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Abstract 

This thesis encompasses a novel methodology enabling the diastereoselective addition of 

heteroatom-centered nucleophiles to the conjugated double bond of in situ-generated Ŭ,ɓ ï 

unsaturated cyclopropenyl amides.  The methodology is presented as a means of activating the 

relatively poorly electrophilic double bond of conjugated amides via release of the ring strain 

which is inherent to cyclopropenes.  Through strain-release activation it was demonstrated that 

oxygen, sulfur and nitrogen-centered nucleophilic adducts of cyclopropylcarboxamides can be 

efficiently synthesized.  The thesis is divided into three chapters which discuss not only the 

development and elaboration of our chemistry, but also other methods of activating Ŭ,ɓ ï 

unsaturated amides and why our method will benefit the synthetic community.   

 Chapter one is a review of activation methods which are commonly employed to 

facilitate nucleophilic addition to Ŭ,ɓ ï unsaturated amides.  The utility of directly 

functionalizing conjugated amides through nucleophilic addition is discussed, as well as why 

activation is necessary.  The discussion is organized as a comparison of the reactivity of 

unactivated systems to that of activated systems; meanwhile providing an overview of what the 

synthetic community has done to develop this area of chemistry. 

 Chapter two focuses on the development of the strain-release activation method and 

addresses the problems and solutions associated with using inherently unstable cyclopropenes.  

Elaboration of the methodology to include addition of alkoxide, phenoxide and thiolate 

nucleophiles, both inter- and intramolecularly, to in situ generated, conjugated 

cyclopropenylcarboxamides is then presented and discussed.  Chapter three follows up with 

discussion of the benefits of nitrogen-centered nucleophilic addition and the challenges we faced  
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Abstract (Continued) 

 

in accomplishing this task.  Utilization of anilines, carboxamides and sulfonamides as 

nucleophilic amine-surrogates are presented as a viable means facilitating the addition of 

nitrogen-centered nucleophiles to conjugated cyclopropenes, thereby accessing biologically 

interesting ɓ-aminocyclopropanecarboxylic acid derivatives.   
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Chapter 1. Activation methods for conjugate addition to Ŭ,ɓ-unsaturated amides. 

1.1. Introduction  

 

The conjugate addition reaction has been known for over a century and has received vast 

attention from the synthetic community.
1a,2

 The overwhelming majority of publications on the 

subject have focused on nucleophilic addition to Ŭ,ɓ-unsaturated aldehyde, ketone and ester 

derivatives.  Early in the 20
th
 century, it was demonstrated that Ŭ,ɓ-unsaturated amides could also 

undergo conjugate addition
1b-d

, however, it was quickly recognized that this class of molecule 

suffers from poor electrophilicity as compared to analogous aldehydes, ketones or esters.
3,4

 

Despite having relatively poor reactivity, conjugate addition to unsaturated amides has received a 

great deal of attention over the past several decades, granting synthetic access to a number of 

valuable products including alkaloids,
 5

 polyamines,
6
 ɓ-peptides

7
 and biologically interesting 

heterocycles.
8
  Efforts leading to this development will be discussed in this review, which is 

organized into three sections based on the class of nucleophile; with each section being 

subdivided into two groups: unactivated amides, and activated amides. 

1.2. Carbon nucleophiles and unactivated systems 

 

Many classes of carbon-based nucleophiles have been demonstrated as viable candidates 

for addition to Ŭ,ɓïunsaturated amides which have no activating groups.  For example in 1973, 

Schlessinger demonstrated that the enolate anion generated from 1 is a viable nucleophile for 

conjugate addition to lactam 2, en route to the total synthesis of vincamine (Scheme 1).
9
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Scheme 1 

 

 

Interestingly, it was found that when a sterically hindered acyclic version of thioacetal 1, bearing 

S-ethyl substituents, was employed under similar conditions; the reaction did not occur.  In 1980, 

Baldwin demonstrated that alkyl and phenyl lithium reagents could be added to secondary 

amides, in a 1,4-fashion.
10

  Concurrently Snieckus published that alkyl and aryl Grignards, alkyl, 

aryl and vinyl lithium reagents as well as cyclic and acyclic lithium enolates can be successfully 

added in a 1,4 fashion to unsaturated tertiary amides.  He further demonstrated that many of the 

anionic conjugate addition intermediates can be trapped with carbon-based electrophiles 

(Scheme 2).
 11

   

Scheme 2 
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Nitroalkanes also react with unactivated amides as carbon nucleophiles.  It was 

demonstrated that bicyclic lactam 4 in the presence of DBU and nitropropane as solvent, readily 

forms 1,4-adduct 5 (Scheme 3).
5
   

Scheme 3 

 

 

It is noteworthy that in the case of sterically demanding substrates such as substituted lactam 6 

(Table 1, eq 1, entry 1) bearing a butyl group at the ŭ-position, reaction with nitromethane in the 

presence of DBU results in poor yields.
 12

  Steric factors play a defining role in this reaction as 

evidenced by the fact that the only nitroalkane adducts that were formed, were products of 

relatively unhindered nitromethane (entry 1) in contrast to nitropropane (entry 3) where only 

trace ammounts of products were observed.  Also the substituents on unsaturated lactam 6 play a 

pivotal role.  The best yields were obtained when the ŭ-substituent was hydrogen (entry 7), in 

which case, a more bulky nitro-cyclopentane was added in 37% yield.  In contrast, the 

complementary thiolactam 6, bearing various substituents at the ŭ-position, was found to be more 

reactive and accepts a variety of different alkyl-nitro nucleophiles under identical conditions to 

form thiolactam derivatives 8 in excellent yields (Table 1, entries 2, 4, 6 and 8). 
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Table 1 

