, Klumpp et al described an effective protocol, for the synthesis of heterocyclic indenes 51 via cyclodehydration of the ketones 50 (Scheme IV.18).31
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Scheme IV.18: Cyclodehydration of ketones 50 with triflic acid to yield 51
Hence, in view with the background, synthesis of 1H-indenes in a single pot, in particular, from easily accessible starting materials, still remains unaddressed. To the best of our knowledge, there is no general strategy for the one-pot synthesis of indenes by the combination of transition metal catalyzed carbonyl formation followed by acid induced intramolecular condensation. In continuation to our interest in developing one-pot domino or one-pot sequential processes catalyzed by transition metals32 as well as by acids,33 herein, we present an efficient one-pot synthetic strategy, for the formation of 3-aryl indenes via Heck coupling followed by acid mediated cyclodehydration starting from simple allylic alcohols. In addition, the strategy was applied to a highly regioselective synthesis of benzylstyrenes.

IV.3 RESULTS AND DISCUSSION:
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Scheme IV.19: Retrosynthetic approach for the synthesis of indenes 44
IV.3.1 SYNTHESIS OF INDENES:

In a view to combine the transition metal catalysis and acid promoted transformations,  we speculated the synthesis of indenes 44, in a one-pot operation. Thus, it was planned for a [Pd]-catalyzed intermolecular CC bond formation via Heck coupling between iodoarenes 52 and allylic alcohols 53 followed by acid mediated intramolecular condensation (i.e. cyclodehydration) of the resulting ketones 54, to afford the required indenes 44. In this context, DMF and CH3CN are commonly used solvents for Heck coupling; whilst, most of the acid mediated transformations, particularly, under strong acids, employ chlorinated solvents as the reaction medium. Thus, firstly, it was essential to optimize Heck reaction in chlorinated solvents, such as 1,2-dichloroethane (DCE). In our laboratory, we have extensively used Heck coupling between iodoarenes 52 and allylic alcohols 53.34 Accordingly, iodoarene 52a and allylic alcohol 53a were chosen as the model substrates, for Heck coupling in DCE solvent and the results are as illustrated in Table IV.1. Thus, the reaction was performed, under our established conditions [i.e. in the presence of Pd(OAc)2 (3 mol%), NaHCO3 (3 equiv), TEBAC (1 equiv), DCE (1 mL) at 50 (C for 24 h]. 

Table IV.1: Screening of Heck reaction in 1,2-dichloroethane solvent to give 54aaa, b
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	Entry
	Catalyst
	Base

(3 equiv)
	Temp

(C)
	Time

(h)
	Yield

54a (%)

	1c
	Pd(OAc)2
	NaHCO3
	50
	24
	-e

	2d
	Pd(OAc)2
	NaHCO3
	80
	24
	15

	3
	Pd(OAc)2
	Na2CO3
	80
	24
	10f

	4
	Pd(OAc)2
	K2CO3
	80
	24
	17f

	5
	Pd(OAc)2
	iPr2NEt
	80
	24
	34f

	6
	Pd(OAc)2
	iPr2NEt
	80
	48
	54f

	7
	PdCl2
	iPr2NEt
	80
	24
	25f

	8
	Pd(OAc)2
	Et3N
	80
	24
	83

	9g
	Pd(OAc)2
	Et3N
	80
	24
	84

	10
	PdCl2
	Et3N
	80
	24
	44f


aReactions were tried on 0.5 mmol scale of iodoarene 52a and alcohol 53a with 3 mol% catalyst and 1 mL DCE and at 80 °C. bYields represented are of chromatographically purified 54aa. cBenzyltriethylammonium chloride (TEBAC) (1 equiv) was used as additive and reaction was performed at 50 °C. dBenzyltriethylammonium chloride (TEBAC) (1 equiv) was used as additive and reaction was performed at 80 °C. eOnly starting materials were recovered. fStarting material was present but not recovered. g5 mol% of Pd(OAc)2 was used.

However, no progress was noticed (Table IV.1, entry 1). Upon increasing the temperature to 80 (C, very less conversion was noticed towards product 54aa formation, as large amount of allylic alcohol 53a remained unreacted (Table IV.1, entry 2). In the presence of Na2CO3 as base, very poor yield of the desire ketone 54aa was obtained (Table IV.1, entry 3). While in the presence of K2CO3, the yield was slightly improved (Table IV.1, entry 4). The reaction with Hünig’s base (N,N-diisopropylethylamine), gave the product 54aa, in 34% and 54% yields, for 24 h and 48 h, respectively (Table IV.1, entries 5 & 6). While the reaction with catalyst PdCl2 with Hünig’s base, furnished the ketone 54aa, in poor yield (Table IV.1, entry 7). Gratifyingly, the reaction with the base triethylamine, afforded the product 54aa, in very good yield (Table IV.1, entry 8). Not much improvement was noted with regards to the yield when the reaction was carried out with 5 mol% of Pd(OAc)2 instead of 3 mol% (Table IV.1, entry 9). On the other hand, moderate yield of the product 54aa was obtained with PdCl2 (Table IV.1, entry 10).


With these optimized conditions in hand (Table IV.1, entry 8), for the formation of ketones 54, we proceeded to optimize the acid mediated intramolecular condensation to give indene 44aa, in one-pot. Thus, it was aimed for a one-pot Heck reaction followed by acid induced intramolecular condensation. Therefore, in situ formed ketone 54aa was treated with different acids with an additional amount of DCE solvent to generate indene 44a and the results are illustrated in Table IV.2. The additional amount of solvent is necessary to avoid the slurry formation, which prevents proper mixing of the reaction mixture. Initially, the in situ formed ketone 54aa was treated under catalytic amount of Lewis acid Sc(OTf)3, however, no progress was noted (Table IV.2, entry 1). Similar results were observed with other Lewis acids (Table IV.2, entries 2 to 5). Complete decomposition of intermediate ketone 54aa, was noticed with conc. H2SO4 at 80 (C after 1 h (Table IV.2, entry 6), while multiple spots were seen on TLC when the reaction was conducted at room temperature, for longer reaction times (Table IV.2, entry 7). On the other hand, trifluoroacetic acid could not drive the reaction (Table IV.2, entry 8). Interestingly, the reaction with 3 equiv of trifluoromethanesulfonic acid (TfOH) at 80 (C for 12 h, afforded the product 44aa, albeit in 35% yield (Table IV.2, entry 9). Notably, increasing the reaction time from 12 to 28 h, slightly improved the yield to 45% (Table IV.2, entry 10). Further increase in the amount of TfOH to 5 equiv, raised the yield to 65% (Table IV.2, entry 11). It is quite possible that the triethylamine, which is already present in the reaction mixture, could consume some amount of TfOH towards neutralization. Gratifyingly, the reaction with 10 equiv of TfOH at 80 (C for 24 h, furnished the indene 44aa, in very good overall yield (Table IV.2, entry 12).
Table IV.2: Optimization for one-pot synthesis of indene 44aa via the ketone 54aaa, b
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	Entry
	Acid 

(equiv)
	Temp 

(°C)
	Time 

(h)
	Yield 

44aa (%)

	1
	Sc(OTf)3 (0.5)
	80
	24
	-c

	2
	Cu(OTf)3 (0.5)
	80
	24
	-c

	3
	FeCl3 (3)
	80
	12
	-c

	4
	FeCl3 (3)
	80
	24
	-c

	5
	ZnCl2 (3)
	80
	24
	-c

	6
	H2SO4 (3)
	80
	1
	-d

	7
	H2SO4 (3)
	rt
	12
	-e

	8
	TFA (3)
	80
	24
	-c

	9
	TfOH (3)
	80
	12
	35% f

	10
	TfOH (3)
	80
	28
	45%f

	11
	TfOH (5)
	80
	28
	65%f

	12
	TfOH (10)
	80
	24
	81%


aReactions were performed on 0.5 mmol scale of alcohol 53a. bYields represented are of chromatographically purified product.   cOnly starting material 53a was recovered. dDecomposition of intermediate 54aa. eTLC showed multiple spots. fNo complete conversion.


The structure of obtained indene 44aa, was confirmed by the spectral data. In the 1H-NMR spectrum (Figure IV.2), a multiplet in the region  7.707.60 owing to three aromatic protons, a doublet at  7.56 for one aromatic proton, a doublet of doublet at  7.48 due to two aromatic protons, a multiplet in the region  7.447.32 because of two aromatic protons, a doublet of doublet at  7.28 for one aromatic proton, a doublet of doublet at  6.61 due to olefin proton, and a singlet  3.52 ppm on account of two methylene protons interpreted the structure of indene 44aa (Figure IV.2).  In addition, the 13 lines in 13C-NMR spectrum (Figure IV.3), showing the presence of four quaternary carbon resonances at  145.1, 144.7, 143.9 and 136.1 due to three aromatic carbons and one olefinic carbon, eight CH resonances at  130.9, 128.5, 127.7, 127.5, 126.1, 124.8, 124.1 and 120.3 towards seven aromatic and one olefinic carbons, one aliphatic methylene resonance at  38.2 ppm confirmed the structure of the indene 44aa (Figure IV.3).
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Figure 4.2: 1H NMR (400 MHz) spectrum of 44aa in CDCl3
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Figure 4.3: 13C NMR (100 MHz) spectrum of 44aa in CDCl3
After establishing the one-pot synthetic conditions, for indene 44aa formation [(Table IV.1, entry 8) & (Table IV.2, entry 12)], to check the scope and applicability of the method, the reaction was performed between different iodobenzenes 52 and allylic alcohols 53. Thus, the in situ formed ketones 54 via Heck coupling, were reacted with 10 equiv of TfOH in DCE and results are as 

Table IV.3: Synthesis of indenes 44 from the allylic alcohols 53 with iodobenzene 52a.a,b
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aReactions were performed on 0.5 mmol scale of iodoarene 52a and allylic alcohols 53. bYields represented are of chromatographically purified products 44. cProduct 44al was not formed, as in situ ketone 54al was not clean by TLC.

summarized in Table IV.3. The reaction was amenable on a wide range of substrates and furnished the indenes 44, in fair to very good yields (Table IV.3). Notably, the reaction was suitable to simple as well as electron rich aromatic allylic alcohols 53 [i.e. phenyl 53a, alkylphenyl 53e-53g and anisyl moieties 53c (Table IV.3; 44aa-44ak)]. Significantly, reaction was also compatible with electron deactivating groups, such as F, Cl and Br substituents on the aromatic ring of the allylic alcohols 53 (Table IV.3; 44ad & 44ai-44ak). These indene systems are of synthetic importance, particularly, the bromoindenes (44ad & 44ak) would serve as useful synthons, for further elaborations, under transition metal catalysis. However, the nitro substituted allylic alcohol 53l was unsuccessful to produce the indene 44al, wherein, the corresponding Heck ketone 54al formation was not clear from TLC.

Further to check the utility of the method, the reaction was explored with various iodoarenes 52 and allylic alcohols 53, under standard reaction conditions. Gratifyingly, the strategy was found feasible and afforded the corresponding indenes 44, in moderate to good yields (Table IV.4). The reaction was compatible to ortho-iodotoluene 52b and furnished the indene 44ba. Significantly, the reaction showed very good tolerance with regards to highly electron rich iodoarenes (Table IV.4, 44ga-44hc). The moderate yield of indene 44gb could be due to the formation of undesired allylic alcohol along with the usual ketone 54gb, via simple Mizoroki-Heck coupling of sterically constrained allylic alcohol 53b.18c On the other hand, as seen above (cf. Table IV.3), in addition to the electronically neutral simple phenyl allylic alcohol, the process was smooth with electron deactivating groups (F, Cl & Br) as well as with electron rich OMe group on the aromatic ring of the allylic alcohol 53 (Table IV.4, 44gi-44gk & 44hc). Also, as mentioned previously, the indene 44gk with bromo substituent (Table IV.4), would permit further functionalization, under transition metal catalysis. However, the reactions with the deactivating F and Cl groups on iodoarene were unsuccessful (Table IV.4, 44ea & 44fa). This could be because these haloarenes are relatively less nucleophilic to cyclize with the internal carbonyl group.
Table IV.4: Synthesis of indenes 44 from the allylic alcohols 53a, b
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aReactions were performed on 0.5 mmol scale of iodoarenes 52 and allylic alcohols 53. bYields represented are of chromatographically purified products 44. cProducts 44ea & 44fa were not formed, although the corresponding ketones 54ea & 54fa were confirmed by TLC.

IV.3.2 SYNTHESIS OF BENZYL STYRENES:
In view to broaden the scope of this methodology, we presumed that the one-pot protocol could be applied for the synthesis of indanes (Scheme IV.20). We expected the formation of indane 56 possessing a quaternary carbon centre from olefin 55 derived from the Heck ketone 54 through Wittig olefination.
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Scheme IV.20: Retrosynthetic approach for indane 56 formation

 To explore our hypothesis, investigations were carried out on 2,4-diphenylbut-1-ene 55 in the presence of different acids in their catalytic as well as stoichiometric amounts, for the extension of our designed protocol for the possible synthesis of indane with a quaternary carbon atom (Table IV.5). However, surprisingly, none of the trials could produce the expected indane 56 via intramolecular aromatic electrophilic cyclization, rather, afforded a stereoisomeric mixture of indane 57 through homodimerization (Table IV.5).

