
ABSTRACT 

DENG, WEIXIA. New Strategies in Ring-opening/Functionalization of α-Functionalized 
Cyclopropanol Intermediates. (Under the direction of Dr. Vincent Lindsay). 
 

In the field of organocatalysis, N-Heterocyclic Carbenes (NHCs) are very powerful tools 

that allow chemists to perform a variety of complex organic transformations. The nucleophilicity 

of N-heterocyclic carbenes enables them to catalyze reactions involving common aldehydes and 

non-strained ketones. Even through NHC organocatalysis with those type of substrates has been 

intensively studied, the reactivity of NHCs with strained ketones are still unknown. Herein, we 

explored the utility of NHCs to react with cyclopropanone as a potential three-carbon linchpin in 

organic synthesis. Furthermore, we explored the reactivity of cyclopropanol intermediates, 

providing a less hazardous approach to deliver fluorine atoms to small molecules by using 

cyclopropanol derivatives as starting materials under mild conditions with acceptable yields. 
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CHAPTER 1 
 
1.1 Introduction of N-Heterocyclic Carbene Umpolung Catalysis 

The benzoin reaction is one of the most studied reactions using N-Heterocyclic Carbenes 

(NHCs) as organocatalysts. Originally discovered by Wöhler and Liebig in 1832, the classic 

version of benzoin reaction use cyanide as the catalyst.1 To achieve the observed benzoin product, 

the conversion of the aldehyde carbon from an electrophile to a nucleophile is required, and the 

newly generated nucleophile or acyl-anion equivalent can then couple with another equivalent of 

aldehyde to offer the final product. This inversion of polarity on the aldehyde carbon is known as 

umpolung, a concept first described by Wittig in 1951 and later popularized by Seebach (Figure 

1.1).1  Comparing with the original cyanide approach (Figure 1.2 a), the modern version of benzoin 

reactions have achieved high enantioselectivity by adopting chiral NHCs as organocatalysts 

(Figure 1.2 b). 

 

Figure 1.1: Umpolung event during the benzoin reaction catalyze by NHCs.1 
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Figure 1.2: Examples of NHC catalyzed benzoin reactions and comparison with the classical 

cyanide approach.1 

As previous examples show, NHCs have tremendous effects on reviving old chemistry 

such as benzoin reactions back in 1800s. Even through the NHC organocatalysis to aldehydes is 

intensively studied, the reactivity of NHCs toward cyclopropanone is still an unexplored area. 

Thus, we propose a novel umpolung reaction of cyclopropanone catalyzed by NHCs, which serves 

as a linkage between two different nucleophiles as a three-carbon linchpin and constitutes a novel 

disconnection in the synthetic chemist’s toolbox. (Figure 1.3). 
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Figure 1.3: Proposed catalytic cycle of NHC catalyzed cyclopropanone ring opening reaction. 

The postulated mechanism can be detailed as following steps. First, the imidazolium salt 

is deprotonated under basic conditions, generates its corresponding NHC in-situ. Then the NHC 

addition to the cyclopropanone furnishes the cyclopropanone-NHC adduct (I). An umpolung event 

happened during this 1,2-addition, which reversed the electrophilicity of the β-carbon on 

cyclopropanone. The now electrophilic β-carbon allows a nucleophile to attack, forming the ring-

opened Breslow intermediate (II). An oxidant present in the reaction system oxidize the Breslow 

intermediate (II) to bring the α-carbon back to its initial electrophilic state (III).5 This is followed 

by another nucleophilic attack to the α-carbon, yielding the final product (IV) and regenerating the 

NHC catalyst. 

1.2 Synthesis of NHC-cyclopropanone adducts 

In order to validate the feasibility of the proposed oxidative NHC catalysis reaction 

described in the previous section, obtaining the NHC-cyclopropanone adduct (I) would be an 
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important starting point. To execute the idea, the first challenge is to find a reliable and accessible 

cyclopropanone source. Cyclopropanone is a very reactive three-carbon building block in organic 

synthesis.2 Due to its high reactivity, cyclopropanone is not commercially available and it is 

generated in-situ during reactions.2 Precursors that can transformed to cyclopropanone are called 

cyclopropanone equivalents, and the commonly used commercially available equivalent is (1-

ethoxycyclopropoxy)-trimethylsilane. As the classic approach, 1-ethoxycyclopropanol forms after 

cleavage of the TMS group under acidic conditions. The resulting hemiacetal intermediate is 

isolatable and must be used immediately due to its volatile and unstable nature. In order to avoid 

the stability issue and poor reactivity of intermediate 1-ethoxycyclopropanol, 1-(arylsulfonyl)-

cyclopropanols were first synthesized by Zili Chen’s group, serving as a new series of 

cyclopropanone equivalents.3 As a huge advantage compared to 1-ethoxycyclopropanol, the pure 

form of sulfonylcyclopropanols appear as solid, is stable at room temperature for a few days and 

can be stored in freezer over months without decomposition (Figure 1.4). 

