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Abstract 

I. Catalytic Conjugate Allylation of Alkylidene Malonates 

Nucleophilic conjugate addition of allylsilanes and allylstannanes to alkylidene 

malonates under the action of ytterbium catalysis in the presence of hexafluoro-iso-

propanol has been developed.  Enantioselective conjugate allylation of alkylidene 

malonates under ytterbium or scandium catalysis using chiral bis(oxazoline) ligands 

allows access to the conjugate addition products in an enantiomerically-enriched 

form. Furthermore, elaboration of the allylated substrates via decarboxylation and an 

oxidative cleavage was demonstrated. 

 

II. Catalytic Enantioselective Conjugate Addition of Azaarylacetates and 

Acetamides to Nitroalkenes 

An enantioselective nickel-catalysed Michael addition of azaarylacetates and 

acetamides to nitroalkenes has been developed. A range of azaaryl pronucleophiles 

were shown to react with a variety of nitroalkenes to generate highly functionalised 

Michael addition products with impressive diastereo- and enantiocontrol. A possible 

mechanism for this process is proposed and crystal structures of the addition 

products have also been attained, allowing determination of the absolute 

stereochemistry.  Elaboration and further functionalisation of these products was also 

possible under a range of conditions. 
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1.0 Asymmetric Conjugate 

Allylation 

1.1 Introduction 

Asymmetric conjugate addition reactions of nucleophiles to electron-deficient 

alkenes are fundamentally important chemical transformations.1-5 These processes 

have a high occurrence in the scientific literature due to the number of potential 

nucleophilic species; stabilised carbanions, organometallic reagents and heteroatom-

based nucleophiles have all been applied to a range of Michael acceptors in previous 

years. Asymmetric conjugate additions permit a rapid increase in chemical 

complexity, often occurring with high stererochemical control in the presence of a 

chiral inducer. The synthesis of optically active natural products and pharmaceuticals 

is often achieved by employing asymmetric conjugate addition methodology.  

In particular, the asymmetric 1,4-addition of organometallic reagents has been 

extensively studied over the last few decades.6 As a result a number of synthetic 

strategies to achieve stereoselective carbon-carbon bond formation employing 

organometallic reagents are available. Chiral auxiliary- and substrate-controlled 

diastereoselective addition to unsaturated systems has been demonstrated to provide 

access to enantiomerically enriched conjugate addition products. The use of 

stoichiometric chiral ligands and additives also promote the conjugate addition of 

organometallics to a range of conjugate acceptors with excellent stereocontrol. The 

most attractive method available, catalytic enantioselective conjugate addition 

employs catalytic metal salt/chiral ligand complexes to transfer chiral information in 

an atom-efficient manner (Scheme 1.1). 

  

Scheme 1.1 
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In chapter two, development of a Lewis acid-catalysed conjugate allylation of 

alkylidene malonates and subsequent manipulation of the products are reported. 

Accordingly, an overview of the current scope of conjugate allylation methods will 

be presented in this chapter to allow comprehension of how the work undertaken 

complements the existing literature.  

1.2 Conjugate Allylation  

The Hosomi-Sakurai reaction of an allyl-nucleophile with an electrophilic carbonyl 

was first reported in 1976, employing allylsilanes as the nucleophilic component.7 

Development of nucleophilic allyl addition to carbonyl compounds in a 1,2-addition 

process (Scheme 1.2, eq 2) has since received vast amounts of attention in the 

literature, with numerous highly reliable asymmetric processes described.8-12 The 

Hosomi-Sakurai allylation of α,β-unsaturated systems was subsequently reported in 

1977.13  

R2 R2
cat.

O

R1

OR2HO

R1
1,2-addition 1,4-addition

R1

M M

4 3 5

(3)(2)
cat.

 

Scheme 1.2 

The asymmetric 1,4-conjugate addition of allylmetals reagent is underdeveloped 

(Scheme 1.2, eq 3). There are only a limited number of catalytic asymmetric 

allylation procedures described; as such, a general, catalytic asymmetric variant 

remains elusive. Our goal was to deliver a reliable, catalytic enantioselective 

conjugate allylation procedure, to address the deficiency of the literature in this area. 

1.2.1 Lewis Acid-Promoted Conjugate Allylation 

The Hosomi-Sakurai allylation initially required the use of powerful Lewis acid-

promoters, such as TiCl4, in stoichiometric quantities as shown in Scheme 1.3.
13 
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Scheme 1.3 

This first report resulted in isolation of the 1,4-allylation products in good to high 

yields and exhibited excellent chemoselectivity with 1,2-allylation not observed 

under the low temperature reaction conditions. The TiCl4-promoted allylation 

tolerates a range of susbtrates including terminal alkenes, chalcones and aliphatic 

α,β-unsaturated enones. This publication also described the first example of a 

stereoselective introduction of an allyl group to a fused cyclic α,β-unsaturated enone 

to yield 8c, a potentially important intermediate in the synthesis of complex natural 

products. High diastereoselectivity was observed resulting in exclusive cis-ring 

junction formation.   

A general mechanism of the Hosomi-Sakurai conjugate allylation is depicted in 

Scheme 1.4 using TiCl4 as a Lewis acid. The carbonyl group of the conjugate 

acceptor 9 is activated by the Lewis acid and allows the carbon-carbon bond 

formation to occur from C3 of allyltrimethylsilane (6) through an open transition 

state. This results in a stabilised secondary carbocation intermediate 10. The β-

silicon stabilisation via hyperconjugation is essential for reactivity. Cleavage of the 

C-Si bond regenerates the carbon-carbon double bond and subsequent hydrolysis of 

enolate 11 delivers the final allylated product 13.  
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Scheme 1.4 

The Hosomi-Sakurai allylation was extended by the work of Wu and co-workers,14 

who developed an auxiliary controlled diastereoselective allylation of unsaturated N-

acyl oxazolidinones. Again, stoichiometric TiCl4 was used to promote this reaction. 

Alternative Lewis acids such as BF3·OEt2 and SnCl4 resulted in low 

diastereoselectivity or reactivity, respectively (Scheme 1.5). 

 

Scheme 1.5 

The diastereoselectivity of this reaction ranged from 67:33-89:11; however, upon 

purification the allylation products were often isolated with 99:1 dr. Removal of the 

chiral auxiliary from 15a via saponification gave the free acid in 84% yield. The 

absolute configuration of the newly formed stereocentre was determined via 

comparison of the specific rotation with the known literature value and found to be S. 

This observation suggests that the Si-face of the alkene is activated for nucleophilic 
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attack under a titanium(IV) chelated transition state 17. In contrast, in the presence of 

BF3·OEt2, a mono-coordinated transition state 18 is more likely and the preferred 

face of attack is the Re-face (Figure 1.1).  

 

Figure 1.1 

A similar stoichiometric Lewis acid-promoted allylation was described by Williams 

and co-workers in 2003.15 However, by using a nucleophile with increased reactivity, 

allyltributylstannane (20), more user-friendly Lewis acids, such as scandium triflate, 

zirconium tetrachloride and samarium triflate were shown to promote the reaction. 

The optimised conditions are shown in Scheme 1.6. 

 

Scheme 1.6 

Pre-complexation of the conjugate acceptor 19 with the Lewis acid, prior to addition 

of the allylstannane, achieved superior results. Good diastereoselectivity and high 

yields were obtained for a range of substituted allylstannanes and conjugate 

acceptors. 

The conjugate allylation of α,β-unsaturated aldehydes remains a significant 

challenge in synthesis, and as yet, a completely selective and general procedure has 

to be achieved. The main obstacle associated with such a synthetic process is the 

competing 1,2-allylation observed with most nucleophilic allyl reagents available. 

Maruoka and co-workers have made some progress in this area with a Chemzyme p-

F-ATPH controlled allylation (Scheme 1.7) using allyllithium (24).16  
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Scheme 1.7 

Complexation of the α,β-unsaturated aldehyde to the Lewis acid complex 26 

followed by chelation of the allyllithium with the fluorine present in Chemzyme 

complex. This is key to achieving regiocontrol over the addition. The Lewis acid acts 

as a ‘substrate recognition centre’ for the carbonyl compound and coordination of the 

nucleophile in a similar manner to biological enzyme systems. The use of a more 

coordinating solvent system such as THF reduces the ability of the fluorine to 

coordinate the Li+ and in turn significantly reduces 1,4-selectivity to a 50:50 

regioisomeric ratio of 1,4- and 1,2-allylation products.  

1.2.2 Conjugate Allylation in the Absence of External 

Lewis Acids 

Conjugate allylation employing allylmetal reagents has traditionally focussed on the 

use of allylcuprate or allyl Grignard17 reagents and a number of publications have 

demonstrated their utility in synthesis.18 However, allylmagnesium reagents in 

particular display poor chemoselectivity and often result in a 1,2-addition, limiting 

their utility in conjugate addition processes.  

The high reactivity and low selectivity of these reagents has driven the research into 

alternative allylmetal reagents. Allylbarium,19 allyltantalum20 and allylindium21,22 

reagents have emerged as viable alternatives. The mild reactivity exhibited by these 

reagents often results in high selectivity for conjugate addition.  
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Yamamoto and co-workers examined the reactivity of allylbarium species in the 

conjugate allylation of enones.19 They prepared allylbarium reagents 30 in situ from 

allylhalides and reactive barium metal prepared via the reduction of BaI2 with two 

equivalents of lithium biphenylide (28) (Scheme 1.8).  

 

Scheme 1.8 

Following a research programme assessing the addition to carbonyl compounds in a 

1,2-process,23 the use of unsaturated carbonyl substrates as potential electrophiles 

with the allylbarium reagent was then examined. Comparison of a range of allylmetal 

reagents including allyl Mg, Ca, Li, Sr, and K revealed that the barium reagent was 

the superior source of the allyl nucleophile for conjugate addition, providing the 

highest yields and 1,4-/1,2- ratios (Scheme 1.9). 

 

Scheme 1.9 

 The substrate scope of this reaction showed that a number of cyclic and acyclic 

enones were tolerated under the reaction conditions. Regioselectivity was substrate 

specific; while cyclopentenone derivatives were excellent substrates (33a and 33b), 

acyclic enones and chalcones resulted in poor regioselectivity (33c). To increase the 



 

20  

 

potential use of this chemistry, the authors demonstrated that the active Ba-enolate 

intermediate 36 had sufficient nucelophilicity to react with a range of electrophiles 

such as aldehydes, allylic halides and acid chlorides (Scheme 1.10).   

 

Scheme 1.10 

Shibata and co-workers extended the work of the Yamamoto group and developed a 

conjugate allylation of acyclic enones by exploiting the transmetallation of 

allylstannanes with TaCl5.
20 The racemic products were isolated in good yields and 

excellent chemoselectivity was observed for the conjugate addition product (Scheme 

1.11).  

 

Scheme 1.11 

Through 1H NMR studies, it was demonstrated that the allylstannane 38 was 

consumed in the presence of TaCl5 and that the allylstannane itself was not the 

nucleophilic allyl species taking part in the reaction. The authors were able to 

develop the reaction into a catalytic process by introducing one equivalent of TMSCl 

as an additive. It is likely that role of the TMSCl is to trap the intermediate Ta-

enolate following allyl addition, generating the silyl enolate 42 and regenerating 

TaCl5 to re-enter the catalytic cycle. Hydrolysis of 42 provided the corresponding 

ketone 8b (Scheme 1.12).  
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Scheme 1.12 

The use of allylmetal reagents in conjugate allylation and the mild reaction 

conditions employed has increased the substrate scope of conjugate acceptors 

tolerated. In addition, the absence of pyrophoric metal halide Lewis acids increases 

the utility of this chemistry. However, their use is restricted by the need for 

preparation of the allylmetal reagents which can be time-consuming and non-trivial 

and also the poor regioisomeric ratio observed with some substrate classes. 

1.2.3 Catalytic Conjugate Allylation 

The desire for atom- and cost-efficient syntheses has resulted in focus shifting 

towards catalytic variants of conjugate allylation. Since the initial reports of 

stoichiometric Lewis acid-promoted allylation, a number of catalytic processes have 

been established and reported in the literature.  

A comprehensive publication from Majetich and co-workers comparing the Hosomi-

Sakurai allylation, allylcuprate addition and fluoride catalysed addition of 

allyltrimethylsilane with a range of Michael acceptors revealed interesting results.24 

The authors concluded that fluoride catalysis via the action of tetrabutylammonium 

fluoride (TBAF) with allyltrimethylsilane was the most general of the three methods 

examined (Scheme 1.13). 
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Scheme 1.13 

This method resulted in clean conversion to the 1,4-addition products with little 

evidence of 1,2-allylation (in contrast in particular to allylcuprate addition). 

Mechanistic considerations suggest that the active species in this process is the 

pentacoordinate hypervalent silicon species 45, rather than a free allyl nucleophile 44 

(Scheme 1.14).  The pKa of the sp3-hybridised C-H bond of propene is too high (43) 

to allow the formation of 44 under the reaction conditions, whereas the Si-F bond 

strength (565 kJ mol-1) is likely to drive the formation of the hypervalent silicon 

species 45.   

 

Scheme 1.14 

The reaction mechanism was probed further and it was considered that the conjugate 

addition product could be obtained via direct allylation to afford alkoxide 46, 

followed by an oxy-Cope rearrangement25 resulting in formation of intermediate 47. 

Subsequent enolate hydrolysis would provide the observed product 8 (Scheme 1.15).  

 

Scheme 1.15 
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The authors were able to exclude this mechanism by the synthesis of intermediate 48. 

Subjecting the silyl protected alcohol 48 to the conjugate allylation reaction 

conditions (Scheme 1.16) did not provide the allylated product 49, indicating that 

conjugate allylation of the C-C double bond is the mechanism responsible for this 

transformation. 

 

Scheme 1.16 

An additional conjugate allylation catalyst was developed by Robertson and co-

workers who reported that substoichiometric bistrifluoromethanesulfonimide 

(HNTf2) is capable of catalysing the conjugate allylation of α,β-unsaturated 

compounds with allylsilane in high yield (Scheme 1.17).26  

 

Scheme 1.17 

This methodology was inspired by earlier work by Ghosez which demonstrated that 

TMSNTf2 is able to activate carbonyl compounds effectively.
27 However, due to the 

relative sensitivity of TMSNTf2, the authors prepared the catalyst in situ from HNTf2 

and allyltrimethylsilane. This method proved to be successful in the allylation of a 

range of cyclic and acyclic conjugate acceptors (Scheme 1.17). Of note is the 

synthesis of 50 with high diastereocontrol using this method (Scheme 1.18). The 

anti-allylated product 50a was formed exclusively, which is opposite to that obtained 

using classic Lewis acid-promoted Hosomi-Sakurai conditions where the product  of 

syn-allylation 50b was observed.28 
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Scheme 1.18 

This metal-free procedure allows access to a range of allylated intermediates that are 

unattainable by other methods described. The absence of toxic and air-sensitive 

metal halides is advantageous and results in high isolated yields of the conjugate 

allylation products.  

The first metal-catalysed Sakurai reaction was reported in 2001 by Lee and co-

workers.21,22 They employed catalytic InCl3 in the presence of TMSCl to promote the 

racemic conjugate allylation of α,β-unsaturated compounds with allylsilane in high 

yields. The crucial observation was noted during mechanistic 1H NMR studies 

comparing the interaction of cyclohexenone with TiCl4 and InCl3 (Scheme 1.19). The 

proton NMR indicated that, in the presence of TiCl4, the proton shifts of the enone 

were strongly influenced 53, whilst in the presence of stoichiometric InCl3, the enone 

protons were influenced to a much lesser extent 52 (shifted downfield relative to 

uncomplexed cyclohexenone). This suggested that InCl3 was activating the susbtrate 

in a relatively weak interaction whereas the high oxophilicity of the titanium led to 

reactive complex 53.  

 

Scheme 1.19 

To develop this observation into a practical catalytic method for the allylation of 

enones, a small screen revealed that the optimum conditions required the addition of 

TMSCl (5 equiv). The role of this additive lies in the trapping of the enolate 

intermediate to drive the equilibrium to completion. Under the optimised reaction 
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conditions, a wide range of cyclic and acyclic enones undergo the Sakurai reaction in 

excellent yields (Scheme 1.20).  

 

Scheme 1.20 

This method is complementary to alternative Hosomi-Sakurai procedures due to the 

mild reaction conditions and the ease of use of indium when compared to other metal 

halides (e.g TiCl4). Additionally, this methodology can also be applied to 

intramolecular Sakurai reactions under the conditions described previously (Scheme 

1.21).  

 

Scheme 1.21 

In a similar process described by Yadav and co-workers in 2002, allylation of enones 

with allyltrimethylsilane occurs in the presence of catalytic elemental iodine.29 The 

optimised conditions are shown in Scheme 1.22.  
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Scheme 1.22 

Interestingly, substoichiometric amounts of TMSI were also able to catalyse this 

allylation procedure. However, the reaction did not proceed when 

allyltributylstannane was employed in place of the allylsilane, indicating that an 

interaction of the allylsilane and iodine is important for reactivity. It is noteworthy 

that this process appears completely chemoselective, as there is no evidence of the 

1,2-addition product. In this example, no other additives are required to promote the 

reaction and the low cost of elemental iodine is another benefit of this methodology.  

A further example of catalytic conjugate allylation was described by Jarvo and co-

workers using α,β-unsaturated N-acylpyrroles as the Michael acceptor.30 Bidentate 

N-heterocyclic carbene/Pd complex 57 can catalyse the addition of allylboronic ester 

58 to simple enoate derivatives as shown in Scheme 1.23.  

 

Scheme 1.23 
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N-Acylpyrroles are versatile building blocks as, like Weinreb amides,31 

functionalisation and manipulation is readily achieved to provide a variety of 

oxidised and reduced compounds. Prior work within the Jarvo group demonstrated 

that NHC ligands were able to increase the nucleophilicity of Pd-bound allyl species 

57.32 The inclusion of bulky alcohols as additives controlled the formation of ester 

by-products resulting from alkoxide attack on the N-acylpyrrole. This process proved 

to be highly chemoselective, and in the presence of ketone functionality, less than 

10% of the reaction mixture contained product arising from ketone allylation. The 

proposed catalytic cycle for this reaction is shown in Scheme 1.24.   

 

Scheme 1.24 

The η1- and η3- allylpalladium complexes 57 and 60 are in equilibrium under the 

reaction conditions, confirmed via deuterium labelling experiments which exhibit 

scrambling. The allylpalladium complex attacks the electrophile 56 to initiate the 

catalytic cycle. The palladium enolate 61 is then protonated by tBuOH, generating a 

palladium alkoxide 62. The catalyst is regenerated by transmetallation with the 

allylborate species 63. A Lewis acid catalysed-process would occur regiospecifically 

(without deuterium scrambling), which does not agree with experimental 

observations and can therefore be ruled out. 
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This useful allylation procedure is a mild, effective method for the conjugate 

allylation of N-acylpyrroles. However, a large excess of the allylboronic ester is 

often required to obtain satisfactory yields and acceptable reaction times. An 

enantioselective variant of this methodology would be a significant development in 

asymmetric catalysis; however, such a procedure has yet to be established. The same 

group expanded the scope of the conjugate allylation to include alkylidene 

malononitriles using similar conditions.33 

An alternative Lewis acid-promoted conjugate allylation was developed by Fillion 

and Dumas in 2009, where alkylidene Meldrum’s acids34 were allylated under 

Sc(OTf)3 catalysis using allylstannanes (Scheme 1.25).
35 Alkylidene Meldrum’s 

acids are attractive substrates to explore as conjugate acceptors due to their high 

electrophilicity, ease of preparation and versatility in synthesis.36 

 

Scheme 1.25 

A wide range of functionality was tolerated in the allylation of alkylidene Meldrum’s 

acids. Aromatic, heteroaromatic and aliphatic substituents on the C=C double bond 

afforded the allylated product in high yield. Fillion also achieved conjugate allylation 

of the less reactive tetrasubstituted alkylidenes 67 to form an all carbon quaternary 

centre by use of the more nucleophilic allyltributylstannane in the presence of 

catalytic Sc(OTf)3 (5 mol %) at 50 °C (Scheme 1.26). 
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Scheme 1.26 

In summary, a number of catalytic racemic conjugate allylation procedures have 

been established in the literature, giving access to a range of 1,4-allylation products 

in good yield. A variety of allylating reagents are able to participate in nucleophillic 

conjugate additions with varying levels of reactivity and chemoselectivity. 

1.2.4 Conjugate Allylation in Synthesis 

The high level of interest in conjugate allylation arises from its potential application 

in the synthesis of natural products and biologically active compounds. Indeed, 

conjugate allylation of Michael acceptors has been applied as a key transformation in 

the synthesis of complex synthetic targets. One recent report exemplifying the 

potential use of conjugate allylation was published by Snapper and Granger in the 

total synthesis of the marine natural product norrisolide.37 The authors employed a 

cuprate-promoted conjugate allylation of enone 70 with isoprenyl Grignard in the 

presence of HMPA, generating silyl enol ether 71. Further allylation of 71 with 

methyllithium and allylbromide provided diene 72 in an overall 60% yield (two 

steps) and as a single diastereomer (Scheme 1.27).  

 

Scheme 1.27 

Subsequent manipulations of 72, including Grubbs ring-closing metathesis, 

hydrogenation, and a kinetic resolution yielded the hydrindane carbon skeleton 73 in 
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a five-step sequence. This synthetic strategy was amenable to a multi-gram scale and 

gave access to highly enantiomerically enriched intermediate 73 (Scheme 1.28).   

 

Scheme 1.28 

Further elaboration of the key intermediate 73 led to the completion of the total 

synthesis of norrisolide in fourteen steps in an overall yield of 1.7%. This approach 

should also applicable to the synthesis of related members of this class of marine 

natural products.  

Conjugate allylation was also a key step in the enantioselective total synthesis of (–)-

Xialenon A, reported by Hodgson and co-workers.38 They employed conditions 

developed by Lipshutz18 to achieve stereoselective allylation of 74 in high yield 

(Scheme 1.29).  

 

Scheme 1.29 

The copper-promoted allylation provided key intermediate 75 in good yield, although 

a large excess of reagents was required. The reaction occurred with complete 

stereocontrol yielding a single isomer of the allylated intermediate, allowing the 

synthesis to be completed in twelve steps.  

Both syntheses demonstrate the utility of conjugate allylation in organic synthesis. 

However, a catalytic asymmetric variant of this transformation could improve the 
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synthetic tools available to chemists resulting in improved routes to compounds of 

interest.   

1.2.5 Catalytic Enantioselective Conjugate Allylation 

Catalytic enantioselective conjugate allylation of electron-deficient alkenes has 

received very little attention in the literature, and at the outset of our research, only 

two limited examples had been reported. The first of these procedures was a 

copper/bis(oxazoline)-catalysed allylation of cyclic α,β-unsaturated ketoesters 

employing allyltrimethylsilane. This work, reported by Snapper and Shizuka is 

shown in Scheme 1.30.39 

 

Scheme 1.30 

Commercially available Cu(OTf)2 and a bis(oxazoline) ligand 79 were used to 

prepare the allylated product in good yields with good enantioselectivities. However, 

the substrate scope was quite restricted, as the inclusion of the second electron-

withdrawing group in the α-position was necessary for reactivity. The small number 

of substrates reported (six), required different reaction conditions 

(temperature/solvent and equivalents of nucleophile) to achieve satisfactory results. 

Replacing the allyl nucleophile with the more reactive 2-methylallyltrimethylsilane, 

yielded the allylated products with reduced selectivities (<50% ee). This is 

presumably due to the competing non-catalysed background reaction.  
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Recently, an alternative asymmetric conjugate allylation procedure reported by 

Morken and co-workers emerged for activated enones.40,41 While investigating the 

enantioselective palladium-catalysed diboration of allenes, they observed the 

conjugate allylation of dibenzylidene acetone, the ligand for the reaction.42 

Following a screening process involving a wide range of metal/ligand combinations, 

optimum reaction conditions were found to be a catalyst system consisting of 

Ni(cod)2 and a TADDOL-derived phosphonite ligand 82 (Scheme 1.31). These 

conditions were applied to a variety of substrates, revealing the scope to be limited to 

dialkylidene ketones. Reactivity was observed to favour the benzylidene site in non-

symmetrical substrates. 

 

Scheme 1.31 

Variation of the aryl group showed that both electron-donating (83c) and electron-

withdrawing (83b) substituents and also heterocycles were tolerated, all giving high 

yields and excellent enantioselectivities. The chemoselectivity observed for the 

benzylidene β-position and the alkylidene β’-position was excellent, rendering the 

reaction reliable and useful. The presence of phosphonite ligand 82 was essential in 

achieving 1,4-addition. When the reaction was carried out in the absence of the 

ligand, the main product observed was the 1,2-addition with a ratio of 6.6:1. 

A follow-up publication from the same group developed this methodology further.43 

In this report, the substrate scope was expanded to include methylidene ketones 84 
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and achieved excellent chemo- and enantioselectivities for the internal alkene site 

(Scheme 1.32).  
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Scheme 1.32 

A suggested mechanism for this process is outlined in Scheme 1.33. Oxidative 

addition of the transition metal to the less hindered methylidene site is favoured in 

this class of substrates, generating 87. Subsequent transmetallation of the allyl group 

to give 88 followed by a 3,3’-reductive elimination delivers the allyl nucleophile to 

the internal alkene site. Hydrolysis of enolate 89 affords the 1,4-allylation product. In 

the presence of a chiral ligand, this process occurs with high regio- and enantio-

selectivity.  

 

Scheme 1.33 

Overall, the enantioselective conjugate allylations described by Morken and Snapper 

have been significant developments in the field of asymmetric catalysis. While the 
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substrate scope remains somewhat limited, a useful understanding of the reactivity of 

these classes of conjugate acceptors has been gained. 

Structural Features of Michael Acceptors in Enantioselective Conjugate 

Allylation 

The absence of asymmetric conjugate allylation reports on simple α,β-unsaturated 

ketones, aldehydes and esters led us to consider potential substrates for evaluation in 

our research programme. Since the intention was to exploit allylmetal reagents with 

low-moderate nucleophilicity, we envisioned that highly electrophilic Michael 

acceptors with specific activation features would need to be employed, as is the case 

in all current methods for the asymmetric conjugate allylation. Morken’s Ni-

catalysed allylation of dialkylidene ketones requires the presence of two alkenyl 

groups to facilitate the reaction and Snapper’s Lewis acid–catalysed allylation of 

unsaturated ketoesters requires the presence of the second electron-withdrawing 

moiety for activation and catalyst complexation (Figure 1.2).  

 

Figure 1.2 

In this context, our attention turned to the use of alkylidene malonates 90 as potential 

conjugate allylation substrates (Figure 1.3). Subsequently, the use of alkylidene 

malonates in enantioselective conjugate addition reactions with π-nucleophiles will 

be evaluated next.  

 

Figure 1.3 
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1.3 Asymmetric Addition of π-Nucleophiles to 

Alkylidene Malonates 

In recent years, both enantioselective metal-catalysed and organocatalysed additions 

of π-systems to alkylidene malonates have been demonstrated in the literature with a 

number of highly successful reports presented. These substrates are attractive 

electrophiles to study in enantioselective conjugate addition reactions for a number 

of reasons. The geminal ester groups present in alkylidene malonates activate the 

carbon-carbon double bond towards conjugate addition. They are also able to 

participate in two-point binding44 to a Lewis acid catalyst, resulting in favourable 

reactivity and facial selectivity in enantioselective processes. Enantioselective metal-

catalysed conjugate additions of π-nucleophiles to alkylidene malonates have 

included the Mukaiyama45 Michael reaction and Friedel-Crafts46 alkylation.  

1.3.1 Enantioselective Mukaiyama Michael reaction with 

Alkylidene Malonates 

Enantioselective conjugate addition to alkylidene malonates was pioneered by Evans 

and co-workers.47 They reported the asymmetric conjugate addition of enolsilanes to 

alkylidene malonates catalysed by a C2-symmetric bis(oxazoline)-Cu(II) complex in 

a Mukaiyama Michael reaction in the presence of hexafluoro-iso-propanol (HFIP) 

(Scheme 1.34). This work improved upon previous stoichiometric copper-promoted 

processes reported by Bernardi48 and related work by Tietze49 where stoichiometric 

Lewis acid catalysts and chiral oxazolidinone auxiliaries were employed. 
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Scheme 1.34 

HFIP was required to promote reaction turnover, although was also found to increase 

hydrolysis of the enolsilane, leading to diminished yields. Therefore, controlling the 

concentration of the alcohol in solution was crucial to a successful reaction outcome. 

The authors noted that HFIP was only sparingly soluble in CH2Cl2 at low reaction 

temperatures and used this property to limit the hydrolysis of the enolsilane. 

Conducting the reaction at −78 °C in a mixture of CH2Cl2/toluene (1:3, 0.5 M) 

limited the amount of HFIP in solution and led to increased conversion to the 

Michael adduct and also resulted in improved yields and stereochemical induction.  

X-ray crystallographic characterisation demonstrated that the substrate chelates to the 

catalyst in a distorted square-planar geometry, resulting in a boat conformation with 

the metal centre occupying an apex position. The distortion is so large that the ligand 

is able to occupy one face of the π-bond preferentially, pushing the malonate 

substituent out of the plane, invoking attack on the less hindered convex face of the 

substrate-catalyst complex.  

The outcome of the reaction is dependent upon the steric bulk of the alkylidene 

malonate β-substituent. Small alkyl substitution patterns result in a large decrease in 

enantioselectivity, limiting the substrate scope.  
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1.3.2 Enantioselective Friedel-Crafts Alkylation with 

Alkylidene Malonates 

Metal-catalysed asymmetric additions of π-rich nucleophiles have been explored 

utilising alkylidene malonates as conjugate acceptors. The most common of these 

reactions is the Friedel-Crafts Alkylation.46 First reported in 1877, an 

enantioselective variant was not described until over a century later.50,51,52 Extensive 

work has focussed on the incorporation of indoles in asymmetric conjugate addition 

chemistry due to the highly desired ‘privileged’ biological activity they exhibit.53 

Jørgensen’s group pioneered work in this vein in 2002. They studied a copper-

catalysed asymmetric conjugate addition of indoles to alkylidene malonates.54 An 

increase in difficulty in controlling the facial selectivity of the conjugate addition 

relative to alternative conjugate acceptors such α,β-unsaturated ketoesters was noted. 

The same catalyst system offers differing levels of stereochemical control. For 

example, the copper/box ligand combination 100 excellent results with α,β-

unsaturated ketoesters 96, yet has less influence over the enantioselectivity when 

applied to alkylidene malonates 98 (Scheme 1.35).  

 

Scheme 1.35 

Examining the binding mode of these substrates highlights the challenge associated 

with obtaining satisfactory enantioselectivities with alkylidene malonates. The 

reactive centre is much further from the chiral environment exerted by the ligand 

compared to unsaturated ketoesters, where the reactive site is heavily influenced by 

the bis(oxazoline) ligand resulting in far superior results (Figure 1.4). 



 

38  

 

R

O

R

Me Me

N N

O O

Cu

OR

O
tBu tBu

RO

O O

OR

Me Me

N N

O O

Cu
tBu tBu

reactive centre

101 102

 

Figure 1.4 

Additional research in this field, conducted by Tang and co-workers, realised an 

improvement in the enantioselective copper-catalysed Friedel-Crafts reaction of 

indoles with alkylidene malonates.55,56 A pseudo C3-symmetrical tris(oxazoline) 

ligand 103 was employed, which can be readily synthesised in two steps from 

commercially available material. The optimised reaction conditions were applied to a 

range of substrates and impressive results were obtained as shown in Scheme 1.36.   

 

Scheme 1.36 

The tris(oxazoline) ligand 103 contains three coordinating nitrogen atoms which 

ligate the metal centre and provide a tunable chiral space. This has an increased 

impact on the facial selectivity of distant reactive sites. The additional oxazoline unit 

(c.f. Box ligand) is able to stabilise reactive intermediates and attenuates the Lewis-

acidity of the metal centre (Figure 1.5).  
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Figure 1.5 

During further investigations into this reaction, it was discovered that the alcohol 

additive used had an effect not only on reaction rate but also on the 

enantioselectivity.55 Bulkier alcohols such as iBuOH and iPrOH improved the ee 

whereas less sterically demanding alcohols (MeOH, EtOH) resulted in poor 

enantiomeric induction. This suggested that the alcohol was coordinating to the metal 

centre in the active intermediate. In addition to the alcohol effect, there was an 

interesting solvent effect was observed. Altering the solvents from coordinating to 

non-coordinating, (e.g. chlorinated solvents, toluene etc) resulted in a reversal of 

enantioselectivity. This suggested that an alternative catalytic active species was 

facilitating the addition. Indeed, when using non-coordinating solvents, results 

improved when the ligand/metal ratio was increased from 1:1 to 1:1.5, indicating that 

the tridentate ligand was able to ligate more copper under these conditions. It is also 

likely that different geometries around the copper in coordinating and non-

coordinating solvents results in a change in catalytic species.  

An additional class of ligand, developed by Feng and co-workers, is able to catalyse 

the Friedel-Crafts alkylation of indoles with alkylidene malonates.77 They found that 

chiral N,N’-dioxides in the presence of Sc(OTf)3 were able to yield the Friedel-Crafts 

alkylation products in high yield with excellent enantiomeric induction (Scheme 

1.37).  
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Scheme 1.37 

Performing the reaction at sub-ambient temperatures reduced the conversion 

dramatically; however, this was overcome by using two equivalents of the indole. 

The presence of the N,N’-dioxide is crucial to chelate the Lewis acid in a chiral 

environment. The related deoxygenated ligand facilitated the generation of the 

desired products, however no enantiomeric induction was observed in these cases.  

In summary, alkylidene malonates are attractive substrates for asymmetric conjugate 

addition with a number of enantioselective metal-catalysed processes developed in 

recent years. High yields and enantioselectivities can be attained using a variety of 

metal/ligand combinations. In addition to the metal-catalysed processes described 

(vide supra), organocatalytic conjugate addition to alkylidene malonates are also well 

established.57 The scope of nucleophiles studied in asymmetric addition to alkylidene 

malonates is broad and includes alkylzinc reagents,58 silyl enol ethers59 and also a 

range of Michael donor carbon centred nucleophiles.60-62  

1.4 Conclusion 

Enantioselective conjugate allylation remains a significant challenge in asymmetric 

catalysis. While recent, isolated progress has been achieved by Morken and Snapper, 

the current scope in asymmetric conjugate allylation methods in organic synthesis 

remains limited. While these reports provide access to conjugate allylation products 

with high enantioselectivity, the substrate scope remains narrow. A general, reliable 

and practically useful asymmetric conjugate allylation method would be extremely 
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beneficial to the synthetic community and allow the synthesis of a range of 

challenging substrates and useful chiral synthetic building blocks. 
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2.0  Asymmetric Conjugate 

Allylation of Alkylidene Malonates 

2.1 Introduction 

Within the Lam group there is a keen interest in metal-catalysed transformations;63,64 

of particular interest, are those where asymmetric induction occurs.65,66 As 

demonstrated in section 1.1, nucleophilic conjugate allylation is a useful method for 

the construction of C-C bonds and the introduction of a functionalised allyl moiety. 

Despite the advances in racemic conjugate allylation, only limited success in 

asymmetric allylation has been achieved (vide supra). The development of a general 

and reliable asymmetric conjugate allylation procedure with increased substrate 

scope would be of significant benefit to the synthetic community.  

2.2 Results and Discussion 

At the outset of the research into conjugate allylation, we were keen to investigate a 

number of Michael acceptors. Initial work focussed on alkylidene Meldrum’s acids 

63 (Figure 2.1). However, at an early stage of our research, a report from Fillion that 

demonstrated the conjugate allylation of these electrophiles with allylstannanes was 

published (Scheme 1.23).35 Despite the work from Fillion, our interest in asymmetric 

conjugate allylation continued. In search of novelty, we considered alternative 

potential substrates for conjugate allylation and we were drawn to alkylidene 

malonates 90 (Figure 2.1). 



 

43  

 

 

Figure 2.1 

Alkylidene malonates are excellent substrates for conjugate addition reactions for a 

number of reasons. Firstly, like alkylidene Meldrum’s acids, the two geminal 

activating groups present result in high reactivity in numerous conjugate addition 

reactions (see chapter 1.2); including enantioselective variants. Secondly, the 

potential of alkylidene malonates to engage in two-point binding44 with a Lewis acid 

catalyst would presumably be beneficial for promoting reaction with allylmetal 

reagents which exhibit low-to-moderate reactivity, such as allylsilanes and 

allylstannanes.67 Thirdly, the malonate functionality in the products provides a 

synthetic handle that can be exploited in a range of useful transformations. Finally, 

alkylidene malonates are easily synthesised in a single step via a Knoevenagel 

condensation68 and in some cases are commercially available, making them attractive 

substrates for study.  

2.2.1 Preparation of Michael Acceptors 

To study the conjugate allylation of alkylidene malonates, a range of substrates were 

prepared via a Knoevenagel condensation68 of a dialkylmalonates 108 and the 

appropriate aldehydes 107. This reliable procedure was carried out in the presence of 

piperidinium acetate under Dean-Stark conditions, providing the desired alkylidene 

malonates on multi-gram scale (Table 2.1).  
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Table 2.1
a
 – Synthesis of Alkylidene Malonates 

 

entry product R
1
  yield (%)

b
 

1 

 
 

Ph 90a 58 
2 4-MePh 90b 77 
3 cyclohexyl 90c 70 
4 2-thienyl 90d 45 
5 4-MeOPh 90e 54 
6 4-NO2Ph 90f 65 
7 CH2CH2Ph 90g 29c 
8 3-MePh 90h 41 
9 1-naphthyl 90i 34 

10 

 

4-MePh 90j 58d 

11 
Me 90k commercially  

available 
aReactions were conducted on a 25.0 mmol scale in 25 mL of tolune. 
bIsolated yield. 
cReaction conducted on a 8.0 mmol scale 
dReaction conducted on a 50.0 mmol scale 

The remainder of the crude mass was unreacted starting materials and was easily 

removed by column chromatography. Slightly reduced yields were obtained for 

compound 90i, presumably due to steric hindrance.  

With these substrates in hand, the conjugate allylation was examined.  

2.2.2 Optimisation of the Conjugate Allylation Procedure 

The initial aim of the project was to achieve the conjugate allylation of alkylidene 

malonates 90a-90k in good yield and chemoselectivity by employing allylstannanes 

as the nucleophilic allyl source. To achieve this goal, a screen of various Lewis acids 

with benzylidene malonate (90a) as a model substrate was embarked upon.  

Preliminary results of 1,4-allylation using allyltributylstannane in the presence of 

catalytic Lewis acid metal triflate complexes were encouraging. Table 2.2 shows the 

screening results obtained in CH2Cl2 at room temperature. Although none of the 

desired conjugate allylation product 109 was detected in the presence of 10 mol % of 
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Cu(OTf)2, Zn(OTf)2, or Al(OTf)3 (entries 1, 2, and 5, respectively) and Mg(OTf)2 

revealed only trace amounts of products (entry 3). However, other Lewis acids 

showed more promise. Markedly improved results were obtained using catalytic 

Sc(OTf)3 (entry 7) and Yb(OTf)3·2H2O (entry 10). 

Table 2.2
a
 – Optimisation of Conjugate Allylation Using 

Allyltributylstannane 

 

entry M(OTf)x additive conv.(%)
b 

1 Cu(OTf)2 – <5 

2 Zn(OTf)2 – <5 

3 Mg(OTf)2 – 13 

4 Mg(OTf)2 H2O (0.2 equiv) <5 

5 Al(OTf)3 – <5 

6 Al(OTf)3 H2O (0.2 equiv) <5 

7 Sc(OTf)3 – 53 

8 Sc(OTf)3 HFIP (2 equiv) 53 

9 Sc(OTf)3 HFIP (2 equiv), 4Å MS >95 

10 Yb(OTf)3·2H2O – 72 

11 Yb(OTf)3·2H2O HFIP (2 equiv) >95 

12 Yb(OTf)3·2H2O
c HFIP (2 equiv) <10 

13 Yb(OTf)3 HFIP (2 equiv) >95 
aReactions were conducted with 0.20 mmol of 90a in 1 mL of CH2Cl2. 
bConversion was measured by 1H NMR spectroscopy after filtration of the reaction  
mixtures through a short plug of silica gel. 
cUsing 5 mol % of Yb(OTf)3�2H2O. 

The inclusion of the additives hexafluoro-iso-propanol and molecular sieves (entry 9) 

resulted in virtually complete conversion of starting material into the corresponding 

allylated product 109 when Sc(OTf)3 was used (entry 9). Similarly, addition of HFIP 

to the Yb-catalysed reaction also increased conversion (entry 11 vs 10). Since the 

hydrate of the ytterbium complex was the optimum catalyst for this process, the role 

of water was probed to ascertain whether it has an influential role in this process. 

Selected reactions were run in the presence of 0.2 equiv of water (entries 4 and 6); 

however, it failed to promote reaction in the presence of Al(OTf)3 and proved to have 

a deleterious effect in the case of Mg(OTf)2. In fact, given that the presence of 
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molecular sieves improved the conversion to the desired products in the presence of 

Sc(OTf)3 (entry 9), presumably the removal of water aids the conversion into the 

allylated product. Lowering the catalyst loading to 5 mol % (entry 12) surprisingly 

led to poor conversion. It is noteworthy that anhydrous Yb(OTf)3 was also able to 

catalyse the allylation of benzylidene malonate with high conversion. However, due 

to cost and handling issues, the hydrate complex was selected as the optimal catalyst. 

It is important to consider the role of HFIP in the conjugate allylation reaction. HFIP 

has been observed to increase the yields of other Lewis acid-catalysed reactions by 

assisting catalyst turnover through protonation69 of intermediates, or by suppressing 

the formation of oligomeric by-products.59 Additionally, rate-accelerations59 have 

also been observed using HFIP in conjugate addition chemistry. The combination of 

high acidity/low nucleophilicity and strong solvating ability is likely key to the 

observed action of HFIP in the conjugate allylation reaction.   

 

Alternative alcohols (iPrOH, CF3CH2OH) were found to be inferior in assisting the 

conjugate allylation under ytterbium Lewis acid catalysis. However, it was later 

found that tBuOH was also able to encourage the process, providing an additional 

option of proton source.  

2.2.3 Substrate Scope Using Allylstannanes 

Following the screening process, optimal conditions were applied to the allylation of 

alkylidene malonates 90a-90k to assess the scope of the reaction. Pleasingly, each of 

the substrates examined performed well using these conditions (Table 2.3).  
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Table 2.3
a
 – Substrate Scope Employing Allyltributylstannane 

R2
CO2R

1

CO2R
1

SnBu3

CO2R
1

CO2R
1

R2

90a-k 109a-k

20 (1.5 equiv)

HFIP (2 equiv)
CH2Cl2, RT

Yb(OTf)3�2H2O (10 mol%)

 

entry product R
2 

 yield (%)
b 

1 

CO2Me

CO2Me

R2

 

Ph 109a 73 

2 4-MePh 109b 95 

3 cyclohexyl  109c 75 

4 2-thienyl  109d 88 

5 4-MeOPh 109e 60 

6 4-NO2Ph  109f 86 

7 CH2CH2Ph  109g 47 

8 3-MePh 109h 61 

9 1-naphthyl          109i 30 

10 
CO2Et

CO2Et

R2

 

4-MePh 109j 91c 
11 Me 109k 75 

aReactions were conducted with 0.50 mmol of 90a–k in 2 mL of CH2Cl2. 
bIsolated yield. 
cConducted with 4.00 mmol of 90j in 10 mL of CH2Cl2. 

Aromatic substrates containing electron-neutral (entries 1 and 9), electron-rich 

(entries 2, 5 and 8) and electron-poor substituents (entry 6) were excellent partners 

for nucleophilic allylation. Sterically demanding substrate 90i resulted in lower 

yields of the desired allylated product (entry 9), where a substantial amount of 

starting material remained. Additionally, the heterocyclic substrate 90d was also a 

suitable conjugate acceptor for 1,4-allylation (entry 4). Gratifyingly, this process is 

also applicable to aliphatic substrates containing a cyclohexyl or methyl substituent 

(entries 3 and 11). The lower yield obtained with alkylidene malonate 90g was due to 

the presence of minor unidentified by-products. In addition to substrates prepared 

from dimethyl malonate, diethyl malonate-derived acceptors were tolerated (entries 

10 and 11). This procedure was suitable for large scale preparation with the allylated 

product 109j being isolated in 91% yield on a 4.00 mmol scale.  
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2.2.4  Substrate Scope Using Allylsilanes 

The use of allylsilanes in place of allylstannanes in synthesis has obvious advantages 

when considering the relative toxicity of these reagents. As a result, we were keen to 

explore allyltrimethylsilane (6) as a nucleophilic allylating reagent in this process. As 

expected, the less nucleophilic allyltrimethylsilane (6) proved to be an inferior 

allylating reagent under these conditions. Generally, only low conversions into the 

products 109 were observed. However, the use of an excess of allyltrimethylsilane (5 

equiv) at a slightly elevated temperature (40 °C) under dilute conditions (0.125 M) in 

dichloroethane allowed product 109a to be isolated in 55% yield (Scheme 2.1). With 

more concentrated conditions, products of type 111 resulting from competitive 

oligomerisation were detected. 

Ph
CO2Me

CO2Me

SiMe3

CO2Me

CO2Me

Ph

90a 109a

6 (5 equiv)

HFIP (5 equiv)
DCE, 40 °C

55%

Yb(OTf)3�2H2O (10 mol%)

CO2MeMeO2C

Ph Ph

CH(CO2Me)2

ol igomeric by-pr oduct:

111  

Scheme 2.1  

Despite the limited reactivity exhibited by allyltrimethylsilane, we were keen to 

broaden the scope of our Lewis acid-catalysed allylation to include more highly 

substituted allylsilanes. Current catalytic conjugate allylations are restricted to, with 

only a few exceptions,21 the addition of simple allyl groups. 

Gratifyingly, we discovered that commercially available 2-methallyltrimethylsilane 

(112) provided good results under similar conditions to those applied in Table 2.9. 

Reactions using this reagent again tolerated a wide range of alkylidene malonates, 

providing methallylated products 113a–113i in 65–95% yield (entries 1–9).  
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Table 2.4
a
– Substrate Scope Employing Methallyltrimethylsilane

 

 

entry product R
2 

 yield (%)
b 

1 Ph 113a 85 
2 3-MePh 113b 79 

3 4-MePh 113c 65 

4 4-MeOPh 113d 65 

5 4- NO2Ph 113e 82 

6 2-thienyl 113f 95 

7 cyclohexyl 113g 89 

8 CH2CH2Ph 113h 84 

9  113i 71 

aReactions were conducted with 0.50 mmol of 90a–i in 2 mL of CH2Cl2. 
bIsolated yield. 

Keen to expand this process further and introduce additional substitution patterns, 2-

(phenyl)allyltrimethylsilane (116) was synthesised in high yield in a single step using 

a reported procedure.70 Catalytic cobalt(II) chloride was used to promote the 

coupling of α-bromostyrene (114) and trimethylsilylmethylene magnesium chloride 

(115) in THF (Scheme 2.2). 

 

Scheme 2.2 

2-(Phenyl)allyltrimethylsilane (116) was examined under the standard reaction 

conditions and again was found to suitably extend the scope of the conjugate 

allylation products that can be accessed via the established reaction conditions 

(Scheme 2.3).  



 

50  

 

 

Scheme 2.3 

A number of alternative allylsilanes were synthesised for evaluation. 

Allyltriphenylsilane (118) and bromo-substituted silanes 119 and 120 were prepared 

using reported procedures71,72 by ERASMUS student Naiara Fernández (Figure 2.2). 

They were then examined under the established conditions; however, failed to 

provide any of the desired allylation products with benzylidene malonate (90a) and 

Yb(OTf)3·2H2O. 

 

Figure 2.2
i
 

The decrease in nucleophilicity of these allylsilanes is unsurprising given the 

presence of the aromatic substituents on the silicon. The electron-withdrawing 

groups reduce the ability of the Si-C σ-bond to stabilise the empty p-orbital 

generated in the reaction through hyperconjugation (β-silicon effect, Figure 2.3). 

                                                      

i Reactions performed by exchange student Naiara Fernández. 
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Therefore, they do not participate in the conjugate allylation, even at elevated 

temperatures. 

 

Figure 2.3 

An elegant study by Mayr and Hagen described the relative reactivity of various 

allylsilanes, allylstannanes and allylgermanes and provided a useful nucleophilicity 

chart of these reagents (Figure 2.4).73 

 

Figure 2.4 

The nucleophilicity of the allylmetal reagents described in this report is in agreement 

with reactivity observed under the allylation procedure developed in our laboratory. 

Sterically hindered allylsilane 118 and allylstannane 64 are less reactive than the less 

sterically encumbered allyl reagents 6 and 20 respectively. 2-

Methallyltrimethylsilane 112 is slightly more reactive than allyltriphenylstannane 64 

and allyltributylstannane 20 is the most reactive of the allylmetal reagents studied.   

At this stage of the investigation, a robust conjugate allylation of alkylidene 

malonates had been established and an understanding of the substrate scope and 

reactivity of a range of nucleophilic allyl reagents had been acquired. Our next goal 

was to explore the utility of the conjugate allylation products in further synthetic 

transformations. 
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2.2.5 Manipulation of the Allylation Products 

To demonstrate the utility of the methodology, manipulation reactions of the racemic 

allylated products were conducted. For example, Krapcho decarboxylation74 of the 

diethyl malonate 109j proceeded smoothly to provide the monoester 124 in 65% 

yield (Scheme 2.4).  

 

Scheme 2.4 

In addition, oxidative cleavage of the methallyl group of 113c to yield ketone 125 

was accomplished in 68% yield using OsO4/PhI(OAc)2/2,6-lutidine (Scheme 2.5).
75 

 

Scheme 2.5 

Elaboration of the conjugate allylation products in this manner allows access to novel 

compounds that may otherwise be difficult to synthesise. Thus, a range of building 

blocks may be targeted using similar strategies. The next challenge was to develop 

an asymmetric conjugate allylation procedure which could generate 

enantiomerically-enriched products. 

2.2.6  Development of an Asymmetric Conjugate 

Allylation 

We envisaged that the introduction of chiral non-racemic ligands would allow the 

generation of enantiomerically-enriched allylated products. Using the reaction of 
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benzylidine malonate (90a) and allyltributylstannane (20) as a model system, a range 

of commercially available chiral ligands and Lewis acids were examined (Scheme 

2.6).  

 

Scheme 2.6 

In the initial screening reactions, the bidentate ligands 126 and 128, and tetradentate 

ligand 127 depicted in Scheme 2.6 were assessed for their ability to impart 

enantioselectivity. As demonstrated, these ligands were unable to influence the 

stereochemical outcome of the reaction in the presence of ytterbium triflate, and only 

racemic products were obtained. 

Undeterred, we examined alternative chiral ligands in the model system. Chiral 

alcohol 129, amino alcohol 130 and tridentate pyridyl bis(oxazoline) (PyBox) ligands 

131a-131c were examined under the same reaction conditions, and provided 

improved results (Scheme 2.7). As can be seen from Scheme 2.7, the most 

favourable results were obtained using tridentate PyBox ligands 131a and 131c. 
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Scheme 2.7 

Keen to improve these results, further screening of alternative reaction parameters 

(solvent, temperature etc), was carried out; however, this did not lead to an 

improvement in enantioselectivities. On the other hand, when the metal triflate 

employed was changed from ytterbium to scandium, much improved results were 

obtained (Scheme 2.8), with ligand 131b delivering the product 109a in 70% ee.  

 

Scheme 2.8 

The increase in enantioselectivity observed when changing the Lewis acid catalyst 

from Yb(OTf)3·H2O to Sc(OTf)3 is likely due to the more defined ligand geometry of 

scandium. It has a preference for ligands to occupy octahedral sites around the metal 
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centre. Ytterbium, on the other hand, is much larger in size and has a less well-

defined geometry. Due to these properties, the control of enantioselectivity with 

ytterbium as the Lewis acid is difficult. 

Following the promising results observed with the PyBox ligand class in the 

presence of Sc(OTf)3, additional ligands based upon this chiral scaffold but with 

increased steric bulk were targeted in an attempt to gain an improvement on the 

enantioselectivities obtained. The intermediate PyBox containing the pendant alcohol 

135 was synthesised using a method developed by Mella and co-workers (Scheme 

2.9).76  
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Scheme 2.9 

This short sequence began from commercially available 2,6-dicarbonitrile pyridine 

(132), which was reacted with sodium methoxide quantitatively to yield the imidate 

ester 133. Enantiomerically pure amino alcohol 134 was then heated with 133, to 

furnish primary alcohol 135 which provided a handle for functionalisation and 

addition of steric bulk. Ester coupling yielded bulky PyBox ligands 136a and 136b 

for examination under the previously optimised reaction conditions (Scheme 2.10).  
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Scheme 2.10 

Disappointingly, the resulting enantiomeric induction observed did not improve upon 

the results obtained with the parent commercially available PyBox ligands.  

Another class of ligand explored were chiral N,N’-dioxides. These had been 

previously described as suitable ligands for the conjugate addition of indoles to 

alkylidene malonates in the presence of scandium triflate as a Lewis acid (see section 

1.2).77 Two chiral ligands were synthesised using a literature procedure,78 starting 

from the commercially available Boc-protected amino acid 137 (Scheme 2.11). 

 

Scheme 2.11 

Amide coupling, followed by removal of the Boc protecting group and subsequent 

alkylation yielded the dioxide precursor 140. Oxidation with m-CPBA led to the 

chiral N,N’ dioxide 141 in good overall yield. This ligand was then assessed in the 

conjugate allylation of alkylidene malonates with allyltributylstannane under the 

optimised reaction conditions (Scheme 2.12).  
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Scheme 2.12 

Disappointingly, under the reaction conditions examined, no desired allylated 

product was obtained and only starting material was observed in the reaction 

mixture. However, a recent publication indicates that this class of ligands may be 

suitable for this transformation. Feng and co-workers were able to achieve the 

conjugate allylation of related coumarins (Scheme 2.13).79  

 

Scheme 2.13 

Inclusion of (CuOTf)2·C7H8 as a co-catalyst was the crucial discovery which allowed 

Feng and co-workers to achieve high yields and enantioselectivities. 

