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Abstract 

Development of Enantioselective C–N Bond-Forming Reactions using Planar Chiral Rh(III) Indenyl 

Catalysts 

By: Patrick Gross 

 

 

 

As drug designs exhibit increased three-dimensional complexity, the stereoselective formation of 

C–N bonds has become increasingly important in synthetic organic chemistry. To enable the rapid synthesis 

of chiral C–N containing motifs, the Blakey group developed a planar chiral Rh(III) indenyl catalyst to 

render a redox-neutral allylic C–H amidation enantioselective.  Herein we report the application of this 

chiral catalyst platform to the development of two enantioselective methods for the synthesis of chiral 

aziridines and 2-aminotetralins. The enantioselective aziridination method uses a sulfonyl protected 

hydroxylamine nitrogen sources and demonstrates a previously unseen level of exclusive selectivity for 

unactivated alkenes. This transformation is proposed to operate via a migratory insertion mechanism and 

not via the more common metal nitrene intermediate typically reported for transition metal-catalyzed 

aziridinations of alkenes. Exchanging the sulfonyl protecting group of the hydroxylamine for a carbamate 

enabled the 1,2-arylamination of 4-phenylbutenes to form 2-aminotetralins, a drug scaffold of longstanding 

pharmaceutical interest. This transformation is a new example of a Group IX piano stool catalyzed 

activation of an electrophilic nitrogen source towards indirect nucleophilic attack. Optimization studies 

revealed the indenyl scaffold to be privileged, making our planar chiral catalysts ideal choice to render this 

transformation enantioselective. During our investigation of the scope of this method, competing 6-endo 

and 5-endo cyclization modes were observed leading to the formation of 2-aminotetralin regioisomers.  The 

formation of a spirocyclic intermediate in the 5-endo pathway was confirmed through isolation; intentional 

trapping of this intermediate expanding the scope of this 1,2-arylamntion to include a variety amine-

substituted [4.5]- and [5.5]-carbospirocycles. Mechanistic investigations revealed an electrophilic aromatic 

substitution mechanism to be operative for the C–C bond formation. We propose a migratory insertion 

mechanism leading to the formation of an electrophilic four membered aza-metallocycle which is subjected 

to nucleophilic attack from the aromatic ring. 
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Chapter 1: Strategies for the Enantioselective Synthesis of Aziridines 

In this chapter we will discuss the utility and synthesis of aziridines. Particular attention will be 

given towards enantioselective aziridination strategies. Emphasis will be placed on the discussion of 

transition metal-catalyzed enantioselective aziridinations with a particular focus centered upon the 

enantioselective aziridination of unactivated alkenes. The discussion of the literature precedents 

surrounding enantioselective aziridination strategies will lay the groundwork for Chapter 2.  

1.1 Introduction to Aziridines 

Aziridines are the smallest and simplest class of nitrogen-containing heterocycles and are often 

compared to their oxygen containing counterparts, epoxides.1 Aziridines have been found in a number of 

natural products and the strained three membered ring of aziridines is often implicated in their biological 

activity.2,3 The Mitosanes are the most well-known class of aziridine-containing natural products, 

Mitomycin C 1.1 has been found to be the most effective anti-cancer and antibiotic compound, due in part 

to the aziridine acting as the active DNA-crosslinking warhead (Figure 1.1).4 Azinomycin A and B 1.2 and 

are another class of anticancer compounds in which the bicyclic aziridine motif once again binds DNA.5 

Aziridines have also found success as synthetic derivates as the installation of the aziridine ring can increase 

the potency of the target compound, as observed in the synthesis of Epothilone B derivatives 1.3 by K.C. 

Nicolaou.6,7  

 

Figure 1.1 Biologically Active Compounds of Natural and Synthetic Origin Containing Aziridines. 
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While aziridine motifs found in biologically active compounds have been of synthetic interest, 

aziridines have received the greatest amount of attention for their role as nitrogen building blocks. Like 

epoxides, the strained three-membered ring of aziridines may undergo ring opening reactions with a variety 

of nucleophiles (Figure 1.2).8,9 These transformations are often highly regio- and stereoselective and both 

selectivity parameters can be tuned using Lewis acid additives or through the formation of aziridinium 

cation intermediates.10,11 Furthermore, the often stereoretentive nature of these transformations allows for 

chiral aziridines to be transformed into valuable chiral nitrogen products such as amines, amino alcohols, 

halo-amines, and amino acids.12 Aziridines have also found their way into more modern methodologies 

which have aimed to improve the selectivity in aziridine diversification often incorporating the use of 

transition metal catalysts. Extensive work by Doyle has employed a variety of nickel and metallaphotoredox 

methods aimed at the functionalization of aziridines.13-18   

As result of their versatility as nitrogen building blocks, aziridines have been used extensively in 

the synthesis of complex molecules.2 The following two examples highlight how aziridines have been 

employed in the context of total syntheses both in the early and later stages of a synthetic route. The 2019 

 

Figure 1.2 Nucleophilic Ring Opening of a Chiral Aziridines. 
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enantioselective synthesis of Teleocidins B1-B4 by Baran uses a small chiral aziridine block 1.12 in an 

early-stage copper-mediated coupling to furnish the desired chiral tryptophol intermediate 1.14 (Scheme 

1.1a).19  In the synthesis of Ustiloxin D, Joullié used an advanced chiral aziridine 1.16 in another 

copper-catalyzed ring opening to furnish the key phenolic cross link of the macrocyclic natural product 

(Scheme 1.1b).20,21 It is this versatility in downstream diversification that has made aziridines and 

particularly chiral aziridines sought after building blocks for the stereoselective incorporation of nitrogen 

motifs.   

1.2 Enantioselective Synthesis of Aziridines 

1.2.1 Brief Overview of General Aziridine Synthetic Strategies  

While the synthesis of epoxides has been well established, the synthesis of aziridines—particularly 

in an enantioselective fashion—has received less attention. Perhaps, unsurprisingly, this is attributed to the 

difference in reactivity of oxygen versus nitrogen. While many epoxidation strategies rely on the reactivity 

of O–O bonds of peroxide reagents to form the desired oxirane products, the analogous N–N bond reagents 

(and even O–N bonded reagents) while still reactive, do not provide the same types of reactivity. Therefore, 

Scheme 1.1 Application of Chiral Aziridines in Total Synthesis. 
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many of the synthetic strategies that have been developed to access aziridines are often considered to be 

distinct from those used to access epoxides.1 Three major synthetic strategies that exist to form aziridines 

include: 1) intramolecular condensation, 2) carbon addition to imines, and 3) nitrogen addition to alkenes 

(Figures 1.3). The growing interest in chiral aziridines as nitrogen building blocks has spurred the 

development of enantioselective methods in all three synthetic disconnections.22  

1.2.2 Enantioselective Synthesis of Aziridines via Intramolecular Condensation 

The intramolecular condensation of chiral amines containing an alpha leaving group is the oldest 

and most commonly employed method for the synthesis of chiral aziridines. The popularity of this strategy 

arises from the accessibility of the necessary chiral amines which are often sourced from amino acids or 

epoxide ring-opening products. Chiral amino-alcohols are often the preferred starting material as the 

alcohol can easily be transformed in-situ into an excellent leaving group using Mitsunobu conditions or 

with tosylate and mesylate. The aziridine 1.12 used by Baran in the synthesis of Teleocidins B was readily 

 

Scheme 1.2 Synthesis of Chiral Aziridine Building Blocks via Intramolecular Condensation. 

 

Figure 1.3 Overview of the Synthetic Disconnections to Access Aziridines. 



5 

 

derived from D-serine in four steps in this manner using intramolecular Mitsunobu condtions.19  However, 

this reliance on chiral pool starting materials can be a considerable drawback in cases where more exotic 

and complex aziridine substituents are desired. This was the case with the synthesis of aziridine 1.16 needed 

for the synthesis of Ustiloxin D, a nine step synthesis from D-serine via an intermediate Garner’s aldehyde 

was required to access the building block 1.21.20,21,23 In cases where the derivatization of a chiral pool 

starting material cannot be achieved, other enantioselective methodologies must first be employed to 

synthesize the necessary chiral amines.24,25 While the synthesis of chiral aziridines via intramolecular 

condensation is considered to be robust, the challenges often encountered in the synthesis of the required 

chiral amine starting materials that cannot be derived from chiral pools has spurred increased interest in the 

development of more direct aziridination methods in the other two synthetic disconnections.    

1.2.3 Enantioselective Synthesis of Aziridines via Carbon Addition to Imines 

The second synthetic strategy to access chiral aziridines relies on the asymmetric addition of a 

carbon source across an imine. This synthetic disconnection uses ambiphilic carbon sources which upon 

addition to the imine can undergo intramolecular condensations to form the desired aziridines. However, 

unlike the intramolecular condensation strategies, this method is seen as a more direct enantioselective 

aziridination strategy as it does not rely on the preliminary synthesis of chiral starting materials. 

Furthermore, the convergent nature of the bond formation between C2 and C3 of the aziridine enables this 

method to excel at the formation of poly-substituted aziridines, which upon ring opening can provide highly 

valuable quaternary chiral amine centers. The types of enantioselective methods employed within this 

strategy depend on the different classes of carbon sources used. Diazo reagents have been commonly 

employed in the synthesis of aziridines through activation of the imine through Lewis or Brønsted acid 

catalysis. The first report of an asymmetric version by Antilla and Wulff utilized VANOL 1.25 and VAPOL 

1.26 birayl ligands in conjunction with triphenylborate to catalyze the reaction of ethyl diazo acetate 1.23 

with a variety of imines 1.22 to provide both chiral alkyl and aryl cis-aziridines 1.24 with excellent 

enantioselectivities (Scheme 1.3a).26,27 A wide range of chiral ligand scaffolds and discrete chiral acid 
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catalysts 1.27-1.29  and chiral diazo reagents 1.30  have since been employed to improve following this 

first report (Scheme 1.3b).28-30 These improvements have enabled the chiral acid catalyzed addition of diazo 

reagents to imines to find success in  synthetic applications such as in the synthesis if Dynobactin A by 

Baran where an early-stage chiral aziridine building block was crucial towards developing a rapid 

convergent synthesis.31 The activation of diazo reagents with chiral transition metal catalysts to form the 

corresponding metallocarbene has also been explored as a means to conduct enantioselective aziridinations. 

While initial work by Jacobsen32 and Jørgensen33 using copper bisoxazoline catalysts showed 

enantioselective control was possible, more recent reports using Rh34 and Ru35,36 have failed to improve 

upon the initial copper catalyzed reports, only achieving mild enantioselective control. As a result, the 

enantioselective synthesis of aziridines through the transfer of carbenes to imines has not received 

continued interest.  

 Sulfonium ylides have proven themselves to be excellent carbon sources for the synthesis of 

aziridines and their addition across imines is commonly known as the known as the 

Johnson-Corey-Chaykovsky reaction.37 Unlike diazo reagents, enantioselective methods utilizing ylides as 

carbon sources have relied heavily on substratecontrolled chiral induction using either tert-butylsulfinyl 

 

Scheme 1.3 Enantioselective Addition of Diazo Reagents to Imines. 
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imines or chiral sulfoxides 1.31. Chiral tert-butylsulfinyl imines, also known as Ellman’s auxiliary,38  have 

received much attention as they are readily accessible and have been shown to provide access to many 

challenging poly-substituted aziridines (Scheme 1.4a).39 Substrate control through chiral sulfoxides has 

spurred the development of a wide range of such chiral reagents 1.34-1.38 which allowed for the synthesis 

of both cis- and trans-substituted aziridines (Scheme 1.4b).40-44  

The final class of carbon sources for the synthesis of aziridines are α-halo carbonyls species; their 

addition across imines allows for the in-situ formation of halo-amines which rapidly condense to the desired 

aziridine in what is known as an aza-Darzens reaction.45 As with the use of ylides, enantioselective 

aza-Darzens have relied heavily on substrate controlled enantioinduction to provide chiral aziridines. Chiral 

tert-butylsulfinyl imine 1.31 once again prove to be the most commonly explored reagent for asymmetric 

aza-Darzens.39,46 While the α-halo carbonyls are the classic reagents for aza-Darzens, the use of other 

substitutions to form stabilized anions with α-halo leaving groups has allowed for the stereoselective 

synthesis of chiral aziridines bearing phosphonate esters,47 nitro groups,48 and even halides.49  While the 

addition of carbon sources across imines is a more convergent synthesis towards chiral aziridines, the 

prevalent use of substrate control as means of enantioinduction, apart from chiral acid catalysis, has limited 

the synthetic utility of this synthetic disconnection. 

 

Scheme 1.4 Enantioselective Addition of Sulfonium Ylides to Imines. 
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1.2.4 Enantioselective Synthesis of Aziridines via Nitrogen Addition to Alkenes 

The third synthetic disconnection for the synthesis of aziridines is the addition of a nitrogen source 

across an alkene. This disconnection is considered to be the simplest and most direct means of accessing 

aziridines and the widespread availability of alkenes has made this disconnection the most extensively 

explored. It is analogous to the common epoxidation of alkenes, and from a retrosynthetic perspective is 

often the most desired. The synthetic utility of this disconnection was demonstrated in the synthesis of the 

aziridine analogues of Epothilone B 1.3, where late-stage diastereoselective installation of the desired 

aziridine motifs was achieved with an rhodium catalyzed nitrene transfer to a complex alkene intermediate 

1.39.6,7,50 The resulting diastereoselectivity is attributed to substrate control from 1.39 as both the rhodium 

catalyst and nitrene precursor are achiral. In this case, the application of either the intramolecular 

condensation or carbon to imine addition strategies would not have enabled a modular synthesis of different 

analogues. Asymmetric aziridinations of alkenes have therefore been of great interest to the synthetic 

community, as these enable a more direct stereoselective synthesis of chiral aziridines without relying on 

substrate control as the means of stereocontrol. Two distinct strategies exist for the aziridination of alkenes, 

and each has seen significant development to render them enantioselective.  

The first is the aza-Michael initiated ring closures (aza-MIRC) strategy. As the name suggests, 

conjugate addition of a nitrogen source containing a leaving group to an activated α-β-unsaturated carbonyl 

1.41 is followed by intramolecular condensation of the resulting enolate or enamine 1.43 to provide the 

desired aziridine 1.44 (Scheme 1.6a). Ambiphilic nitrogen sources such as hydroxylamines or 

N-chloroamines are often used as they retain sufficient nucleophilicity to attack the chiral iminium ion or 

 

Scheme 1.5 Synthesis of an Aziridine Intermediate Towards Epothilone B Analogues. 
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enamine intermediates. This transformation has been rendered enantioselective using a range of 

organo-catalysts, and the choice of which depends upon the type of substrate. Enantioselective aziridination 

of α-β-unsaturated aldehydes 1.45 is commonly achieved using chiral prolinol 1.47 catalysts and was first 

reported by Cordova in 2007, in which a variety of trans-aziridines could be formed in with good 

enantiocontrol (Scheme 1.6b).51 Enantioselective aziridination of linear and cyclic α-β-unsaturated ketones 

1.49 could not be achieved using the secondary amine prolinol catalysts 1.47 and this transformation was 

not realized until the use of chiral primary amine salts 1.50 by Melchiorre (Scheme 1.6b).24 The 

combination of quinine with chiral amino acids enabled the enantioselective aziridination of both linear and 

cyclic α-β-unsaturated ketones. While these organocatalytic methods have demonstrated remarkable level 

of enantiocontrol with an excellent range of substitutions on the aziridine, they are limited to 

α-β-unsaturated systems. 

 

Scheme 1.6 Enantioselective Aziridinations via aza-Michael Initiated Ring Closures. 
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The second aziridination strategy for nitrogen addition across an alkene is a transition metal 

catalyzed nitrene transfer (Figure 1.4). This strategy encompasses the greatest area of research into 

developing asymmetric aziridination methodologies across all three major aziridination strategies. To form 

the desired nitrenes iminoiodonanes or azides 1.53 have been the most frequently employed nitrene 

precursors. When paired with an appropriate metal catalyst these reagents decompose to form metal nitrenes 

whose spin state dictates the mechanism of the resulting aziridination. Closed shell singlet nitrenes 1.54 

will react via concerted mechanism 1.55 to transfer the nitrogen to the alkene. Open shell triplet nitrenes 

1.56 react in stepwise radical fashion 1.57 to form the desired aziridine 1.58, which of the two pathways is 

heavily dependent upon the identity of the metal catalyst. Second and third row transition metals are 

typically implicated in singlet nitrene transfer reactions while first row transition metals often lead to the 

formation of triplet nitrene intermediates. Because the transition metal is heavily involved in the formation 

of both new bonds of the aziridine during the nitrene transfer, both open- and closed-shell mechanisms have 

been rendered enantioselective.  

The first reports of an enantioselective transition metal-catalyzed aziridination of alkenes were 

disclosed by Evans52,53 and Jacobsen54,55 (Scheme 1.7a&b). Both reported the aziridination of styrene 

substrates (1.59,1.62) using Cu(I) salts, BOX 1.60 or Jacobsen diamine ligands 1.63, and discrete sulfonyl 

iminoiodinane nitrene precursors. Following this seminal work, a variety of reports began to emerge seeking 

to improve the copper-catalyzed alkene aziridination by expanding the scope of the reaction to other 

conjugated alkenes56 and intramolecular aziridiantions,57 introducing new ligand scaffolds,58,59 and through 

 

Figure 1.4 Overview of Transition Metal Nitrene Intermediates in the Aziridination of Alkenes.  
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the use of in-situ generated iminoiodinanes. The majority of copper-catalyzed aziridinations are believed to 

operate via the closed-shell singlet metal nitrene concerted mechanism, although some methods have 

proposed singlet spin state nitrene intermediates as the active species (Scheme 1.7c).56   

The use of BOX ligands and derivate ligands have also found enormous success in the 

silver-catalyzed asymmetric aziridination of alkenes. A series of reports by Schomaker have demonstrated 

the ability to conduct intramolecular enantioselective aziridinations to form complex fused bicyclic 

aziridines with a variety of substitutions (Scheme 1.7d).60,61  

Following a series of racemic reports,62-64 Zhang demonstrated a Co(II) porphyrin 1.72 catalyzed 

asymmetric aziridination of styrenes 1.70 using diphenyl phosphoryl azide 1.71 for the formation of chiral 

N-phosphorylated aziridines 1.73 (Scheme 1.8a).65  Since then a number of other reports using advanced 

 

Scheme 1.7 Copper and Silver Catalyzed Enantioselective Aziridinations of Alkenes. 
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Co(II) porphyrin catalysts and azide nitrene precursors have been reported and the mechanistic 

investigations detailing an open-shell nitrene transfer mechanism for these systems.66-69 Chiral porphyrin 

catalysts have also been developed using a number of other transition metals such as Mn,70 Fe,71 and Ru.72,73 

Katsuki has also demonstrated the use of Ru[salen]CO catalyst platforms (1.74, 1.77) for the 

enantioselective aziridination of both styrenes 1.70 and α-β-unsaturated ketones 1.76 (Scheme 1.8b).74,75  

Racemic rhodium-catalyzed aziridination of alkenes has been well established;76 however, attempts 

to render these methods asymmetric have proven to be challenging,  with many of the initial reports only 

providing low levels of enantiocontrol.77-79 The most promising result came from Lebel et al. who relied on 

 

Scheme 1.8 Cobalt, Ruthenium, and Rhodium Catalyzed Enantioselective Aziridinations of Alkenes. 
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the use of chiral nitrene source 1.80 in conjunction with a chiral dirhodium(II) catalyst 1.81 to perform the 

diastereoselective aziridination of styrenes 1.79 (Scheme 1.8c).80  Although a large number of transition 

metal-catalyzed intermolecular alkene aziridinations have been reported, notably absent from all of these 

methods are simple alkyl substituted unactivated alkenes. The methods reported so far have been limited 

to the functionalization of activated alkenes such as styrene and α-β-unsaturated carbonyls.  

1.3 Transition Metal Catalyzed Enantioselective Aziridination of Unactivated Alkenes.   

While simple alkyl-substituted alkenes are readily available as building blocks, their inertness to 

many reaction conditions has made their functionalization a challenging prospect, especially when 

considering simple monosubstituted alkenes which lack any of the steric or electronic biases often required 

for high levels of enantioselective control.81 As a result, the enantioselective aziridination of unactivated 

alkenes has only been reported in a select few cases. Early attempts to use the copper iminoiodinane 

catalyzed aziridination strategies were found to fall short of the desired results, only providing aziridines in 

low yields and with low enantioselectivities.82 In 2009, Zhang reported the first successful enantioselective 

aziridination of an unactivated alkene that could provide high levels of enantioselective control using the 

 

Scheme 1.9 Cobalt, and Ruthenium Catalyzed Enantioselective Aziridinations of Unactivated Alkenes. 
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Co(II)por catalyst 1.84 (Scheme 1.9a).69 However, this was limited to three examples in a substrate scope 

that consisted primarily of the more commonly observed activated substrates. In 2012, Katsuki was able to 

report the aziridination of a wider range of unactivated alkenes using the Ru[Salen]CO complex 1.86 

(Scheme 1.9b).83 While this scope still primarily contained styrenes, the unactivated alkenes demonstrated 

excellent levels of chemoselectivity with aziridination occurring solely at the terminal alkenes and with 

high levels of enantioselectivity.  

The next report of an asymmetric unactivated alkene aziridination was not made until 2022 when 

Dauban et.al reported the use of a chiral dirhodium(II) catalysts 1.88 for the enantioselective aziridination 

of styrenes and unactivated alkenes (Scheme 1.10a).84 This report proved to be a significant advance in the 

development of rhodium-catalyzed asymmetric aziridinations as previous attempts had not succeeded to 

provide sufficient enantiocontrol. However, once again the majority of the reported chiral aziridines were 

synthesized from activated alkenes. Lastly in 2023, Phipps et al. reported the successful aziridination of a 

large scope of unactivated alkenes (Scheme 1.10b).85 This transformation required a pendant hydroxyl 

group to direct the achiral dirhodium(II) catalyst and chiral organocatalyst salt pair 1.91 to effect the desired 

 

Scheme 1.10 Rhodium Catalyzed Enantioselective Aziridinations of Unactivated Alkenes. 
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asymmetric aziridination. While this report was the first to extensively explore the aziridination of 

unactivated alkenes alongside styrenes, the reliance on a tethered hydroxyl directing group represents a 

significant limitation.  

1.4 Conclusion 

 Chiral aziridines are valuable nitrogen-containing building blocks which have been used both for 

the early- and late-stage incorporation of chiral nitrogen motifs in synthetic targets. To meet the 

ever-growing demand for chiral aziridines, three major strategies have been used for their stereoselective 

synthesis: intramolecular condensation, carbon additions to imines, and nitrogen addition to alkenes. While 

the intramolecular condensation of chiral amines is still used today, it is limited to simple aziridine 

substitutions. The stereoselective synthesis of aziridines from imines has enabled the synthesis of more 

complex aziridines, yet it is frequently limited to the use of chiral auxiliaries and has therefore found limited 

synthetic applications. The asymmetric synthesis of aziridines from alkenes has been the most attractive 

synthetic disconnection as it mirrors the common synthetic strategy of the epoxidation of alkenes. Transition 

metal catalyzed methods have dominated this area for the stereoselective transfer of metal nitrenes to 

alkenes. A variety of unique chiral ligand scaffolds and metal catalysts have been developed. However, 

most methods have been limited to the aziridination of activated alkenes such as styrenes and 

α-β-unsaturated carbonyls, whereas alkyl substituted unactivated alkenes have remained a challenging class 

of substrates. Furthermore, many existing enantioselective alkene aziridination methods rely on the use of 

highly reactive azide or iminoiodinane nitrene precursors which can pose significant safety risks as well as 

chemoselectivity challenges. Chapter 2 of this dissertation will discuss the development of an 

enantioselective aziridination method for unactivated alkene using a mild hydroxylamine nitrogen source.  
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Chapter 2: Development of an Enantioselective Unactivated Alkene 

Aziridination Method using Planar Chiral Rh(III) Indenyl Catalysts and the 

Synthesis of Electron Rich Planar Chiral Indenyl Scaffolds 

In this chapter we provide an overview of the scope of chiral cyclopentadienyl (Cp) ligands and 

how the state of the field in 2018 influenced the Blakey groups development of a planar chiral Rh(III) 

indenyl catalyst  for an enantioselective allylic C–H amidation. We will discuss the subsequent development 

of an enantioselective unactivated alkene aziridination method and the attempts to synthesize electron-rich 

planar chiral Rh(III) indenyl catalysts. This work was published in collaboration with the Baik group in 

JACS in 2024.1  

2.1 Introduction to Chiral Cyclopentadienyl Catalysts 

2.1.1 Overview of Chiral Cyclopentadienyl Transition Metal Catalysts  

 Since the discovery of the sandwich complex ferrocene in 1951, cyclopentadienyl (Cp) ligands 

have become some of the most widely used ligands in transition metal catalysis.2   The strong σ- and 

π-donation of Cp ligands and their η5-coordination provides many of the resulting transition metal 

complexes with exceptional levels of stability, which has made their synthesis and handling an accessible 

feature for many laboratories. Furthermore, the stability imparted by Cp ligands through their η5-

coordination allows for the removal of other ligands from the metal center exposing open coordination sites 

for catalytic activity. While the ability to modulate both steric and electronic parameters of Cp ligands, has 

enabled the creation of a wide range of tunable transition metal catalysts.3 Late transition metals have 

particularly benefited from the use of Cp ligands in the realm of C–H functionalization. As the development 

of Cp transition metal catalyzed reactions began to progress the demand to develop enantioselective 

version.4 While the use of achiral ancillary chelating ligands5-8 or the attachment of chiral tethers9  to Cp 

ligands has enabled the development of enantioselective transformations both strategies occupy 

coordination sites on the metal and therefore do not display the same types of reactivity as their achiral 
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counterparts. As a result, the development of truly chiral Cp ligands that retain open coordination sites for 

catalytic activity has been of great interest.  

2.1.2 Chiral Cp Ligands of C2-Symmetry 

 The earliest reports of chiral Cp ligands were made by Vollhardt (2.01)10,11 and Halterman (2.02),12 

each developing unique ligand designs; however, none of these were successful at achieving high levels of 

enantioselective control (Figure 2.1). Although chiral Cp ligands continued to be developed in the 

following decades,13-15 the breakthrough development in chiral Cp catalysis came in 2012 when Cramer et 

al. introduced a new scaffold (2.03) inspired by Vollhardt’s design,10,11 but which incorporated increased 

 

Figure 2.1 Overview of C2-Symmetric Chiral Cp Ligands and their Rhodium Complexes. 
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steric blocking elements.16 While its catalytic activity, tunability, and accessibility from D-mannitol in eight 

steps were a significant advantage over previous designs, the ligand crucially is of a C2-symmetric design. 

This allows for a single catalyst enantiomer to be formed upon metal coordination to either face of the 

ligand. This is a significant advantage over many previous chiral Cp designs and chiral tether Cp design 

which required the enantiomeric resolution of either ligands prior to metal coordination, or the metal 

complexes post ligand coordination.  

Cramer followed upon his first design with his second-generation ligand (2.04) which introduced 

more steric blocking elements to the BINAP scaffolds first developed by Halterman.17 This ligand design 

has seen the greatest level of success, becoming the gold standard in chiral Cp catalysis with a number of 

derivatives being developed and finding applications using Co,18-20 Ir,21-25  Ru,26,27 Sc,28-30 and a number of 

other rare earth metals.31-33 Cramer’s first- and second-generation chiral Cp ligands reinvigorated synthetic 

interest into the development of chiral Cp ligands. In 2016 You et al. developed the SCp 2.05 scaffold 

which, like Cramer’s BINOL-Cp design, is a C2-symmetric design, now based on the axially chiral SPINOL 

ligands.34  In 2018 Cramer developed a new ligand scaffold (2.05) which, unlike his previous designs, did 

not rely on a lengthy synthetic sequence to access the desired ligands.35 The cPent-Cp ligand was accessible 

in two steps using an organocatalyzed enantioselective ene-type reaction to provide the C2-cymmetric 

ligand. The C2-symmetric FcCp lignad 2.07 was developed in 2020 by Wang et al. and the alternate ligand 

geometry proved to be advantageous in providing complementary reactivity compared to the BINOL-Cp 

and SCp ligand designs, often outperforming these scaffolds in both yield and enantioselectivity.36 The 

same year, Wang also developed the fused bicyclo[2.2.2]octane Cp rhodium complex 2.08.37 This was 

followed by the development of a oxo-bridged derivative 2.09 of Cramer’s second-generation ligand design 

in 2021.38 
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2.1.3 Planar Chiral Cp Transition Metal Complexes 

Following the development of many C2-symmetric ligand scaffolds, a number of planar chiral Cp 

scaffolds began to emerge. Unlike C2-symmetric ligand designs, these designs are considerably more 

challenging to access in an enantiopure fashion as complexation to either face of the prochiral Cp ring will 

provide a mixture of planar chiral enantiomers. To overcome this challenge many of the following designs 

have sought to bias one face of the Cp ring towards complexation by introducing steric blocking elements. 

Others have relied on chromatographic or crystallographic resolution strategies to separate enantiomeric or 

diastereomeric pairs.39  

One of the first reports of a planar chiral transition metal catalyst came from Antonchick and 

Waldmann who developed a ligand scaffold (2.10) which unlike the previous design did not rely on chiral 

pool starting materials. Rather a copper catalyzed enantioselective [6+3] cycloaddition of imino esters to 

fulvenes to give the desired JasCp ligands (Figure 2.2).40 In 2018, Perekalin reported a trisubstituted Cp 

ligand which formed a planar chiral complex upon coordination to rhodium metal center (2.11).41 

 

Figure 2.2 Overview of Planar Chiral Rhodium Complexes. 
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Resolution of 2.11 into its enantiopure form was achieved by forming an (S)-proline adduct; subsequent 

crystallization and removal of the proline ligand gave the desired complex in its enantiopure form. Perekalin 

subsequently developed a second planar chiral scaffold (2.12) which was derived from myrtenal.42 This 

design utilized the geminal dimethyl bridge head of myrtenal to bias metal coordination to one face of the 

Cp ring and provide 2.12 as single enantiomer. Unfortunately, this scaffold proved to be ineffective as a 

chiral catalyst and could only provide low levels of enantioselectivity. Perekalin developed a third ligand 

design in 2023. The planar chiral complex 2.13 could be resolved through silica gel chromatography after 

chelation with a chiral amino-alcohol, providing 2.13 in moderate enantiopurity.43 As a result of this 

incomplete chiral resolution, low levels of enantioselective were observed when  2.13 was applied as a 

catalyst. In 2022, Wang developed a scaffold which could be resolved via diastereomeric crystallization of 

an intermediate L-menthol-ester-Cp rhodium complex and enabled the synthesis of twelve different 

scaffolds (2.14).44  To improve enantiomer resolution of planar chiral catalysts Wang developed a second 

series of planar chiral complexes (2.15), where the use of a chiral diene allowed for diastereomeric 

resolution through flash column chromatography.45   

2.2 Development of Group IX Transition Metal Catalyzed Allylic C–H Functionalization Strategies 

in the Blakey Group 

Allylic functionalization has emerged as a powerful synthetic tool for the rapid synthesis of 

complex molecular scaffolds. Initial work by Tsuji and Trost lead to the development of allylic substitutions 

using palladium as the primary choice of transition metal.46,47 While the development of allylic substitutions 

has flourished, allowing for the introduction of wide range of nucleophiles and in a stereoselective fashion, 

this strategy often requires prefunctionalization, which necessitates additional synthetic steps. This 

limitation has led to increasing interest in the development of allylic C–H functionalization as a faster means 

to access substituted allylic motifs. Once again, palladium transition metal catalysis was the first to 

demonstrate this type of reactivity and allowed for the installation of a variety of strong carbon and nitrogen 

nucleophiles to provide branched allylic products.48 The development of Group IX-catalyzed methods 
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sought to expand the breadth of nucleophiles which could be employed as well as develop methods with 

enhanced levels of stereoselectivity.49,50  

2.2.1 Development of Group IX Catalyzed Oxidative Allylic C–H Functionalization Methods 

Initial stoichiometric work by Cossy and Tanaka demonstrated that RhCp* π-allyl complexes could 

be formed and subjected to nucleophilic attack from amines to form allylic amines products (2.17, 2.20) 

(Scheme 2.1a-b).51,52 These initial reports laid the groundwork for the development of catalytic allylic C–

H functionalization reactions. In 2017, the Blakey group disclosed an oxidative allylic C–H 

functionalization of internal olefins (2.21) using primary and secondary amines containing only one 

electron withdrawing group (Scheme 2.1c).53 The reaction was found to be highly selective for the 

conjugated allylic products (2.22 vs. 2.22’) when functionalizing internal olefins. Following the 

development of a Rh-catalyzed allylic amination, the Blakey group disclosed the development of an allylic 

 

Scheme 2.1 Development of Rhodium Catalyzed Oxidative Allylic C–H Functionalization Strategies. 
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etherification (Scheme 2.1d).54 Prior to this report the use of oxygen nucleophiles had been limited to the 

use of carboxylates, while alcohols were considered to be oxidatively sensitive under the oxidative 

conditions required for allylic C-H functionalization. Nevertheless, the Blakey group was able to use a wide 

range of oxygen nucleophiles and was once again able to demonstrate excellent levels of regioselectivity 

for the conjugated allylic products (2.24). Following these initial reports by the Blakey group, other groups 

employed similar methodologies, expanding the catalytic activity to [Cp*IrCl2]2 and utilizing aryl and 

triarylboroxine nucleophiles.55-57  

Following the Blakey group’s first report of an allylic amination, work began to render this 

transformation enantioselective. In collaboration with the Cramer group, Dr. Jacob Burman evaluated the 

first- and second-generation C2-symmetric chiral Cp Cramer catalysts in the allylic amination. 

Unfortunately, no enantioinduction was observed, prompting a closer investigation of the mechanism of the 

allylic amination. In 2020, and in collaboration with the Macbeth and Baik groups, the Blakey group 

disclosed detailed kinetic and computational investigations into the mechanism of the rhodium catalyzed 

 

Scheme 2.2 First-Generation Allylic C–H Functionalization Mechanism. 
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oxidative allylic C–H amination.58 Previous reports had proposed a Rh(III)-Rh(I)-Rh(III) catalytic cycle; 

however, it was determined that a Rh(III)-Rh(IV)-Rh(II)-Rh(III) cycle was likely operative (Scheme 2.2). 

The added AgOAc oxidant was proposed to be responsible for the two single electron oxidations and served 

as a source of acetate, which would lead to the formation of an intermediate allylic acetate 2.32. This species 

would then undergo a disproportionation event, and the subsequent allylic cation 2.33 would undergo an 

SN1 reaction with the amine nucleophile. This off-metal reaction explained the lack of enantioinduction 

when using a chiral Cp catalyst, as the transition metal was not directly involved in the key C–N bond 

formation step.  

2.2.2 Development of Group IX Catalyzed Redox Neutral Allylic C–H Functionalization Methods 

In an effort to continually expand the scope of possible nucleophiles for allylic C–H 

functionalization the Blakey,58 Rovis,59and  Glorius60 groups independently and in rapid succession reported 

on the use of dioxazolones as amidating reagents. Dioxazolones had been first employed by the Chang 

group as bench-stable amidating reagents which could be safely handled unlike the more commonly 

employed azide reagents (Scheme 2.3a).61 The Chang group had shown that the N–O bond could serve as 

an internal oxidant for a metal catalyst through the liberation of carbon dioxide and lead to the formation 

of a metal nitrene, which would allow for an inner-sphere C–N bond formation. Inspired by Chang’s work, 

Rovis and Glorius each utilized [Cp*IrCl2]2 and demonstrated the allylic functionalization on a variety of 

terminal alkenes with excellent regioselectivity for the branched products (Scheme 2.3b). The Blakey group 

followed up with a more detailed investigation of both terminal and internal olefins and demonstrated 

excellent catalyst controlled divergent regioselectivity. The use of [Cp*Rh(MeCN)3](SbF6)2 with internal 

olefins 2.21 showed a greater selectivity towards benzylic C–N bond formation 2.41, while the use of 

[Cp*IrCl2]2 with 2.21 showed a greater regioselectivity for the branched functionalized C–H amidation 

product 2.41’. The redox neutral reactivity was further extended by the Blakey group through the use of 

TsN3 as a nitrogen source to enable the branch-selective allylic sulfamidation of terminal olefins (Scheme 

2.3d).62 These allylic C–H functionalizations are proposed to operate with a Rh(III)-Rh(V)-Rh(III) catalytic 
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cycle; through the cleavage of the dioxazolone N–O bond, or azide N–N bond, formation of the Rh(V) 

intermediate 2.43, which then allows for reductive elimination, closing the redox-neutral catalytic pathway. 

2.2.3 Development of a Planar Chiral Rh(III) Indenyl Catalyst for Enantioselective C–H Amidation 

With an improved understanding of the limitations of the first-generation oxidative allylic C–H 

functionalization and with a means of conducting allylic C–H functionalization in a redox-neutral fashion 

using dioxazolones and azides, the Blakey group returned to previous efforts of developing an 

enantioselective reaction. While a renewed attempt could have been made using the catalyst developed by 

Cramer and others, the long and difficult synthesis required to access the C2-symmetric ligands (2.01-2.06) 

and planar chiral complexes (2.10-2.11), prompted the Blakey group to explore an alternative Cp scaffold.  

 

Scheme 2.3 Development of Redox-Neutral Allylic C–H Functionalization Strategies. 
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One appealing alternative to a Cp scaffold is the indenyl (Ind) scaffold. Although structurally 

similar to the Cp scaffold with an η5-coordination and a 6π electron count, the fused aromatic ring of the 

Ind ligand produces unique reactivity characteristics once complexed to a metal.63 Indenyl ligands are 

capable of changing their coordination to metal centers in a ring slip from η5 2.44 to a more η3-like 

coordination 2.45, and in some extreme cases to a true η3-coordination (Figure 2.3a).64 The fused aromatic 

ring of the Ind ligands provides additional aromatic stabilization in the η3-coordination.65,66 As the Ind 

ligand undergoes a ring slip, the η3-binding reduces the electron count on the metal, effectively opening a 

coordination site for additional ligand coordination. The ring slip of Ind complexes can lead to increased 

reaction rates and is known as the indenyl effect.  Hart-Davis and Mawby were the first to describe this 

effect in 1969 when they observed an increase in rates of carbonyl migratory insertion by one of magnitude 

for a Ind molybdenum complex over the Cp varient.67 Significantly larger increases in reaction rates have 

also been observed by Basolo where the substitution of carbon monoxide was found to occur 108 times 

faster with an Ind rhodium-complex 2.48 than with the Cp variant 2.46 (Figure 2.3b).68  

 

Figure 2.3 Overview of Ind Ligand Coordination and the Indenyl Effect. 
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The Blakey group was inspired to pursue a Ind-based chiral catalyst following a report from Baker 

in 2018 in which he disclosed the development of a planar chiral Rh(III) π-allyl complex 2.50 (Scheme 

2.4).69 Exposing 2.50 to a dimethyl malonate nucleophile lead to the formation of the allylic product 2.51 

in a moderate yield of 68% and with moderate enantioselectivity (66% e.e.). Computational and 

crystallographic analysis of 2.50 revealed that the asymmetric scaffold of the Ind ligand was responsible 

for the observed enantioinduction in the outer sphere mechanism. The asymmetric ring slip of the indenyl 

ligand towards a more η3-like coordination results in a trans-effect where the distal Rh–C7 and Rh–C8 

bonds begin to lengthen, causing the Rh–C1 bond to shorten and strengthen. The shortening of the Rh–C1 

favors nucleophilic attack at the weaker and longer C3 position of the π-allyl ligand. 

While this precedent from Baker demonstrated a unique case of electronic asymmetry leading to 

enantioinduction, the Rh complex was not catalytically active due to the thioether tether occupying a 

coordination space. In order to develop a catalytic enantioselective allylic C–H functionalization reaction, 

the Blakey group set out to simplify the Baker complex design by removing the thioether tether. The 

resulting indene ligand 2.53 was a simple design that could be accessed in a one-pot synthetic sequence 

through the addition of phenyl magnesium bromide to the indanone 2.52 and elimination of the intermediate 

alcohol adduct using HCl (Scheme 2.5).70 Complexation of 2.53 to [Rh(COD)Cl]2 provided racemic 

IndXRh(I)(COD) intermediate 2.54 whose planar chiral enantiomers could be easily separated using chiral 

preparative HPLC. Once the enantiomers of 2.54 were separated, simple oxidation using molecular iodine 

provided the Rh(III) diiodide dimer 2.55. Although this synthetic sequence toward 2.55 requires the use of 

 

Scheme 2.4 Baker’s Planar Chiral Indenyl Complex. 
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preparative HPLC, it still represents one of the shortest synthetic sequences towards a chiral Cp-like 

catalyst.  

With a new chiral catalyst in hand, development of an enantioselective allylic C–H amidation was 

undertaken. Following optimization of the Blakey conditions for the use of dioxazolone nitrene precursors, 

catalyst 2.55 was found to be highly effective allowing for the enantioselective C–H amidation using a 

variety of dioxazolone reagents on a number of both terminal and internal olefins (Scheme 2.6).58 The 

 

Scheme 2.6 Planar Chiral Rh(III) Indenyl Catalyzed Enantioselective Allylic C-H Amidation. 

 

Scheme 2.5 Synthetic Route towards the First-Generation Planar Chiral Rh(III) Indenyl Catalyst. 
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reaction was found to be highly regioselective for the formation of branched products from terminal olefins 

and conjugated products from internal olefins.  

Computational mechanistic investigations were conducted in collaboration with the Baik group to 

elucidate the role of the Ind ligand in this transformation. The initial allylic C–H functionalization step was 

determined to be the rate- and enantiodetermining step, with the asymmetric design of the planar chiral 

catalyst controlling the formation of the resulting π-allyl 2.63 through steric blocking (Scheme 2.7). As 

previously hypothesized, formation of a high-valent Rh(V)-metal-nitrene 2.65 was found to be the lowest 

energy pathway and would allow for a facile reductive elimination to form the C–N bond. The location of 

reductive elimination to either the terminal or branched position of the π-allyl is dictated by electronic bias 

brought forth by the indenyl ligand’s asymmetric binding to the π-allyl.  

 

Scheme 2.7 Mechanism of the Enantioselective Allylic C–H Amidation. 
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Recognizing that the ligand electronics were key to indenyl ligands unique reactivity profiles, a 

pentamethylated version 2.69 was also developed in the course of this work but was found to be less 

effective in the allylic amidation. Following the publication of this work, further development of 

electronically tuned second-generation planar chiral catalysts was conducted by Dr. David Laws III to 

identify the role of ligand electronics in catalyst reactivity. The facile synthetic sequence of the indene 

ligand enabled the rapid synthesis of electronically varied catalyst 2.70-2.72 (Scheme 2.8). Unfortunately, 

these second-generation catalysts were not found to be catalytically active in the enantioselective allylic C–

H amidation.  

2.3 Enantioselective Aziridination of Unactivated Alkenes Using A Planar Chiral Rh(III) Indenyl 

Catalyst 

While the first- and second-generation indenyl catalysts had been developed in the context of allylic 

C–H functionalization, their unique reactivity profile of asymmetric steric and electronic induction and the 

possibility of increased rates of reaction through ring slippage led us to explore their application in other 

catalytic reactions. We were drawn to a report from the Rovis group which demonstrated the synthesis of 

substituted pyrrolidines 2.75 from terminal unactivated alkenes 2.73 (Scheme 2.9).71 Notably, this reaction 

was found to be more effectively catalyzed by the heptamethylindenyl (Ind*) catalyst [Ind*RhCl2]2 than 

 

Scheme 2.8 Enantioselective Allylic C–H Amidation using Second-Generation Planar Chiral Indenyl 

Catalysts. 
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with the more common [Cp*RhCl2]2 catalyst. Furthermore, during mechanistic investigations, it was 

determined that the key isolable intermediate was an aziridine 2.76 which upon exposure to triflic acid 

would undergo a series of 1,2-hydride shifts to form the pyrrolidines. While aziridines had been frequently 

invoked as intermediates in Group IX-catalyzed nitrogen transfers to alkenes, prior to this report, none had 

been isolated.72,73 The authors proposed either a classic metal-nitrene intermediate which could transfer the 

nitrogen to the alkene, or a migratory insertion mechanism with an addition of the nitrogen and rhodium 

across the alkene followed by intramolecular cyclization.  While the pyrrolidines could not be accessed in 

an enantioselective fashion due to the cationic 1,2-hydride shift mechanism, the aziridine intermediates 

could potentially be accessed asymmetrically using the planar chiral indenyl catalyst developed in the 

Blakey group. We were further motivated by synthetic utility of chiral aziridines as chiral nitrogen building 

blocks and the lack of asymmetric methods for the enantioselective aziridination of unactivated alkenes 

(Chapter 1). We therefore set out to develop an enantioselective unactivated alkene aziridination using the 

Blakey group’s planar chiral Rh(III) indenyl catalysts. 

2.3.1 Evaluation of Catalytic Activity of First- and Second-Generation Planar Chiral Catalysts 

We began by determining whether enantioinduction was feasible with the catalyst scaffolds on 

hand. The first- and second-generation catalysts 2.55, 2.69-2.72 were evaluated in the enantioselective 

 

Scheme 2.9 Synthesis of Pyrrolidines from Unactivated Alkenes 
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aziridination of nonene 2.79 using hydroxylamine 2.74 and reaction conditions first reported by Rovis 

(Scheme 2.10). The trifluoromethyl-substituted catalyst 2.70 provided the aziridine 2.79 in a 13% yield and 

with 96:4 e.r.. The methoxy-substituted catalyst 2.71 was found to provide 2.79 in a 23% yield and with a 

96:4 e.r.. While methoxy substituents are typically considered activating groups, the out-of-plane 

orientation of the aryl substituent prevents the methoxy from donating electron density to the metal center 

via resonance. Instead, the oxygen acts as an electron withdrawing group through inductive effects leading 

to a similar level of reactivity as the trifluoromethyl-substituted catalyst 2.70. The first-generation catalyst 

2.55 provided 2.79 in a 27% yield and 93:7 e.r, while the use of the electron-donating tert-butyl catalyst 

2.72 increased the yield of 2.79 to 37% and still provided excellent levels of enantioselectivity (95:5 e.r.). 

The pentamethylated catalyst 2.69 was found to be the most effective and provided 2.79 in a 44% yield and 

with 93:7 e.r.. The observed greater reactivity of the electron-rich catalysts 2.72 and 2.69 was hypothesized 

to arise from the autoionization of the dimeric precatalysts structure to the 16-electron monomeric Rh(III) 

species, which would receive greater inductive stabilizing effects from the electron-rich ligands.  

2.3.2 Synthesis of Third-Generation Electron Rich Planar Chiral Catalysts 

Recognizing an opportunity to further develop the planar chiral indenyl catalysts, a series of 

third-generation electron-rich planar chiral designs 2.80-2.85 were envisioned (Figure 2.4). These catalysts 

 

Scheme 2.10 Screen of First- and Second-Generation Planar Chiral Indenyl Catalyst in the 

Enantioselective Unactivated Alkene Aziridination 
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incorporated design elements from previous catalysts and introduced new ones. All six catalysts contained 

the methylation of the aromatic backbone used in the successful catalyst 2.69. The electron-donating tert-

butyl substitution from catalyst 2.72 was introduced to the four catalysts 2.80-2.83. The addition of a silicon 

substituent at the 2-position of the indenyl ligand for catalysts 2.82 and 2.83 was envisioned to harness the 

β-silicon effect. This effect describes silicon’s ability to stabilize the buildup of cationic charge through 

donation of electron density from its low-lying C–Si σ-bond into neighboring empty high energy σ*-orbital. 

