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Vanadium(III) oxide catalyzes the direct fluorination of 5 

C(sp3)–H groups with Selectfluor. This reaction is 

operationally simple. The catalyst and the reaction by-

product can be removed easily by filtration. Using this 

method, a fluorine atom can be introduced to the tertiary 

position of 1,4-cineole and L-menthone selectively. 10 

Nature uses catalytic C–H oxidation reactions extensively to 

functionalize small molecules. Studying the structures and 

reactivities of hydroxylases has inspired the development of 

various iron, manganese, and copper catalysts for C–H oxidation 

reactions.1 Their reactivities often complement those of the 15 

palladium and rhodium catalysts commonly used for constructing 

C–C bonds.2 Vanadium-complexes are well-known for their 

ability to transfer an oxygen or a halogen atom to olefins.3 

However, vanadium-catalyzed C–H oxidation has not been well-

studied.4 Recently, we developed an efficient vanadium catalyst 20 

for selective benzylic C–H oxygenation with no competing 

aromatic oxidation.5 We report herein a vanadium catalyst system 

for C(sp3)–H fluorination. 

 
Fig. 1 Development of vanadium-catalyzed oxidative C–H 25 

functionalization reactions 

 Mimoun reported in 1983 that vanadium complexes could 

catalyze C–H oxygenation through a radical mechanism.6 This 

area of research was later expanded by Shul’pin, Pombeiro, and 

others.7 While several efficient vanadium catalysts have been 30 

developed for C–H oxygenation, it has not been shown that 

vanadium complexes can catalyze C–H halogenation. 

 We seek to expand the scope of the vanadium-catalyzed C–H 

oxidation to C–H fluorination as incorporating fluorine atoms 

into small-molecules often improves their physical and biological 35 

properties.8 While there are many efficient methods for 

introducing fluorine atoms through functional group 

transformations,9 there are only a few studies of catalytic C–H 

fluorination reactions. The first example was reported by the 

Sanford group in 2006.10 They successfully developed a 40 

palladium(II/IV) catalyst system for catalyzing the 

quinoline/pyridine-directed benzylic C(sp3)–H fluorination and 

ortho C(sp2)–H fluorination. Subsequently, the Yu group 

developed a versatile palladium catalyst system for directed ortho 

C(sp2)–H fluorination in 2009.11 Methods for catalyzing C(sp3)–45 

H fluorination without using a directing group have also emerged 

in literatures recently. The Groves group first developed a 

manganese catalyst system in 2012.12 The Lectka group then 

published a copper and an iron catalyst system.13 Subsequently, 

we disclosed a ketone-catalyzed photolytic method14 and the 50 

Inoue group an N-oxyl radical-catalyzed method.15 More 

recently, the Doyle group developed a palladium-catalyzed allylic 

C(sp3)–H fluorination reaction16 and the Hartwig group a silver-

promoted oxidative method for C(sp2)–H fluorination of 

heterocycles.17 However, there is no report of vanadium-55 

catalyzed C–H fluorination. 

 Because vanadium complexes are known to catalyze C–H 

oxygenation and olefin halogenation, we believe that they can 

also promote C–H fluorination. To search for an effective 

vanadium catalyst for C–H fluorination, we examined the 60 

reactivities of a series of vanadium complexes using 

cyclododecane (1) as the substrate and Selectfluor as the standard 

fluorinating reagent (Table 1). Unlike our previous benzylic C–H 

oxygenation reactions,5 vanadium(V) complexes did not catalyze 

the fluorination of 1 (entries 1–4), and vanadium(IV) complexes 65 

gave only a trace amount of fluorocyclodecane (2) (entries 5–7). 

