
ABSTRACT 

JANG, YUJIN. Synthesis of 1-Sulfonylcyclopropanols and Their Application in New Chemical 

Transformations as Powerful Cyclopropanone Equivalents. (Under the direction of Dr. Vincent 

Lindsay). 

 

Cyclopropanone, a notoriously strained cycloalkanone (Baeyer strain ca. 49 kcal/mol), is 

a promising three carbon building block in organic synthesis where all three C–C bonds are labile, 

and can be readily involved in ring-opening or ring-expansion. Despite its tremendous potential as 

a strained reagent, the difficulties associated with its handling and storage have precluded its 

widespread use in organic synthesis. For these reasons, a majority of cyclopropanone chemistry in 

the literature involves the use of equivalents such as hemiketals that can equilibrate to the parent 

ketone in situ via base-induced α-elimination. Although the classical hemiketals are suitable in 

some reactions, a number of potential transformations are still inaccessible, as harsh conditions are 

often required to generate cyclopropanone due to the poor leaving group ability of alkoxides and 

the immense strain generated in the process. In order to elevate the chemistry of cyclopropanones 

as common building blocks in synthesis, well-behaved cyclopropanone precursors are highly 

demanded.  

Here, we describe the efficient and convenient synthesis and application of unsubstituted 

1-sulfonylcyclopropanols as powerful cyclopropanone equivalents. By tuning the electronic and 

steric nature of leaving group, a variety 1-sulfonylcyclopropanols were furnished, and the relative 

propensity of their equilibration to cyclopropanone was investigated in a novel pyrazole 

substitution reaction.  

With this well-behaved class of surrogates, we explored the C–C bond activation of this 

strained cycloalkanone in the presence of transition metals and organocatalysts. As a result, we 

discovered a new Ni-catalyzed [3+2] cycloaddition of cyclopropanone and internal alkynes, 



affording 2,3-disubstituted cyclopentenones with complete regiocontrol. Notably, the products 

formed are analogous to the ones obtained in the classical Pauson-Khand reaction, but with reverse 

regiocontrol. In addition, we studied the NHC-umpolung chemistry of cyclopropanone to achieve 

formal cycloaddition via C–C activation.  We currently obtained several NHC-cyclopropanone 

adducts in moderate to good yield and further investigation of this novel class of compounds will 

be conducted in the future to understand their reactivity towards cycloaddition. 

Considering the importance of fluorine in the field of medicinal chemistry, life sciences 

and agrochemicals, the development of selective fluorination is urgent. We discovered selective 

formal β-fluorination of carboxylic derivatives via oxidative ring opening-fluorination of 

cyclopropanone equivalents. Here, we adopted pyrazole as a transient leaving group, which allows 

further functionalization of the carboxylic derivatives obtained.  
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CHAPTER 1 

 

General Introduction 

 

1.1: Strained Ring Systems 

Strained ring systems have received significant attention in organic synthesis due to their 

high reactivity and increased energy. By releasing such potential energy as a driving force, a 

number of unique transformations of strained structures were developed. Recently, Baran and co-

workers reported a direct amination of small, strained cyclic systems such as propellanes, 

bicyclo[1.1.0]butanes (BCBs), azabicyclo[1.1.0]butanes (ABBs) and housanes, allowing access to 

important bioisoteric scaffolds in medicinal chemistry (Figure 1).1-2 They employed highly 

strained reagents to simply introduce small ring system into lead compounds or drug candidates. 

Due in part to this work on strained small rings, a new era of strain-release driven transformations 

has opened.  

 

Figure 1. Strain-release amination of small ring systems 
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The term of ‘ring strain’ was coined by Adolf von Baeyer over a century ago. He proposed 

that three and four-membered rings are less stable than other size rings since their bond angles are 

much more deviated from the standard tetrahedron angle at sp3 centers.3 Experimentally, the ring 

strain energy was determined by comparing the actual heat of hydrolysis of the strained 

compounds to that of acyclic analogues.4 The strain energy of cyclopropanes, the smallest 

saturated carbocycle, is estimated to be about 28 kcal/mol, assuming that cyclohexane is strain-

free.5-6 A similar energy value was observed with four-membered carbocycles, cyclobutanes (27 

kcal/mol), although the bond angle of cyclobutane (88º) is larger than that of cyclopropane (60º) 

(Figure 2). This result suggests that other factors besides bond angle contribute to the strain energy, 

and subsequent studies revealed that not only angular strain but also bond length distortion, 

nonbonded interaction (steric effect) and energy change caused by rehybridization influence the 

total strain in a molecule.5 Cyclopropane contains two contributors for stabilization of the ring 

strain, one of which is the absence of 1,3-repulsive interactions in the three-membered ring. 

Furthermore, cyclopropanes have strong and short C–H bonds with increased bond energies 

(experimental BDE value for cyclopropane and methylene is 106 and 98 kcal/mol, repectively),7-

8 which compensates for its weak C–C bonds and minimizes its strain energy. Although 

cyclopropane and cyclobutane possess similar strain energies overall, when a carbonyl group is 

incorporated into a small ring, a large difference in strain energy is observed. Indeed, the strain 

energy of cyclopropanone is 20 kcal/mol higher than that of cyclobutanone.9-11 While 

cyclobutanone is commercially available and quite stable itself, cyclopropanone derivatives can 

rarely be isolated in pure form.12-13 



   

3 

 

 

Figure 2. Strain energies of common cycloalkanes and cycloalkanones (kcal/mol) 

 

1.2: Introduction to Cyclopropanone and its Derivatives 

For many years, cyclopropanone has been of great interest in organic chemistry as a three-

carbon building block. The incorporation of ketone in a small ring system confers a unique 

reactivity by considerably increasing the strain energy. Owing to its structural characteristics, the 

three membered cyclic ketones possess several reactive sites, allowing to access a multitude of 

chemical transformation such as nucleophilic attack to the carbonyl carbon, ring-opening and ring 

expansions. The carbonyl group readily reacts with many types of nucleophiles such as water, 

alcohols, amines and Grignard reagents (Figure 3a). By organometallic addition, valuable tertiary 

cyclopropanol derivatives can be synthesized in a straightforward way, while ring strain is 

decreased as an sp2 carbon converts to sp3.14-15 In parallel to this strain-releasing effect, 

cyclopropanones are rapidly polymerized in the presence of trace nucleophiles above 0 ℃ (Figure 

3b) and spectral data of polymers have been reported.16-17 Furthermore, labile cyclopropanones are 

susceptible to ring opening reactions via both homolytic and heterolytic bond cleavage at either 

the C1–C2 or C2–C3 positions. The site-selectivity is generally dependent upon substitution 

patterns of the ring system and reaction conditions. Upon treatment with bases, the nucleophilic 

ring opening favors cleavage of the C1–C2 bond, as suggested in the second step of the Favorskii 

rearrangement (Figure 3b). Acid-catalyzed ring-opening of aryl-substituted cyclopropanones 
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cleaves the C2–C3 bond where the cationic intermediate produced from the ring-opening process 

can be stabilized by the aryl substituent (Figure 3d).18 In addition, ring expansion is one of the 

most well-known chemical transformations with respect to this strained cyclic ketone, affording 

four-membered rings such as cyclobutanones19 and β-lactams20 (Figure 3e). Nucleophilic 

substitution of cyclopropanones by diazomethane or electron-deficient nitrene equivalents 

subsequently induces ring expansion via [1,2]-shift in order to minimize the ring strain. 

 

 

Figure 3. Selected examples of the general reactivity of cyclopropanones 

 

Until 1965, cyclopropanones were only thought to be transient intermediates in some 

organic reactions such as the Favorskii rearrangement,21 formation of cyclobutanones by the 

reaction of diazomethane and ketenes22-23 and photolysis of 1,3-cyclobutadienenone.24 Initially, 

most attempts to isolate cyclopropanone failed and its existence was ultimately confirmed by the 

isolation of adducts from the nucleophilic addition of protic solvents providing hemiketals, or by 

isolation of cycloadducts from the cycloaddition reaction with dienes. It wasn’t until 1965 that 
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cyclopropanone was successfully isolated by Hammond12 and Schaafsma-DeBoer.13 It was 

evidenced by physical data such as infrared and ultraviolet spectroscopy, nuclear magnetic 

resonance and microwave analysis.25-26 Despite the fact that cyclopropanone can be isolated, its 

direct use in organic synthesis has been precluded by the hardship associated with its handling and 

storage. Cyclopropanone generated by the reaction of diazomethane and ketene can be obtained as 

an ethereal solution through distillation at −78 ℃, and it must be used immediately at low 

temperature (Figure 4).26 Otherwise, rapid polymerization takes place in the presence of a trace 

amount of water above 0 ℃ due to its kinetic instability. For this reason, cyclopropanone chemistry 

has been more popularized by its counterparts, which equilibrate to the parent ketone in situ under 

specific conditions (vide infra). 

 

Figure 4. Synthesis of cyclopropanone and its polymerization 
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CHAPTER 2 

 

Synthesis of 1-Sulfonylcyclopropanols 

and Kinetic Study of Their Equilibration to Cyclopropanone 

Poteat, C. M.‡; Jang, Y.‡; Jung, M.‡; Johnson, J. D.; Williams, R. G.; Lindsay, V. N. G.  

Angew. Chem. Int. Ed. 2020, 59, 18655-18661.  

 

2.1: Introduction to Cyclopropanone Equivalents 

Cyclopropanone equivalents serve to address issues associated with the preparation, 

handling and storage of cyclopropanones. In general, cyclopropanone equivalents are in the form 

of a nucleophile adduct, and under certain conditions the nucleophile acts as a leaving group to 

form cyclopropanone in situ (Figure 5). Among various derivatives, the most common in 

cyclopropanone chemistry involves cyclopropanone hemiketals (Figure 5a). However, due in part 

to the poor leaving group ability of alkoxides, cyclopropanone hemiketals require harsh conditions 

such as strong base, acid or heat, which unfortunately increases the possibility of decomposition 

of unstable cyclopropanone in the reaction system. Furthermore, these same precursors can often 

undergo Farvoskii-type (metal-homoenolate) ring-opening pathways rather than conversion to the 

parent ketone, resulting in a low yield of the desired product. Therefore, there is a limit to studying 

cyclopropanone chemistry using this hemiketal form, and well-behaved precursors are needed to 

discover inaccessible transformations and unlock the full potential of cyclopropanones as building 

blocks.  Recently, 1-sulfonylcyclopropanols were reported as cyclopropanone surrogates by the 

Chen group,27-28 which is analogous to the use of sulfinates as base-sensitive protecting groups for 

unstable aldehydes and imines (Figure 5b).29 This new precursor has the advantage of easy storage 
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and handling as a white crystalline solid and can be stored for long periods of time without any 

sign of decomposition. Moreover, such a precursor is shown to undergo equilibrium to 

cyclopropanone in mildly basic condition at room temperature or below, which potentially 

provides opportunities to unlock the general potential of cyclopropanone derivatives.  

 

Figure 5. Cyclopropanone precursors: a) Hemiketals and Ketals as cyclopropanone equivalents. 

b) 1-Sulfonylcyclopropanols as cyclopropanone equivalents 

 

2.1.1: Synthetic Approaches to Cyclopropanone Hemiketals   

The first cyclopropanone hemiketal was unintentionally obtained by von Lipp during the 

reaction of diazomethane and ketene where the diazomethane ethereal solution contained 

methanol,22 thus the generated cyclopropanone instantly converted to the corresponding hemiketal 

(Figure 6). By performing the reaction with alkyl- or aryl diazo compounds, access to various 

substituted cyclopropanone surrogates was possible.30 Although this synthetic approach is 

straightforward, hemiketals were usually prepared in a different way due to the risk of explosion 

when carried out on a large scale, a typical consequence of the use of diazomethane.  

 

O
HO LG

− LG−H

base, acid, 
Lewis acid or

heat

O
R1O OR2

base, acid, 
Lewis acid or heat

MeO OMe TMSO OEt HO OEt HO OH

a) 1st Generation of Cyclopropanone Equivalents: Hemiketals and Ketals

b) 2nd Generation of Cyclopropanone Equivalents: 1-Sulfonylcyclopropanols

O
HO SO2R1 mild base
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Figure 6. Formation of cyclopropanone hemiketal 

 

 

Cyclopropanone hemiketals can be easily prepared by treatment of silyl-protected 

cyclopropanone ketals in mildly acidic conditions or methanol. There are two main methods for 

the synthesis of these silyl-protected substrates, one of which is a reductive cyclization of β-

haloesters in the presence of trimethylchlorosilane (Figure 7)31. Improvements to this method 

provided an access to 2-substituted cyclopropanone equivalents, and a single example of a chiral 

derivative was reported by Nakamura.32 

 

 

Figure 7. Reductive cyclization of β-haloesters 

 

The Simmons-Smith cyclopropanation is an alternative pathway in which silylketene 

acetals react with diiodoalkanes and diethyl zinc to produce the 1-alkoxy-1-siloxycyclopropane, 

precursor of the cyclopropanone hemiketal (Figure 8).33 While a variety of substituted 

cyclopropanone precursors were accessible with moderate to good efficiency through this 

synthetic route, an enantioselective version of this transformation is yet to be reported.  

 

 
 

Figure 8. Simmons-Smith cyclopropanation of silylketene acetals  
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2.2: Synthesis of 1-sulfonylcyclopropanols   

As mentioned previously, 1-sulfonylcyclopropanol has recently emerged as a promising 

cyclopropanone precursor. An important feature of the sulfinate adduct is that it exhibits higher 

reactivity compared to commonly used hemiketal form 1, which was demonstrated during the Au-

catalyzed synthesis of 1-alkynylcyclopropylamines by the group of Chen (Figure 9).27 While 

sulfinate adducts 2 and 2’ generated the desired alkynyl-substituted cyclopropylamine in moderate 

yields, no reaction was observed with hemiketal 1 under the same conditions. Interestingly, the 

yields of coupling products are different with regards to the R group on sulfinate adduct (62% 

from 2: R = Ph, and 34% from 2’: R = p-Tol). We thus hypothesized that electronically and 

sterically finely tuned 1-sulfonylcyclopropanols could have different effects on the equilibrium to 

the parent ketone. Since there were only 1-(phenylsulfonyl)cyclopropanol 2 and 1-(p-

tolylsulfonyl)cyclopropanol 2’ reported by the Chen group to date, we decided to synthesize a 

series of 1-sulfonylcyclopropanols having electronically and sterically different R groups on the 

sulfinate moiety to evaluate the effect of leaving groups on such a key equilibrium. 

 

 

Figure 9. Comparison of the reactivity of cyclopropanone precursors 1, 2 and 2’ 

 

To do so, we first embarked on the synthesis of precursors using the literature procedure 

reported by Chen. In this procedure, cyclopropanone hemiketal 1 was prepared by acid-catalyzed 
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cleavage of the silyl group and isolated via distillation. Then, this intermediate was treated with 

sodium phenylsulfinate in water in the presence of formic acid, producing desired product 2 as a 

white solid in 33% yield over 2 steps (Scheme 1). The low overall yield of this process results 

from the tricky isolation of unstable and volatile intermediate 1 and recrystallization of the final 

compound 2. Based on 1H NMR of the crude mixture, we confirmed that the product could be 

obtained in pure form without recrystallization, as most of the impurities are volatile or soluble in 

water which were removed by a workup process such as extraction and evaporation. After this first 

attempt, we sought to develop a more general, simple and high yielding procedure in order to 

readily access various 1-sulfonylcyclopropanols. 

 

 

Scheme 1. Synthesis of 1-(phenylsulfonyl)cyclopropanol 2 via a literature procedure 

Subsequent optimization was performed in a one-pot manner, thereby avoiding isolation 

of the unstable intermediate 1, as both steps required MeOH as a solvent and took place in acidic 

conditions (Table 1). We first tested the reaction in the absence of formic acid as we thought that 

the remaining HCl would have the same function as formic acid, but it only gave a trace amount 

of product (entry 1). The use of a weak carboxylic acid is perhaps essential as a proton shuttle to 

eliminate the ethoxide group without protonation of the nucleophilic sulfinate reagent (entry 2). 

Considering that some of the sulfinate salt might have lost its nucleophilicity due to the presence 

of remaining HCl, we used an excess amount of phenylsulfinate (4 equiv), which significantly 
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increased the yield up to 90% from 74% (entry 3). After further attempts, it was found that reducing 

the HCl loading provided an economic synthetic protocol by minimizing the use of sulfinate salt 

to 2 equivalents (entry 4). The resulting procedure constitutes a convenient and efficient way to 

form 1-(phenylsulfonyl)cyclopropanol 2. As an advantage of this protocol, it was suitable on gram 

scale with similar efficiency (90% yield) and affords the pure product after workup without any 

further purification. 

 

Table 1. Optimization of the synthesis of 1-(phenylsulfonyl)cyclopropanol 2 

 

Entry 

HCl 

(amount) 

PhSO2Na 

(x equiv) 

HCO2H 

(y equiv) 

Conc. [M] 

(2nd step) 

Yield (%) 

1 4 drops 1.2 0 0.33 <9 

2 4 drops 1.2 10 0.67 74 

3 4 drops 4.0 10 0.67 90 

4 1 drop 2.0 10 0.67 92 

 

Then, we prepared various sulfinic acid salts since most of them are not commercially 

available except PhSO2Na, MeSO2Na and CF3SO2Na. These salts were synthesized by the 

following two methods: (a) nucleophilic addition of Grignard or organolithium reagents to 1,4-

diazabicyclo[2.2.2]octane bis(sulfur dioxide) adduct (DABSO) as a source of sulfur dioxide (SO2), 

or (b) reduction of alkyl- or arylsulfonyl chlorides in the presence of sodium sulfite and sodium 

bicarbonate. After the successful preparation of various sulfinic acid salts, each was treated in our 

optimal conditions to synthesize a series of sulfinate-cyclopropanone adducts (Scheme 2). Both 
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electron-rich and -poor arylsulfinates were found to be tolerated, forming cyclopropanone 

precusors with different electronic properties, respectively. Moreover, alkylsulfinates allowed us 

to obtain a diverse range of steric profiles of the leaving group based on whether it was substituted 

by primary, secondary or tertiary alkyl groups. Compounds 9 and 15 could not be isolated in our 

optimized conditions, likely due to their instability caused by the extreme steric hindrance or 

electron-poor character, respectively. It should be noted that although they could not be isolated, 

they were observed by TLC and LCMS analyses at short reaction times. Kinetic studies of these 

unsubstituted cyclopropanone precursors were then performed using a pyrazole trapping reaction 

to understand their reactivity based on leaving group effect (see section 2.3). 

  

 

Scheme 2. Scope of unsubstituted 1-sulfonylcyclopropanols 

 



   

13 

 

Previously, our efforts were directed toward unsubstituted cyclopropanone. To achieve a 

general and practical strategy to access diverse cyclopropanones, we tried to extend this method 

to 2-substituted derivatives. Several TMS-protected cyclopropanone hemiketals were prepared via 

Simmons-Smith cyclopropanation of the corresponding silyl ketene acetals, and were treated in 

our optimal conditions to form 2-substituted-1-sulfonylcyclopropanols (Scheme 3a). Simmons-

Smith cyclopropanation allows access to substituted cyclopropanone precursors, but cannot be 

extended to optically active substrates, since no enantioselective version of this reaction exists. 

Therefore, our group decided to design a new pathway to access enantioenriched cyclopropanones 

and developed a method for a base-mediated α-hydroxylation of enantioenriched 

sulfonylcyclopropanes using a bis(silyl) peroxide as an electrophilic oxygen source (Scheme 3b, 

Work of Myunggi Jung). Optically active sulfonylcyclopropanes were prepared according to 

known synthetic methods and our α-hydroxylation leads to highly enantioenriched 

cyclopropanone equivalents in moderate to excellent yield. Our work provides a general method 

for enantioselective cyclopropanone precursors and, importantly, constitutes the first general 

approach to enantioenriched cyclopropanone equivalents34  
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Scheme 3. Synthesis of substituted-1-sulfonylcyclopropanols 

 

 

 

2.3: Kinetic Study of Unsubstituted 1-Sulfonylcyclopropanols  

As mentioned earlier, we assumed that by tuning the ability of the leaving group, each 

precursor would have a different reactivity to its conversion to cyclopropanone. To assess the 

relative rate of conversion of the 1-sulfonylcyclopropnols, we designed a novel pyrazole 

substitution reaction that is easy to operate and forms a clean product without any side-product. 

Furthermore, it was found that the chemical transformation occurs at a rate that is easy to track 

using NMR at room temperature. Given the high strain energy of cyclopropanone, the initial 

equilibrium leading to its formation is expected to be the rate limiting of the whole process. We 
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thus thought that the relative rate of each cyclopropanone precursor in the pyrazole trapping 

reaction would be informative of the relative trend with regards to the equilibrium to 

cyclopropanone. The yield of pyrazole adduct was measured at each time point through NMR 

using 1,3,5-trimethoxybenzene as an internal standard (Table 2 and Figure 10). In terms of the 

electronic effect, the electron-deficient sulfinate adducts (e.g. 5: R=p-CF3Ph, 6: R=p-NO2Ph) 

generally react more rapidly compared to electron rich adducts (e.g. 3: R=PMP), which is believed 

to be due to the electronic stability and reduced nucleophilicity of the released sulfinate anion 

(Figure 11, top). The steric effect on the reactivity of cyclopropanone precursors was evaluated by 

employing alkylsulfinic acid adducts 10-14. In a general manner, sterically hindered substrates 

(e.g. 14: R=t-Butyl) were observed to react faster than less hindered precursors (e.g. 10: R=Me, 

11: R=n-Bu) (Figure 11, bottom). This is because sterically congested substrates that store higher 

torsional (Pitzer) strain energy easily lead to α-elimination of the sulfinate group. 
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Table 2. NMR yield of 1-(1H-pyrazol-1-yl)cyclopropanol 22 from a set of cyclopropanone 

equivalents over the reaction time 

 

 
 

 

 

 

 

Figure 10. 1H NMR spectrum with a yield (63%) of 1-(1H-pyrazol-1-yl)cyclopropanol from 1-

(phenylsulfonyl)-cyclopropanol 2 after 5 minutes. 