 

Figure 1.4: Two approaches of cyclopropanone equivalent toward cyclopropanone. 

However, Chen’s research is not the optimal solution due to its poor synthetic strategy. 

During their synthesis of 1-(aryl/alkylsulfonyl)-cyclopropanols, the need of isolation to the 

hemiketal intermediate and the recrystallization for the purification to the final product results in 

low overall yield. Our lab developed a one-pot synthesis by modifying and re-optimizing based on 
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Chen’s method (work of Yujin Jang). Our new method avoids the isolation of the hemiketal 

intermediate and recrystallization after the second step. (Figure 1.5) 

 

Figure 1.5: One-pot synthesis of cyclopropanone precursor (work of Yujin Jang). 

With a lot of work done by Evan Anders and Yujin Jang, the optimal conditions to 

synthesize NHC-cyclopropanone adducts is illustrated in Figure 1.6. They also successfully 

obtained the X-Ray crystal structure of one of these products, as a strong evidence that NHC 

addition is consistent with the proposed intermediate I in Figure 1.3. As a highlight to their 

optimization process, imidazolium salt, base (tBuOK) and cyclopropanone precursor (1-

arylsulfonyl-cyclopropanol) must be 1:2:2 ratio to exclusively yield the monomer adduct instead 

of a mixture of the oligomers. 

 

Figure 1.6: Optimal conditions of NHC-cyclopropanone adduct synthesis (work of Evan Anders  

and Yujin Jang). 
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1.3 Exploring nucleophilic ring-opening of NHC-cyclopropanone adduct 

After the we successfully synthesized NHC adducts of cyclopropanone, we started testing 

the adduct reactivity with various nucleophiles. Previous preliminary research done by Evan 

Anders and Yujin Jang shows the NHC-cyclopropanone adduct 1 does not react under a variety of 

reagents and increasingly harsh conditions, with each reaction resulting in the recovery of the 

starting materials. We propose this is due to the β-carbon of the adduct is not electrophilic enough, 

which cause its inert to some common nucleophiles such as NaOMe, PMP-SH or Bn-NH2. One 

potential solution that could promote the tendency of ring-opening is to introduce electron 

withdrawing groups (such as Ts, Tf and Ms) on the oxygen to make the β-carbon be more electron 

deficient (Figure 1.7). 

 

Figure 1.7: Proposed solution to promote ring-opening reaction. 

The tosylation of alcohols is a well-developed method in organic synthesis. A typical 

tosylation reaction only needs 1 to 2 equivalents of TsCl or Ts2O. However, for adduct 1, 10 

equivalents of TsCl and Et3N must be used, with extended reaction time, to achieve a reasonable 

yield (Table 1.1). Failure to have this large excess of tosylation reagents will result in a lot of 

unreacted starting material left after the reaction. This could be explained by steric hindrance from 

two mesityl groups branched from NHC around the OH group acting here as nucleophile. 
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Table 1.1: Optimization of tosylation of NHC-cyclopropanone adduct. 

 

With the tosylated adduct 2 in hand, we tested it with NaN3 with three various conditions. 

Unfortunately, all three conditions result no reactions and recover of starting material. When a 

stronger nucleophile such as Ph-C≡C-Li was used, the substrate decomposed with no desired 

product formed. (Figure 1.8) 

 

Figure 1.8: Ring-opening attempts of tosylated adduct. 

The negative results from tosylation trials suggested that the NHC adduct is probably not 

a good electrophile but could be a nucleophile instead (Figure 1.9). The general idea is to use a 

base to deprotonate the adduct alcohol, and the negatively charged oxygen will serve as a donor to 

allow anionic ring opening reaction to occur.6 The resulting acylazolium intermediate is a well-

known electrophile and could be used for further in situ functionalization. 
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Figure 1.9: Proposed electrophilic ring-opening of adduct. 

The method was designed as following: using nonnucleophilic base such as tBuOK or NaH 

to deprotonate the adduct, then add electrophile iodine monochloride (ICl) as electrophilic I+ 

source. However, our preliminary trials on this approach results in decomposition of adduct and 

regeneration of the imidazolium salt as side product. This suggests the anticipated anionic ring-

opening reaction is much slower than the rate of the elimination reaction (Figure 1.10). 

 

Figure 1.10: Results of electrophilic ring-opening of adduct. 

Then we reexamine the adduct, realize it is a derivate of imidazolium salt, which could 

potentially be reactive during the electrolysis. (Figure 1.11) 

 

 

Figure 1.11: Proposed reductive free radical ring-opening of adduct. 
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As proposed in Figure 1.11, the cathode of electrolysis serves as a reductant, could deliver 

an electron to the imidazolium cation. The initial imidazolium is an aromatic 6-π electron ring, 

after receiving one more electron, it became 7-π non-aromatic system. This approach could 

activate the imidazolium by breaking its aromaticity and bring some free radical character to the 

imidazole ring. However, when we implement the electrolysis with mild current on C/C electrodes 

or strong current on Pt/C electrode, both cases resulted in recovery of starting material with no 

reactivity shown. (Figure 1.12) Under Pt/C electrode experiment, bubble formation was observed 

on both electrodes, which suggests the current is high enough to decompose the electrolyte (or 

solvent DMF) not enough to react with the adduct. 