Table IV.5: Optimizations for indane 56 from the styrene 55
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	Sr. No.
	Acid (equiv)
	Solvent
	Temp 
(˚C)
	Yield 57 
(%)

	1.
	FeCl3 (0.1)
	DCE
	rt
	70

	2.
	FeCl3 (0.5)
	DCE
	80
	 74

	3.
	TFA (1)
	DCE
	80
	 87

	4.
	H2SO4 (1)
	DCE
	rt
	 72


Though it looks like an exception, this may be attributed to the fact that olefinic bond of 55, is relatively more nucleophilic than aromatic ring towards electrophilic substitution. Hence, prefers intermolecular homodimerization over intramolecular cyclization.


To further demonstrate the applicability of the strategy, we envisioned the indane synthesis through an alternative approach.  We felt that the use of highly reactive olefinic bond in 55 might have rendered the selective formation of 57, and hence we designed a strategy via intramolecular Friedel-Crafts alkylation of the secondary alcohols 58, for possible formation of indanes 59 (Scheme IV.21). These secondary alcohols 58, in turn, can be easily accessed by reducing the in situ formed ketone 54, by Heck coupling.
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Scheme IV.21: Retrosynthetic approach for possible indane 59 formation

Thus, the in situ formed ketone 54ae was reduced by NaBH4, in one-pot operation.35 The resultant crude reaction mixture after work-up, was concentrated under vacuum and the crude mass was initially reacted with TfOH (10 to 50 mol%). However, it led to the decomposition at ice temperature itself. Similar results were obtained with conc. H2SO4, while no progress was noted with stoichiometric amounts of TFA (3 equiv). In the presence of p-TSA, it led to the formation of benzyl styrene 60ae, in a highly regioselective manner, instead of the formation expected indane 59ae (Scheme IV.22).
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Scheme IV.22: Formation of benzyl styrene 60ae from secondary alcohols 58

The retardation of this reaction to give indane 59ae, after forming the benzyl styrene 60ae, can be explained based on Thorpe-Ingold (or gem-dimethyl) effect. As the carbon tether is devoid of gem-dialkyl group,it could not push the olefin to come close to the aromatic ring to facilitate the cyclization to give indane 59ae. Indeed, these results are in good agreement with that reported by Stokes et al,36 that signifies the impact of gem-dialkyl moiety, for the synthesis of indanes via intramolecular aromatic electrophilic cyclization.


The literature findings showed that the focus for designing a facile method for the regioselective synthesis of the benzylstyrenes has been high. Although a few methods are reported in the context of their synthesis, the regioselective synthesis has been a drawback, in many reported methods.


For example, very recently, Chang et al presented the disproportionation reaction of cinnamyl alcohols 62 by the use of metal triflate. This led to the formation of chalcones 61 and benzylstyrenes 60 (Scheme IV.23).
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Scheme IV.23: Disproportionation reaction of alcohols 62

Earlier, Lu et al reported palladium complex catalyzed coupling of allylic alcohols 63 with arylboronic acids 64 in water, to furnish a number of regioselective benzylstyrenes 60 (Scheme IV.24).
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Scheme IV.24: [Pd]-catalyzed Suzuki reaction leading to benzylstyrene


In another closely related work, Zhang et al disclosed the palladium catalyzed Mizoroki-Heck type reaction on alkenes 65 with [Ph2SRfn][OTf] 66 at room temperature. Yet again, even in this protocol, the scope of the benzylstyrenes 60 formed was limited. In addition, expensive metal complexes were required to facilitate the regioselective synthesis (Scheme IV.25).
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Scheme IV.25: One-pot Suzuki-Miyaura & Heck reactions to give benzylstyrene 60

 It is worth mentioning that there were some more reports in the literature on the synthesis of benzylstyrenes, wherein, regioisomeric mixtures have been formed.37 


Upon applying the established reaction conditions (Scheme IV.22), the present strategy allowed the synthesis of simple to highly electron rich benzylstyrenes (Table IV.6; 60ac-60eh). The coupling of iodobenzene 52a with different allylic alcohols 53 containing Me (53e), OMe (53c, 53h, 53m & 53n) and Br (53k) substituents on the aromatic ring resulted in the corresponding products with ease (Table IV.6; 60ac-60eh). The method was also amenable to substituted iodoarenes (52c, 52d & 52e) and furnished the respective products, in good to very good yields (Table IV.6, 60eg-60eh). Particularly, the product 60ak with bromo substituent, would expand the scope of the present strategy towards transition metal catalysis.

Table IV.6: Synthesis of benzyl styrenes 60 from the allylic alcohols 53a, b
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aReactions were performed on 0.5 mmol scale of allylic alcohol 53 and iodoarene 52. bYields represented are of chromatographically purified products 60ac-60eh.


The structural proof of the benzyl styrene was provided by NMR spectral data. In the 1H-NMR spectrum of 60cg (Figure IV.4), with a doublet at ( 7.31 for two aromatic protons, a multiplet in the region ( 7.22(7.10 owing to six aromatic protons, a doublet at ( 6.45 and a triplet of doublet at ( 6.31 for two olefinic protons, a doublet at ( 3.52 because of two aliphatic methylene protons, a septet at ( 2.90 on account of one aliphatic methine proton, a singlet at ( 2.35 due to three protons of aromatic methyl group and a doublet ( 1.26 ppm owing to six protons of two methyl groups of isopropyl deduced the structure of olefin 60cg (Figure IV.4).  
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Figure IV.4: 1H NMR (400 MHz) spectrum of 60cg in CDCl3
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Figure IV.5: 13C NMR (100 MHz) spectrum of 60cg in CDCl3


In addition, the 14 lines in 13C-NMR spectrum (Figure IV.5), showing the existence of four quaternary carbon resonances at ( 147.8, 137.2, 135.6 and 135.2 due to four aromatic carbons, two CH resonances at ( 130.7 due to two olefinic carbons, four resonances at ( 129.1, 128.5, 126.5 and 126.1 due to eight aromatic methine carbons, an aliphatic methylene resonance at ( 38.9, an aliphatic methine resonance at ( 33.8 and two methyl carbons of isopropyl resonance at ( 23.9 and an aromatic methyl resonance 21.0 ppm established the structure of the olefin 60cg (Figure IV.5).

A plausible reaction mechanism, for the formation of indene 44, is as depicted in Scheme IV.26. The initial Heck coupling between iodoarene 52 and allylic alcohol 53, generates the ketone 54. Upon in situ addition of TfOH, to the reaction mixture containing the ketone 54, protonation occurs and would lead to the formation of activated oxonium ion species A. Intramolecular Friedel-Crafts reaction of A, furnishes the indanol B. Further protonation of labile tertiary hydroxyl group of indanol B, gives the corresponding oxonium ion intermediate C. Finally, dehydration of C, affords the indene 44.
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Scheme IV.26: Plausible reaction mechanism for the formation of indenes 44.

IV.4 CONCLUSIONS AND SUMMARY:


In conclusion, we have presented a one-pot method, for the synthesis of indenes from simple starting materials. The strategy proceeds through the formation of a dual CC bond via intermolecular Heck coupling and cyclodehydration. The strategy was compatible to varied functional groups present on either aromatic rings. In addition, we demonstrated the regioselective formation of benzylstyrenes using in situ reduction of the resulting Heck ketones followed by dehydration of the crude reaction mixture, promoted by an acid.
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IV.5 EXPERIMENTAL SECTION:

General: IR spectra were recorded on a Bruker Tensor 37 (FTIR) spectrophotometer. 1H NMR spectra were recorded on Bruker Avance 400 (400 MHz) spectrometer at 295 K in CDCl3; chemical shifts (δ ppm) and coupling constants (Hz) are reported in standard fashion with reference to either internal standard tetramethylsilane (TMS) (δH =0.00 ppm) or CHCl3 (δH = 7.25 ppm). 13C NMR spectra were recorded on Bruker Avance 400 (100 MHz) spectrometer at RT in CDCl3; chemical shifts (δ ppm) are reported relative to CHCl3 [δC = 77.00 ppm (central line of triplet)]. In the 13C NMR, the nature of carbons (C, CH, CH2 and CH3) was determined by recording the DEPT-135 spectra, and is given in parentheses and noted as s = singlet (for C), d = doublet (for CH), t = triplet (for CH2) and q = quartet (for CH3). In the 1H-NMR, the following abbreviations were used throughout: s = singlet, d = doublet, t = triplet, q = quartet, qui =quintet, sept = septet, dd = doublet of doublet, m = multiplet and br. s = broad singlet. The assignment of signals was confirmed by 1H, 13C CPD and DEPT spectra. High-resolution mass spectra (HR-MS) were recorded on an Agilent 6538 UHD Q-TOF electron spray ionization (ESI) mode and atmospheric pressure chemical ionization (APCI) modes. All small scale dry reactions were carried out using Schlenk tubes under inert atmosphere. Reactions were monitored by TLC on silica gel using a combination of hexane and ethyl acetate as eluents. Reactions were generally run under argon or a nitrogen atmosphere. Solvents were distilled prior to use; petroleum ether with a boiling range of 60 to 80 C was used. TfOH was purchased from local sources and used as received. Acme’s silica gel (60–120 mesh) was used for column chromatography (approximately 20 g per one gram of crude material). 

IV.5.1 GENERAL PROCEDURE (GP-1) FOR THE SYNTHESIS OF INDENES (44):

In an oven dried Schlenk tube, were added iodoarene 52 (102.4‒147.0 mg, 0.5 mmol), alcohol 53 (67‒106.5 mg, 0.5 mmol), Pd(OAc)2 (3.4 mg, 3 mol%) and triethylamine (0.2 mL, 1.5 mmol) followed by DCE (1.0 mL) at room temperature under nitrogen atmosphere. The resultant reaction mixture was stirred at 80 (C for 24 h. Progress of the ketone 54 formation was monitored by TLC till the reaction is completed. To the cooled reaction mixture at room temperature, was added trifluoromethanesulfonic acid (0.44 mL, 5 mmol) under nitrogen atmosphere. The reaction mixture was then heated in an oil bath at 80 (C for 6 to 24 h and monitored by TLC. Then, the mixture was cooled to room temperature, quenched by the addition of aqueous NaHCO3 solution and extracted with ethyl acetate (3 ( 15 mL). The organic layers were washed with saturated NaCl solution, dried (Na2SO4) and filtered. Evaporation of the solvent under reduced pressure and purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate) furnished the 3-aryl-1H-indenes 44 (49‒83%), as viscous liquid/semi-solid/solid.

IV.5.2 GENERAL PROCEDURE (GP-2) FOR THE SYNTHESIS OF BENZYL STYRENES (60):


In an oven dried Schlenk tube, were added iodoarene 52 (122.4‒176.4 mg, 0.5 mmol), alcohol 53 (67‒106.5 mg, 0.5 mmol), Pd(OAc)2 (3.4 mg, 3 mol%) and triethylamine (0.2 mL, 1.5 mmol) followed by DCE (1.0 mL) at room temperature under nitrogen atmosphere. The resultant reaction mixture was stirred at 80 (C for 24 h. Progress of the ketone 54 formation was monitored by TLC till the reaction is completed. The reaction mixture was cooled to 0 (C, then NaBH4 (2 equiv) was added in situ and continued stirring for 30 min at ice temperature. Worked up the reaction mixture and extracted with ethyl acetate, the solvent was removed under vacuo. To the crude mixture, p-TSA was added (2 equiv) and refluxed at 50 (C, and the  reaction was monitored by TLC for completion. The mixture was cooled to room temperature, quenched by the addition of aqueous NaHCO3 solution and extracted with ethyl acetate (3 ( 15 mL). The organic layers were washed with saturated NaCl solution, dried (Na2SO4) and filtered. Evaporation of the solvent under reduced pressure and purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate) furnished the benzyl styrenes 60 (68‒89%), as viscous liquid/semi-solid.

The following indenes 44aa, 44ac, 44ae, 44ai, 44aj, 44ak, 44ba, 44ga and 44ge are known from the literature.38
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The following benzyl styrenes are known from the literature.39
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3-(3-Bromophenyl)-1H-indene (44ad):
GP-1 was carried out with iodoarene 52a (102.4 mg, 0.5 mmol), alcohol 53d (106.5 mg, 0.5 mmol), Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54ad  at 80 C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene 44ad  at 80C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 99:1) furnished the indene 44ad (112.6 mg, 83%), as colourless viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(53d)=0.90, Rf(44ad)=0.80, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2909, 2808, 1636, 1564, 1477, 1264, 1200, 1080, 828, 757 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.74 (s, 1H, ArH), 7.60–7.45 (m, 4H, ArH), 7.38–7.20 (m, 3H, ArH), 6.59 (s, 1H, C=CH), 3.50 (s, 2H, CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=144.6 (s, Cq), 143.8 (s, Cq), 143.3 (s, Cq), 138.2 (s, Cq), 131.9 (d, ArCH), 130.6 (d, ArCH), 130.5 (d, ArCH), 130.1 (d, ArCH), 126.3 (d, 2C, 2 × ArCH), 125.1 (d, ArCH), 124.2 (d, ArCH), 122.7 (s, ArC), 120.1 (d, C=CH), 38.2 (t, CH2) ppm.

