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Abstract  

With the increasing demand of complex sp3-hybridized molecules and the 

importance of sustainability and environmental impact, it is imperative for chemists to 

develop creative and efficient synthetic methods to synthesize these molecules. As a 

molecular subclass, chiral-α,α-disubstituted amines are particularly challenging to access 

via traditional methods. Our approach has focused on developing dynamic kinetic 

resolutions (DKR) to access chiral amines from azides. DKR is a fundamentally interesting 

strategy because racemic starting materials can be converted into enantioenriched products 

in high yield and stereoselectivity. This work describes the initial discovery of a dynamic 

kinetic resolution of allylic azides (Chapter 2), followed by subsequent fundamental 

mechanistic investigations (Chapter 3). Insights from these fundamental studies led in 

exploration of catalysts to promote racemization of activated azides (Chapter 4). This 

racemization was used to recycle the excess scalemic starting material in a kinetic 

resolution of cyclic secondary azides (Chapter 5). Finally, efforts to utilize the catalyst-

promoted racemization in a dynamic kinetic resolution are discussed (Chapter 6).   
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Chapter 1. Introduction 

The ability to synthesize stereochemically-defined complex molecules is a central 

goal in the field of synthetic chemistry. This is especially critical as the number of 

stereochemically complex sp3 hybridized molecules in pharmaceuticals, agrochemicals, 

polymers, and materials continues to rise.1,2 There are three main strategies to achieve this 

desired outcome: i) using stereodefined starting materials, ii) inducing enantioselectivity 

via asymmetric catalysis, and iii) resolution of racemates. The chiral pool approach starts 

with commodity chemicals that contain pre-defined stereocenters.3–5 Further 

transformations utilize the pre-existing stereocenters to install additional stereocenters in a 

diastereoselective manner. While this strategy has several advantages, this can be a 

problem if the desired diastereomer is disfavored due to the configuration of the starting 

material or if the desired molecule is difficult to access from the chiral pool. An alternate 

approach is asymmetric catalysis.6–8 In this strategy, a chiral catalyst is used to impose 

asymmetry on a prochiral substrate. Work in this field has been highly regarded, as 

Sharpless, Noyori, and Knowles were awarded the Nobel Prize in chemistry in 2001 for 

their work on asymmetric transformations.9 While certain motifs can be easily accessed 

using asymmetric methodologies (e.g. 1,2-diols), often it is easier and less expensive to 

access the racemate. Therefore, the ability to resolve a pair of enantiomers is necessary.10–

13 The concept of resolving racemic mixtures is paramount to this work and will be 

discussed in detail below. Further development of each of these strategies will advance 

efforts towards the efficient synthesis of enantioenriched molecules. This work will 

describe our efforts to expand the area of dynamic kinetic resolution to access chiral 

amines.  
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1.1. Methods for Resolution 

 Resolving enantiomers is a common approach to access enantioenriched 

compounds. Most mixtures of organic molecules are separated based on differences in their 

physical properties (e.g. polarity, solubility, or boiling point). However, enantiomers have 

the same physical properties in an achiral environment, thus, separation is less 

straightforward. Often the resolution of a racemic mixture requires modifying one or both 

enantiomers with another chiral agent. Common approaches include classic resolution, 

kinetic resolution, and dynamic kinetic resolution (Scheme 1.1). Excluding the chiral pool 

approach, resolution is the most commonly utilized strategy for obtaining chiral 

compounds in industry.14 

 

Scheme 1.1 Types of Resolution 

 

 

1.1.2 Classic Resolution   

 A classic resolution relies on a stoichiometric derivatization using a chiral molecule 

(Scheme 1.1a). Diastereomers are formed upon treatment of a racemic mixture with a chiral 
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resolving agent. Because diastereomers have different chemical properties, they can be 

separated. Separation can be accomplished using conventional purification techniques (e.g. 

chromatography or recrystallization) followed by removal of the resolving agent. 

Recrystallization is a common method for the separation of diastereomers that have 

appreciable differences in solubility. This includes salts that are not covalently bound 

(Scheme 1.2). This technique is prevalent in the pharmaceutical industry, which often 

requires the production of complex molecules with high levels of enantiopurity.  

 A classic resolution is the first step in the synthesis of Jacobsen’s catalyst.15 

Diastereomeric salts are formed upon addition of enantiopure tartaric acid to trans-1,2-

diamine (Scheme 1.2). Separation by selective crystallography is followed by a 

condensation reaction to afford the ligand backbone and is subsequently metallated to give 

Jacobsen’s catalyst (1.3).  

 

Scheme 1.2 Synthesis of Jacobsen’s Catalyst 

 

 

 The synthesis of Crixivan®, an HIV-protease inhibitor drug developed by Merck, 

utilized a classic resolution to access the chiral piperazine fragment (Scheme 1.3).16 Using 

(S)-PGA with the racemic piperazine 1.4 afforded a diastereomeric mixture of salts 1.5 and 

1.6. Selective crystallization of piperazine 1.5 left the desired salt 1.6 in the mother liquor. 

Exposure of salt 1.6 to Boc2O and KOH resulted in piperazine 1.7 which was further 
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elaborated into Crixivan® (1.8). While this fragment had been accessed via asymmetric 

catalytic reduction and by bio-catalysis, Merck ultimately employed the classical 

resolution to access piperidine 1.6.16 

 

Scheme 1.3 Classic Resolution in Synthesis of Crixivan®  

 

 

 Unfortunately, not all pairs of diastereomers can be selectively crystallized. For 

these substrates, chromatography can be used as the method of separation.17 It should be 

noted that enantiomers can be directly separated using preparative HPLC with a chiral 

column. This strategy is often used in industry to advance a chiral intermediate.18–22 

However, chiral chromatography can be expensive, often requiring long separation times 

and large amounts of solvent consumption.  

 

1.1.2 Kinetic Resolution 

  Kinetic resolution differentiates a pair of enantiomers based on their rate of 

reactivity with a chiral catalyst or reagent (Scheme 1.4). Because the starting material is 

chiral and the catalyst/reagent is chiral, when they interact, they form diastereomeric 
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transition states. The selectivity arises from the difference in energy between the two 

diastereomeric transition states (ΔΔG‡).12 The larger ΔΔG‡
,
 the greater the selectivity 

between the two products. Similar to classic resolution, there is a maximum 50% yield in 

a kinetic resolution.  

  Obtaining good enantioselectivity and attaining a yield close to 50% requires a high 

selectivity factor. The selectivity factor (s) is equal to krel which is the ratio of kfast/kslow 

(Scheme 1.4, eq. 1). Unlike many enantioselective reactions, the ee of the product changes 

throughout the course of a kinetic resolution. In a kinetic resolution the relative 

concentration of the enantiomers changes as the reaction proceeds. A reaction rate is 

dependent on both the rate constant and the concentration. As the more reactive enantiomer 

is consumed, its concentration decreases. Therefore, the ability of the catalyst to 

differentiate between enantiomers decreases as conversion increases due to the 

concentration discrepancy between the two enantiomeric starting materials. Using this 

strategy, either the newly functionalized product or enantioenriched starting material may 

be the desired material. Depending on which is valuable, the reaction is either stopped early 

or extended past 50% conversion to achieve high enantiopurity. Table 1.1 shows the 

necessary conversions required to recover unreacted starting material in various levels of 

enantiopurity.12 With an s value of ~10, the recovered starting material can be obtained in 

98% ee and nearly 30% yield. The ability to utilize conversion as a tunable parameter for 

ee can be viewed as a benefit compared to asymmetric synthesis which solely depends on 

the ΔΔG‡ of the diastereomeric transition state.23 However, with a moderate krel, this results 

in a decreased yield. 
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Scheme 1.4 General Equations in Kinetic Resolution.  

 

 

Table 1.1 Conversions Necessary to Recover Starting Material with Desired ee at 23 °C.  

 

 

 Several conditions must be met to make kinetic resolution a practical method: i) the 

racemate must be inexpensive, ii) the starting material and the product must be easily 

separable, and iii) the catalyst must be highly selective in preferably low loadings.12 Initial 

development of kinetic resolutions focused on secondary alcohols using an enzymatic 

transformation, most commonly acetylation.24–27 Because enzymes tend to have a limited 

substrate scope, efforts have been made to develop small molecule catalysts to accelerate 

similar transformations on a broader array of compounds.28–31 
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 A classic example of this methodology is Jacobsen’s hydrolytic kinetic resolution 

(HKR) of terminal epoxides (Scheme 1.5).32 These reaction conditions provide high 

selectivity factors (s > 100) so both the product and the recovered starting material can be 

accessed with high levels of enantiopurity. For example, using racemic propylene oxide 

(1.9 and ent-1.9) under HKR conditions affords highly enantioenriched diol 1.10 and 

unreacted epoxide ent-1.9 with yields near 50%. Both enantiomers of the catalyst are 

readily accessible and only low catalyst loadings are required.33 As well, the catalyst can 

be recovered and reused without diminished selectivity.34 The reaction is scalable without 

loss of yield or enantiomeric excess. There are applications of HKR in total synthesis.35–37 

Also, Sigma Aldrich distributes chiral epoxides and 1,2-diols that are accessed via this 

method.38 

 Unfortunately, any kinetic resolution has a maximum of 50% yield. Jacobsen’s 

HKR has very high selectivity factors and can attain yields close to 50%. However, most 

kinetic resolutions are not as selective and result in lower yields depending on the desired 

ee. This limitation can be overcome if there is a pathway for racemization, resulting in a 

more complex dynamic kinetic resolution. 

 

Scheme 1.5 Jacobsen’s Hydrolytic Kinetic Resolution (HKR) 
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1.1.3. Dynamic Kinetic Resolution (DKR) 

 Similar to kinetic resolution, dynamic kinetic resolution (DKR) is predicated on 

differential rates of reactivity between a pair of enantiomers and a chiral catalyst/reagent. 

The key difference between the two modes of resolution is a DKR has a mechanism of 

racemization between the enantiomeric starting materials. As one enantiomer reacts to 

form the product, more of the reactive enantiomer is generated via the racemization 

pathway (Scheme 1.1c). While the ee of the product changes over time in a kinetic 

resolution, ideally the ee in a DKR remains constant over the course of the reaction. From 

the catalyst’s perspective, there is always a racemic mixture of starting material as long as 

the rate of racemization is significantly faster than the rate of resolution. Ideally, a racemic 

mixture can be funneled to a single product in high yield with high levels of 

stereoselectivity. For this method to be viable, the rate of the racemization must be faster 

than the rate of reaction between the mismatched enantiomer and the catalyst. In an ideal 

situation, the rate of racemization is significantly faster than the rate of reaction of both 

starting enantiomers with the catalyst.39 Because this form of resolution has the potential 

for 100% enantioselective yield from the racemate, research in this area has garnered 

significant attention over the past few decades.11  

 Buchwald developed a kinetic resolution using an asymmetric conjugate reduction 

of 2-alkyl cyclopentenones. It was discovered that upon the addition of base, a DKR was 

observed (Scheme 1.6).40 The base allowed racemization of the α-stereocenter. Under the 

classic resolution conditions, yields below 50% were obtained with enantiomeric excesses 

(ee’s) between 72-96%, while the DKR conditions provided yields >89% with ee’s 

between 91-94%. One potential challenge with DKR is racemization of products under the 
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same conditions. To avoid this racemization, polymethylhydrosiloxane (PMHS) was used 

to trap the enolate intermediate as the silyl enol ether. Additionally, the PMHS allowed for 

catalyst turnover. In a subsequent step, tetrabutylammonium fluoride (TBAF) was used to 

remove the silyl group and reveal the enantioenriched cyclopentanones. In this example, 

developing a dynamic kinetic resolution from the kinetic resolution was straightforward. 

This is often not the case. This example also highlights the advantages of a DKR relative 

to a KR. 

 

Scheme 1.6 Dynamic Kinetic Resolution of Cyclopentenones  

 

 Because enzymes are often very selective, there are several examples of DKRs 

using enzymes as the chiral catalyst in combination with a secondary reagent for 

racemization. In some cases, a transition metal catalyst can be used to promote 

racemization. In 1992, Bäckvall et al. used a ruthenium catalyst with acetone to oxidize 

secondary alcohols.41 Mechanistically, the Ru(II) catalyst dehydrogenates the alcohol and 

transfers the hydrogen to a hydrogen acceptor, in this case acetone.42 During their studies 

of this reaction, it was observed that racemization of the alcohol stereocenter occurs due to 

hydrogen transfer back to the substrate. A few years later, Bäckvall et al. took advantage 

of this Ru(II) catalyzed racemization for DKR applications. After screening several 

enzymes for this DKR, their system included a ruthenium catalyst and Candida antarctica 

lipase B (CALB). Using this combination, racemic mixtures of secondary alcohols were 
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smoothly converted to enantioenriched acetates (Scheme 1.7).43,44 Several other groups 

have reported using transition metals with enzymes to achieve a DKR.45 In these examples, 

the transition metals promoted racemization while the enzymes selectively functionalized 

one enantiomer of the staring material.  

 

Scheme 1.7 Transition Metal and Enzyme Catalyzed DKR  

 

 

 Like in the above example, often an external reagent or catalyst is required to 

provide a mechanism for racemization. One challenge associated with using a dual catalytic 

system is catalyst compatibility. While independently each catalyst may achieve the 

desired reaction, when combined the catalyst/catalyst interactions may inhibit or slow the 

reaction. As well, the catalyst used for racemization must be compatible with the product. 

For these reasons finding suitable conditions to conduct a DKR can be challenging.  

 Because there is an inherent requirement for a pathway of racemization in DKR, 

common substrates include alcohols (oxidation/reduction) and α-stereocenters 

(deprotonation/reprotonation).11 While there are examples that fall outside of these 

categories, they are limited.46,47 New substrate classes that have the potential for DKR 

would increase the utility of this approach for the efficient formation of enantioenriched 

molecules. This work explores the utility of azides as substrates for dynamic kinetic 

resolutions to access chiral amines.  
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1.2. Chiral Amines 

 The development of a DKR of azides would provide a synthetically useful approach 

toward chiral amines and amine derivatives. Chiral amines are common in natural products, 

ligands, polymers, and bioactive molecules (Figure 1.1). Because of their ubiquity, 

methods for their preparation have been widely studied and developed. In the words of 

Buchwald, “the synthesis of optically pure amines has long been recognized as a 

preeminent goal for organic synthesis.”48  

 

 

Figure 1.1 Examples of Chiral Amines and Amine Derivatives    

 

1.2.1. Synthesis of Chiral Amines via Nucleophilic Addition to Imine 

 There are several successful methods for the synthesis of -chiral amines, which 

include: imine addition, asymmetric reductive amination, asymmetric hydrogenation, 

transamination, hydroamination and C-H amination.49–52 However, several of these 

methods, are fundamentally incapable of generating ,-disubstituted amines because they 

require the formation or presence of a C-H bond.  
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 There are few strategies capable of accessing the more congested of ,-

disubstituted amines. Even more challenging is the ability to do so enantioselectively. Both 

subclasses of chiral amines can be synthesized from the addition of a nucleophile into an 

imine (Scheme 1.8). The imine (1.18) is formed from condensation with either a ketone or 

aldehyde (1.17). After nucleophilic addition, the electron-withdrawing group can be 

cleaved to reveal the free amine (1.20). While imines are inherently less electrophilic than 

their carbonyl counterparts, methods have been developed to activate imines such that a 

wide variety of nucleophiles are viable.53 Often, the imines will bear electron withdrawing 

substituents (e.g. sulfonyl group) to increase their electrophilicity and/or require a Lewis 

acid activator. Depending on the activating group, this method can be applicable for 

different nucleophiles including copper-54,55 and rhodium-catalyzed56–58 nucleophilic 

addition chemistry.  

 

Scheme 1.8 Addition to Imine for Chiral Amine Synthesis 

 

 

  Either substrate or catalyst control can be used to attain selectivity during the 

nucleophilic addition (Scheme 1.8b). For substrate-controlled addition, the chiral 

component can be on either end of the C-N double bond. The condensation of chiral 
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aldehydes/ketones with amines affords a stereocenter on the imine backbone, while 

condensation with a chiral amine affords a stereocenter bound to the imine nitrogen. 

Depending on the substrate, there can be mixtures of E/Z ketimines, which can negatively 

affect the selectivity of the nucleophilic addition. 

 Ellman’s auxiliary, tert-butylsulfinamide, is the most common auxiliary used for 

imine addition (Scheme 1.8b). The auxiliary can be prepared in two steps. Typically, 

nucleophiles add via a closed Zimmerman-Traxler transition state (Scheme 1.8b). 