 

Entry X R
1
 R

3
 R

2
 yield (%) dr 

1 O H H n-Bu 17 - 

2 S H H n-Bu 88 >99:1 

3 O Me H n-Bu trace - 

4 S Me H n-Bu 88 >99:1 

5 O Me Bn Allyl  trace - 

6 S Me Bn Allyl  90 >99:1 

7 O (CH2)5 Ph H 37 na 

8 S (CH2)5 Ph H 72 na 

 

One other example of 1,4-addition of nitroalkanes to an unsaturated lactam was published in 

2006 and demonstrates the viability of an intramolecular approach (Scheme 4).
13

  It was 

demonstrated that pentacyclic lactam 11 can be synthesized through 6-endo-trig cyclization of 

unsaturated amide 9. 
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Scheme 4 

 

 

With the exception of the above examples (Scheme 3) which gave only poor yields of 

nitroalkane adducts, nitroalkane-substituted amides, synthesized by intermolecular nucleophilic 

addition, are formed by addition to the more reactive thiolactam followed by subsequent 

transformation into lactams.
4
 

1.3. Carbon nucleophiles and activated systems 

 

While Grignard, organolithium and stabilized enolate-type reagents are viable 

nucleophiles for unactivated systems, organocuprates are not well tolerated.
10,11

  These less 

reactive nucleophiles necessitate activation of the olefin by various methods.  It was shown that 

the addition of a tosyl group to the amide nitrogen of lactam 12 can enhance selectivity towards 

conjugate addition and grant access to products like ɓ-substituted lactam 14.  The tosyl-group 

effectively diminishes the electron donating ability of the nitrogen, and subsequently enhances 

the electrophilicity of the conjugated olefin; enabling weaker nucleophiles to add. 

In the absence of this activating substituent, deprotonation of the ɔ-carbon is favored and 

ɓ,ɔ-unsaturated lactam 13 is formed (Scheme 5).
14

  This activation-method was also 

demonstrated to work on acyclic systems allowing access to amides 16.   
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Scheme 5 

 

Scheme 6 

 

In the case of five and six membered-lactams bearing a tertiary nitrogen, it was found that 

substitution of the Ŭ-carbon with an alkoxycarbonyl group activates the molecule towards 

addition of organocuprates.
15,16

  Bosch and coworkers have shown that an ester substituent on the 

Ŭïcarbon activates bicyclic Ŭ,ɓ-unsaturated amides 17 towards addition of alkyl and aryl-
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cuprates (Scheme 6).  It was established that the angular position of the C-O bond at the ŭ- 

position determines the facial selectivity of the incoming nucleophile.   

Scheme 7 

 

Utilizing a similar Ŭ-carbon activated system, investigations into the effects of ɔ and ŭ 

substituents on the lactam ring on the facial selectivity of cuprate addition were conducted 

(Scheme 7)
17,18,19,20

 and it was determined that neither ɔ-(19b)
21

 nor ŭ-(19a) substituents 

influence facial selectivity under kinetic control. 
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Scheme 8 

 

Under thermodynamic control however (Scheme 8),
22,6

 a stabilized enolate could be added to 

either isomer of 21 and it was found that the ɔ-substituent could influence the stereochemical 

outcome of the reaction.  It is thought that enolate addition is reversible and in the case of 21b 

the ethyl group likely forces the appended ester into a cis configuration with respect to the ŭ-CO 

bond as a result of thermodynamic equilibration. 
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Scheme 9 

 

 

Aside from olefin isomerization, adding organocuprates to unsaturated lactams can have other 

chemoselectivity issues.
23,24,25 

 It was that demonstrated chemoselectivity can be enhanced by the 

addition of TMSCl, which traps the enolate ion until acidic workup, thereby affording vinyl 

adduct 24 in good yield (Scheme 9).  In the absence of TMSCl, lactam 23 undergoes cuprate 

addition, but also significant dimerization via intermediate 25 reacting with 23 to form mixtures 

of dimerized adduct 26 as the major product.  It is likely that TMSCl also enhances the 

electrophilicity of the double bond through interaction with the carbonyl-oxygen of the 

unsaturated lactam. 

 



10 

 

1.4. Nitrogen-centered nucleophiles and unactivated systems  

 

Unactivated Ŭ,ɓ-unsaturated amides have been shown to react with several classes of 

nitrogen-based nucleophiles.  Similar to carbon-based nucleophiles, stronger nitrogen-based 

nucleophiles readily add to unactivated amides while activation is often employed for weaker 

nucleophiles.   

Scheme 10 

 

For example, acyclic unsaturated amides can react with secondary lithium amide nucleophiles 

with good to high yields (Scheme 10).
26,27,28

  This example also demonstrates that the chiral 

auxiliary on 64 can lead to a high degree of enantio-induction. 

