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Abstract 

 

A fundamental goal in organic chemistry is the development of new and 

innovative ways of transforming simple building blocks into complex structures.  

The formation of ylides from the reaction of metallocarbenes with heteroatoms, 

such as the nitrogen of an amine or azide, is an example of a versatile 

methodology that is capable of undergoing divergent transformations into a wide 

variety of nitrogen-containing heterocycles. 

Azetidines are a class of small, strained amines, which display properties 

of their smaller and larger ring counterparts, aziridines or pyrrolidines, depending 

on the nature of their substitution pattern and their chemical environment.  

Chapter 1 will highlight the recent advances in the synthesis and application of 

these molecules in the recent literature.     

In chapter 2, we demonstrate the ability of azetidines to undergo ring 

expansion to pyrrolidines via the Stevens rearrangement of ammonium ylides.    

In this methodology, azetidines behave in a manner distinct from equivalent 

systems lacking ring strain.  This investigation allowed for the construction of a 

range of differently functionalized pyrrolidines in a one step procedure from 

readily available azetidines and diazocarbonyl compounds. 

An extension of this successful azetidine ring expansion chemistry, to 

provide access to more complex heterocyclic ring systems, is described in chapter 

3.  The goal of this project was to determine the functionality required on the 

azetidine ring to direct the Stevens rearrangement in an intramolecular fashion.  



The use of carbonyl and silyl groups as a means of directing the transformation 

was investigated.  These groups were chosen for their ability to be easily removed 

or transformed after the ring expansion process in order to access a broader range 

of compounds during later applications. 

In chapter 4, we describe a new methodology for the formation of C-

acylimines through the reaction of organic azides with in situ generated 

metallocarbenes.  Using aryl-tethered diazo-azide substrates allowed for the 

production of highly reactive C-acylimines, which in the presence of carbon 

nucleophiles could be subsequently trapped to form highly conjugated indolone 

derivatives.  In contrast, when an alkyl tether was used, we observed the 

formation of an isolable C-acylimine, which displayed intriguing umpolung 

chemistry when treated with organozinc reagents. 
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Chapter 1  
 

Synthesis and Applications of Azetidines:  
An Increasingly Important Class of Small Nitrogen 

Heterocycles 

 

1.1. Introduction 
 

Azetidine (2) is the parent molecule of a class of small-ring, nitrogen-

containing heterocycles, which have been gaining attention for their versatility in 

many areas of chemistry.1 The increased exploration into the chemistry of these 

molecules stems from the interesting behaviour they exhibit in synthetic and 

biochemical settings as well as the development of new methods to synthesize 

them.  It has been founds that these compounds can display properties of their 

smaller or larger-ring counterparts, aziridines (1) or pyrrolidines (3), depending 

on the nature of their substitution pattern and their chemical environment. 
 

Figure 1.1: Small nitrogen heterocycles. 

 

The physical properties of many different azetidines have been reported in the 

literature.  In general, azetidines adopt a relatively rigid, puckered conformation 

bent 10-20 degrees out of planarity depending on their substitution pattern.2 The 

electron diffraction data of azetidine has been used to calculate the bond lengths 

and bond angles present in the molecule, which are shown in Table 1.1.  The lone 

pair on nitrogen is favoured to be in the pseudo-axial position; however, with an 

inversion barrier of ca. 10 kcal/mol, inversion at room temperature does occur.3  

NH NH NH

1 2 3

1



 

The ring strain energy associated with the azetidine ring has been 

experimentally determined to be 25.2 kcal/mol.4 This number is very close to that 

observed for aziridine at 26.7 kcal/mol. In contrast, the ring strain energies for 

pyrrolidine and piperidine are 5.8 and 0 kcal/mol respectively.  Interestingly, 

although strained, azetidines are more similar to pyrrolidines then aziridines when 

it comes to several of their physical properties.  For example, the pKa of the 

conjugate acid of azetidine (11.29)2 is much closer to that of pyrrolidine (11.31)2 

than to aziridine (7.98).5 In terms of basicity, this means that azetidine can behave 

like a typical secondary amine in most reactions.  

 

 
 Bond Length (Å) 

N-C 1.48 

C-C 1.55 

C-H 1.11 

N-H 1.02 

 Bond Angle (degrees) 

CNC 92 

CCC 87 

CCN 86 

HCH 110 
Table 1.1: Geometric parameters of azetidine.2 

 

A comparison of the 1H NMR chemical shift data of these three 

heterocycles also shows a much closer resemblance of azetidine (2) to pyrrolidine 

(3) rather than aziridine (1), as the bond angles are not deformed enough to induce 

an upfield chemical shift as seen in aziridine (Figure 1.2).6 On examination of the 

coupling constants (J), however, the addition of substituents on either carbon or 

H

HH

H

H
H

H

N

2



 

nitrogen can significantly affect the observed J-values between geminal protons, 

as commonly observed with aziridines, whereas this effect is not as prominent in 

pyrrolidines.  

Some examples of the effect changing the substituent on nitrogen (4, 5 and 

6) as well as the addition of a substituent on C-4 (7 and 8) can have on the 

observed J2,2’-values are shown in Figure 1.3.7, 1a This is most likely due to 

changes in the puckering angle of the ring, which affects the hybridization on the 

carbon atoms, and can be explained by application of the geminal Karplus curve.6 

These data are especially notable because they give insight into the 

conformational changes that can occur in these molecules when different 

substituents are present.  This will be an important factor later on in this review 

when there are significant changes in the reactivity of one azetidine vs. another 

based on differences in their substitution pattern around the ring. 

 

 
Figure 1.2: 1H NMR chemical shifts of aziridine, azetidine and pyrrolidine. 

 

 
 

 

 

Figure 1.3: Effect of substituents on the observed geminal coupling of azetidines. 

 

1.2. Azetidine-Containing Natural Products 

 

Although azetidine itself has not been found in nature there are several 

analogues that have been isolated.  L-Azetidine-2-carboxylic acid (9), the first 

azetidine natural product to be discovered, was isolated form Convallaria majalis 

(lily of the valley) in 1955.8 Research into the role of this molecule suggests it is a 

NH NH NH

H HH H

H! = 1.62 ppm
! = 3.54 ppm
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! = 2.23 ppm ! = 1.59 ppm
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Ph

N
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proline receptor antagonist affecting the structure of proteins in the natural 

predators of the plant.9 It has subsequently been found in several other plants and 

is the parent molecule for a number of other natural products found in both plants 

and animals (Figure 1.4).1b  

Mugineic acid (10), 2’-deoxymugineic acid (11) and nicotianamine (12) 

are structurally related phytosidophores which are produced in plants to aid in the 

uptake of iron for chlorophyll biosynthesis.  Due to this interesting biological 

activity, there have been a number of synthetic efforts towards their production.10 

Penaresidin A and B (13 and 14) have also been the targets of several syntheses as 

they have been found to exhibit biological activity in the activation of ATPase in 

actomycin.11 Several members of the polyoxin family of compounds (15) have 

proven valuable as fungicides in an agricultural setting.12 The most recently 

reported natural product containing the azetidine moiety, calydaphninone (16), 

was isolated from the leaves and twigs of Daphniphyllum calycillum in 2007.13 

This molecule, containing a 4-azatricyclo[5.2.2.0]undecane core, represents one 

of the most complex azetidine-containing natural products seen to date. 

 

 

 
Figure 1.4: Azetidine-containing natural products. 
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The natural products in Figure 1.4 all possess at least one stereogenic 

center on the azetidine ring.  The presence of up to three contiguous stereogenic 

centers, seen in 13 and 14, as well as an α-quaternary center, seen in 16, indicates 

the challenges that can arise when attempting to prepare complex azetidine-

containing targets as single compounds.  The need to synthesize the azetidine core 

with complete control over the stereochemistry is important, as it is well known 

that the biological activity of a molecule is often directly related to the relative 

and absolute configuration of its substituents. 

        

1.3.  Synthesis of Azetidines 
 

Increased activity in the area of azetidine synthesis over the last few 

decades has been driven by growth in their application in both synthetic and 

medicinal chemistry.  The azetidine ring system, however, is one of the most 

challenging ring systems to form of the common azaheterocycles.1c The difficulty 

in its formation lies in the increased ring strain of the target molecule once it is 

formed.  This increase in strain energy makes the ring closure process 

energetically unfavourable.  Although there are multiple reported methods for the 

synthesis of azetidines in the literature, only a few are generally applicable to 

form a large array of products and have the ability to place substituents at 

different positions around the ring.1a-c This section will focus on summarizing the 

most versatile methods for azetidine synthesis with a highlight of some promising 

new methodology.  

 

1.3.1. Ring Closure by C-N Bond Formation 
 

The displacement of a leaving group by nitrogen is the oldest and most 

commonly used route for the formation of the azetidine ring system.  This 

method, which allows for the incorporation of multiple substituents on various 

positions around the ring, has taken on several variations over the past few 

5



 

decades.  Scheme 1.1 shows some general methods for azetidine formation that 

are present in the literature. These methods include, but are not limited to: 

addition of amines (18) to 1,3-dielectrophiles (19), ring closure of γ-haloamines or 

activated γ-aminoalcohols (20), reductive cyclization of γ-haloimines (21) or α-

amino aldehydes/ketones (22), activation of allylamines (23) and ring-opening of 

epoxides or aziridines (24). 

 

 
Scheme 1.1: Retrosynthetic pathways to azetidines. 

 

  The double SN2 cyclization of 1,3-electrophiles with primary amines is 

well established in the literature.  A classic example is the synthesis of azetidine-

2-carboxylic esters 26 from the reaction of primary amines with 2,4-

dibromobutyrates 25 (Scheme 1.2).14 This approach generally allows for a 

number of different alkyl or aryl substituents on both R1 and R2 to accommodate 

for subsequent functionalization.  A wide variety of other leaving groups have 

also been utilized, including chlorides, iodides, triflates, mesylates, tosylates and 

sulfonic esters depending on the nature of the reaction media.  Unfortunately, a 

drawback of this methodology is the tendency for polymerization and/or 

elimination side reactions to occur during prolonged heating, which contributes to 

low yields.  
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Scheme 1.2: Synthesis of azetidines via double SN2 displacement of halides. 

 

  The advancement of microwave technology has been fortuitous for the 

preparation of azetidines by this type of displacement.  Burkett and coworkers 

have reported the synthesis of a variety of different N-substituted azetidines in 

good yields by reaction of primary amines with the cyclic sulfate of propanediol 

(27) (Scheme 1.3).15 Initial formation of 3-(ammonio)propyl sulfates (28) 

followed by 15 minutes of microwave irradiation in basic aqueous media gave 

rise to analytically pure azetidines (29) in good yields.  

 

 
Scheme 1.3: Expedient synthesis of azetidines using microwave heating. 

 

The ability to access enantiopure 1,3-aminoalcohols has been key to the 

successful construction of enantiopure azetidines.  In 2005, the Enders group 

reported the synthesis of N-tosyl-2,3-disubstituted azetidines (34) with excellent 

diastereo- and enantioselectivities from the cyclization of 1,3-aminoalcohols 

derived from SAMP/RAMP-hydrazone methodology (Scheme 1.4).16 Most 

notably, the authors were subsequently able to transform the 2-phenyl substituent 

on 34 to the acid (35) by oxidation with ruthenium tetroxide followed by 

deprotection of the amine.  The small amounts of acyclic products (36) obtained 

were most likely the result of ring opening followed by oxidation at the benzylic 

position.     
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Scheme 1.4: Cyclization of chiral 1,3-aminoalcohols for azetidine-2-carboxylic acid synthesis. 

 

On a similar note, Das and coworkers have recently reported the synthesis 

of N-tosyl-2,4-disubstituted azetidines (41) from N-tosylaldimines (37) and 

acetophenone (38, Scheme 1.5).17 The authors treated a mixture of 37 and 38 with 

BF3•OEt2 in dichloromethane to generate β-amino ketone 39, which was 

subsequently reduced to a mixture of syn and anti 1,3-aminoalcohols (40) in the 

presence of sodium borohydride.  After separation, the anti-isomer of 40 was 

refluxed with potassium hydroxide and tosyl chloride to give the cis-azetidine 

product 41 in 57-64 % yield over three steps with only one purification step. 

 

 

 
Scheme 1.5: Synthesis of 2,4-trans-disubstituted azetidines from aldimines and acetophenone. 

 

The Yadav group has reported a clever way to access activated 1,3-

aminoalcohols derivatives in situ for the synthesis of azetidine-3-carbonitriles 44 
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Baylis-Hillman adducts (43, Scheme 1.6).18 This one pot protocol involves 

treatment of diethyl N-arylphosphoramidates (42) with sodium hydride followed 

by addition of Baylis-Hillman adduct 43 to form aza-Michael intermediate I.  

Intramolecular attack of the alkoxide ion on phosphorus generates intermediate II, 

which opens to III before displacement of the phosphate ester with the amide 

nitrogen.  The resulting azetidine (44/45) is isolated in 94-96 % yield exclusively 

as the trans stereoisomer.  

The conversion of α-amino aldehydes 46 to aminoiodohydrins 47 with 

Sm/CH2I2 followed by treatment with silver tetrafluoroborate has resulted in the 

formation of stable enantiopure 3-hydroxy-azetidinium salts 48 in good yields 

which could be almost quantitatively monodebenzylated to the azetidine (49) by 

hydrogenolysis (Scheme 1.7).19 

 

 

 
Scheme 1.6: Azetidines from Baylis-Hillman adducts. 

 

 

 
Scheme 1.7: SmI2-mediated cyclization of α-aminoaldehydes. 
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The activation of allylic and homoallylic amines for the regioselective 

synthesis of azetidines has been accomplished with several alkene-activating 

agents.  The most commonly employed reagents are electrophilic halogen sources, 

which give rise to halonium ion intermediates that are displaced by the pendent 

amine to form the desired azetidine.  In an example of this approach by the 

Rousseau group (Scheme 1.8), activation of allylic amines (50) with an 

electrophilic bromine source, results in the construction of azetidines (51) in 

moderate to good yields by a 4-endo cyclization.20 

  

 
Scheme 1.8: Activation of allylamines for the synthesis of azetidines. 

 

The Outurquin group has described the activation of homoallylic amines 

(52) with phenylselenyl halides resulting in the generation of both azetidines (53) 

and pyrrolidines (54).21 The ratio of the observed products was initially found to 

be dependent on the number of equivalents of the activating agent used as well as 

the substitution alpha to the nitrogen (Scheme 1.9). 

 

 
Scheme 1.9: Azetidine and pyrrolidine formation via selenium activation of homoallylic 

amines. 

 

More recently, however, the group has been able to fine-tune this 

methodology to allow for preferential azetidine formation without being 

constrained by substitution at the α-position. The authors can instead change the 
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the azetidine (56) or the pyrrolidine (57) without having to rely exclusively on the 

Thorpe-Ingold effect to induce cyclization to the desired product (Table 1.2).  

In 2011, Szymoniaz and coworkers published an interesting synthesis of 

N-Boc-protected azetidines through a diastereoselective hydrozirconation of chiral 

allylic amines.22 Treatment of enantiomerically pure allyl amines 58 with 

Schwartz’ reagent allowed for syn-hydrozirconation of the double bond (V), 

which was then converted to iodide 59.  The addition of NaHMDS promoted 

cyclization to the cis-2,3-disubstituted azetidine 60 in moderate to good yields 

(Scheme 1.10).  This reaction, which is tolerant of a wide variety of substituent 

types (alkyl, aryl, CH2OR) and possesses an easily removable nitrogen protecting 

group, allows for simple access to synthetically useful, diastereomerically 

enriched azetidines in a short reaction sequence. 

 

 
Entry R1 R2 R3 R4 Yield 56 (%) Yield 57 (%) 

1 H H H Ph - 55 

2 Et H H Ph - 73 

3 iPr H H Ph - 80 

4 Ph H H Ph - 72 

5 Me Me H Ph - 88 

6 H H Me H 35 - 

7 Me H Me H 45 - 

8 Et H Me H 58 - 

9 tBu H Me H 68 - 

10 Ph H Me H 67 - 

11 Me Me Me H 72 - 
 

Table 1.2: Substituent effects on the formation of either azetidines or pyrrolidines. 
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Scheme 1.10: N-Boc protected azetidines from hydrozirconation of allylamines. 

 

1.3.2. Ring Closure by C-C Bond Formation 
 

There are significantly fewer examples of azetidine synthesis by a carbon-

carbon bond formation in the literature compared to the carbon-nitrogen bond 

forming approaches discussed above.  One advantage of this disconnection is the 

ability to place groups on nitrogen that are not typically amenable to nucleophilic 

displacement reactions.  An example of this was reported by Luche and coworkers 

in 1994 (Scheme 1.11).23 Starting from glyoxylic acid (61), a one-pot reductive 

amination/protection sequence gave N-(ω-chloroethyl)-Boc-glycine (62).   

Cyclization of 62 in the presence of LDA led to N-Boc-protected azetidine-2-

carboxylic acid 63.   

 

 
Scheme 1.11: Base-promoted synthesis of N-Boc-2-azetidine carboxylic acid. 
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the t-butyl esters provided a mixture of the cis and trans isomers 68a and 68b in 

overall yields of 35 % and 6 % respectively.    

 

 

 
Scheme 1.12: Synthesis of 2,3-disubstituted azetidines through carbon-carbon bond 

formation. 

 

More recently, a non-racemic approach to azetidines with varied 

substitution was reported starting from commercially available enantiopure 1,3-

amino alcohols.25 The synthesis of 2,4-disubstituted azetidine 73 was achieved 

starting from (S)-phenylalanol (69, Scheme 1.13).  This procedure involved 

reductive amination of 69 to give N-benzyl (S)-phenylalinol 70 followed by 

generation of oxazolidine 71 in the presence of formaldehyde.  Subsequent ring 

opening with potassium cyanide in the presence of citric acid followed by 

chlorination gave 72, which cyclized to a mixture of diastereomeric azetidines 

73a and 73b when treated with LiHMDS.  

 

 

 
Scheme 1.13: Synthesis of azetidines from (S)-phenylalinol. 
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Disubstituted amino alcohols (1R,2S)-ephedrine (74) and (1S,2S)-

pseudoephedrine (75) can also be utilized in this methodology to generate 2,3,4-

trisubstituted azetidines (Scheme 1.14).  Both compounds 74 and 75 were 

alkylated with bromoacetonitrile in the presence of base to give amines 76 and 77.  

The hydroxyl groups were then converted to the chlorides before treatment with 

LiHMDS, which led to diastereomeric mixtures of tri-substituted azetidines 80 

and 81.  The diastereomeric ratios obtained for the tri-substituted products are 

superior to that of disubstituted azetidine 73 (Scheme 1.13).  The authors were 

also pleased to report that there is no loss of enantiopurity during this process. 

 

 

 
Scheme 1.14: Synthesis of azetidines (1R,2S)-ephedrine and (1S,2S)-pseudoephedrine. 
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Scheme 1.15: Derivatives accessible from 2-cyano-azetidines. 

 

A practical extension reported by this group has been the synthesis of 

azetidines by intramolecular Michael addition (Scheme 1.16).  Conversion of the 

hydroxyl group of 89 to α,β-unsaturated ester 90 by a one-pot oxidation/Wittig 

protocol, followed by treatment with LiHMDS yielded a 1:1 mixture of azetidines 

91a and 91b, epimeric at C-2.  This method expands the potential of this reaction 

to include products with different handles on the 3-position.  

 

 
Scheme 1.16: The application of Michael addition towards azetidine synthesis. 
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deprotonation of an acyclic substrate with strong base followed by ring formation.  

An attractive contrast to this method is the use of a photochemical Norrish-Yang 

type cyclization process reported by the Wessig group (Scheme 1.17).27 Starting 
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upon irradiation formed biradical intermediate VI.  Recombination of the 

biradical furnished azetidine 94. 

    

 
Scheme 1.17: Azetidines from radical cyclization α-methylamino ketones. 

 

1.3.3. Reduction of β-Lactams and Cycloaddition Reactions 

 

The construction of azetidines by cycloaddition reactions has mainly 

focused on the formation of β-lactams followed by subsequent reduction of the 

carbonyl.  There are a variety of stereoselective methods available to generate the 

β-lactam framework.  The reaction of a ketene (95) with an imine (96), known as 

the Staudinger reaction, is one of the most commonly used methods for the 

formation of β-lactams (97) (Scheme 1.18).28, 1b  

 

 
Scheme 1.18: The Staudinger reaction for β-lactam synthesis. 
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stabilize a positive charge, isomerization of intermediate VII to IX followed by 

ring closure results in RL and R1 being trans to one another in the final product 

(97b). This method can tolerate a wide range of functional groups and provides 

good diastereoselectivity when the substrates are appropriately substituted. 

 

 
 Scheme 1.19: Mechanism of the Staudinger reaction. 

 

A related process for the generation of β-lactams is the [2+2]-

cycloaddition of isocyanates with olefins (Scheme 1.20).  

Chlorosulfonylisocyanate (98) is a readily available reagent often used because of 

its high reactivity and the easy removal the chlorosulfonyl group on nitrogen.29 

Although related to the Staudinger reaction, the mechanism of this cycloaddition 

process is concerted.  The geometry of the olefin (99) controls the relative 
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occurs during the removal of the chlorosulfonyl protecting group to give the free 

β-lactams (101). 
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Scheme 1.20: β-lactams from the [2+2]-cycloaddition of chlorosulfonylisocyanate and olefins. 

 

Reduction of β-lactams, such as those formed using the above-mentioned 

routes, can be effected with a number of different reagents.  That said, the use of 

DIBAL-H and chloroalanes has emerged as the most efficient method as it does 

not lead to reductive ring opening, a problem often observed with the use of 

diborane, LiAlH4 and Raney nickel.1b  

Although the reduction of β-lactams can be a fine approach to azetidines 

there can be problems associated with the reduction of other functional groups 

present in the molecule.  For that reason several groups have looked into using a 

cycloaddition methodology to access azetidines directly.  In 1995, Uyehara and 

coworkers reported a Lewis-acid promoted reaction of N-substituted aldimines 

(102) with allyltriisopropylsilane (103, Scheme 1.21).30 The reaction is postulated 

to go through an intermediate β-silyl cation (X), which is stable at – 78 ºC but 

upon warming to room temperature cyclizes to a mixture of cis and trans 

azetidines (104a and 104b).   

  

 
Scheme 1.21: Synthesis of azetidines by cyclization of aldimines with allyl silanes. 
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was used as the catalyst (Scheme 1.22).31 A very recent expansion of this novel 

transformation allows for the formation of enantiomerically enriched products 

(85-98 % ee) when DABCO is replaced with cinchona alkaloid-derived base 108 

(Scheme 1.23).32 

 

 
Scheme 1.22: Azetidine formation under Baylis-Hillman conditions. 

 

 
Scheme 1.23: Asymmetric synthesis of azetidines using a cinchona alkaloid catalyst. 

 

A plausible mechanism for this “abnormal” aza-Baylis-Hillman reaction is 

shown in Scheme 1.24.  The authors suggest that the use of DABCO allows for 

preferential attack on the imine by the γ-position of the Baylis-Hillman adduct XI, 

leading to amide XII, which closes to the four-membered heterocycle. 

A recent report from the Fan group allows for the stereoselective 

construction of azetidines using a conceptually distinct iodine-mediated oxidative 

cyclization (Scheme 1.25).33 Addition of 2-aminomalonate 108 into chalcones 

109 provided Michael adduct 110, which upon treatment with iodosobenzene in 

the presence of tetrabutylammonium iodide gave azetidine 111 as a single 

diastereomer. 
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Scheme 1.24: Mechanism of the "abnormal" Baylis-Hillman reaction. 

 

 
 Scheme 1.25: Azetidine formation using an iodine-mediated oxidative cyclization. 

 

The mechanistic hypothesis proposed by the group was based on the 
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are two viable pathways to generate the final products from Michael adduct 110 
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Scheme 1.26: Possible mechanisms for oxidative cyclization. 

 

The ability to synthesize the azetidine framework in good yield from the 

readily available, versatile building blocks has opened the door for the use of 

these compounds in other synthetic applications.  One possible limitation in many 

of these approaches is the use of phenyl or aryl groups to direct the 

stereochemical outcome and increase the stability of the reactants/products.  

Fortunately, reports in the literature for the conversion of phenyl groups to 

carboxylic acids on these types of strained ring systems (see Scheme 1.4) makes 

this approach more amenable for other applications. 
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1.4.1.  Ring-Opening to Acyclic Amines 

 

Azetidines can behave similarly to either aziridines or pyrrolidines under 

different reaction conditions.  One way that azetidines behave similarly to 

aziridines is in their capacity to undergo nucleophilic ring opening to give acyclic 

products.  Activating the nitrogen of an azetidine with Lewis or Brønsted acid 

followed by addition of an external nucleophile has been found to effect ring 

opening of azetidines.  Mann and coworkers have utilized BF3⋅OEt2 to activate the 

nitrogen of N-nosyl or N-tosyl-2-phenylazetidines (113, Scheme 1.27).34 After 

activation, the addition of allylsilanes (114) provided access to amino-olefins 115.  

This ring opening was regioselective, occurring at the benzylic position, and is 

most likely due to polarization of the benzylic C-N bond upon complexation of 

the Lewis acid with nitrogen.  

 

 
Scheme 1.27: Lewis-acid catalyzed opening of azetidines with allylsilanes. 

 

Aryl-borates have also successfully been employed for the ring opening of 
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withdrawing and could be a limitation for Lewis acid-promoted ring openings if 
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suggests that the strength of Lewis acid complexation with nitrogen and the 

carbocation stabilizing ability of the group on the 2-position are crucial 

components that need to be fine-tuned for a successful stereospecific ring 

opening.   

 
Scheme 1.28: Ring opening of azetidines with aryl borates. 

 

A unique synthesis of enantiomerically pure α,β-unsaturated acyl silanes 

was accomplished through the Brønsted acid catalyzed ring opening of properly 

functionalized azetidines (Scheme 1.29).36 Starting from 1-methoxyallenylsilane 

118 and α-imino ester 119 the authors were able to synthesize azetidine-2-

carboxylate 120 in 90 % yield and 97 % ee in the presence of catalytic 

[Cu(MeCN)4]BF4 and (R)-Tol-BINAP.  Treatment with acid then afforded the 

desired acyl silane 121 with no erosion of enantiopurity. 

  

 
Scheme 1.29: Formation of acylsilanes via acid-mediated ring opening of azetidines. 
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Scheme 1.30: Ring opening of azetidines with methylchloroformate. 

 

In general, the ring opening was found to be highly regioselective, with 

the chloride anion attacking the more electrophilic position, and stereospecific, 

occurring via a SN2 displacement. No erosion of enantiopurity or change in 

diastereomeric ratio was detected.  This ring opening, unlike those associated with 

Lewis acid activation as mentioned above, allowed for exocyclic alkyl groups to 

be present on nitrogen and resulted in an easily removable protecting group 

thereafter.  

An interesting observation was made when the authors examined the 

influence of relative stereochemistry of the starting materials on the products 

(Scheme 1.31).  A comparison of 122a-d showed that the all syn azetidine 122c 

and the anti-syn azetidine 122d produced 124c and 124d as well as products 125a 

and 125b from chloride attack at the less electrophilic center.  

 

 
Scheme 1.31: Effect of relative stereochemistry on product formation. 
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Another aspect of azetidine ring activation that has recently been explored 

by the Couty group deals with ring-opening reactions of azetidinium salts.39, 1d 

Starting with enantiopure azetidines (126), alkylation with methyl triflate gave the 

azetidinium salts (127), which could then be opened with a wide range of 

nucleophiles to give acyclic products 128-131 (Scheme 1.32).  Successful 

nucleophiles include hydride, azide, amines, acetates, alkoxides, cyanates and 

malonate salts.  In most cases the yields were good to excellent with no 

observable competition by eliminative pathways. When enantiopure azetidines 

were used as substrates the reaction occurred in a stereospecific manner.  

 

 
 Scheme 1.32: Ring opening of azetidinium species with various nucleophiles. 

 

It should be noted that a complementary example recently reported by 

Wang and coworkers using α-amido azetidine 132 allows access to γ-amino 

amides (133) with quaternary centers alpha to the carbonyl (Scheme 1.33).40  

 

 
Scheme 1.33: Ring opening of azetidines to obtain amides with α-quaternary centers. 
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The high regioselectivity observed in these reactions strongly depends on 

the substitution pattern of the starting azetidine.  In general, SN2 attack at an 

unsubstituted α-carbon will occur preferentially over that of a substituted one.  If 

both α-carbons possess substituents, however, nucleophilic attack occurs 

preferentially at the most electrophilic carbon center, which in the case of 

compound 127b is C-2 (Scheme 1.34). 

 

 
Scheme 1.34: Rationale for observed regioselectivity of ring opening. 

 

As with the observations this group made regarding the ring opening of 

azetidines with chloroformates (vide supra), the authors again found that the 

starting geometry of the azetidine plays a major role in the outcome of the 

reaction.  This is exemplified by the result of nucleophilic addition of sodium 

azide to 2,3-trans azetidine salt 127c and 2,3-cis azetidine salt 127d (Scheme 

1.35).   

 

 

 

 

 
Scheme 1.35: Effect of relative stereochemistry on reaction yields. 
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arranges all of the substituents in a pseudo-equatorial orientation.  Unfortunately, 

due to blocking by the phenyl group, this preferred conformation (A) does not 

allow access to the electrophilic center for ring opening.  Ring opening can only 

occur with conformer B, which suffers from several severe 1,3-diaxial 

interactions, thus rationalizing the poor yield of this transformation.   With 2,3-cis 

azetidine salt 127d, however, the conformer that allows for unhindered attack by 

the azide (conformer D) suffers less repulsive 1,3-diaxial interactions as the cyano 

group is in the equatorial position.  Although this conformer is still less stable 

than C, the equilibrium will not be subject to the same level of bias as in the case 

of conformer A for compound 127c.  
 

 

 
Scheme 1.36: Conformational preferences for nucleophilic attack by azide. 
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agents was the same as that observed with C, N and O-nucleophiles (see Scheme 

1.32).  

Exploration into the ring opening of azetidinium salt 127e with carbon 

nucleophiles was successful with both potassium cyanide and the sodium salt of 

diethyl malonate (134), generating amines 128e and 128f respectively (Scheme 

1.37).39c Unfortunately, attempts at ring opening with several other carbon 

nucleophiles such as the enolates derived from ethyl acetoacetate (135), 

acetophenone (136) or tert-butyl acetate (137) resulted in the formation of 

azetidinium ylide 138 by deprotonation at the C-2 position.   

 

 
Scheme 1.37: Ring opening of azetidines with carbon nucleophiles. 

 

Although the authors were initially disappointed by these results they did 

note that the formation of epoxide 139 from the reaction of azetidine 127e with 

the enolate of acetophenone (135, Scheme 1.38).  In open-chained or larger 

heterocycles the formation of an epoxide by displacement of an ammonium 

leaving group is not very successful due to the high energetic barrier for ring 

closure.  With the use of a strained azetidinium ylide, however, the energy gain 

associated with breaking the four-membered ring compensates for that energy 

barrier and increases the feasibility of such an approach. 

    

 
Scheme 1.38: Unexpected epoxide formation. 
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This observation led to the exploration of epoxide formation/ring opening 

with aldehydes and ketones.41 The proposed mechanism of the reaction is shown 

in Scheme 1.39.  The reaction proceeds with the production of a single 

diastereomer and, when tested with enantiomerically pure starting materials 

produced enantiomerically pure products.   

 
Scheme 1.39: Mechanism of epoxide formation. 

 

In order to confirm the importance ring strain to the success of this 
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Scheme 1.40: Test reaction with pyrrolidine substrate. 
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Scheme 1.41: Cyclopropanation of enones with azetidinium salts. 

 

 

 
Scheme 1.42: Proposed mechanism of cyclopropanation. 

 

Interestingly, when the authors again tested for the importance of ring 

strain in the success of the reaction by subjecting pyrrolidine analogue 140 to the 

same reaction conditions, they were able to isolate small amounts of the 

homologous cyclopropanated product 145 (Scheme 1.43).  This was in contrast to 

the result shown in Scheme 1.40, when the same pyrrolidine ylide was exposed to 

an aldehyde electrophile, where the only reactivity observed was epimerization at 

the α-position of the pyrrolidinium salt.  This suggests that there are other factors, 

such as the lesser ability of the cyclopropane product 145 to revert back to starting 

materials, involved in the outcome of the reaction.       

 

 
Scheme 1.43: Cyclopropanation with pyrrolidinium salts. 
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1.4.2. Ring Expansion to Pyrrolidines and Other 5-Membered 

Heterocycles 
 

Although the ring expansion of azetidines to pyrrolidines was first 

observed several decades ago, the application of this process for synthetic 

purposes was not significantly developed until recently.  Several research groups, 

including the West group, have explored the potential of the one-carbon ring 

expansion of azetidines to pyrrolidines in the last decade.   

In 1970, Masuda and coworkers reported the ring expansion of N-tert-

butyl-2-methanesulfonyloxymethylazetidine 146 to pyrrolidine 148 when it was 

left at room temperature for a few hours.43 A similar result was obtained when 

they treated 146 with triphenylphosphine dibromide. The authors proposed that 

the reaction could proceed via either the quaternary ammonium salt XIX or the 

phosphonium salt XVIII (Scheme 1.44). 

 

 
Scheme 1.44: Ring expansion of N-tert-butyl-2-methanesulfonyloxymethylazetidine with 

Ph3PBr2. 
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diethylaluminum chloride (Scheme 1.45).44 In these examples the nature of the 

aldehyde protecting group had a large effect on the outcome of the reaction.    

