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While organocatalysis has emerged as a significant component in modern organic 

synthesis, being recognized as the third pillar of catalysis, alongside biocatalysis and 

transition metal catalysis, its scope is still relatively limited. This is particularly the case 

with dienamine catalysis, in which the majority of reactions developed have been Diels-

Alder-type cylcoadditions or have been focused on functionalization in the α-position, 

due to issues with stereoselectivity and regioselectivity in the remote γ-position. As such, 

the development of linear asymmetric γ-functionalizations and organocascades has great 

potential to introduce novel complexity to α,β-unsaturated aldehydes and provide 

precursors to biologically relevant molecules. This dissertation presents a comprehensive 

review of dienamine catalysis, as well as the development of novel linear organocatalytic 

vinylogous functionalizations of α,β-unsaturated aldehydes. With the goal of generating 

diversity through cascades and heteroatomic substrates, the research conducted was 

focused on four main topics: 1). The synthesis of γ-amino alcohols via a novel 
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dienamine-iminium cascade involving a γ-amination, followed by transfer hydrogenation. 

2). Exploration into the potential of this cascade to provide heteroatomic asymmetric 

complexity with the introduction of different nucleophiles, and the many difficulties that 

arise from these reactions. 3). The development of an unprecedented metal-free allylic 

oxidation, forming various nitrones via a novel dienamine catalyzed redox mechanism, 

which displayed unique divergent reactivity that could be exploited to obtain varied 

libraries of heterocyclic compounds. 4). The synthesis of analogues to elucidate the 

absolute stereochemistry of an organocatalytic vinylogous Michael product. These 

studies have illustrated the potential, as well as some of the limitations of dienamine 

catalysis. 
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CHAPTER 1 

DIENAMINES IN ORGANOCATALYSIS 

 

1.1 ORGANOCATALYSIS 

Catalysis is an essential part of synthetic chemistry, as well as the life it creates and 

sustains. Enzymes, proteins, and various other molecules interact in the body enabling 

countless biological processes. In chemistry, catalysts mimic these biological systems by 

decreasing the activation energy required for transformations to occur through 

coordination, hydrogen-bonding, and covalent interactions. For many years, catalysts 

employed by chemists consisted mainly of transition metals in various oxidation states in 

the presence of ligands used to add an asymmetric element or to assist in reactivity. The 

high cost and toxicity that can be inherent to many transition metals, while manageable, 

led to a desire to find alternative means to accomplish catalyzed reactions. 

 Organocatalysis is defined as catalysis using “small organic molecules where an 

inorganic element is not part of the active principle.”1 Over the past sixteen years, 

organocatalysis has emerged as a significant component in modern organic synthesis, being 

recognized as the third pillar of catalysis, alongside biocatalysis and transition metal 

catalysis. The scope of organocatalysis has seen immense growth, but is still relatively 

limited, the reaction rates are frequently slower, and catalyst loadings often need to be 

higher in comparison to other types of catalysis. On the other hand, some of the advantages 

over traditional catalysis are lowered costs and reduced toxicity due to the removal of the 

need for metals, tolerance of a wider variety of reaction conditions, and a complementary 

set of reactions not usually accessible through other catalytic means.  
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 While the field has grown dramatically since the early 2000’s, the first precedent 

for the use of organic molecules as catalysts appeared in 1954 when Stork used secondary 

amines to alkylate and acylate ketones.2 Ten years later, it was proposed that class I 

aldolases involve enamine intermediates in their catalytic cycle, requiring lysine residues 

for catalytic activity.3 This led to the use of secondary amines, such as piperidine (1.4), as 

biomimetic catalysts in the total synthesis of steroids by Woodward, using the formation 

of the Wieland-Miescher ketone (1.7, Scheme 1.1) and 1.10 (Scheme 1.2).4,5  

Scheme 1.1 Piperidine assisted formation of the Wieland-Miescher ketone. 

 

Scheme 1.2 Woodward-Wieland-Miescher enamine cyclization for steroid synthesis. 

 

Then, in the early 1970’s Wiechert and coworkers, as well as Hajos and coworkers, 

developed the first asymmetric catalytic one-pot Michael addition-intramolecular aldol 

condensation cascade using (L)-proline (1.12) to asymmetrically form the Wieland-

Miescher ketone (1.7, Scheme 1.3).6,7 This transformation has since been known as the 

Hajos-Parrish-Eder-Sauer-Wiechert reaction. While there has been some debate over the 
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years regarding the mechanism of this transformation, Hajos and Parrish proposed a 

mechanism that reacted via an enol with a sterically hindered hemiaminal (1.15c, Scheme 

1.3), the widely accepted mechanism is displayed in Scheme 1.3.7–13 

Scheme 1.3 Enamine catalyzed Hajos-Parrish-Eder-Sauer-Wiechert reaction. 

  

It was not until the rediscovery of aminocatalysis independently by Barbas’ and 

MacMillan’s research groups in 2000, that organocatalysis commenced its rapid 

growth.14,15 Figure 1.1 displays a number of amine-based organocatalysts that have been 

developed and have been used over the past sixteen years.14–24 
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Figure 1.1 Examples of organocatalysts. 

 

 Amine catalyzed reactions can proceed through a variety of different reactive 

intermediates, activating aldehydes or ketones through HOMO-raising or LUMO-lowering 

intermediates. Following condensation of chiral catalyst (1.28, Scheme 1.4) onto a 

carbonyl (1.29), iminium ion 1.30 forms, followed by α-deprotonation to form enamine 

1.31. This HOMO-raised α-nucleophile can react with an electrophile in solution, 

producing α-functionalized iminium ion 1.32, which will produce α-functionalized 
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enamine mechanism is commonly used in aldol condensations, Mannich reactions, Michael 

reactions, and halogenations.1 

Scheme 1.4 Enamine organocatalytic cycle. 

 

In iminium catalysis, a conjugated iminium ion intermediate (1.35, Scheme 1.5) is 

formed, following condensation of catalyst 1.28 onto an α,β-unsaturated aldehyde or 

ketone (1.34). The LUMO-lowered iminium ion intermediates are activated as a Michael 

acceptor at the β-position. Conjugate addition to the β-position follows the same mode of 
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into single-pot processes, providing economical routes to natural products and other 

biologically active molecules, or their precursors.25–28 

Scheme 1.5 Iminium and iminium-enamine cascade catalytic cycles. 
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synthesized by Mannich in 1936 as an extension of his research into enamines, and were 

first used by Snyder as a diene for Diels-Alder reactions.29,30 Dienamines became an 

excellent tool for the activation and stereocontrol of Diels-Alder and hetero-Diels-Alder 

reactions, being easy to synthesize and providing easily removable amines in the Diels-

Alder products.31,32 Once the field of organocatalysis began to flourish, it was not long 

before dienamine catalyzed reactions began to emerge due to their potential for 

organocatalytically controlled cycloadditions, as well as their potential to participate in 

organocascade reactions yielding unique multifunctional asymmetric compounds. 

R

N

R1 Nu

R

N

R1 Nu

R

N

R1 Nu

E

N
H
1.28

R

N

R1

N
H
1.28

R

O

1.34
R1

R

N

R1 Nu

+H2O +H2O

-H2O -H2O

R

O

R1 Nu

1.35

1.36

1.37

1.37

1.38

R

O

R1 Nu
1.38

Nu-

H+ E+

H

1.39

R

O

R1 Nu

E

1.40

IMINIUM ENAMINEα

α
α

α

α

α

αα

α

β

β

β

β
β β

β

β

β



	 7	

 1.2.1 Normal-Electron-Demand Diels-Alder-type Cycloadditions 

 In 1998, prior to what is considered to be the inception of the field of 

organocatalysis, Serebryakov and coworkers reported the first dienamine catalyzed 

asymmetric Diels-Alder cycloadditions.33 They had previously shown that preforming the 

reactive dienamine was not necessary, and in this research they introduced a catalytic 

amount of 2º amine catalyst (1.43) to α,β-unsaturated aldehyde (1.41) while in the presence 

of dienophile (1.42), to provide a diene product (1.46) in a single step. This product was 

obtained in a moderate 40% yield, but high >99.9% ee after reacting for 7 days at room 

temperature (Scheme 1.6).34 

Scheme 1.6 Serebryakov’s dienamine catalyzed synthesis of asymmetric cycohexa-1,3-

dienes.33 
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activated α,β-unsaturated ketones (1.49), which could generate 2-amino-1,3-dienes (1.50) 

through deprotonation at the α’-carbon.35 This allowed for a cycloaddition to occur, 

generating cyclohexanones in 35-75% yield and diastereomeric ratio up to 8:1 in favor of 

diastereomer cis-1.51. Prior to this work, 2-amino-1,3-dienes were preformed and isolated 

before use, so this was considered a much more economical route to accomplishing the 

same Diels-Alder reactions.31,36–39 

Scheme 1.7 Barbas’ cross-dienamine catalyzed asymmetric Diels-Alder cycloadditions.35 
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transformation, reporting the same results as Yamamoto while using the tetrazole catalyst 

1.20.20 Using proline-derived N-sulfonylcarboxamide catalyst 1.19a, however, they were 

able to improve the enantioselectivity, although dramatically decreasing product yields. 

Yamamoto and coworkers continued work on the synthesis of nitroso Diels-Alder adducts 

and in 2007 reported a more complete study of this reaction.41 

Scheme 1.8 Dienamine mediated tandem O-nitroso aldol/Michael reactions.18,20,40,41 
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Hillman-like pathway for synthesis of the [3+3] adduct 1.64 (eq 1). These products were 

then derivatized to synthesize (-)-isopulegol hydrate (1.65) or (+)-cubebaol (1.66), 

depending on the R or S stereochemistry of the alcohol at C7, respectively. More sterically 

hindered dienamines, however, were proposed to follow a Mannich reaction pathway to 

afford [4+2] adducts 1.68 (eq 2). 

In 2007, Hong and coworkers expanded their methodology for the [3+3] and [4+2] 

cycloadditions of α,β-unsaturated aldehydes to the synthesis of aromatic aldehydes (1.72 

and 1.73, eq 1, Scheme 1.10).43 They found that some aromatic products were formed 

spontaneously following [3+3] or [4+2] cycloaddition, while most were synthesized with 

the assistance of oxidizers such as MnO2 or DDQ. They were also able to synthesize both 

aromatic (1.76 and 1.78) and non-aromatic bicyclic aldehydes (1.75 and 1.77) through 

intramolecular cycloadditions in mostly high yields and low to high enantioselectivities 

where applicable (eq 2, Scheme 1.10). 

Following these preliminary reports, Hong and coworkers reported a highly 

enantioselective organocatalytic Diels-Alder reaction of α,β-unsaturated aldehydes 

(Scheme 1.11).44 Reaction yield and enantioselectivity varied greatly depending on the 

conditions used for each substrate. Generally, they noted that lowering the reaction 

temperature increased enantioselectivity, but decreased yield and increased reaction rate. 

Yield could be increased and reaction rate decreased at low temperature by introducing 

tertiary amine cocatalysts, such as triethylamine or (-)-sparteine. Optimal yields could be 

obtained using L-proline or diaryl prolinol silyl ethers 1.22a or 1.81 as catalysts, 

triethylamine and (-)-sparteine as cocatalysts, and temperatures ranging from -40 ºC to 0 

ºC. They then applied this methodology to the total synthesis of (+)-palitantin (1.82), which 
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was accomplished in a 10 step yield of 13%. 

Scheme 1.9 Hong’s proposed mechanisms for selective synthesis of [3+3] or [4+2] 

adducts.42 
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Scheme 1.10 Hong’s syntheses of multifunctional aromatic aldehydes and dienes.43 
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 In 2006, Watanabe and coworkers developed a proline catalyzed 

homodimerization, which combined dienamine and iminium ion catalysis to form cyclic 

1,3-dien-1-als (1.88, Scheme 1.12).45 This was employed as a strategy to synthesize the 

self-condensation products of retinoids, such as retinal (1.83a), which have been implicated 

as a contributor to age-related macular degeneration, and citral (1.83b), which is a natural 

product known to exhibit antibacterial activity.46–50 The optimized reaction employed 

excess L-proline, rather than a catalytic amount, and while yields were moderate to high, 

enantioselectivities were only moderate. This was attributed to the remote location of the 

γ-position in relation to the proline chiral auxiliary. As it was unclear to them whether the 

reaction was accomplished in a concerted [4+2] Diels-Alder cycloaddition or a conjugate 

addition followed by a Mannich addition, they reasoned that the limited stereocontrol 

implicated the latter mechanism, as reactivity at the ipso-position in a concerted reaction 

could afford better stereocontrol than was observed. 

Scheme 1.12 Dienamine catalyzed homodimerization of α,β-unsaturated aldehydes.45 
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In 2008, Christmann and coworkers used the formation of dienamines with amino 

catalysts to create an electron rich diene for asymmetric intramolecular Diels-Alder 

cycloaddition (Scheme 1.13).51 In their research, they introduced dialdehydes (1.89) of 

various chain lengths to diphenylprolinol silyl ether catalyst (1.22a) to afford bicyclic 

dienols (1.92), following proton elimination of the catalyst and NaBH4 reduction of the 

aldehyde (1.91), in moderate yields and high enantioselectivity. In asymmetric dialdehydes 

(1.89c and 1.89d), dienamine activation was favored at the less hindered γ-positions, 

providing regioisomeric products in a 2:1 ratio for 1.92c and a 4:1 ratio for 1.92d. 

Christmann attributed this selectivity to the decreased rate of dienamine formation at the 

γ’-position with one or two methyl groups in the adjacent δ’-position. They also 

accomplished dienamine activated vinylogous aldol condensations using this 

methodology, generating monocyclic structures 1.93 in high yields from dialdehydes 1.89e 

and 1.89f. 

 In 2008, Xiao and coworkers reported the first dienamine catalyzed normal-

electron-demand oxa-Diels-Alder reactions, synthesizing substituted tetrahydropyran-4-

ones (1.100) from α,β-unsaturated ketones (1.94) and aldehydes (1.95).52 In their seminal 

work they used pyrrolidine as a secondary amine catalyst for the majority of their 

substrates, achieving moderate to high yields with excellent syn/anti diastereoselectivity, 

with up to 15% of product being isolated as the aldol adduct (1.99). This was an indication 

that the reaction was following an aldol/oxa-Michael cascade mechanism rather than a 

concerted [4+2] cycloaddition mechanism. They also tried an asymmetric version of this 

reaction using 1.101 as a bifunctional organocatalyst to generate 1.100aa’ in 45% yield 

and 40% ee, with a lowered dr of 77:23. 
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Scheme 1.13 Christmann’s dienamine catalyzed intramolecular Diels-Alder and aldol 

condensations.51 
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Scheme 1.14 Xiao’s report of first dienamine catalyzed normal-electron-demand oxa-

Diels-Alder reactions.52 
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Scheme 1.15 Melchiorre’s Michael-Michael cascade synthesis of spirocyclic oxindoles 

1.107.53 

 

Scheme 1.16 Wang’s dienamine catalyzed synthesis of spirocyclic oxindoles 1.112.54 
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methylcyclohexenones (1.113) with allylidenemalononitriles (1.114, Scheme 1.17).55 

Melchiorre and coworkers, previously described highly γ-regioselective direct vinylogous 

Michael additions using β-methylcyclohexenone and either nitroalkenes or 

benzylidenemalonitrile in the presence of cinchona alkaloid-derived catalysts (vide 

infra).56 When Chen and coworkers used allylidenemalononitriles, they found that the 

reaction pathway unexpectedly shifted to a [4+2] cycloaddition through the α’-activated 2-

amino-1,3-diene (1.118), generating bicyclo[2.2.2]octane derivatives (1.119). Depending 

on the conditions, high yields and enantioselectivities could be achieved favoring the endo 

cycloadduct (1.119) using catalysts 1.25a or ent-1.25a in the presence of salicylic acid 

(1.115) additive, or favoring the exo cycloadduct (1.119’) using catalyst 1.25b or ent-

1.25b in the presence of o-fluorobenzoic acid (1.116) or amino acid 1.117 additives. This 

stereodivergence was attributed to the different hydrogen bonding capabilities of 1.25a and 

1.25b. 

Scheme 1.17 Chen’s endo and exo dienamine-mediated [4+2] cycloadditions.55 
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 Having an interest in expanding the scope of non-homodimeric [4+2] 

cycloadditions of α,β-unsaturated aldehydes (1.78), Vicario and coworkers reported the 

dienamine catalyzed formation of multifunctional heterobicycles (1.121, Scheme 1.18).57 

They found that they exclusively formed cycloadducts, with no competition from α- or γ-

vinylogous additions, and that the mechanism involved a dynamic kinetic resolution that 

generated a single enantiomer of high enantiopurity from racemic pyranone starting 

materials (1.120). The best yields and stereocontrol were obtained using catalyst 1.22a, 

and a substrate scope generated a large library of cycloadducts in moderate to high yield 

and high enantioselectivities, with unsubstituted aldehydes (R2 = H) being the exception. 

Scheme 1.18 Vicario’s synthesis of tetrahydro-1H-isochromanes via a dienamine-

mediated dynamic kinetic resolution.57 
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discovered that α-aryl α,β-unsaturated aldehydes (1.123) would undergo hetero-Diels-

Alder reactions with isatins (1.122, Scheme 1.19).58 The products generated were 

spiroxindole lactols (1.124), which are useful scaffolds found in a large number of natural 

and unnatural products.59 Products were obtained in moderate to good yields and high 

enantioselectivities in both the major and minor diastereomers. 

Scheme 1.19 Melchiorre’s hetero-Diels-Alder-type reaction to access spiroxindoles.58 
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in good yields, while maintaining enantiopurity (eq 2). 

Scheme 1.20 Tanaka’s dienamine catalyzed hetero-Diels-Alder synthesis of spiroxindole 

tetrahydropyranones 1.28.60 
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the rigid structure of the initial dienal (1.133), reactions needed to be run at higher 

temperatures in order to maximize the yield and needed to use more sterically bulky 

catalysts to maximize ee. They found that by running the reaction at 50 ºC and using bulky 

diaryl prolinol silyl ether catalyst ent-1.81 and 2-nitrobenzoic acid cocatalyst, they were 

able to synthesize the tricyclic products in moderate to high yields and good 

enantioselectivities, via an exo transition state (1.134).  

Scheme 1.21 Intramolecular dienamine-mediated synthesis of dihydrobenzofurans 

1.136.61 
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enantioselectivities. The methodology favored the synthesis of the unexpected cis 

diastereomer 1.140b, which was a strong indicator that the mechanism was not that of a 

concerted [4+2] cycloaddition, but instead a Michael-Michael cascade reaction that 

allowed for free rotation upon formation of a nitro-stabilized carbanion in 1.139-I and 

1.139-II. Following these studies, they synthesized derivatives of 1.140aa and 1.140ab to 

demonstrate the synthetic versatility of these products (Scheme 1.23). 

Scheme 1.22 Dienamine catalyzed synthesis of 2-nitrocyclohexanecarboxylic esters 

1.140.62 
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Scheme 1.23 Synthetic versatility of chiral 2-nitro-3-aryl-ketocyclohexanecarboxylic 

esters.62 
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Scheme 1.24 Cooperative dienamine-metal Lewis-acid catalyzed synthesis of 

spiroxindole tetrahydropyranones 1.150.63 
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Scheme 1.25 Diastereodivergent cross-conjugated dienamine catalyzed [4+2] 

cycloadditions.64 
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exclusively favored β,γ-dienophile reactivity in high yield and >99:1 dr, but low 

enantioselectivity (Scheme 1.27, eq 2). This enantioselectivity was explained to be an 

effect of the increased distance between the reaction site and the chiral catalyst, and 

moderate ee was obtained by switching to MacMillan catalyst 1.23. To demonstrate the 

synthetic versatility of their multifunctional piperidine derivatives, they subjected their 

products to a number of different organic transformations, showing great scaffold 

diversification (Scheme 1.28). All transformations were achieved in excellent yields and 

diastereoselectivities. 

Scheme 1.26 Chen’s asymmetric inverse-electron-demand aza-Diels-Alder synthesis of 

multifunctional piperidines. 
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Scheme 1.27 Regioselectivity in the inverse-electron-demand aza-Diels-Alder reaction. 
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Scheme 1.28 Substrate scope and derivatives of piperidines 1.157. 
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 In 2010, Chen and coworkers continued to broaden the scope of all-carbon-based 

inverse-electron-demand Diels-Alder reactions.68 They used readily available electron-

deficient dienes (1.166) with crotonaldehyde (1.159), which reacted exclusively as a β,γ-

dienophile to form multifunctional cycloadducts (1.167) in moderate to high yields and 

excellent enantioselectivities and diastereoselectivities (Scheme 1.29). These conditions 

tolerated various levels of substitution on the diene as well as the presence of both electron-

withdrawing and electron-donating aromatic groups. The minor diastereomer was also 

isolated in good enantioselectivity. Synthetic transformations of the multifunctional 

products were performed as well in order to obtain interesting and useful derivatives, such 

as caged polycyclic compound 1.169 and decahydroisoquinoline derivative 1.170, in 

moderate to high yields while maintaining enantiopurity (Scheme 1.30).  

Scheme 1.29 Chen’s all-carbon-based inverse-electron-demand Diels-Alder reactions.68 
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Scheme 1.30 Derivatives of Diels-Alder products. 

 

 Chen and coworkers continued to study this all-carbon inverse-electron-demand 

Diels-Alder reaction.69 They were interested in expanding their methodology into natural 

product synthesis, following work done in 2008 by Bodwell and coworkers, in which 

chromone-fused dienes (1.171, eq1, Scheme 1.31) were reacted with highly electron-rich 

ethenes (1.172) to synthesize 2-substituted xanthones (1.173).70 This work inspired Chen 

and coworkers to explore the previously unstudied synthesis of chiral tetrahydroxanthone 

derivatives (1.176, eq 2).71–76 Despite the lack of β,γ-reactivity with any aldehyde other 

than crotonaldehyde (R2 = R3 = R4 = H), Chen and coworkers were encouraged by their 

recent work with trienamine mediated normal-electron-demand Diels-Alder reactions, in 

which sterics were used to raise the HOMO of the preferred diene.77  Thus, use of β,β-

disubstituted α,β-unsaturated aldehydes (1.175), with an additional electron-donating 

group at the β-position (i.e., R2 = R3 = H, R4 = Me), in combination with steric hindrance 

EWG

R
CN
R2

R1

OHC

1.167

Raney-Ni, H2 (10 atm)
(Boc)2O, EtOH, 50 ºC

62%
R = Ph, R1= R2 = H, EWG = CO2Et

R = Ph, R1= H, R2 = Et, EWG = CN

CO2Et
Ph

Ph

CN

Et

HOH2C

1) NaBH(OAc)3
2)NaOH, 80 ºC
73% two steps

NBoc

Et

CONH2

H
N OH

conc H2SO4
EtOH, 0 ºC

52%

1.168
98% ee

1.169
99% ee

1.170
99% ee



	 31	

at the α-position of a dienamine, raised the HOMO to favor β,γ-reactivity (eq 2, Scheme 

1.31). This strategy was very effective, however the product being formed in high yields 

and excellent enantioselectivities and diastereoselectivities was that of an unexpected 

caged tetrahydroxanthone (1.178).  

Scheme 1.31 Inverse-electron-demand Diels-Alder reactions of chromone-fused 

dienes.69,70 
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moderate to high yields and high enantioselectivities. In varying the aldehydes, 

enantioselectivities remained high, while yields ranged broadly depending on the substrate. 

