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Lay Summary 

 

Engineering complex organic scaffolds from simple and small chemical components is an 

indispensable area of synthetic organic chemistry. Over the years, a huge number of methodological 

developments have been accomplished in this direction. Though the traditional methods have been 

employed in the last century which have their own advantages but they are sometimes expensive 

and deal with some serious environmental threats like the generation of toxic wastes. So, in this 21st 

century, chemists came up with some environmentally benign techniques like organocatalysis, 

electrocatalysis, and photoredox catalysis. Keeping the importance of sustainability in mind, some 

novel synthetic protocols have been developed by utilizing the smallest cyclic organic molecules 

i.e. cyclopropane and cyclobutane. As these two molecules can be activated by various catalytic 

approaches, the work in this thesis describes the application of both conventional and modern 

catalytic techniques for the construction of several valuable organic frameworks. Chapter 1 

discusses the two smallest carbocycles along with the different catalytic activation methods that 

have been utilized over the years. Chapter 2 deals with modern and greener organocatalysis for the 

activation of racemic cyclopropane carbaldehydes towards the construction of enantioenriched 

heterocycles. The work in Chapter 2A discloses the asymmetric organocatalytic (3+3) cycloaddition 

of cyclopropane carbaldehydes with aryl hydrazones for the synthesis of chiral tetrahydropyridazine 

derivatives. A new asymmetric approach for the enantioinduction has been developed and a 

computational study provides important insights into the mechanism of intriguing aryl migration. 

Chapter 2B demonstrates the organocatalytic (3+3) cycloaddition of cyclopropane carbaldehydes 

with ortho-substituted nitrones to access chiral oxazinanes. Additionally, ortho-hydroxy substituted 

nitrones lead to the formation of novel tetrahydrochromeno-1,2-oxazine scaffolds. A different kind 

of asymmetric approach was encountered in this enantioselective transformation. Chapter 3 

unfolded the tandem activation of the two smallest carbocycles i.e. cyclopropane diester and 3-

ethoxy cyclobutanone to achieve γ-naphthyl butyric acid derivatives. Here, the conventional metal 

containing Lewis acid catalysis has been employed which can effectively activate both the 

cyclopropane and cyclobutane derivatives. Chapter 4 represents the Brønsted acid-catalyzed 

activation of 3-ethoxy cyclobutanones to deliver 2,8-dioxabicyclo[3.3.1]nonane derivatives. While 

toxic metals or metal-containing catalysts are usually employed for the construction of complex 

organic scaffolds from this type of cyclobutanones, the designed strategy utilizes the metal-free and 

mild Brønsted acid to furnish heteroatom-containing bicyclic molecules. 
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Abstract 

 

Chapter 1. Two smallest carbocycles donor-acceptor cyclopropanes and cyclobutanones and 

their activation by different catalysis  

In organic chemistry, carbocycles are the cyclic molecules where all the atoms composing the cycle 

are carbon atoms. They are ubiquitous in biologically active molecules, natural products, 

pharmaceuticals, and organic materials. The construction of intriguing carbocyclic frameworks like 

fused rings, spirocycles, and carbocycles containing multiple stereocenters always fascinated the 

synthetic community. The carbocycles can be of various ring sizes and among them, the three and 

four-membered carbocycles are called cyclopropanes and cyclobutanes respectively. These two 

carbocycles are the smallest and also among the most studied ones due to their intrinsic properties 

and reactivities. Over the years, these two smallest carbocycles achieved remarkable attention 

owing to their prevalence in a large number of bioactive molecules and natural products. Numerous 

catalytic and non-catalytic strategies have been developed over the past few decades for the 

construction of several chiral and achiral organic molecular frameworks via activation of these two 

carbocycles utilizing their strain-releasing reactivity. Different types of cyclopropanes and 

cyclobutanes are available in the literature according to their substitution pattern. Among them, 

vicinally substituted donor-acceptor cyclopropanes are the most explored ones. From the beginning 

of this 20th century, the field of donor-acceptor cyclopropanes experienced a renaissance as different 

catalytic activation methodologies have been developed so far to construct complex organic 

scaffolds. Though most of them deal with transition metal containing Lewis acid catalysis, a handful 

of examples could be found by environmental friendly approach like organocatalysis, whereas 

modern and sustainable methodologies like electro-organic and photoredox catalysis are rarely 

studied. Surprisingly, organocatalytic activation of racemic donor-acceptor cyclopropanes for the 

synthesis of chiral heterocyclic frameworks remains unexplored. On the other hand, out of different 

types of cyclobutanes, 3-donor cyclobutanones are widely studied via transition metal catalysis, 

Lewis acid catalysis, and even organocatalysis. However, no catalytic activation strategy has been 

still employed to coalesce the reactivities of the two smallest carbocycles, and catalytic Brønsted 

acid activation of 3-donor cyclobutanones is also not explored till date.  

Chapter 2: Asymmetric Organocatalytic Activation of Cyclopropane Carbaldehydes Towards 

the Construction of Enantioenriched Heterocycles 

Donor-acceptor cyclopropane carbaldehydes have not been previously employed to synthesize 

enantioenriched heterocyclic scaffolds via secondary amine organocatalysis. Here, we have 

demonstrated an asymmetric cycloaddition reaction of cyclopropane carbaldehydes with two 
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different dipolar systems to construct valuable heterocyclic molecules. This chapter is divided into 

two parts. Chapter 2A will discuss (3+3) cycloaddition of cyclopropane carbaldehydes with aryl 

hydrazones to obtain chiral tetrahydropyridazine derivatives with good enantioselectivities. 

Whereas, chapter 2B will further expand the scope of the similar (3+3) cycloaddition with another 

dipolar system ortho-substituted nitrone to furnish enantioenriched oxazinanes.  

Chapter 2A: Organocatalytic Activation of Donor−Acceptor Cyclopropanes: A Tandem 

(3+3)-Cycloaddition/Aryl Migration toward the Synthesis of Enantioenriched 

Tetrahydropyridazines 

The construction of complex chemical entities from simpler building blocks is an essential and 

evergreen area of organic chemistry. Over the decades, various building blocks have been studied 

and utilized to access a large number of complex compounds using their typical reactivities. In this 

realm, donor−acceptor cyclopropane (DAC), a unique three-carbon building block, has been 

extensively employed to synthesize various important compounds in recent times. An array of 

cycloadditions of DACs with various dipoles, dienes, and double bonds have been reported. 

However, these methodologies are pre-eminently associated with metal-containing Lewis acid 

catalysts. In contrast, their enantioselective versions are less explored. Our laboratory has been 

working on the reactivity of DACs for more than a decade and developed various methodologies 

for the one-step synthesis of several carbo- and heterocycles. Keeping the unexplored 

enantioselective cycloaddition of DACs in mind, we envisioned that a chiral amine organocatalyst 

could asymmetrically activate cyclopropane carbaldehyde through the iminium ion pathway to 

render enantioselective cycloaddition. It should be noted that in the previous organocatalytic 

enantioselective ring-opening reactions, the cyclopropane carbaldehydes are meso in nature, and 

there has been no such report of organocatalytic enantioselective transformations with their racemic 

versions. In this chapter, we report the first asymmetric (3 + 3)-cycloaddition of racemic 

cyclopropane carbaldehyde with aryl hydrazones via organocatalytic activation. We commenced 

our optimization study with prolinol organocatalyst and obtained tetrahydropyridazine with an 

exocyclic double bond, where an intriguing aryl migration occurred just after the cycloaddition. 

After executing extensive optimization studies, we found that refluxing the reaction in carbon 

tetrachloride solvent in the presence of 30 mol% of prolinol gave the product in satisfactory yield 

with excellent enantiomeric excess. A wide variety of chiral tetrahydropyridazines were furnished 

by changing both the cyclopropane carbaldehydes and aryl hydrazones. From the control 

experiments, it was established that the enantioinduction from the racemic substrates has occurred 

via an unusual matched/mismatched kinetic resolution. It was also established that the ring-opening 

of cyclopropane followed a stereospecific SN2 pathway and the unusual 1,3-aryl migration was 

concerted and intramolecular in nature. Moreover, these findings were supported by computational 

studies which also unveiled that the aryl migration proceeds via a four-membered transition state. 
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Chapter 2B: Organocatalytic (3+3)-cycloaddition of ortho-substituted phenyl nitrones with 

aryl cyclopropane carbaldehydes: A facile access towards the synthesis of enantioenriched 

1,2-oxazinanes 

Nitrogen-containing enantioenriched heterocycles are ubiquitous structural frameworks that are 

present in a diverse range of biologically active molecules. Among them, chiral 1,2-oxazinanes 

gathered significant attention owing to their presence in several natural products which exhibit 

potent biological activities. Therefore, a number of methodologies flourished over the decades for 

their enantioselective construction by various research groups; however, most of them involve 

nitrones as a main precursor. Nitrones are one of the most useful and easily available starting 

materials for the construction of various biologically important nitrogen and oxygen-containing 

heterocycles. Especially its ability to undergo the 1,3-dipolar cycloaddition has achieved 

remarkable attention from synthetic organic chemists for the past few decades. In 2005, Sibi and 

coworkers reported the first enantioselective (3+3)-cycloaddition of nitrones with cyclopropane 

dicarboxylates in the presence of Ni(ClO4)2 and chiral ligand to obtain tetrahydro-1,2-oxazines with 

high enantiomeric excesses. Henceforth, several groups utilized this moiety for the asymmetric 

cycloaddition reaction to achieve enantioenriched heterocyclic frameworks, however, most of them 

are (3+2)-type cycloaddition. Evidently, organocatalytic enantioselective (3+3)-cycloaddition 

reactions with nitrones are still underexplored. We sought to develop an enantioselective (3+3)-

cycloaddition of nitrones by utilizing organocatalysis with an appropriate three-carbon reacting 

partner. In line with the previous work, in this chapter, we employed cyclopropane carbaldehydes 

with ortho-substituted nitrones in the presence of a prolinol catalyst and obtained the (3+3) 

cycloadducts in good to moderate enantioselectivities. Here, we started our reaction with the same 

optimized reaction conditions which were established in Chapter 2A and obtained the desired 

product with moderate yield and enantioselectivity. Though further screening of various other 

catalysts, solvents, and additives was performed, none of them were fruitful in improving either the 

yield or the enantioselectivity further. Then, we started to explore the substrate scope variations for 

both cyclopropane and ortho-substituted nitrones. A range of chiral oxazinane derivatives were 

obtained with moderate yields and enantioselectivities. In all cases, the corresponding aryl 

aldehydes were also formed as a side product with a considerable amount, eventually decreasing 

the yield of the desired cycloadducts. Intriguingly, ortho-hydroxy substituted nitrones engendered 

an additional aryl migration and rendered novel tetrahydrochromeno-1,2-oxazine derivatives with 

moderate enantiomeric excesses. An unusual type of kinetic resolution was believed to be 

responsible for the enantioinduction.  

Chapter 3: Merging two strained carbocycles: Lewis acid catalyzed remote site-selective 

Friedel-Crafts alkylation of in situ generated β-naphthol 
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Over the years, various strained carbo- and heterocycles have been studied extensively to synthesize 

a myriad of biologically and pharmaceutically important molecular architectures. However, 

methodologies exploiting a pair of different strained rings have remained underdeveloped. 3-Donor 

cyclobutanones are one of the important classes of four-membered carbocycles which can generate 

1,4-zwitterionic intermediate in the presence of Lewis acid by regioselective cleavage of C2-C3 

bond that further can undergo several transformation reactions. On the other hand, donor-acceptor 

cyclopropanes (DACs) have also similar strain-releasing reactivity. However, reports of merging 

DACs with other strained ring molecules are still scarce. In the last decade, our group and Trushkov 

et al. have worked on the reactivity of two different strained rings in the presence of Lewis acids 

and successfully obtained different heterocyclic frameworks. Encouraged by these affirmative 

experiences, we aim to utilize the reactivity of the two smallest carbocycles and reported the first 

tandem activation of donor-acceptor cyclopropane and 3-ethoxy cyclobutanone. Here, the Lewis 

acid-catalyzed rearrangement of cyclobutanones generated the 1-phenyl 2-naphthol in situ which 

further underwent a remote site-selective Friedel-Crafts alkylation via ring-opening of DAC to 

provide 1,6-disubstituted β-naphthol. After screening several reaction conditions, we found that 

performing the reaction taking 1:1 equivalent of both the starting materials in dichloromethane 

solvent at -15 °C in the presence of 20 mol% of SnCl4 is the optimized condition for this 

transformation. Then, substrate scope evaluation for the cyclopropane diester was executed to 

achieve a series of γ-naphthyl butyric acid derivatives with moderate to good yields. Several control 

experiments were conducted to get insights into the mechanism. From those, it was confirmed that 

the reaction was undergoing via in situ generation of 1-phenyl 2-naphthol derivative. However, 

diphenyl substitution on the cyclobutanone was also found to be crucial for the in-between 

rearrangement reaction. Finally, the site selectivity of the β-naphthol was also established for this 

developed protocol. At last, the gram-scale experiment and some late-stage derivatizations were 

performed to showcase the synthetic utility of our designed methodology. 

Chapter 4: Brønsted acid catalyzed cascade ring-opening/cyclization of 3-ethoxy 

cyclobutanones to access 2,8-dioxabicyclo[3.3.1]nonane derivatives 

The development of new methodologies to architect complex heterocyclic frameworks through 

small molecule activation has always fascinated the synthetic community. Out of numerous 

heterocycles embedded with two oxygen atoms, 2,8-dioxabicyclo[3.3.1]nonanes gathered 

significant attraction as these types of bicyclic moieties constitute several flavonoid compounds 

that serve as important drugs like procyanidin A1, dracoflavan C, dracoflavan D,  ephedrannin B, 

and diinsinin which shows crucial biological activities like antiviral, anti-inflammatory, antioxidant, 

enzyme inhibition, and anticancer, etc. Various strategies have been engineered in the past few 

decades for the construction of this rigid diaryl substituted bicyclic ketals but utilization of small 

carbocyclic moieties has never been applied. 3-donor cyclobutanones remain distinguished among 
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the four-membered carbocycles for their unique reactivity and explored for the ring-opening, 

rearrangement, and cycloaddition reactions mostly under Lewis acid catalysis. However, activation 

of these four-membered synthons via Brønsted acid (BA) catalysis is still scarce, and to the best of 

our knowledge, no reports were found on BA-catalyzed direct ring-opening or cyclization with 

these types of 3-ethoxy cyclobutanones. Herein, we report a Brønsted acid-catalyzed cascade ring-

opening/cyclization of 3-ethoxy 2-substituted cyclobutanones with naphthols for the formation of 

2,8-dioxabicyclo[3.3.1]nonane derivatives. We started our investigation by employing various 

Brønsted acids and solvents whereas changing the equivalency of substrate and catalyst loading 

also became fruitful to get our optimized reaction condition.  A range of bicyclic ketal derivatives 

were synthesized varying both the aryl group of cyclobutanone and β-naphthols in this chapter. 

Apart from β-naphthols, α-naphthol was also found to be tolerated for this reaction but 

unfortunately, other phenol derivatives and electron-rich arenes failed to give the desired products. 

The control experiment confirms that these cyclobutanones can also be activated using mild 

Brønsted acids like PTSA. Further, a gram-scale experiment was conducted to display the practical 

utility, and also a 15-membered macrocycle was synthesized via ring-closing metathesis as a post-

functional modification. 

Keywords: Donor-Acceptor Cyclopropane; 3-donor cyclobutanone; Organocatalysis; Kinetic 

resolution; Lewis acid catalysis; Brønsted acid catalysis;  
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1.1. Two Smallest carbocyclic brothers  

“We define organic chemistry as the chemistry of carbon compounds”- August Kekule 

In the domain of organic chemistry, carbocycles are the cyclic molecules where all the atoms 

composing the cycle are carbon atoms. They are ubiquitous in various biologically active 

molecules, natural products, pharmaceuticals, and organic materials. The construction of intriguing 

carbocyclic frameworks like fused rings, spirocycles, and carbocycles containing multiple 

stereocenters always fascinated the synthetic community.1 The carbocycles are generally three 

types (a) saturated or alicyclic, (b) aromatic, and (c) partially unsaturated carbocycles.2 Moreover, 

depending on the number of carbon atoms, the alicyclic carbocycles can be of various ring sizes 

which are small carbocycle (3-6 membered), medium carbocycle (7-11 membered), and large 

carbocycle or macrocycle (more than 12 membered). Among them, three-membered cyclopropanes 

and four-membered cyclobutanes are the smallest ones and among the most studied carbocycles for 

their synthesis as well as transformations (Figure 1.1.1). The reactivity and properties of these two 

carbocycles are somewhat similar and thus regarded as carbocyclic brothers. Intriguingly, chemists 

have also designed methodologies for the synthesis of these two carbocycles utilizing each other as 

the precursor via ring expansion and ring-contraction mechanisms. These small chemical entities 

are present everywhere in the field of modern medicinal chemistry and often exhibit important 

physicochemical properties. Numerous catalytic and non-catalytic strategies have been developed 

over the past few decades for the construction of several chiral and achiral organic molecular 

frameworks via activation of these two carbocycles utilizing their strain-releasing reactivity. 

Figure 1.1.1. Types of carbocycles concerning different ring sizes  

 

1.2. Cyclopropane: a three-membered strained carbocycle 

Cyclopropane, the smallest carbocycle, was synthesized first by August Freund in 1881 by 

intramolecular Wurtz reaction of 1,3-dibromopropane with sodium.3 Simple cyclopropane is a 

colorless gas at room temperature. In 1933, it was started to be used as an anesthetic but later it was 

known to be extremely flammable and so no longer applied clinically. Releasing this small 

cycloalkane in a closed area can initiate asphyxiation replacing the oxygen.4 However, these unique 

structural motifs have been used for a long time for the synthesis of various complex organic 

scaffolds due to their distinctive properties. Cyclopropanes seem to be very unstable molecules as 

they consist of high energy (27.5 kcal/mol) but actually, they are kinetically inert and do not 
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abandon their cyclic structure easily. The main reason behind this is their peculiar structural 

properties which can be explained by Coulson-Moffitt’s modification of Baeyer strain theory.5 

Though cyclopropane should contain a C-C-C bond angle of 60° which is a large deviation from 

the ideal sp3 C-C-C bond angle (109.5°), it consists of a bond angle of 104.5° which attributed to 

lowering the angle strain and makes a banana or bent bonding in cyclopropane (Figure 1.2.1). 

Additionally, cyclopropane suffers from torsional (Pitzer) strain due to the coplanar arrangement 

which arises due to the vicinal C-H bond in its eclipsed conformation (Figure 2). Moreover, contrary 

to simple hydrocarbons, the C-C bonds in cyclopropane are shorter (1.51 Å) and behave like a 

double bond which was explained by the Walsh MO model.6  

Figure 1.2.1. Bonding and strain (angle and torsional) in cyclopropane  

 

Over the years, these smallest carbocycles achieved remarkable attention owing to their prevalence 

in a large number of bioactive molecules and natural products.7 A few of them are (+)-trans-

chrysanthemic acid (isolated from Chrysanthemun cinerariaefolium petals), 1-

Aminocyclopropanecarboxylic acid (precursor for phytohormone ethylene), (+)-coronatine 

(produced by Pseudomonas syringae bacterium), (+)-Ptaquiloside (isolated from Pteridium 

aquilinum var. latiusculum), tranylcypromine (antidepressant and anxiolytic agent), Grenadamide 

(isolated from Lyngbya majuscula cyanobacterium) (Figure 1.2.2) etc.8 Other than biological 

activity, it was also discovered that the presence of cyclopropane cores can enhance the potency of  

Figure 1.2.2. Cyclopropane containing natural products and their bioactivities 
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a drug molecule.5c Numerous cyclopropanation methodologies9 have been documented till now for 

the construction of several types of cyclopropanes and also a plethora of strategies have been 

discovered for their synthetic transformations10 as starting materials as well as reactive 

intermediates towards various racemic and chiral heterocyclic, bicyclic, spirocyclic, and 

macrocyclic organic frameworks.  

1.3. Types of Cyclopropanes 

In the past few decades, various types of cyclopropane have been synthesized and modified 

depending on the reactivity and substituent attached to this smallest carbocycle. As the 

cyclopropanes are generally inert, so to make them reactive, activating groups are installed in the 

ring which creates C-C bond polarization to undergo chemical reactions. On that basis, 

cyclopropanes can be classified majorly into three categories (a) donor cyclopropane, (b) acceptor 

cyclopropane, and (c) donor-acceptor cyclopropane (Figure 1.3.1). Donor cyclopropanes contain 

an electron-donating group (alkyl, aryl, vinyl, heteroatom, etc.) attached to one carbon atom of the 

ring. Whereas in acceptor cyclopropanes, one of the carbon atoms consists of an electron-

withdrawing group (carbonyl, cyano, nitro, sulfonyl, etc.). In donor-acceptor cyclopropane, both 

electron-donating and electron-withdrawing groups are installed on the cyclopropane ring either 

vicinally or geminally. It is worth mentioning that apart from these three categories, there are also 

a few other types of cyclopropane present in the literature e.g. cyclopropene11, cyclopropenone11, 

cyclopropanone12, cyclopropanol13, and alkylidene cyclopropane14 (Figure 1.3.1). Among them, 

vicinally substituted donor-acceptor cyclopropanes are the most reactive ones and as a consequence, 

they attract paramount interest to the synthetic organic community.  

Figure 1.3.1. Classification of cyclopropane 
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1.4. Various catalytic activation of donor-acceptor cyclopropanes 

In the year 1980, a German chemist Hans-Ulrich Reissig15 pioneered the term ‘Donor-Acceptor 

substituted Cyclopropane’ for the first time for those cyclopropanes where a donor group and an 

acceptor group are substituted at the vicinal position which was later abbreviated as donor-acceptor 

cyclopropane (DAC). After its appearance in the 1980s, the donor-acceptor cyclopropanes (DACs) 

were utilized moderately till the beginning of the 21st century but after that, they experienced a 

renaissance in the arena of modern organic synthesis due to their unique reactivity.16 The synergistic 

effect of donor and acceptor groups from the vicinal positions creates a push-pull effect inducing a 

C-C bond polarization, generating a 1,3-zwitterionic intermediate (Figure 1.4.1) which can undergo 

several interesting transformations.17 This type of synergistic effect could not be possible in the  

Figure 1.4.1. Reactivity and types of DACs               

 

case of geminally donor-acceptor substituted cyclopropanes (Figure 1.4.1). The DACs are generally 

four types (i) di-acceptor substituted, (ii) mono-acceptor, (iii) di-donor substituted, and (iv) meso-

cyclopropane (Figure 1.4.1).18 In most of the cases, it was observed that the impact of the donor 

group plays a major role in the activation of DACs while installation of an extra group donor or 

acceptor group can diminish the activation barrier for the ring enlargement.18 The catalytic 

activations strategies of the donor-acceptor cyclopropanes are classified into five individual 

categories which are Lewis acid catalysis, transition metal catalysis, organocatalysis, photoredox 

catalysis, and electrocatalysis.  

1.4.1. Lewis acid catalysis 

Lewis acids are those chemical entities that contain vacant orbital(s) to accept electron pairs as 

depicted by Gilbert Lewis.19 Usually, when the metals combine with halides to form metal salts 

they behave as Lewis acids. Though the majority of these acids consist of metals, metalloids 

(Boron), or semimetal (Silicon) salts can also act as Lewis acids.20 Over the years a myriad of 

organic transformations e.g. oxidation, reduction, C-C/C-X bond formation, aldol reaction, and 
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pericyclic reactions have been accomplished by the catalytic activation of the different Lewis 

acids.20, 21 The metal of the Lewis acid coordinates with the electronegative atom of a molecule to 

form a complex in which the electronegativity of the donor atom increases and as a consequence, 

the molecule gets highly activated to undergo various bond-forming, bond-breaking, and 

cycloaddition reactions.21 The Lewis acid activation of DAC is also similar where the metal center 

coordinates with the electronegative atom of the acceptor group which enhances the electron-

withdrawing capacity of the acceptor group. Eventually, the substituted C-C bond gets sufficiently 

polarized to undergo either a stereospecific nucleophilic attack or form the 1,3-zwitterionic 

intermediate for further cyclization, cycloaddition, or rearrangement transformations. Out of 

different types of DACs, the di-acceptor substituted DACs are explored predominantly due to the 

presence of two electron-withdrawing groups which can activate the cyclopropane to a greater 

extent (I, Scheme 1.4.1.1.a) than that of a mono-acceptor substituted one ((II, Scheme 1.4.1.1.a).  

Scheme 1.4.1.1. Lewis acid catalyzed activation of DACs 

 

Numerous ring-opening, cyclization, (3+n) cycloaddition, and rearrangement reactions have been 

reported in the past few decades with the former while studies on the latter one remain limited 

possibly due to its less reactivity.22  

After the first Lewis acid-promoted reaction of 2-silyloxycyclopropane by Reissig23 in 1981, 

numerous methodologies have been reported till now by the Lewis acid activation of DACs. Among 

them, one of the most interesting works was done by Kerr et al.24 in 2003 where they employed 

DAC 1a and 1,3-dipolar species nitrone 2 in the presence of Yb(OTf)3 to access achiral tetrahydro-

1,2-oxazine derivatives 3 (Scheme 1.4.1.2.a). Notably, the DACs are racemic and as a result, all 

these transformations lead to the formation of achiral molecules only. However, their asymmetric 

versions can also be achieved by employing the combination of a chiral ligand and the Lewis acid. 

In this case, the chiral ligand also coordinates with the Lewis acid in complex I which creates a 

sterically hindered environment to facilitate the ring-opening event selectively from one particular 

face inducing the enantioenrichment. Two common asymmetric approaches generally followed for 
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the enantioselective conversion of racemic D-A cyclopropanes (a) simple kinetic resolution (KR) 

and dynamic kinetic asymmetric transformation (DYKAT) (Scheme 1.4.1.1.b).10, 18 After Sibi’s 

first report25 of asymmetric reaction of nitrones with DAC, Tang et al.26 in 2007, demonstrated an  

Scheme 1.4.1.2. Lewis acid-catalyzed reactions of donor-acceptor cyclopropanes 

 

enantioselective (3+3) cycloaddition of racemic DACs 1a with nitrones 4 employing 

trisoxazoline/Ni(ClO4)2 catalyst with improved diastereoselectivities (Scheme 1.4.1.2.b). Highly 

enantioselective products 5 were obtained via a simple kinetic resolution where the remaining 

cyclopropane could also be recovered with good enantiomeric excess. Later, in 2009, the pioneering 

work by Johnson et al.27 showcased a remarkable breakthrough in this field developing a (3+2) 

annulation of the racemic DAC 1a with aldehydes 6 via dynamic kinetic asymmetric transformation 

using (pybox)MgI2 catalyst (Scheme 1.4.1.2.c). In this case, both the enantiomers of electron-rich 

aryl cyclopropanes get converted to the final product through DYKAT to furnish chiral 

tetrahydrofuran derivatives 7. Thereafter, a large number of Lewis acid-catalyzed asymmetric 

transformation reactions have been reported to date following these two asymmetric approaches. 

However, apart from these, achiral Lewis acid catalysis with chiral or non-racemic DACs28 could 

also lead to the formation of enantioenriched products which was earlier developed by Johnson et 

al.29 in 2005. The (S)-cyclopropane diester 1b (>99% ee) reacts with aldehyde 6 in the presence of 
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Sn(OTf)2 to form enantioenriched furan derivatives 8 (Scheme 1.4.1.2.d). The absolute 

stereochemical information was believed to be transferred via the SN2 attack of the aldehyde prior 

to the ring opening of cyclopropane. 

1.4.2. Transition metal catalysis 

One of the most predominant catalytic methodologies for organic transformations is transition metal 

catalysis due to its wide versatility and ability to perform unprecedented reactions.30 Despite the 

rise of modern and greener methodologies, like organocatalysis, photocatalysis, and 

electrocatalysis, this traditional approach maintained its popularity and continuously contributed to 

the synthetic community. However, transition metal-catalyzed activation of donor-acceptor 

cyclopropanes did not achieve any significant developments. The first transition metal activation 

of cyclopropane was observed by Tipper31 in 1955 where the oxidative addition of a transition metal 

complex into the C-C bond of cyclopropane gave rise to a metallacyclobutane intermediate 

facilitated by the ring strain release. After that, only two reports were found in the literature on this 

aspect. Recently, in 2022, Gryko et al.32 reported an activation of cyclopropane 1c by vitamin B12 

which contains Cobalt metal. Here, at first, the Co(III) was reduced to Co(I) in the presence of Zn 

and NH4Cl, and after the oxidative addition of Co(I) species to the electrophilic center of DAC 1c 

generates Co(III)-complex III. This complex then led to the formation of alkyl radical intermediate 

IV via heat or UV irradiation followed by the reaction with olefin 9 to render the product 10. A 

reversal in reactivity of DACs was observed here as an electrophilic reagent was regioselectively 

installed at the electrophilic carbon center of the cyclopropane ring (Scheme 1.4.2.1.a). Another 

study was reported in the last year by Li and Liu et al.33 where DAC 1d was activated by copper 

salts to access ring-opened 12 and cyclized products 13. In this case, disproportionation of Cu(II) 

generates Cu(I) which facilitates the homolysis of NFSI 11 to create radical VI. The ring-opening 

of cyclopropane then occurs by the attack of this radical VI and forms the intermediate VII which 

after oxidative addition and reductive elimination furnished the open chain products 12. 

Alternatively, the radical VII could undergo cyclization followed by a single electron transfer 

(SET) to produce aryl cation X which is further transformed into the indane derivative 13 via 

deprotonation and aromatization (Scheme 1.4.2.1.b).  

1.4.3. Organocatalysis  

After the emergence in the late 1990s, the domain of organocatalysis experienced exponential 

growth in the field of asymmetric synthesis and is now considered one of the three pillars of 

enantioselective synthesis along with the earlier established organometallic and enzymatic 

catalysis.34, 35 The overwhelming and expeditious acceptance of this catalysis by chemists is 

possible as it bestowed some significant advantages over traditional approaches.35 Organocatalysis 

deals with small organic molecules which are often naturally available as a single enantiomer, non- 
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Scheme 1.4.2.1. Transition metal activation of DACs

  

toxic and inexpensive making them commercially convenient and safe both for industry and 

academic research. Acknowledging the potential of this field, recently in 2021, Professor David W. 

C. MacMillan and Professor Benjamin List were awarded the Nobel Prize in Chemistry for 

pioneering and developing asymmetric organocatalysis. There are generally four types of 

organocatalysis36 (i) Lewis bases, (ii) Lewis acids, (iii) Brønsted bases, and (iv) Brønsted acids 

(Figure 1.4.3.1). While the Lewis base organocatalysts are usually amines like prolines and N-

heterocyclic carbenes (NHCs), Lewis acid organocatalysis deals with phase transfer catalysts like 
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quaternary ammonium salts. On the other hand, Brønsted base organocatalysts are comprised of 

tertiary amines like cinchona alkaloids and Brønsted acid organocatalysts are generally H-bonding 

catalysts like thiourea and phosphoric acids.  

Figure 1.4.3.1. Types of organocatalysts 

 

Few of these types of organocatalysts are already utilized for the activation of donor-acceptor 

cyclopropanes either as a precursor or as reactive intermediates via asymmetric ring-opening, 

cycloaddition, and cyclization reactions.10, 18, 22, 37 The first attempt at activating donor-acceptor 

cyclopropanes was reported by Jørgensen et al.38 in 2009 where asymmetric desymmetrization of a 

meso-cyclopropane cyclopentanones was executed via ring-opening rearrangement reaction. Later, 

in 2011, Sparr and Gilmour39 demonstrated the first asymmetric desymmetrization of meso-

cyclopropane carbaldehydes 1e by secondary amine catalysis towards enantioselective synthesis of  

Scheme 1.4.3.2. Asymmetric secondary amine organocatalytic activation of DACs 
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1,3-dichlorides 17 (Scheme 1.4.3.2.a). The iminium activation XI of the cyclopropyl aldehyde was 

achieved by employing MacMillan’s catalyst 14 which reacts with the nucleophilic chlorinating 

agent pyridinium hydrochloride 15 to render the corresponding enamine intermediate XII. Further, 

the addition of an electrophilic chlorinating agent perchlorinated quinone 16 occurred via enamine 

activation and rendered the enantioenriched dechlorinated product 17. Later, the same strategy was 

exploited by Werz et al.40 and Vicario et al.41 independently for the enantioselective 

dichlorochalcogenation utilizing modified MacMillan’s catalyst 18 (Scheme 1.4.3.2.b, left) and 

asymmetric ring-opening by carboxylates using diaryl prolinol catalyst 20 respectively (Scheme 

1.4.3.2.b, right).  

Scheme 1.4.3.3. Organocatalytic activation of in situ generated DACs

 

In line with the secondary amine-based organocatalysis, Jørgensen et al.42 reported an 

unprecedented (2+2) cycloaddition with cyclopropane acetaldehyde 1f and 3-olefinic oxindoles 22 

using diphenyl prolinol catalyst 23 to construct highly stereoselective cyclobutane derivatives 24 

(Scheme 1.4.3.3). Initially, the cyclopropane precursor was not a typical DAC, but it was converted 

into a reactive donor-acceptor cyclopropane intermediate XIV in situ via enamine activation 

followed by the tandem ring-opening/cycloaddition which led to the discovery of unusual C-C bond 

functionalization of cyclopropane ring.  

N-heterocyclic carbenes (NHCs) are another type of Lewis base organocatalyst which is also 

studied for the activation of DACs. In 2017, Vicario et al.43 designed an asymmetric (4+2) 

annulation of formyl cyclopropane diester 1g with alkylidene oxindoles 25 catalyzed by chiral 

triazolium salt 26 as an NHC catalyst (Scheme 1.4.3.4). The NHC first attached to the aldehyde 

group of cyclopropane to generate the Breslow intermediate XVI which acts as a reactive donor-

acceptor cyclopropane that further undergoes the strain-driven ring-opening followed by 
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cycloaddition reaction to render tetrahydropyrano[2,3-b]indoles 27 in highly enantioselective 

manner. 

Scheme 1.4.3.4. NHC catalyzed activation of DAC 

 

Other than these Lewis base organocatalysis, Brønsted base catalytic activation of DAC was also 

developed by Jørgensen et al.44 in 2017 where they employed the chiral thiourea derivative which 

is a bifunctional catalyst and can behave both as Brønsted acid and Brønsted base catalyst. The di-

acceptor substituted cyclopropyl ketones 1h were activated by the Brønsted base 28 via 

deprotonation to create a reactive DAC intermediate XVIII which eventually underwent 

enantioselective (3+2) cycloaddition with nitroolefin 29 to furnish substituted cyclopentanes 30 

(Scheme 1.4.3.5, left). Recently in 2022, a similar strategy of activating DACs was again applied 

by the same group and performed a reaction with heptafulvenoids 31 to achieve enantioselective 

(8+3) cycloadducts 32 in good enantioselectivities (Scheme 1.4.3.5, right).45  

Scheme 1.4.3.5. Brønsted base catalytic activation of in situ generated DAC 

 

Brønsted acid catalytic activation of DACs was first disclosed by Vicario et al.46 in 2018 with 

racemic cyclopropyl ketones 1i in the presence of chiral phosphoric acid 33. This methodology 

involves the Brønsted acid-mediated ring-opening of the cyclopropane 1i engendering a 
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carbocationic intermediate XIX followed by an intramolecular Cloke-Wilson rearrangement to 

access enantioenriched dihydrofurans 34 (Scheme 1.4.3.6.a). The possible reason for the 

enantioinduction here is believed to be the hydrogen bonding as well as an ion-pairing interaction 

between the chiral phosphate ion and the carbocation intermediate. Besides this asymmetric 

catalysis, some achiral Brønsted acid catalytic activation of DACs was also reported by Banerjee 

et al.47, 48 from donor-acceptor cyclopropane carbaldehydes 2 (DACCs). In 2019, they displayed a 

reaction of DACC 2a with N-Benzyl Anilines 35 in the presence of p-toluenesulfonic acid (PTSA) 

for the construction of achiral seven-membered heterocyclic scaffolds 36 (Scheme 1.4.3.6.b, left).47 

Here, Brønsted acid activates the aldehyde group of DAC 1j which induces a polarization of the 

substituted C-C bond which further undergoes ring opening by the stereospecific nucleophilic  

Scheme 1.4.3.6. Brønsted acid catalytic activation of DAC: (a) enantioselective reaction, (b) achiral 

reaction. 

 

attack of aniline followed by cyclization. Later, in 2021, the same group developed another achiral 

strategy for the Brønsted acid activation of DACC where a Cloke-Wilson type rearrangement 

followed by dimerization occurred to render a diastereomeric mixture of oxybis(2-

aryltetrahydrofuran) derivatives 37 (Scheme 1.4.3.6.b, right).48  

1.4.4. Photoredox catalysis  

Photoredox catalysis became one of the fastest-growing sustainable catalytic methods to instigate 

the renaissance of radical chemistry.49 Over the last few decades, this light-mediated catalysis 

encompasses numerous exceptional organic transformations. Here, the visible light is irradiated at 

a particular wavelength where common organic molecules will not absorb but a specially designed 

photoredox catalyst will. The resulting excited catalytic species can act as a strong oxidant as well 

as a strong reductant simultaneously and thus effectively induces the subjected substrates or 

reagents leading to unprecedented organic reactions which are difficult to achieve under thermal 

conditions.50 Implementation of this powerful tool for the activation of small molecules has also 
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begun to be explored in the last decades. Though photoredox activation of relatively less activated 

cyclopropanes (e.g. donor cyclopropane, acceptor cyclopropane, and nitrocyclopropanes) has 

already been explored,51 similar activation of highly activated donor-acceptor cyclopropanes 

remains underexplored. However, Feng et al.52 recently demonstrated a photoredox catalyzed ring 

opening/C(sp3)-heteroatom bond formation strategy where a donor-donor (D-D) cyclopropane 38  

Scheme 1.4.4.1. Photoredox activation of DACs 

 

has been converted into a D-A cyclopropane in situ by generating aryl cation radical intermediate 

XX via SET oxidation. Further ring-opening by the nucleophilic attack followed by hydrogen atom 

transfer (HAT) leads to the final product 40 (Scheme 1.4.4.1).  

1.4.5. Electrocatalysis 

Other than photocatalysis, another catalytic approach that plays a crucial role in the resurgence of 

radical chemistry is modern electro-organic chemistry. This methodology is environmentally 

friendly because here the electrons took part in the reaction as traceless reagents as the replacement 

of hazardous redox reagents.53  Eventually, electro-organic synthesis became a powerful tool for 

the organic fraternity in the last two decades and established numerous transformations in an 

unconventional and sustainable way.54 But similar to the photoredox catalysis, electrocatalytic 

activation of DACs also remained underexplored till the end of the last decade. In 2021, Werz et 

al.55 (Scheme 1.4.5.1, condition a) and Banerjee et al.56 (Scheme 1.4.5.1, condition b) independently 

reported an electrocatalytic ring cleavage of DACs 1c via anodic oxidation. Under electrolysis 

conditions, the oxidation of the aryl ring occurred followed by a homolytic cleavage to form 

intermediate XXIII. This radical intermediate XXIII traps the triplet molecular oxygen and 

subsequent 5-exo trig-cyclization rendered the endoperoxide intermediate XXV which after 

deprotonation furnished the product 41. In the same year, one more electrocatalytic activation of 

DAC was studied by the Werz group57 where a Friedel-Crafts type reactions (Scheme 1.4.5.1, 

condition c) were executed by reacting arenes with cyclopropane following similar aryl oxidation 

mechanism. 



Chapter 1: Two Smallest Carbocycles and Their Activations by Different Catalysis 

 

16 
 

Scheme 1.4.5.1. Electrocatalytic activation of DACs 

 

1.5. Cyclobutane: a four-membered strained carbocycle 

The second smallest carbocycle is the cyclobutane which was synthesized first in 1907.58 

Cyclobutanes are often regarded as ‘big brother’ to the cyclopropane as they possess similar 

reactivity and properties.59 These are the second strained carbocycles having a strain energy of 26.7 

kcal/mol which is almost similar to cyclopropane (27.5 kcal/mol) but much higher than 

cyclopentane (7.4 kcal/mol). Interestingly, the incorporation of a substituent (e.g. methyl group) on 

this four-membered ring decreases the ring strain energy slightly. Whereas gem-dimethyl 

substituted cyclobutane enjoys the reduction of ring strain energy of more than 8 kcal/mol due to 

the Thorpe-Ingold effect60 (Figure 1.5.1.A). The C-C bond length of cyclobutanone is 1.56 Å which 

is even longer than that of ethane (1.54 Å). This slight elongation occurs as a result of 1,3 C-C non-

bonding repulsions which arises as the cross distance between them is only 2.22 Å (Figure 1.5.1.B). 

The internal bond angle in the cyclobutane ring is expected to be 90° if it was planar but the actual 

angle is 88° which is significantly lower than the ideal tetrahedral carbon center (109.5°). This 

much deviation imposes a high angle strain but at the same time, the torsional strain relieves to 

some extent to compensate for the slight increase in angle strain. As a result, cyclobutane adopts a  

Figure 1.5.1. Strain energy and 3-D structure of cyclobutane; (A) Strain energies of different 

carbocycles, (B) puckered (i) and eclipsed (ii) structure of cyclobutane  
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folded structure and remains in the puckered conformation which is energetically the most favorable 

for these strained carbocycles. Consequently, in cyclobutane, the C-C bonds bear more p-character 

while the C-H bonds bear more s-characters and thus they become less reactive than cyclopropane 

while much more reactive than comparatively inert cyclopentane. 

Cyclobutanes have gained significant attraction in the last few decades owing to the easy 

preparative methods and the inherent strain-driven selective ring cleavage.61 Though the simple 

cyclobutane is a colorless gas having no such biological properties, this motif often occurs in natural 

products mostly found in marine and plant objects e.g. sceptrins (isolated from Agelas sceptrum 

sea-spong) and α-pinene (found in coniferous trees).58 However, with time the use of this 

cycloalkane increases substantially in organic and medicinal chemistry because of its unusual 

structural and physicochemical properties. The introduction of cyclobutane core in the  

Figure 1.5.2. Biologically active compounds with cyclobutane core 

 

pharmaceutically active compounds also improve their usefulness and are thus utilized in various 

drug developments. Cyclobutane-containing organic scaffolds show various biological activities 

(Figure 1.5.2) like anticancer, JAK1 inhibitor, antiviral, antimicrobial, anti-diabetes, etc.62  

1.6. Types of cyclobutanes 

The reactivity of cyclobutane greatly depends on which type of substitution is there on this cyclic 

ring. In terms of different functional groups, the specific position of the substitution, and various 

reactivities, cyclobutane could be classified into five different categories- (i) cyclobutanol, (ii) 

cyclobutanone, (iii) 1-donor 2-acceptor cyclobutane, (iv) cyclobutene, (v) alkylidenecyclobutane 

(Figure 1.6.1). Similar to the DAC, when an electron-donating (D) and an electron-withdrawing 

group (A) are substituted vicinally to the cyclobutane ring, it is called 1-donor 2-acceptor 

cyclobutane or simply donor-acceptor cyclobutane. 

Among them, cyclobutanols are generally activated with the transition metal catalysts by β-carbon 
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Figure 1.6.1. Classification of cyclobutane  

 

elimination via metal alkoxide formation or by radical pathway via β-scission to undergo various 

ring opening products. On the other hand, reactions of cyclobutanones occur under transition metal 

catalysis, Lewis acid catalysis, and even under organocatalysis (vide infra). The reactivity of donor-

acceptor cyclobutanes is similar to the DACs as they could also undergo several cycloaddition 

reactions in the presence of different Lewis acids. However, depending on the different substitutions 

on different carbon atoms of the cyclobutenes, they can be activated through transition metal, 

Brønsted acid, or just employing heat to render ring-opening or cyclization products. 

Alkylidenecyclobutanes are mostly activated under transition metal catalysis either via oxidative 

addition or via organometallic addition followed by β-carbon elimination similar to the 

cyclobutanones (vide infra).63  

1.7. Various catalytic activations of cyclobutanones  

Cyclobutanones are one of the most exploited classes of four-membered carbocycles. Generally, 

two types of cyclobutanones are available in the literature, 3-substituted and 2-substituted 

cyclobutanones (Figure 1.7.1). If there is a substituent at the carbon center of the cyclobutane ring 

just one carbon away from the carbonyl carbon, it is denoted as 3-substituted cyclobutanone while 

substitution at the adjacent carbon to the carbonyl carbon is termed as 2-substituted cyclobutanone. 

When that particular substituent is an electron-donating group, it is called 3-donor or 3-D 

cyclobutanone.64 Over the years, various catalytic methods have been employed to activate the 

cyclobutanone derivatives to construct numerous important organic scaffolds. Depending on the 

modes of different catalytic activations, the reactivity of cyclobutanones can be categorized into 

three sections, transition metal catalysis, Lewis acid catalysis, and organocatalysis. 

Figure 1.7.1. Types of cyclobutanone 
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1.7.1. Transition metal catalysis 

Transition metals have been used for the activation of cyclobutanones for the last few decades and 

have developed several methodologies for the construction of complex molecular architectures. 

Generally, two pathways are followed for the C1-C2 bond cleavage of cyclobutanone.65 In the first 

case, an oxidative addition on the C-C bond (the carbonyl carbon and the adjacent carbon) of 

cyclobutanone A occurs by a low-valent transition metal (M) to form a five-membered 

metallacyclopentanone B that could lead to various ring-opening or cyclic products (Scheme 

1.7.1.1, path a). However, a subsequent decarbonylation of B could also occur to render the 

cyclopropane derivative C. In the other pathway, a nucleophilic 1,2-addition by an organometallic 

compound (M-R) to the carbonyl group of cyclobutanone A could generate metal cyclobutanolate 

D followed by β-carbon elimination to furnish ring-opening product E which can further undergo 

various chemical transformations (Scheme 1.7.1.1, path b).  

Scheme 1.7.1.1. Activation of cyclobutanone via transition metals

 

1.7.1.1. Rhodium catalysis: Among the available transition metals rhodium, nickel, and palladium 

are the most commonly exploited ones for the catalytic activation of cyclobutanones.63 In the 

presence of a rhodium catalyst, cyclobutanones generally follow path a (Scheme 1.7.1.1) and 

eventually undergo various ring contraction and insertion reactions. In the case of ring contraction, 

cyclobutanones are converted into the other smallest carbocycle i.e. cyclopropanes by the extrusion 

of the carbonyl group. In 1996, Ito and Murakami66 discovered this ring contraction strategy via 

decarbonylation of cyclobutanone 43 by the use of a stoichiometric amount of Wilkinson’s catalyst, 

which was further extended for the catalytic version also modifying the rhodium catalyst to 

[{Rh(cod)dppb}BF4] and obtained the cyclopropane 44 in quantitative yield (Scheme 1.7.1.1.1.a). 

The rhodium catalyst can also facilitate the insertion-type reaction where alkene or alkyne could be 

incorporated into the C1-C2 bond of the cyclobutanone. The reaction of 3-(2-styryl) cyclobutanone 

45 in the presence of a rhodium catalyst led to the generation of a five-membered rhodacycle 

(similar to the previous one XXVI) via oxidative addition followed by an intramolecular insertion67 

of the tethered C-C double bond into the Rh-C (methylene) bond to produce 

benzobicyclo[3.2.1]octenone 46 (Scheme 1.7.1.1.1.b, left) The asymmetric version of this reaction 

was also executed later by Cramer et al.68 with a different rhodium catalyst using (R)-DTMB-

SEGPhos as a chiral ligand (Scheme 1.7.1.1.1.b, right).   
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Scheme 1.7.1.1.1. Rhodium catalysis, (a) ring contraction; (b) insertion reaction 

 

1.7.1.2. Nickel catalysis: Though the intramolecular insertion occurs smoothly via rhodium 

catalysts, their ability to perform intermolecular insertion becomes tough, on the contrary, nickel 

catalysts could effectively deliver the intermolecular insertion reactions.63 In 2005, Murakami et 

al.69 demonstrated an alkyne 49 insertion to cyclobutanone 48 to render two carbon ring expansion 

products cyclohexenone 50. Here, at first, a nickel-catalyzed oxidative cyclization between the 

carbonyl group of cyclobutanone 48 and alkyne 49 happens to form oxanickelacyclopentene 

XXVIII. A subsequent β-carbon elimination engenders the ring-opening of the cyclobutane 

resulting in a seven-membered nickelacycle XXIX which further undergoes reductive elimination 

to give the desired product 50 (Scheme 1.7.1.2.1). 