The β-silicon effect was used by Rovis to achieve similar electronic properties as a Cp* ligand while 

retaining the reduced steric properties of a monosubstituted Cp ring.74 We therefore envisioned that  the 

silicon substitution of 2.82 and 2.83 would further stabilize the build-up of cationic charge on the rhodium 

metal center. The final two catalysts 2.84 and 2.85 exchanged the phenyl substitution of 2.69 for methyl 

and benzyl substitutions to probe different steric blocking elements and potentially match the similar steric 

and electronic properties of Ind*. 

As with the first- and second-generation designs, the synthesis of ligands required for the 

third-generation could be achieved in relatively few steps. The synthetic sequence towards the ligands for 

the pentamethylated catalyst began with a tandem Friedel-Crafts acylation and Nazarov cyclization on 

1,2,3,4-tetramethylbenzene 2.86 using methacrylic acid 2.87 to provide the indanone 2.88 (Scheme 2.11a). 

 

Figure 2.4 Third Generation Electron Rich Planar Chiral Rh(III) Indenyl Catalysts 
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In a one-pot procedure, 2.88 was subjected to the appropriate Grignard reagent followed by the elimination 

of the intermediate alcohol using HCl to provide the desired ligands 2.89-2.92 (Scheme 2.11b). The 

synthesis of the silicon substituted ligands also began with a Friedel-Crafts acylation of 2.86, this time using 

the acid chloride 2.93 which allowed for an acid-catalyzed cyclization to the indanone 2.94; this 

intermediate could be subjected to the same one-pot procedure to provide indenes 2.95 and 2.96. To install 

the desired silicon substituents, bromination of the indene at the 2-position using freshly recrystallized NBS, 

and short reaction times to prevent over bromination, gave the 2-bromoindenes 2.97 and 2.98. These could 

then be subjected to Kumada coupling conditions to forge the desired silicon substituted ligands 2.99 and 

2.100.  

 

Scheme 2.11 Ligand Synthesis of the Third-Generation Electron Rich Planar Chiral Rh(III) Indenyl 

Catalyst  
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With the new indene ligands in hand, complexation to form the intermediate IndXRh(I)COD 

complexes were attempted using the same conditions as were used for the previous catalyst synthesis. 

Beginning with the pentamethylated ligands IndXRh(I)COD complexes 2.101-2.103 were synthesized 

(Scheme 2.12a). These complexes were found to be very nonpolar and required rigorous purification to 

remove any unreacted indene ligand starting material. Furthermore, they were found to be highly sensitive 

to acidic media, decomposing on silica and in CDCl3. Basification of the silica prior to purification allowed 

for their isolation and the use of C6D6 enabled their characterization by NMR. The hexamethylene complex 

2.104 could only be formed in trace amounts and was found to decompose rapidly. Both silicon complexes 

2.105 and 2.106 were also found to be unstable with 2.105 only being isolated in a 5% yield (Scheme 

2.12b).  

With three of the initial six complexes having been successfully synthesized, they were oxidized 

using molecular iodine to the racemic Rh(III) diiodide dimers 2.80, 2.81, 2.84 to begin testing their initial 

racemic reactivity in the aziridination (Scheme 2.13a). The pentamethylated mono-tert-butyl catalyst 2.80 

was found to significantly improve the yield of 2.79 to 77% (Scheme 2.13b). Unfortunately, the di-tert-

butyl variant 2.81 was entirely unreactive, and only returned unreacted starting materials. The benzyl-

substituted catalyst 2.84 proved to be highly effective in the aziridination providing the aziridine 2.79 in a 

 

Scheme 2.12 Synthesis of Electron-Rich IndXRh(I)COD Complexes  



44 

 

92% yield. These racemic tests using the new third-generation catalysts proved to be promising in 

demonstrating how the increased electron donation improved the reactivity of the catalyst.  

To continue the development of the third generation of catalysts, the racemic IndXRh(I)COD 

complexes of 2.101 and 2.103 needed to be resolved into their single enantiomers. Initial investigation on 

normal phase chiral analytical HPLC, however, was not promising. While the enantiomers of 2.101 began 

to separate on an OD-H Chiralcel column at 100% hexanes, baseline resolution could not be achieved. The 

enantiomers of the benzyl substituted complex 2.103 did not separate and the decision was made to not 

pursue this complex further due to its highly nonpolar nature. Still motivated by the promising racemic 

aziridination results using 2.80, attempts were made to access 2.101 in an enantiopure form via alternative 

purification techniques. Promising results at the time of this work from the Perekalin group in the synthesis 

of planar chiral complexes showed the use of ancillary ligands to separate planar chiral enantiomers of 

Rh(III) complexes, either through the crystallization of diastereomeric proline complexes or the 

chromatographic separation41 of chiral amine adducts.75 However, these methods failed when applied to the 

 

Scheme 2.13 Synthesis of Racemic Third Generation Planar Chiral Rh(III) Precatalysts Dimers and 

Evaluation in the Unactivated Alkene Aziridination 
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Rh(III) indenyl complex 2.101 with the discrete proline adduct complex 2.107 never being formed (Scheme 

2.14a). In an attempt to alter the polarity of the racemic IndXRh(I)COD complex ligand substitution of COD 

with carbon monoxide provided the IndXRh(I)(CO)2 complex 2.108 (Scheme 2.14b). This compound did 

show improved separation on an analytic instrument with baseline resolution between enantiomeric peaks; 

however, once separation began on a preparative scale the complex proved to be too unstable and 

insufficient separation of the enantiomers was observed. The challenges faced in the separation of planar 

chiral complexes are inherent to their design and were exacerbated in this study by the nonpolar 

characteristic of the IndXRh(I) intermediates.  

2.3.3 Optimization of Reaction Conditions 

Although our attempts at developing a third generation of planar chiral indenyl catalysts for an 

enantioselective aziridination did bear fruit, we were still interested in the development of the 

enantioselective reaction. Following our hypothesis of ligand electronics enhancing autoionization, we 

investigated the use of Ag halide scavengers to activate the catalyst. The initial attempt using AgNTf2 (10 

mol%) in the aziridination of 1-nonene did not prove successful, leading to a reduction in yield (19%, 94:6 

e.r.) (Table 2.1, Entry 1).   A change in base from Cs2CO3, to CsOPiv proved to be key, with an improved 

 

Scheme 2.14 Chiral Resolution Attempts of Rh(I) and Rh(III) Planar Chiral Complexes 
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yield of 65% while still achieving excellent enantioselectivity (95:5 e.r.), due to improved stabilization of 

catalytic intermediate by the pivalate anion over the carbonate (Table 2.1, Entry 2). Further improvements 

were achieved by using AgSbF6 (10 mol%) and CsOAc (10 mol%) allowing for the formation of 2.79 in 

83% with excellent enantioselectivity (95:5 e.r.) (Table 2.1, Entry 4). We next explored the loading of 

AgSbF6 as we observed a significant decrease in yield when using an alkene other than 2.78 (Table 2.1, 

Entry 5). Switching to the benzoyl protected 5-hexen-1-ol, we discovered that a loading of 30 mol% of 

AgSbF6 was required to provide the aziridine 2.109 in a 66% yield with the same excellent enantioselectivity 

(95:5 e.r.) (Table 2.1, Entry 7). Loadings of AgSbF6 above or below 30 mol% were found to be detrimental 

to the yield of 2.109 (Table 2.1, Entry 8-10). The increased loading of silver halide scavenger is 

hypothesized to recover the catalyst from decomposition pathways.  

 

 

Table 2.1 Optimization of Silver Halide Additive Loading 
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2.3.4 Reaction Scope 

 With newly optimized reaction conditions that enabled the use of the first-generation catalyst 2.55, 

the scope of the enantioselective aziridination was explored (Scheme 2.15). We first examined protected 

5-hexen-1-ol derivatives which were well tolerated and provided the aziridine products 2.110-2.112 in low 

to good yields (21-77%) with excellent enantioselectivities (93:7-95:5 e.r.). The unprotected alcohol of 

5-hexen-1-ol could also be tolerated and gave the aziridine 2.113 in a 49% and 95:5 e.r.. The phthalimide-

protected alkyl amine was found to be robust, with the aziridine 2.114 forming in a 52% yield and 95:5 e.r.. 

The free N–H of an N-alkyl acetamide was not found to inhibit the reaction and provided the aziridine 2.115 

in a 71% yield with excellent enantioselectivity (94:6 e.r.). An alkyl nitro was also found to be well tolerated 

and gave access to the aziridine 2.116 in a 64% yield with a 95:5 e.r. while an alkyl halide was found not 

to inhibit the catalyst through oxidative addition and provided aziridine 2.117 in 56% yield. An alkyl 

 

Scheme 2.15 Scope of Enantioselective Unactivated Alkene Aziridinations Bearing a Variety of 

Functional Groups 
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boronic ester also did not inhibit the catalyst through potential transmetalation and gave the aziridine 2.118 

in a 57% yield with 96:4 e.r. A phosphonate ester was also well tolerated giving the aziridine 2.119 in a 

67% yield with a 95:5 e.r. With good tolerance for a variety of heteroatoms established, we next explored 

a small heterocycle scope which provided the aziridine products 2.120-2.123 in low to good yields (28-

82%) with excellent enantioselectivities (94:6-95:5 e.r.). Aziridination of D-glucofuranose and L-

phenylalanine derivates were successful in providing aziridines 2.124 and 2.125 in 69% yield, 95% d.r., 

and 81% yield, 95:5 d.r., respectively. 

 Having established a broad scope highlighting the functional group tolerance of this reaction, we 

were interested in gaining insight into substrate steric effects. We began by exploring matched and 

mismatched substrate catalyst pairings in the aziridination of L-citronellol-derived alkenes. Beginning with 

a stereogenic center at the γ-position relative to the alkene, the use of catalyst (R,R)-2.55 provided the 

aziridine (S,S)-2.126 in 77% yield with a 97:3 d.r., and constitutes the matched pairing, while the use of 

catalyst (S,S)-2.55 gave the aziridine diastereomer (R,S)-2.126  in a 72% yield with a 93:7 d.r. and 

 

Scheme 2.16 Scope of Sterically Bulky Substrates in the Enantioselective Unactivated Alkene 

Aziridination 
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represents the mismatched case (Scheme 2.16). The minor effect of a stereogenic center at the γ-position 

allows for both diastereomers to be accessed in high yield with excellent diastereomeric control. Moving 

the stereogenic center to the β-position, catalyst (S,S)-2.55 gave the aziridine (R,S)-2.127 in a 30% yield 

with a 96:4 d.r. in the matched pairing. The mismatched case using (R,R)-2.55 provided the aziridine (S,S)-

2.127 in a reduced 24% yield with a 92:8 d.r., The pronounced steric effect of a β-chiral center significantly 

reduces the yield of the aziridinations but does not decrease diastereoselectivity. Rigidification of steric 

bulk at the β-positions using allyl cyclohexane allowed for recovery of reactivity, providing the 

corresponding aziridine 2.128 in 83% yield and with an excellent enantioselectivity of 96:4 e.r.. Substitution 

of the α-position proved to be too challenging for this catalytic system with vinyl cyclohexane only 

providing the corresponding aziridine 2.129 in a significantly reduced 14% yield and 91:9 e.r. Attempts to 

conduct aziridinations on internal unactivated alkenes were also found to be hampered through strong steric 

interactions. While the cis-aziridine 2.130 could be formed in a 61% yield, with a >20:1 d.r. and 86:14 e.r. 

from the corresponding Z-alkene, the E-alkene was found to be unreactive. Aziridination of a 

1,1-disubstituted alkene did not provide the desired aziridine 2.131 and instead formed the allylic amine 

2.132 in a 56% yield (3:1 d.r.).  

 

Scheme 2.17 Determination of the Effects of Carbon Linker Length in the Enantioselective 

Unactivated Alkene Aziridinations using Varied Linker Lengths 
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 The investigation of substrate steric and electronic effects was continued by exploring the effects 

of shortened alkyl chains. Beginning with a series of aryl substituted substrates the longer chain lengths of 

four carbons did not hamper the aziridination and provided aziridine 2.133 in 82% yield (95:5 e.r.) (Scheme 

2.17a). Reducing the chain length to three showed a slight decrease in yield for the formation of aziridine 

2.134 (54% yield) with no effect on the enantioselectivity (95:5 e.r.). However, a significant drop in yield 

was observed in both homoallylic and allylic substrates which only provided the aziridines 2.135 and 2.136 

in 14% yield, 95:5 e.r., and 18% yield, 95:5 e.r., respectively. This reduction in reactivity is primarily 

attributed to an increase in steric bulk near the site of aziridination, yet an electronic effect cannot be ruled 

out. Attempts to improve the yield of 2.136 using extended reaction times or heating to 60 ºC were found 

to be ineffective. The stereochemistry of 2.136 was assigned to be (S) by comparing the HPLC trace of 

2.136 to chiral standards (R)-2.136 and (S)-2.136 which were synthesized via intramolecular condensation 

from the commercially available chiral amino alcohols (see SI for details). All other chiral aziridine 

products synthesized using catalyst (R,R)-2.55 were assigned the (S) configuration by analogy. Next, the 

effect of electronic perturbation near the site of aziridination was assessed using O-benzoyl substrates 

(Scheme 2.17b). Once again, longer carbon chains of four and three carbons were well tolerated providing 

the aziridines 2.139 and 2.140 in 60% yield, 95:5 e.r, and 55% yield, 95:5 e.r, respectively. However, in this 

series neither the homoallylic nor allylic substrates were found to be reactive and the aziridines 2.141 and 

2.142 could not be formed due to proximity of an electron withdrawing substitution deactivating the alkene 

towards aziridination.  

 To further investigate electronic effects and demonstrate the chemoselectivity of the reaction 

towards unactivated alkenes, competition reactions were conducted using substrates containing both 

activated and unactivated alkenes. The presence of a terminal allylic ether was shown to have no effect on 

the aziridination and provided 2.143 in 69% yield and 95:5 e.r. (Scheme 2.18). An acrylic ester was also 

tolerated and provided aziridine 2.144 in 49% yield with 95:5 e.r. The styrene motif commonly employed 

as aziridination substrates, was well tolerated and aziridine 2.145 was formed in 52% yield and 95:5 e.r. 
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Finally, the doubly activated cinnamate derived substrate was also well tolerated and gave aziridine 2.146 

in a 68% yield and 95:5 e.r. In all four competition reactions, aziridination was found to occur exclusively 

at the unactivated alkenes, with the activated alkenes remaining intact. This level of selectivity has been 

previously unseen for enantioselective alkene aziridination strategies.  

2.3.5 Mechanistic Investigation 

 With a broad scope of enantioselective aziridinations, we became interested in elucidating the 

mechanism of this transformation. While the initial publication from Rovis had done mechanistic 

investigations to determine the formation of the pyrrolidine products from the intermediate aziridines, no 

investigations had been undertaken to elucidate the mechanism of the aziridination. To better understand 

the mechanism, extensive computational investigations through density functional theory (DFT) 

calculations were performed by Hoyoung Im and Bohyun Park from the Baik group. Initial hypotheses 

considered a metal-nitrene formation from the hydroxylamine 2.74 and subsequent concerted aziridination 

of the alkene. However, these were quickly dismissed, as the energy barriers and resulting free energies of 

the metal-nitrene species N1 and N2 were too high (Scheme 2.19). Allylic C–H functionalization was also 

quickly dismissed as the coordination of hydroxylamine 2.74 was found to occur more readily than the 

alkene coordination. This explains the divergent reactivity observed from previous mechanisms. 

 

Scheme 2.18 Competition Substrate Scope in the Enantioselective Unactivated Alkene Aziridination 
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Considering an alternative mechanism, the resting state intermediate A4 could allow for alkene 

coordination following dissociation of acetate ligand as CsOAc. The alkene coordination can occur in two 

orientations and the resulting migratory insertion to form the four-member aza-metallacycle A6 is the 

enantiodetermining step of the transformation (Scheme 2.20). The enantioselectivity of this step is dictated 

purely by the steric interactions between the indenyl ligand, the sulfonyl group, and the alkyl chain of the 

substrate. Following migratory insertion, cleavage of the N–O bond leads to the formation of Rh(V) 

intermediate which can then readily undergo the reductive elimination to form the aziridine.  

 Shortly after publication of this work a complimentary report for an enantioselective aziridination 

of unactivated alkenes was made by Wang.76 This method was also inspired by the seminal report from 

Rovis but utilizes a Cramer C2-symmetryic ligand scaffold.  An extensive scope of chiral aziridines was 

 

Scheme 2.19 Free Energy Diagram of Hydroxylamine Activation and Potential Metal-Nitrene 

Formation  
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reported, including many of the aziridines discussed above, such as the competition substrates 2.143, 2.144, 

and 2.146 which also demonstrated the selectivity of this transformation for unactivated alkenes. Deuterium 

labeling studies led the authors of this work to also propose a migratory insertion pathway excluding the 

formation of a metal nitrene intermediate.  

2.4 Conclusion 

The Blakey group developed a planar chiral Rh(III) indenyl catalysts, building upon the 

developments in chiral Cp catalysis and inspired by a planar chiral rhodium indenyl complex developed by 

Baker. This new catalyst, in combination with increased mechanistic understanding of oxidative allylic C–

H functionalization enabled the development of an redox neutral enantioselective allylic C–H amidation. 

Following a report from Rovis detailing the isolation of a Rh(III) catalyst aziridine intermediate, we saw an 

opportunity to apply our catalyst platform in the development of enantioselective aziridination of 

unactivated alkenes. Initial screening of electronically varied catalysts, which had been developed by Dr. 

David Laws III, in the enantioselective aziridination revealed a trend in catalyst reactivity favoring 

electron-rich scaffolds. Following this trend, new electron-rich planar chiral Rh(III) catalysts were 

developed; while improvements were seen in reactivity, these catalyst could not be synthesized in an 

 

Scheme 2.20 Free Energy Diagram of Alkene Migratory Insertion and Formation of Aziridine  
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enantiopure fashion. Further optimization of enantioselective aziridination conditions using a simpler 

catalyst revealed the importance of base and halide scavenger selection, enabling synthetically useful yields 

of an extensive scope of aziridines with unprecedented levels of selectivity for unactivated alkenes over 

activated alkenes. Computational investigation into the mechanism of this aziridination were conducted 

Hoyoung Im and Dr. Bohyun Park from the Baik and led to a proposed mechanism which operates through 

a migratory insertion and does not include commonly proposed metal nitrene intermediates. Chapter 3 of 

this dissertation will discuss the examples of Group IX piano stool catalyzed activations of electrophilic 

nitrogen reagents towards nucleophilic attack and will serve as a background for the chemistry discussed 

in Chapter 4. 
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2.6 Supporting Information 

2.6.1 General Information 

All reactions were conducted under nitrogen atmosphere with anhydrous solvents in oven- or 

flame-dried glassware using standard Schlenk technique, unless otherwise stated. Anhydrous 

dichloromethane (DCM), diethyl ether (Et2O), tetrahydrofuran (THF), and were obtained by passage 

through activated alumina using a Glass Contours solvent purification system. 

1,1,1,3,3,3-hexaflouroisopropanol (HFIP) was distilled over activated 4Å molecular sieves and stored over 

activated 4Å molecular sieves. Solvents for workup, extraction, and column chromatography were used as 

received from commercial suppliers without further purification. All catalysts were stored and weighed in 

a nitrogen-filled glovebox. All other chemicals were purchased from Millipore Sigma, Strem Chemicals, 

Oakwood Chemicals, Alfa Aesar, TCI, Combi Blocks, or Ambeed and used as received without further 

purification, unless otherwise stated. 

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a Varian Inova 600 spectrometer 

(600 MHz 1H, 151 MHz 13C), 13C 600 spectrometer (600 MHz 1H, 151 MHz 13C), a Varian Inova 500 

spectrometer (500 MHz 1H, 126 MHz 13C), a Bruker 400 spectrometer (400 MHz 1H, 126 MHz), and a 

Varian Inova 400 spectrometer (400 MHz 1H, 126 MHz 13C). Chemical shifts δ values were reported in 

parts per million (ppm) relative to CHCl3 (7.26 ppm for 1H, 77.16 ppm for 13C) for CDCl3, relative to C6H6 

((7.16 ppm for 1H, 128.06 ppm for 13C) for C6D6, relative to DMSO (2.50 ppm for 1H, 39.52 ppm for 13C) 

for DMSO-d6. Coupling constants (J values) were reported in Hz and multiplicities were indicated using 

the following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, qn = quintet, m = multiplet, br 

= broad. High resolution mass spectra (HRMS) were obtained using a Thermo Electron Corporation Finigan 

LTQFTMS (at the Mass Spectrometry Facility, Emory University). High Pressure Liquid Chromatography 

(HPLC) was performed on an Agilent 1100 series HPLC utilizing CHIRALPAK® AD-H, AS-H, 

CHIRALCEL® OD-H and OJ-H 4.6 x 150 mm analytical columns or on an Agilent 1260 Infinity II series 

HPLC utilizing CHIRALPAK® IA, IB, IH, IJ, and IK 4.6 x 150 mm analytical columns. Semi preparative 
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HPLC was performed on an Agilent 1260 Infinity II series preparative HPLC using a CHIRALCEL® OD-

H 20 x 250 mm column. Optical rotations were measured on a PerkinElmer 341 polarimeter. Analytical 

thin layer chromatography (TLC) was performed on precoated glass-backed Silicycle SiliaPureR 0.25 mm 

silica gel 60 plates and visualized with UV light or ethanolic p-anisaldehyde. Silica gel column 

chromatography was performed using Silicycle SiliaFlashR F60 silica gel (40- 63 μm). Flash column 

chromatography was performed using Silicycle SiliaFlashR F60 silica gel (40- 63 μm) on a Biotage Isolera 

One system. Preparatory TLC was performed on precoated glass backed Silicycle SiliaPureR 1.0 mm silica 

gel 60 plates.  

2.6.2 Experimental Procedures and Tabulated Data  

Ligand and Catalyst Synthesis 

[Ind*RhCl2]2 catalyst was synthesized following a reported literature procedure1. 

2,4,5,6,7-pentamethyl-2,3-dihydro-1H-inden-1-one (2.88): Using an adapted procedure from by O’Hare2. 

Under a N2 atmosphere, dry CH2Cl2 (50 mL) was added to 250 mL round bottom flask equipped with a stir 

bar. Oxalyl chloride (3.0 mL 34.4 mmol, 1.1 equiv.), methacrylic acid (2.9 mL, 34.4 mmol, 1.1 equiv.), and 

five drops of DMF were sequentially added and the reaction was left to stir vigorously overnight at room 

temperature. The reaction was placed in an ice bath before quickly adding AlCl3 (5.7 g, 43.0 mmol, 1.4 

equiv.). After five minutes, 1,2,3,4-tetramethylbenzene (4.5 mL, 30.2 mmol, 1.0 equiv.) was slowly added 

rapidly turning the reaction to a dark red orange. The reaction was allowed to stir at room temperature for 

an additional 4 hours before pouring into a (1:1) HCl: ice slurry. The resulting biphasic solution was 

extracted with CH2Cl2 3x. The combined organic layers were washed with DI H2O 3x and dried over 

Na2SO4. The solvent was removed under reduced pressure and the crude product purified using silica gel 

column chromatography (0-5% EtOAc in hexanes) to afford 2.88 (5.79 g, 98% yield) as an off-white solid. 
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1H NMR (400 MHz, CDCl3) δ 3.22 (dd, J = 16.8, 8.0 Hz, 1H), 2.69 – 2.58 (m, 4H), 2.51 (dd, J = 16.8, 4.0 

Hz, 1H), 2.29 (s, 3H), 2.24 (d, J = 2.4 Hz, 6H), 1.29 (d, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 

211.18, 150.57, 142.06, 135.29, 134.54, 131.13, 130.74, 42.53, 33.68, 17.14, 16.94, 15.50, 15.28, 13.93. 

HRMS (+APCI) calculated for C₁₄H₁₉O [M+H]+ 203.14304, found 203.1427  

 

4,5,6,7-tetramethyl-2,3-dihydro-1H-inden-1-one (2.94): A 100 mL round bottom flask equipped with a stir 

bar and septum cap was flame dried under vacuum and purged with N2 (3X). Opening the reaction vessel, 

AlCl3 (10.3432 g, 77.6 mmol, 2.5 equiv.) was quickly added and the vessel was purged with N2 again (3x). 

CH3NO2 (30 mL) was slowly added to the reaction vessel and let stir until the complete dissolution of AlCl3 

occurred. To the yellow-grey solution, 3-chloropropanoyl chloride (3.8 mL, 40.0 mmol, 1.3 equiv.) was 

added and the reaction vessel was placed in an ice bath and allowed to cool to 0 °C. Once cool, 1,2,3,4-

tetramethylbenzene (4.5 mL, 30.0 mmol, 1.0 equiv.) was added dropwise over five minutes after which the 

reaction was left to stir at room temperature overnight. After 16 hours, the reaction was carefully poured 

into a slurry of concentrated HCl and ice (50 mL, 1:1 (v/v)). The slurry was extracted with DCM (3 x 50 

mL) and the combined organic layers were washed with 1M HCl (1 x 50 mL) and brine (2 x 50 mL). The 

organic layers were dried over Na2SO4 before concentrating under reduced pressure to yield a forest green 

crude oil residue which was carried forward with no further purification. To the crude material, neat H2SO4 

(60 mL) was added and placed in a preheated alumina block set to 95 °C. After 45 minutes the reaction was 

cooled to room temperature before being poured into an ice slurry (50 mL). The slurry was extracted with 

toluene (5 x 75 mL) and the combined organic layers washed with saturated NaHCO3 (3 x 50 mL), DI H2O 

(1 x 50 mL), and brine (2 x 50 mL). The organic layer was dried over Na2SO4 and concentrated under 

reduced pressure. The crude material was purified via flash chromatography (5% EtOAc in Hexanes) to 

yield 2.94 as a white solid (2.8721 g, 50% yield). 1H NMR (600 MHz, CDCl3) δ 2.95 – 2.89 (m, 2H), 2.67 
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– 2.60 (m, 5H), 2.29 (s, 3H), 2.24 (d, J = 8.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ 208.83, 152.43, 

142.03, 135.17, 134.33, 131.87, 130.88, 37.33, 24.38, 17.14, 15.48, 15.21, 13.90. HRMS (+APCI) 

calculated for C13H16O [M+H]+ 189.12739, found 189.12704 

General Procedure A: Indene Synthesis 

A three neck round bottom flask equipped with a stir bar and a condenser was placed under a N2 atmosphere. 

The corresponding indanone (1.0 equiv.) was transferred as a solution in THF (0.3-0.5M) and the reaction 

vessel was placed in an ice bath to cool to 0 °C. Once cooled, the corresponding Grignard reagent (3.0 

equiv.) was slowly added to the reaction. Once the addition was complete the ice bath was removed and 

replaced with a heating block to reflux the reaction for 16 hours. The reaction was cooled to room 

temperature and placed in an ice bath before carefully quenching with DI H2O. Concentrated HCl was 

added to the reaction vessel and stirred for an additional 24 hours at room temperature. The layers of the 

biphasic solution were separated, and the aqueous layer extracted with Et2O 3x. The combined organic 

layers were sequentially washed with NaHCO3, DI H2O and brine before being dried over MgSO4. The 

solvent was removed under reduced pressure and the resulting crude product purified via silica gel column 

chromatography (0-5% EtOAc in hexanes).  

2-methyl-3-phenyl-1H-indene (2.53) Prepared according to General Procedure A using 2-methylindan-1-

one3 (3.94 g, 26.9 mmol, 1.0 equiv) and phenyl magnesium bromide (36 mL, 2.0M, 75 mmol, 2.8 equiv.). 

(2.53) (4.78 g, 86% yield) Spectroscopic data for 2.53 matches those previously reported in the literature4. 
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2-methyl-3-(4-(trifluoromethyl)phenyl)-1H-indene (S1) Prepared according to General Procedure A using 

2-methylindan-1-one3 (0.290 g, 2.0 mmol, 1.0 equiv) and freshly prepared (4-

(trifluoromethyl)phenyl)magnesium bromide (1.09 g, 4.4 mmol, 2.2 equiv.). (S1) (0.361 g, 66% yield) 1H 

NMR (600 MHz, CDCl3) δ 7.73 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 8.2 Hz, 1H), 7.49 – 7.44 (m, 1H), 7.28 – 

7.22 (m, 1H), 7.22 – 7.14 (m, 2H), 3.50 (s, 2H), 2.15 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 145.83, 

142.42, 142.17, 139.47, 137.69, 129.59, 129.14 (q, J = 32.2 Hz), 126.47, 125.55 (q, J = 3.7 Hz), 124.49, 

124.47 (q, J = 271.9 Hz), 123.70, 43.40, 14.95. 19F NMR (564 MHz, CDCl3) δ -62.40. HRMS (+APCI) 

calculated for C₁₇H₁₄F₃ [M+H]+ 275.10421, found 275.10404. Prepared by Dr. David Laws III 

3-(4-methoxyphenyl)-2-methyl-1H-indene (S2) Prepared according to General Procedure A using 2-

methylindan-1-one3 (0.500 g, 3.42 mmol, 1.0 equiv) and freshly prepared (4-methoxyphenyl)magnesium 

bromide (1.45 g, 6.84 mmol, 2.0 equiv.). (S2) (0.537 g, 66% yield) 1H NMR (600 MHz, CDCl3) δ 7.44 (d, 

J = 7.3 Hz, 1H), 7.36 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 4.2 Hz, 2H), 7.17 (dq, J = 7.8, 4.0 Hz, 1H), 7.02 (d, 

J = 8.6 Hz, 2H), 3.88 (s, 3H), 3.45 (s, 2H), 2.15 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 158.69, 146.71, 

142.55, 140.15, 138.25, 130.37, 127.95, 126.26, 124.01, 123.49, 119.36, 113.99, 55.41, 43.14, 15.00. 

HRMS (+APCI) calculated for C₁₇H₁₇O [M+H]+ 237.12739, found 237.12732. Prepared by Dr. David 

Laws III 
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3-(4-(tert-butyl)phenyl)-2-methyl-1H-indene (S3) Prepared according to General Procedure A 2-

methylindan-1-one3 (0.500 g, 3.42 mmol, 1.0 equiv) and freshly prepared (4-(tert-butyl)phenyl)magnesium 

bromide (3.25 g, 13.7 mmol, 4.0 equiv.). (S3) (0.440 g, 49% yield) 1H NMR (600 MHz, CDCl3) δ 7.49 (d, 

J = 8.3 Hz, 2H), 7.44 (d, J = 7.3 Hz, 1H), 7.36 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 7.5 Hz, 1H), 7.24 (t, J = 7.4 

Hz, 1H), 7.16 (td, J = 7.3, 1.2 Hz, 1H), 3.46 (s, 2H), 2.17 (s, 3H), 1.40 (s, 9H). 13C NMR (151 MHz, CDCl3) 

δ 149.85, 146.63, 142.58, 140.45, 138.50, 132.56, 128.89, 126.22, 125.40, 123.98, 123.47, 119.56, 43.25, 

34.76, 31.56, 15.10. HRMS (+APCI) calculated for C₂₀H₂₃ [M+H]+ 263.17943, found 263.17932. Prepared 

by Dr. David Laws III 

2,4,5,6,7-pentamethyl-3-phenyl-1H-indene (S4): Prepared according to General Procedure A using 2.88 

(0.608 g, 3.0 mmol, 1.0 equiv) and phenyl magnesium bromide (11.5 mL, 0.8 M, 9.2 mmol, 3.0 equiv.). 

(S4) (0.415 g, 57% yield) 1H NMR (400 MHz, CDCl3) δ 7.42 (tt, J = 8.1, 1.6 Hz, 4H), 7.35 (t, J = 7.3 Hz, 

1H), 7.27 – 7.22 (m, 2H), 3.35 (s, 2H), 2.33 (s, 3H), 2.29 (s, 3H), 2.20 (s, 3H), 1.92 (s, 3H), 1.83 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 141.48, 140.80, 140.44, 139.68, 139.11, 134.17, 130.88, 129.70, 128.67, 

128.23, 126.80, 126.69, 42.28, 16.56, 16.38, 16.28, 16.20, 14.84. HRMS (+APCI) calculated for C₂₀H₂₃ 

[M+H]+ 263.17943, found 263.18007.  
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3-(4-(tert-butyl)phenyl)-2,4,5,6,7-pentamethyl-1H-indene (2.89): Prepared according to General 

Procedure A using 2.88 (1.17 g, 5.8 mmol, 1.0 equiv) and (4-(tert-butyl)phenyl)magnesium bromide (23 

mL, 0.75 M, 17 mmol, 3.0 equiv.). (S7) (0.987 g, 53% yield) 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 

8.3 Hz, 2H), 7.16 (d, J = 8.3 Hz, 2H), 3.33 (s, 2H), 2.33 (s, 3H), 2.28 (s, 3H), 2.20 (s, 3H), 1.93 (s, 3H), 

1.84 (s, 3H), 1.39 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 149.47, 141.63, 140.74, 140.36, 139.14, 136.38, 

134.14, 130.75, 129.25, 128.59, 126.93, 125.00, 42.25, 34.67, 31.62, 16.55, 16.41, 16.27, 16.19, 14.96. 

HRMS (+APCI) calculated for C₂₄H₃₁ [M+H]+ 319.24203, found 319.24142  

 

3-(3,5-di-tert-butylphenyl)-2,4,5,6,7-pentamethyl-1H-indene (2.90): Prepared according to General 

Procedure A using 2.88 (1.07 g, 4.9 mmol, 1.0 equiv) and (3,5-di-tert-butylphenyl)magnesium bromide, 

(100% Pentane). Flakey white powder. (1.3214 g, 71% yield). 1H NMR (600 MHz, CDCl3) δ 7.34 (t, J = 

1.9 Hz, 1H), 7.06 (d, J = 1.8 Hz, 2H), 3.32 (s, 2H), 2.31 (s, 3H), 2.26 (s, 3H), 2.17 (s, 3H), 1.93 (s, 3H), 

1.77 (s, 3H), 1.33 (s, 18H). 13C NMR (151 MHz, CDCl3) δ 150.33, 141.81, 141.70, 139.73, 139.23, 138.31, 

134.18, 130.76, 128.64, 126.93, 124.05, 119.99, 42.27, 34.97, 31.69, 16.54, 16.29, 16.20, 14.98. HRMS 

(+APCI) calculated for C28H38 [M+H]+ 375.30463, found 375.30402. 
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3-(4-(tert-butyl)phenyl)-4,5,6,7-tetramethyl-1H-indene (2.95): Prepared according to General Procedure 

A using 2.94 (1.17 g, 6.2 mmol, 1.0 equiv) and (4-(tert-butyl)phenyl)magnesium bromide (100% Pentane) 

Flakey white powder. (1.1602g, 61% yield). 1H NMR (600 MHz, CDCl3) δ 7.39 (d, J = 8.0 Hz, 2H), 7.28 

(d, J = 8.2 Hz, 2H), 6.29 (t, J = 2.2 Hz, 1H), 3.35 (d, J = 2.1 Hz, 2H), 2.34 (s, 3H), 2.30 (s, 3H), 2.22 (s, 

3H), 1.99 (s, 3H), 1.37 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 149.89, 147.63, 141.30, 139.96, 137.14, 

134.25, 132.26, 131.98, 129.15, 128.47, 127.96, 124.87, 37.49, 34.69, 31.60, 17.17, 16.53, 16.30, 16.28. 

HRMS (+APCI) calculated for C₂₃H₂₉ [M+H]+ 305.22638, found 305.22598. 

 

3-(3,5-di-tert-butylphenyl)-4,5,6,7-tetramethyl-1H-indene (2.96) Prepared according to General 

Procedure A using 2.94 (0.995 g, 5.3 mmol, 1.0 equiv) (3,5-di-tert-butylphenyl)magnesium bromide 

(100% Pentane) Flakey white powder. (1.3447g, 71% yield).1H NMR (400 MHz, CDCl3) δ 7.38 (t, J = 1.9 

Hz, 1H), 7.21 (d, J = 1.9 Hz, 2H), 6.33 (t, J = 2.2 Hz, 1H), 3.37 (d, J = 2.2 Hz, 2H), 2.34 (s, 3H), 2.30 (s, 

3H), 2.22 (s, 3H), 1.93 (s, 3H), 1.34 (s, 19H).13C NMR (101 MHz, CDCl3) δ 150.27, 148.54, 141.34, 

140.05, 139.05, 134.30, 131.99, 131.74, 129.20, 127.94, 123.22, 120.67, 37.47, 35.00, 31.67, 16.98, 16.54, 

16.32, 16.29. HRMS (+APCI) calculated for C₂₇H₃₇ [M+H]+ 361.289, found 361.2888. 
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3-benzyl-2,4,5,6,7-pentamethyl-1H-indene (2.91) Prepared according to General Procedure A using 2.88 

(0.755g, 3.73 mmol, 1.0 equiv) and benzylmagnesium bromide (100% Hexanes). White powder. (0.6542 

g, 63% yield). 1H NMR (600 MHz, CDCl3) δ 7.24 (t, J = 7.6 Hz, 2H), 7.15 (d, J = 7.5 Hz, 3H), 4.09 (s, 

2H), 3.29 (s, 2H), 2.28 (s, 3H), 2.24 (s, 3H), 2.17 (d, J = 13.0 Hz, 6H), 2.08 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ 141.29, 140.64, 140.62, 139.50, 135.85, 133.84, 130.79, 128.54, 128.47, 128.20, 126.43, 125.82, 

42.32, 33.39, 16.51, 16.40, 16.32, 15.67, 14.41. HRMS (+APCI) calculated for C₂₁H₂₅ [M+H]+ 277.19508, 

found 277.1949.  

 

2,3,4,5,6,7-hexamethyl-1H-indene (2.92): Prepared according to General Procedure A using 2.88 (1.17 g, 

5.8 mmol, 1.0 equiv) and methylmagnesium bromide (100% Hexanes). Off white powder (0.5995 g, 80%). 

1H NMR (600 MHz, CDCl3) δ 3.13 (s, 2H), 2.51 (s, 3H), 2.24 (s, 12H), 2.03 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ 142.03, 139.26, 137.32, 134.12, 133.72, 130.43, 128.36, 126.45, 42.12, 16.41, 16.39, 16.24, 

15.86, 15.31, 14.23.  

General Procedure B: Indene Bromination  

The indene (3.30 mmol, 1.0 equiv.) was added to an oven-dried three neck 50 mL round bottom flask 

equipped with an oven-dried stir bar and condenser. The atmosphere was exchanged with N2 (3x) and 

freshly recrystallized NBS (3.30 mmol, 1.0 equiv.) was added and the reaction vessel atmosphere 

exchanged with N2 once again. CHCl3 (12 mL) was added and the reaction was placed into a preheated 
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aluminum block to reflux for 45 minutes. After cooling to room temperature, the reaction was concentrated 

under reduced pressure and the crude material redissolved in DI H2O and EtOAc before extracting with 

Et2O (4 x 15 mL). The combined organic layers were dried over Na2SO4 and the solvent removed under 

reduced pressure. The crude product was then purified via flash chromatography using 100% Hexanes to 

yield the brominated indene.   

 

2-bromo-3-(4-(tert-butyl)phenyl)-4,5,6,7-tetramethyl-1H-indene (2.97): Off white solid. (1.0954 g, 87% 

yield). 1H NMR (600 MHz, CDCl3) δ 7.44 (d, J = 7.6 Hz, 2H), 7.19 (d, J = 7.7 Hz, 2H), 3.63 (s, 2H), 2.29 

(s, 3H), 2.25 (s, 3H), 2.18 (s, 3H), 1.79 (s, 3H), 1.37 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 150.55, 145.32, 

139.58, 139.00, 134.85, 134.69, 132.21, 128.79, 128.66, 127.54, 125.29, 122.81, 44.67, 34.79, 31.58, 16.47, 

16.34, 16.30, 16.29. HRMS (+APCI) calculated for C₂₃H₂₈Br [M+H]+ 383.13689, found 383.13608. 

 

2-bromo-3-(3,5-di-tert-butylphenyl)-4,5,6,7-tetramethyl-1H-indene (2.98): Off white solid. (1.1489 g, 94% 

yield). 1H NMR (600 MHz, CDCl3) δ 7.39 (t, J = 1.8 Hz, 1H), 7.12 (d, J = 1.9 Hz, 2H), 3.63 (s, 2H), 2.30 

(s, 3H), 2.26 (s, 3H), 2.18 (s, 3H), 1.76 (s, 3H), 1.34 (s, 18H). 13C NMR (151 MHz, CDCl3) δ 150.54, 

146.18, 139.62, 139.11, 136.70, 134.72, 132.18, 128.69, 127.52, 123.70, 122.30, 120.95, 44.67, 35.04, 

31.64, 16.47, 16.32, 16.29, 16.24. HRMS (+APCI) calculated for C₂₇H₃₆Br [M+H]+ 439.19949, found 

439.19949. 
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General Procedure C: Kumada Coupling  

The bromoindene (1.0 equiv.) was added to an oven-dried three neck 50 ml round bottom flask equipped 

with an oven-dried stir bar and condenser. The flask was placed under vacuum and the atmosphere was 

exchanged with N2 (3x). Inside a N2 filled glove box Pd(PH3)4 (10 mol%.) was added to a 7 mL vial and 

brought of the box and transferred to the reaction using THF (3 x 5 mL). The yellow solution was allowed 

to stir for 15min before adding the ((trimethylsilyl)methyl)magnesium chloride (3.0 equiv.) at room 

temperature and placing into a preheated aluminum block set to 65 °C to reflux for 24 hours. The reaction 

was allowed to cool to room temperature, and excess Grignard was quenched with the addition of DI H2O 

(10 mL). The quenched reaction was extracted with Et2O (5 x 10 mL) and the combined organic layers 

dried over Na2SO4 before removing the solvent under reduced pressure. The crude ligand was purified via 

flash chromatography using 100% pentane.  

 

 ((3-(4-(tert-butyl)phenyl)-4,5,6,7-tetramethyl-1H-inden-2-yl)methyl)trimethylsilane (2.99): Synthesized 

from 2.97 and a prepared solution of ((trimethylsilyl)methyl)magnesium chloride. (100% Hexanes). White 

crystalline solid (0.3563 g, 87%) 1H NMR (600 MHz, CDCl3) δ 7.38 (d, J = 8.3 Hz, 2H), 7.12 (d, J = 8.3 

Hz, 2H), 3.28 (s, 2H), 2.30 (s, 3H), 2.26 (s, 3H), 2.17 (s, 3H), 1.80 (s, 2H), 1.78 (s, 3H), 1.36 (s, 9H), -0.04 

(s, 9H). 13C NMR (151 MHz, CDCl3) δ 149.43, 143.01, 141.97, 138.73, 138.48, 136.62, 134.18, 130.26, 

129.65, 128.39, 126.46, 124.99, 42.20, 34.67, 31.63, 20.36, 16.56, 16.32, 16.28, 16.16, -0.51. HRMS 

(+APCI) calculated for C₂₇H₃₉Si [M+H]+ 391.28155, found 391.2814.  
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 ((3-(3,5-di-tert-butylphenyl)-4,5,6,7-tetramethyl-1H-inden-2-yl)methyl)trimethylsilane (2.100): 

Synthesized from 2.99 and a prepared solution of ((trimethylsilyl)methyl)magnesium chloride. (100% 

Hexanes). White crystalline solid, mixture of two inseperable regioisomers (0.3541 g, 85%, (4:1, 

2.100:2.100’) (2.100) 1H NMR (600 MHz, CDCl3) δ 7.31 (t, J = 1.9 Hz, 1H), 7.06 (d, J = 1.8 Hz, 2H), 3.29 

(s, 2H), 2.30 (s, 3H), 2.26 (s, 3H), 2.17 (s, 3H), 1.84 (s, 2H), 1.74 (s, 4H), 1.32 (s, 18H), -0.05 (s, 9H). 

(2.100’) 1H NMR (600 MHz, CDCl3) δ 7.19 (d, J = 1.9 Hz, 1H), 6.78 (s, 2H), 6.37 (s, 1H), 4.24 (s, 1H), 

2.36 (s, 3H), 2.24 (s, 3H), 2.15 (s, 3H), 1.89 (s, 3H), 1.34 (s, 2H), 1.25 (s, 18H), -0.00 (s, 9H). 13C NMR 

(151 MHz, CDCl3) δ 150.56, 150.29, 142.36, 142.01, 139.46, 138.80, 138.53, 134.22, 130.27, 128.44, 

126.45, 124.49, 119.79, 42.20, 34.98, 31.68, 31.65, 22.81, 20.37, 20.12, 16.56, 16.30, 16.17, 16.14, 14.27, 

-1.07. 

General Procedure D: Catalyst Complexation 

In a nitrogen filled glovebox, indene ligand (2.2 equiv.), KOtBu (3.0 equiv.) and [Rh(COD)Cl]2 (1.0 equiv.) 

were weighed out into a 15 mL vial equipped with a stir bar. The vial was sealed with a Teflon septum 

screw capped and brought out of the box. Outside the glovebox, anhydrous THF (0.3-0.5M) was added, 

and the reaction was stirred overnight under a N2 balloon at room temperature. The reaction was filtered 

through a celite pipette plug flushing with hexanes and the filtrate concentrated under reduced pressure. 

The resulting crude product was columned via silica gel column chromatography using deacidified silica 

gel (1% Et3N in hexanes, flushing with 100% hexanes before loading and eluting the yellow product band 

with 100% hexanes) to provide the Rh(I)Indenyl complex. Separation of the planar chiral enantiomers was 

conducted via chiral semipreparative HPLC.  
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 (±)-1,5-cyclooctadiene(η5-2-methyl-3-phenylinden-1H-yl)rhodium(I)(±-2.54). Prepared according to 

General Procedure D  using 2-methyl-3-phenyl-1H-indene4 (120 mg, 0.58 mmol, 2.2 equiv.), KOtBu (97 

mg, 0.86 mmol, 3.2 equiv.), and [Rh(COD)Cl]2 (128 mg, 0.26 mmol, 1.0 equiv.). (±-2.54) (0.2069 g, 96% 

yield) yellow oil. Spectroscopic data for (±)-2.54 matches those previously reported in the literature.4 

Chiral Resolution: Analytical HPLC: (OD-H column 0% 2-propanol in hexanes, 1.0 mL/min) ((S)-S8): 

t1 = 14.3 min, ((R)-S8): t2 = 21.1 min, Semi-prep HPLC: 20 x 250 mm Chiracel OD-H column, 0% 2-

Propanol in Hexanes, 20 mL/min 900 μL injections of 22 mg/mL solutions were made to resolve the 

complex.   