Replacing the electron-withdrawing group of 1.174 with an acetyl functional group in the 

chromone structure could create scaffold diversity by changing the nature of the cascade 

reaction, providing tetracyclic product 1.181 from 1.179 (R = R1 = H) in high yield 

(Scheme 1.32). More diversity could also be obtained by replacing the electron 

withdrawing group of 1.174 with aryl groups to prevent the domino cyclization and provide 

1.182 in low to high yields.  

 In 2012, Jørgensen and coworkers developed a dienamine-mediated regioselective 

inverse-electron-demand oxa-Diels-Alder reaction that utilized a bifunctional proline-

derived catalyst (1.27a, Scheme 1.33).78 This catalyst contained a squaramide hydrogen-

bond-directing moiety that could not only direct the facial-approach of the diene, but also 

the regioselectivity to favor the distal γ,β-olefin of the dienamine intermediate. They were 

able to synthesize dihydropyrans (1.185) from β,γ-unsaturated α-ketoesters (1.184) and 

α,β-unsaturated aldehydes (1.183) in moderate to high yields and good to excellent 

enantioselectivities. 
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Scheme 1.32 Chen’s variations on inverse-electron-demand Diels-Alder reactions with 

chromone dienes.69 

 

 

Scheme 1.33 Jørgensen’s approach to the synthesis of asymmetric dihydropyrans (1.185) 

using bifunctional organocatalyst 1.27a.79 
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reaction operated as a domino reaction featuring a cross-conjugated dienamine (1.189) 

activated towards α’-regioselective Michael addition, followed by a 1-amino-dienamine 

(1.190) activated towards γ-regioselective intramolecular Mannich reaction. The products 

were obtained in high yields and excellent enantioselectivities, with most substrates, the 

exception being simple cyclopentenone. Cyclohexenone (1.52a) was able to provide a 

more challenging bridged cycloadduct (1.193) when the conditions were altered slightly 

(eq 2, Scheme 1.34). Due to the highly structural and stereogenic complexity of the 

products, they explored their potential applications in chemical biology and medicinal 

chemistry.81–83 A number of their compounds were evaluated in vitro against lung 

adenocarcinoma epithelial cell line A549, prostate cancer cell line DU145, esophageal 

squamous carcinoma cell line Eca109, breast cancer cell line MDA-MB-231, and leukemic 

monocyte lymphoma cell line U937. Eight of the compounds showed promising results 

with IC50 values ranging from 2.3 µM to >200 µM.	

In 2014, Jørgensen and coworkers continued work with bifunctional 

organocatalysis in the development of new inverse-electron-demand oxa-Diels-Alder 

reactions.84 In this new work, they incorporated a phosphonate moiety into the electron-

poor diene (1.194, Scheme 1.35). This acted as a versatile group to assist in stereo- and 

regiocontrol through LUMO lowering hydrogen-bond activation, and introduced a 

bioactive component that could remain on or be cleaved off of the final product.85–90 

Products were obtained in moderate to high yields and good enantioselectivities with both 

electron-withdrawing and electron-donating R1 groups tolerated on the 

organophosphonates, as well as dienamines (R). Notably, diarylprolinol silyl ether 

catalysts (1.22, see Scheme 1.29) were not effective in accomplishing these reactions, 
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highlighting the importance of the LUMO lowering effect of the H-bonding component in 

1.27a. The final dihydropyrans (1.195) were derivatized to produce more elaborate 

compounds while maintaining enantiopurity, including tetrahydropyrans containing five 

contiguous stereogenic centers (1.196 & 1.198, Scheme 1.36) and lactones (1.197), which 

upon reduction of the latter will provide uncommon sugar components of bacterial 

lipopolysaccharides (LPS) isolated from various pathogenic microorganisms.91–93	

Scheme 1.34 Dienamine-dienamine-mediated formal [5+3] cycloadditions. 

 

 

 

 

(1) 

 

 

 

 

 

 

(2) 

 

 

	

	

R1

O

N
SR3 O O

R2

O

R1 HN
S

OO R3

R2

N
NH2

MeO
N

H

1.25a
OH

NO2

CO2H

R1

NH
R1

NH

α '

α '

α '

γ

γ

γ
α '

γ
+

1.186 1.187

1.188

1.189 1.190

1.191

1.25a or ent-1.25a (20 mol%)
1.188 (40 mol%), H2O (20 mol%)

CHCl3, 35 ºC

N
S R3

OO

R2

1.187

R2

N
S
O

O
R3

27 examples
53-95% yield
up to >99% ee

O

Ph

HN
SO
O

O
N

S
O O

Ph

Ar Ar

H2N NH2
1.192 Ar = 4-MeOC6H4

(20 mol%), 1.188 (40 mol%)

toluene, 50 ºC
1.52a 1.187a

1.193 66%, 91% ee



	 36	

Scheme 1.35 Jørgensen’s inverse-electron-demand oxa-Diels-Alder reactions of 

organophosphates 1.194.84 

 

Scheme 1.36 Jørgensen’s strategies for increasing stereocomplexity of dihydropyran 

phosphonates 1.195.84 
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benzoxathiazin-2,2-dioxides (1.199), along with steric shielding catalyst 1.22a and α,β-

unsaturated aldehydes (1.154), they were able to favor β,γ-regioselectivity of dienamine 

intermediate 1.156 to produce tricyclic product 1.200 in high yields and excellent 

enantioselectivities (Scheme 1.37). Interestingly, bifunctional catalyst 1.27a, used in the 

previous example by Jørgensen to activate electron-poor organophosphonates for inverse-

electron-demand oxa-Diels-Alder reactions (Scheme 1.35), led to poor reactivity and only 

fair enantioselectivity for the aza-Diels-Alder reaction. Due to the tolerance of this reaction 

to diverse functional groups, enals were introduced with reactive functional groups at R3 

(R2 = H) that could be used for intramolecular reactions to construct heterocycles with 

higher molecular complexity (Scheme 1.38).	

Scheme 1.37 Chen’s inverse-electron-demand aza-Diels-Alder synthesis of tricyclic 

heterocycles 1.200.94 
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Scheme 1.38 Creating tetracyclic heterocycles from functionalized enals 1.154.94 

 

In 2014, Du, Wang, and coworkers, as well as Alemán, Fraile, and coworkers, 

independently reported chemoselective control over the dual reactivity of dipoles 1.205, 

tuning the conditions to undergo either iminium-activated normal-electron-demand or 

dienamine-activated inverse-electron-demand 1,3-dipolar cycloadditions (eq 1 & eq 2, 

Scheme 1.39).95,96 Du, Wang, and coworkers reported that the exclusive reactivity was 

variable simply by changing the R group on 1.183 from aromatic, which provided the 

dienamine-mediated products 1.206, to aliphatic functionalities, which provided the 

iminium-mediated products 1.207 (eq 1). They speculated that this change in selectivity 

was due to aliphatic α,β-unsaturated aldehydes favoring the LUMO-lowered iminium-ion 

intermediate. However, Alemán, Fraile, and coworkers raised issue with these reports, as 

N
S

Ph
1.199a

O O

OHC N
H

Ts
1.154a

OHC Ph

1.154b

OHC

1.154c

O

O

1)  1.22a (20 mol%)
    PhCO2H (20 mol%)
    CHCl3, rt

2) Et3N, MsCl
    CH2Cl2, 0 ºC

1)  1.22a (20 mol%)
    PhCO2H (20 mol%)
    CHCl3, rt

2) DBU, CH2Cl2, rt
3) Et3N, MsCl
    CH2Cl2, 0 ºC

1)  1.22a (20 mol%)
    PhCO2H (20 mol%)
    CHCl3, rt

2) 

     1.203 (20 mol %)
NaOAc, CH2Cl2, 35 ºC
3) NaBH(OAc)3
    CH2Cl2, rt

N N
N

C6F5
BF4

N
S

N
S

N
S

N

Ph

Ph

Ph

OHO O

O
Ph

O O

O O

Ts

1.201 70%, 87% ee, >19:1 dr

1.202 47%, 98% ee, >19:1 dr

1.204 40%, 89% ee, >19:1 dr

+

+

+

1.199a

1.199a



	 39	

their studies showed competing reactivity, where conditions could be adjusted to favor 

1.208 versus 1.209, though never remove the other’s presence entirely. As they were 

preparing their manuscript when Du and Wang’s research was published, they were able 

to test the reported conditions to attempt to reproduce their results. Alemán and Fraile 

directly contradicted the reports by Du and Wang of exclusive reactivity, reporting a 

mixture of 1.206 and 1.207 in which they found that the dienamine-mediated product 

(1.206) was never favored. In light of these results, they propose their own solution to 

providing exclusive dienamine reactivity (eq 2, Scheme 1.40). 

Scheme 1.39 Conflicting research in dienamine-mediated 1,3-dipolar cycloadditions.95,96 
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attribute this to a gradual increase in water content in dipole 1.205, which created an 

equilibrium with 1.205’ in solution (eq 1, Scheme 1.40). Due to this discovery, they were 

able to isolate 1.205’ and use this dipole to almost exclusively (>98:2 in all cases) form 

dienamine-mediated inverse-electron-demand dipolar cycloaddition products (1.210, eq 2, 

Scheme 1.40). These conditions tolerated electron-rich and electron-poor dipoles (1.205’) 

as well as electron-rich and electron-poor aromatic aldehydes (1.183). Chemical 

transformations to modify the cycloadducts proceeded in high yields (eq 3). 

Scheme 1.40 Alemán and Fraile’s approach to dienamine-catalyzed 1,3-dipolar 

cycloadditions.96 
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biologically important 3,4-dihydro-2H-pyran motif with fluorine atoms, which often have 

a useful impact on the activity of medicinal compounds.98–102 In utilizing α-bromo-CF3-

enones (1.216), they also introduced a C(sp2)–Br functionality that could be readily used 

in the modification of the products. The products were obtained in moderate to high yields 

and high enantioselectivities, while tolerating electron-withdrawing and electron-donating 

R and Ar groups on both the diene and dienophile. Derivatives were synthesized utilizing 

the bromine through Suzuki coupling reactions, as well as lithiation followed by 

organolithium reactions (eq 1-3, Scheme 1.42). Tetracyclic systems could also be 

synthesized through a Friedel-Crafts hydroalkylation, which was unexpectedly followed 

by solvent insertion to produce compound 1.229 (eq 4). 

 In 2015, Reyes, Vicario, and coworkers reported an enantioselective [5+2] 

cycloaddition between benzopyranones (1.230), which generate oxidopyrylium ylides 

(1.231) from basic deprotonation in situ, and dienamine activated α,β-unsaturated 

aldehydes (1.232) to synthesize an 8-oxabicyclo[3.2.1]octane product (1.233, Scheme 

1.43).103 These reactions were performed using hydrogen bond-directing pyrrolidine-

squaramide bifunctional catalyst 1.27b, which provided products in good yields in most 

substrates, with high enantioselectivity and moderate to high diastereoselectivity. They did 

not report any competition between the γ,β-enamine and the α- or ε,δ-positions of 

dienamine or trienamine intermediates, although one of the substrates capable of forming 

a trienamine did provide the lowest yield of 39%. Various aromatic and aliphatic R groups 

were tolerated in these conditions for both the aldehydes and the benzopyranones.  
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Scheme 1.41 Jørgensen’s synthesis of trifluoromethyl-containing 3,4-dihydro-2H-pyrans 

1.218.97 

 

Scheme 1.42 Derivatives of 3,4-dihydro-2H-pyrans.97 
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Scheme 1.43 Reyes and Vicario’s [5+2] cycloadditions between dienamines and 

oxidopyrylium ylides (1.231).103 
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Scheme 1.44 Pericàs’ H-bond directed dienamine catalyzed inverse-electron-demand 

oxa-Diels-Alder reaction.104 
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Scheme 1.45 Ramachary’s push-pull dienamine mediated Claisen-Schmidt/iso-

aromatization reactions.105,108 
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condensation/decarboxylation cascade followed by the Claisen-Schmidt/iso-aromatization 

cascade to synthesize 1.263a from three simple components in a one-pot process (eq 3). 

 Ramachary and coworkers then used this product in the synthesis of highly 

functionalized 2-methyl-2H-chromenes (1.269 and 1.271, Scheme 1.47), using a procedure 

they had used previously in 2008 (vide infra).108,109 They were able to apply the synthesis 

to a few derivatives and found that the electronics afforded by R1, affect the outcome of 

the ring-closing metathesis/base-induced ring-opening cascade from compound 1.264. 

When R1 was an electron withdrawing nitro group (1.264a and 1.264b), base-induced ring-

opening was followed by benzylic oxidation to produce 1.267, while when R1 was a proton 

(1.264c and 1.264d), the product was the non-oxidized 1.268. Heating these compounds 

provided two distinct chromene products (1.269 and 1.271) following a 1,7-sigmatropic 

hydrogen shift. 
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Scheme 1.46 Other dienamine-mediated reactions with push-pull dienamines.108 
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Scheme 1.47 Ramachary’s synthesis of highly functionalized 1-methyl-2H-chromenes 

1.269 and 1.271.108 
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alkylated through the introduction of Cs2CO3 and alkyl halides to produce 1.282. 

Scheme 1.48 Push-pull dienamine-mediated diarylamine syntheses.110 
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Scheme 1.49 Push-pull dienamine application to the synthesis of (Z)-2-(buta-1,3-

dienyl)phenols (1.286) and  2-methyl-2H-chromenes (1.287).109 
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Scheme 1.50 Ramachary’s synthesis of Nefopam analogues 1.284 and 1.285a using a 

push-pull dienamine method.111 
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Scheme 1.51 Push-pull dienamine-mediated reactions with p-toluenesulfonyl azide 

(1.291).112 
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different reagents, including synthesizing a precursor (1.304) to potassium channel 

activator 1.305 (eq 2, Scheme 1.53).114 

Scheme 1.52 Push-pull dienamine-mediated synthesis of N-aryl-1,2,3-triazoles (1.301) 

and N-arylbenzotriazoles (1.302).113 

 

Scheme 1.53 Derivatization of N-aryl-1,2,3-triazoles (1.301) and N-arylbenzotriazoles 

(1.302).113,114 
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of Ramachary’s push-pull dienamine platform.115 They found that the reaction was 

exclusively regioselective and tolerated electron-rich and electron poor azides and 

aldehydes, obtaining high yields with all substrates, excepting with the use of azides with 

methyl and ethyl linkers that disrupted the conjugated system, which afforded yields <5%. 

Scheme 1.54 Wang’s non-push-pull dienamine platform synthesis of triazole-olefins 

(1.310).115 
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Scheme 1.55 Ramachary’s push-pull dienamine-mediated syntheses of Morita-Baylis-

Hillman-type products (1.315).116 
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to form tricyclic products 1.323 and 1.324 in low to moderate yields (Scheme 1.57). These 

could be converted to a chiral terpenoid-type product (1.325a) in 60% yield.  

Scheme 1.56 Push-pull dienamine-mediated Claisen-Schmidt/Henry domino reaction.117 

 

Scheme 1.57 Applications to the Claisen-Schmidt/Henry domino products.117 
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1.2.4 LINEAR DIENAMINE CATALYZED SYSTEMS 

While there have been many examples of dienamine-mediated cycloadditions, there 

are fewer examples of dienamine-catalyzed functionalizations of linear substrates, 

particularly γ-functionalizations of aldehydes and ketones. In 2006, Jørgensen and 

coworkers discovered the preferential formation of dienamine intermediates (1.327) during 

1H NMR studies intended to characterize the iminium ion intermediates (1.326) formed 

from the condensation of catalyst 1.22c onto 1.183a (Scheme 1.58).66 This was 

unexpected, as these components are typically used for activation in organocatalytic 

conjugate additions and the only example of γ-functionalization via dienamine catalysis 

prior to 2006 was Serebryakov’s seminal [4+2] cycloaddition in 1998.33 

Scheme 1.58 Jørgensen’s discovery of catalytic dienamine formation in α,β-unsaturated 

aldehydes.66 
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anticipated through use of sterically shielding catalyst 1.22c, however this, as well as the 

exclusive regioselectivity could be mechanistically explained by reaction via an s-cis 

dienamine (E,s-cis,E)-1.327 (Scheme 1.59). DFT calculations had shown no significant 

energy difference between the α- and γ-nucleophilic positions to account for the 

exclusively γ-regioselectivity, but the Diels-Alder cycloaddition reaction mechanism 

provided an energetically favorable explanation. Following regeneration of the iminium 

ion 1.330 through C-N bond cleavage, reformation of the E-alkene was possible without 

epimerization of the γ-position, which they propose to occur through reversible addition of 

a nucleophile, such as water or 1.22c, to 1.330. This proposed [4+2] mechanism was further 

supported by a representative synthesis of 1.332 using N-methylmaleimide as a dienophile 

to trap and isolate the cyclic amine intermediate (Figure 1.2). In this research they also 

provided a substrate scope varying the R group of the enal with moderate yields, but high 

enantioselectivity. 

Scheme 1.59 Jørgensen’s regioselective γ-amination through an s-cis dienamine.66 
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Figure 1.2 Isolable mechanistic evidence of an intermolecular Diels-Alder reaction with 

a dienamine intermediate.66 
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of the unconjugated Mannich product 1.347a alongside the expected product when using 

(E)-4-methylpent-2-enal. Addition of imidazole (1.335) to a mixture of 1.347a and 1.346a 

led to a decrease in 1.347a and an increase in 1.346a over time, further supporting their 

proposed mechanism (eq 2, Scheme 1.61). Further evidence for a dienamine mechanism 

is the lack of any formation of Morita-Baylis-Hillman products with acrolein and 

cinnamaldehyde, as these aldehydes could undergo a conjugate addition by imidazole, but 

cannot form a dienamine. In Córdova’s work, a similar transformation was developed in 

which a Boc-protected imine and a catalytic amount of 1,4-diazabicyclo[2.2.2]octane 

(DABCO) were used, rather than imidazole (eq 3, Scheme 1.61). The reaction was reported 

to proceed in moderate yields and with high enantioselectivities, however, no evidence was 

presented indicating whether DABCO was acting as a catalytic base or as a nucleophile in 

the reaction. These products were then converted to γ-amino alcohols (1.350). 

In 2008, Woggon and coworkers developed a synthesis of α-tocopherol (1.360) 

using a dienamine catalyzed aldol/oxa-Michael domino reaction (Scheme 1.62).121 In this 

reaction they combined α,β-unsaturated aldehyde phytenal (1.352), and organocatalyst 

1.22d to generate dienamine 1.353, which could react with functionalized salicylaldehyde 

1.351 to generate aldol product 1.354. This iminium ion now possessed an activated β-

position for nucleophilic attack by the phenol. Catalyst turnover followed by hemiacetal 

formation generated lactol 1.355 in 58% yield. This could be oxidized with PCC to the 

corresponding lactone 1.356 in 90% yield, and the diastereomeric excess was determined 

to be 97% by chiral-phase HPLC. The following steps were accomplished in good yields 

and (2S, 4’R, 8’R)-α-tocopherol was obtained in an overall 5-step yield of 32%. 
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Scheme 1.60 Hong’s discovery of a stereodivergent intramolecular Morita-Baylis-

Hillman reaction.118 
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Scheme 1.61 Tanaka, Barbas, and Córdova’s reports on the synthesis of aza-Morita-

Baylis-Hillman-type products through organocatalysis.119,120 
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Scheme 1.62 Woggon’s synthesis of α-tocopherol 1.360 via an initial aldol/oxa-Michael 

domino reaction.121 
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position of this dienamine was activated as a Michael donor to generate cyclopentene 

1.364, which isomerized and underwent hydrolysis to provide 1.366 in moderate to high 

yields and good enantioselectivities. Substrates that contained electron-rich aromatic R 

groups had dramatically decreased rates of reaction, while a nitroolefin Michael acceptor 

exhibited a decrease in enantioselectivity. Using an asymmetric dienal led to the formation 

of the powerful mosquito repellent, (+)-rotundial (1.366h), providing the lowest yield of 

36%, but good enantioselectivity of 86%. 

In 2009, Chen and coworkers reported their attempts to develop the first direct 

chemo-, regio-, and stereoselective Michael addition of α,β-unsaturated aldehydes to 

nitroolefins (1.367) via dienamine catalysis (Scheme 1.64).123 In their initial studies they 

observed self-dimerization of the aldehydes in the presence of secondary amine catalyst 

(1.22a), most likely due to the formation of both the dienamine and iminium ion species. 

Therefore, they decided to use γ,γ-disubstituted α,β-unsaturated aldehydes (1.154) to 

inhibit this activity. Upon introduction of various nitroolefins (1.367), exclusively α-

regioselective Michael additions occurred to generate 1.368 in moderate to high yields and 

excellent diastereoselectivities and enantioselectivities, as determined through isolation of 

the reduced products, 1.369. 

In 2010, Bella and coworkers reported the first dienamine catalyzed vinylogous 

aldol condensation between an α,β-unsaturated ketone, cyclohexenone (1.52a), and 

aldehydes (1.248) using a proline-lithium salt catalyst (Scheme 1.65).124 The aldol 

condensation product, 1.370, could only be obtained in low to moderate yields, with self-

dimerization product 1.371 forming in low yields as well. This major product was 

promising, as it is a structural motif that is featured in many natural products and fragrance 
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compounds. When solvent was changed from toluene to chloroform in the reaction 

optimization, the reactivity switched to that of a cross-dienamine catalyzed Diels-Alder 

reaction, generating amino acids (1.372) in low to moderate yields and low 

enantioselectivity. 

Scheme 1.63 Dienamine catalyzed crossed intramolecular Rahut-Currier-type 

reactions.122 
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Scheme 1.64 The first stereoselective, α-regioselective, dienamine catalyzed Michael 

addition of γ,γ-disubstituted α,β-unsaturated aldehydes and nitroolefins.123 

 

Scheme 1.65 Bella’s report of the first direct, dienamine catalyzed aldol condensation.124 
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Scheme 1.66 Melchiorre’s report of direct asymmetric γ-alkylations using dienamine 

catalysis.125 
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Scheme 1.67 Melchiorre’s direct vinylogous Michael additions via dienamine catalysis.56 
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and site selectivity and enantioselectivity were unaffected by modification of the α-

substituent. The reaction also tolerated various electon-rich and electron-poor R3 and R4 

substituents on the isatin. While diastereoselectivity was not very high, individual 

diastereomers were easily isolated by column chromatography following NaBH4 reduction 

of products. 

Scheme 1.68 Melchiorre’s dienamine catalyzed vinylogous aldol of α-branched α,β-

unsaturated aldehydes (1.123) with isatins (1.122).58 
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although the enantioselectivity was at its lowest and there was an E/Z ratio of 7:1. 

Scheme 1.69 Christmann’s dienamine catalyzed α- and γ-alkylations of α,β-unsaturated 

aldehydes.127 
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In their research on organocatalytic α-benzoyloxylations of aldehydes, List and 

coworkers wanted to extend the method they developed to α,β-unsaturated aldehydes in 

order to study the regioselectivity of dienamine catalyzed reactions.126 Use of cyclic 

aldehyde 1.378 in the presence of anhydrous benzoyl peroxide (1.386), radical inhibitor 

BHT, and various amine catalysts and acid additives, afforded both α- and γ-

benzoylalkylated products (1.387a and 1.388a, respectively) in moderate to high yields, 

but strongly favored the α-benzoyloxylated product (eq 1, Scheme 1.71). In their substrate 

scope, α-benzoyloxylated products 1.387 were obtained exclusively using linear α-

substituted α,β-unsaturated aldehydes, and in a 9:1 ratio using cyclic aldehydes (eq 2, 

Scheme 1.71). These results contrasted with previous reports that appear to disfavor 

formation of quaternary centers through dienamine catalysis, thus explaining the less 

hindered products. These discoveries regarding regioselectivity prompted List and 

coworkers to test Melchiorre’s exclusive γ-selectivity with cyclic aldehydes as described 

previously (eq 3, Scheme 1.67).56 List and coworkers’ findings directly contradicted this 

report, having isolated the α-aminated product, the structure of which was unambiguously 

assigned by 2D-NMR spectroscopy and X-ray crystallography (1.389, eq 3, Scheme 1.71). 