HR-MS: (ESI+) m/z calculated for [C15H12Br]+=[M+H]+: 271.0122; found: 271.0120.
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3-(4-Ethyl)-1H-indene (44af): 

GP-1 was carried out with iodoarene 52a (102.4 mg, 0.5 mmol), alcohol 53f (81 mg, 0.5 mmol), Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54af  at 80 C for 24 h and then with TfOH (0.44 mL, 5 mmol) for indene at 80 C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 99:1) furnished the indene 44af (65.1 mg, 59%), as colourless viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(53f)=0.90, Rf(44af)=0.85, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2900, 2929, 1645, 1571, 1472, 1258, 1079, 1003, 817, 744 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.60 (d, 1H, J=7.3 Hz, ArH), 7.53 (d, 2H, J=8.3 Hz, ArH), 7.37–7.20 (m, 5H, ArH), 7.38–7.20 (m, 3H, ArH), 6.55 (t, 1H, J=2.4 Hz, C=CH), 3.49 (d, 2H, J=2.4 Hz, CH2), 2.71 (q, 1H, J=7.3 Hz, CH2CH3), 1.29 (t, 3H, J=7.3 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=145.0 (s, Cq), 144.8 (s, Cq), 144.0 (s, Cq), 143.6 (s, Cq), 133.5 (s, ArC), 130.4 (d, ArCH), 128.0 (d, 2C, 2 × ArCH), 127.6 (d, 3C, 3 × ArCH), 126.1 (d, ArCH), 124.7 (d, ArCH), 124.1 (d, ArCH), 120.3 (d, C=CH), 38.1 (t, CH2), 28.7 (t, CH2CH3), 15.6 (q, CH2CH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H17]+=[M+H]+: 221.1330; found: 221.1329.
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3-(4-Isopropylphenyl)-1H-indene (44ag): 

GP-1 was carried out with iodoarene 52a (102.4 mg, 0.5 mmol), alcohol 53g (88.1 mg, 0.5 mmol),  Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54ag  at 80C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene at 80 C for 24 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 99:1) furnished the indene 44ag (86.6 mg, 74%), as colourless viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(53g)=0.10, Rf(44ag)=0.85, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=3031, 2858, 1643, 1468, 1377, 1261, 1058, 821, 758 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.61 (d, 1H, J=7.8 Hz, ArH), 7.57–7.47 (m, 1H, ArH), 7.54 (d, 2H, J=7.8 Hz, ArH), 7.38–7.28 (m, 1H, ArH), 7.31 (d, 2H, J=7.8 Hz, ArH), 7.24 (ddd, 1H, J=7.8, 7.3 and 1.0 Hz, ArH), 6.59 (t, 1H, J=2.4 Hz, C=CH), 3.49 (d, 2H, J=2.4 Hz, CH2), 2.97 [sept, 1H, J=7.3 Hz, CH(CH3)2], 1.30 [d, 6H, J=7.3 Hz, CH(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=148.2 (s, Cq), 145.0 (s, Cq), 144.8 (s, Cq), 144.0 (s, Cq), 133.6 (s, Cq), 130.4 (d, ArCH), 127.6 (d, 2C, 2 × ArCH), 126.6 (d, 2C, 2 × ArCH), 126.1 (d, ArCH), 124.7 (d, ArCH), 124.0 (d, ArCH), 120.4 (d, C=CH), 38.1 (t, CH2), 33.9 [d, CH(CH3)2], 24.0 [q, 2C, CH(CH3)2] ppm. 

HR-MS: (ESI+) m/z calculated for [C18H19]+=[M+H]+: 235.1487; found 235.1487.
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3-(2-Ethylphenyl)-5,6-dimethoxy-1H-indene (44gb): 

GP-1 was carried out with iodoarene 52g (132.0 mg, 0.5 mmol), alcohol 53b (81 mg, 0.5 mmol),  Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54gb  at 80 C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene at rt for 6 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 44gb (68.6 mg, 49%), as colourless viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(53b)=0.40, Rf(44gb)=0.85, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max= 2906, 1650, 1561, 1328, 1104, 830, 786 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.40–7.30 (m, 2H, ArH), 7.27–7.20 (m, 2H, ArH), 7.13 (s, 1H, ArH), 6.63 (s, 1H, ArH), 6.32 (t, 1H, J=2.0 Hz, C=CH), 3.92 (s, 3H, ArOCH3), 3.79 (s, 3H, ArOCH3), 3.47 (d, 2H, J=2.0 Hz, CH2), 2.61 (q, 2H, J=7.3 Hz, CH2CH3), 1.12 (t, 3H, J=7.3 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=148.2 (s, Cq), 147.2 (s, Cq), 144.5 (s, Cq), 142.6 (s, Cq), 138.5 (s, Cq), 136.1 (s, Cq), 135.3 (s, Cq), 130.1 (d, ArCH), 129.6 (d, ArCH), 128.5 (d, ArCH), 127.7 (d, ArCH), 125.6 (d, C=CH), 107.9 (d, ArCH), 103.9 (d, ArCH), 56.2 (q, ArOCH3), 56.1 (q, ArOCH3), 38.2 (t, CH2), 26.3 (t, CH2CH3), 15.8 (q, CH2CH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H21O2]+=[M+H]+: 281.1542; found: 281.1540.
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3-(3-Methoxyphenyl)-5,6-dimethoxy-1H-indene (44gc):

GP-1 was carried out iodoarene 52g (132.0 mg, 0.5 mmol), with alcohol 53c (82 mg, 0.5 mmol),  Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54gc  at 80 C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene at rt for 6 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 93:7) furnished the indene 44gc (97.4 mg, 69%), as colourless semi-solid. [TLC control (petroleum ether/ethyl acetate 93:7), Rf(53c)=0.35, Rf(44gc)=0.75, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2967, 1639, 1584, 1477, 1329, 1262, 1198, 843 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.38 (dd, 1H, J=8.3 and 7.8 Hz, ArH), 7.22–7.05 (m, 4H, ArH), 6.93 (dd, 1H, J=8.3, 2.4 and 1.0 Hz, ArH), 6.47 (t, 1H, J=2.0 Hz, C=CH), 3.93 (s, 3H, ArOCH3), 3.88 (s, 3H, ArOCH3), 3.86 (s, 3H, ArOCH3), 3.44 (d, 2H, J=2.0 Hz, CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=159.8 (s, Cq), 148.0 (s, Cq), 147.4 (s, Cq), 144.8 (s, Cq), 137.7 (s, Cq), 137.1 (s, Cq), 136.5 (s, Cq), 129.7 (d, C=CH), 119.9 (d, ArCH), 113.1 (d, ArCH), 108.1 (d, ArCH), 104.0 (d, ArCH), 56.2 (q, 2C, 2 × ArOCH3), 55.2 (q, ArOCH3), 38.0 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C18H19O3]+=[M+H]+: 283.1334; found: 283.1334.
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3-(4-Isopropylphenyl)-5,6-dimethoxy-1H-indene (44gg): 

GP-1 was carried out with iodoarene 52g (132.0 mg, 0.5 mmol), alcohol 53g (88 mg, 0.5 mmol), Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54gg  at 80 C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene at rt for 6 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 44gg (111.8 mg, 76%), as colourless viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(53g)=0.40, Rf(44gg)=0.85, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2927, 1665, 1586, 1481, 1328, 1258, 1197, 825 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.53 (d, 2H, J=8.3 Hz, ArH), 7.33 (d, 2H, J=8.3 Hz, ArH),  7.14 (s, 1H, ArH), 7.13 (s, 1H, ArH), 6.44 (t, 1H, J=1.9 Hz, C=CH), 3.93 (s, 3H, ArOCH3), 3.90 (s, 3H, ArOCH3), 3.43 (d, 2H, J=1.9 Hz, CH2), 2.97 [sept, 1H, J=6.8 Hz, CH(CH3)2], 1.31 [d, 6H, J=6.8 Hz, CH(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=148.2 (s, Cq), 148.0 (s, Cq), 147.3 (s, Cq), 144.8 (s, Cq), 137.2 (s, Cq), 136.7 (s, Cq), 133.8 (s, Cq), 129.1 (d, C=CH), 127.4 (d, 2C, 2 × ArCH), 126.7 (d, 2C, 2 × ArCH), 108.1 (d, ArCH), 104.1 (d, ArCH), 56.2 (q, 2C, 2 × ArOCH3), 38.0 (t, CH2), 33.9 [d, CH(CH3)2], 24.0 [q, 2C, CH(CH3)2] ppm.

HR-MS: (ESI+) m/z calculated for [C20H23O2]+=[M+H]+: 295.1698; found 295.1699.
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3-(4-Fluorophenyl)-5,6-dimethoxy-1H-indene (44gi):


GP-1 was carried out with iodoarene 52g (132.0 mg, 0.5 mmol), alcohol 53i (76 mg, 0.5 mmol), Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54gi  at 80C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene at rt for 6 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 44gi (106.6 mg, 79%), as colourless viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(53i)=0.40, Rf(44gi)=0.75, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=3032, 2893, 1647, 1548, 1455, 1400, 1254, 760 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.53 (dd, 2H, J=8.8 and 5.3 Hz, ArH), 7.15 (d, 2H, J=8.8 Hz, ArH),  7.13 (s, 1H, ArH), 7.04 (s, 1H, ArH), 6.42 (t, 1H, J=2.0 Hz, C=CH), 3.93 (s, 3H, ArOCH3), 3.88 (s, 3H, ArOCH3), 3.43 (d, 2H, J=2.0 Hz, CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=162.2 (d, J=246.5 Hz, Cq), 148.1 (s, Cq), 147.5 (s, Cq), 143.9 (s, Cq), 137.1 (s, Cq), 136.5 (s, Cq), 132.3 (d, J=3.7 Hz, Cq), 129.5 (d, C=CH), 129.0 (d, 2C, J=8.1 Hz, 2 × ArCH), 115.5 (d, 2C, J=21.3 Hz, 2 × ArCH), 108.1 (d, ArCH), 103.8 (d, ArCH), 56.2 (q, 2C, 2 × ArOCH3), 38.0 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H16FO2]+=[M+H]+: 271.1134; found: 271.1133.
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3-(4-Chlorophenyl)-5,6-dimethoxy-1H-indene (44gj): 

GP-1 was carried out with iodoarene 52g (132.0 mg, 0.5 mmol), alcohol 53j (84 mg, 0.5 mmol),Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54gj  at 80 C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene at rt for 6 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 44gj (100.3 mg, 70%), as colourless semi-solid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(53j)=0.45, Rf(44gj)=0.80, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=3034, 2896, 1696, 1578, 1462, 1267, 1029, 866, 747 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.50 (d, 2H, J=8.3 Hz, ArH), 7.42 (d, 2H, J=8.3 Hz, ArH),  7.12 (s, 1H, ArH), 7.03 (s, 1H, ArH), 6.45 (t, 1H, J=2.0 Hz, C=CH), 3.92 (s, 3H, ArOCH3), 3.88 (s, 3H, ArOCH3), 3.43 (d, 2H, J=2.0 Hz, CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=148.1 (s, Cq), 147.5 (s, Cq), 143.8 (s, Cq), 137.1 (s, Cq), 136.3 (s, Cq), 134.8 (s, Cq), 133.2 (s, Cq), 129.9 (d, C=CH), 128.8 (d, 4C, 4 × ArCH), 108.2 (d, ArCH), 103.8 (d, ArCH), 56.2 (q, 2C, 2 × ArOCH3), 38.1 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H16ClO2]+=[M+H]+: 287.0839; found: 287.0840.
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3-(4-Bromophenyl)-5,6-dimethoxy-1H-indene (44gk):
GP-1 was carried out with iodoarene 52g (132.0 mg, 0.5 mmol), alcohol 53k (106.5 mg, 0.5 mmol), Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54gk  at 80C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene at rt for 6 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 44gk (120.8 mg, 73%), as colourless semi-solid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(53k)=0.45, Rf(44gk)=0.80, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=3034, 2912, 1639, 1577, 1475, 1264, 845, 786 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.57 (d, 2H, J=8.3 Hz, ArH), 7.44 (d, 2H, J=8.3 Hz, ArH),  7.12 (s, 1H, ArH), 7.03 (s, 1H, ArH), 6.45 (t, 1H, J=2.0 Hz, C=CH), 3.92 (s, 3H, ArOCH3), 3.88 (s, 3H, ArOCH3), 3.42 (d, 2H, J=2.0 Hz, CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=148.1 (s, Cq), 147.5 (s, Cq), 143.9 (s, Cq), 137.1 (s, Cq), 136.2 (s, Cq), 135.2 (s, Cq), 131.7 (d, 2C, 2 × ArCH), 130.0 (d, C=CH), 129.1 (d, 2C, 2 × ArCH), 121.3 (s, Cq), 108.2 (d, ArCH), 103.7 (d, ArCH), 56.2 (q, 2C, 2 × ArOCH3), 38.1 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C17H16BrO2]+=[M+H]+: 331.0334; found: 331.0331.
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5,6,7-Trimethoxy-3-phenyl-1H-indene (44ha): 

GP-1 was carried out with iodoarene 52h (147.0 mg, 0.5 mmol), alcohol 53a (67 mg, 0.5 mmol), Pd(OAc)2 (3.4 mg, 3 mol%), triethylamine (0.2 mL, 1.5 mmol), and  DCE (1.0 mL) for ketone 54ha at 80 C for 24 h, and then with TfOH (0.44 mL, 5 mmol) for indene at rt for 6 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 44ha (86.1 mg, 61%), as colourless viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(53a)=0.40, Rf(44ha)=0.70, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2907, 1640, 1581, 1488, 1392, 1267, 1149, 834 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.55 (d, 2H, J=8.3 Hz, ArH), 7.46 (dd, 2H, J=8.3 and 7.8 Hz, ArH), 7.38 (t, 1H, J=7.8 Hz, ArH), 6.88 (s, 1H, ArH), 6.52 (t, 1H, J=2.0 Hz, C=CH), 4.03 (s, 3H, ArOCH3), 3.90 (s, 3H, ArOCH3), 3.86 (s, 3H, ArOCH3), 3.49 (d, 2H, J=2.0 Hz, CH2) ppm. 