(±)-1,5-cyclooctadiene(η5-2-methyl-3-(4-(trifluoromethyl)phenyl)inden-1H-yl)rhodium(I) (±-S5). Prepared 

according to General Procedure D using S1 (175 mg, 0.64 mmol, 2.1 equiv.), KOtBu (85 mg, 0.76 mmol, 

2.5 equiv.), and [Rh(COD)Cl]2 (150 mg, 0.30 mmol, 1.0 equiv.). (±-S5) (0.0852 g, 75% yield). 1H NMR 

(600 MHz, C6D6) δ 7.45 (d, J = 8.2 Hz, 2H), 7.27 (d, J = 7.8 Hz, 2H), 7.19 (ddt, J = 9.2, 8.2, 1.1 Hz, 2H), 

7.11 – 7.05 (m, 2H), 4.62 (s, 1H), 3.82 (qd, J = 4.8, 2.2 Hz, 2H), 3.62 (ddd, J = 8.0, 5.6, 2.5 Hz, 2H), 2.23 

(d, J = 1.3 Hz, 3H), 1.87 – 1.77 (m, 4H), 1.71 – 1.60 (m, 4H). 13C NMR (151 MHz, C6D6) δ 139.67, 129.68, 

125.73 (q, J = 3.8 Hz), 124.32 (q, J = 271.6 Hz), 123.57, 122.78, 119.77, 117.37, 112.81 (d, JC–Rh = 2.1 

Hz), 112.49 (d, JC–Rh = 2.8 Hz), 108.08 (d, JC–Rh = 5.0 Hz), 94.09 (d, JC–Rh = 3.8 Hz), 77.50 (d, JC–Rh = 4.8 

Hz), 72.51 (d, JC–Rh = 13.7 Hz), 69.67 (d, JC–Rh = 13.7 Hz), 31.78, 31.64, 14.69. 19F NMR (564 MHz, C6D6) 

δ -61.98. HRMS (+APCI) calculated for C₂₅H₂₄F₃Rh [M]+ 484.08797, found 484.0894. Prepared by Dr. 

David Laws III 
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Chiral Resolution: Analytical HPLC (Chiracel AD-H column 100% Hexanes, 1.0 mL/min) ((S)-S5): t1 = 

4.6 min, ((R)-S5): t2 = 7.1 min, Semi-prep HPLC (20 x 250 mm Chiracel OD-H column, 100% Hexanes, 

10 mL/min 250 μL injections of 20 mg/mL solutions were made to resolve the complex.   

(±)-1,5-cyclooctadiene(η5-3-(4-methoxyphenyl)-2-methylinden-1H-yl)rhodium(I)(±-S6): Prepared 

according to General Procedure D using S2 (53 mg, 0.23 mmol, 2.2 equiv.), KOtBu (39 mg, 0.35 mmol, 

3.4 equiv.), and [Rh(COD)Cl]2 (59 mg, 0.12 mmol, 1.0 equiv.). (±-S6) (0.0731 g, 80% yield). 1H NMR 

(600 MHz, C6D6) δ 7.43 – 7.39 (m, 1H), 7.38 (d, J = 8.2 Hz, 2H), 7.25 – 7.21 (m, 1H), 7.13 – 7.08 (m, 2H), 

6.88 (d, J = 8.2 Hz, 2H), 4.68 (s, 1H), 3.94 (td, J = 7.5, 3.4 Hz, 2H), 3.77 (tt, J = 7.6, 3.1 Hz, 2H), 3.37 (s, 

3H), 2.38 (s, 3H), 1.96 – 1.83 (m, 4H), 1.78 – 1.65 (m, 4H). 13C NMR (151 MHz, C6D6) δ 158.78, 130.77, 

127.43, 123.15, 122.41, 119.66, 117.96, 114.42, 112.97 (d, JC–Rh = 2.3 Hz), 112.07 (d, JC–Rh = 2.7 Hz), 

107.69 (d, JC–Rh = 5.0 Hz), 96.06 (d, JC–Rh = 3.7 Hz), 76.77 (d, JC–Rh = 4.9 Hz), 72.03 (d, JC–Rh = 13.7 Hz), 

69.12 (d, JC–Rh = 13.8 Hz), 54.86, 31.91, 31.78, 14.82. HRMS (+APCI) calculated for C₂₅H₂₇ORh [M]+ 

446.11115, found 446.1111. Prepared by Dr. David Laws III 

Chiral Resolution: Analytical HPLC: Chiracel OD-H column 100% Hexanes, 1.0 mL/min ((S)-S6): t1 = 

34.2 min, ((R)-S6): t2 = 50.9 min, Semi-prep HPLC: 20 x 250 mm Chiracel OD-H column, 100% Hexanes, 

20 mL/min 900 μL injections of 20 mg/mL solutions were made to resolve the complex   

(±)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl-2-methylinden-1H-yl)rhodium(I)(±-S7). Prepared 

according to General Procedure D using S3 (67 mg, 0.25 mmol, 2.2 equiv.), KOtBu (41mg, 0.37 mmol, 
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3.2 equiv.), and [Rh(COD)Cl]2 (68 mg, 0.14 mmol, 1.0 equiv.). (±-S7) (0.0852 g, 78% yield). 1H NMR 

(600 MHz, C6D6) δ 7.47 – 7.45 (m, 2H), 7.45 – 7.41 (m, 1H), 7.41 – 7.37 (m, 2H), 7.24 – 7.20 (m, 1H), 

7.12 – 7.06 (m, 2H), 4.67 (s, 1H), 3.94 (dp, J = 7.2, 3.0 Hz, 2H), 3.77 (ddt, J = 7.8, 6.2, 1.9 Hz, 2H), 2.40 

(d, J = 1.4 Hz, 3H), 1.92 – 1.82 (m, 4H), 1.75 – 1.63 (m, 4H), 1.29 (s, 9H). 13C NMR (151 MHz, C6D6) δ 

149.19, 132.57, 129.47, 125.77, 123.18, 122.43, 119.68, 113.04 (d, JC–Rh =  2.3 Hz), 112.18 (d, JC–Rh = 2.7 

Hz), 107.81 (d, JC–Rh = 5.0 Hz), 96.04 (d, JC–Rh = 3.8 Hz), 76.95 (d, JC–Rh = 4.9 Hz), 72.09 (d, JC–Rh = 13.8 

Hz), 69.19 (d, JC–Rh = 13.6 Hz), 34.62, 31.81 (d, JC–Rh = 2.2 Hz), 31.50, 14.91. HRMS (+APCI) calculated 

for C₂₈H₃₃Rh [M]+ 472.16318, found 472.16426. Prepared by Dr. David Laws III 

Chiral Resolution: Analytical HPLC: Chiracel OD-H column 100% Hexanes, 0.5 mL/min ((S)-S7): t1 = 

13.0 min, ((R)-S7): t2 = 16.7 min, Semi-prep HPLC: 20 x 250 mm Chiracel OD-H column, 100% Hexanes, 

20 mL/min 900 μL injections of 20 mg/mL solutions were made to resolve the complex.   

(±)-1,5-cyclooctadiene(η5-2,4,5,6,7-pentamethyl-3-phenylinden-1H-yl)rhodium(I)(±-S8). Prepared 

according to General Procedure D using 2.88 (115 mg, 0.44 mmol, 2.2 equiv.), KOtBu (67 mg, 0.60 mmol, 

3.0 equiv.), and [Rh(COD)Cl]2 (118 mg, 0.24 mmol, 1.0 equiv.). (±-S8) (0.109 g, 58% yield). 1H NMR 

(600 MHz, C6D6) δ 7.77 (d, J = 7.7 Hz, 1H), 7.36 – 7.30 (m, 1H), 7.27 – 7.21 (m, 1H), 4.83 (s, 1H), 4.10 

(tt, J = 7.8, 3.1 Hz, 2H), 3.88 (tt, J = 7.9, 2.9 Hz, 2H), 2.29 (s, 3H), 2.18 (s, 3H), 2.13 (d, J = 1.2 Hz, 3H), 

2.12 (s, 3H), 1.99 (s, 3H), 1.99 – 1.88 (m, 4H), 1.84 – 1.73 (m, 4H). 13C NMR (151 MHz, C6D6) δ 137.80, 

132.56, 131.04, 130.39, 126.78, 123.60, 122.87, 111.43 (d, JC–Rh = 2.7 Hz), 109.15 (d, JC–Rh = 2.4 Hz), 

107.78 (d, JC–Rh = 4.9 Hz), 99.37 (d, JC–Rh = 4.2 Hz), 75.64 (d, JC–Rh = 4.8 Hz), 69.25 (d, JC–Rh = 13.8 Hz), 

68.95 (d, JC–Rh = 13.9 Hz), 32.56, 31.98, 18.14, 16.56, 16.51, 16.24, 13.84. HRMS (+APCI) calculated for 

C₂₈H₃₃Rh [M]+ 472.16318, found 472.16342. 
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Chiral Resolution: Analytical HPLC (Chiracel OD-H column 100% Hexanes, 1.0 mL/min) ((R)-S8): t1 

= 4.5 min, ((S)-S8): t2 = 5.7 min, Semi-prep HPLC (20 x 250 mm Chiracel OD-H column, 100% Hexanes, 

20 mL/min 250 μL injections of 20 mg/mL solutions were made to resolve the complex. 

(±)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl)-2,4,5,6,7-pentamethylinden-1H-yl)rhodium(I) 

(±-2.101). Prepared according to General Procedure D using 2.89 (115 mg, 0.44 mmol, 2.2 equiv.), KOtBu 

(64 mg, 0.60 mmol, 3.0 equiv.), and [Rh(COD)Cl2] (118 mg, 0.24 mmol, 1.0 equiv.). (±-2.101) (0.108 g, 

58% yield). 1H NMR (600 MHz, CDCl3) δ 7.75 (dd, J = 8.0, 1.9 Hz, 1H), 7.45 (dd, J = 8.0, 2.1 Hz, 1H), 

7.29 (qd, J = 8.1, 2.0 Hz, 2H), 4.85 (s, 1H), 4.14 (td, J = 7.5, 3.7 Hz, 2H), 3.92 (ddd, J = 10.6, 7.7, 2.9 Hz, 

2H), 2.30 (s, 3H), 2.19 (s, 3H), 2.17 (d, J = 1.2 Hz, 3H), 2.12 (s, 3H), 2.04 (s, 3H), 2.03 – 1.99 (m, 2H), 

1.99 – 1.91 (m, 2H), 1.86 – 1.76 (m, 4H), 1.29 (s, 9H). 13C NMR (151 MHz, CDCl3) δ 149.39, 134.78, 

132.32, 130.82, 130.32, 125.00, 124.91, 123.74, 122.84, 111.41 (d, JC–Rh = 2.6 Hz), 109.26 (d, JC–Rh = 2.6 

Hz), 107.77 (d, JC–Rh = 4.6 Hz), 99.21 (d, JC–Rh = 4.3 Hz), 75.63 (d, JC–Rh = 4.9 Hz), 69.12 (d, JC–Rh = 13.8 

Hz), 68.98 (d, JC–Rh = 13.8 Hz), 34.61, 32.58, 32.06, 31.57, 18.20, 16.56, 16.52, 16.25, 14.02. HRMS 

(+APCI) calculated for C₃₂H₄₂Rh [M+H]+ 529.23361, found 529.2339. 

The planar chiral enantiomers of (±-2.101) were not found to separate sufficiently on chiral HPLC to allow 

for the clean chiral resolution of this complex. 
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 (±)-1,5-cyclooctadiene(η5-3-(3,5-di-tert-butylphenyl)-2,4,5,6,7-pentamethyl-1H-inden-1-yl)rhodium(I): 

(2.102) Canary Yellow residue (0.0275g, 46% yield). 1H NMR (600 MHz, C6D6) δ 7.83 (t, J = 1.7 Hz, 1H), 

7.54 (t, J = 1.9 Hz, 1H), 7.36 (t, J = 1.7 Hz, 1H), 4.86 (s, 1H), 4.18 (td, J = 7.7, 3.8 Hz, 2H), 3.92 (td, J = 

7.6, 3.7 Hz, 2H), 2.33 (s, 3H), 2.22 (s, 3H), 2.20 (s, 3H), 2.12 (s, 3H), 2.10 (s, 3H), 2.10 – 1.93 (m, 4H), 

1.90 – 1.78 (m, 4H), 1.49 (s, 9H), 1.30 (s, 9H).  13C NMR (151 MHz, C6D6) δ 150.11, 149.90, 136.52, 

130.59, 126.90, 126.71, 123.58, 123.07, 120.28, 111.23 (d, JC–Rh = 2.7 Hz), 109.18 (d, JC–Rh = 2.4 Hz), 

107.68 (d, JC–Rh = 4.8 Hz), 101.14 (d, JC–Rh = 4.2 Hz), 75.48 (d, JC–Rh = 4.8 Hz), 69.55 (d, JC–Rh = 13.8 Hz), 

69.18 (d, JC–Rh = 13.8 Hz), 35.24, 34.94, 32.52, 32.30, 31.84, 31.69, 18.19, 16.61, 16.50, 16.26, 14.06. 

HRMS (+APCI) calculated for C₃₆H₅₀¹⁰³Rh [M+H]+ 585.29621, found 585.29673. 

  

(±)-1,5-cyclooctadiene(η5-3-benzyl-2,4,5,6,7-pentamethyl-1H-inden-1-yl)rhodium(I) (2.103): Yellow 

Residue (0.0313 g, 79% yield). 1H NMR (600 MHz, C6D6) δ 7.11 – 7.00 (m, 5H), 5.04 (s, 1H), 4.15 (td, J 

= 7.3, 6.8, 3.3 Hz, 2H), 3.95 (d, J = 17.3 Hz, 1H), 3.77 (d, J = 17.3 Hz, 1H), 3.73 (dt, J = 7.7, 4.0 Hz, 2H), 

2.28 (s, 3H), 2.21 (s, 3H), 2.17 (d, J = 1.4 Hz, 3H), 2.11 (s, 3H), 2.02 (s, 3H), 1.99 – 1.84 (m, 7H), 1.78 (dq, 

J = 11.3, 6.7, 5.2 Hz, 2H).  13C NMR (151 MHz, C6D6) δ 141.38, 129.36, 128.96, 128.83, 128.81, 128.44, 

126.19, 123.77, 122.22, 111.71 (d, JC–Rh = 2.6 Hz), 110.36 (d, JC–Rh = 2.2 Hz), 107.75 (d, JC–Rh = 5.3 Hz), 

89.47 (d, JC–Rh = 4.5 Hz), 77.03 (d, JC–Rh = 4.5 Hz), 70.42 (d, JC–Rh = 13.8 Hz), 67.08 (d, JC–Rh = 13.7 Hz), 
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32.73, 32.62, 31.78, 16.68, 16.49, 16.18, 16.09, 13.44.HRMS (+APCI) calculated for C₂₉H₃₆¹⁰³Rh [M+H]+ 

487.18666, found 487.18754.  

 

 (±)-1,5-cyclooctadiene(η5-2,3,4,5,6,7-hexamethyl-1H-inden-1-yl)rhodium(I)(2.104) 

Could not be separated from reaction impurities, too impure to properly assign all NMR signals. 

 

(±)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl)-4,5,6,7-tetramethyl-2-((trimethylsilyl)methyl)-1H-

inden-1-yl)rhodium(I) (2.105): Yellow-orange residue. (0.0026 g, 5%)  1H NMR (600 MHz, C6D6) δ 7.96 

(d, J = 8.1 Hz, 1H), 7.43 (d, J = 8.1 Hz, 1H), 7.30 (t, J = 12.1 Hz, 2H), 4.88 (s, 1H), 4.23 – 4.15 (m, 2H), 

3.75 (dt, J = 7.8, 4.2 Hz, 2H), 2.35 (s, 3H), 2.20 (s, 3H), 2.15 (s, 3H), 2.00 (s, 3H), 2.00 – 1.78 (m, 10H), 

1.28 (s, 9H), -0.20 (s, 9H). 13C NMR (151 MHz, C6D6) δ 149.44, 134.33, 133.17, 130.74, 130.30, 127.42, 

124.88, 124.75, 123.41, 122.84, 111.66 (d, JC–Rh = 4.2 Hz), 111.24 (d, JC–Rh = 2.7 Hz), 107.81 (d, JC–Rh = 

2.5 Hz), 98.80 (d, JC–Rh = 4.1 Hz), 74.10 (d, JC–Rh = 5.0 Hz), 70.49 (d, JC–Rh = 14.0 Hz), 68.65 (d, JC–Rh = 

13.8 Hz), 34.61, 32.53, 32.33, 31.54, 18.70, 17.89, 16.55, 16.43, 16.21, -1.16.  HRMS (+APCI) calculated 

for C₃₅H₅₀¹⁰³Rh²⁸Si [M+H]+ 601.27313, found 601.27314.  
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 (±)-1,5-cyclooctadiene(η5-3-(3,5-di-tert-butylphenyl)-4,5,6,7-tetramethyl-2-((trimethylsilyl)methyl)-1H-

inden-1-yl)rhodium(I) (2.106): Could not be separated from reaction impurities, too impure to properly 

assign all NMR signals. 

General Procedure E: Precatalysts Synthesis 

With no precautions against air or moisture exposure, I2 crystals (2.5 euqiv.) were added to an 8 dram vial 

equipped with a stir bar and containing a solution of resolved (S,S)-IndXRh(I)(COD) complex (1.0 equiv.) 

in Et2O (0.03M). The vial was capped to prevent solvent evaporation and the black solution was stirred for 

24 hours. The reaction was filtered through a Buchner funnel washing with excess Et2O until the filtrate 

was clear. The fine black powder was carefully collected from the filter paper to give the 

(S,S)-[IndXRh(III)I2]2 precatalyst which was stored in a nitrogen filled glovebox.  

(R,R)-[IndXRh(III)I2]2 precatalysts and (±)-[IndXRh(III)I2]2 precatalysts were synthesized in the same 

manner.  
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(S,S)-(η5-2-methyl-3-phenylinden-1H-yl) rhodium(III) diiodide dimer ((S,S)-2.55): Prepared according to 

General Procedure E using (S)-2.54 (97 mg, 0.23 mmol, 1.0 equiv.) and I2 (148 mg, 0.58 mmol, 2.5 

equiv.). (S,S)-2.55 (120 mg, 93% yield) Fine black powder. Spectroscopic data for (S,S)-2.55 matches those 

previously reported in the literature4.  

(S,S)-(η5-2-methyl-3-(4-(trifluoromethyl)phenyl)inden-1H-yl) rhodium(III) diiodide dimer ((S,S)-2.70): 

Prepared according to General Procedure E using (S)-XX (49 mg, 0.10 mmol, 1.0 equiv.) and I2 (64 mg, 

0.25 mmol, 2.5 equiv.). (S,S)-2.70 (37 mg, 58% yield) Fine black powder. 1H NMR (600 MHz, DMSO-

d6) δ 8.06 (d, J = 8.0 Hz, 4H), 7.88 (d, J = 8.0 Hz, 4H), 7.71 (d, J = 8.5 Hz, 2H), 7.63 (t, J = 7.5 Hz, 2H), 

7.59 (t, J = 7.6 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 6.54 (s, 2H), 2.27 (s, 6H). 13C NMR (151 MHz, DMSO-

d6) δ 134.06, 133.73, 132.67, 129.01 (q, J = 31.9 Hz), 127.62, 125.39, 125.31 (q, J = 4.0 Hz), 124.18 (q, J 

= 272.1 Hz), 112.10 (d, JC–Rh = 5.4 Hz), 107.09 (d, JC–Rh = 3.7 Hz), 104.34 (d, JC–Rh = 4.1 Hz), 92.91 (d, JC–

Rh = 5.6 Hz), 78.28 (d, JC–Rh = 6.7 Hz), 13.46. 19F NMR (565 MHz, DMSO-d6) δ -61.09. HRMS (+APCI) 

calculated for C₁₇H₁₂F₃¹²⁷I₃¹⁰³Rh [M-C₁₇H₁₂IRh]- 756.70857, found 756.70865 Prepared by Dr. David Laws 

III 
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(S,S)-(η5-3-(4-methoxyphenyl)-2-methylinden-1H-yl) rhodium(III) diiodide dimer ((S,S)-2.71): Prepared 

according to General Procedure E using (S)-XX (52 mg, 0.12 mmol, 1.0 equiv.) and I2 (74 mg, 0.29 mmol, 

2.5 equiv.). (S,S)-2.71 (51 mg, 71% yield) Fine black powder. 1H NMR (600 MHz, DMSO-d6) δ 7.80 (d, 

J = 8.7 Hz, 4H), 7.70 – 7.65 (m, 2H), 7.58 (tt, J = 6.7, 5.2 Hz, 4H), 7.47 – 7.41 (m, 2H), 7.06 (d, J = 8.7 

Hz, 4H), 6.43 (s, 2H), 3.83 (s, 6H), 2.23 (s, 6H). 13C NMR (151 MHz, DMSO-d6) δ 159.64, 133.48, 132.35, 

132.21, 127.83, 125.55, 120.95, 113.98, 110.83 (d, JC–Rh = 5.4 Hz), 107.29 (d, JC–Rh = 3.9 Hz), 103.45 (d, 

JC–Rh = 4.7 Hz), 95.23 (d, JC–Rh = 5.6 Hz), 77.58 (d, JC–Rh = 7.2 Hz), 55.23, 13.58. HRMS (+APCI) calculated 

for C₁₇H₁₄OI₂Rh [M-C₁₇H₁₆OI₂Rh]- 590.81725, found 590.81689 Prepared by Dr. David Laws III 

(S,S)-( η5-3-(4-(tert-butyl)phenyl-2-methylinden-1H-yl) rhodium(III) diiodide dimer ((S,S)-2.72): Prepared 

according to General Procedure E using (S)-S11 (43 mg, 0.90 mmol, 1.0 equiv.) and I2 (57 mg, 0.23 

mmol, 2.5 equiv.). (S,S)-2.72 (39 mg, 72% yield) Fine black powder. 1H NMR (600 MHz, DMSO-d6) δ 

7.79 (d, J = 8.3 Hz, 4H), 7.68 (dd, J = 8.4, 1.2 Hz, 2H), 7.62 – 7.58 (m, 2H), 7.58 – 7.55 (m, 2H), 7.51 (d, 

J = 8.0 Hz, 4H), 7.45 (d, J = 8.5 Hz, 2H), 6.44 (s, 2H), 2.25 (s, 6H), 1.34 (s, 18H). 13C NMR (151 MHz, 

DMSO-d6) δ 151.29, 133.48, 130.55, 127.75, 125.67, 125.28, 111.32 (d, JC–Rh = 5.7 Hz), 107.36 (d, JC–Rh = 

3.8 Hz), 103.62 (d, JC–Rh = 4.5 Hz), 94.93 (d, JC–Rh = 5.9 Hz), 77.63 (d, JC–Rh = 7.0 Hz), 34.59, 31.03, 13.74. 

HRMS (+APCI) calculated for C₂₀H₂₁IRh [M- C₂₀H₂₁I₃Rh]+ 490.97375, found 490.9738 Prepared by Dr. 

David Laws III 
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(S,S)-(η5-2,4,5,6,7-pentamethyl-3-phenylinden-1H-yl) rhodium(III) diiodide dimer ((S,S)-2.69): Prepared 

according to General Procedure E using (S)-XX (32 mg, 0.069 mmol, 1.0 equiv.) and I2 (44 mg, 0.17 

mmol, 2.5 equiv.). (S,S)-2.69 (42 mg, 98% yield) Fine black powder. 1H NMR (600 MHz, DMSO) δ 8.27 

– 8.22 (m, 2H), 7.48 – 7.41 (m, 4H), 7.40 – 7.35 (m, 2H), 7.29 – 7.24 (m, 2H), 6.44 (s, 2H), 2.46 (s, 6H), 

2.18 (s, 6H), 2.11 (s, 6H), 2.02 (s, 6H), 1.87 (s, 6H). 13C NMR (151 MHz, DMSO) δ 142.65, 141.60, 133.53, 

131.02, 130.69, 129.88, 129.22, 128.47, 128.08, 127.73, 112.53 (d, JC–Rh =  6.0 Hz), 107.15 (d, JC–Rh = 2.9 

Hz), 104.92 (d, JC–Rh = 3.7 Hz), 95.91 (d, JC–Rh = 6.9 Hz), 75.08 (d, JC–Rh = 7.0 Hz), 18.25, 17.77, 17.46, 

17.27, 13.97. HRMS (+APCI) calculated for C₄₀H₄₂I₃Rh₂ [M-I]+ 1108.85251, found 1108.85571 

(η5-3-(4-(tert-butyl)phenyl)-2,4,5,6,7-pentamethylinden-1H-yl) rhodium(III) diiodide dimer (2.80): 

Prepared according to General Procedure E using 2.101 (97 mg, 0.23 mmol, 1.0 equiv.) and I2 (148 mg, 

0.58 mmol, 2.5 equiv.). 2.80 (120 mg, 93% yield) Fine black powder. 1H NMR (600 MHz, DMSO) δ 8.16 

(dd, J = 8.2, 2.1 Hz, 1H), 7.48 (dd, J = 8.2, 2.1 Hz, 1H), 7.39 (dd, J = 8.1, 2.1 Hz, 1H), 7.18 (dd, J = 8.1, 

2.0 Hz, 1H), 6.42 (s, 1H), 2.46 (s, 3H), 2.18 (s, 3H), 2.11 (s, 3H), 2.01 (s, 3H), 1.88 (s, 3H), 1.33 (s, 9H). 

13C NMR (151 MHz, DMSO) δ 150.82, 142.51, 141.62, 133.11, 130.90, 129.52, 129.09, 127.97, 124.84, 

124.45, 112.55 (d, JC–Rh = 5.7 Hz), 107.34 (d, JC–Rh = 2.6 Hz), 104.78 (d, JC–Rh = 3.5 Hz), 96.06 (d, JC–Rh = 

6.7 Hz), 74.83 (d, JC–Rh = 6.9 Hz), 34.47, 31.12, 18.30, 17.72, 17.44, 17.24, 14.02. HRMS (+APCI) 

calculated for C₄₈H₅₈I₃Rh₂ [M-I]+ 1220.97772, found 1220.98175. 
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(±)-(η5-3-(3,5-di-tert-butylphenyl)-2,4,5,6,7-pentamethyl-1H-inden-1-yl)rhodium(III) diiodide dimer 

(2.81): Dirt Brown powder (0.0225 g, 64% yield). 1H NMR (600 MHz, DMSO-d6) δ 8.21 (t, J = 1.7 Hz, 

2H), 7.38 (t, J = 1.8 Hz, 2H), 7.06 (t, J = 1.7 Hz, 2H), 6.39 (s, 2H), 2.46 (s, 6H), 2.18 (s, 6H), 2.11 (s, 6H), 

2.03 (s, 6H), 1.88 (s, 6H), 1.35 (s, 18H), 1.27 (s, 18H). HRMS (+APCI) calculated for C₅₆H₇₄¹²⁷I₃¹⁰³Rh₂ [M-

I]+ 1333.10544, found 1333.10292.   

 

(±)-(η5-3-benzyl-2,4,5,6,7-pentamethyl-1H-inden-1-yl)rhodium(III) diiodide dimer (2.84): Dirt brown 

powder (0.0336 g, 94% yield) 1H NMR (600 MHz, DMSO-d6) δ 7.28 (t, J = 7.6 Hz, 4H), 7.21 (t, J = 7.4 

Hz, 2H), 7.03 (d, J = 7.6 Hz, 4H), 6.45 (s, 2H), 4.49 (d, J = 17.6 Hz, 2H), 3.89 (d, J = 17.6 Hz, 2H), 2.42 

(s, 6H), 2.27 (s, 6H), 2.17 (s, 6H), 2.16 (s, 6H), 2.10 (s, 6H). 13C NMR (151 MHz, DMSO-d6) δ 142.52, 

141.43, 137.70, 130.09, 129.84, 128.90, 127.29, 126.54, 112.66 (d, JC–Rh = 6.3 Hz), 106.89 (d, JC–Rh = 4.3 

Hz), 105.34 (d, JC–Rh = 3.6 Hz), 90.68 (d, JC–Rh = 6.5 Hz), 75.64 (d, JC–Rh = 6.2 Hz), 32.25, 17.85, 17.47, 

16.60, 12.66. HRMS (+APCI) calculated for C₄₂H₄₆¹²⁷I₃¹⁰³Rh₂ [M-I]+ 1136.88381, found 1136.88522  



86 
 

(±)-di-carbonyl-(η5-3-(4-(tert-butyl)phenyl)-2,4,5,6,7-pentamethylinden-1H-yl)rhodium(I) (2.108): In a 10 

mL Schlenk flask under an N2 atmosphere, 2.101 (45.6 mg, 0.086 mmol) was dissolved in a Hexanes (6 

mL). A ballon of CO was attached with a long needed and the solution was sparged. This process was 

repeated an additional two times before a fresh CO ballon was attached and the solution was left to stir 

overnight at room temperature. Once the reaction was complete, the hexanes was evaporated and the crude 

material purified by passing through a neutral alumina column using 100% Pentane to provide 2.108 as 

yellow residue (36.3 mg, 88% yield). 1H NMR (600 MHz, C6D6) δ 7.91 (dd, J = 8.0, 2.1 Hz, 1H), 7.35 (dd, 

J = 8.0, 2.1 Hz, 1H), 7.30 (dd, J = 8.1, 2.2 Hz, 1H), 7.18 (dd, J = 8.1, 2.1 Hz, 1H), 5.33 (s, 1H), 2.16 (s, 

3H), 1.97 (s, 3H), 1.95 (s, 3H), 1.89 (s, 3H), 1.87 (d, J = 2.1 Hz, 3H), 1.25 (s, 9H). 13C NMR (151 MHz, 

C6D6) δ 192.53, 191.97, 150.77, 133.91, 133.19, 132.97, 131.82, 130.77, 125.82, 125.21, 123.88, 122.02, 

115.27 (d, JC–Rh = 2.3 Hz), 115.17 (d, JC–Rh = 6.4 Hz), 115.01 (d, JC–Rh =1.9 Hz), 104.01 (d, JC–Rh = 3.8 Hz), 

72.60 (d, JC–Rh = 3.5 Hz), 34.63, 31.47, 16.91, 16.35, 16.30, 15.49, 14.57. 
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Preparation of Starting Materials  

2.78, S13, S17, S21, S22, S26, and S27 were obtained commercially and used without further purification. 

2.74,5 S9,6 S10,7 S11,8 S12,9 S14,10 S15,11 S16,12 S18,13 S19,14 S20,15 S23,16 S24,17 S25,19 S28,18 S29,19 and 

S3020 were synthesized following reported literature procedures.   
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Synthesis of Nitrogen Sources 

4-nitro-N-(pivaloyloxy)benzenesulfonamide (S31): To a solution of BocNHOPiv (0.55 g, 2.5 mmol, 1.0 

equiv.) and DMPA (0.040 g, 0.33 mmol, 0.13 equiv.) in DCM (10 mL) was added Et3N (0.70 mL, 5.0 

mmol, 2.0 equiv.) followed by the addition of NsCl (0.61 g, 2.8 mmol, 1.1 equiv.) . The solution was left 

to stir at room temperature for 16 hours. To the solution, TFA (2.0 mL, 25.0 mmol, 10.0 equiv.) was slowly 

added and the solution was continued to stir for one hour. The reaction was then diluted with DCM and 

washed with 1M HCl once. The aqueous layer was extracted a further two times with DCM before the 

combined organic layers were dried over MgSO4 and the solvent was removed under reduced pressure. The 

crude product was purified using silica gel column chromatography (10% EtOAc in Hexanes) to obtain S31 

as an off white solid (0.423 g, 55 % yield). 1H NMR (400 MHz, CDCl3) δ 9.08 (s, 1H), 8.42 (d, J = 8.9 Hz, 

2H), 8.15 (d, J = 8.9 Hz, 2H), 1.16 (s, 9H).13C NMR (101 MHz, CDCl3) δ 176.75, 151.21, 141.64, 130.35, 

124.52, 38.47, 26.90. HRMS (+APCI) calculated for C₁₁H₁₃O₆N₂S [M-H]- 301.04998, found 301.0487. 

N-(pivaloyloxy)methanesulfonamide (S32): To a solution of BocNHOPiv (0.55 g, 2.5 mmol, 1.0 equiv.) 

and DMPA (0.030 g, 0.25mmol, 0.10 equiv.) in DCM (10 mL) was added Et3N (0.70 mL, 5.0 mmol, 2.0 

equiv.) followed by the addition of MsCl (0.21 mL, 2.7 mmol, 1.1 equiv.) . The solution was left to stir at 

room temperature for 16 hours. To the solution TFA, (2.0 mL, 25.0 mmol, 10.0 equiv.) was slowly added 

and the solution was continued to stir for one hour. The reaction was then diluted with DCM and washed 

 

 



89 
 

with 1M HCl once. The aqueous layer was extracted a further two times with DCM before the combined 

organic layers were dried over MgSO4 and the solvent was removed under reduced pressure. The crude 

product was purified using silica gel column chromatography (10% EtOAc in Hexanes) to obtain S32 as a 

white solid (0.226 g, 46 % yield). 1H NMR (400 MHz, CDCl3) δ 8.71 (s, 1H), 3.07 (s, 3H), 1.32 (s, 9H).13C 

NMR (101 MHz, CDCl3) δ 177.16, 38.99, 38.56, 26.98. HRMS (+APCI) calculated for C₆H₁₂O₄NS [M-

H]- 194.0493, found 194.0494. 

Synthesis of Alkene Substrates 

hex-5-en-1-yl morpholine-4-carboxylate (S33): To a solution of CDI (0.98 g, 6.0 mmol, 1.2 equiv.) in THF 

(10 mL) was added hex-5-en-1-ol (0.60 mL, 5.0 mmol, 1.0 equiv.) and solution was stirred for two hours 

at room temperature. After which, imidazole (0.45 g, 6.6 mmol, 1.3 equiv.) and morpholine (0.66 mL, 7.6 

mmol, 1.5 equiv.) were added sequentially before letting the reaction stir for 16 hours. The reaction was 

diluted with EtOAc and washed with 1M HCl twice, DI H2O once, and sat. brine once. The organic layer 

was dried over anhydrous Na2SO4, and the solvent removed under reduced pressure to obtain S33 as 

colorless oil that did not require further purification (1.10 g, quant.). 1H NMR (400 MHz, CDCl3) δ 5.79 

(ddt, J = 16.9, 10.3, 6.6 Hz, 1H), 5.01 (dt, J = 17.1, 1.7 Hz, 1H), 4.96 (ddd, J = 10.2, 2.2, 1.1 Hz, 1H), 4.09 

(t, J = 6.6 Hz, 2H), 3.65 (s, 4H), 3.46 (t, J = 4.8 Hz, 4H), 2.08 (q, J = 7.2 Hz, 2H), 1.70 – 1.59 (m, 2H), 1.52 

– 1.38 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 155.60, 138.42, 114.83, 66.63, 65.52, 44.01, 33.34, 28.43, 

25.23. HRMS (+APCI) calculated for C₁₁H₂₀O₃N [M+H]+ 214.14377, found 214.14361 
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1-(hex-5-en-1-yl)indoline-2,3-dione (S34): Indoline-2,3-dione (0.77, 5.2 mmol, 1.0 equiv.) and K2CO3 (2.1 

g, 15.4 mmol, 3.0 equiv.) were added to a flame dried 24mL reaction vial equipped with a stir bar and the 

atmosphere was exchanged with N2 three times. DMF (10 mL) was added to the vial and the reaction stirred 

for 5 minutes before adding 6-bromohex-1-ene (0.84 mL, 6.0 mmol, 1.1 equiv.). The reaction was placed 

in an aluminium heating block and stirred at 70 °C for 16 hours. The reaction was cooled to room 

temperature and diluted with EtOAc before washing with DI H2O four times. The organic layer was dried 

over anhydrous Na2SO4, and the solvent removed under reduced pressure. The crude product was purified 

using silica gel column chromatography (20% EtOAc in Hexanes) to obtain S34 as a colorless oil (1.104 g, 

92 % yield). 1H NMR (400 MHz, CDCl3) δ 7.66 – 7.53 (m, 2H), 7.11 (td, J = 7.5, 0.8 Hz, 1H), 6.89 (dt, J 

= 7.8, 0.8 Hz, 1H), 5.77 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.07 – 4.92 (m, 2H), 3.77 – 3.67 (m, 2H), 2.15 – 

2.08 (m, 2H), 1.79 – 1.65 (m, 2H), 1.55 – 1.40 (m, 2H).13C NMR (101 MHz, CDCl3) δ 183.76, 158.26, 

151.13, 138.45, 138.08, 125.63, 123.77, 117.72, 115.36, 110.26, 40.20, 33.33, 26.74, 26.17. HRMS 

(+APCI) calculated for C₁₄H₁₆O₂N [M+H]+ 230.11756, found 230.11746 

2-bromo-5-(hex-5-en-1-yloxy)pyrazine (S35): Following a modified procedure21, 5-bromopyrazin-2-ol 

(0.88, 5.0 mmol, 1.0 equiv.) and K2CO3 (4.5 g, 33 mmol, 6.5 equiv.) were added to a flame dried 22 mL 

reaction vial equipped with a stir bar and the atmosphere was exchanged with N2 three times. DMF (10 mL) 

was added to the vial and the reaction stirred for 20 minutes before adding 6-bromohex-1-ene (0.80 mL, 

6.0 mmol, 1.5 equiv.). The reaction was placed in an aluminium heating block and stirred at 60 °C for 24 

hours. The reaction was cooled to room temperature and diluted with EtOAc before washing with DI H2O 
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three times and sat. LiCl once. The organic layer was dried over anhydrous Na2SO4 and the solvent removed 

under reduced pressure. The crude product was purified using silica gel column chromatography (5% 

EtOAc in Hexanes) to obtain S35 as a colorless oil (0.64 g, 50 % yield). 1H NMR (400 MHz, CDCl3) δ 

8.16 (d, J = 1.3 Hz, 1H), 7.99 (d, J = 1.4 Hz, 1H), 5.81 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.03 (dq, J = 17.1, 

1.7 Hz, 1H), 4.97 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 4.29 (t, J = 6.6 Hz, 2H), 2.12 (dtd, J = 7.6, 6.3, 1.4 Hz, 

2H), 1.79 (dq, J = 8.1, 6.6 Hz, 2H), 1.54 (p, J = 8.0 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 159.82, 142.94, 

138.44, 135.58, 129.98, 115.05, 67.13, 33.47, 28.26, 25.28. HRMS (+APCI) calculated for C₁₀H₁₄ON₂Br 

[M+H]+ 257.0284, found 257.02895 

2-bromo-3-(hex-5-en-1-yloxy)pyridine (S36): Following a modified procedure21, 2-bromopyridin-3-ol 

(0.89, 5.1 mmol, 1.0 equiv.) and K2CO3 (1.4 g, 10 mmol, 2.0 equiv.) were added to a flame dried 22 mL 

reaction vial equipped with a stir bar and the atmosphere was exchanged with N2 three times. DMF (10 mL) 

was added to the vial and the reaction stirred for 20 minutes before adding 6-bromohex-1-ene (1.0 mL, 7.5 

mmol, 1.5 equiv.). The reaction was placed in an aluminum heating block and stirred at 50 °C for 24 hours. 

The reaction was cooled to room temperature and diluted with EtOAc before washing with DI H2O three 

times and sat. LiCl once. The organic layer was dried over anhydrous Na2SO4 and the solvent removed 

under reduced pressure. The crude product was purified using silica gel column chromatography (10% 

EtOAc in Hexanes) to obtain S36 as a colorless oil (1.19 g, 91 % yield). 1H NMR (400 MHz, CDCl3) δ 

7.96 (dd, J = 4.6, 1.6 Hz, 1H), 7.19 (dd, J = 8.1, 4.6 Hz, 1H), 7.11 (dd, J = 8.1, 1.6 Hz, 1H), 5.83 (ddt, J = 

16.9, 10.2, 6.6 Hz, 1H), 5.05 (dq, J = 17.1, 1.7 Hz, 1H), 4.98 (ddt, J = 10.2, 2.2, 1.3 Hz, 1H), 4.04 (t, J = 

6.3 Hz, 2H), 2.15 (qt, J = 6.6, 1.4 Hz, 2H), 1.87 (dq, J = 8.4, 6.4 Hz, 2H), 1.62 (dq, J = 10.1, 7.5 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 152.61, 141.21, 138.46, 133.31, 123.46, 119.61, 115.08, 69.26, 33.41, 

28.44, 25.31. HRMS (+APCI) calculated for C₁₁H₁₅ONBr [M+H]+ 256.03315, found 256.03311 
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hex-5-en-1-yl (tert-butoxycarbonyl)-L-phenylalaninate (S37): In a 24 mL reaction vial equipped with a stir 

bar under an N2 atmosphere, hex-5-en-1-ol (0.42 mL, 3.5 mmol, 1.0 equiv.) was added to a solution of (tert-

butoxycarbonyl)-L-phenylalanine (1.0 g, 3.8 mmol, 1.1 equiv.) and DMAP (0.06 g, 0.5 mmol, 0.14 equiv.) 

in CH2Cl2 (15 mL). After stirring for five minutes EDCI (0.81 g, 4.3 mmol, 1.2 equiv.) was added and the 

reaction stirred at room temperature for five hours until complete consumption of the starting material was 

observed via TLC. The reaction was diluted with EtOAc and washed with 1M HCl, sat. NaHCO3, and brine. 

The organic layer was dried over anhydrous Na2SO4 and the solvent removed under reduced pressure to 

give S37 as colorless oil that did not require further purification. (1.21 g, 99% yield.). 1H NMR (400 MHz, 

CDCl3) δ 7.33 – 7.20 (m, 3H), 7.13 (d, J = 6.6 Hz, 2H), 5.77 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.09 – 4.88 

(m, 3H), 4.57 (q, J = 6.1 Hz, 1H), 4.09 (td, J = 6.7, 2.5 Hz, 2H), 3.08 (t, J = 6.0 Hz, 2H), 2.05 (q, J = 7.3 

Hz, 2H), 1.69 – 1.52 (m, 2H), 1.45 – 1.34 (m, 11H). 13C NMR (101 MHz, CDCl3) δ 172.11, 155.20, 138.33, 

136.21, 129.46, 128.64, 127.12, 115.07, 79.99, 65.40, 54.60, 38.60, 33.35, 28.44, 28.01, 25.18. HRMS 

(+APCI) calculated for C₂₀H₃₀O₄N [M+H]+ 348.21693, found 348.21711. [α]D
22 +28.2° (c = 7.3, CHCl3) 
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Synthetic sequence for (S)-(((3-methylhept-6-en-1-yl)oxy)methyl)benzene (S41): 

(S)-(((3,7-dimethyloct-6-en-1-yl)oxy)methyl)benzene (S38)22:  

To a 250 mL round bottom flask equipped with a stir bar NaH (60% wt, 1.8 g, 45 mmol, 1.8 equiv.) 

was added and the atmosphere exchanged with N2 3x followed by the addition of THF (100 mL). The 

reaction was placed in an ice bath and (S)-citronellol (4.6 mL, 25 mmol, 1.0 equiv.) was slowly added. The 

reaction was stirred in the ice bath for one hour after which BnBr (3.6 mL, 30 mmol, 1.2 equiv.) and TBAI 

(92 mg, 0.25mmol, 0.01 euqiv.) were added. The reaction was warmed to room temperature and stirred 

overnight. After which, the reaction was again placed in an ice bath and quenched with sat. NH4Cl. The 

reaction was extracted with EtOAc and washed with DI H2O and sat. brine. The combined organic layers 

were dried over anhydrous Na2SO4 and solvent removed under reduced pressure to obtain S38 which was 

used crude in the next reaction.  

3-((S)-5-(benzyloxy)-3-methylpentyl)-2,2-dimethyloxirane (S39)23: 

 A 100 mL round bottom flask equipped with a stir bar and containing solution of S38 (4.25 g, 17.3 

mmol, 1.0 equiv.)  in CH2Cl2 (60 mL) was placed in an ice bath. Once cooled, mCPBA (77 wt%, 4.34 g, 

19 mmol, 1.1 equiv.) was added and the reaction left to stir at room temperature overnight. The reaction 

was diluted with CH2Cl2 and washed with sat. NaHCO3. The organic layer was dried over Na2SO4 and the 

solvent removed to yield S39 which was used crude in the next reaction. 
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(S)-6-(benzyloxy)-4-methylhexanal (S40)23: 

 To solution of S39 (3.94 g, 15.0 mmol, 1.0 equiv.) in acetone (40 mL) in a 250mL round bottom 

flask equipped with a stir bar was sequentially added NaIO4 (3.8 g, 18 mmol, 1.2 equiv.), DI H2O (40 mL), 

and PTSA (0.328 g, 1.5 mmol, 0.1 equiv.). The reaction mixture was left to stir open to air at room 

temperature overnight. After which the reaction was filtered to remove the white solid that had formed 

washing with hexanes. The filtrate was washed with DI H2O and the organic layer was dried over anhydrous 

Na2SO4. The solvent removed to obtain S40 which was used without further purification. 

(S)-(((3-methylhept-6-en-1-yl)oxy)methyl)benzene (S41)23: 

 A 250 mL round bottom flask equipped with a stir bar and containing a solution of MePPh3Br (6.44 

g, 18 mmol, 1.2 equiv.) in THF (80 mL) was placed in an ice bath. Once cooled, added KOtBu (1.93 g, 17 

mmol, 1.1 equiv.) and the yellow suspension was stirred in the ice bath for two hours. After which, a 

solution of S40 (3.31 g, 15.0 mmol, 1.0 equiv.) in THF (20 mL) was added slowly and continued ot be 

stirred in the ice bath. After an additional two hours the reaction was filtered and the filtrate concentrated 

under recued pressure. The crude product was purified by silica gel column chromatography (0-5% EtOAc 

in hexanes) to yield S41 as a colorless oil (1.75g, 32% yield over 4 steps). 1H NMR (400 MHz, CDCl3) δ 

7.38 – 7.26 (m, 5H), 5.81 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.00 (dq, J = 17.1, 1.7 Hz, 1H), 4.93 (ddt, J = 

10.2, 2.3, 1.2 Hz, 1H), 4.51 (s, 2H), 3.51 (ddd, J = 9.3, 6.8, 3.0 Hz, 2H), 2.16 – 1.97 (m, 2H), 1.76 – 1.54 

(m, 2H), 1.52 – 1.34 (m, 2H), 1.23 (dddd, J = 13.4, 9.7, 7.8, 5.8 Hz, 1H), 0.90 (d, J = 6.5 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 139.34, 138.82, 128.49, 127.75, 127.62, 114.27, 73.05, 68.78, 36.82, 36.41, 

31.40, 29.59, 19.63. HRMS (+APCI) calculated for C₁₅H₂₃O [M+H]+ 219.17434, found 219.17457. [α]D
22 

-1.5° (c = 2.1, CHCl3) 
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Synthetic sequence for (S)-(((3-methylhex-5-en-1-yl)oxy)methyl)benzene (S47):  

(S)-(((3,7-dimethyloct-6-en-1-yl)oxy)methyl)benzene (S42)22:  

To a 250 mL round bottom flask equipped with a stir bar NaH (60% wt, 2.1 g, 53 mmol, 2.1 equiv.) 

was added and the atmosphere exchanged with N2 3x followed by the addition of THF (100 mL). The 

reaction was placed in an ice bath and (S)-citronellol (4.6 mL, 25 mmol, 1.0 equiv.) was slowly added. The 

reaction was stirred in the ice bath for one hour after which BnBr (3.4 mL, 29 mmol, 1.1 equiv.) and TBAI 

(105 mg, 0.28 mmol, 0.01 euqiv.) were added. The reaction was warmed to room temperature and stirred 

overnight. After which, the reaction was again placed in an ice bath and quenched with sat. NH4Cl. The 

reaction was extracted with EtOAc and washed with DI H2O and sat. brine. The combined organic layers 

were dried over anhydrous Na2SO4 and solvent removed under reduced pressure to obtain S42 which was 

used crude in the next reaction.  