This indicated that the forces involved in dienamine regioselectivity are not fully 

understood. 
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Scheme 1.71 List’s dienamine catalyzed α-selective benzoyloxylations of α,β-

unsaturated aldehydes and studies on regioselectivity.126 
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performed computational studies providing insight into the reactivity and the mechanism 

of this reaction. Their calculations revealed a stepwise mechanism, which involved a 

conjugate addition from the γ-position of the dienamine (1.390a) forming 1.391a, followed 

by bond formation between the nitro-enolate and the β-carbon of the iminium ion to form 

1.392a. Catalyst turnover provided the asymmetric cyclobutane aldehydes (1.393) in good 

yields and excellent enantioselectivities and diastereoselectivities. 

Scheme 1.72 Jørgensen’s formal [2+2] cycloadditions via bifunctional dienamine H-

bonding catalysis.129 
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that following the Michael-Michael cascade and catalyst turnover, bicyclic hemiacetals 

(1.398) could readily form. These products could also form other bicyclic heterocycles, as 

well as cyclobutane 1.400a, through simple synthetic transformations (eq 2). 

Scheme 1.73 Vicario’s formal [2+2] cycloadditions via dienamine and H-bonding co-

catalysis, followed by formation of hemiacetal 1.398.130 
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nucleophilic attack by the γ-position of the dienamine, then hydrolysis to form 1.404. The 

substrate scope tolerated aliphatic, aromatic, and heteroatomic R1 substituents, as well as 

5- to 7-membered rings. The reactions were also highly regioselective toward γ,δ-

aziridination. Finally, these products were readily derivatized to δ-amino esters (1.405) and 

oxazolidinones (1.406, eq 2). 

Scheme 1.74 Jørgensen’s remote aziridination of 2,4-dienals via iminium ion/dienamine 

cascade reaction.131 
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examples of aliphatic and aromatic α-ketoesters with two exceptions: low yield occurred 

when R1=4-methoxyphenyl; and poor enantioselectivity was observed when R1=2-

thiophenyl. Modifications to the scaffold of enone 1.113a led to a complete loss in 

reactivity and no other substitution patterns on the ring structure were tested. 

Scheme 1.75 Melchiorre’s direct vinylogous aldol of α-ketoesters with dienamine 

activated α,β-unsaturated ketones via bifunctional organocatalysis.132 
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TEMPO. Product yield increased with increasing pKa of the acid additive, and L-tartaric 

acid was able to suppress unwanted side products and the competing α-oxidation. 

Unfortunately, the highest yield of γ-benzoyloxylation product 1.388a obtained was 26% 

and the product was racemic, but the products were readily modifiable (eq 2). 

Scheme 1.76 Gryko’s attempts at selective γ-oxidation of trans-2-hexenal via dienamine 

catalysis.133 
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to moderate at best, as well as racemic. Product utility was demonstrated by oxidation of 

1.418b to the corresponding ester (1.419) in good yield, then cleavage of the N-O bond to 

provide either the alcohol (1.420) or ketone products (1.421, eq 2, Scheme 1.77). 

Scheme 1.77 Jang’s cooperative copper/dienamine catalyzed γ-oxidations.134 
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less sterically hindered, an unexpected product (1.423), formed via reaction with the non-

terminal dienamine (1.427), was observed. The formation of this unexpected product was 

tied heavily to the steric bulk of the R2 substitutents, being favored with fewer substitutions 

on the salicylaldehydes and with shorter R2 groups on the aldehyde. This increased the 

potential of this method to synthesize precursors to various natural products containing 

multi-ring heteroatomic systems with quaternary stereocenters. 

Scheme 1.78 Liu and Jiang’s domino aldol-oxa-Michael synthesis of vitamin E 

precursors 1.422 and 1.424.135 
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aminated α,β-unsaturated aldehyde 1.432. Additional aniline 1.428 in solution can 

condense onto the aldehyde and form push-pull dienamine (1.433). The gold catalyst then 

activates the alkyne and likely coordinates with the dienamine-activated δ-carbonyl 

(1.433a). Nucleophilic attack on the alkyne provided conjugated iminium-ion oxazine 

1.434, which hydrolyzes to form product 1.435. An extensive substrate scope was run using 

numerous combinations of electron rich and poor aromatic groups on both the amine and 

the aldehyde, generating oxazine products in good yields. Subsequent transformations were 

also performed to show versatility, forming selectively reduced products (1.436, eq 2) and 

fused tricyclic systems (1.437 and 1.438, eq 2), which contain the [1,4]oxazino[4,3-

a]quinolone core present in the antibacterial agent PNU-286607. 
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Scheme 1.79 Katukojvala and Kalepu’s rhodium(II)-dienamine-gold(I) catalyzed 

synthesis of oxazines (1.435).136 
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1.3 CONCLUSIONS 

Since the inception of organocatalysis, dienamine activation has provided novel routes for 

asymmetric modifications to α,β-unsaturated aldehydes and ketones. While normal-

electron-demand and inverse-electron-demand [4+2] cycloadditions have been extensively 

studied for both all-carbon and heteroatomic systems, there are more limited examples of 

acyclic and cascade reactions. In these reactions, regioselective competition and poor 

stereochemical induction has led to a dearth of γ-functionalizing reactions, particularly with 

heteroatomic species. In fact, independent of cycloadditions, γ-aminations and γ-oxidations 

via organocatalysis are exceedingly rare. However, their potential to provide novel 

complexity and modifiability to natural product and drug precursors serve as strong 

motivations to find the conditions that will allow these unique transformations to proceed 

regioselectively and enantioselectively. 
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CHAPTER 2 

SCOPE OF A DIENAMINE-IMINIUM CASCADE THAT PRODUCES γ-AMINO 

ALCOHOLS 

2.1 Organocatalytic Cascade Reactions 

One of the benefits of organocatalysis is the efficient asymmetric synthesis of natural 

product and drug precursors without the assistance of expensive and potentially toxic metal 

catalysts. One of the avenues to rapidly developing asymmetric molecular complexity has 

been cascade reactions, in which nucleophiles and electrophiles are subjected to reactive 

iminium- (2.3) and enamine-intermediates (2.4), successively, to form asymmetric α,β-

difunctionalized aldehydes (2.8) or ketones in a one-pot process (Scheme 2.1).  

Scheme 2.1 Iminium-enamine cascade mechanism. 
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organocatalysis with the Hajos-Parrish-Eder-Sauer-Wiechert reaction (Scheme 2.2) to 

form the Wieland-Miescher ketone (2.15).1,2 The mechanism involves the condensation of 

a catalytic amount of proline (2.2a) onto ketone 2.1a to create the LUMO-lowered 

conjugated iminium ion intermediate 2.3a, which is activated as a Michael acceptor for 

conjugate addition by nucleophile 2.10, the tautomer of 2.9. Intramolecular aldol of the 

product 2.12, followed by hydrolysis produces 2.14, which can be dehydrated to form the 

Wieland-Miescher ketone (2.15). 

Scheme 2.2 The Hajos-Parrish-Eder-Sauer-Wiechert reaction.1,2 
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of these intermediates in subsequent steps (eq 1), as well as increased the syntheses of 

highly desirable medicinal moieties (eq 3) and heterocycles (eq 4). As mentioned in 

Chapter 1, however, organocatalytic cascade reactions originating in the γ-position of α,β-

unsaturated aldehydes were virtually nonexistent, except for ring-forming reactions, prior 

to this research. Thus studies were begun to expand the capabilities of organocatalysis. 

Scheme 2.3 Examples of iminium-enamine organocascade reactions.3–6 
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2.1.1 The Electrophile: Diethyl Azodicarboxylate 

Diethyl azodicarboxylate (DEAD) 2.24a is an electrophile that has many uses in 

organic synthesis (Scheme 2.4). As a good Michael acceptor, DEAD can be reacted with 

triphenylphosphine to form the “Huisgen Zwitterion” 3.18 (eq 1) to participate in the 

Mitsunobu reaction (eq 2).7–10 It can also be used to form unique heterocycles (eq 3), as 

well as be used directly in aminations (eq 4).11,12 DEAD has proven to be an essential 

building block in the synthesis of complex organic compounds. It is also tolerant of a 

variety of organocatalysts and conditions for enamine-catalyzed Michael reactions, in both 

single component (eq 1, Scheme 2.5) and cascade reactions (eq 2).13–23  

Scheme 2.4 Uses of DEAD in organic synthesis.7–12 
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2.31b, both of which were explained mechanistically through reacting via an s-cis 

dienamine (2.55, Scheme 2.6). DFT calculations had shown no significant energy 

difference between the α- and γ-nucleophilic position to account for the exclusively γ-

regioselectivity, but the Diels-Alder reaction mechanism provided an energetically 

favorable explanation. Following regeneration of the iminium ion 2.57 through C-N bond 

cleavage, reformation of the E-alkene was possible without epimerization of the γ-position. 

This proposed [4+2] mechanism was further supported by a representative synthesis of 

2.59 using N-methylmaleimide as a dienophile to trap and isolate the cyclic amine 

intermediate (Figure 2.1). In this research they also provided a substrate scope with 

moderate yields, but high enantioselectivity. 

Scheme 2.6 Jørgensen’s reaction and proposed mechanism for regioselective γ-amination 

through an s-cis dienamine.24 
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Figure 2.1 Isolable mechanistic evidence of an intermolecular Diels-Alder reaction with 

a dienamine intermediate 

 

2.1.3 Transfer-Hydrogenation: Hantzsch Ester 
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Scheme 2.7 Organocatalytic transfer-hydrogenation with Hantzsch ester.27,28 
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Scheme 2.8 Organocatalytic reductive Mannich reaction.29 
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2.1.4 The planned dienamine/iminium catalyzed organocascade. 

 With the introduction of the acyclic, regioselective and stereoselective dienamine 

catalyzed formation of γ-functionalized products, there was potential for the development 

of asymmetric dienamine/iminium/enamine catalyzed triple cascades (Scheme 2.9). In 

such a procedure, following dienamine catalyzed formation of 2.72, a nucleophile could be 

introduced for conjugate addition, generating the γ,β-difunctionalized enamine (2.74). This 

could then react with a proton or another electrophile in solution and hydrolyze to form 

either the γ,β-difunctionalized product (2.76) or the γ,β,α-trifunctionalized product (2.78), 

respectively.  

Scheme 2.9 Proposed dienamine/iminium/enamine cascade mechanism. 
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 In order for this development to occur, the dienamine/iminium catalyzed double 

cascade would first need to be studied. To accomplish this, DEAD (2.24a) would be used 

for the dienamine step, due to the exclusive regioselectivity and high stereoselectivity. For 

the iminium step, Hantzsch ester (2.61) would be used as a proof of principle. While this 

hydrogen source would not provide a stereocenter in the β-position, it would test the ability 

of the iminium ion to accept conjugate addition in the presence of the sterically bulky γ-

hydrazine obtained from the dienamine step. This would provide saturated γ-amino 

aldehydes (2.80), which are precursors to useful asymmetric γ-amino acids (2.81, Scheme 

2.10). 

Scheme 2.10 Proposed dienamine/iminium cascade reaction. 
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attempted to limit the loss of catalyst in the first step through this side-reaction after some 

promising data with portionwise addition (Table 2.1, entry 1 and entry 2). However, these 

reactions showed the lowest conversions by 1H NMR analysis of the starting material and 

product aldehyde peaks, therefore slow addition was not pursued further.  The final reaction 

conditions for the dienamine step are summarized in entry 3 of Table 2.1.   

Table 2.1 Optimization of dienamine catalyzed step of cascade reaction. 

 

entry concentration slow addition reaction timea yieldb 

(%) 

1 2 M 3 h 22 h 33 

2 2 M 1 h 20 h 35  

3c 0.25 M -- 16 h 72 

a Monitored by 1H NMR. b 1H NMR yield using internal standard. c Fully optimized conditions. 

The initial optimized reaction conditions determined for the full 

dienamine/iminium cascade, to be used for the substrate scope, are summarized in Table 

2.2. The reaction was initially run with 10 mol% benzoic acid as an acid additive (Table 

2.2, entry 1 and entry 3). After some months, however, the yields began to decrease and 

reaction times increase. 1H NMR analysis of the enal starting materials revealed the 

presence of acid impurity 2.83 due to air oxidation (Scheme 2.11). In order to rectify this 
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problem, all enals were freshly distilled before use and stored under argon to avoid 

oxidation to the acid. This initially decreased yields and increased reaction times as well, 

but addition of an additional 10 mol% of the benzoic acid co-catalyst during the first step 

of the cascade reaction improved yields and reaction times (Table 2.2, entry 2 and entry 

4). 

Table 2.2 Reoptimization of additive loading. 

 

entry R PhCO2H 

(%) 

time for  

step (i)a 

time for  

step (ii)a 

yieldb 

(%) 

eec 

(%) 

1 2.79b – Et 10 19 h 23 h 2.82b – 69 -- 

2 2.79b – Et 20 16 h 23 h 2.82b – 72  92 

3 2.79c – nPr 10 40 h 24 h 2.82c – 67 -- 

4 2.79c – nPr 20 23 h 20 h 2.82c – 70 93 

a Monitored by 1H NMR. b Isolated yield. c Determined by chiral phase HPLC of 4-chlorobenzoyl chloride 

protected derivative. 
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Scheme 2.11 Air oxidation of enals over time. 

 

Using these optimal reaction conditions, the rest of the substrate scope was 

undertaken using various α,β-unsaturated aldehydes as starting materials (Scheme 2.12). 

With the exception of the reaction with trans-2-heptenal 2.79c, full consumption of DEAD 

in the first step was always achieved within 16 hours. All of the substrates completed the 

second step in the cascade between 20 and 24 hours, with the majority taking 23 hours. 

Allowing the reaction to run longer than it took for complete consumption of materials in 

each step led to rapid decomposition and lowered yields of desired product, indicating that 

this method is very time-sensitive. The yields were varied between substrates. The simple, 

unbranched alkyl chains of the distilled commercially available enals afforded yields of 

63% for 2.82a, 72% for 2.82b, 70% for 2.82c, and 72% for 2.82d, showing that these 

conditions are tolerant of various chain lengths. This was a significant improvement 

compared to Jørgensen’s original data for just the dienamine catalyzed γ-amination with 

DEAD.24 Yields with the remaining enals were moderate. The bulkier iso-butyl enal 2.79e, 

gave a 57% yield of 2.82e, and the benzyl enal, 2.79f, gave a 49% yield of 2.82f. This 

showed that this method was tolerant of steric bulk and aromatic systems. Enals 2.79g and 

2.79h provided yields at 45% for 2.82g, and 44% for 2.82h, demonstrating that the 

methodology tolerates the presence of adjacent heteroatoms and reactive species, 
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respectively. It should be noted that a yield of 44% corresponds to a yield of 66% for each 

step. 

Scheme 2.12 Scope of optimized cascade reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although there was some variation in yields, enantioselectivity remained high for 

all substrates. All of the ee data was determined by chiral-phase HPLC of the ester 

derivatives (2.85) of the γ-amino alcohol products (Scheme 2.13), with the exception of 

2.82f, which did not need to be modified to enable UV detection. 
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Scheme 2.13 Derivatization for chiral-phase HPLC analysis. 

 

Other non-commercial enals were explored in the substrate scope for this 

methodology as well (Figure 2.2). Iso-propyl enal 2.79i was not included in the data due 

to a lack of reactivity in the second step. This is most likely due to the steric bulk of the 

isopropyl group coupled with the steric bulk of the DEAD, which seems to be blocking the 

approach of Hantzsch ester to deliver the hydride for transfer-hydrogenation (Scheme 

2.14). Due to this non-reactivity, the iso-butyl enal, 2.79e, was used instead without any 

problems, to afford 2.82e. Enal 2.79j also had reactivity problems in the second step, which 

never saw full consumption of the α,β-unsaturated aldehydes by transfer-hydrogenation. 

This, coupled with a dramatically longer reaction time for the second step and gradual 

decomposition of aldehyde products led to the abandonment of this α,β-unsaturated 

aldehyde as a substrate. 

Figure 2.2 Unsuccessful substrates. 
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Scheme 2.14 Possible steric blocking of Hantzsch ester. 

 

2.3 Conclusion 

The first organocatalytic intermolecular dienamine-iminium cascade reaction was 

developed, using simple organic starting materials to make γ-amino alcohols.31 These 

alcohols were synthesized in moderate to high yields and in high enantioselectivities, 

tolerating various chain lengths, some degree of steric bulk, aromaticity, heteroatoms, and 

reactive functional groups. This shows great potential for future intermolecular cascade 

reactions, leading to more complex products with two or three contiguous stereogenic 

centers that could be used in the synthesis of more complex molecules. This method was 

used in a formal synthesis of (S)-vigabatrin, the bioactive enantiomer of the anticonvulsant, 

Sabril.31 Additionally, the use of a heteroatomic nucleophile in the second step of the γ,β-

cascade provided an enantiopure β-functionalized-γ-amino alcohol, which contained 
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nucleophiles for iminium catalyzed conjugate additions, following γ-amination in an 

organocascade reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	106	

2.4 References 

(1)  Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem. Int. Ed. 1971, 10 (1958), 496–
497. 

(2)  Hajos, Z. G.; Parrish, D. R. J. Org. Chem. 1974, 39 (12), 1615–1621. 
(3)  Simmons, B.; Walji, A. M.; MacMillan, D. W. C. Angew. Chem. Int. Ed. 2009, 48 

(24), 4349–4353. 
(4)  Galzerano, P.; Pesciaioli, F.; Mazzanti, A.; Bartoli, G.; Melchiorre, P. Angew. 

Chem. Int. Ed. 2009, 48 (42), 7892–7894. 
(5)  Appayee, C.; Brenner-Moyer, S. E. Org. Lett. 2010, 12 (15), 3356–3359. 
(6)  Yokosaka, T.; Hamajima, A.; Nemoto, T.; Hamada, Y. Tet. Lett. 2012, 53 (10), 

1245–1248. 
(7)  Cookson, R. C.; Locke, J. M. J. Chem. Soc. 1963, 6062–6064. 
(8)  Brunn, E.; Huisgen, R. Angew. Chem. Int. Ed. 1969, 8 (7), 513–515. 
(9)  Huisgen, R. The Adventure Playground of Mechanisms and Novel Reactions: 

Profiles, Pathways, and Dreams; Seeman, J. I., Ed.; American Chemical Society: 
Washington DC, 1994. 

(10)  Mitsunobu, O.; Yamada, M. Bull. Chem. Soc. Jpn. 1967, 40 (10), 2380–2382. 
(11)  Nair, V.; Mathew, S. C.; Biju, A. T.; Suresh, E. Angew. Chem. Int. Ed. 2007, 46 

(12), 2070–2073. 
(12)  Comelles, J.; Moreno-Mañas, M.; Pérez, E.; Roglans, A.; Sebastián, R. M.; 

Vallribera, A. J. Org. Chem. 2004, 69 (20), 6834–6842. 
(13)  Janey, J. M. Angew. Chem. Int. Ed. 2005, 44 (28), 4292–4300. 
(14)  Duthaler, R. O. Angew. Chem. Int. Ed. 2003, 42 (9), 975–978. 
(15)  Bøgevig, A.; Juhl, K.; Kumaragurubaran, N.; Zhuang, W.; Jørgensen, K. A. 

Angew. Chem. Int. Ed. 2002, 41 (10), 1790–1793. 
(16)  Kumaragurubaran, N.; Juhl, K.; Zhuang, W.; Bøgevig, A.; Jørgensen, K. A. J. Am. 

Chem. Soc. 2002, 124 (22), 6254–6255. 
(17)  List, B. J. Am. Chem. Soc. 2002, 124 (20), 5656–5657. 
(18)  Suri, J. T.; Steiner, D. D.; Barbas, C. F. Org. Lett. 2005, 7 (18), 3885–3888. 
(19)  Chowdari, N. S.; Barbas, C. F. Org. Lett. 2005, 7 (5), 867–870. 
(20)  Vogt, H.; Vanderheiden, S.; Bräse, S. Chem. Commun. 2003, No. 19, 2448–2449. 
(21)  Saaby, S.; Bella, M.; Jørgensen, K. A. J. Am. Chem. Soc. 2004, 126 (26), 8120–

8121. 
(22)  Liu, X.; Li, H.; Deng, L. Org. Lett. 2005, 7 (2), 167–169. 
(23)  Jiang, H.; Nielsen, J. B.; Nielsen, M.; Jørgensen, K. A. Chem. Eur. J. 2007, 13, 

9068–9075. 
(24)  Bertelsen, S.; Marigo, M.; Brandes, S.; Dinér, P.; Jørgensen, K. A. J. Am. Chem. 

Soc. 2006, 128 (39), 12973–12980. 
(25)  Dickinson, F. M.; Dalziel, K. Nature 1967, 214, 31–33. 
(26)  Alberts, B.; Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson, J. D. Molecular 

Biology of the Cell, 3rd ed.; Garland: New York & London, 2002. 
(27)  Yang, J. W.; Hechavarria Fonseca, M. T.; Vignola, N.; List, B. Angew. Chem. Int. 

Ed. 2005, 44 (1), 108–110. 
(28)  Ouellet, S. G.; Tuttle, J. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2005, 127 (1), 

32–33. 
(29)  Zhao, G.-L.; Córdova, A. Tet. Lett. 2006, 47, 7417–7421. 



	107	

(30) Optimization performed by Dr. Chandrakumar Appayee. 
(31)  Appayee, C.; Fraboni, A. J.; Brenner-Moyer, S. E. J. Org. Chem. 2012, 77 (19), 

8828–8834. 
 
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



	108	

CHAPTER 3 

DIENAMINE-IMINIUM CASCADE REACTIONS 

 

3.1 OXIMES 

In Chapter 2 the first cascade reaction entailing intermolecular dienamine and iminium-

catalyzed reactions was discussed. This reaction used diethyl azodicarboxylate (DEAD), 

3.2, as an electrophile and Hantzsch ester (3.4) as a transfer-hydrogenation reagent 

(Scheme 3.1, eq 1).1 In the conclusion, it was mentioned that a heteroatomic nucleophile 

was also introduced using this methodology, providing precedent for nucleophiles other 

than a hydride, and producing a compound with γ,β-vicinal stereocenters. This involved 

using benzaldehyde oxime, 3.6a, as an oxa-Michael donor to replace the Hantzsch ester in 

the second step, providing 3.7 in a moderate unoptimized yield with high ee and dr 

(Scheme 3.1, eq 2).  

Scheme 3.1 Dienamine-iminium cascade reactions. 
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Benzaldehyde oxime was chosen as the nucleophile for a number of reasons. 