Tetraallylstannane undergoes transmetallation with the copper catalyst to generate 

the allylcuprate reactive intermediate 148, increasing the reactivity of the 

nucleophile. The importance of the copper present in this reaction is demonstrated in 

the reported mechanism (Scheme 2.14).   
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Scheme 2.14 

The metal/ligand complex 146 is able to bind to the coumarin substrate 142 to 

generate complex 147. The allylstannane undergoes transmetallation to the copper 

co-catalyst, giving 148. Cleavage of the allylcopper bond followed by the interaction 

of (allyl)4Sn with complex 150, generates the allylated tin enolate 151 and the 

reactive allyl copper(I) species. Finally, protonation of the enolate delivers the 

desired product 145. This dual activation strategy is a useful method for the 

conjugate allylation of active coumarins.  

In our continued efforts to develop a novel conjugate allylation of alkylidene 

malonates, another class of chiral ligand was examined. Encouraged by the work of 

Nishida and co-workers on an enantioselective Diels-Alder reaction of Danishefsky 

dienes80 by a Yb(III)-BINAMIDE complex,81 the BINAMIDE ligand 154 was 

synthesised in one step from commercially available (R)-binaphthyl diamine 152 

(Scheme 2.15).  
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Scheme 2.15 

With the ligand in hand, it was examined under the optimised reaction conditions. 

Unfortunately, this ligand proved to be ineffective for the conjugate allylation of 

alkylidene malonates in the presence of ytterbium triflate and allyltributylstannane 

(Scheme 2.16).  
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Scheme 2.16 

In a final attempt to exert enantiocontrol over the conjugate allylation of 

alkylidenene malonates, a chiral allylating reagent that had been previously reported 

in the literature for the allylation of activated cyclopropenes82 was synthesised, and 

used in stoichiometric quantities (Scheme 2.17).  

 

Scheme 2.17 
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The lithiation of bis(oxazoline) 128, followed by transmetalation with allylzinc 

bromide, affords the chiral allylzinc reagent 155. Pleasingly, this allyl reagent was 

competent in the allylation of benzylidene malonate with 66% conversion; however, 

only 20% ee was obtained.  

Following the exploration of a range of chiral ligands and reagents for an 

enantioselective conjugate allylation of alkylidene malonates, it was clear that the 

PyBox ligands provided the most impressive enantiocontrol under the optimum 

conditions. In an attempt to gain higher enantiocontrol, a less nucleophilic allyl 

source was employed. Pleasingly, it was found that by utilising allyltriphenyl 

stannane 64, allylation could be realised with 90% enantioselectivity (Scheme 2.18).  

 

Scheme 2.18 

This result was encouraging, although conversion was lower than that obtained using 

allyltributylstannane (70% c.f. >95%). The next goal was to apply these conditions to 

a range of alkylidene malonates in order to assess the scope of the asymmetric 

conjugate allylation procedure.   

2.2.7 Scope of Asymmetric Conjugate Allylation 

A range of alkylidene malonates were explored under the optimum conditions for 

asymmetric conjugate allylation (Scheme 2.19).  
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Scheme 2.19 

Pleasingly, the conditions provided the conjugate allylation products for a range of 

substrates. However, the enantioselectivities observed were not generally of synthetic 

value. The disappointing results obtained with substrates 109d-109f and 109h 

suggest that benzylidene malonate (90a) is not a representative substrate and further 

work to establish reaction conditions that control the stereochemical outcome for a 

wide range of substrates is required.  

2.2.8 Alternative Conjugate Acceptors 

As the aim of our research was to obtain a general procedure for conjugate allylation, 

a range of alternative conjugate acceptors were synthesised and investigated. It was 

envisaged that suitably activated acceptors would be able to engage in binding with 

the Lewis acid catalyst to facilitate the conjugate allylation. In this regard, the aldol 

reaction of commercially available ketoalcohol 156 with aldehydes 157a and 157b 

furnished activated alkenes 158a and 159b in one step (Scheme 2.20).  
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Scheme 2.20 

These substrates have the potential to bind to a metal centre through the carbonyl and 

alcohol moieties. However, when these substrates were subjected to the conditions 

developed for the conjugate allylation of alkylidene malonates, only a trace amount 

of product was obtained for electron-poor substrate 158a and unreacted starting 

material was observed with electron rich substrate 158b (Scheme 2.21). 

 

Scheme 2.21 

Subsequently, an additional α,β-unsaturated ketoester was synthesised in two steps 

via a Reformatsky83 reaction with commercially available ethylbromo difluoroacetate 

(160)  and  cinnamaldehyde 161. This was followed by Dess-Martin oxidation84 of 

the allylic alcohol 162 to yield the activated enone 163 (Scheme 2.22). The gem-

difluoro moiety was included to increase the reactivity of the alkene to nucleophilic 

attack.  

 

Scheme 2.22 

The activated enone 163 was then subjected to the Lewis acid-catalysed conjugate 

allylation conditions with allyltributylstannane. Full conversion of the starting 

material was observed in the 1H NMR spectrum of the unpurified reaction mixture; 
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however, the allylation product observed was that of 1,2-allylation with the alkene 

remaining intact (Scheme 2.23).  

 

Scheme 2.23 

In a final effort to explore alternative conjugate acceptor substrates, α,β-unsaturated 

amides 167 and 169 were synthesised in a single step from the amides 165 or 168 

and crotonyl chloride (166) (Scheme 2.24). 

 

Scheme 2.24 

These conjugate acceptor substrates were examined using the optimised conjugate 

allylation procedure. Disappointingly, they were unsuitable substrates for this 

process and again only trace amounts of products were observed in the 1H NMR 

spectrum of the unpurified reaction mixture (Scheme 2.25).  

 

Scheme 2.25 
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The investigation into conjugate allylation of alternative substrates revealed that 

under the conditions examined, the difference in reactivity between alkylidene 

malonates and alternative activated alkenes is considerable. These conjugate 

acceptors require further study if they are to be employed in conjugate allylation 

reactions.  

2.3 Conclusion 

A novel procedure for conjugate allylation of alkylidene malonates under Lewis acid 

catalysis has been developed. Catalytic ytterbium and scandium triflate complexes 

achieved high yields of conjugate allylation products under the optimum conditions 

developed.  An examination of a range of chiral ligands under various reaction 

conditions revealed a potential method for an asymmetric conjugate allylation of 

specialised substrate scope. Alternative Michael acceptors studied were poor 

substrates for conjugate allylation using allylsilanes or allylstannanes. Finally, 

functionalisation of the conjugate allylation products was demonstrated by Krapcho 

decarboxylation and oxidative cleavage of the allyl group to yield highly 

functionalised intermediates.   

 



 

65  

 

3.0  Asymmetric 

Functionalisation of Azaarenes  

3.1 Introduction 

Nitrogen-containing heteroarenes are prevalent structural motifs in numerous 

pharmaceuticals, agrochemicals and other biologically active molecules (Figure 3.1). 

As a result, the synthetic community has made extensive efforts to develop new 

methods for the construction and functionalisation of azaarene cores.  
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Figure 3.1 

Among the many strategies developed, common methods for the synthesis of 

functionalised azaarenes include cross-coupling of heteroaromatic halides,85 Friedel-

Crafts alkylation of indoles86 and pyrroles52 and, in recent years, C-H 

functionalisation/activation87, 88 methods have become well-established. While these 

techniques are robust and often high yielding, they often lead to achiral or racemic 

products (Scheme 3.1). The asymmetric functionalisation of azaarenes to provide 

optically-enriched scaffolds via enantioselective catalysis remains a significant 

challenge in organic synthesis. 
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Scheme 3.1 

Within the Lam group, there is a keen interest in the asymmetric functionalisation of 

azaarenes using novel activation methods. Chapter 4.0 details our latest work in this 

field - an enantioselective Michael addition of azaarylacetamides and acetates to 

nitroalkenes. The focus of this section is to present the previous work of previous 

Lam group members employing alkenylazaarenes as electrophiles in enantioselective 

conjugate addition reactions. In addition, a brief overview of the literature in this area 

will be presented to provide an insight into the current developments at the outset of 

the project.  

3.2 Azaarenes as Activating Groups For 

Conjugate Addition Reactions 

The addition of a nucleophile to a carbon-carbon double bond normally requires the 

alkene to be activated. This is usually achieved by polarisation of the bond via a 

range of functional groups. The most common functional groups utilised for this 

process tend to have a central atom which contains π-bond(s) to oxygen or nitrogen 

(Figure 3.2, A).  

 

Figure 3.2 
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The C=N moiety present in azaarenes also has the ability to withdraw electron 

density from suitably conjugated π-systems (Figure 3.2, B), thus activating the 

double bond to nucleophilic attack. This methodology has been used to functionalise 

vinyl pyridines and related azaarenes with various carbon nucleophiles.89-91 

However, most reports of this type generate racemic products. 

Lautens and co-workers reported a Rh-catalysed arylation of vinyl azaarenes 

employing boronic acids in 2001 (Scheme 3.2).89 

 

Scheme 3.2 

The aqueous reaction conditions and inclusion of water soluble ligand TPPDS were 

crucial for reactivity, providing the arylation products in high yields. The use of β-

substituted alkenylazaarenes in a related process is less well-established. This is 

likely due to the increased steric demand and consequent decrease in reactivity of the 

alkene. Despite these issues, a few reports of this nature have emerged. 

The conjugate addition of organometallic reagents to β-substituted alkenylazaarenes 

was reported in 1998 by Reider and co-workers.92 They demonstrated a nickel-

catalysed addition of Grignard reagents and organozincates to 4-alkenylpyridines 

(Scheme 3.3).  
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Scheme 3.3 

Yields of the addition improved dramatically with some gentle heating (from RT to 

45 °C), which also prevented the formation of by-products arising from dimerisation 

of the nucleophile to afford biphenyl adducts. Phenyl zincate reagent 

(PhZnMe2MgCl) achieved similar yields but with less evidence of biphenyl 

formation. 

The authors attempted to develop an asymmetric variant of the reaction by 

incorporating enantiomerically enriched ligands. Chiral ligands such as 

bisphosphines, diamines, bissulfonamides, aminoalcohols, and diols gave 

unsatisfactory results with enantiomeric excess only reaching 15%.  

An enantioselective conjugate addition of this type was published by Adamo and co-

workers in 2009.93 Chiral phase-transfer catalyst 178 realises the conjugate addition 

of nitroalkanes to styryl isoxazoles 177, activated by the presence of the suitably 

positioned nitro group, forming a new C-C bond with high enantioselectivity. The 

result is the installation of a nitroalkane; a useful handle for a range of further 

transformations (Scheme 3.4).  
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Scheme 3.4 

High yields and useful enantioselectivities are observed utilising this novel class of 

Michael acceptor under the mild phase-transfer conditions, providing access to a 

range of enantio-enriched heteroarenes. The conjugate addition products were 

derivatised to reveal γ-nitro acids in a single synthetic step (Scheme 3.5).  

 

Scheme 3.5 

Styryl isoxazoles were also shown to participate in asymmetric conjugate addition of 

anthrone under bifunctional chiral thiourea catalysis (Scheme 3.6), as reported by 

Sun and co-workers in 2011.94  
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Scheme 3.6 

Two equivalents of the relatively acidic nucleophile 181 (pKa = 10) were required to 

gain satisfactory yields in these reactions. The chiral bifunctional thiourea catalyst is 

able to activate both electrophile and nucleophile in this enantioselective conjugate 

addition, bringing the two reacting partners together in an organised transition state 

(Figure 3.3) leading to high levels of stereoselectivity. 

 

Figure 3.3 

The Lam group has recently explored the use of β-monosubstituted and β,β-

disubstituted alkenylazaarenes in metal-catalysed enantioselective conjugate addition 

reactions.95,96 The aim was to examine the possibility of employing azaarenes as 

weak activation sources in enantioselective transformations. Initial work focussed on 

the asymmetric reduction of β,β-disubstituted alkenylazaarenes 184. Following 

optimisation, an enantioselective copper-catalysed reduction process employing a 

chiral phosphine ligand (and PhSiH3 as the hydride source) was developed.
95 This 
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permitted the synthesis of enantiomerically-enriched azaaryl products 185a-d 

(Scheme 3.7).  

 

Scheme 3.7 

This work extended the scope of copper-catalysed enantioselective reduction of 

activated alkenes that is well-documented in the literature for the synthesis of chiral 

building blocks.97 The use of a small nucleophile (H-) in the presence of the copper 

catalyst overcomes the obstacle of the increased steric bulk caused by the β,β-

disubstitution on the alkene and allows sufficient reactivity for high yields and 

enantioselectivities. Important observations resulted from this investigation, i.e. the 

position of the nitrogen atom in the azaarene was crucial, in that conjugation of the 

C=N bond to the alkene was required for reactivity; however, the nitrogen did not 

have to be adjacent to the alkenyl functionality, as demonstrated in Scheme 3.8.  

 

Scheme 3.8 
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Following the work on copper hydride-mediated reduction of alkenylazaarenes, an 

expansion of this methodology was investigated. Due to issues of convergence, a 

related procedure involving a C-C bond forming process is of inherently greater 

value. Consequently, development of a carbon-carbon bond-forming asymmetric 

process utilising alkenylazaarenes was next examined.  

Rhodium has been shown to catalyse the addition of arylboron compounds to carbon-

carbon multiple bonds activated by electron-withdrawing groups for the construction 

of stereogenic centres.3 However, examples containing azaarenes were limited to β-

unsubstituted vinyl azaarenes89 (Scheme 3.2) and alkylnyl azaarenes, which resulted 

in achiral products (Scheme 3.9).98-100  

 

Scheme 3.9 

An asymmetric rhodium-catalysed addition of arylboronic acids to alkenylazaarenes 

had not been demonstrated, likely due to the relative unreactivity of β-substituted 

alkenyl substrates. Despite this notable challenge, a study of the proposed arylation 

of alkenylazaarenes was undertaken.96 

Following optimisation, it was found that chiral rhodium-diene complexes were 

effective catalysts for the addition of arylboronic acids to alkenylazaarenes (Scheme 

3.10). [Rh(C2H4)Cl]2 was the most useful rhodium source and potassium hydroxide 
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was also required to promote arylation. A survey of chiral ligands revealed novel 

diene 196, tethered to (S,S)-diaminocyclohexane as optimal and provided high 

enantioselectivities (Scheme 3.10).  

 

Scheme 3.10 

This procedure is applicable to the introduction of a wide range of arylboronic acids 

to azaarenes derived from azoles and azines, with the products isolated in good 

yields and with high enantioselectivities. In agreement with the accepted mechanism 

of conjugate addition of arylboronic acids to enones,101 a possible catalytic cycle for 

the process, employing alkenylpyrimidine 200, is presented in Scheme 3.11. 
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Scheme 3.11 

Treatment of [Rh(C2H4)2Cl]2 and the chiral diene ligand 196 with KOH results in 

formation of chiral diene-ligated rhodium hydroxide 198, which undergoes 

transmetallation with the arylboronic acid to form rhodium aryl species 199, where 

the rhodium-aryl linkage is positioned trans to the more electron-deficient alkene. 

Coordination of the alkenylazaarene 200 to the remaining binding site of 199 then 

occurs as depicted in 201 to minimise unfavourable non-bonding interactions 

between the azaarene and the amide substituent of the ligand. Arylrhodation of the 

bound substrate results in the formation of aza-π-allylrhodium intermediate 202, 

which then undergoes hydrolysis to regenerate the rhodium hydroxide 198 and 

liberate the arylated product 203. 

In summary, this work further demonstrates that azaarenes with a suitably positioned 

C=N bond(s) can provide effective activation of an adjacent alkene for highly 

enantioselective catalytic conjugate addition reactions.  

3.3 Nucleophilic Addition of 2-Alkylazaarenes    

Over recent years, a novel method of azaarene functionalisation has emerged. The 

use of 2-alkylazaarenes as nucleophiles in both direct- (1,2-) and conjugate- (1,4-) 
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addition pathways have been developed. Most reports of this type rely on Lewis 

acid-catalysed activation of the alkylazaarene and require high temperature or 

pressure to achieve useful synthetic yields.  

Huang and co-workers first reported the Pd(OAc)2-catalysed addition of 2-

alkylazaarenes to activated aldimines in 2010.102 The reaction conditions employed 

require heating at 120 °C for twenty-four hours in THF in a sealed vessel to achieve 

the racemic amines 206 in good yields (Scheme 3.12). 

 

Scheme 3.12 

A range of azaarenes react with activated aromatic aldimines in good yield. The 

inclusion of 1,10-phenanthroline (5 mol %) increased the efficiency of the catalyst 

and improved the isolated yield of 206a from 70% to 82%. Kinetic isotope effect 

experiments confirmed that deprotonation is the rate-limiting step for this process 

(kH/kD = 3.6).  

Following this report, a number of similar processes emerged from the same group, 

using alternative catalyst systems and electrophiles.103 They found that replacing 

Pd(OAc)2 with Sc(OTf)3 as the catalyst and using trifluoromethylbenzene instead of 

THF as the solvent provided the addition products in good yield. The neutral 

conditions employed generate azaaryl amines that are useful intermediates in 

medicinal chemistry (Scheme 3.13). 
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Scheme 3.13 

The authors also described an intermolecular tandem reaction of the 2-alkylazaarenes 

207 with bifunctional electrophiles 208, containing both imine and Michael acceptor 

functionality, under the same conditions (Scheme 3.14).  

 

Scheme 3.14  

The tandem process arises from an intermolecular Lewis acid-catalysed addition of 

2-alkylazaarene to the aldimine followed by an intramolecular conjugate addition to 

yield the desired iso-indoline 209 in high yield and as a single diastereomer. 

A plausible mechanism for the Lewis acid-catalysed addition is shown in Scheme 

3.15.  

TfO

N Me

Ar

NTs

N Ar

NHTsSc(OTf)3

N

Sc

–TfOH
N

Sc
Ar

NTfO

TfO

TfOH

–Sc(OTf)3

210

211

205

212

213OTf

Ts
 

Scheme 3.15 

Coordination of the Lewis acidic metal catalyst to the Lewis basic heteroatom in the 

azaarene followed by subsequent deprotonation of the 2-methyl substituent by the 
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internal base present (-OTf) on the metal centre generates 211. The metal-bound 

heterocycle is then able to coordinate the aldimine resulting in 212, which in turn is 

set up for nucleophilic attack generating the final product 213.  

A further example of this methodology from the same research group was then 

described in 2011.104 They reported the synthesis of 2-alkenylazaarenes via coupling 

of 2-methylazaarenes 204 with activated aldimines 205. The iron(II)acetate-catalysed 

C-H cleavage generated the addition product intermediate 215. Further cleavage of 

the C-H and C-N bonds in adduct 215 led to elimination of tosylamide and provided 

the alkenylazaarenes 214 in good yields (Scheme 3.16).  

 

Scheme 3.16 

The concerted E2 elimination occurs with high regioselectivity generating 

exclusively the E-alkene. 

Rueping and Tolstoluzhsky reported similar results to the work of the Huang group 

utilising copper(II)triflate as the Lewis acid catalyst. N-Sulfonyl aldimines were 

again employed as the electrophile in the addition (Scheme 3.17).105 
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A wide range of 2-alkylazaarenes were capable of reacting with the reactive 

aldimines. However, this method was lower yielding when compared with the Pd-

catalysed work of Huang.  

Further elaboration of this methodology was described in 2011 by Matsunaga and 

co-workers.106 This work represented the first direct conjugate addition process of 2-

alkyl substituted azaarenes with enones (Scheme 3.18).  

 

Scheme 3.18 

A mechanism similar to the addition of aldimines is responsible for the conjugate 

addition to enones. The Lewis acid activates both the azaarene and the enone for 

conjugate addition (Scheme 3.19).  

 

Scheme 3.19 
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Again, extended reaction times, elevated temperatures and an excess of azaaryl 

component are required to achieve the conjugate addition.  

In summary, the use of 2-alkylazaarenes as nucleophiles has been successfully 

applied to a range of electrophiles to generate racemic addition products under the 

action of metal-acetate and metal-triflate catalysis. Together, these procedures 

provide a significant insight into the reactivity of 2-alkylazaarenes as nucleophiles in 

Lewis acid-catalysed addition reactions with activated aldimines and enones. 

However, the harsh reaction conditions required limit the possibility of developing a 

catalytic asymmetric variant of these processes. 

3.4 Asymmetric Nucleophilic Addition of 

Azaarenes 

Asymmetric functionalisation of 2-alkylazaarenes is less well established and only a 

few recent reports of enantioselective nucleophilic addition to electrophiles have 

been described in the literature.  

Trost and co-workers have made a number of advances in the field of asymmetric 

allylic alkylation employing 2-alkylazaarenes.107-109 They developed an 

enantioselective palladium-catalysed process using cyclic allylic tert-butyl 

carbonates 224 as electrophiles. This resulted in the synthesis of a range of 

enantioenriched azaaryl compounds that contain alkene functionality in high yield 

(Scheme 3.20).107 
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Scheme 3.20 

The Lewis acid BF3·OEt2 is required in order to ‘soften’ the metal pyridyl anion, 

generated by LiHMDS. Subsequently, the stabilised anion is then able to, in the 

presence of the chiral ligand 225, participate in the allylic alkylation with high yields 

and enantioselectivities.  

This chemistry was further developed when substrates with higher substitution 

patterns were employed as nucleophiles in the reaction. The coordination of BF3 to 

the pyridyl nitrogen atom generates adduct 227; benzylic deprotonation leads to an 

anion that exists as a single geometric isomer 228, due to the steric influence of the 

coordinated Lewis acid (Scheme 3.21). This level of control in anion formation was 

hypothesised to control the allylic alkylation in a highly diastereoselective, as well as 

enantioselective, fashion.108 

 

Scheme 3.21 

Optimisation of this procedure led to an extension of the substrate scope of this 

reaction (Scheme 3.22). Additional external base (nBuLi, 1 equiv) was required to 
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increase conversion to the alkylation product. The role of nBuLi is presumably to 

deprotonate the HMDS generated from deprotonation of the benzylic proton with 

LiHMDS, driving the reaction to completion.  

 

Scheme 3.22 

In their attempts to find a general asymmetric allylic alkylation procedure for 2-

alkylazaarenes, Trost and co-workers continued to explore and broaden the scope of 

this reaction. They achieved this using similar conditions, described in Scheme 

3.23.109 
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Scheme 3.23 

The sterically hindered mesityl ester 234 was used as the electrophile to prevent 

decomposition under the strongly basic reaction conditions. Alternative leaving 

groups led to a high proportion of cyclohex-2-enol 238 being formed (Figure 3.4). 

Surprisingly, under the basic conditions, elimination to reveal cyclohexadienes 236 

was not observed. Despite the potential for double alkylation, under the optimised 

reaction conditions, no products of this type were isolated.  

 

Figure 3.4 

This report also demonstrates that azaarenes with additional C=N bonds do not 

require complexation and activation via a Lewis acid (e.g. BF3 as shown in Scheme 

3.20 and 3.22). Inclusion of additional strong lithium base such as nBuLi is 

detrimental to this procedure and was therefore omitted, rendering this procedure 

operationally facile compared to the initial reports. The absence of these additional 

reagents also lowers the potential for side reactions.  
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Overall, the work reported by Trost and co-workers demonstrates that polynitrogen-

containing aromatic heterocycles are competent cross-coupling partners for 

enantioselective palladium catalysis. While the processes described by the Trost 

group are effective, and lead to high enantiocontrol, the requirement of excess strong 

lithium base (LiHMDS) and in some cases additional nBuLi, could render their use 

in synthesis limited.  

A related procedure, developed by Melchiorre and co-workers employs 

diphenylprolinol organocatalyst 241 to promote the addition of dually activated 

methylene nucleophiles 239 to enals 240 under chiral iminium catalysis (Scheme 

3.24).110 

 

Scheme 3.24 

High yields and enantiomeric excesses were obtained for a range of substrates 

following reduction of the aldehydes products with NaBH4 to the corresponding 

alcohols 242. However, poor diastereomeric ratios were obtained with the Michael 

additions occurring with only 1.2:1-1.4:1 diastereoselectivity. The reactivity of 

nucleophiles of this type is dependent on both substituents lowering the pKa of the 

methylene protons sufficiently to react under the mild conditions with the iminium-

activated enal (Figure 3.5, C).  
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Figure 3.5 

The p-nitrophenyl and pyridyl substituents are required to stabilise the negative 

charge so that the enolate-like anion can be generated (Figure 3.5, A), with the 

negative charge being delocalised to the nitro-group.  Delocalisation of the negative 

charge onto the pyridyl nitrogen, generating the enaminate anion is also required to 

facilitate the reaction (Figure 3.5, B). This limits the scope of nucleophiles tolerated 

in the reaction, and given the low diastereomeric ratios observed, the potential utility 

of the reaction is restricted.  

3.5 Conclusions and Further Development 

As shown, the use of azaarenes as activating groups in enantioselective catalysis has 

recently resulted in a number of successful reports in the literature. It has been 

demonstrated that 2-alkylazaarenes can be employed in asymmetric transformations 

as a nucleophilic component whereas 2-alkenylazaarenes can act as activators of an 

adjacent alkene in the electrophilic component of a reaction. With this knowledge, 

the aim of our research was to develop novel methods for the asymmetric 

functionalisation of azaarenes. The demonstrated ability of the C=N bond present in 

azaarenes to stablise a negative charge (Scheme 3.11 and Figure 3.5), encouraged the 

assessment of the reactivity of azaarylacetamides and acetates as nucleophiles in a 

catalytic enantioselective conjugate addition to nitroalkenes (Scheme 3.25). The full 

details of this project are presented in Chapter 4.0.    
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Scheme 3.25 

As illustrated Scheme 3.25, there is a strong structural resemblance of the azaaryl 

pronucleophiles 243 with 1,3-dicarbonyl compounds. As a result of the structural 

correlation, it was envisioned that these substrates would participate in asymmetric 

conjugate addition reactions with nitroalkenes in an analogous fashion to 1,3-

dicarbonyls. As such, we anticipated that similar catalyst binding and reactivity of 

our intended substrates could deliver the Michael adducts with high yields and 

enantioselectivities. Due to the similarities of our intended pronucleophiles with 1,3-

dicarbonyls, an overview of the enantioselective Michael additions of 1,3-dicarbonyl 

compounds to nitroalkenes is discussed in the remainder of this chapter.  

3.6 Asymmetric Michael Addition of 1,3-

Dicarbonyls to Nitroalkenes  

3.6.1 Nitroalkenes in Asymmetric Conjugate Addition 

Reactions  

Asymmetric conjugate additions to electron-poor C=C bonds is a powerful bond-

forming reaction and has been the focus of a number of reviews.111-113 A wide range 

of Michael acceptors are known, including α,β-unsaturated systems such as enones, 

unsaturated esters, nitriles, aldehydes, imines, phosphonates and sulfones (Scheme 

3.26). Nitroalkenes, in particular, are reactive Michael acceptors in asymmetric 

conjugate addition reactions. The activation of the alkene is very effective due to the 

strong electron-withdrawing ability of the nitro group.  

 

Scheme 3.26 
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The nitro group is also extremely versatile as a synthetic handle and has been 

referred to as a chemical ‘chameleon’.114 A range of diverse functionalities can be 

accessed from the nitro group; it can be reduced to access oximes, hydroxylamines, 

imines, ketones, amines, or alkanes. Alternatively, they can be converted into 

ketones or related ketals via the Nef reaction. An oxidative Nef process can provide 

ketones or carboxylic acids. In addition, a dehydration process results in nitrile 

oxides (useful 1,3-dipolar reagents), whereas nucleophilic displacement could 

provide a number of functionalised products (Figure 3.6).  
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Figure 3.6  

The use of nitroalkenes has become even more attractive as a number of new 

efficient synthetic methods for employing these substrates as Michael acceptors in 

enantioselective transformations have been developed recently.111-113 These include 

organocatalytic and metal-mediated processes as well as the related substrate and 

auxiliary controlled diastereoselective additions. The application of Michael 

additions of nitroalkenes in total synthesis is also well documented.  
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3.6.2 Enantioselective Metal-Catalysed Michael Additions 

of 1,3-Dicarbonyls to Nitroalkenes 

The versatility of nitroalkenes (vide supra) and the products resulting from Michael 

additions to these susbtrates have resulted in widespread interest in their reactivity. 

Efforts towards asymmetric metal-mediated enantioselective Michael additions to 

nitroalkenes relies mainly on Lewis acid-catalysis with chiral ligands or additives 

present.  

An early example of this type of transformation was produced by Barnes and co-

workers.115 The reaction of malonates and ketoester derivatives with a range of 

nitroalkenes was found to occur in the presence of substoichiometric Mg(OTf)2 and 

chiral bis(oxazoline) ligand 247 in the presence of an amine co-catalyst (Scheme 

3.27).  

 

Scheme 3.27 

The amine, N-methylmorpholine (NMM), was found to accelerate the reaction and 

notably, in the absence of any ligand, the reaction did not proceed at all. An 

interesting effect of molecular sieves is also evident in this reaction. The 

catalyst/ligand complex is formed using hydrated magnesium triflate 

[Mg(OTf)2·H2O]; however, the Michael addition is both higher yielding and more 

selective in the presence of molecular sieves, i.e. in the absence of water. Practically, 
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this means that the catalyst/ligand complex is premixed, prior to the addition of the 

sieves and the substrates.  

Following this report, the authors published a full study116 into this process assessing 

the stereochemical transformation in more detail and also describing the application 

of this methodology in the synthesis of the antidepressant, Rolipram®. The soft 

enolisation/addition reaction has been shown to correspond with a monomeric 

catalyst system which activates the dicarbonyl compound to enolisation by the amine 

co-catalyst. The resulting chiral enolate adds stereoselectively to the nitroalkene.  

An alternative procedure to prepare similar addition adducts was published in 2004 

by Ikariya and co-workers.117 They employed chiral ruthenium-diamine catalyst 250 

in toluene at −20 °C to promote the Michael addition of dialkylmalonates 249 

(Scheme 3.28).  

 

Scheme 3.28 

Impressive enantioselectivities and yields were obtained with this catalyst system. 

The mechanism of this transformation is the subject of some discussion as it is 

postulated that both C-bound enolates and O-bound enolates are possible in the 

reactive intermediate (Figure 3.7).  
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Figure 3.7 

Additional work in this field was conducted by Evans and co-workers. They reported 

that chiral Ni(II)-(bis)diamine complex 253 was an excellent catalyst to promote the 

asymmetric Michael addition of 1,3-dicarbonyls to nitroalkenes (Scheme 3.29).118,119 

 

Scheme 3.29 

Excellent stereocontrol was achieved by the chiral Ni(II)-[(bis)diamine]Br2 catalyst 

253 for a range of 1,3-dicarbonyl compounds. The scope of nitroalkenes tolerated 

under the optimised conditions includes aromatic, heteroaromatic and aliphatic 

substituents. Unsymmetrical 1,3-dicarbonyls were also examined and revealed the 

Michael product 254c in good yields and enantioselectivities but with low 

diastereoselectivity (1:1-2.5:1). This system is successful without the need for 

riguorous air and moisture free conditions. Additionally, the lack of external base 

required to promote the reaction is a further advantage. 
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Following the success of this system, Zhang and co-workers applied Evans’ catalyst 

253 to the total synthesis of (−)-Stenine.120 The double Michael addition of 255 and 

256 was vital to their synthetic strategy and provided key intermediate 258 in 87% ee 

(Scheme 3.30). 
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Scheme 3.30 

Further manipulation of intermediate 258 using a series of FGIs delivered the natural 

product 259 in fourteen steps from commercially available starting materials in 5.9% 

overall yield.  

Recently, Kobayashi and co-workers developed a novel calcium-catalysed 

enantioselective Michael addition of 1,3-dicarbonyl compounds to nitroalkenes in the 

presence of novel PyBox chiral ligand 260.121 This report was the first example of a 

chiral coordinative alkaline-earth metal catalyst in an asymmetric carbon-carbon 

bond-forming reaction (Scheme 3.31).  
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Scheme 3.31 

The main challenge in employing alkaline earth metals in asymmetric catalysis is 

obtaining a suitable metal/ligand complex with the desired Brønsted basicity to 

facilitate the reaction with high stereoselectivity. The authors demonstrated that the 

neutral PyBox ligand increases the reaction rate by action of the Lewis basic nitrogen 

atoms donating into the calcium centre, resulting in increased Brønsted basicity of 

the metal and increased rate.  During the study, the ligand structure was examined; 

the anti-orientation of the 4,5-phenyl groups present in the oxazoline motif was 

crucial to obtain high enantioselectivity, the corresponding syn- orientation revealed 

Michael adducts in only 50% ee. Additionally, both oxazoline 4,5-phenyl 

substituents were required to achieve high levels of stereocontrol. When either was 

removed, a substantial drop in enantioselectivity was observed.  

3.6.3 Organocatalytic Michael Additions of 1,3-

Dicarbonyls to Nitroalkenes 

The emergence and development of the field of organocatalysis over the last few 

decades has greatly enhanced the synthetic tools available to organic chemists. 

Organocatalysis can be divided into sub-groups depending on the catalyst type and 

activation mode employed. These include; enamine and iminium ion catalysis from 

secondary amines; hydrogen-bond donor/acceptor catalysis; phase-transfer catalysis 

and nucleophilic and Brønsted base catalysis. Organocatalysis provides a viable, 
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often less-expensive alternative to metal-catalysed asymmetric processes and also is 

amenable to green and atom efficient chemistry, the importance of which is ever 

increasing. Many of the aforementioned organocatalytsts have been applied in the 

asymmetric Michael addition of a wide range of nucleophiles to nitroalkenes with 

huge success. A brief survey of the role organocatalysis has played in the 

enantioselective Michael addition of 1,3-dicarbonyl compounds to nitroalkenes over 

the last fifteen years is now presented.  

Nucleophilic organocatalysts have an important role to play in asymmetric C-C bond 

forming reactions. Bifunctional cinchona alkaloids and related derivatives can be 

used as bases to deprotonate substrates with relatively acidic protons (e.g. 

malonates), forming a contact ion pair between the resulting anion and protonated 

amine (Figure 3.8). They also contain hydrogen-bond donors and thus are able to 

bind an electrophile to facilitate enantioselective addition.   
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Figure 3.8 

This interaction leads to a chiral environment around the anion and permits 

enantioselective reactions with high enantiomeric induction. The bifunctional 

systems are extremely effective and are easily accessible from quinine or quinidine. 

The dual activation of both nucleophile and electrophile results in a highly ordered 

transition state allowing for strong transfer of chiral information. 
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One successful application of this type of organocatalyst was reported by Deng in 

2004 in the Michael addition of malonates to nitroalkenes (Scheme 3.32).76 

 

Scheme 3.32 

In this work, the authors found the 6’-hydroxyquinoline catalyst 265 provided 

superior enantioselectivities and faster reaction rates compared with the 6’-

methoxyquinoline analogue. Thus, the presence of two hydrogen-bond donor 

moieties increased the efficiency of the catalyst, suggesting that both the phenolic-

OH and quinuclidine functionalities are important in the assembly of the reacting 

partners in a stabilised and organised transition state to facilitate the Michael 

addition. The substrate scope of this reaction was broad, as shown in Scheme 3.32. 

Aryl groups with electron-donating, withdrawing and neutral substituents are well 

tolerated under the reaction conditions. Significantly, aliphatic and heteroaryl 

nitroalkenes are also competent in the reaction, providing much improved results in 

comparison to alternative metal-catalysed processes.  

A follow-up publication by the same group was reported in 2005.122 An expansion of 

the scope of nucleophiles tolerated was presented under similar conditions (Scheme 

3.33). 
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Scheme 3.33 

This highly enantioselective and diastereoselective process provides excellent 

isolated yields employing the chiral cinchona alkaloids 268a-c in only 10 mol % 

catalyst loading at –60 ˚C in THF. Both acyclic and cyclic trisubstituted carbon 

nucleophiles were found to be competent reactive partners in this process. The 

construction of adjacent quaternary and tertiary stereocentres in this fashion is non-

trivial and shows the utility of these types of bifunctional catalysts.  

Additional H-bond donor catalysts that are capable of promoting the asymmetric 

Michael addition of 1,3-dicarbonyls include chiral thioureas 270,123 2-

aminobenzimidazoles 271,124 and squaramides 272125 (Figure 3.9). These catalysts 

are able to activate nitroalkenes through two hydrogen-bonding interactions with the 

nitro group, in turn, lowering the LUMO of the electrophile.  

 

Figure 3.9 

Chiral thiourea catalysts were first pioneered in an asymmetric C-C bond forming 

reaction by Jacobsen126 and have shown excellent activity in a number of asymmetric 

processes such as the Strecker,127 aza-Henry128 and Mannich129 reactions. This work 

inspired others to develop these catalysts for the asymmetric addition to nitroalkenes.  
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The first report of this kind was from Takemoto and co-workers who established a 

highly selective Michael addition of 1,3-dicarbonyls to nitroalkenes by the use of 

bifunctional H-bond donor catalyst, thiourea 273 (Scheme 3.34).130 

 

Scheme 3.34 

The tertiary amine functionality and thiourea motif were essential for efficient and 

selective catalysis. A model to explain the sense of stereoinduction observed was 

described by the authors and involved deprotonation of the malonate pronucleophile 

by the tertiary amine, followed by the addition of the resultant nucleophile to a single 

face of the thiourea-bound nitroalkene (Figure 3.10). 

  

Figure 3.10 

Subsequent studies demonstrated that a range of β-ketoester pronucleophiles were 

also compatible with the reaction, allowing the catalyst to be employed at lower 

loadings (2 mol %) without compromising enantioselectivity.131  
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An additional example of this type of activation was reported by McCooey and 

Connon and co-workers and represents another addition of malonates to nitroalkenes, 

employing DHQD thiourea catalyst 276 (Scheme 3.35).132 
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Scheme 3.35 

The authors modified the ‘privileged’ cinchona alkaloid backbone to include a 

substitution at the C-9 hydroxyl with an aryl thiourea. This allows for increased 

rigidity, tunability and the ability to modulate the hydrogen bond donating ability of 

the catalyst. Indeed, this alteration of the cinchona alkaloid also allowed a study of 

the configuration at the C-9 position. The results demonstrated that the most selective 

cinchona alkaloid is the epimer to the natural analogue at C-9 which results in higher 

enantiomeric excesses.  

This bifunctional thiourea catalyst 276 is able to activate both the nitroalkene and the 

malonate nucleophile in an ordered transition state similar to Takemoto’s catalyst 

shown in Figure 3.10, allowing high reactivity and selectivity to be attained. The 

highly active catalyst allows as low as 0.5 mol % to be used without substantial loss 

in reactivity and selectivity. 

Further examples of H-bonding organocatalytic Michael additions of 1,3-dicarbonyls 

to nitroalkenes were presented by Rawal and co-workers in 2008.125 They expanded 
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the scope of H-bond donor organocatalysts to include chiral squaramide complexes. 

Squaramide catalysts have similar properties to chiral thioureas; they allow two 

hydrogen bonds to activate the electrophile, which is essential to obtain a well 

defined orientation and good asymmetric induction. Following a screen of potential 

squaramide complexes, the authors found cinchonine-substituted derivative 278 was 

able to catalyse the enantioselective Michael reaction of diketones to nitroalkenes 

(Scheme 3.36).   

 

Scheme 3.37 

The highly active catalyst was effective at extremely low catalyst loadings of only 

0.5 mol %, and in fact was also useful at 0.1 mol % loading with only slight erosion 

of ee observed. Alternative pronucleophiles such as unsymmetrical diketones and β-

ketoesters were also tolerated under the reaction conditions, and led to addition 

products in high yield and ee, although often with poor diastereoselectivity (1:1-4:1). 

However, cyclic ketoesters, underwent addition with high yields, enantioselectivities 

and diastereoselectivities (279d) (Scheme 3.37).  

The authors describe the potential use of squaramide H-bond donors in asymmetric 

catalysis and highlight the modular nature of their synthesis. Therefore, a wide range 

of squaramide catalysts are readily accessible, with tunable reactivity with regard to 

the pKa’s of the H-bond donors as well as the chiral environment.  
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A final example of H-bond donor catalysis in the asymmetric Michael addition of 

1,3-dicarbonyls to nitroalkenes employs chiral 2-aminobenzimidazole (280) to 

promote the reaction.124 Nájera and co-workers employed TFA as a co-catalyst to 

effect the desired reaction. A range of 1,3-dicarbonyl compounds were tolerated 

under the reaction conditions in the addition to a variety of aromatic, heteroaromatic 

and aliphatic substituted nitroalkenes (Scheme 3.38).  

 

Scheme 3.38 

Under these reaction conditions, the diaminocyclohexane motif is protonated by TFA 

and provides an H-bond interaction with the nitro group of the nitroalkene. The 

imidazole motif is responsible for the activation of the dicarbonyl species (Figure 

3.11). 

 

Figure 3.11 

The H-bonding activation exhibited by the imidazole catalyst results in a highly 

selective asymmetric process.  
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3.7 Conclusions  

Nitroalkenes are hugely versatile intermediates and have been employed in numerous 

investigations including metal-mediated and organocatalytic Michael additions of 

1,3-dicarbonyl compounds. Interest in asymmetric Michael additions to nitroalkenes 

remains high due to the potential of the Michael adducts as enantiomerically-

enriched functionalised intermediates and organic building blocks. The development 

of novel asymmetric Michael additions to nitroalkenes continues to be the focus of 

many research groups.  
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4.0 Enantioselective Nickel-

Catalysed Michael Additions of 

Azaarylacetates and Acetamides to 

Nitroalkenes 

4.1 Introduction and Aim 

The drive for the efficient synthesis of biologically active natural products, novel 

pharmaceuticals, agrochemicals and functional molecules requires highly selective 

and reliable synthetic processes. Azaarenes are common structural features of these 

important synthetic targets. As described in Chapter 3.1, the Lam group has 

developed an interest in the asymmetric functionalisation of azaarenes.95,96 Previous 

publications from our group reported the catalytic enantioselective copper-hydride 

reduction of β,β-disubstituted alkenylazaarenes, and rhodium-catalysed 

enantioselective arylation of β-substituted alkenylazaarenes (Scheme 4.1, A). 

Following this work, the objective was to develop further enantioselective 

transformations employing azaaryl motifs. 

 

Scheme 4.1 
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Encouraged by the work of the Trost107-109 and Melchiorre110 groups (Section 3.4, 

Schemes 3.20-3.24), it was envisioned that C=N containing heteroarenes could 

sufficiently activate an adjacent methylene, such that deprotonation of this methylene 

could then be exploited with a suitable chiral catalyst/ligand system and undergo 

asymmetric addition to an appropriate electrophile (Scheme 4.1, B).  

The intention was to develop mild and selective reaction conditions for the addition 

of activated azaarene-containing methylene compounds to nitroalkenes. It was 

anticipated that the introduction of a second activating group (Y, Scheme 4.1) would 

assist in this regard. The effect of employing an additional electron-withdrawing 

group is three-fold: first, the pKa of the pronucleophile would be lowered, increasing 

the potential for mild reaction conditions; second, the inclusion of an additional 

activator provides an extra handle for a chiral catalyst to engage in binding; finally, 

the extra electron-withdrawing group would lead to highly functionalised products, 

which could be further derivatised in subsequent transformations (Scheme 4.2).  

 

Scheme 4.2 

Nitroalkenes were selected as the electrophilic component due to their high 

reactivity, demonstrated ability as Michael acceptors with similar 1,3-dicarbonyl 

nucleophiles (Chapter 3.6) and due to their functionality and utility in synthesis. It 

was anticipated that this new procedure would allow quick access to a diverse set of 

compounds to which there is currently no general and reliable synthetic route. To 

achieve this goal, a range of azaaryl-activated methylene compounds were first 

prepared, and then a screen of the reaction conditions and an examination of the 

substrate scope were targeted.  
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4.2 Results and Discussion 

As discussed in Chapter 3.6, the enantioselective Michael addition of 1,3-dicarbonyls 

to nitroalkenes has received extensive attention in the literature and a wide range of 

catalysts have been shown to promote these reactions. While there are a few 

examples of additions of azaarylcarbonyl compounds or azaarylacetonitriles to 

carbon electrophiles,133 enantioselective variants are virtually non-existent.134 

Asymmetric addition of azaaryl containing pro-nucleophiles towards nitroalkenes 

had not received attention from the synthetic community.  

Several issues had to be addressed to fulfil the project objectives. By employing an 

unsymmetrical nucleophile in the Michael addition, the generation of two adjacent 

stereocentres would lead to a diastereomeric mixture. Therefore, the control of both 

enantioselectivity and diastereoselectivity of the addition was required to obtain a 

useful synthetic process. Undeterred by these potential challenges, an initial screen of 

the reaction conditions was conducted.  

4.2.1 Initial Reactivity Screen 

Preliminary investigations into this area of research began with commercially 

available 2-benzothiazoleacetonitrile (284) and nitrostyrene 244a (Scheme 4.3).  

 

Scheme 4.3 

Pleasingly, the Michael product 285 was obtained under a number of reaction 

conditions; however, always as an inseparable 1:1 mixture of diastereomers with low 

enantiocontrol (up to 11% ee). This poor diastereocontrol may arise from an 
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inadequately selective Michael addition. However, the poor control is likely to be a 

result of epimerisation of the highly acidic centre in the Michael adduct.  

Control of the configurationally labile stereocentre adjacent to the azaarene could be 

of high synthetic value. To gain control over the stereogenicity of this centre, and in 

turn simplify product analysis, our attention turned to the use of azaaryl acetamides 

286 as nucleophiles (Figure 4.1). 

 

Figure 4.1 

It is well reported that tertiary amides containing an acidic stereocentre at the α-

carbon, such as 2-substituted β-ketoamides 287 reported by Rovis and Liu (Figure 

4.2),135 are resistant toward epimerisation. This is due to the significant A1,3-strain 

that would develop during enolisation.136,137  

 

Figure 4.2 

It was predicted that similar control would preserve any inherent diastereoselectivity 

obtained in the initial Michael addition of azaarylacetamides to nitroalkenes. A 

comparison of the Michael addition products from nitrile-activated azaarenes and 

azaarylacetamides with nitroalkenes is depicted in Figure 4.3 and highlights the 

potential for increased diastereocontrol. 
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Figure 4.3 

Therefore, the next challenge was to find reliable methods for the synthesis of the 

azaarylacetamides. 

4.2.2 Synthesis of Azaarylacetamides and 

Azaarylacetates 

The synthesis of azaarylacetamides and acetates at first glance appeared straight-

forward. Commercially available 2-methylazaaryl substrates 218 can be deprotonated 

using a strong base, and the resulting anion reacted with a suitable electrophile, 

generating the desired product 292. This method allows the synthesis of a range of 2-

substituted azaarenes, since a variety of carbamoyl chlorides 291 are commercially 

available and can be coupled with any 2-methylazaarene (Scheme 4.4). 

 

Scheme 4.4 

There is a limited amount of literature precedent for this type of transformation. 

However, on closer inspection it is obvious that the product 292 is significantly more 

acidic than the 2-methylazaarene 218 and as a result, double acylation is also 

possible 293 (Figure 4.4). In addition to the double acylation by-products, in the 
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presence of nBuLi, products arising from butyl addition, 294 and 295 were often 

observed in the 1H NMR of the upurified reaction mixture and were also detected by 

mass spectrometry.  

 

Figure 4.4 

Purification of the reaction mixtures proved difficult; however, in most cases the 

desired mono-acylated product could be isolated in an analytically pure form, 

although often in low yields. The formation of the double-acylation products such as 

293 depended upon the azaarene and reaction conditions employed.  

A range of azines and azoles were employed leading to the synthesis of a variety of 

azaarylacetamides, in moderate to good yields as shown in Table 4.1.  
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Table 4.1
a
– Synthesis of Azaarylacetamides   

 

entry heterocycle R
1
, R

2
 product yield (%)

b 

1 218a Me, Me 

 

292a 73 

2 218a Me, OMe 
S

N

N
OMe

Me

O

 

292b 56 

3 218a -CH2CH2O- 

 

292c 55 

4 218b Me, Me 

 

292d 40 

5 218b Me, OMe 

 

292e 52 

6 218c Me, Me 

 

292f 78 

7 218c Et, Et 

 

292g 85 

8 218d Me, Me 
 

292h 5 

9 218d Me, Me 
 

292i 37 

10 218e Me, Me 
 

292j 70c 

aReactions were conducted with 7.00 mmol of 218a–e in 25 mL of THF. 
bIsolated yield (see Chapter 5 for details). 
cLDA used.  
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The lower yield observed in some cases is attributed to problematic purifications. 

Azaarenes containing two C=N bonds such as 218f and 218g were unsuitable 

substrates for this synthetic route (Scheme 4.5).  

 

Scheme 4.5 

The extremely electron-deficient azaarenes were highly reactive and NMR analysis 

of the unpurified reaction mixture together with mass spectroscopy data suggested 

that the addition of nBuLi to the azaarene was the main product observed. A range of 

alternate bases were screened with variation of the reaction conditions. However, no 

improvement in azaarylacetamide formation was observed.  

An alternative method of substrate synthesis was required to access a wider range of 

azaarene scaffolds. An attractive method published by Shen and co-workers138 

employed chlorinated azaarenes as electrophiles and dimethylacetamide (DMA) as a 

nucleophile. The authors found NaHMDS was the optimum base for this reaction. 

Degassing a solution of the azaarene and amide in toluene, prior to addition of the 

base, was key to attaining high yields. Application of this methodology to a variety 

of azaarylhalides proved to be very useful for the synthesis of azaarylacetamides, as 

shown in Table 4.2. 
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Table 4.2
a
 - Synthesis of Azaarylacetamides  

 

entry heterocycle product yield (%)
b 

1 296a 

 

292a 96 

2 296b CONMe2

N

 

292k 82 

3 296c 

 

292l 
R = p-FBn 

79 

4 296d 

 

292m 
R = Me 

66 

5 296e 
 

292n 18c 

6 296f 

 

292o 45 

7 296g 

 
292p 54 

8 296h 

 

292q 65d 

9 296i 

 

292r 51 

aReactions were conducted with 7.00 mmol of 296a–i in 25 mL toluene. 
bIsolated yield (see Chapter 5 for details). 
cadditional impure material was obtained following chromatography. 
dLiHMDS used. 

Although the yields were not always high, in general the reactions were free from by-

products and only the desired products and unreacted starting materials were 

observed. The absence of any by-product formation simplified the purification of the 

azaarylacetamides. An additional benefit of this route is the greater commercial 

availability of low-cost azaarylchlorides, c.f. 2-methylazaarenes.  
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In addition to acetamides, it was important to explore alternative electron-

withdrawing groups that have the potential to be employed as activating groups. In 

this regard, it was envisaged that ester functional groups would contain the required 

attributes for reactivity. Synthesis of these substrates employed a similar strategy to 

that of the azaarylacetamides in Table 4.2. A range of azaarylacetates 299 were 

prepared from tert-butyl acetate 298 according to the conditions shown in Table 4.3.  

Table 4.3
a
 - Synthesis of Azaarylacetates 

 

entry heterocycle product yield (%)
b 

1 296a 

 

299a 15c 

2 296b 

 

299b 31 

3 296f 

 

299c 70 

4 296g 

 

299d 53 

5 296h 

 

299e 28d 

6 296j 

 

299f 32d,e 

aReactions were conducted with 2.00-4.00 mmol of 296 in toluene or toluene. 
bIsolated yield (see Chapter 5.2 for details). 
cAdditional impure material obtained. 
dLiHMDS used 
eIsolated as 1:3 mixture of keto-enol tautomers. 

The results in Table 4.3 show that a wide range of azaarenes are amenable to this 

synthetic procedure. However, the reaction scope is limited to tert-butyl acetates, as 

Claisen condensations by-products 301 and 302 are observed when ethyl- and 

methylacetates are used (Scheme 4.6).  
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Scheme 4.6  

To overcome this issue, alternative syntheses were employed to attain methyl- and 

ethylacetate containing azaarenes. Firstly, benzothiazole 299g was prepared in a 

single step from 2-aminothiol (304) and methyl malonyl chloride (305) (Scheme 4.7, 

eq 7).139 The acid chloride was also utilised in the preparation of oxazole 299h from 

benzoin (306) (Scheme 4.7, eq 8).140  

 

Scheme 4.7 

Additionally, 1,2,4-oxadiazole 299i was prepared from methyl malonyl chloride 

(305) (Scheme 4.8)141  and ethylpyridyl acetate 299j is commercially available.  

 

Scheme 4.8 

Finally, another previously reported method142 was used for the synthesis of 

azaarylacetamides from commercially available 4-hydroxycoumarin (309) and 

hydroxylamine hydrochloride, generating the desired products 292s and 292t in two 

steps. The versatile acid intermediate 310 was also used in the synthesis of 
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azaarylactetate 299k by employing TMS-diazomethane as a methyl source, 

providing access to the desired azaarylacetate 299k in 74% yield (Scheme 4.10).  

 

Scheme 4.10 

Together, the synthetic strategies employed provided a number of reliable, high-

yielding protocols for the generation of a range of azaarylacetamides and 

azaarylacetates. With successful routes to these compounds established, a reactivity 

screen was embarked upon to achieve the goal of developing a highly 

enantioselective Michael addition of azaaryl pronucleophiles to nitroalkenes.   

4.2.3  Preliminary Screening of Catalyst Systems 

Following the synthesis of the initial starting materials, screening of potential 

catalyst systems began. It was anticipated that the substrates would engage in 

substrate-catalyst interactions in a similar manner to 1,3-dicarbonyls, leading to the 

corresponding Michael additions with high stereoselectivity. In this regard, a number 

of catalysts were examined using benzothiazole acetamide 292a and nitrostyrene 

244a as the model system. Organocatalysis was explored as a possible source of 

activation, since they have demonstrated widespread success in promoting the 

enantioselective Michael addition of 1,3-dicarbonyls to nitroalkenes.  
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Scheme 4.11 

While a range of organocatalysts including Jacobsens’ thioureas (313 and 314) and 

cinchona alkaloid 312 were able to encourage the Michael addition, control over the 

enantioselectivity and diastereoselectivity in varying solvents and reaction 

temperatures was poor (up to 11% ee and 2.5:1-5:1 dr) (Scheme 4.11).  