Scheme 11 
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Intramolecular cyclization reactions between amine-derivatives and conjugated amides can also 

be realized for several substrates.
29,30,31

  An intramolecular 5-exo-trig cyclization between 

weakly nucleophilic amide-derivative 30 and its appended ɓ-carbon has been demonstrated as 

part of a Heck-Michael cascade reaction (Scheme 11).
30

 

Scheme 12 

 

Similarly, Scheme 12 highlights a reaction sequence beginning with removal of the FMOC group 

from silica-supported amide 32, initiating 6-exo-trig cyclization, followed by N-acylation with 

benzoyl chloride and subsequent cleavage from the silica support with TFA/H2O to yield 33 as a 

3:1 mixture of diastereomers.  HPLC was utilized for determination of diastereomeric ratio and 

products were isolated by semi-preparative HPLC.  However, NMR resonances of 33 were broad 

and therefore assignments of major/minor diastereomeric products were not reported.
31

 

Scheme 13 

 

Dehydroalanine derivatives are an attractive candidates for 1,4-addition despite being 

notoriously poor Michael acceptors.
32

  This is likely due to the deactivation of the ɓ-carbon by 
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both the amide nitrogen of the conjugated amide, and further deactivation by the amide nitrogen 

attached to the Ŭ-carbon.  Despite these drawbacks, several papers have been published showing 

that through optimization of reaction conditions (solvent, temperature, etcé), several nitrogen-

based nucleophiles can be added to this class of molecule.  For example, dehydroalanine 

derivative 34 can accept benzyl amine to yield functionalized alanine 35 (Scheme 13).
33

 It should 

be noted that reactions require protic solvents (water, methanol), have reaction times on the order 

of days and require a 5-20 fold excess of amine.   

Scheme 14 

 

 

Given the observation that poor Michael acceptors like dehydroalanine can react with amines, it 

is no surprise that simple Ŭ,ɓ-unsaturated amides like 36 can readily react with similar amine 

substrates (Scheme 14).
34

 However, this reaction required refluxing toluene for 32 hours to 

complete.  A similar system used ethanol as a solvent and required 24 hours to achieve a modest 

60% yield.
35

  Even large aza-crown ethers have been demonstrated to react with unsaturated 

amides, but require similar reaction times and a large excess of substrate.
36

  

1.5. Nitrogen-centered nucleophiles and activated systems 

 

The poor elecrophilicity of Ŭ,ɓ-unsaturated amides further manifests itself when less 

reactive nitrogen nucleophiles are employed.  A single example demonstrating addition of 
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pyrrole was present in the literature (Scheme 15).
37

  Although pyrrole adds to 38 in high yield, it 

takes three days for the reaction to complete, compared to stronger Michael acceptors such as 

Ŭ,ɓ-unsaturated esters and nitriles which take only 18 hours to achieve comparable yields under  

Scheme 15 

 

 

identical reaction conditions.  However, using various modes of activation, the addition of 

several amine derivatives, including aromatic amines, can be achieved for a variety of substrates 

under comparatively mild conditions and shorter reaction times. 

N-acyl activation is a viable approach for promoting the addition of nitrogen-based 

nucleophiles to unsaturated amides.
 38,39,40,41

  For example N-phenylmaleimide 40, which can be 

viewed as an unsaturated amide with an N-carbonyl activating group, readily accepts aromatic 

heterocyclic nucleophile 41; forming succinimide-derivative 42 (Scheme 16).
42
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Scheme 16 

 

 

The utility of N-carbonyl activation is further showcased in Scheme 17, which illustrates the 

reaction of weakly nucleophilic Cbz-protected amine with activated amide 43 to yield glycine 

derivative 44 in good yield.
43

 

Scheme 17 

 

 

Lewis acids are sufficient activators for nucleophilic addition of weak nitrogen 

nucleophiles.  Utilizing Cu(OTf)2 as a Lewis acid catalyst enables highly deactivated Cbz-

protected aromatic amine 45 to react cleanly with amide 46 to form adduct 47 in good to 

excellent yield (Scheme 18).
44
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Scheme 18 

 

Scheme 19 

 

Similarly, the above system utilizes catalytic ytterbium(III) triflate to enhance the reaction rate
7
 

of unsaturated amide 48 with alkyl amines.  While examples involving unactivated amides 

(Scheme 13, Scheme 14, Scheme 15) sometimes require days of reaction time, 5-22 fold excess 

of amine, and/or harsh conditions, this particular case utilizes only a 1:1 ratio of starting 

materials, is performed in an aprotic solvent and requires only 12 hours to complete at room 

temperature yielding amine derivative 49 (Scheme 19).   
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Scheme 20 

 

Table 2: Addition of amines to silica-activated unsaturated amides 

Entry R
3
 R

1
,R

2
 Time (h) yield (%) 

1 H n-Bu, H 3 92 

2 H R
1
=R

2
= CH2CH3 5 89 

3 H R
1
=R

2
= (CH2)5 5 93 

4 H R
1
=R

2
= (CH2CH2)2O 5 92 

5 CH2CH3 n-Bu, H 5 94 

6 CH2CH3 R
1
=R

2
= CH2CH3 10 88 

7 CH2CH3 R
1
=R

2
= (CH2)5 10 72 

8 CH2CH3 R
1
=R

2
= (CH2CH2)2O 10 84 

9 CH2CH3 Ph, H 24 62 

 

A weak Lewis acid like silica
45

 and even alumina
46

 can be used to promote amine addition to 

unsaturated amides (Table 2, entries 1-8) in aprotic MeCN on the timescale of several hours 