In contrast, vanadium(III) and vanadium(II) complexes were 

more reactive (entries 8–12). For example, fluorination of 1 in the 

presence of 20 mol % V(acac)3 and 20 mol % Cp2V led to the 

formation of 2 in 21% and 13% yields, respectively (entries 10 70 

and 12). Among all the vanadium complexes examined, 

vanadium(III) oxide (V2O3) was the most effective catalyst, 

giving 2 in 65% isolated yield at 10 mol % loading (20 mol % by 

vanadium) (entry 11). Although 2 could be further fluorinated 

under the reaction conditions, there were only ~5% of the 75 

difluorination products based on 19F NMR analyses (>10: 1 

monofluorination vs. difluorination). In terms of the fluorinating 

reagent, Selectfluor (F-TEDA, A) was the only effective fluorine 

atom donor. There was no reaction when using Selectfluor II (B), 

NFSI (C), or N-fluoropyridinium salts (D) as the source of 80 

fluorine (entries 13–15). We have also confirmed that a vanadium 

catalyst is required for this reaction (entry 16),18 and acetonitrile 

is the only suitable solvent. 
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Table 1 Development of the vanadium-catalyzed C–H fluorination 

reactiona 

 

Entry Catalyst loading Catalyst Fluorine source Yieldb 

1 10 mol % V2O5 A 0% 

2 20 mol % VO(OiPr)3 A 0% 

3 20 mol % VO(OSiPh3)3 A 0% 

4 20 mol % VOF3 A 0% 

5 20 mol % V(O)SO4 A 0% 

6 20 mol % VO2 A <5% 

7 20 mol % Cp2VCl2 A <5% 

8 20 mol % VF3 A <5% 

9 20 mol % VBr3 A <5% 

10 20 mol % V(acac)3 A 21% 

11 10 mol % V2O3 A 73% (65%)c 

12 20 mol % Cp2V A 13% 

13 10 mol % V2O3 B 0% 

14 10 mol % V2O3 C 0% 

15 10 mol % V2O3 D 0% 

16 10 mol % – A 0% 

 

aConditions: 1 (0.2 mmol), catalyst (0.04 mmol, or 0.02 mmol for V2O5 5 

and V2O3), Selectfluor (0.3 mmol), CH3CN (2 mL), 23 °C. bBased on 

crude 19F NMR spectra using C6H5F as the external standard. cIsolated 

yield in parenthesis. 

 

 The substrate scope of this vanadium(III)-oxide-catalyzed C–H 10 

fluorination reaction is shown in Table 2. Fluorination of 

cyclohexane and cyclodecane gave 3 and 4 in good yields. 1-

Adamantanol and 1-adamantanecarboxylic acid reacted 

selectively at the tertiary positions to give 5 and 6 in 74% and 

70% isolated yields, respectively. We observed only less than 5% 15 

of the difluorination products. The second fluorination also 

occurred at the tertiary positions of admantane, suggesting that 

the tertiary C–H groups are significantly more reactive than the 

secondary C–H groups. Consistently, fluorination of 2-pentanone 

gave 7 in 47% NMR yield while fluorination of 4-methyl-2-20 

pentanone and isovaleric acid gave 8 and 9 in 78% NMR yield 

and 63% isolated yield, respectively. In contrast to electrophilic 

fluorination reactions, this vanadium-catalyzed reaction did not 

functionalize the α-position of carbonyl compounds. The 

presence of an aromatic ester group significantly affected the 25 

reaction efficiency. While fluorination of methyl isovalerate gave 

10 in 85% NMR yield, reaction of phenyl isovalerate gave 11 in 

only 12% NMR yield. This method could also be used to prepare 

β-fluoro-α-amino ester 12 directly from N-phthaloyl valine 

methyl ester in 46% isolated yield. 30 

Table 2 Scope of the vanadium-catalyzed C–H fluorinationa 

 
aConditions: substrate (0.2 mmol), catalyst (0.02 mmol), Selectfluor (0.3 

mmol), CH3CN (2 mL), 23 °C; NMR yield was based on crude 19F NMR 

spectra using C6H5F as external standard. bSubstrate (1.0 mmol), catalyst 35 

(0.02 mmol), Selectfluor (0.2 mmol). 

