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Introduction
The field of organofluorine chemistry started its development 
in  the middle of 20th century, when the utility of fluorinated 
compounds was recognized.1 Since then and for a long time, 
fluorine chemistry had been considered as a specialized area, 
with the major focus being placed on polyfluorinated compounds 
and materials. However, during the last twenty years, molecules 
bearing a single fluorinated fragment or a fluorine atom have 
come to the forefront of practical applications (e.g., in medicinal 
chemistry), and nowadays the demand in partially fluorinated 
products is increasing steadily. For example, about 20% of approved 
drugs contain at least one fluorine, while for agrochemicals this 
percentage is even higher.2 Consequently, this area has attracted 
general organic chemists, and, as a result, the methodology for 
the synthesis of organofluorine compounds has tremendously 
been advanced during last decade.3

Among wide variety of approaches to fluorine-containing 
molecules, the use of silicon reagents 1 for the introduction of 
fluorinated carbanions has become particularly widespread.4 
Trifluoromethyl lithium or magnesium reagents are unstable 
even at low temperatures owing to Lewis acidic nature of the 
metal, while silicon reagents are air stable and easy-to-handle 
compounds. Reagents 1 should be activated by a Lewis base to 
generate five-coordinate intermediate 2, which serves as a source 
of fluorinated carbanion with respect to electrophiles (Scheme 1). 

This process was first disclosed by Prakash in 1989 for 
trifluoromethylation of carbonyl compounds using trifluoro
methyl(trimethyl)silane (Me3SiCF3, 3a) and tetrabutylammonium 
fluoride (TBAF) as basic activator.5 The successful application 

of Me3SiCF3, which had previously been obtained by Ruppert,6 
as a source of CF3

– carbanion was further developed into a 
powerful methodology for the introduction of CF3 group into 
various carbon- and heteroatom-centered electrophiles, as well 
as in transition metal catalyzed cross-coupling reactions.4 
Correspondingly, this silane is frequently named as the Ruppert–
Prakash reagent. Afterwards, reagents bearing other fluorinated 
fragments were investigated, and besides nucleophilic reactivity, 
some novel transformations were found.

For the period over last fifteen years a great number of papers 
describing applications on fluorinated silicon reagents, and several 
reviews covering this topic have been published.4 Herein we 
describe results obtained mainly in our group, whereas when 
necessary for completeness of the discussion, other relevant data 
are provided.

Synthesis of silicon organofluorine reagents
A number of fluorinated silicon reagents were described in the 
literature, and some of them are shown in Scheme 2. Parent 
silane Me3SiCF3 3a is now commercially available on multi
kilogram scale from numerous suppliers at affordable prices. Its 
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higher homologues (3, n > 1) were also prepared and typically 
exhibited reactivity similar to that of 3a. 

Reduction of silane 3a with sodium borohydride affording 
difluoro-substituted reagent 4 was reported7 (Scheme 3). Despite 
uncertainty of reduction mechanism, and the fact that experi
mental procedure is hazardous (likely due to formation of borane), 
silane 4 has already found numerous applications for the direct 
introduction of difluoromethyl group.8 Importantly, this reagent 
is now commercially available. Bromination of C–H bond of 
silane 4 can be performed with NaBr/H2O2 system under acidic 
conditions furnishing silane 5b. The bromination proceeds by a 
radical mechanism, and is promoted by irradiation with conven
tional household light bulb.9 Alternatively, direct transformation 
of 3a to 5b can be carried out using boron tribromide.10 Silane 5b 
can also be obtained from CF2Br2 and Me3SiBr under reductive 
conditions.11 Iodo-substituted reagent 5c was synthesized from 
bromide 5b by cobalt-catalyzed bromine/zinc exchange to generate 
organozinc species 9 followed by treatment with iodine.12

Reagents 6a,b, 7, and 8 also received significant attention, 
since the presence of a functional group opens up opportunities 
for additional transformations. Compounds 6a,13 6b13(a),14 and 
715 can be obtained starting from the corresponding brominated 

derivatives, which in turn are prepared from dibromodifluoro
methane (Scheme 4). However, this approach cannot be applied 
to the preparation of silane 8, since transformation of bromo
difluoroacetonitrile into 8 was unsuccessful. Reagent 8 was 
produced from silane 5b by heating with trimethylsilyl cyanide 
in the presence of 5 mol% of benzyltriethylammonium chloride. 
Presumably, in these reactions silane 5b serves as a source of 
difluorocarbene (vide infra) which interacts with isonitrile tautomer 
of silyl cyanide followed by N,C-silyl migration affording com
pound 8.