Oximes have long been established as powerful oxygen nucleophiles for [3+2]-dipolar 

cycloadditions and conjugate additions in organic synthesis.2–10 They are effective in 

cycloadditions providing highly desirable isoxazolines (Scheme 3.2, eq 1). They have also 

been used in direct linear syntheses to provide β-alkoxy aldehyde and ketone building 

blocks that possess labile bonds for the formation of β-hydroxy compounds (Scheme 3.2, 

eq 2).5,11–22  

Scheme 3.2 Reactions with oximes. 
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(3.14, Scheme 3.3), via iminium-catalyzed oxa-Michael reactions.15,16,20,21,24,25 

Scheme 3.3 Organocatalytic synthesis of 2-isoxazolines. 

 

 

3.1.1 Results and Discussion 
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optimization process significantly; therefore, the majority of reaction yields were 

determined by running crude 1H NMR spectra with a tert-butyl methylether (TBME) or 

cyclohexene internal standard added upon reaction completion. The internal standard peaks 

observed by 1H NMR were integrated against the product aldehyde protons to obtain the 

yield. Initially, 2-nitrobenzaldehyde was also tested as a potential internal standard due to 

the presence of its 1H NMR chemical shifts in an unobstructed region of the spectra for 

these reactions, however it began reacting with the products upon addition to the reaction 

mixture (entry 4). It was determined by running parallel reactions that both TBME and 

cyclohexene were effective internal standards for this transformation (entries 5-6), 

therefore throughout the rest of the optimization they were used interchangeably depending 

on availability. 
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Table 3.1 Optimization of cascade reaction.a 

 

 

 

entry cat (step ii)  

(mol %) 

PhCO2H (step i/ii)  

(mol %) 

time (step i/ii) yieldb,c 

1d 6.7 13.3/0 17 h/5 d inc 

2e 6.7 6.7/6.7 19 h/24 h nd 

3e 6.7 6.7/0 18 h/28 h nd 

4e 6.7 6.7/6.7 21 h/ 24 h --f 

5e 6.7 6.7/6.7 42 h/24 h 13%g 

6e 6.7 6.7/6.7 42 h/24 h 13%h 

7 6.7 13.3/0 16 h/21 h 13% 

8 10 6.7/3.3 16 h/2 h inc (29%) 

9 10 6.7/3.3 15 h/6 h inc (15%) 

10 10 6.7/3.3 16 h/6 h 24% (26%) 

11 10 6.7/3.3 16 h/6 h 18% (15%) 

12e,i 6.7 6.7/6.7 17.5h/22.5h 28%j 

13k 6.7 6.7/6.7 17.5h/6d inc 

14l 6.7 6.7/6.7 18h/22.5h 30% 
a Reaction conditions: Step i) 3.1a, 3.2 (neat, 0.67 equiv), cat. 3.3a (0.067 equiv), PhCO2H, toluene (3 M), 

rt. Step ii) 3.6a (3 equiv), cat. 3.3a, PhCO2H, 0 ºC. b Determined by 1H NMR using TBME or cyclohexene 

as an internal standard. c Number in parentheses = percentage of unreacted 3.1a and 3.17. d Reaction 

solvent = CHCl3 (0.375 M). e Used 3.2 (40% solution in toluene).  f Internal standard, 2-nitrobenzaldehyde, 

reacted with products. g TBME internal standard used. h Cyclohexene internal standard used. i 3.16 reduced 

to alcohol in situ: using NaBH4 (1.5 equiv), MeOH (0.5 M), 30 min. j Yield determined by 1H NMR of 

isolated alcohol product using TBME as an internal standard. k 100 mg 4 Å molecular sieves added to 

reaction in step ii. l 10 mg 4 Å molecular sieves added to reaction in step ii. 

 

In the early cascade reactions using toluene, a 40% solution of DEAD in toluene 

was used, instead of the neat DEAD used in the previous project and in CHCl3. After a few 
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weeks of using this reagent, the reaction time for full consumption of DEAD in the first 

step dramatically increased due to degradation of DEAD, as determined by TLC and 1H 

NMR. Therefore, neat DEAD was used alongside the catalyst and acid loadings used in 

Chapter 2, which decreased the reaction time of the first step to 16 hours while maintaining 

the yields observed in entries 5 and 6 (entry 7). Decreasing the acid additive in the first 

step of the reaction had no effect on reaction time, but increasing the additional loading of 

catalyst and benzoic acid in the second step increased the yield and the reaction time 

(entries 8-11). The reaction was observed to be making significant progress in the second 

step after only two hours of reactivity, however this reactivity slowed significantly, as the 

reaction was still incomplete after six hours and appeared to decompose overnight (entries 

8-9). Checking the yield at the six-hour time point showed an increased yield, but also a 6 

percentage point difference between isolated yields and a large variation in the 

consumption of starting materials (entries 10-11). This inconsistency led to investigations 

of the second step of the reaction independent of the cascade (Table 3.2).  

While the cascade was optimized further, it was determined that decreasing the 

catalyst loading and increasing acid loading in the second step improved the yield, 

resulting in an isolated yield of the alcohol of 28% (entry 12, Table 3.1). It was also at 

this point that one of the major side products being formed was identified by 1H NMR as 

benzaldehyde (3.15). This was attributed to the hydrolytic formation of 2-isoxazoline 

3.18, which would typically form under strongly acidic conditions (Scheme 3.4).20 Due 

to this revelation, and the fact that the products were unstable on silica gel, it was decided 

that potential sources of hydrolysis, such as acid or water, should be removed from the 

synthetic process if not necessary for the catalytic cycle. It was thought that the addition 
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of 4 Å molecular sieves could reduce the amount of hydrolytic cyclization possibly 

occurring as a side-reaction and increase reaction yield, however this either prevented 

reactivity altogether or had a minimal effect depending on the amount added, likely due 

to water’s role in the catalytic cycle (entries 13 and 14). 

Another potential hydrolytic source was the CDCl3 NMR solvent being used to 

determine the yield, which can contain water and acid impurities, therefore the NMR 

spectrum was run in CD3CN. This increased the yield significantly, even though 

benzaldehyde was still present as a side product (entry 1, Table 3.2). Following this 

reaction, there was still inconsistency in the reaction times and yields (entries 2-3). 

Lowering the reaction temperature to -30 ºC to attempt to limit this side reactivity increased 

the reaction time dramatically and led to an incomplete reaction (entry 4).  

Scheme 3.4 Proposed formation of benzaldehyde. 
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hour time point (entries 6-8). The 61% yield outlier (entry 7) was likely due to 

inhomogeneity in the reaction, as a result of stirring being interrupted at some point during 

the night. Another reaction was also allowed to continue stirring for 5 days following 

reaction completion, during which time no decomposition was observed by TLC or 1H 

NMR (entry 5). This is an indication that the time sensitivity observed in the cascade 

reaction is likely due to the presence of components from the first reaction step.  

Dramatically decreasing the concentration to 0.25 M increased the reaction time 

significantly and led to an incomplete reaction (entry 9), while decreasing the concentration 

to 1 M improved the yield (entry 10). However, a comparable yield was accomplished 

when the cold room being used to run 0 ºC reactions for long periods of time unexpectedly 

warmed to room temperature overnight (entry 11). This led to running the reaction at room 

temperature in entries 13 and 14, which in a single iminium step achieved the highest yield 

of 62% (entry 14). This route, however, was not pursued further as this optimization would 

not improve upon the previously established reaction conditions (eq 2, Scheme 3.1), and 

the presence of the previous step’s components in the cascade would likely increase 

decomposition at room temperature. 
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Table 3.2 Independent optimization of step ii of cascade reaction.a 

 

entry T (ºC) time yieldb,c 

1 0 5.5 h/5.7 h 42%d/58%e 

2 0 4 h 47% 

3 0 7 h 51% 

4 -30 21.5 h inc (61%) 

5 0 20 h - 5 df nd 

6 0 19 h 24% (6%) 

7 0 24 h 61% (10%) 

8 0 24 h 35% (4%) 

9g 0 7 d inc 

10h 0 24 h 44% 

11i 0 - rt 16 h 44% 

12 0 22 h 40% 

13 rt 4 h 47% 

14 rt 5 h 62% 
a Reaction conditions: 3.17a, 3.6a (3 equiv), cat. 3.3a (0.1 equiv), PhCO2H (0.1 equiv), toluene (3 M). b 

Determined by 1H NMR using TBME or cyclohexene as an internal standard. c Number in parentheses = 

percentage of unreacted 3.17a. d 1H NMR run in CDCl3. e 1H NMR run in CD3CN. f No observation of 

decomposition following reaction completion at 20 h time point.  g Reaction concentration = 0.25 M. h 

Reaction concentration = 1 M. i Cold room used for running long-term reactions at 0 ºC stopped running and 

raised the temperature overnight. 

 

In a final attempt to remove the possibility of forming the suspected 2-isoxazoline 

side products and improve the yield, pinacolone oxime (3.6b) was explored as an 

alternative to benzaldehyde oxime, 3.6a (Scheme 3.5). Pinacolone oxime was used based 

on literature precedent showing that it will not undergo the acid catalyzed formation of 2-
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isoxazolines due to its steric bulk.20 However, most likely due to this molecule’s steric 

bulk, coupled with the steric bulk of iminium ion intermediate 3.19, the reaction time 

dramatically increased, reactions never reached completion, and new side-products 

prevented clean isolation. With the difficulties associated with using these oximes in a 

dienamine-iminium cascade scenario, other heteroatomic nucleophiles for organocatalytic 

conjugate addition were investigated.  

Scheme 3.5 Pinacolone oxime as a nucleophile for conjugate addition. 
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3.6).34–52 In the search for alternate oxygen nucleophiles for the iminium-catalyzed portion 

of the proposed cascade reaction, 2-nitrosophenol (3.27a) and its derivatives were proposed 

as new oxa-Michael donors/hetero-aldol acceptors (Figure 3.1).53–60 This would also 

accomplish an asymmetric diheteroatomic iminium-enamine cascade. 

Scheme 3.6 Ortho-tether strategy for asymmetric organocatalyzed oxa-Michael 

reactions.34–52 

 

Figure 3.1 2-Nitrosophenols. 

 

There is not much modern literature on free 2-nitrosophenols except in synthesizing 

dyes such as Nile blue, Nile red, and cyanine, likely due to their instability; many readily 

oxidize in air and sublime in their uncomplexed forms.61–64 They can form and be stored 

as various stable metal complexes (3.28, Figure 3.2), and freed under acidic conditions, 
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however removal of and handling outside of solvent can be difficult due to their volatility 

and air sensitivity. Free 2-nitrosophenols (3.27) could be converted to their 2-quinone 

oxime forms (3.29), which have different solubility properties, under basic conditions and 

then re-acidified so that the precipitated solid (3.27) could be collected for immediate use 

in the planned organocascade reactions (Schemes 3.7 and 3.8). 

Figure 3.2 Metal complexes of 2-nitrosophenols. 

 

Scheme 3.7 Acid-base interconversion of 2-nitrosophenol and 2-quinone oxime. 
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Scheme 3.8 Planned organocascade with 2-nitrosophenols. 

 

 

3.2.1 Results and discussion 

The reactions performed using the 2-nitrosophenols shown in Figure 3.1 were 

largely unsuccessful. The only conditions that yielded any major aldehyde products used 

commercially available 2-nitrosoresorcinol monomethylether (3.27d) and diphenyl 

prolinol silyl ether catalyst (3.3b) under neutral conditions in chloroform (Scheme 3.9). 
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asymmetric product. It was determined that 2-nitrosophenols were too reactive and too 

difficult to handle to be used in the proposed cascade reactions.  

Scheme 3.9 Reaction of 5-methoxy-2-nitrosophenol with trans-2-heptenal. 

 

Scheme 3.10 Reaction of 5-methoxy-2-nitrosophenol with trans-2-heptenal. 
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Scheme 3.11 Organocatalytic aminofluorination of α,β-unsaturated aldehydes.65 

 

3.3.1 Results and Discussion 

While the reaction conditions reported for the Brenner group’s aminofluorination 
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O

H

R

N
H

MeO O

O

Ph

i) cat. 3.3b

ii) NFSI
iii) NaBH4

OH

R
N

F

OMe

O

O

Ph

3.1 3.37

3.36



	123	

Table 3.3 Dienamine-iminium cascade optimization with N-methoxybenzylcarbamate.a 

 

entry solvent (step i) solvent (step ii) T (ºC) timeb yield 

1 CHCl3 (0.25 M) -- -20 - rt 12 d -- (inseparable pdts) 

2 CHCl3 (0.25 M) -- 0 3 d -- (inseparable pdts) 

3 toluene (2 M) + toluene (0.4 M) rt 6 d -- (3.1 decomposed) 

4 toluene (2 M) + toluene (0.4 M) rt 22 h -- (3.1 decomposed) 
a Reaction conditions: Step i) 3.1b (1.5 equiv), 3.2 (1 equiv), cat. 3.3a (0.1 equiv), PhCO2H (0.2 equiv), 

solvent, rt, dark. Step ii) cat. 3.3a (0.2 equiv), 3.36 (3 equiv), solvent. b Monitored by TLC and 1H NMR.  

 

The iminium-catalyzed aza-Michael reaction was then run with isolated 3.17b in 

order to determine if the intended reaction was occurring. Three additional reaction 

conditions reported by the Brenner group for the original aza-Michael reactions were 

tested, revealing that no aldehyde products were forming and the starting materials were 

either slowly or rapidly being consumed (Table 3.4).  
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Table 3.4 Iminium catalysis optimization with N-methoxybenzylcarbamate.a 

 

entry cat (mol %) solvent(s) timeb yield 

1 20 toluene (0.625 M) 22 h -- (SM decomposed) 

2 10 30:70 toluene:TBME (0.625 M) 5 d -- (No rxn) 

3 10 30:70 toluene:CHCl3 (0.625 M) 22 h -- (SM decomposed) 

4 10 10% IPA/CHCl3 (0.3 M) 5 d -- (No rxn) 
a Reaction conditions: 3.17b, 3.36 (2 equiv), cat. 3.3a, PhCO2H (0.1 equiv), solvent, rt. b Monitored by TLC 

and 1H NMR. 

 

The lack of Michael reactivity was once again attributed to the steric bulk of 

iminium ion 3.19, which could likely prevent the nucleophilic approach of the bulky 

secondary amine (Scheme 3.12).  

Scheme 3.12 Steric hindrance in the catalytic aza-Michael of N-

methoxybenzylcarbamate. 
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3.4 N-METHYL-N-HYDROXY BENZYLCARBAMATE 

Although N-methoxybenzylcarbamate was unsuccessful as a nucleophile in the dienamine-

iminium cascade, the presence of an N-O bond could favor nucleophilicity at the oxygen 

similar to that of oximes, if unprotected. Such an oxygen nucleophile may also exhibit 

slightly less steric bulk due to it being a terminal nucleophile. There had been previous 

work done with benzyl hydroxycarbamate, 3.39, however this work used an 

organocatalytic tandem 1,4-addition of the nitrogen, followed by 1,2-addition of the 

oxygen to form 5-hydroxyisoxazolidines, 3.40 (Scheme 3.13).66 In order to avoid nitrogen 

reactivity, N-methyl-N-hydroxy benzylcarbamate, 3.41, was synthesized and explored as a 

potential oxa-Michael nucleophile (Figure 3.3).67,68 

Scheme 3.13 Organocatalytic formation of 5-hydroxyazolidines. 

 

Figure 3.3 N-methyl-N-hydroxy benzylcarbamate 
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however none formed in significant quantities and were indistinguishable by TLC (entries 

1-2, Table 3.5). Removal of acid additive in favor of a base additive led to preference for 

one product that could still not be isolated (entry 3), as did changing solvent from 

chloroform to toluene (entries 4-5). Removing the acid additive in toluene led to the 

formation of multiple products in addition to 3.42 (entry 6). While base additive was 

beneficial to the reaction in chloroform, in toluene a low conversion to 3.42 was observed 

before additional products began forming (entry 7). Increasing the loading of 3.41 

increased conversion to 3.42 (entry 8). As 3.42 formed readily under acidic, neutral, and 

basic conditions, the catalyst was removed as a control. While reaction time increased, a 

reaction still occurred favoring much cleaner formation of the major product previously 

observed, allowing for isolation of 3.42 in 32% yield (entry 9). This demonstrated that the 

conjugate addition that was occurring was not organocatalytic.  

In light of this revelation, the reaction was run without catalyst with no additive, 

with benzoic acid additive, and with sodium acetate additive to try to find the conditions 

most likely to suppress this spontaneous reactivity (entries 1-3, Table 3.6). The product 

was found to be very stable under all three of these reaction conditions and the lowest 

conversion was detected under neutral conditions (entry 1). The reaction temperature was 

then lowered to 0 ºC and -30 ºC and run under neutral conditions, as well as acidic 

conditions since the intended dienamine step would be acidic, in an attempt to suppress 

spontaneous reactivity. This was achieved at -30 ºC (entries 6-7), and reactivity was 

restored upon addition of catalyst 3.3a to the flask (entry 7).  
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Table 3.5 Optimization of conjugate addition of N-methyl-N-hydroxy benzylcarbamate.a 

 

entry R solvent (conc) 3.3a (mol %) additive (mol %) time conversionb 

1 Me CHCl3 (0.25 M) 20 PhCO2H (20) 5 d -- 

2 Me CHCl3 (0.25 M) 20 none 26 h -- 

3 Me CHCl3 (0.25 M) 20 NaOAc (20) 26 h 33% 

4 Me toluene (2 M) 10 PhCO2H (10)  5 h 40% 

5c Me toluene (2 M) 10 PhCO2H (10) 16 h 50% 

6 Pr toluene (2 M) 10 none 20 h -- 

7 Pr toluene (2 M) 10 NaOAc (10) 20 h 25% 

8d,e Pr toluene (2 M) 10 NaOAc (10) 25 h 61% 

9d Pr toluene (2 M) 0 NaOAc (10) 47 h 59% (32%)f 

a Reaction conditions: 3.1 (1 equiv), 3.41 (1 equiv), cat. 3.3a, additive, solvent. b Calculated using 1H NMR. 
c Reaction temperature = 0 ºC. d Used 3 equivalents of 3.41. e Reduced to alcohol form with NaBH4. f Isolated 

yield. 
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Table 3.6 Non-organocatalytic conjugate addition of N-methyl-N-hydroxy 

benzylcarbamate.a 

 

entry additive (mol %) T (ºC) time conversionb 

1 none rt 5 d 27% 

2 PhCO2H (10) rt 5 d 35% 

3 NaOAc (10) rt 4 d 61% 

4 PhCO2H (10) 0 4 d 11% 

5 none 0 4 d 61% 

6 none -30 4 d 6% 

7 PhCO2H (10) -30 4 d 3% then 77%c 

a Reaction conditions: 3.1a, 3.41 (3 equiv), additive, toluene (2M). b Calculated using 1H NMR. c Conversion 

observed upon addition of cat. 3.3a and reaction for 20 hours after 4-day time point. 

 

Reintroduction of catalyst under these conditions complicated isolation, so 

reduction to the alcohol product was required (entries 1-2, Table 3.7). Upon isolation and 

chiral-phase HPLC analysis of the spontaneous product and the catalyzed reaction product 

it was revealed that both products were racemic, therefore the catalyst was not restoring 

asymmetric reactivity. To elucidate the likely mechanism of reactivity, 2-pyrrolidinone 

(3.43) and triethylamine (TEA) were used in catalytic amounts in reactions as a 

replacement for catalyst 3.3a (entries 3-4). 2-pyrrolidinone is a secondary amine that 

cannot easily undergo iminium ion formation nor act as a strong base, but it can hydrogen 

bond. The lack of reactivity using 3.43 indicates that the reaction is not catalyzed through 
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hydrogen bonding activation (entry 3). Triethylamine also cannot form an iminium ion but 

is strongly basic, therefore the high conversion observed in entry 4 indicates that catalyst 

3.3a might simply be acting as a base, likely helping to deprotonate 3.41 to increase 

reactivity, rather than activate through hydrogen bonding or an iminium ion intermediate. 

Table 3.7 Organocatalytic conjugate addition of N-methyl-N-hydroxy benzylcarbamate.a 

 

entry cat. (mol %) additive (mol %) time conversionb 

1 3.3a (10) PhCO2H (10) 21 h --c 

2 3.3a (10) PhCO2H (10) 24 h nd (9%)d 

3 3.43 (10) None 17 h -- 

4 TEA (10) None 17 h 74% 

5 3.3a (10) PhCO2H (10) + 3.44 (2 equiv) 3 d 74% 

 

 

 

 

a Reaction conditions: 3.1a, 3.41 (3 equiv), catalyst, additive, toluene (2M), -30 ºC. b Calculated using 1H 

NMR. c Unable to isolate aldehyde on column. d Isolated yield of NaBH4 reduced 3.42a. 

 

Due to the spontaneous reactivity of N-methyl-N-hydroxy benzylcarbamate (3.41) 

iminium catalysis was not an option for producing an optically active oxa-Michael product. 
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It is possible that future work could utilize the molecule’s oxa-Michael reactivity in a 

kinetic resolution utilizing enamine chemistry to diastereoselectively functionalize the α-

carbon.69,70 A potential kinetic resolution using trans-β-nitrostyrene (3.44) was attempted, 

however, the addition of catalyst led to the sole formation of 3.42a, with no indication of 

α-functionalization (entry 5, Table 3.7).  

 

3.5 CONCLUSIONS 

While organocatalytic conjugate additions and cascades are heavily studied, cascades 

originating in the γ-position present additional difficulties. The presence of the bulky 

dicarbamate from DEAD following γ-amination may interfere with normally feasible 

conjugate additions through steric blocking, enabling undesirable reactivity that can reduce 

yields, inhibit product formation, or render products non-isolable. Determining new and 

different compounds to examine proved to be difficult as well, as options were limited to 

those substrates compatible with reaction conditions that were optimal for γ-amination, and 

each compound brought unique properties to these reactions. 

Oximes provided moderate asymmetric reactivity, but the tendency toward 

cyclization to 2-isoxazolines was exacerbated in the presence of the γ-aminated enal, 

reducing the yield of the desired product. Conditions to favor 2-isoxazoline formation 

could provide unique products, however this would necessarily preclude a one-pot 

dienamine-iminium-enamine triple-cascade. The use of oximes reported to exhibit no 

cyclization unfortunately proved too bulky to be reactive following γ-amination. This steric 
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problem was also observed in reactions with N-methoxybenzylcarbamate, in which no 

viable products were formed in the cascade. 

Most 2-nitrosophenols were too reactive to lead to any viable products. The only 

promising results were observed in reactions with 2-nitrosoresorcinol monomethylether, 

which led to unexpected products that will be discussed further in Chapter 5. Finally, N-

methyl-N-hydroxy benzylcarbamate exhibited promising results with the initial setback of 

difficult isolation, but it was discovered that this was reaction was uncatalyzed. This 

reaction could be suppressed by lowering the reaction temperature to -30 ºC, then 

reactivated by introducing catalyst, however, the products were racemic, suggesting that 

the catalyst was acting as a base, rather than forming the reactive iminium ion. While γ-

amination with DEAD is a good first step for some organocascades, other electrophiles 

will need to be explored in order to expand the scope of organocatalyzed dienamine-

iminium cascade reactions. 
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CHAPTER 4 

DIENAMINE-CATALYZED REDOX FORMATION OF NITRONES 

 

4.1 Nitrosobenzene 

Once it was determined that organocascades using nucleophiles larger than a hydride were 

problematic in conjugate additions following γ-amination with DEAD, a new heteroatomic 

electrophile was sought out for the dienamine-catalyzed step. This search very quickly 

pointed in the direction of nitrosobenzene 4.2 for a number of reasons. Nitrosobenzene, 

like DEAD, has long been established as an electrophile for enamine catalyzed reactions 

(Scheme 4.1).1–7 

Scheme 4.1 Enamine catalyzed nitroso aldol 

 

Reactions have been reported to proceed in the presence of various secondary amine 

catalysts that are commonly used in cascade reactions. Unlike DEAD, nitrosobenzene can 

act as either a nitrogen electrophile or an oxygen electrophile, depending on the reaction 

conditions. Typically, under neutral conditions an oxyaminated product, 4.5, is formed, 

while acidic conditions yield an aminooxylated product, 4.4. This indicated the potential 
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to broaden the scope of dienamine-catalyzed reactions to include another amination as well 

as an oxylation. Finally, nitrosobenzene’s N=O π-system’s reported ability to act as a 

dienophile (Scheme 4.2), like DEAD, and provide a labile C-N or C-O bond for ring-

opening provided the final impetus for exploration as a regioselective electrophile (Scheme 

4.3).  

