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Abstract: Selective incorporation of fluorine atoms or fluorine-
containing moieties into organic molecules has become a routine
and powerful strategy in drug design and new functional-material
development. Nucleophilic fluoroalkylation, typically involving the
transfer of a fluorinated carbanion or carbanion equivalent to an
electrophile, is one of the most important and frequently used meth-
ods to synthesize fluorinated organic molecules. In this Account, we
introduce some recent achievements in the field of nucleophilic di-
and monofluoroalkylation chemistry with functionalized fluoro-
alkylation reagents. In particular, the effect of fluorine substitution
on the reactivity of carbanions is discussed, and several strategies
for improving nucleophilic fluoroalkylations are proposed and suc-
cessfully applied in various new nucleophilic fluoroalkylation reac-
tions. It was found that attaching a removable activation group
(such as the phenylsulfonyl group) to a fluorinated carbanion is an
important approach to improve the latter’s reactivity.
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1 Introduction

Fluorine, characterized by its small size and high elec-
tronegativity, can impart fabulous chemical and biologi-
cal properties to an organic molecule, including the
stability, high lipophilicity, and bioavailability that can fa-
vorably change in vivo drug transport and absorption
rates.! As a small atom with a big ego, fluorine has be-
come an ubiquitous element in pharmaceutical-, agro-
chemical- and material-related applications.!* Although
there are only very few (around 13) organofluorine com-
pounds among nearly 3200 known naturally occurring or-
ganohalogen compounds,’ till 2010 about 55% of the
approximate 7.2 million man-made organohalogen com-
pounds contain at least one carbon—fluorine bond.*
Among all these documented fluorinated structures, many
of them can be constructed from simple fluorine-contain-
ing starting materials in virtue of the building-block meth-
odology. However, fluorination and fluoroalkylation, as
the two major synthetic methods to prepare selectively
fluorinated organic compounds, will prevail over the
former when the desired fluorinated molecules are com-
plex and the incorporation of the fluorine or fluoroalkyl
groups must occur at a late stage of their synthesis.

In the field of fluoroalkylation chemistry, although both
free-radical fluoroalkylation and electrophilic fluoroalky-
lation are well known, nucleophilic fluoroalkylation pos-
sesses a number of advantages and thus has become one
of the most important methods for incorporation of fluor-
inated moieties into organic molecules.’ Nucleophilic
fluoroalkylation typically features the transfer of a fluoro-
alkyl group to an electrophile, in which either a free a-flu-
oro carbanion, an equivalent of a-fluoro carbanion (i.e., a
species that has similar reactivity character to an a-fluoro
carbanion, such as pentacoordinate silicon species), or a
fluoroalkyl metal species (R;M) is involved. The major
known preparative methods for nucleophilic fluoroalky-
lating species include: (a) addition of nucleophiles (espe-
cially fluoride ion) to fluorinated olefins, (b)
deprotonation of hydrofluorocarbons with a proper base,
(c) metal-halogen exchange reaction (such as the reaction
between methyllithium and perfluoroalkyl iodide), (d) re-
duction of fluoroalkyl halides by metals (such as Mg, Zn,
etc.), and (e) Lewis base activated generation using orga-
nosilicon reagents.?¢%7

During the past half century, nucleophilic perfluoroalky-
lation using organometallic reagents of lithium, magne-
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sium, and zinc, among others, have been extensively
studied, but these reagents do not have attractive profiles
of reactivity, selectivity, stability, and convenience, and
do not generally apply to the trifluoromethylation case.®
Since Prakash and Olah’s first report of nucleophilic tri-
fluoromethylation of carbonyls using stable organosilicon
reagent (trifluoromethyl)trimethylsilane (TMSCF;, now
known as Ruppert—Prakash reagent) under the initiation
of a fluoride in 1989,% nucleophilic trifluoromethylation
was creatively solved and perfluoroalkyl silanes have be-
come the most widely used reagents in nucleophilic per-
fluoroalkylation.>® More recently, due to the many
findings that difluoromethyl- and monofluoromethyl-
containing compounds often exhibit unique biological
properties, there is a growing interest in developing new
synthetic methods for nucleophilic difluoromethylation
and monofluoromethylation. However, due to the lower
polarization of C—Si bond, initial results showed that nu-
cleophilic difluoromethylation with compound R;Si-
CF,H had to be conducted under harsh conditions, which
made it less likely to become a widely used difluorometh-
ylation reagent.® Similarly, the analogous R;Si—CH,F
compound is even more stable and less likely to be a via-
ble monofluoromethylation reagent.

The introduction of removable activation groups (RAG)
to fluoromethyl anions can facilitate the nucleophilic di-
fluoromethylation and monofluoromethylation reactions.
In this Account, we will introduce the recent synthetic
achievements in this field from both our laboratory and
some others. Particularly, the negative effect of the fluo-
rine substitution on the reactivity of carbanions and our
rationalization for its solution with RAG method will be
discussed.
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2 The Fluorine Effect in Nucleophilic Fluoro-
alkylation Reactions

Similar to the classification of aziridinyl anions,’ on the
basis of the nature of the substituent on the anionic or met-
al-bearing fluorinated carbon atom, the fluoroalkyl anions
can be classified as activated, when an electron-withdraw-
ing group (such as sulfonyl, sulfinyl, sulfanyl, phosphiny],
carbonyl, perfluoroalkyl, ester, cyano, nitro, etc.) is
present on the anionic carbon and unactivated in the ab-
sence of such groups. In the case of an activated fluoro-
alkyl anion, it is usually stabilized by one or two
neighboring functional groups, and the negative charge on
the anionic carbon is usually delocalized to the neighbor-
ing groups. However, for the unactivated fluoroalkyl an-
ions (such as CF;, CHF,”, CH,F, etc.), the negative
charge has to be more localized on the anionic carbon.

2.1 Unique Properties of Fluorinated Carban-
ions

For a better understanding of the fluorine effect in nucleo-
philic fluoroalkylation reactions, the unique effect of flu-
orine substitution on the carbanions (R;") can be discussed
in three aspects: (1) the acidity (the generation of the an-
ion), (2) the thermodynamic stability, and (3) the kinetic
stability (lifetime of the anion).

When we consider the formation of a fluorinated carban-
ion (Ry) by deprotonation of its conjugate acid (R{H), the
inductive effect of fluorine substitution can increase the
acidity of a hydrofluorocarbon, thus favoring the produc-
tion of the carbanion. The calculated enthalpy values'? of
C-H ionization (AH_,4, kcal/mol) in the gas phase are as
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follows: 368.9 (CF;-H) < 391.3 (CHF,-H) < 406.3
(CH,F-H) < 416.8 (CH;—H), which reveals that the pro-
duction of CF;~ by deprotonation will be much easier than
CH;.

