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Scheme 1.13. Reaction generating tricyclic dihydroquinolines from donor-acceptor 

cyclopropanes and N-benzoyliminoquinolinium ylides. 

Mattson reported a urea-catalyzed synthesis of 1,2-oxazines 1.39 from a [3+3]-cycloaddition 

of nitrocyclopropanes  1.37 with aryl nitrones 1.38 (Scheme 1.14).[21] Ureas were found to be 

effective at activating the cyclopropanes via hydrogen bonding through the nitro group. 14 

examples of oxazines 1.39 were synthesized with generally high yields, and diastereomeric 

ratios were mostly 2:1 in favour of the isomer with the nitro group cis to R1 and R2.  The 

reaction worked with a variety of aryl substituents on the cyclopropane, however using a vinyl 

group  significantly hindered the reaction giving a 25% yield.  Similarly, different aryl groups 

at both positions of the nitrone were tolerated well. Enantioenriched  methyl (1R,2S)‐1‐nitro‐

2‐phenylcyclopropane‐1‐carboxylate (89% ee) demonstrated complete transfer of chirality, 

giving the corresponding product with 91% enantiomeric excess.    

 

Scheme 1.14. [3+3]-cycloaddition of  DACs with nitrones generating 1,2-oxazines. 

The Kerr group has also done significant work in this area. Recently, it was discovered that 

cyclopropanes 1.42 (generated in situ from 1,3-dienes 1.41 and ethyl 2-formyldiazoacetate 

1.40) underwent a vinylogous Cloke-Wilson rearrangement to 2,5-dihydrooxepins 1.43 if a 
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cyclic diene or 2-substituted butadienes were used (Scheme 1.15).[22]Alternatively, if a 1-

arylbutadiene was used, a Cloke-Wilson rearrangement happened generating dihydrofurans 

1.44. Dihydrooxepins 1.43 could also be converted to dihydrofurans using catalytic Sc(OTf)3 

(5 mol%) in refluxing DCM. The vinylogous Cloke-Wilson variant was successful in 

converting 4 dienes to 2,5-dihydrooxepins in modest yields, and the Cloke-Wilson reaction 

was applied to 6 examples of 1-arylbutadienes in low to modest yields.  

 

Scheme 1.15. Tandem cyclopropanation/Cloke-Wilson rearrangement and vinylogous 

variant. 

Other examples from the Kerr group include the synthesis of butanolides from cyclopropane 

hemimalonates;[23] the one-pot synthesis of pyrroles from cyclopropane diesters and in situ-

generated nitrones;[24] and the three-component synthesis of pyrroldines from aldehydes, 

amines, and cyclopropane diesters,[25] among many others.   

1.6 Reactivity of Indoles 

Indole is an electron rich aromatic system that undergoes SEAr reactions up to 1013 times faster 

than benzene.[26] These reactions happen preferentially at the C3 position because of the 

participation of the nitrogen in the resulting σ-complex 1.46 (Scheme 1.16), whereas all 

resonance structures of 1.45 have the positive charge on a carbon. In cases where C3 is blocked 

prior to a SEAr reaction, the electrophile will still be added at C3, then the more electron rich 

C3 substituent will migrate to C2 to restore the aromaticity of the indole.[27] C2 is the next most 

reactive site after C3 and is the most acidic site after N1. C2 substitution is typically done by 

2-lithiating N-protected indoles with LDA or BuLi and quenching with an electrophile. 
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Scheme 1.16. SEAr reactivity of Indole. 

1.6.1 Ring-Opening Reactions with Indole Nucleophiles 

The high reactivity toward SEAr reactions make indoles strong nucleophiles to be used in a 

wide variety of reactions such as, Michael additions[28], additions to allenes[29][30], and 

cyclopropane ring-openings.[31]  The first successful cyclopropane ring-opening using an 

indole as a nucleophile was done by Kerr and Harrington in 1997 (Scheme 1.17).[31] The indole 

systems 1.47 were shown to be good nucleophiles for opening cyclopropanes 1.48 under high 

pressure (13 kbar) in the presence of Yb(OTf)3 as a Lewis acid catalyst. The substrate scope 

tested was limited but 5 examples of ring-opened adducts 1.49 were synthesized. The reaction 

was successful with N-methylated and N-silylated indoles as well as 2-methyl-, 2-phenyl-, and 

unsubstituted cyclopropane-1,1-diesters.  

