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Abstract 
 

 Nitrogen heterocycles appear in a majority of FDA-approved drugs with piperidine 

being the most prevalent. As such, synthetic chemists are searching for methods that 

would allow for the facile synthesis of these motifs since many current methods are limited 

to certain substitution patterns in the product. This potential area of study to address this 

problem is using nitrenes and metallonitrenes in nitrene-transfer catalysis. However, 

known examples of nitrene precursors in intermolecular cyclizations are restricted in the 

literature to only five-membered rings through [4+1] or [2+2+1] cycloadditions. Herein, in 

this dissertation, we present the first syntheses of six-membered rings via nitrene-transfer 

cycloaddition in a [5+1] fashion, using vinylcyclopropanes (VCPs) as the aliphatic 

backbone. 

 Rh(II) catalysts have long been used for both intra- and intermolecular amination 

and aziridination. As such, we have shown that Rh2(esp)2 ï the DuBois catalyst ï was 

effective for nitrene transfer of N-tosyloxycarbamates to biaryl VCPs, resulting in the 

formation of 2,5-tetrahydropyridine products ï a substitution pattern that was previously 

non-existent in the literature. Furthermore, we were able to demonstrate the additional 

synthetic utility of these compounds through hydrogenation and selective epoxidation. 

We later investigated the use of a Rh2
II,III dimer catalyst to not only improve the method 

in terms of time but also introduce pyridine rings as a viable substituent to VCPs. In 

addition, we explored how pyridine substituents could be amenable to using Rh2(esp)2 as 

a catalyst. 

Through our initial investigations, we found that our substrate scope was quite 

limited. Thus, we explored other sources for nitrogen transfer for mono-arylated VCPs. 
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Brønsted and Lewis acids were both found to be effective with this substrate class with 

Sc(OTf)3. In addition, cyclopropyl-substitution patterns not tolerable to the Rh-conditions 

were used in the Sc-conditions to provide the desired cycloadducts. The complementarity 

of both methods indicated that their respective mechanisms are different. Using the 

radical scavenger TEMPO, we were able to show that the acid-promoter method is 

undergoing a radical ï not cationic ï pathway. The development of this strategy further 

expanded the synthetic library of the [5+1] reaction. 
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Chapter 1 

Synthesis of Cycloadducts using Nitrenes as a Single Atom Component 

 

1.1. Introduction 

Nitrogen heterocycles are prevalent in FDA-approved pharmaceutical drugs. 

According to a recent review, 59% of current small molecule drugs contain at least one 

(Figure 1.1).1 As such, synthetic chemists are searching for methods that would allow for 

the facile synthesis of these motifs. Investigation into the use of nitrenes or nitrenoids as 

one-atom components in heterocycle synthesis has previously been focused on the 

synthesis of aziridines from alkenes, which can be considered a [2+1] cycloaddition.2 

These products can then be utilized as building blocks to form an array of different ring 

systems, including indolizidines,3 imidazoles,4 ɓ-lactams,4 di-hydropyrroles,5 and 

tetrahydropyrimidines6 (Figure 1.2). 

 
Figure 1.1. Examples of FDA-approved medications containing a nitrogen heterocycle 
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Figure 1.2. Ring expansion of aziridines to form larger heterocycles 

 

 

To streamline the formation of nitrogen heterocycles, researchers are now 

investigating the use of nitrenes in multicomponent cycloaddition reactions. This would 

expand the types of substitution patterns in nitrogen heterocycles, such as pyrroles, that 

are otherwise difficult to access. In this chapter, these novel strategies will be explored. 

 

1.2. [3+1] Cycloadditions  

1.2.1. [3+1] Cycloadditions with Thiazolones 

 Sheradsky and co-workers reported an early example of a probable (3+1) 

cycloaddition between thiazolone 1.1 and ethyl azidoformate to form thio-imidazolinone 

1.2 in 45% yield (Scheme 1.1).7 It was hypothesized that dipole species 1.1 undergoes a 

(3+1) cycloaddition to form adduct 1.3 with the simultaneous release of diatomic nitrogen. 

1.3 exists in equilibrium with species 1.4 which is a resonance structure of thio-

imidazolinone 1.2. This mechanism was simply deemed the most plausible path and 
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intermediate 1.3 was not isolated. It was reported that this reaction is tolerant of electron-

withdrawing phenyl substituents (4-Cl, 2-Cl, and 2,4-Cl) on the thiazolone ring, although 

no yields or characterization data apart from elemental analysis were provided. Thio-

imidazolinone 1.2ôs structure was confirmed using x-ray crystallography. 

 
Scheme 1.1. Sheradskyôs [3+1] cycloaddition of mesoionic thiazolones 

 

 

 

 

1.2.2. [3+1] Cycloadditions with Oxaziridines  

In 2016, Chattaraj and Banerjee demonstrated a [3+1] cycloaddition using 

oxaziridines as the nitrogen source in the presence of MgI2 to synthesize azetidines 

(Scheme 1.2).8 MgI2 acted as a Lewis acid to facilitate the cleavage of the N-O bond. For 

this reaction, only donor-acceptor cyclopropanes substituted with an aryl group were 

amenable. In addition, only electron-donating aryl groups provided the desired 

heterocycle (1.5 ï 1.8). Changing the esters on the cyclopropane had little effect on the 

yield of the cycloadduct (1.7). Furthermore, a range of nitrogen substitution was also 
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tolerated. While the majority of them were sulfonamides, at least one alkyl-substituted 

compound, bearing a tBu group, was tolerated (1.8). 

 
Scheme 1.2. Scope of [3+1] cycloaddition of cyclopropanes and oxaziridines 

 

 

 

1.3. [4+1] Cycloadditions  

1.3.1. [4+1] Cycloadditions using Dienes and Azides 

 The Pearson group published an early example of a [4+1] cycloaddition using 

dienes and azides for the synthesis of bicyclic 3-pyrrolines (Figure 1.3).9 Initially, at an 

elevated temperature, two products were observed (1.12 and 1.13), with 1.12 being 

favored. It was postulated that the cleavage of the aziridine bond (labelled a) was the rate 

determining step that would lead to the formation of either product. The cleavage of this 

bond is favored due to its ketal-like state as well as its allylic nature and three-membered 

ring strain. The 1,5-homodienyl shift to form 1.13 was suppressed using heterosubstituted 

dienes that would weaken the C-N bond in species 1.11. Thus, bicyclic product 1.12 would 

be favored.  
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Figure 1.3. Pearsonôs seminal intramolecular [4+1] cycloaddition of dienes and azides 

 

 

This was observed through the formation of dihydropyrrolizines 1.14 ï 1.16 

(Scheme 1.3). When exposed to higher temperatures, the 3-pyrroline ring was oxidized 

to a pyrrole. Upon extended reaction times, a fused [5,7] triazole ring product was isolated 

due to its favored geometry. Lastly, the use of a non-polar solvent (THF) favored the 

formation of the triazole isomer. 
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Scheme 1.3. Partial scope of intramolecular [4+1] reaction 

 

 

Pearson later demonstrated performing the azide-diene cyclization 

diastereroselectively to synthesize the core structure of some natural products.10 The 

frameworks of heliotridine, swainsonine, and castanospermine were synthesized using 

related conditions in refluxing chloroform (Scheme 1.4). In all cases, only one product 

was isolated (1.18, 1.21, 1.24). The selectivity of this reaction was rationalized by the 

allylic strain between the SPh or vinyl group (depending on alkene geometry) and the 

allylic ether that exists in one transition state (TS) conformation and not the other. 
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Scheme 1.4. Diastereoselective intramolecular [4+1] cycloaddition 

 

 

Hudlicky studied the mechanism of this intramolecular reaction in order to 

preferentially synthesize regioisomers (Scheme 1.5).11 Pearsonôs hypothesis of an 

aziridine as a key intermediate was confirmed as well as the fact that its formation is 

dependent on the placement of the ester group. Then, ring opening of the aziridine 

dictates which regioisomer is formed. When using 1.26, the exo and endo aziridines can 

form and, in the case of the former, the aziridine opens and leads to a 4:1 mixture of 

pyrrolizines 1.30 and 1.29, which is attributed to the favored cleavage of the Ŭ-amino 

ester bond. In the case of 1.28, the intermediate rapidly isomerizes to imine 1.31.  For 

substrate 1.32, aziridine 1.33 was isolated as well as a minimal amount of imine 1.34. 
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After subjecting 1.33 to flash pyrolysis, dihydropyrrolizine 1.35 was exclusively formed; 

however, the enamine would rapidly isomerize to form the more substituted alkene. 

 
Scheme 1.5. Hudlickyôs mechanistic proposal for the [4+1] cycloaddition using azides 

 

 

 

1.3.2. [4+1] Cycloadditions using Dienes and Iminoiodinanes 

Zhou and co-workers reported the first examples of an overall [4+1] reaction using 

dienes and iminoiodinanes as the nitrene precursor.12 For this strategy, [Cu(hfacac)2] 

served as the catalyst to synthesize dihydropyrroles in up to 93% yield with a moderate 

to excellent diastereoselectivity. (Scheme 1.6). 3-pyrrolines bearing multiple substitution 

patterns were isolated, and a range of different functional groups, including esters and 

sulfonamides, were tolerated. (1.37 ï 1.43) 1,4-Dialkyl substituted dienes (e.g., 1.42) 

exhibited lower diastereoselectivity compared to 1,4-diphenyl substituted dienes (e.g., 

1.41), which was explored later in mechanistic experiments. 
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Scheme 1.6. Scope of Zhouôs [4+1] cyclization between dienes and iminoiodinanes 

 

 

 Three mechanisms were considered for the formation of the cycloadducts: 1) a 

concerted [4+1] cycloaddition between the diene and metal-nitrene species; 2) a formal 

[2+1] reaction to form a vinyl aziridine species, followed by isomerization; and, 3) a fast, 

reversible aziridination occurring in conjugation with a slow, irreversible [4+1] 

cycloaddition (Figure 1.4). Following subsequent experiments, pathway 2 was seen as 

most plausible. First, increasing the temperature of the reaction from 100°C to 150°C 

resulted in a change of product distribution from vinylaziridines to dihydropyrroles, which 

has been previously reported by Njardarson and co-workers.13 Furthermore, in the 

presence of 1.45, isomerization of 1.44 still occurred in a 76% yield, indicating no 

crossover vinylaziridines or 3-pyrrolines and confirming pathway 3 as not plausible 

(Scheme 1.7). 
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Figure 1.4. Plausible mechanistic pathways for the [4+1] reaction 

 

 
Scheme 1.7. Isomerization of a di-methyl substituted aziridine in the presence of 
diphenylbutadiene 

 

 

 The stereoselectivity of this reaction was furthered explored using differently 

substituted butadienes ï 1.45 and 1.49 (Figure 1.5). The observed dr for the former can 

be attributed to the steric repulsion between the phenyl group and the nearby H-atom, 

leading to the formation of 1.46. However, when a bulkier substituent is an alkyl group, 

the steric interaction is minimized by single-bond rotation, so 1.42 is more favorable. 
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Figure 1.5. Proposed mechanistic models for stereoselectivity of the [4+1] reaction  

 

 

 
([M] = [Cu(hfacac)2]+) 

 

1.4. [2+2+1] Cycloadditions 

1.4.1 Ti-catalyzed [2+2+1] Cycloadditions with Alkynes and Diazines 

 In their seminal work for this reaction class, Tonks and co-workers presented a 

new catalytic strategy for the synthesis of pyrroles through a formal [2+2+1] oxidative 

coupling of alkynes and diazines (Scheme 1.8).14 Homo alkyl-disubstituted alkynes 

provided exceptional yields (1.51) while the use of diphenylacetylene greatly decreased 

cyclization (1.52). The use of hetero-substituted alkynes showed little regioselectivity 

(1.53); however, when a hetero-substituted silyl alkyne was employed, only a single 

regioisomer was observed (1.54). Interestingly, the use of bis(trimethylsilyl)acetylene 

showed no reactivity under the optimized conditions (1.55). Mono-substituted alkynes 

with an alkyl or phenyl group were compatible with this reaction, with tert-butylacetylene 
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exclusively forming one product (1.56). Tethered alkynes with alkyl and aryl groups were 

well tolerated (1.57 and 1.58), but tethered alkyl ethers did not react (1.59). 