(Scheme 20); even allowing access to an adduct of weakly nucleophilic aniline within a 

reasonable amount of time and in good yield (Table 2, entry 9). 
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Collin demonstrated the effectiveness of SmI2, in conjunction with an N-acyl group, at 

activating amide 50 towards 1,4-addition of a variety of aromatic amines in good to excellent 

yields under base-free conditions (Scheme 21).
 47

 

Scheme 21 

 

 

1.6. Oxygen-centered nucleophiles and unactivated systems 

 

The literature provides scarce examples of oxygen-based conjugate addition to unactivated 

amides.  One example demonstrates an elimination-addition pathway to add hydroxyl, alkoxyl 

and amino substituents to bicyclic amide 52 (Scheme 22).
48

 

 

Scheme 22 
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Scheme 23 

 

 

Paolucci demonstrated that unsaturated lactam 62 is capable of accepting methoxide as a 

nucleophile without activation (Scheme 23).
49

  This paper also demonstrates that azides,
50

 as 

well as sulfur-based nucleophiles can be added to this system.  Other similar reports confirm that 

alkoxides are indeed viable nucleophiles for these unactivated amide systems.
51
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1.7. Oxygen-centered nucleophiles and activated systems 

 

Scheme 24 

 

 

However when activated with an electron-withdrawing group on the amide-nitrogen,
52

 

oxygen-based nucleophiles add under relatively mild conditions
, 
(Scheme 24).

53
  In this example, 

PMB-protected glycine is added to aldehyde 54 to form iminium-adduct 56 which undergoes 

decarboxylation to form an azomethine ylide which is protonated in the presence of water to 

form iminium intermediate 57.  This imminium is in conjugation with the amide nitrogen, 

activating the olefin towards nucleophilic addition of water.  This is the start of a Michael-

Mannich cascade which produces product 55 in 90% yield. 
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Scheme 25 

 

 

In another example, the amide nitrogen of 58 is substituted with either an aryl or acyl group to 

allow access to 6-membered cycle 59 under mild conditions (Scheme 25).
8
  Note that when 

amide 58 has an alkyl substituent, no reaction occurs.   

Scheme 26 

 

 

Conjugated olefins can be activated towards nucleophilic addition by electron 

withdrawing groups on the ɓ-carbon.
54,55,56

  Nitrogen, sulfur, oxygen and carbon nucleophiles 

were successfully added to acrylamide-derivative 60, accompanied by reformation of the double 

bond via chlorine elimination, yielding conjugated amide 61 (Scheme 26).
57

  



21 

 

 

1.8. Conclusions 

 

Ŭ,ɓ-unsaturated amides can readily react with carbon and nitrogen-based nucleophiles 

given that the nucleophile is sufficiently strong or that the reaction conditions are relatively 

harsh.  Through various methods of activation including Lewis acidic catalysis, installation of 

electron withdrawing groups on the amide nitrogen, or installation of electron withdrawing 

groups on the Ŭ or ɓ position of the appended olefin; the scope of nucleophilic addition to 

unsaturated amides can be greatly enhanced to encompass weaker organocuprates, deactivated 

amine-derivatives as well as oxygen-based nucleophiles.  Work done in this area has allowed 

conjugate addition into unsaturated amides to grow into a valuable synthetic tool allowing access 

to a large number of valuable molecules.    
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Chapter 2. Strain-Release activation of unsaturated amides and oxygen-centered 

nucleophiles 

2.1. Introduction  

 

An alternative approach to activating Ŭ,ɓ-unsaturated amides could be accessed through 

ring-strain release.  It is known that cyclopropene is accompanied by large amounts of strain 

energy because of the fact that it contains sp
2
 bonds which are locked at 60

o
 bond angles.  This 

has several implications including instability but also that cyclopropene can serve as an effective 

energy reserve for driving otherwise unfavorable reactions.
58,59

  We envisioned utilizing the 

strain-energy inherent to conjugated cyclopropenyl carboxamides as a means of both activating 

the amide and accessing a variety of interesting and useful cyclopropanecarboxamide derivatives 

(Figure 1).   

 

Figure 1: Strain-release activation of unsaturated amides. 

 

Indeed the products of these reactions belong to the general class of molecules called 

donor-acceptor cyclopropanes (DACôs).  DACôs have found widespread application in organic 

synthesis as equivalents of C3-electrophiles or all-carbon 1,3-dipoles.
60

 A number of useful 

protocols employing DACs have been developed, including various nucleophilic additions,
61

 [3 

+ 2],
62

 [3 + 3],
63

 and [3 + 4] cycloaddition reactions.
64

 Synthesis of DACôs typically proceeds via 

catalytic cycloropanation of enol ethers with carbenoids generated from diazoacetates
65

 or 

through reacting Fisher carbenes with electron-deficient olefins.
66

 In contrast, our approach 
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enables the direct functionalization of cyclopropene with a variety of donor groups, or 

nucleophiles.   