 

Scheme 1.17. First cyclopropane ring-opening reaction using indoles as nucleophiles. 

However, using unprotected indole 1.50 drastically lowered the yield and produced a 

substantial amount of by-product 1.52 (Scheme 1.18). Presumably the by-product forms from 

an intramolecular attack by a malonic enolate on iminium intermediate 1.51. 
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Scheme 1.18. Formation of annulation by-product of cyclopropane ring-opening with indole. 

1.6.2 Annulation Reactions with Indoles  

A follow-up study to the work by Kerr and Harrington from 1997 (and 1999[32]) was done to 

optimize and test the substrate scope of the by-reaction with unprotected indoles (Scheme 

1.19). It was found that this reaction is quite robust for providing 2,3-cyclopentannoindolines 

1.55 from a variety of skatole derivatives 1.53 and cyclopropane-1,1-diesters 1.54. Yields were 

all modest to great, and in cases where diastereomers could be formed, the isomer that had R4 

trans to R1 always predominated to a varying degree. The best yield was obtained using N-

methylskatole with cyclopropane 1.54 (R4 = Ph, R5 = Et), which gave a total yield of 89%, 

with a diastereomeric ratio of 8:1. This reaction proved to be among the most facile, proceeding 

in 6 h at 0°C and 1 atm. The best selectivity was achieved using 1,2-dimethylskatole and a 

vinylcyclopropane substrate (R4 = vinyl, R5 = Et) which only gave a combined yield of 39%, 

but produced diastereomers in a ratio of 12:1. Some substrates required extreme pressure to 

attain appreciable yields.  

 

Scheme 1.19. 2,3-Cyclopentannulation of 3-methylindoles. 

In the cases where R1 ≠ H, 2-alkylation adducts 1.57 were formed as by-products with the 

desired 2,3-cyclopentanoindolines 1.55 (Scheme 1.20). These were formed in small amounts 

(≤ 5%) via an alkyl shift of ring-opened intermediates 1.56.    
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Scheme 1.20. Formation of 2-alkylindole 1.57 as a result of an alkyl shift. 

In 2011, France reported a method of synthesizing 1,2-annulated indoles 1.59 via an 

intramolecular tandem cyclopropane ring-opening/Friedel-Crafts alkylation (Scheme 1.21).[33] 

Indoles 1.58 that had pendant cyclopropanes were made in three steps by N-acylation of indoles 

with methyl malonyl chloride, followed by a Regitz diazo transfer to get an α-diazoester, which 

could  finally be cyclopropanated with a variety of alkenes using Rh2(esp)2. The resulting 

cyclopropanes were then catalytically opened using In(OTf)3 generating a carbocation that 

could be easily trapped by attack from the indole. The authors describe this as a stepwise 

process rather than the typical concerted mechanism of cyclopropane ring-openings.  This 

reaction proved to be quite robust, allowing a large variety of substituents on the cyclopropane 

including alkyl, aryl, heterocyclic, fusedbicyclic and spirocyclic groups. Yields up to 99% 

were achieved, typically with poor to good diasteroselectivity for trans isomers.  The trans 

isomer was exclusively observed using the bulkiest acyclic substrate (R2 = TBDPS).  

 

Scheme 1.21. Intramolecular tandem cyclopropane ring-opening/Friedel-Crafts alkylation. 

Some donor-acceptor cyclopropanes can dimerize to form larger rings. Ivanova reported that 

2-(3-indolyl)cyclopropane-1,1-diesters 1.60 reacted with themselves to form a [5,5]-fused ring 

systems 1.61 using a super stoichiometric amount of SnCl4 in nitromethane (Scheme 1.22).[34] 

The reactions formed only one isomer in yields of 57-75%. The reaction was tolerated well by 

substrates with electron-withdrawing groups at the 5-position of the indole and alkyl 
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substituents at the 1-position. Substituting the indole at the 2-position caused the reaction to 

fail outright. Likewise, an electron-withdrawing tosyl group on the nitrogen prevented the 

reaction from proceeding. These are both expected outcomes as blocking the 2-position 

increases steric hindrance and N-substituting indoles with electron-withdrawing groups make 

the C3 position significantly less electron-rich, and therefore less nucleophilic.  