When we consider the thermodynamic stability of a fluor-
inated carbanion itself, fluorine substitution is more effec-
tive in o-stabilization of a methyl carbanion than other
halogen atoms and hydrogen substitution itself. The cal-
culated enthalpy values by Bickelhaupt and co-workers!°
for homolytic cleavage of the C—F bonds in CH,F~ (117.0
kcal/mol) is higher than the cleavage of C—H bonds in
CH; (103.2 kcal/mol), which indicates that CH,F~ is ther-

modynamically more stable than CH;~.!°

When we consider the decomposition of a fluorinated car-
banion via a-elimination of a fluoride (kinetic aspect) in
the presence of a hard-metal cation, despite the fact that -
fluorine substitution on the carbanion has certain stabili-
zation influence through the inductive effect, the strong
repulsion between the electron lone pair on the anionic
carbon and those on fluorine atom can decrease the stabil-
ity of the carbanion.!! These fluoromethyl metal species
display carbenoid reactivity.'? The formation of carbene
and metal fluoride species will act as a substantial driving
force for its decomposition. In this regard, the kinetic sta-
bility (lifetime) of the carbanions decreases in the follow-
ing order: CH;~ > CFH,” > CF,H™ > CF;".

2.2 Factors Influencing the Reactivity of Fluori-
nated Carbanions towards the Electrophiles

Although the unique stability issue of fluorinated carban-
ions has been discussed previously,'®37:19-12 the chemical
reactivities of various fluorinated methyl anions in nu-
cleophilic fluoroalkylation reactions were not well sum-
marized. This was mainly due to the lack of systematic
study of per-, poly-, tri-, di-, and monofluoroalkylation re-
actions. As the ‘chemical chameleon’ in organic synthe-
sis, the sulfone functionality (such as PhSO,R) possesses
strong electron-withdrawing ability and is ideal for vari-
ous types of reactions: The versatile transformations of
the sulfone functionality make the subsequent intermedi-
ates suitable for the generation of a range of important
products which are otherwise difficult to obtain. In 1989,
Stahly reported the use of difluoromethyl phenyl sulfone
(PhSO,CF,H, 1) as a difluoromethylation reagent.!* The
reaction between 1 and excess amount of aldehydes in the
presence of aqueous NaOH and a phase-transfer catalyst
gave the (phenylsulfonyl)difluoromethyl carbinols in
good yields. In the subsequent research, it was found that
(phenylsulfonyl)difluoromethyl group could be intro-
duced to a series of electrophiles with 1 as the reagent and
the so-obtained (phenylsulfonyl)difluoromethyl-substi-
tuted intermediates could undergo many further transfor-
mations. >34

In 2006, during our study of nucleophilic ring-opening
fluoroalkylation of epoxides with di- and monofluoro-
(phenylsulfonyl)methyllithium, we found that a-fluorine
substitution on the carbanion dramatically decreases the
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(1) n-BuLi, THF, =78 °C ?

Nu—H )\/Nu
/Q A (2) BF4-OFty, —78 °C to ..
(sulfone reagent)

2 3

3aNu = PhSO,CFj, 0%;
3b Nu = PhSO,CCly, 70%;
3¢ Nu = PhSO,CHF, 67%;
3d Nu = PhSO,CHCI, 76%;
3e Nu = (PhS0,),CF, 91%

Scheme 1 Nucleophilic ring-opening fluoroalkylation of epoxides

carbanion’s reactivity towards epoxides (Scheme 1).'4
From the product yields, we can see that the nucleophilic-
ity of halogenated sulfone anions (Nu~) toward propylene
oxide (2) decreases in the following order: (a) for fluori-
nated anions: (PhSO,),CF- > PhSO,CHF- > PhSO,CF,;
(b) for different halogen-substituted anions: PhSO,CCl,~
> PhSO,CF,".

We described this negative (unfavorable) influence of
fluorine substitution on the reactivity of the carbanions as
‘negative fluorine effect (NFE)’.'*!> The difficulty of the
ring-opening reaction between an epoxide and a fluorinat-
ed carbanion can be attributed to (a) the unique properties
of the fluorine-bearing carbanion (R;), that is, its low
thermal stability caused by its high tendency to undergo a-
elimination of a fluoride ion (or another leaving group)
due to the strong electron repulsion between the 2s- or 2p-
electron pairs on the small fluorine atom(s) and the elec-
tron lone pair occupying the 2p-orbital (or an sp>-hybrid-
ized orbital) of the carbanionic carbon, as well as (b) its
intrinsic low nucleophilicity towards epoxides.'** The
schematic depiction of NFE is shown in Scheme 2. For
the desired nucleophilic reaction between fluorinated car-
banion 4 (R!, R?> = H, F, Alk, Ar, etc.) and electrophile E*,
two factors are involved:

Factor 1: the a-elimination reaction (with reaction rate r,)
acts as a competitive side reaction of the desired fluoro-
alkylation reaction (with r;), and the former reaction re-
duces the concentration of carbanion 4 and thus decreases
ry.

Factor 2: the intrinsic reactivity of fluorinated carbanion 4
toward electrophile E*. This can be influenced by many
factors, such as the match of the hard/soft nature between
4 and E*. For instance, the increased hardness of 4 — aris-
ing from more fluorine substitution — can result in a higher
activation barrier of the desired reaction with soft electro-
philes (such as alkyl iodides),'®!” and thus decreases the
desired reaction rate r; (we call this ‘intrinsic low nucleo-
philicity’ just to differentiate the factor 2 from factor 1).

It should be pointed out that, no matter what kind of elec-
trophile E* is applied, factor 1 (self-decomposition of car-
banion 4) should always have a negative (unfavorable)
influence on the desired nucleophilic fluoroalkylation re-
action. However, the influence of factor 2 depends on the
intrinsic reactivity of 4 toward an electrophile E*, which
is independent from factor 1. Combining factor 1 and 2 to-
gether, we can understand that there often exists a signif-
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icant but quite subtle fluorine effect in many nucleophilic
fluoroalkylation reactions involving a fluorinated carban-
ion.

a-elimination reduces the concentration of 4 and |

factor 1
I thus decreases ry (decreased nucleophilicity
:~ of 4 due to a side reaction with rate r,)
¥ T I-E """ .

i : © E* !
nega-tlve LR R‘“J\ :
fluorine ? R2 F 2 R2 F
SICSY S desired fluoroalkylation reaction:

N

intrinsic reactivity of 4 toward E* (e.g., unmatched hard/soffl
factor 2 | nature between 4 and electrophile E* results in higher

\ activation barrier of desired reaction and thus decreases ry)

Scheme 2 Schematic depiction of the ‘negative fluorine effect*

By using the 1,2- and 1,4-addition-product ratio as a probe
to determine the hard/soft nature of different carbanions
(Scheme 3), our recent studies on the nucleophilic (phe-
nylsulfonyl)methylation of a,B-enones'*!8 disclosed the
order of softness of halogenated carbanions and can be
given as follows: (PhSO,),CF- =PhSO,CCl,~ >
PhSO,CHF- > PhSO,CF,™ (= CF;").!4>18

x Y
Ph 7 Ph
A
O o, O

M N \\S// H base .
Ph Ph  Ph” \ﬁx solvent Y
Y

Ph Ph

5 6
B
X Y Yield (A + B, %) A/B
F F 97 100:0
H H 93 85:15
F H 98 42:58
cl cl 95 0:100
F SO,Ph 98 0:100