 

Time (min) Yield (%) Time (min) Yield (%) Time (min) Yield (%) Time (min) Yield (%) Time (min) Yield (%) Time (min) Yield (%)

0 0 0 0 0 0 0 0 0 0 0 0

5 63 5 41 5 74 5 90 5 93 5 63

10 69 10 50 10 76 10 94 10 94 10 66

20 74 20 58 20 78 20 95 20 95 20 78

30 79 30 62 30 83 30 95 30 95 30 82

40 85 40 65 40 88 40 95 40 95 40 83

50 87 50 66 50 93 50 95 50 95 50 84

60 90 60 71 60 95 60 95 60 95 60 89

7 (R=m -OMePh)2 (R=Ph) 3 (R=PMP) 4 (R=p -FPh) 5 (R=p -CF3Ph) 6 (R=p -NO2Ph)

Time (min) Yield (%) Time (min) Yield (%) Time (min) Yield (%) Time (min) Yield (%) Time (min) Yield (%) Time (min) Yield (%)

0 0 0 0 0 0 0 0 0 0 0 0

5 66 5 22 5 20 5 55 5 27 5 56

10 70 10 29 10 27 10 60 10 32 10 61

20 77 20 36 20 33 20 71 20 42 20 74

30 81 30 43 30 40 30 73 30 46 30 76

40 88 40 45 40 42 40 74 40 49 40 77

50 94 50 48 50 43 50 76 50 51 50 79

60 95 60 50 60 46 60 78 60 55 60 80

8 (R=3,5-di -CF3Ph) 10 (R=Me) 11 (R=n -Bu) 12 (R=Bn) 13 (R=s -Bu) 14 (R=t- Bu)
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Figure 11. Structure-reactivity relationship in a pyrazole substitution reaction 
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2.4: Conclusion 

A variety of unsubstituted 1-sulfonylcyclopropanols with different electronic and steric 

natures were synthesized in moderate to high yield under our modified conditions. This method is 

easy to operate because separation of any unstable substances is not required, and the final product 

is obtained in pure form after simple aqueous work-up. We developed a novel pyrazole substitution 

reaction as a model study to evaluate the relative tendency of their equilibration to cyclopropanone. 

Kinetic studies revealed that the reactivity of precursors can be controlled by adjusting the leaving 

group ability, and in general, conversions to cyclopropanone proceeded more rapidly when the 

sulfinate group was either electron-poor or sterically encumbered. This tunability will open up 

opportunities for the development of new reactions by allowing a diverse set of reaction conditions 

that are compatible with these cyclopropanone equivalents. 

 

2.5: Experimental Details  

 

General: Unless stated otherwise, all non-aqueous reactions were performed in oven-dried 

glassware sealed with microwave caps or rubber septa under a nitrogen atmosphere, and were 

stirred with Teflon-coated magnetic stir bars.35 Liquid reagents and solvents were transferred by 

syringe using standard Schlenk techniques. Methanol (MeOH) and acetonitrile (MeCN) were dried 

by passage over a column of activated alumina (JC Meyers Solvent System). All other solvents 

and reagents were used as received unless otherwise noted. Thin layer chromatography was 

performed using Silicycle silica gel 60 F-254 precoated plates (0.25 mm) and visualized by UV 

irradiation and anisaldehyde, CAM, potassium permanganate, or iodine stain. Sorbent silica gel 

(particle size 40-63 μm) was used for flash chromatography of the indicated solvent system 

according to standard techniques.36  Flash chromatography was performed on a Biotage Isolera 
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One. Nuclear magnetic resonance (NMR) spectra (1H, 13C) were recorded on Varian or Bruker 

spectrometers operating at either 300, 400, 500 or 600 MHz for 1H and 150 or 175 MHz for 13C 

experiments. Chemical shifts (δ) for 1H NMR spectra are recorded in parts per million with the 

residual solvent peak used as an internal standard (CDCl3=7.26 ppm). Data are reported as follows: 

chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qn = quintet, m = 

multiplet and br = broad), coupling constant in Hz, and integration. Chemical shifts for 13C NMR 

spectra are recorded in parts per million with the residual solvent peak used as an internal standard 

(CDCl3=77.16 ppm). All spectra were obtained with complete proton decoupling. Only select 1H 

and 13C spectra are reported. Infrared (IR) spectra were collected on a Thermo Scientific Nicolet 

iS5 FTIR instrument using attenuated total reflectance (ATR) mode and signals are reported in 

reciprocal centimeters (cm-1). Only selected IR frequencies are reported. Melting points were 

collected on Mettler Toledo MP50 melting point system. High-resolution mass spectral data were 

obtained from the NC State University Molecular Education, Technology and Research Innovation 

Center (METRIC), on a Thermo Fisher Scientific Exactive Plus for HESI.  

Reagents: (1-ethoxycycloproxy)trimethylsilane, hydrochloric acid (5-6 N in i-PrOH), 

benzenesulfinic acid sodium salt, methanesulfinic acid sodium salt, formic acid, triethylamine, 

pyrazole were purchased from commercial sources and used without further purification. Sulfinic 

acid sodium salts that were not commercially available were prepared according to literature 

procedures.37-39   
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GENERAL PROCEDURE A: Synthesis of Cyclopropanone Precursors 

 

A flame-dried microwave vial was charged with (1-ethoxycycloproxy)trimethylsilane (87 mg, 

0.50 mmol, 1.0 equiv) and dry MeOH (0.25 mL). HCl (1 drop, 5-6 N solution in 2-propanol) was 

added, and the reaction was stirred at room temperature for 10 minutes and monitored by TLC  

(10% EtOAc in hexanes, Rf = 0.3). To the resulting solution containing cyclopropanone hemiketal 

1 in methanol was successively added H2O (0.50 mL), the sulfinic acid sodium salt (RSO2Na, 1.0 

mmol, 2.0 equiv) and formic acid (189 l, 5.0 mmol, 10 equiv). After stirring at room temperature 

for 48 h, H2O was added and the reaction mixture was extracted three times with CH2Cl2, the 

combined organic layers were washed with brine, dried over MgSO4, and concentrated under 

vacuum, affording the pure 1-sulfonylcyclopropanol product (2-14) which was used without 

further purification. 

 

Specific procedures and characterization data of 1-sulfonylcyclopropanols 2-14  

(Note: HRMS data of compounds 5-14 could not be obtained likely due to their poor detector 

response or increased instability in the conditions required for analysis). 

 

 

1-(phenylsulfonyl)cyclopropanol (2). General procedure A was followed, starting with (1-

ethoxycycloproxy)trimethylsilane (500 mg, 2.87 mmol, 1.0 equiv), sodium benzenesulfinate (942 

HO S

O O

2
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mg, 5.74 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic acid (1.08 ml, 28.7 mmol, 

10 equiv) in 1:2 ratio of MeOH:H2O (4.5 mL), affording 1-sulfonylcyclopropanol 2 (523 mg, 92%) 

as a white solid.  1H NMR (500 MHz, CDCl3) δ 7.98 – 7.92 (m, 2H), 7.71 – 7.65 (m, 1H), 7.58 (t, 

J = 7.8 Hz, 2H), 3.61 (s, 1H), 1.68 – 1.62 (m, 2H), 1.26 – 1.20 (m, 2H). 13C NMR (150 MHz, 

CDCl3) δ 137.21, 133.97, 129.21, 129.09, 71.47, 13.73. All analyses were consistent with 

previously reported data.27   

On gram scale: General procedure A was followed, starting with (1-

ethoxycycloproxy)trimethylsilane (4.0 g, 22.9 mmol, 1.0 equiv), sodium benzenesulfinate (7.5 g, 

45.8 mmol, 2.0 equiv), HCl (5 drops, 5-6N in i-PrOH) and formic acid (8.64 mL, 229.0 mmol, 10 

equiv), affording 1-sulfonylcyclopropanol 2 (4.1 g, 90%) as a white solid. 

 

 

1-((4-methoxyphenyl)sulfonyl)cyclopropanol (3). General procedure A was followed, starting 

with (1-ethoxycycloproxy)trimethylsilane (87 mg, 0.50 mmol, 1.0 equiv), sodium 4-

methoxybenzenesulfinate (194 mg, 1.0 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic 

acid (189 l, 5.0 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (0.75 mL), affording 1-

sulfonylcyclopropanol 3 (104 mg, 91%) as a white solid. mp 126-128 °C. 1H NMR (600 MHz, 

CDCl3) δ 7.88-7.84 (m, 2H), 7.05-7.02 (m, 2H), 3.89 (s, 3H), 3.40 (s(br), 1H), 1.65-1.59 (m, 2H), 

1.22-1.17 (m, 2H). 13C NMR (150 MHz, CDCl3) δ 164.1, 131.3, 128.7, 114.5, 71.7, 55.8, 13.7. IR 

(neat) 3397, 1595, 1290, 1278, 1259, 1132, 1084, 1019, 821, 681. HRMS (HESI) calcd for 

[C10H12O4S+H]+: m/z, 229.0529 found 229.0529. 
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1-((4-fluorophenyl)sulfonyl)cyclopropanol (4). General procedure A was followed, starting with 

(1-ethoxycycloproxy)trimethylsilane (898 mg, 5.15 mmol, 1.0 equiv), sodium 4-

fluorobenzenesulfinate (1.88 g, 10.3 mmol, 2.0 equiv), HCl (2 drops, 5-6N in i-PrOH) and formic 

acid (1.94 mL, 51.5 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (7.5 ml), affording 1-

sulfonylcyclopropanol 4 (924 mg, 83%) as a white solid. mp 134-136 °C. 1H NMR (600 MHz, 

CDCl3) δ 8.01-7.94 (m, 2H), 7.31-7.25 (m, 2H), 3.43 (s(br), 1H), 1.69-1.63 (m, 2H), 1.28-1.22 (m, 

2H). 13C NMR (150 MHz, CDCl3) δ 166.2 (d, J = 256.6 Hz), 133.3 (d, J = 3.2 Hz), 132.0 (d, J = 

9.7 Hz), 116.6 (d, J = 22.4 Hz), 71.6, 13.8. IR (neat) 3352, 1586, 1493, 1290, 1224, 1130, 1074, 

836, 822, 612, 534, 519, 468. HRMS (HESI) calcd for [C9H9FO3S+H]+: m/z, 217.0329 found 

217.0331. 

 

 

1-((4-(trifluoromethyl)phenyl)sulfonyl)cyclopropanol (5). General procedure A was followed, 

starting with (1-ethoxycycloproxy)-trimethylsilane (87 mg, 0.50 mmol, 1.0 equiv), sodium 4-

(trifluoromethyl)benzenesulfinate (232 mg, 1.0 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) 

and formic acid (189 L, 5.0 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (0.75 mL), affording 1-

sulfonylcyclopropanol 5 (101.1 mg, 76%) as a white solid. mp 128-130 °C. 1H NMR (600 MHz, 

CDCl3) δ 8.08 (d, J = 8.2 Hz, 2H), 7.85 (d, J = 8.1 Hz, 2H), 3.63 (s(br), 1H), 1.70-1.63 (m, 2H), 

1.31-1.24 (m, 2H). 13C NMR (150 MHz, CDCl3) δ 140.7, 135.5 (q, J = 32.9 Hz), 129.6, 126.2 (q, 
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J = 3.8 Hz), 123.2 (q, J = 273.3 Hz), 71.4, 13.8. IR (neat) 3426, 1322, 1304, 1293, 1060, 840, 822, 

713, 597, 580, 467. 

 

 

1-((4-nitrophenyl)sulfonyl)cyclopropanol (6). General procedure A was followed, starting with 

(1-ethoxycycloproxy)-trimethylsilane (833 mg, 4.78 mmol, 1.0 equiv), sodium 4-

nitrobenzenesulfinate (2.0 g, 9.56 mmol, 2.0 equiv), HCl (2 drops, 5-6N in i-PrOH) and formic 

acid (1.8 mL, 47.8 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (7.5 mL), affording 1-

sulfonylcyclopropanol 6 (512 mg, 44%) as a yellow solid. mp 156-157 °C. 1H NMR (600 MHz, 

CDCl3) δ 8.44-8.40 (m, 2H), 8.16-8.13 (m, 2H), 4.07 (s(br), 1H), 1.70-1.65 (m, 2H), 1.30-1.26 (m, 

2H). 13C NMR (150 MHz, CDCl3) δ 151.1, 143.1, 130.5, 124.4, 71.6, 14.0. IR (neat) 3453, 1519, 

1295, 1142, 1079, 821, 736, 686, 643, 597, 493, 459. 

 

 

1-((3-methoxyphenyl)sulfonyl)cyclopropanol (7). General procedure A was followed, starting 

with (1-ethoxycycloproxy)trimethylsilane (87 mg, 0.50 mmol, 1.0 equiv), sodium 3-

methoxybenzenesulfinate (194 mg, 1.0 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic 

acid (189 l, 5.0 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (0.75 mL), affording 1-

sulfonylcyclopropanol 7 (94.7 mg, 83%) as a white solid.  mp 123-124 °C. 1H NMR (300 MHz, 

CDCl3) δ 7.52 (dt, J = 7.7, 1.5 Hz, 1H), 7.48 (dd, J = 7.7, 0.5 Hz, 1H), 7.45-7.42 (m, 1H), 7.19 
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(ddd, J = 7.7, 2.6, 1.5 Hz, 1H), 3.86 (s, 3H), 1.67-1.60 (m, 2H), 1.25-1.19 (m, 2H). 13C NMR (150 

MHz, CDCl3) δ 160.0, 138.4, 130.3, 121.3, 120.4, 113.8, 71.6, 55.8, 13.8. IR (neat) 3363, 1283, 

1130, 1031, 697, 650, 581, 473. 

 

1-((3,5-bis(trifluoromethyl)phenyl)sulfonyl)cyclopropanol (8). General procedure A was 

followed, starting with (1-ethoxycycloproxy)-trimethylsilane (87 mg, 0.50 mmol, 1.0 equiv), 

sodium 3,5-bis(trifluoromethyl)benzenesulfinate (300 mg, 1.0 mmol, 2.0 equiv), HCl (1 drop, 5-

6N in i-PrOH) and formic acid (189 L, 5.0 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (0.75 mL), 

affording 1-sulfonylcyclopropanol 8 (137 mg, 82%) as a white solid. mp 100-102 °C. 1H NMR 

(600 MHz, CDCl3) δ 8.38 (d, J = 1.7 Hz, 2H), 8.18 (s, 1H), 1.73-1.65 (m, 2H), 1.35-1.28 (m, 2H). 

13C NMR (150 MHz, CDCl3) δ 140.2, 133.2 (q, J = 34.5 Hz), 129.4 (d, J = 3.9 Hz), 127.7 (p, J = 

3.5 Hz), 122.6 (q, J = 273.5 Hz), 71.6, 14.1. IR (neat) 3386, 1308, 1276, 1266, 1131, 1097, 907, 

842, 679, 564, 407. 

 

1-(methylsulfonyl)cyclopropanol (10). General procedure A was followed, starting with (1-

ethoxycycloproxy)trimethylsilane (500 mg, 2.87 mmol, 1.0 equiv), sodium methanesulfinate (586 

mg, 5.74 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic acid (1.08 mL, 28.7 mmol, 

10 equiv) in 1:2 ratio of MeOH:H2O (3 mL), affording 1-sulfonylcyclopropanol 10 (339.0 mg, 

87%) as a white solid. (The product was extracted using EtOAc instead of CH2Cl2) mp 65-68 °C. 
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1H NMR (400 MHz, CDCl3) δ 3.01 (s, 3H), 1.58-1.49 (m, 2H), 1.28-1.20 (m, 2H). 13C NMR (150 

MHz, CDCl3) δ 70.2, 36.8, 12.7. IR (neat) 3375, 1276, 1119, 832, 753, 522, 404. 

 

1-(butylsulfonyl)cyclopropanol (11). General procedure A was followed, starting with (1-

ethoxycycloproxy)trimethylsilane (87 mg, 0.50 mmol, 1.0 equiv), sodium 1-butanesulfinate (144 

mg, 1.0 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic acid (189 L, 5.0 mmol, 10 

equiv) in 1:2 ratio of MeOH:H2O (0.75 mL), affording 1-sulfonylcyclopropanol 11 (74.9 mg, 84%) 

as a colorless oil. (The product was extracted using EtOAc instead of CH2Cl2) 1H NMR (400 MHz, 

CDCl3) δ 4.19 (s(br), 1H), 3.24-3.12 (m, 2H), 1.95-1.78 (m, 2H), 1.58-1.41 (m, 4H), 1.29-1.17 (m, 

2H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 69.3, 49.2, 23.7, 22.0, 13.7, 12.4. IR 

(neat) 3383, 2962, 1298, 1126, 836, 655. 

 

1-(benzylsulfonyl)cyclopropanol (12). General procedure A was followed, starting with (1-

ethoxycycloproxy)trimethylsilane (87 mg, 0.50 mmol, 1.0 equiv), sodium 1-

phenylmethanesulfinate (178 mg, 1.0 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic 

acid (189 L, 5.0 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (0.75 mL), affording 1-

sulfonylcyclopropanol 12 (70.0 mg, 66%) as a white solid. mp 113-115 °C. 1H NMR (600 MHz, 

CDCl3) δ 7.47-7.42 (m, 2H), 7.41-7.36 (m, 3H), 4.45 (s, 2H), 1.22-1.17 (m, 2H), 1.08-1.03 (m, 

2H). 13C NMR (150 MHz, CDCl3) δ 131.2, 129.0, 128.8, 127.7, 68.5, 55.7, 12.3. IR (neat) 3358, 

1283, 1260, 1114, 784, 701, 585, 540, 467, 428. 
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1-(sec-butylsulfonyl)cyclopropanol (13). General procedure A was followed, starting with (1-

ethoxycycloproxy)trimethylsilane (87 mg, 0.50 mmol, 1.0 equiv), sodium 2-butanesulfinate (144 

mg, 1.0 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic acid (189 L, 5.0 mmol, 10 

equiv) in 1:2 ratio of MeOH:H2O (0.75 mL), affording 1-sulfonylcyclopropanol 13 (77.5 mg, 87%) 

as a colorless oil. (The product was extracted using EtOAc instead of CH2Cl2) 1H NMR (600 MHz, 

CDCl3) δ 5.14 (s, 1H), 3.41-3.36 (m, 1H), 2.16-2.10 (m, 1H), 1.67-1.56 (m, 1H), 1.49-1.47 (m, 

2H), 1.41 (d, J = 7.0 Hz, 3H), 1.26-1.16 (m, 2H), 1.05 (t, J = 7.5 Hz, 3 H). 13C NMR (150 MHz, 

CDCl3) δ 68.3, 56.6, 21.9, 12.9, 12.3, 11.1. IR (neat) 3385, 1290, 1266, 1147, 1121, 1088, 544. 

 

1-(tert-butylsulfonyl)cyclopropanol (14). General procedure A was followed, starting with (1-

ethoxycycloproxy)trimethylsilane (87 mg, 0.50 mmol, 1.0 equiv), sodium 2-methylpropane-2-

sulfinate (144 mg, 1.0 mmol, 2.0 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic acid (188 l, 

5.0 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (0.75 ml), affording 1-sulfonylcyclopropanol 14 

(55.2 mg, 62%) as a white solid. mp 73-75 °C. 1H NMR (600 MHz, CDCl3) δ 4.52 (s, 1H), 1.55-

1.52 (m, 2H), 1.51 (s, 9H), 1.22-1.18 (m, 2H). 13C NMR (150 MHz, CDCl3) δ 69.2, 61.6, 24.6, 

13.3. IR (neat) 3345, 1269, 1102, 1034, 827, 686, 477, 456. 

  



   

27 

 

 

2-methyl-1-(phenylsulfonyl)cyclopropanol (19). General procedure A was followed, starting 

with (1-methoxy-2-methylcyclopropoxy)trimethylsilane 16 (500 mg, 2.87 mmol, 1 equiv), sodium 

phenylsulfinate (942 mg, 5.74 mmol, 2 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic acid (1.08 

ml, 28.7 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (4.5 ml) affording sulfinate adduct 19 as a 

white solid (396 mg, 65%) after purification by flash chromatography, eluting with 10%  EtOAc 

in hexanes mixed with 0.5 % AcOH. mp 102-104 °C. 1H NMR (600 MHz, CDCl3) δ 7.93 (d, J = 

7.4 Hz, 2H), 7.67 (t, J = 7.2 Hz, 1H), 7.57 (t, J = 7.7 Hz, 2H), 3.80 (s, 1H), 2.04-1.93 (m, 1H), 1.69 

(dd, J = 10.6, 6.1 Hz, 1H), 1.18 (d, J = 6.3 Hz, 3H), 0.79 (t, J = 6.9 Hz, 1H). 13C NMR (150 MHz, 

CDCl3) δ 137.7, 133.9, 129.2, 129.0, 73.9, 19.5, 18.6, 11.4. IR (neat) 3389, 2964, 2933, 1447, 

1163, 1131, 848, 733, 571, 547. 

 

2-butyl-1-(phenylsulfonyl)cyclopropanol (20). General procedure A was followed, starting with 

(2-butyl-1-methoxycyclopropoxy)trimethylsilane 17 (200 mg, 0.92 mmol, 1 equiv), sodium 

phenylsulfinate (302 mg, 1.84 mmol, 2 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic acid (347 

μl, 9.20 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (1.5 ml) affording sulfinate adduct 20 as a 

white solid (136 mg, 58%) after purification by flash chromatography, eluting with 10%  EtOAc 

in hexanes mixed with 0.5 % AcOH. mp 59-62 °C. 1H NMR (500 MHz, CDCl3) δ 7.97 – 7.88 (m, 

2H), 7.69 – 7.61 (m, 1H), 7.56 (td, J = 7.9, 2.1 Hz, 2H), 4.20 – 4.13 (m, 1H), 1.84 (dt, J = 10.5, 

7.2 Hz, 1H), 1.77 – 1.69 (m, 1H), 1.45 (dddd, J = 28.0, 11.9, 7.3, 2.4 Hz, 2H), 1.28 – 1.15 (m, 4H), 

0.88 – 0.77 (m, 4H). 13C NMR (125 MHz, CDCl3) δ 137.4, 133.8, 129.1, 129.0, 74.0, 31.4, 26.3, 
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24.3, 22.3, 18.5, 14.0. IR (neat) 3365, 2956, 1449, 1273, 1135, 1085, 1073, 760, 722, 688, 582, 

550.   