However, certain conditions can promote addition via an open transition state.59–61 

Subsequent removal of the chiral auxiliary with strong acid affords the enantioenriched 

free amine. Ellman’s auxiliary is state-of-the-art for the synthesis of chiral ,-

disubstituted amines, however it requires three steps with several stoichiometric reagents, 

the ketimines can be unstable, and there can be selectivity issues if the ketimine exists as a 

mixture of E/Z isomers.62  

 Bristol Myers Squibb reported BACE1 inhibitors containing an ,-disubstituted 

amine, where Ellman’s auxiliary was used to set the stereocenter (Scheme 1.9).63 

Condensation of the Ellman’s auxiliary with ketone 1.24 provided imine 1.25 in modest 

yield. Enolate addition formed the chiral amine stereocenter in compound 1.26. After 

reduction of the ketone, the chiral auxiliary was efficiently removed under acidic 

conditions to reveal the free amine (1.28). Further transformations afforded BACE1 

inhibitor 1.29. Several analogues were synthesized using this sequence. 
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Scheme 1.9 Ellman’s Auxiliary Used to Access Chiral ,-Disubstituted Amine 

 

 

 While other methods for the synthesis of these types of motifs exist, they are very 

substrate dependent and the scope is limited.64–68 Ellman’s auxiliary is the most common 

way to prepare these amines enantioselectively. Alternatively, as mentioned above, the 

amine can be prepared as the racemate and then separated using chiral chromatography, 

usually either chiral HPLC or SFC.69–71  

 Currently, a general and catalytic method to access ,-disubstituted amines is 

lacking. This research project aims to develop a method that would allow for complete 

conversion of a racemic mixture of allylic azides to a single product with high 

enantioselectivity. 

 

1.2.2. [3,3]-Sigmatropic Rearrangements to Access Chiral Amines 

 Due to the challenges of synthesizing chiral ,-disubstituted amines, alternate 

approaches to access these chiral motifs have been investigated. One alternative strategy is 

utilizing rearrangements to form the highly congested stereocenter.72–74 Many 
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rearrangements proceed through a cyclic transition state, thereby resulting in a high level 

of stereospecificity. As well, the components of the starting materials are also in the 

product, making this an atom economical approach.  

 The rearrangement of allyl thiocyanates to allyl isothiocyanates was 

contemporaneously discovered by Billeter and Gerlich in 1875.75,76 Several experimental 

studies concluded this was likely a sigmatropic process.77–79 Gonda and coworkers took 

advantage of this rearrangement utilized to construct a chiral ,-disubstituted amine 

derivative (Scheme 1.10).80 Microwave heating of thiocyanate 1.30 for two hours resulted 

in formation of isothiocyanate 1.31 as a single diastereomer. It was proposed that the 

diastereoselectivity was due to steric interactions from the 1,2-O-isopropylidine group. 

This intermediate is a precursor to (+)-myriocin and potentially other spingofungins.  

 

Scheme 1.10 Rearrangement of Thiocyanate to Thioisocyanate.  

 

 

 Holm and coworkers reported the first rearrangement of allyl cyanates to allyl 

isocyanates, however this rearrangement was not widely used due to the difficulty of 

accessing the starting allyl cyanates.81,82 Several decades later, Ichikawa and coworker’s 

developed mild conditions for the formation of allyl cyanates, allowing this rearrangement 

to be a more attractive synthetic approach (Scheme 1.11a).83–85 The allyl cyanate (1.33) 

can be generated from dehydration of an easily accessible carbamate (1.32). Subsequent 
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rearrangement and trapping with methanol, or another nucleophile, affords the rearranged 

methyl carbamate (1.34).  

 

Scheme 1.11. a) Ichikawa’s Method for Rearrangement of Allyl Cyanates b) Synthesis of 

(S)-Ketamine via Sigmatropic Rearrangement 

 

 

 An asymmetric synthesis of (S)-ketamine used this rearrangement to set the ,-

disubstituted amine stereocenter (Scheme 1.11b).86 Because the rearrangement is 

stereospecific, the key to high enantioselectivity of the desired product hinges on the 

enantiopurity of the starting carbamate which is derived from the corresponding alcohol. 

Enantioselective reduction of prochiral ketones to secondary alcohols has been well 

studied.87–90 Therefore, this approach allows for a difficult ,-disubstituted amine 

stereocenter to be generated from a relatively easy to access chiral alcohol. In this example, 

the prochiral ketone was reduced using Noyori conditions and subsequently converted to 

the rearrangement precursor 1.36.91,92 Dehydration of carbamate 1.36 resulted in allylic 

cyanate 1.37 which concomitantly rearranged to isocyanate 1.38 in 98% yield. Isocyanate 

1.38 was reduced to the corresponding amine using LiAlH4 and the exocyclic alkene was 
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subjected to ozonolysis to form (S)-ketamine (1.39) in >99% ee. This example highlights 

the utility of this stereospecific rearrangement to generate congested stereocenters. Other 

total syntheses have also taken advantage of this rearrangement as a key step in their 

synthetic route.93,94  

 Overman reported a thermal and a metal catalyzed rearrangement of 

trichloroacetimidates to trichloroacetamides, which is now referred to as the Overman 

rearrangement.95,96 Like other sigmatropic rearrangements, this reaction proceeds via a 

chair-like transition state, therefore the chirality of the initial trichloracetimidate is 

conserved in the product.96 Ramachandran and coworkers used the Overman 

rearrangement to synthesize allylic amines and α-amino acids (Scheme 1.12). Asymmetric 

allylboration of α,β-unsaturated aldehydes resulted in chiral secondary allylic alcohol 1.40. 

Trichloroacetimidate 1.41 was formed by treatment of alcohol 1.40 with base and 

trichloroacetonitrile. The thermal Overman rearrangement proceeded smoothly with 

retention of configuration to afford amide 1.42. Further transformations allowed access to 

α-amino acids (1.43). Others have utilized the thermal rearrangement in total syntheses.97–

100 The metal catalyzed rearrangement has been used to generate chiral -amines staring 

from the primary acetimidates.101 However, it has been challenging to access chiral ,-

disubstituted amines via this approach.102–104  

 

Scheme 1.12. Overman Rearrangement to Access Unnatural α-Amino Acids 
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1.2.3. Allylic Azide Rearrangement 

 While sigmatropic rearrangements are, in principle, reversible, the most 

synthetically useful rearrangements tend to have a thermodynamic driving force.105 Often 

these rearrangements are promoted by elevated temperatures or a catalyst. Unlike these 

rearrangements, the allylic azide rearrangement occurs near room temperature and results 

in an equilibrium mixture of isomers.  

Winstein and coworkers reported the allylic azide rearrangement (i.e. the Winstein 

rearrangement) in 1960.106 Upon exposing prenyl chloride to sodium azide, a mixture of 

substitution products were observed. The two isomers could be isolated, but it was noted 

that at room temperature the isomers interconverted (Scheme 1.13a, azides 1.44 and 1.45). 

This same phenomenon was observed with azide isomers 1.46 and 1.47 accessed from 

substitution with crotyl chloride. The ratio of isomers as well as the rate of isomerization 

was measured in a range of solvents ranging from pentane to 70% aqueous acetone 

(Scheme 1.13b). At equilibrium, the primary azide isomer was favored for both allylic 

azide substrates (75:25 eq. 2, 64:46 eq. 3). The rate of equilibration was not significantly 

affected by the dielectric constant of the solvent, as only a 10-20 fold increase was 

observed. This contrasts with the rate of isomerization or acid formation from prenyl 

chloride in which a rate enhancement of several orders of magnitude was observed between 

pentane and 70% aqueous acetone.106 This lack of sensitivity to solvent is indicative of a 

cyclic, non-polarized, transition state.  
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Scheme 1.13 a) Allylic Azide Rearrangement of Simple Allylic Azides. b) Rate Constants 

for Allylic Azide Rearrangements.  

 

 

Since Winstein’s original report, there have been a few examples of selective 

functionalization of a single allylic azide isomer in the equilibrating mixture. Danishefsky 

and coworkers successfully functionalized a single azide isomer in an equilibrating mixture 

in their synthesis of N-acetylactinobolamine (Scheme 1.14).107 The isomers were 

differentiated based on the electronics of the alkene. The azide isomer containing the more 

electron rich vinyl ether (1.49) reacted preferentially to afford diol 1.50 in good yield.  

 

Scheme 1.14 Selective Dihydroxylation of Equilibrating Allylic Azide 
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Our lab was inspired by the creative use of rearrangements to avoid the common 

pitfalls associated with synthesizing chiral ,-disubstituted amines. Compared to other 

rearrangements, the Winstein rearrangement is likely underutilized because there is no 

thermodynamic driving force, resulting in a mixture of isomers. However, we plan to take 

advantage of this rearrangement as a mechanism of racemization to carry out a DKR for 

the synthesis of chiral amines (Scheme 1.15). As the more reactive enantiomer is pulled 

out of the equilibrium by selective functionalization, more is generated from the 

rearrangement. In principle, all the starting material can be converted to a single 

enantioenriched product (ent-1.53). Reduction of the azide (ent-1.53) by known methods 

would result in the free amine (ent-1.54). This strategy requires several types of selectivity 

including: i) enantioselectivity, ii) isomer selectivity, iii) diastereoselelctivity, and iv) 

kinetic matching. This thesis describes my efforts to develop this methodology.   

 

Scheme 1.15 General Approach to Chiral Amines from the Winstein Rearragement 

 

 

  Initial efforts focused on a DKR of allylic azides via Sharpless asymmetric 

dihydroxylation (Chapter 2). Efforts to broaden the scope beyond symmetric allylic azides 

resulted in fundamental mechanistic investigations into the Winstein rearragement 

(Chapter 3). From these fundamental studies, we began to investigate catalysts that could 
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promote the racemization of allylic azides, as well as benzylic azides (Chapter 4). A KR of 

secondary benzylic azides was developed and the catalyst-promoted racemization was used 

to recycle the excess scalemic starting material (Chapter 5). Lastly, efforts to utilize the 

catalyzed racemization in a DKR are discussed (Chapter 6).  
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2. Dynamic Kinetic Resolution of Allylic Azides via Asymmetric Dihydroxylation* 

2.1 Introduction  

 The seminal report describing the rearrangement of allylic azides was authored by 

Winstein in 1960.1 The rearrangement, which is thought to occur via a sigmatropic process, 

typically occurs at or near room temperature (Scheme 2.1a). While the Winstein 

rearrangement has been observed in many contexts,2–8 selectivity challenges inherent in 

the azide mixture have limited its synthetic applications. In 2005, Sharpless and co-workers 

reported that site-selectivity could be achieved in some instances by exploiting different 

alkene substitution patterns (Scheme 2.1b).9  

 

Scheme 2.1 Winstein Rearrangement and Dynamic Kinetic Resolutions 

 

 

 
* Reprinted (adapted) with permission from Ott, A. A.; Goshey, C. S.; Topczewski, J. J. J. Am. Chem. Soc. 

2017, 139, 7737 – 7740. Copyright (2017) American Chemical Society. 
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Subsequently, it was shown by Aubé and co-workers that the equilibrating mixture of 

azides could be differentially functionalized in an intramolecular Schmidt reaction that 

differentiated the azides based on the relative rates of ring closure (Scheme 2.1c).10 Based 

on this precedent, we hypothesized that the Winstein rearrangement could be used as the 

racemization pathway in a dynamic kinetic resolution. Herein, we report the successful 

achievement of this goal.  

 Dynamic kinetic resolution (DKR) is a premier approach for asymmetric 

synthesis.11–17,18–26 The principle attribute of DKR is the obtention of enantioenriched 

material from a racemic mixture. A wide array of catalysts can participate in a DKR 

including enzymes,27 transition metal complexes,28–31 Brønsted acids/bases,32–34 and 

organocatalysts.35–37 While DKR is a powerful approach to establish absolute 

configuration, it commonly suffers from several limitations including the (i) requirement 

for a mechanistic pathway for racemization, (ii) common need for two separate catalysts, 

which must be mutually compatible, and (iii) delicate balance of relative rates in the 

synchronized catalytic cycles. In practice, this has largely limited DKR to easily 

epimerizable α-carbonyl stereocenters, redox active sites (i.e. secondary alcohols), or 

hydrolysis reactions. 11–17 Employing sigmatropic reactions as the racemization pathway in 

a DKR is appealing because these reactions do not require an exogenous catalyst. However, 

this has only rarely been described, presumably due to the relatively high activation 

energies of these processes.38 Thus, it appeared that the relatively low activation barrier of 

the Winstein rearrangement would make it a particularly powerful racemization pathway 

in DKR if a suitable alkene functionalization reaction was identified. A Winstein 

rearrangement-facilitated DKR would have the further attribute of directly affording 
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sterically congested amine equivalents present as stereodefined tertiary azides. Sterically 

congested chiral amines of this nature comprise a motif of considerable significance in the 

preparation of biologically relevant compounds including recent families of BACE-1 

inhibitors.39,40 Herein, we disclose our initial efforts in this regard by coupling the Winstein 

rearrangement with one of the most venerable alkene functionalization reactions, namely 

the Sharpless asymmetric dihydroxylation (SAD, Scheme 2.1d).41  

2.2 Substrate Synthesis  

 The synthesis of azide 2.4 began from the self-dimerization of acetophenone.42 

Treatment of the resulting α,β-unsaturated ketone (2.2) with methyl lithium resulted in the 

tertiary alcohol. Exposure of the tertiary alcohol to a Lewis acid catalyst and TMS-N3 gave 

azide 2.4. In efforts with Prof. Joseph Topczewski and Charles Goshey, a series of azide 

substrates were synthesized using the same sequence with various substituted 

acetophenones. Most substrates used Cu(hfac)2 as the Lewis acid catalyst for the 

conversion of the tertiary alcohol into the corresponding azide. However when Cu(hfac)2 

was ineffective, a Lewis acid screen was conducted to find a suitable catalyst. Generally 

screening was required for substrates bearing electron-withdrawing substituents on the 

arene as a stronger Lewis acid was required. There was a limit to the electron-density of 

the alcohols that could be transformed into the azides. More electron-donating substrates 

resulted in significant elimination rather than displacement with azide. With the symmetric 

allylic azide substrates in hand, we turned to optimization of the Sharpless asymmetric 

dihydroxylation (SAD).  
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Scheme 2.2 Synthesis of Symmetric Azides Substrates 

 

 

2.3 Results and Discussion  

 Our investigation began with azide 2.5.42 Exposure of azide 2.5 to standard SAD 

conditions provided poor conversion and modest enantioselectivity. Gratifyingly, a brief 

optimization afforded satisfactory results for the formation of diol 2.6 (82% yield 91:9 er, 

Table 2.1, entry 1) and a minor diastereomer. A screen of known SAD ligands (entries 2-

6) led to the identification of DHQ-MEQ as the ligand of choice due to its excellent 

performance (entry 6, 82%, 99:1 er, 11:1 dr) and relatively low cost. The pseudoenantiomer 

DHQD-MEQ provided nearly identical results but provided the opposite enantiomer (entry 

7). Given that the rate of racemization via the background rearrangement is temperature 

dependent, we examined the effect that temperature had on the reaction outcome (entries 

8-11). Acceptable yields and enantioselectivity were maintained across the temperature 

range investigated, although 40 °C appeared to be optimal. The absolute configuration of 

the product was assigned based on the model of Sharpless.41*  

 

 

 

 
* To see the Sharpless model applied to this system, please see “Discussion of Stereochemical 

Outcome and Diastereoselectivity” in the supporting information of this manuscript: J. Am. Chem. 

Soc. 2017, 139, 7737-7740. 
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Table 2.1 Optimization for Sharpless Asymmetric Dihydroxylation  

 

Reaction Conditions: substrate (0.08 - 0.2 mmol), tBuOH (10 mL/mmol), water (10 mL/mmol), K2CO3 (3 

equiv), MeSO2NH2 (3 equiv), K3Fe(CN)6 (3 equiv), OsO4 (5 mol %), L (10 mol %), under air, 48 h. Yields 

and dr where determined by 1H NMR spectroscopic analysis using triphenylmethane as an internal standard. 

The represented dr is the integration ratio of the respective hydroxylated methine. The enantiomeric ratio was 

determined by chiral HPLC analysis. All values reported are the average of duplicate trials. 

  

 When at equilibrium, the starting azide 2.5 contains about 5% of the Z isomer by 

1H NMR analysis. It was not initially clear if the minor diastereomer 2.7 arose from 

dihydroxylation of the Z isomer or from the opposite enantiomer of the E isomer. The 

relative configuration of the major and minor diastereomer were assigned based on X-ray 

crystallographic analysis. The X-ray crystal structure of the major diastereomer 2.6 is 

shown in Table 2.2. The minor diastereomer differs in the relative arrangement of the azide 

and arises from dihydroxylation of the same face of the enantiomeric E azide isomer. No 

products were observed that arise from the Z isomer. Diastereocontrol in this system likely 
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arises from negative hyperconjugation.43,44* The high level of control in this system is due 

to a combination of enantioselectivity and diastereoselectivity. It is noteworthy that this 

catalytic process simultaneously establishes three consecutive stereocenters, two of which 

are to fully substituted carbons, in a single operation. Of the 8 possible stereoisomers that 

could arise from this reaction, ~90% of the product is a single stereoisomer. 