 

Scheme 1.22. Tandem cyclodimerization of 2-(3-indolyl)cyclopropane-1,1-diesters. 

1.7 Cyclopropane Ring-Opening Reactions in Total Syntheses  

Cyclopropane ring-opening reactions are popular tools in total syntheses, in part due to the 

stereochemical control they can impart on reactions. Jung used a donor acceptor-cyclopropane 

ring-opening reaction of 1.62 to form bicyclic intermediate 1.63 in the synthesis of (+)-

Fawcettimine (Scheme 1.23), an alkaloid isolated from club grass of the genus Lycopodium.[35] 

One step of this synthesis was the first reported intramolecular nucleophilic ring-opening of a 

cyclopropane by an enol ether. Using a catalytic amount of Sc(OTf)3 the reaction went 

smoothly in 77% yield and gave only one regioisomer due to the stereospecific nature of SN2-

type reactions.   

 

Scheme 1.23. Ring-opening step in the synthesis of (+)-Fawcettimine. 
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Another example of a cyclopropane ring-opening being used in total synthesis is Pagenkopf’s 

synthesis of  aspidosperma alkaloid, (±)-goniomitine (Scheme 1.24).[36] The key step of this 

synthesis was the one-pot ring-opening of 1.64 with TMSOTf followed by attack from a 

heavily substituted nitrile on the oxocarbenium ion. The nitrilium intermediate 1.65 then 

cyclized to a dihydroindole, and upon aromatization gave tetrahydroindole 1.66 in 74%  yield.  

 

Scheme 1.24. Pagenkopf’s total synthesis of (±)-goniomitine. 

Ring-opening reactions of cyclopropanes have also been employed by the Kerr group for the 

total syntheses of a multitude of natural products, such as (–)-allosecurinine,[37] FR901483,[38] 

and (+)-isatisine[39] (Scheme 1.25). (–)-Allosecurinine was made in 15 synthetic steps in an 

overall yield of 5%. A key ring-forming step in this synthesis was cycloaddition of 

cyclopropane 1.67 with aldehyde 1.68 under Lewis acidic conditions to give bicyclic 

intermediate 1.69. The total synthesis of FR901483 was achieved using a convergent synthetic 

pathway. The most important step in the synthesis was the intramolecular ring-opening of 

spirocyclic cyclopropane 1.70 to form the [6,6,5]-fused tricyclic framework of 1.71. This step 

was accomplished by first condensing the amine of 1.70 with paraformaldehyde to form an 

imine. The imine nitrogen then opened the cyclopropane, and the resulting carbanion attacked 

the iminium ion to form the 5-membered ring. (+)-Isatisine was synthesized in 14-steps from 

homochiral cyclopropane 1.73 and protected indole 1.72 with an overall yield of 6%. The first 

step of this synthesis was the cycloaddition of the aldehyde of 1.72 with the cyclopropane. This 
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produced adduct 1.74 as a pair of inseparable diastereomers, but they were resolved in a later 

step.  

 

Scheme 1.25. Total syntheses of (–)-allosecurinine, FR901483, and (+)-isatisine accomplished 

in the Kerr group. 

 

1.8 Conia-ene Chemistry 

1.8.1 Alder-ene and Thermal Conia-ene Reaction 

The Alder-ene reaction is a classic reaction involving the allylic hydrogen of an alkene 1.75 

and an enophile 1.76, which are typically carbonyls, imines, or activated alkenes such as 

benzylidene malonates (Scheme 1.26).[40] These reactions typically require heat and/or Lewis 

acid  catalysts. Ene reactions  are also commonly used for annulations if they are done 

intramolecularly.  
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Scheme 1.26. General examples of the Alder-ene reaction. 

A modification of the Alder-ene reaction called the Conia-ene reaction was developed in the 

1970s by its namesake.[41] The original thermal form of the Conia-ene reaction is an annulation 

reaction of an enol 1.77 with a pendant alkene or alkyne. The reaction is typically used to form 

5- and 6-membered rings 1.78 with exocyclic methyl (from alkenes) or methylene (from 

alkynes) groups.   