Scheme 3 1,2- and 1,4-Additions to a,B-enones with carbanions

23 Possible Strategies to Improve the Nucleo-
philic Fluoroalkylations

Based on the above discussions of factors influencing the
nucleophilic fluoroalkylation with fluorinated carbanions,
we can accordingly propose three strategies to improve
the nucleophilic fluoroalkylations as follows:

Strategy 1: to make the fluorinated carbanions thermally
more stable. This can be achieved by attaching an elec-
tron-withdrawing group (such as sulfonyl, sulfinyl, sulfa-
nyl, phosphinyl, carbonyl, perfluoroalkyl, ester, cyano,

nitro, etc.) that is able to stabilize the fluorinated carban-
ion via electron delocalization. As a result, the factor 1 in
Scheme 2 (the self-decomposition of the anion via a-elim-
ination) can be significantly diminished, and the desired
nucleophilic fluoroalkylation reaction is improved. Such
functional groups can also facilitate the formation of the
carbanions by deprotonation.

Strategy 2: to make the fluorinated carbanions ‘softer’.
Since many carbon electrophiles (such as alkyl iodides
and activated alkenes and alkynes) are ‘soft’, they favor
reacting with soft fluorinated carbanions. This strategy
can be achieved by applying ‘softening’ functional groups
such as phenylsulfonyl, carbonyl, and phenylthio groups.
Since softening groups also can stabilize the fluorinated
carbanions, in many cases strategies 1 and 2 can be ap-
plied jointly.

Strategy 3: to make the electrophiles (the substrates for
nucleophilic fluoroalkylation) more electrophilic. Since
the fluorinated carbanions are generally less nucleophilic
due to the NFE, the enhanced electrophilicity of the sub-
strates will offset the NFE and make the desired fluoro-
alkylation reaction proceed smoothly.

During the past several years, we have attempted to apply
these three strategies in understanding and design nucleo-
philic fluoroalkylation reactions with fluorinated sulfones
and related reagents. Besides the arylsulfonyl group, some
other functional groups, such as phosphinyl and ester
group, can also be removed under certain conditions, so
they are also used for this purpose. Due to the tremendous
growth in the field of asymmetric organocatalysis,' fluor-
inated carbon acids displayed impressive profiles in
asymmetric fluoroalkylations. Although negative fluorine
effect (NFE) could not be used to summarize all reactivity
aspects of fluoroalkyl anions in nucleophilic fluoroalkyla-
tion reactions, it is at least helpful to understand many nu-
cleophilic fluoroalkylation reactions. The results (as
presented in the next section) indicate that both under-
standing NFE and applying the strategies to tackle NFE
are highly beneficial to predict and design new efficient
nucleophilic fluoroalkylation reactions.

3 Nucleophilic Di- and Monofluoroalkylation
Reactions

3.1 Nucleophilic Difluoromethylation with
PhSO,CF,H and Related Reagents

Due to the low thermal stability of difluoromethyl anion,
the a-elimination of LiF from CF,HLi will be predomi-
nant.'? Given that the repulsion between the electron lone
pair occupying the p-orbital of the anionic carbon and the
electron lone pairs on the fluorine atoms is the origin of
the thermal instability of CF,H", replacing the hydrogen
atom with an electron-withdrawing substituent may di-
minish the repulsion and thus increase the thermal stabil-
ity of the carbanions. Thus, a new stabilized ‘CF,H~
synthon emerged.

Synlett 2011, No. 6, 770-782 © Thieme Stuttgart - New York
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In the beginning of our research, the introduction of an
electron-withdrawing sulfonyl group to the fluoroalkyl
anions had been exploited (strategy 1, as mentioned in
Section 2.3). On one hand, the electron delocalization by
the sulfonyl group can reduce the electron repulsion be-
tween the electron pairs on the carbanionic carbon and
those on the fluorine atoms; on the other hand, the sulfo-
nyl group acts as a good auxiliary group that can be readi-
ly removed by reductive desulfonylation after desired
transformations.

By using difluoromethylsulfone 1 as a nucleophilic di-
fluoromethylating agent, the (phenylsulfonyl)difluoro-
methyl group can be incorporated into a series of
electrophiles such as alkyl halides, aldehydes, ketones,
imines, esters, disulfides, cyclic sulfates, and cyclic sulf-
amidates (Scheme 4).°%20-22 After reductive removal of
the sulfonyl group, difluoromethylated alcohols, amines,
and alkanes could be prepared (Scheme 5).

-BuOK
PhSO,CFoH + RCHZX%» RCH,CF,SO,Ph (1)
OH
base
PhSO,CFH + R'COR? ————> 4\ @
solvent R1R2 CF,S0,Ph
O H
d 1, LIHMDS § CRSOPh
- .
%/ N "R THF,—78°C, 10-20 min S\ R
85-95% yield, dr > 99:1 H
7 9
R = aryl, alkyl
o R? 1, LIHMDS ? R! R?
I KHMDS or NaHMDS S. X
XS\N/ R'  THF,-78°C,2-4h N CFeSOPh @
8 32-96% yield, dr > 90:10 10

R' = i-Pr, tBu, aryl, R? = alkyl
R’ = alkenyl or alkynyl, R? = aryl

o)
Lo (1)1, LiHVDS

A THF-HMPA, -78 °C XH
/K/ ° CF,S0,Ph  (5)
R (2) HzO", 87-99% yield R
1 12
R =H, alkyl
11a X=0 12a X=0
11bh X = NPn 12b X =NPg

Scheme 4 Nucleophilic difluoromethylation of halides, carbonyls,
imines cyclic sulfates, and sulfamidates with PhSO,CF,H (1)

The in situ generated PhSO,CF,™ anion can react with a
variety of structurally diverse N-fert-butylsulfinyl ald-
imines 7% and ketimines 8??° to give the corresponding
chiral sulfinamides 9 and 10 in excellent yields and with
very high diastereoselectivity (Scheme 4, eq. 3 and 4).
The thermal stability, good nucleophilicity, and the soft-
ness of the in situ generated (phenylsulfonyl)difluorome-
thyl anion accounts for high efficiency of these reactions.
Unlike aldimines and B-acetylenic N-tert-butylsulfinyl
ketimines, the reaction between the anion and B-unsatur-
ated N-tert-butylsulfinyl ketimines is highly dependent on

Synlett 2011, No. 6, 770-782 © Thieme Stuttgart - New York

the metal counterions. The later preferred potassium base
to other metal bases, while the former showed little base
preference. It is believed that the kinetically preferred
generation of the PhSO,CF,™ anion by KHMDS and nu-
cleophilic addition of the PhSO,CF,™ anion to ketimines
over the undesired aza-enolization of ketimines are the
key factors for the success of difluoromethylation of sim-
ple ketimines. Reductive desulfonylation of the N-fert-
butylsulfinyl sulfinamides using either Na/Hg amalgam
or Mg/AcOH/NaOAc followed by acid alcoholysis pro-
vided a convenient and facile preparation of various enan-
tiopure secondary and tertiary a-difluoromethyl amines
(Scheme 5).2?

