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Abstract 

 

This thesis work primarily focuses on organocatalytic transformations using cyclopropenium 

ions as an organocatalyst. This work is organized into four chapters. Chapter 1 discusses the 

general introduction to the chemistry of cyclopropenium-based organic molecules. Chapter 2 

illustrates the bis(amino)cyclopropenylidene (BACs) catalyzed intramolecular cyclization of 

2-(2-formylaryl)aryl-substituted p-quinone methides via umpolung of aldehyde followed by 

1,6-conjugate addition leading to phenanthrols and 7-membered carbocycles. Chapter 3 

involves cyclopropenium cation-catalyzed conjugate addition reactions of p-QMs. Chapter 4 

describes the tris-arylcyclopropenium carbocation as a highly promising organocatalyst in 

fundamental organic transformation such as Nazarov cyclization and other conjugate addition 

reactions.  

Chapter 1: General introduction to the chemistry of cyclopropenium-based small 

molecules. 

In this chapter, the structure, properties, and catalytic applications (Figure 1) of 

cyclopropenium-based small molecules are briefly discussed.          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. An overview of cyclopropenium ion-based catalysis. 

 

Due to the unique structural and electronic properties of cyclopropenium salts, they have been 
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used in a wide range of applications such as organocatalysts (Figure 1.), potential materials for 

energy storage devices, electro-photocatalyst, ligands for catalytic metal complexes, ionic 

liquids, fluorescent materials, aromatic cations in hybrid halide perovskites, nanoparticles, 

redox-active polymers for redox flow batteries and as transfection agents.  

Chapter 2: Bis(amino)cyclopropenylidene catalyzed intramolecular cyclization of 2-(2-

formylaryl)-phenyl-substituted p-quinone methides. 

This Chapter is further divided into two parts namely, Part A and Part B. 

Part A: Access to phenanthrols through a bis(amino)cyclopropenylidene catalyzed 

intramolecular cyclization of 2-(formylaryl)-aryl-substituted p-quinone methides.  

The organocatalytic application of bis(amino)cyclopropenylidene (BAC) was unknown until 

Tamm and co-workers employed it for aldehyde umpolung reactions. It has been reported that 

carbene can readily react with an aldehyde to form a Breslow-type intermediate, which then 

can react with various electrophiles such as aldehydes (Benzoin reaction), enones (Stetter 

reaction), imines (aza-benzoin reaction), dienones (Rauhut-Currier reaction), etc. to form the 

corresponding acylated products. 

In line with this, we have developed a BAC-catalyzed intramolecular cyclization reaction of 2-

(2-formylaryl)-phenyl-substituted p-quinone methides to access 10-(4-

hydroxyphenyl)phenanthren-9-ol derivatives (Scheme 1).  Additionally, this method was also 

elaborated for the synthesis of medium-sized rings, which are proven to possess antimicrobial 

and anticancer properties. 

 

 

 

 

 

 

Scheme 1. Synthesis of 10-(4-hydroxyphenyl)phenanthren-9-ol derivatives through BACs 

catalyzed intramolecular cyclization reaction 

 

Part B: Total syntheses of shoreaphenol, malibatol A, & B, parviflorol, and 

diptoindonesin A through a BAC catalyzed intramolecular cyclization reactions of 2-

(formylaryl)-aryl-substituted p-quinone methides.  
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This part describes the synthesis of some of the recently discovered resveratrol-based natural 

products through BAC catalyzed intramolecular cyclization reactions of 2-(formylaryl)-aryl-

substituted p-quinone methides. Resveratrol has been associated with a diverse range of 

biological functions including antioxidant, anticancer, anti-diabetic, anti-tumor, 

cardioprotective, and anti-aging characteristics. Malibatol A and B are two novel oligostilbenes 

that were isolated by Boyd and colleagues in 1998 and were derived from an organic extract of 

the leaves of Hopea malibato. Since then, several natural products in the same family have been 

isolated, and some articles on their total synthesis have been published. Hence, alternate 

methodologies for synthesizing these compounds are undoubtedly required as most previously 

known synthetic procedures involve multiple steps resulting in low overall yields. 

Scheme 2. Total synthesis of hopeafurane, malibatol A and B. 

 

After establishing the strategy for the synthesis of the crucial core structure of 10-dihydro-11H-

benzo[6,7]cyclohepta[1,2,3-cd]indol-11-one in part A, we turned our attention to synthesize 

some of the resveratrol and found that our methodology could be successfully applied to the 

total syntheses of malibatol A, malibatol B, hopeafurane, parviflorol E, and it's epimer 

diptoindonesin D (Scheme 2).  

Chapter 3: Bis(amino)cyclopropenium ion as a hydrogen-bond donor catalyst for 1,6-

conjugate addition reactions.  

In this chapter, we have explored, for the first time, BAC precursor as a ‘Hydrogen 

Bond Donor’ catalyst in conjugate addition reactions of p-QMs with indoles and 2-naphthols. 

Deuterium isotope labeling experiments and spectroscopic investigations (1H & 13C NMR and 

UV-vis) were performed to prove the hypothesis; revealing that the C-H hydrogen atom in the 

cyclopropene ring of the catalyst is indeed responsible for the catalytic activity. This catalyst 

was also shown to be incredibly beneficial for the 1,6-conjugate addition of p-QMs with 

various nucleophiles such as 2-naphthols, phenols, and thiols. Later some of the indolyl 
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diarylmethanes were transformed into other valuable products to demonstrate the synthetic 

potential of this protocol (Scheme 3).    

Scheme 3. Cyclopropenium ion as a hydrogen bond donor in activation of p-QM 

 

Chapter 4: Tris-arylcyclopropenium carbocation as an organic Lewis acid catalyst in 

Nazarov cyclization and conjugate addition reactions.  

While working on the smallest aromatic Huckel moiety, widely recognized as 

cyclopropenium ion-based catalysis, we anticipated that it could behave as an organic Lewis 

acid catalyst in various organic transformations. In line with this, we have utilized, for the first 

time, tris-arylcyclopropenium carbocation as an organic Lewis acid catalyst in Nazarov 

cyclization reactions. The reactions worked very well under mild reaction conditions and the 

cyclopentenone derivatives could be obtained in excellent yields within a short reaction time. 

The same protocol was utilized for diversified reactions including 1,6/1,4 hydroolefinations 

and 1,2 addition of indoles to aromatic carboxaldehydes. The hypothesis was further supported 

by spectroscopic investigations (1H & 13C NMR and UV-vis) and the XPS technique. To show 

the Lewis acidity of the catalyst pKa value of the cation was calculated using the Breslow 

method.  

 

Scheme 4. Tris-arylcyclopropenium carbocation catalyzed Nazarov cyclization reaction 
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 Chapter 01 

  
General introduction to the chemistry of cyclopropenium-based 

small molecules. 

 
1.1 Introduction  

 
In 1957, Breslow reported the synthesis of cyclopropenium cation, called triphenyl 

cyclopropenium cation, which served as the first ‘non-benzenoid aromatic system having 

cyclic conjugation with less than six π-electrons.1 With this, a new class of carbon-centered 

cationic entities called cyclopropenium (CP) ions gained attention for their extraordinary 

aromatic stability, ring strain, and tuneable activity. Following that, several functionalized CP 

ions were developed. In 1970 Yoshida2 and co-workers designed an amino-functionalized 

cation that has drawn the most interest. As the energy cost of an incomplete octet is decreased 

by the conjugation of an electron lone pair with a carbocation, incorporating the conjugative 

electron-donating amino group onto the cyclopropene ring may increase the degree of stability. 

Subsequently, in 1980, Stang and co-workers reported an oxy-bridged dication of CP, but it 

was only studied in solution.3 Phenyl cyclopropenium ions have a pKR+ value of 3.11; whereas 

all amino-cyclopropenium ions have a value greater than 10.4 The dialkyl-amino substituted 

cyclopropenium ion having pKR+ 13, was found to be very stable against the strongly alkaline 

medium. Tris(dialkylamino)cyclopropenium chloride salts have a higher thermal 

decomposition temperature (Tdec) [>300 oC] than dialkyl imidazolium chloride salts (Td 250 

oC).5 These molecules have various fascinating and practical features due to the amine group's 

affinity to donate its lone pair in conjugation with the cyclic core. The same effect also 

stabilizes the non-heterocyclic carbene species that correspond to amino substituents.6  

 

 

 

 

Fig.1 Equilibrium between ‘neutral’ and ‘ionic’ forms. 

By reversible association with their anion or heteroatom lone pair, cyclopropenium ions 

can exist in both ‘non-aromatic neutral’ and ‘aromatic charged’ states. This is possible because 

of their dual qualities of aromatic stability and ionic charge (Fig.1).7 The balance between ionic 

and neutral forms is thought to be essential for promoting organic reactions. These ions have 
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been used for various applications because of their distinct structural and electronic 

characteristics. Some of these purposes are as promising materials for energy storage batteries8, 

nanoparticles,9 polyelectrolytes,10 ionic liquids and liquid crystals,11-13 fluorescent materials,14 

aromatic cations in hybrid halide perovskites,15 redox-active polymers (for redox flow 

batteries),16 gene therapy,17 persistent radical cations in redox reactions,18 ligands for transition 

metal complexes19-22 and redox-active organic cations in Na/Li batteries.23,24 Similarly, several 

cyclopropene derivatives and cyclopropenium salts have been explored in various fundamental 

chemical transformations due to their distinct reactivity profiles, resulting in diverse 

organocatalytic activities.25-28 Generally, the cyclopropene derivatives regenerate or change 

into other catalytically active species as the reaction progresses by forming a "temporary" and 

"comparatively- weak" covalent bond with the substrate(s) or reagent(s).27,28 Depending on the 

reaction or substrates/reagents, the cyclopropenium salts either engage noncovalently or 

covalently to activate the substrate(s) or reagent(s). The precursors to the catalytically active 

species in various organocatalytic reactions are the cyclopropenes and cyclopropenium salts.25 

The uses of such catalytically active cyclopropenes and cyclopropenium salts in 

organocatalysis are outlined below.  

 

1.2 Organocatalytic transformations through ‘cyclopropenium’ activation 

 
The cyclopropene and cyclopropenone analogs are well-known reagents explored in 

synthetic applications,27,29-31, and certain of their derivatives have been utilized as 

organocatalysts32-34 or stoichiometric activators 33 in several fundamental reactions. 

 

 

 

 

 

 

 

 

 

Scheme 1. Reactions mediated by geminal di-chloro-substituted cyclopropene derivatives. 

           For the very first time in 2009, Lambert's research group introduced the concept of 

cyclopropenium activation in the transformation of alcohols 2 to alkyl chlorides 6, alcohol 
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cyclodehydration, and nucleophilic acyl substitution of carboxylic acids 3 by employing 1- 

dichloro-2,3-diphenylcyclopropene 9 as a reagent (Scheme 1).7 Later, the groups of Lambert  

 

 

 

 

 

Scheme 2. Cyclopropenium-catalyzed substitution of alcohols with mesylate anion 

 

and Yadav has reported independently the Beckmann rearrangement of oximes to amides 

through cyclopropenium activation.35,36 Lambert and co-workers also developed an alternative 

to the Mitsunobu reaction using 2.3-diphenyl cyclopropenone 9a as a catalyst and methane 

sulfonic anhydride as a reagent. Numerous enantiomerically enriched secondary alcohols (10) 

could be transformed into their respective mesylates (11) with opposite stereochemistry in high 

yields (Scheme 2).37 

Scheme 3. Cyclopropenium-catalyzed chloro-dehydration of alcohol 

 

       To further show the catalytic applications of cyclopropenone derivatives, Lambert’s group 
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developed the chlorination of alcohols (Scheme 3).38 Here, 2,3-di-p-methoxyphenyl-

cyclopropenone 14 acts as an organocatalyst, and oxalyl chloride serves as a stoichiometric 

chlorinating reagent, to generate the respective chlorinated compounds (13). Many alcohols, 

including optically pure secondary alcohols, could be converted to their corresponding alkyl 

chlorides in moderate to good yields under standard conditions. It has been proposed that 

catalyst 14 first interacts with oxalyl chloride to produce 1,1,-dichloro-2,3-di-p-

methoxyphenyl-cyclopropene 13, which is in equilibrium with cyclopropenium salt 16. Then, 

alcohol 12 reacts with cyclopropenium salt 16 to produce an intermediate 17, which after the 

elimination of HCl and a chloride ion gets converted to another cyclopropenium salt 19 through 

18. The nucleophilic displacement reaction between cyclopropenium salt 19 and a chloride ion 

generates the alkyl chloride 13 with the regeneration of 14 (Scheme 3).38 

 

1.3 Phase-transfer catalysis (PTC) by cyclopropenium salts 

 
Phase transfer catalysis is a very important sub-class of organocatalysis, especially in 

enantioselective transformations.39,40 Recently, cyclopropenium salts have been utilized as 

promising phase transfer catalysts (PTCs), in several fundamental organic reactions. In 2014, 

Dudding and co-workers synthesized a mixed N(I) dicarbene complex 23 and utilized it in 

halogen exchange and C-alkylation reactions (Scheme 4). It was observed that when the 

benzylation of 20 was done under phase-transfer catalysis (PTC) conditions, the desired 

product 22 was isolated in an 85% yield. Additionally, the same catalyst was found to be very 

effective for the benzylic fluorination of benzyl bromides 21 using CsF as a fluoride source 

(Scheme 4).41  

Scheme 4. Cyclopropenium-catalyzed benzylation and benzylic fluorination reactions 

               Lambert research group has used tris(dialkylamino)cyclopropenium (TDAC) salt 27 

as a PTC in several organic transformations, including α-alkylation of carbonyl compounds 

(25), alkylation of phenols (28), azidation of benzyl bromide 21, oxidation of alcohol 33 and 
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cyclopropanation of styrene 35, etc. (a-e, Scheme 5).42 TDAC Catalyst 27 was also employed 

for the reaction of acid chloride 38 and epoxide 37 to obtain halohydrin ester adducts 39a and 

39b, in good regioselectivity (f, Scheme 5). A similar methodology was also used for the 

synthesis of cyclic carbonates 40 by trapping CO2 with epoxides (g, Scheme 5).42 

Scheme 5. Phase-transfer reactions catalyzed by TDAC salt 27. 
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             Dudding and co-workers reported the alkylation of O'Donnell's glycine imine 41 

using a bis(diisopropylamine)cyclopropenimine-substituted bis-protonated proton sponge 45 

as a bifunctional phase-transfer catalyst. The O’Donnell’s glycine imine 41 reacted well with 

various alkyl halides (42) and produced the desired alkylated products (43) in good yields under 

optimal conditions. (Scheme 6).43   

Scheme 6. Phase-transfer catalyzed C-alkylation of O’Donnell’s glycine imine (41). 

 

           Dudding’s group also established yet another simple protocol for the deprotection of O-

silyl ethers (46)  utilizing a bis(dialkylamino)cyclopropenium (BDAC) salt 48 as a PTC 

(Scheme 13).44 

 

Scheme 7. BDAC salt catalyzed silyl-deprotection in O-silyl ethers 

 

1.4 Cyclopropenium-based Brønsted base organocatalysts in organic 

transformations: 

Lambert and workers were the first to establish the use of a chiral cyclopropenimine 51 

as a  Brønsted base to catalyze the enantioselective C-alkylation of N-protected glycineimine 

41 with α,β-unsaturated compounds 49 under optimal conditions to synthesize 

enantiomerically pure derivatives of the higher order of amino acids (50) with very high 

enantioselectivity (up to 99% ee) [Scheme 08].45  In the proposed mechanism, the glycineimine 

41 is deprotonated by the catalyst 51  to produce a complex (i), which subsequently coordinates 

with 49 through H-bonding (TS ii). At this point, the enantioselective Michael addition occurs, 

resulting in the formation of a second complex iii, which then undergoes proton shuffle and 
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generates product 50 (Scheme 8). The mechanism was further supported by the DFT studies.46 

Scheme 8. Cyclopropenimine-catalyzed enantioselective Michael addition reaction. 

               Later in 2013, Lambert's team created a new, intriguing method for the production of 

enantiomerically pure 1,2-diamine derivatives (54) employing an enantioselective Mannich 

reaction, in which glycineimine 52 and aldimines (53) were utilized as substrates and 51 as a 

Brønsted base catalyst (Scheme 9).47  

Scheme 09. Cyclopropenimine-catalyzed enantioselective Mannich reaction. 

 

Under optimal conditions, it was feasible to produce a variety of chiral 1,2-diamine derivatives 

(54) with high yields (up to 99%) and diastereo-/enantio-selectivity (up to 97% ee). 

While exploring their research on cyclopropenimine-based Brønsted bases, Lambert's 
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group has also developed several higher-order bases, out of which  58 were found to be very 

effective for the Michael reaction of α-aryl esters (55) with enones (56) to generate α-alkylated 

α-aryl esters (57) with good to excellent yields (Scheme 10).48 

Scheme 10. Cyclopropenimine-based super base-catalyzed Michael reaction. 

  

           In 2018, Anand and co-workers reported the 1,6 conjugate addition of carbon 

nucleophiles to p-QMs (59) using bis(amino)cyclopropenylidene (BAC) 62 as a non-covalent 

Brønsted base catalyst (Scheme 11).49 Various p-QMs (59) were treated with different 

nucleophiles (60) such as active methylene compounds and 2-naphthols to access the desired 

products (61) in excellent yields. 

Scheme 11. BAC as a Bronsted base catalyst in conjugate addition reactions 

1.5 Electrophotocatalysis with tris(amino)cyclopropenium (TAC) salts 
 

  A new branch of synthetic chemistry known as "electrophotocatalysis" has been developed 

in recent years. This branch of chemistry combines "photocatalysis" and "electrocatalysis" in 

some way.  
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 Scheme 12. TAC salt catalyzed electrophotocatalytic C-N coupling reaction 

 

Although not many publications have appeared in this field of research till now, this 

idea has been used in certain fundamental organic transformations, including the oxidation of 

benzyl alcohols, acylation of olefins, alkylation of arenes, C-H amination, etc. Lambert and co-

workers utilized TACs salt 66 for oxidative C-N coupling reaction with arenes (63) and 

pyrazoles (64) to synthesize various N-aryl pyrazoles (65) in excellent yields (Scheme 12). 

They have proposed that radical dication 67 is formed after the electrochemical oxidation of 

TAC salt 66, which underwent photoexcitation to generate an intermediate 68. This 

intermediate oxidizes the arene to form the radical cation 69, which gets trapped by pyrazole 

64 to form another radical 70. At last, 70 undergoes oxidation with 66 to produce the final 

product 65 (Scheme 12).18 Moreover, by utilizing 66 as a catalyst at low electrochemical 

potential, Lambert's group developed an oxidant-free and highly regioselective C-H 

functionalization of ethers (71) with isoquinolines (72), alkenes (73), pyrrole 74, etc., to form 

corresponding products 75, 76, and 77 respectively in good to excellent yield with the evolution 

of hydrogen gas as a side product (Scheme 13).50 
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Scheme 13. TAC salt catalyzed electrophotocatalytic C−H functionalization of ethers. 

          

         Recently, Lambert's group has established a novel method for the Ritter-type C-H 

functionalization processes of alkanes (78) to access 3,4-dihydroimidazoles (81) employing 66 

as an electrophotocatalyst and Et4NBF4 as an electrolyte (Scheme 14).51 The same group also 

developed a similar method for the benzylic C-H amidation reactions to generate cyclic 

carbamates (79 and 80) in excellent yield.52  For instance, here acetonitrile served the purpose 

of solvent as well as the nitrogen source. 

 

Scheme 14. TAC salt catalyzed electrophotocatalytic Ritter type C–H functionalization. 

 

Lambert's group has also explored the catalytic efficiency of TAC salts in the 

dioxygenation of aryl-substituted olefins (82) under electrophotocatalytic conditions (Scheme 

15).53 For cyclic, di-, and tri-substituted alkenes, this approach was found to be quite effective, 

and in the majority of those cases, moderate to good yields of the respective acetoxylated 

aliphatic alcohols (83 and 84) were obtained. 
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Scheme 15. TAC salt catalyzed deoxygenation of alkenes. 
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(28) Lyons, D. J. M.; Crocker, R. D.; Blümel, M.; Nguyen, T. V. Angew. Chem. Int. Ed. 

2017, 56, 1484. 

(29) Komatsu, K.; Kitagawa, T. Chem. Rev. 2003, 103, 1428. 

(30) Bandar, J.; Lambert, T. Synthesis, 2013, 45,  2485. 

(31) Litterscheidt, J.; Bandar, J. S.; Ebert, M.; Forschner, R.; Bader, K.; Lambert, T. H.; Frey, 

W.; Bühlmeyer, A.; Brändle, M.; Schulz, F.; Laschat, S.  Angew. Chem. Int. Ed. 2020, 

59, 10555. 

(32)    Ranga, P. K.; Ahmad, F.; Singh, G.; Tyagi, A.; Anand, R. V. Org. Biomol. Chem. 2021, 

19, 9541. 

(33) Wilson, R. M.; Lambert, T. H.  Acc. Chem. Res. 2022, 55, 3057. 

(34) Xiao, W.; Wu, J. Chin. Chem. Lett. 2023, 34, 107637. 

(35) Vanos, C. M.; Lambert, T. H. Chem. Sci., 2010, 1, 705. 

(36) Srivastava, V. P.; Patel, R.; Yadav, L. D. S. Chem. Commun., 2010, 2, 5808. 

(37) Nacsa, E. D.; Lambert, T. H. Org. Lett. 2013, 15, 38. 

(38) Hardee, D. J.; Kovalchuke, L.; Lambert, T. H. J. Am. Chem. Soc. 2010, 132, 5002. 

(39) Shirakawa, S.; Maruoka, K.  Angew. Chem., Int. Ed. 2013, 52, 4312. 

(40) Shiho k., Yusuke. K. and Shirakawa. S. Org. Biomol. Chem. 2016, 14, 5367. 

(41) Mirabdolbaghi, R.; Dudding, T.; Stamatatos, T. Org. Lett. 2014, 16, 2790. 

(42) Bandar, J. S.; Tanaset, A.; Lambert, T. H. Chem. - Eur. J. 2015, 21, 7365. 

(43) Belding, L.; Stoyanov, P.; Dudding, T. J. Org. Chem. 2016, 81, 553. 

(44) Mir, R.; Dudding, T. J. Org. Chem. 2017, 82, 709.  

(45) Bandar, J. S.; Lambert, T. H. J. Am. Chem. Soc. 2012, 134, 5552. 



16  

(46) Bandar, J. S.; Sauer, G. S.; Wulff, W. D.; Lambert, T. H.; Vetticatt, M. J. J. Am. Chem. 

Soc. 2014, 136, 10700. 

(47) Bandar, J. S.; Lambert, T. H. J. Am. Chem. Soc. 2013, 135, 11799. 

(48) Nacsa, E. D.; Lambert, T. H. J. Am. Chem. Soc. 2015, 137, 10246. 

(49) Singh, G.; Goswami, P.; Anand, R. V. Org. Biomol. Chem. 2018, 16, 384. 

(50) Huang, H.; Strater, Z. M.; Lambert, T. H. J. Am. Chem. Soc. 2020, 142, 1698. 

(51) Shen, T.; Lambert, T. H. Science 2021, 371, 620. 

(52) Shen, T.; Lambert, T. H. J. Am. Chem. Soc. 2021, 143, 8597.  

(53) Huang, H.; J. Am. Chem. Soc. 2021, 143, 7247. 



17  

  

Chapter 2 

 

Bis(amino)cyclopropenylidene catalyzed intramolecular 

cyclization of 2-(2-formylaryl)-phenyl-substituted p-quinone 

methides. 

 
This Chapter is further divided into two parts namely, Part A and Part B. 

Part A 

 

Access to phenanthrols through a bis(amino)cyclopropenylidene 

catalyzed intramolecular cyclization of 2-(formylaryl)-aryl-substituted p-

quinone methides.  

 
2.1.1 Introduction on bis(amino)cyclopropenylidenes (BACs)  

 
It has been observed that N-heterocyclic carbenes (NHCs) with a heterocyclic core, 

such as thiazole, triazole, imidazole, and others dominate in organocatalysis due to their 

immaculate nucleophilicity1 and high stability.2 However, the non-heterocyclic based carbenes, 

on the other hand, have been relatively less explored for umpolung-type activation of carbonyl 

compounds, despite the fact that their organometallic complexes are well investigated.3 

Bis(amino)cyclopropenylidenes (BACs), another form of nucleophilic carbene generated from 

cyclopropenium salts, were discovered to be a promising non-heterocyclic-based candidate in 

terms of reactivity towards metals and carbonyl compounds. BACs, unlike N-heterocyclic 

carbenes, do not require the presence of a heteroatom(s) close to the electron-deficient carbene 

carbon center to be stable. Indeed, the push-pull effect of the two amino substituents linked to 

the ring could contribute to the stability of these cyclopropenylidenes.4 The sigma-aromaticity 

of the cyclopropene ring is another crucial feature that leads to carbene stability.4 Although the 

synthesis and structural features of bis(amino)cyclopropenylidene salts were independently 

exploited in the 1970s by Weiss and Yoshida, their applications5 have only lately been realized, 

particularly in organometallic chemistry.6 

2.1.2 A brief literature review on BACs 

 
Bertrand and co-workers reported the first isolation of 

bis(diisopropylamino)cyclopropenylidene I in his seminal work (Figure 1).7 This particular 
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BAC I was discovered to be very air-sensitive and to have reasonable thermal stability. NMR 

and X-ray methods were used to extensively characterize BAC I. It was reported that the 

reaction of a stoichiometric ratio mixture of bis(diisopropylamino)cyclopropenylidene 

tetraphenylborate salt III and KN(SiMe3)2 in dry Et2O at 78 °C resulted in the formation of 

 

Figure 1. A general comparison between BAC (I) and NHC (II). 

 

 

 

 

 

 

 

 

Scheme 1. First report on isolation of free BACs carbene  

 

cyclopropenylidene I in 20% yield (Scheme 1).8 After the successful isolation of BACs by 

Bertrand’s group, several reports appeared in the literature on the application of BACs as a 

catalyst in organometallic chemistry.3 In 2007, Tamm and co-workers reported the synthesis 

of the first chiral catalyst bis[bis(R-1-phenylethyl)amino]cyclopropenylidene 2 (prepared from 

the precursor 1), that has been employed for an enantioselective benzoin reaction of aromatic 

aldehyde 3. However, the product benzoin 4 was formed only in 18% ee (Scheme 2).9 The 

authors have explained that the low enantioselectivity was probably due to the rapid rotation 

of the chiral amino groups in 2. 

Scheme 2.  Chiral BAC catalyzed benzoin reaction. 
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Later, Gravel and co-workers described bis(amino)cyclopropenylidiene salt 8 as a 

precatalyst for a highly chemo-selective intermolecular Stetter reaction between chalcones (5) 

and aldehydes (6) to produce a variety of 1,4 diketones (7). Interestingly, in those cases, the 

formation of benzoin products (4) was not observed during the reactions, which contrasted with 

analogous reactions using thiazolium and triazolium salts as precatalysts (a, Scheme 3).10 

Gravel research group also worked on the failure of Tamm’s enantioselective Stetter reaction 

by restricting the rotation of chiral amino group through constructing the cyclic ring in catalyst 

12; this catalyst was employed in an enantioselective Stetter reaction between furfural 10 and 

chalcone 9. Although, in this case, the chemical yield of the Stetter product was excellent, the 

enantioselectivity of product 11 was only 36% (a, Scheme 3).10 Recently, in continuation of 

this work, the same group has developed a highly efficient enantioselective intramolecular 

Stetter reaction of chalcones (13) and aromatic aldehydes (14) by employing another chiral 

BAC precursor 16, and accessed the enantiomerically enriched 1,4-dikentones (15) with up to 

92% ee (b, Scheme 3).11  

Scheme 3. BAC-catalyzed Stetter reaction 

 

Apart from this, Gravel’s group also developed an effective protocol for the synthesis 

of phosphinoylamino-ketone derivatives (19) under bis(amino)cyclopropenylidene catalyzed 

aza-benzoin reaction between aldehydes (18) and imines (17). When the reaction was carried 

out between 18 and 17 using 8 as a precatalyst, the aza-benzoin products (19) were obtained 
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with very high chemoselectivity. Interestingly, in any of these cases, the homobenzoin product 

was not observed. The same strategy was used for the synthesis of α-amino ketones (22) by 

employing aldehydes (21) and N-protected imines (20) [Scheme 4].12 

Scheme 4. BAC catalyzed Aza-benzoin reactions 

 

While working on carbene-catalyzed organic transformations,13 Anand’s research 

group has developed a bis(amino)cyclopropenylidene catalyzed vinylogous Stetter (1,6-

conjugate addition reaction) reaction of aromatic/heteroaromatic aldehydes (24) to para-

quinone methides (23) to isolate α,α′-diarylated ketones (25) in moderate to good yields 

(Scheme 5).14 

Scheme 5. BACs catalyzed intermolecular 1,6 addition reactions. 

 

The author proposed that the reaction proceeds via the abstraction of a proton from 8 with a 

base (DBU) to produce carbene, which then reacts with 24 to generate the Breslow-type 

intermediate 8a/8b. This intermediate 8a/8b further reacted with p-QM 23 in a 1,6-fashion to 
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form another intermediate 23a, which on proton transfer generates product 25 with the 

exclusion of carbene catalyst (Scheme 5).14 

Recently, in 2018, Anand and co-workers disclosed the application of 

bis(amino)cyclopropenylidene (BAC) as a non-covalent Brønsted base catalyst in the 

conjugate addition of p-QMs (23) with carbon nucleophiles (a, Scheme 6).15 A wide range of 

p-QMs (23) were treated with 2-naphthols and active methylene compounds to afford the 

desired products (27) in excellent yields.  

Scheme 6. BACs catalyzed 1,6 conjugated addition reaction of carbon nucleophiles. 

               Later, in the same year, Anand and co-workers established a BAC-promoted 

intermolecular Rauhut–Currier reaction of p-QMs (23) with enones (29) for the synthesis of 

unsymmetrical vinyl diarylmethane derivatives (30) in moderate to good yields (b, Scheme 

6).16 Interestingly, the reaction worked only in the presence of LiCl. 

2.1.3 Background  

In recent years, the chemistry of p-quinone methides (p-QMs) has been explored in the 

synthesis of unsymmetrical diaryl-/triaryl-methanes, carbocycles, and heterocycles.13 Based on 

our previous experience in the carbene catalysis in p-QM chemistry (Scheme 5-6), we became 

interested in exploring the BAC catalysis in other transformations of p-QMs.  

 

Phenanthrols, also known as hydroxy-substituted polycyclic aromatic hydrocarbons (PAHs), 

are abundant in natural products,17 alkaloids,18 and agrochemicals (Figure 2).19 They have a 

wide range of applications in material science20 due to their special biomarker and smoke 

sensor properties.21 The phenolic hydroxy group in PACs can also be changed into several 

different functional groups.22 Over the past 20 years, many protocols have been developed to 

produce phenanthrene skeletons, including photocyclization reactions23 of stilbene derivatives 

and intramolecular24 and intermolecular benzannulation reactions of functionalized biphenyl 
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derivatives.25 However, these methods typically require functionalized substrates26, exogenous 

oxidants23, ultraviolet (UV) irradiation28, and other additional steps29, which results in wasteful 

byproducts and unintended side reactions. Nevertheless, comprehensive research on the 

synthesis of hydroxy-substituted PACs is still limited, to the best of our literature serve, BACs 

catalyzed intramolecular cyclization reactions for the synthesis of PAHs are not known so far, 

this endorsed us for this organic transformation. 

Figure 2. Phenanthrols-based natural products. 

 

2.1.4 Result and discussion 

 

With this concept in mind, we investigated the intramolecular 1,6-conjugate addition 

reaction of 2-(2-formylaryl)-phenyl-substituted p-quinone methides (p-QMs) under different 

reaction conditions. The 2-(2-formylaryl)-phenyl-substituted p-quinone methides 33a-m, 33o-

t were synthesized by the Suzuki coupling between different 2-bromophenyl-substituted para-

quinone methides and 2-formylphenylboronic acids as shown in the Scheme 7 & 8.30 

We began our optimization with a model substrate 33a and used a wide range of NHC 

(35a–c) and BACs precursors (36, 28, and 8) [Table 1]. Our early experiment using triazolium-

based NHC precatalyst 35a and Cs2CO3 in dry THF did not produce a promising result as the 

anticipated product 34a was not observed even after 24 hours (Entry 1). However, when the 

reaction was carried out using imidazolinium-based NHC precursor 35b, the desired product 

34a was obtained in a 71% yield after 24 hours (Entry 2). The thiazolium salt 35b, however, 

could produce the product in 77% yield under the same reaction conditions within 12h (Entry 

3). We observed a substantial improvement in yield of 34a as well as in the rate of reaction, 

when BAC precursors 36, 28, and 8 were used as catalysts in dry THF (Entries 4-6). 

https://pubs.acs.org/doi/10.1021/acs.joc.8b00225#tbl1
https://pubs.acs.org/doi/10.1021/acs.joc.8b00225#tbl1
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Scheme 7. Synthesis of 2-(2-formylaryl)-phenyl-substituted p-quinone methides.a 

 

 

 

 

 

 

 

 

 

aReactions were carried out in 0.22-0.26 mmol scales of 31a-m. Yields reported are isolated 

yields. 

 

Our preliminary analysis showed that precursor 8 was marginally more effective and efficient 

than the other catalysts probably due to the lower steric effect (entry 6). Gratified by this result, 

we examined the reactions using carbene precursor 8 and different bases (Entries 7–13); it was 

noticed that when the reaction was carried out in Na2CO3 base, the yield of 34a was dropped to 

35% (Entry 7). Although in the case of NaH, the desired product 34a was isolated in 67% yield 

(Entry 8), whereas the reaction produced only 37% of 34a in the case of diisopropylethylamine 

(DIPEA) [Entry 9].  
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Scheme 08. Synthesis of 2-(2-formylaryl)-phenyl-substituted p-quinone methides.a 

 

 

 

 

 

 

 

aReactions were carried out in 0.266 mmol scale of 31a. Yields reported are isolated yields 

 

Interestingly, the yield of 34a was improved to 90% when DBU was used as a base (Entry 10). 

Encouraged by this result, optimization studies were elaborated using DBU as a base in other 

solvents including chlorinated and non-chlorinated solvents (Entries 11-14). In cases of 

chlorinated solvents such as CH2Cl2 and CHCl3, it was noticed that, although both the solvents 

were found to be very effective in driving this transformation with a considerable reduction in 

the reaction times (6 h to 1-3h), CH2Cl2 was found to be a bit superior to CHCl3 in driving the 

reaction (Entry 11 vs 12). Other solvents such as 1,4-dioxane and N, N-dimethylformamide 

(DMF) were found to be less effective for this transformation (Entries 13 & 14). After screening 

bases and solvents, we were interested to know the catalyst loading effect. In line with this, a 

reaction was conducted using 5 mol % of 8, and in this case, the reaction was found to be 

relatively slow and the product 34a obtained in slightly lower yield (Entry 15).      
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Table 01. Catalyst screening and Optimization studya 

 

 

 

 

 

 

 

 

 

 

All reactions were carried out with 33a (0.10 mmol), and 10 mol % of catalyst 8 in 1.5 mL of 

solvent at room temperature. bIsolated yields. cOptimal condition. d5 mol % of catalyst was 

used. 

Entry Catalyst Base Solvent Time (h) Yieldb % 

1 35a Cs2CO3 THF 24 Trace 

2 35b Cs2CO3 THF 24 71 

3 35c Cs2CO3 THF 12 77 

4 36 Cs2CO3 THF 10 78 

5 28 Cs2CO3 THF 6 83 

6 8 Cs2CO3 THF 6 85 

7 8 Na2CO3 THF 24 35 

8 8 NaH THF 12 67 

9 8 DIPEA THF 24 37 

10 8 DBU THF 6 90 

11c 8 DBU CH2Cl2 1 98 

12 8 DBU CHCl3  3 92 

13 8 DBU 1,4 Dioxane 24 57 

14 8 DBU DMF 24 39 

15d 8 DBU CH2Cl2 2.5 95 
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2.1.4.1 Synthesis of 9-phenanthrols and their derivatives 

Next, we looked at the generality of this transformation using various 2-(2-formylaryl)-

phenyl-substituted p-quinone methides (p-QM) under optimal reaction conditions (Entry 11, 

Table 1). The structurally modified p-QMs 33b-m underwent seamless conversion to their 

corresponding 10-(4-hydroxyphenyl)phenanthren-9-ol derivatives 34b-m in exceptionally 

high yields, indicating that the electronic effects of the aryl substituents in the p-QMs had a 

little impact on the process (Chart 1). 
Chart 1. Substrate scopea 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                        

aReactions were carried out in 0.69-79 mmol of 33a-l. Yields reported are isolated yields. 
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In general, this protocol was effective for the preparation of 9-phenanthrol derivatives 34b-g 

in excellent isolated yields (87-99%) from the respective precursors 33b-g, derived from 

electron-rich aromatic aldehydes. This protocol was also found to be robust for the p-QMs 

containing halogen-substituted aromatic aldehydes. For instance, under the best-optimized 

condition, the p-QMs 33h-k underwent umpolung followed by intramolecular 1,6-conjugate 

addition to produce the corresponding products 34h-k in very high yields (88-94%). The p-QM 

33l, derived from 3-bromothiophene-2-carboxaldehyde, also underwent cyclization, and 

produced the desired product 34l in 86% yield. Fascinatingly, the p-QM derived from indole 

33n produced a very interesting 1,3-dihydro-4H-benzo[4,5]cyclohepta[1,2,3-cd]indol-4-one 

compound based scaffold 34n, which is found as a core in many natural products, in 75% yield. 

The structure of 34n was unambiguously confirmed by X-ray crystallography.  

To elaborate the substrate scope for this transformation, various other 2-(2-formylaryl)-

phenyl-substituted p-quinone methides 33o-t (derived from the 2-bromo para-quinone methide 

and different 2-formylphenylboronic acids) were subjected to this transformation under the 

optimal condition and in those cases, the respective products 34o-t were obtained in 85-99% 

yields (Chart 2).  

Chart 2. Substrate scopea 

 

 

 

 

 

aReactions were carried out in 0.69-79 mmol of 33o-t. Yields reported are isolated yields. 

 

2.1.4.2 Synthesis of medium-sized carbocycles and heterocycles  
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Compounds with cyclic molecular structures are attractive due to their availability and 

wide variety of applications. Medium-sized carbocycles and heterocycles are extremely 

prevalent in a wide range of natural products,33 bioactive therapeutics,34 and crucially essential 

synthetic chemicals.35 The simplicity of preparation for each ring size varies greatly, though. 