 

Scheme 1.27. General thermal Conia-ene reaction. 

1.8.2 Catalytic Conia-ene Chemistry 

The major downside of the thermal Conia-ene reaction is that the very high temperature 

required is not compatible with a variety of organic functional groups. For this reason, much 

work has been done to develop milder conditions for similar reactions to work. The catalytic 

Conia-ene reaction uses a Lewis acid to promote the cyclization rather than extreme heat. 

Although some heating and a base are commonly used to get the reaction to proceed more 

quickly and with higher yields. Conia-ene type reactions can be promoted by a great number 

of Lewis acids, and the mode of activation depends on the metal chosen (Figure 1.2). 

Nakamura has proposed five mechanisms of Lewis-acid binding.[42] Hard metals such as 

sodium, tin, and lithium are oxophilic and can bind the ester moieties of the substrate to hold 

the molecule in an enolate configuration (Figure 1.2A). Soft metals like gold, silver, and 

platinum can bind the soft π-electrons of the multiple bond moiety causing it to be more 

susceptible to attack by the enol (Figure 1.2B). Some metals of intermediate hardness like 
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nickel and rhenium will bind to the multiple-bond and the enol π-electrons (Figure 1.2C). 

Other moderately hard metals like zinc and copper bind the multiple-bond and the carbonyl(s) 

(Figure 1.2D). Alternatively, this double activation at the carbonyl(s) and the alkyne can also 

be done using two discrete metals – one hard and one soft (Figure 1.2E). 

 

Figure 1.2. Nakamura’s five proposed mechanisms for the activation of Conia-ene substrates 

by Lewis acids. 

The catalytic Conia-ene reaction is most used with alkynes rather than alkenes as the reactions 

with alkenes produce less useful alkyl functional groups compared to the alkenyl groups 

produced by reactions with alkynes. Additionally, terminal alkyne substrates are often more 

practical than internal alkynes as typically only one product is formed. Substrate 1.79 for 

example could in theory undergo 2 different cyclizations (Scheme 1.28). A 6-endo-dig 

cyclization would result in 1.81 and a 5-exo-dig cyclization would result in 1.80. According to 

Baldwin’s rules these are both favoured cyclizations, but the 5-exo-dig is almost exclusively 

observed from reactions using alkynes. The regioselectivity comes from the transition state of 

the 5-exo-dig cyclization being better stabilized as it has a “tertiary” δ+ charge compared to 

the “secondary” δ+ charge of the transition state of the 6-endo-dig cyclization. This preference 

for exo-cyclization extends to larger ring sizes, but  4-exo-dig transformations are disfavoured 

so 5-endo-dig is preferred. Using an internal alkyne for this transformation will often result in 

a mixture of 5-exo-dig and 6-endo-dig products (or preference for 6-endo-dig) depending on 

the steric and electronic effects of the other group on the alkyne.[43]   
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Scheme 1.28. Regiochemistry of the catalytic Conia-ene reaction. 

1.8.3 Exo-dig Conia-ene Cyclizations Generating Carbocycles 

An early example of the catalytic Conia-ene reaction is from research published by Toste 

(Scheme 1.29).[44] It was found that a combination of (PPh3)AuCl and AgOTf in small catalyst 

loadings could promote the cyclization of ω-ethynyl-β-ketoesters 1.82 to cyclopentanes 1.83 

with exocyclic alkenes. The reaction worked in very high yields for a large variety of 

substrates. In cases where R1 and R2 are joined in a ring, only cis-fused bicyclic systems were 

produced. Ketoesters substituted at the β-, γ-, or δ-positions generated a mixture of 

diastereomers with a preference for the substituent being cis relative to the ester group. The 

diastereoselectivity was the highest for the β-ethyl ketoester substrate (R2 = Et) with a dr of 

17:1. The dr was reduced to 4.2:1 for the β-phenyl ketoester substrate (R2 = Ph), 4:1 for the γ-

benzyl ketoester substrate (R4 = Bn), and 2.9:1 for the δ-propyl ketoester substrate (R5 = nPr).  

 

Scheme 1.29. Substrate scope of the cyclization of ω-ethynyl-β-ketoesters. 

