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Abstract In this report, we demonstrate that a ball milling technique 
facilitates fast and efficient silver-catalyzed ring-opening fluorination of 
cyclobutanols. This is the first report of a catalytic C–C bond 
cleavage/functionalization reaction under solid-state mechanochemical 
conditions. The developed protocol affords a high yield of γ-fluorinated 
ketones within much shorter reaction times and requires less silver catalyst 
and Selectfluor® as compared to those under previous solution-based 
conditions. Notably, the process can be carried out in air. Considering the 
reduced use of chemicals and the simple, time-saving experimental 
procedures, this technique is an efficient and environmentally friendly way to 
access γ-fluorinated ketones.  

Key words C–C bond cleavage, fluorination, mechanochemistry, ball-milling, 
solid-state, silver catalyst 

In recent years, solvent-free solid-state organic 
transformations using ball milling, known as mechanochemical 
reactions, have been extensively studied as a new tool for 
organic chemistry.1,2 Compared to conventional solution-based 
reactions, the advantages of these mechanochemical conditions 
include the avoidance of potentially harmful organic solvents, 
shorter reaction times, simple experimental operations, and the 
possibility of different reactivities from that in solution.3 Owing 
to these advantages, a number of organic transformations have 
been attempted under mechanochemical conditions. Although 
the benefits of mechanochemistry for solid-state reactions of 
compounds with reactive bonds, such as organic halides, have 
been well-demonstrated, unactivated bond cleavage through 
mechanochemical transformation remains unexplored. 
Catalytic C–C bond cleavage/functionalization reactions have 
great synthetic utility in the preparation of complex valuable 

molecules and have been well-demonstrated under solution-
based conditions, but these types of reactions under 
mechanochemical conditions have not been studied. 
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Scheme 1 Silver-catalyzed ring-opening fluorination of cyclic alcohols. 

Fluorine-containing hydrocarbon compounds are often 
found in pharmaceuticals, agrochemicals, and materials.4,5 
Therefore, efficient methods to construct C(sp3)–F bonds have 
been extensively researched over the past several decades.6 

Ring-opening fluorination of cyclic compounds has attracted 
attention as a valuable method for remote C(sp3)–F bond 
formation.7,8 In pioneering studies in 2015, the Murakami,8b 
Zhu,8c and Loh and Feng8d groups independently reported the 
silver-catalyzed ring-opening fluorination of cyclic alcohols 
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(Scheme 1A). Although these C–C bond cleavage/fluorination 
reactions can provide an efficient way to synthesize γ-
fluorinated ketones, the solution-based conditions require high 
catalyst loading (>10 mol%), long reaction times, excessive 
amounts of Selectfluor®, an inert-gas atmosphere, and toxic 
organic solvents. These requirements greatly reduce the 
practical utility of the ring-opening fluorination of cyclic 
alcohols. As part of our ongoing studies into mechanochemical 
synthesis, we propose transferring this important reaction to a 
mechanochemical process. 

Herein, we report a silver-catalyzed ring-opening 
fluorination reaction of cyclic alcohols under solid-state 
mechanochemical conditions (Scheme 1B).9 The reaction 
proceeded efficiently to produce the desired γ-fluorinated 
ketones with high yield within a much shorter reaction time and 
requiring less silver catalyst and Selectfluor® than when using 
the established solution conditions. Notably, the entire newly 
developed solid-state protocol can be carried out under ambient 
conditions, i.e., the chemicals, reagents, and catalysts can be 
added to the milling jar in air. Thus, this operationally simple 
protocol provides a more convenient and sustainable 
alternative to conventional solution-based ring-opening 
fluorination. Importantly, this study is the first example of 
catalytic C–C bond cleavage/functionalization reactions under 
mechanochemical conditions. 