Applications of silicon organofluorine reagents
Reagents 3, 4 and 6–8 can be coupled with aldehydes under 
activation with Lewis bases furnishing, after desilylative work-up, 
fluorinated alcohols 10 (Scheme 5). Fluoride ion (in Bu4NF, 
Bu4N Ph3SiF2, CsF) or simply acetate or even carbonate anion 
usually taken in catalytic amounts can serve as activators.4 
Importantly, this reaction can be performed enantioselectively, 
as examplified by trifluoromethylation of aryl ketones with silane 
3a using chiral quaternary ammonium salts as catalysts.16 

N-Tosyl and N-sulfinylimines behave similarly though stoichio
metric quantities of a basic activator may be required owing to 
ineffective silylation of intermediate formed after step of nucleo
philic addition to C=N bond.4(c) However, imines bearing alkyl 
group at nitrogen are completely unreactive under standard 
conditions, since alkyl group does not stabilize incipient negative 
charge on nitrogen. For these substrates, different protocols were 
elaborated.17,18 The reactions are performed in the presence of 
potassium hydrodifluoride and strong acid (trifluoroacetic or 
triflic) in acetonitrile or dimethylformamide17(a) (Scheme 6). 
Under these conditions, hydrofluoric acid is formed which serves 
as activator of both components – it protonates imines to generate 
iminium ions, while hydrodifluoride activates the silicon reagent. 
The key C–C bond forming event, presumably, proceeds as a 
concerted transfer of the fluorinated group from five-coordinate 
silicon species to iminium electrophile. In support of this mechanism 
is the fact that the slight excess of strong acid is employed, which 
would be expected to protonate intermediate free carbanionic 
species, if the latter were produced. It should be pointed out, that 
these reactions can be performed in a regular glassware, and no 
glass etching was noted.

Direct trifluoromethylation of substrates 12 and 15 is prob
lematic due to their decreased reactivity (Scheme 7). However, 
they can be transformed into difluoroboryl complexes 13 and 
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16  by treatment with boron trifluoride etherate and a suitable 
scavenger of hydrofluoric acid such as Hunig’s base or allyl
trimethylsilane. Complexes 13 and 16 undergo smooth trifluoro
methylation using the Ruppert–Prakash reagents to afford after 
hydrolytic work-up compounds 14 and 17.18

Secondary amines 11 are valuable building blocks for drug 
design, since this functionality is isosteric to amide fragment.19 
Furthermore, when RF is not merely fluoroalkyl group, but 
contains a functional group, subsequent transformations involving 
this group are possible.

For example, aminonitriles 18 (obtained from imines and 
silane 8) can serve as precursors to various heterocycles (Scheme 8). 
Reaction of amines 18 with isocyanates proceeds at elevated 
temperatures leading to the corresponding ureas 19 (heating is 
required due to decreased nucleophilicity of amine nitrogen 
in  compounds 18). Ureas 19 undergo facile cyclization into 
difluorinated pyrimidine-1,3-diones 20, which can be readily 
transformed into pharmacophoric 5-fluorouracyl derivatives.20 
If isocyanate contains o-iodophenyl substituent, the use of base 
along with a copper(i) catalyst allows one to directly obtain 
fluorinated fused heterocycles 21.20 Finally, acylation of amines 
18 with cyanoacetic acid promoted by ethyl 3-ethyl-1-(3-di
methylaminopropyl)carbodiimide hydrochloride (EDC·HCl) with 
subsequent addition of triethylamine afforded 4-amino-5,6-di
hydropyridine-2(1H)-ones 22 via Thorpe–Ziegler cyclization.21 
The reaction efficiency is determined by acylation step, which is 
sensitive to steric effect of the substituent at nitrogen.

Reaction of chiral N-sulfinyl imines 23 with reagent 6a gives 
rise to adducts 24 with high diastereoselectivity (Scheme 9). 
Removal of tert-butylsulfinyl group under acidic conditions 
and  allylation at nitrogen leads to amines 25, which are good 
substrates for radical cyclization. Treatment of 25 with tributyltin 
hydride in the presence of AIBN results in abstraction of thio
phenyl group followed by intramolecular radical addition. In 
this  process, gem-difluorinated pyrrolidines 26 are produced 
with good trans selectivity.22 Overall transformation of 23 to 

26  suggests that silicon reagent 6a serves as an equivalent of 
difluoromethylene radical carbanion.