 

The Conia-ene reaction is also useful for forming rings larger than 6 carbons. Nakamura 
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developed a method of synthesizing rings of 6 or more carbons using In(NTf2)2 as a catalyst 

(Scheme 1.30).[45] In their initial study of ring sizes, they found the reaction to proceed with 

high yields when forming 6- and 7-membered rings, moderate yield for 8-membered rings, and 

low yield for 9-membered rings. The expected product 1.85 was never isolated due to the 

isomerization to 1.86 and 1.87. For the 6-membered rings only the enone product 1.86 was 

observed. 7-membered rings were observed as a mixture of enone (1.86) and enol (1.87) 

tautomers, and larger rings were only observed in the enol form (1.87). Using carefully chosen 

substrates they were able to form some 8-, 9-, and 10-membered rings in yields of 74-89%. 

Products 1.88 and 1.89 were formed as a mixture, with the fully conjugated isomer 1.89 

predominating. Biphenyl substrates gave enols 1.90.  

 

Scheme 1.30. Formation of larger carbocycles using Conia-ene chemistry. 

1.8.4 Exo-dig Conia-ene Cyclizations Generating Heterocycles 

In addition to carbocycles, catalytic Conia-ene chemistry has been successfully used to make 

new heterocyclic structures. Nakamura used In(OTf)3 and DBU to produce heterocycles 1.92 

from alkynes 1.91 (Scheme 1.31). The reactions gave generally high yields for the synthesis 

of lactams, pyrrolidines, piperidines, and tetrahydrofurans.  
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Scheme 1.31. Synthesis of nitrogen and oxygen heterocycles using Conia-ene reaction. 

The authors then used these conditions to form the pyrroldinone ring of salinosporamide A 

(Scheme 1.32). This step of the total synthesis converted alkyne 1.93 to pyrrolidinone 1.94 in 

96% yield with complete retention of stereochemistry. 

 

Scheme 1.32. Conia-ene step in the total synthesis of salinosporamide A. 

1.8.5 Tandem Conia-ene Chemistry 

The catalytic Conia-ene reaction has been used in a variety of tandem processes, especially  

with other reactions that require Lewis acid catalysts like Michael-additions and cyclopropane 

ring-openings. Nakamura reported a tandem Michael-addition/Conia-ene protocol for the 

synthesis of tetrahydrofurans 1.96 from propargyl alcohol and activated alkenes 1.95 (Scheme 

1.33).[46] The reaction was conducted neat with 20 mol% Zn(OTf)2 and triethylamine. Yields 

were consistently high for a variety of benzylidene and alkylidene malonates. When E and Z 

isomers of an unsymmetrical β-ketoester were used as substrates, a mixture of diastereomers 



24 

 

was produced (2:1 in favour of the isomer with R3 trans to the ester group). The ratio of isomers 

was identical whether starting with an E or Z alkene, suggesting that the initial 1,4-addition 

step is reversible.   

 

Scheme 1.33. Synthesis of tetrahydropyrans from propargyl alcohol and activated olefins. 

Kerr reported similar work synthesizing piperidines from N-benzylpropargylamines 1.98  and 

donor-acceptor cyclopropanes 1.97 (Scheme 1.34).[47] The reaction proceeded by a 

nucleophilic ring-opening by the amine followed by a Conia-ene cyclization to give piperidine 

1.99. Optimization led to conditions of 10 mol% Zn(NTf2)2 in refluxing benzene. Sc(OTf)3 was 

also a suitable catalyst, but In(OTf)3 failed to promote the reaction. Yields were generally very 

high; most were at least 90%. The reaction was somewhat hindered using dimethyl 

methylcyclopropane-1,1-diester (R1 = Me) and the parent dimethyl cyclopropane-1,1-diester 

(R1 = H).  The (2-furyl)-bearing product demonstrated decomposition; this was alleviated by 

the addition of more catalyst and some amine. The authors then demonstrated the 

stereochemical outcomes of  this reaction using 2-methyl-N-benzylpropargylamine (R2 = Me). 

Racemic starting materials gave an equal distribution of all 4 stereoisomers (RR,SS,SR,RS). 