Scheme 1.7.1.2.1. Nickel catalysis  

 

1.7.1.3. Palladium catalysis: Metal-catalyzed insertion of a double or triple bond is somewhat 

favorable as the π-bond facilitates the insertion of the metal into a C-C σ-bond and also two more 
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stable σ-bonds are generated at the expense of one π-bond after the insertion. In contrast, these types 

of kinetic and thermodynamic driving forces are not present in the case of σ-bond metathesis which 

makes them very difficult to achieve because here the breaking of σ-bonds is required without the 

participation of any π-bond. In this regard, Murakami et al.70 disclose a palladium-catalyzed 

intramolecular σ-bond exchange between the C-C bond (cyclobutanone 51) and the C-Si bond 

(silacyclobutane). Initially, the palladium (0) is incorporated into the C-Si bond of silacyclobutane 

via oxidative addition to produce silapalladacycle intermediate XXX. This palladium center bearing  

Scheme 1.7.1.3.1. Palladium catalysis  

 

C and Si become electronically rich and thus it undergoes a second oxidative addition with the 

adjacent C (carbonyl)-C single bond of cyclobutanone moiety which renders a palladium (IV) 

intermediate XXXI. Subsequently, a reductive elimination gives rise to the bicyclic intermediate 

XXXII with C(sp3)-Si bond formation, and eventually, another reductive elimination leads to the 

generation of 52 with C(carbonyl)-C(sp3) σ-bond formation (Scheme 1.7.1.3.1). 

1.7.2. Lewis acid catalysis 

Another mode of activation of cyclobutanone systems is the Lewis acid catalysis, which generally 

coordinates to the electronegative atoms e.g. oxygen of the carbonyl group to induce polarization-

driven ring cleavage of the four-membered carbocycle. In this regard, the 3-donor cyclobutanones 

53 are the most commonly exploited ones for their unique reactivity of generating 1,4-zwitterionic 

intermediates XXXIII (Scheme 1.7.2.1.a). After the coordination of Lewis acid (LA), the 

combination effect of the electron-withdrawing carbonyl group and electron-donating group (EDG) 

polarizes the C2-C3 bond (53a), and eventually, the regioselective ring opening of the 

cyclobutanone occurs furnishing the stabilized 1,4-zwitterionic intermediate XXXIII which could 

further undergo various synthetic transformations.64 This ring cleavage preference at the more 

substituted C2-C3 bond was first observed by Hasek and Martin71 in 1963 during the distillation of 

4-piperidinocyclobutanone 54 (Scheme 1.7.2.1.b).  
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Scheme 1.7.2.1. Ring cleavage of 3-donor cyclobutanone 

 

Though most of the reactions of this type of cyclobutanone follow the traditional reactivity,64 

Matsuo et al. noticed an abnormality while reporting the first Lewis acid catalyzed (4+2) 

cycloaddition of 3-ethoxy cyclobutanone with carbonyl compounds.72 In the presence of Lewis 

acid, the tetrahydropyran-fused bicyclic cyclobutanone 57 undergoes the less substituted external 

C2-C3 bond cleavage to form a 1,4-zwitterionic species XXXIV alternate to the expected one 

XXXV which further reacts with the starting material and produces a tetracyclic 58 and an acyclic 

59 compounds (Scheme 1.7.2.1.c).72 Utilizing this strategy, they further developed a cross-

cycloaddition reaction of bicyclic cyclobutanone 60 with aromatic aldehydes 61 where the 

corresponding (4+2)-cycloadduct 62 was formed in the presence of BF3·Et2O. On the contrary, 

monocyclic cyclobutanone 63 showed the conventional reactivity when treated with the same Lewis 

acid where the aryl aldehydes were incorporated by the cleavage of more substituted C2-C3 bond 

(Scheme 1.7.2.2.a).72 Later on, various other annulation reactions were reported with monocyclic 

cyclobutanones but strikingly in most of those cases, stoichiometric amounts of Lewis acids were 

employed.64 Therefore studies on the activation of 3-donor cyclobutanone via catalytic usage of 

Lewis acid remain limited. Because low catalyst loading might slow the reaction rate which results 
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in low conversion to the product. Conversely, Rao et al.73 found that the implementing catalytic 

amount of Lewis acid was also effective for the activation of 3-ethoxycyclobutane imine 67 which 

generates after the condensation of cyclobutanone 65 with mono-substituted hydrazine 66 (Scheme 

1.7.2.2.b). This imine 67 undergoes an interesting rearrangement reaction via ring opening and 

cyclization to produce the product 68.  

Scheme 1.7.2.2. LA-activation of 3-donor cyclobutanone, (a) (4+2)-cycloaddition; (b) 

rearrangement

 

Another catalytic approach for the regiodivergent ring cleavage of cyclobutanone was documented 

by Cramer et al.74 in 2015 where switching the Lewis acid controls the selective product formation 

(Scheme 1.7.2.3). An intramolecular formal (4+2) cycloaddition reaction took place between the 

cyclobutanone moiety and the adjacent carbonyl group of 3-(2-acetylphenyl)cyclobutanone 69 

when a catalytic amount of SnCl4 was used. This reaction follows the conventional ring opening 

that proceeds via the 1,4-zwitterionic intermediate as depicted in scheme 15a. On the other hand, 

changing the Lewis acid to Cu(OTf)2 delivered the structurally distinct indenylacetic acid 71 from  

Scheme 1.7.2.3. LA-catalyzed regiodivergent cyclobutanone cleavage 
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the same precursor 69. This unprecedented occurrence can be rationalized by a completely 

different mechanistic pathway. In this case, the soft metal ion Cu(II) enables enolization of the 

cyclobutanone moiety which subsequently undergoes intramolecular aldol reaction to furnish the 

intermediate XXXIX. After that, a strain-driven retro-Friedel-Crafts acylation followed by the 

hydrolysis of acylium species XXXX generates the indene derivative 71.  

1.7.3. Organocatalysis 

Unlike transition metal and Lewis acid catalysis, organocatalytic activation of cyclobutanone has 

not been that much flourished possibly because of its late appearance as a distinguishable catalytic 

method in the synthetic community. However, after the emergence of this catalytic field at the very 

beginning of this century, some notable asymmetric transformations have been developed via the 

organocatalytic activation of cyclobutanones to date.75 After the development of an asymmetric 

Mannich-type reaction from simple cyclobutanone 72 in the presence of a modified proline  

Scheme 1.7.3.1. Organocatalytic reactions of cyclobutanones: (a) from simple cyclobutanone, (b) 

Ring expansion reactions of 2-substituted cyclobutanone 
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derivative 74 by Ley and his group76 in 2004 (Scheme 1.7.3.1.A, left), similar cyclobutanone was 

again exploited for the asymmetric direct aldol reaction catalyzed by chiral cis-diamine-based 

organocatalyst 77 by Maruoka’s group77 in 2012 (Scheme 1.7.3.1.A, right). Activated 

cyclobutanone, e.g. 2-oxocyclobutane carboxamide 79 could undergo asymmetric Michael 

reaction78 with nitro alkene 80 in the presence of catalyst 81 to furnish α, α-disubstituted 

cyclobutanone 82 which further could take part in various ring expansion reactions (Scheme 

1.7.3.1.B). In 2019, Coquerel and Rodriguez together demonstrated two different ring expansion 

strategies by employing the same bifunctional aminocatalyst 81 from cyclobutanone by 

incorporating an ortho-substitution on the aryl group of nitroalkene. After the formation of the 

corresponding Michael adducts (82a and 82b), the ortho-amino nitrostyrene substituted one 82a 

undergoes a four-atom ring expansion79a to render eight-membered heterocycle 83. In contrast, the 

simple nitrostyrene 82b undergoes two-atom ring expansion79b in the presence of DHPB base to 

form six-memberd heterocycle 84.  

On the other hand, the enantioselective desymmetrization of 3-donor cyclobutanone was pioneered 

by Honda et al.80 in the early 1990s through a chiral lithium amide 85 derived aldol reaction. In this 

strategy, asymmetric deprotonation of cyclobutanone 88 occurred to form chiral enolate which was 

then converted to the enantioenriched silyl enol ether 87 after reacting with triethylsilyl chloride 

(TESCl) followed by the addition of valeraldehyde 88 to furnish the corresponding aldol product 

89 as a diastereomeric mixture (Scheme 1.7.3.2.a, left). Later, Piras’s group,81 in 2012, extended 

the same protocol with the help of a proline-based organocatalyst 90 with aromatic aldehydes 91 

(Scheme 1.7.3.2.a, right). Here, the enamine intermediate XXXXI forms at first, which undergoes  

Scheme 1.7.3.2. Desymmetrization of cyclobutanone 
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the hydrogen bonding assisted aldol reaction to render the preferred isomer of the product 92. Later, 

in 2018, Lu’s group82 developed a synergistic catalytic approach for the desymmetrization of 3-

substituted cyclobutanone 93 by employing the combination of palladium and an amine catalyst 

(Scheme 1.7.3.2.b). 

In summary, this chapter discusses the strain-releasing reactivities of the two smallest carbocycles 

and the application of different catalytic systems to activate DACs and cyclobutanones for 

constructing chiral and achiral organic frameworks. It discusses that various catalysts can activate 

these two strained cyclic systems in different ways depending on the substitution pattern. Several 

distinctive cyclic and acyclic organic scaffolds can be generated from the same strained carbocycle 

as a precursor by employing diverse catalysts which guided their reactivities in different ways. 

Though numerous methodologies have flourished over the years, the inception of new ideas to 

utilize the potential of these small carbocycles using appropriate catalysts can still bring out 

unprecedented chemical transformations. 

1.8. Aim of this thesis 

This doctoral thesis aimed to represent the exploration of three different types of catalysis from 

transition metal containing Lewis acid and metal-free Brønsted acid to green organocatalysis for 

the activation of the two smallest carbocyclic compounds. The cyclopropane was activated by 

asymmetric organocatalysis to construct chiral heterocycles. However, tandem activation of both 

the smallest carbocycles was achieved by Lewis acid catalysis to synthesize achiral acyclic 

molecules, and Brønsted acid activation of cyclobutane rendered the achiral heterobicyclic 

scaffolds. The insightful experimental studies for the objectives of the thesis are discussed in the 

following chapters 

Chapter 2A demonstrates the first organocatalytic activation of racemic donor−acceptor 

cyclopropane carbaldehydes for the asymmetric (3 + 3)-cycloaddition with aryl hydrazones 

followed by an intriguing 1,3-aryl migration toward the synthesis of enantioenriched 

tetrahydropyridazines via matched/mismatched kinetic resolution. 

Chapter 2B discusses the first organocatalytic (3+3)-cycloaddition of ortho-substituted phenyl 

nitrones with aryl cyclopropane carbaldehydes for the synthesis of enantioenriched 1,2-oxazinanes 

via an unusual type of kinetic resolution. 

Chapter 3 displays the merging of two strained carbocycles by Lewis acid catalysis for the remote 

site-selective Friedel−Crafts alkylation of in situ generated β-naphthol for the synthesis of γ-

naphthyl butyric acid derivatives. 

Chapter 4 deals with the Brønsted acid-catalyzed cascade ring-opening/cyclization of 3-ethoxy 

cyclobutanones to access 2,8-dioxabicyclo[3.3.1]nonane derivatives 
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2.1. Introduction 

The burgeoning field of organocatalysis paved the way for asymmetric synthesis using small organic 

molecules and a myriad of enantioselective methodologies have already been developed in this century.1 

As discussed in Chapter 1, various organocatalytic strategies have flourished in the past few years 

through the activation of donor-acceptor cyclopropane to obtain several cyclic and acyclic organic 

compounds in an enantioselective manner. However, organocatalytic cycloaddition reaction has not 

been developed from racemic cyclopropane carbaldehydes. So, in this chapter, we present 

enantioselective (3+3) cycloaddition reaction of cyclopropane carbaldehydes with two different dipolar 

systems. This chapter is divided into two parts. In Chapter 2A, we have chosen the aryl hydrazone 

derivatives which can effectively undergo (3+3) cycloaddition with another 1,3-dipolar synthon e.g. 

donor-acceptor cyclopropane. Here, the cyclopropane carbaldehyde was activated by the secondary 

amine catalyst via iminium ion formation which further took part in (3+3) cycloaddition with aryl 

hydrazone derivatives. Additionally, an unusual aryl migration occurred which led to the one-step 

synthesis of chiral tetrahydropyridazine derivatives with an exocyclic double bond. Furthermore, 

mechanistic investigations have been performed by density functional theory. Also, a series of control 

experiments have been conducted to get insights into the actual reason behind the asymmetric induction 

from a racemic substrate. In Chapter 2B, we have taken nitrone as the 1,3-dipolar system which 

undergoes a similar type of (3+3) cycloaddition with the cyclopropane carbaldehydes in the presence 

of the same secondary amine organocatalyst. In this case, the aryl migration could take place if an 

appropriate substitution was incorporated into the nitrone derivative. 

References 

1. (a) Enders, D.; Grondal, C.; Huttl, M. R. M.  Angew. Chem. Int. Ed. 2007, 46, 1570–1581. (b) Enders, 

D.; Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107, 5606−5655. (c) Mukherjee, S.; Yang, J. W.; 

Hoffmann, S.; List, B. Chem. Rev. 2007, 107, 5471−5569. (d) Moyano, A.; Rios, R. Chem. Rev. 2011, 

111, 4703–4832. (e) Volla, C. M. R.; Atodiresei, I.; Rueping, M. Chem. Rev. 2014, 114, 2390−2431. 
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2.A.1. Introduction 

The construction of complex chemical entities from simpler building blocks is an essential and 

evergreen area of organic chemistry.1 Over the decades, various building blocks have been studied 

and utilized to access a large number of complex compounds by using their typical reactivities. In 

this realm, donor-acceptor cyclopropane (DAC), a unique three-carbon building block, has been 

extensively employed to synthesize various important compounds in recent times. Especially its 

ability to generate a reactive 1,3-dipole in situ makes it an ideal choice for a large number of dipolar 

cycloadditions to provide a wide variety of cyclic compounds.2 An array of cycloadditions of DACs 

with various dipoles, dienes, and double bonds have been reported.3 However, these methodologies 

are pre-eminently associated with metal-containing Lewis acid catalysts, whereas their 

enantioselective versions are less explored.4 Most of the reported asymmetric cycloadditions of 

DACs have been accomplished using a combination of Lewis acid and chiral ligand5 (Scheme 

2.A.1.1.A). 

Scheme 2.A.1.1. Enantioselective cycloadditions of cyclopropanes 

 

Our laboratory has been working on the reactivity of DACs for more than a decade6 and developed 

various methodologies for the one-step synthesis of several carbo- and heterocycles.7 Keeping the 

unexplored enantioselective cycloaddition of DACs in mind, we became interested in developing a 

generalized approach for asymmetric access to biologically important carbo- and heterocycles from 
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DACs. We envisioned that a chiral amine organocatalyst could asymmetrically activate 

cyclopropane carbaldehyde through the iminium ion pathway to render enantioselective 

cycloaddition.8 In this regard, in situ generations of DACs via enamine activation of cyclopropyl 

acetaldehydes were studied by the research groups of Jørgensen9 and Vicario.10 It should be noted 

that in the previous organocatalytic enantioselective ring-opening reactions, the cyclopropane 

carbaldehydes are meso in nature8a, 8b, 8c (which was discussed in Scheme 1.4.3.2, Chapter 1) and 

there has been no such report of organocatalytic enantioselective transformations with their racemic 

versions. Herein, we report the first asymmetric (3+3)-cycloaddition of racemic cyclopropane 

carbaldehyde with aryl hydrazones for the formation of enantioselective tetrahydropyridazine 

derivatives via organocatalytic activation (Scheme 2.A.1.1.B). 

2.A.2. Result and Discussion 

Initially, trans-methylenedioxyphenyl cyclopropane carbaldehyde 1a and benzaldehyde-derived 

phenyl hydrazone 2a were chosen as model substrates to find the optimized reaction conditions for 

the titled (3+3)-cycloaddition (Table 2.A.2.1). We began our study by taking chiral (S)-proline I as 

a catalyst and performed the reaction in carbon tetrachloride as a solvent in the presence of 4 Å  

Table 2.A.2.1. Optimization of the reaction conditionsa 

 

entry catalyst solvent additive yield (%)b ee (%)c 

1 I CCl4 -       n.r.d - 

2 II CCl4 - 20 95 
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3 II DCM - 18 n.d.[e] 

4 II DCE - c.m.f  

5 II CHCl3 - c.m.f  

6 II THF - n.r.d - 

7 II Toluene - n.r.d - 

8 II CH3CN - n.r.d - 

9 II CCl4 PhCO2H c.m.f - 

10 II CCl4 CSA c.m.f - 

11 II CCl4 PTSA c.m.f - 

12g II CCl4 - 60 92 (R) 

13g III CCl4 - 60 97 (S) 

14g IV CCl4 - 25 85 

15g V CCl4 - 10 81 

16g VI CCl4 - n.r.d - 

17g VII CCl4 - n.r.d - 

18g,h II CCl4 - 40 92 

19g,i II CCl4 - 35 91 

20g,j II CCl4 - n.r.d - 

        21k II CCl4 - trace n.d.e 
aUnless specified all the reactions were performed with 1 equiv. of 1a, 1 equiv. of 2a, 30 mol% of catalyst in the presence 

of molecular sieves (4 Å) in 2 mL solvent at room temperature for 24 hour. bisolated yields, cenantiomeric excess 

determined by chiral HPLC analysis, dn.r. = no desired product formed, en.d. = not determined, fc.m. = complex mixture, 
grefluxing for 12 hour, hcatalyst used = 20 mol%, icatalyst used = 40 mol%, jwithout molecular sieves, [k]1e’ was used 

instead of 1a. 

molecular sieves  at room temperature. However, no desired product was obtained even after 24 

hours of the reaction (Table 2.A.2.1, entry 1). Afterward, we changed the catalyst to Jørgensen-

Hayashi catalyst II,11 and delightfully, an unprecedented product 3a was obtained with 20%  and 

95% of enantioselectivity instead of 3a’ (Table 2.A.2.1, entry 2). The structure and absolute 

configuration of product 3a were confirmed by X-ray crystallography. The analysis of the structure 

indicates a rare [1,3]-aryl migration took place after the cycloaddition (vide infra). Thereafter, to 

improve the yield, the reaction was performed under different solvent systems. While no 

improvement in the yield was observed in other chlorinated solvents (Table 2.A.2.1, entries 3-5), 

solvents like tetrahydrofuran, toluene, and acetonitrile proved inefficient for this transformation 

(Table 2.A.2.1, entries 6-8). As the presence of additive in the asymmetric reaction can efficiently 

improve the yield and stereoselectivity12 the reaction was performed under various Brønsted acid 

additives like PhCO2H, PTSA, and CSA, which resulted in the formation of a complex reaction 

mixture (Table 2.A.2.1, entries 9-11), presumably, these Brønsted acids activated the cyclopropanes 

itself to undergo various ring-opening reactions.13 However, the yield was significantly improved, 

and a good enantiomeric excess of 92% was obtained by conducting the reaction under refluxing 
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conditions (Table 2.A.2.1, entry 12). Hereafter, we started to explore other secondary amine-based 

organocatalysts to upgrade the enantioselectivity. Gratifyingly, our trial with catalyst III furnished 

the product with a similar yield and with enhanced enantioselectivity of 97% (Table 2.A.2.1, entry 

13). A range of other secondary amine catalysts was also screened to further improve the 

enantioselectivity. Whereas catalysts IV and V delivered the desired products with poor yields and 

decreased enantioselectivities (Table 2.A.2.1, entries 14-15), catalysts VI and VII proved to be fatal 

for this transformation (Table 2.A.2.1, entries 16-17). Notably, a substantial decrease in the yield 

was observed on increasing or decreasing the catalyst loading while no reaction took place in the 

absence of the molecular sieves (Table 2.A.2.1, entries 18-20). No diastereomeric mixture was 

encountered, as confirmed by the crude NMR experiment. Finally, cis-configured cyclopropane 

was also tested, and a trace amount of desired product formation establishes that the trans- 

Scheme 2.A.2.1. Substrate scopea

 

aReaction conditions: 1 (0.2 mmol), 2 (0.2 mmol), III (30 mol %), 2 mL of CCl4, molecular sieves (4 Å), reflux, 12 h, 

yields represent isolated products; ee values were determined by HPLC analysis. 
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configuration is essential for this cycloaddition (Table 2.A.2.1, entries 21). 

With the optimized conditions, we started to investigate the scopes and limitations of the proposed 

cycloaddition concerning various substituted aromatic aldehyde-derived phenylhydrazones 2a-2p 

(Scheme 2.A.2.1). Various electron-donating, electron-withdrawing, and halogen-containing 

substituents at the para-, meta- and ortho-position of the Ar2 ring proved efficient for our proposed 

transformation giving the desired products (3aa-3am) in moderate to excellent yields (42-90%) 

with good to excellent enantiomeric excesses (76-99%). Only the strongly electron-withdrawing 

nitro-substituted one failed to give the desired product. Following these, substrates containing para-

substitution on the Ar1 ring were also exploited, which furnished the products (3an-3ap) in 

moderate yields (40-53%) with good enantioselectivities (81.5-91% ee). Eventually, to check the 

progress of the reaction after the cycloaddition, a reaction was conducted between cyclopropane 1b 

and cyclohexancarbaldehyde-derived hydrazone 2q (Ar2 was replaced by an aliphatic group). The 

desired product was not formed, which established only the aryl group could undergo this1,3-shift. 

Then we examined the substrate scope with respect to the cyclopropane carbaldehydes (Scheme 

2.A.2.1). Moderate to highly electron-rich aryl-substituted cyclopropane carbaldehydes rendered 

the products (3ba-3ga) in moderate to good yields with good to excellent enantioselectivities. To 

our surprise, sterically hindered mesityl cyclopropane carbaldehyde 1h also furnished the product 

3ha with a good yield (60%) and satisfying enantioselectivity (64.5% ee). It is worth mentioning 

that heteroatom-bearing aryl cyclopropane carbaldehydes (1i and 1j) also rendered the products 

(3ai and 3aj) with low to moderate yields (36% and 49%) and excellent enantioselectivities (91% 

and 94% ee). 

To gain insights into the mechanism, we have executed some control experiments with each 

enantiomer14 of the cyclopropane carbaldehyde (Scheme 2.A.2.2.A). First, we reacted (R,R)-

cyclopropane carbaldehyde-1e with hydrazone 2a in the presence of the racemic catalyst and 

obtained (R)-product ent-3ea with an excellent enantiomeric excess (94% ee) which confirms that 

the ring-opening reaction undergoes via the stereospecific SN2 pathway. Then we performed the 

reaction in the presence of only (S)-catalyst and obtained ent-3ea with exceptionally high 

enantioselectivity (>99% ee), but with (R)-catalyst, the reaction was slow, and the product was 

formed in a trace amount of yield with poor enantioselectivity (<5%, 40% ee) (Case A, Scheme 

2.A.2.2.A). Next, we repeated the same set of experiments with the other enantiomer of the 

cyclopropane (S,S)-1e, and an almost similar outcome was found (Case B, Scheme 2.A.2.2.A). 

These experiments stipulated that each enantiomer of the substrate favors one particular enantiomer 

of the catalyst, which suggests a matched/mismatched type  scenario15 between the two enantiomers 

of the racemates. An alternative approach for this transformation could be enantioconvergent 

transformation, in which each enantiomer of the substrate undergoes different routes for the 
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synthesis of the same enantioenriched product. But in the presence of a racemic catalyst (R,R)-1e 

produces ent-3ea, while  (S,S)-1e furnished 3ea (Scheme 2.A.2.2.A), which excludes the possibility 

of enantioconvergence.16 

Scheme 2.A.2.2. Control experiments and plausible mechanism. (A) Experiments with chiral 

cyclopropane carbaldehydes; (B) Cross-rearrangement experiment; (C) Correlation between 

product ee and catalyst ee; (D) Enantiomeric excess as a function of time; (E) Racemization 

study of chiral cyclopropane; (F) Plausible mechanistic diagram 

 

Further, we have also checked the dependence of product ee as a function of catalyst ee (Scheme 

2.A.2.2.C). A linear correlation between them clearly excludes the involvement of more than one 

catalyst molecule in the catalytic cycle17. Later, we checked the enantiomeric excess of the substrate 

as well as the product as a function of time where the racemic 1a is reacted with 2a in the presence 

of (S)-catalyst (II) in the optimized reaction conditions (Scheme 2.A.2.2.D). In this experiment, an 

initial increase of enantiomeric excess in favor of (R,R)-cyclopropane was detected, which indicates 

that the other isomer (S,S)-cyclopropane started decomposing due to the mismatched condition. 

Eventually, an enantiomeric excess in favor of the (S,S)-cyclopropane was noticed just before the 

completion of the reaction since the matched isomer was almost converted to the product while the 

mismatched one still remained to some extent due to the slow kinetics. Moreover, when the 

enantiopure cyclopropane (1a) was treated with the (S)-catalyst (II) under the optimized conditions, 

no racemization was noticed, which excludes the DKR pathway (Scheme 2.A.2.2.E).18b Complete 

consumption of starting material and more than 50% yield in some cases ruled out the possibility 

of a simple kinetic resolution. Noticeably, in most of the cases, the yields are around 50%, and in a 



Chapter 2A: Organocatalytic (3+3) Cycloaddition of DACs with Aryl Hydrazones 

 

45 
 

few cases where yields are high, albeit of moderate enantiomeric excesses, eliminate the occurrence 

of Dynamic Kinetic asymmetric Transformation. So, this unusual phenomenon hinted towards a 

unique type of matched/mismatched kinetic resolution. 

Next, to know the mode of this [1,3]-rearrangement, a control experiment has been carried out 

combining 0.2 mmol of 1a, 0.10 mmol of 2b, and 0.10 mmol of 2p under standard conditions 

Scheme 2.A.2.2.B). The rearranged products 3ab and 3ap were obtained in 26% and 24% yield, 

respectively, whereas no cross-rearrangement products were detected. This study disclosed that this 

unusual [1,3]-aryl shift undergoes19 via an intramolecular and concerted rearrangement pathway.19b 

Moreover, this aryl migration could happen either via Friedel-Crafts type reaction or via ipso-type 

substitution. Here, the ipso-substitution has been confirmed unambiguously by Single Crystal X-

Ray analysis of 3ab, which reveals the bond connectivity of the migrating aryl ring remains the 

same before and after the migration. 

Further insights into this interesting aryl migration have also been investigated by computational 

studies. All calculations are performed with ONIOM (wB97XD/6-31G(d,p): PM6) using the 

Gaussian 09 software (Appendix B). The solvent effect has been included using the PCM model 

(CCl4). Computational calculations also depict that the initial ring opening of the cyclopropane 

undergoes the nucleophilic attack of hydrazone via the SN2 pathway, which after subsequent 

cyclization, gave the six-membered cyclic intermediate B. It was also revealed that to facilitate the 

ipso-type substitution this unusual 1,3-aryl migration was proceeding via an unprecedented four-

membered transition state (B_TS). 

Based on all experimental results and literature precedences15, a plausible mechanistic diagram is 

shown in Scheme 2.A.2.2.F. At first, the racemic cyclopropane carbaldehyde binds with the catalyst 

III to form the iminium intermediates. Moreover, in the presence of catalyst III one enantiomer of 

the cyclopropane (S,S-1) reacted faster (matched case) with hydrazone (2) via SN2 attack to form 

the major intermediate (A) while the other one (R,R-1) experienced slow transformation 

(mismatched case) towards the minor intermediate (A’) along with decomposition (which could be 

rationalized from  Scheme 2.A.2.2.A and Scheme 2.A.2.2.D) following a matched/mismatched type 

kinetic resolution. Subsequently, this enamine intermediate (A) took part in the cyclization to give 

the intermediate (B). Eventually, the ipso-type 1,3-aryl migration took place via a four-membered 

TS followed by the elimination of the catalyst led to the formation of the desired product 3aa. 

For additional synthetic utilization, the exocyclic double bond of 3ba was selectively reduced 

through a hydrogenation5c by Pd-C catalyst, and a new stereogenic center was generated. The 

relative stereochemistry of 4ba was determined by the NOE experiment (Scheme 2.A.2.3). 
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Scheme 2.A.2.3. Synthetic transformation

 

2.A.3. Conclusion 

In conclusion, we report the first organocatalytic activation of cyclopropane carbaldehydes for the 

enantioselective (3+3)-cycloaddition to access a range of enantioenriched tetrahydropyridazines. 

An unconventional type of matched/mismatched kinetic resolution was believed to be reason 

behind this asymmetric transformation. The control experiment and computational studies 

disclosed the intriguing [1,3]-aryl migration proceeds in an intramolecular and concerted manner. 

Further exploration of organocatalytic enantioselective cycloaddition of cyclopropane 

carbaldehydes is still under the scope of our investigation. 

2.A.4. Experimental section 

2.A.4.1. General Information 

All reactions were carried out under inert atmosphere with oven-dried glasswares. All solvents and 

reagents were obtained from commercial sources and were purified following the standard 

procedure prior to use. Powdered molecular sieves (4Å MS) were dried at 200 °C under vacuum 

prior to use. Thin-layer chromatography was performed on Merck precoated silica gel 60 F254 

aluminum sheets with detection under UV light at 254 nm and charring with p-anisaldehyde 

solution. Chromatographic purifications were performed with silica gel (230-400 mesh) and 

melting points were taken on Stuart digital melting point apparatus. Nuclear magnetic resonance 

(NMR) spectroscopy was performed using JEOL 400 MHz and HRMS was recorded on Waters 

Xevo G2-XS (Q-TOF). The 1H NMR and 13C NMR spectra were recorded in CDCl3. Chemical 

shifts of 1H and 13C NMR spectra are expressed in parts per million (ppm). All coupling constants 

are absolute values and are expressed in Hertz. The description of the signals includes the following: 

s = singlet, d = doublet, dd = doublet of doublet, t = triplet, dt = doublet of triplet, q = quartet, dq = 

doublet of quartet, br = broad, and m = multiplet. Optical rotations were measured on an Anton 

Paar MCP 200, [α]D values are given in deg·cm3·g-1·dm-1; concentration (c) in g (100 mL)-1. The 

enantiomeric excess (ee) values of the products were determined by High Performance Liquid 

Chromatography (Waters modular system) using Daicel Chiralpak IC, ODH, ADH and ASH 

columns as chiral stationary phase. Structural assignments were made with additional information 

from gCOSY experiments. 
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Scheme 2.A.4.2. Reaction of racemic cyclopropane with the catalyst 

 

These experiments suggested that this proposed cycloaddition reaction is not happening via a simple 

kinetic resolution (SKR) and the requirement of an external nucleophile is needed for the 

enantioselective transformation. In our study, the hydrazone acts as a nucleophile and attack the 

cyclopropane via the SN2 pathway for the ring opening and an enantioenriched intermediate was 

formed followed by the production of chiral products. 

2.A.4.3. General procedure for the preparation of trans-2-Aryl cyclopropane carbaldehydes 

(1)20 

 

1) To a mixture of triethyl phosphonoacetate (1.1 equiv.), DBU (0.035 equiv.), and finely ground 

K2CO3 (2 equiv.) was added ArCHO (1 equiv.) and the resulting mixture was stirred using a 

magnetic stirrer for 4 h at room temperature under an argon atmosphere. Ethyl acetate was added 

to the crude mixture, and the solid was filtered off. The solid was rinsed with ethyl acetate, and the 

combined filtrate was concentrated. The resulting oil was distilled under reduced pressure using a 

bulb-to-bulb apparatus (10 mm Hg/240 °C) to give the corresponding alkene (yield 84%) (E:Z = 

99:1). 

2) A suspension of TMSOI (1.2 equiv.) and NaH (1.5 equiv.) in anhydrous DMSO (15 mL) was 

stirred for 1 h. A DMSO solution (14 mL) of alkene (14 mmol, 1 equiv) was added at 0 °C. The 

reaction mixture was stirred at 55 °C (oil bath) for 24 h. Another suspension of TMSOI (0.3 equiv.) 

and NaH (0.3 equiv.) in DMSO (10 mL) was added to the reaction mixture, and the reaction was 
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stirred at 65 °C (oil bath) for 84 h. The solution was poured into a brine solution and extracted with 

ethyl acetate. Combined organic layer was washed with water and dried over MgSO4, concentrated 

and purified by silica gel column chromatography (EtOAc/hexane) to afford corresponding 

cyclopropane derivative as a white solid (60-80% yield).  

3) To a stirred solution of LAH (1.5 equiv.) in 7 mL diethyl ether was added dropwise a solution of 

cyclopropane ester (0.90 mmol, 1equiv.) in 3 mL diethyl ether under N2 atmosphere. After addition 

was completed the reaction mixture was refluxed (oil bath) for another 6 h. The reaction mixture 

was then cooled to rt, and the excess LAH was destroyed by water. 15 mL of 10% H2SO4 and 8 mL 

of ether was added and the aqueous layer was extracted several times with diethyl ether. The 

combined organic layer was washed with water and 5% NaHCO3, dried over MgSO4 and 

concentrated in a rotary evaporator (90-95% yield). Without any further purification, the crude 

material (a colorless oil) was used for next step. 

4) To a solution of cyclopropane alcohol (6.8 mmol, 1 equiv.) in dry DCM (14 mL), PCC (2 equiv.) 

was added in a portion-wise manner through a solid addition tube under N2 atmosphere. After 3 h 

reaction mixture was filtered through a small plug of celite and concentrated in vacuo. The crude 

mixture was purified by silica gel column chromatography using ethyl acetate in hexane as an 

eluent. Starting from aryl aldehyde the 2-arylcyclopropanecarbaldehydes was obtained in 40-55% 

overall yield. 

All the cyclopropanes 1a-1j are known and prepared according to the above mentioned general 

procedure20 and 1e’ is also known and prepared according to the literature procedure20b. 

2-(benzo[d][1,3]dioxol-5-yl)cyclopropanecarbaldehyde (1a) 

 

trans-2-(4-methoxyphenyl)cyclopropane-1-carbaldehyde (1b) 

 

1H NMR (400 MHz):  δ 9.30 (d, J = 4.6 Hz, 1H), 6.73 (d, J = 8.2 

Hz, 1H), 6.62 (d, J = 8.0 Hz, 1H), 6.57 (s, 1H), 5.93 (s, 2H), 2.60-

2.55 (m, 1H), 2.12-2.04 (m, 1H), 1.71-1.66 (m, 1H), 1.49-1.43 (m, 

1H) 

1H NMR (400 MHz):  δ 9.30 (d, J = 4.9 Hz, 1H), 7.05 (d, J = 8.7 Hz, 

2H), 6.83 (d, J = 8.7 Hz, 2H), 3.79 (s, 3H) 2.63-2.56 (m, 1H), 2.13-

2.06 (m, 1H), 1.73-1.67 (m, 1H), 1.51-1.45 (m, 1H) 
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trans-2-(3,4-dimethoxyphenyl)cyclopropanecarbaldehyde (1c) 

 

 

trans-2-(p-tolyl)cyclopropane-1-carbaldehyde (1d) 

 

trans-2-phenylcyclopropane-1-carbaldehyde (1e) 

 

cis-2-phenylcyclopropane-1-carbaldehyde (1e’)2 

 

trans-2-(4-fluorophenyl)cyclopropane-1-carbaldehyde (1f) 

 

trans-2-(4-bromophenyl)cyclopropane-1-carbaldehyde (1g) 

 

trans-2-mesitylcyclopropane-1-carbaldehyde (1h) 

1H NMR (400 MHz):  δ 9.28 (d, J = 4.5 Hz, 1H), 6.77 (d, J = 8.3 Hz, 

1H), 6.65 (d, J = 8.2 Hz, 2H), 3.85 (s, 3H), 3.83 (s, 3H), 2.62-2.55 (m, 

1H), 2.13-2.06 (m, 1H), 1.71-1.65 (m, 1H), 1.51-1.46 (m, 1H) 

 

1H NMR (400 MHz):  δ 9.30 (d, J = 4.5 Hz, 1H), 7.11 (d, J = 8.0 Hz, 

2H), 7.01 (d, J = 8.2 Hz, 2H), 2.63-2.57 (m, 1H), 2.32 (s, 3H), 2.16-

2.10 (m, 1H), 1.74-1.68 (m, 1H), 1.54-1.48 (m, 1H)  

 

1H NMR (400 MHz):  δ 9.32 (d, J = 4.5 Hz, 1H), 7.33-7.27 (m, 2H), 

7.25-7.20 (m, 1H), 7.13-7.09 (m, 2H), 2.66-2.60 (m, 1H), 2.21-2.15 

(m, 1H), 1.77-1.71 (m, 1H), 1.57-1.51 (m, 1H) 

 

1H NMR (400 MHz): δ 8.66 (d, J = 6.6 Hz, 1H), 7.33-7.20 (m, 5H), 

2.82 (q, J = 8.3, 15.9 Hz, 1H), 2.16-2.09 (m, 1H), 1.90-1.86 (m, 1H), 

1.61-1.56 (m, 1H)  

 

1H NMR (400 MHz):  δ 9.32 (d, J = 4.5 Hz, 1H), 7.10-7.05 (m, 2H), 

6.98 (t, J = 8.7 Hz, 2H), 2.64-2.58 (m, 1H), 2.15-2.09 (m, 1H), 1.74-

1.69 (m, 1H), 1.51-1.45 (m, 1H)  

 

1H NMR (400 MHz):  δ 9.31 (d, J = 4.3 Hz, 1H), 7.39 (d, J = 8.6 

Hz, 2H), 6.97 (d, J = 8.7 Hz, 2H), 2.60-2.54 (m, 1H), 2.16-2.09 (m, 

1H), 1.75-1.69 (m, 1H), 1.50-1.45 (m, 1H) 

 



Chapter 2A: Organocatalytic (3+3) Cycloaddition of DACs with Aryl Hydrazones 

 

50 
 

 

trans-2-(furan-2-yl)cyclopropane-1-carbaldehyde (1i) 

 

trans-2-(thiophen-2-yl)cyclopropane-1-carbaldehyde (1j) 

 

2.A.4.4. General procedure for the preparation of aryl hydrazones (2)21  

To a solution of aldehyde (4.6 mmol, 1.0 equiv) in dry DCM (10 ml) was added phenyl hydrazine 

(4.6 mmol, 1.0 equiv) and anhydrous MgSO4 (4.6 mmol, 1.0 equiv). The resulting mixture was 

stirred at room temperature until the reaction was completed (monitored by TLC). Filtration with 

DCM as eluent and evaporation of the solvent under reduced pressure afforded the desired 

hydrazones as yellowish solids (80-90%). 

All the hydrazones are known in literature3b-3i and prepared according to the above mentioned 

general procedure. 

(E)-1-benzylidene-2-phenylhydrazine (2a) 

 

1H NMR (400 MHz):  δ 9.28 (d, J = 5.4 Hz, 1H), 6.85 (s, 2H), 2.45-

2.39 (m, 1H), 2.33 (s, 6H), 2.25 (s, 3H), 1.98-1.91 (m, 1H), 1.82-

1.76 (m, 1H), 1.40-1.34 (m, 1H)  

 

1H NMR (400 MHz): δ 9.36 (d, J = 4.3 Hz, 1H), 7.27-7.25 (m, 1H), 

6.30-6.28 (m, 1H), 6.10 (d, J = 3.3 Hz, 1H), 2.65-2.59 (m, 1H), 2.32-

2.26 (m, 1H), 1.69-1.64 (m, 1H), 1.62-1.56 (m, 1H) 

 

1H NMR (400 MHz): δ 9.38 (d, J = 4.1 Hz, 1H), 7.13-7.11 (m, 1H), 

6.92-6.90 (m, 1H), 6.85-6.84 (m, 1H), 2.84-2.78 (m, 1H), 2.25-2.20 

(m, 1H), 1.79-1.74 (m, 1H), 1.55-1.50 (m, 1H)  

 

1H NMR (400 MHz): δ 7.69 (s, 1H), 7.66 (d, J = 8.6 Hz, 2H), 7.62 

(bs, 1H), 7.37 (t, J = 14.8 Hz, 2H), 7.32-7.26 (m, 3H), 7.12 (d, J = 

8.7 Hz, 2H), 6.87 (t, J = 14.5Hz, 1H)  
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(E)-1-(4-methoxybenzylidene)-2-phenylhydrazine (2b) 

 

(E)-1-(4-methylbenzylidene)-2-phenylhydrazine (2c) 

 

(E)-1-(4-isopropylbenzylidene)-2-phenylhydrazine (2d) 

 

(E)-1-(3,4-dimethoxybenzylidene)-2-phenylhydrazine (2e) 

 

(E)-4-((2-phenylhydrazono)methyl)benzonitrile (2f) 

 

(E)-1-(4-nitrobenzylidene)-2-phenylhydrazine (2g) 

 

(E)-1-(4-bromobenzylidene)-2-phenylhydrazine (2h) 

1H NMR (400 MHz): δ 7.66 (s, 1H), 7.60 (d, J = 8.4 Hz, 2H), 

7.50 (bs, 1H), 7.28-7.25 (m, 2H), 7.09(d, J = 7.9 Hz, 2H), 6.91(d, 

J = 8.5 Hz, 2H), 6.85 (t, J = 14.7Hz, 1H), 3.84 (s, 3H)  

 

1H NMR (400 MHz): δ 7.67 (s, 1H), 7.56 (d, J = 8.0 Hz, 2H), 

7.29-7.25 (m, 2H), 7.18 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.8 Hz, 

2H), 6.86 (t, J = 14.6 Hz, 1H), 2.36 (s, 3H) 

 

1H NMR (400 MHz): δ 7.68 (s, 1H), 7.59 (d, J = 8.0 Hz, 2H), 

7.29-7.22 (m, 4H), 7.11 (d, J = 7.9 Hz, 2H), 6.86 (t, J = 14.3 Hz, 

1H), 2.92 (sept, 1H), 1.27 (s, 3H), 1.25 (s, 3H) 

 

1H NMR (400 MHz): δ 7.57 (s, 1H), 7.50 (bs, 1H), 7.34 (d, J = 

1.9 Hz, 1H), 7.26-7.22 (m, 2H), 6.99 (d, J = 8.2 Hz, 1H), 6.84-

6.79 (m, 2H), 3.92 (s, 3H), 3.86 (s, 3H) 

 

1H NMR (400 MHz): δ 7.90 (bs, 1H), 7.73 (d, J = 8.2 Hz, 2H), 

7.63 (t, J = 8.7 Hz, 3H), 7.30 (t, J = 15.2 Hz, 2H), 7.14 (d, J = 

8.3 Hz, 2H), 6.93 (t, J = 14.6 Hz, 1H) 

 

1H NMR (400 MHz): δ 8.22 (d, J = 8.4 Hz, 2H), 7.98 (s, 1H), 

7.77 (d, J = 8.7 Hz, 2H), 7.70 (s, 1H), 7.32 (t, J = 15.4 Hz, 2H), 

7.15 (d, J = 7.8 Hz, 2H), 6.95 (t, J = 14.6 Hz, 1H) 
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(E)-1-(4-chlorobenzylidene)-2-phenylhydrazine (2i) 

 

(E)-1-(4-fluorobenzylidene)-2-phenylhydrazine (2j) 

 

(E)-1-(3-bromobenzylidene)-2-phenylhydrazine (2k) 

 

(E)-1-(3-methoxybenzylidene)-2-phenylhydrazine (2l) 

 

(E)-1-(2-methylbenzylidene)-2-phenylhydrazine (2m) 

 

(E)-1-benzylidene-2-(p-tolyl)hydrazine (2n) 

1H NMR (400 MHz): δ 7.67 (bs, 1H), 7.62 (s, 1H), 7.53-7.47 

(m, 4H), 7.30-7.26 (m, 2H), 7.11 (d, J = 8.6 Hz, 2H), 6.89 (t, J 

= 14.6 Hz, 1H)  

 

1H NMR (400 MHz): δ 7.65 (bs, 1H), 7.63 (s, 1H), 7.58 (d, J 

= 8.6 Hz, 2H), 7.33 (d, J = 8.7 Hz, 2H), 7.30 (t, J = 15.5 Hz, 

2H), 7.11 (d, J = 7.8 Hz, 2H), 6.88 (t, J = 14.7 Hz, 1H) 

 

1H NMR (400 MHz): δ 7.64 (s, 1H), 7.63-7.59 (m, 3H), 7.26 

(t, J = 19.5 Hz, 2H), 7.09-7.02 (m, 4H), 6.86 (t, J = 14.5 Hz, 

1H)  

 

1H NMR (400 MHz): δ 7.82 (s, 1H), 7.70 (s, 1H), 7.58 (s, 1H), 

7.53 (d, J = 7.7 Hz, 1H), 7.40 (d, J = 7.7 Hz, 1H), 7.31-7.20 (m, 

3H), 7.11 (d, J = 8.3 Hz, 2H), 6.90 (t, J = 14.6 Hz, 1H) 

1H NMR (400 MHz): δ 7.57 (bs, 1H), 7.50 (s, 1H), 7.29-7.25 

(m, 4H), 7.17(d, J = 7.6 Hz, 2H), 7.10 (d, J = 8.0 Hz, 1H), 6.90-

6.84 (m, 2H), 3.84 (s, 3H)  

 

1H NMR (400 MHz): δ 7.94 (s, 1H), 7.84-7.82 (m, 1H), 7.67 

(bs, 1H), 7.30-7.17 (m, 5H), 7.11 (d, J = 8.3 Hz, 2H), 6.87 (t, J 

= 7.3 Hz, 1H), 2.49 (s, 3H) 
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(E)-1-benzylidene-2-(4-fluorophenyl)hydrazine (2o) 

 

(E)-1-benzylidene-2-(4-chlorophenyl)hydrazine (2p) 

 

(E)-1-(cyclohexylmethylene)-2-phenylhydrazine 

 

 

2.A.4.5. Representative procedure for the Organocatalytic (3+3)-cycloaddition reaction 

between Donor-Acceptor Cyclopropane carbaldehydes (1) and aryl hydrazones (2)

 

To a round-bottom flask equipped with a magnetic stir bar was charged with cyclopropane 

carbaldehyde (0.2 mmol, 1 equiv.), aryl hydrazone (0.2 mmol, 1 equiv.), activated 4 Å MS (200 

mol%), and Jørgensen-Hayashi Catalyst III (0.06 mmol, 0.3 equiv.) under nitrogen atmosphere. 

CCl4 (2 mL) was added as a solvent to the reaction mixture and was stirred under reflux conditions 

(oil bath) for 12 hour. After the completion of the reaction (as monitored by TLC), the reaction 

mixture was passed through a small pad of Celite, and the solvent was removed under reduced 

1H NMR (400 MHz): δ 7.67-7.64 (m, 3H), 7.36 (t, J = 7.7 Hz, 

2H), 7.29 (d, J = 7.5 Hz, 1H), 7.09 (d, J = 8.2 Hz, 2H), 7.02 (d, 

J = 8.3 Hz, 2H), 2.29 (s, 3H)  

 

1H NMR (400 MHz): δ 7.68-7.64 (m, 3H), 7.37 (t, J = 7.5 Hz, 

2H), 7.32-7.28 (m, 1H), 7.08-7.04 (m, 2H), 7.00-6.96 (m, 2H) 

1H NMR (400 MHz): δ 7.67-7.64 (m, 3H), 7.38 (t, J = 7.5 Hz, 

2H), 7.33-7.29 (m, 1H), 7.23 (d, J = 8.7 Hz, 2H), 7.05 (d, J = 

8.4 Hz, 2H) 

 

1H NMR (400 MHz): δ 7.26-7.20 (m, 2H), 6.98-6.96 (m, 3H), 

6.82-6.79 (m, 1H), 2.30-2.24 (m, 1H), 1.89-1.75 (m, 5H), 1.35-

1.21 (m, 5H)  
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pressure by a rotary evaporator. Then the crude product was further purified by column 

chromatography on silica gel with EtOAc/hexane as eluent. 