Scheme 4.2 Organocatalytic cycloaddition with nitrosobenzene. 

 

Scheme 4.3 Proposed organocatalytic cycloaddition with nitrosobenzene. 
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4.2 Nitrones 

Nitrones (4.15, Scheme 4.4) are very useful functional groups in organic synthesis. 

Nitrones can be hydrolyzed in the presence of acid, base, or oxidant to form aldehydes or 

ketones (4.16, eq 1).8–22 They can also undergo characteristic [3+2]-dipolar cycloadditions 

to form useful heterocycles, such as dihydroisoxazoles (4.18, eq 1).23–30 In addition, 

nitrones can be used for radical alkylation by converting to an N-siloxy enamine 

nucleophile (4.20, eq 2).31 

Scheme 4.4 Reactions of nitrones. 

(1) 

 

(2) 

 

Nitrones are typically synthesized through condensation of a hydroxylamine onto 

an aldehyde or ketone, or by the oxidation of imines.32–36 These conditions, however, would 

not retain aldehyde functionality, so most syntheses would require protection and 

deprotection steps to retain both aldehyde and nitrone functionalities. There are two 

instances of direct nitrone synthesis in the presence of aldehydes, one isolated example of 

a carbon-nitrogen ylide reacting with 4-nitrosobenzaldehyde, and a method for N-

alkylation of aldoximes with enals.37,38 
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4.3 Results and Discussion 

 4.3.1 Optimization 

Instead of providing one of the anticipated products (4.13 or 4.14, Scheme 4.3), the 

1D and 2D 1H NMR spectra of the product showed a lack of γ-protons, which seemingly 

indicated that the reaction formed a γ-imine enal (4.25, Scheme 4.5). This was believed to 

be the result of the condensation mechanism illustrated in Scheme 4.5. The structure was 

called into question once HRMS data indicated the presence of an additional oxygen on 

the product. While this could have been explained by rapid oxidation to the carboxylic acid 

before HRMS was run, air oxidation was very slow with this product, so the only other 

likely explanation was that an oxygen was present on the nitrogen. This was ultimately 

proven when crystals were grown for X-ray crystallography, revealing the structure 

definitively as a nitrone as well as the major (E,E) isomer (4.26a, Figure 4.1). This was an 

unprecedented formation of a conjugated γ-nitrone enal (4.26a, Scheme 4.6). 

Scheme 4.5 Initially proposed formation of γ-imines (4.25). 
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Figure 4.1 X-ray crystal structure of 4.26a. 

 

 

 

 

 

 

 

 

Scheme 4.6 Unprecedented organocatalytic nitrone formation.  
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Figure 4.2 Comparison of isomers by 1H-NMR. 
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equivalents of nitrosobenzene at a concentration of 1.5 M in toluene, using catalyst 4.10a 

and benzoic acid additive at a 10 mol % loading (Conditions A, Scheme 4.7). The reaction 

was run at room temperature for 23 hours, the point at which nitrosobenzene was fully 

consumed as determined by 1H NMR, and the product was isolated by flash 

chromatography to yield product 4.26b in 22% yield. A subsequent reaction that increased 

loading of nitrosobenzene to 2 equivalents and the concentration to 2M, gave a comparable 

isolated yield of 20% in a decreased reaction time of 16 hours with full consumption of 

enal as well as nitrosobenzene (Conditions B, Scheme 4.7). At this point, the enal was 

switched to trans-2-hexenal due to availability in the lab. This change did not affect the 

yield or reaction time, so it was used for the rest of the optimization.  

Scheme 4.7 Initial studies with trans-2-heptenal (4.9b). 
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catalyst, diphenyl prolinol silyl ether (4.10b), dramatically decreased the reaction time 

while increasing the yield to 31% (entry 2, Table 4.1). Proline (4.10c) showed no reactivity 

after one week (entry 3). Due to the product being non-asymmetric, achiral catalysts 

pyrrolidine, 4.27, and morpholine, 4.28, were used. Pyrrolidine reacted very quickly, 

however a yield of 21% did not compare favorably to the 31% yield using 4.10b (entry 4 

vs. entry 2). Likewise, morpholine was comparable to 4.10a in reaction time, but only 

provided an 11% yield (entry 5 vs. entry 1). MacMillan imidazolidinone 4.29 led to a 

reaction time and yield comparable to catalyst 4.10a (entry 6 vs. entry 1). While 

morpholine and the imidazolidinone did have remaining starting material, any time points 

after those reported showed no improvement in yields.  

The catalyst screen was also run with 1 equivalent of nitrosobenzene (4.2), instead 

of 2 equivalents (entries 7-13). Catalysts 4.10a and 4.10b gave results consistent with the 

data using 2 equivalents of nitrosobenzene (entry 7 vs. entry 1, entry 8 vs. entry 2). 

Pyrrolidine (4.27), however, showed a marked improvement, providing the product in the 

best yield, at 33% (entry 9). With morpholine (4.28) and MacMillan imidazolidinone 

catalyst 4.29, product yields were lower than when 2 equivalents of nitrosobenzene were 

used (entry 10 vs. entry 5, entry 11 vs. entry 6). Finally, MacMillan imidazolidinone 

catalysts 4.29 and 4.30 in the presence of DCA and TCA instead of benzoic acid, 

respectively, led to the lowest yields obtained in this screening so far (entries 12 and 13). 
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Table 4.1 Initial catalyst screen.a 

 

entry cat. time 

(h) 

yieldb-c 

(%) 

drd 

(4.26a:4.26a’) 

1 4.10a 21 21 (4) 9:1 

2 4.10b 1 31 (7) 3:1 

3 4.10c 168 -- -- 

4 4.27 1 21 (8) 3:1 

5 4.28 23 11 (40) 100:0 

6 4.29 20 21 (56) 4:1 

7e 4.10a 22 24 (24) 11:1 

8e 4.10b 4 29 (9) 3:1 

9e 4.27 4 33 (14) 3:1 

10e 4.28 96 6 (36) 100:0 

11e 4.29 96 18 (39) 1:1 

12e 4.29 + DCAf 2 8 (27) 100:0 

13e 4.30 + TFAf 2 2 (6) 100:0 

  

 

 

 

a Reaction conditions: 4.9a, 4.2 (2 equiv), cat. (0.1 equiv), PhCO2H (0.1 equiv), toluene (1 M), rt. b 

Determined by 1H NMR using 1,4-dioxane as internal standard. c Number in parentheses is percentage of 

unreacted 4.9a remaining. d Determined by 1H NMR. e 1 equivalent of 4.2 used. f Acid additive replaces 

PhCO2H. 
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At this point, solvent screens were commenced with 4.10a, 4.10b, and pyrrolidine 

(4.27) simultaneously. As both 1 and 2 equivalents of nitrosobenzene (4.2) yielded 

promising results, both conditions were tested during the solvent screening with catalyst 

4.10a (Table 4.2). Using 2 equivalents, dichloromethane and acetonitrile improved the 

yield the most in comparison to toluene (entries 2 and 5 vs. entry 1). THF also showed 

some improvement in yield, however the reaction rate dropped dramatically (entry 4). 

Ethanol showed an improvement in the reaction rate, but additional products were detected 

in the aldehyde region of the 1H NMR spectrum and rapid decomposition occurred at later 

time points (entry 3). Using 1 equivalent of nitrosobenzene, the yields with toluene and 

THF remained consistent (entry 6 vs. entry 1, entry 9 vs. entry 4), while dichloromethane 

and acetonitrile showed significant drops in yield (entry 7 vs. entry 2, entry 10 vs. entry 5). 

Methanol was used as a replacement for ethanol, but the yield with this solvent was even 

lower, although the rate of decomposition also decreased (entry 8 vs. entry 3). DMSO was 

also introduced as a solvent, however the yield was not notably affected and it appeared 

that the nitrosobenzene (4.2) was consumed so quickly, that a significant amount of 4.9a 

remained unreacted (entry 11). 

Solvent screens using catalysts 4.10b and 4.27 are summarized in Table 4.3. Using 

4.10b, THF was the only solvent to provide an improvement in yield over toluene (using 2 

equivalents of nitrosobenzene), but it also decreased the reaction rate (entry 5 vs. entry 1). 

Methanol and DMSO also decreased the reaction rate, but product yields were lower than 

both toluene examples (entries 4 and 7 vs. entries 1 and 2). Dichloromethane and 

acetonitrile both resulted in a significant drop in product yield (entry 3 and entry 6). 

Pyrrolidine (4.27) catalyst showed only a decrease in yield in every solvent except for 
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toluene (entries 8-13), and even though toluene provided the product in the best yield (entry 

9), numerous side products were detected in the aldehyde region. 

Table 4.2 Solvent screen with catalyst 4.10a.a 

 

entry solvent time 

(h) 

yieldb-c 

(%) 

drd 

(4.26a:4.26a’) 

1 toluene 21 21 (4) 9:1 

2 DCM 21 38 (10) 4:1 

3 EtOH 5 23 (47) nd 

4 THF 120 31 (15) 3:1 

5 MeCN 22 41 (31) 5:1 

6 e toluene 22 24 (24) 11:1 

7e DCM 19 29 (18) 2:1 

8e MeOH 26 8 (15) nd 

9e THF 120 31 (31) 3:1 

10e MeCN 26 19 (31) 4:1 

11e DMSO 19 27 (57) 2:1 
a Reaction conditions: 4.9a, 4.2 (2 equiv), 4.10a (0.1 equiv), PhCO2H (0.1 equiv), solvent (1 M), rt. b 

Determined by 1H NMR using 1,4-dioxane as internal standard. c Number in parentheses is percentage of 

unreacted 4.9a remaining. d Determined by 1H NMR. e 1 equivalent of 4.2 used. 
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Table 4.3 Solvent screen using catalysts 4.10b and 4.27.a 

 

 

 

entry catalyst solvent time 

(h) 

yieldb-c 

(%) 

drd 

(4.26a:4.26a’) 

1e 4.10b toluene 1 31 (7) 3:1 

2 4.10b toluene 4 29 (9) 3:1 

3 4.10b DCM 1 22 (6) 2:1 

4 4.10b MeOH 19 11 (27) nd 

5 4.10b THF 19 35 (21) 2:1 

6  4.10b MeCN 3 11 (6) 5:1 

7 4.10b DMSO 19 26 (51) 6:1 

8e 4.27 toluene 1 21 (8) 3:1 

9 4.27 toluene 4 33 (14) 3:1 

10 4.27 DCM 4 18 (50) 4:1 

11 4.27 THF 21 18 (67) 100:0 

12 4.27 MeCN 2 9 (59) 8:1 

13 4.27 DMSO 1 25 (69) 3:1 
a Reaction conditions: 4.9a, 4.2 (1 equiv), cat. (0.1 equiv), PhCO2H (0.1 equiv), solvent (1 M), rt. b 

Determined by 1H NMR using 1,4-dioxane as internal standard. c Number in parentheses is percentage of 

unreacted 4.9a remaining. d Determined by 1H NMR. e 2 equivalents of 4.2 used. 

 The dimerization of nitrosobenzene in solution to 4.31 is well documented and does 

not affect reactivity,39–41 however, the rapid consumption of 4.2 was attributed to the 

irreversible formation of 4.32, identified by comparison with literature 1H NMR data 

(Scheme 4.8).42 While the solvent screens were ongoing, portionwise addition and slow 

addition of nitrosobenzene (4.2) experiments were run to try to limit its decomposition to 

4.32 during the reaction (Table 4.4). When adding the nitrosobenzene portion-wise (entries 
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1-4), the best yield was obtained by splitting 1 equivalent into four equal portions, and 

adding each portion once the previous was fully consumed as determined by 1H NMR 

(entry 2). This yield and reaction rate, however, did not improve upon existing results, and 

the amount of 4.32 in the reaction grew steadily with each addition of 4.2. 

Scheme 4.8 Formation of nitrosobenzene dimers. 

 

As for the slow addition reactions, initially catalyst 4.10b was used since the 

reaction rate was faster with this catalyst. However, the nitrosobenzene was fully consumed 

immediately after slow addition was complete, a large amount of 4.32 had formed, and the 

yield was only 23% (entry 5). Slow addition over two hours using catalyst 4.10a was not 

beneficial, as the reaction still required an overnight reaction time in order to reach 

completion and there was only a moderate improvement in yield over the one-hour slow 

addition, affording 28% of the product (entry 6 vs. entry 5). Adding the nitrosobenzene 

over 24 hours did not improve the yield and the nitrosobenzene was fully consumed after 

only 28 hours, but interestingly the amount of 4.9a remaining was almost fully accounted 

for by conversion to the 4.26a and 4.26a’, rather than other unknown side products (entry 

7). 
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Table 4.4 Screening of nitrosobenzene addition conditions. a 

 

entry 4.2 

(equiv) 

portions addition 

time (h) 

reaction 

time (h) 

yieldb-c 

(%) 

drd 

(4.26a:4.26a’) 

1e 1.5 2 -- 22 14 (20) 7:1 

2 1 4 -- 21 23 (32) 7:1 

3 2 2 -- 28 17 (3) 10:1 

4 1 2 -- 29 20 (13) 8:1 

5f 1 -- 1 1 23 (17) 2:1 

6  1 -- 2 20 28 (43) 4:1 

7 1 -- 24 28 23 (74) 2:1 
a Reaction conditions: 4.9a (1 equiv), 4.2, 4.10a (0.1 equiv), PhCO2H (0.1 equiv), toluene (1 M), rt. b 

Determined by 1H NMR using 1,4-dioxane as internal standard. c Number in parentheses is percentage of 

unreacted 4.9a remaining. d Determined by 1H NMR. e Concentration = 1.5 M. f Catalyst = 4.10b (10 mol%). 

At this point in the optimization process new chemicals, including new batches of 

catalyst, were purchased. Upon recommencing the optimization, it was discovered that the 

reactions were not proceeding as previously observed. The optimal catalyst and solvent 

conditions had previously been use of 4.10a in acetonitrile, however, when run with a new 

batch of catalyst 4.10a, it was found that the reaction rate rose dramatically, product yield 

dropped to 13%, and numerous new aldehyde side products were detected, without fully 

consuming 4.9a or 4.2 (entry 3 vs. entry 1, Table 4.5). The catalyst was found to be impure 

by TLC and 1H NMR and another new batch of 4.10a evaluated. Use of this new batch of 

4.10a increased the product yield to 32%, although this result still did not compare with 

the previous data (entry 4 vs. entry 1). In addition, the dr also dropped significantly, 
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nitrosobenzene (4.2) had not been fully consumed by the 48 h time point, and multiple new 

aldehyde side products were forming where previously there were none detected. 

Switching to toluene, since it was previously the most consistent solvent, there was a slight 

improvement in yield, but a decrease in dr, and both the aldehyde 4.9a and nitrosobenzene 

(4.2) had not been fully consumed (entry 4 vs. entry 2). This inconsistency in results with 

commercial catalysts 4.10a and 4.10b was recently documented by Boeckman Jr. and 

coworkers.43  

The old and new batches of 4.10b performed similarly in toluene and acetonitrile, 

with the new batch generating the product in high dr in toluene (entries 6 and 8, 9 and 10). 

In order to compensate for the amount of 4.32 formed from 4.2, the reaction temperature 

was lowered to -30 ºC (entries 11-14). At -30 ºC, decomposition of nitrosobenzene to 4.32 

was greatly limited. Product yield increased using acetonitrile, but the reaction rate 

decreased (entry 11 vs. 10). Toluene was found to be a superior solvent to THF, affording 

the highest yield yet, albeit in a longer reaction time (entry 12 vs. entry 13). Upon switching 

the additive to AcOH, the reaction time decreased to 15 hours while maintaining a 42% 

yield (entry 14). When 0.5 equivalents nitrosobenzene were used, it was fully consumed, 

but the combined yield of 4.26a and 4.26a’ was only 20% (entry 15). 
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Table 4.5 Optimization with new catalyst batches.a 

 

entry catalyst solvent temp 

(ºC) 

time 

(h) 

yieldb-c 

(%) 

drd 

(4.26a:4.26a’) 

1 4.10a MeCN rt 22 41 (31) 5:1 

2 4.10a toluene rt 21 21 (4) 9:1 

3 4.10ae MeCN rt 72 13 (7) nd 

4 4.10af MeCN rt 48 32 (20) 2:1 

5 4.10af toluene rt 22 27 (13) 4:1 

6 4.10b toluene rt 1 31 (7) 3:1 

7 4.10b THF rt 19 35 (21) 2:1 

8 4.10b MeCN rt 3 11 (6) 5:1 

9 4.10bg toluene rt 3 27 (7) 6:1 

10 4.10bg MeCN rt 3 15 (16) 4:1 

11 4.10bg MeCN -30 108 22 (13) 5:1 

12 4.10bg toluene -30 66 42 3:1 

13h 4.10bg THF -30 48 trace nd 

14h 4.10bg toluene -30 15 42 4:1 

15i 4.10bg toluene -30 7 20 (0) 2:1 
a Reaction conditions: 4.9a, 4.2 (2 equiv), cat. (0.1 equiv), PhCO2H (0.1 equiv), solvent (1 M), rt. b 

Determined by 1H NMR using 1,4-dioxane or cyclohexene as internal standard. c Number in parentheses is 

percentage of unreacted 4.9a remaining. d Determined by 1H NMR. e New batch of 4.10a. f 2nd new batch of 

4.10a. g New batch of 4.10b. h AcOH used instead of PhCO2H. i 0.5 equiv of 4.2 used. 

At this point, a screening of numerous acidic and basic additives was begun (Table 

4.6). Other than AcOH, the most promising yield was obtained with CF3CH2OH, affording 

a 38% yield in a much longer reaction time (entry 8). Basic additives dramatically increased 
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the reaction time at -30 ºC (entries 2-4), and at rt were unable to achieve even a matching 

yield (entries 5-7). 

Table 4.6 Additive screen.a 

 

entry additive time 

(h) 

yieldb-c 

(%) 

drd 

(4.26a:4.26a’) 

1 AcOH 14.5 42 4:1 

2 Et3N 46.25 2 (77) 100:0 

3 K2CO3 17.25 0.5 (99) 100:0 

4 NaOAc 17.25 4 (97) 3:1 

5e Et3N 63 23 10:1 

6e K2CO3 88 16 7:1 

7e NaOAc 38.75 27 8:1 

8 CF3CH2OH 45.5 38 4:1 

9 pTsOH 19.5 2 100:1 

10 Cl3CCO2H 18.5 7 1:1 

11 pNBA 18.5 28 3:1 

12 H3PO4 26 17 3:1 

13 NH4Cl 25.75 4 4:1 
a Reaction conditions: 4.9a, 4.2 (1 equiv), 4.10b (0.1 equiv), additive (0.1 equiv), toluene (1 M), -30 ºC. b 

Determined by 1H NMR using cyclohexene as internal standard. c Number in parentheses is percentage of 

unreacted 4.9a remaining. d Determined by 1H NMR. e Reaction run at rt. 

Additional optimization with catalyst 4.10b and AcOH was done, varying the 

loading, temperature, as well as previously unexplored solvents (Table 4.7). Lowering the 

reaction temperature further to -78 ºC suppressed reactivity to the point of inactivity (entry 
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2), even when the concentration was doubled (entry 3). Running the reaction at -50 ºC, 

nearly achieved the same yield and dr as at -30 ºC, however reaction time increased 

significantly (entry 4 vs. entry 1). Lowering the catalyst loading to try to prevent side 

reaction at -30 ºC also did not increase yield and increased reaction time (entry 5). 

Decreasing the solvent concentration necessitated a reaction temperature of rt in order for 

it to proceed, however product yield decreased, although the dr increased significantly 

(entry 6). Ethanol was revisited as a solvent, and run at a reaction temperature of -30 ºC in 

order to decrease the previously observed side product formation, however product yield 

was significantly lowered (entry 7). Trifluoroethanol was also tested as a solvent, due to 

its previously observed effectiveness as an additive, however it suppressed the reaction 

entirely (entry 8). Finally, stoichiometric amounts of catalyst 4.10b and AcOH were used 

at various low temperatures, but this only afforded lower yields of desired product (entries 

9-11). These studies ultimately did not improve the yield or reaction time and showed that 

the optimal loading was 10 mol% at -30 ºC.  
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Table 4.7 Optimizations with 4.10b and AcOH. 

 

entry equiv 4.10b 

and AcOH 

solvent time 

(h) 

temp 

(ºC) 

yieldb 

(%) 

drc 

(4.26a:4.26a’) 

1 0.1 toluene 15 -30 42 4:1 

2 0.1 toluene 89 -78 3 2:1 

3d 0.1 toluene 63 -78 3 2:1 

4 0.1 toluene 39 -50 40 3:1 

5 0.05 toluene 68 -30 38 4:1 

6e 0.1 toluene 17 rt 34 10:1 

7 0.1 EtOH 17 -30 17 7:1 

8 0.5 TFE >96 -30 nr -- 

9 1 toluene 1 -30 14 2:1 

10 1 toluene 2 -50 15 1:1 

11 1 toluene 67 -78 13 100:1 
a Reaction conditions: 4.9a, 4.2 (2 equiv), 4.10b, AcOH, solvent (1 M). b Determined by 1H NMR using 

cyclohexene as internal standard. c Determined by 1H NMR. d Reaction concentration = 2M. e Reaction 

concentration = 0.25M. 

Studies into the mechanism of this transformation were conducted to potentially 

identify new avenues for optimization. Upon injection of aliquots of the reaction at various 

time points onto an HRMS by ESI, a number of different intermediates were identified, 

giving insight into the mechanism (Scheme 4.9). Iminium ion intermediates containing 

both a monomer (4.35) and a dimer (4.36) of nitrosobenzene in the γ-position were 

identified, however there was no way to indicate whether or not the dienamine (4.34) 
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reacted via a [4+2] cycloaddition. The fact that neither HRMS nor 1H NMR detected the 

oxyaminated aldehyde intermediate (4.13a) indicates that the formation of 4.36 is 

kinetically more favorable than catalyst turnover of 4.35. This also supports the need for 

more than one equivalent of nitrosobenzene as it seems the second equivalent is a sacrificial 

oxidant, acting as a leaving group in the oxidation to the nitrone (4.37), generating N-

phenylhydroxylamine as a byproduct (4.38). 