As a result, an alternative catalyst system was required to promote the reaction with 

high stereocontrol, and attention turned to exploring a metal-catalysed process. 

Encouraged by the success of Evans’ catalyst,118,119 the nickel(II)-(bis)diamine 

complex (318) was examined in the model reaction. The catalyst is easily prepared 

from (S,S)-diaminocyclohexane (315) and benzaldehyde (316) in a two-steps as 

shown in Scheme 4.12. Reductive amination, followed by metal-insertion and 

recrystallisation affords the Ni(II)-[(bis)diamine]Br2 complex 318 in reasonable yield 

(Scheme 4.12).  

 

Scheme 4.12 

4.2.4 Optimisation of Reaction Conditions 

With Evans’ catalyst in hand, it was next examined for reactivity and 

enantioselectivity in the model system. Again, benzothiazole acetamide 292a was 
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employed as the pronucleophile and commercially available nitrostyrene and 2-(2-

nitrovinyl)furan as the electrophilic component. A summary of the optimisation 

results are shown in Table 4.4.  

Table 4.4
a
 – Reaction Optimisation 

 

entry R 
catalyst 
(10 mol %) 

solvent 
temp 
(˚C) 

ee (%)
b dr

c 

1 Ph 319
d PhMe RT 60 5:1 

2 Ph 319
d
 PhMe -20 81 4:1 

3 Ph  318 1,4-dioxane  RT 82 5:1  
4 2-furyl 319

d PhMe -20 93 4:1 
5 2-furyl 318 PhMe RT 93 7.5:1 
6 2-furyl 318 1,4-dioxane RT 99 >19:1e 

aReactions were conducted with 0.05 mmol of 292a in 0.5 mL of solvent. 
bEnantiomeric excess of the major diastereomer as determined by chiral HPLC analysis. 
cObtained from 1H NMR of unpurified reaction mixture. 
dCatalyst prepared by former Lam group member, Dr Gordon Murray. 
eReaction performed with 5 mol % catalyst, in the presence of 3Å molecular sieves (20 
mg). 

A survey of reaction conditions revealed that catalyst 319 was able to furnish 

Michael adduct in 60% ee (of the major diastereomer, entry 1) with 5:1 

diastereoselectivity in toluene at room temperature. Cooling the reaction to −20 ˚C 

improved the ee to 81% but the diastereoselectivity decreased to 4:1 (entry 2). By 

employing catalyst 318, similar levels of selectivity were obtained at room 

temperature in 1,4-dioxane (entry 3). Finally, examination of a range of additives 

revealed that the inclusion of 3Å molecular sieves yielded a single diastereomer of 

the Michael addition adduct (entry 6). The dramatic influence of the molecular sieves 

on diastereoselectivity is intriguing. 

Additives can play a major role in asymmetric catalysis.143 Molecular sieves, in 

particular, have been employed in numerous enantioselective process, including 

examples presented in previous chapters.115,121 Increase in reaction rate and 
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selectivity often results from the inclusion of these additives in asymmetric 

processes. Primarily, molecular sieves are used to remove residual water from 

reaction media, ensuring dry reaction conditions. However, molecular sieves have 

also been shown to serve as a water donor, despite usually being employed as a 

dessicant. In these instances, the sieves serve as a buffer, controlling the water 

concentration in solution.144 Other effects of molecular sieves have been postulated, 

including alkali metal exchange145 and surface-assisted desorption of the products.146 

At present, the specific role of molecular sieves in the asymmetric Michael addition 

of azaarylacetamides to nitroalkenes remains unclear.   

4.2.5 Substrate Scope 

Nitroalkenes 

The optimised conditions were applied to a range of nitroalkenes to assess the 

substrate scope of the Michael addition process. Pleasingly, the Ni(II)-

[(bis)diamine]Br2 complex 318 provided access to conjugate addition products with 

high yields and diastereoselectivities (Table 4.5).  
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Table 4.5
a
 – Nitroalkene Substrate Scope 

 

entry R product yield(%
) 
 

dr
b 

ee (%)
c 

1 Ph 311a 83 >19:1 82(90)d 

2 4-MeC6H4 311b 79 >19:1 95 

3 2-MeC6H4 311c 64 6:1 66 

4 4-MeOC6H4 311d 74 >19:1 86 

5 4-FC6H4 311e 78 >19:1 95 

6 2-furyl 311f 95 >19:1 >99f 

7 PhCH=CH 311g 53 >19:1 82 

8 PhCH2CH2 311h 70 >19:1 5 

9
e 4-BrPh 311i 

 
84 >19:1 89 

10 3,5-(CF3)2Ph 311j 65 >19:1 38 

11 3-NO2Ph 311k 35 >19:1 58 
aReactions were conducted with 0.30 mmol of 292a in 6 mL of solvent. 
bObtained from 1H NMR of upurified reaction mixture. 
cEnantiomeric excess of the major diastereomer as determined by chiral HPLC 
analysis. 
dResults in parentheses are following a single recrystallisation from EtOAc/hexane. 
e10 mL solvent used. 
fReaction conducted on 3.00 mmol scale. 

Gratifyingly, a range of nitroalkenes with varying substitution patterns were tolerated 

under the reaction conditions. Aromatic nitroalkenes with electron-rich (entries 2-4) 

and electron-poor (entries 5, 9 and 10) substitution patterns were successful partners 

in the Michael addition. Similarly, heteroaromatic substituents were also tolerated 

under the reaction conditions (entry 6). Alkenyl nitroalkenes afford products with 

high enantiomeric excess and it is noteworthy that complete chemoselectivity is 

observed as no 1,6-addition was obtained (entry 7). Disappointingly, aliphatic 

nitroalkenes are not compatible Michael acceptors for this asymmetric process. 

Although the Michael adduct was obtained in high yield, the product was isolated as 

a racemic mixture. This is likely due to the presence of a non-catalysed background 

reaction taking place with the highly reactive aliphatic nitroalkenes.  
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Azaarylacetamides with alternative amide functionality were also examined under 

the reaction conditions with excellent results. Both Weinreb amide 292b and 

morpholine amide 292c gave the desired Michael addition products 311l and 311m 

under the optimised conditions in excellent yields, enantioselectivities and 

diastereomeric control (Scheme 4.13). 

 

Scheme 4.13 

Following the examination of nitroalkenes tolerated and a brief look at the amide 

scope, the next goal was to assess the scope of azaarenes compatible under the 

optimised reaction conditions.  

Azaarylacetamides 

Exploring the range of azaarylacetamides tolerated in the Michael reaction was the 

major focus of the project. However, different azaarenes have broadly varying 

electronic and steric properties. In turn, the structural features have a dramatic effect 

on coordination to the nickel catalyst and their subsequent reactivity and selectivity. 

Under the optimised conditions, a range of prepared azaarylacetamides were 

assessed. Firstly, examination of azole-based oxazoles and isoxazoles revealed the 

Michael addition products, as shown in Table 4.6. 
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Table 4.6
a
 – Azaaryl Substrate Scope 

 

aReactions were conducted with 0.3 mmol of 292 in 6 mL of solvent. 
bObtained from 1H NMR of unpurified reaction mixture. 
cEnantiomeric excess of the major diastereomer as determined by chiral HPLC analysis. 
Where indicated, numbers in parentheses refer to enantiomeric excess of the second 
diastereomer. 
dIsolated yields of pure separated diastereomers. 
eProduct 311q was isolated as a 1.3:1 mixture of diastereomers. 

entry amide product  yield(%) dr
b ee (%)

c 

1 292j 

 

311n + 
311n’ 

49(49)d 1:1 99(99) 

2 292e 

 

 
311o 

77 >19:1 77 

3 292d 

 

311p 94 >19:1 65 

4 292s 

 

311q + 
311q’ 

73e 1.3:1 88(66) 

5 292t NO2

NO

O N
Me

OMe

Me

 

311r + 
311r’ 

43(44)d 1:1 81(89) 
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As demonstrated in Table 4.6, azaarylacetamides derived from benzoxazole, afforded 

the desired addition product with nitroalkenes under the optimised conditions in good 

yield, high diastereoselectivity and moderate enantioselectivity (entries 2 and 3). 

Diastereomeric phenylisoxazole products 311n and 311n’ were isolated in excellent 

overall yield and high enantioselectivity (entry 1). (Benz)isoxazole products 311q 

and 311r (entries 4 and 5) were isolated in low diastereoselectivity but in good yields 

and enantioselectivity.  

Next, the range of azines tolerated in the asymmetric Michael addition to 

nitroalkenes was examined. The results are shown in Table 4.7. 

Table 4.7
a
 - Azaaryl Substrate Scope

 

 

entry acetamide product  yield(%)
 
dr
b 

ee (%)
c 

1 292q 

CONMe2

NO2

Me

N

N

Cl  

311s 83 19:1 83 

2 292p 

 

311t 99 10:1 93 

aReactions were conducted with 0.30 mmol of 292 in 6 mL of solvent. 
bObtained from 1H NMR of unpurified reaction mixture. 
cEnantiomeric excess of the major diastereomer as determined by chiral HPLC 
analysis. 

Chloropyrazine 292q and dimethoxytriazine 290p were also excellent substrates for 

the Ni-catalysed Michael addition to nitroalkenes providing adducts 311s and 311t in 

good yields, enantioselectivities and diastereoselectivities (entries 1 and 2).  
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As shown in Tables 4.6 and 4.7, various azaarylacetamides were compatible 

substrates for the enantioselective Ni(II)-catalysed Michael addition. However, a 

number of azaarylacetamides examined provided the desired Michael addition 

products 320-322 but with a complete lack of enantiocontrol (Figure 4.5).  

 

Figure 4.5 

This is likely due to the azaarene engaging in unfavourable interactions with the 

nickel catalyst, or steric demands of the azaarene limiting the asymmetric influence 

of the catalyst.   

Throughout the research programme it was noted that there are certain structural 

features that govern successful product formation. Reactivity of the nuclophile is 

driven by the azaaryl structure and a number of activation methods encourage 

reaction. First, benzannulation reduces the energy penalty for dearomatisation. 

Second, additional C=N bonds within the azaarene lead to additional stabilisation of 

a developing negative charge. Finally, additional aromatic substitution again reduces 

the energy penalty for dearomatisation (Figure 4.6, A). 

 

Figure 4.6 
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During the investigation, only three azaarylacetamides did not provide access to 

Michael addition products under our optimised conditions with nitroalkenes (Figure 

4.6, B). The isomeric isoxazoles both have the ability to enolise and push the 

resultant negative charge to the nitrogen within the aromatic ring; however, in the 

absence of any additional activating features, no addition product is observed. 

Dimethoxypyrimidine is probably too electron-rich to participate in the Michael 

addition, leading to only trace amounts of product under the optimal conditions. This 

highlights the importance of the azaarene in order to achieve suitable reactivity and 

that the amide functionality does not provide enough activation to promote 

enolisation under these conditions. 

4.2.6 Mechanism of Ni-Catalysed Michael Addition 

The postulated mechanism of the enantioselective Michael addition of 

azaarylacetamides and acetates to nitroalkenes under Ni(II)[bis-(diamine)]Br2 

catalysis is shown in Scheme 4.14 and follows the proposed mechanism described 

for similar processes in the literature.119 Accordingly, one molecule of substrate 292a 

displaces a diaminocyclohexane ligand. The displaced ligand is then able to 

deprotonate the substrate, generating the enolate-bound intermediate 324. The nickel 

binds the nitroalkene in the apical position to generate complex 325. Nucleophilic 

attack of the chiral bound-enolate on the activated nitroalkene results in nitronate 

intermediate 325. Protonation and decomplexation provides the desired Michael 

addition product 311 with high enantio- and diasteroselectivity and also allows the 

catalytic cycle to continue.  
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Scheme 4.14 

4.2.7 X-Ray Analysis and Stereochemical Model 

The relative stereochemistry of the major diastereomer of the Michael addition 

products was confirmed by X-ray analysis of the product 311d (Figure 4.7). The 

relative stereochemistry of the remaining products was assigned by analogy. 
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Figure 4.7 
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The anti-selectivity observed can be explained by examining the plausible transition 

state models that lead to the four possible stereoisomers of the products (Figure 4.8). 

These models are based upon a number of assumptions: first, binding of the reactive 

enolate to the Ni(II)-centre occurs through the amide oxygen and azaaryl nitrogen 

atoms, and second, the nitroalkene is bound to Ni to stabilise the incipient nitronate 

anion. The facial selectivity with respect to the nitroalkene may be explained by 

unfavourable steric interactions of the nitro group with a benzyl group of the ligand 

that are present in TS 1 and TS 2 (addition to the Re-face of the nitroalkene) but are 

absent in TS 3 and TS 4 (Si-face addition). In TS 3, the nitro group suffers a steric 

interaction with the benzene ring of the benzothiazole group, while in TS 4, the nitro 

group is relatively free from unfavourable steric interactions. 
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Figure 4.8 

Additionally, the low to non-existent diastereoselectivities observed in products 

311n, 311q and 311r (Table 4.6, entries 1, 4 and 5) may be rationalised by the 

relatively open space in the vicinity of the oxygen atom of the (benz)isoxazole rings, 

which reduces the unfavourable NO2–azaarene interaction in TS 3 and thus reduces 

the energy difference between TS 3 and TS4. 
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Azaarylacetates 

Having assessed the scope of azaarylacetamides tolerated in the enantioselective 

Ni(II)-catalysed Michael addition to nitroalkenes, we next investigated alternative 

activating groups to further expand the scope of the Michael addition.  In this 

context, azaarylacetates were next examined. The inclusion of these substrates in our 

methodology would lead to significant advantages. Not only are some 

azaarylacetates commercially available, they provide a more versatile functional 

handle for further synthesis and dervitisation.  Pleasingly, it was found that 

azaarylacetates based on a range of azines were suitable coupling partners for the 

Michael addition to nitroalkenes (Table 4.8). 
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Table 4.8
a
 – Azaarylacetate Substrate Scope 

 

entry 
azaaryl 
acetate 

product 
yield 
(%) 

dr
b ee 

(%)
c 

1 
 

299j 

 

Ar = 4-MePh  327a 71 12:1 89 

2 
Ar = 4-
MeOPh 

327b 88 
8:1 80 

3 Ar = 2-furyl  327c 98 5:1 91 

4 299e 

 

Ar= 4-MePh 327d 66 7:1 94 

5 299c 

 

Ar= 4-MePh 327e 50 9:1 28 

6 
 
7 

299b 
 

299f 
 

X= CH 
Ar= 4-MePh 

X = N 
Ar= 4-MePh 

327f 
 

327g 

78 
 
60 

2:1 
 

3.5:1 

99 
 

88 

aReactions were conducted with 0.30 mmol of 299 in 6 mL of solvent. 
bObtained from 1H NMR of unpurified reaction mixture. 
cEnantiomeric excess of the major diastereomer as determined by chiral HPLC 
analysis. 

In general, high yields and enantiomeric excesses were obtained for these ester 

substrates. However, in some cases the diastereoselectivity was lower than that 

obtained for the azaarylacetamides due to the increased acidity of the α-centre.  

The scope of azaarylacetates tolerated under the optimised reaction conditions was 

further explored when the use of benzothiazoles and benzisoxazoles was examined 

(Table 4.9). 
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Table 4.9
a
 – Azaarylacetate Substrate Scope 

 

entry 
azaaryl 
acetate 

product 
Yield 
(%)

 dr
b 

ee 
(%)

c 

1 299g 

N

S NO2

CO2R

Me

 

 
R = Me 
327h 

94 2:1 96 (96) 

2 299a  
 

R = tBu 
327i 

91 3.5:1 94 (92) 

3 299k  
327j 
+ 

327j’ 
59(39)d 1.6:1 93 (82) 

aReactions were conducted with 0.30 mmol of 299 in 6 mL of solvent. 
bObtained from 1H NMR of unpurified reaction mixture. 
cEnantiomeric excess of the major diastereomer as determined by chiral HPLC 
analysis. The  enantiomeric excess of the second diastereomer is in parenthesis.  
disolated yields of pure diastereomers.  

Pleasingly, the yields and enantiomeric excesses of the conjugate addition products 

shown in Table 4.9 are high but the diastereocontrol was moderate. Additional 

azaarylacetates examined were surprisingly less reactive than those demonstrated in 

Table 4.9 (Figure 4.9). The cause of the unexpected low reactivity is at present 

unclear.  

 

Figure 4.9 
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The stereochemistry of compound 327i was again determined by X-ray 

crystallography and is in agreement with the anti-stereochemistry observed for the 

azaarylacetamides (Figure 4.10).  

 

 

 

 

Figure 4.10 

4.2.8 Elaboration of Michael Addition Products 

To demonstrate the utility of the Michael addition methodology that has been 

developed, manipulation of the conjugate addition adducts was targeted to further 

elaborate their functionality. Having rapidly generated a high degree of molecular 

and stereochemical complexity in the conjugate addition of azaarylacetamides and 

acetates to nitroalkenes, the highly-functionalised products contain a number of 

synthetic handles for further manipulation (Figure 4.11). 

N

S

COR

Ar

NO2

acidic H
acidic H

reduce?

reduce?  

Figure 4.11 
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First the attempted reduction of the nitro-group of product 311f was explored using 

various nitro-reduction conditions (Scheme 4.15).  

 

Scheme 4.15 

Hydrogenation with Pd/C (10 mol %) and H2 (1 atm) returned unreacted starting 

materials, possibly due to the presence of sulfur poisoning the catalyst. An additional 

reduction method employing a cobalt or nickel-promoted reduction with NaBH4, 

resulted in the retro-Michael products 292a and 244f being isolated (Scheme 4.16).  

 

Scheme 4.16 

The reduction of the related Weinreb amide 311l was achieved using a zinc mediated 

reduction in acetic acid. Spontaneous cyclisation of the primary amine 329 to 

generate lactam 330 was the main product isolated following silica gel 

chromatography, with retention of the enantiomeric excess, although the unoptimised 

yield was moderate (Scheme 4.17).  

 

Scheme 4.17 
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To further demonstrate the utility of the Michael addition products, the 

decarboxylation of 327d and 327i was readily achieved with no loss of enantiopurity 

upon heating with catalytic p-TsOH•H2O in toluene (Scheme 4.18). 

NO2

N

S

N

N

NO2

Cl

N

N

NO2

Cl CO2t-Bu

NO2

N

S

CO2t-Bu 332
80%, 93% ee

327i
3.5:1 dr

94% ee, 92% ee

327d
94% ee

331
90%, 94% ee

p-TsOH (cat.)

PhMe,

p-TsOH (cat.)

PhMe,

Me Me

Me Me

 

Scheme 4.18 

In summary, a range of product manipulations are possible with the 

enantiomerically-enriched Michael adducts. Further optimisation of the reaction 

conditions would, hopefully, lead to higher yields.   

4.3 Conclusion and Future Work 

In conclusion, a new conjugate addition of β-azaarylacetamides and β-

azaarylacetates to nitroalkenes utilising a chiral nickel-diamine catalyst has been 

developed. The high-yielding Michael addition occurs with excellent 

diastereoselectivities and with good to excellent levels of enantiomeric excesses. 

This process offers rapid access to highly functionalised enantiomerically-enriched 

species which can be further elaborated in several ways and allows the synthesis of 

motifs that would otherwise be very difficult to obtain.  

Further work in this area is currently underway within the Lam group, where the 

focus remains on developing methods for the asymmetric functionalisation of 

azaarenes. To this end, efforts towards developing an asymmetric process that does 
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not require activation via the electron-withdrawing group are underway (Scheme 

4.19).  

 

Scheme 4.19 

In addition to this work, β-azaarylacetates are being assessed as potential 

nucleophiles with alternative electrophilic sources; in particular, electrophilic 

fluorine sources, such as NFSI and Selectfluor® (Scheme 4.20).  

 

Scheme 4.20 

Given the prevalence of fluorinated compounds in medicinal chemistry, an 

enantioselective fluorination pocess of these azaaryl compounds would be of high 

synthetic value.  

Finally, alternative methods for the asymmetric functionalisation of azaarenes with 

nitroalkenes are being examined. Substrates of type 337 can react with nitroalkenes 

in an analogous method to 1,2-dicarbonyls (Scheme 4.21). 

 

Scheme 4.21 

These projects are ongoing within our laboratory and will be reported in the near 

future. 
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5.0  Experimental 

General Information 

THF, Toluene, MeOH, Et2O, MeCN and CH2Cl2 were dried and purified by passage 

through activated alumina columns using a solvent purification system from 

http://www.glasscontoursolventsystems.com. Anhydrous DCE was obtained from 

Sigm-Aldrich. All commercially available reagents were used as received. Thin layer 

chromatography (TLC) was performed on Merck DF-Alufolien 60F254 0.2 mm 

precoated plates. Product spots were visualised by UV light at 254 nm, and 

subsequently developed using potassium permanganate or ceric ammonium 

molybdate solution as appropriate. Flash column chromatography was carried out 

using silica gel (Fisher Scientific 60Å particle size 35-70 micron) employing the 

method of Still and co-workers.147 Melting points were recorded on a Gallenkamp 

melting point apparatus and are uncorrected. Infra-red spectra were recorded on a 

Jasco FT/IR-460 Plus instrument as a thin film on sodium chloride plates or as a 

dilute solution in CHCl3. 
1H NMR spectra were recorded on a Bruker AV500 (500 

MHz), a Bruker DMX500 (500 MHz) spectrometer, a Bruker AVA400 (400 MHz) 

spectrometer, a Bruker OPEN400 (400 MHz), a Bruker DPX360 (360 MHz) 

spectrometer, or a Bruker ARX250 (250 MHz) spectrometer. Chemical shifts (δ) are 

quoted in parts per million (ppm) downfield of tetramethylsilane, using residual 

protonated solvent as internal standard (CDCl3 at 7.27 ppm). Abbreviations used in 

the description of resonances are: s (singlet), d (doublet), t (triplet), q, (quartet), app 

(apparent), br (broad). Coupling constants (J) are quoted to the nearest 0.1 Hz. 19F 

NMR spectra were recorded on a Bruker AVA 400 MHz (376 MHz) spectrometer. 

Chemical shifts (δ) are reported in parts per million (ppm) downfield of CFCl3, using 

fluorobenzene as internal standard (C6H5F at –113.2 ppm). Proton-decoupled 
13C 

NMR spectra were recorded on a Bruker AV500 (125.8 MHz) spectrometer, a 

Bruker AVA400 (100.6 MHz) spectrometer, a Bruker OPEN400 (100.6 MHz), a 

Bruker DPX360 (90.6 MHz) spectrometer, or a Bruker ARX250 (62.9 MHz) 
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spectrometer. Chemical shifts (δ) are quoted in parts per million (ppm) downfield of 

tetramethylsilane, using deuterated solvent as internal standard (CDCl3 at 77.0 ppm). 

Assignments were made using the DEPT sequence with secondary pulses at 90° and 

135°. High resolution mass spectra were recorded on a Finnigan MAT 900 XLT 

spectrometer or a Finnigan MAT 95XP spectrometer at the EPSRC National Mass 

Spectrometry Service Centre, University of Wales, Swansea, or on a Finnigan MAT 

900 XLT spectrometer at the School of Chemistry, University of Edinburgh. Optical 

rotations were performed on an Optical Activity POLAAR 20 polarimeter. Chiral 

HPLC analysis was performed on an Agilent 1100 instrument using 4.6 x 250 mm 

columns. Authentic racemic samples of products for chiral HPLC assay 

determinations were obtained using rac-Ni(II)–bis[N,N’-dibenzylcyclohexane-1,2-

diamine]Br2 (5 mol %) as a catalyst.  
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5.1 Conjugate Allylation of Alkylidene 

Malonates 

5.1.1 Preparation of Alkylidene Malonates 

General Procedure A: Preparation of Alkylidene Malonates 

 

A solution of dialkyl malonate (30.0 mmol), aldehyde (25.0 mmol), AcOH (0.25 mL, 

0.40 mmol) and piperidine (0.38 mL, 0.40 mmol) in toluene (25 mL) was heated to 

120 °C for 18 h in a round bottom flask fitted with a Dean-Stark apparatus. The 

reaction was cooled to room temperature, diluted with Et2O (25 mL), and washed 

with HCl (1M, 20 mL) and brine (20 mL). The organic layer was dried (MgSO4), 

filtered, and concentrated in vacuo. Purification of the residue by column 

chromatography gave the alkylidene malonate 90. 

 

Dimethyl benzylidenemalonate (90a). The title compound was 

prepared according to General Procedure A from dimethyl malonate 

(3.43 mL, 30.0 mmol) and benzaldehyde (2.52 mL, 25.0 mmol) and purified by 

column chromatography (10% EtOAc/hexane) to give the alkylidene malonate 90a 

as a white solid (3.16 g, 58%).  Rf = 0.34 (20% EtOAc/hexane); m.p. 42-44 °C; IR 

(film) 2953, 2253, 1727 (C=O), 1629, 1437, 1268, 906, 726 cm-1; 1H NMR (360 

MHz, CDCl3) δ 7.78 (1H, s, CH), 7.44-7.38 (5H, m, ArH), 3.85 (3H, s, CH3), 3.84 

(3H, s, CH3);
 13C NMR (62.9 MHz, CDCl3) δ 167.1 (C), 164.4 (C), 142.2 (CH), 

132.7 (2 x C), 130.7 (CH) 129.3 (2 x CH), 128.8 (2 x CH), 125.5 (C), 52.3 (2 x CH3); 

The data is in agreement with the literature.148 

 

Dimethyl 2-(4-methylbenzylidene)malonate (90b). The title 

compound was prepared according to General Procedure A 

from dimethyl malonate (3.43 ml, 30.0 mmol) and 4-methylbenzaldehyde (2.93 mL, 

25.0 mmol) and purified by column chromatography (10% EtOAc/hexane) to afford 
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the alkylidene malonate 90b as white crystals (4.52 g, 77%). Rf = 0.45 (20% 

EtOAc/hexane); m.p. 55-57 °C; IR (film) 2953, 2254, 1728 (C=O), 1628, 1437, 

1270, 1071, 911, 726 cm-1;  1H NMR (360 MHz, CDCl3) δ 7.74 (1H, s, CH=C), 7.32 

(2H, d, J = 8.2 Hz, ArH), 7.19 (2H, d, J = 8.2 Hz, ArH), 3.85 (3H, s, CO2CH3), 3.84 

(3H, s, CO2CH3), 2.37 (3H, s, ArCH3); 
13C NMR (62.9 MHz, CDCl3) δ 167.3 (C), 

164.6 (C), 142.9 (CH), 141.3 (C), 129.9 (C), 129.6 (2 x CH), 129.5 (2 x CH), 124.3 

(C), 52.6 (CH3), 52.5 (CH3), 21.4 (CH3). The data is in agreement with the 

literature.148 

 

Dimethyl cyclohexylmethylidene malonate (90c). The title 

compound was prepared according to General Procedure A from 

dimethyl malonate (3.43 mL, 30.0 mmol) and cyclohexylcarboxaldehyde (3.24 mL, 

25.0 mmol) and purified by column chromatography (10% EtOAc/hexane) to afford 

the alkylidene malonate 90c as a yellow oil (3.94 g, 70%). Rf = 0.53 (20% 

EtOAc/hexane); IR (film) 2932, 2854, 2253, 1728 (C=O), 1642, 1437, 1263, 914, 

741 cm-1;  1H NMR (360 MHz, CDCl3) δ 6.78 (1H, d, J = 10.5 Hz, CH=C), 3.77 (3H, 

s, CO2CH3), 3.71 (3H, s, CO2CH3), 2.32 (1H, tq, J = 10.5, 3.4 Hz, CHC=C), 1.70-

1.60 (5H, m, CH(CH2)5), 1.28-1.06 (5H, m, CH(CH2)5);
 13C NMR (62.9 MHz, 

CDCl3) δ 165.9 (C), 164.4 (C), 154.3 (CH), 125.9 (C), 52.1 (CH3), 52.0 (CH3), 38.9 

(CH), 31.5 (2 x CH2), 25.4 (CH2), 24.9 (2 x CH2). The data is in agreement with the 

literature.148 

 

Dimethyl 2-(2-thienylidene)malonate (90d). The title compound 

was prepared according to General Procedure A from dimethyl 

malonate (3.43 mL, 30.0 mmol) and 2-thiophenecarboxaldehyde (2.30 mL, 25.0 

mmol) and purified by column chromatography (10% EtOAc/hexane) to afford the 

alkylidene malonate 90d as an orange oil (2.56 g, 45%). Rf = 0.19 (20% 

EtOAc/hexane); IR (film) 2999, 2880, 2253, 1724 (C=O), 1618, 1437, 1263, 1181, 

906, 733 cm-1; 1H NMR (360 MHz, CDCl3) δ 7.89 (1H, s, CH=C), 7.54 (1H, ddd, J 

= 5.1, 1.2, 0.9 Hz, ArH), 7.37 (1H, ddd, J = 3.7, 1.2, 0.6 Hz, ArH), 7.09 (1H, dd, J = 

5.1, 3.7 Hz, ArH), 3.93 (3H, s, CO2CH3), 3.84 (3H, s, CO2CH3); 
13C NMR 
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(62.9 MHz, CDCl3) δ 166.5 (C), 164.7 (C), 135.9 (C), 135.5 (CH), 134.7 (CH), 131.9 

(CH), 127.8 (CH), 121.5 (C), 52.8 (CH3), 52.6 (CH3). The data is in agreement with 

the literature.148 

 

Dimethyl 2-(4-methoxybenzylidene)malonate (90e).  The 

title compound was prepared according to General Procedure 

A from dimethyl malonate (3.43 mL, 30.0 mmol) and 4-methoxybenzaldehyde (3.04 

mL, 25.0 mmol) and purified by column chromatography (10% EtOAc/hexane) to 

afford the alkylidene malonate 90e as a white solid (3.40 g, 54%). Rf = 0.45 (20% 

EtOAc/hexane); m.p. 55-56 °C; IR (film) 3422, 2253, 1728 (C=O), 1604 1262, 1144, 

911, 740 cm-1; 1H NMR (360 MHz, CDCl3) δ 7.71 (1H, s, CH=C), 7.39 (2H, d, J = 

9.0 Hz, ArH), 6.90 (2H, s, J = 9.0 Hz, ArH), 3.87 (3H, s, ArOCH3), 3.83 (6H, s, 2 x 

CO2CH3); 
13C NMR (62.9 MHz, CDCl3) δ 167.6 (C), 164.8 (C), 161.7 (C), 142.6 

(CH), 131.6 (2 x CH), 125.2 (C), 122.7 (C), 114.3 (2 x CH), 55.3 (CH3), 52.6 (CH3), 

52.5 (CH3). The data is in agreement with the literature.
148  

 

Dimethyl 2-(4-nitrobenzylidene)malonate (90f). The title 

compound was prepared according to General Procedure A 

from dimethyl malonate (3.43 mL, 30.0 mmol) and 4-nitrobenzaldehyde (3.77 g, 

25.0 mmol) and purified by column chromatography (10% EtOAc/hexane) to afford 

the alkylidene malonate 90f as a yellow powder (4.30 g, 65%). Rf = 0.53 (20% 

EtOAc/hexane); m.p. 132-133 °C; IR (film) 3020, 1732 (C=O), 1525, 1349, 1211, 

929, 776 cm-1; 1H NMR (360 MHz, CDCl3) δ 8.24 (2H, d, J = 9.0 Hz, ArH), 7.80 

(1H, s, CH=C), 7.58 (2H, d, J = 9.0 Hz, ArH), 3.88 (3H, s, CO2CH3), 3.84 (3H, s, 

CO2CH3); 
13C NMR (62.9 MHz, CDCl3) δ 166.0 (C), 163.6 (C), 148.4 (C), 139.9 

(CH), 139.0 (C), 129.8 (2 x CH), 129.1 (C), 123.9 (2 x CH), 53.0 (CH3), 52.9 (CH3). 

The data is in agreement with the literature.148 

 

Dimethyl 2-(3-phenylpropylidene)malonate (90g). The title 

compound was prepared according to slightly modified General 

Procedure A from dimethyl malonate (1.14 mL, 10.0 mmol) and 
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hydrocinnamaldehyde (1.05 mL, 8.0 mmol) and purified by column chromatography 

(10% EtOAc/hexane) to afford the alkylidene malonate 90g as a colourless oil (0.57 

g, 29%). Rf = 0.48 (20% EtOAc/hexane); IR (film) 3020, 2954, 1733 (C=O), 1437, 

1216, 1094, 907, 734 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.31 (2H, t, J = 7.3 Hz, 

ArH), 7.24-7.18 (3H, m, ArH), 7.08 (1H, t, J = 7.7 Hz, CH=C), 3.81 (3H, s, 

CO2CH3), 3.79 (3H, s, CO2CH3) 2.81 (2H, t, J = 7.7 Hz, ArCH2), 2.64 (2H, td, J = 

7.8, 0.7 Hz, CH2=CH); 
 13C NMR (100.6 MHz, CDCl3) δ 165.7 (C), 164.3 (C), 149.2 

(CH), 140.2 (C), 128.5 (2 x CH), 128.4 (C), 128.3 (2 x CH), 126.3 (CH),  52.4 

(CH3), 52.2 (CH3), 34.4 (CH2), 31.5 (CH2). The data is in agreement with the 

literature.149 
 

Dimethyl 2-(3-methylbenzylidene)malonate (90h). The title 

compound was prepared according to General Procedure A 

from dimethyl malonate (3.43 mL, 30.0 mmol) and 3-methylbenzaldehyde (2.94 mL, 

25.0 mmol) and purified by column chromatography (10% EtOAc/hexane) to afford 

the alkylidene malonate 90h as a yellow solid (2.38 g, 41%). Rf = 0.48 (20% 

EtOAc/hexane); m.p. 40-41 °C. IR (film) 3020, 2953, 2925, 1735 (C=O), 1629, 

1438, 1375, 1217, 953, 757 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.75 (1H, s, CH=C), 

7.29-7.22 (4H, m, ArH), 3.85 (3H, s, CO2CH3), 3.85 (3H, s, CO2CH3), 2.36 (3H, s, 

ArCH3); 
13C NMR (125.8 MHz, CDCl3) δ 167.2 (C), 164.5 (C), 143.1 (CH), 138.5 

(C), 132.7 (C), 131.5 (CH), 130.2 (CH), 128.8 (CH), 126.4 (CH), 125.2 (C), 52.6 (2 

x CH3), 21.3 (CH3); HRMS (ES) Exact mass calculated for C13H15O4[M+H]
+: 

235.0965, found: 235.0962. 

 

Dimethyl 2-(1-naphthylidene)malonate (90i). The title 

compound was prepared according to General Procedure A from 

dimethyl malonate (3.43 mL, 30.0 mmol) and 1-naphthaldehyde 

(3.39 mL, 25.0 mmol) and purified by column chromatography (10% EtOAc/hexane) 

to afford the alkylidene malonate 90i as a white solid (2.29 g, 34%). Rf = 0.33 (20% 

EtOAc/hexane); m.p. 62-63 °C; IR (film) 3019, 2924, 1729 (C=O), 1437, 1215, 930, 

757 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.54 (1H, s, CH=C), 8.01 (1H, d, J = 8.2 
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Hz, ArH), 7.91-7.88 (2H, m, ArH), 7.60-7.53 (3H, m, ArH), 7.45 (1H, t, J = 7.5 Hz, 

ArH), 3.92 (3H, s, CO2CH3), 3.68 (3H, s, CO2CH3); 
13C NMR (100.6 MHz, CDCl3) 

δ 166.6 (C), 164.3 (C), 141.9 (CH), 133.4 (C), 131.3 (C), 130.7 (C), 130.6 (CH), 

128.7 (CH), 128.3 (C), 127.0 (CH), 126.5 (CH), 126.2 (CH), 125.2 (CH), 123.9 

(CH), 52.7 (CH3), 52.5 (CH3). The data is in agreement with the literature.
69 

 

Diethyl 2-(4-methylbenzylidene)malonate (90j). The title 

compound was prepared according to slightly modified 

General Procedure A from diethyl malonate (10.68 mL, 70.0 mmol) and 4-

methylbenzaldehyde (5.87 mL, 50.0 mmol) and purified by column chromatography 

(20% EtOAc/hexane) to afford the alkylidene malonate 90j as white crystals (7.67 g, 

58%). Rf = 0.56 (20% EtOAc/hexane); m.p. 47-48 °C; IR (film) 2984, 2358, 2253, 

1724 (C=O), 1628, 1379, 1263, 1184, 908, 732 cm-1; 1H NMR (360 MHz, CDCl3) δ 

7.70 (1H, s, CH=C), 7.35 (2H, d, J = 8.1 Hz, ArH), 7.17 (2H, d, J = 8.1 Hz, ArH), 

4.34 (2H, q, J = 7.1 Hz, OCH2), 4.29 (2H, q, J = 7.1 Hz, OCH2)  2.36 (3H, s, 

ArCH3), 1.32 (3H, t, J = 7.1 Hz, CO2CH2CH3), 1.30 (3H, t, J = 7.1 Hz, 

CO2CH2CH3); 
13C NMR (62.9 MHz, CDCl3) δ 166.6 (C), 164.0 (C), 141.8 (CH), 

140.9 (C), 129.8 (4 x CH), 129.3 (C), 125.0 (C), 61.3 (CH2), 61.2 (CH2), 21.2 (CH3), 

13.9 (CH3), 13.7 (CH3). The data is in agreement with the literature.
150 

 

5.1.2 Conjugate Allylation 

General Procedure B: Using Allyltributylstannane 

 

A solution of the appropriate alkylidene malonate 90 (0.50 mmol), Yb(OTf)3·2H2O 

(33 mg, 0.05 mmol), and hexafluoro-iso-propanol (105 µL, 1.00 mmol) was stirred in 

CH2Cl2 (2 mL) at room temperature for 10 min. Allyltributylstannane (232 µL, 0.75 

mmol) was added dropwise over 1 min and the mixture was stirred at room 

temperature for 18 h. The reaction was filtered through a short plug of silica gel 



 

137  

 

using EtOAc (30 mL) as eluent, and the filtrate was concentrated in vacuo. 

Purification of the residue by column chromatography gave the allylated product. 

 

Dimethyl 2-(1-phenylbut-3-enyl)malonate (109a). The title 

compound was prepared according to General Procedure B from 

alkylidene malonate 90a (110 mg, 0.50 mmol) and purified by column 

chromatography (10% EtOAc/hexane) to give a colourless oil (95 mg, 73%). Rf = 

0.38 (20% EtOAc/hexane); IR (film) 3031, 2954, 2254, 1752 (C=O), 1734 (C=O), 

1640, 1435, 1255, 1165, 916, 734 cm-1; 1H NMR (360 MHz, CDCl3) δ 7.31-7.27 

(2H, m, ArH), 7.23-7.17 (3H, m, ArH), 5.55 (1H, tdd, J = 17.1, 10.1, 7.0, CH2=CH), 

4.97-4.89 (2H, m, CH2=CH), 3.78 (3H, s, OCH3), 3.73 (1H, d, J = 10.6 Hz, 

CH(CO2CH3)2), 3.54-3.45 (1H, m, CHPh), 3.45 (3H, s, OCH3), 2.54-2.38 (2H, m, 

=CHCH2);
 13C NMR (90.6 MHz, CDCl3) δ 168.7 (C), 168.1 (C), 140.3 (C), 135.1 

(CH), 128.3 (2 x CH), 128.2 (2 x CH), 127.0 (CH), 117.1 (CH2), 57.7 (CH), 52.6 

(CH3), 52.2 (CH3), 45.3 (CH), 38.2 (CH2); HRMS (ES) Exact mass calcd for 

C15H22NO4 [M+NH4]
+: 280.1543, found: 280.1548. 

 

Dimethyl 2-[1-(4-methylphenyl)but-3-enyl]malonate (109b). 

The title compound was prepared according to General Procedure 

B from alkylidene malonate 90b (117 mg, 0.50 mmol) and purified 

by column chromatography (10% EtOAc/hexane) to give a 

colourless oil (129 mg, 95%). Rf = 0.56 (20% EtOAc/hexane); IR (film) 3006, 2953, 

2253, 1752 (C=O), 1734 (C=O), 1515, 1436, 1256, 1164, 913, 730 cm-1; 1H NMR 

(360 MHz, CDCl3) δ 7.08 (4H, br, s, ArH), 5.55 (1H, tdd, J = 17.1, 10.1, 7.0, Hz, 

CH2=CH), 4.97-4.89 (2H, m, CH2=CH), 3.77 (3H, s, OCH3), 3.70 (1H, d, J = 10.5 

Hz, CH(CO2CH3)2), 3.46 (3H, s, OCH3), 3.50-3.40 (1H, m, CHAr), 2.50-2.34 (2H, 

m, =CHCH2), 2.30 (3H, s, ArCH3); 
13C NMR (90.6 MHz, CDCl3) δ 168.8 (C), 168.2 

(C), 137.2 (C), 136.5 (C), 135.3 (CH), 129.0 (2 x CH), 128.0 (2 x CH), 117.0 (CH2), 

57.8 (CH), 52.5 (CH3), 52.2 (CH3), 44.9 (CH), 38.2 (CH2), 21.0 (CH3); HRMS (ES) 

Exact mass calcd for C16H21O4 [M+H]
+: 277.1434, found: 277.1430. 
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Dimethyl 2-(1-cyclohexylbut-3-enyl)malonate (109c). The title 

compound was prepared according to General Procedure B from 

alkylidene malonate 90c (113 mg, 0.50 mmol) and purified by 

column chromatography (10% EtOAc/hexane) to give a colourless oil (101 mg, 

75%). Rf = 0.68 (20% EtOAc/hexane); IR (film) 2929, 2853, 2253, 1729 (C=O), 

1639, 1435, 1242, 1162, 908, 733 cm-1; 1H NMR (360 MHz, CDCl3) δ 5.78-5.68 

(1H, m, CH2=CH), 5.03-4.95 (2H, m, CH2=CH), 3.72 (3H, s, OCH3), 3.69 (3H, s, 

OCH3), 3.50 (1H, d, J = 7.5 Hz, CH(CO2CH3)2), 2.31-2.05 (3H, m, =CHCH2CH), 

1.75-1.72 (2H, m, CH(CH2)5), 1.66-1.61 (3H, m, CH(CH2)5), 1.45-1.35 (1H, m, 

CH(CH2)5), 1.28-0.94 (5H, m, CH(CH2)5); 
13C NMR (62.9 MHz, CDCl3) δ 169.8 

(C), 168.5 (C), 137.7 (CH), 116.0 (CH2), 53.7 (CH), 52.3 (CH3), 52.1 (CH3), 43.6 

(CH), 40.3 (CH), 33.5 (CH2), 30.8 (CH2), 29.1 (CH2), 26.8 (CH2), 26.7 (CH2), 26.5 

(CH2); HRMS (ES) Exact mass calcd for C15H25O4 [M+H]
+: 269.1747, found: 

269.1749.  

  

Dimethyl 2-(1-thiophen-2-ylbut-3-enyl)malonate (109d). The 

title compound was prepared according to General Procedure B 

from alkylidene malonate 90d (113 mg, 0.50 mmol) and purified 

by column chromatography (10% EtOAc/hexane) to give a colourless oil (118 mg, 

88%). Rf = 0.43 (20% EtOAc/hexane); IR (film) 3077, 2953, 2253, 1734 (C=O), 

1640, 1436, 1262, 1161, 909, 734 cm-1; 1H NMR (360 MHz, CDCl3) δ 7.17 (1H, d, J 

= 5.1 Hz, ArH), 6.92-6.89 (1H, m, ArH), 6.85 (1H, d, J = 3.4 Hz, ArH), 5.65 (1H, 

tdd, J = 17.1, 10.1, 7.0 Hz, CH2=CH), 5.04-4.97 (2H, m, CH2=CH), 3.84 (1H, dt, J =  

9.4, 4.9 Hz, CHAr), 3.76 (3H, s, OCH3), 3.70 (1H, d, J = 9.8 Hz, CH(CO2CH3)2), 

3.55 (3H, s, OCH3), 2.58-2.41 (2H, m, =CHCH2); 
 13C NMR (90.6 MHz, CDCl3) δ 

168.3 (C), 167.9 (C), 143.5 (C), 134.7 (CH), 126.4 (CH), 125.6 (CH), 124.1 (CH), 

117.6 (CH2), 58.3 (CH), 52.6 (CH3), 52.4 (CH3), 40.6 (CH), 39.1 (CH2); HRMS (ES) 

Exact mass calcd for C13H20NO4S [M+NH4]
+: 286.1108, found: 286.1112. 
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Dimethyl 2-[1-(4-methoxyphenyl)but-3-enyl]malonate (109e). 

The title compound was prepared according to General Procedure 

B from alkylidene malonate 90e (125 mg, 0.50 mmol) and 

purified by column chromatography (10% EtOAc/hexane) to give 

a colourless oil (88 mg, 60%). Rf = 0.43 (20% EtOAc/hexane); IR (film) 2954, 2253, 

1732 (C=O), 1514, 1467, 125, 1179, 906, 744 cm-1; 1H NMR (360 MHz, CDCl3) δ 

7.11 (2H, dm, J = 8.7 Hz, ArH), 6.82 (2H, dm, J = 8.7 Hz, ArH), 5.55 (1H, tdd, J = 

17.1, 10.1, 7.0 Hz, CH2=CH), 4.97-4.85 (2H, m, CH2=CH), 3.78 (3H, s, OCH3), 3.77 

(s, 3H, OCH3), 3.67 (1H, d, J = 10.5 Hz, CH(CO2CH3)2), 3.46 (3H, s, OCH3), 3.49-

3.42 (1H, m, CHAr), 2.50-2.34 (2H, m, =CHCH2); 
13C NMR (90.6 MHz, CDCl3) δ 

168.8 (C), 168.2 (C), 158.4 (C), 135.3 (CH), 132.2 (C), 129.2 (2 x CH), 117.0 (CH2), 

113.7 (2 x CH), 57.9 (CH), 55.1 (CH3), 52.5 (CH3), 52.3 (CH3), 44.6 (CH), 38.3 

(CH2); HRMS (ES) Exact mass calcd for C16H24NO5 [M+NH4]
+: 310.1649, found: 

310.1653. 

 

Dimethyl 2-[1-(4-nitrophenyl)but-3-enyl]malonate (109f). The 

title compound was prepared according to General Procedure B 

from alkylidene malonate 90f (132 mg, 0.50 mmol) and purified 

by column chromatography (10% EtOAc/hexane) to give a 

colourless oil (131 mg, 86%). Rf = 0.23 (20% EtOAc/hexane); IR (film) 2954, 2253, 

1734 (C=O), 1522, 1436, 1348, 1258, 908, 733 cm-1; 1H NMR (360 MHz, CDCl3) δ 

8.16 (2H, d, J = 8.8 Hz, ArH), 7.37 (2H, d, J = 8.8 Hz, ArH), 5.51 (1H, tdd, J = 17.1, 

10.4, 7.1 Hz, CH2=CH), 4.96-4.90 (2H, m, CH2=CH), 3.80 (3H, s, OCH3), 3.77 (1H, 

d, J = 4.6 Hz, CH(CO2CH3)2), 3.65 (1H, ddd, J = 10.2, 9.9, 4.6 Hz, CHAr), 3.50 

(3H, s, OCH3), 2.58-2.51 (1H, m, =CHCH2), 2.45-2.36 (1H, m, =CHCH2);
 13C NMR 

(62.9 MHz, CDCl3) δ 168.1 (C), 167.6 (C), 148.2 (C), 146.9 (C), 133.9 (CH), 129.2 

(2 x CH), 123.5 (2 x CH), 118.1 (CH2), 56.8 (CH), 52.8 (CH3), 52.5 (CH3), 44.9 

(CH), 37.9 (CH2); HRMS (ES) Exact mass calcd for C15H21N2O6 [M+NH4]
+: 

325.1394, found: 325.1398. 
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2-(1-Phenethylbut-3-enyl)malonic acid dimethyl ester (109g). 

The title compound was prepared according to General Procedure 

B from alkylidene malonate 90g (124 mg, 0.50 mmol) and purified 

by column chromatography (10% EtOAc/hexane) to give a colourless oil (68 mg, 

47%). Rf = 0.46 (20% EtOAc/hexane); IR (film) 3028, 2952, 2256, 1734 (C=O), 

1436, 1254, 1195, 911, 734 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.30-7.26 (2H, m, 

ArH), 7.21-7.16 (3H, m, ArH), 5.80-5.72 (1H, m, CH2=CH), 4.97-4.90 (2H, m, 

CH2=CH), 3.73 (3H, s, CO2CH3), 3.73 (3H, s, CO2CH3), 3.52 (1H, d, J = 7.2 Hz, 

CH(CO2CH3)2), 2.72-2.66 (1H, m, CHCH(CO2CH3)2), 2.64-2.58 (1H, m, CH2), 

2.36-2.29 (1H, m, CH2), 2.27-2.19 (2H, m, CH2), 1.77-1.64 (2H, m, PhCH2CH2); 
13C 

NMR (125.8 MHz, CDCl3) δ 169.3 (C), 169.2 (C), 141.9 (C), 135.4 (CH), 128.4 (2 x 

CH), 128.3 (2 x CH), 125.9 (CH), 117.5 (CH2), 54.5 (CH), 52.3 (2 x CH3), 37.7 

(CH), 35.4 (CH2), 33.1 (CH2) 32.8 (CH2); HRMS (ES) Exact mass calcd for 

C17H26NO4 [M+NH4]
+: 308.1856, found: 308.1859.  

 

Dimethyl 2-[1-(3-methylphenyl)but-3-enyl] malonate (109h). 

The title compound was prepared according to General Procedure 

B from alkylidene malonate 90h (117 mg, 0.50 mmol) and 

purified by column chromatography (10% EtOAc/hexane) to give 

a colourless oil (83 mg, 61%). Rf = 0.45 (20% EtOAc/hexane); IR (film) 3079, 2954, 

2401, 1751 (C=O), 1735 (C=O), 1641, 1436, 1216, 1167, 921, 752 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 7.17 (1H, t, J = 7.5 Hz, ArH), 7.03-6.97 (3H, m, ArH), 5.55 

(1H, tdd, J = 17.1, 10.1, 7.0  Hz, CH2=CH), 4.97-4.90 (2H, m, CH2=CH), 3.77 (3H, 

s, OCH3), 3.71 (1H, d, J = 10.5 Hz, CH(CO2CH3)2), 3.50-3.44 (1H, m, CHAr), 3.46 

(3H, s, OCH3), 2.49-2.39 (2H, m, =CHCH2), 2.32 (3H, s, ArCH3); 
13C NMR (125.8 

MHz, CDCl3) δ 168.8 (C), 168.1 (C), 140.2 (C), 137.8 (C), 135.2 (CH), 128.9 (CH), 

128.1 (CH), 127.7 (CH), 125.1 (CH), 116.9 (CH2), 57.7 (CH), 52.5 (CH3), 52.2 

(CH3), 45.2 (CH), 38.2 (CH2) 21.4 (CH3); HRMS (ES) Exact mass calcd for 

C16H24NO4 [M+NH4]
+: 294.1700, found: 294.1696. 
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Dimethyl 2-[1-(3-naphthyl)but-3-enyl] malonate (109i). The 

title compound was prepared according to General Procedure B 

from alkylidene malonate 90i (135 mg, 0.50 mmol) and purified 

by column chromatography (10% EtOAc/hexane) to give a colourless oil (47 mg, 

30%). Rf = 0.54 (20% EtOAc/hexane); IR (film) 2952, 2920, 1754 (C=O), 1736 

(C=O), 1434, 1220, 920, 776 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.24 (1H, d, J = 

8.5 Hz, ArH), 7.85 (1H, d, J = 8.1 Hz, ArH), 7.74 (1H, d, J = 8.1 Hz, ArH), 7.55 

(1H, ddd, J = 8.5, 6.8, 1.5 Hz, ArH), 7.49 (1H, ddd, J = 8.0, 6.8, 1.1 Hz, ArH), 7.44 

(1H, t, J = 7.7 Hz, ArH), 7.36 (1H, dd, J = 7.2, 1.1 Hz, ArH) 5.53 (1H, tdd, J = 17.1, 

10.1, 7.1 Hz, CH2=CH), 4.94 (1H, br d, J = 17.1 Hz, CH2=CH), 4.86 (1H, br d, J = 

10.1 Hz, CH2=CH), 4.55-4.53 (1H, br s, CHAr), 3.99-3.96 (1H, m, CH(CO2CH3)2), 

3.79 (3H, s, CO2CH3), 3.33 (3H, s, CO2CH3), 2.67-2.63 (2H, m, =CHCH2);
 13C 

NMR (125.8 MHz, CDCl3) δ 168.8 (C), 168.2 (C), 136.8 (C), 134.8 (CH), 133.9 (C), 

131.9 (C), 128.8 (CH), 127.5 (CH), 126.1 (CH), 125.5 (CH), 125.1 (CH), 124.0 

(CH), 123.2 (CH), 117.3 (CH2), 57.2 (CH), 52.6 (CH3), 52.2 (CH3), 38.3 (CH), 38.1 

(CH2); HRMS (ES) Exact mass calcd for C19H24NO4 [M+NH4]
+: 330.1700, found: 

330.1703.  

 

Diethyl 2-[1-(4-methylphenyl)but-3-enyl]malonate (109j).  