Racemic products were prepared according to the representative procedure 4 by using the racemic 

catalyst. 

 (S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-benzylidene-1-phenyl-1,4,5,6-tetrahydropyridazine(3aa) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2a (0.051 g, 

0.26 mmol); 3aa (0.057 g, 0.15 mmol); Purification: Purified 

by silica gel column chromatography using 3% ethyl acetate in 

hexane as eluent; Yield: 60%; Nature: Yellow solid; Melting 

point: 110 °C; [α]D
25 = -818.20 (c = 0.6, CHCl3); HPLC: 

Chiralpak IC, i-PrOH/hexanes = 10/90, flow rate = 0.5 mL/min, 

I = 367 nm; tR = 9.94 min (major), 11.91 min (minor); ee = 97%; 1H-NMR (400 MHz) : δ  7.50 (s, 

1H), 7.35-7.20 (m, 9H), 6.89 (t, J = 13.0 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 6.65-6.62 (m, 2H), 6.19 

(bs, 1H), 5.90 (d, J = 6.4 Hz, 2H), 5.33 (d, J = 5.6 Hz, 1H), 3.18 (dd, J = 14.5, 5.6 Hz, 1H), 2.66 (d, 

J = 14.4Hz, 1H); 13C-NMR (100 MHz) : δ  148.1, 146.7, 146.1, 136.0, 133.7, 132.7, 129.8, 129.4, 

129.1, 128.4, 127.5, 123.3, 120.6, 119.2, 114.0, 108.6, 106.5, 101.1, 57.2, 34.8; IR (Neat): 2922, 

1596, 1492, 1338, 1244, 1129, 1038, 994, 932, 750 cm-1; HRMS (ESI, Q-TOF) m/z: [M+H]+  

calculated for  C24H21N2O2  369.1603, Found 369.1602. 

(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(4-methoxybenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3ab) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2b (0.058 

g, 0.26 mmol); 3ab (0.062 g, 0.15 mmol); Purification: 

Purified by silica gel column chromatography using 10% 

ethyl acetate in hexane as eluent; Yield: 60%; Nature: 

Yellow solid; Melting point: 160 °C; [α]D
25 = -323.54 (c 

= 1.5, CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes 

= 5/95, flow rate = 0.5 mL/min, I = 387 nm; tR = 15.67 

min (major), 26.31 min (minor); ee = 89%; 1H-NMR (400 MHz) : δ  7.50 (s, 1H), 7.30-7.24 (m, 

6H), 6.90 (m,3H), 6.74 (d, J = 7.9 Hz, 1H), 6.66 (m, 2H), 6.16 (bs, 1H), 5.92 (d, J = 6.8 Hz, 2H), 

5.34 (m, 1H), 3.84 (s, 3H), 3.19 (dd, J = 14.3, 5.5 Hz, 1H), 2.65 (d, J = 14.1Hz, 1H); 13C-NMR 

(100 MHz): δ 159.1, 148.0, 146.7, 146.2, 133.9, 133.0, 130.7, 129.5, 129.0, 128.6, 121.8, 120.4, 

119.2, 113.9, 113.8, 108.5, 106.6, 101.1, 57.2, 55.4, 34.8; IR (Neat): 2923, 1598, 1497, 1337, 1296, 

1252, 1175, 1130, 1036, 992, 933, 800, 750, 691 cm-1; HRMS (ESI, Q-TOF) m/z: [M+H]+  

calculated for  C25H23N2O3  399.1709, Found 399.1696 

 

 



Chapter 2A: Organocatalytic (3+3) Cycloaddition of DACs with Aryl Hydrazones 

 

55 
 

(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(4-methylbenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3ac) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2c (0.055 g, 

0.26 mmol); 3ac (0.063 g, 0.16 mmol); Purification: 

Purified by silica gel column chromatography using 8% 

ethyl acetate in hexane as eluent; Yield: 63%; Nature: 

Yellow solid; Melting point: 145 °C; [α]D
25 = -680.84 (c = 

0.9, CHCl3); HPLC: Chiralpak IC, i-PrOH/hexanes = 10/90, 

flow rate = 0.3 mL/min, I = 364 nm; tR = 16.89 min (major), 

21.35 min (minor); ee = 86%; 1H-NMR (400 MHz) : δ  7.54 (s, 1H), 7.29-7.15 (m, 8H), 6.91 (t, J 

= 13.0 Hz, 1H), 6.73 (d, J = 7.8 Hz, 1H), 6.67-6.64 (m, 2H), 6.18 (bs, 1H), 5.91 (d, J = 5.5 Hz, 2H), 

5.34 (d, J = 5.4 Hz, 1H), 3.2 (dd, J = 14.4, 5.6 Hz, 1H), 2.65 (d, J = 14.2 Hz, 1H), 2.37 (s, 3H); 13C-

NMR (100 MHz):  δ 148.0, 146.7, 146.2, 137.5, 133.9, 133.1, 133.0, 129.8, 129.3, 129.1, 129.0, 

122.6, 120.5, 119.2, 114.0, 108.6, 106.6, 101.1, 57.2, 34.9, 21.3; IR (Neat): 2923, 2854, 1597, 

1496, 1441, 1338, 1295, 1235, 1131, 1039, 992, 936, 750 cm-1; HRMS (ESI, Q-TOF) m/z:  

[M+H]+  calculated for  C25H23N2O2  383.1760, Found 383.1745 

(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(4-isopropylbenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3ad)  

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2d (0.062 g, 

0.26 mmol); 3ad (0.085 g, 0.21 mmol); Purification: 

Purified by silica gel column chromatography using 8% ethyl 

acetate in hexane as eluent; Yield: 80%; Nature: Yellow 

solid; Melting point: 156 °C; [α]D
25 = -317.40 (c = 0.5, 

CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 5/95, 

flow rate = 0.5 mL/min, I = 361 nm; tR = 8.16 min (major), 14.41 min (minor); ee = 96%; 1H-NMR 

(400 MHz) : δ  7.56 (s, 1H), 7.30-7.21 (m, 8H), 6.91 (t, J = 13.0 Hz, 1H), 6.73 (d, J = 7.9 Hz, 1H), 

6.67-6.64 (m, 2H), 6.18 (bs, 1H), 5.91 (d, J = 6.6 Hz, 2H), 5.35 (d, J = 5.5 Hz, 1H), 3.19 (dd, J = 

14.3, 5.5 Hz, 1H), 2.93 (m, 1H), 2.66 (d, J = 14.5 Hz, 1H), 1.28 (s, 3H), 1.26 (s, 3H); 13C-NMR 

(100 MHz):  δ 148.5, 148.0, 146.7, 146.2, 133.8, 133.6, 129.8, 129.4, 129.1, 126.5, 122.7, 120.5, 

119.2, 114.0, 108.6, 106.6, 101.1, 57.3, 34.9, 34.0, 24.0; IR (Neat): 2960, 2896, 1596, 1494, 1339, 

1241, 1129, 1040, 994, 933, 750 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  

C27H27N2O2  411.2073, Found 411.2057 
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(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(3,4-dimethoxybenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3ae) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2e (0.066 g, 

0.26 mmol); 3ae (0.099 g, 0.23 mmol); Purification: Purified 

by silica gel column chromatography using 15% ethyl acetate 

in hexane as eluent; Yield: 90%; Nature: Yellow solid; 

Melting point: 90 °C; [α]D
25 = -305.91 (c = 0.9, CHCl3); 

HPLC: Chiralpak IC, i-PrOH/hexanes = 10/90, flow rate = 1.0 mL/min, I = 369 nm; tR = 19.31 min 

(major), 22.75 min (minor); ee = 76%; 1H-NMR (400 MHz) : δ  7.52 (s, 1H), 7.26-7.19 (m, 5H), 

6.90-6.79 (m, 4H), 6.71 (d, J = 7.8 Hz, 1H), 6.64-6.62 (m, 2H), 6.12 (bs, 1H), 5.89 (d, J = 5.7 Hz, 

2H), 5.31 (d, J = 5.7 Hz, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 3.16 (dd, J = 14.6, 6.3 Hz, 1H), 2.62 (d, J 

= 14.2 Hz, 1H); 13C-NMR (100 MHz): δ 148.7, 148.0, 146.7, 146.2, 133.9, 133.0, 129.6, 129.1, 

122.3, 122.2, 120.6, 119.2, 114.0, 112.3, 111.0, 108.6, 106.6, 101.1, 57.3, 56.0, 34.9; IR (Neat): 

2923, 2853, 1596, 1495, 1461, 1255, 1131, 1037 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C26H24N2O4  429.1814, Found 429.1816 

(S,Z)-4-((6-(benzo[d][1,3]dioxol-5-yl)-1-phenyl-5,6-dihydropyridazin-4(1H)-

ylidene)methyl)benzonitrile (3af)  

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2f (0.057 g, 

0.26 mmol); 3af (0.046 g, 0.11 mmol); Purification: 

Purified by silica gel column chromatography using 12% 

ethyl acetate in hexane as eluent; Yield: 45%; Nature: 

Yellow solid; Melting point: 120 °C; [α]D
25 = -619.83 (c = 

0.4, CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 

10/90, flow rate = 0.8 mL/min, I = 383 nm; tR = 15.17 min (major), 41.99 min (minor); ee = 96%; 

1H-NMR (400 MHz) : δ  7.60 (d, J = 8.0 Hz, 2H), 7.37 (m, 3H), 7.28-7.21 (m, 4H), 6.92 (t, J = 

13.5 Hz, 1H), 6.73 (d, J = 7.7 Hz, 1H), 6.63-6.60 (m, 2H), 6.13 (bs, 1H), 5.91 (d, J = 6.8 Hz, 2H), 

5.35 (d, J = 4.6 Hz, 1H), 3.20 (dd, J = 14.6, 5.6 Hz, 1H), 2.68 (d, J = 14.5 Hz, 1H); 13C-NMR (100 

MHz):  δ 148.2, 146.9, 145.9, 140.7, 133.0, 132.2, 131.0, 129.8, 129.1, 127.0, 126.3, 121.2, 119.1, 

114.2, 108.7, 106.4, 101.2, 57.1, 34.8; IR (Neat): 2922, 2852, 1597, 1493, 1257, 1039, 809, 751 

cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C25H20N3O2  394.1556, Found 394.1533 
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(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(4-bromobenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3ah) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2h (0.071 g, 

0.26 mmol); 3ah (0.065 g, 0.14 mmol); Purification: 

Purified by silica gel column chromatography using 3% ethyl 

acetate in hexane as eluent; Yield: 55%; Nature: Yellow 

solid; Melting point: 115 °C; [α]D
25 = -652.90 (c = 0.4, 

CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 5/95, 

flow rate = 0.5 mL/min, I = 400 nm; tR = 11.66 min (major), 27.97 min (minor); ee = 90%; 1H-

NMR (400 MHz) : δ  7.45-7.42 (m, 3H), 7.27-7.20 (m, 4H), 7.14 (d, J = 8.3 Hz, 2H), 6.9 (t, J = 

13.4 Hz, 1H), 6.71 (d, J = 7.8 Hz, 1H), 6.63-6.60 (m, 2H), 6.08 (bs, 1H), 5.89 (d, J = 6.8 Hz, 2H), 

5.32 (d, J = 5.7 Hz, 1H), 3.15 (dd, J = 14.3, 5.5 Hz, 1H), 2.64 (d, J = 14.2 Hz, 1H); 13C-NMR (100 

MHz): δ 148.1, 146.8, 146.0, 134.9, 133.5, 132.0, 131.5, 130.9, 129.1, 128.2, 124.0, 121.4, 120.8, 

119.1, 114.1, 108.6, 106.5, 101.2, 57.1, 34.8; IR (Neat): 2921, 2852, 1597, 1488, 1459, 1376, 1237, 

1040, 750 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C24H20BrN2O2  447.0708, 

Found 447.0702 

(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(4-chlorobenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3ai) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2i (0.060 g, 

0.26 mmol); 3ai (0.044 g, 0.11 mmol); Purification: Purified 

by silica gel column chromatography using 3% ethyl acetate 

in hexane as eluent; Yield: 42%; Nature: Yellow solid; 

Melting point: 114 °C; [α]D
25 = -629.02 (c = 0.8, CHCl3); 

HPLC: Chiralcel OD-H, i-PrOH/hexanes = 5/95, flow rate = 

0.5 mL/min, I = 400 nm; tR = 11.33 min (major), 23.92 min (minor); ee = 89%; 1H-NMR (400 

MHz) : δ 7.47 (s, 1H), 7.34-7.24 (m, 8H), 6.94 (t, J = 13.7 Hz, 1H), 6.76 (d, J = 7.7 Hz, 1H), 6.66 

(m, 2H), 6.16 (bs, 1H), 5.94 (d, J = 6.8 Hz, 2H), 5.37 (d, J = 5.7 Hz, 1H), 3.2 (dd, J = 14.2, 5.5 Hz, 

1H), 2.69 (d, J = 14.5Hz, 1H); 13C-NMR (100 MHz): δ 148.1, 146.8, 146.1, 134.5, 133.5, 133.3, 

132.0, 130.6, 129.1, 128.6, 128.2, 124.0, 120.8, 119.2, 114.1, 108.6, 106.5, 101.2, 57.1, 34.8; IR 

(Neat): 2920, 2851, 1596, 1488, 1337, 1255, 1091, 1039, 992, 935, 804, 749, 509 cm-1; HRMS 

(ESI, Q-TOF) m/z:  [M+H]+  calculated for  C24H20ClN2O2  403.1213, Found 403.1187  
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(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(4-fluorobenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3aj) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2j (0.055 g, 

0.26 mmol); 3aj (0.070 g, 0.18 mmol); Purification: 

Purified by silica gel column chromatography using 3% ethyl 

acetate in hexane as eluent; Yield: 70%; Nature: Yellow 

solid; Melting point: 132 °C; [α]D
25 = - 451.90 (c = 1.4, 

CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 5/95, 

flow rate = 0.5 mL/min, I = 400 nm; tR = 10.49 min (major), 21.57 min (minor); ee = 85%; 1H-

NMR (400 MHz) : δ  7.46 (s, 1H), 7.30-7.24 (m, 6H), 7.05 (t, J = 17.4 Hz, 2H), 6.93 (t, J = 13.5 

Hz, 1H), 6.75 (d, J = 7.8 Hz, 1H), 6.66 (m, 2H), 6.17 (bs, 1H), 5.93 (d, J = 7.3 Hz, 2H), 5.36 (d, J 

= 5.8 Hz, 1H), 3.2 (dd, J = 14.2, 5.5 Hz, 1H), 2.67 (d, J = 14.5Hz, 1H); 13C-NMR (100 MHz) : δ  

163.3, 160.9, 148.1, 146.8, 146.1, 133.7, 132.3, 132.1, 131.0, 130.9, 129.1, 128.4, 123.3, 120.7, 

119.2, 115.5, 115.3, 114.0, 108.6, 106.5, 101.2, 57.1, 34.8; IR (Neat): 2923, 2853, 1598, 1501, 

1338, 1233, 1131, 1039, 992, 935, 750 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  

C24H20FN2O2  387.1509, Found 387.1497 

(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(3-bromobenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3ak) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2k (0.071 g, 

0.26 mmol); 3ak (0.058 g, 0.13 mmol); Purification: 

Purified by silica gel column chromatography using 3% ethyl 

acetate in hexane as eluent; Yield: 50%; Nature: Yellow 

solid; Melting point: 78 °C; [α]D
25 = -319.27 (c = 0.2, 

CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 10/90, 

flow rate = 0.5 mL/min, I = 372 nm; tR = 10.22 min (major), 20.18 min (minor); ee = 99%; 1H-

NMR (400 MHz) : δ  7.44 (s,1H), 7.40 (s, 1H), 7.38-7.35 (m, 1H), 7.27-7.18 (m, 6H), 6.90 (t, J = 

13.7 Hz, 1H), 6.72 (d, J = 7.7 Hz, 1H), 6.63-6.60 (m, 2H), 6.08 (bs, 1H), 5.90 (d, J = 7.3 Hz, 2H), 

5.32 (d, J = 5.5 Hz, 1H), 3.17 (dd, J = 14.6, 5.5 Hz, 1H), 2.65 (d, J = 14.5Hz, 1H); 13C-NMR (100 

MHz): δ 148.2, 146.8, 146.0, 134.9, 133.5, 132.0, 131.6, 130.9, 129.1, 128.2, 124.1, 121.5, 120.8, 

119.2, 114.1, 108.6, 106.5, 101.1, 57.1, 34.8; IR (Neat): 2923, 2854, 1596, 1494, 1442, 1338, 1294, 

1253, 1130, 1039, 993, 936, 812, 750, 692 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated 

for  C24H20BrN2O2  447.0708, Found 447.0694 

(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(3-methoxybenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3al) 
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Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2l (0.058 g, 

0.26 mmol); 3al (0.055 g, 0.14 mmol); Purification: 

Purified by silica gel column chromatography using 8% ethyl 

acetate in hexane as eluent; Yield: 54%; Nature: Yellow 

solid; Melting point: 97 °C; [α]D
25 = -465.45 (c = 0.7, 

CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 10/90, 

flow rate = 0.5 mL/min, I = 367 nm; tR = 15.21 min (major), 

27.33 min (minor); ee = 93%; 1H-NMR (400 MHz) : δ  7.51 (s, 1H), 7.26-7.20 (m, 5H), 6.90-6.87 

(m,2H), 6.84-6.79 (m, 2H),  6.71 (d, J = 7.9 Hz, 1H), 6.64-6.61 (m, 2H), 6.15 (s, 1H), 5.89 (d, J = 

7.2 Hz, 2H), 5.32 (d, J = 5.8 Hz, 1H), 3.79 (s, 3H), 3.17 (dd, J = 14.4, 5.8 Hz, 1H), 2.67 (d, J = 14.4 

Hz, 1H); 13C-NMR (100 MHz) : δ  159.5, 148.1, 146.7, 146.2, 137.3, 133.7, 132.7, 129.6, 129.4, 

129.1, 123.6, 122.0, 120.6,119.2, 114.7, 114.0, 113.1, 108.6, 106.5, 101.1, 57.2, 55.3, 34.9; IR 

(Neat): 2921, 1593, 1490, 1249, 1127, 1039, 933, 751 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C25H23N2O3  399.1709, Found 399.1681 

(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-(2-methylbenzylidene)-1-phenyl-1,4,5,6-

tetrahydropyridazine (3am) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2m (0.054 g, 

0.26 mmol); 3am (0.052 g, 0.13 mmol); Purification: 

Purified by silica gel column chromatography using 5% ethyl 

acetate in hexane as eluent.; Yield: 52%; Nature: Yellow 

solid; Melting point: 118 °C; [α]D
25 = -395.28 (c = 1.0, 

CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 10/90, 

flow rate = 0.5 mL/min, I = 359 nm; tR = 8.07 min (major), 11.84 min (minor); ee = 92%; 1H-NMR 

(400 MHz) : δ  7.29 (s, 1H), 7.26-7.17 (m, 8H), 6.89 (t, J = 13.2 Hz, 1H), 6.74 (d, J = 8.0 Hz, 1H), 

6.67-6.64 (m, 2H), 6.24 (s, 1H), 5.90 (d, J = 6.4 Hz, 2H), 5.35 (d, J = 5.6 Hz, 1H), 3.21 (dd, J = 

14.2, 5.4 Hz, 1H), 2.71 (d, J = 14.3 Hz, 1H), 2.18 (s, 3H); 13C-NMR (100 MHz):  δ 148.1, 146.7, 

146.2, 137.5, 133.9, 133.2, 133.0, 129.8, 129.3, 129.1, 129.0, 122.6, 120.5, 119.2, 114.0, 108.5, 

106.6, 101.1, 57.2, 34.9, 21.4; IR (Neat): 2923, 2854, 1597, 1489, 1337, 1294, 1235, 1130, 1038, 

992, 936, 808, 748, 691 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C25H23N2O2  

383.1760, Found 383.1733 
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(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-benzylidene-1-(p-tolyl)-1,4,5,6-tetrahydropyridazine 

(3an) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2n (0.054 g, 

0.26 mmol); 3an (0.040 g, 0.10 mmol); Purification: Purified 

by silica gel column chromatography using 4% ethyl acetate 

in hexane as eluent; Yield: 40%; Nature: Yellow solid; 

Melting point: 102 °C; [α]D
25 = -697.31 (c = 0.5, CHCl3); 

HPLC: Chiralpak IC, i-PrOH/hexanes = 10/90, flow rate = 

0.5 mL/min, I = 369 nm; tR = 10.30 min (major), 13.29 min (minor); ee = 91%; 1H-NMR (400 

MHz): δ 7.47 (s, 1H), 7.32-7.24 (m, 5H), 7.09 (q, J = 27.0, 8.7 Hz, 4H), 6.71 (d, J = 7.9 Hz, 1H), 

6.64-6.61 (m, 2H), 6.16 (bs, 1H), 5.89 (d, J = 7.3 Hz, 2H), 5.30 (d, J = 5.8 Hz, 1H), 3.17 (dd, J = 

14.1, 5.4 Hz, 1H), 2.64 (d, J = 14.4 Hz, 1H), 2.26 (s, 3H); 13C-NMR (100 MHz):  δ 148.0, 146.7, 

114.0, 138.6, 133.9, 132.2, 129.9, 129.6, 129.4, 128.4, 127.5, 123.4, 119.2, 114.1, 108.6, 106.6, 

101.1, 57.3, 34.9, 20.6; IR (Neat): 2919, 2854, 1454, 1254, 1032, 802        cm-1; HRMS (ESI, Q-

TOF) m/z:  [M+H]+  calculated for  C25H23N2O2  383.1760, Found 383.1726 

(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-benzylidene-1-(4-fluorophenyl)-1,4,5,6-

tetrahydropyridazine (3ao) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2o (0.055 g, 

0.26 mmol); 3ao (0.053 g, 0.14 mmol); Purification: Purified 

by silica gel column chromatography using 5% ethyl acetate 

in hexane as eluent; Yield: 53%; Nature: Yellow solid; 

Melting point: 65 °C; [α]D
25 = -320.10 (c = 0.8, CHCl3); 

HPLC: Chiralpak IC, i-PrOH/hexanes = 10/90, flow rate = 

0.5 mL/min, I = 378 nm; tR = 16.43 min (major), 18.02 min (minor); ee = 81.5%; 1H-NMR (400 

MHz) : δ  7.47 (s, 1H), 7.35-7.23 (m, 5H), 7.16-7.12 (m, 2H),  6.93 (t, J = 17.4  Hz, 2H), 6.72 (d, 

J = 8.1 Hz, 1H), 6.63-6.59 (m, 2H), 6.19 (bs, 1H), 5.90 (d, J = 5.1 Hz, 2H), 5.25 (d, J = 5.6 Hz, 

1H), 3.17 (dd, J = 14.4, 5.4 Hz, 1H), 2.65 (d, J = 14.5Hz, 1H); 13C-NMR ( 100 MHz) : 158.9, 

156.5, 148.1, 146.8, 142.7, 139.1, 135.9, 133.6, 132.7, 130.8, 129.8, 129.4, 128.5, 127.6, 123.2, 

119.8, 119.2, 116.1, 115.6, 115.4, 108.6, 106.5, 101.2, 57.6, 34.9; IR (Neat): 2923, 2853, 1504, 

1461, 1444, 1376, 1256, 1230, 1039, 937, 817, 749, 722, 703, 513 cm-1; HRMS (ESI, Q-TOF) 

m/z:  [M+H]+  calculated for  C24H20FN2O2  387.1509, found 387.1498 
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(S,Z)-6-(benzo[d][1,3]dioxol-5-yl)-4-benzylidene-1-(4-chlorophenyl)-1,4,5,6-

tetrahydropyridazine (3ap) 

Reaction Time: 12 h; 1a (0.050 g, 0.26 mmol); 2p (0.059 g, 

0.26 mmol); 3ap (0.054 g, 0.13 mmol); Purification: Purified 

by silica gel column chromatography using 5% ethyl acetate in 

hexane as eluent; Yield: 51%; Nature: Yellow solid; Melting 

point: 126 °C; [α]D
25 = -392.74 (c = 1.0, CHCl3); HPLC: 

Chiralpak IC, i-PrOH/hexanes = 10/90, flow rate = 0.3 

mL/min, I = 356 nm; tR = 16.27 min (major), 18.43 min (minor); ee = 81.5%; 1H-NMR (400 MHz) 

: δ  7.49 (s, 1H), 7.35-7.31 (m, 2H), 7.28-7.24 (m, 3H), 7.16 (q, J = 19.2, 9.2 Hz, 4H), 6.71 (d, J = 

7.9 Hz, 1H), 6.61-6.58 (m, 2H), 6.22 (bs, 1H), 5.90 (d, J = 5.9 Hz, 2H), 5.27 (d, J = 5.6 Hz, 1H), 

3.17 (dd, J = 14.3, 5.7 Hz, 1H), 2.65 (d, J = 14.4 Hz, 1H); 13C-NMR (100 MHz): δ 148.2, 146.9, 

114.8, 135.8, 133.3, 130.4, 129.4, 128.9, 128.4, 127.7, 125.4, 123.0, 119.2, 115.2, 108.6, 106.4, 

101.2, 57.2, 34.8; IR (Neat): 2899, 1591, 1489, 1338, 1240, 1128, 1039, 995, 931, 818, 742 cm-1; 

HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C24H20ClN2O2  403.1213, Found 403.1194 

(S,Z)-4-benzylidene-6-(4-methoxyphenyl)-1-phenyl-1,4,5,6-tetrahydropyridazine (3ba) 

Reaction Time: 12 h; 1b (0.050 g, 0.28 mmol); 2a (0.056 g, 

0.28 mmol); 3ba (0.056 g, 0.16 mmol); Purification: Purified 

by silica gel column chromatography using 8% ethyl acetate in 

hexane as eluent; Yield: 56%; Nature: Yellow solid; Melting 

point: 101 °C; [α]D
25 = -669.26 (c = 0.8, CHCl3); HPLC: 

Chiralcel OD-H, i-PrOH/hexanes = 10/90, flow rate = 0.5 mL/min, I = 397 nm; tR = 7.67 min 

(major), 11.05 min (minor); ee = 83%; 1H-NMR (400 MHz) : δ  7.53 (s, 1H), 7.37-7.24 (m, 10H), 

7.12 (d, J = 8.7 Hz, 2H),  6.93-6.89 (m, 1H), 6.85 (d, J = 8.7 Hz, 2H), 6.20 (s, 1H), 5.41 (d, J = 5.6 

Hz, 1H), 3.77 (s, 3H), 3.22 (dd, J = 14.2, 5.5 Hz, 1H), 2.71 (d, J = 14.2Hz, 1H); 13C-NMR (100 

MHz): δ 158.7, 146.3, 136.0, 132.7, 131.7, 129.6, 129.4, 129.1, 128.4, 127.5, 127.2, 123.5, 120.5, 

114.2, 114.0, 56.9, 55.3, 34.8; IR (Neat): 2924, 1597, 1499, 1306, 1249, 1175, 1128, 993, 843, 749, 

694 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C24H23N2O  355.1810, found 

355.1801 
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(S,Z)-4-benzylidene-6-(3,4-dimethoxyphenyl)-1-phenyl-1,4,5,6-tetrahydropyridazine (3ca) 

Reaction Time: 12 h; 1c (0.050 g, 0.24 mmol); 2a (0.047 g, 0.24 

mmol); 3ca (0.054 g, 0.14 mmol); Purification: Purified by 

silica gel column chromatography using 15% ethyl acetate in 

hexane as eluent; Yield: 58%; Nature: Yellow solid; Melting 

point: 116 °C; [α]D
25 = -354.91 (c = 0.95, CHCl3); HPLC: 

Chiralcel OD-H, i-PrOH/hexanes = 10/90, flow rate = 1.0 mL/min, l = 358 nm) tR = 5.36 min 

(major), 7.37 min (minor); ee = 98%; 1H-NMR (400 MHz) : δ  7.54 (s, 1H), 7.36-7.24 (m, 9H),  

6.93-6.89 (m, 1H), 6.80 (d, J = 8.3 Hz, 1H), 6.76-6.74 (m, 1H), 6.70 (d, J = 2.2 Hz), 6.21 (s, 1H), 

5.38 (d, J = 5.8 Hz, 1H), 3.84 (s, 6H), 3.23 (dd, J = 14.3, 5.5 Hz, 1H), 2.70 (d, J = 14.3Hz, 1H); 

13C-NMR (100 MHz): δ 149.2, 148.1, 146.3, 136.0, 132.6, 129.7, 129.3, 129.1, 128.4, 127.5, 123.5, 

120.6, 118.3, 114.2, 111.3, 109.1, 57.3, 55.9, 34.9; IR (Neat): 2927, 1595, 1501, 1256, 1135, 997, 

929, 750 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C25H25N2O2  385.1916, found 

385.1894 

(S,Z)-4-benzylidene-1-phenyl-6-(p-tolyl)-1,4,5,6-tetrahydropyridazine (3da) 

Reaction Time: 12 h; 1d (0.050 g, 0.31 mmol); 2a (0.061 g, 

0.31 mmol); 3da (0.040 g, 0.12 mmol); Purification: Purified 

by silica gel column chromatography using 5% ethyl acetate in 

hexane as eluent; Yield: 40%; Nature: Yellow solid; Melting 

point: 122 °C; [α]D
25 = -318.89 (c = 0.7, CHCl3); HPLC: 

Chiralcel OD-H, i-PrOH/hexanes = 5/95, flow rate = 0.5 mL/min, I = 351 nm; tR = 6.25 min (major), 

9.10 min (minor); ee = 76%; 1H-NMR (400 MHz) : δ  7.49 (s, 1H), 7.33-7.29 (m, 2H), 7.26-7.21 

(m, 7H), 7.07 (m, 4H), 6.89-6.84 (m, 1H), 6.16 (bs, 1H), 5.38 (d, J = 5.5 Hz, 1H), 3.20 (dd, J = 

14.6, 5.8 Hz, 1H), 2.69 (d, J = 14.2Hz, 1H), 2.27 (s, 3H); 13C-NMR (100 MHz): δ 146.3, 136.9, 

136.8, 136.1, 132.7, 129.6, 129.4, 129.1, 128.4, 127.5, 125.9, 123.5, 120.5, 114.0, 57.3, 34.7, 21.2; 

IR (Neat): 2922, 2853, 1597, 1495, 1361, 1130, 992, 923, 750, 693 cm-1; HRMS (ESI, Q-TOF) 

m/z:  [M+H]+  calculated for  C24H23N2 339.1861, found 339.1867   

(S,Z)-4-benzylidene-1,6-diphenyl-1,4,5,6-tetrahydropyridazine (3ea) 

Reaction Time: 12 h; 1e (0.050 g, 0.34 mmol); 2a (0.067 g, 0.34 

mmol); 3ea (0.085 g, 0.26 mmol); Purification: Purified by silica 

gel column chromatography using 3% ethyl acetate in hexane as 

eluent; Yield: 77%; Nature: Yellow solid; Melting point: 140 

°C; [α]D
25 = -352.53 (c = 1.0, CHCl3); HPLC: Chiralcel OD-H, 

i-PrOH/hexanes = 5/95, flow rate = 0.5 mL/min, I = 365 nm; tR = 
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7.12 min (major), 10.53 min (minor); ee = 70%; 1H-NMR (400 MHz): δ 7.54 (s, 1H), 7.36-7.20 

(m, 14H), 6.93-6.90 (m, 1H), 6.19 (s, 1H), 5.46 (d, J = 5.8 Hz, 1H), 3.26 (dd, J = 14.3, 5.7 Hz, 1H), 

2.75 (d, J = 14.2Hz, 1H); 13C-NMR (100 MHz): δ 146.3, 139.8, 136.0, 132.8, 129.7, 129.4, 129.1, 

128.9, 128.4, 127.5, 127.3, 126.0, 123.4, 120.6, 114.0, 57.4, 34.7; IR (Neat): 2923, 2853, 1597, 

1539, 1495, 1452, 1362, 1259, 1130, 1076, 1031, 991, 932, 802, 749, 695, 626 cm-1; HRMS (ESI, 

Q-TOF) m/z:  [M+H]+  calculated for  C23H21N2  325.1705, found 325.1696 

(S,Z)-4-benzylidene-6-(4-fluorophenyl)-1-phenyl-1,4,5,6-tetrahydropyridazine (3fa) 

Reaction Time: 12 h; 1f (0.050 g, 0.30 mmol); 2a (0.059 g, 

0.30mmol); 3fa (0.082 g, 0.24 mmol); Purification: Purified by 

silica gel column chromatography using 8% ethyl acetate in 

hexane as eluent; Yield: 80%; Nature: Yellow solid; Melting 

point: 128 °C; [α]D
25 = -492.68 (c = 1.1, CHCl3); HPLC: 

Chiralcel OD-H, i-PrOH/hexanes = 10/90, flow rate = 0.5 mL/min, I = 371 nm; tR = 7.23 min 

(major), 10.93 min (minor); ee = 94%; 1H-NMR (400 MHz) : δ 7.50 (s, 1H), 7.34-7.30 (m, 2H), 

7.26-7.18 (m, 7H), 7.157.12 (m, 2H),  6.97 (t, J = 13.8 Hz, 1H), 6.17 (s, 1H), 5.41 (d, J = 5.6 Hz, 

1H), 3.21 (dd, J = 14.2, 5.5 Hz, 1H), 2.67 (d, J = 14.2Hz, 1H); 13C-NMR (100 MHz): δ 146.1, 

135.9, 135.5, 132.9, 130.0, 129.4, 129.1, 128.4, 127.8, 127.7, 127.6, 123.1, 120.7, 115.7, 114.0, 

56.8, 34.8; IR (Neat): 2924, 2854, 1597, 1495, 1229, 1129, 991, 922, 751, 693 cm-1; HRMS (ESI, 

Q-TOF) m/z:  [M+H]+  calculated for  C23H20N2F  343.1611, found 343.1613   

(S,Z)-4-benzylidene-6-(4-bromophenyl)-1-phenyl-1,4,5,6-tetrahydropyridazine (3ga) 

Reaction Time: 12 h; 1g (0.060 g, 0.26 mmol); 2a (0.052 g, 0.26 

mmol); 3ga (0.058 g, 0.14 mmol); Purification: Purified by silica 

gel column chromatography using 5% ethyl acetate in hexane as 

eluent; Yield: 55%; Nature: Yellow liquid; [α]D
25 = -325.80 (c = 

0.9, CHCl3); HPLC: Chiralpak IC, i-PrOH/hexanes = 10/90, flow 

rate = 0.3 mL/min, I = 379 nm; tR = 14.40 min (major), 16.42 min (minor); ee = 85%; 1H-NMR 

(400 MHz) : δ  7.50 (s, 1H), 7.40 (d, J = 8.6 Hz, 2H), 7.31-7.17 (m, 9H), 7.04 (d, J = 8.7 Hz, 2H), 

6.89 (t, J = 14.1 Hz, 1H), 6.17 (s, 1H), 5.36 (d, J = 5.9 Hz, 1H), 3.21 (dd, J = 14.6, 5.8 Hz, 1H), 

2.66 (d, J = 14.5Hz, 1H); 13C-NMR (100 MHz): δ 146.0, 138.9, 135.8, 133.0, 132.0, 130.11, 129.4, 

129.1, 128.4, 127.9, 127.7, 126.0, 122.9, 121.2, 120.8, 114.0, 56.9, 34.5; IR (Neat): 2920, 2853, 

1594, 1490, 1356, 1126, 995, 923, 748, 693, 487 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C23H20N2Br  403.0810, found 403.0787.  
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(S,Z)-4-benzylidene-6-mesityl-1-phenyl-1,4,5,6-tetrahydropyridazine (3ha) 

Reaction Time: 12 h; 1h (0.050 g, 0.26 mmol); 2a (0.052 g, 0.26 

mmol); 3ha (0.058 g, 0.16 mmol); Purification: Purified by silica 

gel column chromatography using 6% ethyl acetate in hexane as 

eluent; Yield: 60%; Nature: Yellow liquid; [α]D
25 = -60.34 (c = 

0.6, CHCl3); HPLC: Chiralpak IC, i-PrOH/hexanes = 10/90, flow 

rate = 0.5 mL/min, I = 344 nm; tR = 8.49 min (major), 9.32 min (minor); ee = 64.5%; 1H-NMR 

(400 MHz) : δ  7.6 (s, 1H), 7.41-7.34 (m, 4H), 7.29-7.25 (m, 1H), 7.16 (t, J =   15.5 Hz, 2H), 7.06 

(d, J = 8.1 Hz, 2H), 6.89-6.84 (m, H), 6.67 (bs, 1H), 6.27 (s, 1H), 5.39 (t, J = 13.2 Hz, 1H), 2.94 

(dd, J = 14.6, 6.9 Hz, 1H), 2.81 (dd, J = 14.6, 6.4 Hz, 1H), 2.48 (s, 3H), 2.21 (s, 3H), 2.15 (s, 3H); 

13C-NMR (100 MHz): δ 146.8, 136.5, 136.1, 135.8, 135.5, 134.4, 131.9, 130.0, 129.3, 128.7, 128.5, 

127.8, 127.5, 124.7, 121.2, 115.9, 55.3, 33.4, 20.8, 20.5; IR (Neat): 2921, 2855, 1596, 1490, 1308, 

1103, 1026, 802, 750, 694 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C26H27N2 

367.2174, found 367.2163   

(S,Z)-4-benzylidene-6-(furan-2-yl)-1-phenyl-1,4,5,6-tetrahydropyridazine (3ia) 

Reaction Time: 12 h; 1h (0.035 g, 0.26 mmol); 2a (0.051 g, 0.26 

mmol); 3ha (0.030 g, 0.09 mmol); Purification: Purified by silica 

gel column chromatography using 5% ethyl acetate in hexane as 

eluent; Yield: 36%; Nature: Yellow sticky liquid; [α]D
25 = -851.27 

(c = 0.4, CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 

5/95, flow rate = 0.5 mL/min, I = 372 nm; tR = 6.67 min (major), 8.59 min (minor); ee = 91%; 1H-

NMR (400 MHz) : δ  7.52 (s, 1H), 7.37-7.27 (m, 10H), 6.95-6.91 (m, 1H), 6.35 (s, 1H), 6.25-6.23 

(m,1H), 6.08 (d, J = 3.2 Hz, 1H), 5.48 (d, J = 5.4 Hz, 1H), 3.12 (dd, J = 14.9, 5.2 Hz, 1H), 2.95 (d, 

J = 14.6 Hz, 1H); 13C-NMR (100 MHz): δ 151.4, 146.3, 142.1, 136.0, 133.0, 129.9, 129.4, 129.1, 

128.5, 127.6, 123.8, 120.8, 114.4, 110.5, 107.9, 51.5, 31.8; IR (Neat): 1595, 1493, 1342, 1296, 

1259, 1129, 1073, 989, 928, 745, 692, 623, 596 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C21H19N2O 315.1497, found 315.1501   

(S,Z)-4-benzylidene-1-phenyl-6-(thiophen-2-yl)-1,4,5,6-tetrahydropyridazine (3ja) 

Reaction Time: 12 h; 1h (0.040 g, 0.26 mmol); 2a (0.051 g, 0.26 

mmol); 3ha (0.042 g, 0.12 mmol); Purification: Purified by silica 

gel column chromatography using 5% ethyl acetate in hexane as 

eluent; Yield: 49%; Nature: Yellow sticky liquid; [α]D
25 = -649.55 

(c = 0.4, CHCl3); HPLC: Chiralcel OD-H, i-PrOH/hexanes = 5/95, 

flow rate = 0.5 mL/min, I = 389 nm; tR = 7.88 min (major), 11.20 min (minor); ee = 94%; 1H-NMR 
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(400 MHz) : δ  7.48 (s, 1H), 7.27-7.16 (m, 9H), 7.08-7.06 (m, 1H), 6.86-6.83 (m, 1H), 6.78 (d, J = 

3.6 Hz, 2H), 6.25 (s, 1H), 5.61 (dd, J = 5.0, 2.2 Hz, 1H), 3.15 (dd, J = 14.6, 5.0 Hz, 1H), 2.69 (d, J 

= 14.6 Hz, 1H); 13C-NMR (100 MHz): δ 146.1, 142.4, 136.0, 133.1, 130.6, 129.4, 129.1, 128.4, 

127.6, 125.5, 125.0, 123.4, 120.9, 114.5, 53.4, 35.1; IR (Neat): 2922, 1595, 1492, 1338, 1259, 

1123, 988, 921, 801, 746, 691, 618, 510 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  

C21H19N2S 331.1269, found 331.1273.  

  

2.A.4.6. Chemical transformation of 3ba5c 

 

Procedure: Compound 3ba, 10% Pd/C, and methanol were taken in a round bottom flask and 

stirred at 45 psi hydrogen pressure for 1.5 h. After completion of the reaction (monitored by TLC), 

the Pd/C was filtered off through a small pad of Celite, washed with methanol, and the solvent was 

removed under vacuum by a rotary evaporator. Then the crude product was purified by silica gel 

column chromatography (EtOAc/Hexane). 

3ba (0.050 g, 0.14mmol); 4ba (0.035 g, 0.098 mmol); Yield: 70%; Nature: oily yellowish liquid; 

1H-NMR (400 MHz): δ 7.26-7.17 (m, 5H), 7.09-7.06 (m, 4H), 6.93-6.91 (m, 2H), 6.87-6.85 (m, 

2H), 6.83-6.81(m, 2H), 5.07 (t, J = 9.6 Hz, 1H), 3.79 (s, 3H), 2.53-2.47 (m, 2H), 2.31-2.24 (m, 1H), 

2.15-2.11 (m, 1H), 2.05-1.98 (m, 1H); 13C-NMR (100 MHz): δ 158.7, 146.9, 139.9, 139.1, 129.2, 

128.6, 128.4, 127.9, 126.3, 120.0, 114.8, 114.3, 55.4, 54.5, 39.1, 33.5, 30.9; IR (Neat): 2923, 2854, 

1596, 1499, 1247, 1174, 1034, 948, 826, 746, 697 cm-1; HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C24H25N2O  357.1967, found 357.1961.     
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1H-NMR (CDCl3, 400MHz) of 3aa 

 

13C-NMR (CDCl3, 100MHz) of 3aa 

13C DEPT (CDCl3, 100MHz) of 3aa 
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13C DEPT, 1H HETCOR NMR (CDCl3, 100, 400 MHz) of 3aa 

 

1H COSY (CDCl3, 400MHz) of 3aa 
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1H-NOE (CDCl3, 400MHz) of 3aa 

 

FTIR of 3aa 
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1H-NMR (CDCl3, 400MHz) of 3ab 

 

13C-NMR (CDCl3, 100MHz) of 3ab 

13C DEPT (CDCl3, 100MHz) of 3ab 
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1H-NMR (CDCl3, 400MHz) of 3ac 

 

13C-NMR (CDCl3, 100MHz) of 3ac 

 

13C DEPT (CDCl3, 100MHz) of 3ac 

 

FTIR of 3ab 
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1H-NMR (CDCl3, 400MHz) of 3ad 

 

13C-NMR (CDCl3, 100MHz) of 3ad 

13C DEPT (CDCl3, 100MHz) of 3ad 

 

FTIR of 3ac 
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1H-NMR (CDCl3, 400MHz) of 3ae 

 

13C-NMR (CDCl3, 100MHz) of 3ae 

FTIR of 3ad 
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1H-NMR (CDCl3, 400MHz) of 3af 

 

13C-NMR (CDCl3, 100MHz) of 3af 

13C DEPT (CDCl3, 100MHz) of 3ae 

 

FTIR of 3ae 
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1H-NMR (CDCl3, 400MHz) of 3ah 

 

13C-NMR (CDCl3, 100MHz) of 3ah 

13C DEPT (CDCl3, 100MHz) of 3af 

 

FTIR of 3af 
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1H-NMR (CDCl3, 400MHz) of 3ai 

 

13C DEPT (CDCl3, 100MHz) of 3ah 

 

FTIR of 3ah 
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13C-NMR (CDCl3, 100MHz) of 3ai 

13C DEPT (CDCl3, 100MHz) of 3ai 

 

FTIR of 3ai 
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1H-NMR (CDCl3, 400MHz) of 3aj 

 

13C-NMR (CDCl3, 100MHz) of 3aj 

13C DEPT (CDCl3, 100MHz) of 3aj 

 

FTIR of 3aj 
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1H-NMR (CDCl3, 400MHz) of 3ak 

 

13C-NMR (CDCl3, 100MHz) of 3ak 

13C DEPT (CDCl3, 100MHz) of 3ak 

 

FTIR of 3ak 
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1H-NMR (CDCl3, 400MHz) of 3al 

 

13C-NMR (CDCl3, 100MHz) of 3al 

13C DEPT (CDCl3, 100MHz) of 3al 

 

FTIR of 3al 
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1H-NMR (CDCl3, 400MHz) of 3am 

 

13C-NMR (CDCl3, 100MHz) of 3am 

13C DEPT (CDCl3, 100MHz) of 3am 

 

FTIR of 3am 

 



Chapter 2A: Organocatalytic (3+3) Cycloaddition of DACs with Aryl Hydrazones 

 

83 
 

 

 

                                                                                                                  

 

             

 

                                                                     

1H-NMR (CDCl3, 400MHz) of 3an 

 

13C-NMR (CDCl3, 100MHz) of 3an 

13C DEPT (CDCl3, 100MHz) of 3an 

 

FTIR of 3an 
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1H-NMR (CDCl3, 400MHz) of 3ao 

 

13C-NMR (CDCl3, 100MHz) of 3ao 

13C DEPT (CDCl3, 100MHz) of 3ao 

 

FTIR of 3ao 
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1H-NMR (CDCl3, 400MHz) of 3ap 

 

13C-NMR (CDCl3, 100MHz) of 3ap 

13C DEPT (CDCl3, 100MHz) of 3ap 

 

FTIR of 3ap 
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1H-NMR (CDCl3, 400MHz) of 3ba 

 

13C-NMR (CDCl3, 100MHz) of 3ba 

13C DEPT (CDCl3, 100MHz) of 3ba 

 

FTIR of 3ba 
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1H-NMR (CDCl3, 400MHz) of 3ca 

 

13C-NMR (CDCl3, 100MHz) of 3ca 

13C DEPT (CDCl3, 100MHz) of 3ca 
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1H-NMR (CDCl3, 400MHz) of 3da 

 

13C-NMR (CDCl3, 100MHz) of 3da 

13C DEPT (CDCl3, 100MHz) of 3da 

 

FTIR of 3ca 
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1H-NMR (CDCl3, 400MHz) of 3ea 

 

13C-NMR (CDCl3, 100MHz) of 3ea 

13C DEPT (CDCl3, 100MHz) of 3ea 

 

FTIR of 3da 
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1H-NMR (CDCl3, 400MHz) of 3fa 

 

13C-NMR (CDCl3, 100MHz) of 3fa 

FTIR of 3ea 
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1H-NMR (CDCl3, 400MHz) of 3ga 

 

13C-NMR (CDCl3, 100MHz) of 3ga 

13C DEPT (CDCl3, 100MHz) of 3fa 

 

FTIR of 3fa 
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1H-NMR (CDCl3, 400MHz) of 3ha 

 

13C-NMR (CDCl3, 100MHz) of 3ha 

13C DEPT (CDCl3, 100MHz) of 3ga 

 

FTIR of 3ga 
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13C DEPT (CDCl3, 100MHz) of 3ha 

 

FTIR of 3ha 

 

1H-NMR (CDCl3, 400MHz) of 3ia 
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1H-NMR (CDCl3, 400MHz) of 3ja 

 

13C-NMR (CDCl3, 100MHz) of 3ia 

FTIR of 3ia 
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1H-NMR (CDCl3, 400MHz) of 4ba 

 

13C-NMR (CDCl3, 100MHz) of 3ja 

FTIR of 3ja 

 



Chapter 2A: Organocatalytic (3+3) Cycloaddition of DACs with Aryl Hydrazones 

 

96 
 

 

                                                

 

                                                                                                                                  

 

 

 

 

 

13C DEPT, 1H HETCOR NMR (CDCl3, 100, 400 MHz) of 4ba 

 

13C DEPT (CDCl3, 100MHz) of 4ba 

 

13C NMR (CDCl3, 100MHz) of 4ba 
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1H COSY (CDCl3, 400MHz) of 4ba 

 

1H-NOE (CDCl3, 400MHz) of 4ba 
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2.A.7. HPLC data of the compounds 

 

 

FTIR of 4ba 
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2.B.1. Introduction 

Nitrogen-containing enantioenriched heterocycles are ubiquitous structural frameworks that are 

present in a diverse range of biologically active molecules.1 Among them, chiral 1,2-oxazinanes 

gathered significant attention owing to their presence in several natural products which exhibit 

potent biological activities.2 Therefore, a number of methodologies flourished over the decades for 

their enantioselective construction by various research groups; however, most of them involve 

nitrones as a main precursor.3 Nitrones are one of the most useful and easily available starting 

materials for the construction of various biologically important nitrogen and oxygen-containing 

heterocycles.3 Especially its ability to undergo the 1,3-dipolar cycloaddition has achieved 

remarkable attention from synthetic organic chemists for the past few decades.3 In 2005, Sibi and 

coworkers reported the first enantioselective (3+3)-cycloaddition of nitrones with cyclopropane 

dicarboxylates in the presence of Ni(ClO4)2 and chiral ligand to obtain tetrahydro-1,2-oxazines with 

high enantiomeric excesses (Scheme 2.B.1.1.a).4 Henceforth, several groups utilized this moiety for 

the asymmetric cycloaddition reaction to achieve enantioenriched heterocyclic frameworks.3 A 

substantial development was made for the metal-catalyzed enantioselective cycloaddition reaction 

in the last two decades, but organocatalytic cycloaddition with nitrones is rarely reported.5 At the 

very beginning of this century, the first organocatalytic 1,3-dipolar cycloaddition of nitrones with 

α,β-unsaturated aldehydes was reported by MacMillan’s group via chiral imidazolidinone based 

secondary amine catalyst.5a Since this pioneering work, only a few asymmetric transformations 

were studied with nitrones; however, most of them are (3+2) type cycloaddition.5 Evidently, 

organocatalytic enantioselective (3+3)-cycloaddition reactions with nitrones are still 

underexplored. Recently, in 2020 Shi et al. reported the first organocatalytic (3+3)-cycloaddition 

reaction of nitrones with 2-indolylmethanols in an asymmetric manner by utilizing the cooperative 

catalysis of hexafluoroisopropanol (HFIP) and chiral phosphoric acid (CPA) (Scheme 2.B.1.1.b).6 

In a different way, we sought to develop an enantioselective (3+3)-cycloaddition of nitrones by 

utilizing secondary amine-based organocatalysis with an appropriate three-carbon reacting partner. 

