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α-Amino ketones can serve as important intermediates for the synthesis of 

biologically active molecules, and making these precursors in a practical manner has long 

been a challenge for organic chemists. The oxygen-carbon-carbon-nitrogen (O-C-C-N) 

sequence is common in natural and synthetic compounds of biological interest, due in 

part to their relatedness to peptides.  Because of the many known carbonyl 

transformations, α-amino ketones have the potential to form various amine derivatives.  

Herein we present our research endeavors which led to several novel methods of forming 

this type of functionality.  These endeavors culminated with the development of a two-

step hydrazidation/N-N bond cleavage technique for forming α-amino ketals—which can 

be readily hydrolyzed to α-amino ketones. 
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CHAPTER 1:  α-AMINATION OF KETONES 

 

 

1.0  General Introduction 

 

α-Amino ketones can serve as important intermediates for the synthesis of 

biologically active molecules, and making these precursors in a practical manner has long 

been a challenge for organic chemists1,2,3.  The oxygen-carbon-carbon-nitrogen (O-C-C-

N) sequence is common in natural and synthetic compounds of biological interest (Figure 

1.01), due in part to their relationship to peptides.  Because of the many known carbonyl 

transformations, α-amino ketones have the potential to form various amine derivatives.  

Unfortunately, there are few direct methods for ―α-amination‖* despite the need.  The 

goal at the outset of our project was to, for the first time, form α-amino ketones through a 

mild N-N bond cleavage of α-hydrazido ketones.   

Among the diverse natural molecules possessing an O-C-C-N sequence are: 

penicillin, a widely used antibiotic; quinine, an anti-malarial dating back to the 17th 

century; cortistatin A, a recently discovered angiogenesis inhibitor with 

 

*For ease of communication, the α-amination of carbonyls and protected carbonyls will 
be referred to throughout this work in the generic sense as ―α-amination‖, and the alpha 
carbon of any carbonyl, whether or not in a protected form, will be referred to in the 
generic sense as ―α-carbon‖. 
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potential anti-cancer applications4,5; amino acids; and peptides such as angiotensin I, a 

key blood pressure regulator in humans and the substrate for ACE (angiotensin I 

converting enzyme)6.  While it is unlikely that these or other natural compounds with this 

moiety would need to be produced by synthesis for large scale applications, being able to 

make their unnatural analogs enables further studies of their activity. 

 

 
Figure 1.01: Natural and synthetic biologically active molecules with O-C-C-N moiety 
(O-C-C-N highlighted in red)    
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Unnatural molecules with this O-C-C-N moiety necessitate synthetic sources.  

High profile examples chosen to illustrate this point include: Norvasc®7, Seretide®8, 

Plavix®9, unnatural amino acids, and peptidomimetic compounds like ramipril10.  

Norvasc, for example, is a commonly prescribed off-patent therapy for high blood 

pressure.  Salmeterol is a co-drug in Seretide, which is used to treat asthma symptoms, 

and was the fourth highest grossing pharmaceutical of 201011.  The third highest grossing 

pharmaceutical of 2010 was Plavix, and anti-coagulation drug used to treat people with 

recent heart attacks.  Ramipril, a peptidomimetic compound derived from angiotensin I, 

was an early ACE inhibitor used to treat high blood pressure, and is regarded as one of 

the early successes for rational drug design. 

Pharmaceuticals are an obvious source of examples of biologically active 

compounds with profound impact on society.  Other less commercially viable yet 

scientifically significant molecules that can probe biological systems would be expected 

to have this O-C-C-N sequence.     

 Additionally, because so many transformations exist for ketones, a robust method 

for making α-amino ketones could make them the functionality of choice for a variety of 

amine derivatives.       

The chemistry we proposed was to use dialkyl azodicarboxylates as an 

electrophilic nitrogen source to form α-hydrazido ketones (Figure 1.02).  These 

compounds would then be converted into α-amino ketones through a mild anionic N-N 

bond cleavage method. 
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Figure 1.02:  Our proposed approach for α-amino ketone formation 

 

 

1.1  Past Approaches 

 

There have been many methods devised for forming the α-amino carbonyl 

functionality.  These methods include the formation of α-amino ketones, acids, esters, 

amides, and aldehydes.  It was the specific goal of our project to devise a method for the 

formation of α-amino ketones because of the extensive transformations that can be done 

directly with ketones.  To put our chemistry into an appropriate context, we find it 

worthwhile to highlight this whole area of research in part because ketones, acids, esters, 

amides, and aldehydes are interconvertible. 

 Another point of note is that unprotected α-amino ketones readily dimerize and 

autoxidize, forming pyrazines.  The spontaneous dimerization of α-amino ketones is 

actually the standard method of forming pyrazines (Figure 1.03)12,13,14.   

 



5 
 

 

Figure 1.03:  Spontaneous dimerization of α-amino ketones 

 

Because pyrazines are not the desired product for most uses of α-amino ketones, 

α-amino ketones must be formed with the ketone and/or the nitrogen protected.  This 

feature underlies the variety of chemistries done in this area. 

 

HALOGENATION/DISPLACEMENT 

 Perhaps the most well-known method for forming α-amino ketones is α-

halogenation followed by displacement with a nucleophilic source of nitrogen (Figure 

1.04).  Select compounds have been aminated through the Gabriel method but this 

approach is restricted to primary amines and non-sterically encumbered secondary 

amines15.  Using sodium azide as the nitrogen source overcomes some of the steric 

challenges.   
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Figure 1.04: General approach to halogenation/displacement 

 

It is worth mentioning that both of these methods introduce nitrogen in a 

protected form.  The pthalimide can be cleaved to the amine in the presence of hydrazine, 

and the azide can be reduced to the amine under hydrogenation conditions or through 

using the Staudinger reduction.  

This method is a good option for many applications but we believe that its steric 

restrictions stress the need for an alternative approach.  Inverting the polarity of the 

nitrogen source is one way to overcome these restrictions.  Using an electrophilic 

nitrogen source and directly forming carbon-nitrogen bonds through enolate chemistry is 

a method that has been used with success, and is the one that we make use of in our 

chemistry.      

  

NEBER REARRANGEMENT   

The Neber rearrangement is a classic method for forming α-amino ketones dating 

back to the mid 1920’s (Figure 1.05)16,17,18.  This chemistry involves forming an oxime 

from a ketone and hydroxylamine.  The hydroxyl group is commonly activated for 
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displacement with p-toluenesulfonyl chloride, or methanesulfonyl chloride.  After 

isolation these compounds are treated with alkoxide bases to form intermediate azirines 

that can be ketalized in-situ to form ammonium diethyl acetals.     

      

 

Figure 1.05: Neber α-amino ketone synthesis  

  

This chemistry is best used with compounds having one activated proton alpha to 

the oxime (R1=EWG), otherwise a mixture of rearrangement products are usually 

observed.  Furthermore this chemistry is mostly restricted to the amination of secondary 

carbons in the alpha position.  A side product commonly observed with this chemistry is 

the pyrazine dimer of the amino product, this favors the isolation of the products as the 

hydrochloride salt of the amino acetals.   

 

N-HALOAMIDE ADDITION TO ENOL ETHERS 

 There are many examples of N-haloamides and other N-―leaving group‖ reagents 

used for the α-amination of carbonyls in the literature19,20,21,22.  While this has been an 
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attractive strategy for method development, these reagents have not been extensively 

utilized because of their instability, difficult preparation, and irreproducible yields.   

Of the methods using this approach, we have chosen to highlight the chromous 

chloride activation of N-haloamides to enol ethers because this appears to be the most 

practical (Figure 1.06).  Taking the methyl enol ether of cyclohexanone, Lessard et al.
22 

showed that you can directly form α-amino ketones in one-pot.       

 

Figure 1.06: Chromous chloride activation of N-haloamides to enol ethers 

 

Unfortunately, the yields reported for this chemistry are based on the N-

haloamide being the limiting reagent.  These reactions are done with 2 equivalents of 

enol ether relative to the N-haloamide, so the yield is at most 50% if calculated based off 

the enol ether.   

While this chemistry is good at aminating secondary α-carbons, it tends to form α-

halo carbonyls on tertiary α-carbons through the addition of chloride to a transient tertiary 

carbocation (Figure 1.07). 
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Figure 1.07: N-haloamide reaction with tertiary α-carbons 

 

Another drawback to this chemistry is the use of stoichiometric chromous 

chloride.  Some of the other electrophillic nitrogen reagents avoid the use of Lewis acid 

activation and additionally can be used to aminate more diverse substrates.  

 

α-N-TOSYLAMINATION OF TRIISOPROPYL ENOL ETHERS 

 The challenge of α-amination has been explored in our own lab through the 

amination of TIPS enol ether protected ketones.  Magnus and co-workers23,24,25 first 

showed that TIPS enol ethers reacted with Sharpless’ N,N-bis-(p-toluenesulfonyl) 

seleniumdiimide (TsNSeNTs)26 in an ene-sigmatropic process to form an α-amino ketone 

derivatives (Figure 1.08). This transformation was very attractive because of the relative 

ease with which TIPS enol ethers can be formed in either their kinetic (less substituted 

enol ether) or thermodynamic (more substituted enol ether) form.  While a silyl 

protecting group must be added to carry out the transformation, it is merely a bystander to 

the reaction and can be used in further functionalizations. 
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Figure 1.08: Ene-sigmatropic reaction of TsNSeNTs with TIPS enol ether 

 

 This transformation can be used to make compounds that are highly 

functionalized in just a few steps.  The utility of this chemistry however is limited by 

yields ranging between 23-51%, which is a possible consequence of the Sharpless 

reagent’s high reactivity.  

 

ELECTROPHILIC AZIDATION OF CHIRAL IMIDE ENOLATES 

Chiral Oxazolidinones, in addition to their many other applications, have been 

used for the asymmetric amination of α-carbonyl carbons.  Evans et al.
27 found that 2,4,6 

triisopropylbenzenesulfonyl azide (Trisyl-N3) is an efficient electrophile for forming 

carbon-nitrogen bonds when used with the potassium enolate of chiral imides (Figure 

1.09).   
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Figure 1.09: Electrophilic azidation as a route to α-amino acids   

 

To use this chemistry one must first make the acid chloride of the carboxylic acid 

substrate that is to be aminated.  Next, the chloroformate is used to acylate the chiral 

auxiliary oxazolidinone.  This product is treated with potassium hexamethyldisilazide to 

form the imide potassium enolate which can finally be used for an asymmetric azidation 

reaction with Trisyl-N3.  Under hydrogenation conditions this chiral α-azido compound is 

reduced to the amine, and upon exposure to LiOH the α-amino acid is hydrolyzed.   

This is one of the more straightforward methods for forming chiral amines on α-

carbons, and can be used to form chiral amino acids with high enantioselectivity.  

Unfortunately, it involves multiple steps and uses several costly reagents.  This chemistry 

is useful for academic endeavors but is not appropriate for large scale applications.  

A variation of this procedure (Figure 1.10) involves the addition of a bromination 

step, rendering a bromide that can be displaced by tetramethylguanidinium azide 
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(TMGA).  This pathway can be used to form α-amino acids of inverted stereo-chemistry 

while using the same chiral starting material.  Both incarnations of this chemistry require 

reductive conditions for amine formation and this is often not amenable to complex 

substrates.  Also, this chemistry cannot be applied to form cyclic α-amino carbonyls, 

greatly restricting its utility in total synthesis.   

 

 

Figure 1.10: Bromination, azidation of chiral oxazolidinone for stereochemical inversion 

 

ESOTERIC α-AMINATION METHODS 

 Because of the need for an α-amination technique, there have been many creative 

though not necessarily useful strategies employed.  The background in this area that has 

been presented so far is merely a primer of available methods and is not comprehensive.  

The methods that are not shown can be found among the several reviews on α-amination 

chemistry1,2,3.   
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1.2  α-Amination Studies in the Magnus Lab 

 

During the total synthesis of the marine alkaloid nakadomarin A (Figure 1.11)28, 

Dr. Negar Garizi, as a graduate student in the Magnus group, sought to install α-amino 

ketone functionality on an advanced intermediate.  This would have established the 

oxygen-carbon-carbon-nitrogen sequence (highlighted in red) spanning four of the six 

rings of the natural product.  Having attempted many of the literature procedures, 

including several of those that have been highlighted so far, they were still unable to 

install the α-amino group.  This apparent impasse forced them to develop a new 

approach, and in doing so identified the need for more method development to be done in 

this area.   

From these studies spawned what has become quite extensive studies into the 

anionic N-N bond cleavage of hydrazides (acyl or carbamate protected hydrazines).  As 

you will see, the experience with nakadomarin is a case study that highlights both the 

limitations of existing α-amination methods, and eventually the limitations in the N-N 

bond cleavage of hydrazides.    
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Figure 1.11: Structure of marine alkaloid (-)-nakadomarin A 

 
ATTEMPTED HALOGENATION/DISPLACEMENT 

 In their first attempt at amination, they used the halogenation/displacement 

approach to install the nitrogen element (highlighted in red) (Figure 1.12).  The α-bromo 

ketone was formed after a 1,4 addition of an allylsulfinyl anion to enone 1.01, and 

subsequently trapping the enolate in-situ with N-bromosuccinimide.  Sodium azide, 

however, was unable to displace bromine, even in the presence of 15-crown-5 to chelate 

the sodium counter-ion.  Had this chemistry worked it still would have led to the wrong 

relative stereochemistry at the alpha carbon needed for nakadomarin. 

   

 

Figure 1.12: Halogenation/displacement attempt in nakadomarin A synthesis 
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ATTEMPTED NEBER REARRANGEMENT  

In a later attempt to α-aminate an advanced intermediate, the Neber 

rearrangement was attempted (Figure 1.13).  First ketone 1.04 was treated with 

hydroxylamine hydrochloride and pyridine to form oxime 1.05.  After treatment with p-

toluenesulfonylchloride, the tosylated oxime 1.06 was prepared to attempt the Neber 

conditions.  Neber rearrangements occur independent of the tosylate stereochemistry, so 

the syn-anti relationship of the oxime to the methylene was not a concern.   
 

 

Figure 1.13: Synthesis of Neber precursor  

 

 Exposure of tosylated oxime 1.06 to Neber conditions consumed started material 

and led to a complex mixture of products (Figure 1.14).  Alkoxides are the preferable 

base in these reactions, and despite using several, the only identified product from the 

rearrangement conditions was the oxime 1.05. 
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Figure 1.14: Screen of Neber conditions against the tosylated oxime 

 

ATTEMPTED α-N-TOSYLAMINATION OF A TIPS ENOL ETHER 

 When synthesizing a natural product like nakadomarin in the lab, the goal is to 

start with basic chemical building blocks and create the complex molecular structure in as 

few steps as possible.  The advantage of the alpha N-tosylamination method, in the case 

of nakadomarin, is that it could have been used to functionalize an advanced intermediate 

with very good regiocontrol; unfortunately, this benefit could not be exploited.  The 

established reaction conditions did not produce an appreciable amount of the α-N-tosyl 

compound by the time the TIPS enol ether 1.09 had been consumed (Figure 1.15).  