 

2-Phenyl-1-(phenylsulfonyl)cyclopropan-1-ol (21). General procedure A was followed, starting 

with (1-methoxy-2-phenylcyclopropoxy)trimethylsilane 18 (100 mg, 0.423 mmol, 1 equiv), 

sodium phenylsulfinate (139 mg, 0.846 mmol, 2 equiv), HCl (1 drop, 5-6N in i-PrOH) and formic 

acid (160 μL, 4.13 mmol, 10 equiv) in 1:2 ratio of MeOH:H2O (0.380 ml), affording sulfinate 

adduct (21) (24-46 mg, 21-40%) after purification by flash chromatography, eluting with 10%  

EtOAc in hexanes mixed with 0.5 % AcOH. 1H NMR (700 MHz, CDCl3) δ 8.00-7.95 (m, 2H), 

7.72-7.67 (m, 1H), 7.63-7.58 (m, 2H), 7.33-7.29 (m, 2H), 7.29-7.26 (m, 1H), 7.17-7.13 (m, 2H), 

3.28 (dd, J = 10.8, 8.0 Hz, 1H), 3.00 (d, J = 3.8 Hz, 1H), 2.04 (dd, J = 10.8, 6.8 Hz, 1H), 1.62 (dd, 

J = 8.0, 6.8 Hz, 1H). 13C NMR (175 MHz, CDCl3) δ 137.1, 134.1, 132.9, 129.3, 129.2, 128.8, 

128.7, 127.7, 73.9, 28.4, 18.0. IR (neat) 3380, 3032, 2921, 1582, 1474, 1289, 1135, 840, 761, 580. 

HRMS (HESI) calcd for [C15H14O3S+Na]+: m/z, 297.0556 found 297.0555. 

 

Reactivity of cyclopropanone precurosrs: Synthesis of 1-(1H-pyrazol-1-yl)cyclopropanol 

 

A flame-dried 5 mL microwave vial was charged with 1,3,5-trimethoxybenzene (10.1 mg, 0.06 

mmol, 0.3 equiv, NMR standard), pyrazole (16 mg, 0.24 mmol, 1.2 equiv) and 1-

sulfonylcyclopropanol 2-15 (0.20 mmol, 1.0 equiv). Dry MeCN (2.0 mL) and triethylamine (28 
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L, 0.20 mmol, 1.0 equiv) were successively added and the reaction was stirred at room 

temperature. For each timepoint, a sample of the reaction mixture (200 L) was taken out and 

poured into aq. NH4Cl (1 mL), and the resulting mixture was extracted using EtOAc (3 x 1 mL). 

The combined organic layers were dried over MgSO4 and concentrated. This process was repeated 

for each timepoint, at the following reaction times: 5 min, 10 min, 20 min, 30 min, 40 min, 50 min, 

and 60 min. The residue was analyzed by 1H NMR and the NMR yield was calculated. When 

isolation of 22 was desired, the pure product could be obtained as a white solid after purification 

by flash chromatography, eluting with 30% EtOAc in hexanes. 

 

1-(1H-pyrazol-1-yl)cyclopropanol (22). mp. 66-69 °C. 1H NMR (600 MHz, CDCl3) δ 7.70-7.63 

(m, 1H), 7.50 (d, J = 1.9 Hz, 1H), 6.25 (t, J = 2.2 Hz, 1H), 1.42-1.29 (m, 4H). 13C NMR (150 MHz, 

CDCl3) δ 140.1, 129.8, 106.0, 68.6, 15.1. IR (neat) 3119, 1395, 1267, 963, 763 749, 618, 431, 411. 

HRMS (HESI) calcd for [C6H8N2O+H]+: m/z 125.0709, found 125.0708. 
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CHAPTER 3 

 

Synthesis of 2,3-Disubstituted Cyclopentenones  

via Ni-Catalyzed C–C Activation of Cyclopropanone 

Jang, Y.; Lindsay, V. N. G. Org. Lett. 2020, 22, 8872-8876. 

 

3.1: Introduction to C–C bond Activation  

The development of C–C bond activation methods is one of the main challenges for 

organometallic chemists, given their potential applications in organic synthesis, in addition to the 

fact that C–C bond scission is a key process in petroleum refining. Although the field of transition 

metal catalyzed C–C activation has advanced greatly in recent years,40-42 it still lags behind in the 

area of C–C activation of unstrained ketones as well as unstable substrates such as cyclopropanone. 

From a statistical point of view, C–C bond activations are often disfavored since C–C bonds are 

less abundant and more sterically congested than C–H bonds, making them less accessible. In 

addition, the orbital orientation of C–C bonds is less favorable to interact with transition metal 

compared to that of C–H bonds.43  The transition metal mediated C–C bond activation is typically 

achieved via four different pathways: (a) oxidative addition, (b) β-carbon elimination, (c) retro-

allylation, and (d) decarbonylation, (Figure 12). Oxidative addition is technically the reverse 

reaction of C–C bond formation via reductive elimination. In general, reductive elimination is 

thermodynamically favored as it forms a more stable C–C bond (90 kcal/mol) from two weak 

metal-carbon bonds (20-30 kcal/mol).44 Therefore, in early studies, many C–C bond cleavage 

events were accomplished by the support of a driving force such as strain release or aromatization 

to compensate for these thermodynamic disadvantages. In the case of small rings, the strain release 
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energy plays a key role in C–C bond activation as a driving force to facilitate the transition metal 

insertion between two carbons. The first C–C bond activation was discovered by Tipper in 1955,45 

when he observed platinacyclobutane via PtCl2 insertion into a cyclopropane. Since his work, 

transition metal catalyzed C–C activation of strained ring system has emerged as an elegant and 

synthetically valuable method for the elaboration of complex molecules.46 

 

 

Figure 12. Transition metal catalyzed C–C bond activation 

 

3.1.1: Transition Metal Catalyzed C–C Activation of Cyclobutanones 

The C–C activation of strained ring systems such as vinylcyclopropanes,47-48 

alkylidenecyclopropanes,49 cyclopropenes,50 and cyclobutanes51 has been widely studied in the 

development of ring expansion methodologies, typically by insertion of π-systems (e.g. alkenes, 

alkynes, arenes). In particular, owing to the work of Murakami and Dong groups, cyclobutanone 

has been emerged as a valuable substrate for such formal cycloadditions, affording a variety of 

ring-expanded structures.52-56 With the aid of a transition metal, such bond disconnection events 

of cyclobutanone are mainly achieved by two different mechanistic pathways: (a) oxidative 

addition or (b) β-carbon elimination, which depends on the substrates and reaction condition used. 

In 2005, Murakami and coworkers reported the nickel(0)-catalyzed formal cycloaddition of 
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cyclobutanone and alkynes via oxidative cyclization / β-carbon elimination, leading 2,3-

disubstituted cyclohexanone derivatives (Figure 13a).53 Another approach was achieved by Dong 

and co-workers where rhodium(I) was used to activate the C1–C2 of cyclobutanone.56 This 

approach involves the direct oxidative addition of rhodium(I) into a C–C bond, and 2-carbon units 

are inserted to form a ring-enlarged product (Figure 13b).    

 
 

Figure 13. Transition metal catalyzed formal [4+2] cycloaddition of cyclobutanones 

 

 

3.2: Investigation of Formal [3+2] Cycloaddition of Cyclopropanone 

Despite of the considerable advance in C–C activation of cyclobutanones, the analogous 

use of cyclopropanone derivatives remains unknown, presumably due to the inherent instability 

and the absence of well-behaved cyclopropanone equivalents. While a majority of cyclopropanone 

chemistry has been extensively explored by hemiketals, these equivalents often behave like 

cyclopropanols rather than cyclopropanone under basic condition, forming β-nucleophilic esters 

(metal homoenolates).57 In 1990, Crimmins and coworkers reported a formal [3+2] cycloaddition 

between silyl-protected hemiketal, (1-ethoxycyclopropoxy)trimethylsilane, and acetylenic ester in 

presence of  ZnCl2∙OEt2, affording 2-carbalkoxycyclopentenones via zinc homoenolate formation 

and sequential conjugate addition (Figure 14).58 
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Figure 14. Formal [3+2] cycloaddition via conjugate addition of zinc homoenolates 

 

Taking advantage of the new cyclopropanone precursor, 1-sulfonylcyclopropanols, we 

anticipated that these well-behaved surrogates could be key to unlocking the C–C bond activation 

of cyclopropanone. We thus sought to assess the feasibility of such potential cycloadditions seen 

in cyclobutanones (Scheme 4a). As model substrates we selected cyclopropanone precursor 2 and 

an asymmetric alkyne, 1-phenyl-1-propyne 3a, and initial attempts were carried out in Murakami’s 

conditions in presence of Ni(cod)2 and P(c-Hex)3 (Scheme 4b).53 Unfortunately, no reaction was 

observed with respect to starting material 2. Unlike the reaction of cyclobutanone, an additional 

base is required to trigger the equilibrium to cyclopropanone in our case. We thus introduced bases 

such as KOtBu and K2CO3 for the formation of cyclopropanone in situ, but it did not promote 

formation of the desired product, only affording decomposition products. 

 

Scheme 4. Initial attempt of Ni-catalyzed [3+2] cycloaddition under Murakami’s conditions 
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After screening extensive reaction conditions, we found that trialkylaluminum could be 

used as a key additive to achieve the formal [3+2] cycloaddition of cyclopropanone and alkynes. 

The exact role of the additive was unclear at that time, but we thought that it might induce the 

generation of cyclopropanone without adversely affecting in the catalysis. As a result, we obtained 

a highly substituted 2-methyl-3-phenylcyclopentone 23 as a single regioisomer in 21 % yield when 

cyclopropanone precursor 2 and internal alkyne 3a were treated with Ni(cod)2 and AlMe3 in THF 

at room temperature (Scheme 5). Notably, the compound formed is analogous to the ones obtained 

in the Pauson-Khand reaction,59 but with reverse regiocontrol (Figure 15). In our case, the most 

sterically hindered substituent is located at the 3 position, whereas Pauson-Khand products have 

the large group at the 2 position. The resulting cyclopentenones are valuable chemical synthons 

for many organic reactions such as Diels-Alder cycloadditions or conjugate additions due to their 

highly functionalized character. They are also of great interest as important moieties found in 

bioactive compounds such as prostaglandins.60-61 

 

 

Scheme 5. Ni-catalyzed [3+2] cycloaddition of cyclopropanone 

 

 

Figure 15. Pauson-Khand reaction: Co-catalyzed [2+2+1] cycloaddition of alkene, alkyne and 

carbon monoxide 
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3.3: Optimization of the Formation of Cyclopentenones 

After confirming the viability of cyclopropanone in C–C activation (Section 3.2), we 

embarked on the optimization of the chemical process to improve the yield. At first, we carried 

out the formal [3+2] cycloaddition in the presence of other organoaluminum reagents or Lewis 

acids to understand the exact function of trimethylaluminum (Table 3). While trialkylaluminum 

reagents such as AlMe3, AlEt3, MAD and Al(i-Bu)3 were somewhat productive in the reaction 

(entries 2-5), no cycloaddition took place in presence of AlMe2Cl, AlMe2CN or other Lewis acids 

(entries 6-10). Furthermore, we thought diethylzinc, which has basic properties and yet can act as 

a Lewis acid following deprotonation, would function similarly to organoaluminum reagent, but it 

turned out to be incompatible in this reaction (entry 11).  

Table 3. Lewis-acid screening for the formal [3+2] cycloaddition 

 

Entry Lewis Acid Yield (%)a,b 

1 - 0 

2 AlMe3 21 

3 AlEt3 21 

4 MADc 12 

5 Al(i-Bu3) 9 

6 AlMe2Cl 0 

7 AlEt2CN 0 

8d TiCl4 0 

9d SnCl4 0 

10d BF3·OEt2 0 

11d ZnEt2 0 
aNMR yield determined by 1H NMR analysis of 

the crude mixture using 1,3,5-trimethoxybenzene 

as standard. bAll reactions run on 20 mg scale of 

2. cMAD = methylaluminium bis(2,6-di-tert-

butyl-4-methylphenoxide). d20 mol% NiBr2 and 

20 mol% Zn used instead of Ni(cod)2.  
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In 2011, Ogoshi and coworkers reported a Ni-Al catalyzed formal [3+2] cycloaddition of 

cyclopropylketones and alkynes, where the use of organoaluminum reagents was found to be 

essential, as it presumably enhances the coordination ability of the carbonyl towards transition 

metals, therefore promoting the initial oxidative cyclization (Figure 16).62 We thus hypothesized 

that the trialkylaluminum reagent acts as not only a Brønsted base for the generation of 

cyclopropanone, but also as a Lewis acid afterwards to activate the carbonyl group towards such 

a key mechanistic step.  

 

Figure 16. Ni-Al catalyzed [3+2] cycloaddition of cyclopropylketones and alkynes  

 

A number of additional attempts have been made to find appropriate conditions for the 

[3+2] cycloaddition of 1-phenyl-1-propyne and cyclopropanone precursor 2 (Tables 4-6). The use 

of other metal catalysts based on Pd or Rh was found to be unproductive in affording the desired 

product (Table 4, entries 3-4). We found that the reaction was highly sensitive to temperature, as 

the yield of product was decreased dramatically at 0 °C (entry 5). Unfortunately, higher 

temperatures were also found to be deleterious because of rapid oligomerization of the alkyne and 

decomposition of the cyclopropanone precursor 2 (entry 6). Evaluation of various solvents 

revealed that THF and dioxane were optimal (entries 2 and 11). The use of ligands decreased the 

efficiency and it was even worse when strong σ-donor ligands such as PPh3, P(n-Bu)3, IPr and 
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IMes were used (Table 5, entries 3-19). After evaluating other Ni sources, it was found that the 

combination of NiBr2 and Zn as reducing agent increased the yield to 35% (entry 23) and further 

improvement to 46% was observed with increased loading of catalyst and reductant (Table 6, entry 

8). Interestingly, we accidently found that the efficiency of the reaction was significantly reduced 

when it was carried out with 99.9% pure NiBr2 rather than 98% pure (entry 11). We thus screened 

some metal bromides to investigate the unknown beneficial impurity in the 98% NiBr2 catalyst, 

and it was expected to be CuBr2 in that the reaction proceeded with a similar efficiency, 48% NMR 

yield (entry 14). Although the exact mechanistic role of CuBr2 is unclear, the reaction did not occur 

in the absence of NiBr2, which implied that CuBr2 itself does not behave as a competent catalyst 

in this cycloaddition (entry 16). 
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Table 4. Optimization of the formal [3+2] cycloaddition 

 

Entry 
Catalyst 

(equiv) 
Solvent 

AlMe3 

(equiv) 
Temp. Yield (%)a,b 

1 - THF 1.0 rt 0 

2 Ni(cod)2 (0.1) THF 1.0 rt 21 

3 [Rh(cod)Cl]2 (0.05) THF 1.0 rt 0 

4 Pd2(dba)3 (0.05) THF 1.0 rt 0 

5 Ni(cod)2 (0.1) THF 1.0 0°C 5 

6 Ni(cod)2 (0.1) THF 1.0 50°C <5 

7 Ni(cod)2 (0.1) THF - rt 0 

8 Ni(cod)2 (0.1) THF 0.2 rt <5 

9 Ni(cod)2 (0.1) THF 0.5 rt 16 

10 Ni(cod)2 (0.1) THF 2.0 rt <5 

11 Ni(cod)2 (0.1) Dioxane 1.0 rt 21 

12 Ni(cod)2 (0.1) DME 1.0 rt 16 

13 Ni(cod)2 (0.1) t-BuOMe 1.0 rt 9 

14 Ni(cod)2 (0.1) Et2O 1.0 rt <5 

15 Ni(cod)2 (0.1) DCE 1.0 rt <5 

16 Ni(cod)2 (0.1) CH2Cl2 1.0 rt <5 

17 Ni(cod)2 (0.1) Toluene 1.0 rt 12 

18 Ni(cod)2 (0.1) MeCN 1.0 rt 14 

19 Ni(cod)2 (0.1) Acetone 1.0 rt 8 

20 Ni(cod)2 (0.1) EtOAc 1.0 rt 10 

21 Ni(cod)2 (0.1) 
Propylene 

carbonate 
1.0 rt <5 

22 Ni(cod)2 (0.1) DMF 1.0 rt <5 

23 Ni(cod)2 (0.1) DMSO 1.0 rt <5 
aNMR yield determined by 1H NMR analysis of the crude mixture using 1,3,5-

trimethoxybenzene as standard. bAll reactions run on 20 mg scale of 2 and 

trimethylaluminum solution (25% w/w in hexane) was used. 
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Table 5. Optimization of the formal [3+2] cycloaddition 

 

Entry 
Catalyst 

(equiv) 
Conc. (M) Additive (equiv) Yield (%)a,b 

1 Ni(cod)2 (0.1) 0.4 - 21 

2c Ni(cod)2 (0.1) 0.1 - 21 

3c Ni(cod)2 (0.1) 0.1 PPh3 (0.1) 17 

4c Ni(cod)2 (0.1) 0.1 P(p-CF3Ph)3 (0.1) 14 

5c Ni(cod)2 (0.1) 0.1 P(c-Hex)3 (0.1) <5 

6c Ni(cod)2 (0.1) 0.1 P(n-Bu)3 (0.1) 20 

7c Ni(cod)2 (0.1) 0.1 P(t-Bu)3 (0.1) 14 

8c Ni(cod)2 (0.1) 0.1 dppm (0.1) <5 

9c Ni(cod)2 (0.1) 0.1 dppe (0.1) 13 

10c Ni(cod)2 (0.1) 0.1 dppp (0.1) 20 

11c Ni(cod)2 (0.1) 0.1 dppb (0.1) <5 

12c Ni(cod)2 (0.1) 0.1 1,10-phenanthroline (0.1) 9 

13c Ni(cod)2 (0.1) 0.1 Bathophenanthroline (0.1) 6 

14c Ni(cod)2 (0.1) 0.1 Bipyridine (0.1)  9 

15c Ni(cod)2 (0.1) 0.1 BBBPY (0.1) <5 

16c Ni(cod)2 (0.1) 0.1 IPr (0.1) 14d  

17c Ni(cod)2 (0.1) 0.1 IMes (0.1) 14 

18c Ni(cod)2 (0.1) 0.1 Xphos (0.1) 18 

19c Ni(cod)2 (0.1) 0.1 Xantphos (0.1)  <5 

20 Ni(PPh3)4 (0.1) 0.4 - <5 

21 NiCl2 (0.1) 0.4 Zn (0.1) 18 

22 NiBr2 (0.1) 0.4 Zn (0.1) 26 

23c NiBr2 (0.1) 0.1 Zn (0.1) 35 

24 NiI2 (0.1) 0.4 Zn (0.1) 14 

25 Ni(OTf)2 (0.1) 0.4 Zn (0.1) <5 

26 Ni(acac)2 (0.1) 0.4 Zn (0.1) <5 

27 Ni(PPh3)2Cl2 (0.1) 0.4 Zn (0.1) <5 

28 NiBr2 (0.1) 0.4 - 6 

29 NiBr2 (0.1) 0.4 Fe (0.1) <5 

30 NiBr2 (0.1) 0.4 In (0.1) 12 

31 NiBr2 (0.1) 0.4 Mn (0.1) 14 
aNMR yield determined by 1H NMR analysis of the crude mixture using 1,3,5-

trimethoxybenzene as standard. bAll reactions run on 20 mg scale of 2 and AlMe3 solution 

(25% w/w in hexane) and 98% pure NiBr2 were used unless otherwise noted. cReaction run 

on 50 mg scale of 2 and neat AlMe3 was used instead of AlMe3 solution (25% w/w in hexane). 
dTrace regioisomer was observed. 
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Table 6. Optimization of the formal [3+2] cycloaddition 

 
 

Entry 
Catalyst 

(equiv) 

Reductant 

(equiv) 

Additive 

(equiv) 

Time 

(h) 
Yield (%)a,b 

1 98% NiBr2 (0.1) Zn (0.1) - 21 35 

2 98% NiBr2 (0.1) Zn (0.2) - 21 39 

3 98% NiBr2 (0.2) Zn (0.2) - 21 40 

4 98% NiBr2 (0.2) Zn (0.4) - 21 38 

5 98% NiBr2 (0.2) Zn (0.2) - 8 43 

6 98% NiBr2 (0.2) Zn (0.2) - 5 42 

7 98% NiBr2 (0.2) Zn (0.2) - 3 23 

8 98% NiBr2 (0.3) Zn (0.3) - 5 46c 

9 98% NiBr2 (0.5) Zn (0.5) - 5 45 

10 99% NiBr2 (0.3) Zn (0.3) - 5 35 

11 99.9% NiBr2 (0.3) Zn (0.3) - 5 29 

12 99.9% NiBr2 (0.3) Zn (0.3) CuI (0.05) 5 <5 

13 99.9% NiBr2 (0.3) Zn (0.3) CuBr2 (0.05) 5 46c 

14 99.9% NiBr2 (0.3) Zn (0.3) CuBr2 (0.03) 7 48 (43)c,d 

15 Ni(cod)2 (0.3) - CuBr2 (0.03) 7 6% 

16 - Zn (0.3) CuBr2 (0.05) 5 0 
aNMR yield determined by 1H NMR analysis of the crude mixture using 1,3,5-

trimethoxybenzene as standard. bAll reactions run on 50 mg scale of 2 and neat AlMe3 was 

used. cDisplayed yields are the average of three runs. dIsolated yield in parentheses.      