In this context, donor-acceptor cyclopropanes are one of the most exploited three-membered 

synthons for their unique properties.7 Over the years, this smallest carbocycle has achieved a 

remarkable evolution by engineering numerous cycloaddition reactions for the construction of 

various carbo- and heterocyclic frameworks of biological importance.8 Our lab has been working 

in the field of donor-acceptor cyclopropane for the last decade and has established several notable 

transformations by Lewis and Brønsted acid catalysis.9 We envisaged an organocatalytic approach 

to achieve asymmetric cycloaddition of donor-acceptor cyclopropane carbaldehydes (DACC) via 

iminium activation, which is rarely reported in the literature.10 Though few enantioselective ring-

opening reactions of meso-cyclopropane carbaldehydes were discussed earlier11, the asymmetric  
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Scheme 2.B.1.1. Reports of enantioselective (3+3)-cycloaddition of Nitrones 

 

cycloaddition of racemic-DACCs still remains a challenge. In this endeavor, we envisioned that 

nitrones could undergo (3+3)-cycloaddition with the iminium-activated DACCs. Herein, we report 

an organocatalytic enantioselective (3+3)-cycloaddition of trans racemic-DACCs with ortho-

substituted phenyl nitrones for the construction of enantioenriched 1,2-oxazinanes along with a 

novel class of compounds, i.e., tetrahydrochromeno[2,3-c][1,2]oxazines (Scheme 2.B.1.1.c). 

2.B.2. Result and Discussion 

We started to investigate our optimization studies with para-methoxyphenyl cyclopropane 

carbaldehyde 1a and ortho-methyl phenyl nitrone 2a as model substrates (Table 2.B.1.1). At first, 

the reaction was performed with 1 equivalent of 1a and 1.5 equivalent of 2a with 40 mol% of 

catalyst I in the presence of 4 Å molecular sieves in CCl4 solvent at refluxing condition. 

Delightfully, our desired (3+3)-annulated product 4aa was obtained after 10 hours in 44% yield 

with 75:25 enantiomeric ratio and 4:1 diastereomeric ratio (entry 1, Table 2.B.1.1). The 

stereochemistry of the major isomer of 4aa was determined with the help of NOESY NMR and the 

crystal structure of 5aa (vide infra). Here it is worth mentioning that, along with the desired product, 

the corresponding para-methoxy benzaldehyde 1a’ was also forming, which is believed to be a  
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Table 2.B.2.1.  Optimization studiesa

 

entry catalyst solvent additive yieldb (%) erc drd 

1 I CCl4 - 45 75:25 4:1 

2 I DCM - n.r.e - - 

3 I DCE - n.r.e - - 

4 I CHCl3 - n.r.e - - 

5 I CH3CN - n.r.e - - 

6 I Toluene - n.r.e - - 
7 I CCl4 PhCO2H Cu(OTf)2 

f 

- - 

8 I CCl4 TfOH c.m.f - - 

9 I CCl4 TFA c.m.f - - 

10 I CCl4 Et3N 35 56:44 3:2 

11 I CCl4 DABCO 36 57:43 3:1 

12 I CCl4 DMAP 40 53:47 2.5:1 

13 I CCl4 K2CO3 10 74:26 1.2:1 

14 II CCl4 - 40 62:38 3:1 

15 III CCl4 - Trace -  

16 IV CCl4 - 25 60:40 4:1 

17 V CCl4 - n.r.e - - 

18 VI CCl4 - n.r.e - - 

19g I  CCl4 - 35 55:45 3:1 

20h I  CCl4 - 35 75:25 4:1 

21i I CCl4 - 30 77:23 4:1 

22j I CCl4 - 35 55:45 1.1:1 

23k I CCl4 - 27 72:28 3:1 

24l I CCl4 - 22 54:46 2:1 
aUnless otherwise all the reactions were carried out with 1 equiv. of 1a, 1.5 equiv. of 2a, 40 mol% of catalyst in the 

presence of 4 Å molecular sieves at refluxing condition for 10 h; bisolated yield by column chromatography; cdetermined 

by chiral HPLC analysis; ddetermined from crude nmr; eno reaction; fcomplex mixture; greaction performed at room 

temperature for 6 d; h30 mol% catalyst taken; i50 mol% catalyst taken, junsubstituted nitrone was used, kpara-methyl 

nitrone was used, lmeta-methoxy nitrone was used. 

rearrangement product of 4a (vide infra). Hereafter, various other reaction parameters were tested 

to increase both the yield and stereoselectivity of the product. At first, we checked the effect of 

solvents, but unfortunately, all other solvents, like DCM, CHCl3, DCE, CH3CN, and toluene failed 

to give the desired product (entries 2-6, Table 2.B.1.1). While complex reaction mixtures were 
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obtained with acid additives, possibly because of the substrate decomposition via Brønsted acid 

catalysis12 (entries 7-9, Table 2.B.1.1), base additives like Et3N, DABCO, DMAP, and K2CO3 failed 

to improve the stereoselectivity (entries 10-13, Table 2.B.1.1). Then we shifted our focus to other 

secondary amine-based prolinol catalysts to improve the enantioselectivity of the product. Whereas 

catalysts II and IV rendered the product with lower yield and stereoselectivity, catalyst III gave 

only a trace yield, and catalyst V could not catalyze the reaction (entries 14-17, Table 2.B.1.1). To 

our surprise, MacMillan’s catalyst VI failed to catalyze this reaction (entry 18, Table 2.B.1.1). 

Finally, the effect of temperature was considered by performing the reaction at room temperature, 

which took a much longer time to give the product in a slightly decreased yield with almost no 

enantioselectivity (entry 19, Table 2.B.1.1). Similar stereoselectivity with no further improvement  

Scheme 2.B.2.1. Substrate scope of cyclopropane carbaldehydesa 

 

aReaction conditions: 1 (0.28 mmol, 1 equiv.), 2a (0.42 mmol, 1.5 equiv.), I (40 mol%), 2.5 mL of CCl4, Molecular 

sieves (4 Å), reflux, 10 h, yields represent isolated products, ee values were determined by HPLC analysis, dr for all the 

compounds are 4:1. 

in the yield was observed by increasing or decreasing the catalyst loading (entries 20-21, Table 

2.B.1.1). Notably, when phenyl nitrone without ortho-substitution (2a’) was employed, the 

stereoselectivities were dramatically diminished (entry 22, Table 2.B.1.1). Eventually, the other 

substitution patterns were also tested and both the para-methyl and meta-methoxy substituted 
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nitrones gave lower yields with an inseparable diastereomeric mixture in low to poor enantiomeric 

ratios, respectively (entries 23-24, Table 2.B.1.1). So, entry 1 of Table 2.B.1.1 has been chosen as 

our optimized reaction conditions. 

With the optimized condition in hand, at first, the generality and limitations of this designed 

methodology were investigated with respect to cyclopropane carbaldehydes (Scheme 2.B.2.1). All 

the electron-rich aryl cyclopropane carbaldehydes (1a-1f) participated in this transformation to give 

the corresponding products (4aa-4fa) in moderate yields with low to moderate stereoselectivities. 

Unfortunately, moderate electron-rich aryl groups like para-methyl, phenyl, and naphthyl-

substituted cyclopropane carbaldehydes yielded only a trace amount of products that could be  

Scheme 2.B.2.2. Substrate scope of 2-substituted nitronesa 

 

aReaction conditions: 1 (0.28 mmol, 1 equiv.), 2 or 3 (0.42 mmol, 1.5 equiv.), I (40 mol%), 2.5 mL of CCl4, Molecular 

sieves (4 Å), reflux, 10 h, yields represent isolated products, ee values were determined by HPLC analysis, dr for 4ab-

4ae are 4:1, dr for 5aa-5af are 9:1. 
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detected by HRMS only. On the other hand, halogen-containing aryl cyclopropane carbaldehydes 

failed to give the desired products. To our delight, heteroatom- containing aryl cyclopropane 

carbaldehydes (1g-1h) rendered the corresponding products (4ga-4ha) in low to moderate yields 

with low to moderate stereoselectivities. It is worth mentioning that in all these cases, the 

corresponding benzaldehydes (1a’-1h’) were also obtained as the side products by a rearrangement 

reaction13 (Figure 2.B.4.6.1) with considerable yields in a range of 25-40% which attributed to the 

lower yield of the desired cycloadducts (4aa-4ha). 

Next, the substrate scopes of the 2-substituted nitrones were explored for this (3+3)-annulation with 

para-methoxyphenyl cyclopropane carbaldehyde 1a (Scheme 2.B.2.2). Electron-donating groups 

like methoxy and halogen-substituted nitrones (2b-2d) were delivered the products (4ab-4ad) in 

moderate yields with moderate stereoselectivities. However, electron-withdrawing nitro- and 

sterically hindered mesityl substituted nitrones failed to give the corresponding products. 

Unfortunately, benzyl substitution instead of methyl on the nitrogen center of nitrone could not 

deliver the desired product. Bulky groups like OTBS-substituted nitrone also tolerated the reaction 

but afforded the product in very low yield with moderate stereoselectivity. Surprisingly, nitrones 

with a hydroxyl group at the ortho-position (3a) rendered an unexpected product 5aa with moderate 

enantioselectivity and excellent diastereomeric ratio, albeit of low overall yield. The structure of 

5aa was unambiguously confirmed by single crystal X-ray analysis. Then, we also checked the 

scope of these ortho-hydroxy nitrones with substitution at different positions of the phenyl group. 

Various methoxy, methyl, and halogen substitution at the different positions of phenyl (3b-3f) gave 

the products (5ab-5af) in almost similar yields with moderate stereoselectivities. However, when 

2-hydroxy substituent was changed to the 2-amino one, it could not deliver the desired product. 

Table 2.B.2.2. Time-dependent study of enantiomeric excessa

 

entry time (h) ee of the remaining cyclopropaneb ee of the final 
productb 

1 4 35% -40% 

2 6 47% 5% 

3 8 70% 52% 

4 10 - 50% 

 aReaction conditions: 1a (0.28 mmol, 1 equiv.), 2a (0.42 mmol, 1.5 equiv.), I (40 mol%), 2.5 mL of CCl4, Molecular 

sieves (4 Å), reflux, bee values were determined by HPLC analysis. 



Chapter 2B: Organocatalytic (3+3) Cycloaddition of DACs with Nitrones 

 

131 
 

To gain insights into the mechanism of this transformation, we have performed a control experiment 

where the enantiomeric excess of the remaining cyclopropane carbaldehyde along with the 

furnished products was examined in particular time intervals, and a surprising outcome was 

encountered (Table 2.B.2.2). It was found that as the reaction progressed, the starting material, i.e., 

racemic cyclopropane carbaldehyde started to get enantioenriched, which indicates a simple kinetic 

resolution (KR).14 As the overall enantioselectivity is not very high and no starting material remains 

after optimized reaction time, a simple kinetic resolution is not the case here. On the other hand, in 

the initial hours, the enantiomeric excess in favor of the opposite isomer (ent-4aa) was obtained, 

which gradually inverted with time and as the reaction proceeded towards completion, the 

enantiomeric excess in favor of desired isomer (4aa) was observed. This experiment depicts that 

one enantiomer of the cyclopropane reacts faster to give the product (ent-4aa) to some extent and 

eventually decomposes in the course of time, whereas the other enantiomer reacts slowly to give 

the desired product (4aa) in a comparatively efficient manner. So, this phenomenon illustrates that 

a matched/mismatched scenario14a is happening here, and the reaction possibly proceeds via a 

typical SN2-KR pathway where one enantiomer of the substrate is producing one particular 

enantiomer of the product (4aa) while another one gives the opposite enantiomer (ent-4aa) in less 

amount due to substrate decomposition and results in the decrement of the overall enantioselectivity 

of the product. 

Scheme 2.B.2.3. Control experiments; (a) hydrolysis of 4ae, (b) trapping of intermediates 

 

To check whether the aryl migration was occurring under catalytic or non-catalytic conditions, the 

product 4ae was subjected to hydrolysis in both TBAF/THF condition and Oxone/water condition 

but the product got decomposed without forming either the free OH-containing product or the aryl 

migrated product (Scheme 2.B.2.3.a). Moreover, when a reaction was performed between 1a and 

3a in the optimized condition, the in situ formed intermediate B was detected at half reaction 

completion time but no characteristic mass of the intermediate A was found (Scheme 2.B.2.3.b), 

which indicates that the aryl migration occurs under catalytic conditions only. However, a hydrogen 
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bonding between the H-atom of the hydroxyl group and the O-atom of nitrone moiety is believed 

to be the driving force for this intriguing 1,3-aryl shift which presumably follows an ipso-type 

pathway for the migration just before the second cyclization step (Scheme 2.B.1.1). 

Finally, the synthetic utility of our designed methodology was demonstrated by executing some 

derivatization of our synthesized products (Scheme 2.B.2.4). At first, the NaBH4 reduction was 

performed, which transformed the aldehyde group of 4aa to corresponding alcohol 6a in 67% yield. 

Next, Horner–Wadsworth–Emmons olefination of the aldehyde group was carried out with 

triethylphosphonoacetate in the presence of DBU and K2CO3 and successfully obtained the trans-

alkene product 6b in 74% yield. Moreover, when selective hydrogenation by hydrogen gas and 

palladium-charcoal was performed on 5aa, the allylic bond was cleaved, and the double bond was 

reduced to give the product 7a in 71% yield. 

Scheme 2.B.2.4. Synthetic applications 

 

2.B.3. Conclusion 

In conclusion, we have demonstrated an organocatalyzed enantioselective (3+3)-cycloaddition 

reaction of aryl cyclopropane carbaldehyde with ortho-substituted nitrones for the first time. A 

range of 1,2-oxazinanes and also a new type of scaffold tetrahydrochromeno[2,3-c][1,2]oxazines 

was synthesized in a newly diagnosed asymmetric technique by utilizing cheap and readily 

available prolinol-based Jørgensen-Hayashi catalyst.  

2.B.4. Experimental Section 

2.B.4.1. General Information 

All reactions were carried out under inert atmosphere with oven-dried glasswares. All solvents and 

reagents were obtained from commercial sources and were purified following the standard 

procedure prior to use. Powdered molecular sieves (4Å MS) were dried at 200 °C under vacuum 

prior to use. Thin-layer chromatography was performed on Merck precoated silica gel 60 F254 
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aluminum sheets with detection under UV light at 254 nm and charring with p-anisaldehyde 

solution. Chromatographic purifications were performed with silica gel (230-400 mesh) and 

melting points were taken on Stuart digital melting point apparatus. Nuclear magnetic resonance 

(NMR) spectroscopy was performed using JEOL 400 MHz and HRMS was recorded on Waters 

Xevo G2-XS (Q-TOF). The 1H NMR and 13C NMR spectra were recorded in CDCl3. Chemical 

shifts of 1H and 13C NMR spectra are expressed in parts per million (ppm). All coupling constants 

are absolute values and are expressed in Hertz. The description of the signals includes the following: 

s = singlet, d = doublet, dd = doublet of doublet, t = triplet, dt = doublet of triplet, q = quartet, dq = 

doublet of quartet, br = broad, and m = multiplet. Optical rotations were measured on a Anton Paar 

MCP 200, [α]D values are given in deg·cm3·g-1·dm-1; concentration (c) in g (100 mL)-1. The 

enantiomeric excess (ee) values of the products were determined by High Performance Liquid 

Chromatography (Waters modular system) using Daicel Chiralpak IC, and ASH columns as chiral 

stationary phase. 

2.B.4.2. General procedure for the preparation of trans-2-Arylcyclopropanecarbaldehydes 

(1)1 

 

1) To a mixture of triethyl phosphonoacetate (1.1 equiv.), DBU (0.035 equiv.), and finely ground 

K2CO3 (2 equiv.) was added ArCHO (1 equiv.) and the resulting mixture was stirred using a 

magnetic stirrer for 4 h at room temperature under argon atmosphere. Ethyl acetate was added to 

the crude mixture and the solid was filtered off. The solid was rinsed with ethyl acetate and the 

combined filtrate was concentrated. The resulting oil was distilled under reduced pressure using a 

bulb-to-bulb apparatus (10 mm Hg/240 °C) to give corresponding alkene (yield 84%) (E:Z = 99:1). 

2) A suspension of TMSOI (1.2 equiv.) and NaH (1.5 equiv.) in anhydrous DMSO (15 mL) was 

stirred for 1 h. A DMSO solution (14 mL) of alkene (14 mmol, 1 equiv) was added at 0 °C. The 

reaction mixture was stirred at 55 °C for 24 h. Another suspension of TMSOI (0.3 equiv.) and NaH 

(0.3 equiv.) in DMSO (10 mL) was added to the reaction mixture and reaction was stirred at 65 °C 

for 84 h. The solution was poured into a brine solution and extracted with ethyl acetate. Combined 
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organic layer was washed with water and dried over MgSO4, concentrated and purified by silica gel 

column to afford corresponding cyclopropane derivative as a white solid (60-80% yield).  

3) To a stirred solution of LAH (1.5 equiv.) in 7 mL diethyl ether was added dropwise a solution of 

cyclopropane ester (0.90 mmol, 1equiv.) in 3 mL diethyl ether under N2 atmosphere. After addition 

was completed the reaction mixture was refluxed for another 6 h. The reaction mixture was then 

cooled to rt, and the excess LAH was destroyed by water. 15 mL of 10% H2SO4 and 8 mL of ether 

was added and the aqueous layer was extracted several times with diethyl ether. The combined 

organic layer was washed with water and 5% NaHCO3, dried over MgSO4 and concentrated in a 

rotary evaporator (90-95% yield). Without any further purification, the crude material (a colorless 

oil) was used for next step. 

4) To a solution of cyclopropane alcohol (6.8 mmol, 1 equiv.) in dry DCM (14 mL), PCC (2 equiv.) 

was added in a portion-wise manner through a solid addition tube under N2 atmosphere. After 3 h 

reaction mixture was filtered through a small plug of celite and concentrated in vacuo. The crude 

mixture was purified by silica gel column chromatography using ethyl acetate in hexane as an 

eluent. Starting from aryl aldehyde the 2-arylcyclopropanecarbaldehydes was obtained in 40-55% 

overall yield. 

trans-2-(4-methoxyphenyl)cyclopropane-1-carbaldehyde (1a) 

 

trans-2-(4-(benzyloxy)phenyl)cyclopropanecarbaldehyde (1b) 

 

trans-2-(3,4-dimethoxyphenyl)cyclopropanecarbaldehyde (1c) 

 

trans-2-(3-ethoxy-4-methoxyphenyl)cyclopropanecarbaldehyde (1d) 

1H NMR (400 MHz):  δ 9.30 (d, J = 4.9 Hz, 1H), 7.05 (d, J = 8.7 

Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 3.79 (s, 3H) 2.63-2.56 (m, 1H), 

2.13-2.06 (m, 1H), 1.73-1.67 (m, 1H), 1.51-1.45 (m, 1H) 

 

1H NMR (400 MHz):  δ 9.30 (d, J = 4.5 Hz, 1H), 7.44-7.31 (m, 

5H), 7.04 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 5.04 (s, 

2H), 2.62-2.55 (m, 1H), 2.13-2.06 (m, 1H), 1.72-1.67 (m, 1H), 

1.51-1.45 (m, 1H) 

 

1H NMR (400 MHz):  δ 9.28 (d, J = 4.5 Hz, 1H), 6.77 (d, J = 8.3 

Hz, 1H), 6.65 (d, J = 8.2 Hz, 2H), 3.85 (s, 3H), 3.83 (s, 3H), 2.62-

2.55 (m, 1H), 2.13-2.06 (m, 1H), 1.71-1.65 (m, 1H), 1.51-1.46 (m, 

1H) 
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trans-2-(benzo[d][1,3]dioxol-5-yl)cyclopropanecarbaldehyde (1e) 

 

trans-2-(3,4,5-trimethoxyphenyl)cyclopropanecarbaldehyde (1f) 

 

trans-2-(furan-2-yl)cyclopropane-1-carbaldehyde (1g) 

 

trans-2-(thiophen-2-yl)cyclopropane-1-carbaldehyde (1h) 

 

2.B.4.3. General procedure for the preparation of 2-substituted nitrones (2)16 

Aldehyde (1.0 equiv), N-methylhydroxylamine hydrochloride (2.0 equiv), Na2CO3 (2.2 equiv), and 

Na2SO4 (0.5 equiv) were added to a mortar and ground until completion. Et2O was added, the 

mixture was filtered, and concentrated in vacuo.16 

(E)-N-(2-methylbenzylidene)methanamine oxide (2a) 

1H NMR (400 MHz, CDCl3) δ 9.29 (d, J = 4.8 Hz, 1H), 6.78 (d, 

J = 8.8 Hz, 1H), 6.66−6.63 (m, 2H), 4.07 (q, J = 7.0 Hz, 2H), 3.84 

(s, 3H), 2.61−2.54 (m, 1H), 2.12−2.05 (m, 1H), 1.72−1.65 (m, 1H), 

1.50−1.46 (m, 1H), 1.45 (t, J = 7.0 Hz, 3H)  

 

1H NMR (400 MHz):  δ 9.30 (d, J = 4.6 Hz, 1H), 6.73 (d, J = 8.2 

Hz, 1H), 6.62 (d, J = 8.0 Hz, 1H), 6.57 (s, 1H), 5.93 (s, 2H), 2.60-

2.55 (m, 1H), 2.12-2.04 (m, 1H), 1.71-1.66 (m, 1H), 1.49-1.43 (m, 

1H)  

 

1H NMR (400 MHz): δ 9.31 (d, J = 4.5 Hz, 1H), 6.33 (s, 2H), 3.84 

(s, 6H), 3.81 (s, 3H), 2.62-2.56 (m, 1H), 2.18-2.11 (m, 1H), 1.73-

1.67 (m, 1H), 1.53-1.47 (m, 1H) 

1H NMR (400 MHz): δ 9.36 (d, J = 4.3 Hz, 1H), 7.27-7.25 (m, 

1H), 6.30-6.28 (m, 1H), 6.10 (d, J = 3.3 Hz, 1H), 2.65-2.59 (m, 

1H), 2.32-2.26 (m, 1H), 1.69-1.64 (m, 1H), 1.62-1.56 (m, 1H) 

 

1H NMR (400 MHz): δ 9.38 (d, J = 4.1 Hz, 1H), 7.13-7.11 (m, 

1H), 6.92-6.90 (m, 1H), 6.85-6.84 (m, 1H), 2.84-2.78 (m, 1H), 

2.25-2.20 (m, 1H), 1.79-1.74 (m, 1H), 1.55-1.50 (m, 1H) 
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(E)-N-(2-methoxybenzylidene)methanamine oxide (2b) 

 

(E)-N-(2-fluorobenzylidne)methanamine oxide (2c) 

 

(E)-N-(2-bromobenzylidene)methanamine oxide (2d) 

 

(E)-N-(2-((tert-butyldimethylsilyl)oxy)benzylidene)methanamine oxide (2e) 

 

(E)-N-(2-hydroxybenzylidene)methanamine oxide (3a) 

 

(E)-N-(2-hydroxy-5-methylbenzylidene)methanamine oxide (3b) 

1H NMR (400 MHz): δ 9.08-9.05 (m, 1H), 7.48 (s, 1H), 7.25-7.13 

(m, 3H), 3.85 (s, 3H), 2.32 (s, 3H) 

1H NMR (400 MHz): δ 9.21-9.21 (m, 1H), 7.81 (s, 1H), 7.37-7.33 

(m, 1H), 7.02-6.99 (m, 1H), 6.87-6.85 (m, 1H), 3.86 (s, 3H), 3.83 

(s, 3H) 

 

1H NMR (400 MHz): δ 9.24-9.20 (m, 1H), 7.66 (s, 1H), 7.40-7.35 

(m, 1H), 7.23-7.20 (m, 1H), 7.10-7.05 (m, 1H), 3.91 (s, 3H) 

1H NMR (400 MHz): δ 9.29-9.27 (m, 1H), 7.85 (s, 1H), 7.63-7.60 

(m, 1H), 7.42-7.38 (m, 1H), 7.27-7.23 (m, 1H), 3.94 (s, 3H) 

1H NMR (400 MHz): δ 9.15-9.13 (m, 1H), 7.71 (s, 1H), 7.25-7.21 

(m, 1H), 7.00-6.97 (m, 1H), 6.78 (d, J=8.2 Hz, 1H), 3.83 (s, 3H), 

0.98 (s, 9H), 0.20 (s, 6H)  

 

1H NMR (400 MHz): δ 12.35 (s, 1H), 7.50 (S, 1H), 7.40-7.36 (m, 

1H), 7.04 (dd, J=7.7 Hz, 1.8 Hz, 1H), 6.95 (d, J=8.6 Hz, 1H), 6.85-

6.81 (m, 1H), 3.86 (s, 3H) 
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(E)-N-(5-chloro-2-hydroxybenzylidene)methanamine oxide (3c) 

 

(E)-N-(5-bromo-2-hydroxybenzylidene)methanamine oxide (3d) 

 

(E)-N-(2-hydroxy-4-methoxybenzylidene)methanamine oxide (3e) 

 

(E)-N-(2-hydroxy-3-methoxybenzylidene)methanamine oxide (3f) 

 

2.B.4.4. Representative procedure and substrate scope for the (3+3)-cycloaddition between 

cyclopropane carbaldehydes and 2-substituted nitrones 

To a round-bottom flask equipped with a magnetic stir bar was charged with cyclopropane 

carbaldehyde (1 equiv.), 2-substituted nitrone (1.5 equiv.), activated 4 Å MS (200 mol%), and 

Jørgensen-Hayashi Catalyst I (0.4 equiv.) under nitrogen atmosphere. CCl4 was added as a solvent 

to the reaction mixture and was stirred under reflux conditions for 10-12 hours. After the completion 

1H NMR (400 MHz): δ 12.10 (s, 1H), 7.44 (S, 1H), 7.18 (dd, J=8.2 

Hz, 2.2 Hz, 1H), 6.85 (d, J=8.2 Hz, 1H), 6.80-6.79 (m, 1H), 3.83 

(s, 3H), 2.23 (s, 3H)  

 

1H NMR (400 MHz): δ 12.15 (s, 1H), 7.46 (S, 1H), 7.32 (dd, J=8.7 

Hz, 2.3 Hz, 1H), 7.02 (d, J=2.4 Hz, 1H), 6.91 (d, J=8.8 Hz, 1H), 

3.89 (s, 3H)  

 

1H NMR (400 MHz): δ 12.24 (s, 1H), 7.44-7.42 (m, 2H), 7.15 (d, 

J=2.7 Hz, 1H), 6.83 (d, J=8.7 Hz, 1H), 3.87 (s, 3H) 

1H NMR (400 MHz): δ 13.42 (s, 1H), 7.35 (s, 1H), 6.91 (d, J=8.5 

Hz, 1H), 6.44-6.39 (m, 2H), 3.81 (s, 3H), 3.80 (s, 3H)  

1H NMR (400 MHz): δ 12.49 (s, 1H), 7.53 (s, 1H), 6.95 (d, J=7.9 

Hz, 1H), 6.80-6.76 (m, 1H), 6.66 (d, J=8.0 Hz, 1H), 3.86 (s, 3H), 

3.85 (s, 3H)  
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of the reaction (as monitored by TLC), the reaction mixture was passed through a small pad of 

Celite, and the solvent was removed under reduced pressure by a rotary evaporator. Then the crude 

product was further purified by column chromatography on silica gel with EtOAc/hexane as eluent. 

Racemic products were prepared according to the representative procedure 5 by using the racemic 

catalyst. 

(6R)-6-(4-methoxyphenyl)-2-methyl-3-(o-tolyl)-1,2-oxazinane-4-carbaldehyde (4aa) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 2a (0.036 

g, 0.37 mmol), 4aa (0.036 g, 0.11 mmol); Yellowish sticky 

liquid, 44% overall yield; [α]D
25= -86.07 (c = 0.7, CHCl3); 75:25 

er of major diastereomer was determined by chiral HPLC 

analysis, [Chiralpak IC, hexane/i-PrOH = 90/10, 0.5 mL/min, tR 

(minor) = 9.36 min, tR (major) = 11.49 min]; 1H NMR (400 

MHz): δ 9.40 (d, J = 1.8 Hz, 1H), 7.51 (d, J = 7.7 Hz, 1H), 7.37 (d, J = 8.6 Hz, 2H), 7.22-7.17 (m, 

1H), 6.91 (d, J = 8.6 Hz, 2H), 5.00 (dd, J = 11.8, 1.8 Hz, 1H), 3.93 (d, J = 10.5 Hz, 1H), 3.81 (m, 

1H), 3.34-3.28 (m, 1H), 2.43 (s, 3H), 2.41 (s, 3H), 2.18-2.15 (m, 1H), 1.99-1.89 (m, 1H); 13C NMR 

(100 MHz): δ 201.7, 159.6, 136.8, 136.6, 132.2, 130.8, 128.1, 128.0, 127.8, 127.3, 127.0, 114.0, 

79.3, 65.7, 55.8, 55.4, 43.2, 31.9, 20.5; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  

C20H24NO3 326.1756, Found 326.1751 

(6R)-6-(4-(benzyloxy)phenyl)-2-methyl-3-(o-tolyl)-1,2-oxazinane-4-carbaldehyde (4ba) 

Prepared accoding to GP 3. 1a (0.063 g, 0.25 mmol), 2a (0.056 

g, 0.37 mmol), 4ba (0.036 g, 0.09 mmol); Yellowish sticky 

liquid, 36% overall yield; [α]D
25= -49.43 (c = 0.7, CHCl3); 

73.5:26.5 er of major diastereomer was determined by chiral 

HPLC analysis, [Chiralpak IC, hexane/i-PrOH = 90/10, 0.5 

mL/min, tR (minor) = 17.60 min, tR (major) = 18.24 min]; 1H 

NMR (400 MHz): δ 9.39 (d, J = 1.8 Hz, 1H), 7.50-7.49 (m, 1H) 7.43-7.35 (m, 8H), 7.19-7.16 (m, 

2H), 6.98 (d, J = 8.7 Hz, 2H), 5.07 (s, 2H), 4.99 (dd, J = 11.5, 1.8 Hz, 1H), 3.92 (d, J = 10.5 Hz, 

1H), 3.33-3.27 (m, 1H), 2.42 (s, 3H), 2.40 (s, 3H), 2.18-2.13 (m, 1H), 1.98-1.89 (m, 1H); 13C NMR 

(100 MHz): δ 201.7, 158.8, 136.9, 136.8, 136.5, 132.4, 130.7, 128.7, 128.1, 128.0, 127.9, 127.5, 

127.2, 127.0, 114.9, 79.3, 70.0, 65.7, 55.8, 43.1, 31.8, 20.5; HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C26H28NO3 402.2069, Found 402.2068  

(6R)-6-(3,4-dimethoxyphenyl)-2-methyl-3-(o-tolyl)-1,2-oxazinane-4-carbaldehyde (4ca) 
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Prepared accoding to GP 3. 1c (0.052 g, 0.25 mmol), 2a (0.056 

g, 0.37 mmol), 4ca (0.048 g, 0.13 mmol); Yellowish sticky liquid, 

54% overall yield; [α]D
25= -60.25 (c = 1.0, CHCl3); 79.5:20.5 er 

of major diastereomer was determined by chiral HPLC analysis, 

[Chiralpak IC, hexane/i-PrOH = 80/20, 1.0 mL/min, tR (major) = 

28.98 min, tR (minor) = 36.04 min]; 1H NMR (400 MHz): δ 9.41 

(d, J = 1.4 Hz, 1H), 7.51 (d, J = 7.7 Hz, 1H), 7.28-7.17 (m, 4H), 6.99-6.97 (m, 2H), 6.88-6.86 (m, 

1H), 4.99 (dd, J = 11.5, 1.9 Hz, 1H), 3.95 (s, 1H), 3.92 (s, 3H), 3.88 (s, 3H), 3.35-3.28 (m, 1H), 

2.44 (s, 3H), 2.42 (s, 3H), 2.20-2.15 (m, 1H), 2.00-1.91 (m, 1H); 13C NMR (100 MHz): δ 201.8, 

149.0, 136.8, 136.5, 132.4, 130.8, 128.0, 127.2, 127.0, 119.2, 111.0, 110.0, 79.6, 65.7, 56.0, 56.0, 

55.8, 43.2, 31.8, 20.5; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C21H26NO4 356.1862, 

Found 356.1858 

(6R)-6-(benzo[d][1,3]dioxol-5-yl)-2-methyl-3-(o-tolyl)-1,2-oxazinane-4-carbaldehyde (4ea) 

Prepared accoding to GP 3. 1d (0.048 g, 0.25 mmol), 2a (0.056 

g, 0.37 mmol), 4da (0.024 g, 0.07 mmol); Yellowish sticky 

liquid, 28% overall yield; [α]D
25= -52.48 (c = 0.7, CHCl3); 

62.5:37.5 er of major diastereomer was determined by chiral 

HPLC analysis, [Chiralpak IC, hexane/i-PrOH = 90/10, 0.5 

mL/min, tR (minor) = 16.89 min, tR (major) = 18.63 min]; 1H 

NMR (400 MHz): δ 9.39 (d, J = 1.4 Hz, 1H), 7.49 (d, J = 7.3 Hz, 1H), 7.23-7.16 (m, 3H), 6.94-

6.93 (m, 1H), 6.90-6.88 (m, 1H), 6.81-6.79 (m, 1H), 5.96-5.93 (m, 2H), 4.95 (dd, J = 11.4, 2.1 Hz, 

1H), 3.91 (d, J = 10.5 Hz, 1H), 3.32-3.26 (m, 1H), 2.42 (s, 3H), 2.40 (s, 3H), 2.17-2.12 (m, 1H), 

1.94-1.84 (m, 1H); 13C NMR (100 MHz): δ 201.7, 147.9, 147.6, 136.7, 136.6, 133.9, 130.8, 128.0, 

127.3, 127.0, 120.3, 108.3, 107.4, 101.2, 79.5, 65.7, 55.8, 43.2, 32.1, 20.5; HRMS (ESI, Q-TOF) 

m/z:  [M+H]+  calculated for  C20H22NO4 340.1549, Found 340.1545 

(6R)-6-(3-ethoxy-4-methoxyphenyl)-2-methyl-3-(o-tolyl)-1,2-oxazinane-4-carbaldehyde (4da) 

Prepared accoding to GP 3. 1e (0.055 g, 0.25 mmol), 2a (0.056 

g, 0.37 mmol), 4ea (0.032 g, 0.08 mmol); Yellowish sticky 

liquid, 35% overall yield; [α]D
25= -84.16 (c = 0.4, CHCl3); 

82.5:17.5 er of major diastereomer was determined by chiral 

HPLC analysis, [Chiralpak IC, hexane/i-PrOH = 80/20, 1.0 

mL/min, tR (major) = 17.88 min, tR (minor) = 23.56 min]; 1H 

NMR (400 MHz): δ 9.40 (d, J = 1.5 Hz, 1H), 7.50 (d, J = 7.2 Hz, 1H), 7.23-7.16 (m, 3H), 6.98-

6.96 (m, 2H), 6.87-6.85 (m, 1H), 4.97 (dd, J = 11.4, 2.0 Hz, 1H), 4.14 (q, J = 7.0 Hz, 2H), 3.93 (d, 

J = 10.0 Hz, 1H), 3.87 (s, 3H), 3.33-3.28 (m, 1H), 2.43 (s, 3H), 2.41 (s, 3H), 2.19-2.14 (m, 1H), 
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1.99-1.89 (m, 1H), 1.48 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz): δ 201.9, 149.3, 148.4, 136.8, 

136.6, 132.4, 130.8, 128.0, 127.2, 127.0, 119.2, 111.4, 111.3, 79.6, 65.7, 64.4, 56.1, 55.8, 43.2, 

31.8, 20.5, 14.9; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C22H28NO4 370.2018, Found 

370.2010  

(6R)-2-methyl-3-(o-tolyl)-6-(3,4,5-trimethoxyphenyl)-1,2-oxazinane-4-carbaldehyde (4fa) 

Prepared accoding to GP 3. 1f (0.060 g, 0.25 mmol), 2a (0.056 g, 

0.37 mmol), 4fa (0.036 g, 0.09 mmol);Yellowish sticky liquid, 

37% overall yield; [α]D
25= -109.54 (c = 0.4, CHCl3); 62.5:37.5 er 

of major diastereomer was determined by chiral HPLC analysis, 

[Chiralpak IC, hexane/i-PrOH = 60/40, 1.0 mL/min, tR (minor) = 

10.74 min, tR (major) = 21.22 min]; 1H NMR (400 MHz): δ 9.40 

(d, J = 1.3 Hz, 1H), 7.51 (d, J = 7.6 Hz, 1H), 7.28-7.18 (m, 3H), 

6.65 (s, 2H), 4.98 (dd, J = 11.5, 2.2 Hz, 1H), 3.95 (d, J = 10.0 Hz, 1H), 3.90 (s, 6H), 3.84 (s, 3H), 

3.35-3.28 (m, 1H), 2.45 (s, 3H), 2.42 (s, 3H), 2.20-2.16 (m, 1H), 1.99-1.89 (m, 1H); 13C NMR (100 

MHz): δ 201.8, 153.4, 137.9, 136.7, 136.5, 135.5, 130.8, 128.0, 127.2, 127.0, 103.8, 80.0, 65.7, 

60.9, 56.2, 55.7, 43.2, 32.0, 20.5; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C22H28NO5 

386.1967, Found 386.1964 

(6R)-6-(furan-2-yl)-2-methyl-3-(o-tolyl)-1,2-oxazinane-4-carbaldehyde (4ka) 

Prepared accoding to GP 3. 1g (0.034 g, 0.25 mmol), 2a (0.056 g, 0.37 

mmol), 4ga (0.036 g, 0.12 mmol);Yellowish sticky liquid, 45% overall 

yield; Yellowish sticky liquid, 45% overall yield; [α]D
25= -45.86 (c = 

0.6, CHCl3); 60.5:39.5 er of major diastereomer was determined by 

chiral HPLC analysis, [Chiracel ASH, hexane/i-PrOH = 90/10, 0.5 

mL/min, tR (major) = 6.93 min, tR (minor) = 8.16 min]; 1H NMR (400 

MHz): δ 9.37 (d, J = 1.3 Hz, 1H), 7.49 (d, J = 7.5 Hz, 1H), 7.44-7.43 (m, 1H), 7.24-7.16 (m, 3H), 

6.43-6.42 (m, 1H), 6.38-6.37 (m, 1H), 5.12-5.09 (m, 1H),  3.92 (d, J = 10.5 Hz, 1H), 3.29-3.23 (m, 

1H), 2.42 (s, 3H), 2.38 (s, 3H), 2.19-2.15 (m, 2H); 13C NMR (100 MHz): δ 201.5, 152.4, 142.9, 

136.5, 130.8, 128.1, 127.2, 127.0, 110.4, 108.4, 73.0, 65.7, 55.4, 43.1, 28.7, 20.5; HRMS (ESI, Q-

TOF) m/z:  [M+H]+  calculated for  C17H20NO3 286.1443, Found 286.1437  

(6R)-2-methyl-6-(thiophen-2-yl)-3-(o-tolyl)-1,2-oxazinane-4-carbaldehyde (4la) 

Prepared accoding to GP 3. 1h (0.038 g, 0.25 mmol), 2a (0.056 g, 0.37 mmol), 4ha (0.025 g, 0.08 

mmol); Yellowish sticky liquid, 28% overall yield; [α]D
25= -46.49 (c = 0.5, CHCl3); 79:21 er of 

major diastereomer was determined by chiral HPLC analysis, [Chiracel ASH, hexane/i-PrOH = 
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90/10, 0.5 mL/min, tR (major) = 7.01 min, tR (minor) = 8.07 min]; 1H 

NMR (400 MHz): δ 9.38 (d, J = 1.3 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H), 

7.32-7.31 (m, 1H), 7.24-7.17 (m, 3H), 7.12-7.11 (m, 1H), 7.02-7.00 

(m, 1H), 5.28 (dd, J = 11.6, 2.0 Hz, 1H), 3.94 (d, J = 10.6 Hz, 1H), 

3.33-3.26 (m, 1H), 2.44 (s, 3H), 2.39 (s, 3H), 2.35-2.30 (m, 1H), 2.08-

1.99 (m, 1H); 13C NMR (100 MHz): δ 201.5, 142.5, 136.6, 130.8, 

128.1, 127.2, 127.0, 126.7, 125.7, 125.3, 75.3, 65.7, 55.6, 43.1, 32.4, 20.5; HRMS (ESI, Q-TOF) 

m/z:  [M+H]+  calculated for  C17H20NO2S 302.1215, Found 302.1211 

(6R)-3-(2-methoxyphenyl)-6-(4-methoxyphenyl)-2-methyl-1,2-oxazinane-4-carbaldehyde 

(4ab) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 2b (0.061 

g, 0.37 mmol), 4ab (0.029 g, 0.08 mmol); Yellowish sticky 

liquid, 34% overall yield; [α]D
25= -19.50 (c = 0.6, CHCl3); 62:38 

er of major diastereomer was determined by chiral HPLC 

analysis, [Chiralpak IC, hexane/i-PrOH = 95/5, 1.0 mL/min, tR 

(minor) = 14.93 min, tR (major) = 16.06 min]; 1H NMR (400 

MHz): δ 9.37 (d, J = 1.4 Hz, 1H), 7.48-7.47 (m, 1H), 7.36 (d, J = 8.2 Hz, 2H), 7.30-7.27 (m, 1H), 

7.03-6.99 (m, 1H), 6.92-6.89 (m, 3H), 4.96 (dd, J = 11.4, 2.3 Hz, 1H), 4.26 (d, J = 10.2 Hz, 1H), 

3.84 (m, 3H), 3.81 (s, 3H), 3.09-3.04 (m, 1H), 2.47 (s, 3H), 2.12-2.07 (m, 1H), 2.01-1.92 (m, 1H); 

13C NMR (100 MHz): δ 202.3, 159.6, 157.1, 132.3, 129.2, 128.1, 121.5, 114.0, 110.8, 79.2, 61.7, 

55.6, 55.4, 43.6, 31.8; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C20H24NO4 342.1705, 

Found 342.1705  

(6R)-3-(2-fluorophenyl)-6-(4-methoxyphenyl)-2-methyl-1,2-oxazinane-4-carbaldehyde (4ac) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 2c (0.057 g, 

0.37 mmol), 4ac (0.027 g, 0.08 mmol); Yellowish sticky liquid, 

32% overall yield; [α]D
25= -96.18 (c = 0.3, CHCl3); 78.5:21.5 er 

of major diastereomer was determined by chiral HPLC analysis, 

[Chiralpak IC, hexane/i-PrOH = 90/10, 0.5 mL/min, tR (minor) = 

17.2 min, tR (major) = 19.2 min]; 1H NMR (400 MHz): δ 9.46 (d, 

J = 1.3 Hz, 1H), 7.50-7.46 (m, 1H), 7.35 (d, J = 8.7 Hz, 2H), 7.32-7.28 (m, 1H), 7.21-7.17 (m, 1H), 

7.11-7.06 (m, 1H), 6.91 (d, J = 8.8 Hz, 2H), 4.98 (dd, J = 11.4, 1.8 Hz, 1H), 4.05 (bs, 1H), 3.81 (s, 

3H), 3.32-3.16 (m, 1H), 2.47 (s, 3H), 2.19-2.05 (m, 1H), 1.97-1.88 (m, 1H); 13C NMR (100 MHz): 

δ 201.1, 162.2, 159.7, 159.5, 132.0, 130.1, 130.0, 128.1, 125.0, 114.0, 55.4, 43.9, 31.9; HRMS 

(ESI, Q-TOF) m/z:  [M+H]+  calculated for  C19H21NO3F 330.1505, Found 330.1500  
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(6R)-3-(2-bromophenyl)-6-(4-methoxyphenyl)-2-methyl-1,2-oxazinane-4-carbaldehyde (4ad) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 2d (0.079 

g, 0.37 mmol), 4ad (0.027 g, 0.07 mmol); Yellowish sticky 

liquid, 27% overall yield; [α]D
25= -46.62 (c = 1.0, CHCl3); 84:16 

er of major diastereomer was determined by chiral HPLC 

analysis, [Chiralpak IC, hexane/i-PrOH = 90/10, 0.5 mL/min, tR 

(minor) = 18.93 min, tR (major) = 20.87 min]; 1H NMR (400 

MHz): δ 9.47 (d, J = 1.8 Hz, 1H), 7.61 (dd, J = 8.2, 1.3 Hz, 1H), 7.55 (dd, J = 7.8, 1.8 Hz, 1H),  