 
Scheme 1.8. Scope of Tonks' initial [2+2+1] cyclization using alkynes and azobenzene 

 

 

 A proposed mechanism is presented in Figure 1.6. TiIV imido complex 1.60 initially 

undergoes a [2+2] insertion with 1.61 to form a four-membered metallacycle (1.62), which 

has been seen in previous studies about Ti-catalyzed hydroamination.15-17 Subsequently, 

a second alkyne molecule inserts into the Ti metallacycle to form 

azatitanacyclohexadiene 1.63. While this step is quite rare, is has been seen by both 

Mountford18 and Odom.19 Reductive elimination results in the pyrrole product (1.52) as 

well as reforming TiII catalyst 1.64. Alkyne trimerization is known to occur competitively in 

the presence of TiII intermediates.20 A diazene molecule then forms three-membered Ti 



13 
 

complex 1.65 which, after Ti dimerization and a retro-[2+2+2], reforms 1.60, which 

restarts the catalytic cycle. 

 
Figure 1.6. Preliminary mechanistic proposal for Tonksô [2+2+1] cycloaddition 

 

 

Computational and kinetic studies were conducted in a collaboration between 

Goodpaster and Tonks following these publications to further understand the mechanism 

of the Ti-redox catalyzed [2+2+1] reaction.21 Kinetics revealed that between second 

alkyne insertion or the reductive elimination of 1.53, the latter was determined to be the 

rate-determining step. In addition, it was confirmed that the alkynes are inserting into the 

Ti complex in two different manners, allowing for the possibility of using other unsaturated 

systems that may be able to undergo the second insertion step, expanding the reaction 

scope for this method. Furthermore, it was revealed that the low valent TiII intermediates 

are stabilized by both solvent effects as well as ˊ* backdonation into the reaction product. 
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Computations and kinetics also revealed that in terms of regioselectivity of the pyrrole 

adduct, steric effects play a role for terminal alkynes while inductive effects control that 

for internal alkynes. 

The Tonks group followed up the study by exploring TMS-protected alkynes as 

selective cross-coupling partners.22 In almost all cases, one regioisomer was isolated 

after hydrolysis of the TMS group. The reaction scope with respect to the TMS-acetylene 

substrates was first investigated (Scheme 1.9). The reaction was amenable for the use 

of both alkyl and phenyl groups on the silyl alkyne (1.67 and 1.68), with the exception of 

tert-butylacetylene. Electron-withdrawing and-donating groups had no effect on selectivity 

(1.69 and 1.70) and ortho-substituted aryl rings also lead to the pyrrole product (1.71). In 

addition, some Lewis basic groups were also tolerated (1.72). Lastly, using TMS-

acetylene resulted in a moderate yield of the cycloadduct (1.73). 
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Scheme 1.9. Scope of [2+2+1] cycloaddition using TMS-alkynes, 1-phenylpropyne and 
azobenzene 

 

 
Selectivity of shown pyrrole adducts in parentheses 

Subsequently, the scope of the cycloaddition was then studied with respect to the 

internal alkyne using phenylacetylene (Scheme 1.10). While para electron-donating and 

electron-withdrawing aryl substitution was well tolerated (1.75 and 1.76), yields and 

selectively were found to be very sensitive to steric effects for ortho-substituted arenes 

(1.77). Furthermore, some dialkyl alkynes were amenable (1.78); however, the yield and 

product selectivity greatly decreased as the steric bulk of the substituents increased (1.79 

and 1.80). 
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Scheme 1.10. Scope of [2+2+1] cycloaddition using TMS-alkynes, di-substituted alkynes 
and azobenzene 

 

 
Selectivity of shown pyrrole adducts in parentheses 

The degree of regioselectivity was determined to be driven by the electronic nature 

of transition state 1.81 leading to the formation of metallocycle 1.62 (Figure 1.7a). It was 

proposed that the ŭ+ charge is better stabilized by the methyl group rather than a 

hydrogen atom. Furthermore, the chemoselectivity of alkyne insertion into the Ti-C bond 

is driven by the alkyne coordination to the Ti center (1.82) (Figure 1.7b). Because 

electron-rich alkynes are better stabilizers for TiIV Lewis acids, TMS alkynes out compete 

other alkynes for insertion, leading to 1.63. 
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Figure 1.7a. [2+2] addition step in Tonksô [2+2+1] cycloaddition  

 
 
Figure 1.7b. Migratory insertion step of TMS-phenylacetylene in [2+2+1] cycloaddition  

 
 

 In order to control the regioselectivity of TMS-protected alkyne insertion, the Tonks 

group used Lewis basic groups to cause a directing-group effect between the substrate 

and the Ti center.23 A more Lewis acidic catalyst ((THF)3TiI2(NPh)) was used to 

coordinate more strongly to the donor substituents. In addition, lowering the temperature 

further improved selectivity, most likely due to the slower dissociation of the donor 

substituent, resulting in the kinetically preferred metallacycle arising from TS 1.83 rather 

than 1.82 (Figure 1.8).  

 

 

 

 

 



18 
 

 
Figure 1.8. Electronically-controlled (1.82) vs directed 2nd insertion (1.83) 

 
 

This directing group effect can be seen in Scheme 1.11. Methoxy and benzyloxy 

groups were found to have a strong directing effect, providing highly regioselective access 

to the desired adducts (1.84 and 1.85). In addition, aryl groups substituted with other 

heteroatoms also displayed this effect (1.86 and 1.87). Lastly, depending on the Lewis 

basicity, some heterocycles also acted as great directing groups (1.88 and 1.89). If 

stronger basic heterocycles were used, such as pyridine, catalysis was inhibited. On the 

other hand, weakly basic systems, such as furan, were not strong enough to serve as a 

directing group and thus, the reaction proceeds via TS 1.82. 
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Scheme 1.11. Scope of [2+2+1] cycloaddition using dative directing groups 

 
 
NMR yields in parentheses 

In a subsequent collaborative study with Tsurugi and Mashima, Tonks and co-

workers further developed this work in to make this synthetic strategy benchtop-

compatible.24  To accomplish this, several reductants were evaluated to be able to activate 

the air-stable TiCl4(THF)2 into the active TiIV species in situ and enter the catalytic cycle 

(see Figure 1.6). After extensive screening, Zn0 was determined to be the most efficient 

reductant. Using this method, the yield of the pyrrole adducts in air conditions ranged 

from 40 to 95% yield.  

The [2+2+1] cycloaddition between azobenzene and alkynes was later used by 

Tonks and co-workers to develop a one pot sequential cycloaddition and cross-coupling 

reaction.25 9-BBN alkynes were used with methylphenylacetylene and azobenzene to 
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form the pyrrole ring, which was then exposed to Pd(PPh3)4 and an aryl iodide to 

synthesize a wide array of differently substituted cycloadducts, as shown in Scheme 1.12. 

 
Scheme 1.12. One-pot subsequent [2+2+1] cycloaddition and cross-coupling reaction  

 

 

  

1.4.2. V-catalyzed [2+2+1] Cycloadditions with Diazines 

 Tonks expanded the capabilities of this strategy through another collaboration with 

Tsurugi and Mashima in which they used a vanadium complex to catalyze the [2+2+1] 

cycloaddition between alkynes and using azobenzene. This expanded the diversity of 

catalysts, scaffolds, and oxidation states that could play a role in these transformations.26 

Using VCl3(THF)3 as the catalyst and PhN(SiMe)2 as an additive, these modifications 

were able to show a moderate selectivity in pyrrole ring formation (Scheme 1.13). Dialkyl-

substituted alkynes provided a great yield (1.92) while diphenylacetylene led to a 

decrease in adduct product but retained selectivity (1.52). The use of 1-phenyl-1-propyne 

strongly decreased yields as well as almost providing a 1:1 distribution of pyrrole products 

(1.93). Lastly, a mono-substituted alkyne resulted in a moderate yield of a single 

regioisomer (1.56). 
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Scheme 1.13. V-catalyzed [2+2+1] reaction scope  

 

 

 The mechanism of this reaction, seen in Figure 1.9, was proposed to be very 

similar to that of Tonksô (See Figure 1.6). The reported vanadium catalyst reacts with 

PhN(TMS)2 to form the VIII species 1.94 which undergoes a reductive cleavage with 

diazene 1.50 to form a bisimido species (1.95). It is postulated that the formation of 1.95 

undergoes the same Ti dimerization process postulated in previous work. This complex 

then undergoes a [2+2] addition via one of the vanadium imino moieties to form V-

metallacycle 1.97. Subsequently, an additional alkyne inserts into the V-C bond to form a 

six-membered intermediate. Following reductive elimination, pyrrole 1.52 was released 

and active species 1.94 undergoes the catalytic cycle again. 
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Figure 1.9. Proposed mechanistic cycle for vanadium-catalyzed cycloaddition  

 

  

 Inspired by the vanadium catalysis study, Nishibayashi and co-workers developed 

a [2+2+1] reaction using phosphaalkynes as the two-atom component and azobenzenes 

as the nitrogen source (Scheme 1.14).27 Numerous azobenzenes were employed and 

tolerated for this cycloaddition, including an ester substituent that could undergo further 

transformations (1.100 ï 1.102). Unfortunately, using diazenes without an aryl substituent 

resulted in no formation of the azadiphosphole product. When changing the 
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phosphaalkynes, adamanyl and benzyl derivatives provided the five-membered ring in 

modest yields (1.103 ï 1.105). While the reaction scope of this method is quite limited, it 

shows an opportunity to utilize these multicomponent reactions outside of purely alkyl 

sources. 

 
Scheme 1.14. V-catalyzed synthesis of azadiphospholes reaction scope  

 

 

 

1.4.3. Ti-catalyzed [2+2+1] Cycloadditions with Alkynes and Azides 

The Tonks group expanded the utility of the [2+2+1] Ti-redox catalyzed reaction to 

include azides as their nitrene source.28 Azides are seen as a desired source due to their 

ease of synthesis,29-32 their thermal stability33,34 and their atom economy. In addition, 
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diazenes are synthesized from azides, so their direct use would streamline precursor 

synthesis.35,36  

 When using their previously reported catalyst14 with p-tolN3  and adamantyl azide, 

there was a very low conversion to the pyrrole product. In an attempt to increase yields, 

the catalyst was modified to be more Lewis acidic in order to increase ligand binding. As 

a result, (THF)3TiI2(Ntol) afforded the desired pyrrole in 80% yield with no detectable side 

products from azide decomposition.  

 It was shown through kinetic studies that the mechanism for pyrrole synthesis from 

azides proceeds similarly to that of using azobenzene that was previously reported. 

However, the oxidation of TiII to TiIV was faster in the use of AdN3 vs azobenzene. The 

differing rate orders of [Ti] between the azide and azobenzene reactions (1st vs 0.5 order) 

showed that Ti dimerization is not kinetically relevant in the former, resulting in a faster 

oxidation of TiII. 

 The scope of this reaction was investigated using different azide sources as well 

as different alkynes (Scheme 1.15). Adamantyl azide was compatible with alkynes 

substituted with at least one alkyl group (1.107) while using diphenylacetylene resulted in 

trace amounts of the pyrrole product. The use of n-decyl, benzyl, and tolyl azides resulted 

in moderate yields of the cycloadduct using 3-hexyne as the alkyne source (1.108 ï 

1.110). Ph3CN3 resulted in no formation of cyclized product 1.111 most likely due to its 

electron-withdrawing nature and its steric bulkiness. 
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Scheme 1.15. Scope of azides with Tonksô [2+2+1] cycloaddition 

 
 

 Because (THF)3TiI2(Ntol) rapidly cyclotrimerizes terminal alkynes, py3TiCl2(NtBu) 

was used to study the [2+2+1] reaction between azides and terminal alkynes (Scheme 

1.16). Using AdN3 with simple alkyl or aryl acetylenes gave moderate yields with the 

former showing a high degree of selectivity (1.112); however, using p-tolylacetylene 

resulted in a 1:1 mixture of 1.113 and its regioisomer. Using the less-bulky p-tolyl azide 

provided the 1.114 in a lower yield with a significant amount of nitrene decomposition 

products. Lastly, using the bulkier TMS alkyne resulted in a decrease of desired pyrrole 

product 1.115 due to the more favorable [3+2] cycloaddition and cyclotrimerization. 
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Scheme 1.16. Scope of mono-substituted alkynes with [2+2+1] cycloaddition  

 
 

 

1.4.4. Ru-catalyzed [2+2+1] Cycloadditions with Alkynes and Sulfoximines 

In 2018, Yamamoto and co-workers reported a ruthenium-catalyzed [2+2+1] 

cycloaddition using sulfoximines.37 Due to their stable nature, the loss of nitrogen from 

sulfoximines is very rare38,39 and has never been shown to be involved in nitrogen 

transfer. Using tethered alkynes, ethers, and amines, a wide array of cyclic systems 

containing a pyrrole ring were synthesized (Scheme 1.17a). Tethered alkynes containing 

different functional groups were tolerated, allowing for further functionalization (1.117 ï 