A few years later, a report concerning the formation of 1,2-dialkyl-4-

halopyrrolidines (156) was published.45 The authors generated 2-

halomethylazetidines 154/155 from selenylated azetidine precursors (153) and 

upon subsequent heating these substrates underwent ring expansion to give 156 

(Scheme 1.46). 

 

 
Scheme 1.45: Ring expansion of azetidines with chloroalanes. 

 

 

 
Scheme 1.46: Ring expansion of selenylated azetidines. 
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authors synthesized a variety of differently substituted, enantiopure azetidines 

with primary, secondary or tertiary α-hydroxyalcohols present on the 2-position.     

Conversion of primary α-hydroxymethyl azetidines 157 and 160 to α-

chloromethyl azetidines 158 and 161 using thionyl chloride proceeded in 

excellent yields.  Subsequent ring expansion to 3-chloropyrrolidines 159 and 162 

could be initiated upon heating to 120 ºC in DMF, albeit in low to moderate yields 

(Scheme 1.47). 

 

 

 
Scheme 1.47: Ring expansion of α-chloromethyl azetidines with retention of configuration. 
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Scheme 1.48: Ring expansion of α-hydroxymethyl azetidines through activation with mesyl 
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Both of the above transformations resulted in formation of a single 

pyrrolidine product with the same relative stereochemistry as the starting 

azetidines.  This suggested to the authors that the ring expansion is occurring via 

the intermediate aziridinium ion XX (Scheme 1.49).  Recent computational 

experiments performed by the same group support this mechanism.47 Additional 

reactions involving other primary α-hydroxymethyl azetidines suggest that 

multiple substituents on the ring are well tolerated and do not change the 

stereochemical outcome of the reaction. 

 

 
Scheme 1.49: Mechanism of ring expansion. 
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low a temperature resulted in ring expansion with only chloride acting as the 

nucleophile while too high a temperature led to eliminative byproducts. 

 

 

 
Scheme 1.50: Observation of diastereomeric products with secondary α-hydroxymethyl 

azetidines. 

 

 
Scheme 1.51: Ring opening of α-chloromethyl azetidines with external nucleophiles. 
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Scheme 1.52: Nucleophilic ring opening with DAST. 
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mechanism for this ring expansion is shown in Scheme 1.53 and involves 

coordination of the azetidine nitrogen to the Lewis acid (XXV), followed by 

concomitant aziridination and azetidine ring opening to give intermediate XXVI.  

Migration of the Lewis acid to the aziridine nitrogen then allows for a second 

intramolecular nucleophilic displacement to occur, opening aziridinium 

intermediate XXVII and to provide 3-aminopyrrolidine 178. 

   

 
Scheme 1.53: Lewis acid activated ring expansion of α-aminomethyl azetidines. 
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Boc protecting group and DCC-mediated coupling of the newly revealed primary 

amine with (E)-paramethoxycinnamic acid (184). 

In the same year, the West group published a different approach to the 

pyrrolizidine alkaloid framework using the ring expansion of an azetidinium ylide 

and demonstrated its applicability in the synthesis of the natural products 

turneforcidine (194) and platynecine (195).51 This synthesis relied on a different 

mode of activation for the azetidine than any of those discussed above, utilizing 

the in situ generation of an ammonium ylide through reaction of a tertiary amine 

with a metallocarbene, followed by ring expansion via a Stevens [1,2]-shift. 

 

 

 
Scheme 1.54: Synthesis of (-)-absouline via an azetidine ring-opening strategy. 
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pyrrolidine 187, was the result of the Stevens [1,2]-shift of the internal C-N bond 

bearing the CH2CO2Me group.  The exciting result convinced the authors that the 

intramolecular version of this process could also be viable.     

 

 
Scheme 1.55: Ring expansion of azetidines via Stevens [1,2]-shift. 
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one step from simple building blocks.  The results of this investigation will be 

discussed in detail in Chapter 2.           

 

 

 
Scheme 1.56: Synthesis of the natural products (±)-turneforcidine and (±)-platynecine. 

 

 
Scheme 1.57: One-step ring expansion of azetidines to pyrrolidines by the Stevens [1,2]-shift. 
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Scheme 1.58: Ring expansion of azetidines to 1,3-oxazolidines. 

 

Another class of 5-membered ring heterocycles that is commonly used in 

organic synthesis and can be accessed from azetidines is the oxazolidinones.  

Oxazolidinones are very important molecules for asymmetric synthesis and are 

commonly employed as chiral auxiliaries.54 In 2011, the Couty group reported a 

synthesis of chiral oxazolidinones by activation of α-hydroxymethyl azetidines 

201 with bis(trichloromethyl) carbonate (BTC), which is a safer substitute for 

phosgene.55 This reaction, which proceeds through bicyclic azetidinium 

intermediate XXXII, followed by nucleophilic ring opening with chloride ion, 

allows for the formation of a wide variety of enantiomerically pure 

oxazolidinones (202) in good to moderate yields (Scheme 1.59).  

    

 

 
Scheme 1.59: Ring expansion of azetidines to oxazolidinones. 
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Scheme 1.60: Failed ring opening of 4-substitued azetidines. 

 

1.4.3. Ring Expansion to Six-Membered Heterocycles 
 

The expansion of the azetidines to piperidines was first reported by the De 

Kimpe group as an extension of their work towards pyrrolidine synthesis 

mentioned previously.56 The authors were able to synthesize enantiopure 2-(2-

bromoalkyl)azetidines (205) which, upon heating, closed to the bicyclic 

azetidinium intermediate XXXIII (Scheme 1.61).  Nucleophilic attack by the 

bromide ion opened XXXIII to 4-bromopiperidine 206.  Ring opening with 

external nucleophiles such as hydroxide, azide or cyanide has also been 

successful, allowing access to other 4-substituted piperidine derivatives. 

 

 
Scheme 1.61: Ring expansion of azetidines to piperidines. 
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Scheme 1.62: [4+2]-cycloadducts by opening of azetidines with nitriles or aldehydes. 
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these salts with a strong base generated the ylide intermediate XXXVI which 

subsequently underwent a [1,2]-shift to give pyrrolidine 212 or a [2,3]-

sigmatropic rearrangement to give 2,3,6,7-tetrahydroazepine 211 (Scheme 1.63).  

 

 
Scheme 1.63: Formation of 2,3,6,7-tetrahydroazepines or pyrrolidines from azetidinium 

ylides. 
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A slight modification to this procedure allowing for access to azocine 

derivatives with the same 2-alkenyl azetidines (210) was reported a few years 

later.59b In this case, activation of the nitrogen by alkylation with activated 

alkynes leads to intermediate XXXIX, which can subsequently undergo a [3,3]-

sigmatropic rearrangement to give the 1,2,3,6-tetrahydroazocines (213, Scheme 

1.65).  

  

 
Scheme 1.65: Mechanism of eight-membered ring formation. 
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Scheme 1.66: Competitive formation of acyclic products in highly functionalized azetidines. 
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The formation of azocinone derivatives is also possible through the 

rhodium-catalyzed ring opening of 3-alkylideneazetidines (216, Scheme 1.67).60 

The ring expansion is hypothesized to occur via C-H activation of 216 to give 

XLII, followed by hydrometallation of the C-C double bond to give 

metallocyclopentanone XLIII.  Rearrangement of XLIII to XLIIV followed by 

reductive elimination would lead to the observed product 217.  

 

 
Scheme 1.67: Rhodium-catalyzed ring expansion of azetidines to azocinone derivatives. 

 

In 2009, Ghorai and coworkers reported the enantioselective synthesis of 

1,4-oxazepanes and 1,5-oxazocines via ring opening of azetidines with 

bromoalcohols (Scheme 1.68).61 This procedure, which took enantiopure N-tosyl 

azetidines 218 and activated them with Cu(OTf)2 in the presence of the alcohol, 

resulted in ring opening to the acyclic amine 219.  Subsequent addition of 

potassium hydroxide facilitated closure of the larger ring to generate 

diastereomers 220a and 220b.   

 
Scheme 1.68: Ring expansion of azetidines to 1,4-oxazepanes and 1,5-oxazocines. 
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With mono-substituted azetidines (R = H) it was found that the 

enantiomeric excess (ee) decreased during the reaction. The authors believe that 

this is due to partial racemization of the starting azetidines in the presence of 

copper triflate, in analogy to a process they had observed with aziridines.  The 

2,4-disubstituted substrates, however, remained at >99 % ee and without any 

observation of another diastereomer. This is because the necessary epimerization 

of the benzylic position for racemization to occur would lead to the substituents 

on the ring being cis to one another, which is less favourable (Figure 1.5).  

 

 
Figure 1.5: Comparison of steric interactions in cis and trans-2,4-disubstituted azetidines. 

 

The Roy group has also reported a ring expansion involving Lewis acid 

activation of 2-substituted N-tosyl-azetidines to give hydrooxazocenes.62 This 

methodology utilizes Ag(I)-catalyzed dual activation of both azetidine 221 and 

propargylic alcohol 222.  This activation triggers a ring opening/closure cascade, 

which results in formation of 8-membered heterocycles 223 (Scheme 1.69).  

 

 
Scheme 1.69: Formation of hydrooxazocenes from azetidines and propargyl alcohols. 
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The number of reports for successful ring expansion of azetidines to larger 

ring systems over the last few years has started to increase.  This is most likely 

due to the ability to access a large array of enantiopure azetidines from readily 

available and affordable starting materials.   

 

1.4.5. Application of Azetidines in Catalysis 
 

With the recent development of methodologies to quickly synthesize 

azetidines in enantiomerically pure form, it is not surprising that their 

implementation as either ligands for metal-catalyzed reactions or as chiral 

auxiliaries in organocatalysis is increasing.  The first examples of the successful 

application of azetidines as chiral ligands were reported in the 1990’s and 

involved the borane reduction of aldehydes and ketones (Scheme 1.70).63 The 

success in these cases is presumed to derive from the rigid framework of the 

oxaborolidines (225) as both acyclic and 5-membered ring analogues resulted in 

lower enantiomeric excesses. 

 

 
Scheme 1.70: Asymmetric reduction of aldehydes and ketones with oxaborolidines. 
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Azetidines have also been used as ligands with palladium in Suzuki cross-

coupling reactions,65 and with rhodium for enantioselective cyclopropanation 

reactions.66 The enantiocontrol observed in the cyclopropanation using azetidine-

4-carboxylate-derived rhodium complexes (242, Scheme 1.72) is notable as it 

generally leads to the preferential formation of cis-cyclopropanes, which is in 

contrast to the preference for the trans-cyclopropanes observed with other similar 

5-membered ring analogues 243. 

  

 

 

 
Scheme 1.71: Asymmetric alkylation of aldehydes with diethyl zinc and azetidine-based 

catalysts. 

 

 

 
Scheme 1.72: Use of azetidines as ligands on rhodium for enantioselective cyclopropanations. 
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The success of proline and its derivatives in organocatalysis is well 

documented in the literature.67 Not surprisingly, the application of azetidines as 

organocatalysts for in situ formation of chiral iminium or enamine species has 

also been successful.  In 2006, Greck and coworkers reported the asymmetric α-

amidation of ketones with dibenzyl azodicarboxylate (DBAD) using L-azetidine 

2-carboxylic acid (9) as the catalyst (Scheme 1.73).68 It should be noted that the 

authors also performed the reactions using L-proline as the catalyst but the yields 

and enantiomeric excesses were lower than those observed with 9.  

 

 
Scheme 1.73: Use of L-azetidine-2-carboxylic acid for the asymmetric α-amidation of 

ketones. 

 

The use of azetidinic 1,2-diamines as organocatalysts for asymmetric 

Michael additions has also been reported recently.69 In this paper, the authors 

screened a variety of thioureas derived from differently substituted primary and 

secondary α-aminomethyl-azetidines 251 and 3-aminopyrrolidines 252 for the 

addition of diethylmalonate (247) to β-nitrostyrene (246, Scheme 1.74).  They 

found that only catalyst 253 showed high catalytic activity and after optimization 

led to the formation of the Michael adduct 249 in 77 % yield and an e.r. of 68:32 

(S:R).  

Interestingly, when diethyl malonate 247 was replaced with acetoacetone 

248 the absolute configuration of the Michael adduct (250) was reversed (e.r. = 

12:88 (S:R)).  The authors believe this reversal is due to the difference in pKa of 
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deprotonation of the enol form of diethylmalonate by the proximate tertiary amine 

leads to attack on the Si face of the nitrostyrene and generation of (S)-249 as the 

major enantiomer.  

 

 

 
Scheme 1.74: Asymmetric Michael additions with azetidine-based catalysts. 

 

 

 
Scheme 1.75: Proposed transition state for Michael addition with diethylmalonate. 

 

The reaction with acetoacetone 248 (pKa = 9), on the other hand, would 
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Scheme 1.76: Proposed transition state for Michael addition with acetoacetone. 

 

Overall, the advancements made in the chemistry of azetidines in the last few 

decades say a great deal about the potential of these small molecules. The above 

summary has highlighted some of the most versatile methods for the generation of 

both simple and highly functionalized azetidines, as well as some of the new 

methods that hold potential to be so in the future. Their application in the 

synthesis of a wide range of molecules, from enantiopure acyclic amines to 

ordinarily challenging medium-sized heterocycles, shows that they are of great 

asset in multiple areas of chemistry.  
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Chapter 2  
 

The Ring Expansion of Azetidines to Pyrrolidines via the 
Stevens Rearrangement of Azetidinium Ylides 

 

2.1.  Introduction 
 

The pyrrolidine skeleton is prevalent in many areas of chemistry.  There 

are numerous naturally occurring alkaloids, both simple and complex, that contain 

the pyrrolidine framework (Figure 2.1) and many of these have been found to 

have biological activity.1 Proline, a non-essential amino acid, and nicotine, a 

stimulant found in tobacco, are some of the simplest and well-known 

pyrrolidines.2 The more substituted pyrrolidines preussin3 and anisomycin4 have 

been found to display antifungal activity5 while broussonetinine B and related 

analogs are potent glycosidase inhibitors.6  

 

 
Figure 2.1: Selection of pyrrolidine natural products. 

 

The kainoid family of alkaloids is another example of simple pyrrolidines 

that have generated a great interest due to their potent neuroexcitatory activity.7 
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Kainic acid, the parent molecule in this family, as well as domoic acid, a close 

relative, has been the target of many synthetic efforts.8 

Aside from their potential pharmacological uses, pyrrolidine-derived 

compounds have significant importance in the area of organocatalysis. 

Enantiopure proline and proline-derived organocatalysts such as prolinols, proline 

tetrazoles and prolinamides (Figure 2.2) are used to impart asymmetry in a large 

variety of reactions.9 The most common uses of these organocatalysts are the 

formation of either a chiral iminium species (I),9a which has been used in Diels-

Alder (eq 1)10 and [3+2]-cycloadditions (eq 2),11 as well as Knoevenagel 

condensations (eq 3),12 or a chiral enamine species,9c often used in asymmetric 

Michael (eq 4),13 Aldol (eq 5)14 or Mannich reactions (eq 6).15  

 

 

 
Figure 2.2: Proline-derived organocatalysts. 
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2.2. Synthetic Efforts to the Pyrrolidine Core 
 

With the above-mentioned opportunities for molecules with a pyrrolidine 

skeleton, it is not surprising that there has been a great deal of interest in 

developing methodologies for their synthesis.  There are several recent reviews on 

the subject,16 but a brief highlight of some of the more interesting methods will be 

presented below.   
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2.2.1. Intramolecular Aminopalladation 
 

The use of palladium catalysis for the formation of carbon-nitrogen bonds 

is well established in the literature.17, 5 One of the reasons this methodology is so 

appealing is the ability to perform secondary transformations on the 2-

aminoalkyl-palladium intermediate (IV) after the initial ring closure (Figure 2.3).  

For many of these reactions the exact mechanism is not known, however, two 

plausible pathways are possible.  Pathway a begins with direct coordination of 

palladium with the alkene followed by nucleophilic attack by nitrogen.  

Alternatively, in pathway b, the reaction starts with coordination of the palladium 

to both the nitrogen and the alkene followed by alkene insertion.  

 

 
Figure 2.3: Possible mechanistic pathways of aminopalladation. 

 

The intermediate 2-aminoalkylpalladium species (IV) can subsequently 

undergo several different types of reactions after its formation depending on the 

conditions employed.   Some examples are vinylation (eq 7),17 arylation (eq 8),18, 

5 β-hydride elimination (eq 9),19 or carbonylation (eq 10).20 
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2.2.2.  [3+2]-Cycloadditions 
 

The use of cycloaddition chemistry for the formation of the pyrrolidine 

framework is atom economical and has potential for stereoselective product 

formation.  The [3+2] reaction can be carried out using either an aza-allyl anion or 

an azomethine ylide intermediate, which reacts with an olefin to form the 

pyrrolidine skeleton (Scheme 2.1).21 There are a number of different methods 

reported in the literature for the generation of azomethine ylides, which makes 

this approach very versatile and amenable to a wide variety of substrates.21b   

 
Scheme 2.1: Generation of pyrrolidines via [3+2]-cycloaddition with olefins. 
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complex, and an imine.22 The Trost group has contributed a great deal to the 

literature on the use of palladium-trimethylenemethane (Pd-TMM) [3+2]-

cycloadditions. Using 3-acetoxy-2-trimethylsilylmethyl-1-propene (35) as a TMM 

precursor and an aromatic or Boc-protected imine (36) they were able to obtain 

the desired pyrrolidine products (37) in good yields (Scheme 2.2).22-23  

 

 
Scheme 2.2: Generation of pyrrolidines via [3+2]-cycloaddition with imines. 

 

2.2.3. Ring Expansion of Azetidines 

 

The chemistry of azetidines and azetidinium ylides has been explored in 

great detail in Chapter 1.  One interesting feature of these small, strained 

molecules is their ability to undergo rapid ring expansion to pyrrolidines when 

properly functionalized and treated under the right reaction conditions.24 The most 

commonly observed expansions proceed by the intramolecular displacement of a 

leaving group on the azetidine (39) to form either the strained aza-housane 

intermediate V or aziridine intermediate VI, followed by nucleophilic ring 

opening to give the thermodynamic product (Scheme 2.3).   

    

 
Scheme 2.3: Intramolecular ring-expansion of azetidines to pyrrolidines. 
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(VII) followed by a Stevens [1,2]-shift (Scheme 2.4).25 With the success of their 

model study in hand they decided to pursue the synthesis of two alkaloid natural 

products, turneforcidine and platynecine, using an intramolecular version of this 

methodology (Scheme 2.5). 

 

 
Scheme 2.4: Intermolecular ring-expansion of azetidines to pyrrolidines. 

 

 
Scheme 2.5: Synthesis of turneforcidine and platynecine via intramolecular Stevens [1,2]-

shift. 

 

The Stevens rearrangement of ammonium ylides has been used 

successfully in the synthesis of natural products for many years.26 The methods 

for generating the necessary ammonium ylide intermediate have evolved a great 

deal since the initial occurrence of the Stevens rearrangement reported in 1921.  

The development in this area have allowed for the application of this 

methodology to expand significantly.  The following section will briefly discuss 

the development of this reaction over the last few decades and highlight some of 

the generally observed trends.  Particular attention will be paid to the effect 

different substituents have on the rearrangement as this will be quite essential to 

understanding the significance of our recent work in this field.   
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2.3.  Background 
 

The Stevens rearrangement, or [1,2]-shift, is a highly efficient reaction for 

the formation of nitrogen-containing compounds.27 The first example, reported by 

Stevens and coworkers in 1928,28 was observed when ammonium salt 46 was 

treated with aqueous base (Scheme 2.6). The resulting tertiary amine (47), the 

product of a [1,2]-shift of the benzyl group from nitrogen to carbon, was isolated 

in excellent yield. 

 

 
Scheme 2.6: First reported example of the Stevens rearrangement. 

 

The mechanism of the rearrangement was not established until several 

years after Stevens’ initial work.  A great deal of debate arose in the literature 

over the potential of this rearrangement to occur via an ion pair mechanism, a 

concerted [1,2]-shift mechanism or a radical pair mechanism.  Today it is 

generally accepted that the rearrangement occurs by the radical pair mechanism, 

which involves generation of an ammonium ylide (IX) followed by homolytic 

cleavage of the carbon-nitrogen bond that affords the most stable radical pair (X). 

Facile recombination of this radical pair gives the [1,2]-shift product 47 (Scheme 

2.7). 

 

 
Scheme 2.7: Radical pair mechanism. 
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2.3.1. Methods for Ylide Formation 
 

The initial methods used to generate ammonium ylides for the Stevens 

rearrangement involved treating quaternary ammonium salts with a strong base.  

Although this method works well in some cases (see Scheme 2.6) there are 

several ways in which a substrate can undergo unwanted side-reactions when 

subjected to these conditions. Common problems include competitive 

deprotonation, giving rise to more than one ylide intermediate (eq 11), Hoffmann 

elimination, resulting in the formation of a tertiary amine and an alkene (eq 12), 

and Sommelet-Hauser [2,3]-rearrangements, resulting in ortho-alkylation of an 

adjacent aromatic ring (eq 13). 
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2.3.2. The Desilylation Method for Ylide Formation 
 

To circumvent some of the problems associated with the use of strong 

bases, several more versatile methods to generate the ylide intermediate were 

developed.  Both the Vedejs29 and Sato30 groups reported the desilylation of 

trialkylsilyl-substituted ammonium salts for regioselective ylide generation. The 

Sato group was able to cleave the carbon-silicon bond of 

triphenylsilylmethylammonium salts using lithium aluminum hydride (eq 14) 

while the Vedejs group utilized cesium fluoride, an excellent silaphile, for 

regioselective ylide formation from trimethylsilyl ammonium salts (eq 15).   
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Stevens was the first to report the generation of an ammonium ylide by 
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intermediate (XIX).  Subsequent [1,2]-shift led to formation of the product, 

amino-fluorene 63, in 30 % yield  (Scheme 2.8).   

 

 
Scheme 2.8: First example of ammonium ylide formation using carbenes. 

 

Although the above example was successful in forming the [1,2]-shift 

product, the widespread application of in situ thermal diazo decomposition had 

several shortcomings, namely poor yields and the formation of multiple unwanted 

side products, which hindered its use in synthesis. This is caused by the fact that 

free carbenes are high-energy reactive intermediates that will typically react 

quickly and indiscriminately with whatever potential partner that they encounter.  

The use of photochemical diazo decomposition has been successful in a handful 

of cases, but unfortunately this method also suffers from many of the same 

problems as noted above.32  

The discovery of diazo decomposition in the presence of metal catalysts 

was the real breakthrough in the evolution of the Stevens rearrangement.  The 

addition of catalytic copper or rhodium salts allowed for the formation of an 

intermediate metallocarbene species that retains the electrophilic character of a 

free carbene, but with substantially attenuated reactivity and greater selectivity 

that that observed in thermal or photochemical processes.  The catalytic cycle for 

ylide formation is shown in Figure 2.4.  The metal catalyst initially coordinates 

with diazocarbonyl compound 64 to give intermediate XX, followed by loss of 

nitrogen gas to give metallocarbene intermediate XXI.   Nucleophilic attack on 

the metallocarbene by amine 65 generates the metal-stabilized ylide, XXII, which 

can go on to subsequent transformations as is or after dissociation of the transition 

metal catalysts to give the free ylide, XXIII. 
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Figure 2.4: Catalytic cycle for the formation of ammonium ylides from metallocarbenes. 

 

2.4. Trends in Migratory Selectivity in the Stevens [1,2]-Shift  
 

As previously described, the mechanism of the Stevens rearrangement 

occurs by the homolysis of a carbon-nitrogen bond to give a biradical 

intermediate (Scheme 2.7).  In general, the carbon-nitrogen bond that breaks is the 

one that provides the most stability in the newly formed radical centers.  Our 

group has previously investigated the migratory preferences of several different 

substituents and some general trends that have been observed will be described 

below. 

In 1993, West and Naidu reported the one-step synthesis of α-

aminocarbonyl compounds (68) from tertiary amines and diazocarbonyl 

compounds (Table 2.1).33 During their investigations they found that both phenyl 

and carboethoxy substituents proved effective in supporting the [1,2]-shift.  These 

results are consistent with the radical pair mechanistic rationale, as both of these 

groups are capable of stabilizing a radical centre on the adjacent carbon through 

conjugation.  When given the choice between phenyl- or carboethoxy-migration, 

however, phenyl migration occurred in all cases (entries 5 and 8).   This is 

presumably due to the better radical stabilizing ability of the phenyl substituent.34 
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Entry R1 R2 R3 R4 Yield (%) 
1 OEt H Me CH2Ph 63 
2 OEt H Me CH2CO2Et 35 
3 Ph H Me CH2Ph 70 
4 Ph H Me CH2CO2Et 26 
5 Ph H CH2CO2Et CH2Ph 70 
6 OEt CO2Et Me CH2Ph 97 
7 OEt CO2Et Me CH2CO2Et 90 
8 OEt CO2Et CH2CO2Et CH2Ph 92 

 

Table 2.1: Substituent migration in [1,2]-shift of acyclic ylides. 

 

That same year West and Naidu also published a paper on the synthesis of 

2-piperidones (70) via intramolecular Stevens rearrangement of amine-tethered 

diazoketone substrates (69).35 This paper also demonstrated the migrating ability 

of aryl- and carboethoxy substituents but, more interestingly, it gave insight into 

the effect of adding substituents to the aromatic-ring.  In all cases, adding a 

substituent to the aromatic ring diminished the yield of the desired product and 

resulted in the formation of homodimeric biaryl products 71 (Table 2.2).  The 

observation of 71 provides evidence for the proposed mechanism of the 

rearrangement, as it would be hard to explain its formation by any mechanistic 

pathways other than the radical pair one. 

Another interesting observation reported by West and Naidu occurred 

during their work towards the synthesis of morpholin-2-ones in which they used 

diazoesters containing no conjugated stabilizing groups on nitrogen (Scheme 

2.9).36 Compound 72, having an isopropyl group on nitrogen, gave none of the 

desired product (73) under standard reaction conditions.  Treating compound 74 

to the same reaction conditions, however, resulted in the desired Stevens 

rearrangement product 75, albeit in low yield.  The observation of [1,2]-shift 
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product formation with the tert-butyl group but not with the isopropyl group 

suggests that the minimum stability for carbon-nitrogen bond homolysis in this 

unstrained ylide lies somewhere between these two groups. 

 

 
 

R [1,2]-shift product 
Yield (%) 

Dimer product 
Yield (%) 

Ph 99 - 
CO2Et 94 - 

p-AcC6H4 71 25 
p-MeOC6H4 71 19 

 

Table 2.2: Effect of aryl-substituents on [1,2]-shift. 

  

 

 

 
Scheme 2.9: Migration of non-conjugatively stabilized substituents. 

  

The above trends are characteristic of molecules having little to no ring 

strain in the ylide intermediate.  With the results observed by West and Vanecko 

during their ring expansion of azetidine 41 to pyrrolidine 43 (see Scheme 2.4) we 

can see that the introduction of ring strain into the ylide intermediate can change 

the normally observed migratory preferences of the Stevens [1,2]-shift reaction.  

In order to fully understand the potential of the azetidine ring in this application it 

is necessary to investigate its reactivity more thoroughly.    
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The goal of my first project in the West group involved exploring the 

chemistry of the Stevens rearrangement of azetidinium ylides.   With the success 

of Vanecko’s ring expansion reactions, we believed that there was potential for 

generalizing the methodology to provide an easy one-step pyrrolidine synthesis 

from simple, readily available building blocks.  We also wanted to probe the 

effect of a strained ylide on the migratory preferences of the Stevens 

rearrangement in comparison with acyclic and larger ring systems.  The results of 

these investigations, along with an improvement in the methodology, will be 

discussed herein. 

 

2.5. The Intermolecular Ring Expansion of Azetidines to Pyrrolidines 

 

2.5.1. Synthesis of Substrates 

 

With a goal of examining the scope and limitations of azetidinium ylide 

[1,2]-shift as a route to pyrrolidines, a series of substituted azetidines was 

prepared.  The first set of substrates, substituted with the carbomethoxy group at 

the 2-position, was prepared from γ-butyrolactone (76) in two steps.  This 

sequence involved treating 76 with bromine in the presence of PBr3 followed by 

hydrolysis with methanol to give dibromoester 77, which was purified by vacuum 

distillation. Using the methods reported by Rodebaugh37 and Wasserman38 we 

were able to take dibromoester 77 and generate three different substrates (41, 78a 

and 78b) that could be used to probe the effect of the substituent on nitrogen on 

the Stevens rearrangement (Scheme 2.10).  
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Scheme 2.10: Synthesis of N-alkyl-2-carbomethoxyazetidines. 

  

In order to probe the effect that the release of ring strain would have on 

migratory selectivity two more azetidines were synthesized.  The first, 2,2-

dimethyl-N-benzyl azetidine (78c), would form a tert-alkyl radical upon bond 

homolysis, and the second, N-benzylazetidine (78d) would presumably proceed 

through a primary radical for the ring expansion reaction to occur.  The synthesis 

of 78c was accomplished using the procedure reported by Leonard and Durand in 

1968 starting from 3,3-dimethylacrylic acid (79, Scheme 2.11).39  

 

 

 
Scheme 2.11: Synthesis of 2,2-dimethyl-N-benzyl azetidine. 

 

A route to 78d was also found in the literature and could be accomplished 

in two steps (Scheme 2.12).  Condensation of benzaldehyde (83) and the chloride 

salt of 3-bromopropylamine (84) gave the imine, which was reduced and 

subsequently heated to furnish the desired azetidine in good yield.40  
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Scheme 2.12: Synthesis of N-benzylazetidine. 

 

Preparation of the diazocarbonyl compounds, excluding ethyl diazoacetate 

(42), which is commercially available, was accomplished using one of two 

general protocols (Scheme 2.13).  The first protocol, the addition of ethereal 

diazomethane to a solution of benzoyl chloride (85) was used to synthesize 

diazoacetophenone (86a).41 The second protocol, for the synthesis of distabilized 

substrates 86b and 86c, utilized standard Regitz diazo transfer conditions.42  

 

 

 
Scheme 2.13: Synthesis of diazocarbonyl compounds. 

 

2.5.2. Optimization of the Reaction 
 

With all of the desired substrates in hand we first utilized the conditions 

reported by West and Vanecko for the reaction of azetidine 41 and ethyl 

diazoacetate (42, Scheme 2.4).  These optimized conditions involved 12 h slow 

addition of a solution of 42 in toluene to a solution of 41 (in excess) with 

Cu(tfacac)2 (10 mol %) in toluene at reflux.  An initial screen of catalysts revealed 

that the copper acetoacetonate series of catalysts all gave similar results but we 

found Cu(acac)2 to be the most reproducible and used this for further studies 

(Table 2.3).   
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Catalyst mol % Yield (%) 

Cu powder  10 39 
Cu(acac)2  10 56 

Cu(tfacac)2  10 50 
Cu(hfacac)2  10 61 
Rh2(OAc)4  5 45 

 

Table 2.3: Survey of catalysts for the formation of 43. 

 

All possible combinations of azetidines (41 and 78a-d) and diazo 

compounds (42 and 66a-c) were subjected to the aforementioned reaction 

conditions to determine the generality of the ring-expansion process (Table 2.4).  

We were pleased to observe that in all but two cases, ring-expansion occurred 

preferentially over other possible reaction pathways. 

Although this method was successful in generating some of the desired 

products with most of our substrates, the yields were not impressive.  This was 

found to be especially problematic for cases using the distabilized diazocarbonyl 

substrates (86b and 86c).  We were not sure if this observation was due to a 

higher energy requirement for decomposition of the distabilized diazocarbonyl 

compounds or for the ring-expansion of the intermediate ylide.  Our first thought 

was to explore other solvents that could be heated to higher temperatures.  

Unfortunately, there were not a lot of options available to us due to the fact that 

many of these higher boiling solvents would be incompatible with our catalyst.  

The use of xylenes was explored but resulted in very messy reactions.  This could 

have been due to the fact that diazocarbonyl compounds and/or their 

metallocarbene derivatives can react with aromatic compounds to give Buchner 

ring enlargement products.43 
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Entry Azetidine R1 R2 R3 Diazo R4 R5 Product 
Yield 

(%) 

1 41 Bn CO2Me H 42 OEt H 43 56 
2 41 Bn CO2Me H 86b OEt CO2Et 88a 67 
3 41 Bn CO2Me H 86a Ph H 89a 27 
4 41 Bn CO2Me H 86c OEt COPh - - 
5 78a pentyl CO2Me H 42 OEt H 88b 40 
6 78a pentyl CO2Me H 86b OEt CO2Et 88c 50 
7 78a pentyl CO2Me H 86a Ph H 89b 52 
8 78a pentyl CO2Me H 86c OEt COPh 88d 20 
9 78b allyl CO2Me H 42 OEt H 88e 31 
10 78b allyl CO2Me H 86b OEt CO2Et 88f 23 
11 78b allyl CO2Me H 86a Ph H 89c 41 
12 78b allyl CO2Me H 86c OEt COPh 88g 32 
13 78c Bn Me Me 42 OEt H 88h 36 
14 78c Bn Me Me 86b OEt CO2Et - - 
15 78c Bn Me Me 86a Ph H 88i 11 
16 78c Bn Me Me 86c OEt COPh - - 
17 78d Bn H H 42 OEt H 88j 67 
18 78d Bn H H 86b OEt CO2Et 90a 59 
19 78d Bn H H 86a Ph H 88k 39 
20 78d Bn H H 86d OEt COPh 90b 21 

 

Table 2.4: Examination of substrate scope using standard reaction conditions. 