 

 

Figure 1.15: α-N-tosylation conditions on nakadomarin intermediate 

   

ATTEMPTED ELECTROPHILIC AZIDATION 

 Not having many more options, the electrophilic azidation approach was 

attempted to form the α-azido ketone which could later be converted to the desired amine.   
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While trisyl azide is known to azidate oxazolidinone enolates, literature precedent 

generally shows that simple ketones give diazo compounds (Figure 1.16)29. 

 

 

Figure 1.16: Diazotization of potassium enolates using trisyl azide 

   

Applying Evans’ condition to their substrate, they found that the potassium 

enolate of compound 1.04 was diazotized to product 1.12, and none of the α-azido 

compound 1.11 could be isolated from the reaction mixture.     

 

 

Figure 1.17: Attempted electrophilic α-azidation 
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PARTIAL SOLUTION TO THE PROBLEM: HYDRAZIDE FORMATION  

 After many failed attempts at forming an α-amino ketone or derivatives thereof, 

they set out to form an α-hydrazido ketone.  It was unclear how they would convert the α-

hydrazido functionality into the α-amino functionality they needed, but there was some 

precedent for the reductive N-N bond cleavage of other types of hydrazides.   

Having earlier established that compound 1.13 could undergo an oxy-cope 

rearrangement to form a needed quaternary center, this chemistry was attempted using 

ditertbutyl azodicarboxylate (DBAD) as an enolate quench.  This proved an effective 

strategy to form hydrazido compound 1.14 with ambiguous stereochemistry at the α-

carbon (Figure 1.18).  In one-pot, a quaternary carbon was formed with complete 

regioselectivity followed by the formation of the desired carbon-nitrogen bond.  

 

 

Figure 1.18: Formation of carbon-nitrogen bond at alpha carbon 

 

 Since making the carbon-nitrogen bond had only partially addressed the 

amination problem, efforts turned to cleaving the N-N bond.  Commonly, N-N bond 

cleavage is achieved with reductive conditions, either hydrogenolysis30,31,32 or single 

electron reduction13,14,33,34,35.   

Boc-protected hydrazido compounds, for example, can be cleaved to the amines 

with acid promoted removal of the Boc groups followed by hydrogenolysis of the N-N 

bond.  These conditions were not amenable to the alkene functionality of compound 1.14 
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needed for a later RCM reaction.  Moreover, the hydrogenolysis conditions require Boc 

deprotection, so the α-amino ketone formed from hydrogenolysis would be expected to 

dimerize.   

Through reductive conditions such as Raney nickel in EtOH and zinc/acetic acid, 

they attempted to cleave the N-N bond and maintain Boc protection.  Unfortunately these 

conditions did not yield any product.  Next, samarium iodide was tried as a reductant, but 

these conditions removed the hydrazide altogether (Figure 1.19)35. 

         

 

Figure 1.19: Samarium iodide hydrazide removal 

 

ANIONIC N-N BOND CLEAVAGE 

At this point in the project it was necessary to research non-reductive N-N bond 

cleavage methods and find out if they could be applied to nakadomarin.  One approach 

existing at the time was based on the alkylation of a cyclic hydrazine with 9-

bromofluorene (Figure 1.20)36. 
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Figure 1.20: 9-bromofluorene promoted anionic N-N bond cleavage 

 

 This chemistry was attempted on substrate 1.17 and was successful in creating 

amine 1.18 (Figure 1.21).  This confirmed anionic N-N bond cleavage as a viable strategy 

to be used in concert with diazenes to install amino functionality.  However, the yield 

was not acceptable and lead to refinement of this approach as it related to nakadomarin.   
 

 

Figure 1.21: Anionic N-N bond cleavage on a synthetic intermediate of nakadomarin 
(base-labile protons highlighted in blue)  
 

The literature precedent for this chemistry was a simple system with only one 

base-labile proton (Figure 1.20).  In the case of compound 1.17, in addition to the N-H 

proton there were also three base-labile α-carbon protons.  This suggested that a 

successful strategy would need a milder base to selectively remove the proton on the 

terminal nitrogen of the hydrazide.  Once the N-H proton had been replaced with an acyl 

group, the α-carbon proton could theoretically be used to cleave the N-N bond in a 
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direction opposite to that from the literature precedent, creating an imine rather than an 

amine (Figure 1.22).   

 

 

Figure 1.22: New N-N bond cleavage strategy 

 

After much experimentation, it was found that with the help of pyridine, pivaloyl 

anhydride could acylate the terminal nitrogen of hydrazide 1.19 and cleave the N-N bond 

in one-pot, forming the desired imine 1.20 (Figure 1.23).  This novel chemistry 

succeeded in installing the nitrogen functionality that was needed, and they could now 

continue with the rest of the synthesis.   

 

 
Figure 1.23: α-imino ketone formation through the use of anionic N-N bond cleavage  
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This result led us to believe that a practical methodology using anionic N-N bond 

cleavage could be developed that would use dialkyl azodicarboxylates as an electrophilic 

nitrogen source, and acylation as a means for bond cleavage.  Nakadomarin was a useful 

case study in that it highlighted the limitations of the current methods for both α-

amination, and also the N-N bond cleavage of hydrazides.           

 

 

1.3  Conclusion 

 

 The oxygen-carbon-carbon-nitrogen sequence of atoms is frequently seen in 

biologically active compounds that are peptide related, and also sometimes seen in 

biologically active compounds that are not.  As organic chemists looking for synthetic 

sources of therapeutics and biological probes, a reliable method for forming α-amino 

ketones would help our cause.  There are no robust methods for the α-amination of 

ketones, and the few methods for the α-amination of other carbonyls are far from ideal.  

We believe that our non-reductive approach would be orthogonal to many of the 

functional groups seen on advanced synthetic intermediates.  
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CHAPTER 2:  DIAZENES AS AN ELECTROPHILIC NITROGEN 

SOURCE 

 

 

2.0  Introduction to Diazenes 

 

The novel N-N bond cleavage reaction from the nakadomarin work led to the 

pursuit of a general non-reductive N-N bond cleavage method that could be applied to, in 

addition to other systems, the formation of α-amino ketones.  Using dialkyl 

azodicarboxylates as a nitrogen source for such transformations is integral to nearly all of 

the new chemistry presented in this document.  

Diazenes are one of the more common types of electrophilic nitrogen reagents 

(Figure 2.01).  In early organic chemistry coursework, nitrogen (or an amine) is often 

presented as one of the definitive nucleophiles.  However, when carbamate protected in 

the azo form, nitrogen’s polarity is inverted and it has become a highly reactive pi- 

electrophile37.        

 

 

Figure 2.01: Abbreviations for several di- or bis- alkyl-azodicarboxylates  
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It is relevant to profile the reactivity of these reagents because the N-N bond 

cleavage approach we are using to make α-amino ketones can be applied to the other 

types of hydrazides formed with diazenes.  The scope of the research presented here is: 

 
1) Developing a non-reductive method to create α-amino ketones. 
2) Through developing a cleavage method for α-hydrazido ketones we are, 

inevitably, creating a method that can be applied to forming many other 
types of amines. 

 

WHERE THEY COME FROM 

Diazenes can be prepared with many different protecting groups.  Major forms of 

these compounds (with the exception of the Boc variety) are made from aqueous 

hydrazine and the desired chloroformate to form hydrazido intermediates that can be 

oxidized to form diazenes (Figure 2.02)38.  Many different oxidation sources can be used, 

most commonly nitric acid or NBS are preferred.   

   

 

Figure 2.02:  How dialkyl azodicarboxylates are prepared 

 

The Boc protected diazenes, in contrast, are made from a more laborious two-step 

protection (Figure 2.03)39.  The aqueous hydrazine is first mono-protected with Boc 

anhydride.  After isolation the second protection is carried out with freshly prepared Boc 

azidoformate.  Boc groups have the advantage of being the most labile of the commonly 

employed carbamate groups and their bulkiness can make for more selective and higher 
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yielding hydrazidation chemistry.  The utility of this reagent is undermined by the fact 

that it is more difficult to make than the other diazenes and often costs significantly more.          

 

 

Figure 2.03: How di-tert-butyl azodicarboxylate is prepared 

 

On a more fundamental level, hydrazine gas is made commercially from bleach 

and ammonia.  It has many industrial uses, and several hundred thousand tons of 

hydrazine gas is produced annually40.  Chloroformates, the other major component of 

diazenes, are common and inexpensive laboratory chemicals made from phosgene (itself 

made from carbon monoxide and chlorine gas41) and the corresponding alcohol. 

 

REDUCTIVE CONDITIONS USED TO  CONVERT HYDRAZIDES INTO AMINES 

 As we will see, diazenes are extremely versatile nitrogen sources for the 

formation of hydrazides and have been thoroughly explored for this purpose.  For almost 

all applications however, it is an amine that is desired rather than a hydrazide, so the N-N 

bond must cleaved.  The hydrazidation methods are sometimes errantly called amination 

methods, even when the substrates are not compatible with the existing bond cleavage 

procedures, most notably α-hydrazido ketones42,43,44. 

 The N-N bond of hydrazides is traditionally cleaved with hydrogenolysis or single 

electron reduction conditions (Figure 2.04).  I have shown three of the different varieties 
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that have been used.  To form amines with hydrogenolysis conditions, the hydrazides 

must first be deprotected to the hydrazine under acidic conditions, then subjected to 

hydrogenation at high pressure (Figure 2.04a).  Since CBz groups can be removed under 

hydrogenative conditions, in theory they could be removed in the same reaction in which 

the N-N bond is cleaved.  Evans et al. found that the chemistry does not work well in one 

step, and so opted to use Boc protection instead31.  The N-N bond of simple substrates 

can be cleaved in one step with Li metal and retain the carbamate protection (Figure 

2.04b)45.  In a third approach, Zn has been used to remove the Troc groups of aromatic 

hydrazides and cleave the N-N bond in one-pot (Figure 2.04c)46.  These conditions are 

relatively mild but still not workable with ketone functionality.   

         

 

Figure 2.04: Published methods of cleaving the N-N bond of hydrazides a) TFA removal 
of protecting groups, hydrogenolysis of double bond b) Li, liquid ammonia single 
electron reductive cleavage c) Zn/HOAc single electron reductive cleavage  
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These traditional reductive methods of N-N bond cleavage can be incompatible 

with complex substrates, as they were in the case of our nakadomarin work.  

Furthermore, they have not been adapted to make α-amino ketones.   

The purpose of our studies was to develop a mild N-N bond cleavage procedure to 

offer as an alternative to the reductive methods, and in doing so create conditions 

amenable to make α-amino ketones. 

 

ELIMINATION CONDITIONS USED TO  CONVERT HYDRAZIDES INTO AMINES 

 In addition to the approach put forth by Gong et al. (Figure 2.05)36, we have 

found two other examples that have used elimination reactions to cleave the N-N bond of 

hydrazides.  The first, put forth by Pastor et al (Figure 2.05a)47, uses 2-

bromoacetophenone to alkylate an allylic triazoline dione, to form an intermediate which 

undergoes an elimination reaction to form an allylic amine.  In a second approach, Hall 

and co-workers used a labile TMS group to initiate an elimination reaction in the 

presence of aqueous HCl (Figure 2.05b)48.      

 

 
Figure 2.05: Known methods of elimination reactions being used to cleave a N-N bond 
a) formation of allylic amines through the N-N bond cleavage of triazoline diones b) a 
TMS directed elimation to render a cyclic amine. 
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 These methods, in part, accomplish the goals of our project; they use elimination 

reactions to cleave hydrazido N-N bonds.  However, we think that dialkyl 

azodicarboxylates are a much more practical nitrogen source for the formation of 

hydrazides.  Moreover, we also would like to create an elimination reaction that is 

amenable to α-amino ketone formation.  

 

 

2.1  The Chemistry of Diazenes 

 

These compounds are attractive reagents to chemists because they are bench 

stable and undergo robust carbon-nitrogen bond forming chemistry (Figure 2.06)37.  

Diazenes can form carbon-nitrogen bonds through aza-Michael addition 

chemistry35,42,43,44,49,50,51,52,53.  They can undergo aza-ene reactions with double bonds to 

form allylic hydrazides21,45,54,55,56.  Also, alkyl bromides have been shown to perform 

organozinc additions to these compounds in high yields57.  Carreira has developed novel 

cobalt-catalyzed hydrohydrazidation chemistry to form saturated alkyl hydrazides58,59,60.  

Diazenes have also been used in electrophilic aromatic substitution chemistry with 

electron rich aromatics46,61,62,63,64,65,66.     
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Figure 2.06: Some of the reported uses of diazenes for carbon-nitrogen bond formation: 
a) aza-Michael additions b) aza-ene reactions c) organozinc additions d) hydro-
hydrazination e) electrophilic hydrazination of aromatics.    

 

AZA-MICHAEL ADDITIONS  

 Reactions of a type that one could loosely define as aza-Michael additions are the 

type we will be using to form α-amino ketones (Figure 2.07).  These reactions include 

those which use enolates51,53, enol ethers35,67,68, silyl enol ethers52, and 

enamines42,43,44,49,50 as nucleophiles.   
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Figure 2.07: Formation of α-hydrazido ketones using diazenes 
 

AZA-ENE REACTIONS 

One of the oldest known properties of diazenes is their ability to perform aza-ene 

reactions with double bonds to form allylic hydrazides (Figure 2.08)55.  These reactions 

can occur spontaneously but are most efficient with the aid of Lewis acids, such as 

stoichiometric SnCl4
45

 or catalytic Zn(OTf)2, Cu(OTf)2 and Yb(OTf)3
54.  In the absence 

of a Lewis acid this transformation can be effectively carried out with diazenes protected 

as the Troc carbamate56.  

 

 

Figure 2.08: Formation of allylic hydrazines using diazenes 

 

ORGANO-METAL ADDITIONS 

 One direct method of forming alkyl hydrazides is to form the organozinc (or other 

halogen metal exchange species) and trap the nucleophilic carbon with DBAD (Figure 

2.09).  This chemistry is high yielding and after triflic acid deprotection and 
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hydrogenolysis of the N-N bond can be used to accomplish a three-step transformation 

from halide to amine.   

 

 

Figure 2.09:  Organo-zinc addition of alkyl halides to DBAD 

 

HYDROHYDRAZINATION 

 Recently a hydrohydrazination has been discovered that can take simple alkenes, 

propargyl alkenes, and aromatic alkenes, and convert them into saturated hydrazides in a 

Markovnikov fashion (Figure 2.10).  This chemistry is high yielding and has been used 

on a diverse array of substrates.   

 

 

Figure 2.10: Cobalt-catalyzed hydrohydrazidation of alkenes 

 

HYDRAZINATION OF ELECTRON-RICH ARENES 

 Diazenes, being strong electrophiles, are a great compliment to electron-rich 

arenes.  Depending on the substrates involved, electrophilic aromatic substitution can 

take place with high yield, either directly or with the help of a Bronstead or Lewis acid 

(Figure 2.11).  Troc protected diazenes (BTCEAD) are electrophilic enough to react 
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directly46,61,63,65 whereas DEAD and DIAD work better with the help of acid 

activation62,64,66. 