 

A solution of 90j (1.05 g 4.00 mmol), Yb(OTf)3·2H2O (248 mg, 0.40 mmol), and 

hexafluoro-iso-propanol (0.84 mL, 8.00 mmol) in CH2Cl2 (10 mL) was stirred at 

room temperature for 10 min. Allyltributylstannane (20) (1.8 mL, 6.0 mmol) was 

added over 1 min and the mixture was stirred at room temperature for 18 h. The 

reaction was filtered through a short plug of silica gel with EtOAc as eluent, and the 

filtrate was concentrated in vacuo. Purification of the residue by column 

chromatography (10% EtOAc/hexane) gave the allylation product 109j (1.10 g, 91%) 
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as a colourless oil. Rf = 0.63 (20% EtOAc/hexane); IR (film) 3078, 2982, 2936, 

2253, 1751 (C=O), 1718 (C=O), 1514, 1444, 1252, 1177, 909, 736 cm-1; 1H NMR 

(360 MHz, CDCl3) δ 7.08 (4H, br, s, ArH), 5.56 (1H, tdd, J = 17.1, 10.1, 7.0 Hz, 

CH2=CH), 4.97-4.88 (2H, m, CH2=CH), 4.24 (2H, q, J = 7.1 Hz, OCH2), 3.91 (2H, 

q, J = 7.1 Hz, OCH2), 3.66 (1H, d, J = 10.7 Hz, CH(CO2CH2CH3)2), 3.46 (1H, ddd, J 

= 10.7, 9.6, 4.6 Hz, CHAr), 2.52-2.35 (2H, m, =CHCH2), 2.30 (3H, s, ArCH3), 1.29 

(3H, t, J = 7.1 Hz, OCH2CH3), 0.98 (3H, t, J = 7.1 Hz, OCH2CH3); 
13C NMR 

(90.6 MHz, CDCl3) δ 168.4 (C), 167.8 (C), 137.3 (C), 136.4 (C), 135.3 (CH), 128.9 

(2 x CH), 128.2 (2 x CH), 116.9 (CH2), 61.5 (CH2), 61.1 (CH2), 58.0 (CH), 44.9 

(CH), 38.4 (CH2), 21.0 (CH3), 14.1 (CH3), 13.7 (CH3); HRMS (ES) Exact mass calcd 

for C18H25O4 [M+H]
+: 305.1747, found: 305.1750.  

 

Dimethyl 2-(1-methylbut-3-enyl)malonate (109k). The title 

compound was prepared according to General Procedure B from 

alkylidene malonate 90k (86 mg, 0.50 mmol) and purified by column 

chromatography (10% EtOAc/hexane) to give a colourless oil (86 mg, 75%). Rf = 

0.68 (20% EtOAc/hexane); IR (film) 2982, 2937, 2358, 2254, 1724 (C=O), 1640, 

1370, 1265, 1178, 908, 733 cm-1; 1H NMR (360 MHz, CDCl3) δ 5.82-5.71 (1H, m, 

CH2=CH), 5.07-5.02 (2H, m, CH2=CH), 4.20 (4H, q, J = 7.1 Hz, 2 x OCH2), 3.27 

(1H, d, J = 8.0 Hz, CH(CO2Et)2), 2.41-2.30 (1H,  m, =CHCH2), 2.26-2.19 (1H, m, 

=CHCH2), 2.04-1.97 (1H, m, CHCH3), 1.27 (6H, t, J = 7.1 Hz, 2 x OCH2CH3), 1.00 

(3H, d, J = 6.8 Hz, CHCH3); 
13C NMR (62.9 MHz, CDCl3) δ 168.9 (C), 168.7 (C), 

135.8 (CH), 117.1 (CH2), 61.2 (CH2), 61.1 (CH2), 56.8 (CH), 38.7 (CH2), 33.1 (CH), 

16.8 (CH3), 14.1 (2 x CH3); HRMS (ES) Exact mass calcd for C12H21O4 [M+H]
+: 

229.1434, found: 229.1434. 
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Allylation of Dimethyl Benzylidene Malonate Using Allyltrimethylsilane 

 

A solution of benzylidene malonate 90a (110 mg, 0.50 mmol), Yb(OTf)3·2H2O (33 

mg, 0.05 mmol), and hexafluoro-iso-propanol (262 µL, 2.5 mmol) was stirred in 

DCE (4 mL) at room temperature for 10 min. Allyltrimethylsilane 6 (400 µL, 2.50 

mmol) was added dropwise over 1 min and the mixture was then stirred at 40 °C for 

18 h. The reaction was filtered through a short plug of silica gel using EtOAc (30 

mL) as eluent, and the filtrate was concentrated in vacuo. Purification of the residue 

by column chromatography (5% EtOAc/hexane) gave the allylation product 109a (72 

mg, 55%) as a colourless oil. 

 

General Procedure C: Allylation of Alkylidene Malonates using 2-

Methallyltrimethylsilane 

 

A solution of the appropriate alkylidene malonate 90 (0.50 mmol), Yb(OTf)3·2H2O 

(33 mg, 0.05 mmol), and hexafluoro-iso-propanol (105 µL, 1.00 mmol) was stirred in 

CH2Cl2 (2 mL) at room temperature for 10 min. 2-Methylallyltrimethylsilane (112) 

(175 µL, 1.00 mmol) was added dropwise over 1 min and the mixture was stirred at 

room temperature for 1 h. The reaction was filtered through a short plug of silica gel 

using EtOAc (30 mL) as eluent, and the filtrate was concentrated in vacuo. 

Purification of the residue by column chromatography afforded the allylated product 

113.  

 

 

Dimethyl 2-(3-methyl-1-phenylbut-3-enyl)malonate (113a). 

The title compound was prepared according to General Procedure 
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C from alkylidene malonate 90a (110 mg, 0.50 mmol) and purified by column 

chromatography (10% EtOAc/hexane) to give a colourless oil (117 mg, 85%). Rf = 

0.26 (20% EtOAc/hexane); IR (film) 2954, 2253, 1754 (C=O), 1734 (C=O), 1454, 

1456, 1256, 1160, 912, 740 cm-1; 1H NMR (360 MHz, CDCl3) δ 7.28-7.24 (2H, m, 

ArH), 7.20-7.17 (3H, m, ArH), 4.61 (1H, br s, 1H, =CH2), 4.50 (1H, br s, =CH2), 

3.75 (3H, s, OCH3), 3.69 (1H, d, J = 10.2 Hz, CH(CO2CH3)2), 3.61 (1H, td, J = 10.2, 

4.7 Hz, CHPh), 3.42 (3H, s, OCH3), 2.45 (1H, dd, J = 13.6, 4.7 Hz, =CCH2), 2.37 

(1H, dd, J = 13.6, 9.5 Hz, =CCH2), 1.62 (3H, s, CH3C=);
 13C NMR (62.9 MHz, 

CDCl3) δ 168.7 (C), 168.1 (C), 142.3 (C), 140.3 (C), 128.2 (4 x CH), 126.9 (CH), 

113.2 (CH2), 58.3 (CH), 52.5 (CH3), 52.2 (CH3), 43.9 (CH), 42.3 (CH2), 22.0 (CH3); 

HRMS (ES) Exact mass calcd for C16H24NO4 [M+NH4]
+: 294.1700, found: 

294.1703. 

 

Dimethyl 2-[3-Methyl-1-(3-methylphenyl)but-3-enyl]malonate 

(113b). The title compound was prepared according to General 

Procedure C from alkylidene malonate 90h (117 mg, 0.50 mmol) 

and purified by column chromatography (5% EtOAc/hexane) to 

give a colourless oil (115 mg, 79%). Rf = 0.23 (10% EtOAc/hexane); IR (film) 3020, 

2925, 1757 (C=O), 1735 (C=O),  1436, 1310, 1216, 1161, 897, 705 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 7.17-7.14 (1H, m, ArH), 7.01-6.98 (3H, m, ArH), 4.63 (1H, s, 

=CH2), 4.53 (1H, s, =CH2), 3.76 (3H, s, CO2CH3), 3.67 (1H, d, J = 10.2 Hz, 

CH(CO2CH3)2), 3.59 (1H, app td, J = 10.1, 5.0 Hz, CHCH(CO2CH3)2), 3.45 (3H, s, 

CO2CH3), 2.45 (1H, dd, J = 13.7, 4.9 Hz, =CCH2), 2.38 (1H, ddd, J = 13.7, 9.8, 0.5 

Hz, =CCH2), 2.32 (3H, s, ArCH3), 1.64 (3H, s, CH3C=);
 13C NMR (125.8 MHz, 

CDCl3) δ 168.8 (C), 168.2 (C), 142.4 (C), 140.3 (C), 137.6 (C), 129.0 (CH), 128.0 

(CH), 127.7 (CH), 125.2 (CH), 113.1 (CH2), 58.4 (CH), 52.5 (CH3), 52.2 (CH3), 43.7 

(CH), 42.3 (CH2), 22.1 (CH3), 21.4 (CH3); HRMS (ES) Exact mass calcd for 

C17H26NO4 [M+NH4]
+: 308.1856, found: 308.1858.  
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Dimethyl 2-[3-methyl-1-(4-methylphenyl)but-3-enyl]malonate 

(113c). The title compound was prepared according to General 

Procedure C from alkylidene malonate 90b (117 mg, 0.50 mmol) 

and purified by column chromatography (10% EtOAc/hexane) to 

give a colourless oil (94 mg, 65%). Rf = 0.41 (20% EtOAc/hexane); IR (film) 2953, 

2254, 1752 (C=O), 1734 (C=O), 1514, 1436, 1256, 1160, 909, 734 cm-1; 1H NMR 

(360 MHz, CDCl3) δ 7.07 (4H, br s, ArH), 4.62 (1H, br s, =CH2), 4.52 (1H, br s, 

=CH2), 3.76 (3H, s, OCH3), 3.66 (1H, d, J = 10.2 Hz, CH(CO2CH3)2), 3.59 (1H, ddd, 

J = 10.2, 9.8, 4.7 Hz, CHAr), 3.45 (3H, s, OCH3), 2.45 (1H, dd, J = 13.6, 4.7 Hz, 

=CCH2),  2.37 (1H, dd, J = 13.6, 9.8 Hz, =CCH2), 2.29 (3H, s, ArCH3), 1.63 (3H, s, 

CH3C=);
 13C NMR (90.6 MHz, CDCl3) δ 168.8 (C), 168.2 (C), 142.4 (C), 137.2 (C), 

136.4 (C), 128.9 (2 x CH), 128.0 (2 x CH), 113.1 (CH2), 58.4 (CH), 52.5 (CH3), 52.2 

(CH3), 43.4 (CH), 42.2 (CH2), 22.0 (CH3), 21.0 (CH3); HRMS (ES) Exact mass calcd 

for C17H26 NO4 [M+NH4]
+: 308.1856, found: 308.1854. 

 

Dimethyl 2-[1-(4-methoxyphenyl)-3-methylbut-3-

enyl]malonate (113d). The title compound was prepared 

according to General Procedure C from alkylidene malonate 90e 

(125 mg, 0.50 mmol) and purified by column chromatography 

(10% EtOAc/hexane) to give a colourless oil (94 mg, 65%). Rf = 0.29 (20% 

EtOAc/hexane); IR (film) 2954, 2253, 1754 (C=O), 1733 (C=O), 1513, 1435, 1249, 

1179, 911, 735 cm-1; 1H NMR (250 MHz, CDCl3) δ 7.11 (2H, dm, J = 8.8 Hz, ArH), 

6.81 (2H, dm, J = 8.8 Hz, ArH), 4.64-4.62 (1H, m, =CH2), 4.52 (1H, br s, =CH2), 

3.78 (3H, s, OCH3), 3.76 (3H, s, OCH3), 3.64 (1H, d, J = 10.3 Hz, CH(CO2CH3)2), 

3.62-3.53 (1H, m, CHAr), 3.46 (3H, s, OCH3), 2.44 (1H, dd, J = 13.7, 4.4 Hz, 

=CCH2), 2.34 (1H, dd, J = 13.7, 8.9 Hz, =CCH2), 1.63 (3H, s, ArCH3);
 13C NMR 

(90.6 MHz, CDCl3) δ 168.8 (C), 168.2 (C), 158.3 (C), 142.4 (C), 132.2 (C), 129.2 (2 

x CH), 113.5 (2 x CH), 113.1 (CH2), 58.5 (CH), 55.0 (CH3), 52.5 (CH3), 52.2 (CH3), 

43.1 (CH), 42.3 (CH2), 22.0 (CH3); HRMS (ES) Exact mass calcd for C17H26NO5 

[M+NH4]
+: 324.1805, found: 324.1808.  
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Dimethyl 2-[3-methyl-1-(4-nitrophenyl)but-3-enyl]malonate 

(113e). The title compound was prepared according to General 

Procedure C from alkylidene malonate 90f (132 mg, 0.50 mmol) 

and purified by column chromatography (10% EtOAc/hexane) to 

give a colourless oil (131 mg, 82%). Rf = 0.26 (20% 

EtOAc/hexane); IR (film) 2954, 2253, 1754 (C=O), 1735 (C=O),  1523, 1436, 1348, 

1258, 906, 750 cm-1; 1H NMR (250 MHz, CDCl3) δ 8.15 (2H, dm, J = 8.8 Hz, ArH), 

7.38 (2H, dm, J = 8.8 Hz, ArH), 4.63 (1H, br s, =CH2), 4.47 (1H, br s, =CH2), 3.79 

(3H, s, OCH3), 3.77-3.69 (2H, m, CHCH(CO2CH3)2), 3.48 (3H, s, OCH3), 2.51 (1H, 

dd, J = 13.9, 3.6 Hz, =CCH2), 2.41-2.32 (1H, m, =CCH2), 1.64 (3H, s, CH3C=);
 13C 

NMR (62.9 MHz, CDCl3) δ 168.1 (C), 167.6 (C), 148.2 (C), 146.9 (C), 141.2 (C), 

129.2 (2 x CH), 123.5 (2 x CH), 114.0 (CH2), 57.5 (CH), 52.8 (CH3), 52.5 (CH3), 

43.4 (CH), 42.1 (CH2), 21.9 (CH3); HRMS (ES) Exact mass calcd for C16H23N2O6 

[M+NH4]
+: 339.1551, found: 339.1550.  

 

Dimethyl 2-(3-methyl-1-thiophen-2-ylbut-3-enyl)malonate 

(113f). The title compound was prepared according to General 

Procedure C from alkylidene malonate 90d (113 mg, 0.50 mmol) 

and purified by column chromatography (10% EtOAc/hexane) to 

give a colourless oil (135 mg, 95%). Rf = 0.43 (20% EtOAc/hexane); 
1H NMR (360 

MHz, CDCl3) δ 7.15 (1H, dd, J = 5.0, 1.2 Hz, ArH), 6.90-6.85 (2H, m, ArH), 4.71 

(1H, s, =CH2), 4.63 (1H, s, =CH2), 3.96 (1H, dt, J = 9.6, 5.1 Hz, CHAr), 3.75 (3H, s, 

OCH3), 3.67 (1H, d, J = 9.4 Hz, CH(CO2CH3)2), 3.54 (3H, s, OCH3), 2.52 (1H, dd, J 

= 13.8, 5.0 Hz, =CCH2), 2.40 (1H, ddd, J = 13.8, 9.9, 0.6 Hz, =CCH2), 1.68 (3H, s, 

CH3C=); 
13C NMR (62.9 MHz, CDCl3) δ 168.4 (C), 167.9 (C), 143.6 (C), 141.9 (C), 

126.3 (CH), 125.6 (CH), 124.0 (CH), 113.5 (CH2), 58.7 (CH), 52.5 (CH3), 52.4 

(CH3), 43.3 (CH2), 39.1 (CH), 21.8 (CH3); HRMS (ES) Exact mass calcd for 

C14H22NO4S [M+NH4]
+: 300.1264, found: 300.1266. 
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Dimethyl 2-(1-cyclohexyl-3-methylbut-3-enyl)malonate 

(113g). The title compound was prepared according to General 

Procedure C from alkylidene malonate 90c (125 mg, 0.50 mmol) 

and purified by column chromatography (10% EtOAc/hexane) to 

give a colourless oil (125 mg, 89%). Rf = 0.51 (20% EtOAc/hexane); IR (film) 2929, 

2253, 1730 (C=O), 1449, 1435, 1261, 1160, 912, 742 cm-1; 1H NMR (250 MHz, 

CDCl3) δ 4.74 (1H,  br s, =CH2), 4.70 (1H, br s, =CH2), 3.71 (3H, s, OCH3), 3.66 

(3H, s, OCH3), 3.48 (1H, d, J = 7.4 Hz, CH(CO2CH3)2), 2.39-2.30 (1H, m, 

CHCH(CO2CH3)2), 2.21 (1H, dd, J = 14.3, 5.7 Hz, =CCH2), 2.03 (1H, dd, J = 14.3, 

7.8 Hz, =CCH2), 1.80-1.54 (5H, m, CH(CH2)5), 1.70 (3H, s, CH3C=), 1.47-1.35 (1H, 

m, CH(CH2)5), 1.25-0.95 (5H, m, CH(CH2)5); 
13C NMR (62.9 MHz, CDCl3) δ 169.8 

(C), 169.6 (C), 144.0 (C), 112.3 (CH2), 53.8 (CH), 52.2 (CH3), 52.0 (CH3), 41.0 

(CH), 40.0 (CH), 37.6 (CH2), 30.5 (CH2), 29.0 (CH2), 26.8 (CH2), 26.7 (CH2), 26.5 

(CH2), 21.7 (CH3); HRMS (ES) Exact mass calcd for C16H30NO4 [M+NH4]
+: 

300.2169, found: 300.2166. 

 

Dimethyl 2-(1-Phenethylbut-3-enyl)malonate (113h). The title 

compound was prepared according to General Procedure C from 

alkylidene malonate 90g (124 mg, 0.50 mmol) and purified by 

column chromatography (50% CH2Cl2/hexane) to give a colourless oil (128 mg, 

84%). Rf = 0.46 (20% EtOAc/hexane); IR (film) 3028, 2952, 2254, 1734 (C=O), 

1436, 1377, 1234, 1158, 908, 734 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.30-7.27 

(2H, m, ArH), 7.20-7.16 (3H, m, ArH), 4.83 (1H, s, C=CH2), 4.75 (1H, s, ArH),  

3.75 (3H, s, CO2CH3), 3.72 (3H, s, CO2CH3), 3.57 (1H, d, J = 5.9 Hz, 

CH(CO2CH3)2), 2.65 (2H, t, J = 8.2 Hz, PhCH2), 2.41-2.37 (1H, m, =CCH2CH), 

2.22-2.14 (2H, m, =CCH2CH), 1.82-1.66 (2H, m, PhCH2CH2), 1.62 (3H, s, CH3C=);
 

13C NMR (125.8 MHz, CDCl3) δ 169.5 (C), 169.2 (C), 143.1 (C), 141.9 (C), 128.4 (2 

x CH), 128.3 (2 x CH), 125.8 (CH), 113.1 (CH2), 54.0 (CH), 52.3 (CH3), 52.2 (CH3), 

40.2 (CH2), 35.7 (CH), 32.9 (2 x CH2), 21.9 (CH3); HRMS (ES) Exact mass calcd for 

C18H28NO4 [M+NH4]
+: 322.2013, found: 322.2015. 
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Diethyl 2-[3-methyl-1-(4-methylphenyl)but-3-enyl]malonate 

(113i). The title compound was prepared according to General 

Procedure C from alkylidene malonate 90j (131 mg, 0.50 mmol) 

and purified by column chromatography (10% EtOAc/hexane) to 

give a colourless oil (113 mg, 71%). Rf = 0.48 (20% EtOAc/hexane); IR (film) 2982, 

2937, 2254, 1751 (C=O), 1719 (C=O), 1513, 1444, 1254, 1156, 909, 733 cm-1; 1H 

NMR (250 MHz, CDCl3) δ 7.07 (4H, br s, ArH), 4.61-4.50 (1H, m, =CH2), 4.51-

4.50 (1H, m, =CH2), 4.22 (2H, q, J = 7.1 Hz, OCH2), 3.89 (2H, q, J = 7.1 Hz, 

OCH2), 3.64-3.52 (2H, m, CHAr, CH(CO2CH3)2), 2.49-2.33 (2H, m, =CCH2), 2.28 

(s, 3H, ArCH3), 1.62 (3H, s, CH3C=), 1.28 (3H, t, J = 7.1 Hz, OCH2CH3), 0.96 (3H, 

t, J = 7.1 Hz, OCH2CH3);
 13C NMR (90.6 MHz, CDCl3) δ 168.4 (C), 167.8 (C), 

142.5 (C), 137.2 (C), 136.2 (C), 128.7 (2 x CH), 128.1 (2 x CH), 113.0 (CH2), 61.4 

(CH2), 61.0 (CH2), 58.7 (CH), 43.4 (CH), 42.4 (CH2), 22.1 (CH3), 21.0 (CH3), 14.0 

(CH3), 13.6 (CH3); HRMS (ES) Exact mass calcd for C19H30NO4 [M+NH4]
+: 

336.2169, found: 336.2170. 

 

2-(Phenyl)allyltrimethylsilane (116) 

 

CoCl2 (26 mg, 0.20 mmol) was heated under vacuum for 1 min. THF (4 mL) was 

added under N2 and the solution cooled to 0 °C. α-Bromostyrene (114) (0.52 mL, 

4.00 mmol) and (trimethylsilyl)methyl)magnesium chloride (115) (1.0 M solution in 

Et2O, 6.0 mL, 6 mmol) were added dropwise sequentially. The reaction was stirred 

for 1 h at room temperature and then poured into saturated aqueous NH4Cl solution 

(30 mL). The mixture was extracted with EtOAc (2 x 50 mL). The organics were 

combined, dried (MgSO4), filtered and concentrated in vacuo. Purification of the 

residue by column chromatography (100% hexane) gave the allylsilane 116 as a 

colourless oil (730 mg, 96 %). Rf = 0.90 (100% hexane); IR (film) 3081, 2954, 1614,  

1494, 1248, 1159, 909, 736 cm-1; 1H NMR (360 MHz, CDCl3) 
 
δ 7.48-7.46 (2H, m, 

ArH), 7.38-7.30 (3H, m, ArH), 5.20 (1H, s, C=CH2), 4.97 (1H, s, C=CH2), 2.12 (2H, 

s, CH2Si(CH3)3), −0.02 (9H, s, Si(CH3)3); 
13C NMR (90.6 MHz, CDCl3) δ 146.6 (C), 
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142.8 (C), 128.1 (2 x CH), 127.2 (CH), 126.3 (2 x CH), 110.0 (CH2), 26.1 (CH2), 

−1.4 (3 x CH3). The data is in agreement with the literature.
70 

 

General Procedure D: Allylation of Alkylidene Malonates using 2-

(phenyl)allyltrimethylsilane (116). 

 

A solution of the appropriate alkylidene malonate 90 (0.50 mmol), Yb(OTf)3·2H2O 

(33 mg, 0.05 mmol), and hexafluoro-iso-propanol (105 µL, 1.00 mmol) was stirred in 

CH2Cl2 (2 mL) at room temperature for 10 min. 2-(Phenyl)allyltrimethylsilane (175 

µL, 0.75 mmol) was added dropwise over 1 min and the mixture was stirred at room 

temperature for 1 h. The reaction was filtered through a short silica plug eluted using 

EtOAc (30 mL) as eluent, and the filtrate was concentrated in vacuo. Purification of 

the residue by column chromatography afforded the allylated product 117.  

 

Dimethyl 2-(3-phenyl-1-thiophen-2-yl-but-3-enyl)malonate 

(117a). The title compound was prepared according to General 

Procedure D from alkylidene malonte 90d (113 mg, 0.50 mmol) 

and purified by column chromatography (10% EtOAc/hexane) to give a yellow oil 

(112 mg, 65%). Rf = 0.36 (20% EtOAc/hexane); IR (film) 3154, 3003, 2954, 2253, 

1733 (C=O), 1448, 1377, 1261, 1197, 910, 742 cm-1; 1H NMR (360 MHz, CDCl3) δ 

7.26-7.18 (5H, m, ArH), 7.05 (1H, d, J = 5.1 Hz, ArH), 6.77 (1H, dd, J = 5.1, 3.3 Hz, 

ArH), 6.60 (1H, d, J = 3.3 Hz, ArH), 5.09 (1H, s, =CH2), 4.84 (1H, s, =CH2), 3.78 

(1H, dt, J = 10.0, 4.5 Hz, CHAr), 3.69 (3H, s, OCH3), 3.65 (1H, d, J = 9.4 Hz, 

CH(CO2CH3)2), 3.44 (3H, s, OCH3), 3.10 (1H, dd, J = 14.0, 4.2 Hz, =CCH2), 2.68 

(1H, dd, J = 14.0, 10.4 Hz, =CCH2);
 13C NMR (90.6 MHz, CDCl3) δ 168.4 (C), 

167.9 (C), 145.0 (C), 143.1 (C), 139.9 (C), 128.3 (2 x CH), 127.6 (CH), 126.4 (2 x 

CH), 126.3 (CH), 125.9 (CH), 124.0 (CH), 115.7 (CH2), 58.4 (CH), 52.6 (CH3), 52.4 
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(CH3), 40.8 (CH2), 39.3 (CH); HRMS (ES) Exact mass calcd for C19H24NO4S 

[M+NH4]
+: 362.1421, found: 362.1429. 

 

Dimethyl 2-(3-phenyl-1-phenethyl-but-3-enyl)malonate (117b). 

The title compound was prepared according to General Procedure 

D from alkylidene malonate 90g (124 mg, 0.50 mmol) and 

purified by column chromatography (50% CH2Cl2/hexane) to give a colourless oil 

(89 mg, 49%). Rf = 0.41 (20% EtOAc/hexane); IR (film) 3029, 2927, 2253, 1738 

(C=O), 1732 (C=O), 1455, 1378, 1254, 1198, 909, 734 cm-1; 1H NMR (500 MHz, 

CDCl3) δ 7.41-7.39 (2H, m, ArH), 7.35 (2H, t, J = 7.4 Hz, ArH), 7.31-7.23 (3H, m, 

ArH), 7.17 (1H, t, J = 7.3 Hz, ArH), 7.08 (2H, d, J = 7.4 Hz, ArH), 5.35 (1H, s, 

=CH2), 5.13 (1H, s, =CH2), 3.73 (3H, s, CO2CH3), 3.71 (3H, s, CO2CH3), 3.52 (1H, 

d, J = 6.0 Hz, CH(CO2CH3)2), 2.79 (1H, dd, J = 14.3, 6.5 Hz, =CCH2), 2.66 (1H, dd, 

J = 14.3, 8.3 Hz, =CCH2), 2.59 (2H, t, J = 8.2 Hz, PhCH2), 2.34-2.27 (1H, m, 

CHCH(CO2CH3)2), 1.76-1.68 (2H, m, PhCH2CH2); 
13C NMR (125.8 MHz, CDCl3) δ 

169.3 (C), 169.2 (C), 146.3 (C), 141.9 (C), 140.3 (C), 128.4 (2 x CH), 128.3 (4 x 

CH), 127.6 (CH), 126.4 (2 x CH), 125.8 (CH), 115.3 (CH2), 53.9 (CH), 52.3 (CH3), 

52.2 (CH3), 37.3 (CH2), 36.1 (CH), 32.7 (CH2), 32.6 (CH2); HRMS (ES) Exact mass 

calcd for C23H30NO4 [M+NH4]
+: 384.2169, found: 384.2170.  

 

Dimethyl 2-[1-(4-methoxyphenyl)-3-phenylbut-3-

enyl]malonate (117c). The title compound was prepared 

according to General Procedure D from alkylidene malonate 90e 

(125 mg, 0.50 mmol) and purified by column chromatography 

(10% EtOAc/hexane) to give a yellow oil (176 mg, 95%). Rf = 0.30 (20% 

EtOAc/hexane); IR (film) 2954, 2253, 1753 (C=O), 1734 (C=O), 1514, 1250, 1179, 

910, 731 cm-1; 1H NMR (360 MHz, CDCl3) δ 7.34-7.24 (5H, m, ArH), 6.93 (2H, d, J 

= 8.7 Hz, ArH), 6.75 (2H, d, J = 8.7 Hz, ArH), 5.07 (1H, s, =CH2), 4.76 (1H, s, 

=CH2), 3.78 (3H, s, OCH3), 3.76 (3H, s, OCH3), 3.70 (1H, d, J = 10.4 Hz, 

CH(CO2CH3)2), 3.50 (1H, dt, J = 10.7, 4.3 Hz, CHAr), 3.42 (3H, s, OCH3), 3.12 (1H, 

dd, J = 13.9, 4.1 Hz, =CCH2), 2.66 (1H, dd, J = 13.9, 10.9 Hz, =CCH2); 
13C NMR 
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(90.6 MHz, CDCl3) δ 168.8 (C), 168.1 (C), 158.3 (C), 145.4 (C), 140.3 (C), 131.8 

(C), 129.3 (2 x CH), 128.2 (2 x CH), 127.4 (CH), 126.4 (2 x CH), 115.4 (CH2), 113.4 

(2 x CH), 58.1 (CH), 55.1 (CH3), 52.5 (CH3), 52.2 (CH3), 43.1 (CH), 40.0 (CH2); 

HRMS (ES) Exact mass calcd for C22H28NO5 [M+NH4]
+: 386.1962, found: 

386.1968.  

 

Preparation of Allylsilanes 

 

Allylsilanes 118,151 119,72 and 12072 were prepared by ERASMUS student Naiára 

Fernández according to the reported procedures.  

 

5.1.3 Manipulation of Allylation Products 

Ethyl 3-(4-methylphenyl)hex-5-enoate (124) 

 

A solution of 109j (80 mg, 0.26 mmol), NaCl (20 mg, 0.34 mmol), and H2O (25 µL, 

mmol) in DMSO (0.5 mL) was heated at 170 °C for 30 min in a microwave 

synthesiser. After cooling to room temperature, H2O (10 mL) was added and the 

mixture was extracted with Et2O (3 x 5 mL). The combined organic layers were dried 

(MgSO4) and concentrated in vacuo. Purification of the residue by column 

chromatography (5% EtOAc/hexane) gave the monoester 124 (39 mg, 65%) as a 

colourless oil. Rf = 0.52 (20% EtOAc/hexane); IR (film) 3019, 2925, 2854, 1730 

(C=O), 1640, 1515. 1373, 1260, 1216, 918, 668 cm-1; 1H NMR (500 MHz, CDCl3) δ 

7.11 (2H, d, J = 8.4 Hz, ArH), 7.09 (2H, d, J = 8.4 Hz, ArH), 5.68 (1H, tdd, J = 17.1, 

10.1, 7.0 Hz, CH2=CH), 5.03-4.97 (2H, m, CH2=CH), 4.09-4.00 (2H, m, OCH2CH3), 

3.19 (1H, app quin, J = 7.5 Hz, CHAr), 2.67 (1H, dd, J = 15.3, 6.8 Hz, 

CH2CO2CH3), 2.55 (1H, dd, J = 15.3, 8.4 Hz, CH2CO2CH3), 2.41-2.37 (2H, m, 
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CH2=CHCH2) 2.32 (3H, s, ArCH3), 1.16 (3H, t, J = 7.1 Hz, OCH2CH3); 
13C NMR 

(125.8 MHz, CDCl3) δ 172.4 (C), 140.5 (C), 136.1 (CH), 135.9 (C), 129.0 (2 x CH), 

127.3 (2 x CH), 116.7 (CH2), 60.2 (CH2), 41.4 (CH), 40.73 (CH2), 40.65 (CH2), 21.0 

(CH3), 14.1 (CH3); HRMS (ES) Exact mass calcd for C15H21O2 [M+H]
+: 233.1536, 

found: 233.1539.  

 

Dimethyl 2-[3-oxo-1-(4-methylphenyl)butyl]malonate (125) 

 

Following a reported procedure,75 to a solution of the alkene 113c (100 mg, 0.35 

mmol) and PhI(OAc)2 (259 mg, 0.80 mmol) in THF (1 mL) at room temperature was 

added H2O (0.1 mL), 2,6-lutidine (0.1 mL, 0.86 mmol), and OsO4 (4% soln in H2O, 

50 µL, 0.008 mmol), and the mixture was stirred at room for 18 h. The reaction was 

quenched with saturated aqueous Na2S2O3 solution (10 mL) and extracted with 

EtOAc (3 x 10 mL). The combined organic layers were washed with saturated 

aqueous CuSO4 solution (2 x 20 mL), dried (NaSO4), filtered, and concentrated in 

vacuo. Purification of the residue by column chromatography (5% EtOAc/hexane 

→20% EtOAc/hexane) gave the ketone 125 (70 mg, 68%) as a colourless oil. Rf = 

0.60 (10% MeOH/CH2Cl2); IR (film) 3053, 3020, 2985, 1751 (C=O), 1735 (C=O), 

1437, 1378, 1265, 1216, 929, 759 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.11 (2H, d, J 

= 8.2 Hz, ArH), 7.07 (2H, d, J = 8.0 Hz, ArH), 3.94 (1H, dt, J = 9.1, 5.3 Hz, ArCH), 

3.72 (3H, s, OCH3), 3.71 (1H, d, J = 10.8 Hz, CH(CO2CH3)2), 3.51 (3H, s, OCH3), 

2.92 (2H, dq, J = 16.7, 7.0 Hz, CH2CHAr), 2.29 (3H, s, ArCH3),  2.03 (3H, s, 

CH3C=O); 
13C NMR (100.6 MHz, CDCl3) δ 206.1 (C), 168.6 (C), 168.1 (C), 137.2 

(C), 136.8 (C), 129.2 (2 x CH), 127.8 (2 x CH), 57.2 (CH), 52.6 (CH3), 52.3 (CH3), 

47.2 (CH), 40.1 (CH2), 30.2 (CH3), 21.0 (CH3); HRMS (ES) Exact mass calcd for 

C16H21O5 [M+H]
+: 293.1384, found: 293.1385.  
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5.1.4 Preparation of Chiral Ligands 

PyBox Derived Ligands:  

(4’S,5’S)-2,6-bis(4’-Hydroxymethyl-5’-phenyl-1’,3’-oxazolin-2’-yl)pyridine (135) 

2,6-Pyridinedicarbonitrile (132) (0.95 g, 7.00 mmol) and NaOMe (40 mg, 0.70 

mmol) were stirred in dry MeOH (20 mL) at room temperature for 18 h. The solvent 

was removed in vacuo to give the imidate ester 133 as a white solid (1.25 g, 100%) 

which was directly in the next step without purification. Rf = 0.14 (10% 

MeOH/CH2Cl2); m.p. 99–101 °C;
 1H NMR (360 MHz, CDCl3) δ 9.22 (2H, br s, 

NH), 7.92 (3H, s, ArH), 4.02 (6H, s, OCH3); 
13C NMR (62.9 MHz, CDCl3) δ 166.0 

(2 x C), 146.9 (2 x C), 138.9 (CH), 122.5 (2 x CH), 54.0 (2 x CH3). The data is in 

agreement with the literature.152 

 

A solution of imidate ester 133 (1.25 g, 7.00 mmol) and aminoalcohol 134 (2.34 g, 

14.0 mmol) in 1,2-dichloroethane (20 mL) was heated at reflux for 24 h. After 

cooling to 0 °C for 3 h, 135 precipitated as a white solid (2.67 g, 67% yield), which 

was collected via vacuum filtration, dried and used directly in the next step without 

purification. Rf = 0.14 (10% MeOH/CH2Cl2); m.p. 208–210 °C; [α]
20
D  +12.5 (c. 0.40, 

CHCl3); IR (film) 3019, 1597, 1424, 1216, 1173, 1068, 759 cm
-1; 1H NMR (360 

MHz, CDCl3) δ 7.92 (2H, d, J = 7.8 Hz, ArH), 7.69 (1H, t, J = 7.8 Hz, ArH), 7.40-

7.30 (10H, m, ArH), 5.77 (2H, d, J = 8.0 Hz OCHPh), 4.31 (2H, td, J = 8.0, 2.9 Hz, 

CHCH2OH), 4.25 (2H, dd, J = 12.3, 2.9 Hz, CH2OH), 3.82 (2H, dd, J = 12.3, 2.9 Hz, 

CH2OH); 
13C NMR (100.6 MHz, CDCl3) δ 163.0 (2 x C), 146.3 (2 x C), 139.9 (2 x 

C), 137.2 (CH), 128.8 (4 x CH), 128.5 (2 x CH), 125.9 (4 x CH), 125.6 (2 x CH), 

83.4 (2 x CH), 76.8 (2 x CH), 62.7 (2 x CH2). The data is in agreement with the 

literature.76 
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General Procedure E: Esterification 

 

To a solution of 135 (200 mg, 0.46 mmol), DMAP (11 mg, 0.09 mmol) and DIC 

(146 µL, 0.93 mmol) in CH2Cl2 (10 mL) and DMF (1 mL) at 0 °C was added 

carboxylic acid (0.93 mmol). The solution was stirred at 0 °C for 5 min and then at 

room temperature for a further 18 h. The solution was diluted with CH2Cl2 (150 mL) 

and extracted with HCl (0.1 M, 150 mL) and brine (150 mL). Purification of the 

residue by column chromatography (50% EtOAc/hexane) gave the ester 136. 

 

[(4S,5S)-2-{6-[(4S,5S)-4-{[(2,2-

Diphenylacetyl)oxy]methyl}-5-phenyl-4,5-dihydro-1,3-

oxazol-2-yl]pyridin-2-yl}-5-phenyl-4,5-dihydro-1,3-

oxazol-4-yl]methyl 2,2-diphenylacetate (136a).  

The title compound was prepared according to General 

Procedure E from diphenylacetic acid (197 mg, 0.93 

mmol) and 135 (200 mg, 0.46 mmol) and purified by chromatography (50% 

EtOAc/hexane) to give the ester 136a as a white solid (190 mg, 50%). Rf = 0.68 

(10% MeOH/CH2Cl2); m.p. 88-89 °C; [α]
20
D  +21.2 (c. 0.8, CHCl3); IR (film) 3031, 

2926, 2252, 1737 (C=O), 1641, 1495, 1257, 1147, 908, 736 cm-1; 1H NMR (360 

MHz, CDCl3) δ 8.18 (2H, d, J = 7.8 Hz, ArH), 7.91 (1H, t, J = 7.8 Hz, ArH), 7.30-

7.13 (30H, m, ArH), 5.38 (2H, d, J = 6.9 Hz 2 x OCHPh), 5.00 (2H, s 2 x CHPh2) 

4.55-4.39 (6H, m, 2 x CH2OCO, 2 x CHN); 
13C NMR (90.6 MHz, CDCl3) δ 172.2 (2 

x C), 163.2 (2 x C), 146.6 (2 x C), 139.4 (2 x C), 138.2 (2 x C), 138.2 (2 x C), 137.4 

(CH), 128.8 (4 x CH), 128.6 (20 x CH), 127.3 (2 x CH), 126.4 (2 x CH), 125.9 (4 x 

CH), 84.6 (2 x CH), 73.9 (2 x CH),  65.8 (2 x CH2), 56.9 (2 x CH); HRMS (ES) 

Exact mass calcd for C53H47O6N4[M+NH4]
+: 835.3490, found: 835.3494. 
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[(4S,5S)-2-{6-[(4S,5S)-4-{[(Naphthalen-2-

yl)carbonyloxy]methyl}-5-phenyl-4,5-dihydro-1,3-

oxazol-2-yl]pyridin-2-yl}-5-phenyl-4,5-dihydro-1,3-

oxazol-4-yl]methyl naphthalene-2-carboxylate (136b). 

The title compound was prepared according to General 

Procedure E from naphthalene-2-carboxylic acid (160 mg, 

0.93 mmol) and 135 (200 mg, 0.46 mmol) and purified by 

chromatography (50% EtOAc/hexane) to afford the ester as a white solid (108 mg, 

32 %). Rf = 0.64 (10% MeOH/CH2Cl2); m.p. 102-103 °C; [α]
20
D  +8.0 (c. 0.25, 

CHCl3); IR (film) 3063, 2954, 2253, 1716 (C=O), 1632, 1462, 1283, 1195, 911, 738 

cm-1; 1H NMR (360 MHz, CDCl3) δ 8.54 (2H, s, ArH), 8.30 (2H, d, J = 7.8 Hz, 

ArH), 8.03-7.97 (3H, m, ArH), 7.89-7.84 (6H, m, ArH), 7.61-7.50 (4H, m, ArH), 

7.45-7.37 (10H, m, ArH), 5.69 (2H, d, J = 7.6 Hz, CHPh), 4.84-4.73 (2H, m, CHN), 

4.65 (4H, dd, J = 10.6, 6.1 Hz, CHCH2O); 
13C NMR (100.6 MHz, CDCl3) δ 166.5 (2 

x C), 163.4 (2 x C), 146.9 (2 x C), 139.6 (2 x C), 137.6 (2 x CH), 135.6 (2 x C), 

132.4 (2 x C), 131.4 (2 x C), 129.4 (2 x CH), 128.9 (4 x CH), 128.7 (2 x CH), 128.4 

(2 x CH), 128.2 (2 x CH), 127.7 (2 x CH), 126.9 (CH), 126.7 (2 x CH), 126.5 (2 x 

CH), 126.2 (4 x CH), 125.2 (2 x CH), 85.3 (2 x CH), 74.3 (2 x CH), 66.1 (2 x CH2); 

HRMS (ES) Exact mass calcd for C47H36O6N3[M+H]
+: 738.2599, found: 738.2601. 
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Chiral N, N’-Dioxide Ligand: 

(2S)-2-[(Naphthalen-1-ylmethyl)carbamoyl]-1-{3-[(2S)-2-[(naphthalen-1-

ylmethyl)carbamoyl]-1-oxidopiperidin-1-ium-1-yl]propyl}piperidin-1-ium-1- 

olate (141) 

 

To a solution of (L)-Boc-pipecolic acid (137) (1.15g, 5.00 mmol), in CH2Cl2 (15 mL) 

at 0 °C was added Et3N (0.75 mL, 5.50 mmol) and isobutyl carbonochloridate (0.75 

mL, 5.50 mmol). After 25 min, 1-naphthylmethylamine (0.73 mL, 5.00 mmol) was 

added dropwise. The solution was allowed to warm to room temperature and stirred 

for 18h. The mixture was quenched with aqueous HCl (1 M, 15 mL), then washed 

with saturated aqueous NaHCO3 solution (50 mL), and brine (50 mL) before being 

dried (Na2SO4) and concentrated in vacuo. Purification of the residue by column 

chromatography (25% EtOAc/hexane) gave the amide 138 (1.53 g, 83%). TFA (5.0 

mL) was added to a solution of 138 (1.50 g, 4.00 mmol) in CH2Cl2 (5.0 mL) and 

stirred at room temperature for 4 h. The solvent was removed in vacuo and H2O (10 

mL) was added to the residue. The pH was increased to 10-12 by addition of NaOH 

(1 M) solution. The aqueous phase was extracted with CH2Cl2 (3 x 30 mL). The 

combined organics were washed with brine, dried (MgSO4), filtered and 

concentrated under reduced pressure to give the amine 139 (0.91 g, 85%). The 

residue was directly used in the next step. To a solution of amine 139 (906 mg, 3.40 

mmol) and K2CO3 (460 mg, 3.4 mmol) in CH3CN (5.0 mL) was added 1,3-

dibromopropane (173 µL, 1.70 mmol) dropwise. The reaction was heated at reflux 

for 3 h. The reaction was cooled to room temperature and K2CO3 was removed by 

filtration and washed with CH2Cl2. The filtrate was concentrated in vacuo and 

purification of the residue by column chromatography (10% MeOH/CH2Cl2) gave 
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the desired bis-amide 140 (677 mg, 69%). To a solution of amide 140 (200 mg, 0.35 

mmol) in CH2Cl2 (10 mL) at −20 °C was added m-CPBA (240 mg, 1.4mmol) in 

CH2Cl2 (2 mL). The reaction was stirred at −20 °C for 1 h and the solvent removed 

in vacuo. Purification of the residue by column chromatography (50% 

EtOAc/CH3OH) gave the N,N’-dioxide 141 as a white solid (174 mg, 82%). Rf = 0.21 

(10% MeOH/CH2Cl2); m.p. 91-92 °C; [α]
20
D  –23.1 (c. 0.95, CHCl3); IR (film, CHCl3) 

3019, 2434, 1670 (C=O), 1598, 1476, 1346, 1126, 1020, 774 cm-1; 1H NMR (400 

MHz, CDCl3) δ 10.92 (2H s, NH), 7.98 (2H, d, J = 8.4 Hz, ArH), 7.93 (2H, d, J = 

8.1 Hz, ArH), 7.84 (2H, d, J = 8.1 Hz, ArH), 7.58-7.42 (8H, m, ArH), 5.16 (2H, dd, 

J = 14.1, 8.0 Hz, CH2), 4.51 (2H, dd, J = 14.1, 2.8 Hz, CH2), 3.23-2.93 (4H, m, 

CH2), 2.35-1.24 (20H, m, CH2); 
13C NMR (100.6 MHz, CDCl3) δ 168.4 (2 x C), 

133.9 (2 x C), 133.8 (2 x C), 131.2 (2 x C), 128.9 (2 x CH), 128.4 (2 x CH), 127.6 (2 

x CH), 126.6 (2 x CH), 126.1 (2 x CH), 125.8 (2 x CH), 123.8 (2 x CH), 75.8 (CH2), 

64.3 (2 x CH), 63.8 (2 x CH2) 40.7 (2 x CH2), 26.0 (CH2), 22.9 (2 x CH2), 19.9 (2 x 

CH2), 14.7 (2 x CH2). The data is in agreement with the literature.
78 

 

Preparation of Binamide Ligand: 

(R)-N-(1-{2-[(3,5-Difluorobenzene)amido]naphthalen-1-yl}naphthalen-2-yl)-3,5-

difluorobenzamide (154) 

 

To a solution of (R)-1,1’-binaphthyl-2,2’-diamine 152 (113 mg, 0.40 mmol) in 

CH2Cl2 (4 mL) was added aqueous 10% NaOH (2.3 mL) at 0 °C. 3,5-

Difluorobenzoyl chloride 153 (140 µL, 1.00 mmol) was added dropwise. After being 

stirred for 2 h at room temperature, the aqueous layer was separated and extracted 

with CH2Cl2 (2 x 20 mL). The organics were dried (MgSO4), filtered, and 

concentrated in vacuo. Purification of the residue by column chromatography (20% 

EtOAc/hexane) gave the binamide 154 as a white solid (206 mg, 91%). Rf = 0.24 



 

158  

 

(20% EtOAc/hexane); m.p.123-124 °C; [α] 20D  +91.3 (c. 1.50, CHCl3); IR (film, 

CHCl3) 3019, 1682 (C=O), 1597, 1503, 1323, 1126, 992, 860 cm
-1; 1H NMR (500 

MHz, CDCl3) δ 8.49 (2H, d, J = 9.0 Hz, ArH), 8.15 (2H, d, J = 9.0 Hz, ArH), 8.04 

(2H, d, J = 8.2 Hz, ArH), 7.70 (2H, br, s, NH), 7.55 (2H, ddd, J = 7.9, 6.9, 0.9 Hz, 

ArH), 7.41 (2H, ddd, J = 7.9, 6.9, 0.9 Hz, ArH), 7.30 (2H, d, J = 8.5 Hz, ArH), 6.82 

(2H, tt, J = 8.5, 2.3 Hz, ArH), 6.73-6.68 (4H, m, ArH); 19F NMR (376 MHz, CDCl3) 

δ −107.5 (4F, s); 13C NMR (125.8 MHz, CDCl3) δ 163.6 (t, J = 2.9 Hz, 4 x C), 162.7 

(dd, J = 251.4, 12.0 Hz, 2 x C), 137.4 (t, J = 8.3 Hz, 2 x C), 134.4 (2 x C), 131.9 (2 x 

C), 131.7 (2 x C), 130.4 (2 x CH), 128.7 (2 x CH), 127.9 (2 x CH), 126.2 (2 x CH), 

124.9 (2 x CH), 122.5 (2 x C), 122.0 (2 x CH), 110.1 (dd, J = 20.2, 6.8 Hz, 4 x CH), 

107.3 (t, J = 25.2 Hz, 2 x CH); HRMS (ES) Exact mass calcd for C34H20N2O2F4 

[M+]+: 564.1455, found: 164.1455. The data is in agreement with ent-154 in the 

literature.81 

 

General Procedure F: Sc-Catalysed Asymmetric Conjugate Allylation 

Using Allyltriphenylstannane 

R
CO2Me

CO2Me
SnPh3

CO2Me

CO2Me

R

90 109 90% ee

64 (1.5 equiv)

HFIP (2 equiv)
4Å MS, CH2Cl2, RT

Sc(OTf)3 (10 mol %)

131a (11 mol %)

N
O

N N

O

iPr iPr

 

A solution of the appropriate alkylidene malonate 90 (0.50 mmol), Sc(OTf)3 (24 mg, 

0.05 mmol), ligand 131a (16 mg, 0.055 mmol), 4Å MS (60 mg) and hexafluoro-iso-

propanol (105 µL, 1.00 mmol) was stirred in CH2Cl2 (2 mL) at room temperature for 

10 min. Allyltriphenylstannane (293 mg, 0.75 mmol) was added as a solution in 

CH2Cl2 (1 mL) dropwise over 1 min and the mixture was stirred at room temperature 

for 18 h. The reaction was filtered through a short plug of silica gel using EtOAc (30 

mL) as eluent, and the filtrate was concentrated in vacuo. A sample of the crude 

reaction mixture was analysed by chiral HPLC. 
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Dimethyl 2-(1-phenylbut-3-enyl)malonate (109a). The title 

compound was prepared according to General Procedure F from 

alkylidene malonate 90a (110 mg, 0.50 mmol). For full data of 

compound 109a see page 137. Enantiomeric excess was determined by HPLC with a 

Chiralpak OD-H column (99:01 hexane:i-PrOH, 0.8 mL/min, 225 nm, 25 °C); tr 

(major) = 9.9 min; tr (minor) = 10.6 min;  90% ee.  

 

Dimethyl 2-(1-cyclohexylbut-3-enyl)malonate (109c). The title 

compound was prepared according to General Procedure F from 

alkylidene malonate 90c (113 mg, 0.50 mmol). For full data of 

compound 109c see page 138. Enantiomeric excess was 

determined by HPLC with a Chiralpak OD-H column (99:01 hexane:i-PrOH, 0.8 

mL/min, 210 nm, 25 °C); tr (major) = 4.9 min; tr (minor) = 5.9 min;  82% ee.   

 

Dimethyl 2-(1-thiophen-2-ylbut-3-enyl)malonate (109d). The 

title compound was prepared according to General Procedure B 

from alkylidene malonate 90d (113 mg, 0.50 mmol). For full data 

of compound 109d see page 138. Enantiomeric excess was determined by HPLC 

with a Chiralpak OD-H column (99:01 hexane:i-PrOH, 0.8 mL/min, 225 nm, 25 °C); 

tr (major) = 10.4 min; tr (minor) = 11.1 min;  82% ee.   

 

Dimethyl 2-[1-(4-methoxyphenyl)but-3-enyl]malonate (109e). 

The title compound was prepared according to General Procedure 

B from alkylidene malonate 90e (125 mg, 0.50 mmol). For full 

data of compound 109e see page 139. Enantiomeric excess was 

determined by HPLC with a Chiralpak OD-H column (99:01 hexane:i-PrOH, 0.8 

mL/min, 230 nm, 25 °C); tr (major) = 17.2 min; tr (minor) = 19.2 min;  82% ee.   

 

Dimethyl 2-[1-(4-nitrophenyl)but-3-enyl]malonate (109f). The 

title compound was prepared according to General Procedure B 

from alkylidene malonate 90f (132 mg, 0.50 mmol). For full data 
CO2Me

CO2Me

NO2

CO2Me

CO2Me

OMe

CO2Me

CO2Me

S
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of 109f see page 139. Enantiomeric excess was determined by HPLC with a 

Chiralpak OD-H column (99:01 hexane:i-PrOH, 0.8 mL/min, 254 nm, 25 °C); tr 

(major) = 20.9 min; tr (minor) = 24.4 min;  35% ee. 

 

Dimethyl 2-[1-(3-methylphenyl)but-3-enyl] malonate (109h). 

The title compound was prepared according to General Procedure 

B from alkylidene malonate 90h (117 mg, 0.50 mmol). For full 

data of 109h see page 140. Enantiomeric excess was determined by 

HPLC with a Chiralpak AS-H column (99:01 hexane:i-PrOH, 0.8 mL/min, 254 nm, 

25 °C); tr (major) = 9.2 min; tr (minor) = 10.2 min;  17% ee.  

 

5.1.5 Preparation of Alternative Conjugate Acceptors 

General Procedure G: Synthesis of Hydroxyenones: 

 

A solution of 3-hydroxy-3-methyl-2-butanone (153) (530 µL, 5.00 mmol), aldehyde 

157 (10.0 mmol) and LiOH.H2O (42 mg, 1.00 mmol) in MeOH (15 mL) and H2O (6 

mL) was stirred at room temperature for 18 h. The solvent was removed in vacuo. 

and the residue was diluted with H2O (10 mL) and extracted with CH2Cl2 (3 x 20 

mL). The combined organics were dried (MgSO4), filtered and concentrated in vacuo 

Purification of the residue by column chromatography (10→20% EtOAc/hexane) 

gave the hydroxy-enone 158. 

 

 (E)-4-Hydroxy-4-methyl-1-(4-nitrophenyl)pent-1-en-3-

one (158a). The title compound was prepared according to 

General Procedure G from 3-hydroxy-3-methyl-2-butanone 

(530 µL, 5.00 mmol) and p-nitrobenzaldehyde (1.51 g, 10.0 mmol) and purified by 

column chromatography (10→20% EtOAc/hexane) to give the enone 158a as a 

yellow solid (487 mg, 41% yield). Rf = 0.54 (40% EtOAc/hexane); m.p. 106-107 °C; 

IR (film) 3019, 1687 (C=O), 1617, 1523, 1346, 1161, 1064, 972, 770 cm-1; 1H NMR 

NO2

O

HO

Me Me
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(500 MHz, CDCl3) δ 8.27, (2H, d, J = 8.8 Hz, ArH), 7.84 (1H, d, J = 15.8 Hz, 

CH=CH), 7.76 (2H, d, J = 8.8 Hz, ArH), 7.20 (1H, d, J = 15.8 Hz, CH=CH), 3.71 

(1H, s, OH), 1.49 (6H, s, 2 x CH3); 
13C NMR (125.8 MHz, CDCl3) δ 202.0 (C), 

148.7 (C), 142.2 (CH), 140.3 (C), 129.1 (2 x CH), 124.2 (2 x CH), 122.3 (CH), 75.8 

(C), 26.3 (2 x CH3). HRMS (ES) Exact mass calcd for C12H18O4NNa [M+Na]
+: 

258.0737, found: 258.0739. 