1.118). In addition, tethered ethers substituted with electron-donating and withdrawing 

groups showed the same synthetic efficiency (1.120 ï 1.122). Alkynes substituted with 

alkyl groups showed a decrease in yields while hetero-substituted alkynes cyclized in high 

yields. Lastly, further transformations of N-propargyl pyrroles were reported, showing the 

capability for further diversification (Scheme 1.17b). 
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Scheme 1.17a. Scope of Yamamotoôs Ru-catalyzed [2+2+1] cycloaddition  

 
 
Scheme 1.17b. Further diversification of propargyl pyrrole product 
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 The mechanism for this strategy was investigated using enantiopure sulfoximine 

(R)-1.116. After 6 h, (R)-methyl phenyl sulfoxide was isolated in 68% yield with 98% ee, 

indicating that nitrogen transfer from sulfoximines occurs with retention of stereochemistry 

of the sulfur center. In addition, a stoichiometric reaction of a ruthenacycle formed by a 

tethered ether with sulfoximine 1.116 provided the desired pyrrole in 58% yield. With 

these results in hand, the mechanism in Figure 1.10. was proposed. The Ru catalyst 

interacts with a diyne in order to form metallacycle 1.127. Subsequently, nitrogen transfer 

from sulfoximine occurs via 1.129 to form complex 1.130. Cycloisomerization then affords 

ɖ5-pyrrole complex 1.131 which, after oxidative cyclization, results in the formation of the 

desired cycloadduct as well as reforming the metallocycle. 
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Figure 1.10. Mechanism of [2+2+1] with Ru-catalysis 

 

 

 

1.5. Conclusions 

 Using nitrenes in cyclization strategies is an attractive avenue towards the 

assembly of nitrogen-containing rings. While there have been numerous published works 

on the use of nitrenes in different cycloadditions, the field is underdeveloped. The 

methods described here lead to the formation of solely five-membered nitrogen 

heterocycles with a majority focused on [2+2+1] reactions pioneered mainly by the Tonks 

group. In addition, which the exception of Nishibayashi, these methods only use alkyl 

sources as cycloaddition components. As such, expanding the synthetic toolbox of this 
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methodology to include different ring sizes as well as including additional heteroatoms is 

essential in to further develop this area of study.  
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Chapter 2 

The Use of Vinylcyclopropanes In Ring-Forming Reactions 

 

2.1. Introduction 

Since the first reported studies on their thermal rearrangements,1 

vinylcyclopropanes (VCPs) have been used synthetically in numerous ways. Synthetic 

chemists have exploited the ring strain released upon ring opening of the cyclopropane 

to build more complex molecules.  

Long chains and polymers have been synthesized using VCPs. Dienes can be 

obtained through E2 elimination upon opening of the cyclopropyl ring.2 Polymers of 

different molecular weights can be selectively synthesized using a metal catalyst as well 

as a nucleophilic initiator.3 VCPs have been coupled with alkynes,4 arenes,5 aliphatic C-

H bonds,6 and aldehydes7 to form highly functionalized linear molecules. Furthermore, 

nucleophilic8 and electrophilic additions9 expand the ability obtain diverse structures. 

The 1,3-dipolar synthon has also been utilized in intramolecular [3+2] 

cycloadditions with alkenes10 and alkynes,11 as well as carbonyl-containing 

compounds,12-13 to assemble five-membered ring systems. This class was then expanded 

for intermolecular reactions, with alkenes as the first examples using Pd(0) to form 

cyclopentanes.14 Recent studies employ iminium/enamine organocatalysis in conjunction 

with Pd(0) catalysis to perform formal [3+2] cycloadditions between VCPs and enals.15 
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This strategy has been further developed to perform cycloadditions 

intermolecularly with a wide range of two-atom partners, including imines,16 nitriles,17 

nitrosos,18 isocyanates,19 ketenes,20 aldehydes,21 and ketones.21 In addition, employing 

five-membered ring systems, such as azlactone alkylidenes,22 isatins,23 and 

diazooxindoles24 have been used to synthesize bi- and tricyclic spiro compounds.    

VCPs have been viewed as a homolog of butadiene since given that the ease of 

cyclopropane CïC bond cleavage, allows for their use as five-atom, rather than four-

atom, components in cycloadditions. With this, synthetic chemists have utilized this 

synthon to build more complex molecules. These have been demonstrated in both 

intramolecular and intermolecular contexts with a variety of cycloaddition partners, such 

as alkynes, alkenes, and CO. This field has further been expanded to use these reactions 

in a variety of total syntheses to form fused ring systems. This chapter will summarize 

how these rearrangements and cycloadditions have been developed and their 

applications in complex molecule syntheses.  

 

2.2. Vinylcyclopropane rearrangements 

2.2.1. VCPs into cyclopentenes 

 Neureiter reported the first example of VCP rearrangement in 1959 when he 

discovered that upon heating VCP 2.1 at 500 °C, product 2.2 was isolated.1 Two 

dichloropentadiene isomers (2.3 and 2.4) were identified as side products, suggesting a 

mechanism in which the cyclopropane opens to a resonance-stabilized diradical species, 

which itself goes on to form either the cyclic or diene products. Overberger followed up a 
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year later showing that refluxing VCP 2.5 in acetic acid leads to its to cyclopentane 2.6 

(Scheme 2.1).25 

 
Scheme 2.1. Initial discoveries of VCP rearrangement 

Neureiter: 

 

 

Overberger: 

 

 

 
Trost26 and Miller27 showed that thermal rearrangement of 1-(phenylsulfanyl)VCPs 

led to the corresponding enol thioethers, which were hydrolyzed to form cyclopentanones 

in moderate to good yields (Scheme 2.2). Subsequently, Trost found that incorporating a 

siloxy-group at the 1-position greatly increased the reaction rate, forming enolsilane 2.12 

in quantitative yield within four seconds at 330 °C .28 This observation was explained by 

invoking a stabilizing effect of an oxygen Ŭ to the radical, which is analogous to the oxy-

Cope rearrangement.29 A follow-up kinetics experiment by Trost showed that compared 

to its hydrocarbon counterpart, silyl ether substitution at that position significantly 

decreases the Ea of rearrangement, accounting for the accelerated cyclization rate.30  
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Scheme 2.2. Trostôs work with 1-substituted VCPs. 

 

 

 

 
Simpson and co-workers performed kinetics studies on the effect of 2-substitutition 

on the thermal rearrangement of VCPs. It was reported that having phenyl and methoxy 

substituents at the 2-position reduces the activation energy for the rearrangement by 9 

and 11 kcal/mol, respectively, compared to 1-methoxy which lowers the Ea by 5 kcal/mol. 

In addition, a trans stereochemical relationship between the vinyl group and substituent 

was found to be preferable to the cis due to acyclic transition states. A cis configuration 

around the interior allylic bond is required for the terminal carbons to form the five-

membered ring, which requires rotation around the partial double bonds. Compared to 

the cis-configuration, the trans-configuration would require less energy to do so because 

of reduced steric interactions.31   

 Corey and co-workers used flash vacuum pyrolysis to convert VCP 2.14 into 

ketone product 2.15 (Scheme 2.3).32 De Meijere also used this method to synthesize 

triquinane 2.17 as a mix of stereoisomers from donor-substituted VCP 2.16.33 Further 
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studies from this group allowed for preparation of cyclopentenes without the need for 

electronic modulation of cyclopropyl substituents.34,35 In one report, de Meijere reported 

the synthesis of cyclopentene-annellated nitrogen heterocycles from the heterocyclic 

VCP.36   

 
Scheme 2.3. Flash vacuum pyrolysis of VCPs  

Corey: 

 

de Meijere: 

 
 

 
Paquette disclosed the photochemical rearrangement of cis-

bicyclo[5.1.0]octenones to cis-bicyclo[3.3.0]octenones in up to 82% yield (Scheme 2.4). 

This rearrangement was explained by invoking the bent nature of the internal bond of the 

cyclopropane, enabling continuous overlap with the carbonyl group and the alkene. In 

addition, this allow for a strain-free cyclic pathway for bond reformation upon cyclopropyl 

ring opening.37 In a follow-up study, this method was applied to the methylene analogs. 

Dreiding models of the ketone and methylene VCPs indicate that the ketone substrates 

react from the respective triplet states whereas the methylene VCPs proceed in its singlet 

state due to the differing -́bonding overlap in the transoid T1 states.38 Sonawane later 
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used ȹ2-Carene derivatives to photochemically prepare 7-substituted 

bicyclo[3.2.0]heptenes with some diastereomeric control.39   

 

Scheme 2.4. Paquetteôs synthesis of cis-bicyclo[3.3.0]ocetenones 

 

 
 

  

Metal catalysts and complexes have been investigated as tools to promote this 

transformation. Williamson and co-workers reported the synthesis of Rh(I)-complex 2.22 

from the coordination of 2.20 and 2.21 which, when subjected to thermal conditions, leads 

to the formation of products 2.23 and 2.24 (Scheme 2.5).40 Hudlicky used a stoichiometric 

amount of (C2H4)2Rh(acac) under reflux conditions to prepare bicyclooctanes up to 75% 

yield.41  

 

Scheme 2.5. Williamsonôs Rh(I)-complex synthesis and thermolysis 

 

 
 

 
Murakami developed the first metal-catalyzed VCP rearrangement using 

Ni(COD)2-PBu3 under reflux to synthesize cyclopentenes up to 93% yield.42 Louie and 

co-workers later built upon this work by using a NHC-ligated Ni catalyst to perform this 
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isomerization at 1 mol% catalyst loading.43 In a follow-up study, Louie and Tantillo 

developed a mechanistic model for this Ni(0)-NHC-catalyzed rearrangement (Figure 2.1). 

 

Figure 2.1. Mechanism of Louieôs Ni(0)-NHC-catalyzed VCP isomerization 

 

 
 

 

In addition, it was found that bulkier NHCs better promote rearrangement by favoring 

dissociation of one of the NHC to allow Ni-coordination to the vinyl group. They also 

proposed that COD facilitates this process.44 

Oshima and co-workers were able to perform the VCP-cyclopentene 

rearrangement using Pd(PPh3)4 as the catalyst under milder conditions in up to 96% yield 



40 
 

(Scheme 2.6). It was proposed that a nucleophilic attack of Pd(0) to the dienic group 

promotes cyclopropyl ring opening to form zwitterion 2.35, which collapses to form 2.34 

exclusively.45  

 

Scheme 2.6. Oshimaôs Pd-catalyzed method for VCP rearrangement 

 

 
 

  

 Common and readily available organic reagents have been used for this 

isomerization. Danheiser reported that in the presence of excess n-BuLi, 2-

vinylcyclopropyl ethers rearrange to cyclopentenols at room temperature in up to 95% 

yield (Scheme 2.7).46 In a subsequent study, they found that when using a mixture of 2-

vinylcyclopropyl ethers, only one stereoisomer was formed.47   

 

Scheme 2.7. Danheiserôs nBuLi-promoted rearrangement 

 

 
 

  

 Suzukamo reported the use of Lewis acids (BBr3, AlCl3 and BCl3) to promote the 

ring expansion of donor acceptor VCPs.48 This methodology was further explored by 
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Srinivasan who employed SnCl4 to perform this rearrangement preferentially over proton 

elimination to synthesize 1,3-dienes (Scheme 2.8). The Lewis acid species coordinates 

to the carbonyl group (2.40), allowing for the cyclopropyl ring to open into a zwitterionic 

species that cyclizes to form cyclopentene 2.39.49  

 

Scheme 2.8. Lewis acid-promoted VCP rearrangement 

 
 

 
Most recently, Okada and co-workers disclosed the rearrangement of bi-aryl VCPs 

by TiO2 photocatalysis (Scheme 2.9). Through DFT calculations and mechanistic 

experiments, it was postulated that the reaction is going through a stepwise mechanism 

via distonic radical cations triggered by oxidative single electron transfer (SET).50 

 

Scheme 2.9. Photocatalytic transformation of bi-aryl VCPs 

 

 
 

 

2.2.2. Other VCP rearrangements  

 Tang reported a Rh(I)-catalyzed method to prepare cycloheptadienes (2.43 ï 2.45) 

intramolecularly using VCPs tethered to propargyl esters. The reaction occurs through a 
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1,5 C,C-migration (Figure 2.2a). Through a 1,3 acyloxy migration, a key allene 

intermediate is generated that subsequently coordinates with Rh to form an alkylidene 

metallacyclopentene. Following cleavage of the cyclopropane ring and reductive 

elimination, the seven-membered ring is formed (Figure 2.2b).51 

 

Figure 2.2a. Tangôs Rh(I)-catalyzed preparation of cycloheptadienes 

 

 
 

Figure 2.2b. Allene intermediate formation  

 
 