 

Compared with the [4+2] cycloaddition of cyclobutanone, the C–C activation of 

cyclopropanone is more challenging because its initial equilibrium to cyclopropanone needs to be 

controlled by selecting an appropriate substrate. Under the reaction system, the precursor must be 

efficiently converted to cyclopropanone but kept at a low concentration to avoid unwanted 

polymerization and other decomposition pathways. Therefore, we thought that it would be 

valuable to examine other 1-sulfonylcyclopropanols with different reactivities depending on the 

leaving group (Scheme 6). While all sulfinate adducts led to the corresponding cyclopentenone 23 

with varying efficiency, the use of classical hemiketal 1 was found to be unsuitable in the formal 
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[3+2] cycloaddition, again highlighting the poor reactivity of this unstable and volatile hemiketal 

as a cyclopropanone equivalent.  

 
 

aYield determined by 1H NMR using 1,3,5-trimethoxybenzene as standard unless 

otherwise noted. bIsolated yield in parentheses. cDisplayed yields are the average 

of three runs. 

 

Scheme 6. Effect of the cyclopropanone precursor used 

 

3.4: Scope of Accessible 2,3-Disubstituted Cyclopentenones 

With these optimized conditions in hand, we tested the formal [3+2] cycloaddition with 

various internal alkynes to explore the scope of accessible cyclopentenones (Scheme 7). It was 

found that a variety of 1-arylpropynes, which differ in both the electronic and steric character of 

the arene moiety, were tolerated in this transformation, affording the corresponding products with 

complete regiocontrol in all cases (24-29). The reaction was also compatible with symmetrical 

alkyl and aryl alkynes, as well as a 3-indolyl substituted alkyne (30-32). In addition, further 

investigation of the origin of regioselectivity was allowed with asymmetric alkynes 3k and 3l, 

producing a single isomer with the bulkiest group (Cy and t-Bu, respectively) at 3 position in both 

cases (33 and 34). Interestingly, a completely reversed selectivity was observed when an 
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electronically biased alkyne with a TMS-substituent was used (35), which is consistent with results 

previously observed in analogous cycloadditions.63 We also examined the reaction with 2-

substituted chiral cyclopropanone precursors, but unfortunately could not effect the desired 

chemical transformation, which seems to be restricted to achiral cyclopentenones. Although the 

efficiency of this transformation remains moderate in all cases due to undesired side-reactions such 

as oligomerization or decomposition associated with the cyclopropanone intermediate, our 

synthetic method provides a simple access to highy substituted 2,3-cyclopentenones, which 

typically requires multiple synthetic steps in lower overall yield.  

 

  

Scheme 7. Scope of accessible 2,3-disubstituted cyclopentenones 
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3.5: Mechanistic Insights 

Considering precedent studies for the Ni-catalyzed cycloaddition of cyclobutanones, as 

well as the regioselectivity observed in our products, the formal [3+2] cycloaddition would likely 

proceed via a β-carbon elimination pathway. The direct oxidative addition of transition metals to 

cyclic ketone is mainly seen in cycloaddition when using Rh(I) catalyst, thus this route can be 

ruled out. Since there was an example where Ni-homoenolate was formed from cyclopropanol in 

the presence of zinc (II),64 we also had to consider a pathway similar to that seen in Crimmins’s 

formal [3+2] cycloaddition of homoenolate and alkynes (see Figure 14). In fact, the equilibration 

to metal-homoenolate species is reasonable consideration given that substrate 2 is technically a 

cyclopropanol derivatives. However, we discarded this hypothesis following some experiments. 

First, the desired product was formed with Ni(cod)2 in the absence of zinc(II) salt (Section 3.3, 

Table 4, entry 2), which are conditions unlikely to generate metal homoenolates. Second, the 

observed regioselectivity of the product, e.g. cyclopentenone 23, is inconsistent with the selectivity 

previously seen in the formal cycloaddition of homoenolate with alkynes such as 1-phenyl-1-

propyne.65 As a result, we hypothesized that the mechanistic pathway involving β-carbon 

elimination as a plausible mechanism, as shown in Scheme 8. The 1-sulfonylcyclopropanol 

equilibrates to the cyclopropanone in situ with aid of trimethylaluminum that serves as a base. 

Then, oxidative cyclization occurred between cyclopropanone and internal alkyne in presence of 

nickel(0) generated by the reduction of NiBr2, leading an oxanickelacyclopentene. In this process, 

aluminum salt liberated in the first step (RSO2AlMe2) is thought to activate cyclopropanone 

towards the oxidative cyclization by enhancing the coordination effect of the carbonyl group to 

the transition metal, as seen in Ogoshi’s Ni-catalyzed [3+2] formal cycloaddition. The generated 
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six-membered nickelacycle then undergoes β-carbon elimination and reductive elimination to 

afford the 2,3-disubstituted cyclopentenone and regeneration of the nickel(0) catalyst. 

 

 

 

Scheme 8. Postulated mechanism for the Ni-catalyzed formal [3+2] cycloaddition of 

cyclopropanone and alkynes 

 

3.6: Conclusion 

In summary, we developed a Ni-catalyzed [3+2] cycloaddition of cyclopropanone and 

alkynes, leading to various 2,3-disubstituted cyclopentenones in a regioselective manner. Notably, 

the products formed are analogous to Pauson-Khand products, but with reverse regiocontrol. To 

the best of our knowledge, this work is the only example of Ni-catalyzed C–C activation of 

cyclopropanone, which indicates the importance of well-behaved precursors to achieve the desired 

reactivity. In the process, the use of 1-sulfonylcyclopropanol as a cyclopropanone surrogate was 

found to be crucial, and a key additive, trialkylaluminun, is thought to have multiple functions 
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such as a Brønsted base triggering equilibrium to cyclopropanone as well as Lewis acid to activate 

cyclopropanone towards Ni-catalyzed C–C activation via oxidative cyclization. We anticipate that 

this work will be complementary to the Pauson-Khand reaction with respect to regioselectivity and 

serve as a useful synthetic tool for the construction of complex organic molecules. 

  

3.7: Experimental Details  

General: Unless stated otherwise, all non-aqueous reactions were performed in oven-dried 

glassware sealed with microwave caps or rubber septa under a nitrogen atmosphere, and were 

stirred with Teflon-coated magnetic stir bars.35 Liquid reagents and solvents were transferred via 

syringe using standard Schlenk techniques. Tetrahydrofuran (THF), diethyl ether (Et2O), 

dichloromethane (CH2Cl2), toluene (PhMe), acetonitrile (MeCN), and methanol (MeOH) were 

dried by passage over a column of activated alumina (JC Meyers Solvent System). Anhydrous 1,4-

dioxane, N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), tert-butyl methyl ether (t-

BuOMe), acetone, propylene carbonate, ethyl acetate (EtOAc), diisopropyl ether (i-Pr2O), 1,2-

dichloroethane (DCE) and 1,2-dimethoxyethane (DME) were obtained in Sure Seal bottles and 

used as received. All other solvents and reagents were used as received unless otherwise noted. 

Thin layer chromatography was performed using Silicycle silica gel 60 F-254 precoated plates 

(0.25 mm) and visualised by UV irradiation or anisaldehyde, CAM, potassium permanganate, or 

iodine stain. Flash chromatography was performed on a Biotage Isolera One. Sorbent silica gel 

(particle size 40-63 μm) was used for flash chromatography of the indicated solvent system 

according to standard techniques.36 Nuclear magnetic resonance (NMR) spectra (1H, 13C) were 

recorded on Bruker spectrometers operating at either 500 or 600 MHz for 1H and 125 or 150 MHz 

for 13C experiments. Chemical shifts (δ) for 1H NMR spectra are recorded in parts per million with 



   

46 

 

the residual solvent peak used as an internal standard (CDCl3=7.26 ppm). Data are reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qn = quintet, 

m = multiplet and br = broad), coupling constant in Hz, and integration. Chemical shifts for 13C 

NMR spectra are recorded in parts per million with the residual solvent peak used as an internal 

standard (CDCl3=77.16 ppm). All spectra were obtained with complete proton decoupling. Only 

select 1H and 13C spectra are reported. Infrared (IR) spectra were collected on a Thermo Scientific 

Nicolet iS5 FTIR instrument using attenuated total reflectance (ATR) mode; signals are reported 

in reciprocal centimeters (cm ) and rounded to 1 cm . Only selected IR frequencies are reported. 

High-resolution mass spectral data (HRMS) were obtained from the NC State University 

Molecular Education, Technology and Research Innovation Center (METRIC), on a Thermo 

Fisher Scientific Exactive Plus (ion trap mass analyzer, OrbitrapTM) using HESI. Melting Points 

were taken in a Mettler Toledo apparatus, Model MP50. 

Reagents: nickel(II) bromide (99.9%), nickel(II) bromide (98%), zinc dust (98%, <10 m), 

bis(1,5-cyclooctadiene)nickel (0) (98+%), copper(II) bromide (99%), neat trimethylaluminum 

(97%), trimethylaluminum (20% w/w in hexane), neat dimethylaluminum chloride (97%), 

diethylzinc solution (1M), 1-phenyl-1-propyne (99%), 4-octyne (99%), diphenylacetylene (99%), 

cyclohexylacetylene (98%), 3,3-dimethyl-1-butyne (98%), n-BuLi (2.5 M in Hexanes), 1-

bromopropene, Pd(PPh3)2Cl2, copper(I) iodide, diisopropylamine and all reagents used during the 

optimization were purchased from commercial sources and used as received.  
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Specific procedures and characterization data of internal alkynes 4a-4m 

1-Phenylpropyne (3a), 4-octyne (3h) and diphenylacetylene (3i) were purchased from commercial 

sources and used as received. Alkynes 3b, 3c, 3d, 3e, 3f, 4g, 3l, and 3m were prepared via known 

Sonogashira couplings.66 

 

Alkyne 3k was prepared by methylation of cyclohexylacetylene according to a literature 

procedure.67 

 

1-methyl-3-(prop-1-yn-1-yl)-1H-indole (3j). Prepared according to a modified literature 

procedure.68-69 1-Bromopropene (942 μL, 11.0 mmol, 1.5 equiv) was dissolved in THF (10 mL) 

and the resulting solution was cooled to −78 °C. n-BuLi (2.5 M in hexanes, 5.88 mL, 14.7 mmol, 

2.0 equiv) was added dropwise over 10 min, and the solution was stirred for 2 hour at −78 °C 

before H2O (265 μL, 14.7 mmol, 2.0 equiv) was added slowly. The resulting solution of 1-propyne 

was then warmed to 0 °C, and Pd(PPh3)2Cl2 (258 mg, 0.37 mmol, 0.05 equiv), CuI (140 mg, 0.735 



   

48 

 

mmol, 0.01 equiv), 3-iodo-1-methyl-1H-indole70-71 (1.89 g, 7.35 mmol, 1.0 equiv) and i-Pr2NH 

(10.3 mL, 73.5 mmol, 10.0 equiv) were sequentially added. The reaction mixture was warmed to 

rt and stirred for 24 h. The reaction was quenched with sat. aq. NH4Cl (10 mL), extracted with 

EtOAc (3 x 10 mL) and the combined organic layers were dried over MgSO4. The solvent was 

removed under reduced pressure and the resulting crude mixture was purified by flash 

chromatography, eluting with 0-10% EtOAc in hexanes elution gradient to afford pure alkyne 4j 

as a yellow solid (510 mg, 41% yield). 1H NMR (600 MHz, CDCl3) δ 7.75 (dt, J = 7.9, 1.0 Hz, 

1H), 7.32 (dt, J = 8.2, 0.9 Hz, 1H), 7.29 – 7.26 (m, 2H), 7.22 – 7.17 (m, 2H), 3.79 (s, 3H), 2.16 (s, 

3H). 13C NMR (150 MHz, CDCl3) δ 136.2, 131.6, 129.5, 122.5, 120.2, 120.1, 109.5, 97.8, 86.7, 

72.7, 33.1, 4.8. IR (neat) 1538.42, 1473.67, 1380.00, 1346.45 1326.86, 1249.99, 1212.59, 1126.81, 

1080.29, 732.26, 577.82, 421.26. HRMS (HESI) m/z: [M+H]+ Calcd for C12H12N 170.0964; found 

170.0964.  

 

GENERAL PROCEDURE B: Synthesis of 2,3-disubstituted cyclopentenones 23-35 

 

 

In an inert atmosphere glove box, a flame-dried microwave vial was charged with CuBr2 (1.7 mg, 

0.0075 mmol, 0.03 equiv), NiBr2 99.9% (16.4 mg, 0.075 mmol, 0.3 equiv), Zn dust (4.9 mg, 0.075 

mmol, 0.3 equiv) and 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 1 equiv) and capped, 

the vial was taken out of the glove box and dry THF (2.5 mL) was added. To the resulting mixture 

was sequentially added the internal alkyne 3a-3m (0.75 mmol, 3 equiv) and neat AlMe3 (24 L, 

0.25 mmol, 1 equiv) under inert atmosphere. (If alkyne used was a solid, then it was added in the 
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glove box with the other solids prior to addition of THF). The reaction was vigorously stirred at 

room temperature for 7 h and then quenched with H2O (300 L). 1M HCl (10 mL) was added, and 

the mixture was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over 

MgSO4 and concentrated to afford crude product which was purified by flash chromatography, 

eluting with 0-30% EtOAc in hexanes (elution gradient), furnishing the pure cyclopentenone 23-

35.  

 

2-methyl-3-phenylcyclopent-2-en-1-one (23). General procedure B was followed, starting with 

CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), Zn dust (4.9 

mg, 0.075 mmol, 0.30 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 1.0 equiv), 

neat AlMe3 (24 L, 0.25 mmol, 1.0 equiv) and 1-phenylpropyne 3a (94 L, 0.75 mmol, 3.0 equiv) 

in dry THF (2.5 mL), affording cyclopentenone 23 as a white solid (18.5 mg, 43%, average yield 

of three runs) after purification by flash chromatography, eluting with 0-30% EtOAc in hexanes 

(elution gradient). 1H NMR (600 MHz, CDCl3) δ 7.52 (d, J = 7.1 Hz, 2H), 7.46 (t, J = 7.5 Hz, 2H), 

7.42 (dd, J = 8.3, 6.1 Hz, 1H), 2.93-2.91 (m, 2H), 2.55-2.53 (m, 2H), 1.96 (t, J = 2.1 Hz, 3H). 13C 

NMR (150 MHz, CDCl3) δ 209.9, 166.7, 136.6, 136.5, 129.6, 128.7, 127.7, 34.1, 29.4, 10.0.All 

other analyses were consistent with previously reported data.72-73  

On 1 mmol scale: General procedure B was followed, starting with CuBr2 (6.7 mg, 0.03 mmol, 

0.03 equiv), NiBr2 (65.6 mg, 0.30 mmol, 0.30 equiv), Zn dust (19.6 mg, 0.30 mmol, 0.30 equiv), 

1-(phenylsulfonyl)cyclopropanol 2 (198.2 mg, 1.0 mmol, 1.0 equiv), neat AlMe3 (96 L, 1.0 mmol, 
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1.0 equiv) and 1-phenylpropyne 3a (376 L, 3.0 mmol, 3.0 equiv) in dry THF (10 mL), affording 

cyclopentenone 23 as a white solid (69.3 mg, 40%, average yield of three runs) after purification 

by flash chromatography, eluting with 0-30% EtOAc in hexanes (elution gradient). 

 

2-methyl-3-(4-(trifluoromethyl)phenyl)cyclopent-2-en-1-one (24). General procedure B was 

followed, starting with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 

0.3 equiv), Zn dust (4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 

0.25 mmol, 1 equiv), neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and 1-(prop-1-yn-1-yl)-4-

(trifluoromethyl)benzene 3b (138 mg, 0.75 mmol, 3 equiv) in dry THF (2.5 mL), affording 

cyclopentenone 24 as a colorless oil (12 mg, 20%, average yield of two runs) after purification by 

flash chromatography, eluting with 0-30% EtOAc in hexanes (elution gradient). 1H NMR (600 

MHz, CDCl3) δ 7.72 (d, J = 8.1 Hz, 2H), 7.61 (d, J = 8.1 Hz, 2H), 3.00-2.89 (m, 2H), 2.62-2.54 

(m, 2H), 1.95 (t, J = 2.1 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 209.4, 164.7, 140.1, 138.3, 131.3 

(q, J = 32.9 Hz), 127.9, 125.8 (q, J = 3.8 Hz), 124.0 (q, J = 272.2 Hz), 34.1, 29.5, 9.9. IR (neat) 

1690, 1614, 1322, 1157, 1114, 1068, 851, 823, 683, 608. HRMS (HESI) m/z: [M+H]+ Calcd for 

C13H12F3O 241.0835; found 241.0832.    
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3-(4-fluorophenyl)-2-methylcyclopent-2-en-1-one (25). General procedure B was followed, 

starting with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), 

Zn dust (4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 

1 equiv), neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and 1-fluoro-4-(prop-1-yn-1-yl)benzene 3c (101 

mg, 0.75 mmol, 3 equiv) in dry THF (2.5 mL), affording cyclopentenone 25 as a white solid (20 

mg, 42%, average yield of two runs) after purification by flash chromatography, eluting with 0-

30% EtOAc in hexanes (elution gradient). mp 64-66 °C. 1H NMR (600 MHz, CDCl3) δ 7.57-7.51 

(m, 2H), 7.17-7.13 (m, 2H), 2.90-2.88 (m, 2H), 2.54-2.53 (m, 2H), 1.95 (t, J = 2.1 Hz, 3H). 13C 

NMR (150 MHz, CDCl3) δ 209.7, 165.2, 163.3 (d, J = 250.7 Hz), 136.5, 132.7 (d, J = 3.4 Hz), 

129.7 (d, J = 8.3 Hz), 115.9 (d, J = 21.6 Hz), 34.1, 29.4, 10.1. IR (neat) 1678, 1596, 1505, 1341, 

1217, 1169, 850, 820, 802, 566, 489. HRMS (HESI) m/z: [M+H]+ Calcd for C12H12FO 191.0867; 

found 191.0866. 

 

3-(4-(dimethylamino)phenyl)-2-methylcyclopent-2-en-1-one (26). General procedure B was 

followed, starting with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 
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0.3 equiv), Zn dust (4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 

0.25 mmol, 1 equiv), neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and N,N-dimethyl-4-(prop-1-yn-1-

yl)aniline 3d (120 mg, 0.75 mmol, 3 equiv) in dry THF (2.5 mL), affording cyclopentenone 26 as 

a yellow solid (13.4 mg, 25%, average yield of three runs) after purification by flash 

chromatography, eluting with 0-30% EtOAc in hexanes (elution gradient). mp 120-124 °C. 1H 

NMR (600 MHz, CDCl3) δ 7.55 (d, J = 8.9 Hz, 2H), 6.75 (d, J = 8.9 Hz, 2H), 3.04 (s, 6H), 2.89 

(ddd, J = 5.0, 3.2, 1.7 Hz, 2H), 2.51-2.49 (m, 2H), 2.02 (t, J = 1.9 Hz, 3H). 13C NMR (150 MHz, 

CDCl3) δ 209.9, 166.5, 151.3, 132.9, 129.4, 123.9, 111.7, 40.3, 34.0, 28.7, 10.6. IR (neat) 1678, 

1610, 1586, 1523, 1442, 1377, 1345, 1293, 1201, 808. HRMS (HESI) m/z: [M+H]+ Calcd for 

C14H18NO 216.1383; found 216.1383.  

 

 

3-(4-methoxyphenyl)-2-methylcyclopent-2-en-1-one (27). General procedure B was followed, 

starting with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), 

Zn dust (4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 

1 equiv), neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and 1-methoxy-4-(prop-1-yn-1-yl)benzene 3e 

(110 mg, 0.75 mmol, 3 equiv) in dry THF (2.5 mL), affording cyclopentenone 27 as a white solid 

(18.2 mg, 36%, average yield of three runs) after purification by flash chromatography, eluting 

with 0-30% EtOAc in hexanes (elution gradient). 1H NMR (600 MHz, CDCl3) δ 7.54 (d, J = 8.8 

Hz, 2H), 6.99 (d, J = 8.7 Hz, 2H), 3.86 (s, 3H), 2.91-2.89 (m, 2H), 2.60-2.49 (m, 2H), 1.98 (t, J = 
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2.1 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 09. 9, 166.0, 160.8, 135.0, 129.4, 129.0, 114.2, 55.5, 

34.0, 29.1, 10.3.  All other analyses were consistent with previously reported data.74 

 

3-(3-methoxyphenyl)-2-methylcyclopent-2-en-1-one (28). General procedure B was followed, 

starting with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), 

Zn dust (4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 

1 equiv), neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and 1-methoxy-3-(prop-1-yn-1-yl)benzene 3f 

(110 mg, 0.75 mmol, 3 equiv) in dry THF (2.5 mL), affording cyclopentenone 28 as a white solid 

(14.2 mg, 28%, average yield of two runs) after purification by flash chromatography, eluting with 

0-30% EtOAc in hexanes (elution gradient). 1H NMR (600 MHz, CDCl3) δ 7.38 (t, J = 8.0 Hz, 

1H), 7.10 (d, J = 7.7 Hz, 1H), 7.03 (t, J = 2.1 Hz, 1H), 6.96 (dd, J = 8.2, 2.6 Hz, 1H), 3.85 (s, 3H), 

2.90-2.88 (m, 2H), 2.54-2.52 (m, 2H), 1.96 (t, J = 2.1 Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 

209.9, 166.6, 159.8, 137.9, 136.9, 129.8, 120.1, 114.7, 113.5, 55.5, 34.1, 29.5, 10.1. All other 

analyses were consistent with previously reported data.75 

 

3-(2-methoxyphenyl)-2-methylcyclopent-2-en-1-one (29). General procedure B was followed, 

starting with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), 
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Zn dust (4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 

1 equiv), neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and 1-methoxy-2-(prop-1-yn-1-yl)benzene 3g 

(110 mg, 0.75 mmol, 3 equiv) in dry THF (2.5 mL), affording cyclopentenone 29 as a colorless oil 

(13.1 mg, 26%, average yield of three runs) after purification by flash chromatography, eluting 

with 0-30% EtOAc in hexanes (elution gradient). 1H NMR (600 MHz, CDCl3) δ 7.37-7.34 (td, J 

= 7.9, 1.8 Hz, 1H), 7.16 (dd, J = 7.5, 1.8 Hz, 1H), 7.01 (t, J = 7.4 Hz, 1H), 6.97 (d, J = 8.3 Hz, 1H), 

3.83 (s, 3H), 2.90-2.88 (m, 2H), 2.52-2.50 (m, 2H), 1.69 (t, J = 2.1 Hz, 3H). 13C NMR (150 MHz, 

CDCl3) δ 210.3, 167.6, 156.4, 138.4, 130.3, 128.9, 126.1, 120.6, 111.3, 55.5, 34.5, 30.6, 9.6. IR 

(neat) 1691, 1633, 1489, 1463, 1434, 1340, 1248, 1023, 753. HRMS (HESI) m/z: [M+H]+ Calcd 

for C13H15O2 203.1067; found 203.1065. 