 

(E)-4-Hydroxy-1-(4-methoxy-phenyl)-4-methyl-pent-1-

en-3-one (158b).  The title compound was prepared 

according to General Procedure G from 3-hydroxy-3-

methyl-2-butanone (530 µL, 5.00 mmol), p-anisaldehyde (1.36 g, 10.0 mmol) and 

purified by column chromatography (10→20% EtOAc/hexane) to give the enone 

158b as a yellow oil (156 mg, 14% yield). Rf = 0.16 (20% EtOAc/hexane). IR (film) 

3018, 2432, 1675 (C=O), 1595, 1514, 1305, 1070, 971, 827 cm-1; 1H NMR (500 

MHz, CDCl3) δ 7.83, (1H, d, J = 15.6 Hz, C=CHAr), 7.57 (2H, d, J = 8.8 Hz, ArH), 

6.93 (2H, d, J = 8.8 Hz, ArH), 6.91 (1H, d, J = 15.6 Hz, CH=CH), 4.09 (1H, br s, 

OH), 3.86 (3H, s, OCH3), 1.46 (6H, s, 2 x CH3); 
13C NMR (125.8 MHz, CDCl3) δ 

202.4 (C), 162.0 (C), 145.4 (CH), 130.5 (2 x CH), 126.9 (C), 115.8 (CH), 114.2 (2 x 

CH), 75.3 (C), 55.4 (CH3), 26.6 (2 x CH3). The data is in agreement with the 

literature.153  

 

(E)-2,2-Difluoro-3-oxo-5-phenyl-pent-4-enoic acid ethyl ester (163). 

 

Zn dust (64 mg, 1.0 mmol, activated by sequential washes with 20% HCl, H2O, 

acetone and Et2O) was suspended in THF (6 mL), and heated at reflux. Ethyl 

bromodifluoroacetate 160 (125 µL, 1.00 mmol) was added dropwise, followed by 

trans-cinnamaldehyde 161 (105 µL, 0.85 mmol). The reaction was heated at reflux 

for 15 min. The solution was then cooled to room temperature and poured into a 

mixture of EtOAc (20 mL) and saturated aqueous NaHCO3 solution (10 mL). The 

OMe

O

HO

Me Me
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organics were separated and the aqueous layer was extracted with EtOAc (20 mL). 

The combined organic layers were dried (MgSO4), filtered and concentrated in 

vacuo. Purification of the residue by column chromatography (20% EtOAc/hexane) 

gave alcohol 162 as a colourless oil (111 mg, 52% yield). Rf = 0.22 (20% 

EtOAc/hexane); 1H NMR (500 MHz, CDCl3) δ 7.44-7.41, (2H, m, ArH), 7.37-7.34 

(2H, m, ArH), 7.30 (1H, tt, J = 7.5, 1.3 Hz, ArH), 6.82 (1H, d, J = 15.9 Hz, 

PhCH=CH), 6.25 (1H, dd, J = 15.9, 6.7 Hz, CH=CHPh), 4.77 (1H, dq, J = 7.9, 1.2 

Hz, CHOH), 4.37 (2H, q, J = 7.1 Hz, CH2CH3), 2.42 (1H, d, J = 6.7 Hz, CHOH), 

1.35 (3H, t, J = 7.1 Hz, CH2CH3); 
19F NMR (376 MHz, CDCl3) δ −114.3 (1F, dd, JF-

F = 263.7 Hz, JF-H = 7.9 Hz), −120.6 (1F, dd, JF-F = 263.7 Hz, JF-F = 13.8 Hz); 
13C 

NMR (125.8 MHz, CDCl3) δ 163.9 (t, J = 31.8 Hz, C), 135.9 (CH), 135.6 (C), 128.7 

(2 x CH), 128.6 (CH), 126.8 (2 x CH), 121.4 (CH), 113.8 (t, J = 256.5 Hz, C), 72.9 

(t, J = 26.6 Hz, CH), 63.2 (CH2), 13.9 (CH3). The data is in agreement with the 

literature.154  

 

The alcohol 162 (100 mg, 0.40 mmol) was added dropwise to a solution of Dess-

Martin Periodinane (508 mg, 1.20 mmol) in CH2Cl2 (2 mL) and the solution was 

stirred at room temperature for 3 h. The reaction mixture was diluted with Et2O (20 

mL) and poured into saturated Na2S2O3 solution (30 mL). The layers were separated 

and the organic phase washed with saturated aqueous NaHCO3 solution (2 x 20 mL) 

and H2O (2 x 20 mL). The combined aqueous was then back extracted with Et2O (2 x 

20 mL). The combined organics were dried (MgSO4), filtered and concentrated in 

vacuo to afford the ketoester 163 as a colourless oil (98 mg, 96%). Rf = 0.50 (20% 

EtOAc/hexane); IR (film) 3019, 2253, 1771 (C=O), 1705 (C=O,) 1608, 1423, 1217, 

1147, 991, 770 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.94 (1H, d, J = 16.0 Hz, 

CH=CH), 7.66-7.64 (2H, m, ArH), 7.51-7.43 (3H, m, ArH), 7.13 (H, d, J = 16 Hz, 

CH=CH), 4.04 (2H, q, J = 7.1 Hz, OCH2CH3), 1.37 (3H, t, J = 7.1 Hz, OCH2CH3); 

19F NMR (376 MHz, CDCl3) δ −113.6 (2F, s); 
13C NMR (125.8 MHz, CDCl3) δ 

185.2 (t, J = 27.7 Hz, C), 161.6 (C), 149.0 (CH), 133.6 (C), 132.0 (CH), 129.2 (2 x 

CH), 129.2 (2 x CH), 117.1 (CH), 108.9 (t, J = 263.6, C), 63.7 (CH2), 13.9 (CH3). 

The data is in agreement with the literature.154  
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2,2-Difluoro-3-hydroxy-3-((E)-styryl)-hex-5-enoic acid ethyl ester (164).  

 

A solution of the enone 163 (50 mg, 0.20 mmol), Sc(OTf)3 (8 mg, 0.02 mmol), and 

hexafluoro-iso-propanol (42 µL, 0.40 mmol) was stirred in CH2Cl2 (1 mL) at room 

temperature for 10 min. Allyltributylstannane (92 µL, 0.30 mmol) was added 

dropwise over 1 min and the mixture was stirred at room temperature for 3 h. The 

reaction was filtered through a short silica plug eluted using EtOAc (30 mL) as 

eluent, and the filtrate was concentrated in vacuo to give allylic alcohol 164. Rf = 

0.38 (20% EtOAc/hexane); 1H NMR (500 MHz, CDCl3) δ 7.42-7.40 (2H, m, ArH), 

7.36-7.32 (2H, m, ArH), 7.30-7.25 (1H, m, ArH), 6.78 (1H, d, J = 16.0 Hz, CHPh), 

6.22 (1H, dd, J = 16.0, 1.6 Hz, CH=CHPh), 5.85-5.74 (1H, m, CH=CH2), 5.23-5.18 

(2H, m, CH2CH=CH2), 4.31 (2H, q, J = 7.1 Hz, OCH2CH3), 2.67 (2H, qd, J = 14.2, 

7.3 Hz, CH2CH=CH2), 1.27 (3H, t, J = 7.1 Hz, OCH2CH3); HRMS (ES) Exact mass 

calcd for C16H22O3N1F2[M+NH4]
+: 314.1562, found: 314.1563. 

 

(E)-N-But-2-enoylbenzamide (167).  

 

NaH (560 mg, 14.0 mmol) was added to a solution of benzamide 165 (1.21 g, 10.0 

mmol) in THF at 0 °C and stirred for 10 min. The solution was then warmed to room 

temperature and stirred for 1 h. Distilled crotonoyl chloride (166) (0.96 mL, 10.0 

mmol) was added dropwise over 5 min and the solution stirred at room temperature 

for 18 h. H2O (10 mL) was added and THF removed in vacuo. The reaction residue 

was extracted with EtOAc (3 x 30 mL). The combined organic extracts were washed 

with H2O (2 x 10 mL) and NaOH (1M, 10 mL). The combined organics were dried 

(MgSO4), filtered and concentrated in vacuo. The residue was purified by column 

chromatography (20% EtOAc/hexane) to give the amide 167 as a white solid (499 

mg, 26%). Rf = 0.32 (20% EtOAc/hexane); m.p. 106-108 °C; IR (film)  2253, 1684 



 

164  

 

(C=O), 1637, 1463, 1235, 1195, 907, 734 cm-1; 1H NMR (360 MHz, CDCl3) δ 9.00 

(1H, br, s, NH), 7.90 (2H, dd, J = 8.2, 1.0 Hz, ArH), 7.60 (1H, ddd, J = 6.7, 2.4, 1.2 

Hz, ArH), 7.50 (2H, t, J = 7.6 Hz, 2 x ArH), 7.25-7.14 (2H, m, CH=CH), 1.99 (3H, 

d, J = 5.4 Hz, CHCH3); 
13C NMR (62.9 MHz, CDCl3) δ 167.4 (C), 165.8 (C), 147.2 

(CH), 133.1 (CH), 128.9 (2 x CH) , 127.7 (2 x CH), 124.2 (CH), 18.6 (CH3). The 

data is in agreement with the literature.155  

 

3-[(2E)-But-2-enoyl]-1,3-oxazolidin-2-one (169). 

 

NaH (560 mg, 14.0 mmol) was added to a solution of oxazolidin-2-one (0.87 g, 10.0 

mmol) in THF at 0 °C and stirred for 10 mins. The solution was then stirred at room 

temperature for 1 h. Distilled crotonoyl chloride (0.96 mL, 10.0 mmol) was added 

dropwise over 5 min and the solution stirred at room temperature for 18 h. H2O (10 

mL) was added and THF removed in vacuo. The reaction mixture was extracted with 

EtOAc (3 x 30 mL). The combined organic extracts were washed with H2O (2 x 10 

mL) and 1M NaOH (10 mL), dried over anhydrous MgSO4, filtered and concentrated 

under reduced pressure. Purification of the residue by column chromatography gave 

the oxazolidinone 169 which solidified to afford a white solid on standing (490 mg, 

31%). Rf = 0.20 (20% EtOAc/hexane); m.p. 43-45 °C; IR (film) 2979, 2917, 1776 

(C=O), 1684 (C=O), 1347, 1222, 1044, 912, 731 cm-1; 1H NMR (360 MHz, CDCl3) 

δ 7.22-7.17 (2H, m, CH=CH), 4.42 (2H, dd, J = 14.4, 6.9 Hz, CH2CH2), 4.05 (2H, t, 

J = 7.6 Hz, CH2CH2), 1.93 (3H, d, J = 5.5 Hz, CH=CHCH3);
 13C NMR (62.9 MHz, 

CDCl3) δ 164.7 (C), 153.3 (C), 146.2 (CH), 121.2 (CH), 61.8 (CH2), 42.3 (CH2), 

18.1 (CH3). The data is in agreement with the literature.
156 
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5.2 Catalytic Asymmetric Michael Additions of 

Activated Azaarenes to Nitroalkenes 

5.2.1 Preparation of Azaarylacetamides and Acetates 

General Procedure H: Synthesis of Azaarylacetamides Using nBuLi 

 

To a solution of 2-methylazaarene 218 (7.00 mmol) in THF (25 mL) at –78 °C was 

added nBuLi (1.6 M in hexane, 11.2 mL, 18.0 mmol) over 15 min and the resulting 

mixture was stirred at –78 °C for 1 h. Carbamoyl chloride 291 (7.00 mmol) was then 

added dropwise over 10 min, and the solution was warmed to room temperature over 

1 h and stirred for a further 17 h. The reaction was quenched with saturated aqueous 

NH4Cl solution (20 mL) and extracted with EtOAc (3 x 50 mL). The combined 

organic layers were washed with H2O (20 mL), brine (20 mL), dried (Na2SO4), 

filtered, and concentrated in vacuo. Purification of the residue by column 

chromatography gave the the azaarylacetamide 292. 

 

2-(1,3-Benzothiazol-2-yl)-N,N-dimethylacetamide (292a). 

The title compound was prepared according to General 

Procedure H from 2-methylbenzothiazole (218a) (1.04 g, 7.00 

mmol) and N,N-dimethylcarbamoyl chloride (0.64 mL, 7.00 mmol) and purified by 

column chromatography (CH2Cl2→2% MeOH/CH2Cl2) to give the amide 292a as a 

yellow solid (1.13 g, 73%). Rf = 0.14 (60% EtOAc/hexane); m.p. 92-93 °C; IR (film) 

3066, 3016, 1645 (C=O), 1456, 1315, 1219, 1169, 1063, 930, 764 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 7.98 (1H, d, J = 8.3 Hz, ArH), 7.88 (1H, d, J = 8.0, ArH), 7.46 

(1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 7.38 (1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 4.25 

(2H, s, CH2C=O), 3.15 (3H, s, NCH3), 3.01 (3H, s, NCH3); 
13C NMR (125.8 MHz, 

CDCl3) δ 167.7 (C), 164.6 (C), 152.5 (C), 135.9 (C), 125.9 (CH), 125.0 (CH), 122.7 

(CH), 121.5 (CH), 39.4 (CH2), 37.8 (CH3), 35.8 (CH3); HRMS (ES) Exact mass 

calcd for C11H12N2OS [M+]
+: 220.0665, found: 220.0666.  
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2-(1,3-Benzothiazol-2-yl)-N-methoxy-N-methylacetamide 

(292b). The title compound was prepared according to General 

Procedure H from 2-methylbenzothiazole (218a) (1.04 g, 7.00 

mmol) and N-methoxy-N-methylcarbamoyl chloride (340 µL, 0.86 g, 7.00 mmol) 

and purified by column chromatography (80% CH2Cl2/hexane→CH2Cl2) to give the 

Weinreb amide 292b (0.93 g, 56%) as an orange oil. Rf = 0.26 (60% EtOAc/hexane); 

IR (film) 3055, 2940, 1653 (C=O), 1576, 1457, 1314, 1177, 929, 766 cm-1; 1H NMR 

(400 MHz, CDCl3) δ 8.00 (1H, d, J = 8.1 Hz, ArH), 7.87 (1H, d, J = 8.0 Hz, ArH), 

7.46 (1H, td, J = 8.4, 1.2 Hz, ArH), 7.37 (1H, td, J = 8.2, 1.2 Hz, ArH), 4.34 (2H, s, 

CH2), 3.75 (3H, s, NOCH3), 3.27 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) δ 

168.6 (C), 163.8 (C), 152.3 (C), 135.6 (C), 125.7 (CH), 124.8 (CH), 122.5 (CH), 

121.2 (CH), 61.4 (CH3), 37.4 (CH2), 32.1 (CH3); HRMS (ESI) Exact mass calcd for 

C11H13N2O2S [M+H]
+: 237.0692, found: 237.0697.  

 

2-(1,3-Benzothiazol-2-yl)-1-(morpholin-4-yl)ethan-1-one 

(292c). The title compound was prepared according to General 

Procedure H from 2-methylbenzothiazole (218a) (1.04 g, 7.00 

mmol) and 4-morpholinecarbonyl chloride (0.78 mL, 7.00 mmol) and purified by 

column chromatography (80% CH2Cl2/hexane→CH2Cl2) to give the morpholine 

amide 292c (1.01 g, 55%) as an orange solid. Rf = 0.15 (60% EtOAc/hexane); m.p. 

98-99 °C; IR (film) 3068, 2975, 1645 (C=O), 1513, 1457, 1302, 1215, 1160, 929 cm-

1; 1H NMR (500 MHz, CDCl3) δ 7.97 (1H, d, J = 8.1 Hz, ArH), 7.87 (1H, d, J = 8.0 

Hz, ArH), 7.47 (1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 7.38 (1H, ddd, J  = 8.3, 7.3, 1.2 

Hz, ArH), 4.23 (2H, s, CH2C=O), 3.67 (4H, s, 2 x CH2), 3.63 (4H, s, 2 x CH2); 
13C 

NMR (125.8 MHz, CDCl3) δ 166.2 (C), 164.0 (C), 152.6 (C), 135.7 (C), 126.0 (CH), 

125.1 (CH), 122.8 (CH), 121.5 (CH), 66.6 (CH2), 66.5 (CH2), 46.6 (CH2), 42.4 

(CH2), 39.4 (CH2); HRMS (ESI) Exact mass calcd for C13H14N2O2SNa [M+Na]
+: 

285.0668, found: 285.0664.  
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2-(1,3-Benzoxazol-2-yl)-N,N-dimethylacetamide (292d). The 

title compound was prepared according to General Procedure H 

from 2-methylbenzoxazole (218b) (0.83 mL, 7.00 mmol) and 

N,N-dimethylcarbamoyl chloride (0.64 mL, 7.00 mmol) and purified by column 

chromatography (CH2Cl2→2% MeOH/CH2Cl2) to give the amide 292d as a white 

solid (570 mg, 40%). Rf = 0.11 (60% EtOAc/hexane); m.p.128-129 °C; IR (film) 

3018, 2935, 1655 (C=O), 1570, 1456, 1402, 1242, 1165, 928, 773 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 7.69-7.67 (1H, m, ArH), 7.50-7.48 (1H, m, ArH), 7.31-7.29 

(2H, m, ArH), 4.05 (2H, s, CH2), 3.10 (3H, s, NCH3), 2.99 (3H, s, NCH3); 
13C NMR 

(125.8 MHz, CDCl3) δ 166.0 (C), 160.7 (C), 151.0 (C), 141.0 (C), 124.9 (CH), 124.2 

(CH), 119.8 (CH), 110.6 (CH), 37.7 (CH3), 35.7 (CH3), 35.0 (CH2); HRMS (ES) 

Exact mass calcd for C11H13N2O2 [M+H]
+: 205.0972, found: 205.0973.  

 

2-(1,3-Benzoxazol-2-yl)-N-methoxy-N-methylacetamide 

(292e). The title compound was prepared according to General 

Procedure H from 2-methylbenzoxazole (218b) (932 mg, 7.00 

mmol) and N-methoxy-N-methylcarbamoyl chloride (0.83 mL, 7.00 mmol) and 

purified by column chromatography (90% CH2Cl2/hexane→CH2Cl2) to give the 

Weinreb amide 292e as an orange solid (0.81 g, 52%). Rf = 0.26 (60% 

EtOAc/hexane); m.p. 63-64 °C; IR (film) 3020, 2941, 1672 (C=O), 1614, 1456, 

1378, 1242, 1215, 966, 766 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.71-7.69 (1H, m, 

ArH), 7.52-7.50 (1H, m, ArH), 7.33-7.31 (2H, m, ArH), 4.16 (2H, s, CH2), 3.73 (3H, 

s, OCH3), 3.26 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) δ 167.3 (C), 160.6 

(C), 151.1 (C), 141.1 (C), 124.9 (CH), 124.3 (CH), 119.9 (CH), 110.6 (CH), 61.5 

(CH3), 33.6 (CH2), 32.3 (CH3); HRMS (ES) Exact mass calcd for C11H13N2O3 

[M+H]+: 221.0921, found: 221.0921.  

 

N,N-Dimethyl-2-(quinolin-2-yl)acetamide (292f). The title 

compound was prepared according to General Procedure H 

from 2-methylquinoline (218c) (0.95 mL, 7.00 mmol) and N,N-dimethylcarbamoyl 

chloride (0.64 mL, 7.00 mmol) and purified by column chromatography 
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(CH2Cl2→2% MeOH/CH2Cl2) to give the amide 292f as a yellow solid (1.13 g, 

78%). Rf = 0.11 (60% EtOAc/hexane); m.p. 90-91 °C; IR (film) 3016, 2952, 1643 

(C=O), 1566, 1504, 1400, 1215, 1142, 850, 766 cm-1; 1H NMR (500 MHz, CDCl3) δ 

8.08 (1H, d, J = 8.5 Hz, ArH), 8.01 (1H, d, J = 8.5, ArH), 7.77 (1H, d, J = 8.1 Hz, 

ArH), 7.67 (1H, ddd, J = 8.4, 6.9, 1.4 Hz, ArH), 7.50-7.47 (2H, m, ArH), 4.09 (2H, 

s, CH2), 3.03 (3H, s, NCH3), 2.95 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) δ 

169.8 (C), 156.2 (C), 147.7 (C), 136.4 (CH), 129.3 (CH), 128.8 (CH), 127.5 (CH), 

126.9 (C), 126.1 (CH), 121.6 (CH), 44.7 (CH2), 37.7 (CH3), 35.5 (CH3). The data is 

in agreement with literature.157  

 

N,N-Diethyl-2-(quinolin-2-yl)acetamide (292g). The title 

compound was prepared according to General Procedure H 

from 2-methylquinoline (218c) (0.95 mL, 7.00 mmol) and N,N-diethylcarbamoyl 

chloride (0.88 mL, 7.00 mmol) and purified by column chromatography (50% 

hexane/CH2Cl2→CH2Cl2) to give the amide 292g a yellow oil (1.34 g, 85%). Rf = 

0.23 (40% EtOAc/hexane); IR (film) 3006, 2937, 1633 (C=O), 1566, 1462, 1363, 

1215, 1140, 808, 760 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.08 (1H, d, J = 8.5 Hz,  

ArH), 8.01 (1H, d, J = 8.5, ArH), 7.77 (1H, d, J = 8.1 Hz, ArH), 7.66 (1H, t, J = 7.7 

Hz, ArH), 7.51 (1H, d, J = 8.5, ArH), 7.48 (1H, t, J = 7.5 Hz, ArH), 4.07 (2H, s, 

CH2C=O), 3.44 (2H, q, J = 7.1 Hz, NCH2CH3), 3.38 (2H, q, J = 7.1 Hz, NCH2CH3), 

1.11 (3H, t, J = 7.1 Hz, NCH2CH3), 1.10 (3H, t, J = 7.1 Hz, NCH2CH3); 
13C NMR 

(125.8 MHz, CDCl3) δ 168.9 (C), 156.9 (C), 147.7 (C), 136.3 (CH), 129.3 (CH), 

128.8 (CH), 127.5 (CH), 126.9 (C), 126.0 (CH), 121.5 (CH), 44.7 (CH2), 42.3 (CH2), 

40.1 (CH2), 14.1 (CH3), 12.8 (CH3). The data is in agreement with the literature.
158 
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N,N-Dimethyl-2-(5-methyl-1,2-oxazol-3-yl)acetamide (292h) and N,N-dimethyl-

2-(3-methyl-1,2-oxazol-5-yl)acetamide (292i) 

 

To a solution of 3,5-dimethylisoxazole (218d) (685 µL, 7.00 mmol) in THF (25 mL) 

at –78 °C was added nBuLi (1.6 M in THF, 11.2 ml, 18.0 mmol) over 10 mins. The 

solution was stirred at –78 °C for 1 h before dropwise addition of N,N-

dimethylcarbamoyl chloride (645 µL, 7.00 mmol). The solution was allowed to warm 

to room temperature over 1 h and stirred for a further 17 h. The reaction was 

quenched with saturated aqueous NH4Cl solution (20 mL) and extracted with EtOAc 

(3 x 50 mL). The combined organics were washed with H2O (20 mL), brine (20 mL), 

dried (Na2SO4), filtered and concentrated in vacuo. Purification of the residue by 

column chromatography (90% hexane/CH2Cl2→CH2Cl2) gave the amides 292h as a 

red gum (55 mg, 5%) and 292i as an off-white solid (434 mg, 37%). 

Data for 292h: Rf = 0.22 (10% MeOH/CH2Cl2);  IR (film) 3132, 3049, 1643 (C=O), 

1504, 1363, 1142, 952, 781 cm-1;  1H NMR (500 MHz, CDCl3) δ 6.08 (1H, br s, 

ArH), 3.81 (2H, s, CH2=O), 3.08 (3H, s, NCH3), 2.98 (3H, s, NCH3), 2.27 (3H, s, 

ArCH3); 
13C NMR (125.8 MHz, CDCl3) δ 166.9 (C), 166.2 (C), 160.1 (C), 103.8 

(CH), 37.8 (CH3), 35.7 (CH3), 32.3 (CH2), 11.4 (CH3); HRMS (ES) Exact mass calcd 

for C8H12N2O2 [M+]
+: 168.0893, found: 168.0891. 

Data for 292i: Rf = 0.19 (10% MeOH/CH2Cl2); m.p. 103-104 °C; IR (film) 3092, 

3017, 2438, 1720, 1647 (C=O), 1501, 1261, 1138, 1012, 777 cm-1; 1H NMR (500 

MHz, CDCl3) δ 6.00 (1H, br s, ArH), 3.74 (2H, s, CH2=O), 3.01 (3H, s, NCH3), 2.90 

(3H, s, NCH3), 2.19 (3H, s ArCH3); 
13C NMR (125.8 MHz, CDCl3) δ 166.7 (C), 

166.0 (C), 159.8 (C), 103.6 (CH), 37.5 (CH3), 35.5 (CH3), 32.1 (CH2), 11.2 (CH3); 

HRMS (ES) Exact mass calcd for C8H12N2O2 [M+Na]
+: 168.0893, found: 168.0899. 

 

 

 

 



 

170  

 

N,N-Dimethyl-2-(5-phenyl-1,2-oxazol-3-yl)acetamide (292j) 

 

To a solution of 3-methyl-5-phenylisoxazole (218e) (1.11 g, 7.00 mmol) in THF (25 

mL) at –78 °C was added LDA (1.8 M in THF/heptane/ethylbenzene, 12.6 mL, 7.00 

mmol) over 5 min. The solution was stirred at –78 °C for 30 min before the dropwise 

addition of N,N-dimethylcarbamoyl chloride (645 µL, 7.00 mmol). The solution was 

allowed to warm to room temperature over 1 h and stirred for a further 17 h. The 

reaction was quenched carefully with saturated aqueous NH4Cl solution (20 mL) and 

extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with 

H2O (20 mL), brine (20 mL), and dried (Na2SO4), filtered, and concentrated in 

vacuo. Purification of the residue by column chromatography (40% EtOAc/hexane 

→60% EtOAc/hexane) gave the amide 292j (1.13 g, 70%) as a dark red oil. Rf = 

0.14 (60% EtOAc/hexane); IR (film) 3136, 3014, 2438, 1720, 1645 (C=O), 1502,  

1361, 1261, 1140, 949, 756 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.71 (2H, d, J = 7.3 

Hz, ArH), 7.40-7.37 (3H, m, ArH), 6.58 (1H, s, ArH), 3.76 (2H, s, CH2C=O), 3.04 

(3H, s, NCH3), 2.95 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) δ 169.7 (C), 

167.8 (C), 159.0 (C), 129.9 (CH), 128.7 (2 x CH), 127.2 (C), 125.5 (2 x CH), 100.0 

(CH), 37.5 (CH3), 35.4 (CH3), 31.6 (CH2).The data is in agreement with the 

literature.159 

 

General Procedure I:  Synthesis of Azaarylacetamides Using NaHMDS 

 

To a degassed solution of 2-chloroazaarene 296 (1 equiv), N,N-dimethylacetamide (3 

equiv) in toluene (20 mL) at 0 °C was added NaHMDS (0.6 M in toluene, 3 equiv) 

over 5 min. After stirring the mixture at 0 °C for 5 h, the reaction was warmed to 

room temperature and stirred for a further 18 h before being carefully quenched with 

saturated aqueous NH4Cl solution (50 mL). The aqueous layer was separated and 

extracted with ethyl acetate (2 x 200 mL). The combined organic layers were dried 
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(MgSO4), filtered, and concentrated in vacuo. Purification of the residue by column 

chromatography gave the azaarylacetamide. 

 

2-(1,3-Benzothiazol-2-yl)-N,N-dimethylacetamide (292a). The 

title compound was prepared according to General Procedure I 

from 2-chlorobenzothiazole (296a) (521 µL , 4.00 mmol), N,N-

dimethylacetamide (1.12 mL, 12.00 mmol) and NaHMDS (0.6 M in toluene, 20.0 

mL, 12.0 mmol) purified by column chromatography (CH2Cl2→2% MeOH/CH2Cl2) 

to give the amide 292a (848 mg, 96%) as a yellow solid. For full data of compound 

292a see page 165. 

 

2-(Isoquinolin-1-yl)-N,N-dimethylacetamide (292k). The title 

compound was prepared according to General Procedure I from 1-

chloroisoquinoline (296b) (719 mg, 4.40 mmol), N,N-

dimethylacetamide (1.22 mL, 13.2 mmol) and NaHMDS (0.6 M in toluene, 22.0 mL, 

13.2 mmol) and purified by column chromatography (1% MeOH/CH2Cl2) to give the 

amide 292k as a yellow solid (770 mg, 82%). Rf = 0.12 (60% EtOAc/hexane); m.p. 

103-104 °C; IR (film) 3058, 3018, 1645 (C=O), 1563, 1401, 1218, 1143, 978, 826 

cm-1; 1H NMR (500 MHz, CDCl3) δ 8.45 (1H, d, J = 5.7 Hz, ArH), 8.33 (1H, d, J = 

7.7, ArH), 7.82 (1H, d, J = 7.7 Hz, ArH), 7.68 (1H, ddd, J = 8.2, 6.9, 1.3 Hz, ArH), 

7.63 (1H, ddd, J = 8.2, 6.9, 1.3 Hz, ArH), 7.57 (1H, d, J = 5.7 Hz, ArH), 4.42 (2H, s, 

CH2C=O), 3.17 (3H, s, NCH3), 2.99 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) 

δ 169.8 (C), 155.9 (C), 141.8 (CH), 136.3 (C), 130.1 (CH), 127.8 (C), 127.5 (CH), 

127.1 (CH), 125.9 (CH), 120.1 (CH), 42.3 (CH2), 38.0 (CH3), 35.7 (CH3). Data in 

agreement with literature.160 

  

N,N-Dimethyl-2-{1-[(4-fluorophenyl)methyl]-1H-1,3-

benzodiazol-2-yl}acetamide (292l). The title compound 

was prepared according to General Procedure I from 2-

chloro-1-(4-fluorobenzyl)benzimidazole (296c) (1.04 g, 

4.00 mmol), N,N-dimethylacetamide (1.12 mL, 12.00 mmol) and NaHMDS (0.6 M 
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in toluene, 20.0 mL, 12.0 mmol) and purified by column chromatography 

(CH2Cl2→1% MeOH/CH2Cl2) to give the amide 292l as a white powder (0.98 g, 

79%). Rf = 0.11 (60% EtOAc/hexane); m.p. 165-166 °C; IR (film) 3018, 2956, 2436, 

1646 (C=O), 1566, 1511, 1401, 1217, 1158, 943, 748 cm-1; 1H NMR (500 MHz, 

CDCl3) δ 7.75 (1H, d, J = 7.7 Hz, ArH), 7.31-7.18 (3H, m, ArH), 7.07-6.97 (4H, m, 

ArH), 5.55 (2H, s, ArCH2N), 4.00 (2H, s, CH2C=O), 3.20 (3H, s, NCH3), 2.90 (3H, 

s, NCH3); 
19F NMR (376 MHz, CDCl3) δ −114.2 (1F, s); 

13C NMR (125.8 MHz, 

CDCl3) δ 167.3 (C), 162.2 (C, JC-F = 245.1 Hz), 149.0 (C), 142.5 (C), 135.6 (C), 

131.8 (C, JC-F = 3.2 Hz), 128.1 (2 x CH, JC-F = 8.1 Hz), 122.9 (CH), 122.3 (CH), 

119.6 (CH), 115.8 (2 x CH, JC-F = 21.6 Hz), 109.9 (CH), 46.7 (CH2), 38.0 (CH3), 

35.7 (CH3), 34.9 (CH2); HRMS (ES) Exact mass calcd for C18H18N3OFNa [M+Na]
+: 

334.1326, found: 334.1330. 

 

N,N-Dimethyl-2-(1-methyl-1H-1,3-benzodiazol-2-

yl)acetamide (292m). The title compound was prepared 

according to General Procedure I from 2-chloro-1-methyl 

benzimidazole (296d) (0.50 g, 3.00 mmol), N,N-dimethylacetamide (837 µL, 9.00 

mmol) and NaHMDS (0.6 M in toluene, 15.0 mL, 9.00 mmol) and purified by 

column chromatography (20% EtOAc/hexane→EtOAc) to give the amide 292m as a 

white solid (0.43 g, 66%). Rf = 0.12 (60% EtOAc/hexane); m.p. 144-145 °C; IR 

(film) 3136, 3379, 2934, 1675 (C=O), 1515,  1335, 1270, 1138, 908, 714 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 7.71 (1H, d, J = 7.2 Hz,  ArH), 7.33-7.24 (3H, m, ArH), 

4.05 (2H, s, CH2), 3.83 (3H, s, NCH3), 3.22 (3H, s, C=ONCH3), 2.95 (3H, s, 

C=ONCH3); 
13C NMR (125.8 MHz, CDCl3) δ 167.2 (C), 149.0 (C), 142.2 (C), 136.0 

(C), 122.3 (CH), 121.8 (CH), 119.2 (CH), 109.2 (CH), 37.9 (CH3), 35.6 (CH3), 34.5 

(CH2), 30.4 (CH3); HRMS (ES) Exact mass calcd for C12H15N3ONa [M+Na]
+: 

240.1107, found: 240.1108. 

 

N,N-Dimethyl-2-(pyridin-2-yl)acetamide (292n). The title 

compound was prepared according to General Procedure I from 2-

chloropyridine (296e) (378 µL, 4.00 mmol), N,N-dimethylacetamide (1.12 mL, 12.0 
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mmol) and NaHMDS (0.6 M in toluene, 20.0 mL, 12.0 mmol) and purified by 

column chromatography (CH2Cl2→1%MeOH/CH2Cl2) to give the amide 292n as a 

yellow oil (121 mg, 18%). Rf = 0.15 (60% EtOAc/hexane); IR (film) 3052, 2936, 

1653 (C=O), 1592, 1475, 1399, 1267, 1137, 996, 933 cm-1; 1H NMR (500 MHz, 

CDCl3) δ 8.53 (1H, dd, J = 4.3, 2.5 Hz, ArH), 7.64 (1H, ddt, J = 7.8, 3.4, 2.1 ArH), 

7.34 (1H, d, J = 7.8 Hz, ArH), 7.18-7.15 (1H, m, ArH), 3.92 (2H, s, CH2C=O), 3.09 

(3H, s, NCH3), 2.97 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) δ 170.1 (C), 

155.8 (C), 149.2 (CH), 136.6 (CH), 123.7 (CH), 121.8 (CH), 43.7 (CH2), 37.8 (CH3), 

35.6 (CH3). The data is in agreement with literature.
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2-(Dimethoxy-1,3,5-triazin-2-yl)-N,N-dimethylacetamide 

(292o). The title compound was prepared according to General 

Procedure I from 2-chloro-4,6-dimethoxy-1,3,5-triazine (296f) 

(702 mg, 4.00 mmol), N,N-dimethylacetamide (1.12 mL, 12.0 mmol) and NaHMDS 

(0.6 M in toluene, 20.0 mL, 12.0 mmol) and purified by column chromatography 

(CH2Cl2→5% MeOH/CH2Cl2) to give the amide 292o as a yellow solid (402 mg, 

45%). Rf = 0.10 (60% EtOAc/hexane); m.p. 81-82 °C; IR (film) 3055, 2944, 1654 

(C=O), 1580, 1270, 1202, 852, 732 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.02 (6H, br 

s, 2 x OCH3), 3.84 (2H, br s, CH2), 3.06 (3H, br s, NCH3), 2.98 (3H, br s, NCH3); 

13C NMR (125.8 MHz, CDCl3) δ 177.3 (C), 172.5 (2 x C), 167.6 (C), 55.2 (2 x CH3), 

44.2 (CH2), 37.8 (CH3), 35.5 (CH3); HRMS (ESI) Exact mass calcd for C9H15N4O3 

[M+H]+: 227.1139, found: 227.1132. 

 

N,N-Dimethyl-2-(quinoxalin-2-yl)acetamide (292p). The title 

compound was prepared according to a slightly modified 

General Procedure I from 2-chloroquinoxaline (296g) (658 mg, 4.00 mmol), N,N-

dimethylacetamide (346 µL, 4.00 mmol) and NaHMDS (0.6 M in toluene, 6.7 mL, 

4.0 mmol) and purified by column chromatography (0-2% MeOH/CH2Cl2) to give 

the amide 292p as a red gum (461 mg, 54%). Rf = 0.11 (60% EtOAc/hexane); IR 

(film) 3052, 2933, 1654 (C=O), 1538, 1491, 1399, 1265, 1130, 909, 732 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 8.91 (1H, s, ArH), 8.11-8.09 (1H, m, ArH), 8.04-8.02 
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(1H, m, ArH), 7.76-7.71 (2H, m, ArH), 4.13 (2H, s, CH2C=O), 3.16 (3H, s, NCH3), 

3.00 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) δ 168.9 (C), 151.3 (C), 146.3 

(CH), 141.9 (C), 141.4 (C), 129.9 (CH), 129.4 (CH), 129.2 (CH), 128.9 (CH), 41.7 

(CH2), 37.7 (CH3), 35.6 (CH3); HRMS (ES) Exact mass calcd for C12H13N3ONa 

[M+Na]+: 238.0851, found: 238.0849. 

 

2-(3-Chloropyrazin-2-yl)-N,N-dimethylacetamide (292q)  

 

To a solution of 2,3-dichloropyrazine (292h) (416 µL, 4.00 mmol) and N,N-

dimethylacetamide (409 µL, 4.40 mmol) in toluene (15 mL) at 0 °C was added 

LiHMDS (1 M in THF, 9.0 mL, 9.0 mmol) over 15 min. The reaction was warmed to 

room temperature and stirred for 18 h before being quenched carefully with 1 M 

aqueous NH4Cl solution (50 mL). The aqueous layer was separated and extracted 

with EtOAc (2 x 200 mL). The combined organic layers were dried (MgSO4), 

filtered, and concentrated in vacuo. Purification of the residue by column 

chromatography (CH2Cl2→2% MeOH/CH2Cl2) gave the amide 292q (569 mg, 65%) 

as a yellow oil. Rf = 0.15 (60% EtOAc/hexane); IR (film) 3154, 2937, 1646 (C=O), 

1495, 1387, 1306, 1144, 918, 826 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.44 (1H, d, J 

= 2.5 Hz, ArH), 8.27 (1H, d, J = 2.5 Hz, ArH), 4.06 (2H, s, CH2), 3.10 (3H, s, CH3), 

3.00 (3H, s, CH3); 
13C NMR (125.8 MHz, CDCl3) δ 167.9 (C), 151.1 (C), 149.6 (C), 

142.2 (CH), 142.0 (CH), 40.4 (CH2), 37.5 (CH3), 35.5 (CH3); HRMS (ESI) Exact 

mass calcd for C8H11N3OCl [M+H]
+: 200.0585, found: 200.0585.  

 

2-(4,6-dimethoxypyrimidin-2-yl)-N,N-dimethylacetamide 

(292r). The title compound was prepared according to a 

slightly modified General Procedure I from 2-chloro-4,6-

dimethoxypyrimidine (296i) (698 mg, 4.00 mmol),  N,N-dimethlyacetamide (409 µL, 

4.40 mmol) and NaHMDS (0.6 M in toluene, 7.33 mL, 4.40 mmol) and purified by 

column chromatography (CH2Cl2→2%MeOH/CH2Cl2) to give the amide 292r as a 
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pale yellow oil (455 mg, 51%). Rf = 0.09 (40% EtOAc/hexane); IR (film) 3155, 

2954, 2253, 1643 (C=O), 1571,  1378, 1268, 1143, 987, 835 cm-1; 1H NMR (500 

MHz, CDCl3) δ 5.90 (1H, s ArH), 3.90 (6H, s, 2 x OCH3), 3.89 (2H, s, CH2C=O), 

3.08 (3H, s, NCH3), 3.00 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) δ 171.4 (2 x 

C), 87.6 (CH), 44.8 (CH2), 37.9 (CH3), 35.5 (CH2); HRMS (ES) Exact mass calcd for 

C10H16N3O3 [M+H]
+: 226.1186, found: 226.1182. 

 

General Procedure J: Synthesis of Azaarylacetates Using NaHMDS 

 

To a degassed solution of 2-chloroazaarene 296 (1 equiv) and tert-butyl acetate (1-3 

equiv) in toluene (10 mL) at 0 °C was added NaHMDS (0.6 M in toluene, 1-3 equiv) 

over 5 min. After stirring the mixture at 0 °C for 5 h, the reaction was warmed to 

room temperature and stirred for a further 18 h before being quenched carefully with 

saturated aqueous NH4Cl solution (50 mL). The aqueous layer was separated and 

extracted with EtOAc (2 x 100 mL). The combined organic layers were dried 

(MgSO4), filtered, and concentrated in vacuo. Purification of the residue by column 

chromatography (CH2Cl2) gave the acetate 299. 

 

 tert-Butyl 2-(1,3-benzothiazol-2-yl)acetate (299a). The title 

compound was prepared according to General Procedure J from 

2-chlorobenzothiazole (296a) (390 µL, 3.00 mmol), tert-butyl 

acetate (1.20 mL, 9.00 mmol) and NaHMDS (0.6 M, 15.0 mL, 9.00 mmol) and 

purified by column chromatography (90% CH2Cl2/hexane) to give the acetate 299a 

as a pale yellow gum (112 mg, 15%). Rf = 0.72 (10% MeOH/CH2Cl2); IR (film) 

3018, 2982, 2435, 1734 (C=O), 1520, 1411, 1219, 1154, 840, 771 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 8.02 (1H, d, J = 7.8 Hz, ArH), 7.88 (1H, d, J = 8.0 Hz, ArH), 

7.48 (1H, ddd, J = 8.2, 7.3, 1.0 Hz, ArH), 7.39 (1H, ddd, J = 8.0, 7.3, 1.0 Hz, ArH), 

4.10 (2H, s, CH2C=O), 1.51 (9H, s, C(CH3)3); 
13C NMR (125.8 MHz, CDCl3) δ 

167.6 (C), 163.4 (C), 152.7 (C), 135.8 (C), 126.0 (CH), 125.0 (CH), 122.9 (CH), 
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121.5 (CH), 82.5 (C), 41.2 (CH2), 28.0 (3 x CH3). The data is in agreement with 

literature.161 

 

tert-Butyl 2-(isoquinolin-1-yl)acetate (299b). The title compound 

was prepared according to General Procedure J from 1-

chloroisoquinoline (296b) (654 mg, 4.00 mmol), tert-butyl acetate 

(536 µL, 4.00 mmol) and NaHMDS (0.6 M in toluene, 6.7 mL, 4.0 mmol) and 

purified by column chromatography (CH2Cl2) gave the acetate 299b as a yellow oil 

(304 mg, 31%). Rf = 0.14 (20% EtOAc/hexane); IR (film) 3058, 2982, 1726 (C=O), 

1564, 1502, 1422, 1216, 1147, 869, 799 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.47 

(1H, d, J = 5.7 Hz, ArH), 8.08 (1H, dd, J = 8.4, 0.8 Hz, ArH), 7.83 (1H, d, J = 8.2 

Hz, ArH), 7.68 (1H, ddd, J = 8.2, 6.9, 1.2 Hz, ArH), 7.61 (1H, ddd, J = 8.2, 6.9, 1.2 

Hz, ArH), 7.58 (1H, d, J = 5.7 Hz, ArH), 4.27 (2H, s, CH2C=O), 1.42 (9H, s, 

C(CH3)3); 
13C NMR (125.8 MHz, CDCl3) δ 169.7 (C), 155.1 (C), 141.9 (CH), 136.3 

(C), 129.9 (CH), 127.4 (CH), 127.3 (C), 127.3 (CH), 125.3 (CH), 120.2 (CH), 81.3 

(C), 43.5 (CH2), 27.9 (3 x CH3). The data is in agreement with literature.
162 

 

tert-Butyl 2-(dimethoxy-1,3,5-triazin-2-yl)acetate (299c). The 

title compound was prepared according to General Procedure J 

from a solution of 2-chloro-4,6-dimethoxy-1,3,5-triazine (296f) 

(702 mg, 4.00 mmol), tert-butyl acetate (1.61 mL, 12.00 mmol) and NaHMDS (0.6 

M in toluene, 20.0 mL, 12.0 mmol) and purified by column chromatography 

(CH2Cl2) to give the acetate 299c (715 mg, 70%) as a colourless oil. Rf = 0.24 (20% 

EtOAc/hexane); IR (film) 2980, 2945, 1730 (C=O), 1559, 1507, 1466, 1203, 1147, 

857, 761 cm-1; 1H NMR (500 MHz, CDCl3) δ 3.94 (6H, s, 2 x OCH3), 3.61 (2H, s, 

CH2), 1.37 (9H, s, C(CH3)3); 
13C NMR (125.8 MHz, CDCl3) δ 176.4 (C), 172.3 (2 x 

C), 167.3 (C), 81.4 (C), 55.0 (2 x CH3), 45.7 (CH2), 27.8 (3 x CH3); HRMS (ESI) 

Exact mass calcd for C11H17N3O4Na [M+Na]
+ 278.1111, found: 278.1112. 
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 tert-Butyl 2-(quinoxalin-2-yl)acetate (299d). The title 

compound was prepared according to General Procedure J from 

2-chloroquinaxoline (296g) (402 mg, 2.44 mmol), tert-butyl acetate (0.98 mL, 7.32 

mmol) and NaHMDS (0.6 M in toluene, 12.6 mL, 7.32 mmol) and purified by 

column chromatography (CH2Cl2) to give the acetate 299d as red gum (316 mg, 

53%). Rf = 0.78 (60% EtOAc/hexane);  IR (film) 3006, 2980, 2253, 1727 (C=O), 

1494, 1369, 1150, 909, 729 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.87 (1Η, s, ArH), 

8.08 (2H, ddd, J = 9.8, 6.7, 4.3 Hz, ArH), 7.78-7.73 (2H, m, ArH), 4.01 (2H, s, 

CH2), 1.47 (9H, s, C(CH3)3); 
13C NMR (125 MHz, CDCl3) δ 168.7 (C), 150.4 (C), 

146.0 (CH), 142.0 (C), 141.4 (C), 130.1 (CH), 129.6 (CH), 129.2 (CH), 129.1 (CH), 

82.0 (C), 43.5 (CH2), 28.0 (3 x CH3); HRMS (ES) Exact mass calcd for 

C14H16N2O2Na [M+Na]
+: 267.1104, found: 267.1105. 

tert-Butyl 2-(3-chloropyrazin-2-yl)acetate (299e).  

 

To a solution of 2,3-dichloropyrazine (296h) (208 µL, 2.00 mmol) and tert-butyl 

acetate (290 µL, 2.20 mmol) in toluene (6 mL) at 0 °C was added LiHMDS (1 M in 

THF, 4.6 mL, 4.6 mmol), over 5 min. The reaction was warmed to room temperature 

and stirred for 18 h before being quenched carefully with 1 M aqueous NH4Cl 

solution (50 mL). The aqueous layer was separated and extracted with EtOAc (2 x 

100 mL). The combined organic layers were dried (MgSO4), filtered, and 

concentrated in vacuo. Purification of the residue by column chromatography (20% 

EtOAc/hexane) gave the acetate 299f as a pale yellow viscous oil (126 mg, 28%). Rf 

= 0.69 (60% EtOAc/hexane); IR (film) 3053, 2983, 2253, 1728 (C=O), 1456, 1386, 

1265, 1154, 913, 736 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.46 (1H, d, J = 2.4 Hz, 

ArH), 8.30 (1H, d, J = 2.4 Hz, ArH), 3.96 (2H, s, CH2C=O) 1.46 (9H, s, C(CH3)3); 

13C NMR (125.8 MHz, CDCl3) δ 167.8 (C), 150.3 (C), 149.6 (C), 142.4 (CH), 142.1 

(CH), 82.1 (C), 42.7 (CH2), 27.9 (CH3). The data is in agreement with literature.
163 
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tert-Butyl 2-(quinazolin-4-yl)acetate (299f)  

 

To a solution of 4-chloroquinazoline (296j) (656 mg, 4.00 mmol) and tert-butyl 

acetate (535 µL, 4.00 mmol) in THF (15 mL) at 0 °C was added LiHMDS (1 M in 

THF, 4.0 mL, 4.0 mmol), over 5 min. After stirring the mixture at 0 °C for 5 h, the 

reaction was warmed to room temperature and stirred for 18 h before being quenched 

carefully with 1 M aqueous NH4Cl solution (50 mL). The aqueous layer was 

separated and extracted with EtOAc (2 x 100 mL). The combined organic layers 

were dried (MgSO4), filtered, and concentrated in vacuo. Purification of the residue 

by column chromatography (CH2Cl2) gave the acetate 299f (311 mg, 32% as a 3:1 

mixture of tautomers) as an orange solid. Rf = 0.66 (10% MeOH/CH2Cl2); m.p. 72-

74 °C; IR (film) 3160, 2980, 1730 (C=O), 1560, 1522, 1420, 1216, 1064, 953, 864 

cm-1; 1H NMR (500 MHz, CDCl3) (major enamine tautomer) δ 12.38 (1H, br s, NH), 

7.75 (1H, d, J = 3.4 Hz, ArH), 7.71 (1H, dd, J = 8.1, 7.1 Hz, ArH), 7.56 (1H, ddd, J 

= 8.3, 7.1, 1.3 Hz, ArH), 7.51 (1H, dd, J = 8.1, 1.2 Hz, ArH), 7.31 (1H, ddd, J = 8.3, 

7.2, 1.4, ArH), 5.42 (1H, s, CH=CNH), 1.52 (9H, s, C(CH3)3); Observable signals of 

minor tautomer: 1H NMR (500 MHz, CDCl3) δ 9.26 (1H, s, ArH), 8.06 (2H, d, J = 

8.4 Hz, ArH), 7.90 (1H, ddd, J = 8.5, 6.9, 1.3 Hz, ArH), 7.66 (1H, ddd, J = 8.2, 6.9, 

1,1 Hz, ArH), 4.24 (2H, s, CH2), 1.42 (9H, s, C(CH3)3); 
13C NMR (125.8 MHz, 

CDCl3) (signals for both tautomers listed) δ 170.7, 168.2, 164.3, 154.5, 150.1, 148.2, 

144.3, 142.4, 133.7, 132.6, 129.1, 127.9, 127.8, 126.9, 124.8, 124.2, 122.9, 120.6, 

82.1, 81.0, 79.7, 42.9, 28.5, 27.9; HRMS (ESI) Exact mass calcd for C14H17N2O2 

[M+H]+: 245.1284, found: 245.1282. 
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Methyl 2-benzothiazolyl acetate (299g) 

 

To a suspension of 2-aminothiophenol (304) (1.07 mL, 10.00 mmol), Et3N (1.39 mL, 

10.0 mmol) in Et2O (30 mL) was added methyl malonyl chloride (305) (1.07 mL, 

10.00 mmol) in Et2O (10 mL) dropwise over 20 min. The resulting mixture was 

stirred for 2 h at room temperature, and the precipitate collected by filtration. The 

filtrate was concentrated in vacuo and purification of the residue by column 

chromatography (20% EtOAc/hexane) gave the ester 299g as a yellow oil (0.92 g, 45 

%). Rf = 0.29 (20% EtOAc/hexane); IR (film) 3019, 2956, 1742 (C=O), 1558, 1457, 

1314, 1126, 908, 849 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.02 (1H, d, J = 8.2 Hz, 

ArH), 7.87 (1H, d, J = 8.0 Hz, ArH), 7.47 (1H, ddd, J =8.3, 7.3, 1.3 Hz, ArH), 7.38 

(1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 4.19 (2H, s, CH2C=O), 3.78 (3H, s, CO2CH3);
 

13C NMR (125.8 MHz, CDCl3) δ 168.9 (C), 162.4 (C), 152.7 (CH), 135.7 (C), 126.0 

(CH), 125.2 (CH), 122.9 (CH), 121.4 (CH), 52.6 (CH3), 39.5 (CH2); HRMS (ES) 

Exact mass calcd for C10H9NO2SNa [M+Na]
+: 230.0246, found: 230.0247. The data 

is in agreement with literature.139 

 

Methyl 2-(diphenyl-1,3-oxazol-2-yl)acetate (299h) 

 

To a solution of benzoin (306) (849 mg, 4.00 mmol), DMAP (49 mg, 0.40 mmol) 

and pyridine (354 µL, 4.40 mmol) in CH2Cl2 (8 mL) at 0 °C was added methyl 

malonyl chloride (305) (472 µL, 4.40 mmol) dropwise over 5 min. The reaction 

mixture was stirred at 0 °C for 30 min then warmed to room temperature and stirred 

for a further 3 h, and then concentrated in vacuo. The residue was dissolved in glacial 

acetic acid (16 mL) and ammonium acetate (1.54 g, 20.0 mmol) was added. The 

reaction mixture was heated at reflux for 6 h and then cooled to room temperature. 

The solvent was removed in vacuo and the residue was diluted with CH2Cl2 (20 mL) 

and washed with H2O (20 mL). The organic phase was separated, dried (Na2SO4) and 
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concentrated in vacuo. Purification by column chromatography (20% EtOAc/hexane) 

gave the oxazole 299h as an orange solid (363 mg, 31%). Rf = 0.16 (20% 

EtOAc/hexane); mp 85-86 °C; IR (film) 3061, 3036, 2955, 2848, 1751 (C=O), 1605, 

1572, 1502, 910, 736 cm–1; 1H NMR (500 MHz; CDCl3) δ 7.67 (2H, dd, J = 8.2, 1.4 

Hz, ArH), 7.61 (2H, dd, J = 8.1, 1.5 Hz, ArH), 7.40-7.32 (6H, m, ArH), 3.97 (2H, s, 

CH2C=O), 3.79 (3H, s, CO2CH3); 
13C NMR (125.8 MHz; CDCl3) δ 167.8 (C), 155.9 

(C), 146.3 (C), 135.5 (C), 132.1 (C), 128.7 (C), 128.6 (CH), 128.6 (2 x CH), 128.5 (2 

x CH), 128.1 (CH), 127.9 (2 x CH), 126.6 (2 x CH), 52.6 (CH3), 34.5 (CH2). The 

data is in agreement with literature.140  

 

Methyl 2-(3-phenyl-1,2,4-oxadiazol-5-yl)acetate (299i) 

 

To a solution of 307 (552 mg, 4.00 mmol) in CH2Cl2 (30 mL) was added methyl 

malonyl chloride (515 µL 4.80 mmol). The mixture was stirred for 3 h at room 

temperature before being quenched with saturated aqueous NaHCO3 solution (30 

mL). The  aqueous layer was separated and extracted with CH2Cl2 (3 x 20 mL) and 

the combined organic layers were dried (MgSO4), filtered, and concentrated in vacuo 

to give the ester 308 as an off-white amorphous solid (808 mg, 86%) which was used 

directly without further purification. Rf = 0.10 (40% EtOAc/hexane); m.p. 88-89 °C; 

IR (film) 3371, 3185, 2956, 2849, 1732 (C=O), 1632 (C=O), 1528, 1477, 1336, 

1134, 911, 778 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.68 (2H, d, J = 7.5 Hz, ArH), 

7.48 (1H, t, J = 7.3 Hz, ArH), 7.41 (2H, d, J = 7.4 Hz, ArH), 5.33  (2H, br s, NH2), 

3.77 (3H, s, CO2CH3), 3.61 (2H, s, CH2C=O);
 13C NMR (125.8 MHz, CDCl3) δ 

167.3 (C), 164.7 (C), 157.5 (C), 131.2 (CH), 130.6 (C), 128.7 (2 x CH), 126.7 (2 x 

CH), 52.6 (CH3), 40.5 (CH2); HRMS (ES) Exact mass calcd for C11H12O4N2Na 

[M+Na]+: 259.0689, found: 259.0687.  

