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The selective introduction of fluorine atom(s) and fluorinated moieties into organic molecules has

become an important and fast-growing research field, since fluorine atoms play crucial roles in life
science and materials science-related applications. Similar to the trifluoromethyl group, both
difluoromethyl and monofluoromethyl groups can often bring about many beneficial effects

to the target molecules, and a variety of CF,H- and CH,F-containing pharmaceuticals and
agrochemicals have been developed. Among the synthetic methods for CF,H- and

CH,F-containing compounds, selective di- and monofluoromethylation (i.e., introduction

of CF,H and CH,F groups into organic molecules) represent one of the most straightforward
synthetic methods and thus can be conveniently used in the synthetic design. This feature article
summarizes the presently known selective difluoromethylation and monofluoromethylation
methods, including nucleophilic, electrophilic, and free radical di- and monofluoromethylation

reagents and reactions.

1. Introduction

Although fluorine is the most abundant halogen element and
ranks number 13 among all the elements in the earth’s
crust, the naturally occurring organofluorine compounds
(compounds containing one or more C—F bonds) are rare.
Among nearly 3200 known naturally occurring organohalogen
compounds, only very few (around 13) belong to organofluorine
compounds (all of them are monofluorinated).' However,
despite their rarity in nature, many man-made organofluorine
compounds exhibit unique physical, chemical and biological
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properties in life science- and materials science-related
applications. In general, perfluorinated and highly fluorinated
compounds (or materials) are widely used in materials science,
whereas the selectively fluorinated (from a single F to a
C,F5 group, sometimes also called “lightly fluorinated™)
compounds find more applications in pharmaceutical and
agrochemical products and in medicinal research.* Currently,
the efficient and selective incorporation of fluorine atom(s)
or fluorine-containing moieties into organic molecules to
modulate their biological properties has become a routine
and powerful strategy in drug design. Many studies showed
that the fluorine atom(s) and fluoroalkyl group(s) can often
bring about many beneficial effects in a biologically active
molecule, such as the enhancement of metabolic stability,
bioavailability, lipophilicity and membrane permeability, as
well as an increase of binding affinity.%>® Nowadays, around
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20% of all pharmaceuticals and 30—40% of all agrochemicals
on the market contain fluorine.’

Fluorination and fluoroalkylation are the two major
synthetic methods to prepare selectively fluorinated organic
compounds.®'" In the field of fluoroalkylation chemistry,
selective trifluoromethylation (selective introduction of a
CF; group into organic molecules) has been extensively
studied over the past 40 years, including nucleophilic, electro-
philic, and free radical trifluoromethylations.'>!” The trifluoro-
methylation reagents include Me;SiCF; (Ruppert-Prakash
reagent),'*“  FSO,CF,COOCH; (Chen’s reagent),'®
trifluoromethane,'** trifluoromethylchalcogen salts (such as
Umemoto’s reagent),'* hypervalent iodine(in)-CF5 reagent
(Togni’s reagent),'” CFs-Johnson reagent,'® and trifluoro-
methyl iodide (CF5I),"**!> among others.!? It should be noted
that there are still many challenges and issues to be solved in
the enantioselective trifluoromethylations, and further efforts in
catalyst and reagent development is currently in progress.'2!>*!

Compared to trifluoromethylation chemistry, the analogous
difluoromethylation and monofluoromethylation (selective
introduction of a CF,H or CH,F group into organic
molecules) are less studied. The systematic exploration of
di- and monofluoromethylation has just emerged more
recently.?®?! It has been realized that a difluoromethyl group
(CF,H) can act as a more lipophilic hydrogen bond donor
(than typical donors such as OH and NH), which makes it an
interesting group with respect to the design of bioactive
molecules.”” Compounds with a monofluoromethyl group
(CH,F) are of great importance with regard to isostere-based
drug design.>>2° As a result, a variety of structurally diverse
CF,H- or CH,F-containing drugs have been developed.* For
instance, Eflornithine (or called DFMO) is a rationally
designed ornithine decarboxylase inhibitor, which can
cure sleeping sickness (trypanosomiasis) caused by the
Trypanosoma brucei gambiense parasite (Fig. 1).?° Panto-
prazole is a proton pump inhibitor drug used for short-term
treatment of erosion and ulceration of the esophagus caused
by gastroesophageal reflux disease.* Afloqualone (with a
CH,F group) is a nicotinic antagonist marketed as a
myorelaxant.* Fluticasone propionate is widely used against
a broad spectrum of inflammatory diseases and to alleviate
pains associated with certain cancers (Fig. 1).%’

Fei Wang was born in
Zhejiang, China (1983 ). After
he obtained his BS degree
from the Ocean University of
China in 2006, he entered the
Shanghai Institute of Organic
Chemistry (SIOC), CAS as a
graduate student. Currently,
he is studying for his PhD
degree under the guidance of
Professor J. Hu. His thesis
work focuses on the synthesis
of organofluorine compounds
with fluorinated carbenes.

Fei Wang

MeQ OMe

CF,H (e) N -
CO.H HFZC/ \ /
H-N 2 A\
a M
NH
2 H
Eflornithine (DFMO) Pantoprazole
N CH,F

N
HoN D
o
Me o

Afloqualone

Fluticasone propionate

Fig. 1 Representative CF,H- and CH,F-containing drugs.

Although the synthesis of difluoromethyl- and monofluoro-
methyl-containing compounds can be achieved by several
methods such as the fluorination of carbonyl compounds or
alcohols with SF,, Et,NSF; (DAST), or other related
reagents,® !! selective di- and monofluoromethylation
(i.e., introduction of CF,H and CH,F moities into organic
molecules) represent two of the most straightforward synthetic
methods and thus can be conveniently used in the synthetic
design. Selective di- and monofluoromethylation are generally
accomplished by two strategies—one is the direct transfer of a
“CF,H” or “CH,F” moiety into organic molecules; the other
is the transfer of a functionalized moiety (such as “CF,R” or
“CFR,”), followed by removal of the functional or auxiliary
group(s) to give a CF,H or CH,F group. In this feature article,
we focus on the discussion of the current status of selective
difluoromethylations and monofluoromethylations, including
the different strategies based on nucleophilic, electrophilic, as
well as free radical reactions. In the last part of this article, we
discuss the current challenges of this field and suggest future
directions.