Nucleophilic trifluoromethylation of Michael acceptors has 
been a longstanding problem. Indeed, when a,b-unsaturated 
carbonyl compounds are reacted with Me3SiCF3, only products 
of carbonyl addition are formed.23 First examples of nucleophilic 
trifluoromethylation of conjugate double bond were reported for 
quite specific substrates.24 Later alkenes obtained by condensa
tion of aromatic aldehydes with malononitrile or methyl nitro
acetate were found to serve as excellent Michael acceptors, 
leading to products 27 in high yields25 (Scheme 10). Arylidene 
derivatives of Meldrum’s acid also smoothly reacted with silane 
3a; subsequent hydrolysis, decarboxylation, and esterification 
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afford b-trifluoromethyl-substituted esters 28.26 Reactions shown 
in Scheme 10 are inefficient when applied to alkylidene substrates 
bearing acidic hydrogen, presumably, because of high basic nature 
of the system arising from the combination of the Ruppert–
Prakash and a Lewis basic activator.

Difluorocarbene is an important reactive intermediate, which 
can be used for the synthesis of various organofluorine com
pounds.27,28 The groups of Prakash and Hu reported that reagent 
3a can also serve as a source of difluorocarbene (Scheme 11). 
Difluorocyclopropanation of alkenes and alkynes can be per
formed either using tetrabutylammonium fluoride starting from 
–50 °C or sodium iodide at 110 °C.29 Later, iodide ion-mediated 
generation of difluorocarbene from 3a was employed for the 
difluoromethylation of imidazoles and benzimidazoles, athough 
in this case temperatures around 170 °C were required.30 Despite 
drastic conditions, these methods for difluorocarbene generation 
are very useful, primarily, due to ready availability of reagent 3a.

A process that stands apart from conventional chemistry 
of  fluorinated silanes is the reaction of the Ruppert–Prakash 
reagent with perfluorosulfonic acids (Scheme 12). The reaction 
is accelerated by catalytic amounts of titanium tetrachloride, and 
affords difluoromethyl triflate in good yield.31 The mechanism 
of this transformation was not studied, but the intermediacy of 
difluorocarbene which is trapped by strong acid seems likely.

Silicon reagents 5b (X = Br) and 5c (X = I) cannot be involved 
in reactions with electrophiles under typical conditions, in contrast 
to the Ruppert–Prakash reagent or chlorine-substituted analogue 
5a (X = Cl).11 Indeed, when reagents 5b,c are combined with Lewis 

basic activators, the five-coordinate intermediate 29 decomposes 
rapidly to generate difluorocarbene, and no adduct at aldehyde 
is  formed (Scheme 13). Moreover, it was demonstrated10 that 
compound 5b can serve as a source of difluorocarbene under the 
action of bromide anion at elevated temperatures, and this can be 
exploited for the synthesis of difluorinated cyclopropanes and 
cyclopropenes. 

It was proposed that difluorocarbene generated in this way 
may reversibly interact with halide anion to give a carbanionic 
species 30 (Scheme 14). If this is true, the halide anion used in 
excess can provide carbanion 30 in concentration sufficient to be 
trapped by aldehyde.12(a)

In fact, aromatic aldehydes react with reagents 5b,c in the 
presence of combination of tetrabutylammonium and lithium 
halides in refluxing propionitrile (Scheme 15). Alcohols 31 were 
obtained in high yields after desilylative work-up.12(a) The role 
of lithium salt is to accelerate the reaction by coordination to the 
carbonyl group. However, this methodology cannot be extended 
to enolizable aliphatic aldehydes.

Iminium ions 32 constitute another type of important electro
philes,32 which are more labile compared to carbonyl compounds. 
To effect halodifluoromethylation of iminium ions, a different 
protocol was developed. It was found that hexamethylphosphor
amide (HMPA) triggers decomposition of reagents 5b,c to generate 
difluorocarbene at room or even lower temperatures33 (Scheme 16). 
Iminium ions 32 were generated in situ from aldehydes and 
secondary amines using 1,8-bis(dimethylamino)naphthalene and 
trimethylsilyltriflate. Subsequent addition of the silicon reagent 
5b, bromide ion and HMPA effected smooth bromodifluoro
methylation furnishing amines 33.