  

 

Figure 2.11: Hydrazidation of arenes 

 

 

2.2 Conclusion 

 

 Diazenes are an easily prepared electrophilic source of nitrogen capable of 

forming α-hydrazido ketones with high efficiency.  It was our goal to convert these α-

hydrazido ketones into alpha amino ketones through a non-reductive, anionic cleavage 

technique like the one used with nakadomarin.  Ideally, this cleavage method would 

translate well to diverse substrates.  Because diazenes are capable of forming various 

hydrazides, as we have presented in this chapter, it was believed the the N-N bond 

cleavage chemistry developed for α-amination would translate to the formation of other 

types of amines as well.         
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CHAPTER 3:  USE OF NON-REDUCTIVE N-N BOND CLEAVAGE 

FOR THE FORMATION OF α/β UNSATURATED α-AMINO KETONES 

 

 

3.0 Early Studies 

 

After the successful implementation of pivoyl anhydride and pyridine to cleave a 

hydrazido N-N bond (Figure 1.23), studies in this lab became focused on developing 

these conditions into a robust N-N bond cleavage method.  This could, we thought, 

provide a long sought after practical method for making α-amino ketones.      

 

N-ACYLATION FOLLOW-UP STUDIES  

Unfortunately, the original reaction conditions were not successful on other 

substrates we tested, including known ketone 3.01
44 (Figure 3.01).  Suspecting the sterics 

of the pivoyl group could be preventing acylation, we tested acetic anhydride as an acyl 

source.  Using acetic anhydride on a cyclohexanone model system, we only observed 

unreacted starting material.   
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Figure 3.01:  Attempted acylation of an α-hydrazido ketone 

 

At this point our strategy changed, we started to consider non-acylating reagents 

that could be used for a similar anionic N-N bond cleavage.  It is here that we embarked 

on the quest to develop viable reaction conditions.  The basic approach was to first form a 

new covalent bond with the terminal nitrogen of the hydrazide to remove the N-H 

functionality (Figure 3.02).  This would set up substrates for a directed elimination 

reaction to cleave the N-N bond, forming an α-imino ketone, that we predicted would 

rearrange to the α/β unsaturated α-amino ketone.  It was believed that this would be the 

species isolated because the imino form would have additive dipoles with two adjacent 

electron deficient carbons.  Since carbon-carbon and carbon-nitrogen double bonds are 

nearly degenerate, the minimization of dipole could determine the product we would see.   
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Figure 3.02: Basic N-N bond cleavage strategy 

 

N-TOSYLATION 

 As we looked to new reagents to carry out this transformation, tosylchloride 

seemed a good candidate because of its high reactivity.  In addition to readily forming a 

nitrogen-sulfur bond, we thought the electronegativity of the tosyl group would promote 

facile N-N bond cleavage.  Unfortunately, we were unable to isolate either the desired 

tosylated hydrazide or the elimination product using standard conditions (Figure 3.03).  

Using NaH to form the full anion on the terminal nitrogen we were able to tosylate the 

hydrazide, albeit at the expense of one of the CBz groups.  This tosylation did not fulfill 

the purpose of removing N-H functionality, thus we explored the use of other reagents. 

 

 

Figure 3.03: Tosylation chemistry applied to our model system 
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3.1 Formation of α/β Unsaturated α-Amino Ketones 

 

 At this stage in the project, we were surprised to be having difficulty 

functionalizing the terminal hydrazido nitrogen on our model system because we had 

observed such an efficient transformation with nakadomarin.  It was thought that using an 

acyl or tosyl group would promote N-N bond cleavage through an inductive effect, but 

being unable to successfully install an acyl or tosyl group led us to less ambitious 

chemistry.  Our goal simply became to replace the N-H with an alkyl group, 

compromising the inductive benefit that other substituents might offer.   

 

N-ALKYLATION 

In practice, MeI was able to alkylate the terminal nitrogen, granting us a substrate 

to test the elimination step (Figure 3.04).  One point of confusion in the formation of 

compound 3.03 was that it chromatographs as seemingly two compounds with different 

Rf’s by TLC.  Once isolated in pure form, however, these compounds equilibrate over the 

course of several hours and again appear as two spots by TLC.  It is believed that these 

compounds are tautomers.     

Nonetheless after isolation and purification, compound 3.03 was treated to tBuOK 

in THF at room temp.  While we were unable to isolate any of the desired product, we 

were able to isolate fragment 3.04 which would have presumably resulted from the 

desired elimination reaction.  The isolation of 3.04 gave us confidence that our overall 

strategy was viable.  We then switched bases, opting for cesium carbonate, a milder 

alternative to tBuOK.  With gentle heating, cesium carbonate consumed all of the starting 

material after 2 days.  It was noticed while monitoring this reaction by TLC that a new 

compound was being created after several hours that then disappeared as the reaction 
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went longer.  Repeating this reaction at a higher temperature and for a shorter period of 

time, the desired product was isolated from the reaction and was shown to have the same 

Rf as the transient compound previously observed by TLC.  Again we were able to 

isolate the fragment 3.04 in good yield.  Isolating the α-amino ketone was encouraging 

and a small validation of our approach.  Moreover, it established the α/β unsaturated α-

amino ketone as the enriched product, rather that the α-imino ketone.   
 

Figure 3.04: Early success in using alkylation based anionic cleavage approach   

 

Before we spent time following up with this specific reaction, we wanted to try 

another substrate to see how it would perform under similar conditions.  The compound 

we attempted to aminate was (+)-camphor (Figure 3.05).  This compound is different 

than the cyclohexanone compound because in this case the imine that is expected to form 

cannot tautomerize to the enamine.  We were able to form the hydrazido derivative 3.06 

in excellent yield with the aid of strong base.  The methylation reaction did not give us 

any trouble, and we arrived at compound 3.07 to test the bond-cleavage step.  Requiring a 

slightly higher temperature than before, we observed a reaction taking place at 80°C.  In a 
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result similar to the other substrate, we isolated cleavage fragment 3.04 in decent yield 

but did not isolate any of the desired imine. 

  

Figure 3.05: Methylation/cleavage conditions on (+)-camphor 

 

PRODUCT STABILITY STUDIES 

While the results thus far had suggested the chemistry was proceeding as planned, 

it also suggested that our product was unstable to the reaction conditions.  Our early 

suspicion was that the product degraded in the presence of base, the undesired fragment, 

or a combination of the two.  After heating the isolated product with base and the 

fragment independently, it was found that the product was stable to these species.  Next 

the product was mixed with the base and the fragment together at a temperature 

exceeding that of the original cleavage reaction and for a much longer time (Figure 3.06).  

To us, this indicated that the product was stable but perhaps the imine intermediate was 

not.   

 

 

Figure 3.06: Testing product stability to base and the other cleavage fragment 
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 We then surmised that if we could speed up the tautomerization to the amine 

product, then we could increase our yield.  By adding a proton shuttle, in the form of 

DBU or 2-pyridone, we sought to accomplish just this69.  Using one equivalent of these 

compounds by themselves in place of cesium carbonate did not lead to any observable 

reaction, even when heated to 100 °C in acetonitrile in a sealed tube (Figure 3.07).  Upon 

adding one equivalent of each of these to these compounds to the previous low-yielding 

conditions only trace product was observed by TLC, the proton shuttle theory did not 

lead to any tangible benefit.   
 

 

Figure 3.07:  DBU and 2-pyridinone as additives for tautomerization 

 

ALTERNATIVE N-N BOND CLEAVAGE APPROACHES 

 Frustrated with the current approach, we started to think about alternative, and 

perhaps higher yielding, ways to activate compound 3.03 for N-N bond cleavage.  It was 

thought that the reaction could be promoted under acidic conditions as well as basic 

(Figure 3.08).  By protonation of the terminal carbamate, either on nitrogen or oxygen, 

the substrate could be primed for an E1CB or E2 elimination, leading to the α-amino 

ketone.     
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Figure 3.08: Speculated pathway for an acid-induced cleavage 

 

Adding up to one equivalent pTsOH in the presense of the cyclohexanone 

hydrazide did not lead to an isolable product (Figure 3.09).     
 

 

Figure 3.09: N-N bond cleavage attempted under acidic conditions 

 

Thinking about other ways to cleave the N-N bond, it seemed plausible that it 

could also occur through a radical process.  This idea was somewhat grounded in the fact 

that hydrazides have been cleaved through single electron reduction.  The mechanistic 

details of how such a transformation would occur were not established, but this chemistry 

was tested in lab nonetheless (Figure 3.10).  Treating compound 3.03 with up to one 

equivalent of AIBN and also dibenzoylperoxide, we could not affect the starting material.     
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Figure 3.10: Screening radical conditions for N-N bond cleavage 

 

Seeking a solution yet, we decided to heat the substrate to a high temperature to 

attempt a thermal cleavage event (Figure 3.11).  Thermal N-N bond cleavage of 

hydrazines does have precedent in the literature, but we were unable to find precedent 

with hydrazides70,71.     

 

 
Figure 3.11: Speculated pathway for a thermal N-N bond cleavage 

 

 o-Dichlorobenzene (ODCB) was chosen as a high-boiling point solvent to test this 

chemistry.  Compound 3.03 was dissolved in a sealed tube and the mixture was heated at 

a bath temperature of 185°C (Figure 3.12).  To our amazement, while monitoring the 
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reaction by TLC, the starting material was being cleanly converted to product.  Taking an 

NMR of the reaction mixture also showed clean conversion.  After one day at this 

temperature the reaction was purified on silica gel, and our compound 3.05 was isolated 

in 24% yield.  The product was accompanied by a 70% recovery of unreacted starting 

material.  Fearing a method with prohibitively long reaction times, we opted to do a 

similar procedure in the microwave.  The complete conversion of 3.03 to our desired 

product 3.05 could be affected in just three hours in the microwave.  Unfortunately the 

efficiency of conversion was not as great at this temperature as it was at the lower 

temperature in the bath, but the loss in efficiency was a trade-off for convenience. 

 

 
Figure 3.12: Thermal N-N bond cleavage of α-hydrazido ketones 

 

 We had now established a novel and good yielding, non-reductive N-N bond 

cleavage method.  This chemistry also avoids the use of reagents.  The procedure proved 

viable on two of the three other substrates we tried, though with slightly more modest 

yields (Figure 3.13).  The hydrazido indanone substrate 3.08 was subjected to microwave 

conditions, yielding the scarlet red alpha amino ketone 3.09 in 57% yield.  We wondered 
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if the methyl group was necessary for this transformation, so we similarly heated 3.01 in 

the microwave and were able to show that we could still produce the cleavage product, 

though in diminished yield.   

The next substrate we tried was hydrazido camphor species 3.07.  Despite a 

reaction time of 4 hours in the microwave, we did not observe N-N bond cleavage or a 

reaction of any kind.  It is possible that if the thermal cleavage proceeds through a 

sigmatropic rearrangement, then the geminal dimethyl group on camphor blocks this 

process.     

 

 

Figure 3.13:  Other attempts at thermal cleavage 
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3.2  Conclusion 

 

We began our N-N bond cleavage studies using the conditions applied with 

success on nakadomarin.  Unfortunately, these conditions did not work with other 

substrates, so we were forced to devise new conditions that retained the same non-

reductive principles.  After testing basic, acidic, and radical conditions as a way to cleave 

the N-N bond, we ultimately found success by simply exposing our hydrazides to high 

heat, inducing a thermal cleavage event.  This method led to the formation of unusual and 

potentially useful, α/β unsaturated α-amino ketones.  At this point in the project it was 

decided that we should be attempting to form α/β saturated α-amino ketones instead.  Part 

of the rational, was that α-hydrazido ketones can be formed with high 

enantioselectivity35,37,42,43,44,49,50,51,52,53, and in these cases the thermal cleavage approach 

would remove the chiral center.  We now focused our attention on cleaving the N-N bond 

from the other side, which would render the fully saturated α-amino ketone. 
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CHAPTER 4:  USE OF NON-REDUCTIVE N-N BOND CLEAVAGE 

FOR THE FORMATION OF α/β SATURATED α-AMINO KETONES 

 

 

4.0  Revised Approach to Anionic N-N Bond Cleavage 

 

 Having accomplished the original goal of this project—to develop a non-reductive 

N-N bond cleavage procedure amenable to the formation of α-amino ketones—the new 

goal quickly became to change the regioselectivity in the elimination reaction used to 

cleave the N-N bond.  Instead of cleaving the bond in a direction that would ultimately 

give us an α/β unsaturated α-amino ketone, we thought we should cleave it from the other 

side—the direction put forth by Gong et al.
36—making a fully saturated α-amino ketone 

(Figure 4.01).  Enolate additions to diazenes can be highly stereoselective.  To exploit 

this feature of diazenes we would need to ―reverse‖ the way in which we were cleaving 

the N-N bond, and preserve this chirality.    

 Our strategy was to append a strongly electron withdrawing substituent with 

relatively acidic protons on the terminal hydrazido nitrogen.  This could theoretically set 

up a directed elimination reaction that would cleave the N-N bond and keep the α-carbon 

fully saturated.      
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Figure 4.01: Revised N-N-cleavage approach leading to a fully saturated amine 

 

IMPLEMENTATION OF “REVERSE” CLEAVAGE  

We first tested this approach on the hydrazido camphor compound 3.06.  This was 

a deliberate choice because the proton on the α-carbon of this molecule is substantially 

less acidic than that of cyclohexanone (pKa 26.4 vs pKa 30.4, in DMSO)72.  Another 

feature of camphor that could make it more favorable to reverse cleavage is that the α-

carbon protons are more hindered than with cyclohexanone.  These features together, we 

thought, could restrict the forward cleavage event we did not want.  Using methyl 

bromoacetate as an alkylating reagent we were able to alkylate compound 3.06 in very 

high yield (Figure 4.02).  When subjecting purified 4.01 to cesium carbonate at a higher 

temperature, we found that we could in fact create the desired α-amino ketone 4.02 in 

good yield.  We were unable to isolate the highly electron deficient cleavage fragment 

4.03, it is believed that this compound would have washed out in the work-up.   

 

 

Figure 4.02: Reverse cleavage chemistry, proof of concept 
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 While it was strong validation for our strategy, we knew this was a very favorable 

model system.  Applying these conditions to our original cyclohexanone substrate we 

were unable to isolate any of the cleavage product we wanted (Figure 4.03).  We were 

able to isolate, in good yield, the undesired fragment 4.05 of the forward cleavage event.    

  

 
Figure 4.03: Reverse cleavage conditions applied to hydrazido cyclohexanone substrate 

 

 We now wanted to boost the acidity of the proton on our appended alkyl 

substituent to promote the desired reverse cleavage.  The alkylating reagents we used 

were: methyl bromoacetate, 2-bromoacetophenone, 2-bromo-4'-nitroacetophenone, and 

diethyl bromomalonate.   

To compare the viability of these different alkylating reagents we established a 

point of reference with the camphor derivative 4.06 and methyl bromoacetate (Figure 

4.04).  At this point in the project we had switched from benzyl to ethyl carbamates 

because of the cheaper cost, lower molecular weight, and lesser steric encumbrance.  We 

were able to form alkylated product 4.07 on this substrate in 88% yield.  The N-N bond 

cleavage conditions we had previously used with success on camphor were applied to this 

ethyl carbamate analog.  Once again these conditions were successful in forming the 

desired alpha–amino ketone, but in lower yield.  To our surprise we were able to, for the 
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first time, isolate an α-imino ketone using this chemistry.  In accordance with what we 

suspected from before, these compounds were very unstable, and readily became 

hydrates at ambient conditions.  It is possible that the conversion to the imino compound 

was much greater than the 4% we were able to isolate, but that much of it had degraded 

through the work-up.   