 

2,3-dipropylcyclopent-2-en-1-one (30). General procedure B was followed, starting with CuBr2 

(1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), Zn dust (4.9 mg, 

0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 1 equiv), neat 

AlMe3 (24 L, 0.25 mmol, 1 equiv) and 4-octyne 3h (110 L, 0.75 mmol, 3 equiv) in dry THF 

(2.5 mL), affording cyclopentenone 30 as a colorless oil (14.5 mg, 35%, average yield of three 

runs) after purification by flash chromatography, eluting with 0-30% EtOAc in hexanes (elution 

gradient). 1H NMR (600 MHz, CDCl3) δ 2.49-2.47 (m, 2H), 2.40-2.38 (m, 2H), 2.35-2.34 (m, 2H), 

2.15-2.12 (m, 2H), 1.59-1.53 (m, 2H), 1.42-1.36 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H), 0.88 (t, J = 7.4 

Hz, 3H). 13C NMR (150 MHz, CDCl3) δ 210.2, 174.0, 140.6, 34.4, 33.3, 29.1, 25.3, 22.0, 21.0, 

14.3, 14.3.  All other analyses were consistent with previously reported data.76 
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2,3-diphenylcyclopent-2-en-1-one (31). General procedure B was followed, starting with CuBr2 

(1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), Zn dust (4.9 mg, 

0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 1 equiv), neat 

AlMe3 (24 L, 0.25 mmol, 1 equiv) and diphenylacetylene 3i (134 mg, 0.75 mmol, 3 equiv) in dry 

THF (2.5 mL), affording cyclopentenone 31 as a white solid (17.6 mg, 30%, average yield of three 

runs) after purification by flash chromatography, eluting with 0-30% EtOAc in hexanes (elution 

gradient). 1H NMR (600 MHz, CDCl3) δ 7.20-7.11 (m, 8H), 7.07-7.05 (m, 2H), 2.92-2.90 (m, 2H), 

2.57-2.56 (m, 2H). 13C NMR (150 MHz, CDCl3) δ 207.7, 168.1, 140.1, 135.9, 132.4, 129.9, 129.6, 

128.6, 128.5, 128.2, 128.0, 34.9, 29.7. All other analyses were consistent with previously reported 

data.72-73 

 

2-methyl-3-(1-methyl-1H-indol-3-yl)cyclopent-2-en-1-one (32). General procedure B was 

followed, starting with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 

0.3 equiv), Zn dust (4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 

0.25 mmol, 1 equiv), neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and 1-methyl-3-(prop-1-yn-1-yl)-

1H-indole 3j (127 mg, 0.75 mmol, 3 equiv) in dry THF (2.5 mL), affording cyclopentenone 32 as 
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a yellow solid (11.8 mg, 21% yield) after purification by flash chromatography, eluting with 0-40% 

EtOAc in hexanes (elution gradient). mp 106-109 °C. 1H NMR (500 MHz, CDCl3) δ 7.92-7.88 

(m, 1H), 7.52 (s, 1H), 7.43-7.38 (m, 1H), 7.35-7.32 (m, 1H), 7.26-7.22 (m, 1H), 3.90 (s, 3H), 3.23-

3.20 (m, 2H), 2.60-2.54 (m, 2H), 2.02 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 209.0, 163.3, 137.4, 

131.6, 131.4, 126.9, 122.8, 121.6, 121.2, 112.8, 110.1, 34.2, 33.5, 30.2, 11.1. IR (neat) 2920, 1662, 

1591, 1520, 1474, 1463, 1371, 1310, 1249, 1131, 1080, 734, 421. HRMS (HESI) m/z: [M+H]+ 

Calcd for C15H16NO 226.1226; found 226.1226. 

 

3-cyclohexyl-2-methylcyclopent-2-en-1-one (33). General procedure B was followed, starting 

with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), Zn dust 

(4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 1 equiv), 

neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and prop-1-yn-1-ylcyclohexane 3k (91.7 mg, 0.75 mmol, 

3 equiv) in dry THF (2.5 mL), affording cyclopentenone 33 as a colorless oil (15.9 mg, 36% yield) 

after purification by flash chromatography, eluting with 0-25% EtOAc in hexanes (elution 

gradient). 1H NMR (500 MHz, CDCl3) δ 2.68-2.62 (m, 1H), 2.48-2.45 (m, 2H), 2.34-2.32 (m, 2H), 

1.86-1.81 (m, 2H), 1.77-1.73 (m, 1H), 1.69 (s, 3H), 1.66-1.64 (m, 2H), 1.41-1.30 (m, 4H), 1.26-

1.20 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 210.6, 178.1, 135.0, 40.2, 34.1, 30.4, 26.2, 26.1, 

26.1, 8.1. IR (neat) 2922, 2851, 1695, 1635, 1447, 1380, 1332, 1294, 1080, 844, 534. HRMS 

(HESI) m/z: [M+H]+ Calcd for C12H19O 179.1430; found 179.1432. 
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3-(tert-butyl)-2-phenylcyclopent-2-en-1-one (34). General procedure B was followed, starting 

with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), Zn dust 

(4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 1 equiv), 

neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and (3,3-dimethylbut-1-yn-1-yl)benzene 3l (119 mg, 0.75 

mmol, 3 equiv) in dry THF (2.5 mL), affording cyclopentenone 34 as a colorless oil (5.4 mg, 10% 

yield) after purification by flash chromatography, eluting with 1-30% EtOAc in hexanes (elution 

gradient). 1H NMR (500 MHz, CDCl3) δ 7.37-7.33 (m, 2H), 7.32-7.28 (m, 1H), 7.07-7.05 (m, 2H), 

2.76-2.74 (m, 2H), 2.52-2.50 (m, 2H), 1.09 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 209.6, 181.9, 

141.2, 135.2, 129.7, 128.1, 127.5, 36.6, 34.2, 30.0, 28.0. IR (neat) 2965, 2828, 1686, 1591, 1445, 

1332, 1233, 1164, 1028, 917, 760, 703. HRMS (HESI) m/z: [M+H]+ Calcd for C15H19O 215.1430; 

found 215.1428. 

 

3-phenyl-2-(trimethylsilyl)cyclopent-2-en-1-one (35). General procedure B was followed, 

starting with CuBr2 (1.7 mg, 0.0075 mmol, 0.03 equiv), NiBr2 (16.4 mg, 0.075 mmol, 0.3 equiv), 

Zn dust (4.9 mg, 0.075 mmol, 0.3 equiv), 1-(phenylsulfonyl)cyclopropanol 2 (50 mg, 0.25 mmol, 

1 equiv), neat AlMe3 (24 L, 0.25 mmol, 1 equiv) and trimethyl(phenylethynyl)silane 3m (131 
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mg, 0.75 mmol, 3 equiv) in dry THF (2.5 mL), affording cyclopentenone 35 as a colorless oil (7.5 

mg, 13% yield) after purification by flash chromatography, eluting with 1-30% EtOAc in hexanes 

(elution gradient). 1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 1.5 Hz, 1H), 7.39 (d, J = 2.3 Hz, 

2H), 7.28-7.26 (m, 2H), 2.92-2.88 (m, 2H), 2.53-2.49 (m, 2H), 0.02 (s, 9H). 13C NMR (150 MHz, 

CDCl3) δ 214.3, 185.4, 142.5, 140.0, 129.6, 128.7, 127.4, 36.6, 35.6, 0.0. IR (neat) 2953, 1687, 

1579, 1564, 1489, 1443, 1307, 1272, 1247, 1178, 876, 838, 759, 699, 629. HRMS (HESI) m/z: 

[M+H]+ Calcd for C14H19OSi 231.1200; found 231.1198. 
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CHAPTER 4 

 

NHC-Catalyzed Formal Cycloaddition of Cyclopropanone via Umpolung 

 

4.1: Introduction to N-Heterocyclic Carbenes in Organocatalysis  

In the investigation of new chemical transformations, organocatalysis has emerged as a 

useful synthetic strategy that provides an unprecedented umpolung pathway, leading to the 

development of novel synthetic disconnections. The first example of umpolung chemistry dates to 

1832 when it was reported that cyanide catalyzed a benzoin condensation.77 Ukai and co-workers 

then discovered in 1943 that thiazolium salts can replace the cyanide in analogous reactions. The 

mechanism of thiazolium-catalyzed benzoin condensations was studied by Breslow in 1958, where 

a key enol intermediate nucleophilic at C1 was proposed (Figure 17).78 After the mechanistic work 

by Breslow, a lot of N-heterocyclic carbenes (NHC) have been investigated in many organic 

transformations as umpolung catalysts.79-81 The chemical process is initiated by nucleophilic 

addition of the carbene onto the carbonyl group of an aldehyde. Proton transfer leads to the 

Breslow intermediate where it shows an inverse polarity of the aldehyde carbon (nucleophilic at 

C1). Further nucleophilic attack of the intermediate to another aldehyde followed by elimination 

of the N-heterocyclic carbene produces the benzoin product, an α-hydroxyketone. The main 

feature of the process is the inverse reactivity of the aldehyde functional group, which is initially 

electrophilic, and however became nucleophilic after addition of the carbene due to π-donation 

from the heterocyclic ring. After these initial reports, NHC catalysis has led to significant progress 

in terms of selectivity and efficiency, which led to the development of stereoselective versions in 

various NHC-catalyzed reactions, including the classical benzoin condensation.79-80  
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Figure 17. Proposed mechanism of the thiazolium-catalyzed benzoin condensation 

 

4.2: Introduction to Donor-Acceptor Cyclopropanes 

Cyclopropane derivatives have received considerable attention for many years due to their 

high reactivity and versatility as building blocks in organic synthesis. The C–C bond cleavage is 

more readily achieved when the three membered ring system is activated by substituents that can 

stabilize charges in ring-opened intermediates. For example, vicinal substitution of electron-

withdrawing and -donating groups on the cyclopropane ring serve as a 1,3-dipolar synthon by 

electron push-pull effect, where each charge is stabilized by a donor and an acceptor, respectively. 

Generally, electron-donating substituents such as heteroatoms, alkyl and aryl are considered as 

donors whereas electron-deficient carbonyl, sulfonyl, nitrile and nitro groups act as acceptors. 

Owing to the 1,3-zwitterionic property of the intermediate, donor-acceptor cyclopropanes can be 
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used in various types of reactions such as ring opening by electrophiles or nucleophiles, Lewis-

acid catalyzed formal cycloadditions and rearrangements (Figure 18).82-83 

 

 

Figure 18. General reactivity of donor-acceptor cyclopropanes 

 

4.2.1: Formal Cycloaddition of Donor-Acceptor Cyclopropanes 

Recently, formal cycloadditions of donor-acceptor (D-A) cyclopropanes have been 

recognized as formidable processes for the formation of a variety of complex carbo- and 

heterocycles in natural product synthesis.84-85 A number of reagents including nitriles,86 imines,87 

nitrones,88 dienes,89 alkene,90 aldehydes91 and others have been studied in this transformation to 

access various 5-, 6- and 7-membered cyclic ring systems (Figure 19). Furthermore, these methods 

have shown utility in the total synthesis of biologically active natural products, forming cyclic 

systems as a key step. This intramolecular cyclization is often achieved in a highly regio- and 

diastereoselective manner, although stereocontrol remains a significant challenge in some cases. 

However, some examples have shown controlled enantioselectivity when chiral catalysts, ligands 

or enantiomerically pure substrates were employed in this transformation.  
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Figure 19. Examples of formal cycloaddition of D-A cyclopropanes 

 

Generally, the use of Lewis acids is required to activate the cyclopropane ring, and the 

cycloaddition occurs in a stepwise manner via nucleophilic ring opening with amphiphilic reagents 

(X=Y) (Figure 20a). The resulting open chain intermediate then reacts with the electrophilic 

portion of the reagent (here, Y) in an intramolecular fashion. Despite the versatility of donor-

acceptor cyclopropanes in formal cycloaddition, this approach has the disadvantage of limiting the 

further functionalization of the ring system as it furnishes mostly unfunctionalized cyclic 

compounds. Moreover, D-A cyclopropanes are prone to undesired rearrangements in the presence 

of Lewis acids or thermal conditions,92 a reaction that competes with the formal cycloaddition 

(Figure 20b). 
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Figure 20. Two possible reactions of D-A cyclopropanes in presence of Lewis acids 

 

 

As an alternative approach to circumvent these problems, we propose a new formal 

cycloaddition of cyclopropanones using umpolung catalysts, N-heterocyclic carbenes. The 

proposed synthetic route is presented in Scheme 9. The introduction of an NHC catalyst is expected 

to furnish NHC-cyclopropanone adducts with reverse electronic properties compared to 

cyclopropanones. The electrophilic nature of the NHC-adduct is analogous to that observed in the 

Lewis acid catalyzed formal cycloaddition of donor-acceptor cyclopropanes (see Figure 20a), so 

the nucleophilic ring opening by ambiphilic reagents X=Y proceeds in the same way, leading the 

formation of a Breslow intermediate. Subsequent cyclization followed by regeneration of the NHC 

catalyst via elimination affords a variety of carbo- and heterocycles. Compared to D-A 

cyclopropanes, cyclopropanones produce highly reactive cyclic ketones, allowing for further 

functionalization of the resulting the ring system.  

 

Scheme 9. New synthetic strategy to formal cycloaddition through NHC catalysis 
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4.3: Optimization of the Formation of NHC-Cyclopropanone Adducts 

 

To evaluate the viability of such a cycloaddition, we first sought to investigate the reaction 

between our cyclopropanone precursor, 1-sulfonylcyclopropanol 2, and N-heterocyclic carbenes, 

to access NHC-cyclopropanone adducts. Our initial investigations were carried out with a simple 

NHC precursor, N,N-dimethylimidazolium salt 4a and we selected NaH as a base for the formation 

of the carbene (Scheme 10). After a couple of attempts to make the corresponding adduct, it was 

found that although the formation of the desired adduct 36 was observed, undesired 

oligomerization occurred resulting from the reaction of 36 with other equivalents of 

cyclopropanone in solution. Moreover, it was impossible to isolate the pure product from the 

excess NHC precursor 4a, since both had exactly the same polarity on silica gel. We then sought 

to identify suitable conditions which would minimize the amount of the remaining NHC precursor 

and the formation of undesired oligomer side-products 36-1 and 36-2. We thus decided to use a 

bulky NHC precursor instead of 4a, hoping that oligomerization would be suppressed by the steric 

hindrance of the product, and the NHC precursor was used as a limiting reagent to avoid 

purification issues.  

 

 

Scheme 10. Initial evaluation of the formation of NHC-cyclopropanone adduct 36 

 

Based on this hypothesis, the sterically hindered IMesHCl 4b was selected as a carbene 

source in a new reaction system, and we used it as a limiting reagent. (Table 7). A number of 

reactions were performed to find the best conditions and we noticed that the temperature of both 
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steps, i.e. formation of NHC and its addition to cyclopropanone, was critical (entries 1-3). The 

deprotonation of the NHC precursor must be carried out at room temperature to fully convert it to 

the free carbene, and the 1-sulfonylcyclopropanol 2 should be added at low temperature to 

minimize oligomerization. When 2 equivalents of NaH was used in order to consume all NHC 

precursor 4b, it gave us a complex 1H NMR spectrum presumably due to the decomposition or 

reduction of cyclopropanone (entry 4). Increasing the amount of cyclopropanone equivalent 2 to 

2 equivalents allowed us to isolate the pure product 37 in 51% yield (entry 5). Although we 

identified conditions using NaH as a base affording the pure product, we experienced 

reproducibility issues on larger scale. We thus evaluated other bases, and strong and hindered bases 

such as KOtBu and LDA were found to be ideal by not only solving reproducibility problem but 

also providing pure product in improved yields (entries 17 and 23). 
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Table 7. Optimization of the formation of NHC-cyclopropanone adduct 37  

 

Entry 
Base 

(equiv) 

Temp. 1/ 

Time 1 (h) 

2 

(equiv) 

Temp. 2/ 

Time 2 (h) 

H2O 

quench 

4b 

Remaining/ 

dimer 

Yield 

(%) 
Note 

1 NaH (1.3) 0 ℃/ 1 1.1 0 ℃/ 1 No Yes/No N.D ++4b 

2 NaH (1.3) rt/ 2 1.1 rt/ 2 No Yes/Yes N.D ++dimer 

3 NaH (1.3) rt/ 2 1.1 0 ℃/ 2 No Yes/No N.D +4b 

4 NaH (2.0) rt/ 2 1.1 0 ℃/ 2 No Yes/No N.D Messy 

5 NaH (2.0) rt/ 2 2.0 0 ℃/ 2 No No/No 51c Pure 37 

6b NaH (2.0) rt/ 2 2.0 0 ℃/ 2 No No/Yes 47c 7% dimer 

7b NaH (2.0) rt/ 2 2.0 0 ℃/ 2 Yes No/Yes 70c 3% dimer 

8 DIPEA (2.0) rt/ 2 2.0 0 ℃/ 2 Yes Yes/No <5d No rx 

9 Et3N (2.0)  rt/ 2 2.0 0 ℃/ 2 Yes Yes/No <5d No rx 

10 DBU (2.0) rt/ 2 2.0 0 ℃/ 2 Yes Yes/No <45d +4b 

11 DBU (2.0) rt/ 4 2.0 0 ℃/ 2 Yes Yes/No <46d +4b 

12 DBU (2.0) rt/ 2 1.0 0 ℃/ 2 Yes Yes/No 11d ++4b 

13 DBU (2.0) rt/ 2 5.0 0 ℃/ 2 Yes Yes/No <5d Messy 

14 n-BuLi (2.0) rt/ 2 2.0 0 ℃/ 2 Yes Yes/No 26d ++4b 

15 n-BuLi (2.0) rt/ 2 3.0 0 ℃/ 2 Yes No/Yes 80d ++ dimer 

16 n-BuLi (2.0) rt/ 2 1.0 0 ℃/ 2 Yes Yes/No <5d Messy 

17 KOtBu (2.0) rt/ 2 2.0 0 ℃/ 2 Yes No/No 76d Pure 37 

18 LDA (2.0) rt/ 2 2.0 0 ℃/ 2 Yes Yes/No 75d - 

19b LDA (2.0) rt/ 2 2.0 0 ℃/ 2 Yes Yes/No 86d - 

20 LDA (2.0) rt/ 2 1.8 0 ℃/ 2 Yes Yes/No 77d - 

21 LDA (2.0) rt/ 4 2.0 0 ℃/ 2 Yes Yes/No N.D Messy 

22 LDA (2.0) rt/ 2 2.5 0 ℃/ 2 Yes Yes/No 87d - 

23 LDA (2.0) rt/ 2.5 2.0 0 ℃/ 2 Yes No/No 78d Pure 37 
a
All reactions run on a 20 mg scale of 4b unless otherwise noted. 

b
100 mg of 4b used. 

c
Isolated yield.  

d
NMR yield determined using 1,3,5-trimethoxybenzene as internal standard 
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4.4: Scope of Accessible NHC-Cyclopropanone Adducts 

With these optimal conditions, we synthesized several NHC adducts possessing various 

steric and electronic profiles to evaluate their reactivity (Scheme 11). A number of attempts were 

made to synthesize NHC adducts using various NHC precursors, and although the reactions were 

successful, most of adducts could not be isolated in pure form due to the existence of oligomeric 

side-products. The steric effect of N-substituents of the NHC was considered to be the most 

important factor to isolate the pure product since it was not successful when using a small N-

methyl substituent, for example. By minimizing oligomerization with the appropriate steric effect, 

several NHC-cyclopropanol adducts 37-70 were thus obtained in pure form. The three-

dimensional structure of NHC adduct 38 was confirmed by X-ray crystallography (Figure 21). 

 

Scheme 11. Various NHC-cyclopropanone adducts synthesized using the optimal conditions 

 

Figure 21. X-Ray structure of NHC-cyclopropanone adduct 38 



   

68 

 

4.5: Evaluation of NHC Adducts toward Formal Cycloaddition and Ring Opening 

With these NHC adducts in hand, we examined their reactivity toward formal 

cycloadditions. We speculated that NHC-cyclopropanone adducts would be susceptible to 

nucleophilic ring opening reaction by ambiphilic reagents, as they have similar electronic nature 

as Lewis acid activated donor-acceptor cyclopropanes (see Figure 20a). As a reaction partner, we 

elected imines 4f and nitrones 4g for the formation of the corresponding heterocycles since those 

dipoles were previously well studied in formal cycloaddition of donor-acceptor cyclopropanes 

(Scheme 12). We first attempted the cycloaddition with an imine 4f in THF at room temperature, 

however no reaction was observed. Then, we gradually increased the temperature to 70 ℃ in THF, 

and an even higher temperature was tested using dioxane, but no reaction was observed. We 

thought that a Lewis acid could promote the ring opening of the NHC-adduct as it worked in donor-

acceptor cyclopropanes, but unfortunately it did not promote the desired chemical event. Several 

attempts were repeated with other reaction partners (e.g. nitrone 4g) but ring opening results were 

not found, and intact NHC adducts remained untouched.  