However, as mentioned in the discussion of NFE, the re-
actions between PhSO,CF,™ anion and epoxides (or aziri-
dines) failed to give the B-difluoromethyl alcohols (or
amines). We overcome this synthetic limitation by using
strategy 3 as mentioned in Section 2.3, that is, using the
more electrophilic epoxide and aziridine equivalents, 1,2-
cyclic sulfates (11a) and sulfamidates (11b) (Scheme 4,
eq. 5)."" Nucleophilic (phenylsulfonyl)difluoromethyla-
tion of 1,2-cyclic sulfates 11a and sulfamidates 11b with
in situ generated PhSO,CF,” anion affords the corre-
sponding B-(phenylsulfonyl)difluoromethylated products
12a and 12b in excellent yields, respectively. Upon reduc-
tive desulfonylation, compounds 12 can be readily trans-
formed into B-difluoromethylated alcohols and amines. '

R3 CF,SO,Ph R® CF.H

X X

R? R2 AcOH, NaOAc R? R2

Na/Hg or Mg

Scheme 5  Preparation of difluoromethylated compounds via reduc-
tive desulfonylation

(1) TMSCF,SO,Ph (13)
0 (2) TBAT or CsF (5 mol%), THF  HO CF,SO,Ph

R “R2 (3) TBAF, HO R! R2 (1)
50-93% yield

R! = aryl, vinyl, alkyl

R2 = H, alkyl
) (1)13
(2) TBAT (5 mol%) OH
R H toluene, 0 °C R -
\l/\CFZSOZPh )

NBn,  (3) TBAF, H0

72-92% yield NBn,

14

R = alkyl, aryl 15

dr = 47:53 to 6:94

CsF
PhSO,CF,TMS + RCHoX ——> RCH,CF,SO,Ph  (3)
15-c-5
R = alkyl, aryl
X =Br, |

Scheme 6 Nucleophilic difluoromethylation of alkyl halides and
carbonyl compounds with TMSCF,SO,Ph (13)

Due to the mildness of the reaction conditions used for nu-
cleophilic trifluoromethylation with TMSCEF; reagent,
TMSCEF,SO,Ph (13) is expected to possess similar virtue.
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TMSCF,SO,Ph could be prepared in good yields from
PhSO,CF,Br by Br/Li exchange.?**® By using 13 as the
reagent via a fluoride-induced (phenylsulfonyl)difluo-
romethylation protocol, an improved nucleophilic difluo-
romethylation protocol of carbonyl compounds was
achieved (Scheme 6, eq. 1).2* Compared with the
PhSO,CF,H reagent method, this method avoided the use
of excess amount of base and carbonyl compounds and is
rather effective with enolizable aldehydes. Diastereo-
selective synthesis of a-difluoromethyl-B-amino alcohols
from a-amino aldehydes 14 can also be achieved by this
protocol, otherwise it is difficult to prepare from 1
(Scheme 6, eq. 2).®> Moreover, nucleophilic (phenylsul-
fonyl)difluoromethylation of both alkyl iodides and bro-
mides was successfully accomplished by using CsF/15-
crown-5 as an initiating system in DME, and the amount
of 15-crown-5 was found to be critical to the yield of the
product (Scheme 6, eq. 3).2%¢

3.2 Transformations of (Phenylsulfonyl)difluo-
romethylated Compounds

The phenylsulfonyl group in the (phenylsulfonyl)difluo-
romethylated products cannot only be replaced by a hy-
drogen atom via reductive desulfonylation (Scheme 5),
but also be elaborated to gem-difluoroalkenes and difluo-
romethylene-containing compounds.

XH F
XH LiHMDS .
CFRSOPh — ™ R M
H
12a R =PhOCH,, X =0
12b R = PhCHy, X = NBn .
R _CF,SOph _BuOKor R\%\ @
2907 —— F
~ LiIHMDS !
R = alkyl, aryl
oB OBz
Z .
LIHMDS
~ U F
R, R 3)
R™ CF,S0.Ph L
16 R = aryl, alkyl 17
3 R2
R Na/Hg
J\ —_ = " x~_F @
R’ “CF,S0,Ph
R
F
18 R' =aryl, R = H, R® = OMs
19 R' = alkyl, R2 = alkyl, R® = OAc
o OTMS
Mg, TMSCI F
PN — R)\( ®
R CF,SO.Ph THF L
20 21
R = Me, Ph

Scheme 7 Transformations of (phenylsulfonyl)difluoromethylated
intermediates to gem-difluoroalkenes

B-Elimination was the most common pathway for the con-
struction of gem-difluoroalkenes from (phenylsulfo-
nyl)difluoromethylated intermediates with an active B-

hydrogen atom. Following this approach, a series of fluor-
inated alkenes, enolates, allyl alcohols, and amines could
be prepared with the assistance of a base (Scheme 7, eq.
1-3).15:2024 When there is a proper leaving group in the B-
position, the gem-difluoroalkenes can be prepared under
reductive conditions (Scheme 7, eq. 4).% The fluorinated
B-ketosulfones 20 prepared by the reaction between car-
boxylic esters and 1 can also undergo magnesium-mediat-
ed reductive desulfonylation in the presenece of TMSCI
affording the gem-difluoro enol silyl ethers 21 (Scheme 7,
eq. 5).%¢

As for the synthesis of difluoromethylene-contaning com-
pounds, the chemistry is based on the nucleophilic attack
by a nucleophile on the sulfur center of the sulfone (or sul-
foxide) to release a fluoroalkyl anion. Thus, potassium
tert-butoxide-induced difluoromethylenation of aromatic
aldehydes with 1 affording both symmetrical and unsym-
metrical anti-2,2-difluoropropane-1,3-diols 22 with high
diastereoselectivity (up to 94% de, Scheme 8, eq. 1).” It
is believed that this unusual type of high diastereoselectiv-
ity was obtained by means of an intramolecular charge—
charge repulsion effect rather than the traditional steric
control. Diphenyl disulfide can also work as an electro-
phile for the trapping of fluoroalkyl anions (Scheme 8, eq.
2).