 We investigated the scope of this Winstein rearrangement tandem SAD based DKR 

(Table 2.2). The model system was isolated in acceptable yield (2.6). An array of other 

aromatic substituents were tolerated in this process including electron rich (2.8-2.9), 

halogenated (2.10-2.12), electron deficient (2.13), and 3-substituted arenes (2.14-2.16). 

Across this range of substituents, the selectivity was maintained and high levels of 

enantioselectivity were observed. 

 We examined substrates other than symmetric acetophenone derivatives. Highly 

substituted cyclohexane derivatives lacking any aryl rings provided excellent er in the diol 

product (2.18), as did less substituted cyclohexyl-rings (2.19). This process was capable of 

affording secondary azides with excellent enantioselectivity (2.20) and was viable on non-

symmetric allylic azides (2.21). A derivative of trans-sobrerol was also dihydroxylated in 

satisfactory yield and selectivity. 

 

 

 

 

 
* For more disucssion on the stereochemical models, please see “Discussion of Stereochemical 

Outcome and Diastereoselectivity” in the supporting information of this manuscript: J. Am. 

Chem. Soc.2017, 139, 7737-7740. 
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Table 2.2 Substrate Scope of SAD-Based DKR.  

 

Reaction Conditions: substrate (0.3 - 0.4 mmol), tBuOH (10 mL/mmol), water (10 mL/mmol), K2CO3 (3 

equiv), MeSO2NH2 (3 equiv), K3Fe(CN)6 (3 equiv), OsO4 (5 mol %), ligand (10 mol %), 40 °C, under air, 48 

h. Yields reported are for isolated material. The dr was determined by 1H NMR spectroscopic analysis. The 

represented dr is the integration ratio of the respective hydroxylated methine. The enantiomeric ratio was 

determined by chiral HPLC analysis after purification. All values reported are the average of duplicate trials. 

aReaction was conducted at 35 °C. bReaction was conducted at room temperature. cReaction conducted with 

commercial AD-mix-α.  

 

 This DKR is readily scalable and both the enantioselectivity and yield remained 

constant for a reaction performed using more than one gram of substrate (Scheme 2.3). 

Furthermore, the products formed from this dynamic kinetic resolution are of potential 
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synthetic value (Scheme 2.3). For instance, the diol was selectively protected and the azide 

reduced to the amine (compound 2.26).  

 

Scheme 2.3 Elaboration of Product Diol 

 

 

The secondary alcohol can be selectively oxidized to form ketone 2.27. Alpha-azido 

ketones pose unique reactivity and are valuable intermediates.45 Activation on the 

secondary alcohol and azide reduction affords aziridine 2.23. The diol can be subjected to 

glycolytic cleavage to afford the corresponding α-amino aldehyde 2.25. Finally, the azido 

diol can be converted to thiourea 2.28, a direct aminothiazine precursor. Numerous 

aminothiazine based BACE-1 inhibitors have been reported and are currently under clinical 

investigation for the treatment of Alzheimer’s disease.39,40 The chiral amine motif in these 

BACE-1 inhibitors has been established almost exclusively by the use of Ellman’s 

auxiliary.46 Our DKR approach is a potential catalytic alternative for some of these 

inhibitors where the requisite hydroxyl group is also established during the DKR.  
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2.4 Conclusion  

 In conclusion, we have successfully accomplished the first DKR that takes 

advantage of the Winstein rearrangement as the racemization pathway. When this 

background rearrangement is coupled to a Sharpless asymmetric dihydroxylation, high 

levels of stereocontrol are observed in the resulting tertiary azide. This azide can be 

converted to products of interest or to other reactive intermediates. The Winstein 

rearrangement, acting as a racemization process, has the potential to be coupled with 

numerous other alkene functionalization reactions. Our continued efforts in this regard will 

be reported in due course. 
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Chapter 3. Evidence for a Sigmatropic and an Ionic Pathway in the Winstein 

Rearrangement* 

3.1 Introduction  

Sigmatropic rearrangements are central to organic chemistry and their synthetic 

applications are numerous. Famous examples include the Cope,1 Claisen,1 Wittig,2 

Carroll,3 Sommelet-Hauser,4 Mislow-Evans,5 Meisenheimer,6 and Overman7 

rearrangements or modifications thereof.8–10 In principle, all of these reactions are 

reversible. However, the most heavily utilized sigmatropic rearrangements have a clear 

thermodynamic driving force. Most also require heating to achieve efficient reactivity. 

When viewed in this light, the Winstein rearrangement of allylic azides is an oddity because 

i) it occurs at or near room-temperature and ii) it results in an equilibrium mixture of allylic 

azides (Scheme 3.1a).11 This is because the azide functional group is dipolar and 

symmetric. A C-N, N=N, and C=C bond is present in both the starting material and product 

of the azide rearrangement, making it near thermo-neutral. This parallels the Cope 

rearrangement, where, in most cases, the starting material and product are similar in energy, 

resulting in an equilibrium distribution.12 This also parallels the rearrangement of allylic 

acetates.13–15 These unusual properties make the allylic azide rearrangement an interesting 

candidate for further study. 

The rearrangement of allylic azides was first described  by Winstein and co-workers 

(Scheme 3.1a).11 In hindsight, this rearrangement was likely observed but not recognized 

until later by VanderWerf and Heasley.16,17 Winstein’s initial report describes the rate 

constant and equilibrium constant for the rearrangement of prenyl azide and crotyl azide. 

 
* Reprinted (adapted) with permission from Ott, A. A.; Packard, M. H.; Ortuno, M. A.; Johnson, A.; 

Suding, V. P.; Cramer, C. C.; Topczewski, J. J. J. Org. Chem. 2018, 83, 8214-8224. Copyright (2018) 

American Chemical Society. 
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These parameters were minimally sensitive to solvent polarity, indicating a relatively 

neutral transition state and implying a sigmatropic process. Le Noble found that at high 

pressure the reaction’s activation volume was consistent with a neutral pathway.18 Padwa 

provided the first evidence for stereoselectivity.19 A single diastereomer was isolated from 

a tandem insertion rearrangement sequence (Scheme 3.1b). Spino observed 

stereoselectivity during a tandem Mitsunobu reaction rearrangement sequence (Scheme 

3.1c).20 A few reports describe an analysis of crotyl and prenyl systems computationally 

and concluded that the process is cyclic.21–23 These observations are all consistent with a 

concerted [3,3] sigmatropic mechanism for the allylic azide rearrangement and the [3,3] 

mechanism has been generally accepted.  

  

Scheme 3.1 Winstein Rearrangement 

 

 

 A unique aspect of the allylic azide rearrangement is the abnormally low activation 

barrier, which allows this process to occur at ambient temperature. The Winstein 

rearrangement has limited synthetic applications due to difficulties controlling the 

rearrangement.24–30 We have an ongoing interest in using the Winstein rearrangement and 
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became interested in more precisely defining the parameters of the rearrangement on a 

broader set of allylic azides.31–33 Presented herein is a summary of several experiments that 

more fully define the energetics and mechanism of this rearrangement. We investigated the 

effect of competitive conjugation on the equilibrium constant. A rearrangement with 15N 

isotopically labeled allylic azide unambiguously confirms the [3,3] pathway. We describe 

a pathway for the E to Z isomerization of trisubstituted alkenes. These results led to us to 

probe whether racemization of chiral allylic azides could occur. Under certain conditions, 

these allylic azides racemize. A kinetic analysis supports an ionic pathway. Each of these 

pathways is supported by DFT calculations. These combined experiments indicate that 

more than one pathway is operable for allylic azide isomerization.   

3.2 Results and Discussion  

3.2.1 Effect of Conjugation on Keq 

 Scattered reports provide insight into biasing the azide rearrangement. Hassner 

originally synthesized cinnamyl azide and reported only a single isomer (Scheme 3.2a).34 

In this example, conjugation to the phenyl ring strongly influences the equilibrium and 

results in a single observable isomer.35 Panek observed a similar effect with γ-azido-α,β-

unsaturated esters (Scheme 3.2b) and Evans made an analogous observation with 3-azido-

vinyl sulfones (Scheme 3.2c).36,37 In all cases, the conjugated compound is favored. This 

is reminiscent of strategies to render the Cope rearrangement effectively irreversible by 

forming a conjugated product.38 We were interested in re-establishing a detectible 

equilibrium with conjugated azides. To this end, compounds 3.15 through 3.22 were 

synthesized (Scheme 3.2d). Each allylic terminus is substituted with a different group for 

conjugation. After isolation, samples were incubated at 40 °C for 48 h to allow 
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equilibration and then analyzed. The observed equilibrium ratio ranges from 2.3:1 to 1.2:1 

for azides 3.15 through 3.20, indicating that a detectible equilibrium can be re-established 

if both termini stabilize the system through conjugation. The effect seemed insensitive to 

the nature of the aryl (3.17 vs 3.19). For nitriles 3.21 and 3.22, the other isomer was not 

detected. The remainder of this report describes allylic azides that are conjugated to an aryl 

ring. These systems were intentionally designed to minimize the number of isomers present 

in the mixture as a means of simplifying analysis. 

 

Scheme 3.2 Effects of Conjugation on Keq 

 

3.2.2 15N-Labelling Experiment 

 One means to unambiguously discern between a [1,3], [3,3], and ionic mechanism 

is to isotopically label one end of the azide group. Sodium azide containing a 15N-label is 

commercially available; however, either end of the azide anion could attack an electrophilic 

carbon center. This would likely generate a 1:1 mixture of proximal and distal 15N-azides, 

which would be difficult to analyze. Instead, we turned our attention to an alternate 

approach (Scheme 3.3). We synthesized 15N-amine 3.23 in two steps from potassium 15N-
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phthalimide. The 15N-label was evident by 15N NMR and by HRMS.* The amine was 

subjected to diazo-transfer conditions, which formed azide 3.24. This azide spontaneously 

rearranged to afford 15N-cinnamyl azide (3.25), which was isolated as a single isomer due 

to conjugation. The label was again clearly evident by NMR, IR, and HRMS. Reduction 

of the azide liberated N2 and afforded phosphoramidate 3.26. Analysis of this product by 

NMR and HRMS indicated the complete loss of the 15N label. An authentic sample of 15N-

22 was synthesized by a separate route. This experiment provides direct evidence for the 

[3,3] mechanism of the Winstein rearrangement.  

 

Scheme 3.3 Rearrangement of 15N-Labeled Allylic Azide 

 

 

3.2.3 E to Z Isomerization 

 Many allylic azides are isolated as a mixture of alkene isomers.11,24,27,39,40 Typically, 

the observed distribution of isomers is related to the relative thermodynamic stability of 

the alkenes. Little is known regarding the mechanism of alkene isomerization via the 

Winstein rearrangement.22 Labadie et. al, investigated several isoprenyl azides.23 That 

report concluded that allylic azides conjugated to an aryl ring do not rearrange. This is 

 
*Images of all mass spectra can be found in the supporting information of this manuscript: J. Org. Chem. 

2018, 83, 8214-8224. 
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contrary to a prior report that cis-cinnamyl azide isomerizes to trans-cinnamyl azide.41 We 

observed that azide 3.27 forms a mixture of E and Z isomers upon standing (Scheme 3.4a).  

 

Scheme 3.4 Equilibration of Azides 3.27 and 3.28 

 

(a) Values determined by 1H NMR. (b) Free energies (kcal/mol, 1 M standard state, 75 °C) computed at the 

SMD(CHCl3)/M06-2X/6- 311+G(2df,p)//SMD(CHCl3)/M06-2X/6-31G(d) level of theory. The vertical scale 

has been compressed by 15.0 kcal/mol between the ground states and transition states. 

 

The naphthyl containing compound was studied because the isomers were separable by 

column chromatography.42 We conducted a kinetic analysis of the E to Z isomerization by 

1H NMR at 75 °C in C6D6. The observed rate constant (k1+k-1) was 7.2 x 10-4 s-1 and the 

observed ratio of 3.27:3.28 was 3.2:1 at equilibrium (equilibrium reached after 90 min). 

The same approximate values were measured by monitoring the reverse Z to E 

rearrangement (k1+k-1 = 6.9 x 10-4 s-1, average reported in Scheme 3.4). The observed rate 

is slower than that reported by Winstein for crotyl azide. 

 We turned to density functional theory (DFT) calculations to describe the pathway 

for the observed alkene isomerization (Scheme 3.4b). These calculations were conducted 
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at the M06-2X level of theory, both in the gas phase and accounting for solvation effects 

implicitly with the SMD solvation model (e.g., chloroform, as shown in Scheme 3.4, see 

Computational Details).43,44 The analysis indicates a three step process: (1) endothermic 

rearrangement to benzylic azide 3.29, (2) sigma bond rotation, and (3) a second Winstein 

rearrangement to the conjugated isomer 3.28. The calculated barriers and relative stationary 

point energetics are in good agreement with the experimental data. In both rearrangements, 

the transition-state structure is a fairly flat half chair (C-N-N-N-C in plane and C-C-C 

pucker). The rearrangement is relatively synchronous (CN bond lengths of 2.036 and 2.069 

Å). This study did not address if the transition state is pericyclic or pseudopericyclic.15,45,46 

These results indicate that the Winstein rearrangement is kinetically viable on conjugated 

systems, even though the isomeric benzylic azide is present at too small a concentration to 

be readily detected by 1H NMR. 

 

3.2.4 Chiral Acyclic Allylic Azide 

 These results led us to consider whether azide 3.30 could racemize through the 

Winstein rearrangement (Scheme 3.5). Stereoselectivity is a key feature to effectively 

utilizing allylic azides in synthetic contexts.20 Racemization can occur readily if one isomer 

is achiral* or if the product is the enantiomer of the starting material.32,47 It was unclear 

whether a system such as azide 3.30 would racemize via a sigmatropic process. 

 

 

 

 
* For the calculated profile for crotyl azide, see the supporting information of this manuscript: J. Org. 

Chem. 2018, 83, 8214-8224. 
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Scheme 3.5 Equilibration of Chiral Allylic Azide 

 

Values determined by 1H NMR. (b,c) Free energies (kcal/mol, 1 M standard state, 75 °C) computed at the 

SMD(CHCl3)/M06-2X/6-311+G(2df,p)//SMD(CHCl3)/M06-2X/6-31G(d) level of theory. The vertical scale 

has been compressed by 15.0 kcal/mol between the ground states and transition states. 

 

The examples from Padwa and Spino (Scheme 3.1b-c) document that racemization was not 

observed in those instances. However, the example from Padwa is cyclic, cannot form E/Z 

mixtures, and it is effectively irreversible (kinetically mediated). The example from Spino 

contains a trans alkene, which may not be able to adopt multiple reactive conformations. 

Azide 3.30 rapidly forms a mixture of E/Z isomers, with a rate constant (k1+k-1) of 5.0 x 

10-3 s-1 in C6D6 at 75 °C and a 2.5:1 equilibrium ratio of 3.30:3.31. Equilibrium is reached 
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considerably faster for compounds 3.30 and 3.31 (after 20 min) relative to 3.27 and 3.28 

(90 min). The observation that an additional methyl group speeds the rearrangement is 

consistent with Winstein’s work where krel for prenyl/crotyl azides ranged from 2.6-3.6 in 

a variety of solvents.11 To determine if racemization occurs, we used semi-preparative 

chiral HPLC to isolate enantioenriched azide 3.30 (>99:1 er). The equilibration of 

compound 3.30 was monitored by 1H NMR at 75 °C. Once equilibrium was reached, the 

enantiopurity of the sample was measured by chiral HPLC. Only a single enantiomer was 

observed for both the E isomer (>99:1 er) and Z isomer (>99:1 er). This indicates that 

racemization via a sigmatropic process is unlikely. 

 We investigated the [3,3] mechanism computationally (Scheme 3.5b-c). The lowest 

energy pathway is similar to that shown for compounds 3.27 and 3.28, where a three step 

process is responsible for the alkene isomerization (Scheme 3.5b). The azide rearranges to 

trans-azide 3.32, undergoes a bond rotation, and then rearranges for a second time to afford 

(Z)-azide 3.31. For compounds 3.30 and 3.31, a second sigmatropic pathway was 

identified, which is similar to the first except in the order of events. In the second pathway 

(Scheme 3.5c), (E)-azide 3.30 undergoes a sigma bond rotation and then a rearrangement 

to afford cis-azide 3.32. This azide undergoes a second bond rotation and subsequent 

rearrangement to afford (Z)-azide 3.31. In both pathways, the initial azide was intentionally 

assigned as (S)-(E)-azide 3.30 and the product of both pathways was (R)-(Z)-azide 3.31. 

The stereoselectivity in both pathways is consistent with the experimental findings. 

 A third ionic pathway was identified which was significantly higher in energy. The 

azide ionizes to form free azide anion and a stabilized allylic cation (Scheme 3.6). In the 

gas phase and in chloroform, this pathway was significantly higher in energy relative to 
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the sigmatropic pathway (134.3 and 48.7 kcal/mol, respectively). However, in methanol, 

the ionic pathway was calculated to be much closer in energy to the sigmatropic pathway, 

at only 30.0 kcal/mol. This prompted further exploration. 