2. Selective difluoromethylation
2.1 Nucleophilic difluoromethylation

2.1.1 Using difluoromethyl cadmium, zinc and copper
reagents. Nucleophilic difluoromethylation involves the
transfer of a difluoromethyl anion (“CF,H™ ") equivalent to
an electrophile. Since difluoromethyllithium (CF,HLi) and
difluoromethyl Grignard reagent (CF,HMgX) are highly
unstable due to the a-elimination of a fluoride ion, these
fluorinated organometallic species can not be applied as
efficient nucleophilic difluoromethylation reagents. However,
difluoromethylcadmium, difluoromethylzinc, and difluoro-
methylcopper reagents have been successfully prepared by
Burton et al.*® Difluoromethylcadmium can be prepared in
high yield from iododifluoromethane or bromodifluoro-
methane and acid-washed cadmium metal in DMF, and the
mono- and bis(difluoromethyl)cadmium species 1 and 2 are
generally formed with a ratio 75:25 (Scheme 1, eqn (1)). Upon
the addition of CdX, salt (X = 1, Br), the mono/bis ratio was
shifted in favor of the the mono(difluoromethyl)cadmium
reagent (1).% The difluoromethylcadmium reagent mixture
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(1 and 2) exhibits good stability at room temperature, with a
loss of only 31% activity of the original reagent after 2
months. Even on heating (in DMF), little decomposition of
the difluoromethylcadmium species occurs until 65-75 °C.2¢
The mono(difluoromethyl)cadmium 1 (the bis reagent 2 can
convert to 1) can be protonated by water and iodinated by
elemental iodine (eqn (2) and (3)). Reagent 1 can also react
with deuterated allyl chloride at room temperature in around
4 h to give both y-substituted product 3 and o-substituted
product 4, with a ratio 74:26 (eqn (4)).2%¢ Furthermore, the
difluoromethylcadmium reagent 1 was found to be able to
difluoromethylate the propargyl chloride (3 days at room
temperature), giving a mixture of 4,4-difluoro-1-butyne 5
and 4,4-difluoro-1,2-butadiene 6 (with a ratio 5:95)
(eqn (5)). It should be mentioned that difluoromethylzinc
reagent (CF,HZnBr) can also be prepared in a similar way.
However, although this organozinc reagent is thermally stable
and is able to react with allylic halides, its reactivity is signifi-
cantly lower than the corresponding cadmium reagent.”®

Difluoromethylcopper reagent (CF,HCu, 7) was also
successfully prepared in high yield (>90%) from a metathesis
reaction between cadmium reagent 1 and CuBr in DMF
at —50 to —60 °C (eqn (6)).2>¢ Unlike perfluoroalkylcopper
reagents (RgCu), the difluoromethylcopper reagent 7 was
found to be relatively unstable. At temeperatures above
—30 °C, reagent 7 began to decompose rapidly to give
HCF,CF,H and cis-CFH=CFH.?* It is particularly interesting
that, although the difluoromethylcopper reagent 7 is thermally
less stable than cadmium reagent 1, reagent 7 is more nucleo-
philic than 1. The difluoromethylcopper reagent 7 readily
reacts with allylic halides at —50 °C, and the regiospecificity
of reagent 7 is superior to 1 (eqn (7) and (8)). When reagent 7
reacts with a propargylic halide, the predominant product is
the corresponding allene (eqn (8)). Reagent 7 also readily
couples with 1-iodoalkynes to give good yields of the corres-
ponding difluoromethylalkynes (eqn (9)). Furthermore, it has
been realized that reagent 7 undergoes alkylation only with
reactive alkylating agents such as chloromethyl ethyl ether and
benzyl bromide (eqn (10) and (11)).%%¢

It should be pointed out that, owing to the less free ionic
character of the carbon—metal bonds in difluoromethylated
cadmium, zinc and copper reagents, these organometallic
difluoromethylation reagents are not applicable to many other
substrates such as aldehydes, ketones and imines. Further-
more, difluoromethylated silver(1) and silver(il) compounds
have also been prepared and characterized, but their use in
organic synthesis has not been well explored.?

2.1.2  Using difluoromethyl- and trifluoromethylsilane reagents.
In 1995, Fuchikami et al. reported a fluoride-initiated nucleo-
philic difluoromethylation of aldehydes and ketones with
(difluoromethyl)dimethylphenylsilane (12a) and (difluoromethyl)-
trimethylsilane (12b) (Scheme 2).*° Although the chemistry
appeared to be similar to the previously known trifluoro-
methylation with Me;SiCF5 reagent,31 some drawbacks of this
method were found.*® First of all, reagent 12a (or 12b) was
found to be inert under the same reaction conditions (at room
temperature) as reported for trifluoromethylation, and the
elevated temperature (100 °C) was necessary to facilitate the
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Scheme 1 Preparation and synthetic applications of difluoromethyl-
cadmium (1) and copper (7) reagents.

reaction. Secondly, the method is only efficient with
non-enolizable adehydes; the product yields are generally
low for ketones and enolizable aldehydes (Scheme 2).%°

The Me;SiCF5 reagent was also used to introduce a CF,H
group into substrates. In 1994, Portella et al. reported that a
fluoride-initiated reaction between an acyl silane 15 and
MesSiCF; reagent provided 2,2-difluoroenol silyl ether 16 in
75% yield (Scheme 3, eqn (13)).> The reaction involves a
domino sequence: nucleophilic trifluoromethylation—Brook
rearrangement—fluoride elimination. Compound 16 can be
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(1) KF (5 mol%), DMF

o OH
HiC, J\ 100 °C, 6~48 h
HiC—Si—CRH + _, N _, /}\ (€9.12)
; RZ7 R . R27ICRoH
R (2) Hy0 R3
12a (R' =Ph) 13 14

12b (R' = CH,)

For reactions with 12a:
R2 = Ph, R®=H (14a), Yield = 82%:
R2 = p-hexyl, R® = H (14b), Yield = 56%;
R? = cyclohexyl, R® = H (14c), Yield = 43%;
R? = Et, R®= Et (14d), Yield = 25%;
R? = Ph, R®= CH; (14e), Yield = 20%;
R? = Ph, R®= CF; (14f), Yield = 35%.

For reactions with 12b:
R2 = Ph, R®=H (14a), Yield = 89%:
R2 = Ph, R®= CHj (14e), Yield = 20%.