 

Figure 1.12: Test result of adduct activity under electrolysis. 

One more attempt to open the adduct ring is inspired by a literature reported free radical 

ring opening reaction catalyzed by sliver salt.4 In Loh’s work, cyclopropanols were opened by 

Selectfluor as oxidant and catalyzed by AgI, which offers β-fluoroketones as final products.4 

However, when the same method was implemented on our adduct, still no reaction occurs with 

recover of starting material (Figure 1.13). 
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Figure 1.13: Test result of silver catalyzed free radical ring opening to the adduct. 

1.4 Conclusions 

By taking advantage of previous work done by Evan Anders and Yujin Jang, the NHC-

cyclopropanone adduct 1 is accessible for us to test its reactivity under various conditions. 

However, based on current experiment results, the adduct 1 shows unusual stability under most of 

ring opening environments that used to work for novel donor-acceptor cyclopropane reactions. 

This suggests that this might be caused by some unknown electronic effects caused by imidazolium 

cation to the adduct cyclopropane ring. Or could be explained by steric hindrance from two Mes 

groups on the NHC side of the adduct molecule. 
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CHAPTER 2 

2.1 The importance of fluorine in pharmaceutical industry 

Due to the small atom van der Waals radius of 1.47 Å with the highest electronegativity, it 

is known that fluorine and fluorine-containing motifs can dramatically impart on various properties 

of organic compounds. Introducing fluorine to drug molecules could help improve the intrinsic 

potency and membrane permeability of drugs, meanwhile reduce drug’s pKa and clearance.1 In 

1970 there were only about 2% of fluorine-containing drugs on the market, while it grown to about 

25% in 2014.2 As another fact, today, three out of the five top-selling pharmaceuticals have 

fluorine in their structure.2 

2.2 Reactions of cyclopropanone precursors with Selectfluor 

One of our group research interests is exploring reactivity and application of 

cyclopropanone precursor 1-(aryl/alkylsulfonyl)-cyclopropanols. In presence of base, sulfonyl 

cyclopropanols could be equilibrated to cyclopropanone, then the in-situ formed cyclopropanone 

can further react with other reagents in reaction environments. So far, we have found three 

applications via cyclopropanone approach (Figure 2.1). 

 

Figure 2.1: Application of sulfonyl cyclopropanols in new method development in our group. 
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As Figure 2.1 shows, in presence of Grignard reagents, nucleophilic addition to carbonyl 

carbon of cyclopropanone leads to formation of various cyclopropanols as the final products (work 

by Roger Machín-Rivera). When using Et3N as mild base and hydroxylamines as nucleophiles, 

with later added Lewis acid, formal [3+1] ring expansion reactions can yield valuable β-lactams 

(work by Christopher Poteat). Catalyzed by Ni0, a formal [3+2] cycloaddition reaction 

(cyclopropanone to alkyne) developed by Yujin Jang provides a new way to access 2,3-

disubstituted cyclopentenone derivatives. More impressively, all three new methods developed by 

our group are one-pot procedures with high yields of final product compared to other approaches 

to these compounds. 

Those three new methods are relying on the equilibrium between sulfonyl cyclopropanols 

and cyclopropanone trough the anionic pathway. As it mentioned in previous chapter, there are 

literature precedents of free radical ring opening reaction of cyclopropanols catalyzed by silver 

salts, which generate β-fluoroketones as product. Our cyclopropanone precursors are a special type 

of cyclopropanols with an aryl/alkylsulfonyl leaving group on the α-carbon. Therefore, we propose 

the following free radical pathway, as another potential application of precursors. 

 

Figure 2.2: Proposed free radical ring opening reaction of sulfonyl cyclopropanols. 

The preliminary test on the proposed ring opening reactions shows the formation of 3-

fluoropropionic acid as final product (Table 2.1). This is caused using water as solvent for this 

reaction, and further hydrolysis happen after the ring opening. As a summary to Table 2.1, AgI 

salt, Selectfluor and water is required for the reaction to occur, and co-solvent DCM is not required. 
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Table 2.1: Preliminary results of ring opening reaction of sulfonyl cyclopropanols  

 

 Conditions Results 
1 standard condition Form acid 
2 absence of AgNO3 NR 
3 absence of Selectfluor NR 
4 NFSI instead of Selectfluor NR 
5 CH2Cl2 as solvent NR 
6 CH3CN as solvent NR 
7 H2O as solvent Form acid 
8 Ag2O instead of AgNO3 Form acid 

 

Another fact we discovered is the isolated yield of 3-fluoropropionic acid is highly depends 

on the workup conditions. This is due to 3-fluoropropionic acid is more soluble in water than in 

organic solvents (Table 2.2). 