We began our study by exploring the milling conditions 
(milling jar, grinding ball, frequency, and internal temperature) 
of the solid-state ring-opening fluorination of 1-
phenylcyclobutanol (1A) (Table 1). Reactions were conducted 
using a Retsch MM400 mill equipped with a temperature-
controllable heat gun (see the Supporting Information for 
details).2f Using the solution-based conditions discovered by the 
Murakami group8b as a guideline, the mechanochemical reaction 
of 1A was carried out in the presence of 20 mol% AgF catalyst 
and 4.0 equivalents (equiv) of Selectfluor®, with H2O (0.20 µL of 
liquid per mg of solid reactant) as the liquid-assisted grinding 
material10 in a stainless-steel jar (5 mL) with a stainless-steel 
grinding ball (10 mm) at 25 Hz for 30 min. The internal 
temperature was 110 °C, confirmed by thermography (preset 
temperature: 200 °C). Under these conditions, the desired γ-
fluorinated ketone 2A was obtained at a yield of only 5% (Table 
1, entry 1). Although a small amount of 2A was generated, the 
mechanochemical reaction under these preliminary conditions 
resulted in a complex mixture and poor mass balance. We 
hypothesized that high-temperature mechanochemical 
conditions were too harsh, due to the higher concentrations 
than those observed in solution reactions. To make the reaction 
conditions milder, we next examined the reaction under a lower 
internal temperature. As expected, the yield of 2A was improved 
(43%) when the reaction was conducted at 55 °C (preset 
temperature: 80 °C) (Table 1, entry 2). Lowering the frequency 
from 25 Hz to 15 Hz gave a slightly better yield of 2A. (46%, 
Table1, entry 3). A shorter reaction time (10 min) at 30 Hz 
provided poor results (10%, Table 1, entry 4). These results 
suggest that reaction temperature mainly affected the efficiency 
of this mechanochemical ring-opening fluorination reaction. In 
all cases, undesired decomposition of 1A still occurred during 
the reaction, with insoluble and unidentified compounds 
observed in the crude mixture. When the reaction was 
performed at room temperature, it was still incomplete after 30 

min. A low yield of 2A was obtained (7%), and 49% of 1A was 
recovered (Table 1, entry 5). Since decomposition of 1A was still 
observed even under the milder conditions, we hypothesized 
that metallic residue from the stainless-steel milling jar or ball 
might interfere with the substrate, silver catalyst or Selectfluor®, 
leading to undesired side reactions.11,12 To confirm this, AgF was 
excluded from the mixture (Table 1, entry 6). Surprisingly, the 
ring-opening fluorination reaction still proceeded and produced 
2A at 28% yield, with 30% of 1A converted into unidentified 
side-products. This result suggested that the stainless-steel 
milling jar and ball caused the side reactions. Other types of jars 
and balls, made from different materials, were examined. It was 
found that a ZrO2 jar (10 mL) and a ball (10 mm) resulted in a 
cleaner reaction mixture and produced 2A at 52% yield (Table 
1, entry 7). Teflon jar and ball, which has a low density of the 
material and allows for gentle mixing, also gave 2A in good yield 
(51%, Table 1. Entry 8). Using a tungsten carbide jar (10 mL) 
and a ball (10 mm), the yield of 2A decreased significantly to 
16% (Table 1, entry 9). Based on these results, the optimal 
milling conditions were a 10 mL ZrO2 jar with a 10 mm ZrO2 ball 
at 15 Hz at 55 °C (Table 1, entry 7). 

Table 1 Optimization of milling conditionsa 

 

entry jar / ball material 
frequency 

X (Hz) 
int. temperature 

T (°C) 

Yield of 
2A (%)b 

1 stainless-steel 25 110 5 
2 stainless-steel 25 55 43 
3 stainless-steel 15 55 46 
4c stainless-steel 30 55 10 
5 stainless-steel 15 35 7 
6d stainless-steel 15 55 28 
7 ZrO2 15 55 52 
8 Teflon 15 55 51 
9 tungsten carbide 15 55 16 

a Conditions: 1A (0.30 mmol), AgF (20 mol%), Selectfluor® (4.0 equiv), H2O (0.20 
µL/mg) in a milling jar with a milling ball. b Yield was determined using 1H NMR 
analysis with CH2Br2 as the internal standard. c Reaction time was 10 min. d 
Reaction conducted without AgF. 