3-((S)-5-(benzyloxy)-3-methylpentyl)-2,2-dimethyloxirane (S43)23: 

 A 100 mL round bottom flask equipped with a stir bar and containing solution of S42 (4.89 g, 19.8 

mmol, 1.0 equiv.)  in CH2Cl2 (60 mL) was placed in an ice bath. Once cooled, mCPBA (77 wt%, 4.96 g, 

22 mmol, 1.1 equiv.) was added and the reaction left to stir at room temperature overnight. The reaction 

was diluted with CH2Cl2 and washed with sat. NaHCO3. The organic layer was dried over Na2SO4 and the 

solvent removed to yield S43which was used crude in the next reaction.  
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(S)-6-(benzyloxy)-4-methylhexanal (S44)23: 

 To solution of S43 (5.21 g, 19.8 mmol, 1.0 equiv.) in acetone (60 mL) in a 250mL round bottom 

flask equipped with a stir bar was sequentially added NaIO4 (5.1 g, 23 mmol, 1.2 equiv.), DI H2O (60 mL), 

and PTSA (0.38 g, 2.0 mmol, 0.1 equiv.). The reaction mixture was left to stir open to air at room 

temperature overnight. After which the reaction was filtered to remove the white solid that had formed 

washing with hexanes. The filtrate was washed with DI H2O and the organic layer was dried over anhydrous 

Na2SO4. The solvent removed to obtain S44 which was used without further purification.  

(S)-6-(benzyloxy)-4-methylhexan-1-ol (S45)24: 

 A 250 mL round bottom flask equipped with a stir bar and containing a solution of S44 (4.37 g, 

19.8 mmol, 1.0 equiv.) in MeOH (100 mL) was placed in an ice bath. Once cooled, NaBH4 (1.87 g, 49 

mmol, 2.5 equiv.) was slowly added, and the reaction was left to stir in the ice bath for one hour. The solvent 

was removed under reduced pressure and the remaining residue redissolved in EtOAc before being 

sequentially washed with DI H2O and sat. brine. The organic layer was dried over anhydrous Na2SO4 and 

the solvent removed under reduced pressure to yield S45 which was sufficiently clean to use in the next 

step without further purification.  

(S)-(((6-iodo-3-methylhexyl)oxy)methyl)benzene (S46)24:  

To 100 mL three neck round bottom flask equipped with a stir bar imidazole (1.84 g, 27 mmol, 2.0 

equiv.) and PPh3 (4.51 g, 17 mmol, 1.3 equiv.) were added. The atmosphere was exchanged with N2 three 

times and a solution of S45 (3.0 mL, 13.5 mmol, 1.0 equiv.) in CH2Cl2 (60mL) was added. The reaction 

vessel was placed in an ice bath and I2 crystals (4.46 g, 17 mmol, 1.3 equiv.) were added in small portions. 

The reaction was left to stir in the ice bath for one hour before being quenched with sat. Na2S2O3 (20mL). 

The biphasic reaction was extracted with CH2Cl2, and the combines organic layers washed with sat. brine. 

The organic layer was dried over anhydrous MgSO4 and the solvent removed under reduced pressure. 

Hexanes was added to the crude residue and the resulting solid was filtered off using short silica plug 
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flushing with more 5% EtOAc in hexanes. The solvent was removed from the filtrate to yield S46 which 

was immediately used crude in the next step. 

(S)-(((3-methylhex-5-en-1-yl)oxy)methyl)benzene (S47)25: 

A 100 mL two neck round bottom flask containing S46 (4.49 g, 13.5 mmol, 1.0 equiv.)) in THF (50mL) 

was placed in an ice bath. To the reaction, KOtBu (3.89 g, 34 mmol, 2.5 equiv.) was slowly added forming 

a white suspension. The reaction was removed from the ice bath and left to stir at room temperature 

overnight. The reaction was quenched using sat. NH4Cl and extracted three times with Et2O. The combined 

organic layers were then washed with sat. Na2S2O3 and sat. brine. The organic layer was dried over 

anhydrous MgSO4 the solvent removed under reduced pressure. The crude product was purified by silica 

gel column chromatography (5% EtOAc in hexanes) to yield S47 as a colorless oil (2.715 g, 54% yield over 

6 steps). 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.32 (m, 4H), 7.32 – 7.26 (m, 1H), 5.78 (ddt, J = 16.2, 11.2, 

7.1 Hz, 1H), 5.01 (ddt, J = 5.1, 2.3, 1.3 Hz, 1H), 4.98 (t, J = 1.3 Hz, 1H), 4.51 (d, J = 0.8 Hz, 2H), 3.51 

(ddd, J = 9.3, 6.7, 3.0 Hz, 2H), 2.09 (dddt, J = 13.8, 6.8, 5.4, 1.3 Hz, 1H), 1.92 (dtt, J = 13.8, 7.3, 1.2 Hz, 

1H), 1.76 – 1.62 (m, 2H), 1.50 – 1.36 (m, 1H), 0.90 (d, J = 6.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

138.79, 137.41, 128.49, 127.75, 127.62, 115.97, 73.04, 68.69, 41.57, 36.38, 29.91, 19.56. HRMS (+APCI) 

calculated for C₁₄H₂₁O [M+H]+ 205.15869, found 205.15888. [α]D
22 +2.6° (c = 3.6, CHCl3)  

5-methylhex-5-en-1-yl benzoate (S48): To a solution of 5-methylhex-5-en-1-ol (0.68 mL, 5.0 mmol, 1.0 

equiv)) and DMAP (0.130 g, 1.0 mmol, 0.2 equiv.) in DCM (10 mL) was added Et3N (1.0 mL, 7.5 mmol, 

1.5 equiv.). The reaction was placed in an ice bath and BzCl (0.87 mL, 7.5 mmol, 1.5 equiv.) was added 

dropwise at 0 °C. The reaction was allowed to warm to room temperature and stirred for 16 hours. The 

reaction was quenched with the addition of DI H2O and the layers were separated followed by extraction 
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of the aqueous phase with DCM three times. The combined organic layers were dried over MgSO4 and the 

solvent was removed under reduced pressure. The crude product was purified using silica gel column 

chromatography (0-2% EtOAc in Hexanes) to obtain S48 as a colorless oil (1.062 g, 97%). 1H NMR (400 

MHz, CDCl3) δ 8.09 – 8.00 (m, 2H), 7.60 – 7.52 (m, 1H), 7.48 – 7.39 (m, 2H), 4.76 – 4.71 (m, 1H), 4.71 – 

4.66 (m, 1H), 4.33 (t, J = 6.6 Hz, 2H), 2.09 (t, J = 7.5 Hz, 2H), 1.83 – 1.74 (m, 2H), 1.73 (s, 3H), 1.66 – 

1.54 (m, 2H).13C NMR (101 MHz, CDCl3) δ 166.82, 145.56, 132.97, 130.59, 129.67, 128.47, 110.37, 

65.07, 37.45, 28.43, 24.06, 22.44. HRMS (+APCI) calculated for C₁₄H₁₉O₂ [M+H]+ 219.13796, found 

219.13805. 

hex-5-en-1-yl acrylate (S49): In a 24 mL reaction vial equipped with a stir bar under an N2 atmosphere, 

hex-5-en-1-ol (0.60 mL, 5.0 mmol, 1.0 equiv.) was added to a solution of acrylic acid (0.35 mL, 5.1 mmol, 

1.0 equiv.) and DMAP (0.08 g, 0.7 mmol, 0.12 equiv.) in CH2Cl2 (15 mL). After stirring for five minutes 

EDCI (1.17 g, 6.0 mmol, 1.2 equiv.) was added and the reaction stirred at room temperature overnight until 

complete consumption of the starting material was observed via TLC. The reaction was diluted with CH2Cl2 

and washed with 1M HCl, sat. NaHCO3, DI H2O, and brine. The organic layer was dried over anhydrous 

Na2SO4 and the solvent removed under reduced pressure. The crude product was purified using silica gel 

column chromatography (10% EtOAc in Hexanes) to obtain S49 as a colorless oil (0.250 g, 32 % yield) 1H 

NMR (400 MHz, CDCl3) δ 6.39 (dd, J = 17.4, 1.5 Hz, 1H), 6.11 (dd, J = 17.3, 10.4 Hz, 1H), 5.86 – 5.72 

(m, 2H), 5.01 (dq, J = 17.1, 1.7 Hz, 1H), 4.96 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 4.15 (t, J = 6.6 Hz, 2H), 2.09 

(tdt, J = 7.8, 6.7, 1.4 Hz, 2H), 1.75 – 1.62 (m, 2H), 1.53 – 1.40 (m, 2H).13C NMR (101 MHz, CDCl3) δ 

166.44, 138.46, 130.66, 128.70, 114.97, 64.59, 33.41, 28.16, 25.31. HRMS (+APCI) calculated for C₉H₁₅O₂ 

[M+H]+ 155.10666, found 155.1069.  
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hex-5-en-1-yl 4-vinylbenzoate (S50): In a 24 mL reaction vial equipped with a stir bar under an N2 

atmosphere, hex-5-en-1-ol (0.60 mL, 5.0 mmol, 1.0 equiv.) was added to a solution of 4-vinylbenzoic acid 

(0.76 g, 5.1 mmol, 1.0 equiv.) and DMAP (0.08 g, 0.7 mmol, 0.15 equiv.) in CH2Cl2 (15 mL). After stirring 

for five minutes EDCI (1.10 g, 5.8 mmol, 1.2 equiv.) was added and the reaction stirred at room temperature 

overnight until complete consumption of the starting material was observed via TLC. The reaction was 

diluted with CH2Cl2 and washed with 1M HCl, sat. NaHCO3, DI H2O, and brine. The organic layer was 

dried over anhydrous Na2SO4 and the solvent removed under reduced pressure. The crude product was 

purified using silica gel column chromatography (10% EtOAc in Hexanes) to obtain S50 as a colorless oil 

(0.722g, 67 % yield) 1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 6.75 

(dd, J = 17.6, 10.9 Hz, 1H), 5.91 – 5.75 (m, 2H), 5.38 (dd, J = 10.9, 0.7 Hz, 1H), 5.04 (dq, J = 17.1, 1.6 Hz, 

1H), 4.98 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 4.32 (t, J = 6.6 Hz, 2H), 2.13 (tdt, J = 7.8, 6.7, 1.4 Hz, 2H), 1.85 

– 1.73 (m, 2H), 1.62 – 1.49 (m, 2H).13C NMR (101 MHz, CDCl3) δ 166.56, 141.96, 138.50, 136.16, 129.98, 

129.69, 126.21, 116.56, 115.02, 65.00, 33.46, 28.30, 25.44. HRMS (+APCI) calculated for C₁₅H₁₉O₂ 

[M+H]+ 231.13796, found 231.13813.  

hex-5-en-1-yl cinnamate (S51): In a 24 mL reaction vial equipped with a stir bar under an N2 atmosphere, 

hex-5-en-1-ol (0.60 mL, 5.0 mmol, 1.0 equiv.) was added to a solution of trans-cinnamic acid (0.79 g, 5.3 

mmol, 1.1 equiv.) and DMAP (0.07 g, 0.7 mmol, 0.12equiv.) in CH2Cl2 (15 mL). After stirring for five 

minutes EDCI (1.18 g, 6.0 mmol, 1.2 equiv.) was added and the reaction stirred at room temperature 

overnight until complete consumption of the starting material was observed via TLC. The reaction was 
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diluted with CH2Cl2 and washed with 1M HCl, sat. NaHCO3, DI H2O, and brine. The organic layer was 

dried over anhydrous Na2SO4 and the solvent removed under reduced pressure. The crude product was 

purified using silica gel column chromatography (10% EtOAc in Hexanes) to obtain S51 as a colorless oil 

(0.766 g, 66 % yield) 1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 16.0 Hz, 1H), 7.46 – 7.37 (m, 2H), 7.31 

– 7.23 (m, 3H), 6.33 (d, J = 16.0 Hz, 1H), 5.70 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.92 (dq, J = 17.1, 1.7 Hz, 

1H), 4.86 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H), 4.10 (t, J = 6.6 Hz, 2H), 2.00 (tdt, J = 7.7, 6.6, 1.4 Hz, 2H), 1.67 

– 1.55 (m, 2H), 1.46 – 1.34 (m, 2H).13C NMR (101 MHz, CDCl3) δ 167.20, 144.75, 138.50, 134.56, 130.36, 

129.00, 128.18, 118.33, 114.98, 64.61, 33.45, 28.28, 25.36. HRMS (+APCI) calculated for C₁₅H₁₉O₂ 

[M+H]+ 231.13796, found 231.13814.  

Enantioselective Aziridination Procedures 

General Procedure F: Optimization of Enantioselective Aziridination using 1-nonene (2.78)  

An oven-dried 4dram reaction vial, with Teflon tape wrapped threads, and equipped with an oven dried stir 

bar was brought into the glovebox. The nitrogen source 2.74 (0.13 mmol, 1.3 equiv.), base, silver salt 

additive and catalyst (2.5 mol%) were added to the reaction vial. The vial was sealed with a Teflon septum 

screw cap and brought out of the box to complete the reaction. Under an N2 atmosphere, HFIP (1.0 mL, 

0.1M) was added directly to the reaction vial followed by 1-nonene 2.78 (17.0 μL ,0.10 mmol, 1.0 equiv.) 

using a micro syringe. The reaction was left to stir at the indicated temperature under a N2 balloon for the 

indicated time. After which, the crude reaction was filtered through a Celite pipette plug using DCM. The 

solvent was removed under reduced pressure and a crude NMR sample was prepared using 

dibromomethane as an internal standard. The crude material purified via preparative TLC (5% EtOAc in 

hexanes) to yield the corresponding aziridine product which was analyzed via chiral HPLC (AD-H column 

3% 2-propanol in hexanes, 1.0 mL/min) to determine the enantiomeric ratio.  

General Procedure G: Aziridination Procedure for substrates with known densities.  
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An oven-dried 4dram reaction vial, with Teflon tape wrapped threads, and equipped with an oven dried stir 

bar was brought into the glovebox. The nitrogen source 2.74 (0.13 mmol, 1.3 equiv.), CsOAc (0.01mmol, 

0.1 equiv.), AgSbF6 (0.30 mmol, 0.3 equiv.), and 2.55 (2.5 mol%) were added to the reaction vial. The vial 

was sealed with a Teflon septum screw cap and brought out of the box to complete the reaction. Under an 

N2 atmosphere, HFIP (1.0 mL, 0.1M) was added directly to the reaction vial followed by the olefin (0.10 

mmol, 1.0 equiv.) using a micro syringe. The reaction was left to stir at room temperature under a N2 balloon 

for 24 hours. After 24 hours the crude reaction was filtered through a Celite pipette plug using DCM to 

flush. The solvent was removed under reduced pressure and the crude material purified via preparative TLC 

using the indicated eluent to yield the corresponding aziridine product.  

General Procedure H: Aziridination Procedure for substrates with unknown densities.  

An oven-dried 4dram reaction vial, with Teflon tape wrapped threads, and equipped with an oven dried stir 

bar was brought into the glovebox. The nitrogen source 2.74 (0.13 mmol, 1.3 equiv.), CsOAc (0.01mmol, 

0.1 equiv.), AgSbF6 (0.30 mmol, 0.3 equiv.), and 2.55 (2.5 mol%) were added to the reaction vial. The vial 

was sealed with a Teflon septum screw cap and brought out of the box to complete the reaction. The olefin 

(0.10 mmol 1.0 equiv.) was added as a stock solution in HFIP (1.0 mL, 0.1M) and the reaction was left to 

stir at room temperature under a N2 balloon for 24 hours. After 24 hours the crude reaction was filtered 

through a Celite pipette plug using DCM to flush. The solvent was removed under reduced pressure and 

the crude material purified via preparative TLC using the indicated eluent to yield the corresponding 

aziridine product.  

All racemic reactions were conducted using [Ind*RhCl2]2 as the catalyst using either General Procedure 

G or H.  
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(S)-2-heptyl-1-tosylaziridine (2.79): Prepared using General Procedure H using 1-nonene (2.78) and 

(R,R)-2.55. Purified via preparative TLC using (5% EtOAc in Hexanes) to provide 4 (0.0245 g, 83%yield, 

95:5 e.r.) as colorless oil. 1H NMR (600 MHz, CDCl3) δ 7.82 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 

2.71 (tt, J = 7.5, 4.8 Hz, 1H), 2.64 (d, J = 7.0 Hz, 1H), 2.44 (s, 3H), 2.05 (d, J = 4.6 Hz, 1H), 1.53 (ddd, J 

= 9.6, 6.6, 3.4 Hz, 1H), 1.36 – 1.09 (m, 12H), 0.86 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 

144.53, 135.36, 129.74, 128.13, 40.64, 33.91, 31.76, 29.20, 29.11, 26.89, 22.74, 21.75, 14.20. HRMS 

(+APCI) calculated for C₁₆H₂₆O₂NS [M+H]+ 296.16788, found 296.16864. HPLC (AD-H column 3% 2-

propanol in hexanes, 1.0 mL/min) tM = 11.9 min tm = 10.5 min, 95:5 e.r.  

(S)-2-(4-(benzyloxy)butyl)-1-tosylaziridine (2.109): Prepared using General Procedure H using S9 and 

(R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to provide 2.109 (0.0218 g, 61% 

yield, 95:5 e.r.) as colorless oil.  1H NMR (600 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 7.38 – 7.27 (m, 

7H), 4.46 (s, 2H), 3.38 (t, J = 6.4 Hz, 2H), 2.73 (tt, J = 7.0, 4.8 Hz, 1H), 2.62 (d, J = 6.9 Hz, 1H), 2.42 (s, 

3H), 2.05 (d, J = 4.6 Hz, 1H), 1.65 – 1.48 (m, 4H), 1.43 – 1.31 (m, 3H). 13C NMR (151 MHz, CDCl3) δ 

144.55, 138.64, 135.29, 129.76, 128.51, 128.11, 127.73, 73.04, 70.05, 40.34, 33.92, 31.21, 29.26, 23.64, 

21.75. HRMS (+APCI) calculated for C₂₀H₂₆O₃N³²S [M+H]+ 360.16279, found 360.16254. HPLC (AD-H 

column 5% 2-propanol in hexanes, 1.0 mL/min) tM = 22.2 min tm = 18.7 min, 95:5 e.r.    

(S)-4-(1-tosylaziridin-2-yl)butyl acetate (2.110): Prepared using General Procedure H using S10 and 

(R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to provide 2.110 (0.0240 g, 77% 

yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 7.38 – 7.30 (m, 
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2H), 3.95 (t, J = 6.6 Hz, 2H), 2.73 (tt, J = 7.1, 4.5 Hz, 1H), 2.63 (d, J = 7.0 Hz, 1H), 2.44 (s, 3H), 2.06 (d, 

J = 4.6 Hz, 1H), 2.03 (s, 3H), 1.68 – 1.48 (m, 3H), 1.38 – 1.27 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 

171.24, 144.69, 135.15, 129.78, 128.11, 64.17, 40.10, 33.92, 30.98, 28.05, 23.40, 21.77, 21.10. HRMS 

(+APCI) calculated for C₁₅H₂₂O₄NS [M+H]+ 312.12641, found 312.12625. HPLC (AD-H column 8% 2-

propanol in hexanes, 1.0 mL/min) tM = 15.1 min tm = 13.4 min, 95:5 e.r.   

(S)-2-(4-((tert-butyldimethylsilyl)oxy)butyl)-1-tosylaziridine (2.111): Prepared using General Procedure 

H using S11 and (R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Pentane) to provide 2.111 

(0.0181 g, 47% yield, 95:5 e.r.) as colorless oil.  1H NMR (600 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 

7.33 (dd, J = 8.6, 0.7 Hz, 2H), 3.51 (t, J = 6.4 Hz, 2H), 2.77 – 2.67 (m, 1H), 2.63 (d, J = 7.0 Hz, 1H), 2.44 

(s, 3H), 2.06 (d, J = 4.6 Hz, 1H), 1.61 – 1.52 (m, 1H), 1.49 – 1.42 (m, 2H), 1.41 – 1.34 (m, 1H), 1.34 – 1.27 

(m, 2H), 0.88 (s, 10H), 0.02 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 144.53, 135.36, 129.77, 128.12, 62.86, 

40.47, 33.91, 32.27, 31.22, 26.09, 23.23, 21.77, 18.47, -5.18. HRMS (+APCI) calculated for C₁₉H₃₄O₃NSSi 

[M+H]+ 384.20232, found 384.2021. HPLC (OJ-H column 5% 2-propanol in hexanes, 1.0 mL/min) tM = 

6.0 min tm = 8.8 min, 95:5 e.r.  

  (S)-4-(1-tosylaziridin-2-yl)butyl 4-methylbenzenesulfonate (2.112): Prepared using General Procedure H 

using S12 and (R,R)-2.55. Purified via preparative TLC using (60% EtOAc in Hexanes) to provide 2.112 

(0.0087 g, 21% yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 2H), 

7.77 (d, J = 8.3 Hz, 2H), 7.38 – 7.30 (m, 4H), 3.92 (t, J = 6.3 Hz, 2H), 2.67 (tt, J = 7.0, 4.5 Hz, 1H), 2.59 

(d, J = 7.0 Hz, 1H), 2.45 (s, 6H), 2.02 (d, J = 4.5 Hz, 1H), 1.66 – 1.52 (m, 4H), 1.37 – 1.20 (m, 4H). 13C 

NMR (101 MHz, CDCl3) δ 144.94, 144.82, 135.08, 133.18, 130.02, 129.86, 128.11, 128.00, 70.16, 39.81, 

33.85, 30.67, 28.25, 22.95, 21.79. HRMS (+APCI) calculated for C₂₀H₂₆O₅NS₂ [M+H]+ 424.12469, found 

 

 



104 
 

424.12426. HPLC (IA column 30% 2-propanol in hexanes, 1.0 mL/min) tM = 14.5 min tm = 13.5x min, 

95:5 e.r   

(S)-4-(1-tosylaziridin-2-yl)butan-1-ol (2.113): Prepared using General Procedure G  using hex-5-en-1-ol 

and (R,R)-2.55. Purified via preparative TLC using (60% EtOAc in Hexanes) to provide 2.113 (0.0132 g, 

49% yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 7.34 (dd, J 

= 8.6, 0.8 Hz, 2H), 3.56 (td, J = 6.4, 5.0 Hz, 2H), 2.75 (tt, J = 7.0, 4.6 Hz, 1H), 2.62 (d, J = 7.0 Hz, 1H), 

2.44 (s, 3H), 2.06 (d, J = 4.6 Hz, 1H), 1.68 – 1.57 (m, 1H), 1.57 – 1.47 (m, 2H), 1.39 – 1.33 (m, 3H).13C 

NMR (101 MHz, CDCl3) δ 144.68, 135.16, 129.80, 128.14, 62.66, 40.23, 34.04, 32.05, 31.09, 23.19, 

21.78.HRMS (+APCI) calculated for C₁₃H₂₀O₃NS [M+H]+ 270.11584, found 270.11587. (IK column 30% 

2-propanol in hexanes, 1.0 mL/min) tM = 16.5 min tm = 19.3 min, 95:5 e.r.   

(S)-2-(4-(1-tosylaziridin-2-yl)butyl)isoindoline-1,3-dione (2.114): Prepared using General Procedure H 

using S14 and (R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to provide 2.115 

(0.0209 g, 52% yield, 94:6 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.87 – 7.78 (m, 4H), 7.71 

(dd, J = 5.5, 3.0 Hz, 2H), 7.34 (s, 2H), 3.63 – 3.54 (m, 2H), 2.71 (tt, J = 7.2, 4.7 Hz, 1H), 2.63 (d, J = 6.9 

Hz, 1H), 2.44 (s, 3H), 2.07 (d, J = 4.5 Hz, 1H), 1.69 – 1.54 (m, 3H), 1.44 – 1.18 (m, 4H). 13C NMR (101 

MHz, CDCl3) δ 168.49, 144.65, 135.17, 134.08, 132.20, 129.82, 128.11, 123.34, 40.15, 37.60, 33.83, 

30.82, 28.05, 24.06, 21.79. HRMS (+APCI) calculated for C₂₁H₂₃O₄N₂S [M+H]+ 399.1373, found 

399.13749 HPLC (IA column 35% 2-propanol in hexanes, 1.0 mL/min) tM = 15.0 min tm = 12.6 min, 94:6 

e.r.   
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 (S)-N-(4-(1-tosylaziridin-2-yl)butyl)acetamide (2.115): Prepared using General Procedure H using S15 

and (R,R)-2.55. Purified via preparative TLC using (100% EtOAc) to provide 2.115 (0.0221 g, 71%yield, 

94:6 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.1 Hz, 2H), 

5.70 (s, 1H), 3.17 (hept, J = 6.6 Hz, 2H), 2.81 – 2.69 (m, 1H), 2.57 (d, J = 7.0 Hz, 1H), 2.44 (s, 3H), 2.05 

(d, J = 4.6 Hz, 1H), 1.96 (d, J = 0.9 Hz, 3H), 1.73 – 1.61 (m, 1H), 1.56 – 1.45 (m, 2H), 1.43 – 1.20 (m, 

4H).. 13C NMR (101 MHz, CDCl3) δ 170.35, 144.77, 135.03, 129.84, 128.09, 39.87, 39.40, 34.33, 30.75, 

28.62, 24.31, 23.39, 21.78. HRMS (+APCI) calculated for C₁₅H₂₃O₃N₂S [M+H]+ 311.14239, found 

311.14236. HPLC (IH column 30% acetonitrile in H2O, 0.75 mL/min) tM = 20.5 min tm = 18.0 min, 94:6 

e.r.    

(S)-2-(4-nitrobutyl)-1-tosylaziridine (2.116): Prepared using General Procedure H using S16 and (R,R)-

2.55. Purified via preparative TLC using (40% EtOAc in Hexanes) to provide 2.116 (0.0261 g, 88% yield, 

94:6 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 7.8 Hz, 2H), 

4.28 (td, J = 6.9, 2.3 Hz, 2H), 2.71 (ddt, J = 8.4, 7.1, 4.3 Hz, 1H), 2.64 (d, J = 7.0 Hz, 1H), 2.46 (s, 3H), 

2.07 (d, J = 4.4 Hz, 1H), 2.01 – 1.89 (m, 2H), 1.78 – 1.65 (m, 1H), 1.40 – 1.22 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 144.94, 134.93, 129.87, 128.12, 39.57, 33.86, 30.56, 26.60, 23.80, 21.78. HRMS (+APCI) 

calculated for C₁₃H₁₉O₄N₂S [M+H]+ 299.10600, found 299.10601 HPLC (IB column 40% 2-propanol in 

hexanes, 1.0 mL/min) tM = 11.8 min tm = 11.2 min, 94:6 e.r.   
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(S)-2-(4-bromobutyl)-1-tosylaziridine (2.117): Prepared using General Procedure G  using 6-bromohex-

1-ene (S17) and (R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.117 

(0.0196 g, 59%yield, 96:4 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 

7.35 (d, J = 7.8 Hz, 2H), 3.29 (td, J = 6.7, 1.6 Hz, 2H), 2.71 (tt, J = 7.1, 4.5 Hz, 1H), 2.64 (d, J = 7.0 Hz, 

1H), 2.45 (s, 3H), 2.07 (d, J = 4.5 Hz, 1H), 1.85 – 1.70 (m, 2H), 1.69 – 1.57 (m, 1H), 1.46 – 1.21 (m, 

3H).13C NMR (101 MHz, CDCl3) δ 144.74, 135.14, 129.84, 128.13, 40.04, 33.84, 33.36, 32.01, 30.54, 

25.60, 21.79. HRMS (+APCI) calculated for C₁₃H₁₉O₂NBrS [M+H]+ 332.03144, found 332.03157. HPLC 

(IH column 20% 2-propanol in hexanes, 1.0 mL/min) tM = 23.5 min tm = 21.5 min, 96:4 e.r.    

(S)-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)-1-tosylaziridine (2.118): Prepared using 

General Procedure H using S18 and (R,R)-2.55. Purified via preparative TLC using (10% Acetone in 

Pentane) to provide 2.118 (0.0216 g, 57% yield, 96:4 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 

7.81 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 2.71 (tt, J = 7.1, 4.9 Hz, 1H), 2.62 (d, J = 7.0 Hz, 1H), 

2.44 (s, 3H), 2.05 (d, J = 4.6 Hz, 1H), 1.58 – 1.44 (m, 1H), 1.41 – 1.27 (m, 3H), 1.23 (s, 14H), 0.66 (t, J = 

7.8 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 144.52, 135.37, 129.75, 128.10, 83.08, 40.60, 33.89, 31.18, 

29.48, 24.94, 23.62, 21.77. HRMS (+APCI) calculated for C₁₉H₃₁O₄NBS [M+H]+ 379.20977, found 

379.20968 HPLC (IH column 5% 2-propanol in hexanes, 1.0 mL/min) tM = 18.7 min tm = 16.8 min, 96:4 

e.r.   
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diethyl (S)-(4-(1-tosylaziridin-2-yl)butyl)phosphonate (2.119): Prepared using General Procedure H using 

S19 and (R,R)-2.55. Purified via preparative TLC using (80% EtOAc in Hexanes) to provide 2.119 (0.0259 

g, 67%yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 2H), 7.33 (d, J 

= 8.3 Hz, 2H), 4.15 – 3.98 (m, 4H), 2.71 (tt, J = 6.7, 4.9 Hz, 1H), 2.60 (d, J = 6.9 Hz, 1H), 2.43 (s, 3H), 

2.04 (d, J = 4.5 Hz, 1H), 1.70 – 1.48 (m, 5H), 1.40 – 1.25 (m, 9H). 13C NMR (101 MHz, CDCl3) δ 144.62, 

135.17, 129.79, 128.09, 61.60, 61.54, 39.95, 33.97, 30.94, 30.92, 27.93, 27.76, 26.32, 24.91, 22.12, 22.07, 

21.75, 16.62, 16.56. 31P NMR (162 MHz, CDCl3) δ 31.80 (tp, J = 17.0, 9.0 Hz). HRMS (+APCI) calculated 

for C₁₇H₂₉O₅NPS [M+H]+ 390.14986, found 390.14991. HPLC (IH column 50% acetonitrile in water, 0.75 

mL/min) tM = 10.2 min tm = 9.3 min, 95:5 e.r.   

(S)-4-(1-tosylaziridin-2-yl)butyl morpholine-4-carboxylate (2.120): Prepared using General Procedure H 

using S33 and (R,R)-2.55. Purified via preparative TLC using (50% EtOAc in Hexanes) to provide 2.120 

(0.0236 g, 62%yield, 94:6 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.3 Hz, 2H), 

7.33 (d, J = 8.1 Hz, 2H), 3.99 (t, J = 6.6 Hz, 2H), 3.64 (d, J = 4.7 Hz, 4H), 3.45 (d, J = 4.9 Hz, 4H), 2.74 

(tt, J = 6.9, 4.5 Hz, 1H), 2.61 (d, J = 7.0 Hz, 1H), 2.44 (s, 3H), 2.05 (d, J = 4.6 Hz, 1H), 1.68 – 1.53 (m, 

3H), 1.41 – 1.29 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 155.47, 144.60, 135.06, 129.69, 127.99, 66.61, 

65.14, 39.91, 33.94, 30.90, 28.35, 23.31, 21.68. HRMS (+APCI) calculated for C₁₈H₂₇O₅N₂S [M+H]+ 

383.16352, found 383.16338. HPLC (IH column 50% 2-propanol in hexanes, 1.0 mL/min) tM = 17.8 min 

tm = 15.4 min, 94:6 e.r.   
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(S)-1-(4-(1-tosylaziridin-2-yl)butyl)indoline-2,3-dione (2.121): Prepared using General Procedure H 

using S34 and (R,R)-2.55. Purified via preparative TLC using (50% EtOAc in Hexanes) to provide 2.121 

(0.0310 g, 78 % yield, 93:7 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 

7.59 (d, J = 7.6 Hz, 2H), 7.33 (d, J = 7.8 Hz, 2H), 7.11 (td, J = 7.6, 0.8 Hz, 1H), 6.90 (dt, J = 7.6, 0.9 Hz, 

1H), 3.66 (hept, J = 7.2 Hz, 2H), 2.74 (tt, J = 7.1, 4.5 Hz, 1H), 2.58 (d, J = 6.9 Hz, 1H), 2.44 (s, 3H), 2.05 

(d, J = 4.6 Hz, 1H), 1.70 (ddd, J = 13.2, 9.1, 6.1 Hz, 3H), 1.48 – 1.30 (m, 3H).13C NMR (101 MHz, CDCl3) 

δ 183.63, 158.24, 150.94, 144.78, 138.56, 134.95, 129.85, 128.07, 125.58, 123.83, 117.66, 110.34, 39.96, 

39.67, 34.08, 30.75, 26.61, 24.26, 21.78.HRMS (+ESI) calculated for C₂₁H₂₃O₄N₂S [M+H]+ 399.1373, 

found 399.13772. HPLC (IH column 50% acetonitrile in water, 0.75 mL/min) tM = 21.2 min tm = 19.6 min, 

93:7 e.r.  

(S)-2-bromo-5-(4-(1-tosylaziridin-2-yl)butoxy)pyrazine (2.122): Prepared using General Procedure H 

using S35 and (R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.122 

(0.0284 g, 67%yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 8.15 (d, J = 1.4 Hz, 1H), 

7.97 (d, J = 1.3 Hz, 1H), 7.82 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 4.18 (t, J = 6.5 Hz, 2H), 2.76 

(tt, J = 7.0, 4.6 Hz, 1H), 2.63 (d, J = 6.9 Hz, 1H), 2.07 (d, J = 4.6 Hz, 1H), 1.80 – 1.59 (m, 3H), 1.51 – 1.30 

(m, 3H).13C NMR (101 MHz, CDCl3) δ 159.66, 144.67, 142.92, 135.50, 135.16, 130.08, 129.78, 128.12, 

66.80, 40.04, 33.98, 31.02, 28.13, 23.43, 21.76. HRMS (+APCI) calculated for C₁₇H₂₁O₃N₃BrS [M+H]+ 

426.04815, found 426.04952. HPLC (IA column 10% 2-propanol in hexanes, 1.0 mL/min) tM = 19.8 min 

tm = 18.5 min, 95:5 e.r.   
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(S)-2-bromo-3-(4-(1-tosylaziridin-2-yl)butoxy)pyridine (2.123): Prepared using General Procedure H 

using S36 and (R,R)-2.55. Purified via preparative TLC using (50% EtOAc in Hexanes) to provide 2.123 

(0.0120 g, 28 % yield, 96:4 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 4.6, 1.5 Hz, 

1H), 7.85 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 7.7 Hz, 2H), 7.22 (dd, J = 8.1, 4.6 Hz, 1H), 7.10 (dd, J = 8.1, 1.6 

Hz, 1H), 3.96 (td, J = 6.2, 2.0 Hz, 2H), 2.81 (ddt, J = 7.7, 7.0, 4.6 Hz, 1H), 2.66 (d, J = 7.0 Hz, 1H), 2.41 

(s, 3H), 2.12 (d, J = 4.6 Hz, 1H), 1.84 (ddd, J = 13.8, 7.3, 6.1 Hz, 2H), 1.79 – 1.68 (m, 1H), 1.62 – 1.36 (m, 

3H).13C NMR (101 MHz, CDCl3) δ 152.45, 144.66, 141.32, 135.12, 133.20, 129.83, 128.14, 123.52, 

119.55, 68.99, 40.10, 34.01, 30.96, 28.28, 23.60, 21.74.HRMS (+ESI) calculated for C₁₈H₂₂O₃N₂BrS 

[M+H]+ 425.0529, found 425.05288. HPLC (IJ column 50% 2-propanol in hexanes, 1.5 mL/min) tM = 19.6 

min tm = 17.3 min, 96:4 e.r.  

(S)-2-(4-(((3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-

d][1,3]dioxol-6-yl)oxy)butyl)-1-tosylaziridine (2.124): Prepared using General Procedure H using S20 

and (R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to provide 2.124 (0.0355 g, 

69%yield, 95:5 d.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 

8.2 Hz, 2H), 5.85 (d, J = 3.7 Hz, 1H), 4.49 (d, J = 3.8 Hz, 1H), 4.26 (dt, J = 7.7, 5.9 Hz, 1H), 4.13 – 4.01 

(m, 2H), 3.97 (dd, J = 8.6, 5.7 Hz, 1H), 3.80 (d, J = 3.0 Hz, 1H), 3.52 (dt, J = 9.1, 6.3 Hz, 1H), 3.44 (dt, J 

= 9.3, 6.3 Hz, 1H), 2.74 (tt, J = 6.4, 4.6 Hz, 1H), 2.59 (d, J = 7.0 Hz, 1H), 2.44 (s, 3H), 2.04 (d, J = 4.6 Hz, 

1H), 1.62 – 1.50 (m, 3H), 1.48 (s, 3H), 1.41 (s, 3H), 1.39 – 1.33 (m, 3H), 1.32 (s, 3H), 1.31 (s, 3H). 13C 

NMR (101 MHz, CDCl3) δ 144.59, 135.27, 129.77, 128.10, 111.87, 109.05, 105.36, 82.63, 82.25, 81.26, 

72.58, 70.24, 67.38, 40.11, 34.00, 31.07, 29.16, 26.96, 26.94, 26.37, 25.55, 23.46, 21.76. HRMS (+APCI) 
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calculated for C₂₅H₃₈O₈NS [M+H]+ 512.23126, found 512.23097 HPLC (OJ-H column 20% 2-propanol in 

hexanes, 1.0 mL/min) tM = 12.3 min tm = 17.7 min, 95:5 d.r.   

4-((S)-1-tosylaziridin-2-yl)butyl (tert-butoxycarbonyl)-L-phenylalaninate (2.125): Prepared using General 

Procedure H using S37 and (R,R)-2.55. Purified via preparative TLC using (30% EtOAc in Hexanes) to 

provide 2.125 (0.0423 g, 82% yield, 94:6 d.r.) as a yellow oil.  1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 

8.3 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.32 – 7.19 (m, 3H), 7.12 (d, J = 6.5 Hz, 2H), 4.99 (d, J = 8.3 Hz, 

1H), 4.54 (dt, J = 8.4, 6.2 Hz, 1H), 3.97 (t, J = 6.6 Hz, 2H), 3.05 (ddd, J = 20.9, 14.0, 6.4 Hz, 2H), 2.71 (tt, 

J = 7.2, 4.8 Hz, 1H), 2.62 (d, J = 7.0 Hz, 1H), 2.43 (s, 3H), 2.05 (d, J = 4.5 Hz, 1H), 1.64 – 1.46 (m, 3H), 

1.41 (s, 9H), 1.36 – 1.19 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 172.03, 155.16, 144.70, 136.14, 135.12, 

129.79, 129.40, 128.62, 128.09, 127.10, 79.99, 64.99, 54.56, 39.91, 38.56, 33.90, 30.86, 28.40, 27.86, 

23.24, 21.74. HRMS (+ESI) calculated for C₂₇H₃₆O₆N₂NaS [M+Na]+ 539.21863, found 539.21969. HPLC 

(IH column 60% acetonitrile in water, 0.75 mL/min) tM = 16.6 min tm = 15.5 min, 94:6 d.r.  

(S)-2-((S)-5-(benzyloxy)-3-methylpentyl)-1-tosylaziridine (S,S)-2.126: Prepared using General Procedure 

H using S41 and (R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide (S,S)-

2.126 (0.0300 g, 77% yield, 97:3 d.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 

2H), 7.39 – 7.27 (m, 7H), 4.48 (s, 2H), 3.44 (tq, J = 6.1, 2.8 Hz, 2H), 2.68 (tt, J = 7.2, 4.6 Hz, 1H), 2.62 (d, 

J = 7.0 Hz, 1H), 2.43 (s, 3H), 2.05 (d, J = 4.5 Hz, 1H), 1.59 – 1.46 (m, 3H), 1.41 – 1.18 (m, 3H), 1.09 – 

0.96 (m, 1H), 0.80 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 144.54, 138.70, 135.26, 129.73, 
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128.48, 128.14, 127.74, 127.65, 73.05, 68.44, 40.68, 36.66, 33.95, 33.94, 29.48, 28.89, 21.73, 19.37. 

HRMS (+APCI) calculated for C₂₂H₃₀O₃NS [M+H]+ 388.19409, found 388.19394. HPLC (IH column 15% 

2-propanol in hexanes, 1.0 mL/min) tM = 17.0min tm = 19.8 min, 97:3 d.r.   

(R)-2-((S)-5-(benzyloxy)-3-methylpentyl)-1-tosylaziridine (R,S)-2.126: Prepared using General Procedure 

H using S41 and (S,S)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide (R,S)-

2.126 (0.0280 g, 72% yield, 7:93 d.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 

2H), 7.39 – 7.26 (m, 7H), 4.47 (s, 2H), 3.43 (td, J = 6.8, 6.3, 2.7 Hz, 2H), 2.68 (tt, J = 7.2, 4.7 Hz, 1H), 2.62 

(d, J = 7.0 Hz, 1H), 2.44 (s, 3H), 2.05 (d, J = 4.5 Hz, 1H), 1.65 – 1.43 (m, 3H), 1.40 – 1.15 (m, 3H), 1.07 

(dddd, J = 13.3, 10.9, 7.4, 5.4 Hz, 1H), 0.80 (d, J = 6.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 144.54, 

138.69, 135.31, 129.74, 128.49, 128.14, 127.73, 127.66, 73.06, 68.46, 40.75, 36.51, 33.99, 33.89, 29.49, 

28.90, 21.75, 19.57. HRMS (+APCI) calculated for C₂₂H₃₀O₃NS [M+H]+ 388.19409, found 388.19386. 

HPLC (IH column 15% 2-propanol in hexanes, 1.0 mL/min) tM = 19.7 min tm = 17.2 min, 7:93 d.r.   

(S)-2-((S)-4-(benzyloxy)-2-methylbutyl)-1-tosylaziridine (S,S)-2.127: Prepared using General Procedure 

H using S47 and (R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide (S,S)-

2.127 (0.0090 g, 24% yield, 9:91 d.r.) as colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 

2H), 7.38 – 7.26 (m, 7H), 4.46 (s, 2H), 3.43 (td, J = 6.6, 2.6 Hz, 2H), 2.79 (tdd, J = 7.1, 5.8, 4.6 Hz, 1H), 

2.64 (d, J = 6.9 Hz, 1H), 2.42 (s, 3H), 2.04 (d, J = 4.6 Hz, 1H), 1.73 – 1.53 (m, 3H), 1.51 – 1.37 (m, 2H), 

1.35 – 1.22 (m, 2H), 0.89 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 144.56, 138.66, 135.32, 

129.80, 129.77, 128.52, 128.10, 127.72, 127.68, 73.07, 68.31, 38.85, 38.81, 36.84, 34.40, 28.84, 21.77, 

19.31. HRMS (+APCI) calculated for C₂₁H₂₈O₃N³²S [M+H]+ 374.17844, found 374.1784. HPLC (IK 

column 15% 2-propanol in hexanes, 1.0 mL/min) tM = 22.3 min tm = 19.9 min, 9:91 d.r.   
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(R)-2-((S)-4-(benzyloxy)-2-methylbutyl)-1-tosylaziridine (R,S)-2.127: Prepared using General Procedure 

H using S47 and (S,S)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide (R,S)-

2.127 (0.0110 g, 30%yield, 97:3 d.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 

2H), 7.38 – 7.27 (m, 7H), 4.47 (s, 2H), 3.51 – 3.33 (m, 2H), 2.81 (tdd, J = 6.9, 6.0, 4.6 Hz, 1H), 2.60 (d, J 

= 7.0 Hz, 1H), 2.43 (s, 3H), 1.99 (d, J = 4.6 Hz, 1H), 1.75 – 1.60 (m, 2H), 1.51 – 1.31 (m, 3H), 0.90 (d, J = 

6.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 144.55, 138.65, 135.35, 129.80, 128.53, 128.10, 127.76, 

127.70, 73.11, 68.27, 38.95, 38.77, 36.13, 33.88, 28.91, 21.78, 19.74. HRMS (+APCI) calculated for 

C₂₁H₂₈O₃NS [M+H]+ 374.17844, found 374.17833. HPLC (IK column 15% 2-propanol in hexanes, 1.0 

mL/min) tM = 19.9 min tm = 22.4 min, 97:3 d.r.  

(S)-2-(cyclohexylmethyl)-1-tosylaziridine (2.128): Prepared using General Procedure H using 

allylcyclohexane (S21) and (R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to 

provide 2.128 (0.0247 g, 83% yield, 96:4 e.r.) as a colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.83 (d, J 

= 8.3 Hz, 2H), 7.34 (d, J = 7.7 Hz, 2H), 2.80 – 2.72 (m, 1H), 2.65 (d, J = 7.0 Hz, 1H), 2.44 (s, 3H), 2.03 (d, 

J = 4.6 Hz, 1H), 1.72 – 1.50 (m, 5H), 1.39 – 1.22 (m, 2H), 1.21 – 0.99 (m, 4H), 0.91 – 0.75 (m, 2H). 13C 

NMR (101 MHz, CDCl3) δ 144.57, 135.32, 129.77, 128.14, 39.25, 39.13, 36.20, 34.01, 33.51, 32.70, 26.42, 

26.24, 26.10, 21.77. HRMS (+APCI) calculated for C₁₆H₂₄O₂NS [M+H]+ 294.15223, found 294.15201. 

HPLC (IK column 10% 2-propanol in hexanes, 1.0 mL/min) tM = 21.1 min tm = 19.0 min, 96:4 e.r.   
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 (S)-2-cyclohexyl-1-tosylaziridine (2.129): Prepared using General Procedure G using vinylcyclohexane 

(S22) and (R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to provide 2.129 

(0.0039 g, 14%yield, 91:9 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 

7.33 (d, J = 7.9 Hz, 2H), 2.60 (d, J = 7.0 Hz, 1H), 2.53 (td, J = 7.2, 4.6 Hz, 1H), 2.45 (s, 3H), 2.10 (d, J = 

4.6 Hz, 1H), 1.74 – 1.45 (m, 6H), 1.27 – 0.85 (m, 7H). 13C NMR (101 MHz, CDCl3) δ 144.53, 135.27, 

129.74, 128.23, 45.31, 39.54, 32.81, 30.34, 29.77, 26.16, 25.70, 25.52, 21.81. HRMS (+APCI) calculated 

for C₁₅H₂₂O₂NS [M+H]+ 280.13658, found 280.13654. HPLC (AS-H column 5% 2-propanol in hexanes, 

1.0 mL/min) tM = 22.9 min tm = 18.2 min, 91:9 e.r.    