 

Scheme 3.6 Relative Ionization Energies of Azide 3.30 

 

Free energies (kcal/mol, 1 M standard state, 75 °C) computed at the M06-2X/6-

311+G(2df,p)//M06-2X/6-31G(d) level of theory for gas-phase and SMD-solvated reaction 

coordinates. The vertical scale has been compressed by 60.0 kcal/mol between chloroform 

and gas phase. 

 

3.2.5 Synthesis of Allylic Azides 

To examine the proposed ionic pathway, a new series of allylic azides was 

investigated. An example sequence is shown for the synthesis of chiral azide 3.36 (Scheme 

3.7) The cyclohexyl ring prevents E to Z isomerization and simplifies analysis. 

Cyclohexenone was treated with a preformed organolithium reagent to access tertiary 

alcohol 3.35. For some substrates a commercial Grignard reagent was used instead of 

forming the organolithium species. Using TMS-N3 and catalytic Zn(OTf) 2, the secondary 

alcohol was converted to tertiary azide 3.36. Presumably, the tertiary azide is formed which 

then undergoes rapid rearrangement to the more stable conjugated secondary azide 3.36. 

The procedure allowed ready access to racemic azides 3.36-3.41. However, to investigate 
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racemization of these substrates enantioenriched material was necessary. Each enantiomer 

was isolated using semi-preparative HPLC with a chiral column. After collection of each 

enantiomer, a sample was reinjected on the HPLC to determine the er. With a series of 

azides in hand, the proposed racemization was investigated (Scheme 3.8). 

 

Scheme 3.7 Synthesis of Enantioenriched Allylic Azides 

 

3.2.5 Identifying a Racemization Pathway 

 Azide 3.40 was subjected to prolonged heating in a variety of solvents. After one 

week at 100 °C no or negligible racemization was observed in hexanes, toluene, 

chloroform, and tetrahydrofuran. In these solvents, even after prolonged heating, these 

allylic azides can be thought of as static structures that are configurationally and 

isomerically stable. However, rapid racemization was observed in methanol at 100 °C. As 

an example, for azide 3.37 (4-Me), the er decreased considerably after only 1 h from >99:1 

er to 74:26 er and full racemization occurred within 8 h. Solvent-dependent racemization 

is consistent with the pathway identified by DFT. 
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Scheme 3.8 Racemization and Solvolysis of Cyclic Azides 

 

 

 Intrigued by the observed racemization, we conducted a more detailed kinetic 

analysis. The rate of racemization was determined by chiral HPLC. Using the method of 

initial rates,48 the rate was found to be first order in azide. Several analogous substrates 

were synthesized and subjected to the same analysis. A Hammett plot was generated for 

racemization (Figure 3.1a). The rate of racemization is highly correlated with the Hammett 

parameter σ+ (R2 = 0.99, ρ = - 3.9). The relative energies of the ions (3.42-3.47) were 

calculated at the SMD/M06-2X level. The ion stabilities ranged from 21.4 – 30.0 kcal/mol 

(SMD(MeOH)) and the stabilities were also correlated to σ+.* This analysis is consistent 

with rate determining formation of an ion pair. 

 A more detailed analysis revealed a byproduct of the racemization process, 

identified as the corresponding methyl ether. At all-time points, the methyl ether is racemic. 

The appearance of this product is consistent with an ionic solvolysis reaction. Adding 

exogenous tetrabutylammonium azide did not noticeably inhibit the formation of the 

 
* For correlation of computed ion stabilities to σ+ see the supporting information for this manuscript. J. Org. 

Chem. 2018, 83, 8214-8224.  
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methyl ether. The rate of methyl ether formation is also correlated with the Hammett 

parameter σ+ (Figure 3.1b, R2 = 0.92, ρ = - 3.1). When heated in methanol, acyclic azide 

3.30 also racemizes, indicating that other azides can participate in this process. 

 

 

 

Figure 3.1 a) Plot of log(k/k0) vs σ+ for substituent effects on the racemization of azides 

3.36-3.41 in MeOH. Rates were measured in duplicate, replicates shown. b) Plot of 

log(k/k0) vs σ+ for substituent effects on the solvolysis of azides 3.36-3.41 in MeOH. Rates 

were measured in duplicate, replicates shown.  

 

3.3 Conclusion 

 Presented herein is a description of two competing pathways for the rearrangement 

of allylic azides. A 15N-labeling experiment, supported by DFT calculations, indicates that 

under most circumstances, the rearrangement is sigmatropic. A pathway for the 

isomerization of a chiral allylic azide, with a trisubstituted alkene, is reported to occur 

without racemization. A second ionic pathway is available in highly polar media and we 

observed it in methanol. This reaction is Hammett constant (σ+) correlated and is kinetically 

consistent with a solvolysis mechanism.   

a) b) 
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Chapter 4. Catalytic Racemization of Activated Organic Azides* 

4.1 Introduction 

  Synthetic methods that provide direct access to enantioenriched products are highly 

desired. A powerful platform for enantioselective synthesis is dynamic kinetic resolution 

(DKR).1–6 DKR is especially powerful because racemic starting materials can be converted 

to enantioenriched products in both high yield and high selectivity. This surmounts the 

50% maximum theoretical yield barrier inherent to kinetic resolution.7 A mechanism for 

rapid racemization is crucial for DKR, which has limited this process to substrates 

containing easily racemizeable stereocenters. Common DKR substrates include carbonyl 

containing molecules with an α-stereocenter.8–10 Alternatively, chiral secondary alcohols 

can be racemized via an oxidation/reduction sequence.3 While other mechanisms of 

racemization are known,2,11 the applications of DKR remain limited. Identifying new 

mechanisms of facile racemization for new substrate classes could potentially open 

unexplored avenues for the development of methods predicated on DKR. Azides are 

particularly interesting substrates because they are chiral amine equivalents, and chiral 

amines are an essential motif in many drugs and drug candidates. 

 Recently, our group has become interested in using organic azides as amine 

surrogates for DKR.12–14 We hypothesized that the Winstein rearrangement15–17 could serve 

as a suitable racemization pathway. An initial example afforded tertiary azides in high er.12 

These promising results led us to ask fundamental questions regarding the mechanism of 

the allylic azide rearrangement. Under most conditions, the rearrangement occurred via a 

[3,3] sigmatropic pathway and no racemization was observed (Scheme 4.1a).18 A second 

 
* Reprinted (adapted) with permission from Ott, A. A.; Topczewski, J. J. Org. Lett. 2018, 20, 7253-7256. 

Copyright (2018) American Chemical Society 
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solvolysis pathway led to azide racemization, which proceeded slowly in methanol at 100 

°C (Scheme 4.1b).18 While this was exciting, racemization was slow, required elevated 

temperatures, and resulted in significant decomposition of the azide through methanolysis. 

Therefore, these conditions could not be readily adapted to DKR. Nevertheless, the 

observed racemization prompted a search for a suitable racemization catalyst. 

 

Scheme 4.1 Mechanisms of Azide Rearrangement and Racemization 

 

 

 We sought to identify a catalyst for azide racemization that would i) significantly 

increase the rate of racemization, ii) proceed without significant decomposition of the 

azide, and iii) broaden the scope of azides that could be efficiently racemized. This report 

provides the first detailed account documenting the catalytic racemization of organic azides 

(Scheme 4.1c). Several catalysts for racemization are described that proceed with an 

exceptional rate enhancement relative to the solvolysis pathway (Scheme 4.1b vs 4.1c). 

This process is broad in scope and is tunable based on catalyst selection.  
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4.2 Results and Discussion 

 We began this study with allylic azide 4.1 (Table 4.1). Prior work indicated that 

this azide is configurationally stable in non-polar solvents at 100 °C for >1 week.18 

Catalysts were examined in dichloromethane at 50 °C so that any observed racemization 

could be attributed to the catalyst. Azide 4.1 (>99:1 er) was exposed to 10 mol % of various 

possible catalysts for 24 h and the reaction was monitored by chiral HPLC. Initially, 

transition metal catalysts were investigated (entries 1-4). As part of a report on an allylic 

substitution reactions, Trost and co-workers suggested that the presence of palladium may 

accelerate the allylic azide rearrangment.19 Exposure of azide 4.1 to Pd(0) sources led to 

minimal racemization (entries 1-2). Exposure to a more electrophilic Pd(II) salt led to 

considerable racemization along with significant azide decomposition (entry 3). Based on 

Liu’s observation,20 Lewis acidic salts were investigated (entries 5 and 6). Several of these 

catalysts resulted in racemization along with appreciable decomposition of azide 4.1 

(entries 4-6).* Gratifyingly, Zn(OTf)2 led to full racemization with minimal azide 

decomposition (entry 6). Triflamide, as a Brønsted acid catalyst, was found to be minimally 

effective (entry 7). A report by Toste and co-workers suggested that cationic gold salts may 

cause partial racemization of some azides.21 Catalyst 1 was chosen as a representative 

gold(I) complex. Exposure of azide 4.1 to 10 mol % of this catalyst led to complete 

racemization with minimal decomposition of the azide. Based on these results, Zn(OTf)2 

and gold catalyst 1 were selected for further study. 

  

 

 
* For more screening of racemization catalysts see the supporting information for this manuscript: 

Org. Lett. 2018, 20, 7253-7256.  
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Table 4.1 Initial Screen for Racemization Catalyst 

 

entry catalyst temp era % azide 

remainingb 

1 Pd(PPh3)4 50 °C 81:19 68 

2 Pd2(dba)3 50 °C 98:2 89 

3 PdCl2(NCPh)2 50 °C 64:36 76 

4 (cod)2RhOTf 50 °C 59:41 23 

5 Cu(OTf)2 50 °C 60:40 61 

6 Zn(OTf)2 50 °C 50:50 86 

7 Tf2NH 50 °C 82:18 65 

8 catalyst 1 50 °C 50:50 88 

9 Zn(OTf)2 rt 82:18 94 

10 catalyst 1 rt 50:50 88 

11c Ph3PAu(MeCN)SbF6 rt 50:50 84 

12c catalyst 2 rt 52:48 75 

13c catalyst 3 rt 78:22 85 

14c catalyst 4 rt 57:43 97 

15c,d catalyst 4 rt 98:2 99 

16e catalyst 4 50 °C 60:40 99 

17 AgSbF6 rt 50:50 72 

     
aMeasured using chiral HPLC analysis. bDetermined by calibrated HPLC analysis using 4,4'-di-tert-

butylbiphenyl as a standard. Reactions were run in duplicate, and the average yield and er values are reported. 

Room temperature = rt. cReaction time of 10 min. dReaction with 1 mol% catalyst. eReaction with 1 mol% 

catalyst at 0.1 M [N3] and at 3 h. 
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Other cationic gold(I) complexes were investigated (Table 4.1, entries 11-14). These 

results indicate that other gold(I) complexes with non-coordinating counter ions are 

suitable for racemization. Significantly, minimal azide decomposition was observed even 

with rapid racemization. Decreasing the catalyst loading slowed racemization (entry 15, 

and SI);* however, activity could be restored by increasing the temperature and 

concentration (entry 16). As a control experiment, AgSbF6 was used as the catalyst (entry 

17), which led to both racemization and significant azide decomposition. We proceeded to 

study catalyst 4 because it is readily available, fully soluble, provided rapid racemization 

at room temperature, and caused minimal azide decomposition.  

 With a catalyst identified, we were interested in illuminating the mechanism of 

racemization. Using the method of initial rates,22 the reaction was found to be first order in 

both azide and gold catalyst. To gain more insight, a series of substituted azides was 

synthesized (Figure 4.1, 4.1 – 4.5). For each azide, the initial rate of racemization was 

measured using chiral HPLC analysis. The rate of racemization correlated to the Hammett 

parameter σ+ (Figure 4.1, R2 = 0.97, ρ = - 5.9), indicating build-up of positive charge in the 

transition state. The large negative ρ value is consistent with formation of a carbocation 

intermediate.23 Based on the known binding mode of a similar gold complex to adamantyl 

azide24 and the kinetic analysis, a mechanism is proposed (Scheme 4.2). The gold catalyst 

likely binds the azide (step i), ionizes the azide (step ii), recombines with the carbocation 

(step iii), and dissociates (step iv). 

 

 
* See supporting information for this manuscript: Org. Lett. 2018, 20, 7253-7256. 
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Scheme 4.2 Proposed Mechanism for Azide Racemization 

 

 

 Other organic azides could be racemized under these gold catalyzed conditions 

(Table 4.2). In order to tease apart subtle differences in the rate of racemization, the 

following experiments were conducted under dilute conditions (5 mM). As expected based 

on the Hammett correlation, a tertiary allylic azide underwent rapid racemization (entry 1).  

 

Figure 4.1 Plot of log(k/k0) vs. σ+ for substituent effects on the racemization of azides 

1a – 1e using catalyst 4. Rates were measured in duplicate, replicates shown. 
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Table 4.2 Scope of Racemization 

 

aDetermined by HPLC analysis using 4,4'-di-tert-butylbiphenyl as a standard. Reactions were run in 

duplicate, and the average yield and er values are reported. bMeasured using chiral HPLC analysis. cTime 

points are 1 min, 5 min, and 10 min. dTime points are 1 h and 3.5 h. eAzide remaining determined by GC-

FID analysis. fTime points are 1 h, 3.5 h, and 6 h.  Room temperature = rt, PMP = para-methoxyphenyl.  

 

A doubly benzylic and tertiary azide racemized and gradually decomposed to the 

corresponding styrene, which was independently verified (entry 2). Other tertiary benzylic 

azides demonstrated a range of activity based on the substituents (entries 3-5). Diaryl 

secondary azides reached a 50:50 er within 6 h (entries 6 and 7). These results are 

particularly exciting because they demonstrate that this process is not restricted to allylic 

azides and is operable on a much broader class of compounds. Less activated azides also 
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reacted, albeit at a decreased rate under these dilute conditions (entries 8 and 9). Secondary 

benzylic azides were stable under these conditions (entries 10 and 11).  

 

Table 4.3 Alternate Racemization Catalysts 

 

aDetermined by HPLC analysis using 4,4'-di-tert-butylbiphenyl as a standard. Reactions were run in 

duplicate, and the average yield and er values are reported. bMeasured using chiral HPLC analysis. cTime 

points are 10 min and 1 h at 6 mM [N3].  dReaction with 3 mol % catalyst loading. eAzide remaining 

determined by GC-FID analysis.  fTime points are 1 h and 3 h. Room temperature = rt 

 

With several suitable catalysts identified in the initial screen, we hypothesized that 

the catalyst and substrate combination could be fine-tuned to i) to increase the reactivity of 

less activated azides or ii) prevent decomposition for the most activated azides. For model 
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substrate 1a, the use of a decreased AgPF6 loading resulted in racemization with less 

decomposition (Table 4.3, entry 1). Furthermore, the reactivity of the silver salt could be 

tuned by the addition of ligand (entry 2). Secondary azides 4.15 and 4.17 were stable to 

catalyst 4, but treatment with AgPF6 resulted in near complete racemization in under 5 h at 

room temperature (entries 3 and 5). Racemization could be further accelerated by mildly 

heating the reaction (entry 4). Racemization of azide 4.14 was sluggish under the initially 

optimized conditions but increasing the temperature and concentration resulted in moderate 

racemization in 5 h (entry 6). Highly active substrates can be efficiently racemized under 

more mild conditions with Zn(OTf)2 (entries 7-8). While azide 4.6 began to decompose 

using catalyst 4, the use of Zn(OTf)2 resulted in minimal decomposition (entry 8). 

 To further probe the mechanism, we conducted a crossover experiment using a 

substrate bearing an 15N label (Scheme 4.3). This experiment would help determine 

whether the azide ion is held in a tight ion pair or whether it becomes solvent separated. 

15N-labelled azide 4.11' was synthesized in one step from alcohol 4.18. The alcohol was 

activated using MsCl, which was followed by displacement using Na15N3. Azide 4.12 and 

labelled azide 4.11' were chosen for the crossover experiment because they have similar 

rates of racemization. The mixture of azides was treated with IPrAuBF4 to promote 

racemization. After 1 h, an aliquot of the reaction mixture was analyzed by mass 

spectrometry. Labelled azide 4.12' was not detected which indicates the azide ion is formed 

as a tight ion pair with the corresponding carbocation. Therefore, once the ion pair is 

formed, the azide anion re-traps the carbocation.  
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Scheme 4.3 Crossover Experiment 

 

4.3 Conclusion 

 Herein we disclose the catalytic racemization of activated organic azides. The rate 

of the reaction is correlated to the Hammett constant σ+, implicating the involvement of a 

carbocation intermediate. The reactivity can be modulated by the choice of catalyst. 

Investigations into utilizing this racemization for a downstream functionalization are 

currently underway.  