Combination of silicon reagent 5b with HMPA is one of the 
mildest methods to generate difluorocarbene.27 Indeed, room 
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temperature and virtually non-basic medium make this condi
tions preferable when products forming after the reaction of a 
substrate with difluorocarbene are labile. This is exactly the case 
for difluorocyclopropanation of silyl enol ethers. In particular, 
cyclopropanes 36 are highly sensitive to basic conditions and 
high temperatures, and readily decompose.34 It was found that 
difluorocyclopropanation of silyl enol ethers 35 can be performed 
using reagent 5b and HMPA, and cyclopropanes 36 upon treat
ment with strong acid (HBr or HCl) undergo cyclopropane ring 
opening (Scheme 17). It should be pointed out that transforma
tion of 36 to 37 proceeds readily only in the presence of water 
which presumably hydrolyzes silyl ether into free cyclopropanol 
with the the latter undergoing protonation. The whole sequence 
of reactions (34 to 37) can be performed in a one-pot manner, 
and corresponds to difluorohomologation of starting ketones 34. 
This homologation method was applied to wide variety of ketones 
(aliphatic, aromatic, cyclic), and allows one to obtain valuable 
a,a-difluoro ketones 37 in one synthetic step from readily 
available ketones 34.35,36

Most recently, the group of Chinese chemists developed 
transformation of ketones 34 into a-fluoro-a,b-enones 38 with 
the use of reagent 5b37 (Scheme 18). In this case, the instability 
of intermediate cyclopropanes 36 was exploited, and transforma
tion of ketones 34 into enones 38 was carried out as a one-pot 
procedure.

Mild conditions for the generation of difluorocarbene based 
on reagent 5b were exploited to develop insertion of difluoro
methylene unit into carbon–zinc bond38 (Scheme 19). Thus, 

organozinc reagents 39 prepared in a conventional manner from 
benzyl or alkyl bromides (or iodides) were reacted with silane 5b. 
The silicon reagent was activated with sodium acetate in aceto
nitrile at low temperatures (–25 °C). A new organozinc species 
40 was identified by NMR spectroscopy in solution. Reagents 40 
possess limited stability, and decompose within hours at room 
temperature. Nevertheless, addition of at least two equivalents 
of DMF provides notable stabilization, while further increases of 
the stability of 40 may be achieved if DMF is used as the solvent 
instead of acetonitrile. 

Reagents 40 can serve as nucleophiles in reactions with various 
electrophiles, though their nucleophilic reactivity is diminished 
compared to non-fluorinated organozincs. Protonation of carbon–
zinc bond of 40 with acetic acid leads to compounds 41. Halo
genation can also be easily performed using elemental bromine 
or iodine38,39 (Scheme 20). However, reaction of organozincs 40 
with chlorinating reagents affords only brominated products 42 
(Hal = Br) because of facile oxidation of bromide ion. To effect 
chlorination, gem-difluorinated reagents should be obtained 
from organozinc chlorides RZnCl using chloro-substituted silane 
Me3SiCF2Cl (5a).40

Reagents 40 can be involved into cross-coupling with allyl 
halides (Scheme 21). The allylation is catalyzed by copper iodide 
and 1,10-phenanthroline, and is performed at low temperature, 
giving products 43 in high yields.41 Nucleophilic properties of 
organozincs 40 can be exploited in reactions with nitrosating 
system – n-butylnitrite/chlorotrimethylsialne.42 It should be pointed 
out that resulting gem-difluorosubstituted compounds 44 are 
themselves good electrophiles, and interaction of organozincs 
40 with 44 can decrease the yield of nitroso products.

Reagent 9, which is prepared from silane 5b (see Scheme 3) can 
sequentially react with two different electrophiles, thereby acting 
as equivalent of difluoromethylene bis(carbanion) (Scheme 22). 
First, more reactive C–Zn bond of organozinc species 9 is involved 
into copper catalyzed allylation leading to new silicon reagents 
45. The latter reagents may be coupled with aldehydes in the 
presence of catalytic amounts of cesium fluoride, finally affording 
gem-difluorinated alcohols 46.12(b)
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Conclusion
Silicon organofluorine reagents have emerged as a powerful tool 
for the synthesis of fluorine containing compounds. Typically, 
these silanes serve as efficient reagents for nucleophilic fluoro
alkylation reactions. The addition of fully or partially fluorinated 
fragment to C=O or C=N bonds has been very well developed, 
and these processes have wide scope, and can be considered as 
reliable synthetic methods. Most recently, silicon reagents have 
been used as precursors of difluorocarbene, and this direction 
would likely be intensively exploited in the near future.
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