Further optimization of the conditions was subsequently 
carried out using the ZrO2 milling jar and ball (Table 2). After 
extensive experimentation, the standard conditions were 
defined as follows: AgF (5.0 mol% ) and Selectfluor® (1.0 equiv) 
with a small volume of H2O (0.20 µL/mg) under the optimal 
milling conditions for 30 min. Using these conditions, 1A was 
converted to 2A at 68% yield (Table 2, entry 1). At a higher 
catalyst loading, 1A was entirely consumed, but the yield of 2A 
decreased (Table 2, entry 2). This result suggested that higher 
silver catalyst loading increases the concentration of reactive 
radical species and causes the undesired side reactions. Lower 
catalyst loading (2.5 mol%) and a shorter reaction time (15 min) 
yielded nearly identical results to the standard conditions 
(Table 2, entry 3). Other metal additives, such as manganese and 
iron salts, known to be effective catalysts under solution 
conditions, were not suitable for this solid-state reaction (Table 
2, entries 4 and 5).8d,h When AgF was excluded from the standard 
conditions, the reaction did not proceed (Table 2, entry 6). 
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Table 2 Catalyst optimization using ZrO2 milling jar and balla 

 
entry deviation from the standard conditions Yield of 2A (%)b 

1 none 68 
2 20 mol% AgF 55 
3 2.5 mol% AgF, 15 min 70 
4 20 mol% Mn(OAc)2·4H2O 27 
5 20 mol% Fe(acac)2 0 
6 without AgF 0 

a Conditions: 1A (0.30 mmol), AgF (5.0 mol%), Selectfluor® (1.0 equiv), H2O (0.20 
µL/mg) at 55 °C (internal temperature) for 30 min in a ZrO2 ball-milling jar (10 mL) 
with a ZrO2 ball (10 mm) with ball-milling (15 Hz). b Yield was determined by 1H 
NMR analysis using CH2Br2 as the internal standard. 

With the optimized conditions determined, we then 
examined the substrate scope (Scheme 2). A simple phenyl-
substituted cyclobutanol 1A reacted well and produced the 
corresponding fluoroketone 2A at 68% yield. Sterically 
hindered 1-mesitylcyclobutanol (1B) produced the ring-
opening compound 2B at 39% yield. Aromatic substituents with 
an electron-donating methoxy group showed a facile 
fluorination reaction, producing γ-fluorinated acetophenones 
(2C and 2D) at a good to excellent yield. Phenoxy- and 

trifluoromethyl-substituents at the para position, as shown in 
2E and 2F, diminished the reaction efficiency. In these cases, 
even in the presence of 10 mol% AgF catalyst, the reaction 
required a longer reaction time to produce the desired 
compounds with good yields (74% and 89% yield, respectively). 
Halogen functionalities such as fluoride and chloride were 
suitable for use under these conditions (2G and 2H). The 
reaction also proceeded with alkyl-substituted cyclobutanols, 
producing the corresponding products 2I and 2J at 50% and 
44% yield, respectively. In the case of naphthyl-substituted 
alcohol 1K, a ring-opening intramolecular cyclization reaction 
occurred instead of the fluorination reaction to form 3 at 41% 
yield.13 When heteroaromatic compounds such as pyridine 1L 
and thiophene 1M were subjected to these reaction conditions, 
the starting materials decomposed into complex mixtures. Less 
ring-strained cyclopentanol 1N and cyclohexanol 1O afforded 
the corresponding fluorinated ketones 2N and 2O in lower yield 
(10% and 12% yield, respectively), in contrast to the favorable 
results observed with these substrates under solution-based 
conditions.8d These low yields were primarily caused by an 
undesired dehydration or protonation reaction that formed 
alkenes 4 and 6, and simple ketone 5. In addition, a high 
concentration of the starting materials remained after the 
reactions of 2N and 2O.14 
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Scheme 2 Substrate scope for the solid-state ring-opening fluorination. a Conditions: 1A (0.30 mmol), 5.0 mol% AgF, Selectfluor® (1.0 equiv), H2O (0.20 mL/mg) at 55 °C 
(internal temperature) for 30 min in a ZrO2 ball-milling jar (10 mL) with a ZrO2 ball (10 mm) with ball-milling (15 Hz). b 10 mol% AgF for 1 h. c Yield was determined by 
1H NMR analysis using CH2Br2 as the internal standard. 