 

4.4 Experimental 

 

Azide 4.11'. To a solution of alcohol 4.18 (56 mg, 0.26 mmol) and MsCl (18 µL, 0.23 

mmol) in Et2O (0.25 mL) cooled in an ice bath was added Et3N (70 µL, 0.52 mmol). After 

10 min, Na15N3 (22 mg, 0.34 mmol) in DMF (0.25 mL) was added and the reaction mixture 

was heated to 50 °C. After 24 h, the reaction was diluted with Et2O, washed with water (10 

mL x 3). The aqueous layer was extracted with Et2O (10 mL × 3). The combined organic 

phase was washed with brine, dried (MgSO4), filtered, and concentrated under reduced 
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pressure. Final purification by flash chromatography (4 g cartridge, gradient elution 5%-

30% EtOAc in hexanes) yielded azide 4.11'(27 mg, 51%) as a colorless oil.  

1H NMR (500 MHz, CDCl3) δ 7.40 – 7.35 (m, 2H), 7.35 – 7.30 (m, 3H), 7.25 (d, J = 8.7 

Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 5.70 (s, 1H), 3.83 (s, 3H). 13C NMR (125 MHz, CDCl3) 

δ 159.4, 139.9, 131.8, 128.8, 128.6, 127.9, 127.2, 114.1, 68.1 (d, 15N-C coupling, 4.1 Hz), 

55.3. IR (NaCl, thin film, cm-1) 2076, 1511, 1247, 1174, 1033. HRMS (ESI): m/z calcd 

for C14H14NO+ [M – N2 + H]+ 212.1270, found 212.1072, m/z calcd for C14H14
15NO+ [M – 

N2 + H]+ 213.1040, observed 213.1056. 

 

 

Crossover Experiment: To a solution of 15N-labelled azide 4.11' (4.0 mg, 17 µmol) 

and azide 4.12 (4.1 mg, 19 µmol) in CH2Cl2 (0.25 mL) was added IPrAuBF4 (2.4 mg, 3.4 

µmol) at room temperature. After 1 h, an aliquot of the reaction mixture was diluted in 

MeOH and analyzed by mass spectroscopy. The molecular ion for each azide was not 

observed by eithe EI and ESI. However, fragments containing one nitrogen (M – N2 -H)+ 

using EI and (M - N2 + H)+  using ESI were observed. Using HRMS, the exact mass of the 

observed ion from azide 4.12 was compared to 13C (M - N2 + H)+  and 15N (M - N2 + H)+.    

HRMS (ESI): m/z calcd for 13C11H10NS+ [M – N2 + H]+ 189.0562, m/z calcd for 

C11H10
15NS+ [M – N2 + H]+ 189.0499, found 189.0570. The observed mass is 4.2 ppm off 

from 13C11H10NS+ and 37 ppm off C11H10
15NS+. In this experiment, the 15N label does not 

scramble, indicating the azide ion does not dissipate from the substrate upon ionization.   
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Chapter 5. Kinetic Resolution of Cyclic Secondary Azides using an Enantioselective 

Copper(I) Catalyzed Azide-Alkyne Cycloaddition*

 

5.1 Introduction 

The copper(I) catalyzed azide-alkyne cycloaddition reaction (CuAAC)1,2 is an 

important transformation. Applications for CuAAC penetrate numerous sub-disciplines, 

including chemical biology, medicinal chemistry, and polymer chemistry.3–5 This click 

reaction6 is operationally simple, functional group tolerant, high yielding, and broad in 

scope. Furthermore, the triazole ring is gaining recognition as a protease resistant 

peptidomimetic.4 Biologically active α-chiral triazoles have been reported (Figure 5.1).7–12  

 

 

Figure 5.1 Representative Bioactive α-Chiral Triazoles 

 

Due to the prevalence of α-amino acid derived amides, an enantioselective CuAAC (E-

CuAAC) reaction would be useful for accessing α-N-chiral triazoles. However, E-CuAAC 

has proven challenging in part because i) both cycloaddition components have linear 

 
*Reprinted (adapted) with permission from Alexander, J. R.; Ott, A. A.; Liu, E-C.; Topczewski, J. J. Org. 

Lett. 2019, 21, 4355-4358. Copyright (2019) American Chemical Society 
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geometries, ii) CuAAC does not require a ligand, and iii) the product triazole is a competent 

CuAAC ligand.13 Therefore, E-CuAAC must kinetically outcompete the background 

CuAAC reaction. 

A few reports describe kinetic resolution,14–16 dynamic kinetic resolution,17 or 

desymmetrization18–21 for E-CuAAC.22 The majority of successful E-CuAAC reactions 

generate α-C-chiral triazoles, where the new stereocenter is alkyne derived.15,16,18,20,21 The 

original E-CuAAC reported by Fokin and Finn is the state-of-the-art E-CuAAC kinetic 

resolution for α-N-chiral triazole formation, where the new stereocenter is derived from the 

azide component (Scheme 5.1a).14 The authors provided only two examples of kinetic 

resolution with a selectivity factor (s) of 3.2 and 8 respectively (ca. 70:30 er and 84:16 er, 

assuming 40% conversion of the azide). Using the same conditions, the desymmetrization 

of two bis-azides were reported to result predominantly in bis-triazole formation (not 

shown). 

 

Scheme 5.1 Azide Kinetic Resolution by E-CuAAC 
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5.2 Results and Discussion  

Our lab became interested in using the unique properties of allylic azides to 

establish α-N-chiral centers though dynamic kinetic resolution.23–25 Recently, we reported 

the first E-CuAAC reaction by dynamic kinetic resolution.17 This work prompted an 

exploration of E-CuAAC by azide kinetic resolution for α-N-chiral triazole synthesis 

(Scheme 5.1b). Reported herein is a successful expansion of the kinetic resolution by E-

CuAAC. 

Our investigation began with azide 5.1, alkyne 5.2, and commercially available 

PYBOX ligands (Table 5.1, entries 1-3). Minimal enantioselectivity was observed with 

these ligands, confirming the report from Fokin and Finn. A wide variety of chiral ligands 

were screened consisting of numerous ligand classes (entries 4-5 and Supporting 

Information).* Only the aryl-PYBOX ligands provided reasonable enantioselectivity, with 

ligand L5 providing the best selectivity among the ligands screened. The data obtained are 

reported here with er instead of the selectivity parameter s because i) er is more 

synthetically meaningful, ii) er is directly obtained by chiral HPLC, and iii) several kinetic 

assumptions are made when deriving s which are likely faulty for E-CuAAC based on 

reported CuAAC kinetics.26,27 One could convert the reported er to a presumed s by 

assuming 40% conversion for reactions approaching completion. Lowering the reaction 

temperature resulted in an increase in enantioselectivity, albeit at the cost of conversion 

(entries 6-8). The reaction was faster in DME or PhCF3 as the solvent, relative to CH2Cl2, 

and the enantioselectivity was maintained. When using PhCF3 as the solvent, the reaction 

 
* See supporting information of this manuscript: Org. Lett. 2019, 21, 4355-4358. 
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was complete within 48 h (entry 11, see the Supporting Information for additional 

optimization).*

 

Table 5.1 E-CuAAC Optimization by Kinetic Resolution 

 

entry ligand solvent temperature yield (%)a erb 

1 (R)-L1 CH2Cl2 rt 88 (35) 55:45 

2 (R)-L2 CH2Cl2 rt 55 (22) 50:50 

3 (R)-L3 CH2Cl2 rt 92 (37) 22:78 

4 (R)-L4 CH2Cl2 rt 95 (38) 21:79 

5 (S)-L5 CH2Cl2 rt 96 (38) 80:20 

6c (S)-L5 CH2Cl2 0 °C 84 (34) 84:16 

7c,d (S)-L5 CH2Cl2 -15 °C 64 (26) 86:14 

8c,e (S)-L5 CH2Cl2 -20 °C 34 (14) 89:11 

9c,d (S)-L5 DME -15 °C 87 (35) 86:14 

10c,d (S)-L5 PhCF3 -15 °C 92 (37) 88:12 

11c,f (S)-L5 PhCF3 -15 °C 92 (37) 88:12 

Reactions conducted with azide 5.1 (0.125 mmol) and alkyne 5.2 (0.05 mmol) at 0.1 M in varying solvent 

with (CuOTf)2·PhMe (0.62 µmol) and varying ligand (2.5 µmol) for 24 h. All yield and er values reflect the 

average of duplicate trials. aYield determined using calibrated GC with triphenylmethane as an internal 

standard. The yield is calculated based on either the alkyne (limiting reagent) or azide (kinetic resolution 

component, in parenthesis). bChiral HPLC was used to determine er. cConcentration was 0.125 M. dTime was 

72 h. eTime was 96 h. fTime was 48 h. rt = room temperature. 

 

 
* See supporting information of this manuscript: Org. Lett. 2019, 21, 4355-4358. 
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With the optimized conditions in hand, the scope of the alkyne coupling partner 

was investigated (Scheme 5.2). The model substrate was isolated in comparable yield and 

er as expected (5.3). Other aryl alkynes were tolerated with electron rich (5.4-5.5), electron 

neutral (5.6-5.7), and electron deficient substituents (5.8-5.10) on the arene. Substituents 

meta- and ortho- on the aryl alkyne provided good enantioselectivity (5.11-5.14). Ethyl 

propiolate (5.15), cycloalkyl alkynes (5.16-5.17), and a heterocyclic alkyne (5.18) were 

tolerated, although several substrates required higher catalyst loadings or longer reaction 

times to reach higher conversion. It should be noted that long reaction times are not 

uncommon for other E-CuAAC reactions.15,18,19  

The scope of the azide component that could be kinetically resolved was explored 

(Scheme 5.3). Substituents on the chromane arene core were tolerated including methyl 

(5.19) and halogens (5.20-5.22). Groups could also be added α to the oxygen atom (5.23). 

Azido-tetrahydroquinolines with various N-protecting groups (5.24-5.26) and the free NH 

(5.27) provided triazoles in high yield and acceptable enantioselectivity. Azido-

thiochromanes (5.28-5.29), azido-benzofuran (5.30), and azido-indane (5.31-5.32) could 

also be resolved. Substrates 5.31-5.32 are noteworthy because the original E-CuAAC 

reported by Fokin and Finn described this as a problematic substrate (s < 1.3).14 Acyclic 

substrate 5.33 provided slower conversion and slightly reduced selectivity. 
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Scheme 5.2 Substrate Scope of Alkyne Coupling Partner 

 

Isolated yields are reported. The yield is calculated based on either the alkyne (limiting 

reagent) or azide (kinetic resolution component, in parentheses). Enantiomeric ratio was 

determined by chiral HPLC. Yield and er values are the average of duplicate trials. a2.5 

mol % (CuOTf)2·PhMe, 10 mol% (S,S)-4-F-Ph-PYBOX and 0.1 M in PhCF3. 
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Scheme 5.3 Substrate Scope of Azide Coupling Partner 

 

Isolated yields are reported. The yield is calculated based on either the alkyne (limiting reagent) or azide 

(kinetic resolution component, in parentheses). Enantiomeric ratio was determined by chiral HPLC. Yield 

and er values are the average of duplicate trials. 

 

Chiral alkyne 5.34 was used to test for matched/mismatched behavior (Scheme 

5.4). Treating azide rac-5.1 with chiral alkyne 5.34 and either enantiomer of ligand L4 

resulted in moderate yield with opposite diastereoselectivity (14:1 and 1:13). This reversal 

of diastereoselectivity indicates this reaction is under catalyst control.    
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Scheme 5.4 Matched/Mismatched Experiment 

 

 

The kinetic resolution could be successfully scaled to provide more than one gram 

of triazole product (Scheme 5.5). The initial enantioselectivity was 89:11 er which 

corresponds to an s = 13.5. The enantiopurity could be enhanced upon recrystallization 

(99:1 er). The excess azide was recovered (76:24 er) and racemized upon exposure to 

catalytic AgPF6.
28 The azide could then be recycled and used in a subsequent reaction. The 

ability to recycle the recovered azide improves the overall efficiency of the reaction. The 

(R)-5.1 enantiomer preferentially reacted with the catalyst derived from ligand (S,S)-L5. 

This was determined by analyzing scalemic azide recovered from the reaction. The 

scalemic azide was compared to a sample of (S)-5.1 which was accessed via diazo transfer 

from commercially available (S)-3,4-dihydro-2H-chromen-4-amine. The same analysis 

was conducted with azide recovered in the synthesis of triazoles 5.12 and 5.18, which 

confirmed the absolute configuration of the product. The configuration of the other triazole 

products were assigned based on analogy.  
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Scheme 5.5 Gram Scale Reaction and Racemization of Recovered Azide 

 

 

5.3 Conclusion 

This report describes an expanded scope for both the azide and alkyne coupling 

partners in an E-CuAAC. The products of this kinetic resolution are α-N-chiral triazoles 

and can be obtained in up to 97% yield and up to 97:3 er. The reaction can be conducted to 

isolate more than one gram of product and the excess azide can be recovered, racemized 

and recycled. The er of the product triazoles can be readily improved to 99:1 with a single 

recrystallization. 
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Chapter 6. Efforts Towards a DKR with Activated Azides 

6.1 Introduction 

  Chiral amines are ubiquitous in bioactive molecules, natural products, and 

agrochemicals.1 In particular, fully substituted chiral amines are challenging to access 

synthetically. The ability to synthesize these molecules using a DKR of activated azides 

would be a novel approach to chiral amine synthesis. Efforts in our group were initially 

focused on using allylic azides as substrates for these transformations to provide access to 

the desired chiral amine motif. Allylic azides might be suitable substrates because they 

often exist as mixtures of isomers due to their propensity to rearrange at ambient 

temperature via the Winstein rearrangement.2 Using symmetric substrates, this 

rearrangement was utilized as the racemization pathway for a DKR.3,4 However, non-

symmetric allylic azides that do not have an achiral isomer do not racemize via the 

Winstein rearrangement because it is a concerted, stereospecific process. However, 

racemization of these allylic azides could be promoted using a Lewis acid catalyst.5 Other 

activated (non-allylic) azides could be racemized under similar conditions. With a pathway 

for racemization identified, efforts to identify an appropriate reaction to complete the DKR 

were undertaken (Scheme 6.1). 

 

Scheme 6.1 General DKR Strategy with Activated Azides 
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6.2 E-CuAAC Reaction via DKR of Azides  

 Due to our lab’s experience with asymmetric click reactions,4,6 the possibility of 

coupling the enantioselective copper(I) catalyzed azide-alkyne cycloaddition (E-CuAAC) 

reaction to the previously identified catalytic racemization was explored. If successful, this 

would generate α-chiral triazoles, which have applications across a range of fields.7–10 Our 

previous work identified benzylic azides as suitable substrates for kinetic resolution by the 

E-CuAAC reaction.6 Slightly modified conditions provided triazole 6.3 in good yield with 

85:15 er (Scheme 6.2a). This result provided a starting point for translating the kinetic 

resolution to a dynamic kinetic resolution.  

 

Scheme 6.2 a) Kinetic Resolution of Azide 6.1. b) Attempted DKR with Azide 6.1.  

 

 

An initial experiment using azide 6.1 and alkyne 6.2 under E-CuAAC conditions 

with added AgPF6 resulted in no product formation (Scheme 6.2b). Addition of the 

racemization catalyst to the reaction mixture led to immediate color change and formation 

of silver mirror. The Cu(I) salt and the Ag(I) salt undergo a facile redox reaction to form 
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Cu(II) and Ag(0).11 This outcome highlights the complications involved in developing a 

DKR from a kinetic resolution. Individually, each catalyst can perform the desired reaction. 

However, when these catalysts are combined in the same reaction vessel, the potential for 

catalyst-catalyst interactions cannot be overlooked. For a successful reaction, it is 

necessary for one catalyst to promote the racemization and a second catalyst to perform the 

desired E-CuAAC reaction (Scheme 6.3a). Unfortunately, Ag(I) salts were incompatible 

with the CuAAC reaction; however, it was unclear if other racemization catalysts could be 

used in its place.  

 

Scheme 6.3 a) General Approach for DKR of Activated Azides using an E-CuAAC 

Reaction. b) Flow Chart of Requirements for Successful E-CuAAC Reaction 

 

 

It was important to develop an assay to quickly identify whether conditions would 

i) promote racemization, ii) promote click reactivity and iii) be enantioselective (Scheme 

6.3b). Using an enantioenriched azide, it was straightforward to determine whether certain 

conditions resulted in racemization. To probe the reactivity and enantioselectivity of the 

desired transformation, the reaction was conducted using a symmetric allylic azide 
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substrate. Liu had reported using symmetric allylic azide substrates for an E-CuAAC 

reaction.4 With symmetric azide 6.4 and Liu’s unoptimized reaction conditions, the desired 

triazole was synthesized (Table 6.1 entry 1, 86:14 er). This reaction provided a benchmark 

for comparison when adding a racemization catalyst.  

 

Table 6.1 Effect of Racemization Catalyst on er of Triazole 6.5a 

 

 

A variety of racemization catalysts were screened in this manner (Table 6.1). Other 

catalysts previously shown to promote racemization, JohnPhosAuSbF6 and Zn(OTf)2,
5 

resulted in reduced enantioselectivity (entries 2 and 3). Use of Cu(OTf)2 led to near racemic 

formation of the desired triazole (entry 4). A moderate reduction in enantioselectivity was 

observed with aluminum Lewis acids (entries 5 and 6). To our delight, BPh3 provided no 

loss of enantioselectivity (entry 7). Other boron Lewis acids inhibited triazole formation 
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(entries 8 and 9). Lanthanide triflates and Y(OTf)3 provided lower enantioselectivities 

compared to the benchmark reaction (entries 11-14).  