Direct functionalization of Ŭ,ɓ-unsaturated cyclopropenyl carboxamides involves several 

unique challenges that had to be addressed in order to make this methodology viable.  The first 

and perhaps, biggest challenge, stems from the instability of these highly reactive molecules, 

which readily decompose via polymerization and ene-reactions.
67

 To circumvent the inherent 

lack of shelf-life, monosubstituted carbonyl-conjugated cyclopropenes have to be generated and 

used in situ.
68

 Precedence for this pattern of reactivity has been sporadically observed in the 

literature, however elaboration of a general methodology has only recently seen development 

within the past five years by this research group.
67,69

 

2.2. In situ generation and trapping of cyclopropene with alkoxide nucleophiles 

 

Rubin and coworkers has demonstrated that while cyclopropene 65 can be synthesized, 

isolated and stored under nitrogen at low temperatures for several months
70a

 to even several 

years; 65 can be used as an electrophile in the addition of oxygen-based nucleophiles, forgoing 

the isolation step.
70b

 This was accomplished via bromocyclopropane 64, which can undergo 

dehydrohalogenation in the presence of t-BuOK and catalytic 18-crown-6 to form 65 followed 

by subsequent trapping by base, or by a competing pronucleophile, to form cyclopropanol 

derivatives 66 (Scheme 27).   
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Scheme 27 

 

 

Table 3: Addition of alkoxides to steric controlled system 

Entry No. R Yield (%) dr 

1 66a t-BuO 93 >25:1 

2 66b i-PrO 96 18:1 

3 66c n-PrO 99 16:1 

4 66d PhCH2O 75 >25:1 

5 66e Me2NCH2CH2O 83 11:1 

 

The diastereoselectivity for this particular system is governed by steric factors, allowing 

nucleophiles to react at the least hindered face of the cyclopropene.  It was demonstrated that a 

variety of functionally diverse (Table 3, entries 4, 5) and sterically demanding (entries 1 and 2) 

cyclopropanol-derivatives can be synthesized in this fashion, all giving good yields and a high 

diastereoselectivity. 

Similarly, bromocyclopropanes 67 bearing a carboxamide or carboxylate moiety 

underwent dehydrohalogenation, followed by nucleophilic addition to form cyclopropanol 

derivatives 69 in good to excellent isolated yields (Scheme 28).
70b
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Scheme 28 

 

Table 4: Addition of alkoxides to cyclopropenes bearing directing groups 

Entry SM R
1
 R

2
 No. Yield (%) dr 

1 67a NEt2 t-BuO 69a 87 20:1 

2 67d NHBu-t t-BuO 69g 92 >25:1 

3 67a NEt2 n-PrO 69b 94 14:1 

4 67b N(CH2CH2)2 CH2=CH(CH2)3O 69c 92 20:1 

5 67c OK t-BuO
a 

69d 79 >25:1 

6 67c OK t-BuO
b 

69e 81 >25:1 

7 67c OK n-PrO
a 

69f 83 >25:1 

a 
Quenched with MeI prior to isolation.  

b
 Quenched with allyl bromide prior to isolation. 

 

In this system, diastereoselectivity is controlled by the carbonyl group which coordinates 

to a potassium ion, thereby directing the negatively charged nucleophile to the carbonyl face of 

the cyclopropene.  It was demonstrated that secondary (Table 4, entry 2) and tertiary amides 

(entries 1, 3, 5), as well as carboxylate moieties (entries 5-7) are effective directing groups.   

 Having met success with in situ trapping of relatively stable cyclopropene intermediates  

65 and 68,  we then set out to apply our methodology to the unstable conjugated cyclopropene 
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intermediate 71 (Scheme 29).
70,71,72

  Lacking any reasonable shelf life, in situ generation and 

trapping of intermediate 71 is not a synthetic shortcut, but is in fact a necessity.
68,69

  

Scheme 29 

 

 

Initial experiments demonstrate that bromocyclopropane 70 undergoes 1,2-dehydrobromination 

in the presence of t-BuOK and catalytic 18-crown-6 to form 71, which is subsequently trapped 

by base to form tert-butyl ether adduct 72 in good yield.  Unlike cyclopropene intermediates 68 

bearing an amide function and yielding diastereomeric ratios indicitave of directing control, the 

adduct of cyclopropene 71 yields predominately a trans-diastereomer.  Given the fact that 71 is 

flat, achiral and has no possibility for a facially selective nucleophilic attack; the selectivity is 

thought to arise from a thermodynamically-driven epimerization of the C-H bond in the Ŭ-

position to the carbonyl group after the addition step has occurred.  This was an especially 

exciting result for several reasons.  Not only did it provide a proof of concept that strain release 

energy could be used to drive nucleophilic addition to an Ŭ,ɓ-unsaturated amide,
 73

 but it also 
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opened up the possibility for exploiting a new mode of selectivity control in our evolving 

methodology.   

 However, the next step involving the implementation of competing pronucleophiles 

revealed yet another challenge.  It was observed that cyclopropene intermediate 71 is so reactive, 

that 
t
BuOK can compete with isopropoxide, and even to some extent n-propoxide, for the 

electrophilic ɓ-carbon (Scheme 29).  To remedy this, we first had to take into account two 

observations.  First, the fact that the carbonyl group on bromocyclopropane 70 renders the Ŭ-CH 

bond relatively acidic suggests that a potentially weaker base could be utilized for 

dehydrobromination.  Secondly, during optimization of a preparative synthesis of cyclopropene 

intermediates 68, it was found that KOH can affect 1,2-elimination and even after prolonged 

heating at 110
 o
C

 
, cyclopropene 68b

70,72
 generated from bromocyclopropane 67b in the presence 

of KOH and 18-crown-6, did not show any traces of addition or decomposition (Scheme 30). 