 

We next turned to the use of microwave irradiation as a means of 

increasing the reaction temperature.  This would allow us to explore solvents that 

would be compatible with the catalyst but whose boiling point was too low to 

permit the desired higher reaction temperatures using traditional heating methods.  

The temperature threshold of our reaction in toluene, dichloromethane and 

dichloroethane (DCE) were all examined.    Upon optimization of solvent, 

reaction time, and temperature it was found that performing the reaction in DCE 

at 180 ºC for 1 h could generate the same reaction products in most cases, albeit 
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with an increase in the formation of diazocarbonyl derived homodimers.  This 

observation of homodimers was not unexpected, as the use of the microwave 

reactor does not allow for slow addition of the diazocarbonyl compound.  The 

undesired side-reaction could be compensated for by changing the ratio of 

diazocarbonyl compound to azetidine from 1:1.5 to 2:1.  All combinations of 

azetidine (42 and 78a-d) and diazocarbonyl compounds (42 and 86a-c) were 

subjected to the new microwave conditions and the improved cases are outlined in 

Table 2.5. 

     

 

Entry Azetidine R1 R2 R3 Diazo R4 R5 Product 
Yield 

(%) 

1 41 Bn CO2Me H 42 OEt H 43 66 
2 41 Bn CO2Me H 86c OEt CO2Et 88a 81 
3 41 Bn CO2Me H 86b Ph H 89a 34 
5 78a pentyl CO2Me H 42 OEt H 88b 62 
6 78a pentyl CO2Me H 86c OEt CO2Et 88c 60 
7 78a pentyl CO2Me H 86b Ph H 89b 65 
9 78b allyl CO2Me H 42 OEt H 88e 71 
10 78b allyl CO2Me H 86c OEt CO2Et 88f 69 
11 78b allyl CO2Me H 86b Ph H 89c 48 
13 78c Bn Me Me 42 OEt H 88h 62 
15 78c Bn Me Me 86b Ph H 88i 24 

 

Table 2.5: Improvement in yields with microwave heating. 

 

2.5.1. Discussion 
 

An examination of our results listed in the tables above showed us that ring 

expansion was successful in most cases.  Pyrrolidines 43, 88b, 88d, 88e, 88g, and 

88h were, in most cases, isolated as an inseparable mixture of an approximately 
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1:1 ratio of diastereomers.  This result was not a surprise to us considering the 

proposed reaction pathway. During the formation of the intermediate monocyclic 

ylide (XXIV), metallocarbene addition cis to the neighbouring ester was expected 

to dominate; however, both rotamers (XXIX and XXIV’) of the exocyclic C-N 

bond are likely to be present (Scheme 2.14).  Even if the subsequent [1,2]-shift 

occurred with retention, as seen with spirocyclic ammonium ylides resulting from 

intramolecular metallocarbene addition,35, 44 both diastereomers would be 

expected.  Additionally, if the intermediate biradical species (XXV and XXV’) 
persists for a long enough period of time randomization could occur, resulting in 

minimal diastereoselectivity. 

 Another possibility for the lack of observed diastereoselectivity in the 

reaction is that epimerization of one of both of the newly formed stereocenters 

could also be occurring. Unfortunately, due to our inability separate the mixtures 

of diastereomers, we were not able to probe for this by re-subjecting each of the 

pure diastereomers to the reaction conditions.  

Varying the substituent on nitrogen had little impact on the yield of the 

ring-expansion.  A comparison of the reactions of azetidines 41, 78a and 78b with 

either ethyl diazoacetate (42) or diazomalonate 66b showed no difference in the 

amount of pyrrolidine products formed with yields of 62-71 % (Table 2.5, entries 

1, 5 and 9) and 60-81 % (Table 2.5, entries 2, 6 and 10) respectively.  

Additionally, the ammonium ylides derived from N-allyl azetidine 78b which 
should also be capable of undergoing a [2,3]-rearrangement as commonly seen 

with other ammonium,45 sulfonium46 and oxonium ylides,47 gave none of 

azetidine 91 as the final product (Scheme 2.15). 

These results imply that the relief of ring strain is a strong driving force in 

these systems.  Usually, when given the choice between [2,3]-shift and [1,2]-shift, 

ammonium ylides will preferentially undergo reaction via the [2,3] pathway due 

to the presumed lower reaction barrier for the concerted pathway vs. the stepwise 

homolytic pathway.  In this case, it appears that the relief in ring strain associated 

with homolytic opening of the azetidinium ylide can alter this preference in 

favour of the [1,2] pathway. 
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Scheme 2.14: Mechanistic rational for the formation of diastereomers. 

 

 
Scheme 2.15: Possible [2,3]-rearrangement pathway of N-allyl azetidine 78b. 

  

We were also pleased that the ring expansion of N-pentyl-substituted 

azetidine 78a occurred without any noticeable interference from α’,β-

fragmentation of the intermediately formed ylide (Scheme 2.16).    This process, 

which would result in the formation of azetidine 92, is sometimes observed as a 

side-reaction of ylides with easily accessible β-protons.48      

   

R
H

N

CO2EtH
MeO2C

R
H

N

HEtO2C
MeO2C

H

CO2Me

N
R

H

CO2Et

N
R

CO2Me

CO2Et

N

CO2Me

R

N2 CO2Et

Cu(acac)2

41, R = Bn XXIV XXIV'

43 43'

XXV XXV'

N
R

CO2Me

CO2Et

H

CO2Me

N
R

CO2Et

H

N

CO2Me

N

CO2Me
CO2Et

N

CO2Me

CO2Et

EtO

O

N2
Cu(acac)2

PhMe, reflux 
or

DCE, µw, 180 ºC

[2,3]-rearrangement

91
(not observed)

78b XXVI

80



 

 
Scheme 2.16: Possible α ',β-fragmentation pathway of N-pentyl azetidine 78a 

 

The products observed when azetidines 41, 78a and 78b were allowed to 

react with mono-stabilized diazo 86a were the result of ring expansion followed 

by a subsequent dehydrogenation (Scheme 2.17).  This process may have resulted 

from initial formation of the pyrrolidine followed by reaction of the intermediate 

ylide tautomer (XXVIII) with ambient oxygen and intramolecular elimination of 

peroxide anion.  The fast oxidation of the α-position in the benzoyl-substituted 

cases (Table 2.5, entries 3, 7 and 11) but not in the carboethoxy-substituted cases 

(Table 2.5, entries 1, 5 and 9) may be due to the greater acidity of the α-proton, 

making tautomerization a much more facile process. 

 

 

 
Scheme 2.17: Formation of dehydrogenated pyrrolidine products.  
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Watanabe suggested that this ring expansion was viable in the case of 78d with 42 

in the presence of Cu(acac)2,49 but as there was only one example in the literature 

we were not sure to what extent this process would occur.  In our hands, ring 

expansion to the pyrrolidine was observed with azetidine 78c and the mono-

stabilized diazocarbonyl compounds 42 and 86a under both sets of reaction 

conditions, although purification and characterization of 88k was hindered by its 

rapid conversion to N-benzylpyrrolidinone 94 and benzoic acid (95) (Scheme 

2.19).  Similar debenzoylative oxidations that may proceed through a similar 

pathway proposed for the formation of 89a-c (Scheme 2.17) have been reported 

by Garcia-Valverde50 and Yijima.51  

 

 
Scheme 2.18: Interesting results with azetidines 78c and 78d. 

 

 
Scheme 2.19: Debenzoylative oxidation of pyrrolidine 88k. 

 

With N-benzylazetidine 78d and diazo compounds 86b and 86c, we were 

able to isolate the [1,2]-benzyl shift products 90a and 90b (see Scheme 2.18). 

There is one example in the literature that reports the benzyl [1,2]-shift occurring 

preferentially over ring expansion.52 In this case, the authors allowed N-

benzylazetidine 78d to react with 3,3,3-trifluoro-2-diazopropionate 96 in the 

presence of rhodium acetate, which generated azetidine 97 in 65 % yield (Scheme 

2.20).  The trifluoromethyl group, although not conjugatively stabilizing like 
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CO2Et or COPh, is a good electron-withdrawing group, which may be the reason 

the authors observed the benzyl [1,2]-shift in this particular example. 

 

 
Scheme 2.20: Example of benzyl [1,2]-shift by Burger and coworkers. 

 

These observations suggest that the ylide formed with distabilized 

diazocarbonyl compounds is either more stable or possibly more sensitive to the 

formation of a stabilized biradical intermediate, or proceeds through a different 

reaction mechanism.  In order to probe this hypothesis a series of different diazo 

compounds with varying degrees of electron donating and electron withdrawing 

substituents should be synthesized and allowed to react with N-benzylazetidine 

78d. 

The reaction of 2,2-dimethyl azetidine 78c with either 86b or 86c was very 

messy and we were unable to isolate any identifiable products from the crude 

mixture.  This was a bit surprising given that 76b provided 90a and 90b is 

reasonable yields.  After searching through the literature we found a report 

discussing the outcome of quaternization of azetidine 78c, 1-benzyl-3,3-

dimethylazetidine 98 and 1,2,2-trimethylazetidine 100 by alkylating with benzyl 

bromide (Scheme 2.21).39 The authors found that both 98 and 100 could be 

alkylated with benzyl bromide to give the halide salts (99 and 101) but that 78c 

was rapidly converted to amine 102 via Hofmann elimination.  In our example, 

the possibility of an α’,β-fragmentation with one of the methyl groups might have 

led to similar results, however, at the elevated reaction temperatures used in our 

case polymerization and decomposition prevailed and we were not able to isolate 

any acyclic products to confirm this as a possible pathway (Scheme 2.22). 

 

 

N Ph F3C CO2Me

N2
+

Rh2(OAc)4

benzene
65 %

N
CO2Me

CF3

Ph
78d 9796

83



 

 

 

 
Scheme 2.21: Unexpected Hofmann elimination of 78c under quaternization conditions. 

 

 
Scheme 2.22: Possible α 'β-fragmentation pathway of ylide derived from 78c. 

 

2.5.2.  Conclusions 
 

It has been established that the ring expansion of azetidines to pyrrolidines 

via the Stevens rearrangement of azetidinium ylides is a general process.  A 

standard method, which allows for different combinations of readily available 

azetidines and diazocarbonyl compounds to react in the presence of catalytic 

Cu(acac)2, has been described. In most cases the use of microwave heating gave 

rise to cleaner reactions and higher yields in lower reaction times then those 

observed using traditional heating methods. This reaction results from addition of 

the basic nitrogen of the azetidine to an in situ generated metallocarbene, followed 

by (in most cases) regioselective [1,2]-shift of the azetidine ring carbon. This 

process showed different migratory preferences than those observed with 

unstrained acyclic and cyclic analogues.  These unusual migratory preferences are 
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likely due to the relief of ring strain, even when other competent migrating groups 

such as benzyl or allyl are present on nitrogen. The migrating center could have a 

range of different substitution patterns, including (in the case of mono-substituted 

metallocarbenes) methylene.    With access to many differently substituted 

azetidines (see Chapter 1) and diazocarbonyl compounds, this methodology 

provides an opportunity for the synthesis of a large array of pyrrolidine products.  

   

2.5.3. Future Directions 

 

With the success in accessing highly functionalized pyrrolidines in a quick 

and efficient manner we are now interested in expanding this methodology to 

access bicyclic systems possessing medium-sized rings.  Molecules of this nature 

are prevalent in the frameworks of a variety of alkaloid natural products such as 

stemonamine or nakadomarin A. In this context, it will be necessary to find 

reliable methods for the synthesis of enantiomerically enriched starting materials 

possessing the proper functionality for subsequent transformations.  Concurrently, 

we must also look into ways of controlling the diastereoselectivity of the ring 

expansions for this methodology to be successful on a broad scale. 

 

 

 
Scheme 2.23: Application of azetidine ring expansion to the formation of bicyclic systems. 
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A second notable observation of this ring expansion project was the 

different pathways of reactivity for N-benzylazetidine (78d), which possessed no 

stabilizing groups on the C-2 position of the ring. In order to probe this reactivity 

a series of different diazo compounds with varying degrees of electron donating 

and electron withdrawing substituents will be synthesized and reacted with N-

benzylazetidine to determine the cutoff for the ring expansion process. 

 

 

 
Scheme 2.24: Investigating the effect of diazo stability on ring expansion vs. benzyl 

migration. 

 

2.6. Experimental 

2.6.1. General Information 
 

Reactions were carried out in oven (130 ºC) or flame-dried glassware 

under a positive argon atmosphere unless otherwise stated.  Transfer of anhydrous 

reagents was accomplished with oven-dried syringes or cannulae.  Solvents were 

distilled before use: acetonitrile (CH3CN), dichloroethane (DCE) and 

dichloromethane (DCM) from calcium hydride, diethyl ether (Et2O) and toluene 

(PhMe) from sodium metal.  Microwave heating was carried out in a Biotage 

Initiator microwave reactor, using 2-5 mL microwave vials.  Reaction temperature 

was determined through measurement of the vial surface temperature using an 

infrared sensor, then corrected for internal temperature by the unit’s processor 

using a proprietary algorithm.  Thin layer chromatography was performed on 

glass plates pre-coated with 0.25 mm silica gel with fluorescent indicator UV254 
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(Rose Scientific).  Flash chromatography columns were packed with 230-400 

mesh silica gel (Silacycle).  Azetidines 41 and 78b-c were prepared using the 

known procedures reported by Rodebaugh37 and Wesserman.38  Azetidine 78d 

was synthesized using the method of Lenard and Durand39 and azetidine 78d by a 

procedure published by G. Lai.40 Diazocarbonyl compounds 86a-c were also 

known compounds which could be prepared according to known procedures.42, 41 

 

2.6.2. Characterization 
 

General Procedures for Azetidine Ring Expansions 

Method A:  Solid Cu(tfacac)2 (10 mol %) was added to a 0.025 M solution of 

azetidine (1.5 equiv) in PhMe.  The mixture was heated to reflux before the 

addition of a 0.1 M solution of the diazocarbonyl compound (1 equiv) in PhMe 

via syringe pump over 12 h (0.100 mL/h) followed by an additional 12 h of reflux.  

The resulting solution was allowed to cool to rt and then washed with equivalent 

volumes of a 0.5 M aqueous solution of K2CO3 and brine.  The combined organic 

layers were then dried over MgSO4, filtered, concentrated under reduced pressure 

and purified by flash chromatography.  In cases where Cu(0) was used as the 

catalyst, the reaction mixture was filtered through a plug of celite using 30 % 

EtOAc/hexanes before chromatography. 

 

Method B:  A 0.05 M solution of azetidine (1 equiv) in DCE was transferred via 

cannula into a 2-5 mL microwave vial containing 10 mol % Cu(acac)2.  A 0.5 M 

solution of the diazocarbonyl compound in DCE (2 equiv) was then added.  The 

reaction mixture was subjected to microwave irradiation (either 150 °C or 180 ºC) 

for 1h.  The reaction mixture was then washed with equivalent volumes of 0.5 M 

aqueous K2CO3 solution and brine.  The combined organic layers were dried over 

MgSO4, filtered, concentrated under reduced pressure and purified by flash 

chromatography. 
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1-Benzylpyrrolidine-2,3,3-tricarboxylic acid 3-methyl ester 2,2-diethyl ester 

88a: 
 

 
Yellow oil, Rf = 0.37 (6:1 hexanes:EtOAc); IR (thin film) 2982, 2842, 1731, 1495, 

1454, 1367, 1214, 1098, 1028 cm –1; 1H NMR (500 MHz, CDCl3) δ  7.37-7.35 (m, 

2H), 7.29-7.26 (m, 2H), 7.22-7.19 (m, 1H), 4.34-4.20 (m, 4H), 3.97 (d, J = 13.5 

Hz, 1H), 3.85 (d, J = 13.5 Hz, 1H), 3.71 (dd, J = 9.0, 8.4 Hz, 1H), 3.68 (s, 3H), 

2.92 (app td, J = 8.8, 4.7 Hz, 1H), 2.81 (app td, 8.5, 6.8 Hz, 1H), 2.24-2.13 (m, 

2H), 1.30 (t, J = 7.1 Hz, 3H), 1.29 (t, J = 7.2 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ 172.3, 169.1, 168.7, 139.6, 128.3, 128.2, 126.9, 76.9, 61.6, 61.3, 54.8, 

52.0, 51.1, 50.4, 26.1, 14.2, 14.1. HRMS calculated for C19H25NO6Na [M + Na]+ 

386.1574, found 386.1577.   

 

1-Pentylpyrrolidine-2,3-dicarboxylic acid 3-methyl ester 2-ethyl ester 88b: 
 

 
Reaction gave an ~1:1 mixture of diastereomers determined by GC analysis and 

integration of OMe singlets in the 1H NMR spectrum; Rf = 0.45 (3:2 

hexanes:EtOAc);  IR (thin film) 2955, 2934, 2860, 1738, 1436, 1372, 1196, 1096, 

1032 cm–1; 1H NMR (400 MHz, CDCl3) Diastereomer 1: δ 4.26-4.17 (m, 2H), 

3.70 (s, 3H), 3.42 (d, J = 6.5 Hz, 1H), 3.20-3.16 (m, 2H), 2.71 (dt, J = 11.7, 8.1 

Hz, 1H), 2.47 (app q, J = 8.9 Hz, 1H), 2.40 (app dt, J = 11.9, 7.3 Hz, 1H), 2.26-

2.17 (m, 1H), 2.08 (dddd, J = 12.8, 7.9, 4.8, 3.2 Hz, 1H), 1.49 (p, J = 7.5 Hz, 2H), 

1.36-1.24 (m, 7H), 1.28 (t, J = 7.1 Hz, 3H); Diastereomer 2 (extrapolated from 

mixture of diastereomers): δ 4.18-4.09 (m, 2H), 3.66 (d, J = 8.4 Hz, 1H), 3.65 (s, 

3H), 3.26 (app q, J = 9.2 Hz, 1H), 3.03 (td, J = 8.8, 3.9 Hz, 1H), 2.72 (app q, J = 
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7.7 Hz, 1H), 2.57 (ddd, J = 11.8, 8.7, 6.8 Hz, 1H), 2.51-2.31 (m, 2H), 2.16-2.03 

(m, 1H), 1.53-1.45 (m, 2H), 1.39-1.21 (m, 4H), 1.25 (t, J = 6.8 Hz, 3H), 0.88 (t, J 

= 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3) Diastereomer 1: δ 174.3, 172.7, 69.0, 

60.9, 54.8, 52.9, 52.1, 47.1, 29.6, 28.1, 27.6, 22.5, 14.2, 14.0; Diastereomer 2 

(extrapolated from mixture of diastereomers): 172.6, 171.4, 66.7, 60.3, 53.6, 51.8, 

51.8, 46.5, 29.6, 28.1, 26.5, 22.5, 14.3, 14.0. HRMS calculated for C14H25NO4 (M 
+) 271.1783, found 271.1777. 

 

1-Pentylpyrrolidine-2,3,3-tricarboxylic acid 3-methyl ester 2,2-diethyl ester 

88c: 
 

 
Yellow oil, Rf = 0.41 (4:1 hexanes:EtOAc); IR (thin film) 2957, 2933, 2860, 1732, 

1446, 1367, 1267, 1214, 1104, 1025 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 4.12-4.30 (m, 4H), 3.67 (s, 3H), 3.62 (app t, J = 9.0 Hz, 1H), 3.04-2.96 (m, 2H) 

2.72 (ddd, J = 11.8, 9.0, 6.0, 1H), 2.66 (ddd, J = 11.8, 8.9, 6.8 Hz, 1H), 2.28-2.15 

(m, 2H), 1.58-1.40 (m, 2H), 1.36-1.25 (m, 4H), 1.28 (t, J = 7.2 Hz, 3H), 1.26 (t, J 

= 7.2 Hz, 3H), 0.88 (t, J = 7.0, 3H); 13C NMR (125 MHz, CDCl3) δ 172.3, 169.2, 

168.7, 76.8, 61.4, 61.1, 51.9, 51.1, 50.9, 50.7, 29.4, 28.7, 26.2, 22.6, 14.1, 14.1, 

14.0.  HRMS (ESI) calculated for C17H30NO6  ([M+H]+) 344.2068, found 

344.2068. 

 
2-Benzoyl-1-pentylpyrrolidine-2,3-dicarboxylic acid 2-ethyl ester 3-methyl 

ester 88d: 
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Reaction gave an inseparable ~1:1 mixture of diastereomers determined by GC 

analysis and integration of OMe singlets in the 1H NMR spectrum; Rf = 0.33 (7:3 

hexanes:EtOAc);  IR (cast film) 2955, 2927, 2851, 1738, 1699, 1447, 1212, 1176, 

1097, 1024, 694 cm-1; 1H NMR (400 MHz, CDCl3) Diastereomer 1 (extrapolated 

from mixture of diastereomers): δ 8.19-8.17 (m, 2H), 7.44-7.37 (m, 3H), 4.28-

4.18 (m, 2H), 3.70 (t, J = 9.5 Hz, 1H), 3.60 (s, 3H), 3.39 (td, J = 8.7, 5.5 Hz, 1H), 

2.88-2.79 (m, 2H), 2.69 (ddd, J = 12.8, 10.3, 6.0 Hz, 1H), 2.38-2.14 (m, 2H), 

1.69-1.10 (m, 6H), 1.24 (t, J = 7.2 Hz, 3H), 0.80 (t, J = 7.0 Hz, 3H); Diastereomer 

2 (extrapolated from mixture of diastereomers): δ 7.89-7.86 (m, 2H), 7.55-7.46 

(m, 3H), 4.26-4.14 (m, 2H), 4.03 (dd, J = 9.2, 6.6 Hz, 1H), 3.42 (td, J = 8.5, 2.6 

Hz, 1H), 3.27 (s, 3H), 2.82 (ddd, J = 11.9, 10.3, 6.1 Hz, 1H), 2.56 (app q, J = 8.5 

Hz, 1H), 2.38-2.21 (m, 2H), 2.18 (ddd, J = 11.9, 9.4, 5.2 Hz, 1H), 1.60-1.10 (m, 

6H), 1.12 (t, J = 7.2 Hz, 3H), 0.85 (t, J = 7.1 Hz, 3H); 13C NMR (mixture of 

diastereomers) (125 MHz, CDCl3) δ 197.3, 196.0, 173.0, 171.3, 169.2, 169.0, 

136.7, 136.4, 132.4, 132.1, 129.0, 128.4, 128.0, 127.8, 82.7, 81.0, 77.1, 61.2, 61.0, 

51.7, 51.6, 51.2, 50.6, 49.9, 49.0, 29.4, 29.3, 28.6, 28.3, 27.5, 24.6, 22.5, 22.3, 

14.1, 14.1, 14.0, 13.9 (one carbon signal was not detected, possibly due to overlap 

with the solvent); HRMS (ESI) calculated for C21H30NO5  ([M+H]+) 376.2119, 

found 376.2115. 

 
1-Allylpyrrolidine-2,3-dicarboxylic acid 3-methyl ester 2-ethyl ester 88e: 

 

 
Reaction gave an inseparable ~1:1 mixture of diastereomers determined by GC 

analysis and integration of OMe singlets in the 1H NMR spectrum; Rf = 0.21 (4:1 

hexanes:EtOAc);  IR (cast film) 2981, 2955, 2846, 1740, 1437, 1370, 1264, 1200, 

1032 cm –1; 1H NMR (400 MHz, CDCl3) mixture of diastereomers δ 5.95-5.85 

(m, 2H), 5.19 (app dddd, J = 17.2, 6.5, 3.0, 1.5 Hz, 2H), 5.11 (app dddd, J = 10.0, 

3.0, 2.0, 1.0 Hz, 2H), 4.24-4.12 (m, 4H), 3.72 (s, 3H), 3.66 (d, J = 8.5 Hz, 1H), 
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3.66 (s, 3H), 3.47 (d, J = 6.5 Hz, 1H), 3.40 (app ddt, J = 13.4, 6.0, 1.5 Hz, 1H), 

3.32-3.25 (m, 2H), 3.23-3.10 (m, 3H), 3.07 (app td, J = 9.0, 4.0 Hz, 1H), 2.72 

(app dt,  J = 9.0, 7.5 Hz, 1H), 2.53 (app td, J = 9.0, 8.0 Hz, 1H), 2.39-2.30 (m, 

1H), 2.25-2.03 (m, 4H), 1.28 (t, J = 7.0 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H); 13C 

NMR (125 MHz, CDCl3) δ 174.2, 172.5, 172.5, 171.2, 134.9, 134.8, 117.8, 117.7, 

68.0, 66.2, 61.0, 60.5, 57.4, 56.3, 52.7, 52.2, 51.9, 51.7, 47.2, 46.5, 27.6, 26.6, 

14.2, 14.2; HRMS calculated for C12H19NO4 (M+) 241.1314, found 241.1317.  

 
1-Allylpyrrolidine-2,3,3-tricarboxylic acid 3-methyl ester 2,2-diethyl ester 

88f: 

 

 
Yellow oil, Rf = 0.29 (4:1 hexanes:EtOAc); IR (thin film) 2982, 2820, 1731, 1438, 

1367, 1262, 1215, 1119, 1026, 921, 858, 775 cm –1; 1H NMR (400 MHz, CDCl3) δ 

5.89 (app ddt, J = 17.0, 10.1, 6.3 Hz, 1H), 5.18 (app dq, J = 17.1, 1.6 Hz, 1H), 

5.07 (app dd, br, J = 10.1, 1.6 Hz, 1H), 3.35-4.12 (m, 4H), 3.68 (s, 3H), 3.67 (t, J 

= 8.9 Hz, 1H), 3.43 (app ddt, J = 13.6, 6.2, 1.3 Hz, 1H), 3.33 (dd, J = 13.6, 6.3 

Hz, 1H), 3.05-2.90 (m, 2H), 2.24-2.17 (m, 2H), 1.29 (t, J = 7.1, 3H), 1.27 (t, J = 

7.1, 3H); 13C NMR (125 MHz, CDCl3) δ 172.3, 169.1, 168.6, 136.1, 116.3, 76.6, 

61.6, 61.2, 53.9, 51.9, 51.1, 50.7, 26.2, 14.1, 14.1; HRMS calculated for 

C15H24NO5 [M + H]+ 314.1598, found 314.1599.   

 
2-Benzoyl-1-allylpyrrolidine-2,3-dicarboxylic acid 2-ethyl ester 3-methyl ester 

88g: 
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Reaction gave an inseparable ~1:1 mixture of diastereomers determined by GC 

analysis and integration of OMe singlets in the 1H NMR spectrum; Rf = 0.30 (7:3 

hexanes:EtOAc);  IR (thin film) 3070, 2961, 2851, 1741, 1687, 1597, 1448, 1368, 

1261, 1201, 1099, 1025, 924, 803, 715, 697 cm -1; 1H NMR (400 MHz, CDCl3) 

Diastereomer 1: δ 8.21-8.19 (m, 2H), 7.54 (app tt, J = 1.2, 7.2 Hz, 1H), 7.45-7.41 

(m, 2H), 5.77 (ddt, J = 17.1, 10.4, 6.4 Hz, 1H), 5.15 (app dq, J = 17.1, 1.6 Hz, 

1H), 5.06 (app dq, J = 10.4, 1.6 Hz, 1H), 4.31-4.15 (m, 2H), 3.72 (t, J = 9.6 Hz, 

1H), 3.61 (s, 3H), 3.43 (app dt, J = 6.4, 1.6 Hz, 2H), 3.33 (td, J = 9.0, 5.6 Hz, 1H), 

2.79 (td, J = 9.6, 5.6 Hz, 1H), 2.34-2.17 (m, 2H), 1.26 (t, J = 7.2 Hz, 3H); 

Diastereomer 2: δ 7.89 (d, J = 8.0 Hz, 2H), 7.50 (t, J = 7.2 Hz, 1H), 7.40 (t, J = 

8.0 Hz, 2H), 5.90 (dddd, J = 17.0, 10.0, 8.0, 4.5 Hz, 1H), 5.14 (app dp, J = 17.0, 

1.0 Hz, 1H), 5.06 (br d, J = 10.0 Hz, 1H), 4.20-4.14 (m, 2H), 4.09 (dd, J = 9.2, 6.7 

Hz, 1H), 3.62 (br d, J = 13.5 Hz, 1H), 3.36 (td, J = 8.6, 2.8 Hz, 1H), 3.27 (s, 3H), 

2.78 (dd, J = 13.7, 7.7 Hz, 1H), 2.54 (app q, J = 8.6 Hz, 1H), 2.36-2.29 (m, 1H), 

2.26-2.19 (m, 1H), 1.21 (t, J = 7.2 Hz, 3H); 13C NMR (125 MHz, CDCl3) 

Diastereomer 1: δ 197.0, 171.3, 169.0 136.3, 135.4, 132.7, 129.3, 129.1, 128.3, 

117.1, 82.5, 61.2, 53.7, 51.8, 49.2, 24.6, 14.1; Diastereomer 2: δ 195.6, 173.0, 

169.0, 136.5, 136.1, 132.4, 128.5, 128.1, 116.5, 80.5, 61.5, 54.2, 51.9, 51.8, 50.0, 

29.7, 27.5, 14.0; HRMS (ESI) calculated for C19H24NO5 [M + H]+ 346.1649, 

found 346.1649.  

 
1-Benzyl-3,3-dimethylproline ethyl ester 88h: 
 

 
Yellow oil, Rf = 0.23 (12:1 hexanes:EtOAc); IR (cast film) 2960, 2872, 2803, 

1746, 1728, 1495, 1454, 1368, 1343, 1239, 1177, 1030, 750, 700 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 7.34-7.21 (m, 5H), 4.21-4.10 (m, 2H), 3.86 (d, J = 13.2 Hz, 

1H), 3.53 (d, J = 13.2 Hz, 1H), 3.02 (app td, J = 8.7, 3.5 Hz, 1H), 2.98 (s, 1H), 

2.51 (app q, J = 8.0 Hz, 1H), 1.76 (app dt, J = 12.5, 8.5 Hz, 1H), 1.58 (ddd, J = 
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12.2, 7.7, 3.2 Hz, 1H), 1.27 (t, J = 7.0, Hz, 3H), 1.18 (s, 3H), 1.02 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 172.8, 138.5, 129.1, 128.1, 126.9, 75.9, 60.0, 58.4, 

51.1, 41.9, 39.3, 29.4, 25.5, 14.4; HRMS calculated for C16H23NO2 (M+) 261.1729, 

found 261.1730. 

 
1-Benzyl-2-benzoyl-3,3-dimethyl-pyrrolidine 88i: 

 

 
Yellow oil, Rf = 0.21 (12:1 hexanes:EtOAc); IR (cast film) 3062, 3085, 3027, 

2958, 2930, 2869, 2802, 1681, 1597, 1578, 1494, 1466, 1447, 1367, 1229, 1180, 

1157, 1127, 1075, 1028, 1002, 910, 859, 827, 745, 695, 674 cm-1; 1H NMR (400 

MHz, CDCl3) δ 7.93 (app d, J = 8.8 Hz, 2H), 7.55 (app tt, J = 1.6, 7.4 Hz, 1H), 

7.44 (app t, J = 7.6 Hz, 2H), 7.28-7.21 (m, 5H), 3.93 (s, 1H), 3.88 (d, J = 13.2 Hz, 

1H), 3.57 (d, J = 13.2 Hz, 1H), 3.14 (app td, J = 8.6, 2.4 Hz, 1H), 2.66 (app td, J = 

9.0, 7.6 Hz, 1H), 1.88 (app dt, J = 12.1, 8.8 Hz, 1H), 1.65 (ddd, J = 12.2, 7.4, 2.8 

Hz, 1H), 1.19 (s, 3H), 0.90 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 201.9, 138.6, 

138.4, 132.7, 129.2, 128.5, 128.3, 128.1, 126.9, 76.7, 58.2, 51.1, 42.4, 40.1, 30.0, 

26.1; HRMS calculated for C20H24NO ([M+H]+) 294.1852, found 294.1852. 

 

1-Benzyl-2-benzoylpyrrolidine 88j: 

 

 
Yellow oil, Rf = 0.25 (12:1 hexanes:EtOAc); IR (cast film) 3062, 3028, 2958, 

2927, 2855, 2801, 1721, 1689, 1597, 1448, 1277, 1223, 700 cm-1;  1H NMR (500 

MHz, CDCl3) δ 8.04-8.02 (m, 2H), 7.57-7.54 (m, 1H), 7.47-7.43 (m, 2H), 7.31-

7.22 (m, 5H), 4.02 (dd, J = 9.4, 6.8 Hz, 1H), 3.97 (d, J = 12.8 Hz, 1H), 3.49 (d, J 

= 12.8 Hz, 1H), 3.18-3.14 (m, 1H), 2.46 (app dt, J = 9.0, 8.5 Hz, 1H), 2.35-2.32 
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(m, 1H), 2.03-1.83 (m, 3H);  13CNMR (125 MHz, CDCl3) δ 200.5, 138.3, 136.1, 

132.9, 129.3, 128.6, 128.4, 128.2, 127.0, 68.9, 58.5, 53.1, 29.9, 23.1.  