  

 

Figure 4.04: Attempts to improve cleavage chemistry 

 

Having now established a basis for comparison, we could test the presumably 

more favorable substituents.  The first step was testing the viability of these reagents to 

alkylate hydrazides.  Using 2-bromoacetophenone we were able to form the alkylated 

product 4.10 in 91% yield.  During the alkylation, we noticed that the excess 2-

bromoacetophenone oligomerized, making the purification painstaking.  While we saw a 

slightly higher yield with this reagent versus the methyl bromoacetate, the methyl 



49 
 

bromoacetate was much more practical to use.  The purified compound 4.10 was then 

subjected to base to test the cleavage reaction, and we were pleased to find that the 

desired amine product had been substantially enriched.  The reaction gave us an overall 

yield of 87% for bond cleavage products in a about an 8:2 ratio.   

Moving on to the other reagents, we had less success with the alkylation.  In the 

presence of Cs2CO3, and even milder carbonate and amine bases, these reagents 

completely polymerized.  This was not a surprise given that 2-bromoacetophenone had 

shown some oligomerization in the presence of base.  With 2-bromo-4’-

nitroacetophenone and diethyl bromomalonate the rate of degradation was apparently too 

great (Figure 4.05) for a summary of results). 

 

 

Figure 4.05: Usage of alkylating reagents with stronger electron withdrawing properties  

 

 Given that the 2-bromoacetophenone performed better on our camphor system 

than did methyl bromoacetate, we wanted to try it on our cyclohexanone system (Figure 

4.06).  When the alkylation chemistry was implemented, unfortunately the equivalents 

were miscalculated, leading to a poor yield of product 4.12.  However, we were still able 
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to produce enough of the alkylated compound to test the cleavage reaction.  The major 

product was surprisingly the monodeprotected compound 4.13.  

 

 

Figure 4.06: Attempted 2-bromoacetophenone use on cyclohexanone substrate 4.11 
  

Despite our best efforts, using alkylating reagents with stronger electron 

withdrawing properties than methyl bromoacetate could not be used to perform a reverse 

cleavage reaction on our hydrazido ketone 4.11.   

 

REVERSE N-N BOND CLEAVAGE CONDITIONS ON OTHER TYPES OF ALKYL 

HYDRAZIDES 

 At this stage of the project, we had developed a reverse cleavage approach that 

gave us a fully saturated α-amino ketone.  The major problem we encountered was that 

we could not get this method to work on a ketone with alpha protons of an ordinary pKa.  

Since diazenes can form many other types of alkyl hydrazides, it seemed worthwhile to 

test this reaction on a different type of substrate, one that would be less prone to suffer 

from competitive elimination reactions. 

 Alexandra Ornholt, an undergraduate researcher in our lab, followed through on 

this premise and applied identical conditions to those used on camphor substrate 4.06 to 

allylic hydrazide 4.14 (derived from DEAD and β-pinine) (Figure 4.07).  This compound 
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was efficiently alkylated in 89% yield affording 4.15, which could then be cleaved in 

82% yield.  She observed that this alkyl hydrazide needed a slightly higher temperature to 

induce cleavage.  This discrepancy could be attributed to the inductive effect of the 

carbonyl group on camphor.  

 

 
Figure 4.07: Reverse N-N bond cleavage conditions applied to other alkyl hydrazide 
products a) 4.14, ene reaction b) 4.17, organo-metal addition c) 4.20, hydrohydrazidation 
 

 Using the same reverse cleavage conditions, aromatic hydrazide 4.17 (derived 

from phenyllithium and DBAD) was alkylated in 93% yield.  Once purified, compound 

4.18 was cleaved to the amine in a 75% yield.  We also applied hydrohydrazidation 

chemistry to styrene, leading to compound 4.20.  In chemistry that was foretelling of 

problems we were to encounter later, benzyllic hydrazide 4.20 was very reluctant to 
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alkylate.  We were unable to resolve compounds 4.20 and 4.21 by silica chromatography, 

so we treated the mixture to cleavage conditions.  This led to the formation of 4.22 in 

31% yield over two steps.  These benchmarks led to other studies in our group that were 

later published73.  

 One key observation consistent in the formation of the allylic amine and the 

benzyllic amine was that we did not observe any of the potential ―forward‖ cleavage 

products.  By removing the ketone functionality we had made the N-N bond cleavage 

regioselective to the exclusion of the imine products.  This changed the course of our 

method development for α-amino ketones, we now sought to protect (and therefore 

temporarily remove) the ketone component to preference our desired elimination 

reaction.  Using a protected ketone would make the reactivity of these substrates similar 

to that of the alkyl hydrazides we were having success with.  

    

 

4.1 Conclusion 

 

 In our studies for a ―reverse‖ N-N bond cleavage method, we had great difficulty 

tailoring the reaction to prevent the competitive ―forward‖ cleavage reaction.  We were, 

however, successful in developing an approach that was used with success for the α-

amination of camphor, and also for the conversion of other alkyl hydrazides to amines.  It 

appeared as though trying to get the reverse cleavage to occur efficiently on most α-

hydrazido ketones was highly unlikely.  At this point in the project, it became apparent 
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that we should use protected ketones to diminish the acidity of their α-protons, all but 

preventing the forward cleavage reaction.      
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CHAPTER 5:  α-HYDRAZINATION OF PROTECTED KETONES  

 

 

5.0  Silyl Enol Ethers as a Protected Ketone for Amination 

 

At this stage in the project we had created a method for the anionic N-N bond 

cleavage of hydrazides to convert them into amines.  This method was not compatible 

with our cyclic ketone 4.11 that had a pKa in the range we would like our chemistry to 

work with.  We thought that if we protect the ketone on our substrates we would make 

the α-carbon protons much less acidic.  This could overcome the regioselectivity 

problems we had with the elimination reaction used to cleave the N-N bond, and improve 

the method significantly.  

Instead of trying to protect an α-hydrazido ketone, we thought it would be best to 

protect the ketone first, and then try to form the necessary carbon-nitrogen bond in a way 

that would preserve the protection.  Since ene reactions with diazenes are well 

established, it seemed likely that we could perform an ene reaction on a silyl enol ether 

(Figure 5.01).  Moreover, silyl74,75 and methyl76 enol enthers have been used previously 

for carbon-carbon bond forming ene reactions.  The proposed hydrazido silyl enol ether 

would seemingly be amenable to our elimination chemistry and have the added benefit of 

being functionalized for Mukaiyama-type chemistry.    
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Figure 5.01: Proposed ene reaction on a silyl enol ether 

 

ENE REACTION BETWEEN A TIPS ENOL ETHER AND DEAD  

Ene reactions with diazenes, as has been mentioned before, can occur thermally or 

with the help of a Lewis acid.  In our first attempt at this chemistry, we heated a 

concentrated solution of TIPS enol ether 5.01 and DEAD (Figure 5.02).  After the 

reaction was allowed to stir at reflux overnight, it was cooled to room temp, and purified 

on silica to yield silyl enol ethers 5.02 and 5.03 in 7% and 13% yield respectively.  In our 

original model we had not predicted that the unsaturation of the enol ether would be on 

the side of the hydrazide, but this is most likely the more thermodynamically stable of the 

two regioisomers.  Silyl enol ether 5.03 is in conjugation with the pi-system of the 

hydrazide functionality.  Upon leaving pure compound 5.02 in an NMR tube for several 

days we observed the formation of 5.03. 

 

 

Figure 5.02: Thermal ene reaction between TIPS enol ether and DEAD  
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 The thermal process did not give high yielding results, so we turned our attention 

to Lewis acid catalysis.  From the literature we found an example where they activated 

DEAD with two equivalents of tin tetrachloride (Figure 5.03)45.  We mimicked their 

conditions but instead used TIPS enol ether 5.01 in place of a simple alkene.  As we 

introduced tin to the reaction mixture, an immediate color change was observed and it 

was decided to add only one equivalent.  After an hour the starting material had been 

consumed, and 41% of hydrazide 4.11 was isolated.  We could not isolate any silated 

material despite quenching the reaction with dry triethylamine.  We dismissed tin as a 

viable reagent for our desired transformation and looked for milder Lewis acids to 

activate DEAD. 

   

 

Figure 5.03: Lewis acid activation of DEAD towards cyclohexene and silyl enol ether 
5.01 
  

HYDRAZIDATION OF A TIPS ENOL ETHER 

 While searching the literature, we noticed that diazenes had been activated, not 

for ene reactions but for Mukaiyama type chemistry, with silver52.  On a substrate 
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analogous to ours, the TMS enol ether of cyclohexanone was treated with silver triflate in 

the presence of DBnAD to form hydrazide 3.03 in 91% yield (Figure 5.04).  An 

interesting detail of this reaction was that an aqueous solution of hydrogen fluoride had 

been used to desilate the product during the work-up.  It occurred to us that if we avoided 

the HF work-up we could, perhaps, form the carbon-nitrogen bond and retain the silyl 

protection.  To test this theory, compound 5.01 was treated with 10 mol% of dry silver 

triflate in the presence of DEAD.  After an hour we saw the appearance of compound 

5.03 and a lesser amount of compound 4.11 by TLC.  We decided to quench the reaction 

with dry triethylamine to see if we could prevent the formation of hydrolysis products.  

Unfortunately, we could not prevent appreciable formation of 4.11.   

 

 

Figure 5.04: Silver-catalyzed addition of silyl enol ethers to diazenes  
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 While we did get a 74% yield of addition products overall, the 18% loss to 

hydrolysis of the silyl group was unacceptable.  Many different things were tried to 

prevent the formation of the desilated product: We conducted the reaction under 

scrupulously dry conditions; we tried the reaction with up to one equivalent of 2,6-

ditertbutyl-4 methylpyridine; we changed the solvent; we changed the catalyst; and we 

tried many different methods of working up the reaction, but nothing could prevent the 

formation of sizable quantities of the desilated product.  The best yielding reaction we 

observed was with silver perchlorate, another catalyst used with success by Kobayashi et 

al.52.  Under these conditions we got a 62% yield of the protected product and a 10% 

yield of the desilated product.     

 Through these studies with silver activation, we always observed exclusive 

formation of regioisomer 5.03.  This led us to reevaluate the mode by which this 

transformation was taking place.  We still thought it possible for DEAD to undergo an 

ene reaction with our substrate, but if this were to happen then the double bond must 

migrate to be in conjugation with the hydrazide (Figure 5.05).  Another possibility is that 

the starting material does an addition reaction and the incipient oxonium ion is quenched 

to form the more thermodynamically stable double bond.     
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Figure 5.05:  Mechanistic interpretation of the silver-catalyzed hydrazide formation 

 

 Concurrently, with the studies to optimize the silver-catalyzed hydrazidation 

reaction, we tried to adapt the earlier N-N bond cleavage technique to our new system.  

We screened several bases in addition to cesium carbonate, and in each case we observed 

significant desilation.  Another issue was that compound 5.03, upon standing neat at 

room temperature, would desilate.  In total, these observations convinced us that the TIPS 

enol ether hydrazides would not lead to the development of a worthwhile method.  It is 

believed that the presence of base accelerated an intramolecular silyl group transfer that 

led to hydrolysis (Figure 5.06).  TIPS enol ethers are typically a stable and robust silating 

group, the ability for the silyl group transfer to occur through a six-membered transition 

state could explain how labile they were in our hands. 

 

 

Figure 5.06: Proposed desilation event of hydrazido TIPS enol ethers 
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5.1  Ketals as a Protected Ketone for Amination 

 

Now that we had decided not to use silyl enol ethers in our amination chemistry, 

we began thinking about other forms of ketone protection and how we could use them in 

a hydrazidation reaction.  Again, the protecting group would have to be latent enough so 

that under the right conditions it could be leveraged to form a carbon-nitrogen bond with 

our diazene, but sturdy enough so that it could fully reprotect the ketone when the 

reaction was quenched.  It was recalled from literature that a ketal had been used to 

functionalize an alpha carbon through an enol ether intermediate, and dutifully reformed 

by the conclusion of the reaction (Figure 5.07)77,78.  We have found other methods that 

have made enol ethers from ketals, but none that have done electrophilic additions and 

reformed the ketal79,80,81.    

 

 

Figure 5.07: Dibromination of an ethylene ketal 
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This system seemed better for our endeavors than other alkyl enol ethers because 

the ethylene glycol ketal is less vulnerable to hydrolysis.  As oxonium ions form there is 

a pendant alcohol to readily reform the ketal and resist the hydrolysis pathway.  This 

suggested to us that ethylene ketals might have the precise reactivity we were looking for. 

    

USE OF AN ETHYLENE KETAL TO FORM Α-HYDRAZIDO KETALS 

 Now that we had a conceptual basis for the chemical transformation we wanted, 

efforts went toward developing reaction conditions that would work.  Lewis acids silver 

perchlorate and tin tetrachloride, and Bronstead acid camphorsulphonic acid, were 

screened under similar conditions to those used with success in our silyl enol ether work, 

against the ethylene ketal of cyclohexanone (Figure 5.08).  After using catalytic 

quantities of these activating agents and observing unreacted starting material, their 

amount was increased to 2 equivalents.  Eventually at 50°C we observed significant 

consumption of starting material.  Silver perchlorate and camphorsulphonic acid led to a 

complex mixture of products while tin tetrachloride produced addition product 4.11 in 

59% yield.  This reaction with tin suggested the ketal could be activated to perform 

addition reactions with DEAD.  Unfortunately, none of the three reaction conditions 

produced any of the ketal protected hydrazide we wanted.   
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Figure 5.08: Initial reagents screen to promote hydrazidation reaction 

 

 While thinking about possible reagents, it was surmised that boron trifluoride, due 

to its oxophilic character and lesser reactivity when compared with tin tetrachloride, 

might be able to mediate the hydrazidation and be less prone to ketal hydrolysis.  We 

were pleased to discover, on our first attempt, that boron trifluoride diethyletherate could 

carry out the reaction as envisioned (Figure 5.09).  After seven days at 50°C we were able 

to isolate ketal 5.05 in 41% yield, in addition to the hydrolysis product 4.11 in 10% yield.  

In efforts to shorten the reaction time, the amount of boron trifluoride we used was 

increased from 5 mol% to 20 mol%.  Another change we implemented during this second 

reaction was that we used dry ethylene glycol (1 equivalent) followed shortly thereafter 

by dry triethylamine (30 mol%, 1.5 times the amount of Lewis acid) as a quench before 

dumping the reaction over cold sodium bicarb.  This was done to neutralize the boron 

trifluoride before it was mixed with an aqueous solution.  These changes together 

produced compound 5.05 in 71% yield after only 4 days.  Also, the amount of hydrolysis 

product had been reduced to a trace quantity.  This work-up procedure became the status 

quo for all boron chemistry to follow.   
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Figure 5.09: Proof of principle and optimization of ketal hydrazidation chemistry 

 

In our third attempt to reduce the reaction time, we increased the concentration of 

the reaction from 0.2M to 2M.  All starting material was consumed after only 20 hours at 

50°C, giving us 5.05 in a high yield of 80%. 