Seven-membered and medium-sized rings (8–11-membered ring structures) are perhaps the 

hardest to prepare because they have less conformational stability than six-membered rings. 

Despite their success as pharmacological leads, compounds with MSRs are significantly 

underrepresented in screening libraries for drug development. To access medium-sized cyclic 

scaffolds using quick, modular, and practical methodologies, this problem has consistently 

motivated collective efforts toward a diversity-oriented synthesis.36 However, the 

organocatalytic methodologies involving the construction of medium-sized carbocycles and 

heterocycles are still under represented. Based on the reaction of 33n, which provided an 

interesting 7-membered carbocycle 34n under the optimized reaction conditions (Chart 1), we 

hypothesized that it could be possible to prepare 7-membered and higher-order ring systems 

by suitably modifying the p-QMs. For this purpose, phenoxy- and various benzyloxy-

substituted p-QMs were designed and synthesized. It was observed that phenoxy-substituted p-

QM 37a generated the corresponding cyclic compound 38a in an excellent yield of 90% in a 

very short period of 3 h using 8 as a catalyst. However, in the cases of benzyloxy-substituted 

and other alkoxy-substituted p-QMs 37b-e, the reactions were found to be sluggish; however, 

the expected higher-order cyclic compounds 38b-e were obtained in the range of 79-49% yields 

(Scheme 11). 

 

 
 

 

 

 

 
 

 

 

 

 

 

 

aReactions were carried out in 0.69-79 mmol of 33 u-y. Yields reported are isolated yields. 
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2.1.4.3 Plausible mechanism 

A plausible mechanism has been hypothesized based on the outcomes of this 

transformation (Scheme 7). In the first stage, DBU removes the acidic proton from 8 and 

generates carbene A, which then combines with an aldehyde to form intermediate B/C, which 

then undergoes intramolecular 1,6-conjugate addition with 33a to form another intermediate 

D. Elimination of the carbene A from D generates another intermediate E, which on 

aromatization gives the final product. 

 

Scheme 7. Plausible Mechanism 

 

2.1.5 Conclusion  

 
          In conclusion, we have established a BAC-catalyzed intramolecular cyclization reaction 

of 2-(2-formylaryl)-phenyl-substituted p-quinone methides to access 10-(4-

hydroxyphenyl)phenanthren-9-ol derivatives. Additionally, this approach was also elaborated 

for the synthesis of medium-sized rings. 

 

2.1.6 Experimental section: 

General Information. All other reactions were carried out under an argon atmosphere 

employing flame-dried glassware. Most of the reagents and starting materials were purchased 
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from commercial sources and used as such. 2-bromo p-quinone methide was prepared by 

following a literature procedure.13-15 The bis(amino)cyclopropenium salts 36, 28, and 8,7-8 and 

the NHC precursor 35a-c were prepared according to the literature procedure.37 Melting points 

were recorded on the SMP20 melting point apparatus and are uncorrected. 1H, 13C, and 19F 

spectra were recorded in CDCl3, DMSO-d6, and acetone-d6 (400, 100, and 376 MHz, 

respectively) on a Bruker FT-NMR spectrometer. Chemical shift (δ) values are reported in 

parts per million (ppm) relative to TMS and the coupling constants (J) are reported in Hz. High-

resolution mass spectra were recorded on Waters Q-TOF Premier-HAB213 spectrometer. FT-

IR spectra were recorded on a Perkin‒Elmer FT-IR spectrometer. Thin layer chromatography 

was performed on Merck silica gel 60 F254 TLC plates. Column chromatography was carried 

out through a silica gel (100-200 mesh) column using a mixture of EtOAc/hexane as eluent. 

General procedure for the synthesis of 2-(2-arylformyl)phenyl p-quinone methide 

derivatives (33a-t) 

Procedure  (For the preparation of 33a-m, and 33o-t). Nitrogen gas was purged through a 

mixture of an aqueous solution of sodium carbonate (1.6 mmol, 2 equiv.) and toluene (2:3) [10 

mL] for 15 min, and then, to this mixture was added boronic acid [0.96 mmol, 1.2 equiv.], 

Pd(PPh3)4 [0.04 mmol, 5 mol%] and 4-(2-bromobenzylidene)-2,6-di-tert-butylcyclohexa-2,5-

dienone [0.8 mmol, 1 equiv.] successively. The reaction mixture was stirred at 100 oC for 12 

h. After completion of the reaction (monitored by TLC), the reaction mixture was diluted with 

ethyl acetate (30 mL) and water (10 mL). The organic layer was separated, and the aqueous 

layer was extracted with ethyl acetate (20 mL × 2). The combined organic layer was dried over 

anhydrous sodium sulphate, filtered, and concentrated under reduced pressure. The residue was 

purified through neutral alumina column chromatography using hexane/EtOAc to obtain pure 

2-formylarylphenyl p-quinone methide derivatives (33a- t). 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-[1,1'-biphenyl]-2-

carbaldehyde (33a).  

The reaction was performed at 0.268 mmol scale of 2-bromo p-quinone 

methide 31a; Rf
 = 0.2 (10% EtOAc in hexane); orange gummy solid (83.5 mg, 

78% yield); m. p. = 133-135 oC; 1H NMR (400 MHz, CDCl3) 
1H NMR (400 

MHz, CDCl3) δ 9.77 (s, 1H), 8.05 (d, J = 7.7 Hz, 1H), 7.66 (t, J = 7.5 Hz, 1H), 

7.56 (t, J = 8.4 Hz, 1H), 7.53–7.48 (m, 3H), 7.44 (s, 1H), 7.37 (d, J = 7.2 Hz, 

1H), 7.33 (d, J = 7.6 Hz, 1H),  6.73 (s, 2H), 1.30 (s, 9H), 1.26 (s, 9H); 13C{1H} NMR (100 

MHz, CDCl3) δ 191.5, 186.7, 149.9, 148.0, 143.9, 140.7 138.7, 135.4, 134.6, 134.3, 133.8,  

132.8, 131.7, 131.63, 131.60, 129.1, 128.7, 128.4, 128.0, 127.8, 35.6, 35.1, 29.7, 29.6; FT-IR 
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(neat): 2971, 2868, 1701, 1637, 1461, 1361, 1275, 750 cm-1; HRMS (ESI): m/z calcd for 

C28H31O2 [M+H]+: 399.2324; found: 399.2322. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-4'-methoxy-[1,1'-

biphenyl]-2-carbaldehyde (33b).  

The reaction was performed at 0.249 mmol scale of corresponding 2-

bromo phenyl substituted p-quinone methide 31b; Rf
 = 0.4 (10% EtOAc 

in hexane); yellow solid (85.3 mg, 80% yield); m. p. = 129-130 oC; 1H 

NMR (400 MHz, CDCl3) δ 9.78 (s, 1H), 8.03 (d, J = 7.6 Hz, 1H), 7.64 (t, 

J = 7.4 Hz, 1H), 7.54 (d, J = 7.6 Hz, 1H), 7.28 (d, J = 8.1 Hz, 1H), 7.06 – 

7.03 (m, 2H), 6.74 (d, J = 2.0 Hz, 1H), 6.72 (s, 1H), 3.90 (s, 3H), 1.31 (s, 9H), 1.25 (s, 9H); 

13C{1H} NMR (100 MHz, CDCl3) δ 191.7, 186.7, 159.5, 149.9, 148.0, 143.7, 140.7, 136.4, 

134.62, 134.56, 133.7, 132.9, 132.8, 132.1, 128.4, 127.9, 127.7, 116.4, 115.3, 56.7, 35.6, 35.1, 

29.8, 29.6; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1;   HRMS (ESI): 

m/z calcd for C29H33O3 [M+H]+: 429.2424; found: 429.2427. 

 2-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-4',5'-dimethoxy-[1,1'-

biphenyl]-2-carbaldehyde (33c).  

The reaction was performed at 0.23 mmol scale of corresponding 2-bromo 

phenyl substituted p-quinone methide 31c; Rf
 = 0.3 (10% EtOAc in 

hexane); yellow solid (73.2 mg, 69% yield); m. p. = 282-284 oC; 1H NMR 

(400 MHz, CDCl3) δ 9.80 (s, 1H), 8.04 (d, J = 7.6 Hz, 1H), 7.65 (t, J = 7.5 

Hz, 1H), 7.56 (d, J = 7.5 Hz, 1H), 7.54 – 7.53 (m, 1H), 7.34 (d, J = 7.5 Hz, 

1H), 7.08 (s, 1H), 6.85 (s, 1H), 6.73 (d, J = 2.2 Hz, 1H), 6.68 (s, 1H), 3.97 (s, 3H), 3.93 (s, 3H), 

1.30 (s, 9H), 1.24 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 191.7, 186.5, 149.7, 149.6, 

148.8, 147.5, 143.7, 140.8, 134.9, 134.5, 133.8, 132.3, 131.9, 131.6, 128.6, 127.83, 127.80, 

114.2, 114.1, 56.3, 56.2, 35.6, 35.1, 29.8, 29.5; FT-IR (neat): 2971, 2868, 1701, 1634, 1461, 

1361, 1275, 750 cm-1 HRMS (ESI): m/z calcd for C28H31O2 [M+H]+: 458.2457; found: 

458.2451. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-3',5'-dimethoxy-[1,1'-

biphenyl]-2-carbaldehyde (33d). 
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The reaction was performed at 0.23 mmol scale of corresponding 2-bromo 

phenyl substituted p-quinone methide 31d; Rf
  = 0.5 (10% EtOAc in 

hexane); yellow solid (67.9 mg, 64% yield); m. p. = 193-195 oC;  1H NMR 

(400 MHz, CDCl3) δ 9.81 (s, 1H), 7.92 (d, J = 7.6 Hz, 1H), 7.61 – 7.57 

(m, 1H), 7.45 (t, J = 7.6 Hz, 1H), 7.35 (d, J = 7.4 Hz, 1H), 6.80 (d, J = 2.2 

Hz, 1H), 6.71 (d, J = 2.2 Hz, 1H), 6.61 – 6.60 (m, 1H), 6.52 (d, J = 2.2 Hz, 1H), 3.88 (s, 3H), 

3.86 (s, 3H), 1.22 (s, 9H), 1.17 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 191.6, 186.8, 

161.1, 158.4, 147.6, 147.0, 144.1, 140.4, 134.4, 133.82, 133.75, 133.3, 131.4, 129.0, 128.4, 

127.6, 117.7, 108.2, 98.5, 55.79, 55.76, 35.2, 35.0, 29.6, 29.5; FT-IR (neat): 2971, 2868, 1701, 

1634, 1461, 1361, 1275, 750 cm-1; HRMS (ESI): m/z calcd for C28H31O2 [M+H]+: 458.2457; 

found: 458.2451. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-4',6'-dimethoxy-[1,1'-

biphenyl]-2-carbaldehyde (33e).  

The reaction was performed at 0.23 mmol scale of corresponding 2-

bromo phenyl substituted p-quinone methide 31e; Rf = 0.4 (10% EtOAc 

in hexane); yellow solid (77.6 mg, 73% yield); m. p. = 196-198 oC; 1H 

NMR (400 MHz, CDCl3) δ 9.75 (s, 1H), 8.04 – 8.02 (m, 1H), 7.19 – 7.17 

(m, 1H), 7.55 (d, J = 2.2 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.65 – 7.60 (m, 1H), 6.71 (d, J = 2.3 

Hz, 1H), 6.68 (d, J = 2.2 Hz, 1H), 6.66 (s, 1H), 6.61 (d, J = 2.2 Hz, 1H), 3.89 (s, 3H), 3.72 (s, 

3H), 1.31 (s, 9H), 1.25 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 192.3, 186.7, 160.5, 158.3, 

149.7, 147.9, 141.4, 139.4, 137.1, 134.7, 133.8, 133.1, 132.6, 128.3, 127.3, 120.2, 107.8, 99.6, 

55.9, 55.7, 35.6, 35.1, 29.8, 29.6; FT-IR (neat): 2971, 2868, 1701, 1634, 1461, 1361, 1275, 750 

cm-1;  HRMS (ESI): m/z calcd for C28H31O2 [M+H]+: 458.2457; found: 458.2451. 

6'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-2',3',4'-trimethoxy-

[1,1'-biphenyl]-2-carbaldehyde (33f).  

The reaction was performed at 0.22 mmol scale of corresponding 2-bromo 

phenyl substituted p-quinone methide 31f ; Rf
 = 0.2 (10% EtOAc in 

hexane); gummy orange solid (72.8 mg, 69% yield); 1H NMR (400 MHz, 

CDCl3) δ 9.81 (s, 1H), 8.11 – 8.06 (m, 1H), 7.67 – 7.63 (m, 1H), 7.57 – 

7.54 (m, 1H),  7.25 – 7.23 (m, 1H),  6.88 (s, 1H), 6.71 (d, J = 2.2 Hz, 1H), 

6.60 (s, 1H), 3.98 (s, 3H), 3.95 (s, 3H), 3.56 (s, 3H), 1.33 (s, 9H), 1.25 (s, 9H); 13C{1H} NMR 

(100 MHz, CDCl3) δ 191.9, 186.6, 153.4, 151.7, 149.7, 147.8, 143.1, 141.0, 139.1, 134.8, 

134.5, 133.7, 132.8, 132.1, 130.8, 128.5, 127.8, 127.7, 126.0, 120.2, 110.9, 61.4, 68.8,  56.3, 

35.7, 35.1, 29.8, 29.6; FT-IR (neat): 2971, 2868, 1701, 1642, 1461, 1361, 1275, 750 cm-1; 
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HRMS (ESI): m/z calcd for C31H37O5 [M+H]+: 489.2636; found 489.2635. 

2-(6-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)benzo[d][1,3]dioxol-5-

yl)benzaldehyde (33g).  

The reaction was performed at 0.24 mmol scale of corresponding 2-bromo 

phenyl substituted p-quinone methide 31g; Rf
 = 0.4 (10% EtOAc in 

hexane); yellow solid (88 mg, 83% yield); m. p. = 137-139 oC; 1H NMR 

(400 MHz, CDCl3) δ 9.80 (s, 1H), 8.04 – 8.02 (m, 1H), 7.67 – 7.63 (m, 1H), 

7.55 (t, J = 7.6 Hz, 1H), 7.45 (d, J = 2.2 Hz, 1H), 7.31 (d, J = 7.0 Hz, 1H), 

7.03 (s, 1H), 6.85 (s, 1H), 6.67 (d, J = 2.3 Hz, 1H),  6.58 (s, 1H), 6.13 (s, 2H), 1.32 (s, 9H), 

1.24 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 191.5, 186.6, 149.7, 148.6, 148.2, 147.7,  

143.6, 140.6 134.8, 134.6, 133.9, 133.8,   131.87, 131.84, 129.4, 128.7, 128.0, 127.5, 111.6, 

110.9, 102.2, 35.6, 35.1, 29.7, 29.6; FT-IR (neat): 2971, 2868, 1701, 1639, 1461, 1361, 1275, 

750 cm-1;  HRMS (ESI): m/z calcd for C28H33O [M+H]+: 385.2531; found: 385.2541. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-5'-fluoro-4'-methoxy-

[1,1'-biphenyl]-2-carbaldehyde (33h).  

The reaction was performed at 0.24 mmol scale of corresponding 2-bromo 

phenyl substituted p-quinone methide 31h; Rf
 = 0.3 (10% EtOAc in 

hexane); yellow solid (82.4 mg, 77% yield); m. p. = 200-202 oC; 1H NMR 

(400 MHz, CDCl3) δ 9.79 (s, 1H), 8.03 (d, J = 7.7 Hz, 1H), 7.68 – 7.64 

(m, 1H),  7.57 (t, J = 7.6 Hz, 1H), 7.44 (d, J = 2.2 Hz, 1H), 7.31 (d, J = 

7.6 Hz, 1H), 7.13 (d, J = 7.8 Hz, 1H), 7.11 (d, J = 5.0 Hz, 1H), 6.72 (d, J 

= 2.3 Hz, 1H), 6.63 (s, 1H), 3.98 (s, 3H), 1.30 (s, 9H), 1.25 (s, 9H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 191.2, 186.6, 152.3 (d, JC-F = 251 Hz),  150.2, 148.1, 147.6 (d, JC-F = 10.9 Hz), 142.3, 

139.5, 134.5 (d, JC-F = 9.3 Hz), 133.9, 132.8, 132.0 (d, JC-F = 6.5 Hz), 131.8, 131.7 (d, JC-F = 

3.9 Hz), 128.9, 128.3, 127.4, 119.2 (d, JC-F = 19.1 Hz), 116.3 (d, JC-F = 1.4 Hz), 56.5 (d, JC-F = 

3.3 Hz), 56.2, 35.7, 35.2, 29.8, 29.6; 19F NMR (376 MHz, CDCl3) δ -132.5; FT-IR (neat): 2971, 

2868, 1721, 1634, 1461, 1361, 1275, 750 cm-1; HRMS (ESI): m/z calcd for C29H32FO3 [M+H]+: 

447.2330; found: 447.2330. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-3'-fluoro-[1,1'-

biphenyl]-2-carbaldehyde (33i).  
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The reaction was performed at 0.255 mmol scale of corresponding 2-bromo 

phenyl substituted p-quinone methide 31i; Rf
 = 0.4 (10% EtOAc in hexane); 

orange solid (55.3 mg, 52% yield); m. p. = 197-199 ℃; 1H NMR (400 MHz, 

CDCl3) δ 9.77 (s, 1H), 8.05 – 8.03 (m, 1H),  7.69 – 7.65 (m, 1H), 7.57 (t, J = 

7.6 Hz, 1H), 7.40 (d, J = 2.2 Hz, 1H), 7.36 – 7.33 (m, 1H),  7.31 – 7.30 (m, 

1H),  7.26 – 7.18 (m, 2H),  6.70 (d, J = 2.2 Hz, 1H), 6.62 (s, 1H), 1.31 (s, 9H), 1.25 (s, 9H); 

13C{1H} NMR (100 MHz, CDCl3) δ 191.2, 186.6, 162.3 (d, JC-F = 247.4 Hz), 150.5, 148.4, 

142.7, 138.7, 136.2 (d, JC-F = 8.0 Hz), 134.4, 134.3, 133.9, 133.5, 133.1 (d, JC-F = 8.2 Hz), 

131.8, 128.9, 128.4, 127.1, 118.0 (d, JC-F = 226 Hz), 116.0 (d, JC-F = 212 Hz), 35.7, 35.2, 29.7, 

29.6; 19F NMR (376 MHz, CDCl3) δ -109.6; FT-IR (neat): 2971, 2868, 1713, 1639, 1461, 1361, 

1275, 750 cm-1;   HRMS (ESI): m/z calcd for C28H30FO2 [M+H]+: 417.2224; found: 417.2224. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-4'-fluoro-[1,1'-

biphenyl]-2-carbaldehyde (33j).  

The reaction was performed at 0.255 mmol scale of corresponding 2-bromo 

phenyl substituted p-quinone methide 31j; Rf
 = 0.4 (10% EtOAc in hexane); 

yellow solid (69.2 mg, 65% yield); m. p. = 186-188 oC; 1H NMR (400 MHz, 

CDCl3) δ 9.75 (s, 1H), 8.05 – 8.03 (m, 1H),  7.68 – 7.66 (m, 1H), 7.57 (t, J = 

7.6 Hz, 1H), 7.40 (d, J = 2.2 Hz, 1H), 7.36 – 7.33 (m, 1H),  7.31 – 7.30 (m, 

1H),  7.26 – 7.18 (m, 2H),  6.70 (d, J = 2.2 Hz, 1H), 6.62 (s, 1H), 1.31 (s, 9H), 1.25 (s, 9H); 

13C{1H} NMR (100 MHz, CDCl3) δ 191.2, 186.6, 162.3 (d, JC-F = 247.4 Hz), 150.5, 148.4, 

142.7, 138.7, 136.2 (d, JC-F = 8.0 Hz), 134.4, 134.3, 133.9, 133.5, 133.1 (d, JC-F = 8.2 Hz), 

131.8, 128.9, 128.4, 127.1, 118.0 (d, JC-F = 226 Hz), 116.0 (d, JC-F = 212 Hz), 35.7, 35.2, 29.7, 

29.6; 19F NMR (376 MHz, CDCl3) δ -109.1; FT FT-IR (neat): 2971, 2868, 1715, 1639, 1461, 

1361, 1275, 750 cm-1; HRMS (ESI): m/z calcd for C28H30FO2 [M+H]+: 417.2224; found: 

417.2224. 

5'-chloro-2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-[1,1'-

biphenyl]-2-carbaldehydeone (33k).       

The reaction was performed at 0.245 mmol scale of corresponding 2-bromo 

phenyl substituted p-quinone methide 31k; Rf
 = 0.6 (10% EtOAc in 

hexane); yellow solid (89.2 mg, 84% yield); m. p. = 169-171 oC; 1H NMR 

(400 MHz, CDCl3) δ 9.77 (s, 1H), 8.05– 8.03 (m, 1H), 7.69 – 7.65 (m, 1H),  

7.58 (t, J = 7.6 Hz, 1H), 7.53 (d, J = 2.2 Hz, 1H), 7.48 – 7.46 (m, 1H),  7.39 

(d, J = 2.2 Hz, 1H), 7.32 – 7.29 (m, 2H),   6.70 (d, J = 2.0 Hz, 1H), 6.60 (s, 1H), 1.31 (s, 9H), 

1.25 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 191.1, 186.6, 150.4, 148.5, 142.5, 138.5, 
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137.1, 136.9, 134.5, 134.3, 134.0, 133.6, 132.6, 131.6, 131.3, 129.0, 128.9, 128.5, 127.2, 35.7, 

35.2, 29.7, 29.6; FT-IR (neat): 3642, 3070, 2953, 1597, 1434, 1390, 1233, 1152, 912, 746 cm-

1;  HRMS (ESI): m/z calcd for C32H33O2 [M+H]+: 433.1929; found: 433.1925. 

 2-(3-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)thiophen-2-

yl)benzaldehyde (33l).  

The reaction was performed at 0.247 mmol scale of 4-((2-bromothiophen-3-

yl)methylene)-2,6-di-tert-butylcyclohexa-2,5-dien-1-one 31l; Rf = 0.4 (5% 

EtOAc in hexane); gummy orange solid (79.3 mg, 79% yield); 1H NMR (400 

MHz, CDCl3) δ 9.88 (s, 1H), 8.11 – 8.09 (m, 1H), 7.94 (d, J = 2.2 Hz, 1H), 7.74 

– 7.70 (m, 1H), 7.65 (d, J = 5.2 Hz, 1H), 7.61 (t, J = 7.6 Hz, 1H), 7.40 (d, J = 

7.5 Hz, 1H), 7.14 (d, J = 5.2 Hz, 1H), 6.74 (s, 1H), 6.72 (d, J = 2.2 Hz, 1H), 1.38 (s, 9H), 1.25 

(s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 191.5, 186.3, 150.0, 147.8, 142.6, 139.1, 136.5, 

135.2, 134.9, 134.1, 131.9, 131.7, 131.1, 130.4, 129.9, 129.1, 128.2, 126.9, 35.9, 35.2, 29.8, 

29.6; IR (neat): 2956, 1730, 1638, 1458, 1261, 1360,  821, 764 cm-1; HRMS (ESI): m/z calcd 

for C28H29O2S [M+H]+: 405.1883; found: 405.1886. 

2-(3-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-1-methyl-1H-indol-2-

yl)benzaldehyde (33m).      

The reaction was performed at 0.266 mmol scale of  2-bromo p-quinone 

methide 31m; Rf
 = 0.4 (15% EtOAc in hexane); orange solid (82 mg, 88% 

yield); m. p. = 246-248 oC; 1H NMR (400 MHz, CDCl3) δ 9.92 (s, 1H), 7.99 

(d, J = 7.6 Hz, 1H),  7.66 – 7.62 (m, 1H), 7.54 (d, J = 7.9 Hz, 2H), 7.46 – 7.37 

(m, 3H), 7.23 – 7.19 (m, 1H),  6.94 (d, J = 6.2 Hz, 2H), 6.81 (s, 1H), 3.85 (s, 

3H), 1.29 (s, 9H), 1.02 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 192.2, 186.5, 149.9, 148.5, 

138.8, 134.7, 134.4, 134.3, 134.2, 133.9, 132.6, 128.5, 128.3, 128.1, 127.9, 121.9, 115.5, 35.3, 

35.2, 29.6, 29.4; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1;  HRMS 

(ESI): m/z calcd for C31H34NO2 [M+H]+: 452.2584; found: 452.2584. 

4-(2-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)phenyl)-1-methyl-1H-

indole-3-carbaldehyde (33n).  

The reaction was performed at 0.266 mmol scale of 2-bromo p-quinone 

methide 31n; Rf
 = 0.4 (5% EtOAc in hexane); orange solid (264 mg, 78% 

yield); m. p. = 179-181 oC; 1H NMR (400 MHz, CDCl3) δ 9.75 (s, 1H), 

8.10 – 8.08 (m, 1H), 7.71– 7.67 (m, 1H), 7.61 (t, J = 7.6 Hz, 1H),  7.53 

(d, J = 2.2 Hz, 1H),  7.49 – 7.46 (m, 2H), 7.42 – 7.38 (m, 2H), 7.14 (d, J 

= 6.8 Hz, 1H), 6.29 (d, J = 6.2 Hz, 2H), 6.18 (s, 1H), 3.96 (s, 3H), 1.33 (s, 9H), 1.28 (s, 9H); 
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13C{1H} NMR (100 MHz, CDCl3) δ 192.1, 186.7, 148.2, 145.8, 144.7, 137.3, 136.1, 135.4, 

133.7, 132.4, 131.4, 131.1, 128.3, 127.8, 127.5, 127.3, 126.7, 124.0, 123.0, 112.9, 110.2, 35.5, 

34.8, 29.8, 29.5; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1;  HRMS 

(ESI): m/z calcd for C31H34NO2 [M+H]+: 452.2584; found: 452.2584. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-5-methoxy-[1,1'-

biphenyl]-2-carbaldehyde (33o).         

 The reaction was performed at 0.266 mmol scale of  2-bromo p-quinone methide 

31a; Rf
 = 0.4 (10% EtOAc in hexane); orange solid (75.3 mg, 66% yield); m. p. 

= 199-206 oC; 1H NMR (400 MHz, CDCl3) δ 9.57 (s, 1H), 8.02 (d, J = 8.7 Hz, 

1H),  7.83 (d, J = 8.6 Hz, 1H), 7.54 – 7.46 (m, 3H), 7.42 (d, J = 2.2 Hz, 1H), 7.37 

(d, J = 7.2 Hz, 1H),  7.06 – 7.03 (m, 1H), 6.99 (d, J = 8.6 Hz, 1H),  6.78 (d, J = 

2.2 Hz, 1H),   6.75– 6.74 (m, 2H), 3.88 (s, 3H), 1.29 (s, 9H), 1.25 (s, 9H); 13C{1H} NMR (100 

MHz, CDCl3) δ 191.1, 186.7, 163.7, 149.8, 147.9, 146.3, 140.5, 138.8, 135.2, 134.6, 132.8, 

132.1, 131.4, 131.0, 130.3, 129.0, 128.4, 127.8, 116.2.7, 114.4, 55.8, 35.6, 35.1, 29.6, 29.5; 

FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1; HRMS (ESI): m/z calcd for 

C29H33O3 [M+H]+: 429.2424; found: 429.2427. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-4-methoxy-[1,1'-

biphenyl]-2-carbaldehyde (33p).     

The reaction was performed at 0.266 mmol scale of  2-bromo p-quinone 

methide 31a; Rf
 = 0.4 (10% EtOAc in hexane); orange solid (75.3 mg, 66% 

yield); m. p. = 199-206 oC; 1H NMR (400 MHz, CDCl3) δ 9.57 (s, 1H), 8.02 

(d, J = 8.7 Hz, 1H),  7.83 (d, J = 8.6 Hz, 1H), 7.54 – 7.46 (m, 3H), 7.42 (d, J 

= 2.2 Hz, 1H), 7.37 (d, J = 7.2 Hz, 1H),  7.06 – 7.03 (m, 1H), 6.99 (d, J = 8.6 

Hz, 1H),  6.78 (d, J = 2.2 Hz, 1H),   6.75– 6.74 (m, 2H), 3.88 (s, 3H), 1.29 (s, 9H), 1.25 (s, 9H); 

13C{1H} NMR (100 MHz, CDCl3) δ 191.1, 186.7, 163.7, 149.8, 147.9, 146.3, 140.5, 138.8, 

135.2, 134.6, 132.8, 132.1, 131.4, 131.0, 130.3, 129.0, 128.4, 127.8, 116.2.7, 114.4, 55.8, 35.6, 

35.1, 29.6, 29.5; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1; HRMS 

(ESI): m/z calcd for C29H33O3 [M+H]+: 429.2424; found: 429.2427. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-4-ethoxy-[1,1'-

biphenyl]-2-carbaldehyde (33q).  
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The reaction was performed at 0.266 mmol scale of  2-bromo p-quinone 

methide 31a; Rf
 = 0.5 (5% EtOAc in hexane); orange solid (69.5 mg, 59% 

yield); m. p. = 187-189 oC; 1H NMR (400 MHz, CDCl3) δ 9.71 (s, 1H), 7.52 

– 7.45 (m, 5H), 7.35 (d, J = 6.7 Hz, 1H), 7.24 – 7.22 (m, 1H), 7.21 – 7.18 

(m, 1H), 6.76 – 6.75 (m, 2H), 4.16 (q, J = 7.0 Hz, 2H), 1.47 (t, J = 7.0 Hz, 

3H), 1.30 (s, 9H), 1.26 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 191.4, 186.7, 159.1, 149.8, 

147.9, 141.0, 138.6, 136.6, 135.7, 135.2, 134.7, 133.0, 132.6, 132.0, 131.7, 129.0, 128.2, 127.9, 

121.7, 110.9, 64.1, 35.6, 35.1, 29.7, 29.6, 14.9; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 

1361, 1275, 750 cm-1; HRMS (ESI): m/z calcd for C30H35O3 [M+H]+: 443.2581; found: 

443.2571. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-4,5-dimethoxy-[1,1'-

biphenyl]-2-carbaldehyde (33r).  

The reaction was performed at 0.266 mmol scale of  2-bromo p-quinone 

methide 31a; Rf
 = 0.5 (10% EtOAc in hexane); orange solid (204 mg, 60% 

yield); m. p. = 197-199 oC; 1H NMR (400 MHz, CDCl3) δ 9.57 (s, 1H), 8.02 

(d, J = 8.7 Hz, 1H),  7.83 (d, J = 8.6 Hz, 1H), 7.54 – 7.46 (m, 3H), 7.42 (d, J 

= 2.2 Hz, 1H), 7.37 (d, J = 7.2 Hz, 1H),  7.06 – 7.03 (m, 1H), 6.99 (d, J = 8.6 

Hz, 1H),  6.78 (d, J = 2.2 Hz, 1H),   6.75– 6.74 (m, 2H), 3.88 (s, 3H), 1.29 (s, 9H), 1.25 (s, 9H); 

13C{1H} NMR (100 MHz, CDCl3) δ 191.1, 186.7, 163.7, 149.8, 147.9, 146.3, 140.5, 138.8, 

135.2, 134.6, 132.8, 132.1, 131.4, 131.0, 130.3, 129.0, 128.4, 127.8, 116.2.7, 114.4, 55.8, 35.6, 

35.1, 29.6, 29.5; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1; HRMS 

(ESI): m/z calcd for C28H31O2 [M+H]+: 458.2457; found: 458.2451. 

5-chloro-2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-[1,1'-

biphenyl]-2-carbaldehyde (33s).  

The reaction was performed at 0.266 mmol scale of 2-bromo p-quinone methide 

31a; Rf
 = 0.4 (5% EtOAc in hexane); orange solid (88.7 mg, 77% yield); m. p. = 

179-181 oC; 1H NMR (400 MHz, CDCl3) δ 9.70 (s, 1H), 8.02 (d, J = 2.3 Hz, 

1H),  7.65 – 7.62 (m, 1H), 7.59 – 7.50 (m, 3H), 7.44 (d, J = 2.2 Hz, 1H), 7.37 (d, 

J = 7.3 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 6.77 (d, J = 2.2 Hz, 1H),  6.72 (s, 1H), 

1.31 (s, 9H), 1.28 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 190.0, 186.6, 150.0, 148.1, 

142.0, 140.0, 137.4, 135.4, 135.3, 135.2, 133.7, 133.09, 133.06, 131.8, 131.5, 129.2, 128.8, 

127.7, 127.6, 35.6, 35.1, 29.6, 29.5; FT-IR (neat): 3642, 3070, 2953, 1597, 1434, 1390, 1233, 

1152, 912, 746 cm-1;  HRMS (ESI): m/z calcd for C32H33O2 [M+H]+: 433.1929; found: 

433.1925. 
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2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-6-fluoro-[1,1'-

biphenyl]-2-carbaldehyde (33t). 

 The reaction was performed at 0.266 mmol scale of 2-bromo p-quinone methide 

31a; Rf
 = 0.3 (5% EtOAc in hexane); orange gummy solid (82.8 mg, 74% yield); 

m. p. = 173-175 oC; 1H NMR (400 MHz, CDCl3) δ 9.97 (s, 1H), 7.63 – 7.58 (m, 

1H),  7.54 – 7.45 (m, 3H), 7.34 (s, 1H), 7.29 (d, J = 7.4 Hz, 1H), 7.23 (d, J = 9.1 

Hz, 1H), 7.09 (d, J = 7.6 Hz, 1H), 6.75 (s, 1H), 6.72 (s, 1H), 1.29 (s, 9H), 1.27 

(s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 188.2, 186.7, 163.4 (d, JC-F = 261 Hz), 149.8, 

148.0, 144.4, 140.5, 138.8 (d, JC-F = 2.2 Hz), 135.0 (d, JC-F = 3.4 Hz), 123.1 (d, JC-F = 6.9 Hz), 

116.6 (d, JC-F = 21 Hz), 35.6, 35.2, 29.7, 29.6; 19F NMR (376 MHz, CDCl3) δ -109.8; FT FT-

IR (neat): 2971, 2868, 1715, 1639, 1461, 1361, 1275, 750 cm-1;   HRMS (ESI): m/z calcd for 

C28H30FO2 [M+H]+: 417.2224; found: 417.2224. 

General procedure for synthesis of 33u & 33y.    

In a Dean-Stark apparatus, a mixture of aldehyde (1 equiv.) and 2,6-di-tertbutylphenol (1 

equiv.) in toluene (0.25 M) was placed and refluxed. Piperidine (3 equiv.) was added to this 

reaction mixture in a drop-wise manner within an hour and the resultant mixture was stirred at 

reflux temperature for 12 h. The reaction mixture was cooled to 100 °C and acetic anhydride 

(2 equiv.) was added and the resulting solution was stirred for 30 more minutes at the same 

temperature, then concentrated under reduced pressure. The residue was purified by silica gel 

column chromatography to obtain a pure p-quinone methide 33u & 33y.  

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-4'-methoxy-[1,1'-

biphenyl]-2-carbaldehyde (33u).  

The reaction was performed at 0.240 mmol scale of 2,2'-oxydibenzaldehyde; Rf
 

= 0.4 (10% EtOAc in hexane); yellow solid (85.3 mg, 85% yield); m. p. = 129-

130 oC; 1H NMR (400 MHz, CDCl3) δ 10.50 (s, 1H), 7.97 – 7.96 (m, 1H), 7.55 

– 7.52 (m, 2H), 7.47 (d, J = 3.0 Hz, 1H),  7.41 – 7.37 (m, 1H), 7.29 – 7.22 (m, 

2H), 7.00 (d, J = 3.4 Hz, 1H), 6.97 – 6.95 (m, 1H), 6.89 (d, J = 8.3 Hz, 1H), 

1.30 (s, 9H), 1.28 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 189.2, 186.7, 159.4, 155.4, 

149.7, 148.1, 136.4, 136.1, 135.0, 133.0, 132.5, 131.0, 129.0, 127.9, 127.8, 127.0, 124.5, 124.1, 

119.2, 118.8, 35.6, 35.2, 29.7; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 

cm-1 HRMS (ESI): m/z calcd for C28H31O3 [M+H]+: 415.2268; found: 415.2269. 

4-(3,9-dimethoxy-11H-benzo[a]fluoren-11-yl)phenol (33v).  
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The reaction was performed at 0.234 mmol scale of 2-((2-

formylbenzyl)oxy)benzaldehyde; Rf
  = 0.1 (15% EtOAc in hexane); gummy 

orange solid (94.5 mg, 94% yield); 1H NMR (400 MHz, CDCl3) δ 10.42 (s, 

1H), 7.84 – 7.82 (m, 1H), 7.60 – 7.57 (m, 1H), 7.40 – 7.33 (m, 6H), 7.22 (s, 

1H), 7.18 – 7.13 (m, 2H), 6.91 (d, J = 2.2 Hz, 1H), 4.23 (s, 2H), 1.32 (s, 9H), 

1.27 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 191.3, 186.7, 159.1, 149.1, 147.0, 137.1, 

136.0, 135.0, 132.2, 131.1, 128.9, 128.0, 126.6, 125.8, 123.2, 123.0, 115.2, 115.1, 91.5, 35.5, 

35.1, 29.6; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1 HRMS (ESI): 

m/z calcd for C29H33O3 [M+H]+: 429.2424; found: 429.2429. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-[1,1'-biphenyl]-2-

carbaldehyde (33w).  

The reaction was performed at 0.225 mmol scale of 2,2'-

(methylenebis(oxy))dibenzaldehyde; Rf
 = 0.2 (5% EtOAc in hexane); 

orange gummy solid (79.4 mg, 79% yield); m. p. = 133-135 oC; 1H NMR 

(400 MHz, CDCl3) 
1H NMR (400 MHz, CDCl3) δ 10.42 (s, 1H), 7.84 – 

7.82 (m, 1H), 7.62 – 7.57 (m, 1H), 7.42 – 7.33 (m, 6H), 7.24 (s, 1H), 7.18 

– 7.12 (m, 2H), 6.92 (d, J = 2.2 Hz, 1H), 5.93 (s, 2H), 1.32 (s, 9H), 1.27 (s, 9H); 13C{1H} NMR 

(100 MHz, CDCl3) δ 189.3, 186.7, 159.0, 149.4, 147.7, 137.8, 136.0, 135.0, 132.2, 131.1, 

128.9, 128.0, 126.6, 125.8, 123.2, 123.0, 115.2, 115.1, 91.5, 35.5, 35.1, 29.6; FT-IR (neat): 

2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1; HRMS (ESI): m/z calcd for C29H32O4 

[M+H]+: 445.2373; found: 445.2373. 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-[1,1'-biphenyl]-2-

carbaldehyde (33x).  