 

A suspension of the ester 308 (620 mg, 2.63 mmol) and K2CO3 (727 mg, 5.26 mmol) 

in 1,4-dioxane (5 mL) in a sealed microwave vial was irradiated in a microwave 
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reactor at 120 °C for 20 min. The mixture was cooled to room temperature, filtered, 

and concentrated in vacuo. Purification of the residue by column chromatography 

(20% EtOAc/hexane) gave the oxadiazole 299i as an off-white amorphous solid (297 

mg, 52%). Rf = 0.39 (20% EtOAc/hexane); IR (film) 3055, 2956, 2305, 1756 (C=O), 

1575, 1446, 1368, 1176, 898, 784 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.09 (2H, dd, 

J = 7.9, 1.7 Hz, ArH), 7.53-7.46 (3H, m, ArH), 4.07 (2H, s, CH2C=O), 3.80 (3H, s, 

CO2CH3);
 13C (125.8 MHz, CDCl3) δ 172.5 (C), 168.6 (C), 166.2 (C), 131.3 (CH), 

128.8 (2 x CH), 127.4 (2 x CH), 126.4 (C), 53.0 (CH3), 32.9 (CH2); HRMS (ES) 

Exact mass calcd for C11H10N2O3Na [M+Na]
+: 241.0584, found: 241.0582.  

 

Methyl 2-(1,2-benzoxazol-3-yl)acetate (299k) 

 

4-Hydroxycoumarin (309) (5.00 g, 0.03 mol) was added to a solution of 

hydroxylamine hydrochloride (10.0 g, 0.15 mol) and NaOH (6.00 g, 0.15 mol) in 

H2O (60 mL) at room temperature. The pH of the reaction was maintained in the 

range of 4.5 to 5.5. The solution was warmed to 40 °C and maintained at this 

temperature overnight. The reaction was then cooled to 10 °C and pH of the mass is 

adjusted to 1 to 1.5 with dilute hydrochloric acid. Precipitated 1,2-benzisoxazole-3-

acetic acid (310) is cooled to 0-5 °C and for 1 h and collected by vacuum filtration 

and then dried under vacuum at 60-70 °C to afford 1,2-benzisoxazole-3-acetic acid 

(310) as a white amorphous solid (3.50 g, 66 %). Rf = 0.48 (60% EtOAc/hexane); 

m.p. 120-122 °C;  IR (film) 2685, 2402, 1722 (C=O), 1614, 1564, 1440, 1388, 1152, 

929, 868 cm-1; 1H NMR (400 MHz, CD3OD) δ 7.80 (1H, td, J = 8.0, 1.0, 1.0 Hz, 

ArH), 7.61-7.60 (2H, m, ArH), 7.38-7.34 (1H, m, ArH), 4.07 (2H, s, CH2CO2H); 
13C 

NMR (100.6 MHz, CD3OD) δ 171.9 (C), 164.5 (C), 154.6 (C), 131.3 (CH), 124.7 

(CH), 123.2 (C), 122.7 (CH), 110.6 (CH), 31.7 (CH2). The data is in agreement with 

the literature.164 

1,2-benzisoxazole-3-acetic acid (310) (300 mg, 1.70 mmol) was dissolved in Et2O (5 

mL) and MeOH (0.5 mL) and TMSCHN2 (2M in Et2O, 0.85 mL, 1.70 mmol) was 
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added at 0 °C. The solution was stirred overnight. The solvents were removed under 

reduced pressure and the residue purified by column chromatography (20% 

EtOAc/hexane→40% EtOAc/hexane) to give the ester 299k as a colourless oil (201 

mg, 62 %). Rf = 0.20 (20% EtOAc/hexane); IR (film) 3054, 2955, 2253, 1740 

(C=O), 1438, 1388, 1265, 1174, 1008, 918, 868 cm-1; 1H NMR (500 MHz, CDCl3) δ 

7.71 (1H, td, J = 8.0, 1.0 Hz, ArH), 7.61-7.55 (2H, m, ArH), 7.34 (1H, ddd, J = 8.0, 

6.3, 1.6 Hz, ArH), 4.07 (2H, s, CH2C=O), 3.76 (3H, s, CO2CH3); 
13C NMR 

(125.8 MHz, CDCl3) δ 168.7 (C), 168.3 (C), 152.3 (CH), 130.0 (C), 123.6 (CH), 

121.6 (CH), 121.2 (C), 110.0 (CH), 52.5 (CH2), 31.7 (CH3).The data in agreement 

with literature.164 
 

2-(1,2-Benzoxazol-3-yl)-N,N-dimethylacetamide (292s) 

 

To a solution of 1,2-benzisoxazole-3-acetic acid (310) (408 mg, 2.31 mmol) and 

diisopropylamine (402 µL, 2.31 mmol) in CH2Cl2 (5 mL) at 0 °C was added pivaloyl 

chloride (285 µL, 2.31 mmol) dropwise over 1 min. The solution was stirred at 0 °C 

for 25 min before the addition of Me2NH (2 M in THF, 1.7 mL, 3.4 mmol) and the 

mixture was stirred at room temperature for 18 h. The reaction was washed with 

saturated aqueous NH4Cl solution (20 mL) followed by saturated aqueous NaHCO3 

solution (20 mL). The organic layer was dried (Na2SO4), filtered, and concentrated in 

vacuo. Purification of the residue by column chromatography (60% EtOAc/hexane) 

gave the amide 292s as a white solid (110 mg, 23%). Rf = 0.26 (60% 

EtOAc/hexane); m.p. 86-88 °C; IR (film) 3053, 2931, 1654 (C=O), 1518, 1400, 

1266, 1140, 945, 831 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.86 (1H, d, J = 7.9 Hz, 

ArH), 7.56-7.54 (2H, m, ArH), 7.32 (1H, ddd, J = 7.9, 5.4, 2.3 Hz, ArH), 4.10 (2H, 

s, CH2=O), 3.14 (3H, s, NCH3), 2.98 (3H, s, NCH3); 
13C NMR (125.8 MHz, CDCl3) 

δ 167.2 (C), 163.3 (C), 153.5 (C), 130.0 (CH), 123.6 (CH), 122.5 (CH), 121.5 (C), 

109.7 (CH), 37.9 (CH3), 35.7 (CH3), 31.9 (CH2); HRMS (ESI) Exact mass calcd for 

C11H13N2O2 [M+H]
+: 205.0972, found: 205.0971. 
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2-(1,2-Benzoxazol-3-yl)-N-methoxy-N-methylacetamide (292t) 

 

To a solution of 1,2-benzisoxazole-3-acetic acid (310) (528 mg, 3.29 mmol), N,O-

dimethylhydroxylamine hydrochloride (382 mg, 3.94 mmol), and DCC (837 µL, 3.62 

mmol) in CH2Cl2 (5 mL) at 0 °C was added DMAP (48 mg, 0.39 mmol) and DIPEA 

(686 µL, 3.94 mmol). The suspension was stirred at 0 °C for 30 min and then at room 

temperature for 4 h. The mixture was filtered through a short pad of celite eluting 

with CH2Cl2 and the filtrate was washed with 1 M aqueous HCl solution (20 mL), 

saturated aqueous NaHCO3 solution (20 mL), and H2O (20 mL). The organic layer 

was dried (Na2SO4), filtered, and concentrated in vacuo. Purification of the residue 

by column chromatography (30% EtOAc/hexane) gave the Weinreb amide 292t as a 

yellow gum (398 mg, 55%). Rf = 0.12 (60% EtOAc/hexane); IR (film) 3056, 2975, 

1667 (C=O), 1571, 1440, 1266, 1151, 1003, 737 cm-1; 1H NMR (500 MHz, CDCl3) δ 

7.77 (1H, d, J = 8.0 Hz, ArH), 7.54-7.49 (2H, m, ArH), 7.30-7.28 (1H, m, ArH), 

4.16 (2H, s, CH2), 3.71 (3H, s, OCH3), 3.21 (3H, s, NCH3); 
13C NMR (125.8 MHz, 

CDCl3) δ 168.5 (C), 163.1 (C), 153.2 (C), 129.7 (CH), 123.4 (CH), 122.1 (CH), 

121.5 (C), 109.6 (CH), 61.4 (CH3), 32.1 (CH3), 29.7 (CH2); HRMS (ESI) Exact mass 

calcd for C11H13N2O3 [M+H]
+: 221.0921, found: 221.0916.  

 

5.2.2 Preparation of Nickel Catalyst 

(1S,2S)-N,N’-Dibenzyl-1,2-diaminocyclohexane (317) 

 

(S,S)-Diaminocyclohexane (315) (2.28 g, 20.0 mmol) was dissolved in MeOH and 

heated at reflux. Benzaldehyde (4.08 mL, 40.0 mmol) was added in portions. The 

reaction was heated at reflux for 30 min and then cooled to room temperature. 

NaBH4 (1.55 g, 40.0 mmol) was added in portions to the reaction mixture over 30 
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mins. The solution was heated at reflux for 15 mins then allowed to cool to room 

temperature. H2O (30 mL) was carefully added dropwise and the resulting milky 

solution was extracted with CH2Cl2 (3 x 50 mL). The combined organics were dried 

(K2CO3), filtered and concentrated under reduced pressure to afford the amine 317 as 

a yellow oil which solidified upon standing (3.53 g, 60%). Rf = 0.15 (60% 

EtOAc/hexane); m.p. 35-36 °C; [α] 20D  +34.0 (c. 0.85, CHCl3); IR (film) 2857, 2685, 

2411, 1551, 1421, 1358, 1114, 1028, 983, 854 cm-1; 1H NMR (500 MHz, CDCl3) δ 

7.37-7.33 (6H, m, ArH), 7.29-7.25 (4H, m, ArH), 3.94 (2H, d, J = 13.2 Hz, NCHAr), 

3.70 (2H, d, J = 13.2 Hz, NCHAr), 2.34-2.28 (2H, m, CH2), 2.22-2.19 (2H, m, CH2), 

2.10-1.85 (2H, br s, 2 x NH), 1.78-1.74 (2H, m, CH2), 1.35-1.22 (2H, m, CH2), 1.12-

1.05 (2H, m, CH2); 
13C NMR (125.8 MHz, CDCl3) δ 141.1 (2 x C), 128.2 (4 x CH), 

128.0 (4 x CH), 126.7 (2 x CH), 60.8 (2 x CH), 50.8 (2 x CH2), 31.5 (2 x CH2), 25.0 

(2 x CH2). The data is in agreement with the literature.
165  

Ni(II)–bis[(S,S)-N,N’-Dibenzylcyclohexane-1,2-

diamine]Br2 (318). A mixture of of NiBr2 (1.07 g, 4.90 mmol) 

and (S,S)-317 (3.50 g, 12.0 mmol) in acetonitrile (150 mL) 

was heated at reflux for 4 h. The mixture was cooled to room 

temperature and the solvent removed in vacuo. The residue was dissolved in 

dichloromethane and filtered through a fritted glass funnel. The solvent was removed 

in vacuo and the crude product was recrystallised from dichloromethane/acetonitrile 

to yield the Ni-catalyst 320 as pale blue crystals (1.70g, 43%). M.p. 188-189 °C; 

[α] 20D  +31.8 (c. 1.10, CHCl3); IR (film, CHCl3) 3019, 2939, 2861, 2400, 1603, 1475, 

1334, 1265, 1029, 978, 903, 749 cm-1; The data is in agreement with the literature.3 
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5.2.3 Nitroalkenes 

 

Nitroalkenes 244a, 244d, 244e, 244f, 244g, 244h, 244i, 244k and 244j are 

commercially available. Nitroalkenes 244b,166 and  244c,167  were prepared 

according to the previously reported procedures by ERASMUS student Sophie 

Moreau. 

5.2.4 Preparation of Conjugate Addition Products 

General Procedure K: Michael Addition of Azaarylacetamides to Nitroalkenes 

 

A mixture of the azaarylacetamide 292 (0.30 mmol), 3 Å MS (60 mg), and nickel 

catalyst 318 (12 mg, 0.015 mmol) in 1,4-dioxane (5 mL) was stirred at room 

temperature for 5 min before addition of the nitroalkene 244 (0.30 mmol) in 1,4-

dioxane (1 mL) dropwise over 1 min. The mixture was stirred for 18 h at room 

temperature, filtered through a short plug of silica using EtOAc (30 mL) as eluent, 

and the solvent was removed in vacuo. Purification of the residue by column 

chromatography afforded the Michael adduct 311. 
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 (2S,3R)-(1,3-Benzothiazol-2-yl)-N,N-dimethyl-3-(phenyl)-4-

nitrobutanamide (311a). The title compound was prepared 

according to General Procedure K from azaarylacetamide 292a 

(66 mg, 0.30 mmol) and nitroalkene 244a (45 mg, 0.30 mmol) and purified by 

column chromatography (20% EtOAc/hexane→40% EtOAc/hexane) to give an off-

white amorphous solid (92 mg, 83%). Rf = 0.23 (40% EtOAc/hexane); m.p. 198-199 

°C; [α] 20D  –88.0 (c. 0.5, CHCl3); IR (film) 3020, 2399, 1645 (C=O), 1554 (N-O), 

1435, 1379 (N-O), 1215, 1014, 930, 762 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.93 

(1H, d, J = 8.0 Hz,  ArH), 7.80 (1H, d, J = 8.0 Hz, ArH), 7.44 (1H, ddd, J = 8.3, 7.2, 

1.3 Hz, ArH), 7.37-7.33 (1H, m, ArH), 7.29-7.17 (5H, m, ArH), 5.15 (1H, d, J = 9.1 

Hz, CHCHCH2), 5.09 (1H, dd, J = 13.0, 8.4 Hz, CH2NO2), 4.88 (1H, dd, J = 13.0, 

4.0 Hz, CH2NO2), 4.45 (1H, td, J = 8.8, 4.0 Hz, CHCH2), 3.03 (3H, s, NCH3), 3.01 

(3H, s, NCH3); 
13C NMR (125 MHz, CDCl3) δ 168.7 (C), 166.3 (C), 152.2 (C), 

136.0 (C), 135.3 (C), 128.9 (2 x CH), 128.2 (CH), 128.1 (2 x CH), 126.1 (CH), 125.3 

(CH), 123.0 (CH), 121.6 (CH), 78.0 (CH2), 50.2 (CH), 47.7 (CH), 37.6 (CH3), 36.3 

(CH3); HRMS (ES) Exact mass calcd for C19H20N3O3S [M+H]
+: 370.1220, found: 

370.1224. Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 

column (80:20 hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr (minor) = 7.9 min, tr 

(major) = 8.5 min; 82% ee, (90% after a single recrystallisation from EtOAc/hexane). 
 

 (2S,3R)-2-(1,3-Benzothiazol-2-yl)-N,N-dimethyl-3-(4-

methylphenyl)-4-nitrobutanamide (311b). The title 

compound was prepared according to General Procedure K 

from azaarylacetamide 292a (66 mg, 0.30 mmol) and 

nitroalkene 244d (45 mg, 0.30 mmol) and purified by column chromatography (20% 

EtOAc/hexane→50% EtOAc/hexane) to give an off-white solid (91 mg, 79%). Rf = 

0.58 (60% EtOAc/hexane); m.p. 156-157 °C; [α] 20D  –68.5 (c 0.70, CHCl3); IR (film) 

3020, 1645 (C=O), 1552 (N-O), 1435, 1379 (N-O), 1215, 1014, 930, 768 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 7.94 (1H, d, J = 8.2 Hz, ArH), 7.80 (1H, d, J = 8.0 Hz, 

ArH),  7.44 (1H, ddd, J = 8.0, 7.5, 1.0 Hz, ArH), 7.37-7.33 (1H, m, ArH), 7.15 (2H, 

d, J = 8.1 Hz, ArH), 7.04 (2H, d, J = 8.1 Hz, ArH), 5.15 (1H, d, J = 9.1 Hz, 
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CHCONMe2), 5.05 (1H, dd, J = 12.8, 8.3 Hz, CH2NO2), 4.85 (1H, dd, J = 12.8, 4.1 

Hz, CH2NO2), 4.40 (1H, td, J = 8.6, 4.0 Hz, CHCH2), 3.06 (3H, s, NCH3), 3.00 (3H, 

s, NCH3), 2.24 (3H, s, ArCH3);
 13C NMR (125.8 MHz, CDCl3) δ 168.8 (C), 166.6 

(C), 152.2 (C), 137.9 (C), 135.4 (C), 132.9 (C),  129.6 (2 x CH), 128.0 (2 x CH), 

126.0 (CH), 125.3 (CH), 123.0 (CH), 121.6 (CH), 78.3 (CH2), 50.2 (CH), 47.3 (CH), 

37.7 (CH3), 36.3 (CH3), 21.0 (CH3); HRMS (ESI) Exact mass calcd for C20H22N3O3S 

[M+H]+: 384.1376, found: 384.1375. Enantiomeric excess was determined by HPLC 

with a Chiralpak IA-3 column (80:20 hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr 

(minor) = 8.0 min, tr (major) = 8.9 min; 95% ee. 

 

 (2S,3R)-2-(1,3-Benzothiazol-2-yl)-N,N-dimethyl-3-(2-

methylphenyl)-4-nitrobutanamide (311c). The title 

compound was prepared according to General Procedure K 

from azaarylacetamide 292a (66 mg, 0.30 mmol) and 

nitroalkene 244h (49 mg, 0.30 mmol) and purified by column chromatography (20% 

EtOAc/hexane) to give an off-white solid (74 mg, 64%). Rf = 0.52 (60% 

EtOAc/hexane); m.p. 110-112 °C; [α] 20D –14.4 (c 0.63, CHCl3); IR (film) 3020, 1647 

(C=O), 1554, 1495, 1379, 1144, 910, 777 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.96 

(1H, d, J = 8.2 Hz, ArH), 7.95 (1H, d, J = 8.0 Hz, ArH), 7.44 (1H, t, J = 7.7 Hz, 

ArH), 7.35 (1H, t, J = 7.6 Hz, ArH), 7.24 (1H, d, J = 7.6 Hz, ArH), 7.14 (1H, td, J = 

7.9, 3.6, Hz, ArH), 7.10 (2H, d, J = 4.0 Hz, ArH), 5.13 (1H, d, J = 8.7 Hz, CHC=O), 

5.09 (1H, dd, J = 12.9, 8.1 Hz, CH2NO2), 4.85 (1H, dd, J = 12.9, 4.1 Hz, CH2NO2), 

4.78 (1H, td, J = 8.4, 4.1 Hz, CHCH2), 3.00 (3H, s, NCH3), 2.98 (3H, s, NCH3), 2.47 

(3H, s, ArCH3);
 13C NMR (125.8 MHz, CDCl3) δ 168.9 (C), 166.3 (C), 152.3 (C), 

136.7 (C), 135.3 (C), 134.2 (C), 131.1 (CH), 127.9 (CH), 126.4 (CH), 126.2 (CH), 

126.0 (CH), 125.3 (CH), 123.1 (CH), 121.6 (CH), 77.5 (CH2), 49.3 (CH), 42.3 (CH), 

37.5 (CH3), 36.3 (CH3), 19.7 (CH3); HRMS (ESI) Exact mass calcd for C20H22N3O3S 

[M+H]+: 384.1376, found: 384.1371. Enantiomeric excess was determined by HPLC 

with a Chiralpak IA-3 column (80:20 hexane:i-PrOH, 1.0 mL/min, 254 nm, 25 °C); tr 

(major) = 11.0 min, tr (minor) = 12.8 min; 66% ee. 
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 (2S,3R)-2-(1,3-Benzothiazol-2-yl)-3-(4-methoxyphenyl)-

N,N-dimethyl-4-nitrobutanamide (311d). The title compound 

was prepared according to General Procedure B from 

azaarylacetamide 292a (66 mg, 0.30 mmol) and nitroalkene 

244e (54 mg, 0.30 mmol) and purified by column chromatography (20% 

EtOAc/hexane→40% EtOAc/hexane) to give an-off white solid (88 mg, 74%). Rf = 

0.36 (60% EtOAc/hexane); m.p. 189-190 °C; [α] 20D –72.7 (c 0.55, CHCl3); IR (film) 

3020, 2935, 1645 (C=O), 1554 (N-O), 1458, 1379 (N-O), 1254, 1115, 928, 750 cm-1; 

1H NMR (500 MHz, CDCl3) δ 7.93 (1H, d, J = 8.2 Hz, ArH), 7.80 (1H, d, J = 8.0 

Hz, ArH), 7.45-7.42 (1H, m, ArH), 7.37-7.33 (1H, m, ArH), 7.18 (2H, d, J = 8.7 Hz, 

ArH), 6.76 (2H, d, J = 8.7 Hz, ArH), 5.12 (1H, d, J = 9.2 Hz, CHCONMe2), 5.03 

(1H, dd, J = 12.3, 8.3 Hz, CH2NO2), 4.84 (1H, dd, J = 12.8, 4.1 Hz, CH2NO2), 4.39 

(1H, td, J = 8.7, 4.1 Hz, CHCH2), 3.72 (3H, s, OCH3), 3.07 (3H, s, NCH3), 3.01 (3H, 

s, NCH3);
 13C NMR (125.8 MHz, CDCl3) δ 168.8 (C), 166.5 (C), 159.2 (C), 152.2 

(C), 135.3 (C), 129.3 (2 x CH), 127.8 (C), 126.0 (CH), 125.3 (CH), 123.0 (CH), 

121.6 (CH), 114.2 (2 x CH), 78.4 (CH2), 55.1 (CH3), 50.3 (CH), 47.0 (CH), 37.7 

(CH3), 36.3 (CH3); HRMS (ESI) Exact mass calcd for C20H22N3O4S [M+H]
+: 

400.1326, found: 400.1326. Enantiomeric excess was determined by HPLC with a 

Chiralpak IA-3 column (80:20 hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 °C); tr 

(major) = 9.8 min, tr (minor) = 10.7 min; 86% ee.  

Vapour diffusion of hexane into a CH2Cl2 solution of 311d gave crystals that were 

suitable for X-ray diffraction. 

 

 (2S,3R)-2-(1,3-Benzothiazol-2-yl)-3-(4-fluorophenyl)-N,N- 

dimethyl-4-nitrobutanamide (311e). The title compound was 

prepared according to General Procedure K from 

azaarylacetamide 292a (66 mg, 0.30 mmol) and nitroalkene 

244i (50 mg, 0.30 mmol) purified by column chromatography (20% 

EtOAc/hexane→25% EtOAc/hexane) to give an off-white solid (91 mg, 78%). Rf = 

0.44 (60% EtOAc/hexane); m.p. 174-175 °C; [α] 20D –75.0 (c 0.60, CHCl3); IR (film) 

3020, 1647 (C=O), 1512 (N-O), 1458, 1402, 1213, 1161, 930, 754 cm-1; 1H NMR 
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(500 MHz, CDCl3) δ 7.92 (1H, d, J = 8.1 Hz, ArH), 7.80 (1H, d, J = 8.0 Hz ArH), 

7.44 (1H, ddd, J = 8.5, 7.2, 1.0 Hz, ArH), 7.38-7.34 (1H, m, ArH), 7.24 (2H, dd, J = 

8.7, 5.2 Hz, ArH), 6.92 (2H, t, J = 8.6 Hz, ArH), 5.10 (1H, d, J = 9.4 Hz, 

CHCONMe2), 5.02 (1H, dd, J = 12.9, 8.4 Hz, CH2NO2), 4.86 (1H, dd, J = 12.9, 4.1 

Hz, CH2NO2), 4.45 (1H, td, J = 8.7, 4.1 Hz, CHCH2), 3.09 (3H, s, NCH3), 3.02 (3H, 

s, NCH3);
 13C NMR (125.8 MHz, CDCl3) δ 168.5 (C), 166.0 (C), 162.3 (C, JC-F = 

247.4 Hz), 152.2 (C), 135.2 (C), 131.7 (C, 4JC-F = 3.3 Hz), 129.9 (2 x CH, 
3
JC-F = 8.3 

Hz), 126.2 (CH), 125.4 (CH), 123.1 (CH), 121.6 (CH), 115.9 (2 x CH, 2JC-F = 3.3 

Hz), 78.2 (CH2), 50.2 (CH), 46.9 (CH), 37.6 (CH3), 36.4 (CH3); 
19F NMR (376 MHz, 

CDCl3) δ –113.5 (1H, s); HRMS (ESI) Exact mass calcd for C19H19FN3O3S [M+H]
+: 

388.1126, found: 388.1129. Enantiomeric excess was determined by HPLC with a 

Chiralpak IA-3 column (80:20 hexane:EtOH, 1.2 mL/min, 230 nm, 26 °C); tr (major) 

= 9.2 min; tr (minor) = 10.9 min; 95% ee. 

 

 (2S,3S)-2-(1,3-Benzothiazol-2-yl)-3-(furan-2-yl)-N,N-

dimethyl-4-nitrobutanamide (311f). A mixture of the 

azaarylacetamide 292a (663 mg, 3.00 mmol), 3Å MS (600 mg), 

and nickel catalyst 320 (60 mg, 0.075 mmol) in 1,4-dioxane (40 mL) was stirred at 

room temperature for 5 min before addition of the nitroalkene 244f (417 mg, 3.00 

mmol) in 1,4-dioxane (10 mL) dropwise over 15 min. The mixture was stirred for 18 

h at room temperature, filtered through a short plug of silica using EtOAc (100 mL) 

as eluent, and the solvent was removed in vacuo. Purification of the residue by 

recrystallisation from EtOAc/hexane gave the title compound as an off-white solid 

(1.02 g, 95%). Rf = 0.45 (60% EtOAc/hexane); m.p. 108-110 °C; [α]
20
D –61.6 (c 0.60, 

CHCl3); IR (film) 3020, 1647 (C=O), 1556 (N-O), 1435, 1315, 1147, 1014, 918, 754 

cm-1; 1H NMR (500 MHz, CDCl3) δ 7.97 (1H, d, J = 8.2 Hz, ArH), 7.83 (1H, ddd, J 

= 7.9, 1.1, 0.6 Hz, ArH), 7.46 (1H, ddd, J = 8.3, 7.2, 1.3 Hz, ArH), 7.38 (1H, ddd, J 

= 8.3, 7.2, 1.2 Hz, ArH), 7.31 (1H, dd, J = 1.8, 0.8 Hz, ArH), 6.15 (1H, dd, J = 3.3, 

1.9 Hz, ArH), 6.11 (1H, d, J = 3.3 Hz, ArH), 5.16 (1H, d, J = 9.6 Hz, CHCONMe2), 

5.00 (1H, dd, J = 12.9, 7.7 Hz, CH2NO2) 4.88 (1H, dd, J = 12.9, 3.8 Hz, CH2NO2), 

4.56 (1H, ddd, J = 9.6, 7.7, 3.8 Hz, CHCH2), 3.14 (3H, s, NCH3), 3.02 (3H, s, 
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NCH3);
 13C NMR (125.8 MHz, CDCl3) δ 168.2 (C), 165.9 (C), 152.3 (C), 149.5 (C), 

142.6 (CH), 135.3 (C), 126.1 (CH), 125.4 (CH), 123.2 (CH), 121.6 (CH), 110.5 

(CH), 109.2 (CH), 76.4 (CH2), 48.7 (CH), 41.6 (CH), 37.6 (CH3), 36.3 (CH3); HRMS 

(ESI) Exact mass calcd for C17H18N3O4S [M+H]
+: 360.1013, found: 360.1016. 

Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 column (80:20 

hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 °C); tr (major) = 8.0 min; tr (minor) = 8.8 

min; >99% ee. 

 

(2S,3S,4E)-2-(1,3-Benzothiazol-2-yl)-N,N-dimethyl-3-

(nitromethyl)-5-phenylpent-4-enamide (311g). The title 

compound was prepared according to General Procedure K 

from azaarylacetamide 292a (66 mg, 0.30 mmol) and 

nitroalkene 244b (53 mg, 0.30 mmol) and purified by column chromatography (20% 

EtOAc/hexane) to give an off-white amorphous solid (63 mg, 53%). Rf = 0.42 (60% 

EtOAc/hexane); m.p. 173-174 °C; [α] 20D  –102.0 (c. 0.5, CHCl3); IR (film) 3020, 

2401, 1647 (C=O), 1552 (N-O), 1435, 1379 (N-O), 1215, 1057, 930, 775 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 7.98 (1H, d, J = 8.2 Hz,  ArH), 7.85 (1H, d, J = 8.0 Hz, 

ArH),  7.46 (1H, ddd, J = 8.5, 7.5, 1.0 Hz, ArH), 7.38 (1H, ddd, J = 8.0, 7.0, 1.0 Hz, 

ArH), 7.25-7.19 (5H, m, ArH), 6.52 (1H, d, J = 15.8 Hz, PhCH=CH), 6.09 (1H, dd, 

J =  15.8, 9.4 Hz, PhCH=CH), 4.93 (1H, d, J = 9.1 Hz, CHCHCH2), 4.88 (1H, dd, J 

= 12.5, 6.7 Hz, CH2NO2), 4.72 (1H, dd, J = 12.5, 4.0 Hz, CH2NO2), 3.91 (1H, tdd, J 

= 9.5, 6.5, 4.0 Hz, ArCH), 3.18 (3H, s, CONCH3), 3.04 (3H, s, CONCH3);
 13C NMR 

(125 MHz, CDCl3) δ 168.6 (C), 166.4 (C), 152.3 (C), 136.0 (C), 135.4 (C), 135.4 

(CH), 128.4 (2 x CH), 128.0 (CH), 126.5 (2 x CH), 126.2 (CH), 125.5 (CH), 123.9 

(CH), 123.2 (CH), 121.7 (CH), 78.1 (CH2), 49.8 (CH), 45.5 (CH), 37.7 (CH3), 36.3 

(CH3); HRMS (ES) Exact mass calcd for C21H22N3O3S [M+H]: 396.1376, found: 

396.1377. Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 

column (80:20 hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr (minor) = 6.8 min, tr 

(major) = 12.9 min; 82% ee. 
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 2-(1,3-Benzothiazol-2-yl)-N,N-dimethyl-3-(nitromethyl)-5-

phenylpentanamide (311h). The title compound was prepared 

according to General Procedure K from azaarylacetamide 292a 

(66 mg, 0.30 mmol) and nitroalkene 244c (53 mg, 0.30 mmol) 

and purified by column chromatography (25% EtOAc/hexane) to give a yellow oil 

(83 mg, 70%). Rf = 0.55 (60% EtOAc/hexane); IR (film) 3064, 3020, 2933, 1645 

(C=O), 1549 (N-O), 1496, 1383 (N-O), 1315, 1215, 1069, 928, 752 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 8.02 (1H, d, J = 8.2 Hz,  ArH), 7.87 (1H, d, J = 8.0 Hz, ArH),  

7.50 (1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 7.41 (1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 

7.23-7.14 (3H, m, ArH), 7.04 (1H, d, J = 7.0 Hz, ArH), 4.79-4.75 (3H, m, 

CHCHCH2, CH2NO2), 3.17 (3H, s, NCH3), 3.05-2.95 (1H, m, CHCH2), 3.01 (3H, s, 

NCH3), 2.87-2.82 (1H, m, CH2CH2Ph), 2.54 (1H, ddd, J = 13.8, 9.2, 7.4 Hz, 

CH2CH2Ph), 1.80-1.69 (2H, m, CH2CH2Ph);
 13C NMR (125 MHz, CDCl3) δ 169.0 

(C), 167.1 (C), 152.3 (C), 140.3 (C), 135.4 (C), 128.4 (2 x CH), 128.2 (2 x CH), 

126.2 (CH), 126.2 (CH), 125.4 (CH), 123.1 (CH), 121.7 (CH), 76.2 (CH2), 49.8 

(CH), 40.9 (CH), 37.5 (CH3), 36.2 (CH3), 32.7 (CH2), 29.8 (CH2); HRMS (ES) Exact 

mass calcd for C21H24N3O3S [M+H]: 398.1533, found: 398.1533. Enantiomeric 

excess was determined by HPLC with a Chiralpak IA-3 column (90:10 hexane:i-

PrOH, 1.5 mL/min, 254 nm, 25 °C); tr (minor) = 8.3 min, tr (minor) = 11.2 min; 5% 

ee. 

 

(2S,3R)-2-(1,3-Benzothiazol-2-yl)-3-(4-bromophenyl)-N,N-

dimethyl-4-nitrobutanamide (311i). The title compound was 

prepared according a slight modification of General Procedure 

K (total reaction volume = 10 mL 1,4-dioxane instead of the 

usual 6 mL) from azaarylacetamide 292a (66 mg, 0.30 mmol) 

and nitroalkene 244g (54 mg, 0.30 mmol) and purified by column chromatography 

(20% EtOAc/hexane→40% EtOAc/hexane) to give an off-white solid (112 mg, 

84%). Rf = 0.45 (60% EtOAc/hexane); m.p. 170-171 °C; [α]
20
D  –64.6 (c 0.65, 

CHCl3); IR (film) 3020, 1647 (C=O), 1552 (N-O), 1491, 1435, 1215, 1076, 930, 766 

cm-1; 1H NMR (500 MHz, CDCl3) δ 7.93 (1H, d, J = 7.9 Hz, ArH), 7.80 (1H, d, J = 

CONMe2

NO2
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8.0 Hz, ArH), 7.44 (1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 7.38-7.34 (1H, m, ArH), 

7.36 (2H, d, J = 8.5 Hz, ArH), 7.15 (2H, d, J = 8.5 Hz, ArH), 5.11 (1H, d, J = 9.4 

Hz, CHCONMe2), 5.03 (1H, dd, J = 13.0, 8.2 Hz, CH2NO2), 4.85 (1H, dd, J = 13.0, 

4.0 Hz, CH2NO2), 4.43 (1H, td, J = 8.6, 4.0 Hz, CHCH2), 3.10 (3H, s, NCH3), 3.01 

(3H, s, NCH3);
 13C NMR (125.8 MHz, CDCl3) δ 168.4 (C), 165.8 (C), 152.2 (C), 

135.2 (C), 135.1 (C), 132.0 (2 x CH), 129.9 (2 x CH), 126.2 (CH), 125.5 (CH), 123.1 

(CH), 122.2 (C), 121.6 (CH), 78.0 (CH2), 49.9 (CH), 47.0 (CH), 37.6 (CH3), 36.4 

(CH3); HRMS (ESI) Exact mass calcd for C19H19BrN3O3S [M+H]
+: 448.0325, found: 

448.0326. Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 

column (90:10 hexane:i-PrOH, 1.0 mL/min, 230 nm, 25 °C); tr (minor) = 12.6 min, tr 

(major) = 15.6 min; 89% ee. 

 

 (2S,3R)-2-(1,3-Benzothiazol-2-yl)-3-[3,5-

bis(trifluoromethyl)phenyl]-N,N-dimethyl-4-

nitrobutanamide (311j). The title compound was prepared 

according to General Procedure K from azaarylacetamide 292a 

(66 mg, 0.30 mmol) and nitroalkene 244k (86 mg, 0.30 mmol) and purified by 

column chromatography (25% EtOAc/hexane) to give an off-white amorphous solid 

(98 mg, 65%). Rf = 0.66 (60% EtOAc/hexane); m.p. 205-206 °C; [α]
20
D  –24.0 (c. 0.5, 

CHCl3); IR (film) 3020, 2401, 1649 (C=O), 1556 (N-O), 1435, 1379 (N-O), 1281, 

1178, 928, 775 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.92 (1H, d, J = 8.2 Hz,  ArH), 

7.81 (1H, d, J = 8.0 Hz, ArH), 7.74 (2H, s, ArH), 7.72 (1H, s, ArH), 7.46 (1H, t, J = 

7.6 Hz, ArH), 7.38 (1H, t, J = 7.6 Hz, ArH), 5.13 (1H, dd, J = 13.6, 8.4 Hz,  

CH2NO2),  5.09 (1H, d, J = 8.8 Hz, CHCONMe2), 4.95 (1H, d, J = 13.6, 4.0 Hz, 

CH2NO2), 4.64 (1H, t, J = 8.6, 4.0 Hz, ArCH), 3.06 (3H, s, NCH3), 3.04 (3H, s, 

NCH3);
 13C NMR (125 MHz, CDCl3) δ 167.9 (C), 164.7 (C), 152.2 (C), 139.1 (C), 

135.1 (C), 132.0 (2 x C(CF3), J = 33.4 Hz), 128.8 (2 x CH), 126.5 (CH), 125.8 (CH), 

124.0 (C), 123.2 (CH), 122.3-122.2 (m, CH), 121.8 (C), 121.7 (CH), 77.4 (CH2), 

49.8 (CH), 47.1 (CH), 37.7 (CH3), 36.4 (CH3);
 19F NMR (376 MHz, CDCl3) δ –63.1 

(6F, s); HRMS (ES) Exact mass calcd for C21H18F6N3O3S [M+H]: 506.0968, found: 

506.0962. Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 
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column (90:10 hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 °C); tr (major) = 5.4 min, tr 

(minor) = 6.2 min; 38% ee. 

 

 (2S,3R)-2-(1,3-Benzothiazol-2-yl)-3-(4-methoxyphenyl)-

N,N-dimethyl-4-nitrobutanamide (311k). The title compound 

was prepared according to General Procedure K from 

azaarylacetamide 292a (66 mg, 0.30 mmol) and nitroalkene 

244j (54 mg, 0.30 mmol) and purified by column chromatography (20% 

EtOAc/hexane→40% EtOAc/hexane) to give an off-white amorphous solid (99 mg, 

83%). Rf = 0.38 (60% EtOAc/hexane); m.p. 192-193 °C; [α]
20
D  –30.0 (c. 1.25, 

CHCl3); IR (film) 3020, 2401, 1649 (C=O), 1556 (N-O), 1533, 1352, 1215, 1157, 

930, 762 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.03 (1H, d, J = 8.2 Hz, ArH), 7.88 

(1H, d, J = 7.9 Hz, ArH), 7.51-7.48 (1H, m, ArH), 7.43-7.40 (1H, m, ArH), 4.96 

(1H, d, J = 8.1 Hz, CHCONMe2), 4.77 (2H, dq, J = 14.1, 4.6 Hz, CH2NO2), 3.16 

(3H, s, CONCH3), 3.00 (3H, s, CONCH3), 2.99-2.94 (1H, m, CHCH2NO2), 1.81-

0.89 (11H, m, cyclohexyl); 13C NMR (125 MHz, CDCl3) δ 169.3 (C), 167.5 (C), 

152.6 (C), 135.4 (C), 126.2 (CH), 125.4 (CH), 123.2 (CH), 121.7 (CH), 75.3 (CH2), 

47.7 (CH), 46.9 (CH), 39.1 (CH), 37.6 (CH3), 36.2 (CH3), 31.2 (CH2), 28.5 (CH2), 

26.4 (CH2), 26.3 (CH2), 26.1 (CH2); HRMS (ES) Exact mass calcd for C19H19N4O5S 

[M+H]: 415.1071, found: 415.1070. Enantiomeric excess was determined by HPLC 

with a Chiralpak IA-3 column (90:10 hexane:i-PrOH, 1.5 mL/min, 210 nm, 25 °C); tr 

(major) = 10.3 min, tr (minor) = 12.2 min; 58% ee. 

 

 (2S,3R)-2-(1,3-Benzothiazol-2-yl)-N-methoxy-N-methyl-3-

(4-methylphenyl)-4-nitrobutanamide (311l). The title 

compound was prepared according to General Procedure K 

from azaarylacetamide 292b (71 mg, 0.30 mmol) and 

nitroalkene 244d (49 mg, 0.30 mmol) and purified by column 

chromatography (20% EtOAc/hexane→40% EtOAc/hexane) to give a white solid 

(101 mg, 85%). Rf = 0.66 (10% MeOH/CH2Cl2); m.p. 105-106 °C; [α]
20
D  –78.0 (c 

0.50, CHCl3); IR (film) 3019, 1660 (C=O), 1557 (N-O), 1476, 1435, 1380 (N-O), 
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1014, 929, 849 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.97 (1H, d, J = 8.1 Hz, ArH), 

7.80 (1H, d, J = 8.2 Hz, ArH), 7.43 (1H, td, J = 7.7, 1.2 Hz, ArH), 7.35 (1H, dt, J = 

7.7, 1.0 Hz, ArH), 7.14 (2H, d, J = 8.1 Hz, ArH), 7.04 (2H, d, J = 7.9 Hz, ArH), 5.22 

(1H, d, J = 8.8 Hz, CHCON(OCH3)CH3), 5.11 (1H, dd, J = 13.0, 9.4 Hz, CH2NO2), 

4.93 (1H, dd, J = 13.0, 4.2 Hz, CH2NO2), 4.43 (1H, td, J = 9.2, 4.2 Hz, CHCH2), 

3.55 (3H, s, OCH3), 3.25 (3H, s, NCH3), 2.24 (3H, s, ArCH3);
 13C NMR (125.8 

MHz, CDCl3) δ 169.6 (C), 165.8 (C), 152.3 (C), 137.8 (C), 135.3 (C), 133.1 (C), 

129.6 (2 x CH), 128.0 (2 x CH), 126.0 (CH), 125.3 (CH), 123.2 (CH), 121.5 (CH), 

77.8 (CH2), 61.7 (CH3), 49.5 (CH), 46.7 (CH), 32.3 (CH3) 21.0 (CH3);
 HRMS (EI) 

Exact mass calcd for C20H21N3O4S [M]
+: 399.1247, found: 399.1246. Enantiomeric 

excess was determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:i-

PrOH, 1.5 mL/min, 254 nm, 25 °C); tr (major) = 7.5 min; tr (minor) = 8.1 min; 96% 

ee. 

 

(2S,3R)-2-(1,3-Benzothiazol-2-yl)-3-(4-methylphenyl)-1- 

(morpholin-4-yl)-4-nitrobutan-1-one (311m). The title 

compound was prepared according to General Procedure K 

from azaarylacetamide 292d (79 mg, 0.30 mmol) and 

nitroalkene 244d (49 mg, 0.30 mmol) and purified by column 

chromatography (30% EtOAc/hexane) to give a white solid (111 mg, 87%). Rf = 

0.52 (60% EtOAc/hexane); m.p. 170-172 °C; [α] 20D –60.0 (c 0.75, CHCl3); IR (film) 

3019, 2975, 1644 (C=O), 1552 (N-O), 1436, 1314, 1216, 1068, 971, 929 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 7.93 (1H, d, J = 8.2 Hz, ArH), 7.81 (1H, d, J = 8.0 Hz, 

ArH), 7.44 (1H, t, J = 7.6 Hz, ArH), 7.36 (1H, t, J = 7.6 Hz, ArH), 7.14 (2H, d, J = 

8.1 Hz, ArH), 7.05 (2H, d, J = 8.1 Hz, ArH), 5.14 (1H, d, J = 9.3 Hz, CHCHCH2), 

5.07 (2H, dd, J = 12.8, 7.9 Hz, CH2NO2), 4.86 (1H, d, J = 12.8, 4.0 Hz, CH2NO2), 

4.43 (1H, td, J = 8.6, 4.0 Hz, CHCH2), 3.77-3.73 (1H, m, CH2O), 3.71-3.49 (6H, m, 

NCH2CH2O), 3.37-3.33 (1H, m, NCH2CH2O), 2.24 (3H, s, ArCH3);
 13C NMR 

(125.8 MHz, CDCl3) δ 167.4 (C), 166.3 (C), 152.2 (C), 138.0 (C), 135.3 (C), 132.7 

(C), 129.7 (2 x CH), 128.0 (2 x CH), 126.2 (CH), 125.4 (CH), 123.1 (CH), 121.7 

(CH), 78.3 (CH2), 66.6 (CH2), 66.3 (CH2), 49.6 (CH), 46.8 (CH), 46.7 (CH2), 42.9 
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(CH2) 21.0 (CH3); HRMS (ESI) Exact mass calcd for C22H23N3O4SNa [M+Na]
+: 

448.1302, found: 448.1304. Enantiomeric excess was determined by HPLC with a 

Chiralpak IA-3 column (80:20 hexane:EtOH, 1.5 mL/min, 210 nm, 25 °C); tr (minor) 

= 12.6 min, tr (major) = 13.5 min; 95% ee.  

  

(3R)-N,N-Dimethyl-3-(4-methylphenyl)-4-nitro-2-(5- 

phenyl-1,2-oxazol-3-yl)butanamide (311n). The title 

compound was prepared according to General Procedure B 

from azaarylacetamide 292j (69 mg, 0.30 mmol) and 

nitroalkene 244d (49 mg, 0.30 mmol) and purified by column 

chromatography (20% EtOAc/hexane→40% EtOAc/hexane) to give one 

diastereomer 325a (61 mg, 49%) as a white solid followed by the second 

diastereomer 325a’ (61 mg, 49%) as a white solid.  

Data for first diastereomer 325a: Rf = 0.76 (10% MeOH/CH2Cl2); m.p. 147-148 °C;  

[α] 20D –10.7 (c 0.65, CHCl3); IR (film) 3019, 1645 (C=O), 1552 (N-O), 1451, 1379 

(N-O), 1215, 1021, 929 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.81 (2H, dd, J = 7.8, 

1.7 Hz, ArH), 7.51-7.45 (3H, m, ArH), 7.22 (2H, d, J = 8.1 Hz, ArH), 7.15 (2H, d, J 

= 7.9, ArH), 6.88 (1H, s, ArH), 4.67 (1H, dd, J = 12.9, 11.1 Hz, CH2NO2), 4.57 (1H, 

d, J = 11.1 Hz, CHCH2), 4.46 (1H, dd, J = 12.9, 4.3 Hz, CHCH2), 4.37 (1H, dt, J = 

11.1, 4.3 Hz, CH2NO2), 2.91 (3H, s, NCH3), 2.75 (3H, s, NCH3), 2.33 (3H, s 

ArCH3);
 13C NMR (125.8 MHz, CDCl3) δ 171.3 (C), 168.2 (C), 161.2 (C), 137.9 (C), 

134.0 (C), 130.6 (CH), 129.6 (2 x CH), 129.0 (2 x CH), 127.6 (2 x CH), 126.9 (C), 

125.9 (2 x CH), 98.5 (CH), 78.4 (CH2), 45.5 (CH), 43.4 (CH), 37.4 (CH3), 36.0 

(CH3), 21.1 (CH3). Enantiomeric excess was determined by HPLC with a Chiralpak 

IA-3 column (80:20 hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 °C); tr (major) = 8.7 

min; tr (minor) = 13.8 min; >99% ee.
 

Data for second diastereomer 325a’: Rf = 0.71 (60% EtOAc/hexane); m.p. 178-179 

°C; [α] 20D  –60.0 (c 0.65, CHCl3);  IR (film) 3019, 2400, 1649 (C=O), 1555, 1477, 

1378, 1020, 929, 757 cm-1;  1H NMR (500 MHz, CDCl3) δ 7.70-7.65 (2H, m, ArH), 

7.45-7.39 (3H, m, ArH), 7.08 (2H, d, J = 8.2 Hz, ArH), 7.05 (2H, d, J = 8.2 Hz, 

ArH), 6.56 (1H, s, ArH), 4.94 (1H, dd, J = 12.5, 8.1 Hz, CH2NO2), 4.80 (1H, dd, J = 

CONMe2

NO2

NO

Ph
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12.5, 4.2 Hz, CHCH2), 4.76 (1H, d, J = 10.1 Hz, CHCH2), 4.26 (1H, ddd, J = 10.1, 

8.1, 4.2 Hz, CH2NO2), 3.12 (3H, s, NCH3), 3.01 (3H, s, NCH3), 2.26 (3H, s ArCH3);
 

13C NMR (125.8 MHz, CDCl3) δ 170.3 (C), 168.9 (C), 161.0 (C), 137.8 (C), 132.9 

(C), 130.3 (CH), 129.6 (2 x CH), 128.9 (2 x CH), 127.9 (2 x CH), 127.0 (C), 125.7 (2 

x CH), 98.3 (CH), 78.8 (CH2), 45.7 (CH), 42.6 (CH), 37.6 (CH3), 36.3 (CH3) 21.0 

(CH3);
 HRMS (EI) Exact mass calcd for C22H23N3O4 [M]

+: 393.1683, found: 

393.1680. Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 

column (80:20 hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 °C); tr (major) = 16.3 min; tr 

(minor) = 18.8 min; >99% ee. 

 

 (2S,3R)-2-(1,3-Benzoxazol-2-yl)-3-(4-bromophenyl)-N-

methoxy-N-methyl-4-nitrobutanamide (311o). The title 

compound was prepared according to General Procedure K 

from azaarylacetamide 292e (66 mg, 0.30 mmol) and 

nitroalkene 244g (68 mg, 0.3 mmol) and purified by column 

chromatography (20% EtOAc/hexane→40% EtOAc/hexane) to give an off-white 

amorphous solid. (103 mg, 77%). Rf = 0.45 (60% EtOAc/hexane); m.p. 165-167 °C;  

[α] 20D –28.0 (c. 0.50, CHCl3); IR (film) 3032,  1646 (C=O), 1557 (N-O), 1425, 1126, 

1014, 909, 776 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.67-7.65 (1H, m, ArH), 7.47-

7.45 (1H, m, ArH), 7.38 (2H, d, J = 8.5 Hz, ArH), 7.37-7.39 (2H, m, ArH), 7.18 

(2H, d, J = 8.5 Hz, ArH), 5.13 (1H, dd, J = 13.4, 9.1 Hz, CH2NO2), 5.02 (1H, dd, J = 

13.4, 4.2 Hz, CH2NO2), 5.02 (1H, d, J = 9.1 Hz, CHCH2NO2), 4.56 (1H, dt, J = 8.9, 

8.9, 4.2 Hz, CHCH2NO2), 3.56 (3H, s, CONCH3), 3.25 (3H, s, CONCH3);
 13C NMR 

(125 MHz, CDCl3) δ 167.2 (C), 160.7 (C), 150.6 (C), 140.5 (C), 135.4 (C), 132.1 (2 

x CH), 129.7 (2 x CH), 125.5 (CH), 124.6 (CH), 122.3 (C), 120.3 (CH), 110.7 (CH), 

77.2 (CH2), 61.6 (CH3), 45.1 (CH), 43.9 (CH), 32.4 (CH3); Enantiomeric excess was 

determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:EtOH, 1.0 

mL/min, 254 nm, 25 °C); tr (major) = 10.9 min; tr (minor) = 16.6 min; 77% ee. 
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(2S,3R)2-(1,3-Benzoxazol-2-yl)-3-(furan-2-yl)-N,N-

dimethyl-4-nitrobutanamide (311p). The title compound was 

prepared according to General Procedure K from 

azaarylacetamide 292d (66 mg, 0.30 mmol) and nitroalkene 244f (42 mg, 0.30 

mmol) and purified by column chromatography (40% EtOAc/hexane) to give an off-

white amorphous solid (97 mg, 94%). Rf = 0.69 (10% MeOH/CH2Cl2); m.p. 106-108 

°C; [α] 20D –34.0 (c. 0.5, CHCl3); IR (film) 3032, 1649 (C=O), 1552 (N-O), 1415, 

1317, 1145, 1014, 932, 707 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.97 (1H, d, J = 8.2 

Hz,  ArH), 7.83 (1H, ddd, J = 7.9, 1.1, 0.6 Hz, ArH), 7.46 (1H, ddd, J = 8.3, 7.2, 1.3 

Hz, ArH), 7.38 (1H, ddd, J = 8.3, 7.2, 1.2 Hz, ArH), 7.31 (1H, dd, J = 1.8, 0.8 Hz, 

ArH), 6.15 (1H, dd, J = 3.3, 1.9 Hz,  ArH), 6.11 (1H, d, J = 3.3 Hz, ArH), 5.16 (1H, 

d, J = 9.6 Hz, CHCONMe2), 5.00 (1H, dd, J = 12.9, 7.7 Hz, CH2NO2) 4.88 (1H, dd, 

J = 12.9, 3.8 Hz, CH2NO2), 4.56 (1H, ddd, J = 9.6, 7.7, 3.8 Hz, CHCH2NO2), 3.14 

(3H, s, CONCH3), 3.02 (3H, s, CONCH3);
 13C NMR (125 MHz, CDCl3) δ 166.0 (C), 

160.9 (C), 150.7 (C), 149.7 (C), 142.7 (CH), 140.6 (C), 125.4 (CH), 124.6 (CH), 

120.2 (CH), 110.8 (CH), 110.5 (CH), 108.5 (CH), 76.1 (CH2), 44.3 (CH), 38.7 (CH), 

37.6 (CH3), 36.4 (CH3); HRMS (ES) Exact mass calcd for C17H18N3O5 [M+]: 

344.1241, found: 344.1242. Enantiomeric excess was determined by HPLC with a 

Chiralpak IA-3 column (85:15 hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 °C); tr 

(minor) = 9.6 min; tr (major) = 11.3 min; 65% ee. 