Scheme 2 Nucleophilic difluoromethylation of carbonyl compounds
with difluoromethyl silanes 12a and 12b.

readily converted to difluoromethyl ketone 17 by a fluoride-
mediated desilylative hydrolysis (eqn (13)).3> The same group
also found that the in situ-produced difluoroenol silyl ethers 19
could react as electrophiles with amines to give difluoromethyl
amines, via the corresponding hemiaminal adduct (as evidenced
by '"F NMR studies).*® This discovery was utilized by the
authors in the reaction of 19 with (R)-phenylglycinol 20 to give
2-difluoromethyloxazolidines 21. After separation of the
diastereomers of 21, a reduction with LAH and a Strecker-type
synthesis gave enantiopure o-difluoromethyl amines 22 and
oa-difluoromethyl-a-amino acids 23, respectively (eqn (14)).*

The Ruppert-Prakash reagent (Me;SiCF;) was also able
to react with unactivated aldimines 24 in the presence of
0.5-1.0 equiv. of tetramethylammonium fluoride (TMAF) to
give difluoromethyl ketimines 25 in moderate to good yields
(eqn (15)).3*3% The reaction mechanism was also studied, and
the reaction was believed to proceed via 1,2-H shift from 27 to
28, the subsequent B-elimination of a fluoride from 28, and the
1,3-H shift from 29 to 25 (eqn (15)).** In some cases, difluoro-
methyl ketimines 25 were difficult to isolate, but they could
undergo in situ reduction with NaBH, to give difluoromethyl
amines 30 (eqn (16)).>

2.1.3 Using difluoromethyl phenyl sulfone (PhSO,CF,H)
and bromodifluoromethyl phenyl sulfone (PhSO,CF,Br).
Difluoromethyl phenyl sulfone (PhSO,CF,H) was first
prepared by Hine and Porter in 1960,> but its use as a
powerful nucleophilic difluoromethylation reagent was largely
overlooked until recently.**¥ In 1989, Stahly reported
the preparation of difluoromethylated alcohol 33 from an
aldehyde 31 by using a two-step process: nucleophilic
(phenylsulfonyl)-difluoromethylation ~ with ~ PhSO,CF,H,
followed by reductive desulfonylation (eqn (17)).*® However,
Stahly’s difluoromethylation procedure did not catch much
attention in the following 14 years, mainly owing to the
fact that this phase-transfer-catalysis method only works with
non-enolizable aldehydes, and the Na/EtOH-mediated
desulfonylation procedure gives a low yield of products.* In
2003, Prakash and co-workers reported that PhSO,CF,H
could be used as a nucleophilic difluoromethylation reagent
in the presence of a reducing metal (such as magnesium). By
using this protocol, chlorotrialkylsilanes 34 was successfully

Me,SiCFs, "F" R OTBS p,,NF

_— — = (eq. 13)
CgHi7”~ TBS THF HO  CgHyy CFH
-78t0o-20°c F CeHi7 5794
15 75% 16 17
(TBS = tert-butyldimethylsilyl)
H,N__ WPh
2 j_‘ Ph/l
j\ MesSICFs "F* | R OSiMes|  Ho~"(20) I
e T >_< . HN_ O
R” siMe;  THF
7810 -20 °C F R R" CF.H
18 75% 19 21
NH; /
R7 1 ~CFH
R (ea. 14)
22:R'=H
23:R' = COH
N/Arz MeyNF N;»Arz
| ] (0.5~1.0 equiv) |
+ MesSiCF3 (eq. 15)
A TH THF, RT A" SCFH
24 25
2 2 2
Messi AZ | TN AT L
S S G ¢
AH/KCFg Ar' b G2 AT CF2 A" SCF,
H F F
26 27 28 29
Ar?
A HN™
NaBH,
)l\ ; (eq. 16)
AT CEH EtOH, RT ATy CFH
25 30

(Ar!, Ar? = aryl groups)

Scheme 3 Synthesis of difluoromethylated compounds by using
Me;SiCF; reagent.

difluoromethylated to give difluoromethylsilanes 35 in practically
useful yields (eqn (18)).** Thereafter, PhSO,CF,H reagent was
extensively used as a robust “CF,H™” synthetic equivalent
using a two-step strategy—nucleophilic (phenylsulfonyl)-
difluoromethylation and reductive desulfonylation.’” This
two-step nucleophilic difluoromethylation method has been
efficiently applied in a wide range of substrates, such as
primary alkyl halides,*! aldehydes, ketones and esters,** *>103
imines,*® cyclic sulfates and sulfamidates®' (eqn (19)—(23)).
The major advantages of using PhSO,CF,H as a nucleophilic
difluoromethylation reagent lie in three aspects: (a)
PhSO,CF,H can be conveniently prepared via several different
methods;***"* (b) the PhSO,CF,~ anion possesses enhanced
thermal stability as well as good nucleophilicity towards many
electrophiles;**“* (c) the phenylsulfonyl group can be readily
removed (commonly by reductive desulfonylation) after
desired transformations.?’*3” It is remarkable that the in situ
generated PhSO,CF,™ anion (from PhSO,CF,H and a strong
base) can efficiently react with enolizable carbonyl compounds
and aza-enolizable imines to give corresponding products in
high yields (eqn (20) and (21)).***“ Highly diastereoselective
difluoromethylation has also been achieved in the reaction of
N-tert-butylsulfinyl imines with PhSO,CF,H, which enables a
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facile entry into the biologically important chiral difluoro-
methyl amines.*® We also attempted the chiral quaternary
ammonium  salt-catalyzed enantioselective nucleophilic
difluoromethylation of aromatic aldehydes with PhSO,CF,H
reagent, but only moderate enantioselectivity was achieved
(eqn (24)).%°

Under the promotion of tetrakis(dimethylamino)ethylene
(TDAE), bromodifluoromethyl phenyl sulfone (PhSO,CF,Br)
also acts as a nucleophilic difluoromethylation reagent
(eqn (25)).>! However, the difluoromethylation power of
PhSO,CF,Br/TDAE reagent is relatively weaker than
PhSO,CF,H/base reagent, as evidenced by the fact that the
former reagent was unable to efficiently react with ketones.>!