Furthermore, the phenylsulfonyl group can also be for-
mally substituted by a fluorine atom, via the gem-difluo-
roalkene intermediates formed by [B-elimination
(Scheme 8, eq. 3).2%

1) Ar'CHO, base QH OH
PhSO,CF,H 177N
2) Ar2CHO, t-BuOH, DMF Ar

) Ar2 (1)
Fz

1 22

Az
Ar'” “CFy~
23

PhSSPh, +BuOK
_—

PhSO,CF5SPh
DMF

PhSCF,SPh (2

1) LIHMDS
ArCH,CF,SO,Ph ————————— AFCHQCFg (3)
2) KF or n-BugN*F~

Scheme 8 Transformations of (phenylsulfonyl)difluoromethylated
intermediates to gem-difluoromethylenated and trifluoromethylated
compounds

33 Nucleophilic Difluoromethylation with
TMSCF,SPh and Related Reagents

The nucleophilic difluoroalkylation of aldehydes and ke-
tones with R;SiCF,H?® (and TMSCF,CH,*®) were found to
be sluggish, and the asymmetric synthesis of a-fluoro-
alkyl amines using R;SiCF,H and N-tert-butylsulfinyl
imines proved problematic due to the low reactivity of
R;SiCF,H reagents. This is mainly due to the less polar-
ized Si-CF,R (R = H or Me) bond.® When the electron-
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withdrawing phenylthio group (PhS) was used as an acti-
vating group (via the inductive effect), nucleophilic (phe-
nylthio)difluoromethylation of (R)-N-tert-butylsulfinyl
imines 7 with TMSCF,SPh (24) under promotion by tet-
rabutylammonium triphenyldifluorosilicate (TBAT) af-
fords the corresponding products 25 in good yields and
with high diastereoselectivity (Scheme 9, eq. 2). The ob-
tained PhSCF,-containing sulfinamides 25 cannot only be
converted into a-difluoromethyl amines 26 after a radical
desulfonation with Bu;SnH, but also can be further trans-
formed to chiral 2,4-transdisubstituted 3,3-difluoropyrro-
lidines 28 through an intramolecular radical-cyclization
methodology (Scheme 10).2%* As a useful reagent, 24 can
also react with primary alkyl halides®® and carbonyl
compounds®® in a similar way as TMSCF,SO,Ph (13)
does (Scheme 9, eq. 1 and 3). In addition, TMSCF,SePh*
can also serve as a stable difluoromethylation reagent that
is similar to TMSCF,SPh (24).

(1) TMSCF,SPh (24)

j\ TBAT (10 mol%), THF HQO_ CF,SPh 0
R1” N2 (2) TBAF, H0 R OR2
72-91% yield
R' = aryl, vinyl, alkyl
R2 = H, aryl, alkyl
o O CRSPh
R /)\ 24, TBAT (0.5 equiv) PN @
>r N” "R DMF, —40to 20 °C >r N” "R
30-89% yield, dr = 98:2
7 25
R = aryl, alkyl
CsF
PhSCF,TMS + RCH,X ———>  RCH,CF,SPh (3)
15-c-5

R = alkyl, aryl X =Br, |

Scheme 9 Nucleophilic difluoromethylation with TMSCF,SPh (24)

3
R><CF23P“ BusSnH, AIBN (cat.) F‘§<CF2H
R! R? toluene = R2 M
R' = alkyl, aryl R?=R3=H
R' =alkyl, aryl R2=H,alkyl, aryl R3=OH
O  CF.SPh
i 2 1)BusSnH, AIBN (cat) CFH
SV SR HCI, MeOH AN @
X H ) HCI, Me “CI'HN" R
25 (R =2-Naph) 26
1) HCI, MeOH
2) allyl bromide, K.CO3

X
?ngph BusSnH, AIBN (cat.)

SR toluene

F N
F
(3)
R™ SN
43-77% yield, dr = 5:1 to 11:1 N

27 28

Iz

Scheme 10 Transformations of (phenylthio)difluoromethylated
compounds
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34 Nucleophilic Phosphoryldifluoromethylation
Reactions

Despite the fact that the phenylsulfonyl group (PhSO,)
can significantly stabilize the fluorinated carbanions, the
PhSO,CF, anion is still not stable enough to be pre-gen-
erated and stored. As a result, the nucleophilic (phenylsul-
fonyl)difluoromethylation requires an in situ generation
of the PhSO,CF,™ anion in the presence of an electrophilic
reaction partner. However, the thermal stability of the flu-
orinated carbanion could be improved by attaching an
electron-withdrawing group (such as the phosphoryl
group) that possesses low leaving ability. For instance,
(EtO),P(O)CF,™ anion can be pre-generated at —78 °C,
and thus facilitates the fluoroalkylation of base-sensitive
electrophiles. For a long time, (EtO),P(O)CF,™ anion was
most often used as the building block for the synthesis of
biologically important fluorinated phosphoric acid, while
the further transformation via the cleavage of P-CF, bond
is very limited. In 1982, Obayashi and co-workers dis-
closed that a lithium phosphoryl-difluoromethyl carbino-
late could undergo Wadsworth—-Emmons reaction to give
gem-difluoroalkenes by heating its THF solution, and this
reaction was found to be generally applicable to various
ketones and aldehydes (Scheme 11, eq. 3).%!

In 1996, Piettre et al. reported a three-step synthesis of di-
fluoromethyl ketones 31 from aldehydes, via difluorome-
thylation—oxidative  dephosphonylation strategy (a
combination of eq. 1 and 2 in Scheme 11).%? Very recent-
ly, Prakash and co-workers showed that the P-CF, bond in
1,1-difluoro-2-hydroxyphosphonates 30 could be cleaved
via a four-membered ring intermediate 31.>* In a protic
solvent, the difluoromethyl anion was quenched by proton
to give the difluoromethyl alcohol 33, while in a nonprotic
solvent, the difluoromethyl anion could react with a
second electrophile, such as benzaldehyde, to afford 34
as a 1:1 mixture of isomers (Scheme 11, eq. 4).%
TMSCF,P(0O)(RO), (35) can also be used for the synthesis
of 2,2-difuoro-1,3-diols with an isomeric ratio of 1:1 ini-
tiated by a catalytic amount of CsF or TBAT.*

3.5 Nucleophilic Monofluoromethylation with
PhSO,CH,F Reagent

Compared with nucleophilic difluoromethylation, the nu-
cleophilic monofluoromethylation is relatively easier due
to the decreasing number of fluorine atoms (and therefore
the decreased electron repulsion between the electron
pairs) substituted on the fluorinated carbanion center.
During our study on the reactivity difference of mono-
and difluoromethyl anions in nucleophilic fluoroalkyla-
tion reactions,'* we found that PhSO,CHF anion [gener-
ated from PhSO,CH,F (36)] possesses higher thermal
stability than PhSO,CF,™ anion and is suitable for pre-
generation. Previously, 36 was used for the synthesis of
monofluorinated alkenes by nucleophilic monofluoro-
methylation of carbonyls.*

For active electrophiles, such as aldimines 7 and 38, nu-
cleophilic monofluoromethylation with the in situ gener-
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(1) LDA, THF, 74 °C, 30 min

HO CF,P(O)(OEY);