 

1-Benzyl-2-benzoyl-4,5-dihydro-1-H-pyrrole-3-carboxylic acid ethyl ester 

89a: 
 

 
Yellow oil, Rf = 0.27 (5:1 hexanes:EtOAc); IR (cast film) 3062, 3030, 2946, 2855, 

1678, 1581, 1495, 1450, 1430, 1352, 1317, 1273, 1222, 1186, 1116, 1053, 1028, 

1001, 945, 879, 758, 701 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.04-8.02 (m, 2H), 

7.65-7.61 (m, 1H), 7.53-7.50 (m, 2H), 7.31-7.25 (m, 3H), 7.19-7.17 (m, 2H), 4.06 

(s, 2H), 3.47 (t, J = 10.5 Hz, 2H), 3.46 (s, 3H), 2.92 (t, J = 10.2 Hz, 2H); 13C 

NMR (125 MHz, CDCl3) δ 192.2, 165.6, 158.3, 136.0, 135.6, 134.3, 129.2, 128.8, 

128.6, 128.1, 127.8, 100.8, 52.7, 51.8, 50.6, 27.4;  HRMS calculated for 

C20H19NO3 (M+) 321.1365, found 321.1363. 

 
1-Pentyl-2-benzoyl-4,5-dihydro-1-H-pyrrole-3-carboxylic acid ethyl ester 
89b: 

 

 
Yellow oil, Rf = 0.38 (4:1 hexanes:EtOAc); IR (cast film) 2954, 2932, 2860, 1679, 

1582, 1491, 1450, 1431, 1352, 1317, 1218, 1187, 1110, 1042, 1023, 880, 758, 712 

cm-1; 1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 7.2 Hz, 2H), 7.63-7.60 (m, 1H), 

7.49 (t, J = 7.7 Hz, 2H), 3.61 (t, J = 10.2 Hz, 2H), 3.42 (s, 3H), 2.94 (t, J = 10.2 

Hz, 2H), 2.88 (t, J = 7.2 Hz, 2H), 1.43 (p, J = 7.2 Hz, 2H), 1.20-1.10 (m, 4H), 

0.79 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 192.4, 165.6, 158.9, 
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135.6, 134.1, 129.1, 128.8, 99.9, 51.9, 50.5, 48.5, 28.6, 27.7, 27.4, 22.1, 13.8; 

HRMS calculated for C18H23NO3 (M+) 301.1678, found 301.1675. 

 
1-Allyl-2-benzoyl-4,5-dihydro-1-H-pyrrole-3-carboxylic acid ethyl ester 89c: 
 

 
Yellow oil, Rf = 0.44 (7:3 hexanes:EtOAc); IR (cast film) 3064, 2945, 2860, 1679, 

1582, 1486, 1450, 1431, 1351, 1317, 1287, 1225, 1188, 1113, 1051, 1024, 1000, 

934, 879, 758, 713 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.01 (dd, J = 8.0, 1.2 Hz, 

2H), 7.63 (tt, J = 7.4, 1.2 Hz, 1H), 7.51 (app t, J = 8.0 Hz, 2H), 5.68 (ddt, J = 

17.4, 10.0, 6.3 Hz, 1H), 5.17 (app dq, J = 5.2, 1.2 Hz, 1H), 5.14 (app dq, J = 10.0, 

1.2 Hz, 1H), 3.59 (t, J = 10.2 Hz, 2H), 3.52 (app dt, J = 6.4, 1.2 Hz, 2H), 3.44 (s, 

3H), 2.95 (t, J = 10.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 192.1, 165.6, 

158.2, 135.5, 134.2, 132.8, 129.1, 128.8, 118.1, 101.2, 51.7, 51.2, 50.5, 

27.4; HRMS calculated for C16H17NO3 (M+)  271.1209, found 271.1209. 

 

2-Azetidin-1-yl-2-benzyl-malonic acid diethyl ester 90a: 

 

 
Yellow oil, Rf = 0.31 (7:3 hexanes:EtOAc); IR (neat film) 3031, 2979, 2938, 

2872, 1751, 1728, 1497, 1455, 1222, 1191, 1123, 1103, 1040, 699 cm –1; 1H NMR 

(400 MHz, CDCl3) δ 7.27-7.18 (m, 5H), 4.23-4.15 (m, 4H), 3.56 (t, J = 7.2, 4H), 

3.11 (s, 2H) 2.05 (p, J = 7.2, 2H), 1.23 (t, J = 7.1, 6H); 13C NMR (125 MHz, 

CDCl3) δ 168.5, 135.9, 130.1, 128.0, 126.7, 74.3, 60.9, 50.5, 37.6, 16.4, 14.2; 

HRMS calculated for C17H23NO4 (M+)  305.1627, found 305.1623. 

 
2-Azetidin-1-yl-2-benzyl-3-oxo-3-phenyl-propionic acid ethyl ester 90b: 
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Yellow oil, Rf = 0.26 (19:1 hexanes:EtOAc); IR (thin film) 3063, 3030, 2968, 

2935, 2870, 1727, 1690, 1597, 1496, 1448, 1216, 1026, 756, 698 cm –1; 1H NMR 

(300 MHz, CDCl3) δ 7.83-7.80 (m, 2H), 7.47-7.43 (m, 1H), 7.36-7.30 (m, 2H), 

7.17-7.09 (m, 5H), 4.26-3.99 (m, 2H), 3.54 (app q, J = 6.8 Hz, 2H), 3.45 (app q, J 

= 6.9 Hz, 2H), 3.37 (d, J = 14.2 Hz, 1H), 3.30 (d, J = 14.2 Hz, 1H), 2.04 (app p, J 

= 7.2 Hz, 2H), 1.08 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 196.3, 

169.7, 137.2, 136.2, 132.6, 130.7, 129.2, 128.3, 128.2, 126.9, 77.9, 61.1, 50.7, 

37.6, 17.1, 14.3; HRMS (ESI) calculated for C21H24NO3 ([M + H]+) 338.1751, 

found 338.1751. 
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Chapter 3  
 

Studies toward the use of Azetidine Derivatives for the 
Synthesis of Bicyclic Heterocycles  

 

3.1. Introduction 

 

Our successful investigation into the ring expansion of azetidines (1) to 

pyrrolidines (3) via the Stevens rearrangement of azetidinium ylides, which was 

discussed in Chapter 2,1 demonstrated that this methodology had potential to be 

used toward the synthesis of more complex frameworks, such as those found in 

alkaloid natural products.   

 

 
Scheme 3.1: Ring expansion of azetidines to pyrrolidines via the Stevens [1,2]-shift. 

 

Previous work in our group had also shown that both medium-sized 

heterocycles2 and the pyrrolizidine framework3 were both accessible using a 

Stevens [1,2]-shift approach.  In 1994, West and Naidu reported the synthesis of 

azapinone and azocinone derivatives (5) from the intramolecular [1,2]-shift of 

acyclic amino-tethered diazoketones 4 (Scheme 3.2).  In this case, the use of a 

homogenous copper catalyst, Cu(acac)2, was found to be superior to Rh2(OAc)4 

for the formation of the larger ring systems. 
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Scheme 3.2: Synthesis of aza-heterocycles via an intramolecular Stevens [1,2]-shift. 

 

In 2005, West and Vanecko reported the synthesis of two alkaloid natural 

products, turneforcidine and platynecine, via the ring expansion of diazo-tethered 

azetidine 6.  The expansion of the in situ formed spirocyclic ammonium ylide I 

resulted in the formation of a 3.6 to 1 ratio of diastereomers 7 and 8.  After 

separation, these two compounds were carried forward separately to give the 

natural products turneforcidine (9) and platynecine (10, Scheme 3.3).  

 

 
Scheme 3.3: Synthesis of the pyrrolizidine alkaloids turneforcidine and platynecine. 

 

With the success of our earlier investigation and the precedent set by 

previous group members, we were confident in our abilities to combine these two 

ring-forming strategies for the formation of bicyclic systems possessing a 

medium-sized ring.  There are a several interesting alkaloid natural products that 

possess a 5,7- or 5,8-ring system that we believed would be accessible by this 

approach.  The stemona alkaloids, for example stemonamine (Figure 3.1),4 are a 

diverse class of naturally occurring compounds possessing a 5,7-ring system at 

N
Me

Bn

O

N

O

MeN2

54
n = 1-3

n Bn
n

Cu(acac)2
or Rh2(OAc)4

PhMe, reflux
58-99 %

N

CO2Me

N2
O

6

10 mol % 
Cu(acac)2

PhMe, reflux
82 %

7:8 = 3.6:1

N N

MeO2C H HO OMeO2C

7 8

+

N N

H HOH OH

(±)-9 (±)-10

+

N

CO2Me

O

[1,2]-shift

I

HO HO

102



 

their core.  The 5,8-system, our other target, is present in natural products such as 

nakadomarin A. 

 
Figure 3.1: Natural products containing our target 5,7- or 5,8-ring system. 

 

3.2. Studies Toward the Ring Expansion of Spirocyclic Azetidinium Ylides  

 

Our first goal for this project was to determine if the ring expansion would 

occur with an azetidine ring possessing no radical stabilizing substituents on the 

α-carbons of the ring (Scheme 3.4).  From our previous work, we knew that the 

release of strain in an azetidine ring was a strong driving force for the ring 

expansion of azetidines to pyrrolidines.  We also knew that the reactivity of 

azetidines with no radical-stabilizing substituents on the α-carbon was different 

for a mono- and distabilized metallocarbene partners (Scheme 3.5).  The ring 

expansion of N-benzylazetidine (13) to pyrrolidines (14) was successfully 

achieved when it was allowed to react with a metallocarbene derived in situ from 

a mono-stabilized diazocarbonyl compound and Cu(acac)2.  When 13 was allowed 

to react with a distabilized metallocarbene, on the other hand, the product 

obtained was that from a [1,2]-benzyl shift (15).  Although these examples led us 

to choose a monostabilized diazo-tether for our intramolecular variant we were 

still not sure how the system would behave with the formation of a spirocyclic 

ammonium ylide.  If successful, this reaction would allow access to unsubstituted 

pyrrolidine frameworks, seen in molecules like stemonamine, without having to 

subsequently remove a directing group on the 2-position.   
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Scheme 3.4: Ring expansion of a diazo-tethered azetidine via a spirocyclic azetidinium ylide. 

  

 
Scheme 3.5: Reactivity of N-benzylazetidine with differently stabilized diazocarbonyl 

compounds. 

 

Access to the desired diazo-tethered azetidine 18 was accomplished by the 

alkylation of azetidine with the bromo-tethered diazocarbonyl compound 17.2 As 

azetidine itself is a rather expensive, volatile molecule we first set out to find a 

way to efficiently access the material on a large scale using readily available, 

relatively inexpensive starting materials.  We were able to accomplish this by 

synthesizing N-benzhydrylamine (16), a stable white solid at room temperature, 

using a modified version of a procedure reported by Causey and coworkers.5 N-

benzhydrylamine (16) was subsequently debenzylated, under transfer 

hydrogenation conditions, and alkylated with bromo-tethered diazo compound 17 

in the presence of triethylamine. Unfortunately, all attempts to induce the desired 

[1,2]-ring expansion of 18, in the presence of copper or rhodium catalysts, only 

led to the formation of azocane 19.  

 

 
Scheme 3.6: Synthesis of azocane 19. 
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Azocane 19 was believed to arise from ring opening of the intermediate 

ylide (III) with water (Scheme 3.7).  All attempts to remove any superfluous 

water from the starting substrate were not successful in preventing the formation 

of the azocane 19 or inducing the formation of the desired product 20.  It is 

possible that the ylide intermediate III, formed through attack on the electrophilic 

carbenoid with nitrogen, is not reactive enough under these conditions to undergo 

the desired transformation.  

 
Scheme 3.7: Mechanism for the generation of azocane 19. 

 

Given the absence of any evidence for the desired ring expansion using a 

nonstabilized azetidine substrate, we next turned to the use of stabilizing groups 

that could be placed in the α-carbon, which could lower the barrier for [1,2]-shift 

but could, if necessary, be subsequently removed.  Installation of a ring carbonyl 

at the 2-position (i.e.; a β-lactam) was intriguing for a few reasons.  First, the 

synthesis of β-lactams is well established in the literature and could allow us to 

access bi- or tricyclic ring systems quite quickly.  Second, there were no reported 

examples of acyl radicals migrating during a [1,2]-shift reaction even though the 

stability of an acyl radical is reported in the literature to be very similar to that of 

a benzyl radical.6 Under the right conditions, such as the desire to release ring 

strain, we believed that an acyl [1,2]-shift was feasible (Scheme 3.8). 
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Scheme 3.8: Proposed [1,2]-acyl shift of β-lactams. 

 

3.2.1. Studies toward the use of β-Lactams in the Stevens [1,2]-shift 

 

The synthesis of β-lactams 25 and 28 was accomplished by a [2+2]-

cycloaddition between cyclohexene (23) or styrene (27) and chlorosulfonyl 

isocyanate (24).7 Subsequent alkylation with either benzyl bromide of butyl 

bromide under phase transfer conditions8 gave the desired compounds 26 and 29 

(Scheme 3.9). We chose these substrates to not only investigate the possibility of 

the ring expansion taking place, but to also see if there would be competition 

between [1,2]-acyl and [1,2]-benzyl migration.  

 

 
 

 
Scheme 3.9: Synthesis of β-lactam substrates. 
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derived homodimers (31).  Attempts at increasing the reaction temperature using 

microwave irradiation were also unsuccessful, resulting in both recovered starting 

material, homodimers and, when heated to high temperatures for prolonged 

periods of time, decomposition. 

The lack of any reactivity in these experiments was a bit puzzling.  

Although we were aware that an equilibrium between ylides derived from both 

the amide nitrogen and the amide carbonyl was possible, we predicted that the 

ammonium ylide (VII) should be more thermodynamically favoured (Scheme 

3.11).  This prediction was based on work done by both the Padwa group9 and the 

Kappe group,10 which demonstrated that ammonium ylides (IX) derived from 

both amides 33 and ureas 34 were formed preferentially over their carbonyl ylide 

counterparts (X) (Scheme 3.12).  

  

 

 
Scheme 3.10: Attempted Stevens [1,2]-shift of β-lactams with in situ derived 

metallocarbenes. 

 

 

 
Scheme 3.11: Equilibrium between carbonyl and ammonium ylides. 
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Scheme 3.12: Precedent for preferential ammonium ylide formation. 

 

In our case, where the amide nitrogen is most likely more basic than a 

typical unstrained amide due to decreased contribution by the zwitterionic amide 

resonance form in the strained four-membered ring, coordination with the in situ 

generated metallocarbene should be possible.  Even if none of our desired [1,2]-

ring expansion products were formed we still expected to see either a [1,2]-benzyl 

shift, in the case of 26a and 29a, or α’,β-fragmentation, in the case of 26b and 

29b (Scheme 3.13).  The fact that none of these products was observed made us 

wonder if the ammonium ylide was being generated at all.  Given this uncertainty 

and the limited time remaining, we chose at this point to examine other 

approaches to “temporary stabilization” at C-2. 

In lieu of an acyl migrating group, we next turned to the use of a silyl 

group for stabilizing the [1,2]-shift.  In 2002, West and Vanecko reported a novel 

silyl-directed Stevens rearrangement as the key step in the synthesis of 

quinolizidine derivatives (Scheme 3.14).11 This synthesis, which utilized 

established chemistry for the asymmetric α-lithiation of N-Boc pyrrolidine,12 

resulted in the formation of dihydroxyquinolizidines 43a and 43b in six steps 

from readily available N-Boc pyrrolidine (38).  
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Scheme 3.13: Possible reaction pathways after generation of an ammonium ylide. 

 

 

 
 

 
Scheme 3.14: Synthesis of dihydroxyquinolizidines via a silyl-directed [1,2]-shift. 
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3.2.2. Studies Toward Asymmetric α-Lithiation of Azetidines 

 

Our first objective for this project was to determine if the α-lithiation 

chemistry developed in the Beak group would work with N-Boc azetidine.12 The 

success of the Beak methodology is due to the formation of a s-BuLi/(-)-sparteine 

complex (Li*) which coordinates with the oxygen of the Boc-protecting group 

before for deprotonation (Scheme 3.15).  This deprotonation provides an 

enantiomerically enriched organolithium intermediate (XIV) which subsequently 

undergoes stereoselective electrophilic substitution to generate the desired product 

(44).  We hoped that a similar result would work for our case as well. 

The synthesis of N-Boc azetidine (45) was accomplished in two steps from 

N-benzhydrylazetidine (16, Scheme 3.16).  Removal of the benzhydyl group via 

transfer hydrogenation, followed by filtration of the reaction mixture to remove 

the catalyst and subsequent addition of di-tert-butyl dicarbonate (Boc2O) and 

aqueous sodium hydroxide, resulted in the formation of N-Boc azetidine (45) in 

79% yield. 

 

 
Scheme 3.15: Asymmetric α-lithiation/electrophilic substitution of N-Boc pyrrolidine. 

 

 
Scheme 3.16: Synthesis of N-Boc azetidine. 
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With the desired substrate in hand we next set out to determine if α-

lithiation using the Beak methodology was possible for the generation of the α-

silylated azetidine 46. We began by treating N-Boc azetidine 45 with s-BuLi in 

the presence of tetramethylethylenediamine (TMEDA) in Et2O at -78 ºC followed 

by addition of freshly distilled TMSCl (Table 3.1, entry 1).  The procedure was 

similar to those reported for the synthesis of asymmetric N-Boc pyrrolidines; 

however, instead of using (-)-sparteine we used TMEDA with a goal of first 

optimizing the formation of racemic product using a less expensive diamine 

ligand.  

 

Entry RLi (equiv)1 Solvent Temp (ºC) Time (h)2 Yield  46(%) 

1 s-BuLi (1.3) Et2O -78 ºC 6 -3 

2 s-BuLi (1.3) Et2O -78 ºC 8 -3 

3 s-BuLi (1.3) Et2O -78 ºC 2 -3 

4 s-BuLi (1.3) Et2O - 45 ºC 6 -3 

5 s-BuLi (1.3) THF -78 ºC 6 -3 

6 n-BuLi (1.3) Et2O -78 ºC 6 -3 

7 t-BuLi (1.3) Et2O -78 ºC 6 -3 

1The equivalents of TMEDA were the same as those reported for RLi relative to 1 equiv of 45. 
2Refers to the time RLi was allowed to react with the substrate (45) before addition of TMSCl. 

3Mostly recovered starting material by 1HNMR analysis of crude reaction mixture.             
 

Table 3.1: Survey of condition employed for the attempted α-lithiation/silylation of N-Boc 
azetidine. 
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Unfortunately, this standard procedure failed to afford any of the desired 

α-silylated material.  Table 3.1 shows a representative example of the 

modifications to the standard conditions we tried to provide the desired α- 

silylated product 46.  In our hands, none of the changes of solvent (THF vs. Et2O), 

organolithium reagent (n-BuLi, s-BuLi, t-BuLi), reaction temperature (-78 ºC to 0 

ºC) or reaction time was successful in helping us to obtain the desired compound. 

Fortuitously, during our struggles with this lithiation approach, the 

Hodgson group published a timely report on the lithiation and electrophilic 

substitution of N-thiopivaloylazetidine (Scheme 3.17).13 In their report, the 

authors described the difficulties they had encountered in attempting to α-lithiate 

N-Boc azetidine as well as other N-protected azetidine derivatives.  In the end, 

they found that the thiopivaloyl group was the key to successful lithiation and 

ultimately, electrophilic substitution. 

 

 
Scheme 3.17: Successful α-lithiation/electrophilic substitution of N-thiopivaloylazetidine. 

 

With a clear route to our desired substrate in hand we went forward and 

synthesized the α-silylated azetidine derivative 51 (Scheme 3.18).  As with our N-

Boc azetidine substrate described previously, we were able to access the pivaloyl-

protected azetidine 50 using a two-step protocol from N-benzhydrylamine (16).  

Conversion of 50 to the desired thiopivaloyl-protected substrate (48) was 

accomplished using either the P2S5/pyridine conditions reported in the Hodgson 

paper or by treatment with Lawesson’s reagent in refluxing THF.  Subsequent 

application of the α-lithiation/electrophilic substitution protocol provided the α-

silylated product 51 in excellent yield.  With the desired substrate finally in hand, 

our next step was the removal of the thiopivaloyl protecting group in order to gain 

access to the free azetidine (52) for further transformations.  
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Scheme 3.18: Synthesis of α-silylated azetidine derivative 51. 

 

Removal of the thiopivaloyl group, however, was a much harder endeavor 

than we had expected.  In their paper, the Hodgson group reported the removal of 

the thiopivaloyl protecting group from azetidine 53, possessing a benzyl 

substituent on the α-position, by the addition of five equivalents of methyllithium 

followed by treatment of acid to form the HCl salt (Scheme 3.19).  In our hands, 

however, this procedure was not successful.  After multiple attempts we were not 

able to isolate any of the desired compound either as the free amine (52) or as the 

HCl salt (55).  Unfortunately, a thorough search through the literature for other 

methods to remove the protecting group was of little help, as there are very few 

examples of the removal of thiopivaloyl groups reported.14 Table 3.2 shows a 

small example of different conditions we tried in an attempt to remove the 

unwanted protecting group.  In most cases the starting material was completely 

consumed; however, we were not able to identify the components of the complex 

mixture of polar products that ensued.  

   

 
Scheme 3.19: Removal of thiopivaloyl protecting group from 53. 
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Entry Conditions Product 

1 
MeLi (5 equiv) 

THF, -78 ºC 
then HCl 

complex mixture 

2 
MeLi (5 equiv) 

THF, 0 ºC 
then HCl 

complex mixture 

3 
MeLi (2 equiv) 

THF, -78 ºC 
then NH4Cl (aq) 

complex mixture  
+ 

Recovered SM 

4 
MeLi (1 equiv) 

THF, -78 ºC 
then NH4Cl (aq) 

mostly recovered SM 

5  
reflux 

complex mixture 

 
Table 3.2: Conditions used in an attempt to remove the thiopivaloyl protecting group. 

 

At this point, we were concerned that the problems we were encountering 

were due to the TMS group being too labile for these reaction conditions.  To test 

for this we decided to try the MeLi thiopivaloyl strategy again, only this time we 

quenched the reaction with Boc2O instead of a proton source.  To our delight, we 

were able to isolate the desired α-silylated N-Boc protected azetidine in 59% yield 

(Scheme 3.20). 

 

 
Scheme 3.20: Successful replacement of the thiopivaloyl group on 51 with a Boc group. 

 

With the success of the Boc-azetidine derivative (56) in hand we chose to 

synthesize the dimethylphenylsilyl (DMPS) azetidine derivative 57.  We believed 
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that the DMPS group would not only be better at withstanding the deprotection 

conditions but would also give us better control over the diastereoselectivity in 

our subsequent Stevens [1,2]-shift applications.  At this point we also decided to 

look into the use of (-)-sparteine as a way to generate the desired compound in 

enantiomerically enriched form.  Interestingly, when we tried the α-silylation 

using 3 equivalents of DMPSCl, as we had with TMSCl in our previous case (see 

Scheme 3.18), we found that our major product was one derived from the 

incorporation of two DPMS groups.  Subsequent optimization of the reaction 

conditions revealed that the best results were achieved when the reaction was 

performed in Et2O with only 1.2 equivalents of DMPSCl (Scheme 3.).  

 

 
Scheme 3.21: Synthesis of the α-DMPS-azetidine derivative 57. 

   

The removal of the thiopivaloyl group, using the MeLi/Boc2O conditions 

that had been successful in the case of the TMS-azetidine derivative 52 (see 

Scheme 3.20), again proved to be temperamental.  Although we were able to 

obtain small amounts of the Boc-protected product (58), the reaction was found to 

be quite capricious and in most cases we also isolated both recovered starting 

material and dimethylphenylsilanol (59) as side products (Scheme 3.22). 

 

 
Scheme 3.22: Replacement of the thiopivaloyl group on 57 with a Boc group. 

 

As an alternative approach to the removal of this rather intractable 

thiopivaloyl protecting group we decided to see if converting it to the thioimidate 
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salt (60), which should then be susceptible to hydrolysis, would give us access to 

the desired free azetidine (61).  The thioimidate salt was prepared by treatment of 

57 with methyl triflate in DCM (Scheme 3.23).  Surprisingly, after quenching the 

reaction with either water or 1 M HCl followed by a subsequent acid/base 

extraction workup procedure we found that the thioimidate salt (60) was still 

intact.  In the literature thioimidate derivatives are prepared in situ for direct use 

in successive reactions, as they are generally quite sensitive to hydrolysis.  Our 

substrate, on the other hand, seemed to be quite stable through both aqueous and 

weakly acidic workup conditions as well as exposure to oxygen.  Subsequent 

attempts to hydrolyze 60 to the free azetidine resulted in either recovered starting 

material, the isolation of dimethylphenylsilanol (59), in reactions using strongly 

acidic conditions, or in the isolation of the pivaloyl-protected derivative 62, when 

treated under basic conditions (Table 3.3).  

The generation of the pivaloyl derivative 62 seemed to be the only useful 

reactivity achieved when trying to hydrolyze 60.  At that time it became obvious 

that it would be easier to obtain 62 by treating the original α-silylated 

thiopivaloylazetidine 57 with H2O2 and acetic acid.  This procedure cleanly 

converted 57 to 62 in 68 % yield (Scheme 3.24).   

 

       

 
Scheme 3.23: Synthesis of a stable thioimidate salt from azetidine 57. 
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Entry Conditions Product 

1 6M HCl,  
MeOH 59 

2 1M HCl SM + 59 
3 H2O/CH3CN recovered SM 

4 NaBH4, NaOH 
H2O/DMF/MeOH complex mixture 

5 1M NaOH (aq) 62 
6 1M NaOH, CH3CN 62 

 
Table 3.3: Conditions for the attempted hydrolysis on thioimidate salt 60. 

 

 

 
Scheme 3.24: Oxidation of thiopivaloyl azetidine 57 to pivaloyl azetidine 62. 

 

We are hopeful that the removal of the pivaloyl protecting group from 62 

will be a more successful approach to accessing the free azetidine than the 

removal of the thiopivaloyl protecting group from 57.  One method that we think 

holds promise is the naphthalene-catalyzed lithiation protocol reported in 2006 by 

Yus and coworkers (Scheme 3.25).15 Unlike the harsh methods of attacking the 

amide carbonyl with a strong base, which are most commonly employed, this 

approach allows for removal of the pivaloyl group under very mild conditions. 
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Scheme 3.25: Napthalene-catalyzed lithiation protocol for the deprotection of amides. 

 

With successful removal of the protecting group, the next step in this 

project will be to confirm the directing ability of the silyl group during the 

Stevens [1,2]-shift.  Alkylation of the free amine 65 with butyl bromide or benzyl 

bromide would generate test substrates 66a and 66b, which would subsequently 

by allowed to react in an intermolecular fashion with the metallocarbene derived 

in situ from ethyl diazoacetate and a copper catalyst.  Our prediction is that these 

azetidine derivatives will preferentially undergo ring expansion to the pyrrolidine 

derivatives 67a and 67b. 

 

 
Scheme 3.26: Proposed strategy to access pyrrolidines 67. 

 

3.3. Conclusion 
 

The ability to access heterocyclic frameworks, like those found in alkaloid natural 

products, by using different methodologies is very important.  The Stevens 

rearrangement of azetidinium ylides, which has been demonstrated to be a 

versatile method for accessing pyrrolidine and pyrrolizidine frameworks, was the 

methodology we wanted to expand for this purpose.  One of the key features of 

azetidinium ylides is their ability to undergo ring expansion to pyrrolidines 

preferentially over other pathways.  This preference is driven by the favourable 

release of ring strain in these systems.  The intent of this project was to investigate 
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the Stevens [1,2]-shift of spirocyclic azetidinium ylides possessing either no 

radical stabilizing substituents on the α-carbons or radical stabilizing substituents 

that could subsequently be removed.  Unfortunately, we were unable to access the 

desired ring expansion products from the unstabilized system of the carbonyl-

stabilized system. The use of a silyl-directed Stevens rearrangement, where 

the silyl group can subsequently be converted to other functional groups, was 

another avenue that we chose to explore.  This methodology has the potential for 

asymmetric synthesis of the desired targets.  Access to the α-silylated azetidine 

derivatives was successful; however, subsequent removal of the protecting groups 

on nitrogen remains a challenge.   

 

3.4. Future Directions 
 

With the ability to access the desired α-silylated azetidines in hand, the 

next step in this project will be the removal of the pivaloyl protecting group 

followed by alkylation of the free azetidine to provide substrates amenable to the 

Stevens [1,2]-shift (Scheme 3.).  If the rearrangements are successful in the 

intermolecular case this methodology will be extended to the intramolecular ring 

expansion of 68 to access the 5,7- and 5,8-frameworks (69). 

 
 

 
Scheme 3.27: Inter- and intramolecular silyl-directed ring expansion of azetidinium ylides. 
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One of the aspects of this methodology that makes it so attractive is the 

potential to generate enantiomerically enriched starting materials simply and 

efficiently.  The second portion of this project will focus on determining the best 

way of achieving excellent enantioselectivity by the addition of various chiral 

ligands (e.g. 70-72). 

  

 

 
Scheme 3.28: Optimization of enantioselective α-lithiation/silylation protocol. 

 

3.5. Experimental 

3.5.1. General Information 
 

Reactions were carried out in oven (130 ºC) or flame-dried glassware under a 

positive argon atmosphere unless otherwise stated.  Transfer of anhydrous 

reagents was accomplished with oven-dried syringes or cannulae.  Solvents were 

distilled before use: acetonitrile (CH3CN), dichloroethane (DCE), 

dichloromethane (DCM) and ethyl acetate (EtOAc) from calcium hydride, diethyl 

ether (Et2O), tetrahydrofuran (THF) and toluene (PhMe) from sodium metal.  

Pyridine, triethylamine (NEt3), tetramethylethylenediamine (TMEDA), (-)-

sparteine, trimethylsilyl chloride (TMSCl) and dimethylphenylsilyl chloride 

(DMPSCl) were distilled over calcium hydride before use.  Alkylithium reagents 

were titrated before use by deprotonation of a known quantity of menthol in the 

presence of 1,10-phenanthroline as the indicator.  Microwave heating was carried 

out in a Biotage Initiator microwave reactor, using 2-5 mL microwave vials.  
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Reaction temperature was determined through measurement of the vial surface 

temperature using an infrared sensor, then corrected for internal temperature by 

the unit’s processor using a proprietary algorithm.  Thin layer chromatography 

was performed on glass plates pre-coated with 0.25 mm silica gel with fluorescent 

indicator UV254 (Rose Scientific).  Flash chromatography columns were packed 

with 230-400 mesh silica gel (Silacycle). β-lactams 25 and 28 were prepared 

using literature procedures7 and alkylated following the method reported by 

Parsons and coworkers8 to provide known compounds 26a/b and 29a/b.  

 

3.5.2. Characterization     
 

7-(Azetidin-1-yl)1-diazo-2-heptanone 18: 

 
A solution of 7-bromo-1-diazo-2-heptanone 172 (269 mg, 1.22 mmol) in CH3CN 

(6.3 mL) was transferred via cannula into a flask containing a solution of 

azetidine (170 µL, 2.53 mmol) and CH3CN (12.6 mL). Triethylamine (200 µL, 

1.43 mmol) was subsequently added to the reaction mixture before stirring 

overnight at room temperature.  Removal of the solvent and excess amines under 

reduced pressure afforded crude yellow oil, which was dissolved in DCM and 

washed with equivalent portions of 1M NaOH (aq), water and brine.  The organic 

layers were then dried over MgSO4, filtered and concentrated under reduced 

pressure.  The crude material was used without further purification. 

18: isolated as a crude yellow oil; Rf = 0.17 (9:1 DCM:MeOH); IR (cast film) 

2993, 2926, 2857, 2814, 2099, 1640, 1474 cm -1; 1H NMR (500 MHz, CDCl3) δ = 

5.25 (br s, 1H), 3.18 (t, J = 7.0 Hz, 4H), 2.34 (app t, J = 7.0 Hz, 2H), 2.33 (br s, 

2H), 2.08 (p, J = 7.0 Hz, 2H), 1.67-1.64 (m, 2H), 1.37-1.34 (m, 4H); 13C NMR 

(125 MHz, CDCl3) δ = 195.0, 59.7, 55.2, 54.2, 40.9, 27.3, 26.9, 25.1, 17.7; HRMS 

calc’d for C10H18N3O [M+H]+ 196.1444, found 196.1444. 
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1-(3-hydroxypropyl)azocane-3-one 19: 

 
 

A solution of compound 18 (57 mg, 0.29 mmol) in PhMe (2.9 mL) was added to a 

solution of Cu(hfacac)2 (13 mg, 0.03 mmol) in PhMe at 80 ºC over a 12 h period 

via syringe pump.  Once the addition was complete the syringe containing the 

solution of compound 18 was rinsed with 1 mL of PhMe.  After an additional 15 

min at 80 ºC the reaction was allowed to cool to room temperature.  The reaction 

mixture was washed with equivalent portions of 0.5 M K2CO3 (aq) and brine, 

dried over MgSO4, filtered and concentrated under reduced pressure.  Flash 

chromatography (silica gel, gradient from 7:3 hexanes:EtOAc to 1:9 hexanes 

:EtOAc) resulted in the isolation of 22 mg (41 %) of 19 as a yellow oil. 

19: Rf = 0.58 (1:9 MeOH:EtOAc); IR (cast film) 3422, 2929, 2860, 2806, 1706 

cm-1; 1H NMR (500 MHz, CDCl3) δ = 3.84 (t, J = 5.8 Hz, 2H), 3.53 (br s, 1H), 

3.04 (s, 2H), 2.69 (t, J = 6.1 Hz, 2H), 2.59 (dd, J = 6.1, 6.5 Hz, 2H), 2.55 (t, J = 

6.1 Hz, 2H), 1.77 (p, J = 5.8 Hz, 2H), 1.73 (app p, J = 6.0 Hz, 2H), 1.64 (app p, J 

= 5.6 Hz, 2H), 1.39 (m, 2H); 13C NMR (125 MHz, CDCl3) δ = 217.1, 67.2, 63.2, 

58.7, 58.0, 39.7, 29.9, 28.9, 26.3, 25.8; HRMS calc’d for C10H20NO2 [M+H]+ 

186.1489, found 186.1491. 