2.1.4 Using diethyl difluoromethylphosphonate. Similar to
difluoromethyl phenyl sulfone (PhSO,CF,H), diethyl difluoro-
methylphosphonate [HCF,PO(OEt),] is also a useful nucleo-
philic difluoromethylation reagent. In 1996, Piettre et al.
reported a three-step synthesis of difluoromethyl ketones 50
from simple aldehydes, via (diethoxyphosphoryl)difluoro-
methylation—oxidation—dephosphonylation strategy (eqn (26)).>
More recently, the nucleophilic difluoromethylation with
HCF,PO(OEt), reagent was successfully extended to prepare

difluoromethyl carbinols (eqn (27)).%*

2.1.5 Using functionalized difluoromethylsilanes. Since
difluoromethylsilanes (such as Me;SiCF,H) are not effective
in difluoromethylation with ketones and enolizable aldehydes
(see section 2.1.2), several functionalized difluoromethylsilanes
have been developed to solve this problem.?’ In 1997,
Prakash er al. reported the nucleophilic difluoro-
methylation of aldehydes with bis(trimethyl)difluoromethane
(Me;SiCF,SiMes, 51).>* Compared with Me;SiCF5, reagent
51 displays rather sluggish reactivity toward carbonyl
compounds in THF, and the addition of polar solvents
such as NMP and DME accelerates the reaction (Scheme 7).
However, although reagent 51 can difluoromethylate aldehydes
(both non-enolizable and enolizable) in the presence of a
catalytic amount of TBAF (tetrabutylammonium fluoride),
it can not effectively difluoromethylate most ketones.>*

In 2005, [difluoro(phenylthio)methyl]trimethylsilane
(MesSiCF,SPh, 52) was reported as an efficient difluoromethyl-
ation reagent (Scheme 8).>° The advantages of using reagent
52 in nucleophilic difluoromethylation involve: (a) similar to
Me;SiCFj3, reagent 52 exhibits high reactivity at low temperature,
and it is amenable to enolizable aldehydes and ketones; (b) the
F>C—SPh bond can be homolytically cleaved under free radical
reaction conditions; (¢) reagent 52 can be readily prepared
from PhSCF,Br, Mg and Me;SiCl in DMF via a Barbier-
coupling process.*® Reagent 52 was successfully applied in the
stereoselective synthesis of chiral a-difluoromethyl amine 56
(eqn (30)).>° It has been used in the Lewis acid-catalyzed
nucleophilic difluoromethylation of aldehydes. Moreover,
reagent 52 was applied in the difluoromethylation of other
substrates such as disulfides,>” esters,> imines,>® primary alkyl
halides,” o- and y-ketoesters,58 and cyclic imides,®° among
others.

Inspired by excellent difluoromethylating power of
PhSO,CF,H reagent, we developed PhSO,CF,SiMe; (57) as

CHO CF,S0,Ph CFzH
PhSOZCFzH NaOH Na EtOH
(eq. 17)
NaOH/HZOICHZCIz T
Aliquat 336, RT 49%
80%

CH,
31 33
o_ 0
N/ M
Pi-id + RSICl ————> RySi—CF,H + PhSSPh (eq. 18)
Ph” “CF,H DMF
34 35
R = Me (35a), Yield = 76%;
R = Et (35b); Yield = 51%.
__ (1)PhSOCF,H, base
R X R™CFH (eq. 19)
2) Na(H
=ty @ NatHo
36 37
o (1) PhSO,CF,H, base ~ HO_ CFaH . 20
eq.
1 2 1 2
RTR® (2)Na(Hg) ROOR
38 39
° (1) PhSO,CF,H, base § M
PN (eq. 21)

S = SN
By~ >N R (2) Na(Hg) B NTOR
40 41

0.0
Ng” (1) PhSO,CF,H, base

OH
ON .22)
Qo O )v (eq
) Ha0" R CF,H

(3) Mg, HOAc, NaOAc

R a2 3
0.0
D¢ (1) PhSO,CF,H, base NHBn
7N =
BnN o] z CEM (eq. 23)
;_/ (2) H30* RN T2
R (3) Mg, HOAc, NaOAc
44 45
46 (10 mol%) OH
Q KOH (4 equiv.) o026
+ PhSO,CFH eq.
Ar H Z¥"2" PhCHs, -40°C~RT Ar” » “CF,SOPh
47

58-95% yield
up to 64% ee

Scheme 4 Nucleophilic difluoromethylation with PhSO,CF,H reagent.

o (1) TDAE, DMF OH
! 0
)J\ + PhSO,CF,Br 30°Cto RT /)\ (eq. 25)

48

Scheme 5 Nucleophilic difluoromethylation with PhSO,CF,Br reagent.

an alternative nucleophilic difluoromethylation reagent
Scheme 9).°! The reactivity of 57 is similar to that of
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o (1) HOF,PO(OEY), o
)J\ LDA )J\
R~ “H R” “CF,PO(OEY),
(2)[0]
49
0
NaOH, MeOH
R” “CF,H (eq. 26)
2 RT
50
(1) LDA, THF HO_ GF,H
HCF,PO(OE), 5 R1><R2 (eq. 27)
@ R1JLR2 (38) %

(3) NaOMe, MeOH

Scheme 6 Nucleophilic difluoromethylation with HCF,PO(OEt),
reagent.

(1) Me3SiCF,SiMe; (51)

DME or NMP OH
TBAF (10 mol%), RT 0. 28)
17 g2 R'7) “CFoH €
ROR omor R?
38 39
| R' R2 39 Yield (%)
Ph H 75
PhCH,CH, H 66
n-CsH13 H 55
Ph Ph 40

Scheme 7 Nucleophilic difluoromethylation with Me;SiCF,SiMe;
reagent.

o (1) Me;SICF,SPh (52), THF OH
TBAF (10 mol%), 0°CtoRT
1 2 R'7/ CF,SPh
R "R (2) TBAF-H,0 or Hs0* Rz 2
38 72-91% 53
OH
BuzSnH, AIBN (eq.29)
1 eq.
RRZ CFH toluene, reflux
39
(') H (1) MesSICF,SPh (52), TBAT 9 CF,SPh
DMF, 40 to 20 °C :
S_ = . S. ~
Bu” \N)\Ar tBu” H/\Ar
54
55
N
NH3 or (1) BuzgSnH, AIBN (eq. 30)
HF,C Ar (2) HCI, dioxane, MeOH
56

(Ar = 2-naphthyl)

Scheme 8 Nucleophilic difluoromethylation with Me;SiCF,SPh
reagent.

PhSO,CF,H, except that reagent 57 reacts more effectively
with base-sensitive substrates such as enolizable aldehydes.**®!
It should be noted that the phenylsulfonyl group can be

o (1) Me3SiCF,SO,Ph (57), THF OH
"F~" (5 mol%), —78 °C to RT ]
RI” R R R2 CF,S0,Ph
(2) TBAF-H,0 or H;0*
38 50-93% 58
OH
Mg, HOAc, NaOAc (eq. 31)
1 eq.

Rige CFH DMF, RT

39

Scheme 9 Nucleophilic difluoromethylation with Me;SiCF,SO,Ph
reagent.

readily removed by using Mg-HOAc-NaOAc reagent, which
is a good replacement of conventional Na(Hg) reagent
(eqn (31)).%!