The reaction was performed at 0.218 mmol scale of 2,2'-(ethane-1,2-

diylbis(oxy))dibenzaldehyde; Rf
 = 0.2 (5% EtOAc in hexane); orange 

gummy solid (68.1 mg, 68% yield); m. p. = 133-135 oC; 1H NMR (400 

MHz, CDCl3) 
1H NMR (400 MHz, CDCl3) δ 10.46 (s, 1H), 7.84 – 7.82 

(m, 1H), 7.57 – 7.55 (m, 1H), 7.43 (d, J = 2.2 Hz, 1H), 7.41 – 7.37 (m, 

5H), 7.24 (s, 1H), 7.10 – 7.08 (m, 2H), 6.95 (d, J = 2.2 Hz, 1H), 4.70 (m, 4H), 1.32 (s, 9H), 

1.27 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 189.4, 186.6, 159.2, 155.9, 149.4, 147.8, 

137.2, 136.1, 135.0, 132.6, 131.3, 128.5, 128.0, 126.6, 125.8, 123.2, 122.8, 115.2, 115.1, 74.2, 

74.1, 35.5, 35.1, 29.6; FT-IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm- HRMS 

(ESI): m/z calcd for C30H34O4 [M+H]+: 459.3530; found: 459.3533; 

2'-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-[1,1'-biphenyl]-2-
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carbaldehyde (33y).  

The reaction was performed at 0.210 mmol scale 2,2'-(propane-1,3-

diylbis(oxy))dibenzaldehyde; Rf
 = 0.2 (5% EtOAc in hexane); orange 

gummy solid (65.1 mg, 65% yield); m. p. = 133-135 oC; 1H NMR (400 

MHz, CDCl3) 
1H NMR (400 MHz, CDCl3) δ 10.50 (s, 1H), 7.84 – 7.82 

(m, 1H), 7.55 – 7.51 (m, 1H), 7.45 (d, J = 2.2 Hz, 1H), 7.40 – 7.36 (m, 

3H), 7.06 – 6.98 (m, 5H),  4.33-4.27 (m, 4H), 1.32 (s, 9H), 1.27 (s, 9H); 13C{1H} NMR (100 

MHz, CDCl3) δ 189.6, 186.8, 161.1, 157.5, 149.0, 147.5, 138.7, 136.1, 135.3, 132.2, 131.7, 

131.0, 128.7, 128.5, 125.2, 125.0, 121.0, 120.9, 112.5, 111.9, 65.0, 64.8, 35.5, 35.1, 29.7; FT-

IR (neat): 2971, 2868, 1701, 1631, 1461, 1361, 1275, 750 cm-1 HRMS (ESI): m/z calcd for 

C31H36O4 [M+H]+: 476.2686; found: 476.2686 

 

 

General procedures for the synthesis of 9-phenanthrols (34a-u). 

An oven-dried Schlenk tube with a magnet stir bar was applied full Schlenk conditions and 

charged with BACs precursor 8 (0.2 equiv.) and 2-(2-formylaryl)-phenyl-substituted p-quinone 

methides (p-QMs) (1 equiv.). The tube was undergone deaeration cycles for three times. 

followed by addition of DBU (0.2 equiv.) and CH2Cl2 (1 ml) under argon. The mixture was 

sealed and stirred at the room temperature. Reaction was monitored by TLC, and the reaction 

mixture was concentrated under reduced pressure and directly loaded onto a silica-gel column 

and was purified using EtOAc in hexane as an eluent to provide pure 9-phenanthrol derivatives.  

2,6-di-tert-butyl-4-(9H-fluoren-9-yl)phenol (34a).  

The reaction was performed at 0.101 mmol scale of 33a; Rf = 0.4 (10% EtOAc 

in hexane); colourless solid (39.1 mg, 98 % yield); m. p. = 135-137 oC; 1H NMR 

(400 MHz, CDCl3) δ 8.75 (d, J = 8.0 Hz, 1H), 8.71 (d, J = 8.2 Hz, 1H), 8.43 (d, 

J = 7.6 Hz, 1H), 7.73 – 7.68 (m, 2H), 7.55 – 7.47 (m, 3H), 7.28 (s, 2H), 5.71 (s, 

1H), 5.45 (s, 1H), 1.52 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 152.2, 146.4, 137.5, 

133.3, 130.9, 128.0, 127.1, 126.9, 126.7, 126.5, 125.7, 125.1, 124.9, 123.9, 123.3, 122.7, 122.6, 

118.3, 34.7, 30.5; FT-IR (neat): 3637, 3074, 2956, 1621, 1597, 1434, 1390, 1233, 1152, 746 

cm-1; HRMS (ESI): m/z calcd for C28H31O2 [M+H]+: 399.2319; found : 399.2320;. 

2,6-di-tert-butyl-4-(2-(tert-butyl)-9H-fluoren-9-yl)phenol (34b).  
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The reaction was performed at 0.093 mmol scale of 34b; Rf = 0.4 (10% 

EtOAc in hexane); colorless solid (38.8 mg, 97 % yield); m. p. = 134-136 

oC; 1H NMR (400 MHz, CDCl3) δ 8.60 (d, J  = 8.0 Hz, 1H), 8.38 – 8.35 

(m, 1H), 7.70 – 7.66 (m, 1H), 7.63 – 7.59 (m, 1H), 7.73 – 7.68 (m, 2H), 

7.27 (s, 2H), 7.15 (dd, J = 6.34, 2.7 Hz, 1H), 6.91 (d, J = 2.7 Hz, 1H), 

5.72 (s, 1H), 5.44 (s, 1H), 3.78 (s, 3H), 1.50 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 

158.5, 154.1, 146.9, 137.5, 134.6, 131.0, 127.9, 127.2, 125.7, 124.9, 124.3, 124.0, 123.1, 122.1, 

120.9, 117.9, 113.3, 107.3, 55.3, 34.7, 30.5; FT-IR (neat): 3631, 3070, 2952, 1620, 1593, 1424, 

1390, 1239, 1150, 736 cm-1; HRMS (ESI): m/z calcd for C29H33O3 [M+H]+: 429.2424; found: 

429.2427. 

2,6-di-tert-butyl-4-(2-methoxy-9H-fluoren-9-yl)phenol (34c).  

 The reaction was performed at 0.087 mmol scale of 33c; Rf = 0.4 (20% 

EtOAc in hexane); colourless solid (37.5mg, 94 % yield); m. p. = 145-

147 oC; 1H NMR (400 MHz, CDCl3) δ 8.54 (d, J = 8.2 Hz, 1H), 8.37 – 

8.35 (m, 1H), 8.02 (s, 1H), 7.67 – 7.58 (m, 2H), 7.28 (s, 2H), 6.89 (s, 1H), 

5.65 (s, 1H), 5.43 (s, 1H), 4.10 (s, 3H), 3.78 (s, 3H), 1.49 (s, 18H); 

13C{1H} NMR (100 MHz, CDCl3) δ 154.4, 149.4, 147.4, 137.5, 130.2, 127.9, 126.8, 125.7, 

125.2, 124.2, 123.2, 122.2, 120.7, 117.8, 106.4, 103.8, 56.2, 55.7, 34.8, 30.6; FT-IR (neat): 

3647, 3016, 2942, 1579, 1431, 1393, 1254, 1237, 1129, 747 cm-1;  HRMS (ESI): m/z calcd for 

C28H31O2 [M+H]+: 458.2457; found: 458.2451. 

2,6-di-tert-butyl-4-(2-phenyl-9H-fluoren-9-yl)phenol (34d).  

 The reaction was performed at 0.087 mmol scale of 33d; Rf = 0.4 (20% 

EtOAc in hexane); colourless solid (35.9 mg, 90 % yield); m. p. = 152-

154 oC; 1H NMR (400 MHz, CDCl3) δ 8.62 – 8.60 (m, 1H), 8.35 – 8.33 

(m, 1H), 7.72 (d, J = 2.4 Hz, 1H), 7.67 – 7.64 (m, 2H), 7.13 (s, 2H), 6.57 

(d, J = 2.3 Hz, 1H), 5.70 (s, 1H), 5.27 (s, 1H), 4.01 (s, 3H), 3.37 (s, 3H), 

1.47 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 157.6, 156.9, 153.0, 145.3, 136.1, 130.2, 

129.0, 128.9, 126.9, 126.7, 126.6, 125.3, 123.2, 123.1, 118.4, 116.5, 99.9, 96.5, 55.6, 34.6, 

30.6; FT-IR (neat): 3640, 3012, 2940, 1577, 1434, 1390, 1255, 1233, 1154, 749 cm-1;  HRMS 

(ESI): m/z calcd for C29H33O4 [M+H]+: 458.2457; found: 458.2451. 

2,6-di-tert-butyl-4-(4-methyl-9H-fluoren-9-yl)phenol (34e).  
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 The reaction was performed at 0.087 mmol scale of 33e; Rf = 0.5 (20% 

EtOAc in hexane); colourless solid (38.4 mg, 96 % yield); m. p. = 144-

147 oC; 1H NMR (400 MHz, CDCl3) δ 9.60 (d, J = 8.7 Hz, 1H), 8.40 – 

8.37 (m, 1H), 7.68 – 7.56 (m, 2H), 7.24 (s, 2H), 6.67 (d, J = 2.5 Hz, 1H), 

6.52 (d, J = 2.4 Hz, 1H), 5.66 (s, 1H), 5.42 (s, 1H), 4.12 (s, 3H), 3.72 (s, 

3H), 1.49 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 160.3, 158.1, 154.1, 147.2, 

137.5,136.6,  131.1, 128.0, 127.6, 127.0, 125.5, 125.0, 124.2, 122.4, 118.0, 111.9, 99.9, 96.6, 

55.9, 55.1, 34.7, 30.5; FT-IR (neat): 3642, 3015, 2943, 1583, 1427, 1378, 1236, 1220, 1159, 

743 cm-1;   HRMS (ESI): m/z calcd for C28H31O4 [M+H]+: 458.2457; found: 458.2451. 

2,6-di-tert-butyl-4-(4-iso-propoxy-1-methyl-9H-fluoren-9-yl)phenol (34f).  

 The reaction was performed at 0.101 mmol scale of 33f; Rf = 0.4 (10% 

EtOAc in hexane); colourless solid (39.1 mg, 98 % yield); m. p. = 135-

137 oC; 1H NMR (400 MHz, CDCl3) δ 9.59 (d, J = 7.8 Hz, 1H), 8.40 – 

8.37 (m, 1H), 7.70 – 7.59 (m, 2H), 7.25 (s, 2H), 6.70 (s, 1H), 5.64 (s, 1H),    

5.44 (s, 1H), 4.40 (s, 3H), 4.01 (s, 3H), 3.73 (s, 3H), 1.49 (s, 18H); 

13C{1H} NMR (100 MHz, CDCl3) δ 154.1, 152.7, 152.3, 146.2, 140.7, 137.6, 131.0, 130.5, 

128.0, 127.3, 126.7, 125.6, 125.2, 124.5, 122.6, 117.8, 115.1, 103.0, 61.4, 60.5, 55.5, 34.7, 

30.5; FT-IR (neat): 3623, 3007, 2929, 1567, 1427, 1389, 1236, 1205, 1220, 1159, 748 cm-1;  

HRMS (ESI): m/z calcd for C31H37O5 [M+H]+: 489.2636; found: 489.2635. 

2,6-di-tert-butyl-4-(2-methyl-9H-fluoren-9-yl)phenol (34g).   

The reaction was performed at 0.090 mmol scale of 33g; Rf = 0.4 (10% 

EtOAc in hexane); colourless solid (36.0 mg, 98 % yield); m. p. = 139-141 

oC; 1H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 8.2 Hz, 1H), 8.34 – 8.32 (m, 

1H), 8.03 (s, 1H), 7.67 – 7.57 (m, 2H), 7.20 (s, 2H), 6.82 (s, 1H),  6.04 (s, 

2H), 5.49 (s, 1H), 5.42 (s, 1H), 1.48 (s, 18H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 154.2, 147.8, 146.0, 145.5, 137.5, 130.5, 129.6, 127.8, 126.8, 125.8, 125.1, 124.0, 

123.1, 122.4, 121.9, 118.7, 103.8, 101.2, 101.0, 34.7, 30.5; FT-IR (neat): 3637, 3074, 2956, 

1625, 1597, 1575, 1434, 1390, 1204, 1039, 777 cm-1; HRMS (ESI): m/z calcd for C29H31O4 

[M+H]+: 343.2217; found: 343.2211. 

4-(2-bromo-9H-fluoren-9-yl)-2,6-di-tert-butylphenol (34h).  
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 The reaction was performed at 0.093 mmol scale of 33h; Rf = 0.5 (10% 

EtOAc in hexane); colourless solid (37.6 mg, 94 % yield); m. p. = 129-131 

oC; 1H NMR (400 MHz, CDCl3) δ 8.62 (t, J = 9.8 Hz, 2H), 8.37 (d, J = 1.9 

Hz, 1H), 7.66 – 7.63 (m, 1H), 7.53 – 7.49 (m, 3H), 7.24 (s, 2H), 5.68 (s, 

1H), 5.45 (s, 1H), 1.50 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 154.3, 

145.5, 137.5, 133.0, 132.8, 129.3, 127.8, 127.5, 127.2, 126.2, 126.1, 125.9, 124.5, 124.34, 

124.32, 122.6, 119.4, 34.7, 30.5; FT-IR (neat): 3642, 3070, 2953, 1597, 1434, 1390, 1233, 

1152, 912, 746 cm-1; HRMS (ESI): m/z calcd for C28H30ClO2 [M+H]+: 447.1324; found: 

447.1339. 

2,6-di-tert-butyl-4-(9H-fluoreno[2,3-d][1,3]dioxol-9-yl)phenol (34i).  

 The reaction was performed at 0.090 mmol scale of 33i; Rf = 0.3 (20% 

EtOAc in hexane); colourless solid (36.1 mg, 91 % yield); m. p. = 132-

134 oC; 1H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 8.0 Hz, 1H), 8.37 – 

8.35 (m, 1H), 8.29 (d, J = 13.3 Hz, 1H), 7.70 – 7.60 (m, 2H), 7.27 (s, 2H), 

6.95 (d, J = 8.8 Hz, 1H), 5.70 (s, 1H), 5.45 (s, 1H), 3.79 (s, 3H), 1.50 (s, 

18H); 13C{1H} NMR (100 MHz, CDCl3) δ 154.2, 150.8 (d JC-F = 248 Hz), 147.6 (d JC-F = 12.4 

Hz), 146.2, 137.6, 130.3 (d JC-F = 4.2 Hz), 127.9, 127.2, 126.2, 124.8, 124.3, 123.2, 122.4, 

120.6 (d JC-F = 6.8 Hz), 117.5, 109.1 (d JC-F = 19.3 Hz), 108.1, 56.0, (d JC-F = 3.2 Hz), 34.8, 

30.5; 19F NMR (376 MHz, CDCl3) δ -138.7; FT-IR (neat): 3701, 3015, 2976, 1434, 1390, 1227, 

1182, 765 cm-1; HRMS (ESI): m/z calcd for C29H32FO3 [M+H]+: 447.2330; found: 447.2337. 

2,6-di-tert-butyl-4-(2-chloro-9H-fluoren-9-yl)phenol (34j).  

 The reaction was performed at 0.096 mmol scale of 33j; Rf = 0.3 (10% EtOAc 

in hexane); colourless solid (33.1 mg, 83 % yield); m. p. = 90-91 oC; 1H NMR 

(400 MHz, CDCl3) δ 8.64 – 8.61 (m, 1H), 8.55 (d, J = 7.8 Hz, 1H), 7.64 – 7.58 

(m, 1H), 7.53 – 7.48 (m, 3H), 7.36 – 7.30 (m, 1H), 7.24 (s, 2H), 6.24 (d, J = 

6.9 Hz, 1H), 5.42 (s, 1H), 1.50 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 

159.9 (d JC-F = 249.5 Hz), 154.0, 145.5 (d JC-F = 3.5 Hz), 137.1, 133.8 (d JC-F = 3.1 Hz), 133.6, 

128.0, 127.6, 127.0 (d JC-F = 9.6 Hz), 126.0, 125.6 (d JC-F = 2.4 Hz), 124.7, 124.4, 123.1, 120.6 

(d JC-F = 2.3 Hz), 119.1 (d JC-F = 3.4 Hz), 114.6, (d JC-F = 8.1 Hz), 113.0 (d JC-F = 23.3 Hz) 34.7, 

30.5; 19F NMR (376 MHz, CDCl3) δ -114.6; FT-IR (neat): 3630, 3079, 2943, 1597, 1434, 1390, 

1233, 1152, 765 cm-1; HRMS (ESI): m/z calcd for C28H30FO2 [M+H]+: 417.2224; found: 

417.2224. 

2,6-di-tert-butyl-4-(2-fluoro-9H-fluoren-9-yl)phenol (34k).  
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 The reaction was performed at 0.096 mmol scale of 33k; Rf = 0.3 (10% 

EtOAc in hexane); colourless solid (35.2 mg, 88 % yield); m. p. = 99-101 oC; 

1H NMR (400 MHz, CDCl3) δ 8.63 (t, J = 8.6 Hz, 2H), 8.38 (d, J = 8.0 Hz, 

1H), 7.73 – 7.63 (m, 2H), 7.25 – 7.20 (m, 3H), 7.10 (dd, J = 8.5, 2.6 Hz, 1H), 

5.72 (s, 1H), 5.45 (s, 1H), 1.49 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) 

δ 161.9 (d JC-F = 242.8 Hz), 154.4, 147.4, 137.7, 135.0 (d JC-F = 8.8 Hz), 130.8, 127.5, 126.5, 

125.0, 124.9, 124.4 (d JC-F = 9.0 Hz), 123.2 (d JC-F = 1.7 Hz), 122.5, 117.9 (d JC-F = 3.9 Hz), 

112.6 (d JC-F = 23.9 Hz), 110.3 (d JC-F = 22.3 Hz), 34.7, 30.5; 19F NMR (376 MHz, CDCl3) δ -

114.3; FT-IR (neat): 3636, 3071, 2958, 1434, 1390, 1235, 1159, 745 cm-1; HRMS (ESI): m/z 

calcd for C28H30FO2 [M+H]+: 417.2224; found: 417.2224. 

4-(11H-benzo[a]fluoren-11-yl)-2,6-di-tert-butylphenol (34l).  

The reaction was performed at 0.099 mmol scale of 33l; Rf = 0.4 (10% EtOAc 

in hexane); colourless solid (34.4 mg, 86 % yield); m. p. = 123-125 oC; 1H NMR 

(400 MHz, CDCl3) δ 8.36 (d, J = 8.1 Hz, 1H), 8.31 (d, J = 8.2 Hz, 1H), 7.95 (d, 

J = 5.4 Hz, 1H), 7.64 – 7.57 (m, 2H), 7.45 (s, 2H), 7.37 (d, J = 5.4 Hz, 1H), 

6.50 (s, 1H), 5.80 (s, 1H), 5.44 (s, 1H), 1.50 (s, 18H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 158.1, 154.4, 145.4, 140.1, 137.6, 130.0, 129.2, 126.9, 126.5, 126.5, 125.8, 125.1, 

123.6, 123.4, 123.2, 122.3, 116.9, 34.7, 30.5; FT-IR (neat): 3637, 3074, 2956, 1597, 1458, 

1390, 1233, 1152, 746 cm-1; HRMS (ESI): m/z calcd for C28H29O2S [M+H]+: 405.1883; found: 

405.1886. 

6-(3,5-di-tert-butyl-4-hydroxyphenyl)-11-methyl-11H-benzo[a]carbazol-5-ol (34m).  

The reaction was performed at 0.89 mmol scale of 34a; Rf = 0.3 (20% EtOAc 

in hexane); colourless solid (36.8 mg, 92 % yield); m. p. = 135-137 oC; 1H 

NMR (400 MHz, CDCl3) δ 8.81 (d, J = 8.4 Hz, 1H), 8.55 (d, J = 7.7 Hz, 1H), 

8.41 (d, J = 8.2 Hz, 1H), 7.73 (t, J = 7.3 Hz, 1H), 7.50 (t, J = 7.7 Hz, 1H), 

7.41 – 7.34 (m, 3H), 7.32 (s, 2H), 5.70 (s, 1H), 5.50 (s, 1H), 3.29 (s, 3H), 

1.50 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 154.7, 148.5, 140.6, 137.64, 137.60, 129.9, 

128.5, 127.5, 123.8, 123.7, 123.0, 122.9, 122.7, 121.1, 120.1, 120.0, 110.2, 109.5, 108.9, 34.7, 

31.8, 30.5; FT-IR (neat): 3637, 3054, 2950, 2816, 1685, 1597, 1434, 1390, 1233, 1152, 746 

cm-1;  HRMS (ESI): m/z calcd for C31H34NO2 [M+H]+: 452.2584; found: 452.2584. 

3-(3,5-di-tert-butyl-4-hydroxyphenyl)-1-methyl-1,3-dihydro-4H-

benzo[4,5]cyclohepta[1,2,3-cd]indol-4-one (34n). 
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 The reaction was performed at 0.089 mmol scale of 33n; Rf = 0.6 (20% 

EtOAc in hexane); colourless solid (29.9 mg, 75 % yield); m. p. = 178-189 

oC; 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.0 Hz, 1H), 7.51 (t, J = 4.3 

Hz, 1H), 7.43 – 7.36 (m, 3H), 7.19 – 7.14 (m, 2H), 6.87 (s, 2H), 5.38 (s, 1H), 

5.00 (s, 1H), 3.83 (s, 3H), 1.23 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) 

δ 201.8, 152.7, 140.4, 137.8, 135.7, 135.0, 131.0, 130.3, 129.6, 127.4, 126.9, 125.0, 124.3, 

122.5, 119.8, 110.5, 109.6, 60.0, 34.3, 30.3; FT-IR (neat): 3637, 3074, 2956, 1621, 1597, 1434, 

1390, 1233, 1152, 746 cm-1; HRMS (ESI): m/z calcd for C31H34NO2 [M+H]+: 452.2584; found: 

452.2584. 

4-(7H-benzo[c]fluoren-7-yl)-2,6-di-tert-butylphenol (40o).  

 The reaction was performed at 0.101 mmol scale of 34a; Rf = 0.4 (10% EtOAc 

in hexane); colourless solid (39.3 mg, 98 % yield); m. p. = 135-137 oC; 1H NMR 

(400 MHz, CDCl3) δ 8.65 (d, J = 9.1 Hz, 1H), 8.61 (d, J = 8.1 Hz, 1H), 7.88 (d, 

J = 2.8 Hz, 1H), 7.51 – 7.46 (m, 3H), 7.37 (dd, J = 6.3, 2.8 Hz, 1H), 7.28 (s, 2H), 

5.69 (s, 1H), 5.46 (s, 1H), 4.03 (s, 3H), 1.52 (s, 18H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 158.6, 154.2, 145.9, 137.4, 133.9, 127.9, 128.0, 126.6, 126.3, 125.9, 125.7, 125.3, 

125.0, 124.4, 124.0, 122.1, 117.8, 103.1, 55.6, 34.7, 30.5; FT-IR (neat): 3637, 3078, 2952, 

1597, 1434, 1390, 1233, 1152, 748 cm-1; HRMS (ESI): m/z calcd for C32H33O3 [M+H]+: 

429.2424; found: 429.2424. 

2,6-di-tert-butyl-4-(1-methoxy-7H-benzo[de]anthracen-7-yl)phenol (40p).  

 The reaction was performed at 0.101 mmol scale of 34a; Rf = 0.4 (10% 

EtOAc in hexane); colourless solid (39.1 mg, 98 % yield); m. p. = 154-156 

oC; 1H NMR (400 MHz, CDCl3) δ 8.61 – 8.59 (m, 1H), 8.31 (d, J = 9.0 Hz, 

1H), 8.09 (d, J = 2.6 Hz, 1H), 7.50 – 7.46 (m, 3H), 7.32 (dd, J = 6.6, 2.4 Hz, 

1H), 7.24 (s, 2H), 5.64 (s, 1H), 5.42 (s, 1H), 4.06 (s, 3H),  1.50 (s, 18H); 

13C{1H} NMR (100 MHz, CDCl3) δ 159.0, 154.1, 146.5, 137.4, 133.7, 132.5, 128.1, 127.0, 

125.9, 125.8, 125.0, 124.8, 123.5, 122.7, 119.6, 116.5, 104.2, 55.6, 34.7, 30.5; FT-IR (neat): 

3637, 3074, 2956, 1621, 1597, 1434, 1390, 1233, 1152, 746 cm-1; HRMS (ESI): m/z calcd for 

C32H33O3 [M+H]+: 429.2424; found: 429.2424. 

2,6-di-tert-butyl-4-(1,3-dimethoxy-9H-fluoren-9-yl)phenol (34q).  
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The reaction was performed at 0.101 mmol scale of 34a; Rf = 0.4 (10% 

EtOAc in hexane); colourless solid (39.1 mg, 98 % yield); m. p. = 131-133 

oC; 1H NMR (400 MHz, CDCl3) δ 8.62 (d, J = 9.1 Hz, 1H), 8.58 (d, J = 

8.2 Hz, 1H), 7.74 (d, J = 2.6 Hz, 1H), 7.50 – 7.39 (m, 3H), 7.33 (dd, J = 

6.4, 2.6 Hz, 1H),  7.24 (s, 2H), 5.65 (s, 1H), 5.43 (s, 1H), 4.25 (q, J = 7.0 

Hz, 2H), 1.54 (t, J = 7.3 Hz, 3H), 1.50 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 158.0, 

154.1, 145.9, 137.4, 131.9, 127.9, 126.6, 126.3, 125.8, 125.7, 125.2, 124.4, 124.0, 123.3, 122.1, 

118.8, 118.3, 103.8, 63.8, 34.7, 30.5, 15.0; FT-IR (neat): 3637, 3576, 3074, 2956, 1597, 1434, 

1390, 1233, 1152, 746 cm-1;  HRMS (ESI): m/z calcd for C30H35O3 [M+H]+: 443.2581; found: 

443.2571. 

2,6-di-tert-butyl-4-(2,3-dimethoxy-9H-fluoren-9-yl)phenol (34r).  

The reaction was performed at 0.101 mmol scale of 34a; Rf = 0.4 (10% 

EtOAc in hexane); colourless solid (39.1 mg, 98 % yield); m. p. = 162-164 

oC; 1H NMR (400 MHz, CDCl3) δ 8.53 – 8.51 (m, 1H), 8.00 (s, 1H), 7.72 

(s, 1H), 7.48 – 7.41 (m, 3H), 7.24 (s, 2H), 5.64 (s, 1H), 5.42 (s, 1H), 4.16 (s, 

3H), 4.08 (s, 3H), 1.49 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 154.0, 

149.8, 149.5, 145.8, 137.4, 132.4, 128.1, 125.9, 125.8, 125.76, 125.0, 123.6, 122.2, 119.7, 

117.0, 103.4, 103.1, 56.1, 34.7, 30.5; FT-IR (neat): 3637, 3074, 2956, 1621, 1597, 1434, 1390, 

1233, 1152, 746 cm-1; HRMS (ESI): m/z calcd for C29H33O3 [M+H]+: 458.2457; found: 

58.2451. 

2,6-di-tert-butyl-4-(1-methoxy-7H-benzo[de]anthracen-7-yl)phenol (34s).  

The reaction was performed at 0.101 mmol scale of 34a; Rf = 0.4 (10% EtOAc 

in hexane); colourless solid (34.1 mg, 85 % yield); m. p. = 135-137 oC; 1H 

NMR (400 MHz, CDCl3) δ 8.62 (d, J = 9.1 Hz,21H), 8.37 (d, J = 1.9 Hz, 1H), 

7.66 – 7.63 (m, 1H), 7.53 – 7.49 (m, 3H), 7.24 (s, 2H), 5.68 (s, 1H), 5.45 (s, 

1H), 1.50 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 154.3, 145.5, 137.6, 

133.0, 132.8, 129.3, 127.8, 127.5, 127.1, 126.2, 126.1, 125.9, 124.5, 124.34, 124.32, 122.6, 

119.4, 34.7, 30.5; FT-IR (neat): 3642, 3070, 2953, 1597, 1434, 1390, 1233, 1152, 912, 746 cm-

1;  HRMS (ESI): m/z calcd for C32H33O2 [M+H]+: 433.1929; found: 433.1925. 

 

2,6-di-tert-butyl-4-(3-methoxy-11H-benzo[a]fluoren-11-yl)phenol (34t).  
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 The reaction was performed at 0.101mmol scale of 34a; Rf = 0.4 (10% EtOAc 

in hexane); colourless solid (35.6 mg, 89 % yield); m. p. = 85-87 oC; 1H NMR 

(400 MHz, CDCl3) δ 8.63 (t, J = 8.6 Hz, 2H), 8.38 (d, J = 8.0 Hz, 1H), 7.73 – 

7.63 (m, 2H), 7.25 – 7.20 (m, 3H), 7.10 (dd, J = 8.5, 2.6 Hz, 1H), 5.72 (s, 1H), 

5.45 (s, 1H), 1.49 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 161.9 (d JC-F 

= 242.8 Hz), 154.4, 147.4, 137.7, 135.0 (d JC-F = 8.8 Hz), 130.8, 127.5, 126.5, 125.0, 124.9, 

124.4 (d JC-F = 9.0 Hz), 123.2 (d JC-F = 1.7 Hz), 122.5, 117.9 (d JC-F = 3.9 Hz), 112.6 (d JC-F = 

23.9 Hz), 110.3 (d JC-F = 22.3 Hz), 34.7, 30.5; 19F NMR (376 MHz, CDCl3) δ -114.3; FT-IR 

(neat): 3636, 3071, 2958, 1434, 1390, 1235, 1159, 745 cm-1; HRMS (ESI): m/z calcd for 

C28H30FO2 [M+H]+: 417.2224; found: 417.2224. 

11-(3,5-di-tert-butyl-4-hydroxyphenyl)dibenzo[b,f]oxepin-10(11H)-one (34u). 

The reaction was performed at 0.064 mmol scale of 33u; Rf = 0.3 (10% 

EtOAc in hexane); colourless solid (36.1 mg, 90 % yield); m. p. = 168-169 

oC; 1H NMR (400 MHz, CDCl3) δ 7.78 – 7.76 (m, 1H), 7.43 – 7.40 (m, 3H), 

7.33 (d, J = 7.6 Hz, 1H), 7.18 (d, J = 4.3 Hz, 1H), 7.13 (s, 2H), 7.03 – 7.01 

(m, 2H), 6.72 (s, 1H), 5.66 (s, 1H), 1.39 (s, 18H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 201.8, 154.1, 152.2, 151.0, 138.2, 138.1, 136.0, 132.2, 127.9, 126.9, 126.0, 124.7, 

124.6, 123.4, 122.3, 121.7, 120.8, 117.8, 116.5, 60.0, 34.7, 30.6; FT-IR (neat): 3637, 3074, 

2956, 1680, 1597, 1434, 1390, 1233, 1152, 746 cm-1; HRMS (ESI): m/z calcd for C28H31O3 

[M+H]+: 415.2268; found: 415.2269. 

12-(3,5-di-tert-butyl-4-hydroxyphenyl)-6H-dibenzo[b,f]oxocin-11(12H)-one (34v). 

 The reaction was performed at 0.089 mmol scale of 33v; Rf = 0.6 (20% 

EtOAc in hexane); colourless solid (31.7 mg, 79 % yield); m. p. = 177-179 

oC; 1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 9.0 Hz, 1H), 7.68 – 7.66 

(m, 1H), 7.52 (d, J = 5.4 Hz, 1H), 7.45 – 7.42 (m, 2H), 7.16 (s, 2H), 6.98 

– 6.90 (m, 3H), 6.72 (s, 1H), 5.48 (s, 1H), 5.20 (s, 2H), 1.43 (s, 18H); 

13C{1H} NMR (100 MHz, CDCl3) δ 201.8, 157.8, 152.2, 138.1, 137.6, 132.9, 132.1, 129.2, 

127.8, 126.5, 126.2, 125.0, 124.7, 121.6, 117.4, 112.8, 74.8, 51.2, 35.3, 30.4; FT-IR (neat): 

3637, 3074, 2956, 1690, 1597, 1434, 1390, 1233, 1152, 746 cm-1; HRMS (ESI): m/z calcd for 

C29H33O3 [M+H]+: 429.2424; found: 429.2429. 

13-(3,5-di-tert-butyl-4-hydroxyphenyl)dibenzo[d,h][1,3]dioxonin-12(13H)-one (34w). 
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The reaction was performed at 0.089 mmol scale of 33w; Rf = 0.6 (20% 

EtOAc in hexane); colourless solid (29.5 mg, 74 % yield); m. p. = 188-

191 oC; 1H NMR (400 MHz, CDCl3) δ 7.59 – 7.56 (m, 1H), 7.48 (t, J = 

7.0 Hz, 1H), 7.24 – 7.20 (m, 3H), 7.13 – 7.06 (m, 2H), 6.85 (d, J = 6.7 

Hz, 1H), 6.0 (s, 1H), 5.59 (d, J = 6.2 Hz, 1H), 5.32 (d, J = 4.3 Hz, 1H),  5.17 (s, 1H), 1.40 (s, 

18H); 13C{1H} NMR (100 MHz, CDCl3) δ 202.1, 156.9, 155.5, 153.3, 135.8, 133.1, 130.4, 

129.84, 129.80, 128.8, 127.51, 127.45, 127.40, 125.6, 125.4, 122.7, 122.5,  102.5, 102.4,  58.6,  

34.5, 30.5; FT-IR (neat): 3637, 3074, 2956, 1706, 1597, 1434, 1390, 1233, 1152, 746 cm-1; 

HRMS (ESI): m/z calcd for C29H32O4 [M+H]+: 445.2373; found: 445.2373. 

14-(3,5-di-tert-butyl-4-hydroxyphenyl)-6,7-dihydrodibenzo[e,i][1,4]dioxecin-13(14H)-

one (34x). 

The reaction was performed at 0.089 mmol scale of 33x; Rf = 0.6 (20% 

EtOAc in hexane); colourless solid (23.3 mg, 58 % yield); m. p. = 193-

194 oC; 1H NMR (400 MHz, CDCl3) δ 7.62 – 7.61 (m, 1H), 7.51 (t, J = 

7.0 Hz, 1H), 7.26 – 7.23 (m, 3H), 7.17 – 7.5 (m, 2H), 6.98 (d, J = 6.7 Hz, 

1H), 6.10 (s, 1H),  5.17 (s, 1H), 4.01 – 397 (m, 4H), 1.39 (s, 18H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 201.6, 157.2, 154.5, 151.8, 135.1, 133.0, 130.2, 129.8, 129.6, 128.0, 127.5, 127.3, 

126.9, 125.6, 125.4, 122.9, 122.6, 102.7, 102.1, 58.1, 34.7, 30.3; FT-IR (neat): 3637, 3074, 

2956, 1701, 1597, 1434, 1390, 1233, 1152, 746 cm-1; HRMS (ESI): m/z calcd for C30H34O4 

[M+H]+: 459.3530; found: 459.3533; 

15-(3,5-di-tert-butyl-4-hydroxyphenyl)-7,8-dihydro-6H-

dibenzo[f,j][1,5]dioxacycloundecin-14(15H)-one (34y). 

The reaction was performed at 0.089 mmol scale of 33y; Rf = 0.6 (20% 

EtOAc in hexane); colourless solid (19.5 mg, 49 % yield); m. p. = 201-

203 oC; 1H NMR (400 MHz, CDCl3) δ 7.93 – 7.92 (m, 1H), 7.48 (t, J = 

6.2 Hz, 1H), 7.35 – 7.31 (m, 3H), 7.13 – 7.06 (m, 2H), 6.89 (d, J = 8.3 

Hz, 1H), 6.12 (s, 1H), 5.17 (s, 1H), 3.19 (t, J = 5.9 Hz, 4H), 1.92 – 1.87 (m, 2H),  1.41 (s, 18H); 

13C{1H} NMR (100 MHz, CDCl3) δ 203.2, 157.8, 157.1, 152.3, 133.8, 133.1, 131.4, 129.8, 

129.6, 128.1, 127.4, 127.3, 127.0, 125.1, 124.4, 123.7, 122.5,  102.5, 102.4,  58.6, 34.5, 30.5 

21.8, ; FT-IR (neat): 3637, 3074, 2956, 1706, 1597, 1434, 1390, 1233, 1152, 746 cm-1; HRMS 

(ESI): m/z calcd for C31H36O4 [M+H]+: 476.2686; found: 476.2686 
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1H NMR spectrum of 33i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 13C NMR spectrum of 33i 
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19F NMR spectrum of 33i 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

1H NMR spectrum of 33n 
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13C NMR spectrum of 33n 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR spectrum of 33q 
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13C NMR spectrum of 33q 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1H NMR spectrum of 33w 
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13C NMR spectrum of 33w 
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13C NMR spectrum of 33i 
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1H NMR spectrum of 33n 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
13C NMR spectrum of 33n 
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1H NMR spectrum of 33q 
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57  

 

1H NMR spectrum of 33w 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

13C NMR spectrum of 33w 
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Crystal Structure of compound 34b 

 
.Identification code 34b 

Empirical formula C29H32O3 

Formula weight 428.55 

Temperature/K 298.0 

Crystal system monoclinic 

Space group C2/c 

a/Å 32.7513(12) 

b/Å 5.7432(2) 

c/Å 26.9363(11) 

α/° 90.00 

β/° 111.567(4) 

γ/° 90.00 

Volume/Å3 4711.9(3) 

Z 8 

ρcalcg/cm3 1.208 

μ/mm-1 0.077 

F(000) 1840.0 

Crystal size/mm3 0.2 × 0.2 × 0.2 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 5.34 to 65.5 

Index ranges -48 ≤ h ≤ 49, -8 ≤ k ≤ 8, -40 ≤ l ≤ 40 

Reflections collected 64908 

Independent reflections 8628 [Rint = 0.0397, Rsigma = 0.0257] 

Data/restraints/parameters 8628/0/301 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ (I)] R1 = 0.0736, wR2 = 0.2104 

Final R indexes [all data] R1 = 0.1133, wR2 = 0.2557 

Largest diff. peak/hole / e Å-3 0.49/-0.23 
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Crystal Structure of compound 34n 
 

.Identification code 34n 

Empirical formula C31H33NO2 

Formula weight 451.2551 

Temperature/K 298.0 

Crystal system Monoclinic 

Space group C2/c 

a/Å 32.7513(12) 

b/Å 5.7432(2) 

c/Å 26.9363(11) 

α/° 90.00 

β/° 111.567(4) 

γ/° 90.00 

Volume/Å3 4711.9(3) 

Z 8 

ρcalcg/cm3 1.208 

μ/mm-1 0.077 

F(000) 1840.0 

Crystal size/mm3 0.2 × 0.2 × 0.2 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 5.34 to 65.5 

Index ranges -48 ≤ h ≤ 49, -8 ≤ k ≤ 8, -40 ≤ l ≤ 40 

Reflections collected 64908 

Independent reflections 8628 [Rint = 0.0397, Rsigma = 0.0257] 

Data/restraints/parameters 8628/0/301 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ (I)] R1 = 0.0736, wR2 = 0.2104 

Final R indexes [all data] R1 = 0.1133, wR2 = 0.2557 

Largest diff. peak/hole / e Å-3 0.49/-0.23 
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Chapter 2  

                                                                                          Part B 

Formal Syntheses of (±)-Shoreaphenol and (±)-Malibatol A Through a BAC-

Catalyzed Intramolecular Cyclization Reactions of 2-(Formylaryl)-aryl-

substituted p-Quinone Methides.  