As further confirmation of the proposed mechanism, the byproduct (4.38) was 

suspected to act as an aza-Michael donor to form isoxazolidine 4.39a, consuming the 

starting enal and limiting the maximum yield of nitrone 4.26a. Thus N-

phenylhydroxylamine was examined under the reaction conditions and the product isolated 

and characterized (Scheme 4.10, eq 1). This product was compared with the crude 1H NMR 

spectrum of the reaction and the isolable side product was identified. Once isolated from 

the main reaction, its yield was determined to be 49% (eq 2). This meant that the difficulties 

in improving the yield beyond 42% could be attributed to half of the starting enal being 

consumed by the 4.38 generated. This is a rare example of divergent reactivity that, with 

further optimization, could potentially be exploited to rapidly access libraries of desirable 

heterocycles. 
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Scheme 4.9 Proposed redox mechanism based on HRMS data. 
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Scheme 4.10 Examination of N-phenylhydroxylamine under reaction conditions. 

 

(1) 

 

 

(2) 

 

 

In light of this discovery, efforts were refocused on the optimization of the 

unprecedented redox formation of nitrones. Now that the culprit in the loss of starting 

material had been identified, attempts were made to limit this divergent reactivity through 

reoxidation of 4.38 back to 4.2 in situ. Catalytic CuCl, with pyridine, has been used to 

oxidize N-phenylhydroxylamine to nitrosobenzene in situ and is known to be compatible 

with organocatalysts, so an optimization with these additives was performed (Table 

4.8).44,45 While the presence of CuCl, with and without pyridine, did prevent the formation 

of isoxazolidine 4.39a, the yield of the product was dramatically decreased. Due to the 

added complexity of the reaction conditions, the previous optimization data was 

reexamined to identify conditions that may have unknowingly suppressed the formation of 

the side product at the time. 
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Table 4.8 In situ N-phenylhydroxylamine reoxidation.a 

 

entry equiv CuCl equiv 

pyridine 

time 

(h) 

temp 

(ºC) 

yieldb 

(%) 

1 0.1 0 19 rt 13 

2 0.1 0.025 27 rt 19 

3 0.1 0 19 0 11 

4 0.1 0 25 0 21 

5 0.1 0.025 19 0 23 

6 0.1 0.025 42 0 34 

7c 0.1 0.025 120 0 33 

8 0.1 0.05 24 0 30 

9 0.2 0.05 72 0 33 
a Reaction conditions:  4.9a, 4.2 (2 equiv), 4.10b (0.1 equiv), AcOH (0.1 equiv), CuCl, pyridine, toluene (1 

M).  Reaction run open to air. b Determined by 1H NMR using cyclohexene as internal standard. c Reaction 

run without AcOH. 

This identified 1,4-dioxane as a potential solvent. 1,4-dioxane had not been 

examined in the solvent screening; in early experiments it had been used as an internal 

standard rather than cyclohexene. In these early experiments, 1,4-dioxane was not added 

at the point of reaction completion, but was present from the start of the reaction. In these 

reactions, it was observed that there was a slight decrease in the formation of isoxazolidine 

side product as compared to reactions not containing this internal standard from the outset. 

An additional reaction was run using 1,4-dioxane as the solvent at room temperature, as 

the melting point would not permit temperatures below 12 ºC, which in 27 hours afforded 
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a comparable yield without full consumption of aldehyde starting material and dramatic 

reduction of isoxazolidine (entry 2 vs. entry 1, Table 4.9).46 Since nitrosobenzene had been 

fully consumed, in another experiment 4 eq of nitrosobenzene was added to allow full 

reaction of enal, a 48% yield was obtained with only 17% yield of isoxazolidine (entry 3). 

It is worth noting that using 1,4-dioxane as a solvent increased the dr relative to using 

toluene as solvent. While the dr did not have a bearing on the final yield, a higher 

favorability toward 4.26a over 4.26a’ could affect the results of future reactions. Increasing 

and decreasing the solvent concentration did not dramatically increase or decrease the 

yield, nor did it affect side product formation or dr (entries 4-5). Finally, doubling the 

catalyst and acid loading increased the yield to 53%, with only 23% isoxazolidine side 

product (entry 6). Scaling the reaction by a 10-fold increase maintained the yield and dr 

(entry 7). 
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Table 4.9 Optimization with 1,4-dioxane solvent.a 

 

entry 4.2 (equiv) time 

(h) 

temp 

(ºC) 

yieldb-c 

(%) 

drd 

(4.26a:4.26a’) 

1e 2 14.5 -30 42 (2, 49) 4:1 

2 2 41 rt 40 (21, 23) 9:1 

3 4 41 rt 48 (2, 17) 9:1 

4f 4 39 rt 43 10:1 

5g 4 144 rt 49 12:1 

6h 4 15 rt 53 10:1 

7h-i 4 15.5 rt 54 10:1 
a Reaction conditions: 4.9a, 4.2, 4.10b (0.1 equiv), AcOH (0.1 equiv), 1,4-dioxane (1 M). b Determined by 
1H NMR using cyclohexene as internal standard. c Numbers in parentheses are (percentage of unreacted 4.2 

remaining, percentage of 4.39a formed). d Determined by 1H NMR. e Toluene is reaction solvent. f Reaction 

concentration = 2 M. g Reaction concentration = 0.5 M. h 0.2 equivalents of 4.10b and AcOH used. i Reaction 

scaled 10-fold, using 4.9a (2.5 mmol). 

 

 4.3.2 Substrate Scope 

A substrate scope was run using these conditions (Scheme 4.11). Scheme 4.11 also 

displays the data for the substrate scope run prior to the reoptimized 1,4-dioxane 

conditions, as a comparison. With almost every substrate, yields were moderate with 

excellent dr. In the case of 4.26f’, yield was comparably low and, as mentioned previously, 

the major isomer was opposite what was observed with all other substrates. For this 

substrate, the best yield was obtained using the previously optimized reaction conditions 
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that led to divergent reactivity. The highest yield obtained was 59% (4.26d) with enal 4.9d. 

4-nitronitrosobenzene was also used to afford moderate yield and good dr of 4.26j. The 

commercially available nitrosophenol used in chapter 4, 2-nitrosoresorcinol 

monomethylether, yielded two major products in lower yield, oxazine 4.26k in 19% and 

enamine 4.40 in 22%. This reaction also required the use of the different reaction 

conditions, those used in chapter 4, in order to obtain the best yield. A proposed mechanism 

for the synthesis of 4.40 through an aza-Michael/dehydration reaction with the redox 

product of 2-nitrosoresorcinol monomethylether (4.41) is shown in Scheme 4.12. Through 

this substrate scope, it was shown that these conditions were tolerant of various chain 

lengths, branching functional groups, and heteroatoms, as well as different variations of 

nitrosobenzene. 
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Scheme 4.11 Substrate scope.a 

 

 

a Reaction conditions: 4.9, 4.2 (4 equiv), 4.10b (0.2 equiv), AcOH (0.2 equiv),1,4-dioxane (1 M), rt, 14−18 

h. Yield and dr determined by 1H NMR using cyclohexene as internal standard. b Reaction conditions: 4.9, 

4.2 (2 equiv), 4.10b (0.1 equiv), AcOH (0.1 equiv), toluene (1 M), −30 °C. c Used 4-nitronitrosobenzene in 

place of 4.2. d Reaction conditions: 4.9, 2-nitrosoresorcinol monomethylether (2 equiv), 4.10b (0.1 equiv), 

CHCl3 (0.5 M), rt.  
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Scheme 4.12 Proposed formation of 4.40, via hydroxylamine 4.41. 

 

 4.3.3 Derivatives 

Investigations into the earlier proposed derivatives 4.16 and 4.18 were commenced 

following the substrate scope. Hydrolysis of the nitrone was explored first because the 

transformation is heavily reported under various acidic and basic conditions, but these 

reactions were never performed in the presence of aldehydes.8–22 From the start, the 

presence of the aldehyde caused problems. Running the reaction with aqueous hydrochloric 

acid in methanol afforded many inseparable products (Scheme 4.13). The main product 

identified, indicated that hydrolysis does occur, but with acetal formation from the 

methanol and conjugate addition from the water at the ketone’s β-position to form 4.44 in 

<5% yield (eq 1). As this conjugate addition was not desired, using anhydrous HCl in 

methanol was proposed, as the formation of acetals could be reversed. In this case, however 

methanol replaced the water as the nucleophile for conjugate addition, following hydrolysis 

and acetal formation, albeit in a 36% yield of 4.45 in a much cleaner reaction (eq 2). 
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Scheme 4.13 Acid hydrolysis of γ-nitrone enal 4.26f’. 

 

(1) 

 

 

 

(2) 

 

At this point, conditions from a recent paper that reported the hydrolysis of a 

hydrazine (4.46) using Amberlyst-15 and paraformaldehyde were evaluated (Scheme 

4.14).47 As these were inexpensive components, it was worth exploring whether these 

conditions could translate to a nitrone as well. Using the reaction conditions as reported 

showed some promise, a new aldehyde product was visible by 1H NMR, with very little 

decomposition apparent, but after four days the reaction did not approach completion. This 

aldehyde was isolated and confirmed by 1H and 13C NMR, as well as HRMS, to be 4.48 

obtained in 18% yield (entry 1, Table 4.10). Increasing the reaction temperature to 40 ºC 

led to complete consumption of nitrone in 2.5 days with a 32% isolated yield (entry 2). At 

this point, optimizing the loading of paraformaldehyde and Amberlyst-15, as well as the 

concentration and the reaction temperature improved the reaction yield. Ultimately it was 
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determined that the best yield of 4.48, 63% in 21 hours, could be obtained by quadrupling 

the loading of Amberlyst-15 at 40 ºC (entry 8). 

Scheme 4.14 Hydrolysis method using paraformaldehyde and Amberlyst-15.47 

 

Table 4.10 Optimization of hydrolysis conditions.a 

 

entry (CH2O)n 

(eq) 

Amberlyst-15 

(mass (CH2O)n/1.4) 

temp 

(ºC) 

time 

(h) 

yieldb 

(%) 

1 8.1 x1 rt 96 18c 

2 8.1 x1 40 60 32c 

3 8.1 x1 50 60 22 

4 16.2 x0.5 40 72 -- 

5 8.1 x2 40 44  42 

6d 8.1 x1 40 72 -- 

7 8.1 x8 40 9 59 

8 8.1 x4 40 21 63 
a Reaction conditions: 4.26f’, (CH2O)n, Amberlyst-15 (mass (CH2O)n/1.4), acetone (0.083 M), water (0.83 

M). b Determined by 1H NMR using cyclohexene as internal standard. c Isolated yield. d Concentration 

acetone = 0.166 M and concentration water = 1.66 M. 

A [3+2] dipolar cycloaddition with diethyl acetylene dicarboxylate (4.17a) was 

explored as well. Initial reaction conditions afforded one major product in very low yield. 
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This turned out not to be the expected dihydroisoxazole, 4.49, but instead a 

pentasubstituted pyrrole, 4.50 (Scheme 4.15).  

Scheme 4.15 Cycloaddition with diethyl acetylene dicarboxylate (4.17a). 

 

Bringing down the reaction temperature revealed rapid formation of 4.49, followed 

by gradual formation of 4.50 as 4.49 is consumed. Once brought to 0 ºC, it was found that 

the predicted product formed preferentially, with a yield of 54%, while at 80 ºC the pyrrole 

formed in 12% yield (Scheme 4.16). Additionally, heating the isolated dihydroisoxazole 

(4.49) formed the pyrrole in 5% yield, which supported the intermediacy of 

dihydroisoxazoles (i.e. 4.49, 4.51) in the synthesis of pyrroles (i.e. 4.50, 4.57) as per 

literature reports (Scheme 4.17).26  
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Scheme 4.16 Synthesis of dihydroisoxazole and pyrrole. 

 

 

 

 

 

 

 

 

Scheme 4.17 Literature mechanism for pyrrole formation.26 
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4.4 Conclusions 

In this project, the first catalytic method to directly introduce nitrone functionality in the 

presence of an aldehyde was developed. This is an unprecedented organocatalytic redox 

reaction, in which an enal is oxidized to a conjugated γ-nitrone enal via dienamine catalysis, 

while an additional equivalent of nitrosobenzene is reduced to N-phenylhydroxylamine. In 

toluene, the presence of the N-phenylhydroxylamine leads to the divergent synthesis of 

both nitrones and isoxazolidines in 91% combined yield. This could potentially be 

exploited to create three separate libraries of desirable heterocycles (i.e. isoxazolidines, 

dihydroisoxazoles, and pyrroles) with high conservation of almost all starting materials, 

the formation of pyrrole 4.42 being the exception. However, running the reaction in 1,4-

dioxane suppressed the formation of isoxazolidines and increased the yield of nitrone. The 

nitrone could be hydrolyzed to obtain γ-keto enals, thereby achieving a synthesis of the 

latter, which is not typically possible using non-metallic reagents, by taking advantage of 

this new metal-free allylic oxidation.48–52 Importantly, the reaction products have two 

handles for further functionalization, and the nitrone can be manipulated orthogonally to 

the aldehyde.53 
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CHAPTER 5 

STEREOCHEMISTRY DETERMINATION FOR THE PRODUCTS OF DIRECT 

VINYLOGOUS MICHAEL ADDITIONS OF LINEAR ENONES 

 

5.1 VINYLOGOUS MICHAEL REACTIONS 

As mentioned in Chapter 1, vinylogous Michael reactions have been synthetically 

challenging due to difficulties arising from the competing nucleophilicity of the α- and γ-

positions of dienamines and dienolates.1,2 Most of these reactions have used cyclic 

vinylogous Michael donors that contain at least one electron-rich endocyclic alkene in 

combination with steric and/or electronic biases towards γ-substitution.1–20 More recently, 

indirect linear vinylogous Mukaiyama-Michael donors (5.1) were reported utilizing bulky 

R1-groups to block the α-nucleophilic position from reacting, obtaining high 

stereoselectivity and high yields of 5.4 (Scheme 5.1).21,22 

Scheme 5.1 First indirect vinylogous Michael additions with linear substrates. 

 

5.1.1 Direct organocatalytic linear vinylogous Michael reactions 

The Xu and Brenner-Moyer groups have recently reported the only two direct 

vinylogous Michael reactions with linear substrates.23,24 Xu and coworkers used β,γ-

unsaturated ketones (5.5), which were unhindered by substitution at the γ-position, while 
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cocatalyst 5.7 was proposed to block reactivity at the α-position through hydrogen bonding 

with the ketone (Scheme 5.2, eq 1). The Brenner-Moyer group introduced a 

complementary method that utilized conjugated ketones both with and without substitution 

at the γ-position (5.9, Scheme 5.2, eq 2). In this work, high regioselectivity for the γ-

position was reported as well, however this was attributed to steric effects from the R2-

group on Michael acceptor 5.2.  

Scheme 5.2 First direct vinylogous Michael additions with linear substrates 
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 The stereochemistry at the δ-position of products 5.13 could be easily determined 

through analogy with similar products of conjugate additions using organocatalyst ent-5.3, 
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as previous research on the subject either did not have the complexity or were not linear, 

thus simplifying the determination of the stereostructure.  

After several failed attempts at stereochemical determination, it was determined 

that in order to elucidate the absolute stereochemistry of 5.13a, a derivative would need to 

be synthesized that would be easily distinguishable between its stereoisomers. The target 

chosen was lactone 5.14, as it is well documented as having distinctive 1H NMR spectra 

between the cis- and trans-isomers.21 Working backwards from this lactone, a procedure 

to transform 5.15 to 5.15 already existed, so the goal would be to get up to this point from 

5.13a (Scheme 5.3). Oxidation of the aldehyde to the ester would be the first step. This 

would be accomplished with mild reaction conditions, such as Pinnick oxidation followed 

by an esterification to give 5.16. Next, OsO4 followed by NaIO4 could be safely employed 

to yield 5.15 with, ideally, few side products.  

Scheme 5.3 Retrosynthetic plan 
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5.2 Results and Discussion 

The product, 5.13a, was converted to the carboxylic acid using Pinnick oxidation 

conditions. Following reaction completion, the crude acid was protected using 

trimethylsilyldiazomethane to form the methyl ester 5.16, in a 43% two-step yield. The 

ester could now be oxidized with OsO4 to diol, 5.17, in 60% yield. The diol then underwent 

oxidative cleavage, using NaIO4 to form aldehyde 5.15 in 84% yield. Finally, using known 

procedures, this aldehyde was selectively reduced to the alcohol using NaBH3CN, followed 

by lactonization to form 5.14.21 

Scheme 5.4 Synthesis of lactone 

 

The relative stereochemistry was determined by examining characteristic peaks in 

the 1H NMR spectrum as compared to literature data (Figure 5.1).21 The protons appearing 

as multiplets at 3.35-3.33 ppm (Hf) and 2.38-2.37 ppm (Hh) are shifted downfield from 

where they would appear in the trans-lactone, and they match the corresponding literature 

data for the cis-lactone. The two protons appearing as the 2.95-2.86 ppm multiplet (Hg) 
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protons would be diastereotopically split, having distinct chemical shifts at 2.76 ppm and 

2.66 ppm. Another distinction is the doublet of doublets appearing at 4.11 ppm (He), which 

is shifted slightly downfield from the triplet associated with the same proton in the trans-

lactone.		

Figure 5.1 Comparison between experimental and literature spectra.21 
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This evidence led to the conclusion that lactone 5.14 is in fact in the cis-

configuration, which could be used to determine that the relative stereochemistry of the 

product is trans-isomer (S,S)-5.13a (Scheme 5.5).  

Scheme 5.5 Translating the absolute stereochemistry of 5.21 to 5.10a 

 

5.3 Conclusion 

This research was able to accomplish one of the first direct vinylogous Michael additions 

with linear substrates. The products were isolated in moderate to high yields, with high 

regioselectivity for the γ-product and high stereoselectivity. While the stereochemistry at 

the δ-position could be determined by analogy with similar organocatalytic reactions, the 

linear nature of the molecule and the lack of crystallinity of the products for X-ray 

crystallography made determination of the stereochemistry at the γ-position more elusive. 

Ultimately, the product was derivatized in order to synthesize a product that had notable 

spectral differences between the two potential diastereomers. This revealed that the 

structure was that of the (S,S)-isomer. This also showed that the product was stable 

enough to undergo a number of transformations while preserving the stereochemistry, 

demonstrating the utility of this methodology in organic synthesis. 
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CHAPTER 6 
EXPERIMENTAL AND CHARACTERIZATION 

 
 

6.1 General Information 
 
All chemicals and solvents were purchased from Sigma-Aldrich, Fisher Scientific, or TCI 
America. 1H, 13C, and 15N NMR data were acquired on Bruker 400 MHz and 500 MHz 
NMR spectrometers and use the following abbreviations: s = singlet, d = doublet, t = triplet, 
m = multiplet, dd = doublet of doublets, ddd = doublet of doublets of doublets, brm = broad 
multiplet, brs = broad singlet. HRMS spectra were acquired using an MS spectrometer with 
Q-TOF mass analyzer. Flash chromatography was carried out with F60, 40−63 mm, 60 Å 
silica gel and EMD silica 60 F254 glass TLC plates. Solvents were dried and kept air-free 
in a solvent purification unit, and were evaporated using a standard rotovapor and high 
vacuum. All reactions were carried out in oven- dried glassware, under an Ar atmosphere. 
All enals were distilled freshly before use. Reactions were cooled to -30ºC and below using 
a ThermoFisher Scientific EK90 cryocooler. Crystallographic data obtained by William 
W. Brennessel of the University of Rochester Department of Chemistry X-ray 
Crystallographic Facility. 
 
 
6.2 Experimental and Characterization for Chapter 2 
 
Preparation of Catalyst (2.31b), Enals (2.79e−g,i−j). 
Catalyst 2.31b1 was prepared from the corresponding diarylprolinol2 using a known 
procedure. Enals 2.79e,3 2.79f,4 2.79g,4 and 2.79h,5 were prepared using known 
procedures. 
 
General Procedure for the synthesis of γ-amino alcohols 2.82. 
To a mixture of catalyst 2.31b (15 mg, 0.025 mmol) and benzoic acid (6 mg, 0.05 mmol) 
was added CHCl3 (1 mL), and the mixture was stirred at rt. After 5 min, enal 2.79 (0.375 
mmol) was added. After 10 min, 2.24a (0.25 mmol) was added, and the reaction was stirred 
in the dark until complete consumption of 2.24a as observed by 1H NMR. The reaction 
was cooled to 0 °C, catalyst 2.31b (15 mg, 0.025 mmol) was added followed by 2.61 (95 
mg, 0.375 mmol), and the reaction was stirred at 0 °C until complete consumption of enal 
as observed by 1H NMR. The reaction was diluted with MeOH (2.5 mL), NaBH4 (57 mg, 
1.5 mmol) was added in portions, and the mixture was stirred at 0 °C for 30 min and then 
quenched with saturated NH4Cl and extracted with CH2Cl2 (3 × 15 mL). The combined 
organic layers were dried over MgSO4 and filtered. After removal of solvent under reduced 
pressure, the residue was purified by flash chromatography (EtOAc:petroleum ether) to 
yield γ-amino alcohol 2.82. 
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2.82a: 
 

 
 
(R)-Diethyl 1-(5-hydroxypentan-2-yl)hydrazine-1,2-dicarboxylate. 
Colorless oil (41 mg, 63%): [α]D

22 = -9.9 (c = 0.55 in CHCl3); IR (thin film, KBr) 3292, 
2982, 2936, 1710, 1523, 1418, 1379, 1236, 1058, 761 cm-1; 1H NMR (400 MHz, CDCl3) δ 
6.48 (brm, 1H), 4.21-4.09 (m, 5H), 3.67-3.60 (m, 2H), 1.88 (brs, 1H), 1.72-1.62 (m, 2H), 
1.42-1.40 (m, 1H), 1.28-1.21 (m, 6H), 1.14 (d, J = 6.4 Hz, 3H) ppm; 13C NMR (100 MHz, 
CDCl3) δ 157.4, 156.3, 62.6, 62.6, 62.2, 53.5, 30.3, 29.5, 18.4, 14.6, 14.5 ppm; HRMS 
(ESI) [M + H]+ calcd. for [C11H23N2O5] 263.1607, found 263.1603. 
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2.82b: 
 

 
 
(R)-Diethyl 1-(6-hydroxyhexan-3-yl)hydrazine-1,2-dicarboxylate. Colorless oil (50 
mg, 72%): [α]D

23 = 4.5 (c = 1.2 in CHCl3); IR (thin film, KBr) 3284, 2979, 2935, 1693, 
1525, 1416,1383, 1262, 1058, 937 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.14-6.67 (m, 1H), 
4.15-3.87 (m, 5H), 3.61-3.53 (m, 2H), 2.53 (brs, 1H), 1.55-1.39 (m, 6H), 1.24-1.20 (m, 
6H), 0.87 (brs, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 157.6/157.4, 157.1/156.8, 62.6, 
62.3, 62.0, 60.8/59.6, 29.5, 28.5, 25.8/25.7, 14.5, 14.4, 11.1 ppm; HRMS (ESI) [M + H]+ 
calcd. for [C12H25N2O5] 277.1763, found 277.1766. 
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2.82c: 
 

 
 
(R)-Diethyl 1-(1-hydroxyheptan-4-yl)hydrazine-1,2-dicarboxylate. 
Colorless oil (51 mg, 70%): [α]D