Similarly, [difluoro(phenylseleno)methyl]trimethylsilane
(59) has also been developed as a nucleophilic difluoromethyl-
ation reagent (Scheme 10).°%%® Although reagent 59 reacts
with aldehydes (both non-enolizable and enolizable) with good
yields, its reactions with ketones are generally less effective.*6%63
This indicates that the reactivity of Me;SiCF,SePh (59)
towards carbonyl compounds is lower than those of
MesSiCF,SPh (52) and MesSiCF,SO,Ph (57). However, the
homolytic F>,C-Se cleavage of compounds 60 (eqn (32)) is
easier than corresponding F,C-S cleavage of compounds 53
(eqn (29)).

The silylated analog of diethyl difluoromethylphosphonate,
diethyl difluoro(trimethylsilyl)methylphosphonate (61) is also
well-recognized in nucleophilic (diethoxyphosphoryl)difluoro-
methylation reactions, but its use in the preparation of
CF,H-containing compounds is less known.>3%*

2.2 Electrophilic difluoromethylation

2.2.1 Using difluorocarbene reagents. The most widely used
method for the incorporation of a CF,H group into nucleo-
philes (such as oxygen-, nitrogen-, sulfur-, phosphorus-, and
carbon-nucleophiles) is the reaction of the corresponding
nucleophile with a proper difluorocarbene reagent
(eqn (33))).5 11:95:6 Chlorodifluoromethane (CHCIF,, also

difluorocarbene
precursor/reagent

|

[:CFy] "
N —————+ Nu-CFy —— > Nu-CF,H (eq.33)

o (1) Me3SiCF,SePh (59), THF OH
TBAF, RT R14\CF SePh
1 2 2 29€
R R (2) TBAF-H,0 R
38 37-91% 60
OH
/)\ BusSnH, AIBN (4. 32)
1 eq.
R R2 CFH toluene, 100 °C
39

Scheme 10 Nucleophilic difluoromethylation with Me;SiCF,SePh
reagent.
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OH OCF,H
CHCIF, (excess), NaOH (H,0)

(eq. 34)5%2
dioxane, 70 °C
62 65% 63
SH SCF,H
CHCIF, (excess), NaOH (eq. 35)5%

TCB, TDA-1, 90 °C

0,
64 85% 65

(TCB = 1,2,4-trichlorobenzene; TDA-1 = tris(3,6-dioxaheptyl)amine)

CioHar CHCIF; (excess) CioHpy  CI”
\ 50% aq. NaOH + 86
Me—N Me—N—CF,H  (eq. 36)
g’ THF,NaCl0°Cto5°C et
95%
66 67
HF,C
H?(COOEt)z CHCIF, (ELN)P=NMe \|C(C00'5t)2 (eq. 375

NHCOCH;  CH,Cly, —40 °C to RT NHCOCH;
68 69% 69

Scheme 11 Difluoromethylation with CHCIF,.

called Freon R-22) is probably the most frequently used
difluorocarbene reagent for this purpose (Scheme 11).47:6770
It should be noted that although difluoromethylation of
phenols with CHCIF, can be readily achieved (eqn (34)),%%
the corresponding difluoromethylation of normal aliphatic
alcohols is often difficult. However, aliphatic alcohols
with high O-H acidity can be difluoromethylated to give
corresponding difluoromethyl ethers.® Furthermore, difluoro-
methylation of C-nucleophiles are generally more difficult than
O-, N- and S-nucleophiles, and it has been found that the C-H
acidity of the C-nucleophile plays an important role in the
C-difluoromethylations (eqn (37)).5%¢¢70

Chlorodifluoroacetic acid derivatives, such as CICF,COONa
and CICF,COOMe, are also useful difluorocarbene reagents
for O- and N-difluoromethylations.”® For instance, sodium
chlorodifluoroacetate can efficiently  difluoromethylate
N-(5-bromopyridin-2-yl)acetamide (70) to give N-difluoromethyl-
5-bromo-2-pyridone (72) in 85% yield (eqn (38)).”%
Other difluorocarbene reagents such as FSO,CF,COOH,”!
CBrze/Zn,72 and BrCF,COOEt/K,CO;’% can also be used
for the transformation from 70 to 72, but with relatively lower
yield.”% CF,Br,/Zn/HMPT [HMPT = (Me,N);P] has
been used to convert carbonyl compounds (such as 73) to
1,1-difluoroolefines (such as 74), and the latter can be further
hydrogenated to give the difluoromethyl compound (such as
75, eqn (39)).7

Diastereoselective difluoromethylation of lithium enolates
derived from N-acyloxazolidinones (such as 76) with CHBrF,
has been successfully achieved (eqn (40)), and a difluorocarbene-
involved reaction mechanism was proposed.’

Difluorocarbene species can be generated by pyrolysis of
hexafluoropropene oxide (HFPO), by which some fluorinated
alcohols were difluoromethylated to give the ether products in
low yield (e.g., CF3;CF,CH,OCF,H, 45%; CF;CH,OCF,H,
41%; (CF5),CHOCF,H, trace).”” Other difluorocarbene or

carbenoid reagents, such as Zn(CF3)Br, Cd(CFj),,
Bi(CF3)3/AlCl;, (CH;3)3SnCF3/BX3, have also been used in
N-difluoromethylations.”®””  Another excellent difluoro-
carbene reagent, trimethylsilyl fluorosulfonyldifluoroacetate
(TFDA), has been frequently used to react with alkenes
(or alkynes) to form gem-difluorocyclopropanes (or gem-
difluorocyclopropenes).”*** However, TFDA reagent was
rarely used to facilitate difluoromethylations, that is, the CF,H-
transferring reactions (eqn (41) and (42)).”3¢¢ The formation
of N-difluoromethylthiourea 81 from N-benzylimidazole 80
and TFDA is interesting, and this unusual conversion was
believed to proceed via a one-pot multi-step tandem reaction
process.”®? Difluorodiazirine is also a difluorocarbene reagent
for difluoromethylations, but it is less commonly used.”