 

 

Scheme 12. Investigation of NHC-cyclopropanone adducts toward formal cycloaddition 
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To open this three-membered ring via simple nucleophilic substitution instead, a few 

different strong nucleophiles such as NaN3 and NaOMe were evaluated with NHC adduct 37 under 

harsh conditions at high temperature and extended reaction time, but once again we were not able 

to see ring opening reaction, and NHC adducts still remained intact. We hypothesized that the 

problem in this case might be caused by the deprotonation of the hydroxyl group by the nucleophile, 

leading to an anion that is even less electrophilic and thus unreactive toward nucleophilic 

substitution. We thus methylated the hydroxyl group to confirm our assumption leading to 41; 

however, we noticed that our adducts are incredibly stable and unreactive, leading once again to 

no reaction in a variety of reaction conditions (Scheme 13, work of Evan Anders).   

 

 

Scheme 13. Evaluation of methylated adduct 41 in nucleophilic ring opening (work of Evan 

Anders) 

 

4.6: Future Work 

So far, a majority of ring opening attempts were performed with adduct 37 and all attempts 

failed due to its incredible stability. Thus, continued synthesis of other NHC adducts is required to 

understand which factors can influence the stability of these adducts (Figure 22). As one of the 

factors, their steric hindrance would be reduced with other derivatives containing smaller 

substituents on nitrogen. Besides, we think that the electronic effect of the heterocycle can play a 

key role in the reactivity of these NHC adducts. For instance, imidazolinium- and 
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benzimidazolium-based adducts 43 and 44 are expected to be more reactive toward ring opening 

based on the fact that the energy cost of dearomatization should be smaller during the desired 

nucleophilic substitution to form the non-aromatic Breslow intermediate. Additional efforts will 

be directed to the re-optimization of the formation of these NHC adducts, as our optimized 

conditions did not permit their isolation in pure form. Another plan is the use of aryl- or alkyl-

substituted compounds such as 45, which are more closely analogous to vicinal donor-acceptor 

cyclopropanes, where the nucleophilic ring-opening should be easier due to further polarization of 

the C1-C2 bond. 

 

Figure 22. Future direction of NHC adducts to evaluate 

 

Once we achieve this first goal, the ring opening of NHC adducts, the next step is to explore 

the reactivity modes in formal cycloaddition with a number of ambiphilic reagents such as ketones, 

imines, nitrones, nitriles etc. (Scheme 14). We think that these substrates can be applied to our 

synthetic strategy as they have already been demonstrated to be reactive in the formal 

cycloaddition of donor-acceptor cyclopropanes. Through this umpolung strategy, it will open up a 

new direction to streamline the synthesis of a variety of carbo- and heterocycles.  



   

71 

 

 

Scheme 14. Proposed formal cycloaddition of NHC-cyclopropanone adducts 

 

4.7: Conclusion 

We have studied NHC-umpolung chemistry of cyclopropanone to achieve C–C bond 

activation. To evaluate the feasibility of NHC-catalyzed formal cycloaddition, we developed a new 

synthetic approach to form NHC-cyclopropanone adducts, through which several adducts were 

obtained in pure form. In addition, the chemical structure of one of these unprecedented NHC-

cyclopropanone adducts was confirmed by X-ray crystallography. Investigation of this novel class 

of compounds is currently ongoing in order to understand their reactivity towards cycloaddition.  
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4.8: Experimental Details 

General: Unless stated otherwise, all non-aqueous reactions were performed in oven-dried 

glassware sealed with microwave caps or rubber septa under a nitrogen atmosphere, and were 

stirred with Teflon-coated magnetic stir bars. Liquid reagents and solvents were transferred via 

syringe using standard Schlenk techniques. Tetrahydrofuran (THF), dichloromethane (CH2Cl2), 

and methanol (MeOH) were dried by passage over a column of activated alumina (JC Meyers 

Solvent System). Anhydrous 1,4-dioxane, N,N-dimethylformamide (DMF) were obtained in Sure 

Seal bottles and used as received. All other solvents and reagents were used as received unless 

otherwise noted. Thin layer chromatography was performed using Silicycle silica gel 60 F-254 

precoated plates (0.25 mm) and visualised by UV irradiation or anisaldehyde, CAM, potassium 

permanganate, or iodine stain. Flash chromatography was performed on a Biotage Isolera One. 

Sorbent silica gel (particle size 40-63 μm) was used for flash chromatography of the indicated 

solvent system according to standard techniques. Nuclear magnetic resonance (NMR) spectra (1H, 

13C) were recorded on Varian or Bruker spectrometers operating at either 300 or 600 MHz for 1H 

and 150 MHz for 13C experiments. Chemical shifts (δ) for 1H NMR spectra are recorded in parts 

per million with the residual solvent peak used as an internal standard (CDCl3=7.26 ppm). Data 

are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

qn = quintet, m = multiplet and br = broad), coupling constant in Hz, and integration. Chemical 

shifts for 13C NMR spectra are recorded in parts per million with the residual solvent peak used as 

an internal standard (CDCl3=77.16 ppm). All spectra were obtained with complete proton 

decoupling. Only select 1H and 13C spectra are reported. X-ray crystallographic analysis was 

obtained from NC state University, X-ray Crystallography Facility. 
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Reagents: 1,3-Bis(2,4,6-trimethylphenyl)imidazolium chloride (IMes∙HCl), NaH (60 % 

dispersion in mineral oil), KOtBu and all reagents used during the optimization were purchased 

from commercial sources and used as received. 

 

1-mesityl-1H-imidazole. A mixture of glacial acetic acid (2.5 mL), 37% aqueous formaldehyde 

(0.75 mL, 10.1 mmol, 1.01 equiv) and 40% glyoxal (1.16 mL, 10.1 mmol, 1.01 equiv) was heated 

to 70 ℃. A solution of 2,4,6-trimethylaniline (1. 35 g, 10.0 mmol, 1 equiv), ammonium acetate 

(0.77 g, 10.0 mmol, 1 equiv) in 0.5 mL water and glacial acetic acid (2.5 mL) was added dropwise 

after which the reaction mixture was heated at 70 ̊℃ for 18 hours. After cooling to room 

temperature, the resulting brown solution was added very slowly to a stirred solution of 7.35 g 

NaHCO3 in 75 mL water. Brownish solid was precipitated and filtered. Evaporation of water 

afforded 1-mesityl-1H-imidazole (1.15 g, 62%) as a brownish solid after purification by flash 

chromatography (1-15% MeOH in CH2Cl2). All analyses were consistent with the previously 

reported data.93 

 

1-mesityl-3-methyl-1H-1,2,4-triazole. A flame-dried 100 mL round flask was charged with (Z)-

N'-(tosyloxy)acetimidamide94  (1.0 g, 4.38 mmol, 1.2 equiv), triethylorthoformate (1.21 mL, 7.30 

mmol, 2 equiv) and ethanesulfonic acid (298 μL, 3.65 mmol, 1 equiv), and dry THF was added (5 

mL) under N2. The mixture was heated to 50 °C. To this mixture was added a solution of 2,4,6-

trimethylaniline (512.6 μL, 3.65 mmol, 1 equiv) in dry THF (5 mL) dropwise for 5 hours. the 
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resulting mixture was stirred at 50 °C for 17 hours. The mixture was cooled at room temperature 

and the solvent removed via vacuo, the residue dissolved in dichloromethane and a solution of 

K2CO3 (1.01 g, 7.30 mmol, 2 equiv) in H2O (2.5 ml) was added. The organic phase was washed 

with brine, dried over MgSO4, and concentrated under vacuum to afford the product (235.8 mg, 

32%) as a brownish solid after purification by flash chromatography (5-40% EtOAc in Hexanes). 

1H NMR (300 MHz, CDCl3) δ 7.97 (s, 1H), 6.95 (dd, J = 1.5, 0.8 Hz, 2H), 2.49 (s, 3H), 2.32 (s, 

3H), 1.98 (d, J = 0.7 Hz, 6H). 

 

3-dimethyl-1H-imidazol-3-ium iodide (4a). 1-Methylimidazole (0.403 mL, 5.0 mmol, 1.0 equiv) 

was added to a 5 mL microwave vial flushed with N2, followed by CH2Cl2 (1 mL). MeI (373.5 μL, 

6.0 mmol, 1.2 equiv) was added under N2 over the course of 30 minutes, and then the mixture was 

stirred at room temperature for 1 hour. The reaction mixture was then concentrated under vacuum 

to afford the pure product 4a (811 mg, 72%) without further purification. All analyses were 

consistent with previously reported data.95 

 

3-benzyl-1-mesityl-1H-imidazol-3-ium bromide (4c). 1-Mesityl-1H-imidazole (93.1 mg, 0.5 

mmol, 1.0 equiv) was added to a 2 mL microwave vial flushed with N2, followed by CH2Cl2 (0.5 

mL). Benzyl bromide (119 L, 1.0 mmol, 2.0 equiv) was added under N2, and then the mixture 

was stirred at room temperature for 24 hours. The reaction mixture was then concentrated under 

vacuum to afford the pure product (173 mg, 97%) after purification by flash chromatography (2-

10% MeOH in CH2Cl2). All analyses were consistent with previously reported data.96  
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3-butyl-1-mesityl-1H-imidazol-3-ium iodide (4d). 1-Mesityl-1H-imidazole 75 (93.1 mg, 0.5 

mmol, 1.0 equiv) was added to a 2 mL microwave vial flushed with N2, followed by CH2Cl2 (0.5 

mL). iodobutane (93.1 L, 1.0 mmol, 2.0 equiv) was added under N2, and then the mixture was 

stirred at 40 C for 17 hours. The reaction mixture was then concentrated under vacuum to afford 

the pure product (129 mg, 70%) after purification by flash chromatography (2-10% MeOH in 

CH2Cl2). All analyses were consistent with previously reported data.97  

 

4-butyl-1-mesityl-3-methyl-1H-1,2,4-triazol-4-ium iodide (4e). 1-Mesityl-3-methyl-1H-1,2,4-

triazole 79 (65 mg, 0.323 mmol, 1.0 equiv) was added to a 2 mL microwave vial flushed with N2, 

followed by MeCN (0.5 mL). Iodobutane (92 L, 0.807 mmol, 2.5 equiv) was added under N2, 

and then the mixture was stirred at 60 C for 22 hours. The reaction mixture was then concentrated 

under vacuum to afford the pure product (69 mg, 55%) after purification by flash chromatography 

(2-10% MeOH in CH2Cl2). 1H NMR (300 MHz, CDCl3) δ 11.30 (s, 1H), 6.99 (dd, J = 1.4, 0.8 Hz, 

2H), 4.73 (t, J = 7.5 Hz, 2H), 2.70 (s, 3H), 2.35 (s, 3H), 2.11 (d, J = 0.7 Hz, 6H), 2.03 – 1.93 (m, 

2H), 1.48 (dt, J = 15.2, 7.5 Hz, 2H), 1.01 (t, J = 7.3 Hz, 3H). 
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GENERAL PROCEDURE C: For the Synthesis of NHC adduct 

In an inert atmosphere glove box, a flame-dried 5 mL microwave vial was charged with the NHC 

precursor (0.05 mmol, 1.0 equiv) and KOtBu (0.1 mmol, 2.0 equiv), capped and taken out of the 

glove box. THF (0.8 mL) was added under N2 and stirred at room temperature for 2 h. Reaction 

mixture was then cooled to 0 °C for 5 minutes, and a solution of 1-(phenylsulfonyl)cyclopropanol 

2 (0.1 mmol, 2.0 equiv) in THF (0.2 mL) was added under N2 at 0 °C and stirred for 2 h. The 

resulting mixture was then quenched at 0 °C with 4 drops of H2O and extracted three times with 

CH2Cl2. The combined organic layers were washed with brine, dried over MgSO4, and 

concentrated under vacuum to afford the pure product after purification by flash chromatography 

(2-20% MeOH in CH2Cl2).  

 

 

2-(1-hydroxycyclopropyl)-1,3-dimesityl-1H-imidazol-3-ium chloride (37).  General procedure 

C was followed, starting with IMes∙HCl (17.2 mg, 0.05 mmol, 1 equiv), KOtBu (11.3 mg, 0.1 

mmol, 2 equiv) and 1-(phenylsulfonyl)-cyclopropanol 2 (20 mg, 0.1 mmol, 2 equiv) in dry THF 

(1 mL), affording NHC adduct 37 (19.8 mg, 78%) as a yellowish solid. 1H NMR (600 MHz, CDCl3) 

δ 7.39 – 7.32 (m, 2H), 7.04 (d, J = 5.6 Hz, 4H), 2.36 (d, J = 3.6 Hz, 6H), 2.15 (d, J = 6.4 Hz, 12H), 

1.29 (d, J = 8.9 Hz, 2H), 0.57 – 0.48 (m, 2H). 13C NMR (150 MHz, CDCl3) δ 141.29, 134.35, 

134.08, 131.02, 129.94, 129.92, 123.78, 53.44, 47.23, 21.20, 21.16, 17.84, 17.83, 17.67, 14.12. 
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3-benzyl-2-(1-hydroxycyclopropyl)-1-mesityl-1H-imidazol-3-ium bromide (38).  

General procedure C was followed, starting with 3-benzyl-1-mesityl-1H-imidazol-3-ium bromide 

4c (18.0 mg, 0.05 mmol, 1 equiv), KOtBu (11.3 mg, 0.1 mmol, 2 equiv) and 1-

(phenylsulfonyl)cyclopropanol 2 (20 mg, 0.1 mmol, 2 equiv) in dry THF (1 mL), affording NHC 

adduct 38 (16.3 mg, 78%) as a yellowish solid. 1H NMR (300 MHz, CDCl3) δ 7.48 (d, J = 2.1 Hz, 

1H), 7.45 – 7.35 (m, 6H), 7.05 (s, 2H), 6.10 (s, 2H), 2.35 (s, 3H), 2.05 (s, 6H), 1.37 – 1.28 (m, 2H), 

0.70 – 0.53 (m, 2H). 

 

 

3-butyl-2-(1-hydroxycyclopropyl)-1-mesityl-1H-imidazol-3-ium iodide (39).  

General procedure C was followed, starting with 3-butyl-1-mesityl-1H-imidazol-3-ium iodide 4d 

(18.7 mg, 0.05 mmol, 1 equiv), KOtBu (11.3 mg, 0.1 mmol, 2 equiv) and 1-

(phenylsulfonyl)cyclopropanol 2 (20 mg, 0.1 mmol, 2 equiv) in dry THF (1 mL), affording NHC 

adduct 39 (15.5 mg, 70%) as a yellowish solid. 1H NMR (300 MHz, CDCl3) δ 7.83 (d, J = 2.1 Hz, 

1H), 7.12 (d, J = 2.1 Hz, 1H), 7.01 (s, 2H), 4.82 – 4.70 (m, 2H), 2.35 (s, 3H), 2.02 (s, 6H), 1.97 

(ddd, J = 8.1, 5.9, 2.5 Hz, 2H), 1.60 – 1.41 (m, 4H), 1.03 (t, J = 7.3 Hz, 3H), 0.71 (m, 2H). 
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4-butyl-5-(1-hydroxycyclopropyl)-1-mesityl-3-methyl-1H-1,2,4-triazol-4-ium iodide (40).  

General procedure C was followed, starting with 4-butyl-1-mesityl-3-methyl-1H-1,2,4-triazol-4-

ium iodide 4e (19.4 mg, 0.05 mmol, 1 equiv), KOtBu (11.3 mg, 0.1 mmol, 2 equiv) and 1-

(phenylsulfonyl)-cyclopropanol 2 (20 mg, 0.1 mmol, 2 equiv) in dry THF (1 mL), affording NHC 

adduct 40 (10.2 mg, 46%) as a yellowish solid. 1H NMR (300 MHz, CDCl3) δ 7.02 (s, 2H), 4.80 

– 4.68 (m, 2H), 2.73 (s, 3H), 2.36 (s, 3H), 2.06 (s, 6H), 1.98 – 1.89 (m, 2H), 1.59 (m, 4H), 1.03 (t, 

J = 7.3 Hz, 3H), 0.91 – 0.80 (m, 2H). 
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CHAPTER 5 

 

Ring-Opening Fluorination of Cyclopropanone Equivalents 

to Access β-Fluorinated Carboxylic Derivatives 

 

5.1: Introduction to the Importance of Fluorine in Pharmaceuticals 

The introduction of fluorine atoms into biologically active molecules has been of great 

interest in pharmaceutical, life sciences and agrochemical research due to its change in their 

physical and biological properties. Presently, about 20% the pharmaceuticals on the market 

contains fluorine atoms,98 and in 2019, 13 new fluoro-containing small molecules were approved 

by the FDA, accounting for about 41% of all small organic pharmaceutical drugs.99 The prevalence 

of fluorine atoms in the pharmaceutical industry stems from several aspects. The well-known 

properties of fluorine, such as size, electronegativity, electrostatic interactions and lipophilicity 

can dramatically impact on various properties of a lead compound, which often enhance the 

metabolic stability, membrane permeability and sometimes the binding affinity to the target 

protein.100 Due to the considerable impact of fluorine in pharmaceuticals, the development of new 

methods for the selective introduction of fluorinated functional groups into organic molecules is 

in high demand. 

 

5.2: C(sp3)–F bond Formation 

The α-fluorination of ketones is one of the most straightforward approaches to achieve 

C(sp3)–F bond formation since the acidic α-proton can be readily substituted with fluorine using 

electrophilic fluorinating reagents (Figure 23a).101 Recently, selective distal (β, γ, δ and ε) 
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fluorinations of ketones have been reported via silver- or iron-catalyzed ring opening of 

cycloalkanols such as cyclopropanol, cyclobutanol, cyclopentanol and cyclohexanol (Figure 

23b).102-104 The transformation proceeds through C–C bond cleavage and C–F bond formation, and 

the resulting products present site-selectivity by breaking a more substituted carbon bond. 

 

 

Figure 23. Synthesis of fluorinated ketones 

 

Recently, one of our group members, Weixia Deng, examined the oxidative ring opening 

reaction of 1-(methylsulfonyl)cyclopropanol 10 under literature conditions102 using selectfluor (2 

equiv) in the presence of a Ag(I) catalyst. As a result, 3-fluoropropanoic acid 46 was afforded after 

hydrolysis of the sulfinate group (Scheme 15a). We hypothesized that this resulting product could 

be a valuable substrate for Minisci-type reactions to access fluorine-containing heterocycles 

(Scheme 15b). Generally, Minisci-type reactions enable the installation of a wide range of alkyl 

groups to electron-poor heteroarenes from carboxylic acids which are known as efficient and 

practical radical precursors via decarboxylation.105 The chemical process consists of the addition 

of a carbon centered radical to electron-deficient heterocycles, then followed by formal hydrogen 

atom abstraction to rearomatize. Although a number of carboxylic acids containing diverse 

functional groups such as alcohols, amines, olefins, ethers and trifluoromethyl  groups (-CF3) were 

previously studied in Minisci-type reactions,106 the fluoroethylation has not yet been reported 
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presumably due to the lack of access to such β-fluorocarboxylic acid derivatives. As a proof of 

concept and with 3-fluoropropanoic acid 46 in hand, we carried out the Minisci reaction under our 

optimized condition and several fluoroethylated heterocycles were observed by NMR analysis 

(Scheme 16) (Work of Weixia Deng).  

 

 

Scheme 15. (a) Oxidative ring opening fluorination of 1-sulfonylcyclopropanol and (b) its 

application in Minisci reaction (work of Weixia Deng) 

 

 
aAll cases, NMR yield determined using 1,3,5-trimethoxybenzene as internal standard 

 

Scheme 16. Fluoroethylation of heterocycles (Work of Weixia Deng) 
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As another approach to access various β-fluorinated carboxylic derivatives, we proposed 

to use pyrazole as a transient leaving group for cyclopropanone since N-acylpyrazole moieties are 

relatively resistant to water, but reactive to other nucleophiles (Scheme 17).107-108 We previously 

discovered the pyrazole substitution of 1-sulfonylcyclopropanols and it was successfully 

optimized in excellent yield (see Section 2.3). Using pyrazole-cyclopropanone adduct 22, we first 

examined the oxidative ring opening-fluorination using 2 equivalent selectfluor in the presence of 

10 mol% AgNO3. The fluorine-containing acyl pyrazole 47 was observed in 50% NMR yield along 

with 28% 3-fluoropropanoic acid 46 as side-product in this case, by hydrolysis of the N-

acylpyrazole group (Scheme 18). Later, we found that this undesired hydrolysis could be 

minimized by reducing the ratio of H2O in the solvent. As a result, when using the 9:1 ratio of 

CH2Cl2 and H2O instead of the initial 1:1 ratio, the desired product 47 without 3-fluoropropanoic 

acid 46 was observed in 70% NMR yield. N-Acylpyrazoles are already known to be versatile, and 

thus can be converted into various functional groups, such as esters, ketones, aldehydes, carboxylic 

acids as well as other type of amides. When the fluorinated N-acylpyrazole 47 was treated with 

benzylamine in THF at 50 ℃, the corresponding amide N-benzyl-3-fluoropropanamide 48 was 

isolated in 83% yield (Scheme 19). After these initial trials, we decided to develop the reaction in 

one-pot as each chemical process proceeded with moderated to good efficiency. 