23 = 3.6 (c = 1.0 in CHCl3); IR (thin film, KBr) 3466, 3283, 
2960, 2933, 1711, 1417, 1257, 1060, 760 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.35 (brm, 
1H), 4.21-4.03 (m, 5H), 3.67-3.59 (m, 2H), 1.80-1.42 (m, 8H), 1.29-1.25 (m, 6H), 0.90 (t, 
J = 6.8 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 157.5/157.1, 156.5, 62.4, 62.4, 62.1, 
58.4/57.5, 34.9, 29.5, 28.7, 19.7, 14.5, 14.4, 13.9 ppm; HRMS (ESI) [M + H]+ calcd. for 
[C13H27N2O5] 291.1920, found 291.1920. 
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2.82d: 
 

 
 
(R)-Diethyl 1-(1-hydroxyundecan-4-yl)hydrazine-1,2-dicarboxylate. 
Colorless oil (62 mg, 72%): [α]D

23 = 3.8 (c = 1.58 in CHCl3); IR (thin film, KBr) 3453, 
3277, 2926, 2856, 1757, 1712, 1416, 1260, 1062, 760 cm-1; 1H NMR (400 MHz, CDCl3) δ 
6.44 (brm, 1H), 4.18-3.99 (m, 5H), 3.66-3.57 (m, 2H), 1.99-1.24 (m, 16H), 1.28-1.24 (m, 
6H), 0.86 (t, J = 6.6 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 157.6/157.2, 157.1/156.7, 
62.5, 62.2, 62.1, 58.9/57.9, 32.8, 31.9, 29.5, 29.4, 28.8, 26.6, 22.8, 14.6/14.5, 14.2 ppm; 
HRMS (ESI) [M + H]+ calcd. for [C17H35N2O5] 347.2546, found 347.2555. 
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2.82e: 
 

 
 
(S)-Diethyl 1-(1-hydroxy-6-methylheptan-4-yl)hydrazine-1,2-dicarboxylate. 
Colorless oil (43 mg, 57%): [α]D

23 = 1.9 (c = 2.12 in CHCl3); IR (thin film, KBr) 3465, 
3284, 2957, 2870, 1756, 1711, 1417, 1259, 1062, 760 cm-1; 1H NMR (400 MHz, CDCl3) δ 
6.39 (brm, 1H), 4.19-4.17 (m, 5H), 3.67-3.58 (m, 2H), 1.96-1.11 (m, 8H), 1.29-1.25 (m, 
6H), 0.90-0.88 (m, 6H) ppm; 13C NMR (100 MHz, CDCl3) δ 157.8, 157.3/156.7, 62.8, 
62.7, 62.5, 57.1/56.0, 42.3/42.0, 29.8/29.3, 25.4/25.2, 23.6, 22.5/22.2, 14.8 ppm; HRMS 
(ESI) [M + H]+ calcd. for [C14H29N2O5] 305.2076, found 305.2072. 
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2.82f: 
 

 
 
(S)-Diethyl 1-(5-hydroxy-1-phenylpentan-2-yl)hydrazine-1,2-dicarboxylate. 
Colorless oil (41 mg, 49%): [α]D

23 = 14.4 (c = 0.94 in CHCl3); IR (thin film, KBr) 3285, 
2981, 2929, 1712, 1414, 1291, 1233, 1063, 758, 702 cm-1; 1H NMR (400 MHz, CDCl3) δ 
7.31-7.19 (m, 5H), 6.31 (brm, 1H), 4.58-4.07 (m, 5H), 3.67-3.58 (m, 2H), 2.85-2.79 (m, 
2H), 2.05-1.51 (m, 4H), 1.30-1.18 (m, 7H) ppm; 13C NMR (100 MHz, CDCl3) δ 
157.8/157.2, 156.7/156.4, 138.5, 128.9, 128.7, 126.7, 62.6, 62.4, 60.3, 39.6.1/39.3, 29.5, 
28.3, 14.6 ppm; HPLC with an AS-H column (n-hexane/i-PrOH = 95:5), 1.0 mL/min; 
major enantiomer tR = 39.6 min, minor enantiomer tR = 33.5 min; HRMS (ESI) [M + H]+ 
calcd. for [C17H27N2O5] 339.1920, found 339.1920. 
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2.82g: 
 

 
 
(S)-Diethyl 1-(5-hydroxy-1-(methylthio)pentan-2-yl)-hydrazine-1,2-dicarboxylate. 
Colorless oil (35 mg, 45%): [α]D

23 = 31.5 (c = 1.07 in CHCl3); IR (thin film, KBr) 3465, 
3284, 2980, 2922, 2871, 1712, 1414, 1331, 1249, 1063, 760 cm-1; 1H NMR (400 MHz, 
CDCl3) δ 6.47 (brm, 1H), 4.39-4.16 (m, 5H), 3.68-3.60 (m, 2H), 2.58 (brs, 2H), 2.08 (s, 
3H), 2.02 (brs, 1H), 1.83-1.52 (m, 3H), 1.27 (t, J = 7.0 Hz, 6H) ppm; 13C NMR (100 MHz, 
CDCl3) δ 157.8/157.3, 156.9/156.8, 62.9, 62.7, 62.3, 57.3/55.8, 37.3/36.7, 29.6, 28.3, 
15.5/15.2, 14.6 ppm; HRMS (ESI) [M + H]+ calcd. For [C12H25N2O5S] 309.1484, found 
309.1492. 
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2.82h: 
 

 
 
(R)-Diethyl 1-(8-cyano-1-hydroxyoctan-4-yl)hydrazine-1,2-dicarboxylate. 
Colorless oil (36 mg, 44%): [α]D

23 = 8.9 (c = 1.62 in CHCl3); IR (thin film, KBr) 3473, 
3285, 2934, 2869, 2246, 1752, 1708, 1417, 1260, 1233, 1058, 761 cm-1; 1H NMR (400 
MHz, CDCl3) δ 6.74 (brm, 1H), 4.19-4.00 (m, 5H), 3.65-3.58 (m, 2H), 2.33 (t, J = 6.6 Hz, 
2H), 2.10 (brs, 1H), 1.91-1.24 (m, 10H), 1.26 (t, J = 7.0 Hz, 6H) ppm; 13C NMR (100 MHz, 
CDCl3) δ 157.6, 157.1/ 156.7, 119.9, 62.8, 62.6, 62.2, 58.6/57.4, 32.2/31.9, 29.3/28.8, 25.7, 
25.3, 17.1, 14.6 ppm; HRMS (ESI) [M + H]+ calcd. for [C15H28N3O5] 330.2029, found 
330.2030. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

OH

NEtO2C

NHEtO2C

N



	193	

  

  
 
 
 

OH

NEtO2C

NHEtO2C

2.82hN

OH

NEtO2C

NHEtO2C

2.82hN



	194	

General Procedure for Preparation of Esters 2.85a−e, 2.85g-h. 
To alcohol 2.82 (1 equiv) in CH2Cl2 (0.1 M) was added Et3N (1.3 equiv) and 4-
chlorobenzoyl chloride (1.3 equiv). After disappearance of alcohol by TLC, the solvent 
was removed under reduced pressure, and the product was purified by flash 
chromatography (EtOAc/ petroleum ether).  
 
2.85a: 
 

 
 
 
(R)-Diethyl 1-(5-((4-chlorobenzoyl)oxy)pentan-2-yl)-hydrazine-1,2-dicarboxylate. 
Colorless oil (62 mg, 78%): [α]D

22 = -8.8 (c = 1.02 in CHCl3); IR (thin film, KBr) 3300, 
2980, 2934, 1756, 1720, 1595, 1405, 1274, 1172, 760 cm-1; 1H NMR (400 MHz, CDCl3) δ 
7.96 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 6.28 (brs, 1H), 4.31 (t, J = 6.4 Hz, 2H), 
4.32-4.17 (m, 5H), 1.90-1.67 (m, 3H), 1.48 (brs, 1H), 1.28-1.23 (m, 6H), 1.60 (d, J = 6.8 
Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 165.9, 157.4, 156.1, 139.4, 131.1, 128.9, 
128.8, 65.2, 62.5, 62.1, 53.4, 30.6, 25.8, 18.3, 14.6, 14.5 ppm; HPLC with an AS-H column 
(n-hexane/i-PrOH = 95:5), 1.0 mL/min; major enantiomer tR = 28.7 min, minor enantiomer 
tR = 38.9 min; HRMS (ESI) [M + H]+ calcd. for [C18H26ClN2O6] 401.1479, found 
401.1477. 
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2.85b: 
 

 
 
(R)-Diethyl 1-(6-((4-chlorobenzoyl)oxy)hexan-3-yl)-hydrazine-1,2-dicarboxylate. 
Colorless oil (42 mg, 84%): [α]D

23 = -9.6 (c = 0.7 in CHCl3); IR (thin film, KBr) 3296, 
2978, 2934, 1757, 1718, 1595, 1405, 1274, 1093, 1015, 928 cm-1; 1H NMR (400 MHz, 
CDCl3) δ 7.97 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 6.13 (brs, 1H), 4.32 (t, J = 6.4 
Hz, 2H), 4.19-3.97 (m, 5H), 1.99 (brs, 1H), 1.82 (brs, 1H), 1.53-1.41 (m, 4H), 1.29-1.21 
(m, 6H), 0.90 (brs, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 165.9, 157.5/157.2, 
156.8/156.7, 139.4, 131.1, 129.1, 128.8, 65.2, 62.5, 62.2, 60.3/59.4, 29.0/28.9, 25.9, 
25.7/25.6, 14.7, 14.6, 11.2 ppm; HPLC with an AS-H column (n-hexane/i-PrOH = 95:5), 
1.0 mL/min; major enantiomer tR = 15.9 min, minor enantiomer tR = 25.2 min; HRMS 
(ESI) [M + H]+ calcd. for [C19H28ClN2O6] 415.1636, found 415.1638. 
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2.85c: 
 

 
 
(R)-Diethyl 1-(1-((4-chlorobenzoyl)oxy)heptan-4-yl)- hydrazine-1,2-dicarboxylate. 
Colorless oil (82 mg, 91%): [α]D

24 = -10.5 (c = 1.4 in CHCl3); IR (thin film, KBr) 3293, 
2961, 2933, 1757, 1717, 1274, 1093, 1015, 851 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.96 
(d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 6.25-6.18 (brm, 1H), 4.38-4.16 (m, 5H), 4.31 
(t, J = 6.4 Hz, 2H), 1.99 (brs, 1H), 1.81-1.50 (m, 7H), 1.41-1.28 (m, 6H), 0.90 (t, J = 6.4 
Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 165.9, 157.4/157.1, 156.8/156.5, 139.4, 
131.1, 129.0, 128.8, 65.2, 62.7/62.5, 62.2, 58.1/57.3, 34.9, 29.2, 25.9, 19.7, 14.6, 14.5, 14.0 
ppm; HPLC with an AS-H column (n-hexane/i-PrOH = 95:5), 1.0 mL/min; major 
enantiomer tR = 13.2 min, minor enantiomer tR = 18.9 min; HRMS (ESI) [M + H]+ calcd. 
For [C20H30ClN2O6] 429.1792, found 429.1788. 
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2.85d: 
 

 
 
(R)-Diethyl 1-(1-((4-chlorobenzoyl)oxy)undecan-4-yl)-hydrazine-1,2-dicarboxylate. 
Colorless oil (33 mg, 49%): [α]D

23 = -8.8 (c = 1.0 in CHCl3); IR (thin film, KBr) 3299, 
2957, 2928, 2856, 1759, 1721, 1405, 1274, 1228, 1118, 1104, 1093, 761 cm-1; 1H NMR 
(400 MHz, CDCl3) δ 7.97 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 6.13 (brm, 1H), 
4.33-4.05 (m, 5H), 4.31 (t, J = 6.4 Hz, 2H), 2.00-1.25 (m, 16H), 1.29-1.25 (m, 6H), 0.87 
(t, J = 6.8 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 165.9, 157.4/157.1, 156.8/156.5, 
139.4, 131.1, 129.0, 128.8, 65.2, 62.5, 62.2, 58.4/57.7, 32.7, 32.0, 29.5, 29.4, 26.6/25.9, 
22.8, 14.7, 14.2 ppm; HPLC with an AS-H column (n-hexane/i-PrOH = 95:5), 1.0 mL/min; 
major enantiomer tR = 8.5 min, minor enantiomer tR = 11.0 min; HRMS (ESI) [M + H]+ 
calcd. for [C24H38ClN2O6] 485.2418, found 485.2409. 
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2.85e: 
 

 
 
(S)-Diethyl 1-(1-((4-chlorobenzoyl)oxy)-6-methylheptan-4-yl)hydrazine-1,2-
dicarboxylate. 
Colorless oil (38 mg, 77%): [α]D

23 = -8.5 (c = 2.06 in CHCl3); IR (thin film, KBr) 3301, 
2958, 2869, 1759, 1720, 1405, 1273, 1218, 1105, 1093, 761 cm-1; 1H NMR (400 MHz, 
CDCl3) δ 7.97 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 6.20-6.13 (brm, 1H), 4.33-4.17 
(m, 5H), 4.31 (t, J = 6.2 Hz, 2H), 1.99-0.74 (m, 7H), 1.28-1.27 (m, 6H), 0.90-0.88 (m, 6H) 
ppm; 13C NMR (100 MHz, CDCl3) δ 165.9, 157.4/156.9, 156.8/156.4, 139.4, 131.1, 129.0, 
128.8, 65.4/65.2, 62.7/62.5, 62.2/62.2, 56.4/55.6, 42.0/41.7, 29.5, 25.9, 25.2/25.0, 23.4, 
22.3/22.0, 14.6 ppm; HPLC with an AS-H column (n-hexane/i-PrOH = 95:5), 0.5 mL/min; 
major enantiomer tR = 24.2 min, minor enantiomer tR = 30.0 min; HRMS (ESI) [M + H]+ 
calcd. for [C21H32ClN2O6] 443.1949, found 443.1939. 
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2.85g: 
 

 
 
(S)-Diethyl 1-(5-((4-chlorobenzoyl)oxy)-1-(methylthio)-pentan-2-yl)hydrazine-1,2-
dicarboxylate. 
Colorless oil (35 mg, 79%): [α]D

23 = 7.9 (c = 0.71 in CHCl3); IR (thin film, KBr) 3299, 
2980, 2922, 1755, 1719, 1404, 1275, 1121, 1092, 760 cm-1; 1H NMR (400 MHz, CDCl3) δ 
7.98 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 6.31 (brm, 1H), 4.35-4.18 (m, 5H), 4.33 
(t, J = 6.0 Hz, 2H), 2.61 (brs, 2H), 2.09-1.60 (m, 7H), 1.29-1.25 (m, 6H) ppm; 13C NMR 
(100 MHz, CDCl3) δ 165.9, 157.6, 156.8, 139.5, 131.1, 129.0, 128.8, 65.2/65.0, 63.0/62.7, 
62.4, 56.8/55.5, 37.2/36.7, 28.7, 26.0, 15.5/15.2, 14.6 ppm; HPLC with an AS-H column 
(n-hexane/i-PrOH = 95:5), 1.0 mL/min; major enantiomer tR = 26.6 min, minor enantiomer 
tR = 41.5 min; HRMS (ESI) [M + H]+ calcd. For [C19H28ClN2O6S] 447.1357, found 
447.1347. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

O

EtO2CHN
EtO2CN

O

Cl

S



	205	

  

  
 
 
 

O

EtO2CHN
EtO2CN

2.85g

O

Cl

S

O

EtO2CHN
EtO2CN

2.85g

O

Cl

S



	206	

3.25h: 
 

 
 
(R)-Diethyl 1-(1-((4-chlorobenzoyl)oxy)-8-cyanooctan-4-yl)-hydrazine-1,2-
dicarboxylate. 
Purified by flash chromatography (5% Et2O/CH2Cl2). Colorless oil (37 mg, 68%): [α]D

23 
= -1.9 (c = 1.42 in CHCl3); IR (thin film, KBr) 3298, 2934, 2869, 2246, 1755, 1717, 1405, 
1274, 1232, 1093, 761 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 8.4 Hz, 2H), 7.40 
(d, J = 8.4 Hz, 2H), 6.40-6.25 (brm, 1H), 4.32-4.07 (m, 5H), 4.31 (t, J = 6.2 Hz, 2H), 2.33 
(t, J = 6.6 Hz, 2H), 1.90-1.20 (m, 10H), 1.28-1.24 (m, 6H) ppm; 13C NMR (100 MHz, 
CDCl3) δ 165.9, 157.5, 156.9/156.5, 139.5, 131.5, 131.1, 128.8, 119.8, 65.1/64.9, 
62.9/62.6, 62.3, 58.2/57.1, 32.1/31.8, 29.2, 25.9, 25.6, 25.3, 17.2, 14.6 ppm; HPLC with an 
AS-H column (n-hexane/i-PrOH = 90:10), 1.0 mL/min; major enantiomer tR = 47.6 min, 
minor enantiomer tR = 36.2 min; HRMS (ESI) [M + H]+ calcd. for [C22H31ClN3O6] 
468.1901, found 468.1891. 
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6.3 Experimental and Characterization for Chapter 3 
 
Preparation of Nucleophiles. 
Nucleophiles that were not commercially available (oximes 3.6a-b,6 2-nitrosophenols 
3.27a-c,7–15 methoxybenzylcarbamate 3.36,16 N-hydroxy-N-methylbenzylcarbamate 
3.4117) were prepared using known procedures. 
 
3.16: 

 
 
Procedure for the synthesis of Diethyl 1-((3S,4R)-3-(((Z)-benzylideneamino)oxy)-1-
hydroxyheptan-4-yl)hydrazine-1,2-dicarboxylate. (3.16). 
To a mixture of catalyst 3.3a (14.9 mg, 0.025 mmol) and benzoic acid (3.1 mg, 0.025 
mmol) was added toluene (125 µL), and the mixture was stirred at rt. After 5 min enal 3.1a 
(50 µL, 0.375 mmol) was added. After 10 min 3.2 (39 µL, 0.25 mmol) was added, and the 
reaction was stirred in the dark. After 21 h (complete consumption of 3.2 observed by 1H 
NMR), the reaction was cooled to 0 °C and catalyst 3.3a (15 mg, 0.025 mmol) and benzoic 
acid (3 mg, 0.025 mmol) were added. The reaction was stirred for 5 min, then oxime 3.6a 
(136.3 mg, 1.125 mmol) was added, and the reaction was stirred at 0 °C for 21 h (complete 
disappearance of enal peaks in 1H NMR). 
 

 
 
To isolate: MeOH (0.75 mL) and NaBH4 (21 mg, 0.565 mmol) were added simultaneously 
to crude 3.16, and the reaction was stirred for 15 min. The reaction was then quenched with 
saturated NH4Cl and extracted with CH2Cl2 (3 ×15 mL). The combined organic layers were 
dried over MgSO4 and filtered. After removal of solvent under reduced pressure, the 
residue was purified by flash chromatography (cold column, 20% Et2O/ CH2Cl2) to yield 
3.16’ as a colorless oil: IR (thin film, KBr) 3277, 2962, 2873, 1714, 1414, 1253, 1058, 947, 
759, 695 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.01 (s, 1H), 7.58-7.56 (m, 2H),7.38-7.36 
(m, 3H), 6.46 (brs, 1H), 4.42-4.18 (m, 6H), 3.80-3.78 (m, 2H), 2.27-1.60 (m, 6H), 1.28-
1.25 (m, 6H), 0.91 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 157.5/157.0, 
156.6/156.1, 149.0, 132.1, 130.1, 128.8, 127.2, 82.0/81.1, 62.9/62.7, 62.4, 60.9/60.0, 59.7, 
34.6/34.5, 29.8/29.3, 19.6/ 19.4, 14.5, 14.4, 14.0/13.9 ppm; HRMS (ESI) [M + H]+ calcd. 
for [C20H32N3O6] 410.2291, found 410.2289. 
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3.42a: 
 

 
 
Procedure for synthesis of 3.42a 
To an oven-dried flask was added NaOAc (2.1mg, 0.025mmol) and anhydrous toluene 
(125 µL). The solution was stirred 5 minutes at room temperature under argon. Enal 3.1a 
(33.0 µL, 0.25 mmol) was added and the solution was stirred an additional 5 minutes. N-
methyl-N-hydroxy benzylcarbamate 3.41 (117µL, 0.75mmol) was added to the solution. 
The reaction mixture was stirred until complete consumption of 3.1a, as determined by 1H 
NMR. Purify via flash chromatography. 
 
1H NMR (400 MHz, CDCl3) δ 9.73 (d, J = 2 Hz, 1H), 7.79-7.35 (m, 5H), 5.19 (s, 2H), 4.42 
(m, 1H), 3.13 (s, 3H), 2.67 (ddd, J = 16.5, 7.6, 3.0 Hz, 1H), 2.54 (dd, J = 16.2, 4.1 Hz, 1H), 
1.76-1.65 (m, 1H), 1.59-1.51 (m, 1H), 1.42-1.28 (m, 4H), 0.90 (t, J = 6.6 Hz, 3H) ppm. 
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6.4 Experimental and Characterization for Chapter 4 
 
Diastereomeric Ratio Determination The dr was determined by using the 1H NMR 
integrations of the major and minor aldehyde peaks when NMR yield was obtained. 
 
Crystallography The crystal structure of 4.26a (CCDC=1451744) was used along with 
HRMS data to confirm the presence of a nitrone versus an imine, as well as determine the 
stereochemistry of the major isomer, confirming both the C=C and C=N as E. This, along 
with the previously discussed 1H NMR data, allowed for extrapolation to the 
stereostructure of the major isomer of 4.26f’, with the C=C as E, and the C=N as Z. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mechanistic Studies 
HRMS evidence to support the proposed mechanism for the formation of nitrone 4.26a, 
shown in Scheme 4.9, was obtained by dilution of an aliquot of the reaction mixture to 
20µM in dichloromethane after two hours of reactivity. This solution was injected onto a 
Bruker Apex-ultra 70 hybrid FTMS by ESI and the masses for our proposed mechanistic 
intermediates were compared to the output. 
 
Preparation of enals (4.9d,f-i), and p-nitronitrosobenzene.  
Enals 4.9d,18,19 4.9f,18,19 4.9g,20 and 4.9h,21 4.9i,22 and p-nitronitrosobenzene23 were 
prepared using known procedures. 
 
General Procedure for formation of nitrone enals 4.26. 
To a solution of catalyst 4.10b (16.3 mg, 0.05 mmol) in 1,4-dioxane (0.25 mL), was added 
acetic acid (2.9 µL, 0.05 mmol) and the solution stirred for 5 minutes. Freshly distilled enal 
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4.9 (0.25 mmol) was added, the reaction stirred for 10 minutes, then nitrosobenzene 4.2 
(107.1 mg, 1.0 mmol) was added. The reaction was stirred at rt until complete consumption 
of enal, as observed by 1H NMR. The crude reaction was immediately loaded onto silica 
gel and purified by flash chromatography (20% EtOAc:petroleum ether). Solvent was 
removed under reduced pressure by rotary evaporation at room temperature to yield pure 
nitrone 4.26. 
 