Recently, we reported the non-ODS-based (ODS = ozone
depleting substance) preparation of 2-chloro-2,2-difluoroaceto-
phenone (PhCOCF,CI® and chlorodifluoromethyl phenyl
sulfone (PhSO,CF,Cl),3! and their use as efficient difluoro-
carbene reagents in O- and N-difluoromethylations (eqn (43)
and (44)). Thereafter, Zafrani et al. reported the use of diethyl
bromodifluoromethylphosphonate [BrCF,PO(OEt),] as an
efficient difluorocarbene precursor for O- and S-difluoro-
methylations (eqn (45)).* More recently, we found that
N-tolsyl-S-difluoromethyl-S-phenylsulfoximine (88) can act
as a novel electrophilic difluoromethylation reagent for
S-, N-, and C-nucleophiles (Scheme 13).8? Although the
chemistry appears to be Sn2-type difluoromethylation, a
mechanistic study showed that the reaction proceeded via a
difluorocarbene intermediate.®

2.2.2 Using S-difluoromethylsulfonium salt reagents. In
2007, Prakash et al. reported the use of S-(difluoromethyl)-
diarylsulfonium tetrafluoroborate (91) as the first electrophilic
reagent for the direct introduction of a “CF,H™” building
block.®* Reagent 91 was found to be efficient in difluoro-
methylation of sodium or potassium sulfonates, tertiary
amines, imidazole derivatives, and phosphines (Scheme 14).
The reactions are usually performed in dry acetonitrile at
room temperature. However, reagent 91 failed to transfer
the difluoromethyl group to phenols, carbon nucleophiles,
and primary and secondary amines.®® Similarly, the solid-
phase bound electrophilic difluoromethylation reagent derived
from 91 have also been developed, which enables the target
and/or diversity oriented manual or automated library synthesis.3*

2.2.3 Using iodine(im)—CF,SO,Ph reagents. Inspired by
Togni’s electrophilic trifluoromethylation reagent,'”%* we
developed a hypervalent iodine(11)—-CF,SO,Ph compound 97
as an electrophilic difluoromethylation reagent.®® Reagent 97
can effectively transfer the (phenylsulfonyl)difiuoromethyl
group to a variety of S-nucleophiles under very mild reaction
conditions (eqn (53)). Upon reductive desulfonylation, the
(phenylsulfonyl)difluoromethylated products can be converted
to CF,H-containing compounds (eqn (54)).%

2.3 Free radical difluoromethylation

2.3.1 Using CHF,I reagent. In 1994, Chen et al. reported
an efficient preparation of iododifluoromethane (CHF,I), and
the use of CHF-I as a free radical difluoromethylation reagent

This journal is © The Royal Society of Chemistry 2009
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Ph th
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N DME, 105 °C N,
63% CFH
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(TFDA = FSO,CF,COOSiMe3)
OH
PhCOCF;CI (5 equiv.) OCFH
F F K,CO3, CHaCN, H,0  F: -t
- ‘ (eq. 43)
80°C,4h _
COOMe 60% COOMe
82 83

H PhSO,CF,Cl (2.3 equiv) [CFH

N> aq. NaOH N>
N CHLCN, H,0, 50°C oo

86%

84 85
SH SCF,H
BrCF,PO(OEt), (2 equiv)
ag. NaOH
(eq. 45)
CH3CN, H,0, -78 °C to RT
96%

CHs ° CHs
86 87

Scheme 12 Difluoromethylations with different difluorocarbene
reagents.

for alkenes and alkynes (Scheme 16).*’ It was found that when
sodium dithionate (Na,S,04) was used as a free radical
initiator, a variety of difluoromethylated products 96 and 97

R ..

Na S (ea.49)
DMF, 60 °C N

\
2% g9 CF.H
SCFH
Oy NTs
N7
S PhSNa, DMF, 60 °C
CFH (eq. 47)
94%
Ph—C=CLi Ph—==—CFH (eq.48)
p— eq.
-78°Cto0°C I Ve .
87% 20
Scheme 13 Difluoromethylations with reagent 88.
_ o0
RS0O,0- M* N\”
e W R)s(O/CFzH (€q. 49)
92
PR . -
GFH L . RyP—CFH BF, (e9.50)
S
©/+ H 93
. HF:CL AN
i imidazole SNTNN CF,H (eq. 51)
BFs BF, ‘—
R'. _R? 94
91 N R
R® 2 N
S R*=N—CF>H (eq. 52)
R3 BF,

95

Scheme 14 Electrophilic difluoromethylations with reagent 91.

were formed in high yields from alkenes and alkynes under
very mild conditions (eqn (55) and (56)).%”

2.3.2 Using CF,Br, or CF,BrCl reagent. Free radical
difluoromethylation of alkenes can also be achieved via a
two-step method, that is, CuCl-initiated radical addition with
dibromodifluoromethane (CF,Br,) followed by reduction with
sodium borohydride (eqn (57)).®¥ Under the initiation of
Na,S,0,, free radical difluoromethylation of glucal 101 with
CF,Br; gives the product 104 through a three-step procedure
(eqn (58)).% Similarly, difluoromethylated sugar compound
104 can be prepared by free radical difluoromethylation
with bromochlorodifluoromethane (CF,BrCl) through a
radical chlorodifluoromethylation—hydrodechlorination method
(eqn (59)).2%°!

2.3.3 Using PhSO,CF,I reagent. Since the (phenylsulfonyl)-

difluoro

/S\

R H

96

methyl group can be readily converted to a
PhSO,CF,—|——0
-78°C, CH,Cl, S..
+ —  + R7TCF,S0.,Ph (eq.53)
68-87%
97 98

SCF2S0:Ph ey, NaHPOL SCRH
—_— .54
CHa0H, —18 °C (ea.54)

99

0,
80% 100

Scheme 15 Electrophilic difluoromethylations with reagent 97.
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R'CH=CHR?
RA\/CFZH (eq. 55)
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G NayS,04-NaHCO3 96 (50-86% yield)
2l MeCN-H,0, RT
|
Raj\ﬁCFZH (eq. 56)
R3C=CH

97 (60-64% yield)

Scheme 16 Free radical difluoromethylations with CHF,I.

difluoromethyl group by reductive desulfonylation (see
section 2.1.3), free radical (phenylsulfonyl)difluoromethyl-
ation of alkenes with iododifluoromethyl phenyl sulfone
(PhSO,CFI) has been developed (eqn (60)).°> Compound
PhSO,CF,I can be readily prepared from PhSO,CF,H and
L, in the presence of tBuOK in 92-95% isolated yields.*' The
unique feature of free radical (phenylsulfonyl)difluoromethyl-
ation with PhSO,CF,I is that normal radical initiators such as
Cu®, Pd(PPhs),, and Na,S,0, are not suitable for the reaction,
and Et;B/air is an efficient initiating system at —30 °C.%% As
shown in Scheme 18, the free radical (phenylsulfonyl)difluoro-
methylation of terminal alkenes 108 gives the PhSO,CF,-
containing alkanes 109 in 57-78% yields, and the latter

Br

CF,Br, NaBH,
R'CH=CHR? ——— CFBr ———> g CFH - (eq 57)
cuCl  R!
R? R
98 99 100
AcO AcO
o CF4Bry o)
Na,5,0,, NaHCO;
OAc P OAc
CHACN, Hy0
OAC :C 2 OAc Br
0°C to RT
101 102 CF,Br
MeOH
Ag,CO; | RT (eq. 58)
AcO AcO
0. OMe 0
BusSNH, AIBN OMe
OAc OAc
0,
Ohc toluene;,ﬁ/o—so C OAS
b
CFoH CFoBr
104 103
45%, two steps
5 CF,BrCl
0 Na,S,04, NaHCO, Q
AcOr AcOr CF,ClI
/ CH4CN, H,0 \
AcO  OAc AcO  OAc
105 106
= (eq. 59)
0 BusSnH, AIBN ‘
AcOn CF,H
\ toluene, reflux
AcO  OAc

107

Scheme 17 Free radical difluoromethylations with CF,Br, and
CF,BrCl.