 

 

Scheme 17. Synthetic strategy for the formation of β-fluorinated carboxylic derivatives 
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Scheme 18. Initial attempt of oxidative ring-opening-fluorination of pyrazole adduct 22 

 

 

Scheme 19. Amine substitution of N-acylpyrazole 47 

 

5.3: Optimization of Oxidative Ring-Opening Fluorination  

Since the validity of each chemical transformation had been verified in previous 

experiments, we started to explore the reaction in one pot and initially, the N-benzyl-3-

fluoropropanamide 48 was isolated in 21% yield (Scheme 20). Since the yield of the second step, 

the ring-opening fluorination, was relatively low and seemed to be the bottleneck of this one-pot 

process, we thus decided to optimize this step intensively. At that time, the benzylamine 

substitution was not attempted, and since it was slightly more efficient, the pyrazole addition was 

carried out using 1.4 equivalents NEt3 instead of 1.1 equivalents, yielding 91% pyrazole adduct 22 

for the first step. With these controlled first conditions, the efficiency of ring opening-fluorination 

was monitored (Table 8). In the absence of a silver catalyst, ring opening-fluorination did not 

proceed (entry 1), and it was found that 14% product was observed when the temperature was 

raised (entry 2). In addition, we found that 3 equivalents selectfluor were required to improve the 

yield in a one-pot manner, presumably because additional amounts of selectfluor were consumed 

to quench the sulfinate ion generated in first step (entry 4). As we shortened the reaction time, the 
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yield of product was enhanced up to 69% (entry 6). This is because the N-acylpyrazole product 

was partially hydrolyzed after prolonged exposure to H2O. Paradoxically, we observed significant 

improvement of yield to 78% when the ratio of H2O in solvent (initially CH2Cl2:H2O (10:1), [0.23 

M]) was increased to 5:1 (entry 8). Therefore, the use of H2O is essential for this transformation 

due to the solubility of selectfluor, but the reaction time must be controlled to avoid unwanted 

hydrolysis. Then we evaluated a series of other Ag(I) catalysts, and as a result, it was confirmed 

that most reactions except AgI showed approximately similar productivity, among which the 

highest yield of 85% was obtained in the presence of Ag2CO3 or Ag2SO4 (entries 21 and 22). 

Similar efficiencies of this reaction were also achieved by reducing the amount of silver catalyst 

(entry 6 vs 7 & entry 21 vs 24). To further minimize the loading of Ag(I) catalyst, we prepared 

Ag2CO3 solution in H2O and used it in the reaction, but in this case, the yield was significantly 

decreased, presumably due to the limited solubility of Ag2CO3 in water (entry 25). Thus, we 

selected conditions in entry 24 as the optimal conditions, which provided 85% desired product 47 

when pyrazole adduct 22 was treated with 3 equivalents selectfluor and 1 mol% Ag2CO3 in 

[CH2Cl2:H2O (5:1)] solution at 40 ℃ for 1 hour.   

 

 

Scheme 20. Initial attempt of one-pot reaction 
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Table 8. Optimization of pyrazole addition & ring-opening fluorination in one-pot 

 

Entry 
Catalyst 

(equiv.) 

Selectfluor 

(equiv.) 
Solvent [conc.] Temp. 

Time 

(h) 

Yielda 

(%) 

1 - 2.0 CH2Cl2:H2O (10:1) [0.23 M] rt 24 0 

2 - 2.0 CH2Cl2:H2O (10:1) [0.23 M] 40 ℃ 24 14 

3 AgNO3 (0.1) 2.0 CH2Cl2:H2O (10:1) [0.23 M] 40 ℃ 24 31 

4 AgNO3 (0.1) 3.0 CH2Cl2:H2O (10:1) [0.23 M] 40 ℃ 24 52 

5 AgNO3 (0.1) 3.0 CH2Cl2:H2O (10:1) [0.23 M] 40 ℃ 3 61 

6 AgNO3 (0.1) 3.0 CH2Cl2:H2O (10:1) [0.23 M] 40 ℃ 1 66 

7 AgNO3 (0.025) 3.0 CH2Cl2:H2O (10:1) [0.23 M] 40 ℃ 1 69 

8 AgNO3 (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 78 

9 AgF (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 70 

10 AgI (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 20 

11 AgCN (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 83 

12 AgOTf (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 83 

13 AgTFA (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 82 

14 AgOAc (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 78 

15 AgClO4 (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 79 

16 AgBF4 (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 80 

17 AgPF6 (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 82 

18 AgSbF6 (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 81 

19 AgNO2 (0.025) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 83 

20 Ag2O (0.0125) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 83 

21 Ag2CO3 (0.0125) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 85 

22 Ag2SO4 (0.0125) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 85 

23 Ag3PO4 (0.0083) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 68 

24 Ag2CO3 (0.01) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 85 

25b Ag2CO3 (0.005) 3.0 CH2Cl2:H2O (5:1) [0.2 M] 40 ℃ 1 10 
aNMR yield determined using 1,3,5-trimethoxybenzene as internal standard. bAg2CO3 solution in H2O was 

added. 
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With these optimal conditions, we further attempted the amine substitution in one-pot using 

benzylamine, but we could not improve the yield. We thought that it would be challenging to 

perform amine substitution in one pot due to the presence of H2O or remaining selectfluor. Thus, 

a simple aqueous work-up was needed after the second step to remove H2O and selectfluor, and 

the crude mixture was used for the next step (Scheme 21). As a result, the desired product 48 was 

obtained in 71% yield over 3 steps.  

 

aIsolated yield in parentheses. 

Scheme 21. Sequential reaction for the formation of N-benzyl-3-fluoropropanamide 48 

 

5.4: Scope of Accessible β-Fluorinated Carboxylic Derivatives 

The generality of this reaction with respect to substituted cyclopropanone precursors was 

examined, and we found that the oxidative ring opening fluorination took place site-selectively at 

the more substituted carbon, which is consistent with the expected trend of radical stability of the 

ring-opened intermediate. Substrates with mono- or dimethyl groups give rise to the β-

fluoroamines 49-51 in good yield.  Interestingly, the reaction tolerates the presence of a CF3 

functional group, leading to product 52 possessing a tetrafluorinated ethyl group difficult to access 

otherwise in good yield (76%), which should be of interest in medical chemistry applications. For 

reasons that are still unclear, the transformation of a phenethyl-substituted precursor was 

significantly less efficient and required an increased loading of silver catalyst (53). Starting with 

bicyclic 1-sulfonylcyclopropanols, the fluorinated products 54 and 55 could also obtained as a 
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mixture of diastereomers in 66% and 46%, respectively. The amine nucleophile used in the last 

step could also be diversified using secondary amines, leading to the corresponding tertiary β-

fluoroamides 56-57 in moderate yields. Unfortunately, aryl-substituted sulfonylcyclopropanol 

substrates were found to be incompatible in our conditions, since the cyclopropane ring 

immediately opened after pyrazole addition in the first step (not shown).  

 

 

a10 mol% Ag2CO3 used. b2˚ amine substitution reactions were performed at room temperature for 2 h. 

Scheme 22. Scope of accessible β-fluoroamides 

 

5.5: Conclusion 

Herein, we developed an oxidative ring-opening fluorination of cyclopropanone precursors 

to access 3-fluoropropanoic acid derivatives and found its application in Minisci reaction as a 

fluoroethyl radical source. Furthermore, another approach to furnish a variety of β-fluorinated 
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carboxylic derivatives was developed by adopting pyrazole as a transient leaving group. Compared 

to sulfinate adducts, the N-acylpyrazole intermediates are less susceptible to hydrolysis, thus 

allowing divergent functionalization to carboxylic derivatives. An efficient and convenient one-

pot synthesis of β-fluorinated N-acylpyrazoles was successfully developed, and the resulting crude 

mixture after aqueous work-up directly utilized in amine substitution, affording β-fluoroamides in 

good yields over three steps. Overall, this sequence constitutes an efficient use of cyclopropanones 

as 3-carbon linchpins between halogens and amine nucleophiles, which constitutes a novel and 

valuable synthetic disconnection. 

 

5.6: Experimental Details 

General: Unless stated otherwise, all non-aqueous reactions were performed in oven-dried 

glassware sealed with microwave caps or rubber septa under a nitrogen atmosphere, and were 

stirred with Teflon-coated magnetic stirbars. Liquid reagents and solvents were transferred by 

syringe using standard Schlenk techniques. Tetrahydrofuran (THF), diethyl ether (Et2O), 

dichloromethane (CH2Cl2), toluene (PhMe), acetonitrile (MeCN), and methanol (MeOH) were 

dried by passage over a column of activated alumina (JC Meyers Solvent System). Anhydrous 1,4-

dioxane, dimethyl sulfoxide (DMSO), tert-butyl methyl ether (t-BuOMe), and diisopropyl ether 

(i-Pr2O) were obtained in Sure Seal bottles from Sigma Aldrich. Anhydrous 1,2-dichloroethane 

(DCE) and ethylene glycol dimethyl ether (DME) were obtained in sealed bottles from Acros 

Organics. tert-Butanol (t-BuOH) was freshly distilled from CaH2. All other solvents were used as 

received unless otherwise noted. Thin layer chromatography (TLC) was performed using Silicycle 

silica gel 60 F-254 precoated plates (0.25 mm) and visualized by UV irradiation and anisaldehyde, 

CAM, potassium permanganate, or iodine stain. Sorbent silica gel (particle size 40-63 μm) was 
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used for flash chromatography of the indicated solvent system according to standard techniques. 

Flash chromatography was performed on a Biotage Isolera One. Nuclear magnetic resonance 

(NMR) spectra (1H, 13C, 19F) were recorded on Varian or Bruker spectrometers operating at either 

500, 600, or 700 MHz for 1H and 150 or 175 MHz for 13C experiments 470 MHz for 19F. Chemical 

shifts (δ) for 1H NMR spectra are recorded in parts per million from tetramethylsilane with the 

solvent resonance as the internal standard (CDCl3, δ 7.26 ppm; DMSO-d6, δ 2.50 ppm; or CD3OD, 

δ 3.31 ppm). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t 

= triplet, q = quartet, qn = quintet, m = multiplet and br = broad), coupling constant in Hz, and 

integration. Chemical shifts for 13C NMR spectra are recorded in parts per million from 

tetramethylsilane using the central peak of CDCl3 (δ 77.16 ppm), DMSO-d6 (δ 39.52 ppm) or 

CD3OD (49.00 ppm) as the internal standard. All spectra were obtained with complete proton 

decoupling. Only select 1H and 13C spectra are reported. Infrared (IR) spectra were collected on a 

Thermo Scientific Nicolet iS5 FTIR instrument using attenuated total reflectance (ATR) mode and 

signals are reported in reciprocal centimeters (cm-1). Only selected IR frequencies are reported. 

Melting points were collected on Mettler Toledo MP50 melting point system. High-resolution 

mass spectral data were obtained from the NC State University Molecular Education, Technology 

and Research Innovation Center (METRIC), on a Thermo Fisher Scientific Exactive Plus for HESI.  

Reagents: n-butyllithium, benzenesulfonyl chloride (BsCl), 2,2-dimethyl-1,3-propanediol, 

triphenylphosphine (PPh3), bromine (Br2), thiophenol, potassium tert-butoxide (KOt-Bu), Oxone, 

urea hydrogen peroxide, 1,4-diazabicyclo[2.2.2]octane (DABCO), chlorotriethylsilane (TESCl), 

boron trifluoride diethyl etherate (BF3•OEt2), acetic acid (AcOH), pyrazole, selectfluor, 

triethylamine (Et3N), sliver(I) carbonate (Ag2CO3) and all other silver (I) catalysts evaluated were 
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purchased from commercial sources and used without further purification. All 

sulfonylcyclopropanes were prepared according to literature procedures.34   

 

Synthesis of bis(triethylsilyl) peroxide 

 

 
Peroxybis(triethylsilane). To an oven-dried 250 mL round-bottomed flask containing urea 

hydrogen peroxide (2.82 g, 30.00 mmol, 1.0 equiv) and DABCO (3.37 g, 30.00 mmol, 1.0 equiv) 

under N2 was added CH2Cl2 (50 mL). The resulting solution was cooled to 0 °C, and 

chlorotriethylsilane (5.04 mL, 30.00 mmol, 1.0 equiv) was added dropwise over 30 minutes using 

a syringe pump aparatus. The resulting solution was stirred for 1 additional hour at room 

temperature, then diluted with hexanes and filtered to remove insoluble salts. The filtrate was 

concentrated, filtered through a silica plug eluting with pentane (500 mL) and concentrated under 

reduced pressure (60 mbar), affording peroxybis(triethylsilane) (3.10 g, 79% yield) as a colorless 

oil. 1H NMR (500 MHz, CDCl3) δ 0.98 (t, J = 8.0 Hz, 18 H), 0.68 (q, J = 8.0 Hz, 12H). All other 

analyses were consistent with the previously reported data.109  

 

GENERAL PROCEDURE D: Synthesis of substituted 1-sulfonylcyclopropanols 

 
 

An oven-dried 5 mL microwave vial equipped with a magnetic stirbar was charged with the 

sulfonyl cyclopropanes (0.23 mmol, 1.0 equiv), capped and flushed with N2. Anhydrous 1,2-

dimethoxyethane (DME) or t-BuOMe (0.6 mL, see specific procedures) was added and the 
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solution was cooled to –78 °C. To the resulting solution was added n-BuLi (0.09 mL (2.5M in 

hexanes), 0.23 mmol, 1.0 equiv) and the mixture was stirred at –78 °C for 45 minutes. BF3•OEt2 

(0.33 mL, 1.25 mmol, 5.4 equiv) was added dropwise at –78°C, followed by a solution of 

peroxybis(triethylsilane) (74 mg, 0.28 mmol, 1.2 equiv) in t-BuOMe (0.10 mL). The reaction 

mixture was stirred for the specified time at –78 °C and then quenched by addition of a solution 

of acetic acid in toluene (0.25 mL, PhMe:AcOH = 5:1), warmed and stirred for 1 h at room 

temperature. To the resulting solution was added saturated aq. NH4Cl and the mixture was 

extracted three times with EtOAc. The combined organic fractions were dried on MgSO4 and 

concentrated under vacuum to afford the crude 1-sulfonylcyclopropanols, which was purified by 

flash chromatography (EtOAc in hexanes containing 0.5% AcOH) to afford the pure product.  

*Note: Stir at room temperature for a few seconds if solvent freezes during the addition of n-BuLi. 

 

2-methyl-1-(phenylsulfonyl)cyclopropan-1-ol. General procedure D was followed, starting with 

((2-methylcyclopropyl)sulfonyl)benzene34 (45 mg, 0.23 mmol, 1.0 equiv), n-BuLi (92 µL (2.5M 

solution in hexanes), 0.23 mmol, 1.0 equiv), BF3•OEt2 (0.33 mL, 1.25 mmol, 5.4 equiv) and 

peroxybis(triethylsilane) (74 mg, 0.28 mmol, 1.2 equiv) in t-BuOMe for 1 h at –78 °C, affording 

2-methyl-1-(phenylsulfonyl)cyclopropan-1-ol (41 mg, 84% yield) as a white solid after 

purification by flash chromatography, eluting with 10% EtOAc in hexanes containing 0.5% AcOH. 

On gram scale: Starting with ((2-methylcyclopropyl)sulfonyl)benzene34 (2.0 g, 10.19 mmol, 1.0 

equiv), n-BuLi (4.89 mL (2.5M solution in hexanes), 12.23 mmol, 1.2 equiv), BF3•OEt2 solution 

(14.76 mL, 55.03 mmol, 5.4 equiv) and peroxybis(triethylsilane) (3.21 g, 12.23 mmol, 1.2 equiv) 

in t-BuOMe (50 mL) for 1 h at –78 °C, affording 2-methyl-1-(phenylsulfonyl)cyclopropan-1-ol 

(1.74 g, 80% yield) as a white solid after purification by flash chromatography, eluting with 10% 

Me

HO SO2Ph



   

92 

 

EtOAc in hexanes containing 0.5% AcOH. mp 102-104 °C. 1H NMR (700 MHz, CDCl3) δ 7.93 

(d, J = 7.4 Hz, 2H), 7.67 (t, J = 7.2 Hz, 1H), 7.57 (t, J = 7.7 Hz, 2H), 3.80 (s, 1H), 2.04-1.93 (m, 

1H), 1.69 (dd, J = 10.6, 6.1 Hz, 1H), 1.18 (d, J = 6.3 Hz, 3H), 0.79 (t, J = 6.9 Hz, 1H). 13C NMR 

(175 MHz, CDCl3) δ 137.6, 133.8, 129.2, 129.0, 73.9, 19.5, 18.6, 11.4. IR (neat) 3389, 2964, 2933, 

1447, 1163, 1131, 848, 733, 571, 547.  

 

(cis-2,3-dimethyl)-1-(phenylsulfonyl)cyclopropan-1-ol. General procedure D was followed, 

starting with ((cis-2,3-dimethylcyclopropyl)sulfonyl)benzene15 (48 mg, 0.23 mmol, 1.0 equiv), n-

BuLi (92 µL (2.5M solution in hexanes), 0.23 mmol, 1.0 equiv), BF3•OEt2 (0.33 mL, 1.25 mmol, 

5.4 equiv) and peroxybis(triethylsilane) (74 mg, 0.28 mmol, 1.2 equiv) in t-BuOMe for 15 min at 

–78 °C, affording 1-sulfonylcyclopropanol  (42 mg, 80% yield) as a white solid after purification 

by flash chromatography, eluting with 10% EtOAc in hexanes containing 0.5% AcOH. mp 113-

116 °C. 1H NMR (600 MHz, CDCl3) δ 7.95-7.84 (m, 2H), 7.67-7.61 (m, 1H), 7.58-7.53 (m, 2H), 

4.06 (s, 1H), 1.98-1.82 (m, 2H), 1.04-0.93 (m, 6H). 13C NMR (150 MHz, CDCl3) δ 138.0, 133.6, 

129.2, 128.7, 74.3, 20.0, 5.5. IR (neat) 3362, 2938, 2503, 1444, 1287, 1137, 769, 684, 562. HRMS 

(HESI) calcd for [C11H14O3S+H]+: m/z, 227.0736 found 227.0736. 

 

2,2-dimethyl-1-(phenylsulfonyl)cyclopropan-1-ol. General procedure D was followed, starting 

with ((2,2-dimethylcyclopropyl)sulfonyl)benzene34 (48 mg, 0.23 mmol, 1.0 equiv), n-BuLi (92 µL 

(2.5M solution in hexanes), 0.23 mmol, 1.0 equiv), BF3•OEt2 (0.33 mL, 1.25 mmol, 5.4 equiv) and 

peroxybis(triethylsilane) (74 mg, 0.28 mmol, 1.2 equiv) in t-BuOMe for 15 min at –78 °C, 

MeMe

HO SO2Ph
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affording 2,2-dimethyl-1-(phenylsulfonyl)cyclopropan-1-ol (34 mg, 65% yield) as a white solid 

after purification by flash chromatography, eluting with 10% EtOAc in hexanes containing 0.5% 

AcOH.  mp 92-94 °C. 1H NMR (700 MHz, CDCl3) δ 7.96 (d, J = 8.3 Hz, 2H), 7.67-7.63 (m, 1H), 

7.56 (t, J = 7.8 Hz, 2H), 3.68 (s, 1H), 1.70 (d, J = 6.1 Hz, 1H), 1.45 (s, 3H), 1.23 (s, 3H), 0.96 (d, 

J = 6.1 Hz, 1H). 13C NMR (175 MHz, CDCl3) δ 139.0, 133.7, 129.1, 128.7, 77.6, 27.1, 25.6, 21.4, 

20.1. IR (neat) 3436, 1275, 1118, 1069, 687, 673, 628. HRMS (HESI) calcd for [C11H14O3S+H]+: 

m/z 227.0736, found 227.0736. 

 

1-(phenylsulfonyl)-2-(trifluoromethyl)cyclopropan-1-ol. General procedure D was followed, 

starting with ((2-(trifluoromethyl)cyclopropyl)sulfonyl)benzene34 (58 mg, 0.23 mmol, 1.0 equiv), 

n-BuLi (92 µL (2.5M solution in hexanes), 0.23 mmol, 1.0 equiv), BF3•OEt2 (0.33 mL, 1.25 mmol, 

5.4 equiv) and peroxybis(triethylsilane) (74 mg, 0.28 mmol, 1.2 equiv) in t-BuOMe for 2 hours at 

–78 °C, affording 1-(phenylsulfonyl)-2-(trifluoromethyl)cyclopropan-1-ol (42 mg, 68% yield) as 

a white solid after purification by flash chromatography, eluting with 10% EtOAc in hexanes 

containing 0.5% AcOH. mp 96-100 °C. 1H NMR (600 MHz, CDCl3) δ 7.94 (d, J = 7.5 Hz, 2H), 

7.76-7.69 (m, 1H), 7.61 (t, J = 7.9 Hz, 2H), 4.59 (s, 1H), 2.70-2.60 (m, 1H), 1.97 (dd, J = 10.9, 7.2 

Hz, 1H), 1.71 (t, J = 7.3 Hz, 1H). 13C NMR (150 MHz, CDCl3) δ 135.8, 134.7, 129.5, 129.3, 123.8 

(q, J = 273.0 Hz), 72.0, 25.0 (q, J = 37.4 Hz), 15.1. IR (neat) 3329, 3055, 2922, 1278, 1131, 1057, 

731, 489. 

 

2-phenethyl-1-(phenylsulfonyl)cyclopropan-1-ol. General procedure D was followed, starting 

with ((2-Phenethylcyclopropyl)sulfonyl)benzene34 (550 mg, 1.92 mmol, 1.0 equiv), n-BuLi (1.09 

CF3

HO SO2Ph
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mL (2.1M solution in hexanes), 2.30 mmol, 1.2 equiv), BF3•OEt2 (2.78 mL, 10.37 mmol, 5.4 equiv) 

and peroxybis(triethylsilane) (604 mg, 2.30 mmol, 1.2 equiv) in t-BuOMe (9.5 mL) for 30 minutes 

at –78 °C, affording 2-phenethyl-1-(phenylsulfonyl)cyclopropan-1-ol (382 mg, 66% yield, 96% 

ee) as a white solid after purification by flash chromatography, eluting with 10% EtOAc in hexanes 

containing 0.5% AcOH. mp 97-100 °C. 1H NMR (600 MHz, CDCl3) δ 7.92-7.86 (m, 2H), 7.70-

7.63 (m, 1H), 7.55 (t, J = 7.8 Hz, 2H), 7.28 (t, J = 7.6 Hz, 2H), 7.23-7.16 (m, 1H), 7.16-7.10 (m, 

2H), 3.26 (s, 1H), 2.65-2.50 (m, 2H), 1.98-1.86 (m, 2H), 1.77-1.64 (m, 2H) 0.83-0.78 (m, 1H). 13C 

NMR (150 MHz, CDCl3) δ 141.3, 137.5, 133.9, 129.2, 129.0, 128.7, 128.6, 126.3, 74.0, 35.4, 28.8, 

23.9, 18.7. IR (neat) 3395, 3026, 2926, 1447, 1290, 1136, 1085, 723, 687, 555. HRMS (HESI) 

calcd for [C17H18O3S+Na]+: m/z 325.0869, found 325.0865. 