I
EO—h—CFH
OEt @ o}

R1 R2

R'” "R? M

30 60-93% yield

R' = ary, alkyl R% =H, aryl, alkyl

HO  CF.P(O)(OEt),

(1) oxidation JOJ\
R R2 (2) NaOH, MeOH R “CFH @
30 31
R?=H _
o
| _OEt 7]
HO CF,P(O)(OEt), O—PL okt
R! . 1
base heating R F
R R2 —_— ! F —_— >—< (3)
R F
2
30 31 R F

|

HO CFH MeOH OP(O)(OEt),
-~
R R2 R1R2 CFy~
33 32

OH  OP(O)(OEY),
1) RCHO

—_— 1
2)H,0r RT CT) R @

34

Scheme 11 Nucleophilic difluoromethylation with (RO),P(O)CF,H reagent (29)

ated PhSO,CHF~ anion can readily take place to afford the
intermediates 37 and 39 in good yields (Scheme 12, eq. 1
and 2).%¢ The nucleophilic fluoroalkylation of ketimines is
relatively difficult due to the low electrophilicity of
ketimines (compared to aldimines) and low nucleophilic-
ity of fluorinated carbanions (compared to nonfluorinated
carbanions). However, a pre-generation of PhSO,CHF-
anion facilitated this monofluoromethylation reaction,
and a,0-dibranched monofluoromethyl amines could be
prepared with high diastereoselectivity starting from
ketimines 8 (Scheme 12, eq. 3 and Scheme 13, eq. 1).*’

According to the stereochemical outcome of these diaste-
reoselective (phenylsulfonyl)monofluoromethylation and
(phenylsulfonyl)difluoromethylation of chiral imines, the
stereocontrol modes were believed to be different for ald-

? C:)HF802Ph

0O H
I 36, LIHMDS, THF, —78 °C S -
S. /)\ “NTR Q)
X N" R 599% '9F NMR yield H
7 37
R = aryl, alkyl

O  CHFSO,Ph
36, NaHMDS, :

o}
I
i _
. S NB
S\Ny\(Nan THF, —78 °C %/ \N/\f "2 o)
: 87-99% yield, dr > 99:1 Ho 4

38 39
R = alkyl

(1) n-BuLi or KHMDS, THF CIJ FE<R2

—78 °C, 30 min S . 3)
PhSO,CH,F >( “N" NCHFSO,Ph
36 @ 9 H
R' = aryl, i-Pr, +Bu S /)\ 40
R2 = Me, n-Bu tBu” N7 TR!

47-93% yield, up to 99:1 dr
8

Scheme 12 Nucleophilic monofluoromethylation with PhSO,CFH,
reagent (36)

imines and ketimines: a nonchelation-controlled mode
dominates in the reactions with aldimines, while a chela-
tion-controlled cyclic six-membered transition state is
preferred for the reactions with ketimines.?>36-37

R g2 1) Na/Hg or R

S. /i Mg, AcOH, NaOAc
— -

X N CHFSOPh 5 He) MeOH HNT CHoF (1)

R'=H R2=alkyl, aryl
R'=aryl R?=Me

2 ()
R 7 CHFSO,Ph MeOH Rl “ChoF

R' = 4-MeOCgH, R2=H
R'=Ph R2=PhCH=CH

Scheme 13 Preparation of monofluoromethylated compounds via
reductive desulfonylations

3.6 Nucleophilic Monofluoromethylation with
a-Functionalized Fluoro(phenylsulfonyl)-
methanes

As we discussed in Section 2.3, attaching one or two elec-
tron-withdrawing groups on the fluorinated carbanion can
enhance both the thermal stability (strategy 1) and soft-
ness (strategy 2) of the carbanion species. For instance,
fluorobis(phenylsulfonyl)methyl anion derived from fluo-
robis(phenylsulfonyl)methane (41) is a stabilized anion
with good thermal stability and increased softness.!* Very
recently, o-fluorobis(phenylsulfonyl)methide with a tet-
rabutylammonium counterion has been prepared and fully
characterized by Prakash and co-workers,*® which repre-
sents the first isolation of a persistent monofluorofluori-
nated carbanion. The critical role of electron-withdrawing
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groups in modulating the properties of bis(phenylsulfo-
nyl)methide anions has been verified by theoretical calcu-
lations and X-ray crystallographic studies of the a-
fluorobis(phenylsulfonyl)methide salt. It is also revealed
that the highly electronegative a-fluoro substituent results
in a pyramidalization structure of the fluorocarbanion. Be-
cause of their unique properties of these bifunctionalized
fluorocarbanions, they are widely used in nucleophilic
monofluoromethylation reactions under very mild condi-
tions.

Arynes and alkynes are two categories of compounds that
are highly useful in organic synthesis. However, the nu-
cleophilic fluoroalkylation of arynes and alkynes with
fluorinated carbanions are generally difficult due to their
unmatched hard-soft nature. In general, arynes and
alkynes are soft electrophiles, and the polyfluorinated car-
banions belong to hard nucleophiles. However, by using
the ‘softened’ fluorinated carbanions that were derived
from functionalized fluoromethanes 41 and 42, we have
recently achieved the nucleophilic fluoroalkylation of
arynes and some activated alkynes (Scheme 14).'® Both
CsF and CsOH were used as base to promote the genera-
tion of the nucleophilic fluorocarbanions. During the reac-
tion between fluoromethane 42 and arynes 44 or activated
alkynes 45, an intramolecular tandem-reaction process
leads to the formation of acyl-fluoroalkylated arenes 47 or
a-acyl-B-fluoroalkylated o,-enones 49.

Under acidic conditions, palladium-catalyzed fluoroalky-
lation of arylpropynes with a-substituted fluoro(phenyl-
sulfonyl)methanes (such as 41 and 42) in the presence of
acetic acid via isomerization of propynes 50 to allenes can
afford E-allylated monofluoromethyl compounds 51 with

high regio- and stereoselectivity (Scheme 15, eq. 1).*°

R4 R _so.ph
0\ 2

ACCOUNT
K so.Ph
41042 ArNEWG .
Ar—=——CHR ———————> M
AcOH (50 mol%) R
50 Pd(PPhs), (cat.)
dioxane, 100 °C 51

72-97% yield

R =H, OMe, OBn EWG = COPh, SO,Ph

PhO,S EWG

F H F
52 EWG=NO, CN SOzPh
SO,Ph, COLEt EWG
B —
+ MegP, THF 0o @)
COR or K,CO3, DMF 54
_ 60-93% yield
53
R = Me, OEt

Scheme 15 Nucleophilic monofluoromethylation with various
functionalized fluoro(phenylsulfonyl)methanes

Prakash and co-workers reported the synthetic applica-
tions of a-substituted fluoro(phenylsulfonyl)methanes 52
in 1,4-addition to a variety of Michael acceptors under
nearly neutral conditions (Scheme 15, eq. 2).*° With PMe,
as a Lewis base catalyst, 52 reacted with methyl vinyl ke-
tone (or ethyl acrylate) 53 to furnish the corresponding
products 54 in moderate to excellent yields. The reaction
can also be carried out in K,CO,/DMF system, and it was
found to be applicable for various o,B-unsaturated com-
pounds such as ketones, esters, nitriles, and sulfones.*°

The successful use of 41 in Mitsunobu reaction reported
by Prakash and co-workers*' is another impressive exam-
ple for the mediation of NFE. The reaction was performed
under mild conditions and was amenable to primary, sec-
ondary, allylic, benzylic, and alicyclic alcohols
(Scheme 16, eq. 1). Excellent enantiospecificity was ob-

©| _ #2.CsFMeON o YT teh
o~ SO,Ph

4 CSF MeCN
— SO.Ph reflux reflux
46 62-90% yield 70-95% yield F H
47
R1 o) R1 (@]
41, CsOH, H,0 42, CsOH, HZO PhO,S.
F: NN o E X R2
R NMP, 0 °C to r.t. NMP 0°Ctor.t. !
PhO2S 50,ph 60-90% yield 45-88% yield 0~ “Ph
48 49

PhO,S SO,Ph

F H
4

Scheme 14 Nucleophilic monofluoroalkylation of arynes and activated alkynes
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served for chiral alcohols. The versatile synthetic utility of
that method was manifested in the synthesis of monofluo-
romethylated vitamin D5 (59) and the monofluoromethyl
adduct of glucopyranose (Scheme 16, eq. 2).*!