(1) EtsB, air, —30 °C
CH,CI
PhSO,CFl + R 22
(2) Bu;SnH
108 57-78%

R
e i

109

l Na(Hg) (eq. 60)

R
HE,C™
110
__ _  EtBair-30°C |
PhSO,CFl + =R PhSOZCFz/Y
CH,Cl R
1 112

ATB(OH)z\ Pd? (cat.)

Ar Ar
HFZC/\( PhSOZCFA( (eq. 61)
R CHACN, H,0 R

114 113
Scheme 18 Free radical difluoromethylations with PhSO,CF,l.

Mg, HOAc, NaOAc

compounds can be further transformed to CF,H-containing
products 110.*' Furthermore, free radical (phenylsulfonyl)-
difluoromethylation of terminal alkynes with PhSO,CF,I
gives PhSO,CF,-containing iodoalkenes 112, and compounds
112 can undergo Suzuki-coupling and reductive desulfonyl-
ation to give difluoromethylated alkenes 114 (eqn (61)).”
Similarly, free radical difluoroalkylations with PhSCF,Br,”*
PhSCF,1,”* and PhSeCF,P(0)(OEt),>* are also potentially
useful methods for the preparation of difluoromethylated
compounds.

3. Selective monofluoromethylation
3.1 Nucleophilic monofluoromethylation

3.1.1 Using fluoromalonates. It has been known that
fluoromethyllithium (FCH,Li) and fluoromethyl Grignard
reagent (FCH,MgX) are highly unstable species, nucleophilic
monofluoromethylation with these organometallic reagents
has become a challenge.95 Therefore, other functionalized
fluoromethyl anions have been used as nucleophilic mono-
fluoromethylation reagents. The nucleophilic addition of the
carbanion of diethyl (or methyl) 2-fluoromalonate to various
electrophiles have been known since the 1960s.°® However,
these reactions were rarely used to prepare CH,F-containing
products, since the removal of two carboxylate groups via
decarboxylation was found to be difficult (eqn (62)).”” Palmer
has disclosed that magnesium benzyl fluoromalonate (119)
was able to react with a variety of carboxylic acids (including
amino acids and peptides) to give corresponding B-keto-o-
fluoroesters (such as 120), which were then converted to
o-fluoromethyl ketones (such as 121) in good yields via
decarboxylation using hydrogenation (eqn (63)).”® Although
Palmer’s method seems like an attractive procedure
for nucleophilic monofluoromethylation, it has a major
drawback—the large-scale preparation of reagent 119 is rather
difficult.”>*® More recently, catalytic enantioselective nucleo-
philic addition of fluoromalonates to various substrates has
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Scheme 19  Nucleophilic monofluoromethylations with fluoromalonates.

been intensively studied, but none of them was used to prepare
enantiomerically enriched CH,F-containing compounds.”

3.1.2 Using fluoromethyl phenyl sulfone. In 2006, we
reported the first stereoselective nucleophilic monofluoro-
methylation with fluoromethyl phenyl sulfone (PhSO,CH,F).?*
It turned out that the reaction between homochiral
N-tert-butylsulfinyl aldimines and PhSO,CH,F in the presence
of a base (LIHMDS) readily gave (phenylsulfonyl)fluoro-
methylated products, which could be converted to monofluoro-
methylated chiral amines (via removal of both phenylsulfonyl
and tert-butylsulfinyl groups) in good yields and with excellent
optical purity (eqn (64) and (65)).%* The cyclic chiral fluoro-
methyl amine 125 has been recently applied in the study of the
fluorine-iminium gauche effect.'® We also found that the
PhSO,CHF™ anion derived from PhSO,CH,F was able to
undergo nucleophilic reaction with simple epoxides, while the
analogous difluoromethylated anion PhSO,CF,™ failed to
react with epoxides.101 The PhSO,CH,F reagent was also
successfully used by us in the stereoselective synthesis of
monofluoromethylated vicinal ethylenediamine 130 (eqn (66)),**”
as well as in the nucleophilic monofluoromethylation of
o,B-unsaturated ketones.*> Recently, we achieved the highly
stereoselective monofluoromethylation of N-tert-butylsulfinyl
ketimines by using the pregenerated PhSO,CHF~ anion
(eqn (68))."% When the PhSO,CHF~ anion was generated
in situ in the presence of ketimine 131, the chemical yield
was much lower (eqn (67)).!° Another interesting feature
of this chemistry is that the stereocontrol mode of the

NH, «HCI

o H
1 PN
tBu/S\N/)\Ph Ph™ “CH,F  (eq.64)
123
122 a) PhSO,CHoF, LHMDS, THF | Jield
b) Na(Hg), Na;HPO,, MeOH 98% ee
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<|J H CH,F
N OTs "+ - (eq.65)
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O H
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131 32% yield 132
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(2)131,-78°C, 2 h tBu ” CFHSO,Ph
90% yield, 95:5 dr 132
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M A

Ph H CH,F (2) HCI (dioxane), MeOH

(3) PhCOCI, EtN, K,CO;

133 72% yield, 98.6% ee

Scheme 20 Nucleophilic monofluoromethylations with PhSO,CH,F.

diastereoselective monofluoromethylation of ketimines is
opposite to the other known fluoroalkylation of N-tert-
butylsulfinyl aldimines, which suggests that a cyclic six-
membered transition state is involved in the reaction.'*

3.1.3 Using fluorobis(phenylsulfonyl)methane. In 2006,
fluorobis(phenylsulfonyl)methane (FBSM) was independently
reported by Shibata er al.>** and us'®! as a new nucleophilic
monofluoromethylation reagent. FBSM is commonly pre-
pared by electrophilic fluorination of bis(phenylsulfonyl)-
methane, and recently, we developed a new preparation of
FBSM by nucleophilic (phenylsulfonyl)fluoromethylation of
methyl phenylsulfinate with PhSO,CH,F reagent, followed by
oxidiation.'®® Owing to the two electron-withdrawing phenyl-
sulfonyl groups, the bis(phenylsulfonyl)fluoromethyl anion
[(PhSO,),CF ] derived from FBSM possesses good thermal
stability as well as good nucleophilicity towards many electro-
philes. The unique X-ray single crystal structure of the
(PhS0O,),CF™~ anion was recently obtained and depicted by
computational study.'® We found that FBSM was able
to undergo addition reactions with simple epoxides and
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Scheme 22 Nucleophilic monofluoromethylation via fluorinated
olefins.