7.40-7.34 (m, 3H), 7.21-7.18 (m, 1H), 6.92 (d, J = 8.7 Hz, 2H), 4.97 (dd, J = 11.4, 2.2 Hz, 1H), 

4.34 (d, J = 10.7 Hz, 1H), 3.81 (s, 3H), 3.15-3.08 (m, 1H), 2.47 (s, 3H), 2.16-2.11 (m, 1H), 2.04-

1.95 (m, 1H); 13C NMR (100 MHz): δ 201.1, 159.7, 137.8, 133.3, 131.9, 129.8, 129.5, 128.5, 128.1, 

125.1, 114.0, 79.3, 68.4, 56.1, 55.4, 43.4, 31.6; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  

C19H21NO3Br 390.0705, Found 390.0700 

(6R)-3-(2-((tert-butyldimethylsilyl)oxy)phenyl)-6-(4-methoxyphenyl)-2-methyl-1,2-

oxazinane-4-carbaldehyde (4ae) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 2e (0.098 

g, 0.37 mmol), 4ae (0.022 g, 0.05 mmol); Yellowish sticky liquid, 

20% overall yield; [α]D
25= 79.26 (c = 0.8, CHCl3); 78:22 er of 

major diastereomer was determined by chiral HPLC analysis, 

[Chiracel ASH, hexane/i-PrOH = 90/10, 0.2 mL/min, tR (minor) 

= 12.90 min, tR (major) = 17.74 min]; 1H NMR (400 MHz): δ 

9.38 (d, J = 1.6 Hz, 1H), 7.49-7.47 (m, 1H),  7.36 (d, J = 8.7 Hz, 2H), 7.19-7.15 (m, 1H), 7.02-6.98 

(m, 1H), 6.91 (d, J = 8.6 Hz, 2H), 6.84-6.82 (m, 1H), 4.95 (dd, J = 11.5, 1.9 Hz, 1H), 4.19 (d, J = 

10.8 Hz, 1H), 3.81 (s, 3H), 3.10-3.03 (m, 1H), 2.47 (s, 3H), 2.15-2.10 (m, 1H), 1.97-1.87 (m, 1H), 

1.03 (s, 9H), 0.28 (s, 6H); 13C NMR (100 MHz): δ 202.2, 159.6, 153.6, 132.2, 128.9, 128.7, 128.5, 

128.2, 121.9, 118.3, 114.0, 79.0, 62.6, 55.5, 55.4, 43.5, 31.6, 26.0, 18.4, -3.8; HRMS (ESI, Q-

TOF) m/z:  [M+H]+  calculated for  C25H36NO4Si 442.2414, Found 442.2411 

(3R)-3-(4-methoxyphenyl)-1-methyl-1,3,4,10a-tetrahydrochromeno[2,3-c][1,2]oxazine (5aa) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 3a 

(0.056 g, 0.37 mmol), 5aa (0.020 g, 0.06 mmol); White solid; 

26% overall yield; Melting point: 118-121 °C [α]D
25= 256.04 

(c = 0.3 CHCl3); 74:26 er of major diastereomer was 

determined by chiral HPLC analysis, [Chiralpak IC, hexane/i-

PrOH = 90/10, 0.5 mL/min, tR (major) = 14.61min, tR (minor) = 15.47 min]; 1H NMR (400 MHz): 
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δ 7.33 (d, J = 8.3 Hz, 2H), 6.96-6.94 (m, 1H), 6.90 (d, J = 8.7 Hz, 2H), 6.88-6.86 (m, 1H), 6.80-

6.78 (m, 1H), 6.30 (s, 1H), 5.18 (s, 1H), 4.92 (dd, J = 9.3, 4.3 Hz, 1H), 3.80 (s, 3H), 2.81 (s, 3H), 

2.76-2.73 (m, 1H), 2.71-2.69 (m, 1H); 13C NMR (100 MHz): δ 159.7, 151.6, 131.8, 129.8, 128.9, 

128.2, 127.9, 126.3, 121.7, 120.1, 119.3, 115.2, 114.0, 92.8, 80.9, 55.4, 41.7, 40.1; HRMS (ESI, 

Q-TOF) m/z:  [M+H]+  calculated for  C19H20NO3 310.1443, Found 310.1434  

(3R)-3-(4-methoxyphenyl)-1,7-dimethyl-1,3,4,10a-tetrahydrochromeno[2,3-c][1,2]oxazine 

(5ab) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 3b 

(0.061 g, 0.37 mmol), 5ab (0.019 g, 0.06 mmol); Colourless 

sticky liquid, 23% overall yield; [α]D
25= 75.25 (c = 0.9, 

CHCl3); 60:40 er of major diastereomer was determined by 

chiral HPLC analysis, [Chiralpak IC, hexane/i-PrOH = 

90/10, 0.5 mL/min, tR (major) = 14.61min, tR (minor) = 15.47 min]; 1H NMR (400 MHz): δ 7.33 

(d, J = 8.7 Hz, 2H), 6.91-6.87 (m, 3H), 6.76 (d, J = 1.8 Hz, 1H), 6.70 (d, J = 8.2 Hz, 1H), 6.26 (s, 

1H), 5.14 (s, 1H), 4.91 (dd, J = 9.8, 4.3 Hz, 1H), 3.80 (s, 3H), 2.81 (s, 3H), 2.76-2.72 (m, 1H), 2.70-

2.69 (m, 1H); 13C NMR (100 MHz): δ 159.6, 149.5, 131.9, 130.8, 129.8, 129.3, 127.9, 126.7, 119.9, 

119.4, 114.9, 92.8, 80.9, 55.4, 41.8, 40.1, 20.6; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  

C20H22NO3 324.1600, Found 324.1617 

(3R)-7-chloro-3-(4-methoxyphenyl)-1-methyl-1,3,4,10a-tetrahydrochromeno[2,3-

c][1,2]oxazine (5ac) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 3c 

(0.068 g, 0.37 mmol), 5ac (0.018 g, 0.05 mmol); 

Colourless sticky liquid, 20% overall yield; [α]D
25= 80.98 

(c = 0.8, CHCl3); 67.5:32.5 er of major diastereomer was 

determined by chiral HPLC analysis, [Chiralpak IC, 

hexane/i-PrOH = 90/10, 0.5 mL/min, tR (major) = 13.18 min, tR (minor) = 14.45 min]; 1H NMR 

(400 MHz): δ 7.32 (d, J = 8.7 Hz, 2H), 7.04 (dd, J = 8.5, 2.7 Hz, 1H), 6.93 (d, J = 2.5 Hz, 1H), 6.90 

(d, J = 8.9 Hz, 2H), 6.73 (d, J = 8.6 Hz, 1H), 6.24 (s, 1H), 5.17 (s, 1H), 4.91 (dd, J = 9.6, 4.5 Hz, 

1H), 3.80 (s, 3H), 2.80 (s, 3H), 2.77-2.73 (m, 1H), 2.71-2.70 (m, 1H); 13C NMR (100 MHz): δ 

159.7, 150.1, 131.5, 131.2, 128.4, 127.9, 126.3, 125.8, 121.5, 118.4, 116.5, 114.0, 92.8, 80.8, 55.4, 

41.7, 40.0; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C19H19NO3Cl 344.1053, Found 

344.1080 

(3R)-7-bromo-3-(4-methoxyphenyl)-1-methyl-1,3,4,10a-tetrahydrochromeno[2,3-

c][1,2]oxazine (5ad) 
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Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 3d 

(0.085 g, 0.37 mmol), 5ad (0.026 g, 0.06 mmol); 

Colourless sticky liquid, 27% overall yield; [α]D
25= 

102.64 (c = 0.6, CHCl3); 65.5:34.5 er of major 

diastereomer was determined by chiral HPLC analysis, 

[Chiralpak IC, hexane/i-PrOH = 90/10, 0.5 mL/min, tR (major) = 12.75 min, tR (minor) = 13.74 

min]; 1H NMR (400 MHz): δ 7.31 (d, J = 8.2 Hz, 2H), 7.17 (dd, J = 8.6, 2.2 Hz, 1H), 7.07 (d, J = 

2.3 Hz, 1H), 6.90 (d, J = 8.7 Hz, 2H), 6.68 (d, J = 8.4 Hz, 1H), 6.23 (s, 1H), 5.17 (s, 1H), 4.90 (dd, 

J = 9.9, 4.1 Hz, 1H), 3.80 (s, 3H), 2.80 (s, 3H), 2.77-2.73 (m, 1H), 2.71-2.70 (m, 1H); 13C NMR 

(100 MHz): δ 159.5, 150.5, 131.2, 131.0, 128.5, 127.8, 121.9, 118.1, 116.8, 113.8, 113.4, 92.6, 

80.7, 55.3, 41.6, 39.8; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C19H19NO3Br 388.0548, 

Found 388.0563 

(3R)-8-methoxy-3-(4-methoxyphenyl)-1-methyl-1,3,4,10a-tetrahydrochromeno[2,3-

c][1,2]oxazine (5ae)  

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 3e 

(0.067 g, 0.37 mmol), 5ae (0.022 g, 0.06 mmol); Colourless 

sticky liquid, 26% overall yield; [α]D
25= 59.82 (c = 0.9, 

CHCl3); 70.5:29.5 er of major diastereomer was 

determined by chiral HPLC analysis, [Chiralpak IC, 

hexane/i-PrOH = 90/10, 0.5 mL/min, tR (minor) = 22.29 min, tR (major) = 22.29 min]; 1H NMR 

(400 MHz): δ 7.32 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.0 Hz, 1H), 6.43 (dd, 

J = 8.1, 2.2 Hz, 1H), 6.40 (d, J = 2.6 Hz, 1H), 6.25 (s, 1H), 5.15 (s, 1H), 4.90 (dd, J = 10.2, 3.9 Hz, 

1H), 3.80 (s, 3H), 3.76 (s, 3H), 2.80 (s, 3H), 2.74-2.71 (m, 1H), 2.68-2.67 (m, 1H); 13C NMR (100 

MHz): δ 160.4, 159.6, 152.7, 131.8, 128.2, 127.9, 126.8, 126.7, 118.9, 113.9, 113.3, 107.3, 101.3, 

92.8, 80.0, 55.5, 53.4, 41.7, 39.9; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C20H22NO4 

340.1549, Found 340.1549 

(3R)-9-methoxy-3-(4-methoxyphenyl)-1-methyl-1,3,4,10a-tetrahydrochromeno[2,3-

c][1,2]oxazine (5af) 

Prepared accoding to GP 3. 1a (0.044 g, 0.25 mmol), 3f (0.067 

g, 0.37 mmol), 5af (0.021 g, 0.06 mmol); Colourless sticky 

liquid, 25% overall yield; [α]D
25=  125.24 (c = 0.4, CHCl3); 

68:32 er of major diastereomer was determined by chiral 

HPLC analysis, [Chiralpak IC, hexane/i-PrOH = 90/10, 0.5 

mL/min, tR (minor) = 22.29 min, tR (major) = 22.29 min]; 1H NMR (400 MHz): δ 7.33 (d, J = 8.7 

Hz, 1H), 6.91-6.87 (m, 3H), 6.76 (d, J = 1.8 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 6.26 (s, 1H), 5.14 
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(s, 1H), 4.92 (dd, J = 10.0, 4.0 Hz, 1H), 3.80 (s, 3H), 2.81 (s, 3H), 2.76-2.72 (m, 1H), 2.70-2.69 (m, 

1H), 2.24 (s, 3H); 13C NMR (100 MHz): δ 159.6, 149.4, 131.8, 130.8, 129.8, 129.3, 127.9, 126.7, 

119.8, 119.4, 114.9, 114.0, 92.8, 80.9, 55.4, 41.8, 40.0, 20.6; HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C20H22NO4 340.1549, Found 340.1552 

 

2.B.4.5. Chemical transformations 

((6R)-6-(4-methoxyphenyl)-2-methyl-3-(o-tolyl)-1,2-oxazinan-4-yl)methanol (6a) 

Prepared accoding to the literature procedure.17 4aa (0.022 g, 

0.06 mmol), NaBH4 (0.005 g, 0.12 mmol), 6a (0.015 g, 0.04 

mmol); Colourless liquid, 67% yield; 1H NMR (400 MHz): δ 

7.45 (d, J = 7.3 Hz, 1H), 7.38 (d, J = 8.7 Hz, 2H), 7.24-7.19 (m, 

1H), 7.18-7.16 (m, 2H), 6.91 (d, J = 8.7 Hz, 2H), 5.01 (dd, J = 

11.7, 2.0 Hz, 1H), 3.81 (s, 3H), 3.70 (d, J = 10.5 Hz, 1H), 3.44 

(dd, J = 10.5, 3.6 Hz, 1H), 3.31 (dd, J = 10.7, 6.1 Hz, 1H), 2.41 (s, 3H), 2.40 (s, 3H), 2.38-2.32 (m, 

1H), 2.16-2.12 (m, 1H), 1.86-1.77 (m, 1H); 13C NMR (100 MHz): δ 159.2, 138.1, 136.7, 132.8, 

130.3, 128.0, 127.3, 127.0, 126.7, 113.7, 79.7, 67.8, 64.1, 55.2, 45.2, 43.6, 34.9, 29.6, 20.3; HRMS 

(ESI, Q-TOF) m/z:  [M+H]+  calculated for  C20H26NO3 328.1913, Found 328.1911  

(E)-ethyl 3-((6R)-6-(4-methoxyphenyl)-2-methyl-3-(o-tolyl)-1,2-oxazinan-4-yl)acrylate (6b) 

Prepared according to the literature procedure.18 4aa 

(0.020 g, 0.06 mmol); 6b (0.018 g, 0.04 mmol), 74% yield; 

1H NMR (400 MHz): δ 7.44 (d, J = 8.1 Hz, 1H), 7.37 (d, 

J = 8.7 Hz, 2H), 7.24-7.20 (m, 1H), 7.18-7.16 (m, 2H), 

6.91 (d, J = 8.7 Hz, 2H), 6.64 (dd, J = 16.0, 7.7 Hz, 1H), 

5.61 (dd, J = 16.0, 1.3 Hz, 1H), 5.02 (dd, J = 11.4, 1.8 Hz, 

1H), 4.12-4.06 (m, 2H), 3.81 (s, 3H), 3.66 (d, J = 10.0 Hz, 

1H), 3.03-2.95 (m, 1H),  2.42 (s, 3H), 2.32 (s, 3H), 2.09-2.04 (m, 1H), 1.93-1.84 (m, 1H), 1.21 (t, 

J = 6.9 Hz, 3H); 13C NMR (100 MHz): δ 166.3, 159.5, 147.8, 137.6, 136.5, 132.5, 130.5, 128.1, 

127.5, 126.9, 126.7, 122.2, 114.0, 79.4, 69.4, 60.3, 55.4, 46.3, 43.9, 36.8, 20.4, 14.2; HRMS (ESI, 

Q-TOF) m/z:  [M+H]+  calculated for  C24H30NO4 396.2175, Found 396.2179  
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O-((1R)-2-(chroman-3-yl)-1-(4-methoxyphenyl)ethyl)-N-methylhydroxylamine (7a) 

Prepared according to the literature procedure.19 5aa (0.025 

g,  0.08 mmol), 7a (0.018 g, 0.05 mmol), colourless liquid, 

71% yield, 1H NMR (400 MHz): δ 8.32 (bs, 1H), 7.33 (d, J 

= 8.7 Hz, 2H), 7.17-7.10 (m, 2H), 6.94-6.85 (m, 4H), 5.29 

(dd, J = 11.7, 2.0 Hz, 1H), 3.80 (s, 3H), 3.36-3.29 (m, 1H), 

2.68 (dd, J = 13.8, 6.3 Hz, 1H), 2.62 (s, 3H), 2.58 (d, J = 2.3, 

Hz, 2H), 2.30-2.23 (m, 1H), 2.06-1.98 (m, 1H), 1.80-1.77 (m, 1H); 13C NMR (100 MHz): δ 159.6, 

155.8, 132.5, 130.7, 128.2, 128.1, 126.6, 120.6, 117.4, 114.0, 76.5, 58.3, 55.4, 46.4, 35.9, 34.0, 

31.4; HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for C19H24NO3 314.1756, Found 314.1754 

2.B.4.6. Rearrangement reaction  

Figure 2.B.4.6.1. Rearrangement pathway for the production of aryl aldehydes  

 

 

 

 

 

1H-NMR (CDCl3, 400MHz) of 1a’ 

 

1H-NMR (CDCl3, 400MHz) of 1f’ 
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2.B.6. NMR spectra and HPLC data of the compounds 

 

 

 

 

 

 

 

 

 

 

 

1H-NMR (CDCl3, 400MHz) of 4aa 

 

13C-NMR (CDCl3, 100MHz) of 4aa 
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1H-1H COSY NMR (CDCl3, 400MHz) of 4aa 
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1H-1H NOESY NMR (CDCl3, 400MHz) of 4aa 

 

1H-1H NOESY NMR (CDCl3, 400MHz) of 4aa ZOOM 
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HPLC spectra of racemic 4aa 

 

HPLC spectra of chiral 4aa 
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1H-NMR (CDCl3, 400MHz) of 4ba 

 

13C-NMR (CDCl3, 100MHz) of 4ba 
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HPLC spectra of racemic 4ba 

 

HPLC spectra of chiral 4ba 
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1H-NMR (CDCl3, 400MHz) of 4ca 

 

13C-NMR (CDCl3, 100MHz) of 4ca 
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HPLC spectra of racemic 4ca 

 

HPLC spectra of chiral 4ca 
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1H-NMR (CDCl3, 400MHz) of 4da 

 

13C-NMR (CDCl3, 100MHz) of 4da 
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HPLC spectra of racemic 4da 

 

HPLC spectra of chiral 4da 
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1H-NMR (CDCl3, 400MHz) of 4ea 

 

13C-NMR (CDCl3, 100MHz) of 4ea 
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HPLC spectra of racemic 4ea 

 

HPLC spectra of chiral 4ea 
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1H-NMR (CDCl3, 400MHz) of 4fa 

 

13C-NMR (CDCl3, 100MHz) of 4fa 
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HPLC spectra of racemic 4fa 

 

HPLC spectra of chiral 4fa 
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1H-NMR (CDCl3, 400MHz) of 4ga 

 

13C-NMR (CDCl3, 100MHz) of 4ga 
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HPLC spectra of racemic 4ga 

 

HPLC spectra of chiral 4ga 
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1H-NMR (CDCl3, 400MHz) of 4ha 

 

13C-NMR (CDCl3, 100MHz) of 4ha 
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HPLC spectra of racemic 4ha 

 

HPLC spectra of chiral 4ha 
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1H-NMR (CDCl3, 400MHz) of 4ab 

 

13C-NMR (CDCl3, 100MHz) of 4ab 
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HPLC spectra of racemic 4ab 

 

HPLC spectra of chiral 4ab 
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1H-NMR (CDCl3, 400MHz) of 4ac 

 

13C-NMR (CDCl3, 100MHz) of 4ac 
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HPLC spectra of racemic 4ac 

 

HPLC spectra of chiral 4ac 
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1H-NMR (CDCl3, 400MHz) of 4ad 

 

13C-NMR (CDCl3, 100MHz) of 4ad 
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HPLC spectra of racemic 4ad 

 

HPLC spectra of chiral 4ad 
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1H-NMR (CDCl3, 400MHz) of 4ae 

 

13C-NMR (CDCl3, 100MHz) of 4ae 
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HPLC spectra of racemic 4ae 

 

HPLC spectra of chiral 4ae 
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1H-NMR (CDCl3, 400MHz) of 5aa 

 

13C-NMR (CDCl3, 100MHz) of 5aa 
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HPLC spectra of racemic 5aa 

 

HPLC spectra of chiral 5aa 
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1H-NMR (CDCl3, 400MHz) of 5ab 

 

13C-NMR (CDCl3, 100MHz) of 5ab 
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HPLC spectra of racemic 5ab 

 

HPLC spectra of chiral 5ab 
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1H-NMR (CDCl3, 400MHz) of 5ac 

 

13C-NMR (CDCl3, 100MHz) of 5ac 
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HPLC spectra of racemic 5ac 

 

HPLC spectra of chiral 5ac 
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1H-NMR (CDCl3, 400MHz) of 5ad 

 

13C-NMR (CDCl3, 100MHz) of 5ad 
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HPLC spectra of racemic 5ad 

 

HPLC spectra of chiral 5ad 
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1H-NMR (CDCl3, 400MHz) of 5ae 

 

13C-NMR (CDCl3, 100MHz) of 5ae 
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HPLC spectra of racemic 5ae 

 

HPLC spectra of chiral 5ae 
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1H-NMR (CDCl3, 400MHz) of 5af 

 

13C-NMR (CDCl3, 100MHz) of 5af 
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HPLC spectra of racemic 5af 

 

HPLC spectra of chiral 5af 

 



Chapter 2B: Organocatalytic (3+3) Cycloaddition of DACs with Nitrones 

 

187 
 

 

 

 

 

 

 

 

 

1H-NMR (CDCl3, 400MHz) of 6a 

 

13C-NMR (CDCl3, 100MHz) of 6a 
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1H-NMR (CDCl3, 400MHz) of 6b 

 

13C-NMR (CDCl3, 100MHz) of 6b 
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1H-NMR (CDCl3, 400MHz) of 7a 

 

13C-NMR (CDCl3, 100MHz) of 7a 
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13C, 1H HSQC NMR (CDCl3, 100, 400 MHz) of 7a 
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3.1. Introduction 

Small strained ring molecules are impressive building blocks in organic chemistry due to their 

unique reactivity. Over the years, various strained carbo- and heterocycles have been studied 

extensively to synthesize a myriad of biologically and pharmaceutically important molecular 

architectures.1 However, methodologies exploiting a pair of different strained rings have remained 

underdeveloped.2 3-Donor cyclobutanones are one of the important classes of four-membered 

carbocycles which can generate 1,4-zwitterionic intermediate in the presence of Lewis acid by 

regioselective cleavage of the C2-C3 bond.3 Several cycloaddition, rearrangement, and ring-

opening reactions have been explored in the last few years using these four-membered synthons.4 

On the other hand, donor-acceptor cyclopropanes (DACs) are one of the most commonly exploited 

three-membered carbocycles owing to their ease of preparation and inimitable properties. The 

synergistic “push-pull” effect of vicinally installed donor and acceptor groups induces a C-C bond 

polarization which, upon activation with Lewis acid, can lead to the formation of a 1,3-zwitterionic 

intermediate. Utilizing this reactivity, an enormous number of ring opening, cycloaddition, and 

rearrangement reactions have been documented in the past few decades.5 Our group has also 

contributed extensively in the field of DACs for the construction of various important carbocyclic 

and heterocyclic scaffolds.6 However, reports of merging DACs with other strained ring molecules 

are still scarce (Scheme 3.1.1). In the last decade, our group has worked on the reactivity of two 

different strained rings in the presence of Lewis acids and successfully obtained different 

heterocyclic frameworks (Scheme 1 A). In 2015, our group disclosed a Lewis acid-catalyzed 

cycloaddition between DACs and epoxide for the synthesis of substituted tetrahydrofuran 

derivatives (Scheme 3.1.1.i).7 Following this, other heteroatom-containing strained ring systems 

like aziridine and oxaziridine were also exploited by our group with DACs. While the former 

undergoes an annulation reaction to provide highly functionalized pyrroles8, (Scheme 3.1.1.ii) the 

latter leads to the formation of an N-transferred product and the [3+2] cycloadduct in the presence  

Scheme 3.1.1. Reactions of DACs with different small strained ring  

 

of the same Lewis acid (Scheme 3.1.1.iii).9 In a similar endeavor, Trushkov et al. demonstrated a 

Lewis acid-mediated annulation between two different saturated small ring systems diaziridine and 



Chapter 3: Merging Two Strained Carbocycles via Lewis Acid Catalysis 

194 
 

cyclopropane (Scheme 3.1.1.iv).10 Encouraged by these affirmative experiences, our group has 

made continuous efforts for further exploitation of other strained ring molecules with DACs. In this 

aspect, our aim is to utilize the reactivity of the two smallest carbocycles, i.e., 3-Donor 

cyclobutanones and donor-acceptor cyclopropanes, to construct valuable carbocyclic molecules. To 

the best of our knowledge, reactions between these two strained carbocycles have not yet been 

explored.  

Scheme 3.1.2. Friedel-Crafts reaction of DACs with 2-naphthols; (a) Previous reports, (b) This 

work: Lewis acid catalyzed reaction between cyclobutanone and DACs 

 

The Friedel-Crafts (FC) alkylation is one of the most powerful tools for the construction of carbon-

carbon bonds onto an aromatic or heteroaromatic compound.11 Since its invention by Charles 

Friedel and James Crafts in 1877, a diverse range of FC alkylation reactions have been developed 

to date with various types of arenes and heteroarenes.12 In this regard, β-naphthol has achieved great 

interest as a notable precursor for its unique reactivity along with its low cost and easy handling. 

Several alkylating agents, such as olefins, imines, enamides, etc., have already been exploited with 

β-naphthol via metal, non-metal, and organocatalytic activation.13 In this domain, DACs have 

become a great choice as an alkylating agent and successfully provided various γ-aryl butyric acid 

frameworks through ring opening with different electron-rich arenes and heteroarenes in the 

presence of various Lewis acids.14 In 2016, Biju et al. reported the Friedel-Crafts reaction with β-

naphthol and DAC in the presence of Sc(OTf)3 for the construction of γ-naphthyl butyric acid 

skeletons (Scheme 3.1.2.a-i).15 Later, in 2018, Feng et al.16  discovered an asymmetric reaction of 

β-naphthol with cyclopropyl diketones via chiral N, N’-dioxide L-PiPr3-ScIII complex (Scheme 

3.1.2.a-ii). In the same year, Guo et al.17 developed an enantioselective FC alkylation of β-naphthol 

with donor-acceptor aminocyclopropane in the presence of Cu(OTf)2 complexed with chiral 

bisoxazoline ligand (Scheme 3.1.2.a-iii). In this regard, it is worth mentioning that, in 2017, Werz 
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et al. demonstrated a ring opening of DACs by the in situ generated naphthoquinone dianions 

species by the combination of redox and Lewis acid catalysis.18 Strikingly, in all these reactions, 

the alkylation took place by the nucleophilic attack from the ‘α-position only, and methodologies 

for the selective alkylation from the other nucleophilic sites of β-naphthol are unexplored.19 We 

envisioned that blocking the α-position of the β-naphthol could trigger the other nucleophilic sites 

for selective Friedel-Crafts alkylation. For this purpose, 3-ethoxy 2,2-diphenyl cyclobutanone is the 

best choice to generate 1-phenyl-2-naphthol via Lewis acid activation which was earlier reported 

by Huisgen et. al20 in 1969. This 1-substituted 2-naphthol, has two typical sites for electrophilic 

attack those are C(1) and C(6). While the C(1) attack was accomplished by direct dearomative 

halogenation with NXS/water (X= Br, Cl) afforded 1,1-disubstituted 1,2-dihydronaphthalene-2-

ones,21 bromination with Br2/AcOH leads to the formation of 6-bromo-1-phenylnaphthalen-2-ol.22 

Our aim was to utilize this 1-substituted 2-naphthol for the ring opening of DACs via FC alkylation 

from the remote nucleophilic site C(6). Herein, we report a 6-selective Friedel-Crafts alkylation of 

in situ-generated 2-naphthols from 3-ethoxy cyclobutanone with donor-acceptor cyclopropanes 

(Scheme 3.1.2.b). 

3.2. Result and Discussion 

To test our hypothesis, initially, cyclobutanone 1a and DAC 2a were chosen as the model substrates 

to find the optimization reaction condition (Table 3.2.1). From the literature precedences, it was 

evident that relatively strong Lewis acids were more suitable for the ring opening of this type of 

cyclobutanones.4 So, we commenced our reaction with BF3‧Et2O as Lewis acid in dichloromethane 

as solvent. Interestingly the Friedel-Crafts alkylated product was obtained in 33% yield along with 

the β-naphthol (obtained by the rearrangement of cyclobutanone) within 15 minutes at room 

temperature (Table 3.2.1, Entry 1). Hence we started screening several other strong Lewis acids to 

improve the efficiency of the reaction. Initially, in the presence of TiCl4, a complex reaction mixture 

was obtained; presumably, this could be due to the decomposition of cyclopropane while the 

cyclobutanone remained unconsumed (Table 3.2.1, Entry 2). Delightfully the employment of SnCl4 

resulted in an improvement of the yield up to 51% (Table 3.2.1, Entry 3). Next, comparatively 

weaker Lewis acids like Sc(OTf)3, In(OTf)3, and InCl3 were also tested, which afforded the desired 

product in poor to moderate yield (Table 3.2.1, Entries 4-6). However, in the presence of MgI2, both 

the starting materials remain unreacted (Table 3.2.1, Entry 7) while Bi(OTf)3 was unable to catalyze 

the Friedel-Crafts reaction giving only the rearrangement product (Table 3.2.1, Entry 8). 

Henceforth, SnCl4 proved to be the best catalyst for this reaction. Subsequently, various other 

parameters like temperature, solvent, and catalyst loading were also screened to further improve the 

yield of the product. From the literature knowledge, it is noticeable that temperature plays a crucial 

role in the Lewis acid-catalyzed transformations. Therefore, the reaction was conducted at low 

temperatures. Pleasingly, the yield was enhanced to some extent (72%) when the reaction was 
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performed at 0 °C (Table 3.2.1, Entry 9). Further improvement was also achieved by lowering the 

temperature to -15 °C and obtaining the desired product in 84% yield (Table 3.2.1, Entry 10). 

However, a considerable decrease in the yield was observed when the temperature was further 

reduced (Table 3.2.1, Entry 11). To optimize the reaction further, we also checked the efficiency of  

Table 3.2.1. Optimization of the reaction conditions 

 

entry LA temp (°C) solvent yield 

1 BF3‧Et2O rt DCM 33% c 

2 TiCl4 rt DCM c.m.d 

3 SnCl4 rt DCM 51% 

4 Sc(OTf)3 rt DCM 20% 

5 In(OTf)3 rt DCM 29% 

6 InCl3 rt DCM 42% 

7 MgI2 rt DCM n.r.e 

8 Bi(OTf)3 rt DCM n.r.e 

9 SnCl4 0 DCM 72% 

10 SnCl4 -15 DCM 84% 

11 SnCl4 -30 DCM 56% 

12 SnCl4 -15 DCB 65% 

13 SnCl4 -15 DCE 67% 

14 SnCl4 -15 MeCN n.r.d 

15 SnCl4 -15 Toluene n.r.d 

16f SnCl4 -15 DCM 50% 

areaction was carried out under inert condition using 1a (1 equiv.), 1b (1 equiv.), Lewis acid (0.2 equiv.) and CH2Cl2 as 

a solvent for 15 minutes. bisolated yield after column chromatography; cBF3•Et2O was taken in 1 equivalent, dc.m.= no 

reaction, en.r.= no reaction, fSnCl4 was taken in 0.5 equivalent. 

various solvents. Other halogenated solvents like DCE and DCB did not improve the yield as 

compared to DCM whereas MeCN and toluene were found fatal for this transformation (Table 
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3.2.1, Entry 12-15). Later, the higher catalyst loading was also examined and the desired product 

was obtained with reduced yield, possibly because of the substrate decomposition (Table 1, Entry 

16). Therefore, the optimized conditions for this reaction were 1.0 equivalent of 1a, 1.0 equivalent 

of 2a, with 0.2 equivalent of SnCl4 in DCM at -15 °C. 

With the optimized conditions in hand, the generality of our protocol was evaluated with respect to 

DACs. Initially, the effect of substitutions on the aryl group of DACs was examined (Scheme 3.2.1). 

When the electron-rich para-methoxy substituted phenyl cyclopropane diester was employed for 

this reaction, it rendered the corresponding Friedel-Crafts alkylated product (3aa) with an excellent 

yield of 84%. However, 3,4-dimethoxy phenyl and piperonyl-containing DACs (2b and 2c) 

rendered the products (3ab and 3ac) with relatively lower yields (65% and 73%, respectively). In 

line with this result, other electron-rich substituents like benzofuran, N,N-dimethyl phenyl, and 

furan-derived cyclopropanes could not afford the desired products and yielded only the 1-

phenylnaphthalen-2-ol (cyclobutanone rearrangement product). Possibly, due to the fact that, these 

highly reactive DACs undergo decomposition in the presence of strong Lewis acid SnCl4 and 

became unavailable for the F.C. alkylation to render the desired products. Next, we focused on 

comparatively less activated para-methyl (2d) and para-isopropyl (2e) phenyl substituted DACs, 

which furnished the products (3ad and 3ae) in good (82%) to satisfactory (70%) yields while much 

less activated phenyl cyclopropane diester (2f) afforded the product (3af) with slightly increased 

yield (86%). Apparently, electron withdrawing nitro substituted DACs could not furnish the desired 

product as the deficiency of electron on the donor group of cyclopropane made it too unactivated 

to undergo the reaction. Similarly, pyridine-containing cyclopropane also did not take part in this 

FC alkylation reaction. Noticeably, DACs containing para-halogen (F, Cl, Br) substituted phenyl 

rings (2g, 2h, 2i) were also tolerated well, but a longer reaction time was required. Whereas the 

fluoro-substituted DAC gave the product (3ag) with moderate yield (60%), the chloro- and bromo-

substituted ones rendered the products (3ah, and 3ai) with excellent yields (89% and 94%, 

respectively). Next, the ortho-substituted DAC (2j) also delivered the corresponding product (3aj) 

in good yield (82%). Furthermore, 1-naphthyl bearing DAC (2k) engendered the desired product 

(3ak) in compromised yield (47%). To our delight, indane fused DAC (2l) was also found 

compatible and provided the Friedel-Crafts alkylation product (3al) in good yield (81%). Moreover, 

styryl-substituted cyclopropane diester (2m) furnished the corresponding product (3am) with a 

similar yield (82%). In addition to that, an investigation regarding the variation of the acceptor 

group of the DACs was also carried out. Both ethyl and isopropyl esters containing cyclopropanes 

rendered the products (3an and 3ao) in satisfactory yields (70% and 75%, respectively).  

Then, some control experiments were conducted to gain insight into the mechanism of the discussed 

transformation. At first, only the cyclobutanone 1a was subjected under the optimized condition, 
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Scheme 3.2.1. Substrate scopesa,b

aUnless otherwise mentioned the reaction were carried out with 1 equiv of 1a, 1 equiv of 2a, and 0.2 equiv of SnCl4 in 

dichloromethane at -15 °C for 15 min, bIsolated yield, creaction performed for 2 h. 

and as anticipated 1-phenyl β-naphthol (IV) was formed in quantitative yield (Scheme 3.2.2.A).  
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Further, this isolated β-naphthol (IV) derivative was treated with DAC 2a under the optimized 

condition and successfully afforded the desired remote 6-selective FC alkylated product in good 

yield (Scheme 3.2.2.A). In addition to that, 3-ethoxy 2-phenyl cyclobutanone 1b did not produce 

either the corresponding β-naphthol or the desired FC alkylated product under a similar condition. 

This experiment suggests that the presence of one phenyl group stabilizes the carbanion, which 

makes the intramolecular attack of other phenyl rings more feasible. Therefore, in the case of mono-

phenyl-substituted species, the negative charge does not get stabilized enough in the intermediate 

(I’) to happen the intramolecular FC reaction, which eventually leads to the decomposition of the 

substrate (Scheme 3.2.2.B). An alternative explanation for this experiment could be that in the 

presence of two phenyl group, one has always to be close to the activated carbonyl group to allow 

cyclization. Whereas the presence of only one phenyl group allows different conformation where 

the phenyl group could be far away from the activated carbonyl group (I’’) to achieve lower steric 

hindrance which would be unfavorable for the cyclization and eventually lead to the complex 

reaction mixture (Scheme 3.2.2.B). Next, the fate of the reaction was examined when both the 1-  

Scheme 3.2.2. Control experiment; (A) Sequential method and isolation of the in situ 

generated β-naphthol, (B) reaction with 2-phenyl 3-ethoxy cyclobutanone, (C) reaction with 

6-substituted β-naphthol derivative. 

 

and 6-position of the in situ generated β-naphthol was blocked with phenyl and methoxy groups, 

respectively. For that purpose, 3-ethoxy-2,2-bis(4-methoxy-2-methylphenyl)cyclobutan-1-one (1c) 

was employed and a non-characterizable complex reaction mixture was obtained, establishing the 

site selectivity of this reaction (Scheme 3.2.2.C).  
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Scheme 3.2.3. Plausible mechanism 

 

Scheme 3.2.4. Gram-Scale Experiment and Chemical Transformations 

 

Based on the experimental results and the literature supports20, a plausible mechanism of both β-

naphthol formation and the selective Friedel-Crafts alkylation is proposed (Scheme 3.2.3). Initially, 

the cyclobutanone moiety generates the 1,4-zwitterionic intermediate (I) in the presence of Lewis 

acid (SnCl4), which rearranges itself via intramolecular Friedel-Crafts reaction leading to the 
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formation of intermediate (II). Subsequent elimination of ethanol was followed to afford the 1-

phenyl substituted 2-naphthol (IV) via intermediate (III). This in situ generated 2-naphthol (IV) 

further undergoes Friedel-Crafts reaction selectively from the 6th position via ring opening of Lewis 

acid (SnCl4) coordinated cyclopropane diester (V), leading to the formation of desired product 3aa. 

To demonstrate the practical utility of our protocol, a gram-scale experiment was conducted and 

afforded the final product 3af in 77% yield (Scheme 3.2.4.a). Furthermore, to check the synthetic 

utility of our designed methodology, a few post-functional modifications have been conducted 

(Scheme 3.2.4.b). Initially, methylation of the hydroxy group of the β-naphthol derivative 3aa was 

achieved by reacting with one equivalent of methyl iodide, taking K2CO3 as a base.23 Later, the 

Krapcho decarboxylation was also performed and successfully obtained the desired mono-

decarboxylated product in moderate yield.24 

3.3. Conclusion 

In conclusion, tandem activation of the two smallest carbocycles has been demonstrated using 

Lewis acid catalysis. The diphenyl-substituted 3-ethoxy cyclobutanone led to the in situ formation 

of 1-phenyl 2-naphthol, which subsequently underwent the remote site-selective Friedel-Crafts 

alkylation with aryl cyclopropane diesters. A series of γ-naphthyl butyric acid derivatives were 

obtained via ring opening of the cyclopropane with good to excellent yields. Moreover, selective 

methylation and decarboxylation have been conducted smoothly for the synthetic transformation of 

the product.  

3.4 Experimental Section 

3.4.1. General Methods: 

All reactions were carried out under an inert atmosphere with oven-dried glassware. All solvents 

and reagents were obtained from commercial sources and were purified following the standard 

procedure prior to use. The developed chromatogram was analyzed by UV lamp (254 nm) or p-

anisaldehyde solution. Products were purified by flash chromatography on silica gel (mesh size 

230−400). Melting points were determined using a Stuart SMP30 advanced digital melting point 

apparatus. Infrared (FTIR) spectra were recorded for the neat samples and reported in wavenumber 

(cm−1). Mass spectral data (HRMS) were obtained using the XEVO G2-XS QTOF instrument. 

Nuclear magnetic resonance (NMR) spectroscopy was performed using JEOL 400 MHz, JEOL 500 

MHz, Bruker 400 MHz. Chemical shifts of 1H, 13C{1H}, 19F, HMBC and HSQC NMR spectra are 

expressed in parts per million (ppm). All coupling constants are absolute values and are expressed 

in hertz (Hz). The description of the signals includes the following: s = singlet, d = doublet, dd = 

doublet of doublet, t = triplet, dt = doublet of triplet, q = quartet, dq = doublet of quartet, br = broad, 
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and m = multiplet. Structural assignments were made with additional information from gHSQC and 

gHMBC experiments. 

3.4.2. General synthetic methods for the preparation of 3-ethoxy cyclobutanone3b: In inert 

atmosphere, to a solution of diphenylacetic acid (0.8 g, 3.77 mmol) in dry DCM (7 mL), oxayl 

chloride (0.387 mL, 4.52 mmol) was added dropwise at 0°C. After that, the mixture was stirred at 

room temperature for 3 hours, and the crude material was used for the next step without further 

purification. A solution of ethyl vinyl ether (0.54 g, 7.54 mmol) and triethylamine (0.63 mL, 4.52 

mmol) in acetonitrile (2 mL) was added to the solution at room temperature for 1 h and the mixture 

was refluxed (on a silicone oil bath) for 4 h. After the filtration of precipitates, water was added to 

the filtrate, and the mixture was extracted with ether. The combined organic extracts were dried 

over anhydrous sodium sulfate and concentrated. The residue was purified by column 

chromatography on silica gel (hexane/ethyl acetate) gave 1a 0.75 g (74.78%). 

The same procedure was also followed for the preparation of 1b and 1c with commercially available 

phenylacetic acid and synthesized diaryl acetic acid25 as the respective precursors and 1b is known 

and characterization data were matched with the reported data26. 

3-ethoxy-2,2-diphenylcyclobutanone (1a). 2,2-diphenylacetyl chloride (1.0 g, 4.34mmol), 1a 

(0.86 g, 3.36 mmol), Yield: 75%; Nature: crystalline solid; Color: white; The title compound was 

purified by column chromatography (Hexane/ethyl acetate = 9:1); Rf = 0.4; 1H NMR (400 MHz, 

CDCl3) δ 7.47 – 7.42 (m, 2H), 7.38-7.34 (m, 2H), 7.28-7.20 (m, 4H), 7.18 – 7.13 (m, 2H), 4.83 (dd, 

J = 7.5, 5.4 Hz, 1H), 3.53 (m, 1H), 3.44 – 3.32 (m, 2H), 3.19 (dd, J = 18.1, 5.3 Hz, 1H), 1.04 (t, J 

= 7.0 Hz, 3H); 13C{1H} NMR (100 MHz,CDCl3): δ 207.8, 139.9, 138.1, 128.9, 128.8, 128.0, 127.6, 

127.3, 127.1, 79.9, 73.7, 65.7, 51.9, 15.0; HRMS (ESI-TOF) m/z: [M + H]+ Calculated for C18H19O2 

267.1385; found 267.1372.  

3-ethoxy-2-phenylcyclobutanone (1b). 2-phenylacetyl chloride (1.0 g, 6.5 mmol), 1b (0.86 g, 4.54 

mmol), Yield: 70%;  Nature: oil; Color: light yellow; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 9:1);  Rf = 0.5; 1H NMR (400 MHz, CDCl3) δ 7.35-7.30 

(m, 2H), 7.27-7.22 (m, 3H), 4.53 – 4.42 (m, 1H), 4.37 (dd, J = 12.4, 6.1 Hz, 1H), 3.62 – 3.53 (m, 

2H), 3.23 – 3.19 (m, 2H), 1.26 (d, J = 7.0 Hz, 3H). 

3-ethoxy-2,2-bis(4-methoxy-2-methylphenyl)cyclobutan-1-one (1c). 2-(4-methoxy-2-

methylphenyl)-2-(3-methoxy-5-methylphenyl)acetyl chloride (1.0 g, 3.14 mmol), 1c (0.6 g,1.69 

mmol), Yield: 54%; Nature: amorphous solid; Color: white; The title compound was purified by 

column chromatography (Hexane/ethyl acetate = 9:1); Rf = 0.3; 1H NMR (400 MHz, CDCl3) δ 7.20 

(s, 1H), 7.10 (dd, J = 8.2, 2.2 Hz, 1H), 7.02 – 6.96 (m, 1H), 6.89 (d, J = 8.3 Hz, 1H), 6.83 (d, J = 

8.2 Hz, 1H), 6.42 (s, 1H), 4.78 (dd, J = 7.9, 4.6 Hz, 1H), 3.78 (s, 3H), 3.75 (s, 3H), 3.49 – 3.29 (m, 

3H), 3.21 (dd, J = 18.1, 4.6 Hz, 1H), 2.22 (s, 3H), 2.12 (s, 3H), 0.96 (t, J = 7.0 Hz, 3H); 13C{1H} 
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NMR (100 MHz,CDCl3): δ 208.3, 156.5, 155.5, 130.8, 130.2, 129.8, 129.1, 128.9, 126.1, 125.9, 

112.6, 111.5, 76.1, 74.1, 65.6, 56.3, 55.0, 51.2, 20.8, 20.7, 15.3; HRMS (ESI-TOF) m/z: [M + H]+ 

Calculated for C22H26O4 355.1909; found 355.1899. 

3.4.3. General synthetic methods for the preparation of Donor-Acceptor Cyclopropanes:27 A 

round bottom flask equipped with a magnetic stir bar was charged with a Dean-Stark apparatus and 

condenser. Further, the reaction mixture was heated to reflux (on a silicone oil bath). Upon 

completion (monitored by TLC analysis), evaporation of solvent gave the crude product, which was 

purified by silica gel chromatography (230-400 mesh), and desired compound was eluted at 5-10% 

ethyl acetate in hexane. Appropriate aldehyde (1.0 equiv.), followed by benzene, dialkyl malonate 

(1.0 equiv.), piperidine (0.1 equiv.), and acetic acid (0.2 equiv.). The flask was equipped with a 

Dean-Stark apparatus and condenser. Further, the reaction mixture was heated to reflux (on a 

silicone oil bath). Upon completion (monitored by TLC analysis), evaporation of solvent gave the 

crude product, which was purified by silica gel chromatography (230-400 mesh), and desired 

compound was eluted at 5-10% ethyl acetate in hexane. Sodium hydride (2.5 equiv.) was taken in 

a two-neck, round-bottom flask and washed 3-4 times with dry hexane in order to remove the 

mineral oil. Further, the flask containing dry sodium hydride was added trimethylsulphoxonium 

iodide (2.0 equiv.), and dry DMSO under a nitrogen atmosphere. The mixture was cooled to 0 °C 

and stirred for 30 min. Next, a solution of appropriate benzylidene malonate (1.0 equiv.) in 

anhydrous DMSO was added, and the reaction mixture was allowed to stir at room temperature. 

Upon completion of the reaction (monitored by TLC analysis), the solution was poured into ice and 

extracted with ethyl acetate. The combined organic layers were washed once with brine solution, 

dried over sodium sulfate, filtered, and concentrated in vacuo to give the crude product, which was 

further purified by silica gel column chromatography (230-400 mesh), and the desired compound 

was eluted at 5-10% ethyl acetate in hexane. Using this procedure [2a-2k] and [2m-2o] were 

synthesized.27a 2l was synthesized according to literature method27b and all these Cyclopropane 

derivatives are known and their characterization data were matched with the reported data. 

Dimethyl 2-(4-methoxyphenyl)cyclopropane-1,1-dicarboxylate (2a). Dimethyl 2-(4-

methoxybenzylidene)malonate (1.0 g, 4.0 mmol), 2a (0.755 g, 2.8 mmol), 70% yield, Nature: 

liquid; Color: light yellow; The title compound was purified by column chromatography 

(Hexane/ethyl acetate = 9:1);  Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 7.17-7.11 (m, 2H), 6.86-

6.79  (m, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.41 (s, 3H), 3.20 (t, J = 8.2 Hz, 1H), 2.18 (dd, J = 8.1, 5.2 

Hz, 1H), 1.74 (dd, J = 9.3, 5.2 Hz, 1H). 

Diethyl 2-(3,4-dimethoxyphenyl)cyclopropane-1,1-dicarboxylate (2b). Diethyl 2-(4-

methoxybenzylidene)malonate (1.0 g, 3.6 mmol), 2b (0.77 g, 2.6 mmol), Yield: 72%; Nature: 

amourphous solid; Color: white; The title compound was purified by column chromatography 
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(Hexane/ethyl acetate = 9:1);  Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 6.77 – 6.69 (m, 3H), 4.27 – 

4.14 (m, 2H), 3.91 – 3.84 (m, 2H), 3.84 (s, 3H), 3.83 (s, 3H), 3.16 (t, J = 8.6 Hz, 1H), 2.11 (dd, J = 

7.9, 5.1 Hz, 1H), 1.66(dd, J = 9.2, 5.1 Hz, 1H), 1.28 (t, J = 7.1 Hz, 3H), 0.91 (t, J = 6.8 Hz, 3H). 