13C NMR (CDCl3, 100 MHz): δ=153.1 (s, Cq), 149.5 (s, Cq), 144.9 (s, Cq), 140.0 (s, Cq), 139.6 (s, Cq), 136.0 (s, Cq), 131.0 (d, C=CH), 128.6 (d, 2C, 2 × ArCH), 128.0 (s, Cq), 127.6 (d, 2C, 2 × ArCH), 127.5 (d, ArCH), 100.1 (d, ArCH), 61.2 (q, ArOCH3), 60.3 (q, ArOCH3), 56.4 (q, ArOCH3), 35.7 (t, CH2) ppm. 

HR-MS: (ESI+) m/z calculated for [C18H19O3]+=[M+H]+: 283.1334; found: 283.1333.
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1-Isopropyl-4-[(2E)-3-(4-methylphenyl)prop-2-enyl]benzene (60cg): 

GP-2 was carried out with iodoarene 52c (0.50 mmol), alcohol 53g (0.50 mmol), Pd(OAc)2 (3 mol%), triethylamine (1.5 mmol), and  DCE (1.0 mL) for ketone 54cg  at 80 C for 24 h, then NaBH4 (2 equiv) was added in situ and continued for 30 min at 0 (C. Worked up and extracted with ethyl acetate, the solvent was removed under vacuo. To the crude mixture, p-TSA was added (2 equiv) for olefin 60cg formation at 50 C for 30 min. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the olefin 60cg (111.2 mg, 89%), as colourless liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(53g)=0.10, Rf(60cg)=0.90, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=3018, 2960, 1694, 1514, 1461, 966, 807 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.31 (d, 2H, J=8.3 Hz, ArH), 7.22–7.10 (m, 6H, ArH), 6.45 (d, 1H, J=15.6 Hz, CH2CH=CHAr), 6.31 (td, 1H, J=15.6 and 6.8 Hz, CH2CH=CHAr), 3.52 (d, 2H, J=6.8 Hz, CH2), 2.90 [sept, 1H, J=6.8 Hz, CH(CH3)2], 2.35 (s, 3H, ArCH3), 1.26 [d, 6H, J=6.8 Hz, CH(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=147.8 (s, Cq), 137.2 (s, Cq), 135.6 (s, Cq), 135.2 (s, Cq), 130.7 (d, CH), 129.1 (d, 2C, 2 × ArCH), 128.5 (2 × d, 3C, CH and 2 × ArCH), 126.5 (d, 2C, 2 × ArCH), 126.1 (d, 2C, 2 × ArCH), 38.9 (t, CH2), 33.8 [d, CH(CH3)2], 23.9 [q, 2C, CH(CH3)2], 21.0 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C19H23]+=[M+H]+: 251.1800; found: 251.1801.
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CHAPTER V



Lewis Acid Catalyzed Dual Bond Formation: One-Pot Synthesis of Indenes 
V.1 INTRODUCTION:

Forming bonds between two or more organic moieties through simple, efficient and accessible routes has been a desirable aspect, in the synthetic organic chemistry. Especially, strategies that involve multiple bond formation in a single pot have been of immense interest to the synthetic chemists, for their added advantages of consuming minimum resources and reduced synthetic steps. Often, synthetic approaches involving mild reaction conditions, in particular, catalytic utilization of reagents is more advantageous.


In the recent times, the transition metal as well as acid catalysis have emerged as potential tools, for the accomplishment of numerous carbocyclic compounds through the formation of CC bonds.1 Among various carbocyclics, indenes form a very important cluster, as they constitute the core structure in many biologically active compounds. Some of the indenes have been studied widely, for their activity against inhibition of tubulin polymerization,2 whereas, some indenes were recognized as estrogen receptor agonists.3 Significantly, well recognized anti-inflammatory drug Sulindac, has indene based core structure.4 Some indenes also form organometallocene complexes with some group 4 and 10 metals.5 In addition, indenes have also been used as precursors for the synthesis of other significant molecules, such as, ansa-metallocene ligands, zirconocene catalysts, naphthalenes etc.6
V.2 BACKGROUND:

Owing to these significant properties, the indene synthesis has gained a great importance and many groups disclosed methodologies based on transition metal and Lewis acid catalysis. The aryl alcohols and the aryl alkynes played a significant role, as good synthetic precursors to bring about the transformation to indenes. The transition metal catalysis has seen many developments in this area. A few methods to elaborate on their synthesis are as detailed below.


Larock and his research group developed a synthetic route for highly substituted indenes 3 starting from functionally substituted aryl halides 1 containing acidic hydrogens with various internal alkynes 2, in the presence of a palladium catalyst (Scheme V.1).7
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Scheme V.1: [Pd]-catalyzed carboannulation of internal alkynes with aryl halides

Later, Hu et al presented a strategy based on using internal alkynes 2 and sterically hindered Grignard reagents 4, catalyzed by palladium. It involved the carbopalladation of alkynes to form vinylpalladium(II) complex followed by cyclization via CH activation to afford substituted indenes 5 (Scheme V.2).8
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Scheme V.2: [Pd]-catalyzed cyclizations of alkynes with Grignard reagents


Copper catalyzed intramolecular C–C cross coupling reaction of activated methylene aromatic compounds with gem-dibromoolefins 7, was described by Zhang et al. This method delivered a wide range of 2-bromo-1H-indenes 8 (Scheme V.3).9
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Scheme V.3: Copper catalyzed synthesis of 2-bromo-1H-indenes 8

In yet another approach based on copper catalysis, Nakamura et al, disclosed a convenient route to the synthesis of polysubstituted 1H-indenes 11 via arylative cyclization of simple aryl alkynes 10 with commercially available aromatic sulfonyl chlorides 9 (Scheme V.4).10
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Scheme V.4: [Cu]-catalyzed reaction of alkynes with sulfonyl chlorides to yield 11

The alcohols and the alkynes have been thoroughly employed in acid catalysis as well as to afford indenes. Among them, the allyl alcohols are well studied, for this purpose.11 In this perspective, Yadav et al demonstrated that the alcohols 12, were easily converted into substituted indenes 14 by treatment with para-toluenesulfonic acid (tosylic acid) at ambient temperature (Scheme V.5).12
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Scheme V.5: Synthesis of indenes from allyl alcohol derivatives 12
On a similar note, Chan et al reported Friedel-Crafts reaction of homoallylic alcohols 15 to form indenes 17, catalyzed by para-toluenesulfonic acid (Scheme V.6).13

[image: image256.emf]R

3

R

4

OH R

2

R

3

R

4

R

2

R

1

R

1

R

2

R

3

R

4

TsOHH

2

O

DCM, reflux

0.5-24h

15 16 17 16'

R

4

R

2

R

3

H

+


Scheme V.6: Synthesis of indenes from allyl tert-benzyl alcohol derivatives 15
The research group of Egi developed a [Pt]-catalyzed process, for the accomplishment of indenes 19. The reaction proceeded via carbocyclization of allenes 18 to afford indenes 19 (Scheme V.7).14
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Scheme V.7: [Pt]-catalyzed intramolecular cyclization to furnish 19

In yet another report, Li et al presented ruthenium based photoredox method for the synthesis of indenes 20 containing tertiary as well as quaternary carbon centre starting from the aromatic sulfonyl chlorides 9 (Scheme V.8).15
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Scheme V.8: [Ru]-catalyzed cyclization of aryl alkynes 10 with sulfonyl chlorides 9 
Zhou et al presented iron(III) chloride catalysis, for the synthesis of indenes 22 possessing a tertiary carbon atom from the secondary benzyl alcohols 21 via the formation of vinylic carbocation. However, this method involved a tandem second benzylation on the fused aromatic ring of indene, to give 23, when excess of secondary benzyl alcohol 20 was employed (Scheme V.9).16
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Scheme V.9: [Fe]-catalyzed vinylic carbocation cyclization to afford 22 & 23
Tian et al described FeCl3 catalyzed cleavage of the sp3 CN bond of the N-benzylic sulfonamides 24 in the reaction with internal alkynes 2 to give indenes 22 possessing a tertiary carbon atom (Scheme V.10).17
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Scheme V.10: [Fe]-catalyzed indene 22 synthesis from N-benzylic sulfonamides 24

In yet another protocol on indene synthesis via carbocation formation, Chen et al developed a method of iron(II) catalyzed direct in situ functionalization of the benzylic C(sp3)-H bond of 25 to give 26 (Scheme V.11).18
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Scheme V.11: [Fe]-catalyzed cyclization of benzylic compounds 25 with alkynes
On the other hand, Wang et al developed a two-step protocol, for the synthesis of substituted indenes 20 with a quaternary centre from the tert-propargylic alcohols 27. The first step involved a domino formation of 2,3-diiodoindenes 28 promoted by molecular iodine. While in the second step, 2,3-diiodoindenes 28 were subjected to Suzuki coupling with arylboronic acids 29 to furnish the 2,3-diarylindenes 20 (Scheme V.12).19
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Scheme V.12: A two-step synthesis of indenes 20 from tert-propargylic alcohols 27

After a thorough study of the literature reports on the synthesis of a variety of indenes, it was noticed that, to the best of our knowledge, there are no reports using tert-benzyl alcohols as electrophilic species to combine with internal alkynes to give indenes with quaternary centre, in a single step. Moreover, tert-benzyl alcohols in comparison to the corresponding secondary benzyl alcohols may pose some challenges, as they undergo unwanted rapid side reactions due to their more reactive nature. For example, the head-to-tail-dimerization or head-to-tail-cyclodimerization of tert-benzyl alcohols is very much feasible, under acidic conditions.20 Nevertheless, we presumed that such difficulties could be surpassed by the presence of suitable competitive nucleophilic agents. In continuation of our research interests on the development of one-pot domino process using Lewis or Brønsted acids,21 herein we devised a simple and efficient method for the synthesis of indenes possessing a quaternary carbon atom, beginning from the conveniently and readily attainable tert-benzyl alcohols and disubstituted alkynes.

V.3 RESULTS AND DISCUSSION:

In the designed retrosynthetic analysis, we suppose that the indene 32 with a quaternary carbon atom could be achieved via acid catalyzed domino dual CC bond formation from the reaction between tert-benzyl alcohols 31 and diarylacetylenes 2. It is expected that the highly reactive tert-benzyl alcohol species might be captured by the good nucleophile like the diarylalkynes 2, upon activation of hydroxyl group. The tert-alcohols 31 can be easily accomplished from the Grignard, oxidation and Grignard reaction sequence from bench top aldehydes 30 (Scheme V.13).         
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Scheme V.13: Retrosynthetic approach for the synthesis of diarylindenes 32
V.3.1 SYNTHESIS OF DIARYLINDENES:

To establish the feasibility and the working conditions of the reaction, we commenced the studies on reaction between simple tert-benzyl alcohol 31a and diphenylacetylene 2a, under various reaction conditions. In view of our previous experience of working with Lewis acid reaction conditions, the reaction was attempted with stoichiometric quantities of FeCl3. However, the reaction was unclear and the expected indene product 32aa was delivered, albeit in very negligible yield (Table V.1, entries 1 & 2). This observation was quite obvious, as the reactivity of tertiary alcohol is very high and hence, the formation of carbocation is readily feasible. Even the indene 32aa would also be unstable, as the internal double bond could be activated by the presence of excess amount of strong Lewis acid. Thus, the reaction was tried with lower loading of the FeCl3 (1 equiv).
Table V.1: Screening conditions for the formation of indene 32aaa, b

[image: image264.emf]OH

Me Me

+

Me

Me

temp,time

acid, solvent (1mL)

31a 2a

32aa


	Entry
	Acid

(equiv)
	Solvent 

(1 mL)
	Temp

(C)
	Time

(h)
	Yield of

32aa (%)

	1
	FeCl3 (5)
	DCE
	80
	3
	-c

	2
	FeCl3 (3)
	DCE
	80
	3
	10

	3
	FeCl3 (1)
	DCE
	80
	3
	55

	4
	FeCl3 (0.1)
	DCE
	80
	3
	77

	5
	FeCl3 (0.1)
	CH3CN
	80
	3
	10

	6
	FeCl3 (0.1)
	toluene
	80
	3
	-

	7
	FeCl3 (0.1)
	THF
	80
	3
	-

	8
	FeCl3·6H2O (0.1)
	DCE
	80
	3
	59

	9
	Fe(acac)3 (0.1)
	DCE
	80
	3
	0d

	10
	Fe(OTf)3 (0.1)
	DCE
	80
	12
	54

	11
	AlCl3 (0.1)
	DCE
	80
	1
	0c

	12
	AlCl3 (0.1)
	DCE
	rt
	1
	0c

	13
	BF3·OEt2 (0.1)
	DCE
	80
	3
	35

	14
	Sc(OTf)3 (0.1)
	DCE
	80
	3
	0c


aAll reactions were performed on a 0.73 mmol scale of alcohol 31a and 2.5 equiv (1.83 mmol) of diphenylacetylene 2a. bYields mentioned are of chromatographically purified compounds. cNeither starting material nor the product was seen on TLC. d Only starting material was present.