aziridines,'®! 1,4-conjugate additions to o,p-enones and
alkynyl ketones,* and additions to benzynes* (eqn (69)).
More importantly, FBSM has been frequently applied in the
catalytic enantioselective nucleophilic monofluoromethylation
reactions. Shibata et al. applied FBSM in the palladium-
catalyzed enantioselective allylic monofluoromethylation with
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Scheme 23  Electrophilic monofluoromethylations.
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Scheme 24 Free radical fluorobis(phenylsulfonyl)methylation.

91-97% ee values (eqn (70)).>** They also achieved highly
enantioselective monofluoromethylation of in situ generated
imines (eqn (71))'% and o, B-unsaturated ketones (eqn (72)).2*
Prakash er al. reported a stereospecific monofluoromethyl-
ation of alcohols with FBSM by using the Mitsunobu reaction
condition (eqn (73)),'% and they also developed 1,4-addition
of FBSM to o,p-unsaturated compounds.'®” More recently,
nucleophilic monofluoromethylation of alkyl halides with
FBSM has been reported.'® Furthermore, Kim et al.
reported an enantioselective conjugate addition of FBSM to
o,B-unsaturated ketones catalyzed by chiral bifunctional
organocatalysts.'” Wang et al. disclosed the catalytic
enantioselective conjugate addition of FBSM to enals using
iminium catalysis.''°
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3.1.4 Using fluoroolefins. Although it is less known,
nucleophilic monofluoro-methylation can be achieved through
fluoromethylenation of a carbonyl compound, followed by
further transformations. The construction of fluoroolefins
from carbonyl compounds usually applies reagents such
as l-fluoro-1-phenylsulfonylmethanephosphonate  (147),'!!
o-fluoromethyl- N-methyl-phenylsulfoximine (148),''? or fluoro-
methyl phosphonium salt (149).'"* For instance, reagent 147
reacts with formaldehyde to give fluorinated alkene 150, which
acts as a Michael acceptor to react with 151 giving product 152
in 86% yield (eqn (74)). After reductive desulfonylation,
compound 152 can be converted to fluoromethylated product
153 (eqn (74))."'! Fluoromethyl phosphonium salt 149 can act
as a precursor of fluorinated ylide to react with a carbonyl
compound 152, and the intermediate fluoroolefin compound
readily isomerizes (under acidic condition) to give fluoro-
methylated product 155 (eqn (75)).!"3

3.2 Electrophilic monofluoromethylation

The number of known electrophilic monofluoromethylation
methods is relatively small. In 1953, Olah and Pavlath reported
the first example of electrophilic monofluoromethylation—the
acid-catalyzed monofluoromethylation of benzene and other
arenes with fluoromethanol (eqn (76)).''* During the following
32 years, electrophilic monofluoromethylation was almost
neglected, with the only example during this period being the
synthesis of fluoromethylated androstane analogues using
fluoroiodomethane (CH,FI).'"® Since 1985, electrophilic
monofluoromethylation of oxygen-, sulfur-, nitrogen-, and
carbon-nucleophiles have been reported, by use of CH,FI,
CH,FBr, and CH,FOSO;R (R = CF3, CH3, tolyl) as mono-
fluoromethylation reagents.!'® These methods are mostly used
for ['®F]-labeled applications. In 2007, we systematically
studied the monofluoromethylation of oxygen-, sulfur-, and
nitrogen-nucleophiles by  using  chlorofluoromethane
(eqn (77)—(79)).1'® 1t should be noted that, since the reaction
is not sensitive to radical scavengers such as nitrobenzene, the
reaction is likely to proceed through an SN2 mechanism.
Although chlorofluoromethane is a powerful monofluoro-
methylation reagent for many O-, S-, and N-nucleophiles, its
reaction with most carbon-nucleophiles was found to be
unsuccessful.!'® In 2008, Prakash er al. reported the synthesis
of S-(monofluoromethyl)diarylsulfonium tetrafluoroborate
160 and its use as a new electrophilic monofluoromethylation
reagent.”> Reagent 160 was shown to be effective for the
introduction of an electrophilic monofluoromethyl group into
C-, §-, O-, N-, and P-nucleophiles (eqn (80)—(84)), and it was
also used in the synthesis of various biologically important
compounds.?’

3.3 Free radical monofluoromethylation

Unlike free radical trifluoromethylation and difluoromethylation,
synthetic free radical monofluoromethylation is almost
unknown. Although Raymond and Andrews successfully
characterized the fluoromethyl radical (FCH,®) by matrix
reaction of bromofluoromethane with alkali metals,''’ its
application in synthetic chemistry has not been reported.
In 2008, Prakash presented a Et;B/air-initiated free radical

fluorobis(phenylsulfonyl)methylation of terminal alkenes
with fluoroiodobis(phenylsulfonyl)methane 161 (eqn (85)).!'
However, the obtained product 162 was not further converted
to monofluoromethyl compounds. Instead, the authors treated
162 with a base (such as DBU) and obtained fluorobis-
(phenylsulfonyl)methylated alkenes.''

Conclusions and future directions

The practical importance of introduction of difluoromethyl
and monofluoromethyl groups into organic molecules has
stimulated the systematic development of various di- and
monofluoromethylation methods, and a variety of nucleophilic,
electrophilic, and free radical di- and monofluoromethylation
reagents and reactions have been developed. Compared to
nucleophilic di- and monofluoromethylations, both electro-
philic and free radical di- and monofluoromethylations are less
explored. In particular, free radical monofluoromethylation
has been almost unknown. Although enantioselective nucleo-
philic monofluoromethylation has been recently accomplished,
the enantioselective difluoromethylation needs further
improvement. Transition metal-catalyzed (or mediated)
di- and monofluoromethylation have rarely been known.
More efforts should be focused on the development of more
atom-efficient methods, that is, the direct transfer of CF,H
and CH,F moieties into organic molecules rather than using the
auxiliary-group approaches. Another important direction in
this field is the use of more environmentally friendly chemicals,
such as non-ODS-based reagents or starting materials. All
these issues are expected to be answered in future studies.
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