Our next challenge was to implement this chemistry on other substrates.  When 

the original conditions did not yield a lot of product with a given substrate, we would 

increase the amount of boron trifluoride and lower the temperature of the reaction.  After 

experimentation, we discovered that the yield on the cyclohexanone substrate did not 

suffer by increasing the concentration of the reaction beyond 4M.  Increasing the 

concentration became another way to shorten reaction times while keeping the 

temperature low.  We were able to perform the hydrazidation chemistry on five-

membered through eight-membered rings with varying efficiency (Figure 5.10) 
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This chemistry also translated well to acyclic ketal 5.12, producing the 

corresponding hydrazide in 67% yield.  In our attempt at forming a benzyllic hydrazide, 

we treated ketal 5.14 to our conditions only to isolate a hydrazide 5.15 in a poor yield of 

17%.    
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Figure 5.10: Examples for the Hydrazidation of Ketals  

 

 Moving along, another potential application of this chemistry was the formation 

of tetra-substituted hydrazido α-carbons on non-symmetrical substrates.  On 2-
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methylcyclohexanone ethylene ketal, the first substrate we tested, we were surprised to 

find excellent 95:5 regioselectivity (by GCMS) in the hydrazidation process (Figure 

5.11).  This regioselectivity carried over to the ethylene ketals of 2-

methylcyclopentanone and also linear substrate 2-pentanone.   

 When compound 5.16 was treated under similar conditions at 50°C we saw an 

enrichment of the less substituted product 5.18.  This gave us an isolable amount of 5.18 

that could be fully characterized.  Pure compound 5.18 was used as a standard in the 

GCMS experiment used to determine the ratio of regioisomers 5.17 and 5.18 produced in 

the reaction as shown at 0°C.  Compounds 5.21 and 5.24 were never isolated and fully 

characterized because of their vanishing yields.  However, compounds corresponding to 

their mass were observable by GCMS.  Integration of the GCMS trace was used to 

determine their approximate yields.        
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Figure 5.11: Hydrazidation of non-symmetrical ketals (* yields by GCMS) 

 

 It seems likely that once the ketal opening occurs in this reaction, the enol ether 

intermediate has sufficient time to equilibrate to its more thermodynamically stable form, 

and therefore preference the product with the tetra-substituted α-carbon (Figure 5.12).  

While not shown, it should be noted that the C-N bond forming reaction could be a 

concerted ene-type process.       
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Figure 5.12: Proposed mechanistic rationale for high regioselectivity 

 

 

5.2  Conclusion 

 

 We thought we could increase the efficiency of our anionic N-N bond cleavage 

conditions if they were carried out on protected ketones rather than unprotected ketones.  

Our strategy for the formation of protected α-hydrazido ketones was to start with a 

protected ketone and perform a hydrazidation reaction in a manner which would keep the 

ketone protected.  We ultimately developed a way of installing hydrazides alpha to ketals, 

in some cases with very high efficiency.  Additionally, we were pleased to find that on 

non-symmetrical substrates, the α-carbon that had the greatest substitution bound the 

diazene almost exclusively, in some examples forming tetrasubstituted α-carbons.   
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CHAPTER 6:  METHOD DEVELOPMENT FOR ONE-POT 

ALKLATION AND N-N BOND CLEAVAGE OF Α-HYDRAZIDO 

ETHLENE KETALS 

 

 

6.0  Considerations for a One-Pot Method 

 

Now that we had a direct and fairly reliable method for forming α-hydrazido 

ethylene ketals, our efforts turned to cleaving the N-N bond, rendering α-amino ethylene 

ketals.  First, we applied the N-N bond cleavage chemistry we developed earlier to our 

ketal 5.05 to see if it would work in this new context (Figure 6.01).  During the alkylation 

step we found that the alkylation reaction would not go to completion, even through the 

addition of more reagent.  Compounds 5.05 and 6.01 were unfortunately not separable by 

flash chromatography, but we were able to treat an otherwise pure mixture of the 

compounds to cesium carbonate at 70°C and show that we could produce the desired 

amine 6.02 in a 24% yield over two steps. 

 

 

Figure 6.01: Using standard N-N bond cleavage conditions on ketal substrate  
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At this stage, we were pleased with the hydrazidation chemistry but we had 

concerns about likelihood of this N-N bond cleavage approach becoming a useful 

method.  The limitations, as we saw them, were:  

 

1) The alkylation reaction would not go to completion with our ketal 
2) Conditions required the use of too much reagent 
3) In its current form, it was a two-pot reaction        

 

Though not mentioned earlier, we had made some preliminary observations in an 

attempted one-pot alkylation-cleavage back when we were working on the hydrazido 

camphor compound 3.06 (Figure 6.02).  Unfortunately, we found out we could not 

simply raise the temperature of the alkylation reaction to promote cleavage.  The only 

time we witnessed minor conversion to the cleavage product in one-pot was when we 

added excess cesium carbonate (excess relative to the methyl bromoacetate) after the 

alkylation reaction had completed.   
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Figure 6.02: Attempted adaptation of two-pot method into a one-pot method 

 

At the most, we wanted to use 3 equivalents of alkylating reagent, and therefore a 

total of about 4 equivalents of base (added over two steps) (Figure 6.03).  We thought 

that if we could get the alkylation reaction to go to completion in a high boiling point 

solvent, we might be able to get the reaction temperature hot enough to overcome the 

recalcitrance of a one-pot cleavage.    

 

 

Figure 6.03: Proposed one-pot cleavage reaction  
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TRYING TO ADAPT REVERSE CLEAVAGE CONDITIONS INTO A ONE-POT PROCEDURE 

In keeping with polar-aprotic solvents, the three solvents tested for efficiency of 

alkylation were DMSO, DMF, and NMP (Figure 6.04).  We monitored these reactions by 

GCMS until the alkylation stopped, at which point we recorded the final percentage of 

alkylated product relative to starting material.  In all three cases we were surprised to find 

that as we lowered the temperature, the percent conversion went up.  One possible 

explanation, as we had seen with other reagents, is that the methyl bromoacetate is 

competitively decomposing.   

 

 

Figure 6.04: Temperature optimization for alkylation done in high boiling point solvents. 

 

Taking the reaction done in DMF at room temp, we added the additional 2 

equivalents of base, and heated the solvent to reflux (Figure 6.04).  We were frustrated to 

find that this only lead to trace cleavage product as observed by TLC.  It is unclear why 

this would happen when in the two-pot procedure the cleavage event happens at 70°C.   
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Figure 6.04: Unsuccessful one-pot procedure 

 

USING A DECARBOXYLATIVE APPROACH FOR N-N BOND CLEAVAGE 

 Fearing that we would be unable to use methyl bromoacetate to mediate a one-pot 

N-N bond cleavage, we thought to leverage decarboxylation as a driving force for bond 

cleavage (Figure 6.05).  This entailed using bromoacetic acid as an alkylating reagent 

with the expectation that at extreme temperature the molecule would fragment, cleaving 

the N-N bond.    

 

 

Figure 6.05: Proposed decarboxylative pathway for a one-pot N-N bond cleavage 

 

We found no evidence in the literature to suggest that bromoacetic acid has been 

used in the past to alkylate hydrazides, but we were able to find a handful of examples of 

when it was used to alkylate carbamates82,83.  In each of these examples, sodium hydride 
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was used as the base.  In adapting their conditions to our hydrazide, we were able to form 

alkylated product in DMF.  Unfortunately, the problem with incomplete conversion 

reemerged (Figure 6.06).  Since this problem was not specific to base or alkylating 

reagent, we begin thinking it was specific to the hydrazide.   

It was rationalized that the hydrazide was in fact being fully alkylated but that it 

was suffering from competitive O- versus N-alkylation.  Upon TLC or work-up, we 

thought, the O-alkylated product was reverting back into starting material.  This 

hypothesis would explain why the reaction was stopping even as more reagent was 

added.  As is the case with amibident nucleophiles, to preference alkylation of the less 

electronegative atom one must use non-polar solvents, and/or use smaller counter ions84.  

Since the alkylation reaction did not work with LiH or other lithium bases, we moved 

from DMF to less polar solvents (Figure 6.06).  Going from DMF to THF we saw a 

substantial increase in the conversion to product.  In a final push, we conducted this 

reaction in the presence of three solvents simultaneously—dioxane, glyme, and diglyme.  

Monitoring these three reactions by TLC, all seemed to be working very well but only 

diglyme showed complete consumption of starting material.   
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Figure 6.06:  Solvent optimization for presumed N versus O alkylation 

 

The diglyme reaction was quenched after 2hrs, and acid 6.03 was purified in a 

high yield of 88% (Figure 6.07).   

 

 

Figure 6.07: Complete consumption of starting material using diglyme 

 

To now test the possibility of a decarboxylative cleavage, we formed the sodium 

carboxylate of 6.03 and subjected it to high temperatures (Figure 6.08).  We were unable 

to produce any product with base alone, so we looked in the literature to find ways of 

lowering the activation energy for decarboxylation reactions.  Decarboxylations are much 

more favorable in the presence of a phase transfer catalyst that can coordinate the 

counterion, making the carboxylate more ―naked‖
85,86.  Fresh sodium hydride was added 
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to at solution of 6.03 in the presence of a phase transfer catalyst.  After gas evolution 

ceased, the mixture was incrementally heated up to reflux.  Unfortunately, none of the 

reactions showed significant amount of conversion to product. 
 

 
Figure 6.08: Attempted decarboxylation of 6.03 using the following PTCs: TBAF, 
TBACl, TBABr, TBAI, 12-C-4, 15-C-5, 18-C-6, dibenzo18-C-6, TMABr, HMPA, 
Bn(Et)3NCl   
 

 

6.1 Development of a Non-Reductive One-Pot N-N Bond Cleavage Procedure 

 

While this decarboxylation chemistry did not seem viable, through its pursuit we 

devised alkylation conditions that overcame incomplete hydrazide alkylation problems, 

used only two equivalents of alkylating reagent, and used sodium hydride, a low 

molecular weight and inexpensive base.  Now we began wondering if these conditions 

would translate to methyl bromoacetate, our original alkylating reagent.  After 

introducing methyl bromoacetate and letting the reaction stir for 2hrs at room temp we 

were able to see subtle conversion to cleavage product 6.02.  This led us to raise the 

reaction temperature to 50°C to finish the apparent cleavage reaction.  After purification 

we were pleased to find out that the one-pot alkylation/cleavage reaction had occurred, 

producing a mixture of cleavage products 6.02 and 6.03 in a combined yield of 75% 
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(aliquots had been removed from the reaction to monitor its progress, thus lowering the 

yield) (Figure 6.09).  The ethyl and methyl carbamates were produced in a ratio of 9:1.  

The transesterification producing the methyl carbamate lead us to conclude that the 

excess methyl bromoacetate decomposes under basic conditions in a manner that 

liberates methoxide.  Optimizing these reaction conditions with a minimal use of 

ethylbromoacetate and sodium hydride, we isolated the ethyl carbamate product 6.02 in a 

very high yield of 90%.     

 

 
Figure 6.09: One-pot alkylation/cleavage reaction using conditions developed for 
decarboxylation approach 
 

 
ONE-POT N-N BOND CLEAVAGE USING OF Α-HYDRAZIDO KETALS  

 Having now developed conditions for a one-pot anionic N-N bond cleavage 

reaction, we next applied these conditions to the other hydrazido ketal substrates we had 

made previously (Figure 6.10).  Without any modification to the procedure, the yields 
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generally ranged from modest to good.  These reactions had nearly complete 

consumption of starting material.  One discrepancy that could have led to the higher yield 

with compound 5.05 was that it, unlike the other hydrazido ketals, was recrystallized 

before being subjected to cleavage conditions.  None of the other hydrazido ketals were 

nearly as crystalline at room temperature, and recrystallization was not attempted.    
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Figure 6.10: One-pot N-N bond cleavage conditions on α-hydrazido ketals 
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 While our method produced α-amino ketals, it was not yet certain that we would 

be able to hydrolyze this unusual functionality into an α-amino ketone.  Heating 

compound 6.02 with catalytic PPTS in acetone and water87 in a sealed tube, we were able 

to hydrolyze the ketal, forming α-amino ketone 6.12 in 73% yield (Figure 6.11).  

 

 

Figure 6.11: Hydrolysis of α-amino ketal 6.02 to the corresponding α-amino ketone 6.12 

 

 As stated earlier, any N-N bond cleavage chemistry we developed for the 

formation of α-amino ketones we anticipated would translate to other forms of 

hydrazides.  Testing this theory once again, we subjected allylic hydrazide 4.14 to our 

one-pot conditions (Figure 6.12).  We were pleased to find that this chemistry did in fact 

produce amine 4.16 in 56% yield. 

 

 

Figure 6.12: One-pot alkylation/N-N bond cleavage of allyic hydrazide 4.14 
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6.2 Conclusion  

 

Using a failed decarboxylative approach, we gained insights for making a one-pot 

non-reductive N-N bond cleavage method.  This method overcame the problems we saw 

with incomplete alkylation, and had the additional advantage of using low equivalents of 

inexpensive reagents.  Without any modifications to this procedure, we successfully 

converted the substrates from our hydrazidation chemistry into the corresponding amines 

in modest to good yields.  Using this two-step process we were able to aminate tertiary α-

carbons, making highly substituted α-amino ketals.     

Our goal from the outset of this project was to create α-amino ketones in a two-

step process involving the formation of an α-hydrazido ketone and, in the second step, 

removing one of the nitrogens.  While unable to do exactly this, we had success in 

carrying out this chemistry on ketals which can later be converted into ketones.  

Moreover, the chemistry we developed was non-reductive, distinguishing it from the 

existing N-N bond cleavage procedures, and giving organic chemists a synthetic tool for 

directly installing nitrogen adjacent to protected ketones.       
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APPENDIX A:  FURTHER OPTIMIZATION STUDIES FOR THE         

α-HYDRAZIDATION OF KETALS 
 

 

MAJOR SIDE PRODUCT OF HYDRAZIDATION REACTION 

In our boron trifluoride hydrazidation chemistry, one issue that has yet to be 

mentioned was the occurrence of an insidious side product, diethyl hydrazodicarboxylate 

(DEAD-H2, A.01).  The first several substrates we used for this chemistry produced the 

desired hydrazide in high yield, but as we started applying this chemistry to lower 

yielding substrates, we observed a concurrent increase in the presence of DEAD-H2.  

Making matters more difficult was that the DEAD-H2 could not be easily resolved from 

the hydrazido ketal products by flash chromatography and we could not get it to stain 

well on TLC.  One example that highlights this problem is the hydrazidations of 5.06 and 

5.19 (Figure A.01).  Compound 5.06 could be used to form the corresponding hydrazide 

5.07 quite efficiently and with this reaction we were unable to isolate A.01 or observe it 

by NMR.  Compound 5.19, however, with its additional methyl group, produced A.01 in 

24% yield at the expense of the desired product 5.20.       

  



83 
 

 

Figure A.01: Formation of DEAD-H2 side product 

 

Diazenes reacting competitively as electrophiles and oxidation reagents is not 

uncommon, and plagues other types of hydrazidation chemistry37,60.  DEAD in particular, 

has been used to oxidize primary and secondary alcohols into aldehydes and ketones 

respectively (Figure A.02)88,89.  It has been postulated that this reaction takes place 

through a pericyclic process similar to the Oppenauer oxidations.   
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Figure A.02: Lewis acid activation of alcohols for oxidation with DEAD, proposed 
mechanism and examples 

 

Thinking about this oxidation chemistry in the context of our 

methylcyclopentanone system, it seems possible that a pendant primary alcohol, either on 

an intermediate or the open ketal of the product, would be coordinated with boron 

trifluoride so as to induce oxidation (Figure A.03).  Whether or not this specific pathway 
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is a prevalent oxidation side reaction, the fact remains that some oxidation side reaction is 

occurring.         