Diethyl 2-(benzo[d][1,3]dioxol-5-yl)cyclopropane-1,1-dicarboxylate (2c). Diethyl 2-

(benzo[d][1,3]dioxol-5-ylmethylene)malonate (1.0 g, 3.4 mmol), 2c (0.82 g, 2.6 mmol), Yield: 

76%; yield Nature: oil; Color: colorless; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 9:1);  Rf = 0.4; 1H NMR (400 MHz, CDCl3): δ 6.70 – 6.65 

(m, 3H), 5.90 (s, 2H), 4.27 – 4.14 (m, 2H), 3.95 –3.87 (m, 2H), 3.15 – 3.10 (m, 1H), 2.07 (dd, J = 

7.9, 5.2 Hz, 1H), 1.65 (dd, J = 9.2, 5.1 Hz,1H), 1.27 (t, J = 7.1 Hz, 3H), 0.96 (t, J = 7.1 Hz, 3H). 

Diethyl 2-(p-tolyl)cyclopropane-1,1-dicarboxylate (2d). Diethyl 2-(4-

methylbenzylidene)malonate (1.0 g, 3.82 mmol), 2d (0.67 g, 2.42 mmol), Yield: 65%;  Nature: 

amorphous solid; Color: white; The title compound was purified by column chromatography 

(Hexane/ethyl acetate = 9:1); Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 7.10-7.16 (m, 4H), 4.02 (q, 

J = 7.1 Hz, 2H), 3.83 (q, J = 7.1 Hz, 2H), 3.34-3.38 (m, 1H), 2.36-2.38 (m, 1H), 2.32 (s, 3H), 2.24-

2.27 (m, 1H), 1.12 (t, J = 7.1 Hz, 3H), 0.72 (t, J = 7.1 Hz, 3H). 

Dimethyl 2-(4-isopropylphenyl)cyclopropane-1,1-dicarboxylate (2e). Dimethyl 2-(4-

isopropylbenzylidene)malonate (1.0 g, 3.81 mmol), 2e (0.70 g, 2.53 mmol), Yield: 67%; Nature: 

liquid; Color: yellow; The title compound was purified by column chromatography (Hexane/ethyl 

acetate = 9:1); Rf = 0.5;  1H NMR (400 MHz, CDCl3): δ 7.14-7.07 (m, 4H), 3.78 (s, 3H), 3.35 (s, 

3H), 3.21-3.16 (m, 1H), 2.89-2.81 (m, 1H), 2.17 (dd, J = 8.0,5.2 Hz, 1H), 1.72 (dd, J = 9.3, 5.1 Hz, 

1H), 1.21 (s, 1H), 1.19 (s, 1H). 

Dimethyl 2-phenylcyclopropane-1,1-dicarboxylate (2f). Dimethyl 2-benzylidenemalonate (1.0 

g, 4.54 mmol), 2f (0.74 g, 3.16 mmol), Yield: 69%;  Nature: crystalline solid; Color: white; The 

title compound was purified by column chromatography (Hexane/ethyl acetate = 9:1); Rf = 0.5; 1H 

NMR (400 MHz, CDCl3): δ 7.28-7.17 (m, 5H), 3.78 (s, 3H), 3.35 (s, 3H), 3.22 (t, J = 8.6 Hz, 1H), 

2.19 (dd, J = 8.0, 5.2 Hz, 1H), 1.74 (dd, J = 9.2, 5.2 Hz, 1H). 

Dimethyl 2-(4-fluorophenyl)cyclopropane-1,1-dicarboxylate (2g). Dimethyl 2-(4-

fluorobenzylidene)malonate (1.0 g, 4.2 mmol), 2g (0.6 g, 2.38 mmol), Yield: 56%;   Nature: liquid; 

Color: light yellow; The title compound was purified by column chromatography (Hexane/ethyl 

acetate = 9:1); Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 7.19 – 7.10 (m, 2H), 6.98 – 6.89 (m, 2H), 

3.77 (s, 3H), 3.37 (s, 3H), 3.18 (t, J = 8.6 Hz, 1H), 2.13 (dd, J = 8.0, 5.3 Hz, 1H), 1.72 (dd, J = 9.3, 

5.3 Hz, 1H). 

Dimethyl 2-(4-chlorophenyl)cyclopropane-1,1-dicarboxylate (2h). Dimethyl 2-(4-

chlorobenzylidene)malonate (1.0 g, 3.93 mmol), 2h (0.67 g, 2.5 mmol), Yield: 63%; Nature: liquid; 
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Color: light yellow; The title compound was purified by column chromatography (Hexane/ethyl 

acetate = 9:1); Rf = 0.5;  1H NMR (400 MHz, CDCl3): δ 7.26 – 7.20 (m, 2H), 7.14 – 7.06 (m, 2H), 

3.77 (s, 3H), 3.39 (s, 3H), 3.21 – 3.12 (m, 1H), 2.14 (dd, J = 8.0, 5.3 Hz, 1H), 1.73 (dd, J = 9.3, 5.3 

Hz, 1H). 

Dimethyl 2-(4-bromophenyl)cyclopropane-1,1-dicarboxylate (2i). Dimethyl 2-(4-

bromobenzylidene)malonate (1.0 g, 3.36 mmol), 2i (0.71 g, 2.28 mmol), Yield: 67%; Nature: solid; 

Color: light yellow; The title compound was purified by column chromatography (Hexane/ethyl 

acetate = 9:1); Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 8.5 Hz, 2H), 7.06 (d, J = 8.4 

Hz, 2H), 3.79 (s, 3H), 3.41 (s, 3H), 3.20 – 3.13 (m, 1H), 2.16 – 2.13 (m, 1H), 1.76 – 1.72 (m, 1H). 

Dimethyl 2-(o-tolyl)cyclopropane-1,1-dicarboxylate (2j). Dimethyl 2-(2-

methylbenzylidene)malonate (1.0 g, 4.27 mmol), 2j (0.73 g, 2.94 mmol), Yield: 70%; Nature: 

amourphous solid; Color: white; The title compound was purified by column chromatography 

(Hexane/ethyl acetate = 9:1); Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 7.17 – 7.06 (m, 3H), 7.03 (d, 

J = 7.4 Hz, 1H), 3.80 (s, 3H), 3.28 (s, 3H), 3.18 (t, J = 8.7 Hz, 1H), 2.36 (s, 3H), 2.31 (dd, J = 8.3, 

5.1 Hz,1H), 1.71(dd, J = 9.2, 5.1 Hz, 1H). 

Diethyl 2-(naphthalen-1-yl)cyclopropane-1,1-dicarboxylate (2k). Diethyl 2-(naphthalen-1-

ylmethylene)malonate (1.0 g, 3.35 mmol), 2k (0.56 g, 1.8 mmol), Yield: 53%; Nature: amourphous 

solid; Color: pale yellow; The title compound was purified by column chromatography 

(Hexane/ethyl acetate = 9:1); Rf = 0.4; 1H NMR (400 MHz, CDCl3): δ 8.18 (d, J = 8.4 Hz, 1H), 

7.80 (d, J = 7.9 Hz, 1H), 7.73 (d, J = 8.2 Hz, 1H), 7.55-7.51 (m, 1H), 7.49 – 7.44 (m, 1H), 7.39 – 

7.34 (m, 1H), 7.28 (d, J = 8.0 Hz, 1H), 4.39 – 4.26 (m, 2H), 3.66 (t, J = 8.6 Hz, 1H), 3.53 (q, J = 

7.2 Hz, 2H), 2.40 (dd, J = 8.1, 5.0 Hz, 1H), 1.80 (dd, J = 9.0, 5.0 Hz, 1H), 1.36 – 1.31 (m, 3H), 0.33 

(t, J = 7.1 Hz, 3H). 

Diethyl 6,6a-dihydrocyclopropa[a]indene-1,1(1aH)-dicarboxylate (2l). 1H-indene (1.0 g, 8.62 

mmol), 2l (1.88 g, 6.89 mmol), Yield: 80%; Nature: sticky liquid; Color: pale yellow; The title 

compound was purified by column chromatography (Hexane/ethyl acetate = 9:1); Rf = 0.5 1H NMR 

(400 MHz, CDCl3): δ 7.38-7.36 (m, 1H), 7.16 – 7.09 (m, 3H), 4.23 – 4.15 (m, 2H), 3.73 (q, J = 6.9 

Hz, 2H), 3.36 (d, J = 17.7 Hz, 1H), 3.30 – 3.23 (m, 2H), 2.66-2.63 (m, 1H), 1.26 (t, J = 7.1 Hz, 3H), 

0.75 (t, J = 7.2 Hz, 3H). 

(E)-diethyl 2-styrylcyclopropane-1,1-dicarboxylate (2m). (E)-diethyl 2-(3-

phenylallylidene)malonate (1.0 g, 3.64 mmol), 2m (0.28 g, 1.5 mmol), Yield: 42%; Nature: oil; 

Color: brown; The title compound was purified by column chromatography (Hexane/ethyl acetate 

= 9:1); Rf = 0.4; 1H NMR (400 MHz, CDCl3): δ 7.27 – 7.22 (m, 2H), 7.23 – 7.18 (m, 1H), 6.63 (d, 

J = 15.8 Hz, 1H), 5.80 (dd, J = 15.7, 8.8 Hz, 1H), 4.26 – 4.14 (m, 4H), 2.72 (dd, J = 16.7, 8.5 Hz, 
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1H), 1.80 (dd, J = 7.5, 4.9 Hz, 1H), 1.65 (dd, J = 9.0, 4.9 Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H), 1.21 (t, 

J = 7.1 Hz, 3H). 

Diethyl 2-(4-methoxyphenyl)cyclopropane-1,1-dicarboxylate (2n). Diethyl 2-(4-

methoxybenzylidene)malonate (1.0 g, 3.6 mmol), 2n (0.75 g, 2.58 mmol), Yield: 72%;  Nature: oil; 

Color: colorless; The title compound was purified by column chromatography (Hexane/ethyl 

acetate = 9:1); Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 7.14 (d, J = 8.6 Hz, 2H), 6.79 (d, J = 8.64 

Hz, 2H), 4.04 (q, J = 7.1 Hz, 2H), 3.87 (q, J = 7.1 Hz, 2H), 3.72 (s, 3H),3.33-3.37 (m, 1H), 2.29-

2.32 (m, 1H), 2.24-2.27 (m, 1H), 1.11 (t, J = 7.1 Hz, 3H), 0.72 (t, J = 7.1 Hz,3H). 

Diisopropyl 2-(4-methoxyphenyl)cyclopropane-1,1-dicarboxylate (2o). Diisopropyl 2-(4-

methoxyphenyl)cyclopropane-1,1-dicarboxylate (1.0 g, 3.26 mmol), 2o (0.73 g, 2.28 mmol), Yield: 

70% Nature: oil; Color: colorless; The title compound was purified by column chromatography 

(Hexane/ethyl acetate = 9:1); Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 7.10 (d, J = 8.5 Hz, 2H), 

6.77 (d, J = 8.7 Hz, 2H), 5.10-5.01 (m, 1H), 4.76-4.66  (m, 1H), 3.74 (s, 3H), 3.14 – 3.08 (m, 1H), 

2.05 (dd, J = 7.9, 5.1 Hz, 1H), 1.59 (dd, J = 9.2, 5.1 Hz, 1H), 1.25 (d, J = 6.3 Hz, 3H), 1.23 (d, J = 

6.3 Hz, 3H), 1.05 (d, J = 6.3 Hz, 3H), 0.72 (d, J = 6.3 Hz, 3H). 

3.4.4. Representative procedure for synthesis 1,6-disubstituted β-naphthol: A round-bottom 

flask equipped with a magnetic stir bar was charged with 2,2-diphenyl 3-ethoxy cyclobutanone (0.2 

mmol, 1 equiv.) and donor-acceptor cyclopropane (0.2 mmol, 1 equiv.) under inert atmosphere. 

Anhydrous dichloromethane (1 mL) was added to the reaction mixture and stirred at -15 °C. In 

another round-bottom flask, a stock solution of SnCl4 (0.1 mL SnCl4 and 4.9 mL of Anhydrous 

DCM) was prepared and 0.2 mL of stock solution (0.04 mmol, 0.2 equiv.) was added to the reaction 

mixture dropwise. The mixture was stirred at -15 °C until the completion of the reaction (as 

monitored by TLC). The solvent was evaporated on a rotary evaporator and further purified by 

silica gel column chromatography taking ethyl acetate/hexanes as eluent to afford products. 

Dimethyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-2-(4-methoxyphenyl)ethyl)malonate 

(3aa). 1a (0.053 g, 0.2 mmol), 2a (0.052 g, 0.2mmol), 3aa (0.081g, .016 mmol); Reaction time: 15 

min; Yield: 84%; Nature: white solid; Melting point: 137-140 °C; The title compound was purified 

by column chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.5; 1H NMR (400 MHz, CDCl3):  δ 

7.74 (d, J = 8.9 Hz, 1H), 7.65 (d, J = 1.0 Hz, 1H), 7.59 – 7.51 (m, 2H), 7.51 – 7.44 (m, 1H), 7.37 

(dd, J = 8.1, 1.3 Hz, 2H), 7.30 (d, J = 8.8 Hz, 1H), 7.23 (d, J = 9.0 Hz, 1H), 7.16 (d, J = 8.7 Hz, 

2H), 7.15 (dd, J = 8.8, 1.8 Hz, 1H), 6.81 (d, J = 8.8 Hz, 2H), 5.16 (s, 1H), 4.00 (t, J = 8.0 Hz, 1H), 

3.75 (s, 3H), 3.70 (s, 3H), 3.68 (s, 3H), 3.32 (t, J = 7.4 Hz, 1H), 2.77 – 2.66 (m, 2H); 13C{1H} NMR 

(100 MHz,CDCl3): δ 169.92, 169.89, 158.3, 150.1, 138.6, 135.5, 134.2, 132.1, 131.2, 129.6, 129.4, 

129.0, 128.7, 128.5, 127.1, 126.1, 125.2, 121.0, 117.6, 114.1, 56.3, 52.7, 50.1, 47.6, 34.5; IR (Neat): 

3440 (br), 2953, 2925, 2852, 1733, 1601, 1510, 1439, 1381, 1302, 1277, 1248, 1150, 1032, 826, 
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761, 702, 553, 532 cm-1; HRMS (ESI-TOF) m/z: [M + Na]+ Calculated for C30H28O6Na 507.1784; 

found 507.1784. 

Diethyl 2-(2-(3,4-dimethoxyphenyl)-2-(6-hydroxy-5-phenylnaphthalen-2-yl)ethyl)malonate 

(3ab). 1a (0.053 g, 0.264 mmol), 2b (0.064 g, 0.2 mmol), 3ab (0.070g, .013 mmol); Reaction time: 

15 min; Yield: 65%; Nature: yellow sticky liquid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.3; 1H NMR (400 MHz,CDCl3): δ 7.74 (d, J = 

8.9 Hz, 1H), 7.65 (d, J = 1.4 Hz, 1H), 7.54 (t, J = 7.5 Hz, 2H), 7.49 – 7.44 (m, 1H), 7.38 (d, J = 7.4 

Hz, 2H), 7.31 (d, J = 8.8 Hz, 1H), 7.23 (d, J = 9.0 Hz, 1H), 7.17 (dd, J = 8.8, 1.8 Hz, 1H), 6.83 – 

6.75 (m, 3H), 5.19 (s, 1H), 4.19 – 4.11 (m, 4H), 4.02 (t, J = 8.1 Hz, 1H), 3.82 (s, 3H), 3.81 (s, 3H), 

3.28 (t, J = 7.3 Hz, 1H), 2.73 – 2.65 (m, 2H), 1.24 (t, J = 4.3 Hz, 3H), 1.21 (t, J = 4.3 Hz, 3H); 

13C{1H} NMR (100 MHz,CDCl3): δ 169.6, 169.5, 150.1, 149.0, 147.7, 138.5, 138.5, 136.0, 134.2, 

132.1, 131.2, 129.6, 129.4, 128.9, 128.5, 127.1, 126.1, 125.2, 121.0, 119.9, 117.6, 111.4, 111.2, 

61.5, 55.9, 50.4, 48.0, 34.4, 14.1; IR (Neat): 3436 (br), 3055, 2931, 2873, 1596, 1514, 1463, 1443, 

1370, 1302, 1235, 1141, 1095, 1025, 951, 888, 855, 810, 760, 701, 557 cm-1; HRMS (ESI-TOF) 

m/z: [M + Na]+ Calculated for C33H34O7Na 565.2202; found 565.2202. 

Diethyl 2-(2-(benzo[d][1,3]dioxol-5-yl)-2-(6-hydroxy-5-phenylnaphthalen-2-

yl)ethyl)malonate (3ac). 1a (0.053 g, 0.2 mmol), 2c (0.061 g, 0.2mmol), 3ac (0.076 g, .014 mmol); 

Reaction time: 15 min; Yield: 73%; Nature: yellow sticky liquid; The title compound was purified 

by column chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.4;  1H NMR (400 MHz,CDCl3): δ 

7.74 (d, J = 8.9 Hz, 1H), 7.65 (d, J = 1.5 Hz, 1H), 7.57 – 7.53 (m, 2H), 7.50 – 7.45 (m, 1H), 7.40 – 

7.35 (m, 2H), 7.30 (d, J = 8.8 Hz, 1H), 7.25 – 7.22 (m, 1H), 7.15 (dd, J = 8.8, 1.8 Hz, 1H), 6.75 – 

6.69 (m, 3H), 5.88 (dd, J = 2.7, 1.3 Hz, 2H), 5.17 (s, 1H), 4.20 – 4.11 (m, 4H), 3.99 (t, J = 8.0 Hz, 

1H), 3.26 (t, J = 7.4 Hz, 1H), 2.73 – 2.59 (m, 2H), 1.25 (d, J = 7.2 Hz, 3H), 1.22 (t, J = 4.9 Hz, 3H); 

13C{1H} NMR (100 MHz, CDCl3): δ 169.5, 169.4, 150.1, 147.9, 146.2, 138.4, 137.4, 134.1, 132.2, 

131.2, 129.7, 129.4, 128.9, 128.6, 127.1, 126.1, 125.3, 121.1, 121.0, 117.7, 108.4, 108.3, 101.0, 

61.6, 50.3, 48.0, 34.4, 14.2; IR (Neat): 3445 (br), 2980, 2930, 1726, 1599, 1503, 1486, 1441, 1370, 

1302, 1226, 1149, 1097, 1036, 934, 859, 812, 760, 735, 702, 628, 556 cm-1; HRMS (ESI-TOF) m/z: 

[M + Na]+ Calculated for C32H30O7Na 549.1889; found 549.1884. 

Diethyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-2-(p-tolyl)ethyl)malonate (3ad). 1a (0.053 

g, 0.2 mmol), 2d (0.0552 g, 0.2mmol), 3ad (0.082 g, .016 mmol); Reaction time: 15 min; Yield: 

82%; Nature: yellow sticky liquid; The title compound was purified by column chromatography 

(Hexane/ethyl acetate = 7:3)  Rf = 0.5;  1H NMR(400 MHz, CDCl3): δ 7.75 (d, J= 8.69 Hz, 1H), 

7.68 (s, 1H), 7.57-7.53 (m, 2H), 7.50-7.46 (m, 1H), 7.39-7.37 (m, 2H), 7.32-7.30 (m, 1H), 7.25-

7.23 (m, 1H), 7.19-7.15 (m, 3H), 7.09 (d, J=8.23 Hz, 2H), 5.19 (s, 1H), 4.20-4.11 (m, 4H), 4.05 (t, 

J= 8.06, 1H), 3.28 (t, J=7.36 Hz, 1H), 2.74-2.69 (m, 2H), 2.29 (s, 3H), 1.26 (t, J= 2.3 Hz, 3H), 1.23 
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(t, J=2.3 Hz, 3H); 13C{1H} NMR (100 MHz,CDCl3): 169.57, 169.55, 150.1, 140.4, 138.5, 136.2, 

134.2, 132.1, 131.2, 129.6, 129.4, 128.9, 128.5, 127.9, 127.1, 126.2, 125.2, 121.0, 117.6, 61.5, 50.4, 

48.0, 34.3, 21.0, 14.19, 14.16; IR (Neat): 3445 (br), 2980, 2925, 1727, 1599, 1510, 1444, 13701, 

1275, 1222, 1148, 1095, 1024, 950, 859, 818, 760, 736, 701, 630, 553, 520 cm-1; HRMS (ESI-TOF) 

m/z: [M + Na]+ Calculated for C32H32O5Na 519.2147; found 519.2147. 

Dimethyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-2-(4-isopropylphenyl)ethyl)malonate 

(3ae). 1a (0.053 g, 0.2 mmol), 2e (0.055 g, 0.2mmol), 3ae (0.072g, .014 mmol); Reaction time: 15 

min; Yield: 70%; Nature: yellow sticky liquid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.5;  1H NMR (400 MHz, CDCl3): δ 7.75 (d, J = 

8.9 Hz, 1H), 7.66 (d, J = 1.4 Hz, 1H), 7.57 – 7.51 (m, 1H), 7.50 – 7.43 (m, 1H), 7.39 – 7.35 (m, 

2H), 7.29 (d, J = 8.6 Hz, 1H), 7.22 (d, J = 8.9 Hz, 1H), 7.18 – 7.10 (m, 5H), 5.08 (s, 1H), 4.01 (t, J = 

8.0 Hz, 1H), 3.69 (s, 3H), 3.67 (s, 3H), 3.31 (t, J = 7.4 Hz, 1H), 2.83 (m, 1H), 2.71 (t, J = 7.7 Hz, 

2H), 1.19 (s, 3H), 1.18 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3): 169.9, 150.0, 147.1, 138.4, 

134.1, 132.1, 131.2, 129.7, 129.4, 128.9, 128.6, 127.8, 127.1, 126.7, 126.3, 125.2, 121.0, 117.6, 

52.7, 50.1, 48.1, 34.4, 33.7, 24.1; IR (Neat): 3444 (br), 2957, 2925, 1733, 1649, 1599, 1541, 1509, 

1435, 1382, 1277, 1225, 1151, 1052, 1018, 825, 760, 702, 590, 518 cm-1; HRMS (ESI-TOF) m/z: 

[M + Na]+ Calculated for C32H32O5Na 519.2147; found 519.2147. 

Dimethyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-2-phenylethyl)malonate (3af). 1a (0.053 

g, 0.2 mmol), 2f (0.046 g, 0.2mmol), 3af (0.078g, 0.17 mmol); Reaction time: 15 min; Yield: 86%; 

Nature: yellow solid; Melting point: 50-53 °C; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.5;  1H NMR (400 MHz, HSQC, HMBC, 

CDCl3):  δ 7.79 (d, J = 8.9 Hz, 1H), 7.70 (d, J = 1.6 Hz, 1H), 7.62 – 7.55 (m, 2H), 7.54 – 7.48 (m, 

1H), 7.45 – 7.38 (m, 2H), 7.35 – 7.26 (m, 7H), 7.24 – 7.19 (m, 2H), 5.15 (s, 1H), 4.09 (t, J = 8.0 

Hz, 1H), 3.72 (d, J = 9.7 Hz, 6H), 3.35 (t, J = 7.4 Hz, 1H), 2.82 – 2.72 (m, 2H); 13C{1H} NMR (100 

MHz, HSQC, HMBC, CDCl3): δ 169.8, 150.1, 143.4, 138.1, 134.2, 132.2, 131.2, 129.6, 129.4, 

128.9, 128.7, 128.5, 128.0, 127.1, 126.7, 126.3, 125.3, 117.7, 52.7, 50.1, 48.4, 34.3; IR (Neat): 

3445 (br), 2952, 1731, 1598, 1493, 1436, 1381, 1276, 1224, 1149, 1073, 1048, 1029, 951, 890, 823, 

757, 736, 701, 592, 554, 517 cm-1; HRMS (ESI-TOF) m/z: [M + Na]+ Calculated for C29H26O5Na 

477.1678; found 477.1678. 

Dimethyl 2-(2-(4-fluorophenyl)-2-(6-hydroxy-5-phenylnaphthalen-2-yl)ethyl)malonate (3ag). 

1a (0.053 g, 0.2 mmol), 2g (0.050 g, 0.2 mmol), 3ag (0.056 g, 0.012 mmol); Reaction time: 120 

min; Yield: (60%). Nature: white solid Melting Point: 139-141 °C; The title compound was purified 

by column chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.5;  1H NMR (400 MHz, CDCl3): δ 

7.75 (d, J = 8.9 Hz, 1H), 7.64 (d, J = 1.6 Hz, 1H), 7.55 (t, J = 7.4 Hz, 2H), 7.50 – 7.45 (m, 1H), 7.40 

– 7.35 (m, 2H), 7.31 (d, J = 8.7 Hz, 1H), 7.25 (d, J = 2.5 Hz, 1H), 7.23 – 7.18 (m, 2H), 7.12 (dd, J 



Chapter 3: Merging Two Strained Carbocycles via Lewis Acid Catalysis 

209 
 

= 8.8, 1.9 Hz, 1H), 6.99 – 6.90 (m, 2H), 5.13 (s, 1H), 4.04 (t, J = 8.0 Hz, 1H), 3.71 (s, 3H), 3.68 (s, 

3H), 3.29 (t, J = 7.4 Hz, 1H), 2.82 – 2.61 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3): δ 169.7, 

161.7 (d, J = 245.0 Hz), 150.2, 139.2, 139.1, 137.8, 133.2 (d, J = 183.4 Hz), 131.1, 129.6, 129.5, 

129.4, 128.9, 128.6, 126.9, 126.2, 125.4, 121.0, 117.7, 115.5 (d, J = 21.0 Hz), 52.7, 50.0, 47.6, 34.4; 

19F NMR (376 MHz, CDCl3): δ −116.38; IR (Neat): 3445 (br), 2953, 1731, 1600, 1507, 1475, 1436, 

1381, 1277, 1223, 1156, 1050, 1014, 951, 890, 826, 761, 736, 703, 555, 526 cm-1; HRMS (ESI-

TOF) m/z: [M + Na]+ Calculated for C29H25O5FNa 495.1584; found 495.1586. 

Dimethyl 2-(2-(4-Cholorophenyl)-2-(6-hydroxy-5-phenylnaphthalen-2-yl)ethyl)malonate 

(3ah). 1a (0.053 g, 0.2 mmol), 2h (0.053 g, 0.2 mmol), 3ah (0.086 g, 0.18 mmol); Reaction time: 

120 min. Yield: 89%; Nature: white Solid. Melting Point: 148-151 °C; The title compound was 

purified by column chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.5;  1H NMR (400 MHz, 

CDCl3) δ 7.75 (d, J = 8.9 Hz, 1H), 7.64 (d, J = 1.5 Hz, 1H), 7.55 (t, J = 7.4 Hz, 2H), 7.50 – 7.45 

(m, 1H), 7.37 (dd, J = 8.0, 1.2 Hz, 2H), 7.31 (d, J = 8.8 Hz, 1H), 7.26 – 7.17 (m, 3H), 7.13 (dd, J = 

8.8, 1.8 Hz, 1H), 7.01 – 6.91 (m, 2H), 5.18 (s, 1H), 4.04 (t, J = 8.0 Hz, 1H), 3.71 (s, 3H), 3.68 (s, 

3H), 3.29 (t, J = 7.4 Hz, 1H), 2.76 – 2.65 (m, 2H); 13C{1H} NMR (100 MHz, CDCl3) δ 169.7, 162.8, 

160.4, 150.2, 139.2, 139.1, 137.8, 134.0, 132.2, 131.1, 129.6, 129.5, 129.4, 128.9, 128.6, 126.9, 

126.2, 125.4, 121.0, 117.7, 115.6, 115.4, 52.7, 50.0, 47.6, 34.4; IR (Neat): 3724 (br), 1733, 1695, 

1649, 1598, 1575, 1552, 1541, 1522, 1494, 1433, 1380, 1339, 1275, 1225, 1149, 1090, 1013, 864, 

822, 760, 729, 702, 610, 548, 527, 516 cm-1; HRMS (ESI-TOF) m/z: [M + Na]+ Calculated for 

C29H25O5ClNa 511.1288; found 511.1288. 

Dimethyl 2-(2-(4-bromophenyl)-2-(6-hydroxy-5-phenylnaphthalen-2-yl)ethyl)malonate (3ai). 

1a (0.053 g, 0.2 mmol), 2i (0.062 g, 0.2 mmol), 3ai (0.1 g, 0.19 mmol); Reaction time: 120 min; 

Yield: 94%; Nature: Colorless sticky liquid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.4;  1H NMR (400 MHz,CDCl3): δ 7.75 (d, J = 

8.9 Hz, 1H), 7.64 (d, J = 1.6 Hz, 1H), 7.57 – 7.53 (m, 2H), 7.50 – 7.45 (m, 1H), 7.41 – 7.35 (m, 

4H), 7.31 (d, J = 8.8 Hz, 1H), 7.27 – 7.23 (m, 1H), 7.15 – 7.09 (m, 3H), 5.20 (s, 1H), 4.02 (t, J = 

8.0 Hz, 1H), 3.71 (s, 3H), 3.68 (s, 3H), 3.29 (t, J = 7.4 Hz, 1H), 2.74 – 2.66 (m, 2H); 13C{1H} NMR 

(100 MHz, CDCl3): δ 169.7, 150.2, 142.5, 137.4, 134.0, 132.2, 132.1, 131.7, 131.1, 129.7, 129.7, 

129.4, 128.9, 128.6, 127.5, 126.9, 126.3, 125.4, 121.0, 120.5, 117.8, 52.7, 49.9, 47.8, 34.1; IR 

(Neat): 3464 (br), 2952, 1782, 1733, 1598, 1488, 1436, 1276, 1225, 1153, 1073, 1009, 949, 823, 

760, 703, 555 cm-1; HRMS (ESI-TOF) m/z: [M + Na]+ Calculated for C29H25O5BrNa 555.0783; 

found 555.0783. 

Dimethyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-2-(o-tolyl)ethyl)malonate (3aj). 1a (0.053 

g, 0.2 mmol), 2j (0.049 g, 0.2mmol), 3aj (0.076g, 0.16 mmol); Reaction time: 15 min. Yield: 82%; 

Nature: yellow sticky liquid; The title compound was purified by column chromatography 
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(Hexane/ethyl acetate = 7:3)  Rf = 0.4;  1H NMR (400 MHz,CDCl3): δ 7.72 (d, J = 8.9 Hz, 1H), 

7.60 (d, J = 1.6 Hz, 1H), 7.57 – 7.52 (m, 2H), 7.50 – 7.45 (m, 1H), 7.39 – 7.33 (m, 3H), 7.29 (d, J 

= 8.7 Hz, 1H), 7.25 – 7.20 (m, 2H), 7.16 (dd, J = 8.8, 1.8 Hz, 1H), 7.11 (d, J = 4.0 Hz, 2H), 5.15 (s, 

1H), 4.27 (t, J = 7.9 Hz, 1H), 3.72 (s, 3H), 3.66 (s, 3H), 3.38 (t, J = 7.4 Hz, 1H), 2.74 – 2.64 (m, 

2H), 2.26 (s, 3H); 13C{1H} NMR (100 MHz,CDCl3): δ 169.9, 150.1, 141.1, 137.7, 136.6, 134.1, 

132.1, 131.2, 131.2, 130.9, 129.7, 129.4, 128.9, 128.6, 127.3, 126.8, 126.7, 126.6, 126.3, 125.2, 

120.9, 117.6, 52.7, 50.0, 44.0, 34.7, 19.9; IR (Neat): 3445 (br), 2952, 1732, 1599, 1490, 1436, 1381, 

1276, 1224, 1150, 1073, 1045, 951, 891, 827, 757, 735, 702, 559 cm-1; HRMS (ESI-TOF) m/z: [M 

+ Na]+ Calculated for C30H28O5Na 491.1834; found 491.1835. 

Diethyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-2-(naphthalen-1-yl)ethyl)malonate (3ak). 

1a (0.053 g, 0.2 mmol), 2k (0.06 g, 0.2 mmol), 3ak (0.050g, 0.094 mmol) Reaction time: 15 min; 

Yield: 47%; Nature: colorless sticky liquid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.4;  1H NMR (400 MHz, CDCl3): δ 8.17 (d, J 

= 7.7 Hz, 1H), 7.81 (dd, J = 7.0, 2.4 Hz, 1H), 7.73 (dd, J = 5.0, 3.7 Hz, 3H), 7.57 – 7.50 (m, 2H), 

7.51 – 7.39 (m, 6H), 7.36 (t, J = 8.1 Hz, 2H), 7.29 (d, J = 8.8 Hz, 1H), 7.22 (d, J = 8.9 Hz, 1H), 

5.14 (s, 1H), 4.94 (t, J = 7.9 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 4.09 (m, 2H), 3.42 (t, J = 7.4 Hz, 

1H), 2.90 – 2.76 (m, 2H), 1.26 (d, J = 7.2 Hz, 3H), 1.16 (t, J = 7.1 Hz, 3H); 13C{1H} NMR (100 

MHz, CDCl3): δ 169.6, 169.5, 150.0, 139.0, 138.0, 134.1, 134.1, 132.1, 131.9, 131.2, 131.1, 129.6, 

129.4, 128.9, 128.9, 128.5, 127.5, 127.3, 126.8, 126.2, 125.5, 125.4, 125.2, 124.5, 123.6, 120.9, 

117.6, 77.4, 77.1, 76.8, 61.6, 61.5, 50.3, 43.5, 34.7, 14.2, 14.0; IR (Neat): 3444 (br), 2926, 1728, 

1598, 1508, 1473, 1443, 1370, 1301, 1275, 1224, 1150, 1095, 1027, 950, 859, 829, 780, 761, 702, 

559 cm-1; HRMS (ESI-TOF) m/z: [M + Na]+ Calculated for C35H32O5Na 555.2147; found 555.2147. 

Diethyl 2-(1-(6-hydroxy-5-phenylnaphthalen-2-yl)-2,3-dihydro-1H-inden-2-yl)malonate 

(3al). 1a (0.053 g, 0.2 mmol), 2l (0.054 g, 0.2 mmol), 3al (0.080 g, 0.16 mmol); Reaction time: 15 

min. Yield: 81%; Nature: yellow sticky liquid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.5; 1H NMR (400 MHz, CDCl3): δ 7.74 (d, J = 

8.9 Hz, 1H), 7.62 (d, J = 1.7 Hz, 1H), 7.59 – 7.54 (m, 2H), 7.51 – 7.46 (m, 1H), 7.42 – 7.38 (m, 

2H), 7.34 (d, J = 8.7 Hz, 1H), 7.27 – 7.23 (m, 2H), 7.21 – 7.13 (m, 2H), 7.09 (t, J = 7.4 Hz, 1H), 

6.81 (d, J = 7.5 Hz, 1H), 5.17 (s, 1H), 4.34 (d, J = 9.1 Hz, 1H), 4.21 – 4.13 (m, 2H), 3.92 – 3.70 (m, 

2H), 3.59 (d, J = 7.3 Hz, 1H), 3.38 (dd, J = 15.7, 7.8 Hz, 1H), 3.21 – 3.13 (m, 1H), 2.96 (dd, J = 

15.6, 9.1 Hz, 1H), 1.26 (d, J = 7.2 Hz, 3H), 1.03 (t, J = 7.1 Hz, 3H); 13C{1H} NMR (100 

MHz,CDCl3): δ 168.6, 168.6, 150.1, 145.7, 142.1, 137.8, 134.2, 132.4, 131.2, 131.2, 129.7, 129.3, 

128.9, 128.6, 127.9, 127.4, 127.1, 126.8, 125.2, 125.1, 124.4, 121.1, 117.6, 61.5, 54.6, 48.8, 35.8, 

14.2, 13.8; IR (Neat): 3445 (br), 2979, 2932, 1725, 1598, 1474, 1443, 1370, 1352, 1303, 1274, 

1221, 1147, 1026, 955, 909, 860, 826, 749, 702, 649, 592, 558 cm-1; HRMS (ESI-TOF) m/z: [M + 

Na]+ Calculated for C32H30O5Na 517.1991; found 517.1986. 
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(E)-diethyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-4-phenylbut-3-en-1-yl)malonate 

(3am). 1a (0.053 g, 0.2 mmol), 2m (0.057 g, 0.2 mmol), 3am (0.083 g, 0.16 mmol); Reaction time: 

15 min. Yield: 82%; Nature: yellow sticky liquid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.4;  1H NMR (400 MHz,CDCl3): δ 7.76 (d, J = 

8.9 Hz, 1H), 7.65 (d, J = 1.5 Hz, 1H), 7.57 (t, J = 7.3 Hz, 2H), 7.52 – 7.47 (m, 1H), 7.42 – 7.39 (m, 

2H), 7.36 (d, J = 8.7 Hz, 1H), 7.32 (d, J = 7.1 Hz, 2H), 7.30 – 7.25 (m, 3H), 7.24 (d, J = 4.3 Hz, 

2H), 6.45 (d, J = 15.9 Hz, 1H), 6.33 (dd, J = 15.8, 7.8 Hz, 1H), 5.17 (s, 1H), 4.22 – 4.07 (m, 4H), 

3.60 (q, J = 7.8 Hz, 1H), 3.36 (t, J = 7.4 Hz, 1H), 2.53 – 2.43 (m, 2H), 1.23 (t, J = 3.9 Hz, 3H), 1.20 

(t, J = 3.2 Hz, 3H); 13C{1H} NMR (100 MHz,CDCl3): δ 172.1, 151.9, 139.4, 124.2, 123.6, 116.0, 

114.2, 83.6, 65.1, 33.9, 32.0, 31.7, 31.6, 31.5, 30.3, 30.2, 29.8, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 

29.1, 28.7, 27.1, 26.0, 25.1, 22.8, 14.2; IR (Neat): 3445 (br), 2980, 2929, 1727, 1599, 1493, 1473, 

1444, 1370, 1301, 1272, 1222, 1149, 1096, 1071, 1027, 967, 887, 860, 827, 756, 697, 557 cm-1; 

HRMS (ESI-TOF) m/z: [M + Na]+ Calculated for C33H32O5Na 531.2147; found 531.2156. 

Diethyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-2-(4-methoxyphenyl)ethyl)malonate 

(3an). 1a (0.053 g, 0.2 mmol), 2n (0.058 g, 0.2 mmol), 3an (0.071 g, 0.14 mmol); Reaction time: 

15 min; Yield: 70%; Nature: colorless sticky liquid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.5;  1H NMR (400 MHz,CDCl3): δ 7.75 (d, J = 

8.9 Hz, 1H), 7.66 (d, J = 1.5 Hz, 1H), 7.56-7.50 (m, 2H), 7.51 – 7.46 (m, 1H), 7.38-7.35 (m,  2H), 

7.30 (d, J = 8.7 Hz, 1H), 7.24 (d, J = 8.8 Hz, 1H), 7.19 – 7.15 (m, 3H), 6.82 (d, J = 8.7 Hz, 2H), 

5.15 (s, 1H), 4.21 – 4.12 (m, 4H), 4.02 (t, J = 8.0 Hz, 1H), 3.76 (s, 3H), 3.26 (t, J = 7.4 Hz, 1H), 

2.74 – 2.65 (m, 2H), 1.26 (d, J = 7.0 Hz, 3H), 1.22 (t, J = 4.8 Hz, 3H); 13C{1H} NMR (100 

MHz,CDCl3): δ 169.6, 169.5, 158.2, 150.0, 138.7, 135.6, 134.1, 132.1, 131.2, 129.7, 129.4, 129.0, 

128.9, 128.6, 127.2, 126.2, 125.2, 121.0, 117.6, 114.0, 61.5, 55.3, 50.4, 47.6, 34.4, 14.1; IR (Neat): 

3445 (br), 2928, 1726, 1600, 1509, 1443, 1370, 1301, 1246, 1224, 1175, 1147, 1114, 1095, 1029, 

951, 893, 826, 760, 736, 702, 556, 553 cm-1; HRMS (ESI-TOF) m/z: [M + Na]+ Calculated for 

C35H32O5Na 535.2097; found 535.2098. 

Diisopropyl 2-(2-(6-hydroxy-5-phenylnaphthalen-2-yl)-2-(4-methoxyphenyl)ethyl)malonate 

(3ao). 1a (0.053 g, 0.2 mmol), 2o (0.064 g, 0.2 mmol), 3ao (0.08 g, 0.15 mmol); Reaction time: 15 

min; Yield: 75%; Nature: colorless sticky liquid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.4;  1H NMR (400 MHz,CDCl3): δ 7.74 (d, J = 

8.9 Hz, 1H), 7.65 (d, J = 1.3 Hz, 1H), 7.57 – 7.52 (m, 2H), 7.49 – 7.46 (m, 1H), 7.39 – 7.36 (m, 

2H), 7.30 (d, J = 8.8 Hz, 1H), 7.25 – 7.22 (m, 1H), 7.19 – 7.15 (m, 3H), 6.81 (d, J = 8.7 Hz, 2H), 

5.18 (s, 1H), 5.08 – 4.98 (m, 2H), 4.02 (t, J = 8.1 Hz, 1H), 3.75 (s, 3H), 3.18 (t, J = 7.5 Hz, 1H), 

2.70 – 2.63 (m, 2H), 1.24 – 1.19 (m, 12H); 13C{1H} NMR (100 MHz, CDCl3): δ 169.1, 158.4, 150.0, 

138.7, 135.6, 134.2, 132.1, 131.2, 129.6, 129.4, 129.0, 128.9, 128.5, 127.2, 126.2, 125.2, 121.1, 

121.0, 117.6, 114.0, 68.9, 55.3, 50.7, 47.5, 34.3, 21.8, 21.7, 21.7; IR (Neat): 3445 (br), 2980, 2934, 
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1721, 1600, 1509, 1466, 1374, 1246, 1176, 1148, 1100, 1034, 988, 951, 903, 824, 760, 736, 702, 

556, 532 cm-1; HRMS (ESI-TOF) m/z: [M + Na]+ Calculated for C34H36O6Na 563.2401; found 

563.2407. 

3.4.5. Procedure for the gram-scale synthesis of 3af: A round-bottom flask equipped with a 

magnetic stir bar was charged with 2,2-diphenyl 3-ethoxy cyclobutanone (3.76 mmol, 1 equiv.) and 

donor-acceptor cyclopropane (3.76 mmol, 1 equiv.) under inert atmosphere. Anhydrous 

dichloromethane (5 mL) was added to the reaction mixture and stirred at -15 °C and then 0.1 mL 

of SnCl4 was added dropwise. The reaction mixture was stirred at -15 °C until the completion of the 

reaction (as monitored by TLC). The solvent was evaporated on a rotary evaporator and purified by 

silica gel column chromatography with ethyl acetate/hexanes as eluent to afford products 3af 1.315 

g in 77% yield. 

3.4.6. General procedure for the methylation of 3aa21: A round-bottom flask equipped with a 

magnetic stir bar was charged 3aa (0.030 g, 0.06 mmol), K2CO3 (0.008 g, 0.06 mmol) and MeI 

(0.012 g, 0.09mmol) in DMF. On completion (as monitored by TLC), the reaction was quenched 

with water. The organic layer was washed with water and the aqueous layer was extracted with 

DCM. The combined layer was dried and the solvent was removed in vacuo. The crude mixture 

was further purified by column chromatography on silica gel with ethyl acetate/hexane as eluent to 

afford 4a with 62% yield. 

Dimethyl 2-(2-(6-methoxy-5-phenylnaphthalen-2-yl)-2-(4-methoxyphenyl)ethyl)malonate 

(4a). 3aa (0.030 g, 0.06 mmol), MeI (0.012 g, 0.09mmol), K2CO3 (0.008 g, 0.06 mmol), 4a (0.018 

g, 0.0372 mmol); Reaction time: 5 h; Yield: 62%; Nature: Yellow oil; The title compound was 

purified by column chromatography (Hexane/ethyl acetate = 7:3)  Rf = 0.6;  1H NMR (400 MHz, 

CDCl3): δ 7.82 (d, J = 9.0 Hz, 1H), 7.65 (d, J = 1.6 Hz, 1H), 7.45 (m, 2H), 7.40 – 7.30 (m, 5H), 

7.18 – 7.11 (m, 3H), 6.80 (d, J = 8.7 Hz, 2H), 3.99 (t, J = 8.0 Hz, 1H), 3.81 (s, 3H), 3.75 (s, 3H), 

3.70 (s, 3H), 3.68 (s, 3H), 3.31 (t, J = 7.4 Hz, 1H), 2.77 – 2.57(m, 2H); 13C{1H} NMR (100 MHz, 

CDCl3): δ 169.9, 169.8, 158.2, 153.6, 138.7, 136.3, 135.4, 132.4, 130.9, 129.0, 128.2, 127.1, 127.0, 

125.8, 125.7, 125.3, 114.0, 56.8, 55.3, 52.6, 50.1, 47.6, 34.4, 29.7; IR (Neat): 2922, 2850, 2567, 

1733, 1602, 1512, 1437, 1259, 1221, 1174, 1057, 828 cm-1; HRMS (ESI-TOF) m/z: [M + Na]+ 

Calculated for C31H30O6Na 521.1940; found 521.1940. 

3.4.7. General procedure for the decarboxylation of 3aa22: To the solution of adduct 3aa (0.030 

g, 0.06 mmol) in DMSO (4 mL) were added LiCl (0.012 g, 0.36 mmol) and H2O (1 drop), and the 

reaction mixture was heated at 160 °C (on a silicone oil bath) until consumption of starting material 

(as monitored by TLC). Three milliliters of water was added to the mixture, and the mixture was 

extracted with diethyl ether, dried over Na2SO4, and purified by flash column chromatography using 

a 10–20% acetone/hexane solvent system and obtained the desired product 5a with 60% yield. 
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Methyl 4-(6-hydroxy-5-phenylnaphthalen-2-yl)-4-(4-methoxyphenyl)butanoate (5a). 3aa 

(0.030 g, 0.06 mmol), LiCl (0.012 g, 0.36 mmol) 5a (0.015 g, 0.036 mmol); Reaction time: 8 d; 

Yield: 60%; Nature: Yellow oil; The title compound was purified by column chromatography 

(Hexane/ethyl acetate = 7:3)  Rf = 0.6;  1H NMR (400 MHz, CDCl3): δ 7.74 (d, J = 8.9 Hz, 1H), 

7.64 (d, J = 1.1 Hz, 1H), 7.58 – 7.51 (m, 2H), 7.50 – 7.45 (m, 1H), 7.37 (d, J = 6.7 Hz, 2H), 7.29 

(d, J = 8.7 Hz, 1H), 7.22 (d, J = 8.9 Hz, 1H), 7.16 (d, J = 8.4 Hz, 3H), 6.80 (d, J = 8.7 Hz, 2H), 5.12 

(s, 1H), 3.98 (t, J = 7.7 Hz, 1H), 3.74 (s, 3H), 3.62 (s, 3H), 2.41 (m, 2H), 2.29 (t, J = 7.3 Hz, 2H); 

13C{1H} NMR (100 MHz, CDCl3): δ 174.0, 158.1, 149.9, 139.4, 136.3, 134.2, 132.0, 131.2, 129.6, 

129.3, 128.9, 128.9, 128.5, 127.2, 126.0, 125.1, 120.9, 117.5, 113.9, 55.3, 51.6, 49.4, 32.6, 30.6, 

29.8; IR (Neat): 3401 (br), 3034, 2929, 1732, 1599, 1510, 1441, 1303, 1247, 1224, 1176, 1145, 

1033, 951, 886, 823, 761, 702, 555, 533 cm-1; HRMS (ESI-TOF) m/z: [M + H]+ Calculated for 

C28H27O4 427.1909; found 427.1937. 