Table 2.2: Isolated yield of 3-fluoropropionic acid under various workup condition. 

 Workup Condition Yield of Acid 
1 brine / CH2Cl2 17% 
2 1M HCl / CH2Cl2 13% 
3 brine / ethyl acetate 39% 
4 1 M HCl / ethyl acetate 50% 

 
This suggests that the most accurate way to determine the actual yield is to perform the 

reaction in deuterated solvent and directly measure the NMR yield from the reaction mixture. By 

NMR analysis to the reaction mixture, the byproduct methanesulfonyl fluoride is also identified. 

Under the co-solvent combination of CD2Cl2/D2O (1:1 v/v), we find the yield of 3-fluoropropionic 

acid is 60%, with 90% of formed acid staying in the D2O phase. And yield of byproduct 

methanesulfonyl fluoride is 80%, with 80% staying in the CD2Cl2 phase. When D2O is used as the 
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only solvent, the NMR yield of 3-fluoropropionic acid determined from the reaction mixture is 

70%, and the byproduct methanesulfonyl fluoride is 83%. This suggest using water alone would 

offer higher yield than the co-solvent system. 

The mechanism of the free radical ring opening reaction is proposed in Figure 2.3. First, 

AgI binds to the alcohol as the resting state I. Then Selectfluor oxidizes the AgI to AgIII, followed 

by homolysis of Ag-O bond (II). This key step successfully turns a OH group to oxygen free radical 

(III). Then the free radical ring opening happens to form intermediate IV. The terminal primary 

free radical is immediately oxidized by AgII-F followed by hydrolysis of the SO2Me group to 

generate fluoropropionic acid as the final product. Meanwhile, due to the lone pair of electrons on 

the sulfur, the hydrolyzed sulfonyl salt reacts with Selectfluor and forms methanesulfonyl fluoride 

as byproduct. 

OHMeO2S

AgI

OMeO2S
AgI

H

OMeO2S

AgIII

F OMeO2S

AgII F
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O
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Figure 2.3: Proposed mechanism of fluoropropionic acid forma 



  16 

 

2.3 Application of ring opening reaction of sulfonyl cyclopropanol 

As it mentioned in the discussion of Table 2.2, due to the isolation issue, it is better to find 

the application of this reaction in one-pot. The key to ensure the one-pot proposed work is keeping 

the reaction condition subject in second step be the same (or similar) as the first step. Based on our 

literature research, Minisci reaction is a potential useful application.3 (Figure 2.4) 

 

Figure 2.4: Proposed one-pot fluoroethylation to electron deficient heterocycles. 

A classic Minisci reaction is a nucleophilic free radical substitution reaction to electron 

deficient aromatic rings such as nitrogen containing heterocycles. This reaction is performed in 

aqueous conditions and is also catalyzed by AgI salt, which is the same environment as our first 

step of ring opening. So, we propose without having the fluoropropionic acid isolated, by adding 

heterocycles, acid, and oxidant, we could achieve fluoroethylation to electron deficient 

heterocycles in one-pot synthesis, which constitutes a novel and potentially useful synthetic 

disconnection. 
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Table 2.3: Preliminary trials of proposed one-pot synthesis 

 

 Acid Time (2nd step) NMR Yield 
1 TFA (1 eq) 20 h 7% 
2 TFA (3 eq) 20 h 7% 
3 H2SO4 (10%) 20 h 8% 
4 H2SO4 (10%) 30 min 7% 

 
As Table 2.3 shows, the proposed method is feasible, but the yield of this reaction is 

extremely low. Then we suspect changing the silver source and fluoropropionic acid : heterocycle 

ratio to 2:1 could potentially improve the reaction. (Table 2.4) 

 

Table 2.4: Evaluation of Different Silver (I) Sources 

 

AgX NMR Yield AgX NMR Yield 
AgNO3 13% AgNO2 9% 

AgF 15% Ag2CO3 12% 
Ag2O 13% Ag3PO4 12% 

AgBF4 11% AgSbF6 15% 
AgPF6 11% AgClO4 15% 

Ag2SO4 12% Ag(CF3CO2) 13% 
AgOTf 16% AgNTf2 15% 
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The results from silver screening experiment show changing the counter ion of silver does 

not have significant impact on the yield of this reaction. A possible explanation to this observation 

could be the counter ion effect is trivial when water is used as solvent. 