 

tert-Butyl azetidine-1-carboxylate 45: 

 
 

To a solution of N-benzhydrylazetidine5 (1.25g, 5.5 mmol), ammonium formate 

(1.08g, 17 mmol) and MeOH (25 mL) was added Pd/C (2.5g, 10 % active, 50 % 

wet).  The reaction was heated to a gentle reflux and monitored for loss of starting 

material by TLC (ca. 10 min).  After cooling to 0 ºC the reaction mixture was 

filtered through a bed of celite into a clean flask.  The celite pad was rinsed with 

N OH
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several portions of MeOH (3x25 mL) and the combined organic layers were 

cooled to 0 ºC before addition of 1M NaOH (aq, 6 mL) and Boc2O (1.4 mL, 6.7 

mmol).  The reaction was stirred from 0 ºC to room temperature overnight then 

concentrated under reduced pressure to remove MeOH. The remaining solution 

was diluted with water (10 mL) and extracted with DCM (3x 25 mL).  The 

combined organic layers were washed with brine, dried over MgSO4 and 

concentrated under reduced pressure.  Flash chromatography (silica gel, gradient 

from 1:9 EtOAc:hexanes to 3:7 EtOAc: hexanes) yielded 670 mg (79 %) of 45 as 

a colourless oil.  The spectral data for 45 matched that reported in the literature.16              

 

1-(azetidin-1-yl)2,2-dimethylpropan-1-one 50: 

 
 

To a solution of N-benzhydrylazetidine5 (5.5g, 24 mmol), ammonium formate 

(4.5 g, 71 mmol) and MeOH (118 mL) was added Pd/C (5.5 g, 10 % active, 50 % 

wet).  The reaction was heated to a gentle reflux and monitored for loss of starting 

material by TLC (ca. 10 min).  After cooling to 0 ºC the reaction mixture was 

filtered through a bed of celite into a clean flask.  The celite pad was rinsed with 

several portions of MeOH (3x50 mL) and the combined organic layers were 

cooled to 0 ºC before addition of 1M NaOH (aq, 24 mL) and PivCl (4.4 mL, 36 

mmol).  The reaction was stirred from 0 ºC to room temperature overnight then 

concentrated under reduced pressure to remove MeOH. The remaining solution 

was diluted with water (50 mL) and extracted with DCM (3 x 50 mL).  The 

combined organic layers were washed with brine, dried over MgSO4 and 

concentrated under reduced pressure.  Flash chromatography (silica gel, 1:1 

EtOAc: hexanes) yielded 2.22 g (65 %) of 50 as a colourless oil.  The spectral 

data for 50 matched that reported in the literature.13 
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tert-Butyl 2-(trimethylsilyl)azetidine-1-carboxylate 56: 

 
 

A solution of methyllithium (820 µL, 1.15 M in Et2O) was slowly added to a 

solution of 5213 (53 mg, 0.23 mmol) in THF (16.7 mL) at 0 ºC.  After addition of 

MeLi was complete the reaction was allowed to slowly warm to room temperature 

during which time the solution turned a bright yellow colour.  The reaction 

mixture was cooled to 0 ºC before the addition of Boc2O (265 µL, 1.15 mmol) and 

a catalytic amount of DMAP.  The reaction was stirred from 0 ºC to room 

temperature overnight before being washed with equivalent portions of water and 

brine, dried over MgSO4, filtered and concentrated under reduced pressure.  Flash 

chromatography (silica gel, gradient from 100 % hexanes to 9:1 hexanes:EtOAc) 

yielded 31 mg (59 %) of 56 as a colourless oil. 

56: Rf = 0.16 (9:1 hexanes:EtOAc); IR (cast film) 2980, 2932, 1811, 1798, 1722, 

1339, 1159 cm-1; 1H NMR (500 MHz, CDCl3) δ = 4.04 (app q, J = 6.6 Hz, 1H), 

3.99 (dd, J = 7.3, 10.3 Hz, 1H), 3.88 (dddd, J = 0.8, 5.9, 8.9, 9.0 Hz, 1H), 2.36-

2.22 (m, 1H), 1.99 (dddd, J = 6.3, 7.3, 9.0, 11.0 Hz, 1H), 1.41 (s, 9H), 0.44 (s, 

3H), 0.38 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 156.6, 79.0, 54.1, 53.4, 49.3, 

28.6, 17.3, -3.7; HRMS calc’d for C10H20NO2 [M+Na]+ , found 194.1 

 

1-(2-(dimethylphenylsilyl)azetidi-1-yl)-2,2-dimethylpropane-1-thione 57: 

 
 

A solution of sec-butyllithium (5.09 mL, 1.2 M in cyclohexane) was slowly added 

to a solution of 4813 (801 mg, 5.1 mmol) and (-)-sparteine (2.8 mL, 12.2 mmol) in 

Et2O (30 mL) at -78 ºC.  The reaction was allowed to stir at -78 ºC for 15 min, 

warmed to 0 ºC, stirred for 15 min then re-cooled to -78 ºC.  At this time the 

solution had become bright yellow in colour.  Once cooled dimethylphenylsilyl 
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chloride (1.0 mL, 6.0 mmol) was added the reaction was warned to 0 ºC and the 

reaction was monitored for loss of starting material and product formation by 

TLC.  Once the reaction was deemed complete (ca. 15 min) it as quenched with 

NH4Cl (aq, 10 mL) then warmed to room temperature.  The reaction mixture was 

diluted with water (10 mL) and extracted with DCM (3 x 25 mL).   The combined 

organic layers were washed with brine, dried over MgSO4, filtered and 

concentrated under reduced pressure to give a yellow oil.  Flash chromatography 

(silica gel, 19:1 hexanes:EtOAc) resulted in the isolation of 1.14 g of 57 (77%) as 

a colourless oil that solidified upon standing to a crystalline solid.  

57: Rf = 0.42 (9:1 hexanes:EtOAc); m.p. = 39-41 ºC ; IR (neat film) 2965, 2902, 

1469, 1440, 1248, 1135, 1112, 817 cm-1; 1H NMR (500 MHz, CDCl3) δ = 7.56-

7.54 (m, 2H), 7.37-7.33 (m, 3H), 4.77 (ddd, J = 2.2, 6.2, 10.8 Hz, 1H), 4.31 (ddd, 

J = 5.0, 9.8, 10.4 Hz, 1H), 4.09-4.03 (m, 1H), 2.31 (dddd, J = 7.2, 9.7, 10.9 Hz, 

1H), 1.92 (dddd, J = 6.1, 9.1, 11.1 Hz, 1H), 1.22 (s, 9H), 0.56 (s, 3H), 0.48 (s, 

3H); 13C NMR (125 MHz, CDCl3) δ = 206.1, 136.8, 134.1, 129.3, 127.7, 61.5, 

56.9, 42.7, 29.8, 17.3, -2.1, -2.1; HRMS calc’d for C16H26NSSi [M+H]+ 292.155, 

found 292.1549.  Anal. calc’d for C16H25NSSi: C, 65.92; H, 8.64; N: 4.80; S: 

11.00, found C, 65.91; H, 8.63; N: 4.78; S: 10.86. 

 

tert-Butyl 2-(dimethylphenylsilyl)azetidine-1-carboxylate 58: 

 
 

A solution of methyllithium (370 µL, 1.4 M in Et2O) was slowly added to a 

solution of compound 57 (75 mg, 0.26 mmol) in Et2O (10 mL) at 0 ºC.  After 

addition of MeLi was complete the reaction was allowed to slowly warm to room 

temperature during which time the solution turned a bright yellow colour.  The 

reaction mixture was cooled to 0 ºC before the addition of Boc2O (300 µL, 1.3 

mmol) and a catalytic amount of DMAP.  The reaction was stirred from 0 ºC to 

room temperature overnight before being washed with equivalent portions of 
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water and brine, dried over MgSO4, filtered and concentrated under reduced 

pressure.  Flash chromatography (silica gel, 9:1 hexanes:EtOAc) yielded 20 mg 

(26 %) of 58 as a colourless oil. 

58: Rf = 0.42 (9:1 hexanes:EtOAc); IR (neat film) 2964, 2931, 2884, 1695, 1455, 

1478, 1427, 1404, 1249, 1124 cm-1; 1H NMR (500 MHz, CDCl3) δ = 7.56-7.52 

(m, 2H), 7.39-7.34 (m, 3H), 4.17 (dd, J = 7.1, 10.4 Hz, 1H), 3.96 (m, 1H0, 3.70 

(m, 1H), 2.26 (m, 1H), 1.94 (m, 1H), 1.41 (s, 9H), 0.44 (s, 3H), 0.38 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ = HRMS calc’d for C16H26NO2Si [M+H]+ 292.1727, 

found 292.1730.  

 

2-(Dimethylphenylsilyl)-1-(2,2-dimethyl-1-(methylthio)propylidene) 

azetidinium triflate salt 60: 

 
 

Methyl triflate (340 µL, 3.1 mmol) was added to a solution of 57 (454 mg, 1,56 

mmol) in DCM (16 mL) at room temperature.  The reaction was monitored by 

TLC analysis for consumption of starting material (ca. 5 min).  Removal of the 

solvent under reduced pressure provided 60 as a thick oil (710 mg) in quantitative 

yield.  The compound was used in subsequent reactions without purification. 

60: IR (neat film) 3070, 3051, 2959, 1428, 1256, 1120, 1056, 832, 795 cm-1; 1H 

NMR (500 MHz, CDCl3) δ = 7.62-7.36 (m, 5H), 5.45 (ddd, J = 3.2, 5.7, 10.7 Hz, 

1H), 5.16 (ddd, J = 4.8, 9.7, 12.6 Hz, 1H), 4.50 (dddd, J = 3.2, 7.5, 9.3, 12.6 Hz, 

1H), 3.23 (dddd, J = 7.5, 9.7, 10.8, 10.7 Hz, 1H), 2.73 (s, 3H), 2.28-2.21 (m, 1H), 

1.23 (s, 9H), 0.70 (s, 3H), 0.57 (s, 3H). 13C NMR (125 MHz, CDCl3) δ = 191.2, 

134.0, 133.0, 132.8, 131.1, 128.7, 127.7, 68.5, 64.5, 45.0, 27.9, 18.0, 17.9, -2.4, -

4.6; HRMS calc’d for C17H28NSSi [M]+ 306.1706, found 306.1710.   

 

 

 

N

Si
Ph

MeS

OTf

126



 

1-(2-(dimethylphenylsilyl)azetidin-1-yl)-2,2-dimethylprapan-1-one 62: 

 
A solution of acetic acid (1 mL) and H2O2 (30 % wt in H2O, 1,6 mL) was cooled 

to 0 ºC before the addition of a solution of compound 57 (26 mg, 0.1 mmol) in 

DCM (300 µL).  The reaction was stirred from 0 ºC to room temperature 

overnight before cooling to 0 ºC and quenching (Caution: dropwise!) with sat’d 

NaHSO3 (aq).  The reaction mixture was extracted with DCM (3 x 5 mL) and the 

combined organic layers were washed with NaHCO3 (aq, 2 x 10 mL), water (10 

mL) and brine (10 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure.  The colourless residue yielded 13 mg (69 %) of 62 that could 

be used without further purification. 

62: Rf = 0.48 (7:3 hexanes:EtOAc); IR (neat film) 2957, 2902, 2879, 1615, 1480, 

1420, 1245, 821 cm-1; 1H NMR (500 MHz, CDCl3) δ = 7.58-7.56 (m, 2H), 7.39-

7.35 (m, 3H), 4.33 (ddd, J = 6.3, 9.0 Hz, 1H), 4.26 (dd, J = 7.4, 10.5 Hz, 1H), 4.05 

(ddt, J = 1.1, 6.4, 8.9 Hz, 1H), 2.26 (ddd, J = 6.1, 9.6, 10.8 Hz, 1H), 2.00 (dddd, J 

= 6.1, 7.3, 9.3, 11.0 Hz, 1H), 1.12 (s, 9H), 0.50 (s, 3H), 0.42 (s,  3H); 13C NMR 

(125 MHz, CDCl3) δ = 176.5, 136.9, 134.2, 129.1, 127.7, 53.7, 53.1, 38.3, 27.2, 

17.9, -3.7, -4.6;  HRMS calc’d for C16H26NOSi [M+H]+ 276.1778, found 

276.1778.      
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Chapter 4  
 

Formation of Reactive C-Acylimines by Trapping of 
Metallocarbenes with Azides 

 

4.1. Introduction 
 

The reactivity of metallocarbenes (1) toward nitrogen is well established 

in the literature.1 Their ability to generate reactive ylide intermediates (I-IV), 

from reaction of 1 with tertiary amines, amides, imines or nitriles (Scheme 4.1), as 

well as the capacity to undergo N-H insertion reaction makes them extremely 

versatile, allowing access to a wide array of different molecular frameworks.2  

  

 
Scheme 4.1: Pathways of metallocarbene reactivity with nitrogen nucleophiles. 

 

The most commonly used method for the generation of metallocarbenes is 

through the decomposition of diazo compounds with late transition metal catalysts 
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coordinatively unsaturated at the metal center and are capable of stabilizing the 

metal bound carbene.  The mechanism of ylide formation from diazo compounds 

is shown in Scheme 4.2.  This process begins with addition of the diazo 

compound (3) to the metal (2) followed by loss of nitrogen to give the 

metallocarbene intermediate (VI).  Metallocarbene intermediate VI is very 

electrophilic and quickly reacts with a nucleophile (Nu), in this case the lone pair 

on nitrogen, to generate the metal bound ylide VII.  This ylide can undergo 

subsequent transformations as is or dissociate from the transition metal to give the 

free ylide VIII. 

 

 
Scheme 4.2: Mechanism of ylide generation via metallocarbenes. 

 

Successful reactivity of metallocarbenes and nitrogen-containing 

compounds is often dependent on which metal catalyst is employed.  Commonly 

employed catalysts are Cu(I) salts, such as CuOTf, Cu(II) salts, such as Cu(acac)2, 

Cu(tfacac)2, and Cu(hfacac)2,  and Rh(II) carboxylates, such as Rh2(OAc)4 (Figure 

4.1).  Some catalysts, like those derived form Rh(II), have a high affinity for basic 

nitrogen.  This means that the amine substrate can potentially act as a ligand and 

shut down the desired reaction.4 Increasing the reaction temperature or screening 

other metal catalysts can generally solve this problem. 
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Figure 4.1: Commonly employed catalysts in ammonium ylide formation. 

 

4.1.1. Reaction of Metallocarbenes with Amines 

 

Ammonium ylides derived from tertiary amines and metallocarbenes have 

been extensively studied by several groups, including the West group, as a means 

to access a wide variety of acyclic and cyclic nitrogen-containing compounds.5 

There are two reaction pathways commonly observed with ammonium ylides: the 

Stevens [1,2]-shift pathway and the [2,3]-rearrangement pathway.   

The Stevens [1,2]-shift pathway, which is explained in greater detail in 

chapter 2, involves the formation of an ammonium ylide intermediate (IX) 

followed by homolytic cleavage of a carbon-nitrogen bond to give a radical pair 

intermediate X (Scheme 4.3).  This radical pair, which is presumably held in close 

proximity by a solvent cage, recombines to form the [1,2]-shift product.  This 

process has been successfully demonstrated with a large array of substrates 

ranging from acyclic amines (eq 1)6 and simple heterocycles (eq 2-3),7 to more 

complex natural product frameworks (eq 4-5).8 

 

 
Scheme 4.3: Mechanism of the Stevens Rearrangement. 
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The [2,3]-rearrangement is the pathway often observed when the nitrogen 

bears an allylic or propargylic substituent.  In most cases, the concerted [2,3]- 

rearrangement pathway will dominate over the [1,2]-shift pathway as long as 

there is sufficient overlap of the necessary orbitals.  This is presumably due to a 

lower activation barrier for the concerted process.  A simple example of a [2,3]-

shift, and the mechanism of the rearrangement, is shown with allylamine 20 in 

equation 6.4 More complex examples of this rearrangement have allowed access 

to mono and bicyclic amines with a wide range of ring sizes (eq 7-10).9   
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4.1.2. Reaction of Metallocarbenes with Imines 
 

Imines have been shown to react with diazocarbonyl compounds in the 

presence of copper or rhodium metal catalysts to form azomethine ylides (XV).10 

The ylide intermediate can subsequently undergo a [3+2] cycloaddition with 

another equivalent of imine or, if available, a different molecule possessing a 
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reactive π-bond (Scheme 4.4).11, 10a This process has been used to assemble 

highly functionalized heterocyclic systems, such as imidazolines (34), oxazoles 

(35) or pyrrolidines (36) in one step. 

 

 
Scheme 4.4: Reactions of metallocarbene derived azomethine ylides. 

     

4.1.3. Reaction of Metallocarbenes with Amides 

 

It has been established that ammonium ylides can be derived from the 

intramolecular reaction of metallocarbenes with amides; however, this process 

can be quite dependent on the reaction conditions used.12 Padwa and coworkers 

reported that diazo-amides 37 and 38 were converted to 39 and 40 respectively 

when treated with catalytic Rh2(OAc)4 (Scheme 4.5).13 In the case of diazo-amide 

37, [1,2]-shift product 39 was obtained in 62 % yield via a process that is 

presumed to involve formation of N-acylammonium ylide XVI, followed by bond 

homolysis to radical pair XVII and radical recombination.  The ylide derived 

form diazo-amide 38, on the other hand, reacted via an α’-β-fragmentation 

pathway generating N-ethyl amide 40 in 75 % yield. 
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Scheme 4.5: Intramolecular ylide formation with amides. 

 

Although the above examples were successful in generating products 

derived from ammonium ylides the reactivity of amides with metallocarbene 

derivatives can also occur via the oxygen of the amide, producing a carbonyl 

ylide.  This was observed when the authors performed the same reaction with the 

addition of an equivalent of dimethyl acetylenedicarboxylate (DMAD) (Scheme 

4.6). The formation of 41 and 42, which dominated in these cases, was the result 

of a cycloaddition between the carbonyl ylide intermediate XIX and DMAD. 

 

 
Scheme 4.6: Change in ylide reactivity upon the addition of DMAP. 
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(44) as a crystalline solid in 68 % yield.  This suggested that the formation of the 

ammonium ylide (44) was more thermodynamically favoured than carbonyl ylide 

intermediate XXI (Scheme 4.7).   

 
Scheme 4.7: Equilibrium between ammonium and carbonyl ylides. 

 

This hypothesis was strengthened when the authors ran the reaction again 

in the presence of DMAD (Scheme 4.8).  The observed yields of 44, 45 and 47 

again suggest that ammonium ylide 44 is thermodynamically favoured but that 

carbonyl ylide XXI, which must be present in small amounts, is more reactive 

with DMAP, resulting in 47 via a facile 1,3-dipolar cycloaddition followed by 

extrusion of methyl isocyanate. 

 

 
Scheme 4.8: Insight into ylide equilibrium in the presence of DMAP. 
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4.1.4. Reaction of Metallocarbenes with Nitriles 
 

The formation of a nitrile ylide by reaction with a metallocarbene is useful 

method for the generation of oxazoles, pyrroles and other complex heterocycles.15 

The intramolecular 5-endo dig cyclization of the intermediate ylide XXII results 

in formation of oxazole 50, whereas in the presence of a dipolarophile such as 

DMAD the pyrrole derivative 51 can be obtained (Scheme 4.9).   

 

 
Scheme 4.9: Reactions of nitrile ylides. 
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likely the result of nucleophilic attack on the metallocarbene by the azide nitrogen 

followed by loss of nitrogen gas to give imine 55.  A subsequent [2+2+2]-

cyclization of three equivalents of 55 would result in the formation of the 

hexahydrotriazine 54.  

  

 
Scheme 4.10: Early example of azides reacting with metallocarbenes. 

 

There have subsequently been two more examples where similar reactivity 

was observed.  In 1996, the Wee group observed the interception of a Rh-derived 

metallocarbene with the azide nitrogen of diazoamides 56 and 57, which resulted 

in the formation of tricyclic C-acylimine derivatives 58 and 59 (Scheme 4.11).  A 

similar result, published just recently by Micoutin and coworkers,17 allowed the 

authors to gain access to bicyclic heterocycle 63 in just a few steps from 

diaminocyclopentanol (60, Scheme 4.12). 

   

 
Scheme 4.11: First example of Rh-catalyzed reaction of an azide with a metallocarbenes. 
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Scheme 4.12: Use of azide/metallocarbene chemistry for derivatization of 

diaminocyclopentanol. 

    

The potential of this relatively unexplored area of metallocarbene 

chemistry was very appealing to us and we sought out to use the azide moiety, 

and its inherent potential to lose N2, to generate C-acylimines in an 

environmentally benign fashion.  We believed that tethering the azide and the 

diazocarbonyl functionalities, such as in compound 64, would encourage 

intramolecular reactivity between the internal azide nitrogen and the in situ 

derived metallocarbene XXIV.  After ring closure, intermediate XXV would 

subsequently eliminate N2 leaving us with 65 (Scheme 4.13).  Our hope was that 

65 could then be activated to allow for further functionalization to more complex 

structures.  

 

 
Scheme 4.13: Proposed route to cyclic C-acylimines. 
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commercially available 3-bromopropionic acid (66) but unfortunately, was only 

stable when kept in solution, making purification impractical.  

  

 
Scheme 4.14: Attempted synthesis of a simple azide-tethered diazocarbonyl compound. 

 

We believed that the substrate stability problem, which was most likely 

the result of the ratio of nitrogen to carbon in the initial target being too low,18 

could be overcome by increasing the molecular weight of the test substrate. 

Anthranilic acid (68) seemed to be an excellent candidate to accomplish this goal, 

as it was inexpensive, readily available and most importantly, the functional 

groups were in an ortho-relationship to one another. Conversion of 68 to the 

diazo-azide derivative 70 was accomplished in two one-pot procedures (Scheme 

4.15).  The first step, exchanging the amine for the azide, was achieved via 

displacement of the in situ generated diazonium species (XXVI) with sodium 

azide using a known procedure.19 After drying, 2-azidobenzoic acid (69) was 

subsequently transformed into 70 by conversion of the acid moiety to the acid 

chloride with oxalyl chloride (OxCl), followed by addition of an ethereal solution 

of diazomethane. 

 

 
Scheme 4.15: Synthesis of a stable diazo-azide test substrate. 
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trapping of the target intermediate C-acylimine species (XXVII) with an anionic 

acetylacetonate ligand from the catalyst, followed by subsequent autoxidation to 

give the exocyclic double bond.  With this interesting result in hand we decided to 

see if adding an external nucleophilic trap to the reaction flask would allow for 

construction of other substituted indolone derivatives. 

 

 
Scheme 4.16: Initial test reaction with diazo-azide 70. 

 

Addition of silyl ketene acetal (72) to the reaction mixture resulted in 

isolation of both indolone (71), seen previously, as well as a new indolone 

derivative (73, Scheme 4.17).  The Z-stereochemistry of 73 was confirmed by 
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known cis-isomer of 73, which the authors had confirmed by X-ray spectroscopic 
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azide substrate was added to two equivalents of silyl ketene acetal 72 and 10 mol 

% of Cu(hfacac)2 over 1h via syringe pump.  

    

 
Scheme 4.17: Indolone derivatives by in situ trapping of the C-acylimine with a silyl ketene 

acetal. 

 

We then turned our investigation toward looking for other nucleophiles 

that could react with the C-acylimine intermediate without interfering with the 

initial metallocarbene formation step (Table 4.1).  It is well known that both 

oxygen and nitrogen can readily bind with some copper catalysts, rendering them 

inactive, therefore our initial screening looked at carbon nucleophiles.  It was 

found that in situ indolone formation was facile with the more highly substituted 

silyl ketene acetal (74), Danishefsky’s diene (76) and sodium acetoacetonate (78) 
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intermediate (entry 5), but the time scale of the reaction was a great deal slower.  

Attempts at trapping with dimethylbutadiene (entry 6), in situ reduction with 

triethylsilane (entry 7) or alkylation with phenylboronic acid pinacol ester 81 

(entry 8) were unsuccessful. 

The formation of 77 was the result of an aza-Diels-Alder reaction of the C-

acylimine intermediate XXVII with Danishefsky’s diene (76), followed by 

hydrolysis of 82 to give enone 83.  Enone 83 underwent subsequent autoxidation 

to generate the observed 4-pyridone product 77 (Scheme 4.18). Isolation and 

purification of 77 was initially found to be difficult because the product was 

soluble in both aqueous and organic solvents.  This was most likely due to 

contributions from the zwitterionic resonance form 77’.  The contribution of the 

zwitterionic form was supported by the IR spectrum.  Initial attempts to obtain an 

IR spectrum by the cast film method using DCM as the solvent resulted in 
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observation of an OH peak at 3393 cm-1.  An IR spectrum obtained of the same 

compound in the solid state, however, did not show an OH stretching band. 

 

 
Entry Nucleophile Product Yield (%) 

1 
 

 

96 

2 
  

93 

3 

  

75 

4 
 

 

78 

5 
 

 

n.d 

6 
 

complex mixture - 

7 Et3SiH Complex mixture - 

8 

 

Complex mixture - 

 

Table 4.1: Nucleophilic trapping of reactive C-acylimines with various C-nucleophiles. 
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Regrettably, an analogous cycloaddition was not observed when 

dimethylbutadiene was used as a trap.  During the reaction the formation of a 

single new spot was observed by TLC analysis, however, within a few minutes 

the spot quickly changed colour several times.  This suggested the initially formed 

compound was not stable and all attempts to isolate products from this reaction 

were met with failure. 

 

 

 
Scheme 4.18: Mechanism for the formation of the tricyclic indolone derivative 77. 

 

Interestingly, in the case of trapping with β,β-disubstituted silyl ketene 

acetal 74, autoxidation of the initially formed indolone product (75) occurred at a 

much slower rate than that observed with indolone 73 derived from silyl ketene 

acetal 72.  This allowed for isolation of 75 in excellent yield if purification was 

completed quickly.  With prolonged exposure to air, however, 75 was oxidized to 

alpha-hydroxy derivative 84 (Scheme 4.19).  Furthermore, exposure of 84 to trace 

acid, like that found in deuterated chloroform, initiated an elimination/oxidation 

sequence resulting in the formation of nitrone 85.  

 

 
Scheme 4.19: Stepwise oxidation of indolone derivative 75. 
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With the success observed with diazo-azide substrate 70, we then decided 

to investigate whether or not similar results could be obtained with a second 

stabilizing group on the diazoketone.  If a similar reaction were successful, it 

would allow access to a quaternary center on the resulting indolone in a one-step 

procedure.  The distabilized diazo-azide substrate (87) was also readily prepared 

from anthranilic acid (68, Scheme 4.20). Direct conversion of 68 to 1,3-diketone 

86 was accomplished in good yield using a titanium-mediated crossed-Claisen 

procedure reported by Tanabe and coworkers.21 Conversion of 86 to the desired 

distabilized diazo-azide substrate 87 occurred quantitatively using standard Regitz 

diazotransfer conditions. 

 

 
Scheme 4.20: Synthesis of distabilized aryl-tethered diazo-azide substrate. 

 

Diazo-azide 87 was initially reacted with silyl ketene acetal 72 using the 

standard conditions applied to the mono-stabilized substrate (see Table 4.1).  In 

this case, however, the conditions were found to be too mild to initiate product 

formation.  Heating the reaction to reflux solved this problem and allowed 

isolation of the indolone 88, possessing a quaternary center, in good yield 

(Scheme 4.21).  We were also pleased to see that reaction of 87 with the more 

sterically demanding silyl ketene acetal 74 was also successful in generating an 

indolone derivative (89), albeit in a lower yield.  Although the yield of the 89 was 

lower that observed with the other cases, it is significant in that the product has 

two adjacent quaternary centers.    
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Scheme 4.21: Synthesis of indolones possessing quaternary centers. 

 

To illustrate that this process could be viable in non-aromatic tethered 

systems we decided to synthesize an acyclic diazo-azide substrate that would be 

similar to that proposed originally, yet would have enough molecular weight to 

circumvent the instability issues observed with the original target.  Our first 

acyclic target was diazo-azide 90, which we believed could be synthesized in a 

few simple steps from dimethyl malonate (92) using procedures for similar 

compounds found in the literature (Scheme 4.22).  

 
Scheme 4.22: Retrosynthetic approach to an alkyl-tethered diazo-azide substrate. 

 

Alkylation of 92 with tert-butyl bromoacetate 93 resulted in a mixture of 

mono- and di-alkylated products 94 and 95, as well as leftover starting material.  

Bulb to bulb distillation allowed for separation of the desired mono-alkylated 

compound 94 from the di-alkylated compound 95; however, a small amount of 

dimethyl malonate was still present.  The mixture of 92 and 94 (15:85) was 

subsequently treated with N-bromosuccinamide (NBS) and catalytic benzoyl 

peroxide (96) which, after purification, furnished the desired brominated product 

in 62 % yield over two steps.22 Displacement of the bromide with azide was 

attempted using a procedure described by Benati and coworkers;23 however, these 

conditions resulted in the formation of α-amino-diazocarbonyl compound 98.  

Although interesting, this result led to a re-evaluation of the target compound. 
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Scheme 4.23: Synthesis of an unexpected α-amino diazocarbonyl compound. 

 

To simplify the structure of the target molecule and eliminate the potential 

for unwanted side reactions we decided to synthesize diazo-azide 99.  We 

believed that exchanging the ester groups found in 90 (see Scheme 4.22) with 

methyl groups would reduce the risk of undesired side reactions caused by the 

high acidity of the neighbouring protons in 97.   Also, the use of the distabilized 

diazoketone moiety would allow an increase of molecular weight and reduce the 

danger associated with a low carbon to nitrogen ratio.  Once again, the target 

compound was envisioned to come from inexpensive, commercially available 

building blocks (Scheme 4.24). 

 

 
Scheme 4.24: Retrosynthetic analysis of an acyclic, distabilized diazo-azide substrate. 

 

A mixture of 3-methyl-2-butanone (101) and paraformaldehyde were 

refluxed in trifluoroacetic acid (TFA) according to the procedure reported by De 

Kimpe and coworkers to provide 3,3-dimethyl-4-hydroxy-butanone (102) in 

excellent yield (Scheme 4.25).24 Subsequent conversion of 102 to the mesylate, 

followed by displacement with sodium azide using microwave irradiation 

conditions gave 3,3-dimethyl-4-azido-butanone (100) in good yield.  Generation 

MeO

O O

OMe

92

+

Br
OtBu

O

93

NaH, THF

0 ºC MeO

O O

OMe MeO

O O

OMe MeO

O O

OMe
tBuO2C CO2tBu

++

CO2tBu92 94 95

92:94:95 = 16:75:9 (by NMR)

NBS, CH3CN
reflux
62 %

Ph O

O
O Ph

O
MeO

O O

OMe

CO2tBu

97

Br96 NaN3, DMSO

38 %
(56 % BORSM)

MeO

O O

OMe

CO2tBu

98

H2N
N2

O

N2N3

Ph

O O

N3

O

99 100 101

147



 

of the lithium enolate of 100, followed by addition of benzoyl cyanide resulted in 

isolation of enol 103 after acid hydrolysis.  Conversion of enol 103 to the desired 

diazo-azide target (99) was accomplished using standard Regitz diazo-transfer 

conditions. 

 

 
Scheme 4.25: Synthesis of an acyclic diazo-azide substrate. 

 

The mesylate displacement with sodium azide deserves specific comment 

as optimization of this reaction required a bit of experimentation.  The 

displacement of a mesylate with sodium azide can typically be accomplished by 

heating the reagents in DMSO anywhere from room temperature to ~150 ºC.  

Attempts to produce the desired azide (100) using this approach were 

unsuccessful.  Traces of the desired product were obtained at 150 ºC; however, 

the prolonged heating required to consume the starting material (> 48h) resulted 

in significant decomposition.  We hoped that by switching to microwave heating 

that we could increase the rate of the reaction and prevent the loss of material due 

to decomposition.  After screening through various microwave conditions (Table 

4.2) it was found that irradiation of the reaction mixture at 180 ºC for 15 minutes 

resulted in the formation of 100 in 82% yield which, after workup, could be used 

without further purification in the next step. 

With a successful synthesis of diazo-azide 99 in hand it was time to 

investigate how it would react when treated with silyl ketene acetal 72 and 

Cu(hfacac)2 in refluxing toluene.  The results were quite intriguing.  Instead of 

isolating 3-pyrrolidone 106, as anticipated, we ended up obtaining C-acylimine 

(105) in 71% yield, which could be increased to 95% if a solution of 99 and 

Cu(hfacac)2 were heated in the absence of an external nucleophile (Scheme 4.26).  
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This was quite a fascinating result, as it seemed that the C-acylimine generated 

with the alkyl-tethered diazo-azide was not reactive toward subsequent 

nucleophilic trapping. 

 
Entry NaN3 

(equiv) 
Temperature 

(º C) 
Time 
(min) 

Yield 
(%) 

1 1.5 200 60 56 

2 1.5 200 30 68 

3 1.5 200 15 72 

4 1.5 180 15 82 

5 1.5 180 10 75 

6 1.2 180 15 80 

7 1.5 150 15 69* 
*starting material was not completely consumed. 