 

 

Figure A.03: Proposed oxidation pathway causing reduction in yield 

 

 It was thought that if we use a diazene with different electronic properties, we 

might be able to preference the addition reaction over the oxidation side reaction.  

Treating compound 5.19 to hydrazidation conditions with BTCEAD instead of DEAD, 

dramatically increased the yield of our hydrazine product from 60% to 87% (Figure 

A.04).  Due to the effect of carbamate resonance in the NMR spectra, we were unable to 

determine which regioisomer had been produced in the reaction.  Analyzing this product 

by GCMS, we were only able to observe a single peak relating to the mass of these 

compounds.    

 

 

 

Figure A.04:  Using BTCEAD as our diazene for hydrazidation 
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 In order to capitalize on this substantial increase in yield, we had to test if Troc 

protected diazenes were amenable to the N-N bond cleavage method.  Unfortunately, we 

were unable to cleave the N-N bond with our standard one-pot procedure presented 

earlier.  Troc-protected aryl hydrazides, however, have been cleaved to the unprotected 

amines with zinc and acetic acid (Figure 2.05c)34.  This suggested to us that it would be 

possible to convert our Troc-protected hydrazide(s) A.02 directly into an unprotected α-

amino ketal.  Treating A.02 with zinc/acetic acid at room temperature, we were able to 

observe facile deprotection of the Troc groups by LCMS.  The N-N bond reduction, 

however, was much slower to occur.   

It has been shown that acetone accelerates the Zn mediated N-N bond cleavage of 

alkyl hydrazines through formation of a hydrazone intermediate (Figure A.05) 35,60,68,90. 

 

 

Figure A.05:  Acetone accelerated reductive cleavage of hydrazines 

 

 In future work we will apply the accelerated acetone conditions to A.02 in efforts 

to form α-ammonium ketal A.03 (Figure A.06).  If this chemistry works it will offer 

another useful alternative to forming α-amino ketals.  It would also help us determine the 

regioselectivity of the hydrazidation reaction using BTCEAD on compound 5.19.    
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Figure A.06: Future application of accelerated acetone condition applied to A.02 
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APPENDIX B:  EXPERIMENTALS 

 

 

GENERAL METHODS 

Melting points (m.p.) were measured using a Thomas-Hoover capillary tube 

melting point apparatus and are uncorrected. Infra-red spectra were recorded on a Nicolet 

Fourrier Transform Spectrometer (225 to 4400 cm-1). The samples were prepared as 

evaporated films on sodium chloride disks.  Absorption maxima (λmax) are quoted in 

wavenumbers (cm-1). 1H and 13C NMR spectra were recorded on a General Electric QE-

300 Spectrometer operating at ambient probe temperature using an internal deuterium 

lock (300 MHz for 1H NMR and 75 MHz for 13C NMR). Chemical shifts are reported in 

parts per million (δ) at lower frequencies relative to tetramethylsilane (TMS) and are 

referenced internally. They are reported as; position, multiplicity, and coupling constant 

(Hz). Standard abbreviations are used throughout (s-singlet, d-doublet, dd-doublet of 

doublets, t-triplet, q-quartet, m-multiplet, br-broad). Mass spectra including chemical 

ionization (C.I.) and HRMS were recorded on a VG ZAB2E of a Finnigan TSQ70 

quadrupole mass spectrometer. Accurate mass measurements are correct to ± 0.001.  

Reactions carried out in a microwave were done using a Discover CEM Microwave 

Reactor at a frequency of 2450 MHz, a power of 300 W, and a pressure of 300 psi. 
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MATERIALS 

Reactions were monitored using thin-layer chromatography on glass-backed 

plates coated with silica gel containing a fluorescent indicator (25 μm Silica Gel 60, 

F254) and were visualized using standard techniques: UV fluorescence (254 nm); 

Hanessians’ stain (50 mL 36N H2SO4, 25 g ammonium molybdate, 5 g cerium sulfate in 

450 mL deionized H2O). Flash chromatography was performed on silica gel (Kieselgel 

60, 40-60 μm), with the indicated eluant, according to the method of Still et al
91

. All 

reagents were purchased from Aldrich, Alfa Aesar, Sigma, and EM, and were used as 

received. 

 

COMPOUNDS 

 

 

 

3.03(73%) 

 
To a stirred solution of 3.02 (1.702 g, 2.71 mmol) in CH3CN (1.350 mL) was 

added iodomethane (0.84 mL, 13.54 mmol) resulting in a clear solution. After this 

solution had stirred for 5 minutes at room temperature, Cs2CO3 (1.013 g, 3.12 mmol) was 

added. The reaction was then heated to 50 °C for 36 hours over which time the reaction 

turned slightly yellow. The reaction was cooled to room temperature and quenched with 

phosphate buffer (30 mL, pH 7.0), and extracted with EtOAc (3 x 30 mL). The combined 
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organic extracts were subsequently dried (Na2SO4), filtered, and concentrated by rotary 

evaporation. Purification over SiO2 eluting with 20% EtOAc/hexanes yielded 3.03 as a 

clear oil (943 mg, 2.30 mmol) Rf 0.32 (30% EtOAc in hexanes). After sitting on the 

bench top in a covered flask at room temperature for two months white crystals began to 

form. Mp. 59-61 °C. IR (thin film) 2945, 1713, 1317, 1164 cm-1. 1H NMR (300 MHz, 

CDCl3) δ 7.51 – 7.06 (m, 10H), 5.34 – 4.47 (m, 5H), 3.34 – 3.05 (m, 3H), 1.93 (m, 8H). 

13C NMR (75 MHz, CDCl3) δ 205.7, 156.6, 136.16, 128.78, 128.45, 128.01, 68.44 – 

68.40, 68.20, 66.25, 65.74, 41.33, 30.40, 29.95, 27.54, 24.79. HRMS calculated for 

C23H26N2O5 (MH+) 411.1920. Found 411.1920 

  

 

 

3.04(75%) 

  

 Compound 3.03 (207 mg, 0.505 mmol) was stirring in CH3CN (5.0 mL) at room 

temperature and cesium carbonate was added (492 mg, 1.51 mmol).  The reaction 

mixture was then heated at 50 °C for 2 days in a sealed vial.  Next, the mixture was 

cooled to room temperature and quenched with NH4Cl (30 mL), and extracted with 

EtOAc (3 x 30 mL).  The combined organic extracts were subsequently dried (Na2SO4), 

filtered, and concentrated by rotary evaporation producing a brown oil. Purification over 
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SiO2 eluting with 20% EtOAc/hexanes yielded 3.04 as a white crystalline solid (56 mg, 

75%).  Spectral data matched that reported in the literature.     

 

 

 

 

Compound 3.03 (197 mg, 0.480 mmol) was dissolved in o-dichlorobenzene (1.5 

mL) giving a clear solution that was irradiated in a microwave reactor for 3 hours at 210 

°C. The reaction mixture had become a light yellow and it was loaded directly onto a 

column. Purification over SiO2 eluting with 10% EtOAc/hexanes yielded 3.05 as a clear 

oil (75 mg, 64%) Rf 0.59 (30% EtOAc in hexanes). IR (thin film) 2926, 1734, 1675, 

1518, 1214 cm-1. 1H NMR (300 MHz, CDCl3) δ 7.39 – 7.34 (m, 7H), 5.15 (s, 2H), 2.54 – 

2.48 (m, 4H), 2.00-1.98 (q, 2H). 13C NMR (75 MHz, CDCl3) δ 207.43, 156.02, 135.61, 

128.36, 128.30, 128.14, 127.88, 127.30, 68.34, 68.03, 67.51, 65.54, 41.08, 30.44, 26.49, 

24.00. HRMS calculated for C14H16NO3 (MH+) 246.1130. Found 246.1132. 
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3.06(95%) 

 

(+)-camphor (304 mg, 2.0 mmol) was stirring in ether (5 mL) at 0 °C. nBuLi (1.2 

mL of 2.5 M in hexanes, 3 mmol) was added to the reaction mixture at 0 °C, then the 

reaction was cooled to -78 °C.  Dibenzylazodicarboxylate (1.19 g, 4.0 mmol) was added 

to the reaction at -78 °C.  After 30 minutes the reaction was quenched with NH4Cl (30 

mL) and brought to room temperature.  After the reaction mixture thawed it was 

extracted with EtOAc (3 x 30 mL).  The combined organic extracts were subsequently 

dried (Na2SO4), filtered, and concentrated by rotary evaporation. Purification over SiO2 

eluting with 15% EtOAc/hexanes yielded 3.06 as a clear oil (~900 mg, >95%) Rf 0.59 

(30% EtOAc in hexanes).  After sitting on the bench top in a covered flask at room 

temperature for six months white crystals began to form.  Mp. 64-69 °C.  IR (thin film) 

3298, 2961, 1751, 1718, 1218 cm-1.  1H NMR (300 MHz, CDCl3) δ 7.32 -6.49 (m, 11H), 

5.16– 4.68 (m, 5H), 2.55 – 1.22 (m, 5H), 1.00 - 0.75 (m, 9H).  13C NMR (75 MHz, 

CDCl3) δ 156.46, 156.23, 135.81 – 135.72, 128.91 – 127.95, 127.76, 127.19, 68.88, 

67.98, 66.91, 65.44, 58.98, 48.63, 44.04, 31.35, 28.90, 21.06, 19.84, 19.03, 9.66.  HRMS 

was calculated for C26H31N2O5 (MH+) 451.2233. Found 451.2229 
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4.01(91%) 
 

Compound 3.06 (210 mg, 0.512 mmol) was stirring in CH3CN (0.512 mL) at 

room temperature and methylbromoacetate (0.243 mL, 2.56 mmol) was added.  After 5 

minutes, Cs2CO3 (500 mg, 1.54 mmol) was added to the reaction mixture.  The reaction 

was then heated to 50 °C for 15 hours over which time the reaction had turned slightly 

yellow.  The reaction was cooled to room temperature and quenched with phosphate 

buffer (30 mL, pH 7.0), and extracted with EtOAc (3 x 30 mL).  The combined organic 

extracts were subsequently dried (Na2SO4), filtered, and concentrated by rotary 

evaporation producing a yellow oil. Purification over SiO2 eluting with 15% 

EtOAc/hexanes yielded 4.01 as a clear oil (331 mg, 91%) Rf 0.42 (30% EtOAc in 

hexanes). IR (thin film) 2958, 1754, 1722, 1213 cm-1. 1H NMR (300 MHz, CDCl3) δ 

7.59 – 7.10 (m, 10H), 5.35 – 3.44 (m, 12H), 2.34 – 1.35 (m, 5H), 1.19 – 0.68 (m, 9H). 13C 

NMR (75 MHz, ) δ 168.67, 135.82, 135.67, 129.12, 128.81, 128.25, 70.57, 69.27, 68.25, 

67.81, 64.06, 63.69, 59.08, 59.04, 56.83, 55.00, 53.34, 52.00, 48.90, 46.80, 43.82, 31.20, 

29.79, 26.14, 21.16, 19.22, 10.04, 10.00, 9.92, 9.89, 9.57. HRMS was calculated for 

C29H35N2O7 (MH+) 523.2444. Found 523.2443 
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4.02(63%) 

 

 Compound 4.01 (94 mg, 0.18 mmol) was stirring in CH3CN (1.8 mL) at room 

temperature and cesium carbonate was added (176 mg, 0.54 mmol).  The reaction 

mixture was then heated at 75 °C for 4 hours in a sealed vial.  Next, the mixture was 

cooled to room temperature and quenched with phosphate buffer (30 mL, pH 7.0), and 

extracted with EtOAc (3 x 30 mL).  The combined organic extracts were subsequently 

dried (Na2SO4), filtered, and concentrated by rotary evaporation producing a yellow oil. 

Purification over SiO2 eluting with 10% EtOAc/hexanes yielded 4.02 as a clear oil (32 

mg, 63%).  Spectral data matched that reported in the literature.     

 

 

 

4.09(15%) 

 

Compound 4.10 (60 mg, 0.13 mmol) was stirring in CH3CN (1.4 mL) at room 

temperature and cesium carbonate was added (136 mg, 0.42 mmol).  The reaction 

mixture was then heated at 50 °C for 16 hours in a sealed vial.  Next, the mixture was 
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cooled to room temperature and quenched with phosphate buffer (30 mL, pH 7.0), and 

extracted with EtOAc (3 x 30 mL).  The combined organic extracts were subsequently 

dried (Na2SO4), filtered, and concentrated by rotary evaporation at room temperature.  

The crude yellow oil was then purified over SiO2 with 15% EtOAc/hexanes, and 4.09 

was isolated as a yellow crystalline solid (5 mg, 15%).  IR (thin film) 2963, 1758, 1733, 

1258, 1234 cm-1. 1H NMR (300 MHz, CDCl3) δ 4.34 – 4.26 (q, 4H), 2.78–2.61 (bs, 1H), 

2.19–2.13 (m, 1H), 1.89–1.54 (m, 3H), 1.35-1.31 (t, 3H), 1.14-0.82 (m, 9H). HRMS was 

calculated for C13H20NO3 (MH+) 238.1443. Found 238.1443 

 

 

 

5.02(7%) 

 

 Silyl enol ether 5.01 (91.6 mg, 0.360 mmol) was dissolved in DCE (0.72 mL) at 

room temperature in a sealable vial.  DEAD (0.057 mL, 0.360 mmol) was added to this 

solution, the vial was capped, and the reaction mixture was heated at 85 °C for 12 hours.  