Table 2.5: Further optimization of the fluoroethylation of heterocycles 

 

 cat. in 1st step 
(0.4 equiv) 

Add cat. in 2nd step Solvent NMR Yield 

1 AgF - H2O 15% 
2 AgF AgF 0.4 equiv H2O 15% 
3 AgF AgF 0.8 equiv H2O 14% 
4 AgF - H2O/CH3CN 7% 
5 AgF - H2O/CH3OH trace 
6 AgF - CH3OH trace 
7 AgPF6 - H2O/C2H4Cl2 12% 
8 AgPF6 - H2O/CH2Cl2 15% 
9 AgNO3 - H2O 13% 

10 AgNO3 AgNO3 0.4 equiv H2O 11% 
11 AgNO3 - H2O/CH3CN 6% 
12* AgNO3 - H2O 29% 

                     *: 8 equiv 1-sulfonylcyclopropanol was used 
 

Further optimization of this reaction was performed in Table 2.5. As we suspected, the 

catalyst poisoning is responsible to the low yield, another batch of silver catalyst was added during 

the second step of reaction. However, this action does not improve the yield and it stays at the 

same level as Table 2.4 (Entry 2, 3 and 10 in Table 2.5). Notably, this is a common problem 

encountered in classical Minisci reactions.4 Due to negative results from optimization in Table 2.5, 

we wanted to explore other heterocyclic derivatives which could offer better yields in this reaction. 
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Therefore, we performed a scope study on various nitrogen containing heterocycles to test if yield 

could be improved by modifying EWG/EDG substituents on pyridine derivatives. 

 

Figure 2.5: Heterocycle scope (NMR yield from crude) 

However, the scope results suggest the low yield under the current fluoroethylation 

procedure is universal and it is independent to substituents on pyridine derivatives. Due the low 

yield and the small scale of reactions (0.25 mmol), no isolation performed and only NMR yields 

are provided in Figure 2.5. After more detailed literature research, we find for Minisci reaction, 

that low yields were often observed from primary alkyl radical fragments and adding more 

carboxylic acid or silver catalyst cannot further improve the yield.4 
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2.4 Exploring various conditions for free radical ring opening reactions 

Using Selectfluor as fluorine source, a number of visible light-promoted free radical 

fluorination reactions have been reported in recent years.5, 6 Promoted by Ir photoredox catalysis, 

the MacMillan group developed a new direct conversion of aliphatic carboxylic acids to the 

corresponding alkyl fluorides via visible light.5 Selectfluor can also self-generate free radical under 

visible light irradiation without the presence of expensive photoredox catalyst.6 

In this way, we propose our previous ring opening reaction of sulfonyl cyclopropanol could 

be prompted by visible light as well. As the primary testing phase, we use D2O as solvent, simply 

mixing methylsulfonyl cyclopropanol with two equivalents of Selectfluor followed by overnight 

irradiation of blue LED. The direct NMR analysis to the reaction mixture shows ~10% yield of 

desired fluoropropionic acid. Because the reaction vial was placed 2 inches close to the blue LED 

lamp, the thermal effect from the light source cannot be ignored. Therefore, a control experiment 

was running parallel by heating the same reaction to 50 °C with absence of light. Accidentally, the 

NMR yield of fluoropropionic acid under heating condition was ~20%, which is higher than the 

light conditions. In this case, we suspect the thermal effect instead of light irradiation caused the 

reaction to happen. Further increase of heating temperature to 65 °C confirmed our suspicions, and 

the NMR yield of fluoropropionic acid increased to 68%, which reach almost the same level as the 

previous silver approach (see Table 2.2). The optimization of this reaction was performed in D2O 

and to shorten the reaction time, the temperature was further increase to 80 °C (Table 2.6). 
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Table 2.6: Optimization of metal free ring opening reaction. 

 

Entry 
Selectfluor 
(x equiv.) 

adduct time 
Concentration 

(mmol/mL) 
FCH2CH2COOH 

(%) 
MeSO2F 

(%) 

S.M. 
left 
(%) 

S.F. 
left 
(%) 

1 2 -- 24 h 0.25 66 73 9 0 
2 3 -- 24 h 0.25 77 83 6 10 
3 2 -- 3 h 0.25 55 65 42 33 

4 2 
TEA 

1 
equiv 

24 h 0.25 41 71 11 0 

5 2 -- 3 h 0.5 44 51 46 54 
6 2 -- 3 h 0.083 70 83 22 23 
7 2 -- 3 h 0.056 77 89 17 12 
8 2 -- 3 h 0.042 74 86 14 18 

9 2 
H2SO4 
pH 3 

3 h 0.25 51 62 38 33 

10 2 
NaOH 
pH 9 

3 h 0.25 53 64 36 29 

11 2 
O2 

atm. 
3 h 0.25 trace 60 42 28 

Note: NMR yields with maleic acid used as internal standard in D2O. 
 

Optimizing this reaction in D2O enabled a very detailed analysis of each component in the 

reaction mixture. As summary, modifying the pH (either lower or higher) of this reaction will 

decrease the yield (entry 4, 9, 10). This reaction is also sensitive to concentration (entry 5-8), the 

trend shows diluting the reaction can increase the yield, but too diluted will slightly lower it. One 

thing we need to highlight is entry 11, when the reaction runs under O2 atm., all most no 

fluoropropionic acid form with the consumption of two stating materials. This suggests this metal-

free reaction more likely proceeds via a free radical pathway and the proposed mechanism is shown 

in Figure 2.6. 
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Figure 2.6: Proposed mechanism of metal free ring opening reaction. 