 

 

Koskinen and Rissanen disclosed an acid-promoted rearrangement of VCP 2.46 

to form bicyclic product 2.47 at room temperature in 50% yield (Scheme 2.10). TFA first 

cleaves the ester to form intermediate 2.48, which then rearranges and tautomerizes to 

form the isolated product.52 
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Scheme 2.10. Synthesis of tetrahydrooxepinone ring 

 
 

 
 

2.3. VCPs in [5+1] cycloadditions 

 VCPs have been used recently in multicomponent cycloaddition strategies to build 

more complex structures aside from cyclopentenes. The synthesis of 2,3-cyclohexanones 

from vinylcyclopropyl selenyl esters was reported by Pattenden to offer products 2.49 ï 

2.51 in moderate yields (Scheme 2.11). The cascade cyclization is initiated using 

Bu3SnH-AIBN to form ketene intermediate 2.54, which serves as a one atom CO 

component to engage in an intramolecular [5+1] reaction.53 
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Scheme 2.11. Radical cascade cycloaddition of VCP and selenyl ester 

 

 
 

 
CO insertion with VCPs results in the preparation of differently substituted 

cyclohexenones. This method was first presented by Sarel and co-workers in which they 

employed Fe(CO)5 and VCPs under photoirradiation to synthesize Ŭ,ɓ-substituted 

cyclohexanones up to 55% yield (Scheme 2.12).54 Taber further developed an 

enantioselective55 variant and also improved functional group tolerance.56 

 

Scheme 2.12. Photo-irradiated CO insertion 
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 To avoid photoirradiation, Schulze performed this reaction with ceric ammonium 

nitrate to assemble cyclohexenone 2.60 in quantitative yield (Scheme 2.13).57 Deuterium-

labeling experiments revealed that intermediate 2.61 is being generated followed by CO 

insertion.58 Yu and co-workers later replaced the iron-mediator with Fe2(CO)9 ï a cheaper 

complex ï to prepare 2.60 up to 80% yield.59 

 

Scheme 2.13. Schulzeôs iron-mediated CO insertion 

 
 

  
Other metal sources have been investigated for catalytic [5+1] transformations. De 

Meijere disclosed methods using Co2(CO)8 or [Rh(CO)2Cl]2 under a CO atmosphere to 

assemble ɓ-ɔ-substituted cyclohexanones.60 Yu and co-workers developed two different 

procedures to selectively synthesize either Ŭ,ɓ and ɓ,ɔ-substituted cyclohexanones 

exclusively (Scheme 2.14).61 
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Scheme 2.14. Catalytic [5+1] reaction of VCP and CO 

 
 

 
 Expanding this class of cycloadditions beyond CO insertion has only recently been 

garnering attention. The Uyeda group out of Purdue University demonstrated a cobalt-

catalyzed [5+1] reaction between VCPs and vinylidenes to prepare 

methylenecyclohexenes 2.63 ï 2.66 exclusively (Figure 2.3).62 

 

Figure 2.3. [5+1] cycloaddition of VCPs and vinylidenes 

 

 
 

  



47 
 

Oestreich and co-workers recently reported a [5+1] cycloaddition of VCPs with 

hydrosilanes to synthesize silacyclohexanes involving a [1,2]-migration of an aryl group 

to provide 4-aryl-substituted silacyclohexanes 2.67 ï 2.70 as the major products 

(Scheme 2.15).63 

 

Scheme 2.15. Synthesis of 4-aryl-substituted silacyclohexanes 

 

 
 

 

 

 

2.4. VCPs in [5+2] Cycloadditions 

 

2.4.1. Intramolecular [5+2] cycloaddition with alkynes 

 In 1995, Wender disclosed the first example of using VCPs as a five-atom 

component in [5+2] cycloadditions by cyclizing a VCP and alkyne intramolecularly using 

Wilkinsonôs catalyst along with a AgOTf additive (Scheme 2.16). This reaction was 

conceived based on a mechanistic hypothesis in which a metal catalyst would oxidatively 

add to the vinyl group and the addition of the alkyne would cause cleavage of the 

cyclopropane ring, forming metallacycle 2.73. After reductive elimination, the desired 

product is obtained.64 
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Scheme 2.16. Wenderôs intramolecular [5+2] cycloaddition between VCPs and alkynes 

 
 

 
 Wender and co-workers continued to develop this reaction paradigm by employing 

[Rh(CO)2Cl]2 as the Rh(I) species due to its less demanding steric environment as well 

as its ability to catalyze the formation of dienes and cyclopentenes from VCPs.65 This 

catalyst was able to complete the transformation using as low as 1 mol % catalyst loading,  

with shorter reaction times. In addition, the reaction could be conducted at a concentration 

up to 2 M without any significant polymerization, which was an issue when using 

Wilkinsonôs catalyst.66 

 With both systems in hand, the Wender group sought to investigate the stereo- 

and regioselectivity of these reactions using 2-substituted VCPs, including how 

substituent modification and/or the catalyst system affects this selectivity (Scheme 2.17). 

Interestingly, in some examples, there were observations of regioselectivity reversal when 

employing a different catalyst system. Using substrate 2.74, the use of Wilkinsonôs 

catalyst favored the synthesis of product 2.75 in a 20:1 selectivity compared to product 

2.76. In the case of the rhodium dimer, product 2.76 was instead favored in a ratio of 11:1. 

When using the cis diastereomer of substrate 2.74, there was no reversal of 

regioselectivity when different Rh(I) catalysts were used, suggesting bond cleavage of 

the cyclopropane is affected by competing steric and electronic factors.67 
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Scheme 2.17. Reversal of regioselectivity with different Rh(I) catalysts 

 

 
 

  
Wender further developed this Rh(I)-catalyst approach with exploring 

[(arene)Rh(cod)]+ as it was shown by Chung and co-workers that these species can 

catalyze an intermolecular [4+2] cycloaddition between 1,3-dienes and nonactivated 

acetylenes.68 Compared to the previously explored catalysts, [(C10H8)Rh(cod)]SbF6 

resulted in higher yields in a shorter reaction time. This system was also able to perform 

comparably when the reaction was scaled up to 1g of substrate.69 

 Following this study, Wender and co-workers investigated using NHC-metal 

complexes to catalyze this [5+2] cycloaddition. A Rh(I) carbene complex was prepared 

using [Rh(cod)Cl]2 and an alkoxyimidazol-2-ylidinium salt. Using substrate 2.71, the [5+2] 

reaction proceeded to form product 2.72 in 93% yield.70  

 The differing reactivities of these catalysts were studied through DFT calculations.  

The key steps of the reaction mechanism involve the 2 -́insertion (the rate-determining 

step) (2.82) and reductive elimination (2.84) (Figure 2.4).71 The transition state 

geometries of these steps are indistinguishable when using any of the catalysts, 

suggesting that the efficiency of these catalysts relies on the catalystôs ability to mitigate 
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the electronic and steric effects of the TS geometry. The productivity of these Rh(I)-

catalysts was measured through the computed free energy span (FES), which correlated 

with previously observed efficiencies with RhNHC-IPr having the lowest FES at 19.5 

kcal/mol. . In addition, TS models of the key steps as well as the computed reaction 

coordinate also further demonstrate the higher efficacy of the RhNHC-IPr catalyst with 

three key features:  

1) The electronic stabilization of the ring-opening and breaking step through agostic 

interactions between the Rh and the hydrogens of the diisopropyl groups on the 

NHC; 

2) The lower energy barrier of the RDS; and 

3) Lack of product inhibition during the transfer of catalyst to the next substrate. 
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Figure 2.4. Reaction mechanism of Rh(I)-catalyzed intramolecular [5+2] cycloaddition 

 
 

  
The Wender group developed a greener method to perform this [5+2] reaction 

using [Rh(nbd)]SbF6, and bidentate phosphine ligand 2.89 to form a catalyst in situ that 

was able to be recycled with high efficiency. Products 2.87 and 2.88 were obtained in 

high yields (Scheme 2.18).72 
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Scheme 2.18. Wenderôs greener method for intramolecular [5+2] cycloaddition 
 

 
 

 
 Inspired by Wenderôs work, Chung used a new Rh(I)-NHC catalyst system ï  

[Rh(IPMes)(cod)Cl]/AgSbF6 ï to execute the cycloaddition in almost quantitative yield in 

less than ten minutes.73 Martin and co-workers disclosed a tandem allylic alkylation/[5+2] 

cycloaddition between malonate 2.91 and trifluoroacetate VCP 2.90 using [Rh(CO)2Cl]2 

to synthesize 2.72 in 89% yield through intermediate 2.71 (Scheme 2.19). 

 

Scheme 2.19. Chungôs Rh(I)-NHC catalyst system for intramolecular [5+2] reaction 
 

 
 

 

Hayashi and co-workers developed an asymmetric Rh(I)-catalyzed procedure 

using chiral phosphoramidite ligand 2.96 to form the cycloadducts with high 

stereoselectivity. The naphthyl rings creates a chiral environment around the Rh atom 

leading to coordination of 2.92 as seen in 2.94a rather than 2.94b. This minimizes the 

steric interactions between the cyclopropyl ring and the naphthyl moieties (Figure 2.5).75 
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Figure 2.5. Asymmetric Rh(I)-catalyzed intramolecular [5+2] cycloaddition 

 

 
 

 

Trost and co-workers investigated Ru(II)-catalysis as cheaper, alternative catalysts 

to drive this intramolecular [5+2] reaction. Using their previously reported 

CpRu(CH3CN)3PF6 catalyst,76 the group was able to enable this transformation, forming 

products 2.97 ï 2.100 in good to excellent yields with a high tolerance for functional 

groups, including ketones, amides, and alcohols . Most interesting, this method was 

extended to synthesize [6.7] ring systems as well (Scheme 2.20).77 In a subsequent 

study, this Ru-catalyzed method was used to prepare a library of tricyclic compounds in 
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good to excellent yields with a high functional group tolerance to show the applicability of 

this system for total synthesis strategies of natural products.78 

 

Scheme 2.20. Trostôs Ru(II)-catalyzed intramolecular [5+2] cycloaddition with alkynes 

 
 

 
The regioselectivity of this Ru-catalyzed method was investigated regarding the 

steric and electronic influence of substituents on the regioselectivity of cyclopropyl bond 

cleavage in cis and trans cyclopropyl substrates. For the trans substrates, the more 

substituted cyclopropyl bond is broken, identifying cyclopropyl bond strength as the major 

contributor in product distribution. In contrast, the less substituted carbon breaks during 

cycloisomerization, suggesting that sterics is the significant factor in this group of 

substrates. Interestingly, the aldehyde substrates showed differences from the rest of the 

entries in the series, indicating that steric and electronic effects are both involved.  In 

addition, the cis substrates showed a dramatically higher level of regioselectivity 

compared to the trans substrates.79 

The diastereoselectivity of this method was investigated through strategic 

substrate design (Scheme 2.21). Protected and unprotected allylic hydroxyl groups would 

result in a trans relationship between the hydroxyl group and the bridgehead hydrogen 
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atom (2.102). In addition, a quaternary propargylic carbon with an allylic substituent 

exhibited complete diastereoselectivity (2.104). This was also seen with a quaternary 

allylic carbon atom and a propargylic PMB ether (2.106). The observed anti-relationship 

of the bridgehead hydrogen and the homoallylic ORô substituent agrees with the 

Stork/Houk-Jªger ñinside alkoxyò model. The ů*
CO orbital is orthogonal to the alkene ˊ 

orbital, so the overlap of these orbitals is minimized. In addition, electron donation from 

the ůCH and/or ůCR further stabilizes the transition state.80
   

 

Scheme 2.21. Diastereoselectivity of Trostôs [5+2] method 

 

 
 

 

The mechanism, regioselectivity and diastereoselectivity, of the Ru(II)-catalyzed 

reaction was investigated through DFT calculations. Contrary to the Rh(I) pathway, this 

cycloaddition undergoes a metallacyclopentene mechanism due to the lower barrier of 
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the oxidative cyclization step (2.108 to 2.109) (Scheme 2.22). This was explained through 

the difference of the redox potentials of the two metals, since the oxidation state of the 

metal increases in the metallacycle formation.81  

 

Scheme 2.22. Mechanism of Ru(II)-catalyzed intramolecular [5+2] cycloaddition 

 

 
 

 
The enhanced regioselectivity seen in the cis substrates versus the trans 

substrates was rationalized using Gibbs free energies of the cyclopropyl group cleavage 

step. In the case of the trans substrates, the breaking of either the more (16.8 kcal/mol) 

or less (17.4 kcal/mol) substituted cyclopropyl bond has a small energy difference and 

results in a lower regioselectivity. In contrast, the cleavage of the more (22.2 kcal/mol) 

substituted (2.114) has a higher energy cost due to the methyl position being in a more 
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sterically hindered side compared to intermediate 2.113 (Figure 2.6). Because of this, 

this steric repulsion allows for the higher regioselectivity seen for the cis substrates 

(2.115).81 

 

Figure 2.6. Rationale for enhanced regioselectivity of cis cyclopropyl substrates in Ru(II)-

method 

 
 

 
The observed diastereoselectivity seen previously was also investigated (Figure 

2.7). When the allylic position is substituted with a hydroxyl group, intermediate 2.118 

was calculated to be more stable than intermediate 2.119, which was attributed to the fact 

that the oxygen atom in 2.118 is closer to the cationic metal center, allowing for the lone 

pairs to stabilize the reaction center through electrostatic interactions. Due to this, the 

trans cycloadduct 2.120 is favored. Furthermore, in the case where that position is di-

substituted with a methyl and hydroxyl group, intermediate 2.124 is less favorable due to 

the steric repulsions of the methyl substituent and the ɓ-hydrogen from the double bond. 