However, the product 32aa was obtained, in moderate yield (Table V.1, entry 3). This promoted us to employ FeCl3 in catalytic amount (10 mol%). To our delight, the indene 32aa was obtained, in good yield (Table V.1, entry 4). The reaction in solvents, such as, acetonitrile, toluene and THF, was not successful (Table V.1, entries 5 to 7). The reaction with FeCl3·6H2O, furnished the product 32aa, in moderate yield (Table V.1, entry 8).

The reaction was also explored with other iron based Lewis acid catalysts [Fe(acac)3 & Fe(OTf)3]. However, Fe(acac)3 could not  drive the reaction (Table V.1, entry 9), while, the reaction with iron triflate was sluggish and resulted in 54% (Table V.1, entry 10). Other attempts to further enhance the yield of 32aa with other Lewis acids, were found to be inferior (Table V.1, entries 11 to 14).


With the above optimized conditions (Table V.1, entry 4), the scope and applicability of the method was studied by exploring the reaction between different unsubstituted tert-benzyl alcohols 31a-31d and diarylacetylenes 2a-2h. As anticipated, the reaction was quite successful and furnished the indenes 32aa-32cd, in moderate to good yields (Table V.2). It is noteworthy to mention that the reaction was also amenable with diphenylethanol 31d as well and afforded the indenes (32da & 32db, Table V.2). The reaction was smooth with regards to symmetric acetylenes 2a-2e bearing varying functionalities on their aromatic rings. For example, the reaction was amenable with electron deficient aromatic acetylene 2e (32be, Table V.2), as well as with electron rich acetylene 2d (32ad & 32cd, Table V.2). Interestingly, the reaction with unsymmetrical para-tolylphenylacetylene 2f, gave a single regioisomer 32af. The regioselectivity of 32af has been determined by a careful comparison of the NMR spectrum with the literature reported compound.15
Table V.2: Synthesis of indenes 32 from tert-alcohols 31 and acetylenes 2a, b
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While the other unsymmetrical alkynes, such as, para-chlorophenylphenylacetylene 2g and meta-methoxyphenylphenylacetylene 2h, furnished a regioisomeric mixture (32ag + 32ag’, 32ah + 32ah’ and 32bg + 32bg’) (Table V.3).

Table V.3: Regioisomeric mixture of indenes 32 from 31 and unsymmetrical acetylenes 2a
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aRegioisomeric mixture was obtained (determined from the NMR spectral data).bThe yield in parenthesis represent the total yield of inseperable regioisomeric mixture.

The structure of the indene 32bb was elucidated from the nuclear magnetic resonance data.  In the 1H-NMR spectrum (Figure V.1), two multiplets in the regions  7.37–7.28 and 7.27–7.19 owing to four aromatic protons, a doublet at  7.17 for two aromatic protons, a multiplet in the region  7.08–6.97 due to four aromatic protons, a doublet  7.06 due to two aromatic protons, a singlet at for six protons of two aromatic methyls, a multiplet in the region  1.95–1.80 for two protons of a methylene of ethyl group, a singlet  1.39 for three protons of methyl group and a triplet at 0.54 ppm accounting for three protons of methyl of ethyl group, explained the structure of indene 32bb (Figure V.1).  In addition, the 21 lines in 13C-NMR spectrum (Figure V.2), show the presence of eight quaternary carbon resonances at  151.4, 150.1, 144.2, 139.4, 136.3, 136.2, 133.9 and 132.4 due to six aromatic and two olefin carbons, CH resonances at  129.4, 128.8, 128.7, 126.3, 125.1, 121.5 and 120.3 towards twelve aromatic carbons, one aliphatic quaternary carbon resonance at one methylene resonance at  30.6, and three resonances at 24.2, 21.2 and 8.6 ppm for the four methyl carbons, confirmed the structure of the indene 32bb (Figure V.2).
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 Figure V.1: 1H NMR (400 MHz) spectrum of 32bb in CDCl3
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Figure V.2: 13C NMR (100 MHz) spectrum of 32bb in CDCl3

In addition to the confirmation of indene structure by spectral data, the chemical structure of 32aa was further confirmed by the single crystal X-ray diffraction analysis (Figure V.3).
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Figure V.3: ORTEP diagram of the single crystal X-ray structure of 32aa

Further, to demonstrate the utility of the method, the reaction was explored with other substituted tert-benzyl alcohols 31e-31j and diarylacetylenes 2a-2g. It is also worth mentioning that unlike other earlier reports on annulations,7,8,11 our approach was explored on a variety of tert-benzyl alcohols and alkynes ranging from simple to electron rich systems. Significantly, the method was also found smooth and furnished the indenes 32ea-32gg’, in moderate to good yields (Table V.4). Notably, the reaction was successful with halo, alkyl and methoxy substituents on the aromatic ring of tertiary alcohols 31e-31g and gave the product 32ea-32gf. In addition, the method was successful with different substituents on the aromatic rings of diarylacetylenes and delivered the corresponding indenes dexterously (Table V.4). 

Table V.4: Synthesis of indenes 32 from substituted tert-alcohols 31 and acetylenes 2a,b
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aAll reactions were carried out on 0.73 mmol scale of tert-alcohols 31e-31g and 2.5 equiv (1.83 mmol) of acetylenes 2a-2g, solvent DCE (1.0 mL). bIsolated yields of chromatographically pure products 32. cSingle isomer was obtained. dRegioisomeric mixture was obtained (ratio determined from the 1H-NMR spectra); the yield in parenthesis represent the total yield of inseperable regioisomeric mixture.

The structure of the indene 32gd, was confirmed from the nuclear magnetic resonance spectral data.  In the 1H-NMR spectrum (Figure V.4), a singlet at  7.36 for one aromatic proton, five doublets at  7.26, 7.15, 7.07, 6.97 and 6.71 owing to ten aromatic protons, a singlet at  3.66 due to six protons of two methoxy groups and a singlet at 1.26 ppm as a result of six protons of two germinal methyl groups, explained the structure of indene 32gd (Figure V.4).  In addition, the 20 lines in 13C-NMR spectrum (Figure V.5), show the presence of quaternary carbon resonances at  158.5, 153.6, 152.1, 145.2, 136.3, 128.4, 126.8 and 120.3 due to seven aromatic and two olefinic carbons, seven CH resonances at  130.7, 130.5, 127.8, 123.5, 122.9, 113.7 and 113.5 for eleven aromatic carbons, two resonances at around  55.0 due to two methoxy carbons, one aliphatic quaternary carbon resonance at  51.0anda resonance at  24.4 ppm for two geminal methyl carbons, established the structure of the indene 32gd (Figure V.5). 
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Figure V.4: 1H NMR (400 MHz) spectrum of 32gd in CDCl3
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Figure V.5:  13C NMR (100 MHz) spectrum of 32gd in CDCl3



It is worthy to note that the reaction with electron rich 3,4-dimethoxy and 3,4-(methylenedioxy) tert-benzyl alcohols (31i & 31j), under standard conditions, were unsuccessful to afford indene, instead, gave head-to-tail self-cyclodimerized indanes 33a and 33b, respectively (Scheme V.14). This may be justified due to the rapid formation of the corresponding styrenes through acid promoted dehydration. These styrenes are electron rich in nature and would preferentially involve homocyclodimerization over annulation with external acetylene, to give indanes (33a & 33b).
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Scheme V.14: Homocyclodimerization of electron rich tert-alcohols 31i and 31j

In addition, the reaction was attempted with deactivated diarylacetylenes 2i and 2j (i.e. with Aryl–NO2 or Aryl–CO2Et as substituents). However, the reaction failed to deliver the corresponding indene, instead, impeded at the head-to-tail homodimerized styrene 34. Also, the same trend was noticed with other lesser reactive alkynes such as 2k and 2l (Scheme V.15). 
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Scheme V.15: Formation of homodimerized product 34
Taking into account the above results, a plausible reaction mechanism is as illustrated in Scheme V.16. The Lewis acid FeCl3 could activate the CO bond of the tertiary alcohol 31 and leads to the formation of activated species A. Nucleophilic attack of acetylenic triple bond and a subsequent internal electrophilic attack of aromatic ring of tert-benzyl alcohol onto the electrophilic carbon of acetylene 2, gives the bicyclic carbocation C via expulsion of iron species B. Finally, rearomatization of C, through the removal of hydrogen ion, leads to the formation of required indene 32. Recombination of hydrogen ion with the iron species B, would regenerate the Lewis acid catalyst, thus completes the catalytic cycle.
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Scheme V.16: Plausible reaction mechanism for the formation of indene 32
V.4 CONCLUSIONS AND SUMMARY:
In summary, Lewis acid catalyzed one-pot strategy has been delineated for the synthesis of indenes. The method is successful in constructing two CC bonds in a domino fashion starting from readily accessible tert-benzyl alcohols and internal acetylenes. The methodology has enabled the synthesis of a variety of indenes comprising a quaternary centre at the benzylic position.
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V.5 EXPERIMENTAL SECTION:

General: IR spectra were recorded on a Bruker Tensor 37 (FTIR) spectrophotometer. 1H NMR spectra were recorded on Bruker Avance 400 (400 MHz) spectrometer at 295 K in CDCl3; chemical shifts (δ ppm) and coupling constants (Hz) are reported in standard fashion with reference to either internal standard tetramethylsilane (TMS) (δH =0.00 ppm) or CHCl3 (δH = 7.25 ppm). 13C NMR spectra were recorded on Bruker Avance 400 (100 MHz) spectrometer at RT in CDCl3; chemical shifts (δ ppm) are reported relative to CHCl3 [δC = 77.00 ppm (central line of triplet)]. In the 13C NMR, the nature of carbons (C, CH, CH2 and CH3) was determined by recording the DEPT-135 spectra, and is given in parentheses and noted as s = singlet (for C), d = doublet (for CH), t = triplet (for CH2) and q = quartet (for CH3). In the 1H-NMR, the following abbreviations were used throughout: s = singlet, d = doublet, t = triplet, q = quartet, qui =quintet, sept = septet, dd = doublet of doublet, m = multiplet and br. s = broad singlet. The assignment of signals was confirmed by 1H, 13C CPD and DEPT spectra. High-resolution mass spectra (HR-MS) were recorded on an Agilent 6538 UHD Q-TOF electron spray ionization (ESI) mode and atmospheric pressure chemical ionization (APCI) modes. All small scale dry reactions were carried out using Schlenk tubes under inert atmosphere. Reactions were monitored by TLC on silica gel using a combination of hexane and ethyl acetate as eluents. Reactions were generally run under argon or a nitrogen atmosphere. Solvents were distilled prior to use; petroleum ether with a boiling range of 60 to 80 (C was used. FeCl3 was purchased from local sources and used as received. Acme’s silica gel (60–120 mesh) was used for column chromatography (approximately 20 g per one gram of crude material).

V.5.1 GENERAL PROCEDURE (GP-1) FOR THE SYNTHESIS OF 2,3-DIPHENYL-1H-INDENES (32):


In an oven dried Schlenk tube, were added alcohol 31a-31h (100(157 mg, 0.73 mmol), diphenylacetylene 2a-2g (324436 mg, 1.83 mmol) and FeCl3 (12 mg, 10 mol%) followed by DCE (1.0 mL) at room temperature under nitrogen atmosphere. The resultant reaction mixture was stirred at 80 (C for 3 h. Progress of the indene 32 formation was monitored by TLC till the reaction is completed. The Reaction mixture was cooled upon completion and quenched with aqueous NaHCO3 solution and extracted with ethyl acetate (3 ( 20 mL). The organic layers were washed with saturated NaCl solution, dried (Na2SO4), and filtered. Evaporation of the solvent under reduced pressure and purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate) furnished the indenes 32 (44‒81%), as viscous oil/solid.
The following indenes 32aa, 32ad, 32da & 32af are reported in the literature.22
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The following compounds, homocylodimerized indanes 33 and the homodimerized olefin 34 were known from the literature.23
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1,1-Dimethyl-2,3-bis(4-methylphenyl)-1H-indene (32ab): 

GP-1 was carried out with alcohol 31a (100 mg, 0.73 mmol), diarylacetylene 2b (377 mg, 1.46 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32ab formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32ab (106.6 mg, 45%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31a)=0.15, Rf(2b)=0.85, Rf(32ab)=0.80 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2933, 2835, 1658, 1444, 1236, 1168, 991, 835, 721 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.50–7.28 (m, 12H, ArH), 7.29–7.05 (m, 11H, ArH), 2.37 (s, 3H, ArCH3), 1.39 [s, 6H, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=153.5 (s, Ar-C), 150.5 (s, Ar-C), 142.9 (s, ArC), 137.7 (s, ArC), 136.7 (s, ArC), 136.2 (s, ArC), 135.2 (s, ArC), 129.8 (d, 2C, 2 × ArCH), 129.5 (d, 2C, 2 × ArCH), 128.0 (d, 2C, 2 × ArCH), 127.9 (d, 2C, 2 × ArCH), 126.8 (d, ArCH), 126.7 (d, ArCH), 126.1 (d, ArCH), 121.3 (d, ArCH), 121.2 (d, ArCH), 51.0 [s, C(CH3)2], 24.6 [q, 2C, C(CH3)2], 21.5 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C25H25]+=[M+H]+: 325.1951; found: 325.1946.
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1-Ethyl-1-methyl-2,3-diphenyl-1H-indene (32ba): 

GP-1 was carried out with alcohol 31b (109 mg, 0.73 mmol), diphenylacetylene 2a (324 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (3.0 mL) for indene 32ba formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 99:1) furnished the indene 32ba (192.8 mg, 85%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31b)=0.10, Rf(2a)=0.90, Rf(32ba)=0.75 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2938, 1652, 1434, 1237, 918, 751, 694 cm-1.  