2.2.1 Introduction 

Resveratrol is a substance with wide applications that may be useful in promoting health 

and preventing or treating chronic diseases.1 Resveratrol has been associated with a diverse 

range of biological functions, including antioxidant,2 anticancer,3 anti-diabetic,4 

cardioprotective,5, and even anti-aging6 characteristics. Like many secondary metabolites, 

resveratrol oligomers are found in plants as dimers, trimers, tetramers, and higher-order 

oligomers and serve primarily as biological chemicals.  

 

 

Figure 1. Structure of resveratrol analogues, sharing common core structure: cycloheptenone. 
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Hopeaphenol (F), a resveratrol-based tetramer, was identified and characterized using 

single-crystal X-ray diffraction (XRD) analysis by Coggon et al.,7 was the very first 

extracted resveratrol oligomer (Figure 1). Numerous natural stilbenoids, including resveratrol, 

share a similar metabolic route that generates cinnamic acids and flavonoids through the 

phenylpropanoid pathway.8 Intriguingly, the bark of Shorea robusta and the stem wood of 

Hopea utilized were found to contain an oxidized counterpart of malibatol A known as 

shoreaphenol (A) or hopeafuran (F). For the very first time, in 1998, Boyd and co-workers 

successfully isolated four important oligostilbenes, Malibatol A (B), & B (E), Balanocarpol 

(C), and Dibalanocarpol (D) [Figure 1] form the organic extract of the leaf of Hopea Malibato.9 

Only a few synthetic approaches toward these types of compounds have been reported, despite 

their intriguing biological activities and distinctive carbon framework. Some of them are 

discussed below. 

2.2.2 Literature reports on the formal synthesis of diptoindonesin D and 

parviflorol 

A variety of resveratrol-based oligomers contain dibenzocycloheptene core; therefore 

Snyder's research group was interested in synthesizing them.10 In their strategy, a well-explored 

stilbene containing benzophenone derivative 1 was employed, and under electrophilic 

activation using bromine, the cycloheptanone derivative 3 was obtained via the cationic para-

quinone methide intermediate 2 (Scheme 1). Later a mixture of AgOAc and AcOH was 

employed to get the targeted natural product 5; it was proposed by the authors that the reaction  

 

 

Scheme 1. Preliminary efforts towards dibenzocycloheptanones by Snyder and co-workers 

 

underwent a rare aryl migration (via a dearomatized phenonium 4). Then demethylation of 5 
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was done in the presence of a mild base K2CO3 to achieve the parviflorol 6, which upon 

oxidation produced diptoindonesin D 7 in an overall yield of 15% (Scheme 1). 

2.2.3 Literature reports on total and formal syntheses of malibatol A and 

shoreophenol/hopeafuran 

In 2009, Kim and co-workers successfully developed the synthesis of permethyl 

hopeafuran and permethyl Malibatol A. They approached the synthesis of benzofuran 9 through 

a well-established Bi(OTf)3 promoted cyclodehydration of α-aryloxyketone 8 (Scheme 2).11 

Then, Pd-mediated Heck cross-coupling was accomplished to get the arylation at C-2 of the 

benzofuran moiety (11). Aldehyde 12 was then produced by the reduction of ester 11, and this 

compound served as the base for the formation of each of the three natural product analogues 

including Shoreaphenol/hopeafuran, Malibatol A & B (A & E in Figure 1). Epoxidation of 12 

via a Johnson−Corey−Chaykovsky method using sulfur ylide 13, afforded racemic 14. Upon 

exposure of 14 under acidic conditions at cryogenic temperatures produced malibatol A analog 

15 and its epimer in a diastereomeric ratio of 3:1. Shoreaphenol/hopeafuran analogue 16 was 

synthesized via subsequent oxidation in an overall yield of 11.6%. 

 

 

 

 

 

Scheme 2.  Kim’s approach for the synthesis of Malibatol A and Shoreaphenol/hopeafuran 

 

                 Later, in 2010, Chen and co-workers developed a strategy for the synthesis of 

malibatol A (B) and shoreaphenol/hopeafuran (A), both are benzofuran-containing resveratrol 

dimers (Figure 1). Conceptually, Chen’s method is similar to Kim's approach to these natural 

products (Scheme 2).12 Chen's method involved benzofuran synthesis followed by the 

construction of a 7-membered ring that was facilitated by an electrophilic intermediate. Here, 

in this case, benzofuran 18 synthesis was attained by deprotonation of the benzyloxy ether 17 
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by lithium tetramethylpiperidide (LiTMP) and attack of the resultant alkyl lithium onto the 

ketone, followed by acid-promoted dehydration. Malibatol A (B), which was produced in 6% 

overall yield by epoxidation and a one-pot cyclization/demethylation method. Later, 

Shoreaphenol (hopeafuran)[A] was produced by further oxidation of A with a 3% overall yield. 

 

 

 

Scheme 3. Chen’s Synthesis of Malibatol A and Shoreaphenol 

 

2.2.4 Background 

During the course of 9-phenanthrol synthesis using BACs catalyzed intramolecular 1,6 

conjugate addition/cyclization sequence from structurally modified p-quinone methides 

(Chapter 2, Part A), we assume that this methodology could be utilized to construct fused 

cycloheptenone moiety and eventually, to the synthesis of some of the resveratrol based natural 

products. 

 

2.2.5 Our approach 

              A general retrosynthetic analysis of malibatol A/shoreaphenol is presented in Scheme 

4. It is evident that these natural products and their related analogue could be synthesized from 

the respective and easily available derivatives of 2-bromobenzaldehydes. Thus, we began the 

synthesis by employing 2-bromo-4,6-dimethoxybenzaldehyde 19 (Scheme 5). The aldehyde 19 

was treated with 2,6-di-tert-butylphenol 20 in the presence of piperidine and acetic anhydride 

to produce 2-phenyl aryl-substituted p-QM 21 in 94% isolated yield. Subsequently, Bi(OTf)3  
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Scheme 4. Retrosynthetic analysis of malibatol A and shoreaphenol 

catalyzed reduction of para-quinone methide 21 using Hantzsch ester as a reducing source13 

gave the corresponding diarylmethane 22 with almost a quantitative yield of 99%. The 

compound 22 was then treated with n-BuLi and B(OMe)3
14 followed by hydrolysis to get the 

corresponding boronic acid derivative 23 in 74% yield. Then, the Suzuki cross-coupling 

reaction between 3-iodobenzofuran carboxaldehyde 2415 and 23, under the reaction conditions 

described before,16 proceeded well and furnished 25 in 69% yield. MnO2 mediated oxidation 

of 25 in CHCl3 under reflux condition led to the intermediate 26 in 98% yield (Scheme 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5. Synthesis of intermediate 26 
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The intermediate 26 was then subjected to a BAC-catalyzed intramolecular 1,6-

conjugate addition/cyclization sequence to produce the desired product 27 in 86% yield 

(Scheme 6). Subsequently, the de-tert-butylation17 of 27 was achieved using an excess of AlCl3 

(10 equiv.) to get the tetramethylated shoreaphenol derivative 28 in 79% yield. The reduction 

of 28 with NaBH4 provided the tetramethylated malibatol A derivative 29 in 99% yield 

(Scheme 6). However, unfortunately, the deprotection of either 28 or 29 with an excess of BBr3 

ended in the formation of complex mixtures. Further investigation is under progress using other 

deprotection methods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 6. Synthesis of tetramethylated malibatol A and shoreophenol 28 and 29 

 

2.2.6 Conclusion  

 

In summary, we have effectively employed our previously developed organocatalytic 

method (Chapter 2, Part A) to synthesize tetramethylated malibatol A and shoreophenol 

derivatives. However, unfortunately, our efforts in the deprotection of methoxy groups in both 

the tetramethylated shoreophenol and tetramethylated malibatol A were unsuccessful. Further 

investigation for the deprotection of methoxy groups with other deprotecting agents is currently 

in progress.   
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2.2.7 Experimental section: 

 

General Information. All reactions were carried out under an argon atmosphere employing 

flame-dried glassware. Most of the reagents and starting materials were purchased from 

commercial sources and used as such. Intermediate 24 was prepared by following the 

literature15 Melting points were recorded on the SMP20 melting point apparatus and were 

uncorrected. 1H, 13C, and 19F spectra were recorded in CDCl3, and DMSO-d6 (400, 100, and 

376 MHz, respectively) on Bruker FT-NMR spectrometer. Chemical shift (δ) values are 

reported in parts per million (ppm) relative to TMS, and the coupling constants (J) are reported 

in Hz. High-resolution mass spectra were recorded on Waters Q-TOF Premier-HAB213 

spectrometer. FT-IR spectra were recorded on a Perkin‒Elmer FT-IR spectrometer. Thin layer 

chromatography was performed on Merck silica gel 60 F254 TLC plates. Column 

chromatography was carried out through a silica gel (100-200 mesh) column using a mixture 

of EtOAc/hexane as eluent. 

Synthesis procedure and characterization 21 to 31 

4-(2-bromo-4,6-dimethoxybenzylidene)-2,6-di-tert-butylcyclohexa-2,5-dien-1-one (21)17  

In a Dean-Stark apparatus, a mixture of 2-bromo-4,6-

dimethoxybenzaldehyde 19 (4.1 mmol, 1 equiv.) and 2,6-di-tert-

butylphenol 20 (4.5 mmol, 1.1 equiv.) in toluene (30 mL) was heated at 100 

°C for 30 min. Piperidine (12.34 mmol, 3 equiv.) was then added to this 

reaction mixture at 100 °C in a drop-wise manner, and the resultant mixture was stirred at 150 

oC for 24 h. The reaction mixture was then cooled to 100 oC, acetic anhydride (3 equiv.) was 

added, and the resulting solution was stirred for an additional 1 h at the same temperature. The 

reaction mixture was then cooled to room temperature, poured into ice-cold water (50 mL), and 

extracted with dichloromethane (50 mL × 3). The combined organic layer was dried over 

anhydrous sodium sulfate, filtered, and concentrated under reduced pressure. The residue was 

purified by neutral alumina column chromatography using a mixture of ethyl acetate/hexane 

(2/98) to obtain pure 2-bromo 4,6-dimethoxy phenyl p-quinone methides 21 Rf
  = 0.4 (10% 

EtOAc in hexane);  yellow  solid (1.66 mg, 94% yield); m.p = 94−96 °C; 1H NMR (400 MHz, 

CDCl3) δ 7.04 (d, J = 2.4 Hz, 1H), 6.92 (d, J = 2.3 Hz, 1H), 6.88 (s, 1H), 6.83 (d, J = 2.2 Hz, 

1H), 6.47 (d, J = 2.2 Hz, 2H), 3.85, (s, 3H), 3.78, (s, 3H), 1.33 (s, 9H), 1.23 (s, 9H); 13C NMR 

(100 MHz, CDCl3) δ 187.0, 161.5, 159.0, 147.6, 147.2, 137.3, 134.5, 133.3, 130.0, 125.8, 

118.2, 109.6, 98.3, 55.8, 35.3, 35.1, 29.7, 29.6; FT-IR (thin film, neat): 2957, 2867, 1615, 1600, 
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1456, 1360, 1205, 1155 cm-1; HRMS (ESI): m/z calcd for C28H31BrO3 [M+H]+: 433.2273; 

found: 433.2278  

4-(2-bromo-4,6-dimethoxybenzyl)-2,6-di-tert-butylphenol (22) 

 p-Quinone methide (2.3 mmol) was dissolved in a mixture of Bi(OTf)3 

(0.05 mmol) and Hantzsch ester (3.45 mmol) in 15 mL of CH2Cl2, and the 

resulting mixture was stirred at room temperature (27–30 °C) until the p-

quinone methide was completely consumed (by TLC). The solvent was 

removed under reduced pressure and the crude reaction mixture was 

directly loaded on a silica gel column and purified using a hexane/EtOAc mixture as an eluent 

to obtain pure diarylmethane, Rf
 = 0.3 (5% EtOAc in hexane); colourless gummy solid (991 

mg, 99% yield); m. p. = 151-153 oC; 1H NMR (400 MHz, CDCl3) δ 7.02 (d, J = 2.5 Hz, 1H), 

6.99 (s, 2H), 6.73 (d, J = 2.5 Hz, 1H), 5.03 (s, 1H), 4.30 (s, 2H), 3.86 (s, 3H), 3.85 (s, 3H), 1.38 

(s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 159.2, 159.1, 152.0, 135.8, 135.3, 131.6, 126.7, 

124.9, 105.0, 102.6, 56.0, 55.6, 34.4, 30.5, 28.6; IR (neat): 3636, 2958, 1583, 1488, 1455, 1275, 

1153, 630 cm-1; HRMS (ESI): m/z calcd for C28H31BrO3 [M+H]+: 435.1519; found: 435.1521. 

(2-(3,5-di-tert-butyl-4-hydroxybenzyl)-3,5-dimethoxyphenyl)boronic acid (23) 

A 50 mL round-bottomed flask equipped with a temperature probe, a 

magnetic stirrer, and a septum was THF (10 mL) and put under a nitrogen 

atmosphere. The flask was charged with 22 (1.14 mmol). The solution was 

cooled to -78 °C then n-Butyllithium (2.5 M in hexanes, 1.38 mL, 3.45 

mmol) was added dropwise via a syringe pump for over 15 min. After the mixture was stirred 

for an additional 1 h, trimethy borate (382 μL, 3.45 mmol) was added dropwise, later the 

reaction mixture was allowed to warm to -20 °C and was further stirred for 5 h, and then 2 N 

HCl solution (10 mL) was added. When the mixture reached room temperature, it was 

transferred to a 100 mL separatory funnel and the organic layer was separated layers were 

separated. Now the aqueous layer is extracted with ethyl acetate (20 ml x2). The combined 

organic layer was dried over anhydrous sodium sulphate, filtered, and concentrated under 

reduced pressure. The residue was purified by recrystallization/precipitated in chloroform, a 

pale-yellow solid residue (371 mg) which was directly utilized in the next step. 

3-(2-(3,5-di-tert-butyl-4-hydroxybenzyl)-3,5-dimethoxyphenyl)-6-methoxy-2-(4-

methoxyphenyl)benzofuran-4-carbaldehyde (25) 
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Nitrogen gas was purged through a mixture of aqueous solution of 

potassium carbonate and toluene (6 mL) for 15 min and then, 

boronic acid (23) [294 mg, 0.73 mmol], Pd(PPh3)4 [56.6 mg, 0.049 

mmol] and 3-iodo-6-methoxy-2-(4-methoxyphenyl)benzofuran-

4-carbaldehyde13 (24) [200 mg, 0.490 mmol] were added to this 

mixture successively. The reaction mixture was refluxed at 100 oC for overnight. After 

completion of the reaction (monitored by TLC), the reaction mixture was diluted with ethyl 

acetate (30 mL) and water (10 mL). The organic layer was separated, and the aqueous layer 

was extracted with ethyl acetate (30 mL × 2). The combined organic layer was dried over 

anhydrous sodium sulphate, filtered, and concentrated under reduced pressure. The residue was 

purified through silica gel column chromatography using hexane/EtOAc to obtain pure 

compound 25 as white solid (138 mg, 69% yield); Rf
 = 0.2 (5% EtOAc in hexane); m. p. = 152-

154 oC; 1H NMR (400 MHz, CDCl3) δ 9.19 (s, 1H), 7.36 (d, J = 9.00 Hz, 2H), 7.31 (d, J = 2.32 

Hz, 1H), 7.26 (d, J = 2.36 Hz, 1H), 6.76 (d, J = 9.00 Hz, 1H), 6.66 (d, J = 2.28 Hz, 1H), 6.57 

(s, 2H), 6.41 (d, J = 2.44 Hz, 1H), 4.76 (s, 1H), 3.99 (s, 3H), 3.88 (s, 3H), 3.77 (s, 3H), 3.37 (s, 

3H), 1.17 (s, 18H) 13C{1H} NMR (100 MHz, CDCl3) δ 189.1, 159.9, 159.8, 159.2, 157.3, 

155.3, 151.8, 151.5, 135.8, 135.2, 131.2, 129.4, 127.6, 126.9, 125.0, 123.5, 122.9, 114.1, 113.9, 

106.9, 105.7, 103.1, 99.4, 56.1, 55.7, 55.5 55.3, 33.9, 34.0, 30.0; IR (neat): 2924, 1735, 1512, 

1273, 1254, 1038, 832 cm-1; HRMS (ESI): m/z calcd for C23H19O4 [M+H]+: 637.3160; found : 

637.3163. 

3-(2-((3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)methyl)-3,5-

dimethoxyphenyl)-6-methoxy-2-(4-methoxyphenyl)benzofuran-4-carbaldehyde 26 

A suspension of benzofuran derivative 25 (2.5 mmol) and MnO2 (3 

mmol) in ethanol-free chloroform (15 ml, filtered through activated 

basic alumina) was refluxed for 3 hr under nitrogen. The reaction 

mixture was filtered off and washed with chloroform, and the 

solvent was evaporated in vacuo from the combined filtrates to give a yellow-coloured residue 

which was purified through silica gel column chromatography using hexane/EtOAc to obtain 

pure compound 26 as a white solid (138 mg, 69% yield); Rf
 = 0.2 (5% EtOAc in hexane); m. 

p. = 152-154 oC; 1H NMR (400 MHz, CDCl3) δ 9.82 (s, 1H), 7.44 (d, J = 2.3 Hz, 1H), 7.39 (d, 

J = 8.96 Hz, 1H), 7.33 (d, J = 2.3 Hz, 1H), 6.76-6.77 (m, 3H), 6.67 (d, J = 2.3 Hz, 1H), 6.65 

(d, J = 2.3 Hz, 1H), 6.57 (d, J = 1.8 Hz, 1H), 6.49 (s, 1H), 3.90 (s, 3H), 3.84 (s, 3H), 3.83 (s, 

3H), 3.76 (s, 3H), 1.77 (s, 9H), 1.16 (s, 9H)  13C{1H} NMR (100 MHz, CDCl3) δ 189.2, 186.8, 

162.2, 160.1, 158.7, 157.7, 155.7, 153.1, 147.1, 146.5, 136.9, 134.5, 133.3, 129.7, 129.5, 127.9, 
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125.6, 122.6, 117.9, 114.2, 112.9, 108.2, 107.0, 103.5, 99.3, 56.3, 55.7, 55.3, 35.1, 34.9, 31.7, 

29.6, 22.8, 14.3 ; IR (neat): 2924, 1740, 1681, 1519, 1273, 1254, 1038, 832 cm-1; HRMS (ESI): 

m/z calcd for C23H19O4 [M+H]+: 637.3160; found : 637.3163. 

11-(3,5-di-tert-butyl-4-hydroxyphenyl)-1,3,8-trimethoxy-5-(4-

methoxyphenyl)benzo[6,7]cyclohepta[1,2,3-cd]benzofuran-10(11H)-one (27) 

An oven-dried Schlenk tube with a magnet stir bar was applied full 

Schlenk conditions and charged with BACs precursor 28 (0.02 mmol) and 

benzofuran-substituted p-quinone methides 26 (p-QMs) [0.1mmol]. The 

tube underwent deaeration cycles three times. followed by the addition of 

DBU (0.02 mmol) and CH2Cl2 (1 ml) under argon. The mixture was 

sealed and stirred at room temperature. The reaction was monitored by TLC, and the reaction 

mixture was concentrated under reduced pressure and directly loaded onto a silica-gel column 

and was purified using EtOAc in hexane as an eluent to provide pure cyclic compound 27 pale 

yellow solid ( 54.6 mg, 86% yield); Rf
 = 0.2 (10% EtOAc in hexane); m. p. = 252-254 oC; 1H 

NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.9 Hz, 2H), 7.44 (d, J = 2.2 Hz, 1H), 7.08 (d, J = 2.2 

Hz, 1H), 6.93 (d, J = 8.8 Hz, 1H), 6.78 (d, J = 2.4 Hz, 1H),  6.68 (d, J = 6.8 Hz, 1H), 6.76-6.77 

(m, 3H), 6.67 (d, J = 2.3 Hz, 1H), 6.65 (d, J = 2.3 Hz, 1H), 6.57 (d, J = 1.8 Hz, 2H), 6.51 (d, J 

= 2.4 Hz, 1H), 6.19 (s, 1H), 4.84 (s, 1H),  3.89 (s, 3H), 3.88 (s, 3H), 3.87 (s, 3H), 3.85 (s, 3H), 

1.73 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 189.2, 186.8, 162.2, 160.1, 158.7, 157.7, 

155.7, 153.1, 147.1, 146.5, 136.9, 134.5, 133.3, 129.7, 129.5, 127.9, 125.6, 122.6, 117.9, 114.2, 

112.9, 108.2, 107.0, 103.5, 99.3, 56.3, 55.7, 55.3, 35.1, 34.9, 31.7, 29.6, 22.8, 14.3 ; IR (neat): 

2924, 1778, 1505, 1273, 1254, 1038, 832 cm-1; HRMS (ESI): m/z calcd for C33H28O7 [M-H]-: 

533.2858, found 533.2858.  

11-(4-hydroxyphenyl)-1,3,8-trimethoxy-5-(4-methoxyphenyl)benzo[6,7]cyclohepta[1,2,3-

cd]benzofuran-10(11H)-one  (29) 

AlCl3 (66.6 mg, 0.5 mmol) was added to a solution of compound 27 

(40 mg, 0.063 mmol) in 3 mL of toluene, and the resultant mixture was 

stirred at 50 ℃ for 6 h. It was then transferred to a separatory funnel 

containing 1:1 ice/1 N HCl solution and extracted with ethyl acetate (3 

× 10 mL). The combined organic layer was washed with sat. aq. 

NaHCO3 and brine solution successively dried over anhydrous Na2SO4 and concentrated under 

a vacuum. The crude material obtained was then purified through column chromatography 

(40% acetone in hexane) to get pure permethyl Shoreaphenol (29) as pale-yellow gummy solid 

(27.7 mg, 55% yield). Rf
  = 0.3 (70% EtOAc in hexane); 1H NMR (400 MHz, DMSO-d6) δ 9.16 
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(s, 1H), 7.72 (d, J = 8.8, Hz, 2H), 7.39 (d, J = 2.2 Hz, 1H), 7.27 (d, J = 2.2 Hz, 1H), 7.13 (d, J 

= 8.8 Hz, 2H),  6.68-6.63 (m, 4H), 6.67 (d, J = 8.6 Hz, 2H), 5.96 (s, 1H), 3.86 (s, 3H),  3.85 (s, 

3H), 3.84 (s, 3H), 3.53 (s, 3H),; 13C{1H} NMR (100 MHz, CDCl3) δ 195.0, 160.6, 159.2, 158.8, 

157.4, 155.6, 153.4, 152.5, 133.3, 130.0, 129.3, 127.9, 127.2, 122.1, 115.2, 115.0, 114.9, 114.7, 

110.2, 106.0, 100.9, 98.4, 56.3, 56.0, 55.4, 54.8, 54.5, ; IR (neat): 2924, 1780, 1682, 1505, 

1273, 1254, 1038, 832 cm-1; HRMS (ESI): m/z calcd for HRMS (ESI): m/z calcd for C33H28O7 

[M+H]+: 536.1835, found 536.1833.   

11-(4-hydroxyphenyl)-1,3,8-trimethoxy-5-(4-methoxyphenyl)benzo[6,7]cyclohepta[1,2,3-

cd]benzofuran-10(11H)-one  (30) 

To a solution of 29 (15 mg, 0.028 mmol) in 3 mL of MeOH/THF (1/1) 

was added NaBH4 (2.6 mg, 2.5 equiv) at 0 ◦C. After 30 min, the 

mixture was quenched with saturated NH4Cl at 0 ◦C. After the mixture 

was concentrated in vacuo, the residue was diluted with ethyl acetate 

and washed with brine. The organic layer was dried over MgSO4, 

filtered, and evaporated in vacuo to give the crude permethyl MalibatolA (30) as pale-yellow 

gummy solid (27.7 mg, 55% yield). Rf
  = 0.3 (70% EtOAc in hexane); 1H NMR (400 MHz, 

DMSO-d6) δ 9.16 (s, 1H), 7.72 (d, J = 8.8, Hz, 2H), 7.39 (d, J = 2.2 Hz, 1H), 7.27 (d, J = 2.2 

Hz, 1H), 7.13 (d, J = 8.8 Hz, 2H),  6.68-6.63 (m, 4H), 6.67 (d, J = 8.6 Hz, 2H), 5.96 (s, 1H), 

3.86 (s, 3H),  3.85 (s, 3H), 3.84 (s, 3H), 3.53 (s, 3H),; 13C{1H} NMR (100 MHz, CDCl3) δ 

161.6, 159.2, 158.8, 156.4, 155.7, 153.4, 152.5, 136.3, 133.0, 129.3, 128.9, 127.2, 123.1, 118.2, 

115.0, 1143.9, 114.7, 111.2, 106.0, 100.9, 98.4, 56.3, 56.0, 55.4, 54.8, 54.5, ; IR (neat): 3400, 

2924, 1682, 1505, 1273, 1254, 1038, 832 cm-1; HRMS (ESI): m/z calcd for C33H30O7 [M+H]+: 

538.1992, found 538.1995.  
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1H NMR (400 MHz, CDCl3) spectrum of compound 21 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

13C NMR (100 MHz, CDCl3) spectrum of compound 21 
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1H NMR (400 MHz, CDCl3) spectrum of compound 22 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR (100 MHz, CDCl3) spectrum of compound 22 
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1H NMR (400 MHz, CDCl3) spectrum of compound 25 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR (100 MHz, CDCl3) spectrum of compound 25 
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1H NMR (400 MHz, CDCl3) spectrum of compound 26 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR (100 MHz, CDCl3) spectrum of compound 26 
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1H NMR (400 MHz, CDCl3) spectrum of compound 28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR (100 MHz, CDCl3) spectrum of compound 28 
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1H NMR (400 MHz, CDCl3) spectrum of compound 29 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C NMR (100 MHz, CDCl3) spectrum of compound 29 
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Chapter 3 

Bis(amino)cyclopropenium Ion as a Hydrogen-bond Donor 

Catalyst for 1,6-Conjugate Addition Reactions 

3.1 Introduction 

The concept of hydrogen bonding has been well-acknowledged in the fields of 

chemistry, biology, and crystal engineering.1 One of the major breakthroughs, and relatively 

recent evolution, in this area, is ‘hydrogen-bond donor catalysis’,2 which basically relies on 

the activation of organic molecules and/or stabilization of the key transition state(s) by the 

catalyst through hydrogen bonding interactions and, subsequently, enhance the rate of the 

reaction. As a major part of ‘non-covalent organocatalysis’, this particular advancement has 

been appreciated in many organic transformations,3 including asymmetric synthesis.4 In recent 

years, another sub-area in organocatalysis, called ‘ionic liquid catalysis’ has emerged. 

Although the concepts of ‘catalysis in ionic liquid medium’5 and ‘catalysis by ionic liquids’6 

have been well established, the catalytic activation of organic molecules by ionic liquids 

through non-covalent hydrogen bonding interactions is relatively a new concept and still up-

and-coming. It is noteworthy to mention that most of the ionic liquids, utilized in hydrogen 

bond donor catalysis, are based on imidazolium salts. In fact, the modes of hydrogen bonding 

interactions of the C-2 hydrogen of the imidazolium salts in catalytic activation have been 

extensively studied through experimental as well as computational methods.7 Some of the 

imidazolium salts have been utilized as hydrogen bond donor catalysts in fundamental organic 

transformations.  

3.2 Literature reports on the imidazolium-based H-bond donor catalysts 

In 2009, Chakraborti and co-workers reported the deprotection of the Boc group from 

the carbonate 1 to get 2-naphthol 3 in 98% yield in the presence of a triazolium salt 4 (10 mol 

%). The reaction is believed to proceed via complex 2 (Scheme 1).8a Later in 2012, the same 

research group employed triazolium salt 8 for the Friedel-Crafts type reaction of benzyl amine 

6 and enones 5 to access alkylated benzylamines 7 (Scheme 1).8b 
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Scheme 1. Triazolium salt catalyzed O-t-Boc deprotection and aza-Michael reaction. 

In 2013, Cannon and co-workers established an imidazolium salt 11 catalyzed 

acetylation of aryl aldehydes (9) in the presence of methanol. The author has suggested that the 

reaction worked well irrespective of the electronic nature of aldehyde and the respective acetals 

(10) were obtained in excellent yields within 24 h (Scheme 2).9  

 

 

 

Scheme 2. Imidazolium salt catalyzed acetylation reaction. 

Recently, in 2018, Dyson and co-workers described the synthesis of a cyclic carbonate 

13 through a formal [3+2]-annulation of the epoxide 12 with CO2 using an imidazolium salt 

14. DFT-based calculations have shown that the reaction proceeds through a hydrogen bonding 

interaction between epoxide 12 and catalyst 14 (Scheme 3).10  

 

 

 

 

 

Scheme 3. Imidazolium salt-catalyzed cycloaddition of CO2 into epoxides 

 

3.2.1 Imidazolium/triazolium catalyzed conjugate addition reactions 

A few reports are available for the imidazolium salt-catalyzed conjugate addition reactions of 

enones and dienones with C-nucleophiles; some examples are listed below. 
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3.2.2 1,4 Conjugate addition reactions 

Tamamura and co-workers reported an imidazolium salt-catalyzed Friedel-Crafts-type 

reaction of indoles (15) with enones (16) to access 3-alkylated indoles (17) [Scheme 4].11 Based 

on control experiments and computational methods, the authors proposed that the indole is 

activated by the imidazolium salt through cation- interaction (TS 18) and, at the same time, 

the counter anion (Cl– in their case) acts as a Lewis base to abstract the indole NH proton.11  

 

Scheme 4: Friedel-Crafts-type conjugate addition of indole (15) to chalcone using an 

imidazolium salt catalyst. 

 

3.2.3 1,6-Conjugate addition reactions 

Recently, Guin’s group demonstrated a chiral NHC (24) catalyzed enantioselective 

addition of 1,3-diketoamides (21) to p-quinone methides (20) [Scheme 5]. The reaction is 

thought to proceed through an ion-pair intermediate 23. This approach tolerated a wide range 

of p-QMs and 1,3-ketoamides and the products (22) with moderate to good yields and high 

enantio- and diastereoselectivity (70-99% ee, dr 54:46-99:1) [Scheme 5].12 

Scheme 5: Chiral NHC catalyzed 1,6-conjugate addition of 1,3-ketodimides to p-quinone 

methides. 
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            Though the cyclopropenium salts have been known for the past several decades,13a their 

potential as organocatalysts in synthetic transformations has been uncovered only recently.13b 

Otherwise, the cyclopropenium salts, especially aminocyclopropenium salts, have been 

majorly utilized as ionic liquids,14 polyelectrolytes,15 ligands in transition metal or main group 

chemistry16 and as activators/promoters in nucleophilic substitution reactions.17 While 

considering the catalytic applications in organic transformations, the 

tris(dialkylamino)cyclopropenium (TDAC) salts, have been found to serve as effective phase-

transfer catalysts in many fundamental organic transformations.18  Moreover, some of the 

cyclopropenium-based compounds such as bis(dialkylamino)cyclopropeneimines19 and 

bis(dialkylamino)cyclopropenylidenes (BACs)20 [both derived from cyclopropenium salts] 

have found applications as organocatalysts in organic transformations, including 

enantioselective reactions.  

Scheme 6.  O-Silyl ether deprotection and benzylic fluorination reactions 

In 2017, Dudding and co-workers reported the deprotection of silyl group from silyl 

ethers (15) using a cyclopropenium salt 18 as a phase-transfer catalyst (Scheme 6).21 Si--O 

bond cleavage, accompanied by hydrogen bond stabilization of the developing phenoxy anion, 

occurs through the transition state 17.21 A year later, the same group reported the use of 

cyclopropenium cation 18 as a phase-transfer catalyst for the benzylic fluorination of 19 

(Scheme 6).22  

3.3 Background  

The role of H-bonding interactions of the N–H proton (N–H····X) in 

tris(dialkylamino)cyclopropenium (TDAC) salts catalyzed organic transformations has been 

investigated thoroughly (I, Fig. 1).23 Nevertheless, the catalytic mode of activation through the 
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H-bonding interaction by the C–H proton (C–H····X) of the cyclopropene ring in 

bis(dialkylamino)cyclopropenium salts22 in organic reactions is rather limited. However, 

although a report is available for the activation of the carbonyl group by the C–H proton of the 

cyclopropene ring (C–H····O=C) in bis(dialkylamino)cyclopropenium salts (III, Fig. 1),24 

surprisingly, this concept has not been utilized yet in organocatalytic transformations. This 

prompted us to investigate the catalytic applications of bis(dialkylamino)cyclopropenium salts 

in conjugate addition reactions, especially in 1,6-conjugate addition reactions of p-quinone 

methides25 as our current research interest is inclined towards this research area.26,27 

Figure 1. Various activation modes of cyclopropenium salts through H-bonding 

 

3.4 Results and discussion 

The optimization experiments were carried out using 4-methoxy-substituted p-QM (21a) and indole 

(22a) using a wide range of H-bond donor catalysts under different conditions and, the results are 

summarized in Table 1. Initially, when the reaction between 21a and 22a was carried out using 

bis(diisopropylamino)cyclopropenium salt 24a as a catalyst in diethyl ether, the expected 

triarylmethane derivative 23a was obtained in 26% yield (entry 1). Changing the reaction medium from 

diethyl ether to THF improved the yield of 23a considerably (entry 2). However, the polar aprotic 

solvents such as DMF or 1,4-dioxane were found to be unsuitable for this transformation as 23a was 

not observed in both cases (entries 3 & 4). Acetonitrile was found to be effective for this transformation 

and product 23a was obtained in 75% isolated yield (entry 5). Interestingly, when the reaction was 

performed in chlorinated solvents such as CH2Cl2 and CHCl3, 23a was isolated in 96 and 90% yields, 

respectively (entries 6 & 7). As expected, other N, N-dialkylated cyclopropenium salts such as 24b and 

24c were also found to promote the reaction effectively, but with a bit lower yields of 23a when 

compared to the reaction with 24a (entries 8 & 9). To compare the catalytic activity of 

bis(amino)cyclopropenium salts (24a-c) with the conventional heterocycle-based salts towards this 

transformation, a few reactions were performed by using dihydroimidazolium (25), triazolium (26) and 
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thiazolium (27) salts (entries 10-12). Notably, the triazolium salt 26 drove the reaction to 

completion and, the product 23a was obtained in 90% yield with a relatively lower reaction 

rate (24 h) [entry 11]. Surprisingly, the other two salts 25 & 27 failed to catalyze this 

transformation (entries 10 & 12). To understand the role of counter anion in this reaction, a few 

experiments were conducted with a few other bis(amino)cyclopropenium salts (24d-f) having 

different counter anions (ClO4
–, BF4

– and Cl–) [entries 13-15]. Interestingly, the reaction time 

and the yield of 23a in all those three experiments were almost the same when compared to the 

reaction using 24a as a catalyst (entry 6). This observation clearly indicates that the counter ion 

does not play any role in the entire course of the reaction. This finding was further supported 

by a couple of experiments, in which NaBPh4 and Bu4NBPh4 were used as a catalyst, and, in 

those case, only traces of 23a was observed even after 24 h (entries 16 & 17). When the reaction 

was carried out without a catalyst, 23a was not observed, which clearly indicates that a catalyst 

is required for this transformation (entry 19). Another possibility, although less likely, is that 

the counter anion in the catalyst might deprotonate the N–H proton of indole and produce the 

corresponding strong conjugate acid (HBPh4, HBF4, HClO4, etc.), which might be actually 

catalyzing the reaction. In line with this, an experiment was carried out with 5 mol % of HBPh4 

as a catalyst (entry 18). Intriguingly, in this case, the reaction reached completion within 5 min 

and product 23a was obtained in 97% yield. However, when this result is compared with the 

actual optimized condition with 24a (entry 6), one can easily realize that the reaction catalyzed 

by 24a was too slow and took at least 16 h to reach completion. This observation indicates that 

HBPh4 was probably not formed during the reaction catalyzed by 24a (entry 6). To further 

confirm this, a mixture of equimolar quantities of 24a and indole (22a) in CDCl3 was stirred 

for a few hours and monitored by 1H NMR spectroscopy. However, the N–H proton was intact 

even after 12 hours and, no additional peak that corresponds to the formation of HBPh4 was 

observed. Based on the above-mentioned experiments, one can convincingly exclude the 

possibility of the formation of HBPh4 under the optimized reaction conditions catalyzed by 24a 

(entry 6).  
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Table 1. Optimization Studya 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aAll reactions were carried out with 21a (0.123 mmol), 22a (0.148 mmol), and 10 mol % of catalyst in 1 mL of 

solvent at room temperature. bIsolated yields. cOptimal condition. d5 mol % of catalyst was used. 