The mixture was then cooled down to room temperature and the solvent was removed by 

rotary evaporation.  The crude oil was purified via silica chromatography, and compound 

5.02 (10 mg, 7%) was isolated.  IR (thin film) 3402, 3297, 2943, 2867, 1761, 1718, 1465, 

1222, 1064 cm-1. 1H NMR (300 MHz, CDCl3) δ 6.20–5.95 (m, 1H), 5.03–5.00 (bs, 1H), 

4.92–4.61 (m, 1H), 4.29-4.02 (m, 4H), 2.51-0.82 (m, 33H). MS was calculated for 

C21H40N2O5Si (MH+) 429. Found 429    
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5.03(62%) 

 
Ag(ClO4) (8.3 mg, 0.04 mmol) was azeotroped twice with toluene in the reaction 

vessel, rendering a white solid.  DCM (1 mL) was added to the flask and the mixture was 

cooled to -40 °C.  DEAD (77 mg, 0.44 mmol) was dissolved in DCM (0.5 mL) and added 

dropwise to the solution with the catalyst.  A DCM (0.5 mL) solution of TIPS enol ether 

5.01 (102 mg, 0.4 mmol) was then added dropwise over about ten minutes to the mixture 

at -40 °C.  The reaction was stirred for 5 hours at this temperature after which saturated 

sodium bicarbonate was to quench the reaction.  The bicarb mixture was extracted three 

times with DCM.  The organic layer was dried over sodium sulfate, filtered, and the 

solvent was removed with a rotary evaporator.  The crude mixture was purified via silica, 

yield compound 5.03 (109 mg, 62%) as a clear oil.  IR (thin film) 3420, 3301, 2941, 

2867, 1760, 1722, 1682, 1466, 1333, 1222, 1063 cm-1. 1H NMR (300 MHz, CDCl3) δ 

6.87–6.19 (m, 1H), 4.29–4.02 (m, 4H), 2.58–0.91 (m, 35H). MS was calculated for 

C21H40N2O5Si (MH+) 429. Found 429 
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5.05(80%) 

 

Cyclohexanone ethylene ketal (40 mg, 0.282 mmol, 1.0 equiv) under argon was 

suspended in dry DCE (0.176 mL) at room temperature.  To a stirring solution was added 

diethyl azodicarbozylate (0.047 ml, 0.282 mmol, 1.0 equiv) dropwise.  This was followed 

by the addition of distilled BF3OEt2 (0.007 mL, 0.056 mmol, 0.2 equiv).  The mixture 

was then heated to 50 ˚C and stirred for 19 hrs at which point the starting material had 

been consumed, as indicated by tlc.  The reaction was pre-quenched with ethylene glycol 

(0.020 mL, 0. 282 mmol, 1.0 equiv) followed 5 minutes later by a quench of 

triethylamine (0.015 mL, 0.085 mmol, 0.3 equiv).  This mixture was stirred for another 

five minutes after which it was poured over stirring NaHCO3 (20 mL) at 0 ˚C.  This 

solution was then extracted three times with DCM.  The combined extracts were dried 

over Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 5.05 (68 mg, 80%) as a white crystalline solid.  IR (neat) 3307, 

2980, 2940, 1750, 1716 cm-1.  1H NMR (350MHz, CDCl3) δ 6.45-6.90 (m, 1H), 3.64-

4.50 (m, 9H), 0.78-2.02 (m, 14H).  13C-NMR (350MHz, CDCl3) δ 156.3, 110.7, 64.8, 

63.9, 62.4, 61.6, 60.0, 58.4, 34.0, 26.7, 26.2, 24.3, 23.0, 21.0, 14.4.  CI HRMS calcd. for 

C14H25N2O6 (M+H) 317.1713.  found 317.1713. mp 132-136˚C. 
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5.07(75%) 

 

Cyclopentanone ethylene ketal (100 mg, 0.781 mmol, 1.0 equiv) under argon was 

suspended in dry DCE (0.195 mL) at 0°C.  To a stirring solution was added diethyl 

azodicarbozylate (0.123 ml, 0.781 mmol, 1.0 equiv).  This was followed by the addition 

of distilled BF3OEt2 (0.098 mL, 0.781 mmol, 1.0 equiv) dropwise.  The mixture was 

stirred at room temp for 3.5 hrs at which point the starting material had been consumed, 

as indicated by tlc.  The reaction was pre-quenched with ethylene glycol (0.044 mL, 

0.781 mmol, 1.0 equiv) followed 5 minutes later by a quench of triethylamine (0.162 mL, 

1.172 mmol, 1.5 equiv).  This mixture was stirred for another five minutes after which it 

was poured over stirring NaHCO3 (20 mL) at 0 ˚C.  This solution was then extracted 

three times with DCM.  The combined extracts were dried over Na2SO4, and solvent was 

removed in vacuo.  Purification of the residue by column chromatography yielded 5.07 

(177 mg, 75%) as a clear oil.  IR (neat) 3297, 2980, 1751, 1714 cm-1.  1H NMR 

(350MHz, CDCl3) δ 6.32-6.69 (m, 1H), 4.36-4.64 (m, 1H), 4.04-4.36 (m, 4H), 3.63-4.04 

(m, 4H), 1.92-2.13 (m, 1H), 1.46-1.92 (m, 5H), 1.14-1.38 (m, 6H).  13C-NMR (350MHz, 

CDCl3) δ 156.7, 156.3, 116.4, 65.13, 64.1, 63.6, 62.5, 62.0, 36.0, 26.4, 20.6, 14.5.  CI 

HRMS calcd. for C13H23N2O6 (M+H) 303.1556.  found 303.1554.  
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5.09(24%) 

 

 Cycloheptanone ethylene ketal (200 mg, 1.282 mol, 1.0 equiv) under argon was 

suspended in dry DCE (0.321 mL) at room temperature.  To a stirring solution was added 

diethyl azodicarbozylate (0.202 ml, 1.282 mmol, 1.0 equiv).  This was followed by the 

dropwise addition of distilled BF3OEt2 (0.322 mL, 2.564 mmol, 2 equiv).  The mixture 

was stirred at 0 ˚C for 66 hrs at which point the starting material had been consumed, as 

indicated by tlc.  The reaction was pre-quenched with ethylene glycol (0.071 mL, 1.563 

mmol, 1.0 equiv) followed 5 minutes later by a quench of triethylamine (0.532 mL, 3.845 

mmol, 3 equiv).  This mixture was stirred for another five minutes after which it was 

poured over stirring NaHCO3 (20 mL) at 0 ˚C.  This solution was then extracted three 

times with DCM.  The combined extracts were dried over Na2SO4, and solvent was 

removed in vacuo.  Purification of the residue by column chromatography yielded 5.09 

(97 mg, 24%) as a clear oil.  Upon standing at room temperature, 5.09 became a white 

crystalline solid.  IR (neat) 3304, 2980, 2934, 1752, 1716 cm-1.  1H NMR (350MHz, 

CDCl3) δ 6.34-6.81 (m, 1H), 4.01-4.48 (m, 5H), 3.69-3.97 (m, 4H), 0.96-2.01 (m, 16H).  

13C-NMR (350MHz, CDCl3) δ 156.5, 156.0, 113.6, 113.3, 113.1, 64.5, 63.9, 62.7, 62.3, 

61.8, 35.7, 35.5, 29.1, 27.5, 25.8, 25.4, 21.9, 14.4.  CI HRMS calcd. for C15H27N2O6 

(M+H) 331.1869.  found 331.1870. mp 56-57˚C. 
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5.11(86%) 

 

 Cyclooctanone ethylene ketal (50 mg, 0.294 mmol, 1.0 equiv) under argon was 

suspended in dry DCE (0.147 mL) at room temperature.  To a stirring solution was added 

diethyl azodicarbozylate (0.046 ml, 0.294 mmol, 1.0 equiv) dropwise.  This was followed 

by the stirred at room temp for 5 hrs at which point the starting material had been 

consumed, as indicated by tlc.  The reaction was pre-quenched with ethylene glycol 

(0.016 mL, 0.294 mmol, 1.0 equiv) followed 5 minutes later by a quench of triethylamine 

(0.012 mL, 0.088 mmol, 0.3 equiv).  This mixture was stirred for another five minutes 

after which it was poured over stirring NaHCO3 (20 mL) at 0 ˚C.  This solution was then 

extracted three times with DCM.  The combined extracts were dried over Na2SO4, and 

solvent was removed in vacuo.  Purification of the residue by column chromatography 

yielded 5.11 (83 mg, 86%) as a white crystalline solid.  IR (neat) 3308, 2980, 2929, 1750, 

1717 cm-1.  1H NMR (350MHz, CDCl3) δ 6.31-6.72 (m, 1H), 3.78-4.81 (m, 9H), 1.37-

1.98 (m, 11H), 1.16-1.36 (m, 7H).  13C-NMR (350MHz, CDCl3) δ 155.4, 155.0, 113.2, 

112.9, 63.4, 63.0, 61.4, 60.7, 58.6, 57.3, 31.2, 26.1, 25.7, 25.0, 24.8, 24.1, 20.7, 13.4.  CI 

HRMS calcd. for C16H29N2O6 (M+H) 345.2026.  found 345.2023. mp 81-84˚C. 
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5.13(67%) 

 

3-pentanone ethylene ketal (200 mg, 1.538 mol, 1.0 equiv) under argon was 

suspended in dry DCE (0.385 mL) at room temperature.  To a stirring solution was added 

diethyl azodicarbozylate (0.242 ml, 1.538 mmol, 1 equiv).  This was followed by the 

dropwise addition of distilled BF3OEt2 (0.193 mL, 1.538 mmol, 1 equiv).  The mixture 

was stirred at RT for 4.5 hrs at which point the starting material had been consumed, as 

indicated by tlc.  The reaction was pre-quenched with ethylene glycol (0.085 mL,  mmol, 

1.0 equiv) followed 5 minutes later by a quench of triethylamine (0.320 mL,  2.307 

mmol, 1.5 equiv).  This mixture was stirred for another five minutes after which it was 

poured over stirring NaHCO3 (20 mL) at 0 ˚C.  This solution was then extracted three 

times with DCM.  The combined extracts were dried over Na2SO4, and solvent was 

removed in vacuo.  Purification of the residue by column chromatography yielded 5.13 

(296 mg, 67%) as a clear oil.  IR (neat) 3302, 2981, 2941, 2886, 1750, 1711  cm-1. 1H 

NMR (350MHz, CDCl3) δ 6.08-6.68 (m, 1H), 3.80-4.68 (m, 9H), 0.91-1.85 (m, 11H), 

0.73-0.90 (t, 3H).  13C-NMR (350MHz, CDCl3) δ 156.5, 156.0, 112.6, 66.0, 65.3, 62.5, 

62.4, 61.8, 56.7, 55.4, 27.8, 14.4, 11.5, 10.9, 7.4.  CI HRMS calcd. for C13H25N2O6 

(M+H) 305.1713.  found 305.1714. 
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5.17(55%) 

 

2-methylcyclohexanone ethylene ketal (200 mg, 1.282 mol, 1.0 equiv) under 

argon was suspended in dry DCE (0.321 mL) at room temperature.  To a stirring solution 

was added diethyl azodicarbozylate (0.202 ml, 1.282 mmol, 1.0 equiv).  This was 

followed by the dropwise addition of distilled BF3OEt2 (0.322 mL, 2.564 mmol, 2 equiv).  

The mixture was stirred at 0 ˚C for 66 hrs at which point the starting material had been 

consumed, as indicated by tlc.  The reaction was pre-quenched with ethylene glycol 

(0.071 mL, 1.563 mmol, 1.0 equiv) followed 5 minutes later by a quench of triethylamine 

(0.532 mL, 3.845 mmol, 3 equiv).  This mixture was stirred for another five minutes after 

which it was poured over stirring NaHCO3 (20 mL) at 0 ˚C.  This solution was then 

extracted three times with DCM.  The combined extracts were dried over Na2SO4, and 

solvent was removed in vacuo.  Purification of the residue by column chromatography 

yielded 5.17 (217 mg, 55%) as a clear oil.  IR (neat) 3297, 2983, 2940, 2872 cm-1.  1H 

NMR (350MHz, CDCl3) δ 6.43-7.15 (m, 1H), 3.54-4.29 (m, 8H), 2.09-2.59 (m, 1H), 

0.69-2.01 (m, 16H).  13C-NMR (350MHz, CDCl3) δ 156.6, 156.1, 113.6, 113.1, 68.0, 

66.7, 64.8, 64.2, 62.0, 61.4, 36.0, 33.5, 31.5, 22.7, 21.4, 20.6, 14.3. CI HRMS calcd. for 

C15H26N2O6 (M+) 330.1791.  found 330.1790. 
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5.18(3%) 

 

 Same reaction as above.  Compound 5.18 was only partially separable from its’ 

regioisomer through flash column chromatography.  GCMS data was used to determine 

yield (12 mg, 3%).  Clear oil. 1H NMR (350MHz, CDCl3) δ 6.44-7.07 (m, 1H), 3.47-4.36 

(m, 9H), 0.76-2.54 (m, 16H).  CI HRMS calcd for C15H26N2O6 (M+) 330.1791.  found 

330.1786.            

 

 

 

5.20(58%) 

 

2-methylcyclopentanone ethylene ketal (200 mg, 1.408mol, 1.0 equiv) under 

argon was suspended in dry DCE (0.352 mL) at room temperature.  To a stirring solution 

was added diethyl azodicarbozylate (0.222 ml, 1.408 mmol, 1 equiv).  This was followed 

by the dropwise addition of distilled BF3OEt2 (0.177 mL, 1.408 mmol, 1 equiv).  The 

mixture was stirred at 0 ˚C for 5 hrs at which point the starting material had been 
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consumed, as indicated by tlc.  The reaction was pre-quenched with ethylene glycol 

(0.078 mL,  1.408 mmol, 1.0 equiv) followed 5 minutes later by a quench of 

triethylamine (0.292 mL, 2.816 mmol,  1.5 equiv).  This mixture was stirred for another 

five minutes after which it was poured over stirring NaHCO3 (20 mL) at 0 ˚C.  This 

solution was then extracted three times with DCM.  The combined extracts were dried 

over Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 5.20 (0.244 g, 58%) as a clear oil.  IR (neat) 3316, 2980, 2900, 

1751, 1718 cm-1. 1H NMR (350MHz, CDCl3) δ 6.18-6.55 (m, 1H), 3.70-4.33 (m, 9H), 

0.93-2.40 (m, 15H).  13C-NMR (350MHz, CDCl3) δ 157.0, 156.5, 155.9, 118.5, 118.1, 

71.1, 68.6, 64.8, 64.0, 62.0, 61.8, 61.6, 37.1, 36.5, 35.7, 33.1, 22.7, 20.5, 19.0, 17.5, 14.5, 

14.4.  CI HRMS calcd. for C14H25N2O6 (M+H) 317.1713.  found 317.1711.  A mass 

relating to the minor isomer was identified in trace amounts by GCMS, corresponding to 

a yield of 7 mg (2%).  

 

 

 

5.23(54%) 

 

2-pentanone ethylene ketal (200 mg, 1.538 mol, 1.0 equiv) under argon was 

suspended in dry DCE (0.385 mL) at room temperature.  To a stirring solution was added 
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diethyl azodicarbozylate (0.242 ml, 1.538 mmol, 1 equiv).  This was followed by the 

dropwise addition of distilled BF3OEt2 (0.193 mL, 1.538 mmol, 1 equiv).  The mixture 

was stirred at RT for 4.5 hrs at which point the starting material had been consumed, as 

indicated by tlc.  The reaction was pre-quenched with ethylene glycol (0.085 mL,  mmol, 

1.0 equiv) followed 5 minutes later by a quench of triethylamine (0.320 mL,  2.307 

mmol, 1.5 equiv).  This mixture was stirred for another five minutes after which it was 

poured over stirring NaHCO3 (20 mL) at 0 ˚C.  This solution was then extracted three 

times with DCM.  The combined extracts were dried over Na2SO4, and solvent was 

removed in vacuo.  Purification of the residue by column chromatography yielded 5.23 

(239 mg, 54%) as a white crystalline solid.  IR (neat) 3296, 2983, 2881, 1757, 1714 cm-1. 

1H NMR (350MHz, CDCl3) δ 5.96-6.38 (m, 1H), 3.77-4.30 (m, 9H), 0.63-1.75 (m, 14H).  