Thus, in favored cycloadduct product 2.125, the methyl group and the adjacent hydrogen 

appear cis to each other.81 
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Figure 2.7. Diastereoselectivity of selected substrates in Ru(II)-catalyzed reaction 

 

 
 

 

To avoid the use of noble metal catalysis, Fürstner reported using low-valent iron 

complexes 2.132 and 2.133 to catalyze the [5+2] cycloaddition to exclusively synthesize 

the major isomers 2.127 ï 2.131 in moderate to great yields (Scheme 2.23). In addition, 

complex 2.133 afforded product 2.128, expanding this chemistry to generate bicyclic 

[5.4.0] scaffolds without the need of a nitrogen-containing group.82 
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Scheme 2.23. F¿rstnerôs iron-catalyzed intramolecular [5+2] method 

 
 

 

 Louie and co-workers demonstrated with their Ni(0) catalysis that the 

rearrangement of the tethered ether VCPs to either tetrahydrofurans or bicyclic structures 

can be controlled by the NHC ligand used and the substituent on the alkene (Scheme 

2.24). In the case of the bulkier ligand 2.135 and a larger R group (i.e. tBu), 2.137 is 

exclusively formed whereas, when R is smaller (i.e. Me), 2.138 is preferentially formed. 

Furthermore, in the case of using ligand 2.134, 2.136 and 2.138 are observed.83 

 

Scheme 2.24. Louieôs Ni(0)-catalyzed [5+2] intramolecular cycloaddition 

 
 

 

 This distribution of products can be explained through the reaction mechanism 

(Figure 2.8). When ligand 2.134 is used, intermediate 2.143 undergoes ɓ-hydride 

elimination and reductive elimination to form 2.136. However, if ligand 2.135 is instead 
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employed, ɓ-hydride elimination cannot occur due to sterics so reductive elimination 

occurs, leading to intermediate 2.144. After diene isomerization, allyl nickel (II) hydrate 

2.146 undergoes reductive elimination to form complex 2.147. Lastly, product 2.137 is 

released and the Ni-reactant complex 2.141 is regenerated.84 

 

Figure 2.8. Mechanism of Ni(0)-catalyzed intramolecular [5+2] reaction 

 

 
 

 

2.4.2. Intermolecular [5+2] cycloaddition with alkynes 

 Following their initial reports of the [5+2] intramolecular cycloaddition, Wender and 

co-workers disclosed the first example of a metal-catalyzed intermolecular [5+2] 

cycloaddition between VCPs and alkynes ï the homologue to the classic Diels-Alder 
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cycloaddition (Scheme 2.25). In the initial report, siloxy-VCP 2.148 was used to facilitate 

ring-opening of the cyclopropane ring for the cyclization to occur. Using [Rh(CO)2Cl]2, the 

[5+2] between VCP 2.148 and a wide range of alkynes occurred to provide the 

cycloadducts in good to excellent yields. The silylenol ethers were hydrolyzed to provide 

the corresponding cycloheptenones 2.149 ï 2.152.85 

 

Scheme 2.25. Wenderôs first report of intermolecular [5+2] cycloaddition with alkynes 

 

 
 

 
In a follow-up study, VCP 2.153 was prepared in fewer steps with inexpensive 

reagents as a substitute for VCP 2.148. With this new iteration, the cycloadducts were 

obtained with a 6-fold increase in reaction rate while also using a 10-fold decrease in 

catalyst loading (Scheme 2.26). In addition, this method was able to be scaled up to 100 

mmol.86 
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Scheme 2.26. Employing VCP 2.153 in intermolecular [5+2] reaction 

 

 
 

 

 To expand the substrate scope of this reaction, the Wender group published the 

following year a method using simple, un-activated VCPs to afford cycloheptadiene 

products (Figure 2.9). While VCPs 2.148 and 2.153 have higher reactivity from the 

electronic contribution of the heteroatom substituent, it was hypothesized that it could also 

be due to an influence from the conformation of intermediates being formed. Based on 

the proposed mechanistic hypothesis, having a substituent at the 1-position reduces the 

energetic difference between species A and B, leading to an increased distribution 

towards B which, due to it having the appropriate dihedral angle of 0 °C, can form the 

desired cis-alkene of the cycloadduct product. A range of alkynes and VCPs were able to 

undergo this cycloaddition in either DCE or 5% TFE in DCE if the reaction was sluggish.87 
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Figure 2.9. Intermolecular [5+2] with un-activated VCPs 

 
 

 

 Wender and colleagues had proposed two reaction mechanisms for how the Rh 

species is catalyzing this cycloaddition (Scheme 2.27). In Pathway A, the Rh catalyst 

coordinates with the vinyl group, which favors cyclopropyl ring opening to generate 

intermediate 2.158. Coordination of an alkyne generates 18 e- complex 2.159, which is 

then inserted into the five-carbon moiety to form metallacycle 2.160. Finally, reductive 

elimination then provides the desired cycloadduct 2.163. In Pathway B, it was 

hypothesized that instead five-membered metallacycle 2.162 is formed by the oxidative 

coupling of the alkyne and the vinyl group of the VCP, leaving the cyclopropyl ring intact. 

Through DFT calculations, however, it was found that there is a substantial energetic cost 

(26.9 kcal/mol) to have these components in a planar conformation for the coupling to 

occur compared to the alkyne insertion step (21.9 kcal/mol) of Pathway A. With this, as 

well as coordination of solvents to stabilize intermediates, Pathway A was deemed as the 

more plausible mechanism for this reaction.88 
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Scheme 2.27. Mechanistic pathways for the Rh(I)-catalyzed intermolecular reaction 

 

 
 

 

 

With a mechanism in hand, Wender, Houk, and Yu sought to quantitatively explain 

the differing reactivities of 1-substituted VCPs when R=H, M, 1-isopropyl, 1-alkoxy, and 

1-siloxy as previously mentioned through DFT calculations. For these calculations, four 

VCPs were used: 1a, R=H; 1b, R=Me; 1c, R=iPr; 1d, R=OMe. The activation barriers for 

each of the VCPs  were computed based on three factors:  

1) the electronic stabilization transition state of the alkyne insertion step;  

2) the steric effects of the preorganization energy and the free energy of exchange; 

and  

3) the free energy of transfer from product complex.  

Based on these factors, the reaction free energy barriers were determined as 27.7, 

24.7, 22.8, and 20.4 kcal/mol for 1a, 1b, 1c, and 1d, respectively. This trend aligns with 

previous experimental data of how bulky substituents and heteroatom substituents at the 

1-position greatly increase the reaction rate.89 

The electronic and steric control of regioselectivities of the Rh(I)-catalyzed [5+2] 

with VCPs and alkynes were studied both experimentally and computationally. In cases 
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where the VCP has substitution at the internal position, 2,5-regioselectivity is generally 

favored; however, if the alkyne substituent is smaller and electron-withdrawing, the 2,4-

regioisomer is preferred (Scheme 2.28a). VCPs that had terminal substitution on the 

alkene exhibited a high degree of regioselectivity due to a steric preference of the bulky 

alkyne substituents to be distal to the forming C-C bond between the open cyclopropyl 

chain and the alkyne (Scheme 2.28b). Lastly, if the substituent on the alkyne is large and 

not strongly electron withdrawing, the 2,4-regioisomer is favored (Scheme 2.28c). 

However, a mixture of the other regioisomers can result due to the competing sterics and 

the strong back-bonding donation from the rhodium to the ˊ*-orbital of the alkyne.90 

 

Scheme 2.28a. Effect of internal alkene substitution on regioselectivity 
 

 
 

Scheme 2.28b. Effect of terminal alkene substitution on regioselectivity 
 

 
 

Scheme 2.28c. Effect of 1,2-substitution on VCP on regioselectivity 
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Wender has disclosed cationic Rh(I) complex 2.165 ([(C10H8)Rh(cod)]SbF6) that 

can catalyze the [5+2] intermolecular reaction within fifteen minutes to provide 

cycloheptenones in excellent yields with a high functional group tolerance in respect to 

the alkyne (Scheme 2.29).91 

 

Scheme 2.29. Cationic Rh(I) complex for intermolecular [5+2] cycloaddition 

 

 
 

 
With Rh catalyst 2.165, Wender and co-workers have used alkynes as equivalents 

to provide functionality that are more difficult to achieve in a cycloaddition strategy. 

Propargyltrimethylsilanes were employed as allene equivalents to synthesize formal 

allene cycloadducts upon protodesilylation (Scheme 2.30a).92 Most recently, ynol ethers 

were used as ketene equivalents to form cycloheptadiones ï a common scaffold in natural 

products and intermediates towards non-natural products (Scheme 2.30b).93 

 

Scheme 2.30a. Intermolecular [5+2] reaction with allene equivalents 

 
 

 

 

 

 

 



67 
 

 

Scheme 2.30b. Intermolecular [5+2] reaction with ketene equivalents 

 
 

 

 To further develop this intermolecular transformation, Wender looked at different 

scaffolds for control of the regioselectivity of the cycloaddition. Rh catalyst 2.174 

([Rh(dnCOT)(MeCN)2]SbF6) was prepared, since modifications to COT complexes have 

been show to enhance their ability to bind to transition metals.94 Compared to the 

previously reported catalysts (Figure 2.10a), 2.174 exhibited improvements in both 

reaction rates and efficiency (Figure 2.10b). In addition, it enabled an enhancement in 

regioselectivity and, in some instances, produced only one regioisomer. Furthermore, it 

was also able to catalyze the intramolecular [5+2] reaction with VCPs and either alkynes 

or alkenes.95 

 

Figure 2.10a. Comparison of Rh(I) catalysts in regioselectivity and efficiency of 

intermolecular [5+2] cycloaddition 

 
Catalyst T (oC), 

t 
Yield Ratio 

(2.172:2.173) 
2.174 23, 60 

min 
95 >20:1 

2.175 40, 7 h 78 7.7:1 
2.165 23, 30 

min 
68 6.8:1 
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Figure 2.10b. Rh(I) catalysts 

 

 
 

 

 

 The effect of ligands on the rates and regioselectivities of this Rh(I)-catalyzed 

method were investigated computationally. In this study, [Rh(dnCOT)]+, [Rh(COD)]+, and 

[Rh(CO)Cl] were used. As seen previously, the rate and regioselectivity controlling step 

is the alkyne insertion step. The higher reactivities of the cationic catalysts were found to 

be due to the steric and dispersion effects of the COD and dnCOT ligands. The steric 

repulsions of the bulky ligand and the product in the Rh-product complex allow for ease 

of product liberation and the ligands do not significantly affect the alkyne insertion step.96  

The regioselectivity of these catalysts are affected by substrate-substrate and 

ligand-substrate steric repulsions, electronic effects, and ligand-substrate ́ / ˊ and C-H/ˊ 

interactions (Figure 2.11). Smaller ligands prefer distal products while bulkier ones prefer 

proximal products when the alkynes are alkyl or TMS-substituted. Electronic effects are 

more prominent when the alkyne substituent is small and strongly electron-withdrawing, 

such as acyl or formyl. In this scenario, these substituents prefer the proximal pathway 

and enhance the proximal steric control by bulky ligands or reverse if the ligand is smaller. 