, R2 R2
j‘\ 41, PhgP, DIAD soph _Ms "
M, PhaP, DIAD —
R Noy  CeHe rt R SO,Ph MeoH R CHeF
60-90% yield F
55 56 57

R' = aryl, vinyl, alkyl 74-81% yield

R2 = H, alkyl

(1) (PhSO,),CFH (41)
PhsP, DIAD, 58% yield

(2) Mg, MeOH, 0 °C
67% yield

R = Me,CH(CHy)s

HO™ FH,C

58 59

Scheme 16 Mitsunobu reactions with (PhSO,),CHF (41)

Although PhSO,CH,F (36) has been used to prepare
monofluoromethyl carbinols from carbonyl com-
pounds, 42 it is less favorable for an organocatalytic pro-
cess. To address this problem, a cyclic monofluorinated
disulfonyl methane 60 was prepared to realize the nucleo-
philic monofluoromethylation of aldehydes under mild
conditions, which provided an opportunity for the organo-
catalyzed asymmetric synthesis of monofluoromethyl
carbinols (Scheme 17).43

02 02
S F DBU (2 equiv) S_ F
>< + RCHO ———— >
g H CHzclz, r.t.., 1d I OH
O, 0-95% yield 0,
60

R = aryl, alkyl

Scheme 17 Nucleophilic monofluoroalkylation of aldehydes with
cyclic monofluorinated disulfonylmethane 60

The above-mentioned synthetically useful phenylsulfo-
nyl-contaning fluoromethylation reagents can be prepared
either by electrophilic fluorination of their nonfluorinated
counterparts or by modification of monofluoromethyl
phenyl sulfone with electrophiles, such as sulfonyl fluo-
rides, carboxylic esters, sulfinic esters, and phosphoryl
chlorides.?*** From most of the a-functionalized fluo-
ro(phenylsulfonyl)methyl-containing intermediates one
sulfonyl group® can be removed at least, either by reduc-
tion or B-elimination to afford the monofluoroalkanes,
monofluoroalkenes, or monofluoromethylated molecules.

3.7 Synthesis of Fluorinated Alkenes with Fluor-
inated Sulfoximines and Heteroaryl Sulfones

The rearrangement initiated by nucleophilic attack of the
activating group with an intramolecular nucleophile is an
important pathway for the elaboration of fluoroalkylated
intermediates. Recently, the synthesis of fluoroolefins
from fluorinated heteroaryl sulfones via Julia—Kocienski
olefination has been extensively reviewed by Zajc and
Kumar.*® In this part, we will only discuss some of our
own results in the context of the discussion on tackling the
NFE.

In this Account, phenylsulfonyl is the most frequently
mentioned removable activation group due to its versatil-
ity. By carefully modification of the aryl group, some het-
eroarylsulfonyl-substituted fluoromethyl reagents for a
particular purpose are developed by us. The Julia—Kocienski
olefination of carbonyls with 1-fert-butyl-1H-tetrazol-5-
yl fluoromethylsulfone [TBTSO,CH,F (61)]*" and difluo-
romethyl 2-pyridyl sulfone [PySO,CHF, (62)]*® can pro-
vide monofluorinated and gem-difluorinated alkenes,
respectively (Scheme 18, eq. 1 and 2).

2
MNP choF o  LHwps R F "
B —

R'™ "R? R H

O, O
N\ o F F 0
S base, H* ~
N TvorH + L T I + )
| R! R? R R2 X -NH

_N
62
O, NTs N 2
A O™ ypmu HOAT
Ph” + | — )= ®)
\F( R1J\H 264 i .
63 64 65
R' = aryl, alkyl R2= Ph, Me, +-Bu 0-94% yield

ZIE up to 99:1

Scheme 18 Synthesis of fluorinated alkenes with fluorinated sulf-
oximines and heteroaryl sulfones

When one oxygen in the sulfonyl group is changed by
NTs, the so-obtained sulfoximinyl group not only retains
the strong electron-withdrawing ability to stabilize the
carbanion, but also displays better leaving-group ability
for further transformations. Although both tri- and difluo-
romethylated sulfoximine derivatives have been used as
electrophilic fluoromethylation reagents,”® the use of
fluorinated sulfoximines as nucleophiles is rare. Previous-
ly, Finch and co-workers* reported that monofluorinated
sulfoximines could react with carbonyl compounds to
yield hydroxy adducts, which can be converted into fluo-
roalkenes (albeit with poor Z/E selectivity) by reduction
with aluminum amalgam. In 2009, we reported an unusual
reaction between o-fluoro-N-tolyl-S-phenylsulfoximines
63 and nitrones 64 (Scheme 18, eq. 3),° which turns out
to be a novel stereoselective method for the preparation of
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monofluoroalkenes 65 in excellent Z/E stereoselectivity.
This chemistry can be considered as an extension of the
above-mentioned strategy 3 for the mediation of NFE by
altering the electrophile reactivity.

3.8 Catalytic Asymmetric Fluoroalkylation
Reactions

Although nucleophilic additions of PhSO,CF,” or
PhSO,CFH™ anion to a number of electrophiles can pro-
ceed well, the corresponding enantioselective reactions
with these anions are generally very difficult. By using
PhSO,CF,H (1) as a difluoromethylation reagent, we have
also carried out chiral quaternary ammonium salts cata-
lyzed enantioselective difluoromethylation of aromatic al-
dehydes (Scheme 19).>! With KOH as a base and
cinchonium 66 as a phase-transfer catalyst, the reaction
can proceed smoothly to give (phenylsulfonyl)difluorom-
ethyl-substituted alcohols 67 with moderate enantioselec-
tivity. We found that the enantioselectivity is substrate-
dependent: the aldehydes with halogen substituent result-
ed in better enantioselectivity than those with methyl and
methoxyl substituents. Among the halogenated benzalde-
hydes that were tested, the reaction with 2-chlorobenzal-
dehyde showed an enantiomeric excess up to 64%.!