 

4.26a: 
 

 
 
(E)-N-((E)-6-oxohex-4-en-3-ylidene)aniline oxide. 
Yellow solid (27 mg, 53%): mp 90-92 ºC; 1H NMR (500 MHz, CDCl3) δ 9.40 (d, J = 7.5 
Hz, 1H), 7.53-7.52 (m, 3H), 7.37-7.36 (m, 2H), 7.02 (d, J = 15.5 Hz, 1H), 6.31 (dd, J = 
15.5, 7.5 Hz, 1H), 2.90 (q, J = 7.5 Hz, 2H), 1.25 (t, J = 7.5 Hz, 3H) ppm; 13C NMR (125 
MHz, CDCl3) δ 192.5, 151.2, 145.5, 140.6, 130.5, 129.8, 129.0, 124.4, 20.4, 9.7 ppm; 
HRMS (ESI) [M+H]+ calcd. for [C12H14NO2] 204.1025, found 204.1022. 
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4.26b: 
 

 
 
(E)-N-((E)-1-oxohept-2-en-4-ylidene)aniline oxide. 
Yellow oil (26 mg, 48%): 1H NMR (500 MHz, CDCl3) δ 9.39 (d, J = 7.5 Hz, 1H), 7.52-
7.51 (m, 3H), 7.36-7.35 (m, 2H), 7.04 (d, J = 15.5 Hz, 1H), 6.31 (dd, J = 15.5, 7.5 Hz, 1H), 
2.85 (t, J = 7.5 Hz, 2H), 1.73-1.69 (m, 2H), 1.07 (t, J = 7.5 Hz, 3H) ppm; 13C NMR (125 
MHz, CDCl3) δ 192.5, 150.2, 145.6, 141.2, 130.5, 129.8, 129.1, 124.4, 28.8, 18.9, 14.3 
ppm; HRMS (ESI) [M+H]+ calcd. for [C13H16NO2] 218.1181, found 218.1174. 
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4.26d: 
 

 
 
(E)-N-((E)-2-methyl-6-oxohex-4-en-3-ylidene)aniline oxide. 
Yellow oil (32 mg, 59%): 1H NMR (500 MHz, CDCl3) δ 9.32 (d, J = 7.0 Hz, 1H), 7.51-
7.50 (m, 3H), 7.34-7.33 (m, 2H), 6.95 (d, J = 16.0 Hz, 1H), 6.39 (dd, J = 16.0, 7.5 Hz, 1H), 
3.64 (septet, J = 7.0 Hz, 1H), 1.42 (d, J = 7.0 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3) 
δ 192.8, 153.0, 146.3, 141.4, 130.4, 129.8, 128.4, 124.3, 27.9, 17.6 ppm; HRMS (ESI) 
[M+H]+ calcd. for [C13H16NO2] 218.1181, found 218.1181. 
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4.26e: 
 

 
 
(E)-N-((E)-1-oxoundec-2-en-4-ylidene)aniline oxide. 
Yellow oil (29 mg, 42%): 1H NMR (500 MHz, CDCl3) δ 9.39 (d, J = 7.5 Hz, 1H), 7.51 (m, 
3H), 7.35 (m, 2H), 7.03 (d, J = 16.0 Hz, 1H), 6.30 (dd, J = 15.5, 7.5 Hz, 1H), 2.85 (t, J = 
8.0 Hz, 2H), 1.66-1.62 (m, 2H), 1.46-1.41 (m, 2H), 1.37-1.25 (m, 6H), 0.89 (t, J = 7.0 Hz, 
3H) ppm; 13C NMR (125 MHz, CDCl3) δ 192.5, 150.3, 145.6, 141.1, 130.4, 129.8, 129.0, 
124.4, 31.8, 29.9, 29.2, 27.0, 25.4, 22.7, 14.2 ppm; HRMS (ESI) [M+H]+ calcd. for 
[C17H24NO2] 274.1807, found 274.1802. 
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4.26f’: 
 

 
 
(E)-N-((E)-4-oxo-1-phenylbut-2-en-1-ylidene)aniline oxide. 
Dark yellow oil (15 mg, 23%): 1H NMR (500 MHz, CDCl3) δ 9.88 (d, J = 8.0 Hz, 1H), 
8.34 (d, J = 16.0 Hz, 1H), 7.30-7.25 (m, 8H), 7.13-7.12 (m, 2H), 6.26 (dd, J = 16.0, 7.5 Hz, 
1H) ppm; 13C NMR (125 MHz, CDCl3) δ 193.9, 147.9, 147.2, 142.2, 136.3, 131.7, 130.6, 
129.8, 129.7, 129.0, 128.9, 124.7 ppm; HRMS (ESI) [M+H]+ calcd. for [C16H14NO2] 
252.1025, found 252.1023. 
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4.26g: 
 

 
 
(E)-N-((E)-5-oxo-1-phenylpent-3-en-2-ylidene)aniline oxide. 
Yellow oil (31 mg, 47%): 1H NMR (500 MHz, CDCl3) δ 9.39 (d, J = 7.0 Hz, 1H), 7.55 (m, 
3H), 7.42-7.41 (m, 2H), 7.36-7.33 (m, 4H), 7.29-7.26 (m, 1H), 7.14 (d, J = 15.5 Hz, 1H), 
6.41 (dd, J = 15.5, 7.5 Hz, 1H), 4.28 (s, 2H) ppm; 13C NMR (125 MHz, CDCl3) δ 192.3, 
148.6, 145.4, 140.9, 135.9, 130.6, 129.9, 129.5, 129.0, 128.6, 127.2, 124.4, 32.4 ppm; 
HRMS (ESI) [M+H]+ calcd. for [C17H16NO2] 266.1181, found 266.1178. 
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4.26h/4.26h’: 
 

  
 
(2Z,3E)-1-(benzyloxy)-5-oxo-N-phenylpent-3-en-2-imine 
(2E,3E)-1-(benzyloxy)-5-oxo-N-phenylpent-3-en-2-imine oxide. 
Yellow oil (32 mg, 43%): 1H NMR (500 MHz, CDCl3) δ Z-isomer: 9.36 (d, J = 7.5 Hz, 
1H), 7.00 (d, J = 15.5 Hz, 1H), 6.63 (dd, J = 16.0, 7.5 Hz, 1H), 4.84 (s, 2H), 4.69 (s, 2H) 
E-isomer: 9.79 (d, J = 8.0 Hz, 1H), 8.00 (d, J = 16.5 Hz, 1H), 6.74 (dd, J = 16.5, 8.0 Hz, 
1H), 4.44 (s, 2H), 4.19 (s, 2H) Both: 7.55-7.49 (m, 6H), 7.45 (d, J = 7.0 Hz, 2H), 7.40-7.37 
(m, 4H), 7.34-7.32 (m, 6H), 7.25 (d, J = 6.5 Hz, 2H) ppm; 13C NMR (125 MHz, CDCl3) δ 
194.2, 192.7, 146.4, 146.0, 145.3, 143.3, 140.0, 139.9, 137.4, 136.5, 133.9, 130.7, 130.6, 
130.0, 129.8, 129.3, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 128.1, 128.1, 127.7, 124.1, 
123.4, 73.9, 73.3, 65.1, 63.5 ppm; HRMS (ESI) [M+H]+ calcd. for [C18H18NO3] 296.1287, 
found 296.1280. 
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4.26j: 
 

 
 
(E)-4-nitro-N-((E)-6-oxohex-4-en-3-ylidene)aniline oxide. 
Yellow solid (28 mg, 45%): mp 107-d ºC; 1H NMR (500 MHz, CDCl3) δ 9.43 (d, J = 7.5 
Hz, 1H), 8.40 (d, J = 8.5 Hz, 2H), 7.57 (d, J = 8.0 Hz, 2H), 6.91 (d, J = 15.0 Hz, 1H), 4.88 
(dd, J = 15.5, 7.0 Hz, 1H), 2.91 (q, J = 7.5 Hz, 2H), 1.26, (t, J = 7.5 Hz, 3H) ppm; 13C 
NMR (125 MHz, CDCl3) δ 191.8, 152.3, 149.4, 148.6, 138.7, 130.0, 125.8, 125.5, 20.5, 
9.6 ppm; HRMS (ESI) [M+H]+ calcd. for [C12H13N2O4] 249.0875, found 249.0867. 
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Procedure for formation of (Z)-3-ethyl-7-methoxy-2-(2-oxoethylidene)-2H-
benzo[b][1,4]oxazine 4-oxide (4.26k) and (Z)-3-((2-hydroxy-4-
methoxyphenyl)amino)hex-2-enal (4.40). 
To a solution of catalyst 4.10b (32.6 mg, 0.1 mmol) in chloroform (2.0 mL), was added 
freshly distilled enal 4.9a (58.0 µL, 0.5 mmol). The reaction was stirred for 10 minutes, 
then 2-nitrosoresorcinol monomethyl ether (153.1 mg, 1.0 mmol) was added. The reaction 
was stirred at rt until complete consumption of enal, as observed by 1H NMR.  
 

 
 
To obtain 4.26k: The crude reaction was immediately loaded onto silica gel and purified 
by flash chromatography (5% Et2O:dichloromethane). Solvent was removed under reduced 
pressure by rotary evaporation at room temperature to yield pure 4.26k. Orange solid (24 
mg, 19%): mp 174-d ºC; 1H NMR (500 MHz, CDCl3) δ 10.24 (d, J = 7.5 Hz, 1H), 8.04 (d, 
J = 9.0 Hz, 1H), 6.81 (d, J = 9.0 Hz, 1H), 6.72 (s, 1H), 5.57 (d, J = 7.5 Hz, 1H), 3.89 (s, 
3H), 2.84 (q, J = 7.5 Hz, 2H), 1.22 (t, J = 7.5 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3) 
δ 188.2, 162.9, 156.8, 147.9, 139.3, 123.7, 121.3, 111.7, 105.5, 100.5, 56.2, 19.5, 9.3 ppm; 
HRMS (ESI) [M+H]+ calcd. for [C13H14NO4] 248.0923, found 248.0920. 
 

 
 
To obtain 4.40: The crude reaction was immediately loaded onto silica gel and purified by 
flash chromatography (20% EtOAc:petroleum ether). Solvent was removed under reduced 
pressure by rotary evaporation at room temperature to yield pure 4.40. Red oil (26 mg, 
22%): 1H NMR (500 MHz, CDCl3) δ 11.63 (brs, 1H), 8.86 (d, J = 2.0 Hz, 1H), 8.42 (brs, 
1H), 6.91 (d, J = 9.0 Hz, 1H), 6.56 (d, J = 2.5 Hz, 1H), 6.43 (dd, J = 8.5, 2.5 Hz, 1H), 5.13 
(d, J = 2.5 Hz, 1H), 3.79 (s, 3H), 2.08 (t, J = 7.5 Hz, 2H), 1.45 (q, J = 7.5 Hz, 2H), 0.84 (t, 
J = 7.5 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 186.2, 170.8, 160.5, 153.8, 129.1, 
117.7, 106.5, 102.7, 96.6, 55.6, 33.9, 21.1, 14.0 ppm; 15N (INEPT) NMR (50 MHz, CDCl3) 
δ 119.15 ppm HRMS (ESI) [M+H]+ calcd. for [C13H17NO3] 236.1287, found 236.1286. 
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4.48: 
 

 
 
Procedure for synthesis of (E)-4-oxo-4-phenylbut-2-enal (4.48). 
To a solution of nitrone 4.26f’(50.0 mg, 0.20 mmol) in acetone/water (2.4 mL/0.24 mL) in 
a pressure tube, was added paraformaldehyde (48.4 mg, 1.61 mmol) and Amberlyst-15 
(138.3 mg). The reaction was heated to 40 ºC and stirred for 21 hours until disappearance 
of starting material by 1H NMR. Reaction was cooled to rt, loaded directly onto silica gel 
and purified by flash chromatography (5% EtOAc:petroleum ether). Solvent was removed 
under reduced pressure by rotary evaporation at room temperature to yield pure compound 
4.48. Yellow oil (20 mg, 63%): 1H NMR (500 MHz, CDCl3) δ 9.90 (d, J = 7.0 Hz, 1H), 
7.99 (d, J = 7.5 Hz, 2H), 7.71 (d, J = 16.0 Hz, 1H), 7.66 (t, J = 7.5 Hz, 1H), 7.55 (t, J = 7.5 
Hz, 2H), 7.00 (dd, J = 16.0, 7.5 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3) δ 192.9, 189.9, 
142.2, 139.3, 136.4, 134.3, 129.2, 129.0 ppm; HRMS (ESI) [M]+ calcd. for [C10H8O2] 
160.0524, found 160.0521. 
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4.49: 
 

 
 
Procedure for synthesis of (E)-diethyl 3-ethyl-3-(3-oxoprop-1-en-1-yl)-2-phenyl-2,3-
dihydroisoxazole-4,5-dicarboxylate (4.49).  
To a solution of nitrone 4.26a (100.0 mg, 0.49 mmol) in toluene (2.5 mL) was added diethyl 
acetylenedicarboxylate (236.3 µL, 1.48 mmol) at 0 ºC. Reaction was stirred at 0 ºC for 37 
hours until complete consumption of nitrone, as observed by 1H NMR. The crude reaction 
was immediately loaded onto silica gel and purified by flash chromatography (15-20% 
Et2O:petroleum ether gradient). Solvent was removed under reduced pressure by rotary 
evaporation at room temperature to yield pure 4.49. Yellow oil (99 mg, 54%): 1H NMR 
(500 MHz, CDCl3) δ 9.43 (d, J = 7.5 Hz, 1H), 7.30 (t, J = 7.5 Hz, 2H), 7.12 (t, J = 7.5 Hz, 
1H), 7.04 (d, J = 8.5 Hz, 2H), 6.66 (d, J = 16 Hz, 1H), 6.29 (dd, J = 16, 7.5 Hz, 1H), 4.41 
(q, J = 7.0 Hz, 2H), 4.20 (q, J = 7.0 Hz, 2H), 2.30 (sextet, J = 7.0 Hz, 1H), 1.99 (sextet, J 
= 7.0 Hz, 1H), 1.41 (t, J = 7.5 Hz, 3H), 1.26 (t, J = 7.0 Hz, 3H), 1.01 (t, J = 7.5 Hz, 3H) 
ppm; 13C NMR (125 MHz, CDCl3) δ 193.2, 161.6, 158.7, 155.6, 153.0, 145.0, 133.3, 129.0, 
125.4, 118.9, 108.2, 77.7, 63.2, 61.1, 27.5, 14.1, 8.3 ppm; HRMS (ESI) [M+H]+ calcd. for 
[C20H24NO6] 374.1604, found 374.1596. 
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4.50: 
 

 
 
Procedure for synthesis of (E)-diethyl 4-methyl-5-(3-oxoprop-1-en-1-yl)-1-phenyl-
1H-pyrrole-2,3-dicarboxylate (4.50). 
a) A solution of pure 2,3-dihydroisoxazole 4.49 (28.95 mg, 0.08 mmol) in toluene (390 
µL) in a sealed pressure tube was heated to 80 ºC. The reaction was heated for 5 days until 
complete consumption of 2,3-dihydroisoxazole, as observed by 1H NMR. The crude 
reaction was immediately loaded onto silica gel and purified by flash chromatography (1% 
Et2O:dichloromethane). Solvent was removed under reduced pressure by rotary 
evaporation at room temperature to yield pure pyrrole 4.50. 
 
b) To a solution of nitrone 4.26a (50.0 mg, 0.26 mmol) in toluene (1.2 mL) in a pressure 
tube, was added diethyl acetylenedicarboxylate (118.1 µL, 0.74 mmol). The reaction was 
heated to 50 ºC and allowed to stir for two days until complete consumption of nitrone, as 
observed by 1H NMR. The crude reaction was immediately loaded onto silica gel and 
purified by flash chromatography (1% Et2O:dichloromethane). Solvent was removed under 
reduced pressure by rotary evaporation at room temperature to yield pure 4.50. Yellow oil 
(15 mg, 16%): 1H NMR (500 MHz, CDCl3) δ 9.33 (d, J = 7.5 Hz, 1H), 7.52-7.46 (m, 3H), 
7.26 (m, 2H), 7.00 (d, J = 16.5 Hz, 1H), 6.03 (dd, J = 16, 7.5 Hz, 1H), 4.35 (q, J = 7.5 Hz, 
2H), 4.10 (q, J = 7.0 Hz, 2H), 2.46 (s, 3H), 1.36 (t, J = 7.0 Hz, 3H), 1.06 (t, J = 7.5 Hz, 3H) 
ppm; 13C NMR (125 MHz, CDCl3) δ 193.6, 164.5, 160.7, 139.2, 136.9, 131.1, 129.9, 129.6, 
129.3, 128.2, 127.5, 126.4, 120.0, 61.7, 61.0, 14.3, 13.9, 11.9 ppm; HRMS (ESI) [M+H]+ 
calcd. for [C20H22NO5] 356.1498, found 356.1491. 
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4.39a 
 

 
 
2-phenyl-3-propylisoxazolidin-5-ol. 
Yellow oil (104 mg, 50%): [α]D

23 = -87.07 (c = 1.0 in CHCl3 for 54% ee, 1.5:1 dr); 1H 
NMR (500 MHz, CDCl3) δ 7.32-7.27 (m, 5H), 7.15-7.12 (m, 5H), 7.07 (t, J = 7.0 Hz, 1H), 
6.97 (t, J = 7.0 Hz, 1H), 5.76 (m, 1H), 5.71 (m, 1H), 3.88-3.85 (m, 1H), 3.72 (brs, 1H), 
3.47-3.45 (m, 1H), 3.29 (brs, 1H), 2.56-2.54 (m, 1H), 2.46 (dd, J = 12.0, 7.0 Hz, 1H), 2.23-
2.20 (m, 1H), 2.02 (d, J = 12.0 Hz, 1H), 1.91-1.90 (m, 1H), 1.84-1.79 (m, 1H), 1.65-1.63 
(m, 1H), 1.56-1.44 (m, 3H), 0.99 (t, J = 13.5 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3) 
δ 152.9, 151.1, 128.9, 128.7, 123.6, 121.8, 117.5, 115.5, 98.2, 97.0, 67.4, 64.0, 42.0, 41.7, 
37.2, 36.2, 20.4, 20.0, 14.2, 14.1 ppm; HPLC with an AD-H column (n-hexane/i-PrOH = 
90:10), 0.5 mL/min; major diastereomer: major enantiomer tR = 19.4 min, minor 
enantiomer tR = 15.2 min; minor diastereomer: major enantiomer tR = 17.4 min, minor 
enantiomer tR = 16.6 min; HRMS (ESI) [M+H]+ calcd. for [C12H18NO2] 208.1338, found 
208.1331. 
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6.5 Experimental and Characterization for Chapter 5 
 
5.14: 
 
 

 
 
 
Synthesis of (4S,5S)-5-methyl-4-phenyltetrahydro-2H-pyran-2-one (5.14). 
To a solution of NaClO2 (167.4 mg, 1.85 mmol) and NaHPO4 (255.4 mg, 1.85 mmol) in 
H2O (3.3 mL) was added a solution of 5.13a (135.3 mg, 0.46 mmol) in t-BuOH (6.6 mL). 
The reaction was stirred at room temperature overnight until complete consumption of 
5.13a, as observed by TLC. The reaction was diluted with brine (5.0 mL) and extracted 
with EtOAc (3 x 10.0 mL), then dried over Na2SO4 and concentrated under reduced 
pressure to give the crude acid. 

The crude acid was dissolved in anhydrous MeOH (1.84 mL) and cooled to 0 ºC. To the 
stirred solution was added TMSCHN2 (920 µL, 1.84 mmol) dropwise. The reaction was 
allowed to slowly warm to room temperature and react overnight. The crude reaction was 
concentrated by rotary evaporation and purified by flash chromatography (5-7.5% 
EtOAc:petroleum ether gradient) to obtain ester 5.16 in a two-step yield of 43%. 
To a solution of ester 5.16 (33.1 mg, 0.1 mmol) in acetone (710 µL) and H2O (14 µL), was 
added NMO (50% in H2O, 62 µL, 0.18 mmol), followed by t-BuOH (76 µL). The solution 
was cooled to 0 ºC and stirred for 5 minutes. OsO4 (4% in H2O, 76 µL, 0.012 mmol) was 
added dropwise and the reaction stirred at 0 ºC for 15 minutes. The reaction was brought 
to room temperature and stirred until complete consumption of 5.16, as observed by TLC. 
The reaction was quenched with a 10% solution of Na2S2O3 (0.8 mL) and extracted with 
EtOAc (3 x 5.0 mL). The combined organic layers were washed with brine and dried over 
Na2SO4. The crude diol was concentrated under reduced pressure and purified by flash 
chromatography (20% EtOAc:petroleum ether) to obtain pure diol 5.17 in 60% yield. 

O

O

H

O

O

O

O

O

O

O

O

1) NaClO4, NaH2PO4
t-BuOH/H2O, overnight

2) TMSCHN2, MeOH
overnight

43% (2 steps) OsO4, NMO
acetone/H2O

0 ºC -> rt, 4.5 h
60%

1) NaBH3CN, AcOH
MeOH, 0 ºC, 3h

2) p-TsOH, toluene
Δ, overnight

ref. 24

5.13a 5.16

5.155.14

O

O

O

OHOH

5.17

NaIO4

MeOH/H2O
0 ºC -> rt, 12 h

84%



	240	

Diol 5.17 (21.9 mg, 0.06 mmol) was dissolved in MeOH (12.9 mL) and H2O (4.3 mL) and 
cooled to 0 ºC. To this solution was added NaIO4 (161.7 mg, 0.76 mmol) and the reaction 
was slowly brought to room temperature and stirred until complete consumption of diol, 
as observed by TLC. The reaction was concentrated under reduced pressure and extracted 
with diethyl ether (3 x 30.0 mL). The combined organic phases were dried over Na2SO4, 
concentrated, and purified by flash chromatography (12.5% EtOAc:petroleum ether) to 
obtain pure aldehyde 5.15 in 84% yield. 
As per reference,24 to a solution of aldehyde 5.15 (11.4 mg, 0.05 mmol) in anhydrous 
methanol (352 µL) and glacial AcOH (118 µL) at 0 ºC, was added NaBH3CN (6.5 mg, 0.1 
mmol). The reaction was stirred at 0 ºC until full consumption of 5.15, as observed by TLC. 
The reaction was quenched with saturated NaHCO3 (2.0 mL) and extracted with 
dichloromethane (3 x 10.0 mL). The combined organic phases were dried over Na2SO4 and 
concentrated under reduced pressure to obtain the crude alcohol. 
As per reference,24 the crude alcohol was dissolved in toluene (3.24 mL), followed by 
addition of p-TsOH (1.0 mg, 0.005 mmol). The reaction was heated to 80 ºC and stirred 
overnight, then cooled to room temperature. To the reaction was added saturated NaHCO3 
(10.0 mL) and the aqueous layer was extracted with EtOAc (3 x 10.0 mL). The organic 
layers were combined and washed with brine (30.0 mL), then dried over Na2SO4 and 
concentrated under reduced pressure. The crude product was purified by flash 
chromatography (17% EtOAc:petroleum ether) to yield pure lactone 5.14. 1H NMR (500 
MHz, CDCl3) δ 7.36 (t, J = 7.5 Hz, 2H), 7.29 (t, J = 7.0 Hz, 1H), 7.14 (d, J = 7.5 Hz, 2H), 
4.36 (dd, J = 11.5, 4.0 Hz, 1H), 4.11 (dd, J = 11.0, 7.5 Hz, 1H), 3.35-3.33 (m, 1H), 2.95-
2.86 (m, 2H), 2.38-2.37 (m, 1H), 0.83 (d, J = 7.0 Hz, 3H) ppm; 13C NMR (125 MHz, 
CDCl3) δ 170.8, 139.5, 128.7, 128.0, 127.4, 73.0, 41.2, 33.7, 32.2, 12.5 ppm; HRMS (ESI) 
[M+H]+ calcd. for [C12H15O2] 191.1072, found 191.1074. 
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