3-((2S,3R)-3-methyl-1-tosylaziridin-2-yl)propyl benzoate (2.130): Prepared using General Procedure H 

using S23 and (R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.130 

(0.0226 g, 61% yield, 86:14 e.r., >20:1 d.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 

8.4, 1.4 Hz, 2H), 7.82 (d, J = 8.3 Hz, 2H), 7.61 – 7.51 (m, 1H), 7.49 – 7.40 (m, 2H), 7.32 (dd, J = 8.7, 0.8 

Hz, 2H), 4.33 – 4.17 (m, 2H), 2.95 (dq, J = 7.3, 5.9 Hz, 1H), 2.81 (ddd, J = 8.3, 7.3, 4.9 Hz, 1H), 2.40 (s, 

3H), 1.77 – 1.61 (m, 3H), 1.56 – 1.45 (m, 1H), 1.22 (d, J = 5.9 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 

166.55, 144.51, 135.45, 133.12, 130.25, 129.78, 129.63, 128.51, 127.97, 64.16, 44.46, 40.47, 26.59, 23.31, 

21.73, 12.11. HRMS (+APCI) calculated for C₂₀H₂₄O₄N³²S [M+H]+ 374.14206, found 374.14319. HPLC 

(IB column 10% 2-propanol in hexanes, 1.0 mL/min) tM = 16.9 min tm = 15.4 min, 86:14 e.r. >20:1 d.r.  
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5-methyl-6-((4-methylphenyl)sulfonamido)hex-4-en-1-yl benzoate (2.132): Prepared using General 

Procedure H using S48 and (R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to 

provide 2.132 (0.0215 g, 56% yield) as a colorless oil.  1H NMR (400 MHz, CDCl3) δ 8.06 – 7.98 (m, 2H), 

7.75 – 7.69 (m, 2H), 7.59 – 7.53 (m, 1H), 7.44 (dd, J = 8.5, 7.0 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 5.35 – 

5.20 (m, 1H), 4.44 (s, 1H), 4.26 (t, J = 6.5 Hz, 2H), 3.44 (d, J = 6.4 Hz, 2H), 2.42 (s, 3H), 2.11 (q, J = 7.4 

Hz, 2H), 1.81 – 1.71 (m, 2H), 1.56 (s, 3H).13C NMR (101 MHz, CDCl3) δ 166.71, 143.50, 137.18, 133.08, 

131.60, 130.41, 129.79, 129.63, 128.52, 127.33, 127.25, 64.34, 51.14, 28.38, 24.33, 21.65, 14.44. HRMS 

(+APCI) calculated for C₂₁H₂₆O₄N³²S [M+H]+ 388.15771, found 388.15732.  

(S)-2-(4-phenylbutyl)-1-tosylaziridine (2.133): Prepared using General Procedure H using S24 and (R,R)-

2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to provide 2.133 (0.0215 g, 82% yield, 

94:6 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 

7.30 – 7.23 (m, 2H), 7.22 – 7.15 (m, 1H), 7.12 (d, J = 6.7 Hz, 2H), 2.72 (tt, J = 7.3, 4.8 Hz, 1H), 2.63 (d, J 

= 7.0 Hz, 1H), 2.52 (t, J = 7.7 Hz, 2H), 2.45 (s, 3H), 2.06 (d, J = 4.6 Hz, 1H), 1.64 – 1.48 (m, 3H), 1.44 – 

1.21 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 144.55, 142.32, 135.30, 129.77, 128.45, 128.41, 128.11, 

125.87, 40.42, 35.79, 33.93, 31.31, 30.92, 26.54, 21.77.HRMS (+APCI) calculated for C₁₉H₂₄O₂NS 

[M+H]+ 330.15223, found 330.15195. HPLC (AD-H column 5% 2-propanol in hexanes, 1.0 mL/min) tM = 

16.8 min tm = 13.2 min, 94:6 e.r.    
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(S)-2-(3-phenylpropyl)-1-tosylaziridine (2.134): Prepared using General Procedure H using S25 and 

(R,R)-2.55. Purified via preparational TLC using (20% EtOAc in Hexanes) to provide 2.134 (0.0170 g, 

54%yield, 94:6 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 

8.0 Hz, 2H), 7.29 – 7.21 (m, 2H), 7.21 – 7.11 (m, 1H), 7.11 – 7.01 (m, 2H), 2.79 – 2.69 (m, 1H), 2.64 (d, J 

= 6.9 Hz, 1H), 2.55 (t, J = 7.5 Hz, 2H), 2.42 (s, 3H), 2.06 (d, J = 4.5 Hz, 1H), 1.68 – 1.48 (m, 3H), 1.39 – 

1.24 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 144.64, 141.78, 135.24, 129.78, 128.43, 128.13, 125.98, 

40.29, 35.19, 33.93, 30.88, 28.47, 21.75. HRMS (+APCI) calculated for C₁₈H₂₂O₂NS [M+H]+ 316.13658, 

found 316.13643. HPLC (IA column 10% 2-propanol in hexanes, 1.0 mL/min) tM = 10.1 min tm = 8.9 min, 

94:6 e.r.  

 (S)-2-phenethyl-1-tosylaziridine (2.135): Prepared using General Procedure A using but-3-en-1-

ylbenzene and (R,R)-XX. Purified via preparational TLC using (7:2:1, Hex:EtOAc:Et3N) to provide (2.135) 

(0.0033 g, 11%yield, 96:4 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 8.3 Hz, 2H), 

7.34 (d, J = 7.9 Hz, 2H), 7.30 – 7.24 (m, 4H), 7.23 – 7.14 (m, 1H), 7.14 – 7.06 (m, 2H), 2.77 (tt, J = 7.4, 

4.8 Hz, 1H), 2.69 – 2.50 (m, 3H), 2.45 (s, 3H), 2.05 (d, J = 4.6 Hz, 1H), 1.88 (dddd, J = 13.8, 8.9, 7.4, 5.0 

Hz, 1H), 1.67 (dtd, J = 14.0, 7.9, 6.4 Hz, 2H).13C NMR (101 MHz, CDCl3) δ 144.68, 140.85, 135.18, 

129.82, 128.62, 128.47, 128.17, 126.28, 39.88, 34.06, 33.30, 33.14, 21.81.HRMS (+APCI) calculated for 

C₁₇H₂₀O₂NS [M+H]+ 302.12093, found 302.12104. HPLC (IA column 10% 2-propanol in hexanes, 1.0 

mL/min) tM = 10.0 min tm = 9.2 min, 96:4 e.r.    
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 (S)-2-benzyl-1-tosylaziridine (2.136): Prepared using General Procedure G using allylbenzene (S27) and 

(R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.136 (0.0051 g, 18% 

yield, 95:5 e.r.) as white crystalline solid. 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.3 Hz, 2H), 7.21 (d, 

J = 7.9 Hz, 2H), 7.16 (dd, J = 4.9, 2.0 Hz, 3H), 7.04 (td, J = 4.9, 4.2, 3.2 Hz, 2H), 2.95 (tt, J = 7.0, 4.9 Hz, 

1H), 2.81 (dd, J = 14.5, 5.2 Hz, 1H), 2.74 – 2.65 (m, 2H), 2.42 (s, 3H), 2.16 (d, J = 4.5 Hz, 1H). 13C NMR 

(101 MHz, CDCl3) δ 144.45, 137.14, 135.00, 129.73, 128.86, 128.60, 128.02, 126.65, 41.32, 37.64, 32.97, 

21.77. HRMS (+APCI) calculated for C₁₆H₁₈O₂N³²S [M+H]+ 288.10528, found 288.10601. HPLC (IA 

column 5% 2-propanol in hexanes, 1.0 mL/min) tM = 14.7 min tm = 13.0 min, 95:5 e.r.   

(S)-1-((4-nitrophenyl)sulfonyl)-2-(4-phenylbutyl)aziridine (2.137): Prepared using General Procedure H 

using S24 and (R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to provide 2.137 

(0.0057 g, 16% yield, 94:6 e.r.) as a colorless oil.  1H NMR (400 MHz, CDCl3) δ 8.36 (d, J = 8.9 Hz, 2H), 

8.13 (d, J = 8.8 Hz, 2H), 7.30 – 7.24 (m, 2H), 7.21 – 7.15 (m, 1H), 7.14 – 7.08 (m, 2H), 2.88 (tt, J = 7.2, 

4.8 Hz, 1H), 2.74 (d, J = 7.0 Hz, 1H), 2.55 (t, J = 7.6 Hz, 2H), 2.15 (d, J = 4.7 Hz, 1H), 1.69 – 1.53 (m, 3H), 

1.46 – 1.26 (m, 3H).13C NMR (101 MHz, CDCl3) δ 150.69, 144.21, 142.05, 129.36, 128.48, 128.44, 126.00, 

124.37, 41.38, 35.70, 34.73, 31.28, 30.80, 26.48. HRMS (+APCI) calculated for C₁₈H₂₁O₄N₂S [M+H]+ 

361.12165, found 361.12133. HPLC (IB column 20% 2-propanol in hexanes, 1.0 mL/min) tM = 22.8 min 

tm = 19.7 min, 94:6 e.r.    
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(S)-1-(methylsulfonyl)-2-(4-phenylbutyl)aziridine (2.138): Prepared using General Procedure H using S24 

and (R,R)-2.55. Purified via preparative TLC using (20% EtOAc in Hexanes) to provide 2.138 (0.0067 g, 

26% yield, 87:13 e.r.) as a colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.31 – 7.26 (m, 2H), 7.21 – 7.14 

(m, 3H), 3.01 (s, 3H), 2.72 (tt, J = 7.0, 4.9 Hz, 1H), 2.63 (t, J = 7.6 Hz, 2H), 2.59 (d, J = 7.0 Hz, 1H), 2.09 

(d, J = 4.6 Hz, 1H), 1.75 – 1.56 (m, 3H), 1.55 – 1.45 (m, 3H).13C NMR (101 MHz, CDCl3) δ 142.27, 

128.54, 128.49, 125.96, 39.77, 39.61, 35.85, 33.55, 31.37, 31.08, 26.63.HRMS (+APCI) calculated for 

C₁₃H₂₀O₂NS [M+H]+ 254.12093, found 254.12082. HPLC (IB column 20% 2-propanol in hexanes, 1.0 

mL/min) tM = 11.3 min tm = 10.0 min, 87:13 e.r.    

 

(S)-4-(1-tosylaziridin-2-yl)butyl benzoate (2.139): Prepared using General Procedure H using S28 and 

(R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.139 (0.0225 g, 60% 

yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 7.0 Hz, 2H), 7.82 (d, J = 8.3 

Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 7.30 (d, J = 7.6 Hz, 2H), 4.20 (td, J = 6.5, 1.4 

Hz, 2H), 2.75 (tt, J = 7.1, 4.5 Hz, 1H), 2.66 (d, J = 6.9 Hz, 1H), 2.40 (s, 3H), 2.09 (d, J = 4.5 Hz, 1H), 1.78 

– 1.58 (m, 3H), 1.47 – 1.31 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 166.69, 144.73, 135.15, 133.08, 130.41, 

129.79, 129.66, 128.51, 128.12, 64.66, 40.20, 33.92, 31.03, 28.19, 23.57, 21.74. HRMS (+APCI) calculated 

for C₂₀H₂₄O₄NS [M+H]+ 374.14206, found 374.1431. HPLC (IA column 10% 2-propanol in hexanes, 1.0 

mL/min) tM = 17.5 min tm = 15.6 min, 95:5 e.r.   
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(S)-3-(1-tosylaziridin-2-yl)propyl benzoate (2.140): Prepared using General Procedure H using 29 and 

(R,R)-2.55. Purified via preparational TLC using (20% EtOAc in Hexanes) to provide 2.140 (0.0198 g, 55 

%yield, 94:6 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 7.1 Hz, 2H), 7.83 (d, J = 8.3 

Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 7.34 (s, 2H), 4.25 (td, J = 6.3, 2.4 Hz, 2H), 2.80 

(ddt, J = 8.0, 6.9, 4.4 Hz, 1H), 2.66 (d, J = 7.0 Hz, 1H), 2.41 (s, 3H), 2.11 (d, J = 4.5 Hz, 1H), 1.84 – 1.68 

(m, 3H), 1.51 – 1.40 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 166.57, 144.76, 135.05, 133.13, 130.24, 

129.84, 129.65, 128.51, 128.13, 64.06, 39.74, 34.01, 28.13, 26.24, 21.76. HRMS (+APCI) calculated for 

C₁₉H₂₂O₄N³²S [M+H]+ 360.12641, found 360.1272. HPLC (IA column 10% 2-propanol in hexanes, 1.0 

mL/min) tM = 19.1 min tm = 17.0 min, 94:6 e.r.  

 

(S)-2-(4-(allyloxy)butyl)-1-tosylaziridine (2.143): Prepared using General Procedure H using S30 and 

(R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.143 (0.0214 g, 69 % 

yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.2 

Hz, 2H), 5.89 (ddt, J = 17.2, 10.3, 5.6 Hz, 1H), 5.25 (dq, J = 17.3, 1.7 Hz, 1H), 5.16 (dq, J = 10.3, 1.4 Hz, 

1H), 3.92 (dt, J = 5.6, 1.4 Hz, 2H), 3.33 (t, J = 6.5 Hz, 2H), 2.73 (tt, J = 7.0, 4.8 Hz, 1H), 2.62 (d, J = 7.0 

Hz, 1H), 2.44 (s, 3H), 2.06 (d, J = 4.6 Hz, 1H), 1.64 – 1.46 (m, 3H), 1.45 – 1.27 (m, 3H).13C NMR (101 

MHz, CDCl3) δ 144.55, 135.30, 135.06, 129.77, 128.13, 116.92, 71.96, 70.05, 40.35, 33.92, 31.24, 29.27, 

23.64, 21.77.HRMS (+ESI) calculated for C₁₆H₂₄O₃NS [M+H]+ 310.14714, found 310.14709. HPLC (IH 

column 20% 2-propanol in hexanes, 1.0 mL/min) tM = 14.0 min tm = 18.1 min, 95:5 e.r.  
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(S)-4-(1-tosylaziridin-2-yl)butyl acrylate (2.144): Prepared using General Procedure H using S49 and 

(R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.144 (0.0159 g, 49 % 

yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 7.9 

Hz, 2H), 6.39 (dd, J = 17.3, 1.5 Hz, 1H), 6.10 (dd, J = 17.3, 10.4 Hz, 1H), 5.82 (dd, J = 10.4, 1.5 Hz, 1H), 

4.04 (t, J = 6.6 Hz, 2H), 2.73 (tt, J = 7.0, 4.6 Hz, 1H), 2.64 (d, J = 7.0 Hz, 1H), 2.44 (s, 3H), 2.07 (d, J = 

4.5 Hz, 1H), 1.69 – 1.53 (m, 3H), 1.41 – 1.28 (m, 3H).13C NMR (101 MHz, CDCl3) δ 166.32, 144.70, 

135.23, 130.79, 129.79, 128.59, 128.13, 64.24, 40.13, 33.89, 30.99, 28.08, 23.44, 21.76.HRMS (+ESI) 

calculated for C₁₆H₂₂O₄NS [M+H]+ 324.12641, found 324.1266. HPLC (IA column 10% 2-propanol in 

hexanes, 1.0 mL/min) tM = 13.6 min tm = 12.5 min, 95:5 e.r.  

(S)-4-(1-tosylaziridin-2-yl)butyl 4-vinylbenzoate (2.145): Prepared using General Procedure H using S50 

and (R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.145 (0.0206 g, 

52 % yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.4 Hz, 2H), 7.82 (d, J = 

8.3 Hz, 2H), 7.47 (d, J = 8.2 Hz, 2H), 7.30 (dd, J = 8.6, 0.7 Hz, 2H), 6.76 (dd, J = 17.6, 10.9 Hz, 1H), 5.87 

(dd, J = 17.6, 0.8 Hz, 1H), 5.39 (dd, J = 10.9, 0.7 Hz, 1H), 4.20 (td, J = 6.6, 1.4 Hz, 2H), 2.75 (tt, J = 7.1, 

4.5 Hz, 1H), 2.66 (d, J = 7.0 Hz, 1H), 2.41 (s, 3H), 2.08 (d, J = 4.5 Hz, 1H), 1.76 – 1.60 (m, 3H), 1.46 – 

1.33 (m, 4H).13C NMR (101 MHz, CDCl3) δ 166.46, 144.71, 142.10, 136.15, 135.24, 130.00, 129.83, 

129.80, 129.56, 128.14, 126.26, 116.67, 64.64, 40.19, 33.93, 31.04, 28.21, 23.58, 21.74. HRMS (+ESI) 

calculated for C₂₂H₂₆O₄NS [M+H]+ 400.15771, found 400.158. HPLC (IH column 70% acetonitrile in 

water, 0.75 mL/min) tM = 12.0 min tm = 11.0 min, 95:5 e.r.  
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(S)-4-(1-tosylaziridin-2-yl)butyl cinnamate (2.146): Prepared using General Procedure H using S51 and 

(R,R)-2.55. Purified via preparative TLC using (7:2:1, Hex:EtOAc:Et3N) to provide 2.146 (0.0272 g, 68 % 

yield, 95:5 e.r.) as colorless oil.  1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 8.3 Hz, 2H), 7.68 (d, J = 16.0 

Hz, 1H), 7.57 – 7.48 (m, 2H), 7.44 – 7.35 (m, 3H), 7.32 (dd, J = 8.6, 0.8 Hz, 2H), 6.42 (d, J = 16.0 Hz, 1H), 

4.10 (td, J = 6.6, 0.8 Hz, 2H), 2.75 (tt, J = 6.9, 4.5 Hz, 1H), 2.65 (d, J = 7.0 Hz, 1H), 2.43 (s, 3H), 2.08 (d, 

J = 4.6 Hz, 1H), 1.73 – 1.57 (m, 3H), 1.44 – 1.31 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 167.08, 144.90, 

144.69, 135.24, 134.51, 130.44, 129.78, 129.04, 128.20, 128.13, 118.18, 64.25, 40.15, 33.92, 31.01, 28.18, 

23.48, 21.75.HRMS (+ESI) calculated for C₂₂H₂₆O₄NS [M+H]+ 400.15771, found 400.15807. HPLC (IA 

column 70% acetonitrile in water, 0.75 mL/min) tM = 16.7 min tm = 19.2 min, 95:5 e.r.  

Determination of Aziridine Stereochemistry 

Stereochemistry of 2-benzyl-1-tosylaziridine 2.136 was assigned by synthesizing (R)-2-benzyl-1-

tosylaziridine from (R)-2-amino-3-phenylpropan-1-ol and synthesizing (S)-2-benzyl-1-tosylaziridine from 

(S)-2-amino-3-phenylpropan-1-ol then comparing HPLC data to the reaction HPLC data for the same 

substrate, shown below.  

(S)-2-benzyl-1-tosylaziridine (2.136): See Enantioselective Aziridine Scope for full experimental. HPLC 

(IA column 5% 2-propanol in hexanes, 1.0 mL/min) tM = 14.7 min tm = 13.0 min, 95:5 e.r.  
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(±)-2-benzyl-1-tosylaziridine (±-2.136): 

 

(S)-2-benzyl-1-tosylaziridine (2.136): 
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Synthesis of chiral 2-benzyl-1-tosylaziridine from amino alcohols26: To a solution of chiral amino alcohol 

(0.76 g, 5.0 mmol, 1.0 equiv.) in dry CH2Cl2 (20 mL) at 0 °C was added Et3N (2.4 mL, 18 mmol, 3.5 equiv.), 

and TsCl (2.4 g, 13 mmol, 2.5 equiv.). After 10 minutes, DMAP (61 mg, 0.5 mmol, 0.1 equiv.) was added 

and the reaction was allowed to stir under a N2 balloon at room temperature overnight. After which, the 

reaction was quenched DI H2O and extracted with CH2Cl2 three times. The combined organic layers were 

dried Na2SO4 and the solvent removed under reduced pressure. The crude product was purified using silica 

gel column chromatography (5-10% EtOAc) and further purified via recrystallization from EtOAc and 

hexanes to yield (R)- 2.136 or (S)- 2.136 as a white solid.  

 (R)-2-benzyl-1-tosylaziridine ((R)-2.136): (0.275 g, 19%yield, single enantiomer) 1H NMR (400 MHz, 

CDCl3) δ 7.69 (d, J = 8.3 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 7.16 (dd, J = 4.9, 2.0 Hz, 3H), 7.09 – 6.99 (m, 

2H), 2.95 (tt, J = 7.0, 4.8 Hz, 1H), 2.81 (dd, J = 14.5, 5.2 Hz, 1H), 2.75 – 2.64 (m, 2H), 2.42 (s, 3H), 2.16 

(d, J = 4.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 144.45, 137.13, 134.93, 129.72, 128.85, 128.59, 

128.01, 126.63, 41.33, 37.63, 32.96, 21.77. HRMS (+APCI) calculated for C₁₆H₁₈O₂N³²S [M+H]+ 

288.10528, found 288.10601. HPLC (IA column 5% 2-propanol in hexanes, 1.0 mL/min) tR = 12.9 min 

[α]D
22 -16.3° (c = 2.3, CHCl3) 
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(S)-2-benzyl-1-tosylaziridine ((S)-2.136)26 (0.712 g, 50%yield)  1H NMR (400 MHz, CDCl3) δ 7.68 (d, J 

= 8.3 Hz, 2H), 7.21 (d, J = 7.9 Hz, 2H), 7.19 – 7.11 (m, 3H), 7.09 – 7.00 (m, 2H), 2.95 (tt, J = 7.1, 4.9 Hz, 

1H), 2.81 (dd, J = 14.4, 5.2 Hz, 1H), 2.74 – 2.64 (m, 2H), 2.42 (s, 3H), 2.17 (d, J = 4.5 Hz, 1H). 13C NMR 

13C NMR (101 MHz, CDCl3) δ 144.45, 137.13, 134.93, 129.72, 128.84, 128.58, 128.00, 126.63, 41.33, 

37.62, 32.96, 21.77.  HPLC (IA column 5% 2-propanol in hexanes, 1.0 mL/min) tR= 14.6 [α]D
22 16.6° (c 

= 2.3, CHCl3)   
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(R)-2-benzyl-1-tosylaziridine ((R)-2.136): 

 

(S)-2-benzyl-1-tosylaziridine ((S)-2.136): 
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2.6.4 NMR and HPLC Data 

2,4,5,6,7-pentamethyl-2,3-dihydro-1H-inden-1-one (2.88):  
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4,5,6,7-tetramethyl-2,3-dihydro-1H-inden-1-one (2.94):  
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2-methyl-3-(4-(trifluoromethyl)phenyl)-1H-indene (S1): 
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3-(4-methoxyphenyl)-2-methyl-1H-indene (S2): 
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3-(4-(tert-butyl)phenyl)-2-methyl-1H-indene (S3): 
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2,4,5,6,7-pentamethyl-3-phenyl-1H-indene (S4):  

 

 



134 
 

3-(4-(tert-butyl)phenyl)-2,4,5,6,7-pentamethyl-1H-indene (2.89): 
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3-(3,5-di-tert-butylphenyl)-2,4,5,6,7-pentamethyl-1H-indene (2.90):   
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3-(4-(tert-butyl)phenyl)-4,5,6,7-tetramethyl-1H-indene (2.95):   
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3-(3,5-di-tert-butylphenyl)-4,5,6,7-tetramethyl-1H-indene (2.96):   
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3-benzyl-2,4,5,6,7-pentamethyl-1H-indene (2.91):   
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2,3,4,5,6,7-hexamethyl-1H-indene (2.92):   
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2-bromo-3-(4-(tert-butyl)phenyl)-4,5,6,7-tetramethyl-1H-indene (2.97):   
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2-bromo-3-(3,5-di-tert-butylphenyl)-4,5,6,7-tetramethyl-1H-indene (2.98):   
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((3-(4-(tert-butyl)phenyl)-4,5,6,7-tetramethyl-1H-inden-2-yl)methyl)trimethylsilane (2.99):   
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 ((3-(3,5-di-tert-butylphenyl)-4,5,6,7-tetramethyl-1H-inden-2-yl)methyl)trimethylsilane (2.100):   
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(±)-1,5-cyclooctadiene(η5-2-methyl-3-phenylinden-1H-yl)rhodium(I)(±-2.54):  

 

(S)-1,5-cyclooctadiene(η5-2-methyl-3-phenylinden-1H-yl)rhodium(I) ((S)-2.54): 
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(R)-1,5-cyclooctadiene(η5-2-methyl-3-phenylinden-1H-yl)rhodium(I) ((R)-2.54): 
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(±)-1,5-cyclooctadiene(η5-2-methyl-3-(4-(trifluoromethyl)phenyl)inden-1H-yl)rhodium(I) (±-S5): 
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(±)-1,5-cyclooctadiene(η5-2-methyl-3-(4-(trifluoromethyl)phenyl)inden-1H-yl)rhodium(I) (±-S5): 

 

(S)-1,5-cyclooctadiene(η5-2-methyl-3-(4-(trifluoromethyl)phenyl)inden-1H-yl)rhodium(I) ((S)-S5): 
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(R)-1,5-cyclooctadiene(η5-2-methyl-3-(4-(trifluoromethyl)phenyl)inden-1H-yl)rhodium(I) ((R)-S5): 
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 (±)-1,5-cyclooctadiene(η5-3-(4-methoxyphenyl)-2-methylinden-1H-yl)rhodium(I) (±-S6): 
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(±)-1,5-cyclooctadiene(η5-3-(4-methoxyphenyl)-2-methylinden-1H-yl)rhodium(I) (±-S6): 

 

(S)-1,5-cyclooctadiene(η5-3-(4-methoxyphenyl)-2-methylinden-1H-yl)rhodium(I) ((S)-S6): 
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(R)-1,5-cyclooctadiene(η5-3-(4-methoxyphenyl)-2-methylinden-1H-yl)rhodium(I) ((R)-S6): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



152 
 

(±)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl-2-methylinden-1H-yl)rhodium(I) (±-S7): 
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(±)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl-2-methylinden-1H-yl)rhodium(I) (±-S7): 

 

(S)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl-2-methylinden-1H-yl)rhodium(I) ((S)-S7): 
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(R)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl-2-methylinden-1H-yl)rhodium(I) ((R)-S7): 
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(±)-1,5-cyclooctadiene(η5-2,4,5,6,7-pentamethyl-3-phenylinden-1H-yl)rhodium(I)(±-S8). 
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(±)-1,5-cyclooctadiene(η5-2,4,5,6,7-pentamethyl-3-phenylinden-1H-yl)rhodium(I)(±-S8). 

 

(R)-1,5-cyclooctadiene(η5-2,4,5,6,7-pentamethyl-3-phenylinden-1H-yl)rhodium(I) ((R)-S8): 
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(S)-1,5-cyclooctadiene(η5-2,4,5,6,7-pentamethyl-3-phenylinden-1H-yl)rhodium(I) ((S)-S8): 
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(±)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl)-2,4,5,6,7-pentamethylinden-1H-yl)rhodium(I) (±-
2.101) 
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(±)-1,5-cyclooctadiene(η5-3-(3,5-di-tert-butylphenyl)-2,4,5,6,7-pentamethyl-1H-inden-1-yl)rhodium(I) 
(2.102):   
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(±)-1,5-cyclooctadiene(η5-3-(4-(tert-butyl)phenyl)-4,5,6,7-tetramethyl-2-((trimethylsilyl)methyl)-1H-
inden-1-yl)rhodium(I) (2.105):   
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(±)-1,5-cyclooctadiene(η5-3-benzyl-2,4,5,6,7-pentamethyl-1H-inden-1-yl)rhodium(I) (2.103):   
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 (S,S)-(η5-2-methyl-3-(4-(trifluoromethyl)phenyl)inden-1H-yl) rhodium(III) diiodide dimer ((S,S)-S5): 
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(S,S)-(η5-3-(4-methoxyphenyl)-2-methylinden-1H-yl) rhodium(III) diiodide dimer ((S,S)-6): 
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 (S,S)-( η5-3-(4-(tert-butyl)phenyl-2-methylinden-1H-yl) rhodium(III) diiodide dimer ((S,S)- 7): 
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(S,S)-(η5-2,4,5,6,7-pentamethyl-3-phenylinden-1H-yl) rhodium(III) diiodide dimer ((S,S)-8): 
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(η5-3-(4-(tert-butyl)phenyl)-2,4,5,6,7-pentamethylinden-1H-yl) rhodium(III) diiodide dimer (2.80) 
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(±)-(η5-3-(3,5-di-tert-butylphenyl)-2,4,5,6,7-pentamethyl-1H-inden-1-yl)rhodium(III) diiodide dimer 
(2.81):   
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(±)-(η5-3-benzyl-2,4,5,6,7-pentamethyl-1H-inden-1-yl)rhodium(III) diiodide dimer (2.82):   
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(±)-di-carbonyl-(η5-3-(4-(tert-butyl)phenyl)-2,4,5,6,7-pentamethylinden-1H-yl)rhodium(I) (2.108):   
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4-nitro-N-(pivaloyloxy)benzenesulfonamide (S31): 
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 N-(pivaloyloxy)methanesulfonamide (S32):    
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hex-5-en-1-yl morpholine-4-carboxylate (S33):  
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1-(hex-5-en-1-yl)indoline-2,3-dione (S34):  

 

 

 

 



174 
 

2-bromo-5-(hex-5-en-1-yloxy)pyrazine (S35): 
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2-bromo-3-(hex-5-en-1-yloxy)pyridine (S36): 

 

 

 

 



176 
 

hex-5-en-1-yl (tert-butoxycarbonyl)-L-phenylalaninate (S37): 

 

 

 

 



177 
 

 (S)-(((3-methylhept-6-en-1-yl)oxy)methyl)benzene (S41): 

 

 

 

 



178 
 

 (S)-(((3-methylhex-5-en-1-yl)oxy)methyl)benzene (S47): 
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5-methylhex-5-en-1-yl benzoate (S48): 

 

 

 

 



180 
 

hex-5-en-1-yl acrylate (S49): 

 

 

 

 



181 
 

hex-5-en-1-yl 4-vinylbenzoate (S50): 
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hex-5-en-1-yl cinnamate (S51): 

 

 

 

 



183 
 

(S)-2-heptyl-1-tosylaziridine (2.79)  

 

 

 

 



184 
 

(±)-2-heptyl-1-tosylaziridine (±-2.79)  

 

(S)-2-heptyl-1-tosylaziridine (2.49)  
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 (S)-2-(4-(benzyloxy)butyl)-1-tosylaziridine (2.109) 

 

 

 

 



186 
 

(±)-2-(4-(benzyloxy)butyl)-1-tosylaziridine (±-2.109)  

 

(S)-2-(4-(benzyloxy)butyl)-1-tosylaziridine (2.109) 
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(S)-4-(1-tosylaziridin-2-yl)butyl acetate (2.110): 

 

 

 

 



188 
 

(±)-4-(1-tosylaziridin-2-yl)butyl acetate (±-2.110): 

 

(S)-4-(1-tosylaziridin-2-yl)butyl acetate (2.110):  
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(S)-2-(4-((tert-butyldimethylsilyl)oxy)butyl)-1-tosylaziridine (2.111):  

 

 

 

 



190 
 

(±)-2-(4-((tert-butyldimethylsilyl)oxy)butyl)-1-tosylaziridine (±-2.111)

 

 (S)-2-(4-((tert-butyldimethylsilyl)oxy)butyl)-1-tosylaziridine (2.111) 
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(S)-4-(1-tosylaziridin-2-yl)butyl 4-methylbenzenesulfonate (2.112): 

 

 

 

 



192 
 

(±)-4-(1-tosylaziridin-2-yl)butyl 4-methylbenzenesulfonate (±-2.112): 

 

 

(S)-4-(1-tosylaziridin-2-yl)butyl 4-methylbenzenesulfonate (2.112): 
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(S)-4-(1-tosylaziridin-2-yl)butan-1-ol (2.113): 
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(±)-4-(1-tosylaziridin-2-yl)butan-1-ol (±-2.113): 

  

(S)-4-(1-tosylaziridin-2-yl)butan-1-ol (2.113):  
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(S)-2-(4-(1-tosylaziridin-2-yl)butyl)isoindoline-1,3-dione (2.114):  
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(±)-2-(4-(1-tosylaziridin-2-yl)butyl)isoindoline-1,3-dione (±-2.114):  

 

(S)-2-(4-(1-tosylaziridin-2-yl)butyl)isoindoline-1,3-dione (2.114):  
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(S)-N-(4-(1-tosylaziridin-2-yl)butyl)acetamide (2.115):  

 

 

 

 



198 
 

(±)-N-(4-(1-tosylaziridin-2-yl)butyl)acetamide (±-2.115): 

 

(S)-N-(4-(1-tosylaziridin-2-yl)butyl)acetamide (2.115): 
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(S)-2-(4-nitrobutyl)-1-tosylaziridine (2.116): 

 

 

 

 



200 
 

(±)-2-(4-nitrobutyl)-1-tosylaziridine (±-2.116): 

 

(S)-2-(4-nitrobutyl)-1-tosylaziridine (2.116): 
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 (S)-2-(4-bromobutyl)-1-tosylaziridine (2.117): 

 

 

 

 



202 
 

(±)-2-(4-bromobutyl)-1-tosylaziridine (±-2.117): 

 

(S)-2-(4-bromobutyl)-1-tosylaziridine (2.117): 
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(S)-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)-1-tosylaziridine (2.118): 

 

 

 

 



204 
 

(±)-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)-1-tosylaziridine (±-2.118): 

 

(S)-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)-1-tosylaziridine (2.118): 
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diethyl (S)-(4-(1-tosylaziridin-2-yl)butyl)phosphonate (2.119): 
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ethyl (S)-(4-(1-tosylaziridin-2-yl)butyl)phosphonate (2.119): 
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ethyl (±)-(4-(1-tosylaziridin-2-yl)butyl)phosphonate (±-2.119): 

 

ethyl (S)-(4-(1-tosylaziridin-2-yl)butyl)phosphonate (2.119): 
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(S)-4-(1-tosylaziridin-2-yl)butyl morpholine-4-carboxylate (2.120): 

 

 

 

 



209 
 

(±)-4-(1-tosylaziridin-2-yl)butyl morpholine-4-carboxylate (±-2.120): 

 

(S)-4-(1-tosylaziridin-2-yl)butyl morpholine-4-carboxylate (2.120): 
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(S)-1-(4-(1-tosylaziridin-2-yl)butyl)indoline-2,3-dione (2.121): 

 

 

 

 



211 
 

(±)-1-(4-(1-tosylaziridin-2-yl)butyl)indoline-2,3-dione (±-2.121):  

 

(S)-1-(4-(1-tosylaziridin-2-yl)butyl)indoline-2,3-dione (2.121):  
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 (S)-2-bromo-5-(4-(1-tosylaziridin-2-yl)butoxy)pyrazine (2.122): 

 

 

 

 



213 
 

(±)-2-bromo-5-(4-(1-tosylaziridin-2-yl)butoxy)pyrazine (±-2.122): 

 

(S)-2-bromo-5-(4-(1-tosylaziridin-2-yl)butoxy)pyrazine (2.122): 

 

 

 

 

 

 

 

 

 

 

 

 



214 
 

(S)-2-bromo-3-(4-(1-tosylaziridin-2-yl)butoxy)pyridine (2.123): 

 

 

 

 



215 
 

(±)-2-bromo-3-(4-(1-tosylaziridin-2-yl)butoxy)pyridine (±-2.123): 

 

(S)-2-bromo-3-(4-(1-tosylaziridin-2-yl)butoxy)pyridine (2.124): 

 

 

 

 

 

 

 

 

 

 

 

 

 



216 
 

(S)-2-(4-(((3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-
d][1,3]dioxol-6-yl)oxy)butyl)-1-tosylaziridine (2.124):  

 

 

 

 



217 
 

2-(4-(((3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-
d][1,3]dioxol-6-yl)oxy)butyl)-1-tosylaziridine (2.124):  

 

(S)-2-(4-(((3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-
d][1,3]dioxol-6-yl)oxy)butyl)-1-tosylaziridine (2.124):  
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4-((S)-1-tosylaziridin-2-yl)butyl (tert-butoxycarbonyl)-L-phenylalaninate (2.125): 

 

 

 

 



219 
 

4-1-tosylaziridin-2-yl)butyl (tert-butoxycarbonyl)-L-phenylalaninate (2.125): 

 

4-((S)-1-tosylaziridin-2-yl)butyl (tert-butoxycarbonyl)-L-phenylalaninate (2.125): 

 

 

 

 

 

 

 

 

 

 

 

 

 



220 
 

(S)-2-((S)-5-(benzyloxy)-3-methylpentyl)-1-tosylaziridine ((S,S)-2.126): 

 

 

 

 



221 
 

2-((S)-5-(benzyloxy)-3-methylpentyl)-1-tosylaziridine (2.126) 

 

S)-2-((S)-5-(benzyloxy)-3-methylpentyl)-1-tosylaziridine ((S,S)-2.216): 
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 (R)-2-((S)-5-(benzyloxy)-3-methylpentyl)-1-tosylaziridine ((R,S)-2.126):  

 

 

 

 



223 
 

2-((S)-5-(benzyloxy)-3-methylpentyl)-1-tosylaziridine (2.126) 

 

(R)-2-((S)-5-(benzyloxy)-3-methylpentyl)-1-tosylaziridine ((R,S)-2.126): 

 

 

 

 

 

 

 

 

 

 

 

 

 



224 
 

(S)-2-((S)-4-(benzyloxy)-2-methylbutyl)-1-tosylaziridine ((S,S)-2.127): 

 

 

 

 



225 
 

2-((S)-4-(benzyloxy)-2-methylbutyl)-1-tosylaziridine (2.127): 

 

(S)-2-((S)-4-(benzyloxy)-2-methylbutyl)-1-tosylaziridine ((S,S)-2.127): 
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(R)-2-((S)-4-(benzyloxy)-2-methylbutyl)-1-tosylaziridine ((R,S)-2.127): 

 

 

 

 



227 
 

2-((S)-4-(benzyloxy)-2-methylbutyl)-1-tosylaziridine (2.127): 

 

(R)-2-((S)-4-(benzyloxy)-2-methylbutyl)-1-tosylaziridine ((R,S)-2.127): 
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(S)-2-(cyclohexylmethyl)-1-tosylaziridine (2.128): 

 

 

 

 



229 
 

(±)-2-(cyclohexylmethyl)-1-tosylaziridine (±-2.128):

 

(S)-2-(cyclohexylmethyl)-1-tosylaziridine (2.128): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



230 
 

(S)-2-cyclohexyl-1-tosylaziridine (2.129):  

 

 

 

 



231 
 

(±)-2-cyclohexyl-1-tosylaziridine (±-2.129): 

 

(S)-2-cyclohexyl-1-tosylaziridine (2.129): 

 

 

 

 

 

 

 

 

 

 

 

 

 



232 
 

3-((2S,3R)-3-methyl-1-tosylaziridin-2-yl)propyl benzoate (2.130): 

 

 

 

 



233 
 

3-(3-methyl-1-tosylaziridin-2-yl)propyl benzoate (2.130): 

 

3-((2S,3R)-3-methyl-1-tosylaziridin-2-yl)propyl benzoate (2.130): 
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5-methyl-6-((4-methylphenyl)sulfonamido)hex-4-en-1-yl benzoate (2.132): 

 

 

 

 



235 
 

 (S)-2-(4-phenylbutyl)-1-tosylaziridine (2.133): 

 

 

 

 



236 
 

(±)-2-(4-phenylbutyl)-1-tosylaziridine (±-2.133): 

 

(S)-2-(4-phenylbutyl)-1-tosylaziridine (2.133): 

 

 

 

 

 

 



237 
 

(S)-2-(3-phenylpropyl)-1-tosylaziridine (2.134): 
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(±)-2-(3-phenylpropyl)-1-tosylaziridine (2.134): 

  

(S)-2-(3-phenylpropyl)-1-tosylaziridine (2.134): 
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(S)-2-phenethyl-1-tosylaziridine (2.135):   

 

 

 

 



240 
 

2-phenethyl-1-tosylaziridine (±-2.135): 

 

(S)-2-phenethyl-1-tosylaziridine ((S)-2.135): 

 

 

  

 

 

 



241 
 

(S)-2-benzyl-1-tosylaziridine (2.136): 
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(±)-2-benzyl-1-tosylaziridine (±-2.136): 

 

(S)-2-benzyl-1-tosylaziridine (2.136): 
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 (S)-1-((4-nitrophenyl)sulfonyl)-2-(4-phenylbutyl)aziridine (2.137): 

 

 

 

 



244 
 

 

(±)-1-((4-nitrophenyl)sulfonyl)-2-(4-phenylbutyl)aziridine (±-2.137):

 

(S)-1-((4-nitrophenyl)sulfonyl)-2-(4-phenylbutyl)aziridine (2.137):

 

 

 

 

 

 

 

 

 

 

 

 

 



245 
 

 (S)-1-(methylsulfonyl)-2-(4-phenylbutyl)aziridine (2.138): 

 

 

N

Ms

 

N

Ms
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(±)-1-(methylsulfonyl)-2-(4-phenylbutyl)aziridine  (±-2.138):

 

(S)-1-(methylsulfonyl)-2-(4-phenylbutyl)aziridine (2.138): 
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(S)-4-(1-tosylaziridin-2-yl)butyl benzoate (2.139): 

 

 

 

 



248 
 

(±)-4-(1-tosylaziridin-2-yl)butyl benzoate (±-2.139): 

 

(S)-4-(1-tosylaziridin-2-yl)butyl benzoate (2.139): 

 

 

 

 

 



249 
 

(S)-3-(1-tosylaziridin-2-yl)propyl benzoate (2.140):   

 

 

 

 



250 
 

3-(1-tosylaziridin-2-yl)propyl benzoate (±-2.140): 

 

(S)-3-(1-tosylaziridin-2-yl)propyl benzoate ((S)-2.140): 

 

 

  

 

 

 



251 
 

(S)-2-(4-(allyloxy)butyl)-1-tosylaziridine (2.143): 

 

 

 

 



252 
 

(±)-2-(4-(allyloxy)butyl)-1-tosylaziridine (±-2.143): 

 

(S)-2-(4-(allyloxy)butyl)-1-tosylaziridine (2.143): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



253 
 

(S)-4-(1-tosylaziridin-2-yl)butyl acrylate (2.144): 

 

 

 

 



254 
 

(±)-4-(1-tosylaziridin-2-yl)butyl acrylate (±-2.144): 

 

(S)-4-(1-tosylaziridin-2-yl)butyl acrylate (2.144): 

 

 

 

 

 

 



255 
 

(S)-4-(1-tosylaziridin-2-yl)butyl 4-vinylbenzoate (2.145): 

 

 

 

 



256 
 

(±)-4-(1-tosylaziridin-2-yl)butyl 4-vinylbenzoate (±-2.145): 

 

 (S)-4-(1-tosylaziridin-2-yl)butyl 4-vinylbenzoate (2.145): 
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(S)-4-(1-tosylaziridin-2-yl)butyl cinnamate (2.146): 
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(±)-4-(1-tosylaziridin-2-yl)butyl cinnamate (±-2.146): 

 

(S)-4-(1-tosylaziridin-2-yl)butyl cinnamate (2.146): 
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Chapter 3: Group IX Transition Metal-Catalyzed Activation of Electrophilic 

Nitrogen Reagents Towards Direct and Indirect Nucleophilic Attack 

In this chapter we will discuss the reactivity of Group IX transition metal catalysts with electrophilic 

nitrogen reagents in the presence of nucleophiles. Particular focus will be placed on Co(III), Rh(III), and 

Ir(III) catalyzed reactions. The reactivity of these catalytic systems with electrophilic nitrogen reagents will 

is divided into direct nucleophilic attack onto an electrophilic nitrogen, or through indirect nucleophilic 

attack onto an electrophilic metal-substrate-nitrogen adduct. This chapter introduces relevant Group IX 

transition metal catalyzed reactivity as a foundation for the chemistry discussed in Chapter 4.   

3.1 Introduction to Transition Metal-Catalyzed Activation of Electrophilic Nitrogen Reagents  

The development of electrophilic amination strategies has been continually driven by the demand 

for the stereoselective and efficient formation of C–N bonds frequently encountered in pharmaceutical and 

agrochemical synthetic targets. Electrophilic amination allows for umpolung reactivity enabling the use of 

more common nucleophilic carbon sources to forge desired C–N bonds.1 The development of modern 

electrophilic amination strategies has relied heavily on the development of electrophilic nitrogen reagents 

including N-halo-amines, hydroxylamines,2,3 azides, iminoiodinanes,4 and dioxazolones.5-7 Transition metal 

catalysts have extensively been used combination with electrophilic nitrogen reagents as they are key in 

controlling the reactivity and the stereoselectivity in electrophilic aminations.8-10 Four major mechanistic 

pathways exist for the transition metal-mediated reaction with electrophilic nitrogen sources. 11,12 The first 

mechanistic pathway begins with a directing group mediate C–H activation via a concerted metalation 

deprotonation (CMD) mechanism followed by an inner-sphere reductive elimination to form the C–N bond 

(Figure 3.1a).12-14 The second mechanistic pathway involves the formation of a metal nitrene  followed by 

an outer-sphere concerted C–H insertion event to form the desired C–N bond (Figure 3.1b). The third 

mechanistic pathway involves the metal nitrene-mediated hydrogen atom transfer (HAT) leading to radical 
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C–H insertion pathway towards C–N bond formation(Figure 3.1c).15 This mechanistic pathway is 

frequently invoked with first-row transition metals.16-18 The fourth mechanistic pathway appears to be 

similar to the second and third outer-sphere metal mediated pathways, however the key C–N bond formation 

occurs via nucleophilic attack to the electrophilic nitrogen (Figure 3.1d). The increased electrophilic nature 

of the nitrogen upon metal nitrene formation enables nucleophilic attack which often occurs from electron 

rich π-nucleophiles and operates under electrophilic aromatic substitution (EAS) mechanisms.19-26  

Group IX transition metal catalysis has particularly benefited from the development of electrophilic 

nitrogen reagents. A vast range of C–H functionalization strategies for the formation of C–N bonds have 

been developed utilizing the common M(III) cyclopentadienyl (Cp) piano stool catalyst platforms. 

 

Figure 3.1 Overview of Mechanisms for Transition Metal Catalyzed C–N Bond Formations with 

Electrophilic Nitrogen Sources 
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Mechanistically most of these transformations rely on the first three mechanistic pathways outlined above. 

Notably scarce from the vast array of CpM(III) reactions utilizing electrophilic nitrogen reagents are 

examples that operate via the fourth pathway of nucleophilic attack to the electrophilic nitrogen. For the 

few examples that exist two further mechanistic distinctions can be made. The first describes the typical 

direct nucleophilic attack on nitrogen following the formation of a highly electrophilic metal nitrene 

(Figure 3.1d). In the second mechanistic distinction, nucleophilic attack is described as indirect relative to 

electrophilic nitrogen. In this scenario the electrophilic nitrogen will first react with a substrate, typically 

an alkene, followed by the nucleophilic attack to a now activated carbon (Figure 3.1e).  

3.2 Direct Nucleophilic Attack  

The  first report of a nucleophilic attack occurring to an activated electrophilic nitrogen following 

Group IX piano stool catalyst activation was made by the Chang group in 2018.27 This investigation sought 

to elucidate the detailed mechanism of an earlier publication in which the aromatic C–H functionalization 

appeared to operating under an EAS mechanism rather than the expected C–H insertion mechanism.28 When 

the dioxazolone 3.1 was exposed to the iridium Cp* catalyst 3.2 the expected γ-lactam product 3.3 resulting 

from a 6-endo cyclization was not observed (Scheme 3.1a). Instead, the γ-lactam regioisomer 3.4 was 

isolated as the sole product of this transformation. The formation of this unexpected regioisomer was the 

result of the nucleophilic attack by the pendant aryl ring to the intermediate metal nitrene 3.5 in a 5-endo 

cyclization. The attack occurring from the ipso-position is a result of the increased nucleophilicity of the 

ipso-position over the ortho-position. Additionally, the resulting intermediate [4.5]-spirocycle 3.6 is 

stabilized through resonance onto the methoxy substituent. Spirocycle 3.6 then undergoes a selective 

skeletal rearrangement via a 1,2-carbon shift to form the observed product 3.4. Formation of 3.3 via a 

1,2-nitrogen shift was determined to be highly unfavorable. When utilizing the free phenol dioxazolone 

substrate 3.7 the selective ipso nucleophilic attack enabled the synthesis and isolation of the [4.5]-spirocycle 

3.8, along with a variety of substituted variants (Scheme 3.1b).     
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In 2021, the Chang group returned to these intermediate spirocycles to investigate their 

enantioselective synthesis.29 Using the chiral iridium catalyst 3.9, they were able to demonstrate the 

synthesis of a broad range of chiral [4.5]-spirocycle with high levels of enantioselectivity (Scheme 3.1c). 