3.4.8. Procedure for the control Experiment: A round-bottom flask equipped with a magnetic 

stir bar was charged with 2,2-diphenyl 3-ethoxy cyclobutanone (0.2 mmol, 1 equiv.) under inert 

atmosphere. Anhydrous dichloromethane (1 mL) was added to the reaction mixture and stirred at -

15 °C. In another round-bottom flask, a stock solution of SnCl4 (0.1 mL SnCl4 and 4.9 mL of 

Anhydrous DCM) was prepared and 0.2 mL of stock solution (0.04 mmol, 0.2 equiv.) was added 

to the reaction mixture dropwise. The mixture was stirred at -15 °C until the completion of the 

reaction (as monitored by TLC). The solvent was evaporated on a rotary evaporator and further 

purified by silica gel column chromatography taking ethyl acetate/hexanes as eluent to afford 

product IV and this molecule is known and their characterization data were matched with the 

reported data20,28.  

1-phenylnaphthalen-2-ol (IV). 1a (0.053 g, 0.2 mmol),  IV (0.042g, 0.19 mmol); Reaction time: 

5 min; Yield: 95%; Nature: white solid; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 7:3); Rf = 0.7; 1H NMR (400 MHz, CDCl3): δ 7.82 – 7.77 

(m, 2H), 7.61 – 7.56 (m, 2H), 7.53 – 7.47 (m, 1H), 7.44 – 7.38 (m, 3H), 7.35 – 7.30 (m, 2H), 7.26 

(d, J = 9.3 Hz, 1H), 5.15 (s, 1H). 
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3.6. NMR spectra of the compounds  

 

 

 

13C {1H} (100MHz, CDCl3) NMR of 3aa 

 

1H (400MHz, CDCl3) NMR of 3aa 
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1H (400MHz, CDCl3) NMR of 3ab 

 

13C {1H} (100MHz, CDCl3) NMR of 3ab 
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1H (400MHz, CDCl3) NMR of 3ac 

 

13C {1H} (100MHz, CDCl3) NMR of 3ac 
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13C {1H} (100MHz, CDCl3) NMR of 3ad 

 

1H (400MHz, CDCl3) NMR of 3ad 
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1H (400MHz, CDCl3) NMR of 3ae 

 

13C {1H} (100MHz, CDCl3) NMR of 3ae 
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1H (400MHz, CDCl3) NMR of 3af 

 

13C {1H} (100MHz, CDCl3) NMR of 3af 

 



Chapter 3: Merging Two Strained Carbocycles via Lewis Acid Catalysis 

222 
 

 

 

 

HSQC of 3af 

3af 

 

HSQC of 3af (zoom) 

3af 
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HMBC of 3af 

 

HMBC of 3af (zoom) 
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1H (400MHz, CDCl3) NMR of 3ag 

 

HMBC of 3af (zoom) 
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13C {1H} (100MHz, CDCl3) NMR of 3ag 

 

19F (376MHz, CDCl3) NMR of 3ag 

 

3ag 
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1H (400MHz, CDCl3) NMR of 3ah 

 

13C {1H} (100MHz, CDCl3) NMR of 3ah 
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1H (400MHz, CDCl3) NMR of 3ai 

 

13C {1H} (100MHz, CDCl3) NMR of 3ai 
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1H (400MHz, CDCl3) NMR of 3aj 

 

13C {1H} (100MHz, CDCl3) NMR of 3aj 
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1H (400MHz, CDCl3) NMR of 3ak 

 

13C {1H} (100MHz, CDCl3) NMR of 3ak 
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1H (400MHz, CDCl3) NMR of 3al 

 

13C {1H} (100MHz, CDCl3) NMR of 3al 
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1H (400MHz, CDCl3) NMR of 3am 

 

13C {1H} (100MHz, CDCl3) NMR of 3am 
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1H (400MHz, CDCl3) NMR of 3an 

 

13C {1H} (100MHz, CDCl3) NMR of 3an 
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1H (400MHz, CDCl3) NMR of 3ao 

 

13C {1H} (100MHz, CDCl3) NMR of 3ao 
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1H (400MHz, CDCl3) NMR of 4a 

 

13C {1H} (100MHz, CDCl3) NMR of 4a 
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1H (400MHz, CDCl3) NMR of 5a 

 

13C {1H} (100MHz, CDCl3) NMR of 5a 
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1H (400MHz, CDCl3) NMR of IV 
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4.1. Introduction 

The development of new methodologies to architect complex heterocyclic frameworks through 

small molecule activation has always fascinated the synthetic community.1 Out of numerous 

heterocycles embedded with two oxygen atoms, 2,8-dioxabicyclo[3.3.1]nonanes gathered 

significant attraction as these types of bicyclic moieties constitute several flavonoid compounds 

that serve as important drugs like procyanidin A1, dracoflavan C, dracoflavan D,  ephedrannin B, 

and diinsinin which shows crucial biological activities like antiviral, anti-inflammatory, 

antioxidant, enzyme inhibition, and anticancer, etc.2 Moreover, these bicyclic cores are analogs to 

Tröger’s base, which has a rigid V-shaped structure.3 Various strategies have been engineered in 

the past few decades for the construction of this rigid diaryl substituted bicyclic ketals. In 1982, 

Whitesides et al. reported the synthesis of dioxabicyclo[3.3.1]-nonene by reacting β-naphthol with 

malonaldehyde tetramethyl acetal in the presence of trifluoroacetic acid (Scheme 4.1.1.a, left).4 

After that, earlier in this century, Mashraqui et al. developed a Lewis acid-catalyzed three-

component reaction for the formation of [3.3.1]-bicyclic ketal derivatives (Scheme 4.1.1.a, right).5 

Another method of preparing this type of skeleton involves the annulation of flavylium ion with 

phloroglucinol which was discovered by Jurd et al. in the biomimetic synthetic study in 19656 

(Scheme 4.1.1.b) and further exploited by various other groups7 also. Other than these, the rest of  

Scheme 4.1.1. Previous reports for the synthesis of dioxabicyclo[3.3.1]nonanes
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the emethods mostly evolved around a similar precursor, i.e., 2-hydroxy chalcones with different 

other reacting partners (Scheme 4.1.1.c).8 So, developing new methodologies for constructing these 

diaryl substituted 2,8-dioxabicyclo[3.3.1]nonanes remains highly desirable. 

Scheme 4.1.2. Brønsted acid-catalyzed reactions of 3-donor cyclobutanones 

 

Over the years, small carbocycles have captured considerable recognition for their unique reactivity 

to undergo various organic transformations via strain release and have been utilized to construct 

numerous biologically important frameworks.1a, 1b 3-Donor cyclobutanones remain distinguished 

among the four-membered carbocycles for their unique reactivity.1b,9 This particular cyclobutanone 

can undergo a regioselective cleavage of C2-C3 bond in the presence of Lewis acid to generate a 

1,4-zwitterionic intermediate9 which lead to a variety of ring-opening, rearrangement, and 

cycloaddition reactions.10 Though most of these reactions were performed under Lewis acid 

catalysis,10 activation of these four-membered synthons via Brønsted acid (BA) catalysis is still 

scarce. In 1965, Meen et al. reported a reaction of 3-ethoxy-2,2-dimethylcyclobutanone with 

aniline, which transformed into the corresponding N-phenyl imine at first, followed by the 

rearrangement to form 2- isopropylisoquioline in the presence of a catalytic amount of p-TsOH 

(Scheme 4.1.2.a, right).11 Later, in 2008, Ding et al. demonstrated a chiral BA-catalyzed 

enantioselective Baeyer-Villiger oxidation of 3-substituted cyclobutanones to furnish ϒ-lactones 

with excellent enantioselectivities (Scheme 4.1.2.a, left).12 However, to the best of our knowledge, 

no reports were found on BA-catalyzed direct ring-opening or cyclization with these types of 3-

ethoxy cyclobutanones. So, we envisioned that Brønsted acid could effectively activate the 3-

ethoxy cyclobutanones to undergo a ring-opening followed by a cyclization reaction with naphthol 

derivatives to furnish oxygen-containing heterocyclic scaffolds. Herein, we report a Brønsted acid-

catalyzed cascade ring-opening/cyclization of 3-ethoxy 2-substituted cyclobutanones with 

naphthols for the formation of 2,8-dioxabicyclo[3.3.1]nonane derivatives (Scheme 4.1.2.b). 
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4.2. Result and Discussion 

We commenced our reaction by taking 3-ethoxy 2-phenyl cyclobutanone 1a and 2-naphthol 2a as 

model substrates to achieve the optimization conditions (Table 4.2.1). The present study started 

with 1 equivalent of 1a, 1 equivalent of 2a, and 20 mol% of p-toluene sulphonic acid (PTSA) and 

stirred in DCM at room temperature. Delightfully, the desired product 3aa was obtained with only 

32% yield within 2 hours (Entry 1, Table 4.2.1), and the corresponding structure was 

unambiguously confirmed by single crystal x-ray analysis. Afterward, various other Brønsted acids 

were screened to improve the yield of the product. While camphorsulphonic acid (CSA) furnished  

Table 4.2.1. Optimization of reaction conditionsa

 

Entry Brønsted acid Solvent Yield (%)b 

1 PTSA  DCM 32 

2 CSA DCM 28 

3 TfOH  DCM Trace  

4 TFA  DCM N.R. 

5 HFIP  DCM N.R. 

6 AcOH  DCM N.R. 

7 BzOH  DCM N.R. 

8c PTSA DCM 48 

9c PTSA  Acetone 51 

10c PTSA  Isopropanol 52 

11c PTSA MeCN 10 

12c PTSA  THF Trace 

13c PTSA  Toluene 58 

14c PTSA  HFIP N.R. 

15c PTSA  EtOH N.R. 

16c PTSA  Toluene:Dioxane (1:1) N.R. 

17c,d PTSA  Toluene 72 

18c,e PTSA  Toluene 65 
aReaction conditions 1a (0.15 mmol), 2a (0.15 mmol), PTSA (0.03 mmol), 1 mL toluene, at room temperature for 2 h, 

bisolated yield, c0.30 mmol of 2a used, d0.4 equiv. of PTSA, e0.5 equiv. of PTSA. 

the product with a similar yield (Entry 2, Table 4.2.1), triflic acid (TfOH) gave only a trace amount 

of product (Entry 3, Table 4.2.1). However, trifluoroacetic acid (TFA), acetic acid (AcOH), benzoic 

acid (BzOH), and hexafluoroisopropanol (HFIP) failed to render the desired product (Entries 4-7, 

Table 4.2.1). As two mole of 2-naphthol were reacting with only one mole of 3-ethoxy 

cyclobutanone, the reaction was performed with 2 equivalent of 2-naphthol, and expectedly, an 
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enhancement in the yield was observed (Entry 8, Table 4.2.1). Next, other parameters, like the effect 

of solvent and catalyst loading, were also checked for this methodology. While slight improvement 

in the yields was observed with acetone and isopropanol (Entries 9-10, Table 4.2.1), solvents like 

MeCN and THF provided poor to trace amounts of yield (Entries 11-12, Table 4.2.1). Afterward, 

when toluene was employed (Entry 13, Table 4.2.1), it rendered the desired product with a 

satisfactory yield (58%). Noticeably, solvents like ethanol, HFIP, and the mixture of solvent 

toluene: dioxane (1:1) failed to produce the desired product (Entries 14-16, Table 4.2.1). To our 

delight, increasing the catalyst loading to 0.4 equivalent furnished the desired product with 72% 

yield (Entry 17, Table 4.2.1) whereas further increasing the catalyst loading reduces the yield (Entry 

18, Table 4.2.1). So, 1 equivalent of 1a and 2 equivalent of 2a with 40 mol% of PTSA in toluene 

at room temperature were chosen as the optimized reaction conditions for this proposed 

methodology. 

Scheme 4.2.1. Substrate scope of 3-ethoxy cyclobutanonea,b

aReaction conditions: 1a (0.15 mmol), 2a (0.30 mmol), PTSA (0.06 mmol), 1 mL toluene, at room temperature for 2 h, 

bisolated yield. 

After getting the optimized condition in hand, we first started to explore the substrate scope 

variation of different aryl-substituted 3-ethoxy cyclobutanones (Scheme 4.2.1). Cyclobutanones 

with electron-rich substituents (methyl, methoxy) at both the para and ortho-positions of the aryl 

group (2b-2e) rendered the corresponding products (3ba-3ea) in good yields. Then, halogen-

substituted (para chloro) cyclobutanone 1f was also screened which furnished the desired product 
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3fa in 68% yield. However, benzyl-substituted cyclobutanone delivered the product 3ga with a 

compromising yield, whereas diphenyl-substituted cyclobutanones 1h tolerated the reaction well to 

give the corresponding product 3ha a satisfactory yield. 

Scheme 4.2.2. Substrate scope of naphtholsa,b

aReaction conditions: 1a (0.15 mmol), 2a (0.30 mmol), PTSA (0.06 mmol), 1 mL toluene, at room temperature for 2 h, 

bisolated yield. 

Next, we also investigated the scope and limitations of naphthol derivatives (Scheme 4.2.2). Both 

phenyl and bromo substitution at the 6-position of the 2-naphthol (2b and 2c) furnished the 

corresponding products 3ab and 3ac, respectively, in low to moderate yields. Unfortunately, 

benzaldehyde substitution at the 6-position of 2-naphthol did not deliver the desired product. Next, 

3-substituted naphthols were also tested for this methodology, where the 3-methyl 2-naphthol 2d 

tolerated the reaction well with both phenyl and para-methoxy phenyl substituted cyclobutanones 

to give the products 3ad and 3bd with 58% and 56% yields respectively but 3-bromo substituted 

one failed to give the corresponding product. Subsequently, 7-substituted 2-naphthols were also 

employed for this reaction, and it was found that 2,7-dihydroxy naphthalene did not undergo the 
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reaction while 7-methoxy 2-naphthol rendered the product 3ae with satisfactory yield. Delightfully, 

7-(allyloxy)naphthalen-2-ol (2f) was also converted to the corresponding product 3af in moderate 

yield. However, 8-amino 2-naphthol and 6-hydroxyquinoline failed to give the desired products. 

Interestingly, when 1-naphthol 2g was employed, it also delivered the product 3ag, though the yield 

was considerably low possibly due to the lower nucleophilicity of the carbon center on the 2-

position of 1-naphthol. Hereafter, few other 1-naphthol derivatives were tested, however, only 5-

(allyloxy)naphthalen-1-ol 2h was able to provide the desired product 3ah while 4-bromo 1-naphthol 

and 1,5-dihydroxy naphthalene failed to yield the corresponding products. 

After the successful substrate scope evaluation, we conducted some control experiments to gain 

insights into the reaction mechanism. At first, 3-ethoxy cyclobutanone 1a was reacted with 1,3,5-

trimethoxy benzene and 4-methoxy phenol separately in the optimized reaction condition, but no 

such double addition products13 or even simple Friedel-Crafts arylated products14 were obtained 

(Scheme 4.2.3.a). Further, when trimethoxy benzene was employed along with 2-naphthol 2a and 

cyclobutanone 1a only the naphthol-containing product 3aa was attained. These experiments 

denote that only the naphthol derivatives could undergo this reaction in the presence of Brønsted  

Scheme 4.2.3. Control experiments

 

acid while other electron-rich aryl groups failed to deliver a similar kind of reactivity (Scheme 

4.2.3.b). Moreover, to check the Brønsted acid activation of cyclobutanone, we performed a 

reaction with 2,2-diphenyl 3-ethoxy cyclobutanone 1h in the presence of only PTSA and obtained 

the desired rearrangement product 1h’ (Scheme 4.2.3.c) which previously established to be formed 
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by the activation of Lewis acids only.10h, 15 This experiment confirmed that the ring opening of the 

3-ethoxy cyclobutanones could also be possible by the influence of Brønsted acids. 

Based on the previous literature reports10,11 and aforementioned control experiments, the plausible 

mechanism of this ring-opening/cyclization is outlined in Scheme 4.2.4. At first, the carbonyl group 

of cyclobutanone 1a gets protonated, which could polarize the C2-C3 bond, and eventually, the 

ring-opening of cyclobutanone could happen via the nucleophilic attack of 2-naphthol at the C3 

center leading to the formation of intermediate I. Later, the enolization and removal of ethanol 

generated the intermediate II. This intermediate could now undergo two possible pathways. In path 

A, another naphthol could facilitate the Michael addition to render the intermediate III, which later 

on, by double cyclization from the two oxygen atoms of naphthols engendered the desired product 

3aa. Whereas, in path B, cyclization from the hydroxyl group of intermediate II could furnish a 

dihydropyrylium-type intermediate IV. Subsequently, a (3+3)-annulation16 with another molecule 

of 2-naphthol could lead to the formation of the desired product 3aa. 

Scheme 4.2.4. Plausible mechanism

 

Finally, for the practical utility of our protocol, a gram-scale experiment was conducted where the 

final product 3aa was obtained in 41% yield (Scheme 4.2.5.a). Additionally, to check the synthetic 

utility of our designed methodology, we have executed a ring closing metathesis17 (RCM) where 

the synthesized product 3af was transformed into a 15-membered macrocyclic scaffold 3afa in the 

presence of Grubb’s second-generation catalyst (Scheme 4.2.5.b). These types of heteroatom-

containing complex 15-membered macrocycles can be found in biologically important molecules,18 
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can be utilized as metal-ion recognition and complexing agents, and often can also show antitumor 

and inhibitory activities.19 Here, it is worth noticing that only the intramolecular cyclization 

happened where 3afa were obtained with a 3:2 ratio of trans:cis isomers, and no intermolecular 

cyclization product was detected. A similar type of transformation was also tried with the product 

3ah, but unfortunately, it could not deliver the expected intermolecular cyclization product.  

Scheme 4.2.5. Gram-scale experiment and synthetic transformation

 

4.3. Conclusion 

In conclusion, a new methodology for the construction of 2,8-dioxabicyclo[3.3.1]nonanes has been 

demonstrated by Brønsted acid activation of 3-ethoxy cyclobutanone. Various naphthol derivatives 

rendered the desired bicyclic ketals in poor to good yields via ring-opening of cyclobutanone 

followed by Michael addition/cyclization or (3+3)-annulation. Moreover, a 15-membered 

macrocyclic framework was also synthesized by ring-closing metathesis. Further studies to obtain 

unsymmetrical bicyclo[3.3.1]nonane derivatives and to utilize this protocol for constructing more 

complex molecular structures are still in progress in our laboratory. 

4.4. Experimental Section 

4.4.1. General Information 

All reactions were carried out under an inert atmosphere with oven-dried glassware. All solvents 

and reagents were obtained from commercial sources and were purified following the standard 

procedure prior to use. All the naphthol derivatives except 2b, 2f, and 2h are purchased from 

commercially available sources. The developed chromatogram was analyzed by UV lamp (254 nm) 

or p-anisaldehyde solution. Products were purified by flash chromatography on silica gel (mesh 

size 230-400). Melting points were determined using a Stuart SMP30 advanced digital melting 
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point apparatus. Mass spectral data (HRMS) were obtained using the XEVO G2-XS QTOF 

instrument. Nuclear magnetic resonance (NMR) spectroscopy was performed using JEOL 400 

MHz. Chemical shifts of 1H, 13C{1H}, and HSQC NMR spectra are expressed in parts per million 

(ppm). All coupling constants are absolute values and are expressed in hertz (Hz). The description 

of the signals includes the following: s = singlet, d = doublet, dd = doublet of doublet, t = triplet, 

ddt = doublet of doublet of triplet, dq = doublet of quartet, br = broad, and m = multiplet.  

4.4.2. General synthetic methods for the preparation of 3-ethoxy cyclobutanone10a,10h. In an 

inert atmosphere, to a solution of phenylacetic acid derivatives (3.7 mmol, 1 equiv.) in dry DCM 

(10 mL), oxalyl chloride (4.52 mmol, 1.5 equiv.) was added dropwise at 0 °C. After that, the mixture 

was stirred at room temperature for 3 h, and the crude material was used for the next step without 

further purification. A solution of ethyl vinyl ether (7.54 mmol, 2 equiv.) and triethylamine (4.52 

mmol, 1.5 equiv.) in acetonitrile (2 mL) was added to the solution at room temperature for 1 h, and 

the mixture was refluxed (in a silicone oil bath) for 4 h. After the filtration of precipitates, water 

was added to the filtrate, and the mixture was extracted with ether. The combined organic extracts 

were dried over anhydrous sodium sulfate and concentrated. The residue was purified by silica gel 

column chromatography (hexane/ethyl acetate) and obtained the products 1a-1f in 40-70% yields. 

For the preparation of 1g, the same procedure was followed where the corresponding diphenylacetic 

acid was taken instead of phenylacetic acid. 

3-ethoxy-2-phenylcyclobutanone (1a). 2-phenylacetyl chloride (1.0 g, 6.5 mmol), 1a (0.86 g, 4.54 

mmol), Yield: 70%;  Nature: oil; Color: light yellow; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 9:1);  Rf = 0.5; 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.30 

(m, 2H), 7.27 – 7.21 (m, 3H), 4.46-4.43 (m, 1H), 4.40 – 4.35 (m, 1H), 3.62 – 3.53 (m, 2H), 3.23 – 

3.20 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

3-ethoxy-2-(4-methoxyphenyl)cyclobutanone (1b). 2-(4-methoxyphenyl)acetyl chloride (0.5 g, 

2.7 mmol), 1b (0.35 g, 1.58 mmol), Yield: 58%;  Nature: oil; Color: yellow; The title compound 

was purified by column chromatography (Hexane/ethyl acetate = 8:2); 1H NMR (400 MHz, CDCl3): 

δ 7.15 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 4.40-4.38 (m, 1H), 4.34-4.29 (m, 1H), 3.79 (s, 

3H), 3.64 – 3.52 (m, 2H), 3.24 – 3.18 (m, 2H), 1.26 (t, J = 7.0 Hz, 3H). 

3-ethoxy-2-(p-tolyl)cyclobutanone (1c). 2-(p-tolyl)acetyl chloride (0.5 g, 2.96 mmol), 1c (0.15 g, 

0.73 mmol), Yield: 25%;  Nature: oil; Color: light yellow; The title compound was purified by 

column chromatography (Hexane/ethyl acetate = 9:1); 1H NMR (400 MHz, CDCl3): δ 7.16 – 

7.11(m, 4H), 4.42-4.40 (m, 1H), 4.38-4.33 (m, 1H), 3.63 – 3.54 (m, 2H), 3.22 – 3.20 (m, 2H), 2.33 

(s, 3H), 1.26 (t, J = 7.0 Hz, 3H). 



Chapter 4: Activation of 3-Ethoxy Cyclobutanone via Brønsted Acid Catalysis 

 

248 
 

3-ethoxy-2-(2-methoxyphenyl)cyclobutanone (1d). 2-(2-methoxyphenyl)acetyl chloride (0.2 g, 

1.08 mmol), 1d (0.15 g, 0.68 mmol), Yield: 63%;  Nature: oil; Color: yellow; The title compound 

was purified by column chromatography (Hexane/ethyl acetate = 8:2); 1H NMR (400 MHz, CDCl3): 

δ 7.27 – 7.23 (m, 1H), 7.08 (dd, J = 7.4, 1.7 Hz, 1H), 6.91 (td, J = 7.4, 1.0 Hz, 1H), 6.87 (d, J = 8.2 

Hz, 1H), 4.48 (m, 1H), 4.29 – 4.27 (m, 1H), 3.78 (s, 3H), 3.57-3.34 (m, 3H), 3.15 – 3.08 (m, 1H), 

1.21 (t, J = 7.0 Hz, 3H). 

3-ethoxy-2-(o-tolyl)cyclobutanone (1e). 2-(o-tolyl)acetyl chloride (0.2 g, 1.18 mmol), 1e (0.12 g, 

0.58 mmol), Yield: 50%;  Nature: oil; Color: light yellow; The title compound was purified by 

column chromatography (Hexane/ethyl acetate = 9:1);  1H NMR (400 MHz, CDCl3): δ 7.18 – 7.15 

(m, 4H), 4.64-4.62 (m, 1H), 4.45-4.40 (m, 1H), 3.58 – 3.51 (m, 2H), 3.24-3.21 (m, 2H), 2.35 (s, 

3H), 1.24 (t, J = 7.0 Hz, 3H). 

2-(4-chlorophenyl)-3-ethoxycyclobutanone (1f). 2-(4-chlorophenyl)acetic acid (0.5 g, 2.93 

mmol), 1f (0.2 g, 0.93 mmol), Yield: 32%;  Nature: oil; Color: yellow; The title compound was 

purified by column chromatography (Hexane/ethyl acetate = 9:1); 1H NMR (400 MHz, CDCl3): δ 

7.31 – 7.27 (m, 2H), 7.18 – 7.14 (m, 2H), 4.41 (dd, J = 5.8, 2.2 Hz, 1H), 4.34 – 4.29 (m, 1H), 3.61 

– 3.51 (m, 2H), 3.24 – 3.19 (m, 2H), 1.25 (t, J = 7.0 Hz, 3H). 

2-benzyl-3-ethoxycyclobutanone (1g). 3-phenylpropanoyl chloride (0.5 g, 2.96 mmol), 1g (0.2 g, 

0.99 mmol), Yield: 33%;  Nature: oil; Color: yellow; The title compound was purified by column 

chromatography (Hexane/ethyl acetate = 9:1);  1H NMR (400 MHz, CDCl3): δ 7.28 – 7.19 (m, 5H), 

4.31 – 4.24 (m, 1H), 3.58 – 3.50 (m, 2H), 3.40 (dq, J = 14.1, 7.0 Hz, 1H), 3.23 – 3.13 (m, 1H), 3.11 

– 3.05 (m, 1H), 2.95 – 2.86 (m, 2H), 1.23 (t, J = 7.0 Hz, 3H). 

3-ethoxy-2,2-diphenylcyclobutanone (1h). 2,2-diphenylacetyl chloride (1.0 g, 4.34 mmol), 1h 

(0.86 g, 3.36 mmol), Yield: 75%; Nature: crystalline solid; Color: white; The title compound was 

purified by column chromatography (Hexane/ethyl acetate = 9:1); 1H NMR (400 MHz, CDCl3) δ 

7.47 – 7.42 (m, 2H), 7.38-7.34 (m, 2H), 7.28-7.20 (m, 4H), 7.18 – 7.13 (m, 2H), 4.83 (dd, J = 7.5, 

5.4 Hz, 1H), 3.53 (m, 1H), 3.44 – 3.32 (m, 2H), 3.19 (dd, J = 18.1, 5.3 Hz, 1H), 1.04 (t, J = 7.0 Hz, 

3H). 

6-phenylnaphthalen-2-ol (2b). Prepared According to the reported literature method.20 6-

bromonaphthalen-2-ol (0.11 g, 0.50 mmol), 2b (0.052 g, 0.23 mmol), Yield: 47%;  Nature: solid; 

Color: white; The title compound was purified by column chromatography (Hexane/ethyl acetate = 

7:3);  1H NMR (400 MHz, CDCl3): δ 7.98 (s, 1H), 7.81 (d, J = 8.8 Hz, 1H), 7.77-7.75 (m, 1H), 7.73 

– 7.68 (m, 3H), 7.50-7.46 (m, 2H), 7.38-7.34 (m, 1H), 7.18 (d, J = 2.4 Hz, 1H), 7.13 (dd, J = 8.8, 

2.5 Hz, 1H), 5.06 (s, 1H). 
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7-(allyloxy)naphthalen-2-ol (2f). Prepared according to the reported literature method.21 

naphthalene-2,7-diol (0.5 g, 3.12 mmol), 2f (0.2 g, 0.99 mmol), Yield: 32%;  Nature: solid; Color: 

brown; The title compound was purified by column chromatography (Hexane/ethyl acetate = 9:1);  

1H NMR (400 MHz, CDCl3): δ 7.65 (dd, J = 8.8, 3.8 Hz, 2H), 7.08 – 6.91 (m, 4H), 6.36 (s, 1H), 

6.11 (ddt, J = 16.8, 10.6, 5.4 Hz, 1H), 5.54 – 5.40 (m, 1H), 5.34-5.30 (m, 1H), 4.66 – 4.50 (m, 2H). 

5-(allyloxy)naphthalen-1-ol (2h). Prepared according to the reported literature method.22 

naphthalene-1,5-diol (0.5 g, 3.12 mmol), 2h (0.19 g, 0.95 mmol), Yield: 30%; Nature: solid; Color: 

brown; The title compound was purified by column chromatography (Hexane/ethyl acetate = 9:1);  

1H NMR (400 MHz, CDCl3): δ 7.97 – 7.84 (m, 1H), 7.81 – 7.70 (m, 1H), 7.47 – 7.20 (m, 2H), 6.85-

6.83 (m, 2H), 6.17 (ddt, J = 17.3, 10.5, 5.1 Hz, 1H), 5.83 (s, 1H), 5.55-5.49 (m, 1H), 5.36 – 5.31 

(m, 1H), 4.76 – 4.65 (m, 2H). 

4.4.3. Representative procedure for the synthesis of diaryl substituted 2,8-

dioxabicyclo[3.3.1]nonanes: To a round-bottom flask equipped with a magnetic stir bar was 

charged with 3-ethoxy 2-phenyl cyclobutanone (1 equiv.), 2-naphthol (2 equiv.), and PTSA (40 

mol%). Toluene was added as a solvent to the reaction mixture and was stirred under an open 

atmosphere for 2 hours. After the completion of the reaction (as monitored by TLC), the solvent 

was removed under reduced pressure by a rotary evaporator. Then, the crude product was further 

purified by column chromatography on silica gel with EtOAc/hexane as eluent to afford the 

products 3aa-3ga and 3ab-3ah. 

8-benzyl-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3aa). 1a (0.030 g, 0.15 

mmol), 2a (0.044 g, 0.30 mmol), 3aa (0.047 g, 0.11 mmol), white crystalline solid, Melting point 

189-192 °C; 72% yield, The title compound was purified by column chromatography (hexane/ethyl 

acetate = 19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.54 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 7.2 Hz, 

2H), 7.60 (d, J = 8.9 Hz, 2H), 7.53 (m, 2H), 7.45 – 7.41 (m, 2H), 7.32 – 7.27 (m, 4H), 7.23 (m, 1H), 

7.19 (d, J = 8.9 Hz, 2H), 5.33 (t, J = 3.1 Hz, 1H), 3.56 (s, 2H), 2.26 (d, J = 3.2 Hz, 2H). 13C{1H} 

NMR (101 MHz, CDCl3): δ 151.1, 135.2, 131.2, 130.8, 129.7, 128.8, 128.5, 128.3, 127.1, 126.3, 

123.4, 122.9, 118.6, 118.5, 98.9, 45.6, 30.1, 24.7. HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated 

for  C30H23O2 415.1698, Found 415.1698.  

8-(4-methoxybenzyl)-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ba). 1b 

(0.034 g, 0.15 mmol), 2a (0.044 g, 0.30 mmol), 3ba (0.050 g, 0.11 mmol), white amorphous solid, 

Melting point 186-189 °C; 72% yield; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19:1); 1H NMR (400 MHz, CDCl3): δ 8.54 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 

8.2 Hz, 2H), 7.59 (d, J = 8.8 Hz, 2H), 7.55 – 7.49 (m, 2H), 7.34 (d, J = 8.7 Hz, 2H), 7.31 – 7.27 (m, 

2H), 7.17 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 5.33 (t, J = 3.1 Hz, 1H), 3.75 (s, 3H), 3.49 

(s, 2H), 2.25 (d, J = 3.2 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 158.7, 151.1, 131.7, 131.2, 
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129.7, 128.8, 128.5, 127.2, 126.3, 123.4, 122.8, 118.6, 118.5, 113.7, 99.0, 55.2, 44.7, 30.1, 24.7. 

HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C31H25O3 445.1804, Found 445.1806. 

8-(4-methylbenzyl)-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ca). 1c (0.032 

g, 0.15 mmol), 2a (0.044 g, 0.30 mmol), 3ca (0.042 g, 0.09 mmol), white amorphous solid, Melting 

point 161-163 °C; 64% yield; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19:1); 1H NMR (400 MHz, CDCl3): δ 8.54 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 

7.8 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 7.54-7.51 (m, 2H), 7.33 – 7.28 (m, 4H), 7.19 (d, J = 8.8 Hz, 

2H), 7.09 (d, J = 7.9 Hz, 2H), 5.33 (t, J = 3.0 Hz, 1H), 3.52 (s, 2H), 2.29 (s, 3H), 2.26 (d, J = 3.1 

Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 151.2, 136.6, 132.0, 131.2, 130.6, 129.7, 129.0, 

128.8, 128.5, 126.3, 123.4, 122.8, 118.6, 118.5, 99.0, 45.2, 30.1, 24.7, 21.1. HRMS (ESI, Q-TOF) 

m/z:  [M+H]+  calculated for  C31H25O2 429.1855, Found 429.1854. 

8-(2-methoxybenzyl)-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3da). 1d 

(0.034 g, 0.15 mmol), 2a (0.044 g, 0.30 mmol), 3da (0.047 g, 0.10 mmol), yellow amorphous solid, 

Melting point  212-215 °C; 67% yield; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.54 (d, J = 8.6 Hz, 2H), 7.70 (d, 

J = 8.2 Hz, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.55 – 7.49 (m, 3H), 7.31 – 7.26 (m, 2H), 7.22 – 7.15 (m, 

3H), 6.92 – 6.87 (m, 1H), 6.84 (d, J = 8.2 Hz, 1H), 5.31 (t, J = 3.1 Hz, 1H), 3.82 (s, 3H), 3.65 (s, 

2H), 2.31 (d, J = 3.2 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 158.0, 151.3, 132.9, 131.2, 

129.6, 128.8, 128.4, 128.3, 126.2, 123.6, 123.3, 122.8, 120.4, 118.6, 118.6, 110.4, 99.6, 77.4, 77.1, 

76.8, 55.3, 38.4, 29.7, 24.7. HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C31H25O3 445.1804, 

Found 445.1790. 

8-(2-methylbenzyl)-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ea). 1e (0.032 

g, 0.15 mmol), 2a (0.044 g, 0.30 mmol), 3ea (0.054 g, 0.12 mmol), yellowish sticky liquid, 85% 

yield; The title compound was purified by column chromatography (hexane/ethyl acetate = 

19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.54 (d, J = 8.6 Hz, 2H), 7.69 (d, J = 7.8 Hz, 2H), 7.58 

(d, J = 8.9 Hz, 2H), 7.56 – 7.49 (m, 2H), 7.43-7.41 (m, 1H), 7.31-7.27 (m, 2H), 7.19 – 7.10 (m, 

5H), 5.35 (t, J = 3.1 Hz, 1H), 3.61 (s, 2H), 2.54 (s, 3H), 2.35 (d, J = 3.1 Hz, 2H). 13C{1H} NMR 

(101 MHz, CDCl3): δ 151.1, 137.8, 133.5, 131.9, 131.1, 130.5, 129.7, 128.8, 128.5, 127.2, 126.3, 

125.7, 123.4, 122.8, 118.5, 118.4, 99.6, 77.4, 77.1, 76.8, 42.1, 30.3, 24.7, 20.6. HRMS (ESI, Q-

TOF) m/z:  [M+H]+  calculated for  C31H25O2 429.1855, Found 429.1858.  

8-(4-chlorobenzyl)-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3fa). 1f (0.035 g, 

0.15 mmol), 2a (0.044 g, 0.30 mmol), 3fa (0.048 g, 0.10 mmol), yellow amorphous solid, Melting 

point 224-227 °C; yield 68%; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.53 (d, J = 8.6 Hz, 2H), 7.69 (d, 

J = 8.2 Hz, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.55 – 7.49 (m, 2H), 7.37 – 7.33 (m, 2H), 7.32 – 7.23 (m, 
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4H), 7.15 (d, J = 8.9 Hz, 2H), 5.32 (t, J = 3.1 Hz, 1H), 3.50 (s, 2H), 2.22 (d, J = 3.2 Hz, 2H). 13C{1H} 

NMR (101 MHz, CDCl3): δ 150.9, 133.6, 133.1, 132.1, 131.1, 129.7, 128.8, 128.6, 128.4, 126.4, 

123.5, 122.8, 118.4, 98.6, 77.4, 77.1, 76.8, 44.9, 30.2, 24.7. HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C30H21ClO2 449.1308, Found 449.1313.  

8-phenethyl-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ga). 1g (0.032 g, 0.15 

mmol), 2a (0.044 g, 0.30 mmol), 3ga (0.023 g, 0.05 mmol), white amorphous solid, Melting point 

208-212 °C; 34% yield; The title compound was purified by column chromatography (hexane/ethyl 

acetate = 19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.60 (d, J = 8.6 Hz, 2H), 7.73 (d, J = 7.9 Hz, 

2H), 7.61 (d, J = 8.8 Hz, 2H), 7.58-7.54 (m, 2H), 7.34 – 7.30 (m, 6H), 7.25 – 7.21 (m, 1H), 7.16 (d, 

J = 8.8 Hz, 2H), 5.42 (t, J = 3.1 Hz, 1H), 3.07 – 3.03 (m, 2H), 2.587– 2.53 (m, 2H), 2.44 (d, J = 3.2 

Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 151.2, 141.6, 131.2, 129.7, 128.9, 128.6, 128.5, 

126.4, 126.1, 123.4, 122.9, 118.6, 118.6, 98.7, 66.0, 41.3, 31.1, 29.7, 24.9, 15.4. HRMS (ESI, Q-

TOF) m/z:  [M+H]+  calculated for  C31H25O2 429.1855, Found 429.1857. 

8-benzhydryl-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ha). 1h (0.041 g, 

0.15 mmol), 2a (0.044 g, 0.30 mmol), 3ha (0.042 g, 0.08 mmol), Yellowish sticky liquid, 55% 

yield; The title compound was purified by column chromatography (hexane/ethyl acetate = 

19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.55 (d, J = 8.6 Hz, 2H), 7.74 – 7.64 (m, 6H), 7.60 (d, J 

= 8.9 Hz, 2H), 7.55-7.51 (m, 2H), 7.35 – 7.27 (m, 7H), 7.25 – 7.23 (m, 1H), 7.18 (d, J = 8.9 Hz, 

2H), 5.34 (t, J = 3.1 Hz, 1H), 4.65 (s, 1H), 2.38 (d, J = 3.2 Hz, 2H). 13C{1H} NMR (101 MHz, 

CDCl3): δ 151.0, 139.8, 131.2, 130.2, 129.8, 128.8, 128.5, 128.4, 127.0, 126.3, 123.5, 122.9, 118.7, 

118.6, 99.8, 60.5, 31.4, 24.9. HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C36H27O2 491.2011, 

Found 491.2008. 

8-benzyl-3,13-diphenyl-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ab). 1a 

(0.030 g, 0.15 mmol), 2b (0.066 g, 0.30 mmol), 3ab (0.031 g, 0.05 mmol), colorless sticky liquid, 

34% yield; The title compound was purified by column chromatography (hexane/ethyl acetate = 

19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.61 (d, J = 8.9 Hz, 2H), 7.90 (d, J = 1.9 Hz, 2H), 7.81 

(dd, J = 8.8, 1.9 Hz, 2H), 7.68 – 7.62 (m, 6H), 7.47 – 7.40 (m, 6H), 7.35 – 7.26 (m, 4H), 7.24 – 7.18 

(m, 3H), 5.36 (t, J = 3.0 Hz, 1H), 3.57 (s, 2H), 2.29 (d, J = 3.1 Hz, 2H). 13C{1H} NMR (101 MHz, 

CDCl3): δ 151.2, 140.8, 136.1, 135.1, 130.8, 130.3, 130.0, 128.9, 128.3, 127.2, 127.1, 126.7, 125.9, 

123.4, 119.0, 118.4, 99.0, 77.4, 77.1, 76.8, 45.7, 30.1, 24.8. HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C42H31O2 567.2324, Found 567.2316. 

8-benzyl-3,13-dibromo-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ac). 1a 

(0.030 g, 0.15 mmol), 2c (0.067 g, 0.30 mmol), 3ac (0.036 g, 0.06 mmol), white amorphous solid, 

Melting point 188-191 °C; 40% yield; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.28 (d, J = 9.1 Hz, 2H), 7.84 (d, 
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J = 2.0 Hz, 2H), 7.57 (dd, J = 9.1, 2.1 Hz, 2H), 7.49 (d, J = 8.9 Hz, 2H), 7.43 – 7.39 (m, 2H), 7.32 

– 7.27 (m, 2H), 7.25 – 7.20 (m, 1H), 7.18 (d, J = 8.9 Hz, 2H), 5.19 (t, J = 3.1 Hz, 1H), 3.54 (s, 2H), 

2.25 (d, J = 3.1 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 151.4, 134.9, 130.9, 130.8, 129.6, 

128.4, 127.8, 127.2, 124.3, 119.7, 118.4, 117.2, 99.0, 45.6, 29.9, 24.7. HRMS (ESI, Q-TOF) m/z:  

[M+H]+  calculated for  C30H21Br2O2 570.9908, Found 570.9902. 

8-benzyl-6,10-dimethyl-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ad). 1a 

(0.030 g, 0.15 mmol), 2d (0.047 g, 0.30 mmol), 3ad (0.041 g, 0.09 mmol), white amorphous solid, 

Melting point 190-192 °C; 58% yield; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.50 (d, J = 8.5 Hz, 2H), 7.61 (d, 

J = 8.2 Hz, 2H), 7.48 – 7.44 (m, 3H), 7.42 (s, 2H), 7.34 – 7.29 (m, 2H), 7.28 – 7.22 (m, 4H), 5.33 

(t, J = 3.2 Hz, 1H), 3.55 (s, 2H), 2.43 (s, 6H), 2.28 (d, J = 3.2 Hz, 2H). 

 13C{1H} NMR (101 MHz, CDCl3): δ 150.2, 135.4, 130.9, 130.0, 129.4, 128.1, 128.0, 127.9, 127.5, 

127.0, 125.2, 123.2, 122.6, 117.9, 98.4, 46.2, 30.3, 24.9, 17.2. HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C32H27O2 443.2011, Found 443.1999. 

8-(4-methoxybenzyl)-6,10-dimethyl-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine 

(3bd). 1b (0.030 g, 0.13 mmol), 2d (0.043 mg, 0.27 mmol), 3bd (0.037 mg, 0.07 mmol), white 

amorphous solid, Melting point 198-201 °C; 56% yield; The title compound was purified by column 

chromatography (hexane/ethyl acetate = 19.5:0.5);  1H NMR (400 MHz, CDCl3): δ 8.50 (d, J = 8.6 

Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.49 – 7.41 (m, 4H), 7.37 (d, J = 8.6 Hz, 2H), 7.27-7.24 (m, 2H), 

6.86 (d, J = 8.6 Hz, 2H), 5.33 (t, J = 3.1 Hz, 1H), 3.78 (s, 3H), 3.49 (s, 2H), 2.43 (s, 6H), 2.26 (d, J 

= 3.1 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 158.7, 150.3, 131.9, 130.1, 129.4, 128.1, 127.9, 

127.6, 125.3, 123.3, 122.7, 118.0, 113.6, 98.6, 55.3, 45.3, 30.3, 25.0, 17.3. HRMS (ESI, Q-TOF) 

m/z:  [M+H]+  calculated for  C33H29O3 473.2117, Found 473.2123. 

8-benzyl-2,14-dimethoxy-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3ae). 1a 

(0.030 g, 0.15 mmol), 2e (0.052 g, 0.30 mmol), 3ae (0.042 g, 0.08 mmol), white amorphous solid, 

Melting point 200-203 °C; 56% yield; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19:1);  1H NMR (400 MHz, CDCl3): δ 7.85 (d, J = 2.3 Hz, 2H), 7.63 (d, J 

= 8.9 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 7.44-7.42 (m, 2H), 7.31 – 7.26 (m, 2H), 7.24 – 7.20 (m, 

1H), 7.05 (d, J = 8.8 Hz, 2H), 6.99 (dd, J = 8.9, 2.4 Hz, 2H), 5.13 (t, J = 3.1 Hz, 1H), 3.95 (s, 6H), 

3.55 (s, 2H), 2.23 (d, J = 3.2 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 158.2, 151.7, 135.2, 

132.6, 130.8, 130.4, 128.3, 127.0, 125.0, 117.5, 116.2, 114.1, 104.3, 99.0, 55.8, 45.6, 30.5, 25.1. 

HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C32H27O4 475.1909, Found 475.1904. 

2,14-bis(allyloxy)-8-benzyl-16H-8,16-methanodinaphtho[2,1-d:1',2'-g][1,3]dioxocine (3af). 1a 

(0.030 g, 0.15 mmol), 2f (0.060 g, 0.30 mmol), 3af (0.044 g, 0.08 mmol), light yellow amorphous 
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solid, Melting point 150-152 °C;  53% yield; The title compound was purified by column 

chromatography (hexane/ethyl acetate = 19:1); 1H NMR (400 MHz, CDCl3): δ 7.87 (d, J = 2.2 Hz, 

2H), 7.63 (d, J = 9.0 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 7.45-7.42 (m, 2H), 7.32 – 7.28 (m, 2H), 

7.25 – 7.20 (m, 1H), 7.06 (d, J = 8.8 Hz, 2H), 7.02 (dd, J = 9.0, 2.3 Hz, 2H), 6.13 (m, 2H), 5.51-

5.45(m, 2H), 5.35-5.31 (m, 2H), 5.11 (t, J = 3.0 Hz, 1H), 4.76-4.71 (m, 2H), 4.67 – 4.62 (m, 2H), 

3.56 (s, 2H), 2.23 (d, J = 3.1 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 157.3, 151.7, 135.2, 

133.4, 132.6, 130.8, 130.4, 128.3, 127.0, 125.1, 117.8, 117.5, 116.3, 114.6, 105.1, 99.0, 69.3, 45.6, 

30.4, 25.1. HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  C36H31O4 527.2222, Found 527.2218. 

15-benzyl-7H-7,15-methanodinaphtho[1,2-d:2',1'-g][1,3]dioxocine (3ag). 1a (0.030 g, 0.15 

mmol), 2g (0.044 g, 0.30 mmol), 3ag (0.020 g, 0.04 mmol), light brown amorphous solid, Melting 

point 232-235 °C; 28% yield; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19.5:0.5); 1H NMR (400 MHz, CDCl3): δ 8.31-8.29 (m, 2H), 7.70 (d, J = 

8.0 Hz, 2H), 7.60 – 7.56 (m, 2H), 7.50 – 7.43 (m, 2H), 7.42 – 7.37 (m, 2H), 7.36 – 7.30 (m, 6H), 

7.28 – 7.22 (m, 1H), 4.15 (t, J = 3.0 Hz, 1H), 3.76 (s, 2H), 2.30 (d, J = 3.1 Hz, 2H). 13C{1H} NMR 

(101 MHz, CDCl3): δ 147.0, 135.4, 133.5, 130.9, 128.3, 127.5, 127.0, 125.9, 125.5, 125.2, 124.5, 

121.8, 120.8, 120.7, 99.7, 46.5, 33.8, 29.2. HRMS (ESI, Q-TOF) m/z:  [M+H]+  calculated for  

C30H23O2 415.1698, Found 415.1694. 

4,10-bis(allyloxy)-15-benzyl-7H-7,15-methanodinaphtho[1,2-d:2',1'-g][1,3]dioxocine (3ah). 