In the proposed mechanism, the heat allows homolysis of the N-F bond of Selectfluor, 

generates a fluorine free radical and TEDA free radical cation. The hydride transfer between the 

free radical cation and sulfonyl cyclopropanol transforms the OH group to an oxygen free radical. 

This is followed by a ring opening, fluorination and hydrolysis cascade, forming fluoropropionic 

acid and methanesulfonyl fluoride byproduct. 

This success gave us confidence to make a proposal as a more direct approach to synthesis 

fluoropropionic acid. We think it is possible, that we could using commercially available (1-

ethoxycyclopropoxy) trimethylsilane, use water as the only solvent, to form fluoropropionic acid 

in one step. (Figure 2.7) 

 

Figure 2.7: New design as one step towards fluoropropionic acid 
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It was very lucky that our first reaction condition, the entry 1 in Table 2.7, work as we 

expected, and hit the optimal condition. Further optimization shows no significant change, or even 

decrease in yield. This reaction can perform in gram scale with 60% of isolated yield, which have 

better overall yield and atom economy than the sulfonyl cyclopropanol approach. 

Table 2.7: Optimization of new method to β-fluoropropionic acid. 

 

Entry Conc. (M) Selectfluor (x equiv.) Add of TFA Temp. (°C) NMR Yield (%) 
1 0.25 2 Yes 60 71% 
2 0.25 1 Yes 60 55% 
3 0.25 2 No 60 62% 
4 0.25 2 Yes 40 62% 
5 0.25 2 No 40 58% 
6 0.25 1 No 40 57% 
7 0.25 1 No 30 30% 
8 0.25 1 No rt 10% 
9 0.08 2 Yes 60 70% 

 

 

2.5 Expanding the concept of free radical fluorination 

Finally, we reexamined the initial discovery of the free radical ring opening reaction of 

sulfonyl cyclopropanols. The first thought to the C-C fluorination is promoted by release of ring 

strain. But when we think this observation in another point of view, we could hypothesize that this 

is trigger by Selectfluor/silver activation towards quaternary alcohols. If this is true, the 

fluorination reaction can further expand to non-strain quaternary alcohol systems (Figure 2.8). 
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Figure 2.8: New proposed C–C fluorination to unstrained 3° alcohols. 

As Figure 2.8 shows, the desired product V can be treated as synthon II ‘nucleophilic 

attack’, with the Selectfluor as the F+ source. And the starting quaternary alcohol I is the 

combination of synthon II with an acetone. During the silver catalyzed process, the acetone serves 

as a shuttle, to allows the initial impossible nucleophilic attack of II to ‘F+’ drive into a free radical 

pathway, which offers the same desired product V. 

To execute this idea, using 2-methyl-1-(1-naphthyl)-2-propanol as the quaternary alcohol, 

the following reaction was performed and successfully offer the desired product 1-

fluoromethylnaphthalene, where the entry 1 as the initial trial in Table 2.8. Further optimization is 
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also shown in Table 2.8. The mechanism of this new reaction is proposed and would be very 

similar to previous silver catalyzed ring opening reaction (Figure 2.9). 

Table 2.8: Optimization of C–C fluorination reaction of 3° alcohols. 

 

entry DCM (mL) H2O (mL) NMR yield Isolate 
1 0.5 0.5 59 % N.A. 
2 1 1 63 % 60 % 
3 3 3 73 % 66 % 
4 5 5 78 % 68 % 
5 0 3 23 % N.A. 
6 1 3 65 % N.A. 
7 1 5 69 % N.A. 

8* (cat. FeSO4) 1 1 11 % N.A. 
 

 

Figure 2.9: Proposed mechanism of C–C fluorination reaction. 

To summarize the information in Table 2.8, water/DCM co-solvent system is required for 

higher yield due to the poor solubility of 2-methyl-1-(1-naphthyl)-2-propanol in water phase. 

Interestingly, the trends in concentration also follow the previous results in Table 2.6, while 
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diluting the reaction can increase the yield. Additionally, a control experiment was performed, 

which indicate that both AgI and heat is required for this free radical reaction to occur. Running 

the reaction in absence of AgBF4 or at room temperature results in no reaction and only recovered 

starting materials. 