At this point, based on the optimization studies (Table 1), we were partially convinced 

that the cyclopropenium ion is acting as a catalyst and drives this transformation. We envisaged 

that the hydrogen atom, which is attached to the carbocation of the cyclopropene ring in 24a, 

could be acidic enough to act as a H-bond donor catalyst to activate the carbonyl-group of the 

p-QM (24a). To further confirm this concept, a couple of experiments were carried out, in 

which, two other bis(amino)cyclopropenium salts 24g & 24h (where the hydrogen atom in the 

cyclopropene ring was replaced with a methyl group and deuterium, respectively) were 

employed (Scheme 7). When 24g (20 mol %) was used as a catalyst, the product 23a was not 

formed even after 2 days. In the case of reaction using 20 mol % of 24h (99.99 % D), as 

entry catalyst solvent time isolated yield [%]b 

1 24a Et2O 24 h 26 

2 24a THF 24 h 87 

3 24a DMF 24 h 0 

4 24a 1,4-dioxane 24 h 0 

5 24a CH3CN 24 h 75 

6c 24a CH2Cl2 16 h 96 

7 24a CHCl3 24 h 90 

8 24b CH2Cl2 16 h 91 

9 24c CH2Cl2 24 h 92 

10 25 CH2Cl2 24 h trace 

11 26 CH2Cl2 24 h 90 

12 27 CH2Cl2 24 h trace 

13 24d CH2Cl2 16 h 92 

14 24e CH2Cl2 16 h 96 

15 24f CH2Cl2 16 h 92 

16 NaBPh4 CH2Cl2 24 h trace 

17 Bu4NBPh4 CH2Cl2 24 h trace 

18d HBPh4 CH2Cl2 <5 min 97 

19 -- CH2Cl2 48 h 0 
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expected, the reaction was found to be relatively slow (when compared to the reaction catalyzed 

by 20 mol % of 24a; more details are given in the experimental section) and gave the product 

23a in  50% yield (by 1H NMR) in 12 h (Scheme 7). These findings clearly confirm that the 

hydrogen atom (C–H) that is present in the cyclopropene ring is indeed solely responsible for 

catalyzing this transformation.  

Scheme 7. Control Experiments with Catalysts 24g & 24h 

The reactions were carried out in 40 mg scale of 21a. Yields reported are isolated yields.  

 In order to get some insight on the mode(s) of activation of 21a and/or 22a by the 

catalyst 24a, a few 1H & 13C NMR based control experiments have been performed. In this 

regard, initially, the 1H NMR spectra for the mixture of 21a and 24a in CDCl3 at various 

stoichiometric ratios between 21a or 24a were recorded and stacked as shown in Figure 2. It 

was observed that the chemical shift of the C–H proton (actual value   = 4.9434 ppm), which 

is attached to the carbocation in the cyclopropene ring, was gradually shifted to the downfield 

region with the increasing concentration of 24a ( = 5.0605 ppm with 10 equiv. of 24a with 

respect to 21a) [(a), Figure 2]. Similarly, in 13C NMR, it was observed that the chemical shift 

of carbonyl carbon of 21a (actual value  = 186.6205 ppm) was gradually shifted to the up-

field region with the increasing concentration of the catalyst 24a ( = 186.4350 ppm with 15 

equiv. of 24a with respect to 21a) [(b), Fig. 2; for full 13C NMR spectra, experimental section]. 

In fact, similar changes were observed in 1H as well as 13C spectra, when the NMR titration 

experiments were performed between 21a and 24b or 21a and 24c in CDCl3 (experimental 

section).  
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                   (a)                                                                            

                    (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 1H & 13C NMR Titration Experiments with 21a & 24a in CDCl3 (The stoichiometric ratios between 21a 

& 24a, the chemical shifts of C–H proton of 24a in 1H NMR (a), and C=O signal of 21a in 13C NMR (b) are 

indicated. The shifts are relative to residual CHCl3). 
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Based on the magnitude as well as the mode of the shifts [downfield shifts in C-H proton signal 

(a, Fig. 2) and upfield shifts in carbonyl carbon signal (b, Fig. 2] upon complexation, it is 

evident that the carbonyl-group of 21a and the hydrogen atom (C–H) of cyclopropene ring in 

24a exhibits non-covalent type interactions. Furthermore, this observation strongly supports 

that the C–H hydrogen does not get removed/abstracted from the cyclopropene ring by 21a 

during the course of the reaction.  

Furthermore, the association constant between 21a and 24a has been estimated using 

BindFit program.28 To enumerate the complexation process, p-QM (21a) was titrated against 

the catalyst 24a, and the changes in the absorption feature of 21a (at 380 nm) were followed 

using UV-vis spectroscopy (a, Figure 3). We observed an isosbestic point along with the 

decrease in the absorption feature of 21a, which clearly indicates the complexation between 

21a and the catalyst 24a. Based on the fit, the association constant was found to be 1.01 × 106 

± 0.38 × 105 M−1. Likewise, another titration was performed between 21a and the deuterated 

catalyst 24h (99.99% D), and similar changes were observed (b, Figure 3). However, in this 

case, saturation has been reached with relatively fewer changes in the absorption feature of 

21a. In fact, the association constant was found to be 2.28 × 105 ± 0.21 × 105 M−1 (refer to the 

experimental section for more details). 

 

Figure 3. UV-vis-spectroscopic determination of association constants in CHCl3 for (a) 21a vs 

24a (b) 21a vs 24h [Concentration of stock solution of 21a: 6.817 x 102  M and the stock 

solutions of 24a/24h: 20 mM] For both the experiments, 24a/24h was added in the order 10, 

20, 30, ….110 L to a solution of 21a (990, 980, 970, ….890 L, respectively), and the total 

volume of the solution was made up to 1 mL. 
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The difference of approximately one order of magnitude decrease in the association constant 

in the case of 24h related to 24a is very well corroborating with the isolated yields as indicated 

in Scheme 7. These experiments further confirm the existence of non-covalent interactions 

between 21a and 24a, and also the role of C–H hydrogen of 24a in the activation of the carbonyl 

group of 21a.  

 Later, to understand whether or not the indole 22a is getting activated by the catalyst 

24a during the reaction, we decided to perform a few more 1H NMR-based experiments. In this 

context, the 1H NMR of a mixture of 22a and 24a in CDCl3 at various concentrations of 22a 

or 24a have been recorded (Figure 4). In all those cases, no perceptible changes were observed 

in the chemical shift of the cyclopropene C–H proton, which clearly indicates that the 

cyclopropene C–H proton is not involved in the activation of indole either through covalent 

bond formation or through H-bonding interactions. However, interestingly, the chemical shifts 

of C-H as well as CH3 protons of the isopropyl group in the amine part have been shifted 

noticeably to the shielding region with increasing concentration of indole (Figure 4). We 

believe that the shielding is probably due to ‘diamagnetic anisotropic effect’ in the presence of 

excess indole in the solution.  

Figure 4. 1H NMR Titration Experiments with 22a & 24a in CDCl3 (The stoichiometric ratios 

between 22a & 24a, and the chemical shifts of C–H proton of 24a in 1H NMR are indicated. 

The shifts are relative to TMS).  
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 An important point to be noted at this juncture is that the above-mentioned observations 

are in sharp contrast to the previous results reported by Tamamura and co-workers for the 

imidazolium salt catalyzed 1,4-addition of indoles to enones.11 Of course, the catalyst used by 

them was an imidazolium salt and, in our case, it is a cyclopropenium salt. Tamamura’s group 

observed a significant up-field shift of the C–H proton of the imidazolium ring with the 

increasing concentration of indole and, based on this observation as well as computational 

calculations, they concluded that there was a cation- type interaction between the imidazolium 

salt and the ‘electron-rich’ indole. The comparison between Tamamura’s results and our 

observations evidently signifies that the cation- interaction between the catalyst 24a and 

indole 22a is absent in our case since there were no noticeable changes observed in the chemical 

shift of C–H proton of the cyclopropene even in the presence of excess amounts of indole. 

Moreover, in our case, 24a was also found to be effective for the reaction between 21a and 

‘electron-deficient’ indoles such as 5-nitro indole 22b and N-tosyl indole 22c, although both 

the reactions took relatively longer period due to the deactivation of the indole ring by the 

electron-withdrawing group present in the aryl ring and on nitrogen, respectively (Scheme 8). 

Therefore, based on the aforementioned control experiments and NMR studies, one can 

persuasively conclude that the catalyst 24a is not involved in the activation of indole 22a either 

by cation- interaction or through H-bonding. Besides, as indicated in the optimization studies 

(entries 13-15, Table 1), the counter anion is not involved in the activation of indole 22a as no 

substantial change was observed either in the rate of the reaction or the yield of the product 

23a, by using the cyclopropenium salt with different counter anions (ClO4
–, BF4

– and Cl–), 

when compared with the optimal condition (entry 6, Table 1). As observed through the control 

experiments (Scheme 8) as well as NMR (Figure 2) and UV-vis (Figure 3) studies, we strongly 

believe that the catalyst 24a is activating the p-QM (21a) through hydrogen bonding.  

Scheme 8. Reactions with Electron-deficient Indoles (22b & 22c) 

 

 

 

 

aReaction conditions: All reactions were carried out in 40 mg scale of 21a. Yields reported are 

isolated yields.  
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Therefore, based on this, a plausible mechanism for this transformation has been 

proposed (Scheme 9). Initially, the catalyst 24a activates the p-QM 21a through H-bonding 

and forms the complex I. At this point, indole 22a adds to complex I in a 1,6 fashion, which 

leads to the formation of complex II. This complex (II) then undergoes rearomatization through 

the elimination of proton to form the product 23a and, during this process, the catalyst 24a gets 

detached from the complex II (Scheme 9).  

 

 

 

 

 

 

 

 

 

 

Scheme 9. Plausible Mechanism 

 

 While evaluating the substrate scope (Chart 1), we observed that most of the p-quinone 

methides reacted with indole (22a) smoothly and provided the corresponding indolyl 

diarylmethane derivatives in good to excellent yields under the optimized conditions (entry 6, 

Table 1). For example, p-QMs, derived from benzaldehyde and alkyl/aryl-substituted 

benzaldehydes, gave the desired products (23d-g) in the range of 88-94% yields. Under 

optimized conditions, other p-QMs, substituted with alkoxy- or halo substituents in the arene 

part, reacted with 22a and gave the corresponding indolyl diarylmethanes (23h-q) in excellent 

yields (82-91% yields). However, in the cases of p-QMs, having electron-deficient groups in 

the arene part, the desired products 23r & 23s were obtained in relatively lesser yields (77 and 

58% yields, respectively). In the case of trifluoromethyl-arene substituted p-QM, the 

corresponding product 23t was obtained in 89% isolated yield. This protocol was also found to 

be effective for the p-QMs, substituted with other aromatic hydrocarbons and heteroarenes, 
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and, in all those cases, the respective indolyl diarylmethanes (23u-x) were obtained in the range 

of 74-90% yields. In the case of 6-cyano-p-QM21a (21w), the corresponding product 23y was 

isolated in 90% yield. 

Chart 1. Substrate Scope with Different p-QMsa 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

aReaction conditions: All reactions were carried out in 40 mg scale of 21b-w. Yields reported 

are isolated yields.  

The optimized condition was also found to be very effective for the reaction between 

21a and a wide range of substituted indoles (22d-m) and, in most of the cases, the expected 

products were formed in good yields (Chart 2). Alkyl- and halo-substituted indoles reacted with 

21a and provided the indolyl diarylmethane derivatives 28a-e in good yields (67-90%). In the 

case of 4-cyano-indole, 28f was obtained in an 80% isolated yield. 2-Substituted indoles such 

as 2-methyl indole and 2-phenyl indole underwent reaction with 21a and gave the 

corresponding products 28g & 28h in 77% and 83% yields, respectively. 1-Methyl indole 
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produced 28i in 79% yield. Interestingly, in the case of 3-methyl indole, the substitution took 

place at the 2-position of indole and led to the product 28j in 80% yield.  

Chart 2. Substrate Scope with Different Indolesa 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aReaction conditions: All reactions were carried out in 40 mg scale of 21a. Yields reported are 

isolated yields.  

 

         To further show the catalytic application of 24a some other nucleophiles have also been 

tried, Interestingly, the catalyst 24a was found to be very effective for the 1,6-conjugate 

addition of other nucleophiles to p-quinone methides. For example, 24a effectively catalyzed 

the reaction between phenol 29 and p-QM 21d, and, in this case, the corresponding 

unsymmetrical triarylmethane29a,b 30 was obtained 82% isolated yields. Similarly, pyrrole 31 

also underwent a 1,6-addition reaction with p-QM 21a and gave the corresponding 2-

diarylmethane-substituted pyrrole 3229c in excellent yield (83%) [Scheme 10]. 
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Scheme 10. 1,6-conjugate addition of phenol and pyrrole to p-QMs catalyzed by 24a 

 

 

 

 

 

aReaction conditions: Both reactions were carried out in 20 mg scale of p-QMs. Yields reported are 

isolated yields.  

 

To show synthetic applications of this protocol, some of the indolyl diarylmethanes 

have been subsequently converted to other useful compounds (Scheme 11). For example, 23i 

was oxidized with (diacetoxyiodo)benzene to access a spiro-cyclic compound30 33 in a 73% 

yield. In another experiment, 23i was treated with NBS and PPTS followed by sodium 

bicarbonate to get dihydrochromeno[2,3-b]indole31 34 in 64% yield. When 23a was treated 

with NBS and PPTS followed by sodium bicarbonate, indene-fused indole 35 was obtained in 

57% yield (Scheme 11). 

Scheme 11. Synthetic Elaborations  

 

 

 

 

 

 

aReaction conditions: All reactions were carried out in 40 mg scale. Yields reported are 

isolated yields. 
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 At this point, to explore an enantioselective version of this transformation, we have 

synthesized a couple of chiral cyclopropenium salts 38 & 40 using easily accessible chiral 

secondary amines and commercially available tetrachlorocyclopropene 37 (Scheme 12). The 

chiral cyclopropenium salt 38 was prepared by treating (R,S)-6,7-dihydro-5-methyl-5H-

dibenz[c,e]azepine (+)-3632 with 37 in the presence of polymer-bound triphenylphosphine 

(P.PPh3), sodium tetraphenyl borate and H2O. In this case, the chiral cyclopropenium salt 35 

was obtained in 70% yield (Scheme 12). A similar and slightly modified procedure was 

followed for the synthesis of ferrocene-based chiral cyclopropenium salt 40 through the 

reaction between ferrocene-based amine 3933 and 34 (Scheme 12). In this case, the expected 

chiral salt 40 was obtained with 86% yield. The structure of 40 was further confirmed by X-

ray crystallography.  

Scheme 12. Synthesis of chiral cyclopropenium salts 

 

 

 

 

 

 

 

aReaction conditions: All reactions were carried out in 250 mg scale of 37. Yields reported are 

isolated yields. 

After preparing the chiral cyclopropenium salts 38 & 40, we attempted a few 

enantioselective reactions of 21a with 22a at different conditions (Scheme 13). A known chiral 

cyclopropenium salt 4135 was also examined for this reaction. Although the reaction was 

proceeding with all three catalysts employed, unfortunately, those catalysts failed to induce 

enantioselectivity in the product 23a. In all the cases, 23a was obtained as a racemic mixture 

(Scheme 13).  
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Scheme 13. Attempted Enantioselective Version 

 

 

 

 

 

 

 
 

 

 

 

All reactions were carried out in 40 mg scale of 21a. Yields reported are isolated yields.  

 

3.5 Conclusion 
        In conclusion, we have uncovered the unprecedented catalytic application of 

bis(amino)cyclopropenium ion in 1,6-conjugate addition reactions of p-quinone methides with 

various nucleophiles. Detailed mechanistic investigations through NMR/UV-vis spectroscopic 

studies and control experiments revealed that the hydrogen (C–H), which is present in the 

cyclopropene ring is responsible for catalyzing this transformation. It is evident from the 

mechanistic investigations that the C–H hydrogen activates the carbonyl group of the p-QM 

through H-bonding. A variety of nucleophiles such as indoles, phenol, and pyrrole reacted with 

p-QMs under optimized conditions and provided the corresponding triaryl- and diarylmethanes 

in good to excellent yields. Although the enantioselective version of this transformation is not 

successful at this point in time, further attempts to make it successful using other chiral 

bis(amino)cyclopropenium salts are currently under progress.  

 

3.6 Experimental section  
 

General Information: All reactions were carried out under an argon atmosphere in an oven-

dried round bottom flask. All the solvents were distilled before use and stored under an argon 

atmosphere. Most of the reagents, starting materials, and NHC precursors 6 and 7 were 

purchased from commercial sources and used as such. All p-quinone methides have been 

prepared by following a literature procedure.35,36 The bis(amino)cyclopropenium salts 4a-4e,37,  

4f38 and the NHC precursor 539 were prepared according to the literature procedure. Other 
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bis(amino)cyclopropenium salts 4g40 and 4h41 were prepared by following literature 

procedures. Melting points were recorded on the SMP20 melting point apparatus and were 

uncorrected. 1H, 13C, and 19F spectra were recorded in CDCl3 (400, 100, and 376 MHz 

respectively) on Bruker FT–NMR spectrometer. Chemical shift () values are reported in parts 

per million relatives to TMS and the coupling constants (J) are reported in Hz. High-resolution 

mass spectra were recorded on Waters Q–TOF Premier–HAB213 spectrometer. FT-IR spectra 

were recorded on a Perkin-Elmer FTIR spectrometer. Thin layer chromatography was 

performed on Merck silica gel 60 F254 TLC pellets and visualized by UV irradiation and/or 

KMnO4 stain. Column chromatography was carried out through silica gel (100–200 mesh) 

using an EtOAc/hexane mixture as an eluent. The UV-vis absorption spectra were recorded 

using a Cary 5000 UV-Vis-NIR spectrophotometer or Cary 60 UV-Vis spectrophotometer. 

3.6.1. Synthesis and characterization of 38  

A solution of chiral secondary amine (7.03 mmol) in dry CH2Cl2 

(2 mL, pre-cooled to -78 ℃) was slowly added to a solution of 

tetrachlorocyclopropene (1.41 mmol) in dry CH2Cl2 (3.0 mL) 

under nitrogen at -78 ℃. The reaction mixture was then warmed 

up to room temperature over 3 hours. It was then cooled back down to -40 ℃, and polystyrene-

bound triphenylphosphine (6.0 mmol/g) was added as a portion. The nitrogen atmosphere was 

restored, and the mixture was warmed to room temperature over 2 hours. Distilled water (10 

mL) and sodium tetraphenylborate (0.56 mmol) were then added and the mixture was stirred 

vigorously for two days. The resulting mixture was filtered through sintered glass and 

transferred to a separatory funnel with CH2Cl2. The aqueous layer was decanted, and the 

organic layer was washed with 0.5 M HCl, saturated with aqueous NaHCO3, and H2O, then 

dried over Na2SO4 and concentrated in vacuo. The crude product was first recrystallized from 

MeOH/water to give a yellow solid. This yellow solid was then dissolved in hot EtOAc and 

allowed to cool and stand for 2 days. The liquid was decanted and crystals that adhered to the 

glass were washed with hexanes and collected to give a beige powder 70% yield, melting point 

= 193-195, ;  1H NMR (400 MHz, CDCl3) δ 7.63 – 7.54 (m, 10H), 7.40 – 7.37 (m, 12H), 7.27 

– 7.25 (m, 2H), 7.21 (d, J = 7.56  2H), 6.97 (t, J = 7.32 Hz, 7H), 6.81 (t, J = 7.12 Hz, 3H), 4.87 

(q, J = 14.0 2H), 4.50(d, J = 12.52 2H), 4.36 (d, J = 12.64 2H), 3.48 (s, 1H), 1.25 (2, J = 7.0 

Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 140.54, 138.15, 136.37, 135.11, 131.53, 130.54, 

130.47, 130.18, 129.41, 129.19, 129.13, 128.74, 125.55, 125.53, 125.50, 125.47, 121.52, 

114.64, 64.58, 54.54, 22.86; HRMS (ESI): m/z calcd for C33H29N2
+ [M+H]+: 453.2331; found: 

453.2331. 
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3.6.1. Synthesis and characterization of 40  

A solution of chiral secondary amine (3.1 mmol) in dry CH2Cl2 

(2 mL, pre-cooled to -78 ℃) was slowly added to a solution of 

tetrachlorocyclopropene (1.41 mmol) in dry CH2Cl2 (3.0 mL) 

under nitrogen at -78 ℃ followed by dropwise addition of DIPEA 

(3.1 mmol). The reaction mixture was then warmed up to room 

temperature over 3 hours. It was then cooled back down to -40 ℃, and polystyrene-bound 

triphenylphosphine (6.0 mmol/g) was added as a portion. The nitrogen atmosphere was 

restored, and the mixture was warmed to room temperature over 2 hours. Distilled water (10 

mL) and sodium tetraphenylborate (0.56 mmol) were then added and the mixture was stirred 

vigorously for two days. The resulting mixture was filtered through sintered glass and 

transferred to a separatory funnel with CH2Cl2. The aqueous layer was decanted, and the 

organic layer was washed with 0.5 M HCl, saturated with aqueous NaHCO3, and H2O, then 

dried over Na2SO4 and concentrated in vacuo. The crude product was first recrystallized from 

MeOH/water to give a yellow solid. This yellow solid was then dissolved in hot EtOAc and 

allowed to cool and stand for 2 days. The liquid was decanted and crystals which adhered to 

the glass were washed with hexanes and collected to give a beige powder 83% yield, melting 

point = 227-229, 1H NMR (400 MHz, CDCl3) δ 6.62 (d, J = 7.32 Hz, 2H), 7.54 (s, 6H), 7.48 – 

7.34 (m, 8H), 7.19 (s, 2H), 7.08 (t, J = 7.36  8H), 6.92 (t, J = 7.16 Hz, 4H), 4.72 (s, 2H), 4.18 

– 4.15 (m, 2H), 4.12 – 4.09 (m, 8H), 4.07 (s, 6H), 3.93 (s, 2H), 1.74 (d, J = 6.6Hz, 3H), 1.34 

(d, J = 6.8 Hz,  3H); 13C NMR (100 MHz, CDCl3) δ 136.8, 136.4, 136.2, 129.3, 129.2, 129.1, 

129.0, 128.8, 128.0, 127.2, 126.6, 126.5, 126.4, 125.9, 121.9, 79.3, 79.2, 75.5, 71.2, 69.5, 69.0, 

68.8, 44.4, 21.3,  HRMS (ESI): m/z calcd for C41H44Fe2N2 [M+H]+: 675.2199; found: 

675.2197. [α]𝐷
20℃  = 0 ° (0.3 g/100 ml in CHCl3) 

3.6.1. Synthesis and characterization of 419 

                      The procedure is analogous to the preparation of 40: (+)-Bis[(R)- 1-

phenylethyl]amine (4.4 mmol,) tetrachlorocyclopropene (1 mmol,), tetrafluoroboric acid 

solution (50 wt. % in water, 0.137ml) triphenylphosphine (1.15 mmol,). The resulting product 

was a white solid of (41) BF4. Yield: 0.52 g, 90%. 1 H NMR (400 MHz, CDCl3): δ = 7.51 (s, 

1H); 7.22-7.33 (m, 12H), 7.00 (m, 4H), 6.83 (m, 4H), 4.84 (dq, J = 7.1 Hz, 4H), 1.88 (d, J = 

7.1 Hz, 6H), 1.82 (d, J = 7.1 Hz, 6H). 

 

General procedure for the 1,6-conjugate addition of indole to p-quinone methides: 

Anhydrous CH2Cl2 (1.0 mL) was added to the mixture of p-quinone methide (0.123 mmol), 
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indole (0.148 mmol), and catalyst 24a (0.0123 mmol) under argon atmosphere and the resulting 

solution was stirred at room temperature. After the reaction was complete (based on TLC 

analysis), the reaction mixture was concentrated under reduced pressure. The residue was then 

purified through a silica gel column, using an EtOAc/Hexane mixture as an eluent, to get the 

pure product. 

 

 

4-((1H-indol-3-yl)(4-methoxyphenyl)methyl)-2,6-di-tert-butylphenol (23a): 

The reaction was performed at 0.123 mmol scale of 21a; Rf = 0.2 (5% 

EtOAc in hexane); White solid (51.9 mg, 96% yield); m.p. = 170 – 

171 ºC; 1H NMR (400 MHz, CDCl3) δ 7.92 (brs, 1H), 7.34 (d, J = 8.1 

Hz, 1H), 7.25 (d, J = 8.7 Hz, 1H), 7.18 – 7.14 (m, 3H), 7.05 (s, 2H), 

7.01 – 6.97 (m, 1H), 6.82 (d, J = 7.8 Hz, 2H), 6.60 (s, 1H), 5.53 (s, 1H), 5.07 (s, 1H), 3.79 (s, 

3H), 1.38 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 157.8, 152.1, 137.0, 136.8, 135.4, 

134.9, 130.0, 127.2, 125.6, 123.9, 122.0, 121.3, 120.2, 119.3, 113.6, 111.0, 55.3, 48.1, 34.5, 

30.5; FT-IR (thin film, neat): 3637, 3417, 2957, 1610, 1456, 1154, 1121 cm-1; HRMS (ESI-

TOF) m/z: [M–H]– calcd for C30H34NO2 440.2590 found: 440.2609.  

  

2,6-di-tert-butyl-4-((4-methoxyphenyl)(1-tosyl-1H-indol-3-yl)methyl)phenol (23b): 

The reaction was performed at 0.123 mmol scale of 21a; Rf = 0.3 (5% 

EtOAc in hexane); White solid (54.2 mg, 74% yield); m.p. = 163 – 165 

ºC; 1H NMR (400 MHz, CDCl3) δ 8.0 (d, J = 8.4 Hz, 1H),7.7 (d, J = 

8.4 Hz, 2H), 7.29 – 7.25 (m, 1H), 7.21 (d, J = 8.1 Hz, 2H), 7.12 – 7.09 

(m, 2H), 7.05 (d, J = 8.7 Hz, 2H), 6.92 – 6.90 (m, 3H), 6.82 (d, J = 8.7 

Hz, 2H), 5.39 (s, 1H), 5.12 (s, 1H), 3.80 (s, 3H), 2.37 (s, 3H), 1.36 (s, 18H); 13C{1H} NMR 

(100 MHz, CDCl3) δ 158.2, 152.4, 144.8, 136.0, 135.6, 135.3, 134.8, 133.0, 130.8, 129.9 (2C), 

128.5, 126.8, 125.5, 125.4, 124.7, 123.2, 120.8, 113.9, 113.8, 55.3, 47.6, 34.4, 30.4, 21.7; FT-

IR (thin film, neat): 3632, 2957,1610, 1510, 1434, 1174, 1127  cm-1; HRMS (ESI-TOF) m/z: 

[M+Na]+ calcd for C37H41NO4SNa 618.2654 found: 618.2645. 

 

 2,6-di-tert-butyl-4-((4-methoxyphenyl)(5-nitro-1H-indol-3-yl)methyl)phenol (23c):  
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The reaction was performed at 0.123 mmol scale of 21a; Rf = 0.1 (5% 

EtOAc in hexane); Yellow solid (40.6 mg, 68% yield); m. p. = 196 – 

197ºC; 1H NMR (400 MHz, CDCl3), δ 8.33 (brs, 1H), 8.18 (s, 1H), 

8.06 (d, J = 9.0 Hz, 1H), 7.36 (d, J = 8.9 Hz, 1H), 7.13 (d, J = 7.6 Hz, 

1H), 7.01 (s, 2H), 6.83 (d, J = 7.6 Hz, 2H), 6.79 (s, 1H), 5.54 (s, 1H), 

5.09 (s, 1H), 3.79 (s, 3H), 1.36 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 158.2, 152.4, 

141.6, 139.8, 136.0, 135.8, 133.9, 129.8 (2C), 126.7, 125.4, 124.0, 117.9, 117.6, 113.9, 111.1, 

55.4, 47.7, 34.5, 30.5; FT-IR (thin film, neat): 3628, 3400, 2955, 1610, 1468, 1434 cm-1; HRMS 

(ESI-TOF) m/z: [M+H]+ calcd for C30H35N2O4 487.2597; found: 487.2581. 

4-((1H-indol-3-yl)(phenyl)methyl)-2,6-di-tert-butylphenol (23d):  

The reaction was performed at 0.1360 mmol scale of 21b; Rf = 0.4 (5% 

EtOAc in hexane); White solid (52.6 mg, 94% yield); m.p. = 148 – 149 

ºC; 1H NMR (400 MHz, CDCl3) δ 7.90 (brs, 1H), 7.35 (d, J = 8.1 Hz, 1H), 

7.28 – 7.25 (m, 5H), 7.22 – 7.15 (m, 2H), 7.07 (s, 2H), 6.99 (t, J = 7.4 Hz, 

1H), 6.61 (d, J = 0.96 Hz, 1H), 5.59 (s, 1H), 5.08 (s, 1H), 1.38 (s, 18H); 13C{1H} NMR (100 

MHz, CDCl3) δ 152.1, 144.7, 136.8, 135.5, 134.6, 129.1, 128.2, 127.3, 126.1, 125.7, 124.0, 

122.0, 121.0, 120.2, 119.3, 111.1, 48.9, 34.5, 30.5; FT-IR (thin film, neat):3641, 3421, 2958, 

1601, 1456, cm-1; HRMS (ESI-TOF) m/z: [M+H]+ calcd for C29H32NO 410.2484; found: 

410.2477. 

 

2,6-di-tert-butyl-4-((4-ethylphenyl)(1H-indol-3-yl)methyl)phenol (23e):  

The reaction was performed at 0.124 mmol scale of 21c;Rf = 0.5 (5% 

EtOAc in hexane); white solid (50.0 mg, 92% yield); m.p = 161 – 

162 oC; 1H NMR (400 MHz, CDCl3) δ 7.86 (brs, 1H), 7.33 (d, J = 

8.1 Hz, 1H), 7.27 (d, J = 7.9 Hz, 1H), 7.17 (t, J = 7.5 Hz, 3H), 7.14 

– 7.10 (m, 2H), 7.08 (s, 2H), 7.0 (t, J = 7.4 Hz, 1H), 6.62 (s, 1H), 5.55 (s, 1H), 5.07 (s, 1H), 

2.64 (q, J = 7.5 Hz, 2H), 1.39 (s, 18H), 1.24 (t, J = 7.6 Hz, 3H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 152.1, 142.0, 141.8, 136.8, 135.4, 134.8, 128.9, 127.7, 127.3, 125.6, 123.8, 122.0, 

121.2, 120.3, 119.3, 111.0, 48.6, 34.5, 30.5, 28.6, 15.7; FT-IR (thin film, neat): 3636, 3418, 

2961, 1510, 1456, 1154, 764 cm-1; HRMS (ESI-TOF) m/z: [M+H]+ calcd for C31H38NO: 

440.2953; found: 440.2968. 

 

2,6-di-tert-butyl-4-((4-(tert-butyl)phenyl)(1H-indol-3-yl)methyl)phenol (23f): 
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The reaction was performed at 0.1141 mmol scale of 21d; Rf = 0.5 (5% 

EtOAc in hexane); White solid (47.0 mg, 88% yield); m.p = 172 – 

173oC; 1H NMR (400 MHz, CDCl3) δ 7.90 (brs, 1H), 7.33 (d, J = 8.1 

Hz, 1H), 7.28 – 7.24 (m, 3H), 7.17 – 7.12 (m, 3H), 7.05 (s, 2H), 6.97 

(t, J = 7.6 Hz, 1H), 6.64 (s, 1H), 5.52 (s, 1H), 5.04 (s, 1H), 1.36 (s, 18H), 1.29 (s, 9H); 13C{1H} 

NMR (100 MHz, CDCl3) δ 152.1, 148.7, 141.7, 136.8, 135.4, 134.8, 128.5, 127.4, 125.7, 125.1, 

123.8, 122.0, 121.2, 120.3, 119.2, 111.0, 48.5, 34.5 (2C), 31.6, 30.5; FT-IR (thin film, neat): 

3641, 3419, 2959, 1456, 1434, 764.37 cm-1; HRMS (ESI-TOF) m/z: [M-H]– calcd for 

C33H40NO 466.3110; found: 466.3130. 

 

 4-([1,1'-biphenyl]-4-yl(1H-indol-3-yl)methyl)-2,6-di-tert-butylphenol (23g):  

The reaction was performed at 0.108mmol scale of 21e; Rf = 0.2 (5% 

EtOAc in hexane); White solid (46.8 mg, 89% yield); m.p. = 116 – 118 

oC; 1H NMR (400 MHz, CDCl3) δ 7.94 (brs, 1H), 7.63 (d, J = 7.7 Hz, 

2H), 7.55 (d, J = 7.6 Hz, 2H), 7.45 (t, J = 7.2 Hz, 2H), 7.37 – 7.35 (m, 

3H), 7.33 (d, J = 7.7 Hz, 2H), 7.19 (t, J = 7.4 Hz, 1H), 7.13 (s, 2H), 7.03 (t, J = 7.6 Hz, 1H), 

6.67 (s, 1H), 5.65 (s, 1H), 5.12 (s, 1H), 1.41 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 

152.2, 144.0, 141.2, 138.7, 136.8, 135.5, 134.5, 129.4, 128.8, 127.2, 127.1 (2C), 126.9, 125.7, 

124.0, 122.1, 120.8, 120.2, 119.4, 111.1, 48.6, 34.5, 30.5; FT-IR (thin film, neat): 3628, 3417, 

2956, 1632, 1486, 1154, 1091, 760 cm-1; HRMS (ESI-TOF) m/z: [M+H]+ calcd for C35H38NO 

488.2953; found: 488.2931. 

 

2,6-di-tert-butyl-4-((4-ethoxyphenyl)(1H-indol-3-yl)methyl)phenol (23h):  

The reaction was performed at 0.118 mmol scale of 21f; Rf = 0.2 

(5% EtOAc in hexane); Brown solid (47.9 mg, 89% yield); m.p = 

160 – 162 oC; 1H NMR (400 MHz, CDCl3) δ 7.91 (brs, 1H), 7.34 

(d, J = 8.1 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.14 (d, J = 7.96 Hz, 

3H), 7.04 (s, 2H), 6.98 (t, J = 7.4 Hz, 1H), 6.80 (d, J = 8.2 Hz, 2H), 6.59 (s, 1H), 5.51 (s, 1H) 

5.05 (s, 1H), 4.0 (q, J = 6.7 Hz, 2H), 1.44 – 1.40 (m, 3H), 1.37 (s, 18H); 13C{1H} NMR (100 

MHz, CDCl3) δ 157.3, 152.1, 136.9, 136.8, 135.5, 135.0, 130.0, 127.3, 125.6, 123.9, 122.0, 

121.3, 120.3, 119.3, 114.2, 111.02, 63.5, 48.1, 34.5, 30.5, 15.1; FT-IR (thin film, neat): 3634, 

3415, 2957, 1610, 1456, 1117 cm-1; HRMS (ESI-TOF): m/z: [M+H]+ calcd for C31H38NO2 

456.2903; found: 456.2921. 
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 2,6-di-tert-butyl-4-((2-hydroxyphenyl)(1H-indol-3-yl)methyl)phenol (23i): 

The reaction was performed at 0.129 mmol scale of 21g; Rf = 0.1 (5% 

EtOAc in hexane); Brown solid (46.4 mg, 85% yield); m.p = 147 – 148 

oC;  1H NMR (400 MHz, CDCl3)δ8.0 (brs, 1H), 7.35 (d, J = 8.2 Hz, 1H), 

7.32 (d, J = 8.2 Hz, 1H), 7.22 – 7.15 (m, 2H), 7.12 (s, 2H), 7.05 – 7.01 (m, 

2H), 6.89 – 6.84 (m, 2H), 6.69 (s, 1H), 5.71 (s, 1H), 5.19 (s, 1H), 5.15 (s, 

1H), 1.38 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 154.3, 152.6, 137.0, 136.0, 132.3, 

130.2, 130.1, 128.0, 127.0, 125.5, 123.9, 122.5, 120.8, 120.04, 119.7, 118.6, 116.5, 111.3, 44.0, 

34.5, 30.4; FT-IR (thin film, neat):3634, 3413, 2958, 1456, 1154, 1091 cm-1; HRMS (ESI-

TOF): m/z: [M-H]– calcd for C29H32NO2 426.2433; found: 426.2449. 

4-((1H-indol-3-yl)(4-(trifluoromethoxy)phenyl)methyl)-2,6-di-tert-butylphenol (23j):  

The reaction was performed at 0.106 mmol scale of 21h; Rf = 0.2 (5% 

EtOAc in hexane); White solid (45.1 mg, 86% yield); m.p. = 164 – 

165 oC; 1H NMR (400 MHz, CDCl3) δ 7.96 (brs, 1H), 7.37 (d, J = 

8.1 Hz, 1H), 7.27 (d, J = 7.5 Hz, 2H), 7.23 (d, J = 8.04 Hz, 1H), 7.18 

(t, J = 7.4 Hz, 1H), 7.12 (d, J = 8.04 Hz, 2H), 7.02 – 6.99 (m, 3H), 6.61 (s, 1H), 5.59 (s, 1H), 

5.11 (s, 1H), 1.38 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 152.3, 147.6 (q, 3JC-F = 1.7 

Hz), 143.5, 136.8, 135.7, 134.03, 130.3, 127.0, 125.6, 124.0, 121.1 (q, 1JC-F = 221.0 Hz), 120.7, 

120.4 119.5, ,111.2, 48.2, 34.5, 30.5; 19F{1H} NMR (376 MHz, CDCl3) δ –57.82; FT-IR (thin 

film, neat): 3641, 3414, 2960, 1434, 1222, 1162, 764, 749 cm-1; HRMS (ESI-TOF): m/z: [M-

H]– calcd for C30H31F3NO2 494.2307; found: 494.2322. 

 

2,6-di-tert-butyl-4-((2,3-dimethoxyphenyl)(1H-indol-3-yl)methyl)phenol (23k): 

The reaction was performed at 0.1128 mmol scale of 21i; Rf =0.1 (5% 

EtOAc in hexane); Colourless gummy solid (44.3 mg, 84% yield); 1H 

NMR (400 MHz, CDCl3) δ 7.92 (brs, 1H), 7.32 (d, J = 8.1 Hz, 1H), 

7.27 (d, J = 8.5 Hz, 1H), 7.14 (t, J = 7.3 Hz, 1H), 7.09 (s, 1H), 6.97 

(t, J = 7.3 Hz, 1H), 6.91 (t, J = 7.96 Hz, 1H), 6.78 (d, J = 8.0, 1H), 6.70 (d, J = 7 .7 Hz, 1H), 

6.64 (s, 1H), 6.0 (s, 1H), 5.03 (s, 1H), 3.87 (s, 3H), 3.58 (s, 3H), 1.37 (s, 18H);13C{1H} NMR 

(100 MHz, CDCl3) δ 152.7, 152.0, 146.8, 139.0, 136.8, 135.4, 134.5, 127.3, 125.7, 124.1, 

123.5, 122.0, 121.9, 120.7, 120.2, 119.2, 111.0, 110.3, 60.5, 55.8, 41.7, 34.5, 30.5; FT-IR (thin 

film, neat):3634, 3415, 2959, 1476, 1275, 1155, 1072 cm-1; HRMS (ESI-TOF) m/z: [M+H]+ 

calcd for C31H38NO3 472.2852; found: 472.2838. 
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2,6-di-tert-butyl-4-((3,4-dimethoxyphenyl)(1H-indol-3-yl)methyl)phenol (23l): 

The reaction was performed at 0.113 mmol scale of 21j; Rf = 0.1 (5% 

EtOAc in hexane); Colourless solid (46.41 mg, 88% yield); m. p. = 

200–203 ºC;1H NMR (400 MHz, CDCl3) δ 7.95 (brs, 1H ), 7.34 (d, J 

= 8.1 Hz, 1H), 7.26 (d, J = 7.7 Hz, 1H), 7.15 (t, J = 7.8Hz, 1H), 7.07 

(s, 2H), 6.98 (t, J = 7.6 Hz, 1H), 6.83 (s, 1H), 6.79 – 6.75 (m, 2H), 

6.60 (s, 1H), 5.51 (s, 1H), 5.07 (s, 1H), 3.86 (s, 3H), 3.77 (s, 3H), 1.37 (s, 18H). 13C{1H} NMR 

(100 MHz, CDCl3) δ 152.1, 148.6, 147.2, 137.4, 136.8, 135.4, 134.6, 127.2, 125.5, 123.8, 

122.0, 121.3 121.1, 120.2, 119.3, 112.5, 111.0, 110.9, 55.9, 48.5, 34.5, 30.5; FT-IR (thin film, 

neat): 3638, 3411, 2956, 1434, 1232, 1138, 1027 cm–1; HRMS (ESI-TOF) m/z: [M+H] + calcd 

for C31H38NO3 472.2852; found: 472.2866. 