 

Table 4.2: Optimization of the microwave conditions for azide displacement. 

 

 
Scheme 4.26: Formation of a stable C-acylimine product. 

 

Attempts to initiate the trapping with subsequent addition of azaphilic 

Lewis acids such as BF3•OEt2 or Cu(OTf)2 to the reaction flask did not result in 

the formation of 106.  Further attempts to react the purified C-acylimine with silyl 

ketene acetal 72 were also unsuccessful.  Treating the isolated C-acylimine (105) 

with either ethyl Grignard or diethyl zinc, however, resulted in addition of the 

ethyl group to the nitrogen (Scheme 4.27), suggesting that the electronics of this 

substrate are quite different from those of the aromatic cases seen initially. 
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Unfortunately, the resulting N-alkylated product was difficult to isolate in pure 

form as it underwent facile oxidation to the known 2,3-dicarbonyl compound 

(108), presumably via a debenzoylative oxidation sequence similar to others 

reported in the literature.25, 7c 

 
Scheme 4.27: Addition of organometallic reagents to C-acylimine 106. 

 

Similar N-alkylation processes have been observed with the addition of 

organometallic reagents to acyclic α-iminoesters (Scheme 4.28).26 It has been 

proposed that bidentate coordination of the metal with both the imine nitrogen and 

the oxygen of the ester results in a conformationally rigid intermediate (XXX) 

that hinders access to the C-terminus of the imine, however, in many cases the 

reactions result in C-alkylated or 1,2-carbonyl addition products as well. 

 

 
Scheme 4.28: Reactivity of α-aminoesters with organometallic reagents. 
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4.4. Conclusions 
 

This project has successfully shown that alkyl azides will react with 

metallocarbenes to generate C-acylimine derivatives.  In the case of aryl-tethered 

diazo-azides the resulting C-acylimines were found to be quite reactive, which 

allowed for in situ trapping with a variety of carbon nucleophiles to give indolone 

derivatives in excellent yield.  Notably, the addition of a second stabilizing group 

adjacent to the diazo moiety gave rise to products containing quaternary centers.  

The outcome observed with the alkyl-tethered diazo-azide derivative, on the other 

hand, was quite different.  In this case the C-acylimine was quite stable, showing 

no reactivity toward the previously successful external nucleophiles under the 

standard reaction conditions.  Instead, this C-acylimine displayed some 

fascinating umpolung reactivity toward organometallic reagents resulting in N-

alkylated products. 

 

4.5. Future Directions 

 

The fascinating reactivity we have observed during the early stages of this 

project suggests there is a great deal of potential in generating reactive C-

acylimine intermediates using this approach.  Future work will look into 

homologating the tether between the diazo and azide moieties to determine the 

limits of ring formation as well as explore the compatibility of other functional 

groups with the reaction conditions.  Ideally, this methodology will be successful 

for the generation of medium-sized ring systems such as 116 and 117. 

 

 
Scheme 4.29: Potential for homologation of the alky-tethered diazo-azide substrates. 
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Concurrently, it would be essential to explore the nature of the umpolung 

reactivity of the alkyl-tethered substrates (Scheme 4.30).  As the addition of 

organometallic reagents has not been fully explored at this point it would be 

beneficial to screen other reagents, such as cuprates or alkyllithiums, to get a 

greater understanding of this process.  The possibility of adding external 

electrophiles after addition of the organometallic reagent would also be a nice 

extension of this chemistry, allowing for the formation of highly functionalized 

compounds in a potential one-pot sequence.  

 

 
Scheme 4.30: Exploration into the umpolung reactivity of alky-tethered diazo-azides. 

 

An intermolecular extension of this methodology would be very useful for 

synthesizing a wide range of C-acylimines in a quick and easy manner.  An early, 

unoptimized test reaction between 123 and 124 has demonstrated to us that this 

process is viable for the synthesis of known compound 125 in good yield (Scheme 

4.31).   

 

 
Scheme 4.31: Intermolecular reaction of azides with diazocarbonyl compounds. 
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The success observed with the trapping of in situ formed aryl-tethered C-

acylimines with carbon nucleophiles suggests there is a good possibility of 

expanding this reaction for use in natural products synthesis.  Hinckdentine A,27 

(+)-isatine A28 and (+)-duocarmycin A29 are biologically active molecules that 

possess a core that could be envisioned to come from the indolone derivatives 

accessible by this methodology. 

  

 
Figure 4.2: Natural products containing an indolone framework. 

 

4.6. Experimental 

4.6.1. General Information 
 

Reactions were carried out in oven (130 ºC) or flame-dried glassware 

under a positive argon atmosphere unless otherwise stated.  Transfer of anhydrous 

reagents was accomplished with oven-dried syringes or cannulae.  Solvents were 

distilled before use: acetonitrile (CH3CN), dichloromethane (DCM) 

dichloroethane (DCE), and toluene (PhMe) from calcium hydride, diethyl ether 

(Et2O) and tetrahydrofuran (THF) from sodium metal.  Microwave heating was 

carried out in a Biotage Initiator microwave reactor, using 2-5 mL microwave 

vials.  Reaction temperature was determined through measurement of the vial 

surface temperature using an infrared sensor, then correction of internal 

temperature by the unit’s processor using a proprietary algorithm.  Thin layer 

chromatography was performed on glass plates pre-coated with 0.25 mm silica gel 

with fluorescent indicator UV254 (Rose Scientific).  Flash chromatography 

columns were packed with 230-400 mesh silica gel (Silacycle).  
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4.6.2. Characterization 

 

1-(2-azidophenyl)-2-diazoethanone 70: 

 
 

DCM (35 mL) was added to a reaction flask containing 2-azido benzoic acid19 

(1.35g, 8.3 mmol) and the suspension was cooled to 0 °C.  Addition of 2,6-

lutidine (1.4 mL, 16 mmol) resulted in a homogeneous reaction mixture that was 

subsequently treated with oxalyl chloride (1.9 mL, 16.4 mmol).  The reaction was 

allowed to stir at 0 °C, with gradual warming to room temperature overnight.  

Removal of the solvent provided a deep red solid that was immediately dissolved 

in Et2O and cooled to -78 °C.  Once cooled, the acid chloride solution was 

transferred via cannula into an ethereal solution of diazomethane (~5 equivalents, 

prepared from Diazald®) at -78 °C.  The reaction was allowed to warm from -78 

°C to room temperature overnight.  Excess diazomethane was quenched by 

dropwise addition of glacial acetic acid.  The solution was subsequently washed 

with an equal volume of water (2x), 1M NaOH (3x) and brine.  The combined 

organic layers were then dried over MgSO4, filtered and concentrated to provide a 

yellow oil.  Purification by flash chromatography, using a 9:1 mixture of 

hexanes:EtOAc,  gave 70 in 74 % yield. To prevent decomposition the product 

was stored under Ar in the freezer in a foil wrapped flask.  Under these conditions 

the compound was stable over several months. 

 
70: bright yellow crystalline solid; (m.p. = 66-67 ºC), Rf = 0.5 (4:1 

hexanes:EtOAC); IR (cast film) 3138, 2199, 2119, 1603, 1590, 1567, 1479, 1445, 

1347, 1313, 1286 cm-1; 1H NMR (300 MHz, CDCl3) δ = 7.79 (br d, J = 6.3 Hz , 

1H); 7.50 (ddd, J = 1.4, 7.0, 7.0 Hz, 1H), 7.26-7.19 (m, 2H), 6.18 (br s, 1H); 13C 

NMR (125 MHz, CDCl3) δ = 184.9, 137.9, 132.8, 130.2, 129.3, 125.0, 118.9, 

58.0; HRMS calc’d for C8H5N5ONa [M + Na]+ 210.0386, found 210.0385. 
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General Procedure for the reaction of diazo-azide substrate 70 with external 
nucleophiles. 
 
A solution of diazo-azide 70 in toluene (0.04 M) was added via syringe pump 

over 1h to a solution of the nucleophile (2 equiv, 0.04 M in toluene) and 

Cu(hfacac)2 (10 mol %) at room temperature.  The reaction mixture turned dark 

brown over the course of the addition.  Once the addition was complete, the 

reaction was monitored by TLC for consumption of the diazo-azide starting 

material.  The reaction was typically complete within 15 minutes of the 

conclusion of the syringe pump addition.  In most cases, the reaction mixture was 

washed with an equivalent volume of 0.5 M aqueous solution of K2CO3 and brine. 

The combined organic layers were then dried over MgSO4, filtered, concentrated 

under reduced pressure and purified by flash chromatography.  The one exception, 

for the formation of 77 using Danishefsky’s diene (76) as the nucleophile, gave 

better results by evaporating the crude reaction mixture followed by direct column 

chromatography. 

 

3-(3-oxoindolin-2-ylidene)pentane-2,4-dione 71: 

 
Isolated as bright red needles in 78% yield; m.p. = 219-221 ºC Rf = 0.36 (4:1 

hexanes:EtOAc); IR (KBr pellet) 3302, 2924, 1715, 1683, 1638, 1615, 1573, 1465 

cm-1; 1H NMR (500 MHz, CDCl3) δ = 10.21 (br s, 1H, NH), 7.67-7.66 (m, 1H), 

7.53 (ddd, J = 1.4, 7.4, 8.0 Hz, 1H), 7.04 (dt, J = 0.8, 7.4 Hz, 1H), 6.98-6.96 (m, 

1H), 2.59 (s, 3H), 2.29 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 203.4, 197.6, 

188.6, 152.9, 140.2, 137.7, 125.6, 122.6, 119.4, 116.8, 112.2, 32.3, 28.9; HRMS 

calc’d for C13H11NO3 [M+] 229.0739, found 229.0714. 
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Z-methyl 2-(3-oxindolin-2-ylidene)acetate 73:20 

 
Isolated as orange/red needles in 96% yield; m.p. = 183-185 ºC;  Rf = 0.51 (7:3 

hexanes:EtOAc); IR (cast film) 3362, 3057, 2997, 1720, 1662, 1606, 1468, 1309, 

1209 cm-1; 1H NMR (500 MHz, CDCl3) δ = 8.85 (br s, 1H), 7.69 (br d, J = 7.4 Hz, 

1H), 7.51 (app dt, J = 1.3, 7.7 Hz, 1H), 7.00 (app dt, J = 0.5, 7.5 Hz, 1H), 6.94 (d, 

J = 8.0 Hz, 1H), 5.89 (s, 1H), 3.84 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 

186.8, 169.2, 152.8, 145.2, 137.4, 125.5, 121.6, 120.3, 111.6, 92.6, 51.8; HRMS 

calc’d for C11H9NO3 [M+] 203.0582, found 203.0609. Anal. calc’d for C13H11NO3: 

C: 65.02, H: 4.46, N: 6.89, found C: 65.04, H: 4.63 N: 6.62. 

 

 

Methyl 2-methyl-(3-oxindolin-2-yl)propanoate 75: 

 
 

Isolated as a yellow oil in 93 % yield; Rf = 0.24 (4:1 hexanes:EtOAc); IR (cast 

film) 3364, 2980, 2951, 1726, 1692, 1620, 1489, 1471 cm-1; 1H NMR (500 MHz, 

CDCl3) δ = 7.59 (d, J = 7.2 Hz, 1H), 7.47-7.43 (m, 1H), 6.89 (d, J = 8.3 Hz, 1H), 

6.85-6.82 (m, 1H), 4.95 (br s, 1H), 4.04 (d, J = 3.0 Hz, 1H), 3.77 (s, 3H), 1.46 (s, 

3H), 1.20 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 200.4, 176.9, 161.1, 137.0, 

124.3, 122.6, 119.1, 112.5, 67.7, 52.3, 46.3, 20.9, 19.6; HRMS calc’d for 

C13H15NO3 [M+] 233.1052, found 233.1045. 

 

Compound 77: 
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Isolated as a bright orange powder in 75% yield; m.p: 213-214 ºC 

(decomposition); Rf = 0.18, 9:1 EtOAc:MeOH; IR (KBr pellet) 3116, 3064, 1710, 

1669, 1644, 1607, 1595, 1554, 1493, 1470, 1329, 1310 cm-1; 1H NMR (500 MHz, 

CDCl3) δ = 7.89 (app br d, J =7.5 Hz, 2H), 7.75 (app dt, J = 1.3, 8.2 Hz, 1H), 7.40 

(d, J = 8.2 Hz, 1H), 7.37 (dt, J = 0.6, 7.6 Hz, 1H), 7.00 (d, J = 2.0 Hz, 1H), 6.61 

(dd, J = 2.0, 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ = 183.9, 180.6, 147.1, 

139.4, 137.2, 130.5, 126.4, 126.2, 123.2, 118.9, 116.3, 110.4. HRMS calc’d for 

C12H7NO2 [M+] 197.0477, found 197.0470. 

 

Methyl 2-(2-hydroxyl-3-oxindolin-2-yl)-2-methylpropanoate 84: 

 
 

Isolated as a yellow oil; Rf = 0.33 (7:3 hexanes:EtOAc); IR (cast film) 3373, 2990, 

2952, 1710, 1619, 1487, 1472 cm-1; 1H NMR (500 MHz, CDCl3) δ = 7.54 (d, J = 

7.2 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H), 6.83 (t, J = 7.2 Hz, 1H), 6.81 (d, J = 8.1 Hz, 

1H), 5.05 (br s, 1H), 4.91 (br s, 1H), 3.79 (s, 3H), 1.30 (s, 3H), 1.29 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ = 200.1, 178.0, 160.4, 138.0, 125.1, 120.0, 112.46, 

89.40, 52.73, 47.63, 21.17, 18.82; HRMS calc’d for C13H15NO4 [M+]  249.1001, 

found 249.1000. 

 

2-(1-Methoxy-2-methyl-1-oxopropan-2-yl)-3-oxo-3H-indole 1-oxide 85: 

 
 

Isolated as a yellow oil. Rf = 0.64 (7:3 hexanes:EtOAc); IR (cast film) 2993, 2953, 

1766, 1644, 1608, 1475, 1465 cm-1; 1H NMR (500 MHz, CDCl3) δ = 8.19 (br d, J 

= 8.4 Hz, 1H), 7.82-7.78 (m, 1H), 7.61 (br d, J = 8.1 Hz, 1H), 7.54-7.50 (m, 1H), 

3.73 (s, 3H), 1.65 (s, 3H), 1.64 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 173.4, 
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162.8, 159.3, 146.1, 136.4, 128.6, 128.4, 127.2, 117.0, 52.8, 49.3, 23.5 (x2); 

HRMS calc’d for C13H13NO4 [M+]  247.0845, found 247.0844. 

 

Methyl 3-(2-azidophenyl)3-oxopropanoate 86: 

   
Dichloromethane (10 ml) was added to a conical flask containing 2-azido benzoic 

acid19 (350 mg, 2.2 mmol) and the suspension was cooled to 0 °C before addition 

of methyl acetate (175 µL, 2.2 mmol) and trichloroacetyl chloride (290 µL, 2.6 

mmol).  This solution was slowly transferred via cannula to a suspension of NaH 

(60 % dispersion in oil, 105 mg, 2.6 mmol) in DCM (3 mL) at 0 ºC.  After stirring 

at 0 ºC for 15 min the solution was cooled to -45 ºC before the addition of 1-

methylimidazole (205 µL, 2.6 mmol).  The solution was stirred for an additional 

10 minutes at -45 ºC before slowly adding TiCl4 (825 µL, 7.5 mmol) followed by 

NBu3 (2 mL, 8.4 mmol). The dark red/brown solution was kept at -45 °C for 30 

minutes before being warmed to 0°C and subsequently quenched with water (10 

mL). The organic layer was separated and the aqueous washed 3x with equal 

portions of Et2O.  The combined organic layers were washed with an equivalent 

volume of water and brine, dried over MgSO4, filtered, and concentrated under 

reduced pressure. The crude product was purified by flash chromatography (silica 

gel, 1:4 hexanes:EtOAc) to afford 322 mg (68 %) of 86 as a pale yellow oil. 

86: Rf = 0.6 (7:3 hexanes:EtOAc); IR (cast film) 2953, 2128, 1746, 1680, 1650, 

1627, 1480, 1449, 1289, 1254, 1203 cm-1; 1H NMR (500 MHz, CDCl3) *as a 4:1 

mixture of keto:enol tautomers* δ(keto) =  7.84 (ddd, J = 0.5, 1.6, 7.8 Hz, 1H), 

7.59 (ddd, J = 1.7, 7.3, 8.1 Hz, 1H), 7.27-7.22 (m, 2H), 4.11 (s, 2H), 3.77 (s, 3H);  

δ(enol) = 7.78 (dd, J = 1.6, 7.8 Hz, 1H), 7.48 (ddd, J = 1.6, 7.3, 8.1 Hz, 1H), 7.27-

7.22 (m, 2H), 5.88 (s, 1H), 3.84 (s, 3H) *enol proton not detected*; 13C NMR 

(125 MHz, CDCl3) *as a mixture of keto:enol tautomers* δ = 192.9, 173.4, 168.7, 

168.1, 139.1, 137.9, 133.9, 131.6, 131.1, 129.9, 129.4, 125.7, 125.0, 124.8, 119.2, 
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119.1 92.6, 52.3, 51.6, 49.6; HRMS calc’d for C10H9N3O3Na [M + Na]+ 242.0536, 

found 242.0536. 

 

Methyl 3-(2-azidophenyl)-2-diazo-3-oxopropanoate 87: 

 
Triethylamine (715 µL, 5.1 mmol) was added to a stirred solution of keto-ester 86 

(1.02 g, 4.65 mmol) in CH3CN (19 ml).   Tosyl azide (916 mg, 4.65 mmol) in 

CH3CN (9 mL) was transferred via cannula into the flask and the reaction was left 

to stir overnight.  Concentration under reduced pressure followed by purified via 

flash chromatography (silica gel, 17:3 hexanes:EtOAc) resulted in a quantitative 

yield of 87 (1.14g) as a pale yellow solid.  To prevent decomposition the product 

was stored under Ar in the freezer in a foil wrapped flask.  Under these conditions 

the compound was stable over several months. 

87: m.p. = 76-78 ºC; Rf = 0.54 (7:3 hexanes:EtOAc); IR (cast film) 2956, 2132, 

1729, 1700, 1633, 1597, 1486, 1446, 1438, 1334, 1316, 1287 cm-1; 1H NMR (500 

MHz, CDCl3) δ = 7.54-7.52 (m, 1H), 7.34 (dd, J = 1.5, 7.8 Hz, 1H), 7.28-7.21 (m, 

2H), 3.79 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 185.7, 160.9, 137.7, 137.5, 

131.9, 130.3, 128.4, 124.8, 118.3, 52.3; HRMS calc’d for C10H7N5O3 [M+] 

245.0549, found 245.0549. 

 

Methyl 2-(2-methoxy-2-oxoethyl)-3-oxoindoline-2-carboxylate 88: 

 
 

A solution of diazo-azide 87 (60 mg, 0.24 mmol) in toluene (6 mL) was added to 

a solution of [(1-methoxyethenyl)oxy]trimethylsilane 72 (105 µL, 0.48 mmol) and 

Cu(hfacac)2 (11.2 mg, 0.023 mmol) in toluene (6 mL) at reflux via syringe pump 

over 1h.  The reaction mixture turned dark brown over the course of the addition.  

Once the addition was complete the reaction was monitored by TLC for 
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consumption of the diazo-azide starting material.  Upon consumption of 87, the 

reaction mixture was cooled to room temperature and then washed with an 

equivalent volume of 0.5 M aqueous solution of K2CO3 and brine. The combined 

organic layers were then dried over MgSO4, filtered, concentrated under reduced 

pressure and purified by flash chromatography (silica gel, 4:1 hexanes:EtOAc) to 

yield 56 mg (89 %) of 88 as a yellow oil. 

88: Rf = 0.3 (7:3 hexanes:EtOAc); IR (cast film) 3377, 2955, 1743, 1617, 1488, 

1469, 1214 cm-1; 1H NMR (500 MHz, CDCl3) δ = 7.60 (br d, J = 7.8 Hz, 1H), 

7.52-7.48 (m, 1H), 6.97 (dd, J = 0.7, 7.5 Hz, 1H), 6.91-6.88 (m, 1H), 5.61 (br s, 

1H), 3.74 (s, 3H), 3.72 (s, 3H), 3.55 (d, J = 17.4 Hz, 1H), 2.57 (d, J = 17.4 Hz, 

1H); 13C NMR (125 MHz, CDCl3) δ = 194.0, 171.5, 167.8, 161.8, 138.0, 125.4, 

120.3, 119.2, 113.3, 71.53, 53.6, 52.2, 39.6; HRMS calc’d for C13H13NO5 [M+] 

263.0794, found 263.0794. 

 

Methyl 2-(1-methoxy-2-methyl-2-oxoethyl)-3-oxoindoline-2-carboxylate 89: 

 
 

A solution of diazo-azide 87 (56 mg, 0.23 mmol) in toluene (6 mL) was added to 

a solution of tert-butyl(1-methoxy-2-methyl-1-propenyloxy)dimethylsilane (74) 

(93 µL, 0.46 mmol) and Cu(hfacac)2 (10.6 mg, 0.022 mmol) in toluene (6 mL) at 

reflux via syringe pump over 1h. Upon consumption of 87, the reaction mixture 

turned dark brown over the course of the addition.  Once the addition of the 

substrate was complete the reaction was monitored by TLC for consumption of 

the diazo-azide starting material.  The reaction mixture was cooled to room 

temperature and then washed with an equivalent volume of 0.5 M aqueous 

solution of K2CO3 and brine. The combined organic layers were then dried over 

MgSO4, filtered, concentrated under reduced pressure and purified by flash 

chromatography (silica gel, 4:1 hexanes:EtOAc) to yield 32 mg (48 %) of 89 as a 

yellow oil. 
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89: Rf = 0.38 (7:3 hexanes:EtOAc); IR (cast film) 3373, 2994, 2954, 1743, 1617, 

1488, 1471, 1281, 1252, 1196, 1149 cm-1; 1H NMR (500 MHz, CDCl3) δ = 7.60 

(br d, J = 7.7 Hz, 1H), 7.49 (ddd, J = 1.3, 7.1, 7.7 Hz, 1H), 6.95 (br d, J = 8.3 Hz, 

1H), 6.88 (dt, J = 0.8, 7.4 Hz, 1H), 5.90 (s, 1H), 3.76 (s, 3H), 3.67 (s, 3H), 1.59  

(s, 3H), 1.28 (s, 3H); 13C NMR (125 MHz, CDCl3) δ = 194.8, 176.5, 168.4, 160.9, 

137.6, 124.9, 121.3, 119.9, 112.8, 75.4, 53.3, 52.4, 49.6, 21.0, 20.1; HRMS calc’d 

for C15H17NO5 [M+] 291.1107, found 291.1106. 

 

2-tert-butyl 1,1-dimethyl 1-amino-2-diazoethane-1,1,2-tricarboxylate 98: 

 
 

A solution of sodium azide in DMSO (1.1 mL, 0.55 mmol) was added to 177 mg 

(0.54 mmol) of 1-bromo-2-(1,1-dimethylethyl)-1,1-dimethyl ester (97), which had 

been prepared a previously reported method,22 and was stirred overnight at room 

temperature.  The reaction was diluted with 5 mL of water and extracted with 

DCM (3 x 5 mL). The combined organic layers were washed with water (2 x 5 

mL) and brine (1 x 5 mL) then dried over MgSO4, filtered and concentrated under 

reduced pressure.  Purification by flash chromatography (silica gel, 17:3 

hexanes:EtOAc) yielded 65 mg (38 %) of 98 as a yellow oil as well as 58 mg of 

recovered starting material. 

98: Rf = 0.21 (7:3 hexanes:EtOAc); IR (cast film) 3392, 3320, 2980, 2957, 2108, 

1752, 1693, 1457, 1436, 1370, 1321, 1256, 1151 cm-1; 1H NMR (500 MHz, 

CDCl3) δ = 3.83 (s, 6H), 2.49 (br s, 2H), 1.48 (s, 9H); 13C NMR (125 MHz, 

CDCl3) δ = 169.2, 164.8, 82.4, 64.2, 53.7, 28.3, 27.8; HRMS calc’d for 

C11H17N3O6Na [M+Na]+ 310.101, found 310.1006.    

 

 4-Azido-3,3-dimethylbutane-2-one 100: 
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A solution of 0.5M NaN3 in DMSO (19mL, 9.5 mmol) was added to a conical 

flask containing mesylate 10524 (1.50g, 7.7 mmol).  Once thoroughly mixed the 

solution was divided up into several 2-5 mL microwave vials and irradiated at 180 

ºC for 15 minutes.  Once cooled the reactions were combined, diluted with 20 mL 

of water and extracted with DCM (3 x 50 mL). The combined organic layers were 

washed with water (2 x 50 mL) and brine (1 x 50 mL) then dried over MgSO4, 

filtered and concentrated under reduced pressure to give 895 mg (82 %) of 100 as 

a colourless oil which could be used in the subsequent reactions without 

purification. 

100: Rf = 0.20 (7:3 hexanes:EtOAc); IR (cast film) 2974, 2936, 2875, 2106, 1709, 

1471, 1309, 1357, 1274, 1130 cm-1; 1H NMR (500 MHz, CDCl3) δ = 3.43 (s, 2H), 

2.19 (s, 3H), 1.21 (s, 6H); 13C NMR (125 MHz, CDCl3) δ = 211.5, 59.1, 48.6, 

25.5, 22.6; HRMS for this compound was attempted by several different methods 

but no peak for [M+] could be obtained.  In all cases the m/z = 100 peak observed 

was C6H11O [M-N3]+ calc’d at 99.0810, found 99.0809.  

 

Z-5-Azido-1-hydroxy-4,4-dimethyl-1-phenylpent-1-ene-3-one 103: 

 
 

A solution of azide 100 (518 mg, 3.7 mmol) in THF (3.7 mL) was added dropwise 

to a freshly prepared solution of LDA (1.1 mmol, 1M in THF) at -78 ºC.  After 

stirring at -78 ºC for 1h a solution of benzoyl cyanide (491 mg, 3.7 mmol) in THF 

(7.5 mL) was added slowly via cannula.  The reaction was kept at -78 ºC and 

monitored for consumption of starting material by TLC.  When the reaction was 

complete (~ 1h) the reaction was warmed to 0 ºC before quenching with sat’d aq. 

NH4Cl (10 mL).  The reaction was allowed to warm to room temperature then 

extracted with 2 x 10 mL of Et2O. The combined organic layers were washed with 

water (10 mL) and brine (10 mL) then dried over MgSO4, filtered and 
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concentrated under reduced pressure.  Purification by flash chromatography 

(silica gel, 9:1 hexanes:EtOAc) yielded 744 mg (82 %) of 103 as a yellow oil. 

103: Rf = 0.64 (4:1 hexanes:EtOAc); IR (neat)*keto form* 2973, 2934, 2871, 

2102, 1714, 1602, 1570, 1473, 1277 cm-1; 1H NMR (500 MHz, CDCl3) δ = 7.94-

9.92 (m, 2H), 7.57 (tt, J = 1.5, 7.2 Hz, 1H), 7.51-7.48 (m, 2H), 6.33 (s, 1H), 3.52 

(s, 2H), 1.31 (s, 6H) *enol proton not detected*; 13C NMR (125 MHz, CDCl3) δ = 

199.2, 184.8, 135.1, 132.5, 128.7, 127.1, 93.2, 59.6, 44.6, 23.5; HRMS calc’d for 

C13H16N3O2 [M+H]+ 246.1237, found 246.1236.  

 

5-Azido-2-diazo-4,4-dimethyl-1-phenylpentane-1,3-dione 99:   

 
Triethylamine (370 µL, 2.65 mmol) was added to a stirred solution of compound 

100 (580 mg, 2.36 mmol) in CH3CN (9.5 ml).   Tosyl azide (470 mg, 2.38 mmol) 

in CH3CN (2.5 mL) was transferred via cannula into the flask and the reaction was 

left to stir overnight. After washing with an equivalent volume of water and brine 

the organic layer was dried over MgSO4, filtered and concentrated under reduced 

pressure.  Purification by flash chromatography (silica gel, 19:1 hexanes:EtOAc) 

resulted in a 99 % yield of 99 (631 mg) as a yellow oil. 

99: Rf = 0.77 (4:1 hexanes:EtOAc); IR (cast film) 2971, 2932, 2105, 1644, 1295, 

1266 cm-1; 1H NMR (500 MHz, CDCl3) δ =  7.65-7.62 (m, 2H), 7.57-7.55 (m, 

1H), 7.50-7.46 (m, 2H), 3.67 (s, 2H), 1.39 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 

= 195.6, 185.2, 137.0, 133.0, 128.9, 127.5, 85.5, 58.6, 49.2, 21.5; HRMS calc’d 

for C13H13N5O2 [M+] 271.1069, found 271.1050. 

 

2-Benzoyl-4,4-dimethyl-4,5-dihydropyrrol-3-one 105: 
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Toluene (25 mL) was added to a flask containing diazo-azide 99 (273mg, 1 

mmol) and Cu(hfacac)2 (43 mg, 0.09 mol).  Once the solution was heated to reflux 

the reaction was complete within 5 minutes. The reaction mixture was cooled to 

room temperature and then washed with an equivalent volume of 0.5 M aqueous 

solution of K2CO3 and brine. The organic layer was then dried over MgSO4, 

filtered, concentrated under reduced pressure and purified by flash 

chromatography (silica gel, 4:1 hexanes:EtOAc) to yield 205 mg (95 %) of 105 as 

a viscous yellow oil. 

105: Rf = 0.27 (4:1 hexanes:EtOAc); IR (cast film) 2964, 2929, 1744, 1670, 1597, 

1465, 1450, 1335, 1310, 1222 cm-1; 1H NMR (500 MHz, CDCl3) δ =  8.06-8.04 

(m, 2H), 7.69-7.66 (m, 1H), 7.53 (t, J = 7.9 Hz, 2H), 4.36 (s, 2H), 1.26 (s, 6H); 
13C NMR (125 MHz, CDCl3) δ = 203.9, 189.8, 168.0, 134.8, 134.6, 129.9, 128.8, 

71.2, 42.8, 23.5; HRMS calc’d for C13H13NO2 [M+] 215.0946, found 215.0941. 

 

2-Benzoyl-1-ethyl-4,4-dimethylpyrrolidin-3-one 106: 

 
Diethylzinc (1.2 mL, 1.0M in hexanes) was added slowly added to a solution of 

105  (58 mg, 0.27 mmol) in THF (2.7 mmol) at -78 ºC.  The solution was slowly 

warmed to room temperature, which induced a colour change to a deep 

orange/red. The reaction was monitored for consumption of starting material by 

TLC.  When the reaction was complete (~ 30 min) the reaction was quenched 

with sat’d aq. NH4Cl (1 mL).  The reaction was diluted with Et2O (5 mL) and 

washed with water (5 mL) before extracting with 1 M HCl (3 x 5 mL).  The 

combined acidic aqueous layers were basified with 3 M NaOH (aq) until pH ≈ 12, 

at which point the solution changed from colourless to deep yellow in colour.  The 

basified solution was extracted with DCM (3 x 10 mL).  The combined organic 

layers were washed with an equivalent amount of water and brine, dried over 

MgSO4, filtered and concentrated under reduced pressure to yield 53 mg of a 

crude yellow solid found by 1NMR to contain a mixture of compound 106 and 
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107 as well as benzoic acid.  Attempts to isolate 106 were not successful due to its 

rapid conversion to 107 and benzoic acid. 

106: 1H NMR (500 MHz, CDCl3) δ = 8.10-8.07 (m, 2H), 7.72-7.56 (m, 1H), 7.51-

7.46 (m, 2H), 4.54 (s, 1H), 3.38 (d, J = 9.0 Hz, 1H), 2.77-2.63 (m. 2H), 2.56 (d, J 

= 9.0 Hz, 1H), 1.27 (s, 3H), 1.18 (s, 3H), 1.08 (t, J = 7.7 Hz, 3H).    

 

1-Ethyl-4,4-dimethylpyrrolidine-2,3-dione 107: 

 
 

107: IR (cast film) cm-1; 1H NMR (500 MHz, CDCl3) δ = 3.61 (q, J = 7.5 Hz, 2H), 

3.43 (s, 2H), 1.28 (s, 6H), 1.27 (7, J = 7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 

= 203.9, 159.0, 55.5, 40.0, 39.2, 23.8, 12.1; HRMS calc’d for C13H13NO2 [M+] 

215.0946, found 215.0941. 

4.7. References 

 

1. Clark, J. S., Nitrogen, Oxygen and Sulfur Ylide Chemistry. Oxford University 

Press: New York, 2002. 

2. Padwa, A.; Hornbuckle, S. F., Chem. Rev. 1991, 91, 263-309. 

3. Doyle, M. P.; McKervey, M. A.; Ye, T., Modern Catalytic Methods for 

Organic Synthesis with Diazo Compounds: From Cycloproapanes to Ylides. 

Wiley-Interscience: New York, 1998. 

4. Doyle, M. P.; Tamblyn, W. H.; Bagheri, V., J. Org. Chem. 1981, 46, 5094-

5102. 

5. Vanecko, J. A.; Wan, H.; West, F. G., Tetrahedron 2006, 62, 1043-1062. 

6. West, F. G.; Glaeske, K. W.; Naidu, B. N., Synthesis 1993, 977-980. 

N
O

O

Et

165



 

7. (a) West, F. G.; Naidu, B. N., J. Am. Chem. Soc. 1993, 115, 1177-1178; (b) 

West, F. G.; Naidu, B. N., J. Org. Chem. 1994, 59, 6051-6056; (c) Bott, T. M.; 

Vanecko, J. A.; West, F. G., J. Org. Chem. 2009, 74, 2832-2836. 