 

 (3S)-2-(1,2-Benzoxazol-3-yl)-3-(furan-2-yl)-N,N- 

dimethyl-4-nitrobutanamide (311q). The title compound was 

prepared according to General Procedure K from 

azaarylacetamide 292s (66 mg, 0.30 mmol) and nitroalkene 244f (42 mg, 0.30 mmol) 

and purified by column chromatography (40% EtOAc/hexane) to give a 1.3:1 

inseparable mixture of diastereomeric products (75 mg, 73%) as a white solid. Rf = 

0.60 (60% EtOAc/hexane); m.p. 132-133 °C; [α] 20D –44.0 (c 0.50, CHCl3); IR (film) 

3019, 1651 (C=O), 1557, 1511, 1402, 1216, 909, 814 cm-1; HRMS (ESI) Exact mass 

calcd for C17H17N3O5 [M]
+: 343.1163, found: 343.1163. 
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Data for major isomer: 1H NMR (500 MHz, CDCl3) δ 7.96 (1H, d, J = 8.1 Hz, ArH), 

7.61-7.60 (1H, m, ArH), 7.56-7.51 (1H, m, ArH), 7.32 (1H, ddd, J = 8.0, 6.5, 1.4 Hz, 

ArH), 7.23 (1H, dd, J = 1.8, 0.7 Hz, ArH), 6.07 (1H, dd, J = 3.3, 1.8 Hz, ArH), 5.89 

(1H, d, J = 3.3 Hz, ArH), 5.02-5.00 (2H, m, CHCHCH2), 4.90-4.86 (1H, m, 

CH2NO2), 4.74 (1H, ddd, J = 14.3, 7.3, 3.4 Hz, CHCH2), 3.12 (3H, s, NCH3), 2.99 

(3H, s, NCH3);
 13C NMR (125.8 MHz, CDCl3) δ 167.1 (C), 163.6 (C), 153.9 (C), 

149.0 (C), 142.7 (CH), 130.2 (CH), 123.9 (CH), 122.4 (CH), 119.5 (C), 110.2 (CH), 

109.9 (CH), 109.3 (CH), 76.6 (CH2), 42.3 (CH), 39.1 (CH), 37.5 (CH3), 36.3 (CH3);
 

Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 column (80:20 

hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 °C); tr (minor) = 5.9 min; tr (major) = 6.2 

min; 88% ee. 

Data for minor isomer: 1H NMR (500 MHz, CDCl3) δ 8.08 (1H, d, J = 8.1 Hz, ArH), 

7.56-7.51 (2H, m, ArH), 7.40 (1H, dd, J = 8.0, 1.7, 0.6 Hz, ArH), 7.37 (1H, ddd, J = 

8.0, 4.7, 3.3 Hz, ArH), 6.34 (1H, dd, J = 3.3, 1.9 Hz, ArH), 6.31 (1H, d, J = 3.3 Hz, 

ArH), 4.98 (1H, d, J = 7.7 Hz, CHCONMe2), 4.91 (1H, td, J = 10.2, 4.1 Hz, 

CHCH2), 4.63 (1H, dd, J = 13.1, 10.1 Hz, CH2NO2), 4.40 (1H, dd, J = 13.1, 4.0 Hz, 

CH2NO2), 3.01 (3H, s, NCH3), 2.86 (3H, s, NCH3);
 13C NMR (125.8 MHz, CDCl3) δ 

167.1 (C), 164.0 (C), 153.9 (C), 149.9 (C), 142.5 (CH), 130.7 (CH), 124.4 (CH), 

123.1 (CH), 119.5 (C), 110.9 (CH), 110.0 (CH), 109.2 (CH), 76.0 (CH2), 42.2 (CH), 

38.6 (CH), 37.4 (CH3), 36.1 (CH3);
 Enantiomeric excess was determined by HPLC 

with a Chiralpak IA-3 column (80:20 hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 °C); tr 

(major) = 7.1 min; tr (minor) = 7.6 min; 66% ee. 

 

(3R)-2-(1,2-Benzoxazol-3-yl)-N-methoxy-N-methyl-3- 

(4-methylphenyl)-4-nitrobutanamide (311r). The title 

compound was prepared according to General Procedure B 

from azaarylacetamide 292t (66 mg, 0.30 mmol) and 

nitroalkene 244d (49 mg, 0.30 mmol) and purified by column 

chromatography (20% EtOAc/hexane→30% EtOAc/hexane) to give one 

diastereomer 311r (50 mg, 43%) as a white solid, followed by the second 

diastereomer 311r’ (51 mg, 44%) as a white solid. 
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Data for 311r: Rf = 0.64 (10% MeOH/CH2Cl2); m.p. 130-131 °C; [α]
20
D +10.9 (c 0.55, 

CHCl3); IR (film) 1663 (C=O), 1602, 1557, 1517, 1476, 1335 (N-O), 1011, 929 cm
-1; 

1H NMR (500 MHz, CDCl3) δ 8.21 (1H, d, J = 8.0 Hz, ArH), 7.62-7.61 (2H, m, 

ArH), 7.40 (1H, ddd, J = 8.0, 6.7, 3.2 Hz, ArH), 7.27 (2H, d, J = 8.1 Hz, ArH), 7.16 

(2H, d, J = 7.9 Hz, ArH), 5.21 (1H, d, J = 10.3 Hz, CHCHCH2), 4.69-4.63 (2H, m, 

CH2NO2), 4.38 (1H, dd, J = 10.7, 7.8 Hz, CHCH2), 3.52 (3H, s, OCH3), 2.95 (3H, s, 

NCH3), 2.33 (3H, s ArCH3);
 13C NMR (125.8 MHz, CDCl3) δ 168.5 (C), 164.0 (C), 

154.5 (C), 138.0 (C), 133.7 (C), 130.6 (CH), 129.6 (2 x CH), 127.9 (2 x CH), 124.3 

(CH), 123.4 (CH), 119.8 (C), 110.0 (CH), 78.3 (CH2), 61.7 (CH3), 53.4 (CH3), 43.9 

(CH), 43.2 (CH), 32.1 (CH3), 21.1 (CH3);
 HRMS (ESI) Exact mass calcd for 

C20H22N3O5 [M+H]
+: 384.1554, found: 384.1559. Enantiomeric excess was 

determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:EtOH, 1.5 

mL/min, 230 nm, 25 °C); tr (minor) = 6.0 min; tr (major) = 7.1 min;  81% ee. 

Data for 311r’: Rf = 0.58 (10% MeOH/CH2Cl2); m.p. 127-128 °C; [α]
20
D –68.5 (c 

0.75, CHCl3); IR (film) 3019, 1658 (C=O), 1603, 1557, 1517, 1379, 1335, 1017, 849 

cm-1; 1H NMR (500 MHz, CDCl3) δ 8.00 (H, d, J = 8.0 Hz, ArH), 7.53-7.50 (1H, m, 

ArH), 7.47 (1H, d, J = 8.4 Hz, ArH), 7.32 (1H, ddd, J = 8.0, 6.9, 1.0 Hz, ArH), 6.90 

(2H, d, J = 8.1 Hz, ArH), 6.95 (1H, d, J = 8.0 Hz, ArH), 5.16 (1H, d, J = 10.3 Hz,  

CHCH2), 4.99 (1H, dd, J = 12.7, 9.2 Hz CH2NO2), 4.92 (1H, dd, J = 12.7, 4.5 Hz, 

CHCH2NO2), 4.57 (1H, td, J = 9.7, 9.5, 4.5 Hz, CHCH2), 3.58 (3H, s, OCH3), 3.23 

(3H, s, NCH3), 2.20 (3H, s ArCH3);
 13C NMR (125.8 MHz, CDCl3) δ 169.1 (C), 

163.4 (C), 154.5 (C), 137.8 (C), 132.7 (C), 130.0 (CH), 129.5 (2 x CH), 127.8 (2 x 

CH), 123.8 (CH), 122.5 (CH), 120.1 (C), 109.9 (CH), 78.4 (CH2), 61.6 (CH3), 44.5 

(CH), 43.0 (CH), 32.3 (CH3), 21.0 (CH3);
  Enantiomeric excess was determined by 

HPLC with a Chiralpak IA-3 column (80:20 hexane:CH2Cl2, 1.5 mL/min, 230 nm, 

25 °C); tr (minor) = 5.8 min; tr (major) = 6.4 min; 89% ee.  
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  (2R,3R)-2-(3-Chloropyrazin-2-yl)-N,N-dimethyl-3-(4-

methylphenyl)-4-nitrobutanamide (311s). The title compound 

was prepared according to General Procedure K from 

azaarylacetamide 292q (60 mg, 0.30 mmol) and nitroalkene 244d 

(49 mg, 0.30 mmol) and purified by column chromatography (40% EtOAc/hexane) 

to give a white solid (90 mg, 83%). Rf = 0.33 (60% EtOAc/hexane); m.p. 118-119 

°C; [α] 20D  –36.3 (c 0.55, CHCl3); IR (film) 3154, 2985, 1648 (C=O), 1551 (N-O), 

1473, 1382 (N-O), 1216, 1140, 907 cm-1; 1H NMR (400 MHz, CDCl3) δ 8.54 (1H, d, 

J = 2.4 Hz, ArH), 8.21 (1H, d, J = 2.4 Hz, ArH), 7.07 (2H, d, J = 8.2 Hz, ArH), 7.01 

(2H, d, J = 7.8 Hz, ArH), 5.13 (1H, dd, J = 13.2, 4.2 Hz, CH2NO2),  5.06 (1H, dd, J 

= 13.2, 8.7 Hz, CH2NO2), 4.95 (1H, d, J = 8.2 Hz, CHCONMe2), 4.46 (1H, td, J = 

8.4, 4.2 Hz,  CHCH2), 2.99 (3H, s, NCH3), 2.89 (3H, s, NCH3), 2.25 (3H, s ArCH3);
 

13C NMR (125.8 MHz, CDCl3) δ 167.3 (C), 151.5 (C), 148.4 (C), 142.7 (CH), 142.6 

(CH), 137.7 (C), 133.6 (C), 129.4 (2 x CH), 128.0 (2 x CH), 77.7 (CH2), 48.9 (CH), 

45.7 (CH), 37.3 (CH3), 36.3 (CH3), 21.0 (CH3); HRMS (ESI) Exact mass calcd for 

C17H19N4O3ClNa [M+Na]
+: 385.1038, found: 385.1039. Enantiomeric excess was 

determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:i-PrOH, 1.5 

mL/min, 254 nm, 25 °C); tr (minor) = 9.1 min; tr (major) = 12.0 min; 83% ee. 

 

 (2R,3R)-2-(Dimethoxy-1,3,5-triazin-2-yl)-N,N-dimethyl-3-

(4-methylphenyl)-4-nitrobutanamide (311t). The title 

compound was prepared according to General Procedure K 

from azaarylacetamide 292p (68 mg, 0.30 mmol) and 

nitroalkene 244d (49 mg, 0.30 mmol) and purified by column chromatography (20% 

EtOAc/hexane→40% EtOAc/hexane) to give a 10:1 inseparable mixture of 

diastereomers (117 mg, 99%) as a white solid. Rf = 0.30 (60% EtOAc/hexane); m.p. 

144-145 °C; [α] 20D  –14.5 (c 0.55, CHCl3); IR (film) 3019, 2945, 1648 (C=O), 1507 

(N-O), 1416, 1315, 1131, 930, 757 cm-1; 1H NMR (500 MHz, CDCl3) (major isomer) 

δ 7.10 (2H, d, J = 6.7 Hz, ArH), 7.03 (1H, d, J = 6.7 Hz, ArH), 4.97-4.95 (2H, m, 

CH2NO2), 4.69-4.67 (1H, m, CH), 4.60-4.57 (1H, m, CH), 3.96 (6H, s, 2 x OCH3), 
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3.11 (3H, s, NCH3), 2.98 (3H, s, NCH3), 2.25 (3H, s ArCH3);
 13C NMR (125.8 MHz, 

CDCl3) δ 177.8 (C), 172.3 (2 x C), 167.8 (C), 137.4 (C), 134.0 (C), 129.4 (2 x CH), 

127.9 (2 x CH), 78.7 (CH2), 55.3 (CH3), 52.8 (CH), 43.9 (CH), 37.9 (CH3), 36.2 

(CH3), 20.9 (CH3); HRMS (ESI) Exact mass calcd for C18H24N5O5 [M+H]
+: 

390.1772, found: 390.1769. Enantiomeric excess was determined by HPLC with a 

Chiralpak IA-3 column (80:20 hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr (minor) 

= 8.0 min; tr (major) = 9.1 min; 93% ee. 
 

General Procedure L: Michael Addition of Azaarylacetates to Nitroalkenes 

 

A mixture of the azaarylacetate 299 (0.30 mmol), 3Å MS (60 mg), and nickel 

catalyst 310 (12 mg, 0.015 mmol) in 1,4-dioxane (5 mL) was stirred at room 

temperature for 5 min before addition of the nitroalkene (0.30 mmol) in dioxane (1 

mL) dropwise over 1 min. The mixture was stirred for 18 h at room temperature, 

filtered through a short plug of silica using EtOAc (30 mL) as eluent, and the solvent 

was removed in vacuo. Purification of the residue by column chromatography 

afforded the Michael adduct. 

 

Ethyl (3R)-3-(4-methylphenyl)-4-nitro-2-(pyridin-2-

yl)butanoate (327a). The title compound was prepared according 

to General Procedure L from azaarylacetate 299j (49 mg, 0.30 

mmol) and nitroalkene 244d (49 mg, 0.30 mmol) and purified by 

column chromatography (40% EtOAc/hexane) to give a 12:1 inseparable mixture of 

diastereomers (70 mg, 71%) as a red oil. Rf = 0.85 (10% MeOH/CH2Cl2); [α]
20
D  –

10.5 (c 0.85, CHCl3); IR (film) 1732 (C=O), 1590, 1516 (N-O), 1472, 1380 (N-O), 

1175, 996, 896 cm-1; 1H NMR (500 MHz, CDCl3) (major isomer) δ 8.50 (1H, d, J = 

CO2Et

NO2
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5.4 Hz,  ArH), 7.50 (1H, td, J = 7.7, 1.8 Hz, ArH), 7.09 (1H, dd, J = 7.6, 4.5 Hz, 

ArH), 7.07 (1H, d, J = 7.9 Hz, ArH), 7.01-6.97 (4H, m, ArH), 4.99 (1H, dd, J = 12.8, 

9.4 Hz, CH2NO2), 4.94 (1H, dd, J = 12.8, 4.6 Hz, CH2NO2), 4.38 (1H, td, J = 9.4, 

4.6 Hz, CHCH2), 4.23-4.14 (3H, m, CHCO2Et and OCH2), 2.22 (3H, s ArCH3), 1.20 

(3H, t, J = 7.1 Hz, OCH2CH3);
 13C NMR (125.8 MHz, CDCl3) (major isomer) δ 

171.0 (C), 155.8 (C), 149.5 (CH), 137.3 (C), 136.5 (CH), 133.8 (C), 129.3 (2 x CH), 

127.9 (2 x CH), 123.7 (CH), 122.4 (CH), 78.2 (CH2), 61.5 (CH2), 56.6 (CH), 45.4 

(CH), 21.0 (CH3), 14.0 (CH3);
 HRMS (ESI) Exact mass calcd for C18H21N2O4 

[M+H]+: 329.1496, found: 329.1492. Enantiomeric excess was determined by HPLC 

with a Chiralpak IA-3 column (80:20 hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr 

(major) = 11.3 min; tr (minor) = 17.9 min; 89% ee. 

 

Ethyl (3R)-3-(4-methoxyphenyl)-4-nitro-2-(pyridin-2-

yl)butanoate (327b). The title compound was prepared according 

to General Procedure L from azaarylacetate 299j (49 mg, 0.30 

mmol) and nitroalkene 244e (54 mg, 0.30 mmol) and purified by 

column chromatography (80% CH2Cl2/hexane) to give an 8:1 inseparable mixture of 

diastereomers (92 mg, 88%) as a red oil. Rf = 0.81 (60% EtOAc/hexane); [α]
20
D  –13.3 

(c 0.75, CHCl3); IR (film) 3019, 2839, 1731 (C=O), 1556, 1515 (N-O), 1379 (N-O), 

1180, 929, 768 cm-1; 1H NMR (400 MHz, CDCl3) (major isomer) δ 8.50 (1H, dd, J = 

4.8, 0.8 Hz, ArH), 7.50 (1H, td, J = 7.7, 1.8 Hz, ArH), 7.10-7.03 (2H, m, ArH), 7.02 

(2H, d, J = 8.7 Hz, ArH), 6.70 (2H, d, J = 8.7 Hz, ArH), 4.96-4.94 (2H, m, 

CH2NO2), 4.37 (1H, ddd, J = 8.9, 8.5, 5.8 Hz, CHCH2), 4.25-4.12 (3H, m, CHCO2Et 

and OCH2), 3.71 (3H, s, OCH3), 1.20 (3H, t, J = 7.1 Hz, OCH2CH3);
 13C NMR 

(125.8 MHz, CDCl3) (major isomer) δ 171.0 (C), 158.8 (C), 155.8 (C), 149.5 (CH), 

136.5 (CH), 129.0 (2 x CH), 128.7 (C), 123.7 (CH),  122.4 (CH), 114.0 (2 x CH), 

78.3 (CH2), 61.4 (CH2), 55.0 (CH3), 45.1 (CH), 14.0 (CH3);
 HRMS (ESI) Exact mass 

calcd for C18H21N2O5 [M+H]
+: 345.1445, found: 345.1442. Enantiomeric excess was 

determined by HPLC with a Chiralpak IB-3 column (95:5 hexane:i-PrOH, 1.5 

mL/min, 254 nm, 25 °C); tr (major) = 8.3 min; tr (minor) = 9.2 min; 80% ee.  
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Ethyl (3S)-3-(furan-2-yl)-4-nitro-2-(pyridin-2-yl)butanoate 

(327c). The title compound was prepared according to General 

Procedure K from azaarylacetate 299j (49 mg, 0.30 mmol) and 

nitroalkene 244f (42 mg, 0.30 mmol) and purified by column chromatography (10% 

EtOAc/hexane→20% EtOAc/hexane) to give a 5:1 inseparable mixture of 

diastereomers (90 mg, 98%) as a red oil. Rf = 0.11 (20% EtOAc/hexane); [α]
20
D  

+334.7 (c 0.75, CHCl3); IR (film) 3019, 2985, 1734 (C=O), 1472, 1377 (N-O), 1176, 

1149, 928, 755 cm-1; HRMS (ESI) Exact mass calcd for C15H17N2O5 [M+H]
+: 

305.1132, found: 305.1135. 

Data for major isomer: 1H NMR (500 MHz, CDCl3) δ 8.54 (1H, dd, J = 4.9, 0.8 Hz, 

ArH), 7.57 (1H, td, J = 7.7, 1.8 Hz, ArH), 7.26 (1H, d, J = 1.2 Hz, ArH), 7.16 (1H, 

ddd, J = 7.6, 4.9, 0.8 Hz, ArH), 7.11 (1H, d, J = 7.8 Hz, ArH), 6.14 (1H, dd, J = 3.2, 

1.9 Hz, ArH), 5.97 (1H, d, J = 3.2 Hz, ArH), 5.00 (1H, dd, J = 13.1, 9.2 Hz, 

CH2NO2), 4.93 (1H, dd, J = 13.1, 4.0 Hz, CH2NO2), 4.55 (1H, td, J = 9.1, 4.0 Hz, 

CHCH2), 4.31 (1H, d, J = 8.9 Hz, CHCO2Et), 4.19 (2H, q, J = 7.1 Hz, OCH2CH3), 

1.20 (3H, t, J = 7.1 Hz, OCH2CH3);
 13C NMR (125.8 MHz, CDCl3) (major isomer) δ 

170.5 (C), 155.6 (C), 150.3 (C), 149.6 (CH), 142.2 (CH), 136.7 (CH), 123.5 (CH), 

122.6 (CH), 110.3 (CH), 108.5 (CH), 76.0 (CH2), 61.5 (CH2), 54.4 (CH), 39.7 (CH), 

14.0 (CH3);
 Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 

column (80:20 hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr (major) = 7.2 min; tr 

(minor) = 9.3 min; 91% ee.  

 

tert-Butyl (3R)-2-(3-chloropyrazin-2-yl)-3-(4-methylphenyl)-4-

nitrobutanoate (327d). The title compound was prepared 

according to General Procedure K from azaarylacetate 299e (68 

mg, 0.30 mmol) and nitroalkene 244d (49 mg, 0.30 mmol) and 

purified by column chromatography (90% CH2Cl2/hexane) to give a white solid (78 

mg, 66%). Rf = 0.22 (20% EtOAc/hexane); m.p. 112-113 °C; [α]
20
D  –16.9 (c 0.65, 

CHCl3); IR (film) 3155, 2982, 1726 (C=O), 1557 (N-O), 1380 (N-O), 1295, 1190, 

1057, 842 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.41 (1H, d, J = 2.4 Hz, ArH), 8.15 
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(1H, d, J = 2.4 Hz, ArH), 7.04 (2H, d, J = 8.1 Hz, ArH), 6.97 (2H, d, J = 7.9 Hz, 

ArH), 5.08 (1H, dd, J = 12.8, 4.3 Hz, CH2NO2), 4.95 (1H, dd, J = 12.8, 9.6 Hz, 

CH2NO2), 4.70 (1H, d, J = 10.2 Hz, CHCO2t-Bu), 4.48 (1H, td, J = 9.9, 4.5 Hz, 

CHCH2), 2.21 (3H, s, ArCH3), 1.39 (9H, s, C(CH3)3);
 13C NMR (125.8 MHz, 

CDCl3) δ 168.5 (C), 151.5 (C), 149.1 (C), 142.3 (CH), 142.0 (CH), 137.6 (C), 133.5 

(C), 129.4 (2 x CH), 127.8 (2 x CH), 83.0 (C), 78.6 (CH2), 52.2 (CH), 44.0 (CH), 

27.8 (3 x CH3), 21.0 (CH3);
 HRMS (ESI) Exact mass calcd for C19H22N3O4ClNa 

[M+Na]+: 414.1191, found: 414.1192. Enantiomeric excess was determined by 

HPLC with a Chiralpak IA-3 column (80:20 hexane:i-PrOH, 1.5 mL/min, 254 nm, 25 

°C); tr (major) = 4.8 min; tr (minor) = 5.2 min; 94% ee.  

  

tert-Butyl (3R)-2-(dimethoxy-1,3,5-triazin-2-yl)-3-(4-

methylphenyl)-4-nitrobutanoate (327e). The title compound 

was prepared according to a modification of General 

Procedure K (in that the reaction temperature was 50 °C) 

from azaarylacetate 299c (59 mg, 0.30 mmol) and nitroalkene 244d (49 mg, 0.30 

mmol) and purified by column chromatography (20% EtOAc/hexane) to give a 

colourless oil (63 mg, 50% of a 9:1 inseparable mixture of diastereomers, which 

epimerized on standing to a 1:1 mixture of diastereomers). Rf = 0.14 (20% 

EtOAc/hexane); [α] 20D  –8.0 (c 0.50, CHCl3); IR (film) 3006, 2981, 1727 (C=O), 1559 

(N-O), 1464, 1265, 1151, 901, 746 cm-1; 1H NMR (500 MHz, CDCl3) (major 

isomer) δ 7.11 (2H, d, J = 8.1 Hz, ArH), 7.04 (2H, d, J = 8.1 Hz, ArH), 4.98-4.96 

(2H, m, CH2NO2), 4.43 (1H, dt, J = 8.2, 6.3 Hz CHCH2), 4.10 (1H, d, J = 8.7 Hz, 

CHCO2t-Bu), 3.98 (6H, s, 2 x OCH3) 2.27 (3H, s, ArCH3), 1.44 (9H, s, C(CH3)3;
 13C 

NMR (125.8 MHz, CDCl3) (1:1 mixture of diasteromers after epimerisation) δ 177.7 

(C), 177.3 (C), 172.6 (2 x C), 172.3 (2 x C), 168.0 (C), 167.1(C), 137.8 (C), 137.6 

(C), 133.8 (C), 133.7 (C), 129.39 (2 x CH), 129.37 (2 x CH), 128.3 (2 x CH), 128.0 

(2 x CH), 82.8 (C), 82.3 (C), 78.7 (CH2), 78.0 (CH2), 58.1 (CH), 57.9 (CH), 55.5 

(CH3), 55.4 (CH3), 43.7 (CH), 43.5 (CH), 27.9 (3 x CH3), 27.5 (3 x CH3), 21.0 

(CH3),
 21.0 (CH3); HRMS (ESI) Exact mass calcd for C20H27N4O6 [M+H]

+: 

419.1925, found: 419.1929. Enantiomeric excess was determined by HPLC with a 
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Chiralpak IB-3 column (90:10 hexane:i-PrOH, 1.5 mL/min, 230 nm, 25 °C); tr 

(major) = 4.6 min; tr (minor) = 5.4 min; 90% ee. 

 

tert-Butyl (3R)-2-(isoquinolin-1-yl)-3-(4-methylphenyl)-4-

nitrobutanoate (327f). The title compound was prepared 

according to General Procedure K from azaarylacetate 299b (72 

mg, 0.30 mmol) and nitroalkene 244d (49 mg, 0.30 mmol) and 

purified by column chromatography (20% EtOAc/hexane) to give a yellow oil (95 

mg, 78%). Rf = 0.14 (20% EtOAc/hexane); [α]
20
D  –3.0 (c 0.50, CHCl3); IR (film) 

3060, 2981, 1716 (C=O), 1556 (N-O), 1370 (N-O), 1155, 1067, 907, 828 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 8.46 (1H, d, J = 5.6 Hz, ArH), 8.19 (1H, d, J = 8.4 Hz, 

ArH), 7.76 (1H, d, J = 7.7 Hz, ArH), 7.64 (1H, ddd, J = 8.2, 7.0, 1.2 Hz, ArH), 7.60 

(1H, ddd, J = 8.2, 7.0, 1.4 Hz, ArH), 7.48 (1H, d, J = 5.6 Hz, ArH), 7.10 (2H, d, J = 

8.1 Hz, ArH), 6.90 (2H, d, J = 7.9 Hz, ArH), 5.20 (2H, d, J = 6.8 Hz, CH2NO2), 5.03 

(1H, d, J = 8.6 Hz, CHCO2t-Bu), 4.63 (1H, td, J = 8.5, 6.8 Hz, CHCH2), 2.15 (3H, s, 

ArCH3), 1.32 (9H, s, C(CH3)3);
 13C NMR (125.8 MHz, CDCl3) δ 169.9 (C), 156.0 

(C), 141.7 (CH), 137.0 (C), 136.5 (C), 134.9 (C), 129.8 (CH), 129.1 (2 x CH), 127.8 

(2 x CH), 127.5 (CH), 127.4 (CH), 126.7 (C), 124.4 (CH), 120.2 (CH), 82.1 (C), 78.5 

(CH2), 52.4 (CH), 44.8 (CH), 27.8 (3 x CH3), 20.9 (CH3);
 HRMS (ESI) Exact mass 

calcd for C24H27N2O4 [M+H]
+: 407.1965, found: 407.1964. Enantiomeric excess was 

determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:i-PrOH, 1.5 

mL/min, 254 nm, 25 °C); tr (minor) = 7.6 min; tr (major) = 10.2 min; >99% ee.  

 

tert-Butyl (3R)-3-(4-methylphenyl)-4-nitro-2-(quinazolin-4-

yl)butanoate (327g). The title compound was prepared 

according to General Procedure K from azaarylacetate 299f (73 

mg, 0.30 mmol) and nitroalkene 244d (49 mg, 0.30 mmol) and 

purified by column chromatography (10% EtOAc/hexane) to 

give a colourless oil (73 mg, 60%). In addition, a mixed fraction consisting of a 1:1 

mixture of diastereomers was isolated as a colourless oil (34 mg, 28%). 
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Data for pure diastereomer: Rf = 0.37 (60% EtOAc/hexane); [α]
20
D  –3.6 (c 0.55, 

CHCl3); IR (film) 3019, 1730 (C=O), 1516 (N-O), 1495, 1371 (N-O), 1311, 1021, 

846 cm-1; 1H NMR (500 MHz, CDCl3) δ 9.22 (1H, s, ArH), 8.17 (1H, d, J = 8.4 Hz, 

ArH), 7.99 (1H, d, J = 8.4 Hz, ArH), 7.86 (1H, ddd, J = 8.3, 7.0, 1.2 Hz, ArH), 7.64 

(1H, ddd, J = 8.2, 7.0, 1.1 Hz, ArH), 7.04 (2H, d, J = 8.0 Hz, ArH), 6.88 (1H, d, J = 

8.0 Hz, ArH), 5.15 (1H, dd, J = 12.7, 4.5 Hz, CH2NO2), 5.10 (1H, dd, J = 12.7, 8.6 

Hz, CH2NO2), 5.06 (1H, d, J = 9.6 Hz, CHCO2t-Bu), 4.66 (1H, td, J = 9.1, 4.5 Hz, 

CHCH2), 2.13 (3H, s, ArCH3), 1.32 (9H, s, C(CH3)3;
 13C NMR (125.8 MHz, CDCl3) 

δ 168.6 (C), 165.5 (C), 154.2 (CH), 150.4 (C), 137.4 (C), 133.9 (C), 133.8 (CH), 

129.3 (2 x CH), 129.3 (CH), 127.9 (CH), 127.8 (2 x CH), 124.1 (CH), 123.8 (C), 

83.8 (C), 78.6 (CH2), 51.9 (CH), 44.3 (CH), 27.7 (3 x CH3), 20.9 (CH3);
 HRMS 

(ESI) Exact mass calcd for C23H26N3O4 [M+H]
+: 408.1917, found: 408.1915. 

Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 column (80:20 

hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr (major) = 5.5 min; tr (minor) = 6.6 

min; 88% ee.  

 

Methyl (3R)-2-(1,3-benzothiazol-2-yl)-3-(4-methylphenyl)-4-

nitrobutanoate (327h). The title compound was prepared 

according to General Procedure K from azaarylacetate 299g (62 

mg, 0.30 mmol) and nitroalkene 244d (49 mg, 0.30 mmol) and 

purified by column chromatography (10% EtOAc/hexane) to give a 2:1 inseparable 

mixture of diastereomers as a colourless oil (112 mg, 94%). Rf = 0.19 (20% 

EtOAc/hexane); [α] 20D  –7.6 (c 0.65, CHCl3); IR (film) 3019, 2983, 1741 (C=O), 1558 

(N-O), 1436, 1315, 1216, 988, 907 cm-1; HRMS (ESI) Exact mass calcd for 

C19H19N2O4S [M+H]
+: 371.1060, found: 371.1062. 

Data for major isomer: 1H NMR (500 MHz, CDCl3) δ 8.08 (1H, ddd, J = 8.2, 1.1, 0.6 

Hz, ArH), 7.92 (1H, ddd, J = 8.0, 1.2, 0.6 Hz, ArH), 7.54 (1H, ddd, J = 8.3, 7.3, 1.3 

Hz, ArH), 7.48 (1H, ddd, J = 7.9, 6.7, 1.1 Hz, ArH), 7.19 (2H, d, J = 8.3 Hz, ArH), 

7.15 (2H, d, J = 8.1 Hz, ArH), 4.78 (1H, dd, J = 13.0, 10.1 Hz, CH2NO2), 4.67 (1H, 

dd, J = 13.0, 4.3 Hz, CH2NO2), 4.63 (1H, d, J = 10.8 Hz, CHCO2Me), 4.43 (1H, td, J 

= 10.4, 4.3 Hz, CHCH2), 3.53 (3H, s, OCH3), 2.33 (3H, s, ArCH3);
 13C NMR (125.8 
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MHz, CDCl3) δ 169.3 (C), 164.3 (C), 152.5 (C), 138.3 (C), 135.4 (C), 133.0 (C), 

129.7 (2 x CH), 127.7 (2 x CH), 126.5 (CH), 125.9 (CH), 123.5 (CH), 121.7 (CH), 

77.9 (CH2), 54.2 (CH), 52.8 (CH), 46.5 (CH3), 21.1 (CH3);
 Enantiomeric excess was 

determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:EtOH), 1.5 

mL/min, 230 nm, 25 °C); tr (major) = 6.1 min; tr (minor) = 11.8 min; 96% ee. 

Data for minor isomer: Rf = 0.14 (20% EtOAc/hexane); 
1H NMR (500 MHz, CDCl3) 

δ 8.00 (1H, d, J = 8.3 Hz, ArH), 7.81 (1H, dd, J = 8.0, 0.6 Hz, ArH), 7.47 (1H, ddd, 

J = 8.3, 7.3, 1.2 Hz, ArH), 7.38 (1H, ddd, J = 8.2, 7.3, 1.2 Hz, ArH), 7.08 (2H, d, J = 

8.3 Hz, ArH), 7.03 (2H, d, J = 8.2 Hz, ArH), 5.07-4.99 (2H, m, CH2NO2), 4.67 (1H, 

d, J = 8.7 Hz, CHCO2t-Bu), 4.45 (1H, td, J = 8.3, 5.6 Hz, CHCH2), 3.79 (3H, s, 

OCH3), 2.24 (3H, s, ArCH3);
 13C NMR (125.8 MHz, CDCl3) δ 169.8 (C), 164.4 (C), 

152.4 (C), 138.0 (C), 135.2 (C), 132.6 (C), 129.6 (2 x CH), 127.8 (2 x CH), 126.2 

(CH), 125.5 (CH), 123.4 (CH), 121.5 (CH), 77.7 (CH2), 53.3 (CH), 53.0 (CH), 45.8 

(CH3), 21.0 (CH3);
 Enantiomeric excess was determined by HPLC with a Chiralpak 

IA-3 column (80:20 hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr (major) = 7.2 min; 

tr (minor) = 13.1 min; 96% ee. 
 

 

tert-Butyl (3R)-2-(1,3-benzothiazol-2-yl)-3-(4-

methylphenyl)-4-nitrobutanoate (327i). The title compound 

was prepared according to General Procedure K from 

azaarylacetate 299a (75 mg, 0.30 mmol) and nitroalkene 244d 

(49 mg, 0.30 mmol) and purified by column chromatography 

(10% EtOAc/hexane) to give a 3.5:1 inseparable mixture of diastereomers (112 mg, 

91%) as a colourless oil. Rf = 0.30 (20% EtOAc/hexane); [α]
20
D  –8.0 (c 0.50, CHCl3); 

IR (film) 3019, 2985, 1715 (C=O), 1557 (N-O), 1435, 1316, 1185, 1042, 909 cm-1; 

HRMS (ESI) Exact mass calcd for C22H25N2O4S [M+H]
+: 413.1529, found: 

413.1529. 

Data for major isomer: 1H NMR (500 MHz, CDCl3) δ 8.07 (1H, d, J = 8.1 Hz, ArH), 

7.93 (1H, d, J = 8.0 Hz, ArH), 7.53 (1H, ddd, J = 8.2, 7.3, 1.2 Hz, ArH), 7.45 (1H, 

ddd, J = 8.1, 7.2, 1.1 Hz, ArH), 7.23 (2H, d, J = 8.1 Hz, ArH), 7.16 (2H, d, J = 8.0 

Hz, ArH), 4.73 (1H, dd, J = 12.9, 10.4 Hz, CH2NO2), 4.60 (1H, dd, J = 12.9, 4.6 Hz, 

CO2t-Bu
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CH2NO2), 4.51 (1H, d, J = 11.4 Hz, CHCO2t-Bu), 4.23 (1H, td, J = 10.9, 4.2 Hz, 

CHCH2), 2.34 (3H, s, ArCH3), 1.19 (9H, s, C(CH3)3);
 13C NMR (125.8 MHz, 

CDCl3) δ 167.7 (C), 165.3 (C), 152.4 (C), 138.2 (C), 135.5 (C), 133.1 (C), 129.5 (2 x 

CH), 128.2 (2 x CH), 126.4 (CH), 125.7 (CH), 123.3 (CH), 121.7 (CH), 83.0 (C), 

78.4 (CH2), 55.4 (CH), 47.3 (CH), 27.4 (3 x CH3), 21.1 (CH3);
 Enantiomeric excess 

was determined by HPLC with a Chiralpak IA-3 column (90:10 hexane:EtOH, 1.5 

mL/min, 254 nm, 25 °C); tr (major) = 5.8 min; tr (minor) = 21.5 min; 94% ee. 

Data for minor isomer: 1H NMR (500 MHz, CDCl3) δ 7.99 (1H, d, J = 8.2 Hz, ArH), 

7.81 (1H, d, J = 8.0 Hz, ArH), 7.43 (1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 7.37 (1H, 

ddd, J = 8.1, 7.3, 1.1 Hz, ArH), 7.09 (2H, d, J = 8.1 Hz, ArH), 7.03 (2H, d, J = 8.0 

Hz, ArH), 5.06 (1H, dd, J = 13.1, 9.3 Hz, CH2NO2), 5.01 (1H, dd, J = 13.1, 4.7 Hz, 

CH2NO2), 4.52 (1H, d, J = 8.5 Hz, CHCO2t-Bu), 4.41 (1H, td, J = 9.0, 4.7 Hz, 

CHCH2), 2.24 (3H, s, ArCH3), 1.47 (9H, s, C(CH3)3);
 13C NMR (125.8 MHz, 

CDCl3) δ 168.5 (C), 165.0 (C), 152.5 (C), 137.8 (C), 135.2 (C), 133.0 (C), 129.5 (2 x 

CH), 127.9 (2 x CH), 126.1 (CH), 125.3 (CH), 123.3 (CH), 121.5 (CH), 83.5 (C), 

77.8 (CH2), 54.7 (CH), 46.0 (CH), 27.8 (3 x CH3), 21.0 (CH3). Enantiomeric excess 

was determined by HPLC with a Chiralpak IA-3 column (90:10 hexane:EtOH, 1.5 

mL/min, 254 nm, 25 °C); tr (major) = 5.3 min; tr (minor) = 16.8 min; 92% ee.
 

 

Methyl (2R,3R)-2-(1,2-benzoxazol-3-yl)-3-(4-methylphenyl)-4-nitrobutanoate 

(327i) and methyl (2S,3R)-2-(1,2-benzoxazol-3-yl)-3-(4-methylphenyl)-4-

nitrobutanoate (327i’).  

CO2Me
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(tentative structure)
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The title compounds were prepared according to General Procedure K from 

azaarylacetate 299k (57 mg, 0.30 mmol) and nitroalkene 244d (49 mg, 0.30 mmol) 

and purified by column chromatography (20% EtOAc/hexane) to give 327i (41 mg, 

39%) as white solid followed by 327i’ (63 mg, 59%) as white solid. 
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Data for 327i: Rf = 0.13 (20% EtOAc/hexane); m.p. 101-102 °C; [α]
20
D  –6.0 (c 0.50, 

CHCl3); IR (film) 2956, 1741 (C=O), 1516 (N-O), 1437, 1378 (N-O), 1324, 1171, 

929, 849 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.64 (1H, td, J = 8.0, 0.9 Hz,  ArH), 

7.54-7.49 (1H, m, ArH), 7.28 (1H, ddd, J = 8.0, 7.2, 1.5 Hz, ArH), 6.96 (4H, br, s, 

ArH), 5.01 (1H, dd, J = 13.1, 5.2 Hz, CH2NO2), 4.95 (1H, dd, J = 13.1, 5.2 Hz 

CH2NO2), 4.62 (1H, d, J = 9.4 Hz, HetCH), 4.55 (1H, dt, J = 9.7, 13.1, 9.4, 5.2 Hz, 

CHCH2NO2), 3.76 (3H, s, CO2CH3), 2.21 (3H, s ArCH3);
 13C NMR (125.8 MHz, 

CDCl3) δ 169.8 (C), 163.4 (C), 153.8 (C), 138.1 (C), 132.4 (C), 130.0 (CH), 129.6 (2 

x CH), 127.7 (2 x CH), 123.8 (CH), 121.7 (CH), 120.1 (C), 110.1 (CH), 78.0 (CH2), 

53.0 (CH3), 46.9 (CH), 43.9 (CH), 21.0 (CH3). HRMS (ESI) Exact mass calcd for 

C19H19N2O5 [M+H]
+: 355.1289, found: 355.1297. Enantiomeric excess was 

determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:EtOH, 1.5 

mL/min, 230 nm, 25 °C); tr (major) = 6.0 min; tr (minor) = 8.8 min; 93% ee. 

Data for 327i’: Rf = 0.15 (20% EtOAc/hexane); m.p. 118-119 °C; [α]
20
D  +6.0 (c 0.50, 

CHCl3); IR (film) 3019, 1742 (C=O), 1559, 1516, 1436, 1215, 849, 756 cm
-1; 1H 

NMR (500 MHz, CDCl3) δ 7.91 (1H, d, J = 8.0 Hz, ArH), 7.65-7.60 (2H, m, ArH), 

7.39 (1H, ddd, J = 8.0, 6.2, 1.7 Hz, ArH), 7.22 (2H, d, J = 8.1 Hz, ArH), 7.17 (2H, d, 

J = 8.0 Hz, ArH), 4.72 (1H, dd, J = 13.9, 11.0 Hz, CH2NO2), 4.64 (1H, d, J = 10.5 

Hz, CHCO2CH3), 4.59-4.54 (2H, m, CHCH2), 3.51 (3H, s, CO2CH3), 2.34 (3H, s 

ArCH3);
 13C NMR (125.8 MHz, CDCl3) δ 169.0 (C), 163.9 (C), 153.6 (C), 138.3 (C), 

133.2 (C), 130.6 (CH), 129.8 (2 x CH), 127.8 (2 x CH), 124.3 (CH), 122.2 (CH), 

119.9 (C), 110.2 (CH), 78.0 (CH2), 52.7 (CH3), 47.4 (CH), 43.9 (CH), 21.1 (CH3);
 

HRMS (ESI) Exact mass calcd for C19H19N2O5 [M+H]: 355.1288, found: 355.1284. 

Enantiomeric excess was determined by HPLC with a Chiralpak IA-3 column (80:20 

hexane:EtOH, 1.5 mL/min, 230 nm, 25 °C); tr (minor) = 6.5 min; tr (major) = 6.8 

min; 82% ee. 

Vapor diffusion of hexane into an EtOAc solution of 327i’ gave crystals that were 

suitable for X-ray diffraction. 
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5.2.5 Stereochemical Determinations  

The relative and absolute configurations of products 311d and 327i’ were determined 

by X-ray crystallography: 
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5.2.6 Manipulation of Michael Adducts 

Reduction of Michael Addition Product: 

(4R)-3-(1,3-Benzothiazol-2-yl)-4-(4-methylphenyl)pyrrolidin-2-one (330) 

 

Zinc dust (130 mg, 2.00 mmol) was added to a solution of 311l (100 mg, 0.25 mmol) 

in AcOH  (5 mL) at 0 °C. The solution was stirred at room temperature for 3 h. 

AcOH was removed in vacuo and the residue was diluted with CH2Cl2 (50 mL) 

washed with saturated aqueous NaHCO3 solution (3 x 50 mL) and NaCl solution (1 x 

50 ml). The organics were dried over anhydrous Na2SO4, filtered and the solvent 

removed in vacuo. Purification of the residue by column chromatography revealed 

the pyrollidinone (35 mg, 45%) as a yellow gum. Rf = 0.24 (60% EtOAc/hexane); 

[α] 20D  –24.0 (c. 0.50, CHCl3); IR (film) 3019, 2927, 2400, 1705 (C=O), 1474, 1217, 

1147, 1019, 892 cm-1;  1H NMR (500 MHz, CDCl3) δ 8.06 (1H, d, J = 8.2 Hz,  ArH), 

7.85 (1H, d, J = 7.9 Hz, ArH), 7.47 (1H, ddd, J = 8.2, 7.3, 1.1 Hz, ArH), 7.37 (1H, 

ddd, J = 8.1, 7.1, 1.0 Hz, ArH), 7.24 (2H, d, J = 8.1 Hz, ArH), 7.15 (2H, d, J = 8.0 

Hz, ArH), 6.44 (1H, br, s, NH), 4.39 (1H, dd, J = 18.5, 8.5, Hz, CHCH2NH), 4.28 

(1H, d, J = 9.9 Hz, C=OCH), 3.93 (1H, t, J = 9.0 Hz, CH2), 3.58 (1H, t, J = 9.0 Hz, 

CH2);
 13C NMR (125 MHz, CDCl3) δ 173.8 (C), 166.6 (C), 152.8 (C), 137.4 (C), 

136.5 (C), 135.2 (CH), 129.7 (2 x CH), 127.1 (CH), 126.1 (CH), 125.2 (CH), 123.2 

(CH), 121.5 (CH), 47.9 (CH2), 46.9 (CH), 21.0 (CH3); HRMS (ES) Exact mass calcd 

for C18H17N2OS [M+H]
+: 309.1056, found: 309.1052. Enantiomeric excess was 

determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:EtOH, 1.5 

mL/min, 230 nm, 25 °C); tr (minor) = 11.9 min; tr (major) = 16.6 min; 96% ee. 
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Decarboxylation of Michael Adducts: 

2-Chloro-3-[(2R)-2-(4-methylphenyl)-3-nitropropyl]pyrazine (333) 

 

A solution of tert-butyl ester 327d (50 mg, 0.13 mmol) and p-TsOH (9 mg, 0.05 

mmol) in toluene (10 mL) was heated at reflux for 3 h. The solvent was removed in 

vacuo and the residue was purified by column chromatography (20% EtOAc/hexane) 

to give the nitroalkane 333 (34 mg, 90%) as a colourless oil. Rf = 0.67 (60% 

EtOAc/hexane); [α] 20D  –20.0 (c 0.45, CHCl3); IR (film) 3019, 2434, 1598, 1513, 

1424, 1343, 1219, 1069, 849 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.42 (1H, d, J = 

2.4 Hz,  ArH), 8.23 (1H, J = 2.4 Hz, ArH), 7.14-7.10 (4H, m, ArH), 4.77 (1H, dd, J 

= 12.6, 6.7 Hz, CH2NO2), 4.70 (1H, dd, J = 12.6, 8.4 Hz, CH2NO2), 4.27-4.21 (1H, 

m, CHCH2), 3.43 (1H, dd, J = 15.3, 7.2 Hz, CH2Ar), 3.32 (1H, dd, J = 15.3, 7.8 Hz, 

CH2Ar), 2.31 (3H, s, ArCH3); 
13C NMR (125.8 MHz, CDCl3) δ 152.7 (C), 149.2 (C), 

142.1 (CH), 142.0 (CH), 137.7 (C), 135.4 (C), 129.7 (2 x CH), 127.3 (2 x CH), 79.6 

(CH2), 41.5 (CH), 38.0 (CH2), 21.0 (CH3);
 HRMS (ESI) Exact mass calcd for 

C14H15N3O2Cl [M+H]
+: 292.0847, found: 292.0846. Enantiomeric excess was 

determined by HPLC with a Chiralpak IA-3 column (80:20 hexane:EtOH, 1.5 

mL/min, 230 nm, 25 °C); tr (minor) = 8.0 min; tr (major) = 16.4 min; 94% ee. 

 

2-[(2R)-2-(4-Methylphenyl)-3-nitropropyl]-1,3-benzothiazole (334)   

 

A solution of tert-butyl ester 327i (100 mg, 0.24 mmol) and p-TsOH (9 mg, 0.05 

mmol) in toluene (10 mL) was heated at reflux for 3 h. The solvent was removed in 
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vacuo and the residue was purified by column chromatography (20% EtOAc/hexane) 

to give the nitroalkane 334 (60 mg, 80%) as a colourless oil. Rf = 0.78 (60% 

EtOAc/hexane); [α] 20D  –21.5 (c 0.65, CHCl3); IR (film) 3019, 2925, 2400, 1556, 

1457, 1378, 1126, 1014, 929 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.99 (1H, d, J = 

7.9 Hz,  ArH), 7.82 (1H, ddd, J = 7.9, 1.0, 0.5 Hz, ArH), 7.48 (1H, ddd, J = 8.3, 7.3, 

1.2 Hz, ArH), 7.38 (1H, ddd, J = 8.3, 7.3, 1.2 Hz, ArH), 7.18-7.13 (4H, m, ArH), 

4.86 (1H, dd, J = 12.7, 6.1 Hz, CH2NO2), 4.74 (1H, dd, J = 12.7, 8.8 Hz,  CH2NO2), 

4.17-4.11 (1H, m, CHCH2), 3.54 (1H, dd, J = 13.5, 6.2 Hz, CH2Ar), 3.50 (1H, dd, J 

= 13.5, 5.8 Hz, CH2Ar), 2.32 (3H, s, ArCH3); 
13C NMR (125.8 MHz, CDCl3) δ 

167.3 (C), 153.0 (C), 137.9 (C), 135.1 (C), 135.0 (C), 129.8 (2 x CH), 127.3 (2 x 

CH), 126.1 (CH), 125.1 (CH), 122.9 (CH), 121.5 (CH), 79.5 (CH2), 43.5 (CH), 37.7 

(CH2), 21.1 (CH3);
 HRMS (ESI) Exact mass calcd for C17H17N2O2S [M+H]

+: 

313.1005, found: 313.1009. Enantiomeric excess was determined by HPLC with a 

Chiralpak IA-3 column (80:20 hexane:CH2CH2, 1.5 mL/min, 230 nm, 25 °C); tr 

(major) = 5.5 min; tr (minor) = 6.9 min; 93% ee. 
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Although catalytic conjugate additions of organometallics to
electron-deficient alkenes are fundamentally important

transformations,1 such reactions with allylmetal reagents remain
relatively underdeveloped.2�7 However, encouraging progress in
this area has been reported recently. For example, Jarvo and co-
workers have described palladium-catalyzed conjugate allylation of
R,β-unsaturated N-acylpyrroles8a and alkylidene malononitriles8b

with allylboronic acid pinacol ester, while the Fillion group has
reported scandium-catalyzed conjugate allylation of alkylidene
Meldrum’s acids with allylstannanes.9 Enantioselective catalytic
conjugate allylations have also been documented recently.10,11

Morken and co-workers have described enantioselective allylation
of alkylidene-activated enones using palladium or nickel catalysis,10

while the Snapper group has developed asymmetric copper-
catalyzed allylation of cyclic unsaturated ketoesters.11

Despite these advances, the development of catalytic conju-
gate allylations with a greater variety of substrates would be
beneficial in order to increase the range of products that may be
accessed. Herein, we report ytterbium-catalyzed conjugate allyla-
tion of alkylidene malonates using allylstannanes or allylsilanes.12

In consideration of potential substrates for conjugate allylation,
we were drawn to alkylidene malonates for a number of reasons.
First, with two activating groups present, alkylidene malonates
exhibit high reactivity in conjugate addition reactions, including
enantioselective variants.13 Second, the ability of alkylidene malo-
nates to engage in two-point binding with a Lewis acid catalyst14

was anticipated to be favorable for promoting reaction with
allylmetal reagents that are convenient to handle, but which exhibit
low-to-moderate reactivity, such as allylsilanes and allylstannanes.
Third, the malonate functionality in the products may potentially
be exploited in a range of useful transformations.

Figure 1 depicts the alkylidene malonates employed in this
investigation, which were prepared by Knoevenagel conden-
sations under standard conditions,15 except for 1k, which is
commercially available.

Attempted 1,4-addition of a simple allyl group to substrate 1a
revealed that allytributylstannane (2) provided encouraging

results in the presence of substoichiometric quantities of certain
Lewis acids. Table 1 presents the results obtained in CH2Cl2 at
room temperature for 24 h. None of the intended product 3a
was obtained with use of 10 mol % of Cu(OTf)2, Zn(OTf)2, or
Al(OTf)3 (entries 1, 2, and 5, respectively), while Mg(OTf)2
provided a trace of 3a (entry 3). Markedly improved results were
obtained with catalytic Yb(OTf)3 3 2H2O

16 (entry 7). To ascer-
tain whether water was playing an important role in this process,
the reactions with Mg(OTf)2 and Al(OTf)3 were repeated with
the addition of 0.2 equiv of water (entries 4 and 6, respectively).
However, water was not beneficial in the case of Al(OTf)3 (entry
6), and had a negative effect in the case of Mg(OTf)2 (entry 4,
compare with entry 3). With Yb(OTf)3 3 2H2O as the precata-
lyst, the addition of hexafluoroisopropanol (HFIP)17 resulted in
virtually complete conversion of the starting material into 3a
(entry 8).18 Surprisingly, attempts to reduce the loading of
Yb(OTf)3 3 2H2O to 5 mol % were unsuccessful, with minimal
conversion into 3a being observed (entry 9). It should be noted
that while the use of anhydrous Yb(OTf)3 in place of Yb-
(OTf)3 3 2H2O led to a similarly high conversion (entry 10),
Yb(OTf)3 3 2H2Owas preferred on the basis of its lower cost and
greater ease of handling.

The optimized conditions with Yb(OTf)3 3 2H2O (Table 1,
entry 8) were then applied to allylation of alkylidene malonates

Figure 1. Alkylidene malonates employed in this study.
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1a�k to examine the scope of the process, and gratifyingly, all
of these substrates proved to be competent (Table 2). Substrates
containing aromatic substituents of electron-neutral (entries 1
and 6), electron-rich (entries 2�4), or electron-poor (entry 5)
character were tolerated. With the sterically demanding substrate
1f containing a 1-naphthyl group, the yield was only 30% and
significant starting material remained (entry 6). Furthermore,
substrates containing a heteroaryl (entry 7) or a cycloalkyl group
(entry 8) underwent conjugate allylation successfully. With
alkylidene malonate 1i, the allylation product 3i was isolated in
a modest 47% yield due to the presence of minor, unidentified
side reactions. In addition to substrates prepared from dimethyl
malonate, diethyl malonate-derived acceptors were tolerated
(entries 10 and 11), and in the case of substrate 1j, a larger scale
reaction (4.00 mmol) proceeded successfully to provide 3j in
91% yield (entry 10).

As expected, the less nucleophilic allyltrimethylsilane (4a)19

proved to be an inferior allylating reagent under these conditions,
with generally only low conversions into the products 3 observed.
However, use of an excess of allyltrimethylsilane (5.0 equiv) at
40 �C under more dilute conditions (0.125 M) in dichloroethane
allowed product 3a to be isolated in 55% yield (eq 1). With more
concentrated conditions, products resulting from competitive
oligomerization were detected.