1H NMR (CDCl3, 400 MHz): δ=7.40–7.05 (m, 14H, ArH), 2.00–1.80 (m, 2H, CH2CH3), 1.41 (d, 3H, J=1.4 Hz, CH3), 0.56 (dt, 3H, J=7.3 and 1.4 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=151.3 (s, Ar-C), 150.5 (s, Ar-C), 144.0 (s, ArC), 139.8 (s, ArC), 136.8 (s, ArC), 135.3 (s, ArC), 129.6 (d, 4C, 4 × ArCH), 128.1 (d, 2C, 2 × ArCH), 128.0 (d, 2C, 2 × ArCH), 126.8 (d, ArCH), 126.7 (d, ArCH), 126.4 (d, ArCH), 125.3 (d, ArCH), 121.5 (d, ArCH), 120.4 (d, ArCH), 55.8 [s, C(CH2CH3)(CH3)], 30.5 [t, C(CH2CH3)(CH3)], 24.1 [q, C(CH2CH3)(CH3)], 8.7 [q, C(CH2CH3)(CH3)] ppm. 

HR-MS: (ESI+) m/z calculated for [C24H23]+=[M+H]+: 311.1794; found: 311.1789.
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1-Ethyl-2,3-bis(4-fluorophenyl)-1-methyl-1H-indene (32be):
GP-1 was carried out with alcohol 31b (109 mg, 0.73 mmol), diarylacetylene 2e (392 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32be formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32be (189.7 mg, 75%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31b)=0.10, Rf(2e)=0.85, Rf(32be)=0.70 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2992, 1670, 1470, 1378, 1060, 994, 813, 748 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.40–6.90 (m, 12H, ArH), 2.00–1.77 (m, 2H, CH2CH3), 1.39 (s, 3H, CH3), 0.54 (t, 3H, J=7.3 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=163.0 (d, J=246.5 Hz, Ar-C), 160.5 (d, J=245.8 Hz, Ar-C), 151.1 (s, ArC), 149.6 (s, ArC), 143.6 (s, ArC), 139.3 (s, ArC), 132.4 (d, J=2.9 Hz, Ar-C), 131.1 (d, 4C, J=8.1 Hz, 4 × ArCH), 131.0 (d, J=2.9 Hz, Ar-C), 126.5 (d, ArCH), 125.6 (d, ArCH), 121.6 (d, ArCH), 120.3 (d, ArCH), 115.2 (d, 2C, J=21.3 Hz, ArCH), 115.1 (d, 2C, J=21.3 Hz, ArCH), 55.7 [s, C(CH2CH3)(CH3)], 30.4 [t, C(CH2CH3)(CH3)], 24.0 [q, C(CH2CH3)(CH3)], 8.6 [q, C(CH2CH3)(CH3)] ppm. 

HR-MS: (ESI+) m/z calculated for [C24H21F2]+=[M+H]+: 347.1606; found: 347.1604.
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1-Ethyl-1-methyl-2,3-bis(4-methylphenyl)-1H-indene (32bb): 

GP-1 was carried out with alcohol 31b (109 mg, 0.73 mmol), diphenylacetylene 2b (377 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32bb formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3) furnished the indene 32bb (205.1 mg, 83%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31b)=0.10, Rf(2b)=0.85, Rf(32bb)=0.80 UV detection].  

IR (MIR-ATR, 4000–600 cm-1): (max=2936, 2895, 1652, 1588, 1442, 1233, 949, 815, 740 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.37–7.28 (m, 2H, ArH), 7.27–7.19 (m, 2H, ArH), 7.17 (d, 2H, J=7.8 Hz, ArH), 7.08–6.97 (m, 4H, ArH), 7.06 (d, 2H, J=8.3 Hz, ArH), 2.29 (s, 6H, 2 × ArCH3), 1.95–1.80 (m, 2H, CH2CH3), 1.39 (s, 3H, CH3), 0.54 (t, 3H, J=7.3 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=151.4 (s, Ar-C), 150.1 (s, Ar-C), 144.2 (s, ArC), 139.4 (s, ArC), 136.3 (s, ArC), 136.2 (s, ArC), 133.9 (s, ArC), 132.4 (s, ArC), 129.4 (2 × d, 4C, 4 × ArCH), 128.8 (d, 2C, 2 × ArCH), 128.7 (d, 2C, 2 × ArCH), 126.3 (d, ArCH), 125.1 (d, ArCH), 121.5 (d, ArCH), 120.3 (d, ArCH), 55.6 [s, C(CH2CH3)(CH3)], 30.6 [t, C(CH2CH3)(CH3)], 24.2 [q, C(CH2CH3)(CH3)], 21.2 (2 × q, 2C, 2 × ArCH3), 8.6 [q, C(CH2CH3)(CH3)] ppm. 

HR-MS: (ESI+) m/z calculated for [C26H27]+=[M+H]+: 339.2107; found: 339.2107.
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1-Ethyl-1-methyl-2-(4-methylphenyl)-3-phenyl-1H-indene (32bf): 

GP-1 was carried out with alcohol 31b (109 mg, 0.73 mmol), acetylene 2f (351 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32bf formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32bf (182.4 mg, 77%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31b)=0.10, Rf(2f)=0.90, Rf(32bf)=0.80 UV detection].  

IR (MIR-ATR, 4000–600 cm-1): (max=2934, 2804, 1656, 1573, 1445, 1250, 1033, 747, 684 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.40–7.12 (m, 11H, ArH), 7.04 (d, 2H, J=7.8 Hz, ArH), 2.27 (s, 3H, ArCH3), 2.00–1.78 (m, 2H, CH2CH3), 1.40 (s, 3H, CH3), 0.55 (t, 3H, J=7.3 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=151.3 (s, Ar-C), 150.0 (s, Ar-C), 144.1 (s, ArC), 139.7 (s, ArC), 137.0 (s, ArC), 136.4 (s, ArC), 132.2 (s, ArC), 129.6 (d, 2C, 2 × ArCH), 129.4 (d, 2C, 2 × ArCH), 128.8 (d, 2C, 2 × ArCH), 128.0 (d, 2C, 2 × ArCH), 126.7 (d, ArCH), 126.4 (d, ArCH), 125.3 (d, ArCH), 121.5 (d, ArCH), 120.4 (d, ArCH), 55.7 [s, C(CH2CH3)(CH3)], 30.5 [t, C(CH2CH3)(CH3)], 24.1 [q, C(CH2CH3)(CH3)], 21.2 (q, ArCH3), 8.7 [q, C(CH2CH3)(CH3)] ppm. 

HR-MS: (ESI+) m/z calculated for [C25H25]+=[M+H]+: 325.1951; found: 325.1956.
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2-(4-Chlorophenyl)-1-ethyl-1-methyl-3-phenyl-1H-indene (32bg): 

GP-1 was carried out with alcohol 31b (109 mg, 0.73 mmol), acetylene 2g (388 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32bg formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32bg (161.4 mg, 64%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 99:1), Rf(31b)=0.15, Rf(2g)=0.89, Rf(32bg)=0.80 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2935, 2843, 1656, 1574, 1442, 1232, 1080, 918, 827, 747 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.45–7.02 (m, 13H, ArH), 2.00–1.75 (m, 2H, CH2CH3), 1.40 (s, 3H, CH3), 0.53 (t, 3H, J=7.3 Hz, CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=151.2 (s, Ar-C), 149.0 (s, Ar-C), 143.7 (s, ArC), 140.5 (s, ArC), 135.3 (s, ArC), 135.0 (s, ArC), 132.7 (s, ArC), 130.9 (d, 2C, 2 × ArCH), 129.5 (d, 2C, 2 × ArCH), 128.3 (d, 2C, 2 × ArCH), 128.2 (d, 2C, 2 × ArCH), 127.1 (d, ArCH), 126.5 (d, ArCH), 125.6 (d, ArCH), 121.6 (d, ArCH), 120.5 (d, ArCH), 55.7 [s, C(CH2CH3)(CH3)], 30.6 [t, C(CH2CH3)(CH3)], 24.1 [q, C(CH2CH3)(CH3)], 8.6 [q, C(CH2CH3)(CH3)] ppm. 

HR-MS: (ESI+) m/z calculated for [C24H22Cl]+=[M+H]+: 345.1405; found: 345.1401.
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3-(1,1-Dimethyl-2-phenyl-1H-inden-3-yl)phenyl methyl ether (32ah): 

GP-1 was carried out with alcohol 31a (100 mg, 0.73 mmol), diphenylacetylene 2h (381 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32ah formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 93:7) furnished the indene 32ah (160.6 mg, 64%), as a regioisomeric mixture of colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 93:7), Rf(31a)=0.40, Rf(2h)=0.70, Rf(32ah)=0.65, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2977, 2940, 1631, 1445, 1163, 1031, 754, 660 cm-1. 

1H NMR (CDCl3, 400 MHz; peaks due to one isomer): δ=7.47–7.07 (m, 10H, ArH), 6.95–6.65 (m, 3H, ArH), 3.65 (s, 3H, ArOCH3), 1.40 (s, 6H, 2 × CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=159.2 (s, Ar-C), 153.3 (s, Ar-C), 152.8 (s, ArC), 142.6 (s, ArC), 138.0 (s, ArC), 136.7 (s, ArC), 135.1 (s, ArC), 129.4 (d, 2C, 2 × ArCH), 128.9 (d, ArCH), 128.1 (d, 2C, 2 × ArCH), 126.8 (d, ArCH), 126.5 (d, ArCH), 125.4 (d, ArCH), 122.3 (d, ArCH), 121.5 (d, ArCH), 120.6 (d, ArCH), 115.6 (d, ArCH), 113.0 (d, ArCH), 55.0 [s, C(CH3)2], 51.4 (q, ArOCH3), 24.6 [q, 2C, C(CH3)2] ppm. 

HR-MS: (ESI+) m/z calculated for [C24H22O]+=[M+H]+: 326.1671; found: 326.1669.
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1-Butyl-1-methyl-2,3-diphenyl-1H-indene (32ca):
GP-1 was carried out with alcohol 31c (120 mg, 0.73 mmol), diphenylacetylene 2a (324 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32ca formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 99:1) furnished the indene 32ca (184.8 mg, 78%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31c)=0.15, Rf(2a)=0.90, Rf(32ca)=0.80, UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2928, 2839, 1657, 1441, 1243, 1060, 747, 694 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.45‒7.05 (m, 14H, ArH), 1.95‒1.75 (m, 2H, CH2), 1.39 (s, 3H, CH3), 1.30‒1.05 (m, 1H, CHaHb), 0.85‒0.70 (m, 4H, CHaHb and CH2CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=151.7 (s, Ar-C), 151.0 (s, Ar-C), 143.7 (s, Ar-C), 139.5 (s, ArC), 136.8 (s, ArC), 135.3 (s, ArC), 129.6 (d, 2C, 2 × ArCH), 129.5 (d, 2C, 2 × ArCH), 128.0 (2 × d, 4C, 4 × ArCH), 126.8 (2 × d, 2C, 2 × ArCH), 126.4 (d, ArCH), 125.3 (d, ArCH), 121.5 (d, ArCH), 120.4 (d, ArCH), 55.4 [s, C(CH3)(CH2CH2CH3)], 40.2 (t, CH2), 24.3 (q, CH3), 17.4 (t, CH2), 14.3 (q, CH3) ppm.