In contrast, since bifunctionalized fluorocarbanions pos-
sess significantly higher thermal stability, they have been
successfully applied in many enantioselective nucleo-
philic monofluoromethylations. For example, Shibata and
co-workers>® have shown a palladium-catalyzed enanti-
oselective fluorobis(phenylsulfonyl)methylation of allyl
acetates 69 with (PhSO,),CHF (41) in the presence of a
catalytic amount of [{Pd(C;H5)Cl},] and chiral phospho-
rous ligand (S)-PHOX (70, Scheme 20, eq. 1) or (R,R)-
DPPBA (72). Zhao and You>? realized a highly regio- and
enantioselective allylation of (PhSO,),CHF (41) cata-
lyzed by [Ir(cod)Cl],/phosphoramidite (S,S,Sa)-74, af-
fording fluorobis(phenylsulfonyl)methylated compounds
bearing a terminal alkene 75 in high enantioselectivity
(Scheme 20, eq. 2).

OH o o
O PhSO,CF.H (1), 66 (10 mol%) %
~
Ar)kH KOH (4 equiv), 40 or—20°C ~ Ar™ * Ph
58-95% yield, up to 64% ee F F
67
Vi Mg, AcOH, NaOAc

R = Ph, 93% yield

OH

* CFZH

68

Scheme 19 Enantioselective nucleophilic difluoroalkylation with
reagent 1

The products (71 or 75) were readily converted into chiral
monofluorinated compounds 76, such as ibuprofen, by re-
ductive desulfonylation and oxidation reactions.
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41 (1.1 equiv), 70 (5 mol%) R
OAc [Pd(C3Hs)Cl]s (2.5 mol%) SO2Ph
)\/\ SO,Ph 1)
R R Cs2CO;3 (1.1 equiv), CH,Cly, 0 °C

58-92% yield, 91-97% ee ~ R” X"+ "R

69 7
R = aryl, alkyl
41 (1.0 equiv), 74 (4 mol%) R so.ph
[Ir(cod)Cl], (2 mol%) 2
RXx"oco,Me SOzPh (5)
Cs2CO0g3 (2.5 equiv), CHyCly, .t o,
73 28-96% yield, 70-96% ee * R
R = aryl, alkyl
7@ O >—Ph
PPh, \_Ph
/Pr
7 -PHOX
0 (5)-PHO (5,5,5a)-
R so.Ph CHoF
S0P — HOOC)*\ R2 @
R ™" "R?
710r75 76

Scheme 20 Enantioselective allylic monofluoromethylation

Asymmetric Michael addition represents one of the most
extensively studied reactions for the construction of chiral
centers. The activation of the C—H bonds by two electron-
withdrawing groups greatly facilitates the organocata-
lyzed reactions. In 2008, Shibata and co-workers>* firstly
reported the enantioselective conjugate addition of
(PhSO,),CHF (41) to o,B-unsaturated ketones 81 with
quinidinium salts 77 bearing a sterical-demanding benzyl
substituent as the phase-transfer catalyst (Scheme 21, eq.
1).>* In 2009, Kim and co-workers’ realized the similar
reaction with 9-amino-9-deoxyepiquinine 80 as catalyst
(Figure 1). In 2009, Moyano and Rios,*® Cérdova,”’ and
Wang>® independently reported the enantioselective con-
jugate addition of 41 to o,B-unsaturated aldehydes 86 with

OMe /

77 R = 3,5-(CF3)2CeHs 78

Ph
N Ph

H OR

OMe

79a R=TMS
79b R=TBS

Figure 1 Structures of organocatalysts used for asymmetric
monofluoroalkylations
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chiral diarylprolinol silyl ethers 79a or 79b under varying
conditions (Scheme 21, eq. 2). The conjugate addition ad-
ducts 82 and 84 are useful for the synthesis of chiral
monofluoromethylated molecules after desulfonyla-
tion, >33

With (PhSO,),CFH (41) as a monofluoromethylation re-
agent, Shibata and co-workers® also described an enantio-
selective fluorobis(phenylsulfonyl)methylation of in situ
generated aldimines (from a-amido sulfones 85) under the
combination of Mannich-type conditions. By using CsOH
as a base and quinidinium 78 as the phase-transfer cata-
lyst, the reaction could proceeded smoothly at —80 °C to
give a-fluorobis(phenylsulfonyl)methylated amines 86
with excellent enantioselectivity (Scheme 21, eq. 3). The
a-fluorobis(phenylsulfonyl)methylated amines 86 can be
converted into a-monofluoromethyl amines by reductive
desulfonylation.”

SO,Ph
(PhSO,),CFH (41), 77 (5 mol%) o \480 o
)k/\ﬂ Cs2C0;4 (3 equiv), CHyCly, —40 °C )k/\ ()

32-90% yield, 84-98% ee  Ar R

81 82
R = aryl, alkyl
o R s0.Ph
41, cat. 79a or 79b
)I\/\ Q  £=s0,Ph
H = R toluene k/\ )
H R
83 84
R = aryl, alkyl
NHBoc
NHBoc 41, 78 (5 mol%) : SO,Ph
CsOH-H,0 (1.2 equiv), —80 °C F*/\y/\sozph @)
SO,Ph )
70-98% yield, 87-99% ee F
85 86
R = aryl, alkyl

Scheme 21 Organocatalyzed asymmetric monofluoroalkylations

Besides (PhSO,),CFH, some other bifunctionalized nu-
cleophiles, such as 1-fluoro-1-nitro(phenylsulfonyl)meth-
ane, fluoromalonate, o-fluoro-f-keto esters, and their
derivatives, have also been used in the asymmetric
reactions®® and some of the tetrasubstituted intermediates
can remove one carbonyl group via deacylation or decar-
boxylation under basic conditions.®%

4 Concluding Remarks

In this Account, we have shown some recent advances in
the field of nucleophilic fluoroalkylation chemistry, par-
ticularly in nucleophilic difluoromethylations, difluoro-
methylenations, and monofluoromethylations. Based on
our own experience in this field, we noticed that the fluo-
rine substitution on a carbanion center possesses a nega-
tive effect in many nucleophilic fluoroalkylation reactions
that involve the transfer of fluorinated carbanions to elec-
trophiles. We have discussed two factors contributing to
the negative fluorine effect (NFE): (1) thermal instability

of fluorinated carbanions caused by a-elimination (self-
decomposition), and (2) the intrinsic nucleophilicity of
fluorinated carbanion influenced by the fluorine atom(s)
(such as hard/soft nature of the fluorinated carbanions).
Several examples of recently developed nucleophilic
fluoroalkylation reactions, including the state-of-the-art
enantioselective nucleophilic mono- and difluoromethyl-
ations, as given in Section 3 of this article, suggest that the
electron-withdrawing group(s) (such as phenylsulfonyl
group) can remarkably tune the reactivity of fluorinated
carbanions. Furthermore, enhancing the reactivity of the
electrophiles can also facilitate the desired nucleophilic
fluoroalkylation reactions. We fully realize that a full un-
derstanding of the unusual reactivity of fluorinated car-
banions (the fluorine substitution is on the carbanionic
carbon) needs more investigations and insights. There-
fore, our discussions in terms of negative fluorine effect in
this article only represent a simplified, yet useful (as we
hope) model for predicting, designing, and explaining
many nucleophilic fluoroalkylation reactions.
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