Unlike their previous reports which showed the formation of spirocyclic products from unprotected 

phenols, the use of silyl protecting groups was crucial to providing high levels of enantiocontrol.  This was 

especially true for ortho-substituted compounds such as 3.10 in which the bulky silyl group is orientated 

away from the Cp* ligand and would control the orientation of the subsequent nucleophilic attack of the 

aromatic ring leading to enantiocontrol over the new quaternary chiral center in 3.11. 

Scheme 3.1 Ir(III) Catalyzed Synthesis of Aryl γ-Lactams and Spirocyclic γ-Lactams 
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In 2020, the Chang group expanded upon their seminal 2018 report and disclosed the use of the 

cobalt Cp* catalyst 3.12 for the activation of metal nitrene intermediates formed from azide carbamates 

towards nucleophilic attack.30 When utilizing the benzyl azidoformate 3.13 the rearranged carbamate 3.14 

was formed as the sole product while the expected regioisomer 3.15 was not observed (Scheme 3.2). Once 

again, this is due to a selective nucleophilic attack occurring from the ipso-position to the metal nitrene 

3.16. The resulting spirocycle 3.17 undergoes a selective 1,2-carbon shift to form the carbamate product 

3.14. 

Although the transition metal-catalyzed transfer of electrophilic nitrogen reagents via 

metal-nitrenes has achieved the functionalization of many Csp2–H and simple Csp3–H bonds, the 

functionalization of α-carbonyls was still considered to be a challenge, despite their increased reactivity 

due to polarization and resonance stabilization imparted by the carbonyl. Motivated by this gap in reactivity 

the Chang group set out to develop a C–H functionalization strategy of 1,3-dicarbonyls.31 These substrates 

were chosen as they readily tautomerize to their enol form for nucleophilic attack on to metal-nitrenes. As 

a result, in the presence of the iridium catalyst 3.21 the α-amination of β-keto-ester 3.18 to form 3.22 is 

achieved (Scheme 3.3a). Key to the success in developing this transformation was the computational 

Scheme 3.2 Co(III) Catalyzed Synthesis of Cyclic Arylcarbamates via Nucleophilic Attack 
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analysis of the initial metal nitrene intermediate 3.23 that was formed from the first catalyst 3.20 and 

electrophilic nitrogen source 2,2,2-trichloroethoxycarbonyl azide (TrocN3) 3.19. This revealed that under 

these initial conditions the HOMO-LUMO gap between the enol and metal nitrene were mismatched. The 

LUMO of the metal nitrene could be lowered by installing more electron withdrawing groups to form the 

more reactive catalyst 3.21. Additionally, the use of a Lewis- or Brønsted acid was found to aid in the 

tautomerization of the of 1,3-dicarbonyls to their enol forms in solution. This allowed for a highly effective 

catalytic system for the α-amination of β-keto-esters and amides. Once again, computational analysis 

confirmed this transformation to occur via nucleophilic attack of the tautomerized enol to the metal nitrene. 

In 2022, the Chang group was able to extend this reactivity to the use of ester substrates to form α-amino 

esters (Scheme 3.3b).32 To achieve this reaction the isolable silyl enol ethers, such as 3.25, had to be formed 

to enable the desired nucleophilic attack in order to form the α-amino products such as 3.27. Once again, a 

more electron-withdrawing ligand scaffold was chosen to lower the LUMO of the metal nitrene 

Scheme 3.3 Nucleophilic Attack of Enolates onto Co(V)-Nitrenes for the α-Amidation of Carbonyl 

Compounds.  
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intermediate 3.28 formed from the nitrogen source TrocNHOTs 3.26 and enable nucleophilic attack from 

the silyl enol ether 3.25.  

In 2021, the Chang group sought to leverage the highly electrophilic nature of the metal nitrene 

intermediates to further expand the scope of nucleophiles employed for direct nucleophilic attack. Carbon 

nucleophiles are most frequently employed in the direct nucleophilic attack to metal nitrenes, while the use 

of heteroatom nucleophiles, such as nitrogen or oxygen, have been notably absent from this area of research. 

This is due to the challenges in the direct coupling of heteroatoms to form N–N or N–O bonds. Using the 

[Cp*IrCl2]2 catalyst, dioxazolone nitrene precursors, and secondary aryl amine nucleophiles, the Chang 

group was able to develop a N–N coupling strategy for the synthesis of hydrazides (Scheme 3.4).33 This 

new synthetic disconnection enabled the preparation of an extensive scope of hydrazide products from 

dioxazolones and amines. Mechanistically this transformation was shown to undergo direct nucleophilic 

attack from the amine 3.30 to the metal nitrene 3.32. Key to the success of this nucleophilic attack is the 

coordinated chloride ligand which guides the amine to the nitrene through hydrogen bonding. 

3.3 Indirect Nucleophilic Attack 

Nucleophilic attack onto substrate-metal-electrophilic nitrogen intermediates is not an uncommon 

form of catalytic activity and has been extensively used across the periodic table. This type of reactivity 

allows for the generation of more molecular complexity than the direct nucleophilic attack onto a 

electrophilic nitrogen, and frequently employed for the 1,2-functionalization of alkenes and alkynes. 

However, as with the direct nucleophilic attack strategies the examples employing Group IX piano stool 

catalysts have been rare.  

Scheme 3.4  Ir(III) Catalyzed Synthesis of Hydrazides via N–N Bond Formation 
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The first example to report such reactivity was made in 2017 by Rovis who demonstrated the 

1,2-di-functionalization of tethered hydroxamate alkenes with amine nucleophiles to form amine 

substituted γ- and δ-lactams.34 This report was notable for the excellent levels of divergent regioselectivity 

that could be achieved depending upon the reaction conditions that were employed. When utilizing HFIP 

and no additives, [Cp*IrCl2]2 catalyzes the formation of γ-lactam products in a 5-exo cyclization (Scheme 

3.5a). However, the use of the less acidic solvent TFE and the addition of potassium bicarbonate led to 

formation of δ-lactam products in 6-endo cyclization (Scheme 3.5b).  This divergence in reactivity was 

hypothesized to arise from the identity of the intermediate iridium-hydroxylamine adduct which would be 

subject to nucleophilic attack from 3.30. Under the first conditions, the more acidic alcohol solvent HFIP 

 

Scheme 3.5 Divergent Synthesis of Amine Substituted γ- and δ-Lactams via Indirect Amine 

Nucleophilic Attack onto Iridium Activated Electrophilic Nitrogen Reagents 
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reduces the nucleophilicity of 3.30, allowing for the formation of the metal nitrene 3.37 (Scheme 3.5c). 

This metal nitrene was hypothesized to undergo migratory insertion across the alkene to form the 

metallocycle 3.38 which would then be subjected to nucleophilic attack from 3.30 to form the γ-lactam 

3.34. Under the second reaction conditions, the less acidic TFE and the use of an inorganic base enables the 

nucleophilic attack to occur earlier on the Ir-hydroxylamine adduct 3.36 (Scheme 3.5d). The addition of 

the amine and iridium metal center across the alkenes leads to the formation of the seven membered 

metallocycle 3.39 which closes to the δ-lactam product 3.35. 

Following their initial report, the Rovis group continued to explore the use of nucleophiles with 

hydroxylamine-tethered alkenes to better understand the observed divergent regioselectivities. This resulted 

Scheme 3.6 Ligand Controlled Indirect Carboxylate Nucleophilic Attack on to Iridium Activated 

Hydroxylamines. 
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in their second report which extended this reactivity towards the 1,2-oxyamination of alkenes.35 Once again 

excellent levels of divergent regioselectivity were observed for γ- and δ-lactams. However, unlike their 

seminal report, regioselectivity is controlled by the identity of the Cp ligand of the iridium catalyst rather 

than the reaction conditions. When using the Cp* iridium catalyst the hydroxylamine-tethered alkene 3.33 

forms the γ-lactam product 3.42 (Scheme 3.6a). The selectivity could be reversed to form the δ-lactam 

product 3.44 when the more electron-withdrawing catalyst was used (Scheme 3.6b). In this report the 

electronics of the ligands dictated which iridium-hydroxylamine adduct would be subjected to nucleophilic 

attack from the carboxylate nucleophiles. The electron rich Cp* ligand enables formation of the metal 

nitrene 3.37; however, in this proposed mechanism the concerted nitrene addition to the alkene lead to 

formation of aziridine adduct 3.43 rather than the previously proposed metallocycle 3.38 (Scheme 3.6c). 

Aziridine 3.43 is subjected to nucleophilic attack from the carboxylate to form the γ-lactams. The more 

electron-withdrawing catalyst directly activated the alkene to nucleophilic attack from the carboxylates 

forming the seven-membered metallocycle 3.46 which would then close to from the δ-lactams (Scheme 

3.6d). The electron-withdrawing ligand also enabled the cyclization of 3.47 with the nitrogen reagent 3.48 

to form the amine substituted γ-lactone 3.49 (Scheme 3.6e). In this role reversal, the nucleophilic attack 

occurs in an intramolecular fashion from the iridium-hydroxylamine adduct 3.50.  

 

Scheme 3.7 Synthesis of γ-Lactams via Iridium 1,3-Dipole Intermediates. 
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After two seminal reports from the Rovis group, the Chang group was the next to explore the 

activation of alkenes towards nucleophilic attack using electrophilic nitrogen metal intermediates. In their 

first report, the dioxazolone-tethered alkene 3.50 cyclized to form γ-lactam 3.51 with halo-nucleophiles 

when utilizing the Cp* iridium catalyst (Scheme 3.7a).36 Similar to the Rovis report, the use of an 

electron-withdrawing catalyst enabled the use of carboxylate nucleophiles; however, unlike the Rovis report 

under these conditions the γ-lactam 3.53 was formed (Scheme 3.7b). Detailed stoichiometric and 

computational mechanistic investigations revealed an alternative mechanism to the one reported by Rovis. 

In this mechanism, the metal nitrene 3.54 that is formed from the dioxazolone acts as a 1,3-dipole and 

undergoes a [3+2] cycloaddition across the alkene. In this scenario, the nitrogen still acts as the electrophilic 

species, while the nucleophile is coordinated to the metal leading to metal mediated transfer of both the 

electrophile and nucleophile to the alkene (Scheme 3.7c).  

In 2021, the Chang group published a follow-up study to their first report in which they once again 

sought to change the mechanism of the 1,2-difunctionalization.37 Use of an ancillary ligand prevented 

 

Scheme 3.8  Synthesis of γ-Lactams via Indirect Carboxylates Nucleophilic Attack onto Iridium 

Activated of Dioxazolones.  
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coordination of the carboxylate nucleophile, precluding the [3+2] cycloaddition mechanisms. Additionally, 

tuning of the ancillary ligand prevented nucleophilic attack from ancillary ligand itself to the alkene. As a 

result, the use of the dioxazolone substrate 3.50 once again allowed for the formation of the γ-lactam 3.53 

(Scheme 3.8a). The new mechanism begins with the addition of the metal nitrene 3.57 to the alkene to form 

cationic γ-lactam intermediate 3.58 which is then subjected to an outer-sphere nucleophilic attack from the 

carboxylate (Scheme 3.8b). The change in mechanism also allowed for the use of a chiral ancillary ligand 

which rendered the synthesis of 3.53 enantioselective (Scheme 3.8c). 

The most recent example of an indirect nucleophilic attack onto an electrophilic nitrogen source 

catalyzed by a Group IX piano stool catalyst once again comes from the Chang group. In this 2023 

publication, the dioxazolone nitrene precursor 3.61 tethered to an alkene with a pendant aryl moiety is 

subjected to catalyst 3.21  leading to a biomimetic cascade to form the polycyclic δ-lactam product 3.62 

(Scheme 3.9a).38 Based upon computational investigations this biomimetic cascade begins with the 

formation of the electrophilic metal nitrene 3.63 which then undergoes a concerted aziridination of the 

alkene to form 3.64 (Scheme 3.9b). While still coordinated to the iridium metal center, the aziridine 3.64 

is subjected to a regioselective nucleophilic attack from the pendant aryl group in a 6-endo cyclization. This 

 

Scheme 3.9 Ir(III) Catalyzed Biomimetic Cascade Synthesis of Polycyclic δ-Lactams via Indirect Aryl 

Nucleophilic Attack. 
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indirect nucleophilic attack is a notable report, as it is the first outside of direct nucleophilic attack 

mechanisms to utilize an aryl nucleophile.  

3.4 Conclusion 

Electrophilic nitrogen reagents have expanded the toolbox for the synthesis of valuable C–N bonds. 

Transition metal Group IX piano stool-catalyzed C–H functionalizations have seen extensive use of these 

reagents, enabling the synthesis of a wide range of nitrogen scaffolds. Many transformations rely on the 

electrophilic nature of these reagents to enable reductive elimination or C–H insertion mechanisms in the 

key C–N bond forming step. Mechanisms which rely on the direct or indirect nucleophilic attack on 

electrophilic nitrogen intermediates are notably rare for Group IX piano stool-catalyzed transformations. 

Direct nucleophilic attacks occur on electrophilic metal nitrene intermediates and were first reported by the 

Chang group for intramolecular aryl nucleophiles. This reactivity was later expanded to include 

intermolecular nucleophilic attacks from enolates and even amines forming N–N bonds. Indirect 

nucleophilic attacks were first reported by the Rovis group harnessing the electrophilic nature of metal 

nitrene and aza-metallacycle intermediates to achieve the intramolecular 1,2-difunctionlization of alkenes 

to form substituted lactams and lactones with amine and carboxylate nucleophiles. The Chang group applied 

analogous intermediates for the formation of lactams, later extending this mechanism for a cascade 

synthesis of polycyclic lactams. In these mechanisms, achieving selectivity of the nucleophilic attack and 

ring-forming processes has depended upon the identity of intermediate electrophiles. While some divergent 

conditions have been developed to enable both inter- and intramolecular reactions, most transformations 

have relied on some form of intramolecular bond formation. Particularly for the indirect nucleophilic attack 

mechanisms, no reports have been made of intermolecular three-component reactions. Enantioselective 

versions of these transformations have also been limited, only two examples for the synthesis γ-lactams, 

have been reported. In Chapter 4 we will discuss our work towards the development of an enantioselective 

1,2-arylamination for the synthesis of 2-aminotetralins and 2-amino-carbospirocycles.  
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Chapter 4: Enantioselective 1,2-Arylamination: Synthesis of 2-Aminotetralins 

and 2-Amino-Carbospirocycles 

 In this chapter, we discuss the development of an enantioselective 1,2-arylamination using planar 

chiral Rh(III) indenyl catalysts. The discovery and optimization of this reaction highlights the privileged 

role the indenyl scaffold plays in enabling this transformation. We report an extensive scope of the 

stereoselective synthesis of both chiral 2-aminotetralins and unique chiral 2-aminocarbospirocycles. 

Mechanistic investigations have led us to propose a unique catalytic cycle which differs from both our 

previous enantioselective aziridination and other reported Group-IX catalyzed nucleophilic attacks onto 

electrophilic nitrogen reagents. This chapter represents work in progress with outstanding substrates 

synthesized by Wesley Pullara and computational mechanistic investigations performed in collaboration 

with the Baik group at KAIST.  

4.1 Introduction to 2-Aminotetralins 

4.1.1 2-Aminotetralins in Medicinal Chemistry 

 Nitrogen is a key elemental building block in the development of biologically active molecules and 

as such most modern drug scaffolds contain a multitude of nitrogen atoms. The incorporation of nitrogen 

into a molecular scaffold can improve several physiochemical properties, such as enhancing oral 

bioavailability or increasing intra- and intermolecular interactions leading to higher drug potency.1,2 As a 

result, synthetic chemists are continually aiming to improve the synthetic toolbox for the construction of 

pharmaceutically relevant nitrogen-containing motifs. While the inclusion of relevant nitrogen-containing 

functional groups has been of longstanding interest, developments in elucidation, modeling, and testing of 

the active sites of drug targets has resulted in an increased focus on three-dimensional complex scaffolds 

which can have improved interactions within these active sis compared to their planar counterparts.3,4 As a 

result, research into the development of synthetic methods capable of building complex nitrogen scaffolds 

in a stereoselective fashion is of immense interest.5  
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  One of the three-dimensional nitrogen-containing scaffolds that has received continued interest 

from medicinal chemists are 2-aminotetralins 4.1 (Figure 4.1).  The first report of 2-aminotetralins 

exhibiting biological activity was disclosed by Bamberger and Filhene in 1889 although detailed 

understanding of their activity was limited.6 In 1969, Cannon and coworkers synthesized differentially 

substituted 2-aminotetralin scaffolds as simplified analogues of apomorphine 4.2 to better understand the 

biological activity of 4.2.7,8 Further investigation into the biological activity of 2-aminotetralin led to the 

widespread recognition that this simple scaffold acts as a rigidified dopamine analogue and is a highly 

potent agonist for both dopamine and 5-hydroxytryptamine (5-HT) receptors.9-13 It has also been recognized 

that further research into the 2-aminotetralin scaffolds could lead to development of treatment options for 

a variety of neurological diseases such as Parkinson’s disease,14 epilepsy,15 and adiction.16 Development of 

these scaffolds has successfully led to pharmaceuticals such as Rotigotine 4.4 which is used in the treatment 

of symptoms Parkinson’s disease (Figure 4.1).17 The 2-aminotetralin scaffold has also been applied in the 

treatment of other disorders Nirogacestat 4.5, for example, was first developed as an Alzheimer’s disease 

treatment to reduce the formation of β-amyloid proteins, but ultimately found success as an anti-cancer 

 

Figure 4.1 Examples of 2-Aminotetralin Motifs Found in Biologically Active Compounds. 
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treatment for desmoid tumors, receiving a first-in-class designation from the FDA.18,19 Another recent 

example is ABBV-CLS-484 4.6, a dual action, immunotherapy anti-cancer agent which is designed to 

weaken cancerous cells and make them susceptible to attack from the body’s immune system; this treatment 

is currently in Phase I clinical trials.20  The success of the 2-aminotetralin framework over planar variants 

in these examples is due to the positioning of the chiral nitrogen center and the superior orientation this 

provides to attached functional groups necessary to bind within an active site.21   

4.1.2 Enantioselective Synthesis of 2-Aminotetralins 

 Although 2-aminotetralins have more than proven their worth in medicinal chemistry, the synthesis 

of this valuable scaffold, particularly the asymmetric synthesis, has been limited to a few approaches. The 

most prevalent synthetic strategy relies on the reductive amination of β-tetralones 4.7 via either imine or 

enamine intermediates (Scheme 4.1a). Early asymmetric synthetic routes relied on achiral reductions of 

imines followed by chiral resolution of the free amine 4.1 through the formation of diastereomeric salt pairs 

to obtain the desired chiral 2-aminotetralin (Scheme 4.1a).22-25 While this strategy has been successful and 

continues to be used, even on process scale, the formation of an unwanted enantiomer and the large amount 

of waste byproduct formed through the use of chiral resolution agents is inefficient and costly. Modern 

methods have sought to bypass these inefficiencies by applying advances in asymmetric hydrogenation 

chemistry to enable the enantioselective synthesis of 2-aminotetralins.26 Transition metal-catalyzed 

asymmetric hydrogenations of enamides 4.9 have been the most frequently employed methods,  commonly 

using Ru,27-29 Rh,30-32 and Ir,33-40 with a variety of ligand scaffolds to provide high levels of enantioselectivity 

Scheme 4.1 Enantioselective Synthesis of 2-Aminotetralins from β-Tetralones. 
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(Scheme 4.1b). An organocatalytic reductive amination was reported by Cheon in 2017; however, it does 

not exhibit the same excellent levels of enantiocontrol as transition metal-catalyzed methods.41   

 Although both the achiral and asymmetric reductive amination of β-tetralones have become a 

reliable method to access chiral 2-aminotetralins, the synthesis of the required β-tetralones is a considerable 

bottleneck in this synthetic strategy. Most β-tetralones are commonly synthesized from the corresponding 

2-naphthols 4.11 via Birch reduction (Scheme 4.2a).22 However, in some instances this process can lead to 

overreduction of the tetralin 4.7 and the formation of other inseparable byproducts 4.13.22 Other routes have 

used phenylacetic acid derivates 4.14 to conduct Friedel–Crafts alkylation in combination with ethylene 

(Scheme 4.2b).23,24 These, however, have been plagued by the formation of regioisomers (4.15’,4.15’’) 

arising from the migration of substituents on cationic intermediates of the Friedel–Crafts alkylation. A more 

selective synthetic route has been employed by Perry beginning with the more accessible α-tetralone 4.16; 

however, this route is significantly longer (Scheme 4.2c).13   

 Recognizing the challenges frequently encountered in the synthesis of 2-aminotretralins from 

β-tetralones, other synthetic routes have been explored. In 2009, Hajra reported the copper-catalyzed 

 

Scheme 4.2 Common Synthetic Routes Towards β-Tetralones. 
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enantioselective synthesis of trans-aryl substituted 2-aminotetralins 4.22 via a tandem asymmetric 

aziridination of the linear precursor 4.20 followed by intramolecular ring opening of the aziridine 4.21 via 

an electrophilic aromatic substitution (Scheme 4.3a).42 This provided high levels of enantioselectivity 

enabling the synthesis of the dopamine agonist ecopipam 4.23.43  A similar strategy was reported by Gautun 

in 2010, which began with the enantioselective copper-catalyzed aziridination of the corresponding 

dihydronaphthalene 4.25, followed by a regioselective palladium-catalyzed hydrogenolysis to provide the 

2-aminotetralin 4.27 (Scheme 4.3b).44 However, this method could only provide lower levels of 

enantioselectivity. Although strong precedent exists for the enantioselective synthesis of 2-aminotetralins, 

these can be plagued by significant side product formation. Given this limitation and the strong biological 

activity of the 2-aminotetralin scaffolds, the development of alternative synthetic methods is desirable.  

4.2 Development of an Enantioselective 1,2-Arylamination 

4.2.1 Reaction Discovery and Optimization 

 We became interested in 2-aminotetralin scaffolds following an unexpected discovery of new 

reactivity as we were exploring the breadth of our method for the enantioselective aziridination of 

unactivated alkenes.45 We were interested in changing the N-substitution of the aziridines from the sulfonyl 

 

Scheme 4.3 Enantioselective Syntheses of 2-Aminotetralins Involving Aziridines Intermediates. 
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group to a protecting group which would be more amenable towards mild deprotection. We investigated the 

use of carbamate protecting groups as these are commonly employed for the protection of amine 

functionalities and can be removed chemoselectively.46 We selected the 2,2,2-trichloroethoxycarbonyl 

(Troc) protecting group as it has seen widespread success in electrophilic nitrogen reagents for the transfer 

of metal nitrenes to alkenes.47 When we subjected 4-phenylbutene 4.28 and the electrophilic nitrogen 

reagent TrocNHOPiv 4.29 to our initial aziridination conditions utilizing [Ind*RhCl2]2 we did not observe 

the formation of the desired aziridine 4.30 (Scheme 4.4a). Instead, the Troc-protected 2-aminotetralin 4.31 

was formed in a 58% yield in a 6-endo-trig cyclization. Notably, 4.31 was the sole product formed with no 

allylic C–H amination products observed, and no products indicating a 5-exo-trig cyclization to form a 

substituted indane. We were further surprised to observe no reactivity when utilizing the alkene 1-nonene 

2.78 which had proven to be an excellent substrate for aziridination under these conditions (Scheme 4.4b). 

Further investigation revealed this reaction to be highly selective, as the 5-endo-trig cyclization of allyl 

benzene 4.32 and the 7-endo-trig cyclization of 5-phenylpentene 4.33 were not observed. No reactivity was 

also observed for different oxygen and nitrogen linker substrates 4.34 and 4.35 hinting at similar selectivity 

for unactivated alkenes as in our aziridination work.  

 Having discovered this new reactivity, we next sought to optimize the racemic reaction conditions 

further. We began by investigating the addition of a silver halide scavenger as this had proven to be highly 

effective at improving the reactivity in our aziridination of unactivated alkenes. This was also found to be 

 

Scheme 4.4 Discovery of the 1,2-Arylamination of 4-phenylbutene. 
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the case for this transformation as the addition of AgNTf2 was found to be the most effective silver halide 

scavenger improving the yield of 4.31 to 77% (Table 4.1, Entry 4). Additional improvements could be 

achieved when changing the identity of the cesium base from carbonate to an acetate which provided 4.31 

in an 83% yield (Table 4.1, Entry 6).  Cesium was determined to be the best countercation for the acetate 

base, with other base additives leading to reductions in yield (Table 4.1, Entry 7-9). Control reactions 

confirmed the importance of both additives as the absence of either or both was found to be detrimental to 

the reaction (Table 4.1, Entry 10-12).  

 We next sought to confirm the use of HFIP as the solvent and the use of an indenyl rhodium catalyst 

in the transformation as both can be considered exotic choices. Exploring several polar protic, polar aprotic, 

and nonpolar solvents confirmed the importance of HFIP in this transformation. Only TFE, often used 

interchangeably with HFIP, was able to produce 4.31 although in a significantly reduced yield of 37% 

(Table 4.2, Entry 2). All other solvents failed to provide the desired 2-aminotetralin 4.31 (Table 4.1, Entry 

Table 4.1 Optimization of Base and Silver Salt Additives in the Racemic 1,2-Arylamination 
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3-7). We propose the privileged nature of HFIP in this reaction is due to its observed ability to stabilize 

cationic intermediates.48 To investigate the role of the indenyl ligand in this reaction, we tested the more 

common Cp* ligand on cobalt, rhodium and iridium catalysts. Surprisingly, no other catalyst examined was 

able to provide the 2-aminotetralin 4.31 confirming the importance of the indenyl ligand in this 

transformation (Table 4.1, Entry 8-9). Currently, computational investigations are being conducted by the 

Baik group to elucidate the origin in the vast difference in reactivity between the catalysts. 

 The last variable we sought to optimize in this racemic transformation was the identity of the 

nitrogen source itself, which was shown to be key to unlocking this new transformation. Changing the 

leaving group of the Troc nitrogen source from a pivalate on 4.29 to a benzoate 4.38 or acetate 4.39 was 

found to significantly reduce the reactivity only providing 4.31 in a 63% and 26% yield respectively 

(Scheme 4.5). Using a tosylate leaving group 4.40—more commonly paired with a Troc-protected 

hydroxylamine electrophilic nitrogen reagent—we observed no reactivity, highlighting the importance the 

Table 4.2 Screening of Catalyst and Solvent in the Racemic 1,2-Arylamination. 
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carboxylate as the leaving group.49-51 Finally, exchanging the Troc carbamate for either Cbz 4.41 or Boc 

4.42 was found to be detrimental to the reaction providing the corresponding 2-aminotetralins 4.36 and 4.37 

in a 56% and trace yields respectively (Scheme 4.3b). Once again, the importance of the Troc protecting 

group, and the divergent reactivity it provides compared to the Tosyl group of the aziridination is being 

investigated by the Baik group. 

 With optimized racemic reaction conditions in hand and results indicating a privileged role of the 

indenyl ligand we sought to render this transformation enantioselective using the planar chiral Rh(III) 

indenyl catalysts developed in our group. When utilizing the trifluoromethyl substituted catalyst (S,S)-2.70,  

the 2-aminotetralin (R)-4.31 was formed in a 45% yield with a good enantioselectivity of  86:13 e.r. 

(Scheme 4.5). The methoxy substituted catalyst (S,S)-2.71  was able to significantly improve the yield of 

(R)-4.31 to 90% while maintaining good enantiocontrol (87:13 e.r.). Using the first-generation catalyst 

(S,S)-2.55 further improved the yield to 94% (86:14 e.r.). The more electron-rich tert-butyl substituted 

catalyst (S,S)-2.72  also provided (R)-4.31 in an excellent yield of 90%, yet with reduced enantioselectivity 

(81:19 e.r.). Lastly, the highly electron-rich catalyst (S,S)-2.69  could only provide (R)-4.31 in a 76% yield 

yet with improved enantioselectivity of 91:9 e.r. due to the increased steric bulk of the methylated backbone.  

  

Scheme 4.5 Examination of Hydroxylamine Carbamate Nitrogen Sources for the 1,2-Arylamination. 
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While the yields provided by the first-generation catalyst were excellent, the enantiocontrol was 

not as strong. Furthermore, when attempting to isolate (R)-4.31 from any of the reactions, we continually 

failed to remove excess of the nitrogen reagent 4.29. This impurity could not be removed whether a basic 

workup was employed to wash out 4.29 or reductive methods were used to destroy the excess nitrogen 

source. The solution to the problem of low enantiocontrol and challenges in isolation was the use of the 

chiral nitrogen source TrocNHOPPA 4.43 (Scheme 4.6). This reagent exchanged the pivalate leaving group 

of 4.29 for a chiral 2-phenylpropionic acid leaving group. This leaving group retains some of the electronic 

and steric bulky characteristics of pivalate, while also enabling a cooperative effect with the chiral catalyst 

to improve the enantioselectivity of (R)-4.31. When the correct pairing of the chiral catalyst (S,S)-2.55 was 

made with the new chiral nitrogen source (R)-4.43, the yield of (R)-4.31 was maintained at 94%, with a 

now pure 86% isolated yield, and improved enantioselective to 92:8 e.r. The mismatched pairing of (S)-4.43 

with (S,S)-2.55 led to a reduction in yield to 84% (78% isolated) and lower enantioselectivity (85:15 e.r.). 

The stereochemistry of 4.31 synthesized using catalyst (S,S)-2.55 was assigned following comparison of 

the HPLC trace with a chiral standard of (S)-4.31 which was synthesized via Troc-protection of the 

 

Scheme 4.6 Catalyst Optimization of the Enantioselective 1,2-Arylamination. 
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commercially available unprotected chiral 2-aminotetralin (see SI for details). When this comparison was 

made the minor enantiomer formed was determined to be of the (S) configuration and the major enantiomer 

was assigned the (R) configuration. Therefore, 4.31 and all 1,2-arylamination products synthesized using 

the (S,S)-2.55 catalyst were assigned the (R) configuration by analogy. 

4.2.2 Regioselectivity and Scope of the Enantioselective 1,2-Arylamination 

 With optimized enantioselective conditions in hand, we set out to explore the scope of this 

1,2-arylamination for the synthesis of 2-aminotetralins. As we began to explore a variety of substitutions 

on the aromatic ring of the 4-phenylbutene substrates we began to observe the formation of a new product. 

When subjecting the para-methoxy substrate 4.44 to racemic conditions using [Ind*RhCl2]2 and (±)-4.43, 

we observed the formation of the expected 7-methoxy-2-aminotetralin 4.45 as the minor product while the 

6-methoxy-2-aminotetralin 4.45’ was identified as the major (41%, 1:3 r.r.) (Scheme 4.7a). We hypothesize 

that the formation of the two regioisomers potentially arises due to two competing reaction pathways. The 

first is the 6-endo-trig cyclization to the ortho position, leading to the direct formation of the 7-substituted 

product 4.45 (Scheme 4.7b). The second pathway undergoes a 5-endo-trig cyclization to the ipso position, 

forming the intermediate hexadienone [4.5]-spirocycle 4.46. This spirocycle can then undergo two potential 

  

Scheme 4.7 Observation of 2-aminotetralin Regioisomers and Proposed Mechanisms Leading to the 

Formation of Both Regioisomers.   
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1,2-shifts. We hypothesize the shift of C4, leading to 4.45’, is possibly preferred over the shift of C1, leading 

to formation of 4.45, due to the proximity of the nitrogen at C2 deactivating C1 to rearrangement via 

inductive electron withdrawing effects. Although we do not have concrete evidence to preclude the 1,2-shift 

of C1, similar observations made by the Chang group regarding the skeletal rearrangement of γ-lactam 

spirocycles leads us to propose the 1,2-shift of C4 as the preferred skeletal rearrangement in this all-carbon 

spirocyclic intermediate (see Chapter 3).52,53 Despite this precedent from the Chang group, we 

acknowledge that we cannot preclude a 1,2-arylamination mechanism which solely operates via a 5-

endo-trig cyclization and at the time of completing this dissertation is an avenue which is being explored 

computationally in collaboration with the Baik group.  

 Having identified the formation of regioisomers in this cyclization we continued our investigation 

into the enantioselective scope of the 2-aminotetralins. The enantioselective synthesis of 4.45 could now 

be achieved in a 65% yield, a 91:9 e.r, and 1:4 r.r. favoring the formation of the 6-substituted product 4.45’ 

(Scheme 4.8). Similar reactivity was observed for the allyl-protected phenol which provided the 

2-aminotetralin 4.46 in a 54% yield, 91:9 e.r, and 1:4 r.r. also favoring the 6-substituted 4.46’. Para 

substitutions comprising of either phenyl and methyl were well tolerated, providing the 2-aminotetralins 

4.47 and 4.48 in moderate to good yields (37-57%), and favoring the formation of 7-substituted 

2-aminotetralins (2:1-3:1 r.r.), while maintaining high levels of enantioselectivity (92:8-93:7 e.r.). 

Placement of the methoxy group at the ortho-position provided 4.49 in a 58% yield, 1:5 r.r, and 87:13 e.r. 

favoring the formation of 8-methoxy-2-aminotetralin 4.49’ via the ipso-attack mechanism. The methyl and 

bromo ortho-substitution provided the 2-aminotetralins 4.50 and 4.51 in 51%, 90:10 e.r., and 25%, 88:11 

e.r, respectively, both favoring the formation of the 5-substitued 2-aminotetralin (3:1-5:1 r.r.). Substitution 

at the meta-position was also tolerated providing the methoxy-substituted 2-aminotetralins 4.45’ and 4.49’ 

in a 80%, 3:1 r.r, and 91:1 e.r. The formation of both regioisomers in this example is likely not due to an 

intermediate spirocycle but due to the non-equivalent ortho-positions forming two different regioisomers 

via 6-endo-trig cyclization. Notably, trifluoromethyl meta-substitution does not allow for the formation of 
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4.52 and no reactivity is observed with this electron-poor substrate. This observation hints at a Friedel–

Crafts type mechanism with electron-rich aromatic rings acting as nucleophiles.  

Exploring other substitution patterns, the dimethoxy product 4.53 could be formed in a 31% yield 

and with excellent regioselectivity >20:1 r.r. (87:13 e.r.) (Scheme 4.8). The cyclization of a naphthyl 

substrate provided the bent product 4.54 in a 80% yield, 8:1 r.r., and 91:9 e.r., favoring cyclization at the 

nucleophilic 1-position of the naphthalene. It is important to note that while the minor regioisomer results 

from the formation of a spirocycle at the 2-position of the naphthalene, no linear products that would be 

formed from cyclization at the 3-postion were observed. The benzofuran-derived product 4.55 was formed 

in a 41% yield, a single regioisomer (>20:1 r.r.), and in 92:8 e.r. Notably, this cyclization occurred at the 

 

Scheme 4.8 Scope of Chiral 2-Aminotetralins for the Enantioselective 1,2-Arylamination. 
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less nucleophilic 3-postion of the benzofuran, with no products were observed indicating a 5-endo 

cyclization to the 2-postion. This represents the current progress of the 2-aminotetralin scope which is being 

expanded upon by Wesley Pullara. 

 We next turned our attention to investigating the formation of the intermediate hexadienone 

spirocycles, and whether these could be isolable products. Spirocycle motifs are increasingly popular in 

drug design and provide an opportunity to impart significant three-dimensional complexity to a drug 

scaffold.54  Subjecting the para-substituted silyl ether to the reaction conditions provided the 2-aminotetralin 

4.56 in a 46% yield, 1:1 r.r., and 93:7 e.r, and the [4.5]-spirocycle 4.57 in a 26% yield and 89:11 e.r. (Scheme 

4.9). When using a substrate which cannot undergo the 6-endo-trig cyclization pathway, the spirocycle can 

be formed as the sole product. Using a 2-naphtol derived substrate allowed for the isolation of the 

[4.5]-spirocycle 4.58 in a 73% yield, 1.9:1 d.r., and 88:12 e.r. Although 5-phenylpentene 4.33 did not react 

under the initial conditions, we hypothesized the formation of intermediate spirocycle would stabilize the 

dearomatization and enable the synthesis of [5.5]-spirocycles. This was proven to be true as the 

 

Scheme 4.9 Scope of Chiral 2-Aminospirocycles for the Enantioselective 1,2-Arylamination. 
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[5.5]-spirocycle 4.59 could be formed in a 82% yield and 91:9 e.r. The 8-methoxy substituted 

[5.5]-spirocycle 4.60 could be formed in a 37% yield and as a single diastereomer (>20:1 d.r.), with a 89:11 

e.r. The synthesis of 7-methoxy substituted [5.5]-spirocycle 4.61 could be achieved in a 32% yield and a 

reduced stereoselectivity of 1.2:1 d.r. and 81:19 e.r. for the major diastereomer. The 2-napthol derived 

[5.5]-spirocycle 4.62 could be formed in a 43% yield with a 4:1 d.r. and 88:12 e.r. The lack of stereocontrol 

in the C–C bond formation likely indicates that the chiral catalyst is not directly involved in this step.  

 Encouraged by the synthesis of the [5.5]-spirocycles, we sought to apply these as intermediates 

towards the synthesis of 2-aminotetrahydroazulenes 4.65 (Scheme 4.10a). We envisioned para-substituted 

5-phenylpentene 4.63 undergoing the 6-endo-trig cyclization to the ipso-position to form the 

[5.5]-spirocycle intermediate 4.65, which we then hypothesized would undergo the desired 1,2-shift 

forming the 2-aminotetrahydroazulene 4.65. However, when 4.63 was subjected to the racemic conditions, 

we observed the formation of the spirocycle 4.59 in a 9% yield along with the formation of an unknown 

compound (Scheme 4.10b). After extensive 2D-NMR analysis the proposed structure for this compound is 

believed to be the bridged bicycle azepine 4.66 which was formed in a 30% yield (see SI for detailed NMR 

 

Scheme 4.10 Attempted Synthesis of a 2-Aminotetrahydroazulene Leading to the Formation of a 

Bridged Bicyclic Azepine.  
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analysis). We propose that this product is formed via nitrogen-directed C–H functionalization of the 

intermediate spirocycle 4.64. 

4.2.3 Mechanistic Investigations 

 Within an extensive scope for the 1,2-arylamination nearly complete we sought to investigate the 

mechanism of this transformation. Based on several key observations made during the completion of the 

scope, namely the increased reactivity of electron-rich aryl rings, and the regioselectivity patterns of 

ortho- versus ipso-functionalization, we proposed that the key C–C bond formation occurs via an 

electrophilic aromatic substitution (EAS) mechanism. To further investigate the C–C bond formation we 

synthesized the monodeuterated substrate 4.67-d1 and conducted an intramolecular kinetic isotope effect 

study (Scheme 4.11). When 4.67-d1 was subjected to the reaction conditions the 2-aminotetralin 4.53-d1 

was formed in a 63% yield with an observed KIE of 0.28±0.05. While an inverse KIE is indicative of a 

secondary isotope effect associated with a sp2 to sp3 rehybridization observed during the C–C bond 

formation in an EAS mechanism, the magnitude of 0.28 is outside the anticipated range of 0.7-0.9 throwing 

the observed KIE into question.55,56 Ongoing experiments aim to clarify these results prior to publication of 

this research. 

 We next sought to identify the intermediate that is responsible for the C–N bond formation. An 

aziridine intermediate was initially considered as a candidate, since these have been proposed as key 

intermediates in Group IX catalyzed nucleophilic attacks involving electrophilic nitrogen reagents, as well 

as in the synthesis of 2-aminotetralins.42,57 However, the absence of any aziridine formation from reactions 

using either 4-phenylbutene 4.28 or 1-nonene 2.78 appeared to rule out this. To confirm this, we synthesized 

  

Scheme 4.11 Intramolecular Kinetic Isotope Effect Study  
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Troc-protected aziridine 4.68 and subjected it to the reaction conditions which did not provide 4.31 and 

returned the unreacted aziridine 4.68 (88%) (Scheme 4.12a). Although we did not observe any allylic 

functionalization products, we next investigated whether a π-allyl intermediate could be involved in the C–

N bond formation. When the allylic deuterated 4-phenylbutene 4.28-d2 was subjected to the reaction 

conditions, the resulting 2-aminotetralin 4.31-d2 (95%) did not show any deuterium scrambling at C3 which 

dispelled the intermediacy of a π-allyl (Scheme 4.12b). When subjecting the fully deuterated alkene 4.28-d3 

to the reaction conditions we observed no deuterium scrambling at C2 of the 2-aminotetralin 4.31-d3 (81%) 

(Scheme 4.12c). The minimal deuterium scrambling observed at C1 (9%) is indicative of a mostly 

concerted mechanism. A second experiment using the monodeuterated E-4.28-d1 confirmed this as 4.31-d1 

(67% yield) also showed minimal deuterium scrambling (~5%) at C1 (Scheme 4.12d). These results 

indicate a concerted mechanism for the C–N bond formation in the 1,2-arylamination. 

 

Scheme 4.12 Mechanistic Investigations to Identify the Electrophilic Intermediate in the 

1,2-Arylamination. 
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At the time of the writing of this dissertation, our ongoing collaboration with the Baik group to 

elucidate the mechanism of this transformation computationally has not provided a conclusive answer to 

the identity of the electrophilic intermediate. However, based upon these experimental mechanistic 

investigations and the mechanistic investigations which were conducted for the enantioselective 

aziridination of unactivated alkenes, we propose the following catalytic cycle. The activation of the 

precatalyst (S,S)-2.55 by the silver halide scavenger provides the catalytic active species 4.69 (Scheme 

4.13). The introduction of the nitrogen source 4.43 leads to the formation of intermediate 4.70. Coordination 

and subsequent migratory insertion of the alkene 4.25 provides the four-membered aza-metallacycle 4.71 

in a similar fashion to the enantioselective aziridination mechanism. Oxidative cleavage of the N–O bond 

forms the electrophilic Rh(V) aza-metallacycle 4.72 which is subjected to nucleophilic attack from the 

pendant aryl group. Subsequent rearomatization of the aromatic ring and protonation of the amine liberates 

the 2-aminotetralin 4.31 and closes the catalytic cycle. We propose the formation of the high valent Rh(V) 

intermediates 4.72 as the key step allowing the EAS mechanism to occur and is akin to the formation of 

 

Scheme 4.13 Proposed Mechanism for the Enantioselective 1,2-Arylamination 
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electrophilic metal nitrene intermediates and other electrophilic intermediates in precedented Group IX 

catalyzed nucleophilic attacks to electrophilic nitrogen species.  

4.3 Conclusion 

 Following the development of our enantioselective unactivated alkene aziridination method, 

exploration into alternative aziridine N-substitution led to the discovery of a 1,2-arylamination of 

4-phenylbutenes. This transformation provides an alternative synthetic route to pharmaceutically important 

2-aminotetralin drug scaffold. During optimization studies, the Ind ligand was shown to be a privileged 

scaffold, over the more common Cp versions; this transformation could be rendered asymmetric using our 

planar chiral indenyl catalysts. Investigation of the scope of substituted 2-aminotetralins, revealed 

competing ortho- and ipso-cyclization mechanisms leading to the formation of regioisomers. Selective 

formation of the ipso-cyclization enabled the synthesis of unique 2-amino-carbospirocycles. Experimental 

mechanistic investigations indicate a nucleophilic attack of the aryl ring leads to the formation of the C–C 

bond. Aziridine and π-allyl intermediates have been ruled out for the formation of the C–N bond; our current 

proposed mechanism involves the formation of an aza-metallacycle as the key electrophilic intermediate.  

Ongoing computational mechanistic investigations conducted by the Baik group aim to identify the 

electrophilic intermediate and provide insight into how the divergent reactivity of the nitrogen sources 

results in either aziridination or 1,2 arylamination.   
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4.5 Supporting Information 

4.5.1 General Information 

All reactions were conducted under nitrogen atmosphere with anhydrous solvents in oven- or 

flame-dried glassware using standard Schlenk technique, unless otherwise stated. Anhydrous 

dichloromethane (DCM), diethyl ether (Et2O), tetrahydrofuran (THF), and were obtained by passage 

through activated alumina using a Glass Contours solvent purification system. 1,1,1,3,3,3-

hexaflouroisopropanol (HFIP) was distilled over activated 4Å molecular sieves and stored over activated 

4Å molecular sieves. Solvents for workup, extraction, and column chromatography were used as received 

from commercial suppliers without further purification. All catalysts were stored and weighed in a nitrogen-

filled glovebox. All other chemicals were purchased from Millipore Sigma, Strem Chemicals, Oakwood 

Chemicals, Alfa Aesar, TCI, Combi Blocks, or Ambeed and used as received without further purification, 

unless otherwise stated. 

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a Varian Inova 600 spectrometer 

(600 MHz 1H, 151 MHz 13C), a Varian Inova 500 spectrometer (500 MHz 1H, 126 MHz 13C), a Bruker 400 

spectrometer (400 MHz 1H, 126 MHz), a Varian Inova 400 spectrometer (400 MHz 1H, 126 MHz 13C), and 

a. Chemical shifts δ values were reported in parts per million (ppm) relative to CHCl3 (7.26 ppm for 1H, 

77.16 ppm for 13C) for CDCl3, relative to C6H6 ((7.16 ppm for 1H, 128.06 ppm for 13C) for C6D6, relative to 

DMSO (2.50 ppm for 1H, 39.52 ppm for 13C) for DMSO-d6. Coupling constants (J values) were reported 

in Hz and multiplicities were indicated using the following abbreviations: s = singlet, d = doublet, t = triplet, 

q = quartet, qn = quintet, m = multiplet, br = broad. High resolution mass spectra (HRMS) were obtained 

using a Thermo Electron Corporation Finigan LTQFTMS (at the Mass Spectrometry Facility, Emory 

University). High Pressure Liquid Chromatography (HPLC) was performed on an Agilent 1260 Infinity II 

series HPLC utilizing CHIRALPAK® IA, IB, IH, IJ, and IK 4.6 x 150 mm analytical columns. Semi 

preparative HPLC was performed on an Agilent 1260 Infinity II series preparative HPLC using a 

CHIRALCEL® OD-H 20 x 250 mm column. Supercritical Fluid Chromatography (SFC) was performed on 
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a Waters Acquity UPC2 system using methanol/isopropanol with 0.2% formic acid in supercritical carbon 

dioxide utilizing CHIRALCEL® OJ3 3 μm particle size, 150 mm x 3 mm analytical columns. Optical 

rotations were measured on a PerkinElmer 341 polarimeter. Analytical thin layer chromatography (TLC) 

was performed on precoated glass-backed Silicycle SiliaPureR 0.25 mm silica gel 60 plates and visualized 

with UV light or ethanolic p-anisaldehyde. Silica gel column chromatography was performed using 

Silicycle SiliaFlashR F60 silica gel (40- 63 μm). Flash column chromatography was performed using 

Silicycle SiliaFlashR F60 silica gel (40- 63 μm) on a Biotage Isolera One system. Preparatory TLC was 

performed on precoated glass backed Silicycle SiliaPureR 1.0 mm silica gel 60 plates.  
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4.5.2 Experimental Procedures and Tabulated Data 

Preparation of Starting Materials 

4.28 was obtained commercially and used without further purification. 