8. (a) West, F. G.; Naidu, B. N., J. Am. Chem. Soc. 1994, 116, 8420-8421; (b) 

Naidu, B. N.; West, F. G., Tetrahedron 1997, 53, 16565-16574; (c) Vanecko, J. 

A.; West, F. G., Org. Lett. 2002, 4, 2813-2816; (d) Glaeske, K. W.; Naidu, B. N.; 

West, F. G., Tetrahedron Asymmetry 2003, 14, 917-920; (e) Muroni, D.; Saba, A.; 

Culeddu, N., Tetrahedron Asymmetry 2004, 15, 2609-2614; (f) Vanecko, J. A.; 

West, F. G., Org. Lett. 2005, 7, 2949-2952. 

9. (a) Clark, J. S.; Hodgson, P. B., J. Chem. Soc., Chem. Commun. 1994, 2701-

2702; (b) Clark, J. S.; Hodgson, P. B.; Goldsmith, M. D.; Street, L. J., J. Chem. 

Soc., Perkin Trans. 1 2001, 3312-3324; (c) Heath, P.; Roberts, E.; Sweeney, J. B.; 

Wessel, H. P.; Workman, J. A., J. Org. Chem. 2003, 68, 4083-4086; (d) Roberts, 

E.; Sancon, J. P.; Sweeney, J. B.; Workman, J. A., Org. Lett. 2003, 5, 4775-4777; 

(e) Roberts, E.; Sancon, J. P.; Sweeney, J. B., Org. Lett. 2005, 7, 2075-2078. 

10. (a) Padwa, A.; Weingarten, M. D., Chem. Rev. 1996, 96, 223-269; (b) Bartnik, 

R. Azomethine, carbonyl and thiocarbonyl ylides. 3.1 Generation of azomethine 

ylides from carbenes and carbenoids. In Nitrogen, Oxygen and Sulfur Ylide 

Chemistry, Clark, J. S., Ed.; Oxford University Press: New York, 2002; pp 187-

196. 

11. (a) Bartnik, R.; Mloston, G., Tetrahedron 1984, 40, 2569-2576; (b) A., P.; 

Dean, D. C.; Osterhout, M. H.; Precedo, L.; Semones, M. A., J. Org. Chem. 1994, 

59, 5347; (c) Moran, M.; Bernardinelli, G.; Müller, P., Helv. Chim. Acta 1995, 78, 

2048-2052. 

12. Padwa, A.; Snyder, J. P.; Curtis, E. A.; Sheehan, S. M.; Worsencroft, K. J.; 

Kappe, C. O., J. Am. Chem. Soc. 2000, 122, 8155-8167. 

13. Curtis, E. A.; Worsencroft, K. J.; Padwa, A., Tetrahedron Lett. 1997, 38, 

3319-3322. 

166



 

14. Kappe, C. O., Tetrahedron Lett. 1997, 38, 3323-3326. 

15. (a) Ibata, T.; Fukushima, K. Generation of nitrile ylides by the reaction of 

carbenes or carbenoids with nitriles. In Nitrogen, Oxygen and Sulfur Ylide 

Chemistry, Clark, J. S., Ed.; Oxford University Press: Oxford, 2002; (b) Escolano, 

C.; Duque, M. D.; Vazquez, S., Curr. Org. Chem. 2007, 11, 741-772. 

16. Kirmse, W.; Arold, H., Chem. Ber. 1968, 101, 1008-1012. 

17. Blond, A.; Moumne, R.; Begis, G.; Pasco, M.; Lecourt, T.; Micouin, L., 

Tetrahedron Lett. 2011, 52, 3201-3203. 

18. Bräse, S.; Gil, C.; Knepper, K.; Zimmermann, V., Angew. Chem. Int. Ed. 

2005, 44, 5188-5240. 

19. More, S. S.; Shanmughapriya, D.; Lingam, Y.; Patel, N. B., Synth. Commun. 

2009, 39, 2058-2066. 

20. Okuma, K.; Matsunaga, N.; Nagahora, N.; Shioji, K.; Yokomori, Y., Chem. 

Commun. 2011, 47, 5822-5824. 

21. Misaki, T.; Nagase, R.; Matsumoto, K.; Tanabe, Y., J. Am. Chem. Soc. 2005, 

127, 2854-2855. 

22. Scott, D. M.; McPhail, A. T.; Porter, N. A., Tetrahedron Lett. 1990, 31, 1679-

1682. 

23. Benati, L.; Nanni, D.; Spagnolo, P., J. Org. Chem. 1999, 64, 5132-5138. 

24. Boeykens, M.; De Kimpe, N.; Abbaspour Tehrani, K., J. Org. Chem. 1994, 

59, 6973-6985. 

25. (a) Yijima, C.; Hino, F.; Suda, K., Synthesis 1981, 610-611; (b) Garcia-

Valverde, M.; Pedrosa, R.; Vicente, M., Synlett 2002, 2092-2094. 

167



 

26. (a) Dickstein, J. S.; Fennie, M. W.; Norman, A. L.; Paulose, B. J.; Kozlowski, 

M. C., J. Am. Chem. Soc. 2008, 130, 15794-15795; (b) Dickstein, J. S.; 

Kozlowski, M. C., Chem. Soc. Rev. 2008, 37, 1166-1173. 

27. Higuchi, K.; Sato, Y.; Tsuchimochi, M.; Sugiura, K.; Hatori, M.; Kawasaki, 

T., Org. Lett. 2009, 11, 197-199. 

28. Karadeolian, A.; Kerr, M. A., J. Org. Chem. 2010, 75, 6830-6841. 

29. (a) Boger, D. L.; McKie, J. A.; Nishi, T.; Ogiku, T., J. Am. Chem. Soc. 1996, 

118, 2301-2302; (b) Boger, D. L.; McKie, J. A.; Nishi, T.; Ogiku, T., J. Am. 

Chem. Soc. 1997, 119, 311-325. 

 

 

 

 

 

 

 

 

 

 

 

 

 

168



 

 

Appendix I: Selected NMR Spectra from Chapter 1 

169



p
p
m

1
2

3
4

5
6

7
8

9

P
y
r
r
o
l
i
d
i
n
e
 
4
b

5
0
0
 
M
H
z
 
1
D
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
5
0
0
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

1
.
9
3

3
.
2
7

4
.
1
4
1
.
0
0

1
.
0
0 3
.
9
5

0
.
9
9

1
.
0
0

2
.
0
5

6
.
3
2

NC
O

2M
e C
O

2E
t

PhC
O

2E
t

88
a

170



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
b

1
2
5
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

172.279

169.143

168.733

139.585

128.180

128.293

126.872

77.029

77.284

76.946

76.773

61.635

61.305

54.784

51.945

51.105

50.441

26.133

14.177

14.122

NC
O

2M
e C
O

2E
t

PhC
O

2E
t

88
a

171



p
y
r
r
o
l
i
d
i
n
e
 
4
b

4
0
0
 
M
H
z
 
G
C
O
S
Y
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
a
o
g
c
o
s
y

F
2
 
(
p
p
m
)

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

F
1
(
p
p
m
)

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

5
.
5

NC
O

2M
e C
O

2E
t

PhC
O

2E
t

88
a

172



p
y
r
r
o
l
i
d
i
n
e
 
4
b

5
0
0
 
M
H
z
 
g
H
M
Q
C
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
/
7
7
.
0
 
p
p
m
)

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
g
H
M
Q
C

F
2
 
(
p
p
m
)

1
2

3
4

5
6

7
8

F
1
(
p
p
m
)

2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

F
2
 
(
p
p
m
)

1
2

3
4

5
6

7
8

F
1
(
p
p
m
)

2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

NC
O

2M
e C
O

2E
t

PhC
O

2E
t

88
a

173



p
y
r
r
o
l
i
d
i
n
e
 
4
b

5
0
0
 
M
H
z
 
g
H
M
B
C
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
/
7
7
.
0
 
p
p
m
)

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
g
H
M
B
C

F
2
 
(
p
p
m
)

1
2

3
4

5
6

7
8

F
1
(
p
p
m
)

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

F
2
 
(
p
p
m
)

1
2

3
4

5
6

7
8

F
1
(
p
p
m
)

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

NC
O

2M
e C
O

2E
t

PhC
O

2E
t

88
a

174



p
p
m

1
2

3
4

5
6

7
8

9

p
y
r
r
o
l
i
d
i
n
e
 
4
d

d
i
a
s
t
e
r
e
o
m
e
r
 
1

5
0
0
 
M
H
z
 
1
D
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
5
0
0
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

2
.
1
7

3
.
0
3
1
.
0
0 2
.
0
4

1
.
0
9
2
.
1
61
.
1
2

1
.
0
9

2
.
1
7 8
.
3
0

3
.
4
1

NC
O

2M
e C
O

2E
t

88
b

D
ia

st
er

eo
m

er
 1

175



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
c

d
i
a
s
t
e
r
e
o
m
e
r
 
1

1
2
5
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

174.279

172.722

76.742

76.998

77.251

69.023

60.920

54.842

52.790

52.127

47.104

27.637

28.127

29.611

22.511

14.221

13.994

NC
O

2M
e C
O

2E
t

88
b

D
ia

st
er

eo
m

er
 1

176



p
y
r
r
o
l
i
d
i
n
e
 
4
d

d
i
a
s
t
e
r
e
o
m
e
r
 
1

5
0
0
 
M
H
z
 
G
C
O
S
Y
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
a
o
g
c
o
s
y

F
2
 
(
p
p
m
)

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

F
1

(
p
p
m
)

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

NC
O

2M
e C
O

2E
t

88
b

D
ia

st
er

eo
m

er
 1

177



p
p
m

1
2

3
4

5
6

7

p
y
r
r
o
l
i
d
i
n
e
 
4
d

m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s

4
0
0
 
M
H
z
 
1
D
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

4
.
3
7

3
.
6
4

4
.
0
0

1
.
1
90
.
8
8

2
.
4
40
.
9
6

2
.
2
2

5
.
6
0

3
.
6
9

4
.
5
9
1
6
.
6
2

7
.
0
9

NC
O

2M
e C
O

2E
t

88
b

M
ix

tu
re

 o
f

di
as

te
re

om
er

s

178



p
p
m

2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

p
y
r
r
o
l
i
d
i
n
e
 
4
d

m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s

1
2
5
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

172.713

174.271

172.594

171.444

77.010

77.266

76.757

69.010

66.703

60.909

60.394

54.830

53.596

52.778

52.116

51.812

47.089

46.447

29.598

29.571

28.115

28.039

27.622

26.460

22.499

14.270

14.208

14.000

13.982

NC
O

2M
e C
O

2E
t

88
b

M
ix

tu
re

 o
f

di
as

te
re

om
er

s

179



4
.
1
6

3
.
8
4

1
.
9
8
2
.
0
0

1
.
9
6

2
.
0
51
0
.
3
1

2
.
9
1

p
p
m

1
2

3
4

5
6

7
8

9

p
y
r
r
o
l
i
d
i
n
e
 
4
e

3
9
9
.
7
9
4
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
5
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

4
.
1
6

3
.
8
4

1
.
9
8
2
.
0
0

1
.
9
6

2
.
0
51
0
.
3
1

2
.
9
1

NC
O

2M
e C
O

2E
t

C
O

2E
t

88
c

180



p
p
m

2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

p
y
r
r
o
l
i
d
i
n
e
 
4
e

1
2
5
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

172.312

169.238

168.696

77.010

77.224

77.266

76.755

51.886

61.085

61.429

51.097

50.952

50.711

29.407

28.745

26.186

22.585

14.107

14.093

14.044

NC
O

2M
e C
O

2E
t

C
O

2E
t

88
c

181



p
p
m

1
2

3
4

5
6

7
8

9

p
y
r
r
o
l
i
d
i
n
e
 
4
f

m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s

4
0
0
 
M
H
z
 
1
D
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

2
.
0
5
1
.
6
6

6
.
7
0

3
.
9
70
.
9
5
1
.
1
3

3
.
0
0 1
.
9
12
.
8
4

2
.
8
1
0
.
9
9

0
.
7
8
4
.
6
3

2
2
.
2
0

7
.
3
4

NC
O

2M
e C
O

2E
t

C
O

Ph

88
d

M
ix

tu
re

 o
f 

di
as

te
re

om
er

182



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
f

m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s

1
0
0
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

197.202

171.217

172.913

169.083

168.921

128.986

132.073

132.376

136.385

128.366

128.049

127.842

76.902

77.105

77.217

80.975

82.712

76.584

61.146

60.968

51.730

51.625

51.214

50.567

49.885

49.045

29.419

29.347

28.602

28.292

27.529

24.588

22.450

22.346

14.007

13.923

13.835

p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
f

m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s

1
0
0
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

197.202

171.217

172.913

169.083

168.921

128.986

132.073

132.376

136.385

128.366

128.049

127.842

76.902

77.105

77.217

80.975

82.712

76.584

61.146

60.968

51.730

51.625

51.214

50.567

49.885

49.045

29.419

29.347

28.602

28.292

27.529

24.588

22.450

22.346

14.007

13.923

13.835

NC
O

2M
e C
O

2E
t

C
O

Ph

88
d

M
ix

tu
re

 o
f 

di
as

te
re

om
er

183



p
p
m

-
0

1
2

3
4

5
6

7
8

9
1
0

p
y
r
r
o
l
i
d
i
n
e
 
4
f

d
i
a
s
t
e
r
e
o
m
e
r
 
2
 
m
a
j
o
r

4
9
9
.
8
2
1
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

0
.
3
2 2
.
1
7
2
.
0
3

3
.
7
5

3
.
8
8 1
.
0
8

0
.
5
1
1
.
0
3

2
.
9
9

1
.
1
1

-
0
.
0
7

1
.
0
73
.
4
5

1
5
.
8
7

3
.
9
4 5
.
3
2

NC
O

2M
e C
O

2E
t

C
O

Ph

88
d

D
ia

st
er

eo
m

er
 2

(m
aj

or
)

184



p
p
m

2
3

4
5

6
7

p
y
r
r
o
l
i
d
i
n
e
 
4
g

m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s

4
9
8
.
1
2
2
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

2
.
0
1

2
.
2
3

2
.
2
1

4
.
7
8

3
.
1
1

4
.
7
2
1
.
0
0

1
.
1
12
.
3
8 5
.
7
9

1
.
2
4
1
.
1
9
1
.
5
6
3
.
9
4

7
.
3
5

NC
O

2M
e C
O

2E
t

88
e

M
ix

tu
re

 o
f

di
as

te
re

om
er

s

185



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
g

m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

172.534

174.207

171.255

134.904

134.826

117.767

117.671

77.008

77.214

77.263

76.753

68.034

66.217

61.004

60.557

57.370

56.317

52.706

52.174

51.869

51.669

47.236

46.511

27.614

26.640

14.239

14.194

NC
O

2M
e C
O

2E
t

88
e

M
ix

tu
re

 o
f

di
as

te
re

om
er

s

186



p
y
r
r
o
l
i
d
i
n
e
 
4
g

m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s

4
0
0
 
M
H
z
 
G
C
O
S
Y
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
a
o
g
c
o
s
y

F
2
 
(
p
p
m
)

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

5
.
5

6
.
0

F
1
(
p
p
m
)

1 2 3 4 5 6

NC
O

2M
e C
O

2E
t

88
e

M
ix

tu
re

 o
f

di
as

te
re

om
er

s

187



p
p
m

1
2

3
4

5
6

7
8

9

p
y
r
r
o
l
i
d
i
n
e
 
4
h

4
0
0
.
3
9
2
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

0
.
9
5

1
.
0
0

1
.
0
0

4
.
0
9

4
.
0
7 1
.
0
1

1
.
0
2

2
.
0
6

2
.
0
8

6
.
3
5

NC
O

2M
e C
O

2E
t

C
O

2E
t

88
f

188



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

p
y
r
r
o
l
i
d
i
n
e
 
4
h

1
2
5
.
6
9
1
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

172.296

169.068

168.607

136.084

116.365

76.746

77.000

77.254

76.618

50.713

51.125

51.941

53.875

61.245

61.583

26.181

14.077

14.105

NC
O

2M
e C
O

2E
t

C
O

2E
t

88
f

189



p
p
m

1
2

3
4

5
6

7
8

p
y
r
r
o
l
i
d
i
n
e
 
4
i

d
i
a
s
t
e
r
e
o
m
e
r
 
1

3
9
9
.
7
9
4
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
5
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

2
.
2
1

1
.
3
0

2
.
8
1

1
.
0
5

1
.
0
5

1
.
1
6

2
.
4
7

1
.
1
9

3
.
0
0 2
.
0
4

1
.
1
1

1
.
2
4

2
.
5
7

3
.
7
1

NC
O

2M
e C
O

2E
t

C
O

Ph

88
g

D
ia

st
er

eo
m

er
 1

190



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
i

d
i
a
s
t
e
r
e
o
m
e
r
 
1

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

197.018

171.259

169.042

128.258

129.092

132.650

135.438

136.260

117.081

77.004

77.257

82.511

76.748

61.249

51.789

53.707

49.164

24.608

14.107

1.015

NC
O

2M
e C
O

2E
t

C
O

Ph

88
g

D
ia

st
er

eo
m

er
 1

191



p
p
m

1
2

3
4

5
6

7
8

9

p
y
r
r
o
l
i
d
i
n
e
 
4
i

d
i
a
s
t
e
r
e
o
m
e
r
 
2

4
9
8
.
1
2
2
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

1
.
9
4

1
.
0
6

2
.
1
3

0
.
9
5

1
.
0
5

1
.
0
6

2
.
0
6

1
.
0
0

1
.
2
1 1
.
0
4

2
.
9
6

1
.
0
71
.
0
3 1
.
1
3

1
.
1
3

3
.
0
6

NC
O

2M
e C
O

2E
t

C
O

Ph

88
g

D
ia

st
er

eo
m

er
 2

192



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
i

d
i
a
s
t
e
r
e
o
m
e
r
 
2

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

195.640

169.022

172.950

128.499

129.092

132.378

136.085

136.497

128.258

128.054

116.509

77.002

77.257

80.455

76.746

51.869

54.243

61.464

51.762

50.007

27.536

14.013

NC
O

2M
e C
O

2E
t

C
O

Ph

88
g

D
ia

st
er

eo
m

er
 2

193



p
p
m

1
2

3
4

5
6

7
8

p
y
r
r
o
l
i
d
i
n
e
 
4
j

4
9
8
.
1
2
2
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

5
.
3
0

1
.
9
7

1
.
0
0

1
.
0
1

1
.
0
4

0
.
9
4

1
.
0
4

1
.
0
81
.
0
5

3
.
1
0

3
.
0
1 2
.
9
9

N
C

O
2E

t

Ph
88

h

194



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
j

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

172.812

138.536

128.091

129.090

126.915

77.012

77.268

76.757

75.863

58.371

60.044

51.055

39.347

41.925

29.427

25.476

14.437

N
C

O
2E

t

Ph
88

h

195



p
p
m

1
2

3
4

5
6

7
8

9

p
y
r
r
o
l
i
d
i
n
e
 
4
l

4
0
0
.
3
9
2
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

2
.
0
2

1
.
1
4

2
.
2
7 8
.
2
7

0
.
9
6

1
.
0
0
1
.
0
0

0
.
9
8

0
.
9
8

0
.
9
71
.
0
8

3
.
0
0
3
.
0
4

N
C

O
Ph

Ph
88

i

196



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
l

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

201.870

128.336

128.542

129.226

132.690

138.368

138.555

128.089

126.942

77.004

77.084

77.259

76.748

58.237

51.060

40.068

42.417

26.067

29.969

N
C

O
Ph

Ph
88

i

197



p
p
m

1
2

3
4

5
6

7
8

9

p
y
r
r
o
l
i
d
i
n
e
 
4
o

4
9
9
.
8
2
1
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

1
.
8
3

1
.
2
3

2
.
3
2 6
.
5
9

0
.
9
8

1
.
0
0

1
.
0
0

0
.
9
8

1
.
1
4 1
.
0
6

3
.
3
4

N
C

O
Ph

Ph 88
j

198



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

p
y
r
r
o
l
i
d
i
n
e
 
4
o

1
2
5
.
6
9
1
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

200.469

128.152

128.415

128.554

129.321

132.926

136.131

138.282

127.047

77.004

77.258

76.752

68.931

58.458

53.125

29.864

23.052

N
C

O
Ph

Ph 88
j

199



p
y
r
r
o
l
i
d
i
n
e
 
4
o

4
9
9
.
8
2
1
 
M
H
z
 
H
1
 
a
o
g
c
o
s
y
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
a
o
g
c
o
s
y

F
2
 
(
p
p
m
)

1
2

3
4

5
6

7
8

F
1

(
p
p
m
)

1 2 3 4 5 6 7 8

N
C

O
Ph

Ph 88
j

200



p
p
m

1
2

3
4

5
6

7
8

9

d
i
h
y
d
r
o
p
y
r
r
o
l
i
d
i
n
e
 
5
a

4
9
9
.
8
2
1
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

1
.
9
0

1
.
1
1

2
.
1
7 5
.
6
3

2
.
0
2

2
.
0
0

4
.
9
9

2
.
0
3

1
.
5
3

N
C

O
Ph

Ph

C
O

2E
t

89
a

201



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

d
i
h
y
d
r
o
p
y
r
r
o
l
i
e
 
5
a

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

192.242

165.597

158.302

128.606

128.851

129.177

134.276

135.564

136.004

128.143

127.817

100.781

77.004

77.257

76.748

52.716

51.764

50.582

27.427

N
C

O
Ph

Ph

C
O

2E
t

89
a

202



p
p
m

1
2

3
4

5
6

7
8

9

d
i
h
y
d
r
o
p
y
r
r
o
l
i
d
i
n
e
 
5
b

4
9
9
.
8
2
1
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

1
.
9
1

1
.
0
0

2
.
1
7

2
.
0
33
.
0
0

2
.
0
9

2
.
1
2

2
.
2
8
4
.
3
7

3
.
0
3

N
C

O
Ph

C
O

2E
t

89
b

203



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

d
i
h
y
d
r
o
p
y
r
r
o
l
i
d
i
n
e
 
5
b

1
2
5
.
6
9
1
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

192.359

165.601

158.936

128.770

129.083

134.126

135.553

99.850

77.006

77.260

76.752

48.463

50.455

51.894

28.605

27.674

27.404

22.138

13.816

N
C

O
Ph

C
O

2E
t

89
b

204



p
p
m

1
2

3
4

5
6

7
8

9

d
i
h
y
d
r
o
p
y
r
r
o
l
i
d
i
n
e
 
5
c

4
9
9
.
8
2
1
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

1
.
9
4

1
.
0
3

2
.
1
1

1
.
0
0

2
.
0
7

2
.
1
6

2
.
0
8

3
.
0
1

2
.
1
2

N
C

O
Ph

C
O

2E
t

89
c

205



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

d
i
h
y
d
r
o
p
y
r
r
o
l
i
d
i
n
e
 
5
c

1
2
5
.
6
9
1
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

192.148

165.533

158.216

128.800

129.116

132.777

134.196

135.508

118.818

101.193

77.000

77.254

76.746

51.176

51.722

50.539

27.441

N
C

O
Ph

C
O

2E
t

89
c

206



p
p
m

1
2

3
4

5
6

7
8

9

a
z
e
t
i
d
i
n
e
 
6
a

4
0
0
 
M
H
z
 
1
D
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

5
.
3
3

3
.
9
6

3
.
9
6

1
.
9
6

2
.
0
0

5
.
9
6

N
C

O
2E

t
Ph

C
O

2E
t

90
a

207



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

a
z
e
t
i
d
i
n
e
 
6
a

1
2
5
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

168.476

130.059

135.873

127.992

126.717

77.055

77.311

76.800

74.258

60.924

50.460

37.565

14.221

16.390

N
C

O
2E

t
Ph

C
O

2E
t

90
a

208



p
p
m

1
2

3
4

5
6

7
8

9

a
z
e
t
i
d
i
n
e
 
6
b

2
9
9
.
9
7
1
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
5
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
i
d
3
0
0
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

1
.
8
5

1
.
1
7

2
.
3
2 4
.
7
4

2
.
5
1

3
.
9
01
.
9
9

2
.
0
0

0
.
6
7 2
.
9
4

N
C

O
2E

t
Ph

C
O

Ph

90
b

209



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

a
z
e
t
i
d
i
n
e
 
6
b

1
0
0
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

196.313

169.726

130.722

132.588

136.161

137.199

129.188

128.292

128.183

126.863

77.254

77.456

77.571

77.899

76.937

61.058

50.657

37.573

17.112

14.295

N
C

O
2E

t
Ph

C
O

Ph

90
b

210



 

 

Appendix II: Selected NMR Spectra for Chapter 3 

211



p
p
m

1
2

3
4

5
6

7
8

9

0
.
7
7

4
.
0
0

4
.
3
9
2
.
3
2

2
.
1
6
3
.
9
6

N
O N

2

18

212



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
0
0
.
5
3
7
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

195.011

77.344

77.026

76.707

55.173

59.656

54.150

40.848

17.619

25.056

26.928

27.266

N
O N

2

18

213



p
p
m

1
2

3
4

5
6

7
8

9

2
.
0
0
0
.
9
0

2
.
0
4

2
.
0
9

4
.
1
9

4
.
2
6

2
.
3
8 2
.
0
8

N
O

H

19

O

214



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

217.066

77.002

77.257

76.746

67.193

63.151

58.684

57.955

39.747

29.872

28.863

26.345

25.791

N
O

H

19

O

215



F
2
 
(
p
p
m
)

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

F
1
(
p
p
m
)

0
.
5

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

5
.
5

N
O

H

19

O

216



F
2
 
(
p
p
m
)

1
.
2

1
.
4

1
.
6

1
.
8

2
.
0

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

4
.
2

F
1

(
p
p
m
)

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

F
2
 
(
p
p
m
)

1
.
2

1
.
4

1
.
6

1
.
8

2
.
0

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

4
.
2

F
1

(
p
p
m
)

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

N
O

H

19

O

217



F
2
 
(
p
p
m
)

1
.
2

1
.
4

1
.
6

1
.
8

2
.
0

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

F
1

(
p
p
m
)

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

F
2
 
(
p
p
m
)

1
.
2

1
.
4

1
.
6

1
.
8

2
.
0

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

F
1

(
p
p
m
)

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

N
O

H

19
O

H
M

B
C

218



p
p
m

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

1
.
9
4
1
.
0
1

1
.
1
4

1
.
1
2

p
p
m

1
2

3
4

5
6

7
8

9

1
.
9
4 1
.
0
1

1
.
1
4

1
.
1
2

8
.
8
1

8
.
3
2

N 56

TM
S

B
oc

219



p
p
m

6
0

7
0

8
0

9
0

1
0
0

1
1
0

1
2
0

1
3
0

1
4
0

1
5
0

156.595

137.477

77.024

77.278

79.017

76.770

53.419

54.330

49.289

p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

77.024

77.278

76.770

28.565

17.266

-3.667

N 56

TM
S

B
oc

220



F
2
 
(
p
p
m
)

-
0
.
0

0
.
5

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

F
1
(
p
p
m
)

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

1
2
0

F
2
 
(
p
p
m
)

-
0
.
0

0
.
5

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

F
1
(
p
p
m
)

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

1
2
0

N 56

TM
S

B
oc

221



p
p
m

2
.
2

2
.
6

3
.
0

3
.
4

3
.
8

4
.
2

4
.
6

1
.
0
0

1
.
1
4

1
.
1
3

1
.
1
3

1
.
1
2

p
p
m

1
2

3
4

5
6

7
8

9

2
.
0
5 3
.
1
1

0
.
7
2

1
.
0
0

1
.
1
4 1
.
1
3

1
.
1
3

1
.
1
2

0
.
5
5
9
.
8
8

3
.
1
4

3
.
1
2

N

57
SSi

Ph

222



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

206.052

127.702

129.255

134.072

136.756

76.996

77.251

76.742

61.548

56.863

42.722

29.784

17.315

-2.088

-2.125

N

57
SSi

Ph

223



p
p
m

2
.
2

2
.
6

3
.
0

3
.
4

3
.
8

4
.
2

1
.
0
1

1
.
0
1

1
.
0
1

0
.
9
7

1
.
0
1

p
p
m

1
2

3
4

5
6

7
8

9

2
.
1
0 3
.
0
9

0
.
8
6

1
.
0
11
.
0
1
1
.
0
1

0
.
9
7
1
.
0
1

1
.
1
0 9
.
9
0

2
.
9
5

3
.
1
5

N 58

Si B
ocPh

224



p
p
m

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

5
.
5

1
.
0
0

1
.
1
3

1
.
0
1

1
.
0
1

0
.
1
7 3
.
0
3

1
.
2
0

p
p
m

1
2

3
4

5
6

7
8

9

2
.
0
6

1
.
5
9

2
.
0
2

0
.
9
5

0
.
3
7

1
.
0
0
1
.
1
3

1
.
0
1

1
.
0
1
0
.
1
7
3
.
0
3

1
.
2
0

0
.
3
0

0
.
4
8

9
.
0
8

3
.
0
3

3
.
0
3

N

60

Si
Ph

M
eS

O
Tf

225



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

191.237

133.956

133.000

132.804

131.052

128.659

127.704

77.038

77.293

76.786

68.530

64.476

45.005

27.926

28.666

17.910

17.960

-4.585

-2.383

0.872

N

60

Si
Ph

M
eS

O
Tf

226



p
p
m

2
.
2

2
.
6

3
.
0

3
.
4

3
.
8

4
.
2

1
.
0
2
0
.
9
6

1
.
0
1

1
.
0
7

1
.
0
8

p
p
m

1
2

3
4

5
6

7
8

9

1
.
9
0 2
.
8
0

0
.
7
4

1
.
0
2

0
.
9
6 1
.
0
1

1
.
0
7
1
.
0
8

1
.
5
2

8
.
8
0

2
.
8
9

2
.
9
4

N OSi
Ph

62

227



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

176.488

134.151

136.860

129.112

127.669

77.026

77.278

76.772

53.073

53.700

38.269

27.218

17.865

-3.658

-4.643

N OSi
Ph

62

228



 

 

Appendix III: Selected NMR Spectra for Chapter 4 

229



p
p
m

1
2

3
4

5
6

7
8

9

0
.
8
6
1
.
0
0
1
.
9
0

0
.
7
2

N
3

O

N
2

70

230



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

184.939

118.949

124.952

129.324

130.195

132.793

137.928

77.075

77.330

76.821

57.957

N
3

O

N
2

70

231



p
p
m

1
2

3
4

5
6

7
8

9
1
0

0
.
8
9

0
.
9
2

1
.
0
0

0
.
9
8

0
.
9
7

2
.
9
8
3
.
0
3

1
.
8
7

N HO
O

O
71

232



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

203.395

197.594

188.556

152.875

137.668

140.124

125.608

122.579

119.397

116.821

112.168

77.000

77.254

76.745

28.908

32.259

N HO
O

O
71

233



T
M
B
9
-
0
9
5
c
-
0
9
9
c
-
o
r
a
n
g
e
 
s
p
o
t

4
9
9
.
8
1
5
 
M
H
z
 
H
1
 
g
H
M
Q
C
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
/
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
g
H
M
Q
C

 
S
o
l
v
e
n
t
:
 
c
d
c
l
3

 
T
e
m
p
.
 
2
7
.
3
 
C
 
/
 
3
0
0
.
4
 
K

O
p
e
r
a
t
o
r
:
 
w
e
s
t
n
m
r

F
i
l
e
:
 
T
M
B
9
-
0
9
5
c
-
0
9
9
c
-
H
M
Q
C

V
N
M
R
S
-
5
0
0
 
 
"
d
6
0
1
"

 
R
e
l
a
x
.
 
d
e
l
a
y
 
1
.
7
5
1
 
s
e
c

 
A
c
q
.
 
t
i
m
e
 
0
.
2
5
0
 
s
e
c

 
W
i
d
t
h
 
 
 
 
6
0
0
9
.
6
 
H
z

 
2
D
 
W
i
d
t
h
 
3
3
7
5
5
.
3
 
H
z

 
S
i
n
g
l
e
 
s
c
a
n

 
4
2
6
 
i
n
c
r
e
m
e
n
t
s

O
B
S
E
R
V
E
 
 
 
H
1
,
 
4
9
9
.
8
1
2
4
0
6
9
 
M
H
z

D
E
C
O
U
P
L
E
 
C
1
3
,
 
1
2
5
.
6
9
2
3
3
9
1
 
M
H
z

 
P
o
w
e
r
 
4
2
 
d
B

 
o
n
 
d
u
r
i
n
g
 
a
c
q
u
i
s
i
t
i
o
n

 
o
f
f
 
d
u
r
i
n
g
 
d
e
l
a
y

 
g
a
r
p
1
 
m
o
d
u
l
a
t
e
d

D
A
T
A
 
P
R
O
C
E
S
S
I
N
G

 
S
q
.
 
s
i
n
e
 
b
e
l
l
 
0
.
1
0
0
 
s
e
c

 
 
S
h
i
f
t
e
d
 
b
y
 
-
0
.
0
7
0
 
s
e
c

F
1
 
D
A
T
A
 
P
R
O
C
E
S
S
I
N
G

 
S
q
.
 
s
i
n
e
 
b
e
l
l
 
0
.
0
0
6
 
s
e
c

F
T
 
s
i
z
e
 
8
1
9
2
 
x
 
1
0
2
4

T
o
t
a
l
 
t
i
m
e
 
1
4
 
m
i
n
,
 
3
8
 
s
e
c

F
2
 
(
p
p
m
)

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

5
.
5

6
.
0

6
.
5

7
.
0

7
.
5

F
1

(
p
p
m
)

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

1
2
0

1
3
0

1
4
0

1
5
0

F
2
 
(
p
p
m
)

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

5
.
5

6
.
0

6
.
5

7
.
0

7
.
5

F
1

(
p
p
m
)

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

1
2
0

1
3
0

1
4
0

1
5
0

N HO
O

O
71

H
M

Q
C

234



T
M
B
9
-
0
9
5
c
-
0
9
9
c
 
o
r
a
n
g
e
 
s
p
o
t

4
9
9
.
8
1
5
 
M
H
z
 
H
1
 
g
H
M
B
C
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
/
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
6
.
1
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
g
H
M
B
C

 
S
o
l
v
e
n
t
:
 
c
d
c
l
3

 
T
e
m
p
.
 