Lastly, aryl substituents on the alkyne have strong directing effects to favor the distal 

products when using cationic Rh(I) catalysts due to the stabilizing ligand-substrate ˊ/ˊ 

and C-H/ˊ interactions between the ligand and the aryl group.96 

 



69 
 

 

Figure 2.11. Regioselectivity rationale of the Rh(I)-catalyzed reaction 

 

 
 

 
Expanding this concept beyond rhodium catalysis, Strand reported using Ir(I) 

catalysis coupled with Ag(I)-mediation as a cheaper method to form the desired 

cycloadducts. A cationic Ir catalyst ï [Ir(cod)Cl]2PF6 ï generated in situ catalyzed the 

formation of a diverse set of cycloheptenones and cycloheptdienes in good to excellent 

yields (Scheme 2.31). This method was also successful in enabling intramolecular [5+2] 

cycloadditions. The mechanism of this method was analyzed through DFT calculations 

comparing the energy profiles of the Rh and Ir-catalyzed processes. Both methods share 

the same principal elements of the overall mechanism. However, while there are 

differences in energy barriers for certain transition states, of most notable is that the 

turnover frequency determining TS is not the same in both cycles and as a result, the free 

energy span is 16.03 kcal/mol for Ir(I) and 28.22 kcal/mol for Rh(I), suggesting that using 

a cationic Ir catalyst is faster than the Rh catalyst. This was further confirmed through a 
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comparative kinetics study in which the TOF of [Ir(dbcot)Cl]2PF6 (10.0 min-1) was 50 times 

higher than that of [Rh(dbcot)Cl]2PF6 (0.2 min-1).97 

 

Scheme 2.31. Ir-catalyzed intermolecular [5+2] cycloaddition reaction 

 

 
 

 

2.4.3. [5+2] cycloaddition with alkenes 

 This cycloaddition strategy was further extended to include alkenes as the two-

atom component with Wenderôs first report in 1998 when ene-VCP, in the presence of a 

Rh(I) catalyst and Ag(I) additive under thermal conditions, cyclizes to form the desired 

cycloadducts 2.178 ï 2.181 (Scheme 2.32). The substrate scope also included 

bicyclo[5.4.0]decenes (2.180), which are naturally occurring and often difficult to 

synthesize with the quaternary center formation.98  

 

Scheme 2.32. Wenderôs intramolecular [5+2] reaction with alkenes 
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Wenderôs previously reported greener method for [5+2] cycloadditions was also 

successful in forming these bicyclic structures in up to 85% yield.72 

 An asymmetric version of this method was later developed with the use of (R)-

BINAP ligands to achieve excellent enantioselectivity, up to 99% ee (Figure 2.12). The 

stereocenter is formed during the oxidative coupling of the alkene and the cyclopropyl 

ring, which was determined to be the RDS during DFT calculations in a previous study.88 

In this step, the growing chain is aligned so the forward phenyl groups of the BINAP-

ligand are not engaging in destabilizing interactions with the cyclopropyl and alkenyl 

groups (2.182 and 2.183). This is also confirmed by the increase in ee if there is a 

substituent, like methyl, on the alkene or the cyclopropane.99 

 

Figure 2.12. Intermediates of the asymmetric intramolecular [5+2] reaction with alkenes 
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2.4.4. [5+2] cycloaddition with allenes 

 A hindrance in the advancement of the [5+2] reaction was the inability to perform 

the cycloaddition when using 1,2-disubstituted alkenes to access carbocyclic cores that 

are found very common in natural product families, such as guaianes and tiglianes. To 

address this limitation, Wender and co-workers employed allenes to serve as the two-

atom component in this intramolecular reaction using either RhCl(PPh3)3 or [Rh(CO)2Cl]2 

(Scheme 2.33). The cyclization occurred at the internal alkene favorably due to entropic 

considerations. The distribution of the cis and trans products was found to be controlled 

by the catalyst system with [Rh(CO)2Cl]2 showing a strong preferential for the formation 

of the cis-fused ring system. In addition, this method was also able to successfully 

synthesize cycloadduct 2.189, which contains a quaternary carbon center.100 

 

Scheme 2.33. Wenderôs intramolecular cycloaddition with allene 

 

 
 

 

 Following this discovery, de Meijere and Wender in collaboration disclosed the first 

examples of using this strategy in an intermolecular fashion (Scheme 2.34). For this 
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reaction to occur, the allenes had to have an additional coordinating group, such as an 

alkyne, to interact with the Rh(I)-center.101  

 

Scheme 2.34. Intermolecular [5+2] cycloaddition with allene 

 

 
 

 
The reactivity and chemoselectivity of the intermolecular [5+2] cycloaddition with 

allenes were studied computationally, as well as the competing formation of allene 

dimerization with rhodium. The 2ˊ insertion is the rate-determining step for the [5+2] 

cycloaddition. For terminally unsubstituted allenes, the barrier of allene dimerization is 

only 1.3 kcal/mol higher than the [5+2] cycloaddition, so these pathways are competitive. 

Due to this, this dimerization ñpoisonsô the rhodium catalyst, leading to a decrease in 

reactivity and, therefore, yields. However, in the case of di-substituted allenes, the free 

energy of the dimerization is 4.0 kcal/mol higher than the cycloaddition due to sterics, 

making the former pathway less competitive. The exclusive chemoselectivity for the 

terminal allene-yne double bond in the is due to the lower energy barrier of the 2ˊ 

insertion step. The insertion of the terminal double bond has a stronger d-ˊ* interaction 

between the rhodium and the enyne from allene-yne, so the energetic cost is lower.102  

 The differing reactivities of alkenes, alkynes, and allenes were investigated 

computationally using ethylene, acetylene, and allene (Figure 2.13). The energy 

differences of the 2ˊ insertion step among the three species are minimal (2.193 ï 2.195). 
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The reductive step is much faster for allene and acetylene with a free energy barrier of 

20.0 and 14.5 kcal/mol, respectively, than for ethylene (29.3 kcal/mol). The large 

difference is mainly due to the ability of each substrate to facilitate the reductive 

elimination (RE) by the residual ˊ-bond. For allene and acetylene, this step is a migratory 

RE, which involves the assistance of a conventional RE by the developing ˊ-Rh 

coordination (2.197 and 2.198). Therefore, the Rh-C bond can easily become into a Rh-

C ˊ-bond. This, however, is not evident for ethylene, leading to a higher energy barrier 

(2.196). In addition, the product complexes for allene and acetylene are coordinated by 

two ˊ-bonds (2.200 and 2.201). For that of ethylene, it is coordinated by a single ˊ-bond 

and a weaker C-H agostic interaction (2.199). Because of this, the liberation of the 

products from the [5+2] with allenes and alkynes are more exergonic.103 
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Figure 2.13. Transition states of Rh(I)-catalyzed [5+2] cycloaddition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5. Multi-component and cascade cycloadditions with VCPs 

 

 To further improve the synthetic utility of VCPs, Wender and co-workers 

investigated their use in three-component cycloaddition reactions. In 2002, this group 

reported the first examples of [5+2+1] cycloadditions of VCPs, alkynes, and CO to 

assemble bicyclo[3.3.0]octenone skeletons (Scheme 2.35a). In this seminal work, the 

reaction partners were limited to VCP 2.153 and alkynes with carbonyl activated alkynes. 

However, in all cases, only one regioisomer was formed.104 This concept was further 

extended to allenes, resulting in a mixture of products 2.207 and 2.208 (Scheme 

2.35b).105 

 

 



76 
 

 

Scheme 2.35a. Wenderôs [5+2+1] cycloaddition with VCP, alkynes, and CO 

 

 
 

Scheme 2.35b. Wenderôs [5+2+1] cycloaddition with VCP, allenes, and CO 

 
 

 

In an intramolecular fashion, this reaction paradigm was expanded to include 

alkenes as the two-atom component (Scheme 2.36a). It was initially hypothesized that 

the migratory reductive elimination (MRE) step that would occur after CO insertion to form 

a (sp2)C-C(sp3) bond would be favorable over the reductive elimination (RE) step to form 

the [5+2] product. This was confirmed through computational methods in which the 

activation energy of the RE step was determined to be about 25-30 kcal/mol and the CO 
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insertion and MRE steps were computed to be 13-14 and 23-24 kcal/mol, respectively, 

further confirming that the [5+2+1] products would be favored over the [5+2] products. 

This was experimentally confirmed through the use of [Rh(CO)2Cl2] and 1 atm of CO. 

Using this method, fused 5/8 and 6/8 ring systems were synthesized as well as examples 

of a quaternary center being formed.106 Yu and co-workers later expanded on this to 

assemble [5-8-5] and [6-8-5] ring cyclooctenones (Scheme 2.36b).107 

 

Scheme 2.36a. Intramolecular [5+2+1] cycloaddition with alkenes 

 
 

Scheme 2.36b. Synthesis of tricyclic systems with [5+2+1] cycloaddition 

 

 
 

 
Wender further developed these multicomponent reactions including a [5+1+2+1] 

reaction to incorporate two CO units (Figure 2.14). In their initial reaction, they observed 

the formation of three different products. Using excess VCP and a solvent system to 

precipitate out the desired products allowed them to isolate 2.215 ï 2.221 up to 92% yield. 
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In addition, they were able to have this cycloaddition occur twice in one pot with the use 

of 1,3-diethynylbenzene to form 2.223 in 56% yield. VCP 2.224 was employed to 

synthesize more substituted cycloadducts, such as 2.226, in 64% yield.108 

 

Figure 2.14. Intermolecular [5+1+2+1] with VCP, alkynes, and CO 

 

 
 

 
Yu and co-workers reported a formal [5+1]/[2+2+1] cycloaddition of 1-yne-VCPs 

and two CO units to synthesize [5-5-6] structures using Rh(I) catalysis (Scheme 2.37). 

The reaction provided major products 2.227 ï 2.230. This method allowed for the ability 

to form heterocycles as well as two adjacent quaternary all-carbon stereocenters. The 
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reaction was found to not be going through a cascade mechanism when the [5+1] 

intermediate did not form the desired tricyclic product.109  

 

Scheme 2.37. Yuôs [5+1]/[2+2+1] cycloaddition with VCPs, alkynes, and CO 

 

 
 

 

 Tandem cycloadditions have been investigated to form even more complex fused 

ring systems. Wender disclosed the first method of performing this transformation through 

a serial [5+2]/[4+2] cycloaddition using VCP 2.153 and commercially available 

dienophiles and terminal enynes to assemble tri-, tetra-, and pentacyclic structures in 

excellent yields (Scheme 2.38). This method was also scaled up to a 100 mmol scale 

and provided a 91% yield of the desired cycloadduct.110 
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Scheme 2.38. Wenderôs serial [5+2]/[4+2] cycloaddition 

 
 

 

 Wender and co-workers followed up with the development of a tandem 

[5+2]/Nazarov cycloaddition to synthesize 2.235 ï 2.237 in good yields (Scheme 2.39). 

This process was able to be completed in one pot using Rh(I) and AgSbF6. In some cases, 

showed a very high degree of diastereoselectivity.111 

 

Scheme 2.39. Tandem [5+2]/Nazarov cycloaddition 
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 Wang reported a nucleophilic-promoted tandem domino process using activated 

VCPs and benzaldehydes in the presence of DABCO-6H2O to synthesize Ŭ-methylene ɔ-

butyrolactones in aqueous media (Figure 2.15). It was proposed that the base promotes 

ring-opening of the cyclopropane by either: 1) the formation of the Baylis-Hillman 

intermediate 2.239 and another equivalent of base attacking the cyclopropane or 2) 

nucleophilic attack of the cyclopropyl ring by the base (2.240). Both pathways lead to the 

formation of zwitterionic species 2.241, which attacks 2.242 and, following dehydration, 

ring closing, and release of ethanol, provides 2.244 in 50% yield.112 

 

Figure 2.15. Mechanism of nucleophilic-promoted tandem domino reaction 

 

 
 

 
 Most recently, Wender reported a three-step tandem reaction in one pot to 

synthesize an array of polycyclic skeletons (Scheme 2.40). The initial step involves a 

[5+2] reaction with a VCP and a 1,2,3-butatriene equivalent to form the seven-membered 

cycloadduct. A diene is formed through a 1,4-Peterson elimination, then subsequently 

engages in a metal-catalyzed or thermal [4+2] cycloaddition. A variety of alkene and 



82 
 

alkyne dienophiles were able to be used as well as more substituted alkynes to build a 

library full of cycloheptanone-fused scaffolds (2.245 ï 2.251). In addition, to extend this 

method as a way to synthesize a new family of kinase inhibitors, the cyclohexadienyl rings 

can undergo oxidation aromatization to form the core arenyl system, such as in 2.250.113 

 

Scheme 2.40. Serial [5+2]/1,4-Peterson elimination/[4+2] reaction 

 

 
 

 
 Pattenden and co-workers used their radical chemistry to develop a [5+4] 

cycloaddition with VCP 2.252 for the synthesis of tricyclic ketone products 2.253 and 