2.6 Conclusion 

The ring opening fluorination reaction of cyclopropanols and the C–C fluorination reaction 

of 3° alcohol were successfully developed. All free radical reactions can deliver fluorine to small 

molecules under mild aqueous conditions with acceptable yield. However, the designed one-pot 

process of fluoroethylation of electron deficient heterocycles only work but its poor yield makes 

it difficult to apply in the synthesis of heterocycle derivative and will have to be further improved. 
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Experimental Section 

Synthesis of 1-(phenylsulfonyl)cyclopropan-1-ol (work of Evan Anders and Yujin Jang) 

 

To an oven-dried 20 mL microwave vial was purged with N2, then added MeOH (3 mL), (1-

ethoxycyclopropoxy)trimethylsilane (1.15 mL, 5.74 mmol, 1 equiv), and then 5-6 N HCl (2 drops) 

under N2. Mixture was stirred at room temperature for 10 mins, then , then a solution of PhSO2Na 

(1.88 g, 11.48 mmol, 2 equiv) in 6 mL of DI water followed by formic acid (2.16 mL, 57.4 mmol, 

10 equiv) were added to reaction. The reaction was stirred at room temperature for 2 d. The 

resulting mixture was then extracted with CH2Cl2 (3 x 20 mL) and the combined organic fractions 

were dried over magnesium sulfate anhydrous, filtered, and concentrated under vacuum, affording 

a white solid pure product without further purification (1.05 g, 92% yield). All analyses were 

consistent with previously reported data.1 

Synthesis of 2-(1-hydroxycyclopropyl)-1,3-dimesityl-1H-imidazol-3-ium chloride 

(work of Evan Anders and Yujin Jang) 

 

To an oven-dried 100 mL round bottom flask was added IMes·HCl (500 mg, 1.47 mmol, 1.0 equiv) 

and tBuOK (329 mg, 2.93 mmol, 2.0 equiv) in a glove box and capped. THF (25 mL) was added 

under N2 and mixture was stirred at room temperature for 3 h. Then the reaction was cooled to 0 

°C for 20 min, and a solution of 1-(phenylsulfonyl)cyclopropan-1-ol (581.6 mg, 2.93 mmol, 2.0 
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equiv) in THF (5 mL) was added under N2 at 0 °C and stirred for 2 h. The resulting mixture was 

then quenched at 0 °C with 10 drops H2O and extracted with CH2Cl2 (3 x 20 mL). The combined 

organic fractions were washed with brine (3 x 20 mL), dried over magnesium sulfate anhydrous, 

filtered, and concentrated under vacuum. The crude was flash on Biotage with SNAP Ultra 10 

Gram silica column with solvent gradient of CH2Cl2 : MeOH (99 : 1) to (80 : 20) offered 490 mg 

product (84% yield). 1H NMR (300 MHz, Chloroform-d) δ 7.45 (m, 2H), 7.10 – 7.04 (m, 4H), 

3.42 (s, 1H), 2.38 (s, 6H), 2.20 – 2.16 (s, 12H), 1.40 – 1.29 (m, 2H), 0.56 – 0.48 (m, 2H). 

Synthesis of 1,3-dimesityl-2-(1-(tosyloxy)cyclopropyl)-1H-imidazol-3-ium chloride 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirbar was charged with 2-(1-

hydroxycyclopropyl)-1,3-dimesityl-1H-imidazol-3-ium chloride (0.13 mmol, 1 equiv), TsCl (1.3 

mmol, 10 equiv) and DMAP (0.036 mmol, 0.03 equiv) then capped with a microwave cap and 

flushed with N2. The resulting solid mixture was cooled to 0 °C for 5 min. 0.5 mL of CH2Cl2 and 

0.18 mL of Et3N (1.3 mmol, 10 equiv) were added at 0 °C. Then the reaction was stirred at rt for 

2 h, followed by 40 °C for 45 h. 0.4 mL of NaHCO3 were added to quench the reaction at rt. The 

resulting mixture was extracted with 5 mL of CH2Cl2 three times, the combined organic fractions 

were dried over sodium sulfate, filtered, concentrated under vacuum. The crude was flash on 

Biotage with SNAP Ultra 10 Gram silica column with solvent gradient of CH2Cl2 : MeOH (99 : 

1) to (80 : 20) offered 78 mg product (87% yield). 1H NMR (300 MHz, Chloroform-d) δ 8.11 (m, 

2H), 7.71 – 7.65 (m, 2H), 7.45 – 7.38 (m, 2H), 7.29 – 7.23 (m, 2H), 7.03 – 6.98 (m, 2H), 6.96 (m, 

4H), 5.30 (s, 1H), 2.41 (s, 3H), 2.38 (s, 6H), 2.04 (s, 12H), 1.66 – 1.56 (m, 2H), 1.05 – 0.96 (m, 

2H). 
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Synthesis of 1-(methylsulfonyl)cyclopropan-1-ol (work of Yujin Jang) 

 

To an oven-dried 20 mL microwave vial was purged with N2, then added MeOH (3 mL), (1-

ethoxycyclopropoxy)trimethylsilane (1.15 mL, 5.74 mmol, 1 equiv), and then 5-6 N HCl (2 drops) 

under N2. Mixture was stirred at room temperature for 10 mins, then a solution of MeSO2Na (1.36 

g, 11.48 mmol, 2 equiv) in 6 mL of DI water, followed by formic acid (2.16 mL, 57.4 mmol, 10 

equiv) were added to reaction. The reaction was stirred at room temperature for 2 d. The resulting 

mixture was then extracted with ethyl acetate (3 x 20 mL) and the combined organic fractions were 

dried over magnesium sulfate, filtered, concentrated under vacuum followed by 5 h of high 

vacuum, affording a white solid pure product without further purification (0.62 g, 80% yield). All 

analyses were consistent with previously experimental data from the work of Yujin Jang. 