2
7
.
3
 
C
 
/
 
3
0
0
.
4
 
K

O
p
e
r
a
t
o
r
:
 
w
e
s
t
n
m
r

F
i
l
e
:
 
T
M
B
9
-
0
9
5
c
-
0
9
9
c
-
H
M
B
C

V
N
M
R
S
-
5
0
0
 
 
"
d
6
0
1
"

 
R
e
l
a
x
.
 
d
e
l
a
y
 
1
.
5
0
0
 
s
e
c

 
A
c
q
.
 
t
i
m
e
 
0
.
5
0
0
 
s
e
c

 
W
i
d
t
h
 
 
 
 
6
0
0
9
.
6
 
H
z

 
2
D
 
W
i
d
t
h
 
3
3
7
5
5
.
3
 
H
z

 
2
 
r
e
p
e
t
i
t
i
o
n
s

 
4
2
6
 
i
n
c
r
e
m
e
n
t
s

O
B
S
E
R
V
E
 
 
 
H
1
,
 
4
9
9
.
8
1
2
4
0
6
9
 
M
H
z

D
A
T
A
 
P
R
O
C
E
S
S
I
N
G

 
S
q
.
 
s
i
n
e
 
b
e
l
l
 
0
.
1
0
0
 
s
e
c

 
 
S
h
i
f
t
e
d
 
b
y
 
-
0
.
0
7
0
 
s
e
c

F
1
 
D
A
T
A
 
P
R
O
C
E
S
S
I
N
G

 
S
q
.
 
s
i
n
e
 
b
e
l
l
 
0
.
0
0
6
 
s
e
c

F
T
 
s
i
z
e
 
8
1
9
2
 
x
 
1
0
2
4

T
o
t
a
l
 
t
i
m
e
 
2
9
 
m
i
n
,
 
5
4
 
s
e
c

F
2
 
(
p
p
m
)

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

5
.
5

6
.
0

6
.
5

7
.
0

7
.
5

F
1

(
p
p
m
)

1
2
0

1
3
0

1
4
0

1
5
0

1
6
0

1
7
0

1
8
0

1
9
0

2
0
0

2
1
0

2
2
0

F
2
 
(
p
p
m
)

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

5
.
5

6
.
0

6
.
5

7
.
0

7
.
5

F
1

(
p
p
m
)

1
2
0

1
3
0

1
4
0

1
5
0

1
6
0

1
7
0

1
8
0

1
9
0

2
0
0

2
1
0

2
2
0

N HO
O

O
71

H
M

B
C

235



p
p
m

1
2

3
4

5
6

7
8

9

0
.
9
2
1
.
0
0

0
.
9
5

1
.
0
0

0
.
9
2

0
.
9
6
3
.
0
0

3
.
0
9
3
.
1
0

N HO

O
O

75

236



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

200.440

176.942

161.121

136.989

124.308

122.630

119.085

112.515

77.028

77.283

76.774

67.749

52.261

46.316

20.865

19.559

N HO

O
O

75

237



p
p
m

1
2

3
4

5
6

7
8

9

2
.
0
0
1
.
0
2

2
.
0
3

1
.
0
1

1
.
0
0

0
.
0
8

0
.
1
4

1
.
6
5
0
.
3
4

NO

O
77

238



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

T
M
B
1
1
-
0
9
3
a

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

180.608

183.932

118.939

123.229

126.205

126.363

130.525

137.206

139.396

147.125

116.321

110.390

77.026

77.280

76.772

NO

O
77

239



F
2
 
(
p
p
m
)

6
.
2

6
.
4

6
.
6

6
.
8

7
.
0

7
.
2

7
.
4

7
.
6

7
.
8

8
.
0

F
1
(
p
p
m
)

6
.
0

6
.
5

7
.
0

7
.
5

8
.
0

8
.
5

NO

O
77

C
O

SY

240



F
2
 
(
p
p
m
)

6
.
2

6
.
4

6
.
6

6
.
8

7
.
0

7
.
2

7
.
4

7
.
6

7
.
8

8
.
0

8
.
2

F
1

(
p
p
m
)

9
0

1
0
0

1
1
0

1
2
0

1
3
0

1
4
0

1
5
0

1
6
0

F
2
 
(
p
p
m
)

6
.
2

6
.
4

6
.
6

6
.
8

7
.
0

7
.
2

7
.
4

7
.
6

7
.
8

8
.
0

8
.
2

F
1

(
p
p
m
)

9
0

1
0
0

1
1
0

1
2
0

1
3
0

1
4
0

1
5
0

1
6
0

NO

O
77

H
M

Q
C

241



F
2
 
(
p
p
m
)

6
.
5

6
.
6

6
.
7

6
.
8

6
.
9

7
.
0

7
.
1

7
.
2

7
.
3

7
.
4

7
.
5

7
.
6

7
.
7

7
.
8

7
.
9

F
1

(
p
p
m
)

1
1
0

1
2
0

1
3
0

1
4
0

1
5
0

1
6
0

1
7
0

1
8
0

1
9
0

F
2
 
(
p
p
m
)

6
.
5

6
.
6

6
.
7

6
.
8

6
.
9

7
.
0

7
.
1

7
.
2

7
.
3

7
.
4

7
.
5

7
.
6

7
.
7

7
.
8

7
.
9

F
1

(
p
p
m
)

1
1
0

1
2
0

1
3
0

1
4
0

1
5
0

1
6
0

1
7
0

1
8
0

1
9
0

NO

O
77

H
M

B
C

242



p
p
m

1
2

3
4

5
6

7
8

9

1
.
0
0

1
.
0
4

2
.
0
2

1
.
0
1
0
.
9
6

3
.
2
7

7
.
0
3

N HO

O
O

O
H

84

243



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

200.184

177.985

160.360

137.996

125.134

120.001

112.463

89.402

77.022

77.276

76.768

52.732

47.630

18.823

21.169

N HO

O
O

O
H

84

244



p
p
m

1
2

3
4

5
6

7
8

9

0
.
9
0

1
.
0
00
.
9
5

1
.
0
4

3
.
0
0

6
.
4
0

NO

O
O

O
85

245



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

173.369

162.765

159.328

146.097

128.452

128.569

136.429

127.154

116.972

77.006

77.261

76.753

52.807

49.253

23.541

NO

O
O

O
85

246



p
p
m

7
.
5
0

7
.
6
0

7
.
7
0

7
.
8
0

7
.
9
0

1
.
0
0

0
.
2
5

1
.
0
6

0
.
2
6

p
p
m

1
2

3
4

5
6

7
8

9

1
.
0
0

0
.
2
51
.
0
6

0
.
2
62
.
5
9

0
.
2
3

2
.
1
4
0
.
7
8

3
.
1
9

0
.
5
6

N
3

O

O
M

e

O 86

N
3

O
M

e

O 86
'

O
H

247



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

192.914

168.052

168.661

173.406

131.147

131.588

133.903

137.936

139.113

129.925

129.367

125.667

125.026

124.800

119.179

119.064

92.611

77.026

77.280

76.772

49.550

51.551

52.334

N
3

O

O
M

e

O 86

N
3

O
M

e

O 86
'

O
H

248



p
p
m

1
2

3
4

5
6

7
8

9
p
p
m

1
2

3
4

5
6

7
8

9

0
.
9
9 0
.
9
3

1
.
9
0

3
.
0
0

0
.
9
2

N
3

O

O
M

e

O

N
2

87

249



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

185.661

160.850

128.448

130.335

131.948

137.477

137.684

124.775

118.295

77.020

77.274

76.766

52.343

N
3

O

O
M

e

O

N
2

87

250



p
p
m

1
2

3
4

5
6

7
8

9

1
.
0
0

1
.
1
4

1
.
0
8

1
.
1
2

1
.
0
4

3
.
3
7

3
.
3
7 1
.
2
0

1
.
1
5

N HO O
O

M
e

C
O

2M
e

88

251



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

194.024

171.525

167.839

161.770

138.003

113.274

119.193

120.304

125.390

77.004

77.259

76.748

71.528

53.639

52.213

39.648

N HO O
O

M
e

C
O

2M
e

88

252



p
p
m

1
2

3
4

5
6

7
8

9

1
.
0
0

1
.
0
3

0
.
9
9

1
.
0
2

0
.
9
7

3
.
1
0

3
.
0
9

3
.
1
4
3
.
4
4

N HO O
O

M
e

C
O

2M
e

89

253



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

194.846

176.464

168.425

160.924

137.586

124.884

121.285

119.895

112.777

77.018

77.270

76.764

75.406

53.345

52.404

49.613

20.053

21.035

N HO O
O

M
e

C
O

2M
e

89

254



F
2
 
(
p
p
m
)

2
3

4
5

6
7

F
1
(
p
p
m
)

2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

F
2
 
(
p
p
m
)

2
3

4
5

6
7

F
1
(
p
p
m
)

2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

N HO O
O

M
e

C
O

2M
e

89
H

M
Q

C

255



F
2
 
(
p
p
m
)

1
2

3
4

5
6

7

F
1
(
p
p
m
)

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

F
2
 
(
p
p
m
)

1
2

3
4

5
6

7

F
1
(
p
p
m
)

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

N HO O
O

M
e

C
O

2M
e

89
H

M
B

C

256



p
p
m

1
2

3
4

5
6

7
8

9

6
.
0
1

1
.
8
6

9
.
9
5

M
eO

O
O

O
M

e

C
O

2t
B

u

98

H
2N N

2

257



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

169.219

164.810

77.038

77.293

82.423

76.784

64.152

53.719

28.287

27.796

M
eO

O
O

O
M

e

C
O

2t
B

u

98

H
2N N

2

258



F
2
 
(
p
p
m
)

1
.
2

1
.
4

1
.
6

1
.
8

2
.
0

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

F
1
(
p
p
m
)

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

F
2
 
(
p
p
m
)

1
.
2

1
.
4

1
.
6

1
.
8

2
.
0

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

F
1
(
p
p
m
)

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

1
0
0

1
1
0

M
eO

O
O

O
M

e

C
O

2t
B

u

98

H
2N N

2 H
M

Q
C

259



F
2
 
(
p
p
m
)

1
.
2

1
.
4

1
.
6

1
.
8

2
.
0

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

F
1
(
p
p
m
)

2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

F
2
 
(
p
p
m
)

1
.
2

1
.
4

1
.
6

1
.
8

2
.
0

2
.
2

2
.
4

2
.
6

2
.
8

3
.
0

3
.
2

3
.
4

3
.
6

3
.
8

4
.
0

F
1
(
p
p
m
)

2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

M
eO

O
O

O
M

e

C
O

2t
B

u

98

H
2N N

2 H
M

B
C

260



p
p
m

1
2

3
4

5
6

7
8

9

0
.
2
8

0
.
1
7

2
.
0
0

2
.
9
8

6
.
1
1

O N
3

10
0

261



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

211.515

77.026

77.280

76.772

59.054

48.574

22.608

25.492

O N
3

10
0

262



p
p
m

1
2

3
4

5
6

7
8

9

1
.
9
8

0
.
9
9

2
.
0
5 0
.
5
9

1
.
0
0

0
.
1
1

2
.
0
6

0
.
7
2
6
.
1
5
0
.
1
7

N
3

O

Ph

O
H

10
3

263



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

199.175

184.777

127.142

128.667

132.476

135.090

93.198

77.028

77.283

76.774

59.631

44.575

23.480

N
3

O

Ph

O
H

10
3

264



p
p
m

1
2

3
4

5
6

7
8

9

1
.
8
6

0
.
9
4
1
.
9
4

2
.
0
0

6
.
4
0

N

O
O

Ph

10
5

265



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

203.899

189.754

168.015

128.762

129.906

134.561

134.823

77.032

77.287

76.778

71.155

42.842

23.515

N

O
O

Ph

10
5

266



p
p
m

2
.
6

2
.
7

2
.
8

2
.
9

3
.
0

3
.
1

3
.
2

3
.
3

3
.
4

3
.
5

3
.
6

1
.
0
5

2
.
0
9

0
.
5
1

2
.
6
2

0
.
9
9

p
p
m

1
2

3
4

5
6

7
8

9

2
.
3
3
0
.
6
5
0
.
3
0

1
.
4
4

2
.
7
0

1
.
0
8

1
.
0
0

1
.
0
52
.
0
9
0
.
5
1

2
.
6
2
0
.
9
9

1
.
0
1
0
.
5
90
.
4
1

1
0
.
6
6

3
.
0
4

3
.
3
6

0
.
9
2

NO
O Ph

Et 10
6

*

*

*

N
O

O

Et
10

7
K

ey
 p

ea
ks

 d
en

ot
ed

 w
ith

 *

an
d

267



F
2
 
(
p
p
m
)

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

F
1
(
p
p
m
)

0
.
5

1
.
0

1
.
5

2
.
0

2
.
5

3
.
0

3
.
5

4
.
0

4
.
5

5
.
0

N
O

O

Et
10

7

NO
O Ph

Et 10
6

an
d

268



p
p
m

1
2

3
4

5
6

7
8

9

2
.
0
0 1
.
9
9

9
.
8
2

N
O

O

Et
10

7

269



p
p
m

0
2
0

4
0

6
0

8
0

1
0
0

1
2
0

1
4
0

1
6
0

1
8
0

2
0
0

2
2
0

2
4
0

1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e

P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l

203.930

159.044

77.030

77.285

76.778

55.544

39.241

39.959

23.804

12.074

N
O

O

Et
10

7

270


	Thesis title page
	Thesis-Dedication
	Abstract-Final
	Thesis-Acknowledgements
	Table of Contents-final-pdf
	List of Tables-pdf
	List of Figures-pdf
	List of Schemes-Final
	thesis-no-page-numbers
	Bott NMRs-final
	2-88a-1HNMR.pdf
	2-88a-13C.pdf
	2-88a-cosy.pdf
	2-88a-HM1QC.pdf
	2-88a-HMBC.pdf
	2-88b-D1-1HNMR.pdf
	2-88b-D1-carbon.pdf
	2-88b-D1-cosy.pdf
	2-88b-D1andD2-1HNMR.pdf
	2-88b-D1andD2-carbon.pdf
	2-88c-1HNMR.pdf
	2-88c-carbon.pdf
	2-88d-D1andD2-1HNMR.pdf
	2-88d-D1andD2-carbon.pdf
	2-88d-D2-major-1HNMR.pdf
	2-88e-D1andD2-1HNMR.pdf
	2-88e-D1andD2-carbon.pdf
	2-88e-D1andD2-cosy.pdf
	2-88f-1HNMR.pdf
	2-88f-carbon.pdf
	2-88g-D1-1HNMR.pdf
	2-88g-D1-carbon.pdf
	2-88g-D2-1HNMR.pdf
	2-88g-D2-carbon.pdf
	2-88h-1HNMR.pdf
	2-88h-carbon.pdf
	2-88i-1HNMR.pdf
	2-88i-carbon.pdf
	2-88j-1HNMR.pdf
	2-88j-carbon.pdf
	2-88j-cosy.pdf
	2-89a-1HNMR.pdf
	2-89a-carbon.pdf
	2-89b-1HNMR.pdf
	2-89b-carbon.pdf
	2-89c-1HNMR.pdf
	2-89c-carbon.pdf
	2-90a-1HNMR.pdf
	2-90a-carbon.pdf
	2-90b-1HNMR.pdf
	2-90b-carbon.pdf
	2-Chapter3-appendix.pdf
	3-18-1HNMR.pdf
	3-18-13C.pdf
	3-19-1HNMR.pdf
	3-19-13C.pdf
	3-19-COSY.pdf
	3-19-HM1QC.pdf
	3-19-HMBC.pdf
	3-56-1HNMR.pdf
	3-56-13C-inset.pdf
	3-56-HMBC.pdf
	3-57-1HNMR.pdf
	3-57-13C.pdf
	3-58-1HNMR.pdf
	3-60-1HNMR.pdf
	3-60-13C.pdf
	3-62-1HNMR.pdf
	3-62-13C.pdf
	3-Chapter4-appendix.pdf
	4-70-1HNMR.pdf
	4-70-13C.pdf
	4-71-1HNMR.pdf
	4-71-13C.pdf
	4-71-HM1QC.pdf
	4-71-HMBC.pdf
	4-75-1HNMR.pdf
	4-75-13C.pdf
	4-77-1HNMR.pdf
	4-77-13C.pdf
	4-77-COSY.pdf
	4-77-HM1QC.pdf
	4-77-HMBC.pdf
	4-84-1HNMR.pdf
	4-84-13C.pdf
	4-85-1HNMR.pdf
	4-85-13C.pdf
	4-86-1HNMR.pdf
	4-86-13C.pdf
	4-87-1HNMR.pdf
	4-87-13C.pdf
	4-88-1HNMR.pdf
	4-88-13C.pdf
	4-89-1HNMR.pdf
	4-89-13C.pdf
	4-89-HM1QC.pdf
	4-89-HMBC.pdf
	4-98-1HNMR.pdf
	4-98-13C.pdf
	4-98-HM1QC.pdf
	4-98-HMBC.pdf
	4-100-1HNMR.pdf
	4-100-13C.pdf
	4-103-1HNMR.pdf
	4-103-13C.pdf
	4-105-1HNMR.pdf
	4-105-13C.pdf
	4-106and107-1HNMR.pdf
	4-106and107-COSY.pdf
	4-107-1HNMR.pdf
	4-107-13C.pdf





p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


200.440


176.942


161.121


136.989


124.308


122.630


119.085


112.515


77.028


77.283


76.774


67.749


52.261


46.316


20.865


19.559


N HO


O
O


75








p
p
m


1
2


3
4


5
6


7
8


9


2
.
0
0
1
.
0
2


2
.
0
3


1
.
0
1


1
.
0
0


0
.
0
8


0
.
1
4


1
.
6
5
0
.
3
4


NO


O
77








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


T
M
B
1
1
-
0
9
3
a


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


180.608


183.932


118.939


123.229


126.205


126.363


130.525


137.206


139.396


147.125


116.321


110.390


77.026


77.280


76.772


NO


O
77








p
y
r
r
o
l
i
d
i
n
e
 
4
d


d
i
a
s
t
e
r
e
o
m
e
r
 
1


5
0
0
 
M
H
z
 
G
C
O
S
Y
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
a
o
g
c
o
s
y


F
2
 
(
p
p
m
)


1
.
0


1
.
5


2
.
0


2
.
5


3
.
0


3
.
5


4
.
0


4
.
5


F
1


(
p
p
m
)


1
.
0


1
.
5


2
.
0


2
.
5


3
.
0


3
.
5


4
.
0


4
.
5


5
.
0


NC
O


2M
e C
O


2E
t


88
b


D
ia


st
er


eo
m


er
 1








F
2
 
(
p
p
m
)


6
.
2


6
.
4


6
.
6


6
.
8


7
.
0


7
.
2


7
.
4


7
.
6


7
.
8


8
.
0


F
1
(
p
p
m
)


6
.
0


6
.
5


7
.
0


7
.
5


8
.
0


8
.
5


NO


O
77


C
O


SY








F
2
 
(
p
p
m
)


6
.
2


6
.
4


6
.
6


6
.
8


7
.
0


7
.
2


7
.
4


7
.
6


7
.
8


8
.
0


8
.
2


F
1


(
p
p
m
)


9
0


1
0
0


1
1
0


1
2
0


1
3
0


1
4
0


1
5
0


1
6
0


F
2
 
(
p
p
m
)


6
.
2


6
.
4


6
.
6


6
.
8


7
.
0


7
.
2


7
.
4


7
.
6


7
.
8


8
.
0


8
.
2


F
1


(
p
p
m
)


9
0


1
0
0


1
1
0


1
2
0


1
3
0


1
4
0


1
5
0


1
6
0


NO


O
77


H
M


Q
C








F
2
 
(
p
p
m
)


6
.
5


6
.
6


6
.
7


6
.
8


6
.
9


7
.
0


7
.
1


7
.
2


7
.
3


7
.
4


7
.
5


7
.
6


7
.
7


7
.
8


7
.
9


F
1


(
p
p
m
)


1
1
0


1
2
0


1
3
0


1
4
0


1
5
0


1
6
0


1
7
0


1
8
0


1
9
0


F
2
 
(
p
p
m
)


6
.
5


6
.
6


6
.
7


6
.
8


6
.
9


7
.
0


7
.
1


7
.
2


7
.
3


7
.
4


7
.
5


7
.
6


7
.
7


7
.
8


7
.
9


F
1


(
p
p
m
)


1
1
0


1
2
0


1
3
0


1
4
0


1
5
0


1
6
0


1
7
0


1
8
0


1
9
0


NO


O
77


H
M


B
C








p
p
m


1
2


3
4


5
6


7
8


9


1
.
0
0


1
.
0
4


2
.
0
2


1
.
0
1
0
.
9
6


3
.
2
7


7
.
0
3


N HO


O
O


O
H


84








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


200.184


177.985


160.360


137.996


125.134


120.001


112.463


89.402


77.022


77.276


76.768


52.732


47.630


18.823


21.169


N HO


O
O


O
H


84








p
p
m


1
2


3
4


5
6


7
8


9


0
.
9
0


1
.
0
00
.
9
5


1
.
0
4


3
.
0
0


6
.
4
0


NO


O
O


O
85








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


173.369


162.765


159.328


146.097


128.452


128.569


136.429


127.154


116.972


77.006


77.261


76.753


52.807


49.253


23.541


NO


O
O


O
85








p
p
m


7
.
5
0


7
.
6
0


7
.
7
0


7
.
8
0


7
.
9
0


1
.
0
0


0
.
2
5


1
.
0
6


0
.
2
6


p
p
m


1
2


3
4


5
6


7
8


9


1
.
0
0


0
.
2
51
.
0
6


0
.
2
62
.
5
9


0
.
2
3


2
.
1
4
0
.
7
8


3
.
1
9


0
.
5
6


N
3


O


O
M


e


O 86


N
3


O
M


e


O 86
'


O
H








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


192.914


168.052


168.661


173.406


131.147


131.588


133.903


137.936


139.113


129.925


129.367


125.667


125.026


124.800


119.179


119.064


92.611


77.026


77.280


76.772


49.550


51.551


52.334


N
3


O


O
M


e


O 86


N
3


O
M


e


O 86
'


O
H








p
p
m


1
2


3
4


5
6


7
8


9
p
p
m


1
2


3
4


5
6


7
8


9


0
.
9
9 0
.
9
3


1
.
9
0


3
.
0
0


0
.
9
2


N
3


O


O
M


e


O


N
2


87








p
p
m


1
2


3
4


5
6


7


p
y
r
r
o
l
i
d
i
n
e
 
4
d


m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s


4
0
0
 
M
H
z
 
1
D
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


4
.
3
7


3
.
6
4


4
.
0
0


1
.
1
90
.
8
8


2
.
4
40
.
9
6


2
.
2
2


5
.
6
0


3
.
6
9


4
.
5
9
1
6
.
6
2


7
.
0
9


NC
O


2M
e C
O


2E
t


88
b


M
ix


tu
re


 o
f


di
as


te
re


om
er


s








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


185.661


160.850


128.448


130.335


131.948


137.477


137.684


124.775


118.295


77.020


77.274


76.766


52.343


N
3


O


O
M


e


O


N
2


87








p
p
m


1
2


3
4


5
6


7
8


9


1
.
0
0


1
.
1
4


1
.
0
8


1
.
1
2


1
.
0
4


3
.
3
7


3
.
3
7 1
.
2
0


1
.
1
5


N HO O
O


M
e


C
O


2M
e


88








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
2
6
4
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
a
u
t
o
x
d
b
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


194.024


171.525


167.839


161.770


138.003


113.274


119.193


120.304


125.390


77.004


77.259


76.748


71.528


53.639


52.213


39.648


N HO O
O


M
e


C
O


2M
e


88








p
p
m


1
2


3
4


5
6


7
8


9


1
.
0
0


1
.
0
3


0
.
9
9


1
.
0
2


0
.
9
7


3
.
1
0


3
.
0
9


3
.
1
4
3
.
4
4


N HO O
O


M
e


C
O


2M
e


89








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


194.846


176.464


168.425


160.924


137.586


124.884


121.285


119.895


112.777


77.018


77.270


76.764


75.406


53.345


52.404


49.613


20.053


21.035


N HO O
O


M
e


C
O


2M
e


89








F
2
 
(
p
p
m
)


2
3


4
5


6
7


F
1
(
p
p
m
)


2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


F
2
 
(
p
p
m
)


2
3


4
5


6
7


F
1
(
p
p
m
)


2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


N HO O
O


M
e


C
O


2M
e


89
H


M
Q


C








F
2
 
(
p
p
m
)


1
2


3
4


5
6


7


F
1
(
p
p
m
)


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


F
2
 
(
p
p
m
)


1
2


3
4


5
6


7


F
1
(
p
p
m
)


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


N HO O
O


M
e


C
O


2M
e


89
H


M
B


C








p
p
m


1
2


3
4


5
6


7
8


9


6
.
0
1


1
.
8
6


9
.
9
5


M
eO


O
O


O
M


e


C
O


2t
B


u


98


H
2N N


2








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


169.219


164.810


77.038


77.293


82.423


76.784


64.152


53.719


28.287


27.796


M
eO


O
O


O
M


e


C
O


2t
B


u


98


H
2N N


2








F
2
 
(
p
p
m
)


1
.
2


1
.
4


1
.
6


1
.
8


2
.
0


2
.
2


2
.
4


2
.
6


2
.
8


3
.
0


3
.
2


3
.
4


3
.
6


3
.
8


4
.
0


F
1
(
p
p
m
)


0


1
0


2
0


3
0


4
0


5
0


6
0


7
0


8
0


9
0


1
0
0


1
1
0


F
2
 
(
p
p
m
)


1
.
2


1
.
4


1
.
6


1
.
8


2
.
0


2
.
2


2
.
4


2
.
6


2
.
8


3
.
0


3
.
2


3
.
4


3
.
6


3
.
8


4
.
0


F
1
(
p
p
m
)


0


1
0


2
0


3
0


4
0


5
0


6
0


7
0


8
0


9
0


1
0
0


1
1
0


M
eO


O
O


O
M


e


C
O


2t
B


u


98


H
2N N


2 H
M


Q
C








p
p
m


2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


p
y
r
r
o
l
i
d
i
n
e
 
4
d


m
i
x
t
u
r
e
 
o
f
 
d
i
a
s
t
e
r
e
o
m
e
r
s


1
2
5
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


172.713


174.271


172.594


171.444


77.010


77.266


76.757


69.010


66.703


60.909


60.394


54.830


53.596


52.778


52.116


51.812


47.089


46.447


29.598


29.571


28.115


28.039


27.622


26.460


22.499


14.270


14.208


14.000


13.982


NC
O


2M
e C
O


2E
t


88
b


M
ix


tu
re


 o
f


di
as


te
re


om
er


s








F
2
 
(
p
p
m
)


1
.
2


1
.
4


1
.
6


1
.
8


2
.
0


2
.
2


2
.
4


2
.
6


2
.
8


3
.
0


3
.
2


3
.
4


3
.
6


3
.
8


4
.
0


F
1
(
p
p
m
)


2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


F
2
 
(
p
p
m
)


1
.
2


1
.
4


1
.
6


1
.
8


2
.
0


2
.
2


2
.
4


2
.
6


2
.
8


3
.
0


3
.
2


3
.
4


3
.
6


3
.
8


4
.
0


F
1
(
p
p
m
)


2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


M
eO


O
O


O
M


e


C
O


2t
B


u


98


H
2N N


2 H
M


B
C








p
p
m


1
2


3
4


5
6


7
8


9


0
.
2
8


0
.
1
7


2
.
0
0


2
.
9
8


6
.
1
1


O N
3


10
0








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


211.515


77.026


77.280


76.772


59.054


48.574


22.608


25.492


O N
3


10
0








p
p
m


1
2


3
4


5
6


7
8


9


1
.
9
8


0
.
9
9


2
.
0
5 0
.
5
9


1
.
0
0


0
.
1
1


2
.
0
6


0
.
7
2
6
.
1
5
0
.
1
7


N
3


O


Ph


O
H


10
3








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


199.175


184.777


127.142


128.667


132.476


135.090


93.198


77.028


77.283


76.774


59.631


44.575


23.480


N
3


O


Ph


O
H


10
3








p
p
m


1
2


3
4


5
6


7
8


9


1
.
8
6


0
.
9
4
1
.
9
4


2
.
0
0


6
.
4
0


N


O
O


Ph


10
5








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


1
2
5
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
7
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
c
o
l
d
d
u
a
l
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


203.899


189.754


168.015


128.762


129.906


134.561


134.823


77.032


77.287


76.778


71.155


42.842


23.515


N


O
O


Ph


10
5








p
p
m


2
.
6


2
.
7


2
.
8


2
.
9


3
.
0


3
.
1


3
.
2


3
.
3


3
.
4


3
.
5


3
.
6


1
.
0
5


2
.
0
9


0
.
5
1


2
.
6
2


0
.
9
9


p
p
m


1
2


3
4


5
6


7
8


9


2
.
3
3
0
.
6
5
0
.
3
0


1
.
4
4


2
.
7
0


1
.
0
8


1
.
0
0


1
.
0
52
.
0
9
0
.
5
1


2
.
6
2
0
.
9
9


1
.
0
1
0
.
5
90
.
4
1


1
0
.
6
6


3
.
0
4


3
.
3
6


0
.
9
2


NO
O Ph


Et 10
6


*


*


*


N
O


O


Et
10


7
K


ey
 p


ea
ks


 d
en


ot
ed


 w
ith


 *


an
d








F
2
 
(
p
p
m
)


1
.
0


1
.
5


2
.
0


2
.
5


3
.
0


3
.
5


4
.
0


4
.
5


F
1
(
p
p
m
)


0
.
5


1
.
0


1
.
5


2
.
0


2
.
5


3
.
0


3
.
5


4
.
0


4
.
5


5
.
0


N
O


O


Et
10


7


NO
O Ph


Et 10
6


an
d








p
p
m


1
2


3
4


5
6


7
8


9


2
.
0
0 1
.
9
9


9
.
8
2


N
O


O


Et
10


7








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


a
z
e
t
i
d
i
n
e
 
6
a


1
2
5
 
M
H
z
 
1
D
 
C
1
3
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
2
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
s
w
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


168.476


130.059


135.873


127.992


126.717


77.055


77.311


76.800


74.258


60.924


50.460


37.565


14.221


16.390


N
C


O
2E


t
Ph


C
O


2E
t


90
a








p
p
m


1
2


3
4


5
6


7
8


9


a
z
e
t
i
d
i
n
e
 
6
b


2
9
9
.
9
7
1
 
M
H
z
 
H
1
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
5
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
i
d
3
0
0
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


1
.
8
5


1
.
1
7


2
.
3
2 4
.
7
4


2
.
5
1


3
.
9
01
.
9
9


2
.
0
0


0
.
6
7 2
.
9
4


N
C


O
2E


t
Ph


C
O


Ph


90
b








p
y
r
r
o
l
i
d
i
n
e
 
4
b


5
0
0
 
M
H
z
 
g
H
M
B
C
 
i
n
 
C
D
C
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
.
2
6
/
7
7
.
0
 
p
p
m
)


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
g
H
M
B
C


F
2
 
(
p
p
m
)


1
2


3
4


5
6


7
8


F
1
(
p
p
m
)


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


F
2
 
(
p
p
m
)


1
2


3
4


5
6


7
8


F
1
(
p
p
m
)


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


NC
O


2M
e C
O


2E
t


PhC
O


2E
t


88
a








p
p
m


0
2
0


4
0


6
0


8
0


1
0
0


1
2
0


1
4
0


1
6
0


1
8
0


2
0
0


2
2
0


2
4
0


a
z
e
t
i
d
i
n
e
 
6
b


1
0
0
.
6
9
0
 
M
H
z
 
C
1
3
[
H
1
]
 
1
D
 
i
n
 
c
d
c
l
3
 
(
r
e
f
.
 
t
o
 
C
D
C
l
3
 
@
 
7
7
.
0
6
 
p
p
m
)
,
 
t
e
m
p
 
2
7
.
0
 
C
 
-
>
 
a
c
t
u
a
l
 
t
e
m
p
 
=
 
2
7
.
0
 
C
,
 
m
4
0
0
g
z
 
p
r
o
b
e


P
u
l
s
e
 
S
e
q
u
e
n
c
e
:
 
s
2
p
u
l


196.313


169.726


130.722


132.588


136.161


137.199


129.188


128.292


128.183


126.863


77.254


77.456


77.571


77.899


76.937


61.058


50.657


37.573


17.112


14.295


N
C


O
2E


t
Ph


C
O


Ph


90
b








 


 


Appendix II: Selected NMR Spectra for Chapter 3 
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Appendix III: Selected NMR Spectra for Chapter 4 
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