Some Lewis acid catalysts provided only a slight decrease in enantioselectivity of 

the desired triazole 6.5, however, it was uncertain whether they would promote 

racemization of the desired benzylic azide starting material (6.1). Both aluminum- and 

boron-based Lewis acids were investigated for their ability to racemize enantioenriched 

azide 6.1 (Table 6.2).  

 

Table 6.2 Catalytic Racemization of Azide 6.1a 

 

 

Unfortunately, no racemization was observed using Al(OiPr)3, Al(OtBu)3, or BPh3 (entries 

1-3). The stronger Lewis acid, B(C6F5)3, did result in racemization (entry 4), however, it 

shuts down the E-CuAAC reaction (see Table 6.1, entry 8). While not effective for the E-

CuAAC reaction, racemization using B(C6F5)3 was further studied (see section 6.6 

Experimental). Of the catalysts investigated, none met the three required criteria listed in 
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the flow chart (Scheme 6.2b). Weaker Lewis acids generally did not inhibit the reactivity 

of the reaction but were either not able to promote racemization or resulted in diminished 

enantioselectivity. Stronger Lewis acids greatly diminished the conversion, often resulting 

in only trace amounts of product. Other racemization conditions besides addition of Lewis 

acid catalysis were also investigated. A combination of Dowex 50Wx4 in HFIP was found 

to racemize azide 6.1 (for more details see 6.6 Experimental). Unfortunately, both the 

acidic resin and HFIP inhibited the E-CuAAC reaction. 

The observed catalyst compatibility issues likely arise between the Lewis basic 

PYBOX ligand and the Lewis acidic racemization catalyst. The Cu(I) salt and the chiral 

ligand are stirred to generate the chiral Cu(I) complex which results in an orange solution. 

However, upon addition of several of the racemization catalysts, the orange color rapidly 

dissipated and the solution became colorless. Presumably the PYBOX ligand is binding to 

the racemization catalyst rather than the Cu center, thereby mitigating the 

enantioselectivity and diminishing the enhanced reactivity via ligand accelerated 

catalysis.12 Currently, there are no ongoing investigations into alternate catalysts to 

promote this transformation. Rather, the insights gained from this project were used to 

investigate other reactions that may be more amenable to the racemization conditions.  

 

6.3 Azide Reduction using Chiral Catalysts 

The direct reduction of racemic tertiary azides via DKR was investigated. This 

reduction would directly afford α,α-disubstituted amines. Azide 6.9 was identified as a 

suitable substrate to explore this transformation. The synthesis of azide 6.9 began with 

ketone 6.6. A simple methyl addition (MeMgBr or MeLi) proved to be insufficient to 
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access tertiary alcohol 6.7 in a reasonable yield. However, utilizing CeCl3 in combination 

with MeLi provided clean conversion to alcohol 6.7 (Scheme 6.4). Treatment of alcohol 

6.7 with Zn(OTf)2 and TMS-N3 resulted in formation of azide 6.8. Reduction with LiAlH4 

provided racemic amine 6.9.  

 

Scheme 6.4 Synthesis of Azide 6.8 and Amine 6.9  

 

 

 

With azide 6.8 in hand, attention was turned to investigating various reduction 

conditions to generate amine 6.9. As amines tend to be good ligands for metals, it was 

unclear whether there would be significant product inhibition under catalytic conditions. 

Therefore, initial efforts focused on conversion. Using 5:2 HCO2H /TEA as the hydrogen 

source with various ruthenium catalysts in either MeCN or MeOH provided good 

conversion (Table 6.3, entries 1-6).  
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Table 6.3 Reduction of Azide 6.8 Using Ruthenium Catalystsa 

 

 

Alternatively, sodium formate in a mixture of H2O/DMF at 60 °C resulted in full 

conversion of the starting material (entries 7-9). Only a slight decrease in conversion was 

observed when the reaction was conducted at room temperature (entry 10). No 

enantioselectivity was observed when the reaction was stopped before completion (kinetic 

resolution conditions) using RuCl[(S,S)-Teth-TsDPEN] as the catalyst under either the 

HCO2H/TEA conditions or the sodium formate conditions (entries 12-13).  

Efforts shifted to other classes of ruthenium catalysts that are known for promoting 

enantioselective hydrogenations (Table 6.4).13,14 In IPA under an atmosphere of H2, near 

full conversion was observed with several catalysts (entries 1, 3-4).  
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Table 6.4 Reduction of Azide 6.8 using H2 with Ruthenium Catalystsa 

 

 

 Switching solvents from IPA to THF or PhMe had a minimal impact on the 

conversion (entries 5-6). Neither RuCl2[(R)-DM-BINAP]-[(R)-DAIPEN] nor RuCl2[(R)-

DM-BINAP]-[(R,R)-DPEN] resulted in enantioselective formation of the amine under 

kinetic resolution conditions (53:47, entries 7 and 8). 

With the vast array of available chiral phosphine ligands, the enantioselective 

hydrogenation using Pd2(dba)3 was explored under an atmosphere of hydrogen. 

Unfortunately, none of the chiral phosphines investigated provided any appreciable 

enantioselectivity (Table 6.5).  
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Table 6.5 Reduction of azide 6.8 using Pd2(dba)3 and H2
a 

 

 

 Due to the lack of enantioselectivity observed upon reduction of azide 6.8, other 

substrates, such as azide 6.12, were considered. In azide 6.12, the heteroatom could 

potentially bind to the catalyst and help bias the reduction of one enantiomer. This substrate 

was prepared in three steps form ketone 6.6 (Scheme 6.5). Treatment of ketone 6.6 with 

chloroiodomethane and nBuLi afforded chlorohydrin 6.10. An in situ Finkelstein reaction 

followed by nucleophilic displacement by methoxide generated alcohol 6.11. Azide 6.12 

was formed via a Lewis acid catalyzed substitution reaction. Reduction using LiAlH4 

afforded amine 6.13.  
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Scheme 6.5 Synthesis of Azide 6.12 and Amine 6.13 

 

 

 Either low conversion (Table 6.6, entry 1) or lack of enantioselectivity (entries 2-

3) was observed using ruthenium catalysts in MeOH with HCO2H/TEA. Attempts to 

reduce azide 6.12 using (diamine)RuCl2(bisphosphine) catalysts resulted in poor 

enantioselectivity (entries 4-5). Other ruthenium catalysts bearing different chiral ligands 

could be investigated for this transformation. 

 

Table 6.6 Reduction of Azide 6.12 Using Ruthenium Catalysts.a 
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 Chiral iridium catalysts with H2 have been used for the enantioselective 

hydrogenation of imines.15,16 The enantioselectivity can vary depending on the presence or 

absence of additives, such as iodine.17–19 Using [Ir(COD)Cl]2 with phosphoramidite ligand 

L4 under an atmosphere of H2 resulted in low conversion (Table 6.7, entry 1). Using the 

same conditions with KI as an additive did not improve the conversion (entry 2). The 

addition of I2, led to moderate conversion, albeit no product formation (entry 3). Switching 

from a monodentate phosphine ligand to bidentate phosphine ligands resulted in decreased 

conversion and no product formation (entries 4-5).  

 

Table 6.7 Reduction of Azide 6.12 using H2 with Iridium or Rhodium Catalystsa 
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Cationic rhodium complexes have been shown to promote asymmetric 

hydrogenation of various types of alkenes.20 Attempting a reduction using Rh(COD)BF4 

with phosphoramidite ligand L4 (Table 6.7, entry 6) and several bidentate phosphine 

ligands resulted in low conversion and no product formation (entries 7-10). At this point, 

it was clear that this was a complex project as there are several catalysts (Ru, Ir, Rh), 

solvents (e.g. MeOH, MeCN), possible additives (e.g. I2), and H2 sources (e.g H2, 

HCO2H/TEA) to consider. As well, we do not have access to a high-pressure reactor to 

conduct experiments at high pressures of H2 which many hydrogenation reactions require. 

Therefore, at this time we have decided to explore other projects.  

 

6.4 Azide Reduction using Chiral Rhodium Catalyst and Acceptor/Acceptor Diazo 

Compounds 

During our lab’s efforts to explore a cyclopropanation reaction on allylic azide 6.14, 

the desired cyclopropane product 6.16 was not observed (Scheme 6.6a). Instead, diketone 

6.19 was observed by both 1H NMR and HRMS. This product could be observed if the 

metal carbene reacted with azide rather than the alkene, presumably forming imine 6.17. 

Hydrolysis upon work up could result in diketone 6.19. Li and coworkers reported of a few 

alkyl azides reacting in this manner.21 
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Scheme 6.6 a) Rhodium-Catalyzed Reaction of Allylic Azide 6.14 with Aryldiazoacetate 

6.15 b) Rhodium-Catalyzed Reaction of Tertiary Azide 6.8 

 

 

Based on this observation and the report from Li and coworkers,21 attention was 

turned to investigate whether tertiary azides could react in same manner to afford chiral 

amines (Scheme 6.6b). Initial investigations began with tertiary azide 6.8, Rh2(OAc)4 and 

donor/acceptor aryldiazoacetate 6.15. Unfortunately, azide 6.8 was unreactive under the 

reaction conditions. While the nucleophilicity of the primary azide was matched with the 

electrophilicity of the metal carbene generated from aryldiazoacetate 6.15, the lower 

nucleophilicity of the tertiary azide resulted in no reactivity under the same conditions. We 

sought to identify a suitably electrophilic diazo coupling partner.  

There are three different classes of diazo compounds: Acceptor/acceptor, 

donor/acceptor, and donor/donor. These are defined by the electronics on either side of the 

diazo group (Figure 6.1). Aryldiazoacetate 6.15 is a donor/acceptor derivative, which has 

intermediary reactivity to form a metal carbene. Potentially, using aryldiazoacetate 6.15 
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the metal carbene formed rapidly and dimerized before the carbene could be intercepted 

by the azide. Moving to a donor/donor diazo compound would likely exacerbate this issue 

because they more readily form metal carbenes. Therefore, efforts focused on exploring 

acceptor/acceptor diazo compounds which more slowly generate the metal carbene. Within 

the class of acceptor/acceptor diazo compounds there are various types depending on the 

substituents (Figure 6.1, Y and Z) which tunes the nature of the diazo species.  

 

Figure 6.1 Classes of Diazo Compounds 

 

 

A few different types of acceptor/acceptor diazo compounds were synthesized and 

their reactivity with tertiary azides was explored (Scheme 6.7). Details regarding the 

synthesis of the diazo compounds can be found in section 6.6 Experimental. Azide 6.8 was 

consumed using Rh2(OAc)4 with diazo ester 6.20. Low conversion was observed with 

diazo compounds 6.21-6.23.  
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Scheme 6.7 Reactivity Screen of Diazo Compounds with Azide 6.8a 

 

 

Using diazo ester 6.20, imine 6.24 was identified and characterized. With a suitable 

match in reactivity between azide 6.8 and diazo ester 6.20, further optimizations were 

conducted (Table 6.8). Using two equivalents of diazo ester 6.20 and 5 mol % Rh2(OAc)4 

formed imine 6.25 in 67% yield (entry 1). Conducting the reaction with Cu(MeCN)4PF6 or 

Ag(I) salts in place of Rh2(OAc)4 was ineffective (entries 2-4). Increasing the equivalents 

of diazo ester 6.20 improved the yield, however, resulted in formation of dimer 6.25 which 

is difficult to separate from imine 6.24 (entries 5-6). Decreasing the catalyst loading 

resulted in a significant drop in yield (entry 7), while increasing the catalyst loading 

provided good yield of imine 6.24 (entry 8).  
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Table 6.8 Reaction Optimizationa 

 

 

Next, the effect of Ag(I) salts on the reaction was investigated (Table 6.9). Ag(I) 

salts had previously been identified as suitable catalysts to promote racemization for a 

series of azide substrates.5 Adding AgSbF6 or AgPF6 to the reaction with Rh2(OAc)4 had 

minimal effect on the consumption of azide 6.8 (entries 2-3). This was encouraging because 

often, catalyst/catalyst interactions can be detrimental to product formation (vide supra 

attempts at DKR E-CuAAC reaction). Before attempting a DKR, a reasonable er from a 

kinetic resolution is necessary. A kinetic resolution was attempted using commercially 

available chiral rhodium catalysts. Unfortunately, none of the catalysts investigated 

provided reasonable enantioselectivity (entries 4-6).  
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Table 6.9 Effect of Ag(I) Salt and Chiral Catalystsa 

 

 

The rhodium catalyzed reaction of azide 6.12 with diazo ester 6.20 was investigated 

(Table 6.10). Azide 6.12 was consumed using Rh2(OAc)4 as a catalyst (entry 1). Chiral 

rhodium catalysts, Rh2(S-DOSP)4 and Rh2(R-BTPCP)4, resulted in near racemic formation 

of imine 6.26 (entries 2-3). A measurable er (55:45) was observed with Rh2(S-PTAD)4 

(entry 4). Further optimization could be conducted to identify conditions that provide 

higher enantiomeric ratios. For example, alternate diazo esters generated from other 

symmetric esters, such as the trichloroethyl or trifluoroethyl ester could be explored.  
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Table 6.10 Chiral Rhodium Catalysts with Azide 6.12a 

 

 

6.5 Conclusions  

The summation of this research provides proof-of-concept that allylic azides can be 

used for a DKR. Several catalysts promote racemization for non-symmetric systems, 

including other activated substrates (i.e. benzylic). The racemization has been used in 

combination with a kinetic resolution to access chiral triazoles and recycle the excess 

scalemic azide. Initial investigations into utilizing the racemization for a DKR E-CuAAC 

reaction or reduction have been unfruitful up to this point. A key challenge is the 

compatibility of the desired reaction conditions and the racemization catalyst. The formal 

reduction using chiral rhodium catalysts was tolerant of the racemization catalyst, albeit 

only low enantiomeric ratios have been observed up to this point. Future efforts should be 

focused on reactions that are tolerant of Lewis acids or Au/Ag(I) salts.  
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6.6 Experimental  

Azide Safety. Azides are known to be high energy materials and explosions have been 

reported when working with azides.22 In the course of this work, no issues were 

encountered. All of the azides synthesized in this report have C/N ratios equal to or above 

the recommended guideline of 3. Precautionary safety shields were used for all reactions 

using or producing more than 1 mmol of azide. Safety shields were used both in the fume 

hood and during rotary evaporation. All waste and aqueous solution which could be 

contaminated with azide were kept in individually labeled containers and were kept 

STRICTLY free of acid to avoid the accidental production on HN3 – DO NOT use aqueous 

HCl during work up of any of the reactions reported herein. Further reading on azide safety 

is available.23,24 

General Methods. All reactions conducted at elevated temperature used aluminum heating 

blocks with magnetic stirrings (500 rpm). Reported temperatures were based on an external 

thermal couple. All commercially available chemicals were used without further 

purification. Dry tetrahydrofuran, toluene, dimethoxyethane, N,N-dimethylforamide and 

methylene chloride were obtained from a commercial solvent system utilizing activated 

alumina columns under a positive pressure of argon. Thin-layer chromatography (TLC) 

was used for monitoring reaction progress. Visualization was conducted by using UV light, 

KMnO4, or PMA stains. Organic solutions were concentrated using a rotary evaporator 

under reduced pressure at or below 40 ˚C. Flash chromatography was performed on a 

Teledyne Isco CombiFlash Rf system utilizing normal phase pre-column load cartridges 

and gold high performance columns. All proton (1H) nuclear magnetic resonance spectra 

were recorded at 400 MHz or 500 MHz. All carbon (13C) nuclear magnetic resonance 
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spectra were recorded at 100 MHz or 125 MHz. The fluorine (19F) nuclear magnetic 

resonance spectra was recorded at 376 MHz or 471 MHz with proton decoupling. Chemical 

shifts are expressed in parts per million and are referenced to residual solvent (CDCl3: 7.27 

ppm, CD3CN: 1.94 ppm), to the central carbon in the NMR solvent (CDCl3: 77.2 ppm, 

CD3CN 118.3). Data is presented as follows: chemical shift, multiplicity (s = singlet, d = 

doublet, ad = apparent doublet – para disubstituted pattern, t = triplet, q = quartet and m = 

multiplet), integration, and coupling constant in Hertz (Hz). Infrared (IR) spectra were 

taken in a Nicolet Nexus 670 FT-IR with salt plates. IR spectra were reported in cm-1. 

Enantiomeric excesses were determined using a Shimadzu HPLC with a PDA detector. 