 

cis-6-(phenylsulfonyl)bicyclo[3.1.0]hexan-6-ol. General procedure D was followed, starting with 

cis-6-(phenylsulfonyl)bicyclo[3.1.0]hexane34 (51 mg, 0.23 mmol, 1.0 equiv), n-BuLi (92 µL 

(2.5M solution in hexanes), 0.23 mmol, 1.0 equiv), BF3•OEt2 (0.33 mL, 1.25 mmol, 5.4 equiv) and 

peroxybis(triethylsilane) (74 mg, 0.28 mmol, 1.2 equiv) in t-BuOMe for 4 h at –78 °C, affording 

cis-6-(phenylsulfonyl)bicyclo[3.1.0]hexan-6-ol (47 mg, 80% yield) as a white solid after 

purification by flash chromatography, eluting with 10% EtOAc in hexanes containing 0.5% AcOH. 

mp 122-125 °C. 1H NMR (700 MHz, CDCl3) δ 7.93 (d, J = 7.3 Hz, 2H), 7.65 (t, J = 7.5 Hz, 1H), 

7.56 (t, J = 7.7 Hz, 2H), 4.15 (s, 1H), 2.32 (d, J = 4.2 Hz, 2H), 2.08-1.96 (m, 2H), 1.92-1.83 (m, 

2H), 1.75-1.64 (m, 1H), 1.64-1.50 (m, 1H). 13C NMR (175 MHz, CDCl3) δ 137.8, 133.7, 129.2, 

129.0, 76.7, 29.7, 25.8, 25.0. IR (neat) 3368, 2963, 2929, 2866, 1286, 1175, 1078, 682, 568, 546. 

HRMS (HESI) calcd for [C12H14O3S+H]+: m/z, 239.0736 found 239.0735.  

HO SO2Ph
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cis-7-(phenylsulfonyl)bicyclo[4.1.0]heptan-7-ol. General procedure D was followed, starting 

with cis-7-(phenylsulfonyl)bicyclo[4.1.0]heptane34 (54 mg, 0.23 mmol, 1.0 equiv), n-BuLi (92 µL 

(2.5M solution in hexanes), 0.23 mmol, 1.0 equiv), BF3•OEt2 (0.33 mL, 1.25 mmol, 5.4 equiv) and 

peroxybis(triethylsilane) (74 mg, 0.28 mmol, 1.2 equiv) in t-BuOMe for 15 min at –78 °C, 

affording cis-7-(phenylsulfonyl)bicyclo[4.1.0]heptan-7-ol (42 mg, 72% yield) as a white solid 

after purification by flash chromatography, eluting with 10% EtOAc in hexanes containing 0.5% 

AcOH. mp 139-140 °C. 1H NMR (700 MHz, CDCl3) δ 7.93-7.89 (m, 2H), 7.67-7.63 (m, 1H), 

7.59-7.54 (m, 2H), 3.57 (s, 1H), 1.97-1.93 (m, 2H), 1.89-1.84 (m, 2H), 1.53-1.45 (m, 2H), 1.33-

1.27 (m, 2H), 1.28-1.19 (m, 2H). 13C NMR (175 MHz, CDCl3) δ 137.9, 133.7, 129.2, 128.8, 74.7, 

21.1, 18.4, 17.2. IR (neat) 3387, 2942, 2855, 1446, 1285, 1141, 1086, 719, 557. HRMS (HESI) 

calcd for [C13H16O3S+H]+: m/z, 253.0893 found 253.0892. 

 

GENERAL PROCEDURE E: For the Synthesis of β-fluoroamides 

 

 

An oven-dried 5 mL microwave vial equipped with a magnetic stirbar was charged with the 1-

(phenylsulfonyl)cyclopropanols (0.25 mmol, 1.0 equiv) and pyrazole (17.7 mg, 0.26 mmol, 1.05 

equiv), capped and flushed with N2. Anhydrous CH2Cl2 (1 mL) was added, followed by Et3N (49 

μL, 0.35 mmol, 1.4 equiv) and stirred at room temperature for 2 hours. After this time, the vial 

HO SO2Ph

HH



   

96 

 

was opened and Ag2CO3 (0.69 mg, 0.0025 mmol, 0.01 equiv) was added quickly, followed by 

selectfluor (266 mg, 0.75 mmol, 3 equiv), then the vial was capped and H2O (250 μL) was added. 

The reaction mixture was stirred for 1 hour at 40 ℃, and the resulting solution was then cooled to 

room temperature, quenched with sat. NH4Cl (15 mL) and extracted with CH2Cl2 (3 x 10 mL). 

The combined organic layers were dried over MgSO4 and solvent was removed under reduced 

pressure. To the resulting crude mixture in an oven-dried 5 mL microwave vial was added 

anhydrous THF (1.25 mL) and the amine (2.0 equiv) and stirred under the specified conditions 

(50 ℃ for 1 hour when benzylamine was used, rt for 2 hours when pyrrolidine or morpholine was 

used). The resulting solution was diluted with EtOAc (20 mL) and washed with sat. NH4Cl (15 

mL) two times, the organic layer was dried over MgSO4 and concentrated under vacuum to afford 

the crude β-fluoroamides 48-57, which was purified by flash chromatography to afford the pure 

product.  

 

N-benzyl-3-fluoropropanamide (48). General procedure E was followed, starting with 1-

(phenylsulfonyl)cyclopropanol 2 (49.6 mg, 0.25 mmol, 1 equiv) and benzylamine (55 μL, 0.5 

mmol, 2 equiv), affording  β-fluoroamide 48 (29.6 mg, 65%) as a white solid after purification by 

flash chromatography, eluting with 20-50% EtOAc in hexanes (elution gradient). mp 57-58 ℃. 

1H NMR (500 MHz, CDCl3) δ 7.30-7.22 (m, 2H), 7.22-7.15 (m, 3H), 6.14 (s, 1H), 4.70 (t, J = 5.7 

Hz, 1H), 4.60 (t, J = 5.7 Hz, 1H), 4.36 (d, J = 5.8 Hz, 2H), 2.53 (t, J = 5.7 Hz, 1H), 2.47 (t, J = 5.7 

Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 169.5 (d, J = 3.6 Hz), 138.1, 128.8, 127.8, 127.6, 80.4 (d, 

J = 165.8 Hz), 43.8, 37.82 (d, J = 21.2 Hz). 19F NMR (470 MHz, CDCl3) δ –218.0. IR (neat) 3284, 

1634, 1559, 1272, 1023, 1007, 865, 739, 696, 608. 
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N-benzyl-3-fluorobutanamide (49). General procedure E was followed, starting with 2-methyl-

1-(phenylsulfonyl)cyclopropan-1-ol (53.1 mg, 0.25 mmol, 1 equiv) and benzylamine (55 μL, 0.5 

mmol, 2 equiv), affording β-fluoroamide 49 (38.8 mg, 80%) as a white solid after purification by 

flash chromatography, eluting with 20-50% EtOAc in hexanes (elution gradient). mp 100-101℃.  

1H NMR (500 MHz, CDCl3) δ 7.28-7.23 (m, 2H), 7.22-7.16 (m, 3H), 6.08 (s, 1H), 5.12-4.93 (m, 

1H), 4.37 (d, J = 5.8 Hz, 2H), 2.53-2.34 (m, 2H), 1.32 (dd, J = 24.0, 6.2 Hz, 3H). 13C NMR (125 

MHz, CDCl3) δ 169.4 (d, J = 3.5 Hz), 138.2, 128.8, 127.8, 127.6, 88.2 (d, J = 165.8 Hz), 44.3 (d, 

J = 22.0 Hz), 43.7, 21.0 (d, J = 22.3 Hz). 19F NMR (470 MHz, CDCl3) δ –171.5. IR (neat) 3276, 

1635, 1560, 1216, 1065, 831, 751, 703, 610. 

 

N-benzyl-3-fluoro-2-methylbutanamide (50). General procedure E was followed, starting with 

(cis-2,3-dimethyl)-1-(phenylsulfonyl)cyclopropan-1-ol (56.6 mg, 0.25 mmol, 1 equiv) and 

benzylamine (55 μL, 0.5 mmol, 2 equiv), affording β-fluoroamide 50 (43.9 mg, 80%, 1.7:1 dr) as 

a white solid after purification by flash chromatography, eluting with 10-40% EtOAc in hexanes 

(elution gradient). 

(50-major diastereomer): mp 54-56 ℃. 1H NMR (500 MHz, CDCl3) δ 7.27-7.24 (m, 2H), 7.22-

7.15 (m, 3H), 5.98 (s, 1H), 4.82-4.63 (m, 1H), 4.38 (qd, J = 14.9, 5.8 Hz, 2H), 2.35 (dp, J = 14.4, 

7.2 Hz, 1H), 1.29 (dd, J = 24.6, 6.3 Hz, 3H), 1.09 (d, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) 

δ 173.2 (d, J = 2.7 Hz), 138.3, 128.8, 127.8, 127.6, 92.1 (d, J = 167.8 Hz), 47.8 (d, J = 20.4 Hz), 
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43.6, 18.7 (d, J = 22.8 Hz), 13.7 (d, J = 7.5 Hz). 19F NMR (470 MHz, CDCl3) δ –171.6. IR (neat) 

3288, 1635, 1543, 1454, 1221, 1078, 893, 744, 690.  

(50-minor diastereomer): mp 70-71 ℃. 1H NMR (500 MHz, CDCl3) δ 7.32-7.23 (m, 2H), 7.23-

7.16 (m, 3H), 5.97 (s, 1H), 4.75 (dp, J = 47.6, 6.2 Hz, 1H), 4.45-4.33 (m, 2H), 2.46 (dqd, J = 17.0, 

7.1, 5.4 Hz, 1H), 1.27 (dd, J = 24.5, 6.2 Hz, 3H), 1.16 (dd, J = 7.1, 0.9 Hz, 3H). 13C NMR (125 

MHz, CDCl3) δ 172.7 (d, J = 4.6 Hz), 138.3, 128.8, 127.8, 91.9 (d, J = 169.4 Hz), 46.8 (d, J = 20.2 

Hz), 43.6, 18.0 (d, J = 22.9 Hz), 12.75 (d, J = 6.7 Hz). 19F NMR (470 MHz, CDCl3) δ –176.4. IR 

(neat) 3286, 1634, 1545, 1454, 1221, 1078, 894, 745, 690, 532. 

 

N-benzyl-3-fluoro-3-methylbutanamide (51). General procedure E was followed, starting with 

2,2-dimethyl-1-(phenylsulfonyl)cyclopropan-1-ol and benzylamine (55 μL, 0.5 mmol, 2 equiv), 

affording β-fluoroamide 51 (42.4 mg, 81%) as a white solid after purification by flash 

chromatography, eluting with 10-40% EtOAc in hexanes (elution gradient). mp 53-54 ℃. 1H 

NMR (500 MHz, CDCl3) δ 7.28-7.22 (m, 2H), 7.20 (dt, J = 8.0, 2.0 Hz, 3H), 6.19 (s, 1H), 4.37 (d, 

J = 5.8 Hz, 2H), 2.49 (d, J = 22.2 Hz, 2H), 1.38 (d, J = 21.8 Hz, 6H). 13C NMR (125 MHz, CDCl3) 

δ 169.2 (d, J = 2.1 Hz), 138.3, 128.8, 127.8, 127.5, 94.7 (d, J = 166.3 Hz), 48.7 (d, J = 22.1 Hz), 

43.6, 26.9 (d, J = 24.2 Hz). 19F NMR (470 MHz, CDCl3) δ –134.7. IR (neat) 3257, 3088, 2983, 

1641, 1567, 1354, 1220, 866, 729, 696, 659.  
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N-benzyl-3,4,4,4-tetrafluorobutanamide (52). General procedure E was followed, starting with 

1-(phenylsulfonyl)-2-(trifluoromethyl)cyclopropan-1-ol and benzylamine (55 μL, 0.5 mmol, 2 

equiv), affording  β-fluoroamide 52 (47.5 mg, 76%) as a white solid after purification by flash 

chromatography, eluting with 10-40% EtOAc in hexanes (elution gradient). mp 58-60 ℃. 1H 

NMR (500 MHz, CDCl3) δ 7.26 (dd, J = 8.1, 6.4 Hz, 2H), 7.23-7.13 (m, 3H), 6.02 (s, 1H), 4.41-

4.30 (m, 3H), 2.86 (dt, J = 7.8, 1.8 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 169.4 (t, J = 2.7 Hz), 

157.1 (dd, J = 289.2, 287.5 Hz), 138.0, 128.87, 127.9, 127.8, 72.8 (dd, J = 26.8, 19.7 Hz), 43.9, 

30.1 (d, J = 4.7 Hz). 19F NMR (470 MHz, CDCl3)  δ –66.78 (s, 1F), –85.11 - –88.58 (m, 3F). IR 

(neat) 3287, 1751, 1636, 1544, 1174, 958, 745, 693, 487.  

 

N-benzyl-3-fluoro-5-phenylpentanamide (53).  

* In this case, 10 mol% Ag2CO3 (6.9 mg, 0.025 mmol) used during second step. 

General procedure E was followed, starting with 2-phenethyl-1-(phenylsulfonyl)cyclopropan-1-ol 

(75.6 mg, 0.25 mmol, 1 equiv) and benzylamine (55 μL, 0.5 mmol, 2 equiv), affording  β-

fluoroamide 53 (32.1 mg, 45%) as a white solid after purification by flash chromatography, eluting 

with 10-40% EtOAc in hexanes (elution gradient). mp 99-101 ℃. 1H NMR (500 MHz, CDCl3) δ 

7.27-7.05 (m, 10H), 6.08 (d, J = 6.1 Hz, 1H), 4.94-4.79 (m, 1H), 4.34 (d, J = 5.8 Hz, 2H), 2.76-

2.70 (m, 1H), 2.66-2.59, 2.53-2.33 (m, 2H), 2.00-1.73 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 

169.3 (d, J = 3.2 Hz), 128.8, 128.6, 128.5, 127.8, 127.6, 90.7 (d, J = 169.1 Hz), 43.7, 42.8 (d, J = 

22.2 Hz), 36.8 (d, J = 20.7 Hz), 31.2 (d, J = 4.4 Hz). 19F NMR (470 MHz, CDCl3) δ –180.2. IR 

(neat) 3279, 1635, 1541, 1231, 1102, 746, 693, 510, 429.  
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N-benzyl-2-fluorocyclopentane-1-carboxamide (54). General procedure E was followed, 

starting with cis-6-(phenylsulfonyl)bicyclo[3.1.0]hexan-6-ol (59.6 mg, 0.25 mmol, 1 equiv) and 

benzylamine (55 μL, 0.5 mmol, 2 equiv), affording β-fluoroamide 54 (36.8 mg, 66%, 1.5:1 dr) as 

a white solid after purification by flash chromatography, eluting with 10-50% EtOAc in hexanes 

(elution gradient).  

(54-major diastereomer): mp 106-109℃. 1H NMR (500 MHz, CDCl3) δ 7.28-7.23 (m, 2H), 

7.23-7.17 (m, 3H), 6.13 (s, 1H), 5.28-5.11 (m, 1H), 4.41 (d, J = 5.7 Hz, 2H), 2.67-2.53 (m, 1H), 

2.02-1.74 (m, 5H), 1.66-1.54 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 170.7 (d, J = 1.8 Hz), 138.4, 

128.8, 127.7, 127.5, 96.6 (d, J = 175.7 Hz), 52.3 (d, J = 20.2 Hz), 43.6, 33.6 (d, J = 21.5 Hz), 26.3, 

21.8. 19F NMR (471 MHz, CDCl3) δ –182.6. IR (neat) 3293, 2949, 1640, 1537, 1354, 1219, 979, 

748, 693, 506. 

(54-minor diastereomer): mp 88-90 ℃. 1H NMR (500 MHz, CDCl3) δ 7.26 (dd, J = 7.9, 6.5 Hz, 

2H), 7.22-7.18 (m, 3H), 5.89 (s, 1H), 5.21-5.08 (m, 1H), 4.36 (dd, J = 5.7, 1.9 Hz, 2H), 2.74-2.64 

(m, 1H), 2.02-1.95 (m, 1H), 1.94-1.68 (m, 5H). 13C NMR (125 MHz, CDCl3) δ 173.1 (d, J = 7.2 

Hz), 138.2, 128.9, 127.9, 127.7, 98.7 (d, J = 178.0 Hz), 52.8 (d, J = 21.5 Hz), 43.8, 33.4 (d, J = 

21.0 Hz), 28.4, 23.3 (d, J = 2.2 Hz). 19F NMR (470 MHz, CDCl3) δ –171.6. IR (neat) 3292, 2962, 

1632, 1543, 1454, 1027, 959, 750, 695, 580. 
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N-benzyl-2-fluorocyclohexane-1-carboxamide (55). General procedure E was followed, starting 

with cis-7-(phenylsulfonyl)bicyclo[4.1.0]heptan-7-ol (63.1 mg, 0.25 mmol, 1 equiv) and 

benzylamine (55 μL, 0.5 mmol, 2 equiv), affording β-fluoroamide 55 (42.8 mg, 73%, 1.4:1 dr) as 

a white solid after purification by flash chromatography, eluting with 10-50% EtOAc in hexanes 

(elution gradient). 

(55-major diastereomer) mp 87-90 ℃. 1H NMR (500 MHz, CDCl3) δ 7.28-7.23 (m, 2H), 7.22-

7.16 (m, 3H), 6.21 (s, 1H), 5.11-4.99 (m, 1H), 4.40 (d, J = 5.7 Hz, 2H), 2.43-2.32 (m, 1H), 2.08-

1.97 (m, 1H), 1.82-1.67 (m, 3H), 1.60-1.35 (m, 3H), 1.34-1.22 (m, 1H). 13C NMR (125 MHz, 

CDCl3) δ 172.8, 138.4, 128.8, 127.6, 127.5, 90.1 (d, J = 170.8 Hz), 48.7 (d, J = 19.8 Hz), 43.5, 

30.7 (d, J = 21.1 Hz), 24.7, 24.1 (d, J = 2.7 Hz), 20.0 (d, J = 2.4 Hz). 19F NMR (470 MHz, CDCl3) 

δ –191.9. IR (neat) 3262, 2931, 2857, 1639, 1557, 1452, 1420, 1266, 1188, 950, 719, 695. 

(55-minor diastereomer) mp 104-106 ℃. 1H NMR (500 MHz, CDCl3) δ 7.32 – 7.14 (m, 5H), 

5.94 (s, 1H), 4.69 – 4.55 (m, 1H), 4.45 – 4.35 (m, 2H), 2.21 – 2.08 (m, 2H), 1.92 – 1.83 (m, 1H), 

1.77 – 1.70 (m, 1H), 1.68 – 1.61 (m, 1H), 1.57 – 1.47 (m, 1H), 1.42 – 1.31 (m, 1H), 1.30 – 1.20 

(m, 1H), 1.15 – 1.06 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 172.8, 138.3, 128.8, 127.8, 127.6, 

92.8 (d, J = 174.0 Hz), 51.5 (d, J = 17.6 Hz), 43.7, 32.2 (d, J = 18.0 Hz), 28.1 (d, J = 7.8 Hz), 24.4 

(d, J = 2.2 Hz), 23.8 (d, J = 11.2 Hz). 19F NMR (470 MHz, CDCl3) δ -169.36. . IR (neat) 3274, 

2937, 2862, 1639, 1553, 1453, 1218, 1034, 1014, 746, 694, 547.  
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3-fluoro-3-methyl-1-(pyrrolidin-1-yl)butan-1-one (56). General procedure E was followed, 

starting with 2,2-dimethyl-1-(phenylsulfonyl)cyclopropan-1-ol and pyrrolidine (41 μL, 0.5 mmol, 

2 equiv), affording β-fluoroamide 56 (22.5 mg, 52%) as a colorless oil after purification by flash 

chromatography, eluting with 30-60% EtOAc in hexanes (elution gradient). 1H NMR (500 MHz, 

CDCl3) δ 3.47 (q, J = 6.4 Hz, 4H), 2.64 (d, J = 17.1 Hz, 2H), 1.96-1.82 (m, 5H), 1.51 (d, J = 22.3 

Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 167.9 (d, J = 8.9 Hz), 95.3 (d, J = 165.6 Hz), 47.5 (d, J 

= 3.0 Hz), 46.2 (d, J = 24.5 Hz), 45.9, 27.4, 27.2, 26.3, 24.6. 19F NMR (470 MHz, CDCl3) δ –

130.9. IR (neat) 1699, 1637, 1512, 1425, 1367, 1226, 1152, 1026, 866, 835, 767, 595.  

 

3-fluoro-3-methyl-1-morpholinobutan-1-one (57). General procedure E was followed, starting 

with 2,2-dimethyl-1-(phenylsulfonyl)cyclopropan-1-ol and pyrrolidine (41 μL, 0.5 mmol, 2 equiv), 

affording β-fluoroamide 57 (22.7 mg, 48%) as a white solid after purification by flash 

chromatography, eluting with 30-60% EtOAc in hexanes (elution gradient). mp 59-62 ℃. 1H 

NMR (500 MHz, CDCl3) δ 3.67-3.63 (m, 6H), 3.56-3.50 (m, 2H), 2.70 (d, J = 19.4 Hz, 2H), 1.48 

(d, J = 22.0 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 167.9 (d, J = 5.0 Hz), 95.0 (d, J = 167.2 Hz), 

67.1, 67.0, 47.2 (d, J = 3.7 Hz), 44.6 (d, J = 23.4 Hz), 42.2, 27.4 (d, J = 23.9 Hz). 19F NMR (470 

MHz, CDCl3) δ –133.2. IR (neat) 2967, 2844, 1634, 1445, 1436, 1368, 1233, 1113, 1040, 864, 

852, 571.  
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APPENDICES 

APPENDIX A: Chapter 3 

2D NMR Spectra  
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NOESY (33) 
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