2.254 (Scheme 2.41). The cyclization is initiated with TTMSS and AIBN to release iodide, 
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which then goes on to promote ring-opening of the cyclopropyl group to further go on and 

cyclize.114 This strategy was also further developed as a radical cascade cyclization 

method for the synthesis of steroid frameworks (Scheme 2.42).115 

 

Scheme 2.41. Pattendenôs radical-initiated [5+4] cycloaddition 

 
 

Scheme 2.42. Synthesis of steroid skeletons via radical cascade cyclizations 

 

 
 
 
 

2.6. Total Syntheses using VCPs 

2.6.1. VCP Rearrangements 

 The use of the VCP rearrangement was utilized in initial steps for a total synthesis 

route. Trost and co-workers disclosed the first method toward their synthesis of 

aphidicolin in which, through a FVP strategy, they were able to assemble the 
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cyclopentene ring that would later be diversified to assemble the core cyclic structure 

(Scheme 2.43).116 Piers also used this strategy as the initial step of his synthesis of (±)-

zizane (Scheme 2.44).117 

 

Scheme 2.43. Trostôs synthesis of aphidicolin 

 
 

Scheme 2.44. Synthesis of (±)-zizane using VCP rearrangement 

 

 
 

 

 In other reports, the rearrangement of a VCP was essential to build the core 

scaffold of natural products. The first disclosed example from the Hudlicky group utilized 

the FVP method to form the tricyclic system in the synthesis of hirsutene in one step in 

68% yield (Scheme 2.45).118 Corey and co-workers followed up on this strategy in their 

formal synthesis of an antheridiogen growth factor ((±)-AAn) to construct a tetracyclic 

structure in 80% yield using Et2AlCl2 (Scheme 2.46).119 
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Scheme 2.45. Coreyôs total synthesis of hirsutene 

 
 

Scheme 2.46. Lewis acid-promoted rearrangement in synthesis of (±)-AAn 

 

 
 

 

 Hudlicky and co-workers later used the FVP of VCPs in order to form a tricyclic 

backbone from a 1-ester substituted VCP in moderate to good yields (Figure 2.16). This 

scaffold was then later diversified to form an array of natural products and their epimers 

(2.273 ï 2.278).120 
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Figure 2.16. Hudlickyôs synthesis of natural products and their epimers 

 

 
 

 

 Hudlicky disclosed a total synthesis of (-)-retigeranic acid in which VCP 

rearrangement was used in order to assemble the pentacyclic structure in 75% yield 

(Scheme 2.47).121 Fleming and co-workers used this method a year later in their 

synthesis of 2.281.122 In addition, Hudlicky and co-workers reported a synthetic route to 

(-)-specionin to prepare the tricyclic core in 82% yield with the use of TMSI or tBuNH4F at 

-78oC (Scheme 2.48).123 
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Scheme 2.47. VCP rearrangement in the synthesis of (-)-retigeranic acid 

 

 
 

Scheme 2.48. Hudlickyôs total synthesis of (-)-specionin  

 
 

 

 Paquette synthesized spiro compounds with the use of VCP thermal 

rearrangement of 2.285 in the total synthesis of (±)-vetispirene, which was completed in 

the subsequent acid-promoted elimination step (Scheme 2.49).124 

 

Scheme 2.49. Synthesis of (±)-vetispirene through thermal VCP rearrangement 

 

 
 

 

 The photochemical rearrangement of 2.288 leads to a [5,4] bicyclic structure in the 

first step of the total synthesis of (-)-ȹ
9(12)

-Capnellene by Sonawane (Scheme 2.50a).125 
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To prepare (+)-grandisol, the strained cyclobutane ring was synthesized using an 

endocyclic VCP rearrangement rather than having to employ the [2+2] photocycloaddition 

of ethylene to enones (Scheme 2.50b).125 

 

Scheme 2.50a. Sonawaneôs total synthesis of (-)-ȹ
9(12)

-Capnellene 
 

 
 

Scheme 2.50b. Synthesis of (+)-grandisol 

 

 
 

 
In an interesting transformation, refluxing VCP in xylene formed a complex 

framework in 2.295 in the total synthesis of tricyclic sesquiterpene (+)-longifolene 

(Scheme 2.51).126 
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Scheme 2.51. VCP rearrangement in the synthesis of (+)-longifolene 

 

 
 

 

2.6.2. [5+2] Cycloadditions 

 Wender and co-workers used their Rh(I)-catalyzed intramolecular [5+2] 

cycloaddition between VCPs and allenes in the syntheses of (+)-dictamnol127 and (+)-

aphanamol128 to assemble the [5,7] bicyclic systems (Scheme 2.52a and b).  

 

Scheme 2.52a. Total synthesis of (+)-dictamnol through VCP cycloaddition 

 
 

Scheme 2.52b. Intramolecular [5+2] cycloaddition with allenes in (+)-aphanamol 

synthesis 
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 This approach with the use of alkynes as the two-atom component in this Rh(I)-

catalyzed intramolecular cycloaddition was also used by Wender, Martin, and Trost in 

their syntheses of cyathane diterpenes,129 (+)-tremulenediol A,130 (+)-tremulenolide A,130 

and (-)-pseudolaric acid B,131 respectively (Figure 2.17). 

 

Figure 2.17. Structures of compounds synthesized via Rh(I)-catalyzed [5+2] 

cycloaddition with alkynes 

 

 
 

 
Trost and co-workers were also able to use their previously reported Ru-catalyzed 

[5+2] cycloaddition in the total synthesis of (+)-frondosin A (Scheme 2.53).132 

 

Scheme 2.53. Total synthesis of (+)-frondosin A with Ru(II)-[5+2] method 

 
 

  

2.6.3. Rh(I)-[5+2+1] Cycloaddition 

 Yu and co-workers have done extensive work on the application of the Rh(I)-

catalyzed [5+2+1] reaction in different ways. In their first report, the group disclosed using 
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this method in a tandem aldol to form a tricyclic core in the preparation of (±)-hirsutene 

and (±)-1-desoxyhypnophilin (Figure 2.18).133 

 

Figure 2.18. Tandem [5+2+1]/aldol reaction in synthesis of (±)-hirsutene and (±)-1-

desoxyhypnophilin 

 
 

  

In a follow-up study, (+)- and (-)-hirsutene were prepared through an alternative 

[5+2+1] reaction to cyclooctene intermediate 2.314 (Scheme 2.54), which was later used 

for the racemic and asymmetric syntheses of hirustene.134 In addition, the group reported 

methods using this strategy for the total syntheses of pentalenene (2.276) and (±)-

asterisca-3(15),6-diene (2.315).135  

 

Scheme 2.54. [5+2+1] cycloaddition used in racemic and asymmetric synthesis of 

hirustene 
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Figure 2.19. Structure of (±)-asterisca-3(15),6-diene 

 

 
 

 
 In the synthesis of (±)-hirsutic acid (2.318), 2.316 was subjected to the Rh-

catalyzed [5+2+1] and acid-promoted aldol reaction to form 2.317 as a racemic mixture 

in 52% yield to form the tricyclic framework in one step (Scheme 2.55).136 

 

Scheme 2.55. Preparation of (±)-hirsutic acid via tandem [5+2+1]/aldol reaction 

 

 
 

 

 Most recently, the [6.3.0] core structure of (+)-asteriscanolide was prepared 

through the Rh-catalyzed [5+2+1] intramolecular cycloaddition (Scheme 2.56). The 
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bridging butyrolactone ring in 2.321 was later constructed with the radical cyclication of a 

selenocarbonate in the presence of AIBN and nBu3SnH.137 

 

Scheme 2.56. Preparation of (+)-asteriscanolide 

 
 

 

2.6.4. Radical cascade cyclization 

 Pattenden successfully constructed the tetracyclic framework of (±)-estrone in one 

step through a radical cascade cyclization initiated with Bu3SnH and AIBN to synthesize 

estrone methyl ester 2.323 in 65% yield (Figure 2.32).115  

 

Figure 2.20. Pattendenôs synthesis of (Ñ)-estrone via radical initiation 
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2.7. Conclusions 

 

 While VCPs have long been used for rearrangements, they also have been studied 

as a unique synthon to engage in multi-component cycloadditions both intra- and 

intermolecularly. Using alkynes, alkenes, allenes, and CO as coupling partners, complex 

structures have been synthesized with VCPs. These strategies have also been shown to 

be successful in the total synthesis of both natural products and bioactive compounds. 

While this field has progressed in the past few decades, using a different one-atom 

component from CO remains relatively unexplored aside from two studies. This inspired 

our interest in developing this field further to include nitrogen heterocycles in the library 

of structural motifs that can be accessed through VCPs. 
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Chapter 3 

Rh(II)-Catalyzed Nitrene-Transfer [5+1] Cycloadditions of Vinylcyclopropanes 

 
3.1. Introduction 

Nitrogen-containing heterocycles appear in the majority of FDA-approved drugs, 

piperidine being the most abundant.1 Even so, the diversity of substitution patterns that 

are available via practical synthetic methods is still quite limited, so new methods for N-

heterocycle synthesis are sought.2 A potential area of study to address this problem is 

through the use of nitrenes and metallonitrenes as one-atom components in nitrene-

transfer cycloaddition reactions. Prior to our work, literature examples of the use of 

nitrene precursors in intermolecular cycloadditions were restricted to five membered ring 

synthesis through [4+1] or [2+2+1] cycloadditions.3-6 Herein, we report the first synthesis 

of six membered heterocycles via a [5+1] cycloaddition. Vinylcyclopropanes (VCPs) were 

used as five-atom components in combination with nitrene precursors. In this initial work, 

we were able to use 2,4-diaryl vinylcyclopropanes to synthesize 2,5-substituted 

tetrahydropyridines using Rh2(esp)2 as the nitrene transfer catalyst. 

 

3.2. Overview of Rh(II) as a Nitrene Transfer Catalyst 

3.2.1 Intramolecular C-H amination 

 The first example of Rh(II) species being used as a catalyst for intramolecular 

nitrene transfer was reported by Breslow and Gellman in 1983 (Scheme 3.1). In this 

seminal work, an imidoiodobenzene derivative in the presence of Rh2(OAc)4 underwent 

C-H insertion to form bicyclic product 3.2 in 86% yield.7 
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Scheme 3.1. Intramolecular C-H insertion with imidoiodobenzene derivative 3.1 
 

 
 
 
 This intramolecular C-H amination was advanced significantly when Espino and 

Du Bois disclosed an oxidative cyclization of carbamates through Rh(II)-nitrenoid 

chemistry (Figure 3.1).8 With this method, the nitrene precursors were generated in situ 

with the use of an iodine oxidant to synthesize oxazolidinones. In a subsequent study, 

this reaction paradigm was extended to sulfamate esters, which showed selectivity for the 

formation of six-membered rings over five-membered rings (Scheme 3.2).9 

 
Figure 3.1. Du Boisô intramolecular C-H amination with carbamates 
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Scheme 3.2. Intramolecular C-H insertion with sulfamate esters 
 

 
 
 

 To further expand and improve this reaction, Du Bois and co-workers developed a 

new Rh(II) catalyst ï Rh2(esp)2 (3.10). It was previously reported that tetracarboxylate Rh 

dimers engage in ligand exchange reactions10 and, when the carboxylate fully detaches 

from the Rh center, catalyst degradation occurs. They hypothesized that tethering of the 

two carboxylates would add stability via the chelate effect,11 which would disfavor 

complete ligand dissociation and preserve the Rh(II) catalyst structure.12 m-

Benzenedipropionic acid was substituted with methyl groups in order to provide some 

preorganization to an otherwise conformationally unconstrained ligand. Using this 

catalyst, intramolecular amination was achieved with sulfamate, urea, and sulfamide 

substrates in excellent yields (Figure 3.2).13 
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Figure 3.2. Intramolecular C-H insertion using Rh2(esp)2 
 

 

 
 
 DuBois later accomplished this reaction enantioselectively through the design of 

Rh2[(S)-nap]4 (3.17) (Scheme 3.3). It was hypothesized that the 2° sulfonamide on the 

ligand allows for intramolecular hydrogen bonding between the N-H group and the 

carbonyl oxygen of the amide, allowing for a higher redox potential and making it more 

efficient for this oxidative process. In addition to forming cyclic sulfamates with high ee, 

this catalyst was also chemoselective for C-H bond insertion over aziridination in the 

presence of olefins.14 
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Scheme 3.3. Enantioselective intramolecular C-H insertion with sulfamate esters 
 

 
 
 

3.2.2. Intermolecular C-H amination 

 Du Bois and co-workers applied their Rh2(esp)2 catalyst for intermolecular C-H 

amination using sulfamates in the presence of a hypervalent iodine oxidant (Figure 3.3).15 

For this method, benzylic and 3° C-H bonds were preferentially aminated (3.23 ï 3.26). 