To demonstrate the practical utility of the solid-state ball-
milling reaction, solution and neat-stirring reactions were 
performed in screw cap tubes under conditions similar to the 
mechanochemical standard conditions (Table 3). The solution 

reaction of 1A was conducted in the presence of AgF (5.0 mol%) 
and Selectfluor® (1.0 equiv) in a 1:1 water/benzene biphasic 
solvent (2.0 mL) at 55 °C under ambient atmosphere with 
magnetic stirring at 500 rpm. This solvent system was used by 

N
N

Cl

F
2BF4

–

(1.0 equiv)

Ph OH 5.0 mol% AgF

H2O (0.20 µL/mg)
ball milling (15 Hz)
ZrO2, in air (close)
30 min, 55 °C

Ph

O
F

1A (0.30 mmol) 2A

+



Synlett Letter / Cluster / New Tools 

Template for SYNLETT Thieme 

the Murakami group in their work.8b Under these conditions, 2A 
was obtained at very low yield after 30 min and 12 h (2% and 6% 
yield, respectively). The neat-stirring reaction progressed with 
low efficiency to yield the desired fluorinated ketone 2A at 27% 
yield, suggesting that the strong mechanical agitation by ball 
milling is crucial for successful solid-state fluorination.  

Table 3 Comparative studies with solution-state and neat conditions. 

N
N

Cl

F
2BF4

–

(1.0 equiv)

Ph OH 5.0 mol% AgF

ZrO2
 jar or test tube

in air (close)
55 °C

Ph

O
F

1A (0.30 mmol) 2A

+

 
 ball-milling (15 Hz) solution-state (500 rpm) neat (500 rpm) 
Yield of 
2A (%)a 

68% (30 min) 
2% (30min) 
6% (12 h) 

27% (30 min) 

a Yield was determined by 1H NMR analysis using CH2Br2 as the internal standard. 
 

To investigate the reaction mechanisms in the solid-state, we 
performed radical trapping experiments (details in Supporting 
Information). It was found that the addition of 2,2,6,6-
tetramethylpiperidinooxy (TEMPO) as a radical scavenger was 
completely inhibited the desired ring-opening fluorination. This 
result was consistent with the previously reported solution-state 
reactions. Therefore, we assume that this solid-state reaction is a 
radical-type reaction mechanism similar to solution-state 
conditions. 

In summary, we have developed a method for silver-catalyzed 
solid-state ring-opening fluorination of cyclobutanols under ball-
milling conditions. This is the first example of catalytic C–C bond 
cleavage/functionalization reactions under solid-state 
mechanochemical conditions. The developed mechanochemical 
conditions do not require potentially harmful organic solvents 
and use less silver catalyst and Selectfluor® than previously 
reported solution-state conditions. Notably, all synthetic 
operations can be carried out in air. Considering these practical 
utilities, the present solid-state ring-opening fluorination is an 
efficient and environmentally friendly strategy to access γ-
fluorinated ketones. Further studies to expand the scope of cyclic 
alcohols and the development of unique C–C bond cleavage 
reactions in the solid-state are ongoing in our laboratory. 
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