4.38,1 4.40,2 4.41,3 4.42,4 S1,5 S2,6 S3,5 S4,7 S5,8 S6,9 S7,10 S8,5 S9,7 4.67,11 S10,12 S11,13 and 4.6314 were 

synthesized following reported literature procedures. 

[Ind*RhCl2]2 catalyst was synthesized following a reported literature procedure.15 

Catalysts (S,S)-2.55, (S,S)-2.69, (S,S)-2.70, (S,S)-2.71, and (S,S)-2.72 were all synthesized using a method 

previously reported by us.16  
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General Procedure A: Nitrogen Source Synthesis 

Under a N2 atmosphere, Et3N (1.0 equiv) was slowly added to a solution of 2,2,2-trichloroethyl 

hydroxycarbamate17 (1.0 equiv) in Et2O (60mL) at 0 ºC. Afterwards, acid chloride (1.0 equiv) was added 

dropwise leading to the formation of a white precipitate which was left to stir at room temperature overnight. 

The reaction was filtered through a Celite plug flushing with extra Et2O. The solvent was removed under 

reduced pressure to provide the nitrogen source as an oil. 

2,2,2-trichloroethyl (pivaloyloxy)carbamate (4.29): Prepared using General Procedure A, using 2,2,2-

trichloroethyl hydroxycarbamate17 (8.0 g, 39 mmol) and pivaloyl chloride (4.7mL, 39 mmol) to provide 

4.29 which was used without further purification (11.3 g, quant.)  1H NMR (400 MHz, CDCl3) δ 8.22 (s, 

1H), 4.80 (s, 2H), 1.32 (s, 9H).13C NMR (101 MHz, CDCl3) δ 177.35, 154.88, 94.51, 75.27, 38.40, 27.05. 

HRMS (+APCI) calculated for C₈H₁₁O₄NCl₃ [M-H]- 289.97591, found 289.97671. 

2,2,2-trichloroethyl acetoxycarbamate (4.39): Prepared using General Procedure A, using 2,2,2-

trichloroethyl hydroxycarbamate17 (2.1 g, 10 mmol) and acetyl chloride (0.7 mL, 10 mmol) to provide 4.39 

which was used without further purification (2.51 g, quant.)  1H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H), 

4.80 (s, 2H), 2.24 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 169.60, 154.67, 94.49, 75.23, 18.33. HRMS 

(+APCI) calculated for C₅H₅O₄NCl₃ [M-H]- 247.92896, found 247.92879. 

 

 

 



306 
 

2,2,2-trichloroethyl (R)-((2-phenylpropanoyl)oxy)carbamate ((R)-4.43): Using an adapted procedure by 

Meggers.17 Under an N2 atmosphere, in a 250 mL RBF equipped with a stir bar, 2,2,2-trichloroethyl 

hydroxycarbamate17 (4.17 g, 20.0 mmol, 1.0 equiv) was dissolved in DCM (124 mL) and the reaction vessel 

placed in an ice bath. Once cool, (R)-2-phenylpropanoic acid (2.7 mL, 20.0. mmol, 1.0 equiv) was added 

followed by the addition of a DIC (3.1 mL, 200 mmol 1.0 equiv). The reaction was stirred at room 

temperature overnight. Once complete, the solvent was removed under reduced pressure and the crude 

residue was immediately columned using flash column chromatography (5% EtOAc in Hexanes) to afford 

(R)-4.43 as a slow crystallizing colorless solid. (4.84 g, 72%) 1H NMR (400 MHz, CDCl3) δ 8.15 (s, 1H), 

7.38 – 7.27 (m, 5H), 4.80 (d, J = 11.9 Hz, 1H), 4.76 (d, J = 11.9 Hz, 1H), 3.93 (q, J = 7.2 Hz, 1H), 1.61 (d, 

J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.44, 154.59, 138.50, 129.04, 127.96, 127.71, 94.45, 

75.27, 43.38, 18.57. Spectroscopic data for (R)-4.43 matches those previously reported in the literature.17 

(±)-4.43 and (S)-4.43 were synthesized in the same manner. 

General Procedure B: Allyl Magnsium Bromide Addition to Benzylbromides 

Under an N2 atmosphere and at 0 ºC, allyl magnesium bromide (1.0M in Et2O, 2-3 equiv) was slowly added 

to a solution of the benzyl bromide substrate (1.0 equiv) in Et2O (0.25M) . Once the addition was completed 

the reaction was left to stir at room temperature overnight. The reaction was placed in an ice bath and slowly 

quenched with sat. NH4Cl. The resulting biphasic solution was extracted with Et2O (3x) and the combined 

organic layers washed with brine 1x. The organic layers were dried over MgSO4 and the solvent removed 
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under reduced pressure. The crude product was purified on silica gel column chromatography (100% 

Hexanes) to provide the final product.  

((1-(but-3-en-1-yl)naphthalen-2-yl)oxy)(tert-butyl)dimethylsilane (S12): Prepared using General Procedure 

B and ((1-(bromomethyl)naphthalen-2-yl)oxy)(tert-butyl)dimethylsilane18 (1.76g, 5.0 mmol). S12 colorless 

oil (0.968 g, 62% yield). 1H NMR (400 MHz, CDCl3) δ 7.95 (dd, J = 8.6, 1.0 Hz, 1H), 7.78 (dd, J = 8.2, 

1.5 Hz, 1H), 7.62 (d, J = 8.8 Hz, 1H), 7.48 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.34 (ddd, J = 8.0, 6.7, 1.1 Hz, 

1H), 7.10 (d, J = 8.8 Hz, 1H), 5.99 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.12 (dq, J = 17.1, 1.7 Hz, 1H), 5.02 

(ddd, J = 10.1, 2.1, 1.1 Hz, 1H), 3.20 – 3.10 (m, 2H), 2.43 – 2.32 (m, 2H), 1.08 (s, 9H), 0.28 (s, 6H).13C 

NMR (101 MHz, CDCl3) δ 150.62, 138.83, 133.44, 129.61, 128.61, 127.32, 126.19, 125.17, 123.43, 

123.31, 120.43, 114.64, 34.15, 25.99, 25.30, 18.46, -3.75. HRMS (+APCI) calculated for C₂₀H₂₉OSi 

[M+H]+ 313.19822, found 313.19797. 

General Procedure C: Grignard Addition to Benzaldehydes 

Under an N2 atmosphere and at 0 ºC, either allyl magnesium bromide or freshly prepared 3-

butenylmagnesium bromide (1.0M in Et2O, 2-3 equiv) was slowly added to a solution of the benzaldehyde 

substrate (1.0 equiv) in THF (0.25M). Once the addition was completed the reaction was left to stir at room 

temperature overnight. The reaction was placed in an ice bath and slowly quenched with sat. NH4Cl. The 

resulting biphasic solution was extracted with Et2O (3x) and the combined organic layers washed with brine 

1x. The organic layers were dried over MgSO4 and the solvent removed under reduced pressure. The crude 
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product was purified on silica gel column chromatography (0-10% EtOAc in Hexanes) to provide the benzyl 

alcohol product.  

1-(4-((tert-butyldimethylsilyl)oxy)-3-methoxyphenyl)pent-4-en-1-ol (S13): Prepared using General 

Procedure C, 4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzaldehyde13 (2.04g, 7.67 mmol) and 3-

butenylmagnesium bromide (20 mL, 1.0M in Et2O, 2.6 equiv). S13 colorless oil (1.951 g, 79% yield). 1H 

NMR (400 MHz, CDCl3) δ 6.86 (d, J = 2.0 Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 6.76 (dd, J = 8.2, 2.0 Hz, 

1H), 5.83 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.03 (dq, J = 17.1, 1.7 Hz, 1H), 4.97 (ddt, J = 10.2, 2.2, 1.3 Hz, 

1H), 4.61 (t, J = 6.7 Hz, 1H), 3.81 (s, 3H), 2.21 – 1.99 (m, 2H), 1.95 – 1.71 (m, 3H), 0.99 (s, 9H), 0.15 (s, 

6H). 13C NMR (101 MHz, CDCl3) δ 150.99, 144.42, 138.31, 138.15, 120.64, 118.28, 114.91, 109.68, 74.03, 

55.47, 38.02, 30.22, 25.74, 18.47, -4.61. HRMS (+APCI) calculated for C₁₈H₃₁O₃Si [M+H]+ 323.2037, 

found 323.20404 

1-(4-((tert-butyldimethylsilyl)oxy)-2-methoxyphenyl)pent-4-en-1-ol (S14): Prepared using General 

Procedure C, 4-((tert-butyldimethylsilyl)oxy)-2-methoxybenzaldehyde19 (2.04 g, 7.67 mmol), and 

3-butenylmagnesium bromide (20 mL, 1.0M in Et2O, 2.6 equiv). S14 colorless oil (1.651 g, 67% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.10 (d, J = 8.2 Hz, 1H), 6.41 (dd, J = 8.1, 2.2 Hz, 1H), 6.38 (d, J = 2.2 Hz, 

1H), 5.85 (ddt, J = 16.9, 10.2, 6.5 Hz, 1H), 5.04 (ddt, J = 17.2, 2.1, 1.6 Hz, 1H), 4.96 (ddt, J = 10.2, 2.2, 

1.3 Hz, 1H), 4.80 (dt, J = 7.9, 5.9 Hz, 1H), 3.80 (s, 3H), 2.47 (d, J = 6.3 Hz, 1H), 2.27 – 2.15 (m, 1H), 2.15 

– 2.04 (m, 1H), 1.98 – 1.75 (m, 2H), 0.98 (s, 9H), 0.20 (s, 6H).13C NMR (101 MHz, CDCl3) δ 157.60, 
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156.01, 138.66, 127.50, 125.22, 114.57, 111.57, 103.56, 70.40, 55.26, 36.33, 30.42, 25.71, 18.23, -

4.36.HRMS (+APCI) calculated for C₁₈H₃₁O₃Si [M+H]+ 323.2037, found 323.20416 

1-(2-((tert-butyldimethylsilyl)oxy)naphthalen-1-yl)pent-4-en-1-ol (S15): Prepared using General Procedure 

C, 2-((tert-butyldimethylsilyl)oxy)-1-naphthaldehyde20 (3.10 g, 10.8 mmol), and 3-butenylmagnesium 

bromide (22 mL, 1.0M in Et2O, 2.0 equiv). S15 colorless oil (2.16 g, 58% yield). 1H NMR (400 MHz, 

CDCl3) δ 8.27 (d, J = 8.7 Hz, 1H), 7.77 (d, J = 7.9 Hz, 1H), 7.67 (d, J = 8.9 Hz, 1H), 7.47 (ddd, J = 8.5, 

6.8, 1.5 Hz, 1H), 7.36 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H), 7.09 (d, J = 8.9 Hz, 1H), 5.90 (ddt, J = 16.6, 10.1, 6.4 

Hz, 1H), 5.61 (dd, J = 8.9, 5.1 Hz, 1H), 5.07 (dq, J = 17.0, 1.3 Hz, 1H), 4.99 (ddt, J = 10.1, 2.2, 1.1 Hz, 

1H), 3.39 (s, 1H), 2.50 – 2.32 (m, 1H), 2.33 – 2.11 (m, 2H), 2.03 – 1.85 (m, 1H), 1.08 (s, 9H), 0.38 (s, 3H), 

0.33 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 150.58, 138.55, 132.31, 129.82, 129.00, 128.66, 126.37, 

126.10, 124.00, 123.75, 120.05, 114.91, 69.38, 36.55, 30.79, 26.09, 18.51, -3.29, -3.78. HRMS (+APCI) 

calculated for C₂₁H₂₉O₂Si [M-H]- 341.19423, found 341.19365 

General Procedure D: Deoxygenation 

Under an N2 atmosphere, the benzyl alcohol (1.0 equiv) was dissolved in a DCM (0.1M) and placed in an 

ice bath to cool to 0 ºC. Once cool, Et3SiH (3.0 equiv) was added followed by the dropwise addition of 

BF3•Et2O (3.0 equiv). The reaction was left to stir at 0 ºC and product formation was monitored by TLC. 

Once consumption of starting material was observed (~2 h) sat. NaHCO3 was slowly added, and the reaction 

was stirred for an additional 20 min at 0 ºC. The reaction was extracted with DCM (3X) and the combined 

organic washed with brine (1x). The organic layers were dried over Na2SO4 and solvent removed under 

reduced pressure. The crude product was purified on silica gel column chromatography (0-5% EtOAc in 

Hexanes) to provide the final product.  
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tert-butyl(2-methoxy-4-(pent-4-en-1-yl)phenoxy)dimethylsilane (S16): Prepared using General Procedure 

D and S13 (0.847 g, 2.63 mmol). S16 colorless oil (0.535 g, 66% yield). 1H NMR (400 MHz, CDCl3) δ 

6.76 (d, J = 8.0 Hz, 1H), 6.67 (d, J = 2.0 Hz, 1H), 6.62 (dd, J = 8.0, 2.1 Hz, 1H), 5.84 (ddt, J = 16.9, 10.2, 

6.6 Hz, 1H), 5.09 – 4.93 (m, 2H), 3.79 (s, 3H), 2.60 – 2.49 (m, 2H), 2.14 – 2.03 (m, 2H), 1.76 – 1.64 (m, 

2H), 1.00 (s, 9H), 0.15 (s, 5H). 13C NMR (101 MHz, CDCl3) δ 150.63, 142.91, 138.77, 135.95, 120.60, 

120.47, 114.65, 112.51, 55.48, 35.02, 33.34, 30.79, 25.78, 18.47, -4.61. HRMS (+APCI) calculated for 

C₁₈H₃₁O₂Si [M+H]+ 307.20878, found 307.20899 

tert-butyl(3-methoxy-4-(pent-4-en-1-yl)phenoxy)dimethylsilane (S17): Prepared using General Procedure 

D and S14 (0.837 g, 2.60 mmol). S17 colorless oil (0.3474 g, 43% yield). 1H NMR (400 MHz, CDCl3) δ 

6.93 (d, J = 8.6 Hz, 1H), 6.38 – 6.33 (m, 2H), 5.85 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.02 (ddd, J = 17.1, 

3.8, 1.6 Hz, 1H), 4.95 (ddt, J = 10.2, 2.4, 1.2 Hz, 1H), 3.77 (s, 2H), 2.58 – 2.49 (m, 2H), 2.12 – 2.03 (m, 

2H), 1.69 – 1.58 (m, 2H), 0.99 (s, 8H), 0.20 (s, 5H). 13C NMR (101 MHz, CDCl3)  HRMS (+APCI) 

calculated for C₁₈H₃₁O₂Si [M+H]+ 307.20878, found 307.20901 

tert-butyldimethyl((1-(pent-4-en-1-yl)naphthalen-2-yl)oxy)silane (S18): Prepared using General Procedure 

D and S15 (2.163 g, 6.31 mmol). S18 colorless oil (1.72 g, 66% yield). 1H NMR (400 MHz, CDCl3) δ 7.94 

(d, J = 8.6 Hz, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.61 (d, J = 8.8 Hz, 1H), 7.47 (ddd, J = 8.4, 6.7, 1.4 Hz, 1H), 

7.33 (ddd, J = 8.0, 6.7, 1.1 Hz, 1H), 7.09 (d, J = 8.8 Hz, 1H), 5.91 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.07 
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(dq, J = 17.1, 1.7 Hz, 1H), 4.99 (ddd, J = 10.2, 2.3, 1.1 Hz, 1H), 3.13 – 2.99 (m, 2H), 2.23 (q, J = 7.4 Hz, 

2H), 1.79 – 1.63 (m, 2H), 1.08 (s, 9H), 0.28 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 150.56, 138.96, 133.50, 

129.63, 128.58, 127.15, 126.10, 125.81, 123.53, 123.27, 120.49, 114.75, 34.42, 29.35, 26.01, 25.42, 18.48, 

-3.73. HRMS (+APCI) calculated for C₂₁H₃₁OSi [M+H]+ 327.21387, found 327.21411 

2-(but-3-en-1-yl)benzofuran (S19): Prepared using General Procedure D and 1-(benzofuran-2-yl)but-3-en-

1-ol21 (0.941 g, 5.00 mmol). S19 colorless oil (0.179 g, 21% yield). Spectroscopic data for S19 matches 

those previously reported in the literature.22  

trimethyl(4-(pent-4-en-1-yl)phenoxy)silane (S20): Under an N2 atmosphere, in a 24 mL reaction vial 

equipped with a stir bar, 4-(pent-4-en-1-yl)phenol (0.36 g, 2.2 mmol, 1.0 equiv) was dissolved in DCM (8 

mL) and the reaction vial placed in an ice bath. Once cool, Et3N (0.33 mL, 2.4 mmol, 1.1 equiv) was added 

followed by the addition of a TMSCl (0.29 mL, 2.2 mmol 1.0 equiv). The reaction was stirred at room 

temperature overnight. Once complete, the solvent was removed under reduced pressure and pentane was 

added to precipitate the amine chloride salt which was removed by filtertation over Celite. Removal of the 

pentane filterate provided S20 as an oil which did not require further purification (0.51 g, 97%). 1H NMR 

1H NMR (400 MHz, CDCl3) δ 7.04 (d, J = 8.4 Hz, 2H), 6.76 (d, J = 8.5 Hz, 2H), 5.84 (ddt, J = 16.9, 10.2, 

6.6 Hz, 1H), 5.02 (dq, J = 17.2, 1.6 Hz, 1H), 4.97 (ddt, J = 10.1, 2.3, 1.2 Hz, 1H), 2.56 (t, J = 7.6 Hz, 2H), 

2.09 (qt, J = 7.8, 7.0, 1.3 Hz, 2H), 1.69 (p, J = 7.6 Hz, 2H), 0.26 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 

153.20, 138.87, 135.43, 129.42, 119.92, 114.75, 34.63, 33.44, 30.90, 0.37. HRMS (+APCI) calculated for 

C₁₄H₂₃OSi [M+H]+ 235.15127, found 235.15111.  
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General Procedure E: Optimization of Enantioselective 1,2-Arylamination using 4-phenylbutene 

(4.28)  

In an oven-dried 4dram reaction vial, with Teflon tape wrapped threads, and equipped with an oven dried 

stir bar was brought into the glovebox. Base (10 mol%), silver salt additive, and catalyst (2.5 mol%) were 

added to the reaction vial. The vial was sealed with a Teflon septum screw cap and brought out of the box 

to complete the reaction. Under an N2 atmosphere, HFIP (0.5 mL) was added directly to the reaction vial 

followed by the nitrogen source as a stock solution in HFIP (0.5 mL, 0.26 mmol, 1.3 equiv) and 4-

phenylbutene 4.28 (15.0 μL, 0.10 mmol, 1.0 equiv.) using a micro syringe. The reaction was left to stir at 

room temperature under a N2 balloon for 24 hours. After which, the crude reaction was filtered through a 

Celite pipette plug using DCM. The solvent was removed under reduced pressure and a crude NMR sample 

was prepared using dibromomethane as an internal standard. The crude material purified via preparative 

TLC (5% EtOAc in hexanes) to yield the corresponding 2-aminotetralin product 4.31 which was analyzed 

via chiral HPLC (AD-H column 3% 2-propanol in hexanes, 1.0 mL/min) to determine the enantiomeric 

ratio.  

General Procedure F: Enantioselective 1,2-Arylamination Procedure  

In an oven-dried 4dram reaction vial, with Teflon tape wrapped threads, and equipped with an oven dried 

stir bar was brought into the glovebox. To the vial, CsOAc (0.01mmol, 0.1 equiv.), AgNTf2 (0.30 mmol, 

0.3 equiv.), and 2 (2.5 mol%) were added to the reaction vial. The vial was sealed with a Teflon septum 

screw cap and brought out of the box to complete the reaction. Under an N2 atmosphere outside of the 

glovebox, the nitrogen source was transferred to the reaction as stock solution in HFIP (0.5 mL, 0.26 mmol, 

1.3 equiv). The olefin substrate (0.10 mmol 1.0 equiv.) was added to the reaction vial using HFIP washing 

the vial three times (0.2 mL + 0.2 mL + 0.1mL) to ensure complete transfer of the olefin. The reaction was 

left to stir at room temperature under an N2 balloon for 24 hours. After 24 hours, the crude reaction was 

filtered through a Celite pipette plug using DCM to flush. The solvent was removed under reduced pressure 
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and the crude material purified via preparative TLC using the indicated eluent to yield the corresponding 

2-aminotetrlain or spirocycle product.  

2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.31): Prepared using General 

Procedure E using 4-phenylbutene 4.28, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using 

(20% Acetone in Hexanes) to provide 4.31 (0.0277 g, 86% yield, 92:8 e.r.) as a colorless oil.  1H NMR 

(400 MHz, CDCl3) δ 7.19 – 7.04 (m, 4H), 5.06 (d, J = 7.4 Hz, 1H), 4.76 (d, J = 12.0 Hz, 2H), 4.72 (d, J = 

12.0 Hz, 2H), 4.09 (qdd, J = 8.2, 5.1, 3.1 Hz, 1H), 3.18 (dd, J = 16.3, 5.2 Hz, 1H), 2.91 (t, J = 6.1 Hz, 2H), 

2.72 (dd, J = 16.3, 8.1 Hz, 1H), 2.20 – 2.04 (m, 1H), 1.92 – 1.76 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 

154.02, 135.41, 133.76, 129.62, 129.01, 126.44, 126.17, 95.74, 74.58, 47.28, 35.84, 28.80, 27.04. HRMS 

(+APCI) calculated for C₁₃H₁₅O₂NCl₃ [M+H]+ 322.01629, found 322.01679. HPLC (IJ column 5% 2-

propanol in hexanes, 1.0 mL/min) tM = 13.7 min tm = 16.1 min, 92:8 e.r.  

2,2,2-trichloroethyl (R)-(7-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45) and 2,2,2-

trichloroethyl (R)-(6-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45’): Prepared using 

General Procedure F using S1, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% 

Acetone in Hexanes) to provide 4.45 and 4.45’ as a colorless oil and mixture of inseparable regioisomers 

(0.0235 g, 65% yield, 1:4 r.r., 91:9 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.02 (d, J = 8.4 Hz, 1H, minor 

regioisomer), 6.99 (d, J = 8.4 Hz, 1H), 6.72 (td, J = 8.9, 8.5, 2.7 Hz, 1H), 6.64 (d, J = 2.7 Hz, 1H), 6.61 (d, 

J = 2.7 Hz, 1H, minor regioisomer), 5.05 (d, J = 8.1 Hz, 1H), 4.75 (d, J = 12.1 Hz, 1H), 4.72 (d, J = 12.0 

Hz, 1H), 4.10 – 4.01 (m, 1H), 3.78 (d, J = 4.0 Hz, 3H), 3.14 (dd, J = 16.4, 5.0 Hz, 1H, minor regioisomer), 

3.10 (dd, J = 15.9, 5.1 Hz, 1H), 2.94 – 2.80 (m, 2H), 2.69 (dd, J = 16.3, 7.9 Hz, 1H, minor regioisomer), 
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2.64 (dd, J = 15.9, 8.0 Hz, 1H), 2.13 – 2.01 (m, 1H), 1.87 – 1.74 (m, 1H). 13C NMR (201 MHz, CDCl3) δ 

158.18, 157.95, 154.03, 136.53, 134.87, 130.49, 129.91, 127.44, 125.75, 114.06, 113.50, 112.87, 112.62, 

95.77, 74.59, 55.41, 55.40, 47.48, 47.24, 36.11, 35.08, 28.97, 28.73, 27.31, 26.14. HRMS (+APCI) 

calculated for C₁₄H₁₇O₃NCl₃ [M+H]+ 352.02685, found 352.02703. SFC (ChiralCel OJ-3 5% MeOH/IPA 

with 0.2% Formic Acid, 2.5 mL/min) (4.45): tM = 6.05 min tm = 4.43 min, 92:8 e.r. (4.45’): tM = 4.84 min 

tm = 3.82 min, 91:9 e.r.  

Structural Assignment of 2-aminotetralins via NOESY Correlations  

The identity of the major and minor regioisomers for all 2-aminotetralins was determined via the NOESY 

correlations between C1-C8 and between C4-C5.   
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2,2,2-trichloroethyl (R)-(7-(allyloxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.46) and 2,2,2-

trichloroethyl (R)-(6-(allyloxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.46’): Prepared using 

General Procedure F using S2, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% 

Acetone in Hexanes) to provide 4.46 and 4.46’ as a colorless oil and mixture of inseparable regioisomers 

(0.0227 g, 54% yield, 1:4 r.r., 91:9 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.01 (d, J = 8.4 Hz, 1H, minor 

regioisomer), 6.98 (d, J = 8.4 Hz, 1H), 6.76 – 6.71 (m, 1H), 6.66 (d, J = 2.7 Hz, 1H), 6.62 (d, J = 2.7 Hz, 

1H, minor regioisomer), 6.05 (ddtd, J = 18.8, 10.5, 5.3, 3.0 Hz, 1H), 5.40 (dp, J = 17.2, 1.5 Hz, 1H), 5.28 

(dq, J = 10.5, 1.4 Hz, 1H), 5.03 (d, J = 8.0 Hz, 1H), 4.75 (d, J = 12.0 Hz, 1H), 4.72 (d, J = 12.0 Hz, 1H), 

4.56 – 4.48 (m, 2H), 4.11 – 4.00 (m, 1H), 3.18 – 3.04 (m, 1H), 2.93 – 2.80 (m, 2H), 2.68 (dd, J = 16.2, 8.0 

Hz, 1H, minor regioisomer), 2.64 (dd, J = 15.9, 8.0 Hz, 1H), 2.17 – 2.00 (m, 1H), 1.82 (dtd, J = 12.7, 8.7, 

6.3 Hz, 1H).13C NMR (201 MHz, CDCl3) δ 157.19, 156.96, 154.02, 136.52, 134.87, 133.52, 130.47, 

129.89, 127.64, 125.96, 117.71, 115.06, 114.50, 113.61, 113.34, 95.77, 74.59, 68.97, 47.47, 47.24, 36.11, 

35.10, 28.97, 28.72, 27.30, 26.16. HRMS (+APCI) calculated for C₁₆H₁₉O₃NCl₃ [M+H]+ 378.0425, found 

378.04273. SFC (ChiralCel OJ-3 5% MeOH/IPA with 0.2% Formic Acid, 2.5 mL/min) (4.46): tM = 8.70 

min tm = 5.44 min, 92:8 e.r. (4.46’): tM = 6.02 min tm = 5.05 min, 91:9 e.r.  

2,2,2-trichloroethyl (R)-(7-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.47) and 

2,2,2-trichloroethyl (R)-(6-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.47’): Prepared using 

General Procedure F using S3, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% 

Acetone in Hexanes) to provide 4.47 and 4.47’ as a colorless oil and mixture of inseparable regioisomers 

(0.0238 g, 57% yield, 3:1 r.r., 93:7 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.57 (d, J = 7.4 Hz, 2H), 7.43 (t, J 
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= 7.6 Hz, 2H), 7.41 – 7.36 (m, 1H), 7.34 (t, J = 7.2 Hz, 1H), 7.31 (s, 1H), 7.19 (d, J = 7.9 Hz, 1H), 7.16 (d, 

J = 7.9 Hz, 1H, minor regioisomer), 5.08 (d, J = 6.9 Hz, 1H), 4.77 (d, J = 12.1 Hz, 1H), 4.74 (d, J = 12.0 

Hz, 1H), 4.13 (dp, J = 12.6, 4.3 Hz, 1H), 3.28 – 3.18 (m, 1H), 3.01 – 2.90 (m, 2H), 2.83 – 2.72 (m, 1H), 

2.21 – 2.10 (m, 1H), 1.89 (dq, J = 14.9, 7.9 Hz, 1H).13C NMR (201 MHz, CDCl3) δ 154.30, 154.04, 141.04, 

141.01, 139.56, 139.30, 135.78, 134.57, 134.17, 132.90, 130.06, 129.47, 128.89, 128.24, 127.66, 127.32, 

127.30, 127.14, 127.11, 125.35, 125.08, 95.76, 74.91, 74.62, 47.97, 47.35, 47.33, 35.99, 35.60, 29.50, 

28.85, 28.84, 27.21, 26.76. HRMS (+APCI) calculated for C₁₉H₁₉O₂NCl₃ [M+H]+ 398.04759, found 

398.04798. HPLC (IJ column 20% 2-propanol in hexanes, 1.0 mL/min) (4.47): tM = 24.9 min tm = 37.0 

min, 93:7 e.r. (4.47’): tM = 20.0 min tm = 17.9 min, 89:11 e.r.  

2,2,2-trichloroethyl (R)-(7-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.48) and 2,2,2-

trichloroethyl (R)-(6-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.48’): Prepared using 

General Procedure F using S4, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (15% 

Acetone in Hexanes) to provide 4.48 and 4.48’ as a colorless oil and mixture of inseparable regioisomers 

(0.0123 g, 37% yield, 2:1 r.r., 92:8 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.00 (d, J = 7.7 Hz, 1H), 6.99 – 

6.94 (m, 1H), 6.93 (s, 1H, minor regioisomer), 6.90 (s, 1H), 5.03 (d, J = 8.0 Hz, 1H), 4.75 (d, J = 12.0 Hz, 

1H), 4.72 (d, J = 12.0 Hz, 1H), 4.12 – 4.02 (m, 1H), 3.13 (dd, J = 16.2, 5.2 Hz, 1H), 2.91 – 2.82 (m, 2H), 

2.68 (dd, J = 16.2, 7.8 Hz, 1H), 2.29 (s, 3H), 2.14 – 2.05 (m, 1H), 1.83 (dq, J = 14.6, 8.6, 8.2 Hz, 1H). 13C 

NMR (201 MHz, CDCl3) δ 154.04, 136.01, 135.71, 135.22, 133.55, 132.32, 130.61, 130.13, 129.56, 

129.52, 128.91, 127.33, 127.06, 95.78, 74.60, 47.40, 47.34, 35.81, 35.48, 28.91, 28.83, 26.92, 26.55, 21.10, 

21.07. HRMS (+APCI) calculated for C₁₄H₁₇O₂NCl₃ [M+H]+ 336.03194, found 336.03206. SFC (ChiralCel 

OJ-3 5% MeOH/IPA with 0.2% Formic Acid, 2.5 mL/min) (4.48): tM = 7.77 min tm = 4.42 min, 92:8 e.r. 

(4.48’): tM = 5.48 min tm = 4.08 min, 87:13 e.r.  This data was collected by Wesley Pullara  
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2,2,2-trichloroethyl (R)-(5-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49) and 2,2,2-

trichloroethyl (R)-(8-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49’): Prepared using 

General Procedure F using S5, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (15% 

Acetone in Hexanes) to provide 4.49 and 4.49’ as a colorless oil and mixture of inseparable regioisomers 

(0.0203 g, 58% yield, 1:5 r.r., 86:13 e.r.).  1H NMR (600 MHz, CDCl3) δ 7.12 (t, J = 7.9 Hz, 1H), 6.73 (d, 

J = 7.7 Hz, 1H), 6.72 – 6.65 (m, 1H), 5.04 (d, J = 7.9 Hz, 1H), 4.78 – 4.67 (m, 2H), 4.06 (ddt, J = 10.9, 8.3, 

4.3 Hz, 1H), 3.82 (s, 3H, minor regioisomer), 3.81 (s, 3H), 3.18 – 3.08 (m, 1H), 2.95 – 2.66 (m, 2H), 2.52 

(dd, J = 17.2, 8.0 Hz, 1H), 2.17 – 2.03 (m, 1H), 1.89 – 1.74 (m, 1H).13C NMR (151 MHz, CDCl3) δ 157.62, 

157.35, 154.06, 154.03, 136.82, 135.04, 126.75, 126.71, 124.35, 122.78, 121.69, 121.08, 107.56, 107.22, 

95.80, 74.60, 55.38, 47.24, 46.87, 35.84, 29.93, 28.45, 28.20, 27.25, 20.99. HRMS (+APCI) calculated for 

C₁₄H₁₇O₃NCl₃ [M+H]+ 352.02685, found 352.02703. HPLC (IB column 10% 2-propanol in hexanes, 1.0 

mL/min) (4.49): tM = 10.7 min tm = 8.7 min, 88:12 e.r. (4.49’): tM = 9.38 min tm = 11.8 min, 86:13 e.r This 

data was collected by Wesley Pullara 

2,2,2-trichloroethyl (R)-(5-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.50) and 2,2,2-

trichloroethyl (R)-(8-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.50’): Prepared using 

General Procedure F using S7, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% 

Acetone in Hexanes) to provide 4.50 and 4.50’ as a colorless oil and mixture of inseparable regioisomers 

(0.0178 g, 60% yield, 3:1 r.r., 90:10 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.09 – 7.05 (m, 1H), 7.05 – 7.00 
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(m, 1H), 6.98 (d, J = 7.4 Hz, 1H, minor regioisomer), 6.94 (d, J = 7.4 Hz, 1H), 5.08 (d, J = 8.0 Hz, 1H, 

minor regioisomer), 5.04 (d, J = 8.0 Hz, 1H), 4.79 – 4.69 (m, 2H), 4.14 – 4.02 (m, 1H), 3.16 (dd, J = 16.0, 

4.9 Hz, 1H), 3.08 (dd, J = 16.6, 5.5 Hz, 1H, minor regioisomer), 2.96 – 2.87 (m, 1H), 2.82 – 2.70 (m, 2H), 

2.51 (dd, J = 16.6, 8.2 Hz, 1H, minor regioisomer), 2.24 (s, 2H), 2.22 (s, 1H), 2.18 – 2.07 (m, 1H), 1.93 – 

1.84 (m, 1H), 1.84 – 1.76 (m, 1H, minor regioisomer). 13C NMR (201 MHz, CDCl3) δ 154.05, 137.01, 

136.70, 135.37, 133.94, 133.61, 132.51, 127.98, 127.67, 127.47, 126.75, 126.06, 126.00, 95.77, 74.63, 

74.60, 47.74, 46.91, 36.27, 33.51, 28.76, 28.62, 27.73, 24.55, 19.70. HRMS (+APCI) calculated for 

C₁₄H₁₇O₂NCl₃ [M+H]+ 336.03194, found 336.03208. SFC (ChiralCel OJ-3 1% MeOH/IPA with 0.2% 

Formic Acid, 2.5 mL/min) (4.50): tM = 4.64 min tm = 7.03 min, 90:10 e.r. (4.50’): inseparable 

2,2,2-trichloroethyl (R)-(5-bromo-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.51) and 2,2,2-

trichloroethyl (R)-(8-bromo-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.51’): Prepared using 

General Procedure F using S6, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (15% 

Acetone in Hexanes) to provide 4.51 and 4.51’ as a colorless oil and mixture of inseparable regioisomers 

(0.0100 g, 25% yield, 5:1 r.r., 88:11 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.44 – 7.39 (m, 1H), 7.07 (d, J = 

7.5 Hz, 1H, minor regioisomer), 7.05 – 6.98 (m, 2H), 5.01 (d, J = 7.9 Hz, 1H), 4.73 (s, 2H), 4.13 – 3.99 (m, 

1H), 3.22 (dd, J = 17.1, 5.6 Hz, 1H, minor regioisomer), 3.17 (dd, J = 16.3, 4.9 Hz, 1H), 2.98 – 2.89 (m, 

1H), 2.88 – 2.80 (m, 1H), 2.75 (dd, J = 16.3, 8.0 Hz, 1H), 2.62 (dd, J = 17.1, 8.3 Hz, 1H, minor regioisomer), 

2.21 – 2.06 (m, 1H), 1.88 (td, J = 14.6, 8.5 Hz, 1H). 13C NMR (201 MHz, CDCl3) δ 154.02, 136.24, 134.96, 

130.75, 130.41, 128.84, 128.15, 127.59, 127.48, 125.87, 125.67, 95.70, 74.68, 74.65, 47.68, 46.80, 36.69, 

36.25, 29.85, 28.78, 28.17, 27.98. HRMS (+APCI) calculated for C₁₄H₁₇O₃NCl₃ [M+H]+ 352.02685, found 

352.02703. SFC (ChiralCel OJ-3 5% MeOH/IPA with 0.2% Formic Acid, 2.5 mL/min) (4.51): tM = 16.9 

min tm = 11.6 min, 88:11 e.r. (4.51’): inseperable This data was collected by Wesley Pullara 
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2,2,2-trichloroethyl (R)-(6-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45’) and 

2,2,2-trichloroethyl (R)-(8-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49’): Prepared using 

General Procedure F using S8, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% 

Acetone in Hexanes) to provide 4.45’ and 4.49’ as a colorless oil and mixture of inseparable regioisomers 

(0.0297 g, 80% yield, 3:1 r.r., 91:9 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.12 (t, J = 7.9 Hz, 1H, minor 

regioisomer), 6.99 (d, J = 8.4 Hz, 1H), 6.75 – 6.69 (m, 1H), 6.68 (d, J = 8.1 Hz, 1H, minor regioisomer), 

6.64 (d, J = 2.7 Hz, 1H), 5.05 (d, J = 7.6 Hz, 1H), 4.76 – 4.73 (m, 1H), 4.72 (d, J = 12.1 Hz, 1H), 4.06 (tq, 

J = 8.3, 4.2, 3.3 Hz, 1H), 3.81 (s, 3H, minor regioisomer), 3.78 (s, 3H), 3.16 – 3.06 (m, 1H), 2.94 – 2.83 

(m, 2H), 2.64 (dd, J = 15.9, 8.0 Hz, 1H), 2.52 (dd, J = 17.1, 8.1 Hz, 1H, minor regioisomer), 2.14 – 2.01 

(m, 1H), 1.89 – 1.75 (m, 1H).13C NMR (201 MHz, CDCl3) δ 158.18, 157.61, 154.03, 136.81, 136.53, 

130.49, 126.73, 125.75, 122.78, 121.07, 113.50, 112.62, 107.21, 95.78, 74.59, 55.40, 47.48, 47.24, 35.54, 

35.08, 29.92, 28.73, 28.45, 27.31, 27.25. HRMS (+APCI) calculated for C₁₄H₁₇O₃NCl₃ [M+H]+ 352.02685, 

found 352.02703. HPLC (IA column 5% 2-propanol in hexanes, 1.0 mL/min) (4.45’): tM = 10.8 min tm = 

11.7 min, 91:9 e.r. (4.49’): tM = 9.1 min tm = 17.5 min, 92:8 e.r.  

2,2,2-trichloroethyl (R)-(6,8-dimethoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.53): Prepared 

using General Procedure F using 4.67, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% 

Et2O in Pentane) to provide 4.53 (0.0120 g, 31% yield, 87:13 e.r.) as a colorless oil.  1H NMR (400 MHz, 

CDCl3) δ 6.29 (d, J = 2.4 Hz, 1H), 6.24 (d, J = 2.4 Hz, 1H), 5.03 (d, J = 7.9 Hz, 1H), 4.75 (d, J = 11.9 Hz, 

2H), 4.71 (d, J = 12.0 Hz, 2H), 4.03 (dddd, J = 16.7, 8.3, 5.7, 2.9 Hz, 1H), 3.78 (s, 6H), 3.03 (dd, J = 16.8, 

5.5 Hz, 1H), 2.85 (td, J = 6.7, 3.0 Hz, 2H), 2.44 (dd, J = 16.8, 7.9 Hz, 1H), 2.15 – 1.98 (m, 1H), 1.88 – 1.72 
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(m, 1H).13C NMR (201 MHz, CDCl3) δ 158.97, 158.60, 154.04, 137.27, 115.14, 104.06, 96.25, 95.81, 

74.59, 55.47, 55.41, 47.30, 29.47, 28.54, 27.64. HRMS (+APCI) calculated for C₁₅H₁₉O₄NCl₃ [M+H]+ 

382.03742, found 382.03794. HPLC (IA column 10% 2-propanol in hexanes, 1.0 mL/min) tM = 8.5 min tm 

= 13.0 min, 87:13 e.r.  

2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydrophenanthren-3-yl)carbamate (4.54) and 2,2,2-trichloroethyl 

(R)-(1,2,3,4-tetrahydrophenanthren-2-yl)carbamate (4.54’): Prepared using General Procedure F using 

S10, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% Acetone in Hexanes) to provide 

4.54 and 4.54’ as an off white solid and mixture of inseparable regioisomers (0.0309 g, 80% yield, 8:1 r.r., 

91:9 e.r.).  1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 8.4 Hz, 1H, minor regioisomer), 7.91 (d, J = 8.4 Hz, 

1H), 7.82 (dd, J = 8.0, 1.5 Hz, 1H), 7.67 (d, J = 8.4 Hz, 1H), 7.52 (ddd, J = 8.4, 6.7, 1.6 Hz, 1H), 7.47 (ddd, 

J = 8.0, 6.7, 1.3 Hz, 1H), 7.23 (d, J = 8.4 Hz, 1H), 7.18 (d, J = 8.4 Hz, 1H, minor regioisomer), 5.17 (d, J 

= 8.0 Hz, 1H), 4.79 (d, J = 12.0 Hz, 1H), 4.74 (d, J = 12.0 Hz, 1H), 4.32 – 4.07 (m, 1H), 3.57 (dd, J = 16.6, 

5.5 Hz, 1H), 3.15 – 2.93 (m, 3H), 2.87 (dd, J = 16.5, 7.7 Hz, 1H, , minor regioisomer), 2.30 – 2.12 (m, 1H), 

2.07 – 1.84 (m, 1H). 13C NMR (201 MHz, CDCl3) δ 154.11, 132.85, 132.43, 132.30, 128.66, 128.43, 

127.66, 126.72, 126.39, 125.42, 125.32, 123.01, 122.68, 95.76, 74.65, 74.61, 47.53, 46.94, 32.46, 28.47, 

28.05. HRMS (+APCI) calculated for C₁₇H₁₇O₂NCl₃ [M+H]+ 372.03194, found 372.03218. SFC (ChiralCel 

OJ-3 5% MeOH/IPA with 0.2% Formic Acid, 2.5 mL/min) (4.54): tM = 8.77 min tm = 10.35 min, 91:9 e.r. 

(4.54’): tM = 5.22 min tm = 7.76 min, 95:5 e.r.  
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2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydrodibenzo[b,d]furan-2-yl)carbamate (4.55): Prepared using 

General Procedure F using S19, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% 

Acetone in Hexanes) to provide 4.55 (0.0154 g, 41% yield, 92:8 e.r.) as a colorless oil.  1H NMR (800 

MHz, CDCl3) δ 7.42 (d, J = 8.0 Hz, 1H), 7.39 (d, J = 7.5 Hz, 1H), 7.24 (t, J = 7.5 Hz, 1H), 7.21 (d, J = 14.4 

Hz, 1H), 5.12 (d, J = 8.2 Hz, 1H), 4.76 (d, J = 12.1 Hz, 1H), 4.73 (d, J = 12.0 Hz, 1H), 4.25 – 4.16 (m, 1H), 

3.09 (dd, J = 15.6, 5.1 Hz, 1H), 2.94 – 2.81 (m, 2H), 2.65 – 2.58 (m, 1H), 2.21 – 2.14 (m, 1H), 2.09 (dq, J 

= 13.5, 7.0 Hz, 1H). 13C NMR (201 MHz, CDCl3) δ 155.00, 154.12, 152.50, 128.38, 123.77, 122.63, 

118.53, 111.16, 110.47, 95.70, 74.66, 46.86, 28.20, 27.47, 20.97. HRMS (+APCI) calculated for 

C₁₅H₁₅O₃N³⁵Cl₃ [M+H]+ 362.0112, found 362.01163. HPLC (IH column 5% 2-propanol in hexanes, 1.0 

mL/min) tM = 17.9 min tm = 16.6 min, 92:8 e.r.  

2,2,2-trichloroethyl (R)-(7-((tert-butyldimethylsilyl)oxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate 

(4.56) and 2,2,2-trichloroethyl (R)-(6-((tert-butyldimethylsilyl)oxy)-1,2,3,4-tetrahydronaphthalen-2-

yl)carbamate (4.56’): Prepared using General Procedure F using S11, (R)-4.43, and (S,S)-2.55. Purified 

via preparative TLC using (20% Acetone in Hexanes) to provide 4.56 and 4.56’ as a colorless oil and 

mixture of inseparable regioisomers (0.0221 g, 46% yield, 1:1 r.r., 90:10 e.r.).  1H NMR (800 MHz, CDCl3) 

δ 6.95 (d, J = 8.2 Hz, 1H), 6.91 (d, J = 8.3 Hz, 1H), 6.63 (ddd, J = 9.5, 8.3, 2.6 Hz, 2H), 6.58 (d, J = 2.5 

Hz, 1H), 6.55 (d, J = 2.5 Hz, 1H), 5.02 (d, J = 7.9 Hz, 2H), 4.77 – 4.70 (m, 4H), 4.05 (dddd, J = 12.1, 6.0, 

4.5, 2.6 Hz, 2H), 3.09 (ddd, J = 15.9, 11.0, 5.1 Hz, 2H), 2.83 (qd, J = 8.8, 4.6 Hz, 4H), 2.64 (td, J = 17.0, 

8.0 Hz, 2H), 2.14 – 2.01 (m, 2H), 1.81 (dddd, J = 14.8, 12.8, 8.5, 6.3 Hz, 2H), 0.98 (s, 9H), 0.98 (s, 9H), 

0.19 (s, 6H), 0.18 (s, 6H). 13C NMR (201 MHz, CDCl3) δ 154.08, 154.04, 154.02, 153.85, 136.47, 134.82, 
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130.35, 129.78, 127.98, 126.31, 120.49, 119.95, 118.51, 118.22, 95.79, 74.60, 47.52, 47.26, 35.97, 35.18, 

29.00, 28.73, 27.15, 26.26, 25.84, 18.32, -4.26. HRMS (+APCI) calculated for C₁₉H₂₉O₃NCl₃Si [M+H]+ 

452.09768, found 452.09821. SFC (ChiralCel OJ-3 1% MeOH/IPA with 0.2% Formic Acid, 2.5 mL/min) 

(4.56): tM = 4.84 min tm = 5.72 min, 93:7 e.r. (4.56’): Inseparable  

2,2,2-trichloroethyl (R)-(8-oxospiro[4.5]deca-6,9-dien-2-yl)carbamate (4.57): Prepared using General 

Procedure F using S11, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% Acetone in 

Hexanes) to provide 4.57 (0.0089 g, 26% yield, 89:11 e.r.) as a colorless oil.  1H NMR (800 MHz, CDCl3) 

δ 6.88 (t, J = 8.3 Hz, 2H), 6.22 (dd, J = 9.7, 8.0 Hz, 2H), 5.15 (d, J = 17.1 Hz, 1H), 4.73 (s, 2H), 4.36 (h, J 

= 7.4 Hz, 1H), 2.40 (q, J = 11.9, 9.5 Hz, 1H), 2.27 (dd, J = 13.8, 7.6 Hz, 1H), 2.04 – 1.95 (m, 1H), 1.86 (td, 

J = 12.8, 7.8 Hz, 2H), 1.80 (dd, J = 13.8, 7.8 Hz, 1H). 13C NMR (201 MHz, CDCl3) δ 185.88, 154.31, 

154.08, 153.24, 127.82, 127.55, 95.59, 74.70, 52.81, 47.06, 43.81, 35.86, 32.62.HRMS (+APCI) calculated 

for C₁₃H₁₅O₃NCl₃ [M+H]+ 338.0112, found 338.0118. HPLC (IA column 10% 2-propanol in hexanes, 1.0 

mL/min) tM = 15.4 min tm = 19.8 min, 89:11 e.r.  