HR-MS: (ESI+) m/z calculated for [C25H25]+=[M+H]+: 325.1951; found: 325.1952.
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1-Butyl-1-methyl-2,3-bis(4-methylphenyl)-1H-indene (32cb): 

GP-1 was carried out with alcohol 31c (120 mg, 0.73 mmol), diphenylacetylene 2b (377 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32cb formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32cb (185.4 mg, 72%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31c)=0.15, Rf(2b)=0.85, Rf(32cb)=0.75 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2927, 2840, 1647, 1581, 1491, 1444, 1233, 1161, 1018, 831, 691 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.37‒7.28 (m, 2H, ArH), 7.27‒7.20 (m, 2H, ArH), 7.16 (d, 2H, J=7.3 Hz, ArH), 7.10‒6.95 (m, 6H, ArH), 2.30 (s, 6H, 2 × ArCH3), 1.92‒1.75 (m, 2H, CH2), 1.37 (s, 3H, CH3),  1.25‒1.05 (m, 1H, CHaHb), 0.85‒0.65 (m, 4H, CHaHb and CH2CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=151.8 (s, Ar-C), 150.6 (s, Ar-C), 144.0 (s, Ar-C), 139.1 (s, ArC), 136.3 (s, ArC), 136.2 (s, ArC), 133.8 (s, ArC), 132.4 (s, ArC), 129.4 (d, 4C, 4 × ArCH), 128.8 (d, 2C, 2 × ArCH), 128.7 (d, 2C, 2 × ArCH), 126.3 (d, ArCH), 125.1 (d, ArCH), 121.4 (d, ArCH), 120.3 (d, ArCH), 55.3 [s, C(CH3)(CH2CH2CH3)], 40.3 (t, CH2), 24.3 (q, CH3), 21.2 (2 × q, 2C, 2 × ArCH3),  17.4 (t, CH2), 14.3 (q, CH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C27H29]+=[M+H]+: 353.2264; found: 353.2267.
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2,3-Bis(3-methoxyphenyl)-1,5-dimethyl-1-propyl-1H-indene (32cc):
GP-1 was carried out with alcohol 31c (120 mg, 0.73 mmol), diphenylacetylene 2c (436 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32cc formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 32cc (183.7 mg, 61%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 93:7), Rf(31c)=0.35, Rf(2c)=0.75, Rf(32cc)=0.60 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2927, 2840, 1656, 1571, 1445, 1246, 1077, 814, 746, 692 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.40‒7.32 (m, 2H, ArH), 7.30‒7.22 (m, 2H, ArH), 7.18 (ddd, 2H, J=7.8, 7.8 and 2.4 Hz, ArH), 6.89 (d, 1H, J=7.8 Hz, ArH), 6.85‒6.72 (m, 4H, ArH), 6.71‒6.65 (m, 1H, ArH),  3.69 (s, 3H, ArOCH3), 3.67 (s, 3H, ArOCH3), 1.90‒1.83 (m, 2H, CH2), 1.40 (s, 3H, CH3),  1.20‒1.05 (m, 1H, CHaHb), 0.83‒0.70 (m, 4H, CHaHb and CH2CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=159.3 (s, Ar-C), 159.1 (s, Ar-C), 151.7 (s, Ar-C), 150.8 (s, Ar-C), 143.5 (s, ArC), 139.4 (s, ArC), 138.1 (s, ArC), 136.6 (s, ArC), 129.1 (d, ArCH), 128.9 (s, ArC), 126.4 (s, ArC), 125.4 (d, ArCH), 122.0 (d, ArCH), 121.9 (d, ArCH), 121.5 (d, ArCH), 120.5 (d, ArCH), 115.3 (d, ArCH), 114.7 (d, ArCH), 112.9 (d, ArCH), 112.3 (d, ArCH), 55.4 (q, ArOCH3),  55.1 (q, ArOCH3),  55.0 [s, C(CH3)(CH2CH2CH3)], 40.3 (t, CH2), 24.3 (q, CH3), 17.4 (t, CH2), 14.3 (q, CH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C27H29O2]+=[M+H]+: 385.2162; found: 385.2161.
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1-Butyl-2,3-bis(4-methoxyphenyl)-1-methyl-1H-indene (32cd): 

GP-1 was carried out with alcohol 31c (120 mg, 0.73 mmol), diphenylacetylene 2d (436 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32cd formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 32cd (193.7 mg, 69%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 93:7), Rf(31c)=0.35, Rf(2d)=0.75, Rf(32cd)=0.67 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2927, 2840, 1648, 1582, 1492, 1445, 1235, 1162, 1020, 831, 751 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.37‒7.29 (m, 2H, ArH), 7.27‒7.15 (m, 4H, ArH), 7.06 (d, 2H, J=8.3 Hz, ArH), 6.80 (d, 2H, J=8.3 Hz, ArH), 6.79 (d, 2H, J=8.3 Hz, ArH), 3.75 (s, 6H, 2 × ArOCH3), 1.90‒1.75 (m, 2H, CH2), 1.37 (s, 3H, CH3),  1.20‒1.05 (m, 1H, CHaHb), 0.80‒0.65 (m, 4H, CHaHb and CH2CH2CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=158.3 (s, 2C, 2 × Ar-C), 151.8 (s, Ar-C), 149.9 (s, Ar-C), 144.0 (s, ArC), 138.6 (s, ArC), 130.6 (d, 4C, 4 × ArCH), 129.1 (s, ArC), 127.8 (s, ArC), 126.3 (d, ArCH), 125.1 (d, ArCH), 121.4 (d, ArCH), 120.2 (d, ArCH), 113.5 (d, 2C, 2 × ArCH), 113.4 (d, 2C, 2 × ArCH), 55.1 (q, ArOCH3),  55.0 (q, ArOCH3),  54.9 [s, C(CH3)(CH2CH2CH3)], 40.3 (t, CH2), 24.4 (q, CH3), 17.4 (t, CH2), 14.3 (q, CH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C27H29O2]+=[M+H]+: 385.2162; found: 385.2160.
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1-Methyl-2,3-bis(4-methylphenyl)-1-phenyl-1H-indene (32db): 

GP-1 was carried out with alcohol 31d (145 mg, 0.73 mmol), diphenylacetylene 2b (377 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32db formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 32db (141.2 mg, 50%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31d)=0.10, Rf(2b)=0.85, Rf(32db)=0.65 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2939, 2838, 1649, 1545, 1435, 1250, 1171, 1015, 813, 750, 692 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.35 (d, 1H, J=7.8 Hz, ArH), 7.34‒7.18 (m, 9H, ArH), 7.17‒7.05 (m, 3H, ArH), 6.83 (dd, 2H, J=7.8 Hz, ArH), 6.65 (dd, 2H, J=8.3 Hz, ArH), 2.36 (s, 3H, ArCH3), 2.20 (s, 3H, ArCH3), 1.70 (s, 3H, CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=154.8 (s, Ar-C), 151.5 (s, Ar-C), 143.6 (s, ArC), 142.9 (s, ArC), 138.8 (s, ArC), 136.7 (s, ArC), 136.3 (s, ArC), 132.7 (s, ArC), 132.6 (s, ArC), 129.4 (d, 2C, 2 × ArCH), 129.3 (d, 2C, 2 × ArCH), 129.1 (d, 2C, 2 × ArCH), 128.5 (d, 2C, 2 × ArCH), 128.3 (d, 2C, 2 × ArCH), 126.5 (d, ArCH), 126.4 (d, 2C, 2 × ArCH), 126.3 (d, ArCH), 125.8 (d, ArCH), 122.7 (d, ArCH), 120.7 (d, ArCH), 58.3 [s, C(CH3)(Ph)], 21.4 [q, C(CH3)(Ph)], 21.3 (q, ArCH3), 21.1 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C30H27]+=[M+H]+: 387.2107; found: 387.2104.
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1,1,5-Trimethyl-2,3-diphenyl-1H-indene (32ea):
GP-1 was carried out with alcohol 31e (109 mg, 0.73 mmol), diphenylacetylene 2a (324 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32ea formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32ea (165.5 mg, 73%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31e)=0.10, Rf(2a)=0.90, Rf(32ea)=0.75 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2935, 2863, 1666, 1573, 1439, 1250, 869 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.32 (d, 1H, J=7.8 Hz, ArH), 7.29–7.05 (m, 11H, ArH), 2.37 (s, 3H, ArCH3), 1.39 [s, 6H, J=7.3 Hz, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=153.5 (s, Ar-C), 150.5 (s, Ar-C), 142.9 (s, ArC), 137.7 (s, ArC), 136.7 (s, ArC), 136.2 (s, ArC), 135.2 (s, ArC), 129.8 (d, 2C, 2 × ArCH), 129.5 (d, 2C, 2 × ArCH), 128.0 (d, 2C, 2 × ArCH), 127.9 (d, 2C, 2 × ArCH), 126.8 (d, ArCH), 126.7 (d, ArCH), 126.1 (d, ArCH), 121.3 (d, ArCH), 121.2 (d, ArCH), 51.0 [s, C(CH3)2], 24.6 [q, 2C, C(CH3)2], 21.5 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C24H23]+=[M+H]+: 311.1794; found: 311.1795.
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1,1,5-Trimethyl-2,3-bis(4-methylphenyl)-1H-indene (32eb): 

GP-1 was carried out with alcohol 31e (109 mg, 0.73 mmol), diarylacetylene 2b (377 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32eb formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 97:3) furnished the indene 32eb (145.9 mg, 59%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31e)=0.10, Rf(2b)=0.85, Rf(32eb)=0.78 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2933, 2892, 1653, 1589, 1441, 1240, 967, 809 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.35‒6.95 (m, 11H, ArH), 2.35 (s, 3H, ArCH3), 2.28 (s, 6H, 2 × ArCH3), 1.36 [s, 6H, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=153.1 (s, Ar-C), 150.5 (s, Ar-C), 143.2 (s, ArC), 137.4 (s, ArC), 136.2 (s, ArC), 136.1 (s, ArC), 136.0 (s, ArC), 133.8 (s, ArC), 132.3 (s, ArC), 129.6 (d, 2C, 2 × ArCH), 129.3 (d, 2C, 2 × ArCH), 128.8 (d, 2C, 2 × ArCH), 128.6 (d, 2C, 2 × ArCH), 125.9 (d, ArCH), 121.3 (d, ArCH), 121.2 (d, ArCH), 50.9 [s, C(CH3)2], 24.7 [q, 2C, C(CH3)2], 21.5 (q, ArCH3), 21.2 (q, ArCH3), 21.1 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C26H27]+=[M+H]+: 339.2107; found: 339.2112.
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2,3-Bis(4-methoxyphenyl)-1,1,5-trimethyl-1H-indene (32ed): 

GP-1 was carried out with alcohol 31e (109 mg, 0.73 mmol), diphenylacetylene 2d (436 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32ed formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 32ed (167.7 mg, 62%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 93:7), Rf(31e)=0.35, Rf(2d)=0.75, Rf(32ed)=0.70 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2930, 2808, 1649, 1582, 1491, 1448, 1232, 1160, 1021, 822, 727 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.29 (d, 1H, J=7.3 Hz, ArH), 7.25‒7.12 (m, 3H, ArH), 7.11‒7.02 (m, 3H, ArH), 6.80 (d, 2H, J=8.8 Hz, ArH), 6.79 (d, 2H, J=8.8 Hz, ArH), 3.75 (s, 6H, 2 × ArOCH3), 2.36 (s, 3H, ArCH3), 1.36 [s, 6H, C(CH3)2] ppm.

13C NMR (CDCl3, 100 MHz): δ=158.3 (s, Ar-C), 158.2 (s, Ar-C), 152.5 (s, Ar-C), 150.5 (s, ArC), 143.2 (s, ArC), 137.0 (s, ArC), 136.0 (d, ArCH), 130.8 (d, 2C, 2 × ArCH), 130.6 (d, 2C, 2 × ArCH), 129.1 (s, ArC), 127.7 (s, ArC), 125.9 (d, ArCH), 121.1 (1s and 1d, 2C, Ar-C and ArCH), 113.5 (d, 2C, 2 × ArCH), 113.4 (d, 2C, 2 × ArCH), 55.0 (2 × q, 2C, 2 × ArOCH3),  50.8 [s, C(CH3)2], 24.7 [q, 2C, C(CH3)2], 21.5 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C26H27O2]+=[M+H]+: 371.2006; found: 371.2004.
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1,1,5-Trimethyl-3-(4-methylphenyl)-2-phenyl-1H-indene (32ef): 

GP-1 was carried out with alcohol 31e (157 mg, 0.73 mmol), acetylene 2f (351 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32ef formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32ef (230.3 mg, 62%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31e)=0.10, Rf(2f)=0.90, Rf(32ef)=0.80 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2934, 2836, 1654, 1587, 1434, 1453, 1242, 1163, 956, 811, 696 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.45–7.25 (m, 8H, ArH), 7.22–7.10 (m, 4H, ArH), 2.49 (s, 3H, ArCH3), 2.41 (s, 3H, ArCH3), 1.50 [s, 6H, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=153.1 (s, Ar-C), 150.5 (s, Ar-C), 143.1 (s, ArC), 137.6 (s, ArC), 136.9 (s, ArC), 136.3 (s, ArC), 136.1 (s, ArC), 132.1 (s, ArC), 129.8 (d, 2C, 2 × ArCH), 129.3 (d, 2C, 2 × ArCH), 128.8 (d, 2C, 2 × ArCH), 127.9 (d, 2C, 2 × ArCH), 126.7 (d, ArCH), 126.0 (d, ArCH), 121.3 (d, ArCH), 121.2 (d, ArCH), 50.9 [s, C(CH3)2], 24.6 [q, 2C, C(CH3)2], 21.5 (q, ArCH3), 21.2 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C25H25]+=[M+H]+: 325.1951; found: 325.1955.
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5-Methoxy-1,1-dimethyl-2,3-diphenyl-1H-indene (32fa): 

GP-1 was carried out with alcohol 31f (121 mg, 0.73 mmol), diphenylacetylene 2a (324 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32fa formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 32fa (107.2 mg, 45%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 95:5), Rf(31f)=0.15, Rf(2a)=0.99, Rf(32fa)=0.70 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2933, 2854, 1655, 1583, 1461, 1238, 1063, 811, 749, 698 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.34–7.17 (m, 9H, ArH), 7.14 (dd, 2H, J=7.8 and 1.9 Hz, ArH), 7.00 (d, 1H, J=2.4 Hz, ArH), 6.80 (m, 1H, J=8.3 and 2.4 Hz, ArH), 3.87 (s, 3H, ArOCH3), 1.38 [s, 6H, J=7.3 Hz, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=158.4 (s, Ar-C), 155.2 (s, Ar-C), 151.1 (s, ArC), 137.3 (s, ArC), 136.8 (s, ArC), 135.7 (s, ArC), 135.3 (s, ArC), 129.9 (d, 2C, 2 × ArCH), 129.4 (d, 2C, 2 × ArCH), 128.0 (d, 2C, 2 × ArCH), 127.9 (d, 2C, 2 × ArCH), 126.8 (d, ArCH), 126.7 (d, ArCH), 121.1 (d, ArCH), 111.3 (d, ArCH), 108.4 (d, ArCH), 55.6 (q, ArOCH3), 51.3 [s, C(CH3)2], 24.8 [q, 2C, C(CH3)2] ppm. 