 

Screening procedure for E-CuAAC reaction:  

 In a glove box, a vial was charged with (CuOTf)2 PhMe (6.5 mg, 13 µmol) and Ph-

PYBOX (18.8 mg, 50.9 µmol), and sealed with a septum screw cap. The vial was removed 

from the glovebox and connected to an argon filled Schlenk line via needle. Solvent (DME, 

1.0 mL) was added by syringe to make a copper(I) catalyst stock solution. The resulting 

solution was stirred at ambient temperature for 10 min. Under air, a separate vial was 

charged with azide 6.4 (107 mg, 0.534 mmol), phenylacetylene (66 µL, 0.60 mmol), and 

DME (1.1 mL), making a substrate stock solution. A new vial was charged with Zn(OTf)2 

(0.9 mg, 3 µmol) and a stir bar. To this vial was added the substrate stock solution (0.1 mL, 

0.05 mmol azide and 0.06 mmol alkyne, respectively), an aliquot of copper(I) catalyst 

solution (0.1 mL, 1.3 µmol [Cu], 5.0 µmol ligand, respectively) and additional DME (0.1 

mL). (Note: For Lewis acids that are liquids, a solution was prepared such that 0.1 mL of 

the Lewis acid solution was added. In this case no additional DME was used). The vial was 
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sealed with a Teflon-lined cap under air. After 24 h at room temperature, the reaction was 

quenched by the addition of silver nitrate (50 μL, 0.1 M in 10% water in DME). The 

mixture was passed through a plug of silica, rinsed (70% EtOAc in hexanes), and 

concentrated under reduced pressure. The crude sample was reconstituted in IPA/hexanes 

and analyzed by chiral HPLC to determine er. 

 

Screening procedure for reduction using [Pd]:  

In a glove box, a vial was charged with Pd2(dba)3 (2.1 mg, 2.3 µmol) and (S,S)-

DIOP (2.3 mg, 4.6 µmol), sealed with a septum screw cap and removed from the glove 

box. Under air, a separate vial was charged with azide 6.8 (90 mg, 0.44 mmol), 4-F-

biphenyl (25 mg, 0.14 mmol), and MeOH (4.5 mL), making a substrate stock solution. The 

substrate stock solution (0.5 mL) was added to the vial containing the catalyst. After 

stirring for 30 min, the reaction mixture was purged with a continuous flow of hydrogen 

gas. After 5 min, the flow of hydrogen was ceased, and the vessel was sealed under a 

positive pressure of hydrogen gas (balloon). After 20 h, an aliquot of the reaction mixture 

was filtered through silica, rinsing with EtOAc, into a vial for analysis by GC-FID to 

determine conversion. The remaining sample was concentrated under reduced pressure, 

reconstituted in CH2Cl2 and filtered through silica. First the silica was rinsed with 30% 

EtOAc/hexanes (~5 mL) to remove excess starting material. Then, into a separate vial, the 

silica was rinsed with EtOAc (~5 mL) and the sample was concentrated under reduced 

pressure. The crude material was reconstituted in IPA/hexanes for analysis by HPLC. 

Screening procedure 1 for reduction using [Ru]:  
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In a glove box, a vial was charged with RuCl[(S,S)-Teth-TsDPEN] (1.0 mg, 2.6 

µmol), sealed with a septum screw cap and removed from the glove box. A separate vial 

was charged with azide 6.12 (30 mg, 0.13 mmol), 4-F-biphenyl (5.7 mg, 0.033 mmol), and 

MeOH (0.5 mL), making a substrate stock solution. The substrate stock solution (0.15 mL) 

was added to the vial containing the catalyst followed by a solution of 5:2 TEA/HCO2H 

(17 µL) in MeOH (0.15 mL). After 3 h, an aliquot of the reaction mixture was filtered 

through silica, rinsing with EtOAc, into a vial for analysis by GC-FID to determine 

conversion. The remaining sample was concentrated under reduced pressure, reconstituted 

in CH2Cl2 and filtered through silica. First the silica was rinsed with 30% EtOAc/hexanes 

(~5 mL) to remove excess starting material. Then, into a separate vial, the silica was rinsed 

with EtOAc (~5 mL) and the sample was concentrated under reduced pressure. The crude 

material was reconstituted in IPA/hexanes for analysis by HPLC. 

 

Screening procedure 2 for reduction using [Ru]:  

In a glove box, a vial was charged with RuCl2[(R)-BINAP]-[(R)-DAIPEN] (1.4 mg, 

1.1 µmol), KOtBu (2.2 mg, 20 µmol), sealed with a septum screw cap and removed from 

the glove box. A separate vial was charged with azide 6.12 (30 mg, 0.13 mmol), biphenyl 

(12 mg, 0.076 mmol), and IPA (1.25 mL), making a substrate stock solution. The substrate 

stock solution (0.5 mL) was added to the vial containing the catalyst. The reaction mixture 

was purged with a continuous flow of hydrogen gas. After 5 min, the flow of hydrogen was 

ceased, and the vessel was sealed under a positive pressure of hydrogen gas (balloon). After 

5 h, an aliquot of the reaction mixture was filtered through silica, rinsing with EtOAc, into 

a vial for analysis by GC-FID to determine conversion. The remaining sample was 
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concentrated under reduced pressure, reconstituted in CH2Cl2 and filtered through silica. 

First the silica was rinsed with 30% EtOAc/hexanes (~5 mL) to remove excess starting 

material. Then, into a separate vial, the silica was rinsed with EtOAc (~5 mL) and the 

sample was concentrated under reduced pressure. The crude material was reconstituted in 

IPA/hexanes for analysis by HPLC. 

 

Screening procedure for reduction using [Ir]:  

In a glove box, a vial was charged with [Ir(COD)Cl]2 (1.3 mg, 1.9 µmol) and (S,S)-

ChiraPhos (1.6 mg, 3.8 µmol), sealed with a septum screw cap and removed from the glove 

box. Under air, a separate vial was charged with azide 6.12 (74 mg, 0.31 mmol), biphenyl 

(16 mg, 0.10 mmol), and CH2Cl2 (0.65 mL), making a substrate stock solution. The 

substrate stock solution (0.1 mL) was added to the vial containing the catalyst followed by 

a solution of I2 in CH2Cl2 (0.1 mL, 25 µM). After stirring for 10 min, the reaction mixture 

was purged with a continuous flow of hydrogen gas. After 5 min, the flow of hydrogen was 

ceased, and the vessel was sealed under a positive pressure of hydrogen gas (balloon). After 

20 h, an aliquot of the reaction mixture was filtered through silica, rinsing with EtOAc, 

into a vial for analysis by GC-FID to determine conversion. The remaining sample was 

filtered through silica, first rinsing with 30% EtOAc/hexanes (~5 mL) to remove excess 

starting material. Then, into a separate vial, the silica was rinsed with EtOAc (~5 mL) and 

the sample was concentrated under reduced pressure. The crude material was reconstituted 

in IPA/hexanes for analysis by HPLC. 

 

 



105 

 

Screening procedure for reduction using [Rh]:  

In a glove box, a vial was charged with Rh(COD)2BF4 (1.2 mg, 2.9 µmol) and 

(R,R)-Me-DuPhos (1.3 mg, 4.2 µmol), sealed with a septum screw cap and removed from 

the glove box. Under air, a separate vial was charged with azide 6.12 (78 mg, 0.33 mmol), 

biphenyl (48 mg, 0.31 mmol), and MeOH (3.25 mL), making a substrate stock solution. 

The substrate stock solution (0.5 mL) was added to the vial containing the catalyst. After 

stirring for 10 min, the reaction mixture was purged with a continuous flow of hydrogen 

gas. After 5 min, the flow of hydrogen was ceased, and the vessel was sealed under a 

positive pressure of hydrogen gas (balloon). After 20 h, an aliquot of the reaction mixture 

was filtered through silica, rinsing with EtOAc, into a vial for analysis by GC-FID to 

determine conversion. The remaining sample was concentrated under reduced pressure, 

reconstituted in CH2Cl2 and filtered through silica. First the silica was rinsed with 30% 

EtOAc/hexanes (~5 mL) to remove excess starting material. Then, into a separate vial, the 

silica was rinsed with EtOAc (~5 mL) and the sample was concentrated under reduced 

pressure. The crude material was reconstituted in IPA/hexanes for analysis by HPLC. 

 

Screening procedure for formal reduction using Rh2(OAc)4:  

A vial was charged with Rh2(OAc)4 (1.3 mg, 2.9 µmol), sealed with a septum screw 

cap and purged with argon for 5 min. A separate vial was charged with azide 6.8 (85 mg, 

0.41 mmol), biphenyl (17 mg, 0.11 mmol), and CH2Cl2 (1.7 mL), making a substrate stock 

solution. The substrate stock solution (0.2 mL) was added to the vial containing the catalyst 

followed by a solution of diazo ester 6.20 (20 mg, 0.13 mmol) in CH2Cl2 (0.3 mL) and was 
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heated to 40 °C. After 15 h, an aliquot of the reaction mixture was filtered through silica, 

rinsing with EtOAc, into a vial for analysis by GC-FID to determine conversion. 

Racemization of azide 6.1  

A solution of rac-azide 6.1 (11.7 mg, 66.8 µmol) was prepared in CH2Cl2 (2.3 mL). 

This solution was dispensed via syringe in 0.2 mL aliquots into 4 mL vials. The CH2Cl2 

was allowed to evaporate at room temperature. A solution of triphenylborane (1.2 mg, 5.0 

µmol) in CH2Cl2 (1.4 mL) was prepared. An aliquot of this solution (0.2 mL) was added to 

each vial containing neat azide 6.1 and heated to 40 °C. After 24 h, the reaction mixture 

was filtered through silica gel, rinsed with excess CH2Cl2, and concentrated under reduced 

pressure. The sample was reconstituted in hexanes (~1 mL) and filtered into an HPLC vial 

for analysis. 

 

Table 6.11 Racemization of Azide 6.1 with B(C6F5)3
a 
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Table 6.12 Racemization of Azide 6.27a  

 

 

 

Table 6.13 Racemization of Azide 6.1 with Dowex 50Wx4a 

 

 

Azide 6.1 and azide 6.4 were synthesized following reported procedures.4,5  
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Alcohol 6.7. In a nitrogen-filled glove box, a flask was charged with anhydrous CeCl3 (1.6 

g, 6.6 mmol). Outside of the glove box, the flask was connected to a Schlenk line before 

adding THF (20 mL). After stirring for 2 h the resulting suspension was cooled to in a dry 

ice/acetone bath, and MeLi (3.7 mL, 1.6 M in Et2O, 5.9 mmol) was added dropwise via 

syringe. After 0.5 h, 6-fluoro-chromanone (831 mg, 5.00 mmol) in THF (3 mL) was added 

dropwise via syringe. After 4 h, the reaction mixture was poured onto water. The resulting 

mixture was extracted with EtOAc (3 × 25 mL). The combined organic phases were washed 

with brine, dried (MgSO4), filtered, and concentrated under reduced pressure to yield 

alcohol 6.7 as a white solid (0.75 g, 4.0 mmol, 81%). This material was used without further 

purification.  

1H NMR (400 MHz, CD3CN) δ 7.23 (dd, J = 9.8, 3.1 Hz, 1H), 6.95 – 6.87 (m, 1H), 6.77 

(dd, J = 9.0, 4.9 Hz, 1H), 4.28 – 4.14 (m, 2H), 3.36 (s, 1H), 2.03-2.00 (m, 2H), 1.55 (s, 3H) 

13C NMR (100 MHz, CD3CN) δ 157.7 (d, JC-F = 235.5 Hz), 151.0 (d, JC-F = 1.9 Hz), 131.7 

(d, JC-F = 6.4 Hz), 118.7 (d, JC-F = 8.0 Hz), 116.2 (d, JC-F = 23.5 Hz), 113.6 (d, JC-F = 23.3 

Hz), 66.6, 64.4, 38.3, 30.1. 19F NMR (376 MHz, CD3CN) δ -125.3. IR (NaCl, thin film, 

cm-1) 3338, 2989, 2916, 1485, 1424, 1199, 819, 746. HRMS (EI): m/z calcd for 

C10H11FO2
+ [M]+ 182.0738, observed 182.0736.  

 

Azide 6.8. To a solution of alcohol 6.7 (413 mg, 2.27 mmol) in CH2Cl2 (4.5 mL) cooled in 

an ice bath was added TMSN3 (0.60 mL, 5.2 mmol) and Zn(OTf)2 (83 mg, 0.23 mmol). 
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The vessel was sealed. After 20 min, the solution was quenched with triethylamine (0.5 

mL) and MeOH (0.5 mL). The reaction mixture was filtered through basic alumina and 

washed with excess CH2Cl2. The resulting solution was concentrated under reduced 

pressure. Purification by column chromatography (gradient elution 0-20% EtOAc in 

hexanes) afforded azide 6.8 as a yellow oil (371 mg, 2.04 mmol, 90%).  

1H NMR (500 MHz, CD3CN) δ 7.22 (dd, J = 9.6, 3.1 Hz, 1H), 7.07 – 6.99 (m, 1H), 6.87 

(dd, J = 9.0, 4.9 Hz, 1H), 4.29 – 4.17 (m, 2H), 2.12 – 2.03 (m, 2H), 1.67 (s, 3H).13C NMR 

(125 MHz, CD3CN) δ 157.5 (d, JC-F = 236.7 Hz), 151.3, 125.9 (d, JC-F = 6.6 Hz), 119.6 (d, 

JC-F = 7.5 Hz), 117.6 (d, JC-F = 23.4 Hz), 113.8 (d, JC-F = 23.9 Hz), 59.5, 63.8, 35.8, 26.6. 

19F NMR (471 MHz, CD3CN) δ -124.5. IR (NaCl, thin film, cm-1) 2977, 2887, 2102, 

1493. HRMS (EI): m/z calcd for C10H10FO+ [M – N3]
+ 165.0710, observed 165.0705.  

 

Amine 6.9. To a solution of azide 6.8 (107 mg, 0.516 mmol) in THF (5.1 mL) cooled in an 

ice bath was added LiAlH4 (61 mg, 1.6 mmol). After 24 h, the reaction was poured onto a 

saturated aqueous solution of Rochelle’s salt. The resulting mixture was extracted with 

EtOAc (3 × 15 mL). The combined organic phases were washed with brine, dried (MgSO4), 

filtered, and concentrated under reduced pressure to yield amine 6.9 as a yellow solid (90 

mg, 0.49 mmol, 96%). This material was used without further purification.  

1H NMR (400 MHz, CDCl3) δ 7.14 (dd, J = 9.6, 3.0 Hz, 1H), 6.83 (ddd, J = 8.9, 7.8, 3.0 

Hz, 1H), 6.75 (dd, J = 9.0, 4.9 Hz, 1H), 4.29 – 4.15 (m, 2H), 2.05 – 1.92 (m, 2H), 1.65 (s, 

2H), 1.50 (s, 3H).13C NMR (100 MHz, CDCl3) δ 157.2 (d, JC-F = 237.9 Hz), 149.6 (d, JC-

F = 2.0 Hz), 132.2 (d, JC-F = 6.0) 118.1 (d, JC-F = 7.7 Hz), 115.1 (JC-F, J = 23.3 Hz), 112.5 
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(d, JC-F = 23.1 Hz), 63.6, 47.8, 39.2, 31.4. 19F NMR (376 MHz, CDCl3) δ -123.2. IR 

(NaCl, thin film, cm-1) 3355, 2968, 1594, 1493, 1421, 1258, 1062, 744. HRMS (EI): m/z 

calcd for C10H12FNO+ [M]+ 181.0897, observed 181.0891. HPLC: Reflect-C 3μ column, 

0.1% TEA in hexanes/IPA = 75:25 at 1.0 mL/min, λ = 286 nm: tr = 5.4 min. and tr = 5.9 

min. 

 

Chlorohydrin 6.10. Adapting a known procedure,25 a solution of ketone 6.6 (0.83 g, 5.0 

mmol) in THF (10 mL) was cooled in a dry ice/acetone bath and ClCH2I (0.55 mL, 7.5 

mmol) was added via syringe. Over the course of three hours, nBuLi (3.0 mL, 2.5 M in 

hexanes) was added dropwise via syringe, maintaining the temperature. After complete 

addition, the reaction was allowed to stir for 1 h in the dry ice/acetone bath. The reaction 

mixture was quenched cold using with an aqueous saturated NH4Cl solution and allowed 

to warm to room temperature. The reaction mixture was extracted with EtOAc (3 ×20 mL) 

The combined organic layers were washed with brine, dried (Na2SO4), filtered, and 

concentrated under reduced pressure. Purification by flash chromatography (gradient 

elution 20 – 50% EtOAc in hexanes) afforded the product 6.10 (0.83 g, 77%) as a yellow 

oil. 