1a (0.030 g, 0.15 mmol), 2h (0.060 g, 0.30 mmol), 3ah (0.023 g, 0.04 mmol), yellowish amorphous 

solid, Melting point 180-184 °C; 27% yield; The title compound was purified by column 

chromatography (hexane/ethyl acetate = 19:1); 1H NMR (400 MHz, CDCl3): δ 7.88 (d, J = 8.4 Hz, 

2H), 7.79 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 7.1 Hz, 2H), 7.38 – 7.28 (m, 6H), 7.26 – 7.21 (m, 1H), 

6.75 (d, J = 7.7 Hz, 2H), 6.17 – 6.06 (m, 2H), 5.49 – 5.43 (m, 2H), 5.32 – 5.26 (m, 2H), 4.67 – 4.63 

(m, 4H), 4.15 (t, J = 2.9 Hz, 1H), 3.73 (s, 2H), 2.27 (d, J = 2.9 Hz, 2H). 13C{1H} NMR (101 MHz, 

CDCl3): δ 154.2, 146.9, 135.5, 133.4, 131.0, 130.8, 128.3, 127.0, 125.8, 125.6, 125.5, 124.4, 121.4, 

117.3, 115.0, 114.3, 105.4, 99.8, 69.0, 46.5, 33.8, 29.2. HRMS (ESI, Q-TOF) m/z:  [M+H]+  

calculated for  C36H31O4 527.2222, Found 527.2225. 

4.4.4. General procedure for the ring-closing metathesis of 3af23: Compound 3af (1 equiv.) was 

dissolved in dry CH2Cl2, and Grubbs second generation catalyst (0.05 equiv.) was added to the 

mixture and stirred for 3 hours at room temperature. After completion monitored by TLC, the 

solvent was evaporated under reduced pressure, and the crude residue was purified by silica gel 

column chromatography (EtOAc/hexane) to obtain the product 3afa with 3: 2 ratio of trans: cis 

mixture with an overall yield of 64%; The title compound was purified by column chromatography 

(hexane/ethyl acetate = 19.5:0.5 to 19:1); 3af (0.030 g, 0.05 mmol), 3afa (0.017 g, 0.03 mmol), 

60% overall yield (trans: cis = 3:2). 
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cis-3afa: white amorphous solid, Melting point 170-172 °C; 1H NMR (400 MHz, CDCl3): δ 7.79 

(s, 2H), 7.58 (dd, J = 8.8, 3.8 Hz, 2H), 7.49 (dd, J = 8.8, 3.6 Hz, 2H), 7.43-7.41 (m, 2H), 7.31 – 

7.20 (m, 3H), 7.02 (dd, J = 8.8, 3.9 Hz, 2H), 6.94-6.92 (m, 2H), 5.76 (s, 2H), 5.03-4.98 (m, 3H), 

4.85 – 4.81 (m, 2H), 3.55 (d, J = 3.4 Hz, 2H), 2.27 (s, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 

157.7, 151.7, 135.2, 132.5, 130.8, 130.3, 128.3, 128.2, 128.1, 127.1, 125.1, 117.7, 116.6, 116.2, 

103.7, 99.2, 68.1, 45.6, 30.2, 25.2. HRMS of cis-3afa (ESI, Q-TOF) m/z:  [M+H]+  calculated for  

C34H27O4 499.1909, Found 499.1913. 

trans-3afa: white amorphous solid, Melting point 257-260 °C; 1H NMR (400 MHz, CDCl3): δ 7.74 

(d, J = 2.2 Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 7.42-7.41 (m, 2H), 7.30 – 

7.25 (m, 2H), 7.23 – 7.18 (m, 1H), 7.03 (d, J = 8.8 Hz, 2H), 6.98 (dd, J = 8.8, 2.3 Hz, 2H), 6.23 – 

6.20 (m, 2H), 5.10 (t, J = 3.1 Hz, 1H), 5.00 (d, J = 13.9 Hz, 2H), 4.68 – 4.60 (m, 2H), 3.53 (s, 2H), 

2.28 (d, J = 3.2 Hz, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ 158.5, 151.9, 135.2, 132.4, 130.8, 

130.1, 128.7, 128.3, 128.2, 127.1, 125.4, 117.7, 116.5, 105.5, 98.4, 70.1, 45.7, 30.1, 24.7. HRMS 

(ESI, Q-TOF) m/z:  [M+H]+  calculated for  C34H27O4 499.1909, Found 499.1910. 

4.4.5. Procedure for the gram-scale synthesis of 3aa. A round bottom flask equipped with a 

magnetic stir bar was charged with 3-ethoxy 2-phenyl cyclobutanone (5.26 mmol, 1 equiv.,), 2-

naphthol (10.5 mmol, 2 equiv.), and PTSA (2.08 mmol, 0.40 equiv.). Toluene (45 mL) was added 

as a solvent to the reaction mixture and was stirred under an open atmosphere until the completion 

of the reaction (as monitored by TLC). The solvent was removed under reduced pressure by a rotary 

evaporator. Then, the crude product was further purified by column chromatography on silica gel 

with EtOAc/hexane as eluent to afford the product 3aa (0.91 g, 2.19 mmol) in 41% yield. 
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4.6. NMR Spectra of the Compounds  

 

 

1H-NMR (CDCl3, 400MHz) of 3aa 
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13C{1H} -NMR (CDCl3, 101MHz) of 3aa 

1H-NMR (CDCl3, 400MHz) of 3ba 
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13C{1H} -NMR (CDCl3, 101MHz) of 3ba 

1H-NMR (CDCl3, 400MHz) of 3ca 
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13C{1H} -NMR (CDCl3, 101MHz) of 3ca 

1H-NMR (CDCl3, 400MHz) of 3da 
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1H-NMR (CDCl3, 400MHz) of 3ea 

 

13C{1H} -NMR (CDCl3, 101MHz) of 3da 
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13C{1H} -NMR (CDCl3, 101MHz) of 3ea 

1H-NMR (CDCl3, 400MHz) of 3fa 
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1H-NMR (CDCl3, 400MHz) of 3ga 

 

13C{1H} -NMR (CDCl3, 101MHz) of 3fa 
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1H-NMR (CDCl3, 400MHz) of 3ha 

 

13C{1H} -NMR (CDCl3, 101MHz) of 3ga 
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13C{1H} -NMR (CDCl3, 101MHz) of 3ha 

1H-NMR (CDCl3, 400MHz) of 3ab 
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13C{1H} -NMR (CDCl3, 101MHz) of 3ab 

1H-NMR (CDCl3, 400MHz) of 3ac 
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13C{1H} -NMR (CDCl3, 101MHz) of 3ac 

1H-NMR (CDCl3, 400MHz) of 3ad 
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13C{1H} -NMR (CDCl3, 101MHz) of 3ad 

1H-NMR (CDCl3, 400MHz) of 3bd 
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13C{1H} -NMR (CDCl3, 101MHz) of 3bd 

1H-NMR (CDCl3, 400MHz) of 3ae 
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13C{1H} -NMR (CDCl3, 101MHz) of 3ae 

1H-NMR (CDCl3, 400MHz) of 3af 
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13C{1H} -NMR (CDCl3, 101MHz) of 3af 

1H-NMR (CDCl3, 400MHz) of 3ag 
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1H-NMR (CDCl3, 400MHz) of 3ah 

 

13C{1H} -NMR (CDCl3, 101MHz) of 3ag 



Chapter 4: Activation of 3-Ethoxy Cyclobutanone via Brønsted Acid Catalysis 

 

272 
 

 

 

 

13C{1H} -NMR (CDCl3, 101MHz) of 3ah 

1H-NMR (CDCl3, 400MHz) of cis-3afa 
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13C{1H} -NMR (CDCl3, 101MHz) of cis-3afa 

1H-NMR (CDCl3, 400MHz) of trans-3afa 
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13C{1H} -NMR (CDCl3, 101MHz) of trans-3afa 
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Summary and Future Aspects 

The work presented in this thesis features diverse catalytic activation strategies of two different 

smallest carbocycles for the construction of different valuable chiral and achiral organic molecules. 

Over the years, various catalytic activation strategies were developed from three and four-

membered strained carbocycles cyclopropanes, and cyclobutanes respectively, to form numerous 

important cyclic and acyclic compounds. Organocatalysis gathered remarkable attention in the 21st 

century and its utilization for the small molecule activation towards enantioenriched complex 

organic frameworks became an alluring field of interest to the synthetic community. However, 

harnessing traditional catalytic systems like transition metal containing Lewis acid was also applied 

extensively to activate these two smallest carbocycles to achieve unprecedented methodology 

development. Surprisingly, the environmentally benign metal-free Brønsted acid catalytic 

activation of cyclobutane has remained underdeveloped till now. Therefore, the implementation of 

diverse catalytic strategies to activate these two strained cyclic systems and their exploration to 

develop new techniques in our laboratory has been the source of inspiration to execute various 

catalytic activations of these smallest carbocycles.  

 

The research work in the thesis is divided into four chapters. Chapter 1 started with a brief 

discussion about the two smallest carbocycles and their classification. Further, activation of the 

donor-acceptor cyclopropane and 3-donor cyclobutanones via different types of catalysis have also 

been discussed. 
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Chapter 2A demonstrated the first organocatalytic activation of racemic cyclopropane 

carbaldehydes for the enantioselective (3 + 3) cycloaddition via a secondary amine catalyst. A wide 

range of enantioenriched tetrahydropyridazines was obtained in moderate to good yields with 

moderate to excellent enantioselectivities. Detailed mechanistic investigations revealed that an 

unconventional type of matched/mismatched kinetic resolution was the reason behind this 

asymmetric induction. The control experiment disclosed that the intriguing 1,3-aryl migration is 

intramolecular and concerted in nature. Further computational studies were also conducted to get 

insights into the mechanism which suggested that the aryl migration proceeds via a four-membered 

transition state. 

Chapter 2B represented a secondary amine-catalyzed enantioselective (3+3)-cycloaddition reaction 

of ortho-substituted nitrones with aryl cyclopropane carbaldehydes for the first time. Only the 

electron-rich aryl-containing cyclopropanes undergo this reaction to render a range of 1,2-

oxazinanes in moderate yields and enantioselectivities. Noticeably, in all the cases the 

corresponding aryl aldehydes were obtained with a considerable amount. Surprisingly, when ortho-

hydroxy substituted nitrone was employed the unusual 1,3-aryl shift took place to furnish an 

unprecedented product tetrahydrochromeno[2,3- c][1,2]oxazine. 

 Chapter 3 developed the tandem activation of the two smallest carbocycles via Lewis acid catalysis. 

The diphenyl-substituted 3-ethoxy cyclobutanone led to the in situ formation of 1-phenyl 2-

naphthol, which subsequently underwent the remote site-selective Friedel−Crafts alkylation with 

aryl cyclopropane diesters. The rearrangement of cyclobutanone and ring-opening of donor-

acceptor cyclopropane has been achieved simultaneously in one pot. A series of γ-naphthyl butyric 

acid derivatives were obtained in good to excellent yields. Control experiments emphasize the role 

of diphenyl substitution on the cyclobutanone for this designed methodology and also confirm the 

site selectivity of the β-naphthol for the Friedel−Crafts reaction. Moreover, selective methylation 

and decarboxylation have been conducted smoothly for the synthetic transformation of the product. 

Chapter 4 disclosed the Brønsted acid catalytic activation of 3-ethoxy cyclobutanone. A new 

methodology has been developed to construct 2,8-dioxabicyclo[3.3.1]nonanes from simple starting 

material. Both α- and β-naphthol derivatives were found to be tolerated for this transformation and 

rendered a series of bicyclic ketals in poor to good yields. However, other electron-rich arenes or 

phenols did not participate in rendering the corresponding cyclization products. Moreover, a gram-

scale experiment has been conducted to showcase the practical utility of the designed protocol. 

Additionally, a 15-membered macrocyclic framework was also synthesized by ring-closing 

metathesis as a post-functional modification. 
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After the successful exploration of organocatalytic enantioselective (3+3) cycloadditions, similar 

strategies can also be utilized further to activate the cyclopropane carbaldehydes for the other types 

of cycloaddition reactions like (3+2), (4+3), etc. The asymmetric version of the Brønsted acid-

catalyzed activation of the cyclobutanone derivatives to afford chiral bicyclic scaffolds could also 

open new avenues in the future. Apart from these, we also believe that the future generation will 

come up with modern burgeoning catalytic approaches like photocatalysis and electrocatalysis to 

activate these two smallest carbocycles which remain unexplored to date and a diverse array of new 

methodologies will flourish in the upcoming years.  
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APPENDIX A: X-RAY DIFFRACTION 

 

For the determination of X-ray crystal structures of the compounds, a single crystal was selected 

and mounted with paratone oil on a glass fiber using gum. The data was collected at 293K on a 

CMOS based Bruker D8 Venture PHOTON 100 diffractometer equipped with a INCOATEC micro-

focus source with graphite monochromatic Mo Kα radiation (λ = 0.71073 Å) operation at 50 kV 

and 30 mA. For the integration of diffraction profiles SAINT program1 was used. Absorption 

correction was done applying SADABS program.2 The crystal structure was solved by SIR 923 and 

refined by full matrix least square method using SHELXL-974 WinGX system, Ver 1.70.01.5 All 

the non-hydrogen atoms in the structure were located the Fourier map and refined anisotropically. 

The hydrogen atoms were fixed by HFIX in their ideal positions and refined using riding model 

with isotropic thermal parameters. The crystal structure (excluding structure factor) has been 

deposited to Cambridge Crystallographic Data Centre and allocated deposition numbers for each 

crystal are given in their respective table. 

Chapter 2A 

Single Crystal X-Ray Data of 3a 

The CCDC number for the compound 3a is CCDC 2078121 

Figure 1: Single Crystal X-ray structure of compound 3a with 50% ellipsoid probability. 
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Table 1.  Crystal data and structure refinement for 3a. 

 

Table 2: Selected bond lengths [Å] of 3a 

CCDC No. CCDC  2078121 

Formula C24 H20 N2 O2 

Formula weight 368.42 

Crystal System Monoclinic 

Space group P21 

a, b, c (Å) 10.228(2)   6.2956(14)    15.632(4) 

α, β, γ (°) 90    90.900(8)           90 

V (Å3) 1006.4(4) 

Z 2 

Calculated Density (g/cm3) 1.210 

Absorption coefficient (mm-1) 0.078 

F(000) 388 

Crystal Size (mm3) 0.25 x 0.31 x 0.36 

Theta range for data collection: 2.4ο to 27.4° 

Data set -11: 13 ;  -8:  8 ; -20: 19 

Reflection 4430 

Independent refl. [R(int) =  0.021] 

data [I > 2σ(I)] 3752 

R indices (all data) R =  0.0405,  wR2 =    0.1117 

S 1.04 

Min. and Max. Resd. Dens. (e/Å3) -0.19 and 0.17 

Atoms Bond lengths [Å] Atoms Bond lengths [Å] 

O1-C18 1.425(5) C15-C16 1.399(4) 

O1-C19 1.374(3) C16-C17 1.358(4) 

O2-C17 1.380(3) C17-C19 1.366(4) 

O2-C18 1.415(5) C19-C20 1.382(3) 

N1-N2 1.369(3) C22-C23 1.383(4) 

N1-C4 1.414(3) C24-C25 1.396(4) 
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Table 3: Selected bond angles [o] of 3a 

N1-C5 1.464(3) C1-H1 0.9300 

N2-C13 1.298(3) C2-H2 0.9300 

C1-C2 1.373(5) C3-H3 0.9300 

C1-C25 1.381(4) C5-H5 0.9800 

C2-C3 1.389(4) C6-H6A 0.9700 

C3-C4 1.395(4) C6-H6B   0.9700 

C4-C24 1.397(3) C8-H8 0.9300 

C5-C6 1.537(3) C10-H10 0.9300 

C5-C14 1.522(3) C11-H11 0.9300 

C6-C7 1.504(3 C12-H12 0.9300 

C7-C8 1.342(3) C13-H13 0.9300 

C7-C13 1.454(4) C15-H15 0.9300 

C8-C9 1.468(3) C16-H16 0.9300 

C9-C10 1.394(4) C18-H18A 0.9700 

C9-C22 1.400(4) C18-H18B 0.9700 

C10-C11 1.381(6) C20-H20 0.9300 

C11-C12 1.384(7) C22-H22 0.9300 

C12-C23 1.366(6) C23-H23 0.9300 

C14-C15 1.385(3) C24-H24 0.9300 

C14-C20 1.391(3) C25-H25 0.9300 

Atoms Bond angles[o] Atoms Bond angles[o] 

C18-O1-C19 105.3(2) C5-C14-C20 121.51(18) 

C17-O2-C18 105.1(2) C15-C14-C20 119.68(19) 
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N2-N1-C4 115.59(18) C14-C15-C16 122.1(2) 

N2-N1-C5 122.17(17) C15-C16-C17 116.5(2) 

C4-N1-C5 121.60(18) O2-C17-C16 127.9(2) 

N1-N2-C13 118.90(19) O2-C17-C19 110.3(2) 

C2-C1-C25 118.9(3) C16-C17-C19 121.9(2) 

C1-C2-C3 121.1(3) O1-C18-O2 108.8(3) 

C2-C3-C4 120.3(3) O1-C19-C17 109.8(2) 

N1-C4-C3 120.8(2) O1-C19-C20 127.7(2) 

N1-C4-C24 120.3(2) C17-C19-C20 122.5(2) 

C3-C4-C24 118.9(2) C14-C20-C19 117.3(2) 

N1-C5-C6 108.30(17) C9-C22-C23 120.5(3) 

N1-C5-C14 113.13(16) C12-C23-C22 120.6(4) 

C6-C5-C14 112.17(17) C4-C24-C25 119.5(2) 

C5-C6-C7 108.76(19) C1-C25-C24 121.4(3) 

C6-C7-C8 123.7(2) C2-C1-H1 121.00 

C6-C7-C13 111.00(19) C25-C1-H1 121.00 

C8-C7-C13 125.3(2) C1-C2-H2 119.00 

C7-C8-C9 128.5(2) C3-C2-H2 119.00 

C8-C9-C10 119.1(3) C2-C3-H3 120.00 

C8-C9-C22 122.9(2) C4-C3-H3 120.00 

C10-C9-C22 118.0(3) N1-C5-H5 108.00 

C9-C10-C11 120.9(4) C6-C5-H5 108.00 

C10-C11-C12 120.1(4) C14-C5-H5 108.00 

C11-C12-C23 119.9(4) C5-C6-H6A 110.00 

N2-C13-C7 125.4(2) C5-C6-H6B 110.00 
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              Table 4: Selected hydrogen bonding geometry [Å, o] for a compound 3a 

D--H.. A D..H H..A D..A D--H..A 

C16--H16..O1 0.9300 2.5200 3.380(4) 155.00 

 

 

 

C5-C14-C15 118.80(17) C7-C6-H6A 110.00 

C7-C6-H6B 110.00 O1-C18-H18A 110.00 

H6A-C6-H6B 108.00 O1-C18-H18B 110.00 

C7-C8-H8 116.00 O2-C18-H18A 110.00 

C9-C8-H8 116.00 O2-C18-H18B 110.00 

C9-C10-H10 120.00 H18A-C18-H18B 108.00 

C11-C10-H10 120.00 C14-C20-H20 121.00 

C10-C11-H11 120.00 C19-C20-H20 121.00 

C12-C11-H11 120.00 C9-C22-H22 120.00 

C11-C12-H12 120.00 C23-C22-H22 120.00 

C23-C12-H12 120.00 C12-C23-H23 120.00 

N2-C13-H13 117.00 C22-C23-H23 120.00 

C7-C13-H13 117.00 C4-C24-H24 120.00 

C14-C15-H15 119.00 C25-C24-H24 120.00 

C16-C15-H15 119.00 C1-C25-H25 119.00 

C15-C16-H16 122.00 C24-C25-H25 119.00 

C17-C16-H16 122.00   
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Single Crystal X-Ray Data of 3ab 

The CCDC number for the compound 3ab is CCDC 2246737 

 

Figure 2: Single Crystal X-ray structure of compound 3ab with 50% ellipsoid probability. 

Table 5.  Crystal data and structure refinement for 3ab. 

CCDC No. 2246737 

Formula C25H22N2O3 

Formula weight 398.44 

Crystal System Triclinic 

Space group P-1 

a, b, c (Å) 6.2771(3) 10.5421(5) 15.6466(8) 

α, β, γ (°) 100.831(2) 96.589(2) 90.664(2) 

V (Å3) 1009.65(9) 

Z 2 
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Table 6: Selected bond lengths of 3ab 

Calculated Density (g/cm3) 1.311 

Absorption coefficient (mm-1) 0.087 

F(000) 420.0 

Crystal Size (mm3) 0.315 × 0.256 × 0.214 

Theta range for data collection: 3.936 to 56.664 

Data set -8 ≤ h ≤ 8, -14 ≤ k ≤ 14, -20 ≤ l ≤ 20 

Reflection 22798 

Independent refl. [R(int) =  0.0367] 

data [I > 2σ(I)] 4965 

R indices (all data) R =  0.0536,  wR2 = 0.1231 

S 1.039 

Min. and Max. Resd. Dens. (e/Å3) -0.12  and  0.18 

Atoms Bond lengths [Å] Atoms Bond lengths [Å] 

N1-N2 1.3595(14) C8-C9 1.3975(16) 

N1-C6 1.4056(15) C17-C16 1.4539(16) 

N1-C7 1.4731(13) C5-C4 1.3834(18) 

N2-C17 1.2962(16) C12-C10 1.3755(18) 

O2-C12 1.3801(16) C12-C13 1.3656(19) 

O2-C11 1.423(2) C16-C18 1.3421(18) 

O1- C10 1.3728(16) C10-C9 1.3698(18) 

O1-C11 1.4208(19) C19-C25 1.3929(19) 

O3-C22 1.3637(18) C19-C18 1.459(2) 

O3-C23 1.415(2) C19-C20 1.4010(17) 
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Table 7: Selected bond angles of 3ab 

C15-C16 1.4969(18) C1-C2 1.385(2) 

C15-C7 1.5274(18) C22-C21 1.391(2) 

C14-C8 1.3907(15) C22-C24 1.3872(18) 

C14-C13 1.3951(18) C25-C24 1.382(2) 

C6-C5 1.3938(15) C21-C20 1.369(2) 

C6-C1 1.3907(18) C4-C3 1.377(2) 

C8-C7 1.5211(16) C3-C2 1.377(2) 

Atoms Bond angles[o] Atoms Bond angles[o] 

N2 N1 C6 116.59(9) N1 C7 C8 113.13(9) 

N2 N1 C7 122.58(10) C8 C7 C15 111.97(10) 

C6 N1 C7 120.72(10) O1 C10 C12 110.10(12) 

C17 N2 N1 119.10(9) C9 C10 O1 127.66(12) 

C12 O2 C11 105.32(11) C9 C10 C12 122.24(12) 

C10 O1 C11 105.54(11) C12 C13 C14 116.54(11) 

C22 O3 C23 118.34(13) C25 C19 C18 124.19(11) 

C16 C15 C7 109.74(9) C25 C19 C20 116.61(13) 

C8 C14 C13 122.13(11) C20 C19 C18 119.17(12) 

C5 C6 N1 120.91(11) C2 C1 C6 120.11(12) 

C1 C6 N1 120.16(10) O3 C22 C21 115.95(12) 

C1 C6 C5 118.93(11) O3 C22 C24 124.78(14) 

C14 C8 C7 118.37(10) C24 C22 C21 119.27(14) 

C14 C8 C9 119.87(11) C10 C9 C8 117.28(11) 

C9 C8 C7 121.71(10) C24 C25 C19 122.26(12) 
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Chapter 2B 

Single Crystal X-Ray Data of 5aa  

The CCDC number for the compound 5aa is CCDC 2237741 

 

Figure 3: Single Crystal X-ray structure of compound 5aa with 50% ellipsoid probability. 

Table 8. Crystal data and structure refinement for 5aa. 

Ccdc no. 2237741 

Empirical formula C19H19NO3 

N2 C17 C16 124.89(11) C16 C18 C19 129.77(12) 

C4 C5 C6 119.95(12) C20 C21 C22 120.31(12) 

C10 C12 O2 109.80(12) C3 C4 C5 121.08(12) 

C13 C12 O2 128.25(12) C25 C24 C22 119.62(13) 

C13 C12 C10 121.94(12) C21 C20 C19 121.90(13) 

C17 C16 C15 111.67(11) C4 C3 C2 119.04(13) 

C18 C16 C15 122.37(11) C3 C2 C1 120.90(14) 

C18 C16 C17 125.80(12) O1 C11 O2 108.98(11) 

N1 C7 C15 107.92(10)   
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Formula weight 309.35 

Temperature/K 298.0 

Crystal system orthorhombic 

Space group P212121 

a/Å 5.8734(3) 

b/Å 15.4556(7) 

c/Å 17.6587(7) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1603.00(13) 

Z 4 

ρcalcg/cm3 1.282 

μ/mm-1 0.087 

F(000) 656.0 

Crystal size/mm3 0.35 × 0.236 × 0.123 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.614 to 52.79 

Index ranges -7 ≤ h ≤ 7, -19 ≤ k ≤ 19, -22 ≤ l ≤ 22 

Reflections collected 33944 

Independent reflections 3289 [Rint = 0.0505, Rsigma = 0.0225] 

Data/restraints/parameters 3289/0/210 

Goodness-of-fit on F2 1.087 

Final R indexes [I>=2σ (I)] R1 = 0.0360, wR2 = 0.0859 
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Final R indexes [all data] R1 = 0.0444, wR2 = 0.0908 

Largest diff. peak/hole / e Å-3 0.12/-0.10 

Flack parameter 0.2(5) 

 

Table 9: Selected bond lengths of 5aa 

Atoms Length/Å Atoms Length/Å 

O2- N1 1.475(2) C13- C12 1.509(3) 

O2- C12 1.435(3) C13- C19 1.370(3) 

O1- C3 1.377(3) C14- C15 1.380(3) 

O1- C2 1.417(3) C7- C6 1.381(3) 

N1- C1 1.455(3) C15- C16 1.382(3) 

N1- C2 1.481(3) C10- C2 1.493(3) 

O3- C16 1.366(3) C10- C11 1.498(3) 

O3- C17 1.418(4) C3- C4 1.376(3) 

C8- C9 1.453(3) C12- C11 1.523(3) 

C8- C9 1.390(3) C18- C16 1.382(3) 

C8- C3 1.390(3) C18- C19 1.391(3) 

C9- C10 1.320(3) C4- C5 1.384(3) 

C13- C14 1.393(3) C5- C6 1.376(4) 

 

 

Table 10: Selected bond angles of 5aa 

Atom Angle/˚ Atom Angle/˚ 

C12- O2- N1 108.46(14) O1- C3- C8 121.3(2) 

C3- O1- C2 120.09(18) C4- C3- O1 116.8(2) 
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O2- N1- C2 103.21(15) C4- C3- C8 121.9(2) 

C1- N1- O2 103.55(16) O2- C12- C13 106.62(18) 

C1- N1- C2 112.55(19) O2- C12- C11 109.18(19) 

C16- O3- C17 117.7(2) C13- C12- C11 113.76(18) 

C7- C8- C9 123.9(2) C16- C18- C19 119.3(2) 

C3- C8- C9 118.3(2) O1- C2- N1 108.86(18) 

C3- C8- C7 117.7(2) O1- C2- C10 115.90(18) 

C10- C9- C8 121.2(2) N1- C2- C10 105.93(19) 

C14- C13- 121.0(2) C3- C4- C5 119.2(2) 

C19- C12 117.9(2) O3- C16- C15 115.6(2) 

C19- C13- C12 121.2(2) O3- C16- C18 124.8(2) 

C15- C14- C13 121.0(2) C15- C16- C18 119.6(2) 

C6- C7- C8 120.8(2) C13- C19-C18 122.0(2) 

C14- C15- C16 120.2(2) C10- C11- C12 109.39(18) 

C9- C10- C2 120.6(2) C6- C5- C4 120.1(2) 

C9- C10- C11 126.3(2) C5- C6- C7 120.3(2) 

C2- C10- C11 112.3(2)   

 

Chapter 3 

Single Crystal X-Ray Data of 3aa 

The CCDC number for the compound 3aa is CCDC 2206200 
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Figure 4: Single Crystal X-ray structure of compound 3aa with 50% ellipsoid probability. 

Table 10. Crystal data and structure refinement for 3aa. 

CCDC No. CCDC  2206200 

Formula C30 H28 O6 

Formula weight 484.52 

Crystal System Monoclinic 

Space group P21/n 

a, b, c (Å) 13.902(5),   6.052(5),   29.577(5) 

α, β, γ (°) 90,   92.537(5),   90 

V (Å3) 2486(2) 

Z 4 

Calculated Density (g/cm3) 1.290 
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Table 11: Selected bond lengths [Å] of 3aa 

Absorption coefficient (mm-1) 0.090 

F(000) 1024 

Crystal Size (mm3) 0.27 x  0.28 x  0.29 

Theta range for data collection: 2.5 °C to 25.7 °C 

Data set -16: 16 ;  -7:  7 ; -35: 36 

Reflection 30440 

Independent refl. 4736 [R(int) =  0.115] 

data [I > 2σ(I)] 2268 

R indices (all data) R =  0.0612,  wR2 =    0.1862 

S 1.03 

Min. and Max. Resd. Dens. (e/Å3) -0.19 and 0.26 

Atoms Bond lengths [Å] Atoms Bond lengths [Å] 

O100-C26 1.298(5) C15-C16 1.385(5) 

O100-C29 1.463(5) C17-C18 1.525(4) 

O101-C1 1.376(4) C17-C24 1.512(5) 

O102-C27 1.317(5) C18-C19 1.376(5) 

O102-C28 1.464(5) C18-C20 1.386(5) 

O103-C23 1.370(4) C19-C22 1.384(5) 

O103-C30 1.419(5) C20-C21 1.373(6) 

O104-C26 1.191(5) C21-C23 1.381(5) 

O105-C27 1.189(5) C22-C23 1.371(5) 

O101-H101 0.8200 C24-C25 1.543(4) 

C1-C6 1.377(4) C25-C26 1.509(5) 
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C1-C2 1.407(4) C25-C27 1.516(5) 

C2-C3 1.360(4) C2-H2 0.9300 

C3-C4 1.409(4) C3-H3 0.9300 

C4-C5 1.412(4) C7-H7 0.9300 

C4-C10 1.425(4) C8-H8 0.9300 

C5-C6 1.432(4) C10-H10 0.9300 

C5-C7 1.416(4) C12-H12 0.9300 

C6-C11 1.488(4) C13-H13 0.9300 

C7-C8 1.358(4) C14-H14 0.9300 

C8-C9 1.409(4) C15-H15 0.9300 

C9-C10 1.361(5) C16-H16 0.9300 

C9-C17 1.523(4) C17-H17 0.9800 

C11-C12 1.392(4) C19-H19 0.9300 

C11-C16 1.382(5) C20-H20 0.9300 

C12-C13 1.383(5) C21-H21 0.9300 

C13-C14 1.376(5) C22-H22 0.9300 

C14-C15 1.371(5) C24-H24A 0.9700 

C24-H24B 0.9700 C29-H29B 0.9600 

C25-H25 0.9800 C29-H29C 0.9600 

C28-H28A 0.9600 C30-H30A 0.9600 

C28-H28B 0.9600 C30-H30B 0.9600 

C28-H28C 0.9600 C30-H30C 0.9600 

C29-H29A 0.9600   
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Table 12: Selected bond angles [o] of 3aa 

Atoms Bond angles[o] Atoms Bond angles[o] 

C26-O100-C29 118.2(3) C12-C13-C14 121.1(3) 

C27-O102-C28 115.1(3) C13-C14-C15 119.4(3) 

C23-O103-C30 117.4(3) C14-C15-C16 119.8(3) 

C1-O101-H101 109.00 C11-C16-C15 121.7(3) 

O101-C1-C2 119.7(3) C9-C17-C18 111.2(3) 

O101-C1-C6 118.4(3) C18-C17-C24 113.6(2) 

C2-C1-C6 121.9(3) C9-C17-C24 112.4(3) 

C1-C2-C3 119.8(3) C17-C18-C19 122.2(3) 

C2-C3-C4 121.2(3) C17-C18-C20 121.7(3) 

C3-C4-C10 122.0(3) C19-C18-C20 116.1(3) 

C5-C4-C10 119.1(3) C18-C19-C22 122.6(3) 

C3-C4-C5 118.9(3) C18-C20-C21 122.4(3) 

C4-C5-C6 120.0(3) C20-C21-C23 120.1(3) 

C4-C5-C7 117.7(3) C19-C22-C23 119.8(3) 

C6-C5-C7 122.3(3) O103-C23-C22 124.5(3) 

C1-C6-C5 118.2(3) C21-C23-C22 119.0(3) 

C1-C6-C11 120.1(3) O103-C23-C21 116.6(3) 

C5-C6-C11 121.7(3) C17-C24-C25 113.6(3) 

C5-C7-C8 121.1(3) C24-C25-C26 111.4(3) 

C7-C8-C9 122.2(3) C24-C25-C27 111.6(3) 

C8-C9-C10 117.6(3) C26-C25-C27 109.4(3) 

C10-C9-C17 124.1(3) O100-C26-C25 111.6(3) 
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C8-C9-C17 118.3(3) O104-C26-C25 126.3(3) 

C4-C10-C9 122.3(3) O100-C26-O104 122.0(3) 

C6-C11-C16 120.6(3) O102-C27-C25 112.2(3) 

C12-C11-C16 117.9(3) O105-C27-C25 123.1(4) 

C6-C11-C12 121.5(3) O102-C27-O105 124.7(4) 

C11-C12-C13 120.1(3) C1-C2-H2 120.00 

C3-C2-H2 120.00 C19-C22-H22 120.00 

C2-C3-H3 119.00 C23-C22-H22 120.00 

C4-C3-H3 119.00 C17-C24-H24A 109.00 

C5-C7-H7 119.00 C17-C24-H24B 109.00 

C8-C7-H7 119.00 C25-C24-H24A 109.00 

C7-C8-H8 119.00 C25-C24-H24B 109.00 

C9-C8-H8 119.00 H24A-C24-H24B 108.00 

C4-C10-H10 119.00 C24-C25-H25 108.00 

C9-C10-H10 119.00 C26-C25-H25 108.00 

C11-C12-H12 120.00 C27-C25-H25 108.00 

C13-C12-H12 120.00 O102-C28-H28A 109.00 

C12-C13-H13 119.00 O102-C28-H28B 109.00 

C14-C13-H13 119.00 O102-C28-H28C 109.00 

C13-C14-H14 120.00 H28A-C28-H28B 110.00 

C15-C14-H14 120.00 H28A-C28-H28C 110.00 

C14-C15-H15 120.00 H28B-C28-H28C 109.00 

C16-C15-H15 120.00 O100-C29-H29A 110.00 

C11-C16-H16 119.00 O100-C29-H29B 109.00 

C15-C16-H16 119.00 O100-C29-H29C 110.00 
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              Table 13: Selected hydrogen bonding geometry [Å, o] for a compound 3aa 

D--H.. A D..H H..A D..A D--H..A 

O101 -- H101 .. O104 0.8200 1.9700 2.760(4) 161.00 

C24  -- H24A .. O105 0.9700 2.5800 2.975(5) 105.00 

C24  -- H24B .. O104 0.9700 2.4000 2.817(5) 105.00 

 

Chapter 4 

Single Crystal X-Ray Data of 3aa 

The CCDC number for the compound 3aa is CCDC 2220353 

 

C9-C17-H17 106.00 H29A-C29-H29B 109.00 

C18-C17-H17 106.00 H29A-C29-H29C 109.00 

C24-C17-H17 106.00 H29B-C29-H29C 109.00 

C18-C19-H19 119.00 O103-C30-H30A 109.00 

C22-C19-H19 119.00 O103-C30-H30B 109.00 

C18-C20-H20 119.00 O103-C30-H30C 109.00 

C21-C20-H20 119.00 H30A-C30-H30B 109.00 

C20-C21-H21 120.00 H30A-C30-H30C 110.00 

C23-C21-H21 120.00 H30B-C30-H30C 110.00 
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Figure 5: Single Crystal X-ray structure of compound 3aa with 50% ellipsoid probability. 

Table 14.  Crystal data and structure refinement for 3aa. 

CCDC no. 2220353 

Empirical formula C30H22O2 

Formula weight 414.47 

Temperature/K 298 

Crystal system orthorhombic 

Space group Pbca 

a/Å 9.2112(4) 

b/Å 11.4722(5) 

c/Å 40.1618(16) 

α/° 90 

β/° 90 

γ/° 90 
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Volume/Å3 4244.0(3) 

Z 8 

ρcalcg/cm3 1.297 

μ/mm-1 0.080 

F(000) 1744.0 

Crystal size/mm3 0.256 × 0.251 × 0.123 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.866 to 52.764 

Index ranges -11 ≤ h ≤ 11, -14 ≤ k ≤ 14, -49 ≤ l ≤ 50 

Reflections collected 65512 

Independent reflections 4334 [Rint = 0.0497, Rsigma = 0.0195] 

Data/restraints/parameters 4334/0/289 

Goodness-of-fit on F2 1.095 

Final R indexes [I>=2σ (I)] R1 = 0.0487, wR2 = 0.1109 

Final R indexes [all data] R1 = 0.0553, wR2 = 0.1146 

Largest diff. peak/hole / e Å-3 0.18/-0.17 

 

Table 15. Bond Lengths for 3aa. 

Atom Atom Length/Å Atom Atom Length/Å 

O1 C6 1.3828(18) C11 C12 1.370(3) 

O1 C7 1.4252(17) C12 C30 1.378(3) 
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O2 C7 1.4400(17) C13 C14 1.414(2) 

O2 C24 1.3803(17) C14 C15 1.410(2) 

C1 C2 1.397(3) C15 C16 1.356(2) 

C1 C13 1.355(3) C17 C18 1.5320(19) 

C2 C3 1.371(2) C18 C19 1.5207(18) 

C3 C4 1.412(2) C19 C20 1.4310(19) 

C4 C5 1.439(2) C19 C24 1.3738(19) 

C4 C14 1.425(2) C20 C21 1.425(2) 

C5 C6 1.371(2) C20 C28 1.416(2) 

C5 C18 1.5312(19) C21 C22 1.414(2) 

C6 C16 1.414(2) C21 C25 1.412(2) 

C7 C8 1.522(2) C22 C23 1.357(2) 

C7 C17 1.505(2) C23 C24 1.405(2) 

C8 C9 1.512(2) C25 C26 1.355(3) 

C9 C10 1.383(2) C26 C27 1.398(3) 

C9 C29 1.386(2) C27 C28 1.373(2) 

C10 C11 1.386(3) C29 C30 1.378(3) 

 

Table 16. Bond Angles for 3aa. 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

C6 O1 C7 115.69(11) C15 C14 C4 119.25(14) 

C24 O2 C7 120.10(11) C15 C14 C13 121.27(16) 

C13 C1 C2 119.51(17) C16 C15 C14 120.95(15) 

C3 C2 C1 120.82(18) C15 C16 C6 119.68(15) 

C2 C3 C4 121.50(17) C7 C17 C18 107.64(12) 
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C3 C4 C5 123.08(14) C5 C18 C17 108.54(11) 

C3 C4 C14 117.20(14) C19 C18 C5 112.13(11) 

C14 C4 C5 119.72(14) C19 C18 C17 105.19(11) 

C4 C5 C18 123.01(13) C20 C19 C18 125.93(12) 

C6 C5 C4 117.60(13) C24 C19 C18 115.51(12) 

C6 C5 C18 119.36(13) C24 C19 C20 118.49(13) 

O1 C6 C16 113.02(13) C21 C20 C19 118.70(13) 

C5 C6 O1 124.18(13) C28 C20 C19 124.38(13) 

C5 C6 C16 122.79(14) C28 C20 C21 116.91(13) 

O1 C7 O2 106.25(11) C22 C21 C20 119.51(14) 

O1 C7 C8 105.00(12) C25 C21 C20 119.62(15) 

O1 C7 C17 109.87(12) C25 C21 C22 120.86(15) 

O2 C7 C8 107.07(12) C23 C22 C21 121.06(14) 

O2 C7 C17 112.12(12) C22 C23 C24 119.28(15) 

C17 C7 C8 115.89(13) O2 C24 C23 114.59(13) 

C9 C8 C7 112.94(13) C19 C24 O2 122.72(12) 

C10 C9 C8 120.98(16) C19 C24 C23 122.62(14) 

C10 C9 C29 118.30(17) C26 C25 C21 121.65(16) 

C29 C9 C8 120.72(16) C25 C26 C27 119.42(16) 

C9 C10 C11 120.67(19) C28 C27 C26 120.75(17) 

C12 C11 C10 120.4(2) C27 C28 C20 121.57(16) 

C11 C12 C30 119.5(2) C30 C29 C9 120.83(19) 

C1 C13 C14 121.49(18) C12 C30 C29 120.3(2) 

C13 C14 C4 119.47(16)     
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Figure 6: Single Crystal X-ray structure of compound trans-3afa with 50% ellipsoid probability. 

Table 17. Crystal data and structure refinement for trans-3afa. 

CCDC no. 2294906 

Empirical formula C34H26O4 

Formula weight 498.39 

Temperature/K 298 

Crystal system monoclinic 

Space group P21/c 

a/Å 23.325(3) 

b/Å 9.2221(10) 

c/Å 11.5821(16) 

α/° 90 

β/° 97.078(4) 
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γ/° 90 

Volume/Å3 2472.4(5) 

Z 4 

ρcalcg/cm3 1.339 

μ/mm-1 0.087 

F(000) 1048.0 

Crystal size/mm3 0.201 × 0.156 × 0.123 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.754 to 53.01 

Index ranges -29 ≤ h ≤ 28, -11 ≤ k ≤ 11, -14 ≤ l ≤ 14 

Reflections collected 28242 

Independent reflections 5103 [Rint = 0.0755, Rsigma = 0.0520] 

Data/restraints/parameters 5103/0/343 

Goodness-of-fit on F2 1.035 

Final R indexes [I>=2σ (I)] R1 = 0.0652, wR2 = 0.1587 

Final R indexes [all data] R1 = 0.0879, wR2 = 0.1733 

Largest diff. peak/hole / e Å-3 0.70/-0.34 

 

Table 18. Bond Lengths for trans-3afa. 

Atom Atom Length/Å Atom Atom Length/Å 

O1 C1 1.436(3) C3 C4 1.383(4) 

O1 C22 1.379(3) C8 C7 1.376(4) 

O3 C28 1.371(3) C7 C6 1.375(5) 

O3 C31 1.410(3) C6 C5 1.367(5) 
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O2 C1 1.422(3) C32 C31 1.479(4) 

O2 C9 1.377(3) C5 C4 1.379(4) 

O4 C34 1.444(5) C22 C23 1.412(3) 

O4 C15 1.371(3) C22 C21 1.368(3) 

C33 C34 1.466(5) C23 C24 1.352(4) 

C33 C32 1.280(5) C24 C25 1.404(4) 

C15 C16 1.373(3) C25 C26 1.414(3) 

C15 C14 1.393(4) C25 C30 1.425(3) 

C16 C17 1.415(3) C26 C27 1.346(4) 

C17 C18 1.435(3) C27 C28 1.405(4) 

C17 C12 1.422(3) C28 C29 1.367(3) 

C18 C19 1.529(3) C29 C30 1.416(3) 

C18 C9 1.374(3) C30 C21 1.431(3) 

C19 C20 1.533(3) C9 C10 1.405(3) 

C19 C21 1.517(3) C10 C11 1.351(4) 

C20 C1 1.502(3) C11 C12 1.405(4) 

C1 C2 1.518(3) C12 C13 1.408(4) 

C2 C3 1.502(4) C13 C14 1.347(4) 

C3 C8 1.384(4)    

 

Table 19. Bond Angles for trans-3afa. 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

C22 O1 C1 119.75(17) C6 C5 C4 120.2(3) 

C28 O3 C31 117.8(2) C5 C4 C3 121.0(3) 

C9 O2 C1 116.72(17) O1 C22 C23 114.0(2) 
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C15 O4 C34 117.6(2) C21 C22 O1 123.0(2) 

C32 C33 C34 128.1(5) C21 C22 C23 123.0(2) 

O4 C34 C33 109.3(3) C24 C23 C22 118.9(2) 

O4 C15 C16 125.3(2) C23 C24 C25 121.1(2) 

O4 C15 C14 113.3(2) C24 C25 C26 121.6(2) 

C16 C15 C14 121.3(2) C24 C25 C30 120.0(2) 

C15 C16 C17 120.8(2) C26 C25 C30 118.5(2) 

C16 C17 C18 123.71(19) C27 C26 C25 122.1(2) 

C16 C17 C12 117.0(2) C26 C27 C28 119.6(2) 

C12 C17 C18 119.2(2) O3 C28 C27 114.8(2) 

C17 C18 C19 123.89(18) C29 C28 O3 124.4(2) 

C9 C18 C17 117.55(19) C29 C28 C27 120.9(3) 

C9 C18 C19 118.55(19) O3 C31 C32 116.5(3) 

C18 C19 C20 108.87(17) C28 C29 C30 120.7(2) 

C21 C19 C18 112.62(17) C25 C30 C21 118.5(2) 

C21 C19 C20 104.95(16) C29 C30 C25 118.2(2) 

C1 C20 C19 107.55(17) C29 C30 C21 123.29(19) 

O1 C1 C20 112.46(18) C22 C21 C19 116.10(19) 

O1 C1 C2 107.32(19) C22 C21 C30 118.17(19) 

O2 C1 O1 106.21(18) C30 C21 C19 125.63(19) 

O2 C1 C20 109.79(18) O2 C9 C10 112.9(2) 

O2 C1 C2 105.17(18) C18 C9 O2 124.21(19) 

C20 C1 C2 115.3(2) C18 C9 C10 122.9(2) 

C3 C2 C1 113.5(2) C11 C10 C9 119.8(2) 

C8 C3 C2 120.9(2) C10 C11 C12 120.7(2) 
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C4 C3 C2 121.2(2) C11 C12 C17 119.8(2) 

C4 C3 C8 117.9(3) C11 C12 C13 120.3(2) 

C7 C8 C3 121.0(3) C13 C12 C17 119.9(2) 

C6 C7 C8 120.2(3) C14 C13 C12 121.5(2) 

C5 C6 C7 119.6(3) C13 C14 C15 119.4(2) 

C33 C32 C31 125.4(4)     
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APPENDIX B: COMPUTATIONAL STUDIES 

 

Computational Studies for Chapter 2A 

All calculations are performed with ONIOM (wB97XD/6-

31G(d,p): PM6) using the Gaussian 09 software6. The wB97XD 

functional is chosen for its ability to describe both long-range and 

short-range interactions with Pople double-zeta basis including 

both d and p polarization for accurate description of phenyl-

migration. The PM6 semi-empirical method is applied to the 

catalyst and two other aryl groups.  

All structures (including minimum and transition states) and pathways have been first optimized 

and scanned using HF/STO-3G7,8 which were used as guess geometries (input for the ONIOM 

model). The structures are then separated into a high-layer (shown using wireframe) using DFT 

functional wB97XD9 with 6-31G(d,p)10 basis set, and a low-layer (shown using ball and stick) 

using semi-empirical method PM611 as represented in Figure 7. 

 

Figure 8: Reaction coordinates for cyclization and phenyl migration. All energies are in kcal/mol 

(Gibbs free energy). The relaxed scan shows electronic energy (without PCM) for cyclization of A 

to form B (Bond distance C-C from 4.2 - 1.4 Å).  

Figure 7: Species "C" representing 

high and low layers. 
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The catalyst (bearing Si atom) and the two aryl groups (on the left) have been included in the low 

layer while the aryl group (the one that migrates on the right) along with adjacent carbon atoms 

have been included in the high layer.   

The solvent effect has been incorporated through single-point frequency calculations using the 

Polarizable Continuum Model (PCM)12 at 349.87 K (reflux temperature of CCl4). All energies 

reported in reaction coordinate in Figure 8 are the Gibbs free energy (ΔG) of the molecules. The 

ΔG from A to C is calculated directly while ΔG of 3aa is obtained by subtracting the energy of the 

(catalyst + D) and adding the energy of the protonated catalyst.  

All structures: 

 

1 (R) + 2a A (S) A_TS 

 

 

 
 

A_I A_I_TS B 

  
 

B_TS C 3aa 
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D (3aa + H+) Catalyst Catalyst (H+) 
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