General procedure of fluoroethylation of pyridine derivates 

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirbar was charged with 1-

methylsulfonylcyclopropanol (0.25 mmol, 2 equiv), the silver (I) salt (0.05 mmol, 0.4 equiv) and 

Selectfluor (0.5 mmol, 4 equiv) then capped with a microwave cap and flushed with N2. 0.5 mL 

of DI water was added, and the microwave vial was wrapped with aluminum foil. The resulting 

mixture was stirred at rt 20 h in dark environment. Then pyridine heterocycle (0.125 mmol, 1 

equiv), 0.1 mL 20% v/v H2SO4 aqueous solution was added. The aluminum foil was removed, and 



  31 

 

the resulting mixture was pre-heated to 75 °C for 5 min. A solution of (NH4)2S2O4 (0.375 mmol, 

3 equiv) in 0.5 mL distilled water was added to the reaction dropwise at 75 °C. After 30 min of 

heating, cool down to rt, the reaction mixture was poured onto 3 mL of concentrated Na2CO3 

aqueous solution in a separatory funnel, and extracted with 5 mL of chloroform three times. The 

combined organic layers were dried over magnesium sulfate, filtered and concentrated under 

vacuum. 1,3,5-trimethoxybenzene was added to reaction crude as internal standard and the NMR 

yield was analyzed (see appendix). 

General procedure of metal free ring opening reaction. 

 

An oven-dried 5-mL microwave vial was equipped with a magnetic stirbar was charged with 1-

methylsulfonylcyclopropanol (0.25 mmol, 1 equiv) and Selectfluor (0.5 mmol, 2 equiv) then 

capped with a microwave cap and flushed with N2. Then 6 mL of D2O was added and resulting 

mixture was heated 80 °C for 3 h. Then maleic acid was directly added to the reaction mixture as 

internal standard for NMR analysis. Note: Due to more efficient approach was discovered latter, 

the fluoropropionic acid product from this procedure was never been isolated. 

General procedure of ring opening reaction of (1-ethoxycyclopropoxy) trimethylsilane 

 

An oven-dried 50-mL round bottom flask was equipped with a magnetic stirbar was charged with 

Selectfluor (3.54 g, 10 mmol, 2 equiv) then capped with a rubber septum and flushed with N2. 20 

mL of DI water was added and vigorously stirred at rt until all Selectfluor dissolved. Then (1-

ethoxycyclopropoxy) trimethylsilane (2 mL, 5 mmol, 1 equiv) followed by 1 mL 20% v/v TFA 
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aqueous solution was added. The mixture was stirred at rt for 15 min, then heated to 60 °C for 20 

h under N2 balloon. Then the reaction mixture was poured in a separatory funnel, and extracted 

with 20 mL of ethyl acetate five times. The combined organic layers were dried over magnesium 

sulfate, filtered and concentrated under vacuum. The crude was flashed on Biotage with SNAP 

Ultra 10 Gram silica column with solvent combination of CH2Cl2 : MeOH (97 : 3), obtained 277 

mg of product (60% yield). 1H NMR (600 MHz, Chloroform-d) δ 10.84 (broad s, 1H), 4.80 – 4.65 

(dt, 2H), 2.85 – 2.75 (dt, 2H). 19F NMR (600 MHz, Chloroform-d) δ –219.35 (m). Note: The 

fluoropropionic acid is not uv active. The TLC plate was placed in the iodine stain chamber for 10 

min to visualize the fluoropropionic acid as a white spot with Rf  = 0.2.  

General procedure of C–C fluorination reaction  

 

An oven-dried 5-mL microwave vial equipped with a magnetic stirbar was charged with 

Selectfluor (0.5 mmol, 2 equiv), 2-methyl-1-(1-naphthyl)-2-propanol (0.25 mmol, 1 equiv) and 

AgBF4 (0.05 mmol, 0.2 equiv) then capped with a microwave cap and flushed with N2. Then 5 mL 

of DI water and 5 mL of CH2Cl2 was added. Then the microwave vial was wrapped with aluminum 

foil and heated to 60 °C 20 h with vigorous stirring. Then the reaction mixture was poured in a 

separatory funnel, extracted with 5 mL of CH2Cl2 three times. The combined organic layers were 

dried over magnesium sulfate, filtered and concentrated under vacuum. The crude was flashed on 

silica column with hexanes (100), obtained 27.2 mg product (68% yield). All analyses were 

consistent with previously reported data.2 
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APPENDICES 
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Appendix A 

 

NMR yields of heterocycle scope were calculated based on the integration ratio of protons that 

highlighted in red. 1,3,5-trimethoxybenzene was used as internal standard. The amount of internal 

standard (IS) in mg was provided. 
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