 

 4-((2-bromophenyl)(1H-indol-3-yl)methyl)-2,6-di-tert-butylphenol (23m): 

The reaction was performed at 0.107 mmol scale of 21k; Rf = 0.2 (5% 

EtOAc in hexane); White solid (47.8 mg, 82% yield); m.p = 173 – 174 oC; 

1H NMR (400 MHz, CDCl3) δ 7.93 (brs, 1H), 7.59 (d, J = 7.8 Hz, 1H), 

7.34 (d, J = 8.2, 1H), 7.20 (d, J = 7.96Hz, 1H), 7.18 – 7.15 (m, 3H), 7.07 

– 7.03 (m, 3H), 7.0 (t, J = 7.2 Hz, 1H), 6.60 (s, 1H), 6.0 (s, 1H), 5.1 (s, 1H), 1.38 (s, 18H); 

13C{1H} NMR (100 MHz, CDCl3) δ 152.2, 143.8, 136.8, 135.5, 132.9, 132.5, 130.7, 127.8, 

127.3, 127.1, 125.9, 125.2, 124.2, 122.2, 120.2, 120.1, 119.5, 111.1, 47.9, 34.5, 30.5; FT-IR 

(thin film, neat): 3637, 3419, 2958, 1457, 1234, 805 cm-1; HRMS (ESI-TOF) m/z: [M+H]+ 

calcd for C29H33BrNO 490.1746; found: 490.1729. 

 

 4-((4-bromophenyl)(1H-indol-3-yl)methyl)-2,6-di-tert-butylphenol (23n):  

The reaction was performed at 0.122 mmol scale of 21l; Rf = 0.3 (5% 

EtOAc in hexane); White solid (48.2 mg, 91% yield); m.p = 188 – 189 

oC; 1H NMR (400 MHz, CDCl3) δ 7.94 (brs, 1H), 7.39 (d, J = 7.9 Hz, 

2H), 7.35 (d, J = 8.1 Hz, 1H), 7.21 (d, J = 7.96 Hz, 1H), 7.18 (t, J = 7.8 

Hz, 1H), 7.13 (d, J = 8.0 Hz, 2H), 7.03 (s, 2H), 6.99 (d, J = 7.4 Hz, 1H), 6.60 (s, 1H) 5.53 (s, 

1H), 5.11 (s, 1H), 1.38 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 152.3, 143.9, 136.8, 

135.6, 133.9, 131.3, 130.8, 127.0, 125.5, 124.0, 122.2, 120.3, 120.0, 119.9, 119.5, 111.2, 48.4, 

34.5, 30.5; FT-IR (thin film, neat): 3628, 3414, 2957, 1633, 1485, 760 cm-1; HRMS (ESI-TOF): 

m/z: [M-H]– calcd for C29H31BrNO 488.1589; found: 488.1573. 
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2,6-di-tert-butyl-4-((2-fluorophenyl)(1H-indol-3-yl)methyl)phenol (23o):  

The reaction was performed at 0.128 mmol scale of 21m; Rf = 0.2 (5% 

EtOAc in hexane); White solid (44.6 mg, 81% yield); m.p. = 194 – 196 

ºC; 1H NMR (400 MHz, CDCl3) δ 7.93 (brs, 1H), 7.35 (d, J = 8.1 Hz, 1H), 

7.25 (d, J = 7.84 Hz, 1H), 7.21 – 7.15 (m, 2H), 7.13 – 7.09 (m, 1H),  7.09 

– 7.07 (m, 3H), 7.02 – 6.98 (m, 2H), 6.63 (s, 1H), 5.90 (s, 1H), 5.09 (s, 1H),1.38 (s, 18H); 

13C{1H} NMR (100 MHz, CDCl3) δ 160.8 (d, 1JC-F = 244.4 Hz), 152.3, 136.9, 135.6, 133.1, 

131.7 (d, 2JC-F = 14.2 Hz), 130.5 (d, 4JC-F = 4.2 Hz), 127.8 (d, 3JC-F = 8.1 Hz), 127.05, 125.5, 

124.1, 123.9 (d, 5JC-F = 3.4 Hz), 122.2, 119.9, 119.7, 119.4, 115.3 (d, 2JC-F = 22.2 Hz), 111.1, 

41.1 (d, 5JC-F = 3.4 Hz), 34.5, 30.5; 19F{1H} NMR (376 MHz, CDCl3) δ –117.78; FT-IR (thin 

film, neat): 3634, 3418, 2958, 1455, 763, 749 cm-1; HRMS (ESI-TOF) m/z: [M-H]– calcd for 

C29H31FNO 428.2490; found: 428.2479. 

 

2,6-di-tert-butyl-4-((2,4-dichlorophenyl)(1H-indol-3-yl)methyl)phenol (23p):  

The reaction was performed at 0.110 mmol scale of 21n; Rf = 0.3 (5% 

EtOAc in hexane); White solid (43.9 mg, 83% yield); m.p = 181 – 183 

oC; 1H NMR (400 MHz, CDCl3) δ 7.96 (brs, 1H), 7.40 (s, 1H), 7.36 (d, 

J = 8.3 Hz, 1H), 7.18 – 7.15 (m, 2H), 7.10 – 7.04 (m, 2H), 7.01 (s, 2H), 

6.99 (d, J = 7.8 Hz, 1H), 6.59 (s, 1H), 5.93 (s, 1H), 5.09 (s, 1H), 1.37 (s, 18H); 13C{1H} NMR 

(100 MHz, CDCl3) δ 152.4, 141.0, 136.9, 135.7, 134.9, 132.4, 132.1, 131.4, 129.4, 126.9, 

126.88, 125.7, 124.3, 122.4, 119.9, 119.6, 119.5, 111.2, 44.9, 34.5, 30.5; FT-IR (thin film, 

neat): 3634, 3417, 2960, 1588, 1434, 798 cm-1; HRMS (ESI-TOF) m/z: [M-H]– calcd for 

C29H30Cl2NO 478.1704; found: 478.1720. 

 

2,6-di-tert-butyl-4-((4-chlorophenyl)(1H-indol-3-yl)methyl)phenol (23q): 

The reaction was performed at 0.122 mmol scale of 21o; Rf = 0.3 (5% 

EtOAc in hexane); White solid (47.4 mg, 87% yield); m.p = 188 – 189 

oC; 1H NMR (400 MHz, CDCl3) δ 7.94 (brs, 1H), 7.36 (d, J = 8.1 Hz, 

1H), 7.26 – 7.16 (m, 6H), 7.03 (s, 2H), 7.0 (d, J = 7.7 Hz, 1H), 6.60 (s, 

1H), 5.55 (s, 1H), 5.10 (s, 1H) 1.38 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 152.3, 143.3, 

136.8, 135.7, 134.06, 131.7, 130.4, 128.4, 127.0, 125.5, 124.0, 122.2, 120.5, 120.07, 119.5, 

111.2, 48.3, 34.5,  30.5; FT-IR (thin film, neat): 3636, 3416, 2959, 1488, 1456 cm-1; HRMS 

(ESI-TOF) m/z: [M-H]– calcd for C29H31ClNO 444.2094; found: 444.2109. 
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Methyl 4-((3,5-di-tert-butyl-4-hydroxyphenyl)(1H-indol-3-yl)methyl)benzoate (23r): 

The reaction was performed at 0.123 mmol scale of 21p; Rf = 0.2 

(5% EtOAc in hexane); White solid (39.6 mg, 77% yield); m.p. = 

170 – 171 ºC; 1H NMR (400 MHz, CDCl3) δ 8.0 (brs, 1H), 7.95 (d, 

J = 8.0 Hz, 2H), 7.36 (d, J = 8.1 Hz, 1H), 7.32 (d, J = 8.0 Hz, 2H), 

7.19 – 7.14 (m, 2H), 7.01 (s, 2H), 6.98 (t, J = 7.5 Hz, 1H), 6.60 (s, 

1H), 5.61 (s, 1H), 5.10 (s, 1H), 3.89 (s, 3H), 1.36 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) 

δ 167.4, 152.3, 150.3, 136.8, 135.7, 133.7, 129.7, 129.1 128.0, 127.0, 125.6, 124.1, 122.2, 

120.1, 120.0, 119.5, 111.2, 52.1, 48.9, 34.5, 30.5; FT-IR (thin film, neat): 3628, 3417, 2953, 

1710, 1433, 1281, 1119 cm-1; HRMS (ESI-TOF) m/z: [M-H]– calcd for C31H34NO3 468.2539; 

found: 468.2559. 

 

 4-((1H-indol-3-yl)(3-nitrophenyl)methyl)-2,6-di-tert-butylphenol (23s):  

The reaction was performed at 0.118 mmol scale of 21q; Rf = 0.2 (5% 

EtOAc in hexane); Yellow solid (31.2 mg, 58% yield); m.p. = 190 – 

192 oC; 1H NMR (400 MHz, CDCl3) δ 8.15 (brs, 1H), 8.07 (d, J = 8.3 

Hz, 1H), 8.04 (s, 1H), 7.58 (d, J = 7.6 Hz, 1H), 7.43 (t, J = 7.9 Hz, 

1H), 7.38 (d, J = 8.4 Hz, 1H), 7.20 – 7.17 (m, 2H), 7.02 (s, 2H), 7.0 (d, J = 7.6 Hz, 1H), 6.63 

(s, 1H), 5.7 (s, 1H), 5.14 (s, 1H), 1.37 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 152.6, 

148.5, 147.1, 136.9, 135.9, 135.2, 133.03, 129.2, 126.7, 125.5 (2C), 124.2, 124.0, 122.4, 121.5, 

119.7, 119.5, 111.3, 48.6, 34.5, 30.4; FT-IR (thin film, neat):3631, 3415, 2958, 1528, 1456, 

1235, 1094 cm-1; HRMS (ESI-TOF) m/z: [M-H]– calcd for C29H31N2O3 455.2335; found: 

455.2345. 

 

4-((1H-indol-3-yl)(4-(trifluoromethyl)phenyl)methyl)-2,6-di-tert-butylphenol (23t): 

The reaction was performed at 0.110mmol scale of 21r; Rf = 0.2 (5% 

EtOAc in hexane); White solid (46.9 mg, 89% yield); m.p. = 177 – 

179 ºC; 1H NMR (400 MHz, CDCl3) δ 7.97 (brs, 1H), 7.53 (d, J = 8.1 

Hz, 2H), 7.37 (d, J = 8.2 Hz, 3H), 7.21 – 7.17 (m, 2H), 7.03 (s, 2H), 

7.0 (d, J = 7.4 Hz, 1H), 6.62 (d, J = 1.5Hz, 1H), 5.63 (s, 1H), 5.12 (s, 1H), 1.38 (s, 18H); 

13C{1H} NMR (100 MHz, CDCl3) δ 152.4, 149.0, 136.9, 135.8, 133.6, 129.3, 128.4 (q, 2JC-F = 

30.6 Hz), 127.0, 125.7 (q, 1JC-F = 270.0 Hz), 125.6, 125.2 (q, 3JC-F = 3.4 Hz), 124.1, 122.3, 

120.0 (q, 3JC-F = 4.8 Hz), 119.9, 119.6, 111.2, 48.8, 34.5, 30.5; 19F{1H} NMR (376 MHz, 
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CDCl3) δ -62.14; FT-IR (thin film, neat): 3638, 3416, 2959, 11617, 1456, 1235, 861, 760 cm-

1; HRMS (ESI-TOF) m/z: [M-H]– calcd for C30H31F3NO : 478.2358; found: 478.2372. 

 

4-((1H-indol-3-yl)(naphthalen-2-yl)methyl)-2,6-di-tert-butylphenol (23u):  

The reaction was performed at 0.116 mmol scale of 21s; Rf = 0.2 (5% 

EtOAc in hexane); white solid (48.3 mg, 90% yield); m.p. = 200 – 202 

oC;1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 7.7 Hz, 1H), 7.88 – 7.86 

(m, 2H), 7.73 (d, J = 7.9 Hz, 1H), 7.45 – 7.40 (m, 2H), 7.36 – 7.34 (m, 

2H), 7.25 (d, J = 8.8 Hz, 1H), 7.18 – 7.15 (m, 2H), 7.08 (s, 2H), 6.98 (t, 

J = 7.4 Hz, 1H), 6.50 (s, 1H), 6.34 (s, 1H), 5.05 (s, 1H), 1.35 (s, 18H); 13C{1H} NMR (100 

MHz, CDCl3) δ 152.2, 147.2, 140.6, 136.8, 135.5, 134.0, 133.8, 132.1, 128.7, 127.2, 126.9, 

126.7, 125.9 (2C), 125.5, 125.3, 124.6, 124.5, 122.1, 120.9, 120.1, 119.3, 111.1, 44.6, 34.5, 

30.5; FT-IR (thin film, neat):3625, 3420, 2963, 1632, 1433, 1260, 764 cm-1; HRMS (ESI-TOF) 

m/z: [M+H]+ calcd for C33H36NO 462.2797; found: 462.2785. 

 

4-((1H-indol-3-yl)(pyren-1-yl)methyl)-2,6-di-tert-butylphenol (23v): 

The reaction was performed at 0.1161mmol scale of 21t; Rf = 0.2 (5% 

EtOAc in hexane); white solid (40.7 mg, 76% yield); m.p. = 218 – 220 

oC; 1H NMR (400 MHz, CDCl3) δ 8.50 (d, J = 9.4 Hz, 1H), 8.16 (t, J 

= 6.8 Hz, 2H), 8.06 (d, J = 8.5 Hz, 2H), 8.03 (s, 2H), 7.98 (t, J = 7.6, 

2H), 7.92 (s, 1H), 7.76 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.19 – 7.16 (m, 2H), 7.15 

(s, 2H), 6.93 (t, J = 7.2 Hz, 1H), 6.67 (s, 1H), 6.52 (d, J = 1.44 Hz, 1H), 5.08 (s, 1H), 1.34 (s, 

18H); 13C{1H} NMR (100 MHz, CDCl3) δ 152.2, 138.8, 136.9, 135.6, 134.1, 131.6, 131.0, 

130.0, 128.9, 127.8, 127.4, 127.3, 127.2, 126.8, 126.0, 125.9 (2C), 125.3, 125.1, 125.0, 124.88, 

124.86, 124.77, 124.0, 122.1, 121.3, 120.2, 119.4, 111.1, 45.0, 34.5, 30.5; FT-IR (thin film, 

neat):3625, 3420, 2963, 1632, 1433, 1260, 764 cm-1; HRMS (ESI-TOF) m/z: [M-H]- calcd for 

C39H36NO 534.2797; found: 534.2811. 

 

4-((1H-indol-3-yl)(thiophen-2-yl)methyl)-2,6-di-tert-butylphenol (23w):  

The reaction was performed at 0.136 mmol scale of 21u; Rf = 0.3 (5% 

EtOAc in hexane); White solid (46.9 mg, 84% yield); m.p. = 164–165 

oC;1H NMR (400 MHz, CDCl3) δ 7.95 (brs, 1H), 7.36 (t, J = 9.3 Hz, 2H),  

7.19 – 7.15 (m, 4H),  7.03 (t, J = 7.5 Hz, 1H), 6.92 (s, 1H), 6.81 (s, 1H), 

6.78 (s, 1H), 5.79 (s, 1H), 5.09 (s, 1H), 1.39 (s, 18H); 13C{1H} NMR (100 
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MHz, CDCl3) δ 152.4, 149.5, 136.6, 135.6, 134.4, 127.0, 126.5, 125.4, 125.2, 123.9, 123.3, 

122.1, 120.9, 120.0, 119.5, 111.2, 44.2, 34.5, 30.5; FT-IR (thin film, neat):3634, 3416, 2956, 

1433, 1270, 760, 697 cm-1; HRMS (ESI-TOF) m/z: [M+H]+ calcd for C27H32NOS 418.2205; 

found: 418.2188. 

 

4-((1H-indol-3-yl)(ferrocene-2-yl)methyl)-2,6-di-tert-butylphenol (23x):  

The reaction was performed at 0.136mmol scale of 21v; Rf = 0.3 (5% 

EtOAc in hexane); White solid (38.5 mg, 74% yield); m. p. = 134 – 

135oC;1H NMR (400 MHz, CDCl3) δ 7.87 (brs, 1H), 7.38 (d, J = 7.9 Hz, 

1H), 7.30 (d, J = 8.1 Hz, 1H), 7.19 (s, 2H), 7.12 (t, J = 7.7 Hz, 1H), 7.00 

(t, J = 7.3 Hz, 1H), 6.83 (s, 1H), 5.20 (s, 1H), 5.03 (s, 1H), 4.17 (s, 1H), 

4.10 (s, 2H), 3.96 (s, 6H), 1.42 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 152.0, 136.5, 

135.2 (2C), 127.0, 125.3, 122.2, 122.1, 121.8, 120.0, 119.1, 111.0, 94.0, 68.9, 68.7, 68.4, 68.0, 

67.3, 67.2, 43.5, 34.5, 30.6; FT-IR (thin film, neat):3634, 3416, 2956, 1433, 1270, 760, 697 

cm-1; HRMS (ESI-TOF) m/z: [M+H]+ calcd for C33H38FeNO 520.2303; found: 520.2327. 

 

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(1H-indol-3-yl)-2-(4-methoxyphenyl)acetonitrile 

(23y): 

The reaction was performed at 0.130 mmol scale of 21w; Rf = 0.2 (5% 

EtOAc in hexane); white solid (46.1 mg, 90% yield); m.p. = 170 – 

171 ºC 1H NMR (400 MHz, CDCl3) δ 8.23 (brs, 1H), 7.35 (d, J = 6.90 

Hz, 1H), 7.33 (t, J = 9.8 Hz, 3H), 7.20 (d, J = 7.4 Hz, 1H), 7.16 (s, 

2H), 7.04(t, J = 7.5 Hz, 1H), 6.86 (d, J = 8.08 Hz, 2H), 6.50 (s, 1H), 5.28 (s, 1H), 3.81 (s, 3H), 

1.35 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 159.1, 153.4, 137.0, 135.8, 132.5, 130.6, 

129.5, 125.5, 125.4, 125.1, 123.2, 122.7, 120.9, 117.4, 113.8, 111.5, 55.4, 50.4, 34.6, 30.3; FT-

IR (thin film, neat): 3637, 3417, 2957, 2217, 1610, 1456, 1154, 1121 cm-1; HRMS (ESI-TOF) 

m/z: [M-H]- calcd for C31H33N2O2 465.2542; found: 465.2534. 

 

2,6-di-tert-butyl-4-((4-methoxyphenyl)(5-methyl-1H-indol-3-yl)methyl)phenol (28a): 

The reaction was performed at 0.123mmol scale of 21a; Rf = 0.3 (5% 

EtOAc in hexane); white solid (50.5 mg, 90% yield); m.p. = 184 – 

186oC; 1H NMR (400 MHz, CDCl3) δ 7.82 (brs, 1H), 7.23 (d, J = 8.2 

Hz, 1H), 7.16 (d, J = 8.2 Hz, 2H), 7.05 (s, 3H), 7.05 (d, J = 8.2 Hz, 

1H), 6.82 (d, J = 8.1 Hz, 2H), 6.56 (s, 1H), 5.51 (s, 1H), 5.06 ( s, 1H), 3.80 (s, 3H), 2.35 (s, 
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3H), 1.38 (s, 18H); 13C {1H} NMR (100 MHz, CDCl3) δ 157.8, 152.0, 137.1, 135.4, 135.12, 

135.07, 129.9, 128.5, 127.5, 125.6, 124.0, 123.6, 120.7, 119.7, 113.5, 110.7, 55.3, 47.9, 34.5, 

30.5, 21.6; FT-IR (thin film, neat): 3637, 3415, 2955, 1609, 1433 cm-1; HRMS (ESI-TOF) m/z: 

[M+H]+ calcd for C31H38NO2 456.2903; found: 456.2923. 

 

4-((5-bromo-1H-indol-3-yl)(4-methoxyphenyl)methyl)-2,6-di-tert-butylphenol (28b): 

The reaction was performed at 0.123 mmol scale of 21a; Rf = 0.3 (5% 

EtOAc in hexane); White solid (52.39 mg, 82% yield); m.p. = 192–

194 ºC; 1H NMR (400 MHz, CDCl3), δ 7.96 (brs, 1H), 7.34 (s, 1H), 

7.21 (s, 2H), 7.12 (d, J = 8.1 Hz, 2H), 7.00 (s, 2H), 6.81 (d, J = 7.9 Hz,  

2H), 6.61 (s, 1H), 5.45 (s, 1H), 5.07 (s, 1H), 3.79 (s, 3H), 1.36 (s, 18H); 13C{1H} NMR (100 

MHz, CDCl3) δ 158.0, 152.2, 136.5, 135.5, 135.4, 134.4, 129.9, 129.0, 125.5, 125.0, 124.9, 

122.8, 121.0, 113.7, 112.6, 112.5, 55.4, 47.8, 34.5, 30.5; FT-IR (thin film, neat):3629, 3421, 

2955, 1610, 1460, 1433 cm-1; HRMS (ESI-TOF) m/z: [M+H]+ calcd for C30H35BrNO2 

520.1851; found 520.1829.  

 

2,6-di-tert-butyl-4-((5-chloro-1H-indol-3-yl)(4-methoxyphenyl)methyl)phenol (28c): 

The reaction was performed at 0.123mmol scale of 21a; Rf = 0.5 (5% 

EtOAc in hexane); Pale yellow solid (48.9 mg, 83% yield); m.p. = 

115–116 ºC; 1H NMR (400 MHz, CDCl3), δ 8.28 (brs, 1H), 7.56 (d, J 

= 8.2 Hz, 1H), 7.40 (d, J = 7.4 Hz, 1H), 7.18 (t, J = 7.9 Hz, 1H), 7.11 

(d, J = 8.4 Hz, 2H),  7.01 (s, 2H), 6.80 (d, J = 8.4 Hz, 2H), 6.78 (s, 1H), 6.08 (s, 1H), 5.06 (s, 

1H), 3.77 (s, 3H), 1.36 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 157.9, 152.1, 136.9, 136.6 

135.5, 134.7, 130.2, 127.0, 126.8., 126.3, 125.8, 125.6,121.7 119.3, 116.0, 113.5, 102.8, 55.3, 

46.5, 34.5, 30.5; FT-IR (thin film, neat):3634, 3420, 2955, 1609, 1509, 743 cm-1; HRMS (ESI-

TOF) m/z: [M+H]+ calcd for C30H35ClNO2: 476.2356; found: 476.2339. 

 

2,6-di-tert-butyl-4-((5-fluoro-1H-indol-3-yl)(4-methoxyphenyl)methyl)phenol (28d):  

The reaction was performed at 0.123mmol scale of 21a; Rf = 0.5 (5% 

EtOAc in hexane); Pale yellow solid (49.0 mg, 67% yield); m.p. = 145 

– 146 ºC; 1H NMR (400 MHz, CDCl3), δ 7.92 (brs, 1H), 7.26 – 7.22 

(m, 1H), 7.09 (d, J = 7.7 Hz, 2H), 7.03 (s, 2H), 6.91 – 6.81 (m, 4H), 

6.64 (s, 1H), 5.44 (s, 1H), 5.08 (s, 1H), 3.80 (s, 3H), 1.37 (s, 18H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 157.9, 157.5(d, 1JC-F = 232.4 Hz), 152.2, 136.6, 135.5, 134.4, 133.3, 129.9,  127.6 (d, 
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3JC-F = 9.84 Hz), 125.6, 125.5, 121.5 (d, 3JC-F = 4.69 Hz), 113.7, 111.6, (d, 3JC-F = 9.5 Hz), 

110.4 (d, 2JC-F = 26.3 Hz), 105.2 (d, 2JC-F = 23.4 Hz), 55.4, 48.0, 34.5, 30.5; 19F NMR (376 

MHz, CDCl3) δ -124.8; FT-IR (thin film, neat): 3628, 2953, 1600, 1509, 1453, 738 cm-1; 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C30H35FNO2 460.2652; found: 460.2643. 

 

2,6-di-tert-butyl-4-((6-chloro-1H-indol-3-yl)(4-methoxyphenyl)methyl)phenol (28e): 

The reaction was performed at 0.123 mmol scale of 21a; Rf = 0.5 (5% 

EtOAc in hexane); Pale yellow solid (49.21 mg, 84% yield); m. p. = 

115–116 ºC; 1H NMR (400 MHz, CDCl3), δ 7.91 (brs, 1H), 7.32 (s, 1H), 

7.12 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.5 Hz, 1H), 7.0 (s, 2H),  6.93 (d, 

J = 8.5 Hz, 1H), 6.81 (d, J = 8.4 Hz, 2H), 6.57 (s, 1H), 5.46 (s, 1H), 5.06 

(s, 1H), 3.78 (s, 3H), 1.36 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 157.9, 152.2, 137.2, 

136.7, 135.5, 134.5, 129.9, 127.9, 125.8, 125.5, 124.5, 121.5, 121.2, 120.0, 113.6, 111.0, 55.3, 

48.0, 34.5, 30.5; FT-IR (thin film, neat):3634, 3413, 2956, 1609, 1453, 805 cm-1; HRMS (ESI-

TOF) m/z: [M+H]+ calcd for C30H35ClNO2 476.2356; found: 476.2339. 

 

3-((3,5-di-tert-butyl-4-hydroxyphenyl)(4-methoxyphenyl)methyl)-1H-indole-4-

carbonitrile (28f): 

The reaction was performed at 0.123 mmol scale of 21a; Rf = 0.2 (5% 

EtOAc in hexane); White solid (48.6 mg, 80% yield); m. p. = 182 – 

183 ºC; 1H NMR (400 MHz, CDCl3), δ 8.29 (brs, 1H), 7.56 (d, J = 8.2 

Hz, 1H), 7.40 (d, J = 7.4 Hz, 1H), 7.18 (t, J = 7.8 Hz, 1H), 7.11 (d, J 

= 8.1 Hz, 2H), 7.00 (s, 2H), 6.80 (d, J = 8.1 H z, 2H), 6.78 (s, 1H), 6.08 (s, 1H), 5.06 (s, 1H), 

3.80 (s, 3H), 1.36 (s, 18); 13C{1H} NMR (100 MHz, CDCl3) δ 157.9, 152.1, 136.9, 136.6, 

135.5, 134.7, 130.2, 127.1, 126.8, 126.3, 125.8, 121.7, 119.3, 116.0, 113.5, 102.8, 55.3, 46.5, 

34.5, 30.5; FT-IR (thin film, neat): 3636, 3402, 2955, 2217, 1600, 1493 cm-1; HRMS (ESI-

TOF) m/z: [M+H]+ calcd for C31H35N2O2 467.2699; found: 467.2679. 

 

2,6-di-tert-butyl-4-((4-methoxyphenyl)(2-methyl-1H-indol-3-yl)methyl)phenol (28g):  

The reaction was performed at 0.123 mmol scale of 21a; Rf = 0.3 (10% 

EtOAc in hexane); Yellow solid (43.3mg, 77% yield); m. p. = 165–

166 ºC; 1H NMR (400 MHz, CDCl3) δ 7.72 (s, 1H), 7.24 (d, J = 8.0 

Hz,  1H), 7.11-7.09 (m, 3H), 7.05-7.02 (m, 2H), 6.90 (t, J = 7.5 Hz, 

1H), 6.79 (d, J = 7.7 Hz, 2H), 5.60 (s, 1H), 5.06 (s, 1H), 3.78 (s, 3H), 
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2.16 (s, 3H), 1.35 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 157.7, 152.0, 137.1, 135.4, 

135.3, 134.5, 131.7, 130.0, 128.6, 125.9, 120.7, 119.9 119.0, 115.2, 113.4, 110.0, 55.3, 46.9, 

34.4, 30.5, 12.6, FT-IR (thin film, neat): 3636, 3402, 2955, 1609, 1509 cm-1; HRMS (ESI-TOF) 

m/z: [M+H]+ calcd for C31H38NO2  456.2903; found: 456.2888. 

 

2,6-di-tert-butyl-4-((4-methoxyphenyl)(2-phenyl-1H-indol-3-yl)methyl)phenol (28h): 

The reaction was performed 0.123mmol scale of 21a; Rf = 0.4 (5% 

EtOAc in hexane); Brown gummy solid (49.0 mg, 83% yield); 1H 

NMR (400 MHz, CDCl3) δ 8.05 (brs, 1H), 7.50 (d, J = 7.3 Hz, 2H), 

7.41 (t, J = 7.4 Hz, 2H), 7.36 (t, J = 6.4 Hz, 2H), 7.15 (t, J = 8.4 Hz, 

1H), 7.07 (d, J = 10.2 Hz, 4H), 6.92 (t, J = 7.7 Hz, 1H), 6.77 (d, J = 

7.5 Hz, 2H), 5.69 (s, 1H), 5.03 (s, 1H), 3.77 (s, 3H), 1.32 (s, 18H); 13C{1H} NMR (100 MHz, 

CDCl3) δ 157.6, 151.9, 137.2, 136.3, 135.44, 135.38, 134.7, 133.4, 130.1, 128.9, 128.7, 128.4, 

127.9, 126.1, 121.9, 121.87, 119.5, 116.6, 133.4, 110.7, 55.3, 47.0, 34.4, 30.5, FT-IR (thin film, 

neat):3641, 3405, 2957, 1599, 1492, 909 cm-1; HRMS (ESI-TOF) m/z: [M+H]+ calcd for 

C36H40NO2 518.3059; found: 518.3034. 

 

2,6-di-tert-butyl-4-((4-methoxyphenyl)(1-methyl-1H-indol-3-yl)methyl)phenol (28i): 

The reaction was performed at 0.123mmol scale of 21a; Rf = 0.3 (5% 

EtOAc in hexane); Orange solid (44.2 mg, 79% yield); m. p. = 177–179 

ºC; 1H NMR (400 MHz, CDCl3) δ7.29 (d, J = 8.2, 1H), 7.23 (d, J = 7.9 

1H), 7.21 – 7.16 (m, 3H) 7.06 (s, 2H), 6.98 (t, J = 7.8 Hz, 1H), 6.82 (d, 

J = 8.7 2H), 6.46 (s, 1H), 5.53 (s, 1H), 5.07 (s, 1H), 3.80 (s, 3H), 3.72 (s, 3H), 1.39 (s, 

18H);13C{1H} NMR (100 MHz, CDCl3) δ 157.8, 152.0, 137.5, 137.2, 135.4, 135.0, 129.9, 

128.5, 127.6, 125.6, 121.5, 120.3, 119.6, 118.7, 113.5, 109.1, 55.3, 48.1, 34.5, 32.8, 30.5; FT-

IR (thin film, neat): 3639, 2954, 1609, 1509 cm-1; HRMS (ESI-TOF) m/z: [M-H]- calcd for 

C31H36NO2 454.2746; found: 454.2728. 

 

2,6-di-tert-butyl-4-((4-methoxyphenyl)(3-methyl-1H-indol-2-yl)methyl)phenol (28j): 

The reaction was performed at 0.123mmol scale of 21a; Rf = 0.3 (5% 

EtOAc in hexane); Colourless liquid (44.87 mg, 80% yield); 1H NMR 

(400 MHz, CDCl3) δ 7.56 (d, J = 7.56 Hz, 1H), 7.52 (s, 1H), 7.25 (d, J 

= 7.2 Hz, 1H), 7.15 – 7.11 (m, 2H),7.09 (d, J = 8.0 Hz, 2H), 7.00 (s, 2H), 

6.85 (d, J = 7.96 Hz, 2H), 5.64 (s, 1H), 5.18 (s, 1H), 3.81 (s, 3H), 2.18 (s, 3H), 1.40 (s, 18H); 
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13C{1H} NMR (100 MHz, CDCl3) δ 158.2, 152.6, 136.6 136.0, 135.1, 135.0, 132.7, 129.9, 

129.8, 125.7, 121.1, 119.1, 118.4, 113.8, 110.6, 107.8, 55.4, 47.9, 34.4,, 30.4; 8.8; FT-IR (thin 

film, neat):3629, 3463, 2955, 1609, 1460cm-1; HRMS (ESI-TOF): m/z: [M+H]+ calcd for 

C31H38NO2 456.2903; found: 456.2893. 

 

Gram-scale synthesis of 23a: 

Anhydrous CH2Cl2 (15 mL) was added to the mixture of p-quinone methide 21a (1.0 g, 3.08 

mmol), indole 22a (397.3 mg, 3.39 mmol), and catalyst 24a (39.7 mg, 0.308 mmol) under 

argon atmosphere and the resulting solution was stirred at room temperature. After the reaction 

was complete (24 h based on TLC analysis), the reaction mixture was concentrated under 

reduced pressure. The residue was then purified through a silica gel column, using 

EtOAc/Hexane mixture as an eluent, to get the pure product 23a in 84% yield (1.14 g). 

 

2,6-di-tert-butyl-4-((4-(tert-butyl)phenyl)(4-hydroxyphenyl)methyl)phenol (30): 

Anhydrous CH2Cl2 (2.0 mL) was added to the mixture of 21d (0.114 

mmol), phenol 29 (0.125 mmol), and catalyst 24a (0.012 mmol) under 

argon atmosphere, and the resulting suspension was stirred at room 

temperature. After the reaction was complete (based on TLC analysis), 

the reaction mixture was concentrated under reduced pressure. The 

residue was then purified through a silica gel column using an EtOAc/Hexane mixture as an 

eluent to get the pure product. (41.63 mg, 82% yield).; Rf = 0.2 (5% EtOAc in hexane); m.p = 

175 – 176 oC;  1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 8.36 Hz, 2H ), 7.03 (d, J = 8.20 Hz, 

2H), 6.99 (d, J = 8.44 Hz, 2H), 6.91 (s, 2H), 6.73 (d, J = 8.56 Hz, 2H), 5.34 (s, 1H), 5.07 (s, 

1H), 4.67 (s, 1H), 1.37 (s, 18H), 1.30 (s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 153.7, 152.1, 

148.8, 142.1, 137.7, 135.5, 134.7, 130.6, 129.0, 126.1, 125.1, 115.0, 55.7, 34.48, 34.46, 31.5, 

30.5; FT-IR (thin film, neat): 3634, 3369, 2960, 1519, 1421, 1243 cm-1; HRMS (ESI-TOF) 

m/z: [M+H]+ calcd for C31H41O2 445.3107; found: 445.3118. 

 

2,6-di-tert-butyl-4-((4-methoxyphenyl)(1H-pyrrol-2-yl)methyl)phenol (32): 

Anhydrous CH2Cl2 (2.0 mL) was added to the mixture of 21a 

(0.123 mmol), pyrrole 31 (0.135 mmol), and catalyst 24a (0.012 

mmol) under argon atmosphere and the resulting suspension was 

stirred at room temperature. After the reaction was complete (based 

on TLC analysis), the reaction mixture was concentrated under 
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reduced pressure. The residue was then purified through a silica gel column using an 

EtOAc/Hexane mixture as an eluent to get the pure product (39.70 mg, 83% yield).; Rf = 0.2 

(10% EtOAc in hexane); light brown gummy solid; 1H NMR (400 MHz, CDCl3) δ 7.79 (brs, 

1H), 7.12 (d, J = 8.64 Hz, 2H), 6.98 (s, 1H), 6.83 (d, J = 8.68 Hz, 2H), 6.69 (q, J = 1.56 Hz, 

1H), 6.14 (q, J = 3.04 Hz, 1H), 5.77 (brs, 1H), 5.30 (brs, 1H), 5.10 (brs, 1H), 3.80 (s, 3H), 1.38 

(s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 158.2, 152.5, 136.2, 135.8, 135.1, 133.8, 129.9, 

125.5, 116.8, 113.8, 108.2, 107.6, 55.4, 49.9, 34.5, 30.5; FT-IR (thin film, neat): 3634, 3461, 

3385, 2958, 2925, 1510, 1464, 1248, 1035 cm-1; HRMS (ESI-TOF) m/z: [M+H]+ calcd for 

C26H34NO2 392.2590; found: 392.2598 

 

3',5'-di-tert-butyl-3-(1H-indol-3-yl)-3H-spiro[benzofuran-2,1'-cyclohexa[2,5]dien]-4'-

one (33): 

To a solution of 23i (50mg, 0.117mmol, 1.0 equiv.) in benzene (1mL) 

was added iodobenzene diacetate (45.2 mg, 0.140mmol, 1.2 equiv.) at 

0oC. Then reaction mixture was stirred at rt overnight. Upon completion, 

the solvent was removed under reduced pressure and the residue was 

then purified by silica gel column chromatography to afford pure 33 as 

a pale yellow solid (36.19 mg, 73% yield).; Rf = 0.1 (5% EtOAc in hexane); m.p = 189 – 191 

oC;  1H NMR (400 MHz, CDCl3) δ 8.13 (brs, 1H), 7.32 – 7.30 (m, 2H), 7.22 – 7.01 (m, 2H),7.35 

(d, J = 8.2 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 7.22 – 7.20 (m, 1H), 7.14 (t, J = 7.64 Hz, 2H ), 

7.00 – 6.98 (m, 3H), 6.90 (s, 1H), 6.85 (s, 1H), 6.37 (brs, 1H), 5.09 (brs, 1H), 1.30 (s, 9H), 0.60 

(s, 9H); 13C{1H} NMR (100 MHz, CDCl3) δ 186.1, 158.6, 147.14, 147.11, 147.0, 146.2, 146.1, 

139.1, 137.4, 136.74, 136.70, 129.2, 128.9, 126.8, 126.2, 122.5, 121.2, 119.9, 111.4, 110.8, 

35.0, 34.3, 29.6, 28.6, 27.0; FT-IR (thin film, neat):3634, 3413, 2958, 1456, 1154, 1091 cm-1; 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C29H32NO2 426.2433; found: 426.2448. 