13C-NMR (350MHz, CDCl3) δ 157.0, 156.8, 110.3, 67.7, 65.2, 64.4, 63.6, 62.5, 61.8, 

53.4, 22.0, 18.8, 14.5, 14.1, 11.5.  CI HRMS calcd. for C13H25N2O6 (M+H) 305.1713.  

found 305.1712. mp 73-76 ˚C.  A mass relating to the minor isomer was identified in 

trace amounts by GCMS, corresponding to a yield of less than 2%. 
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6.02(90%) 

 

NaH (76 mg 60% mineral oil dispersion, 1.905 mmol, 3 equiv) was added to a dry vial 

under argon and dissolved with dry diglyme (0.323 mL) at room temperature.  In a 

separate vial 5.05 (200 mg, 0.635 mmol, 1.0 equiv) was partially dissolved with diglyme 

(0.484 mL) under heating, and added to the original solution.  Two subsequent rinses 

with diglyme (0.242 mL each) were used to transfer the remaining 5.05 to the basic 

mixture.  The reaction was stirred at room temperature for 30 minutes then it was placed 

in an ice bath.  After 10 minutes at 0 ˚C, ethyl bromoacetate (156 mg, 0.9525 mmol, 1.5 

equiv) was dissolved in diglyme (0.323 mL) and added dropwise.  The temperature was 

held at 0 ˚C for 30 minutes then raised to room temperature for two hours.  Next the 

reaction was placed in an oil bath at 50 ˚C and stirred for 15 hrs.  The reaction was then 

cooled to room temperature and poured over stirring NH4Cl (20 mL) at 0 ˚C.  This 

solution was extracted three times with EtOAc.  The combined extracts were dried over 

Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 6.02 (131 mg, 90%) as a white crystalline solid.  IR (neat) 3320, 

2935, 1700 cm-1.  1H NMR (350MHz, CDCl3) δ 4.46-4.77 (m, 1H), 3.75-4.16 (m, 6H), 

3.50-3.76 (m, 1H), 1.79-1.91 (m, 1H), 1.66-1.79 (m, 1H), 1.05-1.66 (m, 9H).  13C-NMR 
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(350MHz, CDCl3) δ 156.3, 108.9, 65.3, 64.8, 60.6, 54.2, 34.1, 31.3, 23.9, 23.1, 14.6.  ESI 

HRMS calcd. for C11H19N1O4Na (M+Na) 252.1206.  found 252.1206.  mp 50-53˚C.         

 

 

 

6.05(74%) 

 

NaH (40 mg 60% mineral oil dispersion, 0.997 mmol, 3 equiv) was added to a dry 

vial under argon and dissolved with dry diglyme (0.166 mL) at room temperature.  In a 

separate vial 5.07 (100 mg, 0.332mmol, 1.0 equiv) was partially dissolved with diglyme 

(0.249 mL) under heating, and added to the original solution.  Two subsequent rinses 

with diglyme (0.125 mL each) were used to transfer the remaining 5.07 to the basic 

mixture.  The reaction was stirred at room temperature for 30 minutes then it was placed 

in an ice bath.  After 10 minutes at 0 ˚C, ethyl bromoacetate (0.055 mL, 0.498 mmol, 1.5 

equiv) was dissolved in diglyme (0.166 mL) and added dropwise.  The temperature was 

held at 0 ˚C for 30 minutes then raised to room temperature for two hours.  Next the 

reaction was placed in an oil bath at 50 ˚C and stirred for 15 hrs.  The reaction was then 

cooled to room temperature and poured over stirring NH4Cl (20 mL) at 0 ˚C.  This 

solution was extracted three times with EtOAc.  The combined extracts were dried over 

Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 6.05 (53 mg, 74%) as a clear oil.  IR (neat) 3342, 2976, 2891 
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cm-1.  1H NMR (350MHz, CDCl3) δ 4.69-5.02 (m, 1H), 3.98-4.16 (q, 2H), 3.77-3.97 (m, 

5H), 1.97-2.15 (m, 1H), 1.68-1.91 (m, 2H), 1.46-1.68 (m, 2H), 1.32-1.46 (m, 1H), 1.10-

1.29 (t, 3H).  13C-NMR (350MHz, CDCl3) δ 155.3, 114.3, 64.0, 63.9, 59.7, 55.3, 33.1, 

29.7, 17.9, 13.6.  ESI HRMS calcd. for C10H18NO4 (M+H) 216.1230.  found 216.1231. 

 

 

 

6.06(48%) 

 

NaH (26 mg 60% mineral oil dispersion, mmol, 3 equiv) was added to a dry vial 

under argon and dissolved with dry diglyme (0.107 mL) at room temperature.  In a 

separate vial 5.09 (71 mg, 0.215 mmol, 1 equiv) was partially dissolved with diglyme 

(0.161 mL) under heating, and added to the original solution.  Two subsequent rinses 

with diglyme (0.080 mL each) were used to transfer the remaining 5.09 to the basic 

mixture.  The reaction was stirred at room temperature for 30 minutes then it was placed 

in an ice bath.  After 10 minutes at 0 ˚C, ethyl bromoacetate (0.036 mL, mmol, 1.5 equiv) 

was dissolved in diglyme (0.107 mL) and added dropwise.  The temperature was held at 

0 ˚C for 30 minutes then raised to room temperature for two hours.  Next the reaction was 

placed in an oil bath at 50 ˚C and stirred for 15 hrs.  The reaction was then cooled to 

room temperature and poured over stirring NH4Cl (20 mL) at 0 ˚C.  This solution was 
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extracted three times with EtOAc.  The combined extracts were dried over Na2SO4, and 

solvent was removed in vacuo.  Purification of the residue by column chromatography 

yielded 6.06 (25 mg, 48%) as a clear oil.  IR (neat) 3453, 3348, 2932, 1717 cm-1. 1H 

NMR (350MHz, CDCl3) δ 4.75-5.05 (bd, 1H), 3.61-4.19 (m, 7H), 0.59-1.82 (m, 13H).  

13C-NMR (350MHz, CDCl3) δ 156.2, 111.9, 65.4, 64.4, 60.6, 57.5, 35.5, 31.1, 28.1, 25.3, 

21.0, 14.6.  ESI HRMS calcd. for C12H22NO4 (M+H) 244.1543.  found 244.1542    

 

 

 

6.07(63%) 

 

NaH (21 mg 60% mineral oil dispersion, 0.523mmol, 3 equiv) was added to a dry 

vial under argon and dissolved with dry diglyme (0.087 mL) at room temperature.  In a 

separate vial 5.10 (60 mg, 0.174 mmol, 1 equiv) was partially dissolved with diglyme 

(0.131 mL) under gentle heating, and added to the original solution.  Two subsequent 

rinses with diglyme (0.065 mL each) were used to transfer the remaining 5.10 to the basic 

mixture.  The reaction was stirred at room temperature for 30 minutes then it was placed 

in an ice bath.  After 10 minutes at 0 ˚C, ethyl bromoacetate (0.029 mL, 0.262 mmol, 1.5 

equiv) was dissolved in diglyme (0.087 mL) and added dropwise.  The temperature was 

held at 0 ˚C for 30 minutes then raised to room temperature for two hours.  Next, the 
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reaction was placed in an oil bath at 50 ˚C and stirred for 15 hrs.  The reaction was then 

cooled to room temperature and poured over stirring NH4Cl (20 mL) at 0 ˚C.  This 

solution was extracted three times with EtOAc.  The combined extracts were dried over 

Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 6.07 (28 mg, 64%) as a clear oil.  IR (neat) 3454, 3348, 2930, 

1717 cm-1.  1H NMR (350MHz, CDCl3) δ 4.69-4.98 (m, 1H), 3.82-4.19 (m, 7H), 1.38-

1.85 (m, 12H), 1.06-1.28 (t, 3H).  13C-NMR (350MHz, CDCl3) δ 156.4, 112.3, 65.3, 64.9, 

60.6, 54.2, 32.1, 32.0, 27.1, 26.7, 24.8, 21.7, 14.7.  ESI HRMS calcd. for C13H24NO4 

(M+H) 258.1700.  found 258.1700. 

 

 

 

6.08(51%) 

 

NaH (20 mg 60% mineral oil dispersion, 0.493 mmol, 3 equiv) was added to a dry 

vial under argon and dissolved with dry diglyme (0.082 mL) at room temperature.  In a 

separate vial 5.13 (50 mg, 0.164 mmol, 1 equiv) was partially dissolved with diglyme 

(0.123 mL) under heating, and added to the original solution.  Two subsequent rinses 

with diglyme (0.062 mL each) were used to transfer the remaining 5.13 to the basic 

mixture.  The reaction was stirred at room temperature for 30 minutes then it was placed 
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in an ice bath.  After 10 minutes at 0 ˚C, ethyl bromoacetate (0.028 mL, 0.246 mmol, 1.5 

equiv) was dissolved in diglyme (0.082 mL) and added dropwise.  The temperature was 

held at 0 ˚C for 30 minutes then raised to room temperature for two hours.  Next the 

reaction was placed in an oil bath at 50 ˚C and stirred for 15 hrs.  The reaction was then 

cooled to room temperature and poured over stirring NH4Cl (20 mL) at 0 ˚C.  This 

solution was extracted three times with EtOAc.  The combined extracts were dried over 

Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 6.08 (18 mg, 51%) as a clear oil.  IR (neat) 3340, 2974, 2879, 

1699 cm-1. 1H NMR (350MHz, CDCl3) δ 4.45-4.79 (m, 1H), 3.76-4.26 (m, 7H), 1.47-

1.69 (m, 2H), 1.09-1.27 (t, 3H), 0.98-1.09 (d, 3H), 0.76-0.90 (t, 3H).  13C-NMR 

(350MHz, CDCl3) δ 156.2, 112.0, 65.9, 65.8, 60.7, 50.8, 27.7, 16.0, 14.6, 7.6.  ESI 

HRMS calcd. for C10H20NO4 (M+H) 218.1392.  found 218.1388. 

 

 

 

6.10(56%) 

 

NaH (26 mg 60% mineral oil dispersion, 0.87 mmol, 3 equiv) was added to a dry 

vial under argon and dissolved with dry diglyme (0.145 mL) at room temperature.  In a 

separate vial 5.17 (96 mg, 0.290 mmol, 1 equiv) was partially dissolved with diglyme 
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(0.218 mL) under heating, and added to the original solution.  Two subsequent rinses 

with diglyme (0.108 mL each) were used to transfer the remaining 5.17 to the basic 

mixture.  The reaction was stirred at room temperature for 30 minutes then it was placed 

in an ice bath.  After 10 minutes at 0 ˚C, ethyl bromoacetate (0.048 mL, 0.436 mmol, 1.5 

equiv) was dissolved in diglyme (0.145 mL) and added dropwise.  The temperature was 

held at 0 ˚C for 30 minutes then raised to room temperature for two hours.  Next the 

reaction was placed in an oil bath at 50 ˚C and stirred for 15 hrs.  The reaction was then 

cooled to room temperature and poured over stirring NH4Cl (20 mL) at 0 ˚C.  This 

solution was extracted three times with EtOAc.  The combined extracts were dried over 

Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 6.10 (29 mg, 56%) as a clear oil.  IR (neat) 3429, 2980, 2936, 

2889, 1728 cm-1. 1H NMR (350MHz, CDCl3) δ 4.79-4.96 (s, 1H), 3.85-4.05 (m, 6H), 

2.25-2.44 (m, 1H), 1.28-1.70 (m, 7H), 1.05-1.28 (m, 6H).  13C-NMR (350MHz, CDCl3) δ 

110.4, 65.4, 65.2, 60.0, 59.2, 33.3, 30.8, 23.2, 20.9, 19.7, 14.6.  ESI HRMS calcd. for 

C12H22NO4 (M+H) 244.1543.  found 244.1543.    
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6.09(69%) 

 

NaH (30 mg 60% mineral oil dispersion, 0.748 mmol, 3 equiv) was added to a dry 

vial under argon and dissolved with dry diglyme (0.126 mL) at room temperature.  In a 

separate vial 5.20 (80 mg, 0.253 mmol, 1 equiv) was partially dissolved with diglyme 

(0.190 mL) under heating, and added to the original solution.  Two subsequent rinses 

with diglyme (0.095 mL each) were used to transfer the remaining 5.20 to the basic 

mixture.  The reaction was stirred at room temperature for 30 minutes then it was placed 

in an ice bath.  After 10 minutes at 0 ˚C, ethyl bromoacetate (0.042 mL, 0.380 mmol, 1.5 

equiv) was dissolved in diglyme (0.126 mL) and added dropwise.  The temperature was 

held at 0 ˚C for 30 minutes then raised to room temperature for two hours.  Next the 

reaction was placed in an oil bath at 50 ˚C and stirred for 15 hrs.  The reaction was then 

cooled to room temperature and poured over stirring NH4Cl (20 mL) at 0 ˚C.  This 

solution was extracted three times with EtOAc.  The combined extracts were dried over 

Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 6.09 (40 mg, 69%) as a clear oil.  IR (neat) 3427, 2978, 2890 

cm-1. 1H NMR (350MHz, CDCl3) δ 5.06-5.24 (s, 1H), 3.82-4.09 (m, 6H), 2.19-2.40 (m, 

1H), 1.46-1.91 (m, 5H), 1.24-1.32 (s, 3H), 1.10-1.21 (t, 3H).  13C-NMR (350MHz, 

CDCl3) δ 117.4, 65.1, 62.4, 60.1, 34.8, 33.3, 19.3, 18.1, 14.6.  ESI HRMS calcd. for 

C11H20NO4 (M+H) 230.1392.  found 230.1387. 
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6.11(45%) 

 

 NaH (100 mg 60% mineral oil dispersion, 0.987 mmol, 3 equiv) was added to a 

dry vial under argon and dissolved with dry diglyme (0.165 mL) at room temperature.  In 

a separate vial 5.23 (100 mg, 0.329 mmol, 1 equiv) was partially dissolved with diglyme 

(0.247 mL) under heating, and added to the original solution.  Two subsequent rinses 

with diglyme (0.123 mL each) were used to transfer the remaining 5.23 to the basic 

mixture.  The reaction was stirred at room temperature for 30 minutes then it was placed 

in an ice bath.  After 10 minutes at 0 ˚C, ethyl bromoacetate (0.055 mL, 0.494 mmol, 1.5 

equiv) was dissolved in diglyme (0.165 mL) and added dropwise.  The temperature was 

held at 0 ˚C for 30 minutes then raised to room temperature for two hours.  Next the 

reaction was placed in an oil bath at 50 ˚C and stirred for 15 hrs.  The reaction was then 

cooled to room temperature and poured over stirring NH4Cl (20 mL) at 0 ˚C.  This 

solution was extracted three times with EtOAc.  The combined extracts were dried over 

Na2SO4, and solvent was removed in vacuo.  Purification of the residue by column 

chromatography yielded 6.11 (32 mg, 45%) as a clear oil.  IR (neat) 3340, 2974, 2878, 

1722 cm-1. 1H NMR (350MHz, CDCl3) δ 4.30-4.63 (d, 1H), 3.98-4.14 (q, 2H), 3.79-3.98 

(m, 4H), 3.49-3.71 (t, 1H), 1.57-1.77 (m, 1H), 1.09-1.28 (m, 7H), 0.82-0.93 (t, 3H).  13C-
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NMR (350MHz, CDCl3) δ 157.0, 110.3, 65.2, 65.1, 60.7, 58.4, 22.8, 21.5, 14.6, 10.6.  

ESI HRMS calcd. for C13H20NO4 (M+H) 218.1392.  found 218.1388 

 

 

 

A.01(24%) 

 

 Compound A.01 (59.5 mg, 24%) was isolated from the reaction producing 5.20.  

Spectral properties matched those reported for this compound. 
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