 

 The utility of this reaction was further demonstrated by the 

selective fluorination of monoterpenes 1,4-cineole and L-

menthone. The C–H fluorination preferentially occurred at the 40 

tertiary positions to give 13 and 14 in 53% and 75% isolated 

yields, respectively. Vanadium(III) oxide also catalyzed the 

fluorination of sesquiterpenoid sclareolide with improved 

Page 2 of 4Organic Chemistry Frontiers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

O
rg

an
ic

C
he

m
is

tr
y

Fr
on

tie
rs

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

efficiency and selectivity compared to the manganese-porphyrin 

catalyst system.12a The C-2 fluoride 15 (α:β = 9:1) was obtained 

in 61% yield along with the C-3 α-fluoride in 15% yield (C-2:C-3 

= 4:1) as an inseparable mixture of isomers. 

 Selective benzylic fluorination could also be achieved. 5 

Although vanadium(III) bromide and vanadium(III) acetoacetate 

were effective catalysts for benzylic fluorination at 5 mol % 

loading, bromine atom-transfer occurred with vanadium(III) 

bromide, and the yields obtained with vanadium(III) acetoacetate 

were irreproducible due to facile ligand fluorination. In contrast, 10 

vanadium(III) oxide provided reliable results despite higher 

catalyst loading. Under the standard reaction conditions (10 mol 

% V2O3), benzylic fluorides 16 and 17 could be obtained in 67% 

NMR yield and 47% isolated yield, respectively. However, the 

fluorine atom of benzylic fluorides could eliminate under the 15 

reaction conditions via a SN1-type mechanism, leading to low 

yields of benzylic fluorides for the more electron-rich substrates. 

In contrast, the electron-deficient 4-ethylbenzonitrile was rather 

unreactive, giving 18 in only 24% isolated yield. Finally, 

fluorination of propylbenzene with a chlorine or protected 20 

nitrogen atom at the terminal position of the side-chain gave 19 

and 20 in 35% and 43% isolated yields, respectively. 

 
Fig. 2 KIE study of the vanadium-catalyzed C–H fluorination 

 We have also conducted some preliminary mechanistic studies. 25 

A competition experiment using a 1:1 ratio of cyclohexane and 

cyclohexane-d12 gave a 4:1 mixture of 3 and 3-d11 (Figure 2). The 

primary kinetic isotope effect (KIE) (kH / kD = 4) indicates that 

C–H abstraction is the rate-limiting step. This fluorination 

reaction is highly oxygen-sensitive, suggesting that it may 30 

proceed through a radical mechanism. While the nature of the 

active catalyst is not clear, we believe that a vanadium(II/III) or 

(III/IV) cycle rather than a vanadium(III/V) cycle is involved 

because vanadium(V) complexes could not promote this reaction. 

It is also likely that vanadium(III) oxide was first oxidized to a 35 

vanadium(IV) species, which served as the active catalyst. The 

fluorination reaction proceeded equally well in wet acetonitrile. 

Since we did not observe any Ritter reaction products or ketones, 

we believed that the alkyl radical initially generated was not 

oxidized to a carbocation before being trapped by a fluoride. 40 

However, there was no reaction when using water as a cosolvent. 

It is likely that the addition of a large excess amount of water 

deactivated the catalyst by altering its structure. 

 In summary, we have found that commercially available 

vanadium(III) oxide can catalyze the direct conversion of a C–H 45 

group to C–F. This heterogeneous catalyst can be easily removed 

by filtration along with the Selectfluor by-product H-TEDA. This 

operationally simple method provides improved efficiency for C–

H fluorination at non-benzylic positions compared to existing 

methods. We are now exploring further utilities of vanadium 50 

complexes in catalytic oxidation reactions. 

Experimental Section 

General procedure for the vanadium(III) oxide-catalyzed 

C(sp3)–H fluorination reaction. To a 4 mL clear vial charged 

with vanadium(III) oxide (V2O3, 3.0 mg, 0.02 mmol, 10 mol%) 55 

and Selectfluor (106.3 mg, 0.3 mmol, 1.5 equiv) was added 

anhydrous acetonitrile (2.0 mL), and the reaction substrate (0.2 

mmol, 1.0 equiv). The reaction mixture was then degassed three 

times by freeze-pump-thaw cycles and stirred at room 

temperature for 6–48 h. Upon completion, the reaction mixture 60 

was poured into diethyl ether (20 mL), filtered, concentrated and 

purified by silica gel flash column chromatography using diethyl 

ether/pentane as the eluent. 
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