 

Scheme 30 

 

 

Fortunately, utilization of KOH was indeed a solution which allowed for combining the 

1,2-elimination reaction with the addition of an alkoxide, generated in situ from an appropriate 

alcohol pronucleophile, in a sequential chemoselective transformation (Table 5, eq. 2). 
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Table 5: Addition of alkoxides to conjugated cyclopropenyl carboxamides 

 

no. R
1
, R

2
 RO product yield, %

b
 dr

c
 dr upgraded

d
 

1 t-Bu, H (70a) n-PrO 72b 71 9:1 39:1 (100) 

2 t-Bu, H (70a) MeOCH2CH2O 72c 97 8:1 19:1 (97) 

3 Et, Et (70b) MeOCH2CH2O 72d 87 16:1  

4 t-Bu, H (70a) CH2=CH(CH2)3O 72e 85 7:1 19:1 (95) 

5 morph
e
 (70c) CH2=CH(CH2)3O 72f 84 12:1  

6 t-Bu, H (70a) m-NO2C6H4CH2O 72g 81 8:1 24:1 (98) 

7 Et, Et (70b) m-NO2C6H4CH2O 72h 93 7:1 22:1 (97) 

8 Et, Et (70b) PhCH2O 72i 87
f
 6:1 >50:1 (100) 

9 t-Bu, H (70a) c-HexNH(CH2)3O 72j 78 14:1  

10 piper
g
 (70d) CH2=CHCH2O 72k 95

h
 15:1  
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Table 5 (continued) 

no. R
1
, R

2
 RO product yield, %

b
 dr

c
 dr upgraded

d
 

11 piper
g
 (70d) PhCH=CHCH2O 72l 81 19:1  

12 t-Bu, H (70a) HC¹C-CH2O 72m 78
h
 10:1  

13 t-Bu, H (70a) i-PrO 72n 71 8:1 16:1 (96) 

14 t-Bu, H (70a) HC¹C-CMe2O 72o 59 10:1  

15 t-Bu, H (70a) Ph3CO 72p 50 25:1  

16 Me, MeO PhCH2O 72q 44
j
 >25:1  

a
 Reactions performed in 0.3-0.5 mmol scale unless specified otherwise.   

b
 Isolated yields of diastereomeric 

mixtures.  
c
 dr (trans:cis) determined by GC or 

1
H NMR analysis of crude reaction mixtures prior to the 

diastereoselectivity upgrade.   
d
 dr (trans:cis) determined by GC or 

1
H NMR analysis of crude reaction mixtures 

after the diastereoselectivity upgrade, material balance (%) is given in parentheses.   
e
 morph = morpholine 

derivative, R
1
R

2
 = (CH2CH2)2O.   

f
 Reaction performed in 8 mmol scale.  

 g
 piper = piperidine derivative, R

1
R

2
 = 

(CH2)5.   
h
 Reaction carried out at 50 

 □ C 
.   

i
 Reaction mixture was stirred for 3 hrs at 60 

 □ C 
.  

j
 t-BuOK (2.5 equiv) was 

employed as base, the reaction was performed at r.  t.   

 

Having a chemoselective method for the addition of pronucleophiles, the scope of this 

transformation was investigated with respect to the N-substituents on cyclopropanes 70 as well 

as the compatibility of functional groups and steric factors associated with the nucleophile.  

Thus, the reaction of bromocyclopropane 70a with KOH in the presence of n-propanol and 

catalytic amounts of 18-crown-6 proceeded smoothly affording trans-n-propoxide adduct 72b in 

good yield and high diastereoselectivity.  Functional group compatibility was demonstrated 

through addition of other primary alkoxides possessing functional groups, such as a methyl ether 

or an isolated C=C double bond which added very efficiently without subsequent olefin 

isomerization or other chemoselectivity issues; providing cyclopropanol ethers 72c, 72d, 72e, 

and 72f in high yields (entries 2-5).  Formal substitution with alkoxides generated from allyl and 

cinnamyl alcohols
72

 also proceeded smoothly, affording the corresponding ethers 72k and 72l 
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(entries 10 and 11).  Similarly, a reaction carried out in the presence of propargyl alcohol readily 

afforded propargyl ether 72m (entry 12).  It should be mentioned that the latter reaction must be 

performed at temperatures <60 
 o

C
 
 and monitored closely to prevent a base-assisted 1,3-

prototropic rearrangement of allyl and propargyl ether moieties into enol and allenyl ether 

functions, respectively.   

 After demonstrating that m-nitrobenzyl and benzyl-protected alcohols could be added 

(entries 6-7 and 16) we set out to investigate scalability.  Utilizing benzyl alcohol as a 

nucleophile, we were able to isolate benzyl-protected cyclopropanol 72i (entry 8) on 8 mmole 

scale via vacuum distillation in 87% yield.  It is also noteworthy that cyclopropanes bearing both 

secondary and tertiary amides readily undergo nucleophilic addition.  In the case of secondary 

amides, the relatively acidic N-H bond can undergo deprotonation by KOH to form equilibrium 

species 71aii (Figure 2).  As a consequence of charge delocalization, the electrophilicity of 71aii 

should be much less than electronically neutral 71ai.  That being said, cyclopropanes bearing 

secondary amides readily undergo nucleophilic addition (Table 5, entries 1-2, 4, 6, 9, 12-15), 

indicating that either 71aii is not present in significant quantities, or that 71aii is still sufficiently 

reactive despite being highly deactivated.  In the case of tertiary amides such as 71b, potentially 

negative steric interactions did not seem to effect reaction efficacy (Table 5, entries 3, 5, 7-8, 10-

11), yielding cyclopropanol derivatives bearing a tertiary carboxamide in good to excellent 

yields. 