 2,2,2-trichloroethyl ((1R,3R)-2'-oxo-2'H-spiro[cyclopentane-1,1'-naphthalen]-3-yl)carbamate (4.58) and 

2,2,2-trichloroethyl ((1S,3R)-2'-oxo-2'H-spiro[cyclopentane-1,1'-naphthalen]-3-yl)carbamate (4.58’): 

Prepared using General Procedure F using S12, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC 

using (20% EtOAc in Hexanes) to provide 4.58 and 4.58’ separable diastereomers (0.0293g, 73% yield, 

1.9:1 d.r.). 
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4.58: Colorless oil (0.0187 g, 46% yield, 89:11 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.48 (d, J = 7.8 Hz, 

1H), 7.46 – 7.39 (m, 2H), 7.33 – 7.26 (m, 2H), 6.15 (d, J = 9.7 Hz, 1H), 5.13 (s, 1H), 4.78 (d, J = 11.8 Hz, 

1H), 4.70 (d, J = 12.1 Hz, 1H), 4.43 (q, J = 7.4 Hz, 1H), 2.74 (dd, J = 13.8, 7.2 Hz, 1H), 2.46 – 2.34 (m, 

2H), 2.09 – 1.99 (m, 1H), 1.97 (dd, J = 13.7, 8.1 Hz, 1H), 1.94 – 1.85 (m, 1H). 13C NMR (201 MHz, CDCl3) 

δ 204.13, 153.97, 147.49, 145.10, 130.59, 129.55, 129.30, 127.01, 126.51, 124.33, 95.80, 74.57, 57.53, 

53.58, 45.61, 39.10, 33.08. HRMS (+APCI) calculated for C₁₇H₁₇O₃NCl₃ [M+H]+ 388.02685, found 

388.02715. HPLC (IH column 20% 2-propanol in hexanes, 1.0 mL/min) (4.58): tM = 13.4 min tm = 15.5 

min, 89:11 e.r.  

4.58’: Colorless oil (0.0106 g, 26% yield, 86:14 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.49 (d, J = 9.8 Hz, 

1H), 7.44 (t, J = 7.5 Hz, 1H), 7.39 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 7.4 Hz, 1H), 7.30 (t, J = 7.3 Hz, 1H), 

6.43 (d, J = 8.6 Hz, 1H), 6.21 (dd, J = 9.7, 1.2 Hz, 1H), 4.75 (s, 2H), 4.59 (dh, J = 9.0, 4.9 Hz, 1H), 2.49 

(dd, J = 14.6, 7.8 Hz, 1H), 2.36 (dt, J = 14.1, 7.4 Hz, 1H), 2.33 – 2.23 (m, 2H), 2.02 (dq, J = 12.7, 6.4 Hz, 

1H), 1.89 (dt, J = 13.7, 6.8 Hz, 1H). 13C NMR (201 MHz, CDCl3) δ 205.91, 154.25, 147.89, 146.21, 130.90, 

129.73, 128.91, 127.12, 126.18, 124.26, 95.91, 74.60, 57.93, 54.39, 45.36, 42.28, 34.63. HRMS (+APCI) 

calculated for C₁₇H₁₇O₃NCl₃ [M+H]+ 388.02685, found 388.02722. HPLC (IK column 20% 2-propanol in 

hexanes, 1.0 mL/min) (4.58’): tM = 10.0 min tm = 8.6 min, 86:14 e.r.  

2,2,2-trichloroethyl (R)-(9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.59): Prepared using General 

Procedure F using S20, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC using (20% Acetone in 

Hexanes) to provide 4.59 (0.0299 g, 82% yield, 91:9 e.r.) as a colorless oil.  1H NMR (800 MHz, CDCl3) 

δ 7.31 (dd, J = 10.4, 3.0 Hz, 1H), 6.67 (dd, J = 10.0, 3.0 Hz, 1H), 6.31 (d, J = 10.3 Hz, 1H), 6.23 (d, J = 9.9 

Hz, 1H), 4.96 (s, 1H), 4.69 (s, 2H), 3.87 (tdt, J = 12.1, 8.1, 4.0 Hz, 1H), 2.20 (d, J = 12.4 Hz, 1H), 1.88 (dt, 

J = 14.0, 3.6 Hz, 1H), 1.83 (d, J = 12.4 Hz, 1H), 1.74 (qt, J = 13.5, 4.1 Hz, 1H), 1.59 – 1.50 (m, 2H), 1.44 

(t, J = 12.4 Hz, 1H), 1.27 (qd, J = 12.7, 4.0 Hz, 1H). 13C NMR (201 MHz, CDCl3) δ 185.79, 156.24, 153.75, 
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150.53, 129.22, 128.43, 95.64, 74.59, 46.77, 41.77, 41.23, 34.63, 32.57, 21.19. HRMS (+APCI) calculated 

for C₁₄H₁₇O₃NCl₃ [M+H]+ 352.02685, found 352.02722. HPLC (IB column 20% 2-propanol in hexanes, 

1.0 mL/min) tM = 9.1 min tm = 10.4 min, 91:9 e.r.  

2,2,2-trichloroethyl ((2R,6R)-8-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.60): 

Prepared using General Procedure F using S16, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC 

using (50% EtOAc in Hexanes) to provide 4.60 as a colorless oil (0.0142 g, 37% yield, >20:1 d.r, 89:11 

e.r.).  1H NMR (800 MHz, CDCl3) δ 6.69 (dd, J = 9.9, 2.6 Hz, 1H), 6.28 (d, J = 9.9 Hz, 1H), 6.15 (d, J = 

2.7 Hz, 1H), 4.87 (s, 1H), 4.75 – 4.65 (m, 2H), 3.88 (tdt, J = 12.1, 8.1, 4.0 Hz, 1H), 3.71 (s, 3H), 2.23 (d, J 

= 13.0 Hz, 1H), 1.90 (dt, J = 14.2, 3.8 Hz, 1H), 1.80 (d, J = 12.3 Hz, 1H), 1.74 (qt, J = 13.7, 3.7 Hz, 1H), 

1.59 (td, J = 13.4, 4.0 Hz, 1H), 1.53 – 1.40 (m, 2H), 1.29 – 1.21 (m, 2H). 13C NMR (201 MHz, CDCl3) δ 

180.85, 156.50, 153.80, 151.30, 127.70, 116.40, 95.63, 74.62, 55.07, 47.13, 42.29, 42.00, 35.42, 32.66, 

21.46. HRMS (+APCI) calculated for C₁₅H₁₉O₄NCl₃ [M+H]+ 382.03742, found 382.03765. HPLC (IB 

column 20% 2-propanol in hexanes, 1.0 mL/min) (4.60): tM = 8.6 min tm = 10.0 min, 89:11 e.r.  

2,2,2-trichloroethyl ((2R,6R)-7-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.61) and 

2,2,2-trichloroethyl ((2R,6S)-7-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.61’): 

Prepared using General Procedure F using S17, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC 

using (20% Acetone in Hexanes) to provide 4.61 and 4.61’ as a colorless oil and mixture of inseparable 

diastereomers (0.0182 g, 47% yield, 1.2:1 d.r., 81:19 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.10 (d, J = 10.2 

Hz, 1H), 6.44 (d, J = 9.9 Hz, 1H, minor), 6.23 (dd, J = 10.2, 1.6 Hz, 1H), 6.09 (dd, J = 9.9, 1.6 Hz, 1H, 
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minor), 5.58 (d, J = 1.6 Hz, 1H), 5.49 (d, J = 1.7 Hz, 1H, minor), 4.87 (dd, J = 16.5, 8.1 Hz, 1H), 4.71 – 

4.66 (m, 2H), 4.21 (ddp, J = 10.9, 6.9, 4.1 Hz, 1H, minor), 3.91 (tdt, J = 12.4, 8.5, 4.2 Hz, 1H), 3.77 (s, 3H, 

minor), 3.73 (s, 4H), 2.21 – 2.14 (m, 1H), 2.11 – 2.05 (m, 2H), 2.04 – 1.94 (m, 2H), 1.91 – 1.82 (m, 2H), 

1.76 (dqd, J = 17.6, 6.6, 5.3, 2.2 Hz, 3H), 1.52 (ddd, J = 14.7, 12.1, 4.8 Hz, 1H, minor), 1.47 – 1.43 (m, 

1H), 1.41 (dd, J = 13.7, 10.6 Hz, 1H, minor), 1.31 – 1.19 (m, 3H). 13C NMR (201 MHz, CDCl3) δ 187.75, 

187.03, 180.83, 178.44, 153.81, 153.72, 152.05, 146.77, 127.83, 126.70, 102.43, 101.09, 95.72, 95.67, 

74.60, 74.54, 55.90, 55.75, 46.65, 46.58, 44.09, 43.39, 39.85, 39.41, 34.02, 32.92, 32.56, 31.60, 20.92, 

20.84. HRMS (+APCI) calculated for C₁₅H₁₉O₄NCl₃ [M+H]+ 382.03742, found 382.03797. HPLC (IK 

column 30% 2-propanol in hexanes, 1.0 mL/min) (4.61): tM = 18.5 min tm = 12.4 min, 81:19 e.r. (4.61’): tM 

= 8.7 min tm = 10.9 min, 80:20 e.r.  

2,2,2-trichloroethyl ((1S,3R)-2'-oxo-2'H-spiro[cyclohexane-1,1'-naphthalen]-3-yl)carbamate (4.62) and 

2,2,2-trichloroethyl ((1R,3R)-2'-oxo-2'H-spiro[cyclohexane-1,1'-naphthalen]-3-yl)carbamate (4.62’): 

Prepared using General Procedure F using S18, (R)-4.43, and (S,S)-2.55. Purified via preparative TLC 

using (20% EtOAc in Hexanes) to provide 4.62 and 4.62’ as a colorless oil and mixture of inseparable 

diastereomers (0.0177 g, 43% yield, 4:1 d.r., 88:12 e.r.).  1H NMR (800 MHz, CDCl3) δ 7.59 (d, J = 8.0 

Hz, 1H), 7.49 (d, J = 8.0 Hz, 1H, minor), 7.43 (t, J = 7.3 Hz, 1H), 7.38 (d, J = 9.8 Hz, 1H), 7.33 – 7.27 (m, 

3H), 6.86 (d, J = 8.5 Hz, 1H), 6.12 (d, J = 9.7 Hz, 1H), 6.06 (d, J = 9.8 Hz, 1H, minor), 4.75 (d, J = 12.0 

Hz, 2H), 4.73 (d, J = 12.0 Hz, 2H), 4.69 (d, J = 4.4 Hz, 2H, minor), 4.49 (tdt, J = 11.8, 8.3, 4.3 Hz, 1H, 

minor), 4.26 (dq, J = 11.0, 5.5 Hz, 1H), 2.32 (dd, J = 14.9, 5.9 Hz, 1H), 2.19 – 2.14 (m, 1H, minor), 2.09 

(dd, J = 14.9, 5.9 Hz, 1H), 1.94 (ddd, J = 14.1, 7.4, 3.5 Hz, 1H), 1.89 – 1.81 (m, 1H), 1.76 (tdd, J = 12.6, 

9.4, 3.2 Hz, 1H), 1.74 – 1.67 (m, 2H), 1.66 – 1.58 (m, 1H, minor), 1.55 (dtt, J = 13.6, 6.8, 3.3 Hz, 1H).13C 

NMR (201 MHz, CDCl3) δ 206.13, 154.15, 146.74, 144.93, 130.27, 130.22, 129.74, 127.23, 126.94, 
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124.21, 96.01, 74.51, 52.45, 46.08, 37.31, 35.27, 31.16, 17.88. HRMS (+APCI) calculated for 

C₁₈H₁₉O₃NCl₃ [M+H]+ 402.0425, found 402.04321. HPLC (IK column 5% 2-propanol in hexanes, 1.0 

mL/min) (4.62): tM = 38.5 min tm = 29.8 min, 88:12 e.r. (4.62’): tM = 52.9 min tm = 42.6 min, 76:24 e.r.  

2,2,2-trichloroethyl-8-oxo-2,3,4,5,9,9a-hexahydro-2,5a-methanobenzo[b]azepine-1(8H)-carboxylate 

(4.66): Prepared using General Procedure F using 4.63, (R)-4.43, and [Ind*RhCl2]2. Purified via 

preparative TLC using (40% EtOAc in Hexanes) to provide 4.66 as a colorless oil and mixture of two 

conformers (0.0105 g, 30% yield,).  1H NMR (800 MHz, CDCl3) δ 6.58 (t, J = 10.2 Hz, 2H), 5.97 (d, J = 

5.5 Hz, 1H), 5.95 (d, J = 5.5 Hz, 1H), 4.97 (d, J = 12.0 Hz, 1H), 4.82 (d, J = 12.0 Hz, 1H), 4.76 (d, J = 11.9 

Hz, 1H), 4.56 (d, J = 12.0 Hz, 1H), 4.38 (t, J = 5.3 Hz, 1H), 4.35 (t, J = 5.3 Hz, 1H), 4.13 (d, J = 6.3 Hz, 

1H), 4.11 (d, J = 6.4 Hz, 1H), 3.28 (ddd, J = 23.6, 16.4, 6.3 Hz, 2H), 2.41 (dd, J = 16.4, 11.6 Hz, 1H), 2.34 

(dd, J = 16.3, 11.7 Hz, 1H), 2.28 – 2.24 (m, 1H), 2.24 – 2.20 (m, 1H), 2.17 (ddd, J = 13.5, 9.1, 5.1 Hz, 2H), 

1.76 (dt, J = 13.7, 5.3 Hz, 2H), 1.73 – 1.58 (m, 8H), 1.44 (td, J = 13.0, 5.5 Hz, 1H), 1.40 (td, J = 13.0, 5.5 

Hz, 1H). 13C NMR (201 MHz, CDCl3) δ 197.11, 197.02, 152.31, 152.17, 151.79, 151.51, 127.90, 127.70, 

95.81, 95.72, 74.80, 74.74, 61.07, 60.60, 56.96, 56.85, 43.82, 43.03, 42.04, 40.90, 40.19, 39.52, 37.08, 

29.21, 27.66, 18.48, 18.40.  
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Confirmation of Product Stereochemistry 

2,2,2-trichloroethyl (S)-(1,2,3,4-tetrahydronaphthalen-2-yl)carbamate ((S)-4.31): Under an N2 

atmosphere in a 8 dram vial equipped with stir bar, (S)-2-aminotetralin (0.075 g, 0.50 mmol, 1.0 equiv) and 

triethylamine (0.11 mL, 0.75 mmol, 1.5 equiv) were dissolved in DCM (2.5 mL). To this solution 2,2,2-

trichloroethyl carbonochloridate (TrocCl) (0.08 mL, 0.50 mmol, 1.0 equiv) was added and the reaction was 

stirred at room temperature overnight. The reaction was quenched by the addition of 1M HCl followed by 

extraction with DCM (3x). The combined organic layers were washed with brine (1x) and dried over 

Na2SO4 before removing the solvent under reduced pressure. The crude product was purified using flash 

column chromatography with 10% EtOAc in hexanes to provide (S)-4.31 as a colorless oil (0.097 g, 59% 

yield). 1H NMR (400 MHz, CDCl3) δ 7.23 – 6.99 (m, 4H), 5.08 (d, J = 7.6 Hz, 1H), 4.76 (d, J = 12.1 Hz, 

1H), 4.72 (d, J = 12.0 Hz, 1H), 4.09 (ddtd, J = 13.1, 8.2, 5.1, 3.1 Hz, 1H), 3.18 (dd, J = 16.3, 5.1 Hz, 1H), 

2.99 – 2.83 (m, 2H), 2.72 (dd, J = 16.3, 8.1 Hz, 1H), 2.18 – 2.05 (m, 1H), 1.91 – 1.78 (m, 1H).13C NMR 

(101 MHz, CDCl3) δ 154.01, 135.40, 133.76, 129.60, 129.00, 126.42, 126.16, 95.74, 74.56, 47.28, 35.82, 

28.79, 27.04. HRMS (+APCI) calculated for C₁₃H₁₅O₂NCl₃ [M+H]+ 322.01629, found 322.01679. HPLC 

(IJ column 5% 2-propanol in hexanes, 1.0 mL/min) tM = 15.2min  
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2,2,2-trichloroethyl (S)-(1,2,3,4-tetrahydronaphthalen-2-yl)carbamate ((S)-4.31): 

 

2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydronaphthalen-2-yl)carbamate ((R)-4.31): 

Based on the comparison of the HPLC traces of (S)-4.31 with the sample of 4.31 prepared by using (R)-

4.43, and (S,S)-2.55  the product stereochemistry of the 2-aminotetralins and the spirocycles has been 

assigned to be (R) 
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Synthesis of Substrates for Mechanistic Studies 

2-bromo-1-(but-3-en-1-yl)-3,5-dimethoxybenzene (S21): Under an N2 atmosphere and at 0 ºC, allyl 

magnesium bromide (30 mL, 1.0M in Et2O, 3.0 equiv).was slowly added to a solution of 2-bromo-1-

(bromomethyl)-3,5-dimethoxybenzenesubstrate23 (3.10 g, 10.0 mmol, 1.0 equiv) in Et2O (40 mL, 0.25M). 

Once the addition was completed the reaction was left to stir at room temperature overnight. The reaction 

was placed in an ice bath and slowly quenched with sat. NH4Cl. The resulting biphasic solution was 

extracted with Et2O (3x) and the combined organic layers washed with brine 1x. The organic layers were 

dried over MgSO4 and the solvent removed under reduced pressure and the crude product was purified 

using silica gel column chromatography using 5% EtOAc in Pentane to provide S21 as a colorless oil (1.964 

g, 72%). 1H NMR (400 MHz, CDCl3) δ 6.41 (d, J = 2.7 Hz, 1H), 6.36 (d, J = 2.7 Hz, 1H), 5.89 (ddt, J = 

16.9, 10.2, 6.6 Hz, 1H), 5.07 (dq, J = 17.1, 1.7 Hz, 1H), 5.00 (ddt, J = 10.2, 2.1, 1.2 Hz, 1H), 3.86 (s, 3H), 

3.80 (s, 3H), 2.86 – 2.78 (m, 2H), 2.37 (dtt, J = 9.4, 6.6, 1.4 Hz, 2H).13C NMR (101 MHz, CDCl3) δ 159.55, 

156.81, 143.23, 137.89, 115.23, 106.85, 104.80, 97.55, 56.41, 55.61, 36.31, 33.92.HRMS (+APCI) 

calculated for C₁₂H₁₆O₂Br [M+H]+ 271.03282, found 271.03291.   

1-(but-3-en-1-yl)-3,5-dimethoxybenzene-2-d (4.67-d1): Using an adapted procedure by Liu.24 In a dry 24 

mL reaction vial equipped with a stir bar and under a N2 atmosphere, S21 (0.538 g, 2.0 mmol, 1.0 equiv), 

potassium methoxide (0.284 g, 4.0 mmol, 2.0 equiv), and hexamethyl disilane (0.82 mL, 4.0 mmol, 2.0 

equiv) were dissolved in a CD3CN (5mL) and left to stir at room temperature for 24 hours. The reaction 
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was quenched with DI H2O (6 mL) and extracted with Et2O (3x10mL). The combined organic layers were 

washed with brine (1x) and dried over MgSO4. The solvent was removed under reduced pressure and the 

crude product was purified using silica gel column chromatography 5% EtOAc in Hexanes to provide 

4.67-d1 as a colorless oil (0.3145 g, 82%). 1H NMR (400 MHz, CDCl3) δ 6.36 (d, J = 2.3 Hz, 1H), 6.31 (d, 

J = 2.3 Hz, 1H), 5.87 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.06 (dt, J = 17.2, 1.8 Hz, 1H), 4.99 (ddt, J = 10.2, 

2.2, 1.3 Hz, 1H), 3.79 (s, 6H), 2.66 (dd, J = 9.0, 6.7 Hz, 2H), 2.37 (tdt, J = 7.8, 6.5, 1.4 Hz, 2H). 13C NMR 

(101 MHz, CDCl3) δ 160.81, 160.79, 144.36, 138.18, 115.06, 106.60, 106.29 (t, J = 23.9 Hz), 97.89, 55.37, 

35.75, 35.42. HRMS (+APCI) calculated for C₁₂H₁₆DO₂ [M+H]+ 194.12858, found 194.12871.   

2,2,2-trichloroethyl 2-phenethylaziridine-1-carboxylate (4.68): Using an adapted procedure by Doyle.25 

Under an N2 atmosphere, in a 100 mL RBF equipped with a stir bar, 1-amino-4-phenylbutan-2-ol26 (0.500 

g, 3.0 mmol, 1.0 equiv) was dissolved in Toluene (20 mL) and the reaction vessel placed in an ice bath. 

Once cool, chlorosulfonic acid (0.20 mL, 3.0 mmol, 1.0 equiv) was added and the reaction stirred at room 

temperature. After two hours NaOH (18mL, 6M, 36 equiv) was added, a condenser attached, and the 

reaction was refluxed overnight. The reaction was cooled to room temperature and extracted with Et2O (3x) 

and washed with brine (1x). The combined organic layers were dried over MgSO4 and the Et2O removed 

under reduced pressure. The remaining toluene solution containing the crude unprotected aziridine was 

placed in a 100mL RBF and the reaction vessel was placed in an ice bath. Once cool, Et3N (0.85 mL, 6.0 

mmol, 2.0 equiv) was added followed by TrocCl (0.46 mL, 0.33 mmol, 1.1 equiv) and the reaction was 

stirred at room temperature overnight. The reaction was quenched by adding sat. NaHCO3 and then 

extracting with DCM (3X). The combined organic layers were dried over MgSO4 and the solvent removed 

under reduced pressure. The crude product was first purified by silica silica gel column chromatography 

using 10% EtOAc in Hexanes followed by Kugelrohr distillation to provide 4.68 as a colorless oil (0.412 
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g, 42%). 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.27 (m, 2H), 7.25 – 7.16 (m, 3H), 4.79 (d, J = 12.0 Hz, 

1H), 4.75 (d, J = 12.0 Hz, 1H), 2.97 – 2.76 (m, 2H), 2.61 (dddd, J = 7.2, 6.1, 5.2, 3.8 Hz, 1H), 2.45 (d, J = 

6.1 Hz, 1H), 2.10 (d, J = 3.8 Hz, 1H), 1.94 – 1.76 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 161.83, 141.20, 

128.61, 128.59, 126.23, 95.15, 75.52, 38.59, 34.19, 33.29, 32.42. HRMS (+APCI) calculated for 

C₁₃H₁₅O₂NCl₃ [M+H]+ 322.01629, found 322.01673.   

3-phenylpropanal-2,2-d2 (S22-d2): Using an adapted procedure by Zhang.7 In a 24 mL reaction equipped 

with a stir bar, 3-phenylpropanal (3.30 mL, 25.0 mmol, 1.0 equiv) and DMAP (0.31 g, 2.5 mmol, 0.1 equiv) 

were dissolved in D2O (5.0 ml). The reaction vessel was sealed, placed in an aluminum heating block and 

heated at 100 C. After two hours, the reaction vessel was cooled to room temperature and the reaction was 

extracted with DCM (3x10mL). The combined organic layers were washed with 1M HCl (10 mL), sat. 

NaHCO3 (10mL) and brine (10 mL) before drying over Na2SO4. The solvent was removed, and the crude 

material was used directly in the next step.  

(but-3-en-1-yl-2,2-d2)benzene (4.28-d2): Under an N2 atmosphere, in a 250 RBF equipped with a stir bar 

and condenser methyltriphenylphosphonium bromide was dissolved in THF (125 mL) and the reaction 

vessel placed in an ice bath. Once cool, the vessel was quickly opened and potassium tert-butoxide (5.66 g, 

50 mmol, 2.0 equiv) was added quickly. The reaction was sealed, and the yellow solution was stirred for 

one hour. Crude S22-d2 was dissolved in THF (10 mL) and added to the reaction before placing in heating 

block and refluxed overnight. The reaction was cooled to room temperature and placed in an ice bath before 

quenching with sat. NH4Cl. The reaction was extracted with Et2O (3x) and washed with brine (1x). The 
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combined organic layers were dried over MgSO4 and the solvent removed under reduced pressure. The 

crude reaction mixture was purified using on silica gel column chromatography using Pentane to provide 

4.28-d2 as colorless oil (2.25 g, 67%) 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.27 (m, 2H), 7.21 (dd, J = 7.1, 

1.8 Hz, 3H), 5.88 (dd, J = 17.1, 10.3 Hz, 1H), 5.07 (dt, J = 17.2, 1.9 Hz, 1H), 5.00 (dt, J = 10.2, 1.8 Hz, 

1H), 2.72 (s, 2H). Spectroscopic data for 4.28-d2 matches those previously reported in the literature.27  

(but-3-en-1-yl-3,4,4-d3)benzene (4.28-d3): Using an adapted procedure by An.28 Under an N2 atmosphere, 

in a 250 mL RBF equipped with a stir bar, 3-butenylbenzene (0.70 mL, 5.00mmol, 1.0 equiv) was dissolved 

in Hexanes (60 mL) and the reaction vessel placed in an ice bath. Once cool, EtOD (3.5 mL, 60 mmol, 12 

equiv) was added followed by the addition of a sodium dispersion in mineral oil (4.5 g, 25% wt, 10 equiv). 

The reaction was stirred very vigorously for two hours. The reaction was quenched through the addition of 

sat. NaHCO3 and stirred for an additional 20min. The reaction was extracted with Et2O (3x) and washed 

with brine (1x). The combined organic layers were dried over MgSO4, and the solvent was removed under 

reduced pressure. The crude product was first purified by silica gel column chromatography using 100% 

Pentane followed by Kugelrohr distillation to provide 4.28-d3 as a colorless oil (0.5373 g, 80%) 1H NMR 

(400 MHz, CDCl3) δ 7.34 – 7.27 (m, 2H), 7.25 – 7.17 (m, 3H), 2.80 – 2.65 (m, 2H), 2.39 (t, J = 7.9 Hz, 

2H).Spectroscopic data for 4.28-d3 matches those previously reported in the literature.28 
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(E)-(but-3-en-1-yl-4-d)benzene (E-4.28-d1): Using an adapted procedure by Hirino and Murana.29 Under an 

N2 atmosphere, 3-butenylbenzene (0.70 mL, 5.00mmol, 1.0 equiv) was dissolved in Hexanes (27 mL)  

followed by the dropwise addition of DIBAL-H (14.4 mL, 1.0M in toluene) at room temperature. The 

reaction was placed in an alumina heating block and stirred at 50 ºC for 6 hours. Afterwards, the reaction 

was cooled to -20 ºC and D2O (0.70 mL, 5.00mmol, 1.0 equiv) was added and the reaction was stirred for 

an additional hour at room temperature. To the reaction sat. NH4Cl was added and the resulting suspension 

was filtered through alumina. The filtrate was dried over Na2SO4 and the solvent removed under reduced 

pressure to afford the crude product which was purified via flash column chromatography (100% Pentane) 

to afford E-4.28-d1 as a colorless oil (1.0 g, 60%). 1H NMR (800 MHz, CDCl3) δ 7.32 – 7.27 (m, 2H), 7.23 

– 7.17 (m, 3H), 5.92 – 5.81 (m, 1H), 5.08 – 5.01 (m, 1H), 2.72 (t, J = 7.8 Hz, 2H), 2.42 – 2.35 (m, 2H). 13C 

NMR (201 MHz, CDCl3) δ 142.02, 138.13, 128.58, 128.43, 125.95, 114.78 (t, J = 24.2 Hz), 35.62, 35.53. 

HRMS (+APCI) calculated for C₁₀H₁₂D [M+H]+ 134.10745, found 134.10758.  This data was collected by 

Wesley Pullara 
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Mechanistic Studies 

Kinetic Isotope Effect (KIE) Study 

In an oven-dried 4dram reaction vial, with Teflon tape wrapped threads, and equipped with an oven dried 

stir bar was brought into the glovebox. To the vial, CsOAc (0.01mmol, 0.1 equiv.), AgNTf2 (0.30 mmol, 

0.3 equiv.), and [Ind*RhCl2]2 (2.5 mol%) were added to the reaction vial. The vial was sealed with a Teflon 

septum screw cap and brought out of the box to complete the reaction. Under an N2 atmosphere outside of 

the glovebox, (±)-4.43 was transferred to the reaction as stock solution in HFIP (0.5 mL, 0.26 mmol, 1.3 

equiv). The deuterated substrate 4.67-d1 (0.10 mmol 1.0 equiv.) was added to the reaction vial using HFIP 

washing the vial three times (0.2 mL + 0.2 mL + 0.1mL) to ensure complete transfer of the olefin. The 

reaction was left to stir at room temperature under an N2 balloon for 24 hours. After 24 hours, the crude 

reaction was filtered through a Celite pipette plug using DCM to flush. The solvent was removed under 

reduced pressure and the crude material purified via preparative TLC using the indicated eluent to yield the 

corresponding deuterated 2-aminotetralin (±)-4.53-d1. The yield was determined to be 65% from the 

isolated product. The kinetic isotope effect was determined to be kH/kD = 0.28 ± 0.05 based on 1H-NMR 

analysis of the isolated product.  
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Intermediate Aziridine  

In an oven-dried 4dram reaction vial, with Teflon tape wrapped threads, and equipped with an oven dried 

stir bar was brought into the glovebox. To the vial, CsOAc (0.01mmol, 0.1 equiv.), AgNTf2 (0.30 mmol, 

0.3 equiv.), and [Ind*RhCl2]2 (2.5 mol%) were added to the reaction vial. The vial was sealed with a Teflon 

septum screw cap and brought out of the box to complete the reaction. Under an N2 atmosphere outside of 

the glovebox, (±)-4.43 was transferred to the reaction as stock solution in HFIP (0.5 mL, 0.26 mmol, 1.3 

equiv). The aziridine 4.68 (0.10 mmol 1.0 equiv.) was added to the reaction vial using HFIP washing the 

vial three times (0.2 mL + 0.2 mL + 0.1mL) to ensure complete transfer of the olefin. The reaction was left 

to stir at room temperature under an N2 balloon for 24 hours. After 24 hours, the crude reaction was filtered 

through a Celite pipette plug using DCM to flush. The solvent was removed under reduced pressure and 

the crude reaction was analyzed by 1H-NMR using dibromomethane as an internal standard. No 2-

aminotetralin product formation was observed and the aziridine 4.68 was recovered in a 88% yield.  

Deuterium Labeling Studies 

General Procedure G: 1,2-Arylamination Procedure for Deuterium Labeling Studies 

In an oven-dried 4dram reaction vial, with Teflon tape wrapped threads, and equipped with an oven dried 

stir bar was brought into the glovebox. To the vial, CsOAc (0.01mmol, 0.1 equiv.), AgNTf2 (0.30 mmol, 

0.3 equiv.), and [Ind*RhCl2]2 (2.5 mol%) were added to the reaction vial. The vial was sealed with a Teflon 

septum screw cap and brought out of the box to complete the reaction. Under an N2 atmosphere outside of 

the glovebox, (±)-4.43 was transferred to the reaction as stock solution in HFIP (0.5 mL, 0.26 mmol, 1.3 

equiv). The deuterated olefin substrate (0.10 mmol 1.0 equiv.) was added to the reaction vial using HFIP 

N

Troc [Ind*RhCl2]2 (2.5 mol%)
( )-4.43 (1.3 equiv)

CsOAc (10 mol%)
AgNTf2 (10 mol%)

HFIP (0.1 M), 20 °C, 24 h
no tetralin 

product formation4.68
88% recovery

N
H

Troc
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washing the vial three times (0.2 mL + 0.2 mL + 0.1mL) to ensure complete transfer of the olefin. The 

reaction was left to stir at room temperature under an N2 balloon for 24 hours. After 24 hours, the crude 

reaction was filtered through a Celite pipette plug using DCM to flush. The solvent was removed under 

reduced pressure and the crude material purified via preparative TLC using the indicated eluent to yield the 

corresponding deuterated 2-aminotetralin or spirocycle product. Deuterium incorporation was determined 

by analysis of the 1H-NMR. 

2,2,2-trichloroethyl (1,2,3,4-tetrahydronaphthalen-2-yl-3,3-d2)carbamate ((±)-4.31-d2): Prepared using 

General Procedure G using 4.28-d2. Purified via preparative TLC using (20% Acetone in Hexanes) to 

provide (±)-4.31-d2 as a colorless oil (0.0355 g, 95% yield).  1H NMR (400 MHz, CDCl3) δ 7.20 – 7.04 (m, 

4H), 5.04 (d, J = 6.9 Hz, 1H), 4.76 (d, J = 12.1 Hz, 1H), 4.72 (d, J = 12.1 Hz, 1H), 4.08 (td, J = 8.0, 5.0 Hz, 

1H), 3.17 (dd, J = 16.3, 5.1 Hz, 1H), 2.90 (s, 2H), 2.72 (dd, J = 16.3, 8.0 Hz, 1H).13C NMR (201 MHz, 

CDCl3) δ 154.04, 135.42, 133.77, 129.62, 129.03, 126.45, 126.17, 95.76, 74.60, 47.16, 35.80, 28.59 – 27.78 

(m), 26.83. HRMS (+APCI) calculated for C₁₃H₁₃D₂O₂NCl₃ [M+H]+ 324.02884, found 324.02926.  

2,2,2-trichloroethyl (1,2,3,4-tetrahydronaphthalen-2-yl-1,1,2-d3)carbamate ((±)-4.31-d3): Prepared using 

General Procedure G using 4.28-d3. Purified via preparative TLC using (20% Acetone in Hexanes) to 

provide (±)-4.31-d3 as a colorless oil (0.0283 g, 81% yield).  1H NMR (400 MHz, CDCl3) δ 7.19 – 7.03 (m, 

4H), 5.05 (s, 1H), 4.76 (d, J = 12.0 Hz, 1H), 4.72 (d, J = 12.2 Hz, 1H), 2.98 – 2.84 (m, 2H), 2.10 (dt, J = 
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12.4, 6.0 Hz, 1H), 1.84 (dt, J = 13.4, 7.1 Hz, 1H). 13C NMR (201 MHz, CDCl3) δ 153.92, 135.35 (d, J = 

4.4 Hz), 133.57 (d, J = 8.5 Hz), 129.52, 128.89, 126.34, 95.65, 74.48, 46.89 – 46.52 (m), 35.51 – 34.92 

(m), 28.53, 26.88 (d, J = 6.2 Hz). HRMS (+APCI) calculated for C₁₃H₁₂D₃O₂NCl₃ [M+H]+ 325.03512, 

found 325.03546.  

2,2,2-trichloroethyl (1,2,3,4-tetrahydronaphthalen-2-yl-1-d)carbamate ((±)-4.31-d1): Prepared using 

General Procedure G using E-4.28-d1. Purified via preparative TLC using (20% Acetone in Hexanes) to 

provide (±)-4.31-d1 as a colorless oil (0.0227 g, 67% yield).  1H NMR (400 MHz, CDCl3) δ 7.23 – 7.06 (m, 

4H), 5.08 (d, J = 7.8 Hz, 1H), 4.78 (d, J = 12.1 Hz, 1H), 4.74 (d, J = 12.0 Hz, 1H), 4.10 (qd, J = 8.2, 3.1 

Hz, 1H), 2.94 (t, J = 6.1 Hz, 2H), 2.72 (d, J = 8.2 Hz, 1H), 2.14 (dtd, J = 12.2, 6.0, 3.1 Hz, 1H), 1.86 (ddd, 

J = 15.8, 12.8, 8.1 Hz, 1H). 13C NMR (201 MHz, CDCl3) δ 154.04, 135.44, 133.73, 129.61, 129.00, 126.45, 

126.17, 95.77, 74.60, 47.26, 35.52 (t, J = 19.9 Hz), 28.82, 27.08. HRMS (+APCI) calculated for 

C₁₃H₁₄DO₂NCl₃ [M+H]+ 323.02257, found 323.02184. This data was collected by Wesley Pullara 
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4.5.4 NMR, HPLC and SFC Data 

2,2,2-trichloroethyl (pivaloyloxy)carbamate (4.29): 
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2,2,2-trichloroethyl acetoxycarbamate (4.39): 
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 ((1-(but-3-en-1-yl)naphthalen-2-yl)oxy)(tert-butyl)dimethylsilane (S12):  
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1-(4-((tert-butyldimethylsilyl)oxy)-3-methoxyphenyl)pent-4-en-1-ol (S13): 
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1-(4-((tert-butyldimethylsilyl)oxy)-2-methoxyphenyl)pent-4-en-1-ol (S14): 
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1-(2-((tert-butyldimethylsilyl)oxy)naphthalen-1-yl)pent-4-en-1-ol (S15): 
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tert-butyl(2-methoxy-4-(pent-4-en-1-yl)phenoxy)dimethylsilane (S16): 
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tert-butyl(3-methoxy-4-(pent-4-en-1-yl)phenoxy)dimethylsilane (S17):  
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tert-butyldimethyl((1-(pent-4-en-1-yl)naphthalen-2-yl)oxy)silane (S18): 
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 trimethyl(4-(pent-4-en-1-yl)phenoxy)silane (S20): 
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2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydronaphthalen-2-yl)carbamate ((R)-4.31): 

N
H

Troc
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H

Troc

 



352 
 

2,2,2-trichloroethyl (1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.31): 

 

2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.31): 
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2,2,2-trichloroethyl (R)-(7-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45) and 2,2,2-
trichloroethyl (R)-(6-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45’): 
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(4.45) and (4.45’): 
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2,2,2-trichloroethyl (7-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.45): 

 

2,2,2-trichloroethyl (R)-(7-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45):  

 

2,2,2-trichloroethyl (6-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.45’): 

 

2,2,2-trichloroethyl (R)-(6-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45’):  
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2,2,2-trichloroethyl (R)-(7-(allyloxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.46) and 2,2,2-
trichloroethyl (R)-(6-(allyloxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.46’): 
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 (4.46) and (4.46’): 
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2,2,2-trichloroethyl (7-(allyloxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.46): 

 

2,2,2-trichloroethyl (R)-(7-(allyloxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.46):  

 

2,2,2-trichloroethyl (6-(allyloxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.46’): 

 

2,2,2-trichloroethyl (R)-(6-(allyloxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.46’):  
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2,2,2-trichloroethyl (R)-(7-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.47) and 
2,2,2-trichloroethyl (R)-(6-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.47’): 
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(4.47) and (4.47’): 
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2,2,2-trichloroethyl (7-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.47) 

 

2,2,2-trichloroethyl (R)- (7-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.47): 
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2,2,2-trichloroethyl (6-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.47’): 

 

2,2,2-trichloroethyl (R)-(6-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.47): 
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2,2,2-trichloroethyl (R)-(7-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.48) and 2,2,2-
trichloroethyl (R)-(6-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.48’): 
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(4.48) and (4.48’): 
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2,2,2-trichloroethyl (7-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.48): 

 

2,2,2-trichloroethyl (R)-(7-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.48):  

 

2,2,2-trichloroethyl (6-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.48’): 

 

2,2,2-trichloroethyl (R)-(6-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.48’):  
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2,2,2-trichloroethyl (R)-(5-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49) and 2,2,2-
trichloroethyl (R)-(8-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49’): 
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(4.49) and (4.49’): 
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2,2,2-trichloroethyl (5-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate 4.49): 

 

2,2,2-trichloroethyl (R)-(5-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49):  
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2,2,2-trichloroethyl (8-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.49’): 

 

2,2,2-trichloroethyl (R)-(8-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49’):  
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2,2,2-trichloroethyl (R)-(5-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.50) and 2,2,2-
trichloroethyl (R)-(8-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.50’): 
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 (4.50) and (4.50’): 
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2,2,2-trichloroethyl (5-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.50): 

 

2,2,2-trichloroethyl (R)-(5-methyl-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.50):  
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2,2,2-trichloroethyl (R)-(5-bromo-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.51) and 2,2,2-
trichloroethyl (R)-(8-bromo-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.51’): 
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(4.51) and (4.51’): 
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2,2,2-trichloroethyl (5-bromo-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.51): 

 

2,2,2-trichloroethyl (R)-(5-bromo-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.51): 
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2,2,2-trichloroethyl (R)-(6-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45’) and 
2,2,2-trichloroethyl (R)-(8-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49’): 
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 (4.45’) and (4.49’): 



378 
 

 

2,2,2-trichloroethyl (6-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.45’): 

 

2,2,2-trichloroethyl (R)-(6-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.45’): 
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2,2,2-trichloroethyl (8-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.49’): 

 

2,2,2-trichloroethyl (R)-(8-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.49’): 
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2,2,2-trichloroethyl (R)-(6,8-dimethoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.53): 
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2,2,2-trichloroethyl (6,8-dimethoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (±-4.53): 

 

2,2,2-trichloroethyl (R)-(6,8-dimethoxy-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate (4.53): 
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2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydrophenanthren-3-yl)carbamate (4.54) and 2,2,2-trichloroethyl 
(R)-(1,2,3,4-tetrahydrophenanthren-2-yl)carbamate (4.54’): 
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 (4.54) and (4.54’): 
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2,2,2-trichloroethyl (1,2,3,4-tetrahydrophenanthren-3-yl)carbamate (±-4.54): 

 

2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydrophenanthren-3-yl)carbamate (4.54):  

 

2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydrophenanthren-2-yl)carbamate (±-4.54’): 

 

2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydrophenanthren-2-yl)carbamate (4.54’): 
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2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydrodibenzo[b,d]furan-2-yl)carbamate (4.55): 



386 
 

 (4.55): 
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2,2,2-trichloroethyl (1,2,3,4-tetrahydrodibenzo[b,d]furan-2-yl)carbamate (±-4.55): 

 

2,2,2-trichloroethyl (R)-(1,2,3,4-tetrahydrodibenzo[b,d]furan-2-yl)carbamate (4.55): 
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2,2,2-trichloroethyl (R)-(7-((tert-butyldimethylsilyl)oxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate 
(4.56) and 2,2,2-trichloroethyl (R)-(6-((tert-butyldimethylsilyl)oxy)-1,2,3,4-tetrahydronaphthalen-2-
yl)carbamate (4.56’): 
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(4.56) and (4.56’): 
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2,2,2-trichloroethyl (7-((tert-butyldimethylsilyl)oxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate         
(±-4.56): 

 

2,2,2-trichloroethyl (R)-(7-((tert-butyldimethylsilyl)oxy)-1,2,3,4-tetrahydronaphthalen-2-yl)carbamate 
(4.56):  
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2,2,2-trichloroethyl (R)-(8-oxospiro[4.5]deca-6,9-dien-2-yl)carbamate (4.57): 
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2,2,2-trichloroethyl (8-oxospiro[4.5]deca-6,9-dien-2-yl)carbamate (±-4.57): 

 

2,2,2-trichloroethyl (R)-(8-oxospiro[4.5]deca-6,9-dien-2-yl)carbamate (4.57): 
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2,2,2-trichloroethyl ((1R,3R)-2'-oxo-2'H-spiro[cyclopentane-1,1'-naphthalen]-3-yl)carbamate (4.58): 
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 (4.58): 
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2,2,2-trichloroethyl ((1R,3R)-2'-oxo-2'H-spiro[cyclopentane-1,1'-naphthalen]-3-yl)carbamate (±-4.58): 

 

2,2,2-trichloroethyl ((1R,3R)-2'-oxo-2'H-spiro[cyclopentane-1,1'-naphthalen]-3-yl)carbamate (4.58): 
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2,2,2-trichloroethyl ((1S,3R)-2'-oxo-2'H-spiro[cyclopentane-1,1'-naphthalen]-3-yl)carbamate (4.58’): 
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 (4.58’): 
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2,2,2-trichloroethyl ((1S,3R)-2'-oxo-2'H-spiro[cyclopentane-1,1'-naphthalen]-3-yl)carbamate (±-4.58’): 

 

2,2,2-trichloroethyl ((1S,3R)-2'-oxo-2'H-spiro[cyclopentane-1,1'-naphthalen]-3-yl)carbamate (4.58’): 
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2,2,2-trichloroethyl (R)-(9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.59): 

 

 



400 
 

2,2,2-trichloroethyl (9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (±-4.59): 

 

2,2,2-trichloroethyl (R)-(9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.59): 
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2,2,2-trichloroethyl ((2R,6R)-8-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.60): 
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4.60 
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2,2,2-trichloroethyl ((2R,6R)-8-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (±-4.60): 

 

2,2,2-trichloroethyl ((2R,6R)-8-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.60): 
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2,2,2-trichloroethyl ((2R,6R)-7-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.61) and 
2,2,2-trichloroethyl ((2R,6S)-7-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.61’): 
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 (4.61) and (4.61’): 



406 
 

2,2,2-trichloroethyl ((2R,6R)-7-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (±-4.61): 

 

2,2,2-trichloroethyl ((2R,6R)-7-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.61): 
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2,2,2-trichloroethyl ((2R,6S)-7-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (±-4.61’): 

 

2,2,2-trichloroethyl ((2R,6S)-7-methoxy-9-oxospiro[5.5]undeca-7,10-dien-2-yl)carbamate (4.61’): 
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2,2,2-trichloroethyl ((1S,3R)-2'-oxo-2'H-spiro[cyclohexane-1,1'-naphthalen]-3-yl)carbamate (4.62) and 
2,2,2-trichloroethyl ((1R,3R)-2'-oxo-2'H-spiro[cyclohexane-1,1'-naphthalen]-3-yl)carbamate (4.62’): 
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 (4.62) and (4.62’): 
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2,2,2-trichloroethyl ((1S,3R)-2'-oxo-2'H-spiro[cyclohexane-1,1'-naphthalen]-3-yl)carbamate (±-4.62): 

 

2,2,2-trichloroethyl ((1S,3R)-2'-oxo-2'H-spiro[cyclohexane-1,1'-naphthalen]-3-yl)carbamate (4.62): 
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2,2,2-trichloroethyl ((1R,3R)-2'-oxo-2'H-spiro[cyclohexane-1,1'-naphthalen]-3-yl)carbamate (±-4.62’): 

 

2,2,2-trichloroethyl ((1R,3R)-2'-oxo-2'H-spiro[cyclohexane-1,1'-naphthalen]-3-yl)carbamate (4.62’): 
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2,2,2-trichloroethyl-8-oxo-2,3,4,5,9,9a-hexahydro-2,5a-methanobenzo[b]azepine-1(8H)-carboxylate 
(4.66): 
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Key HMBC (1H-13C) correlations used to assign the structure of 4.66: 
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Key NOESY (1H-1H) correlations used to assign the structure of 4.66: 
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COSY and HSQC used to assign the structure of 4.66  
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2-bromo-1-(but-3-en-1-yl)-3,5-dimethoxybenzene (S21): 
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1-(but-3-en-1-yl)-3,5-dimethoxybenzene-2-d (4.67-d1): 
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2,2,2-trichloroethyl 2-phenethylaziridine-1-carboxylate (4.68): 
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(but-3-en-1-yl-2,2-d2)benzene (4.28-d2): 
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 (but-3-en-1-yl-3,4,4-d3)benzene (4.28-d3): 
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(E)-(but-3-en-1-yl-4-d)benzene (E-4.28-d1): 
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2,2,2-trichloroethyl (1,2,3,4-tetrahydronaphthalen-2-yl-3,3-d2)carbamate (4.31-d2): 
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2,2,2-trichloroethyl (1,2,3,4-tetrahydronaphthalen-2-yl-1,1,2-d3)carbamate (4.31-d3): 
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22,2,2-trichloroethyl (1,2,3,4-tetrahydronaphthalen-2-yl-1-d)carbamate (4.31-d1):  

 

 