 

2,6-di-tert-butyl-4-(6,11-dihydrochromeno[2,3-b]indol-11-yl)phenol (34): 

Pyridine p-toluenesulfonate (32.34 mg, 0.129mmol) was added to a 

solution of 23i (50mg, 0.117mmol) in anhydrous CH2Cl2 (2.0 mL) and the 

reaction mixture was cooled to -78 oC. At this temperature N-

bromosuccinimide (22.9 mg, 0.129mmol) in 2mL of dry THF was 

dropwise added to the reaction mixture. The reaction mixture was allowed to stir at -78 oC for 

45 min and then quenched with a saturated solution of NaHCO3. The reaction mixture was 

extracted with CH2Cl2 (5 mL x 2) and dried over anhydrous Na2SO4. The organic layer was 
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concentrated under reduced pressure and the crude was purified through column 

chromatography to get pure product 34. Pale yellow solid (31.93 mg, 64% yield); Rf = 0.1 (5% 

EtOAc in hexane); m.p = 231 – 233 oC;  1H NMR (400 MHz, CDCl3) δ 7.82 (s, 1H), 7.27 – 

7.24 (m, 1H), 7.22 – 7.20 (m, 2H), 7.15 – 7.10 (m, 2H), 7.09 – 7.04 (m, 4H), 7.02 – 6.97 (m, 

1H), 5.38 (s, 1H), 5.02 (s, 1H), 1.36 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 152.4, 150.9, 

144.6, 136.5, 135.6, 131.4, 131.1, 127.5, 126.5, 125.7, 125.2, 124.1, 120.4, 120.1, 118.4, 116.8, 

91.1, 41.1, 34.4, 30.5; FT-IR (thin film, neat): 3634, 3413, 2958, 1456, 1154, 1091 cm-1; HRMS 

(ESI-TOF): m/z: [M+H]+ calcd for C29H32NO2 426.2433; found: 426.2422. 

 

2,6-di-tert-butyl-4-(3-methoxy-5,10-dihydroindeno[1,2-b]indol-10-yl)phenol (35): 

Pyridine p-toluenesulfonate (28.47 mg, 0.124mmol) was added to a 

solution of 23a (50 mg, 0.113 mmol) in anhydrous CH2Cl2 (2.0 mL) and 

the reaction mixture was cooled to -78 oC. At this temperature, N-

bromosuccinimide (22.18 mg, 0.124mmol) in 2mL of dry THF was 

dropwise added to the reaction mixture. The reaction mixture was allowed to stir at -78 oC for 

45 min and then quenched with a saturated solution of NaHCO3. The reaction mixture was 

extracted with CH2Cl2 (5 mL x 2) and dried over anhydrous Na2SO4. The organic layer was 

concentrated under reduced pressure and the crude was purified through column 

chromatography to get pure product 35. White solid (29.3 mg, 57% yield); Rf = 0.2 (5% EtOAc 

in hexane); m.p= 170 – 171 ºC; 1H NMR (400 MHz, CDCl3) δ 8.03 (s, 1H), 7.26 – 7.24 (m, 

1H), 7.13 – 7.11 (m, 5H), 6.92 (t, J = 7.48 Hz, 1H), 6.79 (d, J = 7.68 Hz, 2H), 5.60 (s, 1H), 

5.07 (s, 1H), 3.78 (s, 3H), 1.34 (s, 18H); 13C{1H} NMR (100 MHz, CDCl3) δ 157.8, 152.2, 

136.5, 135.8, 135.5, 133.3, 130.0 127.1, 126.0, 122.1, 120.4, 119.8, 118.6, 113.5, 110.4, 109.1, 

55.3, 47.6, 34.4, 30.5; FT-IR (thin film, neat): 3637, 3417, 2957, 1610, 1456, 1154, 1121 cm-

1; HRMS (ESI-TOF): m/z: [M+H]+ calcd for C30H34NO2 440.2590; found 440.2574. 

 

1 Comparison of rate of the reactions catalyzed by 24a and 24h 

Two independent experiments have been performed in a 100 mg (0.308 mmol) scale of the 21a 

and 22a (0.339 mmol) in 3 mL of CH2Cl2. In the first experiment, 20 mol% of 24a (0.061 

mmol) was used and in another experiment, 20 mol% of 24h (D = 99.99%) [0.061 mmol] was 

used as a catalyst. During the progress of the reactions, 0.3 mL of the reaction mixture was 

withdrawn from each the reaction mixture at an interval of 0.5 h, 1 h, 2 h, 3 h, 4 h….12 h and 

passed through the silica gel column and then analyzed by 1H NMR spectroscopy. Figure 5. 

shows the comparison between the rate of the reactions catalyzed by 24a and 24h. It is evident 
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from Figure 5 that the rate of the reaction as well as the conversion is much less in the case of 

the reaction catalyzed by 24h when compared to the reaction catalyzed by 24a. The reaction 

catalyzed by 24a reached completion within 12 h. However, only 50% conversion was 

observed in the case of reaction using 24h as a catalyst after 12 h. This observation clearly 

confirms the involvement of the C-H hydrogen of the cyclopropene ring of 24a in catalyzing 

the reaction (Scheme 14). 

Scheme 14.  Reaction kinetics of 24a and 24h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 1H NMR experimental determination of the rate of reaction catalyzed by 24a and 

24h.  

 

2.13C NMR stacking experiments using various concentrations of 21a and 24a  

 

The 13C NMR-based experiments have been carried out using stock solutions of 21a (0.05 M), 

and 24a (0.05M) in CDCl3. In these experiments, solutions of various molar ratios of 21a and 

24a have been prepared by mixing the stock solutions of 21a and 24a and allowed to mix for 
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30 min. These mixtures were then analyzed by 13C NMR spectroscopy. It is evident from Fig. 

S2 that the chemical shift of the carbonyl group of p-QM (21a) has been gradually shifted to 

the upfield region with the increasing concentration of 24a. This observation clearly confirms 

that the C=O group of 21a is getting activated by the catalyst 24a through non-covalent 

interactions. 

Figure 6. 13C-NMR experiment depicting the shifts in the substrate 21a upon titration with 24a 

with molar stoichiometric ratios (21a:24a) as follows: (bottom to top, 21a:24a): 1:0; 1:0.5; 1:1; 

1:2; 1:10 1:15; (concentration of 21a 0.062 mM in CDCl3) 
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3. 1H & 13C NMR stacking for 21a and 24b (using various conc. of 24b in CDCl3) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. 1H-NMR experiment depicting the shifts in the substrate 21a upon titration with 24b 

with molar stoichiometric ratios (21a:24b) as follows: (bottom to top, 21a:24b): 1:0; 1:0.5; 1:1;  

1:2; 1:10 1:15; (concentration of 21a  0.062 mM in CDCl3) 
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Figure 8. 13C-NMR experiment depicting the shifts in the substrate 21a upon titration with 24b 

with molar stoichiometric ratios (21a:24b) as follows: (bottom to top, 21a:24b): 1:0; 1:0.5; 1:1; 

1:2; 1:10 1:15; (concentration of 21a  0.062 mM in CDCl3) 
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4. 1H & 13C NMR stacking for 21a and 24c (using various conc. of 24c in CDCl3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. 1H-NMR experiment depicting the shifts in the substrate 21a upon titration with 24c 

with molar stoichiometric ratios (21a:24c) as follows: (bottom to top, 21a:24c): 1:0; 1:0.5; 1:1; 

1:2; 1:10 1:15; (concentration of 21a 0.062 mM in CDCl3) 
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Figure 10. 13C-NMR experiment depicting the shifts in the substrate 21a upon titration with 

24c with molar stoichiometric ratios (21a:24c) as follows: (bottom to top, 21a:24c): 1:0; 1:0.5; 

1:1; 1:2; 1:10 1:15; (concentration of 21a 0.062 mM in CDCl3) 

 

5. Estimation of association/binding constant between 21a and 24a  

The association constant between 21a and 24a has been estimated by fitting the UV-vis 

spectroscopic data in BindFit program.1 The experimental procedure for the UV-vis 

spectroscopy is given below.  

Procedure: Stock solutions of 21a (6.81 x 102 μM) and 24a (2 x 104 μM) have been prepared 

in CHCl3. A stock solution of 24a was added gradually in the order 10, 20, 30, ….110 μL to a 

solution of 21a (990, 980, 970, ….890 μL, respectively), and the total volume of the solution 

was made up to 1 mL. The UV-vis spectra for each sample have been recorded. For each 

sample, the wavelength (λmax) was found to be 384 nm, and absorbance values at this 

wavelength were used for further calculations. For obtaining the association constants, 

concentration of 21a, 24a and their corresponding absorbance based on the UV-vis titration 
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data have been considered. The results are tabulated in Table 2 

Table 2. Determination of association/binding constant between 24a and 21a 

21a (Host 

concentration 

/ M) 

24a: (Guest 

concentration 

/ M) 

Absorbance 

S 

 384.00104 

BindFit data 

6.80E-06 0 0.95145 Ka = 100656.84 M⁻¹ 

Error = ± 3.7678 % 

SSR = 2.1747e-4 

Method = Nelder-Mead 

Fitter = UV1to1 

Link: 

http://app.supramolecular.org/bindfit/view/6b

e099b2-8e92-4d9f-805d-888ac089a1da  

 

6.80E-06 1.98E-06 0.90111 

6.80E-06 3.96E-06 0.85395 

6.80E-06 5.94E-06 0.82165 

6.80E-06 0.00000792 0.7877 

6.80E-06 0.0000099 0.75462 

6.80E-06 0.00001188 0.73696 

6.80E-06 0.00001386 0.71069 

6.80E-06 0.00001584 0.68782 

6.80E-06 0.00001782 0.67132 

6.80E-06 0.0000198 0.66707 

6.80E-06 0.00002178 0.66092 

 

 
Figure 11. Determination of association constant between 24a and 21a using a UV-vis 

spectroscopy titration experiment. The association constant has been estimated using the web 

based BindFit program.1  

 

6. Estimation of association/binding constant between 21a and 24h 

The association constant between 21a and 24h has been estimated using the same protocol that 

we have followed for 21a & 24a. In this case, a stock solution of 24h was added gradually in 

the order 10, 20, 30, ….110 μL to a solution of 21a (990, 980, 970, ….890 μL, respectively), 

and the total volume of the solution was made up to 1 mL. The UV-vis spectra for each sample 

have been recorded. For obtaining the association constants, concentration of 21a, 24h and 

their corresponding absorbance based on the UV-vis titration data have been considered. The 

results are tabulated in Table 3. 

 

http://app.supramolecular.org/bindfit/view/6be099b2-8e92-4d9f-805d-888ac089a1da
http://app.supramolecular.org/bindfit/view/6be099b2-8e92-4d9f-805d-888ac089a1da
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Table 3. Determination of association/binding constant between 24h and 21a 

21a (Host 

concentration / M) 

24h: (Guest 

concentration / M) 

Absorbance 

384 

BindFit data 

6.80E-06 0 0.95586 Ka = 22812.26 M⁻¹ 

Error = ± 9.1869 % 

SSR = 1.5005e-3 

Method = Nelder-Mead 

Fitter = UV1to1 

Link: 

http://app.supramolecular.org/bindfit

/view/cdb0121c-17e1-4e0a-ac40-

106b8d87a297  

 

 

6.80E-06 1.98E-06 0.95002 

6.80E-06 3.96E-06 0.92197 

6.80E-06 5.94E-06 0.8997 

6.80E-06 0.00000792 0.86488 

6.80E-06 0.0000099 0.84159 

6.80E-06 0.00001188 0.8183 

6.80E-06 0.00001386 0.79671 

6.80E-06 0.00001584 0.78135 

6.80E-06 0.00001782 0.77099 

6.80E-06 0.0000198 0.76738 

6.80E-06 0.00002178 0.76538 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Determination of association constant between 24h and 21a using a UV-vis 

spectroscopy titration experiment. The association constant has been estimated using the web 

based BindFit program 

 

7. Attempted enantioselective version using 24i as a chiral catalyst: 

Anhydrous CH2Cl2 (1.5 mL) was added to the mixture of p-quinone methide 21a (20 mg, 0.062 

mmol), indole 22a (8.5 mg, 0.074 mmol), and catalyst (0.012 mmol) under argon atmosphere 

http://app.supramolecular.org/bindfit/view/cdb0121c-17e1-4e0a-ac40-106b8d87a297
http://app.supramolecular.org/bindfit/view/cdb0121c-17e1-4e0a-ac40-106b8d87a297
http://app.supramolecular.org/bindfit/view/cdb0121c-17e1-4e0a-ac40-106b8d87a297
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and the resulting solution was stirred at room temperature. After the reaction was complete the 

reaction mixture was concentrated under reduced pressure. The residue was then purified 

through a silica gel column, using EtOAc/Hexane mixture as an eluent, to get the pure product 

23a in a 78% (20.8 mg) isolated yield. Unfortunately, only traces of 23a were obtained when 

the reaction was carried out at 0 oC. 

HPLC data: 

For the racemic mixture: 
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For the product isolated in the attempted enantioselective reaction: 
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1H NMR spectrum of 23q (400 MHz, CDCl3) 
 
 
 
 
 
 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

13C{1H} NMR spectrum of 23q (100 MHz, CDCl3) 
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1H NMR spectrum of 28a (400 MHz, CDCl3) 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

13C{1H} NMR spectrum of 28a (100 MHz, CDCl3) 
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1H NMR spectrum of 30 (400 MHz, CDCl3) 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C{1H} NMR spectrum of 30 (100 MHz, CDCl3) 
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Chapter 4 

 
Tris-arylcyclopropenium carbocation as an organic Lewis acid 

catalyst in Nazarov cyclization and conjugate addition reactions. 

 
4.1 Introduction 

 
Carbocations are generally described as non-isolable and inherently unstable 

intermediates in fundamental transformations such as E1, SN1, and rearrangement reactions.1  

However, this is not completely true, because some delocalized carbocations have been found 

to exist in a stable form in aqueous media even without inert conditions.2 For example, 

tropylium carbocation was the first stable carbocation to be identified in 1891.3 Since then, the 

stability, reactivity, and other characteristics of several forms of other carbocations have been 

thoroughly investigated.2 Carbocations have been recognized for more than 130 years, thus it 

is somewhat unexpected that their applications in organic synthesis have recently been 

investigated. Nowadays, carbocations like tropylium and trityl cation are frequently utilized as 

Lewis acids to activate electrophiles by decreasing their LUMO,4 and as Bronsted acids to 

activate nucleophiles like alcohols. Additionally, carbocations have also been employed as 

photocatalysts and electrophotocatalysts for radical-mediated transformations (Figure 1).5–8 

 

Figure 1. The activation pattern of carbocations 

 

This chapter describes the recent advancement in carbocation-promoted organic 

reactions over the past decade.  
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4.2 Literature reports on carbocation-catalyzed organic transformations 

In the last few years, carbocations have been used for the activation of various 

functional groups, and some of the recent reports are listed below. 

4.2.1 Activation of carbonyl group by carbocation  

Due to their diverse and common chemical nature in organic transformations, carbonyl 

compounds belong to the most synthetically significant classes of organic substances. The 

acetalization reaction is the most widely used masking strategy for aldehydes and ketones.9 In 

2017, Nguyen and co-workers established a tropylium cation 4 catalyzed acetalization reaction 

using a variety of aldehydes (1) and trialkyl orthoformate (2) under both batch and flow setups 

to produce the corresponding diacetyl derivatives (3) in good yields (Scheme 1).10 

Scheme 1. Tropylium cation catalyzed acetalization reactions. 

  

In 2017, Oestreich and co-workers developed a Mukaiyama aldol addition through a directed 

Diels-Alder reaction using 8 (a chiral derivative of [B(C6F5)4]
− where the trityl carbocation was 

the counter ion). However, the dienophile 5 and diene 6 could generate only racemic product 

7 (Scheme 2).11 Later in 2017, Luo and co-workers reported a Diels Alder reaction with 

anthracene derivatives (9) and α,β-unsaturated carbonyl compounds (10)  through activation of 

LUMO of dienophile (carbonyl compounds) to prepare the corresponding cyclic products (11) 

in excellent yields.12 In continuation of this work, the same research group has established the 

design and synthesis of a chiral complex 17 and the precursor of trityl carbocation 16. They 

have employed this chiral catalyst 17 for the Diels–Alder reaction of anthracene 13 with 

activated dienophiles (14) to get the desired products (15) in good to excellent yield with very 

high chiral induction of up to 93% ee (Scheme 2).13 
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Scheme 2. Trityl carbocation catalyzed Diels-Alder reactions. 

  

Carbonyl and olefin metathesis reactions using metal-based Lewis acids have been explored 

by Schindler’s group14–17 and Li's group.18 However, in 2018, Nguyen and co-workers 

developed an organocatalytic carbonyl-olefin metathesis using tropylium salt as an organic 

Lewis acid. They suggested that tropylium activates the aldehyde by lowering its LUMO and 

enables the nucleophilic attack by olefin followed by the sequential intramolecular cyclization 

and retro [2+2] cycloaddition reaction to furnish the corresponding products (20) [Scheme 3].19 

In the same year, Franzen’s research group reported an intramolecular ring-closing carbonyl-

olefin metathesis reaction of enals (22) by employing trityl cation 25 as an organocatalyst to 

generate the indenes (23) in moderate to good yields.20 Very recently, the Nguyen group has 

developed an inter- and intramolecular carbonyl-alkyne metathesis (CAM) reaction. 

Compounds 26a/26b were subjected to optimized conditions to generate the 2-H chromene and 

phenanthrene products (27). The author suggested that the CAM reactions begin with a [2+2]-

cycloaddition of the carbonyl and the alkyne, followed by a [2+2]-cyclo-reversion of a four-

membered oxetane to produce the 2-H chromene and phenanthrene products 27 (Scheme 3).21 
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Scheme 3. Tropylium and trityl carbocation catalyzed inter- and intramolecular metathesis 

reactions 

 Franzen and co-workers, in 2018 established a highly chemoselective bromination 

of alkyl arenes (28) using trityl carbocation 25 as an organic Lewis acid catalyst; here, N-

bromosuccinamide 29 was employed as a bromination source. It was proposed that under light-

mediated reaction conditions, trityl cation helps in producing bromine from NBS and 

facilitating nucleophilic addition of bromide ion to generate benzyl bromide product 30. 

Scheme 4. Trityl carbocation catalyzed chemoselective bromination reactions. 

On the other hand, in acetonitrile solvent and the absence of light, aryl-bromides (31) were 

obtained as a major product (Scheme 4).22 
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 In 2018, Nguyen and co-workers demonstrated tropylium salt 4 catalyzed Retro-

Claisen rearrangement type reaction, where C-C bond cleavage of diketones (32) produced the 

corresponding amines (34) and esters (35). Additionally, by employing thiols as the 

nucleophiles, the respective thioethers (36) were obtained in good yields (Scheme 5).23 

Scheme 5. Tropylium carbocation mediated retro-Claisen rearrangement. 

Lv and co-workers, in 2019, reported the Roskamp reaction between α-alkyl diazoacetates (37) 

and aldehydes (38) by utilizing the trityl carbocation as a catalyst to access a wide range of α-

branched β-ketocarbonyls (39) in moderate yields (Scheme 6).24  

 
Scheme 6. Roskamp reaction of aldehydes and α-alkyldiazoacetates. 

 

Later, in 2021, Nguyen’s research group developed an analogous methodology for the 

synthesis of α-functionalized esters (42) through tropylium-catalyzed O−H insertion reaction 

of diazoalkanes (40) with carboxylic acids (41). This reaction tolerated various functional 

groups and produced the functionalized esters in moderate to good yields (Scheme 6).33 

      A vinylogous aza-Michael addition of carbamates (44) to p-quinone methides (43) was 

demonstrated by Anand and co-workers. Several different, α,α'-diarylmethyl carbamates (45) 
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were isolated in good to exceptional yields. The author proposed two different plausible 

mechanisms, including hidden Bronsted acid activation via in-situ generation of HBF4 and 

Lewis acid activation through tropylium carbocation coordination to p-QMs (Scheme 7).25 

Scheme 7. Vinylogous aza-Michael addition of carbamates to para-quinone methides. 

 

4.2.2. Activation of imines by carbocation  

Guo and co-workers reported the synthesis of cis-4-aminobenzodihydropyrans (48) 

from salicyaldimines (46) and enones (47) under trityl cation 25 promoted interrupted Povarov 

reaction (Scheme 8).26 Recently, Brindle’s group reported the synthesis of enantiomerically- 

Scheme 08. Vinylogous aza-Michael addition of carbamates to para-quinone methides. 

 

pure bisindolylmethanes (51) through the reaction between N-arylimines 49 and two different 

indoles 50 & 52 and using stable carbocation 54 (Scheme 8).27  

 

4.2.3 Activation of alkenes and alkynes by carbocation 
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The carbocations have also been utilized as alkenophylic and alkynophylic organic Lewis acid 

catalysts in organic transformations. In 2018, Yao and co-workers demonstrated a 

hydroarylation reaction between alkenes (55) and aromatic amines (56) by employing trityl 

carbocation 58 as a Lewis acid to produce the respective alkylated arenes (57) in excellent yield 

(Scheme 9).28 In the same year, Nguyen and co-workers developed a tropylium-catalyzed 

hydration reaction of alkynes (59) in the presence of acetic acid or water to produce the 

corresponding ketones (60) in good to excellent yields. According to the proposed mechanism, 

the tropylium cation not only interacts with alkyne via π-π stacking but also with acetic acid or 

water to form an intermediate, which upon proton transfer yields the desired product (Scheme 

9).29 Similarly, in 2019, the Hashami research group  established the synthesis of furan 

derivatives (63) by employing a trityl carbocation 65, which promoted the oxidative [2+2+1] 

cycloaddition of two different molecules of ynamides 61 and 62 with 2,3-dichloroquinoxaline-

N-oxide 64 (Scheme 9).30 

Scheme 9. Alkenophylic and alkynophylic activation utilizing different carbocations. 

 

4.2.4 Activation of epoxides and alcohols by carbocation 

 In 2017, Belokon and co-workers established a methodology to produce cyclic 

carbonates (67) from epoxides (66) and carbon dioxide, catalyzed by carbocation 68 and 
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BINOL (Scheme 10).31 Later in 2020, Nguyen and co-workers reported a tropylium-catalyzed 

inexpensive method to synthesize 2,2-dimethylchromans (71) through prenylation reactions of 

phenols (69) with dienes (70) [Scheme 10].32 In 2021, the same group described a Ritter-type 

reaction between alcohols (72) and the nitriles (73) to generate the corresponding amides (74) 

in good to excellent yields (Scheme 10).33 

Scheme 10. Activation of epoxide and alcohols by carbocations 

 

4.2.5 Photoredox catalysis by carbocation 

 In pursuit of promoting the SET process in organic reactions, photoredox catalysis 

has evolved into an efficient and environmentally beneficial synthetic tool. In 2021, Gianetti 

and co-workers established that the helical carbonium ion 78 could promote useful organic 

photoredox transformations under visble-light. The author developed nPr- DMQA+ (78) 

catalyzed trifluoromethylation/dearomatization cascade reaction, utilizing N-protected indole-

3-propionic acids (75) and Umemoto’s reagent 76 (as a CF3 source) to synthesize differently 

functionalized CF3-containing 3,3- spirocyclic indoles (77) [Scheme 11].34 Similarly, in 2022, 

the same research group discovered the [3+2]-cycloaddition of alkynes and alkenes (80) with 

cyclopropylamines (79) under mild conditions to access a wide range of 
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cyclopentane/cyclopentene derivatives (81 and/or 82) in moderate to good yields.35 

Scheme 11. Photoredox catalysis using carbocations 

 

4.2.6 Miscellaneous reports on carbocation-catalyzed organic 

transformations 

One of the most commonly used reactions in organic synthesis is the hydroboration reaction. 

Typically, a main group element or transition metal would catalyze the hydroboration reaction. 

However, in 2021, Nguyen and co-workers established a tropylium-catalyzed hydroboration  

Scheme 12. Tropylium-catalyzed hydroborylation reaction of Alkynes, Alkenes, and Epoxides 

the reaction of alkynes, alkenes (83), and epoxides (84) to produce the corresponding products 

(86 or 87) in good to excellent yield (Scheme 12).36 

4.3 Background  
 Although there are several reports on the catalytic applications of trityl and tropylium 

carbocations, surprisingly, the cyclopropenium carbocations have not been utilized as organic 
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Lewis acid so far in any fundamental organic transformations. Therefore, we became interested 

in exploring some of the cyclopropenium salts as organic Lewis acid in some fundamental 

organic transformations, especially, in reactions involving carbonyl activation.  

 

4.4 Results and discussion   

 
During the course of exploring the chemistry of cyclopropenium ions in the oxophilic 

activation through hydrogen bond donor catalysis,37 we anticipated that a suitable substitution 

on the cyclopropenium ring could lead us to effective and efficient molecules that can act as 

organic Lewis acid catalysts. We envisioned that these cyclopropenium carbocations could 

activate the carbonyl group of carbonyl compounds through coordination between carbocation 

and the carbonyl group. In such cases, many fundamental organic transformations could be 

carried out using these cyclopropenium carbocation as an organic Lewis acid.  With the 

proposed hypothesis, a variety of cyclopropenium ions (90a-d) with different aryl-substituents 

on the cyclopropane ring have been synthesized using a literature procedure (Scheme 13).38 

Scheme 13. Synthesis of tris(ary)cyclopropenium salts.a  

 

 

aAll reaction were carried out at 1.41 mmol scale of 88a. yields reported are isolated yields. 

 

4.4.1. Determination of the pKa values of tris(aryl)cyclopropenium salts.   

The UV spectra of the triarylcyclopropenyl cations are characterized by the absorption 

of light in the ultraviolet region, typically in the range of 200–400 nm. The exact position and 

intensity of the absorption bands depend on the substituents on the cyclopropenyl ring, and the 

solvent used. In 1961, Breslow and co-workers calculated the pKa of 90a and 90d using UV-

visible spectroscopy, and the values were found to be 2.7 and 6.40 in an aqueous EtOH 

solution.39 To get hands-on experience in these experiments we have also repeated the 

experiments done by Breslow for the carbocation 90d and followed the same procedure for 

90b. The following  
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Scheme 14. Neutralization of carbocation 90d and 90b in aqueous ethanolic solution. Buffer 

solutions used were freshly prepared in 23% aqueous ethanolic solution. 

 

are the details of those experiments. The pKa of 90d and 90b cations were determined in 23% 

aqueous ethanol (Scheme 13). For this purpose, we made a buffer solution in the range of pH 

0.025 to 10. The cation (1 mg) was dissolved in 5.27 ml of 95% ethanol before being diluted 

with water to make it 10 mL. We created buffer or acid solutions by diluting 21.1 ml of 95% 

ethanol to 100 mL with water and 1 mL of the "50%" ethanolic cation solution to 10 mL with 

the "20%" ethanolic buffer solution. This created a medium that is referred to as "23% aqueous 

ethanol." Although less alcohol was sufficient for 90d, preliminary experiments showed that 

this was the minimal amount of ethanol needed to prevent turbidity when 90d was neutralized. 

The conventional method, which involves analyzing the ultraviolet spectra of each cation in 

10–15 buffer or acid solutions spaced throughout a pH range of roughly one unit on either side 

of the pKa, was adopted. The midpoint of the ensuing titration curve was taken as the pKa. The 

absorbance at a wavelength that describes the cation was plotted against pH. The wavelengths 

used were 362 nm and 324 nm for tris(4-methoxyphenyl)cyclopropenyl cation and tris(4-

fluorophenyl)cyclopropenyl cation, respectively. The spectra were recorded on the Carry 3500 

UV-visible compact Peltier. The above-created solutions were analyzed in a 1-cm UV quartz 

cuvette. The tris(4-methoxyphenyl)cyclopropenyl cation's pKa was found to be 6.39 (Figure 2 

and Table 1) at normal concentration. However, interestingly, the tris(4-

fluorophenyl)cyclopropenyl cation's pKa was found to be 1.62 (Figure 3 and Table 2). The low 
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pKa shows that 90b has almost 4 times of Lewis acidic character in comparison to 90d. 

 

Figure 2. Ultraviolet absorption spectra of 90d and neutralized cation I (Scheme 13) in 23% 

ethanol in water. The absorbance taken at 362 nm was plotted against the pH of the solution. 

From this, we can calculate pKa, which corresponds to the pH value at half the maximum 

absorbance. The pKa of 90d calculated from this graph is 6.39. 

Table 01. The absorbance value of 90d at 362 using buffer solutions of pH 0.25–9.22. 

 
pH Absorbance @ 362 nm 

0.25 0.92145 

1.00 0.91347 

2.00 0.89664 

2.79 0.90234 

3.77 0.89019 

4.20 0.93061 

4.82 0.87902 

5.24 0.86668 

5.88 0.7206 

6.37 0.46674 

6.98 0.24907 

7.47 0.19343 

7.96 0.11818 

8.55 0.0898 

9.22 0.0873 
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Figure 3. Ultraviolet absorption spectra of 90b and neutralized cation II (Scheme 13) in 23% 

ethanol in water. The absorbance taken at 324 nm was plotted against the pH of the solution. 

The pKa of 90b calculated from this graph is 1.62. 

Table 2. The absorbance value of 90b at 324 using buffer solutions of pH 0.25–4.82. 

 

pH Absorbance @ 324 nm 

0.25 0.94543 

1.00 0.92669 

1.55 0.76997 

2.07 0.61155 

2.55 0.53033 

2.79 0.55004 

3.22 0.51135 

3.77 0.54058 

4.20 0.53851 

4.82 0.55907 

 

 

4.4.2 Optimization study 

It was clear from the pKa measurement experiments that the cyclopropenium derivative 

90b has a pKa of 1.62; so, we envisaged that this carbocation could be used as a Lewis acid 

catalyst in some of the fundamental organic transformations such as Nazarov cyclization as 

this reaction involves activation of the carbonyl group. In this regard, we started the 

optimization studies using a readily available symmetric tetra-substituted dienone 91a as a 

model substrate. The outcomes of the optimization reactions are summarized in Table 3.  
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Table 3. Catalyst Screening and Optimization Study.a  

 

 
                                                                                                                                                     

 

 
 

 

 
 

aAll reactions were carried out with 91a (0.152 mmol), and 10 mol % of catalyst in 1 mL of solvent at room 

temperature. bIsolated yields. cOptimal condition. d5 mol % of catalyst was used. 1,2-DCE = 1,2-dichloroethane. 

DMSO = dimethyl sulfoxide. NR = No reaction 

 

The optimization reactions were carried out with many cyclopropenium salts including the 

tris(aryl)cyclopropenium salts (90a-d). Initially, an experiment was carried out using 90a as a 

catalyst in THF at room temperature; but no reaction was observed even after 12 h and the 

starting material 91a remained as such (Entry 1, Table 3). The reaction was then performed in 

other solvents such as 1,4 dioxane, acetonitrile (ACN), and toluene, However, in those cases, 

Entry Catalyst Solvent Time Yield of 92ab (%) dr(cis:trans) 

1 90a THF 12 h NR  

2 90a 1,4 Dioxane 12 h NR  

3 90a MeCN 12 h <10  

4 90a PhMe 12 h NR  

5 90a CHCl3 6 h 47 2:1 

6 90a CH2Cl2 6 h 65 2:1 

7 90a 1,2-DCE 6 h 53 3:1 

8c 90b CH2Cl2 15 min 92 3:1 

9 90c CH2Cl2 12 h 60 1:1 

10 90d CH2Cl2 12 h 42 1:1 

11 90e CH2Cl2 12 h NR  

12 90f CH2Cl2 12 h NR  

13 90g CH2Cl2 12 h >10  

14 90h CH2Cl2 12 h NR  

15 90i CH2Cl2 12 h NR  

16 90b CHCl3 6 h 76 3:1 

17 90b 1,2-DCE 6 h 83 3:1 

18 90b MeCN 12 h 70 2:1 

19 90b PhMe 12 h 27 2:1 

20 90b DMSO 16 h 67 2:1 

21d 90b CH2Cl2 1 h 83 3:1 

22 NaOTf CH2Cl2 12 h NR  

23 -- CH2Cl2 12 h NR  
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the formation of 92b was not observed, except in MeCN, where 92a was observed in <10% 

Surprisingly, when the reaction was carried out in chlorinated solvents such as chloroform, 

dichloromethane and 1,2-dichloroethane, a drastic improvement in the formation of 92a was 

observed (47, 65 and 53% yields, respectively) [Entries 5-7]. Interestingly, when tris(4-

fluorophenyl)cyclopropenium salt 90b was used as a catalyst, we observed a significant 

enhancement in the reaction rate and a great improvement in the yield of 92a (up to 92% with 

dr = 3:1{cis:trans}) [Entry 8]. However, an opposite trend of reactivity was observed in the 

cases of reactions using electron-rich aryl-substituted cyclopropenium salts 90c and 90d; and 

92a was obtained in relatively lower reaction yields (60 and 42% yields, respectively), and 

poor diastereoselectivity (dr = 1:1{cis:trans}) in those cases (Entries 9 & 10]. Other 

bis(dialkylamino)-substituted cyclopropenium salts (90e and 90f) and 

tris(dialkylamino)cyclopropenium salts (90g-i) were found to be ineffective for this 

transformation (Entries 11-15). Since the reaction worked well using 90b in CH2Cl2 (Entry 8), 

a few other optimization experiments were carried out using this salt in other solvents (Entries 

16-20); however, in those cases, the yield of 92a was found to be inferior when compared to 

Entry 8. It was found that the reaction was also proceeding with 5 mol% of 90b and in that 

case, 92a was obtained in lower yield (83%) [Entry 21]. To understand whether the counter 

anion of 90b (in this case, it is a triflate anion) plays any role in the Nazarov cyclization of 91a, 

we performed a control experiment using sodium trifluoromethanesulfonate (NaOTf) as a 

catalyst in CH2Cl2 at room temperature (Entry 22). We presumed that there is a remote 

possibility that the triflate anion might get converted to TfOH, which could possibly catalyze 

the cyclization of 91a. However, in this case, no product formation was observed even after 12 

h which clearly shows that the counter anion (TfO¯) is not involved in the catalytic process 

(Entry 22). The reaction did not proceed without the catalyst which clearly shows that a catalyst 

is required for this transformation (Entry 23).   

             At this point, before moving to the substrate scope studies, we sought to understand 

the mechanism of this transformation. Based on the optimization studies (Table 3), we were 

partially convinced that the carbocation of the cyclopropene ring in 90b behaves as an 

oxophillic Lewis acid in activating the carbonyl group of dienone 91a. To confirm this concept, 

we have decided to perform a few control experiments based on NMR titration. We realized 

that it was not possible to perform NMR titration experiments between 90b and 91a as the 

Nazarov reaction of 91a took place very fast (within 15 min). Therefore, since this reaction 

generally proceeds through carbonyl activation, to prove the concept, we thought of examining 

the complexation between 90b and a model substrate such as an aryl-aldehyde or chalcone, 
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which closely resembles the structure of 91a, through NMR titration experiments. We 

envisaged that these studies might provide some insights into whether the carbonyl group of 

91a is getting activated by 90b or not in the actual Nazarov cyclization reaction. Thus, we have 

chosen chalcone 93 and p-chlorobenzaldehyde 94, and as model substrates the NMR titration 

experiments with 90b.  

Initially, we performed the NMR titration between the catalyst 90b and 4-

chlorobenzaldehyde 94 in CDCl3. However, since the catalyst 90b, being a salt did not dissolve 

completely in CDCl3 at higher concentrations. Therefore, the titration experiments were carried 

out in DMSO-d6 in which 90b was fully soluble even at high concentrations. Figure 4 shows 

the 1H NMR spectra of pure 94, pure 90b, and mixture of 94 and 90b at different 

concentrations. In pure form, the aldehyde proton (H-C=O) was observed at δ = 10.03 ppm 

and, when the concentration of 90b was increased gradually, there was a slight up-field shift in 

the chemical shift value of the aldehyde proton of 94. At a higher concentration of 90b (i.e., 

94:90b = 1:5), the chemical shift of the aldehyde proton was found to be δ = 9.985 ppm. Not 

only the aldehyde proton, a slight up-field shifts in the o- and m-CH protons of the aryl groups 

were also observed. Although the difference in the chemical shift is not significant, this 

observation shows that there is a possible coordination between the carbonyl group of the 

aldehyde 94 and the catalyst 90b. Similarly, the titration experiments between 90b and 94 in 

DMSO-d6 were observed using 13C NMR spectroscopy (Figure 5). In these cases, it was found 

that there was a slight up-field shift in the chemical shift of the carbonyl carbon of 94 (from δ 

= 192.187 to 192.134 ppm). However, although there is a slight shift in the chemical shift, it 

seems to be negligible and therefore, we could not get much information in the 13C NMR 

titration experiments.  

Further, the NMR titration experiments between the catalyst 90b and chalcone 93 were 

carried out in DMSO-d6. Figure 6 shows the 1H NMR data for the titration between 90b and 

93. The chemical shift of β-alkenyl carbon of the chalcone in pure form appeared at δ = 8.168 

ppm as a doublet. When the concentration of 90b was increased gradually in the mixture, a 

slight and gradual up-field shift in the chemical shift of β-alkenyl carbon of the chalcone 93 

was observed (from δ = 8.168 to 8.127 ppm), which shows that there could be some kind of 

interaction between the C=O group of 93 and the catalyst 90b. However, the 13C NMR analysis 

of the titration experiments revealed that the chemical shift of carbonyl carbon of 93 did not 

change much with increasing concentration of 90b (from δ = 189.203 to 189.120 ppm).  
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Figure 4. 1H-NMR Titration of Catalyst 90b and 4-Cl-Benzaldehyde 94 (400 MHz, DMSO-

d6)  

 
 

 

 

 

Figure 5. 13C-NMR Titration of Catalyst 90b and 4-Cl-Benzaldehyde 94 (400 MHz, DMSO-

d6)  
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Figure 6. 1H-NMR Titration of Catalyst 90b and Chalcone 93 (400 MHz, DMSO-d6)  

 
 

 

 

Figure 7. 13C-NMR Titration of Catalyst 90b and Chalcone 93 (400 MHz, DMSO-d6)  
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Since we could not get solid proof on the exact mode of activation of the carbonyl compounds 

(93 and 94) by 90b through NMR titration experiments, we were looking for other techniques 

that could provide some information on the interactions between the catalyst 90b and the 

carbonyl group of 93/94. X-ray photoelectron spectroscopy (XPS) is one of the most powerful 

techniques to detect defects, interactions between molecules, and hybridization in material 

chemistry, although researchers have not explored these methods in organic chemistry.40 We 

thought that the XPS technique could be used to understand the coordination/complexation 

between 90b and 93 or 94. Figure 6(a) shows the XPS C-1s spectra of the cyclopropenium salt 

90b, 4-cholorobenzaldehyde 94, and a mixture of both 90b and 94. The XPS binding energy 

data for C-C/C-H, C=C, and C-F bonds of 90b are represented by peaks at 284.96 eV, 286.71 

eV, and 291.91 eV, respectively. Similarly, in the case of the aldehyde 94, the peaks at 284.59 

eV, 286.19 eV, and 288.54 eV represent the C-C/C-H, C=C,  

Figure 6.  C1s XPS spectra of 90b and the carbonyl group (a) (i) catalyst 90b; (ii) p-Cl 

benzaldehyde 94; (iii) 1:1 mixture of 90b and 94 (b) (i) catalyst 90b; (ii) chalcone 93; (iii) 1:1 

mixture of 90b and 93.  