1H NMR (500 MHz, CDCl3) δ 7.16 (dd, J = 9.1, 3.1 Hz, 1H), 6.95 (ddd, J = 9.0, 7.8, 3.1 

Hz, 1H), 6.82 (dd, J = 9.0, 4.8 Hz, 1H), 4.28 (ddd, J = 11.7, 7.2, 3.6 Hz, 1H), 4.20 (ddd, J 

= 11.6, 8.5, 3.2 Hz, 1H), 3.92 (d, J = 11.6 Hz, 1H), 3.80 (d, J = 11.6 Hz, 1H), 2.64 (s, 1H), 

2.39 (ddd, J = 14.2, 7.2, 3.2 Hz, 1H), 2.13 (ddd, J = 14.2, 8.6, 3.6 Hz, 1H). 13C NMR (125 

MHz, CDCl3) δ 157.0 (d, JC-F = 239.3 Hz), 150.8, 124.9 (d, JC-F = 6.6 Hz), 118.5 (d, JC-F 
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= 7.8 Hz), 117.2 (d, JC-F = 23.3 Hz), 112.7 (d, JC-F = 23.6 Hz), 68.4, 63.3, 52.5, 33.0. 19F 

NMR (471 MHz, CDCl3) δ -122.3. IR (NaCl, thin film, cm-1) 3441. 2965, 2889, 1494, 

1427, 1261, 1200. HRMS (EI): m/z calcd for C10H10ClFO2
+ [M]+ 216.0348, observed 

216.0343. 

 
Alcohol 6.11. A solution of KOMe in MeOH (10 mL, 25 wt % in MeOH) was added to 

chlorohydrin 6.10 (0.54 g, 2.5 mmol) and NaI (70 mg, 0.46 mmol) and heated to 50 °C. 

After 2 h, the solution was quenched with aqueous saturated NH4Cl and extracted with 

EtOAc (3 × 15 mL) The combined organic layers were washed with brine, dried (Na2SO4), 

filtered, and concentrated under reduced pressure. Purification by flash chromatography 

(gradient elution 20 – 50% EtOAc in hexanes) afforded the product 6.11 (0.53 g, 78%) as 

a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.21 (dd, J = 9.4, 3.1 Hz, 1H), 6.90 (ddd, J = 9.0, 7.8, 3.1 

Hz, 1H), 6.78 (dd, J = 9.0, 4.8 Hz, 1H), 4.29 – 4.14 (m, 2H), 3.58 (d, J = 9.5 Hz, 1H), 3.53 

(d, J = 9.5 Hz, 1H), 3.46 (s, 3H), 3.04 (s, 1H), 2.19 (ddd, J = 14.0, 7.4, 3.7 Hz, 1H), 2.04 

(ddd, J = 14.0, 7.6, 3.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 157.0 (d, JC-F = 238.1 

Hz), 150.9, 125.8 (d, JC-F = 6.6 Hz), 118.1 (d, JC-F = 7.8 Hz), 116.5 (d, JC-F = 23.4 Hz), 

113.3 (d, JC-F = 23.5 Hz), 78.8, 68.2, 63.5, 59.5, 33.1. 19F NMR (376 MHz, CDCl3) δ -

123.1. IR (NaCl, thin film, cm-1) 3448, 2931, 2890, 1494, 1429, 1261, 1199, 1105. HRMS 

(EI): m/z calcd for C11H13FO3
+ [M]+ 212.0843, observed 212.0839. 
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Azide 6.12. To a solution of alcohol 6.11 (0.33 g, 1.6 mmol) in CH2Cl2 (3.2 mL) cooled in 

an ice bath was added TMSN3 (0.27 mL, 2.1 mmol) and AgOTf (42 mg, 0.16 mmol). The 

vessel was sealed. After 24 h, the reaction mixture was quenched with triethylamine (0.3 

mL)  and MeOH (0.3 mL), filtered through basic alumina and washed with excess CH2Cl2. 

The resulting solution was concentrated under reduced pressure. Purification by column 

chromatography (gradient elution 15% EtOAc in hexanes) afforded azide 6.12 (0.28 g, 1.2 

mmol, 75%) as a colorless oil.  

1H NMR (400 MHz, CDCl3) δ 7.15 (dd, J = 9.3, 3.1 Hz, 1H), 6.96 (ddd, J = 9.1, 7.7, 3.1 

Hz, 1H), 6.84 (dd, J = 9.0, 4.9 Hz, 1H), 4.32 – 4.19 (m, 2H), 3.69 (d, J = 9.9 Hz, 1H), 3.65 

(d, J = 10.0 Hz, 1H), 3.04 (s, 3H), 2.31 (ddd, J = 14.1, 7.7, 4.6 Hz, 1H), 2.10 (ddd, J = 14.2, 

5.9, 3.8 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 156.8 (d, JC-F = 239.0 Hz), 150.9, 121.8 

(d, JC-F = 6.8 Hz), 118.7 (d, JC-F = 7.8 Hz), 117.2 (d, JC-F = 23.2 Hz), 113.4 (d, JC-F = 23.9 

Hz), 78.0, 62.9, 60.5, 59.6, 30.1. 19F NMR (376 MHz, CDCl3) δ -122.5. IR (NaCl, thin 

film, cm-1) 2891, 2106, 1493, 1426, 1262, 1201. HRMS (EI): m/z calcd for C11H12FN3O2
+ 

[M]+ 237.0908, observed 237.0900. 

 

Amine 6.13. To a solution of azide 6.12 (0.10 g, 0.42 mmol) in THF (2.0 mL) cooled in an 

ice bath was added LiAlH4 (45 mg, 1.2 mmol). After 24 h, the reaction was poured onto a 

saturated aqueous solution of Rochelle’s salt. The resulting mixture was extracted with 

EtOAc (3 × 10 mL). The combined organic phases were washed with brine, dried (MgSO4), 

filtered, and concentrated under reduced pressure. Purification by column chromatography 
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(gradient elution 5 - 20% MeOH in CH2Cl2) afforded azide 6.13 (73 mg, 0.34 mmol, 81%) 

as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ 7.21 (dd, J = 9.7, 3.1 Hz, 1H), 6.84 (ddd, J = 8.9, 7.7, 3.1 

Hz, 1H), 6.74 (dd, J = 9.0, 4.9 Hz, 1H), 4.20 – 4.18 (m, 2H), 3.48 (d, J = 9.1 Hz, 1H), 3.43 

(d, J = 9.2 Hz, 1H), 3.39 (s, 3H), 2.22 – 2.16 (m, 1H), 1.93 – 1.78 (m, 1H), 1.74 (s, 2H). 

13C NMR (100 MHz, CDCl3) δ 157.0 (d, JC-F = 237.7 Hz), 150.6 (d, JC-F = 2.1 Hz), 128.2 

(d, JC-F = 6.4 Hz), 118.0 (d, JC-F = 7.9 Hz), 115.5 (d, JC-F = 23.4 Hz), 113.4 (d, JC-F = 23.4 

Hz), 80.2, 63.4, 59.4, 50.7, 34.5. 19F NMR (376 MHz, CDCl3) δ -123.3. IR (NaCl, thin 

film, cm-1) 3372, 3308, 2927, 2890, 1492, 1424, 1259, 1197, 1107. HRMS (ESI): m/z 

calcd for C11H15FNO2
+ [M + H]+ 212.1081, observed 212.1081. HPLC: Reflect-C 3μ 

column, 0.1% TEA in hexanes/IPA = 98:2 at 0.75 mL/min, λ = 300 nm: tr = 15.3 min. and 

tr = 16.1 min. 

 

p-ABSA (3.1 g, 13 mmol, 66%) was prepared using a reported procedure.26  

 

 

Dizao ester 6.20. To a solution of dimethylmalonate (0.92 g, 7.0 mmol) and TEA (1.1 mL, 

7.7 mmol) in acetonitrile (10 mL) cooled in an ice bath was added p-ABSA (1.7 g, 8.1 

mmol). After 24 h, the reaction mixture was concentrated under reduced pressure then 

triturated was ether/petroleum ether (1:1). After filtration and concentration under reduced 

pressure, purification by flash column chromatography yielded diazo ester 6.20 (0.97 g, 

5.8 mmol, 83%) as a yellow oil.  
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Amide 6.28. Following a reported procedure, amide 6.28 (1.2 g, 4.7 mmol, 94%) was 

isolated as a red solid.27 

  

Diazo amide 6.22. Following a reported procedure, diazo amide 6.22 (0.36 g, 1.3 mmol, 

85%) was isolated.27 

 

 

Diazo amide 6.23. Following a reported procedure, diazo compound 6.23 (0.15 g, 0.62 

mmol, 58%) was isolated.27 

 

Imine 6.24. A vial was charged with Rh2(OAc)4 (4.0 mg, 9.0 µmol) and purged with argon. 

A solution of azide 6.8 (75 mg, 0.36 mmol) in CH2Cl2 (0.2 mL) and a solution of diazo 

6.20 (77 mg, 0.49 mmol) in CH2Cl2 (0.3 mL) were added subsequently. After 24 h, the 

reaction mixture was concentrated under reduced pressure and purified by flash 

chromatography (gradient elution 0 – 50% EtOAc in hexanes) to afford the product 6.24 

(46 mg, 41%) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 6.92-6.86 (m, 2H), 6.77 (dd, J = 8.8, 4.9 Hz, 1H), 4.25 – 

4.10 (m, 2H), 3.89 (s, 3H), 3.38 (s, 3H), 2.35 (ddd, J = 13.9, 5.6, 3.3 Hz, 1H), 2.10 (ddd, J 
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= 13.6, 8.8, 4.2 Hz, 1H), 1.79 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 162.8 (d, JC-F = 

144.1 Hz), 157.4, 155.5, 151.2, 150.7, 124.6 (d, JC-F = 6.3 Hz), 118.0 (d, JC-F = 7.7 Hz), 

116.7 (d, JC-F = 23.2 Hz), 115.2 (d, JC-F = 23.3 Hz), 62.9, 59.8, 53.7, 52.3, 36.3, 30.1. 19F 

NMR (471 MHz, CDCl3) δ -123.8. IR (NaCl, thin film, cm-1) 2955, 1745, 1725, 1492, 

1429, 1261, 1069. HRMS (ESI): m/z calcd for C15H16FNO5Na+ [M + Na]+ 332.0905, 

observed 332.0917. HPLC: Reflect-C 3μ column, hexanes/IPA = 97:3 at 1.0 mL/min, λ = 

210 nm: tr = 8.6 min and tr = 9.1 min. 

  

Imine 6.26. A vial was charged with Rh2(OAc)4 (2.9 mg, 6.4 µmol) and purged with argon. 

A solution of azide 6.12 (52 mg, 0.22 mmol) in CH2Cl2 (0.4 mL) and a solution of diazo 

6.20 (72 mg, 0.45 mmol) in CH2Cl2 (0.6 mL) were added subsequently. After 24 h, the 

reaction mixture was concentrated under reduced pressure and purified by flash 

chromatography (gradient elution 20 – 50% EtOAc in hexanes) to afford the product 6.26 

(23 mg, 32%) as a yellow oil. 

1H NMR (400 MHz, CDCl3) δ 6.96 – 6.86 (m, 2H), 6.79 (dd, J = 9.8, 4.8 Hz, 1H), 4.26-

4.16 (m, 2H), 3.88 (s, 3H), 3.85 (d, J = 9.7 Hz, 1H), 3.82 (d, J = 9.7 Hz, 1H), 3.42 (s, 3H), 

3.33 (s, 3H), 2.40 (ddd, J = 14.0, 6.8, 4.4 Hz, 1H), 2.25 (ddd, J = 14.0, 6.6, 4.4 Hz, 1H) 13C 

NMR (100 MHz, CDCl3) δ  163.0, 162.2, 156.5 (d, JC-F = 238.5 Hz), 152.2, 152.0, 122.0, 

118.0 (d, JC-F = 7.8 Hz), 116.9 (d, JC-F = 23.2 Hz), 115.4 (d, JC-F = 23.7 Hz), 79.6, 63.0, 

62.9, 59.8, 53.6, 52.2, 31.6. 19F NMR (376 MHz, CDCl3) δ -123.4. IR (NaCl, thin film, 

cm-1) 2955, 1746, 1719, 1493, 1260, 1070. HRMS (ESI): m/z calcd for C16H18FNO6Na+ 
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[M + Na]+ 362.1010, observed 362.1017. HPLC: Reflect-C 3μ column, hexanes/IPA = 

97:3 at 1.0 mL/min, λ = 285 nm: tr = 9.7 min and tr = 10.3 min. 
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Appendix. HPLC and NMR Images  

 

Table 6.1 entry 1. Phenomenex Lux® 3µm Cellulose-1, hexane/IPA= 85:15 at 1.0 

mL/min, λ = 210 nm: tr = 9.5 min, tr = 10.6 min 

 

 

Table 6.1 entry 2 

 

 

  

Triazole 6.5 

Triazole 6.5 
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Table 6.1 entry 3 

 

 

 

Table 6.1 entry 5 

 

 

 

 

Azide 6.4  

Azide 6.4  

Triazole 6.5 

Triazole 6.5 
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Table 6.1 entry 7 

 

 

 

Table 6.1 entry 13 

  

 

 

  

Azide 6.4  

Azide 6.4  

Triazole 6.5 

Triazole 6.5 
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Amine 6.9. Reflect-C 3μ column, 0.1% TEA in hexanes/IPA = 75:25 at 1.0 mL/min, λ = 

286 nm: tr = 5.4 min. and tr = 5.9 min. 

 

Table 6.5 entry 5  

 

  

Amine 6.9 

Amine 6.9 
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Table 6.5 entry 6.  

 

 

Amine 6.13. Reflect-C 3μ column, 0.1% TEA in hexanes/IPA = 98:2 at 0.75 mL/min, λ = 

300 nm: tr = 15.3 min. and tr = 16.1 min. 

 

 

Amine 6.9 

Amine 6.13 
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Table 6.6 entry 3 

 

  

 

Table 6.6 entry 4 

 

  

Amine 6.13 

Amine 6.13 
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Imine 6.24.  Reflect-C 3μ column, hexanes/IPA = 97:3 at 1.0 mL/min, λ = 210 nm: tr = 8.6 

min and tr = 9.1 min. 

 

 

 

Table 6.9 entry 4 

 

 

  

Imine 6.24 

Imine 6.24 
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Imine 6.26. Reflect-C 3μ column, hexanes/IPA = 97:3 at 1.0 mL/min, λ = 285 nm: tr = 

9.7 min and tr = 10.3 min. 

 

 

 

Table 6.10 entry 3 

 

  

 

 

Imine 6.26 

Imine 6.26 
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Table 6.10 entry 4 

 

 

Imine 6.26 
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Compound 6.7. 400 MHz 1H NMR spectrum in CD3CN  
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Compound 6.7. 100 MHz 13C{1H}  NMR spectrum in CD3CN  



148 

 

 

Compound 6.7. 376 MHz 19F{1H} NMR spectrum in CD3CN  
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Compound 6.8. 500 MHz 1H NMR spectrum in CDCl3  
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Compound 6.8. 125 MHz 13C{1H}  NMR spectrum in CDCl3  
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Compound 6.8. 471 MHz 19F{1H} NMR spectrum in CDCl3  
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Compound 6.9. 400 MHz 1H NMR spectrum in CDCl3  
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Compound 6.9. 100 MHz 13C{1H} NMR spectrum in CDCl3  
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Compound 6.9. 376 MHz 19F{1H} NMR spectrum in CDCl3  
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Compound 6.10. 500 MHz 1H NMR spectrum in CDCl3  
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Compound 6.10. 125 MHz 13C{1H} NMR spectrum in CDCl3  
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Compound 6.10. 471 MHz 19F{1H} NMR spectrum in CDCl3  
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Compound 6.11. 400 MHz 1H NMR spectrum in CDCl3  



159 

 

 

Compound 6.11. 100 MHz 13C{1H} NMR spectrum in CDCl3  
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Compound 6.11. 376 MHz 19F{1H} NMR spectrum in CDCl3  



161 

 

 

Compound 6.12. 400 MHz 1H NMR spectrum in CDCl3  
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Compound 6.12. 100 MHz 13C{1H} NMR spectrum in CDCl3  
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Compound 6.12. 376 MHz 19F{1H} NMR spectrum in CDCl3  
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Compound 6.13. 400 MHz 1H NMR spectrum in CDCl3  
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Compound 6.13. 100 MHz 13C{1H} NMR spectrum in CDCl3  



166 

 

 

Compound 6.13. 376 MHz 19F{1H} NMR spectrum in CDCl3  
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Compound 6.20. 400 MHz 1H NMR spectrum in CDCl3  
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Compound 6.21. 400 MHz 1H NMR spectrum in CDCl3  
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Compound 6.22. 400 MHz 1H NMR spectrum in CDCl3  
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Compound 6.24. 400 MHz 1H NMR spectrum in CDCl3  



171 

 

 

Compound 6.24 125 MHz 13C{1H} NMR spectrum in CDCl3  
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Compound 6.24 471 MHz 19F{1H} NMR spectrum in CDCl3



173 

 

 

Compound 6.25. 400 MHz 1H NMR spectrum in CDCl3  
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Compound 6.26. 400 MHz 1H NMR spectrum in CDCl3  
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Compound 6.26 100 MHz 13C{1H} NMR spectrum in CDCl3  
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Compound 6.26 376 MHz 19F{1H} NMR spectrum in CDCl3 