HR-MS: (ESI+) m/z calculated for [C24H23O]+=[M+H]+: 327.1743; found: 327.1745.
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5-Methoxy-2,3-bis(4-methoxyphenyl)-1,1-dimethyl-1H-indene (32fd): 

GP-1 was carried out with alcohol 31f (121 mg, 0.73 mmol), diphenylacetylene 2d (436 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32fd formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 90:10) furnished the indene 32fd (194.8 mg, 69%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 93:7), Rf(31f)=0.30, Rf(2d)=0.75, Rf(32fd)=0.60 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2927, 2834, 1649, 1571, 1445, 1233, 1163, 1021, 810, 754 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.26 (d, 1H, J=8.3 Hz, ArH), 7.21 (d, 2H, J=8.8 Hz, ArH), 7.08 (d, 2H, J=8.3 Hz, ArH), 6.99 (d, 1H, J=2.4 Hz, ArH), 6.85‒6.78 (m, 5H, ArH), 3.87 (s, 3H, ArOCH3), 3.79 (s, 3H, ArOCH3), 3.78 (s, 3H, ArOCH3), 1.37 [s, 6H, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=158.2 (3 × s, 3C, 3 × Ar-C), 155.3 (s, Ar-C), 150.1 (s, Ar-C), 136.5 (s, ArC), 136.0 (s, ArC), 131.0 (d, 2C, 2 × ArCH), 130.5 (d, 2C, 2 × ArCH), 129.2 (s, ArC), 127.8 (s, ArC), 120.9 (d, ArCH), 113.5 (d, 2C, 2 × ArCH), 113.4 (d, 2C, 2 × ArCH), 111.2 (d, ArCH), 108.4 (d, ArCH), 55.6 (q, ArOCH3),  55.1 (2 × q, 2C, 2 × ArOCH3),  51.0 [s, C(CH3)2], 24.8 [q, 2C, C(CH3)2] ppm. 

HR-MS: (ESI+) m/z calculated for [C26H27O3]+=[M+H]+: 387.1955; found: 387.1951.
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5-Bromo-1,1-dimethyl-2,3-diphenyl-1H-indene (32ga): 

GP-1 was carried out with alcohol 31g (157 mg, 0.73 mmol), diphenylacetylene 2a (324 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32ga formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 99:1) furnished the indene 32ga (221.9 mg, 81%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31g)=0.10, Rf(2a)=0.90, Rf(32ga)=0.80 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2935, 2896, 1658, 1576, 1445, 1234, 1058, 810, 746, 694 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.46 (d, 1H, J=1.9 Hz, ArH), 7.38 (m, 1H, J=8.3 and 1.9 Hz, ArH), 7.32–7.17 (m, 9H, ArH), 7.13 (dd, 2H, J=7.8 and 1.9 Hz, ArH), 1.38 [s, 6H, J=7.3 Hz, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=154.6 (s, Ar-C), 152.0 (s, Ar-C), 144.9 (s, ArC), 137.0 (s, ArC), 136.1 (s, ArC), 134.3 (s, ArC), 129.6 (d, 2C, 2 × ArCH), 129.3 (d, 2C, 2 × ArCH), 128.2 (d, 2C, 2 × ArCH), 128.1 (d, ArCH), 128.0 (d, 2C, 2 × ArCH), 127.1 (d, ArCH), 127.0 (d, ArCH), 123.7 (d, ArCH), 123.0 (d, ArCH), 120.4 (s, ArC), 51.2 [s, C(CH3)2], 24.3 [q, 2C, C(CH3)2] ppm. 

HR-MS: (ESI+) m/z calculated for [C23H20Br]+=[M+H]+: 375.0743; found: 375.0741.
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5-Bromo-1,1-dimethyl-2,3-bis(4-methylphenyl)-1H-indene (32gb): 

GP-1 was carried out with alcohol 31g (157 mg, 0.73 mmol), diphenylacetylene 2b (377 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32gb formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32gb (214.9 mg, 73%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31g)=0.10, Rf(2b)=0.85, Rf(32gb)=0.80 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2927, 2882, 1657, 1582, 1441, 1234, 962, 815 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.51 (s, 1H, ArH), 7.41 (d, 1H, J=8.3 Hz, ArH), 7.30 (d, 1H, J=7.8 Hz, ArH), 7.19 (d, 2H, J=7.8 Hz, ArH), 7.15‒7.02 (m, 6H, ArH), 2.36 (s, 3H, ArCH3), 2.35 (s, 3H, ArCH3), 1.41 [s, 6H, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=154.2 (s, Ar-C), 152.1 (s, Ar-C), 145.2 (s, ArC), 136.7 (s, ArC), 136.6 (s, ArC), 136.7 (s, ArC), 133.2 (s, ArC), 131.5 (s, ArC), 129.4 (d, 2C, 2 × ArCH), 129.2 (d, 2C, 2 × ArCH), 128.9 (d, 2C, 2 × ArCH), 128.7 (d, 2C, 2 × ArCH), 127.9 (d, ArCH), 123.6 (d, ArCH), 122.9 (d, ArCH), 120.3 (s, ArC), 51.1 [s, C(CH3)2], 24.3 [q, 2C, C(CH3)2], 21.2 (q, 2C, 2 × ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C25H24Br]+=[M+H]+: 403.1056; found: 403.1051.
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5-Bromo-2,3-bis(4-methoxyphenyl)-1,1-dimethyl-1H-indene (32gd): 

GP-1 was carried out with alcohol 31g (157 mg, 0.73 mmol), diphenylacetylene 2d (436 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32gd formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 95:5) furnished the indene 32gd (213.1 mg, 67%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 93:7), Rf(31g)=0.40, Rf(2d)=0.75, Rf(32gd)=0.70 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max=2930, 2899, 1650, 1582, 1445, 1230, 1162, 1022, 802, 766 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.36 (s, 1H, ArH), 7.26 (d, 1H, J=7.8 Hz, ArH), 7.15 (d, 1H, J=7.8 Hz, ArH), 7.07 (d, 2H, J=8.3 Hz, ArH), 6.97 (d, 2H, J=8.3 Hz, ArH), 6.71 (d, 4H, J=8.3 Hz, ArH), 3.66 (s, 6H, 2 × ArOCH3), 1.26 [s, 6H, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=158.5 (2 × s, 2C, 2 × Ar-C), 153.6 (s, Ar-C), 152.1 (s, ArC), 145.2 (s, ArC), 136.3 (s, ArC), 130.7 (d, 2C, 2 × ArCH), 130.5 (d, 2C, 2 × ArCH), 128.4 (s, ArC), 127.8 (d, ArCH), 126.8 (s, ArC), 123.5 (d, ArCH), 122.9 (d, ArCH), 120.3 (s, ArC), 113.7 (d, 2C, 2 × ArCH), 113.5 (d, 2C, 2 × ArCH), 55.0 (2 × q, 2C, 2 × ArOCH3), 51.0 [s, C(CH3)2], 24.4 [q, 2C, C(CH3)2] ppm. 

HR-MS: (ESI+) m/z calculated for [C25H24BrO2]+=[ M+H]+: 435.0954; found: 435.0957.
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5-Bromo-1,1-dimethyl-2-(4-methylphenyl)-3-phenyl-1H-indene (32gf): 

GP-1 was carried out with alcohol 31g (157 mg, 0.73 mmol), acetylene 2f (351 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32gf formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 98:2) furnished the indene 32gf (230.3 mg, 81%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31g)=0.10, Rf(2f)=0.90, Rf(32gf)=0.80 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max= 2929, 2834, 1660, 1585, 1451, 1235, 1163, 1023, 814, 698 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.48 (s, 1H, ArH), 7.37 (d, 1H, J=7.8 Hz, ArH), 7.32–7.18 (m, 5H, ArH), 7.17–7.10 (m, 3H, ArH), 7.08–7.00 (m, 2H, ArH), 2.29 (s, 3H, ArCH3), 1.36 (s, 6H, 2 × CH3) ppm. 

13C NMR (CDCl3, 100 MHz): δ=154.2 (s, Ar-C), 152.0 (s, Ar-C), 145.1 (s, ArC), 136.9 (s, ArC), 136.7 (s, ArC), 136.3 (s, ArC), 131.3 (s, ArC), 129.6 (d, 2C, 2 × ArCH), 129.2 (d, 2C, 2 × ArCH), 128.9 (d, 2C, 2 × ArCH), 128.0 (d, 3C, 3 × ArCH), 127.0 (d, ArCH), 123.7 (d, ArCH), 122.9 (d, ArCH), 120.4 (s, ArC), 51.2 [s, C(CH3)2], 24.3 [q, C(CH3)2], 21.2 (q, ArCH3) ppm. 

HR-MS: (ESI+) m/z calculated for [C24H22Br]+=[M+H]+: 389.0899; found: 389.0901.
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5-Bromo-3-(4-chlorophenyl)-1,1-dimethyl-2-phenyl-1H-indene (32gg): 

GP-1 was carried out with alcohol 31g (109 mg, 0.73 mmol), acetylene 2g (388 mg, 1.83 mmol), FeCl3 (12 mg, 10 mol%) and DCE (1.0 mL) for indene 32gg formation at 80 (C for 3 h. Purification of the crude material by silica gel column chromatography (petroleum ether/ethyl acetate 100:0 to 99:1) furnished the indene 32gg (161.4 mg, 59%), as colour less viscous liquid. [TLC control (petroleum ether/ethyl acetate 100:0), Rf(31g)=0.10, Rf(2g)=0.89, Rf(32gg)=0.80 UV detection]. 

IR (MIR-ATR, 4000–600 cm-1): (max= 2929, 2845, 1623, 1544, 1453, 1249, 1036, 745, 697 cm-1. 

1H NMR (CDCl3, 400 MHz): δ=7.45–7.36 (m, 2H, ArH), 7.34–7.15 (m, 8H, ArH), 7.14–7.02 (m, 2H, ArH), 1.37 [s, 6H, C(CH3)2] ppm. 

13C NMR (CDCl3, 100 MHz): δ=155.2 (s, Ar-C), 153.1 (s, Ar-C), 151.9 (s, ArC), 144.6 (s, ArC), 137.7 (s, ArC), 134.6 (s, ArC), 134.0 (s, ArC), 133.1 (s, ArC), 130.9 (d, 2C, 2 × ArCH), 129.3 (d, 2C, 2 × ArCH), 128.4 (d, 4C, 4 × ArCH), 127.4 (d, ArCH), 123.8 (d, ArCH), 123.0 (d, ArCH), 120.5 (d, ArCH), 51.2 [s, C(CH3)2], 24.3 [q, 2C, C(CH3)2] ppm. 

HR-MS: (ESI+) m/z calculated for [C23H19BrCl]+=[M+H]+: 409.0353; found: 409.0355.
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 Spectrum 1: 1H NMR (400 MHz) spectrum of 18dc in CDCl3
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 Spectrum 2: 13C NMR (400 MHz) spectrum of 7h in CDCl3
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 Spectrum 3: 1H NMR (400 MHz) spectrum of 18fb in CDCl3 
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 Spectrum 4: 13C NMR (100 MHz) spectrum of 18fb in CDCl3
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 Spectrum 5: 1H NMR (400 MHz) spectrum of 67ac in CDCl3
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 Spectrum 6: 13C NMR (100 MHz) spectrum of 67ac in CDCl3
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 Spectrum 7: 1H NMR (400 MHz) spectrum of 70ac in CDCl3
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 Spectrum 8: 13C NMR (100 MHz) spectrum of 70ac in CDCl3
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 Spectrum 9: 1H NMR (400 MHz) spectrum of 32aa in CDCl3
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 Spectrum 10: 13C NMR (100 MHz) spectrum of 32aa in CDCl3
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 Spectrum 11: 1H NMR (400 MHz) spectrum of 32cc in CDCl3
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 Spectrum 12: 13C NMR (100 MHz) spectrum of 32cc in CDCl3
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 Spectrum 13: 1H NMR (400 MHz) spectrum of 36ec in CDCl3
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  Spectrum 14: 13C NMR (100 MHz) spectrum of 36ec in CDCl3
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     Spectrum 15: 1H NMR (400 MHz) spectrum of 74bg in CDCl3
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  Spectrum 16: 13C NMR (100 MHz) spectrum of 74bg in CDCl3
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      Spectrum 17: 1H NMR (400 MHz) spectrum of 75aa in CDCl3
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  Spectrum 18: 13C NMR (100 MHz) spectrum of 75aa in CDCl3
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     Spectrum 19: 1H NMR (400 MHz) spectrum of 44gb in CDCl3
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    Spectrum 20: 13C NMR (100 MHz) spectrum of 44gb in CDCl3
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      Spectrum 21: 1H NMR (400 MHz) spectrum of 60ae in CDCl3 
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  Spectrum 22: 13C NMR (100 MHz) spectrum of 60ae in CDCl3
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 Spectrum 23: 1H NMR (400 MHz) spectrum of 32db in CDCl3
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 Spectrum 24: 13C NMR (100 MHz) spectrum of 32db in CDCl3
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