31 

 

 

 

Figure 2: Potential electronic and steric challenges to nucleophilic addition. 

 

When bifunctional 3-cyclohexylaminopropanol pronucleophile bearing an N- and O- 

terminus was reacted with bromocyclopropane 71a, the reaction was chemoselective for the O-

terminus yielding exclusively cyclopropyl ether 72j in good yield (entry 9).  Initially, it was 

rationalized that chemoselectivity was a result of selective deprotonation of more acidic O-H 

bond, however further investigations that will be discussed in following sections revealed that 

nitrogen nucleophiles require an activating group in order to add to conjugated cyclopropene 

intermediates.   

Finally the impact of the steric environment about the alkoxide nucleophile was 

investigated.  While primary alkyl and benzyl as well as secondary alkoxide nucleophiles add 

with good to excellent yield
74

 (71-97% yield; Table 5, representative entries 1, 3, 7 and 13); it 

was found that tertiary alcohols were viable, but suffered from diminished yields as steric bulk 

increased.  For example, tertiary propargyl alcohol added to form propargyl ether 72o in 59% 

yield (entry 14).  When extremely bulky trityl alcohol was used, only 50% of the corresponding 

ether 72p was isolated.   
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Regardless of the nucleophile source, all of these additions provided trans-

cyclopropylethers as major products.  However, in some cases, the relatively low basicity of 

hydroxide led to incomplete epimerization and less than ideal diastereoselectivity was achieved 

(Table 5, entries 1-2, 4, 6-8, 13).  Initial attempts at improving selectivity via increasing base 

loading, reaction temperature or reaction time had no effect.  However it was found that after 

removing solvent, crude mixtures could be treated with fresh THF and t-BuOK, which 

significantly improved diastereomeric ratios without notable decomposition (Table 6).   

Table 6: Epimerization protocol  

 

  

dr before 

treatment 

dr after 

treatment 

material 

balance, % 

72b 9:1 39:1 100 

72c 8:1 19:1 97 

72e 7:1 19:1 95 

72i 6:1 >50:1 100 

72n 8:1 16:1 96 

 

We also questioned whether the thermodynamic control of the diastereoselectivity is 

realized via an epimerization of the tertiary carbon atom adjacent to the amide functionality, or 

via a reversible addition of a nucleophilic species.  To clarify the mechanism, we performed a 

crossover experiment employing a pair of 2-alkoxycyclopropane carboxamides 72c and 72h, 

bearing different alkoxide and amide groups.   A mixture of 72c and 72h was subjected to the 

typical reaction conditions in the presence of either KOH or t-BuOK as a base.  In both cases no 
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formation of crossover products 72g and 72d was detected by GC analysis of the crude reaction 

mixtures (Scheme 31).   These results strongly support irreversibility of the nucleophilic addition 

which, in turn, suggests that thermodynamic control of the diastereoselectivity in this reaction is 

realized solely via a base-assisted epimerization of the Ŭ-CH group. 

Scheme 31.  Test on Reversibility of the Nucleophilic Addition of Alkoxide Species 

 

 

Conditions i: 72c (50 ɛmol), 72h (50 ɛmol), 18-crown-6 ((5 ɛmol), KOH (175 ɛmol), THF (500 

ɛL), 85 
 □
 C

 
, 48 h.  Conditions ii : Same as above, but using  t-BuOK (175 ɛmol) in place of KOH. 
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2.3. Phenoxide addition 

 

While there has been interest in ɓ-phenoxy substituted amides as antitumor agents,
75

 

protein modulators
75b

 and Alzheimerôs therapeutics,
76

 these compounds are accessed via addition 

to epoxide-substituted amides or through substitution of a ɓ-bromomethylene group; resulting in 

a non-stereogenic center.  Reports of efficient, diastereoselective methods to add aryloxy 

moieties to the ɓ-carbon of amides are non-existent in literature.  Conjugate addition to an 

unsaturated amide would be an attractive method to achieve this goal.
77

 With an established 

protocol for the addition of alkoxides to unsaturated cyclopropenyl amides, we ventured to 

extend this methodology to the addition of aryloxide species.
78

 To our delight, reactions between 

cyclopropyl bromide and phenol provided phenyl ether in good isolated yield and high 

diastereoselectivity (Table 7, eq.  7).
72  
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Table 7: Phenoxide addition 

 

no. R
1
, R

2
 ArO product yield, %

b
 dr

c
 dr upgraded

d
 

1 t-Bu, H (70a) PhO 73a 79 6:1 >50:1 (96) 

2 t-Bu, H (70a) p-MeOC6H4O 73b 75 7:1 >50:1 (97) 

3 t-Bu, H (70a) p-BrC6H4O 73c 86 8:1 46:1 (100) 