Using enantiomerically pure substrates gave a single diastereomer (>97% purity), with ee of 

95-95%. The chiral centre of the propargylamine was retained through the reaction, and the 

chiral centre of the cyclopropane was inverted.  
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Scheme 1.34. Tandem ring-opening/Conia-ene procedures for the synthesis of piperidines. 

The Kerr group then investigated the analogous transformation with propargyl alcohol to 

produce tetrahydropyrans 1.102 using a tandem cyclopropane ring-opening/Conia-ene 

protocol (Scheme 1.35).[48] Like in the previous work, this reaction involves the opening of 

cyclopropanes 1.100 with propargyl alcohols 1.101 followed by a Conia-ene cyclization to the 

final THP product. This reaction was done with 2 slightly different sets of conditions. 

Conditions A were 20 mol% In(OTf)3 with 10 mol% N,N-dimethylaniline in refluxing toluene. 

Conditions B were 20 mol% In(OTf)3 in toluene at room temperature followed by a separate 

addition of 3 equivalents of ZnBr2 and an equivalent of triethylamine. Conditions A gave good 

yields with a limited scope, as the substrates required electron-withdrawing aryl substituents. 

Conditions B gave equal or better yields for a larger variety of cyclopropanes. In the case of 

R1 = H, a yield of only 27% was obtained, which is somewhat expected as the parent 

cyclopropane-1,1-diester is typically a poor DAC due to its lack of donor group.  Using a single 

enantiomer of the cyclopropane gave a product with ee of 97% for R1 = Ph, and 98% for R1 = 

4-Cl-Ph. When the reaction was tested with racemic 3-butyn-2-ol (R2 = Me) and racemic 

dimethyl 2-phenyl-1,1-cyclopropanediester a 1:1 mixture of cis and trans tetrahydropyrans 

was generated.   



26 

 

  

Scheme 1.35. One-pot ring-opening/Conia-ene procedures for the synthesis of THPs. 

Kerr has also described the synthesis of tetrahydrocarbazoles 1.105 via a tandem cyclopropane 

ring-opening/Conia-ene reaction using 2-ethynyl indoles 1.104 as nucleophiles (Scheme 

1.36).[49] The optimized conditions of this reaction were 5 mol% Zn(NTf2)2 in refluxing DCE. 

A non-tandem process of 10 mol% Sc(OTf)3 followed by 3 equivalents of ZnBr2, and one 

equivalent of triethylamine was also found to promote the reaction, but with less efficiency. 

The tandem process gave high yields using N-methylindoles (R2 = Me) and donor-acceptor 

cyclopropanes 1.103 with aryl substituents. The yields were harmed by using unprotected 

indole substrates (R2 = Me) and the parent cyclopropane-1,1-diester substrate (R1 = H). 

Interestingly, N-methylindoles with electron withdrawing substituents at the 6-position 

produced the largest yields (R3 = CF3, 93%; CO2Me, 92%). The reaction was then tested with 

internal alkyne substrates, and it failed to produce any Conia-ene products. Rather, the ring-

opened adducts were isolated in good yields (72-97%). A deuterium labelling study was 

conducted to demonstrate the mechanism of this transformation. It was found that a deuterated 

alkyne produces an alkene with the deuterium proximal to the nitrogen of the indole and the 

proton proximal to the esters. This suggests that the zinc binds both the esters and the alkyne 

during the Conia-ene step. This is consistent with the behaviour of zinc reported by 

Nakamura.[42]  
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Scheme 1.36. Tandem cyclopropane ring-opening/Conia-ene reaction using indoles as 

nucleophiles. 

1.9 Scope of Thesis 

The previous success of using 2-ethynyl indoles in tandem ring-opening/Conia-ene reactions 

inspired the investigation of similar chemistry with different ethynylindoles (Scheme 1.37). 

This thesis will primarily focus on the reactions of 4-ethynylindoles 1.106 with donor-acceptor 

cyclopropanes 1.107 or Michael-acceptors 1.109 which generate 3,4-annulated indoles 1.108 

and 1.110 via tandem Conia-ene cyclizations. Included herein are optimizations, and substrate 

scopes of both tandem reactions.   

 

Scheme 1.37. Tandem Michael addition/Conia-ene and ring-opening/Conia-ene reactions. 

  