Current catalytic conjugate allylations are restricted in that
with few exceptions,5a only the additions of simple allyl groups
are described. We were therefore keen to explore whether the
conditions employed in Table 2 could also be applied to the
conjugate addition of more highly substituted allyl nucleophiles,

and we were pleased to discover that commercially available
methallyltrimethylsilane (4b) provided good results. Reactions
with this reagent again tolerated a wide range of alkylidene
malonate substrates, providing methallylated products 5a�i in
65�95% yield (Table 3, entries 1�9). In similar fashion,
trimethyl(2-phenylallyl)silane proved to be a competent nucleophile,
providing conjugate allylation products 6a�c with representative
alkylidene malonates 1d, 1f, and 1i (entries 10�12).

To demonstrate the utility of the products, further manipula-
tion reactions were conducted. For example, Krapcho
decarboxylation20 of 3j proceeded smoothly to provide 7 in
65% yield (eq 2), while oxidative cleavage of the methallyl group
of 5cwas accomplished in 68% yield withOsO4/PhI(OAc)2/2,6-
lutidine21 (eq 3).

In conclusion, ytterbium-catalyzed conjugate allylations of
alkylidene malonates with allylsilanes and allyltributylstannane

Table 1. Evaluation of Conditions for Allylation of 1aa

entry M(OTf)x additive conversion (%)b

1 Cu(OTf)2 <5

2 Zn(OTf)2 <5

3 Mg(OTf)2 13

4 Mg(OTf)2 H2O (0.2 equiv) <5

5 Al(OTf)3 <5

6 Al(OTf)3 H2O (0.2 equiv) <5

7 Yb(OTf)3 3 2H2O 72

8 Yb(OTf)3 3 2H2O HFIP (2.0 equiv) >95

9 Yb(OTf)3 3 2H2O
c HFIP (2.0 equiv) <10

10 Yb(OTf)3 HFIP (2.0 equiv) >95
aReactions were conducted with 0.20 mmol of 1a in 1 mL of CH2Cl2.
bConversion was measured by 1H NMR spectroscopy after filtration of
the reaction mixtures through a short plug of silica gel. No byproducts
were detected in these reactions. cUsing 5 mol % of Yb(OTf)3 3 2H2O.

Table 2. Yb-Catalyzed Allylation of Alkylidene Malonates
with Allyltributylstannanea

aReactions were conducted with 0.50 mmol of 1a�i in 2 mL of
CH2Cl2.

b Isolated yield. cConducted with 4.00 mmol of 1c in 10 mL
of CH2Cl2.
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have been developed. A range of β-substituents on the alkylidene
malonate are tolerated, and compared with existing catalytic
conjugate allylation reactions,2�7 this work extends the scope of
the nucleophile to substituted allylating reagents. Future work
will focus on the development of enantioselective variants of
these reactions.

’EXPERIMENTAL SECTION22

Alkylidene malonates 1a�1e,23 1f,13a 1g,23 1h,23 1i,24 and 1j25 are
known, and were prepared by the reaction of the appropriate dialkyl
malonate with the appropriate aldehyde in the presence of piperidine
and acetic acid in toluene under Dean�Stark conditions.15 Alkylidene
malonate 1k is commercially available.
Dimethyl 2-(3-methylbenzylidene)malonate (1b): A solu-

tion of dimethyl malonate (3.96 g, 30.0 mmol), 3-methylbenzaldehyde
(3.00 g, 25.0 mmol), AcOH (0.25 mL, 0.40 mmol), and piperidine
(0.38 mL, 0.40 mmol) in toluene (25 mL) was heated to 120 �C for
18 h in a round-bottomed flask fitted with a Dean�Stark apparatus. The
reaction was cooled to room temperature, diluted with Et2O, and washed
with 1MHCl and brine. The organic layer was dried (MgSO4), filtered, and
concentrated in vacuo. Purification of the residue by column chromato-
graphy (5% EtOAc/hexane) gave the alkylidenemalonate 1b (2.38 g, 41%)
as a white solid. Mp 40�41 �C; IR (CHCl3) 3020, 2953, 2925, 1735
(CdO), 1629, 1438, 1375, 1217 cm�1; 1H NMR (500 MHz, CDCl3)

δ 7.75 (1H, s), 7.29�7.22 (4H, m), 3.85 (6H, s), 2.36 (3H, s); 13C NMR
(125.8 MHz, CDCl3) δ 167.2, 164.5, 143.1, 138.5, 132.7, 131.5, 130.2,
128.8, 126.4, 125.2, 52.6, 21.3; HRMS (ES) exact mass calcd for C13H15O4

[M þ H]þ 235.0965, found 235.0962.
General Procedure A: Allylation with Allyltributylstannane.

A solution of alkylidenemalonate (0.50mmol), Yb(OTf)3 3 2H2O (33mg,
0.05 mmol), and hexafluoroisopropanol (105 μL, 1.00 mmol) was stirred
in CH2Cl2 (2 mL) at room temperature for 10 min. Allyltributylstannane
(232 μL, 0.75 mmol) was added dropwise over 1 min and the mixture was
stirred at room temperature for 18 h. The reaction was filtered through a
short plug of silica gel with EtOAc as eluent, and the filtrate was concen-
trated in vacuo. Purification of the residue by column chromatography
(10% EtOAc/hexane) afforded the allylated product.
Dimethyl 2-(1-phenylbut-3-enyl)malonate (3a):12 The title

compound was prepared following General Procedure A from 1a (110 mg,
0.50mmol) to give a colorless oil (95mg, 73%). IR (film) 3031, 2954, 2254,
1752 (CdO), 1734 (CdO), 1640, 1435, 1255, 1165 cm�1; 1HNMR(360
MHz, CDCl3) δ 7.31�7.27 (2H, m), 7.23�7.17 (3H, m), 5.55 (1H, tdd,
J = 17.1, 10.1, 7.0 Hz), 4.97�4.89 (2H, m), 3.78 (3H, s), 3.73 (1H, d, J =
10.6Hz), 3.54�3.45 (1H,m), 3.45 (3H, s), 2.54�2.38 (2H,m); 13CNMR
(90.6MHz, CDCl3) δ 168.7, 168.1, 140.3, 135.1, 128.3, 128.2, 127.0, 117.1,
57.7, 52.6, 52.2, 45.3, 38.2; HRMS (ES) exact mass calcd for C15H22NO4

[M þ NH4]
þ 280.1543, found 280.1548.

Allylation of 1a with allyltrimethylsilane: A solution of 1a
(110 mg, 0.50 mmol), Yb(OTf)3 3 2H2O (33 mg, 0.05 mmol), and
hexafluoroisopropanol (262 μL, 2.50 mmol) was stirred in DCE (4 mL)
at room temperature for 10 min. Allyltrimethylsilane (4a) (400 μL, 2.50
mmol) was added dropwise over 1 min and the mixture was then stirred at
40 �C for 18 h. The reaction was filtered through a short plug of silica gel
with EtOAc as eluent, and the filtrate was concentrated in vacuo. Purifica-
tion of the residue by column chromatography (5% EtOAc/hexane) gave
3a (72 mg, 55%) as a colorless oil.
Dimethyl 2-[1-(3-methylphenyl)but-3-enyl]malonate (3b):

The title compound was prepared following General Procedure A from 1b
(117 mg, 0.50 mmol) to give a colorless oil (83 mg, 61%). IR (film) 3079,
2954, 1751 (CdO), 1735 (CdO), 1641, 1436, 1216, 1167 cm�1;
1H NMR (500 MHz, CDCl3) δ 7.17 (1H, t, J = 7.5 Hz), 7.03�6.97
(3H, m), 5.55 (1H, tdd, J = 17.1, 10.1, 7.0 Hz), 4.97�4.90 (2H, m), 3.77
(3H, s), 3.71 (1H, d, J = 10.5 Hz), 3.50�3.44 (1H, m), 3.46 (3H, s),
2.49�2.39 (2H, m), 2.32 (3H, s); 13C NMR (125.8 MHz, CDCl3)
δ 168.8, 168.1, 140.2, 137.8, 135.2, 128.9, 128.1, 127.7, 125.1, 116.9, 57.7,
52.5, 52.2, 45.2, 38.2, 21.4; HRMS (ES) exact mass calcd for C16H24NO4

[M þ NH4]
þ 294.1700, found 294.1696.

Dimethyl 2-[1-(4-methylphenyl)but-3-enyl]malonate (3c):12

The title compound was prepared following General Procedure A from 1c
(117mg, 0.50 mmol) to give a colorless oil (129 mg, 95%). IR (film) 3006,
2953, 2253, 1752 (CdO), 1734 (CdO), 1515, 1436, 1256, 1164 cm�1; 1H
NMR (360 MHz, CDCl3) δ 7.08 (4H, br s), 5.55 (1H, tdd, J = 17.1, 10.1,
7.0, Hz), 4.97�4.89 (2H, m), 3.77 (3H, s), 3.70 (1H, d, J = 10.5 Hz), 3.46
(3H, s), 3.50�3.40 (1H, m), 2.50�2.34 (2H, m), 2.30 (3H, s); 13C NMR
(90.6 MHz, CDCl3) δ 168.8, 168.2, 137.2 (C), 136.5, 135.3, 129.0, 128.0,
117.0, 57.8, 52.5, 52.2, 44.9, 38.2, 21.0; HRMS (ES) exact mass calcd for
C16H21O4 [M þ H]þ 277.1434, found 277.1430.
Dimethyl 2-[1-(4-methoxyphenyl)but-3-enyl]malonate

(3d):12 The title compound was prepared following General Procedure A
from 1d (125mg, 0.50mmol) to give a colorless oil (88mg, 60%). IR (film)
2954, 2253, 1732 (CdO), 1514, 1467, 1179 cm�1; 1H NMR (360 MHz,
CDCl3) δ 7.11 (2H, dm, J = 8.7 Hz), 6.82 (2H, dm, J = 8.7 Hz), 5.55 (1H,
tdd, J = 17.1, 10.1, 7.0 Hz), 4.97�4.85 (2H, m), 3.78 (3H, s), 3.77 (3H, s),
3.67 (1H, d, J = 10.5 Hz), 3.46 (3H, s), 3.49�3.42 (1H, m), 2.50�2.34
(2H, m); 13C NMR (90.6 MHz, CDCl3) δ 168.8, 168.2, 158.4,
135.3, 132.2, 129.2, 117.0, 113.7, 57.9, 55.1, 52.5, 52.3, 44.6, 38.3; HRMS
(ES) exact mass calcd for C16H24NO5 [M þ NH4]

þ 310.1649, found
310.1653.

Table 3. Yb-Catalyzed Allylation of Alkylidene Malonates
with Allylsilanes.a

aReactions were conducted with 0.50 mmol of 1 in 2 mL of CH2Cl2.
b Isolated yield.
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Dimethyl 2-[1-(4-nitrophenyl)but-3-enyl]malonate (3e):12

The title compound was prepared following General Procedure A from
1e (132 mg, 0.50 mmol) to give a colorless oil (131 mg, 86%). IR (film)
2954, 2253, 1734 (CdO), 1522, 1436, 1348, 1258 cm�1; 1H NMR
(360 MHz, CDCl3) δ 8.16 (2H, d, J = 8.8 Hz), 7.37 (2H, d, J = 8.8 Hz),
5.51 (1H, tdd, J = 17.1, 10.4, 7.1 Hz), 4.96�4.90 (2H, m), 3.80 (3H, s),
3.77 (1H, d, J = 4.6 Hz), 3.65 (1H, ddd, J = 10.2, 9.9, 4.6 Hz), 3.50 (3H, s),
2.58�2.51 (1H, m), 2.45�2.36 (1H, m); 13C NMR (62.9 MHz, CDCl3)
δ 168.1, 167.6, 148.2, 146.9, 133.9, 129.2, 123.5, 118.1, 56.8, 52.8, 52.5,
44.9, 37.9; HRMS (ES) exact mass calcd for C15H21N2O6 [M þ NH4]

þ

325.1394, found 325.1398.
Dimethyl 2-[1-(3-naphthyl)but-3-enyl]malonate (3f): The

title compound was prepared following General Procedure A from 1f (135
mg, 0.50 mmol) to give a colorless oil (47 mg, 30%). IR (film) 2952, 2920,
1754 (CdO), 1736 (CdO), 1434, 1220 cm�1; 1H NMR (400 MHz,
CDCl3) δ 8.24 (1H, d, J= 8.5Hz), 7.85 (1H, d, J= 8.1Hz), 7.74 (1H, d, J=
8.1 Hz), 7.55 (1H, ddd, J = 8.5, 6.8, 1.5 Hz), 7.49 (1H, ddd, J = 8.0, 6.8, 1.1
Hz), 7.44 (1H, t, J = 7.7 Hz), 7.36 (1H, dd, J = 7.2, 1.1 Hz), 5.53 (1H, tdd,
J = 17.1, 10.1, 7.1 Hz), 4.94 (1H, br d, J = 17.1 Hz), 4.86 (1H, br d, J = 10.1
Hz), 4.55�4.53 (1H, br s), 3.99�3.96 (1H, m), 3.79 (3H, s), 3.33 (3H, s),
2.67�2.63 (2H,m); 13CNMR(125.8MHz, CDCl3) δ 168.8, 168.2, 136.8,
134.8, 133.9, 131.9, 128.8, 127.5, 126.1, 125.5, 125.1, 124.0, 123.2, 117.3,
57.2, 52.6, 52.2, 38.3, 38.2; HRMS (ES) exact mass calcd for C19H24NO4

[M þ NH4]
þ 330.1700, found 330.1703.

Dimethyl 2-(1-thiophen-2-ylbut-3-enyl)malonate (3g):
The title compound was prepared following General Procedure A from
1g (113 mg, 0.50 mmol) to give a colorless oil (118 mg, 88%). IR (film)
3077, 2953, 2253, 1734 (CdO), 1640, 1436, 1262, 1161 cm�1; 1H NMR
(360 MHz, CDCl3) δ 7.17 (1H, d, J = 5.1 Hz), 6.92�6.89 (1H, m), 6.85
(1H, d, J = 3.4 Hz), 5.65 (1H, tdd, J = 17.1, 10.1, 7.0 Hz), 5.04�4.97
(2H, m), 3.84 (1H, dt, J = 9.4, 4.9 Hz), 3.76 (3H, s), 3.70 (1H, d, J = 9.8
Hz), 3.55 (3H, s), 2.58�2.41 (2H, m); 13C NMR (90.6 MHz, CDCl3)
δ 168.3, 167.9, 143.5, 134.7, 126.4, 125.6, 124.1, 117.6, 58.3, 52.6, 52.4, 40.6,
39.1; HRMS (ES) exact mass calcd for C13H20NO4S [M þ NH4]

þ

286.1108, found 286.1112.
Dimethyl 2-(1-cyclohexylbut-3-enyl)malonate (3h): The

title compound was prepared following General Procedure A (0.50 mmol)
from 1h (113 mg) to give a colorless oil (101 mg, 75%). IR (film) 2929,
2853, 2253, 1729 (CdO), 1639, 1435, 1242, 1162 cm�1; 1H NMR (360
MHz, CDCl3) δ 5.78�5.68 (1H, m), 5.03�4.95 (2H, m), 3.72 (3H, s),
3.69 (3H, s), 3.50 (1H, d, J = 7.5 Hz2), 2.31�2.05 (3H, m), 1.75�1.72
(2H, m), 1.66�1.61 (3H, m), 1.45�1.35 (1H, m), 1.28�0.94 (5H, m);
13CNMR(62.9MHz,CDCl3) δ 169.8, 168.5, 137.7, 116.0, 53.7, 52.3, 52.1,
43.6, 40.3, 33.5, 30.8, 29.1, 26.8, 26.7, 26.5;HRMS (ES) exactmass calcd for
C15H25O4 [M þ H]þ 269.1747, found 269.1749.
Dimethyl 2-(1-phenethylbut-3-enyl)malonate (3i): The title

compound was prepared following General Procedure A from 1i (124 mg,
0.50mmol) to give a colorless oil (68mg, 47%). IR (film) 3028, 2952, 2256,
1734 (CdO), 1436, 1254, 1195 cm�1; 1H NMR (500 MHz, CDCl3)
zδ 7.30�7.26 (2H, m), 7.21�7.16 (3H, m), 5.80�5.72 (1H, m),
4.97�4.90 (2H, m), 3.73 (3H, s), 3.73 (3H, s), 3.52 (1H, d, J = 7.2 Hz),
2.72�2.66 (1H, m), 2.64�2.58 (1H, m), 2.36�2.29 (1H, m), 2.27�2.19
(2H, m), 1.77�1.64 (2H, m); 13C NMR (125.8 MHz, CDCl3) δ 169.3,
169.2, 141.9, 135.4, 128.4, 128.3, 125.9, 117.5, 54.5, 52.3, 37.7, 35.4, 33.1,
32.8; HRMS (ES) exact mass calcd for C17H26NO4 [M þ NH4]

þ

308.1856, found 308.1859.
Diethyl 2-[1-(4-methylphenyl)but-3-enyl]malonate (3j):12

A solution of 1j (1.05 g 4.00 mmol), Yb(OTf)3 3 2H2O (248 mg,
0.40 mmol), and hexafluoroisopropanol (0.84 mL, 8.00 mmol) in CH2Cl2
(10mL) was stirred at room temperature for 10 min. Allyltributylstannane
(1.8 mL, 6.0 mmol) was added over 1 min and the mixture was stirred at
room temperature for 18 h. The reaction was filtered through a short plug
of silica gel withEtOAc as eluent, and the filtratewas concentrated in vacuo.
Purification of the residue by column chromatography (10% EtOAc/

hexane) gave the allylation product 3j (1.10 g, 91%) as a colorless oil. IR
(film) 3078, 2982, 2936, 2253, 1751 (CdO), 1718 (CdO), 1514, 1444,
1252, 1177 cm�1; 1H NMR (360 MHz, CDCl3) δ 7.08 (4H, br, s), 5.56
(1H, tdd, J = 17.1, 10.1, 7.0 Hz), 4.97�4.88 (2H, m), 4.24 (2H, q, J = 7.1
Hz), 3.91 (2H, q, J = 7.1 Hz), 3.66 (1H, d, J = 10.7 Hz), 3.46 (1H, ddd, J =
10.7, 9.6, 4.6 Hz), 2.52�2.35 (2H, m), 2.30 (3H, s), 1.29 (3H, t, J = 7.1
Hz), 0.98 (3H, t, J = 7.1 Hz); 13C NMR (90.6 MHz, CDCl3) δ 168.4,
167.8, 137.3, 136.4, 135.3, 128.9, 128.2, 116.9, 61.5, 61.1, 58.0, 44.9, 38.4,
21.0, 14.1, 13.7; HRMS (ES) exact mass calcd for C18H25O4 [M þ H]þ

305.1747, found 305.1750.
Dimethyl 2-(1-methylbut-3-enyl)malonate (3k):26 The title

compound was prepared following General Procedure A from 1k (86 mg,
0.50 mmol) to give a colorless oil (86 mg, 75%). IR (film) 2982, 2937,
2358, 2254, 1724 (CdO), 1640, 1370, 1265, 1178 cm�1; 1H NMR (360
MHz, CDCl3) δ 5.82�5.71 (1H,m), 5.07�5.02 (2H,m), 4.20 (4H, q, J =
7.1Hz), 3.27 (1H, d, J= 8.0Hz), 2.41�2.30 (1H,m), 2.26�2.19 (1H,m),
2.04�1.97 (1H, m), 1.27 (6H, t, J = 7.1 Hz), 1.00 (3H, d, J = 6.8 Hz); 13C
NMR (62.9 MHz, CDCl3) δ 168.9, 168.7, 135.8, 117.1, 61.2, 61.1, 56.8,
38.7, 33.1, 16.8, 14.1; HRMS (ES) exact mass calcd for C12H21O4

[M þ H]þ 229.1434, found 229.1434.
General Procedure B: Allylation with 2-Methallyltri-

methylsilane. A solution of alkylidene malonate (0.50 mmol),
Yb(OTf)3 3 2H2O (33 mg, 0.05 mmol), and hexafluoroisopropanol
(105 μL, 1.00mmol) was stirred in CH2Cl2 (2mL) at room temperature
for 10 min. 2-Methallyltrimethylsilane (175 μL, 1.00 mmol) was added
dropwise over 1min and themixture was stirred at room temperature for
1 h. The reaction was filtered through a short plug of silica gel with
EtOAc as eluent, and the filtrate was concentrated in vacuo. Purification
of the residue by column chromatography (10% EtOAc/hexane, unless
otherwise specified) afforded the allylated product.
Dimethyl 2-(3-methyl-1-phenylbut-3-enyl)malonate (5a):

The title compound was prepared following General Procedure B from
1a (110 mg, 0.50 mmol) to give a colorless oil (117 mg, 85%). IR (film)
2954, 2253, 1754 (CdO), 1734 (CdO), 1454, 1456, 1256, 1160 cm�1;
1H NMR (360 MHz, CDCl3) δ 7.28�7.24 (2H, m), 7.20�7.17
(3H, m), 4.61 (1H, br s, 1H), 4.50 (1H, br s), 3.75 (3H, s), 3.69 (1H,
d, J = 10.2Hz), 3.61 (1H, td, J = 10.2, 4.7 Hz), 3.42 (3H, s), 2.45 (1H, dd,
J = 13.6, 4.7 Hz), 2.37 (1H, dd, J = 13.6, 9.5 Hz), 1.62 (3H, s); 13C NMR
(62.9 MHz, CDCl3) δ 168.7, 168.1, 142.3, 140.3, 128.2, 126.9, 113.2,
58.3, 52.5, 52.2, 43.9, 42.3, 22.0; HRMS (ES) exact mass calcd for
C16H24NO4 [M þ NH4]

þ 294.1700, found 294.1703.
Dimethyl 2-[3-methyl-1-(3-methylphenyl)but-3-enyl]-

malonate (5b): The title compound was prepared following General
Procedure B from 1b (117 mg, 0.50 mmol) and purified by column
chromatography (5%EtOAc/hexane) to give a colorless oil (115mg, 79%).
IR (film) 3020, 2925, 1757 (CdO), 1735 (CdO), 1436, 1310, 1216,
1161 cm�1; 1H NMR (500 MHz, CDCl3) δ 7.17�7.14 (1H, m),
7.01�6.98 (3H, m), 4.63 (1H, s), 4.53 (1H, s), 3.76 (3H, s), 3.67 (1H,
d, J = 10.2 Hz), 3.59 (1H, app td, J = 10.2, 5.0 Hz), 3.45 (3H, s), 2.45 (1H,
dd, J= 13.7, 5.0Hz), 2.38 (1H, ddd, J= 13.7, 9.8, 0.5Hz), 2.32 (3H, s), 1.64
(3H, s); 13C NMR (125.8 MHz, CDCl3) δ 168.8, 168.2, 142.4, 140.3,
137.6, 129.0, 128.0, 127.7, 125.2, 113.1, 58.4, 52.5, 52.2, 43.7, 42.3, 22.1,
21.4; HRMS (ES) exact mass calcd for C17H26NO4 [M þ NH4]

þ

308.1856, found 308.1858.
Dimethyl 2-[3-methyl-1-(4-methylphenyl)but-3-enyl]-

malonate (5c): The title compound was prepared following Gen-
eral Procedure B from 1c (117 mg, 0.50 mmol) to give a colorless oil
(94 mg, 65%). IR (film) 2953, 2254, 1752 (CdO), 1734 (CdO),
1514, 1436, 1256, 1160 cm�1; 1H NMR (360 MHz, CDCl3) δ 7.07
(4H, br s), 4.62 (1H, br s), 4.52 (1H, br s), 3.76 (3H, s), 3.66 (1H, d,
J = 10.2 Hz), 3.59 (1H, ddd, J = 10.2, 9.8, 4.7 Hz), 3.45 (3H, s), 2.45
(1H, dd, J = 13.6, 4.7 Hz), 2.37 (1H, dd, J = 13.6, 9.8 Hz), 2.29 (3H, s),
1.63 (3H, s); 13C NMR (90.6 MHz, CDCl3) δ 168.8, 168.2, 142.4,
137.2, 136.4, 128.9, 128.0, 113.1, 58.4, 52.5, 52.2, 43.4, 42.2, 22.0,
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21.0; HRMS (ES) exact mass calcd for C17H26 NO4 [M þ NH4]
þ

308.1856, found 308.1854.
Dimethyl 2-[1-(4-methoxyphenyl)-3-methylbut-3-enyl]-

malonate (5d): The title compound was prepared following General
Procedure B from 1d (125mg, 0.50mmol) to give a colorless oil (94mg,
65%). IR (film) 2954, 2253, 1754 (CdO), 1733 (CdO), 1513, 1435,
1249, 1179 cm�1; 1H NMR (250 MHz, CDCl3) δ 7.11 (2H, dm, J = 8.8
Hz), 6.81 (2H, dm, J = 8.8Hz), 4.64�4.62 (1H,m), 4.52 (1H, br s), 3.78
(3H, s), 3.76 (3H, s), 3.64 (1H, d, J = 10.3 Hz2), 3.62�3.53 (1H, m),
3.46 (3H, s), 2.44 (1H, dd, J = 13.7, 4.4 Hz), 2.34 (1H, dd, J = 13.7, 8.9
Hz), 1.63 (3H, s); 13C NMR (90.6 MHz, CDCl3) δ 168.8, 168.2, 158.3,
142.4, 132.2, 129.2, 113.5, 113.1, 58.5, 55.0, 52.5, 52.2, 43.1, 42.3, 22.0;
HRMS (ES) exact mass calcd for C17H26NO5 [M þ NH4]

þ 324.1805,
found 324.1808.
Dimethyl 2-[3-methyl-1-(4-nitrophenyl)but-3-enyl]malo-

nate (5e):The title compoundwas prepared followingGeneral Procedure
B from 1e (132 mg, 0.50 mmol) to give a colorless oil (131 mg, 82%). IR
(film) 2954, 2253, 1754 (CdO), 1735 (CdO), 1523, 1436, 1348,
1258 cm�1; 1H NMR (250 MHz, CDCl3) δ 8.15 (2H, dm, J = 8.8 Hz),
7.38 (2H, dm, J = 8.8 Hz), 4.63 (1H, br s), 4.47 (1H, br s), 3.79 (3H, s),
3.77�3.69 (2H, m), 3.48 (3H, s), 2.51 (1H, dd, J = 13.9, 3.6 Hz),
2.41�2.32 (1H, m), 1.64 (3H, s); 13C NMR (62.9 MHz, CDCl3)
δ 168.1, 167.6, 148.2, 146.9, 141.2, 129.2, 123.5, 114.0, 57.5, 52.8, 52.5,
43.4, 42.1, 21.9; HRMS (ES) exact mass calcd for C16H23N2O6 [M þ
NH4]

þ 339.1551, found 339.1550.
Dimethyl 2-(3-methyl-1-thiophen-2-ylbut-3-enyl)malo-

nate (5f): The title compoundwas prepared following General Procedure
B from 1g (113 mg, 0.50 mmol) to give a colorless oil (135 mg, 95%). IR
(film) 3076, 2953, 2253, 1752, 1734 (CdO), 1649, 1436, 1262,
1161 cm�1; 1H NMR (360 MHz, CDCl3) δ 7.15 (1H, dd, J = 5.0,
1.2 Hz), 6.90�6.85 (2H, m), 4.71 (1H, s), 4.63 (1H, s), 3.96 (1H, dt, J =
9.6, 5.0 Hz), 3.75 (3H, s), 3.67 (1H, d, J = 9.4 Hz), 3.54 (3H, s), 2.52 (1H,
dd, J = 13.8, 5.0 Hz), 2.40 (1H, ddd, J = 13.8, 9.9, 0.6 Hz), 1.68 (3H, s); 13C
NMR (62.9MHz, CDCl3) δ 168.4, 167.9, 143.6, 141.9, 126.3, 125.6, 124.0,
113.5, 58.7, 52.5, 52.4, 43.3, 39.1, 21.8; HRMS (ES) exact mass calcd for
C14H22NO4S [M þ NH4]

þ 300.1264, found 300.1266.
Dimethyl 2-(1-cyclohexyl-3-methylbut-3-enyl)malonate

(5g): The title compound was prepared following General Procedure B
from 1h (125 mg, 0.50 mmol) to give a colorless oil (125 mg, 89%). IR
(film) 2929, 2253, 1730 (CdO), 1449, 1435, 1261, 1160 cm�1; 1H NMR
(250 MHz, CDCl3) δ 4.74 (1H, br s), 4.70 (1H, br s), 3.71 (3H, s), 3.66
(3H, s), 3.48 (1H, d, J = 7.4 Hz2), 2.39�2.30 (1H, m), 2.21 (1H, dd, J =
14.3, 5.7Hz), 2.03 (1H, dd, J=14.3, 7.8Hz), 1.80�1.54 (5H,m), 1.70 (3H,
s), 1.47�1.35 (1H, m), 1.25�0.95 (5H, m); 13C NMR (62.9 MHz,
CDCl3) δ 169.8, 169.6, 144.0, 112.3, 53.8, 52.2, 52.0, 41.0, 40.0, 37.6, 30.5,
29.0, 26.8, 26.7, 26.5, 21.7; HRMS (ES) exact mass calcd for C16H30NO4

[M þ NH4]
þ 300.2169, found 300.2166.

Dimethyl 2-(1-phenethyl-but-3-enyl)malonate (5h): The
title compound was prepared following General Procedure B from 1i
(124 mg, 0.50 mmol) and purified by column chromatography (50%
CH2Cl2/hexane) to give a colorless oil (128 mg, 84%). IR (film) 3028,
2952, 2254, 1734 (CdO), 1436, 1377, 1234, 1158 cm�1; 1HNMR (500
MHz, CDCl3) δ 7.30�7.27 (2H, m), 7.20�7.16 (3H, m), 4.83 (1H, s),
4.75 (1H, s), 3.75 (3H, s), 3.72 (3H, s), 3.57 (1H, d, J = 5.9 Hz), 2.65
(2H, t, J = 8.2 Hz), 2.41�2.37 (1H, m), 2.22�2.14 (2H, m), 1.82�1.66
(2H, m), 1.62 (3H, s); 13C NMR (125.8 MHz, CDCl3) δ 169.5, 169.2,
143.1, 141.9, 128.4, 128.3, 125.8, 113.1, 54.0, 52.3, 52.2, 40.2, 35.7, 32.9,
21.9; HRMS (ES) exact mass calcd for C18H28NO4 [M þ NH4]

þ

322.2013, found 322.2015.
Diethyl 2-[3-methyl-1-(4-methylphenyl)but-3-enyl]malo-

nate (5i): The title compound was prepared following General
Procedure B (131 mg, 0.50 mmol) from 1j to give a colorless oil (113
mg, 71%). IR (film) 2982, 2937, 2254, 1751 (CdO), 1719 (CdO),
1513, 1444, 1254, 1156 cm�1; 1HNMR (250MHz, CDCl3) δ 7.07 (4H,

br s), 4.61�4.50 (1H, m), 4.51�4.50 (1H, m), 4.22 (2H, q, J = 7.1 Hz),
3.89 (2H, q, J = 7.1 Hz), 3.64�3.52 (m, 2H), 2.49�2.33 (2H, m), 2.28
(3H, s), 1.62 (3H, s), 1.28 (3H, t, J = 7.1 Hz), 0.96 (3H, t, J = 7.1 Hz);
13CNMR(90.6MHz, CDCl3)δ 168.4, 167.8, 142.5, 137.2, 136.2, 128.7,
128.1, 113.0, 61.4, 61.0, 58.7, 43.4, 42.4, 22.1, 21.0, 14.0, 13.6; HRMS
(ES) exact mass calcd for C19H30NO4 [M þ NH4]

þ 336.2169, found
336.2170.
General Procedure C: Allylationwith Trimethyl-(2-phenyl-

allyl)silane. A solution of alkylidene malonate (0.50 mmol), Yb-
(OTf)3 3 2H2O (33 mg, 0.05 mmol), and hexafluoroisopropanol (105 μL,
1.00 mmol) was stirred in CH2Cl2 (2 mL) at room temperature for 10 min.
Trimethyl-(2-phenylallyl)silane27 (160μL, 0.75mmol) was added dropwise
over 1 min and the mixture was stirred at room temperature for 1 h. The
reaction was filtered through a short silica plug eluted with EtOAc as eluent,
and the filtrate was concentrated in vacuo. Purification of the residue by
column chromatography (10% EtOAc/hexane, unless otherwise specified)
afforded the allylated product.
Dimethyl 2-[1-(4-methoxyphenyl)-3-phenylbut-3-enyl]-

malonate (6a): The title compound was prepared following General
Procedure C from 1d (125 mg, 0.50 mmol) to give a yellow oil (176 mg,
95%). IR (film) 2954, 2253, 1753 (CdO), 1734 (CdO), 1514, 1250,
1179 cm�1; 1H NMR (360 MHz, CDCl3) δ 7.34�7.24 (5H, m), 6.93
(2H, d, J = 8.7 Hz), 6.75 (2H, d, J = 8.7 Hz), 5.07 (1H, s), 4.76 (1H, s),
3.78 (3H, s), 3.76 (3H, s), 3.70 (1H, d, J = 10.4 Hz), 3.50 (1H, dt, J =
10.7, 4.3 Hz), 3.42 (3H, s), 3.12 (1H, dd, J = 13.9, 4.1 Hz), 2.66 (1H, dd,
J = 13.9, 10.9 Hz); 13C NMR (90.6 MHz, CDCl3) δ 168.8, 168.1, 158.3,
145.4, 140.3, 131.8, 129.3, 128.2, 127.4, 126.4, 115.4, 113.4, 58.1, 55.1,
52.5, 52.2, 43.1, 40.0; HRMS (ES) exact mass calcd for C22H28NO5

[M þ NH4]
þ 386.1962, found 386.1968.

Dimethyl 2-(3-phenyl-1-thiophen-2-yl-but-3-enyl)malo-
nate (6b): The title compound was prepared following General
Procedure C from 1g (113 mg, 0.50 mmol) to give a yellow oil (112 mg,
65%). IR (film) 3154, 3003, 2954, 2253, 1733 (CdO), 1448, 1377,
1261, 1197 cm�1; 1H NMR (360 MHz, CDCl3) δ 7.26�7.18 (5H, m),
7.05 (1H, d, J = 5.1 Hz), 6.77 (1H, dd, J = 5.1, 3.3 Hz), 6.60 (1H, d, J =
3.3 Hz), 5.09 (1H, s), 4.84 (1H, s), 3.78 (1H, dt, J = 10.0, 4.5 Hz), 3.69
(3H, s), 3.65 (1H, d, J = 9.4 Hz), 3.44 (3H, s), 3.10 (1H, dd, J = 14.0, 4.2
Hz), 2.68 (1H, dd, J = 14.0, 10.4 Hz); 13C NMR (90.6 MHz, CDCl3)
δ 168.4, 167.9, 145.0, 143.1, 139.9, 128.3, 127.6, 126.4, 126.3, 125.9,
124.0, 115.7, 58.4, 52.6, 52.4, 40.8, 39.3; HRMS (ES) exact mass calcd
for C19H24NO4S [M þ NH4]

þ 362.1421, found 362.1429.
Dimethyl 2-(3-phenyl-1-phenethylbut-3-enyl)malonate

(6c): The title compound was prepared following General Procedure C
from 1i (124 mg, 0.50 mmol) and purified by column chromatography
(50%CH2Cl2/hexane) to give a colorless oil (89mg, 49%). IR (film) 3029,
2927, 2253, 1738 (CdO), 1732 (CdO), 1455, 1378, 1254, 1198 cm�1; 1H
NMR (500 MHz, CDCl3) δ 7.41�7.39 (2H, m), 7.35 (2H, t, J = 7.4 Hz),
7.31�7.23 (3H, m), 7.17 (1H, t, J = 7.3 Hz), 7.08 (2H, d, J = 7.4 Hz), 5.35
(1H, s), 5.13 (1H, s), 3.73 (3H, s), 3.71 (3H, s), 3.52 (1H, d, J = 6.0 Hz),
2.79 (1H, dd, J = 14.3, 6.5 Hz), 2.66 (1H, dd, J = 14.3, 8.3 Hz), 2.59 (2H, t,
J = 8.2 Hz), 2.34�2.27 (1H, m), 1.76�1.68 (2H, m); 13C NMR (125.8
MHz, CDCl3) δ 169.3, 169.2, 146.3, 141.9, 140.3, 128.4, 128.3, 127.6,
126.4, 125.8, 115.3, 53.9, 52.3, 52.2, 37.3, 36.1, 32.7, 32.6;HRMS (ES) exact
mass calcd for C23H30NO4 [M þ NH4]

þ 384.2169, found 384.2170.
Ethyl 3-(4-methylphenyl)hex-5-enoate (7): A solution of 3j

(80 mg, 0.26 mmol), NaCl (20 mg, 0.34 mmol), and H2O (25 μL,
1.39 mmol) in DMSO (0.5 mL) was heated at 170 �C for 30 min in a
microwave synthesizer. After the solution was cooled to room tempera-
ture, H2O was added and the mixture was extracted with Et2O.
The combined organic layers were dried (MgSO4) and concentra-
ted in vacuo. Purification of the residue by column chromatography
(5% EtOAc/hexane) gave the monoester 7 (39 mg, 65%) as a colorless
oil. IR (film) 3019, 2925, 1730 (CdO), 1640, 1515, 1373, 1260,
1216 cm�1; 1H NMR (500 MHz, CDCl3) δ 7.11 (2H, J = 8.4 Hz),
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7.09 (2H, J = 8.4 Hz), 5.68 (1H, tdd, J = 17.1, 10.1, 7.0 Hz), 5.03�4.97
(2H, m), 4.09�4.00 (2H, m), 3.19 (1H, app quin, J = 7.5 Hz), 2.67 (1H,
dd, J = 15.3, 6.8 Hz), 2.55 (1H, dd, J = 15.3, 8.4 Hz), 2.41�2.37 (2H, m),
2.32 (3H, s), 1.16 (3H, t, J = 7.1 Hz); 13C NMR (125.8 MHz, CDCl3)
δ 172.4, 140.5, 136.1, 135.9, 129.0, 127.3, 116.7, 60.2, 41.4, 40.73, 40.65,
21.0, 14.1; HRMS (ES) exact mass calcd for C15H21O2 [M þ H]þ

233.1536, found 233.1539.
Dimethyl 2-[3-oxo-1-(4-methylphenyl)butyl]malonate (8):

To a solution of 5c (100 mg, 0.35 mmol) and PhI(OAc)2 (259 mg,
0.80 mmol) in THF (1 mL) at room temperature were added H2O
(0.1 mL), 2,6-lutidine (0.1 mL, 0.86 mmol), and OsO4 (4% soln in H2O,
50 μL, 0.008 mmol), then the mixture was stirred at room temperature for
18 h.The reactionwas quenchedwith saturated aqueousNa2S2O3 solution
and extracted with EtOAc. The combined organic layers were washed with
saturated aqueous CuSO4 solution, dried (NaSO4), filtered, and concen-
trated in vacuo. Purification of the residue by column chromatography
(5% EtOAc/hexanef20% EtOAc/hexane) gave the ketone 8 (70 mg,
68%) as a colorless oil. IR (film) 3053, 3020, 2985, 1751 (CdO), 1735
(CdO), 1437, 1378, 1265, 1216 cm�1; 1H NMR (400 MHz, CDCl3) δ
7.11 (2H, d, J = 8.2 Hz), 7.07 (2H, d, J = 8.0 Hz), 3.94 (1H, dt, J = 9.1, 5.3
Hz), 3.72 (3H, s), 3.71 (1H, d, J = 10.8Hz), 3.51 (3H, s), 2.92 (2H, dq, J =
16.7, 7.0 Hz), 2.29 (3H, s), 2.03 (3H, s); 13C NMR (100.6 MHz, CDCl3)
δ 206.1, 168.6, 168.1, 137.2, 136.8, 129.2, 127.8, 57.2, 52.6, 52.3, 47.2, 40.1,
30.2, 21.0; HRMS (ES) exact mass calcd for C16H21O5 [M þ H]þ

293.1384, found 293.1385.
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Enantioselective Nickel-Catalyzed Michael Additions of Azaarylacetates and
Acetamides to Nitroalkenes
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Azaarenes are privileged structures that appear in numer-
ous biologically active compounds such as natural products,
pharmaceuticals, and agrochemicals. Therefore, the develop-
ment of new methods for the incorporation of azaarenes
into compounds, or to functionalize preexisting azaarenes,
are of high value. Our laboratory has recently developed
two reactions that utilize alkenylazaarenes as electrophiles
for enantioselective addition reactions: copper-catalyzed
1,4-reductions,[1a] and rhodium-catalyzed 1,4-arylations.[1b]

These processes rely upon a suitably positioned C=N group
in an azaarene to activate an adjacent alkene toward a nucle-
ophilic addition (Figure 1 A).[2,3] These studies led us to con-

sider whether the C=N group of an azaarene could provide
a complementary mode of substrate activation through
acidification of the protons of an adjacent methylene
carbon. Under suitable reaction conditions, deprotonation
of this methylene carbon could occur to generate a nucleo-
phile that, under the influence of a chiral catalyst, could un-
dergo enantioselective addition to a carbon electrophile
(Figure 1 B).

In this context, the Trost group has reported enantioselec-
tive palladium-catalyzed allylic alkylations of alkylazaarenes
with cyclic allylic carbonates.[4] Although this protocol was
effective, stoichiometric quantities of a strong lithium amide
base, lithium hexamethyldisilazide (LiHMDS), are required
for the reactions to proceed.[4] The development of process-
es that operate under milder reaction conditions without
stoichiometric preactivation of the alkylazaarene[5] is there-
fore highly desirable, and recent reports have documented
initial progress toward this goal.[6] The research groups of
Huang,[6a–c] Rueping,[6d] and Matsunaga and Kanai[6e] have
reported non-asymmetric metal-catalyzed additions of alky-
lazaarenes to imines,[6a–d] enones,[6e] and an a,b-unsaturated
N-acylpyrrole.[6e] A catalyst-free addition of alkylazaarenes
to imines was also recently described.[7] Furthermore, there
is a body of related work on transition-metal catalyzed
cross-coupling reactions involving C�H functionalization of
alkylazaarenes.[8] However, because of the relatively low
acidity of alkylazarenes, high temperatures and long reac-
tion times are often required to achieve acceptable yields in
these reactions, and to our knowledge, no enantioselective
variants have been reported.

One strategy for increasing the reactivity of alkylazaar-
enes is to place an additional acidifying group at the a car-
bon, which may also serve as a functional handle for further
manipulation. Although there are numerous examples of ad-
ditions of azaarylcarbonyl compounds or azaarylacetonitriles
to carbon electrophiles, enantioselective variants are virtual-
ly nonexistent. The research group of Melchiorre recently
described a secondary-amine-catalyzed asymmetric addition
of nitrobenzyl pyridines to enals,[9] a reaction that is concep-
tually related to work by Cid, Ruano, and co-workers on the
use of nitrophenylacetonitriles as pronucleophiles.[10] Given
the paucity of such processes, the development of new cata-
lytic enantioselective carbon–carbon bond-forming reactions
of alkylazaarene derivatives represents an attractive goal.[11]

Herein, we describe catalytic enantioselective Michael addi-
tions of azaarylacetates and acetamides to nitroalkenes.[12]

Azaarylacetates 1 a–h were examined first (Table 1). A
brief evaluation of selected catalysts employed for the enan-
tioselective addition of 1,3-dicarbonyl compounds to nitroal-
kenes[13,14] revealed that the nickel(II)-bisACHTUNGTRENNUNG(diamine) complex
2 developed by the research group of Evans[14d,e, 15] exhibited
good activity. Stirring a 1:1 mixture of the azaarylacetate
and the nitroalkene with 5 mol % of 2 in dioxane at room
temperature in the presence of 3 � molecular sieves provid-
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EaStCHEM, School of Chemistry, University of Edinburgh
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Figure 1. Azaarenes as activating groups for enantioselective catalysis.
E=electrophile, EWG =electron-withdrawing group, Nu=nucleophile.
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ed the Michael products with high enantioselectivities.[16, 17]

Unsurprisingly, the stereocenter a to the ester carbonyl
group in many of the Michael adducts was prone to epimeri-
zation, and these products were isolated as inseparable mix-

tures of diastereomers. Ethyl 2-pyridylacetate (1 a) under-
went addition to a variety of b-(hetero)aryl-substituted ni-
troalkenes[18] with reasonable to high enantioselectivities
(80–91 % ee, entries 1–3). Substrates containing other azines
are also effective partners for (E)-4-methyl-b-nitrostyrene as
demonstrated by the successful reaction of substrates bear-
ing chloropyrazine (Table 1, entry 4), dimethoxytriazine
(Table 1, entry 5), isoquinoline (Table 1, entry 6), and quina-
zoline (Table 1, entry 7) moieties, providing products in 88–
99 % ee. Dimethoxytriazine 1 c was poorly reactive, and
a slightly elevated temperature of 50 8C was required to pro-
vide 3 e in 50 % yield, but in 90 % ee (Table 1, entry 5).
Azoles such as benzothiazole (Table 1, entries 8 and 9) and
benzisoxazole (Table 1, entry 10) are also tolerated. In con-
trast to the other examples, the diastereomers of products
3 d, 3 f, 3 g, and 3 j were configurationally stable and separa-
ble. Furthermore, decarboxylation of 3 d and 3 i was readily
achieved with no loss of enantiopurity upon heating with
catalytic p-TsOH·H2O in toluene (Scheme 1).

The process is not limited to azaarylacetates; azaaryl terti-
ary acetamides are also viable substrates (Table 2).[17] In
these cases, the products are configurationally stable, an ob-
servation that can be rationalized by the well-known resist-
ance of tertiary amides containing an acidic stereocenter at
the a position to undergo enolization, because of the signifi-
cant A1,3 strain that would develop.[19] Therefore, the indicat-
ed diastereomeric ratios likely reflect the inherent kinetic
diastereoselectivities of these reactions. Under reaction con-
ditions identical to those employed in Table 1, azaaryl N,N-
dimethyl ACHTUNGTRENNUNGacetamides containing chloropyrazine (Table 2,
entry 1), dimethoxytriazine (Table 2, entry 2), benzothiazole
(Table 2, entries 3–10), benzisoxazole (Table 2, entries 11
and 12), or 5-phenylisoxazole (Table 2, entry 13) groups un-
derwent Michael additions to give the corresponding prod-
ucts in generally good yields and reasonable to high ee val-
ues. With substrate 5 c, the b substituent of the nitroalkene
may be varied from p-tolyl (Table 2, entry 3) to p-methoxy-
phenyl (Table 2, entry 5), p-fluorophenyl (Table 2, entry 6),
p-bromophenyl (Table 2, entry 7), or 2-furyl (Table 2,
entry 8) without a major impact on diastereo- or enantiose-
lectivities. However, a sterically more demanding o-tolyl
group led to 6 d in somewhat diminished selectivities

Table 1. Addition of azaarylacetates to nitroalkenes.[a]

Product Yield
[%][b]

d.r.[c] ee
[%][d]

1 3a Ar=p-Tol 71 12:1 89
2 3b Ar=p-MeOC6H4 88 7.5:1 80
3 3c Ar=2-furyl 98 5:1 91

(45)

4 3d 66[e] 7:1[f] 94

5[g] 3e 50[h] 9:1[h] 90

6 3f X=CH 78[e] 9:1[f] 99
7 3g X=N 60[e,i] 6:1[f] 88

8 3h R=Me 94 2:1
96
(96)

9 3i R= tBu 91 3.5:1 94
(92)

10 3ja, 3jb
59
(39)[j] 1.6:1[f] 93

(82)

[a] Reactions were conducted using 0.30 mmol of 1 a-h. [b] Yields of in-
separable isolated mixtures of diastereomers. [c] Unless stated otherwise,
diastereomeric ratios of isolated product mixtures as determined by
1H NMR analysis. [d] Enantiomeric excess of the major diastereomer as
determined by HPLC analysis on a chiral stationary phase. Numbers in
parentheses refer to the ee value of the minor diastereomer. [e] Yield of
isolated pure major diastereomer. [f] Diastereomeric ratio of the unpuri-
fied reaction mixture as determined by 1H NMR analysis. [g] Reaction
conducted at 50 8C. [h] Product 3e slowly epimerized to a 1:1 mixture of
diastereomers upon standing. [i] A 1:1 mixture of diastereomers of 3g
was also isolated in 28 % yield. [j] Yield of isolated pure major and minor
diastereomers. Bn=benzyl, MS= molecular sieves, Tol= tolyl.

Scheme 1. Decarboxylation of Michael products. Ts= toluenesulfonyl.
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(Table 2, entry 4). The reactions are equally effective at
larger scales; for example, reaction of 5 c with a 2-furyl-sub-
stituted nitroalkene on a 2.5 mmol scale provided 6 h in
95 % yield, greater than 19:1 d.r., and greater than 99 % ee
after a single recrystallization of the crude product (Table 2,
entry 8). Other amide groups such as Weinreb amides 5 d
(Table 2, entry 9) and 5 g (Table 2, entry 12), and morpholine
amide 5 e (Table 2, entry 10) are tolerated. In contrast to the
majority of examples in Table 2, substrates 5 f–h underwent
reactions with low diastereoselectivities (Table 2, entries 11–
13).

Using substrate 5 c for illustrative purposes, Figure 2 de-
picts plausible transition state models that lead to the four
possible stereoisomers of the products. These models are
based upon the following assumptions:[14e] 1) catalyst 2 re-
leases one diamine ligand that deprotonates the azaarene
substrate to form the reactive enolate; 2) binding of the eno-

Table 2. Addition of azaarylacetamides to nitroalkenes.[a]

Product Yield
[%][b]

d.r.[c] ee
[%][d]

1 6a 83 >19:1 83

2 6b 99[e] 10:1 93

3 6c Ar=p-Tol 79 >19:1 95
4 6d Ar =o-Tol 64 6:1 66
5 6e Ar=p-

MeOC6H4

74 >19:1 86

6 6f Ar=p-FC6H4 78 >19:1 95
7 6g Ar=p-BrC6H4 84 >19:1 89
8[f] 6h Ar =2-furyl 95 >19:1 >99

9 6i 85 >19:1 96

10 6j 87 >19:1 95

11 6k 73[g] 2:1[g] 88
(66)

12 6la, 6lb
43
(44)[h] 1:1

81
(89)

Table 2. (Continued)

Product Yield
[%][b]

d.r.[c] ee
[%][d]

13 6ma, 6mb
49
(49)[h] 1:1

99
(99)

[a] Reactions were conducted using 0.30 mmol of 5 a–h. [b] Unless stated
otherwise, yields are of isolated pure major diastereomers. [c] Diastereo-
meric ratio of the unpurified reaction mixtures as determined by
1H NMR analysis. [d] Enantiomeric excess of the major diastereomer as
determined by HPLC analysis on a chiral stationary phase. Numbers in
parentheses refer to the ee value of the second diastereomer. [e] Yield of
an isolated inseparable mixture of diastereomers. [f] Reaction conducted
using 2.5 mmol each of 5c and nitroalkene. [g] Product 6k was isolated
as a 1.3:1 mixture of diastereomers. [h] Yields of isolated pure separated
diastereomers.

Figure 2. Model for stereochemical induction.
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late to the nickel(II) center occurs through the amide
oxygen and azaarene nitrogen atoms, and 3) the nitroalkene
is bound to the nickel(II) center to stabilize the incipient ni-
tronate anion. The facial selectivity with respect to the nitro-
alkene may be explained by unfavorable nonbonding inter-
actions of the nitro group with a benzyl group of the ligand
that are present in TS 1 and TS 2 but are absent in TS 3 and
TS 4. In turn, the high diastereoselectivities observed with
5 c (Table 2, entries 3 and 5–8) may be rationalized by an un-
favorable interaction of the nitro group with the benzene
ring of the benzothiazole present in TS 3, an interaction that
is absent in the favored transition state TS 4. Similar consid-
erations may be invoked to explain the high diastereoselec-
tivities observed with substrates 5 a, 5 b, 5 d, and 5 e (Table 2,
entries 1, 2, 9, and 10). Finally, the low to nonexistent diaste-
reoselectivities observed with substrates 5 f–h (Table 2, en-
tries 11–13) may be accounted for by the relatively open
space in the vicinity of the oxygen atom of the (benz)isoxa-
zole rings; this open space diminishes the unfavorable NO2–
azaarene interaction in TS 3 and thus reduces the energy
difference between TS 3 and TS 4.

In conclusion, we have demonstrated that azaarylacetates
and acetamides, which, to our knowledge, have not been uti-
lized previously in catalytic asymmetric synthesis, undergo
highly enantioselective Michael additions to nitroalkenes in
the presence of a chiral nickel(II)-bis ACHTUNGTRENNUNG(diamine) complex 2.
A wide variety of azaarenes that includes pyridines, pyra-
zines, triazines, isoquinolines, quinazolines, benzothiazoles,
and benz(isoxazoles) are compatible with this process, sug-
gesting it could be a useful method for the preparation of
enantioenriched chiral azaarene-containing building blocks.
As well as serving as a further demonstration of the versatil-
ity of nickel complex 2 in stereoselective carbon–carbon
bond construction,[20] this study suggests that the analogy be-
tween the carbonyl group and the C=N moiety in azaarenes
may serve as a rich platform for the development of addi-
tional catalytic enantioselective reactions. Studies in this
area are ongoing in our laboratories, and will be reported in
due course.

Experimental Section

General procedure for nickel-catalyzed Michael additions: A mixture of
the azaarylacetate or azaarylacetamide (0.30 mmol), 3 � MS (60 mg),
and nickel catalyst 2 (12 mg, 0.015 mmol) in 1,4-dioxane (5 mL) was
stirred at room temperature for 5 min before addition of the nitroalkene
(0.30 mmol) in dioxane (1 mL) dropwise over 5 min. The mixture was
stirred for 18 h at room temperature, filtered through a short plug of
silica using EtOAc (30 mL) as eluent, and the solvent was removed in va-
cuo. Purification of the residue by column chromatography using silica
gel afforded the Michael adduct.
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