4 t-Bu, H (70a) p-IC6H4O 73d 80 10:1  

5 t-Bu, H (70a) p-PhCOC6H4O 73e 90 10:1  

6 t-Bu, H (70a) p-NCC6H4O 73f 74 10:1 42:1 (96) 

7 t-Bu, H (70a) o-FC6H4O 73g 89 12:1  

8 t-Bu, H (70a) o-CF3OC6H4O 73h 84 15:1  

9 Et, Et (70b) o-FC6H4O 73i 82 12:1  

10 t-Bu, H (70a) 3,5-(CH3)2C6H3O 73j 95 13:1  

11 morph
e
 (70c) 3,5-(CH3)2C6H3O 73k 87 20:1  

12 t-Bu, H (70a) 3,5-(CF3)2C6H3O 73l 85 17:1  

13 t-Bu, H (70a) 2,4-(t-Bu)2C6H3O 73m 95 15:1  

14 morph
e
 (70c) 2,6-(CH3)2C6H3O 73n 83 25:1  

15 piper
f
 (70d) quinolin-8-olate 73o 97 single  

a
 Reactions performed in 0.3-0.5 mmol scale unless specified otherwise.   

b
 Isolated yields of diastereomeric 

mixtures.   
c
 dr (trans:cis) determined by GC or 

1
H NMR analysis of crude reaction mixtures.   

d
 dr (trans:cis) 

determined by GC or 
1
H NMR analysis of crude reaction mixtures after diastereoselectivity upgrade, material 

balance (%) is given in parentheses.   
e
 morph = morpholine derivative, R

1
R

2
 = (CH2CH2)2O.   

f
 piper = piperidine 

derivative, R
1
R

2
 = (CH2)5.    
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Electronically diverse para-substituted aryloxides also reacted smoothly producing the 

corresponding aryl cyclopropyl ethers 73b, 73c, 73d, 73e, 73f in high yields (entries 2-6).  

Similarly, excellent reactivity was demonstrated in the addition of ortho-substituted phenoxides 

(entries 7-9).  Both electron-rich and electron-poor 3,5-disubstituted phenoxides reacted 

smoothly to produce aryloxycyclopropanes 73j, 73k, and 73l (entries 10-12).  Remarkably, 

highly sterically encumbered phenoxides derived from 2,4-di-tertbutylphenol, 2,6-

dimethylphenol, and 8-hydroxyquinoline provided the corresponding adducts 73m, 73n, and 73o 

in high yields and excellent diastereoselectivities (entries 13-15).   

It also deserves noting that formal substitution with phenoxides proceeded much slower 

and required higher temperatures to achieve complete conversion, as compared to analogous 

reactions with alkoxides.  This difference can be explained in terms of increased acidity of 

phenols, which readily produce phenoxides and water by a stoichiometric reaction with KOH.  

Although small amounts of moisture do not adversely affect this transformation, formation of the 

hydroxide-phenoxide ñbufferò lowers the effective basicity of the system.  This, in turn, results 

in significant inhibition of the dehydrobromination step.  The latter process is a rate-determining 

step in this reaction, which was confirmed by the fact that the overall kinetic rate of the 

transformation did not depend on electronic properties of the phenoxide species.  The Swain-

Lupton LFER parameters obtained from a series of competing parallel reactions reveal a 

profound negative F-value, indicating the diminution of the negative charge in the anionic 

phenoxide reagent as a result of addition to an electrophilic double bond (Figure 3). 
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Figure 3.  Swain-Lupton LFER studies of the formal nucleophilic substitution of 

bromocyclopropane 70a with aryloxides.
79

 

 

With a well-elaborated protocol for intermolecular addition of oxygenïbased 

nucleophiles in hand, we began investigating intramolecular cyclization reactions.  Initial 
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attempts involved 7-endo-trig cyclization of bromocyclopropane 74 which did not yield any 

observable quantity of 76.  It is thought that intermediate 75 is too strained for intramolecular 

addition and instead prefers intermolecular addition to another equivalent of 75, resulting in 

polymeric products.  8-endo-trig cyclization of alkoxy-tethered cyclopropane 77 on the other 

hand, proceeds smoothly yielding 8-membered heterocyclic adducts 79a-c in excellent yield 

(Scheme 32).   

Scheme 32 
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When attempting 8-endo-trig cyclization of phenoxide-tethered cyclopropane 80, it was found 

that increasing steric bulk of the amide substituent has a positive effect on the efficacy of the 

reaction (Scheme 33). 

Experimentally, it was observed that cyclizations of N-hexyl (80a) and N-cyclohexyl 

(80b) derivatives proceeded sluggishly to give 40-50% conversion, and after a laborious 

purification benzoxacinones 81a and 81b were isolated in ~30% yield only.  In contrast, N-tert-

butyl amide 80c reacted cleanly affording cyclization product 81c in high yield (Scheme 33).  To 

explzin this observation, we rationalized that upon forming cyclopropene intermediate 80i, the 

phenoxide anion is coordinated with potassium, which in turn is also coordinated with the 

carbonyl oxygen.  This coordination would cause the phenoxide anion to rotate away from the 

electrophilic ɓ-carbon leaving the molecule in a non-reactive conformation.  If the amide 

substituent is sufficiently bulky, de-coordination is favored allowing the phenoxide anion to 

rotate into reactive conformation 80ii for nucleophilic attack on the olefin.   

Scheme 33 

 

 

  
















































































































































































































































































