 

and C=O bonds, respectively. The XPS C-1s spectra of the 1:1 mixture of 90b and 94 have 
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some interesting data, as the peak corresponding to the C=O bond energy almost disappeared 

and a new peak appeared at 292.96 eV, which might be associated with the C-O interaction 

between 90b and 94. The disappearance of the carbonyl of 94 in XPS data for the mixture (90b 

+ 94) suggests that there is some kind of interaction between the carbonyl group of 94 and the 

catalyst 90b. 

Similarly, the XPS analysis was also carried out for the mixture of chalcone 93 and the 

catalyst 90b. Figure 6(b) shows the comparison of the XPS C-1s spectra of catalyst 90b, 

chalcone 93, and a mixture of both 90b and 93.  The C-C/C-H, C=C, and C=O bonds of 

chalcone 93 are represented by peaks at 284.33 eV, 286.47 eV, and 290.97 eV, respectively. In 

this case of a 1:1 mixture of 90b and 93, the intensity of the C=O bond 93 was decreased, which 

clearly suggests that there is an interaction between the C=O group of 93 and the catalyst 90b. 

The experimental data for the XPS analysis is given in Table 4. 

Table 4.  X-ray photoelectron spectroscopy (XPS) data comparison 

 

  

It is evident from the control experiment, NMR and XPS analysis that the cyclopropenium 

cation is indeed acting as an oxophilic Lewis acid catalyst in Nazarov cyclization of 91a. 

Therefore, based on these observations, a plausible mechanism for this transformation has been 

proposed (Scheme 14). Initially, the dienone 91a interacts with the catalyst 90b through a 

reversible coordination complex I and promotes the intramolecular cyclization producing 

another complex II, which, after proton migration, generates the final product 92a.  

 

 

Compounds C-C/C-H C=C C=O C-F/C-O 

90b 284.96 eV 286.71 eV  291.91 eV 

94 284.59 eV 286.19 eV 288.54 eV  

90b + 94 285.14 eV  286.43 eV 290.46 eV 292.96 eV 

93 284.33 eV 286.47 eV 290.97 eV  

90b + 93 284.68 eV 286.49 eV 290.38 eV 292.64 eV 



155  

 Scheme 14. Proposed mechanism for the Nazarov cyclization reaction 

 

 

 

 

 

 

 

 

 

 

 

 

           After having clarity in the mode of action of the catalyst 90b on the Nazarov cyclization 

of 91a, we examined the scope and limitation of this methodology using a wide range of enones 

(91b-h), and the results are summarized in Chart 1. The halo-substituted dienones 91b-d 

produced the desired products 92b-d in good yields and diastereoselectivity within a very short 

time (15 min. to 1 h). The dienones 91e and 91f, derived from furfural and 3-

thiophenecarboxaldehyde, underwent the cyclization at a relatively less reaction rate and 

yielded the products 92e and 92f in 96 and 83% yields, respectively with dr 3:1 (cis:trans) after 

6 h. However, the cyclization of unsymmetrical aryl vinyl ketone 91h did not undergo complete 

conversion even after 12 hours, but produced the desired product 92h in 35% yield with dr 

4:96 (cis:trans). In the case of indole-based enone 91g, the expected product 92g was obtained 

in 77% yield with dr 1:2 (cis:trans).  Interestingly, in the cases of 92h and 92g, trans-isomer 

was formed in major quantities.  
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Chart 1.  Substrate Scope of Nazarov Cyclization Reactiona 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

aAll reactions were carried out with 91b-h in 40 mg scale in 1 mL of CH2Cl2 at room 

temperature. Yields represented are isolated yields. Diastereomeric ratios (dr) were calculated 

based on the 1H NMR of the crude sample. 

             After proving the concept of ‘carbocation catalysis’ in the Nazarov cyclization, we 

intended to utilize the cyclopropenium carbocations as catalysts in other similar types of 

reactions. The intermolecular 1,4-conjugate addition of styrenes to enone systems41 is one such 

reaction that closely resembles the Nazarov cyclization. In this regard, an experiment involving 

the 1,4-addition of 1,1-diarylethylene 95 to chalcone 93a was conducted in CH2Cl2 using 90b 

as a catalyst at 40 oC. In this case, the expected 1,4-adduct 96a was obtained in 95% yield 

within an hour (Chart 2). In the cases of other substituted chalcones such as 93b and 93c, the 

respective vinylated products 96b and 96c were obtained in 76 and 83% isolated yields, 

respectively. Other enones such as cyclopentenone and cyclohexenone also reacted with 95 

and gave the respective products 96d and 96e in 93 and 97% yields, respectively (Chart 2). 
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Chart 2. Substrate scope in 1,4 conjugated addition using 90b as a catalysta 

 

 

 
 

 

 

 

 

 

 

aAll reactions were carried out with 93a-e in 40 mg scale in 1 mL of CH2Cl2 at 40 ℃. 

              

Later, since our research group has developed many metal as well as organocatalytic 

transformations of p-quinone methides (p-QMs) in the synthesis of carbocycles and 

heterocycles,42 we were interested in utilizing the cyclopropenium catalyst 90b in the 1,6-

conjugate addition reactions of different nucleophiles to p-QMs. Recently, our group has 

reported the Bi(OTf)3 catalyzed inter- and intramolecular hydroolefination of p-QMs to access 

a wide range of vinyl diarylmethane and indene derivatives, respectively.43 So, we wanted to 

examine the catalytic activity of 90b in the intermolecular hydroolefination of p-QMs with 

alkenes. In this regard, a couple of experiments were conducted for the intermolecular 1,6-

conjugate addition of 1,1-diarylethylene 95 to two different p-QMs (97a & 97b) and, in those 

cases, the expected vinyl diarylmethanes 98a and 98b were obtained in 99 and 97% isolated 

yields, respectively within 10 minutes [(i), Scheme 15]. When 2-hydroxyphenyl-substituted p-

QM 99 was subjected to react with 95 using 10 mol% of 90b, the dihydrocoumarin 100 was 

obtained in 94% yield [(ii), Scheme 15]. This reaction proceeds through the 1,6-cojugate 

addition of 95 to 99 followed by intramolecular trapping of the resulting carbocation by the 

hydroxyl group of 99. Similarly, the intramolecular cyclization of 2-alkenyl-phenyl-substituted 

p-QM 101 and 2-aryl-phenyl-substituued p-QM 103 using 10 mol% of 90b gave the 

corresponding indene 102 and fluorene 104 in 99 and 92% yields, respectively [(iii & iv), 

Scheme 15]. 
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Scheme 15. Reactions of Various Substituted p-Quinone Methides (p-QMs) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All reactions were carried out in 40 mg of p-QMs in 1 mL of CH2Cl2 at room temperature. 

 

We have recently reported an AgSbF6 catalyzed synthesis of dihydrobenofluorene 

derivatives 107 through a cascade reaction between 2-alkynyl-phenyl-substituted p-QMs 105 

and 1,1,-diphenylethylene 106 (Scheme 16).44 We were interested in examining the same 

methodology using 90b as a catalyst. Thus, a reaction was performed between 2-alkynyl-

phenyl-substituted p-QM 108 and 95 using 10 mol% of 90b in CH2Cl2 at room temperature. 

To our surprise, the expected dihydrobenzofluorene was not formed; instead, a densely 

functionalized 9-aryl fluorene derivative 109 was obtained with an 89% yield (Scheme 16).  
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Scheme 16. The reaction of 2-alkynyl-phenyl-substituted p-QM with 95 

 

The reaction was carried out with 108 in 40 mg scale in 1.5 mL of CH2Cl2 at room temperature. 

 

4.4.3 Reaction mechanism  

 Scheme 17. Plausible Mechanism for the Synthesis of 109. 
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Initially, catalyst 90b activates p-quinone methide 108 to complex I which, facilitate it for 

nucleophile 95 to attack in 1,6 fashion to generate the intermediate II, then alkynophylic 

activation by 90b of II promotes the formal 4+2 cycloaddition reaction through complex III 

and generate another interesting intermediate IV which isomerize to intermediate V via 1,3 

sigma tropic shift of proton. Later aerial oxidation furnished the final product 109.  

4.5 Conclusion  

In conclusion, we have discovered, for the first time, that the tris(aryl)cyclopropenyl 

carbocation could be employed as an efficient organic Lewis acid catalyst for many 

fundamental and 100% atom-economical reactions such as Nazarov cyclization, 1,4- and 1,6-

conjugate addition reactions leading to many useful small molecules under mild reaction 

conditions. Further catalytic applications of these carbocations in other organic transformations 

are currently under progress.  

 

4.6 Experimental section  

1. General methods  

All reactions were carried out under an argon atmosphere in an oven-dried round-bottom flask. 

All the solvents were distilled before use and stored under an argon atmosphere. Most of the 

reagents and starting materials were purchased from commercial sources and used as such. All 

p-quinone methides45 and triarylcyclopropenium salts 90a to 90d were prepared by following 

procedures reported in the literature.46 Bis(dialkylamino)cyclopropenium salts 90e and 90f 

were prepared according to known procedures.47 All chalcones were prepared according to the 

known literature procedure.48 Melting points were recorded on the SMP20 melting point 

apparatus and are uncorrected. 1H, 13C, and 19F spectra were recorded in CDCl3 (400, 100, and 

376 MHz respectively) on Bruker FT–NMR spectrometer. Chemical shift (δ) values are 

reported in parts per million relatives to TMS and the coupling constants (J) are reported in Hz. 

High-resolution mass spectra were recorded on Waters Q–TOF Premier–HAB213 

spectrometer. FT-IR spectra were recorded on a Perkin-Elmer FTIR spectrometer. Thin layer 

chromatography was performed on Merck silica gel 60 F254 TLC pellets and visualized by UV 

irradiation and KMnO4 stain. Column chromatography was carried out through silica gel (100–

200 mesh) using EtOAc/hexane as an eluent.  

 

2. Preparation of the buffer solution 

Stock solutions of pH below 3 were prepared by addition of HCl solution, while solutions 
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having a pH in the range of 3 to 7 were made using 0.1 M citric acid and 0.2 M Na2HPO4, 

Gomori’s 50 ml procedure49 was used to prepare the buffer solution, using 21.1 % of ethanol 

in water. Similar amounts of 50 ml of Gomori phosphate buffer were used to achieve pH values 

greater than 7, utilizing different ratios of 0.2 M NaH2P04 and 0.2 M Na2HPO4 solutions. The 

pKa of the triphenyl cation was calculated using the citrate-phosphate system and was found 

to be 4.35; a second calculation was done using the Gomori acetate buffer, which is composed 

of a mixture of 0.2 M acetic acid and 0.2 M sodium acetate, and the pKa was found to be 3.34.39 

 

3. General General procedure of Nazarov reaction: 

Anhydrous Dichloromethane (1.5 mL) was added to the mixture of tetrasubstituted dienone 

(0.152 mmol), and tris(4-trifluorophenyl)cyclopropenium 90b, and the resulting suspension 

was stirred at room temperature. After the reaction was complete (based on TLC analysis), the 

reaction mixture was concentrated under reduced pressure. The residue was then purified 

through a silica gel column, using an EtOAc/Hexane mixture as an eluent, to get the pure 

product.   

 

4. General procedure for the 1,6-conjugate addition of olefin to p-quinone methides: 

Anhydrous Dichloromethane (1.5 mL) was added to the mixture of p-quinonemethides (0.062 

mmol), 4,4-(ethane-1,1-diyl)bis(methoxybenzene), (0.068mmol) and tris(4-

trifluorophenyl)cyclopropenium 90b and the resulting suspension was stirred at room 

temperature. After the reaction was complete (based on TLC analysis), the reaction mixture 

was concentrated under reduced pressure. The residue was then purified through a silica gel 

column, using an EtOAc/Hexane mixture as an eluent, to get the pure product.  

5. General procedure for the 1,4-conjugate addition of olefin to chalcone: 

Anhydrous Dichloromethane (1.5 mL) was added to the mixture of chalcone 94 (0.192 ml), 

96a 4,4-(ethane-1,1-diyl)bis(methoxybenzene), (0.211mmol) and tris(4-

trifluorophenyl)cyclopropenium 90b and the resulting suspension was stirred at room 

temperature. After the reaction was complete (based on TLC analysis), the reaction mixture 

was concentrated under reduced pressure. The residue was then purified through a silica gel 

column, using an EtOAc/Hexane mixture as an eluent, to get the pure product. 
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6. Characterisation of product  

2,5-dimethyl-3,4-diphenylcyclopent-2-en-1-one (92a)50  

The reaction was performed at 0.152 mmol scale of 91a; White solid, 92% 

yield, m.p: 128-130 °C; cis/trans ratio 3:1 Rf 0.25 (PE/Et2O 9:1). cis-2a 

1H NMR (400 MHz) δ (ppm): 7.39–7.36 (m, 2H), 7.33–7.24 (m, 4H), 7.24–

7.19 (m, 2H), 7.18–7.16 (m, 1H), 7.00 (br, s, 1H), 4.61–4.59 (m, 1H), 2.91 

(quin, 1H, J = 7.4 Hz), 2.08 (d, 3H, J = 1.6 Hz), 0.75 (d, 3H, J = 7.5 Hz).  

trans-2a 1H NMR (400 MHz) δ (ppm): 7.33–7.24 (m, 5H), 7.23–7.19 (m, 2H), 7.15–7.11 (m, 

1H), 7.09–7.06 (m, 2H), 3.98 (quin, 1H, J = 2.2 Hz), 2.41 (qd, 1H, J = 7.3, 2.8 Hz), 2.03 (d, 

3H, J = 2.0 Hz), 1.36 (d, 3H, J = 7.4 Hz).  

 

3,4-bis(4-bromophenyl)-2,5-dimethylcyclopent-2-en-1-one (92b)50  

 The reaction was performed at 0.095 mmol scale of 91b; Rf = 0.25 (10% 

EtOAc in hexane. White solid, m.p: 132-134°C; 90% yield, cis/trans ratio 

3:1 cis-2a 1H NMR (400 MHz) δ (ppm): δ 7.46 (d, J = 8.6 Hz, 2H), 7.34 

(d, J = 8.56 Hz, 2H), 7.22 (d, J = 8.56 Hz, 2H); 6.84 (s, b, 2H), 4.54 (m, 

1H), 2.89 (quin, J = 7.52 Hz, 1H) ), 2.04 (d, J = 1.68 Hz, 3H), 0.74 (d, J = 

7.54 Hz, 3H); ). trans-2a 1H NMR (400 MHz) δ (ppm): 7.44 (d, J = 8.52 Hz, 2H), 7.33 (d, J = 

8.4 Hz, 2H), 7.16 (d, J = 8.52 Hz, 2H); 3.89 (quin, J = 2.4 Hz, 1H), 2.33 (qd, J = 3.36 Hz, 1H), 

1.99 (d, J = 2.04 Hz, 3H), 1.33 (d, J = 7.36 Hz, 3H);  

 

3,4-bis(2-chlorophenyl)-2,5-dimethylcyclopent-2-en-1-one (92c)50 

The reaction was performed at 0.120 mmol scale of 91c; White solid, 88% 

yield, m.p : 109-110°C; cis/ trans ratio 10/7. Rf 0.24 (PE/Et2O 9:1). trans 

1H NMR (400 MHz) δ (ppm): 7.33 (d, 1H, J = 8.3 Hz), 7.22 (d, 1H, J = s 

7.6 Hz), 7.18-7.10 (m, 4H), 7.06-7.02 (m, 2H), 4.74 (br s, 1H), 2.53 (br 

s, 1H), 1.77 (s, 3H), 1.41 (d, 3H, J = 6.9 Hz).  
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3,4-bis(2,4-dichlorophenyl)-2,5-dimethylcyclopent-2-en-1-one (92d)50 

The reaction was performed at 0.10 mmol scale of 91d; White 

solid, m.p: 130-131°C; 84% yield, cis/trans ratio 1/1. Rf 0.41 (PE/Et2O 

9:1). trans-2e 1H NMR (400 MHz) δ (ppm): 7.34 (dd, 1H, J = 7.9, 1.4 

Hz), 7.20-7.12 (m, 4H), 7.04 (t, 1H, J = 7.9 Hz), 5.13-5.11 (m, 1H), 3.21 

(qd, 1H, J = 7.4, 1.2 Hz), 1.68 (d, 3H, J = 1.7 Hz), 1.39 (d, 3H J = 7.6 Hz). 

 

2,5-dimethyl-3,4-di(thiophen-3-yl)cyclopent-2-en-1-one (92e)50 

The reaction was performed at 0.146 mmol scale of 91e, White solid; 83 % 

yield; m.p: 93-94 °C; cis-2c 1H NMR (400 MHz) δ (ppm): 7.52-7.49 (m, 

1H), 7.36 (d, 1H, J = 3.4 Hz), ), 7.15-7.12 (m, 1H), 7.07-7.04 (m, 1H), 6.92-

6.89 (m, 1H), 6.78 (d, 1H, J = 3.1 Hz), 4.85 (d, 1H, J = 7.2 Hz), 2.87 (quin, 

1H, J = 7.2 Hz), 2.18 (d, 3H, J = 1.4 Hz), 0.89 (d, 3H, J = 7.6 Hz). trans-2c 

1H NMR (400 MHz) δ (ppm): 7.52-7.49 (m, 1H), 7.29 (d, 1H, J = 3.8 Hz), 7.15-7.12 (m, 1H), 

7.07-7.04 (m, 1H), 6.92-6.89 (m, 1H), 6.86 (d, 1H, J = 3.4 Hz), 4.24 (br s, 1H), 2.49 (qd, 1H, 

J = 7.4 Hz, 2.4 Hz), 2.16 (d, 3H, J = 1.7 Hz), 1.34 (d, 3H, J = 7.6 Hz). 

  

7-(4-methoxyphenyl)-6-methyl-6,7-dihydro-5H-indeno[5,6-d][1,3]dioxol-5-one (92f)50 

The reaction was performed at 0.135 mmol scale of 91f; Rf = 0.2 (5% 

EtOAc in hexane); Colourless oil, 83% yield, cis/trans ratio 89/11.  trans 

1H NMR (400 MHz) δ (ppm): 7.13 (s, 1H), 7.08-7.05 (m, 2H), 6.88-6.85 

(m, 2H), 6.54 (s, 1H), 6.03 (s, 2H), 3.84 (d, 1H, J = 4.5 Hz), 3.80 (s, 3H), 

2.57 (qd, 1H, J = 7.3, 4.5 Hz), 1.32 (d, 3H, J = 7.3 Hz) 

 

(1R)-2,4-dimethyl-1-phenyl-1,4-dihydrocyclopenta[b]indol-3(2H)-one (92g)50 

The reaction was performed at 0.150 mmol scale of 91g; Pale yellow slid, 

77% yield, mp: 117-118 °C; cis/trans ratio 1/2. Rf 0.21 (PE/EtOAc 

95:5). trans 1H NMR (400 MHz) δ (ppm): 7.43-7-40 (m, 2H), 7.38-7.36 

(m, 1H), 7.34-7.22 (m, 4H), 7.10-7.05 (m, 2H), 4.80 (d, 1H, J = 6.5 Hz), 

4.00 (s, 3H), 3.42-3.36 (m, 1H), 0.86 (d, 3H, J = 7.6 Hz cis- 1H NMR 

(600 MHz) δ (ppm): 7.43-7-40 (m, 2H), 7.34-7.22 (m, 5H), 7.10-7.05 (m, 2H), 4.14 (d, 1H, J 

= 3.1 Hz), 3.99 (s, 3H), 2.87 (qd, 1H, J = 7.4, 2.9 Hz), 1.48 (d, 3H, J = 7.6 Hz).   
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5,5-bis(4-methoxyphenyl)-1,3-diphenylpent-4-en-1-one (96a) 

The reaction was performed at 0.192 mmol scale of 93a; Rf = 0.2 (5% 

EtOAc in hexane); white solid (81.2 mg, 95% yield); m. p. = 110–113 

ºC; 1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 7.3 Hz, 2H), 7.54 (t, J 

= 7.4 Hz, 1H), 7.42 (t, J = 7.4 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.27 

(d, J = 7.04 Hz, 2H), 7.22 (t, J = 7.1 Hz, 1H), 7.12 (d, J = 8.7 Hz, 2H), 

6.99 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.79 (d, J = 8.8 Hz, 2H), 6.19 (d, J = 10.2 

Hz, 2H),   4.24 – 4.18 (m, 1H), 3.85 (s, 3H), 3.79 (s, 3H), 3.43 (qd, J = 6.72 Hz, 2H), 13C NMR 

(100 MHz, CDCl3) δ 195.5, 159.0, 158.7, 144.4, 141.3, 137.1, 135.2, 133.0, 132.2, 130.9, 

129.1, 128.8, 128.6, 128.56, 128.3, 127.4, 126.5, 113.6, 113.5, 55.36, 55.32, 46.5, 41.9; FT-IR 

(thin film, neat): 3638, 3440, 2959, 1759, 1732, 1601, 1436, 1368, 1316, 1259, 1177, 1156, 

1036, 865, 700, 645 cm-1; HRMS (ESI): m/z calcd for C31H29O3 [M+H]+ : 449.2111; found : 

449.2115. 

 

1,3,5,5-tetrakis(4-methoxyphenyl)pent-4-en-1-one (96b) 

The reaction was performed at 0.149 mmol scale of 93b; Rf = 0.3 

(5% EtOAc in hexane); white solid (57.59 mg, 76% yield); m. p. = 

110–114 ºC; 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 7.76 Hz, 

2H), 7.18 (d, J = 8.04 Hz, 2H), 7.13 (d, J = 8.6 Hz, 2H), 7.07 (d, J 

= 8.8 Hz, 2H), 6.94 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 2.4 Hz, 2H), 

6.81 (d, J = 2.4 Hz, 2H), 6.75 (d, J = 8.9 Hz, 2H), 6.11 (d, J = 10.24 Hz, 1H), 4.13 – 4.06 (m, 

1H), 3.83 (s, 3H), 3.78 (s, 3H), 3.77 (s, 3H), 3.31 (qd, J = 7.64 Hz, 2H), 3.39 (s, 3H),  13C NMR 

(100 MHz, CDCl3) δ 198.3, 159.0, 158.7, 158.1, 143.7, 140.8, 136.6, 135.4, 134.7, 132.3, 

130.9, 129.5, 129.3, 128.6, 128.5, 114.1, 113.6, 113.5, 55.38,  55.35, 46.6, 41.3, 21.8;  FT-IR 

(thin film, neat): 3387, 2960, 1760, 1732, 1595, 1436, 1371, 1236, 1121, 871, 757 cm-1; HRMS 

(ESI): m/z calcd for C33H33O5 [M+H]+ : 509.2328; found : 509.2328. 

 

1,5,5-tris(4-methoxyphenyl)-3-(4-nitrophenyl)pent-4-en-1-one (96c) 

The reaction was performed at 0.141 mmol scale of 93c; Rf = 0.2 

(5% EtOAc in hexane); yellow solid (61.3 mg, 83% yield); m. p. = 

200–203 ºC; 1H NMR (400 MHz, CDCl3)  δ 8.13 (d, J = 8.68 Hz, 

2H), 7.82 (d, J = 8.8 Hz, 2H), 7.35 (d, J = 6.68 Hz, 2H), 7.10 (d, J 

= 8.8 Hz, 2H), 6.96 (d, J = 8.6Hz, 2H), 6.89 (d, J = 4.0 Hz, 2H), 

6.87 (d, J = 3.84 Hz, 2H), 6.77 (d, J = 8.9 Hz, 2H), 6.1 (d, J = 10.0 Hz, 1H), 4.32 – 4.26 (m, 



165  

1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.77 (s, 3H), 3.43 (qd, J = 7.64 Hz, 2H), 13C NMR (100 MHz, 

CDCl3) δ 196.0, 163.7, 159.3, 159.0, 152.4, 146.5, 142.7, 134.7, 131.8, 130.7, 130.5, 129.8, 

128.6, 128.4, 127.4, 124.0, 113.9, 113.6, 55.6,  55.4, 55.32, 45.4, 41.7;   FT-IR (thin film, neat): 

3406, 2959, 2925, 2229, 1755, 1732, 1607, 1436, 1368, 1312, 1259, 1177, 1156, 1122, 1035 

cm–1; HRMS (ESI): m/z calcd for C32H29NO6 [M-H]+ : 524.2073; found : 524.2073. 

 

3-(2,2-bis(4-methoxyphenyl)vinyl)cyclopentan-1-one (96d) 

The reaction was performed at 0.487 mmol scale of 93d; Rf = 0.4 (10% 

EtOAc in hexane); pale yellow gummy solid (146 mg, 93% yield); 1H NMR 

(400 MHz, CDCl3) δ 7.15 (d, J = 8.7 Hz, 2H), 7.09 (d, J = 8.6 Hz, 2H), 6.92 

(d, J = 8.6 Hz, 2H), 6.81(d, J = 8.8 Hz, 2H), 5.84 (d, J = 9.6 Hz, 2H),  3.84 

(s, 1H), 3.79 (s, 1H) ), 2.99 – 2.88 (m, 1H), 2.40 – 2.30 (m, 2H), 2.14 – 2.03 

(m, 3H), 1.83 – 1.72 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 219.2, 159.1, 158.9, 141.7, 135.1, 

132.5, 130.8, 129.8, 128.5, 113.8, 113.6, 55.4, 46.1, 38.5, 37.6, 30.9; FT-IR (thin film, neat): 

3442, 2958, 1758, 1732, 1612, 1513, 1436, 1303, 1250, 1179, 1036, 838, 637 cm-1; HRMS 

(ESI): m/z calcd for C21H23O3 [M+H]+ : 323.1647; found : 323.1647. 

3-(2,2-bis(4-methoxyphenyl)vinyl)cyclohexan-1-one (96e) 

The reaction was performed at 0.417 mmol scale of 93e; Rf = 0.4 (10% 

EtOAc in hexane); pale yellow gummy solid (136 mg, 97% yield); 1H 

NMR (400 MHz, CDCl3) δ 7.15 (d, J = 8.8 Hz, 2H), 7.05 (d, J = 8.6 Hz, 

2H), 6.89 (d, J = 8.7 Hz, 2H), 6.79 (d, J = 8.8 Hz, 2H), 5.79 (d, J = 9.8 

Hz, 2H),  3.83 (s, 3H), 3.79 (s, 3H) ), 2.68 – 2.60 (m, 1H), 2.42 – 2.22 

(m, 4H), 2.09 – 2.01 (m, 1H), 1.88 – 1.85 (m, 1H), 1.63 – 1.57 (m, 2H); 13C NMR (100 MHz, 

CDCl3) δ 211.1, 159.1, 158.8, 140.7, 135.2, 132.3, 130.6, 130.2, 128.5, 113.8, 113.6, 55.4, 

48.2, 41.3, 39.5, 32.1, 25.1; FT-IR (thin film, neat): 3442, 2958, 1758, 1732, 1612, 1513, 1436, 

1303, 1250, 1179, 1036, 838, 637 cm-1; HRMS (ESI): m/z calcd for C22H25O3 [M+H]+ : 

337.1804; found : 337.1804 

2,6-di-tert-butyl-4-(1,3,3-tris(4-methoxyphenyl)allyl)phenol (98a) 

The reaction was performed on 0.123 mmol of 95a; Rf = 0.1 (5% EtOAc 

in hexane); colorless gummy solid (68.8 mg, 99% yield); 1H NMR (400 

MHz, CDCl3) δ 7.21 (d, J = 8.84 Hz, 2H), 7.12 (d, J = 8.68 Hz, 4H), 6.93 

(s, 2H), 6.92 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.72 Hz, 2H), 6.81 (d, J = 

8.9 Hz, 2H), 6.38 (d, J = 10.5 Hz, 1H) 5.06 (s, 1H), 4.68 (d, J = 10.5 Hz, 

1H), 3.89 (d, J = 2.24 Hz, 2H), 3.85 (s, 1H),  3.80 (s, 3H), 3.79 (s, 3H),  1.39 (s, 18H); 13C 
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NMR (100 MHz, CDCl3) δ 158.9, 158.8, 157.9,  152.1, 139.7, 137.2, 135.74, 135.47, 132.6, 

131.2, 130.6 129.5, 128.7, 125.0, 113.8, 113.7, 113.6, 55.40, 55.40, 49.5, 34.5, 30.5; FT-IR 

(neat): 3636 cm−1 ; HRMS (ESI): m/z calcd for C31H37O2 [M −H]−: 563.3161; found: 

563.3164. 

 

2,6-di-tert-butyl-4-(1-(4-chlorophenyl)-3,3-bis(4-methoxyphenyl)allyl)phenol (98b) 

The reaction was performed on 0.122 mmol of 95b; Rf = 0.1 (5% EtOAc 

in hexane); colorless gummy solid (67.3 mg, 97% yield); 1H NMR (400 

MHz, CDCl3) δ 7.27 (d, J = 8.44 Hz, 2H), 7.20 (d, J = 8.48 Hz, 2H), 7.13 

(d, J = 8.4 Hz, 2H), 7.09 (d, J = 8.68 Hz, 2H), 6.92-6.90 (m, 4H), 6.82 (d, 

J = 8.88 Hz, 2H), 6.35 (d, J = 10.5 Hz, 2H), 5.09 (s, 1H), 4.79 (d, J = 10.5 Hz, 1H), 3.85 (s, 

1H),  3.80 (s, 3H), 3.79 (s, 3H),  1.39 (s, 18H); 13C NMR (100 MHz, CDCl3) δ 158.9, 158.9, 

152.3, 143.7, 140.5, 135.9, 135.4, 134.8, 132.4, 131.8, 131.1, 129.9, 129.7, 128.7, 128.6, 124.9, 

113.8, 113.7, 113.6, 55.5, 55.4, 49.5, 34.5, 30.5; FT-IR (neat): 3636 cm−1 ; HRMS (ESI): m/z 

calcd for C31H37O2 [M − H]−: 667.2666; found: 667.2668. 

 

4-(2,2-bis(4-methoxyphenyl)chroman-4-yl)-2,6-di-tert-butylphenol  (100) 

 The reaction was performed on 0.129 mmol of 95c;  Rf = 0.2 (5% EtOAc in 

hexane); colorless gummy solid (66.7 mg, 94% yield); 1H NMR (400 MHz, 

CDCl3) δ 7.47−7.44 (m, 4H), 7.19−7.12 (m, 2H), 7.0 (s, 1H), 6.89 (t, J = 9.32 

Hz, 2H), 6.77 (t, J = 6.70 Hz, 2H),  6.71 (d, J = 7.52 Hz, 2H), 5.12 (s, 1H), 3.84 

(d, J = 3.68, 1H), 3.79 (d, J = 1.64 Hz, 1H), 3.07 (dd, J = 5.16, 5.2 Hz, 1H), 2.67 (t, J = 1 3.2 

Hz, 2H), 1.45 (s, 18H); 13C NMR (100 MHz, CDCl3) δ 158.7, 158.8, 154.3, 152.5, 138.8, 136.2, 

136.0, 134.7, 129.7, 127.6, 127.5, 127.2, 126.1, 125.4, 120.3, 117.1, 114.0, 113.6, 81.7, 55.4, 

53.5, 42.0, 40.1, 34.5, 30.5; FT-IR (neat): 3636 cm−1 ; HRMS (ESI): m/z calcd for C35H37O2 

[M − H]−: 449.3005; found: 449.3004. 

 

2,6-di-tert-butyl-4-(2-phenyl-1H-inden-1-yl)phenol  (102)42 

. The reaction was performed on 0.10 mmol of 95d; Rf = 0.4 (5% EtOAc in 

hexane); white solid (39.2 mg, 99% yield); mp = 170−172 °C; 1 H NMR 

(400 MHz, CDCl3) δ 7.50−7.48 (m, 2H), 7.41 (d, J = 7.5 Hz, 1H), 7.30−7.23 

(m, 5H), 7.20−7.12 (m, 2H), 6.91 (s, 2H), 4.99 (s, 1H), 4.92 (s, 1H), 1.33 (s, 

18H); 13C NMR (100 MHz, CDCl3) δ 152.5, 150.5, 149.5, 143.3, 135.9, 

135.8, 130.1, 128.4, 127.9, 127.2, 127.0, 126.8, 125.3, 124.6, 123.9, 121.1, 56.3, 34.4, 30.5; 
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FT-IR (neat): 3636 cm−1  

 

2,6-di-tert-butyl-4-(2-(trifluoromethyl)-9H-fluoren-9-yl)phenol  (104) 

The reaction was performed at 0.091 mmol scale of corresponding 2-bromo 

phenyl-substituted p-quinone methide 95e; Rf = 0.4 (5% EtOAc in hexane); 

orange solid (37.11 mg, 92% yield); mp = 146−148 °C; 1 H NMR (400 

MHz, CDCl3): δ  7.87 (d, J = 7.8 Hz, 1H),  7.84 (d, J = 7.2 Hz, 1H), 7.65 

(d, J = 9.6 Hz, 1H), 7.43−7.40 (m, 2H), 7.36−7.32 (m, 1H), 6.88 (s, 2H), 

5.13 (s, 1H), 5.03 (s, 1H), 1.38 (s, 18H); 13C{1 H} NMR (100 MHz, CDCl3): δ 153.0, 148.9, 

148.5, 139.4, 136.3, 130.7, 128.4, 127.5, 126.1 (d, JC−F = 276.1 Hz), 125.7, 124.6, (d, JC−F = 

3.84 Hz), 122.6 (d, JC−F = 4.05 Hz), 120.6, 120.0, 54.5, 34.5, 30.4; 19F NMR (376 MHz, 

CDCl3): δ −115.3; IR (neat): 2956, 1613, 1551, 1470, 1254, 762 cm−1 ; HRMS (ESI) m/z: 

calcd for C27H30FO [M + H]+ , 339.2243; found, 339.2248.  

 

2,6-di-tert-butyl-4-(5-(3,5-dimethoxyphenyl)-7-methoxy-10-(4-methoxyphenyl)-11H-

benzo[b]fluoren-11-yl)phenol  (109) 

The reaction was performed at 0.088 mmol scale of  

corresponding 2-alkynylphenyl-substituted p-quinone methide; 

Rf = 0.4 (5% EtOAc in hexane); orange solid (54.26 mg, 89% 

yield); mp = 146−148 °C; 1 H NMR (400 MHz, CDCl3): δ  7.45 

(d, J = 9.0 Hz, 1H),  7.31 (dd, J = 2.0 Hz, J = 2.0 Hz,  1H), 

7.16−7.11 (m, 2H), 7.07−6.96 (m, 3H), 6.72−6.67 (m, 4H), 6.55 (dd, J = 3.0 Hz, J = 2.6 Hz,  

1H), 6.43 (dd, J = 2.0 Hz, J = 2.0 Hz,  1H),  6.34 (s, 2H),  5.04 (s, 1H), 4.87 (s, 1H),  3.89 (s, 

3H), 3.85 (s, 3H), 3.83 (s, 1H),  5.13 (s, 3H), 3.75 (s, 3H), 1.23 (s, 18H); 13C{1 H} NMR (100 

MHz, CDCl3): δ 161.7, 158.2, 157.3, 151.8, 150.5,  143.3, 141.5, 140.1, 137.2, 135.9, 135.2, 

134.2, 132.6, 131.6, 131.1, 130.4, 128.2, 127.6, 126.9 125.7, 124.9, 123.8 117.0, 113.4, 113.2, 

108.3, 107.7, 105.5, 100.4, 55.7,  55.66, 55.4, 55.0, 34.1, 30.3; IR (neat): 2956, 1613, 1551, 

1470, 1254, 762 cm−1 ; HRMS (ESI) m/z: calcd for C27H30FO [M + H]+ , 693.3575; found, 

693.3575.  

 

.  
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1H NMR spectrum of 92a  

 

 

 

 

 

 

 

 

 

 

1H NMR spectrum of 92e (cis) 
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1H NMR spectrum of 92e (trans)  

 

                                                                               

 

 

 

 

 

 

 

 

 

 

1H NMR spectrum of 96e  
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13C NMR spectrum of 96e 

 

 
 

1H NMR spectrum of 100 
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13C NMR spectrum of 100 

 

1H NMR spectrum of 102 
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13C NMR spectrum of 102 

 

1H NMR spectrum of 109 
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13C NMR spectrum of 109 
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X-ray crystallographic analysis for compound 109 

 

Identification code 109 

Empirical formula C47H48O5 

Formula weight 692.85 

Temperature/K 298.0(1) 

Crystal system monoclinic 

Space group I2/a 

a/Å 18.9123(18) 

b/Å 11.2310(10) 

c/Å 36.841(3) 

α/° 90.00 

β/° 99.090(8) 

γ/° 90.00 

Volume/Å3 7726.9(12) 

Z 8 

ρcalcg/cm3 1.191 

μ/mm-1 0.076 

F(000) 2960.0 

Crystal size/mm3 0.2 × 0.2 × 0.2 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 4.94 to 65.64 

Index ranges -28 ≤ h ≤ 26, -15 ≤ k ≤ 14, -55 ≤ l ≤ 49 

Reflections collected 46834 

Independent reflections 13695 [Rint = 0.1300, Rsigma = 0.1821] 

Data/restraints/parameters 13695/0/480 

Goodness-of-fit on F2 0.899 

Final R indexes [I>=2σ (I)] R1 = 0.0915, wR2 = 0.2229 

Final R indexes [all data] R1 = 0.2790, wR2 = 0.3477 

Largest diff. peak/hole / e Å-3 0.32/-0.31 

 

 

 

 

 

 

 

CCDC NO. 2278568 
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