Through Hammett analysis and a radical clock experiment, it was postulated that there is 

a concerted two-electron asynchronous transition state for Rh-mediation nitrene insertion 

reaction and that the intra- and intermolecular C-H amination reactions are 

mechanistically analogous. The data also suggests that there is a common nitrene-like 

oxidant in this transformation. 
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Figure 3.3. Du Boisô intermolecular C-H insertion with sulfamates 
 

 
 
 
 Dauban and co-workers reported a diastereoselective method with chiral Rh(II) 

catalyst 3.27 (Rh[(S)-nttl]4) and chiral sulfimidamide 3.28 to aminate benzylic, allylic, and 

aliphatic C-H bonds in good to excellent yields with high diastereoselectivity (Figure 3.4). 

When using a racemic mixture of the sulfonimidamide, there is a chiral resolution of the 

reaction mixture due to chiral match/mismatch with the Rh(II) catalyst.16 

 
Figure 3.4. Diastereoselective intermolecular C-H amination with chiral sulfimidamide 
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Lebel employed N-tosyloxycarbamates as the nitrene precursor for intermolecular 

C-H amination of both aliphatic and benzylic C-H bonds using Rh2(TPA)4 (Scheme 

3.4a).17,18 This was seen as an attractive method due to the ease of N-deprotection 

following C-H insertion. While sulfonyl groups need to be removed with excess Zn/Cu19, 

the carbamate can be decarboxylated with hydrogenation. The use of these nitrene 

precursors with a chiral Rh(II) catalyst was extended to stereoselectively aminate allylic 

C-H bonds in up to 11:1 dr (Scheme 3.4b).20  

 
Scheme 3.4a. Intermolecular C-H insertion with N-tosyloxycarbamates 

 
 
Scheme 3.4b. Stereoselective C-H amination of alkenes with chiral N-tosyloxycarbamate 
 

 
 
 

3.2.3. Intramolecular olefin aziridination 

 Che and co-workers reported the first Rh-catalyzed intramolecular aziridination 

through the use of unsaturated sulfonamides and PhI(OAc)2 using Rh2(OAc)4 as the 

catalyst. Using these conditions, they were able to synthesize bicyclic azirdines (3.39 ï 

3.43) in excellent yields (Scheme 3.5).21 They later expanded this work to complete this 
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transformation enantioselectively with both sulfonamides and carbamates using the 

Doyle dirhodium catalyst.22 

 
Scheme 3.5. Cheôs intramolecular aziridination 

 
 
 

 Lebel disclosed an intramolecular aziridination strategy to synthesize a variety of 

bi- and tricyclic systems using allylic N-tosyloxycarbamates using catalytic Rh2(OAc)4 

(Scheme 3.6a). This approach, however, could not be extended to prepare the six-

membered ring using homoallylic alcohol-derived substrates. Instead, only the 

corresponding oxazolidinone formed via C-H insertion was isolated (Scheme 3.6b).23   
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Scheme 3.6a. Allylic N-tosyloxycarbamates in intramolecular aziridination 

 

 
Scheme 3.6b. Attempt to synthesize six-membered ring through aziridination 
 

 
 
 

 In an interesting example, Robertson and co-workers were able to aziridinate 

allenes at the internal position to synthesize methylene aziridines (Scheme 3.7).24 With 

the use of a Brønsted or a Lewis acids, these derivatives undergo isomerization and, in 

the presence of furan, engages in a [4+3] cycloaddition to form tricycle 3.52. Schomaker25-

27 and Blakey28-30 have also disclosed similar tandem aziridination/rearrangements with 

Rh(II)-catalysis and acid promoters. 
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Scheme 3.7. Aziridination of allene followed by [4+3] cycloaddition 
 

 
 
 

3.2.4. Intermolecular olefin aziridination 

 Müller and co-workers reported the first examples of intermolecular olefin 

aziridination by using PhINNs with Rh2(OAc)4 as the nitrogen transfer catalyst (Scheme 

3.8a.).31 With the observed partial loss of stereospecificity, they hypothesized that, similar 

to Cu-catalyzed aziridination32, this reaction undergoes a two-step mechanism with the 

formation of a dipolar species that then collapses to form the three-membered ring. 

Following this work, Guthikonda and DuBois published their intermolecular aziridination 

with Rh2(tfacam)4.33 In contrast to M¿llerôs report, this method called for the in situ 

formation of the iminoiodinane as well as the olefin as the limiting reagent (Scheme 3.8b). 
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Scheme 3.8a. M¿llerôs intermolecular olefin aziridination 

 
 
Scheme 3.8b. Du Boisô improved Rh(II)-catalyzed aziridination 

 
 
 
 With the use of a chiral sulfonimidamide 3.28 and a hypervalent iodine oxidant to 

form an iminoiodinane in situ, Müller and co-workers were able to synthesize chiral 

aziridines with up to 80% diastereoselectivity.34 This method was seen as complementary 

to the Cu(II)-catalyzed asymmetric procedure.35 While the Cu(II) salts gave the best 

results with Ŭ,ɓ-unsaturated carbonyl compounds, the Rh(II) complexes are able to 

catalyze the aziridination of styrenes. 

 Lebel and co-workers later expanded this strategy to Rh[(S)-Br-nttl]4-catalyzed 

aziridinations using chiral N-tosyloxycarbamates, resulting in good yields and 

diastereoselectivities (Scheme 3.9).36 No isomerization of the cis to the trans product was 

observed; thus, it was suggested that this mechanism is concerted and involves a singlet 

rhodium nitrene species. In addition, when using the (S)-version of the nitrene source with 
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the Rh(II) catalyst, the yield and diastereoselectivity of the product greatly decreased, 

suggesting that the nature of the chirality of these two species greatly affects their 

interaction to form the active Rh(II)-nitrene species. 

 
Scheme 3.9. Stereoselective Rh(II)-catalyzed aziridination 

 

 
 
 Kürti and co-workers were able to catalyze the aziridination of both acyclic and 

cyclic olefins with Rh2(esp)2 as the catalyst and HOSA as the nitrogen source. These 

reactions proceeded in up to 85% yield and, in most cases, a single stereoisomer (Figure 

3.5).37 This method was also applied to more complex structures (3.63), showing the 

applicability of this procedure to natural product synthesis and medicinal chemistry. 
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Figure 3.5. K¿rtiôs synthesis of unprotected aziridines 

 
 
 
 Rh(II) catalysts have been used extensively for nitrene transfer in both 

intramolecular and intermolecular reactions. The low catalyst loading required is a 

positive aspect of this chemistry. In addition, the ability to influence reactivity by 

introducing changes to ligand structure can improve reactivity and lead to stereoselective 

reactions. We thus investigated if we could this catalysis strategy to develop a method 

using nitrenes as a single atom component in a [5+1] cycloaddition reaction with VCPs. 

 

3.3. Investigations with 2,4-diarylvinylcyclopropanes 

3.3.1. Screening of Rh(II) catalysts 

 Due to its reputation as a highly efficient nitrene transfer catalyst, Rh2(esp)2 was 

employed for this cycloaddition strategy. In initial investigations, we discovered that the 
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diphenyl-substituted VCP 3.68 was a preferred substrate for this reaction, which 

proceeded in 37% yield when Rh2(esp)2 was used as the catalyst and 

tosyloxycarbamated 3.69 as the nitrene precursor (Scheme 3.10). In comparison, 

employing Rh2(OAc)4, which has been reported to catalyze intermolecular aziridination,31
 

resulted in no reaction, even at an elevated temperature. Rh2(OPiv)4 and Rh2(tpa)4 ï a 

known nitrogen transfer Rh(II) catalyst8 ï led to the unproductive consumption of starting 

material with no major products. Thus, Rh2(esp)2 was selected as the catalyst to be used 

for subsequent optimization studies. 

 
Scheme 3.10. Screening of Rh(II) catalysts 

 
 
 

3.3.2. Nitrogen sources 

 Several nitrene precursors were investigated to serve as the one-atom nitrogen 

component (Scheme 3.11a). Iminoiodinane 3.72, which has been reported for 

intermolecular amination using Rh2(esp)2,15 showed promise with a 40% yield of the 

desired cycloadduct. In situ formation of 3.72 from TcesNH2 and PhI(OAc)2 provided none 

of the cyclized product. While the use of PhINTces gave the highest initial yield of the 

desired product, we sought to move away from iminoiodinanes due to the relatively strong 

reducing conditions required to deprotect the amine after product formation. N-

tosyloxycarbamates provided a desirable alternative as the amine is easily deprotected 

via hydrogenolysis.  
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Benzyl tosyloxycarbamate 3.69 showed initial potential with providing the [5+1] 

product in 36% yield (Scheme 3.11a). The use of other protecting groups did not increase 

yields of the tetrahydropyridine ring (Scheme 3.11b). In addition, changing the nature of 

the leaving group from tosyl to other sulfonyl groups or an unprotected hydroxyl group 

also did not enhance yields. Accordingly, 3.69 was selected as the nitrene precursor for 

additional investigations. Further optimization showed that 1.5 equivalents of 3.69 was 

optimal for this [5+1] cycloaddition, providing 3.70 in 43% yield. Increasing the equivalents 

of the nitrene precursor proved to be detrimental to the reaction (Scheme 3.11c). 

 
Scheme 3.11a. Investigations of the nitrene precursor 

 
 
Scheme 3.11b. Leaving group on the benzyloxycarbamate 

 
 
Scheme 3.11c. Equivalents of nitrene precursor 
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3.3.3. Further optimization 

 The effect of the base on the [5+1] cycloaddition was also investigated (Scheme 

3.12a). Various inorganic and organic bases were employed. Due to the effectiveness of 

NaOAc, other carboxylate salts were used in this reaction, but none showed any 

improvements to the yield.  The use of MgO, which is commonly used for the in situ 

formation of iminoiodinanes,8 also failed to improve yields. In addition, carbonate bases 

either showed minimal or no production of the cyclized product. Organic bases such as 

2-chloropyridine and H¿nigôs base resulted in the unproductive consumption of VCP 3.64. 

The dependence on NaOAc for the Rh(II)-catalyzed cycloaddition suggests that the base 

plays an additional role in the reaction mechanism beyond deprotonation of benzyl 

tosyloxycarbamate. The potential role of the base in this reaction is further discussed in 

Section 3.3.5. Furthermore, three equivalents of base were found to be the most optimal 

for this reaction, providing the desired product in 60% yield (Scheme 3.12b). 

 
Scheme 3.12a. Screening of inorganic and organic bases 
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Scheme 3.12b. Equivalents of NaOAc 

 
 
 
The concentration of the reaction was found to have a substantial effect on product 

formation (Scheme 3.13). Decreasing the concentration to 0.05 M resulted in a 40% yield 

of the desired cycloadduct along with 35% of VCP remaining, showing a somewhat 

control on the degradation of the VCP substrate.  

 
Scheme 3.13. Effect of concentration of substrate in reaction 

 
 
 
 Solvents that have been previously used for Rh(II)-catalyzed nitrene transfer 

reactions were explored (Scheme 3.14).8,15,20,38 The use of benzene resulted in a 

significant decrease in yields. Isopropyl acetate and pivalonitrile shut down the reaction 

pathway and led to no consumption of VCP 3.68. Trifluorotoluene was not as effective as 

methylene chloride in the [5+1] reaction, so the latter was used in further reaction 

development. 
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Scheme 3.14. Solvent screening 

 
 
 

3.3.4. Assessment of the scope 

 Having optimized conditions in hand, the scope of the reaction was investigated 

(Table 3.1). With respect to the styrenyl aryl group, having an electron-donating group at 

the para position (e.g., 3.80 and 3.99) led to decreased yields of the desired product. 

Halogens at this position were well tolerated and, in some instances, resulted in the 

recovery of some starting material (e.g., 3.82 ï 3.84, 3.94, and 3.97 ï 3.98). Regarding 

the cyclopropyl aryl group, strong electron-withdrawing groups on the cyclopropyl aryl ring 

resulted in lower yields and complete consumption of the substrate (e.g., 3.87 and 3.90). 

However, electron donating groups at the para position (e.g., 3.89 and 3.98) were better 

tolerated. Ortho- and meta-subsitution on either aryl ring were somewhat tolerated in the 

case of both electron-donating and withdrawing groups (e.g., 3.100 ï 3.104). 
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Table 3.1. Scope of the Rh(II)-catalyzed aza-[5+1] cycloaddition 
 

 
 
brsm = based on recovered starting material 

The success of synthesizing tetrahydropyridine products bearing aryl halides (e.g., 

3.83, 3.84, 3.93, and 3.102) allows for further functionalization through cross-coupling 


